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Abstract. Spreadsheets are frequently used by scientists to store and
analyze research data. To enable integration and reusability of scientific
spreadsheet data it is important to explicate the underlying concepts and
relations. In this paper we explore to which extent the conceptual model
of a research project can be recognized in its spreadsheet implementation.
We perform a manual analysis of spreadsheets of existing research from
the domain of environmental science. We formally describe the semantics
of the spreadsheets in an ontology and record our approach in heuristics.
We interview the original developers of the spreadsheets to compare our
findings with their views. Our reconstructed conceptual model does not
conflict with the developer’s views, but represents a different perspective,
as the developers are primarily focussed on the calculation workflow.
Keywords: ontology, conceptual model, spreadsheet, workflow, implicit
knowledge
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Introduction

In this paper we show that it is possible to reconstruct the conceptual model of
a research project from its spreadsheet implementation.
Information technology enables scientists to collect, manipulate, and communicate ever increasing amounts of data. Scientists are encouraged to make their
research data publicly available [1]. This results in an tremendous and rapidly
growing amount of scientific data available on the web. It is hard to make efficient
and effective use of these data, because the meaning and context of the data are
often not clear to people that did not produce them. To enable integration and
reusability of scientific data on the web, there is a need for semantic annotation
of both the datasets and the associated research.
Significant progress in this direction has been made in the past years, especially in the field of bioinformatics. Formal descriptions of the scientific workflow support scientists to integrate and analyze data [2]. The W3C provenance
working group3 has developed a open provenance model, PROV, to document,
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share and process provenance information, which helps scientists to ensure reproducibility of their analyses [3]. And several methods are available to link entities
in datasets with concepts in the Linked Open Data Cloud [4,5].
Our focus in this study is on the semantic description of spreadsheets. Spreadsheets are one of the main tools used by scientists to store and analyze research data. A drawback of current spreadsheets is that their free format leads
to sloppy or limited specification of the semantics of the data and calculations
[6,7]. Scientists have the possibility to annotate their spreadsheets using tools
like RDF123 [7], XLWrap [8] and “OM Excel add-in” [6]. These programs are
primarily concerned with the values of the cells in the spreadsheet. It is not
yet possible to formally describe the semantics of the conceptual model, i.e., the
used concepts and their interrelations, or the meaning of concrete calculations in
a spreadsheet. This information is sometimes available in documentation, such
as articles, presentations, and technical reports, but is always present in the
heads of the researchers. Semantic annotation with concepts from the underlying conceptual model could facilitate the reuse of data captured in scientific
spreadsheets.
In this paper we explore to which extent the conceptual model of a research
project can be recognized in its spreadsheet implementation and to which extent
the reconstructed conceptual model agrees with the image inside the researcher’s
head. To study this we perform a case study in the domain of environmental science (section 3). We study Excel spreadsheets from an existing research project
and try to manually reconstruct the underlying conceptual model. We record
the steps we take during the reconstruction to investigate opportunities for semiautomated support of spreadsheet annotation (section 4). We analyze our results
(section 5) and and verify our reconstructed conceptual model with the original
developers of the spreadsheets (section 6). In sections 7 and 8 we evaluate the
case study, summarize our findings and list remaining issues for future research
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Related Work

Methods and tools to semi-automatically derive semantic descriptions from data
have been developed for several scientific media, like RDF123 [7] and XLWrap [8]
for spreadsheets, D2RQ [9] for databases and OntoLearn [10] and KAON4 for
text documents. Annotation of the scientific content of the data and methods
has been done at various levels. Document-level content annotations are being made both manually and automatically. Examples are automatically connecting biomedical documents to terms from the Gene Ontology [11] and semiautomatic annotation of geo-spatial datasets with metadata provided by international guidelines from INSPIRE [12]. A higher level of abstraction that is being
investigated is the annotation of scientific discourse and argumentation [13]. The
integration of semantic descriptions with the actual documents, amongst which
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spreadsheets, is facilitated by the Open Document Format 1.2,5 which is based
on RDF.
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Case Study

Our case study is a scientific model for energy policy analysis 6 , developed by the
PBL Netherlands Environmental Assessment Agency and the Energy Research
Centre of the Netherlands (ECN). We study spreadsheets from this model, try
to manually reconstruct the underlying conceptual model model, and verify our
results with the original researchers.
Procedure For our analysis we select two spreadsheets of different types. We
adopt an open-minded view towards the content of the spreadsheets and consider
the values, terms and formulas as well as their relative and absolute location in
the sheet. We analyze the various patterns in the spreadsheet and determine
to what extent these patterns provide insight in the semantics of the content.
From the point of view of knowledge reuse we decide to make an instantiation/specialization of an existing ontology, the OM Ontology for units of Measure and related concepts [6] During the process we observe the consecutive steps
needed to recognize the semantics and record them in heuristics. The semantics
are visualized by a coloring of the OM concepts in the spreadsheet and relating
them in diagrams. In an interview with the developers of the spreadsheets we
compare their ideas with the content and configuration of our semantic model.
Data sources The case study model is developed to explore design options for
the Dutch energy system in 2050 and calculate consequences in terms of greenhouse gas emissions and production costs. Model calculations as well as input
and supporting data are represented in several interconnected Excel worksheets.
Both spreadsheets and data are property of the authoring institutions and are
not publicly available. In this study we analyze one spreadsheet from the calculation workbook, the calculation sheet, and one from a data-workbook, the data
sheet, both on the subject ‘traffic’.
Ontology We choose the OM ontology7 [6] to formally describe the semantics of the analyzed spreadsheets. A pragmatic reason to select this ontology is
that it is developed by close colleagues who are around to provide support in
its application. OM as is an existing ontology designed for science and engineering practice. It contains the types of concepts that are relevant for the studied
domain as it describes quantities, measures and units of measure as well as the
natural phenomena they are related to. As such OM allows both statements
about the structure of the physical world and corresponding quantitative observations, which is essential to construct a conceptual model of domain knowledge.
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Ontology Reconstruction

Semantic Characterization We start the analysis of the spreadsheets with
characterizing the terms in the spreadsheet as instances of OM concepts (Figure
1). We assume that each term has a unique definition an semantic characterization in the context of the model (Appendix rule 1). Four main concepts from
the OM ontology are recognized in the spreadsheets: Phenomenon, Quantity,
Unit of Measure and Measure. We add the concept Quality (Appendix rule 6),
which describes a qualitative property of a Phenomenon. Part of the terms in
the spreadsheets can easily be characterized as Phenomenon and Quantity. For
example, in Figure 1, MicroEV, a technology used by cars, is a real world process and can therefore be characterized as Phenomenon. InvestmentCost is a
property of MicroEV which can be observed and quantified and can therefore be
characterized as Quantity. Because of their appearance the numbers and symbols or codes in the spreadsheets can be characterized as Measures and Units of
Measure respectively (Appendix rule 2,3).
With semantics of part of the terms in the spreadsheet already known, the
semantics of the remainder of the terms can be deduced applying multiple heuristics at the same time. Main assumption here is that Measures are always related
to Units of Measure and Quantities, Quantities, again, are always related to
Phenomena (Appendix rule 8,9,10). Also the design of the tables in the spreadsheets provides information about the semantics of the terms (Appendix rule 11
to 14).

Traffic

has

isA

UrbanTraffic
MicroEV

has

Quantity

€

CargoTraffic
CargoTrafficOnGas

Phenomenon

has

InvestmentCost

isA

2000

Unit of Measure

Measure

Fig. 1. Example, in outline, of the color markup of the main used concepts and their
relations in one of the spreadsheet tables

Indication of Hierarchical and Property Relationships Next step is to
define mutual relationships between the recognized concepts in the spreadsheets
(Figure 1). The hierarchical relationships are mainly expressed in the design of
the spreadsheet tables (Appendix rule 19 to 21).
As mentioned in the previous section from OM ontology we already have
a basic assumption on the property relationships between the concepts in the
spreadsheets. These relationships are also expressed in the design of the spreadsheet tables (Appendix rule 15 to 18).

Analysis of Formulas Final step is to analyze the formulas in the spreadsheet. These are not directly visible, but are ‘hidden behind’ the numbers in the
spreadsheet cells. To understand the conceptual meaning of the formulas in the
spreadsheet, we look at the Quantities that are related to the Measures in the
formula, and to the Phenomena that are related to those Quantities. Analyzing
the formulas reveals additional information on relationships between concepts
an also helps deducing implicit information.
UrbanTraffic
MicroEV
InvestmentCost
Lifetime MicroCar
InvestmentCostPerDistance

€

150000

2000

km
=M12/$H$39

€/km

0,00013

Fig. 2. Example of a formula connecting different concepts in the spreadsheet

An example is presented in Figure 2. The Unit of Measure and Quantity
of the statement ‘MicroCar 150000’ are missing. From the other concepts in
the formula we can deduce that the missing Unit of Measure is ‘km’. From
the related Unit of Measure ‘km’ and the related Phenomenon ‘MicroCar’ we
can deduce that the missing Quantity is ‘distance driven’(Appendix rule 4). The
textual comments in the spreadsheet indicate that it concerns the distance driven
during the lifetime of a car. Summarized in natural language, the formula shows
that the investment costs per distance for MicroCars using MicroEV Technology
are equal to the total investments costs divided by the total distance driven by a
MicroCar during its lifetime. From the formula we also deduce that Microcars are
a type of Urban Traffic, and that the car Technologies present in the spreadsheet
can be categorized by the type of Traffic that is using them (Figure 3).
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Characteristics of the analyzed spreadsheets

Results of our study are the following: 1) An OWL ontology based on OM8 2)
A list of heuristics to extract semantic information from the spreadsheets 3) A
visualization of the main OM concepts by color markup of the spreadsheets9 ,
4) A visualization of the conceptual model of the case study (Figure 3). 5) A
visualization of the workflow in the spreadsheets10
Additionally, we performed a rough quantitative analysis on our findings and
examined the workflow in the spreadsheets.
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Fig. 3. Overview of the main classes, subclasses and relations of the Phenomena used
in the analyzed spreadsheets.

Concepts The Phenomena recognized in the spreadsheets can be categorized
into three main classes ‘Traffic’, ‘EnergyCarrier’ and ‘Technology’ (Figure 3).
All Phenomenon classes that are used in the calculation sheet are also used in
the data sheet (Table 3), but in the data sheet more subclasses are distinguished
(Table 1). Main explanation is that the data sheet includes all possible traffic
technologies, while the calculation sheet focuses on passenger traffic only. Both
sheets use about the same number of Quantity classes (Table 1) but only 7 of
these are used in both sheets (Table 3). The majority of the Quantity classes in
both sheets are properties of the Phenomenon ‘Technology’.
Table 1. Number of classes per type represented and used in the analyzed Excel sheets
Data sheet
Calculation sheet
Total Representation Total Representation
Explicit aImplicit b
Explicit aImplicit b
Phenomenon 33
24
9
20
14
6
Quantity
27
6
21
30
19
11
1
1
3
2
1
Quality
Type

a
b

explicitly mentioned in Excel sheet
deduced according to heuristics in appendics

Workflow We distinguish between different formula types by looking at the
Quantities they use as in and output. The calculation sheet uses more types of
formulas than the data sheet(Table 2; the formula types in both sheets are different as the sheets play different roles in the workflow of the entire model. The
majority of the formulas in both sheets calculate new properties of Phenomenon
‘Technology’, for which they may use other properties of Phenomenon ‘Technol-

ogy’ as well as properties of other concepts. The formulas that are represented
and used in the calculation sheet are all connected with each other, while in the
data sheet only 2 formulas are connected.
By analyzing the connections between the formulas we could determine the
final output Quantities of the sheets, i.e.,production costs, emission of greenhouse gases and required energy input, and how they were derived. In essence
we could deduce the workflow11 in the spreadsheets .
Table 2. Represented and used formulas in the analyzed Excel sheets
Data sheet Calculation sheet
nr. formulas
Total
Output related to Technologya
Input related only to Technologyb
Input related to Technology and other conceptsc
nr connections between formulas
a
b
c

4
4
2
2
1

10
7
3
3
11

Formulas with an output Quantity related to Phenomenon Technology
Formulas with only input Quantities related to Phenomenon Technology
Formulas with both input Quantities related to Phenomenon Technology
and input Quantities related to other Phenomena
Table 3. Similarities in used entities between the analyzed Excel sheets
Entity
Phenomena Quantities Qualities Formulas
nr used in both sheets
20
7
1
0

6

Interview with Model Developers

We interviewed the developers of the spreadsheets to compare their view on the
conceptual model with the content and configuration of our semantic model.
Workflow The researchers mentioned the calculation of greenhouse gas emissions and production costs as the main aims of their model. The calculation
procedure in the model is based on assessing supply and demand of EnergyCarriers. In the model structure they did not make a distinction between these two
aspects as they assume that Technologies and Sectors could contribute to both
supply and demand of EnergyCarriers. However, they did use a clear distinction
between supply and demand in the model workflow
We could derive the aims of the analyzed sheets from the final output Quantities of the formulas and these matched with the aims the model developers
mentioned for the entire model. We did not notice the emphasis on the supply
and demand equilibrium in the workflow, nor a distinction between supply and
demand elements in the model. This may be caused by our limited scope as
11
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we focused on one energy demanding sector, ‘Traffic’, and did not consider the
workflow in the model as a whole, which consisted of many more spreadsheets.
Concepts According to the developers the main concepts in the model are
the EnergyCarriers and the Technologies that use these EnergyCarriers as in or
output. The developers designed a template for the spreadsheets in the model.
It is easy to recognize semantics of the terms in the spreadsheet as they all have
known, fixed locations. The model is perceived by the developers mainly from
the point of view of the calculation workflow.
In our analysis we also distinguished EnergyCarriers and Technologies as
important concepts and recognized their association. We included Traffic, one
of the energy-demanding sectors, as third main concept. This did not match the
view of the developers, which, again, may be caused by the limited scope of this
study. During the reconstruction process we noticed the influence of the location
of the terms in the spreadsheet on their semantics and already recorded this in
our heuristics. We modeled primarily from the perspective of the concepts and
their relations, as opposed to the calculation workflow. Due to this difference
in point of view, it was difficult to verify the reconstructed conceptual model.
However, we did not recognize any inconsistencies between our interpretation of
the conceptual model and that of the developers.
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Discussion

Ontology reconstruction The design of the spreadsheet contained implicit
but valuable information on the underlying conceptual model. The heuristics
we formulated appeared successful in extracting this information from the two
analyzed spreadsheets. We think that the analysis of the formulas offers several
opportunities for semi-automated support of spreadsheet annotation. Formulas
are easily recognizable and they provide conceptual knowledge as they are connected to concepts in the conceptual model. Furthermore, analysis of formulas,
as part of the calculation workflow, matches the approach of most model developers. Analysis of the formulas in tabular data is, however, only possible when
they are stored in Excel or ODF format; the CSV format which is often used in
research on spreadsheet semantics cannot store formulas.
Our methodology might be applicable to spreadsheets from other domains, if
they contain empirical data with corresponding units of measure and especially
if they are also used for data analysis, i.e., when they contain formulas. Testing
our methodoloy outside the scope of this study could be a subject for further
research.
Meta ontology OM proved to be a suitable ontology to formally describe the
semantics of the analyzed spreadsheets. We suggested a few additions to OM,
especially on the level of concept properties, to facilitate semantic characterization of terms(Appendix rule 6 to 10). A drawback of OM is that it is not
yet grounded in foundational ontologies [14] A suitable alternative would have

been the QUDT ontology 12 , which is comparable to OM but has more extensive
foundation. QUDT does not include phenomena which we think are essential to
formally describe conceptual scientific knowledge. The developers of OM note
possibilities for integration of their ontology with QUDT [14] so we would have
needed to specialize QUDT in order to be able to use it.
Research questions We were able to reconstruct a conceptual model, i.e., the
used concepts and their relations, from the analyzed spreadsheets. We could not
find inconsistencies between our reconstructed conceptual model and the story
of the developers of the spreadsheets.
From the interview it was clear that the developers were primarily focused on
the calculation workflow, and showed limited interest in the conceptual model.
Although we set out to reconstruct the conceptual model in the developer’s
head, we found that we were constructing a model that did not exist yet. This
is in line with observations made by Clancey[15]. The differences in focus may
be explained by different viewpoints on the purpose of these types of scientific
models. The model developers may see these models mainly as instruments to
perform scientific analyses, while we consider them to be tools to communicate
scientific knowledge.
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Conclusions and Future Work

With the case study described in this paper we show that it is possible to reconstruct the conceptual model of a research project from its spreadsheet implementation. The formulas in the spreadsheets contain implicit knowledge about
both its semantics and the calculation workflow. The developers were focussed
on this workflow rather than on the conceptual model of their research. For them
an explication of semantics is not strictly needed, but it was important for us to
check wether the addition led to conflicts.
In future work we intend to investigate to what extent reconstructing conceptual knowledge captured in scientific models is helpful in understanding and
reusing these models. Visualization of the reconstructed conceptual model would
in that case be a feasible next step. We also plan to explore which parts of the
scientific modeling workflow could benefit from semantic annotation and how
this can be facilitated trough semi automated support. Linking of concepts to
concepts used in the Linked Open Data cloud and formalization of the data in
schema’s, such as the RDF Data Cube vocabulary,13 OM, and QUDT, could
facilitate the reuse of both concepts and data from this case study. It could
support quick and easy connections between data sheets and calculation sheets
within the project and enable connections with other research projects elsewhere
in the world. The actual porting of the data is beyond the scope of this paper
and future work. We think, however, that the limited interest of scientists in
the conceptual model of their research project could prove to be a bottleneck
12
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for reuse of scientific data. If and how this is the case is also a subject of future
work.
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Appendix

1.
2.
3.
4.

Each term has a unique definition and semantic characterization in the context of the model.
Units of Measure is represented as symbol/code
Measure is represented as numerical value
The energy domain has commonly used combinations of (Phenomenon-)Quantity-Unit of Measure; with one concept present, the others can be deduced
These rules describe proposed additions to OM ontology:
6. Quality is a qualitative property of a Phenomenon which can be observed
7. Quality has a necessary, functional property ‘phenomenon’ with range Phenomenon
8. Measure has a necessary, functional property ‘quantity’ with range Quantity
9. Measure usually has a functional property ‘unit of measure’ with range Unit of Measure
10. Quantity has a necessary, functional property ‘phenomenon’ with range Phenomenon
These rules are on design of the spreadsheet (tables):
11. The body of an Excel table can only have Measures
12. Instances of Quantity, Quality and Phenomenon are only present in header rows or columns.
13. If one of the terms in a list can be semantically characterized as a certain concept, the other
terms can be characterized as the same concept
14. If in a list in a header column or row only one term is present, it is valid for the whole list.
15. A Quantity related to a Measure is the nearest represented in the same row or column
16. Measures in table body are related to the terms in the headers of the same column and row
17. The Phenomenon related to a Quantity is the nearest one represented in the same column or
row (as the Measure that that Quantity is related to)
18. If some Quantities in a header row or column are related to a Phenomenon, the other Quantities
in that row or column are related to the same Phenomenon
19. Phenomena that are in the same (horizontal or vertical) list are subclasses of one parent class
20. A Phenomenon that is not related to a Quantity, but is represented in the same row or column
as another Phenomenon, is a parent class of that Phenomenon.
21. A Quantity that is not related to a Measure or Phenomenon, but is represented in the same
row or column as another Quantity, is a parent class of that Quantity
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