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Ignorance was the nakednesse wherewith you were first tormented,

and the first Plague that fell unto man was the want of science;

... the want of science hindreth you from knowledge of your self.1

An angel to John Dee, May 28th, 1583

M

  1 Dee, Casaubon, Kelly, A True & Faithful Relation... (London, 1659), p.7.





Peter Ifland and I sadly never met. Peter was a collector of navigational in stru ments
and author of Taking the Stars: Celestial Navigation Instruments from Argonauts to
Astronauts, a widely appreciated work on navigational instruments, published in
1998.2 In addition he wrote several articles on navigation and gave talks on the subject.
One of these talks was at the Physics Museum of the Uni versity of Coimbra on 3
October 2000, an abstract of which was placed on-line by the museum.3

Six years earlier, working as a hydrographic surveyor, I was on a job in Egypt for
several weeks. During that trip I met several Egyptian colleagues, one of whom offered
me several geodetic and navigational instruments. From him I obtained a French
cercle d’alignement, a simple theodolite, and a 1941 US Navy quintant with astro-
nomical telescope (see figure 1). Later, in 2001, I started my own business and the
money earned from the first contract was partially spent on an early nine teenth-
century British ebony octant that, according to the notes in the lid of the box, was
once used by a Captain Denison on board of the brig Mary Stewart around the 1850s
(see figure 2).

I knew that the octant was an early predecessor of the quintant in my col lec tion,
but wondered what its predecessor was. It was also around this time that we got con -
nected to the internet, which still was very much in its infancy, and a search brought
me to the site of an antiques dealer who had a 1771 James Rich Davis quadrant for
sale. The asking price did not, however, suit my pocket, so all I could do was look
at the photographs.

In my younger years I once learned to build wooden ship models and I won dered
if my woodworking skills were good enough to build my own Davis quadrant. After
all it was just a few pieces of wood joined together in some way and with a few en -
graved scales. So around Christmas 2001 the internet was once more searched for
Davis quadrants, but now together with the word ‘replica’ as that is what I wanted to
make.

  2 Ifland, Taking the Stars... (Malabar, 1998).
  3 Ifland, ‘Peter Ifland: The History of the Sextant’ (Coimbra, 2000).
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The above mentioned abstract of Peter Ifland’s talk contained both search terms, as
a replica brass quadrant is shown just above a 1711 original Davis quadrant, and thus
the abstract popped up in the search results.4 At the bottom of the page, reference was
made to the work he had written, while his e-mail address was listed below that. An
e-mail was thus quickly sent to ask if he incidentally had drawings of a Davis quadrant
as well.

A few days later Peter Ifland replied with the answer that he did have a drawing of
a Davis quadrant and he kindly offered to send me a copy of it together with a copy
of his book, both of which arrived a fortnight later.

After I studied the drawings it occurred to me that not all parts were shown in
full detail and I needed to see an original instrument in order to be able to create
a working replica. Knowing little of the maritime scientific world, I once again
turned to Peter, who kindly directed me to Willem Mörzer Bruyns, then curator at
the Scheep vaartmuseum in Amsterdam. Funny how a Dutchman had to be directed
by an American to a Dutch museum on maritime history.

Momentum was created and things really started rolling. I first met Willem Mörzer
Bruyns at the museum and was allowed to handle a Davis quadrant to fill in the
missing details. While being there I also acquired his book on the mariner’s cross-
staff, which was now my second book on early modern navigational instruments. In
his conclusions Mörzer Bruyns suggested “... a study of the astronomical and sur -
veyor’s staffs and the various staffs for navigation of which no examples survive.”5
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  4 Ibid.
  5 Mörzer Bruyns, The Cross-Staff... (Zutphen, 1994), p.45.

Left (Figure 1): The 1941 US Navy quintant in the author’s collection. Right (Figure 2): The early
nineteenth century octant in the author’s collection.

Figures 1-2



Although this remark fired my imagination, I had yet to start my first replica and
had no idea whether I would even successfully manage that, let alone that I would
continue building other instruments. The first attempt at creating a replica of a Davis
quadrant consisted of two instruments, so that I could test different approaches
on each instrument. These first ones were made of a tropical hardwood from the
local DIY-store and leftover pear wood from our flooring. Finished in March 2003

and being my first attempts, needless to say these first instruments were nothing
more than mediocre attempts to reproduce the real thing.

In the meanwhile I started to collect and read whatever modern literature could
be found on early modern navigation and the instruments involved, and stayed in
contact with the Scheepvaartmuseum in Amsterdam, where I examined several of
their mariner’s cross-staffs and obtained a copy of archaeological drawings of the
1720 Hasebroek mariner’s cross-staff that I used as a basis for my replica. During
the research prior to this replica I was brought into contact with then curator of the
Utrecht University Museum, Klaus Staubermann, who allowed me to study the
mariner’s cross-staffs in their collection. The first mariner’s cross-staff replica was
finished in April 2004. Klaus Staubermann asked me to participate with it as Captain
Bontekoe during the Utrecht Museum Night (Utrechtse Museumnacht), an annual
event in the Dutch city of Utrecht. One of the other participants during that event
was Peter Louwman, known from the Louwman Collection of Historic Telescopes,
who would become one of my main inspirations in this early stage of my research.

During one of my visits to the Scheepvaartmuseum I received from curator
Diederick Wildeman a copy of chapter thirteen of Joost van Breen’s 1662 Stierman’s
Gemack, in which Van Breen described his spiegelboog, the first navigational instru -
ment that used a glass mirror, patented by him in 1660. Van Breen’s work was the first
original early modern work I examined, opening a new world to me. In the years
following many other period works were to follow and now I have read more than
300 early modern works containing instruments for celestial navigation. Initially these
works were read at the Scheepvaartmuseum and the Maritiem Museum Rotterdam,
soon to be followed by the libraries of the University of Amsterdam, University of
Leiden, the National Library of the Netherlands, the British Library, and the National
Maritime Museum in Greenwich.

In 2005 I finished my spiegelboog (mirror-staff) reconstructions and through Peter
Louwman I heard of the Who Needs Scientific Instruments conference in the Museum
Boerhaave held in October that year.6 It was on this symposium that I gave my first
talk on early modern instruments for celestial navigation and it resulted in my first
publication on the topic as all presentations were compiled in the conference’s
proceedings. At the conference I met Huib Zuidervaart, senior-researcher of the
Department of History of Science and Scholarship of the Huygens Institute of
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Netherlands History, who had particular interest in the inventor of the spiegelboog,
Joost van Breen.

In this way my network was slowly but surely growing and would further expand,
even internationally, over the years following. As there was more to tell on the spiegel -
boog than was possible in the Boerhaave presentation I decided to try a publication
of my own. Willem Mörzer Bruyns proposed to do this in the Bulletin of the Scientific
Instrument Society (SIS) and generously offered his assistance. As writing a scientific
paper was new to me, no less than six revisions were needed, all patiently read and
commented upon by him, before it was finally published in 2006.7 That same year
I met Gloria Clifton and Richard Dunn at the National Maritime Museum in
Green wich where I demonstrated one of my spiegelboog reconstructions during the
Navigational Instruments Symposium and SIS Invitation Lecture.

In the years following, reconstructions of Master Hood’s cross-staff, the demi-cross,
and the hoekboog all saw the light, each followed by accompanying publi  cations in
the SIS Bulletin, and always resulting in an appreciative e-mail from Peter Ifland.
In addition I gave a talk on the early history of the Davis quadrant at the Sense of
Direction symposium at the National Maritime Museum in Greenwich in May 2010,
which was later published as an article in the SIS bulletin. A few years later it was
followed by an article on the mariner’s astrolabe in the Mariner’s Mirror, and two
articles on the triangular quadrant in the SIS bulletin and the Slide Rule Gazette.

Somewhere in between Huib Zuidervaart and I had once again met and he thought
it was a good idea to undertake a PhD on the subject as none of my articles so far
allowed me to show the relations between the instruments and why some per formed
better than others. It was Huib Zuidervaart who brought me into contact with my
promotors Karel Davids (Faculty of Humanities, Vrije Universiteit, Amsterdam)
and Frans van Lunteren (History and Social Aspects of Science, Vrije Universiteit,
Amsterdam) in 2011.

Being now a doctoral student it became possible for me to get easy access to various
digital collections from my home. Thanks to this and the relentless effort of institutes
like Google, Archive.org, ECHO, EEBO and many a library from all over the world,
the digital repositories of early modern manuscripts and books opened up to me
through the internet. Most relevant modern day works written on early modern
nav i gation were written in an era predating the internet, and it is hard to imagine
how much effort those authors had to put in their research to see the works they
wanted to examine. In the last few years of my research, access to early modern works
and manuscripts became increasingly easy, and I can only say that I feel privileged
to have been able to do my research with all those works just a mouse click away. In
addition, being connected made it easy to acquire most of the relevant reference
works, allowing me to work more efficiently, not needing to visit libraries to consult
works not digitally available.
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In May 2014 scientific instruments dealer David Coffeen posted a message on Rete,
an internet mailing list devoted to the history of scientific instruments, that Peter
Ifland had passed away the 20th of that month at the age of 87. As the first few years
since becoming a student had not yet resulted in much output, I had yet to inform
Peter of my future plans. Now that I was too late, I immediately decided to dedicate
this thesis to him.

Without the assistance of Peter Ifland and many others, this thesis would not have
been possible. Having done research for such a prolonged period, there is a fair risk
of being incomplete in my acknowledgements, for which I apologise and hope it
will not be of offence to any. In the first place of course I need to thank the persons
mentioned above, especially the late Peter Ifland for kick-starting my research so many
years ago. Had he not answered my mail, I doubt I would have started this research
at all. Willem Mörzer Bruyns has been like a mentor to me and always willing to read
my articles, answer my questions, and discuss our shared field of interest. In those
early stages of my research I owe much to Peter Louwman for his enthusiasm and
hints, and likewise to Klaus Staubermann. Of course I have a deep appreciation for
my promotors Karel Davids and Frans van Lunteren for their support and their trust
in me. The meetings we had were perhaps few, but extremely useful, and always in a
friendly atmosphere. Of course there were worries, but these mostly concerned the
length of my thesis. Luckily Davids himself had set a good example with his 518 pages
thick thesis on science in Dutch navigation, which gave me a nice target.

Mörzer Bruyns and Staubermann were not the only museum staff members to
have helped me over the years. In addition to them I would like to express my
gratitude to Diederick Wildeman (curator at Het Scheepvaartmuseum, Amster -
dam), Anton Oortwijn (former information officer at Het Scheepvaartmuseum),
Marja Goud (librarian at Het Scheepvaartmuseum), Sjoerd de Meer (curator at the
Maritiem Museum Rotterdam, Rotterdam), Ron Brand (librarian at the Maritiem
Museum Rotterdam), Tiemen Cocquyt (former curator at Utrecht University
Museum, Utrecht), Bart Grob (curator at Museum Boerhaave, Leiden), Hans
Hooij maijers (head of collections at the Museum Boerhaave), Arent Vos (head
archaeological diving team at Nisa, Lelystad), Jan Bedaux (committee member of the
Librije, Deventer), Toon Franken (Zeeland Archives, Middel burg), Richard Dunn
(curator at the National Maritime Museum, Greenwich), Gloria Clifton (former
curator at the National Maritime Museum, Greenwich), Tanya Kirk (former senior
library assistant, National Maritime Museum, Green wich), Stephen Johnston
(curator at the Museum of the History of Science, Oxford), Silke Ackermann (both
in her function as curator at the British Museum and as director of the Museum
of the History of Science in Oxford), Lucy Blaxland (collections manager, Museum
of the History of Science, Oxford), Arnold Hunt (curator of historical manuscripts
at the British Library, London), Raika Wokoeck (rare books reference specialist at
the British Library, London), Alison McCann (assistant county archivist, West
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Sussex Record Office), Joy Wheeler (assistant picture librarian of the Royal Geo -
graphical Society), the late Tommy Watt (curator at the Shetland Museum and
Archives, Lerwick), Ian Tait (curator at the Shetland Museum and Archives, Lerwick),
Morten Tinning (curator at the Museet for Søfart, Helsingør), Lars Einarsson (project
manager of the Kronan research project at the Kalmar Läns Museum, Kalmar), Max
Jahrehorn (curator at the Kalmar Läns Museum), Bengt Kylsberg (curator at Sko -
kloster Castle, Skokloster), Inger Olovsson (curator at Skokloster Castle), Susanna
Allesson-Nyberg (curator of the collections unit at the Swedish National Maritime
Museums, Stockholm), Gry Bang-Andersen (curator at the MUST-Stavanger Mari -
time Museum), Michael Korey (curator at the Mathematisch-Physikalischer-Salon,
Dresden), Johannes-Geert Hagmann (curator and officer for museum cooperation,
Deutsches Museum, Munich), Susanne Knödel (head of department East and south
Asia, Museum für Völkerkunde, Hamburg), Ulrike Bessel (collections manager,
Hamburg Museum, Hamburg), Gudrun Müller (curator at the Internationales
Maritimes Museum, Hamburg), Dolors Jurado Jiménez (curator at the Museu
Marítim de Barcelona), Carmen López Calderón (curator at the Museo Naval,
Madrid), José María Moreno Martín (curator at the Museo Naval, Madrid), Santiago
Rumeu Casares (technician at the Museo Naval, Madrid), Pedro Ruiz-Castell (research
department, Museo Nacional de Ciencia y Tecnología, Madrid), António Costa Canas
(Director of the Maritime Museum in Lisbon), Henrique Leitão (historian of science
at the Centro Interuniversitário de História das Ciências e da Tecnologia, Lisbon),
Zeynep Türkay (collections specialist at the Rahmi M Koç Museum, Istanbul), Alvan
Bregman (rare book collections librarian of the Rare Book and Manuscript Library
of the University of Illinois, Urbana-Champaign, IL), Richard C. Malley (Director of
Collections Access, Connecticut Historical Society, Hartford, CT), Michael Lapides
(curator of photography at the New Bedford Whaling Museum, New Bedford, MA),
Jeanne Willoz-Egnor (director of collections management at the Mariners’ Museum
in Newport News, VA), Devon Pyle-Vowles (collections manager at the Adler Plane -
tarium, Chicago, IL), Pedro Raposo (curator at the Adler Planetarium, Chicago, IL),
Deborah Warner (curator at the National Museum of American History, Washington
D.C.), Kitty But (librarian at the Hong Kong Maritime Museum, Hong Kong), and
Sally R May (head of the maritime history department, Western Australian Museum,
Welshpool DC). Of the above I am much obliged to Richard Dunn for improving
my English in the final editing stages before this work went to the printer.

In addition, I am most grateful to the following for their assistance in translation,
leads to unknown literature, verification of period texts, and other valuable input:
Taha Yasin Arslan, Alexi Baker, Paolo Brenni, Randall Brooks, David Coffeen, Richard
Cormack, Gaye Danışan Polat, Robert D. Hicks, Myriam van der Hoek, Julian
Holland, Klaas Hoogendoorn, the late George Huxtable, Robin Knox-Johnston,
Wolfgang Köberer, Marta C. Lourenço, Catarina Madruga, Charles Mollan, Djoeke
van Netten, Roel Nicolai, Günther Oestmann, Otto van Poelje, Gilberto Pereira, José
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Manuel Malhão Pereira, Werner H. Rudowski, José Silva, Anthony Turner, Siebren
van der Werf, Alfons Zarzoso, and Huib Zuidervaart.

For publishing my articles in the years leading up to this thesis and for allowing
me to reproduce them in part in this thesis, I would like to thank Willem Hackman
(editor of the Bulletin of the Scientific Instrument Society), Martin Bellamy and Paula
Turner (respectively honourable and administrative editors of the Mariner’s Mirror),
and Peter Hopp (editor of the Slide Rule Gazette) for their cooperation and assistance.

Several private owners of period instruments have allowed me to research their
instruments, some of whom even assisted by taking pictures on my request or
invited me to their homes. For this I would like to thank Willem Mörzer Bruyns,
Mike Cowham, Bert Degenaar, Michael Gräfe, Alan Hilliar, Ronald Johnson, Richard
Kaplan, Brendan Kinch, Jaap de Munnik, Wim Snieders, and Mick Taylor.

I am much obliged to the Royal Dutch Navy and Marcel Pronk for allowing me
to do research on board of respectively their 1,875 tonne hydrographic survey vessel
HNLMS Snellius and his 46 foot sailing boat Velero.

Kent Mountford kindly provided me with the data of his field test. The practical
tests and the human perception experiment I did or oversaw myself would have been
impossible without the help of Pieter Aandewiel, Ghanny Alladien, Nico Booij, Nico
Duijn, Richard Dunn, Mark Horn, Jan Jonker, Aart van Kerkwijk, Sjoerd Laagland,
Kylian de Looze, Niels, Inger, and Diede van Marle, Auke Melsen, Roel Nicolai, Kees
Onderwater, Ad Pieters, Lucas Rikveld, Bert, Nonglak, and Aaron van Roon, Bram
Sikkeleras, Michiel Smal, Adri Twisk, Floor Twisk, Johan van der Veen, Ad and Clara
van Vliet, Björn van Vliet, Diederick Wildeman, Jaap Ypma, and last but not least
my wife Ria Twisk.

Much is owed to the latter, not only for being an assistant, but especially as she has
always shown great interest in my research, arranged holidays, often more than once,
to Denmark, Norway, Spain, Sweden, and throughout the United Kingdom so that
we could visit museums with items, whether it be manuscripts, books, or instru ments,
in their collections that were of importance for my research, and regularly read (parts
of) my articles and thesis. Without her relentless support I would not have been able
come this far in the past 17 years since my interest started and to finish my thesis
within the seven years it took.

M
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There are three instruments used at Sea for taking of altitude, The Astrolabe, The ring & the

Staffe. The Astrolabe hath been most ancient & is used commonly & only for the Sonne; and

serveth the seaman’s turne most Specially, when the sunne is high, because then they find the staffe

very uncertayne. And when the sea is rough it is very hard to make any observation by it also;

because if his agitation & unquiet hanging.8

Thomas Harriot, c.1595

During the global trade expansion of the Netherlands and England in the seven -
teenth century, navigational instruments underwent significant development in both
countries. Being able to navigate more accurately could save time, vessels, cargo, and
crew and therefore it is not far fetched to see a causal connection between the two.
The development of navigational instruments, based on the ongoing human drive
to improve technologies, reflected an interest in improving accuracy in position-
finding, and was as impressive as the growth in Dutch and English trade in the period.

The development of instruments for celestial navigation in the western world
started in the last quarter of the fifteenth century. It was around that time that the
Portuguese began to explore the west coast of Africa, gradually going further south
until they reached the equator. As they were following the African coast due south
from Portugal knowing one’s longitude was not of great importance. All navigators
needed to do was follow the coast and keep track of their latitude. As long as they
stayed near the coast, position could also be derived from conspicuous points on shore
once these had been charted by others. For this the vessels were equipped with so-
called rutters that contained written sailing directions and, in later years, depictions
of the corresponding coasts. Using instruments became important as soon as mariners
ventured into uncharted territories or away from the coast.

The instruments that were used by these early European navigators had their
origins in the Arab world, and through them in Greece. Their initial instrument of

  8 Harriot, BL Add MS6788 (c.1595), f.485r, see .
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choice for determining latitude was the mariner’s quadrant, the celestial object they
used the pole star.9 Being close to the earth’s axis of rotation, the observed altitude
of the pole star is a direct indication of the observer’s latitude.10 As it is only visible
north of the equator, another celestial object was required to navigate the southern
hemisphere.

Lacking an equivalent pole star in the southern hemisphere, this other celestial
object became the sun. Its noon position in the skies, better known as its declination,
changes with the seasons, and so tables of its daily declination were needed in order
to be able to calculate the observer’s latitude from the sun’s observed altitude. These
tables were first introduced in the last quarter of the fifteenth century almost simul -
taneously with the mariner’s astrolabe.11 As negative numbers were not yet used in
western mathematics, the first declination tables did not contain negative values until
the seventeenth century.12 Instead they gave north and south declinations and a set
of rules determined whether the declination had to be added to or subtracted from
the observed zenith angle.13 Although the declination tables and accompanying rules
complicated navigational practice, the problem of crossing the equator or the oceans
was finally solved, allowing mariners to venture even further into the unknown.

Navigation skills also developed in the Asian world and spread westwards towards
the eastern African coast in the same period. In the Arab world techniques used by
the Greeks were merged with those introduced by Asian navigators. When the first
Euro pean navigators rounded the Cape of Good Hope they found that their navi -
gational instruments, several types of astrolabe, were already known in the Arab world
and that Arab navigators used instruments as yet unknown in the west.

Thomas Harriot’s quote at the start of this chapter gives an insight in the state of ‘the
art of navigation’ at the end of the sixteenth century. The instruments he named were
the mariner’s astrolabe, the sea ring (an improved version of the mariner’s astro -
labe), and the mariner’s cross-staff, an instrument that was introduced into western
navigation in the early sixteenth century. The mariner’s quadrant was still in use,
but by the time Harriot wrote his above quoted manuscript Captain John Davis
wrote that it was considered “...an excellent Instrument upon the Shore,[...] but for
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  9 Quadrants, astrolabes, and cross-staffs were in use both on land and at sea, but often differed
in design. In order to avoid confusion, I explicitly use the terms mariner’s quadrant, mariner’s
astrolabe, and mariner’s cross-staff throughout this thesis when the specimens used in maritime
celestial navigation are referred to.

10 In fact the pole star was about 3.5 degrees off the earth’s axis for which the calculations compen -
sated.

 11 Van der Werf, ‘History and Critical Analysis...’ (Tacoma, 2017), pp.207-232. Stimson, The Mariner’s
Astrolabe... (Utrecht, 1988), p.16.

12 Nickerson, Mathematical Reasoning... (New York-London, 2010), p.45.
 13 De Medina, Frampton, The Arte of Nauigation... (London, 1581), ff.34v-40v.



a Seaman [...] to no purpose...”.14 Like Davis Harriot was critical of the instruments.
The mariner’s cross-staff could only be used properly when the sun’s altitude was
rela tively low, while the mariner’s astrolabe could only be used on a calm sea, some -
thing that also applied to the sea ring. Harriot and Davis wrote their comments in
the mid-1590s, approximately five years after their countryman Thomas Hood in -
tro  duced an instrument that in the coming decade would solve the problems
Harriot and Davis highlighted.

Harriot wrote that the astrolabe was the most ancient of these instruments and
we now know that it was introduced to the maritime navigator around 1481.15 The
mar i ner’s cross-staff was first described in 1514 and so was almost as old as the mari -
ner’s astrolabe.16 The only newcomer was the sea ring, which was first described in
1566.17

As indicated by Davis and Harriot (and others), each of these instruments had
severe limitations, attempts at improvement were already evident. The mariner’s
astrolabe, sea ring, and mariner’s cross-staff were all better adapted for use on board
a moving vessel than the mariner’s quadrant. The distance between the degree marks
on the mariner’s cross-staff was much larger than on the mariner’s astrolabe, and
the mariner’s cross-staff performed much better in rougher seas. The sea ring also
had larger degree intervals, twice as large as those on the mariner’s astrolabe for an
instrument of the same size, but like the mariner’s astrolabe suffered from “... agitation
& unquiet hanging.”

The above mentioned instruments can be divided into two groups: those that use
gravity as the datum (the mariner’s quadrant, mariner’s astrolabe and sea ring) and
the one using the horizon as a reference (the mariner’s cross-staff). It is the latter type
of instrument that would be developed during the seventeenth century and finally
result in the octant. As the mariner’s cross-staff still suffered from severe limit ations
by the end of the sixteenth century the search for improvement resulted in Thomas
Hood’s ideas which in turn fostered in an ‘explosion’ of new instruments for celestial
navigation.

While only three (or four if we include the mariner’s quadrant) instruments been
available to mariners in the sixteenth century, by the end of the seventeenth century
at least 20 new designs had appeared, all based on a staff type of instrument that
used the horizon as reference. The fact that they were mainly made of wood and
were used for celestial navigation of wooden ships suggested the title of this thesis,
Navigation on Wood. Of these 20 new instrumental designs, only a handful survive,
which is a strong indication that not all of them were equally successful or, at least,
they did not find equally widespread use.
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Having survived in limited numbers or even not at all, means that there is now
limited knowledge of these instruments. Monographs have been written in 1988 by
Alan Stimson on the mariner’s astrolabe and in 1994 by Willem F.J. Mörzer Bruyns
on the mariner’s cross-staff.18 The latter ended his conclusion by stating that

Finally, I should like to suggest a study of the astronomical and surveyor’s staffs and the various

staffs for navigation of which no examples survive. Such a study would provide a valuable contri -

bution to the history of navigation and navigational instruments. I hope that, one day, these

challenges may be taken up.19

This thesis explores those new designs starting from the one Thomas Hood de scribed
in 1590 up to the invention of the octant in 1731, including instruments of which no
examples survive, and places them in the context of one another and their pre cur -
sors. It will suggest that widespread use was not necessarily an indi ca tion of quality
in terms of accuracy, and even that the most widely used instrument was one of the
least accurate in practice. At the same time the different approaches in in stru mental
design will be explored, showing their significant influence on the quality of obser -
vations. When instruments are referred to, their names are some times followed by
“f.l.” and a date within parenthesis (e.g. “demi-cross (f.l. 1618)”) to indicate when an
in strument was first listed in historic sources.

As I wanted to have first-hand experience with the instruments, I made several replicas
and reconstructions. This of course immediately raises the question of the difference
between them. Strictly speaking replicas are newly made instruments that are based
on surviving ones, as if the original instrument had been scanned and reproduced
using a 3D printer, while reconstructions are newly made instruments based on
written period sources, at best aided by fragments of original instruments.

But what if the original instrument is complete, but has been submerged for
cen turies and has become fractured, compressed, and bent in the process? Is the
newly made instrument a reconstruction or is it a replica? The Kronan cross-staff
with spoon shaped vanes went through all of this and the instrument I made could
be called a replica, as all properties, including dimensions, materials, scales, etc., were
gleaned from the original instrument. But as the newly made instrument is fully
functional, it is a reconstruction, since the instrument is in a state the original had
only when it was still fit for service.

It will be shown that instruments suffer over time from deformations affecting
their quality. If such an instrument is replicated without these deformations, is it then
a replica or a reconstruction? When I made my Davis quadrants, which are based on
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Will Garner’s 1734 instrument, I did not know what the rim of the 65 degree arc looked
like, as this detail was not shown in the drawing. The Davis quadrant I researched in
the Scheepvaartmuseum in Amsterdam had divisions on the rim which I replicated
on my Davis quadrants. Years later, I know that Will Garner did not put a scale on
the rim of his 1734 instrument, making the Davis quadrants I made not an exact
replica of Garner’s.

In this thesis I call an instrument a replica if a more or less complete surviving
specimen served to create the new instrument. Where there is no surviving example
or only a few fragments survived, like those from the hoekboog, I call the resulting in -
strument a reconstruction. Despite the added details on the Garner Davis quadrant,
I still refer to it as a replica. I could have called it a new original, but as Davis quadrants
are no longer made and used, the word replica is a better denomination. Over the
years I built twenty replicas and reconstructions, one of which was a joint effort with
German clockmaker Günther Oestmann. In addition I restored two Davis quadrants
by creating new vanes for them. An overview of these instruments can be found in
Appendix G – Instruments made by N. de Hilster.

1.1 Research questions

The subtitle of this thesis, “Wooden Navigational Instruments 1590-1731, an analysis
of early modern western wooden navigational instruments, their origins, mathe -
ma tical concepts and accuracies”, implies there is more than a single research question.
The goal that I wanted to achieve when I started this research some 17 years ago was
to understand which instruments were the precursors to the octant. I wanted to know
what they looked like, how it would be to handle them and what kind of accuracy
could be achieved with them. During the years before I started working on my
thesis I began to realise that not all instruments were equally accurate and that one
of the most widely used instruments was one of the least accurate in practice. From
this I formulated the following research question:

How did wooden navigational instruments evolve in the period 1590-1731, what was their
common origin, how did they perform and why did the best not become the most widely
used?

It will be shown that one of the worst maritime disasters of early modern days, with
over 1600 casualties, was largely due to one of the most widely used instru ments of
the time. Next to inaccurate charting, the disaster was due to two flaws in instru -
mental design that prevented the mariners from avoiding the rocky coast they
foundered on. At the same time, two other design features made it the most widely
used instrument. In order to investigate this relationship between design and
widespread use, the following questions need to be answered:
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• Which instruments were created in the research period?
• Which instrument(s) became most widely used?
• Which factors dictate the accuracy of observations taken with them?
• Did their design features diffuse?
• How do replicas and reconstructions add to our understanding of the instruments 

and their use?

1.2 Scope

This thesis is about the instruments that were used in celestial navigation, which
means that only those instruments used to measure the altitude of celestial bodies
in order to determine one’s geographical latitude are discussed.

The first part of the subtitle of this thesis, “Wooden Navigational Instruments
1590-1731...” indicates the period for this research. The start and end years mark two
important milestones in the history of the development of instruments for celestial
navigation. In 1590 Thomas Hood published his newly invented instrument in The
Use of two Mathematicall instruments...,20 while 1731 marks the year that the octant
was introduced to us by John Hadley and Thomas Godfrey. The former year thus
marks the moment that wooden instruments based on the mariner’s cross-staff
started to evolve, while the latter signifies the start of a new era with instruments that
were an order of magnitude more accurate than anything used previously and
would cause the demise of staff-type instruments for celestial navigation.

These two dates however do not set the limits for this research. In order to under -
stand the situation at the end of the sixteenth century and the developments up to
that moment, a better understanding of especially the staff-type instruments is
required. The thesis therefore starts at the end of the fifteenth century, when only the
mariner’s quadrant and mariner’s astrolabe were used in western navigation and the
cross-staff was only used for astronomy.

The end year too is not rigid. Over the course of the late-seventeenth and the whole
of the eighteenth century, production of the most popular instrument slowly diffused
from what we now call western Europe to north America. As this transition also left
its marks in instrumental design, from which it is possible to geographically iden t ify
otherwise unmarked instruments, the production of this instrument is followed
throughout the eighteenth century and even into the first decade of the nineteenth
century. New instruments that arrived after 1731 are not extensively discussed in
this thesis.

I have used the term western navigation, which more or less sets the geographical
boundary for this thesis. The wooden instruments that developed from the mariner’s
cross-staff and Hood’s ideas, and which are the main subject of research in this thesis,
all developed in the western world, predominantly in England, the Netherlands, and
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France. The mariner’s cross-staff itself has an Iberian origin and it will be shown
that it has direct roots in the Arab world, possibly even with a connection to India
and China, broadening the geographical limits of this thesis. Production of the
instrument with the most widespread use diffused to north America, while one of the
other early instruments saw an important improvement on that side of the Atlantic
as well, making the geographical scope even wider.

1.3 Content

This thesis is divided into seven chapters. After this introduction, chapter two intro -
duces us to the historical sources used in this research. It discusses the main primary
and secondary sources. Other sources such as illustrations and of course the surviving
(fragments of) period instruments are also discussed, solving the question of which
were the most widely used. The chapter ends with a short analysis of how field tests
with replicas and reconstructions serve as a source of evidence.

Chapter three discusses the instruments and their development up to the first prac -
ticable instruments based on the design Thomas Hood introduced in 1590. Not only
are the wooden staff-type instruments discussed, but also instruments that rely on
gravity: the mariner’s quadrant, mariner’s astrolabe, and sea ring.

The instruments following the change are discussed in chapter four. It starts with
the development of the mariner’s cross-staff in the seventeenth century and is fol -
lowed by that of 14 new instruments that saw the light in this period. The chapter
ends with the arrival of the octant.

Chapter five dives into the technical aspects. It breaks the instruments down ac -
cord ing to their design features and shows how these play a role in their functioning
and thus in their accuracy. It also shows how the observer plays an important role
in this. The way the frames are constructed, the observation is achieved, and how
errors are introduced, both instrumental and human, are all discussed, while also
answering questions about diffusion and theoretical accuracy of the instruments.

In order to verify the theoretical accuracies, the scales of several period instru ments
are analysed in the sixth chapter. The relation between resolution and accuracy is
explored, as is that between between absolute and relative scale errors. The research
methods are explained and are followed by the analysis of eight different types of
instrument, using data from 21 period and 3 modern day instruments.

Chapter seven discusses the use of replicas and reconstructions. It starts with a
summary of historic and modern studies, and shows how difficult it is to properly
assess the accuracy of period instruments using modern-day field tests. It also deals
with the handling characteristics and ends with an analysis of what the theoretically
ideal instrument, based on pre-octant design features, may have looked like.

The final chapter draws together some conclusions in order to answer the research
questions and make suggestions for further research.
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Sources of knowledge 2

                       21

[The ignorant man is the sailor who does not know and does not know that he does not know.]

Shihab al-Din Ahmad Ibn Majid al-Najdi (c.1490)

2.1 Introduction

The list of instruments mentioned in Appendix A – Introduction to the instruments
is longer than the list of actual surviving instrument types. Some instruments were
never even made, of those that were most mentioned in period literature have not
survived and one only partially. Period literature therefore is the main source of our
current knowledge. Although seemingly an easy source of knowledge the content of
period works requires proper examination in order to fully understand the instru -
ments mentioned. Together, modern day authors have found and described all period
instrument types. Yet little has been said about their construction, mathematical
principle and potential accuracy, while at times it is difficult to assess the accuracy
of recent interpretations.

Over the past century, several articles and books have been published on the
subject of early modern instruments for celestial navigation in countries including
America, England, France, Germany, Italy, the Netherlands, Portugal, Spain, and
Sweden. As with the period works, this means that they have been written in a variety
of languages, but mainly in Dutch, English, French, Italian, Spanish and Portuguese
(and Latin for period works). The advantage of this is that we learn about navi gational

21 Ibn Majid al-Najdi, ‘Kitab al-Fawa’id fi Usul al-Bahr wa’l-Qawa’id’ (The Book on Instructions
in Rules and Principles of Navigation) (c. 1490), translated by and quoted in Tibbetts, Arab
Navigation... (London, 1981), p.141. Transcription kindly provided by Taha Yasin Arslan, D. Phil.,
Istanbul Medeniyet University, Department of the History of Science, Istanbul, Turkey.
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developments from different perspectives, but at the same time we need to be a poly -
 glot to be able to read and understand all the works produced.

The hub of innovation for early modern navigational instruments was the Iberian
peninsula for the fifteenth and sixteenth century, but shifted to England and the
Netherlands by the close of the sixteenth century, where it would remain for at least
two centuries. Iberian texts are therefore of importance when it comes to the early
development of the mariner’s quadrant, mariner’s astrolabe, sea ring and mariner’s
cross-staff, while the development of back-sight and reflecting instruments is mainly
covered in English and Dutch texts. As the language barrier limited several modern-
day authors, including myself at times, to fully comprehend information in period
(and modern) works in other languages, it will be no surprise that, especially non-
Dutch authors missed (details of) instruments that have only be described in Dutch.
Hopefully the current work will lower that barrier slightly.

By going back to the original written sources, illustrations, surviving (parts of)
instruments and by experimenting with replicas and reconstructions, it is possible to
judge the validity of the interpretations modern-day authors gave of the in stru ments,
to analyse their potential accuracies and to give as complete as possible a description
of them. Again, language can be a problem, as the earliest documents on these in stru -
ments originate, more or less in chronological order, from Asia, India, the Arab world,
and the Iberian peninsula. It is only from the sixteenth century onwards that we find
them in north-western Europe (predominantly England, the Netherlands and France).
Navigation must have played an important role in the distribution of navigational
knowledge in early modern times.

2.2 Navigational distribution of literature and knowledge

Navigational literature and navigation itself are deeply intertwined. Not only is it
period literature that allows us to appreciate the level of navigational knowledge of
early modern times, but also navigation itself played an important role in the acqui -
sition of navigational knowledge and the distribution of the works themselves.

In early modern times book fairs provided almost the only possibility of selling
books in large quantities, especially to other book dealers.22 Fairs developed at places
where trade routes intersected, where goods had to be loaded onto or off ships, and
where rivers were crossed by bridges.23 The easiest way to transport the heavy books
destined for these fairs was in barrels over water by boat.24

These fairs were international events and as early as the 1540s books from the Low
Countries and France are known to have been exported to fairs as far away as the
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Iberian peninsula.25 Books from Antwerp were transported by boat down the English
Channel through the Atlantic to Seville, while those from France were transported
from Lyon by barge and cart to the Atlantic port of Nantes, and then by boat through
the Bay of Biscay to the north coast of Spain.26

One of the main book distribution networks for western Europe by the end of the
sixteenth century was the yearly Frankfurter book fair. It had had its peak in the
sixteenth and seventeenth centuries, when booksellers, printers and book binders
converged there.27 Publishers from all over Europe regularly visited the fair on a yearly
basis and books were sold to a similar internationally dispersed group of book -
sellers.28

The central position of Frankfurt within the book distribution network was
thanks to its geographical position on the chief waterways of the time, close to where
the River Main joins the Rhine.29 Publisher Christopher Plantin would send books
by wagon from Antwerp to Cologne, where his colleague Maternus Cholinus would
arrange the transport over the Rhine to Frankfurt.30 Although vitally im portant, the
transport of books by boat came at considerable cost. On the Rhine tolls were exacted
at 31 places between Basle and Cologne, while for the transport between Mittenberg
and Frankfurt it was even obligatory to use Mittenberg boats.31 The transport by boat
to Frankfurt had the advantage of easy transport of the heavy barrels, however, and
once arrived in Frankfurt the barrels could simply be rolled to the fair.32

Although the fair was international, not all languages were equally represented,
not even during its heyday. Italian books had almost disappeared by 1630 and French
by 1640, while those in English were barely sold at any time.33 This was perhaps due
to the higher prices of English books.34 They had to follow not only the same route
over the Rhine as Plantin’s books, but also across the channel from London, the hub
of English printing. Despite a dramatic threefold increase in numbers of books
printed in England in the 1630s, where figures went up from just over 6,000 to just
under 18,000 works, only 15 titles were listed in the 1630s fair catalogues as against 77

and 151 in the preceding decades.35 During those same decades and until the 1660s,
only did the number of titles offered from Amsterdam at the Frankfurt book fair
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increase steadily to about 865, some 10 percent of the total number listed.36 These
numbers dwindled too, however, partially due to the decision of Plantin’s heirs and
their Antwerp colleagues not to attend the fair any more, and partly as a result of
the growing importance of the Leipzig book fair and decline of Frankfurt’s fair.37

Leipzig became a competitive book fair in the second half of the seventeenth
century. While by 1650 twice as many books were offered for sale in Frankfurt than
in Leipzig, their numbers were almost equal by around 1670.38 By the turn of the eigh -
teenth century Frankfurt’s share in the book trade was only half of that of Leipzig;
by 1720 the Venetians and Dutch had stopped coming to Frankfurt at all.

It was not only the transport towards the book fairs in which navigation played an
important role. Once sold, the books had to be transported to the home country of
the buyer, often again by boat, as was the case of the vessel Jewel in Yarmouth harbour,
which was found to have a cargo of publications imported from Rotterdam.39

Even in this early period it was not only European books that travelled the world
by ship. In 1605 the Amsterdam book seller, printer and publisher Cornelis Claesz
(c.1547-1609) published a catalogue of Chinese works that he offered for sale.40 The
works most likely arrived in the Netherlands with the fleet of Jacob van Heemskerk
that left Amsterdam in April 1601 for Bantam, where they arrived in February 1602.41

Here they seized a Portuguese carrack and brought home the goods they found in
it. They arrived in the Netherlands in March 1605, shortly before the catalogue was
printed. No copy of the catalogue has survived, its title only known to us as it was
listed in the 1605 Frankfurt autumn fair catalogue,42 and therefore it is not known
what topics the works were about.43

The significant development in navigational instruments discussed in this work
started in England and the Netherlands at the end of the sixteenth century and
con  tinued until the 1670s, coinciding with Frankfurt’s peak as a book fair. The next
important step in instrumental development after that decade would not be made
until 1731, when the octant was invented. The intermediate period saw little new de -
 velopment, only a few improvements based on existing instrumental knowledge.
It is therefore tempting to assign an important role to the Frankfurt fair in the dis -
tribution of navigational knowledge in this period.
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Although the fairs were good for shipping and the distribution of literature, a quick
inventory of some 30 on-line fair catalogues from the period 1610-1650 reveals that
the catalogues mainly consisted of theological and juridical works. Scientific works
on mathematics, fortification, surveying and astronomy, listed in Latin and in the
vernacular, were fewer, but with several dozen titles in these 30 catalogues still rea -
son ably abundant. However, of all the period works discussing early navigational
instruments, only two have been found in the above mentioned sample of fair
catalogues. The first, Nieuwe Geographische Ondervvysinge by the Dutch geometer
and astronomer Adriaan Adriaansz. Metius, was most likely listed because it was an
integral part of his astronomical work, Institutiones Astronomicae & Geographicae.
The other was the German translation of Lucas Jansz Waghenaer’s Spieghel der Zee -
vaert, which however did not discuss any of the newly invented instruments of the
period, only the ones commonly used by the time it was published. Further ana lysis
of the fair catalogues may show to what extent the Frankfurt book fair con tributed
to the spread of navigational literature and the knowledge contained within it.

English navigational knowledge originated from Iberian sources. The earliest English
works on navigation were translations of Iberian works entitled Arte de Navigar, by
Pedro de Medina (originally published in 1545) and by Martín Cortés’ (published
in 1551 and better known as Breve Compendio de la Sphera y de la Arte de Navegar).
The Art of Navigation, published in 1561, was the first work on navigation in English
and was a translation by Richard Eden of Cortés’ 1551 work. De Medina’s 1545 work
was translated into English by John Frampton in 1581,while William Bourne was
inspired by Eden’s translation of Cortés’ work to write A Regiment for the Sea in 1574.44

These translations were printed in London and without ships and navigation the
original texts would never have arrived in England to be translated into English. Once
translated the works found their way back to the continent, again disse mi nating the
knowledge contained in them through navigation.

It was not only the works that crossed the Channel in two directions to spread navi -
gational knowledge. Mathematician, astronomer and navigator John Dee, an
author ity of ‘very great knowledge in sea-affairs’ who played an important role in
the development and distribution of English navigational knowledge, crossed the
Channel several times during his life.45 In 1547, aged 19, he went to Louvain to study
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navigation with Gemma Frisius,46 while during a later visit to the continent in 1563

he visited his Dutch printer Willem Sylvius in Antwerp to copy at least half of Joannis
Tritemij’s yet unpublished treatise Steganographia.47 The work in itself had little to do
with navigation, but Dee did not only use this year and a half trip to the continent to
copy this particular work. He took the opportunity to visit several European coun -
tries and meet other scholars on this and later trips to the continent. This example
simply shows that learned men of navigation like John Dee travelled over water to
acquire and spread (navigational) knowledge. During the same trip Dee even pub -
lished his Hermetic treatise Monas Hieroglyphica in 1564, which reached England
before Dee himself.48

In the house in Mortlake that belonged to Dee’s mother and in which he lived after
his return from his first continental trip, Dee assembled Elizabethan England’s greatest
library.49 The house had four or five rooms filled with some 4000 titles in 1583, roughly
five times as many as in the joint collections of Cambridge University Library and
Corpus Christi College Oxford at that time.50 He collected them in England and from
overseas, often buying (parts of) private and university libraries.51

One of Dee’s pupils, Captain John Davis (1552-1605), took it one step further. Instead
of crossing the channel as a passenger like Dee, Davis took a job as pilot on one of
the early Dutch trips to the East Indies between 15 March 1598 and 20 July 1600.52 On
this trip he carried instruments of his own invention (and his own navigational lit-
erature we may presume), which were subsequently introduced into the Low Coun-
tries through the Dutch explorer – and commander of the vessel of which Davis was
pilot – Frederick de Houtman. De Houtman was a former student of Metius,53 who
would later write in his Nieuwe Geographische Ondervvysinge that he had ‘...recently
seen a cross-staff at the [residence of the] stout-hearted governor De Houtman
[which was] very convenient for taking the altitude of the sun in an altogether con-
trary manner...’, and illustrated one of Davis’ inventions alongside.54

A mutual friend of De Houtman and Metius, Willem Jansz Blaeu, had settled in
Amsterdam as a publisher by the end of the sixteenth century. He had just returned
from Denmark where he had been an apprentice to the Danish astronomer Tycho
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Brahe at Uraniborg on Hven, a Danish island, just like Metius a year earlier.55 Initially
Blaeu produced mainly maps and globes, which were printed on his own plate presses.
He began printing books in the early seventeenth century, for which he acquired his
own printing presses in the following decades.56 As a printer-publisher Blaeu played
an important role in science.57 Among his repertoire was a considerable number of
works on science and navigation, written by himself and others like Barleaus, Coper -
nicus, and Metius. The aforementioned Nieuwe Geographische Ondervvysinge was
part of his Institutiones Astronomicae & Geographicae, which was printed in 1614

by Blaeu and found its way directly to the 1614 spring Frankfurt book fair.58

Among Blaeu’s own works were the pilot books he started to produce in 1608 and
continued to print for the next two decades.59 These books consisted of charts and
sailing directions and started with a chapter on the art of navigation in which some
of the navigational instruments were explained. They can be regarded as the con -
tinuation of the works printed by the Amsterdam publisher Cornelis Claesz, who had
published Dutch editions of Pedro de Medina’s Arte de Nauegar and William Bourne’s
A Regiment for the Sea.60 The latter work was translated by Lucas Jansz Waghe naer,
who in turn would later become famous for his own pilot books or ‘waggoners’. These
waggoners had a profound influence on Blaeu’s pilot books in which he encouraged
seamen to share their knowledge with him for the further improvement of navi -
gation.61

As well as being used to teach navigation, we can be sure that navigational works
were used on board vessels. Blaeu’s pilot books were listed on the list of required
navigational tools issued by the VOC (the Dutch East India Company),62 and Dutch
translations of navigational works by Pedro de Medina and Michiel Coignet were
found on Spitsbergen almost three centuries after the expedition of explorer Willem
Barentsz had become stranded there.63 They were found by Captain Elling Carlson
from Hammerfest, Norway, during his trip with the Solid to Nova Zembla in 1871.
While sailing at a short distance from the coast the derelict remains of Barentsz’ shelter
were spotted. Several visits to the house were made and various artefacts, among
which were navigational instruments and the above mentioned works, were brought
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back to the vessel before setting sail back to Hammerfest. Two months later, after
almost having foundered themselves in bad weather, Solid arrived in Hammerfest
in November 1871. Next year the finds were sold to the Dutch state and there is a fair
chance they made their home journey by boat.

Navigation thus served to spread navigational knowledge, although at times it had
the opposite effect. That navigational works got lost due to their actual onboard use
is, according Van Netten, one of the reasons for the low number of surviving Blaeu
pilot books.64 The ones that did survive are in most cases too well preserved and at
times elaborately coloured, indicating that they were not used on board but merely
served as presentation pieces or as coffee-table books  avant la lettre.65 On the dis tri -
bution of Dutch navigational knowledge through navigational literature Karel Davids
argued that although there was a prolific Dutch influence on nautical knowledge
throughout north-eastern Europe in the eighteenth century, it was far less influ-
ential in the seventeenth century, due to the lack of understanding of Dutch.66 In
order to make the books accessible abroad, they were translated, al though that did
not guarantee they were read. Davids stresses that there is a difference between supply
and consumption and that many sailors, even by the end of the seventeenth century,
possessed no chart or pilot books at all.67

It is, however, certain that on a more local level navigational literature was not only
used as ‘coffee-table books’, but served to diffuse and multiply navigational knowledge.
In the collection of Het Scheepvaartmuseum in Amsterdam, 32 so called Schatkamers
reside spanning the period 1685-1894, nine of which are from the period of the current
research.68 Schatkamers are manuscripts written by navigational students and mariners
and show resemblance with several period printed navi gatio nal textbooks by authors
like Lastman, Gietermaker and De Vries. Not only were their texts copied, but so
were their depictions of the instruments discussed. The term Schatkamer was given
to the manuscripts as the authors of the original works had their works (or sections
of them) starting with the title word Schatkamer, like Lastman’s 1653 De Schatkamer
des Grooten Seevaerts Kunst. Pilot books were also used as a source and, again, not
only was the text copied, but at times the illustrations too. Schatkamers are of parti -
cular interest, since in some cases they show additions regarding the instruments that
did not originate from the original printed works. The additions are more likely the
result of orally transmitted (i.e. from a tutor or colleague) or self-acquired knowledge.
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Over the centuries, a fair number of navigational works ended up in maritime
collections, distributing period navigational knowledge even into the current era.
Navigation still plays an important role in accessing them albeit no longer only by
boat, but mainly by computer when browsing (on-line) library catalogues and when
using current day transport while visiting overseas collections.

2.3 Primary literature

Thanks to maritime libraries the knowledge of period wooden instruments for
celes tial navigation can be acquired from primary sources, including original
manu scripts, Schatkamers, pilot books, navigational textbooks, atlases, plates and
travel accounts. Instruments for celestial navigation that were mainly produced in
brass, like the astrolabe, sea ring, and non-celestial navigational instruments, like the
nocturnal and compass, are also regularly mentioned in period works, but do not fall
within the scope of this research. As any rule should be proved by its exception, the
mathematical principles and observation techniques associated with the mariner’s
astrolabe are discussed in detail as they show how the advent of wooden navi ga -
tional instruments was associated with a decline in the standard of observational
technique, as discussed in chapter 5 – The instrument as a concept.

Ambiguity is never far away when researching instruments. In some cases the same
general name was given to a variety of instruments, while in others, depending on
the period, the same name was used to indicate two completely different instru ments.
An example of the former is the term backstaff, a general name to indicate an instru -
ment used in a backward manner (i.e. with one’s back towards the sun) and therefore
representing the majority of the seventeenth century instruments for celestial navi -
gation. The latter case is exemplified by the term hoekboog which was uniquely used
for this Dutch invention during the first half of the seventeenth century, but used
in the Netherlands both for the Dutch instrument and the English Davis quadrant
during the second half of that century. This does not mean that works with only
textual reference to certain instruments cannot be used for this research, but that
those works should be used with caution. Proper identification of the actual instru -
ment can be done when the instrument is not only named, but either described in
detail (e.g. “... but of all Back-staves, I hold the double Arched projection to be the
best, and most usefull [sic.] at Sea...”69) or when the instrument is depicted next to
the text.

Historic literature is particularly important in indicating when an instrument first
came into use, although it can be deceptive regarding the length of time an instru -
ment remained in use. As will be shown, works were reprinted or copied during the
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whole of the period under examination. Examples are known where instruments
are shown for more than half a century, sometimes even in works of various authors,
with literal copies of both texts and illustrations. On the other hand, the first ap -
pearance or mention of an instrument does not indicate that the instrument was
not in use before that publication. As Ibn Majid wrote around 1490 in his ‘Kitab
al-Fawa’id fi Usul al-Bahr wa’l-Qawa’id’ (The Book on Instructions in Rules and
Principles of Navigation): “The ignorant man is the sailor who does not know and
does not know that he does not know”.70 Of course, he was referring to navigational
knowledge among sailors, but it is equally true when it comes to researching early
modern instruments, which may have been mentioned in earlier works that have not
survived or earlier works that were not identified in the current research.71 In addition,
it could be that certain instruments were in use for years before making it into con -
temporary literature. Moreover, having appeared in print an instrument can only be
regarded as still in continual use when new texts or additional details appear or when
the works describe use at a specific dated event. Even then, one needs to be cautious.

Figure 3 indicates the number of works consulted for this thesis. As can be seen the
emphasis lies on works published between 1580 and 1700 with peaks around 1590

and 1660-1670. The first peak is mainly caused by the 15 books of Hakluyt’s 13 volume
The Principal Navigations, Voyages, Traffiques, and Discoveries of The English Nation.72

The second peak reflects the foundation of the Royal Society (RS) in whose Philo -
sophical Transactions many papers were published on instrumental matters. As these
two peaks might give a false impression, the Hakluyt and RS publications are shown
in grey, while cumulative lines are given for all the works (grey) and for all but the
Hakluyt and RS works (black). The remaining peak around 1650-1660 is mainly due
to the many editions of Dutch pilot books as discussed below.

The reason for the limited number of works outside the period 1580 and 1700 is
mainly due to the fact that I have focussed on works published within the main period
of instrumental development from 1590 until roughly 1670. Works from the earlier
period are limited in number due to their limited presence in collections. As after
1670 no new instruments arrived until the invention of the octant, later liter ature was
examined to a lesser extent.

As the main navigational nations in the period 1590-1731 of this thesis are England
and the Netherlands, an additional temporal distribution is given in figure 4. This
time only works by Dutch and English authors have been counted, regardless of the
language they were written in. The early Hakluyt works and the Philosophical Trans-
actions have been omitted from the histogram (the latter for both the English and
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Dutch entries in that journal). It shows that the consulted works are roughly equally
divided between the two countries. The peak in Dutch literature around 1650-1660

is mainly due to the many editions of Dutch pilot books. The absence of English
and Dutch works around the time the mariner’s cross-staff was introduced in the
first quarter of the sixteenth century can be explained from its Arab and Iberian
origin. It would take several decades before knowledge about this navigational
instru ment appeared in England and the Netherlands.

2.3.1 The introduction of the cross-staff
As the first shadow-casting instrument, Master Hood’s cross-staff, was based on
the mariner’s cross-staff it is important to investigate its early history. It is generally
accepted that the mariner’s cross-staff had close ties with the Arab kamal and thus
this instrument and its relation to the mariner’s cross-staff is investigated in this
thesis. The period works used in the section on the kamal were originally written in
Portuguese and Arab. Fortunately these works have been translated by recent authors.
There are also descriptions of the instrument in Tamil and Chinese which have been
interpreted by native Tamil- and Chinese-speaking authors. Shortly after its intro -
duction, the mariner’s cross-staff was described in mainly Spanish and Portu guese
works.

2.3.1.1 The kamal
Several Arab works on the kamal are of importance. Around 1490, Ibn Majid (c1432-
c1501) wrote his navigational work ‘Kitab al-Fawa’id fi Usul al-Bahr wa’l-Qawa’id’
(The Book on Instructions in Rules and Principles of Navigation) in which he
elaborates on the instrument. The work was translated by G.R. Tibbetts and pub -
lished in 1981 in Arab Navigation in the Indian Ocean Before the Coming of the
Portuguese.73 From the same author and contemporary to the Kitab is ‘As-Sufaliyya’
(The Poem of Safala), which was translated and analysed by Ibrahim Khoury in
1982 and includes criticism on an earlier Russian translation of the same work by
T.A. Schumovsky that the latter published in 1957.74

Another important work, ‘Bahr-i-mohit’ or just ‘Mohit’ (The Ocean), was written
by Sidi-Ali Ben Hussein (or Seydi Ali Reis) (1498-1563) in the mid-1550s. Translations
of this work have been provided by Baron Von Hammer-Purgstall in 1834-1839, by
M. Bittner and W. Tomaschek in 1897, and by J. Goncalves, M. Bittner and A. Pequito
in 1958.75 Although the Mohit was written after the introduction of the mariner’s
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cross-staff, it is based on three ancient works and seven works con tem porary to Sidi
Ali Ben Hussein.76

Interpretations of Chinese texts on the kamal, or qianxing ban as the Chinese
called it, can be found in the master thesis Fettering the Stars: Islamic Navigational
Knowledge in Ming China by Hsiao-chien Lin.77

An extensive study on Indian navigation has been done over the course of 25

years by late professor Balsubramiam Arunachalam (1933-2014). From his oeuvre I
used three works: ‘The Haven-Finding Art in Indian Navigational Traditions and
Cartography’ (1987), Heritage of Indian Sea Navigation (2002) and ‘Technology of
Indian Sea Navigation (c. 1200-c. 1800)’ (2008).78 They discuss all facets of navi ga tion,
including navigational tools and procedures. Among Indian mariners, the kamal
is known as ra-p-palagai or kau-velli palagai.79

From the Iberian peninsula, the oldest documents describing the kamal were
written shortly after the introduction of the mariner’s astrolabe. The oldest de scribing
the kamal is a copy of Joam de Barros’ treatise on the Portuguese discoveries in which
he describes the first western encounter with the kamal, that of Vasco da Gama during
his voyage to India in 1499.80 The oldest known text describing the use of the kamal
by western navigators is a letter written by Master João, the astronomer on board the
fleet of Pedro Álvares Cabral during the voyage to India in 1500, and describes the use
of the kamal during this journey. The letter was reproduced in facsimile and translated
by W.B. Greenlee in 1938.81 In 1514 the navigational manual Livro de Marinharia was
written by João de Lisboa and describes both the kamal and mariner’s cross-staff,
while roughly a decade later, around 1524, André Pires wrote a version of the Livro
de Marinharia which still listed tables for the kamal.82

The kamal would, however, soon fall from use and no further western literature
describing it as a contemporary instrument has been found after 1524.83
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2.3.1.2 The mariner’s cross-staff
The cross-staff was first described in works from the Iberian peninsula. The most
important works at this very early stage are the ones mentioned above by João de
Lisboa and André Pires. Each work describes both instruments, suggesting that both
the kamal and the mariner’s cross-staff were in use at the same time among western
navigators.

The mariner’s cross-staff would become the primary wooden instrument for
celestial navigation, starting its own development, which can be traced using the
primary sources mentioned in Mörzer Bruyns’ work on the instrument. An im -
por tant addition to those primary sources on the early development is a French
manuscript from 1584 by Jacques de Vaulx (d.1597).84 It shows in full detail the
construction method for all four scales of a cross-staff and describes how to use the
“...arbaleste avec ses quatre marteaux...” (cross-staff with its four transoms), roughly
half a century earlier than previously identified sources.85

2.3.2 The instrument revolution
The revolution in the design of instruments for celestial navigation was most likely
initiated by Thomas Hood (1556-1620)86 who in 1590 published The use of the two
Mathe maticall Instruments, the Crosse Staffe (differing from that in common use with
the mariners), And the Jacobs Staffe.87 Hood was a Fellow of Trinity College, Cam -
bridge, a Doctor of Physic, and a very competent mathematician.88 From about 1587

he was commissioned to lecture privately on the application of mathematics to
navi gation89, even though he appears never to have gone to sea.90 His insight into
navigational practice and methods led to two new instrument designs: a sector, and
a cross-staff that would later become known as Master Hood’s Cross-staff and which
he published for the first time in the work mentioned above.91
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As the title indicates the book contains two treatises, the first is for the mariner (‘The
use of the Crosse Staffe’) and describes the use of an instrument for astro no mical pur-
poses. The second is for the surveyor (‘The use of the Jacobs Staffe’) and deals with
the use of a geometrical instrument. The first part had originally been presented as
a manuscript to Lord Charles Howard, together with the instrument, but became so
popular that Hood soon decided to put it to print.92 Although the titles suggest two
instruments, the book deals with a single instrument, ‘…Maister Hood his crosse
staffe…’.93

His work has the form of a dialogue between a “Maister” and a “Scholler” in which
the former explains the instrument to the latter in every detail, with illustrations on
a fold-out page at the end. The Crosse-staffe of the title was his own invention (later
known as Master Hood’s Cross-staff) and is compared by him to the commonly used
mariner’s cross-staff or, as he calls it, the Jacobs Staffe or Balla Stella. In order to avoid
confusion throughout this work I refer to the instrument Thomas Hood designed
as Master Hood’s Cross-staff, while the term mariner’s cross-staff will be used for the
instrument commonly used by mariners since its introduction by the Portuguese
in the early sixteenth century.94

Although as a whole a mediocre instrument Master Hood’s Cross-staff had one
brilliant idea: it used the shadow of an attached vane to measure the sun’s altitude,
introducing shadow-casting instruments. This was not an entirely new idea, since
the shadow-casting vane resembles the vanes on the alidade of the mariner’s and
astronomical astrolabe. Even the way the instrument is divided can be traced back to
the shadow square of astronomical astrolabes. By using two perpendicularly mounted
staves, however, Hood managed to enlarge the intervals of the scales considerably,
potentially leading to more accurate readings.95

As indicated above, not all works consulted appeared in print. Some of them are
manuscript copies of existing works with interesting additions, others are original
manuscripts dealing with the latest navigational knowledge. Two of those manu -
scripts stand out as they show newly developed instruments for the first time.

The oldest of these two manuscripts shows the next step in the instrumental rev-
olution. It was written by Thomas Harriot (c.1560-1621)96, a mathematical prac -
titioner and, after he graduated from Oxford in 1579, adviser in service of Walter
Rayleigh at Durham House, Strand.97 He started teaching the art of navigation from
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his manuscript called ‘Arcticon’, presumably only to Sir Walter Rayleigh and his
cap tains.98 Only fragments of this manuscript survive dealing with general navi ga -
tional knowledge.99

Around 1594 Harriot compiled ‘The Doctrine Of Nauticall Triangles Compen -
dious’, a manuscript mainly dealing with the computation of meridional parts for
drawing a Mercator chart.100 Although mainly a mathematical work, folios 31 and
32 also discussed several navigational instruments and further developed the idea
of shadow-casting instruments introduced by Thomas Hood.

Harriot not only used the principle of measuring the sun’s altitude by a cast
shadow, but also turned the observer around so that he stood with his back to the
sun. Harriot designed three instruments along these lines, depicted on folio 31, and
a quadrant-type instrument on the following folio. From the accompanying text it
seems that these instruments were mental exercises and most likely never saw the
light of day.101 His method of observing was, however, the start of a new develop -
ment in altitude-measuring instruments: ‘backstaffs’ (or ‘back-staves’).

The year after Harriot compiled his ‘Doctrine’ Captain John Davis (1552-1605)102,
“...a man very well grounded in the principles of the Art of Navigation...”,103 published
Seamans Secrets, a work “... wherein is taught the three kindes of Sayling, Horizon -
tall, Peradoxal, and Sayling upon a great Circle”.104 The work is “Devided into 2
partes...”, in the second of which he described and showed the first two prac ticable
instruments for observing the sun backwards, the 45 degrees backstaff and 90 degrees
backstaff, which he had used “...as well under the Sunne, as in our Climates...”.105

It was probably Harriot who inspired John Davis to create his backstaffs (or back-
staves).106 The designs of Davis’ instruments (and the order in which he created them)
clearly show similarities with Harriot’s and, although he was proud to have come up
with his own version he realised that the backward observation method was not his

NAVIGATION ON WOOD46

 98 idem, p.326.
 99 Fox (ed.), Thomas Harriot (Aldershot/Burlington, 2000), p.286.
100 Harriot, ‘The Doctrine of Nauticall Triangles Compendious’ (1594), see Appendix D – ‘The

Doctrine of Nauticall Triangles Compendious’. Also see Taylor, The Mathematical Practitioners
(1967), p.333. and Taylor ‘The Doctrine of Nauticall Triangles Compendious’ in: The Journal of
the Institute of Navigation, Volume VI (London, 1953), pp.131-147.

101 Shirley, Thomas Harriot, A Biography (Oxford, 1983), p.92.
102 Hicks, ‘Davis, John (c.1550-1605)’, Oxford Dictionary of National Biography, Oxford University

Press, 2004; online edn, Jan 2008 [http://www.oxforddnb.com/view/article/7326, accessed 13
Oct 2014]. Hicks is however unsure about Davis’ year of birth. His contemporary and teacher
in science and navigation John Dee, mentioned that Davis was born in 1552, see Taylor, The
Mathe  matical Practitioners... (1967), p.178.

103 Taylor, The Mathematical Practitioners... (1967), p.178.
104 Davis, The Seamans Secrets... (London, 1595), titlepage.
105 idem, ff. 15v-17r of the second part.
106 Taylor ‘The Doctrine...’, pp. 134-135.



own invention.107 Although collected in a manuscript, it did not mean that Davis was
not able to gain knowledge of Harriot’s ideas. E.G.R. Taylor states that “Davis must
have known the unpublished works on navigation which the three mathematicians
[Digges, Dee and Harriot] had written and from which they taught.”108

Harriot and Davis had at least two mutual friends with interests in navigation:
John Dee and Sir Walter Raleigh. Dee was in close and friendly touch with Harriot
(who mentioned him twice in his manuscript)109 and was Davis’ teacher in science
and navigation (he was Dee’s last and most gifted pupil) as well as supporter of his
voyages110. Raleigh was Harriot’s inseparable friend for nearly 40 years111 and Davis’
friend and an investor in his voyages112. That Davis and Harriot had knowledge of
each other’s work in or after 1595 is evident, since Davis wrote in the same year in
his Seamans Secrets that “...for Thericall speculations and most cunning calculation,
M. Dee and M. Thomas Heriotts are hardly to be matched...”113, while Harriot listed
Davis’ work, among others, on the back of the final folio of his Doctrine114.

With Davis’ improved instruments, a new method of designing navigational in -
stru ments for celestial navigation was finally understood, at least within a select group.
Based on these new ideas and concepts a wide variety of instruments would emerge
for the same purpose, measuring the altitude of the sun with the observer’s back to
it.
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2.3.3 New backstaff instruments
The new ideas put forward by Hood, Harriot and Davis would soon lead to further
instrumental developments. Davis had already designed the first two practicable
backstaffs, which remained in use until at least 1633.115 Around a dozen backstaff in -
stru  ments were to follow. The instruments did not develop at a great pace, however,
or at least the appearance of newly designed or improved instruments in literature
was scattered sporadically along a lengthy period in the seventeenth century.

The first mention of new instruments after Davis is a rather obscure one. In 1600

a small treatise by Aelbert Haeyen was published as a criticism on Simon Stevin’s
De Havenvinding from 1599.116 In it he mentions several new instruments. One of them
is the cromme boogh (curved or bent staff), another the knipboogh (hinged staff), but
neither was well described in Haeyen’s or later works.117

Shortly after Haeyen an extraordinary manuscript was produced by Captain George
Waymouth and titled “The Jewell of Artes”.118 Waymouth (fl. 1587-1611) was an ex-
plorer who retraced Martin Frobisher’s and John Davis’s explorations in an attempt
to find the North-West passage to the East Indies in 1602,119 while in 1605 he sailed
to New England for commerce and colonisation120. Dedicated to James I of England,
who reigned from 1603 until 1625, the manuscript included an account of Way mouth’s
search for the North-west passage, but not of his New England voyage and can there -
fore be dated to around 1604.121 It is divided in “seaven bookes”, each of which was
dedicated to a mathematical topic. In order of appearance these topics are in stru -
ments of navigation, shipbuilding, newly invented military engines, land surveying,
fortification, ordinance, and ballistics, including the instruments required.

The “bookes” are profusely illustrated by large groups of diagrams, similar to some
of those in William Barlow’s 1597 Navigator’s Supply. Taylor argues that the actual
writing and drawing may have been the work of Charles Whitwell, who was an en -
graver and mathematical instrument maker and also made the diagrams of Barlow’s
work and a sector invented by Thomas Hood.122 The manuscript shows the vast
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knowl  edge Waymouth had on the topics he described. Despite the “...writing being
plaine, and simple: and through want of learning naked, and ungarnished with elo -
quence...” it is hard to read, largely due to its formal style that was tried to achieve.123

Waymouth did not publish the manuscript in print since he thought that if he
were to “...comittit to the presse, the coppies there of might be conveyed hence: and
so foraine nations for whome I nothing meant it should reape as much profitt, of
it as this my native cuntrie...”.124 Clearly he thought the contents too important for
his own country to have it spread to a wider, international audience. Instead he
preferred that “...the publishing of the whole booke or any parte there of, [should
be left] only to youre maiesties [James I] high prudence and discretion...”.125 As far
as we know no part nor the whole book was ever published in print, not even by
modern day authors, only a second manuscript copy resides in the Beinecke Rare
Book and Manuscript Library of Yale University.126

Having retraced Davis’ explorations it is fair to assume that Waymouth had been
in contact with Davis and would have had knowledge of his work and instruments.
Waymouth seems to have had high esteem of himself regarding this field, even though
he saw himself to be “...only an English scholler...”.127 Concerning navigational instru -
ments in general Waymouth wrote in the preface:

It were much to be wished that all those that doe undertake to mak discovery of any straunge

cuntries or passages: had some skill in all these artes comprehende in this my present booke, as

first in the Instrumentes of navigation they ought to knowe both the making and use of so many

as is possible, for if they knowe not howe theire instrumentes ought to be made, then may they be

so faultie as they shall not be any thing proffited by them. […] may I truly say that good instru -

 mentes make a good navigator. with out the which it is impossible for him to doo any good in

performance [… and] if they be never so exactly made yett if seamen want skill howe to use them

then were they as good with out them as have them: for what can profitt hime that knoweth

not howe to use it: where fore I say it is verry necessarie, that hee be skillfull in both. neyther it

is sufficient that they be skillfull in some fewe, but (as I sayde before) in as many as possibly hee
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can, that is even in all for there be many Instrumentes that will not, yea verry fewe that will

serve In all places, nor at all times: but that some times they must use one, and some time other...128

The reason this manuscript deserves special attention is that in the section named
‘The First Booke’, “... the auntient instruments of navigation newly corrected are
most plainly described, by Demonstratine figures, as other more exact not before
knowne...”.129 Waymouth wrote that of these instruments “not before knowne”

...all such as are marked with W ar of myne owne Invention which I knowe by experience is

more plaine to be understod, that theire by I might give testimonie unto all men of my knowl -

edge in these artes, where in if I have performed more then any of my cuntriemen...130

The next section “The Second booke containing the building of shippes” shows
dia grams for shipbuilding and is followed by “The third booke containing the
making of Engenes”.131 In this third section several engines are shown, which are all
contraptions with canons mounted, designed in a Leonardo da Vinci-style tradi tion.
Between them are a tank-like carriage with revolving canons and a flat-bottomed
vessel measuring 30 by 60 feet with cannons, turrets and paddle-wheels.

Like Da Vinci’s works one may wonder if they were ever built. Professor of the
History of Art at the University of Oxford and originator of the 2006 Universal
Leonardo project, Martin Kemp, proposed that in the case of Leonardo’s drawings
“...we can best think of his drawings as ‘theory machines’...”.132 Concerning the
military drawings Kent argued, however, that, “It is likely … that such designs were
pro duced as much for the dialogue between Leonardo and his patrons as for direct
implementation”133, although he admits that a giant 25-metres cross-bow “... looks
like a dream machine rather than an intended reality” and that it may have been
that some “...of the more extravagant designs probably come into the category of
‘visual boasting’”134. Still, he warns that “it is probably unwise to be too categorical
about the visionary impracticality of all the ‘fantastic’ designs, seeing them purely
as visual rhetoric”.135

It seems to be best to look at “The Jewell of Artes” in a similar way. Some of the
diagrams were based on actual objects, others merely thought-experiments, and a
few just to impress the reader. Only the last category seems not to have been applied
to the first book containing navigational instruments. Reading Waymouth’s work
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is like reading folio 31 of Harriot’s ‘Doctrine’ with his developing ideas on the back -
staff, where the next idea was even better than the one before. Both manuscripts
seem to show a great deal of thinking in progress, although that is more obvious
with Harriot’s work than with that of Waymouth. It therefore seems that not all of
the diagrams shown in “The Jewell of Artes” were based on actual existing objects,
but that a part of them, like some of Leonardo da Vinci’s sketches, were merely studies
on the subject.

The ‘First booke’ of ‘The Jewell of Artes’ starts with the most commonly used
navi gational instruments of the time, including a mariner’s astrolabe and the
mariner’s cross-staff. In total there are 87 diagrams in this first book, at least 57 of
which he marked with a W, claiming them as his own invention.136 Some of the in -
struments are shown for the first time, like the cross-bow quadrant and the Davis
quadrant, while for others it is the only time, as with an instrument similar to the
Dutch hoekboog. As Waymouth explained the instruments “Demonstrating figures”
are shown, adding to the idea that they may not always have materialised. There are,
however, several examples, including the cross-bow quadrant and Davis quadrant,
that certainly did.137

In 1608, a few years after Waymouth made his manuscript, Willem Jansz. Blaeu (1571-
1638) started publishing his pilot books under the title Het Licht der Zee-vaert,
al though it may be that parts were published earlier.138 The section Van het Gebruyck
deses Boecks (on the use of this book) deals with navigational knowledge, such as
the use of the magnetic compass, navigational charts and instruments for celestial
navigation. In the last topic he initially only discussed the mariner’s cross-staff and
mariner’s astrolabe, but that changed in 1618. In that year Blaeu was the first to
show a new type of instrument, the demi-cross. The demi-cross bears a remarkable
resemblance to Davis’ 45-degrees backstaff and is likely to have originated from it.
The main difference between the two is the ability of the demi-cross to measure
altitudes up to 90 degrees, whereas Davis’ 45-degrees backstaff could only measure
up to 45 degrees. This section of Het Licht der Zee-vaert was reprinted several times
almost unchanged up to 1630.139

Five years after Het Licht der Zee-vaert, in 1623, Blaeu published a new pilot book,
the Zeespiegel, inhoudende een korte Onderwijsinghe inde Konst de Zeevaert. Again
it was printed in folio, but no longer oblong and containing more information than
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his previous pilot book.140 The demi-cross was no longer discussed and was replaced
by a new instrument for celestial navigation, the hoekboog or “double triangle”, as
it would be called in the 1625 English translation.141

These pilot books also have a section dedicated to the art of navigation. It was
not meant to serve as a navigational textbook, however, as the art was only briefly
de s cribed and not in sufficient detail for navigational students and teachers of
navigation.142 For that purpose the aforementioned works by Claesz were a better
alternative. Although brief, these sections are of particular interest for research on
early instruments for celestial navigation as they contain instruments used for it
and illustrate the demi-cross and hoekboog for the first time.

After these two editions no new instruments appeared in Blaeu’s works.143 We
may only guess why it was in Bleau’s works that the earliest depictions of two newly
invented instruments were shown. According to American historian Elizabeth
Eisenstein inventing and publishing new instruments in books was a method of
self-advertising and would thus have been a commercial decision in an attempt to
increase sales.144 Being a ten-year-old product Blaeu’s pilot books may have suffered
from decreasing sales despite updates, so perhaps this was an attempt to boost his
sales once more. On the other hand, Eisenstein argues that the books of applied
mathe maticians often served to advertise their instruments.145 In respect to the
maker of the instruments, Dutch historian Djoeke van Netten argues that it is unclear
whether or not Blaeu had something to do with them, but finds it plausible that he
had them for sale at his shop.146 Nevertheless, in both cases it would potentially attract
purchasers and boost sales at his shop. Blaeu’s works would be the last for al most
40 years to show new instruments for celestial navigation.

In 1660 a patent was granted to Joost van Breen (fl.1652-1676)147 for his work Stier -
mans Gemack, Ofte een korte Beschryvinge vande Konst der Stierlieden and the in-
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strument mentioned in it.148 Van Breen had sailed himself and was, at the time of
his publication in 1662, Equipage ende Amonutie-meester (administrator of goods,
supplies and ammunition) for the Admiralty of Zeeland.149 By the end of the decade
he would become Equipagemeester and examiner of mates for the Zeeland VOC
Chamber.150 Stiermans Gemack is a course in navigation and covers all aspects as
known in the mid-seventeenth century. Chapter 13 starts with the patent he was
granted two years earlier, on 25 September 1660, for the instrument that he had
invented and described, the spiegelboog (mirror-staff). It is followed by an eight-
page explanation in seven propositions of the mirror, emphasising that this was a
novelty. Then Van Breen continues to describe the shape of the instrument, which
contained a glass mirror, including a full-page semi-three-dimensional illustration,
followed by an elaborate description of its use. The twenty-page chapter ends with
the description and results of a trial he and two navigators undertook with the in -
strument while comparing it to two contemporary instruments, the mariner’s
cross-staff and the Davis quadrant.

The use of a silvered glass mirror, 71 years before Hadley invented his double-
reflecting octant in 1731,151 made this the first reflecting navigational instrument.
Between 1660 and 1731 three other instruments using glass mirrors were invented,
but never came into production. These were a single-reflecting instrument by Robert
Hooke in 1666 and by Halley in 1692, and a double-reflecting instrument by Sir Isaac
Newton in 1699.152 These instruments were based on an altogether different principle
and therefore are no part of this research, in contrast to the spiegel boog which consists
of a central wooden staff, a wooden transom with vanes, and a horizon vane with
a detachable mirror and thus is closely related to the mariner’s cross-staff.

The year Van Breen’s work was published the triangular quadrant (or quadrant on
a sector) was introduced by John Brown or Browne (fl.1648-1695).153 Browne was an
instrument maker near Aldgate, at first in Dukes Place (1661) and later in the Minories
at the Sign of the Sun Dyal (later the Sphere and Sun Dial, or Sphere and Dial) in
London.154 Browne made dials of many kinds and specialised in joint-rules (i.e.
sectors).155 One of these sectors was the triangular quadrant, as he named it, and was
intended as
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...a general Instrument For Land or Sea Observations. Performing all the Uses of all ordinary

Sea Instruments; as Davis Quadrant, Forestaff, Crossstaff, Bow, With more ease, profitableness,

and conveniency, and as much exactness as any or all of them.156

It was a development based on his joint-rule, on which he published in 1661, which
could also be used to measure the sun’s altitude.157 While the 1661 version was a sur -
veying instrument, which it was more convenient to use with “... the Rule fitted to a
three-leg staff, with a small Ball-socket to set it level, or upright, as other Surveying-
instruments be...”,158 a 1662 version was equipped with a set of vanes to facilitate
forward and backward observations.159 In 1671 Browne produced another publication
on the instrument.160 By use of a variety of lines engraved on the legs, which could
be from 18 to 36 inches in radius for the nautical version, the instrument could also
be used for calculations.161

By the end of the 1660s an intriguing instrument was shown by John Seller in his
Practical Navigation.162 Seller (fl. 1658-1698) was a compass-maker in Wapping and
one of the instrument-makers admitted into the Clockmakers Company in 1667.163

Seller made and sold a wide range of instruments for land surveying, gunnery, dial -
ling and navigation, among which were “... Quadrants, Cross-staves, Plows, Bows,
and any other Instrument for finding the Suns Altitude.”164 It was the plow that was
described and showed for the first time in his 1669 Practical Navigation. The instru -
ment consists of a staff with one arc and two sliding transoms of different lengths,
and could be used in three ways: as a plow or as a quadrant for backward obser vations,
and as a mariner’s cross-staff for forward observations. Depending on the way the
instrument was used, it was combined with either the smaller or the larger transom.

The intriguing part is that Seller described it as being “... antiently in use amongst
Mariners, although at this day it is not so commonly used as formerly...”.165 Obviously
Seller thinks this instrument is far from new and related to an earlier invention.
Using the adverb ‘antiently’ the invention must have been some time before, more
than just a few years or decades ago. The idea of removing the larger transom sheds
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light on its ‘antient’ origin, since without it the instrument resembles an upside-
down version of Davis’ 90-degrees backstaff, an ‘antient’ instrument. It is due to
the additional larger transom, a feature not mentioned or shown by Davis or later
by Metius, that I am inclined to treat it as a new instrument.

Seller’s work features another instrument that appeared for the first time. It has
a similar shape to the Davis quadrant, but lacks the 60-degree arc, and was first
depicted on the frontispiece of the second edition of his Practical Navigation in
1672.166 The instrument can also be found on later trade cards by Thomas Tuttell
(fl.1695-1702) and Fisher Combes (fl.1730-1737).167 The latter’s trade card is however
an almost exact copy of the former’s and is therefore not evidence that the instru -
ment was still in use by that time. The instrument is an almacanter’s staff, primarily
intended for forward observations.

The almacanter’s staff was the last newly developed wooden instrument of
the seventeenth century. The next development would appear almost sixty years
later when John Hadley and Thomas Godfrey independently invented the octant.168

Godfrey (1704-1749) was a glazier and self-taught astronomer in Philadelphia, Penn -
sylvania.169 Hadley (1682-1744) was elected FRS in 1717, had designed a telescope in
the late 1710s and became known for his octant after 1731.170 With the octant known
in Britain as Hadley’s quadrant it is Hadley to whom the invention in general is
attri buted.171 Hadley published his invention in the Philosophical Transactions of the
Royal Society of London in 1731.172 Godfrey’s simultaneous invention was given atten -
tion by James Logan, Chief Justice of Pennsylvania, in the Philosophical Transactions
in 1734, but only briefly.173

Although the advent of the octant marks the end of the current study, there remains
one backstaff instrument to be mentioned that was developed after the invention
of the octant. In 1731 John Elton wrote an article concerning an artificial horizon for
the Davis quadrant.174 Although the Davis quadrant was far from new, he funda men -
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tally changed the instrument to implement his artificial horizon. The 60-degree
arc was replaced by an non-graduated chord with three holes for setting the lens vane,
while the 30-degree arc was made without diagonals, and used a vernier on the sight
vane instead. Due to these modifications the instrument could no longer be used
as a conventional Davis quadrant, unlike the two versions with artificial horizons,
one with mercury and one with water, published by Charles Leigh in 1738. Leigh’s
artificial horizon’s still allowed the instrument to be used in an conventional way and
can therefore be regarded as an addition or improvement to the standard Davis quad -
rant.

The Davis quadrant was not the only backstaff that saw improvements over the
years and although not all improvements were directly advertised as such, period
literature provides insight into these alterations.

2.3.4 New features
The artificial horizons for the Davis quadrant developed or invented and described
by Elton and Leigh show that wooden navigational instruments for celestial navi -
gation were still developing after the invention of the octant, more than a century
after Thomas Hood introduced their basic principle. The dividing line between a
newly invented instrument and improvement on an existing one is sometimes
difficult to draw. One could argue that the examples above both artificial horizons
were additions to an existing instrument, while I prefer to see the Elton quadrant as
a newly invented instrument as it (almost) completely lost the original Davis quadrant
functionality. Leigh’s instrument, by contrast, could still be used as a conventional
Davis quadrant.

Likewise it could be argued that the demi-cross was an improvement on Davis’
original 45-degree backstaff and that the Davis quadrant and plow were improve -
ments on the 90-degree Davis backstaff, just as Davis himself saw his 90-degree
version as an improvement on his 45-degree backstaff.175 In a similar way Harriot
created three imaginary instruments in his Doctrine that were all improvements
on his earlier ideas, with Master Hood’s cross-staff as a starting point.176

It is tempting to suggest that when an instrument with a new name appears it
actually is a new instrument, but it has to be remembered that instruments had several
names, depending on the user’s nationality, the date and prevailing fashion. The
Davis quadrant was at times called English quadrant, a name later also used for the
octant, both in England and on the continent, while in the Netherlands it was at times
referred to as hoekboog once the original double triangular hoekboog had become
old-fashioned.

In the end it is not of great importance whether a modification shall be
regarded as a newly invented instrument or not. For the current research, tracing
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back when and how the instruments changed is of more interest, especially when
considering any improvement in the quality of the achieved observations.

The first instrument to be modified after the introduction of shadow-casting in stru -
ments was not one of the newly invented backstaffs, but the mariner’s cross-staff, with
a design similar to the one described by Bourne and Davis.177 This version had two
sliding vanes on the transom and was probably the first type of cross-staff to be
used as a backstaff. It was first described in its backstaff form by George Waymouth
in his ‘The Jewell of Artes’ in 1604.178

Another of the ‘ancient’ instruments, the sea ring, was modified to improve its
performance as well. In 1614 Metius published a Dutch edition of Institutiones
Astronomicæ & Geographicæ to which was added his Nieuwe Geographische Onder -
vvysinge. In the latter work he discussed the instruments for navigation. Alongside
the mariner’s astrolabe, the mariner’s cross-staff and a special form of mariner’s qua -
d rant with four fixed sights and two sights on an index arm, he also shows a modified
sea ring.179 Instead of the usual configuration with one hole at 45 degrees upwards
from the centre, this sea ring had an additional hole horizontally next to the centre.
The additional hole was to observe the sun at lower altitudes with greater precision,
as the distance to the opposite side of the instrument would be larger than with the
instrument in its original configuration. Metius also specified the dimensions of this
modified sea ring: a foot or a foot and a half in diameter and one or two inches wide.

Apart from this minor change in the sea ring and the spectacular change in the use
of the mariner’s cross-staff, which had been used at sea facing forward for half a
century, and on land for several centuries, the newly developed wooden shadow-
casting instruments for celestial navigation saw no development until the end of
the 1650s. It is around that period that the Davis quadrant was finally equipped with
diagonal lines. Although no document has so far been found stating when the
diagonal scales were applied for the first time, circumstantial evidence from period
works and surviving instruments seem to indicate that diagonal scales were not
applied to the instrument before the end of the 1650s. The main works related to
this improvement are Van Breen’s Stiermans Gemack, John Seller’s Practical Navi -
gation, and an advertisement in the 15 February 1659 edition of the Amsterdam
newspaper Tijdinghen uyt verscheyde Quartieren.180
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This was not the only improvement of the Davis quadrant in the seventeenth
century. Shortly after the introduction of diagonal scales, a vane holding a lens was
added to the instrument, allowing observations to be done in hazy conditions. The
advent of this addition was first published by Jonas Moore in his 1681 A New Systeme
Of The Mathematicks and attributed to John Flamsteed.181 Robert Hooke refuted
this claim in his posthumous work, claiming the invention was his.182 Whether or not
Hooke’s claim was justified will be dealt with in section 4.3.2 – The Davis quadrant
(f.l. 1604).183

Judging from the second edition, published in 1688, of Abraham de Graaf ’s De
Kleene Schatkamer, the Dutch hoekboog was not only still in continual use, but also
still developing. His first edition did not show the hoekboog, but he felt the need to
add it to the second.184 He showed it with a different ratio between the 60 and 30 de -
grees chords and wrote that it was divided down to a finer level.

The cross-bow quadrant, first described and shown as a backstaff by Waymouth
in 1604 was supplemented with a nocturnal on one of the ends of the arc by Edward
Wright. Wright published this development in his second edition of Certaine Errors
in Navigation in 1610.185 The addition was intended when using the instrument in a
forward fashion, allowing the observer to measure the height of the pole star without
having to correct arithmetically for its declination.186 The addition cannot be found
in later works by other authors and, being only used in a forward fashion, will not
be discussed in further detail here.

A new feature of the cross-bow quadrant that is of interest was the improvement
by Thomas Godfrey. It concerned a new type of horizon vane that allowed the ob -
server to take observations by bringing into coincidence only the shadow of the
shadow vane (or projected sun of the lens vane) and the horizon without needing to
bring the horizon vane into alignment as well. The description was given by James
Logan in a 1734 paper in the Philosophical Transactions of the Royal Society.187 The
pro posal for the improved horizon vane was “...laid before the Royal Society, in his
[Godfrey’s] own description of it...”, but as “...some Gentlemen wish’d to see the
Benefit intended by it more fully and and clearly explained...” Logan, who had “... the
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Opportunity of knowing the Author’s Thoughts on such Subjects...”, decided to
give a full explanation of the improvement.188

With this improvement we have journeyed well into the eighteenth century and
several years after the invention of the octant. In this period one would not expect
any further changes of the by now almost antiquated instruments. Around 1744, a
memorial concerning the required corrections of charts and instruments supplied
to the vessels of the VOC was written by Jan de Marre, examiner of mates for the
Am ster dam chamber of the VOC.189 He requested that one of the three mariner’s
cross-staffs provided to the VOC vessels be equipped with spiegelboog vanes and
wondered whether one of the cross-staffs could be replaced by an octant. On 13 March
1747 the latter was indeed approved and by 1748 the octant was part of the list of navi -
gational tools provided by the VOC to its vessels.190 The request for spiegel boog vanes
is remarkable. Originally the spiegelboog had an altogether different staff than the
mariner’s cross-staff, making an exchange of vanes and transom impossible.191 That
he wanted to have these spiegelboog vanes on board means that they, like the octant,
must have existed for some time. When the new type of vanes were developed to fit
the cross-staff is unclear, but it may have been quite late, perhaps around the time
that the octant was invented.

With this addition to the mariner’s cross-staff the period in which backstaff in -
struments were further developed came to an end. By the end of the eighteenth
century, most staff instruments had become outdated and celestial observations were
mainly done using double-reflecting instruments like the octant, sextant and other
variations of this instrument. When it comes to early modern navigational in stru -
ments, I therefore regard works written by authors after the eighteenth century as
secondary literature.

2.4 Contemporary imagery

Images of period instruments for celestial navigation play an important role in the
current research. Not only are they illustrative, but they also allow easy location of
instrumental sections in period works, and at times also disambiguate the instrument
described. Some images also show details or developments nowhere described in the
original works. The importance of images can thus not be stressed enough. In her
work on the advent of the printing press and its influence on scribal culture, Ameri -
can historian Elizabeth Eisenstein stated that
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It was not the ‘printed word’ but the ‘printed image’ which acted as a ‘saviour for Western

Science’” […] Within the Commonwealth of Learning it became increasingly fashionable to adopt

the ancient Chinese maxim that a single picture was more valuable than many words. In early

Tudor England, Thomas Elyot expressed a preference for ‘figures and charts’ over ‘hearing the

rules of a science’...192

Although at times the main source of information, images always need to be used
with caution as it is difficult to establish whether or not the artist created the image
with all the correct details. Many reasons can be thought of to increase or reduce
the level of detail of the depicted instrument. Instruments depicted in paintings
for example seldom show the scale divisions, as it would be too hard (or perhaps
too time-consuming) to add each individual division, while ornamental features
may have been added simply to make it more appealing. An example of this is the
spoon-shaped vanes of the mariner’s cross-staff of which it has been argued that
they were ornamental features, even though an example has been found on board a
Swedish ship wreck.193 That they were an actual feature and that the vanes in question
may have been much older than the accompanying staff will be shown in the section
on the mariner’s cross-staff.

Whenever in doubt about depicted details or features, other depictions in the
same work, like the use of transversal and diagonal scales in Waymouth’s ‘The Jewell
of Artes’, may shed some light on the detail level used.

At times, especially when depicting flat-bodied instruments like astrolabes, noc -
turnals and quadrants, images can be more than just a depiction. Some period land
surveying and navigational works, such as rutters, contain seemingly functional
instruments, especially nocturnals.194 These volvelles are however not real instru -
ments, but just models of them. It is impossible to observe with them, even when
taken out of the work, because they lack essential apertures to observe through.
Volvelles of nocturnals, for instance, are usually assembled using a central piece of
string or a fully enclosed paper washer system instead of the central hollow axis of
wooden or brass nocturnals, through which one observes Polaris. The details and
scale intervals of these instrument models are, however, identical to the instrument
they represent.

At times volvelles were even used as an easy and affordable way to produce a full
working instrument by pasting the individual paper parts onto wood and occasionally
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the author encouraged the reader to do so.195 Whether those cut-and-paste instru -
ments would have performed as well as the instruments they represented greatly
depended on the engraving and printing process, the quality of the paper and the
wood it was glued onto. Both the paper and the wood contract and expand as a result
of humidity, but seldom uniformly in all directions. Warping of the wood could be
avoided by creating a board from two mutually perpendicular layers glued together
as discussed in a Dutch land-surveying treatise from 1600.196 With only water-based
glues available, it is expected that the glueing process would have had a significant
influence on the final instrument, especially on the paper parts.197 So far this type
of instrumental depiction has not been found for wooden navigational instruments
for celestial navigation discussed in this thesis, most likely because they would have
been too large and their construction too complex to be incorporated into a book
as a model.

In contrast to the detailed volvelles of quadrants, astrolabes and nocturnals, navi ga -
tio nal instruments for celestial navigation are often shown as flattened or schematic
interpretations of the 3D instruments or as a semi-3D interpretation at best. Quite
often parts of the instrument are drawn at a false angle to the main body of the in -
strument, not even in perspective, largely because of a lack of understanding of
perspective. As a result of this, vanes that would normally be mounted perpen di cular
to the instrument in the direction of the viewer are drawn, for instance, per pen di -
cularly upwards or downwards or even at an arbitrary angle to make them visible.
Due to these coarse depiction methods, dimensions of parts that are not parallel to
the plane of the image are difficult to estimate, unless a scale and proper perspective
can be determined.

Most of the images used in this research originate from within the printed works and
manuscripts mentioned in the primary literature section. Other sources, notably
paintings and prints, have contributed to this research as well. Dating these de pictions
can, however, prove to be difficult. Period printed works can usually be easily dated
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from their title page, while undated manuscripts can be dated within certain limits
using textual references to known events. Dating an undated painting or print can
only be done by the information that it provides.

For the research on the Davis quadrant, two paintings have been of particular
interest. A painting from a Dutch private collection depicts a man with a Davis quad -
rant that shows a feature that has not been recorded in any of the period literature.198

Although unsigned and undated, it can be dated based on the man’s clothing to
around 1660-1665. In Burntisland Church in Scotland, another and possibly even
earlier painting of a mariner with a Davis quadrant can be found on one of the
panels of the south gallery.199 These galleries were built in the period 1602-1630 and
the painting commissioned in stages in 1602, 1618, 1632 and 1733.200 If originating from
one of the earlier commissions, the painting of the Davis quadrant is of great interest.
It has been argued, however, that the clothing of the mariner dates from the period
1670-1680, so it seems more likely to have been painted around that time or later.201

Another problem arising from interpreting period images is that in printed works
instrumental concepts are sometimes combined within a single image, possibly to
save the resulting costs of an additional engraving and corresponding valuable space
in the work. In other cases, details are omitted from the image to save space or to
avoid clutter, and only given in the accompanying text. A good example of the former
is Joost van Breen’s illustration of his spiegelboog, showing the use of the mirror vane
with and without the mirror in place in a single engraving.202 The latter can be seen
in an illustration of the demi-cross that appeared as a set of three in Dutch rutters
over the years. It depicts the demi-cross with three shadow vane positions, suggest-
ing it would have had three scales only. The accompanying text tells us, however,
that more positions (and thus scales) could be added, and the instrument has ample
space for four.203

Regarding the quality and details of images in period works, Eisenstein states that
pen-and-ink drawings are a better medium than the woodcut or engraving, as it
not only appears fresher and more spontaneous, but is also better suited to the
precise handling of fine detail.204 She states, however, that when it comes to repeated
copying, drawing compares unfavourably with woodcut or engraving, as the hand-
copied drawing decays over time, while the repeatable engraving can be corrected
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and improved.205 This is only partially true as print did not solve the issue entirely.
Original woodcuts and engraved plates also wear over time and therefore need
regular refreshment. Once the copyright on printed works had expired, other
authors would freely copy existing engravings whenever they felt the need for them.
Although the repeatability of a single woodcut or copperplate engraving lasts longer
than with hand-copied drawings, the copying process may in itself cause the quality
and details of the instruments shown in woodcuts and engravings to decay over
time. In some cases images might even accidentally accrue new details due to the
‘cor rections’ and ‘improvements’ applied to them. As a result, it may falsely appear
that new features were added to the instrument depicted.

Another result of the copying process was the production of reversed images.
For most images it is of little importance whether or not they are depicted reversed,
while engraving a new copperplate using an original print as example was much easier
by making an exact copy of what was seen on the original print (which thus would
result in a reversed print) than doing this in a reversed way to produce a non-re -
versed result. Most instruments are, however, asymmetrical and thus a reversed
image could be interpreted as an instrument intended for left-handed use. The
latter however seems highly unlikely when we consider Thomas Harriot’s remark that
his instruments were to be used “...to hold in the right hand excepte the observer
be a sinister fellow.”206

A good combined example of the reversing, decay and accrual of details appears
in the several versions of the print Het Volmaakte Schip (the perfect ship) which have
been used in this thesis to investigate the development of the spiegelboog. They date
from between about 1688 and 1724 and were published separately or in atlases like
De Nieuwe Groote Ligtende Zee-Fakkel by Van Keulen in Amsterdam 207 The print
shows a man-of-war with all its rigging, several cross-sections of the hull, and the
instruments used onboard, among which is the spiegelboog. Nine different examples
of this print have been examined, the most recent version signed by Johann Baptist
Homann, a German geographer and engraver in Nuremberg from 1702 until his
death in 1724. Between them the processes of reversal, decay and addition of detail
can be clearly distinguished and will be dealt with in more detail in the section on
the spiegelboog.

2.5 Secondary literature

This thesis is based on both period and modern literature. Almost every available
period work has been examined with the most important ones described in the
previous section. A large volume of modern works is available on the topic too, the
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most important of which will be described in this section. As with the period works,
many other books and articles on the development of nautical instruments or on
the literature mentioning them have also been consulted. Where relevant these
other sources are mentioned in later chapters and are listed in the bibliography.

2.5.1 Secondary literature of the period
Although I wrote above that I regard works written by authors after the eighteenth
century as secondary literature, there are also eighteenth-century works that can be
regarded as secondary. One work in particular shows the transition from primary to
secondary literature. In 1754, John Robertson published The Elements of Navigation,
a work “... containing the Theory and Practice … for the use of the Royal Mathe ma -
tical School … and the Gentlemen of the Navy...”, which also included a section on
marine fortification.208 In the section ‘Of Instruments for Taking of Altitudes’, Robertson
described the Davis quadrant, the “... instrument most in use at sea...”, and Hadley’s
quadrant (the octant). For these two instruments the work may be regarded period
literature.

The second edition, which appeared in 1764, still deals with these two instru ments
in the same order and still suggests that the Davis quadrant was the more commonly
used at sea. The first volume of this second edition was, however, “...enriched with
the history of the art of navigation … written by Dr. Wilson.”209 This history, or disser -
tation as it is called, starts in the early fourteenth century and continues to Hadley’s
1731 invention and deals with people, events, literature and instruments known in
western navigation up to the invention of the octant. With this addition, the work
can be regarded as primary and secondary literature at the same time. Especially
for the history, development and use of the Davis quadrant the various editions of
this work have proven to be invaluable as both a primary as secondary sources.

Navigational techniques developed over time, causing techniques and instru -
ments commonly used before to become outmoded and forgotten. The mariner’s
astrolabe was replaced by backsight instruments and improved mariner’s cross-
staff, and finally, with all other wooden staff instruments, by the octant and sextant.
This gradual change caused, within a few generations, a loss of knowledge of in stru -
ments and corresponding techniques.

2.5.2 Nineteenth-century revival
How fast and to what extent the loss of instrumental knowledge happened is evident
in the comments of James Prinsep, editor of the Journal of the Asiatic Society, made
in 1836 on two instruments delivered to him by an “...intelligent navigator...” from the

NAVIGATION ON WOOD64

208 Robertson, The Elements of Navigation... (1754), titlepage of vol. I.
209 Robertson, The Elements of Navigation... (London, 1764), last paragraph of the preface in vol. I.



Maldives.210 Prinsep had just begun to edit a series of articles by Baron Von Hammer-
Purgstall on sixteenth-century Arab navigation. He wrote about contemporary Arab
navigators that they had subsequently “... adopted the improved methods of Europe:
– they take their latitude by the sun, and with the modern sextant...”.211 Prinsep tried
to find the “...instrument in use among them for the measurement of the latitude...”
but had “...been hitherto unsuccessful, the English quadrant or sextant having
generally superseded the more ancient and clumsy apparatus.”212

It seems Prinsep was well informed about navigational matters, both Arab and
European. The two instruments this ‘intelligent navigator’ delivered to him were a
kamal and a ‘bilisty’, which were, according to Prinsep, “... primitive instru ments
[...] I do not think they are generally known, while it is certain that they are of Arab
origin, I hasten to describe them as lithographed...”.213 In order to show the reader the
‘original’ notation, both terms ‘kamal’ and ‘bilisty’ were also given in Arabic. In the
lithograph the kamal is depicted with two strings attached, one stretched towards the
observer’s eye, one loose. The ‘bilisty’ is drawn twice and beyond any doubt shows
a mariner’s cross-staff (also known by the English as ballastella214) used not only in
the sixteenth-century forward fashion, but also in the seventeenth-century backward
fashion according to the Dutch fashion (see section 4.2 – The seventeenth-century
mariner’s cross-staff). From Prinsep’s page and a half long description and analysis
of the instrument, it becomes clear that this was an unknown instrument to him, even
though it had been used by European navigators for some three centuries until little
over three decades previously.215

In the decades following Von Hammer-Purgstall’s and Prinsep’s publications, little
has been written on early modern navigational instruments. In 1847, the Hakluyt
Society started a series of publications, but these were (annotated) reprints of
existing works or transcribed manuscripts of logbooks and letters. Although these
publications contain a wealth of information, like The Voyages and Works of John
Davis the Navigator in which John Davis describes the instruments he invented,216

they are not research into the history of navigation or the instruments used. In the
Netherlands, the Linschoten-Vereeniging started a similar series of publications in
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1909, also consisting of (annotated) reprints of existing works or transcribed manu -
scripts of logbooks and letters.

Then in 1869 several articles were written on the history of navigation in Germany
by Arthur Breusing (1818-1892). Breusing was director of the Bremen nautical institute
Steuermannschule and is regarded as a founder of modern scientific nautical edu ca -
tion.217 Perhaps we should also consider him as the founder of research on the history
of nautical instruments, since soon after other German scholars started publishing
on the same topics. Breusing was befriended by the French geographer Marie-Armand
d’Avezac de Castera-Macaya (1798-1875), who also began publishing his work on
the navigation of John and Sebastian Cabot in 1869.218 Other publications on the
history of navigation began to appear in France at the start of the twentieth century,
many of which would be used, together with Breusing’s works, by English and Dutch
authors of the twentieth century.

2.5.3 Twentieth-century standard works
After the First World War, in 1930, Eva Germaine Rimington Taylor (1879-1966), an
English geographer and historian of science, and the first woman to hold an academic
chair of geography in the United Kingdom, published her first book, Tudor Geo graphy,
1485-1583.219 Four years later, the sequel stated that

The term geography has designedly been interpreted in its widest sense, to include voyages and

travels; maps and survey; mathematical geography and navigation; general, regional and de scriptive

geography; human, political and historical geography; physiography and economic geography.220

Indeed, with chapters on Roger Barlow, Sebastian Cabot, and John Dee, and with
a title like Practical Surveying and Navigation in the Sixteenth Century, she laid the
foundations for English research on early modern navigation. Later she would con -
tinue to publish on navigational topics including the afore mentioned ‘Doctrine...’
by Thomas Harriot and more generally on navigational history from Odysseus to
Captain Cook.221 In addition to the works on navigation, Taylor also produced two
standard works on the mathematical practitioners of that era, in 1954 and 1966, which
are useful for background information on the scientific community of early modern
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times.222 Regarding this scientific community, the Directory of British Scientific In -
stru ment Makers 1550-1851 by Gloria Clifton and a similar work on Dutch in stru ment
makers up to about 1840 by Maria Rooseboom (1909-1978) are worth men tioning.223

Across the Atlantic, the National Council of Teachers of Mathematics published
their Nineteenth Yearbook of the National Council of Teachers of Mathematics 1947.
This yearbook was Br. Edmund Kiely’s (1899-1988) dissertation bearing the title
Sur veying Instruments, Their History and Classroom Use.224 Kiely pursued his Masters
(in English, from Fordham) and his PhD (in Education, from the Teachers College,
Colum bia) and spent 48 years at Iona College, where he served as chair of the Mathe -
matics Department and as secretary of the Board of Trustees.225 From the title of
his dissertation, one would expect it to be a work on geodetic instruments only
and it was my interest in these instruments that made me acquire Kiely’s work.

Surprisingly the work encompassed much more than the title indicated. Kiely
displays an in-depth knowledge and understanding of the history of both geodetic
and navigational instruments, fully intertwining the fields of early geodesy, astron-
omy and navigation into one work. Several, but not all, early modern English nav-
igational instruments for celestial navigation are mentioned and put into the
perspective of two millennia of instrumental development in geodesy and navi gation.
Surprisingly, Kiely even mentions the first reflecting navigational instrument, the
spiegelboog. Up to my own publications on the spiegelboog, more than half a century
after Kiely, little had been written about the instrument in languages other than
Dutch, making it hard for non-Dutch speakers to find the instrument and to under -
stand how it functioned. The only non-Dutch texts mentioning the spiegelboog since
its invention and prior to my own publications were written by Mörzer Bruyns, but
both after Kiely’s work.226
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Just as Kiely missed some of the English instruments, he also failed to list several other
Dutch navigational instruments. Although he mentioned the spiegelboog, he missed
the hoekboog and the demi-cross, even though both were discussed in Dutch period
works in English. Kiely’s work, like this thesis, stops around the time the octant was
invented and thus the definitive work on the development of geodetic and navi -
gational instruments from the start of written history until the current time has
still to be written, a challenge, to speak in Mörzer Bruyns’ words, I hope one day may
be taken up.

In 1951 the first edition of Commander J.B. Hewson’s A History of the Practice of
Navi gation appeared, with a revised edition in 1963 and a second edition in 1983.227

The chapter on navigational instruments in the 1983 edition is however an exact
copy of that of the first edition from 1951, and hence is still based on instrumental
knowledge from that time, even though more sophisticated studies had been
published in the three intervening decades. The number of period and modern
works on which Hewson based his ideas seems limited, just a handful mentioned
in the text, and no bibliography is given to verify the extent of the works used. Little
is said about instruments other than the mariner’s astrolabe, mariner’s cross-staff,
Davis quadrant, octant and sextant. Only a footnote mentions the backwards use
of the mariner’s cross-staff by the Dutch, while the quadrant is regarded as a non-
nautical instrument. Yet this remains as a work dealing extensively with early
modern navigational instruments and their development that has inspired later
authors like Waters and Cotter. The former, however, wrote that it was at “...its best
when treating of eighteenth century and later developments...” but “...not author -
itative on the early history of the compass”.228 In my opinion the same applies for
navigational instruments before the eighteenth century.

Three years after Hewson, another attempt was made to write a history of navi -
gational instruments in a work by Per Collinder (1890-974).229 A History of Marine
Navigation devotes two chapters to early navigational instruments. The first deals
with the kamal and the ‘magic calabash’, said to have been used by Polynesian sea -
farers. Of the latter, Collinder has shown that this was not a navigational in stru ment
at all, but simply “...a container for the chief ’s plumes and feathers during the
voyage.”230 Again the information on the early modern navigational instruments is
limited.
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The first standard work completely devoted to the art of navigation appeared in
England in 1958.231 Written by David D. Waters (1911-2013), later Deputy Director
of the National Maritime Museum in Greenwich, London, The Art of Navigation
in England in Elizabethan and Early Stuart Times was the first work to list almost
every early modern navigational instrument. The only instrument Waters failed to
mention was the spiegelboog, of which he must have known from Kiely’s publication,
as that work is listed in his bibliography. One could argue that he did not discuss it as
it was a Dutch invention and, as far as we know, was never used by English navi gators.
However, another typical Dutch instrument, the hoekboog, was discussed, as was the
demi-cross. Either Waters did not fully read Kiely’s work or had other reasons to omit
the spiegelboog.

Another standard work on the art of navigation appeared in the Netherlands in 1986.
Similar in quality to Water’s work, Zeewezen en Wetenschap by Professor of Economic
and Social History Karel A. Davids, deals with the science and development of the
art of navigation in the Netherlands.232 Like Waters, it deals extensively with navi -
gational instruments and their development. Both, however, show some minor
errors when it comes to completeness or details of the instruments. As mentioned,
Waters did not mention the spiegelboog, which he could have known from Kiely’s
publication, while both Davids and Waters gave different, though consistent and
based on period illustrations, interpretations of the demi-cross than I do.

Professor B. Arunachalam’s Heritage of Indian Sea Navigation is the standard work
on Indian navigation.233 Published in 2002 after 20 years of research and many interim
publications, this work covers all aspects of Indian seafaring, including the Indian
kamal, known as the ra-p-palagai or kau-velli palagai.

2.5.4 Instrumental monographs
The first modern-day monograph on a navigational instrument appeared in 1988

and deals with the mariner’s astrolabe. It was written by Alan Stimson, former Curator
of Navigation at the National Maritime Museum in Greenwich, England, and dis cus -
ses the history, use, development, and construction of this navigational instrument
in great depth.234 Stimson also included a list of 65 surviving astrolabes known to that
date. His work is an excellent study of this instrument and remains a standard work.

In 1994, Willem Mörzer Bruyns published a work clearly inspired by Stimson’s. This
time the mariner’s cross-staff was the focus.235 Similar in quality to Stimson’s work,
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it deals with the mariner’s cross-staff in depth, also discussing its history, develop -
ment, construction and use. Mörzer Bruyns also listed the known surviving mariner’s
cross-staffs, this time 95 instruments. Ten years later it was followed by an article listing
a further 34 surviving examples, while another one was given in an addendum in the
next issue.236 Thanks to Mörzer Bruyns’ work 130 cross-staffs were known by the end
of 2004. The numbers have increased since 2004, but no additional publication has
been produced.

It was his book that initiated my research on the spiegelboog and other non-
surviving navigational instruments, as Mörzer Bruyns encouraged “... the study of the
astronomical and surveyor’s staffs and the various staffs for navigation of which no
examples survive...” and hoped that “... one day, these challenges may be taken up.”237

Although his work still stands, advanced insight into the history of the mariner’s
cross-staff and its development leaves some space in the current research to add to
his account.

2.5.5 Other twentieth-century publications
Since Waters’ standard work on navigation, several other modern day authors have
written on the history of navigation and navigational instruments in English. With
respect to early modern navigational instruments the works by C.H. Cotter (1968,
1983), W.E. May (1973), J. Hulbert (1973), J.B. Hewson (1983), B. Bauer (1986), J.E.D.
Williams (1992), P. Ifland (1998), and D. Launer (2009) have to be mentioned.238 All
of them devoted either the whole work or a chapter to navigational instruments.
Their attempts had varying success, however, mostly due to the limited sources
used. Quite a few of them do little justice to early modern instruments for celestial
navigation by focussing only on the negative aspects of them, underestimating their
quality, and not showing instrumental developments over the period of their actual
use. At times, they even add confusion to an already difficult topic by introducing
unchecked facts or by giving instruments with very different characteristics the
same label. The difference in quality of this last group of works varies significantly
and perhaps it is not fair to group them together. Some of them are more note worthy.
The works by Cotter, May, and Ifland stand out. What the authors had in common
was the availability of well researched works as mentioned in section 2.5.3 – Twentieth-
century standard works.
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2.5.6 Modern works from the Iberian peninsula
So far all works mentioned above are from north-west Europe or the United States,
yet early modern navigation started on the Iberian peninsula and was heavily in -
fluenced by Arab knowledge. Therefore Portuguese and Spanish works on the earliest
instruments like the kamal, mariner’s quadrant and mariner’s cross-staff are of parti -
cular interest.

With respect to the kamal and the early history of the mariner’s cross-staff the works
by Luís Mendonça de Albuquerque, (‘O Livro de Marinharia de André Pires...’ and
Instruments of Navigation), Jacinto Ignacio de Brito Rebello (Livro de Marinharia
... de João de Lisboa), M.A. Gonçalves (O Livro de Marinharia de João de Lisboa...),
J.M. Malhão Pereira (‘Experiências com Instrumentos de Navegação da Época dos
Descobrimentos’, Experiências com Instrumentos e Métodos Antigos de Navegação,
East and West Encounter at Sea, and The Stellar Compass and the Kamal ), and L.P.
da Silva (Obras Completas) are worth mentioning.239

The works with Livro de Marinharia in the title all deal with two navigational
manuals from the early sixteenth century written by João de Lisboa in 1514 and André
Pires around 1524. In these works either the navigational instruments or tables for
them are described by the original authors, while De Albuquerque, De Brito Rebello
and Gonçalves transcribed and analysed these texts. The other work by De Albu -
quer que, Instruments of Navigation, discusses the navigational instruments used by
Iberian mariners in the fifteenth, sixteenth and early seventeenth century.

Da Silva’s work is based on the Livro de Marinharia by João de Lisboa. In addition
to transcribing and analysing the original text like previous authors, Da Silva added
sections with original research, including on the kamal.

Malhão Pereira is a Portuguese authority on practical tests with early modern
in struments used by Iberian mariners and has published extensively on them.240

The works mentioned here are a few of those dealing with the mariner’s quadrant,
mariner’s astrolabe, kamal and mariner’s cross-staff.

2.5.7 Modern works on surviving instruments
Most period instruments have (almost) completely disappeared and we have regained
knowledge of some of them thanks to instrument collections and examples or frag -
ments found at archaeological sites. We have already seen that the mariner’s cross-staff
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was an unknown instrument to Prinsep. Perhaps it was a matter of incidental ignor -
ance, but more likely because of the two or three generations of seaman that had
passed since the last mariner’s cross-staff was used at sea by western navigators. In
addition to that the limited number (and absence of close proximity) of surviving
examples made them almost invisible to the general public.

It is thanks to the efforts of a few twentieth-century authors that we now have a rough
idea of the numbers of surviving mariner’s astrolabes, mariner’s cross-staffs and Davis
quadrants, since inventories have been made. For the mariner’s astrolabe and the
mariner’s cross-staff these are world-wide inventories, by respectively Stimson and
Mörzer Bruyns.241 Between them, Stimson and Mörzer Bruyns catalogued 65 surviving
mariner’s astrolabes and 130 surviving mariner’s cross-staffs.242 The work by Stimson
has been continued by Filipe Castro, James Jobling, Nicholas Budsberg, and Amber
Passen of the Texas A&M university.243 At the end of 2015 they had added another
40 specimens and were aware of another possible 5, making a total of 110 mariner’s
astrolabes.244 In an article in the Rittenhouse Journal of the American Scientific Instru -
ment Enterprise curator of the Division of Medicine and Science of the National
Museum of American History, Deborah Warner, has made an inventory of all known
Davis quadrants on that continent, listing 57 examples.245

Instruments (at times only parts of them) have also made it to the current era
thanks to vessels that have foundered and the archaeology done on them. Many
examples of mariner’s astrolabes and mariner’s cross-staffs that have survived in this
way are known from the above works, and also from publications on these archaeo -
logical sites. Noteworthy in this respect are the articles and reports from the 1970s
by Richard Price and Keith Muckelroy and from 2003 by Mörzer Bruyns and Lars
Einarsson.246 The former were about the underwater archaeology done on the wreck
of the VOC vessel Kennemerland, in which a fragment of a hoekboog was found. The
latter described the only known mariner’s cross-staff with spoon-shaped transoms,
found on board of the Swedish flagship Kronan.
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2.6 Works assessing the accuracy of instruments

Period works dealing with the accuracies of period navigational instruments for
ce lestial navigation are quite scarce, as are the modern ones. In each case the assess -
ments can help us to understand and appreciate the (im)possibilities of the instru-
ments.

2.6.1 Contemporary assessments
As mentioned above, period accounts of accuracy assessment are rare, although a
few can be found. The earliest account used in this thesis concerns the journal of a
journey from Lisbon to Goa in 1538, written by the fourth viceroy of Portuguese
India and later ‘Admiral of the Navy of the Coast’, Dom João de Castro. In his journal,
he kept a record of almost 100 observations with mariner’s astrolabes taken simul -
taneously by up to nine people over a period of five months. He did not perform
statistics on them, because the statistical method was not yet invented, but he did
philosophise on the causes of the differences he experienced.247 As all the ob ser -
vations were recorded, a statistical analysis has been possible almost five centuries
later.248

In his 1632 Nieuwe Astronomicæ ende Geographicæ Onderwijsinghe, Metius ex plores
the possible errors made in navigation, the first being errors in taking altitudes. He
substantiates his point by having six experienced navigators compete in taking
altitudes simultaneously.249 Sadly, Metius failed to inform the reader which instrument
was used for the purpose, while in the third part of his book he lists four different
instruments for the purpose.

When the spiegelboog was invented, it was described in a navigational work by Joost
van Breen, Equipage ende Amonutie-meester (an administrator of goods, supplies and
ammunition) for the Admiralty of Zeeland, in 1662.250 At the end of the chapter
deal ing with the instrument Van Breen lists a number of observations taken with
the spiegelboog and compared to those taken with a mariner’s cross-staff and a Davis
quad rant.

Of the Davis quadrant it took more than half a century after the test with the
spiegel   boog and almost a century and a half after its invention before its real accuracy
was finally accepted. Sadly, it was not as accurate at it appeared to be and this dis -
appointing fact was first aired by Charles Leigh in the article “A Description of a
Water-Level to be Fix’d to Davis’s Quadrant...” published in the Philosophical Trans -
actions of the Royal Society of London in 1738, and later by W. Maitland in his An Essay
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towards the improvement of navigation, chiefly with respect to the instruments used
at sea, which he published in 1750.251

2.6.2 Modern accuracy assessments
Modern accuracy assessments can help to test the validity of period accounts. The
results of these modern attempts to assess the accuracy of early modern instru -
ments are dealt with in section 7.3.2 – Modern studies. Altogether only a few dozen
works have been published on the topic, and can be divided into desk studies, in -
stru mental analyses and practical tests.

2.6.2.1 Desk studies
The works shown in this section are accuracy assessments of early modern instru -
ments for celestial navigation based on original logbooks and charts. Known points
and their geographical locations were derived from these logbooks and charts and
compared to geographical knowledge contemporary to the author. Most works
only analyse the latitudes, although one work also includes the longitudes found.
No actual measurements are taken with (replicas of) period instruments, nor are the
instruments themselves subject to research in these studies, being at most discussed
in theory.

Possibly the first author to write about assessing the accuracy of early modern
in–struments for celestial navigation based on period literature was E.F. Slafter (c.1816-
1906252) in 1882.253 Slafter compared the coordinates of 33 harbours, observed by various
sixteenth and seventeenth century navigators between 1535 and 1686, to ‘modern
charts’ (i.e. from the end of the nineteenth century) and assumed they were taken
with the mariner’s astrolabe and mariner’s cross-staff. It can, however, not be ruled
out that observations from the seventeenth century were taken with shadow-casting
instruments.

In 1919, a similar exercise was done by the Dutch R. Posthumus Meyjes (1860-1939)
and published in one of the works of the Linschoten Vereeniging. Posthumus Meyjes
took latitude data from the journals of Abel Tasman (1603-1659) and Franchoys
Visscher (fl. 1623-c.1645) from their voyages to the south pacific in their search for
Terra Australis Incognita in the period 1642-1644. Here too, references to known points
were used to verify the latitudes found in the journals and Posthumus Meyjes tries
to relate the differences to the possible instruments used on board the vessels, for
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which he lists the mariner’s astrolabe, mariner’s quadrant, mariner’s cross-staff, and
hoekboog.

Along the same lines as Slafter was the work by Canadian botanist, historian and
cartographer, William Francis Ganong (1864-1941). Ganong analysed observations
made by Jacques Cartier (1491-1557) and Jean Alfonse (1484-1544) around the Atlantic
coast of Canada in the first half of the sixteenth century.254 The observations were
most likely made with a mariner’s astrolabe, although it cannot be ruled out that
a mariner’s cross-staff or mariner’s quadrant was used for the purpose. Ganong’s
analysis was published in the 1930s as part of nine articles in the Transactions of the
Royal Society of Canada, posthumously reissued as a book in 1964.255 In a similar work,
John H. Gilchrist (see below) mentions that Ganong also published statistical results
of Champlain’s observations in Canada from the early seventeenth century. They
appeared in the 1922 preface to the first volume of a six-volume set on Champlain.256

However, that section of the preface was completely based on Slafter’s work, used by
Gilchrist as an independent source, and to which Ganong correctly refers.

One of the best well known naval disasters of early modern times must have
been the Shovel disaster that killed nearly 2000 mariners on the rocks of the Isles
of Scilly. Commander W.E. May produced in 1960 an in-depth study of 40 logbooks
that recorded the events of this tragic moment.257 Being a fleet of the Royal British
Navy, we may assume that the instruments used for the determination of altitude
were all Davis quadrants.

Another work related to Champlain and discussing his observational errors is
Conrad E. Heidenreich’s Explorations and Mapping of Samuel de Champlain, 1603-
1632 from 1976.258 Heidenreich, historian at York University in Toronto, took data from
Champlain’s journals from the years 1603-1909, 1613, 1615, 1626, and 1632, and from his
1607, 1612, 1613, 1616, and 1632 maps. Again it is unknown how the ob ser v ations were
taken, something Heidenreich was well aware of as he stated that “...how Champlain
calculated latitude, by the pole-star or sun, with an astrolabe or cross-staff, is really
immaterial.”259 However, when looking at the differences in mathe matical principles
and procedures used with these two instruments, the opposite seems more likely to
be the case.
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The Hakluyt Society, second series, volumes 156 and 157 from 1981 give a description
of Edmond Halley’s three voyages in the Paramore in the years 1698-1701.260 During
these voyages Halley recorded his observations with a navigational instru ment, most
likely a Davis quadrant as in those days that was the principal instrument of the
British navy and the only instrument for celestial navigation shown on one of the
resulting maps.261 In two appendices the recorded latitudes of known points along
Halley’s routes of his first two voyages are compared by Thrower with modern-day
coordinates of those places.

In 1990 John H. Gilchrist published an article, again along the same lines as Slafter,
to whom he refers, on the assessment of the accuracy of the mariner’s astrolabe, based
on period data collected in the sixteenth and seventeenth centuries near or at harbours
by Magellan, Verrazzano, Cartier, Alfonse, Frobisher, Davis, Drake and Champlain.262

Gilchrist also refers to the works of Slafter and Ganong mentioned above.

2.6.2.2 Instrumental analysis
By analysing the scales of surviving period instruments for celestial navigation the
limitations in angular accuracy of them can be found. As will be shown in chapter
5 – The instrument as a concept this aspect of an instrument only forms a part of
the instrument’s overall accuracy. It is, however, the basic limitation of the instru -
ment as we may not expect any greater accuracy save by chance. Therefore these
studies on scale accuracies, which sadly are extremely rare, are of great importance
to our understanding of the instruments.

Senior Tutor at the Centre for Medieval and Renaissance Studies, Allan Chapman,
was perhaps the first to systematically analyse scale division of astronomical astro -
labes, the outcome of which he published in his work on the development of circle
divisions in astronomy in 1982.263 Although this study is based on astrono mical in -
stru ments, we may expect it to be representative to the quality of period mariner’s
astrolabes.

The first similar work on a navigational instrument was done by Randall Brooks,
when he analysed the scales of the surviving Champlain astrolabe in 1999.264 Brooks
showed the random and systematic division errors in that instrument and, although
the systematic errors may have been caused by deformation of the instrument after
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it was divided, the random error is still a good indication of the quality of the division
methods used in those days, at least for this instrument. Brooks also analysed Cham -
plain’s observations, taking them from Heidenreich’s work.

Similar to the work by Chapman and Brooks is my own largely unpublished
research on linear scales, including those found on cross-staffs and a hoekboeg.265 In
total, I have examined four cross-staffs and one fragment of a hoekboog using photo -
grammetry. In addition, I have measured and analysed the full diagonal scale of the
cross-bow quadrant at Skokloster Castle using photogrammetry, and have analysed
the diagonal scales of 10 Davis quadrants, among which seven were period instru -
ments, the other three made by myself. The latter three instruments were included
to compare my own work to that of a skilled instrument maker. The results of this
research are discussed in chapter 6 – Scale analysis.

2.6.2.3 Practical tests
Although it is possible to examine the accuracy of the instruments by studying the
scales and philosophising on their application, the best way – provided it is done
correctly266 – to find out what accuracy can be expected from an instrument, is to
take it out into the field. As most owners of period instruments will not allow them
to be used for this purpose and as no (complete) surviving example exists of most
period instruments, replicas and reconstructions (with their own limitations) have
to be used instead. It was more than half a century after Slafter’s theoretical work
before modern-day authors started to publish on experiments with replicas of historic
navigational instruments for celestial navigation. How little work has been done
on this topic was underlined by one of these authors, Gerald Forty, who wrote that
“...it is surprising how little practical work appears to have been done on the accuracy
of early instruments...”.267 Considerable work has taken place since, but the amount
is still quite limited, even though publications on the topic began to appear quite
regularly after Forty made his remark.

The first of these experiments was executed by Christopher Daniel, Head of
Educational Services at the National Maritime Museum, Greenwich, during a voyage
with the reconstruction of Francis Drake’s Golden Hinde from Plymouth to San
Francisco in 1974-1975. He published his findings together with Curator of Navi ga -
tion, Alan Stimson, in a small booklet in 1977 under the title The Cross Staff, Historical
Development and Modern Use.268
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A similar voyage was made by Michael William Richey (1917-2009), sailor and foun -
ding director of the (now Royal) Institute of Navigation, in 1981. During his trip on
board Jester, he sailed from the Bermudas to the Lizard in 30 days. On board were an
electroform copy of a mariner’s astrolabe, a cross-staff, and a Davis quadrant, the
same instruments used by Stimson and Daniel and all loaned by the National Mari -
time Museum, Greenwich. However, due to a variety of problems he did not have
sufficient time for his observations, instead writing about the results of Stimson
and Daniel and of the late P.G. Morris, who took 390 observations using a mariner’s
cross-staff on board a 135,000 ton tanker trading between the Persian Gulf and Japan,
of which he was the first officer. The results of his observations were, how ever, never
published. Richey’s article was published in 1982 in the Journal of Navigation.269

In his ‘sources of Latitude Error’, published in 1983, Forty discusses the capabilities of
the mariner’s astrolabe and the mariner’s cross-staff, based on his own obser vations
with replicas of these instruments.270 In addition, he referred to the work by Stimson
and Daniel mentioned above and to unpublished observations from Chapman’s thesis
that formed the basis of Chapman’s work on circle division, and to the considerable
body of observations made by Morris. Three years later, Forty published the statis -
tical analysis of another series of tests taken in 1984 and 1985, this time using a Davis
quadrant.271

Most likely inspired by Forty, as the latter wrote about their contact on the subject
in his Davis quadrant article, was John Marie Luykx (1927-2003), board member of
The Foundation for the Promotion of the Art of Navigation and teacher of navi gation
at the University of Maryland. Luykx published on his own experiments with a wide
variety of instruments in The Navigator’s Newsletter between 1984 and 2002. Of interest
for this thesis are his articles on observations taken with early modern instruments
for celestial navigation like the mariner’s quadrant, the mariner’s astrolabe, the
mariner’s cross-staff, the Davis quadrant, and the sea ring.272 Luykx also experi men -
ted with the ring dial, the nocturnal, the artificial horizon sextant, the dip-prism, the
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survey sextant with pentagon prism, and wrote about navigational matters in general
in the following years, but these are of lesser interest in this context.

On August 4, 1987, at the Pointe Sainte-Barbe of Conquet, the experienced French
captain Hubert Michea took a series of observations using an astronomical astrolabe.
He compared those to sextant observations, the results of which were published on
the internet.273

The Portuguese master in history of the Portuguese discoveries and expansion,
José Malhão Pereira, published the results of experiments he conducted on board
the Portuguese Naval Training Ship NRP Sagres (a 295-foot barque) in 1994 in an
article in Mare Librum and in 2000 in a booklet.274 Data was collected from multiple
observers using a mariner’s quadrant, mariner’s astrolabe, mariner’s cross-staff, and
a sextant.

In between Malhão Pereira’s publications, in 1997, another article analysing ob ser -
vations taken with a mariner’s astrolabe was published by Dutch nuclear physicist
and lecturer in the history of navigation at the University of Groningen, Siebren
van der Werf.275 The data was collected by his students using a properly made brass
replica of a Dutch mariner’s astrolabe.

That same year an interesting report by Henk Bezemer (1946-2016), late editor of
the Dutch sailing bulletin Zeilen, was published.276 Bezemer had sailed in 1994 from
the Netherlands to the Azores in a Waarschip 570, a nineteen foot sailboat. The report
was interesting as Bezemer decided not to use modern navigational aids, but only
brought an almanac, wrist watch, pencil, ruler, protractor and a pack of paper. From
this limited set of navigational tools, he made his own mariner’s cross-staff and kamal
and managed to arrive safely at the Azores.

From 2005 onwards, I began taking observations with the replicas and recon struc -
tions I had made for my research, most results of which were published in the Bulletin
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of the Scientific Instrument Society, and in the Mariner’s Mirror.277 New for this thesis
are the yet unpublished results of a practical experiment conducted onboard the
Dutch Navy hydrographic vessel HNLMS Snellius with assistance of eight observers
in 2014. These observers were handling seven instruments on six days during a trip
on the North Sea.

My article in the Mariner’s Mirror was a response to an article by Robin Knox-
Johnston on the assessment of the accuracy of the mariner’s astrolabe in 2013 and the
resulting note by Wolfgang Köberer in 2014.278 Knox-Johnston describes his Atlantic
crossing in 1989 using an electroform copy of the Valentia astrolabe in the collection
of the National Maritime Museum in Greenwich as the sole means for navigation.

2.7 Surviving instruments and archaeological artefacts

As shown in the previous section, period works on and depictions of the instru ments
are an important source of information. The ultimate sources of course are the ori -
ginal instruments, but sadly not all instrument types have survived. The in stru ments
that did survive are mainly mariner’s quadrants, mariner’s astrolabes, mariner’s cross-
staffs and Davis quadrants.

Other period instruments are only known from literature. So far no (parts of) the
sea-ring, Master Hood’s cross-staff, Harriot’s instruments, John Davis’ original
backstaffs, knipboog, cromme boogh, removing quadrant, demi-cross, plow, Seller’s
backstaff, Milliet Dechales’ corrected Davis quadrant, spiegelboog and other reflecting
instruments pre-dating the octant are known to have survived. It is when we list
the non-survivors in this way that we start to realise how much has been lost over
time. The numbers of these instruments must have been too low or even zero, as
was most likely the case with Harriot’s instruments.

2.7.1 Instruments as a source
The instruments themselves form an important source of information. Not only
do they allow us to research how they were constructed, but also if and how they
de veloped over time. In addition, we may gain insight into production numbers and
geographical and temporal distribution. Last but not least, the surviving numbers
may tell us which instrument was the most successful. In order words: they may
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reveal which instrument came into the most widespread use. At the same time, since
sur viving instruments allow us to analyse their construction and mathe matical
princi ples, we can try to judge whether those that were most widely used were the
best in terms of performance.

When surviving instruments are discussed, we tend to think of them as the beauti -
ful pieces on display in museum showcases. Yet a considerable number of in struments
survived in the least favourable conditions one can imagine. Sub merged in the salty
waters of the seas and oceans, many an instrument has been found as an artefact
at an archaeological site. Being made of bronze, the majority of these artefacts
consist of mariner’s astrolabes, but even the instruments made of wood can survive.
It is among these artefacts that, in my opinion, the most important (fragments of)
instruments have been found: the Kronan cross-staff found in the wreck of the
Swedish flagship Kronan; and two hoekboog fragments, found on board of the VOC
ship Kennemerland in Shetland and in a wreck registered as BZN-8 in the Wadden
Sea, Netherlands. Although heavily affected by their submerged conditions, these
archaeological artefacts have played an important role in our understanding of
these two instruments. How they contributed to our knowledge will be dealt with
in sections 2.7.4 – Rare survivors and 6.5.5 – The hoekboog.

Surviving instruments also allow us to examine the accuracy with which the scales
were divided, so that we can get a better idea of their capabilities. From their mathe -
matical principles, we can assess the limitations of the design, but comparing this to
manufacturing accuracy places this in a broader perspective. This scale research is
done using photogrammetry, a photographic technique that allows us to examine
the instrument in fine detail without handling it too much (other than placing it in
front of a camera). In this way the scales of several mariner’s cross-staffs, a geo me t -
rical cross-staff, a hoekboog, and a cross-bow quadrant have been examined, the results
of which are discussed in section 6 – Scale analysis.

The best way to examine accuracy is by using instruments in the field. For obvious
reasons, replicas and reconstructions have to be used for this. Although these are not
the original instruments, but modern ones made by a less experienced instrument
maker than those of the early modern times, these experiments are by far the best
way to experience the actual instrument. One of the obvious reasons for not using
originals is that the surviving instruments are too old and too rare to be handled
in the field. The other is that they simply did not survive time.

2.7.2 Survival of the fittest?
As will be shown below, the proportions of surviving instruments differ from their
occurrence in period literature. Most likely this relates to their survival chances.
Mariner’s astrolabes are mostly made of brass or bronze, which makes them almost
indestructible. That they were mainly made of brass or bronze is what is suggested
by surviving examples, although it could be that wooden mariner’s astrolabes formed
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a much larger portion than is now reflected. Of the 65 known surviving mariner’s
astrolabes listed in Stimson’s work, no less than 45 were found at wreck sites or other
underwater locations. There are no wooden examples, yet from period literature it
is known that wood was suggested as the base material.279 The other 20 mariner’s
astrolabes survived in collections because they were no longer used.

It would be worrying if this ratio between wreck finds and other mariner’s astro -
labes reflected the number of successful voyages made with these instruments. It seems
more likely that the lost instruments had another fate, most probably recycling. The
average Iberian astrolabe weighed around 2-3 kilograms, while the Dutch astrolabe
easily doubled that. This was the main reason why these instruments were more
ex pensive than the mariner’s cross-staff, which was mainly made of wood. A list of
books, charts and navigational tools from 1655 lists the mariner’s astrolabe for 13
guil ders, while the mariner’s cross-staff was listed at 2 guilders and 11 stuivers (a guil -
der being 20 stuivers) and a hoekboog at 3 guilders and 10 stuivers.280 The mariner’s
astro labe was roughly five times as expensive as its alternatives. When they became
redundant by the end of the seventeenth century, we may expect that a fair number
were simply melted and used to produce other items.

Recycling is also known from wooden instruments. The staves of most mariner’s
cross-staffs, and probably the frames of most shadow-casting instruments too, were
made of tropical hardwood. Although less expensive than brass, this wood was still
regarded as a valuable material, if not intrinsically, then by virtue of its durability.
When the mariner’s cross-staff became out-dated around the end of the eighteenth
century, the hardwood staff soon found alternative uses. Mariner’s cross-staffs are
known to have been used as measuring rods for cloth, known in Dutch as ellematen,
with newly engraved scales, and as a stick to straighten bed sheets.281

Mörzer Bruyns wrote in 1994 that “It cannot easily be explained why so few non-
Dutch examples [of the mariner’s cross-staff] have survived.”282 He argued that
perhaps the Dutch also served a large part of the foreign market.283 It could also be
that the Dutch simply had a much larger production of these instruments than
other countries.284 For the VOC, the Amsterdam firm of Van Keulen alone produced
1148 mariner’s cross-staffs between 1731 and 1748.285

That most of the surviving mariner’s cross-staffs are of Dutch origin may have
another explanation. On average, the length of the staff of the instrument is 77 centi -
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 metres.286 The average length of the Dutch cloth measure el was about 69 centi-
metres.287 The Iberian counterpart is the vara, which on average measures approxi -
mately 83.6 centimetres.288 With a standard deviation of 8 centimetres for the average
cross-staff length, 5 centimetres for the average vara, and a few millimetres for the
el, only a quarter of the mariner’s cross-staffs could be used to produce a vara, while
about two-thirds could be used to create an el. It is thus more likely that a mariner’s
cross-staff would be re-used in the Netherlands than on the Iberian peninsula to
measure cloth.289

Just as the mariner’s cross-staff was modified and used for linear measures, so one of
the Dutch hoekboog fragments shows clear signs of recycling for the same purpose.
In this case a section of 208 millimetres was cut from the main beam of the instru -
ment and coarsely divided into inches, the fifth marked with a ‘V’.290

As every modern-day collector knows, the chance of survival is disproportionate to
the age of the object and proportionate with the numbers produced. Although we
know roughly when these early navigational instruments came into use, there are
no surviving examples datable to near their earliest appearance in literature. Table 1
shows the relation between the first listed year and the oldest surviving example of
surviving instruments. It has to be noted that, in all cases, apart from the mariner’s
astrolabe, the instrument’s year of manufacture is estimated.

Table 1



On average, the difference between oldest known survivor and year of first citation
is just over half a century. Exceptions are the mariner’s cross-staff (79 years) and
the hoekboog (37 years). The latter may, however, have been invented considerably
earlier as a depiction of a very similar instrument, with perpendicular scales instead
of chords, is known from 1604, in which case the difference would be 56 years.291 The
differences are almost equal for the oldest known mariner’s astrolabe (59 years),
the oldest cross-bow quadrant (60 years) and the oldest Davis quadrant (57 years).292

In each case the oldest surviving example dates from at least half a century after their
introduction.

Apparently all these instruments had a slow start, with limited numbers produced
at first, or later versions were that much better that older ones, which were dis carded.
Data from five instruments is, of course, not sufficient to substantiate that the chance
of survival is disproportionate with the age of the instrument, but for at least the
mariner’s cross-staff this does seems to be the case, with the largest gap between in -
troduction and earliest specimen. As one of the more recent inventions and gene rally
accepted as the most widely used instrument, one would expect that the gap would
be the smallest for the Davis quadrant. That this is not the case probably relates to
its development. The instrument matured around the end of the 1650s and only then
became widely used.293 If we take that decade as the introduction period, the gap
would indeed be much smaller, only a few years.

2.7.3 The most commonly used instruments
As mentioned in section 2.5.7 – Modern works on surviving instruments there is only
a limited number of surviving instruments. Nevertheless the ratios between them
may shed some light on their use in early modern days. Of course, much depends on
why an instrument survives and an inventory of surviving numbers may there fore
give a false impression as to their actual use. Also, the diffusion of the instruments
among the main seafaring nations differs, as will be shown below. Period literature
and estate inventories may help to verify the figures derived from surviving period
instruments, both in absolute numbers and in geographical distribution. But first
we need to look at their prices to see how these may have affected their use.
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2.7.3.1 The influence of prices on use
As will be shown below, Davis quadrants continued to be produced in the Nether -
lands after 1731, which can be explained from the relatively high price of the octant.
Medium-sized octants initially sold for 15 to 28 guilders, while from about 1780, small
octants became available for between 8 and 18 guilders.294 A large quality octant
would have cost between 40 and 75 guilders before 1760 and around 45 to 50 guilders
in later years.295 According to a bill for navigational equipment delivered by Johan
Roggeveen to the VOC in 1718, the price of a hoekboog and a mariner’s cross-staff was
just under 3 guilders each.296 It is impossible to know with certainty that this hoek -
boog actually was a Davis quadrant, but as they are of similar construction, we may
expect them to have been roughly the same price (the diagonal scale may have added
slightly to the price of the latter). The prices of Davis quadrants in the Netherlands
between c.1750 and c.1780 were approximately 6 guilders for a plain version and
approxi mately 11 guilders for the highest quality.297 Mariner’s cross-staff prices had
gone up to 5 guilders by 1731,298 while a decade and a half later a general list of navi -
ga tional equipment from 1747 for the VOC chamber of Amsterdam lists the mariner’s
cross-staff for 5 guilders and 4 stuivers (a guilder being 20 stuivers).299 On that same
document, the octant was listed at 75 guilders, more than ten times as much.300 Around
1780, a simple version of the mariner’s cross-staff could be acquired for 2 to 3 guilders
and a higher quality one for 5 guilders.301

In England, Benjamin Martin sold Davis quadrants in 1757 for 12 shillings, and for
12s 6d in 1765 and 1780.302 The price of his octants with a diagonal scale was £1 18s in
1757 and 1765 and £1 11s 6d in 1780.303 A wooden nonius version of the same in stru -
ment with an ivory scale sold for respectively £2 18s, £2 15s and £2 12s6d in those same
years.304 When made entirely of brass the prices were respectively £3 3s, £4 14s 6d,
and £4 12s 6d for a 12-inch octant and £6 6s for an 18-inch octant in all three years.305
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The most affordable octants by George Adams sr. sold for £2 2s in the period 1766-
1789, while the most expensive sold for £15 15s.306 Adams did sell “Davies Quadrants”
in the early days, but so far I have been unable to find a catalogue with their prices.307

In 1773 Benjamin Cole produced two models of Davis quadrant, which he sold
for 12s and £1 1s. His octants sold for £1 14s when equipped with a diagonal scale,
for £2 2s - £3 13s 6d with a nonius and most likely made of wood, and £3 13s 6d - £6

6s when made “...all in Brass...”.308

Prior to c.1780 the mariner’s cross-staff was thus the least expensive navigational
instrument, at least in the Netherlands, followed by the Davis quadrant and hoek boog,
while the octant was by far the most expensive. In the Netherlands the difference
between the prices of a good mariner’s cross-staff and a plain Davis quadrant were
small. In both countries the price of the most affordable octant was more than
three times that of a Davis quadrant, while this could be more than 10 times for
high-end versions. Only from c.1780 did cheaper versions of the octant compete
with top-quality Davis quadrants, while cheap versions of the latter could compete
with top quality mariner’s cross-staffs. The much higher prices of octants were no
obstacle to them being sold and to become widely used, so we may assume, given
these relative small price differences between the mariner’s cross-staff, hoekboog
and Davis quadrants, when compared to those of octants, that price did not play an
overwhelmingly decisive role in their use.

2.7.3.2 Most used by survival
As shown in section 2.5.7 – Modern works on surviving instruments the surviving
instruments known to date consist of 110 mariner’s astrolabes, 130 mariner’s cross-
staffs, and – on the American continent – 57 Davis quadrants.

Of the latter instrument only an inventory has been made of American examples,
so in order to compare the figures for the mariner’s astrolabe and mariner’s cross-
staff with the number of surviving Davis quadrants I have made an inventory of those
instruments myself (see Appendix C – Davis quadrants around the world). I have found
208 Davis quadrants in public and private collections that for various reasons, in
most cases as they were not American, were not listed among the 57 mentioned in
Deborah Warner’s work, making the total of currently known Davis quadrants 265.309
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I estimate that at least another 25 to 50 Davis quadrants may be scat tered around the
world in other collections, making the total perhaps as high as 300 instru ments.

Likewise, another eight mariner’s cross-staffs have surfaced since Mörzer Bruyns
published his ‘10 years later’ article and addendum in 2004, making the total of
known surviving mariner’s cross-staffs 138.

When creating a temporal distribution of the surviving instruments (see figure
5), it becomes clear that most surviving Davis quadrants were made after 1731, the
year that the octant was introduced. Only 23 of the 147 positively dated instruments
date from before 1731. The distribution in figure 5 is divided into four geographical
regions. Dutch, English/Irish, and American Davis quadrants are the main three
groups with respectively 10, 74, and 62 positively identified instruments. They are
followed by a fourth group containing instruments from other countries (2 Swedish,
2 Danish of which one is uncertain, 1 possibly Norwegian, and 1 possibly French) or
from unknown origin, but most likely from one of the three main countries (114). It
should be noted that there are only eight known Davis quadrants in collections on
the Iberian peninsula (one in the Museu Maritim, Barcelona, one in the Museo
Naval in Seville, four in the Museo Naval in Madrid, and two non-Iberian ones in
a private collection) and a replica in the Museu de Marinha in Lisbon.310 The reason
for this near absence of Davis quadrants on the Iberian peninsula is most likely
because the Iberian mariners kept using the mariner’s cross-staff until the intro -
duction of the octant.311

One would expect instruments to survive in proportion to their production, which
in turn may be a good indication of their use. The data above suggest that the Davis
quadrant was the most widely used instrument for celestial navigation prior to the
octant, followed by the mariner’s cross-staff, with the mariner’s astrolabe on the
last position.

Figure 5 shows, however, that the reality is more complex when the originating
country is taken into account. As expected, the Davis quadrant first came into pro -
duc tion in England (the oldest known Davis quadrant is most likely English, but as
this is not yet proven it is listed under ‘other’) and although some were soon made in
America, from surviving instruments it seems that significant American production
did not start until the 1740s. It seems that it took another decade before production
started in the Netherlands, but given the low number of surviving Dutch Davis
quadrants, the instrument seems to have been used less there than in England and
America.
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There are many possible reasons for the late start of American production of Davis
quadrants. Silvio A. Bedini, Deputy Director of the National Museum of History and
Technology of the Smithsonian Institute in Washington DC, stated that even though
the first evidence showing an American instrument maker to produce a Davis
quadrant, James Halsey of Boston, dates from 1676, instrument makers were rare
in America until the end of the seventeenth century.312 In addition, brass had to be
imported from England until the first quarter of the nineteenth century, making the
material rare and expensive, with importation stopped between the beginning of the
War of Independence in 1775 and the end of the War of 1812.313 American instrument
makers like Anthony Lamb even offered cash for any brass objects brought to their
shops in order to reuse the brass for their instruments.314

Although Bedini argues that the high price of brass mainly affected the larger, fully
brass surveying instruments, as opposed to navigational instruments, where only
small brass parts were used, it may have affected the production of navigational
in struments, since instruments for navigation and surveying were at times made
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by the same artisan.315 With the high price of brass production of mathematical in -
struments would not have been cost-effective, unless one refrained from using brass
and turned to wooden instruments. Starting a successful business as a mathematical
instruments maker would thus have been a challenge in a period where most mathe -
matical instruments were made mainly of brass. In the production of surveying
instruments, the high price of brass even led to the duplication of brass instruments
in wood.316 Brass mathematical instruments were, therefore, mainly imported until
the start of the eighteenth century.317

A frequency distribution of the surviving English and American Davis quadrants
(see figure 6) shows a sudden increase on the English side around the end of the
seventeenth century.318 It continues to rise until the 1730s, after which it suddenly drops
(note that the figures along the horizontal axis represent the last year of the decade).
Assuming that the number of surviving instruments correlates to the numbers pro -
duced for this period the drop in English manufacture of Davis quadrants may
have been caused by the introduction of the octant a decade earlier. Despite being
able to read the scales of a Davis quadrant at the same single arc-minute level as the
earliest octants, the latter were roughly ten times as accurate, something that was
soon realised.319 This superiority of the octant over the Davis quadrant may have
caused the production of the latter to dwindle until it ceased by the last quarter of
the eighteenth century, at least in England.

If by the mid-eighteenth century the American market still relied on the impor t -
ation of English instruments, the sudden drop in English manufacture must have
caused a shortage of them on the American market and worked as an incentive to
American Davis quadrant manufacture. The frequency distribution (figure 6) shows
that at the beginning of the eighteenth century the production of American Davis
quad rants was small. A few decades later it sharply increases, around the time that
pro duction in England sharply dropped, with combined production numbers re -
maining stable. This seems to confirm that well into the eighteenth century the
American market heavily relied on English instruments and that by the middle of
the century the production of Davis quadrants shifted from England to America.

That Davis quadrant production in America continued longer than in England
can be explained by the high price of brass in America, as discussed above. Octants
were made with considerably more brass than Davis quadrants, which must have
made the octant relatively expensive and thus harder to sell. It seems that the higher
quality of the octant’s readings did not justify the costs of a more expensive in stru -
ment, at least not for the 40 years between the English and American peaks in pro-
duction.
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The peak in production of American Davis quadrants shown in figure 6 seems to
coincide with the establishment of the forerunner of the U.S. Navy, the Continental
Navy, around 1775. The Continental Navy was a result of the War of Independence,
which started in 1775 and lasted to 1783. In England, Davis quadrants were deployed
in particular by the Royal Navy and, being established by the former English colonies,
one may assume that the mariners of the Continental Navy would have had a pref -
erence for this instrument. However, the peak in American production occurs in
the decade running between 1760 and 1770 and is therefore not directly correlated
with that event, while in the following decade the numbers of Davis quadrants
dropped sharply. Perhaps this was the result of the establishment of the Continental
Navy and a possible preference by them for the octant, but this has yet to be sub -
stantiated. Quantitative research on early domestic American octant pro duction
could shed some light on this matter. Bedini wrote that “Prior to the War for Inde-
pendence these instruments were chiefly imported from England but the onset of
war drove American shipmasters to seek those produced by American makers.”320

Clearly the War of Independence had some influence on American manufacture
of navigational instruments, but to what extent remains unknown.
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The figures shown so far indicate that the Davis quadrant was a very, if not the
most, widely used instrument before being replaced by the octant and its successors.
At least this is the impression for England and America. As a former English colony,
it is no surprise that it was widely used in America.

Dutch mariners seem to have followed the Iberian example by relying mainly on
the mariner’s cross-staff. This instrument was, soon after the invention of the shadow-
casting method, modified by the Dutch into a shadow-casting instrument. They
invented a brass aperture disc (generally called a Brass Shoe by the English) that
could be fitted over the end of the transom. It was initially used at the lower end of
the transom to create a peep sight through which the horizon vane and horizon were
observed.321 Later, a second brass shoe was used at the upper end of the transom
through which a slit of sunlight was cast upon the horizon vane,322 making it one
of the most accurate instruments for celestial navigation prior to the invention of
the octant.323

The Dutch had several good alternatives to the mariner’s cross-staff, and, as will
be shown, even better than the Davis quadrant. In the early seventeenth century,
the demi-cross (f.l. 1618) and the hoekboog (f.l. 1623) became available, while in 1660

the first reflecting navigational instrument, the spiegelboog, was invented by Joost
van Breen.324 Of these three instruments only two fragments of the hoekboog survive
(from two different instruments), so we have to assume that these alternatives were
only produced in small numbers.

The hoekboog was similar to the Davis quadrant, but, as will be shown, was based
on a superior mathematical principle. Surviving Davis quadrants and, as will be
shown below, period literature show that over time the Dutch also replaced the
hoek boog with the Davis quadrant. Confusingly, the Dutch soon referred to the
Davis quadrant as hoekboog, probably due to their similar construction.325 In the
seven teenth century the mariner’s astrolabe, mariner’s cross-staff and hoekboog were
standard issue for VOC vessels (and the spiegelboog for the Zeeland chamber of the
VOC). However, from 1731, the year the octant was invented, shadow-casting in -
stru ments were no longer provided to the VOC vessels, apart from the mariner’s
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cross-staff with aperture discs. The octant would not become standard issue on these
vessels until 1747.326

From the list of surviving Davis quadrants, it becomes clear that by the end of the
eighteenth century Davis quadrant production had stopped in general. The last
known Davis quadrants from the eighteenth century date from 1788 (an English and
an American instrument) and 1791 (two Dutch instruments), while only one Davis
quadrant from the nineteenth century (dated 1803) is known to have survived.327

Looking at other surviving instruments from the same period, it appears that in
England and America hardly any mariner’s astrolabe or mariner’s cross-staff were
produced. The majority of mariner’s cross-staffs produced in this period originate
from the Netherlands. For 106 of the 138 known examples, the country of origin is
known with certainty: the Netherlands (98), England (3), Norway (1), France (2),
Spain (1) and America (1). The remaining instruments are attributed, albeit with
caution, to the Netherlands (12), America (4), France (2), Sweden (4), Spain (2), Eng -
land (3), Denmark (1) and Germany (1). The origin of four mariner’s cross-staff is
completely unknown, as is the current whereabouts of three of them.

Based on the figures in this section it can be stated that with at least 265 survivors,
the Davis quadrant was the most widely used instrument, followed by the mariner’s
cross-staff (138 surviving instruments) and the mariner’s astrolabe (110 surviving
instruments). This order may, however, have been significantly influenced by the
period in which the instruments were made, since age affects the likelihood of sur -
vival. Period literature may therefore help in identifying the most commonly used
instruments.

2.7.3.3 Most commonly used according to literature
Another way to assess which instruments were most commonly used is by counting
references in period literature. As explained in section 2.3, the main focus of this
research is the period 1590-1670, for which reason the number of period works
consulted after this period is limited, particularly for eighteenth and later centuries.
I will therefore first give an analysis of works up to 1700, since going any further
would give a distorted view due to the paucity of works examined.

To give an idea of the ratio of published to examined works it suffices to count
those listed in chapter Navigation – Manuals and Instruction of English Maritime Books
Printed Before 1801 by Thomas R. Adams and David W, Waters and to compare those
to the number of works examined for this thesis.328 For the sixteenth to the eighteenth
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centuries Adams and Waters found respectively 29, 166 and 391 English works on
the art of navigation. For my research I examined 38, 154 and 71 English works for
these periods, clearly showing the lack of works consulted for the last century. Despite
this, I still found that the three most commonly used instruments according to the
literature were the same as those that survived in large numbers, as discussed in the
previous section.

Of the well over 500 period works I examined,329 just over 300 contained references
to instruments for celestial navigation, with a total number of more than 900 in -
struments between them. Figure 7 shows a temporal distribution of the instruments
relating to this research and gives a good impression of their occurrence in literature
over the period 1500-1800.

It should be noted that ascertaining the use of the Davis quadrant and the hoekboog
from Dutch literature is not straightforward, since both the Davis quadrant and the
hoekboog were named hoekboog by the Dutch. So only in cases where it could be
positively identified (i.e. by depiction, proper description, or by naming it a Davis
quadrant) was the instrument listed as a Davis quadrant. The oldest positive reference
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to a Davis quadrant in a Dutch work dates from 1659 when Simon Pietersz. referred
to it in his Stuermans Schoole as an instrument with vanes sliding on arcs.330 The first
occurrence in English literature, after Waymouth’s 1604 ‘The Jewell of Artes’, is in
Charles Saltonstall’s The Navigator from 1636.331

Judging from their occurrence in literature, however, the hierarchy of the most
commonly used instrument seems to differ from that indicated by surviving examples.
Of the contemporary sources of all countries in which nautical instruments for
celestial navigation are discussed (and examined by me), 74 per cent contain the cross-
staff, 43 per cent the mariner’s astrolabe, and only 29 per cent the Davis quadrant.

There are good reasons why these figures might contradict those found in the previous

half of the seventeenth century. Figure 8 shows a temporal distribution of
the mariner’s astrolabe, mariner’s cross-staff, Davis quadrant and hoekboog in the
Dutch and English literature I examined for the period 1590-1700. For reasons men-
tioned above the hoekboog is included.

The mariner’s cross-staff and the mariner’s astrolabe seem to have been equally
discussed throughout the seventeenth century, in both Dutch and English literature,
slightly more often in Dutch. By the end of the century, the latter two instruments
seem to decline, but that could be caused by the decreasing volume of literature
ex amined.

The differences in the appearance of the hoekboog and Davis quadrant are notable.
The hoekboog was clearly a purely Dutch instrument, as I have found no references to
it in works by English authors. By contrast, Davis quadrants were mainly discussed
in English books, although it cannot be ruled out that some of the Dutch hoekboog
entries are referring to a Davis quadrant as both instruments could have the same
name in Dutch. The Davis quadrant became widely used from the 1660s onwards
in England, at least half a century after the mariner’s astrolabe and mariner’s cross-
staff, while its use continued to at least the end of the century.

From figure 8 it seems that the hoekboog began to decline in use by the last quarter
of the seventeenth century, a few decades after the Davis quadrant first appeared in
Dutch literature. Yet the instrument was far from a relic by this time, since in 1680

a new navigational work discussed the hoekboog, with new illustrations and details
not shown before.332 As shown in the previous section, Dutch Davis quadrants do
survive from the mid-eighteenth century and it must have been by that time that
it had fully replaced the hoekboog in the Netherlands.
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Even though the numbers of works consulted from the eighteenth century are smaller
than for the century before, it is interesting to see what happened using this limited
sample. Figure 9 shows a temporal distribution for that period. It becomes imme di -
ately clear that the mariner’s astrolabe ceased to be discussed soon after the start
of the century (also see figure 7). It had become an outdated instrument by then, con -
fir med by Stimson’s finding that the last recorded use of the instrument was by 1702.333

The hoekboog had also become an outdated instrument. The first two eighteenth-
century occurrences are in reprinted editions of seventeenth-century works, while
the last is in a work on geography touching only briefly on navigation.334

For the other two instruments, it can be said that each Dutch work discussing
the Davis quadrant also discusses the mariner’s cross-staff, while each English work
discussing the mariner’s cross-staff also discusses the Davis quadrant. The additional
English entries on the Davis quadrant are all articles in the Philosophical Trans actions.
When looking at textbooks only, there is no preference for either the Davis quadrant
or cross-staff in English literature, while in Dutch literature there seems to be a slight
preference for the cross-staff, as expected. Concerning the use of the Davis quadrant
and mariner’s cross-staff in England in the eighteenth century, Joseph Harris wrote
in 1730 that

The Antients used divers Sorts of Instruments for taking the Altitude of Celestial Objects at Sea;

as the Astrolabe, the Cross or Fore-Staff, the Demi-cross, the Plow, and the Bow, etc. but these (ex-

cepting the Fore-staff) are now mostly (if not wholly) laid aside, and therefore there is no need

of giving any Description of them here: The Instruments now chiefly used at Sea, are these two,

viz. the [Davis] QUADRANT, and the FORE-STAFF.335

2.7.3.4 Most commonly used according to estate inventories
In Zeewezen en Wetenschap, Davids analysed several estate inventories of Dutch
mariners in the periods 1595-1650, 1651-1675, and 1676-1740.336 He mainly found
mariner’s cross-staffs and mariner’s astrolabes and just a few mariner’s quadrants
(see table 2).

The absence of the Davis quadrant and hoekboog is notable. As both were at times
referred to as hoekboog by the Dutch, it would have been almost impossible to dis -
tinguish between them had they been listed in the inventories. Davids explicitly
notes that he did not find a single reference to the hoekboog in the inventories of the
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period 1651-1740.337 Their complete absence is a strong indication that neither the
hoekboog nor the Davis quadrant found as widespread use among Dutch mariners
as the mariner’s cross-staff and mariner’s astrolabe. It also is consonant with the
frequency with which they were found in Dutch literature.

2.7.3.5 Most commonly used overall
From the previous three sections, it has become apparent that the mariner’s astrolabe
was the first instrument not only to arrive, but also to disappear from western
vessels. Both surviving instruments and period literature tell the same story in this
respect. A question remains as to whether it was the mariner’s cross-staff or the Davis
quadrant that was the predominant instrument by the time the octant was invented.

Although introduced in the early 1600s, the Davis quadrant had an obscure life
until the 1660s. Up to this time, the mariner’s astrolabe and mariner’s cross-staff where
the main instruments discussed in English literature. From the 1660s, there seems to
be no preference between the mariner’s cross-staff and the Davis quadrant in English
literature, while the mariner’s astrolabe clearly went into decline. Sur viving instru -
ments overwhelmingly indicate that it was the Davis quadrant that became the
preferred navigational instrument in English-speaking countries up to the in tro -
duction of the octant.

In the Netherlands, the mariner’s cross-staff seems to have remained the most com -
monly used instrument among navigators since its introduction. Nevertheless the
Davis quadrant had an interesting role. Since its introduction at the end of the sev -
enteenth century, the Dutch hoekboog became a genuine alternative to the mariner’s
cross-staff. The Davis quadrant is not discussed in any Dutch literature before the
1660s, when it was probably introduced as a result of its widespread use across the
North Sea. Beginning at the end of the seventeenth century, the Davis quadrant slowly
but surely replaced the hoekboog in Dutch literature and by the mid-eighteenth
century the hoekboog has disappeared from Dutch literature and the first Dutch
Davis quadrants are known to have survived.
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This transition is remarkable, since the Davis quadrant was in principle the inferior
instrument.338 That it replaced the hoekboog was most likely to do with the resolution
of the scales and perhaps with its widespread use in England and America. Whereas
the hoekboog had scales divided down to 15 arc-minutes (10 arc-minutes by the end
of the seventeenth century), the Davis quadrant could be read to 10 arc-minutes at
the start of the seventeenth century, to 2 arc-minutes from around the 1650s and to
a single arc-minute by the end of the first quarter of the eighteenth century.339

Some other mechanisms should be considered as a cause for the differences in
numbers of surviving instruments. Without its transoms, the mariner’s cross-staff
is nothing more than a thin graduated stick, while the Davis quadrant remains a
sig nificant construction. As a result, the staff of a mariner’s cross-staff could easily
become misplaced or lost, something that is harder to imagine for the more bulky
Davis quadrant. Over the years I have regularly heard that the Davis quadrant has
quite an appealing shape, even when not equipped with its vanes. This, together with
its larger dimensions, may have aided its survival.

On the other hand, we have seen that many of the mariner’s cross-staffs did survive
through a second life as yardstick, and in the next section it will be shown that at
times this was also the fate for instruments like the hoekboog. Being made of precious
woods, these instruments were at times taken apart and reused. Those parts are how -
ever much harder, or even impossible, to identify and it was only by asking for “any
piece of ebony” in the store of the Dutch Institute for Ship’s and Underwater Archaeol -
ogy (NISA) that I found the Dutch hoekboog fragment.

Whether instruments were originally purchased by employers or by employees
may also have an effect on survival. An instrument owned by the user was likely to
become a part of his estate and pass to future generations. But it is generally known
that private collections are not the best place for an item to survive, especially when
it does not look very collectible to that next generation. These instruments would
first become outdated before becoming collectibles. Being the property of the
employer is no guarantee of survival either as they would likely trade them in for
more up-to-date equipment or simply discard them in a similar way as I have seen
with precious land surveying equipment over the past three decades.

Once an item has reached the status of collectible, everything depends on ‘status’.
Currently mariner’s cross-staffs are more highly appreciated than Davis quadrants,
by almost a factor 10, as regards value. As a result, these instruments arrive in more
serious collections, which may now add to their survival chances.

Underwater archaeology has already been mentioned and has played an
important role in survival of the mariner’s astrolabe. A significant number of the
mariner’s astrolabes currently known are wreck finds, in quite a few cases barely
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recog nisable as a result. The chance that an unknown mariner’s astrolabe might
surface having passed from generation to generation is near to neglectible, but we
may expect their numbers to raise as a result of archaeology.

In the long term the above mechanisms may cause the ratio in surviving num-
bers to change, but for the moment their numbers seem to be consonant with the
liter a ture.

2.7.4 Rare survivors
Although no proper inventory has been attempted on the other instruments, my
estimation is that there are only a few mariner’s quadrants, a handful of triangular
quadrants (and most likely no navigational ones), a single cross-bow quadrant,
possibly a few kamals, and two hoekboog fragments (of two different instruments).
The reason for the great difference in surviving numbers has all to do with their age
and the limited use of the instruments. Kamals must have been used in abundance in
the Arab world in the fifteenth century but, although they have been used until recent
times, their numbers must have dwindled with the advent of better instruments and
because of their simplicity, meaning they were not valuable enough to keep. On
the other hand, an instrument like the hoekboog was superseded by the Davis quad -
rant, after which it became outdated and thus neglected. As the ebony they were made
of was valuable, in many cases they will have been recycled.

In this context the importance of surviving parts and (single) instruments becomes
clear. For the surviving mariner’s astrolabes, mariner’s cross-staffs and Davis quad -
rants it suffices to refer to the sources mentioned above. Here I will discuss the
instruments that have survived in much smaller numbers: the triangular quadrants,
cross-bow quadrant, kamals, and fragments of the hoekboog.

2.7.4.1 The triangular quadrant
The triangular quadrant as a navigational instrument was only re-discovered very
recently. In Germany, Werner Rudowski, who had heard of one in the collection of
British slide rule and sector collector Mick Taylor, described it in an article in the
Slide Rule Gazette in 2014. Shortly after and yet oblivious of his publication I stumbled
upon the instrument while searching the Early English Books Online web site
(EEBO) for navigational works I may have had missed. When I queried my fellow
countryman Otto van Poelje, Awards Committee Chairman and Associate Editor
of the Journal of the Oughtred Society (a society for slide rule collectors), about
this navigational sector, I heard about Rudowski’s work and the instrument in
Taylor’s collection. From E.G.R. Taylor’s Mathematical Practitioners... I found out
that two triangular quadrants were listed in the collection of the Museum of the
History of Science (MHS) in Oxford. Soon Rudowski, Taylor, and myself met with
curator Stephen Johnston at the museum to have a look at the instruments. Over
the years the MHS had acquired a third example and recently Taylor had acquired
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his second, so currently (Summer 2015) a total of five triangular quadrants are known
to have survived, but none of them seems to have been used as a navigational instru -
ment.

2.7.4.2 The cross-bow quadrant
Of the cross-bow quadrant there are only two surviving examples, which are in the
collection of the Skokloster castle in Skokloster, Sweden, and in the collection of
the Museo Naval in Madrid, Spain. The Skokloster instrument was acquired in the
seventeenth century, possibly together with or around the same time as a mariner’s
cross-staff, a Davis quadrant and three mariner’s astrolabes. The instrument is
complete with vanes and in very good condition. The Museo Naval instrument lacks
its vanes, but is otherwise in good condition too. As mentioned above I measured
the instruments using photogrammetry and analysed their diagonal scales, the results
of which can be found in section 6 – Scale analysis.

2.7.4.3 The kamal
The kamal has been in use until very recent times, yet the number of surviving in -
struments seem to be very limited. So far there are only three known examples in
museum collections. The two oldest were acquired in the nineteenth century by the
Hamburg Ethnographic Museum in 1892,340 but their location is presently unclear,
and they may have been lost in the Second World War.341 A picture of another kamal,
consisting of a single string with two differently sized boards attached to it, was
used by E.G.R. Taylor in two of her works and is credited to the Royal Geographical
Society.342 This kamal originates from the Maldives, but is likely to be quite modern
too as it was acquired by Commander G. Mackinnon in 1919.343 The kamal is dis -
cus sed in further detail in section 3.3.3.2 – The kamal. Finally two kamals are known
in Chinese and Singaporean collections, but are reconstructions.344

2.7.4.4 The hoekboog
The hoekboog is the only instrument of which only fragments exist. Over the past half
century two parts of the main body of the instrument have been found in Shetland
and in the Wadden Sea. The Shetland fragment consists of one of the divided chords
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340 Schück, ‘Ein Altes Indisches und Arabisches Instrument...’, in: Das Ausland, Jg. 65, reprinted in:
Sezgin (Hrsg.), Islamic Geography, Vol. 15 (Frankfurt am Main, 1992), p.183 (Hamburg, 1892), p.814.
For a drawing of the two kamals see: Da Silva, Obras completas..., p.31.

341 From correspondence with Dr. Susanne Knödel, head of the East and South Asia Department
of the Museum für Völkerkunde Hamburg, on 25/08/2014.

342 Taylor, The Haven-Finding Art..., plate XI (p.181v). Taylor, The Geometrical Seaman... (London,
1962), p.48. The image is only credited in The Geometrical Seaman, pp.vii-viii.

343 This object is known at the Royal Geographical Society under Control number: rgs700759, Classi -
fication number: Mus. 330, Artefact: 9.2. With many thanks to Assistant Picture Librarian Joy
Wheeler of the Royal Geographical Society for checking these details for me (15 January 2015).

344 Lin, Fettering the Stars..., p.99.



and is divided into 25 degrees, sub-divided to 15 arc-minutes. The fragment was
found in 1971 by the Aston University’s Sub Aqua Club while diving on the wreck of
the Kennemerland, a vessel of the VOC that foundered on 20 December 1664.345

The other fragment is a part of the instrument’s main beam where the two struts
for the chords are attached. That fragment was found by the Dutch Institute for
Ship’s and Underwater Archaeology (NISA) in 2002 during an excavation on the
so called BZN-8 wreck, one of more than a hundred vessels that sunk during the night
of 18-19 December 1660 when a storm wreaked havoc at Texel, the Netherlands.346

The Shetland fragment has been measured using photogrammetry both by the
staff of the Shetland Museum and by myself and currently resides in the Shetland
museum stores in Lerwick. The Dutch fragment resides in the Collections of the
Dutch Cultural Heritage Agency, and has been extensively measured, photographed
and documented their staff and by myself.347 Both fragments are discussed in more
detail in sections 4.3.6 – The hoekboog (f.l. 1623) and 6.5.5 The hoekboog.

2.7.4.5 The cross-staff with spoon shaped-transoms
The mariner’s cross-staff consisted of a square-sectioned staff with one to four cross-
pieces or transoms. Mariner’s cross-staffs are rare instruments, and transoms even
rarer. Up to 1998 only straight-edged transoms were known to survive, with spoon-
shaped transoms only known from literature, charts and art works.348 In 1998 a chest
was found on board the wreck of the Swedish flag ship Kronan which had sunk off
the coast of Öland in 1676 during a battle between the Swedish and an allied Danish-
Dutch fleet. It was in this chest that the first, and so far only, mariner’s cross-staff with
spoon-shaped transoms was found. The staff of the instrument dates from 1661

and now resides in the Kalmar Läns Museum in Kalmar, Sweden.349

In an attempt to explain the extraordinary shape of the transoms, it has been
suggested that this particular instrument was made as a presentation piece and that
it may have been modelled after the depictions mentioned above.350 If that was the
case, the spoon-shaped transoms had never actually been used in the field. In 2005

I examined the instrument in order to produce a copy of it.351 During this examination
and the reconstruction in the following months I started to realise that this mariner’s
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345 See section 4.3.6 – The hoekboog (f.l. 1623).
346 ibid.
347 The Shetland fragment is registered under inventory number; 74-K-50, the Dutch fragment

under inventory number BZN-8-202.
348 Mörzer Bruyns, Einarsson, ‘A Cross-Staff...’, p.57.
349 It is registered under inventory number KLM8171KR.
350 Mörzer Bruyns, Einarsson, ‘A Cross-Staff...’, p.59.
351 In total three reproductions have been made after the Kronan cross-staff. One is at the Kalmar

Läns Museum, one at my own collection, while a third – made of ebony and pear wood and
divided down to 10 arc-minutes intervals – resides in the collection of the Dutch Factory in Hirado,
Japan.



cross-staff with spoon-shaped transoms was not a presentation piece at all. The
instrument shows various signs that it was rebuilt by the last owner from an existing
set of transoms lacking their staff. A full analysis of the instrument, answering the
question of whether spoon-shaped transoms were used or not, is given in section
3.3.3 – The introduction of the mariner’s cross-staff.

2.8 Experiments with replicas and reconstructions

All sources of knowledge discussed so far are related to ‘dead’ objects such as written
sources, depictions and surviving instruments. Although a lot can be learned from
these objects, there is no better way to find out what the early modern navigators
ex perienced than by handling the instruments in the field. Handling the instruments
gives a feel of how easy or difficult one instrument is in relation to another, how they
really function, their limitations, and what accuracies can be achieved.

2.8.1 The instruments
Taking original instruments into the field is not only difficult to arrange, but a bad
idea as the original instruments, provided they are available for the purpose, may
have aged too much to be reliable. Over time, the wood may have warped or shrunk.
With age and loss of humidity wood shrinks more in the direction perpendicular to
the grain than parallel to it, causing particular problems for arced instruments. In -
struments like the cross-bow quadrant and the Davis quadrant have wooden arcs
that are cut from a single piece of wood. If it shrinks the arc flattens and the engraved
scales are no longer based on a circle, but on an ellipse.

Although instruments may warp and bend over the years, the resulting effect is
not always as drastic as one would expect. Symmetrical instruments like the mariner’s
cross-staff are only slightly affected by a warped or bent staff, as will be shown in
section 5.6 – Biased observations. Depending on the direction in which it bends, the
demi-cross and spiegelboog can be heavily affected, causing serious errors in obser -
vations, while warping creates significant instrumental errors for any instrument that
works with vanes protruding from one side of the frame (e.g. the demi-cross, Davis
quadrant, hoekboog and spiegelboog).

Creating replicas and reconstructions allows the researcher to work with a fresh
instrument, with only a limited number of instrumental errors. Instruments that
have survived are in most cases simply too precious to be taken out into the field, for
which a replica may serve as a fine substitute. If we want to test an instrument that
no longer exists, we have no option but to create a reconstruction, and it was for these
reasons that I started building instruments.

The difference between a replica and a reconstruction is that the former is based on
an actual instrument, the latter on documentary evidence only. The chance to get
close to the real instrument is far greater when building a replica than when creating
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a reconstruction. A reconstruction is always the result of an interpretation of texts
and depictions; there is no way to verify that the outcome is close to what it should
be. Even when period illustrations are available, interpretations may vary between
researchers, as will be shown in the section on the demi-cross.

Nevertheless, when building a replica the result depends on how well the original
instrument was interpreted, and overlooking seemingly minor details may affect
the replica significantly. A good example is the drawing of the Davis quadrant from
the National Maritime Museum in Greenwich that I used to create the Davis quad -
rant replica. After careful examination of the drawings, it seemed that the shapes of
the inside of the shadow, lens and sight vanes were not correctly drawn. According to
the drawing the inside was straight, but as they run on the curved rim of the two arcs
they had to be curved to prevent them wobbling.352 For the sight vane in particular
this wobble would introduce significant observational errors. Careful examination
of the vanes of an original Davis quadrant revealed that indeed the inner surfaces had
to be curved.

For this research replicas were made of a mariner’s astrolabe, two mariner’s cross-
staffs and a Davis quadrant, while Master Hood’s cross-staff, the demi-cross, the
hoek boog, and the spiegelboog were reconstructions.353 The mariner’s cross-staff was
made after archaeological drawings of original instruments,354 while the mariner’s
astrolabe was based on measurements of the original instrument kindly provided by
the National Maritime Museum in Greenwich, based on which I created drawings.
I have not been able to see and handle the original instruments that formed the basis
for these drawings, but instead verified details using similar instruments in the col-
lection of the Scheepvaartmuseum in Amsterdam.

As no drawings existed for the mariner’s astrolabe and the reconstructed instru -
ments (for the latter no surviving examples were available), these instruments have
first been carefully researched before drawings were produced by myself. When
crea ting these drawings I tried to understood the principles behind the construction
of the instrument, while assuming that they were made using rounded period di -
men sions and nothing more than a ruler and compass as design tools. The beautiful
but seemingly arbitrary patterns of the mariner’s astrolabe and Kronan cross-staff
were not as arbitrary as they seemed. I discovered that the Valentia astrolabe which
I used as an example, was built up using a relatively simple geometrical pattern of
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Will Garner for Oliver Thompson – Dated 1734 (Greenwich, 1970), from project number 1974/11/26.

353 The two mariner’s cross-staffs were the 1720 Hasebroek staff and the 1661 Kronan staff. The latter
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354 The mariner’s cross-staff was modelled after a 1720 original by Jochem Hasebroek and currently
resides in the Museovirasto in Helsinki, Finland. The replica is based on archaeological drawings
of this instrument in the archives of the Scheepvaartmuseum in Amsterdam.



circles.355 Likewise the design of the Kronan cross-staff relied on an relative simple
interaction between straight lines and circles.

All instruments were made as true to the original as possible, using the same ma -
terials and techniques available in the period. Where possible, I attempted to use the
same unit of length as in the original design, something that could, for instance, be
shown in the case of the reconstruction of the spiegelboog and the replica of the
Kronan cross-staff. But no matter how well a replica or reconstruction is attempted,
creating the scales will never be done in the same way as the original. The scale may
look the same, but its accuracy may differ from the original. Scales can be engraved
using modern techniques like laser engraving to make them significantly more
accurate, but that will take away a lot of the charm of original workmanship and
generally produces divisions too wide to be properly used. Instead I chose to engrave
the scales by hand, at most assisted by simple dividing aids. Comparison with the
orig inal instrument showed that my work on my Davis quadrants was not as good
as the job done by the original artisan. Luckily the differences are well within an order
smaller than the accuracy achievable overall and the total influence of my lesser
crafts manship may thus be neglected.

Creating the instruments using original dimensions and materials has proven to
be extremely valuable. Not only did it give a better understanding of the required
craftsmanship, but also gave insight into the effort required to produce an instru -
ment, even if this is done several times. On average building any one of the wooden
instruments took roughly 120-140 hours. Producing the horizon bone356 from real bone
for the mariner’s cross-staff proved to be a challenge that took several attempts before
a proper one was created, lengthening the building process considerably. Dividing
the instruments takes a considerable time in the production process. Doing this by
hand gave a good insight into the time it would have taken to graduate them and
thus how many a single person could produce in a time, as will be shown in section
5.2.3 – Dividing methods.357

Creating these early modern navigational instruments also showed that they were
much lighter than anticipated. In his A History of the Navigator’s Sextant Charles. H.
Cotter wrote that one of
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of the Valentia astrolabe does not match the actual instrument and seems to be based on an
altogether different mariner’s astrolabe. See Stimson, The Mariner’s Astrolabe..., astrolabe no.
15 on the fold-out sheet inserted at the end of the work.

356 See section 4.2 – The seventeenth-century mariner’s cross-staff for an explanation of this
accessory.

357 This will be discussed in more detail in section 5.2.3 – Dividing methods.



The principal advantages of the Hadley quadrant over all other instruments of the time for

measuring altitudes … [was] … It was light in construction compared with the Davis quadrant

or fore-staff ’ [the mariner’s cross-staff]...358

Placing the replicas and reconstructions on a set of scales, one cannot but conclude
that most of them were much lighter than the octant. For comparison I used an ori -
ginal eleven-inch early nineteenth-century ebony octant with brass index arm from
my own collection that weighs 1050 grams. In weight this one is slightly lower than
the average mid-eighteenth century octant, which weighs on average 1150 grams.359

The mariner’s cross-staff I made weighs about 470 grams, the hoekboog 460 grams,
the spiegelboog 350 grams, and the Davis Quadrant about 880 grams.360 At 1080 grams,
only the demi-cross reconstruction weighed slightly more than the octant. The
mariner’s cross-staff was a short one from the early eighteenth century, with only the
largest transom and a horizon vane attached. The longer ones used in those days were
often thinner and not much more than 50% longer and we may thus expect those to
weigh no more than 700 grams.361

The weight of the instruments will affect their handling characteristics. But the
ergonomics is more important, since how they are held has a significant effect on how
they perform during observations. This effect, combined with other physical prop -
erties of the instrument, can make or break an instrument in the field.

2.8.2 Field tests
Handling the instruments proved to be a major source of knowledge when it comes
to handling characteristics. One gets a proper idea of how well the various types of
vane work, especially those used as a horizon vane. How heavy instruments are is at
times less important than how heavy they feel. From using the instruments, it becomes
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358 Cotter, A History of the Navigator’s Sextant..., pp.132-133.
359 Richard Dunn of the National Maritime Museum kindly weighed four of their early octants for

me with the following results: NAV1303-1273g, NAV1252-1280g, NAV1253-973g, NAV1347-1070g.
360 The 880 grams is the average of Davis quadrants with vanes in the collection of the National

Maritime Museum, Greenwich. Curator Richard Dunn kindly weighed several of their Davis
quadrants for me with the following results: NAV0031-817g (with vanes), NAV0032-819 (with
vanes), NAV0033-878g (with vanes), NAV0034-769g (without vanes), NAV0037-952g (without
vanes), NAV0038-904g (with vanes), NAV0042-836g (with vanes), NAV0044-968g (three vanes,
994g with shadow vane replaced by Flamsteed lens vane), NAV0045-952g (with vanes). A John
Elton type Davis quadrant (NAV0039) weighs 1770g. The replica I used in the experiments
weighs about 710 grams (722 with the shadow vane replaced by the Flamsteed lens vane).

361 For comparison, one of the mariner’s cross-staffs in the collection of the Scheepvaartmuseum in
Amsterdam weighs 453 grams in the same configuration. This is the mariner’s cross-staff with
inventory number s49(01). The staff alone weighs 272 grams, while the staff of another mariner’s
cross-staff (inventory no. s5116) weighs only 133 grams.



clear that proper ergonomics are more important than weight. Had Cotter written
that it was this aspect of the weight that made the octant superior to other instru -
ments, he would have been right. If one thing becomes clear, it is that the Davis quad -
rant, as discussed in section 2.7.3, is also the one preferred by the observers who helped
me in my research.

Field tests have contributed significantly to my research, but arranging a field test
is far from easy, especially when one wants to compare various instruments under
similar conditions (see table 2 for an overview of the tests). First of all, a group of
people has to be brought together. They need to be experienced observers and even
then to be trained in using these antiquated instruments. Then a suitable location
should be found and a date that fits everyone’s agenda. Finally the gods that assisted
so many a mariner on journeys to distant destinations need to smile on the group.
Preferably tests are scheduled during the summer for the greater chance of fine
weather. Nevertheless, that does not guarantee that conditions will be favourable,
was experienced on several occasions. Some of the tests were done at the end of the
summer under better conditions than the earlier ones.

A typical field test consists of a number of observations around the meridian passage
of the sun. In practice, this meant that we would arrive at site at least two hours
before noon, organise ourselves on the spot and start taking observations in order
to get used to the instruments. Then, around half an hour to one hour before the
meridian passage, observations are taken seriously (and that was quite often the
moment the sun disappeared behind a thick layer of cloud), until about the same
time after the meridian passage.

In order to be able to validate the observations a reference is needed. For the first field
test in October 2005, two references were used. The first was a theodolite capable of
taking vertical angles with an accuracy of 1 arc-second.362 The second reference was
a hand-held GPS device that would give accurate time (to within a second) and
position (to within half an arc-minute). Observations were also done with a sextant,
but not used in the analysis. For each observation the corresponding altitude was
calculated using a mathematical algorithm, which was compared to the theodolite
observations. As the theodolite data showed that the algorithm was sufficiently
accu rate, later field tests were compared using time from a radio-controlled clock
and position from a hand-held GPS only. At all times, the times from the radio-con -
trolled clock and the GPS were compared to each other and found never to differ by
more than a fraction of a second. During the first field test all observations were taken
on command (i.e. one person counting down until the moment of observation) in
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order to get them at the same instant, making comparison easier. This however proved
counter-productive as each instrument-observer combination has his own tempo and
often one of the observers failed to get his instrument ready on command. For later
field tests, better software was developed to facilitate easier calculation of the reference
altitude for each observation, leaving the timing to the individual observer.

Most of the field tests were done with a one-to-one set-up, in which each observer
had his own instrument. This, of course, allowed a continuous series of observations
from each single observer at his own pace. The downside of this method is that it
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���Oct����� Land Mariner's cross-staff, Davis quadrant, spiegelboog 

(mirror), spiegelboog (shadow), sextant, theodolite

�

���Apr����� Land Spiegelboog �

��Nov����	 Land Master Hood's cross-staff, mariner's cross-staff, Davis 

quadrant, demi-cross

�

�
�Oct����� Land Davis quadrant, hoekboog, demi-cross �

���Oct����� Land Hoekboog �

���May����� Land Mariner's astrolabe �

���May����� Land Mariner's astrolabe �

�	�May����� Land Mariner's astrolabe �

���May����� Land Mariner's astrolabe �

���May����� Land Mariner's astrolabe �

��Jun����� Land Mariner's astrolabe �

��Jul����� Land Mariner's astrolabe �

���Aug����� Land Mariner's astrolabe �


��Aug����
 Sea Mariner's cross-staff, Davis quadrant, demi-cross, 

hoekboog, mariner's astrolabe

�


��Aug����
 Sea Mariner's cross-staff, Davis quadrant, hoekboog �

���Sep����
 Land Mariner's astrolabe �

��Oct����
 Land Mariner's astrolabe �

��Oct����
 Land Mariner's astrolabe �

���Aug�����

���Aug�����

���Aug�����

�
�Aug�����

���Aug�����

���Aug�����

Sea Master Hood's cross-staff, mariner's cross-staff, Davis 

quadrant, demi-cross, hoekboog, spiegelboog, 

mariner's astrolabe

�

���Nov����� Land Davis quadrant (with plumb bob) �

Table 3



is impossible to discriminate between instrumental and personal errors. The last
field test, this time with nine observers, was set up with five observers using a different
instrument each day. These five observers were using a mariner’s cross-staff, a hoek -
boog, a spiegelboog, a Davis quadrant and a demi-cross. The other observers were using
the same instrument each day. Two of them were handling Master Hood’s cross-staff,
simply because it was otherwise impossible to get anywhere near usable results,
and a third was observing with the mariner’s astrolabe. The last observer had overall
control to ensure proper functioning of the reference clocks and GPS, verifying the
base settings for all the instruments and performed random verification of the
readings.

Even though the field tests resulted in a good set of data, improvements can still be
made. At each test, new problems arose and new ideas were formed for future tests.
The many tests with the mariner’s astrolabe have shown that it probably takes be-
tween 500 and 1000 observations before an observer is fully skilled and that data
acquired before that stage should not be taken at face value.363 Even after 1000 obser-
vations, one can make serious mistakes if either the instrument is not correctly
manufactured or the mathematical principle of the instrument and observation
method is not fully understood. The latter goes much further than simply knowing
that these instruments were able to measure angles up to 90 degrees altitude, as will
be shown in the following chapter.

2.9 Summary

This chapter began by analysing the relationship between the diffusion of navigational
knowledge and navigation itself. English literature was initially based on Iberian
sources, which could only arrive in England by boat. Conversely English literature
could only travel to what we now call the continent by means of navigation. In this
way, works from both sides of the Channel were exchanged. Even within the continent,
navigation played an important role in the distribution of literature, as most works
traded at the Frankfurt book fair arrived there by boat. For the distribution of the
works throughout the western world, the Frankfurt book fair may have played an
important role, but further research is required to see how many navigational works
were traded there.

It was not only the transport of navigational literature by boat that influenced
the diffusion of navigational knowledge. Navigators like John Dee and John Davis
also visited the continent and thus contributed to the dissemination of navigational
knowledge.

In later centuries, even archaeological artefacts from Willem Barentz.’s ex pedi tion,
found in 1871 on Spitsbergen and included works on navigation and instruments,
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found their way back to the inhabited world thanks to navigation and added to our
knowledge of early modern navigation.

Period literature is the primary source for this thesis, but it has been shown that
ambiguities may cause considerable confusion and that general terms, like the word
backstaff, should never be confused for a particular instrument, unless it is accom -
panied by an image or full description. At the same time, literature should only be
used to indicate when a certain instrument came into practice, not until when, as
most early modern works were copies of one another. A quantitative temporal dis -
tri bution is given of the works that were consulted for this thesis, showing that
English and Dutch literature are more or less equally used.

The works relevant to the introduction of the mariner’s cross-staff are of Arab,
Indian, and Iberian origin. The printed works and manuscripts that defined the
instrumental revolution were written by Thomas Hood, Thomas Harriot, and John
Davis.

Right at the start of the seventeenth century, works appeared introducing new
instruments, the first of which was Aelbert Haeyen’s 1600 work that introduced the
cromme boogh and knipboogh. George Waymouth’s 1604 manuscript “The Jewell of
Artes” shows diagrams of 87 instruments related to navigation, 57 of which he claimed
as his own inventions, as well as various diagrams related to ship building and gun-
nery. The mariner’s cross-bow and the Davis quadrant can be found for there the
first time. It has been shown that this work should be read with caution. Most of
the diagrams seem to indicate real instruments, but some of them may have been
thought-experiments or simply there to impress the reader.

Later works introducing new instruments for celestial navigation were by Willem
Jansz. Blaeu (introducing the demi-cross and the hoekboog), Joost van Breen (intro -
ducing the spiegelboog), John Brown (introducing the navigational version of the
tri angular quadrant), John Seller (introducing the plow), John Elton (artificial
horizon on the Davis quadrant that altered the instrument), and John Leigh (artificial
horizon on the Davis quadrant while keeping the original instrument).

The artificial horizon by Leigh was an addition to an otherwise unaltered instru -
ment. These kind of additions were significant for the development of various
instruments. The mariner’s cross-staff began to be used as a backstaff at the start
of the seventeenth century, as indicated by George Waymouth in 1604. Other im -
pro   vements were the sea ring with two apertures (Adriaan Adriaansz Metius),
diagonal scales on the Davis quadrant (John Seller, although earlier references were
found in Joost van Breen’s work and a Dutch newspaper), the lens vane on the
Davis quadrant (Jonas Moore attributed this to John Flamsteed, but that claim was
refuted by Robert Hooke), finer scales on the hoekboog (Abraham de Graaf), a better
form of cross-bow quadrant (Edward Wright) and an improved horizon vane on the
same (Thomas Godfrey), and finally an accessory set to turn the mariner’s cross-staff
into a spiegelboog (mentioned by Jan de Marre).
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Period depictions of the instruments should not be taken at face value. The in stru -
ments are not always depicted in full detail to avoid cluttering, while ornamental
features may have been added to make the images more appealing. It should also
be stressed that many volvelles are not actual instruments as they generally lack design
features by which it is impossible to observe with them. They could however be used
to create working instruments by taking them out of the works, pasting them on wood
and finishing them with the required apertures etc.

Instruments were sometimes depicted in a semi-perspective way, but as perspective
was not yet fully understood by some illustrators, these depictions may cause con -
fusion. Parts are sometimes shown pointing perpendicularly upwards or downwards,
while they were really intended to point towards the viewer.

The illustrations used in books were usually engraved in wood or copper. Some -
times parts of the instruments were combined within a single illustration, probably
to save costs, thereby failing to show the actual use of the instrument. Over time en -
 gravings needed regular refreshment, but when a re-engraving was done, illustrations
could lose or sometimes accidentally gain detail, while they were at times reversed in
the process.

For this thesis, all post-eighteenth-century works are regarded as secondary literature,
although one eighteenth-century work, John Robertson’s 1764 second edition of
The Elements of Navigation, can be regarded as secondary literature as well, as it con -
tains a dissertation on the history of navigation by Dr. Wilson. After Wilson, the
nineteenth century saw a revival in the interest for the history of navigation, with
early secondary sources by James Princep and Baron Von Hammer-Purgstall on
Arab navigation and the works published by the Hakluyt Society. Being regarded
as a founder of modern scientific nautical education, the works of Arthur Breusing
are not only highly valuable, but triggered many a secondary work by authors like
Marie-Armand d’Avezac de Castera-Macaya.

With the latter two we arrive in the twentieth century, when we see the appearance
of standard works by Eva Germaine Rimington Taylor and a single but in-depth study
by Br. Edmund Kiely. With the latter we arrive in the post-Second World War era with
publications on maritime history by Commander J.B. Hewson and Per Collinder,
although both these works a quite limited when it comes to the instruments dis   cussed
in this thesis. These works may, however, have been a source of inspiration for the
author of the first standard work on early modern navigation, David D. Waters. The
Art of Navigation in England in Elizabethan and Early Stuart Times of 1958, is highly
re garded. Almost three decades later it was followed by the similarly impressive work
Zeewezen en Wetenschap, De Wetenschap en de Ontwikkeling van de Navigatie techniek
in Nederland tussen 1585 en 1815, by professor Karel Davids. The last standard work
to be mentioned is Heritage of Indian Sea Navigation, a work on Indian navigation
pub lished in 2002 by professor B. Arunachalam. These publications are all general
works on navigation. There are, however, also works dedicated to single instruments:
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monographs on the mariner’s astrolabe (by Alan Stimson) and on the mariner’s cross-
staff (by Willem Mörzer Bruyns).

Most other post-Second World War works relevant to the history of navigational
instruments are listed in the bibliography even though some were not well researched.
Among those that were well researched and became widely valued are those by Charles
Cotter, William May, and Peter Ifland. The developments on the Iberian peninsula in
the sixteenth century have also been given scholarly attention by De Albuquerque,
De Brito Rebello, Gonçalves, Malhão Pereira, and Da Silva. Works dealing with the
assessment of the accuracy of the instruments are rare. There are a few early modern
accounts, but most are modern-day studies. Among them are desk studies, instru -
ment analyses, and practical tests.

Surviving instruments and archaeological artefacts have been used to research the
details of the instruments and to determine their use, assuming that their surviving
numbers are a valid measure of that. Period literature and documents have also been
used to determine the use of various instruments.

As up to this thesis only an inventory of American Davis quadrants had been made,
I have tried to create one for all known surviving examples world-wide. From this
inventory it appears that production shifted from England to America in the mid-
eighteenth century. Overall, it appears that the mariner’s cross-staff, mariner’s
astro labe, and the Davis quadrant were the most widely used instruments for celestial
navigation. Most examples survived of the Davis quadrant, while the mariner’s as -
trolabe disappeared first. From the data it becomes clear that there was a regional
difference in the use of the instruments. The Davis quadrant was mostly used in
English-speaking countries up to the introduction of the octant, while in the Nether -
lands the mariner’s cross-staff was more common.

Intriguingly the Davis quadrant replaced the hoekboog in the Netherlands, even
though the latter was in principle a better instrument. This was most likely due to
the higher resolution of the scales.

Although in absolute numbers the Davis quadrant has by far the most surviving
examples, which may be a good indication of its widespread use in the eighteenth
century, it cannot be ruled out that external factors, such as its more appealing
shape compared to the mariner’s cross-staff, may have contributed to its survival
chances. An analysis of prices gave no indication that surviving numbers may have
been significantly affected by cost.

Rare survivors like the triangular quadrant, the cross-bow quadrant, the kamal,
the hoekboog, and the mariner’s cross-staff with spoon-shaped vanes are all listed
as well including their current locations.

Experiments with replicas and reconstructions are an additional knowledge source.
The reason for using them is that ageing can affect the accuracy of surviving in stru -
ments, and it is difficult to find owners of original instruments who will allow them
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to be used outdoors. Creating replicas and reconstructions also gives greater insight
into their construction than examining the originals alone. It also gives insight into
the time required to produce them and into their weight. The latter is important
as weight affects handling characteristics.

A summary is given of the field tests I performed using replicas and recon struc -
tions, including the way they were set-up, the references used and the number of
observers involved. The results of these tests are discussed in chapter 7 – Replicas
and reconstructions, but first I will explore that all important step: the invention of
the shadow-casting instrument.

M
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Having understoode that youe have a kind of Crosse staffe, somewhat differing from those of the

common sort, I am somwhat bolde to request a little conference with you about the same.364

Thomas Hood, 1590

3.1 Introduction

In this chapter the instruments for celestial navigation as used from about the twelfth
until the end of the sixteenth century are discussed. As the introduction of shadow-
casting instruments at the end of that period had a major impact on instrumental
design and development, this chapter is divided into three sections. It starts with the
section Geodesy versus Navigation in which the relationship between instruments of
two different disciplines, navigation and geodesy, is explored. Specialised instru ments
exist for both fields, although navigational instruments were at times used in geo -
desy and vice versa, while some instruments where equipped with scales for both areas
of work. What makes an instrument navigational or geodetic will be explained.

The second section retraces the instrumental development from the period of
the earliest instruments for celestial navigation up to the first shadow-casting in -
struments at the end of the sixteenth century. For this I will go back to the simplest
device for angle measurement, the human body. An insight is given into the early
history of the mariner’s cross-staff, going back before its deployment as a navi gational
instrument. Other navigational instruments predating the mariner’s cross-staff are
also discussed in order to be bale to highlight the relationship between them and later
instruments. The chapter ends with a section on the instruments that defined the
change to shadow casting, introducing the ideas of Thomas Hood, Thomas Harriot
and John Davis.

364 Hood, The Use of Two Mathematicall Instruments... (1590), introduction to A Dialogue touching
the use of the Crosse staffe.

The advent of 
shadow-casting instruments 3



3.2 Geodesy versus navigation

This thesis is about early modern instruments for celestial navigational. The line
between those used in land surveying (geodesy) and in navigation is, however, thin.
It was probably for that reason that Kiely decided to combine the two in a single work
and that Taylor combined navigation with geography.365 In the previous chapters, we
have seen the link between instruments used on land and at sea. The mariner’s
astrolabe developed from the astronomical astrolabe, while the baculus Jacob, an
in strument similar in shape to the mariner’s cross-staff, was used on land.366 From
our modern-day perspective, it is easy to distinguish between these four in stru ments,
but that is only because we have learned over the years what they looked like and
that the mariner’s astrolabe and mariner’s cross-staff were used at sea, while the astro -
nomical astrolabe and baculus Jacob were used on land. One may wonder if we could
have told the difference had we found those four instruments in a time capsule
without any further description.

Things become less even clear with some of the other instruments. The quad -
rant, for instance, was used both on land and at sea. Figure 10 shows a quadrant that
was published in a work on land surveying in 1600.367 Apart from the fact that this
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quadrant is square, it would not have differed from the ones used at sea and would
have been fit for navigation.

There are, however, some limitations to both types of instrument, although that
does not mean they have not been used in each other’s line of work. Land surveying
instruments have always been used at sea and vice versa. The instrument that defined
the start of the period under discussion in this thesis, Master Hood’s cross-staff, was
even meant to be used for both.368 In the early modern period the map ping of coasts
and harbours was done both from land and from vessels using a technique known
to land surveyors as plane-table surveying, which dates from the sixteenth century.369

Today levelling instruments, theodolites and total stations, all typical land surveying
instruments, are also used on floating platforms.370 And equipment like RTK-GNSS
receivers has found widespread use in both disciplines, blurring the distinction
between geodetic and nautical.371

In most cases it is intended use that makes an instrument geodetic or nautical. Both
land and hydrographic surveyors know that theodolites, total stations and levelling
instruments belong to the first group, simply because they rely on gravity and require
a stable set-up like a tripod. The emphasis is given to ‘and require’ as several navi -
ga tional instruments also rely on gravity, but are considered nautical instruments
simply because they do not require a stable set-up (although the observational process
might be easier and more accurate if done on land). The reason geodetic instruments
require a stable set-up is due to the way the measurements are taken.

Levelling instruments are made to measure the height difference between two
points. This height difference is measured by taking at least two observations, one
for each point. As these points are spatially separated, the instrument is first aimed
at the first point, for which an observation is taken, and then at the second point, and
a second observation. The height difference is calculated from the two observations.
Changing the height of the instrument in between the two observations prevents
the two observations from being correlated and thus renders the calculated height
difference unreliable. Only by introducing proper procedures, levelling instruments
can be used on board floating platforms like a vessel.372

Theodolites are mainly used to measure angles in the horizontal plane. However,
a theodolite cannot measure angles directly. All a theodolite can do is measure di -
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r ect ions. The difference between two directions is the required angle. Again, a change
in the theodolite’s position or orientation with respect to the points of interest will
in validate the correlation of the observations and render the calculated angles un -
reliable. Even when measuring vertical angles with a theodolite, the outcome is the
result of two observations. The first observation is at the moment that the instrument
is carefully levelled, the second the moment the telescope (or dioptre in the earliest
models) is aimed at the point of which the elevation was required. Provided that the
in strument remains level, the reading of the vertical scale is considered to be the
vertical angle to the required point. Placing a theodolite on a moving object will allow
one to measure points properly as long as they move with that object (i.e. the ship’s
mast and other points attached to the hull or superstructure), but points outside the
object can no longer be reliably measured.

It is therefore only with utmost care and extended training that geodetic instru -
ments can be used for tasks on board vessels or other floating objects, and it is for
this reason that we recognise them as geodetic instruments.

Navigational instruments also combine two observations for a single result, but
com bine them into a single action. In this way, it is no longer necessary for these
in   struments to be used in a stable set-up. The most successful instruments in this
respect, the octant and its derivatives, do this so well that an observer hardly notices
that two observations are combined and considers each measured angle as a single
observation.

Most early modern instruments for celestial navigation were capable of doing
the same thing, with two different principles used to establish the observation. As
will be shown in section 5.4 – Observational reference these basic principles allowed
them to be used on a vessel or even necessitated them being used on a large body
of water. Others, however, were not yet able to combine the observations, making the
out come unreliable. The mariner’s cross-staff in its forward fashion and Master
Hood’s cross-staff were difficult to use for this reason. When using the mariner’s cross-
staff in a forward fashion, one had to observe the horizon along the bottom edge
of the transom and the celestial object along the upper edge. The time it took to move
the eye from the bottom edge to the upper edge was enough to cause a displacement
of the instrument with respect to the horizon. When using Master Hood’s cross-staff,
one had to align the yard (horizontal beam) of the instrument with the horizon,
keeping the transom vertical, and only then could one position the shadow of the
shadow vane near the end of the yard. This required three different points in time
and space for a single observation.

It was for this reason that Harriot’s second and third instruments would not have
worked properly either. These also required more than one point in space and time
for a single observation: with the second instrument one had to look along the staff
towards the horizon, and then observe whether the shadow was properly cast on the
cursor. The third instrument used sights on two scales, each of which had to be set at
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the same value, while one needed to observe the horizon through them and ensure
the proper casting of the shadow. It is unlikely either instrument would have worked
properly.

3.3 Back to basics

Before looking at the instruments of the period of this thesis, the state of instru men -
tal development for celestial navigation prior to the introduction of shadow-casting
instruments deserves some attention.

3.3.1 Introduction
Navigation by instrumental observation did not start in the west, but seems to have
started independently in several parts of the world.373 The Chinese may have been
the first, introducing the magnetic compass by the end of the first millennium AD
in Asian waters and in western waters around 1200 AD.374 When the first Europeans
rounded Africa at the end of the fifteenth century, they were surprised to learn that
Arab navigators were familiar with the astrolabe, albeit the astronomical version,
and also used instruments like the kamal.375

As this thesis is about the wooden instruments for celestial navigation that developed
in the west, it will focus on their development from a western point of view. This
means that the order in which the instruments are discussed does not necessarily
reflect the worldwide introduction of navigational instruments for celestial navi -
gation, but merely shows in what order western mariners adopted them. This section
will deal with the earliest onboard use of instruments for celestial navigation on
wes tern ships and their influence on the introduction of the shadow-casting method
introduced by Thomas Hood in 1590 and the instruments that evolved from it.

In the period before the introduction of the mariner’s cross-staff, only two instru -
ments were used for celestial navigation. The reason for this was most likely that,
although navigation by instrumental observation had already been practised for
several centuries in the west, navigation based on mathematical calculations was still
in its infancy. It seems that the first instrument for celestial navigation used on board
ships was the mariner’s quadrant, introduced around 1456-57, shortly after followed
by the mariner’s astrolabe around 1481.376 These were the only two instruments for
celestial navigation employed until Vasco da Gama rounded Africa at the end of the
fifteenth century on his way to India. It was during this journey that a Gujarat pilot
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introduced him to the kamal, an instrument that Da Gama took home on his return
voyage.377 As will be shown, it is likely that this Arab instrument played an im portant
role in the introduction of the mariner’s cross-staff in the two decades following.

After its introduction, the mariner’s cross-staff kept on developing and by the end
of the sixteenth century two forms of this instrument were known among mariners.378

Both would influence later shadow-casting instruments. By this time the quadrant
was regarded “...an excellent Instrument upon the Shore,[...] but for a Seaman [...] to
no purpose...”, while the mariner’s astrolabe was regarded “...an excellent instrument
being rightly understood and ordered...”.379 The latter had become immensely popular
and even saw the sea ring as its offspring in an attempt increase the size of the grad -
uation intervals.

3.3.2 Instruments for celestial navigation predating the mariner’s cross-staff
As mentioned above only two navigational instruments were used before to the
introduction of the mariner’s cross-staff: the mariner’s quadrant and the mariner’s
astrolabe.

3.3.2.1 The mariner’s quadrant
Throughout history the quadrant has probably been the most versatile and widely
adopted instrument in the mathematical sciences. In basic shape it consists of a quar -
ter circle, made of wood or metal.

Quadrants have been used in a wide range of mathematical disciplines including
astronomy, sundial construction, gunnery, drawing, horology, land surveying and
navigation.380 In size they could vary from just over 10 centimetres up to several
metres. Some quadrants were made for purely mathematical purposes, but most
were (solely) intended for observation. In order to take those observations, at least
two apertures were needed to form a line of sight. These apertures were either
mounted on an index arm (see figure 11), along one of the radii (the straight edges)
of the instrument (see figure 12), or as a combination of the two (in which case four
or more apertures were placed on the instrument, see figure 13). The latter version
was capable of measuring angles between two objects, one of which could be the
horizon, while the former two models could only be used to measure an object’s
altitude as they relied on gravity. When relying on gravity, the whole in stru ment was
either set up vertically on a stand by means of a plumb bob along one radius, or had
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a plumb bob suspended from its apex that was used as a vertical reference along the
graduated arc, while the side of the instrument with the sights was inclined towards
the celestial object.

Quadrants with index arms have also been constructed to allow the index arm to
serve as a plumb bob. After the invention of the telescope, the apertures were some -
times re placed by this optical arrangement. Quadrants could be used as dis crete
instru ments, or incorporated into larger instruments like early theodolites and astro -
nomical instruments.
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Top-left (Figure 11): A quadrant with 
apertures on the index arm according to 
Brahe (Noribergae, 1602). Top-right (Figure 12):
A quadrant with apertures along one of the
edges according to Moxon. Right (Figure 13): 
A quadrant with apertures along the edge and
on the index arm according to Metius
(Amsterdam, 1632).



The smaller quadrants were usually meant for hand-held use and found their way
into navigation, while the larger were usually astronomical instruments mounted on
a stand or against a wall. In navigation, quadrants with a plumb bob were generally
used, although those with apertures on both the index arm and the radius are men -
tioned in navigational manuals.381 At times we find quadrants of two feet or more
mentioned in relation to navigation,382 but those were most likely intended to be used
on shore to accurately determine the latitude of newly discovered lands.

Although quadrants had been in use in astronomy since at least the thirteenth century,
their navigational use is first recorded around 1456-57.383 Initially the mariner’s
quad rant was used for relative observations using the pole star, and so the arc, like
the string of the early Arab kamal, was marked for specific coastal features such as
harbours, capes, river mouths, etc., instead of degrees.384 About a quarter of a century
later the first declination tables for the sun appeared and the scale of the mariner’s
quadrant began to be divided into degrees.385 It was around this time that another
navigational instrument, the mariner’s astrolabe, was introduced.

3.3.2.2 The mariner’s astrolabe
The use of astrolabes for celestial observations on land goes back to at least the
fourth century AD and may have developed in Greece during the first two centuries
AD.386 These astrolabes consist of a solid disc or mater, hollow on the front side and
flat on the rear. When in use it is suspended from a ring attached to the mater via the
throne. The hollow front of the mater could accommodate several discs or tympans
with stereographic projections of the sky, each for a certain latitude. Over these discs
a web-like structure or rete is placed with star pointers for a number of stars. The rete
and tympan are held in place by an index arm or alidade and a central pin. The edge
of the hollow side of the mater is usually divided into degrees around the circum -
ference, while the flat side is usually engraved with additional scales of varying types.
Sometimes two shadow squares were engraved, each divided into different units
(e.g. one into 12 digits, the other into 7 feet). Other scales that might be found on the
back included trigonometrical scales (e.g. sinus, cosines, cotangents), lines of local
latitudes, and tables of the elements, zodiacal signs, planetary lords of the four trip -
li cities, etc..

Initially, the astrolabe was an instrument for use on land, to demonstrate the circum -
polar motion of the stars, and to find the time and latitude. The astrolabe made its
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way to the Arab world in or before the ninth century AD.387 They kept the same func -
tio nality as the Greek versions, but were also able to produce the Qibla (direction to
Mecca for the daily prayers of Muslims). These elaborately decorated Greek and
Arab astrolabes were astronomical instruments and are therefore referred to as
astronomical astrolabes in this thesis to distinguish them from the mariner’s astrolabe.

The mariner’s astrolabe was most certainly derived from the astronomical
astrolabe that was introduced to Europe by the Arabs in the tenth century AD.388 It
was a simplification of the astronomical instrument, stripped of most scales apart
from the one for degrees, although some still had shadow squares.389 The oldest known
recorded use of the mariner’s astrolabe on board a vessel dates from 1481, while the
earliest depicted example dates from 1517.390 As the oldest surviving example dates
from approximately 1533, the diameters of fifteenth-century mariner’s astrolabes
are not known.391 Depending on geographical origin, the scales were marked either
for zenith distance or altitude.392

Mariner’s astrolabes have been made of wood, but probably most were made of
cast metal to make them heavier and more wind-resistant.393 For that reason the
in strument underwent a change to a four-spoked open wheel design, so that the
wind could pass through.394 In order to give the instrument more inertia, additional
ballast was added either directly under the throne or at the bottom of the instrument
by widening the upper or lower spoke. In cross-section some mariner’s astrolabes
were wedge-shaped, making them thicker near the bottom than near the hinge,
again to add bottom ballast.395

Although mainly known as a metal instrument, the mariner’s astrolabe is of interest
for this thesis on wooden navigational instruments as it may have influenced the
development of them,396 while the observational methods and procedures were
superior from a mathematical point of view than with all wooden instruments up
to the advent of the octant.397 Accuracy-wise the astrolabe would have performed
better than the quadrant and comparably to the early cross-staff, but was more
difficult to use at sea and more expensive than the latter.398 A major advantage over
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391 Castro, Jobling, Budsberg, Passen, Marine Astrolabes Catalogue..., Id’s 91-93. Stimson lists one
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395 idem, p.18, 22, 24-27.
396 See section 3.4.2.1 – Master Hood’s Cross-staff.
397 See section 5.6.4 – The procedure for the mariner’s astrolabe.
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the early cross-staff was that it did not require the observer to look into the sun. The
mariner’s astrolabe remained in use until the end of the seventeenth century.399

3.3.3 The introduction of the mariner’s cross-staff
The shadow-casting instruments for celestial navigation discussed in this thesis were
made of wood, a material much cheaper than the bronze used for the mariner’s astro -
labe. That they were designed using wooden staves for the frames had all to do with
events in the final years of the fifteenth and first two decades of the sixteenth century.
It was in this period that another wooden instrument, the mariner’s cross-staff,
was introduced. This was most probably inspired by the Arab kamal that was intro -
duced to the west by Vasco da Gama after his journey to India.

As the cross-staff plays an important role in the development of shadow-casting
instruments, its early history and relation to the kamal need to be examined in more
detail.

The mariner’s cross-staff is a wooden instrument consisting of a square-sectioned
staff and – in its fully developed form from the end of the sixteenth century – up to
four sliding transoms.400 For each vane a scale was engraved on one of the sides of
the staff. Initially, the mariner’s cross-staff was used only for forward observations,
i.e. facing the sun. This meant that the navigator had to look into the sun with naked
eye or only protected by a small piece of coloured glass.401 Measurements were taken
by holding the eye-end of the staff next to the eye (against the eye socket to the left
or right of the eye or on the cheekbone below the eye402) and sliding the vane until
the lower end ‘touched’ the horizon and the upper end ‘touched’ the celestial
body.403 Then the corresponding scale on the staff was read, giving either the zenith
angle or the altitude.

As discussed in the chapter Sources of Knowledge, and indicated by Mörzer Bruyns,
modern-day interest in the mariner’s cross-staff started in Germany in the nine -
teenth century.404 The first thorough article on the cross-staff was produced by
Arthur Breusing in 1869.405 Breusing wrote his article as a commentary on an article
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399 Davids, Zeewezen en Wetenschap..., pp.171-172. Stimson, The Mariner’s Astrolabe..., p.42.
400 I specifically use the word transom here instead of vane as by the end of the sixteenth century

a cross-staff was used with a single transom along which two vanes could slide. This latter
instrument I will refer to as the cross-staff with vanes. For the earliest date of the fully developed
form see section 3.3.4.4 – The mariner’s cross-staff.

401 Mörzer Bruyns, The Cross-Staff..., p.25.
402 Lastman, Kunst der Stuer-luyden... (Amsterdam, 1661), p.81.
403 It is known that the sun was measured either at its lower or upper limb, the latter method

giving some protection to the eye.
404 Mörzer Bruyns, The Cross-Staff..., pp.18-19.
405 ibid. Breusing, ‘Regiomontanus, Martin Behaim und der Jakobsstab’, reprinted in: Köberer, Das

rechte Fundament der Seefahrt... (Hamburg, 1982), pp.186-193. The article has been referred to



by German’s first and foremost naturalist and traveller, Alexander von Humboldt,
who wrote that Vasco da Gama had found the mariner’s cross-staff in use among
Arab seafarers and brought it back from India to Europe after his journey in 1499.406

Breusing showed, however, that there would have been no need for that as the
cross-staff, as an astronomical instrument, was already in use by Johannes Müller
(Regiomontanus, who Breusing even saw as the inventor of the instrument), and
his pupil Martin Behaim.

In addition, Breusing showed that Von Humboldt had misinterpreted his source,
Decada Primeira da Asia by Vasco da Gama’s biographer João de Barros. In this 1628

work, based on the original 1552 manuscript, De Barros described the journey of
Vasco da Gama to India.407 While sailing north along the east coast of Africa Da Gama
used local pilots to guide him.408 After he had lost his Mozambique pilots, he went
north to Malindi in search of a replacement.409 Here the local king sent him a pilot,
whom, according to De Barros, Da Gama showed

the great wooden astrolabe which he had with him and other astrolabes in metal, with which the

altitude of the sun was taken. The Moor [the pilot sent by the king] displayed no astonishment

at seeing such instruments. He said the (Arab) pilots of the Red Sea used instruments of brass,

triangular in form and quadrants to take the height of the sun, and of the (pole-)star which

they used most in their navigation. But, he added, he and the sailors of Cambay and the whole

of India sailed with (the help of) certain stars, southern as well as northern, and other notable

stars which crossed the centre of the heavens from east to west. They did not take their altitude

with instruments like those (that Vasco da Gama showed him) but with another which he used

himself, and he brought it at once to show him [...]; it was an instrument made of three plates.

As we are dealing with the shape and method of using this instrument in our Geographia

(Universalis, a work unfortunately now lost) in the chapter devoted to instruments of navigation,

it is sufficient to mention here that the instrument in question is used by the Moors for the

operation for which we use in Portugal the instrument called by the sailors arbalestrille [the original

Portuguese manuscript reads balhestilha], which is also dealt with, along with its inventors in

the chapter just mentioned (of the Geographia Universalis).410
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407 De Barros, ‘Ásia de Joam de Barros...’, f.47r.

De Barros, Decada primeira..., f.73v.
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409 ibid.
410 Translated by G. Ferrand in his ‘shih b al-D n’, in: Houtsma, Arnold, Basset, Hartmann (eds.),

Encyclopaedia of Islam, First Edition (1913-1936) (Leiden, 1913). Ferrand’s original annotation
between (parentheses), my annotation between [square brackets].



The above translation was given in 1913 by the French Orientalist Paul Joseph
Gabriel Ferrand (1864-1935), who believed that this pilot was the famous Gujarati
Ibn Majid (c1432-c1501),411 author of over 40 important Arabic works of navigation.412

The generally accepted view among more recent historians is that it could not have
been Ibn Majid and the pilot’s true identity remains unknown.413 Although De Barros
wrote that “...the instrument in question is used by the Moors for the operation for
which we use in Portugal the instrument called by the sailors arbalestrille...”,414 we
need to realise that De Barros’ work dates from 1552, half a century after Vasco da
Gama’s return from India. By this time the cross-staff was indeed being used by
western navigators,415 but it was not in use by Arab pilots in the fifteenth century.
The “...instrument made of three plates...” described by De Barros is known to us
as the kamal and among Portuguese navigators as das tavoletas, tabuas da India or
balhestinha do Mouro and will be discussed below.416

3.3.3.1 The Baculus Jacob or Jacob’s staff
To understand the origin of the mariner’s cross-staff and the role the astronomical
cross-staff as used by Regiomontanus played in it, it is necessary to understand the
latter instrument. According to Mörzer Bruyns, it is “...generally accepted by historians
that the baculus Jacob was first described around 1342 by the Catalan-born Jewish
philosopher and scientist Levi ben Gerson (1288-1344)...” (my emphasis).417 Mörzer
Bruyns had good reason not to use the term (mariner’s) cross-staff in this context, as
the instrument Levi ben Gerson described was altogether different. According to
Mörzer Bruyns, the baculus Jacob was “...only used by astronomers...”, and “...it has
been more broadly accepted that the adaptation of the baculus Jacob for use at sea
was inspired by the kamal.”418
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411 Ferrand, ‘shih b al-D n’. For his lifespan see Tibbetts, Arab Navigation..., pp.7-9 and Khoury, ‘As-
Sufaliyya...’, pp.16-18. On the title page the last two figures of his date of death are accidentally
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412 Tibbetts, Arab Navigation..., pp.16-41.
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‘History of Arab Navigation...’, in: Marine Biological Association of India Special Publication...
(1973), p.265.
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415 Mörzer Bruyns, The Cross-Staff..., pp.18-22.
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Greenlee, The Voyage..., p.39. For Balhestinha do Mouro see Needham, Science and Civilisation
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417 Mörzer Bruyns, The Cross-Staff..., p.23.
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Mörzer Bruyns also wrote that according to Siegmund Günther, a German scholar
contemporary with Breusing, Regiomontanus’ pupil Martin Behaim introduced Levi
ben Gerson’s baculus Jacob to the Portuguese explorers.419 Mörzer Bruyns states, how -
ever, that there is “...no record of it being used by the Portuguese at sea in the fifteenth
century...” and that “...the Behaim theory has yet to be proved.”420

Levi ben Gerson himself was first introduced in modern literature by Salomon
Munk (1803-1867), a German-born Jewish-French Orientalist, in 1859.421 In the second
half of the twentieth century, former Director of the Jewish Studies Program at Pitts -
 burgh University, Bernard R. Goldstein, produced a number of articles and a book
on Levi ben Gerson’s Astronomy. Working from the original Hebrew manuscripts
instead of the historic but later Latin translations makes his English translations
the nearest to the original work. The cross-staff that was used to measure altitudes of
celestial bodies above the horizon was the second cross-staff Ben Gerson described
in his manuscript and differs considerably from the mariner’s cross-staff.422 It rested
on the ground using four legs and had to be set horizontal. Then the transom was
attached and compared to a plumb bob to get it truly vertical. Although not stated
in the original text, it may be clear that for this method the instrument had to be
placed on a stable grounding and could therefore not be used on an unstable
platform like a ship.

The first instrument Ben Gerson described, the astronomer’s cross-staff for measuring
the angles between celestial bodies, was very similar in shape to the one later shown
and described by Georges Fournier in 1643.423 There were however several dissimi -
larities with that instrument and even more with the mariner’s cross-staff.424 The
eye-end, which in the mariner’s cross-staff is a simple square end, had a plate attached
to it with two pegs protruding from it “...such that one peg is placed in the corner
... of the eye that is observing, and the other peg fall on the other corner of that eye
without pressing on the eye...”. The scales, which are divided into degrees on a
mariner’s cross-staff and are thus non-linear, were linear for the astronomer’s cross-
staff and divided into spans and eight of a span (called a unit) along the whole staff.
Whereas the mariner’s cross-staff had no more than four vanes, at least five vanes
of 2, 4, 8, 16 and 24 units were used with the astronomer’s instrument. Each vane had
a round hole, which are square for the mariner’s cross-staff, allowing the vane to be
turned around the staff to get it aligned with the celestial bodies without having to
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rotate the staff, so that the pegs that rested on the eye remained in their original
places.425 The vanes were twice as broad on one end as on the other, similar to the
one depicted by Fournier, whereas with the mariner’s cross-staff the vanes are sym -
metrical. When observing, one had to write down the vane length that was used
and the reading of the scale of the staff at the vane’s position. From these two values
the angular distance between the two celestial bodies could be calculated, whereas
with a mariner’s cross-staff one would directly read the angular value in degrees.
So, although this cross-staff seemed to be very similar to the mariner’s cross-staff,
it was different in so many aspects that only the basic shape – two perpendicularly
mounted staves – resemble the later mariner’s instrument.

That the mariner’s cross-staff was considered an altogether different instrument than
the Jacob’s staff becomes clear from a seventeenth-century Dutch land sur veying work
by Mattheus van Nispen (c1628-1717).426 In his De Beknopte Lant-Meet-Konst (The
Concise Art of Land Surveying), published in 1662, he wrote that there

...verscheyde Instrumenten zijn / daer mede de hooghte kan genomen worden / als het Winckel-

kruys, het Quadrant, den Jacob-staf of Baculus Jacobs, de Graet-boogh [...] en vorders een stock

in deelen verdeelt / en Perpendiculaer in d’aerde gesteeken zijnde / en soo voorts ...427

Although the term Winckel-kruys (lit: square-cross) was used for two different in -
struments in the seventeenth century, from the context it becomes clear that in this
case the Holland circle was meant. The Graet-boogh (lit: degree-bow) is the Dutch
word for the mariner’s cross-staff and thus the above translates as

...various instruments exist / with which the height can be observed / such as the Holland circle,

the Quadrant, the Jacob-staff or Baculus Jacobs, the Cross-staff [...] and also a stick divided into

parts / and stabbed perpendicularly [vertical] into the earth / etcetera ...

Clearly, Van Nispen discriminates between the Jacob’s staff and the mariner’s cross-
staff, the latter considered equal by him to the Holland circle,428 most likely as it was
also divided into degrees.

In a later article, Goldstein stated that “Levi [ben Gerson] says nothing about using
this instrument [the astronomical cross-staff] for navigation at sea, and there is no
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evidence that he gave any thought to astronomical navigation.”429 Goldstein even
showed that “Neither the Hebrew nor the Latin [edition] of Levi’s Astronomy has
an expression equivalent to ‘Jacob’s staff.’” and that it “...probably derives from a verse
in one of the poems that Levi composed to celebrate his invention of this in stru -
ment...”.430 The line in this verse Goldstein refers to reads “Were it not for me, Laban
would have sent Jacob away with nothing.”431

The astronomical instrument Ben Gerson referred to could also be used to
determine the apparent diameter of celestial bodies as is evident in the sentence
directly following the above poem in chapter 9:

You should know that we first invented this instrument to determine whether there is an eccentric

sphere, for with it we can determine accurately the apparent size of the diameter of the Moon ...432

The method is described at the start of the chapter, while in the first line of chapter 7
Ben Gerson states that he invented this astronomical cross-staff.433 Still the question
remains as to whether he really invented the cross-staff as an instrument or whether
his invention only applied to some of its features like the method of measuring the
apparent diameters of celestial objects. The cross-staff Ben Gerson described was
an instrument that worked on the principle of similar triangles, either directly when
used in surveying or using a table of data when used for astronomy.

In Surveying Instruments, Their History and Classroom Use, Br. Kiely states that “Since
they were acquainted with the properties of similar right triangles, the Babylonians
may have also used the vertical staff for the indirect measurement of height, but of
this there is no record”,434 while around “...the sixth century B.C. [...] Thales [...] had
learned in Egypt the application of the shadow staff to measure the height of an
object.”435 The use of similar right triangles can also be found in the work by the
Indian mathematician Aryabhata (476-550AD, sometimes also spelled Aryabhatta),
who, according to Kiely, was the first to record the method of measuring an in -
access ible height using a vertical staff from two stations.436 The uses of the combina-
tion of a vertical and horizontal staff, as used by Ben Gerson, were, according to Kiely,
“...numerous and were designated by various names...”.437 As an example he gives
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the Latin work De Geometrica by Gerbert of Aurillac (c. 946-1003, better known as
Pope Silvester II) who named such an instrument Scorpio (cross-bow) in chapter 29,
for measuring the depth of a well.438

According to the standard work Science and Civilisation in China, edited by Joseph
Needham, the cross-bow as a surveying instrument was also known in ancient China
as early as the eleventh century AD and can be found in a passage written about
1085AD by Shen Kua,439 who wrote that

The (stock of the crossbow) was like a rule [...] with graduations in inches and tenths of an

inch. The idea of it was by (placing) an arrow [...] (across it at different points) and looking

past the two ends of the arrow [...] one could measure the degree [...] of the mountain on the

instrument, and in this way calculate its height. This is the same as the method of similar right-

angled triangles [...] of the mathematicians.440

It is therefore no surprise that Needham found “...an application to surveying at the
time of Levi ben Gerson or somewhat before, would be natural...”.441 Even the hori -
zontal four-legged cross-staff for altitude measurements Ben Gerson described can
be seen as a scale model of the 40ft-high and over 120ft-long gnomon built in 1276

AD at the Dengfeng Observatory some 70 kilometres east-south-east of Luoyang
in the Henan Provence.442

According to Cotter, the “...invention of the cross-staff is often attributed to Levi ben
Gerson [… and it is ...] doubtless true that Levi was the first to describe the in stru -
ment [..., but the ...] invention appears to belong to Jacob ben Makir, who flourished
during the thirteenth century...”.443

With the above remarks in mind, caution should be taken in crediting Levi ben
Gerson with the invention of the Jacob’s staff, let alone the (mariner’s) cross-staff,
but we can merely state, as Kiely did, that he gave the “...earliest description of the
Jacob’s staff proper...”,444 although we should add “in the west”.

NAVIGATION ON WOOD128

438 Migne, Patrologiae Cursus Completus..., Vol.139 (Petit-Montrouge, 1853), pp.123-124.
439 Kua, cited in: Needham, Science..., Vol.3 (Cambridge, 1959), pp.574-575.
440 ibid.
441 idem, p.575.
442 idem, pp.296-297. The observatory can be found at WGS84 coordinates 34°24'09''N, 113° 08'26''O.
443 Cotter, A History of Nautical Astronomy, p.64.
444 Kiely, ‘surveying Instruments...’, p.85.



3.3.3.2 The kamal
As noted above, Mörzer Bruyns has written that “...it has been more broadly accepted
that the adaptation of the baculus Jacob for use at sea was inspired by the kamal...”
and that “...the Behaim theory [that he had introduced the cross-staff to Portuguese
mariners] has yet to be proved...”. I agree on these points as no further evidence of
the Behaim theory has yet surfaced, while the amount of (circum stantial) evidence
for the kamal theory is abundant and the baculus Jacob may have played a role in the
introduction of the mariner’s cross-staff. The role of the kamal, however, has in my
opinion not been sufficiently explored, or at least not in a single work. In addition,
the development from an instrumental point of view has not yet been given proper
attention.

Kamals consisted of a single or multiple rectangular tablets with a single or double
string attached to the centre and ‘graduated’ with knots for altitude or coastal
features, similar to the use of early mariner’s quadrants.445 The number of tablets
would vary with time and region and could be as many as twelve.446 Of the tablets
both the length and width could be used as reference.447 Observations with the
kamal were taken by moving the tablet closer to or further away from the eye until
the width or height of the tablet occupied the angular space between the celestial
body and the horizon. At the same time the string was held taut with the teeth and
the number of knots on the string suspended from the mouth downwards was an
indication of the observed altitude.

As described above, the kamal was introduced to western navigators by the Gujarat
pilot who guided Vasco da Gama to India in 1498.448 According to Needham, “Da Conti
(c. +1440) was the first Westerner to mention the kamal”, but Da Conti merely
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mentioned the procedure, not the instrument.449 As even today navigation is done
by Coromandel coast sailors in the neighbourhood of Cuddalore and Pondicherry
using hand measures, i.e. without the use of a kamal, there is no evidence that Da
Conti knew or described the kamal.450 As with the instrument, the first mention and
etymology of the kamal is much debated. In modern, literature kamal is translated
as ‘perfection’,451 ‘guide’,452 ‘the consummation’453 or ‘guiding line’.454 It seems that it was
in 1836 that the word kamal was first mentioned as the name of the instrument when
James Prinsep, editor of the Journal of the Asiatic Society of Bengal, wrote an article
on the instruments used by Arab navigators as a response to a series of articles by
Baron Von Hammer-Purgstall on the mid-sixteenth century Turkish navigational
work Bahr-i-mohit (or simply Mohit) by Sidi-Ali Ben Hussein (also known as Seydi Ali
Reis, 1498-1563) in that same journal.455

Prinsep had asked a mariner from the Maldives to show him their navigational
instruments, two of which he brought with him on his next voyage to Calcutta.456

One of the instruments was a mariner’s cross-staff in the configuration known as
the Dutch fashion as used by the Dutch in the seventeenth century.457 It was, however,
not recognised as such by Prinsep, even though the mariner called it a bilisti, a word
very close to some western names for the cross-staff: in English ballastella, in Spanish
balestilla and in Portuguese balhestilha.458 Prinsep did, however, realise that it was “...an
evident improvement upon the original cord...” of the kamal,459 which was the other
in strument the mariner showed him. Both instruments were described in great
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detail, mathematically analysed and shown in a lithograph in his article (see figure
14).460 From Prinsep’s account it becomes clear that both were completely new to him.
He even wrote down their names, which he must have heard from the mariner, in
Arab notation for both the kamal ( ) and the bilisti ( ) in corresponding
footnotes.461

In 1838, Von Hammer-Purgstall published a translation of parts of the Mohit, which
was originally written in Ottoman Turkish (i.e. Turkish with Arabic script), describing
a version of the kamal with nine tablets, the loh, but without a depiction of the in -
stru ment.462 Prinsep once again commented on this article and mathematically
analysed the instrument.463

Von Hammer-Purgstall’s articles were written in English and are one of the two
translations of the Mohit. The other one is in German and was published in 1897 by
Professor of Oriental Languages, Maximilian Bittner (1869-1918), and Professor of
Geography, Wilhelm Tomaschek (1841-1901), both working at the University of
Vienna.464 Unlike Von Hammer-Purgstall’s articles, the translation by Bittner and
Tomaschek did not reveal the instruments of the time. It is only in the second chapter,
which deals with how the maps were reconstructed based on the texts in the Mohit,
that Tomaschek discusses the altitude measurement methods of the Arabs.465 He starts
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The kamal 
(Princep, 1836).

Figure 14



explaining the relation between finger widths and the isba and philosophises how
this way of observing would have evolved into, as he wrote himself, “...the precursor
of our jacob staff...”.466 The kamal or loh are, however, not mentioned in this instru -
mental section and no references are given to substantiate his ideas.

Almost a century later, in 1981, Gerald Randall Tibbetts published an in-depth study
of Ibn Majid’s c1490 navigational work ‘Kitab al-Fawa’id fi Usul al-Bahr wa’l-Qawa’id’
(The Book on Instructions in Rules and Principles of Navigation).467 Tibbetts stated
that “...the measurer’s instrument is never called this [kamal] by the [Arab] navi -
gators”.468 The next year Ibrahim Khoury wrote that the word was actually used by
Ahmad Ibn Majid to indicate the instrument in his ‘As-Sufaliyya’ which he had
written in or before 1475.469 In the 1982 translation by Khoury of the ‘As-Sufaliyya’
one of Ibn Majid’s verses reads “...I have given much knowledge till now, you will
get completely used to it, when sitting to measure with al-Kamal”.470 At the end of
his work, Khoury further elaborates on the translation of this sentence, showing
that much depends on how the original text and grammar is inter preted.471 Sadly
enough, my own ignorance of Ottoman Turkish and Arabic makes it impossible for
me to verify the original texts and it is impossible for me to judge if the term al-
Kamal stands for the instrument in question or just for ‘perfection’ or some of its
other denotations.

The instrument was originally shown to Vasco da Gama by a Gujarat pilot and
although this pilot came on board on the African coast, there is a chance that the
in strument he carried was of Indian, perhaps even Gujarat, origin. Retired Indian
professor of Geography at the University of Mumbai, Balsubramiam Arunachalam
(1933-2014), wrote in 2002 that

In the earlier pages it has been pointed out how the ra-p-palagai/kamal appears to be most probably

of South Indian origin. If the Kamal was of Arabic origin, as believed by mediaeval European

navigators, and its usage had traveled [sic.] from Arab shores, southwards to the Indian coasts,

including Lakshadweep, Maldives and Srilanka, it is indeed paradoxical to find usage of Tamil

measurement terminology and system, instead of using the Arab isba, especially when the usage

has absorbed a considerable, quantum of Arabic ideas and words.472
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This quantum is indeed considerable when we realise that further east, in Indonesia,
no less than 3750 Arabic words are used in maritime language.473 Arunachalam agrees
with Tibbetts that neither Ibn Majid nor Suleiman al Mahri used the word kamal, but
that they “...talk of an instrument, qiyas [...] alternatively known as ‘al-khashabat’ or
‘al-khashabah (meaning wooden tablet)...”474 He also states that in 1994 Sayyid
Qudratullah Fatimi, former Director of the Regional Cultural Institute in Islama bad,
“… effectively argues against fanciful Arabist interpretation of kamal, as an instru -
ment of perfection.”475

Tibbetts was criticised by Fatimi in 1994, of “...only showing his ignorance of the
rules of Arabic grammar...”, to have “...destroyed the historical continuity of the
development of the kam l...”, and that “...his work is full ... grievous errors...”.476 As
with Koury’s translation, it is impossible for me to assess Tibbetts’ understanding
of the original texts and so judge the value of Fatimi’s remarks. After having accused
Tibbetts, Fatimi wrote that Ibn Majid “...used the word kam l and its cognates at least
forty five times in his treatises...”, but only because Ibn Majid “...tended towards accu -
racy and perfection...” and that it was for this perfection, and not for the in stru ment,
that the word kamal was used.477 The instrument Ibn Majid did use, according to
Fatimi, was named qiy s.478

On the etymology of kamal as a navigational instrument Fatimi elaborated a
whole chapter, even though he fails to produce period references to the use of the
word as an indication for the instrument. He stated that it was derived from the
Arab qaws, and wrote that the “...the root meaning of the Arabic word qaws is « to
measure a thing by another thing »...” and “...the verbal noun of qaws, means «
measure ment », « astral measurement », « astral navigation »...” with the last two
connotations coming from a long history dating back to pre-Islamic times.479 Fatimi
wrote that nowadays al-Kam l is still used by present-day Arab mariners to indicate
the sextant,480 even though the kamal in its original form has been in continual use
until very recent times.481
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On the current use of the word kamal Arunachalam wrote that

Linguistically, the ‘kamal’ is a corruption of the Persian ‘kamaan’, meaning ‘arc’, drawn from the

root ‘qaws’. Even to-day ‘kaman’ [sic.] is the word used in Tamil and Maldivian language (Divehi)

to indicate a wooden sextant.482

A few pages later Arunachalam further elaborates on the kamaan, stating that is is
known as the kol-palagai or kolpalagai and that it

...is made of wood and is comparable to a modern sextant. In classical literature it is called the

turiya yantra. It is known as the Kamaan (lit. arc) on the coast of Tamilnadu.483

On the following page, an illustration is presented of the kol-palagai from which it
becomes clear that the ‘wooden sextant’, in Arunachalam’s words, is a Davis quad -
rant, an instrument Arunachalam clearly did not recognise.484 History seems to be
repeating as Arunachalam failed to recognise not only the Davis quadrant, but also
the backwards use of the bilisti that Prinsep had shown and also failed to recognise
almost two centuries before.485

As an instrument, the kamal originates from the earliest method of observations
in which parts of the human body, in this case the width of a finger or several
fingers, served as a unit to measure altitudes. The method of altitude measurements
based on bodily dimensions was already known in medieval Europe,486 and also
from the ancient Arab and Chinese worlds. The Chinese may have been the first to
use them for altitude measurements, as accounts of the use of finger-breadths, called
chih, exist from around 260AD.487 According to Needham this was “...a good deal
earlier than anything similar in Arabic culture...”, but “...the system of finger-breadth
units for altitudes could easily have arisen independently in the Arabic and Chinese
culture areas.”488 In both cultures we also see the use of the kamal, which was known
in China at least since the fifteenth century as the chhien hsing pan or qianxing ban
(guiding star stretch-boards).489 Tamil navigators knew of the kamal as early as the
twelfth century and called it kauvelli-palagai (a board used to measure stars, held
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by teeth) or ra-p-palagai (a board used during night) and it has been argued that the
instrument as a concept found its origins here.490

In Arabic culture the finger-breadth was known as the isba, the value of which has
been much debated and varies, depending on the source and method of calculation,
from 1°08' to 1°56'' although a value of 1°36'25'' is generally accepted.491 The Chinese
chih measured 1°34'30'', which falls within the above value range and is close to the
generally accepted value of 1°36'25''.492 The first Portuguese account of the use of the
kamal was written by the Galician astronomer, Master John, on a journey between
Lisbon and the Canary Islands between 9 and 14 March, 1500, during Pedro Álvares
Cabral’s voyage to India.493 Master John mentioned the use of pulgadas (Portuguese
for inches) instead of isba,494 and although it is said that these represented isbas,495

the contemporary Cantino map has the Tropic of Cancer properly drawn, but anno -
tated “11 pulgadas a o norte”.496 This would make a pulgada equivalent to 2°8' or 1⅓
isba. The angle covered by an inch (25.4mm) at my own arm’s length (approximately
67cm from my eye to my horizontally held thumb) makes an angle of approxi -
mately 2°10', which is close to the figure derived from the Cantino map. It may
therefore have been that the Portuguese had (some of) their kamals divided into
inches, not isba. Later, a similar mistaken identification of an angular unit appeared
when the British entered the Indian ocean.497 The angular unit called the angula or
anguli in north India, and which was known as and represented as an isba (known
there as the viral), became mistakenly identified with the British inch.498
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How the kamal was actually constructed and used can only be derived from period
literature and maps. No examples of the instrument from the early modern period
seem to have survived.499 As discussed in section 2.7 – Surviving instruments and
arch aeo logical artefacts the two oldest known examples were acquired in the nine -
teenth century by the Hamburg Ethnographic Museum in 1892,500 but their location
in the collection is now unknown, and they may have been lost in the Second World
War.501 A picture of another kamal, consisting of a single string with two differently
sized boards attached to it, was used by E.G.R. Taylor in two of her works and are
credited to the Royal Geographical Society.502 That kamal originates from the
Maldives, but is likely to be quite modern, as it was acquired by Commander G.
Mackinnon in 1919.503 Two kamals consisting of twelve boards each that are known
in Chinese and Singaporean collections are reconstructions.504

For the current research the kamal is mentioned as it is most likely the instrument
from which the mariner’s cross-staff originates To fully understand the kamal in all
its forms, I agree with Ibrahim Khoury, who wrote that

I am sure that much more should be added. I am convinced, too, that it would be quite beyond

the power of a single person to say all that must be said upon such a wide subject...505

Although Khoury referred to Ibn Majid’s ‘As-Sufaliyya’ as a whole, the same applies
to the instrument mentioned in it. For the moment, however, enough is known to
further explore the link between the kamal and the mariner’s cross-staff.

As we have seen, the kamal was introduced to Vasco da Gama by one of his pilots and
used onboard the vessels of the next Portuguese voyage to India under the command
of Cabral in 1500. From the latter account it has become clear that the kamal was
not considered a particularly accurate instrument. The astronomer on board Cabral’s
ship was clearly not impressed when he wrote:
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And I say almost the same thing [that taking accurate altitudes at sea with the astrolabe seemed

to be impossible] about the India tables [the kamal], for it cannot be taken with them save with

very much work; for if Your Highness knew how they all disagreed in the inches, you would

laugh at this more than at the astrolabe, because from Lisbon to the Canaries they disagreed

with one another by many inches, for some said three and four inches more than others.506

One could argue that being a new instrument to the Portuguese mariners, the in -
accuracy experienced (up to 8 degrees when pulgadas were inches and not isba) would
have been the result of their lack of experience with the instrument. The Gujarat pilot
who guided Vasco da Gama’s fleet to India did much better as is described in an
account by an anonymous scribe onboard the fleet.507 When the fleet arrived at the
Indian coast, on 18 May 1498, they were near Mount Eli (Ezhimala Hill), which is only
50 nautical miles (50 arc-minutes or only half an isba) north of Calicut (Kozhikode).
So whereas the navigators onboard of Cabral’s fleet did not manage to agree within
three or four pulgadas, Vasco da Gama’s pilot did much better, within half an isba.
Even when the Portuguese pulgadas were the same as the Arab isba and not the 33%
larger inches, his performance was better.

The pilot advised them to follow the coast, which runs in a south-easterly direction
between Mount Eli and Calicut, to see where they were, and guided them in the
correct direction to the south-east. Two days later and some 50 nautical miles further
down the coast, the fleet anchored, as yet unaware of the exact location of Calicut.
Being close to the coast just north of Calicut, they were approached by boats filled
with locals who pointed the Portuguese in the right direction to the town.508 Although
this account stands by itself and arriving this close to Calicut may seem a lucky shot,
the route followed by the pilot was logical. Knowing the prevailing western winds at
this time of year,509 the pilot would have wanted to arrive north of Calicut to be certain
of following the coast in a south-easterly direction, ahead of the prevailing winds.

How accurately the kamal would have allowed him to navigate is unknown, although
from modern experiments with inexperienced observers, as discussed below, it
seems that observations to within half a degree (30 nautical miles) were possible.510

An experienced navigator may have known for certain its latitude well within that
margin and therefore would have steered to a target location roughly double that
uncertainty north of his final destination in order to be sure that he arrived north of
it and could then follow the coast ahead of the prevailing winds. So although the
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kamal was not good enough to determine absolute position for a direct landfall,
the pilot seemed to have been aware of his relative position while crossing the Indian
Ocean in relation to Calicut well within one isba and apparently well enough to know
that they would arrive to the north of it. Vasco da Gama must have been impressed
as he took some examples of the kamal back home.511

That the instrument was not yet known among Portuguese navigators when Vasco
da Gama set out for India becomes clear from the accounts of the journey, as we
have seen above, but also from the fact that the instrument was not mentioned in
the rutter Vasco da Gama took with him for the voyage.512 The first appearance of
the kamal in a western navigational text was in 1514 in the ‘Livro de Marinharia’ by
the Portuguese explorer João de Lisboa (c.1470-1525).513 The section regarding the
instrument, which is headed Das Tavoletas, reads:514

It. Deves saber que quando quer que tomares altura da estrela pela tavoleta pequena tereis aviso

que ao fazer da conta heis de meter cinco e com eles, e com os nós que estiverem dos dentes

para baixo, tirando ou metendo os que a estrela está abaixo ou acima do eixo farás a conta.

It. Tomando pela tavoleta grande, tereis aviso que na conta heis de meter – 15 – e com eles, e

com os da estrela que hei de tirar ou meter, farei a conta, dos dentes para baixo, e tantos quantos

achar, tantos estarei da equinocial para a parte donde estiver.

Which was kindly translated for me by Director of the Maritime Museum in Lisbon,
António Costa Canas, as:515

It. You should know, when you take the star’s height with the small tablet, and be aware that

calculations should be made as follow: starting with five, add the number of knots below your

teeth, then take or add the degrees the star is below or above the axis of the Earth.

It. Taking [the star’s height] with the large tablet you should be aware that calculations must start

with fifteen. With this number and with that of the star, which you should take or add, you make

the calculations, [taking the number of knots] below your teeth. You will be apart from the equator,

the number of degrees you obtain in the calculation, to the side [hemisphere] where you are.
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From this description it is clear that the tablet of the kamal was held in the hand,
that the string was held taut between the teeth, and that the knots hanging from
the mouth downwards were counted. Illustrations do exist where (it seems that)
the string is held taut between the eyes at the nose bone and of a kamal being used
with the rope running through the hole of the tablet.516 The illustration of the former
method was introduced by Prinsep in 1836 and misinterpreted by De Albuquerque in
1988.517 The illustration by Prinsep shows an eye next to the hand with the string
(no nose or other facial feature is drawn) so it seems as if the string was held next to
the eye, but was merely to show from which side the instrument was looked at. This
illustration however must have confused De Albuquerque as Prinsep clearly stated
that “To use the instrument for taking the height of polaris, the string is held between
the teeth...” and no alternative method was given by him.518 The other method was
introduced by Anthony Constable and William Facey in their The Principles of Arab
Navigation, published in 2013, where a picture with a man is shown holding a kamal
with the string clearly running through the tablet.519 So far I have not been able to
find any reference to these two alternative methods in period literature.520

3.3.3.3 The mariner’s cross-staff
João de Lisboa’s 1514 ‘Livro de Marinharia’ not only explains how to use the kamal,
but two folios later in the manuscript also introduces the mariner’s cross-staff.521 In a
single paragraph with the heading “...Regim to pera tomar ho Sol pella balhestilha...”
(Rules to take the Sun by the cross-staff), its use is described as:522
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Item. Quãdo tomares ho Soll pela balhestilha farás tua conta, asy como no estrelábio – s [scilicet]

– tiramdo altura da decrinaçã[o] ou a decrinaçã[o] d’altura, asy como a fazes no estrelábio e

teres tal aviso, que o tomes por cima por que he milhor pera te nã[o] seguar, E quãdo ho tomares

por çima tirarás – 15 – menutos que o Soll he do me[i]o acima, e se ha tomares por baixo

acre[s]cemtar-lhe-ás os mesmos – 15 – menutos e tomãdo-ho no meio nã[o] lhe acre[s]çemtarás

n  tirarás [ne]nh a cousa.

Costa Canas translated this for me as:523

Item. When you take the Sun with the cross-staff you do your computation as with astrolabe –

id.est. – taking altitude from declination or declination from altitude, as you do using the

astrolabe. You should be careful and observe the upper limb of the Sun, so you don’t get blinded.

When you observe the upper limb of the Sun, you must subtract 15 minutes, distance from the

middle to the top of the Sun, and if you observe the lower limb, you should add the same 15

minutes, and if you observe the middle, you don’t need to add or take anything.

So within two decades after Vasco da Gama’s voyage, both the kamal and the cross-
staff were in use among Portuguese navigators. Roughly a decade later, around 1524,
André Pires still listed tables for the tavoletas in his ‘Livro de Marinharia’,524 a work
that was also the last western navigational manual to mention the tavoletas or kamal.

Where and when exactly the transition happened from kamal to cross-staff will
probably remain unclear, and may have been in the Arab or in the western world.
The symmetrical shape of the vanes and the graduation in angular units seem to
indicate that the mariner’s cross-staff originated from the kamal and not from the
baculus Jacob, as the latter did not have these features. Also, the kamal was already
a navigational instrument when the mariner’s cross-staff was introduced, as opposed
to the baculus Jacob, which was only used in astronomy and surveying. The argument
in favour of the Arab origin of the mariner’s cross-staff is that it is possible that the
staff actually originated from one of the ways in which the kamal was made. One
type of kamal, known as the loh, was an instrument with 9 tablets, the smallest of
which measured 4 isba.525 To produce the strings for this instrument, a graduated bar
was used to determine the proper places of the knots along the string, although it has
been argued that this bar could have been hypothetical.526 In any case it is fair to say
that the idea of a graduated bar was present in the Arab world and the re placement
of the string by the bar would have been a logical step, especially as the bar offered
practical advantages over the string.
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The main advantage of the bar over the string would have been its rigidity. When
taking observations with a kamal, the observer would take the string between his
teeth and stretch the chord by moving the tablet away from his eye. When the angle
subtended by the tablet exceeded the angle between the celestial object and the
horizon the observer would move the tablet further away from his eye while letting
the string slip through his teeth. This all goes well until the observer realises that he
moved the tablet too far away from his eye. He then wants to move the tablet back,
which will however slacken the string and thus does not change the altitude reading
that starts from the teeth down as we have seen above. So when moving the tablet
towards his eye the observer will need to pull the string to keep it tight. Using a bar
or staff instead removes the problem of the slackening string as the tablet will slide
along the staff equally easily in both directions.

The other advantage of the bar or staff is that on a single staff, which normally
would have been rectangular or square in cross-section, there are four sides to put
at least as many scales on, something that is almost impossible with a string. Having
many series of ‘graduations’ on a string (i.e. by having different types of knots like
in the kamal in the collection of the Hamburg Ethnographic Museum) could cause
confusion and serious navigational errors.

Another argument in favour of the Arab origin is the etymology of the Portuguese
word for the mariner’s cross-staff, the balhestilha. In their translation of the Mohit,
Bittner and Tomaschek wrote that the invention of the mariner’s cross-staff may
be attributed to the Persian-Arab navigators as al-bâlistî would mean Höhenstand
(altitude) and that the French arbalestrille and the Portuguese balhestilha are better
explained from this word than from the Latin balista.527 Needham, however, uses the
etymology of al-bâlistî as an argument for the introduction of the mariner’s cross-
staff to the Arabs by the Portuguese, as the latter called the kamal the balistinha do
mouro (so implying that the balhestilha was their own invention).528

Another argument in favour of the western origin of the mariner’s cross-staff is
the Behaim theory which cannot be ruled out completely. To date the earliest known
works to mention both the kamal and the mariner’s cross-staff originate from the
Portuguese, which may indicate that it was there that the transition took place.
Also, the short time span of just over a decade between the arrival of the Portu -
guese in India, the introduction of the kamal to them and the introduction of the
cross-staff to mariners seems to indicate that it was the Portuguese who invented the
mariner’s cross-staff. Master John’s presence in Cabral’s fleet, where he tested the
kamal and found it to be an inaccurate instrument, may have led him to think of
possible improvements. There is no evidence that Master John and Martin Behaim
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527 Bittner, Tomaschek, Die Topographischen Capitel, p.14.
528 Needham, Science..., Vol.4, Part III..., p.574.



had met or that they even shared the same instrumental knowledge, and nothing
is known of Master John after Cabral’s journey. Nevertheless, it may have been him
combining those two instruments during or shortly after this voyage.

On the other hand, Martin Cortés wrote in 1551 in his Breve Compendio de la Sphera
y de la Arte de Navegar, a work translated in 1561 into English by Richard Eden, that
the mariner’s cross-staff was meant “Para tomar el altura del norte o de otra qual -
quter estrella (en la mar que para la tierra ni para el sol no sirve: salvo si el sol estunjere
o baxo de alguna delgada nuve y el orizonte claro)” (To take the altitude of the North
Starre, or any other starre on the Sea (for it serveth not on the land nor for the Sunne,
excepte yf the Sunne shalbe under anye thinne cloude, & the Horizon cleare)).529 It
seems that Cortés suggested that the cross-staff originated in navigation, not in land-
based sciences such as astronomy and surveying, or at least that he was not aware
of its use on land.

The inaccuracies of the kamal experienced on board Cabral’s fleet must have been
due to the observer’s inexperience. We have seen that Vaso da Gama’s pilot managed
to guide him to Calicut with an accuracy of about half an isba (approximately 50 arc-
minutes) and modern research has shown that this kind of accuracy could indeed
be achieved.530

That it was the kamal that was converted into the mariner’s cross-staff may also be
deduced from figure 15, which shows a detail from a Portuguese manuscript atlas
from about 1555 of charts produced for long-distance travel overseas.531 The folio deals
with the regiment of the pole star. At the upper right-hand side of the folio a figure
holds a mariner’s cross-staff (at the bottom of the folio it is called a balhestilha), which
seems to have been made of a rectangular board with a round hole through which a
staff is loosely inserted. It is hard to assess how accurate the depiction is. The staff is
not perpendicular to the board and (possibly as a result) incorrectly points towards
the pole star. In fact, it should point in a direction bisecting the angle between the
horizon and the pole star. In addition, the hole is not quite centred in the board. On
the other hand, the staff is graduated in a non-linear fashion, as one would expect
of a mariner’s cross-staff, and it is more or less the correct length. The non-perpen -
dicular angle between staff and board would produce errors, but then the illustration
shows a very early mariner’s cross-staff at a time when this error source may not have
been fully understood.
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529 Cortés, Breve Compendio de la Sphera... (Sevilla, 1551), f.81v. Translation by Richard Eden in 1561,
see M. Cortés, The Arte of Nauigation … Translated … by Richard Eden (London, 1561), f.73v.

530 See chapter 7 – Replicas and reconstructions.
531 The atlas is known as Object ID P/14 in the collection of the National Maritime Museum,

Greenwich, with the description “Twenty four charts of the world including several calendars
and tables” and dated between 1550 and 1560. Also see Dunn, Navigational Instruments (Oxford,
New York, 2016), pp.22-23.



That the kamal was used for a prolonged period and existed in the west several decades
alongside the cross-staff can be explained from its similar accuracy to the cross-
staff, as shown by Malhão Pereira, in combination with its portability. A kamal with
the string wrapped around it would fit simply one’s pocket, while the typical 3 or
4 foot staff of a mariner’s cross-staff required a safe place to store it when not in use.
That the mariner’s cross-staff replaced the kamal in the western world is most likely
due to the capability of reading the scales down to a much finer level, in combination
with the possibility of adding several different scales to the instrument. In addition,
it has a better mathematical principle, as the mathematical origin of the mariner’s
cross-staff lies closer to the centre of observation (the eye) than that of the kamal,
and thus is less affected by parallax.532

The last historic reference to the kamal in western literature known to me is in an
Italian work by Bartolomeo Crescenzio, published in 1607. In it Crescenzio wrote
about the Portuguese, their travels to India and their use of

...dell instrumenti, che loro chiamano Astrolabio, ... & la balestriglia, (ò con l’asta graduata, ò

con il filo diviso in nodi conforme l’usano i Mori nell India)...533
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532 It can however e argued that one could operate the kamal in a similar fashion by holding the
string next to the eye instead of between the teeth.

533 Crescenzio, Nautica Mediterranea... (Rome, 1607), p.455. With many thanks to Gaye Danışan
Polat for introducing me to that source.

A mid-sixteenth century
Portuguese mariner’s cross-staff
(courtesy National Maritime Museum,
Greenwich, inv.no. P/14).

Figure 15



[the instruments they call Astrolabio, ... and the balestriglia, (or with the graduated rod, or with

the thread divided into knots as is used by the Moors in India)]

So apparently the knowledge of the kamal did not fade immediately after the mariner’s
cross-staff was introduced.

3.3.3.4 Spoon-shaped transoms on the mariner’s cross-staff
Most surviving mariner’s cross-staffs do not have their original transoms. Until
1998, all known surviving transoms were made of a straight piece of flat wood with
a central block through which the staff could slide. Sometimes these blocs were glued
onto the transoms, in other cases the whole was cut from a single piece of wood.

Martin Cortés was the first to give us a depiction of the mariner’s cross-staff, which
is shown with a single transom near the upper end of it in his 1551 work (see figure
16).534 According to the 1561 translation by Richard Eden, the transom had to be

On the one syde […] very playne, and on the other syde in the myddest, it must have a square

or quadrature of all the thickenes of the planke. And from the square to the endes, it must be

made thinner & thinner, so that it have in maner the fourme of suche pickeares wherewith myll

stones are picked. And in the myddest (by longitude and latitude) it muste have a square hole

by the which the yarde may enter just, & make right angles with the crossepiece.535

The “pickaeres wherewith myll stones are picked” in Eden’s translation were de -
scribed by Cortés in his original work as “...piquetas con que pican las piedras de
los molinos...” and are still used today in Spain in the fabrication of millstones (see
figure 17).536 In shape they even still resemble the transom Cortés had drawn in his
work. Over the years the shape changed to the flat bar and block shape we now
know of most surviving transoms.

According to period depictions the mariner’s cross-staff, was also at times
equipped with so called spoon-shaped transoms (see figure 19), but these remained
unknown up to 1998. In that year a chest was found on board the wreck of the Swedish
flag ship Kronan (see figure 18).537 The Kronan had sunk off the coast of Öland in
1676 during a battle between the Swedish and an allied Danish-Dutch fleet. It was
in this chest that the first, and so far only, mariner’s cross-staff with spoon-shaped
transoms was found. The staff of the instrument dates from 1661 and now resides
in the Kalmar Läns Museum in Kalmar, Sweden.538
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534 Cortés, Breve Compendio... (1551), f.81r.
535 Cortés, The Arte of Nauigation... (1561), f.73v.
536 Cortés, Breve Compendio... (1551), f.81r.
537 Mörzer Bruyns, Einarsson, ‘A Cross-Staff...’, p.57.
538 It is registered under inventory number KLM8171KR.



In an attempt to explain the extraordinary shape of the transoms, it has been sug -
gested that this particular instrument had been made as a presentation piece and
modelled after depictions of the mariner’s cross-staff in art works.539 This would mean
that spoon-shaped transoms had never been used in the field, a hypothesis I would
like to explore further.540

The instrument was found complete with all four transoms, two horizon vanes, a
coloured piece of glass fitted in wood and an aperture disc. The chest was specially
modified to carefully store the instrument. The lid had several nails in it that were
used to tie the instrument down with string. The chest was divided into two com -
partments and the divider had a hole in it to allow the staff pass through when the
lid was closed. Given the way the instrument was stored, the owner must have been
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539 Mörzer Bruyns, Einarsson, ‘A Cross-Staff...’, p.59.
540 The findings in this section have been presented to the Kalmar Läns Museum in two separate

documents in 2005: De Hilster, The Kronan Cross-staff... (Castricum, 2005) and De Hilster,
Cross-staff KLM8171KR (Castricum, 2005).

Left (Figure 16): Cortés’ mariner’s cross-staff (collection Biblioteca Nacional de Chile, inv.no.
MC0042362). Top-right (Figure 17): ‘Piquetas con que pican las piedras de los molinos’ (‘pickeares
wherewith myll stones are picked’). Bottom-right (Figure 18): The chest containing the Kronan
cross-staff, the vanes can be seen protruding from the sediment (picture M. Jahrehorn, Kalmar Läns
Museum).

Figures
16-17-18



particularly proud of it and one is indeed tempted to explain that as the instrument
being a presentation piece.

At the same wreck site, a second instrument from 1673 was found. This time not
as complete as the 1661 instrument, but consisting of three fragments which were
found out of context in a different part of the vessel than the 1661 instrument. They
consist of both ends of a staff and one piece from the middle. The eye-end fragment
is approximately 200 millimetres long, the far-end approximately 90 millimetres and
the middle fragment approximately 140 millimetres. It was not found in a chest and
may have been in actual use for navigation, although there is no supporting evidence.

There are several indications that the three fragments belonged to one and the
same instrument. The material is the same (probably ebony) and the tree rings cross
all fragments at the same angle (about 40 degrees). The number stamps used are the
same on all fragments, as is the diameter of the staff (13.7 millimetres). All fragments
show identical delineation, engraving, graduation and stamps. Finally, there is no
overlap between the fragments, which would have identified them as coming from
different instruments. If more identical staffs from the same maker and period had
been on board, it would have been possible that the fragments originated from dif-
ferent instruments, but given the similar tree ring direction in all three fragments
and the fact that there is no overlap between the fragments, this seems not to be
the case.

The fragments of both instruments are long enough to calculate both the staff and
the transom lengths for them. A calculation method was used similar to the one
de scribed by Allan Mills in his 1996 article, albeit in a modified form that allows
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A demi-cross, mariner’s
astrolabe and a mariner’s 
cross-staff wth spoon-shaped
vanes from Blaeu’s Tafelen van 
de Declinatie (Amsterdam, 1625)
(collection Het Scheepvaart -
museum, Amsterdam).

Figure 19



cal culation of the lengths from fragments only.541 For both the 1661 and 1673 instru -
ment, the length of the staff could be determined with an accuracy of approximately
two millimetres, while for the transoms this was done with an accuracy of approxi -
mately one millimetre (see table 4).

The dimensions are given in millimetres, but from the measurements it became clear
that both instruments were probably made using the Swedish tum (24.74167 milli -
metres, of which 24 make 1 alnar of 0.5938 metres). The 1661 staff would then have
been exactly 41 tum (1014.4 millimetres against 1014 millimetres measured staff
length), the 1673 staff 40 tum (989.7 millimetres against 989.5 millimetres calculated
staff length). Apart from the smallest transom (number 4), the two cross-staffs were
very similar instruments.

Although the 1661 instrument is complete, it is not in good shape. The staff is
broken in three places and warped at one end, but as will be shown it was already
warped when the Kronan sank. One transom is broken and the largest transom is
bent as a result of years under heavy sediment inside the chest were it was found. The
far end of the staff shows a compressed section as a result of being clamped between
the lid and side of the chest.

Even if we ignore its current state, it is hard to believe that the 1661 instrument was
built as a presentation piece if we look at how the instrument was originally made.
The staff was not made in a way one would expect for the period, while the transoms
show evidence of a long life under moist conditions prior to the sinking of the Kronan.

As mentioned, the 1661 instrument was found with two horizon vanes, but from
the measurements it became clear that one of them could not have been part of the
staff, as the hole in it is too small to fit the staff. The other horizon vane not only fits
the staff, but the hole in it has been cut at an angle to compensate for the warped
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541 Mills, ‘The ‘Eye-error’ of the Cross-staff...’, in: Bulletin of the Scientific Instrument Society No. 48

(1996), pp.15-18. For an analysis of various calculation methods see section 6.5.1 – The geometrical
cross-staff and: De Hilster, ‘The Spiegelboog...’, pp.6-16.



eye-end of the staff, which is evidence that the staff was already warped when the
horizon vane was made, well before the Kronan sank.

The wood of the 1661 staff has been examined by the Dutch Rijksdienst voor het
Oudheidkundig Bodemonderzoek (ROB, Dutch National Service for Archaeological
Heritage) and determined as being Pinus Spec. (fir, pine wood).542 Period cross-staffs
like the one from 1673 were commonly made of ebony as this has a better resistance
to warping. The use of pine is a strong indication the staff was not made by a pro fes -
sional cross-staff maker.

As expected for the period, the 1673 staff was graduated at ten-arc-minute inter -
vals, while the 1661 staff had been graduated at 30-arc-minute intervals, making it
more difficult to produce readings with the same accuracy as with the 1673 instru -
ment, despite their similar dimensions.

These three indicators suggest that the staff of the 1661 instrument was of lesser
quality than the 1673 staff, and it can therefore hardly have been a presentation piece.

When looking at the transoms, a picture emerges of a well used instrument with a
long life. Two of the four transoms of the 1661 staff have been repaired over time,
while the other two are original (see figure 20 for the smallest of them). All transoms
have a block in the middle through which the staff slides. The blocks were originally
glued onto the transoms as is consonant with the period. However, period glue was
not water resistant and the blocks could have become separated from the transoms
when exposed to water. When the instrument was last stored in the chest, two of
the transoms were still attached to their glued blocks. Over time the glue dissolved
and the blocks of these two vanes were found separated from the transoms in the
chest. The other two transoms, the ones that had been repaired, still had their blocks
attached as these were affixed using wooden pegs.

The repairs must have been done at different times and probably by two different
people as the quality of the blocks and the way they were affixed differs. A close in -
spection revealed that the original blocks were made using a special plane, whereas
the blocks on the repaired transoms were newly cut and made without the use of a
plane. For the repairs, two differently shaped blocks of much lesser quality were used
and although both were mounted with wooden pegs, one was mounted with four
small ones, the other with two large pegs.

The fact that the original blocks were replaced indicates that the instrument had
been in use, or at least kept under moist conditions, since if the instrument was made
for symbolic use only, the chance that the transoms were exposed to water would have
been very small. In addition, one would expect that a presentation piece would have
been kept at safe distance from water and that it would have been repaired with the
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reported in a letter from 8 December 2005 with subject Houtmonster Kronan (Wood sample
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utmost care if a block got separated. Even if the blocks had come off without being
exposed to water, they would be less likely to have been lost if the instrument was
kept inside a chest or cabin at all times.

Quality-wise there is a general difference between the four transoms and the rest
of the instrument. The four transoms and two original blocks display high-quality
workmanship, while all other parts of the instrument lack this same quality. An
aperture disc, used for backward observations in combination with the horizon vane,
was found attached to one of the transoms and shows nowhere near the quality
dis played by the transom it was attached to. It was so quickly made that even the
most basic tools for creating right-angled corners had not been used.

So the 1661 staff was of a lesser quality wood, originally warped and not engraved to
the standards of that period. The transoms, which were suggested to have been of an
antiquated design, have been poorly repaired twice over time, while the aperture disc
looks like a rush job. Overall, one doubts that this was an instrument built for display.
If this instrument was made by an instrument maker, he certainly would not have
used a warped piece of wood for the staff since he never sell it at the same price as a
straight staff (or even at all). If the horizon vane was a later addition to a professionally
made staff, the instrument must have been used for actual navi gation, otherwise
there would have been no reason to add the horizon vane.
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The smallest transom of the Kronan crossstaff (picture by M. Jahrehorn).

Figure 20



As mentioned above the 1661 staff was found carefully stowed away inside a chest,
where it was originally tied to the lid with strings along nails and therefore not in use
for navigation at the moment the Kronan sank. Despite its shortcomings, the owner
must have been proud of his instrument, as he kept it nicely and safely stowed away
in a chest that was modified for the purpose.

A good explanation for this could be that the owner made the instrument, begin -
ning with the transoms of an older mariner’s cross-staff. It could well be that the
owner was given the transoms (perhaps already repaired) and that he used them
to recreate the instrument. This would also explain the use of fir for the staff as this
was readily available on board vessels. Also the graduation at 30 arc-minutes inter -
vals can be explained since graduating a staff at 10 arc-minutes intervals takes three
times as long.543 As a proper mariner’s cross-staff was on board, there was no need
to get things completely right and up to standards. For that reason, graduation was
done at a lower resolution and fir was used for the staff, resulting in a warped in -
stru ment which was compensated for by the way the hole was cut into the horizon
vane.

If indeed the above analysis is closer to the truth than the original suggestion, we
will have to accept that spoon-shaped transoms were perhaps more common than
now is generally accepted. Depictions of spoon-shaped vanes are mainly Dutch
and date from a period between the second decade of the seventeenth century and
the 1660s, which is consonant with the Kronan instrument.544 Particularly striking
is one of the earliest depictions, shown in figure 19, on the title page of Blaeu’s 1625

Tafelen van de Declinatie. It shows the spoon-shaped transoms, but also the demi-
cross, which at the time was a relatively new instrument. The mariner’s cross-staff
is depicted in the background, perhaps to indicate that the demi-cross was a more
modern instrument. For that reason, Blaeu had perhaps chosen to depict a more
ancient form of the mariner’s cross-staff, the one with the spoon-shaped transoms.
On the other hand, first editions of newly printed works still featured spoon-shaped
transoms up to the 1660s, an indication that this feature was not antiquated four
decades later.

The 1661 edition of Cornelis Jansz. Lastman’s Kunst der Stuer-Luyden in the Fon -
dation Custodia in Paris, France, is an elaborately extended version of the original
work.545 The extension was done by Claas Simons Backer in manuscript and consists
of an additional 600 calligraphed pages with notes. Backer was born on 20 October
1658 on the isle of Texel, the Netherlands and may have done this in his early 20s, so
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543 From experience I know that graduating a staff this length at 30 arc-minutes intervals takes
almost a day, so creating 10 arc-minutes scales would have taken two or three days.

544 There are later depictions up to the mid eighteenth century, but these can all be retraced to earlier
seventeenth century editions of the same works.

545 Lastman, Backer, Kunst der Stuer-Luyden... (Amsterdam, 1661), Paris, Fondation Custodia: OBL-
825.



around 1670. On one of the pages the construction of the mariner’s cross-staff is ex -
plained (see figure 21), showing a transom very similar to the smallest found on board
the Kronan (see figure 20).

It is, however, too far-fetched to state that spoon-shaped transoms were standard
at that time, as during the same period in the seventeenth century straight-edged
transoms are shown by Blaeu and other authors in greater abundance.

3.3.4 Instruments for celestial navigation at the end of the sixteenth century
By the end of the sixteenth century, the number of instruments for celestial navi -
gation had more than doubled, with no less than five instruments now in use. Of
the older instruments, the kamal had disappeared, but the mariner’s quadrant and
variations on it and the mariner’s astrolabe were still around, albeit the mariner’s
quad rant considered a mediocre instrument. A new instrument had developed
from the mariner’s astrolabe: the sea ring. The mariner’s cross-staff had found itself
a permanent place in sixteenth-century navigation and also saw its first offspring.
This version of the mariner’s cross-staff had a single transom with graduations and
on which two vanes could be set at fixed distances from the staff, much like the Baculus
Jacob. From here on, that new instrument will be referred to as the cross-staff with
vanes.
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One of the manuscipt notes in the extended edition of Lastman’s Kunst der Stuer-Luyden (collection
Fondation Custodia: OBL-825).

Figure 21



3.3.4.1 The mariner’s quadrant
By the end of the sixteenth century John Davis, captain and inventor of the first
practicable backstaff, wrote about the mariner’s quadrant that it was “...an excellent
Instrument upon the Shore,[...] but for a Seaman [...] to no purpose...”546 That Davis
found the quadrant a mediocre instrument was due to the use of a plumb bob on
board a vessel. The plumb bob was much too affected by the vessel’s movements,
ruining the quality of the observations.

Nevertheless, the quadrant would continue to play an important role and in the
following centuries formed the basis of at least three navigational instruments: the
mariner’s cross-bow, the removing quadrant and Benjamin Cole’s quadrant.547 The
cross-bow quadrant was a quadrant with a semi-diameter of 1½ feet and an open
framework to economise on weight and make it less susceptible to wind.548 It was
first shown by George Waymouth in 1604 and described by Edward Wright in 1610.
The cross-bow quadrant had a horizon vane, a sight vane, and a shadow vane so that
it could be used as a backsight instrument.

The removing quadrant was of an even lighter design, with the quadrant reduced
to the arc attached to a staff at the location of one of the quadrant’s radii. On the staff
an index arm was attached to the apex of the quadrant, while a second index arm
could slide along the staff. The instrument could be used for forward and backward
observations and was first shown by George Waymouth in 1604, first described – albeit
without the sliding index arm – by Robert Dudley in 1646 and later – with the
sliding index arm – by John Seller in 1669.

Benjamin Cole invented his own quadrant, which was almost identical to the
removing quadrant, in 1748. It had an equally open design, but now with both radii
of the quadrant in place. It was intended for backwards and forwards use. One of
the radii was elongated further than in the removing quadrant and held a shadow
vane, while a horizon vane was mounted in the quadrant’s apex. The index arm was
as long as the longer radius and was held next to the eye, while the quadrant was
rotated until the sun cast a shadow on the horizon vane at the same level as the
horizon. Around the same time as Cole’s invention, an almost identical instrument
was created by George Adams, now featuring a telescope instead of sights.

Even though mediocre as a navigational instrument, mariner’s quadrants can be
found in navigational texts throughout the seventeenth century. By 1669 Samuel
Sturmy described the quadrant in dual use, clearly making a distinction between
its use at sea and on land. For observations “...ashore upon any Land or Island...” he
still described its use with the plumb bob, but for use at sea it was equipped with a
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546 Hastings Markham, The Voyages..., pp.334-335.
547 The Davis quadrant is not listed here as this instrument is no longer based on a single quadrant,

but instead has two arcs of 25 and 65 or 30 and 60 degrees.
548 See section 4.3.4 – The cross-bow quadrant (f.l. 1604).



set of vanes and used in a backwards fashion like the mariner’s cross-bow.549 In the
Netherlands, nautical students were still being instructed in its use in 1728 and were
told that it was the best instrument to measure correct heights when the semi-
diameter was 6 or 7 feet, but were also told that it could not be used at sea due to
the ship’s movements.550

Despite its defects, the quadrant remained important to navigation, perhaps not
so much as an instrument, but merely as a mathematical concept and as an aid in
the production of most other navigational instruments.551 John Davis wrote about
the mariner’s astrolabe, for instance, that it “...is the representation of a great circle
contayning foure quadrants, or 360 degrees...”.552 Mathematically a quadrant was used
in the construction of the scales of most navigational instruments as will be shown
in the chapter 5 – The instrument as a concept.

The term quadrant as part of the name of a navigational instrument survived well
into the eighteenth and early nineteenth century. In the course of the seventeenth
century, Davis’ backstaff would evolve into what became known as the Davis quad -
rant, the name now no longer reflecting its shape, but merely its maximum measuring
range of 90 degrees.553 Likewise, when in 1731 the octant was invented by John Hadley,
it soon became known as Hadley’s quadrant as this instrument too had a working
range of 90 degrees.

3.3.4.2 The mariner’s astrolabe
Judging from period literature, the mariner’s astrolabe was probably the most
popular instrument for celestial navigation by the end of the sixteenth and into the
seventeenth century.554 Most were of the open-wheel type and cast in bronze. John
Davis wrote that it was “...an excellent instrument being rightly understood and
ordered...”. During the sixteenth and seventeenth century mariner’s astrolabes
varied in diameter from 150 to well over 300 millimetres as can be seen from sur -
viving examples.555 There seems to have been a preference for diameters either around
180 millimetres or around 260 millimetres.556 The diameter, however, like the scale
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549 Sturmy, The Mariners Magazine (London, 1669), pp.92-93.
550 Boombaar, ‘Onderwijs Der Zeevaert...’ (1727), f61v. The manuscript was written over a timespan

of several years, the entry on the quadrant was written between 7 and 13 September 1728. In
Dutch the entry reads “Nota [:] dese Quadrant is het voornaemste en Bequamste instrument
om Coreckt hoogte te nemen Voornamelijk als een h[a]lve Diameter 6 a 7 voet Langk is[,] maar
doort Schip Beweginge kant niet wel Gebruijkt werden”.

551 See chapter 5 – The instrument as a concept.
552 Hastings Markham, The Voyages..., p.335.
553 De Hilster, ‘The Early Development...’, pp.14-15.
554 De Hilster, ‘Observational Methods...’, p.261.
555 Stimson, The Mariner’s Astrolabe..., pp.38-41.
556 De Hilster, ‘Observational Methods...’, p.272.



type, depended on the geographical location of manufacture, with Iberian examples
being in general smaller than the Dutch instruments.557 Still, from the temporal dis -
tribution it seems that a tendency towards smaller instruments existed over the years,
starting with nine to ten inches (225-250 millimetres) at the middle of the six teenth
century to six and half to seven inches (160-175 millimetres) a century later.

The reduction in size meant that the instrument would have been more portable,
cheaper to produce and less susceptible to wind. However, it also caused the size of
the divisions to reduce, making it harder to estimate the arc-minutes. The smaller
Iberian mariner’s astrolabes were divided to whole degrees, while the somewhat
larger Dutch mariner’s astrolabes were divided to half-degree intervals. An attempt
to create larger intervals on an instrument of the same size resulted in the introduction
of the sea ring.

3.3.4.3 The sea ring
In an attempt to enlarge the space between the graduations on the divided limb of
the mariner’s astrolabe, Pedro Nunes introduced a new instrument, the sea ring, in
1566 (see figure 22).558 This instrument was of similar construction and dimensions
to the average Iberian mariner’s astrolabes and also cast in bronze.559 Instead of using
an alidade to measure the sun’s altitude the sea ring had a hole pierced in its rim 45

degrees upwards from the centre of its circular body. The hole would cast a spot of
sunlight onto the graduated inside of the ring opposite the hole. Using this method
had the advantage that the divisions were double the size of those on a mariner’s
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557 Stimson, The Mariner’s Astrolabe..., pp.38-41.
558 Nunes, Petri Nonii Salaciensis Opera (Coimbra, 1566), p.71. This work was revised and

republished in 1573 under the title De Arte Atqve Ratione Navigandi Libri Duo (1573) where the
sea ring can be found on pages 45-46. At times claims have been made that the sea ring can be
found in an earlier 1546 edition of De Arte Atqve Ratione Navigandi Libri Duo, but that concerns
a shadow edition that never existed (with thanks to Henrique Leitão, historian of science working
at the Centro Interuniversitário de História das Ciências e da Tecnologia on, among other
projects, the publication of Nunes’ works in a modern edition, with translations and detailed
annotations). For a complete and final list of Nunes’ works see: http://pedronunes.fc.ul.pt/
works.html [accessed 16/10/2014].

559 About the diameter Nunes wrote that the instrument was “...fabricetur ex metallo circularis
armilla mediocris magnitudinis, quadratis superficiebus, instar circulorum materialis sphaerae,
latitudo & crassitudo pares, unius digiti.” (it was made from a circular metal ring of average size,
with square surfaces, like the circles of the material sphere, the width and the thickness equal to
one finger. [my translation]). When scaled off from the illustrations of the 1566 and 1573 editions,
the diameter comes to 8.5 (1566) and 9.5 (1573) fingers. With a finger roughly 20 millimetres, the
diameter of the sea ring would have been between 170 and 190 millimetres, which fits the average
Iberian astrolabe diameter of 180 millimetres, see De Hilster, ‘Observational Methods...’, p.272.



astrolabe of the same diameter.560 The disadvantage was that by using a hole instead
of an alidade, it was no longer possible to use the instrument in two faces in order
to correct for instrumental error by observational procedure, as was possible with
the mariner’s astrolabe. So although the instrument had larger divisions, it relied
for accurate observations on proper construction much more than the mariner’s
astrolabe.

By the start of the seventeenth century, the sea ring had found its way to England
and the Netherlands. In England, Davis described the instrument in 1595 in its
original form, while the improved version of the instrument was first described in
the Netherlands by Metius in 1614 (see figure 23).561 The sea ring was not described
by Metius in his earlier works, neither in the original nor in the modified form. He
did describe the astrolabe in his earlier works, so it seems that this modification was
introduced in the early seventeenth century, perhaps even by Metius himself. It
could well be that, like the diffusion of Davis’ 90-degree backstaff, the sea ring found
its way to the Netherlands thanks to the third voyage to the East Indies under com -
mand of Cornelis de Houtman, where Davis was pilot on board of one of the
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560 The divisions on a sea ring were engraved on the inside of the ring, while on a mariner’s
astrolabe they are on the side, close to the edge of the instrument. As the outer ring of both in -
struments is roughly three quarters of an inch wide (approximately 19 millimetres), this means
that the effective diameter of a sea ring is slightly less than that of a mariner’s astrolabe of the
same size and thus the graduations on a sea ring are slightly less than double in size.

561 Davis, The Seamans Secrets (1595), last two folios. Metius, Nieuwe Geographische Onderwijsinghe
(1614), pp.24-26.

Left (Figure 22): Nunes’ sea ring as depicted in 1573 (collection Max Planck Institute for the History
of Science, Berlin, inv.no.XG079XM7). Right (Figure 23): Metius’ improved sea ring from (collection
Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(546)).

Figures
22-23



vessels.562 Both instruments were known to Davis and first described in the Nether -
lands by Metius.

Davis’ sea ring was similar in size to his mariner’s astrolabe, which measured 10
inches (254 millimetres) in diameter. Metius’ version of the sea ring had a diameter
of a foot to a foot and a half, roughly twice as large as Nunes’ 180-millimetre version
and roughly 50% larger than Davis’ version. Whereas Nunes’ sea ring had a single
hole 45 degrees upwards from the instrument’s centre, Metius used two holes, one 20

degrees from the suspension ring, the other a further 60 degrees downwards, so at 80

degrees from the suspension ring.563 The upper hole was used for high altitudes, while
the lower was meant for low altitude observations. In this way the distance between
the hole in the rim and the opposite part of the scale was larger than in Nunes’ original
version. For better contrast, Metius also advised covering the sides of the ring apart
from the section where one needed to look for observation.564

The invention and modification of the sea ring shows us that over time there was
an increased need (or wish) for larger divisions on navigational instruments in an
attempt to make navigation more accurate. This desire for accuracy was one of the
reasons why Master Hood produced the first shadow-casting staff that triggered
the invention of the variety of wooden navigational instruments discussed in this
thesis. Construction-wise his instrument was, however, based on the various forms
of the cross-staff known by the end of the sixteenth century.

3.3.4.4 The mariner’s cross-staff
By the end of the sixteenth century the mariner’s cross-staff was well established
as a navigational instrument. When it was introduced in the early sixteenth century,
it was made with one transom and one corresponding scale only. Mörzer Bruyns
wrote that “...around 1580, it became the practice to make cross-staffs with three
scales...”, that in “...1633 [...] staffs were being made with scales for both altitude and
zenith distance on each of the three sides...”, and that “In the 1650s all four sides of
the staffs had graduations...”.565 Ten years later Mörzer Bruyns wrote “...that four sides
of the staff were employed for scales far earlier than assumed up to now...”, based on
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562 See 2.3.3 – New backstaff instruments.
563 Metius actually states that the upper hole is at 10 degrees and that there are 30 degrees between

the two holes, but from the text it becomes clear that these are degrees in respect to the divisions
on the divided rim, which are twice as large as the real degrees when measured from the centre.
Metius, Nieuwe Geographische Onderwijsinghe... (1614), p.25.

564 The original text reads “... voorts opdat de schaduwe des te perfecter en nauwer kan waergenomen
werden / so laet aen beyde zyden de ringh bedecken / alleen dat daer openinghe ghelaten wort /
om de graden die op de binnenkant gheteyckent staen / bequaemelijck te konnen aenschouwen
ende ghebruycken”. Metius, Nieuwe Geographische Onderwijsinghe... (1614), p.25.

565 Mörzer Bruyns, The Cross-Staff..., pp.28-29



an instrument from 1606 he had seen.566 Another mariner’s cross-staff with four scales
he had heard of had the given date “16th century”, but as it had symbols that so far
were only found on instruments of the second half of the seventeenth century
Mörzer Bruyns wrote that he did not “...want to jump to a conclusion before having
inspected the instrument myself.”567

A French manuscript from 1584 by Jacques de Vaulx (d.1597),568 which failed to
attract Mörzer Bruyns’ attention, shows the construction method for all four scales
of a cross-staff in full detail and describes how to use the “...arbaleste avec ses quatre
marteaux...” (cross-staff with its four transoms).569 So by 1584 the instrument had
already evolved into an instrument with up to four transoms and corresponding
scales. It could well be, of course, that the number of transoms and scales applied
varied regionally in this period and that it also depended on the amount of work
one was willing to put into it or to pay for.570 In England and the Netherlands, the
4 transom cross-staff may have been still unknown until the end of the sixteenth
century, since in 1594 Thomas Blundeville wrote in his newly published work that
“...Cogniet [sic.] and Wagoner [sic.] do set downe a new kind of Cross staffe, having
3.transoms or crosses every one longer & shorter than another by the halfe...” which
was “... commonly used in these dayes...”.571 This work was written a decade after
De Vaulx’s manuscript, but we may assume that it would not have taken long before
English and Dutch instrument makers started making mariner’s cross-staffs with
four scales.

From the beginning, the cross-staff was used for forward observations, facing the
sun.572 Measurements were taken by holding the eye-end of the staff next to the eye
(against the eye socket horizontally left or right of the eye or on the cheekbone
below the eye).573 Then the vane was slid along the staff until its lower end ‘touched’
the horizon and the upper end ‘touched’ the celestial body. The scale on the staff
corresponding with the transom being used gave the zenith distance or the altitude.
Measuring the sun’s altitude while facing it is harmful to the eyes. For protection,
observations were done using a piece of coloured glass to dim the sunlight.574
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566 Mörzer Bruyns, ‘The Cross-Staff Ten Years Later...’, pp.18,20.
567 idem, p.18.
568 Toulouse, ‘Marine Cartography and Navigation...’, in: Woodward (ed.), The History of Carto -

graphy, Vol.3, Part 2 (Chicago & London, 2007), p.1552

569 De Vaulx, Les premieres Oeuvres, ff.16r-16v.
570 From my own experience I know that a single scale (so one side of a staff) with graduations down

to 2 arc-minutes intervals contains about 400 divisions and takes a whole day (8-10 hours) to
engrave using the mathematical method.

571 Blundeville, M. Blundeville His exercises... (1594), ff.312r, 313r.
572 The contents of this paragraph has in part been previously published in the following article:

De Hilster, ‘Master Hood’s cross-staff...’, pp.10-17.
573 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (Amsterdam, 1634), p. 152.
574 Mörzer Bruyns, The Cross-Staff..., p.25.



Besides the potential blindness, the forward method had another disadvantage.
One had to observe the horizon and the sun simultaneously, but when observing
higher altitudes this was only possible by blinking up and down with the eye,
diminishing the quality of the observations. In the sixteenth century it was already
advised not to observe altitudes above 50 degrees using a cross-staff, but to use the
mariner’s astrolabe instead.575

The use of a piece of coloured glass was not generally recommended. Thomas
Harriot wrote in 1595 that

Those men that set a glasse at the end of there staffe or end of the crosse do permitte subicit

[subject] them selves to error. It is manifest without any further reason by a common experiment

of looking thourough glasse windows, that the thinges sene thourough, are seen distorted, or

out of there true places, by reason of refraction of the visuall beames in the s?? arte of optickes

demonstratively approved. Therefore such meanes I wish to be left.576

The quality of early modern glass was clearly not acceptable for taking observations
through. This issue was soon solved, as shortly after the introduction of shadow-
casting instruments the mariner’s cross-staff started to be used in a backward fashion
as well, now casting the shadow of the upper end of one of the transoms, or of the
attached vane, as we will see below, onto the smallest transom which was now called
the horizon vane.577 Alternatively a beam of light originating from a slit in a brass
aperture mounted to the upper end of the transom was projected onto the horizon
vane. In this configuration, the cross-staff would become the most accurate instru -
ment up to the invention of the octant.

3.3.4.5 The mariner’s cross-staff with vanes
Near the end of the sixteenth century, another mariner’s cross-staff was introduced
and first shown by William Bourne in 1574.578 Instead of four transoms, this cross-
staff was equipped with a single transom on which two sliding vanes could be set
at predefined distances from the centre. In this way a wide range of transom lengths
could be created. Most likely the instrument was influenced by earlier geodetic in -
struments and was intended both for surveying by proportions and for taking
angles, similar to one of the instruments shown in the 1533 Instrumentbuch by Petrus
Apianus.579
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575 Bourne, A Regiment... (London, 1574), in: Taylor (ed.), A Regiment..., p. 207-208.
576 Harriot, BL Add. Mss. 6788, f.488r.
577 See sections 3.3.4.5 – The mariner’s cross-staff with vanes and 4.2 – The seventeenth-century

mariner’s cross-staff.
578 Bourne, A Regiment... (London, 1574), in: Taylor (ed.), A Regiment..., pp.206-207.
579 Apian, Instrumentbuch... (1533). In this work Apian not only shows a staff with a single fixed length

transom, but also a transom that could be varied in length.



Bourne’s instrument shows some 16 divisions on each end of the transom, while
the staff shows altitude graduations from 40 to 90 degrees. The divisions on the staff
are, however, shown almost equidistant, even though the 90-degree mark corresponds
correctly with half the transom length from the eye-end of the staff. Sadly, Bourne
did not give a proper description of the instrument in this or his later English and
translated works.

A depiction similar to Bourne’s instrument can be found in Thomas Blundeville’s
1594 work, with identical but reversed numbering that no longer makes sense for an
altitude or zenith distance measuring instrument.580 Blundeville wrote that the whole
length of the transom was used (i.e. without the vanes) to measure the altitude of
celestial bodies and that the vanes were only mounted on the transom to measure the
angular distance between two celestial bodies, since

...if the two starres be so nigh together, as they wil [sic.] not conveniently answere the two ends

of the Transame, then you may use the two moveable vanes, which [...] you may set at what wide -

nesse you list [sic.] but yet so as they may both stand equally distant from the Centre of the

Transame or from both ends thereof.581

Clearly the vanes were used for astronomical observations. The instrument is shown
in Blundeville’s work directly after the section describing Thomas Hood’s shadow-
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580 Blundeville, M. Blundeville His Exercises (1594), f.318r.
581 idem, f.319v.
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Bourne’s cross-staff 
with vanes (collection 
Het Scheepvaartmuseum,
Amsterdam, inv.no.
S.3602).

Figure 24
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Joost van Breen’s frontispiece from his Stiermans Gemack (1662). At the upper left Bourne’s cross-staff
with vanes is depicted twice (collection Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(199)).

casting instrument. Bourne’s cross-staff with vanes seems to have influenced
Thomas Hood as Hood’s instrument could be used in a nearly identical set-up, and
also capable of both proportional and angular observations.

Figure 25



In 1604 a cross-staff with vanes on the transom is shown in George Waymouth’s
“The Jewell of Artes”.582 Here the staff is shown with divisions for altitudes, running
from just under 30 to 90 degrees, and with a horizon vane at the eye-end of the staff.583

Although rarely occurring in literature, the cross-staff with vanes on the transom
was still known in the mid-seventeenth century, as a similar instrument can be seen
twice on the title page of Joost van Breen’s Stiermans Gemack from 1662 (see figure
25). Here the instruments are equipped with a horizon vane as well, and one of them
is depicted in use as a shadow-casting instrument. The instruments look similar to
Van Breen’s spiegelboog, but as in both cases the staff protrudes from the transom
and the horizon vane is set at the end of the staff, they definitely are not.

Until the introduction of shadow-casting instruments, the mariner’s cross-staff with
vanes was used in the same forward fashion as the regular mariner’s cross-staff. The
only difference was that, instead of choosing a transom of a different length, the vanes
on the transom were placed at a convenient mutual distance.

3.4 Instruments that define the change

At the end of the sixteenth century a new observational method was introduced that
changed the design of instruments for celestial navigation for the coming century
and a half. This chapter explores the instruments that define this change and formed
the basis of all later shadow-casting instruments for celestial navigation.584

3.4.1 Introduction
The end of the sixteenth century was the start of a new era in the development of in -
struments for celestial navigation. By this time one of the principal instruments was
the mariner’s cross-staff. The others were the mariner’s astrolabe and the mariner’s
quadrant, but as we have seen the latter was not regarded as fit for navi gation.585 Using
a mariner’s cross-staff was far from comfortable, as it meant that the navigator had
to face the sun with the naked eye, at most protected by a small piece of coloured
glass.586 Being at least as accurate (and much lower in price than the mariner’s astro-
labe), the mariner’s cross-staff would eventually not only replace the other two instru -
ments but also lead to the new instruments discussed in this thesis.587
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582 Waymouth, “The Jewell of Artes”, ff.21v-22r.
583 This is the arliest known depiction of a horizon vane on a mariner’s cross-staff, see section 4.2 –

The seventeenth-century mariner’s cross-staff.
584 The contents of this section has in part been previously published in the following three articles:

De Hilster, ‘Master Hood’s Cross-staff...’, pp.10-17, De Hilster, ‘The Demi-cross...’, pp.30-41, De
Hilster, ‘The Early Development...’, pp.14-22.

585 See section 3.3.1.
586 Mörzer Bruyns, The Cross-Staff..., p.25.
587 idem, p. 33.



As shown in previous sections the cross-staff was initially used for forward ob serv -
ations only, i.e. facing the sun. This method of observing introduced observational
errors and could be harmful to the eyes. In an effort to overcome these problems, a
new instrument was developed by Thomas Hood, that was based on a new principle
and allowed to measure the sun’s altitude by using the shadow of an attached vane
(hence called shadow vane). This shadow-casting instrument led to a series of in -
stru ments, most of which allowed the navigator to observe the sun with his back
towards it (hence called backstaffs).

In a response to this, the mariner’s cross-staff was developed into a shadow-
casting instrument as well. Around 1650, the horizon vane was introduced (see
figure 26), being either a separate vane or the smallest vane with a nail or bone pro -
truding from its side(s).588 The nail or bone could be aimed at the horizon and the
shadow of the upper end of the transom was projected onto it while looking along
the lower end of that same transom. At the same time the aperture disc was intro -
duced. It was made of brass and could be slid onto the lower end of the transom
where it served as a peep sight. A few decades later a second aperture disc was in use
at the upper end of the transom to cast a small beam of light on to the horizon vane.
Tests conducted with a cross-staff in this configuration have shown that accuracies
of a few arc-minutes are feasible.589

The concept of shadow-casting was not completely new: the mariner’s astrolabe
did the same. The movable arm or alidade of a mariner’s astrolabe has two vanes with
pinholes (better known as pinnules). Observations were done by casting the bright
spot of sunlight from the pinnule in the upper vane onto the lower, but it was thanks
to the shadow of the upper vane that the bright spot of sunlight was visible.

The disadvantage of the mariner’s astrolabe with respect to the shadow-casting
instruments was, that due to its small diameter the size of the degrees on the mariner’s
astrolabe was limited. Although large (mariner’s) astrolabes have been made, their
usefulness at sea was disproportionate to their size, as weight increased with size and
so did susceptibility to wind. In addition, most mariner’s astrolabes were made of
bronze or cast brass, which made them relatively expensive. Shadow-casting instru -
ments were made mainly of wood and based on holding (a part of) the instrument
level rather than letting gravity do that job.

In 1590, a treatise was published on a new kind of instrument for geodetic measure -
ments and celestial navigation. The treatise was written by Thomas Hood and
discussed the instrument that would become known as Master Hood’s cross-staff.590

As will be shown below, the instrument consisted of various sliding parts and could
be used for two purposes: land surveying and celestial navigation. The former was
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588 Mörzer Bruyns, The Cross-Staff..., pp.40-41.
589 De Hilster, ‘The Spiegelboog...’, p.14.
590 Blundeville, M. Blundeville His Exercises... (1594), p.315.



done by proportions, the latter by angular measurement. As this thesis is on navi -
gational instruments for celestial navigation and as the instrument did not contribute
significantly to the field of geodesy, the land surveying methods described by Thomas
Hood are only discussed briefly.

The main importance of the instrument lies in the revolutionary way in which
solar observations could be taken. As mentioned above, up to Master Hood’s cross-
staff the mariner’s cross-staff was used in a forward manner. As an instrument for
celestial navigation, Master Hood’s cross-staff was used either in a forward manner,
similar to the mariner’s cross-staff by holding it next to the eye, or by casting a shadow
from an attached vane onto one of the scales. When used as a shadow-casting in -
stru ment the observer still faced the sun, or stood sideways, and held the instrument
in front of him and used the shadow of the upper edge of the attached vane for the
observations. Using the shadow-casting method meant that the observer no longer
needed to look into the sun.

Recent experiments have shown that the navigational set-up of Master Hood’s
cross-staff was cumbersome591 and that must have been the reason why different
designs incorporating the shadow-casting method were invented. The method of
for ward observations changed around 1594, when Thomas Harriot wrote ‘The
Doctrine Of Nauticall Triangles Compendious’, in which he further developed the
idea of shadow-casting instruments.592

Harriot not only used the principle of measuring the sun’s altitude by a cast
shadow, but also turned the observer so that he stood with his back towards the sun.
This method of observing was the start of a new development in altitude measure -
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591 See chapter 7 – Replicas and reconstructions.
592 Harriot, ‘The Doctrine...’, f.31r.

Horizon vane with a bone, the small beam
of light cast by the aperture disc can be seen
right of the staff (picture by the author).

Figure 26



ment instruments called backstaffs (or back-staves), among which were the wide -
spread Davis quadrant and the lesser known demi-cross. In addition, Harriot invented
the double-sided shadow-casting method where both the upper and lower edge of
the shadow vane were used in the shadow-casting process. As will be shown in chapter
5.3 – In the shadow of Hood and Harriot, Harriot’s double-sided shadow-casting
method was superior to Hood’s single-sided version. As both methods were applied
to later backstaffs and they significantly affect the quality of the observations these
two methods will be referred to throughout this thesis as Hood’s shadow-casting
method and Harriot’s shadow-casting method.

Harriot’s designs, he made three of them, were however still not practicable. Most
likely his designs never materialised, but his ideas were reflected in the first practicable
instruments, made by John Davis in or before 1594.593

3.4.2 The instruments
Six instruments in total define the change from the forward observation method
using a mariner’s cross-staff to the first two practicable backstaffs. It all began with
Master Hood’s cross-staff, followed by three designs devised by Thomas Harriot,
before John Davis invented his first two practicable backstaffs.

3.4.2.1 Master Hood’s Cross-staff
Master Hood’s cross-staff had the configuration of a land surveyor’s staff: two per -
pendicularly mounted staffs that could be used to measure objects by proportions
(figure 27B).594 It was engraved with proportional and altitude scales for use in land
surveying and navigation. The idea of two perpendicular mounted staffs with equi -
distant scales was not new. Levi ben Gerson and Gemma Frisius had already applied
this method to their instruments in the fourteenth and mid-sixteenth century. The
main important part that distinguishes Hood’s instrument from these earlier ones
was the presence of a shadow vane.

Use and Diffusion
The oldest written reference to a shadow staff was by Thomas Hood (fl. 1577-1596) in
The use of the Two Mathematicall Instruments, the Crosse-Staffe (differing from that in
common use with the mariners:) And the Jacobs Staffe: set forth Dialogue wise in two
Treatises: the one most commodious for the Mariner, the other profitable for the Sur veyor
to take the length, height, depth or breadth of anything measurable., published in 1590.595

NAVIGATION ON WOOD164

593 For an analysis of the order in which Harriot and Davis made their designs see section 5.5 –
Concept based diffusion.

594 This section is derived, in part, from an article published in the Bulletin of the Scientific Instru -
ment Society No. 101 (2009), see: De Hilster, ‘Master Hood’s cross-staff...’, pp.10-17.

595 Hood’s work is a book in two parts: The Use Of The Crosse Staffe and The Use Of The Jacobs Staffe
(London, 1590), bound together as one book and is registered as shelfmark 8534.b.22 at the British
Library. The title according to their database is The Use of the Jacobs Staffe. (A dialogue teaching



Thomas Hood was a Master of Arts, Fellow of Trinity House, and a very competent
mathematician. From about 1587 he was commissioned to lecture privately on the
application of mathematics to navigation,596 even though he appears never to have
gone to sea.597

As the title indicates, the book contains two treatises. The first is for the mariner (The
use of the Crosse Staffe) and describes the use of an instrument for astronomical pur -
poses. The second is for the surveyor (The use of the Jacobs Staffe) and deals with the
use of a geometrical instrument for land surveying. The first part had originally
been presented as a manuscript to Lord Charles Howard, together with the instru -
ment, but became so popular that Hood decided to publish it.598 Although the title
suggests two instruments, the book deals with one single instrument. He called it
a cross-staff, while a period author referred to it as “Maister Hoode his crosse staffe”.
It is being referred to in this thesis as Master Hood’s cross-staff.599
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the use of the Crosse staffe.), which is in fact the title of the second part as can be seen in the 1596

edition (BL shelfmark 529.g.6.(3.)). The general title page (The Use of the Two Mathe maticall Instru -
ments, the Crosse-Staffe (differing from that in common use with the mariners:) And the Jacobs Staffe:
set forth Dialogue wise in two Treatises: the one most commodious for the Mariner, the other profitable
for the Surveyor to take the length, height, depth or breadth of anything measurable.) and first title
page are missing and the second part has been bound as first. Both missing pages are known
from a complete 1596 copy in the British Museum, known as shelfmark 529.g.6(3), which has been
reproduced by Theatrum Orbis Terarum Ltd. & Da Capo Press Inc. in 1972. Also see Waters, The
Art of Navigation..., p. 188, footnote 1.

596 Waters, The Art of Navigation..., p. 185.
597 idem, p. 192.
598 Taylor, The Mathematical Practitioners... (1967), pp. 229-330.
599 Blundeville, M. Blundeville His Exercises... (1594), p.315.

Master Hood’s Cross-Staff according to Blundeville (collection Het Scheepvaartmuseum, 
Amsterdam, inv.no. A.1835).

Figure 27



Knowledge of Master Hood’s cross-staff comes not only from Hood’s work, but also
from Thomas Blundeville (fl. 1560-1602), who described the instrument in chapters
13 to 18 of His Exercises, first published in 1594 (see table 5).600 Blundeville claimed
that His Exercises was a compilation “...from the best modern writers...”601 and
studied works from Cortés, De Medina, Bourne, Norman, Borough, Coignet and
Hood.602 In chapter 13 he gives “A briefe description of Maister Hoode his crosse
staffe, and of all the partes thereof.”603

The accompanying illustrations (figure 27) show the various parts and the assem -
bled instrument. It consists of two staffs (the transome and the yearde), a crosse sockett
and a vane. Both staffs were engraved with two different scales: one in degrees for
“...Astronomicall uses...” and one equidistantly for “...Geometricall uses...”.604
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600 Five versions of the book have been examined: the first edition of 1594 in the collection of the
Maritiem Museum Rotterdam (inv.no. BWAE299), the fourth edition of 1613 (Het Scheep vaart -
museum, Amsterdam (inv.no. S.0161(320)) and the sixth edition of 1622 in the private collection
of Peter Ifland. In addition to that the staff of the British Library checked the seventh edition
from 1636 and another seventh edition from 1638 in the University of Illinois Library (Call
Number IUA01631) was checked by their staff. Both libraries confirmed that Master Hood’s
cross-staff was still mentioned in them, a copy of the first two pages of Chapter XIII of the 1638

edition has been sent to me for verification.
601 Taylor, The Mathematical Practitioners... (1967), p. 331.
602 Waters, The Art of Navigation..., p. 214.
603 Blundeville, M. Blundeville His Exercises... (1594), p. 315.
604 idem, p. 315. The use of equidistant divisions for geometrical uses and land-surveying is also

described by Apian in his 1533 treatise Instrument Buch.
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Frisius, G. De Radio Astronomico... ���� NL/LA ITD

Apianus, P., Frisius, R.G. Cosmographie, ou Description... ���� -/FR ITD

Hood, T. The Use of two Mathematicall... ���� EN/EN IT

Blundeville, T. M. Blundeville His exercises,... ���� EN/EN ITD

Hood, T. The use of the two Mathematicall... ���� EN/EN T

Blundeville, T. His Exercises, containing... ���	 EN/EN ITD

Blundeville, T. His Exercises, contayning... ��

 EN/EN ITD

Gunter, E. De sectore & radio. The description... ��
	 EN/EN IT

Gunter, E. The description and vse of... ��
� EN/EN IT

Blundeville, T. His Exercises, contayning... ��	� EN/EN ITD

Gunter, E. The Description And Vse Of... ��	� EN/EN IT

Blundeville, T. His Exercises, contayning... ��	� EN/EN ITD

*) Language = Country of origin author / Language text

**) Code: I = Image, T = Text, D = Dimensions/Specifications
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In 1623 a geometrical cross-staff was mentioned by Edmund Gunter (1581-1626) in
De Sectore & Radio.605 Although it is a similar instrument, Gunter did not call it Master
Hood’s cross-staff, and it had a different configuration of the vanes and additional
scales. He did, however, state that

The Crosse-Staffe is an instrument well knowne to our Sea-men, and much used by the ancient

Astronomers and others, serving Astronomically for observation of altitude and angles of

 distance in the heavens, Geometrically for perpendicular heights and distances on land and sea.

The description and severall uses of it are extant in print, by Gemma Frisius in Latin, in English

by Dr. Hood.606

So Gunter was well aware of Hood’s work, although he had his own ideas on the
implementation of the instrument, as he continued

I differ something from them both, in the projection of this Staffe, but so, as their rules may be

applied unto it, and all their propositions be wrought by it: and therefore referring the Reader to

their bookes, I shall be briefe in the explanation of that which may be applied from theirs unto

mine...607

Indeed Gunter had several additional scales engraved on his staff, most of which
were for calculations, as on the sector. One of the things he applied from theirs to
his instrument was the the shadow-casting method. He dedicated a small chapter
on this, entitled To observe the altitude of the Sunne backward, which he started

Here it is fit to have an horizontall sight set to the beginning of the Staffe, and then you may

turne your backe toward the Sun, and your Crosse toward your eye.608

The method he then explains to observe the Sun is, however, different from that
explained by Hood. By the time Gunter wrote his book, Hood’s ideas had resulted
in several shadow-casting instruments and the mariner’s cross-staff had been
modified for this purpose as well. Gunter’s method closely resembles the method
followed using the mariner’s cross-staff when used as a shadow-casting instru ment.609

So although Gunter mentioned Hood in combination with a similarly designed cross-
staff, his implementation was altogether different.
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605 Gunter, De Sectore & Radio (London, 1623), chapter The first Booke on the Crosse-staffe.
606 idem, p.1 of , chapter The first Booke on the Crosse-staffe.
607 ibid.
608 idem, p.11 of , chapter The first Booke on the Crosse-staffe.
609 ibid. Whereas Hood held the instrument parallel to the horizon, Gunter let it tilt in the same

way the mariner’s cross-staff was used.



Although the original Master Hood’s instrument was described in several editions
of works by Hood and Blundeville spanning at least 48 years (see notes 595 and 600),
no evidence has been found that Master Hood’s cross-staff found widespread use,
either on land or at sea. The instrument has only been described in the two English
works mentioned, with no known works outside England referring to the instrument.
Even Joseph Moxon (1627-c.1700), who in 1659 published his A Tutor to Astronomie
and Geographie and who showed “...several shapes and forms [...] on the celestial
globe. Collected by Dr. Hood.” did not mention Hood’s staff in his section on
nautical instruments.610

More recently the instrument has been described by Waters and Cotter.611 Waters
referred to period literature, while Cotter referred to both Waters and period works.
Both valued the importance of the instrument to the development of navigational
instruments of that era. Waters’ explanation of the astronomical scales differs
slightly to the findings of my research and is explained in the Scales section.

Construction
Although construction-wise Hood’s staff is a simple instrument, all parts were de-
scribed in great detail. The transom and yard were “...square rulers...” and “... everye
way square...”.612 The yard was “...cut off close to the 90. degree...” so that it may better
“...come unto your sight: wherein the Centre of the circle is imagined from whence
all the lines do come...”.613 On one of the illustrations in Blundeville’s book, we see the
eye-end of the yard being cut off on the lower side to allow it to be posi tioned better
in the eye socket (figure 27B), a practice also known from mariner’s cross-staffs.614

This was done in an attempt to prevent ocular parallax and was first described by
Bourne in 1574.615 When properly made, the lines of sight along the ends of the vane
coincided with the middle of the flat eye-end of the staff. As the lines should actually
fall on the eye’s retina, slightly beyond the staff ’s eye-end, Bourne advised to “...pare
away a little of the ende of the staffe...” in order to avoid ocular parallax.616

The cross-socket was made “...to joine the Transame and the Yard together [...]
squire wise, at right angles.”617 Each socket had a notch and a screw. The notches were
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610 Moxon, A Tutor to Astronomie and Geographie (London, 1659), title page.
611 Waters, The Art of Navigation..., pp. 185-189, Cotter, A History of the Navigator’s Sextant, pp. 89-

94.
612 Blundeville, M. Blundeville His Exercises (1594), p. 315.
613 Hood, The Use of Two Mathematicall Instruments (1590), p. 3 of part The Use Of The Crosse Staffe.
614 Mörzer Bruyns, The Cross-Staff..., p. 27.
615 Bourne, A Regiment... (London, 1574), in: Taylor (ed.), A Regiment..., p. 209.
616 For more on ocular parallax see section 5.6.5 – The eye-end error of the mariner’s cross-staff.
617 Hood, The Use of Two Mathematicall Instruments... (1590), p. 3 of part The Use Of The Crosse Staffe.



...to see howe to set the Transame, and the Yard just upon his place. For the brasse carrying a

certaine thicknesse with it, doth hinder my sight so, that I cannot well judge of the true place

wheron they should stand...

The screws “...serve to none other purpose but this, namely, to keepe the Sockets fast
in their places, that they slip not.”618

The socket could, of course, be mounted in several different ways on the instru ment,
but only one was correct. Hood wrote: “...that the Socket wherein the Transame
must bee put, must always hang downeward...” and “... that The ende whereat your
two Sockets close together, be next unto your sight... [that is facing towards you]”.619

The transom was the staff that was usually held vertically, while the yard would be
held horizontally. There was no definite way to assemble the cross-socket. The
illustrations show the cross-socket with the transom on both sides of the yard
(compare the cross-socket with the assembled instrument in figure 28). Hood even
replies to the question “Is it any matter to which hande [the vane] standeth...” with
“...When the Transome standeth on the right hand of the Yarde, let the Vane bende
towarde the left hande: and contrawise...”,620 which is only possible with two differently
constructed cross-sockets.

The vane is made “... of brasse [...] the upper edge whereof is pierced with a little
round hole for the beame of the sunne to passe through the same.” and was “...made
with a socket, and with a skrew to hold it fast to that ruler whereon it is set.”621 (figure
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618 idem, p. 3 of part The Use Of The Crosse Staffe.
619 ibid.
620 idem, p. 4 of The Use Of The Crosse Staffe.
621 Blundeville, M. Blundeville His Exercises (1594), p. 316 left.

The cross-socket 
(© British Library Board. All Rights
Reserved (Shelfmark 8534.b.22)).

Figure 28



27A). The vane was similar to the vanes on an astrolabe’s alidade (although those had
the pinnules pierced in the middle). The cross-socket had notches to compensate for
the thickness of the brass, but there is no mention how or of whether the thickness
of the brass of the vane had to be compensated.

Scales
Both the transom and the yard were engraved with two scales: one in degrees and
minutes for celestial navigation and one in equal parts for geometrical use, similar to
the German and Madrid instruments. A closer look at the illustration of the transom
reveals that it has no zero mark on the degree scale, but like Iberian astrolabes the
zero is marked with an ‘I’.622

Hood wrote that the yard and transom were divided with, on one side, “... the
degrees of altitude, with their minutes.” and that the transom contained “...all the
degrees from 1. to 45...”, while the yard “...conteyneth the rest, namely, the degrees from
45. unto 90.”623 Hood also wrote that the main advantage of his scales compared to
the mariner’s cross-staff (or Balla Stella as he called it) was that “...the degrees therof
are greater then of the other Staffe [the Balla Stella], though the Staves themselves be
of equall length. For 5. of them are as bigge as 15. in the Balla Stella.”624. Blundeville
took the scales further into detail by writing that “... every degreé is divided againe
into sixe lesser parts, making 60. minutes, for sixe times ten maketh 60. ...”.625 Apart
from being divided down to 10 arc-minutes neither Blundeville nor Hood mentioned
how the degree scales had to be divided. According to Waters, the degrees were equal
in size, as he wrote that “...the graduations, besides being equal, were much larger than
on a conventional cross-staff...”.626 That Waters thought the divisions were equal was
probably the result of the illustrations in the works by Hood and Blundeville as those
showed them that way. Hood’s text in the second part of his book (the part for
geometrical use) gives however the final answer, as he wrote that “... the partes of
the other Staffe [the astronomical one] are unequall, and that this [the geometrical
staff] is divided into equall portions...”.627

In order to make the instrument function accurately, it had to be divided the same
way as the shadow square of a astronomical astrolabe or a quadrant (figure 29). The
shadow square was a square part on those instruments that was divided into 90

degrees along two adjoining sides, called the Umbra Versa and Umbra Recta. Umbra
(shadow) stands for the trigonometric tangent of the altitude angle. The 45-degree
altitude angle divided the two parts of the shadow square; the part from 0 to 45
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622 Stimson, The Mariner’s Astrolabe..., p. 56

623 Hood, The Use of Two Mathematicall Instruments... (1590), p. 2 of part The Use Of The Crosse Staffe.
624 idem, p. 1 of The Use Of The Crosse Staffe.
625 Blundeville, M. Blundeville His Exercises... (1594), p. 315.
626 Waters, The Art of Navigation..., p. 189.
627 Hood, The Use of Two Mathematicall Instruments... (1590), p. 4 of part The Use Of The Jacobs Staffe.



degrees along the vertical side was named Umbra Versa (the shadow projected onto
a vertical wall opposite), the part from 45 to 90 degrees along the horizontal side was
named Umbra Recta (the shadow projected onto the horizontal plane).628 The transom
of Master Hood’s cross-staff would thus be graduated as an Umbra Versa and the yard
as an Umbra Recta since, if graduated equidistantly, the scales would produce an
unacceptable maximum error of just over four degrees at 27 and 63 degrees on the
scales.629

On the opposite side of the astronomical scales, both the transom and the yard were
engraved with linear scales. Hood tells the reader “...if you could divide them into
100000, it were the more commendable, but 1000 sufficeth in this staffe, ...”.630

Blundeville took it again into greater detail by writing

And on the opposite side of that [the astronomical scale], the said Transome is divided into

1000 equal parts, beginning at 25 and so increaseth by 25, untill you come to 1000. Every which

25 parts is divided into five lesser parts, and every one of those againe into five parts, which

maketh in all 25 parts, for five times five is 25,...631

As with the astronomical scale on the transom, the concept of zero appeared to be
difficult. Starting at 25 and increasing by 25 until 1000 is reached, will result in 975

divisions (or actually 976 if both 25 and 1000 are included), not 1000, yet both Hood

THE ADVENT OF SHADOW-CASTING INSTRUMENTS 171

628 Stöffler, Elucidatio Fabricae Ususque Astrolabii (Paris, 1553), in: Gunella, Lamprey (eds.), Stoeffler’s
Elucidatio... (Cheyenne, 2007), p.70-n1.

629 Even an astrolabe would perform much better with an accuracy of 20 arc-minutes, see: Van
der Werf, ‘Het Astrolabium’, p.20-21 and chapter 7 – Replicas and reconstructions.

630 Hood, The Use of Two Mathematicall Instruments... (1590), p. 4 of part The Use Of The Jacobs Staffe.
631 Blundeville, M. Blundeville His Exercises... (1594), p. 315.

The shadow square (illustration by the author).

Figure 29



and Blundeville wrote that the scales were divided into 1000 equal parts. We may
therefore assume that the scales would have begun at zero (and annotated with 1, just
as on the astronomical scale). In Hood’s The Use of The Jacob’s Staffe two geo metrical
examples were discussed in which the whole length of the transom was used as
refer ence.632 We may therefore also conclude that it was the whole transom (and thus
the whole yard) that was divided into 1000 parts and not the part from the socket to
the end of the staff. This also means that both staffs should be equal in length as both
were divided in 1000 parts and both scales should have identical equal parts to
function.

Although the illustrations from Hood and Blundeville are very small and simplified
they give us an indication what the scales must have looked like. On Hood’s illustra -
tion a mark has been drawn every 5 degrees on one side of the transom and on two
adjacent sides of the yard (see figure 30). The 10-degree marks are drawn over the
complete width of the staff, while the intermediate five-degree marks are much shorter
and marked with three dots as seen on other early seventeenth century instruments.633

Blundeville only shows fully drawn lines at every 5th degree on one side of each staff.
Both Blundeville and Hood show the cross-socket and vane with lines engraved

along all edges, a feature also found on other period staffs.634 There is no indication
of any signature in Hood’s or Blundeville’s work.

Dimensions
The transom and yard were both

...square rulers ech one bearing in thicknesse three quarters of an inch or there abouts everye

way square, and in length [...] not to containe above one yarde, for then in some uses they would

ware toppe heavie.635

So the thickness of the staffs was about ¾ inch (19 millimetres), but the length of
them is not given, although we are advised not to make them longer than a yard
(914.4 millimetres). The horizontal staff is however called ‘the Yearde’, an indication
that it was meant to be that size. A minimum size can be derived from the fact that
the staffs had to be divided into 1000 parts. The shortest intervals found on cross-
staffs are about 0.7 millimetres in length.636 Shorter will result in crumbling of the
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632 Hood, The Use of Two Mathematicall Instruments... (1590), pp. 19-20 of part The Use Of The Jacobs
Staffe.

633 Mörzer Bruyns, The Cross-Staff..., p. 27.
634 The cross-staff attributed to Christoph Schiffler in the Istituto e Museo di Storia della Scienza,

Florence (inv. No. 3167) shows similar lines.
635 Blundeville, M. Blundeville His Exercises... (1594), p. 315.
636 An example of this is the 1720 cross-staff by J. Hasebroek. It has full range scales (each starting at

90 degrees) with decreasing intervals. Side one starts with 10 arc-minute intervals that are 0.66



wood.637 This value multiplied by 1000 will result in a minimum length of about 700

millimetres. As explained under ‘scales’, both staffs had to be of the same length.
The dimensions of the cross-socket and the vane are not given, but based on the

original illustrations I estimated them at two inches long (50.8 millimetres). In
order to function properly the cross-socket should fit tightly on the staffs, but also
slide easily.

The width of the vane is also estimated from the illustrations and estimated to pro -
trude one inch (25.4 millimetres) from the staff.

Using Master Hood’s staff
As a whole, the instrument was designed “... to take the height of the Sunne and
Starres...”638 and to “...take the length, height, depth or breadth of anything measur -
able...”.639 Hood tells the observer that

... you may choose whether you will apply it [the instrument] onto your eye (as you do with the

Balla Stella [cross-staff]) or whether you will holde it in your hande, and finde the height of the

Sunne by the shadow of the same640
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millimeters apart. At 30 degrees the interval is reduced to 5 arc-minutes and again the interval
is 0.66 millimeters. The values given are based on a copy made of the instrument by the author
based on archaeological drawings of the original instrument (no 35 in Mörzer Bruyns, The Cross-
staff).

637 This is what happened to me in the first attempt on the Hasebroek staff.
638 Hood, The Use of Two Mathematicall Instruments... (1590), p. 1 of part The Use Of The Jacobs Staffe.
639 idem, title page.
640 idem, p. 4 of The Use Of The Crosse Staffe.

The divisions on Hood’s illustration 
(© British Library Board. All Rights Reserved
(Shelfmark 8534.b.22)).

Figure 30



As this thesis discusses the relevance of Hood’s staff for the development of navi -
gational instruments, I will mainly explain the navigational use of the instrument.

The vane serves not only to cast a shadow of the sun, but “...also to save your sight
from the beames thereof...” when observing the sun directly.641 In addition, “... for
some Geometricall uses it were necessarie (as some thinke) that there were two
such vanes.”, similar to the staff in Madrid, but unnecessary according to Blundeville.642

So this vane has three purposes: casting shadows on the staff; protecting the eyes when
using the staff as a cross-staff in a forward manner; and as sight(s) in geometrical use.

When using the instrument to observe the sun by casting shadows, one had to

... goe into some open place whereas you may see the sunne, and turning the ende of the yarde

marked with ninetie towardes your brest, holde the yarde so level as you can, that it may be a just

Parallell to the Horizon, and turne both your face, and also the vane of the transame towardes the

sunne.643

It is evident that although this is an instrument that measured the altitude of the
sun by its shadow, it was still used in a forward manner. With the use of a shadow
vane, Master Hood’s cross-staff is the earliest example of applying vanes on staffs
for shadow measurements.644 The next step, initiated by Thomas Harriot around
1594, as shown in the next section, was that the observer had to turn 180 degrees so
that he stood with his back towards the sun.645

Two different methods were described to conduct observations. The first method
of observing the sun by casting a shadow was described by both Hood and Blunde -
ville. When the sun’s altitude was more than 45 degrees

...then drawe the double socket upon the yarde nigher towards your brest, untill you see the

shadowe of the vane to fall just upon the ninetieth degreé of the yarde...646

Figure 31A, shows an observation of the sun at an altitude of 66 degrees. Altitudes
below 45 degrees were observed by making

...the Transame to sinke downe through his socket until the upper edge of the vane standing upon

the Transame doe cast his shadowe just uppon the nintieth degreé of the yarde.647
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641 dem, p. 3 of part The Use Of The Crosse Staffe.
642 Blundeville, M. Blundeville His Exercises (1594), p. 316 left.
643 idem, p. 317 left.
644 Waters, The Art of Navigation..., p. 189.
645 Taylor, ‘The Doctrine...’, p.135.
646 Blundeville, M. Blundeville His Exercises... (1594), p. 317 left.
647 ibid.



Figure 31B, shows an observation of the sun at an altitude of 14 degrees.The correct
altitude could be read at the cross-socket on either the transom or the yard.

In addition, Hood proposed a second method to measure the sun by shadows (see
figure 32). This involved assembling the instrument in another way. The transom
was put into the socket with the zero (or rather one) degree mark, the yard with the
45 degrees mark next to it. The shadow vane was mounted on the yard at the 90

degrees mark.648

For measuring altitudes of less than 45 degrees, the instrument is held with the
transom hanging vertically (figure 32B) and the shadow of the vane (which is now
mounted on the yard) will cast a shadow on the vertical transom. For altitudes above
45 degrees, the transom is held horizontally with the yard pointing towards the zenith
(figure 32A). The shadow will now give the zenith distance of the sun, “...subduct that
out of the 90. degrees, and the remainder sheweth the Sunnes elevation.”649

THE ADVENT OF SHADOW-CASTING INSTRUMENTS 175

648 Hood, The Use of Two Mathematicall Instruments... (1590), p. 9 of The Use Of The Crosse Staffe.

649 idem, p. 10 of The Use Of The Crosse Staffe.

Left (Figure 31): Using Hood’s staff according 
to Hood and Blundeville (illustration by the
author based on Blundeville’s illustrations).
Right (Figure 32): Using Hood’s staff
according to the second method by Hood 
(© British Library Board. All Rights Reserved
(Shelfmark 8534.b.22)).

Figures
31-32



In all these cases, only the shadow of the upper edge of the shadow vane was used in
the shadow-casting method. This single-sided way of projecting the shadow will from
here on be referred to as Hood’s shadow-casting method and is of particular interest
to the accuracy of the instruments, as will be discussed in section 5.3 – In the shadow
of Hood and Harriot.

The instrument could also be used to observe the stars, in which case the 90-degree
mark was held next to the eye like a normal cross-staff and the observation was done
by looking over the vane to the star and keeping the yard parallel to the horizon.
Blunde ville points out that this is more easily at sea as “...for on the Sea, there be
neither hils nor trées to hinder the sight...”.650 So the instrument had to be held
horizontally, but no aids were given for this. According to Hood one could use “...
a Plummet of Leade...” to keep the transom vertical when observing on land, but
this was not advised for its use at sea.651

A field test conducted in 2007 on terra firma has shown that Master Hood’s cross-
staff was cumbersome to use, indeed so difficult that it did not result in data any where
close to historic accuracies.652 In the article I wrote on the instrument, I stated that
“...Hood’s invention was a mediocre one, difficult in use on land and most certainly
not suitable for use at sea...”.653 A later field test on board of the HNLMS Snellius in
2014 did result in proper observations, but only thanks to the combined effort of two
observers and some six hours practice in the same number of days.654 Seven teenth
century mariners must have had this same experience and a further development of
the concept seems to be a logical step.

3.4.2.2 Harriot’s back-staffs
As explained in the introduction the method of forward observations changed
around 1594, when Thomas Harriot wrote ‘The Doctrine Of Nauticall Triangles
Compendious’, in which he further developed the idea of shadow-casting instru -
ments.655 He not only used the principle of measuring the sun’s altitude by a cast
shadow, but also turned the observer so that he stood with his back towards the sun.
This method of observing was the start of the new development in instruments for
celestial navigation discussed in this thesis, called backstaffs (or back-staves).
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650 Blundeville, M. Blundeville His Exercises... (1594), p. 317.
651 Hood, The Use of Two Mathematicall Instruments... (London, 1590), p. 5 of The Use Of The Crosse

Staffe.
652 De Hilster, ‘Master Hood’s cross-staff..., pp.14-15.
653 idem, p.15.
654 See section 5.4.2.2 – The sideways method and chapter 7 – Replicas and reconstructions.
655 Harriot, ‘The Doctrine...’. Up to Use and Diffusion this section is derived, in part, from an article

published in the Bulletin of the Scientific Instrument Society No. 105 (2010), see: De Hilster, ‘The
Demi-cross...’, pp.30-41.



The main theme of the manuscript was the computation of meridional parts for
drawing a Mercator chart, but on folios 31 and 32 he also discussed several navi gational
instruments. Modern authors have published on Harriot and the works he wrote,
mainly discussing his life and mathematics. Only a few of them, among which E.G.R.
Taylor (1953), D.W. Waters (1958), J.J. Roche (1981) and J.W. Shirley (1983), also dis -
cuss his navigational instruments.656

Harriot described three instruments for backward observations, all of which
showed features found on instruments that were developed in the following years.
The first was based on a staff similar to Hood’s design for forward observation, but
used in a backward manner, while the other two were quadrant types also for use
with the back towards the sun.657

The first instrument, “the crosse-staffe for the sunne”, consisted of a staff, a sight
vane, a shadow vane and a horizon vane (see figure 33). Harriot wrote that “The
contriving must be aded [sic] that the horizon & the shad extreme of the shadow
be in one line & then the observation may be perfecte.”658 Judging from the colour
of the ink and thickness of the pen, he continued this page at a later date by adding
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656 A wide range of publications on Harriot and his work exist. A bibliography of secondary
sources published since 1974 can be found in Fox (ed.), Thomas Harriot, An Elizabethan Man
of Science (Aldershot, Burlington, 2000), pp. 298-303. A second list with works from before 1974

can be found in Shirley, Thomas Harriot, Renaissance Scientist (Oxford, 1974), pp. 166-174.
657 Harriot, ‘The Doctrine...’, p.31. Harriot’s depiction of his first instrument shows a development

that is further explored in 5.5 – Concept based diffusion.
658 Harriot, ‘The Doctrine...’, p. 31.

Harriot’s original drawing ‘of the crosse staffe for the sunne’ (By kind permission of Lord
Egremont, ref. Petworth House Archives HMC 241/6b).

Figure 33



And that the staffe may be holden up right at the time of observation the vane which is next tothe

horizon must have a crosse vane whose edge must muste agree with the horizon, & with the shadow

of the sunne upon the upright vane.659

Apparently Harriot was not too pleased with this design because his explanation (the
part starting with “And that the staffe...”) was modified and finally struck through
while below it he explained and drew two other – quadrant-type – instruments.660

The first of these was titled “A better way”, implying that it was more suitable for
backward observations than the previous version of the instrument (see figure 34).
“A better way” had a 90-degree quadrant attached to the staff, a cylinder at the centre
of the quadrant for casting a shadow and a “… cursor or moveable vane so brode
[sic] or broader than the Cylinder” on the quadrant to catch the shadow cast by the
cylinder. About the moveable vane, Harriot wrote that

The best is to have it just so big for the one halv [sic] as wilbe shadowed by the cylinder; the other

half broder [sic] somewhat that the observer may se [sic] that the shadowe is in the middest; shine

by shyning as much on the one side as the other.661

This double-sided way of projecting the shadow, referred to in this thesis as Harriot’s
shadow-casting method, is of particular interest to the accuracy of shadow-casting
instruments, as will be discussed in section 5.3 – In the shadow of Hood and Harriot.

Harriot must have thought that even this second design could be improved, as
below it an instrument entitled “or else thus better”, was drawn, this time using the
same ink and pen (see figure 35). This one also had a 90-degree quadrant attached
to a staff. The eye-end of the staff was extended downwards to hold a sight vane.
Again, a cylinder was used to cast a shadow onto a moveable vane. In this drawing
the principle of shadow-casting described with his first quadrant-type instrument
– a movable vane with two different widths – is actually shown. The drawing also
gives an indication of the size, as above the quadrant Harriot wrote “18 inches” (457

milli metres, probably the radius of the quadrant as the dimension is written between
the cylinder and the arc). Where Harriot’s first quadrant-type backstaff had the dis -
advantage that one had to look in two different directions to see the shadow and the
horizon, with his improved version “…the edge of the shadow & the horizon wilbe
in one line”. The fact that observations had to be made by adjusting two sliding vanes
along two different scales must, however, have made this instrument cumber some
to use.
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Harriot must have thought that both quadrant-type instruments were superior to
his first, straight, version as he wrote that

…unto bothe these last wayes the shadow is perpendicular to the arche & vane, and allwayes of

one bignesse because of the cylinder & therefore very commodeous which cannot be performed

by strayte lined instruments662
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Harriot’s original drawing of ‘A better way…’ to observe the sun backwards (By kind
permission of Lord Egremont, ref. Petworth House Archives HMC 241/6b).

Harriot’s original drawing of the ‘or else thus better’ version of the quadrant-type instrument
(By kind permission of Lord Egremont, ref. Petworth House Archives HMC 241/6b).

Figure 34

Figure 35



The page ends with the remark that the instrument had to be made “…to hold in the
right hand excepte the observer be a sinister fellow”.663

It is unclear whether any of his instruments ever saw the light of day.664 The section
dealing with the last two versions seems to have been written in one go, as if the idea
for the last instrument occurred to him while writing. In another manuscript, dating
from 1595, Harriot wrote that there “...are three instruments used at sea for taking
of altitudes, The Astrolabe, The [sea] Ring & the [cross-] staffe.”665 The use of these
three instruments was described in detail, but no mention is made of backward
observations or his instruments from his ‘Doctrine’.

Use and diffusion
As mentioned above, it is unclear whether Harriot’s instruments ever materialised
and, as far as is known, it was only Harriot himself who wrote about them. One of
the indications that they did not is that so far I have not been able to find any period
reference to his instruments in other works than than in ‘The Doctrine Of Nauticall
Triangles Compendious’. What we do know is that his methods of observing did
diffuse. The backward method was used for all shadow-casting instruments after
Harriot wrote his manuscript, while his double-sided shadow-casting method was
used for a wide variety of, but not all, shadow-casting instruments invented in the
century to follow.666

Construction
It was not only the observational methods that were new, but also the way Harriot
designed his instruments. The first instrument Harriot shows was designed along
the same lines as already known instruments like the mariner’s cross-staff and
Master Hood’s cross-staff. These were monoxylous frames (frames made of a single
piece of wood, see section 5.2.2 – Construction methods) with sliding parts, and we
may therefore assume that his instruments were (intended to be) made of wood as
well.667 The second and third instruments, however, show signs of polyxylous
frames (frames made of multiple wooden parts, also see section 5.2.2 – Construction
methods). This way of creating instruments was new to the field of navigation and
certainly influenced the construction of instruments like the Davis quadrant and
hoekboog.
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Scales
Harriot did not describe the scales in detail, only showing 10-degree graduation
intervals in the drawings of the second and third instrument, but we may assume
they were divided to a finer level than that. Above the second instrument Harriot
wrote “18 inches”, most likely the radius of the arc of the instrument as it was written
half-way between the geometric centre of the arc and its periphery. The diameter of
18 inches (457.2 millimetres) is some 150 millimetres (6 inches) smaller than that of
Will Garner’s 1730s Davis quadrants in the National Maritime Museum, Greenwich,
and some 50 millimetres (2 inches) larger than the undated cross-bow quadrant in
the Museo Naval in Madrid.668 Assuming that Harriot would not have added diagonals
to the scale, as this was not yet common on navigational instruments in the sixteenth
century,669 we may expect a division interval somewhere in between the straight
graduation interval of the Davis Quadrant and the cross-bow quadrant. The former
is graduated every 5 arc-minutes, the latter every 10 arc-minutes. The 5 arc-minute
graduation interval for the equiangular graduations on Davis quadrants, however,
is known to have been introduced after 1720, which is consonant with Garner’s
instruments, with the introduction of 10 arc-minute diagonal scales.670 We must
therefore assume that, had Harriot’s instrument materialised, they would have been
divided to 10 arc-minutes or more.

Dimensions
Harriot only left a clue about the dimensions of his instruments in his third design.
As mentioned earlier, he wrote “18 inches” above the instrument, which is presumed
to have been the radius of the arc. Being of similar design we may assume that the
second design would have had a similar arc radius. Both instruments look sym -
met rical in dimensions around the shadow-casting cylinder, which means that the
instruments would have been 36 inches or 1 yard (914.4 millimetres) in length, which
is consonant with mariner’s cross-staffs of the period. In height they would have
been the radius of the arc (457.2 millimetres).

The thickness of the frames can be estimated from the drawings as approximately
1¼ inch, which seems somewhat heavy when compared to period mariner’s cross-
staffs and later Davis quadrants. The instruments were, however, hand-drawn without
the use of a ruler or other drawing aids and therefore little value should be given to
this dimension.

The drawings also seem to indicate cylinder and vane lengths of approximately
2-4 inches (50-100 millimetres), which is consonant with the vane lengths of later
Davis quadrants, but again little value should be given to these dimensions.
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Using Harriot’s instruments
Even though Harriot thought his first design was mediocre, it was perhaps the best
when it comes to actually observing. In the first design, the shadow of the transom
falls onto the horizon vane, through which the observer also views the horizon. There
is no need to focus on two spatially separated points at the same time. Instead, the
observer can have the shadow coincide with the end of the instrument and with
the horizon without having to blink the eye up or down. From the second and third
design it becomes clear that Harriot was not happy with the way the shadow was cast
on the horizon vane, for which he introduced the cylinder, and that he pre ferred to
have constant graduation intervals, for which he introduced the grad uated arc with
the cylinder at its centre.

The second design with the graduated arc, however, posed the next problem:
how to observe the horizon vane, the cast shadow, and the horizon in one place on
the instrument (or at least in one line)? Although the second design allowed him to
create a double-sided shadow, observing the shadow forced him to blink down to
the shadow receiving vane (this no longer can be called a horizon vane). It was there -
fore impossible to have the shadow coincide with a part of the instrument and the
horizon. Even worse, the larger the sun’s altitude, the more difficult it would be to
make a proper observation, as was the case with the forward fashion when observing
with the mariner’s cross-staff. It must have been this problem that made him depart
from the second design.

The third design solved the coincidence problem, but added a new one: in order
to keep the instrument in line with the horizon when the shadow was cast on the
receiving vane (which now had become a moveable horizon vane), the sight vane had
to be set at the same distance from the main beam of the instrument to keep the line
through the sight vane and receiving vane parallel to it. This, of course, would make
observing an iterative task, which would be far from easy when observing a moving
object like the sun. It seems that Harriot did not manage to solve this problem, or at
least he did not share it with us. It took a third, perhaps more pragmatic person, to
solve it fully.

3.4.2.3 John Davis’ back-staffs
It was probably Harriot who inspired John Davis to create his backstaffs,671 which
he described in his Seamans Secrets in 1595.672 The designs of Davis’ instruments
(and the order in which he created them) clearly show similarities with Harriot’s.
Although collected in a manuscript, it did not mean that Davis was not able to gain
knowledge of Harriot’s ideas. Harriot and Davis had at least two mutual friends
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with an interest in navigation: John Dee and Sir Walter Raleigh. Dee was in close
and friendly touch with Harriot (who mentioned him twice in his manuscript)673

and was Davis’ teacher in science and navigation (he was Dee’s last and most gifted
pupil) as well as a supporter in his voyages.674 Raleigh was Harriot’s inseparable friend
for nearly 40 years675 and Davis’ friend and investor of his voyages.676 That Davis and
Harriot had knowledge of each others work in or after 1595 is evident as Davis wrote
in that year in his Seamans Secrets that “...for Theorical Speculations and most cunning
calculation, Mr Dee and Mr. Thomas Heriotts are hardly to be matched...”,677 while
Harriot listed Davis’ work, among others, on the back of the final folio of his man u -
script.678

The first staff that Davis created was referred to as the 45-degree backstaff, as it was
capable of altitude measurements only with “…the sun not being more then 45

deg rees above the Horizon…” (see figure 36).679 Like Harriot’s “crosse-staffe for the
sunne”, it consisted of a straight staff, a horizon vane and a sliding shadow vane,
making the whole design almost identical, albeit with an arced shadow vane but
without the sight vane.
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John Davis’ 45-degree backstaff 
(public domain).

Figure 36



Davis’ second instrument was an improved version of his 45-degree backstaff and
is referred to as the 90-degree backstaff, as this was capable of measuring altitudes up
to 90 degrees (see figure 37). Like Harriot, Davis added a graduated arc to improve
his design. Here the arc would not be a quadrant, but a 25-degree section. The main
difference with Harriot’s instruments was that Davis turned the quadrant around
(the arc facing towards the observer) so that a horizon vane could be mounted at
its centre and catch the shadow of a transom mounted on the staff. Harriot’s design
cast a shadow from the centre of the quadrant towards the moveable vane, which in
Davis’ design became the sight vane. In this way Davis created a better instrument
than Harriot, as there was only one vane to move and only one place on the instru -
ment to put one’s attention to.

Both instruments actually materialised as, according to Davis, he used them “...under
the sunne and under the climates...”.680 In 1614, the 90-degree version was described
in Dutch literature.681 The 90-degree backstaff would eventually evolve into the Davis
quadrant and, although Davis regarded the 90-degree backstaff as superior to the 45-
degree version, it did not mean the latter’s development stopped. It would evolve in
the Netherlands into another kind of backstaff capable of measuring altitudes up
to 90 degrees: the demi-cross.

Use and diffusion
Davis named his designs ‘instrument’ or ‘staff ’, which makes it hard to trace them
in literature if the shape is not explained or depicted. Table 6 shows a list of period
sources discussing Davis’ instruments. Some of the entries are greyed out as these
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John Davis’ 90-degree backstaff 
(public domain).

Figure 37



do mention backstaffs, but as they do not show or properly describe the instrument
it cannot be shown beyond doubt that these concern one of Davis’ instruments. The
works by John Smith and Charles Saltonstall are, however, sufficiently early that it is
likely that the authors knew Davis’ instruments. The work by Thomas Sprat mentions
a backstaff 3 or 4 foot long, a dimension that would hardly fit another instrument
than Davis’ backstaffs or the demi-cross (which was directly derived from Davis’ 45-
degree backstaff, as will be shown below).

As mentioned above and further explored in 5.5 – Concept based diffusion, his
backstaffs had reached the Netherlands by the end of the sixteenth or start of the
seven teenth century and his 90-degree backstaff was shown in a Dutch work by
Metius in 1614 (see figure 38).682

In English literature Davis’ instruments can be found in the early seventeenth
century as well.683 A good example is The strange and dangerovs voyage of Captaine
Thomas Iames, published in 1633.684 This work is mainly a discourse on his journey

THE ADVENT OF SHADOW-CASTING INSTRUMENTS 185

682 idem, p. 26.
683 The following paragraph is derived, in part, from an article published in the Bulletin of the

Scientific Instrument Society No. 110 (2011), see: De Hilster, ‘The Early Development...’, pp.14-22.
684 James, The Strange and Dangerovs Voyage... (London 1633).

�������	��
��������������������������
���		�


����� ����� ���� ����� ������

Davis, J. The Seamans Secrets... ���� EN/EN ITD

Davis, J. The Seamans Secrets... ���� EN/EN ITD

Metius, A.Asz. Institutiones Astronomicæ... ���� NL/NL IT

Metius, A.Asz. Nieuwe Geographische Onderwijsinghe,... ���� NL/NL IT

Metius, A.Asz. Institutiones Astronomicæ... ���� NL/NL IT

Metius, A.Asz. Nieuwe Geographische Ondervvysinge,... ���� NL/NL IT

Smith, J. A Sea Grammar... ���� EN/EN T

Metius, A.Asz. Astronomische ende geographische... ���� NL/NL IT

Metius, A.Asz. Nieuwe Astronomicæ ende Geographicæ... ���� NL/NL IT

James, T. The strange and dangerovs... ���� EN/EN T

Metius, A.Asz. Primum mobile astronomice,... ���� NL/LA I

Saltonstall, C. The Navigator... ���� EN/EN T

Saltonstall, C. The Navigator... ���� EN/EN T

Davis, J. The Seamans Secrets... ���� EN/EN ITD

Sprat, T. The History of the Royal-Society... ���� EN/EN T

Smith, J. The Sea-mans Grammar and Dictionary,... ���� EN/EN T

*) Language = Country of origin author / Language text

**) Code: I = Image, T = Text, D = Dimensions/Specifications

Table 6



into the South Sea in 1631-1632. He mentions several times that a quadrant was used
for position finding. James’ discourse is followed by three appendices, the first of
which is titled “The Names of the severall Instruments, I provided and bought for
this Voyage” and contains a wide variety of navigational aids that were taken on board
during the voyage.685 In it we find a number of “Staves for taking Altitudes and Dis -
tances in the heavens”. Next to Gunter’s cross-staff and three mariner’s cross-staffs,
“Two of Master Davis Backe-staves: with like care made and devided [sic]” are listed.
The second part of the quoted sentence referred to the one above it, mentioning the
three mariner’s cross-staffs. According to James those were “...projected after a new
manner: and truly divided out of the Table of Tangents”. As there is no need for tangents
tables in dividing Davis Quadrants, which is done by bisecting, the “Master Davis
Backe-staves” must have been of one of Davis’ original designs – most probably his
45-degree version. From this it can be concluded that Davis’ original designs were
still in use around the start of the 1630s.

I have found no positive references to Davis’ original instruments in first editions
of navigational works after 1633. Davis’ The Seamans Secrets was reprinted up to
1657, but contains an exact copy of the original 1595 text.686 When in 1681 Jonas
Moore described the demi-cross, the instrument that was based on Davis’ 45 degrees
backstaff, he wrote that “… this instrument is sometimes used by the Dutch, but has
been wholly neglected by the English…”.687 Apparently Moore did not recognise Davis’
original design in it and we may thus assume that the instrument was no longer in
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John Davis’ 90-degree backstaff according to
Metius (collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(546)).

Figure 38



use. Other period works do mention backstaffs, but from the context it does not
become clear after which design they were modelled.688

As will be shown in section 5.5 – Concept based diffusion Davis’ instruments evolved
shortly after his 1595 publication. The first modification of both instruments was the
implementation of Harriot’s double-sided method of shadow-casting by adding a
shadow vane to the half transom (in case of the 90-degree backstaff this was the upper,
straight, half transom). With this modification his instruments arrived in the
Nether lands and the 90-degree version was illustrated by Metius in 1614. Later, his
45-degree backstaff was further modified by tilting the horizon vane and shadow vane
forward by 45 degrees, which made it possible to observe altitudes up to 90 deg rees.
In this construction, the instrument became known as the demi-cross in English
literature.689

When Metius showed Davis’ modified 90-degree backstaff, the 45-degree version
was not shown, nor was the demi-cross. The latter was first shown in 1618, thirteen
years after Davis died. As shown above, Davis’ original instruments were in use until
at least 1633 and it therefore seems that the demi-cross was modified into a demi-
cross after Davis’ death in 1605.

In later years Davis’ 90 degrees backstaff would once more evolve, now to become
the plow (see section 4.3.9 – The plow (f.l. 1669)). A transom was added and the shadow
and sight vanes were interchanged. In order to make observations, the in strument
was flipped over, so that the arc (and thus the shadow vane) was now pointing up -
wards, as in a Davis quadrant. In this form the instrument remained in service until
the end of the seventeenth century.

The design of the Davis quadrant was first described around 1604, but due to its
design it was not possible to incorporate Harriot’s shadow-casting principle and as
will be shown in 5.5 – Concept based diffusion it is unlikely that Davis was responsible
for this design. The first time it was named after Davis was over half a century later,
in 1662, and it seems that it was named after Davis for being a backstaff, not necessarily
for being his design.690

Materials
Davis starts his description of his backstaffs directly after the description of the
mariner’s cross-staff by writing, “There is a staffe of another projection...” and with
that indicates that it is a similar instrument. We may therefore assume that it was
made using similar materials to period mariner’s cross-staffs, such as ebony and fruit
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woods. The only part of the instrument for which he specified the material was the
horizon vane, which “... must be a plate of brasse with a soccat to be set in the centre
of the staffe...”.691 The centre was the end of the staff closest to the high altitude marks
on the scale, corresponding to the eye-end in the mariner’s cross-staff.

Construction
The reason why Davis’ instruments were successful and did materialise had all to do
with Davis’ insight into the reasons why Harriot’s instruments were cumbersome.
Only Harriot’s first design, the staff-type instrument, was workable and can be seen
as the direct predecessor of Davis’ 45-degree backstaff. Both Harriot and Davis were,
however, unhappy with this design, Harriot because of the shadow-casting method,
Davis because he could not observe altitudes above 45 degrees. Davis’ 90-degree back -
staff was based on Harriot’s quadrant-type instruments. But whereas Harriot tried
to keep the shadow vane, or rather cylinder, in line with his eye and the horizon in
his first design, and his eye, the moveable horizon vane and the horizon in line in
his second design, Davis realised that placing the shadow-casting vane out of the line
between the eye, sight vane, and horizon would solve all the issues experienced with
Harriot’s instruments.

Davis’ backstaffs were constructed in a similar way to contemporary mariner’s
cross-staffs and it must have been his experience with this instrument that allowed
him to improve upon Harriot’s quadrant-type instruments. Davis’ designs consisted
of a straight staff, similar to the ones used for the mariner’s cross-staff, on which one
or two half-transoms could slide. The difference from the mariner’s cross-staff was
that, depending on whether it was a 45 or 90-degree backstaff, there were either one
or two half-transoms and a brass horizon vane. The half-transoms seem to have been
made of a monoxylon, but may have had a block of wood glued onto one end
through which the staff could slide, like to the transoms of mariner’s cross-staffs.

Scale divisions near the half-transoms (including the curved half-transom of the
90-degree instrument) in Davis’ illustrations seem to indicate that all parts could
be slid onto or along the staff. There was no fixed construction in the sense that parts
were fixed together and held in place using glue, pegs or mortise and tenon joints.

The shadow-casting transom was curved in the 45-degree backstaff and straight
in the 90-degree version. The latter instrument had a second, curved, transom that
most likely held a sight vane. Davis did not show or mention this part in his own
publication, but it is necessary to make the instrument function properly. Metius’
illustration of the instrument does show the sight vane, so it was present in the early
seventeenth century version of the instrument.

It is not known how the horizon vanes of Davis’ instruments were actually con -
structed and thus whether the slit aperture was intended for sighting the horizon
from one side (like a Davis quadrant) or to have the horizon centred within it. Davis
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wrote that one could “...see the Horizon through the slitte...”,692 and although it is
tempt ing to say that this means centred, Davis does not specify this. If it was centred,
it would have worked like Harriot’s shadow-casting method by centring the horizon
in the aperture.

In the years after Davis’ publication, his instruments continued to developed. Davis’
90-degree backstaff, as depicted by Metius (see figure 38), seems to have another
method of mounting the curved transom. Whereas in Davis’ original illustration
it seems to have a sliding mount, this detail is absent from Metius’ illustration. Since
in Metius’ illustration the straight half transom seems to have a sliding mount, the
lack of this detail in the curved transom seems to indicate that by the time Davis took
his instrument on board the Dutch vessels he already had given the curved transom
a fixed mounting.

As discussed above, the earliest models did not have a shadow vane, but used
the shadow of the upper end of the half transom instead. Sometime between 1595

and 1598 this half transom was modified by adding a shadow vane to it. There is a fair
chance that this shadow vane had a sliding mount with one or more fixed positions
on the half transom, similar to the demi-cross that was derived from Davis’ design.

Concerning the horizon vane of the 45-degree backstaff, Davis wrote that had a
slit aperture. Metius’ illustration of the horizon vane seems to confirm this and shows
a similar aperture for the sight vane.693 As mentioned above the horizon vane was
mounted perpendicular to the staff, limiting the use of the 45-degree backstaff to
altitudes of 45 degrees. In Davis’ original designs the upper end of the half-transoms
acted as a shadow vane and his instruments thus used Hood’s type of shadow-
casting. How the shadow vane was constructed and used in Metius’ time is hard to
say, since the illustration he gave does not show enough detail, only in di cating that
it was mounted perpendicular to the transom a little below its upper end. The
reason for this change was most likely the implementation of Harriot’s shadow-
casting method.694

It is likely that Davis’ modified versions of his instruments also incorporated a
horizon vane using Harriot’s centring method as this construction detail can be
found in the demi-cross that was the direct successor of Davis’ 45-degree backstaff.
Perhaps this detail was already incorporated into Davis’ original designs, as suggested
above. Davis was the first to implement a horizon vane and having the horizon
visible in the centre of the aperture seems to be a more logical solution than having
a fiducial edge that has to be held against it from above or below.
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Scales
Davis 45-degree backstaff had only a single scale along the staff, corresponding to the
single half transom that could slide along it. In this way it was identical to the demi-
cross derived from it.

His 90-degree backstaff was more complex. According to his illustrations, it had
two scales along the staff and a scale along the curved transom (see figure 37). The
later version of Davis’ 90-degree backstaff, as shown in Metius’ work, had a vane
on the straight half-transom and may have had a scale along that half-transom that
allowed the user to set the vane at different heights, mych like the demi-cross. Sadly,
Davis did not explain his 90-degree backstaff in detail as “... it hath large demon -
stration with manifold uses...”, he thought it better to “...omit to manifest the same,
purposing to write a perticular treatise thereof...”, something he never did.695

The scales that ran along the staff must have been “...truly divided out of the Table
of Tangents” as explained by Thomas James in 1633.696 The scale on the curved transom
of the 90-degree backstaff must have been divided into degrees. Both Davis’ illustra-
tion and the one by Metius suggest that this was done to 25 degrees (see figures 37

and 38), even though the actual span of the arc in Metius’ illustration is almost 45

degrees (see figure 39).
In order to be able to observe angles up to 90 degrees, the straight half-transom

had to be moved across the point where the arced transom was mounted to the staff
(see figure 39). Although the arced transom must have blocked the use of a small
section of the scale on the staff (i.e. where the curved transom is attached to the staff),
the range of the curved transom was large enough to allow the setting of the half-
transom on each side of the curved transom while still being able to observe along
the whole altitude range.

Davis wrote that his 90-degree instrument “...doth contain the whole 90.degrees,
the shortest degree being an inch and ¾ long, wherin the minutes are perticularly
and very sensibly laid downe...”.697 The smallest divisions were most likely several arc-
minutes. We may assume that this was the case for the 45-degree instrument as well.
With 1¾ inch (44.45 millimetres) for the subdivisions, it would have been easy to
subdivide to 5 arc-minutes (approximately 3.7 millimetres per division) or 10 arc-
minutes (approximately 7.4 millimetres per division) sections. In theory it would
even be possible to divide it to single arc-minutes, but this was not done with straight
lined navigational instruments until the end of the seventeenth or beginning of
the eighteenth century.
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Dimensions
Davis did not provide many details about the dimensions of his instruments. Only
for his 90-degree instrument he wrote that it was “... a yard long, having 2.halfe crosses,
the one circular, the other straighte, the longest not 14.inches...”.698 The staff would
thus have been approximately 914 millimetres in length with a half transom of
approxi  mately 355 millimetres. The 45-degree instrument may have been of similar
dimensions or slightly smaller, as the illustrations suggest. Based on these illustra-
tions the 45-degree instrument would have been approximately 31 inches long, but
given the quality of the illustrations, little certainty can be given to this estimation.

Using Davis’ instruments
Davis explained in his 1595 work that:

The use of this staffe is altogether contrary to the other [the mariner’s cross-staff], for the center

of this staff where the brasse plate is fastned, must be turned so that parte of the Horizon which

is from the Sunne. and with your backe toward the Sunne, by the lower edge of the half crosse,

and through the slitte of the [brass] plate you must direct your sight onely to the Horizon, and

then moving the transversary as occasion requireth, until the shadowe of your upper edge of

the transversary doe fall directly upon the saide slitte or long hole, and also at the same instant

you see the Horizon through the slitte, and then the transversary sheweth the height desired.699

It seems that the 45-degree backstaff did not yet have a sight vane, but that the
lower edge of the half-transom served as reference. What is clear is that the observer
stood with his back towards the sun and thus no longer needed to look into it. Davis
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Actual angles in Metius’ version of Davis’ 
90-degree backstaff (illustration by the author
based on Metius’ illustration).
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is also clear about the shadow-casting method he used, with only the cast shadow
of the upper edge of the half-transom used.

It may be expected that his 90-degree backstaff was used in a similar way. Given
the similar shape of the upper end of the upper half-transom of the 90-degree in -
stru  ment, compared to the 45-degree instrument, we may assume that the 90-degree
instrument also used Hood’s single-sided shadow-casting method. We may further
assume, as explained above, that the lower, curved, half-transom held a sight vane.
As the divisions on the staff would have been further apart than those on the curved
transom, the sight vane was most likely set at a fixed place after which the upper-
transom was slid until the shadow, horizon vane and horizon vane coincided. It
may, however, have worked the other way round (so the half-transom was at a fixed
location and observations were done with the sight vane) as that is the way the Davis
quadrant works and seems to have been the way the demi-quadrant, an instrument
similar to Davis’ 90-degree backstaff, must have worked.

3.5 Summary

There is a thin line between instruments used for land surveying and those for navi   -
gation. This chapter began by exploring the differences between them. The main
difference is that land surveying instruments usually require a stable set-up, whereas
navigational instruments can be used in the hand. This, however, does not limit their
use to their intended purpose and land surveying instruments have been (and still
are) used on board of ships and visa versa.

The first navigational instruments used by western navigators were the mariner’s
quadrant and mariner’s astrolabe, in the second half of the fifteenth century. The
mariner’s quadrant was initially used in a relative way with the scale divided to mark
coastal locations, but soon changed into an instrument that could measure altitudes
in degrees. The mariner’s astrolabe was introduced as an instrument for altitude
observations, especially for those of the sun, and was therefore divided into degrees.

The mariner’s cross-staff was introduced in the beginning of the sixteenth century,
shortly after the Arab kamal was shown to Vasco da Gama by a Gujarat pilot during
Da Gama’s voyage to India. The early development of the mariner’s cross-staff has
been discussed by various authors in relation to Levi ben Gerson’s instruments and
the Arab kamal. The latter has generally been accepted as the forerunner of the
mariner’s cross-staff, but their relation has not been fully explored in modern
works.

From historic evidence it seems more likely that the kamal, and not the astro n -
omer’s cross-staff as first described in the west by Levi ben Gerson, was the direct
forerunner of the mariner’s cross-staff. The Behaim theory, that Martin Behaim
introduced the astronomical cross-staff to Portuguese navigators and thus caused the
introduction of the mariner’s cross-staff, cannot be fully falsified (nor substantiated),
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however. It is certain that the kamal was used by western navigators well before the
advent of the mariner’s cross-staff and that both instruments remained in use
alongside each other for several decades. From an instrumental and observational
point of view the mariner’s cross-staff is more akin to the kamal than to the astron -
omer’s or Jacob staff. Where and when exactly the introduction of the mariner’s
cross-staff took place will remain unclear until new evidence surfaces, but it seems
that the Portuguese made this important step.

Mariner’s cross-staffs were sometimes made with spoon-shaped transoms. The
only surviving example, found on board of the Swedish admiralty ship Kronan and
dated 1661, has been explored in detail, showing that the transoms were possibly
older and that the staff, horizon vane, and aperture disc were later additions.

Meanwhile, by the end of the sixteenth century, the mariner’s quadrant was no
longer regarded as suitable for navigation, save for observations on land. This con -
trasted the mariner’s astrolabe, which was still regarded as an excellent instrument.
By the second half of the sixteenth century the latter even led to the invention of
another instrument, the sea ring, which had graduations of twice the size for the
same diameter, but lost its self-verifying properties.

After the introduction of the cross-staff to navigation, it continued to evolve from
a staff with a single transom to an instrument with up to four transoms and corre s -
ponding scales by 1584. As an offspring, a new type of mariner’s cross-staff was in tro-
duced by William Bourne around 1574, with a design nearly identical to the first
shadow-casting instrument later introduced by Thomas Hood and which may have
sparked the change in instruments for celestial navigation at the end of the sixteenth
century.

In 1590, Thomas Hood published a work on his newly invented cross-staff, which
started the revolution in instrumental design that is the focus of this thesis. Although
a mediocre instrument when it comes to use on board a vessel, the instrument was
the first to use the single-sided shadow of an attached vane, hereafter referred to as
Hood’s shadow-casting method, in combination with a staff-type instrument to take
observations of the sun.

Thomas Harriot improved on Hood’s design by turning the observer around
and introducing the double-sided shadow-casting method, which will be referred to
as Harriot’s shadow casting method. Now that the observer could take observations
with his back to the sun, the term backstaff was used for instruments that were able
to measure the sun’s altitude from its shadow. Harriot illustrated three forms of back -
staff, but none was really practicable and they most likely never materialised.

In 1595, John Davis published a work showing the first two practicable backstaffs.
The first was able to take observations up to 45 degrees, the second up to 90 degrees.
Davis’ instruments did materialise and were known in the Netherlands at the start of
the seventeenth century. Davis then further improved his instruments, incorporating
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Harriot’s ideas. Davis’ instruments were the start of a series of practicable shadow-
casting instruments. Some used Hood’s single-sided shadow method, while others
used Harriot’s improved double-sided shadow-casting method. With some small
alterations his 45-degree backstaff would eventually evolve into the demi-cross, while
his 90-degree backstaff would become the plow. As far as is known, no original back -
staff as designed by Davis survived.

How the developments described in this chapter influenced instrumental develop -
ments and inventions in the seventeenth century is the subject of the next chapter.

M
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It were much to be wished that all those that doe undertake to mak[e] discovery of any straunge

cuntries or passages: had some skill in […] the Instrumentes of navigation they ought to knowe

both the making and use of so many as is possible, for if they knowe not howe theire instrumentes

ought to be made, then may they be so faultie as they shall not be any thing proffited by them.700

George Waymouth, 1604

4.1 Introduction

Davis’ instruments discussed in the previous chapter were the first practicable back -
staffs and had laid the basis for new developments based on his and his predecessors’
(Hood and Harriot) ideas. Having taken his instruments on board a Dutch vessel
meant that the concepts soon spread to the Netherlands and further into the conti -
nent. Davis’ inventions resulted in many new instruments, and eventually in the
invention of the octant in 1731.

In the century following the developments discussed in the previous chapter, many
new instruments were developed. Most, however, were made in such small quantities
that they did not survive, with knowledge of them coming only from period literature.
As an exception, one instrument is known only from a single surviving example,
but is not described in period literature. Of another instrument, only a period wood
carving (based on an original) is known.

As the quality of the observations that can be taken with these instruments
depends on the way the sun is observed (i.e. by Hood’s or Harriot’s shadow-casting
method or by a beam of light or image of the sun) special attention must be given
to this detail of the instruments. Casting a beam of light can be as good as Harriot’s
method, while Hood’s method is less accurate, as will be shown in the next chapter.
Likewise, as also shown in the next chapter, the shape of the horizon vane affects the
quality of observations. Here again Hood’s and Harriot’s methods apply. That the

700 Waymouth, ‘The Jewell of Artes’, f.6r.

New Instruments 
following the change 4



horizon vanes are referred to using their names is not because Hood and Harriot
created them, but because the way of observing the horizon using these two types of
horizon vanes is similar to the way in which Hood and Harriot implemented the
shadow-casting method. Horizon vanes have been made with a fiducial edge
approach ing the horizon from a single side, which will be identified as Hood’s type
of aperture, but have also been made with an opening in which the horizon had to
be centred, referred to as Harriot’s type of aperture.

Before discussing the newly developed instruments, I will return to the instrument
from which they all originated, the mariner’s cross-staff, to see how this developed
around the turn of the century.

4.2 The seventeenth-century mariner’s cross-staff

Section 3.3.3 – The introduction of the mariner’s cross-staff discussed the introduction
of the mariner’s cross-staff and its relation to the kamal, Levi ben Gerson’s instru -
ments, and instruments that stand in an even longer tradition. Initially, the mariner’s
cross-staff was used with only one transom, but in section 3.3.4 – Instru ments for
celestial navigation at the end of the sixteenth century it was shown how the mariner’s
cross-staff developed into an instrument with four transoms by 1584.

The section ended with the point that as a result of the advent of shadow-casting
instruments, the mariner’s cross-staff was turned into a shadow-casting instrument
as well. For this it needed a device onto which the shadow of the upper end of one
of the transoms was cast. This was either a purposely made asymmetrical vane or
a modified transom (see figures 40 and 41). The former was either an asymmetrical
vane protruding horizontally and perpendicular from the eye-end of the staff, with
a slit aperture and a vertical opening next to it, like the ones found with the Kronan
cross-staff (see figure 40), or a wooden block with a nail protruding from its side as
described by Claude François Milliet Dechales (1621-1678), a French Jesuit mathe -
matician who taught mathematics in Lyon and was professor in hydrography in
Marseille and later in Lyon and Paris,701 in 1677.702 Both these asymmetrical types
approached the horizon in a Harriot-type of fashion as they allowed the observer
to centre the horizon vane on the horizon.

The modified transom consisted of the smallest transom into which a beentje
(little bone) was either incorporated or fastened using a dovetail joint. As the beentje
only allowed the observer to approach the horizon from a single side (i.e. from above
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or from below703) it approaches the horizon in a Hood type of fashion (see figure
41).704 The beentje was generally made of bone, but could also be made of wood. As
will be shown in chapters 5 – The instrument as a concept and 7 – Replicas and
reconstructions, the mariner’s cross-staff could perform just as well without the pro -
truding sides of the beentje, which could explain the shortened ends on surviving
mariner’s cross-staffs, as found on the one in the Skokloster Castle (see figure 42).705

Without these protruding ends the transom that served as a horizon vane was used
according to Harriot’s method.

NEW INSTRUMENTS FOLLOWING THE CHANGE 197

703 The beentje in the smallest transom is mostly described as covering the sky, thus using its lower
fiducial edge and approaching the horizon from above. De Graaf, Atkinson, and Kelly gave this
method, Albrizzi and the unknown author of a French manuscript in the collection of Het Scheep -
vaartmuseum in Amsterdam mention the use of the upper edge (i.e. with the beentje covering
the sea). De Graaf, De Kleene Schatkamer (Amsterdam, 1680), pp.37-38. Atkinson, Epitome of the
Art of Navigation... (Dublin, 1715), p.2. Kelly, The Compleat Modern Navigator’s Tutor... (London,
1724), p.217. Albrizzi, Introduzione all Arte Nautica... (Venetia, 1715), p.100. Anonymous, ‘Traité
de Navigation’ (1758), f.1 of section Des Instrumens Propres....

704 Mörzer Bruyns, The Cross-Staff..., pp.39-40.
705 It is uncertain whether the beentje of the Skokloster instrument was deliberately shortened for

the purpose.

Top-left: (Figure 40): One of the Kronan 
cross-staff horizon vanes (Kalmar Läns
Museum inv.no.11592, picture by the author).
Topo-right: (Figure 41): A modified transom
with beentje (Het Scheepvaartmuseum 
inv.no. B.25(4) H.21,picture by the author). 
Below-left: (Figure 42): The shortened beentje 
in the Skokloster collection (courtesy of 
Skokloster Castle). 

Figures
40-41-42



In 1604 a cross-staff with vanes on the transom, similar to the one shown by Bourne
in 1574,706 appeared in George Waymouth’s ‘The Jewell of Artes’.707 The staff is shown
with divisions for altitudes, running from just under 30 to 90 degrees (see figure 43).
On the page the dotted semi-circle of a diagram on the preceding page that has trans-
ferred through the paper and a stamp of the British Museum (at the bottom) are
visible.708 Waymouth’s diagram is signed with a W (to the right of the staff and below
the transom in figure 43), indicating that the instrument shown was his own in-
vention.709

The scale range is slightly larger than that of Bourne’s instrument, but more im -
portant is the addition of a horizon vane to the instrument, approximately half a
century earlier than hitherto thought.710 It is uncertain whether Hood’s or Harriot’s
shadow-casting method was being deployed, but as it worked with protruding
vanes on the transom it most likely was the latter.

Although this type of cross-staff differs in design from those generally used by
mariners in the seventeenth and eighteenth century, we may expect that the horizon
vane was applied to the more general form of the mariner’s cross-staff around this
time as well. That the horizon vane was added to use the instrument for backward
observations becomes clear from the accompanying text on the next page in which
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Waymouth explained that

This demonstration sheweth the making of another kinde of crosse staffe having three transomes[.]

this instrument will serve to take the altitude of the sunne foreward and backwarde. and any

starre foreward.711

Although the fourth transom had already been introduced by De Vaulx in 1584,
Waymouth only mentioned three transoms for this instrument. This may have been
due to its intended backward use and is consonant with later mariner’s cross-staffs
which also had at most three transoms for backward observations, the fourth only
being used for forward observations and to hold the beentje in the backward method.

The main advantage of his design over the general mariner’s cross-staff was that in
theory it could be used with Harriot’s type of shadow-casting, but whether or not
it was actually incorporated into this early instrument is unknown. As shown below,
later descriptions indicate that until the last quarter of the seventeenth century, Hood’s
type of shadow-casting was used for the backward observations with the mariner’s
cross-staff.

It would not be until the introduction of brass aperture discs (see figure 44) that
Harriot’s shadow casting method was introduced to the more general form of the
mariner’s cross-staff (i.e. the form without vanes on the transom). Originally, the
aperture disc was introduced as a peep sight to assist the proper placement of the
lower end of the transom with respect to the eye.712 It could be slid over the end of
the transom to create a slit aperture allowing its use as a peep sight. As shown below
a few decades later a second brass aperture disc was used to cast a beam of sunlight
onto the horizon vane.
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711 Waymouth, ‘The Jewell of Artes’, f.22r.
712 Seller, Practical Navigation:... (1669), p.205.

An aperture disc or ‘brass shoe’ 
(collection Utrecht University Museum 
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This aperture disc was first described in the Netherlands in 1659.713 Mörzer Bruyns
has written that the “...fact that it was introduced and first used by the Dutch and
that it resembled a shoe, explains why in English it was sometimes named Dutch
shoe.”714 In the accompanying footnote he referred to John Seller’s 1689 Practical
Navigation, but none of the editions or other English works I examined refer to the
aperture disc as Dutch shoe. Instead, it was called a shoe of brass or brass shoe (Seller,
Moore, Perkins, Newhouse, Kelly) or a plate of brass or brass plate (Newhouse,
Atkinson).715 The term Dutch shoe may have been introduced by Brewington in his
1963 catalogue of instruments in the Peabody Museum, Salem (MA). In it he describes
and shows a mariner’s cross-staff “Fitted with a “Dutch Shoe” made of pearwood”.716

In the footnote mentioned above Mörzer Bruyns correctly stated that “Brewington
[…] wrongly claimed [that] the whole horizon vane was named Dutch shoe”.717 The
only use of the word Dutch in combination with the description of the mariner’s
cross-staff is when period authors discuss the Dutch fashion of observing (see below
under Using...).718 The oldest known description of the aperture disc is the one
mentioned above from 1659 and was mentioned in a work by Pietersz.719

The initial use of the brass shoe was to serve as a peep sight, but soon a second
aper ture would be used to cast a beam of light. In 1677 Milliet Dechales wrote that
P. Fournier (Pere or father Georges Fournier) had indicated that without apertures
the mariner’s cross-staff could produce errors up to almost a whole degree.720 He
wrote about the method with only the lower aperture disc that:

Il y a encore quelque difficulté dans cette pratique, à cause de la penombre. Car je demande si

on trouvera par ce moyen, la hauteur du limbe inferieur ou superieur du Soleil, ou celle du

Centre. C’est une faute qu’ont commis autrefois les Anciens, qui prenant la hauteur du Soleil

par l’ombre des obelisques, & n’ayant point égard à la penombre, nous ont donné la hauteur
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713 Mörzer Bruyns, The Cross-Staff..., p.40.
714 ibid.
715 Seller, Practical Navigation... (1669), p.205. All later editions of Seller’s work use the same

description. Moore, A New Systeme... (1681), p.240. Perkins, The Seamans Tutor... (1682), p.183.
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Epitome of the Art of Navigation... (Dublin, 1715), p.2 of The Description and Use of Instruments
most useful in Navigation.

716 Brewington, The Peabody Museum Collection of Navigational Instruments... (Staten Island, 1963),
p.6 and Plate V.

717 Mörzer Bruyns, The Cross-Staff..., n.32, p.116.
718 Seller, Practical Navigation... (1669), p.205. Also see below under using the seventeenth-century

mariner’s cross-staff.
719 Pietersz., Stuermans schoole..., p.34.
720 Milliet Dechales, L’ Art de Naviger... (Paris, 1677), pp.63. I have not been able to trace this comment

by Fournier in his Hydrographie... (Paris, editions of 1643 and 1667).



d’un des limbes, au lieu de nous donner celle du Centre; ce qui fait une erreur de quinze minutes,

ou d’un quart de degré, que nous devons éviter, si nous pouvons.721

[Still there is some difficulty in this practice, because of the penumbra. Because I wonder if we

find by this method, the height of the lower or upper limb of the Sun, or that of the Centre. It

is a fault that the ancients committed previously, when they measured the altitude of sun from

the shadow of obelisks, and without regard to the penumbra, gave the height of one of the limbs,

instead of giving that of the centre; making a mistake of fifteen minutes, or a quarter of a degree,

which we must avoid if we can.]722

In order to overcome these errors, he described the mounting of a second aperture
at the upper end of the transom, an invention he took credit for,723 to cast a beam
of sunlight onto the horizon vane (see figure 45 near I and L). Alternatively, a small
peg (near q in figure 45) protruding from the side of the upper end of the transom
could be used.724 In addition, he wrote that to increase contrast the horizon vane had
to be covered with white paper.725

Milliet Dechales was in contact with Christiaan Huygens and this Dutch con -
nection may have influenced him to apply apertures (or pinnules as he called them)
to the mariner’s cross-staff, although he may have taken the idea from the mariner’s
astrolabe, an instrument he described and improved as well.726 The aperture discs
suggested by Milliet Dechales were of a different design to the apertures known from
surviving mariner’s cross-staffs, as shown in figure 44. They protruded from the side
of the transom instead of from the far ends, and were called lame de quivre (brass
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721 Milliet Dechales, L’ Art de Naviger..., p.64.
722 My own translation.
723 Milliet Dechales, L’ Art de Naviger..., p.64.
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726 Feingold, Jesuit Science..., pp.17. Milliet Dechales, L’Art de Naviger..., pp.54-56.

Milliet Dechales’ illustration of the mariner’s
cross-staff with apertures at the upper ends of
the transoms (collection Maritiem Museum
Rotterdam, inv.no. BWAE340).

Figure 45



plate).727 It is, however, uncertain what the 1659 Dutch aperture discs looked like
and thus whether or not they formed the basis of Milliet Dechales’ design. The use
of the upper aperture or peg changed the shadow casting method from Hood’s into
Harriot’s, making the instrument much more reliable and one of the most, if not
the most, accurate instruments prior to the invention of the octant.

So far the apertures discussed were simply a piece of metal, generally brass, in which
a hole was pierced, a slit was cut, or a slit was created between the edge of the aperture
and the end of the transom it was attached to. Possibly inspired by the coloured glasses
that were sometimes used, mounted to the upper end of the transom to protect the
eyes when observing in the forward manner, and by the Flamsteed lens of the Davis
quadrant, there was a suggestion to equip the upper aperture with a

...small double convex glass, to the upper end of the Vane to contract the sun beams, and cast a

small bright spot on the Horizon Vane; possibly it may be found more convenient than the shadow

[of the upper end of the transom], for as much as that is commonly imperfect and double.728

This method, first described by Jonas Moore in 1681, would only be effective with
a distance between the aperture and horizon vane similar to the focal length of the
lens. Tests with a lens showed that at larger distances, the quality of the cast image
of the sun rapidly deteriorates, while at shorter distances its diameter becomes too
large to provide a proper reference.

Use and diffusion
As mentioned above, the aperture disc was initially only used as a peep sight at the
lower end of the transom. It was used in this manner in the Netherlands, England
and France throughout the seventeenth century and well into the eighteenth cen -
tury.729 By 1682, the use of the lower brass aperture disc was so common that the
Dutch  man Dirck Rembrantsz. van Nierop wrote:

Dese ghemeene Graed-boogh is een seer bequaem Instrument / om by der zee hooghte te nemen

/ en dat soo wel aen de Sonne als aen de sterren. Ende oock wanneer de Sonne soo hoogh

verheeven staet / dat men die te gelijck met den Horizont en kan af-peylen: of dat men de Sonne

om de groote hitte en stercke glans niet wel in de ooghen en kan verdragen / so ist dat men die

met de schaduw kan af-meten : en dat met een versichje aen het eynde van het kruys te steecken

/ als oock een houtje aen ‘t oogh-eynde van den stock te passen / waer mee dat den Horizont af-
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geroyt wort : en aldus kan met de Sons schaduwe zijn hooghte veel bequamelijcker en beter af-

gemeeten worden / als wel na de Son toe. Welcks gebruyck by de Zee-vaerders soo heel gemeen

is / dat het my onnoodigh dunckt om veel hier van te schrijven.730

[This general cross-staff is a very effective instrument / for taking the altitude at sea / of both

the sun and the stars. And also when the sun stands so high / that one can simultaneously aim

at it and the horizon : or if one cannot bear the Sun because of its strong heat and glare in the

eye / one can measure it using its shadow : and that by sticking a sight at the end of the transom /

as well as adding a small piece of wood at the eye end of the staff / which is used to aim at the

horizon : and with this manner of using the sun’s shadow its height is much more accurately and

better observed / than towards the sun. Which use among mariners is so common / that it seems

unnecessary for me to write much on it here.]

Milliet Dechales’ ideas did spread soon after he had published them and clearly
formed the basis of an English work of 1685 by captain Daniel Newhouse (fl. 1685-
1698), who used almost the same phrasing (although now in English) and illustrations
(see figure 46).731

Whether or not the works by Milliet Dechales and Newhouse were known in
the Netherlands is unknown. The presence in the collection of Het Scheepvaart -
museum in Amsterdam is not a guarantee that they were originally used in the
Netherlands, since some of the collection has been acquired abroad.732 The earliest
known reference to the use of a second aperture disc at the upper end of a mariner’s
cross-staff transom in the Netherlands dates from 1749, in a letter by the Dutch
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730 Van Nierop, ‘Kort Onderwijs in de Konst der Zeevaert.’, in: Doncker, De Nieuwe Geoctroyeerde
Verbeterde en Vermeerderde Stuurmans Zee-Spiegel... (Amsterdam, 1682), p.15.

731 New-House, The whole Art of Navigation... (1685), p.258.
732 Hubert, Peters, The Crone Library, Books on the Art of Navigation... (Amsterdam, 1989), p.XVIII-

XXVI.

MDaniel Newhouse’s version of Milliet
Dechales’ mariner’s cross-staff apertures
(collection Maritiem Museum Rotterdam,
inv.no. BWAE340).

Figure 46



scholar, mathematician and astronomer Cornelis Douwes (1712-1773).733 Douwes
also acknowledges that the upper aperture provides a better method of measuring
the sun’s altitude than using the single sided shadow of the upper end of the transom.

There is a fair chance that the use of double apertures on the mariner’s cross-
staff started half a century or more earlier in the Netherlands than mentioned by
Douwes since the spiegelboog had been described using two apertures in a Dutch work
by Klaas de Vries in 1702.734 Although De Vries explicitly mentions two apertures, the
upper one to cast a beam of light, he does not mention an aperture at all in his de-
scription of the mariner’s cross-staff.735

Scales
By the time the mariner’s cross-staff was used in a backwards fashion, it was equipped
with four scales, three of which were used in the backward and forward fashion,
while the fourth was used with the smallest transom for forward observations only.
For a more detailed discussion of the dividing method of mariner’s cross-staff
scales, see section 5.2.3 – Dividing methods.

Dimensions
Although limited information is available on early mariner’s cross-staffs, surviving
examples seem to indicate that in the seventeenth century the staffs were close to one
metre in length (see figure 47). By the end of the seventeenth century, the mariner’s
cross-staff became considerably shorter, on average around 750 millimetres, perhaps
as a result of its increased use as a backstaff.

During the whole of the seventeenth and most of the eighteenth century, the
instruments grew in thickness. Generally, the mariner’s cross-staff was between 12
and 14 millimetres thick in the seventeenth century, steadily growing to 18-19 milli -
metres towards the last quarter of the eighteenth century. The two most modern
instruments, dating from 1804 and 1805, break with this trend of ever-increasing
staff widths.

Using the seventeenth-century mariner’s cross-staff
From the start of the seventeenth century the mariner’s cross-staff was used both
in the forward as in the backwards fashion. For the backwards fashion, two methods

NAVIGATION ON WOOD204

733 Mörzer Bruyns, The Cross-Staff..., p.40. Douwes, “Aanmerkingen over Diverse Verbeeteringen...”
(Amsterdam, 1749), facsimile reprint in: E. Crone, Cornelis Douwes 1712-1773... (Haarlem, 1941),
pp.46-47.

734 See 4.3.7 – The spiegelboog (f.l. 1660).
735 De Vries, Schat-kamer ofte Konst der Stuur-lieden... (Amsterdam, 1727), pp.282-292. I have not

been able to inspect the text of the 1702 edition, only the title page and illustrations. As all later
seventeenth-century editions contain the same text and the 1702 edition shows the same illustra -
tions of the cross-staff, spiegelboog and Davis quadrant, we may assume the accompanying text
is identical to that of later editions.



were known, the usual method and the method according to the Dutch fashion.
John Seller wrote in 1669:

These Observations are frequent at Sea, especially with the Hollander; And to perform this, you

must have a Horizon Vane to fix upon the Center of your Staff, or else a sliding one according to

the Dutch fashion.736

The regular way was to have the horizon vane fixed to the eye-end of the cross-staff
and let the transom slide along the staff, but the Dutch fixed the transom to the
eye-end and let the horizon vane slide along the staff. Field tests in the 1970s have
shown that the normal way was more clumsy when compared to the Dutch fashion
and I used the Dutch fashion with great ease throughout my field tests (see figure
48).737

NEW INSTRUMENTS FOLLOWING THE CHANGE 205

736 Seller, Practical Navigation... (1669), p.205.
737 Mörzer Bruyns, The Cross-Staff..., p.27. Stimson, Daniel, The Cross Staff..., pp.17-18.
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4.3 The newly invented instruments

Now that we have seen how the mariner’s cross-staff evolved as a result of the new
ideas in instrumental observation by Hood, Harriot, and Davis, it is time to discuss
the instruments that evolved from it and from these early shadow casting instruments.
Being the main maritime powers in the early seventeenth century, most of these newly
developed instruments were made in England and the Netherlands, with one excep -
tion that originated from France. In total, I have been able to distinguish fifteen
new developments after Davis introduced his instruments to the western maritime
world. In chronological order of appearance they are the seventeenth-century cross-
staff, the knipboog, the krommeboog, the Davis quadrant, the removing quadrant, the
cross-bow quadrant, the demi-cross, the hoekboog, the hollen cubus738, the plow (or
plough), the triangular quadrant, the spiegelboog, Seller’s backstaff, Milliet Dechales’
improved Davis quadrant, and the demi-quadrant.

The instruments will be discussed in detail, focussing on their first appearance,
possible inventors, construction, and use and diffusion. Each section covers the works
that describe them, and how observations could or had to be taken. The instruments
are listed in order of first appearance. Of course, this order is dictated by the earliest
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738 The hollen cubus (hollow cube) was invented by Cornelis Pietersz. Biensz., a citizen of Enk huizen,
the Netherlands, and mentioned in his patent request of 23 February 1629. It was not an in -
strument based on Davis’ backstaffs, but on the mariner’s quadrant or mariner’s astrolabe. No
examples seem to have survived. As the hollen cubus is not a staff-type instrument it will not be
discussed here. For more information see: Doorman, Octrooien voor Uitvindingen in de Neder -
landen uit de 16e-18e Eeuw... (’s Gravenhage, 1940), pp.176-177.

The author taking observations
in the Dutch fashion using a
mariner’s cross-staff replica
in 2013 (photograph by 
D. Wildeman).

Figure 48



sources that I managed to find on the instruments and may therefore not be the order
in which they actually appeared.

Some cases, the information available is very limited, in other cases it is abundant.
For the former reason, and because they were mentioned in the same work, the first
section discusses two of them concurrently.

4.3.1 The knipboogh and cromme boogh (f.l. 1600)
These instruments were the first new ones used in navigation after Davis had intro -
duced his backstaffs in 1595. In 1600, a small treatise by Aelbert Haeyen was published
as a criticism of Simon Stevin’s De Havenvinding of 1599.739 Haeyen mentions several
new instruments. One is the cromme boogh (the curved or bent staff), another the
knipboogh (the hinged staff), but neither of them is well described in Haeyen’s or
later works.740

In Dutch, the mariner’s cross-staff is referred to as graed-boogh, while the mirror
staff is called spiegelboog and the Davis quadrant and double triangle have both been
referred to as hoekboog. The Dutch word boog in the names of these instru ments and
especially in the graed-boogh translates as bow (as used in archery), as the pose of the
sixteenth-century mariner taking observations with a mariner’s cross-staff looks
like the pose of an archer (hence the saying ‘shooting a star’). So one may expect that
any navigational instrument with the Dutch name ending on boog(h) is used for
celestial navigation, while its main material would be wood.

Haeyen’s curved or bent cromme boogh was an instrument “...diemen met schuyven
moeten regieren...” (which one had to direct with slides),741 with ‘slides’ being sliding
objects like vanes. The knipboogh was used suspended and hinges like a rudder.742

Being curved or bent and working with slides, cromme boogh might indicate one of
Davis’ backstaffs, as Davis himself had introduced them to the Dutch (see sections
3.4.2.3 – John Davis’ back-staffs and 5.5 – Concept based diffusion).743 Two years before
Haeyen’s publication, the Dutch fleet under the command of Cornelis de Houtman
and Davis as pilot sailed to the East Indies.

Although Haeyen could not have heard it from Frederick himself after his return
from the Indies, and the return of the fleet in 1600 leaves little time before the publi -
cation of Haeyens work, it may be that news of the new instrument had already spread
shortly after Davis arrived in Flushing before the departure. That the fleet departed
on 15 March 1598 and the arrival of this foreign pilot must have been known to the
Dutch nautical community well in advance. Assuming that Davis had time to meet
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739 Haeyen, Een Corte Onderrichtinge... (Amsterdam, 1600).
740 Idem, p.24.
741 ibid.
742 Haeyen wrote “...een cromme boogh … diemen met schuyven moeten regieren”, while the knip -

boogh is explained as “... een knipboogh diemen hangende by der Zee moeten gebruycken / en
als een roer toe knipt ...”.

743 De Hilster, ‘The Demi-cross...’, pp.31-32.



other navigators before setting sail there would have been enough time for the news
of his new instrument(s) to spread and for Haeyen to include it in his work.744 Still
there is too much room for interpretation, and no further description or depiction
has appeared of the instrument Haeyen mentioned. Stating that the cromme boogh
was one of Davis’ instruments would therefore be mere conjecture.

Alternately, the instrument might have been a cross-bow quadrant, as shown on
the title page of the second edition of Edward Wright’s Certaine Errors in Navigation
in 1610, since it was also curved and had two sliding vanes.745 Wright did not include
this instrument in his first edition of 1599, however, and the earliest known depic-
tions of the instrument date from 1604, when George Waymouth wrote ‘The Jewell
of Artes’.746

Almost two decades after Haeyen, on 13 September 1617, a new patent was registered
for the cromme boogh in Holland, but again no details of the instrument are given.747

Haeyen’s description of the knipboogh is even less clear and does not fit any known
instrument for celestial navigation, nor was it accompanied by a depiction. It could
well be that it was an altogether different instrument, perhaps not even meant for
celestial navigation, like the azimuth compass which Stevin depicted in his criticised
work, even though it is mentioned together with other instruments for the same
purpose. Haeyen had little esteem of the knipboogh as his short description was
“...diemen hangende by der Zee moeten gebruycken / en als een roer toe knipt / lock
wel/raeck wel...” which translates as that it “...had to be used suspended at sea / and
closes like a rudder / at random...”.748

Use and diffusion
As may have become clear, it is not clear what the instruments looked like or whether
they represent other instruments already known. As a result, it can only be safely
stated that they were used in the Netherlands, but not to what extent. Nor is it clear
whether they were used outside the Netherlands.
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744 Hastings Markham, The Voyages..., p.132.
745 De Hilster, ‘The Demi-cross...’, p.32.
746 Waymouth, ‘The Jewell of Artes’, ff.29,34,35,198.
747 Doorman, Octrooien... (1940), G162, p. 136.
748 Stoett, Nederlandsche spreekwoorden.... (Zutphen, 1923-1925), quoted in Stoett, ‘1447. Lukraak’,

De Digitale Bibliotheek voor de Nederlandse Letteren (DBNL) (2003) 
     [http://www.dbnl.org/tekst/stoe002nede01_01/ stoe002nede01_01_1485.php#1140, accessed 17

May 2014]. The phrase “Lock wel, raeck wel” means lukraak (at random).



4.3.2 The Davis quadrant (f.l. 1604)
By the end of the seventeenth century one of the most commonly used instruments
for taking altitudes of the sun was the Davis quadrant (see figure 49),749 of which it is
generally accepted that it was fully developed by 1604.750 Over the years during my
research of early navigational instruments, I have found clues that 1604 was the
start of its development rather than the end. The development went through several
stages, relating to the frame, scales and vanes. In addition, the name of the instrument
changed over time, not becoming ‘Davis quadrant’ until the second half of the seven -
teenth century. This section deals with the early development of the instrument and
tries to provide evidence that the instrument was not fully developed until the 1670s.
The development of its name is also examined.

In its fully developed form, the Davis quadrant is best described by James Atkinson
in 1715 (see figure 50):

The Form of it ... maybe of any Radius, or Length, between 18 Inches and 3 Feet; but the most

general now made, are Quadrants of 26 Inches Radius, with one Arch 65 Degrees [e-d], the other

25 [g-F], and a Glass [lens] in the Shadow-Vane [B]. The principal Parts are 3 Vanes [A, B & C],

and 2 Arches [e-d & g-F]; on which Arches the Degrees both together make 90; from whence it

hath the Denomination of a Quadrant. The Horizon-Vane [A] ... respects the Horizon in Time

of observing; that which gives the Shadow, is named the Shadow-Vane [B]; and that thro’ which

you are to look for both Shadow and Horizon, is termed the Sight-Vane [C].751

Atkinson did not mention two parts in this paragraph: the ‘normal’ shadow vane and
the cross-strut in the frame that served as a handle. The shadow vane he mentioned
was equipped with a lens, the so-called Flamsteed lens, used for observations under
hazy or thinly clouded conditions.752 A few pages further on Atkinson describes the
use of the Davis quadrant with the shadow vane only.753 Both the shadow vane and
the cross-strut will be further explained below.

Use and diffusion
As we now know, the instrument was named after John Davis, the inventor of the first
two practicable backstaffs.754 The instruments Davis invented are referred to as the

NEW INSTRUMENTS FOLLOWING THE CHANGE 209

749 The contents of this section have in part been published in the following article: De Hilster,
‘The Early Development...’, pp.14-22.

750 Waters, The Art of Navigation..., p.258, n.2.
751 Atkinson, Epitome of the Art of Navigation... (1715), pp.3-4 of chapter ‘The Description and use

of Instruments most useful in Navigation’.
752 Moore, A New Systeme... (1681), p.250.
753 Atkinson, Epitome of the Art of Navigation... (1715), pp.4-5 of chapter ‘The Description and use

of Instruments most useful in Navigation’.
754 De Hilster, ‘The Demi-cross...’, p.31. Also see section 3.4.2.3 – John Davis’ back-staffs.



‘45-degree backstaff ’ (see figure 51) and the ‘90-degree backstaff ’ (see figure 52). Davis
himself simply named each of them “...Staffe...”.755 They did not yet resemble the Davis
quadrant as we know it today.

Assuming that the basic shape as shown in figures 49 and 50 – two arcs attached to
a central staff by means of two or three supporting struts – defines a Davis quad -
rant, the first positively identified occurrence is when George Waymouth includes
a diagram (see figure 53 and tables 7 and 8) in his manuscript ‘The Jewell of Artes’,756

dedicated to James I of England, who reigned from 1603 until 1625. The manuscript
included an account of Waymouth’s voyage to Hudson Strait in 1602, but not of
his voyage to New England in 1605. It can therefore be dated to around 1604.757 In his
manuscript he refers to the instrument as a “... cross-staff to observe the altitude of
the sunne backe warde by her shadowe”.
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755 Hastings Markham, The Voyages..., pp.330-337.
756 Waymouth, ‘The Jewell of Artes’, f. 26.
757 From e-mail correspondence with Arnold Hunt (Curator of Historical Manuscripts, British

Library).

Top-left: (Figure 49): The Davis quadrant
according to Seller (collection Het
Scheepvaartmuseum, inv.no. S.4793(704)). 
Top-right: (Figure 50): The Davis quadrant
according to Atkinson (© British Library Board.
All Rights Reserved (Shelfmark 8803.aa.23). 
Left: (Figure 51): Davis’ 45-degree backstaff
(public domain).

Figures
49-50-51



After Waymouth there is a gap of 32 years until the instrument can be positively
iden  tified again (see tables 7 and 8), this time from its clear description by Charles
Saltonstall in The Navigator, printed in 1636.758 In it he devotes a small chapter to the
“...Back-staffe”, of which he wrote that they were “... projected of diverse formes and
fashions...” and that “...they containe exactly a Quadrant, or fourth part of a Circle...;”.
He then wrote that “... of all Back-staves, I hold the double Arched projection to be the
best, and most usefull at Sea...”, positively identifying the Davis quadrant. He not only
gave the name backstaff to the instrument, but also tells us that backstaffs (or back-
staves) are all quadrant types (containing 90 degrees) and that other instruments
existed with the same general name.

Another seven years go by until the next positive reference to the instrument in
a French work by Georges Fournier, printed in 1643.759 He showed the instrument
(see figure 54), and wrote that the English used it, but no name was given.

The oldest positive reference to a Davis quadrant in a Dutch work dates from 1659,
when Simon Pietersz. referred to it in his Stuermans Schoole as an instrument with
vanes running on arches.760

Almost 20 years after Fournier, in 1662, Joost van Breen mentioned the instru -
ment in his Stiermans Gemack. Chapter 13 of this work deals with the earliest re flecting
navigational instrument – the Spiegelboog (mirror-staff) – which he patented in
1660.761 In 1661 he took the instrument for a field test and compared it to a cross-staff
and a “...curieus Engels Quadrant...” (a peculiar or accurate English Quadrant).762

In 1662 John Browne (or Brown) listed on the title page of his work discussing his
triangular quadrant the “...the ordinary Sea Instruments; as Davis Quadrant, Fore -
staff, Crossstaff, Bow...”.763 This appears to be the first time the name ‘Davis quadrant’
appeared, no less than 58 years after its first depiction in Waymouth’s work, and 57

years after John Davis’ death in 1605.764 Browne did not show nor describe the Davis
quadrant, but as no other instruments are known to have had this name we may
assume that it was the instrument under discussion in this section.

A few years later, in 1665, Andrew Wakely showed the instrument in The Mariners-
Compasse Rectified, naming it a ‘Quadrant’.765 From then on, the frequency with which
the instrument appears increases considerably, starting with John Seller, who named
it a ‘Quadrant’ in 1669 (a name he used again in his 1672, 1683 and 1689 editions).766
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758 Saltonstall, The Navigator... (1636), pp.121-124.
759 Fournier, Hydrographie... (1643), pp.493-495.
760 Pietersz., Stuermans Schoole... (1659), p.135.
761 De Hilster, ‘The Spiegelboog...’, pp.6-16.
762 Van Breen, Stiermans Gemack... (1662), p. 20 of chapter 13.
763 Browne, The Triangular Quadrant... (1662), title page.
764 Taylor, The Mathematical Practitioners... (1967), p.178.
765 Wakely, The Mariners-compasse Rectified... (1665), pp.206-217.
766 Seller, Practical Navigation... (1669), pp.207-212.



That same year Samuel Sturmy referred to it as ‘Quadrant’ and as ‘Back-staff ’.767 In
1677 the instrument reappeared in a French work, this time by Claude François Milliet
Dechales, who named it a ‘Quartier Anglais’ (English quadrant).768

Then in 1681 Jonas Moore had his work A New Systeme Of The Mathematicks
printed. He devoted a chapter to “...the common Sea Quadrant or Back-staff”.769
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767 Sturmy, The Mariners Magazine... (1669), pp.85-92.
768 Milliet Dechales, L’Art de de Naviger... (1677), pp.70-71.
769 Moore, A New Systeme... (1681), pp.248-250.

Top-left (Figure 52): Davis’ 90-degree backstaff
(public domain). 
Top-right (Figure 53): Waymouth’s depiction of
the Davis quadrant (© British Library Board. 
All Rights Reserved (Shelfmark 19889)). 
Left (Figure 54): Fournier’s Davis quadrant
(collection Het Scheepvaartmuseum, 
inv.no. ME-0188).

Figures
52-53-54
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He opened the chapter writing that the “...instrument ... was the contrivance of one
Captain Davis, an English-man, and therefore is often called a Davis’s Quadrant, but
by the French the English Quadrant” and showed the instrument in an accompanying
figure.770 It is in this work that the shape of the Davis quadrant is positively connected
to the name of the instrument.
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So in the years up to Moore’s work the instrument had six different names; cross-
staff, backstaff, quadrant, sea quadrant, English quadrant and finally Davis quad  rant.
Browne wrote that the Davis quadrant was “...ordinary...”, Moore wrote that the term
Davis quadrant was “...often...” used, but the next year Peter Perkins wrote that it was
“... sometimes called Davis’s Quadrant”,771 while again four years later Daniel New-
House wrote that it was “...commonly called Davis’s Quadrant”.772 In the years follow-
ing, the instrument would mainly be named quadrant, sea quad rant, and English
quadrant or Davis quadrant.

The late denomination “Davis quadrant” brings us to the origins of the Davis quad -
rant. As shown above, the instrument was first described around 1604 by George
Waymouth,773 but not called Davis quadrant until 1662, just over half a century after
Davis’ death, and no reference connecting him to the instrument can be found in
this early period.

If it was not Davis, who made this new development? Waymouth wrote about the
instruments in his work that “...all such as are marked with W ar[e] of myne owne
In vention...” and many were marked that way.774 The diagram of the Davis quadrant,
however, was not marked and thus must have been somebody else’s invention.

In order to determine whether it is plausible that John Davis was the inventor, as
Jonas Moore wrote in 1681, we need to look at the shadow casting methods used in
his original 45 and 90-degree backstaffs and the Davis quadrant. Due to its design,
it was not possible to incorporate Harriot’s shadow-casting principle in the latter
instrument. As discussed in section 3.4.2.3 – John Davis’ back-staffs, and as will be
shown in section 5.5 – Concept based diffusion, Davis did incorporate Harriot’s
shadow casting method into both his backstaff instruments after he described them
and did so most likely before 1598. His original instruments were in continual use
until at least the 1630s and his 45-degree instrument evolved into the demi-cross,
which also was based on Harriot’s shadow-casting method.775 The Davis quadrant
is likely to have evolved from Davis’ 90-degree backstaff, but it works with Hood’s
lesser-quality shadow-casting method. It therefore seems unlikely that Davis took this
developmental step himself, since that would mean he returned to the shadow casting
method he had previously abandoned.

There is one intriguing text in relation to the Davis quadrant dating from 1623 not
mentioned so far. It does not explicitly mention the Davis quadrant, but refers to
a “David’s staff” and indicates an instrument invented by John Davis. It was written
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771 Perkins, The Seaman’s Tutor... (1682), pp. 185-189.
772 New-House, The Whole Art of Navigation... (1686), pp.258-260.
773 Waymouth, ‘The Jewell of Artes’, f.26r.
774 idem, f.16r.
775 See sections 3.4.2.3 – John Davis’ back-staffs and 4.3.5 – The demi-cross (f.l. 1618).



by Pietro della Valle (1586-1652), a Roman nobleman who travelled to Turkey, Persia,
Egypt and India in 1614-1626.776 Della Valle’s work was based on 54 letters written to
the Neapolitan natural scientist Mario Schipano. From his letters four volumes
consisting of three parts were compiled, but Della Valle only lived to see the first come
into print.777 The third volume was published in 1663 and translated into English in
1665.778 In it a letter of 22 March 1623 describes his stay on board an “...English ship
call’d the Whale...” on which he embarked to travel from Ormus to Surat.779 He was
particularly pleased by the navigational practice on board.

Every day about the hour of noon the Sun’s altitude was infallibly observ’d, not only by the Pilots,

as the custom is in all ships, and the Captain, (who was a good Seaman, and perform’d all the

exercises of Art very well) but (which pleas’d me most, and which I thought worthy of great praise

and imitation) there was no day, but at that hour twenty or thirty mariners, masters, boys, young

men, and of all sorts came upon the deck to make the same observation...

Della Valle then continues to describe the variety of instruments used for obser -
vations:

...some with Astrolabes, others with Cross-staffs, and others with several other instruments,

particularly with one which they told me was lately invented by one David, and from his name

call’d David’s-staff. This instrument consists of two Triangles united together, one longer than

the other, both having their base arch’d, and between them in the circle of their bases containing

an intire quadrant of ninty degrees. But whereas the shortest Triangle, whose Angles are less acute,

contains sixty degrees divided by tens (according to custom) in the circles of its base, which are

two thirds of a quadrant; the other long and of acuter Angles, which extends much backward,

and opens in a wider circle at the base, comprehends no more then thirty, which makes the

remainder of the quadrant; so that the longer Triangle contains fewer degrees by half than the

shorter; and he that would have the degrees larger for better subdividing them into minutes,

may make the circle or base of the lesser Triangle take up seventy degrees, and so there will remain

to the longer no more than twenty for the complement of the quadrant. According to this dis -

tribution, the degrees in the longer Triangle will come to be so large, as to be capable of the smallest

division of minutes; a thing very important.780

So there were “..others with several other instruments ...”, only one of which was
credited to Davis. The instrument is named David’s-staff, but in the original Italian
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776 Davis, Pietro Della Valle’s Research and Documentation in the Levant, Part I... (München/
Firenze/Venezia, 2012), p.4.

777 idem, pp.4-5.
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della Valle... (London, 1665).
779 Della Valle, The Travels... (1665), p.1.
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version it reads: “...qua essere stato inventato da un tal David, che dal suo nome
l’haveva chiamato a Davidstoff, che in lingua Inglese vale a dir legno di David.” (to
have been invented by a certain David, who by his own name has called it David stoff,
which in English means David’s wood.)781 It is remarkable that originally the instru -
ment is called a staff (or rather stoff), not a quadrant, but then it was not called a
quadrant before the second half of the seventeenth century, as seen above. As shown
below, the word quadrant is used later in the text, but then to indicate its total range
of 90 degrees. The spelling errors in both the instrument’s and inventor’s name may
indicate that Della Valle’s understanding of English was limited and he may have mis -
understood or misinterpreted what he was told onboard. In addition, the English
translation seems to have been inaccurate as the original Italian text describes the
instrument as:

E composto questo istrumento di due triangoli, un i insieme nella punta: uno piu lungo de

l’altro, che amendue hanno la base incarnata per un medesimo verso; e fra tutti due, nel circolo

delle lor basi, contengono un quadrante intero di nonanta gradi. Ma due il triangolo piu corto

, che ha gli angoli meno acuti , la due finisce piu vicino alla punta nel circolo della sua base

abbraccia sessanta gradi, partiti a dieci, a dieci come si va, che son due terzi del quadrante, l’altro

piu lungo, e di angoli piu acuti, che si stende molto addietro, e si slarga nella base in circolo piu

ampio, non ne comprende piu che trenta, che so no il resto del quadrante. Di modo, che il

triangolo piu lungo contiene la metà meno gradi piu larghi, per poterli meglio partire in minuti,

si puo fare, che il triangolo corto occupi con il suo circolo lo spatio di settanta gradi, et al luogo

nonne restino piu che venti per compimento del quadrante. Con questa sorte di partimento, i

gradi nel triangolo lungo, vengono as esser tanto larghi, che son capaci della division piu sottile

de minuti: cosa molto importante.782

With the kind assistance of Paolo Brenni, researcher for the Italian CNR (National
Research Council), President of the Scientific Instrument Commission and President
of the Scientific Instrument Society, I translated this section as:

And this instrument consists of two triangles, which come together at a vertex (point): one [is]

much longer than the other, but together they embody the principle for the same direction [i.e.

are graduated in the same direction]; and between the two, [they] contain an entire quadrant

of ninety degrees in the circle (radii) of their bases. But the shortest triangle of the two, which

has a less acute angle, [has] two ends closest to the centre of the circle of its base [which] span

sixty degrees, divided to ten, ten if possible, which constitute two-thirds of the quadrant, the

other longest, and more acute angle, which stretches far back, and has a longer base and a larger

circle (radius), includes no more than thirty [degrees], which forms (is) the rest of the quadrant.
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So that the longest triangle has less than half the degrees [but is] wider, to be better able to divide

them (to go) into minutes, if you can, while the short triangle occupies the space of seventy degrees

on the circle, leaving no more than twenty to complete the quadrant. With this sort of section,

the degrees in the long triangle, since they are so wide, are capable of more subtle division into

minutes, which is very important.

Reading this text there is no direct evidence that the instrument Della Valle de -
scribed actually had arced scales. At the time of his original writing in 1623 the
number of English navigational instruments that were commonly used was still
limited to the mariner’s astrolabe, mariner’s quadrant, mariner’s cross-staff, cross-
bow quadrant, the Davis quadrant (the term is, however, most likely anachronistic)
and Davis’ 45 and 90-degree backstaffs. The demi-cross and hoekboog were mainly
used by the Dutch and most likely not on board an English ship. As Davis’ original
instruments were still used in around 1633, we may assume that at least one of those
was among the instruments used on board. Della Valle, however, mentions that
only one was designed by Davis and that it consisted of two triangles of different
radii, while referring to its as David’s staff. That Della Valle used the word ‘circle’ in
the description is not direct evidence that the scales were circular, only that they
contained a section of a circle, just as Davis explained in his 1595 work:

All Instruments used in Navigation, of what shape or form soever they be, are described or

demonstrated upon a Circle, or some portion of a circle, and therefore are of the nature of a

Circle.783

It was in this same work that he showed his 45 and 90-degree backstaff and explained
how they were divided, based on a circle, but did not show or discuss the Davis quad -
rant. We should also remember that the English translation was made in or shortly
before 1665, the decade in which the Davis quadrant had just become one of the most
popular instruments, and that this may have had a significant influence on the in -
ter pretation of the Italian text by the translator (if the translator was familiar with
English navigational practice).

Della Valle gave two different ratios between the scales: in the first paragraph it was
given as 60:30 degrees, while in the second this was 70:20 degrees. In Waymouth’s
1604 manuscript, three instruments can be found that answer this description (see
diagrams in figure 55).784 The first is shown at folio 25 (left in figure 55), the folio
preceding the one on which the earliest depiction of the Davis quadrant proper is
shown. It has a ratio of 70:20, as described in Della Valle’s second paragraph. The
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other two can be found further down the manuscript on folios 47 and 48 (respectively
centre and right in figure 55) and have a 60:30 ratio.785

These diagrams have been indicated as possible predecessors of the Dutch hoek -
boog, but have scales perpendicular to their staffs, instead of chords of the circle
seg ments they represent.786 All three diagrams show straight scales equipped with
vanes and the arcs that were used to construct the graduations on the scales (and on
the staff on folio 48). The presence of vanes on the straight scales is a strong indication
that the arcs were no integral to the instruments, but only used in their graduation.

It has, however, to be noted that all three diagrams were signed with a ‘W’ and were
thus of Waymouth’s own design, not Davis’, yet Della Valle mentioned that the instru -
ment he saw was of Davis’ design.787

In his 1772 dissertation on the rise and progress of the modern art of navigation,
James Wilson refers to the above section in Della Valle’s work, but on the same page
he remarks of Davis’ 90-degree backstaff that it
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785 Of these two, the 30-degree scale is fixed, while the other is a sliding scale, shown at a 60-degree
altitude position on the staff, but with a span of only 30 degrees. How this sliding scale was used
is not explained.

786 Price, Muckelroy, ‘The Kennemerland site...’, pp.210-212. De Hilster, ‘The Hoekboog...’, pp.20-21.
787 See section 2.3.3 – New backstaff instruments.

Waymouth’s hoekboog type instruments of folios 25, 47 and 48 (© British Library Board. 
All Rights Reserved Shelfmark 19889).

Figure 55



... seems to have for some time been in use; for Adrian Metius in his treatise Astronomiae

Institutio, printed in 1605, gives a figure of it from an original, in the possession of M. Frederic

Haut man, governor of Amboyna.788 But it soon yielded to one of a more commodious form, which

is now commonly called Davis’s Quadrant*; as if it was also his invention, and that perhaps only

because a back observation is made by both instruments, so the quadrant itself was first styled

a Staff and Back-Staff.789

I agree with this. To me it seems more likely that Wilson was right and that Della Valle
had either seen one of Davis’ original instruments, or one of Waymouth’s, and mis -
understood or misinterpreted the explanation given by the English sailors. In English
navigational literature a reference to John Davis in relation to the Davis quadrant
is not found until 1662 when John Browne listed the Davis quadrant, and it was not
until 1681 that Jonas Moore showed the instrument in combination with the remark
that it “...was the contrivance of one Captain Davis, an English-man, and therefore
is often called a Davis’s quadrant...”, three quarters of a century after Davis had died
and more than half a century after Della Valle’s account.790 The English authors who
described the instrument in their publications in the preceding eight decades (apart
from Browne) referred to it as (back-) staff or (English) quadrant, while in foreign
lite rature it was referred to as English quadrant, albeit translated into the vernacular
(see below).

Considering these historic details, it seems unlikely that it was Davis who created the
Davis quadrant. Whose invention it was will remain a mystery until better sources
surface.

From the second half of the seventeenth century onwards, the instrument started to
appear in Dutch literature as well. It was named Engels quadrant (English quad rant),
haspel (lit: reel), haspelboog (lit: reel-staff) or hoekboog (lit: angle-staff).791 The latter
was, however, not uniquely used for the Davis quadrant, but also for another instru -
ment used by the Dutch since 1623 and in English editions referred to as the Double
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788 Davis’ 90-degree backstaff does not appear in the seven copies I have examined of Metius,
Universae Astronomiae brevis... (Franeker, 1605). The earliest work by Metius showing Davis’
instrument is Metius, Nieuwe Geographische Onderwijsinghe... (1614), which is bound together
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copies of Universae Astronomiae are: Bayerische Staatbibliothek Astr.u.120-121, Philos.1686 Bd.1-
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790 De Hilster, ‘The Early Development..., p.15. Moore, A New Systeme... (1681), pp.248-250.
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Triangle (see figure 56, the shape of the hoekboog can also be seen in Fournier’s illu -
stration, see figure 54, but the instrument was not described or mentioned by him).

The term backstaff only reappeared in modern literature, causing considerable
confusion as a general name for more than a dozen period instruments. Like the
term backstaff, quadrant was also used for other instruments. The most common
quad rants were those used for “...dyalling, for the resolving of all proportions in -
strumentally, and for the ready finding the hour and azimuth universally...” and which
were variations on the one Edmund Gunter first described in 1624.792 In shape these
quadrants were, however, like the mariner’s quadrant, an altogether different instru -
ment than the Davis quadrant (see figure 57).

In the period during which the Davis quadrant evolved, at least twelve books
were written solely discussing these ‘dyalling’ quadrants, while the Davis quadrant
was only mentioned in six books dealing with navigation in general.793 As a result,
it is risky to assume that a Davis quadrant is described in period literature when only
the term backstaff, hoekboog or quadrant is used. In these cases one can only be sure
that it was a Davis quadrant that the author really meant when the instrument is either
depicted or described in sufficient detail (e.g. at least the two arcs are mentioned).

A good example for this is The strange and dangerovs voyage of Captaine Thomas
Iames, published in 1633.794 This work is mainly a discourse on his journey into the
South Sea in 1631-1632. He mentions several times that a quadrant was used for po s i -
tion finding. In one of these cases, the latitude found was even given to the nearest
arc-minute: 58°-54'.795 Based on these remarks, the latitude given to the nearest arc-
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792 Adams, Waters, English Maritime Books..., pp.332-335.
793 ibid.
794 James, The Strange and Dangerovs Voyage... (London, 1633).
795 idem, p. 20.

Left (Figure 56): The hoekboog or double triangle (collection Het Scheepvaartmuseum, inv.no.
A.0120). Right (Figure 57): The sea or mariner’s quadrant (collection Het Scheepvaartmuseum, inv.no.
S.4793(165)[nr0001]).

Figures
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minute and the fact that in 1595 Davis already regarded the sea quadrant “...for a
Sea man [...] to no purpose...”,796 one is tempted to consider the quadrants mentioned
to be Davis’ Quadrants rather than a mariner’s quadrant.

That it was possible to take observations to the nearest arc-minute was due to the
type of quadrants on board.797 James’ discourse is followed by three appendices,
the first of which is titled “The Names of the severall Instruments, I provided and
bought for this Voyage” and contains a variety of navigational aids taken on board
during his voyage (see figure 58).798 In it we find “A Quadrant of old seasoned Peare -
tree-wood, artificially made: and with all care possible divided with Diagonals, even
to minutes. It was of foure foote (at least) Semidiameter.” and “A Quadrant of two
foote Semid. Of like wood: and with like care projected.”. Apart from their diameter
and the way they were divided this does not tell us too much about the type of quad -
rants they actually were.
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796 De Hilster, ‘The Demi-cross...’, p.31.
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The first page of Thomas James’ inventory 
of instruments (© British Library Board. 
All Rights Reserved (Shelfmark G.7166)). 
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On the same page, however, the quadrants are followed by a number of “Staves for
taking Altitudes and Distances in the heavens”. Next to Gunter’s cross-staff and three
mariner’s cross-staffs, “Two of Master Davis Backe-staves: with like care made and
devided [sic]” are listed. The second part of the quoted sentence referred to the one
above it, mentioning the three cross-staffs. According to James those were “...projected
after a new manner: and truly divided out of the Table of Tangents”. As there is no
need for tangent tables in dividing Davis quadrants, which is done by bisection,
the “Master Davis Backe-staves” must have been of one (or both) of Davis’ original
designs – most probably his 45-degree version. From this it can be concluded that
Davis’ original designs were still in use around the start of the 1630s and that the
quadrants mentioned must have been mariner’s or – more likely – astronomical quad -
rants, and not Davis quadrants. That they were engraved with diagonals was not un-
common at this time.

Construction
The main body or frame of the Davis quadrant was constructed using mortise and
tenon joints.799 This rather complex method of construction was new for navigational
instruments and can be traced back to Harriot’s proposed quadrant-type backstaffs
(see figure 59), as constructing these without mortise and tenon joints would have
been almost impossible. The use of mortise and tenon joints can be linked to period
astronomical instruments, like the astronomical sextant used by Tycho Brahe, an
instrument Harriot was familiar with.800 The frame of the fully developed Davis
quadrant consisted of two arcs, a central staff and three struts, all connected by the
above-mentioned method. The smallest strut was not only used as a handle, but also
stiffened the frame, as described by the Dutch student in navigation Cornelis
Janszoon Boombaar in his notes in 1728.801

Waymouth’s depiction of the Davis quadrant is – like the other instruments in
his work – a diagram showing the basic principle of the instrument, rather than an
actual instrument. In his depiction, it did not yet have its cross-strut, while it is shown
in Fournier’s. It was, however, not uncommon to omit the handle in illustrations well
into the eighteenth century, while all surviving Davis quadrants do have this cross-
strut. A good example of this is an illustration in Samuel Sturmy’s Mariners Magazine
(London, 1669) where the handle is missing and the instrument is held by its central
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799 A 1970 research project of the National Maritime Museum resulted in a technical drawing (NMM
REF. No. S-119), showing the construction of the instrument in detail.

800 Shirley, Thomas Harriot, A Biography, p.92

801 Boombaar, ‘Onderwijs Der Zeevaert...’ (1727), f61r. In this Dutch manuscript – which is largely
based on works by period authors – several instruments are described, among them the cross-
staff, spiegelboog and Davis quadrant. Of the latter Boombaar states that its beam is “...een
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Top-left (Figure 59): Harriot’s proposed quadrant type backstaff (By kind permission of Lord Egremont
(ref. Petworth House Archives HMC 241/6b)). Right (Figure 60): Davis quadrant without cross-strut
as shown in his 1669 Mariners Magazine (collection Het Scheepvaartmuseum, inv.no.A.1024).

Detail of the National Maritime
Museum, Greenwich, drawing
showing the cut and capped tenon.

staff (see figure 60). It is therefore unclear when exactly the cross-strut came into use,
but it could have been after Waymouth.

In order to be able to attach the 25-degree arc to the frame, the end of the main beam
is cut at an angle (see figure 61). Only in this way it is possible to slide the mortises of
the arc over the tenons of the frame without breaking the beams of it.802 The other
end of the mortise is filled with a wedge-shaped cap of the same material as the frame
to fill the remaining gap.
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Mortise and tenon joints were usually secured using metal pins. These were either
of brass or steel, and at times decorated with diamond-shaped ornaments of brass,
wood or ivory. The combination of steel pins with brass diamonds can be found
on several instruments even though contact with salt water has a disastrous effect
on this combination, at times causing considerable corrosion and even loss of the
brass ornaments.

Early Davis quadrants were equipped with three vanes: a horizon vane, a sight vane
and a shadow vane (see figures 62 and 64). All were constructed so as to stand at right
angles to the frame and were clamped using brass springs at the rear of the instru -
ment’s frame.

The horizon vane had a slit-type aperture at an angle of approximately 45 degrees
to its surface. This surface was typically inclined at an angle of 15 degrees to the datum
line or main beam of the instrument, so that the normal to it would point in the
direction of the 50-degree mark on the 65-degree arc. The slit aperture would thus
point in a direction 5 degrees below the zero degree mark on the 25-degree arc. The
upper side of this slit aperture served as the fiducial edge that had to be lowered
onto the horizon, making this a Hood type of horizon vane.803 The horizon vane slid
tightly onto the end of the main beam, which for that purpose had a tenon with an
edge at 15 degrees. The fit was sometimes so tight that it could not easily be removed,
resulting in horizon vanes surviving in greater numbers than the other vanes.
Al though sur viving horizon vanes are all made of plain wood, one painting is
known to show the horizon vane with a whitened face.804 Being a Dutch painting,
this whitening could have been a personal modification, as all the other Dutch navi -
gational instruments of the time had a white horizon vane or a whitened part on it.

How horizon vanes were mounted is explained by Wright in 1610 and, although
he does so for the cross-bow quadrant, it applies to any period instrument with arced
scales:

The moveable sights are three in number; whereof two are to be moved up and downe upon the

Arch of the Quadrant [...]. The third is to be put on, or taken off that end of the Semi dia meter

[i.e. the staff] of the Quadrant where the center is, which center is shewed by the little round bored

overthwart thorow the midst of the thicknesse of the Square Ruler, neere the end therof […].

This sight […] must so be put upon the end of that Ruler, that the flat side thereof (which must

be set towards the arch of the Quadrant) may divide the foresaid round hole even by the midst

thereof, the sharpe edge of that sight arising perpendicularly from the very midst or center of

that hole; which is also the center of the Quadrant […].805
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backward method.
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As far as I know, this is the only period account of how a horizon vane should be
made (flat-sided) and mounted on the instrument (with the flat face towards the arc).
Horizon vanes were generally made with one flat and a non-flat face. Having the
horizon vane the other way around (i.e. with the flat face away from the arc) would
introduce considerable errors during observations as the place of observation will
not be in the centre of the arc, but further away from it. As it is of similar design,
Wright’s remarks apply not only to the cross-bow quadrant discussed in this quote,
but also to the Davis quadrant, which today is quite often shown with the horizon
vane mounted the wrong way round (see figure 63).

The shadow vane was just a parallel sided piece of wood. It is clamped around the
65-degree arc with approximately a millimetre play. To avoid it falling off the arc,
a brass spring was added to keep it in place, while ensuring smooth running along
the arc. The upper side of the vane served as the fiducial edge, the shadow being used
for observations. The instrument thus used Hood’s type of shadow casting (see figure
62).806

The sight vane typically contained a single circular peep sight (see figure 64).
On the face towards the horizon vane a brass plate was typically inserted, with the
peep sight drilled through its centre (see figure 65). As the peep sight was made in
the centre of the vane, the scale had to be read at this location as well. For this the
notch that served to clamp the vane to the 25-degree arc was halved on the inside,
leaving just a small notch for stability on the other half (see figure 65). Like the shadow
vane, the sight vane was mounted with sufficient play and a brass spring acted as a
clamp.

The Davis quadrant was made to measure the sun’s altitude by casting a shadow
from the shadow vane onto the horizon vane. The upper edge of the shadow vane
served as reference. This method worked in full sunshine, but under hazy or thinly
clouded conditions the shadow would not be distinctive enough to align it properly
with the horizon vane.

From the 1660s onwards, the so called Flamsteed lens was added to the shadow
vane (see figure 62). In 1681, Moore wrote that this was a “...lens or double convex-
glass...”.807 The lens was mounted in a modified shadow vane and was approximately
the same focal length as the radius of the 65-degree arc. Using this lens it became
pos sible to focus an image of the sun, rather than a shadow, onto the horizon vane.
Moore added that “...also on clear weather the spot is more defined and conspicuous
than the shadow, which at best is not terminated.”808 Apparently the lens vane was
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806 On the quality of this shadow casting method see section 5.3 – In the shadow of Hood and
Harriot.

807 Moore, A New Systeme... (1681), p.250.
808 ibid.



also used in clear weather, even though there was the serious risk of burning the
horizon vane with it.

Almost seven decades later, Benjamin Cole wrote about the use of the lens vane
on his quadrant that “If the sun is very bright, it may be most convenient to use
the shade Vane...”809 From my own experience I found the image of the sun on the
horizon vane too bright for convenience (see figure 66). When using the Flamsteed
lens one had to “...raise or lower the Instrument till the bright Spot coming from
the Glass-Vane, falls upon the small Circle corresponding thereto upon the Horizon-
Vane;...”810 This small engraved circle on the horizon vane can indeed be found on
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809 Cole, The Description and Use of a New Quadrant... (London, 1749), p.14.
810 Harris, A Treatise of Navigation... (1730), p.179. Original italics.

Top-left (Figure 62): A typical set of vanes of a Davis quadrant (lens vane at the top, horizon vane
with slit aperture in the middle and the shadow vane, picture by the author). Top-right (Figure 63):
An incorrectly mounted horizon vane on a Davis quadrant as found on a maritime museum’s web
site. Below-left (Figure 64): A typical sight vane of a Davis quadrant (picture by the author). Below-
right (figure 65): The other side of the sight vane showing the peep sight and fiducial edge on the
diagonal scale (picture by the author). 

Figures
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surviving instruments and usually is placed close to the aperture on the line along
the aperture’s upper edge towards the centre of the arc (see figure 67).811

Having the image of the sun available, measuring the sun’s upper or lower limb
was significantly easier than when using the shadow vane, provided that the lens had
the right focal length.812 However, in period literature the Davis quadrant is primarily
described using the shadow vane, only mentioning the lens vane as an accessory.

Whether or not Davis quadrants were issued by default with a shadow vane when a
lens vane was provided remains unclear from period literature. Vanes generally tend
to get lost over time. Of the 266 instruments listed in the inventory of surviving Davis
quadrants I visually inspected 103 instruments which resulted in 42 instruments with
one or more original vanes. Only 13 of these included an original or period lens vane
and eight also had a shadow vane (see table 9). The instruments seem to be randomly
distributed over time, with a slight majority of American instruments (4 out of 13
lens vanes).

Of the five instruments that lacked the shadow vane, three had a horizon and sight
vane, so were complete enough for observing. It can, however, not be ruled out that
these three once had a shadow vane as well. The remaining two instru ments lacked
a sight vane and may thus also have lost the shadow vane over time.

Looking at instruments with a complete original or period set of horizon, shadow,
and sight vanes, we find nine examples. Of these nine, four also have an original or
period lens vane, so approximately half of them.
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811 An example is Davis quadrant no. 173 in Appendix C – Davis quadrants around the world of an
unknown maker in the collection of Het Scheepvaartmuseum, Amsterdam (inv.no. B.0195(03))
and no.216 from the Birr Castle collection.

812 If the focal length of the lens deviates too much from the radius of the arc, the spot of light would
become too large, creating an error in the observation of the upper or lower limb.

Left (Figure 66): Casting the image of the sun using the lens vane (picture by the author). Right (Figure
67): The engraved circle on the horizon vane of the Davis quadrant in the Birr Castle collection (picture
by Charles Mollan).

Figures
66-67



This means that, based on the surviving Davis quadrants, at least half, but most likely
two thirds or perhaps even all, of the instruments were produced with both a shadow
vane and a lens vane. This is a strong indication that indeed in general the Davis
quadrant was used with the shadow vane under sunny conditions and that the lens
vane was no more than an accessory to allow observations under hazy conditions.

According to Jonas Moore the lens vane “...was the contrivance of ingenious Mr.
Flam sted[sic].”813 In 2009 Anthony Turner explained that the Flamsteed lens prob-
ably was the result of combined effort by three people; Robert Hooke, Edmond
Halley and John Flamsteed.814 Although Turner already explained the origin of the
Flamsteed lens very well, I would like to add some details, for which I need to go back
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813 Moore, A New Systeme... (1681), p.250. A year later Perkins copied this same paragraph to his
work, see Perkins, The Seamans Tutor... (1682), p.188.

814 Turner, ‘Who Invented the Flamsteed Lens?’, in: Bulletin of the Scientific Instrument Society, No.
96, March 2008, pp. 32-33.
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to the ori g inal sources. One of the quotes Turner used was a paragraph in Hooke’s
post humous work, claiming the invention of the Flamsteed lens as his own:

The Instrument which I shew’d the Society, some Years before the Sickness, by making use of a

Telescope-glass, instead of the small hole or slit of the Shadow-vane of a Back-staff, but was not

made use of ‘till about ten Years after, and yet now it meets with general approbation, and is of

continual use, and pretended to be the invention of another, tho’ my shewing thereof was Printed

in the History of the Royal Society.815

The History of the Royal Society, written by Thomas Sprat in 1667, indeed described
the demonstration of a device he made:

A new kind of Back-staff for taking the Suns altitude by the Shadow, and Horizon: which is so

contriv’d, that though the shadow be at three foot distance, or as much more as is desir’d, yet

there shall not be the least Penumbra: and the shadow may be easily distinguish’d to the fourth

part of a minute.816

Turner remarked that “...it seems curious that Sprat speaks only of shadows and not
of the bright spot of light...” and that “...the length of the shadows... seems to imply
an instrument altogether different from the traditional back-staff...”.817 In order to
avoid further confusion it needs to be noted that although Turner used the term
“traditional back-staff”, what he really meant was the Davis quadrant.818

Sprat mentioned a shadow ‘at three foot distance’. The largest dimension found
in period literature for a Davis quadrant was three feet, which meant that the Flam -
steed lens – which was mounted on the smaller radius 60-degree arc – would be
much closer to the shadow vane than this. From period illustrations the ratio between
the radii of the 30-degree arc and the 60-degree arc can be estimated at about 2:1-
3:1, while surviving instruments show a 3:1 ratio. With a maximum semi-diameter
of 3 feet for the 30-degree arc, the 60-degree arc would be 1½ feet at most (surviving
examples generally show radii of less than one foot). Even at 1½ foot distance, the
¼ arc-minute penumbra given by Sprat would only be 0.00003 metres wide (three
hundredths of a millimetre). The penumbra would only be “...easily dis tinguish’d...”
when it was at 3 or 4 feet distance, as it would then be approximately 0.1 millimetre.

As mentioned above the name backstaff stood for a variety of instruments, the
Davis quadrant being only one of them. The only known backstaffs that would fit
Hooke’s dimensions were John Davis’s original 45 and 90-degree backstaffs or the

NAVIGATION ON WOOD230

815 Waller, The Posthumous Works... (1705), p. 557.
816 Sprat, The History of the Royal-Society... (1667), p. 246.
817 Turner, ‘Who Invented...’, p. 32.
818 From correspondence between Turner and the author on November 2nd, 2008.



Dutch demi-cross.819 It is therefore unlikely that it was a Davis quadrant that Hooke
modified.

In order to show that it could indeed have been a shadow that was projected, I
made a simple set-up with a shadow vane and a lens (see figure 68). With the shadow
vane (in this case a folded piece of cardboard) at the lens’s focal point (on the side
of the sun), it is indeed possible to cast a sharp shadow onto the horizon vane, even
at four feet distance (see figure 69, which shows a sharp upside-down shadow cast
– or rather projected – from 2 feet). Technically, it would have been no problem to
create a backstaff on this principle, which in theory could be as accurate as a modern
sextant. The method, however, had one downside: any change in the alignment of
the shadow/ lens vane with the horizon vane would be magnified proportionally to
the lens’s optical magnification.820 Because of this, Hooke’s projection method must
have been impracticable on early wooden instruments, as these tended to warp and
bend easily. In addition, this set-up is useless at a projection distance close to the
focal length of the lens. The idea of using a lens was born however, and finally led
to the set-up we know now.

Who finally made the change to projecting the sun’s image instead of a shadow
remains unclear. As Turner showed, the implementation of the Flamsteed lens was
credited to both Halley and Flamsteed. Turner stresses, however, that Halley perhaps
only implemented what he learned from Hooke and/or Flamsteed. He may even
have tried Hooke’s method close to the lens’s focal point to discover that projecting
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819 De Hilster, ‘The Demi-cross...’, p.31.
820 The Flamsteed lens needs alignment as well, but only with the edge of the lens vane, which is

more easily achieved and is not affected by any play in the instrument’s construction.

Left (Figure 68): Hooke’s possible lens set-up. Right (Figure 69): Projecting a shadow (both pictures
by the author).

Figures
86-89



the sun rather than a shadow was a better method. What we do know is that Hooke
made his invention between about 1660 and 1665 and that – in its final form as Flam -
steed lens – it was not generally used until ten years later.

Both the shadow vane and the lens vane had to be placed at a whole 5 or 10-degree
mark on the 65-degree arc prior to the observations. As these vanes could slide as
easily as the sight vane, there was a risk that the shadow vane might change position
on the arc during or between observations. In 1730, Joseph Harris proposed an im -
provement to prevent this error. He wrote that

I take it, that it would be a good Improvement upon this Instrument [the Davis quadrant] if there

should be small Bars of Brass fixed on the Arch …, at 10 or 15 Degrees distance from each other,

and a Groove made in the bottom of the Glass-Vane, so as to exactly fit the said Bars; the slipping

the groove upon these Bars, (according as you judge the Co-Altitude to be) you’ll be sure that

the Vane is rightly fixed, and not liable to move out of its Place.821

As far as is known, this improvement was never applied to a Davis quadrant or any
other period instrument.

Scales
Atkinson described both arcs in 1715 as

The lesser noted DE, is called the 60th Arch, because it did heretofore contain no more, but now it

often contains 65, and sometimes 70 Degrees ... This little Arch is divided sometimes but to every

5 Degrees, and never less than every single Degree; its numbred [sic] from the upper end E, with

5, 10, 15, 20, &c. downwards to D, where it ends in the Line ADG (a Line in the middle of the

longer Leg of the Quadrant) at 60, 65, or 70 Degrees ... The greater Arch GF, is called the 30 Arch;

its of a large Radius, that it might contain the lesser Subdivisions of a Degree; and being of a

com petent Breadth, thereon are usually described 10 Concentrick Circles, intersected with 3

Diagonal Lines in each Degree; making each Intersection 2 m [minutes]. This Great Arch is

divided on the Limb into Degrees by long Stroaks, each again subdivided into 6 equal parts by

shorter Stroaks, each small division being 10 Minutes, and are numbred [sic] from the lower end

F, with 5, 10, 15, &c. upwards to G, where it ends in Line ABG [sic] at 20, 25, 30 Degrees...822

The diagonal was not implemented right from the start. A closer look at the 30-
degree arc in Waymouth’s manuscript, reveals that it is divided to ten, five and
whole degrees only (see figure 70). This is quite normal and consonant with other
period works regarding this and other instruments.823 Usually this due to the scale
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821 Harris, A Treatise of Navigation... (1730), p.180.
822 Atkinson, Epitome of the Art of Navigation... (1715), p.4 of chapter ‘The Description...’.
823 De Hilster, ‘The Demi-cross...’, p.31.



at which the instrument is drawn, as showing all the divisions would clutter the
drawing. The Davis quadrant in its fully developed form had, however, not only a
more finely divided scale, generally down to 5 arc-minutes, but also an additional
diagonal scale running along it.824 This diagonal scale is also missing in the drawing,
which could again be explained as above.

Different designs were applied to the diagonal scale of Davis quadrants. They were
made with “... five, six, ten or twelve Concentrick Circles ... and between ... each Degree
... one, two, three, or more diagonal lines...” (figure 71 shows a diagonal scale from
Moore’s 1681 work).825 The fully developed Davis quadrant would generally have
six diagonals per degree. Each degree was in this way divided by the product of the
number of diagonals per degree and the number of concentric circles. The example
in figure 12 thus shows us a diagonal scale that divides each degree into 10 x 3 = 30

parts, or 2 arc-minutes.
Turning over a few pages of Waymouth’s manuscript we find two quadrants on

successive pages; the first with a Nonius and the second with a diagonal scale, similar
to the one described by James in 1633 (see figure 72). Below the first can be read: “The
demonstration of a most exact quadrant to finde out the Degrees and minute of
the sunnes altitude, found sundrie wayes.”, while below the other is written “The
demonstration of a most excellent quadrant to finde the Degrees and minute. it
not so exact as the quadrante next before.” Judging from the accompanying text,
the Nonius scale was regarded as the more accurate of the two.
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824 ibid.
825 Moore, A New Systeme... (1681), p.248. In fact one extra concentric circle was added, as the first

and last concentric circle represent the same concentric interval, one diagonal interval apart.

Left (Figure 70): The 30 degree scale of Waymouth’ Davis quadrant (© British Library Board. All Rights
Reserved (Shelfmark 19889)). Right (Figure 71): Moore’s diagonal scale (collection Het Scheep vaart -
museum, inv.no. S.4793(688)).

Figures
70-71



Looking through Waymouth’s work, other instruments with diagonal scales (8) and/or
Nonius scales (6) can be found, among them the cross-bow quadrant (shown twice,
both times with a diagonal scale). The cross-bow quadrant was a similar instrument
to the Davis quadrant; both were intended for backward use at sea, while the cross-
bow quadrant was also intended for use on land, a method endorsed by the text
beneath it: “The demonstration of a most exact crosse staff to take the altitude of
the sunne and starre ... both at sea and land”. It was perhaps for the latter use –
standing on terra firma – that in contrast to the Davis quadrant, it incorporated a
diagonal scale. We may therefore conclude that the Davis quadrant did not have a
diagonal scale at all in Waymouth’s time.

The absence of a diagonal scale applies not only to Waymouth’s work. As mentioned
above the first illustration after 1604 can be found in Fournier’s work, printed in
1643 (see figure 54).826 That illustration shows the 30-degree arc divided into ten,
five and whole degrees by lines and to half degree intervals by dots (see figure 73).
This division is similar to examples on period instruments like the Dutch hoekboog,
which had lines for whole and half degrees and dots for quarter degrees (see figure
74).827

Fournier wrote that the arc had to be made as “…une partie de cercle de 30. degreez
… que vous marquerez de degré, voir de minute en minute tant que faire se pourra.”
(…a part of an arch of 30 degrees … which one marks in degrees, even from minute
to minute as many as is possible.). The latter could indicate that the scale was not
divided using a diagonal scale but equidistantly (or rather equiangularly) to a point
that it became impossible to add further divisions. Early Davis quadrants were as large
as 30¾ inch, which would make one arc-minute just under a quarter of a millimetre.828

Although that would be too small for graduation,829 it is large enough to estimate
single arc-minutes on an equiangular scale divided at 5 or 10 arc-minute intervals.830

From surviving instruments it has become clear that the 5-arc-minute intervals
were introduced around 1720 and that until that decade instruments were commonly
divided to a minimum interval of 10 arc-minutes.831

It is not until 1669 that the first solid evidence of the use of diagonal scales on Davis
quadrants can be found in literature. In that year John Seller wrote that “… possibly
this manner of division may not be understood by every one that has occasion for
this Instrument, for their sakes therefore I have annexed this following Figure.” (see
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826 Fournier, Hydrographie... (1643), pp.493-495.
827 De Hilster, ‘The Demi-cross...’, p.31, figure 24. Also see: Price, Muckelroy, ‘The Kennemerland...’,

p.210.
828 Warner, ‘Davis’ Quadrants in America’, p.34.
829 De Hilster, ‘The Demi-cross...’, p.31.
830 From field tests with the smaller eighteenth century Davis quadrant, it became apparent that

they are easily read to 2 arc-minutes without using the diagonal scale at all.
831 See section 5.2.2.4 – Scales.



figure 75).832 The figure that follows shows part of the diagonal scale and is accom -
panied by an explanation that takes a whole page. From this date onwards most other
authors describe or show Davis quadrants with diagonal scales, some, like Moore,
again explaining the diagonal scale (see figure 71).833

The use of the diagonal scale possibly started a few years earlier. On 15 February
1659 an advertisement appeared in the Dutch newspaper Tijdinghe uyt Verscheyden
Quartieren stating that Pieter Goos, publisher of various nautical works, sold newly
invented cross-staffs and hoekbogen, now not only showing the degrees but also the
minutes.834 From period works it is known that the Davis quadrant was named hoek -
boog in the Netherlands and given the fact that the instrument now also showed
minutes, it must have been the Davis quadrant that was referred to. Soon after this
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832 Seller, Practical Navigation... (1669), p.209.
833 Moore, A New Systeme... (1681), pp.248-249.
834 The original text reads “Noch wert by en door de selve uytgegeven nieu geinventeerde Graed

en hoeckbogen / aenwijsende benevens de Graden oock de minuten”, see Van der Krogt, Adver -
tenties..., p.13. Also see ‘Newspaper Source, Tijdinghe uyt verscheyde quartieren, 14 February 1659’,
The European Library

    [http://www.theeuropeanlibrary.org/tel4/newspapers/issue/Uut_Romen/1659/2/14, accessed 15
May 2016].

Top-left (Figure 72): Waymouth’ quadrant 
with diagonal scale (© British Library Board. 
All Rights Reserved Shelfmark 19889). 
Top-right (Figure 73): Detail of Fournier’s 
30-degree scale (collection Het Scheepvaart -
museum, inv.no. A.1051). 
Left (Figure 74): Detail of the Kennemerland
hoekboog scale showing the divisions from 
3 degrees (left) to 5 degrees (right) and their
subdivisions (Picture by T. Watt, Shetland
Museum, Lerwick, Shetland).

Figures
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publication, Davis quadrants appeared in Dutch maritime literature, while Abra ham
de Graaf ’s 1688 work was the last Dutch work on navigation with new texts and
illustrations on the double-triangle shaped hoekboog.835

In 1662 the Dutchman Joost van Breen wrote in his Stiermans Gemack that the year
before he had used a ‘... curieus Engels Quadrant...’ (…a peculiar or accurate English
quad  rant…).836 By using this adjective Van Breen tells us that something on the
instru ment was new to him, even though he was familiar with the basic shape of
the instrument (he recognised it as an English quadrant, as mentioned above the term
used on the continent to indicate a Davis quadrant). As an administrator of goods,
supplies and ammunition for the vessels of the Admiralty of Zeeland and the inventor
of the first reflecting instrument for navigation, the spiegelboog (mirror-staff), we
may expect that he was well aware of the instruments used around the North Sea at
that time.837 Perhaps it was the introduction of diagonal scales on the instrument
that made him use the adjective.

There is also physical evidence of the application of diagonal scales to Davis quad -
rants in this period. In the Wrangel/Brahe collection at the Skokloster Castle (Sweden),
several navigational instruments can be found.838 As well as three Dutch astrolabes it
con tains a cross-bow quadrant, a cross-staff and a Davis quadrant. Although the Davis
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835 De Graaf, De Kleene Schatkamer... (1688). The first edition of this work (1680) did not contain
the text on the hoekboog found in this second edition.

836 Van Breen, Stiermans Gemack... (1662), p. 20 of chapter 13. In Dutch land surveying literature
curieus was mainly used to indicate that a scale or instrument was accurate, see: Van Nispen,
De Beknopte Lant-Meet-Konst... (1662), p.293. The English also used curious as an indication of
precision, see Halley’s quote below at Using a Davis quadrant.

837 De Hilster, ‘The Spiegelboog...’, p. 8.
838 Losman, Sigurdsson, ‘Äldre Vetenskapliga Instrument på Skokloster’, in: Skokloster-studier utgivna

av Skoklosters Slott 10, pp.89,91.

Left (Figure 75): John Seller’s diagonal scale (collection Het Scheepvaartmuseum, inv.no. S.4793(704)).
Right (Figure 76): Skokloster decorations, left the undated Davis quadrant, right the 1661 cross-staff
(pictures by the author).

Figures
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quadrant is not dated, it is apparent from the decorations (fleur-de-lis) that it was
not only made in the same workshop, but also by the same maker as the cross-staff
in that same collection. Not only are the stamps used for both of them identical,
but they were also stamped in using the same pattern (three out of the four fleur-
de-lis are stamped in parallel or perpendicular to the frame and slightly out of line
which each other, the fourth at an angle, see figure 76). With the cross-staff being
dated 1661 and assuming that the Davis quadrant was made around the same time,
this makes this Davis quadrant the oldest surviving example known to date.839 The
diagonal scale found on it is of the type shown in figure 12. The cross-staff has been
identified as possibly English, which would make the Davis quadrant English as
well.840 Introduction of the diagonal scale around 1660 would also explain why no
older examples survive, as these would have soon been replaced by this modern and
seemingly more accurate version of the instrument.

Fournier wrote that the Davis quadrant was shrouded in mystery and not without
reason.841 If, until the application of diagonal scales, Davis quadrants were indeed
divided in 10-arc-minute intervals, it would potentially have been a competitive
in strument. Its main Dutch competitors, the hoekboog and the demi-cross were
divided to 15-arc-minute intervals,842 while period cross-staffs of the first half of the
seventeenth century had graduations at a minimum of 30-arc-minute intervals and
10 arc-minutes during the second half.843 The 5-arc-minute intervals were not accom -
plished on cross-staffs before the turn of the century,844 but by then Davis quadrants,
equipped with diagonal scales, could be read down to one or two arc-minutes.845 That,
however, was far beyond the instrument’s true accuracy of about 12 arc-minutes,846

something that was not realised until the second quarter of the eighteenth century.847

Still, this seemingly unparalleled level of accuracy, combined with ease of use,848 must
have contributed to its success.
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839 Warner, ‘Davis’ Quadrants...’, p.25. Warner lists 57 Davis quadrants, the oldest of which (and the
only from the seventeenth century) dates from 1676. For an overview of known surviving Davis
quadrants see Appendix C – Davis quadrants around the world.

840 Mörzer Bruyns, The Cross-Staff..., pp.48-49.
841 Fournier, Hydrographie... (1643), p.493.
842 De Hilster, ‘The Demi-cross...’, p.31.
843 Mörzer Bruyns, The Cross-Staff..., p.43.
844 ibid.
845 De Hilster, ‘The Spiegelboog...’ (2006), p. 6.
846 May, A History of Marine Navigation, p. 23.
847 As from 1731 the Davis quadrant was no longer provided to the vessels of the Dutch VOC possibly

because of its inaccuracy, while the use of the octant was not officially approved until 1748. See
Mörzer Bruyns, The Cross-Staff..., p. 16. Also see Maitland, An Essay... (1750), pp.35-36.

848 De Hilster, ‘The Demi-cross...’, p.31.



The diagonals are usually straight lines running between the smallest and largest
con centric circle and spanning the smallest interval of the diagonal scale (i.e. 10 or 20

arc-minutes). Nicolas Bion (1652-1733) remarked that the construction of the dia g -
onals should be “... Portions of Circles passing thro’ the Center of the Instrument,
and the first and the last Point of the same Diagonal...”849 At the same time he men -
tioned that if their difference with “Right-lines Diagonals” was that small, the “....
Difference is of no consequence, and may, without any sensible Error, be neglected
...”850 It is true that for the greatest accuracy the diagonals should be curved instead
of straight. Straight diagonals will cause an angular error of just under 4 arc seconds
at their centre.851 This is, however, significantly smaller than the instrument’s true
accuracy. For the accuracy of the instrument as a whole, the choice between straight
or curved diagonals would not have had a major impact, as will be shown in chapters
4 – The Instrument as a Concept and 5 – Scale Analysis.

Mathematically, the diagonals should, however, not be circles but rather have
the shape of an Euler spiral. A best-fit circle drawn through the optimal diagonal, will
not coincide with the centre of the instrument but be offset from it by about 0.07%
of the instrument’s diameter (just under half a millimetre for the average Davis quad -
rant). Creating diagonals by running circles through the ends of the diagonals and
the centre of the instrument instead of using an Euler spiral will cause a minute error
of approximately 0.02 arc seconds. In practice a circular shape will thus suffice. The
radius of the circle required to produce properly curved diagonal should be approxi -
mately 4.4 times the radius of the outer concentric circle (approximately 2.6 metres
for the average Davis quadrant). These concerns about loss of precision were, however,
purely academic. Mathematician Richard Norwood wrote in 1685 that the

... [25 degrees] Arch hath commonly a diagonal Line on it, by which you may take it [the angle]

to seconds [sic.] of a degree; but with care you may do as well without it.852

Indeed, from field tests I have experienced that a replica Davis quadrant, with limb
divisions down to 5 arc-minutes,853 can be read down to the nearest minute as easily,
and more quick, without the help of diagonal scales. Half a century after Norwood,
in 1730, Joseph Harris wrote about the accuracy of diagonal scales that
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849 Bion, Stone, The Construction and Principal Uses of Mathematical Instruments... (London, 1758),
p.151. Ifland, Taking the Stars..., p.52.

850 Bion, Stone, The Construction and Principal Uses... (1758), p.151.
851 This is based on a largest concentric circle of 600mm and a smallest concentric circle of 585mm.

With these dimensions a circle running through the three points of the diagonal will miss the
instrument’s centre by ajust over 0.4mm.

852 Norwood, Norwood’s System Of Navigation... (London, 1685), p.104.
853 See below for the various types of scales.



The Radius of the [25 degrees] Arch [...] is commonly about 24 inches, and formerly this Arch

was made to contain 30 Deg. but now it is seldom made to contain above 25 Deg. Each of these

Deg. are usually subdivided either into 6 or 12 equal Parts, each Part being accordingly either 10

or 5 Minutes: Also on the Plane of this Arch are usually described several concentrick Circles

with Diagonal Lines, intended for dividing a Degree into lesser Parts than the Divisions upon

the Limb; but this is a superfluous Trouble, (and indeed these Diagonals are seldom regarded by

Mariners,) for even in moving the [sight] Vane 10' there is scarce any sensible Difference made in

the Observation.854

Apparently experienced navigators did not need the diagonal scales to read their
instruments. A year later the octant was invented and, being a much more accurate
instrument, it was soon realised that Harris was right and that the Davis quadrant
was not as accurate as had appeared. Almost two decades after Harris, the renowned
instrument maker George Adams wrote about the Davis quadrant that

If the most skillful Person about Noon Day, when the Sun is low in the Meridian, and does not

perceptibly rise or fall for some Minutes of Time, as soon as he has noted the Altitude found by

Davis’s Quadrant, was to pull off, or remove the Vanes, and immediately repeat the Observation

anew; he will very seldom, unless by Chance, come within five or six Minutes of his former, as has

been often proved by Trials.855

Two years later William Maitland wrote about the Davis quadrant that

...as it is in almost every Seaman’s Hands, needs no Description; but I find that most People by

it expects to arrive at a Degree of Accuracy, altogether inconsistent with the Nature and Con -

struction of this Instrument; to me it is evident from great numbers of Observations I have

made, and been present when made by others with it, that even when there is a good Horizon, a

bright Sun, the Ship not rolling much, and every thing, in short, favourable for the Observation,

the Latitude cannot be determined by this Instrument, nearer than to ten or a dozen Minutes:

When, I say, there have been a good many observing at once on board the same Ship, with Davis’s

Quadrant, I have generally found the Latitudes computed from the Sun’s greatest and least

observed Zenith-Distance, to differ 10, 12 and sometimes 15 Minutes, and which of them is nearer

the Truth, could not easily unless from a better Instrument [the octant] be determined.856

The diagonal scale did not contribute to the instrument’s real accuracy, but it must
have looked impressive since other instruments without diagonal scales could not
be read to such a degree of precision.
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854 Harris, A Treatise of Navigation... (1730), p.177.
855 Adams, The Description and Use of a New Sea Quadrant... (London, 1748), p.4.
856 Maitland, An Essay... (1750), pp.35-36.



Generally, several intervals were discernible on the 25-degree arc, each having a
different length of graduation mark (see figure 77). Compiling the list of surviving
Davis quadrants allowed me to make an inventory of the various types of graduation
and whether or or not they changed over time or by region. This inventory may
help to date Davis quadrants and other instruments with similar circular scales.
From the inventory, it appears that before approximately 1700 not only were the
graduations of Davis quadrants different from those in the eighteenth century, but
also the design as a whole as well. There are four Davis quadrants which can be dated
with certainty to the seventeenth century and all have the ratio of the larger to the
smaller diameter arcs of 30:60 degrees. The first positively dated Davis quadrant that
I have been able to examine with a 25:65 ratio is from 1711. One older Davis quadrant
with a so far unknown ratio, dated 1702, is in a private collection, which I have not
been able to trace.857 The ratio 30:60 has not been found after 1700 on Davis quad -
rants.

For the diagonals on Davis quadrants, only examples with 10- and 20-arc-minutes
interval have been found (see figure 77A and 77B, where 77A has diagonals every
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857 It is listed in Warner, ‘Davis’ Quadrants in America...’, pp.23-40.

The graduation marks and diagonals on 
a Davis quadrant.

Figure 77



10 arc-minutes, and 77B every 20 arc-minutes). Other intervals have not been found
so far, even though these have been described in period literature like in Moore’s
work mentioned above. The oldest known example with 10-arc-minutes diagonals
dates from 1720. Up to that year there are 11 known surviving Davis quadrants. I
have been able to inspect five of these. All have diagonals every 20 arc-minutes.
After this year approximately 14% (5 out of 36) of the dated Davis quadrants have
diagonals with 20-arc-minutes intervals, more or less spread over the next four
decades. After 1760, the 20-arc-minute interval was not found. All the instruments
with intervals differing from 20 arc-minutes have 10-arc-minute intervals. All in -
stru ments, regardless of origin, age and interval, have 11 concentric circles for the
diagonals. They are thus divided to either 2 or 1 arc-minute.

With the advent of the 10-arc-minute diagonals, the smallest division interval
on the equiangular scale along the rim of the 25-degree arc became 5 arc-minutes
(see figure 77A). Before this time it was without exception 10 arc-minutes for the
instruments seen (see figure 77B). Roughly 66% of Davis quadrants after 1720 have
5 arc-minutes for the smallest interval. Other intervals have not been found. After
1720, the 5-arc-minutes minimum interval is found evenly divided among Davis quad -
rants of all countries, the 10 arc-minute interval as the minimum predominantly
found on English instruments before 1750 and on American instruments after that
year. Only one European (French) instrument with a minimum interval of 10 arc-
minutes has been found after 1750 and only one American before 1750.

Of the 74 transversal scales examined, 61% are continuously divided as in figure
77A, while 36% have additional straight divisions every 5 degrees, as in figure 77B.
The remaining 3% (2 instruments) have straight division lines every degree, as in
figure 77C. There seems to be no regional or chronological preference for these
three types of transversal scale.

Just as much variety can be found on the 65-degree arcs of Davis quadrants. On
the face of the scale most Davis quadrants have the same appearance, differing only
in the location and orientation of the figures been stamped on them.

It is the rim of the 65-degree arc that shows differences. So far I have been able
to discern four types on the 56 rims seen (see figure 78).858

Type A: graduations only found on the face;
Type B: the graduations of every fifth degree are drawn on the edge as well, in line

with the graduation on the face;
Type C: every fifth graduation line is also drawn on the edge, but at an offset that

varies between instruments from 8 to 16 arc-minutes;
Type D: a combination of types B and C.
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858 This research depended on available imagery. In many cases Davis quadrants are only photo -
graphed perpendicular to the frame and the edge of the 65-degree arc cannot be seen.



Up to about 1740, type A was only found on European instruments, while it was only
found on American instruments after that year. Type A was found on 32% of the
instruments examined.

Type B was only found on European instruments and accounts for 11% of the
instruments.

Type C is mainly found on European instruments. Of 31 instruments of type C,
only one is positively identified as being by an American maker (though of English
origin), one is Dutch, and one is Swedish, the others of positively identified makers
being all English.859 Type C instruments account for 55% of the instruments examined.

Type D has only been found once and is likely to be a modified type B or C.

In the Norsk Maritimt Museum one Davis quadrant was found with a secondary
scale on the rim of the 65-degree arc with the graduations marked with a linear offset
varying from 48 arc-minutes at 60 degrees to 330 arc-minutes (5.5 degrees) at 5 degrees
(see figure 79). No explanation has been found for this exceptional additional scale.
It may have been a one-off for a special purpose.
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859 With thanks to W.F.J. Mörzer Bruyns for pointing me to the Dutch and American Davis quad -
rants. The Dutch Davis Quadrant is by Van Keulen, object no. 9199 in Museum Boerhaave. For
the Anthony Lamb Davis Quadrant see: Mörzer Bruyns, ‘Navigating Instruments Acquired by
the Peabody Essex Museum after 1963’, In: Rittenhouse 23, 70 (2009), pp. 67 & 85.

Four different styles of the Davis quadrant’s 65 degrees arc.

Figure 78



All Davis quadrants with the type C offset lines that I have seen have the lines nearer
to the zenith. One would expect this offset to be approximately the sun’s semi-
diameter or 16 arc-minutes, so that the observer could choose to measure the upper
limb of the sun when using the shadow vane. Joseph Harris wrote in 1730 that

Upon the back of the [65 degrees] Arch […], there is commonly drawn Lines for every 5 Degrees,

about ¼ Deg. Higher than their correspondent Lines upon the Side, intended for placing the

Shade-Vane thereto, in order to save the trouble of allowing for the Sun’s Semi-diameter...860

On the preceding page Harris explained this allowance:

When you observe by the upper edge of the Shade-Vane, (as it is customary to do) the Shadow is

terminated by a Ray proceeding from the upper part of the Sun’s Disk, (and not from its Centre)

and therefore the Sun’s Altitude is presented more than it really is, by the Quantity of his apparent

Semi-diameter, which generally is about 16' […] wherefore to the Zenith Distance upon the

Quad rant you must add 16'...861

Having these shifted lines on the edge saved the mariner the trouble of correcting
his observations for the sun’s semi-diameter when using the shadow vane. Harris did
not favour the use of the shadow vane, however, promoted the use of the lens vane
instead as he wrote that “It seems strange to me (since so good an Improve ment has
been made in the Instrument [referring to the lens vane]) that People should regard
the Shadow at all”.862 The lines were added to the 60-arc to facilitate lower-limb
observations and although no written evidence on them has been found, we may
assume that these lines were also used in combination with the Flamsteed lens.
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860 Harris, A Treatise... (1730), p.179.
861 idem, p.178.
862 idem, p.179.

Additional linear shifting scale on the 
65 degrees scales of the Norwegian Davis
quadrant (picture by Ove Rostrup, Norsk
Maritimt Museum inv.no. NSM.04115).

Figure 79



There are, however, several Davis quadrants with offsets smaller than 16 arc-minutes
(see figure 80). At least six Davis quadrants exist with approximately 8- and 11- or 12-
arc-minutes offsets, so for a quarter and a third diameter of the sun.863 The reason for
these alternative offsets is unknown. Perhaps they were meant to correct for dip,
while still observing the upper limb. The offset would then stand for 16 - 8 = 8 arc-
minutes dip and 16 - 11 = 5 arc-minutes dip (or 16-12 = 4 arc-minutes), corresponding
to 16.6 and 6.4 metres observer’s eye height. The sloping rear deck of a large man
of war, like the Swedish Vasa, would be between 10 and 15 metres above the water -
line.864 Adding the eye height of approximately 1.6 metres would make the observer’s
eye at a height between 11.5 and 16.5 metres above the waterline, which seems conso -
nant with these figures. The smaller dip correction might have been for a smaller
vessel. This was already known in the sixteenth century as Harriot described in the
1590s that “Upon the poope of a tall ship the hight of the ey comonly is 4 or 5 pases
& then your abatement [for dip] is 5  or 6 .”865

Alternatively the deviating offsets of the 65-degree scale could be to correct for
personal error, so for the personal interpretation of the shadow. Concerning the
latter it is intriguing to read the observational procedures in several editions of
John Robertson’s The Elements of Navigation which were published between 1754

and 1796.866 In his first, second and third editions of 1754, 1764 and 1772, Robertson
consistently wrote that in order to make observations with the Davis quadrant
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863 The Davis quadrants by John Holbeche from 1738 (Adler planetarium A171), by Gilbert & Sons
from 1755 (National Maritime Museum Greenwich NAV0035) and H. Gregory (Museum für Ham -
burgische Geschichte, Hamburg, 1911,370) have approximately 8-arc-minute offsets, the ones by
an unknown maker (Adler Planetarium W-224 and Norsk Maritimt Museum NSM.04115) and
Benjamin Cole from 1746 (Adler Planetarium A137) have approximately 11-arc-minute offsets.

864 Scaled off the drawing in Kvarning, Ohrelius, The Vasa, The Royal Ship (Stockholm, 2004),
pp.30-31.

865 T. Harriot, Bl Add.Ms. 6788, f.487r.
866 Robertson, The Elements of Navigation... (1754, 1764, 1772, 1780 and 1796).

Rims of two Davis quadrants with zenith
scale at an approximate 16 (left) and
approximate 8 arc-minutes offset.

Figure 80



...the upper border of the shade is made to cut the horizon line […] then the sum of the arcs gives

the zenith distance of the sun’s upper edge or limb, to which add 16 minutes […] But in most

quad  rants there are in the back of the greater arch a scale of degrees, where the sun’s semidiameter

is allowed for.867

On the previous page Robertson wrote that “...the GREATER ARCH, usually contains
65 degrees...” (his emphasis), so it is clear that he was writing about the scale on the
edge of 65-degree arc and that the offset lines were used in combination with the
shadow vane. The fourth edition of 1780 still uses the same text, but now the following
footnote was added:

This rule is given by most writers; but as the extremity of every shadow cast by the sun is penum -

bral, too faint at the very extremity to be perceptible, and so nearly dark before it is really so

that the limit of the penumbra cannot be distinguished, it is obvious that it cannot be proper

for practice, where the observer must necessarily take the middle between the two: nothing must

therefore be allowed for the sun’s semi diameter.868

So by this time an altogether different approach was given, now no longer correcting
for the upper limb. The edition of 1796 no longer shows the original quote. Instead,
the footnote of the 1780 edition is rewritten and used as main text (with a and b being
the lower and upper end of the penumbra):

… the shadow will therefore begin to terminate at a, and wholly end at b, going off gradually

from a total darkness at a to a total brightness at b, neither the beginning nor end of this penumbral

part being perceptible; consequently, neither the upper or lower limb can be observed accurately;

but we shall be able to come nearer to one or the other, the brighter the Sun shines. On account

of this uncertainty, seamen are obliged to take the middle Point between these, which gives the

altitude, or zenith dist. of c, the center [sic.]. Nothing, therefore, must be allowed for the Sun’s

semi-diameter.869

It seems there was little faith as to the proper identification of the location of the sun’s
centre within the penumbra. Already a few years before Robertson’s first edition,
renowned instrument maker George Adams wrote that

… an Observation taken in hazy Weather, which seems to be tolerably correct, will, from this

Circumstance alone, be frequently found twenty Minutes or more, different from one made

immediately after; if by chance the Sun appears bright, and the Weather clears up.870
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867 Robertson, The Elements of Navigation... (1754), p.518.
868 Robertson, The Elements of Navigation... (1780), p.246.
869 Robertson, The Elements of Navigation... (1796), p.342.
870 Adams, The Description and Use of a New Sea Quadrant... (1748), p.4.



So apparantly the sun’s brightness also affected the observations. In section 5.3 –
In the shadow of Hood and Harriot we will see that choosing the proper location of
observation within its penumbra is indeed far from straightforward, that it varies
with the distance between shadow and horizon vane and depends on the individual
observer.

Dimensions
Atkinson wrote in 1715 that the instrument “... maybe of any Radius, or Length,
between 18 Inches and 3 Feet; but the most general now made, are Quadrants of 26

Inches Radius”.871 I have not done extensive research on these diameters, but the
replicas I made myself were based on a drawing of one of the Garner Davis quad -
rants in the collection of the National Maritime Museum in Greenwich and have a
radius of approximately 618mm (24⅓ inch). I have measured the radius of the oldest
surviving Davis quadrant, which is in the collection of the Skokloster Castle, and
found it to be 727mm (28.6 inch).

For most instruments, the ratio between the 25/30 and 60/65 arc is approximately
3:1.

The beams of the frame are usually rectangular in cross-section. In the Garner
instrument they are 16mm thick and 20mm wide, but I have seen beams with slightly
larger cross-sections in other instruments, making the instrument considerably
heavier.

The vanes protrude from the frame by about 80 to 100 mm (3-4 inches) and are
some 30-45 millimetres (1¼-1⅔ inch) wide. The lens in the lens vane is approximately
40mm in diameter and biconvex.

Using a Davis quadrant
According to Atkinson, the “... Instrument is rarely used otherwise than to observe
the Sun’s Meridian Altitude...”.872 The alternate use Atkinson referred to was perhaps
the determination of longitude by lunar distance as described in a work printed
for J. Wilford in 1726.873 For measuring the sun’s meridian altitude, the shadow vane
was set at a whole number of degrees, some 15-20 degrees lower than the expected
zenith distance of the meridian passage of the sun. Standing with his back towards
the sun – instruments used in this way were henceforth given the general name
backstaff – the observer would align the slit in the horizon vane with the horizon,
while trying to coincide it with the upper edge of the shadow vane’s shadow. This
was done by tilting the frame and sliding it through the sight vane which was kept
in front of the observer’s eye. Once aligned he could then read off the scale along
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871 Atkinson, Epitome of the Art of Navigation... (1715), pp.3-4 of chapter ‘The Description and use
of Instruments most useful in Navigation’.

872 Moore, A New Systeme Of The Mathematicks (1681), p.250.
873 Wilford, A Sailor’s Proposal For Finding his Longitude by the Moon (London, 1726), p.23.



the sight vane in degrees and minutes (usually to the nearest 1, 2 or 5 arc-minutes,
depending on the interval of the graduations) and add the degrees of the shadow
vane to it. The sum of these values gave him the zenith-distance of the sun.874 This
combined with values taken from a declination table for the date of observation,
resulted in the observer’s latitude. Observations were made of the sun’s centre, its
lower limb or upper limb, as mentioned by several authors.875

As described above, the instrument used Hood’s type of shadow-casting. Under
hazy conditions, the observer could replace the shadow vane by the lens vane. Now,
instead of casting a shadow he would have a projected image of the sun cast onto
a little circle made for this purpose on the horizon vane.876 Using the lens vane would
mean that the instrument transformed from a Hood’s type of shadow-casting instru -
ment to a Harriot one, albeit using a beam of light instead of a shadow.877 Using a lens
to project an image of the sun onto the wooden horizon vane is potentially harmful
to the latter and we may expect that it was only used if the sun was not shining too
brightly. It must have been for this reason that Davis quadrants were supplied with
both a lens and a shadow vane.878

With the addition of the lens vane I regard the Davis quadrant to be fully devel -
oped. The only further development known was the addition of artificial horizons by
John Elton in 1731 and Charles Leigh in 1736, but given the low number of sur vi ving
instruments, these did not gain great popularity.879 The addition by Elton changed
the layout of the instrument considerably. The 60-degree arc was replaced by a non-
graduated chord and the artificial horizon was added, making it impossible to use the
instrument as a ‘normal’ Davis quadrant.880 We therefore may regard Elton’s invention
as an altogether new instrument based on the Davis quadrant, rather than one with
an accessory.
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874 The zenith distance was, in fact, the sum of three figures since the observed angle needed to be
corrected for dip – the error due to the height of the observer above the surface of the sea.

875 Atkinson, Epitome of the Art of Navigation... (1715), pp. 4-5 of chapter ‘The Description...’.
876 Harris, A Treatise of Navigation... (1730), p.179.
877 As the edge of the beam of light is a shadow we can still speak of double sided shadow casting,

the only difference with Harriot’s original idea of it is that the order in which shadow and light
appears is inverted.

878 See NAV0044 in Mörzer Bruyns, Sextants at Greenwich..., p.101.
879 Elton, ‘The Description of a New Quadrant...’, pp.273-279. Leigh, ‘A Description of a Water-

Level...’, pp.413-417. Leigh, ‘The Description and Use of an Apparatus Added as an Improvement
to Davis’s Quadrant...’, in: Philosophical Transactions of the Royal Society of London volume 40

(London, 1738), pp.417-424.
880 Later editions of the instrument had their diagonal scales replaced by a Nonius. See inv.no.

NAV0039 of the National Maritime Museum, Greenwich, UK.



Alternatively, the use of a plumb bob as an artificial horizon (or rather vertical) was
shown by Girolamo Albrizzi in 1715 (see figure 81).881 This method was not entirely
new: Halley already mentioned it in a letter to William Hayley in 1687.882 The letter
was discussing the solar eclipse in Smyrna (the current Izmir, Turkey) that Hayley
was about to observe. Halley had calculated the moment and appearance of the solar
eclipse, but also gave Hayley directions on how to use a Davis quadrant for the ob -
servation of the sun’s altitude. He wrote that as “...Smyrna is Landlockt, you cannot
use the Edg of the Sea for an Horizon, so you must be forced to use a Perpendicu -
lar...”.883 The perpendicular was a plumb bob, a method he showed in an accompanying
drawing very similar to the one by Albrizzi in figure 81 (albeit without the observer).884

Halley further explained the observation method by writing that the plumb bob had
to be applied

[...] to the center of your Sea Quadrant [Davis quadrant] after the manner in the Scheme where

you make the Horizon vane at A [F in Albrizzi’s illustration] the shade vane, and take the Shadow

thereof on the Edg of shade vane B., set to the beginning of the Divisions [it is shown on the 65

degrees arc at zero degrees graduation mark, C in Albrizzi’s illustration], and then the Degrees

cut by the Perpendicular on the 30 Arch will shew the Sunns Altitude, but if the Sunn shall exceed
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881 Albrizzi, Introduzione all Arte Nautica... (Venetia, 1715), figure 37 and pp. 98-99. Note that the string
does not start from the centre of the instrument in Albrizzi’s illustration

882 Halley, ‘Eclipsis solis to bee observed at Smyrna May 1 1678’, quoted in E.F. MacPike, Corre-
spondence and Papers of Edmond Halley... (London, 1937), pp.82-84.

883 idem, p.84.
884 idem, p.83.

Left (Figure 81): Albrizzi’s plumb bob method (courtesy National Maritime Museum, Greenwich,
inv.no. 527:094). Right (Figure 82): Halley’s method does not allow the shadow to be properly cast
using a standard Davis quadrant (picture by the author).

Figures
81-82



30 Degrees high you must remove your shade vane Lower, as need shall require, and the Sum

of the degrees on the two Arches shall be the hight sought […]. I shall only add that the Instrument

must be sett curiously perpendicular, so that the thread may neither bear against the Arch, nor

fall off from it and that at the time of Observation it must be directly turned against the Sunn,

so that the shade of the rule AD [the strut of the 25 degrees arc] fall exactly on the other Rule AE

[the main beam of the Davis quadrant].885

The method sounds viable but was impossible to implement using a standard Davis
quadrant as it requires the shadow of the centre of the horizon vane to be projected
onto the upper edge of the shadow vane. As the aperture in the horizon vane of
most Davis quadrants is cut at an angle facing towards the start of the 25-degree arc,
it will not allow light to pass through it at angles less than about 55 degrees on the 65-
degree arc, although the shadow has to be cast at zero degrees.886 Figure 82 shows a
Davis quadrant set up in the manner Halley described. The whole width of the
horizon vane is cast onto the shadow vane to show that no light passes through the
aperture. Casting the shadow as shown in the figure creates an observational error
of approximately half the width of the shadow vane and varies with the location
of the shadow vane since the two vanes are not parallel to each other.

Halley’s proposed method is only feasible using a dedicated horizon vane that has
an aperture in it facing the right direction, so towards the upper edge of the shadow
vane at zero degrees on the 65-degree arc. I have tested the method successfully using
a brass pin through the centre of the arcs, the shadow of the centre of which had to
be cast on the upper edge of the shadow vane (see figure 83). In this way a Hood type
of shadow-casting was created, but the addition of a small vertical strip of paper on
the shadow vane changed this into Harriot’s double-sided shadow-casting method.

There is at least one surviving Davis quadrant with a V-shaped aperture that
could have been used in this way (see figure 84, shown here backwards and upside
down).887 If mounted correctly the upper edge (lower edge in the picture) is still the
fiducial edge as in a standard Davis quadrant, while the lower edge is cut open in the
opposite direction allowing light to pass towards the zero degrees mark on the 65-
degre arc. This type of aperture would allow the shadow casting method proposed
by Halley, and would result in a Hood type of shadow-casting. Although the example
shown here seems to have been purposely made, it must have been relatively easy
for anyone with the most basic woodworking skills to modify an existing horizon
vane for the purpose.
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885 idem, p.84.
886 This was tried and confirmed with one of my Davis quadrant replicas. Harris commented on

the “...inconvenient and absurd...” orientation and shape of the aperture in the horizon vane,
see Harris, A Treatise of Navigation... (1730), p.177.

887 This concerns an undated and unsigned Davis quadrant in the National Maritime Museum in
Greenwich, UK, inventory number NAV0044, see Mörzer Bruyns, Sextants at Greenwich..., p.101.



Albrizzi’s illustration, by contrast, shows the shadow vane at a location between the
40 and 45 degrees graduation marks on the 65-degree arc. Depending on the angle at
which the aperture in Albrizzi’s Davis quadrant was cut and the thickness of the wood
in that instrument, his method may have worked for the high altitude observation
of approximately 52 degrees in his illustration.

4.3.3 The removing quadrant (f.l. 1604)
The removing quadrant is one of the few, together with the triangular quadrant, in
this thesis that is not only a polyxylous instrument, but also one to combine hinged
parts with sliding sights. According to John Seller its name was derived from the fact
that “...it is to take all in pieces, and beareth its name from its use, one leg thereof
being often removed in Observation.”888 As a result, it was “...of convenient porta-
bility for stowage in a mans Chest...”.889 In its final form the instrument consisted of
a hinged folding or jointed ruler, a device called a joynt rule at the time,890 with sliding
sights (Seller uses the term vanes), that was mounted to an arc so that the hinge
was placed at the centre (see figure 85).891 A perpendicular mounted ruler could slide
on the leg that was attached to the arc, while a fixed sight was mounted on the hinge.
The perpendicular ruler was used to solve navigational calculations, not for observa-
tions, during which it was removed. For this reason, we may regard any instrument
without this perpendicular ruler as the same instrument regards to celestial obser-
vations.
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888 Seller, Practical Navigation... (1669), p.218.
889 ibid.
890 ibid.
891 idem, pp.218-224, contains an elaborate description.

Left (Figure 83): Halley’s method modified for observations (the shadow of the pin is cast slightly too
high) (picture by the author). Right (Figure 84): A V-shaped horizon vane aperture (upper left) in the
collection of the National Maritime Museum, Greenwich (NAV0044, courtesy National Maritime
Museum, Greenwich).

Figures
83-84



According to Seller “This instrument is principally for a backward, but is also capable
of a forward observation;”892 Although it could theoretically be used for star obser -
vations at night in the forward manner, Seller only mentions its use in combination
with the sun for both backward and forward observations.

Use and diffusion
Only four authors seem to have described the instrument (see table 10). The oldest
depiction appears in Waymouth’s 1604 manuscript. Here the instrument is shown
without the perpendicular ruler, but is accompanied by a compass-rose and needle
(see figure 86). Although it is not explicitly stated in the accompanying text, it seems
that the compass rose formed an integral part of this instrument, since the diagram
was part of the section on land surveying and a “...demonstration of all the partes of
another kinde of instrument to survey lande with.”893 Surveying instruments of the
period typically had compass roses incorporated in their design,894 and the diagrams
on the previous and following pages show other instruments with compass roses
at the same relative location, the preceding one even with connecting lines between
the rose and instrument.895
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892 idem, p.218.
893 Waymouth, ‘The Jewell of Artes’, f.192r.
894 See for instance Sems, Dou, Practijck des Lantmetens... (1600), foldout diagram between pp.68-

69.
895 Waymouth, ‘The Jewell of Artes’, ff.191r-193r.

Left (Figure 85): The removing quadrant according to Seller (1669) (collection Het Scheep vaart -
museum, Amsterdam, inv.no. S.4793(704)). Right (Figure 86): George Waymouth’s version of the
removing quadrant (© British Library Board. All Rights Reserved Shelfmark 19889). The large black
triangle is not a part of the instrument, but of a drawing at the upper half of this folio.

Figures
85-86



The diagram of the removing quadrant followed several pages explaining an in -
stru ment “... to take the height with of any wall or castle[,] the use where of is shewed
in [the] third booke by a geometricall table.”896 That instrument was also based on
a jointed rule, without the arc, but with the perpendicular ruler as shown by Seller.
Again it had all the sights, but no compass rose. In contrast to the arced version the
in strument with the perpendicular ruler was signed with a W and is therefore of
Waymouth’s own design.897

Between Waymouth and Seller the instrument can be found in Fournier’s 1643 and
1667 editions of Hydrographie (see figure 87) and Dudley’s 1646 and 1661 editions of
Dell’Arcano Del Mare (see figure 88).898 Here Waymouth’s arced instrument is shown
without the compass rose and still without the perpendicular ruler.

It thus seems that the removing quadrant as shown by Seller originated from land
surveying and that, by the time he depicted it, it was a combination of an instrument
invented before 1604 and one of Waymouth’s own creations.

The above occurrences are the only ones found so far and are mainly from English
authors. The removing quadrant has actually been in use in France as Fournier wrote
that “Nos ancient Pilotes de Diepe se servoient tres bien de tel instrument...” (Our
former Pilots of Dieppe were very well served with this instrument...). Dudley
published his work in Italy, but whether the instrument gained any popularity there
is unknown. Dudley’s second and last edition of 1661 still showed the instrument,899

but by 1683 it was no longer listed in the fifth edition of Seller’s work and the instru -
ment seemed to have been no longer in use.
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896 idem, ff.181v-185r, 190r.
897 See section 4.2 – The seventeenth-century mariner’s cross-staff and footnote 709.
898 Dudley, Dell’Arcano Del Mare... (1647), p.22 and figure 66.
899 Dudley, Dell’Arcano Del Mare... (Florence, 1661), p.15 of Libro Qvinto and figure 66.
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Construction
Seller wrote that (see figure 85)

The parts of it are first two pieces joynted with a brass joynt like a joynt rule, and will close

together; and in the Center is a hole for the putting in the end of a Horizon Vane, marked with

A. There is also a great Arch marked with d, e, containing a Quadrant, or 90 degrees... One end

of this Arch is fastened into one of the containing sides [of the joint rule], with a brass Pin to take

in and out at pleasure ; on each of these containing sides is a Vane, one a Shadow Vane noted with

B, and the other a Sight Vane denoted by C ; the Shadow Vane is on that side where the Arch is

put in and fastned, noted with f, g, and is to move up and down that side at pleasure, for the

better and sharper striking the shadow upon the Horizon Vane ; the other side marked with b,

i, moveth upon the Arch : and on the end of this side is put the Sight Vane at i.900

Sadly, the engraver did not include the lower case markers d, e, f, g, b, and i, making
Seller’s description ambiguous. We may, however, assume that with the ‘sides’ he
meant the side of the hinge and the opposite side containing the ends of the legs (so
respectively right and left hand sides in his figure), not the two opposite legs (upper
and lower sides in his figure), as these are indicated by the terms moveable leg and
fixed leg in a way similar to John Browne’s description of his triangular quadrant.901
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900 Seller, Practical Navigation... (1669), p.218.
901 idem, p.220. De Hilster, ‘The Triangular Quadrant...’, p.35. Browne referred to the legs as the

head leg and moveable leg. In his triangular quadrant the moveable leg was the lower one, while
from his examples it appears to be the upper one in Seller’s work.

Left (Figure 87): Fournier’s 1643 removing quadrant (collection Het Scheepvaartmuseum, Amster -
dam, inv.no. A.1051). Right (Figure 88): Dudley’s 1647 removing quadrant (collection Maritiem
Museum Rotterdam, inv.no. WAE008).

Figures
87-88



The joint rule could be collapsed while all other parts could be removed from the
instrument at will.

Seller continued stating that

...you must put first the Horizon Vane into the Centre hole [i.e. the centre of the hinge], where

it is to turn round, so that you may turn the sight as open and as close as you will your self, so

also that the Horizon Vane may receive the shadow from the Shadow Vane;902

He clearly is not concerned about the orientation of the sight that served as the
horizon vane, nor is there a fixed orientation enforced by the construction of the
in strument. In theory the instrument could have worked with Harriot’s type of
shadow-casting,903 but whether that was incorporated remains unclear. His and
Fournier’s illustrations do seem to indicate that Harriot’s method was used, as in
both cases the horizon vane is oriented parallel to the shadow vane and in Fournier’s
illustration the shadow vane even has a small circular aperture to cast a beam of
light. Seller’s horizon vane seems to be asymmetrical and quite similar to the ones
used on Davis quadrants and would thus approach the horizon in a Hood type of
fashion. In Dudley’s illustration only a round pin can be seen at the centre of the
instrument, with an eye drawn next to it, indicating its use in a forward manner.
The figure is accompanied by two lines of text only in which no mention is made of
a backward method of observation. If it were used in a backward manner, the round
pin could have served as a Harriot type of horizon vane.

According to Seller the sliding ruler or index was mounted on the fixed leg and
“...this Index is made to move truly up and down upon the side […], but alwayes
stand at right Angles therewith;”904

In Seller’s illustration, all the vanes seem to have had slit apertures, centred in the
sight for the shadow vane and seemingly asymmetrical for the horizon and sight
vanes. In Dudley’s illustration all sights are of the symmetrical type found on land
surveying instruments. These consist of a rectangular frame, rounded at the top, with
a wire between the base and the rounded top end of it. There is no horizon vane in
his illustration, only a round pin. In Waymouth’s diagram there seem to be two sorts
of sights; semi circular ones, most likely with a slit aperture, and rectangular ones
with possibly a central wire similar to Dudley’s sights. It is unclear whether or not
one of these sights served as a horizon vane or that the instrument was used in a
for ward manner only.
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902 Seller, Practical Navigation... (1669), p.219.
903 See for the importance of this section 5.3 - In the shadow of Hood and Harriot.
904 Seller, Practical Navigation... (1669), p.219.



Scales
The arc of the removing quadrant had “...90 degrees, divided into minutes by Diagonal
Lines […]. And also there is divided on the same Arch, the eight points of the Com-
pass, with their halves and quarters.”905 These compass points were only used for
calculations with the instrument, not for altitude observations. The degrees scale
was “...numbred both wayes...”, i.e. for altitude and zenith distances.906

The straight edges of the jointed rule and the index were “...divided into 60, and
sometimes into any hundred equal parts...” and were used as “...Leagues or Miles
in the solving of any Nautical Question.”907

None of the depicted instruments shows the eight points of the compass and
only the depictions by Waymouth and Seller show divisions on the straight scales
(the former shows them also on the instrument with the perpendicular index). The
straight scales on Waymouth’s diagrams all contain 60 divisions as described by
Seller, but those in the latter’s illustrations are quite coarsely engraved and show
no figures next to the divisions.

Dimensions
The only indication of dimension is that, according to Seller, the arc was “...above an
inch in breadth commonly...”.908 In Waymouth’s diagram, the length of the legs (as
measured from the centre of the hinge to the end of them) of the jointed rule is 16
times the width of the arc, while the arc has a radius 13.5 times its width. In Dudley’s
illustration these figures are respectively 20.5 and 19.5, while Seller shows the in -
strument with ratios of 18 and 16. Browne’s triangular quadrant consisted of a
jointed rule as well and was commonly between 18 and 30 inches in length to be
useful in navigation. This seems to be consonant with the ratios found above.
Assuming a width of 1¼ inch for the arc, even Waymouth’s instrument would have
had a jointed rule of 20 inches. Based on the 1¼ inch width of the arc, Dudley’s in -
strument would have had a jointed rule of 26 inches and Seller’s 22.5 inches, all
within the range given by Browne.

Using the removing quadrant
According to Dudley the instrument had two advantages. He wrote

Del sesto quadrante di quattro mire per rimediare alla parallasse dell’occhio. […] Questo

quadrante è ridotto in operazione con un solo osservatore, come se Balestriglia; e si applica

nella istessa maniera della Balestriglia prodotta per la Figura 9 del Cap.lV Libro secondo.909
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905 idem, p.218.
906ibid.
907 idem, pp.218-219.
908 idem, p.218.
909 Dudley, Dell’Arcano Del Mare... (1647), p.22.



which I translate as

The sixth quadrant [has] four sights to remedy the parallax of the eye. […] This quadrant

reduces the operation to a single observer, like the mariner’s cross-staff; and it is applied in the

same manner as the mariner’s cross-staff shown in Figure 9 of Chapter IV in the second book.

The first four quadrants were all for astronomical observations on land and
required two observers. The fifth required only one observer but a tripod to keep
the instrument level. This sixth quadrant solved that issue and could therefore be
used by a single observer on board a vessel (although the latter was not stated by
Dudley). It also solved the ancient problem of the parallax of the eye, although one
may wonder if it really worked well in a forward manner with altitudes above 50

or 60 degrees, since that would require the observer to blink the eye up and down.
The time it takes to blink between these two directions would inevitably result in
observational errors.

When it comes to the actual use, Seller tells us that in order to make a backward
observation you had to

turn your back toward the Sun, (in the same manner as you observe with the Sea Quadrant [i.e.

the Davis quadrant910]) and place the Instrument with the Sight Vane to your eye, and the

Horizon Vane toward the Horizon, and the Shadow Vane to the highermost, then open the sides

wider and wider, until you see the shadow of the Sun to fall upon the Horizon Vane, as in the

[Davis] Quadrant before mentioned ; at the same time when you see the Horizon through the

Horizon Sight, you have the Altitude of the Sun cut by the inside of the moveable piece, reckoned

from the fixed leg, and the Complement of the Altitude reckoned from the said inside, toward

the lower end of the Arch.911

The last part of this description is quite confusing since, when the instrument is
held as drawn in his figure, the complement of the altitude (i.e. the zenith distance)
would be found towards the upper end of the arc.

The forward observation Seller described as

...the converse of the former [i.e. of the backward method], for if you at the same time take out

the Horizon Vane, and put the Center of the hole [where the horizon vane was fastened] as near

the Center of your eye as you can, and turn your face to the Sun, and letting the upper edge of
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910 Wright used the term sea quadrant for the cross-bow quadrant, but Seller used it for the Davis
quadrant. A few pages before discussing the removing quadrant Seller discussed the Davis
quadrant, complete with depiction, while naming it a sea quadrant in the header of the first page
and just quadrant on the following pages. Seller, Practical Navigation... (1669), pp.207-212.
Wright, Certain Errors... (1610), pp.443-451.

911 Seller, Practical Navigation... (1669), p.220.



the Shadow Vane cut the Sun, and the inner edge of the Sight Vane cut the Horizon, the Angle

will be the same as before (the distance of the edge of the Sight Vane, to the inner edge of the

removing side only excepted) which will be easily perceived in the use of it.

No mention is made of correcting for the sun’s semi-diameter and it therefore seems
that the sight vane had an aperture with the same angular width as the diameter of
the sun. Seller mentions that the upper edge of the shadow vane was used, but that
seems to contradict the statement that “...the Angle will be the same as before...”. It
is more likely that it had to be the inside of the upper edge of both vanes that had to
be used. The inner upper edge of the shadow vane would then have to be aimed at
the centre of the sun, while the upper inner edge of the sight vane was aimed at the
horizon.

4.3.4 The cross-bow quadrant (f.l. 1604)
The instrument was given this name “... because of its resemblance to a Cross-
Bow”.912 It consisted of an arc spanning at least 90 degrees and a staff with a horizon
vane (see figure 89). The instrument went through several stages of development,
each of which influenced its function and the quality of the observations made
with it. The cross-bow quadrant could be used both in a forward and backward
manner.

It is first shown in 1604 by George Waymouth in ‘The Jewell of Artes’ in two
different forms: an asymmetrical and an almost symmetrical version.913 As will be
shown the asymmetrical version was most likely the earliest of the two and will be
referred to in this thesis as the archetype cross-bow quadrant. The more symmetrical
version will be referred to as the plain cross-bow quadrant. More than a century later,
in 1730, a third version of the instrument was introduced by Thomas Godfrey and
will be referred to as Godfrey’s cross-bow quadrant.

In period literature the term cross-bow quadrant was not uniformly used. The
instrument was referred to as cross-staff (Waymouth 1604), Sea quadrant (Wright
1610, note that this name was used by Seller in 1669 to indicate the Davis quad -
rant914), Crosse-bow (Gunter 1623), Cross-bow Quadrant (Seller 1669), Quadrant
(Sturmy, 1669), Bow (Browne 1662, Wakely 1665, Moore 1681), and Mariner’s Bow
(Logan 1734).915 As the term cross-bow quadrant fully describes the instrument I will
use this term throughout this thesis.
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912 Seller, Practical Navigation... (1669), p.213.
913 Waymouth, ‘The Jewell of Artes’, ff.29r,34r,35r.
914 Seller, Practical Navigation... (1669), p.207.
915 Waymouth, ‘The Jewell of Artes’, f.35r. Wright, Certain Errors... (1610), pp.443-451. Gunter, De

Sectore & Radio... (1623), p.79 (incorrectly numbered 97). Seller, Practical Navigation... (1669),
p.213. Sturmy, The Mariners Magazine... (1669), p.92. Browne, The Triangular Quadrant... (1662),
title page. Wakely, The Mariners-compasse Rectified... (1665), p.219. Moore, A New Systeme Of
The Mathematicks... (1681), p.245.



Use and diffusion
The cross-bow quadrant has been described by various, predominantly English,
authors over a period of more than a century (see table 11). It was first discussed in
Waymouth’s 1604 manuscript (see figure 90). There are several indications that the
archetype cross-bow quadrant was the earliest of the two. In basic shape and
functioning it seems more related to Davis’ 45-degree backstaff than to the plain
cross-bow quadrant. The archetype cross-bow quadrant was depicted in the folio
preceding the plain one in Waymouth’s manuscript, and found its way sooner into
works of other authors. The plain cross-bow quadrant was also in use for a longer
period. Finally, as will be shown in section 5.4.2.3 – The backward method, quality-
wise the latter is the better of the two instruments and it is thus more likely that it
was the later design. Both the archetype and the plain cross-bow quadrant were signed
with a W in Waymouth’s work, indicating that they were his own inventions.916

Concerning the diagram of the archetype instrument Waymouth wrote, without
further instructions on how to use the instrument, that it was

The demonstration of an Instrument to take the altitude of the sunne or starre / and by the shadowe

of the sunne you may observe her backe warde917

After Waymouth, the archetype cross-bow quadrant is found in Wright’s 1610 Certain
Errors in Navigation (see figure 91).918 His instrument has a kind of nocturnal attached
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916 See section 4.2 – The seventeenth-century mariner’s cross-staff and footnote 709.
917 Waymouth, ‘The Jewell of Artes’, f.34r.
918 Wright, Certain Errors... (1610), pp.443-451.

Left (Figure 89): The cross-bow quadrant (collection Het Scheepvaartmuseum, Amsterdam, inv.no.
S.4793(415)). Right (Figure 90): Waymouth’s first version of the cross-bow quadrant (© British
Library Board. All Rights Reserved (Shelfmark 19889)).

Figures
89-90



to one end of the arc to facilitate correction for the changing zenith distance of
Polaris during the night. As will be shown, Wright tells the reader that the arc of
his bow slides through a cross-socket at the end of the staff when taking backward
observations, although the staff has vanes on both ends as indicated in Waymouth’s
diagram. Wright’s text on the archetype cross-bow quadrant was repeated in the
third edition of his work, which was published by Joseph Moxon in 1657, 42 years
after Wright’s death in 1615.919 After Wright’s 1610 edition, no new works discussing
the archetype cross-bow quadrant have been found.
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919 Wright, Certain Errors... (1657), pp.208-213. Taylor, The Mathematical Practitioners... (1967),
pp.181-182.
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The plain cross-bow quadrant was the version of the instrument discussed by most
authors and for the longest period. In this instrument the arc could no longer slide
through a cross-socket, but was fixed at the end of the staff. Waymouth showed it
on the page following the archetype version of the instrument (see figure 92).920 Below
the diagram he wrote that is was

The demonstration of a most exact crosse staff to take the altitude of the sunne and starre &

any or you may by this instrument observe the sunnes altitude many wayes both at sea and land921

That the instrument was also used in land surveying is confirmed by Samuel Sturmy
in 1669 as will be shown below.922 In 1623, Edmund Gunter showed and described the
plain cross-bow quadrant in his De Sectore et Radio (see figure 94).923 The depiction
he gave was the first to show the instrument with a cross-strut between the ends of
the arc to make the instrument more rigid, a detail that can be found in all later works
by him and other authors. Wright’s attached nocturnal is no longer present and is
not found in any later works, with the exception of his 1657 reprint.

In the following decades, the plain cross-bow quadrant was discussed by various
authors, all, with exception of Milliet Dechales, of English origin (see table 11). One
of these authors was Samuel Sturmy, who in 1669 showed the instrument in The
Mariner’s Magazine (see figure 93). His version of the plain cross-bow quadrant
slightly deviated from previous ones in that the supporting struts of the arc were
no longer positioned perpendicular to the staff but at a 45-degree angle with it,
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920 Waymouth, ‘The Jewell of Artes’, f.35r.
921 ibid.
922 Sturmy, The Mariners Magazine... (1669), pp.92-98.
923 Gunter, De Sectore & Radio... (1623), pp.79-88. Page 79 of this work has erroneously been numbered

97.

Wright’s cross-bow quadrant (collection 
Het Scheepvaartmuseum, Amsterdam, 
inv.no. S.4793(812)).

Figure 91



while two additional struts contained a shadow square for land surveying, and using
a plumb bob as vertical reference.924 Sturmy showed various examples of the use
of this instrument in land surveying with accompanying figures (see figure 95 where
the height of an inaccessible tower is determined). Eight years after Sturmy, Milliet
Dechales showed the instrument also with struts at a non-perpendicular angle,
albeit at a smaller deviating angle.925

The third and final version of the cross-bow quadrant was introduced in 1730 by
Thomas Godfrey and described four years later by J. Logan in the Philosophical Trans-
actions of the Royal Society.926 He showed a modified version of the plain cross-bow
quadrant (see figure 96).927 It also had struts at a 45-degree angle to the staff. A new
feature was the horizon vane that, instead of being flat with a horizontal rectangular
aperture, was curved to minimise observational errors and had two vertical rect-
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924 Sturmy, The Mariners Magazine... (1669), pp.92-98.
925 Milliet Dechales, L’ Art de Naviger... (1677), pp.68-70.
926 Logan, ‘An Account...’ (1733), pp.441-450.
927 idem, p.450.

Top-left (Figure 92): Waymouth’s plain 
cross-bow quadrant (© British Library Board.
All Rights Reserved (Shelfmark 19889)).
Top-right (Figure 93): Sturmy’s plain 
cross-bow quadrant (collection 
Het Scheepvaart museum, Amsterdam, 
inv.no. A.1024). 
Below-left (Figure 94): Gunter’s plain cross-
bow quadrant (collection Het Scheepvaart -
museum, Amsterdam,  inv.no. S.4793(415)).

Figures
92-93-94



angular apertures.928 According to Logan, the curvature ensured that the lens-pro-
jected image of the sun remained within a single arc-minute with respect to the
horizon, despite vertical movements of the horizon vane.

Construction of the archetype cross-bow quadrant
Currently there are two surviving cross-bow quadrants. The first and probably oldest
one is at Skokloster Castle in Skokloster, Sweden, and is a plain cross-bow quadrant
very similar to the one described by Gunter (see figure 97). The instrument is complete
with three original vanes. It has English inscriptions and declination tables based
on the Julian calender.929 That it was designed in a similar way to Gunter’s description,
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928 See below under Construction of Godfrey’s cross-bow quadrant.
929 In England the Julian calendar was not replaced by the Gregorian calendar until September 1752.

Top-left (Figure 95): Land surveying with 
the plain cross-bow quadrant according to 
Sturmy (collection Het Scheepvaartmuseum,
Amsterdam, inv.no. A.1024). 
Top-right (Figure 96): Godfrey’s cross-bow
quadrant (collection The Royal Society). 
Left (Figure 97): The Skokloster cross-bow
quadrant (picture by B. Kylsberg).

Figures
95-96-97



may place its manufacture in the seventeenth century, possibly even before Sturmy’s
1669 publication.

The other surviving example is in the Museo Naval in Madrid and may have been
a Godfrey’s cross-bow quadrant. The vanes are missing, but the staff seems to have
a curved end where the horizon vane would have been attached. It could be argued
that this instrument is a plain surveyor’s quadrant, but that would require a hole
or pin to fasten a plumb bob to the instrument, which is not present. In addition, the
end of the staff has a tenon that could have held a horizon vane. From measure ments
it appears that the curvature of the horizon vane was quite close to the curvature
proposed by Godfrey (see below). Also, the layout of the frame, with stiffening struts
at 45 degrees to the staff instead of perpendicular to it, indicates that it is more modern
than the Skokloster instrument and similar to Godfrey’s illustration. If it is indeed
a Godfrey type of cross-bow quadrant, the Museo Naval instrument would post-date
1730.

These two cross-bow quadrants are both made of wood. The body and vanes of the
Skokloster instrument are of a light wood, most likely beech. The Museo Naval in -
stru ment is of a combination of a tropical hardwood (most likely lignum vitae) for
the staff and struts and a lighter wood (possibly boxwood) for the arc.

On the back of the Museo Naval instrument, bone or ivory diamonds are inlaid,
possibly to cap the pins that hold the four parts together (see figure 98). As far as I
know, the ivory caps are only known from octants of the period c.1750-c.1780 and
from the demi-quadrant in the Museo Naval.930 It may thus be that the cross-bow
quadrant in the Museo Naval dates from the second half of the eighteenth century.
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930 The diamond shaped decorations found on Davis quadrants are not caps, but have a hole in the
centre for the pin that goes through them. For examples of the caps see the octants in the Royal
Museums Greenwhich with inventory numbers NAV1281 (Henry Edgeworth, dated 1779), NAV
1319 (Pieter Holm, dated 1753), and NAV 1342 (Elias de la Rue, dated 1763). Also see three octants
made by Jacobus Kley from 1752, 1763, and 1753 in Mörzer Bruyns, Schip recht door Zee..., pp.82-
83,115.

One of the seven ivory caps in the cross-bow
quadrant at the Museo Naval (picture by 
the author).

Figure 98



As described above, the archetype cross-bow quadrant had an arc that could slide
through a cross-socket at the end of the staff. The scale and position of the main beam
(and absence of other beams) in Waymouth’s illustration also suggest that the arc
could slide through a cross-socket at the end of the staff. That this was the case is
confirmed by Edward Wright, who wrote that

By meanes of this double crosse socket, the Arch and the Semidiameter [staff] of the Quadrant

are so joined together, that the two Angles made by the hollow side of the Arch, with the Semi -

diameter, may be equall each to other.931

So the staff and arc are joined together using a cross-socket. This text seems to
indicate that the instrument was used in a symmetrical fashion, but later in Wright’s
work it becomes clear (see below) that the two equal angles were indicating that the
staff had to be mounted along the radius of the arc (i.e. perpendicular to the inside
of the arc to make it run through the arc’s centre).

Waymouth’s archetype cross-bow quadrant had only three vanes. One was
placed at the beginning of the scale on the arc, while the other two were mounted
on each end of the staff. By the time Wright described the instrument the number
of vanes had grown to four, with an additional peep-sight placed near the beginning
and on the extension of the arc (see below and figure 91). Two of the four vanes were
placed in a similar way to Waymouth’s diagram, at the end of the staff (the horizon
vane) and at the cross-socket (a fixed sight vane for backward observations). The
other two could slide along the arc and were used for forward observations only.932

In Wright’s own words:

The sights or vanes, are either fixed or moveable.

     There be two fixed sights; the one greater, the other lesser.

     The greater fixed sight is fastened upon the double socket, and hath a narrow slit cut through

the midst thereof.

     The lesser fixed sight is fastened to the end of the Arch of the Quadrant, and hath a small

sight hole bored thorow it, even with the end of the Arch.

     The moveable sights are three in number; whereof two are to be moved up and downe upon

the Arch of the Quadrant [...]. The third is to be put on, or taken off that end of the Semi -

diameter [i.e. the staff] of the Quadrant where the center is, which center is shewed by the little

round bored overthwart thorow the midst of the thicknesse of the Square Ruler, neere the end

therof […].
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931 Wright, Certain Errors... (1610), p.444.
932 idem, pp.447-448. Also see below under Using the cross-bow quadrant.



This sight […] must so be put upon the end of that Ruler, that the flat side thereof (which must

be set towards the arch of the Quadrant) may divide the foresaid round hole even by the midst

thereof, the sharpe edge of that sight arising perpendicularly from the very midst or center of

that hole; which is also the center of the Quadrant […].933

The last two paragraphs are of particular interest as this is, as far as I know, the only
period account of how a horizon vane should be made (flat faced) and mounted
on the instrument (with the flat face towards the arc). Horizon vanes were generally
made with one flat and a non-flat face. Having the horizon vane the other way around
(i.e. with the flat face away from the arc) would introduce considerable errors during
observations, as the place of observation will not be in the centre of the arc, but further
away from it.

As can be seen in Wright’s depiction, the horizon vane of the archetype cross-
bow quadrant only occupied half the centre of the instrument. This means that it
approached the horizon from one side and thus is a Hood type of horizon vane.
As the shadow vane is mounted on the arc, its orientation will change with respect
to the horizon vane and thus the shadow-casting method is Hood’s as well.

In addition to the vanes, a nocturnal could be attached to the end of the arc opposite
the peep-sight. Wright wrote:

The Nocturnal conteineth 3 circles; that is, the hour circle, the day circle, and the pole-star circle.

     The biggest of these circles (which is to be fastened to the end of the Arch of the Quadrant,)

I call the houre circle, and it is divided into 24 houres and halfe houres, with figures set to every

houre, for the easier reckoning of them.

     Next within is the day circle, or circle of daies, because it conteineth the daies of all the moneths

of the yeere; [...] February is easilie knowne in this circle, because it hath but onely 28 daies.

March is by the little pole-star circle [...] Upon the centre of this arch [i.e. the day circle], (which

representeth the Pole of the world,) there be two Indices fastened: the longer of them may be

called the Guard-index, whereto a short pin is fastened underneath, which serveth to set this Index

right upon the place of the middle Guard in the day circle, by putting it into the small hole that

there is made in that circle. The shorter Index reaching from the center of the day-circle, unto

the limb or circumference there of, that is divided into daies, may be called the Day-index.

     This small circle placed betweene the center of the day circle, and the moneth of March, may

not unfitly be called the Pole-starre circle; because the distance of the center thereof, from the

center of the day-circle, is answerable to the distance of the pole-starre from the Pole, which at this

time I have often found by exact observation, not to be more then 2 degrees and 48 minutes.934
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933 idem, pp.444-445.
934 idem, pp.446-447.



Clearly this nocturnal was not a standard nocturnal, but one adapted for this
instrument. Its purpose was to ‘automatically’ adjust the instrument for the deviation
in zenith distance (or altitude) of Polaris caused by its circumpolar trajectory. That
Wright’s observations of the polar distance of Polaris were quite accurate was not
a false claim, since with modern calculations it was found to be 2°-49' for most of the
year 1609 and 2°-48' for most of 1610.935 The addition of the nocturnal did not seem
to have found general application, as it was neither mentioned nor shown in other
works. Instead, the scale of the cross-bow quadrant was at times extended to set the
sight vane at the required correction, as shown below. In this way it was not only easier
to correct for the polar distance of Polaris, but now even became possible to do that
for the sun’s declination, which otherwise would require a large diameter nocturnal.

That the nocturnal did not find general application may have been due to the
errors it introduced The small circle in the day circle, used as an aperture for Polaris,
was at a 2°-48' offset from its centre of rotation. Although theoretically this would
correct for the polar distance at any given moment (provided it was well used), it
also moved the peep sight sideways for those moments that Polaris was not in its
upper or lower culmination. Halfway between its culminations, when Polaris is due
east or west of the celestial pole, the aperture would be positioned to the left or right
of the limb. This would cause the observation to be taken in a tilted plane instead of
parallel to the face of the limb and thus introduce an angular error. Whether this
was realised is unknown, but the later plain cross-bow quadrant had an extended
scale and a declination scale instead (see below). These were easier to implement
and did not cause a tilt of the observational plane.

Construction of the plain cross-bow quadrant
The plain cross-bow quadrant had a more consistent design among the various
authors. It consisted of an arc and perpendicular struts cut from a single piece of
wood with an insertable staff like the instrument in Skokloster Castle (see figure
99). The staff was equipped with a horizon vane, while the arc had two sliding vanes.
Seller wrote that

In the middle of this Arch is made a shaft and socket, to contain a Staff fitted thereto, to put in

for Observation, and remove at pleasure; this shaft, when placed in the socket, is the Radius of

the Arch or Quadrant.936

Most period depictions seem so confirm this layout. At times the inside of the arc
and struts are shown with decorations similar to the lower end of the 25-degree arc
of the Davis quadrant (see figure 100).
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935 Calculated using StarCalc version 5.73, eng by Voronezh (2006). According to the software there
was a 1' wobble in both years by which these values changed places.

936 Seller, Practical Navigation... (1669), p.213.



The body of the plain cross-bow quadrant in Skokloster Castle was cut from a single
piece of wood and has a dovetailed joint to receive the staff, which still can be removed
from the arc (see figure 99). For clamping, the two sliding vanes have brass springs,
while the horizon vane has a tight fit. The horizon vane has a design very similar to
those found on Davis quadrants and thus operates in a Hood type of fashion. The
sight vane has two apertures; one circular peep sight and one slit aperture. There
is no aperture in the shadow vane and thus a Hood type of shadow-casting was used.

In the second half of the seventeenth century, the instrument seems to change from
a monoxylous to a polyxylous frame. Sturmy shows in 1669 a frame that was most
likely constructed from several parts (see figure 93). That this construction method
was used in the second half of the seventeenth century is confirmed by Milliet
Dechales who wrote in 1677 that “...elle estoit jointe à tenon & mortaise...” (it was
joined using tenon and mortise).937

Construction of Godfrey’s cross-bow quadrant
Godfrey’s cross-bow quadrant was similar in construction to the late plain cross-
bow quadrant. The instrument has a polyxylous frame, consisting of an arc, a staff
and two struts at 45-degree to the staff, most likely joined with mortise and tenon
joints.

The main importance of Godfrey’s version lies in the fact that he realised that the
flat side of the horizon vane should have a hollow curvature to minimise observational
errors when the shadow of the shadow vane was not cast at the centre of the horizon
vane, even though the shadow was aligned with the horizon. So Godfrey wanted
to implement this curved horizon vane, but soon realised that the proper curvature
would depend on the observed altitude. He calculated that if he made the curve to
fit an altitude observation of 77°15', the error would not exceed a single arc-minute,
provided that the horizon vane was not wider than 1/10 of the arc’s radius (1/20 on
either side of its centre).938 In this way an optimum ratio between the curvature of
the horizon vane and the curvature of the arc was found to be approxi mately 6.4:10.939

The advantage of the new horizon vane was that the position of the cast shadow
on the horizon vane was no longer critical. Whereas, in Logan’s words, in the earlier
shadow-casting instruments “...the Shade or Spot of Light from the Sun, and the Rays
from the Horizon, [had] to coincide exactly on the fiducial Edge of the Horizon
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937 Milliet Dechales, L’ Art de Naviger... (1677), p.69.
938 Logan, ‘An Account...’ (1733), pp.447,449.
939 idem, p.447. The text is quite confusing about this figure. The first value was given as 6:11 for

the curve and the radius, directly followed by the fractional notation of “...6.3636 to 10...” and
a rounded value of 6.4:10 (p.447). On page 449 the ratio is given as 64:200 (half the initial ratio),
while 12.8:10 (double the initial ratio) is given in the conclusion at page 450. The drawing indicates
that the initial values of approximately 6.4:10 are correct, which has also been confirmed by cal -
culation.



Vane...” it now sufficed to cast the shadow somewhere on the horizon vane, and
only bring the shadow into coincidence with the horizon.940 This also meant that
the horizontal aperture in the horizon vane was no longer required and it was better
to have one or two vertical ones trough which to view the horizon. Even though the
horizon vane no longer had to be aligned with the horizon, it can still be considered
a Harriot type of solution as it allows the observer to centre a shadow or beam of light
around the horizon.

The observation would now be correct within a single arc-minute, regardless of
the position of the horizon vane. This was, at least theoretically, because, as will be
shown in chapter 5 – The instrument as a concept, the observation and shadow casting
method and the shape of the aperture in the horizon vane contributed to such an
extent to the observational errors that Godfrey’s solution did not significantly improve
the instrument.

As discussed in the sections on the mariner’s cross-staff and Davis quadrant, by the
third quarter of the seventeenth century both these instruments were sometimes
equipped with a lens in the upper end of the transom (cross-staff) or shadow vane
(Davis quadrant). It is therefore no surprise to see that Logan mentions the applica-
tion of a lens to Godfrey’s cross-bow quadrant half a century later. Logan wrote “...that
the Glass for the Solar Vane should not be less, but rather larger, than a silver Shilling,
with its Vertex most exactly set.”941 Silver shillings (see figure 101) were 26 millimetres
in diameter, which coincides with the 30 millimetres aperture in Will Garner’s Davis
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Left (Figure 99): The Skokloster cross-bow quadrant in parts (the divided ruler is not part of the
instrument) (picture by the author). Right (Figure 100): Seller’s ornamented crossbow quadrant
(collection Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(704)).

940 idem, p.442.
941 idem, p.449.

Figures
99-100



quadrant.942 The lens that was mounted in the latter was a biconvex lens of approx-
imately 40 millimetres diameter, stopped down to 30 millimetres by the circular
aperture in the wood of the lens vane.943 Using the lens vane means that Godfrey’s
instrument used Harriot’s shadow casting method.

If we look at the surviving instruments, the construction of the Godfrey cross-bow
quadrant in the Museo Naval is similar to Logan’s description (see figure 102). It con -
sists of a light wooden arc and a staff and struts made of a tropical hardwood. These
four elements were joined using mortise and tenon joints, which are most likely held
in place with pins that were inserted from the rear and were covered with bone or
ivory diamonds (see figure 98).944

From five measurements on the tenon of the staff where the horizon vane would
have been mounted (the inner and outer corners and the centre punch that was used
to create the arc) the curvature of the horizon vane was calculated as being approxi -
mately 74% of the radius of the arc, which is quite close to the proposed 64% by
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942 The vertex is the centre of the lens, which indeed requires accurate alignment with the edge of
the lens vane. For the diameter of the eighteenth century silver shilling see: Coin database,
‘Cdb: F120006 Shilling 1720’, 

     http://www.coindatabase.com/coin_detail_libras.php?cdb=F120006 (last accessed 15 October,
2016).

943 For Will Garner’s lens vane see the drawing of his 1734 Davis quadrant of the National Maritime
Museum, Greenwich, project number 1974/11/26.

944 It has to be noted that it is my assumption that the ivory diamonds cap the pins. Although
these caps were at times purely ornamental, their locations coincide with where one would put
a pin to fix the joints in the cross-bow quadrant, the demi-quadrant, and on some eighteenth
century octants (see Construction under 4.4.2 – The octant).

Left (Figure 101): A 1732 Silver Shilling in the aperture of an original lens vane (courtesy R. Dunn,
National Maritime Museum, Greenwich). Right (Figure 102): The Museo Naval cross-bow quadrant
(picture by the author).

Figures
101-102



Godfrey and may be the result of inaccuracies in the measurements or of the original
cutting. That the calculated centre only deviates sideways 1.3 millimetres from the
centre of the staff adds to the conviction that the tenon has a curvature required for
a Godfrey type of cross-bow quadrant.

Scales on the archetype cross-bow quadrant
Waymouth’s version of the archetype cross-bow quadrant only shows a degrees scale
on the face of the arc spanning 90 degrees and with a finest divisions of a single degree.
Wright’s illustration shows a degree interval on the face of the arc and half a degree
intervals on the hollow side. Both scales span 90 degrees. He explains to the reader
that

Two sides of the arch of the Quadrant, that is to say, one of the straight or plaine sides, and the

hollow side thereof, are divided into 90 degrees, and every degree into 6 parts, each part

containing 10 minutes, and upon the straight side of the Quadrant, there be figures set to every

fifth degree, and that in to ranks or limbs; the one beginning from that end of the arch, where

the small sight is placed; the other beginning and proceeding from the other end of the Arch,

where the Nocturnal is fastened or put on, that so the number of the degrees and minutes might

the easier be reckoned from either end of the Arch, as need shall require.945

So the detail in his illustration is less than that of the actual instrument. There is
no mention of a diagonal scale, nor is it shown in the drawings by Waymouth and
Wright. It thus seems that the archetype cross-bow quadrant was divided down to
10-arc-minutes intervals only and that finer levels had to be estimated.

Scales on the plain cross-bow quadrant
Waymouth’s version of the plain cross-bow quadrant shows a degree scale on the face
of the arc spanning 90 degrees and with a finest division of a single degree. Combined
with a diagonal scale at a single arc-minute interval and 7 concentric circles allows
one to read the instrument to 10 arc-minutes. Gunter’s illustration shows a degree
interval on the face of the arc spanning 125 degrees. The value at the centre of the arc
(i.e. in line with the centre of the staff) is 55 degrees. There are thus 55 degrees on one
half of the arc and 60 degrees on the other. He explains to the reader that (see figure
94)

[…] the whole Bow will containe 120 gr. the third part of a circle. Let it therefore be divided

into so many degrees, and each degree subdivided into six parts, that each part may be ten minutes;

but let the number set to it be 5. 10. 15. unto 90 gr. and then againe 5. 10. 15. unto 25. that 55 may

fall in the middle, as in this figure.946
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945 Wright, Certain Errors... (1610), pp.445-446.
946 Gunter, De Sectore & Radio... (1623), p.79 (which has erroneously been numbered 97).



Gunter thus slightly contradicts himself by stating that the arc spanned 120 degrees,
while it was engraved and numbered for 125 degrees. The concept of zero was
uncommon in the early seventeenth century and Gunter thus omitted the use of
this figure in his text. From the accompanying illustration it becomes clear that the
scale indeed starts at zero degrees, continues to 90 degrees, then resets to zero
degrees at the same division and continues up to 25 degrees at the end of the scale,
while keeping 55 degrees in the middle (see figure 94). How the scale is subdivided
is not clear, there is no mention of a diagonal scale, nor is it shown. The Skokloster
instrument resembles Gunter’s illustration and does have diagonal scales, but the
finest interval is 5 arc-minutes, while the limb is directly divided into 10-arc-minute
intervals by straight division (see figure 103, note that there is no zero at the start of
the scale). With an instrument this size there would thus have been no need for a
diagonal scale to get it divided to 10-arc-minute intervals and it may well be that
Gunter omitted it in his instrument.

In addition to the degree scale, Gunter proposed having “... the moneths and dayes
of each moneth upon the backe, and such starres as are fit for observation upon the
side of the Bow”, which can also be found on the Skokloster instrument.947 Gunter
added that

If you desire to make use of it in North latitude, you may number 23 gr. 30 m. from 90 towards

the end of the Bowe […], and there place the tenth day of June. And 23 gr. 30 m. from 90 toward

[the other direction][...], and thereat 66 gr. 30m. pace the tenth day of December. And so the

rest of the dayes of the yeare, according to the declination of the Sunne at the same dayes. The

starres may be places in like manner according to their declinations.948
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947 idem, pp.79-80.
948 idem, p.80.

The diagonal scale of the Skokloster cross-bow
quadrant (picture by the author).

Figure 103



The paragraph was followed by a list of several dozen stars and a similar instruction
was given for the construction of the instrument for southern latitudes. The additional
scales allowed the observer to find the declination of the sun on the instrument when
the day of the month was known (and vice versa, Gunter explains), but also to directly
correct for it in observation. In addition, direct altitude observations could be taken
using one of the engraved stars.

In his 1647 work, Robert Dudley only mentioned that the instrument was invented
by an English mariner and that it could be read “...per gradi, e minuti...” (in degrees
and minutes). He did not specify how it was made or divided.949 The accompanying
illustration shows that his version had an arc spanning 90 degrees. Each fifth division
is marked with figures running from zero to 90 degrees on the outside of the scale
and the complementary (i.e. from 90 to zero) on the inside.950 The degrees are sub -
divided into four, making the smallest interval 15 arc-minutes. No diagonal scale is
shown or mentioned.

In 1665 Wakely only shows that the arc is divided into 90 degrees at 10 degree
inter  vals, he does not mention how the scale is engraved, nor if additional scales
are present.951

Seller has his own way of dividing the arc. In his 1669 work he started with zero
degrees at each end and continues to 45 degrees at the middle, thus spanning 90

degrees.952

As indicated above, Sturmy combined functions for land surveying and navi -
gation into one instrument. His instrument, first shown in the same year as Seller’s
work, has a shadow square, which was only used in land surveying, and a degree
scale. He noted that

[…] the Arch of the Quadrant is divided into 90 Degrees first, and each Degree into 6 Equal

Parts, each Part being 10 Minutes, which is near enough for Sea or Land Observations, and

numbred as you see from 10 to 90 deg. The two Sides next the Center [i.e. the shadow square][…

] are divided each of them into 100 Equal Parts.953

Milliet Dechales only wrote that the arc spanned 90 degrees.954

NAVIGATION ON WOOD272

949 Dudley, Dell’Arcano Del Mare... (1647), p.23.
950 idem, figure75.
951 Wakely, The Mariners-compasse Rectified... (1665), pp.218-221.
952 Seller, Practical Navigation... (1669), p.213.
953 Sturmy, The Mariners Magazine... (1669), p.92.
954 Milliet Dechales, L’ Art de Naviger (1677), p.69.



Scales on the Godfrey cross-bow quadrant
As the 1733 article in Philosophical Transactions was merely to explain Godfrey’s newly
invented horizon vane, Logan did not describe the scales on Godfrey’s cross-bow
quadrant in detail, but only stated that “... the Bow had best be an Arch of about 100

degrees, well graduated, and numbered both wayes.”955 The accompanying illustration
shows an engraved and numbered scale. It spans 90 degrees at single-degree intervals
with 45 degrees in the middle and is divided into 10-arc-minute intervals using a di-
agonal scale with seven concentric circles. Each fifth division is marked with figures
running from zero to 90 degrees on the outside of the scale and the complementary
(i.e. from 90 to zero) on the inside.956 There is no indication of additional scales.

Dimensions
Only two period authors mentioned the dimensions of cross-bow quadrants.
According to Sturmy the “...Semidiameter of the Circle is about 19 or 20 Inches...”
(approximately 480 to 510 millimetres), while Logan wrote that in his opinion the
instrument should have a “...Radius of 20 or 24 Inches...” (approximately 510 to 610

millimetres).957 Together they ‘define’ a range from 480 to 610 millimetres.
The surviving instruments are smaller than the lower limit given by Sturmy and

Logan. The outer radius of the Skokloster instrument measures approximately 455

milli metres, while it is only approximately 403 millimetres for the one at Museo Naval.
The thickness of the arc of the Skokloster instrument is approximately 12 milli metres
(approximately half an inch), for the Museo Naval instrument this approximates 18
millimetres (approximately ¾ inch).

No dimensions are given for the vanes in period literature, but measurements from
the Skokloster instrument showed that the horizon vane measures approxi mately
140 x 68 millimetres (approximately 5.5 x 2.75 inch), while the shadow and sight vanes
measure approximately 128 x 40 millimetres (approximately 5 x 1.5 inch).

Using the archetype cross-bow quadrant
As shown above, according to Waymouth the archetype cross-bow quadrant was used
“...to take the altitude of the sunne or starre / and by the shadowe of the sunne you
may observe her backe warde”. This implies that the instrument was used both in
a forward and backward fashion. Waymouth did not give further details, but Wright
did in his 1610 work. Wright clearly distinguished three ways of observing. The in -
strument could be used in a forward manner like a sixteenth century mariner’s
cross-staff, in a forward manner while casting a shadow, or in a backward manner
while casting a shadow.
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955 Logan, ‘An Account...’ (1733), p.449.
956 idem, figure 1.
957 Sturmy, The Mariners Magazine... (1669), p.92. Logan, ‘An Account...’, p.449.



The forward manner could be used for sun and stars. For observation of the sun’s
altitude one had to

Set the upper edge of the uppermost moveable sight of the Quadrant at some even number of

degrees, as at 10, 20, 30 &c. And setting the end of the semidiameter of the Quadrant where the

center is to the corner of the eye (as you doe when you observe with the Crosse-staffe) lay that

edge of the sight even with the upper edge of the Sunne, and move the nether moveable sight

up or downe, till the upper edge thereof lie even with the Horizon. Then see how many degrees

and minutes are conteined betweene the upper edges of both sights...958

Wright continues that this observation needs to be corrected for the sun’s semi-
diameter of 16 arc-minutes, an instruction he gives each time the sun is used. In
addition, he tells the reader to correct for dip. Forward observations of the stars were
corrected for dip only. For measurements of Polaris, the nocturnal could be used
to correct for its eccentricity.959 Furthermore Wright wrote that

... it must be remembred, that before you observe the Sunne or starre after this manner [the

forward method], you must finde out the eccentricitie [parallax] of the eye [... and correct for

it by …] thrust[ing] forward the fore-end of the Semidiameter [the staff] of the Quadrant, beyond

the further end of the square socket thorow which it is put, that so the center of your eye may

be brought to the center of the Quadrant.960

This method, of course, was much better than shortening the staff, as suggested by
Bourne a few decades earlier, but was still prone to errors.961 The parallax of the eye
could be avoided by the shadow casting method, which was described by Wright in
both a forward and backward fashion.

For the forward fashion of shadow casting with the archetype cross-bow quadrant
one had to

Turne the center of the Quadrant towards the Sunne, so as the shadow of the vane or sight

placed at the center may fall upon the hollow side of the arch of the Quadrant: then looking

thorow the little sight fastened in the end of the arch of the Quadrant, lay the upper edge of the

sight placed at the center even with the Horizon, and at the same instant let one that standeth

by, marke diligently upon what degree and minute of the Quadrant, the edge of the shadow

coming from the said edge of the sight, falleth: for that edge of the shadow upon the hollow

side of the arch of the Quadrant, sheweth the height of the upper edge of the Sunne.

NAVIGATION ON WOOD274

958 Wright, Certain Errors... (1610), p.449.
959 idem, pp.450-451.
960 Wright, Certain Errorsidem, p.450.
961 Bourne, A Regiment... (1574), in: Taylor, A Regiment..., p. 209. For more on ocular parallax and

ways to correct for it see section 5.6.5 - The eye-end error of the mariner’s cross-staff.



The method thus required two observers: one to hold the instrument and aim at
the horizon, and one to read the observed altitude. Although clumsy the method
allowed the users to observe altitudes up to 90 degrees without looking into the sun.
It would, however, mean looking towards the sun and a low sun or glare on the surface
of the sea might still be harmful to the eyes.

Most interesting is the remark at the end that the method “...sheweth the height of
the upper edge of the Sunne.” As before, Wright suggests correcting the observation
for the semi-sun diameter. In section 5.3– In the shadow of Hood and Harriot it will,
however, be shown that this edge of the shadow is not well defined and that it is in-
terpreted in different ways between observers.

The section on the forward shadow casting method is directly followed by the back-
ward use of the archetype instrument. Wright wrote about this method:

Set the edge of one of the broad moveable sights or vanes even with that end of the Quadrant

where the little sight is fixed. Then looking thorow the slit which is made thorow the midst of

the middle sight that is fastened to the double box or socket, turne your backe toward the

same962, and laying the edge of the vane at the center even with the Horizon, lift up, or put downe

the arch of the Quadrant, till the upper edge of the shadow of the broad moveable sight, placed

even with the upper end of the arch of the Quadrant, agree justly with the edge of the sight or

vane placed at the center. Then reckoning from the upper end of the arch of the Quadrant

downwards, see what number of degrees and minutes you finde at the upper edge or end of the

socket, through which the Quadrant moveth, adding alwaies thereto two degrees; for so shall

you have the height of the Sunne (if you abate from hence 16 minutes for the Suns Semi -

diameter)...963

So again the shadow is considered to be the upper edge of the sun implying that
Hood’s shadow casting method was used. The “little sight” Wright refers to can be
seen at the far left end of the arc (as a small eye extending the arc) and the “middle
sight” at the location where the arc and staff meet in figure 91. As the “middle sight”
was fastened to the cross-socket and the cross-socket to the staff that held the horizon
vane, the only way to take a backward observation using these three vanes was to
keep the staff horizontal and slide the arc through the socket, as indicated by Wright
in above quoted text.964
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962 It appears that the publisher made a printer’s error here, the text should probably read ‘...turne
your backe toward the sunne...’, as this paragraph was taken from the section “How with this
Quadrant, to observe the height of the Sunne, with your back towards the Sunne.” Writing
quickly ‘sunne’ and ‘same’ can look very similar.

963 Wright, Certain Errors... (1610), pp.448-449.
964 Of course the staff is not held completely horizontal as the observation is affected by dip.



Wright’s method of backward use of the cross-bow quadrant deploys the instru-
ment in a similar way to Davis’ 45-degree backstaff. In both cases the staff is kept
horizontal (and thus the horizon vane vertical), but whereas Davis let an arc slide
along the staff, Wright had an arc moving up and down at the end of the staff. In
section 5.4.2.3 – The backward method it will be shown that, due to the perpendicular
mounting of the horizon vane to the staff, this method would not allow one to use
the instrument to observe altitudes above about 45 degrees, even though the arc
spanned 90 degrees.

Using the plain cross-bow quadrant
The plain cross-bow quadrant was used in a more symmetrical way. It consisted of
a staff one end of which was fixed to the middle of the arc, while the other end held
the horizon vane.

Edmund Gunter explained in 1623 that the instrument was used for forward and
backward observations. In contrast to Wright, the shadow casting method was only
used backwards. For the forward method

The upper sight may be set either to 60 gr. or to 70 gr. or to 80 gr. as you shall find to be most

convenient: the other sight may be set on, to any place betweene the middle and the other end

of the Bow. Then with the one hand hold the center of the Bow to your eye, so as you may see the

Sunne or starre by the upper sight, and with the other hand move the lower sight up or downe

until you have brought one of the edges of it to be even with the horizon (as when you observe

with the Crosse-staffe:) so the degrees contained betweene that edge and the upper sight shall

shew the altitude required.965

It should be remembered that Gunter’s cross-bow quadrant had 55 degrees at the
middle of the arc, so a vane setting of 60 degrees would mean that the vane stood
only 5 degrees above the middle of the arc. The extended scale and the additional
month and day scale on the rear of the arc allowed one to take these measurements
while directly correcting for the sun’s declination.966 The same was possible for the
annotated stars, provided that they were in culmination during the observation.

When the instrument was used for backward observations using a cast shadow, one
had to

Set the upper sight either to 60, or 70, or 80 gr. as you shall find it to be most convenient, the

lower sight on any place betweene the middle and the other end of the Bow, and have the hor-

izontall sight to be set to the center. Then may you turne your Backe to the Sunne, and the back

NAVIGATION ON WOOD276

965 Gunter, De Sectore & Radio... (1623), p.82 of The First Booke of the Crosse-Staffe.
966 ibid.



of the Bow towards your selfe, looking by the lower sight through the horizontall sight, and

moving the lower sight up & downe, until the upper sight doe cast a shadow upon the middle

of the horizontall sight: so the degrees contained betweene the two sights on the Bow, shall give

the altitude required.967

In section 5.4.2.3 – The backward method, it will be shown that, when using the
instrument backwards, the vanes should be placed as symmetrically to the staff as
possible so as to achieve the best results. This can only be fully achieved by chance
with the above procedure. Again, it seems that Hood’s shadow casting method was
used for this instrument, which is confirmed by the vanes found on the only surviving
example of the plain cross-bow quadrant.

In addition to finding one’s altitude the instrument could be used to find the day
of the month when one’s latitude was known or to find the declination of an unknown
star under the same conditions.968

In 1665 Wakely only discussed the shadow casting method for the cross-bow quad -
rant, while stating that the observation concerned the upper limb of the sun and
thus had to be corrected by 16 arc-minutes.969

A few years later, in 1669, Seller wrote that the instrument was chiefly used to
observe the sun’s altitude by the shadow casting method.970 As in Wright’s work the
shadow vane was set at a fixed position along the upper end of the arc and the sight
vane was slid up and down until the shadow fell on the centre of the horizon vane,
while it coincided with the horizon.971 In contrast to Wakely, Seller still mentions
the forward use of the instrument which could be done

… by removing the Horizon Vane, and placing the Center of the Staff to your eye, after the

manner of the Cross-Staff […] by fixing one vane to a certain number of degrees, and removing

the other upwards or downwards to the degrees and minutes of the Altitude to be observed.972

In the same year as Seller’s publication, Sturmy described the use of the instrument
both for land surveying and navigation.973 In land surveying, a plumb bob was sus-
pended from a brass pin in the centre of the quadrant to serve as a vertical reference.
As this thesis is about navigational instruments the land surveying aspects of Sturmy’s
work are not discussed further.
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967 idem, p.85 of The First Booke of the Crosse-Staffe.
968 idem, pp.87-88 of The First Booke of the Crosse-Staffe.
969 Wakely, The Mariners-compasse Rectified... (1665), pp.219-221.
970 Seller, Practical Navigation... (1669), p.214.
971 ibid.
972 idem, pp.214-215.
973 Sturmy, The Mariners Magazine... (1669), p.93.



When used in navigation, only the backward shadow casting method is discussed
by Sturmy.974 Just as previous authors had described, the shadow vane had to be set at
a fixed value, after which the sight vane was moved along the arc to achieve a proper
observation, which, according to Sturmy, resulted in the altitude of the upper limb
of the sun and needed a 16 arc-minute correction.

Using the Godfrey’s cross-bow quadrant
We have seen that the shadow vane, now called the solar vane, contained a lens the
size of a silver shilling. No mention is made of a shadow vane, nor is one shown. At
the time, Davis quadrants were still being made with both a lens and a shadow vane,
possibly as the lens vane would damage the horizon vane in bright sunshine. If indeed
Godfrey’s cross-bow quadrant only used a lens vane, it most likely used Harriot’s
shadow casting method, albeit with the projected image of the sun instead of a
shadow.

Godfrey’s cross-bow quadrant is only discussed for backward shadow-casting,
or rather image-casting. His invention of the curved horizon vane simplified the use
of the instrument. No longer was it necessary to bring the centre of the horizon vane,
the edge of the shadow, and the horizon into coincidence with each other. As long as
the cast image of the sun was visible somewhere on the horizon vane and in coinci-
dence with the horizon, the observation would be correct.

At least that is what we are told. In theory, Godfrey was right, but, as seen above,
the instrument had two sliding vanes: the shadow vane and the sight vane. As it is
impossible to slide both vanes at the same time, the shadow vane was set at a fixed
degree, while the sight vane was moved up and down along the arc until coinci dence
was achieved. Godfrey was aware of this, as Logan wrote

… the utmost Care be taken to place the Middle of the Curve at the Centre [the curved horizon

vane] exactly perpendicular to the Line or Radius of 45 Degrees. As the Observer must also take

Care that the two Vanes on the Limb be kept nearly equidistant from that Degree;975

As will be shown in section 5.4.2.3 – The backward method Godfrey’s curved horizon
vane only worked well when the shadow vane and sight vane were placed symmetri-
cally relative to the middle of the arc. If this condition is not met, the quality of the
observations rapidly deteriorates.

NAVIGATION ON WOOD278

974 ibid.
975 Logan, ‘An Account...’ (1733), p.449.



4.3.5 The demi-cross (f.l. 1618)
At the beginning of the seventeenth century John Davis’ 45-degree backstaff (see
figure 104) evolved into another backstaff, this time capable of measuring altitudes
up to 90 degrees: the demi-cross.976 It consisted of a straight staff along which a half-
transom (pilot books call it a cross, but in this thesis the word ‘transom’ is used for
this part) that carried a shadow vane could slide (see figure 106).

Use and diffusion
The earliest positive reference to the demi-cross so far can be found in a Dutch
pilot book by Willem Jansz. Blaeu, ’t Derde Deel van ‘t Licht der Zeevaert (The Third
Part of The Fyrie Sea-Columne), printed in Amsterdam in 1618.977 It contained three
depictions of the instrument, with a textual description of its manufacture (including
dimensions), and working (see figure 106). This treatise would be copied and
translated many times in Dutch pilot books up to at least 1688 (see table 12).

In 1625, Blaeu depicted the instrument again, but now on the title page of Tafelen
van de Declinatie (Tables of the Declination), printed in Amsterdam (see figure 105).978

It was depicted with a mariner’s astrolabe and a mariner’s cross-staff. The prominent
place on the title page and in front of the other instruments is an indication of the
significance of the demi-cross for Dutch navigation. The 1650 edition of his tables
carried the same title page, while the same print was used by Metius in his Primum
Mobile Astronomice, Sciographice, Geometrice & Hydrographice, printed by Blaeu in
Amsterdam in 1633. Metius, however, did not discuss the instrument, but the astrolabe
instead.979 As far as is known no works by publishers other than Blaeu showed or
described the instrument in this period. It may therefore be that it was Blaeu’s own
creation and protected by a patent preventing others from showing it.
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976 The contents of this section have in part been previously published in the following article: De
Hilster, ‘The Demi-cross:...’, pp.30-41.

977 Blaeu, ’t derde deel van ’t Licht der Zee-vaert (Amsterdam, 1618), with thanks to Djoeke van
Netten for pointing me to this edition after my initial publication in the SIS bulletin. In addition
three other early editions of this book have been examined: two at the Scheepvaartmuseum in
Amsterdam (inv.no. S.1496 and S.2856, both dated 1620) and one at Leiden University Library
(inv.no. COLLBN Atlas 617, dated 1621). Only the 1621 edition showed the demi-cross, while the
others showed an astrolabe, a cross-staff and a nocturnal. The English translation of the title is
taken from the 1655 edition by Jacob Colom. In Zeewezen en Wetenschap Davids wrote that the
demi-cross was a modified cross-staff and that it could be found in Blaeu’s 1620 pilot book. In
fact, that was 1621 edition.

978 Two copies of this book have been examined in the collection of the Scheepvaartmuseum,
Amsterdam: the 1625 (inv. no. S.4793(250)) and 1650 (inv. no. A.0750) editions, both printed in
Amsterdam by Willem Jansz. Blaeu.

979 Metius, Primum Mobile Astronomice, Sciographice, Geometrice & Hydrographice... (Amsterdami,
1633), p.72.



Claude Francois Milliet Dechales was the first to give the instrument a name in liter-
ature: the demi-arbaleste, which he described in his L’Art de Naviger… (The Art of
Navi gation), in 1677.980 The instrument is described briefly, accompanied by a stylised
illustration (see figure 107). Like Blaeu’s illustrations, it is semi three-dimensional.
The shadow vane was not drawn completely, as it lacks one horizontal line along the
top of it. Milliet Dechales wrote that the instrument consisted of a staff with a half-
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980 Milliet Dechales, L’ Art de Naviger... (1677), pp.65-66.

Top-left (Figure 104): John Davis’ 45 degrees
backstaff (public domain). 
Top-right (Figure 105): Blaeu’s Tafelen van de
Declinatie (collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793 (250)). 
Left (Figure 106): The earliest depictions of 
the demi-cross (collection Het Scheepvaart -
museum, Amsterdam, inv.no. S.2856 Mg-0397).

Figures
104-105-106



transom and had degree marks twice the size of those found on staffs with a normal
transom.981

The English term demi-cross can be found for the first time in Jonas Moore’s A
New Systeme Of The Mathematicks (London 1681).982 He gives a short description,
followed by an even more stylised illustration than Milliet Dechales’ (see figure 108).983

Comparing the illustrations of Milliet Dechales and Moore, it is apparent that Moore’s
version was derived from that by Milliet Dechales. It shows the in stru ment assembled
in almost the same way, but less detailed and with a square sight vane. Along the top
of the shadow vane the same line is missing and the capitals A, E, G and H are at the
same locations.

The most recent depiction of the instrument found, was the only one in colour, is
on the title page of Tome d’Atlas Avec Les Cartes Maritimes by Nicolas Sanson, Alexis-
Hubert Jaillot and Pierre (or Pieter) Mortier, printed in 1693 (see figure 109).984

Although this title indicates its French origin, it was printed in Amsterdam by Pieter
Mortier. An astronomical astrolabe, compass, pair of dividers, sounding lead, atlases,
globe and armillary sphere are also shown on this title page.
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981 idem, p. 66.
982 Moore, A New Systeme... (1681), p.243.
983 idem, pp.243-244.
984 Sanson, Jaillot, Mortier, Tome d’Atlas; Avec Les Cartes Maritimes... (Amsterdam, 1693), title page.

Top-left: (Figure 107): Milliet Dechales’
Demi-Arbaleste (collection Maritiem Museum
Rotterdam, inv.no. BWAE340). 
Top-right: (Figure 108): Moore’s depiction of
the demi-cross (collection Het Scheep vaart -
museum, Amsterdam, inv.no. S.4793(688)). 
Left: (Figure 109): The demi-cross in colour
(collection Maritiem Museum Rotterdam,
inv.no. Atlas60).

Figures
107-108-109



In total, the instrument has been shown and/or described in at least 30 works from
a variety of authors spanning at least 75 years. Descriptions have been found in Dutch
(7), English (15), French (3) and Italian (2) works from Dutch (26), English (3) and
French (1) authors. Table 12 gives an overview of period works containing the in -
strument that were used as reference for this thesis.

As can be seen from the last column, all the works depicted the demi-cross (30); most
had a textual description (26) and two-thirds also gave its dimensions (20). The Tafe -
len van de Declinatie are two editions of the declination tables by Blaeu, both showing
the same illustration on the title page (see figure 105), which was also used in
Metius’ 1633 work published by Blaeu. The illustration found in Dudley’s work is
an almost exact copy of one of the illustrations found in the Dutch pilot books. It
has to be noted that the Dutch pilot books all contain an almost exact (translated)
copy of the text and illustrations initially given by Blaeu. These are also the only works
that mention the dimensions of the instrument and hence have a ‘D’ in the ‘Code’
column.

Most of the works are of Dutch origin, which is an indication of diffusion, at least
within the Netherlands. Diffusion outside the Netherlands was slow, as has been
shown in section 2.2 – Navigational distribution of literature and knowledge.

That knowledge about the instrument did spread outside the Netherlands to
some degree is apparent as both Moore and Milliet Dechales described it in their
works. Before describing the instrument, Moore mentioned that “… this instrument
is sometimes used by the Dutch, but has been wholly neglected by the English…”.985

Milliet Dechales wrote that he had seen an illustration of the demi-cross in several
Dutch pilot books, but does not mention its actual use.986 In his A New Mathe mati -
cal Dictionary, Edmund Stone wrote that it was “...an Instrument used by the Dutch
[…] But we do not use this Instrument...”987 Remarkably, both Stone and Moore failed
to recognise Davis’ 45 degrees backstaff in the demi-cross, which is a strong indication
that that instrument was also now “...wholly neglected by the English...”. Apparently,
the demi-cross was mainly used by (or at least described by) the Dutch.

Evidence of its actual use on board of Dutch vessels is hard to find. Davids examined
logbooks and sailor’s inventories from the period this instrument covers and lists the
instruments found. Of all angle measuring instruments known to exist in that
zmentioned.988 Perhaps future research of logbooks and other resources will reveal
evidence of its use at sea. So far, all knowledge of the demi-cross comes from the
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985 Moore, A New Systeme... (1681), p. 243.
986 Milliet Dechales, L’ Art de Naviger... (1677), p. 66.
987 Stone, A New Mathematical Dictionary... (London, 1726), fourth p.DE-DE.
988 Davids, Zeewezen en Wetenschap..., pp. 120-128, 165-177.
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���� ����� ��� ����� ������

Blaeu, W.Jsz. T Derde Deel van 't Licht... ���� NL/NL ITD

Blaeu, W.Jsz. T Derde Deel van ’t Licht... ���� NL/NL ITD

Blaeu, W.Jsz. Tafelen van de Declinatie... ���� NL/NL I

Colom, J. The Fierie Sea-columne : wherein... ���� NL/EN IT

Metius, A.Asz. Primum Mobile Astronomice,... ���� NL/LA I

Colom, J. The Fierie Sea-columne, wherein... ���� NL/EN IT

Dudley, R. Dell'Arcano del Mare... ���� EN/IT IT

Blaeu, W.Jsz. Tafelen van de Declinatie ���� NL/NL I

Jacobsz., A. t Nieuwe en Vergroote Zee-boeck... ���� NL/NL ITD

Jansz., J. De Lichtende Columne ofte... ���� NL/NL ITD

Colom, J. The Lighting Colomne... ���� NL/EN ITD

Colom, J. The Third Part Of the Fyrie... ���� NL/EN ITD

Goos, P. De Lichtende Colomme ofte... ���� NL/NL ITD

Dudley, R. Arcano del Mare : diviso in... ���� EN/IT IT

Colom, J. The Lighting Colomne, or,... ���� NL/EN ITD

Goos, P. Derde Deel der Nieuwe Groote... ���� NL/NL ITD

Goos, P. The Lighting Colomne... ���� NL/EN ITD

Lootsman, J., Lootsman, C. Le Grand & Nouveau Miroir... ���� NL/FR ITD

Colom, J. The Lighting Colomne... ���� NL/EN ITD

Colom, J. The Lighting Colomne... ���� NL/EN ITD

Colom, J. The Lighting Colomne... ���	 NL/EN ITD

Goos, P. The Lighting Colomne... ���� NL/EN ITD

Lootsman, J., Lootsman, C. The Lighting Colomne... ���� NL/EN ITD

Milliet Dechales, C.-F. L' Art de Naviger Demontre... ���� FR/FR IT

Colom, J. The Lighting Colomne... ���� NL/EN ITD

Lootsman, J., Lootsman, C. Nieuw' en Groote Loots-mans... ���	 NL/NL ITD

Colom, J. The Lighting Colomne... ���� NL/EN ITD

Moore, J. A New Systeme... ���� EN/EN IT

Robijn, J. The First Part Of the New... ���� NL/EN ITD

Sanson, Jaillot & Mortier Tome d'Atlas; Avec Les Cartes... ��	� NL/FR I

Stone, E. A New Mathematical Dictionary... ���� EN/EN T

Stone, E. A New Mathematical Dictionary... ���� EN/EN T

*) Language = Country of origin author / Language text. **) Code: I = Image, T = Text, D = Dimensions/Specifications.

Table 12

books listed in table 12. There is no physical evidence, as no demi-crosses (or parts
of them) are known to have survived.
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In modern literature the demi-cross has been described by C.A. Davids, W.E. May
and D.W. Waters, although very briefly.989

Construction
An interesting detail is the mention in the Dutch versions of the pilot books of a steel
or copper spring that was used in the transom. English texts only mention “…a copper
fether steeled…”, indicating that a hardened copper spring was used.990 Although
copper is named, this would probably have been brass as the words ‘brass’ and
‘copper’ were often used to refer to the same material, while brass is known to have
been used for the metal parts of period navigational instruments.991 It was also
written about a part of the horizon vane that one had to “…make it very white…”992,
an indication of the use of paint, although paper is known to have been used for this
purpose as well.993 It was probably whitened for better visual contrast.994 The shape
of the vanes on the illustrations indicates that they were made of wood, not brass.
The thickness of the flat parts of the vanes and the size of the blocks with the holes
to assemble the parts are much thicker than as shown in period literature for in -
struments that are known to have had brass vanes.

As already noted, a comprehensive description of how the demi-cross was made,
including its dimensions and detailed illustrations, can be found in several editions
of Dutch pilot books published in Amsterdam between 1618 and 1688.995 With so many
Dutch works showing the instrument and non-Dutch authors referring to it as being
mainly used or described by them, the instrument seems to be a Dutch develop -
ment. I was, however, not able to find a Dutch name for the instrument in the works
I examined. Instead, the instrument was introduced as “…you may in good order

989 idem, p. 122. Waters, The Art of Navigation, plate LXXI. May, A History of Marine Navigation, pp.
127-128.

990 Lootsman, Zee-spiegel ofte Lichtende Columne.... (Amsterdam, 1679), p. 17.
991 De Hilster, ‘The Spiegelboog...’, p.16-n57.
992 Colom, The Third Part Of the Fyrie Sea-Columne.... (Amsterdam, 1655), sixth page of A Briefe

Sommarie of this Booke.
993 De Hilster, ‘The Spiegelboog...’, p.10.
994 Mörzer Bruyns, The Cross-Staff..., p.40.
995 Eleven versions of these pilot books have been examined: the 1621 (inv. no. Atlas 617) edition

by Willem Jansz. Blaeu, the 1652 (inv. no. WAE123) edition by Anthony Jacobsz., the 1652 (inv.
no. WAE089) edition by Jan Jansz., the 1652 (inv. no. WAE083) edition by Pieter Goos, the 1655

(inv. no. Atlas18) edition by Jacob Colom, the 1657 (inv. no. WAE080) edition by Pieter Goos,
the 1666 (inv. no. Atlas44) edition by Jacob and Casparus Lootsman, the 1670 (inv. no. WAE086)
edition by Pieter Goos, the 1676 (inv. no. WAE101) edition by Jacob and Casparus Lootsman,
the 1679 (inv. no. WAE98) edition by Jacob and Casparus Lootsman and an edition by Jacobus
Robijn from 1688 (inv. no. Atlas 70). Except for the 1621 edition, which is in the collection of the
Leiden University Library, all are in the collection of the Maritime Museum Rotterdam, The
Nether lands.



finde the height of the Sunne by the shadow, in this manner: make a staff…” and
described in full detail.

The main difference in construction between Davis’ original 45-degree backstaff
and the demi-cross was the orientation of the shadow vane. Although Davis’ original
depiction does not have enough detail to see how the horizon vane was mounted,
in section 5.4.2.3 – The backward method it will be shown that the orientation of Davis’
horizon vane must have been perpendicular to the staff while this is approximately
(and most likely exactly) 45 degrees for the demi-cross (see figure 110).

Dutch pilot books show the instrument in three different illustrations, which are
roughly the same for all editions found so far. The first depicts each part separately
(see figure 111, from Loots-mans Zee-spiegel, a 1652 pilot book by A. Jacobsz.), the others
how it was assembled and used (see figures 106, 117 and 122). The instrument consisted
of a staff along which a transom could slide. A movable shadow vane could slide along
the transom and be set at predefined positions. A horizon vane was mounted at one
end, while a movable sight vane was slipped on at the other end (see figure 116).

The dimensions of the staff, transom and the shadow vane were only given in all
versions of the Dutch pilot books in feet and inches, presumably Amsterdam feet
(0.283m, divided into 11 inches of 25.7mm), Rijnlandse feet (0.314m, divided into 12
inches of 26.2mm) or Wynroeyers feet (0.289m, divided into 12 inches of 24.1mm), as
these were commonly used in Holland.

The staff had to be “…shaved even and smooth, halfe an inch thick, and 2 inches
broad or more, (that it alwayes stand streight,)…”.996 So, in contrast to the mariner’s
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  996 Colom, The Third Part Of the Fyrie Sea-Columne... (1655), fourth page of A Briefe Sommarie
of this Booke.

Left (Figure 110): The horizon end of the staff (collection Leiden University Library, inv.no. Atlas 617).
Right (Figure 111): The demi-cross in parts (collection Maritiem Museum Rotterdam, inv.no. WAE123).

Figures
110-111



and Master Hood’s cross-staff, which had a square cross-section, this one had a
rectangular cross-section that was four times as broad as thick. As can be seen in the
illustrations, the staff had a narrower part, on which the horizon vane could slide (see
figures 114 and 115). If mounted properly, the vane was flush with the diagonal wider
part of the staff. The angle of line BL in the illustration is not given, but it had to
be “…not just but sloop or pendant as the rule of BDL doth shew…”.997 The angle,
however, varies with different works and even between the illustrations in the same
pilot book (when comparing the vanes with the staff or the staves with each other).
The angle varies from about 40 to about 53 degrees. It probably was meant to be 45

degrees, the bisection of the maximum altitude measurable, or 41 degrees, the bi -
section of the maximum range measurable. As the former is easier to establish than
the latter we may assume that the 45 degrees was used.

Sliding along the staff was “…a crosse of a foot and a half, or two foot long …, with
a hole … that is like a square line just on the foresaide staffe, whereby you may shove
it a long to and fro…” (see figure 112).998 The transom (sometimes also referred to as
the long cross) is of an asymmetrical design and is basically a large block with a square
staff protruding from one corner. It carried the shadow vane and had to slide “…
softly and surely…” along the staffe, which was accomplished by using “…a copper
fether steeled: which grindes under against the staffe, and holds it fast…” (Colom
translated this from the original Dutch text which mentioned “...a steel or copper
feather...”)..999 This spring was an item not seen in navigational instruments before
and had to keep the transom from wobbling to minimise observational errors.1000

That the demi-cross needed this spring and the mariner’s cross-staff not is a con -
sequence of its design. Mathematically, the cross-staff measures the sum of two
triangles, one above and one below the staff. When the transom of a mariner’s cross-
staff wobbles, the angle on one side between the staff and the transom increases, while
it decreases on the opposite side. As long as the wobble remains small, these errors
almost compensate. A demi-cross only measures one of these triangles, so any wobble
is not compensated and therefore directly affects the observation.1001
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  997 idem, fifth page of A Briefe Sommarie of this Booke.
  998 ibid.
  999 ibid.
1000 See section 5.6.1 – The mounting-hole of transoms and vanes.
 1001 It can be calculated that the wobble-induced error of a cross-staff stays below 1 arc-minute if

the wobble remains less than 1.5 degrees, this equates to a 1 millimetre play between the staff
and cross. The demi-cross exceeds this value as soon as the wobble exceeds 0.02 degrees, which
equates to only 0.03 millimetre play between the staff and the cross. From experience I know
that in order to slide smoothly a 0.1 millimetre play is the minimum required.



A shadow vane (in the pilot books it is referred to as the little or small cross) was
mounted on the transom (see figure 113). This vane had “… a hole wherewith you
moy [sic] put it on the long crosse … and set it fast with a little screw…, so high and
low as need requires…”.1002 On the front end it had “…a flatte eare, an inch, or an inch
and a half broad…” (‘R’ in figure 113).1003 The ear of the shadow vane and the horizon
vane should be made and mounted “… that they make equall angles…”.1004

Two different horizon vanes were suggested for the staff: a half one and a full one with
a slit in it (see figure 114). The purpose of the difference is not mentioned, but the re-
construction showed that it would allow the observer to take forward observations
of the stars, a method more or less described by Milliet Dechales (see below). The
slit in the full horizon vane was made at an angle parallel to the staff (see slit near
K in figure 114) and thus only allows sights in that direction. Being cut as much
above and below the central line on the horizon vane indicates that the aperture allows
one to centre the horizon in it and it thus is a Harriot type of solution. The half hori-
zon vane is a Hood type of solution.

On the upper half of the horizon vane one had to “…make two lines even wide
upon the sloope…” of which “…one must goe mids through the little peep hole…
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1002 Colom, The Third Part... (1655), fifth page of A Briefe Sommarie of this Booke.
1003 ibid.
1004 Goos, The Lightning Columne, Or Sea-Mirrour (Amsterdam, 1662), p.6 of A short introduction,

in the art of navigation. Although most English quotes are from Colom’s 1655 English edition, I
give this reference as the text in Colom’s work contains several spelling and translational errors
in this part.

Left (Figure 112): The cross (collection Leiden
University Library, inv.no. Atlas 617). 
Right (Figure 113): The shadow vane (collection
Maritiem Museum Rotterdam, inv.no. WAE123).

Figures
112-113



the other so much higher as the little eare on the uppermost small shove is broad…”
and “…you make it very white betwixt these 2 even-wide lines…” (see figure 115).1005

The “...little eare on the uppermost small shove...” is the ear of the shadow vane,
as described above. The parallel lines and the white area in-between served the
same purpose as the moveable vane, with two widths suggested by Harriot. Due to
the diameter of the sun, the cast shadow will have a penumbra as a result of which
the width of the shadow will be disproportionate to the distance between the
shadow vane and the horizon vane.1006 As the white area of the horizon vane and
the ear of the shadow vane have the same widths and are always parallel, the centre
of the shadow should be cast onto the centre of the white area in order to make a
good observation. The white area helps the observer centring the shadow between
the two parallel lines, even when it is cast from the far end of the instrument. In
this way the horizon vane works like Harriot’s moveable vane with two widths.

It thus used Harriot’s double-sided shadow-casting method. According to Stone,
the reason the English did not use the demi-cross was simple: “...our Sea Quadrant
being better.”1007 The sea quadrant he referred to was the Davis quadrant, but that
instrument used Hood’s single-sided type of shadow-casting and used a different
type of aperture in the horizon vane.1008 Due to these differences in basic principle,
the demi-cross was a better instrument, but that was not understood until the mid
eighteenth century.1009

The sight vane was “…a little drawer … with a hole … which you may put on the
staffe…, & shove there with along (like as you do with a trumpet) to and fro, also
crosse wise or athwart there in a small peep hole made to loke through,…so that
when that the little peep-hole comes then to stand just beside the mid-rule of the
staffe…, neither higher nor lower.” (see figure 116).1010 The sight vane was to ensure
that the instrument pointed straight towards the horizon. Peep-holes are also
known from Davis quadrants and octants, but although these were round and
small, the peep-hole of the demi-cross is rectangular in shape and is drawn as wide
as the opening of the full horizon vane.

Scales
Like period mariner’s cross-staffs, the demi-cross could have up to four scales
engraved on the staff. Although the illustration with the assembled instrument only
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1005 Colom, The Third Part... (1655), sixth page of A Briefe Sommarie of this Booke.
1006 For this reason Harriot thought that one had to use a quadrant to keep the distance between

the vanes equal in order to get a proper observation, as the shadow would then be ‘...alwayes
of one bignesse...’.

1007 Stone, A New Mathematical Dictionary... (1726), fourth p.DE-DE.
1008 See section 4.3.2 – The Davis quadrant (f.l. 1604).
1009 See sections 5.3 – In the shadow of Hood and Harriot and 5.4.2.3 – The backward method.
 1010 Colom, The Third Part... (1655), fourth and fifth page of A Briefe Sommarie of this Booke.



shows 3 presets (see figure 117), the part of the text that deals with graduation notes
that the offset of the vane is first measured with the vane at the end of the half
transom, then lowered “…a third or fourth-part at your pleasure…” before the
next measurement is done.1011 The reader is cautioned to “…not forget to make
every time certaine markes on the long crosse, for to sett the small crosse to the
marke which you please to use…”.1012 In this way only graduating the first two scales
was described. If you wanted to “…make more reckonings upon the same staffe,
sett then the uppermost small crosse more downeward and doe as is foresaid…”.
This process could thus be repeated three or four times, depending on the interval
chosen. Each preset had its corresponding scale on the staff, which had space for
two on each side, so four in total. One may therefore assume that staffs were made
with four scales as well (I tried this on the reconstruction with success).

The scales of period mariner’s cross-staffs were related to the length of the tran-
soms – or rather half that length– and had the eye-end of the staff as the origin
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 1011  idem, sixth page of A Briefe Sommarie of this Booke.
 1012 ibid.

Top-left: (Figure 114): The full and half  horizon vane (collection Maritiem Museum Rotterdam, inv.no.
WAE123). Top-right: (Figure 115): The full horizon vane with the shadow of the shadow vane  (collection
Leiden University Library, inv.no. Atlas 617). Below-left: (Figure 116):  The sight vane (collection Leiden
University Library, inv.no. Atlas 617). Below-right: (Figure 117):  Three different settings of the shadow
vane on the demi-cross (collection Maritiem Museum Rotterdam, inv.no. WAE123).

Figures
114-115-116-117



(180 degrees altitude, although the section from 180-90 degrees was never graduated).
Due to the shape of the shadow vane the scales of the demi-cross had to be made with
an offset, similar to those on the 45-degree Davis backstaff.1013 Thanks to its rectan-
gular design the vane length and scale offset could be more easily determined than
with Davis’ design, which had an arced shadow vane. The illustrations show that
the scales start at 90 degrees (see figure 115), which is confirmed by the accompa-
nying text.1014

The scales could be laid out by the construction method used for mariner’s cross-
staffs (see figure 118), but the reader was also helped with a table that gave the ratio
“…for every degree or fourth-part of a degree…”.1015 Using the table one could easily
lay out the scales mathematically for every 15 minutes of arc. The height of the shadow
vane above the centre of the staff had to be divided by 10000 and multiplied with the
value in the table in order to get the distance from the start of the corresponding scale
at the 0 degrees zenith distance mark. The table runs from 0 to 90 degrees and was
calculated accurately to what we would now call the 4th decimal (with an occasional
rounding error). For 90 degrees the value “Infinite” is given (the Dutch pilot books
give “oneynd’lick”, old Dutch for infinite).1016

As far as is known there are no surviving demi-crosses, or even parts of one. We have
to rely on period works and other period navigational instruments to get an idea of
how the instruments were marked, signed and decorated. It should be noted that
illustrations in period works do not show the scales in full detail (see figure 119).
As described in the paragraph on the scales, these were divided at quarter-degree
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 1013 Davis, The Seamans Secrets... (1595), ff.14v-16r.
 1014 Colom, The Third Part... (1655), sixth page of A Briefe Sommarie of this Booke.
 1015  idem, seventh page of A Briefe Sommarie of this Booke.
 1016 idem, eighth page of A Briefe Sommarie of this Booke.

Left (Figure 118): Constructing the scales of a demi-cross using the same method as cross-staffs were
made (collection Maritiem Museum Rotterdam, inv.no. WAE123). Right (Figure 119): Detail of the
scales according to Blaeu (1621). The ‘C’ on the left is not a part of the scale, but used as a reference in
the accompanying text (collection Leiden University Library, inv.no. Atlas 617).

Figures
118-119



intervals. The illustrations, however, only show whole degrees. According to the
illustrations, the degree marks were laid out in a single row, with every 10 degrees
stamped with numbers and the 5-degree marks decorated with three points.

The scale of the hoekboog found on board the wreck of the Kennemerland, shows
us what the quarter degree intervals might have looked like.1017 This scale, first de-
scribed by R. Price and K. Muckelroy in 1974,1018 shows the degrees laid out in two
rows, the upper only divided for whole degrees, while the lower had the degrees
divided in two with a line, both of which were again divided into two parts by dots
(see figure 120). These intervals were typical for the hoekboog and are described in
period literature.1019 As the demi-cross was divided in quarter degrees as well, it pre-
sumably looked similar.

The protruding staff of the transom had to have “...certaine markes...”, one for each
scale engraved on the main staff of the instrument. These marks served as references
to set the shadow vane against, like the pins on the transom of the spiegelboog.1020

Any other decoration is not shown or mentioned in the works I investigated. We may
assume that the instruments were signed, like most period mariner’s cross-staffs, but
how and where that was done on the demi-cross remains unclear. In addition, the
marks along the transom and the corresponding scales on the staff must have been
marked with numbers in order to identify the scale that had to be read when a
certain shadow vane setting was used. This method is known from surviving mariner’s
cross-staffs and from the spiegelboog, where the numbers were stamped next to the
eye-end of the staff.1021
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 1017 See section 4.3.6 – The hoekboog (f.l. 1623).
 1018 Price, Muckelroy, ‘The Kennemerland...’, p. 210.
 1019 De Hilster, ‘The Spiegelboog...’, p.8.
1020 idem, p.10.
 1021  Mörzer Bruyns, The Cross-Staff..., p.36. De Hilster, ‘The Spiegelboog...’, p.12.

Detail of the Kennemerland
hoekboog scale showing the divisions
from 3 degrees (left) to 5 degrees
(right) and their subdivisions
(picture by T. Watt, Shetland
Museum, Lerwick, Shetland).

Figure 120



Dimensions
As I used the Wynroeyers foot for my reconstruction, I converted the feet and inches
in this section accordingly. The instrument consisted of “…a staffe, 3 or 4 foote long,
so as you please, being shaved even and smooth, halfe an inch thick, and 2 inches
broad or more (that it alwayes stand straight)…”.1022 This means the length would
have been at least 867 millimetres. The proposed thickness of half an inch (12mm)
is similar to period cross-staffs, which were 12-14 millimetres1023. With two inches
(48mm), the proposed height would be at least four times as much.

The transom was “…a foote and a halfe, or two foot long...” and the “…flatte eare…
” (i.e. the shadow casting part) of the shadow vane had to be “…an inch, or an inch
and a half broad…” (24 to 36mm).1024 How the length of the transom was defined
is not mentioned, but it may be assumed that it was measured from the middle of
the staff (i.e. the horizontal line running through ‘C’ in figure 119) as that would be
the working distance of the transom. The overall length of the transom – from the
bottom of the block to the end of the protruding staff – should then be at least half
the width of the staff (plus a bit extra for the spring), more in order to create the
hole in the block that would allow it to be slid onto the staff. As previously described
the two parallel lines on the horizon vane were the same distance apart as the width
of the ear of the shadow vane, so 24mm to 36mm. The dimensions of the other parts
of the demi-cross were not specified, but can be estimated from the illustrations.

The lengths of the horizon and sight vanes were not given, but were estimated from
the illustrations, even though these are not consistent. I estimated them to be seven
inches long (168mm), by which they would protrude half a foot from the staff. The
length of the shadow vane may have been chosen in a way that, when properly aligned
with the sun, the end of its shadow would coincide with the corner of the upper
straight edge of the horizon vane (see figure 121). This results in a shadow vane of
just over five inches (126mm).

Using the Demi-cross
The second and third illustrations in the Dutch waggoners show how the instrument
was used. The second depicts the different settings for the shadow vane (see figure
117), while the third shows how it was held (see figure 122). One looked through the
sight vane to the horizon vane and viewed the horizon through the latter while the
shadow vane cast a shadow on it, which could be accomplished by sliding the transom
along the staff. The shadow had to be cast onto the whitened area of the vane and
was thus centred between the lower and upper edge of that area.
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 1022 Colom, The Third Part... (1655), fourth page of A Briefe Sommarie of this Booke.
 1023 Mörzer Bruyns, The Cross-Staff..., p.102.
1024 Colom, The Third Part... (1655), fifth page of A Briefe Sommarie of this Booke.



Depending on the sun’s altitude, the shadow vane could be set at different heights
along the half-transom. The higher it was mounted, the larger the intervals were on
the corresponding scale and thus the more easily they could be read with precision.

Milliet Dechales wrote that the instrument could also be used for star observations,
using not another horizon vane, but a half sight vane.1025 One changeed the full sight
vane (H, see figure 114) for a half sight vane (K), then put the horizon vane (A) next
to the eye, looked over the shadow vane (E) to the star and along the half sight vane
(K) to the horizon. From tests with the reconstruction, it became evident that the
full horizon vane would block the user’s sight towards the shadow vane. The in stru -
ment is only suitable for star observations when the half horizon vane is placed at
the end where the full horizon vane sits and subsequently used as a sight vane. It seems
that the instrument was indeed used for forward observations as well, but that Milliet
Dechales misunderstood the way this was done.

4.3.6 The hoekboog (f.l. 1623)
The demi-cross was not the only offspring of Davis’ designs.1026 The hoekboog (lit:
angle-staff, but period authors translated it as ‘double triangle’)1027 was presented
two years after the demi-cross, again by Blaeu, in his 1623 pilot book De Zee-Spiegel
(The Sea-Mirror, see figure 123).1028

The hoekboog is a Davis’ 90-degree backstaff with, instead of one fixed graduated arced
transom and one sliding straight transom, two straight transoms both of which were
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 1025 Milliet Dechales, L’ art de naviger... (1677), p. 66.
1026 The contents of this section have in part been previously published in the following article:

De Hilster, ‘The Hoekboog...’, pp.20-33.
 1027 Mörzer Bruyns, Sextants at Greenwich, p.17.
 1028 Renting, Renting-Kuijpers, Catalogus van de Librije in de St. Walburgiskerk te Zutphen... (Gro -

ningen, 2008), pp.192-195.

Left: (Figure 121): Alignment of the shadow vane (illustration by the author). Right: (Figure 122): Using
the demi-cross (collection Maritiem Museum Rotterdam, inv.no. WAE123).

Figures
121-122



fixed and graduated. Perhaps the hoekboog was developed by simplifying the Davis
quadrant, shown by Waymouth in 1604, making chords of the arcs. The scales were
mounted such that they represented chords of two differently sized circles with a
mutual centre at the horizon vane (see figure 123, the horizon vane is the one near A).
Both chords were braced by struts (AB and AE) running from just behind the horizon
vane towards their ends. The two triangles formed in this way spanned 60 (ABC) and
30 (ADE) degrees. The chord BC is hence referred to as the ‘60-degree chord’ and DE
as the ‘30-degree chord’.

Use and diffusion
The instrument was shown and/or described in at least 24 works from a variety of
authors spanning at least 91 years. Descriptions have been found in Dutch (16),
English (6) and Italian (1) works from Dutch (22) and Italian (1) authors. Table 13
gives an overview of all period works found to refer to the instrument.1029

As can be seen in the last column, over half the works depicted the hoekboog (14)
and even more gave a textual description (22). All Dutch pilot books (these are the
works prior to 1675, written by Dutch authors and containing an illustration) use the
same illustration (or an almost exact copy), based on the one by Blaeu. The same ap-
plies to the illustration found in Levanto’s work. It should be noted that the Dutch
pilot books all contain an almost exact (translated) copy of the text and that Levanto’s
work was a copy, translated into Italian, of one of these.1030 The descriptions given by
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1029 As discussed, the term hoekboog was used for the double-triangular instrument and for the
English Davis quadrant. The table only lists works that definitely describe the double-triangular
hoekboog.

1030 With many thanks to Paolo Brenni for translating the section concerning the instrument for
me. Koeman, Atlantes Neerlandici, Volume IV (Amsterdam, 1970), p. 402. Pieter Goos’ Nieuwe
Groote Zee-Spiegel, inhoudende het Straets-Boeck, first published in 1662, is mentioned as the
original work. Although this might have been the work that Levanto used as a source, the section
dealing with navigational instruments does not show the hoekboog but the demi-cross instead.
(also see De Hilster, ‘The Demi-cross...’, pp.30-31. Goos’ 1662 work is not listed in the demi-
cross article as I was not aware of that work at the time.

The hoekboog according to Blaeu
(collection Het Scheepvaartmuseum,
Amsterdam, inv.no. A.0120).

Figure 123



Lastman differ from those from the pilot books, but each of his own works – apart
from of a few spelling changes – reproduces the same material. The same applies to
the works of De Graaf; here again the text differs from what others published pre-
viously, while his works reproduce his description. Simon Pietersz. mentioned the
instrument briefly, without any further details.

Most works are of Dutch origin, which is an indication of its diffusion, at least within
the Netherlands. Judging from period literature from non-Dutch authors, diffusion
outside the Netherlands was almost non existent. Levanto was the only non-Dutch
author to mention the instrument, but his text was an almost exact translation of
the original Dutch text. Apparently the instrument was mainly in use with (or at least
described by) the Dutch.
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Blaeu, W.Jsz. Zeespiegel, Inhoudende een... ��
� NL/NL IT

Blaeu, W.Jsz. The Sea-Mirrour: Containing... ���� NL/EN IT

Lastman, C.Jsz. Beschrijvinge van de Kunst... ���� NL/NL T

Blaeu, W.Jsz. The Sea-mirrour ... by William... ���� NL/EN IT

Lastman, C.Jsz. Kunst der Stuer-luyden ���� NL/NL T

Blaeu, W.Jsz. The Sea-beacon ... by William... ���� NL/EN IT

Colom, J. Upright Fyrie Colomne ...... ���� NL/EN IT

Lastman, C.Jsz. Lastmans Beschrijvinge / van... ���� NL/NL T

Colom, J. The New Fierie Sea-Colomne... ���� NL/EN ITD

Blaeu, W.Jsz. Seespiegel ... Vergadert en... ���� NL/NL IT

Pietersz., S. Stuermans Schoole in welcke... ���� NL/NL T

Colom, J. De Groote Lichtende ofte Vyerighe... ���� NL/NL IT

Lastman, C.Jsz. Kunst der Stuer-luyden ...;... ���� NL/NL T

Colom, J. Atlas of Werelts-water-deel... ���� NL/NL I

Levanto, F.M. Prima Parte dello Specchio del Mare... ���� IT/IT IT

Nierop, D.Rsz. van Onderwys der Zee-vaert en... ���	 NL/NL T

Colom, J. True and Perfect Fyrie Colom... ���� NL/EN IT

Lastman, C.Jsz. Konst der Stuurluiden : In... ��	� NL/NL T

Graaf, A. de De Kleene Schatkamer, Of een... ���
 NL/NL ITD

Graaf, A. de De Kleene Schatkamer : Het... ���� NL/NL IT

Graaf, A. de Schatkamer, Of de Konst Der... ���	 NL/NL IT

Graaf, A. de De Kleene Schatkamer, Het... �	
� NL/NL IT

Lastman, C.Jsz. Konst der Stuurluiden ...;... �	�� NL/NL T

Struyck, N. Inleiding tot de Algemeene... �	�
 NL/NL T

*) Language = Country of origin author / Language text. **) Code: I = Image, T = Text, D = Dimensions/Specifications.

Table 13



Early forms of the instrument can be found as diagrams depicted by George
Waymouth in ‘The Jewell of Artes’ (see figure 124 where the three diagrams are shown
next to each other).1031 Whereas the hoekboog had chords, these instruments had two
perpendicularly mounted scales.1032 The arcs in the drawing are to show that the scales
were divided by a construction method in which the divided arcs were projected
onto straight scales. Three vanes can be seen as well: two on the scales (the sight vane
and shadow vane) and one at the centre of the arcs (the horizon vane). The scale
on the left of the central diagram spans 60 degrees, while the other side spans 30

degrees, like the set-up of the hoekboog. Waymouth’s diagrams are all signed with a
W, indicating that the instruments were his own invention.1033

As already mentioned, the earliest depiction of the hoekboog can be found in a
Dutch pilot book by Willem Jansz. Blaeu, printed in 1623 (see figure 123). It contains
one depiction of the instrument, with a textual description of its construction and
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 1031  Waymouth, The Jewell of Artes, ff.25r,47r,48r.
 1032 In fact Waymouth depicts three similar instruments, the other two also incorporating the use

of one or both of the perpendicular scales as transoms. For this purpose the scales slide along
the staff, while the length is used as reference, similar to the use of a cross-staff.

 1033 See section 2.3.3 – New backstaff instruments.

Waymouth’s early forms of the hoekboog (© British Library Board. All Rights Reserved, Shelfmark
19889).

Figure 124



use.1034 Blaeu’s text was copied and translated many times in Dutch pilot books up
to at least 1668. Up to 1648, only Blaeu had depicted the instrument in his pilot books.
Afterwards, the same illustration and description can be found in pilot books by
Jacob Colom and Francesco Maria Levanto.

The only other reference to the instrument – albeit without an illustration – in
these first 25 years comes from Cornelis Jansz. Lastman. In 1634, he published his
Lastmans Beschrijvinghe Van De Kunst der Stuer-luyden1035 (Lastman’s Description
of the Art of Helms-men) and not only included a section on how the hoekboog was
used, but also described the scales in further detail.1036 In addition, he wrote that the
instruments principally used at sea were the mariner’s astrolabe, the cross-staff and
the hoekboog.1037 Although Lastman regularly updated his work, the section containing

NEW INSTRUMENTS FOLLOWING THE CHANGE 297

 1034 The hoekboog shown in figure 123 is from the English 1625 edition, but was printed using the
same plates as the first edition from 1623, which was kindly compared for me by J.C. Bedaux,
committee member of Stichting Librije Walburgskerk Zutphen (he also supplied me with a
digital copy).

 1035 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), pp.150-156. For his revision of
the bibliography by D. Bierens de Haan, Bibliographie Néerlandaise Historique-Scientifique
(1883), Klaas Hoogendoorn (Heerlen) made an inventory of all scientific publications in the
Netherlands before 1850. In 1798 J.H. Röding mentioned this edition in his Allgemeines Wörter -
buch der Marine in allen Europæischen Seesprache nebst vollstændigen Erklærungen (Hamburg/
Leipzig, 1798), but so far no copy has been found. From Hoogendoorn’s – yet unpublished –
research it became apparent that Lastman’s Kunst der Stuer-Luyden did indeed first appear
in 1634 and that the only known surviving copy resides in the collection of the Royal Library
of Stockholm, Sweden (Call Sign 160A).

1036 Several editions of this work have been examined all showing the same text. The 1642 edition
was kindly compared to the 1661 edition by Günther Oestmann at the Library of the Bundesamt
für Schiffahrt und Hydrografie in Hamburg. The 1661 edition was in turn compared by me
to the 1648, 1675 and 1714 editions. The 1648 edition can be found at the University Library of
Amsterdam (Call sign 607B34), while the others can be found in the collection of the Scheep -
vaartmuseum in Amsterdam (Inv. No.’s A2895 E534, S.0187[nr 1212], S.4793(475) and S.0187

[nr 1214] E35a).
 1037 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), p. 150.

De Graaf ’s depiction of 
the hoekboog (collection 
Het Scheepvaartmuseum,
Amsterdam, inv.no. mm_2436).

Figure 125



the description of the hoekboog remained the same in all editions between 1634 and
at least 1714.

An independent depiction of the instrument can be found in De Graaf ’s De Kleene
Schatkamer: Het II Boek van de Wiskonstige Oeffening (The Small Treasury: The
Second Book of Mathematical Exercise), printed in 1688.1038 It shows the instrument
in a slightly different configuration (see figure 125); the two struts have been moved
away from the horizon vane (A) towards the observer’s end of the main beam (B).
They now divide the section of the main beam between the horizon vane and the 60-
degree chord (D) in three equal parts. The work was re-issued in 1697 and 1703. In
contrast to the 1688 edition, the 1697 edition showed the instrument on the title page,
which indicates that the instrument still played a significant role in Dutch navigation
by the end of the seventeenth century. On 31 October that year De Graaf became
examiner of mates for the second West India Company (WIC), and advertised himself
on the 1697 title page as a bookseller and cross-staff maker.1039 De Graaf gave a
description of both the construction and division of the instrument.

The only other Dutch work (not a pilot book) to mention the hoekboog is
Stuermans Schoole (Helms-man’s school), a manual by Simon Pietersz., printed in
Amsterdam in 1659.1040 He, however, did not describe the instrument but listed it
among others and may have well been referring to the Davis quadrant as that
became known under this name around this time.1041

In Dutch, Blaeu referred to the instrument as an “...omgekeerden Graedboogh ofte
dubbelden dryhoeck...” (...reversed cross-staff or double triangle...),1042 while in English
he named it “...a backe-Staffe or double triangle...”.1043 Cornelis Jansz. Lastman was the
first to call the instrument a hoekboog in 1634,1044 a name later also used by the Dutch
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 1038 De Graaf, De Kleene Schatkamer: Het II Boek van de Wiskonstige Oeffening (Amsterdam, 1688),
p.112. This second book was bound together with De Kleene Schatkamer: Het I Boek van de
Konst der Stierlieden (Amsterdam, 1688). Four editions of this work have been examined. The
first edition of 1680 was titled slightly different De Kleene Schatkamer, Of een korte beschrijving
van de Konst der Stierlieden and did not contain any reference to the hoekboog, nor was there
a second book yet. The 1688 and 1697 editions at the Het Scheepvaartmuseum in Amsterdam
are bound together with the first book. In 1703 the third edition was reduced to one book with
continuous page numbers and contains all sections of the 1688 and 1697 editions with exception
of some tables. Both the 1680 and 1703 editions reside in the collection of the Library of the
University of Amsterdam.

 1039 Davids, Zeewezen en Wetenschap..., p. 403.
1040 Pietersz., Stuermans Schoole... (1659), p. 135.
 1041  See 4.3.2 – The Davis quadrant (f.l. 1604).
1042 Blaeu, See-Spiegel (1652), p.33.
 1043 Blaeu, The Sea-Mirrour... (1625). p.30.
1044 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), p.150.



for the English Davis quadrant when it began to be used by them in the second half
of the seventeenth century.1045 A few pages later Lastman wrote that the instrument
was in fact a double triangle.1046 In Jacob Colom’s 1648 Upright Fyrie Columne the
in strument was called a “...turning.[sic] Degree-bow [reversed cross-staff] or double
Three-corner...”, a literal translation of Blaeu’s Dutch description given above.1047

Colom also mentioned the instrument in his 1661 Dutch version of that work in the
same way as Blaeu, differing only slightly in spelling; an “...omgekeerden Graedt-boogh
ofte dubbelden driehoek...” (...reversed cross-staff or double triangle...).1048 Simon
Pietersz. mentioned the instrument, in plural, as “...dubbelde Triangelen...” (double
triangles).1049 Following Lastman, De Graaf referred to it as hoekboog.1050

In modern literature the hoekboog has been described by Cotter, Davids, Mörzer
Bruyns and Waters, although – with the exception of Davids – only briefly.1051

Construction
There are no complete surviving hoekbogen. That the instrument was used on Dutch
vessels is evident as fragments have been found on wrecks of two seventeenth century
Dutch vessels. The oldest fragment was found in Dutch waters and is therefore re-
ferred to as the Dutch fragment, while the other was found in Shetland waters and
is referred to as the Shetland fragment.

During the night of 18 to 19 December 1660 a storm wreaked havoc around the
island of Texel, the Netherlands, sinking more than one hundred vessels.1052 It is
believed that during the storm a vessel, now known by its inventory number BZN-
8, foundered as well.1053 BZN-8 is one of the wrecks that are part of a 1500 x 2000m
area where several wrecks have emerged due to natural erosion and of which the
degradation process is monitored by the Dutch Institute for Ship’s and Underwater
Archaeology (NISA), now known as the Cultural Heritage Agency of the Dutch
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 1045 Vooght, De Zeemans Weghwyser... (1706), p.330. The Davis quadrant would also become known
as the Haspelboog or English quadrant.

1046 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), p.154.
1047 Colom, Upright and Fyrie Columne... (1648), chapter ‘The usance of the Astrolabium and

Degree-bow’ of ‘A breefe instruction in the Art of Navigation’.
1048 J. Colom, De Groote Lichtende ofte Vijerige Colum (Amsterdam, 1661), chapter ‘XXIIII Hooft -

stuck, ’t Gebruyck des Astrolabiums en Graedt-booghs’.
1049 Pietersz., Stuermans Schoole (1659), p. 135.
1050 De Graaf, De Kleene Schatkamer... (Amsterdam, 1688), pp.111-113.
 1051  Waters, The Art of Navigationin..., pp. 89-94. Davids, Zeewezen en Wetenschap..., passim. Mörzer

Bruyns, Konst der Stuurlieden..., pp. 23-24. Mörzer Bruyns, Schip recht door Zee..., pp. 10-11.
 1052 Vos, ‘Waddenzee * maritieme archeologie’, in: Blazer & Roefstra (eds.), Archeologische kroniek

van Holland over 2002, I Noord-Holland, Holland 35 (2003), p.51.
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Ministry of Education, Culture and Science.1054 In 2002, the BZN-8 wreck was being
exposed even more and it was decided to excavate two trenches on the wreck.1055

The most striking object found was a bronze bell dated 1658.1056 A less remarkable find
was a small ebony ruler (see figures 126 and 127), which I identified as a possible part
of the frame of a hoekboog.1057

Four years later, on 14 December 1664, two vessels of the VOC, the Rijnland and the
Kennemerland, left Texel for Batavia.1058 As relations with Britain were difficult, they
decided to take the longer ‘achterom’ (‘north about’) route, which would take them
past the north side of Scotland, avoiding the Channel. On 20 December a severe
gale blew from the south turning the night pitch black. Being unable to navigate
by the stars, four men were put on guard in the mast. Then, without any warning,
breakers appeared in front of the vessel’s bow. Before the lookout could warn the
crew, the vessel was thrown onto the cliffs on the south end of Stoura Stack, a small
pinnacle at the entrance to Out Skerries harbour (Shetland). The foremast broke
and fell ashore, enabling three of the four in it to escape to safety. The vessel itself
broke into two parts; the forepart sank on the spot, while the stern was washed into
the harbour and cast up on the Island of Bruray. Apart from the three men in the
mast, none of the crew survived.

More than 300 years later, in 1971, Aston University Sub Aqua Club decided to
search the Kennemerland.1059 Soon the wreck was located and a variety of artefacts
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 1054 Vos, ‘Waddenzee...’, p.48.
 1055 idem, p.49.
1056 ibid.
 1057 This artefact is registered under inventory number BZN-8-202. It was shown to the author on

one of his visits to the NISA. The object can be located using search term “[MA]BZN8-202” at
http://cultureelerfgoed.adlibsoft.com/search.aspx (last accessed 29 November 2016).

 1058 For the following see: Aston University Sub-Aqua Club, The Wreck of the ‘Kennemerland’...
(Birmingham, 1974), p.4. The dates in this article are all Gregorian.

1059 idem, p.10.

Left (Figure 126): The Dutch
Fragment (picture by the author).
Right (Figure 127): The Dutch
fragment showing scratch marks
and a wooden peg (picture by 
A.D. Vos, NISA).
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emerged from the waters around Stoura Stack, identifying the vessel and confirming
its story.1060 In subsequent years, more expeditions to the wreck site were made, re-
sulting in more finds. In 1974, a piece of ebony was recovered from the site and later
identified by Richard Price and Keith Muckelroy as the scale of a hoekboog (see fig-
ures 129, 132 and 139).1061

The Dutch fragment is 208 millimetres long (just over eight inches) and 12 to 13 milli -
 metres (half an inch) in cross-section. It is divided on one side into whole inches1062

(no subdivisions) and had obviously been part of a larger object as remains of two
mortise and tenon joints are still visible. The ends have a smooth finish indicating
that they were sawn off, not broken. A closer inspection of the fragment revealed
that on the opposite side of the inch divisions scratch marks are visible (see figure
127), showing how the mortise and tenon joints were laid out. The angles at which
they were planned could thus easily be determined and seemed to fit the frame con -
struction of a hoekboog.1063 This, however, was insufficient evidence to state that the
Dutch fragment once belonged to a hoekboog. Not only was there another period
instrument with a similar frame construction, the Davis quadrant, but it also had
to be shown that the fragment would indeed fit the actual frame of a hoek boog.

Although the angles at which the struts meet the main beam of both the hoek -
boog (MB, see figure 128, A) and Davis quadrant (figure 128, B) are similar, there is
a difference in spacing between them. From period illustrations and surviving
instruments it is clear that with a Davis quadrant the strut for the 30-degree arc
(S1 in the figures) is inserted into the main beam (MB) halfway between the strut
(S2) of the 60-degree arc and the 60-degree arc itself. From early period illustrations
of the hoekboog it became clear that the support (S1) of the 30-degree chord enters
the main beam (MB) much closer to the support (S2) of the 60-degree chord. The
Dutch fragment (figure 128, DF) only shows the joints of the two struts (S1 & S2) and
not of a possible 60-degree arc. In addition, the main beam and struts of a Davis
quadrant are – at approximately 18 millimetres – significantly wider than the 12-13

millimetres of this fragment. The mortise and tenon joints of the Dutch fragment
show that the widths of the struts for the two chords were the same as the main beam
itself.
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1060  idem, p.18.
 1061  Price, Marine Archaeological Work in “Out Skerries”, Shetland (Cheshire, 1974), p.1. Price,

Muckelroy, ‘The Kennemerland’, The Journal of Nautical Archaeology, 6-3 (1974), pp.210-211.
The hoekboog artefact is registered under inventory number; 74-K-50.

1062 The piece contains 8 inches which on average measure 25.6mm with a 0.5mm standard deviation
(1s, 68%).

 1063 Please note that figure 127 shows the main beam from behind and in order to compare it to
the illustrations in this article it should be mirrored.



Even though the Dutch fragment shows us the width of the main beam and struts
and the angles at which the latter were inserted, it does not tell us the overall size
of the instrument and neither can that be found in period literature. If it is part of
a hoekboog, the Shetland fragment might solve this problem. The Shetland fragment
is a straight piece of ebony, 9 mm thick, 16 mm wide and almost 350 mm long. On
its widest side the piece is engraved with a scale and numbers are stamped in every 5
units from 5 to 25 (the zero mark is not numbered and the scale continues up to 28).

Price and Muckelroy wrote about the fragment that

...it has been tentatively identified as the sight-vane transom of an early and unrefined form of

a backstaff or Davis quadrant... [and that] ...the principal cause for reservations lies in the less

than totally satisfactory accuracy of the graduations, and in the fact that there is no attempt at

indicating intervals of less than half a degree.1064

It is then compared to the Davis quadrant, of which is written that these were grad-
uated down to 2 arc-minutes, being the advantage of these backstaffs.

If it were a part of a hoekboog, the numbers would represent degrees from which
the overall size of the instrument could be calculated. That the scale does not
contradict period instruments became clear from Dutch literature, which indicates
that this type of graduation was typical for Dutch backstaffs such as the demi-cross
and the hoekboog.1065 Not only were the intervals typical, but the fragment also shows
a finer graduation than half a degree, as these were further graduated into 15 arc-
minutes by dots (see figure 129). In addition, it has to be noted that Davis quadrants
probably did not have diagonal scales at the time this hoekboog fragment was made.
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1064 Price, Muckelroy, ‘The Kennemerland...’, pp.210-211.
 1065 De Hilster, ‘The Demi-cross...’, p.36.

Left (Figure 128): The frames of the hoekboog and Davis quadrant compared. Right (Figure 129):
Detail of the Kennemerland hoekboog scale showing the divisions from 3 degrees (left) to 5 degrees
(right) and their subdivisions (picture by T. Watt, Shetland Museum, Lerwick, Shetland).
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In order to substantiate that the scale once belonged to a hoekboog, I measured the
intervals of the scale divisions and compared them with their theoretical values. The
results, which are reported in section 6.5.5 –The hoekboog showed that the scale fitted
a hoekboog.

In Dutch pilot books, the instrument is shown in one illustration only, which is
roughly the same for all editions found so far, including the one by Levanto (see
figure 123). The other depictions of the instrument found so far are in the works
by De Graaf (see figure 125) and on the title pages of two of the pilot books, both
by Jacob Colom and dated 1661 (see figure 130) and 1668 (see figure 131). Although
both illustrations are quite small they confirm that the instrument had chords as
scales, although the illustration from 1661 shows differently shaped vanes and a
cross-halving joint between the 30-degree chord and its strut. The 1661 title page
does not show a complete instrument, however, and being a title page, the differently
shaped vanes and joint could be a free interpretation by the artist. Both title pages
also show the instrument reversed, but this is often seen in period works.1066 In the
1661 work the instrument is shown in the same manner as in other pilot books.

The shape of the vanes in the illustrations indicates that they were made of wood,
not brass. The thickness of the flat parts of the vanes is much more than as shown
in period literature for instruments known to have brass vanes. The way they are
mounted on the instrument also seems to indicate wood.

The frame of the hoekboog had chords instead of the perpendicular mounted scales
shown in Waymouth’s work. The advantage of this construction over Waymouth’s in -
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1066 De Hilster, ‘The Spiegelboog...’, p.9.

Left (Figure 130): Detail of Colom’s 1661 title page, showing the instrument behind an armilliary sphere
(collection Het Scheepvaartmuseum, Amsterdam, inv.no. B.0032(151)). Right (Figure 131): Detail from
Colom’s 1668 title page (collection Maritiem Museum Rotterdam, inv.no. WAE073).
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struments was that the scales were more uniformly divided and therefore more
accurate along the full range of both scales.

The chords were fastened to the main beam directly at one end and by means of
a strut at the other (see figure 123). From both the Dutch and the Shetland fragment,
it is clear that the different parts of the frame were connected using mortise and tenon
joints, some of which were stopped (in a stopped mortise and tenon joint the tenon
is completely hidden in the mortise). Both the historic pilot book illustrations and
the Dutch fragment (see figure 127) show that some of the joints were secured using
round pegs, although these pegs are shown in different places in the illustrations than
found on the Dutch fragment.

The Dutch fragment has the peg in the joint of the main beam and the 60-degree
chord’s strut (see figure 127), while the illustrations show them at the joints of the
main beam with the 30-degree chord joint, at the joint of the main beam with the 60-
degree chord and at the joint of the 60-degree chord and its support (see figure 123).
The Shetland fragment does not show any remains of pegs at all, which is consonant
with the illustrations. Apart from the joint between the main beam and the 60-degree
chord strut, all joints found on the fragments are stopped mortise and tenon joints.

Concerning the Shetland fragment, Price and Muckelroy wrote that as

... the joints at both ends are totally undamaged, and that no other related material was found near

this piece, it seems probable that the instrument was not assembled at the time of wrecking...1067

This could well be true, although one needs to have the instrument assembled in
order to be able to graduate it, as we will see below. That the joints were not fastened
with pegs is not fully surprising, as the Dutch fragment also shows that one of the
joints did not have a peg as well. It could well have been that the joints were glued,
as glue was commonly used in period navigational instruments like the cross-staff,
despite its inability to resist water.1068 The lack of related material could have been
the result of the instrument already having fallen (or been taken) apart prior to the
wrecking and kept on board for later repair.

The joints of the Shetland fragment are not regular stopped mortise and tenon
joints. Usually a carpenter would centre the mortise and tenon joint. At two thirds
of an inch (16 mm), the Shetland fragment is significantly wider than the half-inch
frame width found from the Dutch fragment. The mortise and tenon joints of the
Shetland fragment are off-centred (see figure 132) in a way that would connect it to
the frame with the rear of the instrument nicely flush. The reason for these different
widths probably has to do with the way the shadow and sight vanes were clamped to
the scales, as will be discussed below.
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1067 Price, Muckelroy, ‘The Kennemerland...’, p.212.
1068 Mörzer Bruyns, The Cross-Staff..., pp.37-38.



As will also be shown the widths estimated for the main beam of the two fragments
seem to contradict each other. Even though the Dutch fragment is only two-thirds
the width of the Shetland fragment, there is a plausible explanation for this, which
relates to the way the instrument was constructed. As can be seen in figure 128, the
hoekboog and Davis quadrant are held in different ways; the former by its main
beam, the latter by a small cross strut – or handle – inside the frame. Although from
surviving Davis quadrants it becomes apparent that this handle is mounted at the
instrument’s centre of gravity, it also had a second function.

Between 1727 and 1732 Cornelis Jansz. Boombaar wrote a manuscript covering a
range of navigational problems, which he was taught at school. The manuscript is
elaborately decorated with colour drawings of various navigational topics, one of
which is navigational instruments. Alongside a quadrant, cross-staff and spiegelboog
(mirror-staff), he also made two drawings of a Davis quadrant (for the smallest of
them see figure 133).1069 The text below them was copied from Claas Jansz. Vooght’s
1706 De Zeemans Weghwyser,1070 but at the end Boombaar added that the handle of
the instrument was not only for holding, but also to stiffen the frame.1071 The
drawings show the handle, in contrast to the illustration in Vooght’s work. As the
hoekboog does not have such a handle, its main beam might be sensitive to bending
or warping, especially if as thin as the Dutch fragment. It was for this reason that
the staff of a demi-cross was made rectangular in cross-section.1072

This sensitivity to warping was probably understood by period instrument makers,
since from the fragments it seems that the main beam of the instrument has been
altered over time. The Dutch fragment not only comes from an older wreck than
the Shetland fragment, but was also already sawn off an apparently discarded (or
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1069 Boombaar, ‘Onderwijs Der Zeevaert...’ (1727-1732), f61r.
1070 Vooght, De Zeemans Weghwyser... (1706), p.330. Also see http://www.maritiemdigitaal.nl

search term ‘boombaar’, last accessed 24 July 2009.
 1071  In Dutch he wrote: “... en HI een staender tot & stijvinghe des Boogs of ook den hant aen te

houden.” (… and HI a stand to stiffen the quadrant or also to keep in the hand.).
 1072 De Hilster, ‘The Demi-cross...’, pp.34,36.

The mortise and tenon joints of the Shetland fragment (pictures by T. Watt, Shetland Museum,
Lerwick, Shetland, combined by the author).

Figure 132



damaged) instrument and used as a ruler before it – together with the vessel – ended
up on the seabed. It is therefore plausible that the Dutch fragment was significantly
older and that early hoekbogen were made with a ½ inch main beam, while later
versions were made with the heavier ¾ inch main beam. When this transition took
place is not known, but at least sometime in or before 1664.

The horizon vane was shaped as an inverted U, being narrower in the middle than at
its ends (see figure 134). As the datum line of the instrument runs along the centreline
of the main beam, the origin of both scales has to be on it as well. The bottom side
of the narrower part of the horizon vane has to be in line with this origin and be kept
visually on the horizon in order to get a proper observation, meaning that it was a
Hood type of solution.

It was written that the horizon vane had to be white on one side, an indication for
the use of paint, although paper, bone or ivory was used for this purpose as well.1073

Two parallel lines were drawn on it, in between which the shadow of the shadow vane
had to fall, as with the full horizon vane of the demi-cross.1074 Whereas the demi-cross
had the area in between them whitened,1075 the hoekboog horizon vane was completely
white, as Blaeu wrote about “... the two Lines upon the white Fane [sic] A...”.1076 The
parallel lines and the white surface served the same purpose as in the demi-cross,
and thus meant that Harriot’s shadow casting method was implemented. The area
was probably whitened to get a better contrast.1077
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 1073 De Hilster, ‘The Spiegelboog...’, p.10.
 1074 De Hilster, ‘The Demi-cross...’, p.35.
 1075 ibid.
1076 Blaeu, The Sea-Mirrour (1625), p.30.
 1077 Mörzer Bruyns, The Cross-Staff..., p.40.

Left (Figure 133): Boombaar’s Davis quadrant (collection Het Scheepvaartmuseum, Amsterdam,
inv.no. S.1386 (E-0341)). Right (Figure 134): The horizon vane with the shadow of the shadow vane
(collection Het Scheepvaartmuseum, Amsterdam, inv.no. A.0120).
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On the 60-degree chord, “... the Fane G [was set] at a certaine number of degrees,
as the Sunne requireth...”.1078 This vane produced a shadow that had to “... fall upon
the Fane A [the horizon vane] betweene the two Lines...”.1079 How the vane was
clamped to the chord was not mentioned, but the Shetland fragment does provide
a possible answer, which seem to be confirmed by the illustration. As shown below,
the Shetland fragment is wider than the Dutch one, while the mortise and tenon
joint is off-centred in order to join the two parts with the rear of the instrument
flush. In this way it was possible to have the vane clamped around all four sides (or
rather fitted completely around three sides and partially around the fourth) of the
scale while still being able to slide it on and off the chord. The illustration (see
figure 135) seems to confirm this: the vane seems to curl around the whole scale.
Although it could be a mistake by the artist, this feature is copied over to the other
pilot books and therefore was either copied in detail or drawn as it was. Alternately,
the vane could have been clamped in a similar way to the sliding vanes of the Davis
quadrant, which use a brass pressure plate to hold them in place. The reconstruction
showed that the four-sided clamping method works quite well and was easy to make.

The sight vane (see figure 136) was moved “...so long up and downe, till that the
shadow of G [the shadow vane] fall upon the Fane A betweene the two Lines...”.1080

The value found at the sight vane was then added to the value of the shadow vane
and together they would result in the zenith distance of the sun, or – when sub-
tracted from 90 – its altitude.

The sight vane may have been clamped around all four sides of the scale without
using a brass pressure plate, like the shadow vane. The clamping must have been firm
enough to keep the vane in place, but smooth enough to allow the fine adjustment
needed for small changes in the sun’s altitude during its meridian passage.
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1078 Blaeu, The Sea-Mirrour.... (1625), p.30.
1079 ibid.
1080 ibid.

Left (Figure 135): The shadow vane (collection Het Scheepvaartmuseum, Amsterdam, inv.no. A.0120).
Right (Figure 136): The sight vane (collection Het Scheepvaartmuseum, Amsterdam, inv.no. A.0120).
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The illustrations show the sight vane with a horizontal peep sight. As it is drawn
completely black (in contrast to that of the demi-cross which clearly showed an
opening1081) it seems to have been of the type also found on a mariner’s bow in Sko -
kloster Castle in Sweden.1082 This type of peep sight was made as a V-shaped groove
into the vane (it also has a round peep sight left of it, but that does not appear in
the hoekboog illustrations), with its widest part towards the observer and a sighting
aperture less than one millimetre wide (see figure 137).

As the Shetland fragment tells us that the scale was facing the observer, there must
have been another opening in the sight vane, with its edge aligned with the peep sight,
in order to be able to read the scale. How such an opening may have been executed
is shown in figure 138, which is one of my hoekboog reconstructions. From field tests
it appears to work quite well in practice. The opening has perpendicular sides apart
from the side with the fiducial edge, which is bevelled in a similar way to the fiducial
edges found on mariner’s astrolabes and early land surveying instruments.

Scales
The scales were engraved on the chords “... whereof the one A B C 60, and the other
A D E containeth 30 Degrees...” (see figure 123).1083 The advantage of using chords
over the perpendicularly mounted scales shown in Waymouth’s work was that the
degrees were more evenly spaced along the scales, especially at the side spanning
60 degrees. The Dutch pilot books only tell us that the upper triangle contained 60

degrees, the lower 30 degrees. The interval at which the scales were divided was not
mentioned in the pilot books, but from figure 123 it seems that the 60-degree scale
had larger intervals than the 30-degree scale. Nor was it mentioned whether they
were marked for altitude or zenith distance (or both); once the observation was taken
(see figure 123)

... the number of degrees … betweene G C and D F being added together, doe shewe the altitude

of the Sunne above the Horizon, or the numbers between E F and G B together the distance …

from the Zenith.1084

The scales are, however, well covered in the works by Lastman and De Graaf. Lastman’s
manuals are written in a question and answer form. The question on how the hoek -
boog was made was answered by stating that the upper triangle was usually divided
per ten degrees and the lower usually in fourth parts of a degree (15 arc-minutes),
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 1081 De Hilster, ‘The Demi-cross...’, p.35.
 1082 Skokloster Slott inv.no. 10590. Also see entry No. 8 in the inventory table in: Losman, Sigurdsson,

Äldres vetenskapliga instrument..., p. 99. With thanks to Bengt Kylsberg and Inger Olovsson
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while the numbers on the upper triangle are counted from top to bottom and those
on the lower triangle from bottom to top.1085

Lastman thus agrees with the scales found on the Shetland fragment and tells us
that the instrument was marked for zenith distance, which was also confirmed by De
Graaf.1086 In addition, De Graaf wrote that the 60-degree chord was divided per 5
degrees, while the 30-degree chord was divided into degrees, each of which were sub -
divided to four or six parts (15 or 10 arc-minutes).1087 Apparently the construction and
the scales evolved over time.

How the divisions were marked on the scales is mentioned only in De Graaf ’s
work. Waymouth showed (but did not describe) that this could be accomplished
by projecting a divided (part of a) circle onto the scales, a method also used for
other instruments. De Graaf was the first to explain the method and did so in detail.
In order to be able to divide the instrument, it first had to be properly constructed
as two isosceles triangles. Then the perpendicular lines from the horizon vane to
the chords had to be constructed, each of which should divide the chord into two
equal parts. These perpendicular lines then had to be divided into 1000 equal parts.
Proportions to these parts were given, representing the distances from the perpen-
dicular to each scale division along the chords.1088 De Graaf wrote that, in general,
instrument makers copied the scales from another – properly divided – instrument,
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 1085 Lastman, Kunst der Stuer-luyden... (1661), p.84. In Dutch he wrote: “De bovenste driehoeck
wordt ordinaris van thien tot 10 graden verdeelt / en de onderste verdeeltmen gemeynlyck in een
vierdendeel van een graed : welcke getallen op de bovenste driehoeck van boven neder / ende op
de onderste driehoeck van beneden opwaerts getelt worden.”.

1086 De Graaf, De Kleene Schatkamer... (1688), p.112. In Dutch he wrote with reference to figure
125: “Willende 0 graden geteekent hebben in G, en ook in C, gelijk men gemeenlijk doet...”.

1087  ibid. In Dutch he wrote with reference to figure 125: “BC Verdeelt men [...] in graden en in vierde/
of in seste parten...”.

1088 ibid.

Left: (Figure 137): The sight vane of the Skokloster mariner’s bow Right: (Figure 138): The sight vane
of the hoekboog reconstruction with the scale reading aperture (both pictures by the author).
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immediately followed by the warning that this would only give good results when
both instruments were of exactly the same size and shape.1089

Signature, marks and decorations
As far as is known there are no complete surviving hoekbogen, just the two fragments
mentioned above and depictions in period works. As described above, the 30-degree
chord scale was divided at quarter – and later sixth – degree intervals. The Shetland
fragment shows that the degree marks were laid out in a double row, with every 5
degrees stamped in with numbers and the half-degree marks laid out in a single
row. The intermediate 15-arc-minute marks were indicated by a single dot between
the half-degree marks (see figures 129 and 139). For the 60-degree chord scale we
may assume it looked similar, but – as Lastman described – without the sub-degree
divisions. It may therefore be assumed that the corresponding parallel lines where
omitted from this scale.

The Dutch fragment shows two parallel lines running along the piece on one
side and the perpendicular inch-divisions on the other. It is, however, almost certain
that the inch divisions were applied after the part had been sawn off and the same
might apply to the parallel lines, although similar lines are known from the Davis
quad rant (but then applied to all four sides). Neither the fragments nor the period
works show how the instruments were signed and whether or not they were decorated
in any other way.

Dimensions
The dimensions of the instrument were not given in any of the primary sources.
Based on the measurements above it seems that the instrument was based on either
the Wynroeyers voet (289 millimetres, divided into 12 inches of 24.1mm) or the Rijn -
landse voet (314mm, divided into 12 inches of 26.2mm). The radius of the 30-degree
chord was calculated from photogrammetry data (see section 6.5.5 – The hoekboog)
as 626.1mm which indicates that either the Wynroeyers voet (26 inches or 626.2mm)
or the Rijnlandse voet (2 feet or 628.0mm) had been used to construct the instrument.

The actual dimensions of the fragments and the remains of their mortise and
tenon joints were also compared with above measures. From the joints the widths
of the struts could be determined and were found to be half an inch (13.1mm in
Rijnlandse inches, 12.0mm in Wynroeyers inches) for both fragments.

The Shetland fragment is between 16.0 and 16.8mm wide (average 16.5mm from
eight measurement) and between 8.0 and 8.2mm thick (average 8.1mm). In inches
this would have been two thirds and one third of an inch, which in Rijnlandse inches
would have been 17.4 by 8.7 mm, while in Wynroeyers inches this would have been
16.1 by 8.0 mm, making the latter more likely. The Dutch fragment measures 12 by
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13 mm on average, which would have been either 13.1 by 13.1 or 12.0 by 12.0 mm
respectively, making neither of them most likely.

The width of the main beam of the instrument can also be calculated from the
Shetland fragment. As with the Davis quadrant, the datum line – a line connecting
the same degree division of both scales of the instrument – runs along the centre of
the main beam.1090 This means that the width of this beam can be calculated from the
degree value where the chord ends (i.e. where the mortise and tenon joint is, see
figure 139) and the degree value of the datum line. As can be seen from figure 139,
the tenon starts just beyond where the 29-degree mark would have been. From the
photogrammetry data, it was calculated that in order to have the 30-degree mark
centred on the main beam, the latter must have been approximately ¾ inch wide
(19.2 mm was the calculated value) instead of the half inch (12-13 mm) found on
the Dutch fragment,1091 a difference explained above under Construction. Using the
Rijn landse voet or Wynroeyers voet, this would have been 19.6 and 18.1 mm respectively,
making the former more likely.

Altogether these comparisons are inconclusive in deciding either which of the
two measures was used in its construction. Being used to the Wynroeyers foot, I de-
cided to use it again for my reconstruction and therefore converted the feet and inches
in this section accordingly.

Using the Hoekboog
The illustration in the Dutch Waggoners shows how the instrument was used (see
figure 123), as does the accompanying text and the text by Lastman.1092 One set the
shadow vane at a fixed position, looked through the sight vane towards the horizon
vane, viewed the horizon through the latter while the shadow vane cast a shadow onto
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1090 idem, pp.111-112.
 1091  The angle at which the two are connected was taken into account in this calculation.
1092 De Graaf only mentioned the construction, not the use of the hoekboog.

Left: (Figure 139): The tenon of the Shetland
fragment (picture by T. Watt, Shetland
Museum, Lerwick, Shetland). 
Right: (Figure 140): Using the hoekboog 
(picture by the author).
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it (see figure 140). This could be accomplished by sliding the sight vane along the
30-degree chord. The instrument was used in a similar way to the Davis quadrant.
The main difference was that with a Davis quadrant the observer had to align the
upper edge of the shadow with a line along the centre of the horizon vane, while
with the hoekboog the observer had to centre the whole shadow between the two
lines of the shadow vane, as described by Harriot. The latter method had advantages
over the former, as will be shown in section 5.3 – In the shadow of Hood and Harriot.

4.3.7 The spiegelboog (f.l. 1660)
One of the last developments that originated from the cross-staff was the spiegel boog
(mirror-staff, see figure 141).1093 It consisted of a square staff like that of the mariner’s
cross-staff, a fixed transom at the eye-end with two vanes, and a sliding horizon vane
on which a removable mirror was mounted (also called the spieghel-plaetjen or mirror
vane). The transom was referred to as kruis (cross), but I will use transom to refer to
it in order to maintain consistent terminology throughout this thesis.

Two plaetjens (lit: ‘little plates’, i.e. vanes) could slide on the transom.1094 The upper
vane will be referred to as the shadow vane, the lower one as the sight vane.1095 The
shadow vane is recognised by its square hole, while the sight vane had a visiertje (small
sight) that could be rotated behind the sight vane at will.1096 At times the sight vane
was referred to as visiertje only.1097

The vanes could be held with brass pins at three predetermined distances along
the transom, symmetrically in relation to the staff. The sliding horizon vane could
then be used with or without the mirror for backward observations. Without the
mirror, the shadow of the shadow vane was cast onto the horizon vane, which had
a rectangular aperture through which the horizon was viewed. When using the
mirror, the celestial object was observed while it was seen over the shadow vane.
The square hole in the shadow vane allowed it to be used as a transom for forward
observations, similar to the use of the mariner’s cross-staff.

As can be seen from its shape, the spiegelboog originates from the mariner’s cross-
staff (see figures 141 and 142A) and the mariner’s cross-staff with vanes (see figure
142B).1098 This latter cross-staff, complemented with a horizon vane, can be found
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 1093 The contents of this paragraph has in part been previously published in the following article:
De Hilster, ‘The Spiegelboog...’, pp.6-16. It has however been fully revised and extended with
many additions.

1094 Van Breen, Stiermans Gemack... (1662), p.10 of chapter XIII. At some places they are also
referred to as “...visiertje...” (p.7).

1095 idem, p.12 of chapter XIII.
1096 idem, p.13 of chapter XIII.
1097 idem, p.12 of chapter XIII.
1098 For a detailed discussion see section 3.3.4.5 – The mariner’s cross-staff with vanes. For the figure

of the cross-staff with vanes see Davis, The Seamans Secrets... (1595), f.14r.



on the frontispiece of Joost van Breen’s 1662 Stiermans Gemack (see figure 142C).1099

Yet, this is not yet a spiegelboog because the staff protrudes from the transom, which
was not possible with a spiegelboog. A spiegelboog did not have a hole in the transom,
instead an adjustment screw was added at this location. Finally, a detachable mirror
was added to the horizon vane in order to make it a spiegelboog.

The spiegelboog had a number of advantages over other instruments. Although it
was possible with a Davis quadrant to measure a bright sun backwards, measuring
a weak sun was impossible until the mid-1660s when John Flamsteed introduced
the lens in the shadow vane.1100 By using a mirror, the spiegelboog made it possible
to take a back sight of a weak sun in a hazy sky and also to take back sights of stars.
The spiegel   boog was the only navigational instrument with which star observations
could be taken backwards before the invention of the octant in 1731. Furthermore
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1099 From left to right: Seller, Practical Navigation... (1669). Davis, The Seamans Secrets... (1595).
Van Breen, Stiermans Gemack... (1662), courtesy of Het Scheepvaartmuseum Amsterdam.

 1100 See section 4.3.2 – The Davis quadrant (f.l. 1604) for an in-depth discussion on the Flamsteed
lens.

Top: (Figure 141): The spiegelboog 
(by courtesy of Leiden University
Library,  inv.no. 3A-2000 F 12).
Below: (Figure 142): Evolution 
of the spiegelboog (A, C & D: 
Het Scheep vaartmuseum,
Amsterdam, B: public domain).

Figures
141-142



the spiegelboog could be used without the mirror for taking back sights of a bright
sun and for forward observations when the celestial body was too low above the
horizon to be measured backwards (when the observer’s head would block the view
on it).

According to the patent (see below), Van Breen had the exclusive right to produce
the instruments for the first 15 years.1101 It is unknown whether Van Breen produced
them himself or if he only made a prototype. Although Van Breen is not known as
an instrument maker, there are indications that he did make the instruments or at
least was closely involved in the process. In his book he states that he signed all the
instruments himself on the upper edge of the mirror, using a diamond.1102 The horizon
vane was also signed by him, although the exact location leaves room for interpreta-
tion.1103 Furthermore, he uses ‘we’ every time he refers to the people who made the
instruments. In addition, Van Breen is known to have invented an instrument to
‘copy all kind of objects’ and a ‘wagon that could be driven without being pulled’
in 1657.1104 A 1753 auction catalogue of the library of the Middelburg doctor Gerardus
de Wind included three Circulus Astronomicus signed ‘J. van Breen’.1105

But even if he were an instrument maker, would Van Breen have had enough
time to produce these instruments for all the Zeeland Chamber ships during these
15 years alongside his functions at the VOC? Or would he have had a workshop or a
department within the VOC to produce the instruments? Perhaps future research will
reveal documents on this. Until more evidence is found, it will remain uncertain
whether or not he produced them himself.

Use and diffusion
The spiegelboog was invented by the Dutchman Joost van Breen and patented in
1660 in the Netherlands.1106 Van Breen was granted the patent on 25 September for
his ‘newly invented cross-staff ’, which he named spiegelboog after the mirror (spiegel
in Dutch) that was the innovative part of the instrument. An extract from the patent
can be found in his 1662 publication (see table 14).1107
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 1101  Notulen van de Staten-Generaal, September 25th, 1660, Nationaal Archief, inv. No. 112311, folio
432 left.

 1102 Van Breen, Stiermans Gemack... (1662), pp.1,9 of chapter XIII.
 1103 idem, p.9 of chapter XIII.
 1104 Zuidervaart, ‘Het Natuurbeeld van Johannes de Mey (1617-1678)...’, In: Archief. Mededelingen

van het Koninklijk Zeeuwsch Genootschap der Wetenschappen (2001), 1-40.
 1105 Callenfels & Callenfels, Bibliotheca Windiana (Middelburg, 1753).
 1106 Notulen van de Staten-Generaal, September 25th, 1660, Nationaal Archief, inv. No. 112311, folio

432 left, 432 right.
 1107 Van Breen, Stiermans Gemack... (1662), versa of title page.



The use of a silvered glass mirror, 71 years before Hadley and Godfrey invented their
double reflecting instruments in 1731,1108 made this the first reflecting navi gational
instrument. Between 1660 and 1731, three other instruments for celestial navigation
using (glass) mirrors were invented, but never came into widespread production (see
section 4.4.1 – Introduction).

Van Breen’s patents did not contain any details of his spiegelboog, just the phrase
that he was granted the patent “...tot het drucken, maecken van seeker Tracktaet
genaemt Stiermans’ gemack, met de Instrumenten daertoe specterende, voorden tijt
van 15 Jaere” (for the printing, making of a certain treatise named Stiermans gemack,
with the instruments belonging to it, for the period of 15 years).1109 That the patent
was not accompanied by a drawing or drawings is consonant with the way patents
were registered in the middle of the seventeenth century. From the start of patent
registrations at the end of the sixteenth century, applicants had to supply a description
and/or drawing of their inventions.1110 These were then attached (transfixed) to the
patent and returned to the applicant. This transfixing was rarely done after 1635

and even from the earlier period only a few drawings have been preserved. Only from
1711 onwards was it once more obligatory to supply documents properly describing
the patent.

Although Van Breen did not describe the spiegelboog in his patent application, he did
so in chapter XIII of his navigational manual, Stiermans Gemack, Ofte een korte Be -
schry vinge vande Konst der Stierlieden, which appeared in ’s Gravenhage (The Hague)
in 1662 (see figure 143). The spiegelboog was the only navigational instrument shown
and discussed in full detail, possibly as a result of the general phrasing of the patent.1111
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 1108 Mörzer Bruyns, Schip recht door Zee..., pp. 28-32.
 1109 Notulen van de Staten-Generaal, September 25th, 1660, Nationaal Archief, inv. No. 112311, folio

432 left, 432 right.
 1110 Doorman, Octrooien... (1940), p. 22.
  1111  Stiermans gemack also discusses the use of the Astrolabium Catholicum in a new way for

which Van Breen claimed the patent. See page 1 of chapter XIII where he stated that “...in de
voornoemde Privilegie werdt expres ende bysonderlijck verboden aen yeder Ingeseten der
Vereenighde Provintien , het maecken ende venten van de instrumenten tot dit Tractaet van
Stiermans-Gemack, specterende mits dat het een nieuwe inventie zy, onder welcke dat defe
Spiegel-bogen het voornaemste is; al-hoe-wel oock het Astrolabium Catolicum op onse
voorgeftelde manier noch by niemandt is beschreven“ (in the above-mentioned patent it was
intentionally and purposely prohibited to any resident of the Vereenighde Provintien to
produce and distribute the instruments that belong to this treatise Stiermans-Gemack unless
it be a new invention, of which this spiegelboog is the principal; also the Astrolabium Catolicum
in the way as proposed by us has not been described before). There is no mention of other in -
struments for celestial navigation, such as the mariner’s cross-staff or the mariner’s astro labe.
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Ed.Mog.H. Staten van Zeelant Joos van Breen Octroy (ms.) ���
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Ed.Mog.H. Staten van Zeelant Joos van Breen Octroy (printed) ���
 NL/NL T

Staten Generaal Joos van Breen, Octroy tot... ���
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Staten Generaal Octroy verleent aen Joost... ���
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Graaf, A. de De Kleene Schatkamer, Of een... ���� NL/NL T

Nierop, D.R. van Kort Onderwijs in de Konst... ���� NL/NL T

Anonymous Het Volmaakte Schip ���� -/FR I

Covens, I. & Mortier, C. Het Volmaakte Schip ���� NL/NL I

Schenk, P. Het Volmaakte Schip ���� NL/NL I

Oostwoud, G.M. Vermeerderde Schoole... ���� NL/NL T

Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD

Vooght, C.J. De Zeemans Weghwyser, Waar... ���� NL/NL IT

Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD
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Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD

Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD
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Boombaar, C.J. Onderwijs Der Zeevaert ofte... ���� NL/NL IT
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Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD

Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD

Homann, J.B. Het Volmaakte Schip ��	� GE/GE I

Vries, K. de Schat-kamer ofte Konst der... ��	� NL/NL ITD

Vries, K. de Schat-kamer ofte Konst der... ���� NL/NL ITD

Sewel, W., Buys, E. A Compleat Dictionary English... ���� -/- T
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The instrument is discussed in chapter XIII, which starts by referencing the 1660

patent and then offers an eight-page explanation in seven propositions of the mirror,
emphasising that this was a novelty and for that reason might be treated with sus-
picion.1112

In the seventeenth century, the use of high-quality glass mirrors was not common
practice in the Low Countries. Although glass mirrors had been produced in Holland
as early as the fourteenth century, these convex mirrors were made of forest glass,
a thick and slightly green-tinted glass, which was blown into spheres and lined with
lead and therefore not suitable for an instrument like the spiegelboog.1113 The invention
of a mercury alloy to produce mirrors, in Flanders in 1500, and the invention of
the use of soda to produce lighter and thinner glass by fifteenth-century Venetians
resulted in the production of crystal-glass mirrors in the sixteenth century.1114

By 1570 crystal-glass mirrors were being produced in Venice, Antwerp and Rouen.1115

The high quality of reflection of those new mirrors made them both popular and
widely sanctioned.1116 Rayna Kalas, at the time assistant Professor of Renaissance
Literature and Literary Theory at the Portland State University in Oregnon, USA,
has written that “For the puritan Thomas Salter, writing in 1579 his Mirrhor of
Modestie, the glass mirror is so negatively identified with worldly pride that it can
in no wise evoke the celestial spheres, least of all in its glassy surface.”1117 Eighty years
later, Van Breen put one on his spiegelboog in order to observe the stars for celestial
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  1112  Van Breen, Stiermans Gemack... (1662), p.1 of chapter XIII.
  1113  Kalas, ‘The Technology of Reflection...’, in: The Journal of Medieval and Early Modern Studies,

Vol.32, nr.3 (2002), pp.519-520.
  1114 idem, p. 520.
  1115  ibid.
 1116 ibid.
  1117  idem, p. 536.

Joost van Breen’s title page of Stiermans Gemack,
1662, collection of the Het Scheepvaartmuseum, 
Amsterdam, inv.no. S.4793(199).

Figure 143



navigation. Another five years later, a patent for producing high-quality (crystal)
glass mirrors in the Low Countries was given for the period of 25 years to Dirck
van Cattenburgh, merchant and citizen of Amsterdam.1118 The mirrors he produced
were allegedly better than the best produced in Italy.1119

After the seven propositions on the mirror, Van Breen continues to describe the
shape of the instrument, including a full page semi-three dimensional illustration,
followed by an elaborate description of its use. The twenty-page chapter ends with
the description and results of a trial he and two navigators undertook with a spiegel -
boog while comparing it to two contemporary instruments: the mariner’s cross-staff
and the Davis Quadrant (he calls the latter a “...curieus Engels Quad rant...”, a peculiar
or accurate Davis quadrant).1120 It is this chapter that served as the main source for
my research on the instrument.1121

The spiegelboog can be found in other Dutch navigational works up to 1786, and
continued to be mentioned in nautical dictionaries until the first quarter of the
nineteenth century (see table 14). The spiegelboog was listed in the dictionaries as a
navigational instrument (e.g. “...a pilote’s cross bow...”) and as a part of a ship (e.g.
“The crowning or cooping of the stern of a ship”).1122 Dictionaries consulted from
after 1822 only listed the spiegelboog as an ornamental feature, not as an instrument.

In the seventeenth century, the spiegelboog is referred to by Abraham de Graaf in
1680 and Dirck Rembrantsz. van Nierop in 1682.1123 Van Nierop only mentions the
instrument and attributes it to Van Breen, while De Graaf only states that a mirror
can be used on the cross-staff without mentioning the spiegelboog or Van Breen.
The first navigational works to properly describe the spiegelboog after Van Breen
were Vermeerderde Schoole der Stuurluyden by Govert Maartensz. Oostwoud and
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  1118 Doorman, Octrooien... (1940), G487, p.236. Although it is the first patent on glass mirrors I
found in this book, it might not be the first given ever in The Low Countries since 1495, the
year Doormans work starts. As the patent on the spiegelboog is not mentioned in this book
or in the later additions, the list of patents seems not to be 100% complete.

  1119 Doorman, Octrooien... (1940), G487, p.236.
 1120 In modern Dutch the word curieus means peculiar, but in the seventeenth century it meant

meticulous or odd. See etymologiebank.nl, ‘curieus (merkwaardig)’, 
         http://www.etymologiebank.nl/trefwoord/curieus, last accessed 16 November 2016. In land

surveying the word curieus was also used to indicate accurate instruments, see section 4.3.2 –
The Davis quadrant (f.l. 1604).

  1121  Three copies of the book were used for the research: one held in the library of the Het
Scheepvaartmuseum in Amsterdam, one in the collection of the library of the University of
Leiden, and an on-line copy of the University of Amsterdam Library. The latter two still
contain the original illustration of the spiegelboog.

 1122 Sewel, Buys, A Compleat Dictionary English and Dutch (Amsterdam, 1766), p.739.
 1123 De Graaf, De Kleene Schatkamer... (1680), p.38. Van Nierop, ‘Kort Onderwijs...’ (Amsterdam,

1682), p.15. Van Nierop is mentioned on the titlepage as being the author of this section.



Schat-kamer ofte Konst der Stier-lieden by Klaas de Vries both published in 1702, of
which only De Vries shows the instrument as part of a fold out plate (see figure 147).1124

Another whole page illustration of the instrument was given by Claas Jansz.
Vooght in 1706 (see figure 144).1125 Although the illustration was clearly based on that
by Van Breen, it is not an exact copy, as it shows the instrument with horizontally
drawn shadow and sight vanes.

The occurrence of the instrument in Boombaar’s ‘Onderwijs Der Zeevaert’, a
maritime student’s manuscript written in the period 1727-1732, indicates that the
instrument was still taught to mariners until at least that period (see figure 145).1126

Boombaar’s manuscript was largely based on Vooght’s De Zeemans Weghwyser, but
with additions not found in printed texts. The illustration of the spiegelboog is an
exact copy of Vooght’s, with the same horizontally drawn shadow and sight vanes.

From period literature, ships’ logbooks and archives it is known that the spiegel -
boog was in use for at least 100 years following its introduction, although mainly in
the Zeeland Chamber of the VOC.1127 It was not as widespread as the mariner’s
cross-staff, but it was widely used by Dutch seafarers. In 1737 Dirk Kruik, examiner
of mates of the Rotterdam Chamber of the VOC, mentioned the spiegelboog as one
of the suitable instruments for navigation.1128 However, the above mentioned Oost -
woud wrote “... hier sullen wy weynigh van segge om dat hy niet / selden ter Zee in
gebruyk is...” (...here we will discuss it briefly, as it is not / hardly used at sea...).1129
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 1124 Oostwoud, Vermeerderde Schoole der Stuurluyden... (Hoorn, 1712), pp.205-206. De Vries, Schat-
kamer... (1702), plate ‘Fol.272’ and pp.279-280. With many thanks to Myriam van der Hoek of
Asher Rare Books & Antiquariaat Forum for photographing the 1702 and 1707 editions for me.

 1125  Vooght, De Zeemans Weghwyser... (1706), p.331.
 1126 Boombaar, ‘Onderwijs...’ (1727-1732).
 1127 Davids, Zeewezen en Wetenschap..., p.175.
 1128 ibid.
 1129 Oostwoud, Vermeerderde Schoole der Stuurluyden... (1712), p.205.

Vooght’s spiegelboog (collection 
Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(788)
[nr 0001]).

Figure 144



The reason for this may be geographical. Oostwoud was born in Oostwoud, which
is 10 kilometres north of Hoorn, where the work was published, and lies in the north-
west of the Netherlands, whereas the spiegelboog was mainly used in Zeeland, which
is in the south-west. In addition, Hoorn and Zeeland were two separate chambers of
the VOC with their own tutors and examiners.

As well as being discussed in period literature, the spiegelboog was depicted in several
versions of a printed illustration called Het Volmaakte Schip (the perfect ship, see
figure 146).1130 Most of the versions of this print are in Dutch, but copies in French
and German are known as well, which may indicate that the instrument was known
abroad. In French, the instrument was known as Arbaleste à Glace (‘cross-staff with
glass’, see figure 146B) or Arbalestrille à Miroir (‘cross-staff with mirror’, see figure
147). In German, it was known as Spigelboog or Spiegelbogen (see figures 146D and
146E).
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 1130 Homann, Volkommenen Schiff (Nuremberg, ca. 1750). Three copies are available in the collection
of the Het Scheepvaartmuseum in Amsterdam with inv. no. A.0856(03), A.0882 and A.3170. The
prints have been published in Dutch, French and German, but for convenience they have all
been listed in table 14 as ‘Het Volmaakte Schip’.

Left (figure 145): Boombaar’s spiegelboog. The caption 
reads ‘A spiegelboog, drawn in the year 1728’ (collection Het
Scheepvaart museum, Amsterdam, inv.no. S.1386 (E-0341)).
Below (figure 146): Depictions of the spiegelboog, left from
Stiermans Gemack, the others from various editions of 
Het Volmaakte Schip (collection Het Scheepvaartmuseum,
Amsterdam).

Figures
145-146



More than a century after its invention and more than 40 years after the invention of
the octant, the spiegelboog could still be purchased in 1777 at the Amsterdam firm of
Van Keulen, map and instrument makers for more than two centuries.1131

It was Van Keulen that also published all the editions of De Vries’ Schat-kamer.
Initially De Vries owned the copyright on his work, but that was sold to the publisher
in 1759.1132 The Schat-kamer formed the basis of a Danish maritime work published
in 1781 under the title Skatkammer eller Styrmands-Kunst.1133 Although major parts
of De Vries’ work can be found in the Danish edition, no instruments other than the
compass are discussed. By 1818 the instruments were no longer an integral part of
Dutch editions either.

The reason the spiegelboog was mainly used on the ships of the Zeeland Chamber of
the VOC can be explained. Van Breen lived in Zeeland in the city of Middel burg,1134

and was in contact with the Directors of the VOC, the Heren XVII. In 1662 Van Breen
was Equipage ende Amonutie-meester (administrator of goods, supplies and ammu-
nition for the vessels) of the Admiralty of Zeeland and in 1665 he requested the Heren
XVII to supply the ships on the route to Asia with his book and instrument.1135 The
latter was examined by Joan Blaeu, VOC chart maker and examiner of the mates
of the Amsterdam Chamber of the VOC. The result of the examination was positive
and in 1668 it was decided that the Chambers could provide the spiegelboog to their
ships, if they wanted to.

In 1669 a conflict arose between the Zeeland Chamber and the same Joan Blaeu
over a bill for navigational charts of 21.135 Dutch guilders for the year 1668.1136 The
Zeeland Chamber searched for an alternative supplier of charts and ended up with
local chart-makers Arent Roggeveen and Joost van Breen.1137 Before 1670 Roggeveen
and Van Breen were appointed examiners of the mates of the Zeeland Chamber
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  1131  De Vries, Schilder, Mörzer Bruyns, Iterson, Jacobs, The Van Keulen Cartography..., p.222.
 1132 Staten van Holland: Octrooien, Octrooi: Copyregt gekocht van het werk Schatkamer of Konst

der Stierlieden door Klaas de Vries alsmede de Nieuwe Horense Schatkamer of de Konst der
Zeevaart door Jan Albertz. Van Dam (uitverkocht) te herdrukken met de tafelen sinuum etc. van
Klaas de Vries (Amsterdam, August 1759), Nationaal Archief, entry nr.: 3.01.04.01, inv.nr.: 1719.
See Nationaal Archief, ‘staten van Holland: Octrooien, Octrooi: Copyregt gekocht van het
werk Schatkamer...’, [http://proxy.handle.net/10648/10aa9dca-71e3-102d-a0ea-005056a23d00,
accessed 6 November 2016].

  1133  Lous, C.C., Skatkammer eller Styrmands-Kunst... (Kiøbenhavn, 1781).
 1134 Missive d.d. November 30st, 1661 by the Staten van Zeeland to the Staten van Holland and

West-Friesland.
  1135  Van Breen, Stiermans Gemack... (1662), title page and page following it. Davids, Zeewezen en

Wetenschap..., p.173.
 1136 VOC, Inv. nos. 4456, report of the Haags Besogne..., 4 June 1669. Leupe, Inventaris der verzameling

kaarten... (’s-Gravenhage 1867), v-vi. Zandvliet, ‘VOC Maps and Drawings’, TANAP, 
[http://www.tanap.net/content/voc/maps/maps_making.htm, accessed November 14th, 2016].

 1137 ibid.



(around this time Van Breen was appointed Equipagemeester of the Zeeland Chamber
as well1138).1139 In 1670 the Heren XVII took the initiative to have a committee check the
list of books, maps and instruments supplied to the ships for any improvements. This
committee consisted of a number of captains, an external expert and the examiners
of the mates of the Amsterdam and Zeeland Chamber,1140 the latter being Van Breen.
It was this same year that the use of the spiegelboog was strongly approved.1141

As Van Breen describes the use of the spiegelboog in detail, his book proved to be in -
valuable in the research for this instrument as it contains both direct and indirect
descriptions offering clues on virtually every aspect of the instrument.

Van Breen’s book also contains a large detailed illustration (see figures 141 and
146A) of the instrument. Other depictions found so far are in several versions of Het
Volmaakte Schip (see figure 146), which date from between approximately 1688 and
1724 and that were published separately or in atlases like De Nieuwe Groote Ligtende
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Klaas de Vries’ spiegelboog
(private collection).

Figure 147



Zee-Fakkel by Van Keulen in Amsterdam,1142 and in the various editions of Klaas de
Vries’ Schatkamer, which all show the same illustration (see figure 147). Figure 146

shows the original illustration by Van Breen and the four different versions of Het
Volmaakte Schip, of which I have found nine examples.1143 The most recent version
of the print found was signed by Johann Baptist Homann, a German geographer
and engraver in Nuremberg from 1702 until his death in 1724.

Although much smaller than the original by Van Breen, the Het Volmaakte Schip
depictions are still interesting. By comparing the whole print and details, it is pos-
sible to determine how many different copper plates were used to produce the nine
prints and in which order they were copied.1144 One of those details is the block of the
transom of the spiegelboog on which an ‘X’ was drawn. This ‘X’ was to ensure proper
mounting of the transom on the staff (on which an ‘X’ was drawn as well). The orig-
inal print by Van Breen shows this ‘X’, as does the oldest print of Het Vol maakte Schip
(see figure 146B). The original by Van Breen also shows the hole in the shadow vane,
which is deformed to a slit on print ‘B’ and still visible on print ‘C’, but print ‘C’ no
longer shows the ‘X’. The sight lines on the original and prints ‘B’ and ‘C’ are dashed,
but on the last two prints they have become solid. The shape of the adjustment screw
deteriorates over the versions and compared to all the other prints version ‘E’ is the
poorest in quality.

So the quality and details of the prints deteriorated over the years, but on print
‘C’ a new detail was shown. On this version the aperture on the sight vane has a small
handle. It is known that the aperture was mounted so as to allow it to be turned be-
hind the sight vane. This handle was either an aid for this, or it was an interpretation
error of the engraver while copying from a previous, as yet unknown, version of the
print. If genuine, the handle indicates that the instrument was still developing over
the years.

Definitive indications of the development of the spiegelboog come from the various
editions of Klaas de Vries’ Schat-kamer published from 1702 onwards and from a
memorial written in 1744 by Jan de Marre, Examiner of Mates in Amsterdam. Both
describe new features not original to Van Breen’s invention, discussed below under
Surviving Instruments and under Construction.
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Construction
As already mentioned, no spiegelboog has survived, but we cannot be 100% sure of
that. Over the years, Mörzer Bruyns has tracked down as many surviving mariner’s
cross-staffs as possible. With his latest article on the mariner’s cross-staff published
in 2004, his count stopped at 124 staffs,1145 but many are incomplete. Most do not have
their original transoms or have no transoms at all. Some of them are just fragments
of a staff. It is possible that some of these incomplete staffs once were part of a spiegel -
boog, but as the staffs look almost identical it is hard to distinguish them.

The mirror vane may contain the solution to distinguishing a spiegelboog from
a mariner’s cross-staff, even when only the staff or a part of it is left. The solution lies
in the way the scales were read on both instruments. On a spiegelboog, this was done
on the side of the block on the mirror vane, while on a mariner’s cross-staff this was
done on the opposite side (i.e. on the flat side of the transom).1146 For this the scales
of a spiegelboog needed to be shifted by about 18-24 millimetres towards the eye-end
of the staff in order to get an accurate reading.1147 The size of the shift depends on the
thickness of the mirror and the height of the block on the spiegelboog’s transom.
On the spiegelboog only three out of four scales were used in combination with the
mirror vane, the fourth being used in combination with the shadow vane for forward
observations. The fourth scale does not therefore need the shift necessary for the
other three scales. As the scales can be calculated from the vane lengths using simple
mathematics, the reverse can be done as well.1148 The few tests I have done so far have
not yet resulted in the detection of a spiegelboog staff, however.

One of the reasons that no spiegelboog staff has yet been discovered is possibly
due to the fact that over the years, and possibly quite soon, the design of the
spiegelboog changed. The 1744 memorial by Jan de Marre mentioned above contains
30 proposals for corrections in the list of navigational instruments and charts for
the VOC.1149 In proposal 8, De Marre wrote that “... onder de 3 graadbogen die aan
de stuurlieden werden meede gegeven, een derzelfve met spiegelboogskruijsen mag
werden voorsien […] op dat bij flauwe zon altoos twee waarnemers der breette op
den schip mogten werden gevonden.” (of the 3 cross-staffs that the mates are supplied,
one of them with spiegelboog-transoms can be equipped […] so that with a faint sun
two observers may determine the latitude of the vessel).1150 The development lies in
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the fact that De Marre wrote that only the transom of a spiegelboog had to be supplied
(and we may assume the mirror vane as well), not a whole spiegelboog and that thus
the staff of a mariner’s cross-staff had to be used in combination with the spiegel boog
transom and mirror vane.

While Van Breen’s spiegelboog had a dedicated staff, by the time De Marre wrote
his memorial the spiegelboog transom and vanes had been adapted for use with a
regular mariner’s cross-staff. It seems that this was already the case when Klaas de
Vries wrote his 1702 work as he explained that the staff “...gemaakt en geteekent
werdt gelyk die van een Graad-boog...” (was made and divided in the same way as
that of a mariner’s cross-staff).1151 It should be noted, however, that, although the scales
on Van Breen’s staffs had to be shifted, in basic principle the graduation methods of
the spiegelboog and mariner’s cross-staff were already the same in Van Breen’s time.

If we look at the mirror vane in De Vries’ illustration, it becomes clear that indeed
the instrument had changed. The block on the mirror vane was at the observer’s side
of the vane in Van Breen’s original design, but has moved to the back of the mirror
vane in De Vries’ illustration (see figure 148). This means that the scales no longer
needed to be shifted and thus that the staff of a mariner’s cross-staff could be used,
provided that the hole in the block of the transom was deep enough to allow it to
be set at the proper position on the eye-end of the staff without falling off.

Another way to distinguish original spiegelboog parts is by the signatures and
decorations Van Breen put on them. Van Breen signed his instruments in at least two
different places: on the mirror and on the wood behind the mirror. The manner in
which he did this can be derived from his work. Along the upper edge of the mirror
he engraved his name as ‘Joos van Breen’ with a diamond. On the wood behind the
mirror he would sign the instrument as shown in figure 149.
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  1151  De Vries, Schat-kamer... (1727), p.292.

Klaas de Vries’ mirror vane 
(private collection).

Figure 148



Stiermans Gemack was also signed by Van Breen, and by Johannis Tongerloo, the
publisher. On the book and the instrument Van Breen spelled his first name without
the ‘t’. It can therefore be expected that Van Breen signed his staffs similarly, although
it is known that period mariner’s cross-staff makers did not always sign their staffs
in the same way they wrote their imprints in their books.1152 Van Breen may also have
chosen to sign the staffs using his initials only, as was the custom among instrument
makers.

Van Breen mentions that he marked the transom and the staff with an ‘X’ to en-
sure proper assembly of the instrument (see figure 150) and with two parallel lines
perpendicular to the staff near the eye-end of the staff as a reference for the adjust-
ment of the transom.1153 The sides of the staff were marked with the side numbers
near the eye-end, with ‘1’ being the smallest vane and ‘4’ the largest, this in contrast
to most mariner’s cross-staffs.1154 Other decoration is not mentioned.

The spiegelboog consisted of a staff along which the mirror vane slid and a transom
was mounted at the eye end. Two vanes could slide on this transom and be set at fixed
locations with pins. Instead of having a hole in the transom, as found in mariner’s
cross-staff transoms, there was an adjustment screw at this location to set the transom
at a required place, depending on its intended use with or without the mirror.
As will be shown below, the illustration Van Breen supplied (see figure 141) seems
to have been made with utmost care and to scale. One part of it, however, proved
not to be an accurate depiction of what Van Breen actually made. In retrospect, it
is not surprising that this concerns the mirror vane. As Van Breen had the privilege
for 15 years, he might not have been keen to share his invention other than by selling
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Left (Figure 149): Van Breen’s signature on the spiegelboog (collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(199)). Right (Figure 150): The block of the transom of the spiegelboog, ‘B’
and ‘T’ are referred to from the text, the two ‘X’-es were actually engraved or stamped on the in   stru -
 ment (collection Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(199)).

Figures
149-150



it, and was therefore reluctant to show the mirror vane in detail in a book. But as
one could purchase the instrument in order to make a copy, a more plausible reason
for simplifying the illustration of the mirror vane was economic: he wanted to explain
the whole instrument using one illustration only, although the mirror vane has two
different functions.

In the illustration (see figure 152), a mirror vane can be seen with a clear reflection
of the shadow vane and the sun. A rectangular hole is also shown, through which the
staff can be seen. Reading Van Breen’s book, it becomes clear that the hole was in
the vane, not in the mirror. This means that what is shown in the illustration is the
combined use of the mirror vane with and without the mirror. When the mirror
was in place, observations had to be taken as close to the left edge of the mirror as
possible, but when used without the mirror (for bright sun observations using
shadows), observations were taken on the right side of the hole in the mirror vane
(this is when the shadow of the transom would coincide with the block on the
horizon vane, as Van Breen described).1155 The first time Van Breen mentioned the
hole in the mirror vane was when he explained that the mirror can be removed,
after he had explained the use of the instrument with the mirror in place. He wrote
that once you remove the mirror you will have the mirror vane covered with paper
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Left (Figure 151): One of the reconstructions
(picture by the author). Right (Figure 152):
The mirror vane according to Van Breen
(courtesy Leiden University Library, 
inv.no. 3A-2000 F 12).
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with a hole in it.1156 This remark tells us that the mirror had neither a hole nor a clear
part in it. Also the remark that mirror observations had to be taken as close as possible
to the left edge indicates that there was no clear part or hole in the mirror as other -
wise he would have suggested taking the readings closer to the staff.

The mirror of the spiegelboog was made of glass and although Van Breen does
not mention the actual thickness he does mention that this could vary.1157 At that
time, silvered glass mirrors could be made as thin as just under two millimetres as an
archaeological find from the wreck of the Royal ship Kronan in Sweden revealed.1158

Van Breen did mention metal mirrors, but wrote that they were “...de glase spiegels
[…] die wy ten meeren-deele willen ghebruycken, om dat de stale, die perfect genoegh
zijn, te seer kostelijck soude val-len...” (the glass mirrors that we mainly wish to use,
as the steel ones, which are perfect enough, would be too costly).1159 Van Breen wrote
that “...de glase spiegels van achter, door behulp van Quick-silver, verfoeliet werden...”
(the glass mirrors were silvered from behind, by using quicksilver).1160

Van Breen did not describe how the mirror was attached to the vane. The only
clues he gave are the remarks that the mirror can be slid onto and taken from the
mirror vane, so that the clamping mechanism appears to be on the mirror, and not
on the vane because in that case the mirror had to be slid into and taken out off the
mirror vane. From the second half of the seventeenth century onwards, mariner’s
cross-staffs were fitted with brass aperture discs.1161 These also slid onto the vane,
so it is likely that the clamping mechanism of the mirror worked similarly, and that
a brass frame around the mirror would clamp around the mirror vane from below
and above.1162 As observers had to be able to take readings as close to the mirror’s
edge as possible, most likely the frame did not cover the mirror at the left edge (and
for symmetry possibly the right edge as well). Van Breen also wrote that removing
the mirror should not be done too often as it might damage the silvered layer.1163 This
tells us that the back of the mirror was not protected by the frame that holds it, but
only by the mirror vane.
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When using the mirror vane without the mirror as a horizon vane, the upper edge of
the aperture in the horizon vane had to be used as a fiducial edge and lowered onto
the horizon. This means that the instrument was used in a Hood’s type of fashion
when no mirror was in place. With the mirror, the upper edge of the shadow vane
served as reference, making it irrelevant how the mirror was positioned with respect
to the horizon and, as the horizon was seen directly next to the mirrored object, we
may consider this to be a Harriot type of solution.

The paper on the surface of the mirror vane behind the mirror probably served
to give a better contrast when measuring a bright sun by casting shadows, for the
same reason bone or ivory were used in the horizon vanes of mariner’s cross-staffs.1164

A line was drawn on the paper over the whole width of the vane, along the upper
side of the hole in it. This was the reference line at which the shadow of the shadow
vane and the horizon should coincide.1165

How the mirror vane was clamped onto the staff was not explained by Van Breen. We
only know that it slid along the staff. Experiments with the making of instruments in
my workshop showed that it was extremely difficult, if not impossible, due to change
in humidity, to get a smoothly sliding vane or transom without it having any play
and thus wobble. As the mirror vane has to be perpendicular to the staff, any wobble
affects the quality of the observations, as with the half-transom of the demi-cross. It
is probable that van Breen formulated this solution as a result of using the demi-cross.
As shown in section 4.3.5, the demi-cross used a brass spring to keep the half transom
perpendicular to the staff, and Van Breen most likely used this method which was still
described in works published around the time he invented the spiegelboog.
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Figure 153



In 1662, Christian Huygens wrote about this wobble in one of his manuscripts,
which were published in the Oeuvres Complètes in 1925.1166Although the authors of
the Oeuvres Complètes attribute the remarks to the working and construction of
the spiegel boog, Huygens did not use the word spiegelboog, nor did he mention Van
Breen. Instead, he showed an instrument of his own design which looked like a
cross-staff with a mirror perpendicularly attached to the lower end of the transom.
He did, however, refer to “...sijn bovenste platien EC...” (his upper vane EC) and to
the fact that the instrument could not be used for backward observations below 10-
11 degrees altitude, two remarks that clearly refer to Van Breen’s text and illustration
(see figure 153). Sadly, it is unclear whether Huygens only read Van Breen’s work or
whether he had seen, or perhaps even used, the instrument as well.

The shadow vane was not only used to cast shadows when measuring a bright sun,
but also as the reference when observing celestial bodies with the mirror, and for
forward observations when the celestial body’s altitude was below 10 degrees.

For backward observations, the vane was clamped onto the transom (see figure
153) and could slide along the upper half of the transom, like the vanes of Davis quad -
rants. It was presumably clamped using a brass spring in a similar way to Davis
quadrant vanes. Small brass pins in the transom were used to ensure fixed positions
of the shadow vane at all times.1167

According to Huygens, there was no need for the upper vane in backward sun
observations; a line drawn with a diamond on the mirror sufficed.1168

In his 1702 work, Klaas de Vries described the transom and vanes of the spiegel -
boog in detail:

Tot dit eene kruys worden twee schuyven of visiers gebruykt / die men langs het kruys kan schuyven

/ aan yder een koper plaatje / een weynig van het hout af: het eene dient om de son door te schynen

op de spiegel / en ’t ander om de kimmen door te sien.1169

(On this transom two sliders or sights are used / which one can slide along the transom / [and]

to each a brass plate [is attached] / slightly detached from the wood: one serves to let the sun shine

through onto the mirror / and the other [is] to view the horizon through.)

Van Breen only mentioned a single brass sight that was attached to the lower vane.
The upper vane did not have a brass sight or aperture, or at least it was neither de-
scribed nor shown in the illustration (see figure 153). This is not surprising as in sec-
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tion 4.2 – The seventeenth-century mariner’s cross-staff we have saw the first mention
of double apertures on a mariner’s cross-staff dates from 1677, when Milliet Dechales
described it in his L’Art de Naviger, and claimed its invention.1170 That De Vries ex-
plicitly mentions the second aperture and how it was used is a clear indication that
the spiegelboog had developed in the four decades between its invention and De
Vries’ publication.

A square hole in the shadow vane allowed it to slide over the staff like a mariner’s
cross-staff transom (figure 154 shows this on the reconstruction). This method was
used for forward observations when the celestial body was below 10 to 12 degrees.1171

When using it in this way the width, rather than the length, of the vane was used
as reference (see figure 155).1172 So instead of holding the transom perpendicular to
the horizon, it was now held parallel to it, with the lower side ‘touching’ the horizon
and the upper side ‘touching’ the celestial object.

The sight vane was similar to the shadow vane, but a bit shorter and instead of a hole
the sight vane had a brass aperture (“...een koper visiertje...”) with a narrow slit,
through which the horizon and horizon vane could be seen (see figure 156).1173 The
aperture could be turned aside to make it easier to locate the object of observation.
Once the object was found, the aperture was returned to its position for observation,
ensuring a more accurate observation.1174 For the sight vane three brass pins were
also available to slide it against, again ensuring fixed positions.
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Scales
Van Breen wrote that the staff was graduated on all four sides.1175 The first side, num-
bered 1, was used in combination with the shadow vane for forward observations,
like a mariner’s cross-staff. The other three sides, numbered 2, 3 and 4, were used
in combination with the mirror vane for backward observations with or without the
mirror. The number 2 scale was used in combination with the smallest vane setting,
number 3 with the middle one and number 4 with the largest.

Van Breen does not say at what intervals the scales were graduated, but surviving
mariner’s cross-staffs were graduated to 10 arc-minutes.1176 The scales were probably
stamped with digits for both altitude and zenith distance, as was usual on mariner’s
cross-staffs.1177 He does mention that as long as the scales allowed, the smallest vane
setting should be used. So for some reason the scales could not be read all the way
towards the transom or eye-end. This either meant that the scales were not fully
engraved towards the eye-end, or that, with the exception of side four, only the whole
10 degree marks were engraved for larger altitudes. Both forms of engraving are
known from surviving mariner’s cross-staffs, as well as fully engraved scales.1178

Using Van Breen’s illustration, the block of the mirror vane was found to be 18
millimetres high.1179 As the observer’s side of the block was used to read the scales
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Left (Figure 155): The shadow vane in use as a transom (illustration by the author). Right (Figure 156):
The sight vane with brass aperture (courtesy Leiden University Library, inv.no. 3A-2000 F 12).
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on the staff,1180 there was a difference between where the observation was taken and
where the corresponding scale was read. In order to correct for this difference, Van
Breen had to displace either the transom or the scales on the staff by the same amount
in the same direction.

According to the illustration, the block on the transom was almost the same
height as the block on the mirror vane and thus it would be impossible to shift the
transom further away from the mirror vane since that would cause it to fall off the
staff. It therefore seems that Van Breen chose to shift the scales, like those found on
the demi-cross. As discussed above, by the start of the eighteenth century the mirror
vane had changed, allowing it to be used with a staff of a regular mariner’ cross-staff.

The spiegelboog was not only the first navigational instrument with a glass mirror, but
also the first that could be calibrated by means of an adjustment screw (see figure
150), which is discussed in detail in section 5.6.6 – The mirror of the spiegel boog.

Dimensions
To minimise confusion, it is necessary to introduce another definition. On a mariner’s
cross-staff the transoms have different lengths, the so-called transom lengths. On a
spiegelboog the transom length is defined by the distance between the positions of
the shadow and sight vanes on the transom. There are three different transom lengths,
which are defined by the distance between the brass locking pins that are used to slide
the vanes against. From here on I will refer to these transom lengths as vane settings.

The reconstructions (see figure 151) look like the illustration Van Breen made
350 years ago (see figure 141), but it was not the illustration I relied on when I started
my research because it looks odd with its strange perspective and slanted horizon.
So I examined the text and only used the illustration when it was referred to. One
of the first indications of size and scale was the remark that the instrument could not
be used when the altitude of the celestial body was below 10 to 12 degrees as the ob-
server’s head would block the line of sight.1181 This remark told me that the staff would
not have a scale for backward observations lower than 10 degrees and that, with the
smallest vane setting, I would see my head in the mirror.

I measured the distance from my eyes to the top of my head, about 110 milli metres,
which is a direct indication for the length of the staff and the distance of the smallest
vane setting. In Van Breen’s illustration the smallest vane setting is 54 millimetres,
roughly half the distance measured on my head. Other dimensions in Van Breen’s
illustration, such as the width of the staff of 13 millimetres as used in the seventeenth
century, confirmed a 1:2 scale.1182 Even the perspective was not arbitrary, but indicated
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a 1:3 scale, making the vanes similar in length to those found on Davis quadrants.1183

So the illustration may look odd, but it was made to scale.
Another indication that his illustration may have been made to scale is his con-

nection with Arent Jansz Roggeveen, his associate chart maker.1184 If anyone should
have been able to create a scale drawing, or explain how it was done, it would have
been Roggeveen.

In Zeeland, two of the old local measures used are the Goesse voet, named after the
city of Goes which is near to Middelburg where Van Breen lived, and the Wynroeyers
voet.1185 They are both about 289 millimetres and being a Wynroeyer (see figure 157,
wine gauger, a civil servant who measures the contents of wine barrels in order to
determine the tax), Van Breen must have been familiar with this measure.1186 One
Goesse voet was divided into 12 duim, making a duim about 24 millimetres. Multi-
plied by four and a half this gives 108 millimetres, exactly twice the measure found
for the smallest vane setting in Van Breen’s illustration. So, the measures in Van Breen’s
illustration could have been determined with the 24 millimetre duim, by dividing
it in half, quarter etc.
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 1183 A 1970 research project at the National Maritime Museum in Greenwich resulted in a technical
drawing (NMM REF. No. S-119), showing the construction of the vanes of one of Will Garner’s
Davis quadrants.

 1184 Zandvliet, ‘VOC Maps and Drawings’, TANAP, 
         [http://www.tanap.net/content/voc/maps/maps_making.htm, accessed November 14th, 2016].
 1185 Pouls, De Landmeter..., p.179. Buijs, ‘Meten met twee maten’, In: Historisch jaarboek voor Zuid-

en Noord- Beveland. No. 19 (1993), p.62.
 1186 Van Breen, Stiermans Gemack... (1662), title page.

Den Wynroeyer 
(public domain).
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As the illustration by Van Breen does not show the complete instrument, the length
of the staff has to be estimated. With the 108 millimetres found for the smallest vane
setting, the length can be calculated, assuming that the staff would not have a cor-
responding scale beyond 10 degrees. Using half the vane length of the smallest vane
setting and half the smallest observable angle, the staff length was calculated as 617.2
millimetres.1187

Although slightly short, this size still fits well within the range of sizes for mariner’s
cross-staffs in contemporary navigational manuals shortly after the invention of the
spiegelboog.1188 Thus 617 millimetres (just under 26 duim) is the minimum required to
get a 10-degree reading, but the staff must have been slightly longer, at least an addi-
tional 2 duim, in order to keep the mirror vane on the staff instead of falling off at 10
degrees.

According to the illustration the staff was 12 millimetres in cross-section, which
also matches period mariner’s cross-staffs.

The length of the transom was also estimated. As with the staff, the whole transom is
not shown in Van Breen’s illustration. Mörzer Bruyns’ research on mariner’s cross-
staffs has shown that the largest transom was usually smaller than the length of the
staff. For many surviving mariner’s cross-staffs the ratio of the four transoms to the
staff is 1 : 2 : 4 : 6 : 9, meaning that the length of the largest transom would be 66% of
that of the staff.1189 In Van Breen’s illustration only the two smallest vane settings on
the transom are shown (these make the second and third ‘transom’ of the spiegel -
boog, as the shadow vane is the first when used as a transom). The largest of the two
is triple the size (324 millimetres) of the smallest. So instead of having a 2 : 4 ratio,
Van Breen shows a 2 : 6 ratio for these two settings. Assuming a 2 : 6 : 10 ratio for the
third vane setting not only gives an equally divided transom, but also makes the
transom almost 2 Goesse Voet. In addition, a 2 : 6 : 12 ratio would make the transom
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 1187 De Hilster, ‘The Spiegelboog...’, pp.9-10.
 1188 Mörzer Bruyns, The Cross-Staff..., p.101.
 1189 idem, p.40.

The upper end of the cross of  the
reconstruction showing one of the pins 
and the corresponding scale number
(picture by the author).
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too long (648 millimetres) compared to the staff, while a 2 : 6 : 8 ratio would not
add much to the capabilities of the instrument, as the scales of the two largest vane
settings would have too much overlap. As the transom has small pins to fix the
position of the vanes along it, it has to be slightly longer than 5 x 108 millimetres.
If it is two Goesse voet long, it not only holds the pins for the largest vane setting but
also gives the ends elegant proportions, as can be seen in the reconstruction (see figure
158). The block at the centre of the transom, which kept the transom mounted on the
staff, was found to be 24 millimetres or one Goesse duim high.

Using a spiegelboog
To use the spiegelboog in a backward fashion it is held with the sight vane just above
the eye (see figure 159). The brass aperture attached to the lower side of this vane (see
figure 156) forces the observer to look through a narrow slit between the lower edge
of the sight vane and the aperture towards the horizon, hence improving the quality
of the observations.

When using the mirror on the horizon vane, the observer has to position the
reflected image of the sun next to the horizon, therefore measuring the middle of the
sun. As noted, the mirror was used for weak sun observations, but those who preferred
to use the mirror at all times could do so with the aid of a piece of coloured glass as
eye protection.1190

When used backwards without the mirror the horizon vane has to be positioned
so that the upper edge of the hole will ‘touch’ the horizon while the upper edge of the
shadow cast by the shadow vane coincides with it.1191 A horizontal line was drawn
across the upper edge of the hole in the horizon vane as an aid for this measurement.
From De Vries’ work, we learned that by 1702 a second aperture was used, mounted
on the shadow vane, to cast a beam of light. The spiegelboog thus originally used
Hood’s single-sided shadow-casting method, but this was changed to Harriot’s dou-
ble-sided shadow-casting method by the end of the century.

In order to get a good observation, the observer has to be sure that he can hold
the spiegelboog perpendicular to the horizon.1192 When used with the mirror, the
observation has to be as close to the left edge of the mirror as possible, while when
using the spiegelboog without the mirror one has to look through the aperture and
be sure that the shadow of the transom coincides with the block on the mirror vane
through which the staff runs.1193

Using the spiegelboog with the mirror in place is something one has to get ac-
customed to. The last page of Chapter XIII shows a summary of observations done
with the spiegelboog and other instruments to show that it was properly working.
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One of the observations states that Van Breen’s friend Hans Penne had “niet getreft
door ongewoonte” (not made an observation being unaccustomed).1194

For night-time observations the observer was advised to carry a light or candle
in order to set the mirror vane approximately to the right altitude.1195 When no light
was available, the mirror vane could be set by first observing the star in a forward
manner, with a reversed instrument, e.g. by looking over the shadow vane from the
mirror vane.1196 Then the observer could turn around and observe the celestial body
in a backward manner.

4.3.8 The triangular quadrant (f.l. 1662)
In 1661 a new type of sector was introduced by philomath John Browne.1197 The in -
stru ment could be used both as a traditional sector and as an observing instrument.

John Browne was a renowned instrument maker whose working life was spent near
Aldgate initially in Dukes Place (1661) and later in the Minories at the sign of the Sun
Dyal (later the Sphere and Sun Dial, or Sphere and Dial).1198 Browne (sometimes
Brown) was the son of Thomas Brown(e), a joiner and mathematical instrument-
maker.1199 John Browne made baroscopes, barometers and dials, but specialised in
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 1194 idem, p.20 of chapter XIII.
 1195 idem, p.14 of chapter XIII.
 1196 ibid.
 1197 The contents of this section have in part been previously published in the following article:

De Hilster, ‘The Triangular Quadrant...’, in: Bulletin of the Scientific Instrument Society No. 126

(2015), pp.34-41 and in De Hilster, ‘The Navigational Scales of the Triangular Quadrant’, in:
Slide Rule Gazette, Issue 16, Autumn 2015 (Fordham, 2015), pp.94-97.

 1198 Taylor, The Mathematical Practitioners... (1967), p.231.
 1199 idem, p.210.

The author with a spiegelboog reconstruction 
set up for bright sun observations 
(picture A. Twisk).

Figure 159



sectors which he named ‘joynt rules’.1200 Like his father, who is known for his ‘ser-
pentine instrument’ which embodied the principle of the slide rule and could be
used as a theodolite or astrolabe,1201 John Browne had a keen interest in sectors and
in applying them to astronomy, dialling, surveying and navigation.1202 The addition
of a cross-piece between the ends of the sector legs, by which it became an equilat-
eral triangle (see figure 162), and its ability to perform the same tasks as a quadrant
made Browne name his sectors ‘triangular quadrants’ from his 1662 work onwards.1203

Use and diffusion
Gunter rules and sectors, even combined in a single instrument, have been used in
navigation for a long time, usually as a calculation aid.1204 Although they can be
considered navigational instruments (i.e. instruments used in the art of navigation),
it was John Browne who intended to use this sector to actually make observations,
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not only for astronomy and land surveying (see figure 160), but also for navigation.
It was not initially his idea to do so, however, as no reference to that use is given in
his first work on the instrument in 1661 (see table 15).1205 The idea occurred some -
where between this first publication and his second in 1662, with the instrument
now named triangular quadrant.1206 On the title page we read that the instrument was
a “...Quadrant on a Sector[,] Being a general Instrument for Land or Sea Observations:
Performing all the Uses of the ordinary Sea Instruments, as Davis Quadrant, Forestaff,
Crossstaff, [and] Bow...”.1207 Browne thus explicitly stated that it was made to take
observations upon which he elaborates throughout the work.

In 1671 Browne published two new works, both discussing the triangular quad -
rant.1208 They were titled Horologiographia, or, The Art of Dyalling, being the Second
Book of the Use of the Trianguler-Quadrant and The Description and Use of the Trian-
guler Quadrant: being a Particular and General Instrument useful at Land or Sea; both
for Observation and Operation. Horologiographia may have been published first as
its preface is dated 16 February 1670, but as the preface of The Description... is undated
we cannot be sure.1209 Neither work discusses the celestial observation side of the in-
strument as elaborately as his 1662 work. A possible explanation can be found in the
preface of The Description... in which Browne wrote that
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 1205 Browne, The Description and Use of a Joynt-Rule... (1661).
1206 Browne, The Triangular Quadrant... (1662).
 1207 Browne, The Triangular Quadrant... (1662), title page.
1208 The paragraphs up to Construction have not been previously published.
1209 Browne, Horologiographia, or, The Art of Dyalling, being the Second Book of the Use of the Tri-

anguler-Quadrant... (London, 1671), last page of To the Courteous Reader.
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The Business of Navigation, I fear, may prove most defective; for my part, I never yet saw Graves-

end, much less the Streights of Gibralter; but for Observation and Operation, the Instrument

will do as well as any, if well made and applied.1210

So despite being a landlubber he still held his triangular quadrant in high esteem
as a navigational instrument, which can also be deduced from how he introduced
it in his works. On the title page of his 1662 work, Browne wrote that the triangular
quadrant was

...a general Instrument for Land or Sea Observations: Performing all the Uses of the ordinary

Sea Instruments, as Davis Quadrant, Forestaff, Crossstaff, Bow, With more ease, profitableness,

and conveniency, and as much exactness as any or all of them...1211

Although both 1671 works were given new title pages, the first chapter of The Descrip-
tion... was clearly based on the 1662 title as it begins by stating that the instrument
was

...an excellent Instrument for Observations and Operations at Land or Sea, performing all the

Uses of the Fore-staff, Davis-Quadrant, Gunter’s-Bow, Gunter’s-Cross-staff, Gunter’s-Quadrant

and Sector, with far more conveniency and as much exactness as any, or all of them will do.1212

So from a general instrument it had become an excellent one which was now far easier
to use. The 1671 works were the last Browne published. In 1677 William Leybourn
(1626-1716), a well known English land surveyor who also taught the art of naviga-
tion,1213 published a work with a 166-page supplement on the triangular quadrant.1214

This supplement had been written by Browne the year before and also showed the
use of the instrument for celestial observations for navigation.

After Leybourn’s work, only a mathematical dictionary and a few undated trade
cards from Thomas Tuttell (fl.1695-1702, see figure 161) and Fisher Combes (fl.1730-
1737) remind us of the instrument.1215 The Fisher Combes trade card, however, seems
to have been made using one of Tuttell’s as a template, showing the same instru -
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ments in the same arrangement, and therefore may not represent the instruments
in use at that time.1216

As far as is known the triangular quadrant was not described or shown in non-
English period literature.

Construction
The triangular quadrant consists of a sector of two equally long straight boxwood
rulers (called legs) joined by a brass hinge, and a separate straight ruler that could
be inserted into mortises at the end of the sector’s legs.

Several accessories were needed to observe with the triangular quadrant. Three
are shown on the page after the title page of Browne’s 1662 work (see figure 162).
These belonged to the “...four or five sights...” that the instrument should have.1217

In addition it should have “...a Thred [sic.], and Plummet, and Compasses, as other
instruments have...”,1218 and “... a Staff and Ball socket also, if you will be curious and
accurate.”1219 The staff and ball socket was a stand on which the instrument could
be mounted, similar in function to the tripods used in modern-day land surveying
(see figure 161).

The compasses and thread were used to make the calculations with the triangular
quadrant, while the plummet served as a vertical reference during forward observa-
tions on land or at sea (i.e. like a mariner’s or land surveyor’s quadrant). The instru-
ment could, however, also be used in a backward manner like a “... Davis Quadrant,
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 1216 It closely resembles plate 52 mentioned in note 1197.
 1217  Browne, The Triangular Quadrant... (1662), p.4.
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 1219 Browne, The Description and Use of the Trianguler Quadrant... (1671), p.11.

Tuttell’s triangular quadrant with plumb bob,
mounted on a tripod (private collection).
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[...] Crossstaff [sic.], [and] Bow...”.1220 In later instruments, the compasses could be
stored within the instrument as there was “... a sliding Cover on the in-side, when
made hollow, to carry Ink, Pens, and Compasses...”.1221

The sights and plummet could be mounted at several locations on the triangular
quad rant, depending on which of the many possible configurations of the
instrument was used (see figure 163 for the nomenclature). The turning sight was
either placed at the ‘leg center’ [sic.] (also known as ‘foot center’ [sic.]) or ‘head center’
[sic.] (also known as the ‘rectifying point’).1222 The horizon sight was either used on
the inside of the “crosse peece” [sic.] or on the outside of the moveable leg. Finally
the location(s) for the objects sight(s) were the object sight centres at the end of the
head leg and moveable leg, and the 0, 10, 20, and 30-degree marks on the cross-piece.
A plummet could also be suspended from a pin in the leg centre of the head leg.

The five sights consisted of one “turning sight”, one “(sliding) horizon sight”, and
“...the object (or shaddow [sic.]) sight, of which there be 3. all differing according to
your use and occasions: one to slide to any place, the other 2. to be put into certain
holes...” which were made for the purpose in the instrument.1223 From their descrip-
tions it is hard to tell which of the sights depicted in figure 162 correspond to these
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1220 Browne, The Triangular Quadrant... (1662), title page.
 1221  Browne, The Description and Use of the Trianguler Quadrant... (1671), p.259.
 1222 Browne used the spelling ‘center’, which is now considered the American spelling of this word.
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Left (Figure 162): The triangular quadrant with three of its sights according to Browne (London,
1662) © British Library Board. All Rights Reserved (Shelfmark 1136.f.45. (2.). Right (Figure 163): The
parts of the Triangular Quadrant with annotation in period spelling (illustration by the author).
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four types of sights and how they were constructed.1224 The construction of the
upper right sight is the most obvious and very similar, apart from the large aperture,
to those found on Davis quadrants. The construction of the sight depicted at the
upper left is less clear, while the construction of the lower sight leaves much room
for interpretation.

Each sight had a hole in it with a “...crosse bar and button...”.1225 By the time Browne
applied this type of sight it was already old and can be found on early geodetic in -
struments, a good example of which is in the Museum of the History of Science in
Oxford as part of an alt-azimuth theodolite made by Humphrey Cole in 1586 (see
figure 164). As far as I know, however, it is not found on any other navigational in -
strument, so a maritime origin of this type of sight seems to be unlikely. From the
illustration in figure 162, it seems that at least one sight (the one at the upper right)
also had a peep hole, while the text indicates that at least two (and thus perhaps
all) sights had this combination. Browne wrote that one could “...remove the object
sight nearer the turning sight, and then let the sun beams pierce through both the
small holes...”.1226 From figure 162 it also seems that the sight shown upper left had
a second cross-bar and button at its lower right edge, but this feature is not described
in any of Browne’s works.

The only known sights of this type were made of brass or bronze, so Browne
may have used that material to produce his sights, especially as his instrument does
not seem to follow the tradition of navigational instruments.

By using the cross-bar and button type of sight, the triangular quadrant used
Harriot’s type of shadow-casting. Using the same type of sight as a horizon vane also
indicates that alignment with the horizon was done in a Harriot fashion as well.
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 1224 It is assumed that the one at the upper left is the turning sight, while the one at the upper
right is the sliding horizon sight.

 1225 Browne, The Triangular Quadrant... (1662), p.9.
 1226 idem, p.12.

A cross-bar and button sight by 
Humphrey Cole (Courtesy Museum 
of the History of Science, University of Oxford,
inventory number 55130).
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There is, however, a major difference between the triangular quadrant and other
Harriot shadow-casting instruments. In other instruments the sight, or rather vane,
that produces the shadow is always parallel to the vane that receives the shadow, while
with the triangular quadrant this angle depends on the observed altitude. The width
of the shadow cast by the object sight (Browne actually named it “...object or shadow
sight...”1227) changes according to the angle at which the sun’s rays hit it. This changing
angle may negate the advantage of the double-sided shadow method, depending
on how the cross-bar and button sights were constructed. If round in cross-section,
the shadow of the cross-bar and button would remain uniform throughout the
observed altitude range, but it would otherwise be affected by the thickness of the
material. Nevertheless, the acute angle at which the sun passed through the sight
would have limited the observable angle, especially if the sight was made of thicker
material such as wood. The illustrations of the vanes do not, however, reveal how
this was solved in the triangular quadrant, but as the instrument originates from
land surveying, we may assume that the sights were made of brass.

A final remark concerns the orientation of the triangle when used for backward
observations. The only other triangular navigational instrument in the west was
the Dutch hoekboog. First discussed in 1623, it consists of two isosceles triangles,
each with a graduated limb (see figure 165, right).1228 The smaller of the two triangles
was equilateral and was therefore similar to the triangular quadrant. As can be seen
in figure 165, however, it was oriented with one of its sides towards the sun rather
than facing away from it. As a result, the shadow vane was always oriented to within
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 1228 De Hilster, ‘The Hoekboog...’, pp.20-33.
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to Blaeu (Amsterdam, 1625, collection Het Scheepvaartmuseum, Amsterdam, inv.no. A.0120).
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30 degrees of the direction to the sun’s rays. With the triangular quadrant, the shadow
sight was placed on the cross-piece oriented in the direction of the sun. There is no
indication that the shadow sight could be turned towards the sun and consequently
it would have been oriented between 60 (or 30 when using one of the alternative
locations mentioned in proposition V) and 83 degrees relative to the sun’s rays. It
is not known whether Browne was familiar with the hoekboog, so we may only guess
why he took this approach. Perhaps it was to make it a better in strument than com -
petitors. As mentioned before Browne wanted readers to believe that observations
with the triangular quadrant could be made with “...more ease, profitableness, and
conveniency [sic.], and as much exactness as any or all of them [the Davis quadrant,
fore-staff, cross-staff, and bow]”. So far no recon struc tion has been made and tested
in the field, but from experience with other replicas and reconstructions, it is possible
to assess whether or not the triangular quadrant would indeed have been a better
in strument.

Based on the shadow-casting method, it is fair to say that the triangular quadrant
was potentially a more exact instrument than the Davis quadrant and mariner’s
bow, since these were both based on the Hood type of shadow-casting method (i.e.
using single-sided shadow-casting). When used in a forward fashion with the cross-
piece and head centre sight in place it would also potentially perform more exactly
than the fore-staff as the likelihood of ocular parallax would have been less. Whether
or not it would have been more exact than the cross-staff would depend on the
latter’s configuration. When used in a backward fashion with two brass shoes, the
mariner’s cross-staff may performed better, depending on the construc tion method
of the shadow sight of the triangular quadrant. Being a larger and thus heavier
instrument the triangular quadrant would not have performed (much) better than
the mariner’s cross-staff and was certainly not more convenient.

Although potentially more accurate than the fore-staff the triangular quadrant
would have been more cumbersome in a forward fashion when observing large
altitudes, since the observer would need to displace his eye vertically to look through
the head centre sight while trying to observe both the horizon and a celestial body.
It would have been as unwieldy as the mariner’s bow due to their similar sizes, while
it is hard to imagine it to be (much) easier to use than the Davis quadrant, an in -
strument prized by modern-day users for its ease of use.1229 Depending on its size,
the triangular quadrant would have been equally or less easy to use than the mariner’s
cross-staff.

Overall, we may expect the triangular quadrant to perform quite well when used
in a backward fashion. Quality-wise we may expect it to end up somewhere among
the Harriot type instruments.
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to use.



Scales
Triangular quadrants were based on a sector and came with a variety of scales. As
many as 41 scales and two tables could be found on the two legs of the sector.1230 The
number could vary as “...there may be more or lesse as your use and cast will please
to command...”.1231 Only two of these scales were used for observations.1232 One was
the line of natural sines (see below under Proposition III), the other the altitude scale.
This scale would run from approximately 15 to 87 degrees and was divided, depending
on the size of the instrument, to between 10 and 30 arc-minutes.

Dimensions
Triangular quadrants could be as small as 6 inches.1233 In 1662, Browne wrote that
the navigational ones measured between 24 and 36 inches, while nine years later
he increased the range to 18 to 36 inches (457-914 millimetres).1234 The dimensions
of the sights are not specified.

Using a triangular quadrant
There were twelve basic set-ups for the instrument, each for a specific use. The set-
ups are explained in twelve propositions, although there are no further illustrations.
The first proposition explains its mathematical use as a sector and is not further
discussed here.1235 The other eleven propositions, numbered with Roman numerals,
with the 4 in the additive form (i.e. 4 is written as IIII instead of IV), all deal with
observational functions. The last three are variations of functions already discussed,
but instead of observing the celestial body’s altitude, the observer’s latitude is directly
observed by setting one of the sights at the current declination. Another two propo-
sitions show only minor variations in the set-up and are thus dealt with within a
single illustration. The seven remaining set-ups are explained below in six illustra-
tions. The instrument could also be used on a tripod (see figure 161), but as this was
for land-surveying, it will not be further discussed here.

Proposition II
The first proposition for observational purposes is number II (see figure 166), “To
find the Suns or a Stars Altitude, by a forward Observation.”1236 A turning sight (‘TS’
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 1230 Rudowski, ‘The Triangular Quadrant’, p.34.
 1231  Browne, The Triangular Quadrant... (1662), pp.2-3.
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 1234 ibid and Browne, The Triangular Quadrant... (1662), p.2.
 1235 For extensive discussion of the scales of the triangular quadrant see: Rudowski, ‘The Triangular

Quadrant’, pp.31-39 and Rudowski, ‘The Triangular Quadrant - an Amendment’, pp.88-93.
 1236 Browne, The Triangular Quadrant... (London, 1662), p.7.



in figure 166) is attached at the ‘head centre’ (see figure 163 for the nomenclature),
an object sight (‘OS’ in figure 166) to the end of the ‘head leg’, and a horizon sight
(‘HS’ in figure 166) to the inside of the cross-piece. The horizon sight is then slid
up and down until both the horizon and the sun can be seen through their respective
sights, and the turning sight.

Proposition III
The third proposition was also for forward observations (see figure 167). Object
sights were placed in “...two holes at the end of the line of naturall signs...” (the holes
that would normally take a pin or sight to fix the mortise and tenon joints when the
cross-piece is attached).1237 For this proposition the instrument was used without the
cross-piece and was thus used as a sector. The ‘Center’ (this time the actual centre of
the hinge) was held next to the eye, with no sight at this location, then one had to
“...open or close the Joynt, till you see the horizon through one sight, and the sun or
star through the other...”.1238

Proposition IIII
Proposition IIII described his first set-up in the backward manner (see figure 168).
A turning sight was set at the ‘leg centre’, while a fixed or sliding “...object or shadow
sight...” was set at the 0 mark on the outside of the cross-piece.1239 Finally the sliding
horizon sight was set on the outside of the ‘moveable leg’ and observations could
be made by casting the shadow of the object sight onto the turning sight, while at
the same time the horizon had to be observed through the horizon and turning
sight.1240 It was difficult to take near-zenith observations with this method, some -
thing Browne solved in the next proposition.

Proposition V
The difficulties arising from near-zenith observations for the backward use of the
instrument was solved in proposition V (see grey parts in figure 168) by setting the
fixed or sliding object sight “... to a hole or two further as suppose at 10, 20, 30 degrees
more, towards the further end of the crosse peece [sic.] and then observe as you did
before in all respects, as with a Davis quadrant...”.1241

Proposition VI
This proposition (see figure 169), allowed forward measurements using the sun’s
shadow. Previously only the mariner’s astrolabe worked in this way. The object sight
was set in its hole near the end of the head leg, the turning sight at the leg centre and
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 1239 idem, p.9.
1240 ibid.
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Left: (Figure 166): Proposition II. 
Right: (Figure 167): Proposition III (both illustrations by the author).
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Left: (Figure 168): Propositions IIII and V. 
Right: (Figure 169): Proposition VI (both illustrations by the author).
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Left: (Figure 170): Proposition VIII. 
Right: (Figure 171): Proposition IX (both illustrations by the author).
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the horizon sight sliding along the moveable leg. It would have been impossible to
observe altitudes larger than about 73 degrees in this configuration (see figure 169),
so Browne hastened to say that this method was limited to altitudes up to about 60

degrees.

Proposition VII
This proposition added to the previous one “...that by adding of a peece of about 9
inches long on the head leg, whereon to set the sliding shadow sight, you may obtain
the former convenience of all angles...”.1242

Proposition VIII
This and the next proposition were “To find an observation by thred [sic.] and
plummet, without having any respect to the horizon, being of good stead in a misty
or cloudy day at land or sea.”1243 The first method was for observing altitudes up to
60 degrees (see figure 170). An object sight was set at the end of the moveable leg,
the turning sight at the head centre, and the plummet attached to a pin at the leg
centre. Now the instrument was essentially used as a 60-degree quadrant.

Proposition IX
For altitudes above 30 degrees, the object sight was placed at the end of the head leg
and again the instrument was used like a 60-degree quadrant, now allowing altitude
observations between 30 and 90 degrees (see figure 171).

Propositions X-XII
The final propositions allowed one to directly observe latitude instead of altitude.
This was accomplished by setting one of the sliding object sights to the current de-
clination on the cross-piece and using the sliding horizon sight on the ‘moveable
leg’. Proposition X explains how to take the latitude in a forward manner like Propo-
sition II. Proposition XI does the same for the backward manner discussed in
propositions IIII and V, while proposition XII shows this for the plummet method.

The propositions analysed
The various propositions are well explained, except proposition VII as discussed
below. The text gives a good impression of the instrument’s capabilities, which
helps in analysing the possible accuracy of the instrument.

Technically, proposition II is an accurate method for measuring altitudes, as the
turning sight in the head centre forces the observer to use the head centre as the
centre of observation. If properly laid out, the scale on the inside of the cross-piece
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 1242 idem, p.11, see below for a further analysis of this proposition.
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will correspond with the head centre, and thus angular error due to the displace ment
of the eye, known as ocular parallax, is avoided. The main issue, however, is to focus
on both the horizon and the celestial object at the same time, especially when observ -
ing high altitudes from a moving vessel. By the end of the sixteenth century this
problem was already well know for the mariner’s cross-staff. The recommendation
was not to observe altitudes above 50 degrees, for which the mariner’s astrolabe was
used instead.1244 At the end of the sixteenth century, the introduction of the back -
 staff solved this issue by turning the observer around and letting him measure the
sun’s altitude using shadows, allowing easier and more accurate observations.1245

When used in the configuration of proposition III, the instrument looks similar to
those used by Arab scholars like Ibn Sinâ (d.1037) and Nâsir al-Din al-Tûsî (1201-
1274).1246 It is, however, not known whether Browne was familiar with their works,
even though their works did spread into Europe and were already known to Coper -
nicus when he wrote De Revolutionibus in 1543.1247 Coincidentally, one of the oldest
known navigational instruments used by the Arab navigators was also triangular
in shape, but made of brass or bronze.1248 Its exact construction and use is unknown,
however, and it is therefore impossible to compare it to the Triangular Quadrant.
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1244 Bourne, A Regiment for the Sea... (1577), ff.26r-27r.
 1245 De Hilster, ‘Master Hood’s cross-staff...’, pp.10-17, De Hilster, ‘The Demi-cross...’, pp.30-41, De

Hilster, ‘The Early Development of the Davis Quadrant’, pp.14-22.
1246 Tekelfi, The Observational Instruments of Istanbul Observatory (Manchester, 2005), p.11, Al-

Khalili, Pathfinders, The Golden Age of Arabic Science (London, 2010), pp.213-219. For an illus-
tration of al-Tusi’s instrument see Fatimi, ‘History of the Development of the Kamal’, pp.287.

 1247 Al-Khalili, Pathfinders..., pp.218-219.
 1248 De Barros, Ásia de Joam de Barros... (1552), f.46v. De Barros, Decada primeira... (1628), f.72v.
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Not using a (turning) sight at the centre in proposition III introduced the risk of oc-
ular parallax. In addition, the way Browne described the method of determining
the angle observed was mathematically incorrect. He wrote that using a compass one
should “...take the parallel sign of 30 and 30 [of the lines of natural sines on both legs],
and measure it from the Center [of the hinge], and it shall reach to the sign of half
the angle required [on the line of natural sines]”.1249 The resulting angular error ex-
ceeds a whole degree at around 35 degrees aperture (see figure 172). It could well be
that Browne was aware of this, since he proposed using this method only when “...
an altitude be required to be had quickly...”.1250

The deficiencies of the forward observation method allowed backsight instruments
to gain in popularity during the seventeenth century, and by the time Browne was
writing the Davis quadrant had become very popular. It was perhaps this growing
popularity of the Davis quadrant that led Browne to modify his triangular quadrant
into a backsight instrument as well.

The configuration in proposition IIII was limited for near zenith observations,
as one ran out of space on the moveable leg scale. When observing altitudes of
about 90 degrees, the horizon vane would have to be placed near the hinge, but the
scale of the moveable leg does not go beyond about 87 degrees (see figure 173).

Proposition V solved the problem for near-zenith observations, but nothing is
said about the other direction (the near-horizontal) in proposition IIII, where one
is limited to a minimum altitude of about 17 degrees (see figure 168). This minimum
angle is about 50% more than the minimum angle that could be observed using other
back-sight instruments.1251 Perhaps there some additional holes in the opposite
direction in the cross-piece to allow for lower altitude observations, but these are
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1249 Browne, The Triangular Quadrant... (1662), p.8.
 1250 ibid.
 1251  De Hilster, ‘The Spiegelboog...’, p.9.

The altitude scale near the hinge on 
the moveable leg of the 30” Triangular
Quadrant at the Museum of the History of
Science in Oxford (picture by the author).

Figure 173



not mentioned in proposition V and, as no cross-pieces are known to have survived,
this issue remains unresolved.

The forward shadow-casting method mentioned in proposition VI was limited to
altitudes up to 60 degrees, but one might question whether it really worked for
lower altitudes. In order to produce a properly cast shadow, the turning sight had
to rotated so as to bisect the sun’s altitude. The lower the sun, the more difficult it
would be to cast a visible shadow on it, while one had to try to distinguish that shadow
while looking towards the sun.

The solution given in proposition VII, to add 9 inches to the head leg in order to
extend the angular range of the forward shadow casting method up to 90 degrees, is
rather unclear. Adding the extra 9 inches in the direction of the head leg does not
change the maximum observable angle. Perhaps Brown meant to add the additional
length to the moveable leg so that the horizon vane could slide further up, but with
a 30-inch instrument, like the one in the collection of the Museum of the History
of Science in Oxford, this would still not be sufficient to observe an altitude of 90

degrees, even less so for the larger instruments Browne suggested. Alternatively, the
additional piece may have been set at an angle to the head leg, although this would
complicate the design and so seems unlikely. It seems therefore that Brown mistakenly
wrote head leg, when he meant the moveable leg. Adding an extra 9 inches to the
moveable leg would also have solved the minimum observable angle, as discussed
in proposition V, but this was not mentioned by Browne.

4.3.9 The plow (f.l. 1669)
In 1669 John Seller (1658-1698) described an apparently new instrument. It was called
the plow and consisted of a staff with an arc attached to one end, a transom with two
vanes and a third vane on a half-transom (see figure 174). As will be shown below,
the instrument could be used in various configurations.

Although it was the first time the plow was depicted and named, Seller states that
“This Instrument was antiently in use among Mariners, although at this day it is not
so commonly used as formerly...”.1252 He also noted there was “...an improvement of
the Plow, whereby […] there is a long Transum […], four square, fitted to slide upon
the Staff of the Plow.”1253 Which ancient instrument Seller was referring to becomes
clear if we remove this newly added transom, turn the staff over and tilt it by 45 de-
grees (see figure 175).

In this configuration the instrument resembles John Davis’ improved version of
his 90-degree backstaff, as shown in Metius’ 1614 work.1254 The only difference with
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Davis’ instrument is that whereas he had the shadow vane on the half-transom and
the sight vane on the arc, the plow has these vanes interchanged, like the Davis
quad rant. It should be noted that the instrument is only shown this way in figure
175 to show its resemblance. According to Seller, it would not have been used in this
manner, as discussed below. Indeed, its operation was so different that, even though
the plow resembles Davis’ 90-degree backstaff, it was less accurate, and so is treated
as a different instrument.

Use and diffusion
The plow was discussed and/or illustrated in works between 1669 and 1683 (see table
16). Most of these were editions of Seller’s Practical Navigation (11) and An Epitome of
the Art of Navigation (2). It was also discussed and illustrated in the second volume
of Moore’s A New Systeme Of The Mathematicks in 1681 (see figure 176).1255 All refer-
ences to the plow were thus in English works.
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 1255 Moore, A New Systeme... (1681), pp.245-246.

Left (Figure 174): Seller’s plow (collection Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(704)).
Right (Figure 175): Seller’s plow without the transom (at right, illustration modified by the author)
compared to Metius’ version of John Davis’ 90-degree backstaff (Het Scheepvaartmuseum, Amster -
dam).

Moore’s 1681 plow 
(collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(688)).

Figures
174-175

Figure 176



Moore referred to the instrument in the more modern spelling of Plough, and, after
Seller, he wrote that “This Instrument is Antient though now not much used.”1256 The
accompanying figure resembles Seller’s, having the same characters (and a few extra)
in the same positions in the illustration.

Seller’s An Epitome of the Art of Navigation only shows the instrument on the fron -
tispiece (it is not discussed), which is an almost exact copy of the frontispiece of
the second edition of Practical Navigation published in 1672. This frontispiece was
used for all editions of Practical Navigation until at least 1718, even though the in -
strument was no longer discussed by then.1257 Being copies, the various editions of
Seller’s Practical Navigation seem not to be the best indicator of the continued use
of the plow.

Nevertheless, there are major differences between the first and later editions of
Practical Navigation. Among other changes, the number of instruments discussed
decreased over time (see table 17). It should be noted that I have been unable to verify
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 1256 idem, p.245.
 1257 The editions from 1699 onwards were published posthumously and lack an edition number,

hence the “-” in the edition row of table 17.
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Seller, J. Practical Navigation... ���� EN/EN ITD

Seller, J. Practical Navigation... ���� EN/EN ITD

Milliet Dechales, C.-F. L' Art de Naviger... ���� FR/FR IT

Seller, J. An Epitome of the Art of Navigation ���� EN/EN I

Moore, J. A New Systeme... ���� EN/EN IT

Seller, J. An Epitome of the Art of Navigation ���� EN/EN I

Seller, J. Practical Navigation... ���� EN/EN ITD

Seller, J. Practical Navigation... ���� EN/EN I

Seller, J. Practical Navigation... ���	 EN/EN I

Tuttell, T. Trade Card ���
 - ���� EN/EN I

Seller, J. Practical Navigation... ���� EN/EN I

Seller, J. Practical Navigation... ���
 EN/EN I

Seller, J. Practical Navigation... ���� EN/EN I

Seller, J. Practical Navigation... ���	 EN/EN I

Seller, J. Practical Navigation... ���� EN/EN I

Stone, E. A New Mathematical Dictionary... ���� EN/EN T

Stone, E. A New Mathematical Dictionary... ��	� EN/EN T
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the works from 1680, 1705 and 1711, and have therefore marked their cells in grey, as-
suming that the contents of these works are the same as their preceding and following
editions. Likewise I have not been able to see the post-1718 editions, which are there-
fore not listed in the tables.1258 In 1669, Seller showed and described the mariner’s
cross-staff, Davis quadrant, cross-bow quadrant, plow, removing quadrant and
mariner’s astrolabe. This gradually reduced, with the 1689 edition only dis cussing
the mariner’s cross-staff and Davis quadrant. The fifth edition of 1683 still discussed
the plow, now named Plough, possibly under the influence of Moore.1259 Subsequently
the plow was only shown on the frontispiece.

Apparently Seller thought it worth keeping the plow in his work until 1683, although
the cross-bow quadrant, removing quadrant and mariner’s astrolabe were no longer
worth including. Edmund Stone’s first edition of A New Mathematical Dictionary
states that the instrument is “...much esteem’d by many Artists.”1260 This may indicate
that the instrument was still used at sea at this time, but there is no other supporting
evidence.

Although it is likely that the plow is what Davis called his 90-degree backstaff,
no period work refers to him as its inventor.

There is one additional source that deserves mention: The ship badge of the HMS
Mariner, an Algerine-class minesweeper.1261 The design of this badge consists of a
ring of rope with a crown composed of two square-rigged sails, two half hulls and
a full hull seen from the stern (see figure 177). In the centre a mariner’s astrolabe is
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 1258 These are the 1723, 1730 and 1739 editions.
 1259 The fourth edition of 1680 might shed further light on this.
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suspended from a cross formed by a mariner’s cross-staff with two transoms and
a plow.

Before 1919, these badges were “unofficial”; afterwards they had to be approved and
conform to a certain type.1262 In this case, it was sent or designed by Arthur Cochrane
on 26 October 1945 and passed as “sealed” (i.e. approved) four days later and thus is
not of the period the instrument was used.1263

Construction
An example in the Admiralty Boardroom in London, indicates how the instrument
was constructed. It is part of ornamental carvings around the fireplace, with the
instrument described as a “backstaff-quadrant” by Alan Stimson in 2005 (see figure
178).1264 This backstaff-quadrant resembles the plow, and the one remaining vane
resembles the sight vane shown in period literature. With the plow being a direct
descendant of Davis’ 90-degree backstaff, the instrument in the Admiralty Board -
room is the closest relative of Davis’ original instruments.

The carvings were made by Rotterdam-born (of English parents) Grinling Gibbons
(1648-1720).1265 They were made in 1695 for the old palace of Whitehall, on the site of
the current Admiralty Building.1266 The carvings were moved from the old to the new
building and were almost destroyed during the Second World War.1267 As a result, the

NAVIGATION ON WOOD356

 1262 Stopford, Admiralty ships badges... Vol. 1 Abdiel – Lysander (Rochester, 1996), pp.i-ii.
 1263 Stopford, Admiralty ships badges... Vol. 2 Mackay – Zulu (Rochester, 1996), p.271. The first HMS

Mariner was a 12 gun brig, launched in 1801 and so also not of the period.
1264 Stimson, ‘The Old Admiralty Boardroom carvings’, in: Akveld (fin.ed.), Koersvast..., pp.115-129.
 1265 idem, p.118.
1266 idem, pp.115-117,129.
 1267 idem, p.117.

The badge of HMS Mariner 
(collection of and picture by the author).

Figure 177



carvings have been rearranged several times, with parts possibly lost, especially loose
ones like the vanes, or reassembled incorrectly.1268

Stimson has written that

The nautical instruments appear to have been copied in some detail from actual instruments. They

may well have been carved in sufficient detail and proportion as not to offend the professional

expertise of the naval persons who were bound to examine them when assembling in the Board -

room.1269

By kind invitation of the Registrar of the Ministry of Defence Art Collections,
Charlotte Henwood, I was able to visit the Admiralty Boardroom in May 2010. A
comparison of the Davis quadrant in the carvings with one of my replicas showed
their verisimilitude (see figure 179).

NEW INSTRUMENTS FOLLOWING THE CHANGE 357

 1268 A Davis quadrant on the left-hand carvings has an octant index arm fitted to its central strut.
1269 Stimson, ‘The Old Admiralty Boardroom carvings...’, p.119.

Left (Figure 178): The instrument from the Admiralty Board Room (the plow has been digitally
high lighted to make it stand out). Right (Figure 179): Two replicas compared (both pictures by the
author).

Figures
178-179



Edmund Stone’s A New Mathematical Dictionary states that the plow was “...made
of Pear-tree”,1270 but being an old instrument and similar in design to the Davis
quad rant, it may be that the plow was made of two types of wood with brass for
the springs and aperture hole in the sight vane. The woods chosen were generally
ebony, lignum vitae or rosewood for the frame and a fruit wood or boxwood for the
arcs. The surviving example is, like the rest of the carvings in the Admiralty Board -
room, made of oak.

The parts of Davis quadrant frames were held together with steel or brass pins,
at times decorated with brass, silver or ivory diamonds. The same may have been
true for the plow.

The plow is a hybrid of two instruments. The horizon vane end is similar to the
equivalent part of a Davis quadrant, while the rest of the instrument resembles a
mariner’s cross-staff with vanes. The quadrant end consisted of an 85-degree arc
attached to the staff by a joint on one side and a strut on the other. Like the Davis
quadrant, these parts may have been fixed using metal pins. The plow in the Ad -
miralty Boardroom was cut from a single piece, but that would not have been the
case for a real instrument.

The cross-staff end of the instrument consisted of a staff, along which a transom
or a half transom with vane could slide. Both the transom and half-transom could
be removed. The instrument’s use was determined by which of the two was deployed.

The plow had “... a Horizon and Shadow Vane, (to be used as in the [Davis] Quad -
rant), and a Sight Vane moving upon the Staff […] likewise there is a Sight Vane (like
that of the [Davis] Quadrant) fitted to slide upon this Transum;”.1271 As discussed
above and in section 3.4.2.3 – John Davis’ back-staffs, Davis’ 90-degree backstaff had
the sight and shadow vanes interchanged. Davis’ arrangement of the vanes meant that
his instrument could function with Harriot’s double-sided shadow-casting method.
By contrast, the plow had the shadow vane running around the arc and could not be
used with Harriot’s shadow-casting method. Instead, it used Hood’s single-sided
shadow-casting method. As the horizon vane had to be used in the same way as the
Davis quadrant, we may assume it used Hood’s method as well.

When I visited the Admiralty Boardroom the plow in the carvings had only a single
vane. It appeared to have been broken in two parts, one piece still mounted on the
staff, the other resting in a void next to it. The two pieces were carefully removed by
Charlotte Henwood for further inspection and later restoration. The vane is shown
in figure 180, loosely assembled.
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Closer inspection showed that the side of the vane (the short leg of the ‘L’) has the
remains of a V-type aperture, so the width thus must have been larger and a third
piece was missing. This third piece could not be located and the wear on the edges
of the vane indicate that it had been broken a long time ago.

It is difficult to gauge the width of the original vane since no horizon vane was
found. A possible reconstruction is shown in figure 180. It appears that this vane
was the half-transom with an attached vane as shown in the illustrations by period
authors, further supporting the hypothesis that the backstaff-quadrant was indeed
a plow. Being of a later date or due to artistic licence, the half-transom with attached
vane was reduced to an L-shaped single vane.

Scales
The plow had scales on various parts. According to Seller, there was a scale on the

...small Arch that is divided into 85 degrees; [while] on the side of the Staff are set off the

Graduations proper to the Plow, beginning at 5 deg. and increasing to 10 degrees towards the

Arch, every degree divided actually into single minutes.1272

     […] upon the outside of this transom, are drawn seven cross lines, six of which are noted

with the figure 30, 60, and 90, and one with the word Vane; upon the longer (which is the lower)

part of this Transom are drawn several divisions, numbred with 5 10, etc. and proceeding to 20

degrees upwards towards the Staff; [...] the spare sides of the Staff, are divided into degrees and

minutes, after the manner of the Cross-Staff...1273

Seller also wrote that the scale had its “...divisions figured with 5, 10 &c. at the upper
end of the Arch, to 85 at the lower end...” and that “...the Sum [with the scale reading
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One of the vanes of the plow from the
Admiralty Boardroom, the inset shows
the start of the slit aperture of the
missing part (indicated with arrows)
(picture by the author).

Figure 180



of the sight vane] is the Compliment of the Altitude, or the Sun’s distance from the
Zenith.”1274

This, however, could not have been how it was engraved. If the lower half of the
transom had divisions running from 5 degrees at the bottom to 20 degrees closer
to the staff, the instrument would not be able to measure zenith distances of zero
degrees, as one had to add the values on the two scales. It could be that each scale
started at zero degrees and that Seller did not mention those graduation marks, as
zero was still a difficult concept, but then the zero-degree mark on the arc must have
been at a location not perpendicular to the staff. With a range of 20 degrees on the
transom the zero-degree mark on the arc could be no further away than 70 degrees
from the staff, which is not the case if we look at Seller’s illustration (see figure 174).
In addition, Seller mentioned that the scale along the staff was divided for altitude
instead for zenith distance, as seen above.

In order to use the instrument for altitudes up to 90 degrees (zero degrees zenith
distance), the arc should thus be divided with zero degrees at the staff up to 90 degrees
towards the end of the arc, while the lower half of the transom should have the figures
starting near the staff at zero degrees and increasing towards the lower end of it.
With the shadow vane at 85 degrees altitude and the sight vane at 5 degrees, a zero-
degree zenith distance could be achieved.

As will be shown below, there are further contradictions in Seller’s text. Moore was
the only other writer on the plow, but he did not go into numerical detail.

The plow in the Admiralty Boardroom is divided for altitudes and has its arc divided
to 90 degrees at whole degree intervals with the 90-degree mark at the top and zero
degrees at the centre of the staff (see figure 181). Over the years the arc has been broken
and repaired on at least four places, the strut in at least six places. Possibly as a result,
and as a result of being created from a single piece of oak, the centre of the arc no
longer lies on the centre of the staff, while the 90-degree division mark no longer
has a 90-degree position and orientation.

Using photogrammetry I researched the shape of the instrument. From these
measurements, the current position of the 90-degree graduation mark was found
to be at 88.8 degrees, while its orientation is 83.6 degrees relative to the staff. The outer
radius was found to be 229.4 millimetres, which is almost exactly 9 inches (228.6 milli -
metres). The centre of the arc no longer lies at the centre of the lower end of the
staff, where it ought to be, but has moved to the side opposite the arc, as if the strut
had been shortened by approximately 12 millimetres. The current lower end of the
staff seems to have been close to the original centre of the arc, even though its shape
seems to indicate that it has been shortened. According to the measurement, the centre
of the arc was located approximately 6 millimetres before the end of the staff, but no
punch mark or hole, which had to be used to set out the curves, was found there.
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It could well be that, as a result of the many repairs, the arc is now in a different
location, something that seems to be the case when looking at the scale on the staff.

The staff of the plow in the Admiralty Boardroom shows divisions into six sub-inter -
vals, which have in turn been divided into four parts (see figure 182). Seller wrote that,
“on the side of the Staff are set off the Graduations proper to the Plow, beginning
at 5 deg. and increasing to 10 degrees towards the Arch, every degree divided actually
into single minutes”.1275 The major intervals in the Admiralty Board room plow are
numbered 8, 9, 10, and 12 (the line that should have 11 is behind another carving
and could not be checked). The lowest available graduation is at 7½ degrees and,
not being a whole degree mark, is not numbered. The sub-intervals thus indicate
10 arc-minutes. As each is divided into four, the finest interval is 2½ arc-minutes.
This seems odd, but could be the result of poor understanding of this scale by the
artisan or due to an attempt to reduce the work.1276 The section between 8 and 9
degrees has been accidentally divided into 26 parts, when it should have been 24 (6 x
4 divisions), which is another indication of poor under standing.1277
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 1275 idem, p.215.
 1276 In most straight-line instruments it is not uncommon to have the major intervals at 5 or 10

degrees and to divide the whole degrees (which are then the sub-intervals) into four parts of
each 15 arc-minutes.

 1277 This could not be checked for the other two major intervals as that part of the scale runs behind
carved drapery.

The arc of the Admiralty Boardroom plow
(picture by the author).

Figure 181



In the photogrammetric process, the four whole-degree graduation marks and the
7½-degree graduation mark at the start of the scale were analysed. This resulted
into a vane height of 66.7 millimetres, which is close to the height of the surviving
vane’s aperture of 69.8 millimetres, especially when we realise that this measurement
was taken with the two broken parts loosely assembled.1278 The accuracy of the five
graduation marks was found to be 50 arc seconds (0.83 arc-minutes at 68% confidence
level, 1s). The error along the staff of the scale’s origin (known as the eye-error for
the mariner’s cross-staff) is, however, approximately 45.5 millimetres, with the proper
origin of the scale being beyond the lower end of the instrument. This would mean
that, although the vane is the correct length, it could not be used in combination with
the current placing of the arc. So either the scale was laid out for the wrong length of
staff, or the staff has been shortened and the arc has been re-mounted to the staff
45.5 millimetres from its original location.
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 1278 Most likely this was 2¾ inch or 69.85 millimetres.

The scale along the staff of the plow 
in the Admiralty Boardroom
(picture by the author).

The irregular lower end and
disappearing decorative lines of 
the Admiralty Boardroom plow. 
At the upper right the end of a sector
sits in front of the plow (picture by 
the author).

Figure 182

Figure 183



There is a small chance that the numbering along the staff is incorrect, so that the
artisan started with the wrong number and continued doing so for each whole
degree.1279 Using a range of 6.5-11 degrees (instead of the 7.5-12 arc-minutes marked)
in the calculations resulted in a good fit as well, but now for a vane height of only
53 millimetres (just over 2 inches). The accuracy of the graduation marks for this
solution is 90 arc-seconds (1.50 arc-minutes at a 68% confidence level, 1s), slightly
less accurate than the first solution, although a vane of this length is not present.
However, this second calculation gives an eye-error of only 2 millimetres in the
direction of the arc’s centre and could thus have been used in combination with
the current placement of the arc. But as the second calculation has a slightly less
accurate best fit, it seems more likely that the scale was properly marked, but that the
origins do not (or no longer) coincide.

Other facts supporting the hypothesis of the staff being shortened are the irregular
shape of the lower end of the staff (the upper end has a pyramid shape similar to
historic mariner’s cross-staffs), the missing decorative lines around the place where
the strut of the arc meets the staff, as if they have been ground away (see figure 183),
and the much shorter overall length than specified by Seller (see below). These
indicate a major repair, especially remembering how closely the Davis quadrant in
the carvings resembled a real instrument. The lower end of the staff also lacks a
tenon to receive the horizon vane. Although that could be the result of shortening,
it is consonant with the equivalent end of the staff of the Davis quadrant in the
carvings, which also has no tenon (but does have a smooth finish).

Alternately, the discrepancies between the arc, vane, and straight-lined scale are
because there was no relation between them in the first place, and the scale was
meant to be used in combination with a no longer extant transom or a different
vane. This would not explain the presence of the sight vane, however, for which no
scale, or even instrument, would then be present.

Dimensions
Seller writes that the length of the staff of the plow was “two foot and an half long,
or three foot at the most;” (762-914 millimetres).1280 The diameter of the arc, length
of the transom, and length of the vanes are not specified. Based on the length specified
by Seller and the ratio in his illustrations, the transom in Seller’s illustration would
be approximately 1½ foot (457 millimetres). Likewise, the radius of the arc would be
approximately 8 inches (203 millimetres).

The Admiralty Boardroom plow has an overall length of approximately 580 milli -
metres (1 foot, 10 inches), which is much less than that given by Seller and adds to
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 1279 I have seen this on other navigational instruments, although never for a whole scale, only for
a single annotation.

1280 Seller, Practical Navigation... (1669), p.215.



the suggestion that the instrument was shortened. If indeed the 45.5 millimetre eye-
error was the result of shortening, the instrument would have been just over 2 foot
in length, still on the short side.

The sight vane is approximately 108 millimetres in length and 23 millimetres wide.
At the place where the slit aperture was once attached the vane is 34 millimetres wide,
but may have originally been as wide as 100 millimetres (4 inches). The arc has an
outer diameter of approximately 229 millimetres (9 inch) and a width of 16 milli -
metres. The staff is approximately 14 millimetres wide.

Using the plow
The plow could be used in five ways. In the first, it could be used without the transom
for “...a backward Observation of the Suns Altitude, after the manner of the [Davis]
Quadrant...”.1281 The horizon vane was mounted at the centre of the arc and the
shadow vane mounted on the arc at “... a certain number of degrees...” (i.e. 5, 10, or
another whole number of degrees).1282 By sliding the dedicated sight vane along the
staff the shadow of the shadow vane was brought into coincidence with a line along
the aperture in the horizon vane and the horizon.

Secondly the instrument could be equipped with three transoms and correspond-
ing scales on the “...spare sides of the staff...”, its use becoming “...in all respects the
same [as] with the Cross-staff...”.1283 This was for the forward manner of observing,
for which one had to remove the horizon vane, “...placing that end of the Plow
where the Arch stands to your eyes...”.1284 The transoms were placed, “...on to the
Staff (cross-wayes to the Arch)...”, and one had to “... turn the said Arch from your
eye, that it may not hinder your Observation.”1285 The transoms were thus mounted
in a direction perpendicular to the arc and, with the arc pointing sideways (i.e.
lying in an inclined plane), the observation could be taken without the arc blocking
the line of sight.

The last three options were, “... a further improvement of the Plow...”, using the whole
transom.1286 The first option when using this transom was, “1. To use it as a Plow”,
indicating that it was the transom that specifically made it the plow.1287 It used a vane
attached to the transom at a location marked with the word ‘Vane’ and the horizon
vane and shadow vane in the usual backward fashion. In this set-up, the transom
replaced the dedicated sight vane, while was used as described above, by sliding the
transom along the staff.
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The fourth method (the second option using the transom), was to set the transom
at a specific mark, indicated by a ‘Q’ on the scale of the staff, and to slide the sight
vane up and down along the scale on the transom.1288 The horizon vane and shadow
vane were mounted as usual and the observation was again backwards.

Finally, the fifth method (the third option using the transom), allowed one to use
the plow in a forward fashion by removing the horizon and shadow vanes and placing
the shadow and sight vanes at the marks on the transom indicated by ‘30’, ‘60’ or ‘90’.1289

The plow then became a mariner’s cross-staff with vanes and was used in a forward
manner only. In this configuration, the arc could be held pointing downwards to
“...assist you in the holding [of] your instrument, an not at all hinder your Obser-
vation...”. Again, three additional scales, as mentioned in the second method, were
used on the staff.1290

The above five methods seem pretty straightforward, but the descriptions are at
times unclear. For the third method, Seller mentions the use of “Vane D”, but, as
figure 174 shows, this vane is above the staff on the same side as the arc. One would
thus have to subtract the scale reading of the staff from the one on the arc to get the
correct result and one would not be able to get a near-zenith observation. In the 1669

edition, Seller refers to the sight vane with a capital ‘A’, which can be found in figure
174 next to the horizon vane. This error was corrected in later editions. As mentioned
above it is likely that the descriptions of the scales on the arc and transom were erro-
neous and that they had to be the other way around.

With so many errors in the description, one may wonder if Seller ever saw or
used the plow himself. It may be that the addition of this instrument to his work was
merely to attract the older mariner and/or to impress on the potential customer.

4.3.10 The almacanter’s staff (f.l. 1672)
According to the 1724 edition of An Universal Etymological English Dictionary, the
almacanter’s staff is “...an instrument to take Observations of the Sun, in order to
find its amplitude, and the variation of the Compass.”1291

The almacanter’s staff is an instrument for forward observations, although it
has been implicitly described as being used in a backward manner as well.1292 That
it is discussed in this thesis is mainly to show what it looked like and which sources
cite it.

The instrument’s name is derived from almucantar, which is “A circle on the
celestial sphere parallel to the horizon, typically one of a series that cut the meridian
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at equal angular separations; a parallel of altitude.”1293 The etymology is French and
dates back to 1362, when it was almucantharat or almicantharat.1294

Use and diffusion
The oldest reference to the instrument (see table 18) seems to be on the newly designed
title page of John Seller’s 1672 second edition of Practical Navigation (see figure 184).
It lies on the ground behind two compasses and a mariner holding a mariner’s cross-
staff, as if Seller wanted to indicate its lesser importance in relation to that instrument.

Following Seller, a short description of the instrument can be found in Edward
Harrison’s Idea Longitudinis, published in 1696.1295 A short descriptions can also be
found in Edmund Stone’s dictionaries from 1726 an 1743. The instrument is properly,
but briefly, discussed in Joseph Harris’ A Treatise of Navigation from 1730.1296 Harris
described the use of the instrument, explaining that it was not fit for backward ob-
servations (see below).

A quick inventory on Google Books showed that at least 64 (editions of) dictio-
naries listed the instrument. The aforementioned 1724 dictionary is the oldest found
mentioning this instrument, but it was listed in dictionaries well into the nineteenth
century, although by that time usually described in the past tense as an instrument
(formerly) used.1297 Most, if not all, dictionaries after 1724 use a description that dif-
fers from that of 1724. They describe the instrument as “An instrument used to take
observations of the sun, about its time of rising and setting.”1298 The most recent
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John Seller’s almacanter’s staff on the
ground behind the compasses (courtesy
National Maritime Museum, Greenwich, 
inv.no. C1327).

 1293 Anonymous, ‘almucantar, n.’, Oxford English Dictionary Online
         [http://www.oed.com/view/Entry/5616?redirectedFrom=almucantar, accessed November

14th, 2016].
 1294 ibid.
 1295 Harrison, Idea Longitudinis... (London, 1696), p.12.
1296 Harris, A Treatise of Navigation... (1730), p.186.
 1297 Scudamore, The Nomenclator; a Technological Dictionary... (London, 1841), p.ALLI-AMAR
 1298  Sheridan, A General Dictionary of the English Language, Volume 1 (London, 1780), p. ALM-ALO.

Figure 184



reference to the instrument, in Chamber’s A Handbook of Descriptive Astronomy,
describes it as “...an instrument formerly used for determining the amplitude of an
object.”1299

Table 18 shows only the oldest and most modern period dictionaries. As all inter -
mediate dictionaries repeat almost the same text, they have not been included. The
only exceptions are the dictionaries by Egbert Buys, printed by Kornelis de Veer in
Amsterdam in 1768, by Thomas Connely, printed in Madrid in 1797, and by Ram
Comul Sen (1783-1844), which, as far as I know, are the only dictionaries not in English
that discuss the instrument.1300 As they were printed in Amsterdam, Madrid, and
Seram pore (India), they might indicate the instrument’s diffusion. Nevertheless,
all works in table 14 have an English connection. They were either printed in England
or in English, or were dictionaries translated from English to another language.
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1299 Chambers, A Handbook of Descriptive Astronomy (Oxford, 1877), p.911.
1300 Buys, A New and Complete Dictionary of Terms of Art… (Amsterdam, 1768), p.81. Connelly,

Diccio nario nuevo… (Madrid, 1797), p.31. Stone, A New Mathematical Dictionary...,(London,
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������ ����� ��� ����� ������

Seller, J. Practical Navigation or an... ���� EN/EN I

Seller, J. An Epitome of the Art of Navigation ���� EN/EN I

Seller, J. An Epitome of the Art of Navigation ���� EN/EN I

Seller, J. Practical Navigation or an... ���� EN/EN I

Tuttell, T. Trade Card ���� - ���� EN/EN I

Harrison, E. Idea Longitudinis ���� EN/EN T

Bailey, N. An Universal Etymological Dictionary... ���	 EN/EN T

Kelly, J. The Compleat Modern Navigator's Tutor... ���	 EN/EN ITD

Stone, E. A New Mathematical Dictionary... ���� EN/EN TD

Harris, J. A Treatise of Navigation... ���� EN/EN TD

Combes, F. Trade Card ���� - ���� EN/EN I

Kelly, J. The Compleat Modern Navigator's Tutor... ���� EN/EN ITD

Stone, E. A New Mathematical Dictionary... ��	� EN/EN TD

Buys, E. A New and Complete Dictionary... ���� NL/EN-NL T

Connely, T. Diccionario Nuevo... ���� EN/SP T

Scudamore, E. The Nomenclator... ��	� EN/EN T

Chamber, G.F. A Handbook of Descriptive Astronomy ���� EN/EN T

*) Language = Country of origin author / Language text. **) Code: I = Image, T = Text, D = Dimensions/Specifications.

Table 18



The two editions of the Mathematical Dictionary by Edmund Stone of 1726 and 1743

are listed as these were the only period dictionaries describing the materials of which
the instrument was made. Edmund Stone (c.1700-1768) was a self-taught mathe -
matician and a knowledgable man in the field of geodetic and navigational instru-
ments.1301 Amongst other publications Stone translated the 1723 edition of Nicolas
Bion’s (1652-1733) Traité de la Construction et des Principaux usages des Instrumens
de Mathématique, which included various navigational instruments including the
mariner’s cross-staff and Davis quadrant, and to which he added a supplement in
1758, including reflecting telescopes and the octant.1302

Illustrations of the almacanter’s staff can be found on Seller’s title pages, in Joshua
Kelly’s The Compleat Modern Navigator’s Tutor and a few undated trade cards from
Thomas Tuttell (fl.1695-1702, see figure 185) and Fisher Combes (fl.1730-1737).1303

In modern literature the instrument has been described by W.E. May.1304

Construction
Kelly was the first to give a description of the almacanter’s staff ’s construction. He
wrote that it consisted of “...an Arch of 15 Degrees curiously divided; and with 3 Vanes,
as a [Davis] Quadrant is...” and illustrated it (see figure 186).1305 The instrument was
“...made of Box or Pear-Tree...”, which is confirmed by Stone, who wrote that they
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 1301 Taylor, The Mathematical Practitioners (1967), pp.306-307.
 1302 Bion, Stone, The Construction and Principal Uses... (1758), pp.201-208, 265-315.
 1303 Calvert, Scientific Trade Cards..., pp.18 (Combes), 43 (Tuttell) and plates 19 (Combes), 52 and 53

(both Tuttell). Randier, Nautische Antiquitäten..., pp.132-133 (same as plate 53 in Calvert, but
printed twice as large). Combes trade card is however for most part a copy of one of Tuttell’s.

 1304 May, A History of Marine Navigation..., p.131.
 1305 Kelly, The Compleat Modern Navigator’s Tutor... (London, 1724), p.214.

Detail of Tuttell’s trade card showing 
the almacanter’s staff (number 61) below 
a Davis quadrant (private collection).

Figure 185



were “...usually made of Pear-Tree, or Box...”.1306 Harris added to this in A Treatise of
Navi gation that one of the vanes had “...a smoaky or coloured glass in the Middle...”1307

Stone confirms the range of the arc given by Kelly, but said nothing about the number
of vanes.1308 Harris asserted that it

...is nothing else but the common Sea-Quadrant [Davis quadrant], omitting the [65 degrees]

Arch d e, having on the Arch a b two Vanes, and on the Center is fixed a Vane having a smoaky or

coloured Glass in the Middle, intended to preserve the Sight from the Rays of the Sun;1309

As no further details are given and the instrument was “...nothing else but the com -
mon Sea-Quadrant...” the likely construction details can be found in section 4.3.2
– The Davis quadrant (f.l. 1604).

Scales
In A History of Marine Navigation commander W.E. May wrote that the instrument
was “...a simplification of the improved Davis quadrant having no 60° arc and carrying
both the shadow and sight vanes on the 30° arc.”1310 This seems to be an inter pretation
of Harris’, which listed in May’s bibliography.1311

Historic texts that mention the range of the arc all limit it to 15 degrees. Harris’
comparison to the Davis quadrant was simply to explain its general construction,
rather than the range of the arc. However, measurements taken from the illustrations
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1306 ibid. Stone, A New Mathematical Dictionary... (1726), third p.AL-AL.
 1307 Harris, A Treatise of Navigation... (1730), p.186.
 1308 Stone, A New Mathematical Dictionary... (1726), third p.AL-AL.
1309 Harris, A Treatise of Navigation... (1730), p.186. Original italics.
 1310 May, A History of Marine Navigation..., p.131.
  1311  May, A History of Marine Navigation..., p.268.

Left (Figure 186): Kelly’s almacanter’s staff (public domain). Right (Figure 187): The almacanter’s staff
(right of the mariner’s cross-staff) on Combes trade card (private collection).

Figures
186-187



from Seller, Tuttell, Kelly, and Combes (see figure 187), indicate that the range could
be 25 or even 30 degrees. Nevertheless, no historic mention of this larger range has
been found.

Kelly wrote that the arc was curiously divided, a term used in the seventeenth century
to indicate that it was done accurately and to a fine level. This, together with Harris’
remark that the instrument was “...nothing else but the common Sea-Quadrant...”,
indicates that the arc was engraved with a diagonal scale.

Dimensions
No historic work specifies the size of the instrument. Tuttell’s trade card depicts it
below a Davis quadrant, which is shown nearly twice the size (see figure 185). Likewise,
Combes’ trade card shows it as half the size of a mariner’s cross-staff (see figure 187),
but these ratios have to be treated with caution, as they could well have been the result
of artistic choises by the engraver when filling the available spaces on the trade cards.

Using the almacanter’s staff
According to Kelly the almacanter’s staff was used “...to take an Observation of the
Sun, a little after Sun-rising or setting...”. Kelly meant that it should be done a little
after sunrise or shortly before sunset.1312 Kelly continued that “...its Use is very plain
to them that can observe with the Sea Quadrant.”1313 He had described the sea quad -
rant in the preceding pages, with an illustration of a Davis quadrant.1314 The Davis
quadrant was only used in a backward manner and so Kelly’s text seems to indicate
that this was the case with the almacanter’s staff as well.

Harris explained its use more explicitly. He began by comparing it to a Davis
quadrant, as noted above, but added more details concerning its use. In his opinion
the almacanter’s staff

...is nothing else but the common Sea-Quadrant [Davis quadrant], omitting the [65 degrees]

Arch d e, having on the Arch a b two Vanes, and on the Center is fixed a Vane having a smoaky

or coloured Glass in the Middle, intended to preserve the Sight from the Rays of the Sun; but

the said Glass being put in the Sight-Vane, makes the Horizon appear so dull, and (as it were)

hazy, that you can hardly perceive it, which renders the Instrument very unfit for Observation:

And indeed the common Sea-Quadrant [Davis quadrant] would be much more handy for this

Purpose than the Almacanter’s Staff, if there was but a Sight-Vane fitted to the Center, which

would be still an Improvement upon this Instrument. But, I think, for finding the Sun’s Altitude

forwards, the Fore-Staff [mariner’s cross-staff] above described is much preferable to either the

[Davis] Quadrant or the Almacanter’s Staff.1315
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 1312 Kelly, The Compleat Modern Navigator’s Tutor... (1724), p.214.
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 1314 idem, pp.212-214.
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Harris makes it clear that the almacanter’s staff was used in a forward fashion. He
would, however, prefer there to be a sight vane at the location of the horizon vane
on a Davis quadrant and use that instrument instead. But then he remarks that the
mariner’s cross-staff would do the job even better. By 1743, Stone seemed to agree
with Harris, and had changed his 1726 text, which stated that the almacanter’s staff
was “...an Instrument usually made of Pear-Tree, or Box...”, into “...an Instrument (of
no great Account) formerly used by some at Sea, being made of Pear-Tree or Box...”.1316

Another indication that the instrument was used in a forward manner is the
angles that one could observe with it. If it was similar in size to a Davis quadrant one
would not be able to observe altitudes lower than approximately 10 or 11 degrees, when
one’s head would block the sun’s rays, as with the spiegelboog as described by Van
Breen in 1662.1317 If the almacanter’s staff was smaller, as the depictions on trade cards
seem to suggest, this would apply to the whole intended range of 15 degrees or more.

4.3.11 The improved Davis quadrant (f.l. 1677)
This and the following section discuss two attempts to improve the Davis quadrant.
The first is an instrument devided by Claude Francois Milliet Dechales and intro -
duced in 1677 in his work L’ Art de Naviger (see figure 188).1318 The instrument is per-
haps best described as being a combination of a hoekboog and an almacanter’s staff.

Use and diffusion
Milliet Dechales discussed the corrected Davis quadrant after the section on that
in strument, which was accompanied by an illustration (see figure 189).
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 1316 Stone, A New Mathematical Dictionary... (1726), third p.AL-AL. Idem (London, 1743), p.ALL-
ALT.

 1317  See Dimensions in section 4.3.7 – The spiegelboog (f.l. 1660).
 1318 Milliet Dechales, L’ Art de Naviger... (1677), pp.71-72.

Left (Figure 187): Milliet Dechales’ improved Davis quadrant (collection Maritiem Museum Rotterdam,
inv.no. BWAE340). Right (Figure 188): Milliet Dechales’ regular Davis quadrant (collection Maritiem
Museum Rotterdam, Rotterdam, inv.no. BWAE340).

Figures
188-189



The chapter discussing the improved Davis quadrant was titled “Correction du
quartier Anglois” (correction of the English Quadrant) and refers both to the figure
of the general Davis quadrant and to that of the improved version.

Referring to the Davis quadrant, he explained that

Cet instrument est fautif, en de que la pinnule immobile n’est pas toujours parallele à la pinnule

du centre, ce qui peut causer quelque erreur: car puisqu’il est necessaire, pour éviter l’erreur de

la penombre, de marquuer deaux lignes paralleles sur la pinnule A, éloignées l’une de l’autre,

de la largeur de la pinnule immobile; & de faire tomber son ombre precisément sur ces deux

lignes, de sorte que le défaut soit aussi grand d’un costé que d’autre; ou suppose pour cela que

ces deux pinnules sont paralleles: ce qui ne se peut observer sur le quartier Anglois, puisque la

pinnule immobile change de plan & d’inclination, quand on la place dans des differens endroits

de la circonference du petit arc D E.

     ll me semble qu’un Mathematicien ne doit pas rapporter des instrumens estrangers, qu’il ne

tasche de les perfectionner, & d’y adjouster quelque chose de son Invention. J’en propose donc

une idée plus simple & plus facile à estre mise en pratique.1319

(This instrument [the Davis quadrant] is faulty, in that the stationary pinnule [the shadow vane]

is not always parallel to the central pinnule [the horizon vane], which can cause some error: since

it is necessary, in order to avoid the error caused by the penumbra, to mark parallel lines on

pinnule A [the horizon vane in figure 188], as far apart from each other, as the width of the fixed

pinnule [shadow vane]; and to make its shadow fall precisely on these two lines, so that the

defect [gap]1320 is as great on one side as on the other; or suppose for this that these two pinnules

are parallel: that which can not be observed on the English quadrant, since the stationary pinnule

changes its plane and inclination when placed in different positions along the circumference of

the small arc D E [in figure 189].

     It seems to me that a Mathematician ought not to bring back foreign instruments, that he

woeld not try to perfect, and to add something to it of his Invention. I therefore propose a simpler

and easier idea to be put into practice.)

In this last paragraph Milliet Dechales clearly lays claim to the new instrument. The
basic principle is, however, exactly that proposed by Thomas Harriot some 80 years
earlier and will be explored in detail in section 5.3 – In the shadow of Hood and Harriot.

The way the shadow-casting method of his improved Davis quadrant worked
was the same as the shadow-casting method on the hoekboog. As this was used in the
Nether lands since the early seventeenth century, Milliet Dechales may have heard
at some time before his publication. Surprisingly, the hoekboog was being replaced
by the Davis quadrant in the Netherlands around the time Michel Dechales wrote his
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work. Still, as will be shown in 5.3 – In the shadow of Hood and Harriot, the hoekboog
was a better instrument than the Davis quadrant and Milliet Dechales’ objections
to the Davis quadrant were justified.

Besides Milliet Dechales’ work no other works or depictions of the instrument have
been found, so it appears to have been known only in France.

Construction and Scales
The instrument can be divided into two parts (see figure 188). The left half consisted
of a straight scale, similar to that on the hoekboog, but now spanning an angle of 90

degrees, and apparently with a supporting strut halfway along the scale. The horizon
vane was mounted at a 45-degree angle to match the slope of the straight scale, as
explained by Milliet Dechales. Being parallel to the scale allows the implementation
of Harriot’s double-sided shadow-casting method, which made this instrument
potentially more accurate than the normal Davis quadrant.1321

The right half of the instrument has a small arc which, according to the illustration,
has no more than 15 degrees, like the arc of the almacanter’s staff.1322 This is con-
firmed by Milliet Dechales, who wrote that it contained “...dix ou douze degrez...”
(ten to twelve degrees).1323 It is shown curving upwards, but Milliet Dechales wrote
that “Cét arc A H se pouvoir placer de l’autre costé, c’est à dire en bas” (The arc A
H may be placed on the other side, that is, at the bottom).1324 The advantage of hav-
ing it upwards was that it allowed one to verify the proper mutual alignment of the
two scales and thus to verify the quality of the instrument at any time. For this both
the sight and shadow vane had to be set to the same value, which should then place
them exactly in line with the centre of the horizon vane.
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 1321  See section 5.3 – In the shadow of Hood and Harriot.
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 1324 ibid.

The improved Davis quadrant 
with additional annotations in grey
(modifcation by the author).

Figure 190



Milliet Dechales discussed the construction of the improved Davis quadrant in
detail, but sadly the accompanying illustration does not have all the characters
referred to in the text in the right place. I have therefore created a new version of the
illustration, adding the characters B and C in grey (see figure 190). As B and C were
already present in the illustration and text to indicate (parts of) the vanes, they are
marked in bold and grey in the corresponding text for a better under standing of
Milliet Dechales’ explanation, which is as follows:

Faites une Esquierre A B C: que son costé A B, soit de trois pieds: B C, B D, chacun d’un pied

& demy, ou de deux, joints par une diagonale D C, qui soit de bon bois, & capable de recevoir

quelques graduations. & qu’on les assemble à tenon & mortaise. Faites aussi du centre B, l’arc

A H de dix ou douze degrez, que vous diviserez en degrez & en minutes. Graduez ensuite la

ligne D C, de la mesme façon que j’ay marqué les degrez sur les costez du quarreé [Geo -

metrique]: puis mettez une pinnule immobile au centre B, la plaçant de biais, c’est à dire,

parallelement à la ligne D C. J’en ay represente la figure separément en B E : vous voyez qu’elle

a une ouverture sous la ligne E, & qu’on y a marqué deux lignes paralleles E, & F G de la largeur

de la seconde pinnule qui est C, laquelle se met sur quelque marque de la ligne C D, toûjours

à quelque degré plus haut que ne doit estre l’élevation du Soleil. La troisieme pinnule qui est

A H, doit courir sur l’arc A H.1325

[Make a rectangle A B C: of which side A B, be of three feet: B C, B D, each one foot and half,

or of two, joined by a diagonal D C, which is of good wood, and able to receive some graduations.

and are assembled with tenon and mortise. Also make, using centre B, the arc A H of ten or

twelve degrees, which you divide into degrees and minutes. Graduate subsequently the line D

C, in the same way that I marked the degrees on the sides of the quarreé geometrique. Then put

a fixed pinnule at the center B [the horizon vane], placing it at an angle, that is to say, parallel to

the line D C. I have represented the figure [of it] separately in B E: You see that it has an

opening under the line E, and that there are marked two parallel lines E and F G of the width

of the second pinnule which is C [the shadow vane], which is placed on some mark of the line

C D, always some degrees higher than the elevation of the Sun will be. The third pinnule, which

is A H, must run on the arc A H.]

The quarreé geometrique (shortened to quarreé in the original text) refers to an
instrument discussed a few pages earlier.1326 The quarreé geometrique was a three to
four foot wooden square, weighted at the bottom with one or two pounds of lead
(see figure 191).1327 It combined the function of a sea ring with that of a mariner’s
quadrant with an index arm, but as it has the same basic principles as these two
instruments, and thus added little to the development of navigational instruments,
it is not further discussed in this thesis.
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To understand the above quote it is sufficient to know that a scale was engraved on
the inside of the square frame much like the way in which Thomas Hood engraved
the altitude scales on his navigational cross-staff.1328 The straight scale of the improved
Davis quadrant is the same as that of the quarreé geometrique, but rotated by 45 de-
grees and applied twice in a mirrored fashion around the centre of the scale. As the
shadow vane was used at fixed positions we may expect that Milliet Dechales only
engraved the straight scale at whole-degrees intervals, perhaps only at 5 or 10 de-
grees.

The scale on the small arc had to be divided into degrees and minutes, which
was probably done by diagonals, possibly in the same way as on the Davis quadrant,
or using Waymouth’s method (see figure 72) as Milliet Dechales showed a similar
diagonal scale on his mariner’s quadrant (see figure 192).

An interesting detail is the aperture in the horizon vane. In the quote above, Milliet
Dechales wrote that it was an opening below line E, so basically the same as the aper-
tures found on regular Davis quadrants, implying the implementation of Hood’s fash-
ion for observing the horizon. In section 5.4.2 – Instruments relying on a visible
horizon, it will be shown that this could still cause considerable observational error,
something of which Milliet Dechales seems have been unaware of.

Dimensions
As shown above the improved Davis quadrant consisted of a staff three foot long
and a rectangular equilateral triangle of 1½-2 foot. This would make the instrument
larger than the average Davis quadrant and more or less of the same dimensions as
the demi-cross, but slightly higher.
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Millet Dechales’ quarreé
geometrique (collection 
Maritiem Museum Rotterdam, 
inv.no. BWAE340).
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Using the improved Davis quadrant
According to Milliet Dechales (see figure 190):

L’usage est le mesme que celuy du quartier Anglois. On regarde l’horison par la pinnule de l’arc

A H , & par celle du centre, faisant que l’ombre de la pinnule C, que j’ay placée sur la ligne C D,

tombe precisément sur les lignes E, F G. Car pour lors la hauteur du Soleil sera le nombre des

degrés de la ligne D C, ostant les degrez qui seront sur l’arc A H.1329

(The use is the same as that of the English quadrant. We look at the horizon through the pinnule

at arc A H [the sight vane], and through that at the centre [the horizon vane], causing the shadow

of the pinnule C [the shadow vane], which I placed on the line C D, to fall precisely on the lines

E, F G. For then the height of the Sun will be the number of the degrees of the line D C, and the

degrees which will be on the arc A H.)

So its use was similar to that of the regular Davis quadrant. The main difference was
in the shadow-casting method, which was improved on Milliet Dechales’ version
of the instrument and resembled the method described by Thomas Harriot in 1595.
Having the two scales on the same side of the main beam allowed regular checks of
their mutual alignment. Had he also improved the aperture, the improved Davis
quadrant could have been even more of an improvement.

4.3.12 The demi-quadrant (c.1750)
The last shadow-casting instrument is the most obscure. While the knowledge of the
instruments discussed previously comes from period works, at times supplemented
with surviving instruments or fragments, evidence of the demi-quadrant (see figure
193) is from one surviving specimen.
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Diagonal scales on Milliet
Dechales’ mariner’s quadrant
(collection Maritiem Museum
Rotterdam, inv.no. BWAE340).
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The instrument is in one way the opposite of the plow: instead of the 25-degree
arc, the 65-degree arc is linear. As will be shown below, it was, like Milliet Dechales’
improved Davis quadrant, a potentially accurate instrument.

Use and diffusion
No historic sources discuss the instrument, so I had to name it myself. I called it a
demi-quadrant because it seems to be a combination of a demi-cross and a Davis
quadrant, although one may argue that it combines the demi-cross with an alma -
canter’s staff. The large range of the arc (see below) is more reminiscent of the Davis
quadrant than of the almacanter’s staff, however, for which reason I decided to
name it after that instrument.

The instrument was brought to my attention by Nico Booij, colleague at the
Maritime Institute Willem Barentsz. on the isle of Terschelling, Netherlands. Booij,
a senior lecturer in mathematics and former submarine officer, took pictures of
the instrument while visiting the Museo Naval in Madrid, Spain. The instrument
is on display with three Davis quadrants and a mariner’s cross-staff and, knowing
of my research on wooden navigational instruments, Booij took pictures of the
collection without anticipating the excitement it would cause.

The museum lists the instrument (inventory number I-116) as “Cuadrante-
ballestilla, de Davis” (quadrant-cross-staff, by Davis) in their 1959 catalogue by
Salvador Garcia Franco.1330 The accompanying text states

Aunque la construcción de este cuadrante es, indudablemente, de fecha posterior a la de su

invención, se trata del primero de los dos modelos ideado por el marino inglés John Davis.
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Illustration of the demi-cross
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Es una combinación de sector y ballestilla. El arco del sector está graduado de 0 a 32°, con sub -

divisiones determinadas por la escala de balestilla.

     Para alturas inferiores a 32° podia utilizarse indistintamente el sector o la ballestilla, y para

alturas superiores mediase una parte sobre el sector y el resto sobre el virote de la ballestilla. En

este segundo caso obteníase la altura por la suma de las dos porciones, tal como, en la explicación

general, hemos dicho que se utilizaba el “cuadrante inglés” que, posteriormente a este primer

modelo, inventó Davis.

Al instrumento le faltan dos pinulas.1331

(Although the construction of this quadrant is undoubtedly of a later date than its invention,

it is the first of two models devised by the English sailor John Davis.

It is a combination of the sector and cross-staff. The sector arc is graduated from 0 to 32°, with

subdivisions determined for the scale of the cross-staff.

For altitudes less than 32°, either the arc or the staff scale could be used, while for larger altitudes

part was taken from the arc and the remainder from the staff section. In this second case, the

altitude was the sum of the two, as described in the general explanation of the use of the “English

quadrant”, which was invented by Davis after this first model.

Two pinnules [vanes] are missing from the instrument.)

The phrase “...the “English quadrant”, which was invented by Davis after this first
model” indicates that García Franco thought that there was only one predecessor
of the Davis quadrant and that the latter was invented by Davis himself. In section
3.4.2.3 – John Davis’ back-staffs, it was shown that Davis invented two instruments
and that the first was the 45-degree backstaff, an instrument that only had a sliding
half transom, like the demi-cross, but no curved scale. Due to its design, the horizon
vane being perpendicular to the staff in all directions, it could not be used to
measure altitudes above 45 degrees. If we remove the arc from the demi-quadrant
we get a similar instrument, albeit with a larger range due to the tilted position of
the horizon vane, and this may be what García Franco was referring to.

Davis’ second instrument was a combination of a staff with a sliding half-transom
and an arc, similar to the demi-quadrant. The main difference between them is that
the arc was mounted below the arc and was of a smaller range than the straight scale
on the staff (see figure 194). Although this looks much more like the demi-quadrant
it will be shown below that even this instrument was very different.

The Museo Naval catalogue rightly states that “...the construction of this quadrant is
undoubtedly of a later date than its invention...”.1332 Based on the scale of the arc, which
has diagonals every 10 arc-minutes and use 11 concentric circles, the instrument most
likely dates from after 1720, since Davis quadrants with scales like this are not known
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from before this date. Other features date the instrument even later as will be shown
below. The general style of the instrument probably makes it English and is consonant
with surviving instruments from the eighteenth century.

That the instrument is probably English is not surprising since other English
instruments, from manufacturers like Adams, Arnold, Nairne, Ramsden, Spencer
and Browning, etc, can be found in the collection of the Museo Naval.1333 Some of
these may have arrived in Spain thanks to Jorge Juan and Antonio de Ulloa. Both
frigate captains in the Spanish navy,1334 In 1735 Juan and De Ulloa took part in a
French fleet expedition to measure the length of a degree in latitude in Peru.1335 One
of the instruments they used for the expedition, some of which still reside in the
collection of the Museo Naval, was an octant, recently bought by the French academic
Louis Godin in London, where he was elected FRS that same year.1336 On his return
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 1333 idem, pp.176-268.
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The demi-quadrant (illustration 
by the author) compared to Davis’
original 90 degrees backstaff 
(lower left, public domain) and
Metius’ version (lower right,
collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(546)) 
of it.

Figure 194



De Ulloa, was elected FRS in 1746 for his participation in the Peru expedition,1337

while Juan was elected FRS later in 1749 for that same reason.1338 Juan visited London
in 1749 to acquire English nautical knowledge and became Director of the Academia
de Guardias Marinas (Academy of Marine Guards) in Spain in 1752.1339 It may well be
that his trip to London, which lasted 18 months and from which he returned with
some 50 naval technicians,1340 was the journey in which the demi-quad rant was
acquired, but so far I have been unable to verify this in the museum’s archives.

The interval of the scales match the period of Juan’s election as FRS and appoint -
ment as Director of the Academy of Marine Guards. In addition, as will be shown
in section 5.2.3 – Dividing methods, the overall construction of the scales was more
complex and advanced than that of the other shadow-casting instruments discussed
in this thesis, while other details of its construction also place the instrument around
the middle of the eighteenth century.

The demi-quadrant could measure along the whole 90-degree range, whereas other
shadow-casting instruments had a lower limit to the altitudes that could be observed.
The arrangement of the two scales also allowed one to check their mutual align ment,
as with the improved Davis quadrant by Milliet Dechales, and thus to verify the ac-
curacy of the instrument.1341

Another advantage over the Davis quadrant was that the sliding horizon vane al-
lowed the implementation of Harriot’s shadow-casting method. As will be shown in
section 5.5 – Concept based diffusion, Davis most likely applied this method to his 90-
degree backstaff before his voyage with De Houtman in 1598, but most later English
instruments used Hood’s shadow casting method.1342 Whether Harriot’s method was
also applied to the demi-quadrant cannot be determined with certainty, since no
shadow vane or description of the instrument exists. The use of a sliding, rather
than rotating, shadow vane is, however, a strong indication that Harriot’s shadow-
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 1341  See section 5.2.3 – Dividing methods.
 1342 Unless a lens was used to cast an image of the sun. The triangular quadrant also used Harriot’s

method.



casting method was indeed used. Milliet Dechales’ improved Davis quadrant did
also use Harriot’s shadow-casting method and it may be that it was re-introduced
to the English as a result of his 1677 publication.

Construction
The demi-quadrant was made in a similar way to the Davis quadrant. The boxwood
arc is mounted to the ebony or lignum vitae main beam using a mortise and tenon
joint and supported by a strut of the same material, attached to the main beam at
more or less the same location as in Davis quadrants. Like a Davis quadrant, a third
strut is mounted between the main beam and the supporting strut. The demi-quad -
rant differs from the Davis quadrant in the fact that the scale on the arc continues
above the main beam.

The way in which the mortise and tenon joints are fixed differs from Davis quad -
rants too. Whereas in Davis quadrants this is done with a wooden or metal pin, at
times decorated with drilled brass or ivory diamonds, in the demi-quadrant of the
Museo Naval the joints are not fixed with pins. Only at the joint between the main
and support beam is a plain ivory diamond inserted at the back, possibly capping
a pin (see figure 196).1343 The pin-less construction method is known from wooden
octants and, as far as I know, the ivory caps are only known from octants of the period
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c.1750-c.1780 and from the Godfrey-type mariner’s bow in the Museo Naval.1344 It may
thus well be that the demi-quadrant (and thus the cross-bow quadrant) dates from
the third quarter of the eighteenth century.

The frame of the demi-quadrant indicates that the horizon vane had a forward
tilt of approximately 21.5 degrees. In order to implement Harriot’s shadow-casting
method, the shadow vane would have had the same tilt. We can only guess what the
horizon vane looked liked. Being possibly English, it is likely to have been similar to
examples found on Davis quadrants and thus used Hood’s method, approaching
the horizon from one side. To receive the shadow in a Harriot type of fashion would
have required two parallel lines or a whitened area as wide as the shadow vane. The
sight vane is expected to have had the same design as those on Davis quadrants.

Scales
The demi-quadrant has two scales: one on the arc and one on the main beam. The
scale on the arc has a total range of 32 degrees and is divided to 10 arc-minutes at the
rim and to single arc-minutes with a diagonal scale. The arc is fastened to the main
beam with the 23-degree graduation mark in line with it. The remaining 9 degrees
protrude upwards from the main beam.

The straight scale has a total range of 58 degrees and has intervals that are dis -
proportional with the zenith angle. As can be seen in table 19, the straight scale
begins with half-degree intervals at zero degrees and gradually decreases to a 5-arc-
minutes interval at 58 degrees. An analysis of the scales is given in chapter 6 – Scale
analysis.

Dimensions
The arc of the surviving demi-quadrant has an outer radius of approximately 514

milli metres (20¼ inch) and is approximately 35 millimetres (1¼ inch) wide. The
frame is approximately 17 millimetres (⅔ inch) thick and has an approximately 19
milli  metres (¾ inch) wide main beam and struts.

Using the demi-quadrant
According to the catalogue, “For heights of less than 32° the sector or cross-staff could
be used indistinctly, and for higher heights a part was placed on the sector and the
rest on the staff of the cross-staff.” This is only partially true. In order to observe alti-
tudes with the demi-quadrant, a vane should be placed both on the straight scale
and on the arc. For altitudes below 32 degrees, one could choose to leave either of
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them at zero degrees and use the other for observations. As we have seen the straight
scale is more coarsely divided along its range than the arc, which can be read to a
single arc-minute. Moreover, operating the instrument with a fixed sight vane while
only sliding the shadow vane is less convenient than the other way around. It is there -
fore more likely that the straight scale was used to set the shadow vane at a fixed value,
as with the Davis quadrant, and then observing by sliding the sight vane up or down
the arc. That the straight scale has finer divisions than would be used is conso nant
with the Davis quadrant, which generally has single-degree divisions on the 65-degree
arc, although it is known to have been used with the shadow vane set to a whole 10-
degree mark.

It is likely that the demi-quadrant was used this way as well. The shadow vane was
set to a round figure and, assuming it worked with Harriot’s double-sided shadow-
casting method, the shadow was cast onto the horizon vane between two lines at a
distance apart equal to the width of the shadow vane (or onto a whitened area the
same width). The sum of the two scale readings gave the zenith distance of the sun.

4.4 The end of an era

The year 1731 marks the end of the research period of this thesis. That year the appli-
cation of (glass) mirrors in instruments for celestial navigational, a develop ment
that had its roots in 1660, culminated in the invention of the octant.

4.4.1 Introduction
After Joost van Breen had patented his spiegelboog on 25 September 1660,1345 another
three instruments for celestial navigation were invented that used (glass) mirrors
prior to the introduction of the octant. These were a single-reflecting instrument
discussed by Robert Hooke in 1665, a (single?) reflecting instrument for use at sea
by Edmond Halley in March 1692, and a double-reflecting instrument by Sir Isaac
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Newton in 1699.1346 In November 1692, shortly after introducing his navigational
in strument, Halley introduced another single-reflecting instrument.1347 This instru-
ment was based on the Radio Latino and was intended for “...managing a long Tele-
scope...”. At the time astronomical telescopes could be several metres long and this
new contrivance allowed one to observe celestial objects without having to aim
these lengthy telescopes at them. Instead, Halley’s instrument reflected the celestial
object into the telescope, which remained horizontal and stationary.

Mörzer Bruyns wrote about Hooke’s 1665 invention that “As early as 1665, five
years before Joost van Breen’s mirror staff, Robert Hooke […] designed a reflecting
instrument...”.1348 A few pages earlier, he dated Joost van Breen’s patent to 1670, which
fits this statement. Van Breen, however, had actually patented his instrument ten
years earlier, in 1660, reversing order of events.1349

It is not my intention to elaborate on these reflecting instruments by Hooke, Halley,
Newton, and Hadley, since that has been done by other authors and this thesis is
mainly about the staff-type shadow casting instruments invented in the century
and a half before the introduction of the octant.1350 The current section is merely
to explore the construction of the octant and to see how it compares to the other
period instruments discussed in this thesis.

4.4.2 The octant
The octant consisted of a A-shaped frame to the struts of which an arc spanning 45

degrees was attached (see figure 197). Being an eighth of a circle the term octant was
immediately introduced (see below). At the apex, an index arm holding a mirror (the
so called index mirror) was mounted on a pivot, while a second mirror (the horizon
mirror) was mounted on one of the struts of the frame. Due to reflection the 45-
degree span of the limb resulted in a measuring range of 90 degrees.

Although attributed to John Hadley, it is now generally accepted that the octant
was simultaneously invented by him and by Thomas Godfrey.1351 It was Hadley who
first published on the instrument in 1731, largely due to his geographical location.
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Godfrey (1704-1749) was a glazier and self-taught mathematician and astronomer
in Philadelphia, Pennsylvania.1352 Hadley (1682-1744) lived in London and was elected
FRS in 1717.1353 Hadley thus had the advantage of living close to the Royal Society and,
being a Fellow, there was no delay in the arrival of the news that he had invented a
new instrument, which he published in the Philosophical Transactions of the Royal
Society of London in 1731.1354 Godfrey’s invention was brought to the society’s attention
by James Logan, Chief Justice of Pennsylvania, in a letter to Halley on 25 May 1732.1355

It was published in the Philosophical Transactions in 1734, but only briefly.1356

Silvio Bedini has given these events attention in his monograph on Anthony
Lamb, an American instrument maker known to have made Davis quadrants.1357

Bedini wrote:
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A typical early nineteenth century
octant (illustration by the author).

Figure 197



Borrowing a backstaff from a sea-going acquaintance, the mate of the sloop Trueman, Godfrey

constructed five pieces of wood and mirrors which he temporarily attached to the backstaff ’s

frame, and created a new instrument which was capable of making a back observation. The

modified instrument was tested at sea on a voyage to the West Indies and later on one to St. John’s

in Newfoundland. The captain and first mate of the Trueman reported that they had tested it in

November and December 1730 and again in February 1731 with successful results.1358

The instrument was brought back to Philidelphia by the end of February 1731 where
it stayed in the possession of Logan for “...some months immediately after.”1359 In
the first half of the eighteenth century the “backstaff” would almost certainly have
been a Davis quadrant, one of which still survives with the inscription “Godfrey’s
Quad rant (original model)., Deposited in the Franklin Inst., By Dr. Charles M.
Wether…, 206 Cherry St.”, but there are no vanes or other parts attached to this in -
stru ment.1360

Going back to period sources there is an interesting series of publications in The
American Magazine and Monthly Chronicle for the British Colonies published in
1758.1361 In two consecutive editions of the magazine, the correspondence between
Logan and Astronomer Royal Edmond Halley, Godfrey and the Royal Society, and
Logan and the Royal Society were published and commented upon by an anony -
mous author. These publications provide more detail on the correspondence than
was originally given in the Philosophical Transactions. The anonymous author gave
a page and a half introduction to the correspondence in which he wrote about the
above mentioned trials during the voyage to the West Indies that

… Mr. Godfrey sent the instrument [Godfrey’s version of the octant] to be tried at sea by an

acquaintance of his, an ingenious navigator in a voyage to Jamaica, who shewed it to a captain

of a ship there just going for England, by which means it came to the knowledge of Mr. Hadley,

tho’ perhaps without his being told the name of the real inventor. This fact is sufficiently known

to many seaman and others yet alive in this city; and established beyond doubt by the following

letters written about that time.1362

In his first letter from to Halley, Logan wrote that Godfrey had showed him

… a common sea quadrant [i.e. a Davis quadrant], to which he had fitted 2 pieces of looking

glass, in such a manner as brought two stars at almost any distance, to coincide, the one by a
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direct, the other by a reflected ray, so that the eye could take them both together, as joined in

one, while a moving label or index on the graduated arch, marked exactly half their distance.

For I need not say, that the variations of the angels [sic.] of reflection, from two speculums are

double to the angle of the inclination of their plains...1363

Logan provided further evidence of Godfrey’s instrument, accompanied by an
illustration, and wrote that the “... instrument as above described, will not take an
angle of much above 50 degrees...” but with some modification “... it will then take
any distance to 100 degrees.”1364 This was due to the limited size of the arc of the
Davis quadrant that Godfrey had used as a basis for his experimental instrument.

The most interesting part, for the way in which Godfrey came to develop his
octant, is Godfrey’s own comment in his 1734 letter to the Royal Society, that when
he initially tried to use a single mirror on a Davis quadrant,

...the faults of Davis’s quadrant were here enlarged, which is chiefly the flying of the objects from

each other by the least motion of the instrument. I then examined what two reflections would do,

which perfectly answered my desire...1365

Section 5.4.2.3 – The backward method will deal with this aspect and will show that
Godfrey had a good insight into the sources of error of the Davis quadrant and
that the octant he created was the result of experiments using a Davis quadrant.

It should be noted that the design of both Godfrey’s and Hadley’s instruments
looked similar and resembled Newton’s design, although by 1730 Newton’s design
was only known to Halley and thus these new instruments were assumed to be
original new inventions.1366

The term octant was first given to the instrument by Hadley. In “The Description
of a new Instrument for taking Angles” Hadley “...communicated on May 13, 1731...”
about his instrument, mainly calling it an “instrument”, but also explaining that it
had the form of an octant.1367 Concerning the telescope, he wrote that: “PR is a Tele-
scope fix’d on one Side of the Octant...”. He also noted that the index arm “... must
have steady Motion on the Center, so that the Axis of it remain always perpendicular
to Plane of the Octant...”.1368 The phrase “Plane of the Octant” is repeated further down
that same page.
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The term quadrant is nowhere mentioned by Hadley. Peter Ifland once wrote about
the octant that “...it is sometimes called a “quadrant” or “Hadley’s quadrant” in honor
of its inventor.”1369 With the octant being referred to in Britain as Hadley’s quadrant,
it is indeed Hadley to whom in general the invention is attributed.1370 The terms quad-
rant or Hadley’s quadrant were, however, not introduced by Hadley himself, but by
others like Richard Graham in 1733 (he named it quadrant) and William Maitland
in 1750 (Hadley’s quadrant).1371

Construction
Figure 198 shows the main components of the octant. The A-shaped frame is rem-
iniscent of Davis quadrant frames as used by Godfrey to create his first version of
the double-reflecting instrument. The divided arc or limb (L) is attached to the
frame using mortise and tenon joints. The peep sight (S), horizon mirror (H) and
sun filters (F) are mounted on the frame. At the apex, a pivot holds the index arm
(A) to which the index mirror (I) is mounted.

The instrument developed over the years and as that development is well described
by Peter Ifland in Taking the Stars, I will not elaborate much further.1372 The divided
limb initially had a diagonal scale which was read along a fiducial edge on the index
arm. Around 1740, the vernier reading method was introduced and finally the drum
micrometer by the end of the eighteenth century.1373
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The main components of an 
early nineteenth century octant 
(illustration by the author).

Figure 198



Probably since observers were used to taking backwards observations with shadow-
casting instruments, early octants were often capable of backward measurements as
well. A second horizon mirror was added for this. This feature gradually became less
common and largely disappeared by the second decade of the nineteenth century.

Although Hadley’s design incorporated a telescope, most early octants used
pinhole sights, which were gradually replaced by telescopes from around 1765.1374

Another development was the artificial horizon, either as a separate instrument, as
an attachment, or fully integrated into the instrument. Meanwhile, instruments
with other scale ranges became available, such as the full circle, the sextant and the
quintant.

The main advantage of the octant over other instruments was the direct projection
of the sun’s image onto the horizon. Even though this meant that Harriot’s double-
sided shadow-casting method was replaced by a single-sided viewing method, the
sharpness of the projected image of the sun was so great that it proved a better
alternative to shadow-casting. Quality-wise it can still be considered a Harriot type
of shadow-casting or even better. A set of dark filters dimmed the bright light of the
sun so that its image could be comfortably observed. Soon after the intro duction
of the octant, it was realised that shadow-casting instruments were less accurate.1375

NEW INSTRUMENTS FOLLOWING THE CHANGE 389

 1374 idem, p.78.
 1375 See under Scales in section 4.3.2 – The Davis quadrant (f.l. 1604).

The parts of an 
octant frame.

Figure 199



As mentioned above, I will refrain from exploring every development and will
instead focus on the construction of the main part of the instrument: the frame.
Figure 199 shows the octant fully ‘dressed up’ and ready to work (left) and just the
five parts of the frame (right).

The joints of most wooden octants do not have rivets or pins holding them
together. Instead, the construction relies on a tight fit (perhaps aided by glue). Only
the joint that forms the apex has the pivot as a pin to hold the struts together. A few
exceptions, all built in the second half of the eighteenth century, seem to have two
rivets attaching the horizontal crossbar (number 3 in figure 199) to the struts. Inlaid
ivory or bone diamonds these places, like those on Davis quadrants and on the
surviving cross-bow quadrant and demi-quadrant in the Museo Naval.1376 On at least
one octant these diamonds are purely ornamental as the pins were inserted next to
them (see figure 200).

The limb of an octant is typically divided for altitude. As a result zero degrees is
on the right-hand of the scale and 90 degrees on the left. Most, if not all, vernier
octants have a scale spanning over 90 degrees in order to be able to read the vernier
near the ends. As this span is usually well over 100 degrees, sometimes 120 degrees or
more, the octant is distinguished from the sextant by its actual measuring range.1377

With the index arm at zero degrees, and provided that the instrument is well ad-
justed, the index and horizon mirrors are parallel and a distant object appears only
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once in the field of view.1378 Sliding the index arm to the left causes the index mirror
to rotate, projecting the image of an object in the direction indicated by the index
arm next to the direct view through the transparent part of the horizon mirror.

If one wished to take a zero-degrees altitude observation with a Davis quadrant,
both the shadow vane and the sight vane would have to be positioned along the main
beam of the instrument (in practice this is impossible as the frame blocks the last few
degrees of the 65-degree arc). The same is true for all other shadow-casting in stru -
ments, except the demi-quadrant where the shadow vane is set at 58 degrees and the
sight vane at 32 degrees zenith distance to measure an altitude of zero degrees.

Most, if not all, wooden octants, however, have the main beam not at zero degrees,
but at the other end of the limb.1379 In the right-hand illustration of figure 199, the
main beam is indicated with a 1. The secondary beam 2 is attached to the main beam
using a mortise and tenon joint. The crossbar 3 and central strut 4 make the third
strut that attaches the limb to the instrument.1380 According to Benjamin Cole, these
were “...to strengthen it, and to prevent it from warping”,1381 although central strut 4
is not found on all instruments, and sometimes two central struts are applied. With
the mean beam at 90 degrees altitude the octant clearly breaks with this historic con-
figuration. Why this choice was made is unknown. As far as I know there are no period
documents discussing this construction detail of the octant.

4.5 Summary

The ideas of Hood, Harriot, and Davis influenced the way instruments for celestial
navigation were modified, designed, and used. One of the first instruments to undergo
change as a result of the new observing method was the mariner’s cross-staff. Initially
a forward used instrument it was soon used to observe the sun in a backward
manner as well. In order to further improve measurements, an aperture disc, called
‘brass shoe’ (not a ‘Dutch shoe’ as mentioned in modern literature), was introduced.
Initially only a single brass shoe was used as a sight vane at the lower end of the
transom, but later a second brass shoe was added to cast a beam of light from the
upper end of the transom. In this way Harriot’s double side shadow casting method
was incorporated into the mariner’s cross-staff. More than a hundred mariner’s
cross-staffs have survived.
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The first new instruments to be mentioned in the seventeenth century were the knip -
boogh and cromme boogh. Both were mentioned in 1600, and although the vague
description of the cromme boogh seems to indicate that it may have been Davis’ 90-
degree backstaff or a cross-bow quadrant, no evidence has emerged as to what they
looked like and as far as is known no example has survived.

The first new instrument of which we know the construction was the Davis quadrant,
which would become one of the most, if not the most, commonly used instruments
for taking the altitude of the sun at sea. In contrast to what is generally written, the
instrument went through several stages of development after its first depiction in
1604. These developments related to the scales, frame, vanes and even its name. The
name ‘Davis quadrant’ was introduced around 1662, more than half a century after
its first depiction and well after the death of John Davis.

The 1604 depiction already showed the form as we know it from surviving ex-
amples, but lacked the centre strut that was first depicted in 1643, which served as a
handle and helped stiffen the frame. Initially the ratio between the larger and smaller
arcs was 30:60 degrees, but that changed to 25:65 towards the end of the seventeenth
century. No instruments with the 30:60 ratio are known from the eighteenth cen-
tury.

The larger radius arc of a Davis quadrant was originally divided in an equiangular
fashion, probably at 10-arc-minutes intervals and at 5-arc-minutes intervals after 1720.
The diagonal scale was introduced around 1659, making single arc-minute readings
possible (even though these were beyond the instrument’s accuracy). Three types of
diagonal scales can be discerned on surviving instruments. In their final form, intro -
duced around 1720, these scales had a diagonal every 10 arc-minutes, more coarsely
divided diagonal scales are not found after 1760. The oldest known surviving Davis
quadrant dates from around 1661 and has diagonal scales, while two instruments
from the 1730s show signs of mechanical division, despite being produced well
before the introduction of circular dividing engines.

The lens vane for observations under hazy conditions or thin cloud was intro -
duced in the 1660s. As a shadow-casting instrument the Davis quadrant used
Hood’s shadow-casting method, but with a lens vane this could be turned into a
Harriot shadow-casting method, although it is expected that the lens was only used
in not overly sunny conditions to prevent burning the horizon vane. Additional
lines for lower-limb observations were engraved on the 60-degree arc, initially for
shadow-casting observations, but later also in combination with the lens vane. Four
types of 60-degree arcs, with or without three types of additional line, have been
discerned on surviving instruments, making it possible to indicate the instrument’s
geographic origin.

Although the instrument was intended for solar observations using a visible
horizon, it was also used with water, mercury, and plumb-bob artificial horizons. The
latter was first mentioned by Halley in 1687, the former two in the 1730s.
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Davis quadrants survived in their hundreds. A list of known surviving instru ments
is provided as an appendix to this thesis.

Another instrument originating from 1604 is the removing quadrant, which
originated from land surveying, and was so called as certain parts could be removed
from the instrument. In its final form the instrument consisted of a hinged folding
or jointed ruler to which a circular and a straight ruler were mounted. Between three
and seven vanes were used for observations. The removing quadrant could be used
in a forward and backward manner and may have used Harriot’s type of shadow-
casting, most likely with a Hood type of horizon vane. It remains unclear how both
were implemented, as no removing quadrants survive.

The cross-bow quadrant, first shown by George Waymouth in 1604, went through
several stages of development. Waymouth gave two different descriptions, one of
which is referred to as the archetype cross-bow quadrant, the other as the plain cross-
bow quadrant. The last development the instrument underwent was a modification
of the horizon vane around 1730, which made the instrument more accurate and easier
to use. This modification was by Thomas Godfrey, for which reason it is referred to
as Godfrey’s crossbow quadrant.

The archetype version consisted of a staff with a cross-socket, through which the
arc could slide. In 1610, Edward Wright depicted the instrument with a nocturnal
mounted to one end of the arc that was used to correct for the regiment of the pole
star.

The plain cross-bow quadrant consisted of a monoxylous arc, to which a staff
could be mounted on a fixed position only. In contrast to the archetype version, this
instrument had a diagonal scale. It is known to have been used in a forward and
backward manner, for both navigation and land surveying. Over the years the con -
struction of the plain cross-bow quadrant evolved into a polyxylous frame. In 1730,
Godfrey’s version of the instrument also showed such a construction and a modified
horizon vane. Whereas the archetype and plain cross-bow quadrants used Hood’s
shadow-casting method and horizon vane, only Harriot’s shadow-casting method
was indicated for Godfrey’s cross-bow quadrant, both in the way the sun was observed
and respecting the horizon vane.

As far as is known only two cross-bow quadrants survive: a plain version in Sko -
kloster Castle, Sweden, and a Godfrey version in the Museo Naval, Madrid.

The demi-cross, first mentioned in 1618, can be seen as the direct successor of John
Davis’ 45-degree backstaff. Davis’ instruments were introduced into the Netherlands
by Davis himself and it is most likely the Dutch who modified the demi-cross to
measure up to 90 degrees. The demi-cross incorporated Harriot’s ideas for both
shadow-casting and the horizon vane, although an alternative horizon vane ap -
proached the horizon from above in a Hood-type fashion. The implementation of
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Harriot’s ideas is strong evidence that Davis further developed his instruments after
his 1595 publication. No original instruments survive.

The hoekboog, first mentioned in 1623, was a further Dutch development based on
the ideas of Thomas Harriot, John Davis and George Waymouth. It used Harriot’s
method of shadow-casting, but a Hood type of horizon vane. The hoekboog developed
over the decades, its main beam increasing in cross-section and the scales divided to
a finer level, but it was replaced by the Davis quadrant by second half of the seven-
teenth century while still being referred to as a hoekboog (or haspelboog alterna-
tively). Only two fragments of the hoekboog are known to survive: one in the Shetland
Museum, Lerwick, and one in the collection of the Rijksdienst voor het Cultureel
Erfgoed (Cultural Heritage Agency) of the Dutch Ministry of Education, Culture
and Science in Lelystad.

Patented in 1660, Joost van Breen’s spiegelboog was the first instrument for celestial
navigation to use a mirror. Although Van Breen mentions speculum as a possible
material, he preferred to use glass as that was less expensive. The instrument could
be used in a forward and backwards manner and, thanks to the application of a
mirror, it was the first navigational instrument that could be used to observe the
stars backwards. Initially, the spiegelboog had a dedicated staff, but the instrument
developed over the years and by the eighteenth century the staff was similar to those
of the mariner’s cross-staff. When used with the mirror, it incorporated a Harriot
type of observation, both for the sun and for the horizon. Without the mirror, so
as a shadow-casting instrument, it initially used Hood’s shadow-casting method
and horizon vane, but the shadow-casting method changed to Harriot’s method
by the turn of the century. As far as is known, no spiegelboog staff, or other parts of
it, survives.

Introduced in the early 1660s by John Browne, the triangular quadrant was a sector
with an additional cross-piece between the ends of its legs. This formed an equilateral
triangle with all the functions of a sector and a quadrant. From approximately 1662

some of these instruments were also intended for celestial observations, for which
they were equipped with vanes, dedicated scales and mounting holes. As an obser-
vational instrument, the triangular quadrant could be used in a forward and back-
ward manner to observe the altitude of a celestial body, but was also capable of
directly measuring the observer’s latitude. It must have been cumbersome to use
due to its size of between 18 and 36 inches. The triangular quadrant used Harriot’s
shadow-casting method and horizon vane. Currently at least five triangular quad-
rants are known to have survived, three in the Museum of the History of Science,
Oxford and two in the private collection of Mick Taylor, UK. None of the surviving
instruments seems to have been intended as observational instruments for navi-
gation.
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An older instrument was re-introduced in 1669 by John Seller. It most likely originated
from Davis’ 90-degree backstaff, only differing in the interchanged locations of the
shadow and horizon vane and the addition of a transom. The new locations of the
vanes made the instrument change from Harriot’s to Hood’s shadow-casting
method, with the horizon vane was presumably used in this way as well. No original
instruments survive, but a wooden carving of one is preserved in the Admiralty
Boardroom, London.

Although at times seen as a backstaff, the almacanter’s staff, first introduced by
John Seller in 1672, was an instrument for forward observations of the sun. No
examples survive.

The first suggestions of problems with the commonly used Davis quadrant occurred
a few years later. The first to mention these was Claude Francois Milliet Dechales,
who in 1677 also proposed a new instrument: the improved Davis quadrant. Milliet
Dechales had re-invented Harriot’s shadow-casting method, possibly influenced by
the hoekboog, and applied it to the Davis quadrant. The 65-degree arc was replaced
by a 90-degree chord, while the 25-degree arc was replaced by a new arc spanning
10-12 degrees and was mounted on the same side of the staff as the chord. Having
mounted both scales on the same side of the staff allowed one to check their mutual
alignment. The improved Davis quadrant still used a Hood type of horizon vane.
No examples seem to have survived.

Milliet Dechales’ ideas may have diffused to England, since an instrument based
on the Davis quadrant and incorporating Harriot’s shadow-casting method appeared
there in the eighteenth century. All that is known of this instrument comes from a
single surviving specimen in the collection of the Museo Naval, Madrid, which
dates from around the third quarter of the eighteenth century. No period literature
on the instrument has been found and in modern literature the instrument is only
described in the museum’s catalogue. Being not described in period literature, I
decided to name it a demi-quadrant, since it combines the features of the demi-
cross with those of the Davis quadrant.

The instrument looks like a Davis quadrant without its 65-degree arc, while the
25-degree arc is enlarged to 32 degrees. The latter is mounted to the main beam at
the 23-degree scale mark. A half-transom with a shadow vane slides along the main
beam and has a dedicated scale running from 0 to 58 degrees. With these scales, the
demi-quadrant was the first shadow-casting instrument capable of measuring the
whole 90-degree range. From an instrument maker’s point of view the instrument
was more complex than any previously. No original vanes survive, but it probably
used Harriot’s shadow-casting method, while the horizon vane presumably used
Hood’s method.
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Master Hood's staff original ���� Hood n.a. EN

Harriot's staff original ���� Hood n.a. EN

‘a better way’ ���� Harriot n.a. EN

‘or else thus better’ ���� Harriot Hood EN

John Davis' ��°-

backstaff

original ���� Hood Harriot? EN

modified ���� Harriot Harriot EN

John Davis' ��°-

backstaff

original ���� Hood Harriot? EN

modified ���� Harriot Harriot? EN

Cromme boogh original ���� ? ? DU?

Knipboog original ���� ? ? DU?

Davis quadrant original ���� Hood Hood EN

with Flamsteed lens ���� Harriot Hood EN

Mariner's cross-staff transom vanes and hor. vane ���� Harriot Harriot EN

horizon vane ���� Hood Harriot EN

beentje ���� Hood Hood DU?

shortened beentje ���� Hood Harriot n.a.

double apertures and beentje ��		 Harriot Hood FR

double ap. & shortened beentje n.a. Harriot Harriot n.a.

Cross-bow quadrant Archetype ���� Hood Hood EN

Plain ���� Hood Hood EN

Godfrey's �	�� Harriot Harriot AM

Removing quadrant original ���� Harriot Hood EN

Demi-cross with full horizon vane ���� Harriot Harriot DU

with half horizon vane ���� Harriot Hood DU

Hoekboog original ���� Harriot Hood DU

Hollen Cubus original ���� Hood? n.a. DU

Spiegelboog with mirror ���� Harriot Harriot DU

without mirror ���� Hood Hood DU

without mirror post �	�� �	�� Harriot Hood DU

Triangular quadrant original ���� Harriot Harriot EN

Plow original ���� Hood Hood EN

Almacanter's staff original ��	� n.a. n.a. EN

Improved Davis 

quadrant

original ��		 Harriot Hood FR

Demi-quadrant original c.�	�� Harriot? Hood? EN

Table 20



The octant was invented in 1731 as the results of experiments with mirrors and an
index arm attached to a Davis quadrant. It has not been discussed here in great detail
as others have done so. It is, however, interesting to note that the octant was the
first instrument no longer to have its main beam corresponding to the zero-degrees
line on the instrument. Some octants from the second half of the eighteenth century
have design features that are similar as those found on the demi-quadrant.

The end of the era that formed the basis of this thesis is reached with the octant. The
new instruments devised in this period have been described. Table 20 summarises
their features and compares them to the instruments designed by Hood, Harriot,
and Davis.

M
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All Instruments used in Navigation, of what shape or form soever they be, are described or demon-

strated upon a Circle, or some portion of a circle, and therefore are of the nature of a Circle.1382

John Davis, 1595

5.1 Introduction

In the preceding chapters we have seen which instruments were used and which
most widely used. Based on period literature and surviving instruments, it can be
shown that the three most commonly used instruments prior to the invention of
the octant were, in order of popularity, the mariner’s astrolabe, the mariner’s cross-
staff and the Davis quadrant. It has also been suggested, but not yet shown, that the
Davis quadrant, although having been used most commonly, was not the best in-
strument available. This chapter will explore the capabilities of the Davis quadrant
and other instruments, and the observations taken with them, from a mathematical
point of view, while chapter 7 – Replicas and reconstructions will provide further
evidence to substantiate this claim.

This chapter starts with a section, Instrumental design, in which the datum line,
construction and dividing methods are discussed. The datum line is the basis for
angular measurements and is not only a theoretical concept, but is physically
present in all instruments, from the earliest, such as the kamal and mariner’s quad -
rant to the octant. The different ways in which instruments were constructed will be
shown, and the influence this had on durability. The section finishes with a consid -
eration of the scales. How the scales were engraved and the various division methods
used to graduate the instruments are explored.

 1382 Davis, The Seamans Secrets... (1595), f.28v of The Firste Booke of the Seamans Secrets.
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One of the features of each shadow-casting instrument is the way the shadow is
cast. From the start in the 1590s two different forms were suggested by Thomas Hood
and Thomas Harriot. In the shadow of Hood and Harriot explores the effect of these
methods on the accuracy of observations. Once we can distinguish between them,
the inherent accuracy of the instrument can be predicted based on the shadow-
casting method used.

Observational reference explores the basic principles of the instruments. It shows
that there are different ways in which the instruments under discussion tackle the
problem of measuring angles, making it possible to categorise them.

Concept based diffusion looks at the instruments’ diffusion and tries to resolve
the construction method used for John Davis’ first two practicable backstaffs, at the
same time adding some suggestions regarding the inventor of the Davis quadrant.

Observational errors are inevitable. Random and systematic errors (biases) are
the two types of error that affect the observations with early modern navigational
in struments. Both are explored as are possible solutions in terms of calibration and
observing procedures, discussed in section Biased observations.

In the early modern periods finding latitude during the day was done by taking
observations at noon. The section on the Mathematics of noon explores what noon
is and how it was defined at sea, including errors made in determining this moment
and to what extent they affected the observations.

The final section, Instrumental rhetoric, explores the regression in the mathe matical
quality of instruments and observing techniques after the advent of shadow-casting
instruments. This section explores instrumental rhetoric and shows that general
ignorance allowed one of the most poorly performing instruments to become the
one most commonly used.

Before diving into these matters I will first introduce a new concept. This chapter
deals with the mathematical concepts behind the instruments and errors that may or
will result during their use. The errors are deviations from the actual altitude or zenith
distance of the celestial object, which will affect the computation of the observer’s
latitude. Depending on the instrument and observation method, observations need
to be corrected for dip, refraction, declination, parallax, and the sun’s semi-dia -
meter.1383 Even if those were correctly known or calculated, the resulting latitudes
suffer from errors caused by personal error and instrumental limitations. How these
affect the calculated latitude depends on the type of error and the geographical
location in north-south direction of the observer in relation to the sun.

When an altitude is measured too high, I tend to think that the resulting latitude
will be too small or too southerly, but that is only because I live in the northern hemi-
sphere, north of the tropic of cancer. Likewise, a reader from the southern hemisphere
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would think that the resulting latitude will be too northerly (but still too small in
an absolute sense).

In order to avoid confusion, a more general description would be that the cal-
culated latitude will be closer to the latitude that corresponds to the sun’s declina-
tion (i.e. the latitude at which the sun is in the zenith during its meridian passage).
As these deviations and the resulting latitude errors are discussed more than once, I
thought it better to introduce a specific term for this. In his work on the Nova Zembla
effect, Siebren van der Werf introduced the Dutch term voetpunt, which literally
translates to “foot point”, as the latitude of the sun’s projected declination at noon.1384

From here on I will use this translated term and above example will thus become: “...
the computed latitude will be closer to the sun’s foot point.”

5.2 Instrumental design

Instruments, and in particular their design, are often taken for granted. They are
recognised because they have been depicted and described in literature. In this section
I will explore how the instruments were constructed and why they were made a par-
ticular way. I will also try to trace their common ancestry throughout their develop -
ment up to and including the octant. The instrumental reference or datum line will
be discussed first, followed by the various construction methods used.

5.2.1 The datum line
Each instrument discussed in this thesis requires an element known as a datum
line. According to the Oxford English Dictionary the datum line is “A standard of
comparison or point of reference”.1385 For the instruments in this thesis, the datum
line is best described as the internal reference to which all scales relate in one way or
another.

The instruments were all used to measure altitude (or its complement, zenith
distance), which runs from zero degrees at the horizon to 90 degrees at the zenith,
and were therefore divided into 90 degrees. The design of some instruments, however,
theoretically makes them capable of measuring angles up to 180 degrees, even though
they were not divided beyond 90 degrees. The datum line represents the zero-degree
altitude line, although most instruments were not able to measure an angle this
small. In this section, however, I will use the theoretical angles of zero and 180 degrees
for convenience, even though the instruments were not actually able to measure them.
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On one of the oldest navigational instruments, the mariner’s quadrant, the datum
line runs through its apex, parallel to the radius that holds the sights. The datum line
corresponds to a zenith distance of zero degrees and the scale runs to 90 degrees at
the other radius. For the mariner’s astrolabe, it is the engraved vertical line that runs
from the hinge through the centre of the instrument towards the bottom ballast. That
line represents the local vertical (i.e. parallel in principle to the direction of gravity)
and could be checked with a plumb bob.1386 Here the datum line either represents
zero degrees zenith distance or 90 degrees latitude, depending on the type of astro -
labe, and all other scale divisions are related to it.

These earliest two instruments have the datum line engraved, but not yet fully
materialised. This however changed with the advent of the kamal and subsequent
instruments. In the kamal the datum line was materialised in the form of a string
that was held taut between the teeth. The end of the string that was attached to the
board represented a 180-degrees-altitude angle, no matter the size of the board used.
Zero degrees of altitude could not be defined, since it would require a string of
infinite length, but theoretically the zero degrees altitude mark would have been at
the infinite extension of the chord. There is a simple trigonometric relationship
between altitude, length of string from the face, and board width, since the fact that
the boards were symmetrical around the kamal’s datum line.1387 It was the datum line
that held the divisions as knots.

In most wooden instruments that evolved from the kamal, the datum line can be
recognised as a single piece of wood that forms an axis of the instrument. The oldest
of these instruments is the mariner’s cross-staff. In this instrument the datum line
is the staff on which the transoms slide. An imaginary extended far end of the staff
is the point of zero degrees altitude, while the eye-end of the staff represents a 180-
degree altitude angle, no matter the size of the transom. Here too the transoms are
symmetrical around the datum line and the scales, often for both altitude and zenith
distance, are engraved along it. The mathematical relationship between observed
altitude, transom distance from the face, and transom width is the same as for the
kamal.

Master Hood’s cross-staff is the exception as regards the datum line. Instead of a
single datum line, Master Hood’s cross-staff has two, materialised in the two equally
sized staves of which the instrument is made. Depending on the observed angle, either
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the yard or the transom served as the datum line, with the corresponding scale en-
graved on the other staff, which would slide through a socket at the end of the datum
line. The scales were designed to give altitudes, and for altitudes up to 45 degrees the
yard served as a datum line (with the scale read on the transom), while for higher al-
titudes it was the transom (with the scale read on the yard). The relationship between
the observed altitude, fixed datum line length and the protruding part of the sliding
staff was a simple trigonometric function.1388

Of Harriot’s instruments, the first is straight forward: a straight bar carrying a hori-
zon vane and a shadow vane on a half transom. It is a single staff that forms the datum
line and carries the engraved scale(s).1389 The transom is, however, asymmetrical, like
in Hood’s cross-staff, making the relationship between the observed altitude, tran-
som distance along the staff from the horizon vane and transom height a simple
trigonometrical function.1390

Harriot’s two other shadow-casting instruments have a datum line like a mariner’s
quadrant, along the upper edge of the instrument. As with the mariner’s quadrant
the datum line is not engraved with a scale. Both instruments were designed to give
altitudes, with zero degrees at the datum line, although the observer’s head would
block the light of the sun at this angle.

For all three instruments the datum line is represented by the longest single piece
of wood of which the instrument was made.1391

In John Davis’s 45-degree backstaff, the datum line is represented by the staff on
which a half transom slides, like Harriot’s first instrument. The only difference is
that Davis’ transom was curved, Harriot’s straight. Here too the scales were engraved
directly onto the datum line, which was designed to give altitudes and had the max-
imum altitude near the horizon vane and minimum altitude at the the observer’s
end.

Davis’ 90-degree backstaff also has the datum line along the staff, but the scales
are partly engraved on the datum line and partly on a curved transom. The scale
on the staff deploys the same simple trigonometrical relationship as Harriot’s first
instrument, while the one on the transom is divided like the scale of a mariner’s
quad  rant. It is uncertain whether the 90-degree backstaff was designed to give al-
titudes or zenith distances.

THE INSTRUMENT AS A CONCEPT 403

 1388 The relationship between the fixed length of the datum line, the observed altitude and length
of the sliding staff is tan([altitude]) = ([sliding staff length])/[fixed datum line length].

 1389 The relationship between the shadow vane height, its distance from horizon vane and the
altitude is tan([altitude]) = ([board width])/[distance].

1390 The relationship between distance from the horizon vane and the observed altitude is
tan([altitude]) = ([transom height])/[distance].

 1391  Please note that Harriot’s instruments were probably not made, see De Hilster, ‘The Demi-
cross...’, p.31. Shirley, Thomas Harriot, A Biography, p.92.



Davis’s 90-degree backstaff was the first navigational instrument in which two scales
shared the same datum line, like later instruments such as the Davis quad rant, hoek -
boog, and demi-quadrant, and where the combined reading resulted in the observed
altitude or zenith distance.

All other seventeenth-century instruments for celestial navigation were of the same
design as one of the above instruments. In back-sight instruments, the datum line
was always formed by the longest piece of straight wood. Instruments with complex
frames, like the Davis quadrant and hoekboog, were designed to give zenith distances
and thus the longest piece represented the horizon (i.e. 90 degrees zenith distance).
The eighteenth century saw the advent of wooden octants and sextants, in which the
datum line no longer represented the longest piece of wood, but the other leg of the
A-shaped frame. The longest piece now represented 90 degrees altitude. With the
advent of metal octants and sextants, the material datum line even completely
disappeared. No longer was it formed by a specific part of the instrument’s frame,
but was engraved on its body as in the very first instruments for celestial navigation,
the mariner’s quadrant and mariner’s astrolabe.

5.2.2 Construction methods
Two construction methods can be distinguished in early modern instruments for ce-
lestial navigation. Most were designed along simple lines. They consisted of a monoxy-
lous frame (a frame made of a single piece of wood) that could be combined with
transoms and vanes to form the instrument. The more complex instruments consisted
of polyxylous frames (constructed of multiple wooden parts) to which the vanes were
added. Finally, the scales were engraved and the instrument was ready for use.

5.2.2.1 Monoxylous frames
The oldest group of navigational instruments had monoxylous frames. The mariner’s
quadrant, wooden mariner’s astrolabes, kamal, and mariner’s cross-staff were all made
of a monxylon (a single piece of wood) to which parts (i.e. an alidade, string or tran-
som) were added to assist observations. The quality of the mounting holes for these
parts was in general not critical as will be shown in section 5.6 – Biased observations.

This changed when the first shadow-casting instruments arrived. Most were still
made of monoxylous frames, like Master Hood’s cross-staff, Thomas Harriot’s first
backstaff, John Davis’ backstaffs, the cross-bow quadrant, and the demi-cross. As will
be shown in section 5.6 – Biased observations, their designs were more critical with
respect of the quality of the mounting holes, requiring a higher level of craftsmanship.
Apart from the cross-bow quadrant, these instruments all had asymmetrical transoms.
This method of construction required the transom to be as perpendicular as possible,
since any deviation from perpendicularity would impact the quality of the observa-
tions negatively.1392
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For the demi-cross, it is known that a perpendicular transom was ensured by adding
a steel or brass spring to the hole through which the staff slid. This spring ensured
that, when in rest and properly made, the transom was firmly pressed against the staff.
As long as the staff had a straight and smooth upper edge, the transom would re-
main perpendicular to it. The use of the spring most likely originated from the
mariner’s cross-staff, where it served to protect the staff from the action of the tran-
som’s clamping screw.1393 As transoms without tightening screws, but with brass
spring plates, are also known, it must have been beneficil to keep the transom in
place even when the screw was not tightened.1394

The transom spring of the demi-cross was critical to its function and it may
therefore be expected that similarly shaped instruments like Davis’ 45 and 90-degree
backstaffs had a spring to ensure perpendicularity of the transom(s) relative to the
staff. This was equally important for the demi-quadrant, and even more for the
spiegel boog, since that instrument worked by reflection. Any tilt of the mirror would
result in an error double the tilt angle. As it would otherwise have been almost im-
possible to use the spiegelboog reconstruction, it was equipped with a spring, even
though no reference was found to one.

In this respect the design of the demi-quadrant was unusual. It had a half-transom,
but the presence of a cross-strut in the frame would make it impossible to create a
transom mounting similar to those found on the demi-cross, since the cross-strut
would block a large part of the scale. The advantage of the demi-quad rant over the
demi-cross was that the half transom was been only used at fixed locations, and did
not slide along the scale during observations. It would therefore have sufficed to have
a spring on the side of the frame, like the sight and shadow vanes of the Davis quad -
rant, as long as the half transom was properly pressed downwards when its location
was set.

In Master Hood’s cross-staff, the clamping screw worked perpendicular to the
direction in which it was needed, but from the reconstruction it appeared that the
length of the cross-socket was sufficient to ensure perpendicularity and not affect
observations significantly. The early cross-bow quadrant had a similar cross-socket,
which must have helped in a similar way.

If one looks at historic illustrations, the cross-bow quadrant seems to have had
a polyxylous frame, made of a curved scale and straight struts. The two surviving
examples, however, show that it existed in both versions. The example in Skokloster
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Castle has the bow and struts cut from a single piece of wood, which is fitted like a
transom onto the end of the main beam. The one in the Museo Naval is made of a
single curved scale and three straight beams, the datum line and two struts, which
are firmly attached to each other with mortise and tenon joints, fixed with metal pins.

In general, monoxylous frames had the advantage that their construction was
relatively simple. Most parts were made of straight pieces of wood (usually ebony,
lignum vitae, redwood or pearwood) and the vanes were held onto the transom
with a brass spring. The transoms would slide along the main staff or through a socket
at the end. The most crucial factor was that the parts were joined at right angles to
each other. This did not mean that monoxylous frames were easier to build. From
building replicas and reconstructions, I have learned that, especially when no
clamping screws or springs were used, creating a staff of even width along its whole
length was challenging.

The Kronan cross-staff, of which the transoms have no clamping mechanism,
must have been very smooth in order to allow the transom a smooth run along the
whole staff without being so loose so it would slide down under its own weight or
too tight to run smoothly. With a staff length of just over a metre it would have been
impossible to keep a transom in place near the end of it without any clamping
mechanism, as the observer’s arm would be too short to reach it. Some paintings
of early mariner’s cross-staffs indicate that the early transoms fitted tightly to keep
them in place. These paintings show the instrument without clamping screws, held
vertically with the transom(s) halfway along the staff.1395 Had this not been possible,
it is unlikely an artist would have painted the instrument in this configuration.

During the construction of the Kronan cross-staff replica, adequate resistance
was achieved by testing the staff using a purpose-built wooden aperture. The staff
was sanded down until the aperture slid along the whole staff with equal resistance,
something that took most of a day. Once finished, measurements showed that the
width of the staff was within 0.03 millimetres along its whole length. With changing
humidity, however, the transoms got looser or tighter because the different woods
of the staff and transoms expanded differently.1396 For this it must have been logical,
or even necessary, to introduce a small spring that allowed the hole in the transom
to be somewhat wider than the width of the staff.
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5.2.2.2 Polyxylous frames
After the introduction of Master Hood’s shadow-casting instrument a new type of
navigational instrument appeared. The main body was no longer made of a mono -
xylon, but of several wooden segments, joined together with mortise and tenon
joints and fixed with wooden pegs or metal rivets. These polyxylous frames were
sturdier and less susceptible to warping, but required a higher degree of craftsman -
ship. Polyxylous frames were used in the designs of Thomas Harriot, the construction
of the cross-bow quadrant, Davis quadrant, removing quadrant, hoekboog, triangular
quadrant, plow, Seller’s backstaff, geometrical square, and Milliet Dechales’ corrected
Davis quadrant and the demi-quadrant.

The first depictions of polyxylous frames in navigational instruments were by
Thomas Harriot in ‘The Doctrine of Nauticall Triangles Compendious’.1397 Harriot
was a mathematician and astronomer. He had his own astronomical instruments
and must have been well aware of others, like those made by Tycho Brahe. It is known
of the latter that they had polyxylous frames, and although Harriot’s navigational
designs were most likely never made, they are a good indication that polyxylous
frames have an astronomical origin.1398

The first instrument made with a polyxylous frame was the Davis quadrant, first
shown in literature in 1604 in England.1399 The frame is usually made of two types
of wood: a hard tropical wood such as ebony, lignum vitae or rosewood, for the
main beam, struts and handle, and a finer, softer wood (e.g. boxwood or fruit wood)
for the arcs. The frame of a Davis quadrant consists of four beams (the main beam
that forms the datum line, two struts to support the arcs and a cross-beam that
serves as the handle and made the instrument more robust) and two arcs, although
the handle may have been absent in the earliest examples. The frame was con-
structed with mortise and tenon joints, held together with metal rivets, either made
of brass or bronze, or of ferrous metal. The rivets were sometimes decorated with
brass or ivory diamonds. The combination or ferrous metal rivets and brass dia-
monds was not beneficial as the rivets suffered from increased corrosion due to
electrolytic reaction in the salty, wet conditions in which the instrument was used,
at times causing loss of the diamonds.

Another polyxylous frame appeared around 1621. This was the hoekboog, which
first appeared in Dutch literature.1400 The two surviving fragments of the instrument
indicate that it was made of a single type of wood, ebony, which was used for the
main beams, struts, and chords. The frame was constructed using mortise and
tenon joints, held together with ebony pegs, although the absence of pegs in one
of the fragments may indicate that it could be glued as well.
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The other instruments must have been made along the same lines as the Davis
quad rant or hoekboog, but as no examples survive little more can be said. The only
exceptions are the demi-quadrant, which was made as a Davis quadrant, and the
triangular quadrant, which appeared in 1661 in English literature.1401 This latter
instrument was a sector to which a cross-piece could be mounted between the ends
of the legs and temporarily fixed with pegs or vanes. Surviving specimens indicate
that the legs were made of boxwood, joined by a brass hinge. Most likely the cross-
piece was made of boxwood as well, but no cross-pieces survive to confirm this.

5.2.2.3 Transoms and vanes
From an instrument maker’s point of view, there is little difference between a tran-
som and a vane. Both were made to fit the dimensions of the frame (or transom
when the vanes were mounted on that part) and had to fit squarely. Only the rotations
of the horizon vanes along their axis at right angles to the frames of the Davis quad-
rant, demi-cross, hoekboog, plow, Milliet Dechales’ corrected Davis quadrant, and
the demi-quadrant were not perpendicular to the datum line, but at an orientation
(nearly) perpendicular to the direction of 45 degrees altitude on the instrument.

For the Davis quadrant, this resulted in an orientation of about 15 degrees forward
of the datum line. For the hoekboog, this was 30 degrees, for the demi-quad rant 21.5

degrees, while for the demi-cross and Milliet Dechales’ corrected Davis quadrant
it was 45 degrees. It should be noted that the Davis quadrant, hoek boog, and demi-
quadrant had scales continuing respectively 25, 30, and 32 degrees below the datum
line (for early Davis quadrants this was 30 degrees as well), while for the other two
in struments the datum line corresponded to zero degrees of altitude. In respect to
the lower end of the scales, the horizon vane of the Davis quadrant was thus tilted
forward by 40-45 degrees, while this was 60 degrees for the hoekboog, and 63.5
degrees for the demi-quadrant. As shown in section 5.4.2.3 – The backward method,
this orientation significant implications for the functioning of the in strument and
was the reason that Davis’ 45-degree backstaff was not able to measure altitudes above
about 45 degrees.

Transoms were slid onto the staff of the instrument. Initially this was probably done
without any clamping mechanism. With the exception of the mariner’s astrolabe and
the mariner’s quadrant, all instruments discussed in this thesis originate from the
mariner’s cross-staff, which in turn originated from the kamal. In the early sixteenth
century, the string of the kamal was replaced by a staff and the mariner’s cross-staff
was born.1402 Given this sequence, it is likely that the early sixteenth century mariner’s
cross-staff had no clamping mechanism other than a snug fit, as the kamal was simply
a board with a hole through which the string was passed. Over time, transoms were
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equipped with either spring plates or fastening screws with or without spring plates
to tighten the transom onto the staff and protect the latter from the action of the
screw.

The Kronan cross-staff, which is dated 1661 but has transoms of earlier manufac-
ture, has no clamping mechanism.1403 It thus must have relied on a tight fit. The oldest
known clamping mechanism on a mariner’s cross-staff dates from the same year
and can be found on a dated example at Skokloster Castle.1404 This cross-staff has
clamping screws and spring plates, while an undated mariner’s cross-staff found
on the Stirling Castle, that foundered in 1703, has plates, but no screws. The oldest
reference to a transom clamping mechanism dates from 1702, by which time it had
been depicted in artworks as well.1405

Various types of clamping mechanisms were used for the vanes. Although direct
evidence is lacking, it seems that the vanes of the hoekboog were clamped around the
chords without a spring or screw.1406 By clamping on three complete sides and about
a quarter of the fourth side smooth running of the vanes can be achieved without
too much effort by making the chords as smooth as the staff of the Kronan cross-
staff replica. The not fully enclosed hole in the vanes of the hoekboog served as a kind
of spring due to the natural elasticity of the wood.

Horizon vanes of backstaff instruments were generally held using a snug fit. This
fit can be so tight that it can no longer be removed from the instrument. It is for this
reason that the horizon vane more commonly survives than the other vanes of Davis
quadrants.

The sliding vanes of Davis quadrants, the cross-bow quadrant and possibly most
other navigational instruments had brass springs to keep them in place. The oldest
reference to clamping screws and brass or steel clamping springs dates from 1618

and concerns the clamping screw of the shadow vane and spring of the half-transom
of the demi-cross.1407 The oldest surviving Davis quadrant (approximately 1661) and
one of the two surviving cross-bow quadrants, both in the collection of Skokloster
Castle, have brass springs in the vanes.1408

The only vane known to have had a clamping screw is the shadow vane of the
demi-cross, which is clamped to the half-transom of the instrument. Whether or
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not this vane had a protection plate like those in mariner’s cross-staff transoms is
unclear, but the absence of graduations, apart from the three or four marks that
in dicated the positions of the vane, did not require any protection from the action
of the screw.

The transom of the spiegelboog was equipped with a screw as well, but that served
to adjust the position of the transom in order to use the spiegelboog with or without
its mirror.

The vanes of all surviving types of instruments seem to have been constructed from
a monoxylon with springs generally made of brass. The transoms of mariner’s
cross-staffs were initially made of two parts, the long rectangular piece and the
central block through which the staff slides.1409 They were either glued together or
fastened with metal screws or wooden pegs.1410 The protection plate was usually
inserted into a groove on the flat side of the transom, but was sometimes held in
place between the block and the long rectangular piece of wood that formed the
transom, as in the transoms of the mariner’s cross-staff at the Skokloster Castle.
As early modern glue was not water resistant, there was a risk that the block might
become separated, rendering the transom useless.1411 For this reason later transoms
were made of a monoxylon, a construction method that would became common
by around 1700.1412

5.2.2.4 Scales
Once all the parts of the instrument were ready, the scales could be added. For
instruments with (half-) transoms (e.g. the mariner’s cross-staff, demi-cross, demi-
quadrant, etc.) it was vital that the transoms were finished first, since they served
as the basis for the calculations necessary to graduate the scales. In general, all early
modern instruments for celestial navigational made before the octant had mono -
xylous scales.

Circular instruments were engraved with equiangular scales, often with diagonal
scales. The diagonal scales allowed one to read the scale to a finer level of precision
than with an equiangular scale alone. Different designs were applied to the diagonal
scale and have been described in period texts. Jonas Moore wrote in 1681 that they
were made with “... five, six, ten or twelve Concentrick Circles ... and between ...
each Degree ... one, two, three, or more diagonal lines...”.1413 Figure 201 shows a
diagonal scale from Moore’s work with three diagonals per degree and eleven con -
centric circles. In order to divide a diagonal into ten sections, eleven concentric
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1409 Mörzer Bruyns, The Cross-Staff..., pp.37-38.
 1410 idem. An example of the use of wooden pegs is the Kronan cross-staff with spoon-shaped vanes.

Although the wooden pegs are from a later repair, the original blocks were glued.
 1411  ibid.
 1412 ibid.
 1413  Moore, A New Systeme... (1681), p. 248.



circles were needed and we may thus assume that Moore either did not count the first
or considered it part of the equiangular scale. Each degree was divided by the product
of the number of diagonals per degree and the number of (additional) concentric
circles. For example, in figure 201 this product is 3 x 10 = 30 and thus each degree
is divided into 2-arc-minute intervals.

The most finely divided early modern circular navigational instruments for celestial
navigation would generally have six diagonals per degree and eleven con centric circles
(ten additional circles), thus dividing each degree into single arc-minute intervals. As
will be shown in the next chapter, the resolution of the scale is not an indication of
accuracy. When properly divided, a coarser scale can be read more accurately than
a moderately divided scale with a higher resolution.

Most circular instruments only had equiangular scales. The only exceptions were
the cross-bow quadrant, the demi-quadrant and the Davis quadrant, but, as shown
in section 4.3.2 – The Davis quadrant (f.l. 1604), diagonal scales were probably not
applied to the latter before the 1650s and then only on the larger diameter arc.
Diagonal scales were already known in Levi ben Gerson’s time when he used them
to subdivide linear scales.1414 Ben Gerson may have invented the diagonal scale, but
he did not take credit for it.1415 In the centuries after Ben Gerson, only sparse evidence
can be found for the application of diagonal scales on angular measuring instruments.
The first solid evidence is an astronomical astrolabe dating from 1483.1416 Later
diagonal scales were used by Christopher Pühler, who mentions their use on a
quadrant in 1563.1417 Tycho Brahe used them on his instruments which he described
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 1414 Goldstein, ‘The Astronomy of Levi Ben Gerson...’, pp.162-167. Kiely, ‘surveying Instruments...’,
pp.168-180.

 1415  Goldstein, ‘The Astronomy of Levi Ben Gerson...’, p.164.
 1416 idem, pp.164-166.
 1417 Kiely, ‘surveying Instruments...’, pp.178-179.

Moore’s diagonal scale
(collection Het Scheepvaartmuseum,
Amsterdam, inv.no. S.4793(688)).

Figure 201



in 1572, and Leonard Digges showed a linear version of it in 1573.1418 The first time
we see them used in navigation is when George Waymouth shows various diagrams
of instruments in his 1604 ‘The Jewell of Artes’, some of which were meant for use
at sea.1419

In general circular scales were usually made of a single piece light-coloured and
fine-grained wood, such as a fruit wood or boxwood. According to Samuel Sturmy,
the graduations were carved using a sharp blade and then filled in with a substance
to make the “... Graduation and Figures set off very neatly on Box Instruments, with
Black.”1420 This substance was made by taking

...Charcoal, and beat it to a fine Powder, and temper it with Linseed-Oyl; and let it be rubb’d on

the Instrument newly divided, and lie so on it for a time, until it be pretty dry; and then with some

Sallet-Oyl rub the Instrument, and make it clean.1421

Staff-type instruments for celestial navigation were only graduated with straight
marks. No diagonals are known on these instruments, whether in period illustrations,
descriptions or surviving instruments. The only type of cross-staffs known to have
had diagonals were Levi ben Gerson’s instruments and the Radius Astronomicus,
but these were intended for astronomy, not navigation.1422

Over time the number of scales found on mariner’s cross-staffs increased. Initially
they only had a single transom and thus one corresponding scale,1423 but by 1584 four
transoms were used and all four sides of the staff were graduated.1424

The resolution to which instruments were divided evolved over time. The oldest
known mariner’s cross-staffs date from around 1600 and are divided with intervals
of at least 30 arc-minutes, while instruments from that same period exist with a
minimum interval of a whole degree.1425 The interval of the graduations usually
varied according to the section of the scale as the amount of available space reduced
with increasing altitude. Most likely to avoid confusion, the finest level to which a
scale was divided only changed per 10 degrees section of the scale, although changes

NAVIGATION ON WOOD412

 1418 ibid. Digges, Alae Seu Scalae Mathematicae... (London, 1573), f.39v. Waters, The Art of Navi -
gation..., p.304.

 1419 Waymouth, ‘The Jewell of Artes’ (1604), ff.29r, 35r, 41r, 45r, 57r, 198r, 200r, 293r.
1420 Sturmy, The Mariners Magazine... (1679), p.46. Sallet-Oyl is named after the headpieces of

medieval armour which (like the rest of the armour) were cleaned and brightened with it,
see: Smythe Palmer, Folk-Etymology... (London, 1882), p.338.

 1421  ibid.
 1422 Metius, Institutiones Astronomicæ & Geographicæ... (1614), pp.120-121. Goldstein, ‘The Astronomy

of Levi Ben Gerson...’, pp.146-149. Mörzer Bruyns, ‘The Cross-Staff Ten Years Later...’, p.20.
 1423 Mörzer Bruyns, The Cross-Staff..., p.28.
1424 See 3.3.4.4 – The mariner’s cross-staff.
 1425 Mörzer Bruyns, The Cross-Staff..., p.48. Mörzer Bruyns, ‘The Cross-Staff Ten Years Later...’, p.20.



at 5-degree sections are known as well. Table 21 shows the intervals for the 1720

Hase broek mariner’s cross-staff. The first column shows the graduation interval in
arc-minutes, the others the ranges to which they were applied.1426

Cross-staffs have been produced with other designs. Thomas Hood had one side
divided for measuring altitudes, while the other side was divided into 1,000 equal
parts for surveying by proportions.1427 Edmund Gunther had one scale for altitudes
on his cross-staff and an additional six for “... measure and protraction … for the Sea-
chart; and … for working of proportions in severall kindes.”1428 As these scales were
not for celestial observations, they are not discussed in this thesis.

The staff of a mariner’s cross-staff was generally made of a dark wood such as ebony
or lignum vitae, but sometimes of lighter materials such as hornbeam, pine or ivory.1429

For increased contrast, the graduations on the ebony and lignum vitae instruments
were probably highlighted with a light coloured substance, but so far I have only
seen one instrument, an ebony mariner’s cross-staff by an unknown maker in the
Museo Naval, with this feature. In this instrument, the graduations have been filled
with a mercury compound.1430
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1426 Based on a copy of the archaeological drawings of the instrument in the archives of the Scheep -
vaartmuseum, Amsterdam.

 1427 Hood, The Use of two Mathematicall instruments... (1590), p. 4 of part The Use Of The Jacobs
Staffe.

1428 Gunter, De Sectore & Radio... (1623), p.2 of The First Booke of the Crosse-Staffe.
1429 There is one mariner’s cross-staff known made of ivory and one made of pine. The ivory one

was made by Thomas Tuttell around 1695 as a presentation piece, the one in pine was found on
board the wreck of the Kronan. For the Tuttell staff see Waters, The Art of Navigation..., pp.xxi,
201v and Mörzer Bruyns, Sextants at Greenwich..., p.91 and plate 2. For the Kronan staff see
section 3.3.3.4 – Spoon-shaped transoms on the mariner’s cross-staff.

1430 López Calderón, Catálogo de la Sección de Instrumentos Náuticos..., p.198.
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5.2.3 Dividing methods
All the instruments discussed in this thesis had divided scales. The earliest in stru -
ments, like the kamal and mariner’s quadrant, were not divided into degrees or other
angular units, but marked for coastal features such as harbours, capes, river mouths,
etc.1431 These divisions must have been empirically determined, after which they could
be copied onto newly made instruments.

With the advent of quantitative celestial navigation, the instruments were divided
into units of arc and navigators learned to navigate to a certain latitude instead of to
a specific coastal feature. Initially these units varied by region: the chih was used in
China, the isba in the Arab world, and the degree, which eventually became the
universal standard for celestial navigation, in Europe.1432

The empirical method used for the kamal and early mariner’s quadrant was
straightforward. One would sail along the coast and each time a point of interest
was encountered one would take a reading using the instrument and mark it either
by adding a knot to the kamal’s string or a physical mark on the rim of the mariner’s
quadrant. The corresponding feature was either memorised or written on the in -
strument or in a document. A newly made instrument was either divided in the same
way, or the marks were copied from an existing one used for the same trip previously,
with the key either copied or orally transferred.

When it came to producing instruments for quantitative navigation, the empirical
obviously no longer worked, but copying remained standard. However, this required
an instrument that was properly divided. For circular instruments, such as the
mariner’s quadrant division from scratch, also known as original division,1433 seems
an obvious method, but using a master template (an accurately divided circle or
section of one that could be used in the dividing process for each instrument
produced) would have been more time efficient (see figure 202).

The methods for original division of circular scales have been described by Allan
Chapman in his Dividing the Circle.1434 When dividing quadrants, a 60-degree angle
was marked, then bisected to find the 30-degree mark.1435 This 30-degree mark was
then copied out from the 60-degree mark to mark the 90-degree division. Each 30-
degree section was then bisected to create 15 degrees intervals. For smaller intervals
bisecting was no longer possible, and the instrument maker had to continue by tri -
secting and quinquesecting, two methods that were, however, impossible to perform
accurately with compasses. For large astronomical quadrants, the alternative method
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 1431  See sections 3.3.2.1 – The mariner’s quadrant and 3.3.3.2 – The kamal.
 1432 See section 3.3.3.2 – The kamal. As well as the chih, isba and degree other units used included

mills (military, 3600 mills makes a circle) and grad or gon (surveying, 400 grad or gon makes
a circle).

 1433 Chapman, Dividing the Circle... (Chicago, 1982 & 1990), p.123.
 1434 idem, passim.
 1435 idem, p.67.



of dividing into 96 sections was used.1436 This method allowed bisection down to single
units and even down to quarters, with the scale readings mathematically compared
to a degree scale, which was also applied to the instrument.

The main downside of the original division method is that it is time-consuming.
Dividing a whole circle by original division could take as long as 150 days.1437 This
kind of effort was only profitable for the larger and more expensive astronomical
instruments or for making master templates. In order to speed up the tedious work
of original division Jesse Ramsden (1735-1800) developed an automated machine for
circular division, the dividing engine, in the 1760s.1438 Dividing instruments with a
dividing engine is known as secondary division as it uses an accurate master template
to graduate the circular scales.1439 The dividing engine made it possible to advance the
scale (or the cutter) by a certain angular amount and to engrave the division almost
wholly automatically. In this way it became possible to produce 24 graduations per
minute, allowing a full circle to be graduated to single arc-minutes within an hour
and a half.1440

Even before the invention of the dividing engine, secondary division had been
performed since the Middle Ages for many small instruments.1441 Instead of a fully
auto mated dividing engine a simpler version, consisting only of a master template,
was used. Chapter 6 – Scale analysis will show that Davis quadrants were produced
using secondary division well before Ramsden’s invention of the dividing engine.
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 1436 ibid.
 1437 idem, p.113.
 1438 idem, p.130.
 1439 idem, p.123.
1440 idem, p.158.
 1441  idem, p.123.

A master template for dividing
astronomical astrolabes (courtesy 
Museum of the History 
of Science, Oxford, inv.no.52332).

Figure 202



The accuracy of the circular scales depends on the diameter of the divided limb
and the positional accuracy with which one could mark it. For sixteenth and seven -
teenth century navigational instruments, we may assume that most of the work was
done by the unaided eye or at the most with light magnification, as extreme accuracy,
as needed for astronomical instruments, was not essential. Most navigational
calculations were done to a single arc-minute level and therefore the instruments
did not require an accuracy beyond that. In order to estimate the accuracy with
which a circular scale could be made, I determined the accuracy with which one can
draw lines using a simple test.1442 This indicated that an artisan should be capable of
producing a diagram for an instrument or its scale(s) with a positional accuracy of
0.04 millimetres at a 68% confidence level (1s), which means that errors of 0.08

milli metre will occur for about one third of the drawn lines and 0.12 milli metres or
more for about 5%. As circular scales are partly based on the more difficult approach
of trisecting and qinquesecting I used double the 1s value (so 0.08 milli metres) for
the divisions on the periphery of the (semi-)circle, and thus the divisions on the circle
are expected to deviate accordingly. This accuracy, in combination with the approxi -
mately 90 millimetres radius of a typical Iberian astrolabe, would mean divisions
could not be produced with an accuracy better than 6 arc-minutes at a 95% confi -
dence level (2s). If an instrument maker wished to produce an instru ment with an
accuracy of 1 arc-minute, he would require a radius of at least six times that radius
(540 millimetres or just under 2 feet). Thus a single arc-minute accuracy could be
achieved with a circle with a radius of 2 foot or greater.

Creating a master template of 2 foot radius would thus be sufficient to divide a
smaller instrument by placing it at its centre and using a 2 foot ruler with one end
at the instrument’s centre, the other end at the relevant graduation mark of the master
template. In all circular instruments, a dedicated centre can be found for this. In
the mariner’s astrolabe it is the hole that takes the pin to secure the alidade, while
in a mariner’s quadrant it is the hole through which the string of the plumb bob is
fastened. Davis quadrants either have a punch mark at their centre (at the observer’s
side of the horizon vane) or even a small hole drilled through it to secure the ruler
during the dividing process. It is the latter method I used in graduating replica Davis
quadrants, with acceptable results.
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1442 The test is as follows: take a piece of A4 or Letter-sized paper, a ruler and a well sharpened pencil.
Place the ruler on the paper parallel to the longest edge and make three small marks at 0, 5, and
25 centimetres along the ruler. Displace the ruler by about one centimetre and repeat the same
operation until some 20 or 30 (statistically a minimum if 28 is preferred) of these three mark
‘lines’ have been drawn. Then the ruler is repositioned over the 0 and 5 centimetre marks without
looking at the 25 centimetres mark and the 25 centimetres marks are reconstructed. The lateral
difference at the 25-centimetre marks can now be measured (including a sign to indicate
whether it is on one side or the other). The accuracy of the positioning at the 0 and 5 centi -
metres marks can be derived from the standard deviation divided by 5 and, as the test is based
on the positioning at two points, divided by the square root of 2.



Secondary division was also used for staff type instruments. Graduating a linear
instrument like Master Hood’s cross-staff, Davis’ backstaffs, the mariner’s cross-staff,
demi-cross or the spiegelboog using original division is in fact impossible, as the final
scale always relies on either an accurate circular or linear scale, as will be shown below.
Three secondary graduation methods can be identified for staff type instruments:
the copying method; the geometrical construction method; and the mathematical
method.1443

The copying method was probably the most time-efficient, but required an accurate
original, like the master templates used in circular division. The graduations were
copied by placing a blank staff next to an original and copying the graduations using
a knife and a set square. The method was, however, not recommended. In the early
seven teenth century, Blaeu and Metius warned of the errors that could be introduced
using this method, as one had to be sure that the original was properly divided.1444

Although not mentioned by them, it is evident that the transoms of the newly made
instrument had to be of the same length as those that defined the scales of the original.
Similarly Abraham de Graaf warned the reader that some cross-staff makers applied
the copying method to the production process of the hoekboog with possibly poor
results if the instruments were of different construction.1445

Graduating a staff-type instrument using the geometrical method has been
described in various ways (see figure 203). The oldest known description dates to
1514 when Johann Werner published Nova Translatio Primi Libri Geographiae Cl.
Ptolo maei.1446 Werner described the construction and the mathematical method.
For the construction, he started with a board on which a six or seven foot radius (the
length of the staff) semi-circle was drawn.1447 This semi-circle was divided in half with
a baseline that represented the staff and was equal to the length of it. Each resulting
quadrant was then divided into half-degree sections, starting from the baseline in
two opposite directions. He wrote that in this way “nearly twenty” degrees had to be
divided, but as his mathematical tables covered the whole range up to 90 degrees
altitude we may assume that he used the geometrical method for the same range and
divided 45 degrees on each side into half-degree segments, each representing a whole
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 1443 Mörzer Bruyns, The Cross-Staff..., p.29.
1444 Blaeu, The Light of Navigation... (1612), chapter xiii and xiiii, and Metius, Nieuwe Geographische

Onderwijsinghe... (1614), pp.23-26. Also see Mörzer Bruyns, The Cross-Staff..., p.29.
 1445 De Graaf, De Kleene Schatkamer: Het II Boek... (1688), p.113. The hoekboog is based on a circular

division, but as the scales are straight they more closely resemble the mariner’s cross-staff
than circular instruments such as the Davis quadrant.

1446 Werner, Nova Translatio Primi Libri Geographiae Cl. Ptolomaei (Nürnberg, 1514).
1447 idem, ff.19r-19v.



degree on the staff.1448 Two lines had to be drawn parallel to the baseline for the first
half-degree segment on the semi-circle (in figure 203 this is magnified 30 times just
as Werner did in his work, each segment thus representing half a degree). Using a
ruler, the centre of the semi-circle and the divisions on its periphery were connected,
crossing the parallel lines. Where they intersected, cross-lines had to be drawn to
the opposing counterpart and the location where these cross-lines intersected the
baseline (in Werner’s original lettering near t, o and g) is where the staff was marked
with corresponding divisions.

The size of the staff (six to seven foot or approximately two metres, roughly twice
as long as the sixteenth century mariner’s cross-staff) reminds us that Werner’s work
was about creating an astronomical instrument,1449 which is also reflected in the fact
that it was made with eight transoms with the ratios 1:2:3:....:8 and eight cor responding
scales (thus two scales per side of the staff), a number not seen on any mariner’s cross-
staff. The order in which Werner’s cross-staff was made also differed from the
mariner’s cross-staff. While the geometrical methods for the mariner’s cross-staffs
were based on the length of the transoms, in Werner’s method the lengths of the tran-
soms were derived from chords at fixed angles, starting at 1 degree, in the diagram.
There are, however, good reasons to discuss his method next to the methods used to
create the mariner’s cross-staff. Not only is it the oldest description of the geomet-
rical method, it is also the one with the most accurate results, as will be shown below.

The first time we see the geometrical method applied to a staff-type navigational
instrument is when Cortés described his method for graduating a mariner’s cross-
staff in 1551 in Breve Compendio de la Sphera y de la Arte de Navegar (see figure 203).1450

Cortés wrote that the staff should be at least six palms (approximately 1.25 metres
or about 4 foot) and that a board of the same length and two palms wide (approxi -
mately 0.42 metres), or at least a palm and a half wide (0.31 metres), should be
made.1451 A baseline is drawn along its centre and another line at right angles from
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1448 ibid. Werner wrote (for original lettering see figure 203): “Idque eousque fiat donec ex utraqe
circumferentiarum duorum quadrantium AB, et BC, prope gradus viginti absumpseris”, in
my own translation: “And so strictly be done until of the two quadrants on both the circum -
ferences AB, and BC, almost twenty degrees are taken.” It may be that Werner made a mistake
in his text as for both quadrants 45 degrees had to be divided into half-degree segments, and he
may have mistakenly divided 45 by 2 instead of multiplying by it. Having already three segments
in his drawing, another 19 were left to do.

1449 Mörzer Bruyns, The Cross-Staff..., p.28.
 1450 Cortés, Breve Compendio de la Sphera... (1551), ff.80r-81r.
 1451  idem, f.80r. Four palms makes one vara. For the vara see Instituto Geografico y Estadistico,

Equivalencias entre las Pesas y Medidas... (1886), p.7. For the palm and vara see Carrington, Foreign
Measures and their English Values... (London, 1864), p.89. There is a slight discrepancy between
the two sources of 0.012 metres regarding the length of the vara (Carrington: 0.8479 metres vs.
Instituto Geografico: 0.8359 metres). The vara was, however, not standardised (see Instituto
Geografico passim) and it could be that Carrington based his calculations on another vara then
the ones listed in the work by the Instituto Geografico.
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Variations of the geometrical division method (illustrations by the author).
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its end. The intersection of the lines served as the centre of a semi-circle that had to
be drawn with a diameter equal to the desired transom length (one and a half or two
palms long). The semi-circle was divided into two halves by the baseline, each of
which again had to be divided into two equal parts. The parts touching the baseline
were each then divided into 90 equal parts. Two lines were drawn parallel to the
baseline starting from the extremities of the semi-circle. Using a ruler, the centre
of the semi-circle and the 180 divisions on its periphery were connected and extended
towards the parallel lines. Where they intersected, lines were drawn to the opposing
counterpart, and where these lines intersected the baseline is where the staff would
be marked with corresponding divisions. Finally, the divisions were marked with
figures for altitude and the transom could be made to fit the diameter of the semi-
circle that defined it. Although Cortés’ method was based on the desired transom
length, the transom was not made until the diagram was finished, like Werner’s
method. Cortés only mentions the creation of a single transom about one third of
the length of the staff, but he may have used the same method for additional transoms
of other ratios and adapted the semi-circle diameter accordingly.

Almost three decades later, in 1580, Michiel Coignet published his version of the
geometrical method for a mariner’s cross-staff (see figure 203).1452 It seems that
Coignet was influenced by Werner as he also used a circle with a radius almost
equal (about 95%) to the length of the staff. In his diagram three vanes and a staff are
displayed with a ratio of approximately 0.8:1.4:2.9:9.0. He must have realised that
Werner did the same job twice by dividing segments on both sides of the baseline.
Instead, Coignet introduced a single-sided method by only dividing a 45-degree
section of a circle on one side of the baseline and projecting the intersections of the
radial and parallel lines perpendicularly onto the baseline. Coignet’s single-sided
method may have been derived from Gemma Frisius, who used the single-sided
method to produce the scales of his radius astronomicus in his 1545 astronomical
and geodetic work, De Radio Astronomico et Geometrico Liber.1453

Four years after Coignet, in 1584, Jacques de Vaulx demonstrated his method,
which is currently the oldest known depiction of the geometrical division method
for a mariner’s cross-staff with four transoms.1454 De Vaulx used a single-sided method
with the ratio of the transoms and the staff of approximately 0.8:1.7:2.6:4.0:9.0. The
diameter of the circle De Vaulx used was equal to the length of the largest transom
and thus significantly smaller than Coignet’s circle.
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 1452 Coignet, Nieuwe Onderwysinghe... (1580). I have only seen the 1598 edition, where the method
is described on ff.11v-12r.

 1453 Frisius, De Radio Astronomico... (Antwerp/Louvain, 1545), p.9.
 1454 De Vaulx, Les Premieres Oeuvres de Jacques de Vaulx... (1584), ff.16r-16v.



Lucas Janszoon Waghenaer described another new approach for the geometrical
method for a mariner’s cross-staff the same year as De Vaulx (see figure 203).1455 In -
stead of placing a semi-circle at the end of the staff he used a full circle with its
centre at the 90-degree altitude mark and, instead of dividing two 45-degree sections
into 90 as Cortés did, he used the full quadrants and divided them to whole degrees.
The radial lines were still drawn from the start of the baseline rather than the centre
of the circle. In a single illustration, Waghenear showed the double-sided method
for a single transom the length of the circle’s diameter and the single sided method
for an additional longer transom twice as long. The ratios of the transoms to the staff
were approximately 2.7:5.5:9.0. In 1592 Waghenaer abandoned the double-sided
method and added a line for an even smaller transom that was half the length of the
circle’s diameter, while the largest transom was reduced to one and a half times the
circle’s diameter, making the ratios 2.5:5.1:7.7:9.0.1456

Rodrigo Zamorano published a single sided method for a mariner’s cross-staff in
1598.1457 He used a circle with a radius approximately 40% of the length of the staff,
so in between Coignet and Blaeu, and a single small transom.1458 The ratio between
transom and staff was approximately 1.4:9.0.

In 1608, Willem Janszoon Blaeu published his first pilot book, Het Licht der Zee-
Vaert.1459 Blaeu described a geometrical method for a mariner’s cross-staff with
three transoms.1460 Blaeu used a single-sided geometrical method similar to the one
by De Vaulx, but with a quadrant with a radius of a third of the staff length and larger
in diameter than the largest transom by about 20%. The ratios between transoms and
staff were about 1.5:3.2:4.8:9.0, the ratio between the circle’s diameter and the 5.8:9.0.

In 1618, Blaeu showed the demi-cross for the first time and accompanied it with
a similar diagram for the construction of its scales.1461 The ratios for the demi-cross’
shadow vane settings and the staff were approximately 1.2:2.2:3.3:9.0, while the circle
had a diameter of 8.2. The main difference between the two diagrams was that for the
demi-cross the whole quadrant was divided into 90 degrees, whereas for the mariner’s
cross-staff only a 45-degree section was divided into 90 half-degree segments. This
suggests that a demi-cross could be divided with a higher degree of precision than
a mariner’s cross-staff of the same length.
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 1455 Waghenaer, Spieghel der Zeevaert... (1584), pp.22-23.
 1456 Waghenaer, Thresoor der Zeevaert... (1592), p.XXXVII.
 1457 Zamorano, Cort Ondervviis Vande Conste der Seevaert... (1598).
 1458 idem, ff.25v-26v.
 1459 Blaeu, Het Licht der Zee-Vaert... (1608). Van Netten, ‘Koopman in Kennis...’, p.49.
1460 idem, pp.23-25.
 1461  Blaeu, ‘T Derde deel van ‘t Licht der zee-vaert... (1618), f.7r of chapter Van ‘t ghebruyck deses Boecks.



The differences between the various methods are mainly in the diameter of the
reference (semi-)circle or quadrant and the double- or single-sided method. As will
be shown below, the quality of the geometrical method mainly depends on the
accuracy of the divided circle segments. The larger the segments, the easier it is to
achieve greater accuracy. Werner and Coignet used a larger diameter circle than
Cortés, De Vaulx, Waghenaer and Blaeu, and thus had the largest divisions on the
periphery with the greatest accuracies as a result. Due to the difference in projection
method, Waghenaer had larger divisions on his periphery than Cortés, De Vaulx
and Blaeu at the same diameter (semi-)circle and in this way managed to improve
the relative accuracy. The method Waghenaer used is similar to the way the sea rings
were divided and he may have been inspired by this navigational instrument.

The single and double-sided methods define the accuracy and reliability with
which cross-lines could be marked. Werner, Cortés and Waghenaer in his double-
sided method divided two segments on opposite sides of the baseline and created
the cross-lines by connecting the intersection points on either side. Coignet, De Vaulx
and Blaeu economised on labour and only used one side together with a perpen -
dicular projection. The difference between these methods is twofold. First, the
double-sided provides a good check on (gross) errors, which can thus easily be
avoided. Secondly, any remaining error in the intersections will be averaged in the
double-sided method by the cross-lines. The double sided method is thus both more
accurate and more reliable.

Later publications often repeated these same methods. Coignet’s method was used
by John Davis in 1595 to divide both his mariner’s cross-staff and 45-degree back -
staff.1462 The 1615 English translation of Cortés’ work also shows a diagram very similar
to the one by Coignet, as does De Graef (1658), Milliet Dechales (1677), Moore (1681)
and Vooght, (1706).1463 Waymouth (1604) used both Cortés’ and Coignet’s methods.1464

Blaeu’s method, with a quadrant slightly larger in diameter than the largest transom,
was used by Fournier (1642), Sturmy (1669), Norwood (1685), and most Dutch pilot
books written after Blaeu, which also showed Blaeu’s method for dividing a demi-
cross.1465 Zamorano’s method was used by Wright (1610).1466
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 1462 Davis, The Seamans Secrets... (1595), f.14r.
 1463 Cortés, The Arte of Navigation... (1615), p.154. Graef, De Seven Boecken... (1658), book 5, p.5,

Milliet Dechales, L’ Art de Naviger... (1677) p.62, Moore, A New Systeme... (1681), p.241, Vooght,
De Zeemans Weghwyser... (1706), p.329.

1464 Waymouth, ‘The Jewell of Artes’ (1604), ff.21-23.
 1465 Fournier, Hydrographie... (1643), pp.496-497, Sturmy, The Mariners Magazine... (1669), pp.78-

80, Norwood, Norwood’s System Of Navigation... (1685), fig. II against p. 108. As an example
of later pilot books showing both methods see Goos, De Lichtende Colomme... (1657), para -
graphs 21-24 of chapter Kort onderwijs in de Konst der Zee-vaert. The illustration in Fournier’s
work suggests the use of a double sided version of Blaeu’s method, but the text clearly explains
the method as the single-sided one.

1466 Zamorano, Cort Ondervviis... (1598), ff.25v-26v, Wright, Certain Errors... (1610).



I made simulations in order to test the accuracies achievable by the various methods
for dividing the (mariner’s) cross-staff. The methods given by John Davis for his 45-
degree backstaff and by Blaeu for the demi-cross are similar to the methods by
respectively Coignet and Blaeu for the cross-staff. As they both used a whole quad -
rant instead of a 45-degree section of it, they are twice as accurate as the methods they
are based on. The spiegelboog would have been divided in the same way as a mariner’s
cross-staff, but the inventor Joost van Breen did not indicate which method was
used for dividing, neither did Thomas Hood for his cross-staff. I have therefore
only analysed the creation of the scales for a cross-staff using the methods above.

As Cortés used a single transom with a ratio between 3:9 and 2.3:9 and Waghenaer
based his diagram on a ratio of 2.7:9, I began with a simulation of an imaginary cross-
staff with a single transom and a ratio of 2.7:9 (see figure 204). It should be noted
that Werner’s largest transom was only approximate half that size. Since by the end
of the sixteenth century four transoms were used, I ran a second simulation for an
imaginary cross-staff with a ratio between transoms and staff of 1:2:4:6:9 (see figure
205). In both cases, I used a staff length of 0.9 metres (roughly three feet), as was usual
for the period.1467

For the simulations I used the drawing accuracy mentioned above of 0.04 milli -
metres at a 68% confidence level (1s) for the intersections, and 0.08 millimetres for
the divisions on the periphery of the (semi-)circle. The resulting errors are given

THE INSTRUMENT AS A CONCEPT 423

 1467 Mörzer Bruyns, The Cross-Staff..., p.40.

Mariner’s cross-staff geometrical method analysis for a 2.7:9 ratio vane.
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in arc-minutes at a 68% confidence level (1s). In the modelling, the accuracy of the
divisions along the circles, the orientation of the radial lines, the insertion of the cross-
lines or perpendiculars, and the transfer of the diagram onto the staff are taken into
account, each with the same positional accuracies.

Figure 204 shows the errors for a cross-staff with a 2.7:9 ratio between the transom
and staff. As expected, the methods by Werner and Coignet are more accurate than
the others. That a difference exists between Werner and Coignet, even though both
use a large diameter circle, is the result of Werner’s double-sided method. As two circle
segments are used in the production of the cross-lines, the accuracy can be divided
by the square root of two, but as the influence of the positional errors is proportional
to the altitude (the size of the degree intervals increases at lower altitudes, while the
positional error remains the same) the two graphs get closer to each other near the
minimum observable altitude.

Cortés’ method is significantly less accurate than all other methods. The difference
between Waghenaer’s initial method and Cortés is, as anticipated, roughly a factor
of two. That they are closer together at 90 degrees altitude than at the minimum
observable altitude is due to the changing baseline length used to orient the radial
lines in the diagram in Waghenaer’s method.1468 The differences between Waghenaer’s
initial and later methods is due to the departure from the double-sided method, as
a result of which the latter method becomes as inaccurate as Cortés’ for near-zenith
observations. The accuracies of the methods by De Vaulx, Zamorano and Blaeu are
proportional to the diameter of their circles (the larger the diameter, the more
accurate).

By the end of the sixteenth century, mariner’s cross-staffs were made with up to four
transoms. As the observer had to use the largest possible transom for observations, it
is of interest to investigate how well a geometrically divided instrument would per-
form if the other three transoms are also taken into account.1469 Figure 205 shows
how the various methods would perform for an instrument with four transoms.
In order to compare the various methods, the ratios between transoms and staff
were kept equal, even though most methods show different ratios than used in the
simulation. In the figure the four ratios of the transoms are annotated along the
line for Cortés method. Indeed, while an effect is clearly visible in his, it is barely so
in Werner’s, Coignet’s, Zamorano’s and Blaeu’s methods. There was little discernible
effect for Waghenaer’s methods.

Again, Werner’s and Coignet’s methods are very similar and the most accurate.
The difference between them is only due to Werner’s double-sided approach. De
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1468 At 90 degrees altitude the length of this baseline is the hypotenuse of two radii at 90 degrees
to each other, while at 0 degrees it is twice the radius. In Cortés’ diagram this baseline is always
equal to the radius.

1469 Seller, Practical Navigation ... (1669), p.203.



Vaulx’s, Zamorano’s and Blaeu’s methods are equally consistent over the whole
altitude range, but roughly three times less accurate than Werner’s and Coignet’s due
their smaller reference circle.

Neither of Waghenaer’s methods is consistent along the whole range due to the
sea ring type of projection used. As explained above, the difference is due to the single
vs. double-sided projection method.

Cortés’ method is the least accurate for the two shortest transoms, while for the
second longest transom it is only more accurate than Waghenaers later method. For
the longest transom it produces better results than all methods, apart from Werner’s
and Coignet’s, and would do so for smaller altitudes were the staff long enough. The
steps are the result of the increase in diameter of the semi-circle with transom length.
It is, however, not known whether Cortés’ method was ever used in this manner to
produce a mariner’s cross-staff with more than one transom. Analysis of surviving
mariner’s cross-staffs has not provided any evidence that it was.1470

From the above simulations, it is clear that, provided the reference circle is sufficiently
large enough, mariner’s cross-staffs can be divided with a high degree of accuracy
using a geometrical method. From a modern perspective, the double-sided methods
used by Werner, Cortés and Waghenaer (initial method) were better, since they
provided a means to check the graduation as well as greater accuracy. Whether this
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1470 See chapter 6 – Scale analysis.

Mariner’s cross-staff geometrical method analysis for the instrument as a whole.
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was realised in early modern times remains unknown, but as only single-sided
methods were used in the seventeenth century, it seems that this was not the case.
Using the single-sided method, as Coignet, Waghenaer (later method), De Vaulx,
Zamo rano, and Blaeu did, was more economical and thus more profitable, but prone
to errors that could be hard to detect.

It were Coignet’s and Blaeu’s methods that were mainly used in the seventeenth
century. Cortés’ was only used by Waymouth (alongside Coignet’s method), while
Wright was the only one to use Zamorano’s method. The methods by Werner, De
Vaulx and Waghenaer seem not to have been used in the seventeenth century.
Provided that Cortés’ method was only used for single-transom instruments, it can
be concluded that with any of the geometrical methods instruments could be
divided with an accuracy of better than 3 arc-minutes over the whole altitude range.
Of Coignet’s and Blaeu’s methods, the former was clearly superior and capable of
dividing an instrument with an accuracy of approximately one arc-minute.

The mathematical method was an alternative to the geometrical method for grad-
uating the scales of a mariner’s cross-staff. Werner was the first to produce tables
for it, but his method was different from those given by later authors.1471 Werner made
a table for each transom, giving the division along the staff for each. As these positions
have a simple proportional relation with the transom length, later authors provided
a single table and instructions for deriving a properly divided scale based on the length
of the transom. Blaeu was one of those who gave a comprehensive description in 1608,
of which I will quote the 1612 English version. The method was that

... with your Compasse take the just half of the length of your Crosse, whereunto you meane to

marke your Staffe, and prick it as many tymes along the sayd line as you can : and divide each

of the sayd lengths into tenne-thousand equale partes, then look upon the table hereafter

ensheuing, which shewe you, how many of those pointes or parts you shall marke for each

degree...1472

The corresponding table gave the locations of the division for each whole degree of
zenith distance from 1 (“176 partes”) to 89 (“1,135,891 partes”) and 90 (“endlesse”).
One first had to engrave the zero-degree mark by starting from “...the eye-end, prick
just the half length of the Crosse, and there make a crosse stroak...”.1473 All other di-
visions were laid out from this. Theoretically, this could produce an accurate scale,
as shown in figure 206. The thin grey lines represent the shorter vanes and the thicker
black line the accuracy of the staff using all four scales. The accuracy of the staff merely
depends on the quality of the (bisected) reference scale and the correct positioning
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 1471  Werner, Nova Translatio... (1514), ff.20r-23r.
 1472 Blaeu, The Light of Navigation... (1612), chapter xiii.
 1473 ibid.



of the degree marks. Provided that both were done with an accuracy of 0.04 milli -
metres at a 68% confidence level, as in the geometrical method, figure 206 shows
the corresponding standard deviations for each transom. As the error is dispropor-
tional to the transom length, the shortest vane gives the highest standard deviations
and so on. Nevertheless, all scales could be made with a maximum standard deviation
of better than 4 arc-minutes and the instrument as a whole would always have a scale
available that would have been divided with a standard deviation better than 1 arc-
minute, if Blaeu’s method was as straight forward as mentioned above.

Clearly half the length of the transoms could not always be divided into 10,000 parts,
simply because of their limited size. Blaeu continued that

… if you can not divide the half length of the Crosse into tenne-thou-sand partes, then divide

the whole Crosse so , and then take for everie degree half so manye as the table sheweth unto

you: and if you can not do so, divide half the Crosse into a thousand partes, and then leave the

two hinder letters of the table out,1474 as where you should for the first degree take an hundred-

seventie-and-eight partes,1475 take but 17 partes, leaving the last figure out: but if your Crosses
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 1474 Obviously Blaeu was in error here. The table was meant to be used for a 10,000 parts division, so
dividing the transom into 1,000 part should divide the table by ten, not hundred as proposed.

 1475 Here Blaeu does give a correct example, dividing the table by ten. Actually the table reads 176

for the first degree.

Theoretical accuracy of the mathematical method.
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be so smale that you can divide the half of them into no smaller then an hundred partes, then

leave out the two last figures in the table.1476

This introduced some inaccuracies, particular since all the figures were rounded down
by truncating instead of rounding to the nearest tens or hundreds and perhaps even
thousands. Blaeu realised that this would happen and finished with the following
warning:

But you must understand that the more partes that you divide the Crosses into, your markes

will fall out so much the better and perfecter.1477

The reduction method Blaeu proposed has some implications. If, for instance, we
assume an instrument with a 1:2:4:6:9 ratio, a staff length of 0.9 metres and a mini -
mum division interval for the reference scale of 0.2 millimetres, Blaeu’s reduction
method would result in dividing half the length of the smallest and largest transom
into respectively 100 and 1000 parts and half the length of the other two transoms
into 500 parts each. With these figures the division intervals of the reference scale
would become 0.5 millimetre for the smallest transoms, 0.2 millimetres for the
second smallest, 0.4 millimetres for the second largest and 0.3 millimetres for the
largest transom. Each division not being a whole number of these intervals would
be rounded downwards, which results in a constant positive error that varies for each
graduation. For the smallest transom, for instance, the 66-degree mark will be mis -
placed by 20.3 arc-minutes, while this becomes 19.4 arc-minutes for the 65-degree
mark and 2.4 arc-minutes for the 67-degree mark.

Figure 207 shows the resulting errors for all four transoms and for the instrument
as a whole. As the third transom is twice the length of the second transom and both
were divided into the same number of parts, the errors for their scales are equal along
their altitude range and thus show as identical graphs. From the figure it becomes
clear that the smallest transom will have rounding errors up to 26 arc-minutes. For
the second and third transom these are up to 6 arc-minutes. The largest transom
has rounding errors that are equal to or less than 2.6 arc-minutes. Despite the larger
errors for the three larger vanes, the instrument as a whole still performs as well as
the largest transom since the rounding errors are proportional to altitude, and the
longest possible transom was always used.

Despite the simplification of the method by reducing the number of divisions by
a factor of ten or one hundred, one may wonder how practicable this method would
have been. The smallest transom of the mariner’s cross-staff was 3-4 inches (76-102

milli metres). If, for example, we had a smallest transom of 76 millimetres and a 3 foot
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1476 Blaeu, The Light of Navigation... (1612), chapter xiii.
 1477 ibid.



(914 millimetres) staff, the zero-degree mark would be made at 38 millimetres (1.5
inches) from the eye-end of the staff and repeated 24 times to fill the entire length
of it. Now suppose we used Blaeu’s reduction method and divided each of these
additional 38-millimetre sections into 100 parts (reduction by 100), making 2,400

divisions (plus one for the initial zero-degree mark). The largest possible zenith
distance for this staff and transom combination would be roughly 85 degrees, while
around 1612 the smallest graduation intervals were 30 arc-minutes. So these 2,401

equi distant divisions served to mark off 86 whole degree marks and perhaps – space
permitting – just as many 30 arc-minutes marks, so a maximum of 172 half and whole
degree marks in total.

Clearly this method was not very efficient and perhaps not the way cross-staffs
were actually produced when created in large quantities. In my opinion we should
read Blaeu’s text in a different way, interpreting it as a mathematical exercise: “measure
half the transom length, divide it by 10,000 and multiply with the numbers given
in the table”. This is very similar to period conversion tables of various length measures
in land surveying texts.1478 Using the mathematical method, each position along the
staff could be calculated with an accuracy of 4 decimal places. In order to apply the
calculated graduation marks to the staff, a linear and equidistant reference scale, such
as a ruler, would have been more efficient than dividing it directly onto the staff as
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1478 Dou, Van Nispen, Tractaet Van de Roeden en Landtmaten... (1664). According to the foreword,
the treatise was originally published in 1629.

Rounding induced errors due to Blaeu’s reduced mathematical method.
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mentioned above. Such a reference scale would only need to be properly divided into
equal parts. With trigonometrical functions being merely a ratio between two
numbers of equal units, the reference scale did not even need to be based on actual
units, as long as the half transom length was measured with it.

A reference scale was easier to produce than the mariner’s cross-staff scale itself:
one could simply divide any length of wood or brass by continual bisection into
1024 parts (10 bisections) and, if necessary, down to 2048 parts (11 bisections). Trying
to create 10,000 divisions would be virtually impossible and unnecessary for good
results, as will be shown below. Assuming a 3-foot (914 millimetres) reference scale
and 1024 divisions, each unit would then be just under 1 millimetre, sufficiently small
to leave the estimation of fractions to the artisan who engraved the scales.

This interpretation of Blaeu’s instruction as a mathematical exercise is what was
proposed half a century later by John Seller.1479 Seller mentions both the geometrical
and mathematical methods, but only explains the latter. Instead of providing a table
for the calculations, he simply refers to the “... Canon of natural Sines and Tangents...”
and tells the reader to do the calculations based on half the length of the transom,
half the required angle, and the whole length of the staff.1480 The calculation, of which
an example is given, would give “... the distance from the Center of the Staff to the
division...”.1481 The lengths of the staff and transom are measured in inches and thus
the answer is in inches too. Using a properly divided ruler, each division could now
be marked on the staff. Using this method, an accuracy of a single arc-minute or
better, as given in figure 206, would have been achievable.

The mathematical dividing method can also be used for a reverse analysis. Based on
the navigational requirements, it is possible to calculate the accuracy with which a
staff should be made. Again, the calculation is based on a mariner’s cross-staff with a
ratio between transoms and staff of 1:2:4:6:9.

Since in early modern navigation all observations and calculations were done to a
single arc-minute, the graph in figure 208 represents the allowable error in placing
the graduation mark before it gave a single-arc-minute observational error. For each
transom the working range was defined as the lowest observable altitude, which is
limited by the length of the staff in combination with the transom length, after which
the next transom would take over.

The graph shows that for the effective range of the instrument, a tenth of a milli -
metre position error will not produce an observational error larger than a single
arc-minute. For altitudes below 50 degrees, even a quarter or third of a millimetre
would be accurate enough to avoid errors in excess of a single arc-minute. As will be
shown in next chapter, such graduation errors are more or less what is found on
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1479 Seller, Practical Navigation... (1669), pp.201-202.
1480 idem, p.202.
 1481  ibid.



surviving mariner’s cross-staffs. In order to achieve this kind of accuracy, a reference
scale the length of the staff would not require more than about 9000 divisions (3 foot
expressed in tenths of millimetres). Apparently this was well known among mariner’s
cross-staff makers, as the tables allowed one to divide the staff theoretically into
30,000 parts for the largest transom.1482 If the tables were produced to one order of
magnitude less, so for 1:1,000 instead of 1:10,000 ratio, the scale for the largest transom
would be based on 3,000 parts and thus would not have errors smaller than a third
of a millimetre.1483

The physical reference scale would not be necessarily be divided down to a tenth
of a millimetre, a resolution that would be hard to achieve without transversals. A
single millimetre level would be sufficient to estimate thirds, quarters and perhaps
even tenths. Still, it would be more logical and cost effective, when mariner’s cross-
staffs or other straight-lined instruments with trigonometrical scales were made
in large quantities, to manufacture a few templates that could be used to produce
further instruments by simply copying the graduations side by side, since any other
would have taken a considerably longer time. Even when using a dividing aid, the
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 1482 The ratio transom:staff would have been 6:9. The transom would represent 2 x 10,000 parts,
so the staff would become 2 x 10,000 x 9/6 = 30,000 parts.

 1483 The total number of parts for the whole staff would then become 2 x 1,000 x 9/6 = 3,000 parts.
With a staff length of roughly 750 millimetre, the resolution would become 750 / 3,000 = 0.25

millimetres.

Metric division error corresponding to 1 arc-minute.
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graduation process would have been laborious, consuming many hours for each
instrument, as will be shown in chapter 7 – Replicas and reconstructions.

So far only the graduation methods for circular instruments and the mariner’s cross-
staff have been discussed. Other straight-lined instruments like Davis’ 45-degree
back staff and the demi-cross were graduated using similar methods. In the con -
struction method, again an arc was created with its centre at the start of the scale and
used for graduation (see figure 209). By 1618, the mathematical method was described
in period literature for the demi-cross, but Davis only mentioned the construction
method.1484

To construct the scale of the demi-cross using the construction method, an arc was
drawn at the origin of the scale and divided into degrees to the resolution required
(see figure 209). The mariner’s cross-staff had the origin of the scale at the eye-end,
but for Davis’ backstaffs and the demi-cross this location was slightly shifted to
correct for the horizontal offset of the shadow vane (indicated by ‘offset’ in figure
209). The direction perpendicularly upwards from the arc’s centre marked zero
degrees. A line parallel to the scale was drawn at a distance equal to the vane height
above the centre of the horizon vane (here indicated by the horizontally drawn dashed
line). Lines were then drawn from the arc’s centre through the divisions on the arc.
Where they intersected the parallel line was were the graduations were to be marked
on the scale (in the figure the scale on the lower half of the staff is constructed).

In this respect, the demi-quadrant stood out in its dividing method. Although we may
expect, given the age of the instrument, that the straight scale of the demi-quad rant
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1484 Blaeu, ’T Derde Deel van ’t Licht der zee-vaert... (1618), ff.9v-10r of Van het Gebruyck deses Boecks.
Davis, The Seamans Secrets... (1595), ff.14r-15r of The Second Booke of the Seamans Secrets.

Construction dividing
method for the demi-cross
(illustration by the author).
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in the collection of the Museo Naval was divided using a mathematical method,
the construction method gives greater insight into the differences between the com -
plexity of the scales of the mariner’s cross-staff, Davis’ 45 and 90-degree backstaffs
and the demi-cross on one hand and the demi-quadrant on the other.

The first group was based on the same principle (see figures 203 and 209). The arc
was drawn at the start of the scale and zero degrees was found by drawing a line from
its centre perpendicularly upwards to the staff.

By contrast, the demi-quadrant did not have the origin on the scale, but at the
centre of the horizon vane, as with the Davis quadrant. The construction method
for the demi-quadrant therefore required an angular offset instead of a linear one, as
with the demi-cross (compare figures 209 and 210). The reason for this angular offset
lies in the overall construction of this instrument, as will be shown below.

John Davis designed his 90-degree backstaff such that the arc below the staff
contained one part of the measuring range, while the sliding half transom above the
staff held the rest of the range. The straight scale for the half transom would have
been constructed in the same way as the scale of the demi-cross.

Observations taken with Davis’ instrument were the sum of both scales, like the
Davis quadrant.1485 Construction of these instruments meant that the measuring range
was limited. The sight vane in Davis’ instrument could not be moved fully upwards,
just as the shadow vane of a Davis quadrant could not be moved fully downwards,
since in each case the frame of the instrument blocked the last part of the scale. Like -
wise, the sliding half-transom of Davis’ instrument had a limited range due to its
length and the limited length of the staff. As a result, both Davis’ 90-degree back staff
and the Davis quadrant had a lower limit for the altitude that could be observed with
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 1485 This same method applies to the demi-quadrant.

Construction dividing
method for the demi-quadrant
(illustration by the author).
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them. In practice, this would not create a huge problem, as the observations were
limited in the first place by the fact that one’s head would block the light needed for
these low-altitude shadow-casting observations.

Another issue with Davis’ 90-degree backstaff and the Davis quadrant was that
instrument deformation could seriously affect the alignment between the two scales,
and the instruments did not provide a way of detecting it.1486 The inventor of the
demi-quadrant had devised an instrument that did allow measurements along the
full 90 degrees range and verification of the proper alignment between the two
scales.1487

The scales of the demi-quadrant consisted of an arc of 32 degrees and a straight
scale of 58 degrees, together making a total range of 90 degrees (see figure 211). The
32-degree arc (A-B in figure 211) was mounted with the 23-degree graduation line in
line with the centre of the straight scale, leaving 9 degrees above it.

In order to construct the shadow vane and corresponding straight scale, first a line
was drawn from the centre of the horizon vane (C in figure 211) towards the 32-degree
mark on the arc (near B in the figure). A second line (EF) was drawn parallel to the
straight scale so as to intersect line CB. The perpendicular projection of this inter -
section onto the straight scale created the division mark that was the complement
to 32 degrees on the arc, thus 58 degrees. This graduation mark had to be far enough
towards the horizon vane (or away from the forward edge of the arc by the amount
‘offset’ in the figure) to allow the shadow vane to be positioned over it without being
hindered by the arc. By lowering line EF, more space could be created for this. Po-
sitioning the shadow vane over this graduation mark would bring it exactly in line
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1486 See chapter 6 – Scale analysis.
 1487 See section 4.3.12 – The demi-quadrant (c.1750).

The scale construction 
method for the demi-quadrant
(illustration by the author).
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with the 32-degree graduation mark on the arc and the horizon vane, allowing a
visual check of instrumental deformation.

Now an arc was drawn with its centre at the centre of the horizon vane (i.e. at C).
To create the other end of the straight scale, line CD was drawn perpendicular to
line CA, thus with a 23-degree angular offset to the straight scale’s perpendicular.1488

This line represents zero degrees zenith distance (90 degrees altitude), assuming a
sight vane positioned at zero degrees on the arc. The perpendicular projection of
the intersection of this line with line EF marked the start of the straight scale and
was annotated with zero degrees.

The arc at C was divided starting from line CD in a clockwise direction, each degree
of which represented a whole degree on the straight scale. The intersections of the
lines drawn from C towards each division mark on this arc with the line EF were now
projected perpendicularly onto the straight scale in order to create the inter mediate
division marks.

As noted it is assumed that the demi-quadrant in the Museo Naval was divided using
a mathematical method. For a comparison, the formula required for the demi-cross
to calculate the locations of the graduation marks is:

                  

d = linear offset
shadow vane +

height shadow vane
                                                                                                                  

[1]
tan(altitude)

As we want to compare this to the demi-quadrant, which is divided for zenith dis-
tance, formula [1] can be written as:

d = linear offset
shadow vane + height

shadow vane
. tan(zenith distance)

                                                         
[1.1]

                  

In formulas [1] and [1.1] d is the distance of the graduation mark on the demi-cross
measured towards the observer from the centre of the horizon vane and is expressed
in the same units as the linear offset shadow vane (‘offset’ in figure 209) and height shadow vane.

For the demi-quadrant, assuming the arc is mounted with its 23-degree graduation
mark in line with the straight scale, the graduation marks can be calculated using:

d = height
shadow vane 

. tan(23 + zenith distance) [2]

                                                                                                                                                                                                                                          

                                                                                                                                                                                                                                  

Formula [2] is no more complex than the one needed for the demi-cross, although
it must have been the first time the mathematical method required an angular offset
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in the calculations, requiring a different mindset from the inventor. Formulas [1.1]
and [2] can be expressed in a single formula:

d = linear offset
shadow vane 

+ height
shadow vane

. tan (offset
zenith distance

+ zenith dsitance)
               

[3]
                  

For the demi-cross, linear offset shadow vane in formula [3] equals the ‘offset’ in figure
209, while offset zenith distance equals zero degrees. For the demi-quadrant, linear offset

shadow vane in formula [3] equals zero millimetres, while offset zenith distance is 23 degrees
(provided that the arc is mounted with the 23-degree mark in line with the main
beam).

However, when following the mathematical method for the demi-quadrant, the
height of the shadow vane had to be properly calculated and depended on the amount
of space needed for the straight scale and the remainder of the arc above it. The
amount of space is defined by the inner radius of the arc (inner radius 

arc
) and the

width of the base of the shadow vane (width shadow vane base
, i.e. the part of the shadow

vane that needs to fit between the 58 degrees graduation mark and the inside of the
arc, ‘offset’ in figure 211). Using these values and the following formula, the proper
height of the shadow vane can be calculated:

                                                                                                                                        
height

shadow vane 
= (inner radius

arc
– width

shadow vane base
) .tan (32° – 23°)

                                          
[4]

                  

So whereas the scales of the demi-cross could simply be calculated for any vane height
and any linear offset using formula [1.1], the demi-quadrant could only be made using
a vane height that was calculated from the dimensions of the frame and arc using
formula [4]. There is only one solution and it is this requirement that makes the
demi-quadrant significantly more complex than other straight-lined instruments.
With hindsight, the formulas are not complex, but the steps required to arrive at
this design must have been significant.

Formula [2] also makes clear that the straight scale of the demi-quadrant could
not be used independently, i.e. without setting a sight vane at the zero-degrees mark
of the arc, as proposed by García Franco in his description of the demi-quadrant.1489

The above reveals that, in basic concept, constructing a demi-quadrant is more
complex than constructing a mariner’s cross-staff, both Davis’ backstaffs, a demi-
cross, or a Davis quadrant. When I learned of the existence of the demi-quadrant
in 2015, I had already made several instruments using the mathematical method. Yet
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1489 See section 4.3.12 – The demi-quadrant (c.1750) and García Franco, Instrumentos Nauticos..., p.201.



it took quite an effort to fully understand, and moreover appreciate, the complexity
of the methods followed for this instrument. It therefore seems justified to state that
the origin of the demi-quadrant lies in a more recent period than that of the other
shadow-casting instruments discussed in this thesis.

5.3 In the shadow of Hood and Harriot

The end of the sixrteenth century was the start of a new era in the development of
navigational instruments. By this time, one of the principal instruments for celestial
navigation at sea was the mariner’s cross-staff. The others were the mariner’s astro -
labe and mariner’s quadrant. The mariner’s cross-staff was the most accurate of those
three when used for altitudes up to 50-60 degrees, but navigators were still looking
for improvements, as it forced the navigator to look towards the sun with the naked
eye, at most protected with a small piece of coloured glass.1490 Being the most accurate
for lower altitudes and lower in price than the mariner’s astrolabe, the mariner’s cross-
staff would eventually not only replace the other two other instru ments, but also lead
to new developments.1491

We have seen that initially the mariner’s cross-staff was used for forward obser -
vations, so facing the sun and that this could be harmful to the eyes. In addition,
blinking up and down with the eye in order to make an observation negatively in -
fluenced the quality of the observations.

In 1590, Thomas Hood introduced the single-sided shadow-casting method,
allowing the observer to measure the altitude of the sun by its shadow. A few years
later Thomas Harriot introduced the double-sided shadow-casting method, which
he thought to be more accurate. In this section the two methods are analysed.

5.3.1 Hood’s shadow-casting method
As mentioned in section 3.4.2.1 – Master Hood’s Cross-staff Thomas Hood described
his instrument in The use of the Two Mathematicall Instruments….1492 Before his in -
vention the sun’s altitude was measured either with a mariner’s cross-staff, a mariner’s
astrolabe, or a mariner’s quadrant, although the last was considered “…an excellent
In strument upon the Shore,[…] but for a Seaman […] to no purpose…”.1493

Master Hood’s cross-staff was used for forward observations, in a similar way to a
mariner’s cross-staff by holding it next to the eye, or by casting a shadow from a vane,
the so called shadow vane, onto one of the scales. When used as a shadow-casting
in strument, the observer still faced the sun and held the instrument in front of him.1494
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1490 Mörzer Bruyns, The Cross-Staff..., p.25.
 1491  idem, p.33.
1492 Hood, The Use of two Mathematicall instruments (London, 1590).
 1493 Davis, Seamans Secrets... (London, 1607), in: Hastings Markham, The Voyages..., pp. 334-335.
1494 In fact the observer had to work sideways, see 5.4.2.2 – The sideways method.



Only the upper edge of the shadow vane then served as a reference for obser  vations,
a method later used in instruments like the Davis quadrant and cross-bow quadrant.
I refer to this single-sided shadow-casting method as Hood’s shadow-casting method.

5.3.2 Harriot’s shadow-casting method
The method of forward observation changed around 1594, when Thomas Harriot
wrote ‘The Doctrine Of Nauticall Triangles Compendious’, in which he further
developed the idea of shadow-casting instruments.1495 He not only used the principle
of measuring the sun’s altitude by a cast shadow, but also turned the observer
around so that he stood with his back towards the sun.

Harriot described three instruments for backward observations, each of which
had features found on instruments developed in subsequent years. The first was based
on a staff similar to Hood’s design for forward observation, but used in a backward
manner, while the other two were quadrant-types also for use with the back towards
the sun.1496

As shown in section 3.4.2.2 – Harriot’s back-staffs, Harriot’s first instrument for
shadow-casting consisted of a staff, a sight vane, a shadow vane and a horizon vane.
It still used Hood’s single-sided method of shadow-casting and as he was not too
pleased with it, he drew two other – quadrant-type – instruments. Both incorporated
a new type of shadow casting, in which a cylinder at the centre of the quadrant cast a
shadow on a “… cursor or moveable vane so brode [sic.] or broader than the Cylin-
der” that slid along the quadrant (see figure 212). Harriot wrote of the moveable vane
that
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 1495 Harriot, ‘The Doctrine...’ (1594). Also see section 3.4.2.2 – Harriot’s back-staffs. For a more
detailed discussion on the chronological order of events see 5.5 – Concept based diffusion.

1496 Harriot, ‘The Doctrine...’ (1594), f.16v.

Harriot’s double-sided shadow-
casting method (By kind
permission of Lord Egremont, 
ref. Petworth House Archives 
HMC 241/6b).

Figure 212



The best is to have it just so big for the one halv [sic.] as wilbe shadowed by the cylinder; the other

half broder [sic.] somewhat that the observer may se [sic.] that the shadowe is in the middest;

shine by shyning as much on the one side as the other.1497

This way of projecting the shadow, using both the upper and lower edge of the shadow
vane, I refer to as Harriot’s shadow-casting method. It was applied to instruments like
the demi-cross and hoekboog and is of particular interest to the accuracy of shadow
casting instruments, as explained below.

5.3.3 Hood vs Harriot
Examples of shadow-casting methods are shown in figure 213, where 213A shows the
shadow-casting method for a Davis quadrant, 213B for a hoekboog, 213C for a demi-
cross, and 213D for a mariner’s cross-staff with a brass aperture disc at the upper end
of the transom. All apart from the mariner’s cross-staff are properly aligned with the
horizon. For the mariner’s cross-staff, the horizon vane is properly aligned but the
beam of light is slightly low.

As can be seen, the Davis quadrant (213A) uses Hood’s single-sided shadow-casting
method and only the upper side of the shadow is used, while the hoekboog (213B) and
demi-cross (213C) use Harriot’s double-sided method. When using a hoekboog, the
shadow had to be cast between two lines on a white surface, while using a demi-cross
the shadow was cast on a white surface of the same width as the shadow vane. The
mariner’s cross-staff (213D) did not use a shadow, but a beam of light within the
shadow had to be centred around the horizon and, as the light is delimited on all
sides by shadow, I still refer to it as Harriot’s double-sided shadow-casting method.

As will be discussed in this section, horizon vanes can also be defined as single-
sided or double-sided. The horizon vanes of the Davis quadrant (213A), hoekboog
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Three types of shadow casting 
in four instruments (pictures 
by the author).

Figure 213



(213B) and mariner’s cross-staff (213D) all approach the horizon from one side, while
the demi-cross (213C) has an aperture in which the horizon needs to be centred.
The former three thus use a Hood’s single-sided aperture, whereas the last uses a
Harriot type of aperture.

The importance of Harriot’s quadrant-type instruments lies in the method of
shadow-casting. While Hood only used the upper edge of the shadow vane, Harriot
used a cylinder to produce a shadow, both sides of which were used in the obser -
vation. This shadow was projected onto a vane that was partly of the same width and
partly wider, allowing the observer to centre the shadow on it.

Several early modern shadow-casting instruments have a horizon vane with two
horizontal parallel lines drawn onto it or a whitened rectangular area with horizontal
parallel edges. The parallel lines or edges work in the same way as Harriot’s double-
width vane mentioned above and help one observe the centre of the sun.

Figure 214 shows a picture taken with a digital camera of Harriot’s shadow casting
method with a vane distance of 213 millimetres. For this picture, a piece of paper was
printed with two parallel lines. It was pasted onto a piece of aluminium angle bar
using synthetic glue to avoid expansion and shrinkage by moisture. The heights of
the lines were measured on both ends using a height gauge on a surface plate. Along
their length of 6 centimetres a difference in their separation was found of approxi -
mately 0.05 millimetres, while their average separation (centre to centre) was 30.50

millimetres. Using a milling machine, a vane was produced from aluminium at the
same average width and with bevelled edges. In this way it was ensured that the
difference in width between the vane and the lines on the screen would not signif -
icantly affect measurements taken with it.1498 The screen and vane were mounted on
a section of a modern aluminium levelling staff, ensuring they were perpendicular to
the staff and parallel to each other. For easy perpendicular alignment, the vane was
set near the whole 10 centimetres divisions on the staff. This, in combination with the
way the screen and vane were mounted, resulted in a vane-to-screen distance of 213

millimetres plus a whole number of 100 millimetres for each consecutive distance (i.e.
313, 413, 513, …, 1013 millimetres). The whole assemblage was mounted on a photo -
grapher’s tripod (see figure 215).

Figure 216 shows the same screen and a shadow cast by the same vane as in figure
214, but now at the maximum distance of 1013 millimetres. As expected, the penumbra
looks much wider than in figure 214, while the whole width of the shadow seems to
be smaller than the separation of the lines.
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1498 At the shortest shadow-casting distance of 213 millimetres, 0.01 millimetres difference in width
results in an error of 10 arc seconds. As the vane is compared to two lines, this error is divided
by 2 and thus approximately 5 arc seconds for each 0.01 millimetres in deviation.



The distances in the two figures were not arbitrary. Figure 214 was cast at a distance
of 213 millimetres, which is only slightly more than the distance of the shadow vane
in a Davis quadrant. Figure 216 was cast at a distance of 1013 millimetres, which could
be achieved with large instruments like the demi-cross or Davis’ original 45 and 90-
degrees backstaffs.

Covering the lower half of either of the figures 214 or 216, results in an image re-
sembling what an observer would experience with Hood’s type of shadow-casting
(e.g. a Davis quadrant, cross-bow quadrant, etc.). Comparing the upper penumbra
to the line near it, it seems as if the line is not at the same height as the centre of the
penumbra, but that it (almost) covers the upper limb. Yet the symmetry with the lower
penumbra and line shows that the shadow is in fact properly centred.

The lines on the paper in figures 214 and 216 were not printed along the whole
width of it to make it possible to show how the shadow fits between the two lines, as
in Harriot’s proposal, and also to allow one to process the pictures taken using this
set-up with and without the lines. The pictures were split into hue, saturation and
brightness. The former two were discarded, while the latter was processed using
bespoke software. Using this software, the intensity was measured for each column
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Figures
214-215-216

Top-left (Figure 214): Harriot type 
shadow-casting at 213 millimetres distance.
Right (Figure 215): Penumbra width 
measuring instrument.
Below-left (Figure 216): Harriot type 
shadow-casting at 1013 millimetres distance 
(all pictures by the author).



of pixels and averaged over the whole width of the image and over the right-hand
side of the image only.1499 In this way, each image produced two graphs, one with the
parallel lines visible as intensity dips (see fringes on the slopes in figure 217), the other
of the complete undisturbed shadow and penumbrae.

Figure 217 shows the results of this process. L1 and L2 indicate the location of the
lines on the screen and C1 and C2 indicate the location of the half intensity level of
the penumbra. The two graphs in the figure have slightly different minimum intensity,
probably due to uneven lightning of the screen over its full width, which may have
been caused by the support of the vane and camera on the right side of the assemblage
blocking part of the ambient light from that side.

The four indicators L1, L2, C1, and C2 are automatically calculated, and, as can be
seen in the graph, lines L1 and C1 are separated by approximately the same as L2 and
C2.1500
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1499 The intensity was taken as the sum of the red, green and blue channel for each pixel in a row
of pixels in the image, even though each pixel in the lightness channel seems to contain grey
scales only (i.e. all three colours have the same value). The sum was then divided by (3 x 256

x [image width in pixels]) to produce an average value per row of pixels.
1500 The actual differences found by the software for this image were 5.95 and 5.93 arc-minutes.

Digital penumbra analysis at 1013 millimetres distance.
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The penumbra is the result of the vane covering part of the solar disc. Figure 218

shows a simulation of the intensity we may expect when covering the solar disc with
a vane for both a Lambertian Radiator (i.e. the whole solar disc transmits the same
amount of light/energy) and a truer sun with limb darkening (i.e. the centre emits
more light than the edges).1501 As can be seen from the figure, both the Lambertian
radiator and the sun with limb darkening produce a penumbra that is symmetrical
around the sun’s centre, with the 50% intensity level at the exact centre of the solar
disc.1502

The rays of the sun that pass the vane on both sides can be assumed to be parallel,
and it can therefore not be explained from the shadow or the penumbra why the
shadow in figure 216 appears narrower than that in figure 214. The lines on the paper
indicate the width of the vane and thus they indicate the theoretical centres of the
penumbrae on both sides of it. One would thus expect that the penumbrae would
be visible more to the outside of the lines than they appear now.
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 1501 For the calculation of limb darkening, see Cox, Allen’s Astrophysical Quantities (New York,
2000), pp.355-357.

 1502 The maximum difference between the Lambertian radiator and the sun with limb darkening
is approximately 1.9%.

Intensity of the sun’s penumbra for both a Lambertian Radiator and with Limb Darkening.
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A possible explanation for the effect is how any ambient light (i.e. reflected and
refracted light from the sky, clouds and from direct surrounding objects like sails and
shirts etc.) and the way in which a camera detects the penumbra affect the process.
The colour of the shadow is not black, but a dark grey. Had text been written in
between the two lines it would have been perfectly readable. This is due to ambient
light, just as we can read this thesis when seated in the shadow of an umbrella.

The non-shadowed parts of the paper in the test set-up catch the full light of
the sun and ambient light. The shadow does not catch any direct light and thus the
area in the middle of the shadow is only lit by ambient light. If there was no ambient
light, the full shadow would have been black. As the full shadow is made lighter due
to ambient light, the penumbra also gets lighter and as it cannot become whiter than
the non-shaded parts of the paper, the lighter parts of the penumbra will become (al-
most) as white as the surrounding area. Possibly as a result of this, the penumbra
shifts towards the centre of the shadow, but so far I have not found a proper expla-
nation for this effect, nor for how ambient light and penumbral shadows mix from
a mathematical point of view. It may be clear that researching and explaining this is
beyond the scope of this thesis and I will therefore only discuss how it is observed.

The camera plays an important role in these observations as the images are fully
dependant on the way the camera detects and stores light. At the same time we have
to assume that, as Dale Purves e.a. wrote in 2004, “...the retinal images generated by
light cannot uniquely define the underlying reality the observer must deal with...”
and can substantially differ from how they are recorded by a camera.1503 For this also
a series of tests have been done with observers, as will be shown below.

Figures 219 and 220 were generated from the picture analysis. Both show the penum -
bral effect for shadow-casting distances between 213 and 1013 millimetres in 100

millimetres steps. Figure 219 shows the graphs for the full width of the image and thus
includes the fringes caused by the two parallel lines on the screen. Figure 220 only
shows the graphs for the right hand side of the images. Both figures have been nor -
malised for both the horizontal and vertical axis. The horizontal axis was normalised
by making the distance between the fringes 30.5 millimetres, while the vertical axis
was normalised by making the average low intensity 0% and the average high in -
tensity 100%.

The width of the penumbral slopes clearly vary with vane distance. The crest of
the slope is displaced outwards approximately as much as the toe is displaced
inwards. The shape of the slope, however, is what makes the centre of the penumbra
appear to move towards the centre of the vane. The crest of the slope shows a curve
with a much larger radius than the toe, as a result of which the 50% intensity level
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 1503 Purves, Williams, Nundy, Lotto, ‘Perceiving the Intensity of Light’, in: Psychological Review,
Vol. 111, No. 1 (Washington, 2004), pp.142-158.
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Figure 219

Digital analysis of the sun’s penumbra without reference lines for vane distances between 213 and 1013

millimetres.
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Figure 220

Digital analysis of the sun’s penumbra with reference lines for vane distances between 213 and 1013

milli metres.

moves towards the centre of the vane. As can be seen in figure 219, lines L1 and L2,
which indicate the edges of the vane, also seem to indicate the location on the
penum bral slope with a relative stable intensity of approximately 75%. We would,



however, expect the centre of the sun to be the centre of the intensity, so around
the line of 50%. Following that line across the image it is apparent that the slope is
always towards the centre of the vane.

As shown in figure 217, the observational error due to the penumbra at a 50% level
was derived automatically from the processing. The calculation was done for both
penumbrae in the image and averaged in order to cancel out any centring error
between the vane and the lines on the screen.

Figure 221 shows the average observation error based on this digital process, using
the slope displacement at the 50% intensity level and the distance between the vane
and screen for each picture. The penumbral slope displacement results in a 4 to 6-
arc-minutes observation error, with an average of 5 arc-minutes. Using an instrument
based on Hood’s single-sided shadow-casting method, like the Davis quadrant, the
same error can be expected, at least when observing with the same camera as used in
this experiment. This error would result in a zenith distance too small and a resulting
calculated latitude too close to the sun’s foot point.

Whether the results of the camera experiment in above experiment represents what
is found by human perception seems unlikely.1504 One of the first and most obvious
effects found by human perception and completely absent in the pictures and
resulting graphs is the formation of so called Mach bands around the penumbral
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Figure 221

Observational error due to the sun’s penumbra based on digital processing.



slope.1505 When observing the penumbral slope we tend to see bands on each side of
the penumbra that are lighter on the bright side and darker on the dark side of the
penumbra.1506 At times even a second band can be seen outside the first band with
the opposite characteristics.

A second experiment was devised to see how the penumbra is experienced by
human perception. For that the same apparatus was used as in the photographic
experiment, but now with a slightly different screen. Instead of two parallel lines the
screen now contained a line parallel to the vane and one at a 1:20 slope with it, to serve
as a transversal scale (see figure 222). Again, the scale was tested using a height gauge
and surface plate and found to be correct to within 0.01 millimetres at the centre
value of 30.50 millimetres (line number 5 in figure 222).

Several people were asked to align the lower line with the centre of the lower
penum bra and then to read the figure at the location where the transversal line crosses
the centre of the upper penumbra. The resulting figure is a direct measurement of
the vane width based on its upper and lower penumbrae. Prior to this, the observers
were introduced to the principle of the penumbral shadow, but left unaware of the
actual width of the vane in relation to the scale on the screen. The vane width mea-
surements were started at 1013 millimetres to avoid pre-knowledge of the vane
width, and repeated four times before setting the vane 100 millimetres closer to the
screen.

Figure 223 shows the results. Half the difference between the measured and actual
vane width in combination with the distance between the vane and screen was used
to calculate the angular error in observation. The main difference with the camera
experiment is that human perception seems to perform better at greater distances.
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The screen with the transversal
scale for the human perception
experiment at 1013-millimetre vane
distance (picture by the author).

Figure 222

 1505 idem, pp.142-158.
1506 Please note that this is more obvious when observing an actual shadow than when looking

at a printed version of it.



Whereas the error in the camera experiment was proportional to the distance, the
human perception experiment shows it is almost unrelated to distance. It seems that
human perception no longer focusses on the intensity of the penumbra, but on its
actual width. When it becomes wider, it may be that the Mach bands are beneficial
in this.1507

With well over 6 arc-minutes for the average error along the whole observation
range, human perception seems to result in a slightly larger error than the 5 arc-
minutes found in the camera experiment described above.

From the four observations per vane position, the standard deviation for each
observer was calculated and is shown in figure 224. Although this is not much data,
the standard deviation is disproportional to the vane distance, as expected, and most
likely follows a power law in the near field. For this experiment, an average standard
deviation (1s, 68%) per person of just over 4 arc-minutes was found at the shortest
distance of 213 millimetres.

The standard deviation (1s, 68%) of the whole group of observers is shown as
error bars around the average in figure 223 and as a separate graph in figure 225. At
213 millimetres distance this standard deviation has grown to well over 9 arc-
minutes. Again, the graph seems to follow a power law in the near field and it seems
that we are unable to properly detect the width of the penumbra when it gets too
narrow. That this will actually happen when several observers use the same in stru -
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 1507 Not all observers saw these Mach bands, even after they were asked whether they saw them
or not.

Single sided error in human perception of penumbral shadow.
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ment under the same conditions has been shown by May in his article on the 1708

Shovel disaster and was confirmed by modern onboard experiments, as will be
shown in section 7.3.2 – Modern studies.1508
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Figure 224

Standard deviation of the average error over all observers.
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Figure 225

Standard deviation of the average error over all observers.

 1508 May, ‘The Last Voyage...’, pp.324-332.



Summarising, it can be said that although some differences were found between the
camera and human perception, the average error does not differ significantly, but in
the near field human perception works slightly less well than the camera. This means
that when using an instrument with Hood’s shadow-casting method, such as the Davis
quadrant, observations will be affected by how the penumbra is perceived. The av-
erage observer estimates the centre of the penumbra too close to the shadow side.
When using a Davis quadrant, or any other Hood-type instrument, the observer will
tend to tilt the instrument forward in order to raise the shadow vane to get it ‘properly
aligned’ with the line on his horizon vane. In order to correct for this, the sight vane
has to be lowered and a zenith distance that is too small will be measured, resulting
in a latitude closer to the sun’s foot point. Perhaps the observer could be trained to
know how much the real centre of the penumbra deviates from the apparent one and
thus might be able to correct for this, but it is not known whether this was actually
done. Furthermore, it is unknown how atmospheric con ditions, altitude and geo-
graphical location might affect human perception of the penumbra, so it may be
that the error in human perception differs as a result. Finally, the colour and material
of the horizon vane may have an additional effect.

It is for these reasons that statistically Harriot’s shadow-casting method will pro -
duce more consistent results than Hood’s shadow-casting method and, as most
instruments that use Hood’s shadow-casting method use the upper edge of the
shadow vane, we may expect that, provided that the observer is oblivious, these in -
struments tend to provide a zenith distance some 6 arc-minutes too small and thus
latitudes too close to the sun’s foot point by the same amount.1509

This, however, is only the error for the average observer. The human perception
experiment also showed that the differences between observers can be significant,
especially in the near field. The standard deviation of all observers at the nearest
distance in the experiment was well over 9 arc-minutes and it can thus be expected
that two observers will produce results that are on average more than 27 arc-minutes
(half a degree!) apart from each other when using Hood’s shadow-casting method.

As has been shown in section 4.3.2 – The Davis quadrant (f.l. 1604), there was little
trust in the whereabouts of the proper location of the sun’s centre within the
penumbra and whether or not to correct for the semi-sun diameter in the obser -
vations when using Hood’s shadow-casting method. In section 5.4.2.3 it will be
shown that this 6-arc-minute error is just one of two errors affecting observations
taken with the Davis quadrant and that another similar error is caused by the design
of the horizon vane and adds to the one found here.

NAVIGATION ON WOOD450

 1509 The lower value is for instruments with a large shadow-casting distance like Davis 45-degree
backstaff and the demi-cross. The higher value is for instruments with a shorter shadow-casting
distance, like the Davis quadrant.



5.4 Observational reference

Most early modern instruments for celestial navigation are considered nautical in -
stru ments because their basic principle differs from that of the instruments principally
intended for geodesy. As discussed in section 3.2 – Geodesy versus navigation, the main
requirement for a well functioning navigational instrument is that it can do without
the stability that one would need when using a geodetic instrument. Nevertheless, a
reliable reference is needed for observations. How that was implemented in the in -
struments is the topic of this section.

Early modern navigational instruments either relied on gravity or on a visible
horizon. These two methods are so fundamentally different that it took until the 1730s
before a navigational instrument for celestial navigation was invented that com bined
them into a single instrument. The implementation of the observation methods
varied between instruments, making some better adapted for use at sea than others.

5.4.1 Instruments relying on gravity
The oldest group of western early modern navigational instruments are the ones that
relied on gravity. For these part of the instrument is kept vertical, while another part
is aimed at the celestial body of which the altitude (or zenith distance) is required.
The first instruments based on this principle were the mariner’s quadrant and the
mariner’s astrolabe.1510 Later instruments, like the sixteenth-century sea ring and
seven t eenth-century hollow cube and geometrical square, used the same basic prin-
ciple as well.

The fact that these instruments all used the same principle does not mean they
were similarly well adapted for use at sea. How well they were adapted largely de -
pended on how the instrument was operated, which part of the instrument was
affected by gravity and the amount of inertia in that part.

5.4.1.1 The mariner’s astrolabe versus the mariner’s quadrant
When comparing the mariner’s quadrant and the mariner’s astrolabe, one immedi -
ately notices the different way in which the two rely on gravity. The mariner’s quadrant
is held in the hand and the radius with the sights is rotated towards the celestial body,
while a plumb bob suspended from its apex crosses the scale on the arc of the instru -
ment. The altitude or zenith distance can be read where the line of the plumb bob
crosses the scale.1511

The mariner’s astrolabe works in to opposite way. The whole instrument is sus -
pended from a ring and works like a plumb bob in itself. The alidade is rotated
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 1510 At times quadrants were equipped with additional sights and an index arm, with which obser -
vations could be made using the horizon. The mariner’s quadrant referred to here is the
instru   ment with a plumb bob.

  1511  The oldest versions did not have a limb graduated in degrees, but in coastal features like
harbours, rivers, capes, towns, etc.



towards the celestial body and the end of the alidade, which ends in a fiducial edge,
runs over the scale to indicate the observed angle.

The plumb bob of the mariner’s quadrant and the main body of the mariner’s astro -
labe are, however, affected by the vessel’s movements. The movements of a vessel can
be divided into linear and rotational movements. Heave (going up and down the
waves), sway (sideways movements) and surge (longitudinal accelerations) are the
linear movements. Pitch (rotation along the athwartships axis), roll (rotation along
the longitudinal axis) and yaw (rotation along the vertical axis) are the rotational
ones. Depending on the observer’s location, linear movements can be caused and
amplified by the rotational ones. By choosing the right location on the ship, these
induced linear movements are minimised.

The best location on the vessel from which to take observations was already known
in early modern times and mentioned in period literature. Spain’s royal cosmo -
grapher, Pedro de Medina (1493-1567), wrote that one should take position near the
mast at the middle of the ship.1512 The illustrations in De Medina’s works show a navi -
gator standing with the instrument held with an outstretched arm (see figure 226).1513

The Dutch translation of William Bourne’s work by navigator and cartographer Lucas
Jansz Waghenaer even mentions that the observer had to sit as low as possible in the
ship to minimise the influence of the vessel’s movements,1514 and added in his work
that the observations should be taken with the astrolabe between the legs.1515

Alternatively, the instrument could be held while on one knee, as shown in seven -
teenth-century Dutch literature (see figure 227).1516 The kneeled and seated methods
have the advantage that the arm that holds the instrument can be supported by the
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 1512 De Medina, Arte de nauegar... (1545), f.LXXr.
  1513  idem, passim.
 1514 Bourne, De Konst der Zeevaerdt... (1594), f.21r. These remarks have not been found in the same

sections of Bourne’s original works in English.
  1515  Waghenaer, Thresoor der zeevaert... (1592), p.XXVI.
 1516 Metius, Nieuwe Geographische Ondervvysinge... (1621), p.21. Most seventeenth-century Dutch

pilot books show a similar illustration.

Holding the mariner’s astrolabe
according to De Medina 
(courtesy of Het Scheepvaartmuseum,
Amsterdam, inv.no.mm_2664).

Figure 226



knee, while the reduced distance between the eye and the instrument makes it easier
to observe. In addition, the seated method allows the observer to concentrate on
the instrument, rather than his own stability.

Britain’s foremost marine cartographer, Sir Robert Dudley (1574-1649), went a step
further. He wrote that for taking altitudes at sea it would be good to stay in the middle
of ‘two strong circles’, as used with the magnetic compass (i.e. gimbals) in the lowest
part of the vessel.1517 In that way one would feel the movement of the sea and the vessel
much less.

So by ensuring the most favourable situation for observing, the effect of the move -
ments of the vessel (and observer!) could be minimised. This, however, does not apply
to all the vessel’s movements. No matter where one chooses, pitch, roll and yaw will
be felt. The movement affecting the observations most is roll as a vessel is, due to its
smaller width than length, least stable in that direction. A suspended instrument like
the mariner’s astrolabe is more able to counteract this movement than the mariner’s
quadrant, as the latter is not suspended, but held in the hand and thus moves with
the observer. The mariner’s quadrant therefore has to be constantly corrected by
the observer, while the mariner’s astrolabe is correcting for roll automatically.

Apart from its better resistance to movement, the mariner’s astrolabe is also better
designed to cope with wind, which has a more profound effect on the relatively light
plumb bob of a mariner’s quadrant than on the much heavier body of the mariner’s
astrolabe. It was to resist the wind that the mariner’s astrolabe was given additional
weight.1518 Thomas Blundeville wrote in 1594 that
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 1517 Dudley, Dell’Arcano Del Mare... (1647), p.24 of Libro Qvinto. He wrote: ‘…che nell’osservare
l’altitudine in Mare com uno solamente, sarrebe ben fatto, ch’egli stelle in mezzo di due cerchi
forti, all’usanza di Bussola, e nella parte piu bassa del Vascello; e così sentirà assai meno il
movi mento del Mare, e del Vascello.’

 1518 Stimson, The Mariner’s Astrolabe..., p.22.

Holding the mariner’s astrolabe 
according to Metius (courtesy of 
Het Scheepvaartmuseum, Amsterdam, 
inv.no. S.4793(546)).

Figure 227



...broade Astrolabes though they be thereby the truer, yet for that they are subject to the force

of the winde, and thereby ever mooving and unstable, are nothing meete to take the altitude of

any thing, and specially uppon the Sea, which thing to avoide, the Spaniards doe commonly

make their Astrolabes or Rings narrow and waightie, which for the most part are not much above

five inches broad, and yet doe waigh at the least foure pound, and to that end the lower part is

made a great deale thicker then the upper part towards the ring or handle: Notwithstanding most

of our English pilots that be skilfull, doe make their sea Astrolabes or ringes sixe or seven inches

broad, and therewith very massive and heavie, not easie to be mooved with the every winde...1519

That additional weight gave the instrument more inertia which also had a beneficial
effect on resistance to roll.

Overall, it can thus be concluded that the mariner’s astrolabe was better adapted for
use on a vessel than the mariner’s quadrant. John Davis agreed, as he considered the
mariner’s quadrant “...an excellent instrument upon the shore, to perfourme [sic.]
any Astronomicall [sic.] observations, but for a Seaman it is to no purpose...”.1520 He
wrote on the same page that the mariner’s astrolabe “...it is an excellent Instrument,
being rightly understood and operated...”1521 This will be confirmed in sections 5.6-
Biased observations and 5.8 – Instrumental rhetoric.

5.4.1.2 Other suspended instruments
Knowing that a suspended and heavier instrument is better adapted for use at sea,
we can now evaluate the three other suspended instruments mentioned above.

The sea ring was similar to the mariner’s astrolabe in that it is a suspended in -
strument with a substantial mass and so was as well adapted for use at sea as the
mariner’s astrolabe. At the same diameter it even had larger divisions, making it easier
to estimate parts of degrees. Yet its overall performance was poorer as will be shown
in section 5.6 – Biased observations.

Both the hollen cubus and the geometrical square were wooden instruments with
added bottom ballast, but were lighter than a mariner’s astrolabe. They were both
suspended instruments, but with their lesser weight they had less inertia and so seem
not to have been as well adapted for use at sea as the mariner’s astrolabe. Never -
the less, they were better than the mariner’s quadrant.

The geometrical square had another observing method, based on the same prin-
ciple as the mariner’s quadrant, but using an index arm instead of a plumb bob. The
celestial object was observed through two sights along the upper or lower horizontal
edge, while the index arm served as a plumb bob. Operated in this way, the geometrical
square was a variation on the mariner’s quadrant and must have been as ill-adapted
for use at sea.
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 1519 Blundeville, M. Blundeville His Exercises... (1594), ff.280r-280v.
 1520 Davis, The Seamans Secrets... (1595), f.16v of The Second Booke of the Seamans Secrets.
 1521  ibid.



5.4.2 Instruments relying on a visible horizon
The oldest form of quantitative celestial navigation used the horizon as a reference.
The instrument involved was the human body of which the width of the finger with
the arm outstretched served as an angular unit. The first material instrument using
the same principle was the kamal, from which the mariner’s cross-staff evolved.1522 At
the end of the sixteenth century, this instrument further developed into the shadow-
casting instruments discussed in this thesis. The finger, kamal, mariner’s cross-staff,
Master Hood’s cross-staff, Harriot’s instruments, Davis’ 45 and 90-degree backstaffs,
Davis quadrant, removing quadrant, cross-bow quadrant, demi-cross, hoekboog, tri -
angular quadrant, plow, Seller’s backstaff, Milliet Dechales’ improved Davis quadrant,
and demi-quadrant all used the horizon to keep (a part) of the instrument horizontal.

How the horizon was used for the observations varied between the instruments
and at times also depended on the altitude of the celestial body. Three different
ways of using the horizon to observe a celestial body’s altitude can be distinguished.
The first is the forward method, which was in use before the invention of shadow-
casting instruments, the second applies mainly to the first shadow-casting instrument,
while the third group consists of the back-sight instruments. I will refer to them as
the forward, sideways and backward methods. In each case the horizon vane played
an important role, as discussed in 5.3 – In the shadow of Hood and Harriot.

5.4.2.1 The forward method
The finger, kamal and early mariner’s cross-staff were all used in a forward manner.
The finger was held horizontally, while the kamal had a rectangular board that was
either held horizontally or vertically and the transom of a mariner’s cross-staff was
normally held vertically.1523 In each case the vertical dimension of the instrument
served as a reference for observation. The lower edge of the finger, board or transom
was kept in line with the horizon and, in case of the board or transom, by moving
it closer to or further from the eye its height could be made to occupy the angular
distance between the horizon and the celestial body. The latter was checked along
the upper edge of the board or transom. When using the finger, the number of fingers
that fitted the space between the horizon and celestial body was determined.

The main problem with this method was that the observer had to focus on the two
horizontal edges of the finger, board or transom and on the horizon and celestial
body behind them in order to make a correct observation. If the celestial body was
at low altitude, this could be relatively easy. At slightly larger altitudes, the observer
would perform the observation right by blinking up and down with his eye (or casting
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 1522 See section 3.3.3 – The introduction of the mariner’s cross-staff.
 1523 There are some exceptions, like the spiegelboog, where the width of the vane being used as a

transom became the reference.



as William Bourne named it1524). The larger the angle, the more difficult this proved,
to a point when observations were no longer reliable. Bourne therefore advised against
using the mariner’s cross-staff in a forward manner for altitudes above 50 degrees.1525

That the readings became unreliable was partly due to the time it takes to blink up
and down and properly assess the relative positions of the edges with the horizon and
celestial body, and partly to the fact that above 50 or 60 degrees the observer would
need to tilt his head up and down. The time between the lower and upper observation
increases with altitude and allows errors as the vessel rolls and pitches while the two
observations are made. As the vessel moves, the observer will raise and lower the
instrument causing the lower and upper observation to no longer correlate. At even
higher altitudes, the tilting of the observer’s head causes the relative positions of the
observer’s eye, arms and thus the instrument to change, making matters even worse.

It will be no surprise that the forward method was not very accurate, especially for
higher altitudes, and that it was abandoned in favour of other methods that were
easier, less harmful, and more accurate.

5.4.2.2 The sideways method
The first staff type instrument to implement the shadow-casting method and thereby
influence instrumental design and use for the century to come, Master Hood’s cross-
staff, was not used backward. The shadow-casting method was new and Thomas
Hood was still struggling with its implementation. His idea was brilliant in a way,
since the observer no longer needed to look into the sun. Instead, a shadow was cast
from a vane attached to the vertical beam of the instrument, and ‘caught’ in the hand
at the end of the horizontal beam (see figure 228).

According to Hood the instrument could be used to observe the sun by casting
shadows, for which one had to

… goe into some open place whereas you may see the sunne, and turning the ende of the yarde

marked with ninetie towardes your brest, holde the yarde so level as you can, that it may be a just

Parallell to the Horizon, and turne both your face, and also the vane of the transame towardes the

sunne.1526

Although this is an instrument that measured the altitude of the sun from its
shadow, it was still held in a forward manner. Levelling the instrument and taking
observations were two different things, however, as one first had to level it and only
then were the instrument and observer turned towards the horizon. The instrument
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 1524 Bourne, A Regiment for the Sea... (1577), f.26r-26v. Bourne also stated that above this altitude the
degrees on the mariner’s cross-staff were too close to each other, making it difficult to properly
read the altitude from the staff.

 1525 ibid.
 1526 Hood, The Use of Two Mathematicall Instruments... (1590), f.2v of A Dialogue touching the use

of the Crosse staffe.



thus had to be held horizontally, but no aids were given for this. According to Hood,
one could use “… a Plummet of Leade…” to keep the transom vertical when obser -
ving on land, but Hood did “... not thinke that so necessary, because [...] a little practise
wyll make the eye a reasonable judge both of the perpendicularitie, and of the paral-
lelitie.”1527 No advice was given on this matter for use at sea.

Various experiments with a modern replica showed that it is best not to rely on the
judgement of the eye too much, otherwise errors as large as 8 degrees will occur.1528

Hood’s idea of first levelling the instrument and then turning it towards the sun also
is impossible when operated by a single person, but the method can be attempted
when the instrument is operated by two people at the same time.

During the last practical experiment with master Hood’s instrument two observers
were given the task of finding a method that would result in proper observations
based on Master Hood’s text. After several unsuccessful days, they found that when
one person concentrated on keeping the instrument horizontal, by comparing the
horizontal beam to the distant horizon, the other observer – standing at the other
side of the instrument – could operate it and align the shadow.1529 On the deck of a
moving vessel, the method looks like two persons doing a slow tango (see figure 229).
Both observers are thus working in a sideways fashion and the instrument is compared
to the horizon in a direction perpendicular to the sun. It is for that reason that I
refer to this as the sideways method.

While previous tests had failed completely, this final test also showed that despite
the clumsy method, yet thanks to its sheer size, this unwieldy instrument was capable
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 1527 idem, f.3r of The Use Of The Crosse Staffe.
 1528 De Hilster, ‘Master Hood’s Cross-staff...’, p.15.
 1529 The results of this experiment are discussed in section 7.3 – Studies assessing the accuracy of

early modern instruments.

Figures
228-229

Left (Figure 228): One of Hood’s shadow casting methods © British Library Board. All Rights Reserved
(Shelfmark 8534.b.22). Right (Figure 229): Master Hood’s tango (picture by the author).



of producing altitudes with a 20-arc-minute standard deviation and an average error
of less than 10-arc-minutes.1530

5.4.2.3 The backward method
With the exception of Master Hood’s cross-staff, all shadow-casting instruments,
in cluding the mariner’s cross-staff used in that way, use the backward method. Here
the observer stands with his back towards the sun and tries to project a shadow or
a beam of light onto the horizon vane to compare it to the visible horizon. Blinking
up and down is no longer required, the observer only needing to focus on the horizon
vane, the cast shadow or light ray and the horizon, making the observations easier
and more reliable.

Various instruments of different construction and with different types of horizon
vane were designed to implement the backward method, but not all were successful,
as will be shown. A successful implementation depends on the shape of the instrument
and on the shape and orientation of the horizon vane.

The backward method relies on the coincidence of five elements in a single line of
sight. This is built up between the observer’s eye (1) and the horizon (2). In between,
the observer needs to place the sight vane (3) and horizon vane (4), and has to try to
cast a shadow or beam of light (5) onto the correct place on the horizon vane. When
properly done, all elements are aligned and the instrument can be read to produce
the altitude or zenith distance.

In an ideal situation the observer and instrument do not move randomly and
aligning the elements is simply a matter of rotating the instrument within the vertical
plane intersecting the observer and the sun until the horizon vane touches the
horizon. However, both the shape and orientation of the horizon vane and the way
in which random movement in combination with the instrument design influences
the cast shadow or light ray determine the success of an instrument.

Various types of horizon vane were designed. The horizon vanes of the Davis
quadrant, Milliet Dechales’ improved Davis quadrant, the cross-bow quadrant, the
demi-cross and the spiegelboog (used without mirror) were made with horizontal
rectangular apertures, like the opening of a letterbox. The demi-cross differed slightly,
as it had the aperture centred on the centreline of the vane, while the other instru -
ments had the aperture touching the centreline from below (i.e. the upper edge of
the aperture makes the fiducial edge). John Davis’ 45 and 90-degree backstaffs, the
removing quadrant and the plow also had horizontal apertures, but it is not known
whether they were centred on the vane as in the demi-cross or off-centred as with the
other instruments.
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 1530 See section 7.3 – Studies assessing the accuracy of early modern instruments.



The importance of this minor difference in the vertical position of the aperture
becomes clear when we apply the difference between Hood’s and Harriot’s shadow-
casting method. Harriot told us that it would be better to cast the shadow between
two lines on the horizon vane since that would give us a better reference.1531 Similarly,
it is easier to centre the horizon in the centre of an aperture, as with the demi-cross,
than on its edge.

The horizon vanes of instruments like the Davis quadrant and hoekboog approach
the horizon from above, and the horizon vane is correctly positioned when the upper
edge of the aperture ‘rests’ on the horizon. However, as soon as this is achieved the
concept of the horizon disappears as the sky above it can no longer be seen and it
becomes impossible to tell whether the edge is on the horizon or slightly below it. Of
course, the observer could compare the vane with the horizon directly to the left of
it, but that is often too far away from the location on which he is focussing, especially
with instruments like the Davis quadrant, hoekboog and spiegelboog (without mirror)
as the observation is made in the centre of the aperture or an inverted U-shaped vane
and the part of the vane directly the aperture blocks the view of the horizon. As a
result, the observer tends to raise the horizon vane slightly to verify the horizon’s true
vertical position.1532 During field tests, I encountered observers, including myself, who
even kept an opening between the horizon vane and the horizon for this purpose.

In the sixteenth century, raising the lower part of the mariner’s cross-staff transom
was regularly done in an attempt to ‘correct’ the observations. Thomas Harriot wrote
in his notes for Sir Walter Raleigh’s voyage to Guiana:

The seamen use comonly to leave the horison open in the observation observing, which in deed

were good if they know how much, but because of the uncertayne coniecture they may make

greater greater error then is fit to be permitted. They have the practice by tradition from one to

the other. The reason thereof they yeld none in there writinge, nether being demanded do they

answere any otherwise then that not doing so, the altitude wold not be true, nor agree with the

Astrolabe. Which without doubt have ben found by comparing the st Staffe & the Astrolabe to

gether.1533

Harriot understood that this was to compensate for dip, something that was not yet
fully understood in the sixteenth century. He wrote about dip that he had

... proved that the ey[e] being above the levell of the water at sea, doth see more then half the

heavens. And therefore from the zenith or highest poynt above our heade to the apparent horizon

is more then 90 degrees. And that surplus is the greater, according as the ey[e] is above the levell
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  1531  See section 5.3.2 – Harriot’s shadow-casting method.
 1532 De Hilster, ‘The Hoekboog...’, pp.29-30.
 1533  Harriot, BL Add.MS 6788 (c.1595), f.487r.



of the water. And therefore any high that is taken by the staffe close [i.e. in contact with the

horizon], because it hath respecte to the visible horizon, is greater then from the true horizon of

the world.1534

Harriot provided a table for dip on the next folio, but more importantly urged that
“... it is the surest way in using the staffe to take the altitude close from the Horizon
...” to avoid observational errors.1535 This, however, is easier said than done.

To show the reader how the focus of the human eye affects observations I designed
the ‘Little’ experiment (see figure 230). As can be seen the figure contains the word
Little. Focus on where the vertical and horizontal lines of the left t cross each other
and the void in their crossing. Then try to determine the height difference between
the e at the end of the word and the cross-bar of that t without losing focus on the
same t. Trying to estimate this height difference requires one to shift one’s focus to
the right, instantaneously losing focus on the t in the process.1536 In order to compare
the height of the e and the t, the focus needs to move back again to the left. It is thus
impossible to keep both characters in focus simultaneously.

Now imagine that the word Little is the place on the aperture where the shadow
is cast and that the horizontal line near the left border of figure 230 is where one
could see the horizon next to the horizon vane. Repeating the Little experiment it will
be noticed that the line to the left represents the horizon becomes almost invisible
and that it becomes impossible to see that the line is actually made of two segments
with a small height difference and a gap between them. The height difference and gap
are only visible when one focusses directly on the two lines, but then the void can no
longer be seen in the t. It is not surprising, therefore, that the shape of the horizon
vane has a significant effect on the way the horizon is observed.

The reason we are unable to focus on two objects at the same time lies in the optical
characteristics of the components of our eyes and of the central part, the fovea, in
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 1534 ibid.
 1535  ibid.
 1536 The top of the e is slightly higher than the top of the cross-bar of the t.

The Little experiment
(illustration by the author).

Figure 230



particular. The fovea is the area of the retina where the finest details can be resolved
and has an angular diameter of approximately 0.3 degrees (18 arc-minutes) about the
eye’s visual axis, so a total angular range of approximately 0.6 degrees (36 arc-min -
utes).1537 This means, for instance, that when observing with a 2-foot Davis quadrant,
the area of the horizon vane that can be fully focussed upon without moving the
eye is only 6 millimetres in diameter (3 millimetres about the eye’s optical axis). If we
want to focus on a point further from the eye’s optical axis, we will need to move the
eye. Of course, our vision is much wider, approximately 160 degrees for a single eye
and 200 degrees for two eyes combined.1538 So we can see the whole horizon vane at a
single glance, but if we need to focus to take a measurement, we are restricted to this
0.6 degrees diameter area.

Maintaining a gap between the horizon vane and the horizon below might help keep
both in view, but will make the observation less accurate. As the shadow of the shadow
vane still needs to fall onto the correct area on the horizon vane, maintaining the gap
requires the observer to raise the instrument vertically rather than tilting it, which
would cause the shadow to move away from the correct area on the horizon vane.
Raising the whole instrument also causes the sight vane to rise and so the observer
will need to lower it by the same amount he has raised the horizon vane in order
to be able to see through it again. The result is that the observed altitude becomes
larger (or the zenith distance smaller) and thus the computed latitude will become
closer to the sun’s foot point.

The drawbacks of using this shape of horizon vane were understood by Joseph
Harris, who wrote in 1730:

This method of slitting the [horizon] vane is evidently very inconvenient and absurd [...] I have

used another sort of Horizon-Vane with good success; this Vane had a wide Opening in the

middle, and a small String therein fixed perpendicular to the Centre of the Quadrant, so that

in time of Observation the String was made to cut the Horizon, i.e. so that nothing but Water

appeared below the String, and Sky above it.1539

In other words Harris applied a Harriot type solution to the horizon vane so that it
could be centred on the horizon. It seems unlikely that his new design proved popular
as no Harris type horizon vanes are known to have survived.

THE INSTRUMENT AS A CONCEPT 461

 1537 Yanoff, Duker (eds.), Ophthalmology (Edinburgh, 2009), p.53. Levin, Nilsson, Ver Hoeve, Wu,
Kaufman, Alm, Adler’s Physiology of the Eye (Edinburgh, London, New York, Oxford, Phila -
delphia, St Louis, Sydney, Toronto, 2011), p.9.

 1538 Levin, Nilsson, Hoeve, Wu, Kaufman, Alm, Adler’s Physiology..., p.677. Note that observations
are done with a single eye.

 1539 Harris, A Treatise of Navigation... (1730), p.178.



The same problem applied to the horizon bone of the mariner’s cross-staff, which
was located in either the upper or lower half of the horizon vane.1540 In the former
case, the observer would be tempted to raise the instrument, in the latter it would be
lowered. So depending on where the horizon bone was inserted, observed altitudes
with the mariner’s cross-staff would be either too large or to small. The error will,
however, be less than those of the previous instruments, as will be shown below.

The demi-cross also had an alternative style of horizon vane, which was cut in
half along the centreline, leaving only the upper half. This single-sided design was
similar to that used in the instruments discussed above and again would produce
altitudes that were too large and thus latitudes too close to the sun’s foot point.

The error for the Davis quadrant and hoekboog with a sight vane to horizon vane
distance of 60 centimetres is 6 arc-minutes for each millimetre that the horizon vane
is raised or lowered. From experience, half a millimetre is the smallest gap one would
need to see the horizon and it is more likely that a millimetre would be used. This has
been confirmed by experiments with the hoekboog.1541

When used with the mirror, the spiegelboog had no aperture but an engraved line
that had to be aligned with the horizon. The only downside is that trying to focus
on the horizon and the celestial body blurs the line in the mirror, but that effect is
minimised by using the slit aperture on the sight vane.

The construction of the spiegelboog, mariner’s cross-staff and cross-bow quadrant
was, however, superior in mathematical terms in that lowering or raising the horizon
vane by tilting the instrument had a significantly smaller on the observed result. As
explained above, tilting the instrument causes the shadow to move from its correct
position in relation to the horizon at the horizon vane. It is experienced by the ob -
server as a vertical displacement of the shadow relative to the horizon, sometimes in
the direction of the tilt and sometimes in the opposite direction. The fiducial edge
on the horizon vane also moves up and down with tilt. Depending on the in strument’s
construction, the magnitude of the displacement of the shadow in relation to the
horizon varies. Ideally, the instrument would be constructed so that there was no
displacement, since that would make it easier to take observations, and the obser -
vations would be more reliable. If that were accomplished, the position of the fiducial
edge of the horizon vane would no longer matter and the observer would only need
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 1540 For an example of the upper half see Bouguer, Nouveau Traité de Navigation (1753), Planche
X, fig. 57 and a pencil drawing by A. Wijs from 1692 in Mörzer Bruyns, The Cross-Staff..., p.33.
For the lower half, see the picture of a Van Keulen horizon vane in Mörzer Bruyns, The Cross-
Staff..., p.39. This vane has the clamping screw on the same side as the horizon bone. In order
to observe with the mariner’s cross-staff, the screw has to be below the staff and thus the bone
was meant to be in the lower half of the vane. Despite the fact that the bone is detachable, it
cannot be mounted in any other way.

 1541  De Hilster, ‘The Hoekboog...’, p.29.



to focus on the coincidence of the shadow with the horizon. As discussed below,
there was at least one attempt to achieve this, but it was not fully achieved until the
invention of the octant. Octants and sextants could be made without a fiducial edge,
because the horizon was the only fiducial edge required.

In order to get an idea of the displacement, I made simulations of all instruments
of which the construction is known. For each, a mathematical model was made in
which the sight vane was taken as the origin of rotation and the horizon vane was
initially placed at the same level as the sight vane. In this set-up, the relative position
of the shadow vane was calculated, as were the direction of the surface of the horizon
vane and the displacement of the light rays. A tilt of +2 to -2 degrees was applied
in steps of 0.2 degrees, which lowered (negative tilt) or raised (positive tilt) the horizon
vane and shifted the shadow vane.1542 The direction of the sun’s rays was left un -
changed and the intersection between the tilted horizon vane and the line representing
the sun’s rays from the location of the shifted shadow vane was calculated. From
this intersection and its distance from the sight vane, the tilt induced angular
change of the shadow could be calculated. To ensure that the models were correctly
pro grammed, the simulations were checked graphically for +2 and -2 degrees tilt
using CAD software (see figure 231).

Twelve simulation graphs were generated to demonstrate the tilt-induced dis-
placement of the shadow on the horizon vane for the plain mariner’s cross-staff,
mariner’s cross-staff with vanes and spiegelboog (one graph for these three), the Davis
quadrant (1 graph), the hoekboog (1 graph), the demi-cross (3 graphs) and the cross-
bow quadrant (6 graphs). Several graphs were made for the demi-cross and cross-
bow quadrant to cover the various configurations of the former and the development
of the latter. A single graph was used for the plain mariner’s cross-staff, mariner’s
cross-staff with vanes and spiegelboog without mirror because, mathematically
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 1542 In all cases the instrument was pivoted around the sight vane.

Mathematical
model of a Davis
quadrant at 
-2 degrees tilt in
CAD software
(illustration by 
the author).
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Figure 231



speaking they all are based on the same principle and the shadow displacement is
independent of transom length (or mutual vane distance on the transom).

The displacement of the shadow on the horizon vane depends on the configuration
of the instrument, so it was impossible to keep the vertical scales at the same range
for all graphs without losing detail on the graphs for the better performing instru-
ments. For clarity, a minimum number of line types have been used, and in each
case the legend shows the order of the lines as they appear on the right-hand side.
In general, the lines in the graphs are either (almost) line symmetrical or (almost)
point symmetrical on the left and right-hand side of the graph. Line-symmetrical
graphs thus have the same order of appearance on both sides of 0 degrees tilt, while
point-symmetrical graphs show the lines in the opposite order on the left-hand side.

Unless otherwise stated, each line corresponds to a theoretical altitude as indicated
in the legend. In all cases the lowest altitude is 10 degrees, because most instruments
can only observe just below that. The upper range in most cases is 90 degrees (or
rather 89.9999 degrees to avoid singularities), apart from the earliest cross-bow
quadrant, as this had a horizon vane that was perpendicular to the staff and adding
an upwards two degrees tilt prevent the observations above 88 degrees.

As becomes clear from the graphs, symmetrical instruments (i.e. instruments
with the shadow vane and sight vane at the same mutual angular distance from the
datum line, such as mariner’s cross-staff, spiegelboog and the mid- to late-seven teenth
century cross-bow quadrant) perform better than asymmetrical instruments. When
used with two brass shoes, the mariner’s cross-staff casts a beam of light instead of a
shadow. The Davis quadrant, when equipped with a Flamsteed lens, casts an image
of the sun in a similar way. For simplicity, however, only the term shadow is used
when discussing the graphs.

The first graph shows the tilt-induced shadow displacement for the plain mariner’s
cross-staff, mariner’s cross-staff with vanes, and spiegelboog when used without a
mirror (see figure 232). Both positive and negative tilts cause the shadow to move
down wards relative to the horizon.

With an average displacement of 3% relative to the tilt, the amount of displacement
is limited and so the observer experiences a stable shadow relative to the horizon.
At the horizon vane, a 2-degree tilt is roughly a vertical displacement of 1 centimetre
for the mariner’s cross-staff. Field experiments showed that the observation is usually
achieved with half this tilt or less, causing a maximum displacement of about 3 arc-
minutes at an altitude of 90 degrees. When I use the mariner’s cross-staff, I tend to
lower the horizon vane (the vane approaches the horizon from below) to keep the
horizon in view. From the above simulation it is clear that this introduces a fixed
error of approximately -2 arc-minutes. When observing in this way, the observer needs
to move the horizon vane towards the transom, resulting in altitudes being observed
too large and a latitude too close to the sun’s foot point.
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The effect of tilt on the Davis quadrant is quite different as shown in figure 233. Period
literature indicates that the zenith distance of the shadow vane is kept at least 10
degrees higher on the 65 degree arc than the expected altitude of the sun.1543 This
has been replicated, with the sight vane kept around 10 degrees on the 25-degree arc.
For the Davis quadrant the ratio of the two arcs was either 30:60 (pre c.1720) or 25:65

degrees (post c.1720). As most surviving instruments were made after 1720, the
calculations are based on a Davis quadrant with arcs of 25 and 65 degrees.

As can be seen, there is little difference between the lines, which are steeply
inclined when compared to the mariner’s cross-staff. The steepest line is for obser -
vations of 30 degrees altitude (shadow vane at 50 degrees zenith distance, maximum
displacement just under 90 arc-minutes at 2 degrees tilt), the most level line at 80

degrees altitude (shadow vane at 0 degrees zenith distance, maximum displacement
just over 60 arc-minutes at 2 degrees tilt). On average, the shadow displaces in the
direction of the tilt at about 74% of the tilt and thus follows the vane significantly. It
is therefore crucial that observations are made with the fiducial edge of the horizon
vane as close to the horizon as possible. It was this instability that encouraged Thomas
Godfrey to experiment with two mirrors on the Davis quadrant and so invent his
version of the octant.1544
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 1543 Colson, The Mariners New Kalendar... (London, 1685), p.79. Seller, Practical navigation...
(1672), p.166.

 1544 See section 4.4.2 – The octant.
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Figure 232

Tilt-induced shadow displacement of the mariner’s crossstaff.



While the stability of the projected ray of light allows the spot to be easily super -
imposed onto the horizon when using a mariner’s cross-staff, the design of the
Davis quadrant and hoekboog does not allow this. One needs instead to focus on
the coincidence between the shadow and the fiducial edge on the horizon vane. If
the horizon vane is lifted by a small amount, say 1 millimetre (or 6 arc-minutes) to
keep the horizon in view, the observer will try to maintain coincidence by lowering
the sight vane along the 25-degree arc. Although the shadow appears only approxi -
mately 26% below the fiducial edge, the correction needed to fully align them again
is the full 6 arc-minutes that caused the misalignment. When observing in this way,
observed altitudes become too large, resulting in a latitude too close to the sun’s foot
point.

Being of almost of the same form, the hoekboog shows a similar pattern to the Davis
quadrant, as can be seen in figure 234. As the chords of a hoekboog contain 30 and
60 degrees, I placed the shadow vane at a zenith distance 10 degrees larger (i.e. at
20 degrees) than the observed altitude in the calculations.

Again, there is little difference between the lines. The steepest line is for obser -
vations of 80 degrees altitude (shadow vane at 0 degrees zenith distance, maximum
displacement just over 80 arc-minutes at 2 degrees tilt), the most level at 70 degrees
altitude (shadow vane at 0 degrees zenith distance, maximum displacement just under
60 arc-minutes at 2 degrees tilt).
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Tilt-induced shadow displacement of the Davis quadrant.
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Here too the shadow displaces in the direction of the tilt, this time at about 66% of
the tilt, only marginally better than the Davis quadrant. Likewise, the shadow
follows the vane and again it is critical that observations are made with the fiducial
edge of the horizon vane as close to the horizon as possible.

If the horizon vane is lifted by a small amount, say 1 millimetre (or 6 arc-minutes)
to keep the horizon in view, the observer will try to maintain coincidence by lowering
the sight vane along the 25 degree chord. Although the shadow appears only about
34% below the fiducial edge, the correction needed to fully align them again is the
full 6 arc-minutes that caused the misalignment. As with the Davis quadrant, the
observed altitudes become too large, resulting in a latitude too close to the sun’s foot
point.

The main advantage of the hoekboog over the Davis quadrant is the Harriot type
of shadow-casting it uses. As shown in section 5.3 – In the shadow of Hood and Harriot,
the Hood method of shadow-casting introduces an approximate 6-arc-minutes
altitude error in the observations made with the Davis quadrant (and adds to the
raised horizon vane error discussed here), something that is not likely with the hoek -
boog.

The last instrument similar to the Davis quadrant is the demi-quadrant. The 65-
degree arc was replaced with a sliding transom with a Harriot type shadow vane and
a range of 58 degrees, while the 25-degree arc was extended to contain 32 degrees. For
this I placed the sight vane at a zenith distance of 15 degrees (i.e. roughly at the centre
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Figure 234

Tilt-induced shadow displacement of the hoekboog.



of the arc) in the calculations and tried to keep the shadow vane at the maximum
possible distance from the horizon vane in order to maximise observational accuracy.

As can be seen in figure 235 there is a greater spread between the lines than with
the Davis quadrant and hoekboog, with two lines significantly more level while the
rest are steeper. The steepest line is found for observations of 90 degrees altitude
(shadow and sight vanes at 0 degrees zenith distance, maximum displacement just
over 100 arc-minutes at 2 degrees tilt), the most level at 10 degrees altitude (shadow
vane at 58 degrees zenith distance, maximum displacement just over 20 arc-minutes
at 2 degrees tilt).

As with the two previous instruments, the shadow displaces in the direction of
the tilt, this time at about 83% of the tilt for altitudes above 30 degrees, so significantly
more than the Davis quadrant. Only for altitudes below 30 degrees does the instru-
ment performs significantly better than the Davis quadrant. Again, the shadow follows
the vane and it is again critical that observations are made with the fiducial edge of
the horizon vane as close to the horizon as possible.

It is not known what kind of shadow-casting and horizon vane were used on
the instrument. The aperture may have been the same as in a Davis quadrant, in
which case lifting the horizon vane would cause an observational error of approxi -
mately 6 arc-minutes per 1 millimetre rise, resulting in a latitude too close to the sun’s
foot point. Most likely it used a Harriot type of shadow-casting, making it much easier
to properly observe the sun’s shadow, as in the hoekboog.

The four graphs above represent six instruments, three of which are asymmetrical
and three symmetrical. It seems to confirm that an asymmetrical instrument has more
trouble keeping the shadow on the horizon than a symmetrical one.

Another asymmetrical instrument is the demi-cross, but as the sight vane of this
instrument can move along the staff the symmetry largely depends on the position
of the sight vane relative to the position and height of the shadow vane. To demon -
strate this, figure 236 shows the simulation of a demi-cross with a transom height
of 0.307 metres (as in the replica used for this thesis) and the sun at 45 degrees altitude.
The three lines in the graph represent the effect of the displacement of the sight vane
along the staff. For the calculations, it has been placed in front of the shadow vane
(0.2 metres), below the shadow vane (0.3 metres) and behind the shadow vane (0.4
metres).

With the sight vane below the shadow vane, the demi-cross performs almost like
a symmetrical instrument, but when it moves away from the position to a position
further away from the horizon vane, the demi-cross behaves like a hoekboog or Davis
quadrant. This is not a surprise as the configuration of the three vanes is then nearly
identical, with the shadow vane between the sight and horizon vane.
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Figure 235

Tilt-induced shadow displacement for the demi-quadrant.
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Figure 236

Tilt-induced shadow displacement of the demi-cross at varying sight vane positions (45 degrees solar
altitude).



However, the ideal position of the demi-cross’ sight vane is not always directly below
the shadow vane. Figure 237 shows the position of the sight vane relative to the shadow
vane’s position and height. The positions are measured from the horizon vane, while
the height is measured perpendicular to the datum line. For an altitude of 45 degrees
the optimal sight-vane position is equal to the shadow vane height or the shadow
vane distance. For smaller altitudes, the optimal position follows the shadow vane
distance, while for larger altitudes it should remain close to the shadow vane height.
At zero degrees both the shadow vane and sight vane should be at the same distance
from the horizon vane (in theory at an infinite distance from the horizon vane), while
at 90 degrees the sight vane distance should be equal to the shadow vane height above
the datum line. In between, the difference amounts to a maximum of approxi mately
17% for both halves of the graph.

Whether the above was understood in the seventeenth century is unknown. As the
few illustrations that depict the demi-cross all show the instrument in a configuration
with the shadow vane in between the horizon vane and sight vane, it seems unlikely,
although an experienced observer may have it found out by using and analysing the
instrument.

Period illustrations show the sight vane at about two-thirds or three-quarters of
the way between the shadow vane and the observer’s end of the staff. With that in
mind, figure 238 is a simulation in which the sight vane is placed at two thirds the
distance towards the observer’s end of the staff. The shadow vane height has been
chosen to leave at least 20 centimetres of staff behind it on which to mount the sight
vane, and the highest possible shadow vane setting has been chosen in each case.

As can be seen, the demi-cross performs in a similar way to and somewhat better
than other asymmetrical instruments, provided it was used in this way. Again there
little difference between the lines. The steepest line is for observations of 60 degrees
altitude (maximum displacement just over 50 arc-minutes at 2 degrees tilt), the most
level at 90 degrees altitude (maximum displacement between 30 and 40 arc-minutes
at 2 degrees tilt).

Here too the shadow displaces in the direction of tilt, this time at about 44% of
the tilt, so somewhat better than the Davis quadrant and hoekboog. The shadow
also follows the vane and so observations should be made with the fiducial edge of
the horizon vane as close to the horizon as possible.

The main advantage of the demi-cross over the Davis quadrant and hoekboog is
that the aperture in the horizon vane is symmetrical around the fiducial edge and
thus a Harriot type of observation applies to both the shadow-casting and to the
horizon vane aperture. When properly aligned with the horizon, the observer can
still see the sky above and water below the horizon and so there is no need to raise or
lower the horizon vane. It is therefore expected that observations will be taken well
within the aperture without any tendency towards higher or lower altitudes. This
design thus will only produce random noise of a few arc-minutes on the obser vations,
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Figure 237

Optimal sight vane distance for the demi-cross.
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Figure 238

Tilt-induced shadow displacement of the demi-cross in its most likely configuration.



but no bias. Given a length of at least 900 millimetres and a maximum deviation of
1 millimetre, the resulting noise will be less than 4 arc-minutes.

The cross-bow quadrant is an interesting instrument to analyse in this way is. As
shown in section 4.3.4 – The cross-bow quadrant (f.l. 1604), the cross-bow quadrant
went through several stages of development, all of which influenced the quality of
observations. In principle, the cross-bow quadrant could be regarded a symmetrical
instrument, as it is possible to place the shadow and sight vane at equal distances from
the datum line. This was not, however, how the instrument was actually used.1545

Even the symmetrical version of the cross-bow quadrant was not a truly symmet -
rical instrument like the mariner’s cross-staff or spiegelboog. All authors describing
its use wrote that the shadow vane was set at a fixed value, as with the Davis quadrant
and hoekboog. As a result, the sight vane and shadow vane would only be located
symmetrically relative to the datum line by chance. The instrument will therefore
be discussed as fully symmetrical and in the most likely set-up in order to show the
influence of the vane settings on the stability of the shadow.

The archetype version of the cross-bow quadrant, as shown by Waymouth and
Wright, consisted of a staff with a socket through which the arc could slide. When
used in a backward fashion to observe the sun from its shadow, the staff was held
horizontally, while the arc holding the shadow vane at its upper end was slid through
the socket, moving the shadow vane up and down. The horizon vane was mounted
perpendicular to the end of the staff both in altitude direction and to the plane of
the instrument.

Figure 239 shows the result of the simulation. The altitude intervals differ slightly
from the other graphs, as an altitude of 90 degrees, combined with an upwards tilt
of 2 degree would result in a meaningless result (the shadow would fall on the rear of
the horizon vane). For this reason the calculated intervals run from 10 to 88 degrees.

As can be seen, the instrument only performs reasonably for altitudes up to
about 50 degrees. Beyond that, the displacement of the shadow increases faster than
the displacement of the horizon vane, while at near-zenith observations it would
be impossible to get the shadow to coincide with the horizon on the horizon vane
due to its rapid displacement.

I have already mentioned that the archetype cross-bow quadrant was quite
similar to Davis’ 45-degree backstaff in shape and functioning. In 1595, John Davis
told the reader that his 45-degree instrument could not be used for altitudes higher
than 45 degrees (hence the name given to it by later authors).1546 The depictions of
his instruments are so schematic, however, that it is impossible to say with certainty

NAVIGATION ON WOOD472

 1545 See section 4.3.4 – The cross-bow quadrant (f.l. 1604) for an in-depth discussion of the develop -
ment of this instrument.

 1546 Davis, The Seamans Secrets... (1595), f.14v.



how they were constructed. Figure 239 seems to indicate that near zenith altitudes
could not be observed due to the horizon vane. All other instruments analysed so
far performed much better than the archetype cross-bow quadrant, which is the
first discussed here with a perpendicular horizon vane that remains vertical for all
observed altitudes (provided there is no tilt).

To confirm this, I performed another simulation, as shown in figure 240. Here the
horizon vane of the archetype cross-bow quadrant was tilted by 45 degrees, while the
rest of the instrument remained the same. A value of 45 degrees was chosen so that
the normal of the surface would bisect the horizontal and the zenith, making the in -
stru ment more symmetrical for near-zenith observations. The staff was again kept
horizontal (apart from the tilt) throughout the calculations, while the shadow vane
moved up by sliding the arc through the socket of the staff. Thus the only difference
was the casting of the shadow onto a horizon vane tilted at 45 degrees.

As can be seen in figure 240, the modified horizon vane allows the instrument
to measure altitudes up to 90 degrees, where it even performs at its best. Overall,
the graph is similar to that for the demi-cross in its most likely configuration.
Except of the 10 and 20-degree altitudes, this imaginary instrument performs much
better than its original. The tilted horizon vane was the only change, and so Davis’
45-degree backstaff must have been made with a perpendicular horizon vane. It is
for this reason that it is likely that the demi-cross was an improved Davis’ 45-degree
backstaff, equipped with a tilted horizon vane and an improved shadow vane (made
parallel to the horizon vane). The latter would, however, only have affected the size
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Figure 239

Tilt-induced shadow displacement of the archetype crossbow quadrant.
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Figure 240

Tilt-induced shadow displacement of an imaginary Waymouth type cross-bow quadrant with 
a 45 degrees tilted horizon vane.
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Figure 241

Tilt-induced shadow displacement of the plain cross-bow quadrant.



and location of the degree intervals on the scales, not the tilt-induced shadow
displacement.

The second version of the cross-bow quadrant, which I call the plain cross-bow
quad rant, was used in a more symmetrical way. It has been shown above that for
ease of use it should be used as symmetrically as possible, although this is not how
it was described in period literature. Figure 241 shows the simulation of the plain
cross-bow quadrant in an ideal symmetrical set-up with the sight vane and shadow
vane placed symmetrically either side of the datum line. As can be seen the graph
shows a similar pattern to that of the mariner’s cross-staff. Both negative and positive
tilt cause a negative displacement of the shadow. Again, the effect is limited to a max-
imum 9 arc-minutes for a 90-degree observation with 2 degrees tilt. Like with the
mariner’s cross-staff, one may expect the observations to have been taken with no
more than 1 degree of tilt, thus displacing the shadow by almost 3 arc-minutes.

In reality, Edmund Gunter explained in 1636 that when the instrument was used
for backward observations, one had to set the upper sight at a whole number of
degrees (i.e. at 60, 70 or 80 degrees). Gunter’s version of the cross-bow quadrant was
divided to 115 degrees with 55 degrees on the datum line and thus the 60, 70, and 80

degree marks were at 5, 15, and 25 degrees upwards from it. In practise, this would
not suffice, as becomes clear when we realise that in order to observe altitudes above
80 degrees, one needed to set the shadow vane to at least beyond that mark, probably
at 90 degrees (35 degrees above the datum line). Surviving mariner’s cross-bows and
later authors like Robert Dudley, Andrew Wakely and John Seller show that it had a
more symmetrical scale with 45 degrees at the datum line.1547 I therefore decided to
use this more symmetrical version for the simulation.

Figure 242 shows the simulation, which is a mix of symmetrical and asymmetrical
curves. The 10, 30, 50, 70 and 90 degrees curves are symmetrical, as the shadow vane
was placed at 5, 15, 25, 35 and 45 degrees from the datum line, corresponding to the
50, 60, 70, 80 and 90-degree marks on the engraved scale. The other curves are
asymmetrical as the symmetry in the instrument has gone, the shadow vane always
10 degrees further from the datum line than the sight vane. Having the shadow vane
10 degrees closer to the datum line than the sight vane would reverse the graph. Using
the settings described by Gunter would have made matters worse, especially when
observing near-zenith altitudes.1548

Nevertheless, the instrument performs quite well, the vertical displacement not
exceeding half a degree at 80 degrees and 2 degrees tilt and always less than 10 arc-
minutes for tilts up to one degree.

THE INSTRUMENT AS A CONCEPT 475

 1547 Dudley, Dell’Arcano del Mare... (1646), fig.75 of Libro Quinto, p.23. Seller, Practical Navigation...
(1669), pp.213-215. Wakely, The Mariners-compasse Rectified... (1665), pp.218-221.

 1548 To observe a zenith altitude would require one to place the shadow vane at 90 degrees, 35 degrees
above the datum line, and the sight vane at 0 degrees, 55 degrees below the datum line, a differ-
ence of 20 degrees.



The horizon vane is similar to those found on Davis quadrants and so it can be
expected that it would be raised in order to keep the horizon in view. Correcting for
this would be done in the same way as with the Davis quadrant and hoekboog, and so
we may expect observational errors due to the horizon vane aperture of about 6 arc-
minutes and due to the Hood type of shadow-casting of another 6 arc-minutes.

Figure 243 shows the result of a simulation with Thomas Godfrey’s 1733 version of
the cross-bow quadrant with curved horizon vane to eliminate instrumental errors.
As mentioned at the beginning of this section, a horizontal aperture was no longer
required, the observer only needed to aligning the shadow with the horizon. In the
simulation, it is assumed that the shadow and sight vane are placed at equal distances
from the datum line. Clearly, the shadow displacement has become much less. Ac -
cording to Logan, the total width of the horizon vane should not exceed a tenth of
the radius of the instrument (so a twentieth above and below the centre), and the
maximum displacement would remain less than 57 arc seconds.

With that width of the horizon vane, the maximum possible tilt would be 86 arc-
minutes (1.43 degrees) before the shadow could no longer be cast onto the horizon
vane. According to the simulation, the displacement would be only 53 arc seconds
at 2 degrees tilt and thus the curved horizon vane would perform even better than
anticipated by Logan.
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Figure 242

Tilt-induced shadow displacement of the plain cross-bow quadrant in its most likely use.



In theory, Godfrey’s version of the cross-bow quadrant would produce the most
stable shadow-casting method. In practice, however, the shadow vane would again be
set at a round figure, as explained for Gunter’s cross-bow quadrant.

Using the same configuration as was most likely for the plain cross-bow quadrant,
figure 244 shows a simulation for the most likely configuration of Godfrey’s cross-
bow quadrant. Again, all the lines for the odd altitudes (i.e. 10, 30, 50, 70 degrees)
remain symmetrical because the instrument remains symmetrical. The even altitudes
(i.e. 20, 40, 60, 80 degrees) show a much larger shadow displacement of up to 20 arc-
minutes for 80 degrees altitude and 2 degrees tilt. Godfrey’s instrument performs
better for positive tilts (with the horizon vane held too high) than for negative tilts
compared to the plain cross-bow quadrant. Thanks to its curved horizon vane,
Godfrey’s instrument would have been easier to handle than the plain cross-bow
quad rant. The expected errors would, however, remain of the same order due to the
most likely asymmetrical configuration.

The last instrument to be discussed is the spiegelboog used with the mirror in place.
Now it is not a shadow that displaces but the reflected image of the celestial object
and the upper vane on the transom. As the horizon vane is a mirror, the relation of
the celestial body and the shadow vane to the horizon is straight forward.
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Figure 243

Tilt induced shadow displacement of Thomas Godfrey’s cross-bow quadrant under ideal circums-
tances.
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Figure 244

Tilt induced shadow displacement of Godfrey’s cross-bow quadrant as most likely used.
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Figure 245

Tilt induced sun image displacement for the spiegelboog.



Figure 245 shows a simulation for the displacement for the sun and the upper vane.
The sun displaces exactly twice the tilt, whereas the upper vane displaces the same
amount as the tilt.

Although these displacements are quite large, larger than for all other instruments
apart from Waymouth’s cross-bow quadrant, it does not mean the instrument is dif -
ficult to observe with once it is understood. As the image of the sun displaces twice
as much as the image of the upper vane, it means that the upper vane is always halfway
between the horizon and the sun and symmetry is maintained. The observer does
not necessarily need to lower the sun to the horizon; keeping it somewhere above is
good enough as along as the upper vane is symmetrically between horizon and sun.

The downside is that the upper vane that serves as a reference also blocks the sun
at negative tilts (horizon vane below the horizon). Therefore the left half of the graph
does not represent what is seen by the observer. He will see the upper vane lowering,
but loses sight of the sun, first partly, then completely.

Field tests have shown that it is best to observe the sun’s lower limb with the spiegel -
boog and that achieving this symmetry is not difficult. The field tests also showed,
however, that not all observers are capable of doing this and therefore this is not
the most practical instrument for all observers.

5.4.3 Instruments combining gravity and a visible horizon
The instruments discussed so far either used gravity or the horizon as the reference.
In the second quarter of the eighteenth century, a new breed of instruments arrived,
which were capable of using both gravity and the horizon as reference. As these
instruments originate from a time after the main period of this thesis and were
developed from earlier instruments, they will only be discussed briefly.

That these instruments were able to work with both methods was thanks to a
contraption that would later become known as the artificial horizon. Most artificial
horizons used a fluid as a reference, although plumb bobs have also been used.1549

The fluid was either in a vial or in a contraption like early levelling instruments based
on communicating vessels, as used in land surveying.

The first such instrument was a “... Quadrant for taking altitudes without an Horizon,
either at Sea or Land ...”, first described in 1732.1550 It consisted of a Davis quadrant
equipped with a beam between the instrument’s centre and the 25 degree arc. A
small vial was mounted on the beam allowing the observer to check that it was
horizontal.1551 A second vial on the horizon vane allowed the observer to check
whether the instrument was horizontal in the sideways plane. The addition by Elton

THE INSTRUMENT AS A CONCEPT 479

 1549 For the plumb bob see Using a Davis quadrant in section 4.3.2 ‒ The Davis quadrant (f.l. 1604).
 1550 Elton, ‘The Description of a New Quadrant...’ (1731), pp.273-279.
  1551  Judging from the illustration and pictures of surviving instruments the vial was approximately

1 inch long.



changed the layout of the instrument considerably. The 60-degree arc was replaced
by a non-graduated chord and an artificial horizon was added, making it impossible
to use the instrument as a ‘normal’ Davis quadrant.1552

A few years later, in 1734, John Hadley described the addition of a large curved
vial to one of the limbs of a quadrant. This quadrant was not the instrument he
had invented a few years before, but a plain astronomer’s quadrant, equipped with
a telescope pivoting at its apex. The vial was mounted to the lower limb of the quad -
rant and spanned its whole length.1553 Instead of containing an an air bubble that
would float to the highest point, the vial was an open tube mounted with its curvature
downwards. The two open ends allowed a line of fluid to settle in the lowest part of
the tube. It may well be that Hadley proposed this type of vial for his octants too, but
this is not stated in his paper.1554 The oldest known surviving octant with an artificial
horizon was made by Benjamin Cole and dates from about 1760. It contains a curved
air-bubble vial approximately 4 inches (100 millimetres) long.1555

In 1738 two variant of artificial horizons for the Davis quadrant were suggested
by Charles Leigh.1556 The first was a conventional Davis quadrant to which was added
an index arm similar to Elton’s instrument, but now fitted with two communicating
bottles along the whole length of the index arm. The bottles could be filled with water,
the surface of which would be “... truly in a horizontal plain.”1557 As the “... water was
subject to some inconveniencies...” he “...changed the fluid from Water to Mercury...”
for his second instrument.1558

Later in the eighteenth century, artificial horizons were suggested using horizontal
reflecting surfaces, such as spinning speculum mirrors and basins of mercury.1559 These
reflecting surfaces were no longer an integral part of the instrument, but used to make
the observations of the celestial body from its reflection.
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 1552 De Hilster, ‘The Early Development...’, p.20.
 1553  A dimension is not given, but it must have been at least one foot (30 centimetres) in radius.
 1554 Mörzer Bruyns stated in Sextants at Greenwich that Hadley “...published an illustrated description

in the Philosophical Transactions.” However, no description of his octant was found in Hadley’s
article, while this claim is not mentioned by Bennett, see: Mörzer Bruyns, Sextants at Green-
wich..., pp.29,35n33. Bennett, ‘Catadioptrics...’, pp.247-278.

 1555  Mörzer Bruyns, Sextants at Greenwich..., p.29

 1556 Leigh, ‘A Description of a Water-Level to be Fix’d to Davis’s Quadrant...’ (1738), pp.413-417.
Leigh, ‘The Description and Use of an Apparatus Added as an Improvement to Davis’s Quad -
rant...’ (London, 1738), pp.417-424.

 1557 Leigh, ‘A Description of a Water-Level to be Fix’d to Davis’s Quadrant...’ (London, 1738), p.413.
 1558 Leigh, ‘The Description and Use of an Apparatus Added as an Improvement to Davis’s Quad -

rant...’ (1738), p.419.
 1559 Robertson, The Elements of Navigation... (1780), p.253.



5.5 Concept based diffusion

The ideas developed by Hood and Harriot remained influential for the next two
centuries. All shadow-casting instruments developed in this period used one of the
two methods. The shadow-casting method developed in England, but probably
reached the Netherlands within a decade. By looking at the shadow-casting method
and the construction of the instruments, more can be said about how the instruments
and their construction methods diffused.

It was most likely John Davis who played a major role in the diffusion of sha-
dow-casting instruments to the Netherlands.1560 In 1598 three Dutch fleets sailed to
the East Indies, two through the Strait of Magellan, the third via the Cape of Good
Hope. This consisted of two ships, the Leeuw (Lion) and the Leeuwin (Lioness). Cor-
nelis de Houtman commanded the fleet in the Leeuw, while his brother Frederick was
skipper of the Leeuwin1561. John Davis was on board as pilot.1562 The voyage ended un-
fortunately for Cornelis de Houtman; he was killed in Aceh (Atjeh, Sumatra) in
1599.1563 The fleet returned to Holland in August 1600, leaving Frederick and 30 crew
behind in captivity. Frederick eventually returned to Holland in 1602.1564

In 1614, Adriaan Adriaansz. Metius published Nieuwe Geographische Onder -
vvysinge… (New Geographical Education).1565 He wrote that he had recently met
Governor Frederick de Houtman, who showed him a very practicable staff for taking
the altitude of the sun backwards. Davis’ 90-degree backstaff was shown on the
same page in a different illustration than from that known from Davis’ own work (see
Figure 246). So it was probably Davis, through De Houtman, who introduced the 90-
degree backstaff to the Netherlands and probably the 45-degree version as well.1566

Davis’ instruments may have been known in Holland even before De Houtman’s
return. In 1600, a book was published by Aelbert Haeyen, entitled Een Corte Onder -
richtinge belanghende die kunst vander Zeevaert (A short instruction concerning
the Art of Navigation).1567 Patented on 17 December 1599, which was during the fleet’s
voyage, it discussed two instruments: the variation compass and the mariner’s cross-
staff.
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1560 See section 2.3.3 – New backstaff instruments and De Hilster, ‘The Demi-cross...’, pp.31-32.
 1561  De Houtman, Cort Verhael van Frederik de Houtman (1880), in: W.S. Unger, De Oudste Reizen...,

p. 64.
 1562 Waters, The Art of Navigation... (1958), p. 232.
 1563 De Houtman, Cort Verhael..., p. 77.
 1564 Roeper, Wildeman, Ontdekkingsreizen van Nederlanders..., p. 64.
 1565 Metius, Nieuwe Geographische Onderwijsinghe... (1614), p. 26.
 1566 Davids, Zeewezen en Wetenschap..., pp. 122-123.
 1567 Haeyen, Een Corte Onderrichtinge... (Amsterdam, 1600). One edition in the Koninklijke

Biblio theek (Royal Library) in The Hague of this book has been examined, bound together
with Simon Stevin’s De Havenvinding (Haven Finding Art) of 1599 to which it is a response.



Although no direct indication is given that Haeyen was familiar with shadow-
casting instruments, he did mention the cromme boogh (the curved staff) “…diemen
met schuyven moet regieren…” (that has to be directed with vanes), without further
description of the instrument.1568 No research has revealed what the cromme boogh
looked like, only that an instrument with that name was patented in Holland on 13
September 1617, almost 18 years after Haeyen mentioned it.1569

The instrument Haeyen described was used with several vanes (or at least he used
the plural) and so could have been Davis’ 90-degree backstaff, as that was a staff with
a curved part and two sliding vanes. A few pages before describing the instrument,
Haeyen mentioned several fleets departing in the years 1595-1598, but not specifically
the one with Davis as pilot.1570 This leaves it unclear whether or not he knew Davis
or his voyage with the De Houtmans. Alternately, the instrument could have been a
cross-bow quadrant, as shown in Waymoth’s 1604 ‘The Jewell of Artes’ and on the title
page of the second edition of Edward Wright’s Certaine Errors in Navigation in 1610,
which was also curved and had two sliding vanes (see figure 247).1571 The latter was
not, however, yet shown in Wright’s first edition of 1599.
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 1568 idem, p. 24.
 1569 Doorman, Octrooien... (1940), G162, p.136.
 1570 Haeyen, Een Corte Onderrichtinge... (1600), pp. 21-22. The 1598 fleets mentioned by Haeyen

departed from the river Meuse (one fleet), in the mid-west of the Netherlands, and from the
island of Texel in the north (two fleets), De Houtman and Davis sailed either from Flushing
or from Middelburg, both towns in Zeeland in the south-west. Also see: Unger, De Oudste
Reizen..., pp. 41, 227.

 1571  Waymouth, ‘The Jewell of Artes’ (1604), ff.29r,34r,35r. Wright, Certain Errors (1610), titlepage.

Left: (Figure 246): John Davis’ 90 degrees backstaff according to Metius (collection Het Scheep -
vaartmuseum, Amsterdam, inv.no. S.4793(546)). Right: (Figure 247): Edward Wright’s cross-bow
quadrant (collection Het Scheepvaartmuseum, Amsterdam, inv.no. S.4793(812)).

Figures
246-247



No matter which instrument Haeyen described, it is certain that Metius depicted
Davis’ 90-degree backstaff in 1614 and, as far as is known, this was the first time a
shadow-casting instrument was shown in Dutch literature. Like the original depiction
by Davis, the illustration is not detailed and so it is unclear whether or not Davis’
instruments incorporated Hood’s or Harriot’s method of shadow-casting, although
it seems likely that it was the latter method was incorporated by the time his instru -
ments reached the Netherlands, as will be shown below.

Davis wrote of the 45-degree backstaff that

The use of this staffe is altogether contrary to the other, for the center of this staffe where the

brasse plate [i.e. the horizon vane] is fastned, must be turned so that parte of the Horizon which

is from the Sunne, and with your backe toward the Sunne, by the lower edge of the halfe crosse,

and through the slitte of the plate you must direct your sight onely to the Horizon, and then

moving its transversary as occasion requireth, untill the shadowe of your upper edge of the

transversary do fall directly upon the saide slitte or long hole, and also at the same instant you

see the Horizon through the slitte, and then the transversary sheweth the height desired.1572

Davis thus indicates that he only used the shadow of the upper edge of the half-
tran som, clearly a Hood type of shadow-casting. The section following the quote
above is about the 90-degree backstaff, but no details about its working are given as
he intended to write a separate treatise later, something he sadly never did, and he
only showed the form and use in an illustration (see fig. 248).1573 The half-transoms
of both instruments have the same widening shape and we may therefore assume
that both were used in a similar way, by only using the shadow of the upper edge.

This, however, causes a mystery. If we look at the first new instruments to appeared
in Dutch works after Davis’ backstaffs, the demi-cross and the hoekboog, we see that
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 1572 Davis, The Seamans Secrets... (1595), f.16v of The Second Part of this Treatise of Navigation.
 1573 idem, f.17r of The Second Part of this Treatise of Navigation.

John Davis’ own depiction 
of the 90 degrees backstaff 
(public domain).

Figure 248



both these instruments use Harriot’s method of shadow casting. So how did Harriot’s
method cross the North Sea?

The demi-cross, for which no Dutch name is known, was first shown in 1618

and, as we have seen above, looks similar to Davis’ 45-degree backstaff. Davis’ version,
however, could only be used for altitudes up to 45 degrees, while the demi-cross can
be used for the full 90 degrees. As shown in section 5.4.2.3 – The backward method,
the difference was most likely due to the orientation of the horizon vane. The curved
half-transom shown in Davis’ work was replaced by a straight half-transom with a
sliding shadow vane projecting towards the horizon vane end of the instru ment.
Although no example of the demi-cross survived, is was sufficiently well described
in period literature that it is absolutely certain that the demi-cross used Harriot’s
method of shadow-casting.1574

The hoekboog was the next-shadow casting instrument to appear in Dutch works
and was first described in 1623.1575 Only two fragments of the frame are known to
have survived, but no vanes. The instrument was again sufficiently described that
we know for certain that it also used Harriot’s type of shadow-casting.

E.G.R. Taylor wrote that Harriot’s ‘The Doctrine of Nauticall Triangles Compendious’
was written “...before 1596, and with strong probability before the latter part of 1594”.1576

She also wrote that Davis’ work was published in 1595. As he wrote that “...the inven -
tion and demonstration whereof [i.e. the 90 degrees backstaff] I may boldly chalenge
to appertain unto my selfe (as a portion of the talent which God hath bestowed upon
me) I hope without abuse or offence to any”, Taylor stated that Harriot “...may
therefore lay claim to having introduced the new principle of back observation...”.1577

It has subsequently become accepted among nautical historians that Harriot’s
manuscript pre-dated Davis’ work, that he invented the backwards method, and
that Davis created the first practicable backstaffs.

The actual order of events may have been slightly more complex. The preface of The
Seamans Secrets, in which Davis refers to Harriot, was written in “Sandrudge by Darth-
mouth the 20. of August 1594.”1578 Surely writing this work on navigation must have
taken considerable effort and thus time and it is more likely that Harriot and Davis
were writing both their works simultaneously or at least partially overlapping in
their composition. As will be shown below, there may have been more communication
about the instruments than has been assumed before and there is a chance Davis
modified his instrument after his publication and after Harriot had proposed his
shadow-casting method.
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 1574 De Hilster, ‘The Demi-cross...’, pp.30-41.
 1575 De Hilster, ‘The Hoekboog...’, pp.20-33.
 1576 Taylor, ‘The Doctrine...’, p.131.
 1577 idem, p.135.
 1578 Davis, The Seamans Secrets... (1595), f.4r.



Harriot’s first instrument clearly shows the beam of sunlight passing over the top of
the half-transom towards the upper edge of the end of the staff, as in Hood’s instru -
ment and identical to the solution used in Davis’ instruments. It was Hood who
suggested this method, using a hand instead of a vane at the end of the staff to show
that the sun was at the end of the staff (see figure 249).1579 At the time Harriot made
this drawing this method must have been generally accepted and he must have seen
it in use on one or both instruments.

The first inkling of his improved shadow-casting method seems to have been
drawn as an addition to the drawing of his first instrument. As the line from the sun
does not run parallel to the cross-bar and resulting shadow (see lower half of figure
250, where the cross-bar is in the ellipse near A and the resulting shadow in the ellipse
near B), it is likely that these two details were later additions to the initial drawing as
suggested in the upper half of figure 250. Dissatisfied with Hood’s method of shadow-
casting he added a cross-bar to the half transom, with the resulting shadow and an
extra sight-line starting from the eye in the ellipse near C. If the sun was added
after wards, the the beam of light from it would have been parallel to the upper (or
lower) edge of the cross-bar and the upper (or lower) edge of the resulting shadow.

Harriot was clearly not pleased with these additions, as the accompanying text was
struck through and he continued below with “a better way” and “or else thus better”,
showing his two double-sided shadow-casting methods that can be found on the
demi-cross and hoekboog.

Going back to Metius, if we compare his illustration to that by Davis, a few differences
can be seen (see figure 251). Davis’ depiction seems to indicate that there were three
scales: one on the arc, one on the staff where the arc is mounted, and one on the staff
where the half-transom is mounted. Only the scale on the arc can be found in
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 1579 Hood, The Use of two Mathematicall instruments... (1590), plate at the end of the work and ff.2v-
3r of A Dialogue touching the use of the Crosse Staffe.

One of Hood’s shadow casting methods 
© British Library Board. All Rights Reserved
(Shelfmark 8534.b.22).

Figure 249



Metius’ version. Metius’ depiction shows three vanes: a horizon vane at the far end
of the staff, a sight vane on the arc, and a shadow vane on the half-transom. In Davis’
original depiction, only the horizon vane can be discerned. The orientation of the
horizon vane in Metius’ depiction is different from that in Davis’ depiction, but it
may be that both were mediocre attempts to show the vane in a semi-three-dimen-
sional way.

Clearly there are significant differences between the two depictions and it seems
safe to conclude that Metius’ depiction was made after he had seen the instrument.
Had he only seen Davis’ Seamans Secrets, he would have copied Davis’ original depic-
tion as accurately as possible, following usual sixteenth and seventeenth-century prac-
tice.1580

The disappearance of the two scales on the Metius version may have been due to
the general lack of detail, since without a sliding half-transom, and a scale on the staff
to determine its proper location, the instrument would not have been able to
measure altitudes up to 90 degrees. Davis’ version is also drawn in a way that would
not have allowed observations up to 90 degrees. It has the additional scales, but the
way they have been drawn does not allow for near-zenith observations, which he
clearly stated were possible.

So both illustrations are inaccurate, but it nevertheless useful to consider what they
can tell us. The illustrations show an instrument of similar construction: a straight
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 1580 De Hilster, ‘The Spiegelboog...’, pp.8-9. De Hilster, ‘The Demi-cross...’, pp.32-33.

Left: (Figure 250): The two possible
stages of Harriot’s first instrument
(above drawing by the author based 
on Harriot’s original, later additions
indicated in ovals in lower original
drawing by Harriot) (By kind
permission of Lord Egremont,  
ref. Petworth House Archives HMC
241/6b).
Right: (Figure 251): Metius’ illustration
compared to Davis’ original.

Figures
250-251



staff with a horizon vane at the end, a curved half-transom near it and a straight
transom further away. The scale on the curved transom in Davis’ illustration in dicates
that the vane drawn by Metius was already in use when Davis developed his instru -
ment.

The widened end of Davis’ half-transom served for the Hood type of shadow-
casting, as already shown, but in Metius’ illustration this has been replaced by a
half-transom and vane, a construction similar to the demi-cross. Davis stated that
he used the shadow of the upper edge of the transom, not of an attached vane, so
this detail must have been a development after Davis he first published his work,
possibly a result of Harriot’s ideas. The way the vane is mounted, with its surface
perpendicular to the staff, allows the implementation of Harriot’s shadow casting-
method provided the horizon vane was mounted with its surface perpendicular to
the staff. The latter is likely, as the orientation of the horizon vane must have been
similar to that of Davis’ 45 degrees backstaff, of which we now know that it had its
face perpendicular to the staff. It therefore seems likely that by the time that Davis
took his instrument(s) on board the Dutch vessels in 1598, he had modified them
based on Harriot’s developing ideas. This suggests that the section of Harriot’s
manuscript dealing with navigational instruments was completed after 20 August
1594, when Davis wrote his preface, and probably after the publication of Davis’
work in 1595.

Davis’ backstaffs with this modification must have arrived in the Netherlands when
he became pilot for the De Houtman fleet. Frederick de Houtman returned in 1602

and Davis died in 1605. De Houtman and Metius met in the period between De
Houtman’s return from Aceh and the publication of Metius’ work in 1614, in which
Davis’ modified 90-degree backstaff was described and depicted. As Metius only
described and depicted the 90-degree backstaff, we may assume that the 45-degree
backstaff was of lesser interest to the navigator and thus only able to measure altitudes
up to 45 degrees. It did, however, evolve into the demi-cross in or before 1618, allowing
one to observe altitudes up to 90 degrees. The only modification was the forward
tilting of the horizon vane and shadow vane by 45 degrees. Harriot’s shadow-casting
method was propagated via publications on the demi-cross. It was in a Dutch work
in 1618 that the demi-cross appeared for the first time, thirteen years after Davis had
died. As shown in section 3.4.2.3 – John Davis’ back-staffs, Davis’ original instruments
have been in use until at least 1633 and it therefore seems likely that his 45 degrees
backstaff was modified to become a demi-cross after he died, probably even after
1614 as, had this been done earlier, Metius would have introduced it. The instrument
has no name in Dutch literature, while the English named it ‘demi-cross’, not ‘Davis’
backstaff ’, like the instruments described by Thomas James in 1633.1581 It therefore
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 1581  James, The Strange and Dangerovs Voyage... (1633), first page of appendix after p.120. Also see
De Hilster, ‘The Early Development...’, p.16.



seems likely that the modification of Davis’ instrument into the demi-cross happened
in the Netherlands.

5.6 Biased observations

In the previous sections a number of sources of error have been introduced. These
were either inherent to the design, observer dependant or related to the quality with
which the scales could be engraved. It was otherwise assumed that the instruments
were perfectly made. We should, however, assume that construction limitations
would have affected instrumental accuracy. Some of these limitations affected only
individual instruments, while others affected all instruments made in the same way.
Although the errors or biases resulting from these limitations did not always sig -
nificantly affect observations, they are discussed to give deeper insight. Biases can also
occur as the result of the procedure followed, something that has been described for
the mariner’s astrolabe.

5.6.1 The mounting-hole of transoms and vanes
The transoms of the mariner’s cross-staffs, demi-cross and spiegelboog had to slide
smoothly along the staff. A smooth sliding action could only be achieved if the
transom had a sufficiently large hole. The space between the staff and transom meant
that the latter could wobble and thus deviate from its intended perpendicular mount -
ing on the staff. For symmetrical instruments like the mariner’s cross-staff, this would
not have had a significant effect on the quality of the observations, as can be seen
in figure 252.1582 A 2-degree deviation from perpendicular would introduce an altitude
error of a single arc-minute to mariner’s cross-staff observations. An instrument
maker would presumably be able to ensure that the transom was perpendicular to
within 2 degrees. For the kamal, it is more likely that the observer would hold the
board at an angle to the string, but I have not tried to assess how much an average
observer would deviate in this respect.

Such a wobble would have been more damaging for the spiegelboog and demi-cross.
The demi-cross was fitted with a spring that held the transom firmly pressed against
the staff and the same is expected to have been true for the spiegelboog.1583 This issue
directly came too light when I built the first spiegelboog. If the fit is too tight, the
mirror vane of the spiegelboog will not slide smoothly enough to allow good obser -
vations, while the least play between staff and mirror-vane introduce observational
errors large enough to render the instrument useless. The reconstructions of the
spiegel boog have mirror vanes with a hole 33 millimetres long. Each 0.01 millimetres
play introduces a 2-arc-minute error, while at least 0.03 millimetres of play is required
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 1582 De Hilster, ‘The Demi-cross...’, pp.34-35 and note 56 on p.41.
 1583 idem, pp.34-35.



to get a smooth sliding action.1584 It is therefore assumed that a spring was used to
avoid observational errors. Introducing a spring into the hole, as with the demi-cross,
ensured proper alignment, while allowing a smooth sliding action.

The hole in the transom not only has to have minimum play, but also has to be in the
centre of the transom for the mariner’s cross-staff and kamal. Again the influence is
limited, as the eccentricity would be more obvious on the vane than in the results.
A 1.5% eccentricity (roughly 5 millimetres on one-foot long transom) would give an
error of approximately 1.5 arc-minutes for the mariner’s cross-staff and the kamal
when observing a 90-degree altitude (see figure 253). For lower altitudes the influence
lessens considerably: at 60 degrees, the error is halved, while at 30 degrees the error
is less than a tenth.

In general the holes in vanes and transoms had to be made so as to ensure that they
were mounted perpendicular to the instrument’s main body. Although a non-square
hole would have caused few problems for the mariner’s cross-staff, it could introduce
significant errors in asymmetrical instruments like the demi-cross, Davis quadrant
and hoekboog. Creating the replicas and reconstructions showed that in most cases
it took little effort to produce straight and square staves and beams and to get the
vanes and transoms perpendicularly mounted to such a degree that any mis alignment
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 1584 This effect is almost proportional for the first few millimetres.
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Figure 252

Induced altitude error due to transom deviation from the perpendicular for the kamal and cross-
staff.



was not detectable, whether by sight or with a set square. It is ex pected that most,
if not all, professionally made early modern navigational instruments were properly
made in this respect. The presence of a non-perpendicular hole, as in one of the
horizon vanes of the Kronan cross-staff, must therefore be taken as a measure to
correct for instrumental problems caused by warping after the instrument was first
made. Indeed, the staff of the Kronan cross-staff is warped at the eye-end to an
amount similar to the rotation of the hole in the horizon vane, which must therefore
have been a later addition.

5.6.2 The hole in the mariner’s astrolabe
The centring of the hole in the mariner’s astrolabe’s body was more critical. Whereas
a 1.5% eccentricity in the mariner’s cross-staff resulted in an error of only 1.5 arc-
minutes at 90 degrees altitude, for the mariner’s astrolabe this degree of eccentricity
on the radius of the instrument would result in a maximum error of almost a degree
(52 arc-minutes). It may be assumed that the hole in the body of the mariner’s astro -
labe was used to centre the instrument on the master template used in the dividing
process. The analysis of Champlain’s astrolabe (see section 6.3 – Relative versus
absolute scale errors) has shown that the eccentricity of the equipment used in the
measuring process was minute, only 0.08% of the diameter (0.16% of the radius).
Figure 254 shows the effect of that eccentricity, just over 5 arc-minutes, on the mea -
surements taken for the Champlain astrolabe analysis.
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Centring-error-induced altitude error for the kamal and mariner’s cross-staff.



We may assume, that when the hole was used to properly position the body of the
mariner’s astrolabe over the master template, the resulting eccentricity would be
similar or even less and that the resulting errors would remain well within the in -
stru ment’s capabilities.1585

5.6.3 The pinnules of the mariner’s astrolabe
The first observations taken with my mariner’s astrolabe replica indicated several
issues with its construction.1586 After correcting for these, two new series of obser -
vations showed that on average the astrolabe gave altitudes some 11 arc-minutes
too high, regardless of whether they were taken in face left or face right,1587 and with
either pointer of the alidade. The reference data was checked rigorously and as the
error could not be explained by uneven weight distribution, the quality of the scales
or the alidade, another error source had to be the explanation.
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 1585 For the accuracy of the mariner’s astrolabe see chapter 7 – Replicas and reconstructions.
 1586 De Hilster, ‘Observational Methods...’, pp.269-271. The contents of this section have in part

been previously published in the following article: N. de Hilster, ‘Observational Methods and
Procedures for the Mariner’s Astrolabe’, in: The Mariner’s Mirror 100:3 (August 2014) (2014),
pp.261-281.

 1587 Face left and face right refer to the direction the engraved scale is facing, which in land surveying
is used to indicate the orientation of the upper part of a theodolite. Also see section 5.6.4 – The
procedure for the mariner’s astrolabe.
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Eccentricity-induced observation error for the mariner’s astrolabe (eccentricity is 0.15% of the ra-
dius).



Subsequent tests showed that the error depended on the direction from which the
lower vane was viewed (see figure 255). If used in the usual forward fashion, facing
the sun and looking onto the alidade from above the upper vane, the altitudes were
too high. When observing in a backward fashion, with the observer’s back to the sun
and looking towards the alidade from below the upper vane, the altitudes were too
low.

A close-up of the vanes of the alidade revealed the cause; when the pinnules were
drilled, the resulting burr was taken off using a countersink (see figure 256), leaving
an approximately 0.15 millimetre wide bevelled edge. Depending on the angle from
which they were viewed, the edge might completely disappear on one side, enlarging
the pinnule in that direction.

The observer tries to position the spot of light from the upper pinnule as precisely as
possible over the pinnule in the lower vane. Due to the bevelled edge, the alidade is
turned too far away from the eye to get an equally distributed light spot around the
lower pinnule. Drilling a 1.3 millimetre diameter hole removed the bevel and the
resulting burr was scraped off.
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Figures
255-256-257

Top-left (Figure 255): The forward and backward
observation methods (illustration by the author). 
Right (Figure 256): The bevelled edge of one of the 
1 millimeter diameter pinnules of the Valentia replica
(picture by the author). 
Bottom-left (Figure 257): One of the pinnules of the
Skokloster II astrolabe (courtesy of Bengt Kylsberg,
Skokloster Castle).



Period instrumental evidence
The question that arose from the bevelled pinnules was whether or not period
astro labe makers also used a drill and countersink to create their pinnules.

Bengt Kylsberg, curator at Skokloster Castle, Sweden, kindly produced close-up
pictures of the vanes of two of their mariner’s astrolabes. Both showed that the
pinnules were not drilled, but pierced. On one of the instruments the piercing left
a crater-shaped pinnule in the vane (see figure 257), while on the other it was flatter,
but pear-shaped (see figure 258). The crater can be compared to the bevelled pinnule
described above and therefore it would be expected that similar errors would occur
with this and other similarly pierced astrolabes.

Although the pear shaped pinnule of the other astrolabe was flat, the non round shape
of it may also result in observation errors, but it is difficult to predict what exactly
will happen.

5.6.4 The procedure for the mariner’s astrolabe
The are detailed descriptions for taking observations with the mariner’s astrolabe.
One of the details of this procedure may cause biased observations. In 1574 William
Bourne wrote that you may prove that the astrolabe “...dothe hang upright...” during
the observations by moving “…the Alhidada unto the same number of the degrees and
minutes on the other side […] and […] taking the height of the Sunne againe…”.1588
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 1588 Bourne, W., A Regiment... (1574), f.27v.

One of the pinnules of the Skokloster I astrolabe
(courtesy of Bengt Kylsberg, Skokloster Castle).

Figure 258



Two decades later, Thomas Harriot repeated this with almost the same phrasing:

But if you doubt of the true hanging of the astrolabe, you may move your Index quickly to the

same degree on the other side & hold it towarde the sonne. If you find the sunne shine thorough

as before your astrolabe hangeth well.1589

The average of these two observations was taken, a procedure well known to land
surveyors and still in use today to eliminate index errors of theodolites.1590 Depending
on the side the divided vertical limb points to, they refer to observations made face
left or face right. The difference with the procedure used for land surveying is that by
pre-setting the alidade on the astrolabe on the other face, the second reading may be
biassed.

That the two observations could easily be biased was confirmed by Lastman in 1634.
He wrote that due to friction in the suspension, the mariner’s astrolabe could be forced
from true vertical by about a quarter of a degree.1591 This was confirmed during one
of the field tests with the Valentia replica on board of the HNLMS Snellius in 2014.1592

Having the astrolabe preset at the observed altitude on the other side could cause
the observer to try to move the instrument towards the direction needed to get the
sun shining through the two pinnules of the alidade instead of making an entirely
new observation.

It would have been better if the alidade had been turned towards the sun without
paying attention to the scales in order to avoid the observations being biased. This
procedure was used for all observations taken with the Valentia replica discussed in
this thesis. Nevertheless, most of the observations were biased due to friction in the
hinge. According to Lastman, friction-induced errors could be avoided by using a
thin wooden rod through the suspension ring to hold the mariner’s astrolabe. This
was tried on the last observation day in 2014 with good results.1593

5.6.5 The eye-end error of the mariner’s cross-staff
In chapter 6 – Scale analysis, the eye-end error of the mariner’s cross-staff will be
investigated for the instruments that were examined using photogrammetry. This
error has been discussed by various historic and modern authors.1594 It was better
known as the parallax or eccentricity of the eye or ocular parallax, terms first coined
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 1589 Harriot, ‘Manuscript folios...’, BL Add MS6788, f.485r.
1590 Uren, Price, Surveying for Engineers (Basingstoke, 2006), pp.163-164.
 1591  Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), p.150.
 1592 See chapter 7 – Replicas and reconstructions.
 1593 Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), p.150. Also see chapter 7 – Replicas

and reconstructions.
 1594 See for instance Bourne, A Regiment... (1577), f.27r. Mörzer Bruyns, The Cross-Staff..., p.27.



by Leonard Digges in 1573.1595 Mathematically, the end of the staff is the start of the
scale. When the instrument is used in a forward manner, the observer’s retina should
be directly next to it. Whether or not this could be achieved in practice depended on
facial anatomy. Levi ben Gerson was the first to publish on the problem and intro -
duced a solution to avoid ocular parallax.1596

Interestingly, Ben Gerson wrote that the vanes had to be used as far from the eye
as possible to minimise the effect of ocular parallax and that the latter should be as
much as 1/20th of a span (roughly 1 centimetre), a value found by Thomas Harriot 250

years later.1597 According to Ben Gerson parallax could be measured in the following
way:

We take a staff with flat surfaces, and at one end we place the eye in the middle of it. We also have

plates with holes in the middle of them whose surfaces are flat, and we draw the staff through

them in such a way that their height on the staff is slightly less than the height of the eye on it.
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 1595 The supplement on the Radius Astronomicus in Digges’s 1573 work, Alae Seu Scalae Mathe -
maticae, begins with a chapter on “Qualiter Axis seu eccentrìcitas oculi in usu Raddii Astrono-
mici deprehendatur,& Parallaxis visus demonstratiuis rationibus corrigatur.” (How to detect the
eccentricity of the eye when using the Radius Astrono micus, and the theoretical arguments to
correct for the observed parallax). Digges, Alae Seu Scalae Mathematicae... (1573), supplement.
Also see Roche, Thomas Harriot’s Astronomy (Oxford, 1977), pp.323-324.

 1596 Goldstein, ‘The Astronomy of Levi Ben Gerson...’, pp.2, 51-52, 144, 147.
 1597 idem, p.144. Roche, ‘The Radius Astronomicus in England...’, p.6. Roche refers to his 1977 PhD

thesis (“Thomas Harriot’s Astronomy”) in which on page 324 he refers to Pepper, ‘Harriot’s
earlier work on mathematical navigation: theory and practice’, in: Shirley (ed.), Thomas Harriot.
Renaissance Scientist. (Oxford, 1974), p.62. Pepper made calculations based on Harriot’s
manuscript (BL Add. Mss. 6788, ff.475r, 484-2r.) assuming “...an instrument of average size”,
without actually mentioning its dimensions, but came to 1 inch, not 1 centimetre. Pepper,
however, mistakenly used half the apparent altitudes and half the parallax. Using the ratio
1:2:4:6:9 as described in section 5.2.3 – Dividing methods, a 1000 millimetre staff, and the
correct parallax values from Harriot’s manuscript (see table 22 below), the eccentricities come
to 7.9, 11.1, and 11.7 millimetres, which averages to 10.2 millimetres, as stated by Roche.

Ben Gerson’s method for finding ocular
parallax as shown by Metius in the  seventeenth
century (collection Het Scheepvaartmuseum,
Amsterdam, inv.no. NSA S.4793(546)).

Figure 259



We construct two plates such that one is twice the size of the other, or in any other ratio. We put

the smaller plate closer to the eye and we draw it near to the eye until it hides the larger plate

exactly. If we do this carefully, we may ascertain with ease the place of the point at which there is

the visual angle.1598

Ben Gerson’s method was still advocated in the seventeenth century (see figure 259).
As Ben Gerson wrote that he “...carried out this procedure many times and in as many
ways as possible...”,1599 I wondered what the influence of these ‘many ways’ might be
and so decided to repeat this experiment. Ben Gerson did not describe the many ways
he used, so I had to design my own. I tested myself during daytime, twilight and night
time. The reason for these three different times were to see if the pupil diameter
and the fact that under bright light conditions, images are formed by the cones in the
retina, while in dim condition this is done by the rods, had an effect on the measure -
ments. The daylight measurements were done indoors out of direct sunlight. In
order to not be dependant on natural light for the twilight and night time measure -
ments these were done indoors at night, with dimmed electrical lights for the twilight
measurements and with only a single dimmed light (so no ambient light) close to
the longest vane for maximum contrast between the two vanes for the night-time
measurements. The pupil widths during the experiments were approximately 2 to
2.5 millimetres (day), 4 millimetres (twilight), and 6 to 7 millimetres (night).

In addition to the three lighting conditions, I varied the distance of the vanes to
my eye to see if distance reduced ocular parallax, as Ben Gerson described.1600 The
cross-staff I used was my Kronan cross-staff replica which I used with vanes 3 and
4 (296.8 and 152.9 millimetres). I could vary the distance of the largest vane between
25 and 99 centimetres. Being approximately half the size, the distance from my eye
of the smallest vane varied from 13 to 50 centimetres. The above ranges were chosen
such that the observed angles varied from 17 to 60 degrees. The largest vane was set
at each whole degree of its scale for altitudes between 17 and 30 degrees, and at every
5-degree mark for altitudes between 30 and 60 degrees.

Figure 260 shows the results arranged by distance. Ocular parallax increases with
distance independent of the lighting conditions, which seems to contradict Ben
Gerson’s findings. These results are, of course, based on my own observations and
may not be representative for the average observer. Likewise, it is not known whether
Ben Gerson did his experiment alone or had many observers,1601 while my facial
anatomy may differ from that of Ben Gerson. The experiment indicates that for me,
ocular parallax is proportional with darkness and that in night-time conditions it
can indeed be as high as 9 millimetres at a vane distance of around 1 metre. It thus
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 1598 Translated by Goldstein in: Goldstein, ‘The Astronomy of Levi Ben Gerson...’, p.52.
 1599 Translated by Goldstein in: idem, p.54.
1600 It should be noted that I am far-sighted and use +1.50 reading glasses.
 1601 Goldstein, ‘The Astronomy of Levi Ben Gerson...’, p.144.



seems that ocular parallax is proportional to vane distance (and in this case thus
not proportional to the observed angle) and not proportional to the ambient light.
More data from multiple observers would be required, however, to generalise to the
average observer.

Various solutions were given to compensate for ocular parallax. Ben Gerson described
the manufacturing process of the instrument. At the eye-end of the staff had to be
made

... a small plate carved in such a way that there protrude from it two pegs distant from one

another by little more than one digit, such that one peg is placed in the corner of the eye that is

observing, and the other peg fall on the other corner of that eye without pressing on the eye.1602

The divisions had to be engraved beginning “...from the place of the center of vision
which is beyond the staff by about 1/20 of a span.”1603 In this way a bespoke instru -
ment was created that would only work properly for the specific user. Mariner’s
cross-staff makers would, however, have produced instruments that were mathe -
mati cally correct, and not personalised. In the sixteenth century, ocular parallax
was well known, and to correct for it William Bourne suggested in 1577 that
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1602 Translated by Goldstein in: idem, p.55.
 1603 Translated by Goldstein in: ibid.
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Figure 260

Ocular parallax due to lighting conditions and vane distance.



... you must pare away a little of the ende of the Staffe, for some mens uses more, and some mens

uses lesse, for that is according as you may set the staffe unto your eye, for some men neede pare

away little or nothing, and some men must pare away 14 or 15 minutes as you may set the staffe:

bycause some mens eyes be further into their head, than other some mens are, and the bones

of some mens face stande further out than other some doo.1604

Bourne also suggested personalising the staff, but now by altering an already made
(and thus mathematically correct) instrument. Strangely, he wrote that one had to
“... pare away 14 or 15 minutes...”. The scales of the mariner’s cross-staff are not linear
and it thus makes little sense to express the amount in arc-minutes. Had it been
linear, a fixed correction (like the index error of a sextant) would have sufficed.

Harriot clearly objected to this method and approached the problem in a different
way in 1595, when he wrote that “How this errour may be knowne & reformed I have
demonstrated & taught 11 yeares past in my booke called Arcticon.”1605 After taking
an observation with a mathematically correct, thus non-shortened, mariner’s cross-
staff one only needed to know

...how farre the end of your the staffe doth stand from behind the center of your sight according

as it hath ben already observed when by yourself by a staffe I have for the purpose: I have marked

in a spare place of these both your staves nere the note of 90 degrees betwixt two parallel lines.

And the same quantity I have found to be in Cap. Whiddous; in Douglas the masters; & many

mens eys else, as in yours & mine. The which quantity hereafter for brevity & order sake &

according to the nature of the thing I call the par excentricity of the staffe.1606

The use of it is this: when you have according to the usuall manner taken the hight of the

sunne or starre & noted the place where the crosse stand you are to remove him further from

you & by such a quantity as the excentricity, which you may do by a payre of compasses you are

to consider what hight that wilbe which is further from the ey by the quantity of the excentricity

which you may knowe by the helpe of a payre of compasses, from & doth alwayes make it lesse

then the former. And that hight or altitude is as true as if the end of the staffe did stand in the

center of your sight.1607
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1604 Bourne, A Regiment... (1577), f.27r.
1605 Harriot, ‘manuscript folios...’, BL Add. Mss. 6788 (1595), f.486r. No copies of the Arcticon are

known to have survived.
1606 Harriot started writing “par” in the quote as an abbreviation of “parallaxis”, but struck it through

and made it “excentricity of the staffe”. The three examples he supplied in the preceding pages
mention “parallaxis of the staffe”.

1607 Harriot, ‘Manuscript folios...’, BL Add. Mss. 6788 (1595), f.486r. This is my own transcription,
which deviates slightly from the one given on ECHO [http://echo.mpiwg-berlin.mpg.de/
ECHOdocuView?url=/permanent/library/AYB35Z4D/&start=970&pn=971, 

          accessed 8 December 2016].



So Harriot placed marks on the staff near the start of the scales, which showed the
distance that the transom had to be moved towards the end of the staff in order to
obtain the right reading. He suggested using a pair of compasses for the process. Being
a fixed distance, this correction, which he called “parallaxis of the staffe”, could be
measured using the compasses on the scale of the cross-staff as if the staff was a
Gunter rule. This method was mentioned by Harriot as an alternative and the three
examples in Harriot’s manuscript show that the raw observations, which he called
“apparent meridian altitude”, were corrected for dip, semi-diameter of the sun (where
applicable), and “parallaxis of the staffe”.1608 Harriot wrote about this method that

...or else you may note the altitude as you find it first by by the place of the crosse at first; &

after set downe so much as a in degrees or minutes as it is from the place of the crosse answereth

to the qua quantity of the excentricity, which hereafter is called the parallaxis of the staffe; to

remaynd to be abated with some other thing as shalbe taught after.1609

Two pages later he explained the latter:

ffirst take the altitude close from the Horizon & that is called the Apparent altitude. ffrom it abate

two thinges that is the parallaxis of the staffe & the surplus of the Horizon [dip]. The remaynder

is the true hight of the starre.

But if you take the higher edge of the sonne you must abate 16' minuts more & then you have

the true altitude desired.

[…]

If absolute exactenes were to be required there it is yet to be added to the altitude of the

sonne two thinges, that is to say his parallaxis of altitude, & angle of refraction caused by the

ayre highest superficies of the ayre: And to the altitude of the starre only the angle of refraction.

but because in your voyadge they amount not ether one or both no to 3 min minuts when most,

I leave them for an other place & time to be uttered.1610

The 3 in the last paragraph was originally a 2, but was corrected later. Apparently
Harriot was not concerned about errors in the magnitude of 2-3 minutes. The three
values for the “parallaxis of the staffe” Harriot gave for the apparent altitudes in his
examples are tabulated in table 22. Using these corrections, I calculated the distance
between the marks on the staff as a percentage of the transom length. We do not know
what transom length Harriot used, but if it was 2 feet, the parallax would be 11
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1608 Harriot, ‘Manuscript folios...’, BL Add. Mss. 6788 (1595), ff.475r, 484-2r. Two of the examples
are given by Taylor, see Taylor, ‘Hariot’s Instructions...’, pp.345-347.

1609 Harriot, ‘Manuscript folios...’, BL Add. Mss. 6788 (1595), f.487r.
 1610 idem, f.489r.



millimetres, which is close to the values found by Ben Gerson and myself, while at
the same time it indicates that Harriot’s transom may have been somewhat shorter.1611

If we plot Harriot’s values against calculated ones based on an average parallax of
1.73% of the transom length (the average of Harriot’s three examples), the differences
are around 1 arc-minute for all three examples (see figure 261).1612

Harriot even provided a solution like Ben Gerson’s, as he continued

If to the prime end of the staffe that is to say the end which is next the eye were ioyned a peece

of wood of the length of the excentricity the use wold now be somewhat reddier for your owne

ey without removing the crosse any otherwise then in the observation, or further consideration

of the staffes parallaxis.1613

It seems that by 1599 Edward Wright had read or heard of Harriot’s first two solutions
since he devised a more practical implementation of it. He also suggested determining
the ocular parallax using Ben Gerson’s double-transom method and then to have

… a plate of brasse so artificially fitted close within, by the side of the square hole in the trans -

versarie, through which the index [staffe] is to be put, that you may slip it forwardes or back wards

like the cover of a boxe, and so set the fore-edge thereof so much before the trans versary, as the

eccentricitie of your eye commeth to.1614

This accessory must have been a better solution to the problem than shortening the
staff and would even allow different observers to use the same staff as long as they
used their own personalised brass attachment.

By 1614, the objections against shortening the staff had reached the Netherlands.
Adrian Metius also opposed it, writing “...that is why the unwise cut a piece of the
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 1611  The three examples give a parallaxis of respectively 10.8, 10.7 and 10.1 millimetres, Ben Gerson
had 1/20th of a span or approximately 10 millimetres, while I found a maximum of 9 milli metres,
see above.

 1612 This calculation can be done without needing to know the actual transom length. The calculated
differences are -0.8, -1.1, and -0.7 arc-minutes.

 1613  Harriot, ‘Manuscript folios...’, BL Add. Mss. 6788 (1595), f.487r.
 1614 Wright, Certain Errors... (1599), ff.60r-61r.
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eye end of the staff as long as a degree, one and a half, or two, which is completely
unfounded”1615 and continued that instead the wise seaman had to locate the proper
position of the staff next to the eye by experiment. The method explained was similar
to Ben Gerson’s experiment to determine ocular parallax using two transoms, but
instead of measuring it, Metius suggested moveing the staff to a location next to the
eye until no parallax was detected (see figure 259).

The double-transom method would have been a good procedure to verify one’s
meridian altitude observations, but so far I have not found any period text suggesting
the use of this method prior to each meridian altitude observation.

5.6.6 The mirror of the spiegelboog
When Joost van Breen described his spiegelboog, he mentioned that the glass mirrors
were of varying thickness.1616 Not only was the spiegelboog the first navigational in -
strument with a glass mirror, but also the first that could be calibrated with an
adjustment screw (see figure 262). The use of a single mirror introduced a parallax,
or as Van Breen put it, the glass caused the silvered layer to be elevated like watching
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 1615 Metius, Nieuwe Geographische Onderwijsinghe... (1614), pp.27-28. In Dutch it reads “... daerom
comen eenighe onverstandighe ende saghen een stuck van het oogh-eynde vande Stock af /
de lengte van een graed / anderhalf / ofte twee / t welck gantschelijck onghefundeert is.”

 1616 The contents of this section has been previously published as part of De Hilster, ‘The Spiegel -
boog...’, pp.6-16.
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Figure 261

Harriot’s Parallaxis of the Staffe analysed.



the bottom of a tub filled with water.1617 Although he does not go into detail, he wrote
that there are more ‘hidden things’ than that.1618

Near the eye-end, two parallel lines were drawn perpendicular to the staff. Van
Breen explained that, when using the mirror, the adjustment screw had to be turned
until the transom aligned with the line closest to the eye-end, and when used without
the mirror the transom had to be aligned with the other line.1619 One, and as far as I
know the only, ‘hidden things’ Van Breen mentioned is that the parallax varies with
angle of observation, but the variation of the parallax within the working range of 10
to 90 degrees is sufficiently small that he could neglect it. The difference in correction
for the glass used in the reconstructions varies from 1.46 millimetres at 10 degrees
to 1.97 millimetres at 90 degrees (see figure 263).1620 As the graduation intervals become
larger at smaller angles the reconstructions are calibrated for the 90-degrees obser -
vation. In this way the influence of the half-millimetre difference along the staff
between 10 and 90 degrees is minimised, as can be seen in figure 264.

The graph in figure 264 shows that the influence of parallax is minimised when
the longest possible vane setting is used for observations. Van Breen did not realise
this, since he wrote that the shortest possible vane setting should be used. A thinner
mirror also helps to minimise parallax, as half the thickness results in half the error,
but Van Breen did use mirrors of varying thickness. An even better optimisation can
be realised when calibrating for 75 degrees, as the error will then be plus or minus
two minutes. Along the main range from 25 to 75 degrees, the maximum error will
then be only 1.3 minutes. Calibrating the instrument for zero degrees results in a large
error close to 90-degrees observations. The best results are obtained when one knows
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 1617 idem, p.8 of chapter XIII.
 1618 ibid.
 1619 idem, pp.9-10 of chapter XIII.
1620 From laser measurements the breaking index of a 3.9 millimetre thick mirror was found to be

1.5945.

The adjustment screw, left the 
reconstruction, right according 
to Van Breen.

Figure 262



how far the adjustment screw should be turned to set the transom to match the par -
allax for the altitude to be measured, but this method was not applied by Van Breen.

One question that remains is how Van Breen calibrated his staffs in the first place.
The scales were probably graduated for the mirror vane without the mirror mounted
and with the transom flush to the staff. This, at least, worked for the reconstructions.
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The influence of observation angle on the mirrorcorrection.
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The observation error.



The next step is to determine how far the silvered layer of the mirror would appear
to be above the paper of the mirror vane due to the mirror-frame and breaking index
of the glass. With the reconstruction, the breaking index was initially measured using
a laser, which is accurate but not historically authentic. Van Breen had the following
three options:

a. Measure the sun’s altitude using a spiegelboog with and without the mirror;
b. Measure Polaris using a mariner’s cross-staff and a spiegelboog;
c. Measure horizontal angles using the spiegelboog with the mirror mounted with both

the smallest and largest vane setting.

The first option is unlikely to have been used as it could be harmful to the eyes and
is not very accurate as measuring with shadows is less accurate than measuring
with the mirror as discussed in section 5.3 – In the shadow of Hood and Harriot.

The second option could only be done at dawn or dusk, needed two observers and
relied too much on the quality of the second instrument and on the personal error of
the two observers.

The third option allows calibration in daytime, using one instrument and one
observer only. It was tested with the reconstruction using targets such as chimneys
and church towers. The observations were carried out in a horizontal plane, the
first observation performed with the transom flush to the staff and with the largest
vane setting. The corresponding scale was read and the mirror vane was shifted to the
same reading on the scale for the smallest vane setting. Then the same observation
was repeated using the smallest vane setting and the adjustment screw was turned
until the two objects coincided again. The whole procedure was repeated but now
with the corrected adjustment screw. After three iterations, the adjustment screw
needed no further adjustment and the transom was within a few tenths of a milli -
metre of the location found using laser calibration.

5.6.7 The transom length
All instruments discussed in this thesis use a part of their construction as reference
for the angular measurements. In the mariner’s cross-staff, it is the end(s) of the
transom, while for the shadow-casting instruments it is the shadow vane.

Initially the mariner’s cross-staff was used in a forward manner and the length
of the transom was the reference for the observations. Whether the instrument was
properly made could be tested by setting each of the transoms, to the same angular
value on their corresponding scales and to verify proper construction using a
straight ruler. Fournier proposes to do this with three transoms simultaneously.1621

If properly made the ruler should touch the ends of all three transoms and intersect
the eye-end in the middle of the staff.
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 1621  Fournier, Hydrographie... (1643), p.502.



Any serious instrument maker would have done his best to correctly make the
mariner’s cross-staffs he produced and to test them in a similar way. In theory, most
mariner’s cross-staff ’s would have been accurately made, but the introduction of
the brass shoe or aperture disc added a new source of error that could not be easily
detected and may not even have been understood. The brass shoe was slipped over
the end of the transom (see figure 265), creating a slit aperture that could be used as
a peep sight (when mounted on the lower end of the transom) or to cast a beam of
light (when mounted on the upper end of the transom). By the end of the seventeenth
century, mariner’s cross-staffs were equipped with two apertures, making the instru -
ment even more accurate.

Although a mariner’s cross-staff equipped with two brass shoes was more accurate,
the mounting of the brass shoes introduced an error by lengthening the transom. The
brass shoes create apertures that are delimited on one side by the brass and on the
other by the wood of the transom. This means that the centre of the aperture does
not correspond with the end of the transom, which was the reference for the engraved
scales. instead half the aperture’s width is added to the transom’s length. In other
words, by using two brass shoes the transom is lengthened at both ends. The resulting
error is disproportional to the length of the transom but proportional to the observed
angle.

Figure 266 shows the effect of the brass shoes on the Hasebroek 1720 replica used
for this thesis. The effect is calculated for two apertures, both set at a width of 0.5
millimetres. As a result, the transoms are extended by two times half the aperture
width or 0.5 millimetres in total. As expected the brass shoes have a greater effect
on the shorter transoms since the size of the apertures is larger relative to their length.
The calculations for the shortest transom are omitted as it is too short to hold the
brass shoes, and is used as the horizon vane for backward observation method (and
so is not a reference).

Staff length permitting, one would use the largest transom possible and so the
over lapping parts of the graphs for the shortest two transoms are greyed out.
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The brass shoe mounted on 
a mariner’s cross-staff transom
(both replicas, picture by the author).

Figure 265



Provided that the instrument is used in this way the maximum brass-shoe induced
error does not exceed 5 arc-minutes for the Hasebroek instrument, while for altitudes
of over 25 degrees it does not exceed 4 arc-minutes. The minimum is just over 2 arc-
minutes. The altitude measured is too small and thus the calculated latitude will be
further away from the sun’s foot point.

5.6.8 The shadow vane position
For shadow-casting instruments other than the mariner’s cross-staff the main issue
for achieving a proper observation is the setting of the shadow vane. In order to ob -
serve a meridian altitude, the shadow vane is usually set at an altitude some 10 degrees
more than the expected meridian altitude (or 10 degrees less when working with
zenith distances).1622 For instruments with combined scales like the cross-bow quad -
rant, Davis quadrant, hoekboog, and demi-quadrant, the sight vane is moved up or
down until the shadow coincides with the horizon vane and the horizon. The sum
of the shadow vane setting and the reading at the sight vane gives the required altitude.
In the case of staff-type shadow instruments like the demi-cross, the shadow vane
is set at a convenient height and the half-transom is slid along the staff until coinci-
dence is achieved, when the altitude can be read directly from the staff.

In these instruments a proper observation largely depends on the correct setting
of the shadow vane and as this is only done once during a meridian passage, all obser -
vations are affected by any error in the setting of the shadow vane. The difference
for the mariner’s cross-staff is that the setting of the shadow vane is more likely to
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 1622 See section 5.4.2.3 – The backward method.
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Figure 266

Brass shoe induced observation error at 2 x 0.5 millimetre aperture.



be random around the proper location and thus causes positive and negative errors,
while the brass shoe of the mariner’s cross-staff always results in an error in one
direction. Assuming that setting the shadow vane can be done with the same accuracy
as one can draw lines in the geometrical construction method, 0.08 millimetres at a
95% confidence level,1623 the induced error will be roughly 1.5 arc-minutes at the same
confidence level for the Davis quadrant and less for the hoekboog and cross-bow
quadrant.

For instruments with shadow vanes that slide along a linear part of the instrument,
like the demi-cross and demi-quadrant, the error depends on the distance from the
shadow vane to the horizon vane. For the demi-cross, the maximum error would
have been around 3 arc-minutes, at most 4 arc-minutes for the demi-quadrant.
These values would only be reached when the shadow vane was closest to the horizon
vane. In general the induced error would have been much less.

If the Davis quadrant was equipped with offset lines on the rim of the 65-degree arc,
there was a chance that the observer would incorrectly use the lens vane. As discussed
in section 5.2.2.4 – Scales, the offset lines were meant to be used as a correction for
the sun’s penumbra and perhaps for dip when the sun was measured using shadows.
When the lens vane was used the sun had to be cast into a circle on the horizon vane
that was centred around the reference line indicating the instrument’s centre.1624 In
1730, Joseph Harris wrote that he knew mariners who

...generally place the Shade and Glass-Vane in the same Place; and some I have known to place

the Glass-Vane where they ought to place the Shadow-Vane, (insisting on their being right,

because they always used to do so, and that they had been at Sea several Voyages) thereby making

¼ deg. Error...1625

If this was indeed done, the observed zenith distance would have been too small by
amount of the offset of the lines (8-16 arc-minutes as shown in section 5.2.2.4 – Scales),
resulting in a computed latitude too close to the sun’s foot point.

5.6.9 Deformation of the instrument
Most of the instruments discussed in this work were made of wood. In chapter 6 –
Scale analysis it will be shown that scales can be affected by ageing of the wood, mostly
as a result of changing humidity. The errors explored in that chapter are mainly the
result of uneven expansion or contraction of the wood in directions along and
perpendicular to the grain. In section 6.5.7 – The demi-quadrant, it will be shown that,
as a result of ageing, the arc of the instrument warped, making it curved not only in
the intended way, but also in a direction perpendicular to the plane of the instrument.
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 1623 See section 5.2.3 – Dividing methods.
 1624 See section 4.3.2 – The Davis quadrant (f.l. 1604).
 1625 Harris, A Treatise of Navigation... (1730), p.179.



As a result, it would have been impossible to take proper observations, as the warping
would cause the horizon vane and sight vane to deviate from parallelism, depending
on the position of the latter along the arc. All instruments with vanes protruding from
the side of the instrument will be affected in this way if parts of the frame become
warped.

Deformation of the instrument can also occur in a direction parallel to the its plane
and will have a particularly negative effect on polyxylous and asymmetrical instru -
ments. In section 6.5.4 – The Davis quadrant, it will be shown that the Davis quadrants
researched no longer have the origin of both arcs on their mutual datum line.1626

The same could happen with the Dutch hoekboog, but as no complete instruments
have survived no data is available. How soon after the instruments were built this
would have occurred is difficult to say. Deformation may also have occurred due to
the way it was held in combination with its weight and the thickness of the beams of
the frame. It is most likely that for this reason the hoekboog was made with a thicker
frame by the end of the seventeenth century and that instruments like Milliet
Dechales’ improved Davis quadrant and the demi-quadrant were designed to allow
one to test for deformation at any time.1627 It was to prevent this direction of warping
that the demi-cross was made with the widest staff of all known period wooden in -
struments.1628 The asymmetrical shape of the demi-cross meant that it was susceptible
to errors due to warping in this direction. The spiegelboog too could be significantly
affected by warping, which would have had the same effect as the play in the mirror
vane mounting discussed in section 5.6.1 – The mounting-hole of transoms and vanes.

The only instrument that would be only slightly affected by warping is the
mariner’s cross-staff. Due to its symmetry and lack of protruding vanes, it would
barely be affected by deformations. The only deformation that would have had a
serious effect would be the bending of the transom in a direction towards or away
from the observer as this would cause an error similar to the ocular parallax discussed
in section 5.6.5 – The eye-end error of the mariner’s cross-staff.

I have not come across these issues mentioned in period literature before the mid-
eighteenth century. In 1748 and 1749, George Adams and Benjamin Cole wrote works
in which each claimed to have invented a similar type of sea quadrant.1629 Cole added
a 16 page appendix to his work, in which he shows that “Mr. A  ”, as he called Adams,
had no right to the invention and that his comments on the quality of the Davis quad -
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 1626 See table 36 in section 6.5.4 – The Davis quadrant.
 1627 De Hilster, ‘The Hoekboog...’, pp.26,29. See sections 4.3.11 – The improved Davis quadrant (f.l.

1677) and 4.3.12 – The demi-quadrant (c.1750).
 1628 De Hilster, ‘The Hoekboog...’, p.26.
 1629 Adams, The Description and Use of a New Sea Quadrant... (1748). Cole, The Description and Use

of a New Quadrant... (1749).



rant were all taken from Harris and Logan.1630 No matter the original order of events,
Cole revealed some original ideas concerning the quality of the Davis quad rant. Con-
cerning defects in the design, Cole wrote that

In Davis’s Quadrant, if the long bar A B [the main staff or datum line] should warp or twist; or

if the bar D [the vertical strut or handle] be not of its exact length; then in either case, the arches

will not correspond to each other; and consequently, the observation will be inaccurate. … the

probability of the arches being distorted either thro’ themselves, or by the limbs A E, A C, in Davis’s

Quadrant [the struts holding the arcs], is much greater than in this instrument [Cole’s new sea

quadrant].1631

Clearly Cole thought his instrument was of a better design than the Davis quadrant
and that he had overcome the issues of warping and bending.

5.7 Mathematics of noon

The period during which one had to take the observations has been well described
in period literature.1632 According to William Bourne, the moment one had to start
was determined by a magnetic compass:

…as soone as you see that the Sunne is come unto the South by East, then beginne to take the

height of the Sunne […] stil observe ye same, until you see the Sunne at the highest and beginning

to descende, and then have you finished.1633

As will be shown in next section, this observation was repeated by rotating the in -
strument along its vertical axis and presetting the alidade to the value found from
the previous observation, averaging any difference between them. The meridian
altitude was thus the result of two readings at most; one in face left and one in face
right taken just before the next observation(s) showed that “…the sunne beginning
to descende…” again. As all observations are affected by random error, this means
that an observer may stop observing well before the moment of meridian passage if,
due to these random errors, a few observations were taken too high and followed
by more correct but lower (observed) altitudes before noon.
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 1630 Cole, The Description and Use of a New Quadrant (1749), p.35. Also see: Harris, A Treatise of
Navigation... (1730), pp.176-186. Logan, ‘An Account of Mr. Thomas Godfrey’s Improvement...’
(1733), pp.441-450.

 1631  Cole, The Description and Use of a New Quadrant... (1749), p.18.
 1632 This section is derived, in part, from an article published in the Mariner’s Mirror 100:3 on

August 2014, available online: 
http://www.tandfonline.com/doi/abs/10.1080/00253359.2014.935141, 

         see De Hilster, ‘Observational Methods...’, pp.261-281.
 1633 Bourne, A Regiment... (1574), f.26r.



Alternatively, the correct moment of the meridian passage could be determined by
a pocket dial, which could also affect the moment the navigator stopped observing.
In his journal of a journey from Lisbon to Goa in 1538, the fourth viceroy of Portu -
guese India and later “...Admiral of the Navy of the Coast...”,1634 Dom João de Castro
(1500-1548), described that this actually happened.1635 Meridian altitudes were each
day taken by several people, including himself, using mariner’s astrolabes. On 2
June he noted:

At noon we took the Sun, and each checked the height, the pilot said it was already descending,

immediately, without further consideration […] I myself waited and the doctor and the boats -

wain, as we knew the contrary, and while they checked the sun with their astrolabes, I found

that the pilot had taken the Sun on the horizon [at] 43 degrees and the master a half [degree]

more, one sailor [had] 42 ½ [degrees], the other 43; I had at that time taken 43 ½ [degrees], and

the boatswain 42 2/3: but, while continuing so, I swear, for an hour, the Sun went as far up as to

the height of 44 degrees, as found by the boatswain with his astrolabe, he began to say that the

sun had set him over 44 degrees; which made the two sailors to take the Sun again, they found

the height up to 44 degrees; the doctor at that time, went to the master and obliged him to take

the sun again and found the same 44 degrees; having seen that, the pilot again took the Sun and

found the same 44 [degrees] and more.1636

De Castro continued by blaming the use of four different pocket dials which, being
made at different geographical locations, had different corrections for magnetic
variation and so showed time differences of up to 40 minutes. He also noted that this
happened again on a further six days during this five-month journey. In all cases, he
obliged them to re-take their observations.1637

In De Castro’s case noon clearly came later than the pilot thought, but that was only
noticed due to the fact that several observers were trying to observe the meridian
passage and thus showed the pilot’s error.1638 As in this case, ill-prepared sundials or
compasses may regularly have caused errors in deciding the moment of meridian
passage, but that would not have been the only contributor to errors.

Using the first method (i.e. observing until the sun descends again) observational
noise might cause not only an incorrect timing of the meridian passage, but also an
overly high determination of the sun’s altitude, although a series of low obser vations
before meridian passage, may still allow the meridian altitude to be measured more
or less correctly (see figure 267). De Castro wrote that “...for an hour, the Sun went
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as far up as to the height of 44 degrees...” indicating that he not only tested meridian
passage against the dial, but also against the continual rising of the sun.

Figure 267 shows a simulation of a meridian passage with an altitude of 44 degrees
and observational noise of approximately 10-12 arc-minutes, similar to what one could
achieve with the mariner’s astrolabe.1639 An hour before noon the sun’s altitude is
indeed just over 42 degrees as mentioned by De Castro.

The line showing ‘Highest observation before noon’ indicates an almost continually
rising sun until it peaks well before noon. Being unaware of the correct moment
of meridian passage and of the maximum theoretical altitude, the observer might
have taken the peak at 11:50am as the true altitude of the sun, in this case some 10 arc-
minutes too high, and would have stopped observing. A more experienced observer
may have known that observations around noon should all have more or less the same
value and discarded this outlier. If so, the observer would have continued observing
(shown here in grey) until the next peak, now coincidentally exactly at noon, but this
one would have been 6 arc-minutes too low.
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 1639 The observers mentioned by De Castro managed to agree in their observations to about 10
arc-minutes. Modern tests on board the NRP Sagres confirmed that this was feasible, see De
Hilster, ‘Observational Methods...’, pp.277-280. Another trial with my own mariner’s astrolabe
replica on board of the Royal Dutch Navy vessel HNLMS Snellius conducted shortly after
publication of the article confirmed the findings onboard NRP Sagres, see chapter 7 – Replicas
and reconstructions.
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Figure 267

The effect of noise on the observed meridian passage.



The line showing ‘Large dip before noon’ indicates a steadily rising sun until 11:40am,
after which the following two observations are clearly lower. Had these two lower ob -
servations triggered the observer to end his measurements, the meridian altitude
would have become some 4 arc-minutes short of 44 degrees and measured some
20 minutes too early. A correctly calibrated pocket dial or compass might have
shown the observer that he had to continue his observations (again shown in grey),
as mentioned by De Castro, but that would have brought him to the two higher
obser vations around noon, resulting in an altitude 19 arc-minutes too high.

We do not know at what interval the historic observer would have taken obser -
vations, but from the twenty-first century sessions it appeared that observations every
two minutes are possible. In these sessions we never stopped observing at the moment
the sun started to descend, nor did we continue based on direction. In general, obser -
vations were continued until at least half an hour after meridian passage, allowing
me to fit a second order polynomial through the data so get an accurate average for
the observed meridian altitude. Of course, this is not how the early modern mariner
would have worked. To be able to assess the accuracy of early modern instruments
and observers, the standard deviation of the modern observations is taken as a
reference.

5.8 Instrumental rhetoric

Since the advent of new shadow casting instruments from 1590 onwards there seems
to have been a regression in the mathematical quality of instruments and obser -
vational techniques.1640 It seems that observers were influenced by instrumental
rhetoric and that their general ignorance caused one of the most poorly performing
instruments to become the most widely used by the end of the seventeenth century,
at least in English-speaking countries, as shown in section 2.7.3 – The most commonly
used instruments.

It has been shown that by the end of the sixteenth century, and just before Hood
introduced his shadow-casting method, the principal instruments used in celestial
navigation were the mariner’s quadrant, the mariner’s astrolabe and mariner’s cross-
staff.1641 Of these three, the mariner’s quadrant was considered “…an excellent In-
stru - ment upon the Shore,[…] but for a Seaman […] to no purpose…”.1642 Both the
other two instruments had two major advantages over the mariner’s quadrant: they
did not rely on an unsteady plumb bob and they allowed the observer to verify the
quality of the observations by correcting for or detecting instrumental errors.

NAVIGATION ON WOOD512

1640 The contents of this section were presented at the 49th Dutch Mathematical Congress (NMC),
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De Hilster/, accessed 15 May 2016.

 1641  See section 3.3 – Back to basics.
1642 Davis, Seamans Secrets... (1607), in: Hastings Markham, The Voyages and Works..., pp. 334-335.



Verifying the quality of mariner’s cross-staff observations could be done by com -
paring the observation taken with one transom with another one taken with a
dif  ferent transom and its corresponding scale. This method was only applied to
determine ocular parallax, however, not as part of a procedure for daily noon alti -
tudes.1643

The procedure for the mariner’s astrolabe did incorporate a method of verifying
the observed altitude.1644 In 1574 William Bourne wrote that you may prove that the
astrolabe “...dothe hang upright...” during the observations by moving “…the Alhidada
unto the same number of the degrees and minutes on the other side […] and […]
taking the height of the Sunne againe…”. If any difference was found, one had to “…
rebate from the greatest height halve the diversitie…”.1645

Two decades later, Thomas Harriot repeated this with almost the same phrasing:

But if you doubt of the true hanging of the astrolabe, you may move your Index quickly to the

same degree on the other side & hold it towarde the sonne. If you find the sunne shine thorough

as before your astrolabe hangeth well. Otherwise you are also to move the Index till you have also

the altitudo on that side. which had, compare with the other & note the difference. The half of that

difference adde to the lesse altitude or substracte from the greater; And you have the altitude of

the sonne as exacte as if your astrolabe had hang truly upright.1646

So the average of these two observations was taken, a procedure well known to land
surveyors and still in use today to eliminate index errors of theodolites and total
stations.1647 When properly executed the average of the two readings would be free
from any error caused by the uneven hanging of the astrolabe. Even the weight dis-
tribution of the alidade could cause errors, and several surviving astrolabes show
markings on the alidade in order to distinguish between the two ends.1648 Whether
or not this was to compensate for any unbalance is unknown, but the markings seem
to indicate that knowing which pointer was used towards the celestial object was im-
portant.

The shadow-casting instruments introduced around 1590 had the advantage that one
no longer had to face the sun, and that, in John Davis’ words, they “... contain large
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 1643 See section 5.6.5 – The eye-end error of the mariner’s cross-staff.
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August 2014, available online: 
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1646 Harriot, ‘Manuscript folios...’, BL Add. Mss. 6788 (1595), f.485r.
 1647 See section 5.6.4 – The procedure for the mariner’s astrolabe. Uren, Price, Surveying..., pp.163-164.
1648 De Hilster, ‘Observational Methods...’, p.267.



degrees, but also […] avoid the uncertainty of the sight, by disorderly placing of the
staff to the eye...”.1649 The latter referred to the problem of ocular parallax. Having
larger degrees was considered one of the key advantages. Indeed, the degrees are quite
small on a mariner’s astrolabe, about a millimetre and a half for an Iberian example
and about double that for the larger Dutch specimens. On the mariner’s cross-staff,
the degree divisions varied between a few millimetres and several centimetres, while
on Master Hood’s cross-staff the minimum size was approximately 14 millimetres.

In 1600 Albert Haeyen, a Dutch navigational author, wrote that he had commis -
sioned a cross-staff that had minutes three times larger than usual.1650 Apparently,
it was the size of the degrees that particular concerned users around the end of the
sixteenth century rather than whether a sound method of observation was used. The
larger divisions meant that by the end of the seventeenth century shadow-casting
in struments had all but replaced the mariner’s astrolabe. The last known observation
with the mariner’s astrolabe was recorded in a maritime logbook in 1702.1651

Of the instruments that were developed during the seventeenth century, only
the demi-cross and spiegelboog had a means of verifying observations similar to the
method available for the mariner’s cross-staff. Again, no procedure is known to have
been in place to verify the observations using (one of) the other scales. Only for the
spiegel boog may it be presumed that its calibration, something that was most likely
only done in the workshop, was done using two of its scales.1652

Another indication that the apparent precision with which the scales could be
read prevailed over instrumental accuracy is the replacement of the hoekboog by
the Davis quadrant in the Netherlands. Using Harriot’s method of shadow-casting,
the hoekboog was a better instrument than the Davis quadrant. Design-wise the two
instruments were quite similar and there would have been little difference in their
use. Right from its introduction in 1604, the Davis quadrant had finer scales than the
hoekboog. The former most likely had intervals of 5 arc-minutes, 10 arc-minutes at
the most, while the latter had 15-arc-minutes intervals.1653 Around 1660, the diagonal
scale was introduced on the Davis quadrant, which gave the instrument single arc-
minute intervals.1654 Perhaps as a response to this the hoekboog was also, made with
finer scales, but still at a 10-arc-minute interval.1655

On 15 February 1659 an advertisement appeared in the Dutch newspaper Tijdinghe
uyt Verscheyden Quartieren stating that Pieter Goos, publisher of various nautical
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works, sold newly invented cross-staffs and hoekbogen, now not only showing degrees
but also minutes.1656 From period works it is known that the Davis quadrant was
named hoekboog in the Netherlands and, given the fact that the instrument now also
showed minutes, it must have been the Davis quadrant that was referred to. Soon after
this publication, Davis quadrants appeared in Dutch maritime literature. Abraham
de Graaf ’s 1688 work was the last Dutch work on navigation with new texts and illus-
trations concerning the double-triangle shaped hoekboog.1657

Despite being the better instrument, the original hoekboog was replaced by the
Davis quadrant in the Netherlands (and named hoekboog) by the end of the seven -
teenth century. Being of similar construction, it must have been similar in use and
we may therefore assume that the handling characteristics did not play a significant
role in this replacement. Having coarser scales, it is unlikely that the hoekboog was
more expensive than the Davis quadrant. From surviving fragments, it is clear that
the frames were made of thinner wood, making the instrument probably cheaper
than the Davis quadrant. The only apparent reason for it being replaced by the Davis
quadrant must thus have been the finer scales of the latter.

With the disappearance of the mariner’s astrolabe at the end of the seventeenth
century the only instrument with a procedure for verifying its observations departed
from the maritime world. The mariner’s cross-staff was still in use, but its operation
did not allow control measurements other than by repetition with the same (or other)
transom and scale. The procedure for finding the ocular parallax was only done
occasionally, perhaps only once in a mariner’s career. Meanwhile, the mariner’s cross-
staff, equipped with brass shoes on both ends of the transom, had become the most
accurate instrument for celestial observation, but only if perfectly made. With the
introduction of the octant in 1731, not only did the quality of the observations improve
again, but they also became more reliable, as the instrument allowed for verification
of instrumental error as had been possible with the mariner’s astrolabe.

It was most likely the result of the introduction of the octant that made mariners
realise that the Davis quadrant was not as accurate as the scales implied. With the
octant, mariners had an instrument that could not only read to a single arc-minute,
but also had a repeatability to that order of magnitude. Soon after, it became known
that the Davis quadrant could not perform to better than approximately 12 arc-min-
utes. In 1730, Joseph Harris wrote that on the 25-degree arc
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[…] are usually described several concentrick Circles with Diagonal Lines, intended for dividing

a Degree into lesser Parts than the Divisions upon the Limb; but this is a superfluous Trouble,

(and indeed these Diagonals are seldom regarded by Mariners,) for even in moving the [sight]

Vane 10' there is scarce any sensible Difference made in the Observation.1658

A few years later John Logan, defending the inventions of Thomas Godfrey to the
Royal Society in 1734, had even harsher comments:

Finding by what difficulty a tolerable observation of the sun is taken by Davis’s quadrant, and

that in using it, unless the spot or shade be brought truly in the line of the horizon-vane, the

observation when made is good for nothing, to do which requires much practice and at best is

but catching an observation; and considering farther the smallness of the 60° arch and the

aptness of the wood to cast, which makes often little better than guess work;...1659

Logan was not alone in his criticism, 1750 William Maitland wrote that:

Davis’s quadrant, as it is in almost every Seaman’s Hands, needs no Description; but I find that

most People by it expects to arrive at a Degree of Accuracy, altogether inconsistent with the Nature

and Construction of this Instrument; to me it is evident from great numbers of Observations I

have made, and been present when made by others with it, that even when there is a good Horizon,

a bright Sun, the Ship not rolling much, and every thing, in short, favourable for the Observation,

the Latitude cannot be determined by this Instrument, nearer than to ten or a dozen Minutes:

When, I say, there have been a good many observing at once on board the same Ship, with

Davis’s Quadrant, I have generally found the Latitudes computed from the Sun’s greatest and

least observed Zenith-Distance, to differ 10, 12 and sometimes 15 Minutes, and which of them

is nearer the Truth, could not easily unless from a better Instrument be determined.

Hadley’s Quadrant of all others that have hitherto appeared, is undoubtedly the best Instrument

for finding the latitude at Sea, when there is a clear Sky, and well defined Horizon; for one may

depend upon an Observation carefully made with this Instrument (if well adjusted) even to one

or two minutes; which is but a small Error, and not more than a sixth Part of what we might

expect in using a Davis Quadrant.1660

So even shortly before the introduction of the octant in 1731, it was already realised
that the Davis quadrant was not as accurate as it seemed and this even led to Godfrey’s
experimental octant. By 1731, the Davis quadrant was no longer supplied to the vessels
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 1658 Harris, A Treatise of Navigation... (1730), p.177.
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of the VOC, even though the octant was not officially sanctioned until 1748.1661

Instead, Dutch vessels used the mariner’s cross-staff equipped with two brass shoes.
Clearly, the Davis quadrant had lost the glamour the diagonal scales gave it some three
quarters of a century earlier and rationality had finally conquered instrumental rhe -
toric.

Meanwhile, ignorance had taken its toll. In October 1707 several ships of the English
fleet under command of Sir Cloudesley Shovel foundered on the Isles of Scilly.
Commander W.E. May of the Royal Navy wrote an article showing that the disaster
was caused by bad weather, faulty maps, and the low standard of accuracy of navi -
gational practice.1662

The popular account is that the main cause of the disaster was the lack of know-
ledge of the fleet’s position in longitude.1663 May, however, showed that although
longitude may have played a role in the disaster, the actual cause was more likely a
latitude problem.1664 The fleet came from the Mediterranean and sailed to the 12-
degree meridian west until the latitude of Ushant was reached. From here on the
fleet maintained an east-northeasterly course until they reached the English coast.
When the fleet left the Mediterranean, the last verification for longitude was Cape
Spartel in Morocco. Although May shows that the difference in longitude between
Cape Spartel and the Isles of Scilly differed as much as 3°48' between various period
authors of navigational textbooks, he also showed that one of the vessels changed
her course to Falmouth at the correct point in the voyage, a strong indication that the
longitude was correctly known. In addition, May showed that the latitude of the Isles
of Scilly was incorrectly listed in contemporary works and that “...they would have
had between twelve and twenty miles less sea room than they expected.”1665

Being the Royal Navy’s standard instrument in the early eighteenth century, all
vessels were presumably equipped with Davis quadrants.1666 In section 5.3.3 – Hood
vs Harriot, it was shown that the average observer using a Davis quadrant will make
an observational error of approximately 6 arc-minutes due to Hood’s type of shadow-
casting. As shown in section 5.4.2 – Instruments relying on a visible horizon, the shape
of the horizon vane of the Davis quadrant will cause another observational error
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that could easily amount to 6 arc-minutes. The combined error, 12 arc-minutes,
will result in a computed latitude closer to the sun’s foot point of 12 nautical miles.
For Shovel’s fleet, this meant that on average they had 12 miles less sea room between
themselves and the Isles of Scilly, in addition to what they believed from the island’s
assumed latitude. Sailing in a east-northeasterly direction this difference between
actual and theoretical latitude must have greatly contributed to the disaster.

Five of the ships in Shovel’s fleet, the Association, Eagle, Romney, St. George, and
Firebrand, struck the rocks of the Isles of Scilly and within hours all apart from the
St. George had foundered, leaving at least 1600 persons dead, including Shovel
himself.1667

5.9 Summary

This chapter began with the introduction of a new concept: the sun’s foot point.
Intro duced by Siebren van der Werf in 2011, the sun’s foot point is the latitude of the
sun’s projected declination at noon and thus the latitude where the sun is in zenith
at meridian passage.

The first section discussed the datum line and the construction and dividing methods
for instruments. The datum line is the basis for angular measurements and is not only
a theoretical concept, but also physically present in all instruments from the earliest
such as the kamal and mariner’s quadrant to the octant. It was always formed by the
largest piece of straight wood (or the string in case of the kamal). Instruments with
complex frames, like the Davis quadrant and hoekboog, were designed to give zenith
distances, and thus the largest piece of wood in these two instruments represented
the horizon (i.e. 90 degrees zenith distance). With the advent of wooden octants and
sextants, the datum line was no longer represented by the largest piece of wood, which
now represented 90 degrees altitude. With the advent of metal octants and sextants,
the material datum line completely disappeared and was only engraved, as on the very
first instruments for celestial navigation: the mariner’s quadrant and mariner’s astro -
labe.

Early modern instruments for celestial navigation were initially monoxylous (made
of a single piece of wood). Thomas Harriot introduced the polyxylous instru ment
for celestial navigation around 1594, most likely influenced by instruments used in
astronomy. With a few exceptions, most vanes and transoms were made of wood.
With the exception of early transoms, the horizon vane and shadow vane of the demi-
cross, and the shadow vane of the demi-quadrant were probably all mono xylous.
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Apart from the horizon vanes, they were all mounted with a sliding fit and clamping
mechanisms were devised to keep them in place, initially in the vanes and half tran-
soms, later in the transoms of mariner’s cross-staffs as well.

Initially, the scales of most circular instruments were equiangular and did not have
diagonals. The first navigational instrument to have diagonal scales was the cross-
bow quadrant, shown that way in 1604. The Davis quadrant did not get diagonals
before the second half of the seventeenth century.

It is likely that most, if not all, early modern navigational instruments were divided
using secondary division and a master template. It will be shown in the next chapter
that this was done on Davis quadrants in the 1730s, well before the first real dividing
engines were introduced. Theoretically, a single arc-minute could be achieved for
circular instruments without too much effort when dividing with a 2-foot diameter
master template. For straight-scale instruments like the mariner’s cross-staff and
demi-cross, three methods existed each with their own accuracies; the copying
method; the construction method; and the mathematical method. The first depended
on the quality of the master template, while the second relied on the drawing skills
of the artisan and was limited in the smallest intervals achievable, while the last al -
lowed one to calculate each division mark and mainly depended on the quality of a
well divided straight reference ruler. At least eight different approaches to the geo -
metrical method existed. These in general allowed one to divide a mariner’s cross-staff
to a theoretical accuracy of greater than 4 arc-minutes for the whole altitude range.

Slightly higher accuracies could be achieved with the mathematical method,
especially for lower-altitude graduation marks. Special attention was given to the
demi-cross and demi-quadrant. The mathematical methods used for the straight
scales on these two instruments seem to have been similar, but from a short analysis
it becomes clear that the demi-quadrant was a significantly more complex instrument
than any other.

In section 5.3 – In the shadow of Hood and Harriot, the effect of the shadow-casting
methods by Thomas Hood and Thomas Harriot on the quality of observations was
explored. It was shown that Harriot’s double-sided shadow-casting method, as used
in the demi-cross and hoekboog, was superior to Hood’s single-sided shadow-casting
method, as used in the Davis quadrant. Tests with a digital camera and a group of
volunteers have shown that Hood’s shadow-casting method introduces an average
error of approximately 6 arc-minutes, from which the calculated latitudes are too
close to the sun’s foot point. Individual differences between observers are even greater
and it may be expected that two observers using the same instrument will produce
observations differing by as much as 27 arc-minutes.

Section 5.4 – Observational reference, described three basic operational principles:
instruments that rely on gravity, on a visible horizon, and that can be used with both.
Those that rely on gravity include the mariner’s astrolabe, mariner’s quadrant, sea
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ring, hollow cube and geometrical square. The quality of observations taken with
these instruments depended on whether it was the instrument that was suspended
or only a plumb bob, and on the degree of inertia in the suspended part.

The least successful at sea were instruments that relied on a plumb bob, such as
the mariner’s quadrant, as they were too greatly affected by wind and vessel move -
ment. The best suspended instruments were those with the greatest inertia. For this
reason the mariner’s astrolabe must have been the most successful, which is reflected
in the number of surviving instruments. It was mainly due to its price, and perhaps
due to the small divisions, that it was eventually replaced by other instruments.

The instruments that relied on a visible horizon can be divided into three groups,
which appeared chronologically. The earliest group included the kamal and mariner’s
cross-staff, instruments used in a forward manner. Their main disadvantage was
that when using the instrument to observe the altitude of the sun, one had to look
into the sun with the naked eye (at most protected by a coloured piece of glass). For
low altitudes, the forward manner may have worked satisfactorily, but for altitudes
above 50 or 60 degrees it was recommended to use the mariner’s astrolabe instead.

The shadow-casting instruments from this earliest group developed through an
intervening single sideways deployed instrument: master Hood’s cross-staff. This
instrument was important for the development of backsight instruments of the
third and final group, as it was the first instrument to cast a shadow from a vane onto
another part of the instrument. One had, however, to compare part of the instrument
with the horizon to keep it horizontal, while at the same time the shadow had to be
cast onto the end of the horizontal beam. Field tests have shown that this was only
possible when operating the instrument with two users at the same time.

The last group contains the instruments that are at the main focus of this thesis:
the back-sight instruments that use the horizon as reference. This group, consisting
of Harriot’s instruments, Davis’ 45 and 90-degree backstaffs, the Davis quadrant,
removing quadrant, cross-bow quadrant, demi-cross, hoekboog, triangular quad rant,
plow, Seller’s backstaff, and Milliet Dechales’ improved Davis quadrant, allowed the
observer to stand with his back to the sun and observe the solar altitude by means of
a shadow or light spot cast onto a horizon vane.

The orientation of the horizon vane and the location of its aperture had a signifi -
cant impact on the instrument’s performance. The apertures in the horizon vane are
of two different types: those that are fully enclosed like a letterbox opening (Davis
quadrant, cross-bow quadrant, demi-cross) and those that are open on the upper
(some mariner’s cross-staffs) or lower (other mariner’s cross-staffs, the hoekboog and
demi-cross) side. Fully enclosed apertures can be of two types: those with one edge
touching the horizon and those that are symmetrical around it (like the demi-cross).

Instruments incorporating horizon vanes with apertures one edge of which
touches the horizon cause the horizon to disappear at the moment the horizon
vane is held in the correct location. The only instrument not affected by this is the
demi-cross, which had a rectangular opening that had to be centred around the
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horizon. We can thus discriminate between them in the same way as was done with
shadow-casting. Apertures that touch the horizon are comparable to Hood’s type
of shadow-casting, while those that centre the horizon within the aperture (or a
beam of sunlight around the horizon) can be compared to Harriot’s.

Observers using Hood’s type of horizon vane tend to raise the instrument to verify
the horizon’s true position, introducing observational errors. The ‘Little experiment’
showed that trying to align the horizon vane with an adjacent horizon, while main-
taining the shadow at the correct place on the shadow vane, cannot be achieved at
the same moment in time. By raising the instrument, the observed zenith distance
is reduced and the calculated latitude will be too close to the sun’s foot point. This
error can amount to 6 arc-minutes. The same occurs with the mariner’s cross-staff,
regardless of whether the horizon vane is moved towards the horizon from below
or from above. At approximately 2 arc-minutes, the resulting error would, however,
be much less. Only when the aperture is fully enclosed and used in Harriot’s way, as
in the demi-cross, does the design have no significant influence on the observations.

The orientation of the horizon vane with respect to the instrumental plane is
also important. One might expect that it simply served to catch the shadow of the
shadow vane (or the light spot from the brass shoe in the case of the mariner’s
cross-staff), but simulations have shown that the orientation, in combination with
the instrument’s symmetry, determines whether or not the projected shadow or light
spot remains stable with respect to the horizon when the instrument is tilted as a
result of vessel or observer movement.

If the horizon vane remains vertical throughout the observing range of the in -
strument, as with the earliest form of cross-bow quadrant, the shadow cannot be
brought into coincidence with the horizon for altitudes above about 45 degrees. For
this reason, Davis’ 45-degree backstaff must have had a vertically oriented horizon
vane as well. This issue was solved in the early seventeenth century by tilting the
horizon vane to 45 degrees, when the instrument became known as the demi-cross.

The best results are achieved when the horizon vane remains perpendicular to the
bisector of the observed altitude throughout the observing range, as in the mariner’s
cross-staff when used in a backward fashion. Even better results could theoretically
be achieved if the horizon vane was slightly curved, as proposed for the cross-bow
quadrant by Thomas Godfrey in 1733. The cross-bow quadrant was, however, not
used in a fully symmetrical way, which undid the advantages of this curved horizon
vane. No evidence has surfaced that the curved horizon vane was ever applied to the
mariner’s cross-staff.

The instruments that worked using gravity and a visible horizon were all equipped
with an artificial horizon. The first were Davis quadrants modified for the purpose
in the early 1730s, folowed a few decades later by the octant.

Section 5.5 – Concept based diffusion, discussed diffusion based on instrumental prop-
erties and shows how the construction method of John Davis’ first two practicable
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backstaffs must have evolved over time, turning them from Hood into Harriot-
type instruments. It is the accepted view that Harriot’s designs predated Davis’, but
it seems more likely that there was some interaction between these two and that
Harriot’s ideas were incorporated into Davis’ instruments shortly after the latter’s
publication. Tracing the diffusion of Harriot’s shadow-casting method to the
Nether lands shows that the demi-cross was a direct descendant of Davis’ 45-degree
backstaff and that it is unlikely that John Davis designed the Davis quadrant him-
self, even though the instrument was named after him some 75 years after his death.

Random and systematic observation errors, also known as biases, are the subject of
section 5.6 – Biased observations. Errors originating from faulty design, instrumental
deformation and poorly designed or implemented procedures were discussed. The
errors resulting from faulty holes in transoms, vanes, alidades, and friction in sus -
pension rings have been quantified and data is given for the ocular parallax, showing
that this error varies with the amount of ambient light. A less obvious error, but most
probably known by the inventor Joost van Breen, concerns angle-dependent changing
refraction in the mirror of the spiegelboog. How much that affected observations and
how Van Breen may have calibrated his instruments is discussed. The instru mental
reference was sometimes disturbed by the observer, either by adding accessories
like the brass shoe or by inaccurately positioning the shadow vane. The former may
not have been known in early modern days, but the latter was by the eighteenth
century. It was realised that this could introduce errors of to 16 arc-minutes.

Section 5.7 – Mathematics of noon, explores how noon was defined on board a vessel,
how errors were made in determining this moment and to what extent this affected
the observations. Evidence is given of early sixteenth century insight into this matter,
showing that noon was at times determined up to an hour too early, leading to errors
well over a degree.

The final section, 5.8 – Instrumental rhetoric, explores the regression in mathe -
matical quality of both instruments and observational techniques after the advent
of shadow-casting instruments and how instrumental rhetoric played a role in this.
It suggests that the diagonal scale contributed to the enormous success of the Davis
quadrant and that it took almost three-quarters of a century before it was realised
that in reality it was one of the most poorly performing instruments. Three examples
are given of the criticism of the instrument once its true accuracy was realised. The
instrument even significantly contributed to one of the worst maritime accidents
of the time, the Shovel disaster.

M
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Als een Hoekboog al wel geteekent is / zoo kan hy noch qualijk opgemaakt werden. De Graad -

boo gmakers teekenen gemeenlijk de Stokken af na een die zy oordelen wel gemaakt te zijn / of

die zy dus uyt de grondt af geteekent hebben: maar dan moet in alle Hoekbogen [de zijden] niet

alleen even lang zijn / maar ook altijdt van een zelfde lengte wezen..1668

Abraham de Graaf, 1688

[Even if a Hoekboog is well divided / it still can be badly made. Cross-staff makers generally

copy the Staffs from one they judge to have been properly made / or that they thus have made

by original division: but then for all hoekbogen [the sides] should not only be equal in length /

but always of the same length]

6.1 Introduction

In the previous chapter, the instruments were analysed from a theoretical point of
view, looking only at the possible accuracies of the designs and scales. In this chapter,
several linear and circular scales are analysed to see if the scales were indeed as
accurate at one may expect from their construction method and to see if evidence
of the copying method as mentioned in the quote above can be found on surviving
in stru ments. The instruments analysed are discussed, as are the methods used to
research them, in terms of accuracy and resolution. The difference between absolute
and relative errors is also explored.

6.2 Resolution versus accuracy

In ‘The Cross-Staff Ten Years Later’, Mörzer Bruyns wrote of one of the mariner’s
cross-staffs he had seen, that it had a “...maximum accuracy of 30 minutes of arc...”
and in a remark on surviving cross-staffs in general that, “… all the newly found

1668 De Graaf, De Kleene Schatkamer... (1688), p.113.
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examples confirm the conclusions of 1994, such as on graduation, accuracy, length
and width.”1669 At the end of the article, he lists newly found examples, of which he
regularly refers to the “maximum found accuracy”.1670 In his preceding work Mörzer
Bruyns used the terms “smallest division” and “maximum accuracy”.1671

From the context, it is clear that Mörzer Bruyns only meant to indicate the smallest
intervals between two graduation marks, better known as the resolution, not the
actual accuracy of them. The only reason I use these quotes is to show how easily
accuracy and resolution can be confused. The fact that a scale is divided with a res -
lution of 10 arc-minutes, does not mean that this is the maximum accuracy with
which an observer would be able to read the instrument or observe with it. The overall
accuracy achievable when observing with a navigational instrument depends on
many factors, including sea state, vessel stability, observer’s skill, the quality of the
instrument and of course the instrumental design and principles, as mentioned in
the previous chapters. As regards reading a proper value from a scale, accuracy is
affected by the observer’s skills in reading the scale and the quality of the individual
graduation mark, and to a lesser extent by the resolution of the scales.

A good example in this context is that of the levelling rods used in land surveying.
Until the invention of electronic-barcode-reading levelling instruments in the late-
twentieth century, most of these rods were divided to whole centimetres (see figure
268), yet levelling was typically done at a millimetre resolution. The rod was read by
the observer along the horizontal cross-hair of the levelling instrument in whole centi -
metres directly, while the millimetres were estimated. An experienced surveyor like
myself can even estimate at half a millimetre level when the staff is sufficiently near
enough, especially near the edges or the middle of the single centimetre blocks. Using
special levelling equipment, the staff can even be read to 0.01 centimetre and esti -
mated one decimal further, but these instruments displace the cross-hair using a
micrometer driven plan parallel glass plate to make it bring it into coincidence with
the divisions.1672

It is thus not the resolution that determines the accuracy of a scale. In the above ex-
ample a scale, with a resolution of one centimetre is usually read to one milli metre,
and at times to one micrometre. This, of course, is still a resolution, not a real accuracy,
which is the quality with which the divisions were laid down on the scale in the first
place.1673 For levelling rods, this accuracy is usually in the order of 0.01 millimetre.1674
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1669 My emphasis, see Mörzer Bruyns, ‘The Cross-Staff Ten Years Later...’, pp.18,20.
         1670My emphasis, see idem, pp.20-23.
 1671  My emphasis, see Mörzer Bruyns, The Cross-Staff..., p.47.
 1672 Wild Heerbrugg, Nivellier-Instrumente (Heerbrugg, 1964), p.19.
 1673 In levelling the accuracy also depends on temperature and, if the rod was made of wood,

humidity.
 1674 Jenoptik Jena GmbH, Kompensator-Nivellier Ni007 (Jena, 1966), pp.12-14.



In early modern times, scales were also read to fractions, even when they were as small
as those found on the mariner’s astrolabe.1675 On a typical Iberian astrolabe, one degree
is a little over 1.5 millimetres. Nevertheless, readings are known from the sixteenth
century that were taken with a resolution of 20, 15 and sometimes even 10 arc-min -
utes.1676 When taking observations with a replica of an Iberian mariner’s astrolabe,
I usually round the observations to 10 and sometimes to 5 arc-minutes, while one of
the assisting observers, an experienced land surveyor used to decimal interpolation
in levelling, rounded them to one decimal degree or 6 arc-minutes.

The difference between resolution and accuracy is best explained from figure
269. It shows two scales; the one on the left with a resolution of 5 arc-minutes, the
one on the right with a resolution of 30 arc-minutes. The quality of the scales clearly
differs, the one on the left being erroneous, the one on the right being much more
consistent. In the example, whole degrees are the same, but the 5-arc-minute divisions
are incorrect on the left-hand scale. In practice, all division marks will be affected
by random errors.

The difference in quality between the two scales clearly has a significant effect
on the scale readings. Estimating degrees down to 3 arc-minutes (one tenth of the
half degree interval) of the right-hand scale should be no problem with a little
practice. Estimating down to a single arc-minute level from the left-hand scale is easier
than from the right-hand scale, but the resulting values will be affected by the accuracy
of the divisions. The presence of the erroneous divisions on the left-hand scale only
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 1675 See section 7.3.1 – Contemporary studies.
1676 De Hilster, ‘Observational Methods...’, pp.277.

Figures
268-269

Left (Figure 268): Section of a levelling staff with superimposed cross-hairs (private collection).
Right (Figure 269): Resolution versus accuracy (illustration by the author).



makes matters worse, as one will focus on them. Achieving an accurate reading is
thus easier in the less erroneous lower resolution scale on the right.

6.3 Relative versus absolute scale errors

The quality with which the scales have been engraved largely defines the accuracy
of the instrument as a whole. As shown in chapter 5.2.3 – Dividing methods, proper
location of the graduation marks depends on their angular separation relative to a
central point (for circular instruments) or on a trigonometrical relationship
between a fixed length of the instrument and the scale position (for straight-scaled
instruments). Analysing either of these scales in an absolute way is only possible with
a new and undisturbed instrument, as with age the quality of instruments deterio -
rates. In circular instruments, the centre may no longer be the geometric centre
due to deformation of the frame, while in straight-scaled instruments the transoms
that define the scales may have shrunk or expanded at a different ratio to the staff. In
addition, wood expands at a different ratio along the grain and perpendicular to it,
causing errors in wooden circular instruments.

Circular scales were generally monoxylous with the grain parallel to the ends. Over
time most, if not all, wooden arcs deform. They usually shrink and do so more
significantly perpendicular to the grain of the wood than parallel.1677 As a result, the
diameter of the arc increases and the graduation marks deviate from their original
perpendicular orientation to the edge.1678 As a result, the arc becomes elliptical, in -
troducing errors in the angular positions of the marks.

Figure 270 shows the effect for a monoxylous circular scale spanning 90 degrees
with the grain perpendicular to the 45-degree graduation mark and 2% shrinkage
perpendicular to the grain. The zero degree mark is at the clockwise end of the scale,
the graph shown as viewed from the centre of the arc.

The figure shows periodical errors similar to, but opposite due to the direction of
deformation, those shown by Randall Brooks when he discussed the errors in the
Champlain astrolabe in his article discussing the provenance of the instrument (see
figure 271).1679

Brooks used a copy of the 1879 picture to assess the accuracy of the instrument.1680

He wrote that the “... photo and astrolabe were measured and compared to ensure
that the image distortion produced by the camera and enlarger lenses was minimal.
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 1677 See the sections on the cross-bow quadrants, the Davis quadrants and the demi-quadrant.
 1678 This deviation is proportional to the distance of the graduation mark from the centre value

of the arc.
 1679 Brooks, ‘A Problem of Provenance, A Technical Analysis of the Champlain Astrolabe’, in:

Carto graphica, Volume 36, #3, Fall 1999 (1999), pp.1-16.
1680 From private correspondence with Randall Brooks on 18-6-2015.



These errors were very small.”1681 He also wrote that he found the “...ratios of the
distortion of the astrolabe are approximately 0.980 between the vertical and hori-
zontal diameters (the latter being slightly larger) and 1.003 for diameters measured
across the 45° positions...”.1682 Brooks did not quantify the differences between the
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 1682 ibid.
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Figure 270

Shrinkage induced graduation errors of a 90 degrees span circular scale.

Brooks’ analysis of the Champlain
astrolabe (Brooks, 1999).

Figure 271



diameters measured in the photo and those measured on the instrument, only that
they “...were very small...” and that “...the shape of the instrument was very close to
the image...”.1683

The measurements, which were taken at the outer engraved circle of the scale of
the 127-millimetre diameter astrolabe,1684 clearly showed that the vertical and hori-
zontal diameters were unequal. As these circles were most likely engraved using a
beam compass or on a lathe, we may assume that the ratios were originally closer
to 1.000 than found by Brooks. That they are no longer equal may have been caused
by deformation of the instrument itself, perhaps as the result of it being dropped
on a hard surface, or by the photographic process.

Using Brooks’ data and the assumption of photographic distortion, I was able to create
a best fit (see Best fit perspective line in figure 272) with a backward tilt of approxi -
mately 10.10 degrees (the top of the instrument being farther away from the camera
than the bottom) and a counter-clockwise yaw of 0.02 degrees (this is a rotation
along the vertical axis as seen from the suspension ring).

The best fit method gave a ratio between the vertical and horizontal diameters
of 0.984 and a ratio between the diagonal diameters of 1.000, which is similar to
the figures found by Brooks. The best fit also revealed that the centring error of the
measurements was approximately 0.09 millimetres (0.07% of the diameter) horizon-
tally and 0.04 millimetres (0.03%) vertically, causing 20% of the amplitude of the
errors found.1685

The deformation, which resulted in a standard deviation of the residuals of 20.6 arc-
minutes (see table 23), may be of the instrument. Using Brooks’ data and the assump-
tion of geometrical deformation (i.e. the instrument was mainly compressed along
its vertical axis), a best fit was found with almost exactly the same ratio between
the diameters and centring error as before. The resulting difference in the errors
between both methods was half an arc-minute at the most (see Best fit deformation
graph in figure 272). As the lower left edge of the rim can be seen in the 1879 photo,
it seems more likely that the errors were due to the obliquity of the photo rather
than due to a deformation due to a fall.

Whether or not the deformation is physically present in the instrument is hardly
relevant to the assessment of its accuracy. In both cases, the data from Brooks’ mea-
surements needs to be corrected for it, since the deformation would not have been
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 1683 ibid. From private correspondence with Randall Brooks on 18-6-2015.
1684 From private correspondence with Randall Brooks on 18-6-2015.
 1685 This centring error is that of the equipment used by Brooks to analyse the enlarged face-on

photo of the Champlain astrolabe. The whole centring error was approximately 0.1 milli metres
(0.08% of the diameter) in a direction of 294.9° clockwise from the zenith and resulted in a
maximum error of 5.4 arc-minutes in Brooks’ measurements. For the influence of centring error
of the hole in the mariner’s astrolabe, see chapter 5.6.2 – The hole in the mariner’s astrolabe.



present when the instrument was made. A random error of 8.8 arc-minutes for the
graduation intervals can be calculated from Brooks’ data, which does not significantly
differ from the 8.1 arc-minutes calculated from the corrected data (see Corrected
data graph in figure 272 and table 23). It is more likely that the instrument was orig-
inally created with this accuracy rather than the 20.6 arc-minutes standard deviation
given above, which resulted from the deformation. Further research on the original
instrument is recommended and may reveal whether the instrument is physically
deformed or not.

The above example clearly shows that if we want to assess the accuracy of the original
craftsmanship we either need a newly made instrument or we should look at the
accuracy of the intervals rather than the absolute accuracy of the scale as a whole.
When looking at wooden instruments, we should realise that these scales, being two
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Figure 272

Best fit analysis of Brooks’ data.
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or even three centuries old, are far from new. The chance that a wooden scale is
un  deformed after such a prolonged period is small and we should therefore be
cautious in judging an instrument or its maker based only on its absolute accuracy.
Analysing the intervals gives provide better clues to the level of accuracy achievable
by instrument makers of the period.

6.4 Research methods

The above shows that if we want to know how accurate instruments were, we need
to look at the accuracy of the divisions in a relative way, not in an absolute sense and
certainly not at the resolution of the scales. Over the years I have used two different
methods to analyse scales of surviving instruments. The first method that will be
discussed is photo-analysis, with which correlation between instruments can be
deter mined without having to visit the physical object. The second method, photo -
grammetry, allows a much better mathematical analysis of the instrument, but is
more difficult to perform.

6.4.1 Photo-analysis
The photo-analysis method is based on snapshots taken by the owner or curator of
the instruments. No special requirements were needed, other than that the images
should have sufficient resolution to show the scale details, should be taken perpen-
dicular to the scale, and preferably with a long focal length to minimise distortion.
I have used this method to research the correlation between the diagonal scales of
Davis quadrants. For this I have asked several institutions and private owners to take
pictures of their instruments. To minimise the effect of lens distortion, images were
taken of whole 5-degree sections only.

The analysis is done by comparing the diagonal scale on the image with a non-
diagonal pattern created with the same interval as the diagonal scale and with a shift
of half the diagonal scale interval (see figure 273). The pattern is superimposed onto
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A 5-degree section of a 
Davis quadrant with overlaid
reference pattern (picture by 
the author).

Figure 273



the original image and scaled, shifted, and rotated until the boundary of the pattern
fits the 5-degree section of the diagonal scale. Once in place, the pattern intersects
the diagonals, and deviations of the diagonals can be read by analysing these inter -
sections. As the pattern is shifted by half the diagonal scale interval, the intersections
are found around the centre of the diagonal scale.

Although the method is straightforward and anyone can supply the required
images, the method has its drawbacks. Any image taken with a camera has a certain
amount of perspective distortion. This distortion is more obvious when the image is
taken with a fish-eye lens than when taken at a long focal length, but will always be
present. When analysing the overlaid pattern, these distortions will appear in the
results (see figure 274).

Digital images contain, in addition to the actual image, general image information,
such as camera brand and model, shutter speed, focal length etc. These parameters
are stored in a so-called exchangeable image file format (EXIF), which can be read
on any computer.1686 From the EXIF-information the focal length was obtained, which
directly gives an indication of the distortion.

As well as the focal length, the image dimensions and the point in the image that
is perpendicularly below the camera are needed in pixel coordinates in order to
calculate the distortion correction from the focal length. The image dimensions are
taken from the EXIF information, but as this perpendicular point is not available,
it is estimated from the image.
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https://en.wikipedia.org/wiki/Exchangeable_image_file_format (accessed 30/12/2015).
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Figure 274

Raw data of two Davis quadrants.



Using the image dimensions, perpendicular point and focal length, corrections are
calculated for the intersection values (see figure 275). The corrections are deter -
mined for each 5-degree section photo, hence the discontinuities at whole 5 degrees
values.

The corrected data can now be compared to another instrument to see if there
is any correlation. Creating graphs of the corrected data gives a visual aid for com-
parison (see figure 276), but the final comparison is done mathematically using a
Pearson correlation algorithm.

Another way of looking at the data is to see if there is correlation between the
intervals (see figure 277). For this the difference is taken between two adjacent di-
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Figure 275

Perspective distortion corrections.

� � �� �� �� ��
��

��

��

��

��

�

�

�

�

�

�

��	
�������	����

��
�	������	����

Diagonal scale value [degrees]

C
o

rr
ec

te
d

 s
ca

le
 d

ev
ia

ti
o

n
 [

ar
c 

m
in

u
te

s]Figure 276

Davis quadrant data corrected for lens distortion.



vision deviations along the whole arc. Again graphs are used as visual aids, but final
com parison uses a Pearson correlation algorithm.

Obviously the photo analysis method has limitations. As analysis is done in 5-
degree sections, it is not possible to look at the arc as a whole, while the distortion
corrections applied to the raw data are at best an approximation. The main advantage
is that pictures can be taken by anyone willing to do so and that instruments from
remote collections can be easily compared.

This example shows that it is of great importance to know the orientation of the
image used in the measurements and that best quality can only be achieved when
the data is corrected for the obliquity of the image. An even better method is to use
ortho photos. This type of image can be made using photogrammetry.

6.4.2 Photogrammetry
Photogrammetry is a more sophisticated version of the photo-analysis method. Using
this technique, an object can be measured using several pictures from different di -
rections. The pictures are taken with a calibrated digital camera with a resolution
of 8 megapixels in black and white to avoid the effect of chromatic aberration. The
object is placed on a surface covered with a random pattern of dots which serves as a
reference to orient the the images (or rather camera stations) to each other (see figure
278). An accurate reference rule is placed next to the object to provide scale (usually
a section of levelling rod). The processing of the images is done using a least-squares
adjustment with dedicated photogrammetry software.

Using this method, point accuracies can be achieved of approximately 0.05 milli -
metres or better (1s, 68%). Certain points (i.e. the reference dots and the main points
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Figure 277

Davis quadrant interval analysis.



of the instrument) are measured directly, but the majority of measurements are
done in a ortho photo of the instrument (an image produced as if the object was
scanned on a flatbed scanner and thus with no tilt or yaw), produced by the photo -
grammetry software. The ortho photo can be created with a fixed resolution, usually
100 or 200 pixels per centimetre. As the ortho photo is scaled it can be used for direct
measurement.

For straight-scale instruments, like the mariner’s cross-staff, the photo is oriented
so that the scale under examination runs parallel to one of its sides. Measuring can
then be done simply by moving a cursor over the image in regular photo editing soft -
ware and noting the cursor’s coordinates. As the instrument is aligned with the edge
of the image, the divisions are aligned with the other edge, making it easier to dis-
tinguish them.

Figure 279 shows a section of the mariner’s cross-staff in the Zuylenburgh collec-
tion together with the reference rod.1687 This staff has its divisions filled in with a
light substance for higher contrast, but most mariner’s cross-staffs lack this. As the
intermediate intervals are considerably shorter than the whole degrees, the lack of
contrast of most mariner’s cross-staffs in combination with the at-times obligatory
limited lighting conditions causes these smaller divisions, and sometimes even the
larger ones, to disappear.
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 1687 In my text I refer to the this collection as Collection Zuylenburgh or Zuylenburgh collection.
In full, it should be Collection Planetarium Zuylenburgh, Bert Degenaar.

Left: (Figure 278): The author carrying out 
photogrammetry on the demi-quadrant in Madrid. 
Right: (Figure 279): A section of the ortho photo of 
the Zuylenburgh mariner’s cross-staff with reference 
rod below it.

Figures
278-279



Once the divisions have been measured, they can only be analysed if the dimensions
of the transoms for which the scales were designed are known. Most surviving in-
struments no longer have their original transoms, however, so their lengths have
to be derived from the data. Allan Mills provided a method for this in 1996.1688 His
method solved the eye-end error and transom length in a graphical way, but he en-
couraged computer enthusiasts to solve the matter with a least-squares solution.
Since multiple readings were required to solve the eye-end error and transom
length, I introduced an alternative in 2006 that only required two scale readings to
get a reasonable estimate, with calculations done using a simple desk calculator.1689

Being a computer enthusiast myself I have returned for this thesis to Allan Mills’
method, which uses the least-squares solution. The main reason for using Mills’
method is that my own relied too much on the quality of the chosen graduation
marks, especially on the one with the highest altitude. If these had been placed er-
roneously it would have a significant effect on the outcome.

The downside of Mills’ method is that it weights all divisions equally, while Blaeu
told us that the 90-degree mark was the departure point of his scale and we may thus
assume that that graduation mark was engraved with the utmost care. Sadly, there
is no certain way to tell whether a scale was made using Blaeu’s or another method.
Most surviving instruments post-date Seller’s publication and, as his solution was
quicker and more accurate, we may assume that only a minority of surviving
instruments were divided using Blaeu’s method. In addition, the number of sub-
degree graduation marks decreases with altitude and may cause Mills’ method to fail,
as will be shown in chapter 6.5.1 – The geometrical cross-staff. For this reason, and as
the larger whole degree marks are more visible than the intermediate graduation
marks, I have limited the cross-staff scale research to the whole-degree graduation
marks.

The images of circular instruments are oriented so that the centre value of the arc is
more or less parallel to one of its sides. The photo is then imported into CAD software
for further processing (see figure 280). Although the centre of the arc (if present) is
measured, a new centre is created to fit the orientation and range of the scale. Had
the measured centre been used to test the scale, the outcome might not be correct
due to shrinkage and deformation. Instead, the centre value of the outer diagonals,
as in the photo-analysis method, is taken as the actual distance that represents the
range of the scale. A new centre is constructed from these figures. The effect of shrink-
age may still influence the outcome of the analysis, however, as discussed above, and
would show as a curve in the analysed data, as shown in figure 270.
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1688 Mills, ‘The ‘Eye-error’ of the Cross-staff...’, in: Bulletin of the Scientific Instrument Society No.
48 (1996), pp.15-18.

1689 De Hilster, ‘The Spiegelboog...’, p.13.



Lines are drawn from the extremities of the scale at a mutual angle corresponding to
that indicated on the scale to construct the centre (i.e. 25 degrees for the Davis quad-
rant, 32 degrees for the demi-cross, 90 degrees for the cross-bow quadrant, etc.).

At the newly found centre, a hockey-stick type of cursor is created that runs from
the centre to the inner edge of the diagonal scale and ends with a line at the same
angle as the diagonal at the centre of the scale (see figure 280). The cursor is then
rotated around the newly found centre and aligned on average with each diagonal
of the scale, and the orientations recorded.1690

As the diagonals are usually quite long and usually have good contrast (black lines
on light wood) they appear much clearer on the ortho photo than typical straight-
scale graduations. However, at times even these scales are hard to read due to the
patina on the instruments.

6.5 The analysed instruments

A number of instruments have been examined using the techniques mentioned
above. These include a geometrical cross-staff, several mariner’s cross-staffs, both
surviving cross-bow quadrants, several Davis quadrants, the only known surviving
scale of a hoekboog, and the only known surviving demi-quadrant.

6.5.1 The geometrical cross-staff
One of the first staffs examined using photogrammetry was a geometrical cross-staff
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1690 As a result of shrinking the orientation of the diagonals changes according to location on the
scale. The alignment is therefore done around the central concentric circle.

The ortho photo of
the demi-quadrant being
processed

Figure 280



(see figure 281).1691 It was made according to a design described by Peter Apian in
his 1533 Instrumentbuch.1692 The instrument is owned by a German private in dividual,
who deposited it on long term loan to the Deutsches Technikmuseum in Berlin
where it was the ‘Exhibit of the Month May 2011’.1693 The maker, place, and year of
manufacture are unknown, but according to the museum’s website, its origin may
lay in southern Germany and it dates from around 1700.1694 Before it arrived at the
Technikmuseum, a date of between 1550 to 1650 had been given by the staff of the
Mathematisch-Physikalischer Salon in Dresden.1695 According to the description on
the website of the Deutsches Technikmuseum “Its ivory design is unusually sophis-
ticated; the scale and labeling [sic.] are precise and handmade.”1696

Wanting to know the precision of the scales, I measured the instrument in 2007.
The staff has an approximately 16.5 millimetres square section, an overall length of
507.3 millimetres and consists of an 502.5 millimetres long wooden core with ivory
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 1691 It was examined in April 2007 together with the 1702 Johannes van Keulen mariner’s cross-
staff mentioned in the next chapter.

1692 Apian, Instrumentbuch... (1533), chapter Das Acht und letzt Zahl dises Buchs.
 1693 Deutsches Technikmuseum, ‘Exhibit of the Month May 2011’, 

[http://www.sdtb.de/May.1837.0.html, accessed 5 Januari, 2016].
1694 ibid.
 1695 From correspondence between the owner and the author, 17 July 2006. Shortly before this

date, the instrument was examined by Korey and Dolz of the Mathematisch-Physikalischer
Salon in Dresden and by Sauer of the Schiffahrtsmuseum in Bremerhaven. The date range
was given by Dolz, based on comparison with other instruments from the period. The in -
stru ment has been seen by Mörzer Bruyns and myself in April 2007. By the end of 2010 the
instrument had arrived at the Deutsches Technikmuseum in Berlin for a long term loan (from
e-mail correspondence between the owner and the author, 13 December 2010).

1696 Deutsches Technikmuseum, ‘Exhibit of the Month May 2011’.

The two ends of the Quadranti
Astronomici of the Apian staff 
running from 12 to 180 degrees
(pictures by the author).

Figure 281



overlays of 1.5 millimetres thickness and ivory end caps 2.4 millimetres thick.1697 Eight
scales are engraved on the staff, seven of them linear and with the same uniform
interval, only the numbers and inscriptions differ. These linear scales are labelled
A-G. The eighth scale (or rather the first, as it is engraved above the A scale) is labelled
Quadranti Astronomici and is a non-linear scale for angular observations. The main
difference between this scale and those on mariner’s cross-staffs is that it starts at
180 degrees altitude and shows all the whole 5 degrees graduation marks down to
60 degrees and all the whole degree marks to the end at 12 degrees altitude, whereas
the scales of mariner’s cross-staffs usually start at 90 degrees altitude.

As is often the case with mariner’s cross-staffs, this geometrical cross-staff came
without its transom(s).1698 In the introduction to this chapter, two methods were
given to calculate the length of the transom(s) from the corresponding scales. Allan
Mills gave a more elaborate least-squares solution in 1996, while I introduced a sim-
plified method in 2006.1699 Apian explained in his 1533 work that one transom was
used for the linear scales and for the Quadranti Astronomici and that this transom
had a length of 12 divisions of the linear scales. The geometrical cross-staff thus allows
us to determine the transom length in three ways: Allan Mills’ method; my simplified
method; and by measuring the length of the linear intervals, which I will refer to as
the interval method.

Figure 282 shows the seven linear scales found on the geometrical cross-staff.
Each has 61 divisions, which make 60 intervals. With a few exceptions, the intervals
are of consistent width along the whole length and between the seven scales. From
these 420 intervals the average interval length was found to be 8.417 millimetres,
which makes the transom 101.01 millimetres by the interval method. Using all the
degree graduation marks of the Quadranti Astronomici scale and Mills’ least-squares
solution results in a transom length of 102.42 millimetres, while my simplified method
results in a transom length of 105.07 millimetres. In addition, Mills’ method results
in an eye-error of -1.57 millimetres. This is -2.03 millimetres by my method.

The 180-degree division mark has been taken as a reference for all calculations.
This mark is physically present, as the staff continues for another 2.4 millimetres
beyond it (see the right-hand side of figure 281). Therefore 2.4 millimetres should
be added to the eye-end errors to get the physical eye-end error of the staff, but for
the moment this has been ignored. As all scales start at this same reference, the eye-
end error according to the interval method should be 0.00 millimetres (plus 2.4
milli metres for the additional staff length, which is ignored).
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 1697  The wooden core is visible on one end, see the left hand side of figure 281. The thickness of the
ivory overlays and end caps was measured at this end using photogrammetry, but may vary on
other parts of the instrument.

1698 According to Apian the instrument came with one transom of fixed length and one of variable
length., see Apian, Instrumentbuch... (1533), chapter Das Acht und letzt Zahl dises Buchs.

1699 Mills, ‘The ‘Eye-error’ of the Cross-staff..., pp.15-18. De Hilster, ‘The Spiegelboog…’, pp.6-16.



The differences between the transom lengths and eye-errors from the three calculation
methods are significant. The division errors of the Quadranti Astro no mici can be cal -
culated using these three outcomes. Figure 283 shows the results in three lines (the
fourth in grey is discussed below). The interval method not only results in a better
overall accuracy, but even shows that this was most likely the correct way, as there is
only a small error at 90 degrees altitude of 0.3 arc-minutes.
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Figure 282

The linear scales of the geometrical cross-staff.
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Figure 283

The summary of division errors of the geometrical crossstaff



It seems that the methods by Mills (‘Mills’ all divisions’) and me (‘De Hilster 2006’)
failed to properly calculate the eye-end error and transom length, as the errors build
up significantly for altitudes above 90 degrees. My method used the 90 and 12-degree
altitude graduation marks and therefore results in 0 degrees difference for them. Mills’
method failed as there are more graduation marks below 60 degrees altitude. Above
60 degrees the staff is divided every 5 degrees, while below it the interval is a single
degree. Removing all the altitude graduation marks that are not a whole integer of
5 degrees from the Mills’ method results in the fourth graph (‘Mills’ 5 degrees only’ in
figure 283). Now the transom length is calculated more correctly as 100.73 milli metres
and the eye-end error as 0.15 millimetres, very close to the values derived using the
interval method (‘Apian’ in figure 283).

The main reason the methods diverged is the low overall accuracy of the scale. Table
24 shows a numerical summary of the Quadranti Astronomici scale of the geo metrical
cross-staff. Using the interval method (‘Apian’ in the table) the standard deviation
(1s, 68% confidence level) is the lowest of the first three methods. With my simplified
method I managed to get an average error equal to that found with the interval
method, but it should be noted that this is coincidence, given the sloped line of the
data. I prefer to use Mills’ method, but from this example it becomes clear that it may
not always work as expected and that the data distribution along the scale may affect
the outcome. The last row in the table shows the results for just the 5 degrees altitude
graduation marks using Mills’ method. The standard deviation is the lowest of all
methods, but the average is further away from zero than when using the transom
length derived using the interval method.

6.5.2 The mariner’s cross-staff
Six mariner’s cross-staffs have been examined using the photogrammetric method.
One of them, the Kronan cross-staff at the Kalmar Läns Museum, was only measured
for its physical dimensions, not for scale research. The remaining five were not
specifically chosen, but happened to be easily accessible or were available at the time
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of my visit while doing photogrammetric research on other instruments in the col-
lections. Apart from one they are all dated. Three of them are also by a known maker:

– Johannes van Keulen, 1700;1700

– Johannes van Keulen, 1702;1701

– Gerard Hulst van Keulen, 1791;1702

– Unknown maker, 1798;1703

– Unknown maker and date.1704

In the previous section it was shown that care should be taken when creating a dataset
for Mills’ method and for this reason I only used the whole-degree graduation marks
for the scale research of the mariner’s cross-staffs. Some of these scales have no scale
markings between the start of the scale at 90 degrees altitude and the start of the
graduated section of the scale. This start depends on the transom length and can
sometimes be found at the 75, 60 or even 30-degree altitude graduation marks, with
perhaps only a single graduation mark between (see figure 284).1705 As a consequence,
these sections of the scales only contributed marginally to the least-squares solution.
Omitting them from the calculations would therefore have only marginal effect on
the calculated vane length and eye-error, while the steps between them are at times
so large (e.g. from 90 to 60 degrees without any intermediate graduation mark) that
it is impossible to reduce the rest of the scale to the same interval without losing too
many data points. It could thus be that the errors found for these ‘loose’ graduation
marks are not well determined and look more like outliers than they actually are.
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1700 Collection Het Scheepvaartmuseum, Amsterdam, inv. no. S5116, no. 16 in Mörzer Bruyns, The
Cross-Staff....

 1701  Private collection Bussum, no. 20 in Mörzer Bruyns, The Cross-Staff....
 1702 Collection Het Scheepvaartmuseum, Amsterdam, inv. no. S049(01), no. 91 in Mörzer Bruyns,

The Cross-Staff....
 1703 Collection Planetarium Zuylenburgh, Bert Degenaar, not previously listed.
1704 Collection Museo Naval, Madrid, inv. no. M.N.289:G.F.I-38, no. 76 in Mörzer Bruyns, The Cross-

Staff....
 1705 While writing this thesis the instrument shown in figure 284 moved from a French collection

to the Collection Planetarium Zuylenburgh. The pictures are from the previous owner.

The start of sides 3 and 4 of a 1678 mariner’s cross-staff in a French private collection (pictures by the
owner).

Figure 284



The graduations of the first staff, the 1700 Johannes van Keulen, were faint with poor
contrast. As a result, not all graduation marks could be read in the ortho photo, while
the dim lighting may also have affected the accuracy of some of the readings for grad-
uations that were visible.1706 In the previous section it was shown that this may affect
the accuracy of the results, but nevertheless it is worthwhile showing the results for
this instrument as it still gives a good idea of overall quality.

Figure 285 shows the results. The lines for each individual scale are shown in grey,
while the black line shows how the instrument would have performed if the ideal
transom (the longest possible) was chosen for the observations.

Clearly large gaps are present in the scale readings of side 1, but the remaining
divisions and other scales give a reasonable impression of the instrument as a whole.
As the deviations are more or less symmetrical around zero, it seems that the Mills’
least-squares solution performed well.

Table 25 shows the numerical results of the analysis. The first column gives the tran-
som numbers, the second the length of the corresponding transoms, and the third
the eye-end error. Clearly this staff has been considerably shortened during its life-
time by about 69 millimetres, a value that is consistent with only side 3 being roughly
1 milli metre less shortened than the other sides. The last two columns give the av-
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1706 Poor lighting conditions cause JPEG compression to distort the image, even though com -
pres sion was set to the lowest level in the camera.
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Figure 285

Scale analysis of the 1700 Johannes van Keulen crossstaff in the collection of Het Scheepvaart museum,
Amsterdam, inv.no. S5116.



erage altitude error and corresponding standard deviation at a 68% confidence level
(1s). Having made use of Mills’ least-squares method, the average altitude error is
zero when expressed in metric distance from the eye-end along the staff, but due to
the non-linear properties of the scales the average error slightly deviates from zero
when expressed in arc-minutes, as presented in this table.

The bottom row shows the average altitude error and standard deviation for the
in strument when used with the optimal transom. These values define the thick black
line in figure 285. From the figures it seems that the scales were produced with Blaeu’s
reduction method discussed in chapter 5.2.3 – Dividing methods, as that was the only
method that would potentially introduce errors of this size.

Figure 286 and table 26 show the results for the 1702 mariner’s cross-staff by the same
firm. With only a significantly shorter second transom, the two instruments are sim-
ilar in dimension as accuracy. The accuracy of side 4 is considerably worse as a result
of the erroneous placement of the 90 and 60-degree altitude marks. If these outliers
are omitted, the standard deviation for that side becomes 2.4 arc-minutes and fits the
range of the 1700 instrument. In optimal use, the standard deviation of the graduation
marks is 2.4 arc-minutes as well. The staff seems to have been shortened only slightly.

Based on these two instruments it seems that the quality of mariner’s cross-staff
production by Johannes van Keulen was more or less consistent in these two years,
although more data would be required to further substantiate this.

That the accuracies achieved by Johannes van Keulen were not standard for all
mariner’s cross-staffs becomes clear from the data for the third instrument. This
mariner’s cross-staff was made almost a century later by Johannes’ later successor,
Gerard Hulst van Keulen.

The lines in figure 287 fall within a much narrower band, with only the 90-degree al-
titude graduation marks of sides 3 and 4 and the 75-degree altitude graduation mark
of side 3 deviating significantly.
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As the instrument is complete with all its transoms, table 27 now also shows the ob -
 served length of these transoms and the difference with the calculated transom
lengths (C-O).

Sides 1 and 2 confirm the more accurate results for this instrument. That the standard
deviations are still high for sides 3 and 4 is the result of the three outliers at 90 and
75 degrees altitude. Discarding these outliers, the standard deviations are 1.1 and
0.9 arc-minutes respectively for sides 3 and 4. When used in the optimal way, the
standard deviation of the graduations is less than a single arc-minute. It therefore
seems that the firm switched to a better method for scale graduation, perhaps the
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Figure 286

Scale analysis of the 1702 Johannes van Keulen cross-staff in a private collection.
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mathematical method as described by John Seller, with which it has been shown
that these kind of accuracies could be achieved.1707

Figure 288 shows the results for the anonymous instrument in the collection of the
Museo Naval in Madrid. Again, the 90-degree altitude graduation mark of side 4 is
significantly less well positioned than the rest of the graduation marks. The instru-
ment seems to be less well made than the Gerard Hulst van Keulen instrument, but
better than the ones by Johannes van Keulen.
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 1707 See chapter 5.2.3 – Dividing methods.
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Figure 287

Scale analysis of the 1791 Gerard Hulst van Keulen cross-staff in the collection of Het Scheepvaart -
museum, Amsterdam, inv.no. S049(01).
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The numerical results in table 28 show that the instrument is only marginally less well
made than the Gerard Hulst van Keulen instrument and even better for side 3, unless
the outliers are discarded for the Van Keulen instrument. When the outlier from side
4 of the Museo Naval instrument is discarded, the standard deviation for that side
becomes 1.3 arc-minutes, only slightly less accurate than the Gerard Hulst van Keulen
instrument. When optimally used, the instrument is only slightly less accurate, but
with a standard deviation of a single arc-minute, still well made.

The Museo Naval instrument has three of its four transoms, the one for side 4 is
missing. As the table indicates, the transoms fit the scales well and the staff seems not
to have been shortened.
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Figure 288

Scale analysis of the anonymous cross-staff in the collection of the Museo Naval, Madrid, inv.no.
M.N.289:G.F.I-38.

�������	
�����
���������	����������	���������������	����������������	�	
�
��	�		�	�	���	�������
�������σ�����������	�����
���


��	� �	���
��������� �������������� #
��	����������� �	���
���������

�	
��
	�	 #���	�� ���� �������	 ���

� ����� ���� ��� ��� ����� ����

� ��	�� ���� ���� ��� ��	�� ���

� ����	 ��� ��� ��� ����� ����

� 
��	 ���� ���� ��� n.a. n.a.

Optimal use ��� ���

Table 28



The last instrument resides in the Collection Zuylenburgh and is an anonymous
mariner’s cross-staff, dated 1798. The instrument differs in design from other known
mariner’s cross-staffs, as the numbers and signature are not stamped in but are en-
graved or rather scratched. Side numbers, which are usually stamped in near the eye-
end, are lacking, as is the pyramid shape at the far end of the staff. Yet the staff seems
not to have been shortened, or at most very little, as the scales on all four sides end
well before the staff does.

Figure 289 shows the results of photogrammetric measurements. It is immediately
clear that the overall accuracy is much less than the Gerard Hulst van Keulen or the
instrument in the Museo Naval and that it is closer to that of the Johannes van Keulen
instruments. Again, the 90 and 60-degree altitude graduation marks of side 4 seem
to have been placed erroneously, although slightly better than in the 1702 Johan nes
van Keulen instrument.

The numerical values in table 29 also show that the instrument is similar in quality
to the Johannes van Keulen instruments. Omitting the outliers from side four results
in a standard deviation of 1.8 arc-minutes for that side. The transom lengths are al -
most the same as those of the 1702 Johannes van Keulen instrument, only de viating
1.2 millimetres at most.

When the graph for the 1702 instrument (see figure 286) is compared to this one
(see figure 289) the similarities are striking. Not only are the instruments of similar
accuracy, but the errors on all scales occur more or less at the same locations on
both instruments and it seems that both have been graduated in the same way. To
further substantiate this, the correlation between the Zuylenburgh instrument and
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Figure 289

Scale analysis of the anonymous cross-staff in the Collection Zuylenburgh, Oud Zuilen.



the other mariner’s cross-staffs has been calculated and shown in table 30.1708 The
1700 Johannes van Keulen cross-staff was excluded from the comparison as there
were too many gaps in the analysed scales.

The table shows that little correlation can be found between the Zuylenburgh in -
strument and the 1791 Gerard Hulst van Keulen and Museo Naval instruments. The
latter two only correlate with side 4 of the Zuylenburgh instrument thanks to the large
outliers at 90, 75 and 60 degrees. By contrast, the 1702 Johannes van Keulen instrument
shows high correlation for all four sides and therefore also for optimal use.

None of the geometrical and mathematical methods can explain why two in -
struments, made almost a century after each other, have a pattern that is this similar
in their errors.1709 It seems that the only way in which this correlation can be achieved
is if they were made using the copying method. The Zuylenburgh instrument may
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1708 The outcome of a Pearson correlation coefficient lies between 1 and -1, where 1 means that
the two datasets are fully correlated, 0 means they are completely uncorrelated, and -1 means
they are exactly inversely correlated.

1709 I have run several simulations for this, as Blaeu’s reduction method especially will generate
patterns that look similar to those found on these two instruments. The patterns are, however,
shifted along the staff and differ in amplitude, and can only explain about a third of the patterns
found on both instruments.
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have been made using the 1702 instrument as a template. If this were the case, the
standard deviations of all sides of the Zuylenburgh instrument would have been
equal or higher than those of the 1702 instrument. Although this is indeed true for
the first three sides and for the overall performance, the standard deviation of side
four of the Zuylenburgh instrument is significantly better than that of the 1702 in -
strument, even when the outliers are omitted from both instruments.

This higher accuracy for side four and the lower accuracy for the other sides is
a strong indication that both instruments were made with a third instrument as a
master template, although it may be that a fourth instrument of similar accuracy to
the master template served as a second master template and that the 1702 and Zuylen -
burgh instruments were thus created using two different master templates. No
matter what happened, the fact that the 1702 and Zuylenburgh instruments cannot
be copies of each other implies that Johannes van Keulen has been making mariner’s
cross-staffs using the copying method and that they most likely had a step-by-step
production process, as discussed at the end of chapter 5.2.3 – Dividing methods.

In such a production process a nearly finished instrument, not yet marked with
numbers and year of manufacture, could have been discarded when new production
techniques arrived. The 1791 Gerard Hulst van Keulen instrument suggests that the
production process in the Van Keulen workshop significantly improved somewhere
between 1702 and 1791. Any instrument made with the old method may have been
considered worthless, perhaps even ending up in the trash. The person who engraved
the figures and dated the 1798 instrument clearly had no access to number stamps, so
the instrument must have been outside Van Keulen’s workshop when it was finished.
On the other hand, the instrument may have been copied by an individual using an
original Johannes van Keulen instrument, in which case the Zuylenburgh instrument
never saw the inside of a Van Keulen workshop at all.

Summarising the above, the five mariner’s cross-staffs investigated using photo -
gram metry were all made to an accuracy of on average better than 6 arc-minutes
(see table 31). Provided that we omit the few large outliers at 90, 75 and 60 degrees, an
accuracy better than 5 arc-minutes were found for all scales. Allan Mills’ least squares
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solution to find the eye-end error and transom length works quite well, especially
when fixed-degree intervals for the graduation marks are used along the whole scale
in the calculations. It shows that the 90-degree division mark of the scales that have
no intermediate divisions at their start (as in figure 284), is often erroneous, although
this may be due to the unbalanced least-squares solution. The analysis shows that
statistical data from the scale errors may help to identify makers and perhaps even
the production method and period. When looking at the range for optimal use of the
instruments, their accuracies are better than 3 arc-minutes, and for the best even better
than a single arc-minute, as predicted in chapter 5.2.3 – Dividing methods.

6.5.3 The cross-bow quadrant
Only two cross-bow quadrants are known to survive, one is at Skokloster Castle in
Sweden, the other in the Museo Naval in Madrid. Both are undated and of unknown
maker and have been designed in different ways. The arc and struts of the Sko kloster
instrument are monoxylous, and has a short staff holding the horizon vane. The
Museo Naval instrument has a polyxylous frame, held together with metal rivets.

The Skokloster instrument has scales on both sides of its approximately 455 milli -
metres radius arc, one divided to 10 arc-minutes by straight divisions only, the other
to 10 arc-minutes by straight divisions and to 5-arc-minute intervals by diagonals.
The approximately 404-millimetre radius arc of the instrument in the Museo Naval
is divided to 10 arc-minutes by straight divisions and to 2 arc-minutes by diagonals.
Both instruments have diagonal scales spanning a 90-degree section. The total span
of the Skokloster instrument is 115 degrees, with 5 degrees more on one end than on
the other. As a result, the first side of the Skokloster instrument has a middle value of
55 degrees, while the other side has a 45-degree middle value. Both scales cover the
whole 115 degrees, but only the 45-degree sections at both ends of the centre on the
other side is covered with diagonals. In addition, the Skokloster instrument has
declination tables on one side. With a total span of no more than 90 degrees and a
middle value of 45 degrees, the Museo Naval instrument is more straightforward. The
other side of the instrument is not engraved.

Figure 290 and table 32 show the results for the analysis of the instrument in the
Museo Naval. Its scale runs from 0 degrees to 45 degrees and back to 0 degrees. The
zero degrees mark of the horizontal axis is at the clockwise end of the arc. The lines
of the graph are thus shown as seen from the centre of the arc. The accuracy is quite
uniform along the scale, although the section between 0 and 15 degrees is slightly
worse than the rest. This may have been caused by the poor visibility of the graduation
marks in that section.

The thick continuous line represents the intervals of the graduation marks of
the diagonal scale. The data has a standard deviation of 0.9 arc-minutes (1s, 68%).
A random sample of the measurements showed that the accuracy with which the
graduation marks can be determined in the CAD software at this scale is 0.4 arc-

NAVIGATION ON WOOD550



minutes. Using the variance propagation law, the accuracy of the scale comes to 0.8
arc-minutes (1s, 68%).

The grey line shows the cumulative error of the scale, which is similar to the shrink-
age-induced error graph shown in figure 270. The average maximum errors are
roughly between -4 and +4 arc-minutes, which means that the arc has shrunk by
about 1.33%.

Figure 291 and table 32 show the results of the analysis of the instrument at Sko -
kloster Castle. The zero degrees mark is again at the clockwise end of the arc and
coincides with the zero degrees mark along the rim of the instrument. The graphs are
thus again shown as seen from the centre of the arc. The accuracy is quite uniform
along the scale, although the section at the right-hand side of the arc is again slightly
worse than the rest, despite good visibility of the graduation marks in that section.

The thick continuous line represents the intervals of the graduation marks of the
diagonal scale. The data has a standard deviation of 1.1 arc-minutes (1s, 68%). A ran-
dom sample of the measurements showed that the accuracy with which the grad-
uation marks can be determined in CAD software at this scale is 0.4 arc-minutes.
Using the variance propagation law, the accuracy of the scale is 1.1 arc-minutes (1s,
68%).

The grey line shows the cumulative error of the scale, which seems to be an in -
verted version of the shrinkage-induced error graph shown in figure 270. This would
indicate that the instrument has not shrunk but expanded, which could be explained
from the fact that it is kept in an unconditioned environment, as Skokloster Castle
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Figure 290

Scale analysis of the Museo Naval cross-bow quadrant.



is not heated. The average maximum errors are roughly between -2 and +2 arc-
minutes, which means that the arc has expanded by about 0.66%.

Summarising the above, both cross-bow quadrants are of similar accuracy of about
1 arc-minute. The one in the Museo Naval seems to have shrunk over the years, while
the Skoloster instrument seems to have expanded. Despite its larger radius, the Sko -
kloster Castle instrument is slightly less accurate than the instrument in the Museo
Naval.

6.5.4 The Davis quadrant
As explained in 6.4 – Research methods, two different methods were used to research
the scales of Davis quadrants. The first, referred to as the photo-analysis method,
was simply a comparison between pictures taken by owners or curators, while the
second was photogrammetry, for which I took the pictures myself with a calibrated
camera.

NAVIGATION ON WOOD552

�������������	�
���
��

��

��

�

�

�

�

��������

	
�
������

Scale division [degrees]

E
rr

o
r 

[a
rc

 m
in

u
te

s]
Figure 291

The scale analysis of the Skokloster Castle cross-bow quadrant.
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In the photo-analysis method, an attempt was made to correct the images for lens
distortion to apply the comparison. The method is based on known parameters like
focal length and image dimensions, which can be retrieved from the image’s EXIF
data, and on an estimation of the spot within the image that is orthogonal to the
camera. This estimation will introduce errors, as will the correction algorithms, which
were a basic approximation.

When I started this research method in 2007, the main objective was to see if I
could find evidence that period instrument makers were using dividing aids for the
construction of Davis quadrants. At the time I had made five Davis quadrants and
used a dividing aid, as it seemed that dividing by original division would be too
laborious.

The dividing aid used was made of a piece of plywood on which two pegboards (also
made of plywood) were fixed (see figure 292). Each pegboard had a section of a circle
drawn onto it, one of 65 degrees, the other 25 degrees. The radius of these arcs was
chosen so that each 360° turn of the screw moves the beam by 12 arc-minutes on the
65-degree arc and by 5 arc-minutes on the 25-degree arc. In this way each degree
was covered by 5 or 12 full turns of the screw.

Holes were drilled for the peg (a 2 millimetres diameter nail) every 5 degrees in
the 65-degree arc and every single degree in the 25-degree arc. The locations of the
holes were laid out using their calculated chords from the first hole, so no original
division was required in the process. Using the chord method from the first hole for
all of the following ones prevented a cumulative error.

Figure 293 shows a close-up of the dividing aid. At the bottom, the 25-degree arc
peg board can be seen with holes at every degree. A peg is inserted in the hole and
a beam that rotates around the instrument’s mathematical centre is rotated against
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it. A screw (visible at the lower end of the beam) is used to change the distance be-
tween the peg and the beam. The beam holds an adjustable metal plate, along the
side of which the straight divisions and the diagonals are cut. After a cut is made,
the peg is taken to the next hole and the next diagonal is cut. After 25 diagonals are
cut, the peg returns to the first hole and the screw is turned until the plate has the
right position for the next series of diagonals. In this way the process is repeated until
all 6 diagonal intervals per degree are cut.

A wedge could be used instead of a screw for the same purpose. When a regularly
made screw or wedge is used, controlling the width of the graduation marks should
be no problem. The errors in the positions of the holes in the peg board will cause
periodic errors, which may be visible on different instruments if made using a similar
dividing aid. Suspecting that this method was used by period instrument makers
made me start this research. By asking for plain pictures using a standard camera
I tried to keep the threshold for the participants as low as possible.

In 2007 high resolution digital cameras were not yet common and thus, with a few
exceptions, the images do not exceed 3 megapixels. In order to get sufficient detail
and in the hope of limiting the effect of lens distortion, I decided to have pictures
taken of whole 5-degree sections of the diagonal scales with the maximum focal length
of the camera. As a result, it is impossible to produce absolute error analysis for the
whole 25 degrees of the diagonal scales. In the analysis, the whole 5-degree gradu-
ation marks were taken to be correct (i.e. exactly 5 degrees wide) and only the errors
of the diagonal relative to these graduation marks was measured.

Of the first series of images I received of the 1755 Benjamin King instrument, taken
with a Nikon E885, only the first and last 5-degree section were in focus. I therefore
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requested new images for the other three sections while I started processing the two
sections that were in focus. The owner decided to use a different camera for the job,
a Nikon CoolPix L1, and took a new series of pictures of the whole 25 degrees scale.
In the meantime I had already processed the first two images, but as the others were
taken with another camera I decided to reprocess all of them. This coincidence meant
that I now had two images of the first and last section, the processing of which gives
an idea of the accuracy of the method (see figure 294).

Figure 294 shows the raw datasets as retrieved from the two sets of images. The
first and last sections taken with the Nikon 885 are shown in black, while the grey
lines represents the whole 25 degrees scale as taken with the CoolPix L1. Both are
as yet uncorrected for lens distortion and show differences amounting to 2.1 arc-
minutes.

Figure 295 shows the same dataset, now corrected for lens distortion. The two sets
are now much more coherent, but some differences can still be seen, especially in the
0-5 dgree section, where they are up to 0.7 arc-minutes. The correlation between the
corrected datasets, taken over the combined 0-5 and 20-25 degrees sections, is 92%;
for the intervals it is 81%.

The average difference between the two sets of corrected data is 0.06 arc-minutes
with a standard deviation of 0.25 arc-minutes, while for the differences in intervals
this is 0.01 and 0.23 arc-minutes. This gives us a fair idea of the accuracy of the method
and can be used to correct the standard deviations of the scale divisions found with
it.

That not all whole 5 degrees diagonal scale values show a scale deviation of zero
arc-minutes is caused by the way the instruments are divided and measured. When
creating the scale, the straight lines have to be drawn first to serve as a reference for
the diagonals. In the photo-analysis method the straight lines again serve as a refer-
ence, now at the whole 5-degree scale values. This does not automatically mean that
the diagonals have a zero arc-minutes error at those locations. Figure 296 shows the
start of the diagonal scale of the 1755 B. King instrument. The first diagonal clearly
begins to the left of the straight zero degrees line (it crosses the zero degrees line
around the location indicated by the arrow) and will thus show as a negative devi-
ation on the graph.

The following Davis quadrants were analysed using the photo analysis method:

– W. Garner, 1734 (National Maritime Museum, Greenwich, inv.no. NAV0041)
– W. Garner, 1737 (National Maritime Museum, Greenwich, inv.no. NAV0042)
– W.G. Hagger, 1775 (Mystic Seaport Museum)
– T. Greenough, 1753 (Adler Planetarium, inv.no. W207)
– T. Greenough, 1763 (Mariners’ Museum at Newport News, inv.no. NO1)
– B. King, 1755 (Private collection)
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The above selection was the result of an inquiry to 17 collections with a total of 32

instruments by six makers. The aim was to get images of several instruments made
by the same maker within a short period of time, preferably the same year, to see
if correlations could be found between them. Due to the limited response, only the
six instruments above could be analysed. To see if the use of a dividing aid could
be detected I included the first, third and fifth Davis quadrant I made myself. A
random data set was also generated to assess whether the calculations produced a
significant correlation.
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Figure 294

Raw datasets of the B. King Davis quadrant.
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Corrected datasets of the B. King Davis quadrant.



For each instrument the residuals, which are the deviations of each diagonal division
from its proper position, and intervals, the deviation of the space between two con-
secutive diagonal lines, were calculated. The average and standard deviations were
calculated from these values.

As the photo-analysis method assumes that the whole 5-degree section should
be exactly 5 degrees, the average interval deviation should be zero arc-minutes. A
non-zero-average residual means that there is an angular shift between the straight
divisions that serve as reference and the diagonal lines. A standard deviation of the
intervals smaller than that of the residuals is an indication that the maker had greater
control over the intervals than over the whole degrees, which suggests that the in -
stru ment was divided using some sort of dividing aid, such as a dividing engine.

Table 33 shows the average error and standard deviations for the residuals and
intervals. The standard deviations have been corrected for the method’s standard
deviation of 0.25 and 0.23 arc-minutes, as described above. As expected, the average
errors of the intervals are all zero arc-minutes and the random dataset shows a
higher standard deviation for the intervals than for the residuals. The Garner, King
and my own instruments show a significantly lower standard deviation for the
inter vals than for the residuals, which could be an indication of the use of a dividing
aid. For my own instruments, it is known that they were divided with a dividing
aid and so they are expected to show a high correlation.

The Greenough instruments are of similar accuracy, but the lines show little simi-
larity (see figure 297). Whether or not the two instruments are nearly identical can
be assessed by calculating the Pearson correlation between them. Tables 34 and 35

show the correlation between the residuals and the intervals for the Davis quadrants

SCALE ANALYSIS 557

The 1755 B. King instrument
showing a bias at the zero
degrees mark of well over 
1 arc-minute (picture by 
Ron Johnson).

Figure 296



that have been researched using the photo-comparison method. As expected from
figure 297, a low correlation (-7%) was found. Remarkably there is roughly 50% cor-
relation between the residuals of my own instruments and those made by Garner.
The only relation between these instruments is that the replicas I made were based
on the 1734 Garner instrument, but that should have no effect on correlation.

A somewhat higher residual correlation of 58% can be found between the 1755 Davis
quadrant by Benjamin King and the one from 1763 by Thomas Greenhough. Benjamin
King (1707-1786) was born in Salem, Massachusetts, and moved to Newport, Rhode
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Figure 297

The Greenough instruments compared.



Island where he set up business.1710 King’s brother, Daniel (1704-1790), stayed in Salem,
where he and his son Benjamin (1740-1804) also made Davis quadrants.1711 Thomas
Green hough (1710-1785) was instrument maker in Boston, Massachusetts,1712 just
over 20 kilometres south of Salem, while Newport is only 100 kilometres south of
Boston. There is thus a chance that the King family and Greenhough knew and met
each other and perhaps even used the same methods and dividing aids in producing
Davis quadrants. That the correlation between Greenhough’s years earlier instrument
(by 10 years) and King’s is negative, does not contradict this hypothesis, as it was
divided with 20-arc-minute interval diagonals (instead of 10 arc-minutes) and it was
thus made in a different way than the later instrument. The positive correlation is
not very convincing, however, especially when compared to the highest correlation
of 56% between my first instrument and the 1737 instrument by Garner. Also, the
interval correlation is, at 9%, quite low. More instruments by King and Greenough
would have to be researched to see if there was a relationship between the two work -
shops.
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 1710 Warner, ‘Davis’ Quadrants in America...’, p.36.
  1711  idem, pp.38-39.
 1712 idem, p.31.
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The instruments with the highest residual correlations are definitely by the same
maker. Of my own instruments, the 2003 instrument has a correlation of 59% with
the one from 2006 and 70% with the one from 2004. The correlation between the
2004 and 2006 instrument is 85%. Even though I used a dividing aid, I noticed that
over time my dividing skills improved and that later diagonal scales looked much
better than the first, which is substantiated by the lower standard deviations in table
33 and the higher correlation between the two later instruments.
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Figure 298

Comparison graph for the two Garner instruments.



Almost the same result is found between the two instruments by Will Garner (fl.1713)
which have a residual correlation of 83%. Not only is the residual correlation high,
but so is the interval correlation, which, at 62%, is the highest of all. Even my 2004

and 2006 instruments only have an interval correlation of 24%. The 2006 instru -
ment was my fifth, while period instrument makers may have produced well over
a (couple of) thousand instruments.1713 Instrument makers like Garner must have
been extremely skilled in the dividing process to be able to produce a correlation this
high. Nevertheless, the errors in the scales are so obvious that they are easily detected
by the unaided eye (see figure 299).

Figure 299 shows a section of the 1737 instrument (upper right) with a part of the
1734 instrument (lower left) and a graph of the 1734 interval widths superimposed.
Clearly both instruments show the same deviations in the intervals at the same loca-
tions. Having a correlation this high is a strong indication of the use of a dividing
aid, as discussed above.

So far the photo-comparison method has given an indication of the quality of the
scales for whole 5-degree sections, while the correlations between some of them are a
strong indicator of the use of a dividing aid in the manufacture of the instruments.
In order to get an idea of the whole 25-degree arc, I researched a further three instru -
ments using photogrammetry.1714 All originate from the Zuylenburgh collection:

– Johannes van Keulen, 1771;
– Cab. Stokes, undated;
– unknown maker, undated.

In processing the data it soon became clear that here too the assumption had to be
made that the scales spanned exactly 25 and 65 degrees. An absolute analysis was
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 1713  idem, pp.25-26.
 1714 The demi-quadrant has a very similar diagonal scale, see chapter 6.5.7 – The demi-quadrant

for the results.

Garner’s 1734 and 1737

Davis quadrants compared 
(pictures courtesy of R. Dunn, 
National Maritime Museum, Greenwich).

Figure 299



impossible due to the deformations the instruments had suffered over time. As it
is more important to know the relative random error than the absolute error in the
instruments, this assumption is not an issue. It is more interesting to know how well
the division could be laid down on the scale than to know with what accuracy the
total angle was set out. Each instrument has only three absolute angles (25, 65 and 90

degrees), but between 215 and 365 relative divisions (25 x 6 or 25 x 3 on the 25-degree
arc and 65 on the 65-degree arc).

Due to deformation, the relation between the 25 and 65-degree arcs may have
deteriorated over time. Normally the datum line would run through the instrument’s
centre, the 65-degree value of the 65-degree arc and the 25-degree value of the 25-
degree arc. Creating a straight line through the instrument’s centre and the 25-degree
mark on the 25-degree arc will reveal any deviation at the 65-degree arc, if present.
The errors found in the above three instruments are tabulated in table 36.
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Figure 300

Scale analysis of the 1771 Van Keulen Davis quadrant.



The almost half-degree deviation in the Van Keulen instrument is particularly
significant. The datum line error on the 65-degree scale of the Stokes instrument is
directly followed by interval width corrections between the 62nd and 64th-degree marks
that cancel out the datum line error (see figure 301). It seems, nevertheless, that the
datum line error in the Stokes instrument was already present when the instrument
was divided.

Figures 300-302 show the results of the scale analysis for the three Davis quadrants.
For each instrument both arcs have been analysed from their respective centres, as
found by photogrammetric measurement, and presented in a single graph. The Van
Keulen instrument has diagonals every 10 arc-minutes, while the other two instru -
ments were divided every 20 arc-minutes. Due to a combination of limited lighting
condition and dark patina, not all divisions on the 65 degrees arc of the Van Keulen
and the instrument by the unknown maker could be measured.

The graphs show the interval and the cumulative errors, with the whole 5-degree
divisions of the 65-degree arc marked with a grey dot. In all three instruments, the
25-degree arc (right third of the graphs) has been divided with greater accuracy than
the 65-degree arc (left two-third of the graphs). This suggests that if they were divided
using some sort of dividing aid, had two different diameter peg boards. Coincidentally,
I used a dividing aid of such a construction for my own Davis quad rants and arrived
at that design in an attempt to minimise its overall size.

The errors in the graph are partially caused by the measuring process, the accuracy
of which can be determined by remeasuring a random sample on both arcs. For the
25-degree arc, this resulted in a measuring accuracy of approximately 0.3 arc-minutes
for all three instruments. For the 65-degree arc the measuring accuracy varied between
0.6 (Van Keulen) and 1.1 (Stokes) arc-minutes.

Table 37 shows the result for the three Davis quadrants using the photogrammetric
method. For both arcs, the average and stand deviation of the residuals (i.e. the
deviations of the cumulative line) and the intervals are given, both corrected for the
accuracy of the method. As with the photo analysis method, the averages for the inter -
vals should be zero. For the 25-degree arcs this is indeed the case, but due to the limited
amount of data and rounding errors they are 0.1 arc-minutes for the 65-degree arcs.

The standard deviations for the intervals are consonant with those from photo-
analysis. For the first two instruments the standard deviations of the intervals of the
25-degree arc are significantly smaller than those of the residuals, which may suggest
that these were made using a dividing aid.

The standard deviations for the 65-degree arcs reflect what was already visible
from the graphs. In all three cases the accuracy with which the 65-degree arcs were
graduated is far less than that of the 25-degree arc. The difference is so large that
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Figure 301

Scale analysis of the Stokes Davis quadrant.
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Figure 302

Scale analysis of the Davis quadrant by an unknown maker.

the accuracy of the instruments as a whole mainly depends on the accuracy of the
65-degree arc. In practice, this will mean that over a large number of observations
with different settings of the shadow or lens vane, the accuracy of the observations
is not expected to be better than the interval standard deviations for the 65-degree



arc. A set of observations taken during a single meridian passage may seem to be more
consistent, as the shadow or lens vane will remain at a fixed position on the 65-degree
arc. In chapters 5.3.3 – Hood vs Harriot and 5.4.2.3 – The backward method, it was
shown, however, that the Hood type of shadow-casting and the shape of the horizon
vane introduce errors significantly larger than the accuracy of the two arcs and that,
provided that the Davis quadrants analysed represent a typical period instrument,
the overall accuracy of the Davis quadrant is only partly affected by the quality of the
engraved scales.

6.5.5 The hoekboog
Only two fragments of the hoekboog are known, not a complete instrument.1715 The
hoekboog is similar to the Davis quadrant, but has two chords instead of arcs on which
the scales are engraved. Like early Davis quadrants, hoekboog scales had ranges of
60 and 30 degrees. The first fragment, called the Dutch fragment,1716 most likely is a
part of the frame’s main beam. The other fragment, the Shetland fragment, is most
likely the 30-degree chord. Using photogrammetry, the chord was measured and
ana lysed, which gave a strong indication that it was indeed part of a hoekboog.

As shown in section 4.3.6 – The hoekboog (f.l. 1623), there were some reservations
as to whether the Shetland fragment was a part of a hoekboog. In order to sub -
stantiate that it once belonged to such an instrument, I measured the intervals using
photo grammetry of the scale divisions and compared them with their theoretical
values. The measurement was done twice, with two different cameras.1717 The second
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 1715  This chapter has been previously published as part of De Hilster, ‘The Hoekboog...’, pp.20-33.
 1716 See section 4.3.6 – The hoekboog (f.l. 1623).
 1717  The first time, in November 2005, the curator of the Shetland Museum and Archives, Tommy

Watt, took the pictures for me. The second time, in September next year, the author took the
pictures with his own camera as from the 2005 session appeared that the radius of the chord
was close to the focussing distance, which possibly could result in a non existing curvature
of the data. The second session confirmed the findings of the first.



measure ment included a metric reference scale to ensure that any error in the pho-
togrammetric process would be detected (see figure 303). The scale intervals of both
the Shetland fragment and the linear reference scale were measured with sufficient
accuracy (the width of the engraved lines is approximately half a millimetre or five
pixels).

Every half and whole degree mark of the chord (they are roughly 6 millimetres apart,
see figure 304) was measured, as well as every centimetre mark of the linear reference
scale.1718 As can be seen in the graph, the reference scale shows up well, undulating
around 10 mm (the maximum deviations 0.1 mm, the resolution of the ortho photo),
proving that the measurement was successful. The 30-degree hoekboog chord scale
clearly has larger deviations and in order to be able to evaluate them, a second order
polynomial was applied.
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 1718 It may be expected that the dots for the intermediate 15-arc-minute marks were marked by
eye rather than of being set out.

The ortho photo of the Shetland fragment (top) and reference scale (picture by the author).
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Figure 304

Results of the photogrammetric session of the 30 degrees hoekboog chord in the Shetland museum.



Assuming the Shetland fragment was the 30-degree chord of a hoekboog, the radius
of the circle belonging to that chord was calculated from the total length of the
scale and the indicated degree span. A theoretical curve for the scale intervals was
calculated from this and compared to the polynomial. Even though both curves
are drawn with different line types, they can barely be distinguished. This striking
similarity is strong evidence that the Shetland fragment indeed once belonged to a
hoekboog.

Table 38 shows the accuracies of the hoekboog scale. Since the length of the chord
was used to calculate the origin of the instrument, the average error is (should be)
zero arc-minutes. The standard deviation of the residuals is 1.5 arc-minutes (1s,
68%), which is 10 percent of the smallest interval and roughly half the accuracy of
the average 25-degree arc of a Davis quadrant (approximately 0.7 arc-minutes). The
remark by Price and Muckelroy that the scale showed a “...less than totally satisfactory
accuracy of the graduations..” therefore seems justified, although it should be
remembered that they did not mathematically analyse the scale and thus only
referred to its resolution, not to its real accuracy. The better method of shadow-
casting did, however, easily compensate for the lesser accuracy of the 30-degree
chord, and although no 60-degree chord survives to test, it may be expected that,
based on its larger distance from the horizon vane, the scale of the 60-degree chord
would have been more accurate than that of the 65-degree arc of a Davis quadrant.
Overall, it may therefore be expected that the instrument as a whole would have
performed better than a Davis quadrant and modern-day tests have indeed shown
this to be the case.1719

6.5.6 The plow
The plow in the carvings around the fireplace in the Admiralty Boardroom in London
was analysed using photogrammetry.1720 As the instrument was partially covered
by other carvings and the arc has suffered several breaks and repairs over the years,
only five of the main divisions of the staff were analysed. In addition the dimensions
of various parts of the plow, like the beam widths and diameter of the arc, were
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 1719 See chapter 7 – Replicas and reconstructions.
 1720 For more details see section 4.3.9 – The plow (f.l. 1669).
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measured using this technique. As it became clear from the measurements that the
arc was significantly deformed, no attempt was made to analyse its scale.

Despite being limited to only five divisions on the straight scale of the staff, a
good analysis was possible. The graduation marks for 7½, 8, 9, 10, and 12 degrees
were measured directly, without the aid of an ortho photo, and analysed using Mill’s
least-squares fit.

Figure 305 shows the result of the measurements and calculations. The main
graduation marks have been laid out quite accurately. The standard deviation (1s,
68%) is only 50 arc-seconds (0.83 arc-minutes). The corresponding vane length was
calculated as 66.7 millimetres, while the zero error (eye-end error) of the scale was
found to be 45.5 millimetres.
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Figure 305

The straight lined scale on the staff of the plow in the Admiralty Boardroom.



6.5.7 The demi-quadrant
The demi-quadrant combines the scales of a cross-staff with that of a Davis quad -
rant, so both photogrammetric methods have been used in its analysis. The 25-degree
arc of the Davis quadrant is now an arc containing 32 degrees. The other 58 degrees
are on a straight scale that is inlaid in the main beam of the instrument. The original
transom of the straight scale is gone, so no comparison based on its dimensions can
be made.

Figure 306 shows the 32-degree arc of the instrument, which gives a fair idea of the
craftsmanship. The cumulative line indicates that the instrument has deformed over
time, something that is clearly visible as the arc is no longer flat. When laid on a flat
surface, the ends curve some 3-4 millimetres upwards. The intervals have a standard
deviation quality similar to those of Davis quadrants (see tables 37 and 40). The resid -
uals show a significantly higher standard deviation, most likely caused by the de-
formation of the instrument.

The graph of the straight scale is shown in figure 307. Again the accuracy is similar to
those found for the mariner’s cross-staff. It was made for a vane length of approxi -
mately 137 millimetres and shows a zero error of only 0.2 millimetres (see table 40).

The overall performance of the instrument mainly depends on the setting of the
horizon vane along the straight scale on the main beam. In figure 307, a line for the
running standard deviation for ten consecutive graduation marks is shown, along
with its regression line. Apart from the absolute altitude error, which is deteriorating
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Figure 306

Demi-quadrant arc analysis.



for this instrument in the direction of the zero-degree mark, the standard deviations
of the graduation marks increase towards this end as well and reach a maximum of
approximately 3 arc-minutes. This is logical as the metric interval distance between
the graduation marks reduce towards this end, as with the mariner’s cross-staff, and
thus it becomes harder to graduate them with the same accuracy as the intervals at
the other end.

The instrument reaches its greatest accuracy when the horizon vane is set at the
58-degree mark and observations are done using only the sight vane on the arc. For
this particular instrument, the maximum combined accuracy of both scales would
be around three quarters of an arc-minute, while at worst it would be approxi mately
3 arc-minutes. This does not include the errors due to the shadow-casting method,
as explained in chapter 5.3 – In the shadow of Hood and Harriot. It is, however, not
known whether the instrument used Hood’s or Harriot’s shadow-casting method,
nor is it known what type of aperture the horizon vane had. The instrument does
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Figure 307

Demi-quadrant straight scale analysis.
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have a horizon vane, but the hole that receives the main beam is cut too wide and
not at the right angle, which are strong indications that it was not the original. The
sliding transom with shadow vane does allow for Harriot’s shadow-casting method
and it could well have been for this method that the straight scale and sliding transom
type shadow vane were introduced, in order to overcome the deficiencies in the Davis
quadrant.

Sadly, there is only one surviving demi-quadrant known. It is incomplete, while
the instrument is not known from literature, so we can only guess what the rest of
the instrument looked like. The above figures and its overall appearance suggest that
this demi-quadrant was well made, presumably in an instrument maker’s workshop.

6.6 Summary

This chapter began with 6.2 – Resolution versus accuracy, in which it was shown
that resolution and accuracy are at times confused and that in order to assess the
accuracy of the instruments based on their engraved scales, we should look at the
quality of those scales rather than at the interval at which they are engraved.

In section 6.3 – Relative versus absolute scale errors, it was shown that scales should
be analysed in a relative rather than in an absolute way, as the instruments may have
deformed over time, perhaps from physical impact or from tension with the material,
from which the scales may have suffered in an absolute way. Being much closer to
each other, the intervals between graduation marks will be less affected than their
absolute locations on the scale. This means that the intervals can tell us more about
the accuracy of the original instrument than the maximum error found between
them.

Section 6.4– Research methods discusses two research methods used to analyse the
scales of original instruments. The first method, photo-analysis, is the least accurate,
but has the advantage that it is easy to implement by others, and I was able to research
instruments without the need to physically handle them. The main disadvantage
is that due to lens distortion the scales of the instruments can only be properly re-
searched in smaller sections. The second method, photogrammetry, is much more
specialised and requires more effort and knowledge. An advantage of the method
is that the instruments can be examined as a whole and that the measurements are
of a higher quality and more reliable than in the photo-analysis method.

A number of period instruments have been examined, as discussed in section 6.5 –
The analysed instruments. Using photo-analysis, six period and three modern Davis
quadrants have been analysed, while a further three Davis quadrants, a hoekboog chord,
two cross-bow quadrants, a geometrical cross-staff, five mariner’s cross-staffs, and a
demi-quadrant have been researched using photogrammetry.
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The three proposed mathematical methods for mariner’s cross-staff analysis were
discussed and compared, showing that care should be taken in their application.

Based on the data, it has been shown that Davis quadrants and mariner’s cross-
staffs were produced using the copying method. Two Davis quadrants by Will Garner
have been found with a correlation of 83%, making it likely that they were made using
the same master template. Likewise, two mariner’s cross-staffs have been found
showing an identical pattern in the errors along the four scales of the staff. Although
only one is signed, the similarity with the unsigned staff is so high that again it is
plausible they were made in the same workshop. In addition, the differences be tween
the accuracies of the four scales of these two instruments makes it unlikely that one
was copied from the other, but that they were made using the same master template.

Analysing the scale of the hoekboog chord gave strong evidence that it indeed
once belonged to an instrument of that design. It also showed that, despite its much
lower resolution of 15 arc-minutes compared to the single arc-minute of the Davis
quad  rant, the hoekboog scale was only half as accurate as the 25-degree arc of the
average Davis quadrant.

Even an artistic interpretation of the plow, as found in the ornamental carvings
around the fireplace in the Admiralty Boardroom in London, was found to be fairly
good. Despite only having five main division marks to work from, a good fit was
found with a low standard deviation of less than a single arc-minute.

In all cases the interval analysis showed that the researched instruments were
divided with an accuracy better than 10 arc-minutes and that for most of them it
was well below 5 arc-minutes. For the 25-degree arcs of Davis quadrants and of the
demi-quadrant, it was better than a single arc-minute, but these instruments relied
on a secondary scale of lesser quality, limiting their overall accuracy.

In general, the quality of the scales of the instruments examined is better than
or approximately equal to the accuracy achievable with the observation methods
as described in chapter 5.3 – In the shadow of Hood and Harriot. We may therefore
assume that the accuracy with which observations could be taken largely depended
on the latter and that little gain in quality could be achieved by period instrument
makers by improving the graduated scales alone. For this reason it took until the
invention of the double-reflecting instruments for the accuracy of observations to
improve significantly.

M
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It is surprising how little practical work appears to have been done on the accuracy of early

instruments...1721

Gerald Forty, 1983

7.1 Introduction

The previous chapters have been based on historic information, either using textual
sources or period instruments. It has been shown that when it comes to accuracy,
shadow-casting instruments can be divided into those that use Hood’s method of
shadow-casting and those based on the shadow-casting method proposed by Harriot.
Within both groups, a distinction can be made based on the type of horizon vane,
for which again a Hood and Harriot type exists. Not that Hood and Harriot actually
designed these horizon vanes, but the way they work, either approaching the horizon
from one side or centring it, is comparable to the shadow-casting methods they de-
signed.

In this chapter, I will discuss the use of replicas and reconstructions in research on
early modern instruments for celestial navigation. The line separating replicas from
reconstructions is not as clear as it may seem as discussed in the first chapter. This
chapter starts with a section on the reasons for making replicas and reconstructions.
Why we should make them and what it is we can learn from them are the basic ques-
tions to be answered here.

The following section will be devoted to modern studies by various authors,
including myself. The instruments and methods used will be discussed, while some
of the results are of interest in the current research.

 1721  Forty, ‘sources of Latitude Error...’, pp.388-403.
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The next section will deal with ergonomics. Whether there is a difference between the
various instruments and how the shape of the instrument might affect its wide spread
use are the two main questions to be answered here.

The last section will take us to the ideal instrument. What is needed to create
the best instrument based on the knowledge accrued during this research and how
close were various instrument makers to achieving the ideal instrument?

7.2 What is the use of replicas and reconstructions?

A Davis quadrant was the first replica of an early modern instrument for celestial
navi gation I made and it was simply built to obtain an instrument which I other -
wise could not afford.1722 Within hours of having received drawings sent to me by Peter
Ifland, I understood that I could not create a functioning instrument from drawings
alone. The drawings had been made at the National Maritime Museum in Greenwich,
after an original Davis quadrant by Will Garner, but lacked certain details required
to make the instrument work accurately. Creating an instrument requires one to
think about how the parts work together in order to make an observation possible. I
have noticed that there is little difference whether that creative process is done in the
mind, on a computer, or from actual materials. If done properly, any of these three
options will require one to think about what one is creating and whether, and maybe
more importantly why, it will or will not work.

The first Davis quadrant I built only ‘materialised’ in my mind, but that was enough
to realise that not all parts were accurately represented in the drawings. The process
of dividing the instrument had also already been done dozens of times in my mind
in almost as many different ways. The first Davis quadrant to materialise from my
hands was thus not the first I made, but was based on experience that had been built
up over many hours contemplating options.

The last instrument I built, a reconstruction of the demi-quadrant, only exists vir-
tually, as I made it on a computer using 3D modelling software. This way of building
allowed me to easily test the various options I could imagine. In addition, the software
allowed me to switch on an artificial horizon and an artificial sun. In this way, it was
possible to take observations and check whether these were correct. As all parts of the
instrument could be made as separate objects it was actually possible to move the
sliding vanes to any position I liked. The one downside of this virtual creative process
is that there is no physical object to touch in order to see how it felt and how it actually
feels to use it.
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One might wonder if this knowledge was really of importance for this research. In
hindsight, I can definitely confirm that it was. Without having built so many in stru -
ments, I doubt I would have grasped the importance of Hood’s and Harriot’s shadow-
casting methods and of the types of horizon vane aperture. The understanding of
these two design features solved one of the biggest riddles I had regarding the diffusion
of the instruments from England to the Netherlands: why had the first two seven -
teenth-century Dutch instruments, the demi-cross and the hoekboog, incorporated
Harriot’s shadow-casting method? The only person I knew who had contact with
the Dutch around that time was John Davis, but his instruments were based on Hood’s
type of shadow-casting. The solution partially occurred to me while explaining the
methods to Michael Korey during an informal moment at the Mathematical Life
in the Dutch Republic workshop at the Lorentz Center in Leiden in 2010. He carefully
saved the sketches I made at the time on two beer coasters.1723 That discussion made
me realise that it was in the shadow-casting method that I would find the answers
regarding diffusion. The rest of the solution followed thanks to a discussion I had
in 2012 with Arjen Dijkstra, known for a thesis on the cultural history of mathe -
matics in the Dutch province of Friesland in the seventeenth century. He showed
me an illustration of Davis’ 90-degree backstaff from Metius’ work, which to him
was identical to Davis’ original illustration. While explaining the subtle differences
between these two illustrations, I realised that I had found the missing link to the
solution, as explained in this thesis.1724 In Metius’ illustration, a small shadow-vane
had been added to the transom, a clear indication that Davis had improved his
original design. This also showed that Davis had read Harriot’s work after his own
publication. I now wonder if this riddle would have been solved without the in-depth
knowledge I gained over the years by creating replicas and reconstructions.

Another advantage of creating them is that they provide insight into the amount of
work involved. Over the years I have made nineteen early modern navigational in -
stru ments for celestial navigation as accurately as possible using the dimensions,
materials and techniques used by period instrument makers.1725 The last recon -
struction I made was created in 3D modelling software only, and makes the total of
instruments twenty. So far I have produced five Will Garner Davis quadrant replicas,
three Jochem Hasebroek cross-staff replicas, two Joost van Breen spiegelboog recon -
structions, three Kronan cross-staff replicas, two demi-cross reconstructions, one
Master Hood’s cross-staff reconstruction, two hoekboog reconstructions, a Valentia
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 1723 From correspondence between Korey and the author on 13 December 2010, 10:11am.
 1724 See section 5.5 – Concept based diffusion.
 1725 Three instruments were made of different materials. The first two instruments were two Davis

quadrants built after Will Garner’s 1734 instrument in the National Maritime Museum,
Greenwich, and were made of Cambara and pearwood instead of the original ebony and box -
wood combination. One Kronan replica was made at the request of the client in ebony and
pearwood instead of the original pine and beech.
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Mariner's astrolabe (Iberian) ��� � �

Mariner's astrolabe (Dutch) ��� � �

Master Hood's cross-staff ���� �� ��

Kronan cross-staff (original) ��� 	 �

Kronan cross-staff (finer) ��� �� �

Demi-cross ��� �� �

Hasebroek Cross-staff ���� �� �

Spiegelboog 		
 �
 �

Davis quadrant ��� 	 �

Demi-quadrant ��
 �� �

Hoekboog �
� � �

Table 41

mariner’s astrolabe replica, and a demi-quadrant reconstruction.1726 In addition, I have
restored two Davis quadrants by creating a full set of four vanes for them.

Building this number of instruments and dividing them by hand gives an idea
of the time and effort involved in building the instruments and dividing their scales.
For the scales of straight-scaled instruments, such as Master Hood’s cross-staff, the
mariner’s cross-staff, demi-cross and spiegelboog, I used the mathematical method
with a reference ruler, a set square with vernier, and tables with the proper locations
of the divisions calculated using Seller’s method. For the circular instruments, such
as the Davis quadrant and hoekboog, I used a dividing aid with the whole degrees
set out at a larger radius than the limb of the instruments.1727

Table 41 gives an indication of the time it takes to divide the scales based on my ex -
perience that I can make approximately 400 divisions in about 8 hours, regardless
of the method followed. The number of instruments I produced is, however, limited
and I can see an experienced instrument maker improve on this time by at least 50%
or perhaps even 75%. Therefore, the last column shows the time reduced to 25% to
show what might be achievable by an experienced instrument maker using the

NAVIGATION ON WOOD576

 1726 See Appendix G – Instruments made by N. de Hilster. The Valentia mariner’s astrolabe replica
was a joint effort between Günther Oestmann and myself, the demi-quadrant was made
digitally only.

 1727 The graduation marks of the hoekboog were initially set out on a dividing board at a larger
diameter, then transferred with a ruler to the theoretical location of the chords. After finishing
the frame of the instrument, it was placed on the dividing board and the graduation marks
were simply copied using a set square and pencil and then engraved.



same methods. Two versions of the Kronan mariner’s cross-staff replica have been
listed, as one of the replicas was made with finer scales than the original.

Dividing the scales means cutting all divisions, taking away the resulting burr with
sandpaper, and re-cutting them to remove the wood dust. At times another sanding
action is needed, followed by another re-cut. Then, after waxing the instrument, an
additional re-cut is needed to remove excessive wax from the divisions. The first series
of cuts takes most of the time as each position needs to be read from a list and the
cutting edge of the dividing aid has to be placed accordingly. The re-cuts were done
without assistance of a cutting edge, by knife only.

The differences between the instruments are interesting as they show the effort it
takes to create an instrument with finer divisions. The original Kronan cross-staff,
despite being dated 1661 was an instrument typical of the late sixteenth or early
seventeenth century, with divisions every 30 arc-minutes. The more finely divided
version of the instrument was divided to 10 arc-minutes whenever this interval be -
came larger than about 2 millimetres, resulting in an almost doubling of the number
of divisions and thus a doubling of time to create them. When the mariner’s cross-
staff was in its heyday at the start of the eighteenth century (e.g. the Hasebroek
replica), the finest divisions would be separated by less than a millimetre, which is
about the minimum distance before the wood begins to crumble.1728 The scales were
divided down to 2 arc-minutes, resulting in a quadrupling of the number of divisions
(compared to the original Kronan cross-staff) and corresponding effort.

In this respect and at first sight it seems easier to build a Davis quadrant than a
mariner’s cross-staff. The construction of the polyxylous frame of the Davis quad -
rant takes more time than the monoxylous staff of the mariner’s cross-staff, however,
while creating transoms for the latter takes about the same time as creating vanes
for the former. Building these replicas and reconstructions took me on average 140

hours per instrument. The Hasebroek mariner’s cross-staff was more time-con -
suming, mainly due to creating the horizon bone from real bone, not due to the scales.
The main exception were the hoekboog reconstructions. Thanks to the shorter joints
and only straight sections of wood, the frame could be built slightly faster than that
of a Davis quadrant, while dividing the instrument saved almost a day of work. As
a result, the hoekboog was the only instrument that could be created within about
100 hours.

Again, my inexperience in making these instruments must have slowed down the
process considerably, and I can imagine an experienced instrument maker pro ducing
the instruments within half that time, especially within a professional production
process. Mörzer Bruyns wrote that the Dutch firm Van Keulen employed at least three
craftsman in 1717 who “...sawed, polished and lined...” the staffs for the mariner’s
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 1728 De Hilster, ‘Master Hood’s cross-staff...’ (2009), p.12.



cross-staffs they produced and that they did this for no more than 2 stuivers (pennies)
each.1729 He suggested that this lining consisted only of applying the longitudinal
lines to the staffs, not the fully engraved scales. Around this time a mariner’s cross-
staff would sell for 54 stuivers, the price of 27 sawed, polished and lined staffs, which
indeed is a strong indication that those staffs were semi-finished, not fully en graved.1730

If this indeed was the case, the whole manufacturing process must have been divided
into specialised tasks, perhaps even a person per part. This would speed up the pro -
duction process considerably, and indeed a shorter production time per instrument
than I have experienced may be expected.

“Why use replicas and reconstructions in the first place?” could also have been the title
of this section. It would be great if we could take original instruments out into the
field to observe with them, but as age most likely affects their quality, the original
instruments may not be the best option. In addition, finding a complete instrument
and an owner who will allow it to be taken outside for observations might be a chal -
lenge, while for the instruments that no longer exist the only option is to use a recon-
struction.

Using replicas instead of an original instrument has the advantage that, provided
it is correctly made, the observations will be of similar quality as when taken with an
original several hundred years ago. The problem is of course that clause, “provided it
was correctly made”. In the next section we will see that at times replicas that deviated
from the original designs were used in the observations. Even my best Davis quad -
rant is not as good as an original, as was shown in chapter 6 – Scale analysis. When
making reconstructions, the instrument needs to be as good as the descriptions
and/or artefacts (and the interpretation of them).

Even if an instrument was correctly made, the data acquired with them is only
useful if we have a good idea of what we want to show with it. If only the average error
is calculated, the outcome is only valid for this particular instrument and observer
combination and says nothing about the accuracy achieved in early modern times.
Calculating the average absolute error is an alternative, but any bias in the instrument,
observation method, or observer will still significantly affect the outcome. As shown
in 5.7 – Mathematics of noon, the noon observation was either taken when a pocket
dial showed it was noon or if the preceding observation was higher than the current
one. This means that the period observer relied on a single observation, or on the
average of the last two observations at the most when using a mariner’s astrolabe.1731
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 1729 Mörzer Bruyns, ‘The Cross-Staff Ten Years Later...’, p.19.
 1730 See copy of a 1718 price list in Paesie, Zeeuwse Kaarten voor de VOC..., p.63. The price list is

slightly confusing as the price per product is expressed in stuivers, while the total amount is
expressed in Flemish ponden, schellingen and groten (1 pond = 20 schellingen = 240 groten =
120 stuivers).

 1731  See sections 5.6.4 – The procedure for the mariner’s astrolabe, 5.7 – Mathematics of noon and
5.8 – Instrumental rhetoric.



So if we want to get an idea of the accuracy of the noon observation, we have to look
at the statistical spread in the data instead of the average (absolute) error. Still, the
quality of our modern-day observations depends very much on the experience and
capabilities of the observer.

I remain convinced that using replicas and reconstructions is the best method for
understanding the accuracy of the latitude fix in early modern days. Newly created
instruments do not have age-related errors and there is no objection taking them
outdoors.1732 Using them in the field gives us a good understanding of how it was to
use them (i.e. the ergonomic aspect) and some idea about the data that could be ac -
 quired.

7.3 Studies assessing the accuracy of early modern instruments

In 1983 Forty wrote, as quoted at the start of this chapter, that “It is surprisingly
how little practical work appears to have been done on the accuracy of early instru -
ments...”.1733 This remark was, and still is, justified. The importance of practical work
can be understood from an article written in 1974 by Price and Muckelroy, who had
reservations about the hoekboog fragment found in the wreck of the Dutch VOC
ship, Kennemerland,1734 because the graduation with 15-arc-minute intervals was
less than they expected.1735 Although it seems unrelated to practical work, it is thanks
to the creation of reconstructions that detailed knowledge emerged of how the hoek -
boog was actually divided and performed, emerged.

Recently, Wolfgang Köberer and I compiled a list of modern studies that included
practical work.1736 These were only works assessing the accuracy of the mariner’s
astrolabe as the list was a response to an article discussing field tests done with that
instrument.1737 Other navigational instruments have been tested in the field or data
collected with them has been analysed in desk studies. Table 42 gives an overview
of historic and modern practical tests (indicated with a P in the type column) and
desk studies (indicated with a D) discussing early modern navigational instru ments.
Some studies combine practical tests and desk study (indicated with C).
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 1732 It will be shown that these replicas and reconstructions also began to deteriorate over a period
of several years.

 1733 Forty, ‘sources of Latitude Error...’, pp.388-403. The contents of this section have in part been
previously published in the following article: De Hilster, ‘Observational Methods and
Procedures for the Mariner’s Astrolabe’, in: The Mariner’s Mirror 100:3 (August 2014) (2014),
pp.261-281.

 1734 See section 4.3.6 – The hoekboog (f.l. 1623).
 1735 Price, Muckelroy, ‘The Kennemerland site...’, p.210.
 1736 Köberer, ‘On the Attempts...’, pp.198-203. De Hilster, ‘Observational Methods...’, pp.261-281.
 1737 Knox-Johnston, ‘Practical Assessment...’, pp.67-71.
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Castro Roteiro de Lisboa a Goa ���� P �
Van Breen Stiermans Gemack... ���� P � �
Posthumus Meyjes De Reizen van... ���� D � � � �
Biggar The Works of Samuel... ���� D �
Teixeira da Moto L'Art de Naviguer … ���� D �
Ganong, Layng Crucial Maps in the Early... ���� D �
Stimson, Daniel The Cross Staff, Historical... ��		 P � �
Chapman Dividing the Circle (thesis) ��	� C � � �
Halley, Thrower The Three Voyages... ���� D � �
Forty Some Sources of Error... ���� P � � �
Richey From the Bermudas... ���� P � � �
Forty Sources of Latitude Error... ���� P � �
Luykx History of Navigation ���� P � �
Forty The Backstaff... ���� P �
Luykx ...The Mariner's quadrant ���	 P �
Luykx ...The Mariner's Astrolabe ���� P �
Luykx ...The Back-staff ���� P �
Luykx ...The Cross-staff ���� P �
Luykx ...The Sea-Ring ���� P �
Luykx ...Accuracy of ... Nocturnal... ���� P �
Luykx ...The Nocturnal ���� P �
Luykx ...The Ring-Dial ���� P �
Chapman Dividing the Circle ���
 D � �
Gilchrist Latitude Errors... ���
 D �
Malhão Pereira Experiências... ���� P � � � �
Brooks A Problem of Provenance... ���� D �
Malhão Pereira Experiências... �


 P � � � �
Malhão Pereira The … Kamal... �

� P �
Van der Werf Het Astrolabium �

� P �
De Hilster The Spiegelboog... �

� P � � �
Mountford unpublished �

	 P � �
De Hilster Master hood's cross-staff... �

� P �
De Hilster The Demi-cross... �
�
 P � � �
De Hilster The Hoekboog... �
�� C � � �
Michea De l'usage pratique �
�� P �
Knox-Johnston Practical Assessment... �
�� P �
Constable The Principles of Arab... �
�� P �
De Hilster Observational Methods... �
�� C �
*) P = Practical tests, D = Desk study, C = Combination of P and D.

Table 42



Despite covering almost five centuries, the table fits a single page, justifying Forty’s
remark. So far I have only found two period works, while most work was done in the
last four decades. As statistical methods were as yet unknown in early modern times,
the two period works only report the data. The oldest source, a journal written by
Dom João de Castro, lists mariner’s astrolabe observations taken simultaneously by
up to nine observers during a voyage from Lisbon to Goa in 1538. The second work
concerns field tests done by Joost van Breen in July and September 1661 to show the
quality of his spiegelboog in comparison to a mariner’s cross-staff and a Davis quad -
rant.

We may assume that these first tests were performed with period instruments that
were representative of the ones generally in use. Most of the desk studies in table
42 compare period data of known locations, thus collected with period instruments,
to their modern day equivalents. Of those, the work by Teixeira da Moto lists the
observations done by De Castro mentioned above. As these studies are not direct
comparisons between instruments, I will not discuss them further.

The practical tests done from the 1970s onwards were not always done with
instruments and procedures representing those of early modern times.1738 As shown
in sections 5.6.4 – The procedure for the mariner’s astrolabe and 5.7 – Mathematics of
noon, the early modern navigator would begin observations well before noon and
continue doing so until he noticed the sun descending again. Bourne and Harriot
wrote that when using a mariner’s astrolabe, one would have to take the average of
the last two observations, which were taken in both faces of the instrument. Using
any other instrument, one would simply have relied on the last observation before
the sun started setting.

As such observations can be greatly influenced by statistical outliers, it is of more
interest to look at the standard deviations of the observations collected in modern
field tests than to look at the average outcome. The procedures discussed in previ-
ous sections have made clear that the average observed altitude is almost irrelevant.
In that respect, when observing with the mariner’s astrolabe, it does not even matter
whether or not the procedure described by Bourne and Harriot was used. If that
procedure was used, the average error should be zero, any remaining error being
due to the pinnules, observer or reference data. Without it the average error only tells
us about that individual instrument-observer combination, not about the accuracy
of the mariner’s astrolabe in general.

Not all authors gave the standard deviations of their experiments or the raw data
to allow one to calculate them, but instead supplied a range, defining the upper and
lower limits of the errors. In order to compare their results with those by others and
myself, of which the standard deviations at a 68% confidence level are given, I assumed
a Gaussian distribution of the original data and have treated these ranges as 3s or
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 1738 De Hilster, ‘Observational Methods...’, pp.261-281.



99.73% (see figure 308).1739 I used the adaptive formulas proposed by Hozo et. al. to
estimate the standard deviation or 1s (68.27% confidence level) by dividing the range
by the square root of 12.1740

Put the other way round, the 50% and 90% confidence levels as given by some
authors are reached at approximately 0.6745s and 1.6450s. Of course these are just
coarse approximations, as the number of observations in the original data was limited
and may not follow a Gaussian distribution.

Before turning to modern-day studies I would like to discuss the results of the tests
done by D. João de Castro in 1538 and by Joost van Breen in 1661.

7.3.1 Contemporary studies
Period studies assessing the accuracy of the instruments for navigation are rare.
Not that the mariners were not concerned with the accuracy of their observations,
but this kind of information has rarely been reported. It is known that observations
were done by several people on board, compared and averaged.1741 When several vessels
sailed together in a fleet, navigational data and instructions were exchanged between
the vessels on a regular basis.1742 These exchanges were done either orally when the
ships were at close distance or by written instructions and notes that were packed
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 1739 All standard deviations given by myself throughout this thesis are given at a 68% confidence
level, so represent 1s.

 1740 For sample sizes of less than 15 observations, the range should be divided by the square root of
12 (assuming the median is half way the range). For sample sizes between 15 and 70 this would
be range divided by 4. For sample sizes above 70 this would be range divided by 6. See Wan,
Wang, Liu, Tong, ‘Estimating the sample mean and standard deviation...’, in: BMC Medical
Research Methodology 2014 14:135 (2014), p.3 [https://bmcmedresmethodol.biomedcentral.com
/articles/10.1186/1471-2288-14-135 accessed 18 June 2017].

 1741  Roeper, Wildeman, Het Journaal van Abel Tasman, 1642-1643 (Zwolle, 2006), pp.63, 67, 69-70.
 1742 ibid.

A Gaussian
distribution and 
the percentages 
of the intervals.

Figure 308



in a wooden tube, made watertight by wrapping in tarpaulin, and left afloat to be
picked up by the receiving vessel.1743 Sadly, little can be found about how dis crepancies
in positional data were dealt with, other than being averaged. In addition, if data is
provided in journals, it usually is in the form of latitudes and sometimes longitudes,
but hardly ever as raw observations.

Likewise, little can be found about how newly invented instruments were advertised
as regards accuracy. At times only subjective statements such as “... there are several
particulars wherein this instrument exceeds Davis’ Quadrant...” were given, at most
enlarged with the defects of the instrument that was claimed to be inferior.1744

There are two rare occasions on which the accuracy was specified in the form of com-
parable data. The first occasion to be discussed is the journal of D. João de Castro,
in which all the raw observations, taken by up to nine observers were written down
on a daily basis. The second concerns Joost van Breen’s work on his spiegelboog, in
which he compares his invention with other navigational instruments, accurately
describing the locations where the observations were taken, in order to show that it
was comparable in accuracy to the other instruments.

7.3.1.1 The 1538 journal of D. João de Castro
In 1958, a paper on Mediterranean navigation and the start of oceanic astronomical
navigation by A. Teixeira da Moto was published.1745 He referred to the 1538 journal
of D. João de Castro mentioned above.

Celestial observations were taken using mariner’s astrolabes, the observations of
which were given by Teixeira da Moto in a four-page table.1746 The observations are
inte resting for two reasons. First, some of the entries are not, as was common in period
logbooks, in latitudes but in altitudes, so the raw observations. Secondly, on most
days the observations were taken simultaneously by more than one person.

The altitude observations give us insight into the way period instruments were
read. According to D. João de Castro these raw observations were noted to ensure that
only individuals or the defects of astrolabes were judged, not the declination tables
used in the calculations.1747 Due to their dimensions Iberian astrolabes were divided
in whole degrees only. The logbook however shows entries in quarters, thirds and
sixths of a degree, indicating that the fractions were derived by visual interpolation.
When using the Valentia replica, which is divided in whole degrees as well, I find it
no trouble to estimate to that same level.
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 1743 ibid.
 1744 Cole, The Description and Use of a New Quadrant... (1748), pp.5,18-20.
 1745 Teixeira da Moto, ‘L’Art de Naviguer...’, pp.127-154. Also see section 5.7 – Mathematics of noon. The

contents of this section has in part been previously published in the following article: De Hilster,
‘Observational Methods...’, in: The Mariner’s Mirror 100:3 (August 2014) (2014), pp.261-281.

 1746 Teixeira da Moto, ‘L’Art de Naviguer...’, pp.142-145.
 1747 idem, p.141.
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Standard deviation distribution based on D. João de Castro’s journal.

From a frequency distribution (see figure 309) it becomes clear that most of the
observations (70%) were taken by two or more people on board. Despite having
only between two and nine observations per day I decided to calculate the standard
deviations for each day to analyse their frequency and temporal distribution.

The frequency distribution of the standard deviations (see figure 310) shows that
the crew managed to fully agree for almost one third (31%) of the days (i.e. zero arc-
minute standard deviation). This seems unlikely and perhaps had more to do with
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Figure 309

Observation frequency distribution based on D. João de Castro’s journal.

Figure 310



social norms – as when the master and pilot were obliged to re-take their observations
– than with independent working.1748 The next peak is of interest. It is well defined
between 5 and 20 arc-minutes (50% of the observations), while a third peak can be
found between 25 and 40 arc-minutes (15% of the observations). The rest of the data
(5% of the observations) falls between 50 and 70 arc-minutes. So the navigators of
João de Castro’s vessel would have had agreement within 20 nautical miles for just
over 80% of the observed meridian passages. The average standard deviation cal-
culated over the 64 meridian passages of the whole voyage is 11.4 arc-minutes. The
absolute errors are unknown.

Creating a temporal distribution of the data from D. João de Castro shows a
50% improvement during the five-month journey (see figure 311), indicating that
the crew achieved better agreement in their readings over time, down to about 10
arc-minutes. Whether this was due to experience with the instruments or adapted
social behaviour remains a question. The two best observers in modern tests, Ávila
da Silva onboard of the NRP Sagres and lieutenant Johan van der Veen onboard the
HNLMS Snellius, managed to produce respectively 61 and 28 observations with a
standard deviation of respectively 9.6 and 10.4 arc-minutes, confirming the above
figure from D. João de Castro’s crew.1749
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 1748 See section 5.7 – Mathematics of noon.
 1749 See below and Malhão Pereira, ‘Experiências com Instrumentos...’, p.176. It should be noted that

these observations were taken onboard the 1755 tonnes Sagres and the 1875 tonnes HNLMS
Snellius, which are considerably larger than historic 100-600 tonnes vessels.
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7.3.1.2 Joost van Breen’s 1661 spiegelboog trials
In 1661, Joost van Breen put his spiegelboog to the test. He did so on several occasions
in July and September on “’t Fort den Haeck” (the fortress den Haeck) on the isle of
Walcheren and on board “een Jacht, t’eynde het Sloe” (a yacht at the end of the Sloe).1750

Both are situated in the province of Zeeland, Netherlands (see figure 312, the scale bar
at the right indicates the latitude).1751 Being approximately 6 arc-seconds in latitude,
we can be confidently state that the fortress should result in a latitude of 51°-35'N.
The location of the Sloe is more ambiguous, but as they most likely sailed from
Flushing (the southern most town in figure 312), we can assume that “the end” they
sailed to was the northern end, so around 51°-31'N.

On Van Breen’s first trial, he determined the latitude of the fortress by sun obser -
vations using a spiegelboog and a Davis quadrant and found it to be around 51-40'N
with both instruments.1752 His second trial was at night on 29 July, observing the
constellation Arendt (the constellation of Aquila, of which he most likely used Altair)
with the spiegelboog, which resulted in a latitude of 51°-43'N.1753

On 28 September he sailed to the end of the Sloe with his friends Arent Jansz
Roggeveen and Hans Penne. Their first test was at daytime, determining their location
from the sun. Van Breen, Roggeveen, and Penne found their latitude using the spiegel -
boog as respectively 51°-29', 51°-31' and 51°-31', while Van Breen verified it with a Davis
quadrant, finding a latitude of 51°-36'.
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 1750 Van Breen, Stiermans Gemack... (1662), p.20 of chapter XIII.
 1751  The fortress is located at 51°35'07''N, 3°37'32''E, the Sloe runs from approximately 51°27'20''N,

3°40'00''E) to (WGS84 51°30'48''N, 3°42'07'E.
 1752 Van Breen, Stiermans Gemack... (1662), p.20 of chapter XIII.
 1753 ibid. He most likely observed Altair (a, alpha Aquilae), which, according to his writings, had

a declination of 7°-58'. From modern calculations with StarCalc 5.73 Altair culminated at the
fortress around 22:47:47pm GMT with a declination of 8°-01'.

Fortress den Haeck and the
Sloe in Zeeland, the
Netherlands.

Figure 312



That same night they observed Altair again, giving them latitudes of respectively
51°-31', 51°-33', and 51°-36'.1754 Using the tail of the Swan (Deneb) gave them latitudes
of 51°-26' for Van Breen and 51°-31' for Roggeveen, while Penne failed, not being
accustomed to the instrument.1755 Using most likely Dubhe in Ursa Major, Van Breen
and Roggeveen found a latitude of 51°-36', and 51°-33'.1756 With the eye of Taurus (most
likely Aldebaran), Van Breen and Roggeveen found a latitude of 51°-25', and 51°-28'.1757

Next noon all three used the spiegelboog again to shoot the sun, while Penne and
Van Breen also used a mariner’s cross-staff and a Davis quadrant. The latitudes they
found were 51°-35', 51°-31', 51°-31', 51°-28', and 51°-31'.

The declination Van Breen used in the calculations is only known for his second
attempt on the fortress and that it was off by about 3 arc-minutes when compared
to modern calculations.1758 For all other observations the declinations he used are
unknown, but the calculated latitudes are close to the locations he described.

Table 43 gives a statistical analysis of Van Breen’s field tests. It should be noted that
the different stars they used may have had varying errors in their declinations, thus
affecting the average and standard deviation. Nevertheless, the standard deviations
(1s, 68%) are quite low, and the average errors quite small.1759 The relatively large
average error at Fort den Haeck may have been caused by an error in the estimated
observer’s height and resulting dip. A negative average error means the calculated
latitude was more northerly than currently determined. The low standard deviations
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 1754 That night Altair culminated at 18:47:57 GMT.
 1755 That night Deneb culminated at 19:43:28 GMT with a declination of 44°06'.
 1756 Van Breen stated that they used “’t Zuyder Voor-wiel van de Wagen” (the southern fore wheel

of the cart). That night Dubhe culminated at 21:55:27 GMT with a declination of 63°34'.
 1757 That night Aldebaran culminated at 03:28:50 GMT with a declination of 15°47'.
 1758 See note 1753.
 1759 The amount of data is limited, hardly justifying the calculation of standard deviation, as there

were only two observations on the fortress and two for the Davis quadrant, while the other
groups consist of only 6 and 9 observations.
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may have been the result of the land-based location at the fortress and the sheltered
location in the Sloe.

7.3.2 Modern studies
The temporal distribution of the observations taken during De Castro’s voyage
showed that the group of observers achieved closer agreement over time, although
that may have been the result of adapted social behaviour. That we learn over time is
generally accepted, but it would be nice if that could be shown from data collected
by modern day observers too. In this section, data collected by modern-day re-
searchers, including myself, will be analysed to see if this is the case and what can
be said about the accuracy of early modern observations.

An issue with modern-day research is that it is not always clear which observation
procedure was followed. Bourne and Harriot already advised in the sixteenth century
that mariner’s astrolabe reading should be done in two faces and that the average of
these two readings was the correct outcome.1760 Provided that we want to use the
standard deviation as an indication of what would have been possible in early modern
days, we should be aware that it may become too high if it was cal culated for an in -
strument with a significant bias that was used in two faces.1761 Whether this method
was followed by modern day researchers like Stimson and Daniel, Forty, Richey,
Luykx, Malhão Pereira, Van der Werf, and Michea is unknown. Only from Mount -
ford’s observations and those by myself is it known with certainty that this procedure
was followed,1762 while from Knox-Johnston it is known that he took all of his ob -
servations in one face only and corrected for index error.1763

In addition, it remains unclear in some cases what type of instrument was used,
whether they were tested for instrumental error, and – if the construction is known
– whether it really resembled the typical period instrument it was based on.

Take, for example example, the instruments Mountford used. These were made as
exhibition objects for the Newark (NJ) Museum by its then science curator, Kenneth
Lynn Gosner, Mountfords early mentor, some 40 years before he used them.1764 They
were never intended to be used at sea and were not even functional when Mountford
received them.1765
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1760 See section 5.6.4 – The procedure for the mariner’s astrolabe.
 1761  i.e. larger than approximately half the average accuracy achieved by De Castro’s crew. An

instrumental bias of 5 to 10 arc-minutes or more would therefore have a negative effect on the
calculations.

 1762 Mountford gave me copies of his observations in which the mariner’s astrolabe observations
were clearly marked with encircled Ls and Rs for face Left and Right. From a set of L and R
obser vations the average was calculated and noted.

 1763 Knox-Johnston, The Columbus Venture..., p.78. Knox-Johnston, ‘Practical Assessment...’, p.69.
 1764 From private correspondence with Mountford on 11 December 2016.
 1765 From private correspondence with Mountford on 11 and 19 December 2016.



The construction of the instruments will, of course, influence the quality of the data
collected. Mountford’s Davis quadrant was approximately 75% of the size of an orig-
inal, with the 25-degree arc graduated with division intervals no smaller than whole
degrees. A photogrammetric analysis of the arcs shows that they were coarsely en-
graved (see figure 313). No usable data can be expected from the instrument.

Being made of wood and ballasted with a suspended weight, the mariner’s astrolabe
Mountford used was equally inauthentic. Looking at other modern-day researchers,
the mariner’s astrolabe used by Luykx was only 70 per cent of the size and half the
weight of an original and smaller than the average mariner’s astrolabe,1766 while
Michea’s mariner’s astrolabe was even smaller.1767 Depending on which electroform
copy of the mariner’s astrolabe Stimson and Daniel had on board, it was either of the
correct weight or over 50% too light.1768

Mariner’s cross-staffs sometimes differed from the usual. Morris’ cross-staff was
“about 42 inches long and 1½ inches square”, which is two to three times as thick as
period instruments and approximately the length of the longest that have survived.1769
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1766 De Hilster, ‘Observational Methods...’, pp.272.
 1767 Michea, ‘L’Histoire et la Navigation...’ (2012) 
         [http://hubert.michea.pagesperso-orange.fr/Pages/astrolabe.htm, accessed 25 May 2017].
 1768  These copies are in the collection of the National Maritime Museum, Greenwich (NAV0023 and

NAV0020). NAV0023 only weighs 983 grams, while NAV0020 weighs 2249 grams. The original
weighs 2270 grams.

1769 Morris, ‘Cross-staff Errors’ (c.1980), p.1. For the original dimensions of mariner’s cross-staff
see section 4.2 – The seventeenth-century mariner’s cross-staff.
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Scale analysis of the 1967 Gosner Davis quadrant.

Figure 313



Having made a rather thick staff, Morris could not place it next to his eye. It had to
“...be placed near the eye on the lower part of the eye-socket”, and “...used with the
eye in line with the top edge of the origin end” of the staff.1770 Morris was aware of
this and made corrections in his calculations.1771 His transoms were roughly the correct
length, but at 8mm their width was incorrect and he soon found out that it was not
sufficient to mask the sun in a forward fashion.1772 The staff was engraved with diag-
onal scales, a feature only known from circular instruments and staffs with linear
(i.e. equidistant) scales, like those mentioned by Ben Gerson.1773 The whole degrees
were laid out mathematically, while the six-minute divisions between them were
done by eye (i.e. by estimation) and further divided by diagonals.1774

The instruments used by Forty, Malhão Pereira, Van der Werf, Knox-Johnston,
and myself, and most likely also those used by Stimson and Daniel, and Chapman,
were closer in construction to period instruments.

If we look at the amount of data collected, only a few of the modern researchers man-
aged to create substantial datasets with sufficient observations per instrument/ob-
server combination to make them somewhat experienced. Only Morris with his
cross-staff (390 observations), Van der Werf with a mariner’s astrolabe (almost 200

observations), one of my assistants with a mariner’s astrolabe (234 observations, mak-
ing 117 averages), Forty with a Davis quadrant (332 observations) and a mariner’s
cross-staff (290 observations), and myself with a mariner’s astrolabe (536 observations
making 268 averages), managed to produce a reasonable set of observations, although
those by Van der Werf were made by several students and therefore still represent an
inexperienced observer. All other experiments, with perhaps those by Malhão Pereira
as an exception, produced well under 100 observations per observer, sometimes
less than 10.

Malhão Pereira and his assistants produced 616 observations, but never more
than 100 from a single observer. What is known is that the best result of one of his
observers using the mariner’s astrolabe at daytime had a standard deviation of 9.6
arc-minutes over 61 observations, while on average for the ten observers this was 18.5
arc-minutes for 250 observations.1775

The modern-day datasets are of particular interest when it is known in which order
they were acquired, since this allows us to create temporal distributions.
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 1770 Morris, ‘Cross-staff Errors’, pp.5,7.
 1771  idem, pp.7,8.
 1772 idem, p.2.
 1773 See section 5.2.2.4 – Scales.
 1774 Morris, ‘Cross-staff Errors’, p.2.
 1775 Malhão Pereira, ‘Experiências com Instrumentos...’, pp.184. One observer managed a standard

deviation of 7.5 arc-minutes, but that was based on two observations only.



As mentioned above, Forty produced 322 observations with a Davis quadrant and 230

with a mariner’s cross-staff. He produced his data over several sessions, producing
statistical data in two tables.1776 Figure 314 shows the temporal distributions of both
datasets. For the mariner’s cross-staff data, only the average error and the error range
per session were given. The standard deviation of the latter was estimated as explained
at the beginning of this chapter. For the Davis quadrant data, Forty gave the standard
deviations for each session.

The linear regressions show that Forty was still learning, despite having made
several hundred observations. If one were to assess the accuracy of both instruments
based on the first few sessions only, a lesser quality would have been derived than
was finely achieved. Interestingly, the mariner’s cross-staff observations were taken
first, so when Forty made his Davis quadrant observations he had already made
230 mariner’s cross-staff observations. Even so, the first observations with the Davis
quadrant were roughly 50% less accurate than the last ones taken with the mariner’s
cross-staff.

It should be noted that this outcome may have been influenced by the method of
estimating the standard deviations Forty included a second table in which he gave
the 50% and 90% error for all observations and for observations taken with each of
the three transoms. With 50% values of 8.9, 9.2, 8.4, and 4.1 arc-minutes for all obser -
vations, the 500mm, 300mm, and 150mm transom observations, the standard devia-
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 1776 Forty, ‘sources of Latitude Error...’, p.396. Forty, ‘The Backstaff and the Determination of
Latitude...’, p.265.
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Temporal distribution based on Gerald Forty’s observations.

Figure 314



tion (1s, 68%) values would become 13.2, 13.6, 12.5, and 6.1 arc-minutes. That these
values are much higher than those shown in the graph is partly due to the fact that
the mean error between two sessions of 10 observations using the same transom some-
times differed by more than half a degree, even though the range of those sessions
was equal and less than the difference found.1777 As these values from the second table
are calculated over several sessions, the conditions under which the observations were
taken may have significantly influenced the standard deviations and average errors
and so may not indicate the accuracies achievable with the instrument. In addition,
the difference in solar declination between the sessions may have had an effect on
the 50% errors, due to graduation errors. In fact, even by the end of his Davis quadrant
observations, so after a total of 552 observations, Forty’s results were still improving.

One of the much shorter observation projects was by Knox-Johnston. Over 33 days
he produced 27 noon altitudes with a mariner’s astrolabe. The instrument he used
was checked for index error and all observations were corrected accordingly.1778 No
indication is given of how many observations led to each meridian altitude. The
absence of standard deviations or other statistical quality indicators seems to indicate
that these 27 noon altitudes were mostly based on single observations only.1779 Never -
theless, by calculating the standard deviation over 8 consecutive obser vation errors,
we can still see how Knox-Johnston’s observation skills improved over time (see figure
315).
Not needing a horizon for the observations makes the mariner’s astrolabe a perfect
instrument for experiments as observations can be taken anywhere where the sun
shines. In 2006, I created drawings of the Valentia astrolabe in the collection of the
National Maritime Museum, Greenwich. Based on these drawings, German clock-
maker Günter Oestmann made the instrument, which was finally presented to me in
2010. Initial trials revealed an index error of 20 arc-minutes, which I removed by re -
building the alidade. At the same time I bevelled the pointers of the alidade, smoothed
the surface of the instrument, and gave it a new patina. Finally, in 2017, the instru -
ment was engraved with the names of both people involved in its construction.

I have since taken 536 observations with the instrument, a linear regression of
which showed that I was still learning even after so many observations.1780

In 2014, I took all my replicas and reconstructions to sea on HNLMS Snellius, a
hydrographic survey vessel of the Dutch navy. Over six days, a group of eight assis-
tants, consisting of two crew members (Commander Björn van Vliet and Lieu-
tenant Johan van der Veen), five hydrographic students of the Maritime Institute
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 1777 See for instance sessions 8 and 10 in Forty, ‘sources of Latitude Error...’, p.396, which have a
mean error of respectively +5 and -28 arc-minutes, while both have a range of 21 arc-minutes.

 1778 Knox-Johnston, The Columbus Venture, p.78. Knox-Johnston, ‘Practical Assessment...’, p.69.
 1779 Knox-Johnston mentions once that he took the average of two observations, see Knox-Johnston,

The Columbus Venture, p.93.
1780 See De Hilster, ‘Observational Methods...’, p.277.



Willem Barentsz. (Michiel Smal, Bram van Sikkeleras, Kylian de Looze, Auke Melsen,
and Sjoerd Laagland), and the institute’s mathematics teacher (Nico Booij), made
observations of the meridian passage of the sun. Of these eight assistants, five used a
different instrument each day (see figure 316), for which I supplied a mariner’s cross-
staff with double aperture discs and horizon vane, a Davis quadrant, a demi-cross,
a hoekboog, and a spiegelboog with mirror. Of the remaining three, Auke Melsen and
Sjoerd Laagland made observations with Master hood’s cross-staff (see Master
Hood’s tango in section 5.4.2.2 – The sideways method), while Lieutenant Van der Veen
worked with a mariner’s astrolabe (see figure 317).
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Temporal distribution of Knox-Johnston’s observations.

Figure 315

Figures
316-317

Left (Figure 316): Michiel Smal, Nico Booij, Bram van Sikkeleras, Commander Björn van Vliet and
Kylian de Looze on board the HNLMS Snellius in 2014. Right (Figure 317): Luitentant Van der Veen
observes with the mariner’s astrolabe while some of the other assistants make notes of their obser-
vations (both pictures by the author).



There were several reasons for this set-up. First of all, I was hoping to see which of
the five revolving instruments performed the best, as each would be used by the same
five observers, making it possible to remove the observer from the equation. That
two people worked with Master Hood’s cross-staff was to see if it was at all possible
to obtain reliable observations with it, since previous tests had shown that this was
almost impossible with a single observer.1781 Lieutenant Van der Veen was asked to
use the mariner’s astrolabe alone as I wanted to find out whether the accurate results
by one of Malhão Pereira’s assistants could be reproduced.

Using the mariner’s astrolabe, Lieutenant Van der Veen took 228 observations in
series of four. Each series was taken in face left and face right and with both pointers
of the alidade.1782 Running standard deviations were calculated for each group of
eight observations, and, as four consecutive observations would give a result free
of instrumental errors, it was also done for every four averages of four observations
(see figure 318, in which the days are separated by vertical dash-dotted lines).

Both calculation methods show that Lieutenant Van der Veen made progress
throughout these six days. The last day (starting at observation 201) shows signif-
icantly better data than the previous five days. Since by day five Van der Veen realised
that he was using the friction in the hinge of the mariner’s astrolabe to push the ali-
dade into the correct position, something that was warned about by Lastman in 1641,
on day six we decided to use the instrument while being held with a ballpoint pen
through the suspension ring, as suggested by Lastman (who suggested using a thin
wooden rod).1783 As the graphs in figure 318 show, this had a significant positive effect
on the observations and confirmed the findings by Malhão Pereira’s best assistant.

The regression lines of the three modern-day examples above and that of the
1538 trip by De Castro show that we need time to become fully fledged observers,
something that I have also experienced for myself and for one of my other assistants,
Ad Pieters.1784

In the examples, a linear regression line was used, but in practice progress would
not be linear, since that would mean that in the above example that Lieutenant Van
der Veen would produce negative standard deviations by about the time he made
his 325th observation. Progress will presumably follow a power regression, but then
the observer would be unlikely to produce observations with a standard deviation
close to zero in the long term.

Figure 319 shows Lieutenant Van der Veen’s data again, now with power regression
lines which seem to fit the data better than linear ones. Judging from these regression
lines, it is to be expected that Van der Veen would produce observations with a 10-
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 1781 De Hilster, ‘Master Hood’s cross-staff...’, pp.14-15.
 1782 The actual order was face left with pointer 1, face left pointer 2, face right pointer 1, face right

pointer 2. The alidade was marked so that the two pointers could be distinguished.
 1783 See section 5.6.4 – The procedure for the mariner’s astrolabe.
 1784 See De Hilster, ‘Observational Methods...’, pp.275-277.



arc-minute average standard deviation pretty soon, had he the chance to continue
using the instrument (in fact he accomplished that on the last day, thanks to the
improved way of handling the instrument). The regression lines also show that
after some 200-250 observations no significant progress is to be expected in the short
term, unless a better observation method is applied.
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Temporal distribution of Lieutenant Van der Veen’s observations with a mariner’s astrolabe.

Figure 318
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Van der Veen’s data with power regression lines.

Figure 319



The examples above show that practice is required to become a good observer and
that this consists of at least 500 observations. So if we want to assess the accuracy with
field tests, these should be done over a prolonged period.

The length of time required to become an experienced observer can be deduced
from figure 320, which shows the observation time intervals for the eight assistants
on board the HNLMS Snellius, and indicates that an inexperienced observer needs
approximately two and a half minutes to observe and note the altitude of the sun with
a staff-type instrument. Observations can be taken more rapidly with the mariner’s
astrolabe, but as one has to take two observations for a single result, it was in fact
only the third quickest between the Davis quadrant and cross-staff (a “double obs.”
version of the mariner’s astrolabe has therefore been added to the graph).

To test whether observation time intervals as shown in figure 320 were influenced
by the observer’s learning, Van der Veen’s data was used to create a temporal dis -
tribution for the observation time intervals (see figure 321).1785 Since the way he held
the mariner’s astrolabe changed on the sixth day, making it less affected by friction
in the hinge and thus more unstable, the observation time intervals rose. The linear
regression was therefore only calculated for the first five days and seems to indicate
that there was little change over this initial period. Only on the first day were obser -
vations initially taken at a greater rate, but then slowed down (most likely due to
increasing cloud cover) and stabilised to around 60 seconds per observation, re -
maining the same on the following days. So although his accuracy showed clear
signs of learning, his observation time intervals did not change significantly after the
first day and we may assume that the graphs in figure 320 were unaffected by this
factor.

Figure 320 also shows the effect of having only a single observer on the obser vation
time intervals. As only a single observer took the observations with the mariner’s
astro labe and Master Hood’s cross-staff, the intervals remained consistent over all
six days. Of the other instruments, the mariner’s cross-staff has the lowest overall
standard deviation, which is an indication that all observers found it equally easy
to observe with it. The highest standard deviations are found for the Davis quadrant
and spiegelboog. From discussions on board HNLMS Snellius, it became apparent
that some observers had trouble observing with the spiegelboog. Learning to set the
proper position of the mirror vane by looking at the symmetry between reflected
sun and horizon was not something all observers easily managed. This resulted in
varying observation time intervals. Those who did manage produced good results
with average intervals as low as 93 seconds.

Why the Davis quadrant performed less well than the similarly shaped hoekboog
in this respect may have been due to the absence of a white surface on the horizon
vane combined with the partial cloud cover on some days, making it easier to see
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 1785 Overcast periods were automatically filtered out using a Median Absolute Deviation (MAD)
filter at a 5s level.



the shadow on the hoekboog than on the Davis quadrant. Also, the difference between
the scales on the 25-degree arc and chord may have played a role. Being similarly
shaped instruments, the hoekboog and Davis quadrant were favoured by most ob-
servers as regards easy of handling, something that seems to be reflected in the low
average of the observation time intervals.
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Assuming a two and a half minute observation time interval for the average instru -
ment and requiring some 500 observations or more to become more or less experi-
enced, it takes at least 21 hours of continuous observation to become more or less
fully skilled. Most of the tests I conducted (or had conducted) took between 45 and
60 minutes around the meridian passage (i.e. the meridian passage was approximately
halfway through that period). This means that a field test carried out in this way
should cover at least three to four weeks, which means that neither my assistants nor
myself were fully skilled by the end of the trials. Even if they had been, not all ob-
servers would have performed equally well, as will be shown below.

However, this does not mean that experiments with fewer than 500 observations
are invalid. As long as one realises that a historic observer with years of experience
would probably have done better, one can still use the outcome of the field tests,
since they tell us the minimum accuracy that can be achieved with a certain instru -
ment. In addition, they can reveal the differences between observers in a similar way
to the human perception experiment.1786

To get an idea of the minimum accuracy achievable with the instruments discussed
in this thesis, I analysed the data provided by the modern-day authors mentioned
above (see table 44) and in my own trials (see tables 45 and 46). In some cases standard
deviations could not be calculated or estimated, for which reason certain authors
were omitted. As we may expect that most, if not all, observers were still learning, the
results should be taken as the minimum achievable, so the table ends with the overall
minimum standard deviation found by modern-day authors.

These minimum standard deviations indicate that the mariner’s cross-staff and Davis
quadrant performed best in these field tests. The kamal seems to perform almost as
well, but it should be noted that the 7.5-arc-minute standard deviation from Constable
was calculated from a very limited number of observations, which may have been
best results. The mariner’s quadrant seems to have lived up to the expectations John
Davis had of the instrument, although only Malhão Pereira has produced data to
date (albeit from no less than 189 observations) so no comparison with others can be
made. The mariner’s astrolabe still seems to be a fine instrument, excellent as Davis
wrote, but its performance clearly depends on the observer. One of Malhão Pereira’s
assistants managed to produce a standard deviation of 9.6 arc-minutes with the in -
strument, but that session of 61 observations was a part of the 306 observations shown
in the table.1787
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 1786 See section 5.3.3 – Hood vs Harriot.
 1787 There is a slight discrepancy in the total number of observations given by Malhão Pereira in his

tables. The figures shown here are based on the tables on pages 184-186 of his article, not on
those supplied on page 175. See Malhão Pereira, ‘Experiências com Instrumentos...’, pp.175,184-
186.



REPLICAS AND RECONSTRUCTIONS 599

���������� !"��"#�$�%�σ&���'��������	
���������
��������
��������������
������������������������������������������

����� �	�� ����� ������� ������	� ����������  �������

! ��� ���� ��� ���� ��� ��"� 	��#"� ���

Chapman � ����

Chapman � ����

Chapman � ����

Constable >� 	��

Forty 
� 
��

Forty �	 ����

Forty ��� ����

Forty ��� ���

Knox-Johnston >�	 �
��
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Table 44

My own experiments demonstrated similar accuracies. Tables 45 and 46 show the
standard deviations for the period 2005 to 2014, split it into the periods 2005-2013

and 2014 alone. The latter table starts with the minimum values found for the period
2005-2013 to show the overall minimum values for the whole 2005-2014 period. Up
to 2012 all field tests were land-based, while 2013 was both on land and at sea. The
data from 2014 was all collected over six days on HNLMS Snellius.

The first column shows the year, the second the observation session in that year. The
name column gives the first initial and the first two characters of the family name
of the observer. Observers in the first table are Jaap Ypma (JYP), Jan Jonker (JJO),
Nico Duijn (NDU), Marcel Pronk (MPR), Roel Nicolai (RNI), Ad Pieters (API), and
myself (NHI). Only one session was carrie out by a mix of observers (Nico Duijn,
Jaap Ypma, and myself) and is indicated by ‘MXD’ in the name column. The next
column shows the total number of observations used to calculate the standard devi-
ations for that meridian passage. Each row in the table represents a single ob server-
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���!����	
��)��	
	)��� ��� ���� �� ��� ���� ��� ���� �� ���� ��� ��� ���

Table 45
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meridian passage combination. All mariner’s cross-staff data was collected using
the instrument in its final form, with two aperture discs and a horizon vane.

Although no systematic comparison between observers can be done for the
period 2005-2013, it seems from the Davis quadrant observations that a mix of
observers most likely resulted in an increase in standard deviation. Despite the
limited data, and thus the observers being inexperienced, the best standard devi -
ations are within 10 arc-minutes for most instruments. Only the mariner’s astrolabe
at sea (29 arc-minutes), the demi-cross at sea (12.6 arc-minutes) and the Davis quad -
rant at sea (16.6 arc-minutes) exceed that figure.

In 2014, commander Björn van Vliet (BVL), lieutenant Johan van der Veen (JVE),
students Michiel Smal (MSM), Bram van Sikkeleras (BSI), Kylian de Looze (KLO),
Auke Melsen (AME), and Sjoerd Laagland (also indicated with AME as they worked
together with Master Hood’s cross-staff), and mathematics teacher Nico Booij
(NBO) were added to the list of assistants, as seen in table 46. All these observations
were taken under similar circumstances over 7 days (one day had full cloud cover
around noon, so no observations were taken). We may assume that the instruments
remained the same over this period and that any differences in accuracy must have
been caused by differences between observers. As mentioned above, the mariner’s
astrolabe was used by lieutenant Van der Veen alone, while Master Hood’s cross-
staff was operated by Melsen and Laagland. The five other instruments circulated
between the other five observers.

The differences between observers are noteworthy. If we look at the mariner’s
cross-staff standard deviations were either well below 5 arc-minutes or well over 10
arc-minutes with a maximum difference between observers of 14.8 arc-minutes. Bram
Sikkeleras used the mariner’s cross-staff twice, the first time on day three. It was
heavily overcast and all observers managed only a limited number of obser vations.
Sikkeleras managed 6 observations with a standard deviation of 17.2 arc-minutes
that day. On the last day, he used the instrument again, but now performed much
better with 3.4 arc-minutes from 17 observations. Perhaps this was due to the weather,
but more likely to him being more experienced. The other instruments show similar
differences between observers, although they are not as pronounced as with the
mariner’s cross-staff.

Observations with the Davis quadrant seemed to confirm the human perception
experiment. Figure 322 shows histogram data for 10-arc-minute intervals for four
of the six days with the Davis quadrant. The average error on 21 August (session 2,
MSM) was -8.6 arc-minutes, while it was +5.2 arc-minutes on 23 August (session 4,
NBO), -3.7 arc-minutes on 24 August (session 5, KLO), and -16.2 arc-minutes on 26

August (session 6, BVL). Insufficient data was collected on 20 and 22 August, the first
and third sessions in table 46, for a statistical comparison.
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The standard deviations for the second and fourth sets (5.4 and 5.1 arc-minutes
respectively) are however so small that, statistically, the datasets are unrelated to
each other or to the first and third datasets. The instrument had, however, not changed
and I made sure several times each day that all instruments were properly set up
(e.g. the Davis quadrant, I regularly checked the position of the shadow vane). The
only reason for differences must therefore lie in the differences between observers.
Looking at the standard deviations, Nico Booij and Commander Van Vliet were
the most consistent, while looking at the average errors, Kylian de Looze came closest
to the true values. With a maximum difference in average errors between Booij and
Commander Van Vliet of 21.4 arc-minutes, Maitland’s remarks from 1750 that he
“...generally found the Latitudes computed from the Sun’s greatest and least observed
Zenith-Distance, to differ 10, 12 and sometimes 15 Minutes...” and that “...most People
by it expects to arrive at a Degree of Accuracy, altogether inconsistent with the Nature
and Construction of this Instrument” seem justified.1788

This brings us to the difference between accuracy and precision. Just as there is
difference between scale resolution and accuracy (see section 6.2 – Resolution versus
accuracy), there is a difference between accuracy and precision when it comes to
ob serving. Imagine we try to fix our position in 2D with a GPS receiver, we can use
a precise and/or accurate receiver (figure 323 shows the differences between them).
What we would prefer to have is an accurate (right on the spot) and precise (very
consistent) receiver so that we are can be certain of the positions we get from it.
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Figure 322



Looking back to figure 322, Booij and Van Vliet were quite precise, but less accurate
than De Looze, while De Looze and Smal were equally low in terms of precision.

I previously wrote that average errors have little value for assessing the accuracy of
early modern instruments for celestial navigation, as they are only indicative for
the instrument-observer combination. It now appears that when multiple observers
use the same instrument shortly after each other and under similar conditions, the
average errors can tell us whether or not all observers have the same perception of
the coincidence that is required, especially for Hood’s shadow-casting type of in -
struments. It is important that these observations are taken within a timespan short
enough that the instrument bias will not change, so within days of each other for
wooden instruments.1789 In addition, we should only consider observation sets that
have the greatest precision.

If all observers have the same perception of the shadow-casting, the average errors
(accuracy) should be similar for all. Depending on the instrument’s bias, accuracy
would then be equally high (or low) for all observers. Of course, there will still be
differences between observers due to misreading of the scales, reading and writing
errors, and other factors relating to (in)experience, but I have tried to filter these out
by using only data with the greatest precision. In case of the HNLMS Snellius trials, I
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 1789 When using metal instruments like a mariner’s astrolabe this timespan can be longer, as long
as the instrument does not suffer a major impact in between observation sessions.

Accuracy vs. precision 
(graphs by the author).

Observations Actual position

High Accuracy, High Precision Low Accuracy, High Precision

High Accuracy, Low Precision Low Accuracy, Low Precision

Figure 323



selected only three sessions (out of six available) with the highest precision for each
instrument (i.e. the lowest standard deviation, thus with the observers showing the
greatest consistency in their observations). If we look at the differences between
the average altitude errors by taking the range between the lowest and highest av -
erage error of these three sessions, we get an idea of the quality of the shadow-casting
method for each instrument.

Table 47 tabulates these ranges against the instruments with which they were pro -
duced, ordered from left to right in increasing average error range. Each instru -
ment has two columns, one with the average error (‘avg’) and one with the standard
deviation (‘stdev’), as shown in table 46. The bottom row shows the average error
range, calculated as the difference between the highest and lowest average error. That
two thirds of the precise datasets were produced in the last two days is another indi-
cation that the observers became more experienced over time.
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The average error range found for the Davis quadrant is notable, especially when we
realise that the standard deviations for the two sessions used to calculate the range
were only 5.4 and 5.1 arc-minutes (sessions 4 and 6 in tables 46 and 47). The average
error range for this instrument is more than double that of the second most poorly
performing instrument and almost a magnitude larger than the best performing
instrument. Looking at the type of shadow-casting, only the Davis quadrant uses
Hood’s method, as explained in section 5.3.3 – Hood vs Harriot, which would explain
the observed differences.1790

At the other end of the spectrum stands the mariner’s cross-staff in its final con-
figuration with two aperture discs and horizon vane, an instrument that is highly
accurate and very precise. All three averages have low standard deviations and lie
close to one other. The average error range of only 2.4 arc-minutes (2.4 nautical miles
or just under 4.5 kilometres) would provide sufficient accuracy to find one’s desti-
nation (provided its latitude was properly known). That the mariner’s cross-staff
is performs so well is due to its symmetrical configuration in combination with
Harriot’s shadow-casting method.1791

Going back to table 46, we can conclude that, apart from Master Hood’s cross-staff
and the mariner’s astrolabe, all instruments should be capable of observations at sea
with a 5 arc-minutes standard deviation or better, although a Hood type of in stru -
ment like the Davis quadrant will, depending on the observer, produce heavily
biased observations. At 10 arc-minutes, the mariner’s astrolabe was still a reasonably
precise instrument. Master Hood’s cross-staff was not successful, although with
effort and two observers, it can be made to produce results to within 10 arc-minutes.

Summarising, it seems that contemporary criticism of the Davis quadrant was
justified and it is not surprising that the Dutch, who used the mariner’s cross-staff
more widely than the English, no longer supplied Davis quadrants to the VOC vessels
after 1731. Instead, they continued to use the mariner’s cross-staff in the above-men-
tioned configuration for at least another two decades before octants were supplied.
The understanding of the Davis quadrant’s true accuracy and precision must also
have contributed the lower production numbers of Davis quadrants in England
soon after the introduction of the octant, as the latter was a better instrument, per-
haps even better than the mariner’s cross-staff in the above configuration.

Looking at standard deviations alone to assess the accuracy, or rather precision, of
early modern instruments for celestial navigation is thus only justified if it is com -
bined with an understanding of the shadow-casting method involved. If a Harriot
type of shadow casting is used, the standard deviations indeed provide a reasonable
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1790 Technically, the spiegelboog also uses a single sided approach, but as it uses a mirror it is not
affected by penumbra.

 1791 For the symmetry, see section 5.4.2.3 – The backward method.



insight into the accuracies possible with the instrument. If Hood’s method is used,
the penumbra (and from that the observer) starts playing far too great a role to be
able to rely on the standard deviations alone. In that case, the standard deviations
should be combined with the errors ranges found in the human perception exper-
iment or field tests should be carried out by several observers using the same in-
strument under similar conditions over a short period of time. Differences between
the average errors, indicated above as error ranges, of these observers will then reveal
the instrument’s real capabilities.

7.4 Handling characteristics

In chapter 5 – The instrument as a concept and in the previous section, we have seen
that the Davis quadrant was one of the most poorly performing instruments, while
from section 2.7.3 – The most commonly used instruments it seems to have been the
most widely used. One of the reasons for this was discussed in section 5.8 – Instru -
mental rhetoric, where it was shown that the diagonal scales with their seemingly
high accuracy played an important role in its success. But was this the only reason
why the Davis quadrant gained popularity, or could the way the instrument was
designed also have played a role? For this we need to have a look how it is to handle
the instruments to see if there are basic design features that could affect popularity.

Right from the beginning, my assistants told me that the Davis quadrant was the
most convenient instrument to use. This is due to the way it is held, its ergonomics,
in today’s terms. With the mariner’s cross-staff, the demi-cross and the spiegelboog,
the observer has to stretch one arm forward to raise the instrument and to move the
horizon vane, the half-transom holding the shadow vane, or the mirror vane to the
right location. The other arm holding the instrument is kept closer to the ob server’s
body, although for the mariner’s cross-staff and spiegelboog it has to be raised above
one’s head (see figure 316). Only with the demi-cross is the other arm almost folded
against the chest to hold the instrument at eye-level. So the arm closest to the body is
barely used to control these instruments. With the hoekboog or the Davis quadrant,
one arm is still stretched, albeit not as far as with the instruments above, and is
only used to raise or lower the instrument. The other arm is folded against the chest
to control the sight vane and so controls the sliding part of the instrument. Holding
one’s arm in a position other than folded against the chest (apart from having it
hanging relaxed by the side) can be tiring in the long term. So the closer one can
hold both arms to the chest, the easier it will be to hold an instrument for any length
of time. In addition, separating the two functions, raising or lowering the instrument
and setting the sliding part of it, adds to the ease with which the instrument can be
controlled.
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Apart from a better ergonomic design, the way the sight vane is controlled in a Davis
quadrant was also preferred to the way in which the sliding parts of a mariner’s
cross-staff or demi-cross are controlled. Being near vertical where it crosses one’s
eye, the arc of the Davis quadrant or the chord of the hoekboog can be easily held in
the hand. The sight vane is then controlled by pushing it up or down with the thumb.
This way of controlling allows for easier and smaller adjustments than when holding
the sliding part in the hand without feeling the part on which it slides as a reference.
Here too the hoekboog and Davis quadrant have an advantage over the other instru -
ments.

The main advantage of the mariner’s cross-staff over the Davis quadrant when
it comes to handling characteristics, something confirmed by some of the observers,
is that one is not required to aim the horizon vane accurately at the horizon. This
means that less effort is needed in the outstretched arm to control the instrument
and one can concentrate on the correct coincidence between the shadow, or rather
the spot of light, and the horizon.1792

If we look at the instruments not mentioned so far, we can see that, being modified
Davis quadrants, the demi-quadrant and Dechales’ improved Davis quadrant would
have had a similar feel to the original Davis quadrant. The mariner’s bow is also held
in a similar way to the Davis quadrant and the same is true for the triangular quad -
rant. These two instruments are, however, so large that operating them is cumbersome
due to their size and susceptibility to wind. Harriot’s first and second designs, Davis’
45-degree backstaff, the removing quadrant, almacanter’s staff and plow would
have been similar to the demi-cross, while Harriot’s third design and Davis 90-degree
backstaff would have had similar handling characteristics to the Davis quadrant.

Master Hood’s cross-staff performs worst in ergonomic terms. When used by a
single observer, observations are almost impossible as there are more things to
control than one pair of hands can handle. Operation by two observers is more
practicable, but it is still regarded as cumbersome to use.

So ergonomics may have played an important role in the widespread use of the
Davis quadrant. From an ergonomic point of view the only reason to choose for the
mariner’s cross-staff was for its convenience, as it was not necessary to accurately aim
the horizon vane at the horizon.

One may wonder how much of the above was known by contemporary observers.
So far I have only come across references mentioning this aspect in the eighteenth
century. In 1748 George Adams wrote about the mariner’s bow that
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For the Arch consists of 100 Degrees, and is two feet, or twenty Inches at least Radius, by which

Means it becomes too bulky, and consequently very troublesome to manage, in high and tem-

pestuous Seas...1793

Adams used this as one of the arguments in favour of his new version of the sea
quadrant. Benjamin Cole, who claimed that he rather than Adams was the inventor
of the new sea quadrant, told the reader in the second edition of the work adver-
tising his version of the instrument, that he had made several improvements since
the first edition:

First, To the Bar, or Index, carrying the sight Vane, is fixed a handle; whereby the observer can

hold it with much more advantage than without one.1794

This was the first of four improvements. The others concerned the way observations
were taken, such as implementing Godfrey’s curved horizon vane and taking care
that the perpendicular to it always bisected the lines from the shadow or mirror
vane and the line from the sight vane towards it.

So at least by the middle of the eighteenth century people were aware that ergo -
nomics played an important role in the use of instruments. How this came to be is
uncertain, but it may be assumed that a growing awareness started in the preceding
decade(s).

7.5 The ideal instrument

Knowing the positive and negative aspects of each instrument, what would the most
accurate instrument have looked like? Certainly, Harriot’s shadow-casting method
would have been a requirement, as would the form of the horizon vane. In order
to be able to read the instrument directly to arc-minutes, a diagonal scale would be
needed. We have also seen that symmetry plays an important role when it comes
to the influence of tilt on the stability of the shadow-casting. How all these properties
can be combined into a single instrument is the question. Dechales’ improved Davis
quadrant with its Harriot type of shadow-casting was a step in the right direction,
but the lack of symmetry and the wrong type of horizon vane were weaknesses.
Changing the horizon vane would have been simple and would have improved his
instrument further. The symmetry, however, would remain the same.

The mariner’s cross-staff, on the other hand, did have the required symmetry and
Harriot type of shadow-casting, but it lacks the scales that could be read to single arc-
minutes. The horizon vane was flat, but could have been made hollow to further
improve performance. If the staff were thicker, there might have been room for a
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diagonal scale, but this would have increased its weight and thus put more strain
on the outstretched arm.

Another instrument with high symmetry was the mariner’s bow, but as that in -
strument was used with the shadow vane at a fixed position the symmetry was soon
lost. In addition, it was not possible to incorporate Harriot’s shadow-casting method
into that instrument.

In order to get the ideal instrument, the symmetrical shape of the mariner’s cross-
staff should be combined with an arced scale with diagonals as in the mariner’s bow.
A Harriot type of shadow-casting and horizon vane would have perfected the ob -
servations taken with it.

Such an instrument would have been possible, but requires a complex design.
Figure 324 shows what such an instrument would have looked like. In basic design,
it still is a mariner’s cross-staff used in the Dutch fashion.

The ideal instrument would have a transom fixed at the eye-end of the staff with
brass aperture discs at each end. At the apertures, small hinges would be added, on
which two beams could swivel. The sliding horizon vane, perhaps with a curved face
to further improve observations, would have a double-hinged socket at its centre,
through which the beams could slide smoothly. An arc, made of brass to avoid de -
formation due to shrinkage, with a 1-arc-minute diagonal scale, would be attached
to the double brass socket to keep the centre of it in the right place. The lower end
of the brass arc would be kept in place by a sliding brass socket on the lower beam,
while the upper end of the brass arc would slide through a brass sliding socket that
at the same time served as a fiducial edge for scale readings. The horizon vane would
be equipped with a clamping screw to fix it once coincidence was achieved. In order
to extend the range of the instrument additional holes along the transom would
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give the instrument two (or more) further settings for the beams, like Van Breen’s
spiegelboog. The aperture discs would also be adjustable, so that they could be set at
these hinge locations on the transom.

The main advantage of this type of cross-staff over the mariner’s cross-staff would
be the absence of scales on the staff, as that function would completely be assumed
by the arc, a scale that also would be much easier to create (although a few calibration
verification points along the staff would be useful).

Of course, there would be a trade off. First of all the ergonomics would still not be
ideal and the instrument would suffer from the same issues as the mariner’s cross-
staff. Secondly, the amount of brass would have made the instrument expensive and
added to the weight to be supported by the outstretched arm. Lastly, the construction
would have been more complex than any other navigational instrument before the
introduction of the octant, and would again have added to the price. That this
would not necessarily have been a problem is evident, since in the 1730s two types
of artificial horizon were introduced to the Davis quadrant and, although these
instruments must have been more expensive than the standard version, examples
survive.

There is, however, one instrument that in its final form incorporates most of the
features of the ideal instrument described above. Both Benjamin Cole and George
Adams claimed to have invented it in 1748, although it was based on existing ideas.
That said, Adams is known to have committed plagiarism before.1795 This instrument,
called by both the new sea quadrant, had a symmetrical set-up with a curved horizon
vane, as proposed by Godfrey, that would automatically tilt into a position such
that the perpendicular to it would bisect the lines from the horizon vane towards the
lens and sight vanes.1796 The arc was divided to 20 arc-minutes and read using a vernier.
According to Cole, this was better than using diagonals, as the vernier allowed the
observer to check the

… accuracy of the degrees, and parts of degrees on the quadrantal arch, [which] may easily be

examined from end to end; for by sliding the arch by the vernier, it will be easy to see whether

the like number of degrees &c. on the arch correspond to the same divisions on the vernier, in

all positions of the Quadrant.1797

But the new sea quadrant was an invention that came a little too late. Although “...
that the price of this instrument will not be greater than that of Davis’s Quadrant...”,
it never found the widespread use achieved by the octant and sextant.1798
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7.6 Summary

This chapter on replicas and reconstructions began by addressing the question of
the use of creating replicas and reconstruction and at the same time explained the
differences between them, something that is not straightforward. Replicas and
recon structions allow us not only to use instruments in the field, and thus experience
how they are to handle and what kind of accuracies can be achieved, but also to gain
better insight into production times.

It continued with studies assessing the accuracy of early modern instruments for
celestial navigation. A list of early modern and modern studies was discussed. In order
to compare data from these studies, a practical method of ‘translating’ error ranges
into standard deviations was provided. The only two early modern studies on the
accuracy of early modern instruments for celestial navigation were by D. João de
Castro in 1538 and Joost van Breen in 1661. From the former it became clear that
ob servers are subject to learning curves and that these play an important role in
assessing the accuracies that can be achieved.

The section on modern studies began with an analysis of the methods used in
recent studies and explained how a field test should be performed and why standard
deviations tell us more about the accuracy of the instruments than average errors.
By examining temporal distributions of three modern-day observers, it was shown
that even the most experienced was still learning and that one should take at least
500 observations before an observer can be considered experienced and will produce
consistent data.. That process will take at least 21 hours and means that one should
observe meridian passages for at least three or four weeks before one can be con -
sidered fully skilled.

As a result, most of my own field experiments lose some value as neither my as -
sistants nor I had become fully experienced in using the instruments. The same
accounts for all other researchers who produced only limited number of observations
(i.e. substantially less than 500). Nevertheless, this data is valuable as long as we bear
in mind that the experienced observer would have done better than our statistics
show. Field tests should thus only be used to reveal how well the instruments may
have performed, not how badly.

Thus the best data from modern day studies should be considered as the minimum
achievable accuracy that an experienced early modern observer would have achieved.
As there will always be differences due to experience between modern-day observers,
the minimum standard deviation between them is a reasonable but still conservative
approximation of what could be achieved in early modern days.

A summary was given of my own field tests, the last one of which, on board HNLMS
Snellius in 2014, was of particular interest, as it showed what happens if a group of
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observers handle five instruments that circulate between them on a daily basis.
From this it became clear that the differences between observers can be significant,
especially when it comes to a Hood type of instrument like the Davis quadrant.

From these tests it also became clear that, when using a Hood type of shadow-
casting instrument, standard deviations do not tell the whole story as regards accuracy.
The penumbra of the single-sided shadow affects the observations sufficiently that
statistically analysed series of observations show no relation to each other. Only by
looking at the differences in average error between series of observations with the
lowest standard deviations can a true assessment of the accuracy of these type of
in struments be made. Standard deviations alone may thus only be used to assess
the accuracy of Harriot type of shadow-casting instruments.

It became clear that all instruments tested, other than Master Hood’s cross-staff
and the mariner’s astrolabe, should be capable of producing observations at sea with
a 5-arc-minute accuracy or better, although a Hood type of instrument like the Davis
quadrant may produce biased observations that differ between observers by a multiple
of that. The mariner’s astrolabe and Master Hood’s cross-staff should be capable of
producing readings to an accuracy of 10 arc-minutes, although the latter needs two
observers working together to achieve that.

The next section analysed the handling characteristics of the instruments to see if
their ergonomic properties could explain their popularity. The most widely used
in strument, the Davis quadrant, was the one that was also the easiest to hold and
control.

The last section of the chapter imagined the ideal instrument. It was shown that it is
possible to combine all the best elements of the early modern instruments into a single
instrument, but that this, as far as we know, was never done. Such an in stru ment
would probably have been too expensive due to the use of large pieces of brass and
the complexity of construction, while existing instruments served their purpose
well. It was only after the invention of the octant that Benjamin Cole attempted to
create an ideal instrument, but his ideas came too late.

M
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I wish every man to trust to his own experience: for, Instruments may deceive, even the most skilfull.1799

Samuel Purchas, 1625

8.1 Introduction

We have seen that during the global trade expansion by the Netherlands and England
in the seventeenth century, instruments for celestial navigation underwent significant
development in both countries. A relatively large number of instruments were intro -
duced in the seventeenth century and were in their underlying principles based on
ideas first formulated by Thomas Hood and Thomas Harriot.

Using historic literature, simulations, experiments and field tests, most of the
instruments were thoroughly researched, providing a better understanding of their
construction, use, diffusion, accuracy and limitations. We now have a better picture
of the accuracies than could be achieved by an early modern observer and know that
this accuracy very much depended on whether Hood’s or Harriot’s concepts were
applied.

We have seen that one of the worst disasters of early modern times, the loss of four
of Sir Cloudesley Shovel’s ships in 1707, was caused by a combination of inaccurate
charts and biased instruments. The instruments used were those most in use by
English mariners, but also the most inaccurate as a result of their design. How one
of the most poorly performing instruments could become the most widely used
and even replace similar, but more accurate, instruments is the central question of
this thesis.

 1799 T. Harriot, ‘Manuscript folios’, BL Add MS6788 (1595), f.485r.
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8.2 Research questions
The main research question of this thesis was:

How did wooden navigational instruments evolve in the period 1590-1731, what was
their common origin, how did they perform and why did the best not become the most
widely used?

The Shovel disaster was for a large part due to one of the most widely used instru -
ments of the time. It was due to two flaws in instrumental design that the instrument
performed poorly. At the same time two other design features made it the most
widely used instrument. In order to investigate this relationship between design and
widespread use the following questions were answered:

– Which instruments were created in the research period?
– Which instrument(s) became most widely used?
– Which factors dictate the accuracy of observations taken with them?
– Did their design features diffuse?
– How do replicas and reconstructions add to our understanding of the instruments?

These questions are answered in the following sections. The sections that provide
evidence are given in parentheses.

8.2.1 Which instruments were created in the research period?
By the end of the sixteenth century, the instruments commonly used for celestial
navigation were the mariner’s astrolabe, sea ring and mariner’s cross-staff (1). The
latter had probably evolved from the Arab kamal, not from the astronomical staff
such as those by Levi ben Gerson, and was first described in the second decade of
the sixteenth century (3.3.3). The mariner’s cross-staff would result in a number of
new staff-type instruments in the century after Hood introduced his shadow-
casting method on a cross-staff. In order of appearance, the following instruments
were introduced or significantly modified in the sixteenth, seventeenth and eighteenth
centuries (4):

Master Hood’s cross-staff (f.l. 1590);
Harriot’s backstaffs (f.l. c.1595);
John Davis’ backstaffs (f.l. 1595);
The mariner’s cross-staff as a backstaff;
The knipboogh and cromme boogh (f.l. 1600);
The Davis quadrant (f.l. 1604);
The removing quadrant (f.l. 1604);
The cross-bow quadrant (f.l. 1604);
The demi-cross (f.l. 1618);
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The hoekboog (f.l. 1623);
The spiegelboog (f.l. 1660);
The triangular quadrant (f.l. 1662);
The plow (f.l. 1669);
The almacanter’s staff (f.l. 1672);
The improved Davis quadrant (f.l. 1677);
The demi-quadrant (f.l. c.1750).

Around 1731 John Hadley and Thomas Godfrey simultaneously invented the double-
reflecting octant (4.4.2), which was significantly more accurate than any other in stru -
ment. It was thanks to this instrument that it finally became clear that the most widely
used instrument to date was not as accurate as it had seemed (4.3.2).

8.2.2 Which instrument(s) became most widely used?
Of the list with instruments mentioned above, three stood out from the literature
and surviving instruments (2.7.3):

The mariner’s astrolabe;
The mariner’s cross-staff;
The Davis quadrant;

The hoekboog was added to this list for two reasons. Firstly, the instrument was in
basic shape, and thus in handling characteristics, similar to the Davis quadrant.
Secondly, the hoekboog had a better basic principle. It is interesting to see whether
this had its effect on its use.

Prior to the days of the Davis quadrant, the mariner’s astrolabe was a better
instrument than the mariner’s cross-staff and perhaps more widely used. When we
look at surviving numbers, 110 mariner’s astrolabes versus 138 mariner’s cross-staffs,
it seems that the mariner’s cross-staff was the more common. The mariner’s cross-
staff was, however, in continual use for much longer, while mariner’s astrolabes,
containing precious brass or bronze, were significantly more expensive and more
likely to be recycled after they became redundant. These factors may have had a
significant effect on surviving numbers and thus on assumptions about relative use.

Looking at historic literature, both instruments were mentioned equally often,
which could be an indication of being equally common. Price-wise, there is little
difference between the mariner’s cross-staff, the hoekboog and Davis quadrant, so
little difference in use is expected based on that criterion. Before the invention of
the shadow-casting method, the mariner’s astrolabe and mariner’s cross-staff were
a perfect match, as the former was more useful for high altitude observations while
the latter was better in rough weather. By the end of the seventeenth century, the
mariner’s cross-staff, equipped with two apertures and a horizon vane, was the be -
ter of the two instruments as regards the quality of observations.
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It is when we realise that there are at least 265 and possibly more than 300 surviving
Davis quadrants that we appreciate its widespread use. It was introduced around 1604

and remained in production for at least 200 years, until well after the intro duction
of the octant in 1731. The mariner’s cross-staff was introduced almost a century
earlier and remained in use as long as the Davis quadrant, so for approximately
three centuries. One would therefore expect more mariner’s cross-staffs than Davis
quadrants to survive. The figures are geographically affected, however, with few
surviving mariner’s cross-staffs from the Iberian peninsula. Most survived in the
Netherlands, where they found a second use as measuring rods (2.7.2). Moreover,
the mariner’s cross-staff remained more commonly used in the Netherlands than the
Davis quadrant, even though the Davis quadrant had generally replaced the hoek boog
by the end of the seventeenth century. Likewise, provided that surviving numbers
are a correct measure, Davis quadrants were hardly used on the Iberian peninsula.

In the eighteenth century, production of the Davis quadrant gradually moved from
Europe to north America (2.7.3), probably since due to the invention of the octant it
came to be realised that the Davis quadrant was a mediocre instrument (4.3.2). The
high cost of brass in America, and thus of octants, may also have con tributed to the
continued manufacture of Davis quadrants on that side of the Atlantic (2.7.3).

8.2.3 Which factors dictate the accuracy of observations taken with them?
Thomas Hood was the first to apply the shadow-casting method to a staff type
instrument for celestial navigation (3.4). His method of shadow-casting was single-
sided (i.e. only one edge of the shadow vane was used in the observation). Thomas
Harriot realised that this could cause serious problems for the accuracy of obser -
vations and proposed using both edges of the shadow vane in the observation shortly
after Hood had published his method (5.3). Harriot also proposed turning the
observer around and with that introduced a type of instrument that would later
become known under the general term backstaff. Harriot’s method required that
the shadow-casting edges of the shadow vane remain parallel to the shadow receiving
vane, commonly known as the horizon vane. It took a third person, John Davis, to
construct the first practicable backstaffs, initially still using Hood’s method of shadow-
casting.

In subsequent years, two types of instrument were invented, those using Hood’s
method of shadow-casting, and those using the better method by Harriot. Some
instruments, like those by John Davis, even changed from Hood’s shadow-casting
method to Harriot’s, while others could be used in both ways (5.5).

The single and double-sided methods not only applied to the shadow-casting,
but also to the aperture in the horizon vane, which for that reason have been called
Hood’s and Harriot’s style of apertures, even though they were explicitly described
by those two men (5.3.3). Using a Harriot style of aperture (i.e. where the horizon
is visually centred in the middle of the aperture or in the middle of a spot of light)
offers a better observation method than using a Hood type aperture, where the lower
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or upper edge of the aperture had to ‘touch’ the horizon. Hood’s type of aper ture
causes the observer to raise the horizon vane in order to view the horizon below it,
thus introducing observational errors (5.4.2). Using the ‘Little experiment’, it
became clear that visualising the horizon to the left of the aperture also introduces
errors (5.4.2). Again, some instruments changed from a Hood type horizon vane
aperture to Harriot’s type or had both methods available.

The orientation of the horizon vane plays an important role in defining accuracy
as well (5.4.2). Depending on the angle of the horizon vane in reference to the direc -
tion the shadow comes from, the cast shadow can become unstable, making it hard
to make a proper observation. It can even become so unstable that instruments like
John Davis’ 45-degree backstaff or Wright’s cross-bow quadrants could only be used
for observations up to 45 degrees (hence the name of the former). The best orientation
of the horizon vane is in a direction exactly bisecting the lines towards the sight vane
and shadow vane, similar to the horizon vane of the mariner’s cross-staff. The later
form of the cross-bow quadrant could theoretically be used in this way, but was in
practice not symmetrically used, eliminating this advantage. A curved horizon vane
was proposed for the cross-bow quadrant by Godfrey, which in theory should have
made the instrument highly accurate, but again the advantage was eliminated by the
way the instrument was actually used. All these elements were later implemented in
Cole’s quadrant, but being invented after the introduction of the octant, it was an
invention that came too late (5.6.9, 7.5).

From a human perception experiment with 18 subjects, it became clear that Hood’s
method had serious flaws and that Harriot was correct in his comments (5.3.3). The
experiment was initially done using a digital camera to get an objective result, but
then repeated using humans to ensure that the difference between human perception
and the way digital images are created did not significantly affect the results. It was
shown that there was no significant difference between the two methods and it can
therefore be said that Harriot’s method was the better of the two.

The role of the observer in the observations comes from the fact that it is im -
possible for the human eye to correctly determine the centre, or the edges, of a shadow
vane’s penumbral shadow. Whereas the camera sees the penumbral shadow in a
consistent way, this is not the case for observers. When using a nearby single-sided
shadow of a Hood’s shadow-casting type instrument (e.g. Davis quadrant or mariner’s
bow) different observers will create observations of which the averages differ with
a 9-arc-minute standard deviation (1s, 68% confidence level). This means that in
a worst case scenario two observers may make observations with these instruments
that are half a degree different. One would expect that if the group were sufficiently
large, the average of all the observers would still be correct, but experiments have
shown that even this is not the case. On average, the measured zenith distance will
be 6 arc-minutes too small when using Hood’s type of shadow-casting, resulting
in a latitude too close to the sun’s foot point.
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The human perception experiment did not only show that differences could be as
large as those indicated above. A field test on board HNLMS Snellius in 2014 con-
firmed that three people can produce observations so different that they no longer
bear any statistical relation to each other (7.3.2). Despite low standard deviations
of approximately 5 arc-minutes, two of the observers had results with average dif-
ferences of in excess of 20 arc-minutes.

The observer also affects accuracy when it comes to aligning the horizon vane with
the horizon. If the horizon vane has a Hood type of aperture, the observer tends to
raise it slightly in order to check that it is close to the horizon (5.4.2). The error this
causes on an instrument the size of a hoekboog or Davis quadrant is approxi mately 6
arc-minutes and results in a calculated latitude too close to the sun’s foot point.

The effects of Hood’s shadow-casting method and raising the horizon vane with
a Hood type of aperture, compound each other and so a Davis quadrant would
produce latitudes 12 arc-minutes on average too close to the sun’s foot point. The
hoekboog uses Harriot’s shadow-casting, combined with Hood’s aperture, so will
produce latitudes approximately 6 arc-minutes too close to the sun’s foot point
(5.3.3). By comparison, the mariner’s cross-staff with two apertures and a shortened
beentje uses Harriot’s methods for the whole observation and will thus produce
observations which on average are free of Hood’s-method-related errors and are
only subject to random noise.

Temporal analysis of the observations from my own experiments, from data from
other modern-day researchers and from a 1538 journal, showed that observers learn
over time and that at least 500 observations are required before an observer is more
or less fully skilled (7.3.2). In practice, this means that at least three or four weeks
with at least 45 minutes of observing time each day is required to become an expe-
rienced observer. The data collected by most, if not all, recent researchers should
thus be treated as the minimum achievable in early modern times. It has also been
shown that differences between observers will remain. Not every observer will un-
derstand, or get used to, each instrument equally well and we should therefore look
at the data from the best modern day observers (i.e. the observers with the lowest
standard deviations) to assess the accuracy of early modern instruments. It is im-
portant is that the correct procedures are used and that the replicas and recon-
structions used in the process match as closely as possible the original instrument.

When using a Harriot type of shadow-casting instrument, the standard deviations
from observations are a good indication of what was achievable in early modern
practice, bearing in mind that we should only take those from the best observers.
When only a single observer and instrument is used, the average error has no rele -
vance as it is only an indication of the quality of the instrument, the procedure
followed, and reference data (7.3.2).

Assessing the accuracy of a Hood type of shadow-casting instrument should always
be done using several observers under similar circumstances and over a limited period
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of time using a single instrument. The standard deviations should then be combined
with the differences between the averages of the best observers in order to get an idea
of the quality of the instrument. If only a single observer tests a Hood type instru -
ment, the results should be combined with the outcome of the human perception
experiment (5.3.2, 7.3.2).

Once treated in this way, it became apparent that accuracies of better than 10 arc-
minutes could be achieved with all instruments used in the current research. For most
instruments even an accuracy of 5 arc-minutes was possible, while for the mariner’s
cross-staff with double apertures and a horizon vane this could even be halved (7.3.2).

The accuracy of the observations does not only depend on the observers. It has
been shown that age or imperfect manufacture adds biases to the instruments (5.6).
Even if we assume that the instruments were made without errors there are several
factors that play a role in determining their accuracies.

First of all, there are the scales. It has been shown that there is no direct relation
between their resolution and accuracy, something that is still not generally under -
stood (6.2). A scale with high resolution is not necessarily more accurate than one
with low resolution. Accuracy depends instead on the craftsmanship with which
the scales were laid down. Only if both were laid down with a equal accuracy would
a higher resolution scale allow one to read the instrument to a finer lever with more
ease. Even in early modern times, diagonal scales were regarded superfluous by some
authors (5.8).

Methods of engraving the scales on staff-type instruments were explored and at least
eight different construction methods distinguished (5.2.3). Theoretically, a mariner’s
cross-staff could be divided using the construction method to an accuracy of 4 arc-
minutes or better for the whole altitude range. Using the mathematical method,
slightly better accuracies could be achieved, especially for the lower altitude gradua-
tion marks. The way the graduations had to be laid down on the demi-quadrant
differed so much from other period instruments that it must have been challenging
to create that instrument.

The accuracy of scale-marking was also investigated (6). Using photo-analysis and
photogrammetry, the scales of nine historic and three modern Davis quadrants, a
hoekboog chord, two cross-bow quadrants, a geometrical cross-staff, five mariner’s
cross-staffs, and a demi-quadrant were analysed (6.5). It was also shown that when
analysing these old instruments it is better to look at the intervals (relative accuracy)
than at the whole scale in an absolute sense, as the latter would significantly be
affected by deformation of the instrument.

As an introduction to the staff-type instrument analysis an analysis was done of
Champlain’s mariner’s astrolabe (6.3). It had originally been analysed by Randall
Brooks in 1999 using a picture from 1879. His analysis showed a pattern that looked
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like a deformation in the instrument. Using the same picture and Brooks’ data, it has
been shown that the pattern was probably caused by the photographic process and
that the image taken was not fully orthogonal. Brooks had found that the absolute
accuracy was approximately 21 arc-minutes, while from his data the interval accuracy
could be calculated as 9 arc-minutes. After correction for obliquity, the absolute
accuracy became 7 arc-minutes, while the interval accuracy became 8 arc-minutes,
both close to calculations from his interval data. As it is hard to distinguish deforma-
tion caused by obliquity or from deformation of the instrument, the result is a good
indication that using an interval analysis is a safe method for scale analysis. Ultimately
we want to assess the accuracy with which the scales were originally engraved.

The least-squares method proposed by Allan Mills in 1996 to calculate the transom
length and eye-end error of mariner’s cross-staffs was tested on a geometrical cross-
staff similar to the one described by Apian (6.5.1). It was compared to the transom
length given by Apian and to a simplified method given by myself in 2006. From that
comparison it appeared that both Mills’ and my own method failed on this staff. My
own method failed because it assumed the interval between two graduation marks
to be correctly placed, while Mills’ method failed because the interval of the gradua -
tions were not consistent along the whole scale analysed. Only after using a consistent
interval along the whole scale did Mills’ method work and give values very close to
the method based on Apian’s description. Using Mill’s method correctly, the gradua -
tions of the Apian-type cross-staff showed a standard deviation of 21 arc-minutes.
This is high when compared to the scales of the mariner’s cross-staffs researched
(6.5.2), which were found to have been laid down with an average accuracy of less
than 5 arc-minutes (1s, 68%). Using only those ranges recommended when the
instruments were used in an optimal way, graduation errors would amount to less
than 2 arc-minutes (1s, 68%). A remarkable discovery was that two of the mariner’s
cross-staffs were made using the same master template.

From photogrammetry measurements, the two mariner’s cross-bows showed even
greater accuracies of approximately 1 arc-minute (1s, 68%), while the Davis quadrants
researched in this way showed standard deviations of only approximately half an arc-
minute for the 25-degree scales (6.5.3, 6.5.4). Being much smaller in diameter, it is no
surprise that the 65-degree arc showed accuracies of just under 3 arc-minutes.

Using photo-analysis, similar results were found for the 25-degrees arc of six
other Davis quadrants (6.5.4). Most noteworthy were results from two Will Garner
Davis quadrants since they were not only accurately made (0.3 arc-minute standard
deviations), but also showed a very high correlation that could only be achieved by
using a master template or some kind of dividing machine in the graduation process.

Although slightly less accurately divided, the hoekboog 30-degree chord showed
a standard deviation of only 1.5 arc-minutes (6.5.5). Even the staff of an ornamental
copy of a plow was graduated with an accuracy of 0.8 arc-minutes (6.5.6). The last
instrument to be researched was the demi-quadrant of the Museo Naval in Madrid,
which showed accuracies similar to those of the Davis quadrants (6.5.7).
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In general, it can be stated that, based on the scales alone, it would have been possible
to determine one’s latitude with an accuracy of approximately 2-3 arc-minutes with
most early modern wooden instruments.

8.2.4 Did design features diffuse?
Throughout the period under research, there were important developments in the
instruments investigated, making them generally more accurate over time. The in -
struments by John Davis were particular important (5.5). They began as Hood type
of shadow-casting instruments, but within a few years were modified to use Harriot’s
type of shadow-casting. It was with this improvement that they were discussed in
Dutch literature in the early seventeenth century. His 45-degree backstaff was further
modified by tilting the horizon vane, making it possible to measure altitudes up to
90 degrees.

The 90-degree backstaff was the first to be depicted in the Netherlands. Diffusion
to the Netherlands was the result of Davis’ presence in De Houtman’s fleet in 1598

as pilot. On his return to the Netherlands, Frederick de Houtman showed the
instrument to Adriaan Adriaansz. Metius, who published an account in 1614.

The 45-degree backstaff is only known from Dutch literature in its modified
form and would become known as the demi-cross. No Dutch name has been found
for the instrument. Without doubt it used Harriot’s shadow casting method. The
tilted horizon vane was probably introduced into the Netherlands and most likely
after 1614, nine years after Davis had died. A few years later, the hoekboog was
introduced by Blaeu and, again without doubt, used with Harriot’s shadow-casting
method.

It is thus probable that Davis’ presence in De Houtman’s fleet that caused Harriot’s
shadow-casting method to diffuse to the Netherlands. In subsequent years, the
demi-cross would also become known in France and in England, showing that
knowledge of this redesigned version of Davis’ original instrument continued to
spread (4.3.5).

Another design feature that spread, this time with the instrument itself, was the
diagonal scale on the Davis quadrant. The hoekboog had been in use in the Nether -
lands since the first quarter of the seventeenth century, a fact substantiated by parts
of the instrument found on two Dutch wrecks (4.3.6). Diagonal scales on the Davis
quadrant were probably introduced by the end of the 1650s, making the instrument
seemingly more accurate (4.3.2). Not long after, the Davis quadrant, which in basic
shape was similar to the hoekboog, replaced the latter in the Netherlands and was
even given the same name.

The introduction of double apertures on the mariner’s cross-staff began in France,
but soon diffused to the Netherlands and England, making the mariner’s cross-staff
the most accurate navigational instrument before the invention of the octant (4.2).
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8.2.5 How do replicas and reconstructions add to our understanding 
of the instruments?
During my research, I created twenty instruments (7.2, appendix G). It was not only
the observations taken with them that added to my understanding of early modern
instruments for celestial navigation. Perhaps more important was the insight they
gave into construction details and especially how these might have diffused from
England to the Netherlands and beyond (5.5). In addition, the creative process
showed how much time is involved in producing this type of instrument and how
this is distributed between the different parts. The graduation of scales proved to
be a particularly time consuming process, even when using a master template (7.2).

Replicas and reconstructions were particularly useful for making observations,
since taking original instruments to the field, as far as they exist, would have proved
impossible. Even if they did exist and were allowed to be taken outdoors, one should
consider how age might have affected their integrity and thus the observations
taken with them. Replicas and reconstructions contributed significantly to my
under standing therefore. What I have learned from field tests is that it is of utmost
importance that they should represent the real thing as close as possible in order
to be able to use modern observations to assess the likely accuracy of early modern
originals.

8.2.6 Answering the main research question.
With the five secondary questions answered, we can return to the main research
question:

How did wooden navigational instruments evolve in the period 1590-1731, what was
their common origin, how did they perform and why did the best not become the most
widely used?

The evolution of instruments for celestial navigation in the research period
responded to two basic ideas: the way the shadow is cast and how the instrument
is aimed at the horizon. Each was addressed in two different ways, put forward by
Thomas Hood in 1590 and Thomas Harriot around 1595. Hood’s solution was a
single-sided shadow-casting method. Harriot improved this to a double-sided
method. Aiming at the horizon could be done in a single-sided or double-sided
manner, which I have have referred to as Hood’s and Harriot’s horizon vane aper -
tures. The methods diffused and remained in practice in the western world, at times
significantly affecting the accuracy of instruments for celestial navigation, and were
incorporated into all those invented up to, and even after, the invention of the
octant. Some instruments began with one method, soon changed to the other. Others
incorporated both methods.
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The question of the common origin of the instruments for celestial navigation
depends on how far back one wants to go. There is no single instrument that can be
named as the common origin for the instruments that evolved in the research period.
Master Hood’s cross-staff was certainly an important common ancestor because it
was the first wooden staff-type instrument to use an attached vane to cast a shadow
for the observation. However, this instrument combined techniques found in the
mariner’s cross-staff, the land surveyor’s cross-staff, and in the mariner’s astrolabe.
The general shape of Master Hood’s cross-staff was taken from the geometrical
cross-staff, while the scales came from the mariner’s cross-staff or from the shadow
squares found on astronomical astrolabes. The shadow-casting vane was most likely
an addition inspired by the vanes of the mariner’s astrolabe. The mariner’s cross-
staff most likely had its origin in the Arab kamal, while the surveyor’s cross-staff may
have had its origins in various astronomical staffs, notably those described by Levi
ben Gerson in the fourteenth century, and perhaps even in ancient Chinese sundials.
The kamal may have had its origins in either India or China, perhaps even both,
and was inspired by the ancient method of using parts of the human body, in this
case the width of a finger or a hand, for angular measurements. What is certain is
that Master Hood’s cross-staff was the origin of wooden shadow-casting instru -
ments in the west and so credit should be given to Thomas Hood for this change
in observational technique.

Performance-wise it has been shown that with most of the staff-type instruments,
accuracies of well under 5 arc-minutes were possible, but that when using instru -
ments based on Hood’s type of shadow-casting, considerable variation between
observers may occur, to a greater degree than could be explained statistically. These
differences are a result of human perception of the cast shadow, combined with
Hood’s single-sided shadow-casting method. Once Harriot’s double-sided shadow-
casting method is used, observations become more consistent between observers.
Using the best seventeenth century instrument, the mariner’s cross-staff with
double apertures and a horizon vane, it is possible to obtain observations with an
accuracy of just over 2 arc-minutes.

Answering the last part of the research question depends on how ‘most widely used’
is understood. By the end of the seventeenth century, the most widely used instru -
ment for celestial navigation in absolute numbers must have been the Davis quadrant.
However, it found more widespread use in English-speaking parts of the world
than in the Netherlands. There, the mariner’s cross-staff, now equipped with two
aper ture discs and a horizon vane, was more commonly used than the Davis quad -
rant. By that time, the mariner’s cross-staff was at least an order of magnitude more
accurate than the Davis quadrant. That in general the Davis quadrant was more
widely used and even had replaced the more accurate hoekboog in the Netherlands,
was most likely caused by its seemingly more accurate scales. Instrumental rhetoric
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was sufficiently strong that it took until the invention of a better instrument, the
octant, before it was realised that the Davis quadrant did not live up the claims made
for it.

8.3 Other findings

Surprises are bound to occur when researching a topic for many years and with
such an intensity as I have since I began working on this thesis. The best were the
instruments that had not previously shown up in recent literature. The triangular
quadrant was one of those surprises (4.3.8). When I learned about this instrument
from primary sources, an article had just been written by German scholar Werner
Rudowski. Together, we did further research on the instrument, which led to publi-
cations.

An even bigger surprise was the discovery of the demi-quadrant by colleague Nico
Booij during a holiday in Madrid in 2015 (4.3.12). This instrument, which is most
likely of English manufacture, had not been described, apart from being catalogued,
in historic or modern literature. The fact that this was an unknown type of instru -
ment, and above all the quality and complexity of it, made it a remarkable find.

One of the notable outcomes of the research is the finding that there does seem
to be a relationship between first occurrence in literature and the oldest surviving
instrument (2.7.2). For some reason, there seems to be a steady gap between first
occurrence in literature and the oldest surviving instrument of approximately half
a century.

Thanks to the inventory I made of surviving Davis quadrants, they can now be
dated and geographically distinguished (4.3.2). I also learned that using a Davis
quad rant with a plumb bob, as proposed by Halley in 1687, only works if one uses
a modified horizon vane, at least one example of which does exist on an original
instrument.

Another insight given by this research is that both Davis’ instruments had direct
descendants. His 45-degree backstaff was modified twice, first to incorporate Harriot’s
shadow-casting method, then with a tilted horizon vane with Harriot’s type of
aperture (3.4.2.3). The first modification was Davis’ own improvement (based on
Harriot’s ideas), but the second modification must be attributed to the Dutch, among
whom it became known, according to foreign sources, as the demi-cross, although
Dutch name has surfaced so far (4.3.5). His 90-degree backstaff was modified twice
as well. First, like the 45-degree version, it was modified to a Harriot type of shadow-
casting instrument, again by Davis (3.4.2.3). Years later, possibly well after Davis
had died, it was modified by interchanging the sight and shadow vanes and adding
a transom, becoming known as the plow (4.3.9).
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8.4 Epilogue

The seventeenth century saw an ‘explosion’ of new designs of instruments for
celestial navigation. Most likely spurred by the global trade expansion of England
and the Netherlands, many new instruments were devised in an attempt to improve
previous ones. We have explored their mutual relation and common origin, how
well they performed, and unravelled why the best did not always became the ones
most widely used.

In his 1882 article on the history and causes of incorrect latitudes in historic jour-
nals, Edmund Slafter wrote that what the observer

… put down as the fraction of the degree, or minutes, was an absolute and sheer guess [… and

that the …] minutes or fractions of degrees … are never to be relied upon, and are never correct

except by accident…1800

With this thesis, I hope to have contributed to a new understanding of these now
rare instruments and a realisation of how ill-founded Slafter’s remark was.

Although many, and hopefully all, new developments in the sixteenth and seven-
teenth century have been discussed, there still remain gaps in our knowledge. The
discovery of the demi-quadrant as late as 2015, 14 years after I began my research and
thus at a moment when I thought I had seen them all, may be an indication that there
is more to discover.

A part of the instrumental history that requires more research is the connection
between the kamal and the mariner’s cross-staff, but it will most likely take more
effort than can be dealt with by a single person. The alternative origin of the mariner’s
cross-staff, the so called Behaim theory, has yet to be proven. Although I am convinced
that it was the kamal that was the direct ancestor of the mariner’s cross-staff and not
the astronomer’s cross-staff, trying to prove or falsify the Behaim theory could
provide further insight into the early history of this navigational instrument.

That there is yet more to discover can be deduced from the fact that no further
information has surfaced on two instruments mentioned by Mörzer Bruyns in 1994,
the knipboogh and cromme boogh. Apart from the sources he mentioned, I have not
encountered them in any other sources examined over the years, neither primary
or in secondary. Future research of logbooks and other sources may reveal evidence
of their use at sea or even their construction details. It may also lead to references
to other instruments of which no evidence for shipboard use yet exists.

Logbooks may also provide further evidence of the early stages of the develop -
ment of the octant. After all, Godfrey’s version of this instrument was taken to sea,
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where knowledge of it was exchanged with a captain of a vessel preparing for its
return to England.

It has been shown that the Frankfurt book fair may have played an important
role in the diffusion of navigational knowledge in early modern times, but further
research is required to investigate how many navigational works were traded there
and to whom they were sold.

On the practical side, there is still a significant body of work to do on surviving
instruments. Further research on the original Champlain mariner’s astrolabe is rec-
ommended and may reveal whether the instrument is physically deformed or not.
Scale research on other mariner’s astrolabes would give further insight into how well
they were divided. Likewise, similar research could be expanded to all other instru-
ments of which the scales have not yet been analysed to see if further correlation
can be found between them and to identify the makers of unsigned examples.

The inventory of Davis quadrants provided in this work is far from finished. I
already anticipate that a further 25 or 50 Davis quadrants may exist in collections
worldwide. It would be good to add to the list, as has happened to the lists of mariner’s
astrolabes and mariner’s cross-staffs since their first publications. In addition, more
effort could be put into identifying the scale types and vanes found on Davis quad -
rants. Existing inventories do not always contain accurate descriptions of the scales,
many, but not all, of which have been corrected in the current inventory. Hopefully,
the images and classifications provided in this thesis will help in future to correctly
determine those scales not yet listed in the inventory.

Besides the many navigational instruments, statistical methods of analysis were
introduced within the research period. How this affected the way we looked at obser -
vations and thus at the instruments and their shortcomings has yet to be explored.
The first evidence that it was realised that the Davis quadrant was not as accurate as
claimed, dates from the second quarter of the eighteenth century. To what extent the
statistical methods may have contributed to this is as yet unknown. It is only known
that when using the mariner’s astrolabe, observations should be taken in two faces
and averaged, while at times averaging was used for observations from multiple
ob servers. The only logbook dealing extensively with differences between observers
is that from 1538 by Dom João de Castro, but he only looked at differences (as would
be expected for that period).

The instruments for celestial navigation discussed in this thesis allowed navigators
to travel the world and generally in safety. Finding longitude was still an unsolved
problem and charts were not always as accurate as assumed. This, together with
design flaws in some of the instruments, caused considerable loss of lives, ships, and
cargo, the Shovel disaster being the worst example in early modern times. In order to
further reduce the risks of seafaring, the instruments, procedures, and mathematical
solutions for position-finding have now improved to a degree that any mariner can
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now determine the position of a vessel to within a few metres at all times. Thanks to
the internet we can now even follow any ship at any moment in time from the com -
fort of our armchair.1801 Internet and navigational research has also proved to be a
great combination. Navigating the internet gave easy access to period documents
and it was thanks to Peter Ifland’s kind assistance via e-mail that my adventure started,
for which I can only say: Thank you, Peter!

M
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During the global trade expansion of the Netherlands and England in the seventeenth
century, instruments for celestial navigation underwent significant development in
both countries. A relatively large number of instruments was developed in the seven-
teenth century. They were all based on ideas first formulated by Thomas Hood and
Thomas Harriot.

Using period literature, simulations, experiments and field tests, most of the in -
struments have been thoroughly researched, providing a better understanding of their
construction, use, diffusion, accuracy and limitations. We now have a better picture
of the accuracies that could be achieved by an early modern observer and now know
that this accuracy very much depended on whether Hood’s or Harriot’s concepts
were used.

One of the worst disasters of early modern times, the loss of four of Sir Cloudesley
Shovel’s ships in 1707, was caused by a combination of inaccurate charts and biased
instruments. The instruments were the ones mainly used by English mariners at
the time, but were also the most inaccurate, as a result of their design.

In order to understand how this could happen, I posed the following research ques-
tion:

How did wooden navigational instruments evolve in the period 1590-1731, what was their
common origin, how did they perform and why did the best not become the most widely
used?

For this the following additional questions are answered:

– Which instruments were created in the research period?
– Which instrument(s) became most widely used?
– Which factors dictate the accuracy of observations taken with them?
– Did their design features diffuse?
– How do replicas and reconstructions add to our understanding of the instruments?
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By the end of the sixteenth century, the instruments commonly used for celestial
navigation were the mariner’s astrolabe, sea ring, and mariner’s cross-staff. The last
of those probably evolved from the Arab kamal in the early sixteenth century, rather
than from the astronomical cross-staff as used by Levi ben Gerson in the fourteenth
century. The mariner’s cross-staff would result in a number of new staff-type instru -
ments in the century after Hood introduced the shadow-casting method on a cross-
staff in 1590. In order of appearance, the instruments introduced or significantly
modified in the sixteenth, seventeenth and eighteenth centuries were Master Hood’s
cross-staff (f.l. 1590), Harriot’s back-staffs (f.l. c.1595), John Davis’ back-staffs (f.l.
1595), the mariner’s cross-staff as a backstaff, the knipboogh and cromme boogh (f.l.
1600), the Davis quadrant (f.l. 1604), the removing quadrant (f.l. 1604), the cross-bow
quadrant (f.l. 1604), the demi-cross (f.l. 1618), the hoekboog (f.l. 1623), the spiegel boog
(f.l. 1660), the triangular quadrant (f.l. 1662), the plow (f.l. 1669), the almacanter’s
staff (f.l. 1672), the improved Davis quadrant (f.l. 1677), and the demi-quadrant (f.l.
c.1750).

In 1731, John Hadley and Thomas Godfrey simultaneously invented the double
reflecting octant, which was significantly more accurate than previous instruments.
It was thanks to this instrument that it finally became clear that the most commonly
used instrument to date was not as accurate as it seemed. Clearly in widespread use,
the mariner’s astrolabe, mariner’s cross-staff, and Davis quadrant now stand out nu-
merically when we look at text sources and surviving instruments. For comparison,
the hoekboog was added to this list for two reasons. Firstly, the instrument was in
basic shape, and thus in handling characteristics, similar to the Davis quadrant.
Secondly, the hoekboog was based on a better underlying principle, making it a more
accurate instrument, for which reason it was interesting to see whether this had an
effect on its use. The hoekboog was, however, replaced in the Netherlands during the
seventeenth century by the Davis quadrant. One of the reasons must have been the
finer scales found on the latter, giving it a seemingly greater accuracy.

Two main features on instruments affect their accuracy. To understand them,
the instruments have been characterised according to their design features intro -
duced by Thomas Hood in 1590 and Thomas Harriot in 1594. The former used only
one side of a cast shadow (Hood’s single-sided shadow-casting method), while the
latter used both sides (Harriot’s double-sided shadow-casting method), believing
this to be a better method. The observer no longer had to look into the sun while
taking observations, while the size of graduations also grew significantly, making
it easier to read the scales with greater precision. Hood’s instrument was improved
by Harriot, finally resulting in the first practicable backstaffs, so called as they were
used while standing with one’s back towards the sun, by captain John Davis around
1595. From experiments, it has been shown that Harriot was right and that Hood’s
shadow-casting method not only made observations less reliable, but also intro duced
a significant bias. The shape of the aperture of the horizon vane can be characterised
in the same way as the shadow-casting method. Apertures either approached the
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horizon from a single side, or allowed it to be centred around the horizon, thus a
double-sided approach. I introduced the terms Hood’s and Harriot’s type aperture
for these. Here too the single-sided method introduced a bias observation, which
would add to that from the shadow-casting method. A wide variety of other error
sources are discussed as well, including estimations of the biases resulting from them.

Ideas for backstaff-type instruments originated in England and diffused to the
Netherlands and beyond in the last decade of the sixteenth century. Initial diffusion
of the knowledge required to produce them took place through Davis, who joined
a Dutch fleet to the East Indies in 1598. It was through his contact with Dutch com -
mander Cornelis de Houtman that the knowledge came to the Netherlands, where
new backstaff instruments soon appeared. Later in the seventeenth century, knowl-
edge of the instruments that were designed on the continent diffused back to Eng-
land, now through printed works.

Creating replicas and reconstructions of those instruments allowed me to take
them into the field to put them to the test. From these tests, it became apparent that
Harriot’s shadow-casting method was indeed the better of the two. It also showed
that differences between observers can be significant, in terms both of accuracy
and precision. Even more important was the insight the building process gave into
the production process and instrumental limitations. This in turn suggested how
ideas might have diffused from England to the Netherlands.

Answering the additional questions resulted in other insights. From an inventory
of surviving Davis quadrants, it became clear that their production shifted from
England to America in the mid-eighteenth century. The accuracies of the scales of
period instruments have been researched in theory and verified by analysing the scales
of several surviving examples. The relationship between resolution and accuracy was
also explored, showing that lower resolution does not necessarily result in a less ac-
curate instrument. Likewise, the relationship between absolute and relative scale
errors was explored, showing that it is better to judge an instrument on the relative
errors than on absolute errors. Scale analysis showed that the instruments researched
were divided with an accuracy better than 10 arc-minutes and that for most of them
this was even well below 5 arc-minutes, sometimes even better than a single arc-
minute. Finally, it was shown how difficult it is to properly assess the accuracy of
period instruments using modern field tests, both due to the limitations of modern
replicas and reconstructions and due to the observers themselves.

Answering the main research question, the evolution of instruments for celestial
navigation in the research period was based on two basic ideas: the way the shadow
is cast and how the instrument is aimed at the horizon. Each had two different
solutions, introduced by Thomas Hood in 1590 and by Thomas Harriot around 1595.

No single instrument can be put forward as the common origin for the instruments
that evolved in the research period. Master Hood’s cross-staff was an important
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common ancestor, as the first wooden staff-type instrument to use an attached vane
to cast a shadow for the observation. Going further back in time, the instruments are
related to the (mariner’s) astrolabe and the kamal. The latter was ultimately based
on measurements taken with the width of the human finger at a time when no instru -
ments were used.

The shadow-casting instruments from the research period performed well. It
has been shown that with most of the staff-type instruments, accuracies well under
5 arc-minutes could be achieved, but that when using instruments based on Hood’s
type of shadow-casting, considerable differences between observers may occur, to
a greater degree than could be explained statistically. These differences are caused by
human perception of the cast shadow, combined with Hood’s single-sided shadow
casting method. Once Harriot’s double-sided shadow-casting method is used, obser -
vations become more consistent between observers. Using the best seventeenth-
century instrument, the mariner’s cross-staff with two apertures and a horizon vane,
it is possible to obtain observations with an accuracy of just over 2 arc-minutes.

Which instrument became most commonly used varied regionally. In English-
speaking parts of the world, the Davis quadrant was more commonly used, while in
the Netherlands it was the mariner’s cross-staff. It was the former instrument that
was used among Shovel’s fleet, of which several ships, in part because of the limitati-
ons of the instrument, tragically sank on the rocks of the Isles of Scilly.

M
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Appendix A – Introduction to the instruments

And having by me the Sextant I made to observe the Southern Stars at St. Helena, in the Year 1677... 1802

Edmond Halley, 1731

Today the word sextant is generally used for the double-reflecting instrument used
by mariners since the second half of the eighteenth century and still mandatory on
ships of 500 gross tonnage or more.1803 The invention of the mariner’s sextant was the
result of trials with a circular observing instrument in 1757 by Captain John Campbell,
who suggested that an arc of only 60 degrees would make the instrument less cumber -
some for the lunar-distance method of longitude finding.1804 After these first trials,
Campbell ordered such an instrument from instrument-maker John Bird and
undertook further sea trials in September 1758 and July to September 1759.1805

The quote above was published shortly after John Hadley’s paper on his octant,
the direct predecessor of the mariner’s sextant, and might thus confuse the reader
unaware that it came from a paper by astronomer Edmond Halley (1656-1742), pub-
lished in the Philosophical Transactions in 1731.1806 The instrument he referred to was
an astronomical sextant he made for his observations at St. Helena in 1677. By this
time, astronomical sextants had a long history and were made and used by as-

 1802 Halley, ‘A Proposal of a Method for Finding the Longitude...’ (1731), pp.185-195.
 1803 See Column 3 of Table A-II/1, Specification of minimum standard of competence for masters

and chief mates on ships of 500 gross tonnage or more, in: IMO, Adoption of the Final Act and
any Instru ments (2010), p.32, 
[http://www.imo.org/OurWork/HumanElement/TrainingCertification/Documents/34.pdf,
accessed 29 March 2015].

1804 Mörzer Bruyns, Sextants at Greenwich..., p.37.
 1805 ibid.
1806 Halley, ‘A Proposal of a Method for Finding the Longitude...’ (1731), pp.185-195.
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tronomers like Tycho Brahe in the sixteenth century, but also by Halley’s contem-
porary, Johannes Hevelius (1611-1687).1807 Mariner’s sextants were completely different
instruments, however, smaller and based on a different mathematical principle to
astronomical ones.

Astronomical sextants, which had radii between 60 centimetres and 2 metres
(the one Halley used on St. Helena had a radius of 1.7 metres), were used to observe
the angle between celestial bodies or a celestial body and the horizon by measuring
the angle between two direct lines of sight through sights (and later telescopes)
mounted onto the instrument.1808 Mariner’s sextants, which had radii between 15
and 40 centimetres (the first mariner’s sextant Campbell ordered was 16 inches or
40.6 centimetres), allowed one to observe that same angle by superimposing images
of the celestial body that of another body or of the horizon by means of double
reflection in two mirrors.1809 Both types of sextant shared the fact that they had a
frame with a 60-degree arc, but double reflection meant that the mariner’s sextant
could measure angles up to 120 degrees, whereas astronomical sextants could only
measure up to 60 degrees. Due to their sheer size, astronomical sextants would have
been cumbersome, if not useless, on board of a vessel while, due to their limited size
and double reflection, it would have been difficult, if not impossible, to achieve the
same accurate results on land with a mariner’s sextant as with the larger astro -
nomical instruments.1810

In a similar way, the names of the instruments discussed in this study may create
confusion. At times, although seldom, this is caused by period authors, referring
to two different instruments with the same name simply because they looked alike.
More often, however, it is the modern-day author who adds to the confusion by
using either the wrong nomenclature or a more generic term such as ‘backstaff ’.

In order to avoid confusion, throughout this thesis instruments have been given
their proper names wherever possible. This appendix is a short introduction to them.
When instruments were indicated by multiple names by period authors, a single
un ambiguous name has been used where possible or a clarification is given in
parenthesis.
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 1807 Christianson, On Tycho’s Island..., pp.69-72, 107.
1808 ibid.
1809 Mörzer Bruyns, Sextants at Greenwich..., pp.162-178.
 1810 Both instruments have a 60-degree arc, but the arc of a mariner’s sextant is divided into 120

parts, whereas those of astronomical sextants were divided into 60 degrees. This, in combi-
nation with the larger radii of astronomical sextants, meant that a single degree on the latter
instrument occupied more space on the arc and therefore were easier to lay out with a greater
accuracy. Also, estimating parts of a degree using transversals or a vernier is easier when a
single degree occupies more space along the limb.



Although the period 1590-1731 is the main period for this thesis, it is impossible to
discuss the period without also discussing earlier instruments. For this reason the
instruments are divided in this appendix into instruments from before 1590, those
from and after that year, and reflecting instruments up to the introduction of the
octant in 1731.

Instruments in use before 1590 are discussed for various reasons. First of all, they
were the principal instruments used for celestial navigation and without discussing
them it is impossible to evaluate the instruments introduced after 1590. Some of
these early instruments would remain in use well into the period under discussion,
one of them until after the period covered by this thesis. This instrument, the
mariner’s cross-staff, was in service well before 1590, evolved over time, became
increasingly accurate and would be the most accurate instrument before the intro -
duction of the octant. It would remain in use throughout the eighteenth century. It
had a non-Western origin, with roots in the Arab kamal (although that seems not to
have been its proper name) rather than in the observing instrument associated with
Levi ben Gerson.

The other two early instruments discussed in this thesis are the mariner’s quad -
rant and mariner’s astrolabe. As these are not always properly valued and are generally
considered to be poorly performing instruments, I considered it important to put
them into a better perspective, not only in relation to other early instruments, but
also to the instruments developed after 1590. While the mariner’s quadrant was
indeed a simple instrument achieving low accuracies, the mariner’s astrolabe is the
opposite and has in general been undervalued. During the seventeenth century,
observational techniques and results saw a decline that directly related to the re -
place ment of the mariner’s astrolabe by the wooden navigational instruments
discussed in this thesis.

Whereas the early period accounts for only four instruments for celestial navigation,
the period between 1590 and 1731 saw the introduction of a wider range. Not all in -
struments were put to use, some never even being made. The latter were theoretical
inventions that are of interest as they showed the thinking process that led to the
revolution in navigational instruments discussed in this thesis.

The 1660s saw the first application of mirrors to navigational instruments and,
although the first of them was based on conventional instrument designs, later
versions would show marked improvements in the transition from single to double-
reflection, and would finally lead to the octant, with which this thesis ends.

Within the thesis, the instruments are dealt with chronologically by order of appear-
ance. For each instrument, the evolution will be discussed, again chronologically. In
modern-day literature there is a tendency to identify instruments by their general
name (e.g. the general term backstaff is often used to indicate a specific instrument).
I have attempted to give the instruments their proper or most widely used names.
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In some cases, instruments had several names, either at the same time or depending
on the period. There are, however, several instruments that were never named. In
these cases, a short historic description or the name given by the first modern au-
thor to describe it has been chosen. 

Instruments before 1590

Four instruments were in use before 1590, The oldest is an Arab instrument that can
be considered as the origin of all later instruments.

Kamal (f.l. fifteenth century or earlier)1811

The name kamal is not original, but was introduced as its Arabic name in 1836 by
James Princep, FRS and secretary of the Asiatic Society of Bengal. The instrument
was probably Chinese and/or Indian in origin and introduced by them to the Arabs.
It has been made in several ways, but in general consisted of a board or several
boards with a string attached to the centre, although the Chinese version may have
been used without it. In it simplest form, the kamal was a single board with a string
knotted for the altitude of the destination, although versions existed with up to
twelve boards, as well as single-boarded versions with strings knotted for degrees.
The kamal was used in a forward fashion and depended for its observations on the
angular distance between the horizon and the celestial body, which was measured
by comparing it to the length of (one of) the board(s) at a certain distance from
the observer’s eye, determined by the length of the string or the arm that held it. It
was able to measure altitudes up to 90 degrees.
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The Kamal (Princep, 1836).

Figure 1

  1811  Needham, Science and Civilisation in China, Vol.4..., Part III..., pp.573-576. Tibbetts, Arab
Navigation..., passim. It is uncertain when the kamal or its Chinese forerunner was invented,
but it may go back as far as 1064 and most likely saw widespread use at the start of the fifteenth
century, see Needham p.575.
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 1812 Needham, Science and Civilisation in China, Vol.4..., Part III..., p.557.
 1813  Stimson, The Mariner’s Astrolabe..., p.16.

The mariner’s quadrant
(Davis, 1595).

Mariner’s Quadrant (f.l. fifteenth century)1812

The mariner’s quadrant consists of a solid quarter-circle with sights along one of
the straight edges and a plumb bob suspended from the centre of its radius. Early
examples were divided for the altitudes related to specific places, while later versions
were divided into degrees. The mariner’s quadrant was used in a forward fashion
and depended for its observations on gravity and a direct line of sight to the celestial
body. It was able to measure altitudes up to 90 degrees.

Mariner’s Astrolabe (f.l. 1481)1813

The mariner’s astrolabe consists of a full circle with an alidade pivoting around its
centre. Two peep sights on the alidade define a line of sight that is used to observe
the celestial body and which runs parallel to the alidade’s pointers. Early examples
had only one quarter of the limb divided, while later examples commonly had the
two upper quarters divided. The mariner’s astrolabe was used in a forward fashion
(although it is possible to use it backwards) and depended for its observations on
gravity and a direct line of sight to the celestial body for star observations and a
pro jected spot of light for sun observations. It was able to measure altitudes up to
90 degrees.

Figure 3

The mariner’s quadrant 
(Davis, 1595).

Figure 2



Mariner’s cross-staff (f.l. 1514)1814

The mariner’s cross-staff consists of a square-sectioned graduated staff with up to
four sliding transoms. In general, the staff was divided into degrees for altitude, zenith
distance or both. Early examples had only one transom, while later examples had up
to four. The mariner’s cross-staff was initially used in a forward fashion, but over the
course of the seventeenth century it was modified to be used in a backward fashion.
It depended for its observations on the angular distance between the horizon and the
celestial body, which was measured by comparing it to the length of (one of) the tran-
som(s) at a certain distance from the observer’s eye, determined by the graduations
along the staff. It was able to measure altitudes up to 90 degrees.

Sea ring (f.l. 1566)1815

The sea ring was an attempt to enlarge the size of the degrees on an instrument of
the same diameter and similar in construction to the Mariner’s astrolabe. It consisted
of a brass or bronze circle suspended from a hinged ring. A small opening allowed
the sun to shine through and project a spot of light onto the inside of the instrument.
The instrument was used in a forward fashion, but without having to look towards
the sun. It depended for its observations on gravity and the projected sun. It was able
to measure altitudes up to 90 degrees.
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 1814 João de Lisboa, Livro de Marinharia... (1514), f.18r.
 1815  Nunes, Petri Nonii Salaciensis Opera... (1566), p.71. This work was revised and republished in

1573 as De arte atqve ratione navigandi libri duo (1573), in which the sea ring can be found on

The mariner’s cros-staff
(Seller 1689).

The Sea Ring 
(Nunes 1573).

Figure 4
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Radio Latino (f.l. 1583)1816

The Radio Latino was invented by Latino Orsini and was an instrument for land
surveying and gunnery. It consisted of a square graduated staff with a parallelogram
construction with sights on the hinges. It allowed the observer to measure angles,
height differences by proportions and gun bores. The instrument will not be discussed
as a navigational instrument, but was used as part of one of the early reflecting instru -
ments.1817
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pages 45-46. It has been claimed that the sea ring is discussed in an earlier 1546 edition of De
Arte Atqve Ratione Navigandi Libri Duo, but that concerns a ghost edition that never existed
(with thanks to Henrique Leitão, historian of science working at the Centro Interuniversitário
de História das Ciências e da Tecnologia on, among other projects, the publication of Nunes’
works in a modern edition, with translations and detailed annotations). For a complete and
final list of Nunes’ works see: http://pedronunes.fc.ul.pt/works.html [accessed 16/10/2014].

 1816 Orsini, Trattato del radio latino... (Roma, 1583).
 1817 See Halley’s reflecting instrument below.

The Radio Latino 
(Orsini 1583).

Figure 6



Instruments after 1590

Most of the instruments introduced after 1590 belong to a group under the general
term ‘backstaff ’ because they allowed one to measure the altitude of the sun with the
observer’s back towards it. A few were used in a forward fashion but influenced other
backstaff instruments, like the removing quadrant or Master Hood’s cross-staff.

Master Hood’s cross-staff (f.l. 1590)1818

This staff was the first to apply the principle of shadow-casting and was invented by
Thomas Hood. Master Hood’s cross-staff consists of two square-sectioned graduated
staves, joined to form a right angle. Its intended use was for both land surveying and
navigation. For the former, the instrument was divided proportionally and equipped
with two vanes. For the latter, one vane sufficed, while a second set of scales, divided
into degrees, was engraved on the instrument. The instrument was used in a forward
fashion and depended for its observations on the altitude of the sun, which was
measured by observing where a shadow of the vane fell onto the scales while it was
held vertically. It was able to measure altitudes up to 90 degrees.

NAVIGATION ON WOOD676

 1818 Hood, The Use of two Mathematicall instruments... (London, 1590).

Master Hood’s cross-staff
(Hood 1590).

Figure 7



Harriot’s ‘crosse-staffe for the sunne’ (f.l. 1594)1819

This instrument was the first of four instruments devised by Thomas Harriot and
inspired by the one invented by Thomas Hood. It consisted of a rectangular-sectioned
staff, a sliding shadow vane and a fixed horizon vane. The instrument was used in a
backward fashion and depended for its observations on the coincidence of the horizon
vane with a shadow cast from the shadow vane onto the horizon vane. The instru -
ment is held horizontally with the observer looking along its base to the horizon.
It is unknown to what maximum altitude could be observed, but probably not much
above 45 degrees. The instrument most likely never materialised, but was an important
step in the development of later instruments.

Harriot’s ‘a better way’ (f.l. 1594)1820

The second instrument Harriot imagined consisted of a quadrant with one side ex-
tended to allow easier aiming towards the horizon. It was equipped with a cylinder
that would cast a shadow onto a cursor that ran along the divided limb of the quad-
rant. The instrument would be used in a backward fashion and depended for its ob-
servations on shadow cast from the cylinder onto the cursor. The instrument would
be held horizontally, looking along its upper edge to the horizon. It was able to mea-
sure altitudes up to 90 degrees. The instrument most likely never materialised, but
was an important step in the development of later instruments.
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 1819 Harriot, ‘The Doctrine...’ (1594), p.31. Taylor, ‘The Doctrine...’, pp.131-147.
 1820 ibid.

Harriot’s ‘cross-staffe for the sunne’ 
(Harriot 1594).

Figure 8

Harriot’s ‘a better way’
(Harriot 1594).

Figure 9



Harriot’s ‘or else thus better’ (f.l. 1594)1821

The third instrument Harriot imagined consisted of a quadrant with one side
extended to allow easier aiming towards the horizon and a second extension parallel
to the first. It was equipped with a cylinder that would cast a shadow onto a cursor
that ran along the divided limb of the quadrant, while a second cursor had to be
set at the same value on a divided beam between the two extensions. The instrument
would be used in a backward fashion and depended for its observations on shadow
cast from the cylinder onto the cursor. The instrument would be held horizontally,
looking along both cursors to the horizon. It was able to measure altitudes up to 90

degrees. It most likely never materialised, but was an important step in the develop -
ment of later instruments.

Harriot’s ‘quadrant for the starres’ (f.l. 1594)1822

After his thoughts on the improved method of shadow-casting, Harriot drew up plans
for a quadrant for the stars, which consisted of a quadrant with two fixed sights and
two sights on an alidade that moved along the divided limb of the quadrant. The in -
strument was used in a forward fashion and depended for its observations on the
direct line of sight through the sights to the star and to the horizon. A small extendible
rod allowed the observer to rest the instrument on his eye bone. It was able to measure
altitudes up to 90 degrees. It is unknown whether the instrument was ever made.
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 1821  ibid.
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Harriot’s ‘or else thus better’
(Harriot 1594).

Figure 10

Harriot’s ‘quadrant for the starres’
(Harriot 1594).

Figure 11



John Davis’ 45-degree backstaff (f.l. 1595)1823

Harriot’s ideas were made real by John Davis, who devised the two first practicable
backstaff instruments. The first consisted of a square or rectangular-sectioned staff
with a curved shadow vane that ran along the divided staff, and a horizon vane.
The instrument was used in a backward fashion and depended for its observations
on the coincidence of the shadow cast by the shadow vane onto the horizon vane
with the projection thereof onto the horizon, by looking along the staff through
the horizon vane towards the horizon. It was able to measure altitudes up to 45

degrees. As far as is known, no original Davis’ 45-degree backstaff has survived.

John Davis’ 90-degree backstaff (f.l. 1595)1824

The second backstaff John Davis devised consisted of a square or rectangular-
sectioned staff with one curved and one straight transom holding the sight and
shadow vanes. The instrument had “...manifold uses...”, but in principle it was used
in a backward fashion and depended for its observations on the coincidence of the
shadow cast by the shadow vane onto the horizon vane with the projection thereof
onto the horizon, by looking along the sight vane and through the horizon vane
towards the horizon. It was able to measure altitudes up to 90 degrees. As far as is
known no original Davis’s 90-degree backstaff has survived.
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 1824 idem, ff.16v-16r of ‘The Second Booke of the Seamans Secrets’.

Davis 45-degree backstaff
(Davis 1595).

Figure 12

Davis 90-degree backstaff
(Davis 1595).

Figure 13



Knipboogh (hinged-staff) (f.l. 1600)1825

The instrument was first cited by Albert Haeyen in 1600. He only gave its name, but
no details or illustration. No later author discussed or depicted the instrument. No
surviving examples are known.

Cromme boog (curved-staff) (f.l. 1600)1826

Although first listed in 1600 by Albert Haeyen, an instrument with the same name
was patented in 1617 by Maerten Joosten Wagenaer. Whether or not these two in stru -
ments had the same form is unknown. Very little is known about this instrument, but
as it was curved and, according to Haeyen, worked with several vanes it may have
been a Davis quadrant or cross-bow quadrant.1827 No surviving examples are known.

Davis quadrant (f.l. 1604)1828

The combined ideas of Thomas Harriot and John Davis led to the invention of the
Davis quadrant. Although named after John Davis, it may not have been invented
by him. The instrument has at times been called hoekboog by the Dutch. It consisted
of a frame with a central main beam and two divided arcs with a common centre.
Two vanes could move along the arcs; the upper for casting a shadow, the lower
serving as a peep sight. The instrument was used in a backward fashion and depended
for its observations on the coincidence of the shadow cast by the shadow vane onto
the horizon vane at the mutual centre of the arcs. A line of sight through the peep
sight and the horizon vane towards the horizon was maintained by moving the
sight vane up or down. It was able to measure altitudes up to 90 degrees. A list of
known examples can be found in Appendix C – Davis quadrants around the world.
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 1825 Haeyen, Een Corte Onderrichtinge... (1600), p.24.
 1826 ibid.
 1827 Doorman, Octrooien... (1940), p.136.
 1828 Waymouth, ‘The Jewell of Artes’, f.26r. De Hilster, ‘The Early Development...’ pp.14-22.

The Davis quadrant
(Newhouse 1708).

Figure 14



Removing quadrant (f.l. 1604)1829

The removing quadrant is similar to Harriot’s ‘quadrant for the starres’. Instead of
having two fixed vanes at the base, it had two moveable sights along it, one of which
had a ruler attached, and two fixed sights on the alidade, which moved along the
divided limb of the quadrant. The instrument was used in a backward and forward
fashion and depended for its observations on line of sight through the sights to the
star and to the horizon or to the coincidence of the shadow cast by the shadow vane
onto the horizon vane. It was kept horizontal by looking to the horizon through
the two vanes at the base of the quadrant. It was able to measure altitudes up to 90

degrees.
As far is known no removing quadrants have survived. One reconstruction is

known, made by the Swede Jens Kusk-Jensen in 1929.1830

Cross-bow quadrant (mariner’s bow) (f.l. 1604)1831

In functionality very similar to the Davis quadrant the cross-bow quadrant combined
the two arcs in one larger arc. A central main beam held the horizon vane at the arc’s
centre. Two vanes could move along the arc; the upper for casting a shadow and the
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 1829 See note 1828.
 1830 The reconstruction is inventory number S 0550 in the collection of the Sjöhistoriska Museet

in Stockholm, Sweden
 1831  See note 1828.

The removing quadrant
(Seller 1669).

Figure 15

The Cross-bow quadrant
(Seller 1669).

Figure 16



lower serving as a peep sight. The instrument was used in the forward and back ward
fashion and depended for its shadow-casting observations on the coincidence of
the shadow cast by the shadow vane onto the horizon vane at the centre of the arc,
while a line of sight through the peep sight and the horizon vane towards the
horizon was maintained by moving the sight vane up or downwards. It could also
be used in a forward fashion without the horizon vane. In the forward fashion it could
be used with the shadow vane as well, requiring a second observer to read where the
shadow fell on the scale. It was able to measure altitudes up to 90 degrees.

Currently there are two surviving cross-bow quadrants known. The first and
probably oldest one can be found at Skokloster Castle, Skokloster, Sweden, and is a
plain cross-bow quadrant similar to the one described by Gunter. The other sur viving
example is in the Museo Naval in Madrid and may have been a Godfrey’s cross-bow
quadrant. A replica of the Skokloster instrument, made by Henry Hughes & Son, is
in the National Maritime Museum, Greenwich, together with a copy of it, made by S.
Parker in 1954.1832 A reconstruction of the cross-bow quadrant is known, made by the
Swede Jens Kusk-Jensen in 1929, and resides in the collection of the Sjöhis toris ka
Museet in Stockholm, Sweden. It is most likely based on an illustration by John Seller
as it shows the same ornamental features.1833

Demi-cross (f.l. 1618)1834

The demi-cross was a Dutch improvement on Davis’ 45-degree backstaff. The in -
stru ment consisted of a rectangular-sectioned staff with a half-transom that ran
along the divided staff. The transom supported the shadow vane, which cast a
shadow onto the horizon vane at the end of the staff. The instrument was used in
a backward fashion and depended for its observations on the coincidence of the
shadow cast by the shadow vane onto the horizon vane with the projection thereof
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 1832 The replica is inventory number PRP0207, the copy of the replica NAV0043.
 1833 These ornaments are made of copper in the reconstruction, although they were probably

carved from wood.
 1834 Blaeu, ’T Derde Deel van ’t Licht der Zee-Vaert... (1618), ff.6v-10r of chapter ‘Van’t gebruyck

deses boecks’. Van Netten, ‘Koopman in Kennis...’, pp. 71-72.

The demi-cross 
(Blaeu 1618).
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onto the horizon, looking along the staff through the horizon vane towards the
horizon. Sighting was facilitated by a sight vane at the eye-end of the staff. It was able
to measure altitudes up to 90 degrees.

As far as is known, no demi-cross survived. I made two reconstructions for my
research. One is in my personal collection, the other is part of a navigational set made
for the museum built at the location of the former Dutch Trading Post in Hirado,
Japan.1835

Hoekboog (double triangle) (f.l. 1623)1836

Although again similar to the Davis quadrant, this instrument of Dutch origin uses
a different mathematical principle. The instrument consisted of a frame with a
central main beam and two divided chords with a common centre. Two vanes could
move along the chords; the upper for casting a shadow and the lower serving as a
peep sight. The instrument was used in a backward fashion and depended for its
observations on the coincidence of the horizon with the shadow cast by the shadow
vane onto the horizon vane at the mutual centre of the arcs. A line of sight through
the peep sight and the horizon vane towards the horizon was maintained by
moving the sight vane up or down. It was able to measure altitudes up to 90 degrees.

Only two fragments of a hoekboog have been found to date, both on wrecks of
seventeenth-century Dutch vessels. The first fragment was found in Shetland and is
in the Shetland Museum & Archives, Lerwick, Shetland.1837 The other is in the Cultural
Heritage Agency of the Dutch Ministry of Education, Culture and Science, Lelystad,
the Netherlands.1838

I have made two reconstructions, based on the two fragments and the beam
widths deduced from them. Both are still in my collection.
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 1835 This set comprises a demi-cross, cross-staff, chip-log with sand-glass and a traverse board.
 1836 Blaeu, Zeespiegel... (1623), pp.31-32.
 1837 This artefact is registered under inventory number; 74-K-50.
 1838 Vos, ‘Waddenzee...’, p.48.

The hoekboog 
(Blaeu 1625).
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Hollen Cubus (Hollow Cube) (f.l. 1629)1839

The Hollen Cubus was an instrument for taking the sun’s altitude and measuring the
height of objects. It consisted of a cube of which the bottom and one vertical face
acted as a shadow square, while the opposite upper horizontal edge could serve as a
gnomon. The Hollen Cubus was suspended in gimbals with a heavy weight at the
bottom so that it would remain horizontal. For navigational purposes, it depended
for its observations on gravity and the shadow cast from the upper edge onto the
inside of the instrument. There are no known depictions of the instrument or de-
scriptions, other than the one in the 1629 patent. There is no evidence that it was
ever used at sea. No surviving examples are known.

Triangular quadrant (f.l. 1662)1840

The triangular quadrant consisted of a sector with a cross-beam placed between
the ends of its two legs. The cross-beam was held in place with mortise and tenon
joints. The instrument was a mathematical instrument, but, when equipped with
visors, could be used for surveying and navigation. The instrument could be used
in a forward and backward fashion. In the forward fashion it worked like a cross-
staff used in that manner. In the backward fashion, it worked like a Davis quadrant.

There are five known triangular quadrants, but it is doubtful that these were
intended for navigational observations, and it seems that, as far as we know, no navi -
gational triangular quadrant survived. Of the surviving examples two reside in the
Mick Taylor collection of early slide rules, three in the collection of the Museum of
the History of Science (MHS), Oxford, both in the UK.1841 One in the Taylor col lection
is dated 1679, two of the MHS specimens are dated respectively 1679 and 1684.1842
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 1839 Doorman, Octrooien... (1940), pp.176-177.
1840 Browne, The Triangular Quadrant... (1662).
 1841  Rudowski, ‘The Triangular Quadrant’, pp.31-39. Rudowski, ‘The Triangular Quadrant – an

Amendment’, pp.88-93. Taylor, The Mathematical Practitioners...’, p.232. For the on-line MHS
database see http://www.mhs.ox.ac.uk/collections/imu-search-page/results/?query= triangular+
quadrant+17th (last accessed 15 February 2015).

 1842 Rudowski, ‘The Triangular Quadrant - an Amendment’, p.88.

The triangular quadrant
(Browne, 1662).
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Plow (f.l. 1669)1843

The plow combined the functionality of the cross-staff with that of the Davis quad -
rant. In basic design it is similar to Harriot’s ‘a better way’: a staff with a quad rant at
its end. By adding a sliding transom with sliding vanes, the plow became a versatile
instrument. The instrument could be used in a forward and backward fashion. In the
forward fashion, it worked the same way as a mariner’s cross-staff in that manner,
while in the backward fashion it worked like a Davis quadrant.

As far as is known no plow has survived and only one reconstruction is known,
made by Jens Kusk-Jensen in 1929.1844 There is, however, a kind of survivor in the
Admiralty Boardroom in London. It is part of the ornamental carvings around the
fireplace and was described as a “backstaff-quadrant” by Alan Stimson in 2005.1845

Almacanter’s staff (f.l. 1672)1846

This instrument is known from the frontispiece of John Seller’s works, wherein it
is partially depicted, and from undated and almost identical trade cards for Thomas
Tuttell (w.1695-d.1702) and Fisher Combes (w.1730-1737). A good description was
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 1843 Seller, Practical Navigation... (1669), pp.215-217.
1844 The reconstruction is inventory number S 0550 in the collection of the Sjöhistoriska Museet

in Stockholm, Sweden
 1845 Stimson, ‘The Old Admiralty Boardroom carvings’, in: Akveld, Koersvast..., pp.115-129.
1846 Seller, Practical Navigation... (1672), frontispiece. For the trade cards, see: Calvert, Scientific Trade
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The plow 
(Moore 1681).

Figure 20

The almacanter’s staff
according to Seller (1672).
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given by Harris in 1730. It is an instrument designed for forward observations and,
in Harris’ words, “...is nothing else but the common Sea-quadrant [Davis quadrant],
omitting the Arch d e [the 65 degrees arc]...”.1847

As far as is known no almacanter’s staffs have survived, although the demi-
quadrant discussed in this thesis may have been a variation of this instrument.1848

Quarré geometrique (Geometrical square) (f.l. 1677)1849

The quarré geometrique is the wooden version of the sea ring, but could also be
used as a mariner’s quadrant. The instrument consisted of a square frame of square
or rectangular-sectioned beams, the base of which was held horizontally by gravity
using one or two-pound weight. A small pin at one of the upper corners was used
to cast a shadow onto the opposite vertical and lower horizontal graduated beams.
The instrument depended for its observations on gravity and the shadow of the pin
cast onto the inside of the instrument. Alternatively, it could be used as a mariner’s
quadrant with a beam suspended from the pin, looking trough two sights along the
upper or lower horizontal beam to the celestial object. It was able to measure alti-
tudes up to 90 degrees.
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 1847 Harris, A Treatise of Navigation... (1730), p.186.
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The Quarré Geometrique
(Dechales 1677).
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Milliet Dechales’ corrected Davis quadrant (f.l. 1677)1850

It was probably Milliet Dechales who was the first to realise the flaws in the design
of the Davis quadrant. He published his ‘Correction du quartier Anglois’ (correction
of the English quadrant), which was a combination of the Davis quadrant and the
hoek boog. The instrument consisted of a frame with a central main beam and a
divided chord and an arc with a common centre. Two vanes could move along the
chord and arc; that on the chord for casting a shadow, the other serving as a peep
sight. The instrument was used in a backward fashion and depended for its obser -
vations on the coincidence of the horizon with a shadow cast by the shadow vane
onto the horizon vane at the mutual centre of the chord and arc. The line of sight
through the peep sight and the horizon vane towards the horizon was maintained by
moving the sight vane up or down. It was able to measure altitudes up to 90 degrees.

As far as is known, no improved Davis quadrants have survived. it seems likely
that Milliet Dechales’ proposal never materialised.
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1850 Milliet Dechales, L’ Art de Naviger... (1677), p.71.

Dechales’ corrected Davis quadrant
(Dechales 1677).
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Backstaff quadrant (f.l. 1695)1851

This instrument does not have a period name and was named by the first modern
day author to describe it, Alan Stimson. It can be found as a sculpture in the Admiralty
Board Room in London. Most likely it was a plow, now missing its transom and vanes.
For further details, see the plow.

Demi-quadrant (f.l. after c.1720)1852₎

This instrument does not have a period name, but as it combines the shape of a
Davis quadrant with the half transom of the demi-cross, I have decided to name it
a demi-quadrant. The instrument consists of a Davis-quadrant-type frame with a
half-transom that ran along the main beam, which formed the datum line. The
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1851  Stimson, ‘The Old Admiralty Boardroom carvings’, pp. 115-129. The date is the year the carvings
in the Admiralty Boardroom were probably made.

1852  The demi-quadrant is only known from one example found in the Museo Naval in Madrid,
no records from period literature are known. Based on the intervals of the transversals on
the circular scale, this example was made after about 1720.

The backstaff quadrant
(picture by the author).

Figure 24

The demi-quadrant 
(picture by the author 2015).
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transom supported the shadow vane, which would cast a shadow onto the horizon
vane at the centre of the arc. A sight vane, similar to those on Davis quadrants, could
be moved along the arc, which was divided from 0 to 32 degrees zenith distance. Along
the datum line, a scale of inlaid boxwood ran from 0 to 58 degrees zenith distance.
The instrument was used in a backward fashion and depended for its observations
on the coincidence of the shadow cast by the shadow vane onto the horizon vane and
the projection thereof onto the horizon, by looking through a peep sight in the sight
vane through the horizon vane towards the horizon. It was able to measure altitudes
up to 90 degrees.

Only a single specimen of the demi-quadrant has survived in the collection of the
Museo Naval in Madrid.1853

Reflecting Instruments

During the second half of the seventeenth century, the first reflecting navigational
instruments were made. The first was based on the cross-staff. Later versions were
designed along the lines of the final reflecting instrument, the octant.

Spiegelboog (mirror-staff) (f.l. 1660)1854

The spiegelboog was based on the cross-staff. The staff was divided into degrees for
altitudes and zenith distance. Early examples were dedicated instruments, while later
examples consisted of a set of vanes that turned a conventional cross-staff into a
spiegel boog. The spiegelboog was mainly used in a backward fashion, but could also be
used in forward fashion. Unlike the cross-staff, the main transom, which was equipped
with two vanes, could not slide along the staff, but was set at the end of it. A horizon
vane with a removable mirror could slide along the staff. A screw in the transom
allowed fine adjustment for use with or without the mirror. The instrument depended
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 1853 The instrument has inventory number M.N. 1262: G.F.I-116.
 1854 Staten Generaal, ‘Octroy verleent aen Joost van Breen tot het drucken, maecken & van secker

Tractaet genaemt Stiermans’ Gemack, met de Instrumenten daertoe specterende, voordes tijt
van 15 Jaeren’, in: Staten-Generaal 1550-1796 (Den Haag, 1660), Nationaal Archief Inv.no.1.01.06

12311. Van Breen, Stiermans Gemack... (1662).

The spiegelboog 
(Van Breen 1662).
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for its observations on the angular distance between the horizon and the celestial
body, which was achieved by coincidence. The length of the transom, as defined by
the settings of the two vanes, served as reference, while the scales on the staff were
read at the sliding horizon vane. The spiegelboog was able to measure altitudes up
to 90 degrees.

No spiegelboog is known to have survived, but I made two reconstructions for
my research. One remains in my possession, the other was donated to the collection
of Het Scheepvaartmuseum in 2007 (inventory number 2008.0299).1855

Robert Hooke’s reflecting instrument (f.l. 1666)1856

The first reflecting instrument using a mirror attached to an index arm was invented
by Robert Hooke. It consisted of a telescope attached to a staff with a rotating index
arm that held the mirror next to its pivot. A graduated chord was attached to the
end of the index arm and was read where it met the staff near the eye-end of the
in strument. The instrument was used in a forward fashion and depended for its
observations on the angular distance between the horizon and the celestial body,
which was achieved by coincidence at the mirror, while holding the staff horizontal
by looking through the telescope towards the horizon. It was able to measure altitudes
up to at least 70 degrees, perhaps to 90 degrees.
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 1855 Wildeman, ‘Een bijzondere schenking’, in: Zeemagazijn, Jaargang 35, Nummer 2 (2008), p.19.
Maritiem Digitaal: Collectie zoeksysteem van de maritieme wereld, ‘Reconstructie van de
spiegelboog Joost van Breen uit 1660’, 
[http://maritiemdigitaal.nl/index.cfm?event=search.getdetail&id=101129906, 

         accessed 10/11/2016].
 1856 Birch, The History of the Royal Society... (1756), pp.111-113,447. Waller, The Posthumous Works...

(1705), p.503, Table XI: fig 2.

Hooke’s reflecting instrument
(Waller 1705).
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Halley’s reflecting instrument (f.l. 1692)1857

The second reflecting instrument using a rotating mirror was invented by Edmond
Halley. It consisted of a telescope attached to a radio latino that held the mirror at
its pivot. The radio latino would be read along its central beam. The instrument
depended for its observations on the angular distance between the horizon and the
celestial body, which was achieved by coincidence at the mirror, while holding the
staff horizontal by looking through the telescope towards the horizon. It was able
to measure altitudes up to 90 degrees.

Newton’s double-reflecting instrument (f.l. 1699)1858

The instrument Newton devised was the first double-reflecting instrument. It
consisted of an eighth part of a circle made of a brass plate with a telescope attached
to it along one edge. A mirror was attached at the objective side of the telescope at
a 45-degree angle with the line of sight. A rotating index arm, pivoted at the in stru -
ment’s apex, held a second mirror. The instrument was used in a forward fashion
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 1857 Anonymous, ‘Mr. Halley provided a draught... (1691/2), pp.77-78. MacPike, Correspondence...,
pp.161,228.

 1858  Halley, Newton, ‘A True Copy of a Paper Found...’ (1742), pp.155-156. Cotter, A History of the
Navi  gator’s Sextant, p.106. ‘sextant’, in: Knight, The English Cyclopaedia... (London, 1861), pp.489-
490.

Halley’s instrument
(MacPike 1937).

Figure 28

Newton’s reflecting instrument
(Newton and Halley 1742).
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and depended for its observations on the angular distance between the horizon
and the celestial body, which was achieved by coincidence at the mirror, while
holding the telescope horizontal by looking through it towards the horizon. It was
able to measure altitudes up to 90 degrees.

Hadley’s octant (Hadley’s quadrant) (f.l. 1731)1859

The improved version of Newton’s instrument was invented simultaneously by the
American Thomas Godfrey and Englishman John Hadley, but the latter is generally
associated with the invention. Hadley’s instrument has a similar form to Newton’s.
Instead of a solid plate, an open frame, generally made of wood in early instruments,
was used, while the arrangement of the mirrors slightly differed from Newton’s design.
Later versions had a different arrangement of telescope and mirrors, creating a line
of sight perpendicular to Hadley’s original design. Initially, the instrument was used
in a forward fashion, while later models could also be used backwards. It depended
for its observations on the angular distance between the horizon and the celestial
body, which was achieved by coincidence at the mirror, while holding the telescope
horizontal by looking through it towards the horizon. It was able to measure alti-
tudes up to 90 degrees.
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 1859 Hadley, ‘The Description of a New Instrument for Taking Angles...’ (1731), pp.147-157.

Hadley’s octant 
(Hadley 1731).

Figure 30



Appendix B – Observational corrections

Observations made with instruments for celestial navigation are affected by the
shape and size of the earth and by its atmosphere. The curved shape of the earth, in
combination with the observer’s height above its surface, causes the horizon to appear
below the horizontal plane that goes through the observer’s eye. The diameter of the
earth, in combination with the observation of a non-zenith altitude, will cause the
zenith distance to increase. The atmosphere bends light rays, making the observed
altitudes appear larger. Finally, the sun is sometimes observed at its centre, but also
at its upper or lower limb, and its maximum altitude changes over the year. The sun’s
altitude during meridian passage is lower in winter than in summer in the northern
hemisphere and vice versa.

Instruments that rely on gravity are only affected by parallax and refraction
because the horizon is not observed. All other instruments are affected by dip as
well. Whenever the sun’s lower or upper limb is observed a correction should be
applied for this too. When observing the sun, the measurements also need to be
corrected for declination (its altitude above the equator).

This thesis is not about historic knowledge of these five parameters and thus
they will not be discussed in great depth. It is, however, important to understand
how the various instruments and resulting observations are affected by them, since
data collected in the field tests discussed in this thesis have been corrected for them.
Formulas for them are thus not given, only how they affect observations.

Dip
The main issue with instruments that rely on the horizon as reference is that the
latter, despite its name, is not horizontal. The horizon looks like a horizontal line
but that does not mean that it is at the same height as the observer’s eye. The curva -
ture of the earth and of the light rays for a standard atmosphere, combined with
the height of the observer above it, affects the observations. The higher the observer,
the lower the horizon appears and thus the observed altitude of a celestial body is
too large. This effect is known as dip and in the early modern period was calculated
from the earth’s diameter and observer’s height (see figure 1).1860 Today dip is cal -
cu lated for a standard atmosphere also taking the curvature of the light rays into
account.

Recent research by Siebren van der Werf and Igor Shokaryev has shown that wave
height also plays an important role in dip, especially when the observer’s height above
the water is small relative to wave height, something I experienced during sea trials
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1860 See, for instance, Lastman, Beschrijvinge van de Kunst der Stuer-Luyden... (1634), pp.156-158.
Here dip is calculated with a circumference of 123,120,000 Rijnlandse Roeden (the first time
the figure is given, a trailing zero is missing, the second time it is correct) or 38,653,093 metres.



in 2014.1861 In the ‘official literature’, dip has always been regarded (and still is) as a
simple geometrical effect based on a flat sea.1862 Only in recent years have western
yachtsmen been advised to add 50% of the wave height to the observer’s height or,
more correctly, only to take observations on the crests of waves and then not to
correct for wave height at all.1863 This method was already advocated by Thomas
Harriot around 1595 when he wrote that

… you ought generally to note that whensoever you observe with the staffe, you make good

your high, iust when your ship is on the top of the surge of the wa sea, otherwise you may erre.1864

Van der Werf and Shokaryev have shown that the reality is slightly more complex,
but that Harriot’s method is a better approach than adding 50% of the wave height
to the observer’s height.

Dip affects backward and forward observations differently. As can be seen in figure
356 a back sight instrument (BS) like a Davis quadrant or spiegelboog measures the
celestial object in relation to the horizon on the side opposite of the observer, while
a ‘fore sight’ instrument (FS) like the early mariner’s cross-staff or an octant measures
the celestial object directly above the horizon.

A back sight instrument therefore measures an angle larger than 90 degrees, while
a fore sight instrument measures an angle smaller than 90 degrees. Back sight in stru -
ments are designed such that a 90-degree altitude equals an object at zenith, while
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 1861 Van der Werf, Shokaryev, ‘Wave Height and Horizon Dip’, pp.161-169.
 1862 idem, p.162. Russian literature has discussed wave height for the last half century.
 1863 idem (2015), pp.162-163.
1864 Harriot, ‘Manuscript folios’, BL Add. Mss. 6788 (1595), f.487r.

Calculating dip according 
to Lastman, 1634.)

Figure 1



at zero degrees the celestial object is on the horizon behind the observer. The observer
thus barely realises that the observed angle is larger than 90 degrees.

As the horizon curves downward on both sides of the observer, the altitude of
the celestial body is measured too low with back sight instruments, while a fore sight
instrument measures the altitude too high. The absolute value of dip is equal in both
cases, but with back sight instruments it needs to be added to the altitude obser -
vations, while for the forward observations it needs to be subtracted.

In the sixteenth century, navigators did not yet fully understand dip, but noticed
differences between observations taken with the mariner’s astrolabe and mariner’s
cross-staff. Harriot was aware of this and wrote that,

There is yet an other thing to be noted in observing of altitudes by the staffe. The seamen use

comonly to leave the horison open in the observation observing, which in deed were good if

they know how much, but because of the uncertayne coniecture they may make greater greater

error then is fit to be permitted. They have the practice by tradition from one to the other. The

reason thereof they yeld none in there writinge, nether being demanded do they answere any

otherwise then that not doing so, the altitude wold not be true, nor agree with the Astrolabe.

Which without doubt have ben found by comparing the st Staffe & the Astrolabe to gether.1865

It is interesting to read that navigators learned their practice by tradition, which
must have started shortly after the introduction of the mariner’s cross-staff at the
start of the century. Harriot had already discussed dip in his Arcticon, a work written
around 1584 but now lost.1866 In his 1595 manuscript, Harriot referred to it as follows:
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 1865 ibid.
1866 idem, f.486r. Here Harriot wrote that “...I have demonstrated & taught 11 yeares past in my

booke called Arcticon.”

Dip difference between back sight (BS) and fore sight (FS) instruments.
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By truth of demonstration which I have uttered in my Arcticon, which here for brevity sake I

omit. I have proved that the ey being above the levell of the water at sea, doth see more then

half the heavens. And therefore from the zenith or highest poynt above our heade to the apparent

horizon is more then 90 degrees. And that surplus is the greater, according as the ey is above

the levell of the water. And therefore any high that is taken by the staffe close, because it hath

respecte to the visible horizon, is greater then from the true horizon of the world.1867

To correct for this, he included a table for dip. Edward Wright published a slightly
different dip table in 1599 in Certaine Errors in Navigation, while dip was not intro -
duced into Dutch publications before 1631.1868

As can be seen in figure 3, the correction for dip varies from approximately 2 arc-
minutes at 1 metre above the waters’ surface to 8 arc-minutes at 15 metres. Period
values for dip are slightly higher than those calculated with the currently accepted
formula 1.76 x √ H (H is the observer’s height in metres, the result is in arc-minutes).
The values for dip appear to have been considered quite small as regards naviga-
tional accuracy, Joseph Harris writing in 1730 that “In common Practice indeed it
is not very material whether this Allowance [for dip] be made or not, yet it is still
better to keep as near the Truth as we can.”1869
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 1867 Harriot, ‘Manuscript folios’, BL Add. Mss. 6788 (1595), f.487r.
1868 idem, f.488r. Wright, Certain Errors... (1599), f.61v. Davids, Zeewezen en Wetenschap..., p.125.
1869 Harris, A Treatise of Navigation... (1730), p.181.

Dip according to period authors and present-day calculations (1.76 x √H).
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Refraction
The bending of light rays by layers of air of varying density is known as atmospheric
refraction. Refraction depends on the temperature and humidity of the air between
the observer and observed object. Like dip, refraction is usually expressed in a simple
formula, although it only gives an approximation for zenith distances of up to 75 de-
grees, beyond which the refraction depends on pressure, temperature, temperature
lapse rate, and wavelength of the light ray.1870 Figure 4 shows a direct ray from the
sun and the direction in which an observer would see it (SD), as well as a refracted
ray and the direction in which an observer would see it (SR). The observed altitude
is thus larger than the true altitude and the refraction should thus be subtracted
from the observation.

The horizon is also affected by refraction, which today is, under normal atmospheric
conditions, dealt with in the calculated value of dip. This, however, assumes an av-
erage atmosphere. Calm weather and large temperature differences between the
lower layer of the atmosphere and the sea surface may significantly affect the height
of the visible horizon.1871 This is regularly encountered in the East Sea, Red Sea, Per-
sian Gulf, west coast of Africa and in the neighbourhood of the Gulf stream and
near the poles.1872 As a result, the horizon may seem to curl upwards, an effect the
Vikings named hafgerdingar, which can amount to several arc-minutes.1873 Figure 358
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1870 Hohenkerk, Sinclair, ‘The Computation of Angular Atmospheric Refraction...’, in: United King -
dom Hydrographic Office, HM Nautical Almanac Office: NAO Technical Note No. 63 (Taunton,
1985).

 1871  Draaisma, Meester, Mulders, Spaans, Leerboek Navigatie: Deel 1 (Bussum, 1983), pp.189-190.
 1872 ibid.
 1873  Van der Werf, Het Nova Zembla verschijnsel..., p.81. Mowat, Westviking..., pp.75-76. Van der Werf

attributes the hafgerdingar to extreme refraction, while Mowat explains it as the result of sub -
marine earthquakes or volcanic activity.

Refraction affecting
the celestial body 
and horizon.
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shows the direct light ray from the horizon and the direction in which it is seen by an
observer (HD) and the refracted light ray from it and the direction in which it is ob-
served (HR). The horizon in the figure is thus observed as being higher. Under nor-
mal conditions, the hafgerdingar effect is negligible and has not been described as an
effect that needs correction in either period or modern navigational literature.

The effect of refraction for celestial bodies was already understood by Levi ben Ger-
son, who warned not to “...observe a star very near to the horizon, on account of
the thickness of the vapors there.”1874 Blaeu gave tables for refraction in 1608 in Het
Licht der Zee-Vaert.1875 Refraction in fluids was studied by Thomas Harriot in the early
seventeenth century, and Edward Wright produced tables for refraction of celestial
objects in 1610 in Certaine Errors in Navigation, based on observations by Tycho
Brahe.1876 Refraction was, however, still not fully understood, as Wright gave different
corrections for the sun and the stars, as did Blaeu in 1608 and Van Breen in 1662 (see
figure 5).1877 As can be seen in figure 5, the correction for refraction varies from ap-
proximately 30 arc-minutes near zero degrees altitude to 2 arc-minutes at 30 degrees
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 1874 Goldstein, ‘The Astronomy of Levi Ben Gerson...’, p.80.
 1875 Wright, Certain Errors... (1599), ff.61v, 62v. Davids, Zeewezen en Wetenschap..., p.125.
 1876 Fox, Thomas Harriot..., p.38. Wright, Certain Errors... (1610), p.232. Waters, The Art of Navi -

gation..., p.316.
 1877 Wright, Certain Errors (1610), p.232. Waters, The Art of Navigation..., p.316. Blaeu, The light of

navigation... (1612), f.20v. Van Breen, Stiermans Gemack... (1662), p.104.

Refraction according to period authors and present day calculations.
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altitude. For reference, a line for refraction according to modern-day calcu lations is
given.1878 The graph indicates that refraction was quite well calculated for the stars,
but not for the sun, the difference between them reaching a maximum of approx-
imately 5 arc-minutes.

Joseph Harris did not think it mattered whether an allowance was made for dip,
even though it could be as large as 8 arc-minutes. Regarding refraction, however,
he wrote that when “...the Altitude [is] greater than 40 Deg. […] the Refraction in a
manner ceases, and there needs no allowance be made.”1879 At 40 degrees altitude, the
refraction is still approximately 1 arc-minute. Setting the limit at this value seems
to contradict his ideas about whether or not to allow for dip.

Declination
In order to use the sun as a reference for measuring one’s latitude, tables are needed
for the sun’s altitude above the celestial equator for each day of the year. As the earth
revolves the sun in about 365.25 days, these tables were given for a four-year period.
As negative numbers were not jet generally used, these tables all contained positive
numbers with an indication of whether the declination was north or south of the
celestial equator. As a result, a set of rules described how to apply the declination for
various combinations of north and south declination and north or south location of
the observer. A total of eight rules was devised to calculate one’s latitude from the
altitude of the sun.1880
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 1878  Bennett, ‘The calculation of astronomical refraction...’, in: The Journal of Navigation, Vol. 35, Issue
02 (May 1982), pp.255-259. Also see Meeus, Astronomical Algorithms (Richmond (VA), 2005),
pp.105-108. When used in combination with Bennett’s correction formula, the refrac tion should
be accurate within 1 arc second for the whole 0°-90° range. It is, however, recommended not to
use Bennett’s formula for altitudes lower than 0.5 degrees. See Wittmann, ‘Astronomical Refrac -
tion: formulas for all zenith distances’, in: Astronomische Nachrichten 318(1997) 5 (1997), p.308.

 1879 Harris, A Treatise of Navigation... (1730), p.181.
1880 Taylor, The Haven-Finding Art..., p.165.

The sun at 23.5 degrees north
declination.
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When the sun has a zero-degree declination it is directly over the equator and the
observed zenith distance equals the observer’s latitude. Today the declination is by
con   vention negative when the sun is south of the equator. In this case the observer’s
latitude can be derived by adding the declination to the 90-degree complement of
the observed altitude for the northern hemisphere, subtracting for the southern
hemisphere.

Declination tables were made for a standard meridian such as Amsterdam, London
or the Azores, and the navigator had to calculate the true declination by inter polating
the values from the table, based on the date at the standard meridian and the differ-
ence in longitude from it.

The first declination tables were produced in the early 1470s and allowed Iberian
navigators to cross the equator in search of the southerly route to Asia.1881

Parallax
Once the first declination tables appeared, the sun could be used as a reference for
measuring one’s latitude. The tables were, however, computed for the centres of
the earth and the sun. Sailing on the surface of the earth causes the observation to
change if the sun is not in the zenith.

As can be seen in figure 7, the altitude of an observed celestial body decreases
due to the distance between the observer and the centre of the earth. The parallax
thus has to be added to the observed altitude.

Edward Wright gave tables for parallax in 1599 in his Certaine Errors in Navi -
gation followed by Metius in 1614 in his Institutiones Astronomicæ & Geographicæ.1882
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 1881  ibid.
 1882 Wright, Certain Errors... (1599), f.62v. Metius, Institutiones Astronomicæ & Geographicæ...

(1614). pp.129-130.

The effect 
of parallax.
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Figure 8 shows that the maximum parallax was thought to be 3 arc-minutes at the
end of the sixteenth and first half of the seventeenth century. During the seventeenth
century, a better understanding of the earth’s distance from the sun evolved, resulting
in lower values for parallax. With the current knowledge of this distance parallax is a
fraction of the value assumed in the sixteenth century and would be barely measur-
able with early modern navigational instruments.

Sun’s semi-diameter
In contrast to the stars, which appear as point objects to the observer on earth, the
sun has a measurable angular diameter of approximately 31 arc-minutes or just
over half a degree. For both forward and backward observations, navigators could
choose to observe the centre of the sun or its upper or lower limb.

Observing the sun’s centre made the calculations much easier, as no semi-diameter
correction had to be applied. It did not necessarily make the observation more
accurate, however, since observing the sun’s exact centre is more difficult than ob -
serving its upper limb when using, for instance, the mariner’s cross-staff in a forward
fashion.1883 With that instrument, it was recommended to observe the upper limb
because that would keep the sun covered by the transom and was thus less harmful
to the eye.1884 That is in theory at least. In practice, the instrument would not remain
stable relative to the sun but would move around due to the movements of the vessel
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 1883 Mörzer Bruyns, The Cross-Staff... (Zutphen, 1994), p.25.
 1884 Bourne, A Regiment for the Sea... (1577), f.27r.

Parallax from various sources.
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and observer in trying to counteract them. Still, the sun would be covered at least
for part of the time. When observing the upper limb, one had to subtract the sun’s
semi-diameter from the observed altitude.

Field tests and simulations with the spiegelboog showed that it is easiest to observe the
lower limb of the sun with this instrument, rather than the sun’s centre, as described
in literature.1885 When observing the lower limb, one has to add the sun’s semi-di-
ameter to the observed altitude.
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 1885 Van Breen, Stiermans Gemack... (1662), pp.13-14. For field test see De Hilster, ‘The Spiegel boog...’,
pp.6-16. For the simulation see section 5.4.2.3 – The backward method.



Appendix C – Davis quadrants around the world

An inventory was made to determine how many Davis quadrants survive and to
compare their numbers with those of mariner’s astrolabes and mariner’s cross-
staffs. It was based on Deborah Warner’s inventory of Davis quadrants in America
and has been expanded with surviving instruments from around the world. Various
sources have been used, including Webster’s signature database, on-line collections,
museum catalogues, and a general search using a web search engine. Instruments
were only added if it was certain that the instrument was not already listed. If the
instrument could not be positively identified, either by the maker, date, inscription,
serial number, or any other obvious markings or damage, it was not included.

The list is in chronological order for the instruments with known dates. Undated
instruments are sorted alphabetically by maker, while those without a maker’s name
are labelled ‘unknown’ and sorted in the order in which they were added to the list.
The first column is the list number and is a full sequence from 1 to 264. It is followed
by a column with the instrument maker’s surname, although in some cases this may
be the owner’s name, and, for brevity’s sake, only the first initial, even though in most
cases the instruments are inscribed in full. Next is any date found on the in strument,
which is usually the manufacturing year, or the year as indicated by the owner,
which is then given in italics. Then the location is given.

There are two four-part columns. The first concerns the scales, the first column
of which shows the ratio between the smaller and larger radius arcs (e.g. “25/65”
means the smaller radius arc contains 25 degrees, the larger radius arc 65 degrees).
The second column indicates the type of scale found on the larger diameter arc
(column header “25°”) as indicated in section 5.4 – Observational reference. The
abbreviation “vern.” means that the arc has a vernier scale.1886 Next to it the smallest
found division interval on the arc is given in arc-minutes. The last column contains
the type of scale found on the rim of the smaller radius arc (column header “65°”).
The scale types are only given for those instruments I have been able to visually
inspect. I have noticed that it is not uncommon for catalogues, both on-line and
printed, to contain errors in the scale descriptions.

The next four-part column indicates which vanes were found with the instrument.
A maximum of four vanes is indicated: horizon vane (“Ho”); sight vane (“Si”);
shadow vane (“Sh”); and lens vane (“Le”). A minus sign (“-”) indicates that it was
not present, an “O” indicates that the original vane was present, a “P” that it is a vane
from the period, but not original to the instrument. An “R” indicates that the vane is
a replica. If the character is followed by a question mark, the indication is uncertain
and needs to be verified. As with the scales, data is only present if I have seen the
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1886 These instruments are usually the Sisson type of Davis quadrant with artificial horizon and
also have “n.a.” (not applicable) in the columns relating to the smaller radius arc types and in
the four-column set that describes the vanes.



vanes. As this inspection was often done from pictures, it may well that I have mis-
taken replicas for originals or vice versa.

The last three columns contain the inventory number of the owner, the sequential
number in Deborah Warner’s article, and some remarks that may be useful for future
identification.
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� ����� ���� ����  !���������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

� unknown ���� Skokloster 

Castle

SE ����� ��B �� O - O - ���	
 year appr.

� Halsey, J. AM ���� Peabody 

Museum at

Salem

US ����� ��C �� - - - - M����� ��

� Joel, W. EN ��
	 Museum 

Østjylland, 

Denmark

DK ����� - - - - +�	��a

� Bellinger, J. EN ���� National 

Maritime 

Museum

UK ����� ��A � C�� - - - - NAV���	 year appr., with 

declination 

table

� Tuttell, T. EN ���� National 

Maritime 

Museum

UK ����� ��B �� n.a. O O O - NAV���� ivory 

presentation 

Davis Quadrant

� unknown ���� National 

Maritime 

Museum

UK ����� ��A � C O O R? R? NAV���� year appr.

� Halsy, J. AM ���� private 

collection

US ��

	 unknown EN ���� National 

Maritime 

Museum

UK n.a. O O O - NAV�
���� year appr., 

Stirling Castle 

wreck


 unknown FR? ���� La Natière FR ����� C�� - - - - Nat ���� year appr., La 

Dauphine 

wreck

�� Culpeper, E. EN ���� Museum of

the History

of Science

UK ����� ��A �� B O - - - ����� year appr.

�� Henshaw, W. EN ���� Mariner's 

Museum at

Newport 

News

US Webster 

'backstaff '

�� Lock, J. AM ���� Mariner's 

Museum at

Newport 

News

US ����� R R R �

	����
���
����

�� Montgomery, 

R.

AM ���� unknown �

	��
���� Webster 'Davis',

stolen.

�� Moore, J. EN ���� unknown ����� ��B �� C�� - - - - Sold by Frank's 

Fisherman

�� Garner, W. EN ���� American 

Museum in

Britain, 

Bath

UK Sec.�, Ref.

S������-	

Holbrook, p.
�

�� Macy, B. EN ���� unknown ����� ��B �� B O - - - Sold by Vallejo 

Gallery

�� Macy, B. EN ���
 Peabody 

Museum at

Salem

US M
�	�

�	 Macy, B. EN ���� National 

Maritime 

Museum

UK ����� ��B � C�� O P O - NAV����

�
 Patrick, J. EN ���� National 

Maritime 

Museum

UK ����� ��A � O? R R - NAV���� year appr.

�� unknown ���� National 

Maritime 

Museum

UK ����� ��A � C - - - - NAV���� year appr.
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 Blow, Edmund EN 
��� Rahmi M 

Koç 

Museum, 

Istanbul

TU ����� ��A � B R - R - upper floor of 

the Lengerhane 

Building in 

Istanbul 

Museum

�� Darley, John AM ���� unknown Webster 

'backstaff '

�	 unknown ���� Sold at 

Christies

- - - - Sale 
��� - 

Engineering 

and Scientific 

Instruments, �


September 

����, London, 
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Kensington

�
 Kirke, Francis EN ���	 unknown Webster 

'backstaff '

�� Clarke, William EN ���� Internation

ales 

Maritimes 

Museum

GE

�� unknown ���� National 

Museums 

Scotland

UK ����� ��A? � - - - - T.������ With brass end 

of �� degree arc,

Holbrook p.���
�� unknown ���� Science 

Museum 

London

UK ����� ��A � A O O - R ����-��� year 

approximated

�� unknown ���� Mariner's 

Museum at

Newport 

News

US ����� NQ�� year 

approximated

�� Wright, 

William

EN ���� National 

Maritime 

Museum

UK ����� ��A � C O R R - NAV��	� year 

approximated

	� Macy, 

Benjamin

EN ���� National 

Museums 

Scotland

UK ����� R? R R? - T.����	�� Holbrook, p.���

	� Scatliff, Daniel EN ���� Royal 

Geographi

cal Society,

London

UK Holbrook, p.���

	� Atkinson, 

James

EN ���� unknown Webster 

'backstaff '

		 Glynne, 

Richard

EN ���� private 

collection

ES ����� ��A � C�� - - - - �� collection BK

	
 Gilbert, John EN ��	� Science 

Museum 

London

UK ����� ���
-�� lent by the 

Royal 

Astronomical 

Society, with 

declination 

table

	� Wright, Susan EN ��	� Musée de 

Histoire 

des 

Sciences, 

Geneva

CH ���
 year 

approximated. 

Webster 

'backstaff '
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City 

Museum 

and Art 
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�� Garner, Will EN ���� Musée de 

la Marine

FR �	
�	 ��B 	 A �� NA �

�� Sisson, 
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St. 

Petersburg

RU ��
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room �	�

year 
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EN ���� National 

Maritime 
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�� Stephen, 

Alexaner

IR ���� Sydvestjysk
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DK �	
�	 ASR ����
�����	���

In fact Irish. 

Anderson 

(���	):����
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EN ���� Musée 

Lombard, 
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'backstaff '

�� Forster, Daniel EN ���� Versailles FR Webster 'Davis'

�� Woodside, 

James

IR ���� unknown UK Charles Mollan 

Ex����
�	 Garner, Will EN ���� National 

Maritime 
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UK �	
�	 ��B 	 A O O - O NAV����

�� Macy, 

Benjamin
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GE �	
�	 ��A - - - - ����-��� According to 

the inventory 

list it reads 

"Made Macyfor 

Nr. ����", but 

���� fits the life 

of Macy

�� Blow, F. EN ���	 Sold at 

Christies

- - - - F. BLOW 

LONDON Fecit

at ye Golden 
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Union Staires 

in Plow Alley 

Wapping. For 

Mr. James 

McCulloch Ian.

Ye �����	. Sale 

���� - Christies,

� April ����, 

London

�� Blow, Edmund EN ���� Whipple 

Museum of

the History

of Science

UK �	
�	 ��B 	 C O O O O Webster 

'backstaff '

�� Clarke, William EN ���� unknown UK �	
�	 ��A 	 C�� - - - - Charles Miller 

catalogue 

November ���	,

lot ���
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collection
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US Webster 

'backstaff '

�� Blow, Edmund EN ����  Tesseract US 	�
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collection
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�� 	�A �� - - - - NAV���	 year 
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�	 Greenough, 
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AM ���� Harvard 
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US Webster 
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�� Greenough, 
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AM ���� Peabody 

Museum at

Salem

US 	�B O O - O M���� ��
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Maritime 

Museum
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Museum, 
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�� Deane, Ino EN ���	 unknown Webster 

'backstaff '

�� Stephens, 

Alexander

IR ���	 unknown 	�
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Dansie
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catalogue 

November 	���,
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Table 4



APPENDIX C – DAVIS QUADRANTS AROUND THE WORLD 709

! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �
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the History

of Science
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Society
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m
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Manor, 
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'backstaff ', 

Holbrook p.���
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US

���� Peabody 

Museum at
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WFJMB (����),

p.��
�� Stephens, 

Alexander

IR ���� unknown FR Charles Mollan 

Ex����
�� Coleman, 

Step[hen]

EN ���� Sold at 

Christies

�	
�	 - - - - Made By Step 

Coleman For 
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Gouan ����. 

Sale 	���, �	 

May ���	, 

London

�� Legg, William EN? ���� Ludlow 

Museum, 

Ludlow

UK Holbrook, p.���

�� Digby, Charles EN ���� Bowes 

Museum

UK Webster 

'backstaff '

�� Greenough, 

Thomas

AM ���� private 

collection

US �	

�� Marsden, 

Thomas

EN ���� Dr. Jobson 

Horne 

Collection

Webster 

'backstaff '

�	 D z Sanv DK ��	� Søfatroe?, 

Denmark

DK �	��� Anderson 

(���	):���	
�� Dein, Hans DK? ��	� Marinefore
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Marstal, 

Denmark

DK year appr., 

name probably 

owner.Anderso

n (���	):���
�� Digby, Charles EN ��	� Sold at 

Christies

�	
�	 November ����

�� Gilbert, John EN ��	� MAS, 

Antwerpen

BE AS.�������
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�� unknown ���� Hong 

Kong Mar. 

Museum
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�� unknown ���� National 

Maritime 

Museum
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UK ���	� ��A � R R R - NAV���� year appr., brass

vanes
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collection
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approximated, 

collection BK
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museum 
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GE

�� Moore, 

William

EN ���� unknown Webster 

'backstaff '

�� Woodside, Patt EN ���� private 

collection

US ���	� ��B � C�	 R R R R Serial �	�, coll. 

RK, restored 

NHI ����
�� Elliot, Clarke AM ���� Cranbrook

Institute

US �

��� Gilbert, John EN ���� Mariner's 

Mus.Newp.

News

US ���	� NQ��

��� Greenough, 

Thomas

AM ���� Adler 

Planetariu

m

US ���	� ��B �� A - - - - W��� �	

��� Holm, Pieter NL ���� Pinacoteca,

Brescia, 

Italy

IT Webster 

'backstaff '

��� King, Benjamin

(����-���	)

AM ���� Paul J 

DeCoste

US ���	� ��B ��

��� Eekstroom, 

Johannes

NL ���� Dundee 

City 

Museum 

and Art 

Gallery

UK Webster 

'backstaff ', 

Holbrook p.���

��� King, Benjamin

(����-���	)

AM ���� Martha's 

Vineyard 

Museum

US O - - - ��

��	 Gilbert & Sons EN ���� National 

Maritime 

Museum

UK ���	� ��A � C� R? R? - - NAV����

��� Greenough, 

Thomas

AM ���� Connect. 

Hist.Soc.

US ���	� ��B �� - - - - ���� ��

��� King, Benjamin

(����-���	)

AM ���� private 

collection

US ���	� ��B �� A O R R - collection RJ
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Museum

US �	
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County 
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US 	�
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of Science
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��� Greenough, 
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Mus.Newp.
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NL 	�
�� ��A � O O O O B���	����� year 
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��� Stedman, 

Christopher

EN ���� Marine 

Museum, 

Horten, 

Norway

NO Webster 

'backstaff '

�	� unknown EN? ���� Adler 

Planetariu

m

US 	�
�� ��B � C�� - - - - W-		 year 

approximated
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Benjamin

AM ���� private 

collection

US - �

�		 Condy, 
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AM ���� private 

collection

Webster 

'backstaff '

�	� Elliot, Clarke AM ���� private 

collection

US �

�	 King, Benjamin

(����-����)

AM ���� Connect. 

River 

Museum

US �� on loan from 

Wadsworth 

Athenaeum

�	� Elliot, Clarke AM ���	 private 

collection

US �

�	� King, Benjamin

(����-����)

AM ���	 Mystic 

Seaport

US 	�
�� ��B �� O R - R �������� � declination 
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�	� King, Benjamin

(����-����)

AM ���	 Rhode Isl. 

Hist. Soc.

US �
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(����-����)

AM ���	 Shelburne 
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City 
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Antiques

US ����� ��A � O - - -

��� Keulen, 

Johannes van

NL ���� private 

collection

NL ����� ��A � B - - - - collection BD

��� Keulen, 

Johannes van

NL ���� Deutsches 

Museum

GE ����


��� King, Benjamin

(����-��
�)

AM ���� Newport 

Hist. Soc.

US 	�

��� Rich, James EN ���� unknown ����� ��A � - - - - for sale on-line 

March ����
��	 Hagger, 

William Guyse

AM ���� PEM 

Salem

US M
�� ��

��� Hagger, 

William Guyse

AM ���� Mariner's 

Mus.Newp.

News

US ����� ��B �� A O R R NQ�� ��
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� King, Benjamin

(����-����)

AM ���� Peabody 

Museum at

Salem

US 	�
�� ��A � - - - - M���� ��

��� Hagger, 

William Guyse

AM ���� private 

collection

US 	� formerly at 

Rhode Island 

Hist. Society

��� Keulen, 

Johannes van

NL ���� Maritiem 

Museum 

Rotterdam

NL O - O - M���

��� Hagger, 

William Guyse

AM ���� unknown Webster 

'backstaff '

��� Keulen, 

Johannes van

NL ���� Boerhaave 

Museum

NL 	�
�� ��A � C� Webster 

'backstaff '

��� Hurley, 

Bernard

EN ���� North 

Ayrshire 

Museum

UK Holbrook, 

p.205

��	 I.P.K.  

(J.B.R./S.B.R.?)

���� Museet for 

Søfart, 

Helsingør

DK R? R? R?  �������� Info from M. 

Tinning, 

shadow vane 

with slit apert.

��� Elliot, Clarke AM ���� Wadsw. 

Athen.

US ��

��� Howard, 

Thomas

EN ���� Mariner's 

Mus.Newp.

News

US Webster 

'backstaff '

��� Ham, James Jr AM ���� formerly at

Franklin 

Institute

US ��

��� King, Benjamin

(����-����)

AM ���� New 

Bedford 

Whaling 

Museum

US 	�
�� ��B �� O - O O ��

��� King, Benjamin

(����-����)

AM ���� Newport 

Historical 

Society

US ��

��� L.D.B. AM? ���� Maine 

Historical 

Society

US Webster 

'backstaff '

��� unknown ���� Christies sale November 

	���, date 

barely legible

��� French, James 

(owner?)

EN? ���� Mystic 

Seaport

US 	�
�� C O - - - ������	�	 �	

��� Keulen, Gerard

Hulst van

NL ���� Het 

Scheepvaar

tmuseum

NL O O O O B�����

��	 Keulen, Gerard

Hulst van

NL ���� Noordelijk 

Scheepvaar

tmuseum

NL - - - - ��	���

��� unknown ���� Het 

Scheepvaar

tmuseum

NL 	�
�� ��A � B O - O O B.��������

��� Ayscough EN Maritiem 

Museum 

Rotterdam

NL M���

��� Bellinger, John EN unknown Webster 'Davis'

Table 9
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� Bellinger, John EN Whaling 

Museum, 

Nantucket

US Webster 'Davis'

��� Browne, John EN Sotheby's 

(����)

Webster 

'backstaff '

��� Cranevelt, John NL unknown Webster 

'backstaff ', 

maker may be 

owner

��� CRW Sunderl. 

Museum 

and Art 

Gallery

UK On loan from 

River Wear 

Commisioners, 

Holbrook p.���
��� Dale, E.R. EN unknown Webster 

'backstaff ', 

maker may be 

owner

��� Dominicus, M. NL? Flensburg. 

Schifffahrt

smuseum

GE �	
�	 ��A O O O O ����

��� G.B. 2 EN private 

collection

Webster 

'backstaff '

��� Gilbert, John EN Peabody 

Museum at

Salem

US O O O M��

��� Goater, Ino EN private 

collection

UK �	
�	 ��B 	 C�� - - - - collection MC

��	 Greenough, 

Thomas

AM Peabody 

Museum at

Salem

US ��

��� Gregory, H. EN Hermitage 

St. 

Petersburg

RU �	
�	 ��A 	 - - - - Room �	�

��� Gregory, H. EN Museum 

für Hamb. 

Geschichte

Hamburg

GE �	
�	 ��A 	 C� R R R - �������

��� Gregory, H. EN Sjöhistoris

ka museet, 

Sweden

SE SM ����� Info from S. 

Allesson-

Nyberg

��� Gregory, H. EN Sold at 

Christies

Sold later than 

SM �����, so 

different 

instrument. 

Sale ���	, � 

May ����
��� Gregory, H. EN Bristol 

Museums

�	
�	 O - - - J		� signed by H. 

Gregory, India 

House, London.

��� Hagger, 

William

AM unknown US Webster 

'backstaff ', at 

Mystic Seaport?

��� Hagger, 

William Guyse

AM Smiths. 

Institution

US ��

��� Hutchins, I EN PEM, 

Salem

US M��

Table 10
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� I.B. Whipple 

Museum of

the History

of Science

UK Webster 

'backstaff '

��� I.P. Peabody 

Museum at

Salem

US Webster 

'backstaff '

��� Jensen, Jens 

Husch

SE Sjöhist. 

Museet, 

Sweden

SE ����� �	A �	 R R R - S �

� 

��� Lamb, Anthony EN/

US

Newport 

Hist. Soc.

US ��

��
 Lamb, Anthony EN/

US

PEM, 

Salem

US M���� ��

��� Lamb, 

Anthony?

AM Franklin 

Institute

US ����� In Bedini (��
�)

�		 McEvoy, Geo. IR Dick 

Institute, 

Kilmarnoc

k

UK Charles Mollan 

Ex		��, 

Holbrook p.���

�	� McEvoy, Geo. IR Museum of

the Lit. & 

Phil. Soc., 

Whitby

UK Charles Mollan 

Ex		��, 

Holbrook 

pp.���-���
�	� Mendham, 

Wm.

Flensburg. 

Schifffahrt

smuseum

GE ���� Exhibition ���	�

– ���	
�����. no. 

���, ���.

�	� Montgomery, 

Robert

AM private 

collection

Webster 'Davis'

�	� Moore, 

William

EN unknown Webster 

'backstaff '

�	� Newell, 

Andrew

AM private 

collection

US ��

�	� Plumer, 

Thomas

EN unknown Webster 

'backstaff '

�	� Rust, Richard EN unknown Webster 

'backstaff '

�	
 Stephens, 

Alexander

IR unknown FR Charles Mollan 

Ex		��
�	� Stokes, Cab. IR private 

collection

NL ����� �	B �	 C�� R R R - collection BD

��	 Stokes, Gab. IR private 

collection

UK Charles Mollan 

Ex	���
��� Sully, Henry NL/

FR

unknown ? no���, Webster 

'backstaff '

��� unknown Deutsches 

Museum

GE ����� �	B � C�� R R - R ����� with set of brass

vanes

��� unknown Museu 

Maritim, 

Barcelona

ES ����� �	? O O O - MMB �� via Diederick 

Wildeman

��� unknown EN private 

collection

AU Former DQ of 

N. Maskelyne, 

stamped

‘G.B. Royal 

Guardian’

Via Ch. Miller

Table 11
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� unknown Sylter 

Heimat-

museum, 

Denmark

DK ����-�� via Diederick 

Wildeman

��� unknown AM? University 

of South 

Carolina

US - - - - From the wreck

of Browns 

Ferry Vessel, 

Black River, 

South Carolina

��� unknown Birr Castle UK ��	�� ��A �� C�� O R R - on loan from 

Nat. Museum, 

but not the 

other two listed

here, seen by 

Mollan and 

myself. �� arc 

mixed C
-C��
��
 unknown unknown from the wreck 

of the l'Alcide

��� unknown Australian 

National 

Maritime 

Museum

AU

��� unknown Bornholms

Museum, 

Denmark

DK ����X����
 Info from 

Morten 

Tinning

��� unknown Castle 

Mus., York

UK Holbrook, 

p.���
��� unknown Bristol 

Mus. & Art

Gallery

UK Holbrook, p.���

��� unknown Dockyard 

Museum

AN O O O - Nelson's 

Dockyard, 

Antigua

��� unknown IR Egestorff 

Collection,

National 

Museum, 

Dublin

IR NMD��� Charles Mollan 

����, Holbrook 

p. ��


��� unknown Glasgow 

Museums 

and Art 

Galleries

UK Holbrook, p.���

��� unknown Longleat 

House, 

Longleat

UK Holbrook, p.��


Nr Warminster,

Wiltshire

��� unknown Marine 

and Tech. 

Coll. South

Shields

UK Holbrook, 

p.��


��
 unknown Museet for 

Søfart, 

Helsingør

DK �������
 via M. Tinning.

Anderson 

(����):���
��� unknown Museet for 

Søfart, 

Helsingør

DK �������� via M. Tinning

Table 12
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� unknown Museet for 

Søfart, 

Helsingør

DK ������	�	 via M. Tinning.

Anderson 

(����):�
	
��� unknown Museet for 

Søfart, 

Helsingør

DK ������

� via M. Tinning.

Anderson 

(����):�
�
��� unknown Museet for 

Søfart, 

Helsingør

DK ��������� via M. Tinning.

Anderson 

(����):�
�
��� unknown Museum 

Aan de 

Stroom, 

Antwerpen

BE O - - O AS.�������

���
-


��
 unknown Museum 

Aan de 

Stroom, 

Antwerpen

BE O - O O AS.���
����

-


��� unknown EN Museum of

the History

of Science

UK ���
�

��	 unknown EN Museum of

the History

of Science

UK �����

��� unknown MUST 

Stavanger 

maritime 

museum

NO ���	� ��A � R R R - ST-S.�	��
 Info from Gry 

Bang-

Andersen, has 

broken horizon 

end with repair

��� unknown Norsk Mar.

Museum

NO ���	� ��A � C�� R R R R NSM.�
���

��� unknown Norsk Mar.

Museum

NO NSM.�����

�
� unknown North 

Ayrshire 

Museum

UK Holbrook, p.���

�
� unknown PEM, 

Salem

US O O M���	

�
� unknown PEM, 

Salem

US M����

�
� unknown EN Pitt-Rivers 

Museum, 

Oxford

UK ���	� ��B � C� ����
�� Holbrook, p.��


�

 unknown private 

collection

NL ���	� ��A � C�	 - - - - Serial �
��, 

collection JdM, 

�� degree arc 

damaged

�
� unknown private 

collection

BE ���	� ��B � R R R R collection WS, 

rest. NHI ����
�
	 unknown private 

collection

NL ���	� ��A �� C�
 R R R - collection BD

�
� unknown private 

collection

NL Sold at Charles 

Miller Ltd., to 

Dutch collector.

End of 	�° arc 

is broken off

�
� unknown Royal 

Albert 

Mem. Mus.

UK Holbrook, p.���

Table 13
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! "� �� ���# $��� �����������	

�����

������ �����
��� ���

����� ��� 	�� ��� �� �� �� ��

��������
������

�� ����� �

��� unknown Sjöhist. 

Museet, 

Sweden

SE ����� �	A � ? R R R - S �	�� via S. Allesson-

Nyberg

��	 unknown Spaldings 

Gent.'s 

Soc. Mus.

UK Holbrook, 

p.�	�

��� unknown Universit. 

Utrecht

NL O? R R -

��� unknown unknown O - - -

��
 unknown unknown Sold at Charles 

Miller Ltd., to 

US trade. 

Miniature DQ 

���� cm diam.

��� unknown unknown Damaged �� 

degree strut. 

Fleur-de-lis and

roses. Stephen-

son's Auctions 

Spring �		�
��� unknown Sold at 

Christies

����� �	A � D�� O - - O Nov. �		�, with

decl. table

��� unknown unknown ����� �	C - O? O? - with brass sight

and shadow 

vane, horizon 

vane missing

��� unknown Museo 

Naval, 

Madrid

ES ����� 10A � C�	 P - � � ������
����
��	����

�� unknown Museo 

Naval, 

Madrid

ES ����� �	A �	 C�� - - - - M.N.���	:G.

F.I-��

��� unknown Museo 

Naval, 

Madrid

ES ����� - - - - M.N.���:G.

F.I-
�

��	 unknown Museo 

Naval, 

Madrid

ES ����� �	B �	 A O - - - M.N.����:G.

F.I-���

��� unknown Mystic 

Seaport

US - - - - ���
���

��� unknown EN? Mystic 

Seaport

US ����� �	? C R? R? R? -? ��������

��
 unknown Mariner's 

Mus.Newp.

News

US ����� NQ
�

��� unknown Museo 

Naval, 

Sevilla

��� Vincent, 

Samuel

AM? Philadelph.

Mar. Mus.

US Webster 

'backstaff '

Table 14
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Appendix D – ‘The Doctrine of Nauticall Triangles Compendious’

Around 1594, Thomas Harriot compiled ‘The Doctrine Of Nauticall Triangles Com -
pendious’, a manuscript mainly dealing with the computation of meridional parts for
drawing a Mercator chart.1887 Although it is mainly a mathematical work, on folios 31

and 32 he discussed several navigational instruments and further developed the idea
of shadow-casting instruments introduced by Thomas Hood in 1590.

Harriot not only used the principle of measuring the sun’s altitude from a cast
shadow, but also turned the observer around so that he stood with his back towards
the sun. Harriot designed three instruments along these lines, which he depicted
on folio 31, and a quadrant-type instrument on the following folio. From the
accompanying text, it seems that these instruments were intellectual exercises and
were probably not made.1888 His method of observing was, however, the start of a
new development in altitude measurement instruments called ‘backstaffs’ (or ‘back-
staves’).

The manuscript is a collection of notes that seems to have been jotted down while
Harriot was busy with his creative process. For this reason it seems more important
to show the notes in relation to the sketches he drew of the instruments. As folios
31 and 32 are the only ones containing reference to navigational instruments, only
these two have been transcribed. The transcription includes those sections, and
even separate words, struck through. Drawn lines have been added to represent
Harriot’s streaks. Originally struck out words have also been marked that way (e.g.
“shad”). The folios have been numbered at the top of the pages in another hand than
Harriot’s, probably at a later date. For this reason, the two transcribed pages have the
folio numbers at the places where they were found in the manuscript, and are thus
not placed between brackets.

 1887 Harriot, ‘The Doctrine...’ (1594). Also see Taylor, The Mathematical Practitioners... (1967),
p.333, and Taylor ‘The Doctrine......’, pp.131-147.

 1888 Shirley, Thomas Harriot..., p.92.



The transcription
31.

of the crosse staffe for the sonne.

The contriving must be aded that the

horizon & the shad extreme of the shadow

be in one line & then the observation may

be perfecte.

And that the staffe may be holden up right at the time of observation

the vane which is next to the horizon must have a crosse vane whose edge

must muste agree with the horizon, & with the shadow of the sunne upon the

upright vane.

This way the edge of the shadow & the horizon

wilbe in one line.

And unto bothe these last wayes the shadow is perpendicular

to the arche & vane, and allwayes of one bignesse

because of the cylinder & therefore very commodeous

which cannot be performed by strayte lined instruments

A cursor or moveable vane

so brode or broader than the

Cylinder.

The best is to have it just so big for

the one halv as wilbe shadowed by

the cylinder; the other half broder somewhat

that the observer may se that the shadowe

is in the middest; shine by shyning as

much on the one side as the other.

Make it to hold in the

right hand excepte the

observer be a sinister

fellow.

or else thus

better

A better way

NAVIGATION ON WOOD720
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For Sayling in a Great Circle

In our planisphere nauticall with parallel lines meridians,

there need not to be all the whole drafte of lines which are used in marine

plotts vulgarely: but first one compasse only whose periphery should be so great

as the plot will receave, the centre being in the middle, & the same to be

devided into degrees; or the perifery so devided without the lines; which

should serve for all directions spirall which are ordinary & usuall courses

of navigation, & also more exact according to that manner drue to degrees.

                                                                                                running through the carte

* Secondly an other starre of lines of the compasse/\ which should represent

the arkes of great circles, & the center to be in the equinoctiall.

of that meridian in the middest of the charte

Thirdly at every 10 degrees of difference of latitude/\; one crooked line

running east & west to be the east & west line of a great circle,

all which lines will meet or crosse at that poynte of the equinoctiall which so of 90°

in difference of longitude from the sayd middle meridian.

Then may be finde 

And the other lines of the starre will all crosse agayne at 180 degrees

of difference of longitude; & be all 10 degrees distant in the meridian

that is 90 degrees of.

By this plot form may be considered all courses from place to place

in a great circle; & how they differe from the helicall.

To be considered whether these lines that represent [great] circles

be arckes of circles or not.                no.

* The starre of great circles will serve only for the equinoctial

They ought to be for evenly parallell or else it will not be good.

let there be a round pinne

at (a) to move further in

or out, for that it with

the instrument may

rest on the eye bone

conveniently

observationes by this quadrant

as by the old seastaffe ought to

have 3 actes of seeing at the

time of observation to certyfy it good.

That is: seeing the starre, horizon, & starre

or: horizon, starre & horizon;

which is performed best in the chaynes or waste of the ship; & where it

is on the top of a sea surge.

The paralatticall

staff will do better.

A Quadrante for the Starres



Appendix E – Harriot’s manuscript BL, Add MS 6788

Around 1595 Thomas Harriot compiled some notes for Raleigh’s voyage to Guiana,
which are now in the British Library (Add.MS 6788).1889 I acquired a copy of the
documents in 2008 and transcribed the most relevant sections. The manuscript is
written informally, is full of corrections and struck out parts, and reading Harriot’s
handwriting is challenging even for the neatest sections. Sadly, it is not always clear
what the correct order was of the folios because Harriot did not date them and only
numbered them in short sections. The whole manuscript consists of 567 folios, some
double sided, which would be too much to be reproduced in this appendix.

The folios can now be read on-line, since from 2012 a research group led by
Matthias Schemmel (Max Planck Institute for the History of Science), the late
Jacqueline Stedall (University of Oxford), and Robert Goulding (University of Notre
Dame) began to make all Harriot’s documents digitally available, with transcrip-
tions.1890

Due to the difficult handwriting and differences in interpretation, my transcription
deviates slightly from the one provided by the research group. The most obvious
difference is the use of the word Index, where the research group used Judex to indicate
the alidade of the mariner’s astrolabe. Thanks to the work done by the research group,
I was able to make the transcription more complete as there was hardly any overlap
between the parts we were both unable to transcribe.

The section of four folios starting at f.485r and ending at f.489r is of particular in-
terest as these describe the actual use of the instruments. The folios were numbered
in Harriot’s own hand 1-4, from which we can be reasonably sure that they relate
to each other. Folio 490r was not numbered and contains a poem, a few rough
sketches, and a section of text on Nonius written upside-down at the bottom of the
folio, so clearly was not an integral part of this section.

Harriot uses paragraphs in his text, which have been preserved in the transcrip-
tion, as have corrections and struck out words, and the length of his sentences. Leg-
ible struck out words have been struck accordingly (e.g. “Seamans”), while those
that have become completely illegible are marked “###” or, in case a part could be
read, only showing the legible characters, followed by hashes (e.g. “s###”).

 1889 Taylor, ‘Hariot’s Instructions..., pp.345-350.
1890 Schemmel, Stedall, Goulding (eds.), ‘The manuscripts of Thomas Harriot (1560-1621)’,

European Cultural Heritage Online (ECHO) 
[http://echo.mpiwg-berlin.mpg.de/content/scientific_revolution/harriot/
harriot_manuscripts, accessed 7 August 2017]
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The transcription

[f.485r]

1. Some Remembrances of taking the altitude of the Sunne

by the Astrolabe and Sea Ring

There are three instruments used at Sea for taking of altitude, The

Astrolabe, The ring & the Staffe. Seamans use the Astrolabe The

Astrolabe hath been of most ancient use & is used commonly & only for the

Sonne; and serveth the seamans turne most Specially, when the sunne is

hy, because then they is the on find the staffe very uncertayne. And when

the sea is rough it is very hard to make any observation by it

also; because if his agitation & unquiet hanging.

But howsoever when there is need you must do so as well as you may.

And therefore when you have your Astrolabe hanging as quietly as the time

will permit with his side toward the sunne according to the usuall order,

you are to fit the Index by moving it so long up & downe till the sonne

shine thorough the holes of both the sights of the same. Or you finding by reason

of his agitation that the sunne will passe rightly thorough the lower sightes but be

#### sometime higher & sometime lower. When you finde the ligth if the sighte

to move as much over and under; then your index standeth as precisely as if the

Astrolabe had hung quietly; & sheweth the true altitude of the # centre of the sonne.

But if you doubt of the true hanging of the Astrolabe, you may se move

your Index quickly to the same degree on the other side & hold it towarde the sonne.

If you find the sunne shine thorough as before your Astrolabe hangeth well.

Otherwise you are also to move your the Index till you have also the altitudo on

that side. which had, compare with the other & note the difference. The half of that

difference adde to the lesse altitude or detracte from the greater; And you have

the altitude of the sonne as exacte as if your #A Astrolabe had hong truly upright.

The other Instrument called the Sea Ring is of late yeares in great use with the

Portingalle & Spaniarde, The making whereof & use they had about 40

yeares past of a country man of there owne a learned mathematician called

Petrus Nonius who also hath written much of Navi the arte of Navigatinge

as well in Latin as in Spanish. And if only for taking the altitude of

the sonne as the Astrolabe. but for ease & speed it much excelleth it

as also for exactnes. for the sightes are as large agayne as in an

Astrolabe of the same bignes. And in the use, there is no mov troublesome

moving up & downe any Index as in an Astrolabe; but it hanging as the



Astrolabe, the is that side which hath a small hole br## being holde towarde

the sunne; the light passing thh thorough presently sheweth upon the degrees noted

within the ring the altitude of the sunne you desire. you are to note

that the middle of the light be it round or long is your true marke.

And if the light play by reason of his unquiet hanging; then the

middle of the play is the th hight. This instrument I contrived

together for your use the last viadge with the Astrolabe, And upon your

returne it was geven to your servant Cap. Whidden, who now hath

also hath it ready for your use. By our last practice I have I

found it much lighter then it ought to be, which is a fault also in all

the Astrolabes I have sene. By reason of your #### #### speedy setting

setting forth it cannot now be remidied; but it to be used as conveni-

[f.485v]

nienth as it may & the inconvenience shalbe supplyeth I will

show how shall be supply & remidied by the staffe in the next Chapter.

[f.486r]

1.

2. Of taking the altitude of the sonne or starre any

starre by the crosse staffe with more exactenes

then hath been used heretofore.

The crosse staffe is is the other Instrument well known & used for altitudes

but and especially of starres. But as it is spe hath been used heretofore the

seamasters commith greater errors then sometimes they are aware of.

From which errors is it be purged it is then of more apte & certayne use.

Also for the sonne then ether the Astrolabe or Ring which I meane in

this chapter to shew.

The Staffe is devided with presuppose that the end thereof in use observing should

stand in the center of the sight. And though that cannot be performed, yet

the common practiser thinketh there is little errour in setting of it

close under they that ey they behold withall; some #### on the utmost corner of

that ey: some on the cheeke bone: && some on one side of the bridge slope bridge of the nose.

All which placinged to some eyes, sometimes, in some manner of observinges,

may prove true; & for the utmost corner of the ey to some unproportioned eyes, alwayes.
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But # all eyes men that have not a seate for the staffe iust agaynst the center

of the sight, as most men have not, must nede find a false altitude still,

& especially in great altitudes they error with so great palpable as that it cannot

be borne withall, without arteficiall correction; meaning allowance or

abatement, which hitherto have not ben made. And when the seamen have

espied it by ether by great difference from there recconinge, or comparisons with

there Astrolabe; fore such great altitudes they geve over the staffe.

How this error may be knowne & reformed I have demonstrated & taught

11 yeares past in my booke called Arcticon. Now only I will remember unto

you out of the same, that which I shewed you sometime to fore & sufficient for

your use.

The best place to set the end of your staffe is the utmost corner of the seat

of that ey which you mind to behold withall. because that place is firme &

pertayne without offence to the ey.

And then how farre the end of ### the staffe doth stand from behind the center of your

sight according as it hath ben already observed when by your self by a staffe

I have for the purpose: I have marked in a spare place of these both your

staves nere the note of 90 degrees betwixt two parallell lines. And the same quantity I have found

to be in cap. Whiddous; in douglas the masters; & many mens eyes else, as in yours

& mine. The which quantity hereafter for brevity & order sake & according to

the nature of the thing I call the par excentricity of the staffe.

The use of it is this: when you have according to the usuall manner

taken the sight of the sonne or starre & noted the place where the crosse stand

you are to remove consider then of him further from your ey by such a quantity as the excentri-

city, which you may do by a payre of compasses you are to consider what

sight that wilbe which is further from the ey by the quantity of the excentricity

which you may know by the help of a payre of compasses, from & doth

alwayes make it lesse then the former. And that sight or altitudes is

as true as if the end of your staffe did stand in the center of your sight.



[f.487r]

2.

or else you may note the altitude as you find it first by by the

place of the crosse at first; & after set downe so much as a in degrees

or minutes as it is from the place of the crosse answereth to the qua quantity

of the excentricity, which hereafter is called the parallaxis of the staffe;

to remayne to be abated with some other things as shalbe taught

after.

If to the prime end of the staffe that is to say the end which is next the

eye nere ioyned a peece of wood of the length of the excentricity the use

wold now be somewhat reddier for your owne ey without removing the crosse

any otherwise then in the observation, or further consideration of the staffes parallaxis.

There is yet an other thing to be noted in observing of altitudes by the

staffe. The seamen use comonly to leave the horison open in the observation observing,

which in deed were good if they know how much, but because of the uncertayne

coniecture they may make greater greater error then is fit to be permitted.

They have the practice by tradition from one to the other. The reason thereof they

yeld none in there writinge, nether being demanded do they answere

any otherwise then that not doing so, the altitude wold not be true, nor

agree with the Astrolabe. Which without doubt have ben found by comparing

the st Staffe & the Astrolabe to gether.

By truth of demonstration which I have uttered in my Arcticon, which

here for brevity sake I omit. I have proved that the ey being above the

levell of the water at sea, doth see more then half the heavens. And therefore

from the zenith or highest poynt above our heade to the apparent horizon is

more then 90 degrees. And that surplus is the greater, according as the

ey is above the levell of the water. And therefore any high that is

taken by the staffe close, because it hath respecte to the visible horizon, is

greater then from the true horizon of the world.

Yet notwithstanding it is the surest way in using the staffe to take the

altitude close from the Horizon, because of the uncertayne opening that the

Mariners leave. Which altitude without respect of parallaxis I call

the Apparent altitude. And then the surplus with the parallaxis is together

are to be abated to make the true altitude desired.

The quantity of which surplus I have set downe in a litle speciall

table here following according to the sondry distances of the ey from

the levell of the water.
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As when the ey is one pase that is 5 foote from the levell of the water, then the

abatement is 3'. when 2 pases then 4' & so forth as in the table.

Upon the poope of a tall ship the hight of the ey comonly is 4 or 5 pases &

then your abatement is 5' or 6'. Upon the decke in the waste 5'. & at the

cheynes 4' wilbe the abatement, which by triall with the load & line you may

find.

And this you ought generally to note that whensoever you observe

with the staffe, you make good your high, iust when your ship is

on the top of the surge of the wa sea, otherwise you may erre.

[f.488r]

3.

those thinges being regarded which I have specifyed concerning

the staffe: you may henceforward make# as true observations as need to

be: the starre or sonne being of any hight. Which before Heretofore the seamaster

ship seamasters durst not to trust to the altitude of the sonne or Starre

being 60 degrees & upward. because of the difference from the Astrolabe,

imputing the error to the uncertenty in beholding; when as in deed they

know not the abatemente I before spake of. the parallaxis & surplus.

& that is the cause also of there experimental opening of the Horizon.

And although the error about 30 degrees in stars of ordinary wayes be be but s#### as al no great

matter of some 10' or there aboute, yet in the hight of 60 & upward it

Hight of the

ey above the

water in

pases.

Surplus of

the Horizon

in minute.
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amounteth to nere a degree, & more. In starres of the largest size

the error was the lesse; but now by reason of the former correction, the

longer & shorter sortes will agree.

Afor taking the sonnes high also by the staffe I thinke good also to

prescribe a certenty, & to remember unto you the meanes how it

may be don without offence unto the ey.

Those men that set a glasse at the end of there staffe or end of the crosse

do comitte subicit them selves to error. It is manifest without any further reason by a common

experiment of looking thorugh glasse windowes, that the thinges seene

thourough, are seen distorted, # or out of there true places, by reason of refraction

of the visuall beames in the s## arte of optickes demonstratively appro-

ved. Therefore such meanes I wish to be left.

The best way that I can præscribe, which some do also use, is to take the high of

the upper edge of the sonne, hiding the whole body with the breadth of the crosse:

And when you have don to abate 16 minuts; because the diameter or breadth

of the sonneth sonne is 32'. and then you have the hight of the center of the

sonne which you ought to have.

[f.489r]

         4.

And this you may do without offendinge the ey, if you be wary. In the

beginning of your observation first hide the sonne with the crosse & so keep

him hidden with the orderly moving of your body & hand answerable to the

surge of the sea, & you bring him downe by litle & litle till you se only the

edge of the sonne; & if you see the other end of the crosse upon quick sight

close with the Horizon, it is well. Otherwise you must pull to or put from the

crosse untill you find that agreement.

The summe of all is this in taking altitudes by the staffe is

this.

Afirst take the altitude close from the Horizon & that is called

the Apparent altitude.

Afrom it abate two thinges that is the parallaxis of the staffe & the

surplus of the Horizon. The remaynder is the true hight

of the starre.
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But if you take the higher edge of the sonne you must abate

16' minute more & then you have the true altitude desired.

Examples of the premises you shall have in the chapters of taking the altitude of the pole.

There is yet is yet the altitude

If absolute exacteness were to be required there it is yet to be addded

to the altitude of the sonne two thinges, that is to say his parallaxis of altitude,

& angle of refraction caused by the ayre highest superficies of

the ayre: And to the altitude of the starre only the angle of

refraction. but because in your voyadge they amount not

ether one or both no to 3 min minute when most, I leave them for

other place & time to be uttered.



Appendix F – The Jewell of Artes

Around 1604, George Waymouth (fl. 1587 1611) wrote ‘The Jewell of Artes’. Waymouth
(fl. 1587 1611) was an explorer who retraced Martin Frobisher’s and John Davis’ ex-
plorations in an attempt to find the North-West passage to the East Indies in 1602,1891

and in 1605 sailed to New England for commerce and colonisation1892. Dedicated to
James I of England, who reigned from 1603 until 1625, the manuscript includes an
account of Waymouth’s search for the North-West passage, but not of his New Eng-
land voyage and can therefore be dated to around 1604.1893 It is divided into “seaven

bookes”, each dedicated to a mathematical topic. In order of appearance, these topics
are instruments of navigation, shipbuilding, newly invented armoured engines,
land surveying, fortification, ordinance and ballistics, including the instruments
required.

As discussed in 2.3.3 – New backstaff instruments, the “bookes” are extensively
illustrated with diagrams and annotated in his hard-to-read handwriting. Waymouth
did not publish the manuscript, thinking that if he did “...comittit to the presse, the
coppies there of might be conveyed hence: and so foraine nations for whome I
nothing meant it should reape as much profitt, of it as this my native cuntrie...”.1894

As far as we know none of the book has ever been published, even by recent authors.
A second manuscript copy resides in the Beinecke Rare Book and Manuscript Library
of Yale University.1895

Waymouth’s handwriting differs from that of other writers of his time, showing
irregularities in spelling, grammar and punctuation. Although this would normally
be indicated by using [sic.] behind seemingly misspelled words, doing this on
Waymouth’s texts would render them almost illegible, while retranslating would
potentially do injustice to it. I have therefore chosen to show the text as I have
transcribed it, only adding additional characters or modern spelling between square
brackets [] in places where it is absolutely necessary to understand the text. Waymouth
did not use paragraphs. In order to keep the transcription readable, I present each

 1891  Ransome, ‘Waymouth , George (fl. 1587-1611)’, Oxford Dictionary of National Biography.... 
[http://www.oxforddnb.com/view/article/29155, accessed 8 May 2014]; Waters, The Art of
Navigation..., pp.256-257.

 1892 Ransome, ‘Waymouth, George (fl. 1587-1611)’, Oxford Dictionary of National Biography.... 
[http://www.oxforddnb.com/view/article/29155, accessed 8 May 2014];

 1893 With many thanks to Curator of Historical Manuscripts, British Library, Arnold Hunt for this
analysis (e-mail correspondence on 30 November 2006). The year 1604 can also be found in one
of the example calculations on f.103r in the “first booke”, although that is no evidence that it was
written that year.

1894 Waymouth, ‘The Jewell of Artes’ (1604), f.4r.
 1895 This copy is MS 565 and has the year 1604 on a calculation on f.131r and 1603 on a compass

card on f.335r. A few sections have been transcribed and can be found on their web site at 
http://brbl-net.library.yale.edu/pre1600ms/docs/pre1600.ms565.htm (accessed 7 May 2014).
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folio as a paragraph, starting with the folio indication between square brackets (e.g.
“[f.1r]”). Waymouth divided words that no longer fitted the sentence using an equal
sign (“=”) and added one, two, or three minus signs (“-”) at the end of lines as a kind
of justification of the text, both of which have been omitted in the transcription in
order to make use of the full page width of this document.

The transcription includes folios 1-19, covering the index, dedication, preface
and introduction to ‘The First Booke’. In addition, the captions of the first twelve
instruments are given and of another six that are relevant to this thesis. In order to
show the context of the latter six instruments within the work, the folios indicating
the start of the second, third and fourth book are (partially) transcribed as well. In
addition, folios 102r and 103r are transcribed, as 103r is the only folio on which the
year 1604 was written and 102r is the introduction to it.

As in general only the recta sides of the folios were written upon, no transcriptions
are given of the versa sides, unless they contain texts and/or diagrams. The numbers
1-7 in the transcription of the first two folios are written in the margin and form
an integral part of the original text, indicating the book numbers (or chapters as
we would now call them).

The transcription

[f.1r]
The Jewell of Artes

1 Devided into Seaven bookes: in the first where of as well the auntient instru ments
of navigation newly corrected are most plainly described, by Demonstratine fig-
ures, as other more exact not before knowne.

2 In the seconde the manner of building shippes by a geometricall proportion,
both shewing the faultes here tofore comitted in building, and howe to a voyde
them, and allso howe to make them more offensive, and defensive: then those
nowe used.

3 In the thirde the manner of making of Engines for diverse uses most comodious
both for sea, and lande newly invented.

4 In the foureth howe to take the height of any tower, castle, or other building.
with the demonstrations of the most necessarie instrumentes to survey lande with.
and allso a most exact instrument for the inlargeing or reducing of any lande keep-
ing allwayes the selfe same shape.

5 In the fift diverse most comodious plattes fore fortification sett foorth by plaine
demonstrations with a most exact instrument shewing the manner how to direct
a mine to any obiect. and to knowe whether the enimes doe countermine with
Diverse other devises to offend him, and to Defend the place beseiged, in most
excellent manner.

APPENDIX F – THE JEWELL OF ARTES



[f.2r]
6 In the sixte the manner of making the most servicable kinde of ordinance that

ever was Divised: and the most artificall cariages for the same being nimble, and
easie to remove: by menes of an Engine there onto added.

7 In the seventh the excellentest instrumentes for gunners arte that ever were devised,
with many most plaine Demonstrations howe a gunner ought to place his ordi-
nance to batter any obiect. all which conclusions are to be wrought by the practise
of Arithmeticke and geometrie: with out the which no man can attaine to any
perfect knowledg in those artes. where unto is added a breefe table for the find-
eing of the square and cubique serving to many right Excellent uses.

[f.3r]
To the most highe and mightie

prince James by the grace of god king
of England Scotland France. and

Ireland defender of the faythe

Most high and mightie prince: and my most dread soveraine lorde: I having begune
this present booke and inlarged it so farr: Untyll necessitie constrained me to stay
my pen, skale and compasse: and looke to the maintenance of my charge. Then
musing with myselfe to whom I might dedicate the same because it may in some
pointes yett seeme unperfect, could no where thinke it so savely Defended from
disdaine, and contempt: as under the winges of youre heghnesse protection: if your
highnesse shall vouch safe to – account it worthie of your favourable defence. whose
methode in writing being plaine, and simple: and through want of learning naked,
and ungarnished with eloquence: (my selfe the Author therof being only an English
scholler) I durst not have presented unto your royall maiestie, had not those twoo
causes given me incauragment. the one that where as I under tooke the same for the
wealth of youre maiestie

my

[f.4r]
my soveraine lorde and king, and of youre highnesse realmes and dominions, minding
to have published it for the good of this whole comon wealth: but considering with
my selfe that if I shoulde comittit to the presse, the coppies there of might be conveyed
hence: and so foraine nations for whome I nothing meant it should reape as much
profitt, of it as this my native cuntrie. I therefore of dutie present the same to youre
royall maiestie: referring the publishing of the whole booke or any parte there of,
only to youre maiesties high prudence and discretion. the other that your highnesse
a most wise and gratious prince: havinge duely considered these my laboures, and
in them my good intent: would vouch safe to give sentence of me whether I may
befalle to deferne maintentance, and imployment at home: or for my necessarie
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releefe enforced to seeke the same a broade in foraine cuntries: for all though in the
performance here of I have so farre neglected my necessarie affaires, as I am allto
gether unable any longer to supporte my meane estate. yett shall your hignesse but
vouch safe to affirme me worthie of preferment at home in this youre famous
kingdome: I shall thinke my travell herein fullie rewarded, be it only with yours
favourable acceptance of the same. which in all humblenesse of dutie I freely give
unto,

[f.5r]
your Royall maiestie, and in it my whole state and ther with all my selfe, to be orderd
at your highnesse princelie descretion, most humblie beseeching your hignesse to
accept the same as the woarke of youre poore subiect, that daylie indeavoureth to
imploy that skill that god hath lent him, to the increasement of the wellfeare of
youre royall maiestie, and to the benefett of this youre famous monarchie: being
most desirous to make due proofe unto youre highnesse of all things demonstrated
in this present booke. when so ever it shall please youre hignesse to command me,.
nowe I humby beseech allmightie god, who in his abaundant mercie ordeyned
youre highnesse for Englandes happinesse, and for the remmiting of this most
famous Auntient, and dismembred monarchie of greate britaine and hath exalted
youre throne, above all youre highnesse noble progenitorrs: to establishe the same
same to youre highnesse, and to youre most noble posteritie to that it may contrive
as the dayes of heaven: and to heape glorie, wealth, and honour uppon yee all raigning
on earth, and to crowne you with, everlasting happinesse in the life to come.

Your maiestie obedient
subject

George Waymouth

[f.6r]
The Preface

It were much to be wished that all those that doe undertake to mak discovery of
any straunge cuntries or passages: had some skill in all these artes comprehende in
this my present booke, as first in the Instrumentes of navigation they ought to
knowe both the making and use of so many as is possible, for if they knowe not
howe theire instrumentes ought to be made, then may they be so faultie as they shall
not be any thing proffited by them. for if in all occapations they use to be that good
tooles, to make a good woorke man, howe much rather in this which affourdeth more
honeure, wealth, and comoditie: unto this famous Island: then any one, trade in
all this land besides, may I truly say that good instrumentes make a good navigator.
with out the which it is impossible for him to doo any good in performance of any



profitable voyage at sea in discovering of straung countries, or passages, againe if
they be never so exactly made yett if seamen want skill howe to use them then were
they as good with out them as have them: for what can profitt hime that knoweth
not howe to use it: where fore I say it is verry necessarie, that hee be skillfull in both.
neyter it is sufficient that they be skillfull in some fewe, but (as I sayde before) in
as many as possibly hee can, that is even in all for there be many Instrumentes that
will not, yea verry fewe that will serve

in

[f.7r]
In all places, nor at all times: but that some times they must use one, and some time
other: secondly it were requisite they had knowledge in buildinge of shippes, not only
to the ende they might by there experience knowe howe to direct the shippwrightes
in building there shippes most fitt and comodious for theire intended discovery:
but allso is in case theire shippes in theire voyages should be frozen upp in the Ice
(as some have beene) or by any other misfortune lost, that then they might be able
to give under to theire companies howe to make newe eyther of the same timber if it
may be gotten out (as parhaps much may) though the shipp cannot be gotten out
whole, or elles of other timber where they may most conveinently gett it when they
are landed, this may be a meanes for them to escape, when as other wise they might
perishe, and utterly overthrone theire voyage. thirdly they ought to have knowledge
in making of Engines for in such voyages (commonly) they carry but smale store of
men because they cannot bestowe much victaile for them and there fore ought to use
all possible meanes, to preserve both them selves, and theire companies not only from
rovers, pirates and men of warre at sea: but allso from the furie of the savages on
lande, where with many strannge contries are replein[i]shed, and by whose rages

and
[f.8r]
And crueltie many christans have lamentably beene destroyroyed. fouerthly being
landed, in any strannge cuntrie among the savages, it is good that they be skillfull
in surveying that theire by they may make choyce of the most fitt and comodious
place they can attayne for theire better saf[e]tie. fiftty having surveyed the lande
and founde a fitt place for theire purpose they ought to be skillfull in fortification,
that theire by they might be the better secured from theire enimes, and defended
from the extremities of the weather by which meanes allso many men have pettifullie
perished in heatheen routines. sixtly it is most needefull that they be expert in gunners
arte where by they may not only be able to defend them selves from rovers and
pyrates in theire discovery att sea, but allso when they have fortified them selves at
land, if by necessitie they be there unto enforced. and seaventhly be cause theire
compaines are comonly smale (as I sayd before) and that the ordinance nowe used
is some what combersome to be handled by fewe men, I have theire fore sett downe
the manner of making of a more exclent kindes with theire cariages, and other

NAVIGATION ON WOOD734



APPENDIX F – THE JEWELL OF ARTES 735

necessaries be longing unto them, which comodious to as many as will use them,
not only in theire sayling at sea, but allso being fortified att lande if at any

[f.9r]
Time it so happen for that in such necesities com only the strength of theire men
is decayed, or els some of them lost, and perished: or both. and theire fore had the
more neede to be easied so much as is possible, but while I endeavored the best
meanes I can for the furtherance of discoveries, and passages. as at my return from
seeking the discoverie of the north west passage. I promissed the marchantes of
london trading in to the East Indies I would. thought not in this manner, some
perhaps as disdanig [disdaing] that I should teach ther howe to fitt them selves, to
effort that thnig [thing], which my selfe have noy yett performed, will I doubt not
be readie to say if it marvell that hee that cane poynt out the knowledge that aught
to be in them that are imployed in such affaires: did not performe that discoverie
him selfe tooke in hande, but lett such knowe that althought all these berequisite
in them that under taketh such discoveries, yett to the porformance there of be
longeth other matters allso. as the fitt time, and season of the yeare: prosperous
windes, and cleare weather, and cheefly and above all the blessing of god, eyther of
which who so ever hath not, if is in vaine for him to strive against the streame, for
howe so ever hee may edeavor to the utter most of his power, yea even beyond hope,
yett shall his expactation be

[f.10r]
all together frustrated, well then that I may make knowne to the world, that thing
which thought same doo allready knowe. not with standing many other doo yett
remaine Ignorant of, I will applie these thinges A litte unto my selfe in my discoverie,
first then for the time of the yeares all thought I were indeed verry sufficiently sett
forth by the said marchantes, and furnished with all thinges necessarie for such a
voyage, so farre as eyther they or I could then perteine, yett was the time of the
yeare so farr spent be for I was sett foorth as there was not so good hope of finding
the passage as thee would, if I had sett foorth rather, for them promised to sett me
foorth in march and it was June before O could gett cleare of the coast of Englande,
which was a great hinderance to my discoverie, for so long as the sunne retrogresseth
to the south warde, so long is there difficulltie to the passage to the north warde,
secondly for the windes they were very unfortunate, and continued much thwartinge,
allwayes crossing our course to lande to seeke for any harbour: and there fore could
wee not winter in those partes. thirdly the untemperature of the ayre deimed us
eyther harboure, or passage, for the foggs being so greate and thicke freesing, and
conge=



[f.11r]
concealing so fast as the fall uppon our ropes, and failed as that we could hardly have
any use of them. fouerthly my men being most of them sicke, and weake, all hope of
passage and harbouring being taken away: I thought it my best course to returne
as well for the releeving of my men as for the safgarde of the shippes, and goodes
comitted to my charge: and allso the profitt of the marchantes, for wee having at
the first but 16 moneths victailes, if wee might have harborred safely on the coaste
of Americca, yett would it have beene the next maye after before wee could have
dismored our shippes to lanch out in to the sea, and by that time oure victaile being
all most spent, what possibillitie had there beene to have parformed the disscoverie
then, with the residue, where as I being returned home by the 9 daye of september.
they might have hade there shippes there against, be fore maie and have saved there
shippes, cordage, origangs, vittailes, and mens wages for 7 or 8 moneths. then lett
all wise men Iudge if I tooke not the safest, and best course: and give setence of me
according to my good intent, as I thanke, and Iudgement in the mathematicall
sciemes: have all readie done, oreles [orelse] had I long befor this time smarted for
the contrarie, to my great shame, and utter discredite for ever, could there have beene
founde in me, but the

[f.12r]
Least want of knowledge, or dilligence, in prosecuting the same so farr as was possible,
eyther with the safgard of our lives, or of our shippes, and goodes. but not with
standing I endevored my selfe with all my power, and skill, to the performance of
this Intended discoverie, sparing no labor nor travell, in great extremitie of colde,
and many other dangers, even to the perill, and hazard of the lives of all my compaine,
and myne selfe, yea even so farfoorthe as it was possible for any man these letts being
considered, and allso making so much spare of there victaile, and all thinges comitted
to my chardge, as was requisite for the furderance of this enterprise so longe as I
continued foorth, and delivered them againe more then they (as some confessed)
could with reason expact, yett was my travell by some of them requited with dis -
courtesie and all my past miserie with dispitfull infamie, charging me with many
thinges contrarie to the trouthe where at all though I were greeved, yett I used to
them neyther prayer, nor intreatie, but by A comission precured from the Right
honerable lordes, and other of the privie counsell: directed unto certaine wise, and
worshipfull men for that purpose. before whom I answered all there Interrogataries,
and in 12 artickles under the handes of the master, and his mate of the god speed,
declared the causes of my returne and

the

[f.13r]
The reasons of the impossibillitie of our staying foorth, which artickles and answeres,
with there Interrgaries, I purpose god willing shortly to publishe, that my proceedings
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there in may the more manifastlie appear which I doubt not will sufficiently satisfie
any reasonable man, thus having cleared my selfe of these reprochefull surmises, and
uniust reportes, with the said marchants at london, I went downe into the cuntrie,
expecting when they should sende for me againe to undertake the saide discoverie,
where of the seemed verry desirous, where I hade not long tarried but that the states
of holland sente for me as well by worde of mouth as by writting requesting me
that I would come into theire cuntrie, offering me great preferment, to imploy my
skill for them, to whome thoughe I coulde not but thinke well of for theire kindnesse,
and thanke them for theire offers: yett thought I they doe eyther thinke my fortunes
verry harde or my countrie most unkinde, in that I am unprefered, and wanting
mayntenance at home and there fore should be constrained to seeke the same A
broade inforraine countries, being as well able by my skill, I thanke god who hathe
given it me, to profitt mine owne countrie as strangers, and surely I my selfe can thinke
no lesse, if after I have made it knowne unto

my

[f.14r]
my country it should so happen, as I would be sorryit should, for that allthough
they be newe frends to this lande, yett howe some they may be enimies to the same
I knowe not, and then what hurt might there by in sue [such,] lett wise men Judge.
there fore I made no direct answer but tolde them that here after they should here
more from me, having indeed befor that time begune this my present booke which
allthough I hope will much benefite the whole comon wealthe yett is there no one
trade or facultie to home it may afforde the like profitt, as it may to the marchantes,
some of whom being honest men and my verry good frendes and well willers, I will
gladly pleasure to the uttermost of my power, an[d] skill. though for some other that
are churtishe, and unkinde, I was the more unwilling to undertake the same, because
they are so misconceyted, that they will hardly understand when a man doth for theire
good, wishing it would please god to open theire undestainding: that the may learne,
to knowe there frendes from there foes, and for the discoverie of the north west
passage I would by no meanes wishe them to give it over, fore theire is great hope of
it, if be undertaken in the beginning of the yeare, and being performed, will not only
turne to theire owne great gaine, and comoditie but to the good of these hole state,

as

[f.15r]
As first to the great increase of the kinges customes, by the speedy returne of theire
shippes, which I thinke verrylye, might goe and returne in on[e] yeare. secondly it
would no doubt be a more healthie passage from that they nowe use and there by
the lives of many men might be saved, thirdly by the quicke and speedy sale of our
wollen cloath, which is one of the cheefe comodities of this our lande, and where
by many of our honest handie crafts men, and poorer sorte of people doo gett theire



living, it would allso be verry comodious for them, because they should have the more
woorke and consequentlie be the better able to maintaine them selves and theire
families, and that my good will might not be wanting to further the same, or any such
like comendable and honerable enterprise: that may tend to the same, or wealthe of
my prince and cuntrie: I have as yee see sett downe here in such instructions, as who
soever shall througlie understand shall there by be made the fitter to serve his prince,
and countrie eyther in Discouveries, or any other voyage at sea, or on the lande: att
home, or abroade: when so ever occasion shall be offered. which I have the rather
under taken to doo, for that being an English scholler only some have thought me
unfitt to shewe any thing as it ought, and suerly in writting I freely confe

[f.16r]
confesse so I am, through want of learning, and eloquence, to Discourse of thinges
as I ought, and there fore have thought good rather to doo them by Demonstration,
where of all such as are marked with W ar[e] of myne owne Invention which I knowe
by experience is more plaine to be understod, that theire by I might give testimonie
unto all men of my knowledge in these artes, where in if I have performed more
then any of my cuntriemen, I give the glorie to god only, and if any man shall attaine
to more knowledg in these artes by these Demonstrations, then by reading many
large discourses, eloquentlye handled. as if they bestowe the like laboure and Del-
ligence in learning, as I have Done in making them fore theire instruction, they
may verry well doe, and shall there by Iudge me to have Deserved with the best, then
lett them wish me at the least rewarded with the meanes, and thanke fullie except of
these my labours, which if they doe I shall the more willinglie undertake some other
woorke, to theire further benefite.

[f.17r]
The first booke

consisteth of Diverse instrumentes for navigation: as first of Instrumentes to observe
both sunne and starr sundrie wayes, secondlie sundrie sortes of compasses to Direct
a shipp by, where of one is with out a needle and may serve when those with needles
are out of use, thirdlie of Instrumentes for to finde the variation of the needle sundrie
wayes, fourethlie of traversse boardes for sea men to keepe there reckonings, of
there shippes way uppon, fiftlie of making of all manner of sea cardes, and shewing
there errours here to fore comitted in there making, where unto are added Diverse
most necessarie propositions, shewing howe to use the Declination of the sunne, and
starres: to theire meridianall height, howe to finde the Declination of the sunne, and
starre, howe to finde the Destance of any starre from the pole which is the comple-
ment, of his Declination, and the height of the pole by twoo observations and all so
to finde the variation of the needle sundrie wayes, by the Instrumentes Above named,.
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[f.18r]
It can not be deimed but that by the arte of navigation, Doth arise unto this whole
Islande not only great fame and renowne, but such infinite wealth and abundance
of all kinde of comodities as no one arte affourdeth the like benefitt to the whole
state, neither that there is in the whole worlde A nation that hath mor valurous,
hardy, stout, and coragious hartes: then this hath, and more Desirous to increase
the same and good of theire countrie by Adventuring not only there goodes, but
theire parsons in to the farthest, and most unknowne partes of the worlde, as well
of noble men, and gentlemen as of other of more inferiour Degree, yett be cause
hardinesse, and courage can not provaile with out skill, and knowledg which if they
be attained, yett can not be used, with out necessarie and fitt Instrumente for that
purpose. I have therefore, thought it A parte of my Dutie to increase theire former
procedings by makeing knowne unto them, not only those which by experience
gotten to my selve I have founde to be most necessarie, but Diverse other of mine
owne Invention, more true, and exact, then those that have hereto fore, beene used,
all which I have by Demonstrations so plainly sett foorth as there by any man, though
but of meane capacitie man may perfectly understood howe to make his owne
Instrumentes, to the Avoyding of

[f.19r]
of many errours that might other wayse be comitted in there making, as by the
Demonstration them selves here Immediatly following you may most plainely
perceive,
[End of the introduction, the rest of the folio is left empty.]

[f.20r]
[diagram of a mariner’s astrolabe. Not signed.]

The demonstration of the astrolabe to take the height or altitude of the sunne by
her shadowes

[f.21r]
[diagram for dividing a astronomical cross-staff using a half circle. Signed W.]

This demonstration sheweth the manner of making a cross staffe with one transame
serving to take the Distance between any twoo starres if the[y] should be 180 degrees
a sunnder

[f.21v]
[Diagram of a cross-staff with vanes on the transom and a horizon vane at the eye-end. No caption. Signed W.]



[f.22r]
[Diagram of making a mariner’s cross-staff using a half circle. Not signed.]

This demonstration sheweth the making of another kinde of crosse staffe having
three transomes this instrument will serve to take the altitude of the sunne foreward
and backwarde. and any starre foreward

[f.23r]
[Diagram of making a mariner’s cross-staff using a quadrant. Not signed.]

Here to make the same crose staffe nexte before by this Demonstration, serveing
to the same Uses as the other Doth

[f.24r]
[Diagram of a quadrant. Not signed.]

The Demonstration of the plaine quadrant serving to take the latitude of the sunne

[f.25r]
[Diagram of a staff type instrument with two perpendicular half-transoms and sliding apertures. A quadrant

is incorporated to show how it is divided. Signed W.]

The Demonstration of a most excellent crosse staffe to take the altitude of the sunne
backward by the shadowe

[f.26r]
[Diagram of a Davis quadrant. Not signed.]

The Demonstration of cross staff to observe the altitude of the sunne backe warde
by her shadowe

[f.26v]
[referring to diagrams on f.27r.]

The Demonstration of an Instrument shewing how to finde the altitude of the sunne
two severall wayes by arysing a perpendiculer upp the plaine of the horizon by the
length of her shadowe

[f.27r]
[Diagrams of two quadrants used the umbra recta and umbra versa of a shadow square. Both signed W.

Caption on f.26v.]

[f.28r]
[Diagram of a quadrant with a nonius scale division and a separate index arm, both equipped with vanes

and apertures. Not signed.]

The Demonstration of a most exact quadrant, to finde out the Degrees and minute
of the sunnes altitude + foure sundrie wayes
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[f.29r]
[Diagram of a quadrant with transversal scale and three apertures, one of which sliding. Not signed.]

The Demonstration of a most excellent qadrand to finde the Degree and minute.
it not so exact as the quadrante next before.

[For brevity’s sake from here on not all pages have been transcribed, only the ones relevant to this thesis]

[f.34r]
[Diagram of an archetype cross-bow quadrant without transversal scale. Signed W.]

The Demonstration of an Instrument to take the altitude of the sunne or starre,
and by the shadowe of the sunne you may observe her backe warde

[f.35r]
[Diagram of the symmetrical cross-bow quadrant with transversal scale. Signed W.]

The Demonstration of a most exact crosse staff to take the altitude of the sunne
and starre & any or you may by this Instrument observe the sunnes altitude many
wayes both at sea and land

[f.47r]
[Diagram of a staff type instrument with two perpendicular half-transoms and sliding apertures. Two

quadrant sections are incorporated to show how it is divided. Signed W.]

The Demonstration of a most exact crosse staffe to observe the altitude of the sunne
backe warde

[f.48r]
[Diagram of a staff type instrument with two perpendicular half-transoms with sliding apertures and an

eye-end aperture or horizon vane. The half transoms and a section of the staff are divided. Three quadrant

sections are incorporated to show how it is divided. Signed W.]

The Demonstration of another kinde crosse staffe to observe the sunne backward,
those Instrumentes that Dothe observe the sunnes altitude backwarde muse be
used when the sunne Doth gevie a good shadowe

[f.102r]
Here followeth most plaine and breefe waies, Howe to use the Declination of the sunn,
to Her meredianall height. taken with any of those Instruments befor mentioned.
whether you be to the north ward, or to the southe warde of the Equinoctiall. or
betweene the Equinoctiall and the sunne.

[Folio does not contain further text or diagrams.]



[f.103r]
I suppose I am the 17th of aprill in the year of our lord god .1604. unto the north ward
of the Equinoctiall. where I observe the sunne with any Instrument. and find her
meridionall height to be 60 degrees above the horizon. and the declination for that
day to be 14 Degrees northwarde[.] now I desire to knowe what is the height of the
pole in that place. to knowe this I seeke out the height of the Equnoctiall. in this
manner: [… etc. Another 28 folios follow with similar examples, but only this first one shows the year

1604.]

[f.132r]
The second booke conteaning the 

building of shippes

Here followeth the manner of building of shipp [… etc.]

[f.157r]
The third booke contening the

making of Engenes

The manner howe to make diverse Engenes of great forte [… etc.]

[f.174r]
The fourth booke consisteth of these

3 partes here after followeth

first to take the height of any tower, castle, ore other building: with a most exact in -
strument newly invented, where unto is added a geometricall table plainely shewing
the use there of, easie for every sensible man to understand.
Secondly the manner howe to measure the Deepethes of wells. thirdly the demon-
stration of diverse most necessairie Instrumentes to survey land with.

[f.192r]
[Diagram of a removing quadrant. Not signed.]

The Demonstration of all the partes of another kinde of Instrument to survey lande
with

[f.198r]
[Diagram of a archetype cross-bow quadrant with diagonal scale and three apertures. Signed W.]

The Demonstration of an Instrument to finde the exact degree and minute of the
altitude of the as sunne or of any starre[.] this will serve best at lande

[The manuscript continues up to folio 320r.]
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Appendix G – Instruments made by N. de Hilster

Early Modern Instruments for Celestial Navigation
built or restored by N. de Hilster
2003-2015



Type: Davis quadrant

Based on: W. Garner Davis quadrant 

(dated 1734, National Maritime Museum, London)

Built: March 2003

Instrument number: 01

Materials: Cambara for the frame, Cherry wood for the scales and vanes, brass for

springs and rivet plates, zinced steel pins for rivets, glass lens.

Inscription: 1734 W. Garner backstaff

by N. de Hilster, 2003

Diameters: 189mm & 605mm outer radii

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, 

lens vane. All vanes with 0.5mm brass springs.

Scales: 189mm outer radius scale: divided every 1°

605mm outer radius scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided in 10 parts, so readable in minutes.

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using modern stamps.

Both scales have been dated as well (on the inside of the arc): 

d)  The 605 outer radius scale is marked 2003#01

e⁾  The 189mm outer radius scale is marked  2003 01 with the 

     01 turned clockwise 90°.

f)  All vanes are marked 01

In multiplex box.
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Type: Davis quadrant

Based on: W. Garner Davis quadrant 

(dated 1734, National Maritime Museum, London)

Built: March 2003

Instrument number: 02

Materials: Cambara for the frame, Cherry wood for the scales and vanes, brass for

springs and rivet plates, steel pins for rivets, glass lens.

Inscription: Made by N. de Hilster

for A.P.M. Pieters 2003

Diameters: 189mm & 605mm outer radii

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, lens

vane. All vanes with 0.5mm brass springs.

Scales: 189mm outer radius scale: divided every 1°

605mm outer radius scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided in 10 parts, so readable in minutes.

Present location: A.P.M. Pieters, Goes, the Netherlands

Remarks: All figures on the instrument are made using modern stamps.

Both scales have been dated as well (on the inside of the arc):

g)  The 605 outer radius scale is marked 2003#02

h⁾ The 189mm outer radius scale is marked 2003 02 with the 02 turned

clockwise 90°.

i) All vanes are marked 02

No box.
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Type: Cross-staff

Based on: J. Hasebroek (dated 1720, Museovirasto, Finland)

Built: April 2004

Instrument number: 01

Materials: Ebony for the staff, pear wood for the vanes, copper for aperture discs,

brass for springs, clamping screws and dove-tail plates, bone (cow) for

horizon bone.

Inscription: 1720 J. Hasebroek cross-staff

by N. de Hilster, 2004

Vanes: 1:455.85mm

2:303.80mm

3:151.55mm

4:76.25mm with horizon bone

Scales: 1: full 90° - 39°; 90°-60°:10'; 60°-39°:5'

2: full 90° - 27°; 90°-88°:30'; 88°-70°:15'; 70°-40°;10'; 40°-27°:5'

3: full 90° - 14°; 90°-80°:1°; 80°-55°:30'; 55°-40°;15'; 40°-30°:10'; 0°-14°:5'

4: full 90° - 7°; 90°-80°:5°; 80°-50°:1°; 50°-40°:30'; 40°-30°:15'; 30°-20°:10'; 

20°-10°:5'; 10°-7°:2'

Present location: This instrument no longer exists as a whole, see remarks, the staff is still

in the workshop of N. de Hilster, Castricum, the Netherlands

Literature: —

Remarks: All figures on the instrument are made using modern stamps. Vanes

have been marked 0 | 1 below the clamping screws.

In box (now used for instrument 10)

The vanes of the instrument were used to create instrument 9 for the

Archenhold Sternwarte in Germany. The figures have been re-stamped

with old-fashioned figures (1660, J. van Breen type, see instruments 

5 & 6).The staff was replaced by a new one with old-fashioned figures to

create instrument 9.
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Type: Davis quadrant

Based on: W. Garner Davis quadrant 

(dated 1734, National Maritime Museum, London)

Built: June 2004

Instrument number: 03

Materials: Ebony for the frame, boxwood for the scales and vanes, brass for springs

and rivet plates, steel pins for rivets, glass lens.

Inscription: 1734 W. Garner backstaff

by N. de Hilster, 2004

Diameters: 189mm & 605mm outer radii

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, lens

vane. All vanes with 0.5mm brass springs.

Scales: 189mm outer radius scale: divided every 1°

605mm outer radius scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided in 10 parts, so readable in minutes.

Present location: This instrument no longer exists, see remarks, the 25-degree arc is still

in the workshop of N. de Hilster, Castricum, the Netherlands

Remarks: The arcs of the instrument have been replaced for new ones with period

style stamps. It has been re-dated 2006 but still has instrument number

03, see instrument number 11 of this list.
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5

Type: Spiegelboog

Based on: J. van Breen’s book Stiermans Gemack (published 1662, Amsterdam)

Built: May 2005

Instrument number: 01

Materials: Ebony for the staff, pear wood for the vanes, copper for mirror

mounting and sight, brass for pins, springs and adjustment screw, paper

and durable ink on horizon vane.

Inscription: On the staff:

*                       *                      *

* 1660 J v B * * N d H 2005 *

*                       *                      *

On the mirror:

Joos van Breen 1660- 

2005 Nicolas de Hilster

Vanes: 1:30.35mm

2:107.75mm

3:323.20mm

4:539.80mm

Scales: 1: full 90° - 2°-30'; 90°-50°:5°; 50°-30°:1°; 30°-20°:30'; 20°-2°:10'

2: full 90° - 8°-10'; 90°-60°:1°; 60°-40°:30'; 40°-30°;15'; 30°-8°:10'

3: full 90° - 24°-40'; 90°-80°:30'; 80°-60°:15'; 60°-24°;10'

4: full 90° - 40°-00'; 90°-80°:15'; 80°-40°:10'

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using a seventeenth century font

similar to that used in the book by Van Breen.

Vanes have been marked 01 below brass spring.

In wooden box.
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Type: Spiegelboog

Based on: J. van Breen’s book Stiermans Gemack 

(published 1662, Amsterdam)

Built: May 2005

Instrument number: 02

Materials: Ebony for the staff, pear wood for the vanes, copper for mirror

mounting and sight, brass for pins, springs and adjustment screw, paper

and durable ink on horizon vane.

Inscription: On the staff:

*                       *                      *

* 1660 J v B * * N d H 2005 *

*                       *                      *

On the mirror:

Joos van Breen 1660-

2005 Nicolas de Hilster

Vanes: 1:30.35mm

2:107.75mm

3:323.20mm

4:539.80mm

Scales: 1: full 90° - 2°-30'; 90°-50°:5°; 50°-30°:1°; 30°-20°:30'; 20°-2°:10'

2: full 90° - 8°-10'; 90°-60°:1°; 60°-40°:30'; 40°-30°;15'; 30°-8°:10'

3: full 90° - 24°-40'; 90°-80°:30'; 80°-60°:15'; 60°-24°;10'

4: full 90° - 40°-00'; 90°-80°:15'; 80°-40°:10'

Present location: Het Scheepvaartmuseum, Amsterdam, the Netherlands

Remarks: All figures on the instrument are made using a seventeenth century font

similar to that used in the book by Van Breen.

Vanes have been marked 01 below brass spring.

In wooden box.

APPENDIX G – INSTRUMENTS MADE BY N. DE HILSTER 749

6



Type: Cross-staff

Based on: Cross-staff (KLM11592KR) found on board of the Kronan, Sweden

(dated 1661, Kalmar Läns Museum, Kalmar, Sweden)

Built: December 2005

Instrument number: 1

Materials: Pine for the staff, beech for the vanes, brass for aperture disc.

Inscription: Side 1:

1 6 6 1

Side 2:

N d H 2 0 0 5    1 

Vanes:

1: 692.50mm

2:515.70mm

3:296.80mm

4:152.60mm

Scales: 1: full 90° - 48°-00';    90°-48°:30'

2: full 90° - 28°-30';   90°-28°:30'

3: 60° - 17°-00'; 60°-17°:30'

4: 30° - 9°-00'; 30°-9°:30'

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using the original font.

Vanes have been marked 1 near the hole at the flat side of the vanes.

In wooden box.
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Type: Cross-staff

Based on: Cross-staff (KLM11592KR) found on board of the Kronan, Sweden

(dated 1661, Kalmar Läns Museum, Kalmar, Sweden)

Built: December 2005

Instrument number: 2

Materials: Pine for the staff, beech for the vanes, brass for aperture disc.

Inscription: Side 1:

1 6 6 1

Side 2:

N d H 2 0 0 5 2

Vanes: 1: 692.60mm

2:515.40mm

3:296.60mm

4:152.35mm

Scales: 1: full 90° - 48°-00';    90°-48°:30'

2: full 90° - 28°-30';    90°-28°:30

’3: 60° - 17°-00'; 60°-17°:30'

4: 30° - 9°-00'; 30°-9°:30'

Present location: Kalmar Läns Museum, Kalmar, Sweden

Remarks: All figures on the instrument are made using the original font.Vanes

have been marked 2 near the hole at the flat side of the vanes.

In wooden box.
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Type: Cross-staff

Based on: J. Hasebroek (dated 1720, Museovirasto, Finland)

Built: January 2006

Instrument number: 01

Materials: Ebony for the staff, pear wood for the vanes, brass for aperture discs,

springs, clamping screws and dove-tail plates, bone (cow) for horizon

bone.

Inscription: *  N d H  *

* *

* 2 0 0 6 *

Vanes: 1:455.85mm

2:303.80mm

3:151.55mm

4:76.25mm with horizon bone

Scales: 1: full 90° - 39°; 90°-70°:30'; 70°-50°:15'; 50°-39°:10'

2: full 90° - 27°; 90°-60°:30'; 60°-40°:15'; 40°-27°:10'

3: full 90° - 14°; 90°-60°:1°; 60°-40°:30'; 40°-30°:15'; 30°-14°:10'

4: full 90° - 7°;90°-60°:5°; 60°-40°:1°; 40°-30°:30'; 30°-20°:15'; 20°-7°:10'

Present location: Archenhold Sternwarte, Berlin, Germany

Remarks: All figures on the instrument are made using a font of the type used on

the spiegelboog stamps (see instruments 5 & 6).

Vanes from instrument 3 have been re-stamped (this is visible at some

points) and marked 0|1 below the clamping screws.

No box.

Was delivered with additional perspex horizon bone as the bone version

was not of the best quality.

Graduation is a simplified version of the original by Hasebroek.

Two types of seahorses can be found on this instrument: the old ( )

and new ( ) one.
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Type: Cross-staff

Based on: J. Hasebroek (dated 1720, Museovirasto, Finland)

Built: January 2006

Instrument number: 02

(thus with different seahorses than instrument 9)

Materials: Ebony for the staff, pear wood for the vanes, brass for aperture discs,

springs, clamping screws and dove-tail plates, bone (cow) for horizon

bone.

Inscription: *  N d H  *                

* *

* 2 0 0 6 *

Vanes: 1: 456.05mm

2: 304.20mm

3: 151.90mm

4: 76.50mm with horizon bone

Scales: 1: full 90° -39°; 90°-60°:10'; 60°-39°:5'

2: full 90° - 27°; 90°-88°:30'; 88°-70°:15'; 70°-40°:10'; 40°-27°:5'

3: full 90° - 14°; 90°-80°:1°; 80°-55°:30'; 55°-40°:15'; 40°-30°:10'; 30°-14°:5'

4: full 90° -7°; 90°-80°:5°; 80°-50°:1°; 50°-40°:30'; 40°-30°:15'; 30°-20°:10'; 

20°-10°:5'; 10°-7°:2'

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using a font of the type used on

the spiegelboog (see instruments 5 & 6).

Vanes have been marked 0|2 below the clamping screws.

In wooden box.

Graduation is a full version as in the original by Hasebroek.
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Type: Davis quadrant

Based on: W. Garner Davis quadrant 

(dated 1734, National Maritime Museum, London)

Built: July 2006

Instrument number: 03

Materials: Ebony for the frame, boxwood for the scales and vanes, brass for springs

and rivet plates, steel pins for rivets, glass lens.

Inscription: made by N. de Hilster

for Th. J. de Jongh, 2006

Diameters: 189mm & 605mm outer radii

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, 

lens vane. All vanes with 0.5mm thick brass springs.

Scales: 189mm outer radius scale: divided every 1°

605mm outer radius scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided in 10 parts, so readable in minutes.

Present location: Th. J. de Jongh, Hilversum, the Netherlands

Remarks: All figures on the instrument are made using period stamps, with the

exception of the instrument numbers on the vanes.Both scales have

been dated (on the inside of the arcs) with period numbers and new

style sea horses.:

j)  The 605 outer radius scale is marked 2006#03

k)  The 189mm outer radius scale is marked 200603 with 03 turned 

     clockwise 90°.

l)  All vanes are marked 03 with the old version of the sea horses 

     and modern figures.

No box.
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Type: Davis quadrant

Based on: W. Garner Davis quadrant (dated 1734, National Maritime Museum,

London)

Built: July 2006

Instrument number: 04

Materials: Ebony for the frame, boxwood for the scales and vanes, brass for springs

and rivet plates, steel pins for rivets, glass lens.

Inscription: 1734 Davis Quadrant

made by N. de Hilster, 2006

Diameters: 189mm & 605mm outer radii

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, lens

vane. All vanes with 0.8mm thick brass springs.

Scales: 189mm outer radius scale: divided every 1°

605mm outer radius scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided in 10 parts, so readable in minutes.

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument and vanes are made using period

stamps.Both scales have been dated (on the inside of the arcs) with

period numbers and new style sea horses.:

m)The 605 outer radius scale is marked 2006#04

n)  The 189mm outer radius scale is marked 200604 with 04 turned 

     clockwise 90°.

o)  All vanes are marked 04 with the new version of the sea horses 

     and period figures. 

No box.
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Type: Demi-cross

Based on: seventeenth century Dutch rutters

Built: October 2007

Instrument number: 01

Materials: Ebony for the staff, pear wood for the vanes, brass for spring and screw,

white paint.

Inscription: On top of the staff near the horizon vane:

N d H * 2007

Staff length: 937mm

Vane settings: 1: 409.3mm

2: 306.9mm

3: 204.9mm

4: 102.3mm

Scales: 1:   90° -   17°-00':  15'

2:  90° -    80°:     30'

     80° -   20°-45':  15'

3:  90° -    80°:     60'

     80° -     50°:     30'

     50° -   24°-15':  15'

4:  90° -    80°:   300'

     80° -    40°:     60'

     40° -     30°:     30'

     30° -   7°-15':     15'

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using the font used on the

spiegelboog. Vanes (sight vane, shadow vane, full and half horizon vanes)

have been marked 01 near the hole on the flat side of the vanes.

In wooden box.
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Type: Master Hoods cross-staff

Based on: Master Hood & Blundeville

Built: November 2007

Instrument number: 01

Materials: Ebony for the staff, brass for the vanes, socket and screw.

Inscription: Both staffs near the end:

*  N d H  *

* *

* 2 0 0 7 *

Staff lengths: 914.4mm

Vane length: n.a.

Scales: 1: 0° - 45° :   10' and 0 - 1000 : 1;

2: 45° - 90° :  10' and 0 - 1000 : 1;

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All figures on the instrument are made using the font used on the

spiegelboog.

Vanes are unmarked but metric screws are used for clamping.

In wooden box
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Type: Demi-cross

Based on: seventeenth century Dutch rutters

Built: January 2008

Instrument number: 02

Materials: Ebony for the staff, pear wood for the vanes, brass for spring and screw,

white paint.

Inscription: On top of the staff near the horizon vane: * 1 6 2 5 *

On the other side: * N d H * 2 0 0 8  *
Staff length: c. 937mm

Vane settings: 1: 409.3mm

2: 306.9mm

3: 204.9mm

4: 102.3mm

Scales: 1:     90° - 17°-00':  15'

2:     90° - 80°:      30'

        80° - 20°-45':  15'

3:     90° - 80°:       60'

        80° - 50°:        30'

        50° - 24°-15':   15'

4:     90° - 80°:     300'

        80° - 40°:       60'

        40° - 30°:        30'

        30° - 7°-15':     15'

Present location: Dutch Factory, Hirado, Japan

Remarks: All figures on the instrument are made using the font used on the

spiegelboog.

Vanes (sight vane, shadow vane, full and half horizon vanes) have been

marked 02 near the hole on the flat side of the vanes.

In wooden box, part of navigational set consisting of a cross-staff, 

demi-cross, chip log, 28-second hour glass and traverse board.
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Type: Cross-staff

Based on: Cross-staff (KLM11592KR) found on board of the Kronan, Sweden

(dated 1661, Kalmar Läns Museum, Kalmar, Sweden)

Built: January 2008

Instrument number: 02

Materials: Ebony for the staff, pear wood for the vanes.

Inscription: Side 1:
*

*     1625 *   
*

Side 2:                  * N d H  *

*                 * *  2 0 0 8  02 *

Staff length: c. 1014mm

Vanes: 1: 693.0mm

2: 516.6mm

3: 297.8mm

4: 152.7mm

Scales: 1:      90° -80°:         30'

        80° -60°:          15'

        60° - 39°:         10'

2:     90° - 60°:        30'

        60° - 50°:         15'

        50° -29°:          10'

3:     90° - 60°:    1800'

        60° - 50°:        30'

        50° -40°:          15'

        40° - 17°:         10'

4:     90° - 30°:    1800'

        30° -9°:            10'

Present location: Dutch Factory, Hirado, Japan

Remarks: Based on Kronan staff (see instrument number 7), but now with finer

scales. Figures in font as used in the spiegelboog. Vanes have been marked

02 near the hole on the side of the vanes and with vane number on the

upper side of the vanes near the block.Horizon vane, but without aperture

disc. In wooden box, part of navigational set consisting of a cross-staff,

demi-cross, chip log, 28-second hour glass and traverse board.
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Type: Hoekboog

Based on: Finds in Shetlands and The Netherlands, literature

Built: 2009

Instrument number: 00

Materials: Ebony for the frame. Pear wood for the vanes.

Inscription: * N d H *
* * * 2 0 0 9 *  *

Vanes: Horizon vane, shadow vane, sight vane, all without brass parts.

Scales: 60 chord: every 10 degrees

30 chords: every quarter degree

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All vanes and the end of the datum line have been marked  00  

Width datum line based on Shetland find.
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Type: Hoekboog

Based on: Finds in Shetlands and The Netherlands, literature.

Built: 2009

Instrument number: 01

Materials: Ebony for the frame. Pear wood for the vanes.

Inscription: * N d H *
* * * 2 0 0 9 *  *

Vanes: Horizon vane, shadow vane, sight vane, all without brass parts.

Scales: 60 chord: every 10 degrees

30 chords: every quarter degree

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: All vanes and the end of the datum line have been marked  01 

Width datum line based on Netherlands find.
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Type: Mariner’s astrolabe

Based on: Valentia astrolabe in the collection of the National Maritime Museum,

Greenwich, London.

Built: 2006-2010

Instrument number: —

Materials: Bronze (CuSn10-C) for the mater and alidade, brass for the vanes,

suspension, and sea horse key.Chord for the line between suspension

ring and sea horse key.

Inscription: Ars Mechanica

&

Nicolao

Astromontano

feci t

MMX

Vanes: Pierced for sun observations

Scales: 90-0-90 degrees, every 1 degree.

Present location: N. de Hilster, Castricum, the Netherlands

Remarks: Research and drawings by N. de Hilster (2006-2007), built and divided

by Günther Oestmann of Ars Mechanica (2008-2010), rebuilt

(smoothing of rear and front surfaces and suspension ring, rebuilding of

alidade for alignment correction, adjustment of pinnules, bevelling of

fiducial edges) and calibrated by N. de Hilster (2010). Instrument and

alidade laser engraved in 2017 (alidade only engraved with monogram).
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Type: Davis quadrant (restoration)

Original by: unknown

Restored: March 2011

Instrument number: —

Materials: Mahogany (?) for the frame, Boxwood (?) for the scales.Boxwood

reproduction vanes with brass springs. Glass lens.

Inscription: —

Diameters: Not measured.

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, lens

vane. All vanes with 0.8mm thick brass springs, similar to the Garner

replicas.

Scales: 65-degree scale: divided every 1°

25-degree scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided into 10 parts, so readable in minutes.

Present location: Private ownership (W.S.), Belgium

Remarks: All figures on the vanes are made using period stamps and new style sea

horses. All vanes are marked  2011 with the new version of the sea

horses and period figures.
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Type: Davis quadrant (restoration)

Original by: Patt Woodside

Restored: September 2013

Instrument number: 162

Materials: Rosewood (?) for the frame, Boxwood (?) for the scales.Boxwood

reproduction vanes with brass springs. One missing brass rivet plate

replaced on the 25 degrees arc. Glass lens.

Inscription: Instrument:

Made by Patt Woodside for

Iohn Dickey 1751

Box:

box and vanes

by Nicolàs de Hilster

for Richard Kaplan, 2013

Diameters: Not measured.

Vanes: Sight vane with brass inlaid peep sight, horizon vane, shadow vane, lens

vane. All vanes with 0.8mm thick brass springs, similar to the Garner

replicas.

Scales: 65-degree scale: divided every 1°

25-degree scale: divided every 5' with diagonal scale every 10'.

Diagonal scale divided into 10 parts, so readable in minutes.

Present location: Private ownership (R.K.), USA

Remarks: All figures on the vanes are made using period stamps and new style 

sea horses.All vanes are marked  2013 with the new version of the

sea horses and period figures.

Oak box.
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Type: Demi-quadrant (reconstruction)

Based on: Demi-quadrant in Museo Naval

Built: December 2015

Instrument number: —

Materials: —

Inscription: n.a.

Diameter: 512mm outer radius.

Vanes: Sight vane with inlaid peep sight, horizon vane, shadow vane.

Scales: 58-degree scale:

0°   - 20° every 30'

20° -  30° every 20'3

0°   - 40° every 15'

40° - 50° every 10'

50° -  58° every 5'

32-degree scale: divided every 10' with diagonal scale every 10'.

Diagonal scale divided into 10 parts, so readable in minutes.

Present location: N. de Hilster, Castricum, the Netherlands.

Remarks: Digital reconstruction in 3D modelling software.
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Appendix H – Data

Field tests have contributed significantly to my research and were usually performed
with several observers. Only my own experiments with the mariner’s astrolabe were
usually done by me alone. A typical field test consists of a number of observations
around the meridian passage of the sun. In practice, this meant that we would arrive
on site at least two hours before noon, organise ourselves on the spot and begin
taking observations in order to become used to the instruments. About half an hour
to one hour before the meridian passage, observations are being taken seriously, until
about the same time after the meridian passage.

How the tests were set up is explained in section 2.8.2 – Field tests, the results in section
7.3.2 – Modern studies. The land-based test had the advantage of being stationary,
which had the advantage that the sun’s altitude easily could be computed for a single
location. The sea trials were done while sailing, which meant that our position, and
thus the observed sun’s altitude, varied with time. The locations of the land-based
trials are given in table 1, those of the sea trials are tabulated in the track data tables
2-9. The actual observations are listed in tables 10-32.

Table 1 is divided into three sections. The first three columns show the session
number, session date, and time zone in which the data was recorded. The following
five columns give the location details, which start with a description, then whether
the trial was done at sea or on land, in the latter case followed by the geographical
coordinates in WGS84 on the ETRS89 reference frame, while the last column gives
the observer’s eye-height above the water in metres. The last two columns provide
air pressure in hectoPascal (hPa or millibar) and temperature in degrees centigrade
(°C).

All positions of the sea trials were logged using a Garmin Extrex Vista handheld
GPS receiver. Using the output of this receiver and purpose-built software, the sun’s
altitude was calculated at 1 minute intervals. In order to verify the observations, the
sun’s altitudes at the actual moments of observation were determined using a linear
interpolation. All positions and altitudes are given in decimal degrees. Times are given
in the same reference frame as the observation data (GMT+2, European summer -
time with daylight saving).
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The human perception experiment, to determine perception of the penumbra in
shadow-casting, as mentioned in section 5.3.3 – Hood vs Harriot, was done using a
shadow vane and a shadow receiving screen on which two lines were drawn (see
figure 222). The lower line was parallel to the shadow vane, the upper inclined and
divided into 10 segments numbered 0-10, each subdivided into halves. The height
difference between the 0 and 10 marks is 5 millimetres, so each segment represents
0.5 millimetres, each half subdivision 0.25 millimetres. After aligning the lower
penumbra aligned with the lower line, the intersection of the centre of the upper
penumbra with the inclined line was estimated. The device was calibrated so that
the correct width was at 5. Table 33 shows the observations. Any figure given by the
participant lower than 5 meant that the distance between the upper and lower
penumbra was estimated too short and vice versa.
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Table 3

���������� ����������� ���������� �����������
������� ��� ������� ���

���� �������� ��������� �������� ���� �������� ��������� ��������
�������� ������� ����	� �����
� �������� ������� ���
�� ���
���
�������� ������� ����
� ������� ����	��� ������� ���

� ���
���
�������� ����

� ������ ������� �������� ������� ����	� ���
���
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�� ������ ������	 ����
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����	��� ����
�� ������ ������� �������� �����
� ������ �������
�������� ����
�� ������ ����
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�������� ����
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�������� ����
�� ���	
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���������� ����������� ���������� �����������
������� ��� ������� ���

���� �������� ��������� �������� ���� �������� ��������� ��������
�������� ������� �����	 �	�	��� �������� ������	 ������ ���	���
�������� ������� �����	 �	����� �������� ������� ������ ���	���
�������� ������� ����	� �	��	�� �������� �����	� ������ ���	���
�������� ������� ������ ������	 �������� ������� ����	� ���	���
�������� ������� ������ ������	 �������� ������� ������ ���	�	�
����	��� ������� ������ ������	 �������� ������� ������ ���	���
�������� ������	 ������ ������� �������� ������� ������ ���	���
�������� ������� ������ �����	� �������� ������� ������ ���	���
�������� ������� ������ ������� �������� ������� ������ ���	���
�������� ������� ����	� ������� ����	��� ������� ������ ���	���
�������� ������� �����	 ����	�� �������� ������� ����	� ���	���
�������� ������� ������ ������	 �������� �����	� ������ ���	�	�
�������� ������� ������ ������� �������� ������� ���	�� ���	���
�������� ������� ������ ����	�� �������� ������� ���	�� ���	�		
�������� ������� ������ ������� �������� ������� ���	�� ���	���
����	��� ������	 ������ ������� �������� ������� ���	�� ���	���
�������� ������� ������ �����	� �������� ������� ���	�� ���	���
�������� ������� ������ ������� �������� ������� ���	�� ���	�	�
�������� ������� ������ ������	 �������� ������� ���	�� ������	
�������� ������	 ������ ������� ����	��� ������� ������ ����	��
�������� ������� ������ ������	 �������� �����	� ������ �������
�������� �����	� ������ �����	� �������� ������� ������ �������
�������� ������� ������ ������� �������� ������� ������ �������
�������� ������	 ������ ������� �������� ������� ������ �������
�������� ������� ������ ������� �������� ������� ������ �������
�������� ������� ����	� ������� �������� �����	� ����	� �����	�
����	��� ������� ������ ����	�� �������� ������� ������ ����	��
�������� ����	�� ������ ������� �������� ������� �����	 �������
�������	 ����	�� ������ �����	� �������� ������� ������ �������
�������	 ����	�� ������ ������� ����	��� ������� ������ �������
�������� ����		� ������ ������� �������� ������� �����	 �������
�������� ������� ������ ������� �������� ������� ������ �������
�������� ������� ����	� ������� �������� ������� ������ ������	
�������� ������� ������ ����		� �������� ������� ����	� �������
�������� ������� ������ ������� �������� �����	� ������ �����	�
�������� ������� ������ ���	��� �������� ����	�� ������ �������
����	��� ������� ������ ���	�	� �������� ����	�� ������ �������

continued in next column → �������� ����	�� ������ �����	�

Track data
Table 4



NAVIGATION ON WOOD772

Table 5

���������� ����������� ���������� �����������
������� ��� ������� ���

���� �������� ��������� �������� ���� �������� ��������� ��������
�������� ���	�	 ��	��� �	��		� �������� ���	��	 ��		�� �����
�������� ���	��	 ��	�	� �	����� �������� ���	�	� ��		�	 ������
�������� ���	��� ��	�	� �	��	�	 �������� ���	��	 ��			� ����	�
�������� ���	�		 ��	�� �	����� �������� ���	��� ��				 ����	�
����	��� ���	�� ��	�� �	���� ����	��� ���	��	 ��		� ����		
����	��� ���	��� ��	��� �	��	�	 ����	��� ���	�	� ��		�	 ����		
����	��� ���	��	 ��	��	 �	�	�	� ����	��� ���	��	 ��		�� �����
������� ���	�� ��	��� �	�	��� ������� ���	��� ��		�	 ������
�������� ���	�	� ��	�	� �	�	�� �������� ���	��� ��		�� ����	�
�������� ���	��� ��	�		 �	�	�	� �������� ���	�	� ��			� ������
�������� ���	�� ��	�� �	�		�� �������� ���	�� ��			� ����		
�������� ���	��� ��	��	 �	�	�� �������� ���	��	 ��			� �����
�������� ���	�		 ��	��� �	�	��� �������� ���	��� ��				 ���	�
�������� ���	��� ��	��� �	�	�	� �������� ���	��	 ��				 ���		�
����	��� ���	��� ��	��� �	�			� ����	��� ���	��� ��			� ���		
����	��� ���	��	 ��	�	� �	���� ����	��� ���	�		 ��		� ���	�
����	��� ���	�	� ��	�	 �	���	 ����	��� ���	�	� ��	�� ����	�
������� ���	�	 ��	�� �	�	�	 ������� ���	��� ��	� ����		
�������� ���	��� ��	��	 �	�	 �������� ���	��	 ��	�� �����	
�������� ���	��� ��	��� ������ �������� ���	��� ��	�	 ����	
�������� ���	�		 ��	��	 ����	� �������� ���	��	 ��			 �����
�������� ���	�� ��	��� ���	� �������� ���	��	 ��	� ���	�
�������� ���		�	 ��	�		 ����	 �������� ���	�	� ��	��� ���	�	
�������� ���		�� ��	�	� �����	 �������� ���	�	� ��	��� ������
����	��� ���			� ��	�	 ������ ����	��� ���	� ��	��	 ����	�
����	��� ���			 ��	��� ������ ����	��� ���	��� ��	��	 ����		
����	��� ���		�� ��	��� ���	�	 ����	��� ���	��	 ��	��� ���	�
������� ���		�	 ��	�� ���		� ������� ���	��� ��	��� ���			
�������� ���			� ��	��� ������ �������� ���	��� ��	� ����	�
�������� ���			� ��	�		 ����	 �������� ���	�	 ��			 ����	�
�������� ���		� ��	�	� �����	 �������� ���	�	 ��		� ����	�
�������� ���		�� ��	�	 ����	� �������� ���	��	 ��	�� �	���
�������� ���		�	 ��		�� ����� �������� ���	��	 ��	�	 �	�	�	
�������� ���			� ��		�	 ���	�� �������� ���	��� ��	�� �	��	
����	��� ���	�	 ��		�� ���	�	 ����	��� ���	�	� ��	�� �	����
����	��� ���	�� ��		�	 ���	 ����	��� ���	�	� ��			 �	�			
����	��� ���	�	 ��			� ���	� ����	��� ���	��	 ��			� �	�		��
������� ���		� ��				 ������ ������� ���	��	 ��			� �	�	��
�������� ���	��	 ��		�� ������ �������� ���	�� ��		�	 �	�	���
�������� ���	��� ��		�	 ����		 �������� ���	�		 ��		�	 �	�	�	

continued in next column →

Track data
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Table 6

���������� ������������ ���������� ������������
������� ��� ������� ���

���� �������� ��������� �������� ���� �������� ��������� ��������
������� ������ ������ ������� �������� ��	�� ������ �	�����
������� �����	 ������ ������� �������� ��	�� ��		 �	��
������ ����� ������ ������ ������� ��	� ��	� �	����	
���	��� ������ ������ ������ ����	��� ��	� ��	�� �	���	�
�������� ������ ������ ���	��� �������� ���� ��	� �	��	
�������� ���	� ����	� ���	��� �������� ��� ��	�� �	��		�
�������� ���� ����� ����� �������� ���� ��	�� �	�����
�������� ���� ������ ������ �������� ��� ��	�� �	����
�������� ����	 ����	 ����� �������� ���		 ��	�� �	�����
������� ����� ����� ���� ������� ���� ��	�� �	�����
�������� ����� ������ ���	�� �������� ����� ��	� �	����
�������� ���� ������ ������ �������� ����� ���	 �	����
������� ������ ������ ����� ������� ����� ���� �	����
����	��� �����	 ����� ����� ����	��� ����� ��� �	���	�
�������� ������ ����	� ��� ������� ���� ���� �	�����
�������� ������ ����� ���	�� ������� ����	 ���� �	�����
�������� ����	 ������ ������ ������� ���� ���� �	����
�������� ������ ������ ������ ������� ����� ���� �	�����
�������� ����� �����	 ����	 ������� ���� ���� �	�����
������� �����	 ����� ����� ������ ��	� ���	� �	����
�������� ������ ������ ����	 ������� ���	 ���� �	�����
�������� ������ ������ ����� ������� ���� ����	 �	�����
������� ����� ������ ����� ������ ���� ���	 �	���	
����	��� ����� ����	� ����	 ���	��� ��� ����� �	�����
�������� ����� ����� ���	� �������� ��� ����� �	��	��
�������� ������ ������ ������ �������� ���	� ���� �	���	
�������� ������ ����	 ����� �������� ����� ���� �	����
�������� ����� ������ ����	 �������� ���� ����� �	���
�������� �����	 ������ ���� �������� ����� ���	� �	����
������� ����� ����� ����� ������� ����� ���� �	�����
�������� ������ ������ ���� �������� ���		 ����� �	�����
�������� ������ ������ ����� �������� ���� ����� �	�����
������� ����	 ����	� ��		 ������� ����� ����	 ��	��
����	��� ����� �����	 ��	��� ����	��� ���� ���� ��	��
�������� ����� ����� ��	��� �������� ����� ���� ��	���
�������� �����	 ����� ��	��� �������� ����	 ����� ��	���
�������� �����	 ����� ��	�� �������� ���	� ����� ��	��
�������� ������ ������ ��		�� �������� ����� ��	 ����
�������� ��	� ������ �	����� �������� ��� ��� �����
������� ��	�� ������ �	���� ������� ����� ���� �����

continued in next column →

Track data
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Table 7

���������� ����������� ���������� �����������
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Table 10
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Table 12
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����
��� NDU �� � ��� ����
��� JYP �� � ���	 �������� JJO �� �� ���
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�������� NDU �� �� ���� ����	��� JYP �� �� ��� �������� JJO �� �� ���
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 �������� JYP �� �� 
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 �������	 NHI �� �� ��� �������� NHI �� �� ���
�������� NHI �� �� ��� �������� NHI �� �� ��� �������
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Table 13
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�������� NHI �� �� ��	� �������� NHI �� �� 	� �������� NHI �� �� ��	�
�������� NHI �� � �	� �������� NHI �� �� ��	� �������� NHI �� � �	�
������� NHI �� �� ��	� ������� NHI �� �� �	� ����
��� NHI �� � ��	�
�������� NHI �� � ��	� �������� NHI �� �� ��	� �������� NHI �� �� ��	
�������� NHI �� � ��	� �������� NHI �� � ��	� �������� NHI �� � ��	�
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��� NHI �� �� ��	� ����
��� NHI �� �� �	� �������� NHI �� �� ��	�
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�������� NHI �� � ��	� �������� NHI �� �� �	
 �������� NHI �� �� �	�
����
��� NHI �� �� �	� ����
��� NHI �� �� ��	� �������� NHI �� �� ��	�
�������� NHI �� � �	� �������� NHI �� � �	� �������� NHI �� �� ��	�
�������� NHI �� � �	� �������� NHI �� � �	� �������� NHI �� �� ��	�
�������� NHI �� � �	� �������� NHI �� � �	� �������� NHI �� �� ��	
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 �������� NHI �� � ��	
 �������� NHI �� � ��	�
�������� NHI �� �� �	� �������� NHI �� �� ��	� �������� NHI �� � ��	�
������� NHI �� �� ��	� �������� NHI �� �� ��	� ����
��� NHI �� �� ��	�
�������� NHI �� �� ��	� �������� NHI �� �� ��	� �������� NHI �� � ��	�
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 �����
������
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�� � � �
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 �������� NHI �� � ��	 �������� ��� �� �� ��	�
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 �������� NHI �� � ��	 �������� ��� �� �� ��	�
�������� NHI �� � �	� �������� NHI �� � �
	 �������� ��� �� �� ��	�
�������� NHI �� �� ��	� ����
��� NHI �� �� �
	 �������� ��� �� �� ��	�
�������� NHI �� � ��	� �������� NHI �� �� �	� �������� ��� �� � ��	�
�������� NHI �� � ��	� �������� NHI �� �� �	� �������� ��� �� � ���	�
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	� ����
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Table 14

��������� �����	����� ��������� �����	����� ��������� �����	�����

����������� 
����������� 
�����������

���� ��� 
�� ����� ���� ��� 
�� ����� ���� ��� 
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� NHI �� �� ���� ��	��	�� NHI �� � ����
��	��	�� NHI �� �� ��� ��	
�	
� NHI �� � ��� ��	��	
� NHI �� 
� ���

��	

	�� NHI �� �� ��� ��	
�	�� NHI �� �� ���� ��	��	�� NHI �� �� ���
��	
�	�� NHI �� �� ��
 ��	
�	�� NHI �� � ��� ��	�
	�� NHI �� � ���
��	
�	�� NHI �� �� ��� ��	��	�� NHI �� �� 
��� ��	��	�� NHI �� � ���
��	��	�� NHI �� �� 
�� ��	��	
� NHI �� � ��� ��	��	�� NHI �� �� ����
��	��	�� NHI �� �� ��� ��	��	�� NHI �� �� 
��� ��	��	�� NHI �� �� ���
��	��	�� NHI �� 
� 
��
 ��	��	
� NHI �� � ���� ��	��	�� NHI �� �� ����

��	��	�� NHI �� � ���� continued in next column → 
������ ���

��	��	�� NHI �� �� 
�� ����� ����
��	��	�� NHI �� �� ���

��	��	�� NHI �� �� ���


������ ���

����� ���	
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Table 15

��������� �����	����� ��������� �����	����� ��������� �����	�����

����������� 
����������� 
�����������

���� ��� 
�� ����� ���� ��� 
�� ����� ���� ��� 
�� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
��	����� NHI �� � ��� 	��	
��� NHI �� �� ���� 	��	��� NHI �� �� �	���
	������ NHI �� � 	��� 	��	���� NHI �� �� �� 	������ NHI �� � 	
��
	����	� NHI �� � ��� 	���� NHI �� � �	�� 	����	� NHI �� � ���
	��
��� NHI �� �� �	��� 	������ NHI �� �� �	��� 	��
��� NHI �� �� ����
	������� NHI �� 	� � 	����	� NHI �� � �
�
 	������ NHI �� �� ��	
	������ NHI �� � ���	 	���	��� NHI �� � 
�� 	����	� NHI �� � ����
	������� NHI �� 	� ���� 	������� NHI �� � �	��� 	������� NHI �� � �	���
	������� NHI �� � �	��	 	������ NHI �� 	� ���	 	������� NHI �� �� ���
	���	�� NHI �� 	� ���� 	������� NHI �� 	� ���� 	������� NHI �� � ����
	������� NHI �� � 
�� 	������ NHI �� � �	��� 	������ NHI �� � �	��
	������� NHI �� � �
�� 	������� NHI �� � ���� 	���
��� NHI �� 	� ��
	������� NHI �� � ���� 	������ NHI �� � ���� 	�����	� NHI �� � �	��	
	������� NHI �� 	� �� 	������ NHI �� 	� �� 	������� NHI �� � 	��

	������� NHI �� � ��� 	������� NHI �� �� ���� 	���
�� NHI �� � 	��
	�����	� NHI �� �� ��� 	������� NHI �� � ���� 	������� NHI �� �� �	��
	������ NHI �� �� �	��� 	���	��� NHI �� �� ���� 	������ NHI �� �� ����


������ ���	 
������ ��
 
������ ����

����� ��
 ����� ���� ����� ���


���������� �	���	����� ���������� �	���	����� ���������� �	���	�����

����������� 
����������� 
�����������

���� ��� 
�� ����� ���� ��� 
�� ����� ���� ��� 
�� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
	������ NHI �� � �	��� 	����� NHI �� � ��� 	������ NHI �� � ���
	������ NHI �� 	� ���� 	���	�� NHI �� � ��
 	������ NHI �� � 	�

	������ NHI �� � ���� 	������� NHI �� � ���
 	������� NHI �� � ���	
	������� NHI �� � �
�� 	�����	� NHI �� �� 	��� 	������� NHI �� � ����
	������� NHI �� �� �� 	������� NHI �� 	� �	��� 	������� NHI �� �� ���
	�����	� NHI �� � ��� 	������ NHI �� �� ��
 	���	�� NHI �� � ����
	���
��� NHI �� � �	��� 	������ NHI �� � ��� 	�����	� NHI �� � ��
	������� NHI �� �� ��� 	�����	� NHI �� 	� ���� 	���
��� NHI �� � 	�
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���� ��� 
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����� ���� � � �
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	������ NHI �� � ����
	������� NHI �� 	� �	���
	���
��� NHI �� � ����
	������ NHI �� � �	��
	���	��� NHI �� � ���
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Table 16

���������� ���������� ����	
���� ���������� ����	
���� ����������
���
�������� ���
�������� ���
��������

�	�� ��� ���� �
 �	�� ��� ���� �
 �	�� ��� ���� �

����� ���� � � � ����� ���� � � � ����� ���� � � �
	������� NHI �� �� ���� �	
��
�� NHI �� �� ���� �	
��
�� NHI �� �� ���
�	
��
�� NHI �� �� ��� �	
��
�� NHI �� � ���� �	
�	
	� NHI �� �� ����
�	
	�
�� NHI �� �� ��� �	
	�
�� NHI �� � �� �	
�
�� NHI �� �� ���
�	
��
	� NHI �� � ��� �	
	
�� NHI �� � ���	 �	
	�
�� NHI �� �� ���
�	
�
�� NHI �� �� ��� �	
��
�� NHI �� �� �� �	
�	
�� NHI �� �� ����
�	
��
�� NHI �� � ��� �	
��
�� NHI �� � ��� �	
��
�� NHI �� 	� ����
�	
��
	� NHI �� �� ��	 �	
��
�� NHI �� �� ��� �	
��
�� NHI �� � ���
�	
��
�� NHI �� 	� ����� �	
��
�� NHI �� �� ��� �	
�	
�� NHI �� � ���
�	
�
�� NHI �� �� ��� �	
��
	� NHI �� � ���� �	
��
�� NHI �� � ����
��
��
�� NHI �� �� ���� ��
��
�� NHI �� �� ��� �	
��
�� NHI �� � ���

������ ��� ������ ��� ������ ���

�� �� 	�
 �� �� ��� �� �� ����

����	
���� ���������� ����	
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��������
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����� ���� � � � ����� ���� � � � ����� ���� � � �
�	
��
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��
�� NHI �� � ���� �	
��
�� NHI �� � ����
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��
�� NHI �� �� 	� �	
	�
�� NHI �� �� ���� �	
��
	� NHI �� � ����
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	�
�� NHI �� �� ��	 �	
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	�
	� NHI �� � ���
�	
	
�� NHI �� �� ���� �	
	�
�� NHI �� � ����� �	
	�
	� NHI �� �� ����
�	
��
	� NHI �� �� ��� �	
	�
�� NHI �� 	� ��� �	
	�
�� NHI �� �� ���
�	
��
	� NHI �� � �� �	
��
�� NHI �� �� ��� �	
��
�� NHI �� �� ���
�	
��
	� NHI �� �� ��	 �	
��
�� NHI �� �� �	�� �	
��
�� NHI �� �� ����
�	
�	
�� NHI �� �� ��� �	
��
�� NHI �� �� ���� �	
�
�� NHI �� �� ��	
�	
��
�� NHI �� �� ���� �	
��
�� NHI �� 	� ��� �	
��
�� NHI �� �� ���
�	
��
�� NHI �� �� ����� �	
�	
	� NHI �� �� ��� �	
�	
�� NHI �� 	� �	��

������ ���� �	
�
�� NHI �� � ���� �	
��
�� ��� �� �� NHI

�� �� ��� �	
��
�� NHI �� � ����� �	
��
�� ��� �� �� NHI
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��
�� NHI �� 	� ����
��
��
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������ ���� ������ ��


�� �� ���� �� �� �

Field test data



NAVIGATION ON WOOD784

Table 17
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��
��� ���������� ��	
������ ���������� ����
�����
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 ���� ��	��	�
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��	��	�
 NHI �� �� ��� ��	��	�
 NHI �� � ����� ��	��	�� NHI 
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 ���

��	��	�
 NHI �� �
 ��� ��	��	�
 NHI �� �� ��� ������ ��	�

��	��	�
 NHI �� �� ���� ��	�	�� NHI �� �
 ��� �� �� �	


��	��	

 NHI �� �� ���� ��	��	�
 NHI �� �� ����
��	
�	�
 NHI �� �
 �� ��	
�	�
 NHI �� � ����
��	
�	�� NHI �� 
 ����� ��	

	�� NHI �� � �����
��	
	�
 NHI �� �� ���
 ��	
�	�
 NHI �� �� ����
��	
�	

 NHI �� �� ��� ��	��	�
 NHI 
� 

 ��
�
��	��	�
 NHI �� �� ��� ��	��	�
 NHI �� 
 ����

������ �	� ������ ��	�

�� �� ��	� �� �� �	�

���������� ����
����� ���������� ����
����� ���������� ����
�����
������������� ������������� �������������

���� ��� ���� ����� ���� ��� ���� ����� ���� ��� ���� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
��	��	�
 NHI 
� � ��� ��	��	�� NHI 
� � ��� ��	��	�� NHI 
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�
��	�
	�
 NHI 
� � ��� ��	��	�� NHI 
� � ��� ��	��	�
 NHI 
� 
� �����
��	��	
� NHI 
� � ��� ��	�	�
 NHI 
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�� ��	��	�
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� ���
��	
�	�� NHI 
� � ��� ��	
�	�� NHI 
� � ��� ��	
�	�� NHI 
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� ����
��	
�	�
 NHI 
� 

 ���� ��	
�	
� NHI 
� � ��� ��	
�	�� NHI 
� 
� ���

��	
�	

 NHI 
� � ��
 ��	
�	�
 NHI 
� �� �
�� ��	
�	�� NHI 
� � 
��

������ �	� ������ ��� ������ ����

�� �� �	� �� �� 
� �� �� ��

���������� ����
����� ���������� ����
�����
!����"���## !����"���##

���� ��� ���� ����� ���� ��� ���� �����
����� ���� � � � ����� ���� � � �
��	��	
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 �
 ���� ��	
�	�� NHI �
 �� ����
��	��	�� DWI �
 � �
�� ��	
�	�� NHI �
 �� ����
��	�
	
� DWI �
 �� ���� ��	
�	�� NHI �
 �� ���
��	�
	� NHI �
 �� ��� ��	
�	�� NHI �
 �� ���
��	��	
 NHI �
 �
 ���
 ��	��	�
 NHI �
 �� ����
��	�	
� NHI �
 �
 ���� ��	��	�
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 �� ����
��	��	�� NHI �
 � ��� ��	��	�� NHI �
 �� ����
��	��	�� NHI �
 �� ���
 ��	�
	�
 NHI �
  ����
��	��	�� NHI �
 � ���� ��	��	�� NHI �
  ����
��	��	�� NHI �
 � ���� ��	�	�
 NHI �
 � ����
��	��	�� NHI �
 � ���� ��	��	�� NHI �� 
� ���
��	�
	�� NHI �
 �
 �
�� ��	��	
� NHI �� 
� ���

��	��	�� NHI �
 �� ���� ��	��	�� NHI �� 
� ���

��	
�	�� NHI �
 �� ���� ������ ���	�

continued in next column → �� �$ ��	�
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Table 18

���������� ���	
������ ���������� ���	
������
������
���� ������
����

���� ��� 	��� ����� ���� ��� 	��� �����
����� ��� � � � ����� ��� � � �

��	����� MPR �� �� �	�
� �������� MPR �� �� ��
�
�������	 MPR �� �� ���
� �������� MPR �� �� ��


�������� MPR �� � ��	
� 	����� ���	

�������� MPR �� � �
� ����� �
��

�������� MPR �� � �
�

������� MPR �� 	 ���
� ���������� ���	
������ ���������� ���	
������
�������� MPR �� � ��	
� ����� ���� ����� ����
������� MPR �� �� ��
� ���� ��� 	��� ����� ���� ��� 	��� �����
������	� MPR �� 	� 	
 ����� ��� � � � ����� ��� � � �

���	���� MPR �� �� �	
� �������� RNI �� � �	
	 �������� RNI �� 	 
���

���	��� MPR �� 	� 	
� �������� RNI �� � ��
 �������� RNI �� � ��

���	���� MPR �� 	 �
� �������� RNI �� �� ��
� �������� RNI �� � 	��

���	���	 MPR �� �� ��
 ������� RNI �� 	� �
� ����	��� RNI �� �� ���

���	���� MPR �� 	� ��
� ���	���	 RNI �� � 	�
� �������� RNI �� �� 
	��

���	��� MPR �� 	� ��
� ���		��� RNI �� 	� ��
	 �������� RNI �� 	 ���

���	���� MPR �� 	� ��
 ���		��� RNI �� � 	�
� ������	� RNI �� �	 
���

�������� MPR �� 	 �	�
� ���	��� RNI �� �� 
� �������� RNI �� 	� 
���

����	��� MPR �� 	� ��
� ���	���� RNI �� 	 	
� �������� RNI �� �	 ���

�������� MPR �� �	 �
	 ���	���� RNI �� � �
� ���	���� RNI �� �� ���

�������� MPR �� 	� ���
� ���	���� RNI �� 	 �
� ���	���� RNI �� �� ���

�������� MPR �� 	� ��
� ���	�	� RNI �� � �
� ���		��� RNI �� � 	���

������� MPR �� �� ��
� ���	���� RNI �� �� 	�
� ���	���� RNI �� � 	��

������� MPR �� �� 	
� �������� RNI �� � 
	 	����� ���

�������� MPR �� 	� ��
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 ����� ����

����	��� MPR �� 	� ���
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� ����	�	� RNI �� � �
� ���� ��� 	��� �����
�������� MPR �� 	� �
� �������� RNI �� � ��
� ����� ��� � � �

�������� MPR �� �� ��
� �������� RNI �� �� 
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����	��� MPR �� �� 
	 ������	� RNI �� � �
� ������� API �� � 
���

�������� MPR �� �� 
� �������� RNI �� �� �
� ���	���� API �� � 
���

������	� MPR �� 	� ��
� �������� RNI �� �� �
� ���	��	� API �� � 
���

�������� MPR �� � ���
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� ����	��	 API �� �� ���

�������� MPR �� 	� �	
� �������� RNI �� �� ��
� �������� API �� �� ����

������	 MPR �� 	� ��
� �������� RNI �� 	� �	
 �������� API �� � 
		��

�������� MPR �� �� ���
� ����	��� RNI �� 	� ��
� �������� API �� � 
���

�������� MPR �� � ���
� �������� RNI �� 		 ��
� ������		 API �� � ���	

����	��� MPR �� � ���
 �������� RNI �� �� �
� �������� API �� � 
����

�������� MPR �� 	� ��
 �������� RNI �� 	� ��
� ������� API �� � 
���

�������� MPR �� �� ��
� ������� RNI �� 	 �
� �������	 API �� �� 
�	��

�������� MPR �� � ��
� �������� RNI �� 	� ��
� ������� API �� � 	��

������� MPR ��  ��
� �������� RNI �� � ��
� �������� API �� � ���

������� MPR �� �� 
	 �������� RNI �� �� ��
� �������� API �� �� 
��

�������� MPR �� �� ��
� ������	� RNI ��  ��
� ���	��	� API �� � 
	���

�������� MPR �� �� ��
	 �������� RNI �� � ��
� 	����� ���

continued in next column → continued in next column → ����� ���	

Field test data
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Table 19

���������� �������	��� ����	
���� �������	��� ����	
���� �������	���
�
��

� ����
�������� ����
��������

�	�� ��� ���� ���
� �	�� ��� ���� ���
� �	�� ��� ���� ���
�
����	 ���� � � � ����	 ���� � � � ����	 ���� � � �
�������� NHI �� �� �	
 �������� API �
 �� ���	� �������� API �� �� ��	�
������� NHI �� �� ���	� �������� API �� �� ��	 �������� API �� � ��
	�
�������� NHI �� � �	
 �������� API �� �� �
�	� �������
 API �� � ���	�
�������� NHI �� �� ��	
 �������� API �� �� ���	� �������� API �� � �
	�
�������� NHI �� �� �
	
 �������
 API �� � ���	� �������
 API �� �� �	�
�������� NHI �� �� ��	
 �������� API �� �� ���	� �������
 API �� � ���	

�������� NHI �� �� ��	
 ������� API �� � ��	� ����
��� API �� � ��	�
������� NHI �� �� ��	
 �������� API �� � ���	� �������� API �� � ��	�
�������� NHI �� �� ��	
 �������� API �� �� ��	� �������� API �� �� ���	�
����
��� NHI �� �� ��	
 �������� API �� � ���	 �������� API �� �� ��	�
�������� NHI �� �� ��	
 ����
��� API �� �� ���	
 �������� API �� �� �
	�
�������� NHI �� �� ��	
 �������� API �� � ���	� ������� API �� �� �	�
����
��� NHI �� �� �	� �������
 API �� �� ���	 �������� API �� � ���	�
�������� NHI �� �� �	� ������� API �� �� ��	� �������
 API �� �� ���	�
�������� NHI �� �� �	� �������
 API �� � ��	
 �������� API �� �� ��	�
�������� NHI �� �� �	� �������� API �� � ���	� �������� API �� �� ��	�

�������� NHI �� �� �	� � ����� ���� � ����� ���

�������� NHI �� �� �	� ��!� ���� ��!� �	�


������� NHI �� �� �	�
�������
 NHI �� �� 
	� ����	
���� ��������
��
�������� NHI �� �� �	� ����
��������
����
��� NHI �� �� 	� �	�� ��� ���� ���
�

������� NHI �� �� ��	� ����� ���� � � � ����	
���� ��������
��
�������
 NHI �� �� ��	� �������� API �� � ��	 !� 	��"��#����
�������� NHI �� �� ��	� �������� API �� � ��	� �	�� ��� ���� ���
�

�������� NHI �� �� ��	� ������� API �� �� ��	
 ����� ���� � � �

����
��� NHI �� � ��	� �������� API �� � ���	� �������� RNI �� � ��	�
�������� NHI �� �� ��	� �������� API �� �� ���	� �������� RNI �� � ���	�
������� NHI �� �� ��	� �������� API �� �� ��	� �������� RNI �� �� ��	�
�������� NHI �� � �
	� �������� API �� � ���	� �������� RNI �� �� ��	�
�������� NHI �� �� ��	� �������� API �� � ��
	� �������� RNI �� �� ��	�
�������� NHI �� �� �	� ����
��� API �� � ���	� �������� RNI �� �� ��	�

� ����� ��� �������� API �� �� ��	� �������� RNI �� �� ��	�

��!� ��	 �������
 API �� �� ���	
 �������� RNI �� � ���	�

�������� API �� �� �	� �������� RNI �� �� �	
����
��� API �� �� ��	� ������� RNI �� �� ��	�
�������� API �� � ���	� �������� RNI �� �� ��	
����
��� API �� � �	� �������� RNI �� �� �	
�������
 API �� �� 	� �������� RNI �� �� ��	�

� ����� ���� � ����� ���

��!� ���� ��!� ����

Field test data
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Table 20

���������� ����������� ������	��� ���
������� ������	��� �����������
���������� �������� 
�����������

���� ��� 
��� �� ���� ��� 
��� �� ���� ��� 
��� ��
����� 	���  ! ! ����� 	���  ! ! ����� 	���  ! !

�������� NHI �� �� ���� ������	
 NHI 	
 �
 ���� ���
��� NHI �	 �
 ��	�

����
�
� NHI 	
 � ��� ���	�	� NHI 	
 �
 ��� ������� NHI �	 �
 ���	
�������� NHI 	
 �� �� ���	���� NHI 	
 	 ��� ������
� NHI �	 	
 ���	
�������	 NHI 	
 �� �	�
 ���	���
 NHI 	
 �� 
� �������� NHI �	 	 ����
���		�	
 NHI 	
 �� ��� ���	���	 NHI 	
 � ��� ������� NHI �	 
 ����
���	
�	� NHI 	
 �� �� ���	���� NHI 	
 �
 �	�� ����	��
 NHI �	 
 �	�

���	���� NHI 	
 �� �	 ���
��� NHI 	
 �
 	�� �������� NHI �	 
 �
��
���	���	 NHI 	
 �� �� ���
���� NHI 	
 �
 �
�� ������� NHI �	 

 ���
���
��	� NHI 	
 �� ���� ���
��
� NHI 	
 �� ��� ������

 NHI �	 	 ��
�


���
	�� NHI 	
 �� ���	 
"���� 	
� ������
� NHI �	 	
 ����

���
	�	� NHI 	
 �	 �	� ��#�" �
� �������� NHI �
  ��
���

��	 NHI 	
 �� �	�	 ���	���� NHI �	 	 �����


"���� ��
� ���	
��� NHI �	 

 	��

��#�" �
� ���	���
 NHI �	 
 ���

���
���� NHI �	 

 ��	
���
	��� NHI �	 �
 �����
���
���
 NHI �	 
 ���	
�	����� NHI �	 	
 ���

�	�
�
� NHI �	 �
 �����


"���� ��
�

��#�" �
�

������	��� ����������� ������	��� ����������� ������	��� �����������

����������� 
���������$� 
�����������

���� ��� 
��� �� ���� ��� 
��� �� ���� ��� 
��� ��
����� 	���  ! � ����� 	���  ! ! ����� 	���  ! !

���	��	 NHI �	 	 ��� ������� NHI �	 �
 �� �����	� NHI �	 � ���
�����
� NHI �	 
 ��	 ������� NHI �	 � ���� �����
� NHI �	 � �����
������
� NHI �	 
 ��
 ������	 NHI �	 	
 ��� �������
 NHI �	 	 ����
�������	 NHI �	 	 ���	 ����	�
� NHI �	 

 
�� ����
�	� NHI �	 	
 �	��
������

 NHI �
  ��
 �������� NHI �	 
 ���� ������
� NHI �
  ��
�������� NHI �	 	
 ���� ������	� NHI �	 
 ���	 ������� NHI �	 	 �����
�������� NHI �	 

 ��� ����
�� NHI �	 

 �� ����
�	� NHI �
  
��
������	� NHI �
  	�	 �������
 NHI �	 
 �
�
 ������
� NHI �	 
 �
�

�������� NHI �
  	�	 �������	 NHI �
  	�� �������� NHI �
  	�	
������� NHI �	 

 ��� ����	�	 NHI �	 

 ��	 ����
��� NHI �
  	��
������
� NHI �	 

 �� �������� NHI �
  
�� �������� NHI �	 

 �

���	���� NHI �
  ��� ���	��� NHI �	 

 ��� ���	�
� NHI �	 	
 ���	
���		�
� NHI �
 
 ���� ���	���� NHI �	 
 ���� ���		�
 NHI �	 	
 ����
���	���	 NHI �	 

 
�� ���	���� NHI �	 
 ��� ���	��
� NHI �	 	 ����
���
�
� NHI �	 	
 ���	 ���	��	 NHI �	 
 �� ���	��
� NHI �	 
 ���
���
���� NHI �	 	 ���� ���
���� NHI �	 	 �
� ���
��� NHI �	 �
 ����
���
��	 NHI �	 � ���� ���
���� NHI �	 � ���� ���
��� NHI �	 �
 ��	��
�	����� NHI �	 � ���
 ���
���
 NHI �	 	
 ��
 �	��
	 NHI �	 	
 ��

�	�
�� NHI �	 � ���� �	���	� NHI �	 � ���� �	�	��� NHI �	 �
 ��	��

"���� �
� 
"���� ��
� 
"���� �
�
��#�" �
� ��#�" �
	 ��#�" �
�

Field test data
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Table 21

���������� ���������� ������	��� ���������� ������	��� ����������

����������� 
����������� 
�����������

���� ��� 
��� ����� ���� ��� 
��� ����� ���� ��� 
��� �����
����� 	�� � � ����� 	�� � � ����� 	�� � �
����
��� API ��	
 ��	
 �������� API ��	 ���	� �������� API ��	� ���	�
����
�
� API ��	
 �	� ������
� API ��	� ���	� ������� API ��	� 	�
�����
� API �
	� �	� ������
 API ��	� �	� �������� API ��	� 
	�
�������� API �
	� ��	
 ������
 API �
	� ��	� ������
� API ��	� ��	�
�����
 API �
	� ��	� ������
 API ��	� ��	
 ����
�� API ��	 ���	
���
�
� API ��	� ��	� ���
��� API ��	� ���	� ������� API ��	� ��	�
�������� API �
	� ��	� ������� API �
	� �
	
 ������� API �
	� ��	�
�������
 API ��	� �	� ������
� API �
	� �
	
 ������
 API ��	 ��
	�
����
��� API ��	� �	� ������
� API ��	� ��	� �������� API �
	 
	
�������� API �
	� ��	� ������ API ��	
 �	� ������
� API �
	� �	�
������

 API �
	� �
	
 �������� API ��	
 
	� �������
 API ��	� ���	�
���
���
 API �
	� 	 ���
��� API ��	� �	� ����
��
 API ��	 �
	

���
���� API ��	
 ��	� ���
���� API ��	
 �	
 ���
��� API ��	
 ��	�
���

�� API ��	� ���	� ���
���� API �
	� 
	� ���

�� API ��	
 ��	�
������
� API ��	
 �	� �������� API ��	� ��	� ���
���� API ��	� ��	�
����
�
� API ��	� ��	� ����
��� API ��	
 
	� ������
 API ��	� ��	


����� ���� 
����� ��� 
����� 	��

����� ���� ����� ���� ����� ����

������	��� ���������� ������	��� ���������� ������	��� ����������

����������� 
����������� 
�����������

���� ��� 
��� ����� ���� ��� 
��� ����� ���� ��� 
��� �����
����� 	�� � � ����� 	�� � � � ����� 	�� � � �
������� API ��	� �	� �������
 NHI � � �	� ����
��� NHI � � ��	�
�������� API ��	� �	� ������

 NHI �� 
� ���	� ������
� NHI � � ��	

�������� API ��	� ��	� ������
 NHI � � �
	� ����
�
 NHI � � ��	�
����
��� API ��	
 �	 ����
��� NHI � � ���	� ����
�
 NHI � 
 ��	�
�������� API ��	
 �	� ������ NHI � � ��	� ������ NHI � � ��	�
������� API �
	� ��	� �����
� NHI � �
 �	� ���
��
 NHI � �
 �	

���
��� API ��	� ���	� ���
��� NHI � �� ��	� ������� NHI � 
 �
	�
�����
� API �
	� �	� �����
 NHI � � ���	
 �������� NHI � � ���	�
������
� API �
	� ��	� �������
 NHI � � ��	
 �������� NHI � 
 ��	
������
� API ��	
 	� �������� NHI � 
 �
	
 �������� NHI � 
 �
	�
����
��� API ��	� ��	� ������� NHI � � �
	� ������
 NHI � �� �	

������� API ��	
 ��	
 ������
� NHI �� 

 ���	� �������� NHI � 
 ��	�
���
��� API ��	
 ��	 ���
���
 NHI �� 

 �
	 ���
���� NHI � � �	�
���
��� API ��	� �	
 ���
���� NHI �� 

 �
	� ���
��
� NHI � � �	�
������� API ��	
 �	� ���
���� NHI �� 
� ��	� ���
���� NHI �� 

 ��	�
�������� API ��	 ��	� ���
���� NHI �� �� ���	� �������� NHI � � �	�


����� ��� �������� NHI �� �
 ��	� �������� NHI �� 
� 
	�

����� ���� �������� NHI �� �� ���	� �������
 NHI �� 
� �	�


����� 	��� 
����� 	���

����� 
�� ����� ���

Field test data
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Table 22

���������� ��	
������ ���������� ��	
������ ���������� ���������	
������������� ������������� �������������

���� 	�� ���� ����� ���� 	�� ���� ����� ���� 	�� ���� �����
����� ����  ! ! ����� ����  ! ! ����� ����  ! !
�������� NHI �� � 	�
� �������� NHI �� �� 	��
� ������� BSI � � 	�
�
������� NHI �� � 	�
� �������� NHI �� �� 	�
 ������� BSI � �� 	��
�
������� NHI �� �� �
� �������� NHI �� �� 	��
 ������ BSI � �� 	��
�
�������� NHI �� � 	�
� �������� NHI �� � 	�
� �������� BSI � �� 	��
�
�������� NHI �� � 	�
� �������� NHI �� �� 	�
� ������� BSI � �� 	��
�
������� NHI �� �� �
� �������� NHI �� � 	�
� ������ BSI � � 	��
�
������� NHI �� �� �
� ������� NHI �� � 	�
� ������� BSI � � 	��
�

�������� NHI �� �� �
 �������� NHI �� �� 	�
� ������� 
����

�������� NHI �� �� ��
� ������ NHI �� � 	��
� ����� ����

�������� NHI �� �� 	�
 �������� NHI �� �� 	�
�

������� NHI �� � 	
� ������� NHI �� � 	�
� ���������� ���������	
������� NHI �� � 	�
� ������� NHI �� �� 	��
� �"���������
������� NHI �� � �
� ������� NHI �� �� 	��
� ���� 	�� ���� �����

�������� NHI �� �� 	�
� ������� NHI �� � 	�
� ����� ����  ! !

�������� NHI �� � �
� ������ NHI �� �� 	�
 �������� KLO � �� �
�
������� NHI �� �� �
� �������� NHI �� � 	�
� ������ KLO � �� 	��
�
������� NHI �� �� �
� ������� NHI �� � 	�
� �������� KLO � �� �
�
������� NHI �� � 	�
� ������ NHI �� � 	�
� ������� KLO � �� �
�

������� 
�� ������� 
��� ������� KLO � �� ��
�

����� 	�� ����� 	�	 ������� ��

����� ����

���������� ���������	 ���������� ���������	 ���������� ���������	
����#
���� $����#���%% &��'����

���� 	�� ���� ����� ���� 	�� ���� ����� ���� 	�� ���� �����
����� ����  ! ! ����� ����  ! ! ����� ����  ! !

�������� BVL � �� ��
� �������� NBO � � 	�
� ������� MSM � � 	�
�
�������� BVL �� � ��
� �������� NBO � � 	�
� ������� MSM � � 
�
������� BVL �� � ��
� ������� NBO � �� 	�
� �������� MSM �� �� �
�
������ BVL � �� �
� �������� NBO � � 	�
� ������� MSM � �� 	��
�
������� BVL �  	�
� ������� NBO � � 	
� ������� MSM �� � ��
�
������� BVL � � 	�
 ������ NBO �  	�
� ������� MSM � �� �
�
������� BVL � �� 	��
 ������� NBO � �� 	�
 ������� MSM � � 	�
�
������� BVL � �� 	��
� ������� NBO �  	�
 ������� MSM � � �

������� BVL � �� 	��
� �������� NBO � � 	�
� �������� MSM � � 	�
�
������� BVL � �� 	�
� �������� NBO � �� 	�
� �������� MSM � � �
�

������� ��� ������� NBO � � 	�
� ������� MSM �� � ��
�

����� ��� ����� NBO � � �
� ������� MSM �� � ��
�

������� 
�� ������ MSM � �� ��
�

����� �� ������� MSM � �� 	�
�

������� MSM � �� �
�

������� ����

����� ����

Field test data
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Table 23

������	��� ���
������� ������	��� ���
������� ������	��� ���
�������
��������		
�����	������� ����	�������� ����	��������
���� ��� ���� ���	� ���� ��� ���� ���	� ���� ��� ���� ���	�

����� ���� � � � ����� ���� � � � ����� ���� � � �
�������� AME �� �� �	
� ����	��	 JVE 	� �	 ��
� ����	��� JVE 	� �	 	�
�
���	���� AME �� �� ��
� ������		 JVE �� �	 ��
� �������� JVE �� �	 ��
�
���	���� AME �� 	� ��
� �������� JVE 	� �	 �	
� �������� JVE 	� �� ��
	
���	���� AME �� �� 	�
� �������� JVE �� � ��
� �������� JVE 	� �	 �
�
����	�	� AME �� � ��
� ���	���� JVE �� � ��
� ���	���� JVE �� �� ��
�
�������� AME �� �� �	
� ���	���� JVE �� 	� ��
� ���		��� JVE �� � ��
�
�������� AME �� �� 	�
� ���	���	 JVE 	� �	 �
� ���	��	� JVE 	� �	 �
�
�	������ AME �� �� ��
� �������� JVE 	� 	� �
� ����	�	� JVE �� �	 ��
�
�	��	�		 AME �� 	� ��
	 ������	� JVE 	� �	 �
� �	������ JVE �� � �	
�
�	����	� AME 	� �� �
	 �	��	��� JVE �� � ��
� �	������ JVE �� 	� ��
�
������� ���� ������� ���	 ������� ����
 �!�� ���
  �!�� 		��  �!�� 	���

 ����	���� ����"������  ����	���� ����"������  ����	���� ����"������
#�	������� ����	������$� ����	������$�

���� ��� ���� ���	� ���� ��� ���� ���	� ���� ��� ���� ���	�
����� ���� � � � ����� ���� � � � ����� ���� � � �

�������� KLO 	� 	� �
	 �������� JVE 	� � ��
� �������� JVE �� � ��
�
����	��� KLO 	� �� ��
� �������� JVE 	� �	 �
� �������� JVE 	� � 	�
�
�������� KLO 	� �� �
	 �������� JVE 	� � 	�
� �������� JVE 	� �	 ��
�
�������� KLO 	� 	� �
� ������	� JVE �� � �
� ���	���� JVE 	� �	 �
�
�������� KLO 	� �� �
� ���	���� JVE 	� �	 ��
� ���	���� JVE 	� �� ��
�
������	� KLO 	� �� �
� ���		��� JVE �� �� ��
� ���	���� JVE 	� 	� ��
�
�������� KLO 	� � 	
� ���	���	 JVE �� � ��
� ���	���� JVE �� � �
�
�������	 KLO 	� � 	
� �������� JVE 	� �� ��
� �������� JVE �� � ��
	
�������	 KLO 	� �� ��
� �	������ JVE 	� �� ��
� �	������ JVE 	� �� ��
�
�������� KLO 	� 	� ��
� �	�����	 JVE 	� �	 ��
� �	������ JVE 	� �	 ��
�

�������� KLO 	� �� �
� ������� ��� ������� ���

�������� KLO 	� � �
�  �!�� ����  �!�� �	�

�������� KLO 	� �� �
�

�������� KLO 	� �� 	
�  ����	���� ����"������  ����	���� ����"������
���	���� KLO 	� �� ��
� !�����	�� !�����	��
���	���� KLO 	� � ��
� ���� ��� ���� ���	� ���� ��� ���� ���	�

���	��	� KLO 	� � ��
� ����� ���� � � � ����� ���� � � �

�������� KLO 	� �� ��
� ������	� NBO 	� �� 	
� ���	��	� NBO 	� �	 �
	
�	������ KLO 	� 	� ��
� �������� NBO 	� �� �
� ���	��	� NBO 	� �� �
�
�	������ KLO 	� �� ��
� �������� NBO 	� �� ��
� �������� NBO 	� �	 �
�
�	������ KLO 	� 		 ��
� �������� NBO 	� 	� �
� �������� NBO 	� � ��
�
�	��	��� KLO 	� �� ��
� �������� NBO 	� 		 �
� �������� NBO 	� � 	
�
�	������ KLO 	� �� �	
� �������� NBO 	� �� �
� �	������ NBO 	� � �
�
�	������ KLO 	� �� �	
� ������	� NBO 	� � �
� �	������ NBO 	� � 	
�
�	������ KLO 	� �� ��
	 �������	 NBO 	� 	 	
� �	������ NBO 	� � 	
�
�	������ KLO 	� �� ��
� �������� NBO 	� 	 �
� �	������ NBO 	� �� �
�
�	������ KLO 	� 	� ��
� ����	��� NBO 	� � 	
� �	����	� NBO 	� �� �
�
�	������ KLO 	� �� ��
	 �������� NBO 	� �� �
� �	������ NBO 	� 	� �
�

������� ����	 ���	���� NBO 	� �� �
� �	������ NBO 	� 	� �
�

 �!�� ���	 continued in next column → ������� ����

 �!�� ��

Field test data
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Table 24

��������
� ���	
������ ���������� ���	
������ ���������� ���	
������
������
���� �������� �����������

���� ��� 	��� ����� ���� ��� 	��� ����� ���� ��� 	��� �����
����� ���  ! ! ����� ���  ! ! ����� ���  ! !
�������� MSM �� � ����� 	
������ BVL �� 
� ��� 	
����	� BSI �� 
 ����
	
���� MSM �� 
� �	�� 	
�		��� BVL �� �� ��	 	
�	��
� BSI �� �	 ����
	
������ MSM �� 
� ��� 	
�	��	� BVL �� �� ��
 	
�	���� BSI �� 
� ��
	
�		��� MSM �� 	� ����� 	
�	��� BVL �� �� 
�� 	
�	��
� BSI �� �� 	���
	
�	���� MSM �� �� ���� 	
�	���� BVL �� � � 	
�	��	� BSI �� �� ����
	
�	���� MSM �� �� ����� 	
������ BVL �� � 
�� 	
�	���� BSI �� 
� �	��
	
�	���� MSM �� �� ��
 	
������ BVL �� �� ��� 	
��	�	� BSI �� �� ��
	
����
� MSM �� � ����� 	
����
� BVL �� �� ���� 	
������ BSI ��  �	�

	
������ MSM �� 
� ����� 	
����
� BVL �� � ���� 	
������ BSI �� �� 
	��
	
��
�
	 MSM �� � 
�� 	
������ BVL �� � ��� 	
����	� BSI �� �� 
��

	
����	� MSM �� �
 ���� 	
�
���� BVL �� � �
�� 	
�
	��� BSI �� 		 	��
	
����� MSM �� � �
�� 	
�
��	� BVL �� � ���	 	
�
���� BSI �� � ���
	
����� MSM �� � 	�� 	
�
��
� BVL �� 	� �	�� 	
�
��� BSI �� 	 
�

	
������ MSM �� 
 ���� 	
�
���� BVL �� 	� �	�� 	
�
��
� BSI �� � ��

	
�
���� MSM �� � ��� 	
�
��	� BVL �� 	� 	�	 	
��
��� BSI �� 	� 	��

	
�
���	 MSM �� 
 �� 	
�
���� BVL �� 	� 	�� 	
������ BSI �� 		 		��
	
�
���
 MSM �� 	� ��� 	
��	�
� BVL �� 		 ���	 	
������ BSI �� �� ��
	
�
���� MSM �� � ���� 	
����
� BVL �� 	� ���� 	
����
� BSI �� �� ����
	
�
��� MSM �� 
 �
��� 	
����	� BVL �� � ��� 	������� BSI �� �� ��

	
�
���� MSM �� 	 �� 	
����
� BVL ��  ���� 	������� BSI �� �� �
��
	
����		 MSM �� �� �
 	
����
� BVL �� �� ��� 	������� BSI �� �	 
���
	
��	��� MSM �� �
 ����� 	
������ BVL �� � ���	 	��		��� BSI �� 	 	���
	
��
��� MSM �� 
 �	��� 	���	�	� BVL �� � �	�	 	��	���
 BSI �� �� 	���
	
����� MSM �� 	� ��� 	������� BVL �� � ��
 	��	��	� BSI �� 		 
���
	
������ MSM �� �� ��
�� 	������� BVL �� � �	�
 	��	���� BSI �� � ����
	
������ MSM �� � �		�� 	�����	� BVL �� �� ���� 	����� ����

	
������ MSM �� �� ��	�	 	��		��� BVL �� � �	�� ����� ����

	
��	��� MSM �� 
 �		� 	��	���� BVL �� �� ����

	
��
�	� MSM ��  ��	 	��	
��� BVL �� �� �	��

	
������ MSM �� 

 ����
 	��	���� BVL �� �� �	��


	
����� MSM �� �� 	��� 	��	���� BVL �� �� �	���

	
������ MSM �� �� �	��� 	����� 	���

	���	�
� MSM �� � ��� ����� ���

	������� MSM �� � ���

	������� MSM �� �� �		��

	�����	� MSM �� �� �	���

	������ MSM �� �� �	��

	������� MSM �� � 
��

	��	��	 MSM �� 	 	��

	��		�
� MSM �� � ��

	��	���� MSM �� � 	
��

	��	���� MSM �� �� ��

	��	���� MSM �� �
 ���

	����� 	
��

����� ����

Field test data
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Table 25

 ����	���� ����"������  ����	���� ����"������  ����	���� ����"������
��������		
�����	������� ����	�������� ����	��������
���� ��� ���� ���	� ���� ��� ���� ���	� ���� ��� ���� ���	�

����� ���� � � � ����� ���� � � � ����� ���� � � �
	
������ AME �� �� ���� 	�
	�
�� JVE �� � �� 	�
	�
�� JVE ��  ���
	�
��
	 AME �� 	 ��� 	�
�	
�� JVE �� 	� ��� 	�
��
� JVE �� 	� ���
	�
�
�� AME �� �	 �	�� 	�
��
�� JVE �� �� �	�� 	�
�
	� JVE �� �� 	���
	�
��
�� AME �� 	� ���� 	�
��
	� JVE �� 	� ��� 	�
��
�� JVE �� 	� �	��
	�
	�
�	 AME �� � ���� 	�
��
�	 JVE ��  ���� 	�
��
�� JVE �� 	� ����
	�
	�
�� AME �� �	 ���� 	�
��
�� JVE �� � �	�� 	�
��
	� JVE ��  �	���
	�
��
�� AME �� �� ���� 	�
�	
�� JVE �� � ����	 	�
��
�� JVE ��  �	���
	�
��
	� AME �� �� ��� 	�
��
�� JVE �� 	� ��� 	�
��
�� JVE �� � ����
	�
��
�� AME �� � ��� 	�
��
�� JVE �� �� ���� 	�
�	
�� JVE �� �� 	���
	�
�
�� AME �� �� ��� 	�
��
�� JVE ��  �	��� 	�
��
�� JVE �� �� ���	
	�
��
� AME �� �� ��� 	�
��
�� JVE �� �� ��� 	�
��
	� JVE �� � �	��
	�
��
�� AME �� � ���� 	�
��
�	 JVE �� �� 		�� 	�
��
�� JVE ��  ����
	�
��
�� AME �� �� ���� 	�
��
�� JVE �� � ���� 	�
��
	� JVE �� � ���
	�
��
�� AME �� �� ���� 	�
		
�� JVE �� �� �	� 	�
	�
� JVE �� 	� 	��
	�
��
�	 AME �� 	 ���� 	�
	�
�� JVE ��  ��� 	�
	
�	 JVE ��  ���

	�
��
� AME �� �	 	��� ������� ��� ������� ����

	�
�	
�� AME �� � ����  �!�� ���	  �!�� ���


	�
��
�� AME �� �� ���

	�
��
�� AME �� �� ����  ����	��	� 	���"��	���  ����	��	� 	���"��	���
	�
�	
	� AME �� �� ��� ����	�������� ������	
�����
	�
��
�� AME �� �� ��� ��� �
� ���� ����� ��� �
� ���� �����

	�
��
�� AME �� �	 ��� ����� �	�� � � � ����� �	�� � � �

	�
��
�� AME �� �	 �	��� 	�
	�
	� JVE �� �� ���� 	�
	
� JVE �� � ���
	�
	�
�� AME �� 	� ��� 	�
	�
�	 JVE �� � ����� 	�
��
�� JVE �� �� ����
	�
	�
�� AME �� �� ���� 	�
��
�� JVE �� 	� �� 	�
��
�� JVE �� �� ����
	�
	�
�� AME �� �� ��� 	�
��
� JVE �� �� ���� 	�
��
�� JVE �� �� ����

����	�� ���� 	�
�	
	� JVE �� 	� ���� 	�
�	
�� JVE �� �� ��	

����� 	��� 	�
��
�� JVE ��  �		�� 	�
�
�� JVE �� �� ��

	�
��
�� JVE �� 	� �	�� 	�
��
	� JVE �� � ����
	�
��
�� JVE �� �� �� 	�
��
�	 JVE �� � 	���
	�
��
�� JVE �� 	� ���� 	�
��
�� JVE �� � �����
	�
��
�� JVE �� � 	� 	�
��
�� JVE �� �� ���	
	�
�
� JVE �� �� ���� 	�
��
�� JVE �� �� �	��

�������	� 		�����	��� 	�
��
	� JVE �� �� ���	 	�
�	
	� JVE �� � ��	
��������� 	�
��
�� JVE �� � �	��� 	�
�
� JVE �� � ���	

��� �
� ���� ����� 	�
��
�� JVE ��  	�� 	�
	�
�	 JVE �� �� ����
����� �	�� � � � 	�
	�
�� JVE �� � ���� 	�
	�
�� JVE ��  ��

	�
��
�� KLO �� � �	��� ����	�� ��	 ����	�� 	��	

	�
	�
�� KLO �� �� 	��� ����� 	��� ����� 	���

	�
	�
�� KLO �� �� ���	

	�
	�
�� KLO �� �� ���	 �������	� 		�����	���
	�
	�
�� KLO �� �� ���	 � ����
���
	�
��
�� KLO �� �� �		�� ��� �
� ���� �����

	�
�
�� KLO �� �� �	��� ����� �	�� � � �

	�
��
�� KLO �� �	 �	�� 	�
��
�� MSM �� �� ���
	�
��
�� KLO �� �� �	��� 	�
�	
�� MSM �� �� ���
	�
��
�� KLO �� �� �	�	 	�
��
�� MSM �� �� ���

����	�� ���� ����	�� ���

����� ���� ����� 	��

Field test data
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Table 26

���������� ����������� ����	
���� ����������� ����	
���� �����������
��	�������� ��
������� �
���

�

�	�� ��� ���� ���
� �	�� ��� ���� ���
� �	�� ��� ���� ���
�
�� !� ��� " # # �� !� ��� " # # �� !� ��� " # #
�������� BVL �� �
 ����� ��	�
	�� BSI �� �� ��� ��	�
	�� NBO �� � ����
��	��	�� BVL �� �� ��� ��	�	�� BSI �� �� ��� ��	�	�� NBO �� �� ����
��	��	�� BVL �� �� ��� ��	��	�� BSI � � ���� ��	��	�� NBO �� �� �����
��	�	�� BVL �� �� ���
 ��	��	�� BSI � � ���� ��	��	�� NBO ��  �����
��	��	�� BVL �� �� ����� ��	�
	�� BSI � �� ���� ��	��	�� NBO �� �� ���

������ ����� ��	��	�� BSI �� �� ���� ��	��	� NBO �� �� ����

����� ���� ������ �	�
 ��	�	�� NBO �  
�


����� �
�� ��	��	�� NBO � �� ����
����	
���� ����������� ������ ����
�������

�#��$�
������� ����� ���	
�	�� ��� ���� ���
�

�� !� ��� " # # ����	
���� ����������� ����	
���� �����������
��	�	�� AME � �� 
��
 ����
����%&� ����
����%&�
��	��	�� AME � �� ���� �	�� ��� ���� ���
� �	�� ��� ���� ���
�

��	��	�� AME � � ���� �� !� ��� " # # �� !� ��� " # #

��	��	�� AME �� � ���� ��	�
	�� JVE �� �� �
�� ��	�
	�� JVE �� �� ����
��	��	�� AME � �� ���� ��	��	�� JVE �� �� ��� ��	��	�� JVE �� �� ����

������ �	�� ��	�	�� JVE � �� �
� ��	��	�� JVE �� �� �����
����� ���� ������ ���� ������ �����

����� ��� ����� ����
����	
���� �����������

��
������� ����	
���� ����������� ����	
���� �����������
�	�� ��� ���� ���
� ����
����%'� ����
����%'�

�� !� ��� " # # �	�� ��� ���� ���
� �	�� ��� ���� ���
�
��	��	�� MSM �� �� ��
 �� !� ��� " # # �� !� ��� " # #

��	��	�� MSM �� �� ���� ��	�	�� JVE � � ���
 ��	��	� JVE � � ����
��	�
	�
 MSM �� �� ���� ��	�	�� JVE � �� ��� ��	�	�� JVE � �� ����
��	��	� MSM �� �� ���� ��	��	� JVE � � ����

��	��	�� MSM �� �� ��� ������ ���� ������ ����
��	��	�� MSM �� �� ���
 ����� ���� ����� ����

��	��	�� MSM � � ����
��	�	�� MSM � �� ����
��	��	� MSM �� �� ����
��	��	�� MSM �� �� ���

��	�
	�� MSM �� �
 �
�� ����	
���� ����������� ����	
���� �����������
��	��	�� MSM �  ���� �(	�����

� �(	�����

�
��	��	�� MSM �� �� �� �	�� ��� ���� ���
� �	�� ��� ���� ���
�

��	��	�� MSM �� �� ���� �� !� ��� " # # �� !� ��� " # #

��	��	�� MSM � �� ���� ��	��	�� BVL �� � 
�� ��	��	�� BVL �� �� ���
��	��	�� MSM �� �� ���� ��	��	�� BVL �� �� ���
 ��	��	�� BVL �� � ���
��	�	� MSM �� � ���� ��	��	�� BVL �� �� ��� ��	��	�� BVL �� �� ����
��	��	�� NHI �� �� ���� ��	��	�� BVL �� �� ���� ��	��	�� BVL �� �� ���
��	��	�� NHI �� �� ���� ��	��	�� BVL �� �� ���� ��	��	�� BVL �� �� ���
��	�	�� NHI �� �
 ��� ��	��	�� BVL �� �� �� ��	�
	�� BVL �� �� ���
��	��	�� NHI �� �� ���� ��	��	�� BVL �� �� ��� ��	��	�� BVL �� �� ���
��	��	�� NHI �� �� ���� ��	�
	�� BVL �� �� ���� ��	�	�� BVL �� �� ���
��	��	�� NHI �� �� ���
 ��	�	�� BVL �� � ��� ��	��	�� BVL �� �� 
��

������ ���� ��	��	�� BVL �� �� �� ������ 
��

����� ���� continued in next column → ����� 	��

Field test data



NAVIGATION ON WOOD794

Table 27

�������		 	���������� ��������� ����������� ��������� �����������
�������	�
��� ���������� ���������
�������������

��� ��� ��� ����� ��� ��� ��� ����� ��� ��� ��� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
��	��	�� NBO �� �� 	�
� ��	��	�� BSI �� �� �	�
� 	������� AME � �� ��
�
	������� NBO �� �� �
� 	��	��� BSI � �� 
	 	������� AME � �	 �	
	
	������ NBO �� �� ��
� 	���	��� BSI � �� �
� 	������ AME � �� �
�
	������� NBO � � �
	 	������� BSI � �� �	
� 	��		��� AME �� � ��
�
	������� NBO � � �
� 	������� BSI � �� 	�
� 	��	���� AME � �	 ��
�
	��	��	� NBO � � ��
� 	������� BSI � 	� �	�
� 	��	���� AME � �� 	
�
	��		�� NBO � 	� �
 	������� BSI � �� 	�
 	���	��� AME � � ��
�
	��	���� NBO � �� 		
� 	����� BSI �� � ��
� 	������ AME �� �� ��
�
	��	���� NBO � �� 	�
� 	���	��� BSI �� 	 	�
� 	�����	 AME �� 	� ��

	��	��� NBO � �� 
� 	������ BSI � �� �
� 	������	 AME � �� 	
�
	��	���	 NBO � �� �
� 	������� BSI � � ��
� 	������� AME � � 	�
�
	���	��	 NBO � � �
� 	������� BSI � �� 	�
� 	������� AME � �	 �
�
	������� NBO � �� �
 	������� BSI � �� ��
� 	������� AME � �� 	�
�
	�����	� NBO � �� �
� 	�����	� BSI � �� 	�
 	������� AME � �� 	�

	������ NBO � �� �
� 	������� BSI � �� 	�
� 	���	��� AME �� � �	
�

	������� NBO � �	 �
� ����� � ��� 	�����		 AME �� �� ��
�

	������� NBO � �	 �
� !��� ���	 	������� AME �� � ��
�

	������� NBO � �� 	
� 	�����	� AME ��  ��
�

	������	 NBO � �� �
� !��������� ����	 ����� 	������ AME � �� 

	������� NBO � �� �
� ���"��� 	������ AME �� � �	
�
	������ NBO � �� 
 ��� ��� ��� ����� 	������� AME � �	 �
�

	������� NBO � �� �
� ����� ���� � � � ����� � ����

	�����	� NBO � �� 	
� 	��	���� KLO � 	� ��
� !��� ����

	������� NBO � �� 
� 	��	���	 KLO � 	� ��
�
	������ NBO � � �
� 	��	��� KLO � 	� ��
�
	������ NBO � �� �	
� 	������� KLO � �� �
�
	������� NBO � � �
� 	������� KLO � �� 	
�
	������	 NBO � � �	
� 	������� KLO � �� ��
�
	������� NBO � �� �
� 	�����	� KLO � �� ��
�
	������ NBO � �� �
� 	������ KLO � �� ��
�

	�����	� NBO � � �
� 	������ KLO � �� ��
� !��������� ����	 �����
	��	��	� NBO � �� 	
� 	�����	 KLO � �� �
 ���������#$�
����� � 
�� 	������� KLO � �� �
� ��� ��� ��� �����

!��� 
�� 	������� KLO � �� ��
� ����� ���� � � �

	�����	� KLO � �� ��
� 	������� JVE �� � ��
�
	������� KLO � �� ��
 	������� JVE � �� ��
�
	������ KLO � �� �	
� 	������� JVE � �� 	�

	������� KLO � �� �	
� 	�����	� JVE �� � ��
�
	������� KLO � �� �
� 	������� JVE �� � �	
�
	������ KLO � �� �
 	������� JVE �� � 	�

	������� KLO �� � 	�
	 	������� JVE �� � 	�
�
	������� KLO � � �
� 	������� JVE � �� ��	
�
	������� KLO � �� ��
� 	������	 JVE � 	� ���
�
	������� KLO � �� ��
� 	������� JVE � 	� ���
�
	������� KLO � �� ��
 	��	���� JVE � 	� �	�
�
����� � ���� ����� � ���
!��� ��� !��� ���


Field test data
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Table 28

����	
���� ����������� ����	
���� ����������� ����	
���� �����������
���������	
�� ��������	
�� ��������	
��

���� �� ���� ����� ���� �� ���� ����� ���� �� ���� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
	������� JVE �� �� 	�
� 	���	��� JVE �� �� 	�
� 	������� JVE �� � ��
�
	������� JVE �� �� �	
� 	������� JVE �� � ��
� 	������� JVE �� � ��
�
	������ JVE �� �� �	�
� 	������� JVE �� �� 	�
� 	������� JVE �� � �
�
	������� JVE �� � ���
� 	�����	� JVE �� 	� ���
� 	������� JVE �� 	� ��
�
	������� JVE �� �� ��
	 	�����		 JVE �� �� �
� 	���	��� JVE �� � 	�
	
	�����	� JVE �� � 	�
 	������� JVE �� � 	�
� 	������� JVE �� � 	�
�
	������� JVE �� � 	�
� 	������ JVE �� �� 
 	������ JVE �� � ���
	
	������� JVE �� 	� �
 	�����	� JVE �� 	� ���
	 	������� JVE �� �� 	�
	
	������	 JVE �� �� 	
� 	�����		 JVE �� �� 	�
� 	������� JVE �� �� �	
�
	�����	� JVE �� �� 	�
� 	�����	� JVE �� �� ��
� 	��	���� JVE �� � �
�
	��	���	 JVE �� � �	�
� 	��	���� JVE �� �� ��

������� ��� ������� ��� ������� ����
����� ���� ����� ���� ����� �	�


�����	�	 �		���	���
 �����	�
 �
	���	���
 �����	�
 �
	���	���

� ���������	!"�����# $��%��&& ����	'��(����

���� �� ���� ����� ���� �� ���� ����� ���� �� ���� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
�	������ NHI �	 � ��
� 	��	��	� BVL � �	 ��
 	��	��� KLO � �� ��
�
�	������ NHI �	 �� �	�
� 	��	���� BVL � �� ��
� 	��	���� KLO � �� ���
�
�	������ NHI �	 �� �	�
� 	��	���� BVL �� � ��
� 	���	��� KLO �� � ��
�
�	������ NHI �	 �� ��
� 	�����	� BVL �� � ��
� 	�����	� KLO � �� �	�
	
�	����	� NHI �	 �� �
 	�����	� BVL �� � �
� 	������� KLO �� �� 	�
�
�	������ NHI �	 �� ��
 	������� BVL �� 	� �	
� 	�����	� KLO �� �� �
�
�	����� NHI �	 �	 ��
	 	������ BVL �� 	� ��
� 	������ KLO �� 	� ��
�
�	������ NHI �� � �
� 	������� BVL �� 	� ��
� 	������ KLO �� �� �
�
�������� NHI �	 �� �	
� 	������� BVL �� 	 ��
� 	�����	� KLO �� �� �
�
����	��� NHI �� 	 �
 	������� BVL �� �� �
� 	������� KLO �� �� 	�
�

������� ���� 	������� BVL �� �� �	
� 	������	 KLO �� �� �
�

����� ��� 	������� BVL �� �� �
� 	������ KLO �� �� �
	

	������� BVL �� �� ��
� 	������� KLO �� �� �
�
	������ BVL �� �� ��
� 	������� KLO �� �� 	
�
	������� BVL �� �� �	
 	������� KLO �� �� ��
�
	������� BVL �� �� ��
� 	������� KLO �� �� ��
�
	���	��� BVL �� �� �	
� 	����	� KLO �� �� �	
�
	������� BVL �� �� ��
� 	������� KLO �� �� �
�
	������� BVL �� �� ��
 	������� KLO �� � �	�
�
	������� BVL �� 	� ��
� 	������ KLO �� �� 	�
�
	�����	� BVL �� 	� ��
� 	�����	� KLO �� 	� �
�
	������� BVL �� 	� �	
� 	�����		 KLO �� 	� �		

	������� BVL �� 		 ��
� 	������� KLO �� 	� ��
�
	������� BVL �� � ��
� 	������ KLO �� � �	�
�
	������� BVL �� � ��
� 	������� KLO �� � �	�
�
	��	��	� BVL � �� ��
� 	������� KLO �� � �	�
�

������� �	�� 	������	 KLO �� � �		
�

����� ��
 	������ KLO � �� �	�
�

	��	���� KLO � �� ��
�
������� �	��
����� ���

Field test data
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Table 29

!��������� ����	 ����� !��������� ����	 ����� !��������� ����	 �����
�������� ���	
��� ��	��������

�	�� �� ���� ����� �	�� �� ���� ����� �	�� �� ���� �����
����� ���� � � � ����� ���� � � � ����� ���� � � �
	��	��	
 BSI 	� �� ��� ����	�
� MSM 	� 	� ����	 ���
��
� NBO 	�  ����
������� BSI 	� 	� ����	 �������� MSM 	� �� ���� ����
��� NBO 	� �� ��
��
������	 BSI 	 � ��
 �������
 MSM 	� �� ����� �������
 NBO 	� � ���
����
��� BSI 	 � ���� �������� MSM 	 � �
�� ������	� NBO 	� � ����

�������
 BSI 	 � 
�� ����	�
� MSM 	 	 ���� ������� NBO 	� �� ���

����	�	
 BSI 	 �� ��� �������
 MSM 	� �� ����� �������� NBO 	� 	� ����
�������
 BSI 	 �� ���� �������� MSM 	 �� ���� ������
 NBO 	� 	� ����
����
�� BSI 	 �� ���
 �������� MSM 	 � ���� �������	 NBO 	� �� ��	
������	� BSI 	 �� ��� ����	��� MSM 	 �� 	�� �������� NBO 	� 	� ���
������
 BSI 	 �� ��� ������� MSM 	 �� ���� �������� NBO 	� �� �	��
���	���
 BSI 	 �� 
�� ���	��
 MSM 	 �� ���� �������	 NBO 	� �� ����
���	��

 BSI 	 �� ���� ���		�	 MSM 	 �
 �	�� ������	 NBO 	� �	 ����
���	��� BSI 	 �� 
�� ���	���� MSM 	 � ���� ������� NBO 	 � 	��
������
	 BSI 	 �� ��� ���	���� MSM 	 �� ����� ������

 NBO 	 � �
�
�	�
���
 BSI 	 �� ��� �������� MSM 	 �� ��
�� ������� NBO 	� �� ���
�	�
���� BSI 	 �� ��� �������� MSM 	 �	 ���� �������� NBO 	 
 �	��

������� ���� �������� MSM 	 �� ��� ������� NBO 	 � ����

����� ��� �������� MSM 	 �� ���
 �������� NBO 	  �
��

�	�
��� MSM 	 �	 ���� ���	���� NBO 	  �
��

��	����� ���� ������ �	�
	��� MSM 	 � �	�� ���	��
� NBO 	 �� ���
���������!�����
��"" �	�
��� MSM 	 � �	�� ���	��� NBO 	  �
��
�	�� �� ���� ����� �	����	
 MSM 	  ��� ���	���	 NBO 	 � ���

����� ���� � � � ������� �	�� ����
�	
 NBO 	 � ���	

���
	�	� AME 	� �
 �	� ����� 
�� ������
� NBO 	 � ����

�������	 AME 	 �� 	��� ������		 NBO 	 � ��
����	�	� AME 	 	� 	�� �������� NBO 	 	 ���	
�����
� AME 	 �	 ���� ������
� NBO 	 � ����

�������� AME 	 �
 ��� ��	����� ���� ������ �	�
���� NBO 	 	 ��
�������	 AME 	 �� ���
 ���������#$� �	�
���� NBO 	 � ��
�������� AME 	 �� ���� �	�� �� ���� ����� �	�
���� NBO 	� �� 
��

������
 AME 	 �� �
�� ����� ���� � � � ������� ����

�������� AME 	 � ����� �������� JVE 	 �� �� ����� ���

����	��	 AME 	 �
 ���� �������� JVE 	 �� ���
������� AME 	 �� ���� ������
� JVE 	 �� ����
���	��	� AME 	 �� ���� �������� JVE 	 	 ����
���	��
� AME 	 �
 ��� �������� JVE 	 �	 �
�

���	��� AME 	 � ���� ����	��� JVE 	 �
 ���
����
�
	 AME 	 �� ��� �������� JVE 	 �	 ����
�������	 AME 	 �� ���� ���	��� JVE 	� � ����
������		 AME 	 � ���� ���	���� JVE 	 �	 �	��
�������� AME 	 �
 ��
�� ������
� JVE 	 �	 �	��
�	�
	�

 AME 	 	� �
�
 ������

 JVE 	 �� ��	��
�	�
��� AME 	 �� �� �	�
���� JVE 	 � ����
�	�
���� AME 	 � ���� �	�
��
 JVE 	 �� ���	
������� ��	 ������� ���	
����� ���� ����� ����

Field test data
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Table 30

��	����� ���� ������ ��	����� ���� ������ ��	����� ���� ������
���������	
� ����������	� ����������	�

���� ��� ���� ����� ���� ��� ���� ����� ���� ��� ���� �����
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Index of instruments

A

Al-khashabah (kamal)   133

Al-khashabat (kamal)   133

Arbaleste à Glace (spiegelboog)

320

Arbalestrille (mariner’s cross-

staff)   123, 124, 141, 320

Arbalestrille à Miroir

(spiegelboog)   320

Astrolabe   See mariner’s

astrolabe

Astronomical astrolabe   45, 76,

79, 114, 121, 170, 281, 411, 625

Astronomical quadrant   223,

414, 655

Astronomical sextant   223, 669,

670

B

Backstaff   618, 671

Backstaff quadrant (plow)   688

Baculus Jacob   114, 124-126, 129,

140, 151

Balestilla (mariner’s cross-staff)

130, 378

Balestriglia (mariner’s cross-

staff)   143, 144, 255

Balhestilha (mariner’s cross-

staff)   123, 130, 139-142

Balhestinha do Mouro (kamal)

124

Ballastella (mariner’s cross-staff)

65, 130

Bilisti (mariner’s cross-staff)

130, 131, 134

Bow (cross-bow quadrant)   257

C

Champlain’s astrolabe   75-77,

490, 526, 621, 628, 654, 658

Chhien hsing pan (kamal)   134

Circulus Astronomicus   314

Cole’s quadrant (new sea

quadrant)   509, 609, 611, 636

Compasses   341, 342, 366, 414,

498, 499, 510, 725, 738

Correction du quartier Anglois

(corrected Davis quadrant)

372, 687

Cromme boogh   48, 80, 109, 207,

208, 392, 482, 616, 627, 632

Cross-bow quadrant   51, 58, 77,

81, 84, 99, 100, 102, 109, 111, 152,

181, 206, 208, 218, 225, 226, 234,

236, 257-270, 273, 274, 276-278,

355, 382, 390, 392, 393, 404, 405,

407, 409, 411, 438, 441, 455, 458,

462-464, 472, 473, 475-477, 479,

482, 506, 507, 519-521, 536, 550,

552, 571, 616, 619, 621, 632, 680-

682, 741, 742

Archetype version by

Waymouth and Wright

257-260, 262, 264, 265, 270,

273-275, 393, 472, 473, 741,

742

Bow   257

Crosse-bow   257

Nocturnal attachment   39,

58, 60, 61, 78, 258, 260, 265,

266, 270, 274, 393

Sea-Quadrant (also see Davis

quadrant)   369, 370, 644,

686

Cross-staff   See mariner’s cross-

staff

Crosse-bow (cross-bow

quadrant)   257

D

Das tavoletas (kamal)   124, 138,

140

Davis quadrant   9-12, 26, 27, 39,

51, 53-58, 62, 64, 68, 72, 73, 75-

78, 80, 84-94, 96-100, 102-106,

108, 109, 111, 134, 153, 164, 180,

181, 184, 186-188, 192, 202, 206,

207, 209-211, 214, 215, 218, 220,

221, 223, 225, 226, 228-244, 246-

250, 254, 256, 257, 266-268, 278,

288, 294, 298, 299, 301, 302, 305,

307, 310-313, 318, 330, 334, 339-

341, 343, 345, 347, 351, 353, 355,

357, 358, 363, 368-378, 380-383,

385-388, 390-395, 397, 399, 400,

404, 405, 407-409, 411, 415, 416,

433, 434, 436, 438, 439, 441, 446,

450, 455, 458, 459, 461-468, 470,

472, 476, 479, 480, 489, 506-

509, 514-522, 530, 536, 552, 553,

555-559, 563, 565, 567, 569, 571,

572, 574-578, 581, 586, 587, 589-

593, 596-598, 602, 603, 606-609,

611, 613, 616-623, 625, 626, 628,

632-634, 639, 658, 680, 681, 683-

689, 694, 703, 740, 744, 745, 747,

754, 755, 763, 764

Artificial horizon   55, 56, 78,

109, 247, 248, 389, 392, 479,

480, 521, 574, 611, 636, 639,

662

Correction du quartier

Anglois (corrected Davis

quadrant)   372, 687

Curieus Engels quadrant



211, 236, 318

Engels quadrant   211, 220,

236, 318

English quadrant   56, 65,

211, 212, 214, 215, 220, 236,

372, 376, 378, 687

Flamsteed lens   56, 58, 109,

202, 209, 226-232, 243, 246,

247, 269, 278, 392, 464, 507,

564, 565, 666, 703, 744, 745,

747, 754, 755, 763, 764

Haspel   220, 394

Haspelboog   220, 394

Kamaan   134

Kol-palagai   134

Quartier anglais   212

Sea-Quadrant (also see

cross-bow quadrant)   369,

370, 644, 686

Turiya yantra   134

White horizon vane   225

Davis’ 45-degree backstaff   46,

51, 56, 57, 154, 156, 170, 174, 175,

183-194, 210, 215, 223, 225, 250,

258, 260, 261, 263, 267, 272, 273,

276, 278, 279, 282, 285, 286, 290,

352, 373, 375, 378, 384, 393, 403,

408, 417, 420-423, 432, 468, 470,

472, 473, 475, 481, 483, 484, 487,

521, 522, 526, 550, 608, 619, 623,

626, 677, 679, 682, 691

Orientation of the horizon

vane   473

Davis’ 90-degree backstaff   46,

51, 55, 56, 108, 153, 155, 159, 161,

170, 171, 175, 176, 178, 184, 185,

187-194, 198, 210, 211, 215, 217-

219, 230, 253, 255, 257, 270-273,

275, 276, 279, 290, 293, 349, 351-

353, 355, 356, 358, 360, 373, 380,

384, 390-393, 395, 401-405, 414,

417, 421, 424, 433-435, 441, 455,

458, 459, 464, 468, 470, 472,

473, 475, 481-484, 486, 487, 489,

490, 498, 502, 518, 520, 526, 535,

536, 538-541, 543, 545, 550, 562,

575, 608, 623, 626, 672-674, 676-

683, 686, 687, 689-692,

694-696, 700, 725, 726, 762

Diffusion to the

Netherlands by Davis   481

Demi-arbaleste (demi-cross)

280

Demi-cross   6, 12, 26, 51, 52, 56,

62, 68, 69, 80, 91, 96, 102, 103,

105, 108, 109, 150, 164, 184-187,

189, 190, 194, 206, 215, 218, 231,

237, 279, 281-286, 288, 290-293,

302, 305, 306, 308, 329, 333, 375,

377, 378, 393, 395, 404, 405, 408-

410, 417, 421-423, 432, 433, 435,

436, 439-441, 455, 458, 459, 462,

463, 468, 470, 473, 483-485, 487-

489, 506-508, 514, 518-522, 536,

575, 576, 593, 602, 607, 608, 616,

623, 626, 632, 658, 682, 683, 756,

758, 759

Demi-arbaleste   280

Demi-quadrant   192, 206, 263,

376-378, 380-383, 390, 391, 395,

397, 404, 405, 407, 408, 410, 411,

432-437, 455, 467, 506-508, 518,

519, 536, 569, 571, 572, 574, 576,

608, 617, 621, 622, 626, 627, 632,

686, 688, 689, 765

Double Three-corner

(hoekboog)   299

Double triangle (hoekboog)   52,

207, 293, 298, 299, 683

Dubbelde Triangelen

(hoekboog)   299

Dubbelden dryhoeck

(hoekboog)   298

Dyalling quadrant   221, 339, 639

E

Engels quadrant (Davis

quadrant)   211, 220, 236, 318

English quadrant (Davis

quadrant)   56, 65, 211, 212, 214,

215, 220, 236, 372, 376, 378, 687

F

Fragments   26, 27, 29, 46, 71, 72,

77, 81, 83, 91, 98-101, 146, 147,

299, 301, 302, 304-311, 324, 376,

394, 407, 484, 515, 565-567, 579,

683

G

Geometrical cross-staff   81, 167,

536, 538, 540, 571, 621, 622, 625

Geometrical square   407, 451,

454, 520, 686

Quarré Geometrique   686

GPS   106, 108, 603, 766

Graadboog (mariner’s cross-

staff)   523

Graduation   45, 56, 98, 104, 118,

119, 128, 129, 140-144, 146, 148,

150, 151, 154, 156, 159, 170, 171,

181, 182, 184, 193, 217, 219, 234,

237, 240-242, 247, 248, 250, 273,

289, 290, 293, 294, 302, 304, 325,

332, 344, 359-363, 374, 378, 382,

387, 399, 410, 412, 413, 415-418,

425, 426, 428-432, 434-436, 480,

502, 503, 519, 524, 526, 529, 535,

536, 538, 540-545, 547, 550, 551,

554, 563, 567-572, 579, 589, 592,

621, 622, 624, 632, 644, 674-676,

686, 690, 752, 753

Bisecting   142, 186, 414, 619

Charcoal (scale filling

substance)   412

Concentric circles   233, 241,

270, 273, 378, 411

Copying method   417, 519,

523, 548, 549, 572

Correction for horizontal

offset (demi-cross)   432

Diagonal scale   57, 58, 60,

77, 85, 86, 100, 109, 181, 233-

239, 270-273, 302, 370, 375,

382, 388, 392, 393, 410, 411,

514, 517, 519, 522, 530, 531,

536, 550, 551, 554, 555, 560,

590, 607, 609, 610, 621, 623,

742, 744, 745, 747, 754, 755,

763-765

Dividing engine   392, 415,

519, 557

Geometrical method   417,

418, 420-422, 425-427, 519

Interval   118, 181, 182, 413,

429, 502, 529

Linseed oil (scale filling

substance)   412
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Master template   414-417,

490, 491, 519, 549, 572, 622,

624

Mathematical method   417,

426, 429, 430, 432, 433, 435,

436, 519, 545, 548, 572, 576,

621

Original division   414, 415,

417, 523, 553

Quinquesecting   414

Sallet oil (scale cleaning oil)

412

Trisecting   414, 416

Gunter rule   338, 499, 663

H

Handling characteristics   607

Harriot’s instruments   

A better way   178, 485, 677,

685, 720

Crosse-staffe for the sunne

177, 183, 677

Or else thus better   178, 485,

678

Quadrant for the starres

678, 681

Two stages in his first

instrument   485

Haspel (Davis quadrant)   220,

394

Haspelboog (Davis quadrant)

220, 394

Hoekboog   12, 27, 39, 51, 52, 56,

58, 68, 69, 72, 75, 77, 81-86, 91,

93, 94, 96-100, 102, 103, 105, 108,

109, 111, 180, 206, 207, 218-221,

234-237, 291, 293, 294, 296-303,

305, 306, 308, 311, 312, 344, 345,

371-373, 394, 395, 404, 407-409,

417, 439, 455, 459, 462, 463, 466-

468, 470, 472, 476, 483-485, 489,

506-508, 514, 515, 518-520, 523,

536, 565-567, 571, 572, 575-577,

579, 593, 596, 597, 607, 608, 617,

618, 620-623, 625, 632, 658, 680,

683, 687, 760, 761

Double Three-corner   299

Double triangle   52, 207,

293, 298, 299, 683

Dubbelde Triangelen   299

Dubbelden dryhoeck   298

Dutch fragment   101, 299,

301, 302, 304-306, 310, 311,

565

Omgekeerden Graedboogh

298

Shetland fragment   100, 101,

299, 302, 304, 305, 307-311,

565-567

Turning Degree-bow   299

Holland circle   126

Hollen cubus   206, 454, 684

I

India tables (kamal)   137

Instruments relying on gravity

25, 29, 115, 118, 162, 305, 402, 451,

479, 519, 521, 673, 674, 684, 686,

693

J

Joynt rule   250, 253, 338

K

Kamaan (Davis quadrant)   134

Kamal   42-44, 65, 68, 69, 71, 79,

99, 100, 111, 117, 118, 120, 122,

124, 129-144, 151, 192, 193, 196,

399, 402, 404, 408, 414, 455, 488,

489, 518, 520, 598, 616, 625, 627,

632, 634, 656, 661, 671, 672

Al-khashabah   133

Al-khashabat   133

Balhestinha do Mouro   124

Chhien hsing pan 134

Das tavoletas 124, 138, 140

India tables 137

Kau-velli palagai   43, 69, 132,

134, 135

Loh   131, 132, 140

Qianxing ban   43, 134

Qiyas   133

Ra-p-palagai   43, 69, 132,

134, 135

Tabuas da India   124

Kau-velli palagai (kamal)   43,

69, 132, 134, 135

Knipboogh   48, 109, 207, 208,

392, 616, 627, 632, 680

Kol-palagai (Davis quadrant)

134

L

Levelling instruments   115, 479,

524

Loh (kamal)   131, 132, 140

M

Mariner’s astrolabe   6, 12, 23-26,

28, 29, 32, 39, 45, 51, 57, 60, 61,

64, 68, 69, 71-76, 78-84, 86, 87,

91, 92, 94, 96-100, 103, 108, 111,

114, 117, 118, 120-123, 137, 140,

151, 153-156, 158, 161, 162, 170,

180, 192, 193, 201, 216, 218, 236,

279, 281, 282, 297, 308, 338, 347,

350, 355, 399, 402, 404, 408, 411,

416, 437, 451-454, 459, 488, 490,

491, 493, 494, 510-515, 518-520,

525-528, 576, 578, 579, 580, 581,

583, 588-590, 592-594, 596, 598,

602, 606, 613, 616, 617, 621, 625,

628, 632, 634, 653-655, 657, 659-

662, 665, 667, 671, 673, 674, 695,

703, 722-727, 739, 762, 766

Alidade   45, 120, 154, 155, 162,

170, 404, 416, 451, 452, 491,

492, 494, 509, 513, 522, 592,

594, 673, 678, 681, 722, 762

Champlain’s astrolabe   75-

77, 490, 526, 621, 628, 654,

658

Friction in the hinge   494,

594, 596

Pinnules   162, 170, 201, 372,

374, 376, 378, 491-494, 581,

762

Valentia   80, 103, 494, 575,

583, 592, 762

Mariner’s cross-staff   6, 10-12,

24-26, 28, 29, 32, 36, 42-45, 51,

53, 54, 56, 57, 59, 60, 64, 65, 68-

75, 77-87, 91, 92, 94, 96-105, 108,

109, 111, 113-118, 121-130, 136,

139-145, 147, 148, 150, 151, 156-

158, 160-168, 170-174, 176,

180-182, 186-188, 191-193, 196-
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201, 203-207, 210, 211, 215, 216,

218, 223, 235-237, 256, 257, 268,

273, 277, 279, 282, 286, 288-292,

297-299, 304, 305, 312, 314, 318-

320, 324-326, 328-333, 335, 340,

345, 350, 355, 356, 358, 359, 362-

366, 368, 370, 371, 375, 377, 378,

382, 391, 394, 399, 402-406, 408-

410, 412, 413, 417, 418, 420-426,

428-433, 436, 437, 439, 440, 455,

456, 458, 459, 462-466, 472, 475,

481, 488-490, 494, 496-499,

504-508, 512-515, 517, 519-521,

523, 534-536, 538, 540, 541, 543,

547-549, 569-572, 575-578, 581,

587, 589-591, 593, 594, 596, 598,

602, 606-611, 613, 616-623, 625,

627, 628, 632-634, 643, 658, 660-

662, 665, 671, 674, 676, 684, 685,

689, 694, 695, 701, 703, 739, 740,

746, 750-753, 757-759

Aperture disc   91, 92, 145,

149, 162, 193, 199-203, 328,

345, 391, 439, 464, 505, 507,

515, 517, 521, 522, 593, 602,

606, 610, 611, 625, 746, 750-

753, 759

Brass shoe   91, 200, 345, 391,

464, 505, 507, 515, 517, 521,

522

Balestilla   130, 378

Balestriglia   143, 144, 255

Balhestilha   123, 130, 139-142

Ballastella   65, 130

Bilisti   130, 131, 134

Coloured glass protection

38, 122, 145, 157, 158, 161,

202, 336, 369, 370, 412, 413,

437, 520

Dutch fashion of using the

cross-staff   65, 130, 200,

205, 610

Dutch shoe   200, 391

Graadboog   523

Horizon bone (beentje)

104, 196, 197, 199, 462, 577,

620, 746, 752, 753

Kronan cross-staff   6, 14, 26,

72, 81, 101, 103, 104, 144, 147,

148, 150, 151, 193, 196, 328,

406, 409, 490, 496, 540,

575, 577, 658, 662, 750, 751,

759

Lame de quivre (aperture

disc)   201

Location for the eye-end

122, 157

Spiegelboog conversion set

324

Spoon shaped transoms   6,

26, 60, 72, 101, 102, 111, 144,

145, 150, 151, 193

Mariner’s quadrant   24, 25, 28,

29, 32, 57, 71, 75, 78-80, 96, 99,

117, 118, 120, 129, 151, 152, 161,

192, 193, 218, 221, 222, 282, 374,

375, 399, 402-404, 408, 414, 416,

437, 451-454, 512, 518-520, 598,

662, 671, 673, 686

N

New sea quadrant (Cole’s

quadrant)   509, 609, 611, 636

Nocturnal   39, 58, 60, 61, 78, 258,

260, 265, 266, 270, 274, 393

O

Octant   9, 25-29, 34, 40, 53, 55,

56, 59, 64, 68, 80, 85-87, 89-92,

97, 105, 106, 111, 116, 121, 153, 158,

195, 202, 239, 263, 288, 313, 321,

368, 379, 381, 383, 384, 386-391,

397, 399, 401, 404, 410, 463, 465,

480, 515-518, 521, 606, 611, 613,

617-619, 623, 624, 626, 627, 632,

641, 655, 662, 669, 671, 689, 692,

694

Omgekeerden Graedboogh

(hoekboog)   298

P

Parts   

Apertures   60, 91, 92, 109,

110, 118-120, 145, 149, 158,

162, 188, 189, 193, 196, 199-

204, 225, 228, 249, 250, 254,

257, 261, 262, 266-269, 287,

288, 308, 312, 323, 328-331,

336, 343, 351, 358, 359, 362,

364, 375, 376, 391, 406, 439,

440, 458-460, 462, 468, 470,

476, 505, 520, 521, 570, 575,

593, 602, 606, 610, 611, 617-

621, 623-626, 632-634,

740-742, 746, 750-753, 759

Artificial horizon   55, 56, 78,

109, 247, 248, 389, 392, 479,

480, 521, 574, 611, 636, 639,

662

Circle on the horizon vane

227, 507

Clamping screw   168, 169,

287, 313, 323, 326, 333, 405,

406, 409, 410, 501-504, 553,

554, 610, 689, 746, 748, 749,

752, 753, 756-758

Clamping spring   225, 226,

267, 284, 286, 292, 329, 330,

358, 405, 406, 409, 410, 488,

489, 744-749, 752-756, 758,

763, 764

Cross-bar and button visor

343, 344

Curved horizon vane   262,

263, 267, 269, 270, 480, 693

Datum line   225, 306, 311,

399, 401-404, 406-408, 464,

470, 472, 475, 476, 508, 509,

518, 562, 563, 688, 689, 760,

761

Diamond shaped ornaments

225, 263, 269, 314, 325, 330,

358, 381, 390, 407

Four transoms   44, 145, 148,

149, 157, 158, 193, 196, 335,

412, 420, 423, 424, 428, 546

Gimbals   453, 684

Half transom   187, 189-191,

289, 329, 358, 378, 403, 405,

430, 433, 485, 519, 688, 741

Horizon vane   53, 58, 91, 105,

109, 145, 147-150, 152, 158,

161, 162, 177, 182-184, 187-

189, 192, 193, 195-202, 205,

225-227, 231, 246-249, 253,

254, 256, 257, 261-269, 273,

275-278, 284-288, 292-294,
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296, 298, 306, 307, 309, 311-

314, 327, 329, 331, 336, 343,

351, 352, 358, 359, 363-365,

371-376, 378, 380, 382, 383,

392-395, 403, 408, 409, 416,

432-435, 438-440, 450, 455,

458-468, 470, 472, 473, 476,

477, 479, 483, 484, 486, 487,

490, 505-508, 517-521, 550,

565, 567, 569-571, 573, 575,

593, 596, 602, 606-611, 617-

621, 623-626, 632, 634, 677,

679-683, 687, 689, 690, 703,

739, 741, 744, 745, 747-749,

754-756, 758-761, 763-765

Horizon vane with central

string   461

Index arm   57, 105, 118-120,

152, 374, 384, 387, 388, 390,

391, 397, 454, 480, 690, 691,

740

Lens   56, 58, 103, 109, 202,

209, 226-232, 243, 246, 247,

262, 268, 269, 278, 313, 392,

464, 507, 526, 530, 531, 553-

555, 564, 565, 571, 611, 666,

703, 744, 745, 747, 754, 755,

763, 764

Mercury   56, 317, 392, 413,

480

Mirror   11, 12, 15, 53, 62, 80,

207, 211, 236, 293, 305, 312-

315, 317, 318, 320, 324-330,

332, 333, 335-337, 383, 384,

386-391, 394, 397, 405, 410,

458, 459, 462-465, 477, 480,

488, 501-504, 508, 522, 593,

596, 607, 609, 656, 658, 659,

670, 671, 689-692, 748, 749

Monoxylous construction

180, 267, 393, 404, 406, 410,

518, 526, 550, 577

Mortise and tenon joints

188, 223, 225, 267, 269, 301,

304, 307, 310, 311, 347, 374,

381, 388, 391, 406, 407, 684

Plumb bob   118-120, 125, 152,

248, 261, 263, 277, 392, 402,

416, 451-454, 479, 512, 520,

626, 673

Polyxylous construction

180, 250, 267, 393, 404, 405,

407, 508, 518, 550, 577

Rivets   390, 407, 550, 744,

745, 747, 754, 755

Shadow square   45, 120, 121,

170, 261, 272, 625, 684, 740

Speculum   387, 394, 480, 636

Spring   226, 284, 286, 292,

329, 330, 405, 406, 409, 488,

489, 748, 749, 756, 758

Transoms   44, 54, 72, 98, 101,

102, 122, 144, 145, 147-151,

157, 158, 188, 189, 193, 196,

199, 289, 293, 324, 326, 333,

335, 356, 364, 402, 404-406,

408-410, 412, 417, 418, 420,

421, 423-425, 427, 428, 430,

483, 488, 489, 501, 504, 505,

518, 519, 522, 526, 535, 542,

544, 546, 577, 590, 591, 674,

740, 741

Umbra Recta   170, 171, 740

Umbra Versa   170, 171, 740

Visiertje (aperture)   312, 331

Plow   54, 56, 80, 96, 109, 187, 194,

206, 352-356, 358-361, 363-365,

377, 407, 408, 455, 458, 520, 567,

572, 608, 617, 622, 626, 632, 685,

688

Backstaff quadrant   685, 688

Q

Qianxing ban (kamal)   43, 134

Qiyas (kamal)   133

Quadrant   See mariner’s

quadrant

Quadrant on a Sector

(triangular quadrant)   53, 339,

639

Quadranti Astronomici   538-540

Quarré Geometrique

(geometrical square)   686

Quartier anglais (davis

quadrant)   212

Quintant   9, 389, 662

R

Ra-p-palagai (kamal)   43, 69,

132, 134, 135

Radio Latino   384, 648, 675, 691

Radius Astronomicus   412, 420,

664

Removing Quadrant   80, 152,

206, 250, 252, 255, 355, 393, 407,

455, 458, 520, 608, 616, 632, 676,

681, 742

Replicas and reconstructions   6,

9-12, 26-29, 32, 74, 77-79, 81, 87,

100-105, 111, 112, 136, 238, 246,

287, 289, 292, 293, 307, 308, 311,

331, 333, 336, 345, 357, 359, 405,

406, 409, 416, 457, 465, 468,

488, 489, 491, 494, 496, 502-505,

525, 558, 573-579, 583, 592, 612,

616, 620, 624, 631, 633, 658, 663,

681-683, 685, 690, 703, 704, 763-

765

RTK-GNSS   115

Ruler   79, 103, 169, 181, 225, 250-

252, 254, 264, 265, 300, 306, 341,

393, 416, 418, 420, 429, 430, 504,

519, 576, 648, 681

S

Scales   9, 26, 27, 29, 44, 45, 57, 58,

60-62, 76, 77, 81, 82, 84-86, 89,

98, 100, 102, 104, 105, 109, 111,

113, 116, 120-122, 125, 126, 128,

141, 143, 153, 156, 157, 163, 164,

166-168, 170-173, 178, 181, 188,

190, 192, 193, 198, 204, 209, 218,

219, 225, 226, 232-242, 244-246,

255, 264, 266, 270-273, 276, 288-

291, 293, 294, 296, 297, 301-304,

306-311, 324-326, 332-336, 346,

349, 351, 359-365, 369, 370, 373,

375, 376, 378, 380-383, 388-390,

392-395, 399, 401-406, 408, 410-

418, 420, 421, 423, 426-437, 447,

451, 452, 464, 475, 485-488, 491,

494-496, 498, 499, 503-507, 513-

515, 517, 519, 522-526, 528-531,

533-538, 540-544, 546-552, 554,

555, 560-563, 565-572, 576-578,

586, 590, 597, 603, 604, 607,
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609-611, 621-625, 628, 632, 633,

640, 648, 651, 658, 663, 676, 682,

689, 690, 703, 740-742, 744-765

Sea ring   23-25, 29, 32, 39, 57, 78,

80, 109, 118, 120, 146, 151, 154-

156, 180, 193, 355, 374, 422, 425,

451, 454, 494, 520, 528, 594, 616,

632, 660, 674, 686, 723, 724, 762

Sea-Quadrant (Davis and cross-

bow quadrant)   369, 370, 644,

686

Sector   44, 48, 53, 99, 167, 260,

337-341, 346, 347, 378, 382, 394,

408, 521, 639, 643, 684

Sextant   59, 64, 65, 68, 78, 79,

104, 106, 133, 134, 223, 231, 389,

390, 404, 463, 498, 518, 611, 653-

655, 659, 662, 669, 670

Spiegelboog   11, 12, 53, 59, 62, 63,

67-70, 73, 80, 91, 102-105, 108,

109, 161, 204, 206, 207, 211, 236,

291, 305, 312-315, 317-326, 328-

331, 333, 335, 336, 371, 383, 394,

405, 410, 417, 423, 458, 459, 462-

464, 472, 477, 479, 488, 501, 504,

508, 514, 522, 575, 576, 581, 583,

586, 587, 593, 596, 607, 611, 617,

632, 658, 689, 690, 694, 702, 748,

749, 752, 753, 756-759

Conversion set for mariner’s

cross-staff   324

Arbaleste à Glace   320

Arbalestrille à Miroir   320

Spigelboog   320

Spigelboog (spiegelboog)   320

Surviving instruments   10, 25-

27, 29, 31, 32, 34, 38, 40, 46, 57,

69-72, 76, 77, 80-84, 86, 87, 89,

91-94, 97-103, 111, 121, 136, 144,

153, 193-195, 197, 201, 204, 223,

225, 228-230, 234, 237, 240, 241,

246, 247, 249, 262, 263, 269, 273,

277, 283, 290, 291, 299-301, 305,

310, 323, 324, 332, 335, 352, 358,

362, 376, 379, 382, 386, 390-395,

399, 405, 407-410, 412, 425, 431,

461, 465, 475, 480, 484, 508, 513,

515, 520, 523, 530, 535, 536, 550,

567, 571, 589, 611, 617, 618, 626,

628, 632, 633, 665, 679-687, 689,

690, 703

T

Tabuas da India (kamal)   124

Telescope   9, 11, 55, 116, 119, 152,

230, 368, 384, 386, 387, 389, 480,

636, 670, 690-692

The ideal instrument   574, 609-

611, 613

Theodolite   9, 106, 115, 116, 119,

338, 343, 494, 513

Time and effort involved in the

creative process   576

Triangular Quadrant   12, 53, 99,

100, 109, 111, 206, 211, 250, 253,

255, 337-346, 350, 351, 394, 407,

408, 455, 520, 608, 617, 626, 632,

639, 658, 664, 684

Quadrant on a Sector   53,

339, 639

Turiya yantra (Davis quadrant)

134

Turning Degree-bow

(hoekboog)   299

V

Valentia astrolabe   80, 103, 494,

575, 583, 592, 762

Variation compass   481

Volvelles   60, 61, 110

W

Weight comparison   104

Winckel-kruys   126

Wind resistance   453
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Index of personal names

A

Adams, George   86, 92, 93, 152,

239, 245, 379, 508, 608, 609, 611,

636, 653, 661

Albrizzi, Girolamo   248, 250, 636

Apianus, Petrus   537, 538, 540,

622, 636

Aryabhata   127

Atkinson, James   200, 209, 232,

246, 637

Aurillac, Gerbert of (Pope

Silvester II)   128

B

Backer, Claas Simons   150, 645

Barentsz, Willem   37, 377, 593,

637

Barleaus   37

Barlow, William   48, 66, 637

Barros, João de   43, 123, 124, 637

Behaim, Martin   123, 125, 129,

141, 192, 627, 654

Bion, Nicolas   238, 368, 637

Bird, John   638, 670

Blaeu, Willem Jansz.   6, 36-38,

51, 52, 109, 150, 151, 279, 280,

282, 293, 294, 296-299, 306, 321,

417, 421-430, 535, 543, 623, 637,

638, 653, 662, 698

Blundeville, Thomas   157, 159,

166, 168, 170-172, 174, 176, 453,

638, 757

Boombaar, Cornelis Janszoon

223, 305, 319, 638

Bourne, William   35, 37, 57, 158-

160, 166, 168, 193, 198, 274, 452,

456, 493, 497, 498, 509, 513, 582,

588, 638, 666

Brahe, Tycho   37, 223, 236, 407,

411, 638, 654, 670, 698

Breen, Joost van   11, 12, 52, 53, 57,

62, 73, 91, 109, 161, 211, 236, 313-

315, 317-319, 321-323, 325-330,

332-335, 337, 371, 383, 384, 394,

423, 501-504, 522, 575, 581-583,

586, 587, 611, 612, 638, 641, 650,

698, 746, 748, 749

Brown(e), John   53, 54, 109, 211,

215, 220, 253, 255, 257, 337-341,

343-347, 349-352, 379, 394, 639,

646

Buys, Egbert   367, 639, 650

C

Cabral, Pedro Álvares   43, 135-

137, 141, 142, 657

Campbell, John   669, 670

Carlson, Elling (Capt.)   37

Castro, Dom João de   72, 73,

510-512, 581-583, 585, 588, 594,

612, 628, 642, 654

Cattenburgh, Dirck van   318

Chambers, George Frederick

321, 654

Champlain, Samuel de   75-77,

490, 526, 621, 628, 654, 658

Claesz, Cornelis   34, 37, 52

Coignet, Michiel   37, 166, 420-

426, 639, 647

Cole, Benjamin   86, 152, 227, 391,

480, 508, 609, 611, 613, 639

Colom, Jacob   286, 297, 299, 303,

639, 640

Combes, Fisher   55, 340, 368,

370, 685

Connely, Thomas   367

Conti, Niccolò da   129, 130

Copernicus, Nikolaus   37, 350

Cortés, Martín   35, 142, 144, 166,

418, 420-426, 640

Crescenzio, Bartolomeo   143,

640

D

Davis, John   24, 36, 46, 48, 65,

80, 108, 109, 113, 152, 153, 164,

182, 188, 193, 209, 211, 215, 220,

230, 236, 279, 352, 377, 378, 392-

394, 399, 400, 403, 404, 422,

423, 433, 454, 458, 472, 481, 513,

521, 522, 575, 598, 616, 618, 619,

623, 626, 632, 641, 658, 679, 680,

730

Dee, John   7, 35, 36, 47, 66, 108,

183, 641, 656

Denison, Captain   9

Digges, Leonard   47, 412, 495,

641

Douglas, Master   498

Douwes, Cornelis   204, 655, 667

Dudley, Robert   152, 252, 254-

256, 272, 282, 453, 475, 641, 660

E

Eden, Richard   35, 142, 144, 640

Elton, John   55, 56, 109, 247, 479,

480, 641

F

Flamsteed, John   58, 109, 229, 313

Fournier, Georges   125, 126, 200,

211, 221, 223, 234, 237, 252, 254,

422, 504, 642

Frampton, John   35, 646

Frisius, Gemma   36, 164, 167,

420, 636, 642, 657

Frobisher, Martin   48, 76, 730



G

Gama, Vasco da   43, 117, 118, 122-

124, 129, 132, 136-138, 140, 142,

192, 654, 661, 665

Gujarat pilot   117, 129, 132, 137,

192

Garner, Will   27, 181, 246, 268,

555, 557-559, 561, 572, 574, 575,

622, 744, 745, 747, 754, 755, 763,

764

Gerson, Levi ben   124-128, 164,

192, 196, 411, 412, 495-497, 500,

501, 590, 616, 625, 632, 657, 661,

671, 698

Gibbons, Grinling   356

Gietermaker, Claes Heyndericks

38, 642

Godfrey, Thomas   28, 55, 58, 109,

257, 261, 263, 267-270, 273, 278,

315, 382, 384-388, 393, 465, 476,

477, 516, 521, 609, 611, 617, 619,

627, 632, 646, 682, 692

Godin, Louis   379

Goos, Pieter   235, 514, 642

Graaf, Abraham de   58, 109, 236,

295, 298, 299, 303, 308, 309, 318,

417, 515, 523, 642, 643

Graham, Richard   388, 643

Greenhough, Thomas   558, 559

Gujarat pilot of Vasco da Gama

117, 129, 132, 137, 192

Gunter, Edmund   167, 186, 221,

223, 257, 260, 262, 270-272, 276,

338, 340, 475, 477, 499, 640, 643,

646, 648, 663, 682

H

Hadley, John   28, 55, 153, 384,

385, 387, 480, 617, 632, 639, 643,

669, 692

Haeyen, Aelbert   48, 109, 207,

208, 481-483, 514, 643, 680

Hagger, William Guise   555

Halley, Edmund   53, 76, 229, 231,

248, 249, 383-387, 392, 626, 636,

643, 655, 657, 660, 669, 670, 691

Harriot, Thomas   23-25, 45, 47,

63, 66, 109, 113, 158, 163, 164, 174,

176, 183, 193, 372, 376, 394, 400,

404, 407, 437, 438, 459, 484,

494, 495, 513, 518, 519, 615, 618,

624, 631-633, 656, 664, 665, 677,

680, 694, 698, 719, 722

Harris, Joseph   96, 232, 238, 239,

243, 366, 369-371, 461, 507, 509,

515, 639, 644, 656, 657, 661, 665,

686, 696, 699

Harrison, Edward   366, 644

Hayley, William   248

Heemskerk, Jacob van   34

Hevelius, Johannes   670

Homann, Johann Baptist   63,

323, 644

Hood, Thomas   25, 26, 28, 29,

44-46, 48, 56, 109, 113, 117, 159,

160, 162-165, 171, 193, 375, 400,

413, 423, 437, 456, 519, 615, 618,

624, 625, 631-633, 676, 677, 719,

757

Hooke, Robert   53, 58, 109, 229-

232, 383, 384, 652, 690

Houtman, Cornelis de   34, 37,

150, 155, 204, 207, 223, 297, 298,

305, 481, 633, 655, 667

Houtman, Frederick de   220

Howard, Lord Charles   45, 165

Humboldt, Alexander von   123

Hussein, Sidi-Ali Ben   42, 43,

130, 654, 664

Huygens, Christiaan   11, 201, 330,

659, 660

I

Jacobsz., A.   285, 645

Jaillot, Alexis-Hubert   281, 649

James I of England   48, 49, 210,

730

James, Thomas   185, 190, 221,

487, 645

João (Master)   43

Juan, Jorge   379, 380, 653, 664

K

Kelly, Joshua   200, 368-370, 641,

645

Keulen, van   63, 82, 321, 323, 546,

549, 563, 577, 666

Gerard Hulst   541, 543, 545-

549

Johannes   541-543, 545, 547-

549, 561

King, Benjamin   554, 558

King, Daniel   77, 78, 203, 215,

559, 588-590, 648, 655, 665

Kruik, Dirk   319

Kua, Shen   128

L

Lamb, Anthony   88, 385, 653

Lastman, Cornelis Jansz.   38,

150, 295, 297-299, 308-311, 494,

594, 645

Leigh, Charles   56, 73, 109, 247,

480, 645

Levanto, Francesco Maria   294,

295, 297, 303, 645

Leybourn, William   340, 646

Lisboa, João de   43, 44, 71, 138,

139, 637, 642, 646, 653, 654, 657,

661, 664, 665

Logan, James   55, 58, 257, 261,

262, 267-269, 273, 278, 385-387,

476, 509, 516, 646

M

Mahri, Suleiman al   133

Maitland, William   73, 239, 388,

516, 603, 646

Majid al-Najdi, Shihab al-Din

Ahmad Ibn   31, 40, 42, 124, 132,

133, 136, 644

Makir, Jacob ben   128

Marre, Jan de   59, 109, 323-325

Medina, Pedro de   35, 37, 166,

452, 646, 647

Metius, Adriaan Adriaansz   35-

37, 55, 57, 73, 109, 155, 156, 185,

187-190, 220, 279, 282, 352, 417,

481, 483, 485-487, 500, 501, 575,

623, 647, 700

Milliet Dechales, Claude

François   80, 196, 200-203,

206, 212, 260, 261, 267, 272, 280-

282, 287, 293, 331, 371-377, 380,

381, 395, 407, 408, 422, 455, 458,

508, 520, 647, 687

Moore, Jonas   58, 109, 186, 200,
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202, 212, 215, 220, 226, 229, 233,

235, 241, 257, 281, 282, 353-355,

360, 410, 411, 422, 647

Mortier, Pierre (Pieter)   281,

640, 649

Moxon, Joseph   168, 259, 648

Müller, Johannes

(Regiomontanus)   14, 123-125,

654

N

Newhouse, Daniel   200, 203

Newton, Isaac   53, 384, 387, 643,

691, 692

Nierop, Dirck Rembrantsz. van

202, 318, 648

Nispen, Mattheus van   126, 641,

648, 658

Norwood, Richard   238, 422, 648

Nunes, Pedro   154, 156, 648

O

Oostwoud, Govert Maartensz.

318-320, 648

P

Penne, Hans   337, 586, 587

Perkins, Peter   200, 215, 649

Pietersz., Simon   94, 211, 295,

298, 299

Pires, André   43, 44, 71, 140, 653

Pühler, Christopher   411

R

Ramsden, Jesse   379, 415, 661

Rayleigh, Walter   45, 46

Regiomontanus (Johannes

Müller)   14, 123-125, 654

Reis, Seydi Ali   42, 43, 130, 654,

664

Rich, James   9

Robertson, John   64, 110, 244,

245, 649, 668

Roggeveen, Arent Jansz   85, 321,

334, 586, 587

S

Salter, Thomas   317

Saltonstall, Charles   94, 185, 211,

649

Sanson, Nicolas   281, 649

Schipano, Mario   216, 651

Seller, John   54, 55, 57, 80, 109,

152, 200, 205, 206, 211, 234, 250-

257, 266, 272, 277, 352-355,

359-361, 363, 365, 366, 368, 370,

395, 407, 430, 455, 475, 520, 535,

545, 576, 650, 655, 682, 685

Sen, Ram Comul   367, 645

Shovell, Cloudesley   75, 449, 517,

518, 522, 615, 616, 628, 631, 634,

661

Sinâ, Ibn   350

Sinister fellow   63, 180

Smith, John   185, 650, 665

Sprat, Thomas   185, 230, 650

Stevin, Simon   48, 207, 208

Stokes, Cab.   561, 563

Sturmy, Samuel   152, 212, 223,

257, 260, 261, 263, 267, 272, 273,

277, 278, 412, 422, 651

Sylvius, Willem   36

T

Tritemij, Joannis   36

Tuttell, Thomas   55, 340, 368,

370, 685

U

Ulloa, Antonio de   379, 380

V

Valle, Pietro della   216-220, 651,

655

Vaulx, Jacques de   44, 157, 199,

420-422, 424-426, 651

Veer, Kornelis de   367, 667

Vinci, Leonardo da   50, 51, 659

Vooght, Claas Jansz.   305, 319,

422, 651

Vries, Klaas de   38, 204, 319, 321,

323, 325, 330, 331, 336, 651, 666

W

Waghenaer, Lucas Jansz   35, 37,

421-426, 452, 637, 652

Wakely, Andrew   211, 257, 272,

277, 475, 652

Waymouth, George   48-51, 57,

58, 60, 94, 109, 152, 161, 195, 198,

199, 208, 210, 211, 215, 218-220,

223, 224, 232-234, 251, 252, 254,

255, 257-260, 264, 270, 273, 294,

296, 303, 308, 309, 375, 393, 394,

412, 422, 426, 472, 479, 652, 657,

664, 730, 731, 733

Werner, Johann   15, 99, 417, 418,

420, 422-426, 626, 652

Wether, Charles M.   386

Whiddous, Captain   498, 725

Whitwell, Charles   48

Wilford, J.   246, 652

Wilson, James   64, 110, 219, 220,

667, 668

Wind, Gerardus de   314

Wine Gauger   334

Wright, Edward   58, 109, 152,

208, 225, 226, 257-260, 264-266,

270, 273-277, 393, 422, 426, 472,

482, 500, 619, 652, 696, 698, 700

Wynroeyer (Wine Gauger)   334

Z

Zamorano, Rodrigo   421, 422,

424-426, 652
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Index of regions and places

A

Aceh   481, 487

Admiralty Building   356

Admiralty Boardroom   356-358,

360, 361, 363, 395, 567, 572, 665,

685

America   10, 14, 28, 29, 31, 52, 59,

72, 86-92, 98, 111, 228, 241, 242,

385, 386, 619, 634, 637, 648, 654,

656, 658, 659, 662, 665, 667, 692,

703

Boston   88, 559, 655, 665

Hudson Strait   210

Newfoundland   386

Newport   14, 555, 558, 559

Newport News   14, 555

Pennsylvania   55, 385

Philidelphia   386

Salem   200, 558, 559, 657

Arab world   23, 24, 29, 32, 99,

121, 140, 414

Indian Ocean   42, 135, 138,

644, 653-656, 666

Persian Gulf   78, 697

Red Sea   123, 697

Asian world   14, 24, 32, 64, 117,

123, 130, 321, 637, 657, 658, 664,

672, 700

East Indies   36, 48, 155, 207,

481, 633, 730, 735

Aceh   481, 487

China   29, 34, 42, 43, 60, 100,

117, 128, 134-136, 414, 625,

660, 662, 672

Dengfeng Observatory

128

Azores   79, 700

B

Babylonia   127

Boston   88, 559, 655, 665

Burntisland Church   62, 660

C

Calicut   137, 138, 142

Canaries   137

Cape of Good Hope   24, 481

Cape Spartel   517

Castricum   658, 744, 746-748,

750, 753, 755-757, 760-762, 765

China   29, 34, 42, 43, 60, 100, 117,

128, 134-136, 414, 625, 660, 662,

672

Dengfeng Observatory   128

D

Darthmouth   484

Dengfeng Observatory   128

Denmark   15, 36, 92

E

East Indies   36, 48, 155, 207, 481,

633, 730, 735

Aceh   481, 487

East Sea   637, 639, 697

England   23, 28, 31-36, 40, 42, 48,

56, 60, 69, 85, 87-92, 94, 96, 98,

108, 110, 111, 155, 157, 168, 202,

206, 210, 367, 386, 395, 407, 481,

575, 606, 615, 623, 624, 627, 628,

631, 633, 655-657, 664-667, 730,

732, 733, 735

Burntisland Church   62, 660

Darthmouth   484

Falmouth   517

Isles of Scilly   75, 517, 518,

634

London   13, 33, 35, 53, 55, 69,

73, 223, 281, 356, 379, 380,

385, 395, 567, 572, 636-662,

664-668, 685, 688, 700, 744,

745, 747, 754, 755, 762

Admiralty Building   356

Admiralty Boardroom

356-358, 360, 361, 363,

395, 567, 572, 665, 685

Whitehall   356

Sandrudge   484, 641

Ezhimala Hill   137

F

Falmouth   517

Flanders   317

France   29, 31-33, 66, 92, 150, 202,

206, 252, 297, 373, 623, 641, 645,

666, 732

Ushant   517

Frankfurt book fair   33-35, 37,

108, 628, 636, 647, 656, 657, 659,

664, 665

G

Germany   31, 66, 92, 99, 122, 537,

746, 752

Frankfurt book fair   33-35,

37, 108, 628, 636, 647, 656,

657, 659, 664, 665

Nuremberg   63, 323

Goa   73, 510, 581

Goes   334, 745

Greece   23, 120

H

Hirado   683, 758, 759

Hoorn   320, 648, 654

Hudson Strait   210



I

Iberian peninsula   29, 32, 33, 35,

42-44, 71, 82, 83, 87, 91, 108, 109,

111, 154, 170, 416, 514, 525, 583,

618, 700

India   29, 32, 37, 42, 43, 69, 73,

109, 110, 117, 122-124, 127, 129,

132, 134-138, 141, 143, 144, 192,

216, 298, 367, 510, 625, 642, 644,

649, 651, 653-657, 661, 664, 666,

667, 672

Calicut   137, 138, 142

Ezhimala Hill   137

Goa   73, 510, 581

Indian Ocean   42, 135, 138,

644, 653-656, 666

Lakshadweep   132

Mount Eli (Ezhimala Hill)

137

Surat   216

Indian Ocean   42, 135, 138, 644,

653-656, 666

Ireland   653, 656, 663, 732

Island of Bruray   300

Isles of Scilly   75, 517, 518, 634

Izmir   248

J

Jamaica   386

Japan   

Hirado   683, 758, 759

K

Kalmar   14, 101, 144, 540, 750,

751, 759

L

Lakshadweep   132

Leiden   11, 13, 575, 656-658, 663,

664

Lerwick   14, 101, 394, 683

Lisbon   14, 73, 87, 135, 137, 138,

510, 581, 661

London   13, 33, 35, 53, 55, 69, 73,

223, 281, 356, 379, 380, 385, 395,

567, 572, 636-662, 664-668, 685,

688, 700, 744, 745, 747, 754, 755,

762

Admiralty Building   356

Admiralty Boardroom   356-

358, 360, 361, 363, 395, 567,

572, 665, 685

Whitehall   356

M

Madrid   14, 87, 100, 170, 174, 181,

263, 367, 377, 393, 395, 545, 550,

622, 626, 639, 640, 644, 645,

647, 657, 659, 660, 682, 689

Maldives   65, 100, 130, 132, 136

Middelburg   13, 314, 321, 334, 639,

641, 664

Morocco   517

Cape Spartel   517

Mortlake   36

Mount Eli (Ezhimala Hill)   137

N

Netherlands   11, 12, 23, 28, 31, 32,

34, 36, 39, 40, 42, 56, 65, 69, 79,

81, 83, 85-87, 92, 94, 97, 101, 111,

150, 153, 155-157, 184, 185, 187,

193, 195, 200, 202-204, 206, 208,

235, 282, 295, 299, 314, 317, 318,

320, 372, 377, 393, 481, 483, 487,

488, 500, 514, 515, 522, 575, 586,

615, 618, 623-625, 627, 631-634,

655, 659, 683, 744-750, 753-757,

760-762, 765

Castricum   658, 744, 746-

748, 750, 753, 755-757,
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