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1I N T R O D U C T I O N

The powers of cognition come from abstraction and representation: the ability to
represent perceptions, experiences, and thoughts in some medium other than that
in which they have occurred, abstracted away from irrelevant details. This is the

essence of intelligence, for if the representation and the processes are just right,
then new experiences, insights, and creations can emerge.

— Donald A. Norman (Norman, 1994)

1.1 representations

The ability to create, interpret and reason about representations is an essen-
tial part of intelligence (Norman, 1994). Representations are abstractions as
they represent only part of the properties of whatever they represent. Two
types of representations can be distinguished. Representations in the human
mind are called internal mental (or cognitive) representations, while those
outside are called external representations (Zhang, 1997). Most internal rep-
resentations, which are typically referred to as concepts or ideas, are abstrac-
tions of reality.1 External representations are transferable artefacts that de-
pict concepts and ideas using symbols. Constructing and interpreting such
external representations are an essential tool for humans to understand real-
ity (Norman, 1994). Such representations can only indirectly represent real-
ity, as they are based on internal representations of reality.

This thesis is about the development of external representations. Two
properties that representations can potentially have are relevant to the re-
search described in this thesis. First, representations can have fixed inter-
pretations defined through a formal semantics. Examples are mathematics,
which allows the study of quantities and change, and logic, which supports
the investigation of sound reasoning. As a result of semantics, these lan-
guages support problem solving and decision making using standardized
procedures. The ability of computers to automatically derive the possible
inferences of such representations is the focus of the knowledge representa-
tion area of artificial intelligence (to which this thesis contributes). This field
focusses on developing symbolic representations and algorithms that allow
computers to perform human-like reasoning (van Harmelen et al., 2008).

Second, representations can be visualised graphically. Graphical repres-
entations are believed to reduce the load on internal working memory by ex-
ternalising (structural) representations (Dror and Harnad, 2008; Scaife and
Rogers, 1996). Furthermore, unlike pure textual representations, which have
to be processed sequentially, graphical representations are two-dimensional,
which allow theirs users to more freely direct their attention (although in-
fluenced by layout). As a result, graphical representations are useful in com-
munication, teaching and collaboration.

1Internal representations also consist of representations of fictional worlds, concepts with
which to describe the reality (such as mathematics, logic, and system theory), metarepresent-
ations (Dennett, 2000), and representations that are the result of evolution (such as inherent
theories about space and time, matter, agency and causality) (Dennett, 1989; Pinker, 2002, 2007).
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2 introduction

1.2 qualitative reasoning models

Qualitative Reasoning (QR) models are a particular form of representation
that can represent scientific theories and apply them to representations of
systems to produce simulations (Bredeweg et al., 2006a, 2009). These sim-
ulations capture the possible behaviour of a system and provide a causal
explanation of why this behaviour occurs. QR models have all the above
mentioned benefits of external representations.2 They are symbolic repres-
entations with a formal semantics that allows inferences to be automatically
derived by a computer. Moreover, QR models and simulations have a graph-
ical representation which can aid in their interpretation and is useful in
communication.

1.2.1 Qualitative reasoning for science

Constructing QR models is a form of conceptual modelling that can be an
important tool for science. First, QR models allow for a conceptual represent-
ation of systems and scientific theories. Within these representations, there is
an distinction between the (physical) structure and the behavioural aspects
of systems. Consequently, the class of systems to which a theory applies is
explicitly represented, and the particular systems to which theories apply
are clearly defined. Second, particular systems represented in QR models
can be simulated to produce a conceptual representation of the behaviour
of a system. These simulation results can be compared to observations in
reality in order to test particular hypotheses and the overall plausibility of
the model (Kansou and Bredeweg, 2011; Salles et al., 2006). Third, causal
relations between quantities are explicitly represented in QR models. To-
gether with the conceptual representation of systems and theories, these
causal relations allow explanations about the behaviour of systems to be
generated. Fourth, the QR representation can be considered a conceptual
form of system dynamics (Forrester, 1961; Sterman, 2002), which is an in-
fluential perspective in many of the sciences, and particularly in environ-
mental science (Ford, 2009). Finally, QR models are particularly suited to
gain understanding of the behaviour of (complex) dynamic systems. A com-
plex system is defined as having a set of connected components which ex-
hibits behaviour that cannot be reduced to the characteristics of a single
component (Joslyn and Rocha, 2000). As such, complex systems exhibit be-
haviour that emerges from the interaction of the components. In QR models,
different processes are modelled independently, and the reasoning engine
automatically infers in which parts of a system these processes occur and
how they interact. Consequently, QR models are an excellent means to rep-
resent complex systems. Examples of typical complex systems represented
in QR models are ecological systems (Bredeweg et al., 2006c; Bredeweg and
Salles, 2009b; Cioaca et al., 2009; Dias et al., 2009; Nakova et al., 2009; Noble
et al., 2009; Nuttle et al., 2009; Salles and Bredeweg, 2003; Salles et al., 2006),
climate (Milos̆ević and Bredeweg, 2010; Mora-López and Conejo, 1998), and
the economy (Hamscher et al., 1995).

QR models should not be considered an alternative for numerical mod-
els, but rather as an different instrument with its own unique strengths.
Numerical models allow for more precise comparison with observations.
However, they typically do not explicitly represent systems and scientific
theories. Furthermore, causal relations are not explicitly represented, which

2Throughout this thesis, the word representation is used to mean external representation.
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prevents explanations from being generated. Due to their graphical and con-
ceptual nature, QR models are also typically easier to understand than nu-
merical models. Given these differences, QR and numerical models can be
considered complementary. A QR model has unique explanatory features
and explicit representations, while numerical models allow for more precise
predictions and comparison with observations.

1.2.2 Qualitative reasoning for education

QR formalisms and tools can contribute to science education in multiple
ways. First, they allow the modelling and simulation of systems, which is
considered essential for science education (Eurydice, 2006; National Science
Board, 2007). Particularly, when applied in a Learning by Modelling (LbM)
approach, which can be considered a form of active learning (Bonwell and
Eison, 1991), learners are "involved in a process of creating, testing, revising,
and using externalized scientific models that may represent their own internalized
mental models" (Schwarz and White, 2005). Second, modellers can further
develop their knowledge by applying it to gradually more intricate systems.
This aids the education goal of having students "demonstrate deep concep-
tual understanding through the application of content knowledge and skills to new
situations." (DC: Authors, 2010). This is possible as a result of the separate
representation of systems and scientific theories in QR.3 Third, simulation
encourages reflection, which is an important aspect of learning (Eurydice,
2006; Hucke and Fischer, 2003; Niedderer et al., 2003). When simulation
results are different than expected, learners have to either change their ex-
pectations or improve their model. Fourth, research indicates that construct-
ing conceptual models of the behaviour of systems is in itself a valuable
educational instrument (Elio and Sharf, 1990; Frederiksen and White, 2002;
Leelawong and Biswas, 2008; Mettes and Roossink, 1981; Moon et al., 2011;
Novak and Gowin, 1984; Ploetzner and Spada, 1998). Fifth, due to the simil-
arities between QR and system theory, constructing QR models can be used
to enhance system thinking, which is recognised by the OECD as a key
priority in education (OECD, 2006).4

The potential benefits of simulation models, and QR particularly, are not
being fully experienced in science and education. This has two main reas-
ons. First, there is a lack of adequate tools to apply interactive computer-
based simulations in the classroom (Zacharia, 2003). The tools that do exist
are often considered difficult to use (Osborne et al., 2003). Second, concep-
tual modelling, and particularly developing QR models, is a difficult task.
This thesis therefore focusses on supporting the conceptual modelling of
dynamic systems to address these issues.

1.3 research questions

The research in this thesis aims to make QR formalisms and tools usable and
useful for science and education. The main question this thesis addresses is
therefore:

How can the conceptual modelling of dynamic systems be sup-
ported to allow modellers to more effectively and efficiently
accomplish their knowledge construction goals?

3This is explained in more depth in Chapter 3, particularly Sections 3.3.6 and 3.3.7.
4Evidence that education using QR improves system thinking is discussed in Chapter 4,

Section 4.14.



4 introduction

To allow this overarching question to be answered, it is decomposed into
more specific research questions.

1. What are the difficulties that modellers can encounter in conceptual
modelling? Modelling, and learning to model, encompass a diverse range
of tasks, makes use of different assets, such as formalisms and tools, and
are meant to accomplish different goals. Consequently, support can focus
on different aspects of the modelling process. To give adequate support, it
is important to know where such support is needed.

2. How can conceptual modelling formalisms and tools, such as those
of QR, be made accessible to learners at the end of secondary and the be-
ginning of higher education? Using QR to ameliorate the earlier mentioned
lack of adequate usable simulation tools in science education (Osborne et al.,
2003; Zacharia, 2003) requires the tools to be made usable for learners. The
target audience should be learners that start learning about dynamic sys-
tems, such as in biology and physics. Such learners are typically at the end
of secondary school and the beginning of higher education (age ranging
from 15-25). We know from experience that the intricate nature of QR form-
alisms and tools complicates its use by learners (Bredeweg et al., 2007a).

3. What is the best practice for the conceptual modelling of dynamic
systems?

a. What are the characteristics that determine the quality of such con-
ceptual models?

b. How can the quality of conceptual models be improved?
c. How should conceptual models be evaluated based on the quality

characteristics?

For learners who have grasped the formalism and tools, and for more exper-
ienced modellers, it is important to develop good models. However, mod-
elling practices for simulation models are currently still poorly developed
(Eurydice, 2006). Such a modelling practice is necessary both to learn how to
model, and to improve and evaluate models (both in science and education).

4. How can conceptual models be made reusable to achieve service-
based modelling support? Support provided through software can reduce
the endeavours required to apply conceptual modelling. However, there are
modelling difficulties that require tools and assets beyond a conceptual mod-
elling application to be properly supported. For example, in the learning by
modelling approach adopted in the DynaLearn project,5 learners have to reg-
ulate their own learning, which is known to be beneficial for both motiva-
tion and the development of metacognitive skills (de Jong, 2006; Donnelly,
2001; Eurydice, 2006; Paris and Paris, 2001). However, learners typically re-
quire feedback from teachers to improve their model (Section 2.8.2) and to
decide their next modelling challenge (Section 2.8.3). Automatically gener-
ating such individualised feedback requires comparing a learner’s model to
similar models. Hence, a large number of community-developed models is
necessary to provide adequate feedback. An online repository is an obvious
choice to collect such models, and could provide feedback via a web ser-
vice (Haas and Brown, 2004). However, the current format of QR models is
not meant to be processed by other tools, which makes model comparison
difficult. As such, there is an interoperability problem.

An online model repository can be considered a service that provides
support. The obstacle that prevents such services from providing modelling

5http://www.DynaLearn.eu

http://www.DynaLearn.eu
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support, is that modelling tools typically use different (often closed and
proprietary) representational formats. Therefore, conceptual models have
to be made reusable so that they can be processed by services to provide
modelling support.

1.4 project context

The research presented in this thesis was co-funded by the European Com-
mission and conducted in the context of the NaturNet-Redime67 (FP6, no.
004074) and DynaLearn8 (FP7, no. 231526) projects. The overall goal of the
NaturNet-Redime (NNR) project was to develop educational material to
raise awareness about, and aid the understanding of, sustainable develop-
ment and the environmental, economical, political and social factors that it
encompasses. One of the tools developed in NNR was the Garp3 conceptual
modelling and simulation workbench Garp3 (Bredeweg et al., 2006a, 2009).9

Garp3 makes QR technology accessible to domain experts who are not com-
puter scientists. Domain experts used Garp3 to develop models about sus-
tainability issues, particularly focussing on river ecology (Cioaca et al., 2009;
Dias et al., 2009; Nakova et al., 2009; Noble et al., 2009; Nuttle et al., 2009).
The resulting models were used as educational material (Nuttle and Bouwer,
2009), and argumentation tools in decision making processes with stakehold-
ers (Salles and Bredeweg, 2009; Zitek et al., 2009). The development history
of Garp3, its notable features, and its use in NNR is discussed in depth in
Section 3.1.

The goal of the DynaLearn project was to develop an Interactive Learning
Environment (ILE) with a number of properties. First, it should allow the
conceptual modelling and simulation of dynamic systems. Second, it should
be engaging to learners. Third, it should be able to provide individualised
feedback to learners. Fourth, it should be usable by learners at the end of
secondary education. To achieve this goal, the project integrated three well-
established, but separate, technologies: QR, on-screen conversational char-
acters (André, 2008), and semantic web.10. The diagrammatic conceptual
modelling and simulation of dynamic systems using QR allows learners to
articulate their ideas and be confronted with their implications, and has nu-
merous educational benefits (Section 1.2.2). To make the QR functionality
accessible to learners at the end of secondary education, a sequence of inter-
active work spaces, called Learning Spaces (LSs), was developed (Chapter 4).
Virtual characters are known to improve the motivation and self-confidence
of learners (Lester et al., 1997; Mulken et al., 1998) and are meant to engage
learners (Section 1.3). Finally, the semantic web technology takes the form of
a model repository that supports learners in using the correct terminology,
provides individualised feedback on their models, and suggests possible
next modelling steps. The model repository generates this kind of feedback
based on the more than 200 models that domain experts have created using
the LSs (Salles et al., 2012b). The QR models have been made reusable to
enable these features (Chapter 6). The resulting software is the DynaLearn
Interactive Learning Environment (ILE) (Bredeweg et al., 2013, 2010), which
has numerous interactions that support learners (Appendix D). DynaLearn
was evaluated with over 700 students in many countries, including Austria,

6http://www.naturnet.org/
7http://hcs.science.uva.nl/projects/NNR/
8http://www.DynaLearn.eu
9http://www.Garp3.org

10The architecture of DynaLearn is discussed in Section 6.12

http://www.naturnet.org/
http://hcs.science.uva.nl/projects/NNR/
http://www.DynaLearn.eu
http://www.Garp3.org
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Brazil, Bulgaria, Israel, the Netherlands, and the United Kingdom (Miod-
user et al., 2012a). The evaluation of the LSs, which are developed as part of
this thesis, is discussed in Section 4.14.

1.5 overview and contributions

This thesis is organised as follows:

Chapter 2 — Difficulties in conceptual modelling investigates why con-
ceptual modelling is a difficult task. Towards this goal, a theory of model
development is proposed that identifies the tasks and assets involved in the
process. The notion of models, and particularly (articulate) conceptual mod-
els, are defined and their importance for science and education is explained.
Using the theory, definitions and application requirements, modelling diffi-
culties are identified that are the natural consequences of formalisms, tools,
and their application in science and education.

Chapter 3 — What is qualitative reasoning? describes the state of the art in
model development using the Garp3 qualitative reasoning formalism. The
features of the diagrammatic modelling and simulation workbench Garp3

are presented, which establishes a baseline in tool development. To aid the
understanding of the Garp3 formalism, the QR principles that underlie it
are explained. The formalism terms and the reasoning that they allow are
described in detail. An example model represented using the formalism
and the simulation results derived using the reasoning are discussed, and
their corresponding visualisations in the Garp3 workbench are shown. This
chapter contributes to the state of the art by providing a notation for the
Garp3 QR formalism. This notation is used throughout the thesis.

Chapter 4 — Learning spaces: bringing conceptual modelling to the classroom
describes methods to make qualitative modelling and simulation accessible
to students and the end of secondary school and beginning of higher edu-
cation. The Garp3 formalism and tool, which were developed to be used
by domain experts, are comprehensive and intricate. This chapter discusses
principles that allow formalisms to be decomposed into smaller sets, which
are organised in a progression from the minimal set to the full formalism.
Applied to the Garp3 formalism, this results in six Learning Spaces (LSs)
that are part of the DynaLearn Interactive Learning Environment (ILE). Each
learning space can be considered a self-contained tool that allows modelling
(and simulation) with a subset of the Garp3 formalism. Evaluation studies
were performed to determine whether the LSs are usable by learners from
the target audience, and if they are useful in education.

Chapter 5 — Modelling practice: Doing things correctly proposes a best
practice for qualitative modelling and simulation that allows model eval-
uation to be performed as objectively as possible. The chapter proposes
a number of desirable model features that contribute to particular quality
characteristics. A catalogue of modelling errors is presented, which is based
on the quality characteristics. The description of each modelling error in-
cludes a check to assess whether the error is made and modelling actions
that correct the error. The errors are categorized by the representations as-
sociated with different features of qualitative system dynamics. Different
patterns that frequently occur in models are also presented. The catalogue
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of modelling errors is integrated into an evaluation framework that allows
quality measures for different aspects of a model to be derived. These indi-
vidual measures can be integrated into an overall model quality measure.
A pilot study in the context of a bachelor course in environmental science
investigates whether the evaluation framework results in grades that corres-
pond to quality estimations of evaluators.

Chapter 6 — Enabling service-based modelling support through reusable
conceptual models reports on the formalisation of qualitative reasoning
models and simulations in the Web Ontology Language (OWL). Providing
adequate automatic support to modellers requires means beyond a stand-
alone modelling environment. For example, to provide feedback on a model,
models in the community should be taken into account. Therefore, QR mod-
els should be made reusable by representing them in a knowledge represent-
ation language in order to achieve a service-based architecture. The chapter
proposes a number of requirements to fulfil this goal and discusses partic-
ular representational issues and solutions regarding URIs, relations, com-
posite representations, and sequences. Important limitations of OWL dis-
covered through the formalisation are discussed, and possible remedies and
future work are proposed. Finally, different forms of service-based model-
ling support in the DynaLearn ILE and the Garp3 modelling and simulation
environment are presented, which are achieved through the QR formalisa-
tion in OWL.

1.6 recommended reading order

The chapter order is designed to convey how conceptual modelling can be
supported. For readers with other reading goals the following subsets and
orders are suggested.

• For those unfamiliar with and willing to learn about QR modelling,
reading about the learning spaces (Chapter 4) will making learning
about Garp3 and QR easier (Chapter 3). Chapter 5 is a natural follow-
up to learn how to model. Appendix D about the particular interac-
tions in DynaLearn ILE might also be of interest.

• Readers interested in the difficulties of conceptual modelling and means
of support generally, but not interested in the specifics of QR, can
start with the catalogue of modelling difficulties (Chapter 2). Next, the
conclusion chapter can be read (Chapter 7), which describes how the
solutions developed as part of the research described in this thesis ad-
dress particular difficulties. Finally, consult Table 10 in Appendix F,
which links each of the difficulties described in Chapter 2 to particular
means of support. Discussion of particular support functionality can
be found using the section references in this table.

• Computer scientists interested in knowledge representation and in-
teroperability can read about the Garp3 formalism (Chapter 3) and
its representation in the Web Ontology Language (OWL) (Chapter 6).
Note that familiarity with either OWL or description logics will make
this chapter easier to read. Appendix E, which presents a theory of
conceptual models that also applies to knowledge bases, might also
be of interest.


