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CHAPTER 1
Introduction

Modern radio astronomy and computer science are both relatively young sciences that
have fairly similar histories. Both were perhaps not born out of the ruins of the second
world war, but have at least benefited greatly from the technologies developed during
that time.

The second world war saw the first programmable computers built to aid the cryp-
tographic effort of legendary computer scientists like Alan Turing. At the same time,
tumultuous developments in radar technology, and the skilled technicians trained in their
design and use, were of great help to verify the existence and kick-start the study of the
newly discovered radio universe.

The modern study of physics, in particular astrophysics, relies critically on powerful
compute systems and software to leverage these to produce cutting edge science. Ar-
guably, the continued development of ever more powerful compute resources has driven
the development of ever more capable scientific instruments. Indeed, for several ra-
dio telescopes past and present we can identify timing considerations that synchronise
compute developments and construction of the instrument. Generally this is done to
maximise the science impact of the instrument per invested Euro. In other words, in-
struments are often designed when the supporting computing equipment is infeasibly
expensive, relying on continued developments in processor, memory and storage tech-
nologies to make the supporting equipment and software affordable when construction
actually starts.

This reliance on cutting edge and affordable computing systems, make the develop-
ment of more specialised and tailored solutions attractive. Whereas most conventional
high-performance computing facilities need to support a wide variety of applications, in-
frastructure supporting an observing instrument can be optimised for a single, or small
selection, of applications.
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2 Introduction

1.1 Compute systems and radio astronomy

The histories of radio astronomy and computer science are both short and tumultuous.
Indeed radio astronomy, and in particular aperture synthesis, parallels that of computer
science due to its heavy reliance on compute resources. It was the (re)invention of
the Fast Fourier Transform 1, and development of mini-computers fast enough to run
these at scale, that drove the development of the first aperture synthesis radio telescopes
in the late 1960’s and early 1970’s, as Martin Ryle discussed in his Nobel lecture in
1974 [133].

1.1.1 Anatomy of a modern aperture synthesis radio telescope
Modern radio telescopes generally consist of multiple smaller receivers, combined into
a single large virtual receiver using aperture synthesis. This concept, pioneered in the
1960s and 1970s with telescopes such as the one-Mile telescope in the UK and the
Westerbork Synthesis Radio Telescope in the Netherlands, is a cost-effective way to
dramatically increase the sensitivity and resolution of radio telescopes, without having
to build massive dishes. The theory is based on the van Cittert – Zernike theorem, which
states that two geographically separated receivers will sample a coherent signal from an
incoherent source, provided the source is much farther from the receivers than the re-
ceivers are from each other. The coherence function of two such receivers has a Fourier
relationship with the brightness distribution of the incoherent source sampled ([151],
chapters 2 and 152). This is called interferometry.

In other words, when two receivers sample a wavefront from a distance source, the
complex visibility function of these samples represents a point in Fourier space of the
brightness distribution of that source. Taking many such points, from a collection of
receiver pairs, allows us to reconstruct a sparse representation of the distant source by
means of an inverse Fourier transform ([151], chapter 3). Observing for a longer time
allows us to take advantage of earth rotation to fill in more of the image. In essence we
construct a large virtual telescope from multiple smaller ones, and we therefore call this
aperture synthesis. We will not go in to the details of aperture synthesis theory, instead
we refer the interested reader to the excellent standard textbook on radio interferometry
by Thompson et al. [151].

Other modes of operation, apart from the aperture synthesis imaging mode described
above, that tries to reconstruct a visual representation of the radio brightness of the
source from the coherence between multiple receivers, are generally available as well.
The study of radio pulsars and transient radio sources, such as Fast Radio Bursts (FRBs),
generally do not require aperture synthesis, but instead focus on time-domain data. Such
observation modes co-exist in modern radio telescopes, making the instrument more
flexible and able to serve a larger scientific community, but the additional, possibly
conflicting, requirements these additional observation modes place on the instrument
signal processing components make their design more complex.

1While the invention of the FFT is generally credited to Cooley [48], analysis of work done by Gauss in the
early 19th century indicates at least some aspects had been conceived before [75].

2Chapter 14 in the second edition of Thompson et al.
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Figure 1.1: Top level overview of a generic distributed aperture synthesis radio telescope

In practical terms, a modern aperture synthesis radio telescope consists of the fol-
lowing components, as shown in Figure 1.1:

1. antennas, receivers and digitisers

2. receiver signal processing

3. correlator and beamformer

4. intermediate processing into science-ready intermediate products

5. science processing into science products

In Figure 1.1 we have identified the area of interest for this thesis. This is based
on the potential to use commodity computing, instead of custom designed hardware.
While the boundary between custom- and commodity hardware differs between instru-
ments, we can generally state that this decision is based on reduced data rates as data
moves through the system, and increased compute requirements per bit of data. On this
boundary, we generally have a number of real-time processes on commodity hardware
to receive data large volumes of data and process at high spectral and temporal resolu-
tion. When this data volume is reduced, the real-time requirement is reduced as well
and data can be temporarily stored for further, more iterative, processing. This mix of
compute profiles makes commodity computing in modern distributed radio telescopes
such an interesting challenge.

Aperture synthesis imaging modes generally drive the compute- and data-transport
requirement in modern radio telescopes. Therefore, the analysis of these observation
modes is often prioritised, with time domain science cases following closely behind to
verify they fit within the scope defined by the imaging modes.
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Receivers

The receivers, the antennas and associated electronics needed to capture and condition
the radio signal we want to observe, are the most visible and recognisable component
of a radio telescope. Large, fully movable dishes, such as the ones shown in Figure 1.2,
have been the poster child for radio astronomy for some time.

However, more recently and at lower frequencies, such large and expensive dish
systems have been supplemented by large numbers of simple, omni-directional receivers
that are combined in software. An example of an operational instrument based on many
such low-cost antennas is LOFAR [158], the central Superterp of which is shown in
Figure 1.3.

Receivers may contain analogue signal processing hardware for amplification and
filtering. In some cases, in particular the LOFAR high-band antennas, several such
receivers are combined using an analogue beamformer, essentially a weighted or un-
weighted addition, into a single virtual receiver. This results in a smaller and more
sensitive beam pattern compared to that of a single receiver and reduces the data rate by
a factor equal to the number of elements in the antenna array.

While still in the analogue domain, initial filtering and amplification is applied. Next,
the analogue signal is digitised, often after being down converted. This is generally done
early and close to the receiver to take advantage of more robust digital data transmission
technologies over longer distances, although advances in Radio Frequency over Fibre
have made short range transfers of analogue data possible [165]. A generic receiver and
digitisation pipeline is shown in Figure 1.4. No digital computing is done in the receiver,
and we will not discuss receivers in detail in this thesis.

Receiver signal processing

Receiver signal processing usually consists of a digital filter, often implemented as a
polyphase filterbank consisting of a number of Finite Impulse Response (FIR) filters,
feeding into a single Fast Fourier transform (FFT). This results in a spectrally separated
channelised signal, the number of channels depending on the size of the Fast Fourier
Transform and the number of FIR filters. A selection of channels can be discarded to
reduce data transmission load and save on required compute capacity in the components
further upstream. When omni-directional receivers are used, an optional spatial beam-
forming step, a coherent addition of weighted omni-directional signals, may be applied.
This beamformer requires spectrally similar signals from different receiver, while the
polyphase filterbank results in a collection of spectral channels per receiver. Therefore,
before beamforming, the data needs to be re-ordered as shown in the generic receiver
signal processing pipeline in Figure 1.5.

Receiver signal processing is characterised by very high data rates and very low com-
putational intensity 3. Furthermore, data flows through the pipeline continuously, and
the processing is static in that the algorithms are well known and not expected to change
during the lifetime of the instrument. This means that this component is well suited to be
implemented in dedicated hardware, often based on FPGA (Field Programmable Gate

3Computational intensity is defined as the number of floating point operations per byte of data moved
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Figure 1.2: The Westerbork Synthesis Radio Telescope. ©ASTRON.
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Figure 1.4: A generic receiver pipeline, including Low Noise Amplifiers (LNAs), ana-
logue filters and digitisation components, with and without analogue beamforming.

Array) technology (for example Uniboard2 [136]). For these reasons, receiver signal
processing will not be discussed in this thesis.

Correlator and beamformer

The correlator and beamformer component receives data from the receiver signal pro-
cessing system and applies a comprehensive re-ordering. Receiver signal processing re-
sults in a data stream that, for a single receiver, contains all selected frequency channels.
The correlator and beamformer requires data from all receivers per frequency channel.
For instruments with widely separated receivers or receiver stations, the observed wave-
front may arrive at receivers delayed by multiple samples. This is corrected by delay
compensation, by shifting samples appropriately. Next, a second filter is applied to that
data, increasing the spectral granularity of the data. This increased spectral detail offers
opportunity to mitigate clock drift effects and the ripple introduced by the first band-
pass filter bank, as well as the sub-sample delays caused by geographical separation of
receivers.

The correlator produces the product from each receiver pair, while the beamformer,
similar to the receiver processing beamformer, applies weighted addition of all receivers
into a spatial beam. Incoherent (non-weighted) addition is often offered when sensitivity
over a large field of view is desired. After the correlator and / or beamformer is applied,
data can integrated in time and / or frequency to reduce the volume of data to manageable
levels. A generic correlator and beamformer is shown in Figure 1.6.

The correlator and beamformer are configurable components, able to run a combi-
nation of polyphase filterbanks, complex correlators and coherent (i.e. weighted) or
incoherent (unweighted) beamformers. Although configurable per observation mode,
this sub-system is fairly static, unlike the intermediate processing sub-system described
in the next section.
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Whereas receiver processing is generally local to the receiver, the beamformer and
correlator brings together data from all receivers in the instrument. Therefore, in gen-
eral, there is only a single, centrally located and highly optimised, correlator and beam-
former system per instrument. A geographically distributed correlator and beamformer
is possible in theory, but in particular in modern large scale radio telescopes with many
receivers data volumes explode during processing, making a single central correlator
and beamformer a much more attractive solution.

Compared to receiver signal processing, the correlator and beamformer are gener-
ally characterised by marginally lower data rates and, depending on the number of re-
ceivers or receiver stations, have a higher computational intensity. The correlator and
beamformer are real-time processing components, meaning that data streaming from
receiver processing and data rates are challenging. These characteristics mean that the
correlator and beamformer may be efficiently implemented in dedicated hardware, as is
currently envisioned for the SKA, or in commodity hardware, as in LOFAR. Both have
their advantages, which we will not discuss in detail in this thesis, and depending on
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Figure 1.6: A generic correlator and beamformer with associated corrections shown.

the frequency range the instrument is designed to observe at and number of receivers
or receiver stations in the instrument either may be better suited for the task. How-
ever, we will show the design and implementation of a highly optimised correlator and
beamformer for the LOFAR telescope, based on commodity hardware.

Intermediate processing

Intermediate processing makes science-ready data products from the beams or visibili-
ties that have been produced by the correlator and beamformer. Whereas the previous
components have well defined functionality (even though not all are implemented in ev-
ery telescope and some of these are configurable), intermediate processing is much more
diverse. The functionality can roughly be summarised as taking the instrument data as
delivered by the previous components and turning it into science-ready data products
for analysis by the astronomer. This generally involves:

• removing interference caused by local sources

• removing strong sources outside of the field of view that have leaked into the
image

• correcting for instrumental effects

• generating sky images, source catalogues, pulsar candidate lists and various other
science-ready data products



10 Introduction

• producing calibration data for the other components in the systems

• Searching for unknown pulsars

• Timing spin-rate of known pulsars

• Detection and analysis of transient events, such as fast radio bursts (FRBs)

• Store intermediate data products and distribute these to science processing

In Figure 1.7 we show the intermediate processing component in the Square Kilome-
tre Array. Here we illustrate the relative complexity of this component by first showing
the top level context, with inputs and outputs, and then drilling down into the processing
components required. More detail is shown for the calibration and imaging component
using a functional and data flow breakdown of both functions.

Contrary to the processing done in the instrument so far, intermediate processing is
iterative. While still data-intensive, processing has much higher computational inten-
sity. This means that intermediate processing is no longer suited to be run on custom
hardware, and requires general purpose computing hardware instead. Intermediate pro-
cessing is generally the last step done before the data is released to the astronomer for
further, possibly interactive, analysis in the science processing component.

At the end of the intermediate processing stage data rates dropped sufficiently to
be able to preserve all data products generated. Therefore, the intermediate processing
component may also be required to store, index and make available the data produced
by the instrument, either indirectly to the user via the science processing component
described below, or directly. Since intermediate processing is still part of the instru-
ment, user interaction is limited or impossible. While data may be preserved in by the
intermediate processing component, this is for backup purposes only. Data is generally
exported to science processing where it is made available to the astronomer.

Science processing

Science processing is where intermediate products, delivered by the instrument, are
analysed and further processed into science products. While we can argue about the ex-
act boundary of the instrument, science processing is generally not considered to be part
of the instrument, and the science processing facility is likely local to the astronomer, not
necessarily the telescope. Traditionally science processing is done on the astronomer’s
workstation or laptop, but modern data rates and volumes in modern instruments are
such that this is no longer feasible.

Contrary to the processing done so far, science processing is often in interactive and
iterative process, wherein the scientist manipulates the data and verifies the result. Data
volumes for modern instruments are significant, and processing is highly diverse.

Although the work in this thesis is applicable to the science processing facility ar-
chitecture and design, we will not explore this part of the system in detail.
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1.1.2 Compute- and data-transport systems in modern large-scale
distributed radio telescopes

In Figure 1.1 we have identified the area of interest for this thesis: instrument process-
ing. This is generally implemented on commodity general purpose hardware. While
the components differ per instrument, generally we can state that commodity compute
systems that are part of a modern distributed radio telescope are characterised by:

1. high-bandwidth, long-range data transport into the compute system

2. a boundary between custom designed and commodity hardware, generally com-
municating via high-performance Ethernet networks

3. applications include some that are soft real-time, some that are data-driven, but
all are highly data-intensive

4. a mix of performance profiles, from data-dominated low computational intensity,
to highly compute intensive iterative processing

5. automated, non-interactive processing of data streams, with none or limited user
codes running on the systems

In designing compute- and data-transport systems for modern radio telescopes, we
take inspiration from high-performance computing and big data systems. However,
the performance profiles seen in radio astronomy, in particular those with a low com-
putational intensity, are relatively unique. Furthermore, we are often heavily cost con-
strained. This drives a desire to design a cost-effective system, which is the main subject
of this thesis. Previous experience with LOFAR systems has shown that separate devel-
opment of data-transport system and compute system, in particular in combination with
the non-standard custom hardware often employed, can lead to problems [37].

1.2 Research driven by architecture and design experience

The research presented in this thesis is based in part on extensive architecture and design
activities. Lessons learned in architecture and design of compute- and data-transport
systems for radio astronomy have played a large part defining the direction of the re-
search presented in this manuscript. Apart from the usual peer-reviewed publications,
the Curriculum Vitae on page 183 of this work highlights a selection of the large number
of documents and design studies that have recently been produced for a number of radio
astronomical sub-systems and architectures authored and co-authored by the author of
this thesis. This not only shows the complementary nature of the research done in this
thesis, it is also an indication of the value of architecture and research work done side-
by-side. Experiences designing and architecting complex and specialised systems for
radio astronomy drive interesting research questions, while the results of that research
can significantly benefit future architecture work.
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1.3 Research question for this thesis

Computer science, in particular as practised at an institute like ASTRON (the Nether-
lands Institute for Radio Astronomy), can be considered a facilitating science. The
hardware and software systems that are architected, designed and built in this thesis are
all meant to facilitate and enable other sciences, in this case in radio astronomy and
astrophysics. In general science budgets are limited, and only a fraction of these can
be used for compute hardware. Consequently there is an obvious drive to maximise the
effectiveness of any investment in computational infrastructure, be it hardware or soft-
ware. This drive to architect and design compute systems that maximise the scientific
impact of such systems per invested Euro is the central premise of this thesis. Consid-
ering the reason of being of compute systems in radio astronomy and other physical
sciences, our main research question can therefore be summarised as follows:

RQ. What is the optimal way to design a commodity compute and data transport ar-
chitecture for modern distributed radio telescopes, and how do we define optimal in this
context?

In this thesis we will endeavour to answer this question and show, using a number
of propositions introduced in the next section, how our proposed solution addresses
this. We also show that our proposed approach offers optimisation opportunities that
would otherwise be difficult or impossible to achieve. Although these do not directly
address our main research question, the offered advantages are significant and they add
a significant in-depth component to our research.

1.4 Propositions summarising the research in this thesis

To address the high level research question introduced above, we propose a number
of design priorities and recommendations. These are heavily inspired by the architec-
ture and design experience mentioned above and should be taken into account during
all phases of the architecture and design process for an IT infrastructure supporting a
data-intensive science instrument. We have summarised these recommendations in four
propositions:

Proposition 1. Before embarking on an architecture or design, bound the problem in
terms of requirements, such as capacity and functionality, and available resources, such
as funds, facilities, manpower and interfaces.

When designing a compute or data-transport system, it is useful to first bound the
problem, both from a requirements and available resources perspective. This not only
places the project in context, it also requires all parties involved to carefully articulate
the requirements of the system under design. Furthermore, by defining requirements at
the start of the project, a clear definition when the project is finished is explicitly docu-
mented. If either is expected to change significantly at some point, scalability is also a
significant consideration. This is the bounding proposition.
Addressed in Chapters 2 (partially), 3, 4 and 5 of this thesis.
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Proposition 2. The compute- and data-transport systems supporting modern radio tele-
scopes must not be developed in isolation.

In traditional compute infrastructures and high-performance computing centres, the
compute- and data-transport systems are generally developed separately. This often ex-
tends to the administration of these systems, which is usually done by different, siloed
departments. In a data-intensive and often streaming instrument, like a radio telescope,
the synergy between compute- and data-transport makes a coherent design of these two
components essential. Otherwise, there is a considerable risk that a bottleneck in the one
will significantly impact the other. In this thesis we will refer to this as the co-design
proposition.
Addressed in Chapters 4, 5 and 8 of this thesis.

Proposition 3. A system’s architecture and design should not only optimise for cost,
but instead closely consider the optimal ratio between value and cost.

Scientific instruments generally have fairly limited budgets, and only a fraction of
these can be reserved for computing and data-transport. There is therefore a strong and
obvious desire to minimise the cost of these components. This is amplified by procure-
ment regulations, that often drive the choice towards the cheapest solution available that
meets the required specifications. However, the minimal viable solution is not necessar-
ily the optimal one. We argue that by considering both value and cost, more science can
be done using the same investment. In Chapter 2 we introduce a new conceptual model
that allows more effective and structured reasoning about value in eScience solutions.
We will refer to this as the value proposition.
Addressed in Chapters 2, 3(partially), 4, 5 and 8 of this thesis.

Proposition 4. When both the compute- and data-transport system are considered
jointly, optimisations can be conceived on the boundary between these two that greatly
benefit the whole.

Considering the two recommendations above, we can take advantage of the now inte-
grated architecture and design of the data-transport and compute systems. The boundary
between the two, in particular the interface between the high-bandwidth custom hard-
ware that generates instrument data, and the commodity compute system that produces
scientific data, offers many interesting and challenging optimisation opportunities. We
investigate both functional and operational (i.e. energy-saving) improvements. For the
purposes of this thesis, we will refer to this as the optimisation proposition.
Addressed in Chapters 6 and 7 of this thesis.

1.5 Support of our propositions per chapter

Since this thesis consists of a number of publications, it is useful to identify how each
of these contribute to the propositions that are central to this manuscript. For each of
the chapters we discuss how these support the various propositions. This is also shown
in a more visual manner in Table 1.1.
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bounding co-design value optimisation

Chapter 2, ’Cost and Value’
Chapter 3, ’Exascale computing in the SKA’
Chapter 4, ’SKA compute platform design’
Chapter 5, ’Cobalt’
Chapter 6, ’Software-defined networking’
Chapter 7, ’UDP RDMA’
Chapter 8, ’Future developments’

Table 1.1: Mapping of propositions to the chapters in this thesis. Light grey check marks
signify partial applicability.

1.5.1 Chapter 2
In Chapter 2 we take a step back from the actual design of compute- and data-transport
systems, and introduce a more formal and structured way to reason about the value and
cost of solutions. Here, we introduce some of the tools that are used to identify which of
any number of possible system designs is optimal for the applications in question. This
chapter supports the value proposition, and to some degree the bounding proposition.

1.5.2 Chapters 3
Chapters 3 and 4 offer an insight into the design process of a component of a large
radio telescope, the Square Kilometre Array (SKA). Chapter 3 was written in 2012,
just after the Conceptual Design Review (CoDR) for the software and computing com-
ponent of SKA. This paper summarised the computing challenges, which at that stage
were considered quite challenging, and summarises how the SKA processing challenge
is different from more conventional high-performance computing applications. An ex-
trapolation of existing HPC systems at the time showed that sufficient compute capacity
should become available by 2018-2019, but notes that this is only valid for the LIN-
PACK benchmark used in the Top500 list. The argument is made to avoid data transport
as much as possible to reduce energy consumption, since it was assumed, based on
available information, that data transport over larger distances would be prohibitively
expensive in terms of energy consumption. Even though this chapter significantly pre-
dates Chapter 2, some of its recommendations are already implicitly taken into account.
This chapter illustrates both the bounding and value propositions to some degree.

1.5.3 Chapter 4
Chapter 4 was written a couple of years later (2015), and clearly shows that the analysis
had progressed dramatically. The scale of the SKA was reduced slightly, considerably
reducing the required compute- and data-transport capacity, making the resulting sys-
tem far more affordable. Furthermore, a more detailed picture of the required processing
could be sketched, and as a result a highly scalable but feasible architecture was intro-
duced. A number of value measures, scalability, affordability, maintainability and sup-
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port for current state-of-the-art algorithms, were defined that could be used to evaluate
possible implementations. This chapter strongly supports the bounding, co-design and
value propositions. We refer to some possible optimisations that are under investigation,
supporting the optimisation proposition.

1.5.4 Chapter 5
In Chapter 5 we show a practical example of a relatively small system that is intensively
optimised for a specific task. Both cost and value, as defined in Chapter 2 are considered
in this project. Furthermore, a design methodology focused on data flow, rather than just
compute capacity, was introduced, as recommended in this thesis. This chapter strongly
supports the bounding, co-design and value propositions.

1.5.5 Chapters 6
A primary recommendation in this thesis is that compute- and data-transport infrastruc-
ture should be designed in close collaboration. Since the latter of these is more often
overlooked, we have concentrated on this particular component in some of our more de-
tailed experimental work. Chapter 6 explores a potentially revolutionary development in
networking: an affordable and highly flexible programmable network. Using a use-case
based on hard-won experience with the LOFAR radio telescope, the OpenFlow features
available in a number of commercial of-the-shelf network switches are analysed This
chapter primarily supports the optimisation proposition and to some degree the value
proposition.

1.5.6 Chapter 7
In Chapter 7 we take a closer look at the energy consumed by receiving large volumes
of data. Since radio telescopes are generally characterised high bandwidths of data
streamed into a centrally located facility, the energy consumption of the receive compo-
nent may be significant, and any reduction of this may well be highly desirable. This
chapter primarily supports the optimisation proposition and to a limited degree the value
proposition.

1.5.7 Chapter 8
Finally, in Chapter 8 we take a careful look at developments in compute and date trans-
port technology in the near to mid future. While we have been fortunate in the past to be
able to rely on continued Moore’s law scaling, either by ever increasing clock frequen-
cies, or, more recently, even increasing concurrency, this will shortly cease to be the
case. Instead, a whole slew of revolutionary new technologies are being developed to
satisfy the insatiable demand for more IT resources. In Chapter 8 we make an initial as-
sessment, using the value proposition as our guideline, if and how such technologies can
be used in radio astronomy. The assessments made rely heavily on the co-design propo-
sition. Furthermore, we can argue that many of the proposed technologies are in fact
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special purpose accelerators. This opens optimisation opportunities as recommended by
the optimisation proposition.

1.5.8 Chapter 9
Finally, in Chapter 9, we will end this thesis with a brief retrospective summary, con-
clusions and some future work. Here, we look back at the manner in which ech of the
propositions we have defined in this chapter are used throughout the thesis. Further-
more, we identify some of the major more detailed contributions each of the chapters
have made. A small selection of future work is identified that build upon the work
described in this thesis. Conclusions and some discussion end this thesis.


