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7C O N C L U S I O N S & D I S C U S S I O N

The research presented in this thesis focusses on supporting the concep-
tual modelling of dynamic systems to allow modellers to more effectively
and efficiently accomplish their knowledge construction goals. A catalogue
of difficulties that modellers can encounter was created (Chapter 2).1 This
catalogue can be considered to answer to the research question: What are
the difficulties that modellers can encounter in conceptual modelling? For QR
modelling, in particular with the Garp3 QR formalism, we have developed
tools that address these difficulties. The Garp3 QR formalism is one of the
most advanced languages for the conceptual modelling of dynamic systems
(Chapter 3). The main contributions described in this thesis are summarized
in the following sections.

7.1 learning spaces

How can conceptual modelling formalisms and tools, such as those of QR, be made
accessible to learners at the end of secondary and the beginning of higher education?

To enable learners to develop conceptual models of dynamic systems,
we have developed a sequence of six Learning Spaces (LSs) as part of the
DynaLearn Interactive Learning Environment (Chapter 4).2 Five contribu-
tions result from the research on the LSs.

Contribution 1. We developed a notation for the Garp3 QR formalism in or-
der to succinctly describe the representations in each of the LSs. This nota-
tion contributes to the state of the art by making it possible to condensely
and unambiguously express all aspects of QR models and simulations. The
notation is used in this thesis in multiple ways:

• to describe the Garp3 QR formalism, QR models and simulation res-
ults (Chapter 3), and the reasoning underlying simulations (e.g., the
influence equation balance, Section 3.5.1).

• to describe each of the learning spaces (Sections 4.5-4.10).

• to describe modelling errors and solutions (Chapter 5), and modelling
advice (e.g., limiting the amount of quantities to prevent a large state
space, Section 5.9.2).

Contribution 2. We established a set of design principles for the organisation
of the QR formalisms subsets that each constitute a proper learning environment
(Section 4.4):

1. Allow simulation

2. Introduce a feature of qualitative system dynamics

3. Self-contained minimal set of terms.
1Table 10 in Appendix F lists each of the modelling difficulties and the means of sup-

port available to support these difficulties. The means of support include both solutions de-
veloped as part of research in this thesis and interactions in DynaLearn developed by others
(Appendix D).

2The DynaLearn ILE and videos showing modelling using the LSs are freely available at:
http://www.DynaLearn.eu
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194 conclusions & discussion

4. Preserve consistency in learning

The design principles ameliorate the intricate difficulties that modellers
have when learning modelling and simulation using the Garp3 QR formal-
ism (Sections 4.3 and 4.4).

Contribution 3. Applying the design principles to the Garp3 QR form-
alism (Chapter 3), we designed and implemented the LSs, which consist of
six sets of terms organised from the minimal set to the complete formal-
ism (Section 4.11). Taking the Garp3 tool (Section 3.1) as a starting point,
we have implemented modelling and simulation environments for each of
these formalism subsets (Section 4.13), which has resulted in the six LSs
(Sections 4.5-4.10). The resulting LSs have been used by domain experts to
create over 200 models as part of a curriculum for environmental science.

Contribution 4. evaluation studies on the use of the LS by learners have been
performed (Section 4.14). These studies were part of courses with over 700

secondary school, undergraduate, graduate and Ph.D. students in many
countries, including Austria, Brazil, Bulgaria, Israel, the Netherlands and
the United Kingdom. These evaluations have revealed that the LSs:

• are usable by large groups of students in high schools.

• are usable by learners in their native language.

• can be used in a progression to learn domain knowledge.

• contribute to students’ systems thinking.

• allow for gradual acquisition of modelling expertise.

• motivate students towards learning science when used in a learning
by modelling approach.

• using the LSs allows learners to model phenomena earlier in their
education than when using current state of the art QR tools.

Contribution 5. to better understand the properties of the LSs, we compared
each LS to representations in other tools that are the most similar (Section 4.15).
The influential system theory representations causal loop diagrams and stock
and flow diagrams are similar to LS2 and LS4 respectively. These similarities
leads us to conclude that QR is a more expressive, qualitative version of
system dynamics. A notable difference is that the system theory diagrams
do not explicitly represent the structure of systems. The comparisons also
show that in terms of expressiveness there is no equivalent to LS5 and LS6

(except the Garp3 tool on which DynaLearn was based, Section 3.1). That
is, there seem to be no other tools that allow the representation of condi-
tional knowledge and generic compositional knowledge in their conceptual
representation of systems.

In short, our research on the LSs has made it possible for learners from
secondary school onward to construct conceptual models of dynamic sys-
tems and experience the educational benefits of QR.

7.2 best practice in qr modelling

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

a) What are the characteristics that determine the quality of such conceptual
models?
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b) How can the quality of conceptual models be improved?

c) How should conceptual models be evaluated based on the quality characterist-
ics?

Our development of best practices in the conceptual modelling of dy-
namic systems (Chapter 5) resulted in four main contributions.

Contribution 1. We have established a set of model features that determine
the quality to conceptual models (Section 5.2). Particularly, each model fea-
ture contributes to the model’s internal quality characteristics (which are
checked during verification). These model features serve as the basis of our
modelling best practice. Two types of internal quality characteristics are dis-
tinguished (Table 5). First, formalism-based features relate to the formalism
in which a model is represented, and can be checked based on the formal-
ism’s internal logic. Second, domain representation-based features determ-
ine the quality of a model as a domain representation. These characteristics
require human judgement or external resources to evaluate. Both types of
model features characteristics contribute to either correctness, completeness
or parsimony. Two examples of model features are consistency and concep-
tual decomposition. Consistency contributes to the correctness of a model
and is a formalism-based feature. Conceptual decomposition, which indic-
ates that model ingredients should represent single concepts, contributes to
the completeness of a model and is a domain representation-based feature.

Contribution 2. based on the model features that determine the quality
of a model, we created a catalogue consisting of 36 modelling error types, which
includes checks, which allows these errors to be detected, and recommendations,
which are modelling actions that help resolve these issues (Sections 5.3-5.9).3 The
errors are categorized based on the type of representation in which they
occur. The catalogue can be used in multiple ways. First, it can be used as
an educational tool to learn about modelling (addressing the problem of
encouraging good modelling practices, Section 2.8.4). Second, it can be used
by modellers to improve their models by detecting errors and resolving
them. Third, it can be used as a means to more objectively evaluate QR
models in general.

Contribution 3. To allow the best practice to be used as an evaluation in-
strument, the catalogue is used as a means to derive a model quality meas-
ure. The result is an evaluation framework that can be used to assess models. A
model quality metric should be based mostly on objective criteria. There-
fore, the absence of modelling errors (from the catalogue in contribution 2)
largely determines the quality metric for a model. The other two criteria are
external quality characteristics (that should be checked through validation).
The first criteria is how adequate the model is as a domain representation
to fulfil a particular task. The second criteria is how well the model can be
used as an instrument for communication.

Contribution 4. We conducted a pilot study investigating the use and results
of the evaluation framework during a course on conceptual modelling which
was part of a bachelor programme on environmental science. Teaching as-
sistants evaluated the final models of a group of 88 students (working in
pairs) using the evaluation framework. The study clearly shows that the
evaluation framework results in grades that evaluators would accept. The
main benefit of the derived grades is that the justification for this grade
can be articulated. Moreover, the list of modelling errors in a model can

3A checklist to search for errors is provided in Appendix A and a categorization of model
errors based on model features is shown in Appendix B.
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be provided to a learner as feedback. The pilot study also shows that the
comprehensive evaluation framework is understandable for evaluators, as
they are able to apply it. Furthermore, the evaluations can be performed in
reasonable time, as evaluators required about 45 minutes for each, relatively
advanced, model.

In summary, our research has resulted in a QR modelling best practice,
which is an essential tool for bringing conceptual modelling of dynamic
systems to the classroom. It can be used as a means to teach modelling,
improve models and more objectively evaluate models.

7.3 service-based modelling support

How can conceptual models be made reusable to achieve service-based modelling
support?

Service-based modelling support is essential to alleviate particular model-
ling difficulties in model development (Section 6.1). For example, to provide
automatic individualised feedback on a model, knowledge from models in
the community is required. To enable such support for models developed us-
ing the Garp3 QR formalism, we formalised the Garp3 QR formalism terms,
models and simulations in the Web Ontology Language (OWL) (Chapter 6).
As a result of this formalisation, the different components in the DynaLearn
ILE have been made interoperable and different forms of modelling support,
such as automatic feedback, have been achieved (Section 6.12). This effort
resulted in a seven distinct contributions.

Contribution 1. We have established a set of requirements for making concep-
tual models reusable, which have proven important for the QR formalisation
(Section 6.2):

1. Use a well-defined established knowledge representation language.

2. Develop compartmentalized linked representations.

3. Establish means to identify ingredients and their types.

4. Adequately express the meaning of terms in the KR language.

5. Reuse reasoning engines.

Requirements #4 and #5 require some additional discussion. The QR form-
alisation allows representations of models and simulations to be checked for
syntactical correctness using an OWL reasoner. Moreover, OWL reasoning
is used as part of generating automatic individualised feedback. However,
as part of adequately expressing the meaning of the QR terms in OWL, one
goal was to represent scenarios and model fragments in such a way that
the former can be classified as instances of the latter (Section 6.3). OWL
proved not expressive enough to accomplish this goal (Section 6.8). We did
not attempt to recreate other parts of the QR reasoning in OWL, such as
inequality reasoning and calculating the results of causal relations, as they
are considered to be fundamentally different reasoning tasks compared to
the OWL reasoning task. This is in line with our specified goal of achieving
interoperability, but not full semantic interoperability (Section 6.2).

Contribution 2. We have developed a scheme for unique identifiers in
conceptual models in the form of URIs (Section 6.6). These URIs have three
important properties. First, they are unique, which means that a single URI
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identifies a single ingredient (or term). This prevents ambiguity in identify-
ing ingredients. Second, the URIs are persistent, which enables model devel-
opment to be tracked and comparisons between different versions of models
to be made. Third, the URIs are meaningful, which allows humans to under-
stand them and programs to check them for correctness. As the design of
the URIs is adequate for advanced representations in the Garp3 QR form-
alism, it is likely that the URI scheme can be reused for other conceptual
modelling languages.

Contribution 3. We encountered a set of representational difficulties in the QR
formalisation and developed solutions that ameliorate these difficulties. These diffi-
culties and solutions related to the representation of relations (Section 6.7),
model fragments (6.8), simulations (6.9), and attributes and quantity spaces
(6.10), and in constraining mathematical expressions (6.11). The results are
patterns to represent specific and generic situations, n-ary relations, sequences,
and a way to classify particular instances to constrain their use.

Contribution 4. We formalised the QR terms, models and simulations in OWL.
The different representations are compartmentalised (Section 6.4). The dif-
ferent compartments are as follows. The QR formalism ontology defines each
of the terms in the Garp3 QR formalism. The restrictions in this ontology
assure that an inconsistency is derived by an OWL reasoner when syntactic-
ally incorrect structures are created. The second level in the formalisation
is the QRM representation which is the OWL representation of a QR model.
It consists two parts. First, the domain concept ontology, defined in terms of
the domain concept ontology, represents each of the model ingredient defin-
itions. Second, the domain aggregates are the representations of model frag-
ments, capturing domain theories, and scenarios, representing systems in a
particular state. The domain aggregates are defined in terms of the domain
concept ontology and the QR formalism ontology. The third and last level
in the representation is the QR simulation, which represents the state graph
that describes the behaviour of the system. The simulation ingredients refer
to the domain aggregates from which they have been inferred.

Contribution 5. We implemented export and import functionality for OWL rep-
resentations in Garp3 and DynaLearn (Section 6.13). By writing these outputs
to streams (such as network sockets), the representations can be made avail-
able to services. The development of a URI API as part of the software made
it possible to keep the implementation simpler, as URIs of ingredients are
known beforehand. Generating URIs on the fly would require a precise or-
der in which ingredients are exported. The quality of the implementation
(and the representations) was assured through extensive (mostly automatic)
testing.

Contribution 6. We discovered a number of limitations in the express-
iveness to OWL that hinder interoperability (Section 6.14). First, specific situ-
ations are not part of the language. As a result, instances and properties have
to be related to a particular instance representing the situation, instead of as-
serting these ingredients into a specific situation. Second, generic situations
are not part of the language, resulting in the same issue as with specific
situations. An additional difficulty is that generic situations cannot be rep-
resented in a way that allows specific situations to be classified as instances
of generic situations. Third, OWL does not have a means to represent that
different instances have the same identity. Fourth, property instances do
not have a distinguishing URI and instead need to be identified by the three
URIs in the RDF triple that defines it. Finally, n-ary relations involving object
properties have to be represented as instances of a class instead of proper-
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ties. This is contrary to the ontological commitments of OWL and potentially
leads to mismatches in types when aligning ontologies. Moreover, problems
can appear when services treat classes and properties differently.

Contribution 7. We enabled a number of different examples of service-based mod-
elling support through the QR formalisation (Section 6.12, Appendix D). Within
Garp3, there is functionality that allows the sharing of models among do-
main experts. The QR formalisation allows for search based on the contents
of models, which is an improvement over just searching based on metadata.
In the DynaLearn ILE, different forms of support have been made possible
by the QR formalisation. Notably, the grounding, semantic feedback and
quiz make use of the representations (Section 6.12). The other interactions
make use the URIs, but do not make use of the rest of the representations
(Appendix D).

Stated concisely, our research on making conceptual models reusable has
made it possible to achieve service-based modelling support that is indis-
pensable for learners during their modelling process.

7.4 discussion and future work

The research described in this thesis has resulted in means of support that
allow modellers to more effectively and efficiently accomplish their know-
ledge construction endeavours. There are multiple opportunities to build
upon these results. First, further automated means of support can be provided
(Section 7.4.1). Second, studies with modellers can be performed to further
understand the modelling difficulties and how well the current means of
support alleviate them (Section 7.4.2). Third, knowledge representation re-
search can focus on alleviating the expressiveness limitations of OWL and
aligning the representations developed as part of the QR formalisation with
other representations and ontologies (Section 7.4.3). Finally, future research
can investigate whether the results presented in this thesis can be general-
ized to apply to other conceptual modelling languages (Section 7.4.4).

7.4.1 Automated support

Additional automated means of support can be developed as part of the
LSs and the modelling practice. The LSs have made the conceptual model-
ling of dynamic systems accessible for secondary school learners onward
(Section 4.14). Although the LSs have been used as a progression to learn
domain knowledge, support can be provided to transition between the learn-
ing spaces. Currently, learners have to start a new model on each learning
space. Future research can investigate how a learner can be (interactively)
supported in transforming a developed model to a representation on the
next learning space. This is non-trivial, as e.g., concepts have to be changed
into both structural and behaviour elements (from LS1 to LS2), and an
expression fragment has to be decomposed into scenario and model frag-
ment components (from LS5 to LS6). Moreover, this interaction should be
designed in such a way that this transformation has an education benefit.

The modelling practice consists of a catalogue of modelling issues and
their corresponding solutions, which can be used for model improvement
and evaluation (Chapter 5). Future research can integrate the detection and
remedying of modelling issues into the modelling process. This would re-
quire modelling tools to identify these issues automatically, and propose
remedies. To improve the domain representation-based model features (Sec-
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tion 5.2.2), this would require external resources, such as glossaries or online
resources (e.g., DBpedia (Auer et al., 2007)). This would, for example, allow
services to determine whether model ingredients should be conceptually
decomposed (Section 5.2.2).

7.4.2 Studies with modellers

Studies with modellers can be performed to further investigate the diffi-
culties in conceptual modelling, and how well the learning spaces and sup-
port achieved through the QR formalisation alleviate these difficulties. The
usefulness of the modelling practice can also be further investigated.

To determine where model construction should be supported, we created
a catalogue of modelling difficulties (Chapter 2). Based on the identified
difficulties, different kinds of support were developed. Most of these diffi-
culties follow logically from the assets used in modelling, and we noticed
modellers struggling with these issues in educational settings and training
for domain experts. Future research can perform studies tracking model de-
velopment in order to rank the difficulties based on how much they hinder
the modeller, and thus where they should be supported. Such research can
also determine whether whether difficulties are missing from the catalogue.

The LSs have been developed to address particular modelling difficulties
(Section 7.1). However, our evaluations focussed on the educational benefits
achieved using the LSs and their use by the target audience (Section 4.14).
Future research can investigate how well the LSs support particular diffi-
culties. For example, a comparison between groups taught using Garp3 and
the LSs can be made. The group taught using the LSs is expected to be
better at using the terms for their intended purpose and interpreting and
correcting the simulation results. Similar user studies can be performed to
evaluate the support tools achieved through the QR formalisation in OWL
(Appendix D).

The pilot evaluation of the modelling practice focussed on the evaluation
of models (Section 5.12). It would be useful to replicate the pilot study with
different groups in order to determine whether it can be applied in other
domains (e.g., with computer science students) and with different students
(e.g., high school students). Future research can also investigate educating
modellers using the modelling practice in order to prevent them from mak-
ing poor modelling decisions (Section 2.8.4). Such studies can investigate the
quality of models of different modeller groups using two variables: with or
without training using the modelling practice, and with or without in soft-
ware support for the modelling practice (which would have to be developed
first, Section 7.4.1).

7.4.3 Knowledge representation

Future work on knowledge representation can focus on alleviating express-
iveness limitations in OWL and aligning the developed QR representations
with other representations and ontologies. The formalisation of QR in OWL
has made it possible to achieve service-based modelling support. However,
particular goals were not achieved due to the limited expressiveness of OWL
(Section 6.14). First, due to limitations in the representation of specific and
generic situations, it proved impossible to allow scenarios to be classified
as model fragments. Second, due to the lack of a representation of identity,
such information has to be represented inelegantly. Third, as a result of n-
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ary relations having to be represented using non-relations, namely instances
of classes, the ontological commitments of OWL have to be broken in order
to represent these relations. Future research can investigate whether OWL
can be made more expressive to ameliorate these issues.

The QR formalisation, together with the grounding functionality (Sec-
tion D.2), allows terms in different QR models to be aligned. As a result,
models can be compared. However, alignment with other types of resources
has not been investigated. There are a number of possibilities that can be
researched. Aligning the QR formalism ontology with top ontologies (e.g.,
Giancarlo (2005); Smith and Ceusters (2010)) allows the ontological founda-
tions of the Garp3 QR formalism to be investigated. Moreover, aligning con-
ceptual modelling languages with top ontologies could enable knowledge-
based systems to interpret represented systems using different perspectives
(corresponding to the perspectives of the aligned languages). Such align-
ments would also make the alignment of the different conceptual modelling
languages with each other easier, which can facilitate model exchange. Fi-
nally, the (often implicit) ontology underlying a dataset can be aligned with
the domain concept ontology of a QR model. This would allow the QR
model to serve as both an index and a causal explanation for the data.

7.4.4 Result generalisation

The research in this thesis focused on the Garp3 QR formalism. However,
the principles underlying the research are generally stated in order to be
applicable to other languages. Future research can investigate whether the
established principles also lead to useful results when applied to other con-
ceptual modelling languages.

The principles underlying the LSs have made, among others, modelling of
dynamic systems more accessible (Section 4.14). Given our positive results,
it can be worthwhile to apply these ideas to other conceptual modelling
languages. To be applicable, the principles should be slightly generalized
(Section 4.4). Principle #1 allow simulation should become allow reasoning.
Similarly, principle #2 can be adapted to introduce a unique representational
feature. This addition to the expressiveness should make it possible to rep-
resent additional features of whatever is represented.

The basis of the modelling best practice is a set of model features that
contribute to the quality of conceptual models. Future research can investig-
ate whether these model features are relevant to conceptual modelling lan-
guages more generally by applying them to such languages. The research
can take similar approach as in this thesis: (1) develop a catalogue of mod-
elling issues for the language and (2) develop and evaluation framework
based on the catalogue. The derived quality metrics should be compared to
those given by modelling experts.

Service-based modelling support (Section 6.12) was achieved by applying
a set of reusability requirements (Section 6.2). Further research can invest-
igate whether applying these principles to other conceptual modelling lan-
guages would make their representations reusable.

In conclusion, the results achieved through the research in this thesis have
contributed to making the benefits of QR modelling a reality in science and
science education. The means of support allows modellers to more effect-
ively and efficiently accomplish their knowledge construction endeavours.
We hope that our contributions will increase the uptake of QR in science
education and in science generally.


