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A B S T R A C T

Qualitative Reasoning (QR) is an area of knowledge representation in the
field of artificial intelligence (Forbus, 2008). It researches the conceptual rep-
resentation of systems, particularly focussing on representing their continu-
ous properties, such as quantities, space and time, using qualitative, concep-
tually relevant, distinctions. The development of QR formalisms and reason-
ers is research in knowledge representation, while developing QR models
can be considered both conceptual modelling and knowledge engineering.

Science and science education are natural application areas for QR (Chapter 1).
However, the potential benefits of QR are not fully realized due to the con-
ceptual modelling of dynamic systems being difficult. Chapter 2 analyses
why conceptual 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. Based on this theory and the requirements of their applica-
tions, modelling difficulties are identified that originate from formalisms,
tools, and their use in science and education. The main topic of this thesis
is supporting the conceptual modelling of dynamic systems by alleviating
these difficulties.

This thesis focusses on the Garp3 QR formalism, which is a state of the art
QR conceptual modelling language (described in Chapter 3). This formalism
is implemented in the Garp3 modelling and simulation tool (Bredeweg et al.,
2006a, 2009). The Garp3 QR formalism is based on established principles in
the QR community. First, in QR models there is an explicit representation of
how processes affect quantities in the system through causal relations. The
formalism distinguishes between influences, which are responsible for the
changes directly caused by a process, and proportionalities, which propag-
ate the changes initiated by processes. Second, the distinction between struc-
ture and behaviour is essential as it allows for compositional modelling. The
(physical) structure of a system describes what the system is, and can be
said to define the system. The structure of the system remains unchanged
during simulation. The behavioural aspects of a system are those things
that can change, such as the values of quantities and causal relations. The
structure and behaviour distinction makes it possible to explicitly represent
for which systems (and under which conditions) (part of) a scientific the-
ory about a particular process applies. The resulting model fragments can
be reused within a model in order to avoid redundancy and to allow more
efficient modelling. Third, the explicit representation of assumptions and
perspectives allows modellers to indicate whether they apply to a particular
simulation. Fourth, the qualitative representation of the values of quantities
in quantity spaces identifies conceptually relevant landmarks (points) and
the interval values between them. The landmarks represent the thresholds
at which particular processes become active. Fifth, the quantity space rep-
resentation allows for the conceptual representation of system behaviour
in simulations, as each state in the state graph is qualitatively distinct and
describes a unique conceptually relevant behaviour of the system.

Chapter 3 explains the terms in the Garp3 QR formalism and the reason-
ing that they allow in detail. An example model about osmosis is represen-
ted using the formalism, and the simulation results derived using the reas-
oning, are discussed, and their corresponding visualisations in the Garp3
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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.

The Garp3 QR formalism, as implemented in Garp3, is too intricate to
be used by students and the end of secondary education and beginning of
higher education. Chapter 4 describes six Learning Spaces (LSs) that are part
of the DynaLearn Interactive Learning Environment (ILE) (Bredeweg et al.,
2013, 2010). These LSs, which each constitute a proper learning environment,
are based on the following design principles for the organisation of the QR
formalisms subsets. First, each LS allows for simulation to encourage reflec-
tion. Second, each LS introduces a feature of qualitative system dynamics
so that learners can represent new aspects of systems. Third, each LS intro-
duces a minimal set of formalism terms while remaining self-contained in
order to be as easy to learn as possible. Fourth, the LSs as a whole preserve
consistency in learning by only augmenting or refining terms, but never
contradicting the meaning they have in earlier LSs. Evaluation studies with
over 700 students reveal that the LSs have the following properties. First, the
LS are usable by large groups of students in secondary education. Second,
learners can use the LSs in their native language. Third, the LSs can be used
in a progression to learn domain knowledge. Fourth, the LSs contribute to
students’ systems thinking. Fifth, the LSs allow for gradual acquisition of
modelling expertise. Sixth, the LSs motivate students towards learning sci-
ence when used in a learning by modelling approach. Seventh, using the LSs
allows learners to model phenomena earlier in their education than when
using current state of the art QR tools. The LSs were used to develop over
200 models by domain experts.

There are no generally accepted quality characteristics for conceptual
models (Moody, 2005). Moreover, modelling practices for simulation models
are still poorly developed (Eurydice, 2006). Chapter 5 proposes a best prac-
tice for qualitative modelling and simulation that allows models to be im-
proved, and model evaluation to be performed more objectively. The chapter
proposes a number of desirable model features that contribute to particular
internal quality characteristics. These model features can either be assessed
using features of the used formalism (e.g. consistency), or require human
interpretation as they represent the adequacy of a model as a domain rep-
resentation (e.g. falsifiability). The model features contribute to either the
correctness, completeness, and parsimony of a model. Based on the iden-
tified model features, 36 model error types are described, which include
checks to detect them and modelling actions to ameliorate them. An evalu-
ation framework is developed based on the modelling practice, which allows
a quality metric to be derived for qualitative models. In a small evaluation
study, student assistants graded models during a systems thinking course in
a bachelor environment science program. These evaluators derived grades
using the evaluation framework and gave intuitive grades to the models
that they did not grade. Statistical analysis using IntraClass Correlation
(ICC) (Shrout and Fleiss, 1979) and the Concordance Correlation Coefficient
(CCC) (Lin, 1989) indicates that there is strong agreement between the de-
rived grades and the intuitively given grades. This suggests that the derived
grades would be acceptable to evaluators. Moreover, a listing of the errors
in the model is useful feedback for learners.

Tools, such as the LSs, can be valuable means of support in the modelling
process. However, there are problems that require tools and assets beyond
a modelling and simulation application. For example, to automatically gen-
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erate feedback on how a model can be improved, such a model should be
compared to a large number of community-developed models. Chapter 6 de-
scribes how conceptual models, such those developed using the Garp3 QR
formalism, can be made reusable to enable other applications to provide
modelling support. To this end, the QR models are formalised in the Web
Ontology Language (OWL) (Bechhofer et al., 2004; Hitzler et al., 2009). The
chapter describes how to deal with particular issues, such as the design
of URIs, how to constrain the use of terms, and the representation of rela-
tions, parts of theories, simulations and quantities. Three examples of sup-
port enabled by the QR formalisation in OWL are given. Grounding allows
modellers to align their terminology with that of the community. Semantic
feedback provides individualised feedback on how to improve a model and
what modelling challenges could be embarked on next. In the quiz interac-
tion, a virtual character, called the quiz master, questions the learner based
on an expert model (and a user model of the learner’s knowledge derived
from the model and simulation representations in OWL).

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 allow modellers to more effectively 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.


