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2D I F F I C U LT I E S I N C O N C E P T U A L M O D E L L I N G

It is a familiar and significant saying
that a problem well put is half-solved.

To find out what the problem and problems are
which a problematic situation presents to be inquired into,

is to be well along in inquiry.

— John Dewey (Dewey, 1938)

(. . . ) solving a problem simply means representing it
so as to make the solution transparent.

— Herbert Alexander Simon (Simon, 1969)

2.1 introduction

Modellers often experience the development of conceptual models as a diffi-
cult task (Bredeweg et al., 2007a; Knublauch et al., 2005; Rector et al., 2004).
To alleviate some of the difficulties, communities develop methodologies
and best practices to support conceptual model building (e.g., for ontologies
(Corcho et al., 2003), concept maps (Novak and Cañas, 2008) and qualitative
models (Bredeweg et al., 2008)).

The conceptual model builders that this thesis focusses on are science
researchers, and teachers and students in science (Bredeweg et al., 2007a).
These groups have been developing qualitative models and experiencing
difficulties of which the extend differs between the groups. Beginners take
several months to gain proficiency in conceptual modelling. Experts with
years of modelling experience, who develop models for research purposes,
may require several months to complete the task. Furthermore, when mod-
elling experts discuss models, there is often a lack of consensus about how
things should be represented. In summary, qualitative modelling is a chal-
lenging task.

What are the difficulties modellers encounter during modelling? To address this
question, an overview of the modelling task is presented (Section 2.2). The
next section describes what a model is and particularly what a conceptual
model is (Section 2.3). As this thesis focusses on supporting conceptual mod-
elling for science and education, the goals and requirements of modelling
for this purpose are explained (Section 2.4). The modelling difficulties are
grouped based on the conceptual modelling features from which they ori-
ginate. The formalisms in which models are represented cause difficulties
due to their inherent intricateness (Section 2.5). The tools that modellers
use to develop models in the formalism can be difficult to use. (Section 2.6).
Within a scientific context, researchers can have difficulties in obtaining the
domain knowledge that they want to model, making use of existing mod-
els and disseminating their knowledge with their community (Section 2.7).
Finally, students in science can experience difficulties with learning the do-
main, being in control of their education, and being motivated (Section 2.8).
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10 difficulties in conceptual modelling

2.2 what is modelling?

The goal of modelling is to develop a model that represents a particular
system. A modeller often performs multiple tasks during the development
of a model, such as obtaining knowledge about the system, implementing
the model and disseminating the results. Moreover, modellers are typically
part of a community and make use of the assets that the community has de-
veloped. An overview of all the aspects that are relevant to the development
of a model are shown in Figure 1.

Tools FormalismsOther Assets Models

Systems

ModellingObtaining Disseminating

ModelInput/Output
Required for

Interacts with

Legend

Community Assets

Modeller

Reality

Figure 1: An overview of the development of a model. The squares are represent-
ations and the ellipses denote tasks. The representations are inputs and
outputs of tasks. For clarity reasons, not all the interactions are shown.
Small circles represent tasks between items, while small squares refer to
representations between tasks.

Models are typically developed in a formalism. Such formalisms are de-
veloped to suit the objectives of the community. Directly using a formalism
is often considered impractical. As such, tools are developed to make the
modelling process easier. Modellers can develop models in the formalism
by using the tools.

Communities are typically interested in particular kinds of systems. The
members of the community can make models of these systems, but often
also create other assets that describe these systems. These can include tex-
tual descriptions, visual depictions, and data sets based on observations.
The developed models are not only based on the systems themselves, but
typically also on these other community assets.

There are three tasks that a modeller can perform that are relevant to
the development of a model: obtaining, modelling and dissemination. In
the obtain task, the modeller gathers information necessary to develop the
model. As such, the system and the community assets are inputs for this
task.

The modeller can obtain information about the system by directly ob-
serving the system. Some modellers may already have knowledge about the
system through years of examining such systems. The modeller is typically
not the only one interested in the system. Within the community there are
potentially others who have analysed such systems and developed assets
that describe them. There might even be models available that represent the
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system. The analysis of these models and other assets allows the modeller
to gain an understanding about the system.

The models that have already been developed about the system are also
useful in other ways than obtaining knowledge about the system. Existing
models in the community might be sufficient to fulfil the goals of the mod-
eller, which might eliminate the need to develop a model. Models that par-
tially represent the system of interest can also provide insight in how parts
of the system can me modelled. Moreover, parts of the model might be suit-
able to reuse in the modelling task.

Gaining expertise in using formalisms and tools is essential in order to
create a model in the correct way. Information about the formalism can be
obtained in many ways. Documentation about the formalism can explain the
primitives that it contains, their meaning and their intended use. Example
models and models made by the community can explain the formalism
through their use. Visualisations of models in tools can also contribute to a
modeller’s understanding of the formalism.

The availability of tools for particular formalisms can be a reason to
choose a certain formalism. Moreover, expertise with the tool is required
to be able to use the tool effectively. Such skills can be gained through doc-
umentation, videos showing models being built in the tool and by working
through tutorials.

The second task that has to be performed in the development of a model
is the modelling task in which the modeller uses the tools to implement
the model in the formalism. The inputs for this task are potentially all the
community assets and the knowledge that the modeller has obtained. In the
modelling task the models and other assets can play a direct role. Parts of
models can potentially be reused, while the use of other assets is diverse. For
example, data can be used to determine whether a model corresponds with
observations, calibrate the parameters of a model, or form the basis from
which a model is inferred. Textual descriptions can potentially be used as a
data source in models, while visual depictions might be incorporated in the
visualisation of the model.

The final task in developing a model is dissemination. This is not just the
sharing of the model with the community, but also any other results that
have been established in the modelling process. Such results can include
documentation about the model, new knowledge about the system, and
knowledge about how a formalism should be used to represent particular
aspects of systems.

The three tasks relevant to developing a model are actually more integ-
rated than described so far. The modelling task not just makes use of the
information gained in the obtain task, but can itself result in acquiring know-
ledge. The reason is that during modelling the modeller makes his know-
ledge about the system explicit in the formalism. The decisions on how to
model parts of the system in the formalism can change the modellers un-
derstanding of the system. Noticing that modelling a part of the system in
a particular way does not work may have the same effect. Finally seeing
inconsistencies or unwanted implications of the model (potentially inferred
via automated reasoning) can cause the modeller to change his conceptu-
alisation of the system. Such changes in knowledge may inspire revisions
in the model that is being developed. Working on the dissemination task
may have similar consequences. Describing the model and its implications
in a text can cause the modeller to reconsider the model and his knowledge
about the system.
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2.3 what is a model?

Many of the modelling difficulties reside in the modelling task. Three ques-
tions are addressed to provide a better understanding of modelling. What
is a model? What can be modelled? How are things represented in mod-
els? Answering these questions provides insight in the relationship between
the model, the formalism and the system it represents and what actually
happens in the modelling task.

A model can be thought of as a set of representations. A representation
has three properties:

1. A representation is a depiction of something else, called the referent.
As such, there is a mapping between the representation and the refer-
ent.

2. A representation is an abstraction of the referent. This means that only
some properties of the referent, which are considered useful for a par-
ticular purpose, are reflected in the representation. As such, a repres-
entation can be considered as simplification of the referent.

3. The modelled properties of the referent are depicted as distinct prim-
itives in the chosen formalism. For example, the length of a room is
depicted as the length of a line in a floor plan.

Whether something is to be considered a representation is partially sub-
jective, as someone has to accept that the representation is a depiction of
the referent. For example, the first line of a floor plan of an apartment is a
representation of the length of the room for the author, but may simply be
a line for someone else seeing it.

Having established what models and representations are, the focus can
shift to what can be modelled. To this end, it is relevant to distinguish sys-
tems in reality, ideas about those systems in someone’s mind, and models
as artefacts. Consider a system in reality that someone wants to model. The
modeller can experience this system through sensory perception and form
ideas about that system. These ideas can be considered a model of the sys-
tem consisting of a set of internal mental representations that depict ref-
erents in the system.1 These mental representations can be considered to
directly depict the system. Consider now a modeller who develops a model
based on the information obtained by observing the system. Strictly speak-
ing, this model is not a direct representation of the system in reality. Instead
it can be considered to be a representation of the ideas that the modeller has
about the system.

Another important aspect in what can be modelled is the amount of ref-
erents that a single representation refers to. A representation can refer to a
single referent, such as the design of a single unique house. Such a repres-
entation can be called a specific representation. However, a single represent-
ation can also refer to multiple referents. For example, a design for a set
of houses. Representations which apply to many referents are called generic
representations. Similarly, a model that consists of generic representations can
be called a generic model, and a model with only specific representations
can be called a specific model.

1Note that in the rest of this thesis, the word model is reserved for models represented in
a formalism. To refer to representations in someone’s mind the word mental representation is
used. Moreover, the nature of these internal mental representations is outside of the scope of
this thesis.
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Having described what a model is and what can be modelled, the re-
maining question is what referents are modelled as. Since formalisms are
almost always of a different nature than that which is represented, the prop-
erties of the referent have to be modelled as features in the formalism. The
choice what a referent is modelled as should be made in such a way that the
properties of the referent correspond with the properties of the feature it is
represented as. In the room example above, the referent is the length of the
room and the feature in the formalism is the length of the line in the floor
plan.

In summary, the task of modelling can be considered as consisting of
choosing referents in a system, choosing what properties of those referents
are important to capture, choosing a formalism, and representing the prop-
erties of the referent as features in the formalism. The result of this activity
is a model that represents the chosen system.

2.4 conceptual modelling for science and education

This thesis addresses difficulties with conceptual modelling as experienced
by science researchers and students. To appreciate the particular complica-
tions these modellers encounter, their goals, the role of modelling in their
activities, and the formalisms that they use are described. Particularly, un-
derstanding the nature of these formalisms, referred to as articulate models
(Bredeweg and Winkels, 1998; Forbus et al., 1999), provides insight into the
intricateness of modelling for science and education.

The goal of science researchers is the advancement of science. This can be
considered the organisation, development and testing of scientific theories
about phenomena through application of the scientific method.2 Phenom-
ena can be considered the behaviour of systems (von Bertalanffy, 1950). As
such, a scientific theory has to explain observations of systems and pre-
dict the behaviour of similar systems (i.e. future observations). The desired
end products for scientists are publications describing theories, models, data
sets, and new formalisms and tools (i.e. the community assets described in
Section 2.2).

The main goal of science education is students acquiring a scientific un-
derstanding of systems (Eurydice, 2006). Such an understanding can be con-
sidered knowing how systems behave and being able to explain why they
do so. This requires students learning scientific theories and the skills to
apply this knowledge to systems. A second goal within science education is
students learning the scientific method in order to understand why scientific
theories are considered to be correct.

Scientific modelling can play an important role in both science and sci-
ence education. Within science, a model can be considered a representation
of how a scientific theory applies to a particular system (Frigg and Hart-
mann, 2009). Simulating the model allows the behaviour of the system to
be predicted. Models can be useful in multiple ways. The simulations of
a systems allows theories to be tested against observations. Moreover, the
simulations allow future observations of particular systems to be predicted.
Finally, the process of modelling can help a scientist formulate theories more
precisely as it requires making ideas explicit.

2Typically, the explanations that scientists propose for observations are called conjectures.
A conjecture is called a scientific theory if enough supporting evidence (in the form of obser-
vations) and no contrary evidence is found (Popper, 2003).
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The use of models in science education is less well-established than in sci-
ence. An innovative application is students learning about a particular do-
main by developing, testing and revising models. This goes beyond allowing
students to run simulations and change parameters. It requires students to
express and externalise their thinking about systems and test parts of their
theories which can advance their knowledge (Schwarz and White, 2005).
The simulations allow students to be confronted with the consequences of
their ideas. Through modelling and simulation, students can learn scientific
theories, how they apply to particular systems and how such systems be-
have. In short, modelling allows students to acquire an understanding of
systems.

Although the goals of science and education differ, explanations can be
considered central to both enterprises. An explanation can be considered
the answer to a why question, and is typically thought of in terms of caus-
ation (Mayes, 2001). As such, an ideal scientific model should provide both
a simulation of the behaviour of a system and also be able to provide an
explanation about why this behaviour is produced. However, traditional nu-
merical models tend not to produce explanations of the behaviours that they
predict. Moreover, they leave the assumptions made by the modeller during
construction implicit (Forbus and Falkenhainer, 1990).

The explanatory power of scientific models is especially an issue when ex-
planations and dialogue need to be generated automatically, such as in an
interactive learning environment (Brown et al., 1982; Hollan et al., 1984). To
be able to provide explanations and have a dialogue with students within
such a context, the modelling formalism used to construct models should
be articulate (Bredeweg and Winkels, 1998; Forbus et al., 1999). That is, there
should be sufficient conceptual distinctions in the modelling vocabulary that
the formalism provides. Articulate models allow an explanation to be gen-
erated about a phenomenon using the knowledge in the model. That is, the
model explicitly represents all the knowledge that is required for someone
to understand phenomena, which is beneficial for both science and science
education.

Articulate models are a form of conceptual models and can have a vary-
ing degree of articulateness. Their conceptual nature is essential as both
beginners and experts often prefer reasoning about systems in conceptual
terms (Brown et al., 1982). As such, these conceptual terms should be ex-
plicitly represented. Moreover, in order to provide an adequate explanation
of a system, articulate models require the representation of several kinds
of knowledge. Consequently, the formalism that is used to develop such
models should fulfil particular requirements. Being able to represent each
of the following aspects of systems contributes to a formalisms suitability to
develop articulate models.

system structure A scientific theory typically applies only to a particu-
lar class of systems. A representation of the physical structure of the
system is required to explain the scope of systems to which the theory
is applicable. For example, the Lotka-Volterra equations only apply if
there are two (or more) populations in which one is preying on the
other. Moreover, the physical structure of a system can have signific-
ant impact on the behaviour that a system exhibits (Forbus et al., 1999).
Therefore, to be able to explain the behaviour of such systems, the
structure has to be explicitly represented. Such representations also
makes explanations easier to understand, as quantities are explicitly
associated to parts of the system.
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causal representation of processes Central to scientific theories are
processes, which are the mechanisms that cause change within a sys-
tem. The representation of processes in models allows simulations.
However, an articulate model not only describes how a system changes,
but should also be able to explain why such changes occur. Such ex-
planations are causal in nature (Mayes, 2001). Consequently, to explain
the behaviour of a system, an explicit representation of processes in-
volved as causal mechanisms is essential.

quantities and time Models and especially their simulations tend to
represent the changes of quantities over time numerically. As men-
tioned previously, such a representation is not well-suited for the gen-
eration of explanations (Forbus and Falkenhainer, 1990). Minor changes
in a quantity are typically irrelevant for an explanation and going
through each of the values of quantities is not helpful. Those changes
in the behaviour of systems that are interesting tend to be caused by a
quantity reaching a particular threshold value (such as boiling point).
Consequently, for purposes of explanation, a qualitative (conceptual)
representation of quantity values, which captures such landmarks ex-
plicitly, is required. Such a representation of quantities has an import-
ant consequence on the representation of time. For purposes of ex-
planation, the periods of time in which the system exhibits no relevant
changes should be grouped together, so that only conceptually inter-
esting changes in the system remain.

generic and case-specific knowledge Articulate models have to be
able to explain how a particular system will behave based on general
knowledge about the class of systems to which the system belongs.
This ability requires that the representation distinguishes between the
information about the particular system that is represented, and the
general knowledge that applies to that system. By using this distinc-
tion, explanations can distinguish between the knowledge that is par-
ticular for the system and the knowledge that is more generally applic-
able.

assumptions Assumptions are an important reason why a model shows a
particular behaviour and are therefore essential in the generation of ex-
planations (Forbus and Falkenhainer, 1991). Two typical categories of
assumptions that are distinguished are simplifying assumptions and
operating assumptions. Simplifying assumptions inform about the per-
spective and granularity that have been chosen in the modelling of the
system, but also what kind of approximations have been built into
the model. Operating assumptions are used to control the simulations
with the purpose to focus on particular behaviours.

As a result of the different kinds of knowledge that are explicitly represen-
ted in articulate models, the formalisms that are used to create such models
are intrinsically intricate. The difficulties for modellers that potentially fol-
low from this are discussed in the next sections.

2.5 formalisms

The formalism chosen to represent a particular system largely determines
the difficulty of developing a model. In order to become proficient, the mod-
eller has to learn both the formalism and modelling using the formalism
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(as part of the obtain and modelling tasks , Section 2.2). The properties of
formalisms can cause a number of difficulties in the development of mod-
els. The main issues, discussed below, are attributing meaning to formalism
terms that is inconsistent with the allowed inferences, attributing meaning
to formalism terms that is inconsistent with the meaning attributed by the
community, developing syntactically correct models, and deriving the al-
lowed inferences from a model.

2.5.1 Attributing meaning inconsistent with inferences to formalism terms

The meaning of formalism terms can be difficult to learn. The terms con-
stitute a meta-vocabulary with which domain concepts can be expressed.
Conceptual modelling formalisms, such as those used to develop articulate
models, commit more to a particular perspective of reality than more gen-
eric languages. For example, concept maps distinguish only concepts and
relations (Novak and Gowin, 1984), while qualitative modelling formalisms
defines terms for entities, quantities, causal relations, and others (Bredeweg
and Salles, 2009b).

As a result of making more ontological commitments, the meaning of
terms in conceptual modelling formalisms can seem close to a modellers
everyday understanding of the concept. However, the high level concepts
that make up the vocabulary of the formalism may not directly match with
preconceptions and common sense notions of modellers. For example, hu-
mans have an evolved inherent model of causality that emerges in early
childhood (Pinker, 2007). This model seems to be different from the no-
tions of causality as used in the Garp3 QR formalism, which distinguishes
direct causation and indirect causation (Bredeweg et al., 2006a, 2009) (Sec-
tion 3.3.3).3 This mismatch might be one of the causes that make these form-
alism terms difficult to learn.

One particular modelling difficulty arises when there is a mismatch between
the attributed meaning and the meaning that is captured in the inferences of
the formalism. In such a case, the modeller will have difficulty understand-
ing why particular inferences can be made. Moreover, dealing with such
preconceptions can be difficult.4 This issue occurs less for terms in more
abstract formalisms, as they typically do not evoke such common-sense in-
terpretations.

There are several additional issues that make learning the meaning of
terms difficult. When more terms are involved in inference, it takes more
effort to understand the role of each these terms. If the number of reasoning
steps that the inferences require is larger, it is more likely that a modellers
make mistakes deriving conclusions. If there are a number of terms that are
seemingly similar, such as union and intersection in set theory or different
forms of causality in qualitative models, it is more likely that modellers
will confuse them. Finally, people tend to be trained in mathematics from
a young age, but are typically not introduced to any form of conceptual
modelling. Consequently, conceptual modelling formalisms are unusual for
most modellers and therefore difficult for them to learn.

The issues with learning the meaning of the terms mentioned above make
supporting their acquisition an important and challenging task. To allow
hands-on learning of the meaning of the terms, and to provide immediate

3Pinker notes that this inherent model differs from Newtonian physics (Pinker, 2007).
4(Division of Behavioral and Social Sciences and Education, National Research Council of

the National Academies, 2005).
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feedback on misconceptions, the means of learning should be integrated
in the modelling process. The question to be answered is: How can tools
support the acquisition of term meaning as part of model development?

2.5.2 Attributing meaning to terms inconsistent with the community

The meaning of terms in conceptual modelling languages is determined
by the inferences that the terms allow, and the meaning that is attributed
to the terms by the community. This makes conceptual modelling formal-
isms different from logic or mathematics in which the term meaning can be
considered to be fully determined by the inferences that they allow. Con-
sequently, a potential difficulty when learning a conceptual modelling form-
alism is that the meaning attributed to terms by the modeller (Section 2.5.1)
can differ from the meaning that the community ascribes to them. Con-
sequently, when the model is disseminated, the community can disagree
with how terms are used. For example, a relationship represented as a
concept in a concept map (Novak and Gowin, 1984) will be considered in-
correct by the community.

The inconsistency between modeller attributed meaning and community
attributed meaning is partially solved by conceptual modelling formalisms
that allow for inferences. The meaning that is attributed by the community
must be consistent with the inferences that a term allows. As a result of
allowing inferences, there is an enforced minimum consensus of the mean-
ing of the terms. This feature of formalisms is an important feature that
allows for clear communication. As such, as long as a modeller uses terms
consistent with the inferences that they allow, this issue is partially solved.

In spite of inferences, it is still possible for the meaning attributed by
the modeller to be different from the meaning that the community associ-
ates with a term. Consider configurations in the Garp3 QR formalism (Sec-
tion 3.3.1), which are meant to represent structural (mereological, spatial
and process) relations. Modellers sometimes use these ingredients to rep-
resent causal or subsumption relations (Section 5.3.3). Such use of config-
urations does not prevent correct simulations to be generated. As such,
the meaning attributed to configurations does not conflict with the infer-
ences they allow (Section 2.5.1). However, the meaning does conflict with
the meaning that is attributed to configurations by the community.

How can the modeller be supported to use formalisms terms in a way that
is consistent with their usage within the community? As this disagreement
pertains to the non-formalised aspects of terms, this issue is difficult to re-
solve. Moreover, the means of support should detect discrepancies in term
use early in the modelling process so that the consequences of amending
the model are minimal.

2.5.3 Developing syntactically correct models

Within a formalism, the way formalism terms can be combined is determ-
ined by the syntax. Syntactically correct models are said to be well-formed.
Accidentally creating syntactically incorrect models can result in the wrong
meaning being associated to such models and wrong inferences being drawn.
This is especially an issue in articulate models, as they distinguish many
terms, and these different types of knowledge can only be combined in par-
ticular ways. As a result, relatively few of the combinations of terms result
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in syntactically correct models. Syntactically incorrect models can be pre-
vented by tools (Section 2.6).

2.5.4 Deriving allowed inferences from a model

The inferences that are allowed by a formalism can be intricate and result
in a multitude of conclusions. As a result, doing the inferences by hand can
become error-prone and time-consuming. Articulate modelling formalisms
can be particularly affected by a large number of conclusions for two reas-
ons. Firstly, some articulate models can generate all the possible behaviour
of a system, which is called a total envisionment (Forbus, 2008). Such a sim-
ulation generates all the conceptually distinct states that the system can be
in and all the possible transitions between them. An envisionment consists
of all the possible evolutions of the system from each possible begin state,
while a typical simulation only shows one such behaviour. Secondly, com-
pared to numerical simulations that typically predict exactly how quantities
will change numerically, articulate models describe the quantities on a con-
ceptual level. This abstraction tends to be at the cost of information that de-
termine which behaviour of a system will occur, resulting in ambiguity that
causes additional results (Forbus, 2008). For example, due to the difference
between the natality and mortality rates of a population being unknown,
the population size could either increase, decrease or remain steady. Each
of these behaviours would be shown in the simulation. These difficulties of
deriving inference by hand can be resolved by using tools that allow for
automated reasoning (Section 2.6).

2.6 tools

The development of a model in a particular formalism is typically done
through a tool (Figure 1). Tools can solve important difficulties, such as pre-
venting syntactically incorrect models and performing automatic reasoning.
Such reasoning makes implicit knowledge explicit and detects inconsisten-
cies in models. Consequently, it allows the modeller to focus more on mod-
elling instead of determining the logical consequences of a model manually.
However, through use of a tool, other issues emerge. These can occur while
learning to use the tool, modelling using the tool, trying to understand the
simulations, and while refining the model to improve the simulation results.

2.6.1 Learning the tool

In order to develop models using a tool, the modeller has to learn the overall
interface, the graphics that are used to represent particular terms, and the
interactions that are necessary to manipulate the terms. Learning the overall
interface depends mostly on the number of features that the software sup-
ports. Learning the graphics and associating them to the correct terms tends
to be more difficult. Conceptual modelling languages are typically designed
to be domain-independent. As a result, the graphics designed to represent
the terms are typically of an abstract nature which makes them difficult
to learn. Finally, the modeller has to learn to manipulate the terms, such
as adding, changing and deleting them. Typically, the manipulations that
can be made depend on the number of terms in the formalism. A higher
number of manipulations increases the possibility of choosing the wrong
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manipulation, as each manipulation of a term often becomes a button or
menu item.

Developing means of support that allows a tool to be learned more effi-
cient is an important undertaking. How can tools be developed in such a
way that learning to use them takes less effort?

2.6.2 Modelling using the tool

In conceptual modelling formalisms, there are many possible combinations
of terms and few valid combinations (Section 2.5). Tools can play a role in
preventing modellers from combining terms in syntactically incorrect ways
(such as in Garp3 (Bredeweg et al., 2009) and Protégé (Knublauch et al.,
2004)). However, this still leaves the issue of the finding the possible valid
combinations of terms to the modeller. This causes two issues for the model-
ler in the modelling task. Firstly, the modeller can try to develop a represent-
ation by developing an illegal combination of terms. As this is prevented by
the tool, the modeller can become stuck. The issue is that the modeller is un-
aware of the correct combination of terms that would resolve his modelling
problem. Secondly, modellers can be unaware of particular combinations of
terms. Consequently, there is a need to develop the means of support that
makes modellers aware of term combinations that solve particular model-
ling solutions.

2.6.3 Understanding the simulation results

There are two main issues that modellers have to deal with when trying
to understand simulation results: (1) understanding the conclusions them-
selves and (2) understanding why those conclusions have been drawn. As
mentioned in Section 2.5, a large number of conclusions can be drawn from
articulate models. Furthermore, the conclusions typically comprise multiple
representations that represent different kinds of knowledge, and consist of
large sets of different terms. Consequently, there is a large amount of in-
formation to process when analysing a simulation and deciding whether
the results are desirable.

To understand why particular simulation results are present, the way
these facts have been derived is important. However, it is possible that the
automated reasoning hides the proofs that have lead to conclusions. As a
result, it can be difficult for a modeller to understand why a particular con-
clusion is valid. Even when the proofs are made visible to the modeller, they
can be intricate as a result of being long and requiring non-trivial applica-
tion of rules. Furthermore, many terms can interact to produce unexpected
results. Finally, inference rules can be implicit, which makes it difficult for
modellers to understand the validity of conclusions and proofs. In short, it
can be difficult for modellers to understand simulation results.

As a consequence of the issues above, modellers require means of support.
How can modellers be supported in understanding simulation results?

2.6.4 Correcting the simulation results

Once a modeller has managed to understand the simulation results, there
are potential two issues to contend with: (1) removing unwanted simula-
tion results and (2) adapting the model so that missing desired behaviour is
generated. In articulate models, which can potentially generate many simu-
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lation results (Section 2.5), the chance that part of the conclusions are con-
sidered spurious is large. Consequently, modellers require an understand-
ing of why the results are generated and how the behaviour can be con-
strained.

Adapting a model so that it generates particular missing behaviour is typ-
ically more difficult. There can be multiple reasons why particular conclu-
sions are not drawn, but the most important cause are inconsistencies. These
are the result of a set of terms or axioms being contradictory. Inconsistencies
are typically difficult to resolve by modellers. It requires them to determine
which combination of terms in the model results in the inconsistency and
determine which of them has to be changed in order to resolve it. Such is-
sues become worse if inconsistencies require intricate proofs to derive. In
addition to the representations in the model itself, there can be constraints
on inferences that are part of the formalism. This increases the chance of
inconsistencies. When inferences are done automatically, determining the
causes can be difficult due to such constraints being implicit.

Correcting simulation results is a challenging task in the modelling pro-
cess. There is a strong desire for a means of support from modellers. There-
fore, the problem to resolve is developing the means by which modellers
are empowered to overcome the above obstacles and refine their model so
that their desired behaviour is generated.

2.7 scientists and the scientific community

Much of science depends on building upon earlier work and collaboration.
Consequently, important activities are obtaining relevant related research
and disseminating achieved results within the community (Section 2.2). In
addition to the problems with formalisms and tools discussed previously
(Sections 2.5 and 2.6), there are several issues that make model develop-
ment challenging for scientists. These relate particularly to the interaction
between modellers and their community. Below four key issues are brought
forward: terminological alignment, access to existing models, automated
model comparison, and (partial) model re-use.

2.7.1 Terminological alignment

Within science, clear communication is an important goal. In order to attain
this objective, research communities require the collaborative establishment
and consistent use of terminology in models (Lewis, 2004; Tudorache et al.,
2008). Using the scientific nomenclature is important as it allows the com-
munity to understand the model, compare it to other results, and assess its
significance for ongoing research. Moreover, it allows the scientist to posi-
tion their research with respect to the work present within the community.

For scientists it can be difficult to adhere to an accepted scientific vocabu-
lary during the development of a model. The focus tends to be on creating
an adequate representation of a model, and aligning with the community
may appear as extra burden on an already time consuming and difficult task.
As such, the issue of divergent terminology may only become apparent dur-
ing later stages of the development or even as late as during dissemination.
At this point changing the terminology can have significant impact due to
differing conceptualisations of the system. Note that the issue of using the
correct terminology is even more difficult to resolve when building interdis-
ciplinary models. Assets in communities tend to use reasonably consistent
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terminology internally, but terms are potentially used in different ways in
different communities (known as the silo effect (Ceusters and Smith, 2010)).
Consequently, there is a desire for a solution that allows the consistent use
of terminology to be established during the modelling process.

For scientists, it is not enough to use the terminology that has already
been established within a community. Part of research is the invention of
new conceptualisations and terminology that better capture particular as-
pects of systems. A solution that supports scientists in using the correct
terminology should also allow suggestions for new terminology to be pro-
posed to the community. The quest thus is to seamlessly interleave the as-
sessment of proper use of vocabulary within the modelling task as much as
possible.

2.7.2 Access to existing models

In addition to using the appropriate terminology, scientists need to compare
their modelling efforts with models made by others in the community. It is
necessary to assess and understand the potential differences with earlier
work and to clearly articulate novel contributions. However, access to sci-
entific models is not widely available. Scientists tend not to make their mod-
els publicly available and only share them upon request. Typically, scientists
get to know about a model indirectly via a publication, even though efforts
are undertaken to share models more efficiently (De Roure et al., 2009; Noy
and d’Aquin, 2011). There is need within the scientific community to make
models available and to be able to search for them.

2.7.3 Automated model comparison

When comparing their developing model with models from the community,
scientists tend to be particularly interested in the aspects of a system that
are modelled differently, what important aspects should still be incorpor-
ated, and what parts of the model can be considered unique. However,
the manual comparison of a developing model with other models can be
a labour-intensive task. As such, a tool that allows such comparison to be
made automatically would greatly contribute to the work of scientists.

2.7.4 Model re-use

In order for scientists to advance science, they have to built upon earlier
work. When developing scientific models, this typically requires scientists
to reimplement parts of existing models. This in itself does not contribute
to the researchers goals (assuming that the earlier work does not need rep-
lication). Researchers would prefer to use the time necessary to do such
redevelopment on developing aspects of the model that are innovative.

The development of a tool that would allow scientists to reuse parts of
existing models would be an important contribution that resolves these is-
sues. The main difficulty to overcome in the development of such tools is
integrating different models in a meaningful way.
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2.8 education

Science education goals include important characteristics such as students
learning domain theories (and retaining them in the long term), gaining the
ability to apply theories in new settings, being motivated towards learning,
and students developing higher order thinking skills (Bloom, 1984). Pedago-
gical approaches based on constructivism have become popular means to
attain these goals. The theory of constructivism posits that knowledge is
gained through a process of active construction (Piaget, 1970). This thesis
focusses in part on Learning by Modelling (LbM), a form of active learning
(Bonwell and Eison, 1991) in the constructivist tradition as students are "in-
volved in a process of creating, testing, revising, and using externalized scientific
models that may represent their own internalized mental models" (Schwarz and
White, 2005).

Although LbM approach can still be understood in terms of the tasks
described in Section 2.2, and the issues with learning the formalism and
tools still apply (Sections 2.5 and 2.6), its use in education has important
unique consequences. Modelling is by its nature an autonomous activity,
as students are given the freedom and responsibility to make modelling
decisions. Such decisions include deciding in which order (and how) par-
ticular aspects of a system are represented. As a consequence, there can be
a large variation in the developed models, while at the same time norms
to evaluate specific results are less easily available or even missing. How to
provide valuable support for students in this setting? Below the key issues
relevant to this question are presented: Learning and using the appropri-
ate domain terminology, getting feedback on a specific modelling result,
deciding upon the next challenge for LbM, and finally encouraging good
modelling practices while working towards the construction of a particular
phenomena-explaining model.

2.8.1 Learning and using the domain terminology

An important goal in learning about a domain is using the correct termin-
ology. The scientific nomenclature should be considered normative in an
educational context. Consequently, students should be encouraged to use
this terminology in their models. However, simply providing students the
vocabulary that they should use does not seem to be an appropriate solu-
tion, as it would be in conflict with the idea of learners being in control and
actively acquiring and constructing their knowledge. Consequently, an im-
portant issue to be resolved is how students should be supported in learning
and using the correct domain terminology while preserving the autonomy
and freedom of the LbM approach.

2.8.2 Getting feedback on modelling results

During modelling activities, student often want feedback relating to the cor-
rectness of their models. Such feedback can consist of pointing out missing
(or superfluous) aspects of the system and indicating that parts of the system
are represented using the wrong terms in the formalism. However, teachers
can become a scarce resource in a LbM context, as supporting students can
be difficult and time-consuming. Consequently, multiple teachers can be re-
quired to properly support all students.
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The intrinsic difficulty of providing feedback is mainly caused by students
being autonomous and making their own modelling choices. As a result, the
models can be vastly different among students (even within a single course).
A teacher requires time to analyse the model in order to be able to give
adequate feedback.

As a result of the difficulty of providing feedback in LbM settings, there is
a challenge to develop a method that would allow the automatic generation
of such feedback. This would ensure that students always have access to
support. However, such a solution has to deal with the diversity of built
models and the potential lack of norm models.

2.8.3 Deciding the next modelling challenge

After finishing modelling a particular aspect of a system, students may not
know which problem in the curriculum to address next. Such students re-
quire guidance from a teacher in order to proceed. The issues supporting
students, such as a diversity of models, still apply. However, there are ad-
ditional difficulties to suggesting a new modelling challenge that make the
situation worse. The possible options strongly depend on what the model-
ler has implemented so far. Moreover, the new problem should be difficult
enough to be educationally valuable, while still being feasible enough for
the student to complete the task. There are potentially many aspects of sys-
tems that could be modelled fulfilling these requirements. This makes de-
termining good modelling opportunities difficult. Ideally, the student would
be able to take control and autonomously make the choice about what to
model next.

Inventing an automated solution that addresses the above issues would
strongly contribute to the use of LbM in classrooms. Such an instrument
should allow a curriculum to be set by a teacher and offer dynamic guidance
to the student, while leaving the path through the curriculum free to the
student. A more open-ended form of guidance would remove the restriction
of a curriculum and make use of the assets available in the community to
dynamically generate modelling problems (Section 2.2).

2.8.4 Encouraging good modelling practices

Beginning modellers often encounter difficulties due to using non-optimal
modelling practices. This is an issue for both for scientists and students,
as it may require reversing earlier modelling decisions and loosing time
redoing modelling work as a result. However, in an educational setting the
students might lack the skills to identify that their modelling practices cause
problems. In such cases, interventions are required. Non-optimal modelling
practices include using modelling strategies that cause difficulties, making
poor modelling decisions, and using inelegant solutions to have models pro-
duce the desired behaviour.

To address this issue, metamodelling knowledge (Schwarz and White,
2005) should become part of the curriculum in LbM approaches. However,
such knowledge is not readily available to students and educators (Eury-
dice, 2006). As such, there is a need for a catalogue of frequently occur-
ring non-optimal modelling strategies and modelling choices, more effective
strategies, and guidelines on how better modelling decisions can be taken.
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2.9 conclusions

The development of articulate models plays an important role in both sci-
ence and education. Within science, such models represents how scientific
theories apply to a particular system and can explain why it exhibits par-
ticular behaviour. Within education, a learning by modelling approach al-
lows students to refine their ideas about systems. However, the develop-
ment of such models is hampered by issues with the formalism and the
tools. Moreover, means of support are missing to handle the particular re-
quirements in scientific and education settings.

With regard to the formalism and the tools, the important obstacles are
learning the meaning of the terms, learning to use the tools and understand-
ing the simulation results. These issues hamper the adoption of articulate
models in science. Within educational contexts, articulate modelling is res-
ultantly infeasible as these problems make the practice too difficult and time-
consuming for young students. Additional issues during model develop-
ment are suboptimal modelling practices and the difficulty of troubleshoot-
ing simulations. Means of support are required to resolve these difficulties.

Within science, there is the issue of employing the terminology that is con-
ventionally used within the community. An additional complication is that
scientists can invent new terminology that can be adopted. These practices
have to be supported in the modelling process in order for models to be
understandable and to prevent redoing modelling work to refine termino-
logy late in (or after) model development. Another issue within the scientific
community is the lack of access to models, and consequently the problems
of comparing results and reusing parts of models. These issues have to be
supported in tools to make modelling have more impact within science.

Students have a number of specific difficulties when developing models.
As part of their education, they should be supported in using the domain
vocabulary as part of the modelling process. Moreover, they tend to require
feedback on the correctness of their models and are often blocked when hav-
ing to choose a new curriculum problem to address. Automated solutions
to these issues are needed, as teachers can become a scarce resource in the
LbM approach as a result of the time required to analyse the diverse models
that students construct.


