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EA T H E O RY O F C O N C E P T U A L M O D E L S

The first part of this appendix presents an argument why knowledge repres-
entation should be considered a form of conceptual modelling. The second
part describes a theory of conceptual models, which enumerates the possible
representations in conceptual models. This theory is equally applicable to
knowledge representation, as developing such representations is considered
a form of conceptual modelling. Four atomic representations are defined
that can be composed into different larger representations. The theory indic-
ates which representations can be represented in the Garp3 QR formalism
(Chapter 3) and the Web Ontology Language (OWL) (Section 6.3) (or De-
scription Logics (DL)).1 However, the theory also proposes representations
that are not part of these languages. The theory is the result of experiences
with the Garp3 QR formalism, OWL and DL, and the formalisation of QR
in OWL (Chapter 6). However, no implementation or formalisation of this
theory has yet been developed. This appendix assumes the definitions of
generic and specific representations as known (Section 2.3).

e.1 knowledge bases as conceptual models

Knowledge engineering can be considered a form of conceptual modelling.
This becomes clear when knowledge bases are seen as conceptual models.
The section presents the argument for this perspective.

Knowledge Representation (KR) languages are used to develop knowledge
bases. The process of modelling in such formalisms is called knowledge engin-
eering (Feigenbaum, 1984; Feigenbaum and McCorduck, 1984). The devel-
opment of the KR languages and their semantics (which allows for reason-
ing engines to be implemented) is being researched in the field of KR (van
Harmelen et al., 2008).

Conceptual modelling languages are used to develop conceptual models. Like
knowledge bases, conceptual models consist of representations of concepts
(and relations between concepts). Specifically, referents (Section 2.3) are rep-
resented as concepts (e.g., frog), and the terms used to represent these refer-
ents depict concepts (e.g., entity in the Garp3 QR formalism (Section 3.3.1),
or class in OWL (Section 6.3)). The concepts that a conceptual modelling
formalism distinguishes through its terms are its ontological commitments
and determine the language’s inherent perspective on what constitutes know-
ledge, and via knowledge, how reality should be perceived.

A fundamental assumption of both the KR and conceptual modelling
fields is therefore that knowledge consists of concepts, with relations being
considered a special form of concepts. Even rule-based KR should be con-
sidered to be conceptual in nature. The main difference with frame-based
(i.e. object oriented) formalisms, is that rule-based knowledge bases are not
explicitly indexed based on the represented concepts. That is, this difference
between frame-based and rule-based knowledge bases is organisational and
not fundamental. Thus, all conceptual modelling languages contain an on-
tology, although this ontology is not made explicit in every language.

1OWL is based on DLs (Section 6.3). For purposes of the theory presented in this Appendix,
they can be considered equivalent.
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226 a theory of conceptual models

An important difference between knowledge bases and conceptual mod-
els is that conceptual models are meant for human understanding and com-
munication (Juristo and Moreno, 2000; Mylopoulos, 1992), while knowledge
bases should also support reasoning by computers. This difference can be
understood in more detail when the properties of KR and conceptual mod-
els are compared.

KR can be understood by the five distinct roles it plays (Davis et al., 1993).
In the first place, a knowledge base is a surrogate for the world (role #1). It
is used to reason about the effect of processes or actions in the world instead
of determining their result by acting on the world. Secondly, a KR language
is a set of ontological commitments (role #2), as it determines the point
of view from which the world is seen (and the vocabulary through which
it is represented). Thirdly, a KR language is a fragmentary theory of intel-
ligent reasoning (role #3). The representation determines what things are
rational to infer (sanctioned inferences), and sometimes what things should
be inferred (recommended inferences). These possible inferences reveal the
underlying hypotheses about rationality. The theory is fragmentary in the
sense that the formalisation is only part of the idea that inspired it, and the
idea in turn is only part of what is commonly considered to be intelligent
reasoning. Fourthly, a KR language is a medium for efficient computation
(role #4), as it determines how difficult it is to make certain inferences. Fi-
nally, a KR language is a medium for human expression (role #5). Therefore,
it should be as easy as possible for modellers to make expressions about the
world.

Conceptual models share the roles of surrogate (role #1), set of ontological
commitments (role #2) and means of human expression (role #5). However,
since conceptual models are meant for humans, they are not required to be
able to allow inferences. As such, the roles of a fragmentary theory of in-
telligent reasoning (role #3) and medium for efficient computation (role #4)
are not required properties for conceptual models. Given that both types of
languages consist of representations of concepts, and that knowledge bases
have more defining properties than conceptual models, conceptual model
is a more general concepts than knowledge base. Thus, knowledge bases
should be considered conceptual models. Furthermore, knowledge engin-
eering should be considered a form of conceptual modelling.2

The following sections present a theory of conceptual models which con-
sists of a description of representational atoms, composites, composites of
composites and possible reasoning.

2Qualitative Reasoning (QR) is interesting, as research in this field addresses knowledge
representation for computers, conceptual modelling for humans, and mathematical features
of representation. Within this thesis, QR models are seen as conceptual models meant for
humans. There are two reasons why QR was not as close to the KR field as it could have been.
First, QR traditionally focussed on capturing the behaviour exhibited by systems as could
be derived by formal physics (Kuipers, 1986). Second, QR focussed on representing dynamic
systems (and therefore on time and change), while KR focussed more on the representation
of concepts and less on dynamics. However, even in the time that QR became established
as a field, researchers have noticed that knowledge bases can be seen as qualitative models
(Clancey, 1989). Currently, QR is considered an established part of KR, which is natural, as
QR researches the representation of motion, space, time, causality and the reuse of knowledge
through compositional modelling (Forbus, 2008).
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e.2 atoms

Consider first the representational atoms, which are the smallest elements
from which a conceptual model is composed. We differentiate different
types of atoms based on their possible positions in time and space, and
whether or not they have an identity (Figure 68). The notion of identity here
means that something, which has changed in time, is still considered the
same individual even though it has different properties. This definition of
identity is more strict than only stating that something can be identified
(Section 6.3).

Position in 
Time & Space

Identity (Generality)

No Identity
(Generic)

Identity in
Context

Identity
(Specific)

Time: lifespan
Place: unbound

Time: fixed
Place: fixed

Time: unbound
Place: unbound

Individual

Instance

Role Class

Instance

Figure 68: The atomic representations in a conceptual model. The open arrows indic-
ate subset relations, and the filled arrows indicate member relations. Note
that instances can be more generic, such as an instance of an individual
during a period of time. Consequently, instances can be considered sets
that can be instantiated again. All membership relations can therefore also
be subset relations.

class A class is a representation of a concept, which is a generic represent-
ation (in someone’s mind) of a set of specific referents (Section 2.3). As
such, a class consists of all its possible instances (see below). Theoret-
ically, a class is unbound in time and space. Since a class represents a
set of possible instances that can have different identities, a class does
not have a fixed identity. An example of a class is a representation
of the concept person. A class specifies the necessary properties of the
concept. The model ingredient definitions in the Garp3 QR formalism
(Section 3.3) can all be considered types of classes (e.g., the entity defin-
ition River�). Classes are equivalent to classes in OWL (Section 6.3)
and concepts in DL (Baader et al., 2007, 2008).

instance An instance represents a specific referent and belongs to a class.
An instance can have particular identity and a fixed position in time
and space (e.g., Margaret Thatcher during her first inauguration as
prime minister). However, it can also be less specific, only have an
identity within a context, and be less precise in its position in time and
space (e.g that person is very tall). This ability of instances to be more
or less specific requires the possibility to interpret instances as sets of
instances. That is, to specify (or infer) that an instance is an instance of
a more generic instance. An example of this is given in the description
of individuals below. An instance can have coincidental properties that
are only true in the particular context in which it occurs. An instance
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inherits the properties of classes to which it belongs (and optionally
those of the individual from which it is derived). In the Garp3 QR
formalism, model ingredients in scenarios (Section 3.3.7) can be con-
sidered instances (e.g., Population�(Mice population) (Figure 62a)
and River�(Mesta) (Nakova et al., 2009)). Instances are equivalent to
the notion of individuals in OWL (Section 6.3) and DL (Baader et al.,
2007, 2008).3

individual An individual represents a specific referent that keeps its
identity throughout its lifespan. Unlike instances, an individual rep-
resents this referent throughout its entire lifespan. A example is the
individual Winston Churchill. Individuals can be instantiated, and in-
stances of individuals can be positioned at any moment in time within
its lifespan and potentially anywhere. For example, one instance can
represent Winston Churchill during D-Day, while another could rep-
resent him during the second world war. The former can be considered
an instance of the latter. An individual specifies its properties that are
true throughout its entire lifetime (and inherits the properties from
the classes to which it belongs). Within the Garp3 formalism, there is
no explicit representation of individuals.4 OWL and DL also have no
representation equivalent to individuals.

role A role is a generic representation of a referent within a particular gen-
eric context. It is unbound in terms of position or time, and only has
an identity within that context. That is, different roles can be distin-
guished (e.g., two persons in an economic transaction), but different
instances can perform the role (e.g., the author and his butcher on
a particular day). Roles occur in knowledge representation of scripts
(Schank and Abelson, 1977). A famous example of a role in this re-
search is a waiter in a restaurant script. For our purposes, it is neces-
sary to distinguish (context) roles, such as the waiter in a restaurant
script, from role classes, such as the representation of the waiter concept.
This is because a context role can have coincidental properties that are
not defining for the role class, such as the waiter working on a patio.
In the Garp3 QR formalism, the conditions and consequences within
model fragments can be considered roles (Section 3.3.6). Roles have no
equivalent in OWL and DL.

e.3 composites

The representational atoms can be used to define composite representations.
This section discusses the first degree of compositions (Figure 69). To start,

3Note that the notions of generic and specific should be seen as a continuum. For ex-
ample, the mice population in a scenario (Figure 62a) is more generic than the entity instance
River�(Mesta) (Nakova et al., 2009), which has a particular identity and position. This fea-
ture of instances explains why scenarios can be both seen as representations of specific systems
or as prototypes of systems (Section 5.3.2).

4The Garp3 formalism would benefit from having a representation for individuals (such
as River�(Mesta) represented as an individual), as it would allow such individuals to be
linked to their corresponding resources in e.g., DBpedia (i.e. to be grounded Appendix D.2).5

This would make it possible to determine which models contain the same individuals inde-
pendent of the particular name used for the individual (e.g., Mesta, Nestos, or Mesta Karasu
for the Mesta river). This would allow, for example, scientific case study models about particu-
lar rivers to be more easily found and compared.

5http://dbpedia.org/resource/Nestos_River

http://dbpedia.org/resource/Nestos_River
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Composite Composite of CompositesAtomic
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Figure 69: The composition of representational atoms into larger representations.
The dashed arrows indicate part-of relations. The History Specific Model
can be called a case model. Note this redefines the notions of case model
and situation specific model.

consider the collection of classes and individuals. These sets can be con-
sidered composites.

ontology : classes A collection of classes and the relations between them
can be considered an ontology. The classes within the ontology define
the perspective the conceptual model has on the modelled system.
The model ingredient definitions in the Garp3 formalism can be con-
sidered to represent the classes part of the ontology (Section 3.3).6 The
classes part of the ontology is equivalent to the class hierarchy in OWL
and a terminology box (TBox) in description logic (Baader et al., 2007,
2008).

ontology : individuals A collection of individuals can be considered
part of an ontology, as an ontology defines the terminology used to
talk about a domain. The individuals are defined to be instances of
particular classes. Note that this representation is not equivalent to the
assertion box (ABox) in DL, as an ABox describes concrete situations
(Baader et al., 2007, 2008). As such, the properties of an instance in
an ABox is only valid for as long as the situation lasts. By contrast,
the properties of an individual should be valid for its entire lifetime.
Neither the Garp3 formalism nor OWL and DL define a representation
that is equivalent to a set of individuals.

The collections of classes and individuals typically only occur once within
a conceptual model. The following composites are meant to occur frequently
in conceptual models.

generic situation A generic situation consists of roles and describes a
set of possible situations. A generic situation consist of a set of condi-

6Note that in the Garp3 formalism, other than is-a relations, no other properties are spe-
cified for entities, agents and assumptions. Consequently, these hierarchies are different from
typical ontologies.
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tions that indicate when a situation description is one of its instances,
and a set of consequences that indicate what knowledge can be in-
ferred. Note that a role can also be derived from an individual (Fig-
ure 68). In such a case the role has a specific identity (and not just
one within the generic situation). For example, consider a scene in
a movie in which there is a door that only opens for a particular
person. To model this situation, this person is represented as a role
derived from an individual. A generic situation is similar to a scene
in a script (Schank and Abelson, 1977). Generic situations have also
been called stereotyped situations (Minsky, 1975). More recent research
has called generic situations frameworks and distinguish three types
(Breuker et al., 2007; Hoekstra, 2009; Hoekstra et al., 2007). Situational
frameworks are the "stereotypical structures we use as plans for achieving
our goals given some recurrent context." (Hoekstra, 2009).7 Mereological
frameworks are structural descriptions (which they note can be onto-
logical). Epistomological frameworks focus on the role that certain rep-
resentations play in reasoning. For example, the functioning of a car
radio can play the role of an observation in the diagnosis of why the
car does not start. In the Garp3 QR formalism, model fragments can
be considered to represent generic situations (Section 3.3.6). OWL and
DL do not have a representation equivalent to generic situations.

situation description A situation description is a specific representa-
tion that represents a particular state of affairs. A situation description
consists of instances, which can optionally have a specific identity. In
the Garp3 QR formalism, scenarios can be considered situation de-
scriptions (Section 3.3.7). OWL and DL do not have a representation
that is equivalent of a situation description. However, a set of individu-
als in OWL and an ABox in DL can be considered a single situation
description. Although not part of the language, a situation description
can also be represented in OWL and DL as an instance, and its content
can be associated to it through properties (Section 6.8).

situation-specific model A situation-specific model is a specific rep-
resentation that represents an interpretation of a situation description.
That is, generic knowledge has been applied to the situation-specific
model in order to be able to reason about it. We have adopted the
term situation-specific model (Clancey, 1993), but this representation
has also been called case model (Steels, 1990) and case-specific model
(Clancey, 1985). In the Garp3 QR formalism, a particular state in a
state graph (Section 3.5), and expression fragments in learning spaces
2 through 5 (Section 4.9), can be considered situation-specific models.
OWL and DL do not have a representation equivalent of a situation-
specific model as part of their languages. However, they can be repres-
ented in the same way as situation descriptions.

e.4 composites of composites

The second degree of compositions are composites of composites (Figure 69).

generic history A generic history is a generic representation that con-
sists of a graph (typically a sequence) of generic situations. A script is

7Note that in our classification, situational frameworks would be considered generic histor-
ies.
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Representational
category

Representation name Garp3 QR Formalism OWL / DL

Atoms

Class X X

Instance X X

Individual

Role X

Composites

Ontology: Classes X X

Ontology: Individuals

Generic situation X

Situation description X

Situation-specific model X

Composites of
composites

Generic history X

History X

History-specific model X

Table 20: The availability of the different representations (distinguished in the theory
of conceptual models) in the Garp3 QR formalism, and OWL and DL. A
check mark indicates that the representation is present.

an example of generic history (Schank and Abelson, 1977). Note that
generic histories can be small. Any change that occurs between two
generic situations as a result of a process or action can be considered
a generic history. For example, a transaction between a buyer and a
seller (Hoekstra, 2009) is an example of a generic history. The termin-
ation rules in the Garp3 formalism can also be considered a generic
histories (Section 3.5.2). DL and OWL do not have an equivalent of
generic histories.

history A history is a specific representation that consists of a graph (typ-
ically a sequence) of situation descriptions. In the Garp3 QR formal-
ism, the state graph resulting from a QR simulation with the applied
knowledge removed (e.g., causal relations, correspondences, etc) can
be considered a history (Section 3.2.2). OWL and DL do not have an
equivalent of histories.

history-specific model A history-specific model is a specific represent-
ation that represents an interpretation of a history. In the Garp3 QR
formalism, a state graph can be considered a history-specific model
(Section 3.2.2). OWL and DL do not have an equivalent of history-
specific models.

To summarize, the availability of the different atoms, composites, and
composites of composites, in the Garp3 QR formalism, and OWL and DL,
is shown in Table 20.
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e.5 reasoning

Different forms of reasoning are desirable for the different representations
defined in the theory of conceptual modelling. For a general KR language,
it is desirable to focus on classification and inferring situation-specific mod-
els (and history-specific models). Dedicated problem solvers can then be
used on these representations to accomplish particular tasks (Breuker, 1994;
Breuker and van de Velde, 1994; Schreiber et al., 2000). This view is inspired
by Clancey: "I strongly urged people not to view classification as an inherent
property of problems. Classification is a method for constructing a situation-specific
model; a given modeling purpose, such as diagnosis, might be accomplished in differ-
ent ways, depending on the kind of model available. Problem types can be classified
more usefully in terms of the purpose for constructing a model of some system in
the world (i.e., the tasks of diagnosis, planning, control, repair, etc.)." (Clancey,
1993). The ontology within a conceptual model should define the concepts
necessary to solve the particular task. That is, the ontology should define
a perspective that is appropriate for the purpose of the model. In addition
to classification, the inferences equivalence, disjointness, inconsistency and
class membership that are related to subsumption (inferring subclass rela-
tions) are also desirable in a general KR language.

For the representational atoms (Figure 68), inferring the following rela-
tions is useful:

• Subset relationships between classes.

• Membership relations between instances and classes.

• Subset relations between individuals and classes.

• Subset relations between roles and classes.

• Membership relations between instances and roles.

• Membership relations between instances, when an instance is a more
specific version of another instance. For example, Churchill during D-
Day is a more specific version of Churchill during the second world
war.

For composites it is useful to determine that a situation description is a
member of a generic situation in order to create a situation-specific model.
For example, during QR simulation, a scenario is classified as being a mem-
ber of the situation described in a model fragment in order to augment the
scenario. For composites of composites it is useful to classify a history as be-
ing a member of a generic history in order to create a history-specific model.
For example, within legal reasoning, a story (or case description), which is
a history, is classified in order to find the underlying processes that may ac-
count for the changes in order to create a legal interpretation of the case (a
history-specific model) (Hoekstra and Breuker, 2007). This history-specific
model can then be used to attribute liability.


