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Abstract

Virtual Reality (VR) has become extremely popular in the current decade. The
very first idea of having real, almost realistic, participation in the human-computer
interaction was presented by Ivan Sutherland in 1965: ”make that (virtual) world in
the window look real, sound real, feel real, and respond realistically to the viewers
actions”. With Virtual Reality technology, we attempt to make human vision and
interaction with a computer generated world similar to that of the real (physical)
world. In this way we enable the user to use his/her experience in interacting with
the real world instead of requiring him/her to learn to perceive and interact with a
totally different kind of world. Without any doubt VR has attracted a lot of interest
of people in the last few years. Being a new paradigm of user interface it offers great
benefits in many application areas.

Several approaches have been developed to build Virtual Environments, the worlds
created with the Virtual Reality technology. Most approaches require skilled people,
making it almost impossible for the common user to use Virtual Reality technology.
The new approach, developed at the WISE (Web and Information System Engineer-
ing) lab of the Vrije Universiteit Brussel (VUB), is different from the other approaches
in such a way that here there is no need for a Virtual Reality technology background
to specify a Virtual Environment. However, the approach is still in a premature
phase: all the things in the Virtual World that somebody wants to create could only
be specified independently of each other. Relations between these things, the objects
in the Virtual World, could not be expressed. Therefore, there was a need to be
able to specify explicit relations between the objects. The principle behind the WISE
approach is to make use of natural language constructs to specify the Virtual World
instead of VR technology. Therefore, the challenge of this thesis was to find suitable
natural language constructs that are powerful enough to specify different types of
relations between objects.

In this thesis, we will introduce two different kinds of relations, the part-whole
relations and the spatial relations, into the WISE approach. The part-whole relations
are used to specify composed or complex objects where objects are parts of other
objects, which can be composed again. The spatial relations are used to describe the
spatial layout of the Virtual World. The position of an object is specified relative to
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other objects. We will also keep the ability to place an object at an exact location, as
was the case before. These relations are found to be very important when describing
more advanced Virtual Worlds. They will help the designer in specifying the Virtual
World in an intuitive manner.
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Samenvatting

Virtuele Realiteit is gedurende het laatste decennium enorm populair geworden. Het
idee van een echte, een bijna realistische, participatie in de interactie tussen mens en
computer werd voor het eerst beschreven door Ivan Sutherland in 1965: ”laat deze
(virtuele) wereld in het venster er echt uitzien, echt doen klinken, echt laten voelen,
en realistisch laten reageren op de acties van de waarnemer”. Met de technologie van
Virtuele Realiteit proberen we het uitzicht van, en de interactie met een computer
gegenereerde wereld te evenaren aan dat van de echte (fysische) wereld. Op deze
manier kunnen we ervoor zorgen dat de gebruiker zijn/haar ervaringen in de interactie
met de echte wereld kan gebruiken in plaats van dat hij/zij genoodzaakt is om het
waarnemen, en de interactie met een totaal verschillende wereld te moeten aanleren.
Zonder enige twijfel heeft VR veel aandacht van de mensen naar zich toe getrokken
in de laatste jaren. Dit nieuw paradigma van gebruikers interactie geeft ons grote
voordelen in vele toepassingsgebieden.

Er bestaan verschillende benaderingen voor het ontwikkelen van Virtuele Omgevin-
gen, werelden die gecreëerd zijn met behulp van de technologie van Virtuele Realiteit.
Voor de meeste benaderingen zijn ervaren en geschoolde mensen nodig waardoor het
bijna onmogelijk wordt om als gemiddelde informaticus of analist een Virtuele Wereld
te bouwen. De nieuwe aanpak, ontwikkeld door het WISE (Web and Information
System Engineering) lab van de Vrije Universiteit Brussel (VUB), is verschillend van
elke andere methode in die zin dat het hier geen vereiste is om een Virtuele Realiteit
achtergrond te hebben om een Virtuele Wereld te ontwerpen. De methode staat
echter nog altijd in zijn kinderschoenen. Bijvoorbeeld moeten alle voorwerpen in de
Virtuele Wereld, die iemand wil maken, onafhankelijk van elkaar gespecificeerd wor-
den. Relaties tussen deze voorwerpen, the objecten in the Virtuele Wereld, konden
niet uitgedrukt worden. Er was dus behoefte om expliciete relaties tussen de ob-
jecten te kunnen specificeren. Het principe achter de WISE benadering is om gebruik
te maken van natuurlijke taal constructies om een Virtuele Wereld te specificeren, in
plaats van direct VR technologie te gebruiken. De uitdaging van deze thesis was dan
ook om geschikte natuurlijke taal constructies te vinden die krachtig genoeg zijn om
verschillende soorten van relaties tussen objecten uit te drukken.
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In deze thesis zullen we twee verschillende soorten van relaties in de WISE be-
nadering introduceren, de deelgeheel relaties en ruimtelijke relaties. The deelgeheel
relaties worden gebruikt om complexe of samengestelde objecten te specificeren waar
een object opgebouwd kan zijn uit andere objecten die dan weer samengesteld kunnen
zijn. De ruimtelijke relaties worden gebruikt om de ruimtelijke lay-out van de Virtuele
Wereld te beschrijven. De positie van een object wordt gespecificeerd door middel
van de positie een ander object. Deze relaties zijn zeer belangrijk voor het beschrijven
van meer complexe Virtuele Werelden. Ze helpen de designer in het specificeren van
de Virtuele Wereld op een meer intüıtieve manier.
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Chapter 1

Introduction

1.1 Introduction

Nowadays computer graphics is used in many domains of our life. Entering the 21th
century, it becomes difficult to imagine an architect, engineer, interior designer, or
game developer working without a graphical toolkit. Computer graphics has drawn
much attention in the last few years and extensive media coverage causes this interest
to grow. Also the production of cheap computers with better and faster graphics
allows the average user to move into the world of computer graphics. We can create
and manipulate three-dimensional worlds but this is not enough: people always want
more. They want to be able to step into this world, be part of this world and interact
with it. This technology, which became popular in the current decade, is called
Virtual Reality (VR) (see section 1.2 for an introduction on Virtual Reality). The
worlds created with this technology are called Virtual Environments (VE). Section
1.3 will discuss Virtual Environments in more detail.

As the technology became more and more popular, many ways have been devel-
oped to create Virtual Environments. The approach to build Virtual Environments
that is developed at the WISE (Web and Information System Engineering) lab of
the Vrije Universiteit Brussel (VUB) is different from all other methods as it is using
ontologies as a description formalism for the world to be generated (see section 1.4).
Earlier readings on the WISE approach have proved that this approach works but
still there has to be done a lot of work. In this thesis we will make some contributions
to this approach. The argumentation for these contributions is given in section 1.5.
Section 1.6 will give us an outline of the remainder of this work.

1



CHAPTER 1. INTRODUCTION 2

1.2 Virtual Reality

The very first idea of Virtual Reality was presented by Ivan Sutherland in 1965 as
described in [22]: ”make that (virtual) world in the window look real, sound real, feel
real, and respond realistically to the viewers actions”.

The terms Virtual Reality (VR) and Virtual Environments (VE) are used in com-
puter community interchangeably. These terms are the most popular and most often
used, but there are many others. Just to mention a few important ones: Synthetic
Experience, Virtual Worlds, Artificial Worlds or Artificial Reality. All these terms
refer to immersive, interactive, three-dimensional computer generated environments
and to the technologies required to build these environments. Most of the definitions
in literature correspond with each other, but sometimes we can find some small dif-
ferences. In the rest of this work we will use the terms Virtual Environments and
Virtual Worlds.

Virtual Reality offers great benefits in many applications [22]. We give some
examples. People have been gathering a lot of data for a long time. The management
of all this data is not an easy task. In the area of architectural visualization, a
huge amount of data can be easily navigated in three-dimensional spaces by virtually
walking through the data. In the field of modelling and designing, Virtual Reality
offers the designer the possibility to watch how the modelled object will look like. The
designer can see and feel the product before it is built. When testing the products after
the modelling phase, Virtual Environments are used as test environments. Testing
products this way will result in a much cheaper production life cycle then when
the products are being built, physically tested and adapted when necessary. In the
training and education area Virtual Reality is used in simulators e.g. flight simulators
for developing and testing the skills of a future pilot. And finally, in the entertainment
area, various multi-player games make use of Virtual Reality techniques. These games
enable the user, or teams of users, to meet others in virtual rooms for playing against
each other.

1.3 Virtual Environments

The term Virtual Environments is defined by Ellis using the following definition:
”Virtual Environments can be defined as interactive, virtual image displays enhanced
by special processing and by non-visual display modalities, such as auditory and
haptics, to convince users that they are immersed in a synthetic space” [13]. So,
Virtual Environments (VEs) are applications that let users navigate and interact with
a three-dimensional, computer-generated (and computer-maintained) environment in
real time. Users can move around, look at, and manipulate graphical objects using
input devices ranging from a keyboard and mouse to HMDs (Head Mounted Display)
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and cyber gloves. In this work we will focus on the Desktop VR. This refers to
the use of a conventional computer monitor as the output device onto which the
3D environment is rendered in contrast to the immersive VR where some kind of
immersive display and tracking equipment is used in order to create the illusion of
being inside the computer-generated environment, rather than viewing it from the
outside through a screen.

1.4 Approaches to build Virtual Environments

Several approaches for building Virtual Environments have been developed. The two
major approaches in creating Virtual Reality are the development toolkits and au-
thoring systems. With the development toolkits, the user has to program the Virtual
Environments by hand. An authoring system allows the user to interactively construct
the Virtual World by means of a user interface and some input devices. The new ap-
proach for building Virtual Environments using knowledge representations (such as
in ontologies), developed at the WISE lab, is different from the other methods. See
figure 1.1 for the general approach. The ontology is used here as a mechanism for
the user to describe the Virtual World. In chapter 2, we will discuss ontologies in
more detail. Generating Virtual Environments from ontologies does not require the
user to have a good knowledge of how to write programming code in a specific lan-
guage. It also does not require the user to know how to work with complicated tools
to design Virtual Environments through a user interface. In other words, using this
new approach you do not need to be skilled in the VR technologies to be able to
create Virtual Environments. The user just builds a domain ontology containing all
the information that is needed to build the Virtual Environment. From this ontology
the actual Virtual World is being generated. The work presented in this thesis builds
on previous research in this topic as is described in [5].

Figure 1.1: From a domain ontology to Virtual World

All the areas, which benefit from Virtual Reality, described in section 1.2, require
rather complex Virtual Worlds to be built. Until now, the approach WISE has fol-
lowed to generate Virtual Environments from domain ontologies only allowed to build
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very simple worlds. It was possible to create simple structures by describing simple
domain objects. All the objects we described in the domain ontology were directly
mapped to primitive objects provided by a toolkit (e.g. a box, a cylinder, a sphere).
These objects were then placed at a specific location in the Virtual Environment.
Afterwards, the code for the Virtual Environment was generated.

1.5 Building Virtual Environments in an Intuitive

Way

Building Virtual Reality applications is in general complex and non-intuitive. Cre-
ating a Virtual World from scratch, or modifying an existing one, is a very complex
task. Most tools available in the areas of 3D modelling have the capability of pro-
ducing large Virtual Worlds but are difficult to use, require many hours of training,
and are expensive. So, most of the times, they are unavailable for the inexperienced
user. Therefore, the main goal of the WISE approach is to make the development of
Virtual Worlds more accessible, also to non-VR specialists.

The principle behind the WISE approach is to make use of natural language
terms to specify a Virtual World. More people could be involved in the development
of Virtual Environments if it wasn’t a complicated mathematical problem where all
kinds of difficult VR terms are used. Using natural language to build a Virtual
Environment is very intuitive for everyone because we all use it in our every day
life. People already have a good notion of how to express, to someone else, by means
of natural language, what objects or scenes (e.g. a room) look like. They make
descriptions by means of relationships between objects, in the world or part of the
world they want to describe, to do this.

In this thesis we will contribute to the WISE approach by proposing a way to
model relationships between objects in a Virtual World that is as intuitive as possible.
As was said before, the WISE approach is not yet fully elaborated. At the start
of this thesis work, it was only possible to place objects at exact locations in a
Virtual Environment and also composed objects were not yet supported. It was not
possible to express explicit relations between objects [4]. However, in reality, the
positions of most objects are related to each other and objects are composed of other
objects. So relations between the objects are needed. In this context, two aspects are
very important: composed objects and spatial layout. These are the two aspects on
which we will concentrate in this thesis. We shortly introduce them in the following
subsections. For each of these aspects we will introduce some relations later in this
work.
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1.5.1 Composed Objects

To adequately model Virtual Environments there is a need to have composed or com-
plex objects. In VR applications, simple objects are used as building blocks to create
complex objects, which in turn serve as building blocks for even more complex objects,
and so on. Object hierarchies are very common because most objects are composed
of several other objects and only a few objects are indivisible. If we decompose an
object into a collection of parts, we already have created a two-level hierarchy. The
greatest benefit that the designer will encounter by creating a hierarchy is the update
propagation. A change in the definition of one building-block object is automatically
propagated to the other levels of the hierarchy that use the object. If we would for
example re-locate a composite object, all the sub-components belonging to this com-
posite object will be re-located as well [14]. But knowing that an object is composed
of a collection of other objects is not sufficient. Much more information is needed
to be able to visualize a composed object and to allow interaction with a composed
object. The ways in which an object is composed of several other objects can for ex-
ample depend on various characteristics. So, being able to describe a Virtual World
using composed objects will be a great contribution to the WISE approach.

1.5.2 Spatial Layout

From the moment we enter a place, we are engaged in spatial cognition. We perceive
the place from the viewpoint of our own eyes. We interact with the world around
us and thereby automatically construct mental representations of that world and
our own position in it. Yet, we do not conceive the world as a geometric space, a
space with three extrinsic orthogonal coordinates that specify the locations of points,
objects, or regions [34].

The WISE approach was lacking appropriate concepts to model the spatial layout
of a Virtual Environment in an intuitive way. An object had to be placed inside the
Virtual Environment at a specific location described by three coordinates. However,
in our mental representation of the world we incorporate different elements in con-
structing mental spaces for the real spaces important in our lives. Elements, such
as objects, landmarks, cities, or continents, are remembered relative to other ele-
ments. For example, when people are asked where they live, they often describe their
home position in terms relative to the nearest landmark likely to be known to the
questioner, e.g. 500 meters north of the church. Therefore, we find it important in
describing a Virtual Environment to give the possibility to define the layout of the
Virtual Environment without the use of specific coordinates, but by specifying the
location of objects relative to the position of other objects. This way is closer to
the mental representation of space used by humans and therefore fits better in the
intuitive modelling approach used by WISE.
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1.6 Summary and outline

Virtual Reality is a technology that is gaining much popularity and there are many
application areas for which it could be useful. However, almost all techniques available
for creating Virtual Environments are far too difficult for the average designer to use.
A new method to build Virtual Worlds is developed at the WISE lab. In this approach,
Virtual Environments are generated from domain ontologies. The advantage is that
a method based on this approach, can be used by a broader range of people, who do
not necessarily have to be skilled in Virtual Reality technology. The method is still
in an early phase but the results so far are very promising.

As already pointed out, the goal of this thesis is to contribute to the approach by
investigating the possibility to build more advanced Virtual Worlds. We will do this
by providing intuitive modelling concepts for composed objects and spatial layout.

To achieve this goal, we will introduce two kinds of relations between objects that
will allow the designer to specify more complex Virtual Environments in a more intu-
itive manner. The first kind of relations are the part-whole relations. These relations
allow defining composed (or complex) objects inside the Virtual Environment. The
second kind of relations, the spatial relations, will provide the designer the possibility
to specify a spatial layout for the objects. To incorporate these new concepts in the
WISE approach, the concept of an upper ontology is used. The background informa-
tion for this thesis is given in the chapters 2 to 5. An introduction to upper ontologies
is given in chapter 2. Chapter 3 describes the current WISE approach to use ontolo-
gies to generate a Virtual Environment. In chapter 4, background knowledge about
part-whole relations is given and in chapter 5 this is done for the spatial relations.
Chapter 6 gives the formal definitions of the new concepts and presents the upper
ontologies that are built. In chapter 8, we describe how part-whole relations and spa-
tial relations will be incorporated into the current WISE approach. This chapter also
discusses the extensions needed to the current prototype tool, supporting the WISE
approach, to include the new concepts. The use of the new concepts are illustrated
with an example in chapter 7. Chapter 9 indicates further work and finally, in chapter
10 general conclusions are made.



Chapter 2

Upper Ontologies

2.1 Introduction

Building systems based on some kind of knowledge representation involves the cre-
ation of a model of the particular domain under consideration. Such a model is often
an abstraction of the domain itself and this is what makes it very powerful and useful
too. It allows to abstract from irrelevant details and hereby allows us to focus only
on the concepts we are interested in.

In this chapter we will give a detailed description of ontologies, the formalism for
knowledge representation used. Ontologies are used for describing the Virtual Worlds
we want to visualize. In the current system that we will discuss in the next chapter,
we are only able to describe simple Virtual Worlds. Simple Virtual Worlds result
from simple ontologies. To describe more complex objects, we need to define some
high-level structures that can be used to do this. The designer will then be able to
use these structures to describe the Virtual World. An upper ontology will provide us
the place in which we can define those high-level structures. What we need is some
kind of hierarchy of ontologies dependent on each other, and each specializing the
concepts of the ontologies higher up in the hierarchy.

This chapter first includes a general definition of an ontology in section 2.2. Then
we will discuss the different uses for ontologies in section 2.3. Afterwards, in section
2.4, we will see that ontologies can be classified into different kinds, namely upper-
level ontologies and lower-level ontologies of which the upper-level ontologies are the
most important ones to define the structures to be used for describing complex Virtual
Worlds. A summary and an evaluation is given in section 2.5.

7
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2.2 What are ontologies?

Ontologies have gained much popularity over the last few years, especially in the
knowledge engineering area. However, the definition of ontology remains a bit vague
because of the fact that the term is used in many different ways. A first interpretation
that is radically different from all the other definitions (described in [19]) is the one
with a capital ”O” referring to a philosophical discipline. The other ones (with a
lowercase ”o”) all relate somehow to knowledge bases or logical theories.

In the first sense Ontology is the science or study of being. Specifically, this area
of philosophy investigating the nature and the relations of reality, a particular system
according to which problems of the nature of being are investigated. Here Ontology
tries to give answers to questions like: What is being? Or in other words: What are
the features common to all beings? [19].

In the field of artificial intelligence and knowledge representation, the ontology
describes some sort of world view, with respect to a given domain. The world view
is often conceived as a set of concepts (e.g. entities, attributes, processes); their
definitions and their inter-relationships. In the literature, this is often referred to as a
conceptualization. This conceptualization can be either implicit or explicit. Implicit
when a person has some kind of view of (a part of) the world inside his head, and
explicit when we speak of a real representation of the view of (a part of) the world.
This leads to one of the best-known definitions of an ontology, which states that an
ontology is an explicit specification of a conceptualization. An elaborate definition
is given in [17]. An interpretation of this definition is given in [19]. In our work
it is assumed that an ontology is a knowledge representation formalism in which all
knowledge about the Virtual World is being described. Also the knowledge that is
needed in the intermediate steps to come to the Virtual World, is being described by
means of ontologies.

2.3 Uses of ontologies

Originally, ontologies are used to improve communication between either humans or
computers. Using plain text on the one hand is perfectly understandable by human
beings and therefore usable for communication in between but not for communication
between humans and computers. On the other hand, a language that is perfectly
interpretable by computers is in most cases too inaccessible for most humans. This is
why there is a need for something in between, and ontologies are the answer to this
need. Broadly, the uses of ontologies may be grouped into the following three areas:
to assist in communication between humans and agents, to achieve interoperability
of systems, or to improve the process and/or quality of engineering software systems
[36]. Applications based on these areas are discussed in [35].
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2.3.1 Communication

An ontology enables shared understanding and communication between people within
an organization or community, which often have different views onto the system or the
world. Having a ”model” of the system reduces the conceptual and terminological
confusion. Using the vocabulary described in the ontology will allow everyone to
perfectly understand what the other one is talking about in a conversation. Here, an
informal ontology may be sufficient as long as it provides unambiguous definitions for
terms used in the organization.

2.3.2 Inter-Operability

In contrast to communication between people, also computers themselves have to be
able to interact. Many applications these days address the issue of inter-operability.
Users that work with different tools have to be able to exchange their data. Appli-
cations based on domain-specific ontologies will be able to do this. To assist in the
inter-operability, an ontology can also be used to support the translation between
different languages and representations. Dimensions in the inter-operability can be
distinguished, namely the internal inter-operability in which the various systems that
require inter-operation are under control of the same organizational unit and external
inter-operability where the organization wants to insulate itself from changes of the
outside (e.g. differences in the format when a new version is released or if a new
supplier is chosen).

2.3.3 Systems engineering

Finally, ontologies are also used to support the design and development of software
systems. This can be subdivided in three parts. First, a shared understanding of the
problem at hand can assist in the specification of a software system. Ontologies facil-
itate the process of identifying requirements and may allow to understand and reason
about the system, which is very useful for the developers. Secondly, ontologies can
improve the reliability of software systems. The system can be automatically checked
against the declarative specification for its consistency. And thirdly, ontologies must
give us support in reusability. Systems often need the ability to import ontologies
that were exported by other systems and vice versa, so they must serve as reusable
and interchangeable modules.
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Figure 2.1: Kinds of ontologies: according to dependence

2.4 Classification of ontologies

Ontologies can be classified according to two dimensions as described in [18]. First,
their level of detail can be considered. An ontology may contain very specific concepts
from a specific domain. We usually refer to these ontologies as domain ontologies.
On the other hand we can have ontologies that only contain very general concepts
applicable in many different domains. The second dimension is the level of depen-
dence. Ontologies can be defined in a multilevel structure, more specific ontologies
depend on the concepts specified in higher-level ontologies. Figure 2.1 displays the
classification of the ontologies. We will go deeper into the different types in the next
subsections. This figure only shows three levels but it is always possible to define
more levels of abstraction. The arrows represent specialization relationships.

2.4.1 Upper level ontology

In section 2.3, ontologies have been recognized to be important mechanisms for several
tasks, such as knowledge engineering. In this section we would like to discuss one
specific type of ontology, namely upper ontologies, also called core ontologies, or
reference ontologies.

When building a library of very large ontologies about a specific domain, some
concepts are reoccurring over and over again. In the highest level of abstraction, in
the highest nodes in the hierarchy, we are dealing with very abstract terms. These
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terms do not really contribute to the knowledge of the domain itself because they
are too abstract. They are more suitable for representational purposes than for the
terms in the knowledge base itself. Hence, they may be taken away from the li-
brary and put into a ”core ontology” [37]: a very general ontology independent of a
certain application domain or problem. They are similar to domain ontologies, but
the concepts that they define are considered to be generic across many fields while
the domain ontologies describe generic knowledge, specific to a certain domain [38].
Typically, generic core ontologies define concepts like state, event, process, action,
component etc. This separation will give a high reusability to the concepts defined
in the library of domain ontologies. Many concepts that would otherwise be in the
domain ontologies, and duplicated in many other domain ontologies, are now in one
upper ontology.

In the definition of the upper ontology, the term ”domain independency” is of
great importance. Upper ontologies are independent of any domain, which allows
us to have content-neutral inter-operability. When we spoke about inter-operability
before, we were always referring to a same application domain. However, there may
also be a need to have inter-operability between different fields. If different areas of
scientific research for example need to share or exchange structured data and when
the areas do not really rely on the content of the data. In these situations an ontology
is useful since it provides rich structures for representing the form of the knowledge,
but is content-neutral. Upper level ontologies provide this possibility [9].

One of the most famous upper ontologies is the IEEE Standard Upper Ontology.
The Standard Upper Ontology (SUO) specifies the syntax and semantics of a general-
purpose upper level ontology. It is estimated to contain between 1000 and 2500 terms
plus roughly ten definitional statements for each term. The SUO plays the role of
a neutral interchange format whereby owners of existing applications will be able to
map existing data elements just once to a common ontology. This provides a degree
of inter-operability with other applications whose representations are conforming to
the SUO. This entails the SUO being able to be mapped to more restricted forms
such as XML, database schema, or object oriented schema. More information about
upper ontologies can be found at [24].

2.4.2 Lower level ontologies

Next to the upper level, which defines the general domain independent concepts, we
can distinguish two other kinds of ontologies, dependent on the upper level ontology.
These are the domain ontology and the task ontology. These kinds of ontologies
describe, more specific but still very generic, the concepts related to respectively a
particular domain or task, by specializing the concepts in the upper level ontology.

A specialization of the domain ontology and the task ontology, is being called an
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application ontology. This type of ontologies describe concepts relying on the concepts
of both the higher level ontologies. Here, the concepts are not abstract anymore but
very specific towards some kind of domain and even a particular application. In the
system, that we will describe in chapter 3, we also have a domain ontology. The
ontology there only carries this name because it describes the concepts from the
problem domain, the Virtual World the designer wants to generate.

2.5 Summary and Evaluation

Ontologies have become very popular in the last decade. They describe a set of
concepts, and the relationships among them, which results in a representational vo-
cabulary with which a knowledge-based program may represent knowledge.

Our view of an ontology is a formalism in which the user can specify a Virtual
World, as we will explain in chapter 3. In the current system it is only possible to
describe very simple Virtual Worlds containing simple objects. The purpose of this
thesis is to make it possible to describe more complex objects. But to specify more
complex objects we need to provide the designer with some predefined concepts, or
language constructs, to do so. These will be provided my means of an upper ontology.
Afterwards, the user can specify the world in terms of the general concepts provided
in our upper ontology.

However, we would like to note that our meaning of an upper ontology will differ
a bit from the one described earlier in the chapter. Our high-level ontology will
not be a high-level ontology in the strict sense of the word, defining very general
concepts independent of any application domain, but it will define concepts related
to the domain of describing complex (structures of) objects in a Virtual Environment.
The concepts will be independent of any specific Virtual World that is defined in the
domain ontology.



Chapter 3

Generating VEs from Ontologies

3.1 Introduction

Currently, a number of different ways are available to develop VR applications. Those
ways can be categorized in toolkits on the one hand, and the authoring systems on
the other hand. The approach used here to generate Virtual Worlds from knowledge
representations is very different. Virtual Environments were discussed in section 1.3.

In the conventional cases skilled people are needed to develop a VR application
because they either have to have a good knowledge of how to write programming code
in a specific Virtual Reality language or have to know how to work with the tools to
design a Virtual Environment through a user interface. In the last case it is required
to use some scripting language for specifying complex behaviour. So, in both cases,
the user has to write programming code. The new approach, which is developed at
the WISE (Web Information and Systems Engineering) lab at the Vrije Universiteit
Brussel, enables the user to generate a Virtual World from an ontology, a formal
description of the world, thus specifying the Virtual World in terms of concepts and
objects in the problem domain, very intuitive, and without the need for programming
skills or to work with complicated tools.

In this chapter we will describe the new way of creating Virtual Environments by
means of ontologies into more detail. For more information I would like to refer the
reader to [33][5]. Note however that the system described here differs a bit from the
one described in [33] because an extension was made during my apprenticeship. First,
an overview of the approach is given (section 3.2). Next, in section 3.3, the different
ontologies used by the system are explained. In the following section, section 3.4,
more information about the generation process is given and finally, section 3.5 will
briefly present the latest prototype of the system, called OntoWorld. A summary of
the chapter will be given in section 3.6.

13
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3.2 Overview of the Approach

In chapter 2 we already discussed ontologies together with their uses. In the sys-
tem described here, ontologies are used to make the development of software and
in particular, Virtual Worlds, more intuitive and thus easier. The final goal of the
research is to generate code for a Virtual World that is entirely described by means
of a specific domain ontology. In the best case, the domain ontology should contain
all information needed to complete, without interference of the user, the generation
process. The result of the generation process will be a piece of programming code for
the world that has to be generated. This programming code can then be compiled
and executed. Currently, we are still far away from that goal but we hope to reach
this ideal situation in the future.

The gap between the Domain ontology, containing the description of the world
we want to generate, and the current Virtual World is too big to be captured in one
translation step. The process is therefore broken into several phases. In a first phase
the Domain ontology is being translated into a Representable Domain ontology. This
Representable Domain ontology describes how the objects in the domain should be
represented in the Virtual World. In the next step, the result of the first step is
being translated to become a working Virtual Environment (C++ source code in the
prototype of the system). Figure 3.1 shows an overview of the complete process.
We can see that there is a separate ontology containing the instances, namely the
Instances ontology, but the instances might have been put in the Domain Ontology
as well. An elaborate description of the system of ontologies is given in the following
section.

Figure 3.1: The complete generation process

In the prototype that has been developed, the code generated for the Virtual
Environment can be executed using the Open Dynamics Engine physics engine written
by Russel Smith [30]. ODE is a free, industrial quality physics engine for simulating
articulated rigid body dynamics, like ground vehicles, legged creatures, and moving
objects in VR environments. It is fast, flexible, robust and platform independent,
with advanced joints, contact with friction, and built-in collision detection.
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3.3 The System of Ontologies

The use of ontologies provides a very powerful way to describe objects and their
relationships to other objects. In the prototype of the tool implementing this new
approach, we use the DAML+OIL language for representing the ontologies [10]. The
DAML language is being developed as an extension to the Extensible Markup Lan-
guage (XML, [6]) and the Resource Description Framework (RDF, [21]). The latest
release of the DAML+OIL language provides a rich set of constructs with which
to create ontologies and to mark-up information so that it is machine readable and
understandable.

Figure 3.2: Overview of the ontologies

An overview of the ontologies used in our system and their relationship to each
other is given in figure 3.2. A description of the ontologies is given in following
subsections. For more details on the basic ontologies we would like to refer to [33].
Again, the ontologies here differ a bit from those in the original system.

3.3.1 The DAML+OIL ontology

The DAML+OIL ontology is the ontology describing the DAML+OIL language as
specified by [10]. DAML+OIL is a collection of classes, properties, and objects that
are added to RDF and RDF-Schema. The ontology allows us to describe information
- objects and their relations with each other. It also serves as the vocabulary that
the creator of the Virtual Environments is allowed to use to describe (part of) the
universe. The complete specification of this ontology can be found on the DAML
website [11].
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3.3.2 The ODE ontology

The ODE ontology, previously called the vortex ontology, is the ontology that gives us
the description of the object types available in the ODE physics engine, including the
object types of the primitives that can be displayed using the engine, which are called
the representables. Besides these representables, the ontology also describes concepts
which are not representable, the non-representables e.g. gravity in the world, bounci-
ness of objects, etc. . . The ODE ontology is written in the DAML+OIL language as
indicated by the arrow in figure 3.2.

3.3.3 The Mapping ontology

The Mapping ontology is the ontology describing the function that maps DAML+OIL
concepts onto ODE concepts.

<daml:Class rdf:ID="ObjectRepresentation">

<rdfs:subClassOf>

<daml:Restriction daml:cardinality="1">

<daml:onProperty rdf:resource="#Source"/>

<daml:toClass rdf:resource="<<DAML.daml>>#Thing"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction daml:cardinality="1">

<daml:onProperty rdf:resource="#Target"/>

<daml:toClass rdf:resource="<<OdeOntology.daml>>#WorldConcept"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction daml:minCardinality="0">

<daml:onProperty rdf:resource="#Representation"/>

<daml:toClass rdf:resource="#AttributeRepresentation"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

In the code above, we can clearly see that the function ObjectRepresentation has a
source-object of type ”daml:Thing”. This means that every DAML+OIL concept can
be a source-object. Furthermore, the function has a target-object that has to be a
concept described in the ODE ontology. Besides the source and target, the function
also has some representation properties, each containing a representation of an at-
tribute. The function AttributeRepresentation has, like the ObjectRepresentation, a
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source and a target. This is different from the system described in [33] where the
representations of attributes were not included.

3.3.4 The Default Mapping ontology

The Default Mapping ontology is an ontology containing an instantiation of the map-
ping in the Mapping ontology and hereby defining a default mapping. The default
mapping is a kind of template mapping that is always supposed to exist and used
when no specific mapping is specified by the developer. This way, the developer does
not need to specify representations for all the objects because the system will provide
a default representation in case no representation is present. Objects for which there
isn’t any representation will be represented according to this default mapping. This
is partly to satisfy the requirement of having as less interaction as possible. But it
also allows the designer to do fast prototyping by specifying only the most important
representations and thus saving a lot of time in the specification process. In our sys-
tem, the default representation is a sphere - which is one of the primitives in the ODE
ontology. The default will only be used when there is no specific mapping defined.

3.3.5 The Domain ontology

The Domain ontology is the ontology that contains all the information that is needed
to build the Virtual Environment. It contains a set of classes, the objects, properties
and attributes, which we want to be able to visualize in the Virtual World. In contrast
with the old system, as described in [33], the classes will not be represented in the
world itself, but instances of the classes will be used for this purpose.

The following piece of DAML+OIL code defines an object Planet with one prop-
erty Color.

<daml:DatatypeProperty rdf:ID="Color">

<DefaultValue>red</DefaultValue>

</daml:DatatypeProperty>

<daml:Class rdf:ID="Planet">

<rdfs:subClassOf>

<daml:Restriction daml:cardinality="1">

<daml:onProperty rdf:resource="#Color"/>

<daml:toClass rdf:resource="<<XMLSchema>>#string"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>
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3.3.6 The Instances ontology

The Instances ontology describes all the instances of the classes in the Domain on-
tology that will actually be visualized in the Virtual Environment. The Domain
ontology with its classes defines the common properties of the instances of a class.
The Instances ontology keeps the values for the attributes of the instances.

The following code is an instance of the Planet class as shown above with one
attribute named Color.

<Planet rdf:ID="Venus">

<Color>blue</Color>

</Planet>

3.3.7 The Representable Domain ontology

The Representable Domain ontology is the ontology containing the actual mapping
from domain objects to ODE objects. It contains instances of the ObjectRepresenta-
tion class. For every class in the Domain ontology there will be a representation. If
not, the default mapping will be used (given in the Default Mapping ontology).

<RDFNsId1:ObjectRepresentation rdf:about="<<repre.daml>>#PS">

<RDFNsId1:Source rdf:resource="<<domain.daml>>#Planet"/>

<RDFNsId1:Target rdf:resource="<<OdeOntolog.daml>>#Sphere"/>

<RDFNsId1:Representation>

<RDFNsId1:AttributeRepresentation rdf:about="<<repre.daml>>#CC">

<RDFNsId1:Source rdf:resource="<<domain.daml>>#Color"/>

<RDFNsId1:Target rdf:resource="<<OdeOntology.daml>>#Color"/>

</RDFNsId1:AttributeRepresentation>

</RDFNsId1:Representation>

</RDFNsId1:ObjectRepresentation>

We can see in the code above that the instance has a source and a target containing
respectively the domain object and the ODE object to be related to each other. In
this example, all the instances of the class Planet will be represented by a sphere.
In addition, the ObjectRepresentation contains multiple Representation properties.
One for each property of the domain object. This property contains an instance of
the AttributeRepresentation class, which describes the mapping of a property in the
domain to an attribute in ODE.
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3.4 Generation Process

As was already explained in section 3.2 the generation process is decomposed into
two steps (see fig 3.1). These two steps will be explained in detail in the following
sections.

3.4.1 Step 1: Building the Representable Domain Ontology

The first step is to create a Representable Domain ontology. The Domain ontology is
used as input for this step. For every class in the Domain ontology the user is asked
for a suitable physical representation from the ODE ontology. After connecting a
class from the Domain ontology to an ODE object from the ODE ontology, the user is
asked to give representations for the attributes that are needed for the ODE object on
which the object is mapped. The needed attributes can be found in the ODE ontology.
Classes without physical representation are given the default mapping as described in
the Default Mapping ontology. The output of this step is the Representable Domain
ontology containing mappings as is described in section 3.3.

At this moment this process is still highly interactive, the designer has to define
the mappings manually. For each class created in the Domain ontology the designer
has to specify the mapping (unless he wishes to use the default representation). We
are however striving to have as less interactivity as possible.

3.4.2 Step 2: Building the Virtual World

The second step is building the actual Virtual World itself. In this step, the Instances
ontology and the Representable Domain ontology are required as input. The Instances
ontology is taken and for every instance of a class in the Domain ontology a translation
is made by means of the Representable Domain ontology. With all the instances
expressed in terms of ODE concepts we can easily build the necessary C++ code for
the Virtual World. After this step, the code can be compiled and executed.

3.5 The OntoWorld Tool

The generation process described in this chapter is implemented in a prototype tool.
A Domain ontology can be loaded after which a Representable Domain ontology
and an Instances ontology can be created, or loaded. The Virtual World can be
previewed in code format or in a simulation window and alternatively, the world can
be written to a C++ file. This C++ file will make it much easier to use the Virtual
Worlds elsewhere, or perhaps directly merging the code with other source code to
build special purpose Virtual Worlds, Games, etc. . .
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Figure 3.3 displays a screenshot of the interactive tool. The tool described here
will be the workbench into which we will implement possible solutions to the problems
introduced in chapter 1.

Figure 3.3: Screenshot of the Interactive VR Generation Tool: OntoWorld

3.6 Summary

In this chapter we presented the approach used in this thesis for developing Virtual
Reality. A high-level description of the world is translated into a working Virtual
World by means of a two step process. For this high-level description we are using an
ontology. The approach allows the user to generate Virtual Environments in a very
intuitive manner, without the need of any specific, area related, skills as it is the case
with the conventional approaches.

Earlier, the first prototype has been expanded to a class-instance based type of
system. This allows to create several instances for the same class. However, this
is not enough, the system still has to be improved further on. There is a need for
representing more advanced worlds.



Chapter 4

Part-whole Relationships

4.1 Introduction

The commonsense notion of the part-whole (part-of) relation has been studied in
many fields like philosophy, cognitive science, and artificial intelligence. In psychology,
it is a known fact that people, when describing an object they usually do this in terms
of the parts of the object. When asking someone to describe a house for example.
Most of the times we would get back an answer where a house is being defined
as an object with four walls, a roof on top of it, a door and some windows in it.
A hierarchical structure with objects having parts and those parts having parts on
their own is the most intuitive way for human beings to make a representation of
compositions of objects. Treating many objects as one object reduces complexity in
understanding.

The part-whole relations are therefore our first important aspect in describing
more complex objects in a Virtual World. In the field of philosophy, the part-of
relations are classified into seven types [23]. These different kinds of part-of relations
and hence with different meanings allows us to make a distinction in interpretation. In
the first place, these distinctions are mostly regarding to the inheritance of properties
of the whole in the parts. In the second place, we can also make distinctions with
regard to the constraints the whole imposes on the parts. This is in contrast to the
regular drawing tools in which there is no meaning attached to the part-of relation.
Something is just a part of another thing, nothing more and nothing less.

First, in section 4.2 a definition of the general part-of relation is given. This
general relation is being divided into subtypes of relations based on differences in
their meaning in section 4.3. Afterwards, in section 4.4, relations, which could be
easily confused with some of the part-whole relations are explained. In section 4.5, we
discuss that, in order to model a composition, it is not enough to just mention the kind
of relation which holds between the objects in question. Some additional relationships
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or constraints will have to be stated too. Finally, this chapter is summarized and
evaluated in section 4.6. The part-whole relations that are useful for modelling Virtual
Reality will also be identified here.

4.2 What are Part-of relations?

Theories of parthood (mereology, from the Greek word ”meros”, which means ”part”)
relations have been studied for ages. The proper-part-of relation introduced by the
Classical Extensional Mereology (CEM, [29]) is the most basic and most intuitive
mereological concept. It is a binary strict ordering relation and hence is transitive
and asymmetric on the domain. Thus, it follows that the relation is irreflexive and
antisymmetric as well. That is, nothing is part of itself (irreflexiveness), if one thing
is a proper part of another, then the second is not a proper part of the first (antisym-
metry) and if one thing is a proper part of a second thing, and this second thing is a
proper part of a third thing, then the first is a proper part of the third (transitivity).

The relation of proper part to the whole is a strict partial ordering but this does
not mean that all strict partial ordering relations are therefore part-of relations. They
also have to satisfy some additional principles:

Extensionality Two individuals are identical if and only if they have the same parts.
Two composites with all their parts in common are said to be identical.

Principle of Sum There always exists the individual composed by any two individ-
uals of the theory meaning that two different parts of an entity can be considered
together as one part, different from either component.

Supplementation If an individual x is a proper-part-of an individual y, then a
different individual z exists which is the missing part from y. So an individual
that has a proper part needs other parts in addition to supplement this one to
obtain the whole.

However, these properties and principles can be criticized. There are cases for exam-
ple, in which we use the part-of relations and where the transitivity property does
not hold. We will see this in the next section. There is also no guarantee of the exis-
tence of sum-individuals and the criterion saying that individuals having all parts in
common are identical is generally false. Therefore, some minimal requirements have
been stated by [29]. The part-of relation has to have an asymmetry in its proper
parts, transitivity in its proper parts and must be conform to a weak form of the
supplementation principle. This weak supplementation principle states that if an in-
dividual has a proper part, it has a proper part that is disjoint from the first proper
part.
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4.3 Kinds of part-whole relations

Incorporating and relying on only one general part-whole relation, to represent aggre-
gated objects or to describe the structure of composite objects, according to [39] and
as is described above, is a too restrictive way to consider physical reality. Modelling
the real world, either physically or virtually, needs more than just the ability to say
that one object is part of another object. This shortage of part-whole relations is a
known, and a many times confronted problem, in various fields where there is a need
to model artefacts like machines in engineering, buildings in architectural fields and
human beings in the biological area. It has been recognized that several different
kinds of (subtypes of) the part-of relation should be a useful resource for Virtual
Reality or 3D modelling.

In [28] an extensive argumentation is given about why there is a need to have a
more elaborate set of part-whole relations in building interactive 3D-models of human
anatomy. When modelling the gyrus, a part of the human brain, we can distinguish
the following relations:

1. gyrus x part-of gyri

2. gyrus x part-of lobus y

3. gyrus x part-of gray matter

4. gyrus x part-of visual system

All these relations have different meanings of the part-of relation. In the first some
gyrus x is defined as a part of a collection, the second says that same gyrus x is
a morphological demarked building block of lobus y, the third meaning describes
the gyrus as a portion of the gray matter and finally in the fourth relation it has
a functional meaning: gyrus x is a functional part of the visual system. We want
to stress that with the gyrus denoted by ’x’ in all four relations means that we are
dealing with one and the same gyrus involved all four relations. Thus, knowing
the exact meaning of part-whole relations is of crucial importance, especially when
inheritance or inference is involved. This is only one field that we have considered
but the arguments can be easily expressed in other fields as well.

Apart from the more intuitive argument for having different kinds of part-of rela-
tions we could also follow the algebraic path. One of the most important properties of
the part-of relation is its transitivity. We can say for example that a finger is a part
of a hand and a hand is part of the arm thus hereby saying that a finger is part of
the arm too. However, various people [23] have discovered that when modelling real
world situations this property does not always hold anymore. If we take for example
the fact that an arm is part of a musician and the musician is part of an orchestra.
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Now, is it right to infer that the arm is part of the orchestra too? This would be an
awkward thing to say. So there must be a number of different kinds of part-whole
relations and using multiple kinds intermixed will not keep the transitivity property
valid, the transitive property only holds when the same kind of part-whole relation
is used throughout the premises.

These subrelations of the general part-of relation are subject of many investi-
gation and discussions and still there are some open questions [27]. What is the
interrelationship between these part-whole relations; is there some kind of hierarchy
or are they all independent from each other? How do they interact with each other
if one is used in combination with the other? We have already said that when using
the same kind of relations, the transitivity property stays valid but what happens
with the existing properties when using combinations of different kinds of relations or
what happens when new properties arise? A last question is whether the collection of
relations presented is complete? Are there maybe other kinds of relations that differ
in some way from the relations already proposed in the literature?

From linguistic and cognitive studies, [23] proposed a classification of the part-
whole relations overcoming the problems as described earlier in this section. The
different ways in which parts could be composed to form a whole are divided on the
basis of three properties:

• Configurability or functionality
Some part may have a particular functional or structural relationship that re-
stricts their spatial or temporal location inside the whole.

• Homogeneity
Homogeneous parts are the same kind of things as their wholes while non-
homogeneous parts are different from their wholes.

• Separability
Separable (variant) parts are parts that can be separated from the whole while
inseparable (invariant) parts can not.

Combinations of these properties will lead to seven different kinds of part-whole re-
lations, which will be discussed next. Medical fields, like we have already mentioned
above, where knowledge based applications are extensively used, have made more
elaborate sets of part-whole relations specifically for their domain as is described
in [1]. Here, we will restrict ourselves to the seven basic composition relations as
described by [25][3][23].

4.3.1 Component-integral object

A component-integral object relation is the most common form of composition rela-
tion. The whole or the integral object is composed of component parts, which are
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objects in their own right. The components have a particular relationship to one
another and to the whole. They can be removed from the integral object (e.g. wheels
are part of a car, scenes are part of a film).

4.3.2 Material-object

The material-object relation or stuff-object relation is a kind of component-integral
object relation with the difference that in this kind of relation the parts can not be
removed from the whole because the relationship between the part and the whole is
not really known. These relations thus define what objects are made of (e.g. a car is
partly iron, bread is partly flour).

4.3.3 Portion-object

The portion-object (portion-mass) relation differs from the first two relations above
in the fact that here the parts are the same kind of thing as the whole when in the
above relation they were different from each other and the whole. This similarity
allows us to inherit many more properties of the whole than with the above relations
(e.g. this slice is part of a pie, a meter is part of a kilometre).

4.3.4 Place-area

In the portion-object relationship, the various similar pieces, or pieces of the same
kind, of the whole could be removed but in the place-area relationship the places can
not be removed from the area they are part of. It is usually defined between geographic
places and particular locations within them (e.g. Belgium is part of Europe, a peak
is part of a mountain).

4.3.5 Member-bunch

All the relations above had some kind of structural or functional requirement on
the parts in between or inside the whole. When we drop this requirement, the only
requirement that is left is the fact that a part has to be a member of some kind of
collection and hence should not be confused with the regular classification relationship
(e.g. an employee is part of a union but is not a union on its own, a tree is part of a
forest but one tree is not a forest).

4.3.6 Member-partnership

Members in a partnership are a bit more restricted than just members in a bunch
in the fact that the member-partnership relation is an invariant form, the members
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can not be removed from the partnership without destroying the partnership itself, so
like a component the member plays a functional role and is not separable (e.g. Stan
Laurel is part of Laurel and Hardy).

4.3.7 Feature-activity

A last type of relations is indicated by the use of ”part” to designate the features or
phases of activities and processes. This relation is similar to the component-integral
relation. In the same way as integral objects are made up of components, complex
activities are structured by combining subactivities. The part plays a functional role
in the whole and can not be detached from it (e.g. Dating is part of adolescence).

4.4 Non-compositional relations

Besides the basic composition relations we discussed above there are also a number
of relations which could also in some way be interpreted as part-of relations [25].

4.4.1 Classification

The extension of a concept is defined as the set of objects to which the concept
applies. If we have an instance of an object like a book for example we can say
that the instance is part of the set of objects to which the book concept applies. So
in this case we could confuse the classification relationship with the member-bunch
relationship. This class-instance structure has been added to the system as part of
my apprenticeship as was explained in chapter 3.

4.4.2 Attribution

The attributes of an object (instance of an object) could also be confused with some
kind of composition relation because the object is actually composed of different
properties that represent all the knowledge we know about an object. For example,
the height and weight of the book can be considered as part of the properties of
the book in question. However, the properties are not components of the object
itself but it does give us the ability to create more complex objects, an increase in
properties will increase the complexity of the object. Adding this was also a part of
my apprenticeship as explained in chapter 3.
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4.4.3 Attachment

Finally, we will consider the attachment relations. When two objects are attached to
each other it could mean that the one object is a part of the other, but this relation
does not always hold. If a phonebook is attached to the phone booth with some kind
of string it does not mean that the phonebook is a real part of the phone booth.
Therefore, the attachment relations describe another kind of complexity of objects as
the one that was explained in the introduction.

4.5 Vertical and Horizontal relationships

To clearly model complex objects as a composition of various parts it is not enough to
just describe their structure by means of the composition relations we just mentioned.
We should somehow also be able to express how this whole is related to the parts and
how the parts are composed together to form the whole. In [3] there were two kinds
of relations that can be distinguished:

• Vertical relationships
The vertical relations can be subdivided into two kinds of relations. The first
kind covers the dependence relations that express the dependency of the exis-
tence of the whole and the existence of the parts within the whole and also the
reverse. According to [29] a part is dependent on the whole if the former can
not exist unless the latter exists. As an example, consider the relation between
a person and its brain: if we change the brain, we cannot assume the person to
be the same any more. The second kind of vertical relations are the dependence
relations that express dependencies between the properties of the whole and the
parts and vice versa. Here we have the example that the weight of the part is
always less than the weight of the whole.

• Horizontal relationships
The integrity or wholeness of an object comes in degrees. An object is more
integrated when it is one continuous piece then when it is a collection of pieces
scattered all over. A country is more integrated when it is one piece of land
instead of several different islands. These horizontal relations, or integrity re-
lations, are the constraints between the parts that characterize the integrity of
the whole.

4.6 Summary and evaluation

In this chapter we described the part-whole relations as a way to describe the com-
position of component parts to form a whole, a complex structure. The part-whole
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relations are of great importance because they enable us to manipulate a group of
objects as if it were one object.

Figure 4.1 gives us a graphical representation of the model of the meronymic
relations described in this chapter. The part-whole relation is expressed as a ternary
relation. Two objects are related to each other by means of some kind of part-whole
relation which has a type belonging to one of the values as can be seen in the figure.

Figure 4.1: Graphical representation of the model for the part-whole relations

However, from the different kinds of part-whole relations, not all are of equal
concern for our purpose. Making some differences in part-whole relations infers dif-
ferences in the inheritance of properties in the part from the whole. This could allow
us to describe objects with the same characteristics as the other objects in the group
it belongs to. The differences in part-whole relations also create constraints on the
parts that are imposed by the whole.

The first and most general part-whole relation is the component-integral relation.
This kind of relation will be used to describe compound objects in the Virtual World.
Compound objects being one of the most frequent structures in real life makes this
kind of relation a very useful one. The material-object relation does not really con-
tribute to the hierarchical structuring of the Virtual World. Maybe in later phases
this kind of relation will become more important. Instead of using the material-object
relation, attributes will be used for this. Both the portion-object and the place-area
relations are relations for describing compound objects but they are not used as much
as the component-integral relation. However, they are also useful in some cases. The
portion-object relation is useful for describing pieces of an object that was once one
whole object. The pieces are separable from the whole. The place-area relation will
be used a lot to define specific locations inside the Virtual World, or part of the
Virtual World. The member-bunch and the member-partnership relations are very
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important relations. These will be used to define collections of different objects that
are not attached to each other. The difference between the two relations is that
with the member-bunch relation the parts can be separated from the whole and with
the member-partnership relation they can not. The last relation, the feature-activity
relations will not have much use. There is no need for concepts like ”features” or
”phases” or ”processes” when defining a Virtual Environment, they are not useful to
serve as a hierarchical structuring mechanism.

The dependency relations and integrity relations are for the moment a bit far
fetched for describing complex objects. It is more like a philosophical question. For
example, is it still the same object if I tear down one part from it? These kinds of
relations are not having much effect on describing a static world but in later stages,
when the worlds are becoming dynamic, they could have some importance.



Chapter 5

Spatial Relationships

5.1 Introduction

The physical world is made up of objects, each with a well-defined shape and a
position in space. People construct some kind of mental model in order to talk
about the objects and their relations in the world. This is done by means of spatial
prepositions (relations). The semantics of spatial relationships have been intensively
studied in all the disciplines of cognitive science, linguistics and even AI. In the latter,
the major fields were spatial reasoning, image understanding and language processing.
The fundamentals of the spatial relations, and the spatial prepositions in particular,
are described in [20].

The spatial relations play an important role in connecting visual and verbal space.
For a human being to be able to reason about space or even to let robots or mo-
bile agents reason about space [31]. In contrast to the numerical approaches (e.g.
CAD/CAM) where all the objects are placed on an exact location in the environ-
ment, the spatial relations provide us the intuitive way we are looking for.

First, we will give a definition of a spatial relation in section 5.2. The class of
spatial relations distinguishes between distance, orientation and direction by means of
respectively topological, orientation and directional relations as will be seen in section
5.3. The orientation relations and directional relations require an additional reference
frame to be able to unambiguously specify the correct location of the primary object
from the location of the reference object. This is discussed in section 5.4. Next,
a graphical representation of the model of a spatial relation is given in section 5.5
together with a summary and an evaluation.

30
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5.2 What are spatial relations?

First, we will restrict ourselves to the general case of a spatial relation. Spatial
relations can be defined by specifying conditions between objects such as the distance
or the relative position. In this sense, the spatial relations characterize a class of
relations denoting object configurations. Strictly speaking, they represent relations
between spatial entities. Special purpose spatial relations will be discussed in the
following sections where the relations will be categorized.

A spatial relation is an n-ary relation, a ternary at least. In order to establish
a spatial relation, we first of all need a located object (LO), also called the primary
object. This is the object we want to localize with respect to one or more other
objects, different from the first. These are often called the reference objects (REFO).
At least we need one reference object but there could be more of them in special
relations (e.g. for the ”between” relation, where some object is in between two or
more objects). We also need the type of relation that gives it a specific meaning,
apart from just being related. Types of relations will be discussed in the next section.
Another thing that has to be specified, is the reference frame. We will see more about
reference frames in section 5.4.

5.3 Categorisation

5.3.1 Topological relations

Figure 5.1: Topological relations

Topology is one of the fundamental aspects of space. A binary topological rela-
tion between two regions embedded in a three-dimensional space is based upon the
comparison of one regions’ interior, boundary and exterior with the other regions’
interior, boundary and exterior. In other words, these are relations that describe
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neighbourhood and incidence. See figure 5.1 for an overview of the basic topological
relations [26]. Many approaches have been developed that describe the topological
relation. The Region Connection Calculus (RCC) defines a formalism to capture
spatial relationships based upon binary topological relations between spatial objects
[8]. A set of eight jointly exhaustive and pair wise disjoint base relations has been
created. This calculus is also called the RCC-8 calculus. An alternative approach is
the n-intersections approach [8]. In most n-intersections calculi, three sets of points
are associated with every region, interior, boundary and complement. Afterwards,
the relationship between two regions can be characterized by a 3x3 matrix, each of
whose elements denotes whether the intersection of the corresponding sets from each
region are empty or not. This model is also called the 9-intersection model.

5.3.2 Orientation relations

Figure 5.2: Orientation relations

By orientation we mean that the objects are placed relative to one another. The
relations considered here are in front of, behind, left, right. Others are above and
below (see figure 5.2). If there is a need to have more specific relations, the basic
orientation relations can be combined to form other relations. The left, behind and
above relations could be combined for example to form the left-behind-above relation.
This relation will describe an object that would be positioned ”left” and ”behind”
and ”above” another object. There is one relation not mentioned before, and that is
not displayed on the figure, namely the between relation. This relation describes an
object that is positioned ”between” two other objects. The between relation needs
multiple reference objects. Unlike the topological relations, orientation relations are
not binary relations. When people talk about two (or more) objects in the space they
automatically use some kind of reference frame to do this. This is needed to infer
the correct position of the primary object. A primary object can be on the ”left”
of the reference object for one person but it can be on the ”right” of the reference
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object for another person. This person would then be standing on the other side of
the object facing the first person. For yet another third person, the primary object
could be ”behind” the reference object. Therefore, using some kind of reference point
and reference direction from which the objects are seen is needed to clear out these
problems.

5.3.3 Directional relations

Figure 5.3: Directional relations

Geographic Information Systems, and geography and cartography in general, deal
with large-scale space, space whose structure is at a significantly larger scale than the
observations available at an instant [15]. Directional relations by means of cardinal
directions (north, south, west, east, north-east, north-west, south-west, south-east), as
can be seen in figure 5.3, are usually used for this purpose although some cultures use
these absolute relations in every day life. The cardinal directions can be represented
in the same way as the orientation relations. The difference with the orientation
relations is that all the directional relations rely on one single reference direction for
the entire space. The cardinal directions are then defined as some kind of landmarks,
with a global reference frame, defined by the movement of the sun [7]. When people
talk about objects in the space using the directional relations, we will not encounter
the same problems as with the orientation relations. No matter from which viewpoint
the objects are seen, the relations between the objects will remain the same.

5.4 Reference Systems

If there is a need to relate multiple objects to each other by means of spatial relations
not only the objects involved and the relation itself have to be made explicit but also
the reference frame has to be given in order to be able to locate an object in relation
to the other objects. There has been extensive empirical research in the cognitive
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linguistics area exploring different reference systems used to describe spatial situations
across different cultures. After having given the definition of a spatial reference frame,
the kinds of reference systems are classified. The reference systems can be divided
around two properties. The first property is their viewpoint as described by [7] and
[16]. The second property is their use in the system as formulated in [31][2].

5.4.1 Definition of a Reference Frame

One way to think about frames of reference is to attach a three-dimensional coordinate
system to the object we are talking about. This coordinate system can be derived
from the properties of the object itself (e.g. a car has a specific front, left, top,. . . ).
We are then able to define the x-axis as the left-right axis of the object. The negative
region represents the left of the object while the positive region represents its right.
Doing the same with the y-axis describing the front and back of the object and the z-
axis describing the above and below region of the object. We now have full capability
of defining every object relative to the object that has been given the reference frame.

It is generally observed that people are capable of transforming their perception
of space into the perception of space from a different point. This is called talking
in perspective. It is fundamental to understand other people’s description of space
from their perspective. Thus, humans sometimes tend to refer to locations of objects
in some other kind of reference frame. This frame of reference is always specified
by three characteristics in order to be able to specify the axes system: an origin, an
orientation and a handedness. We first have the origin of the coordinate system that
can be either a point within the object itself or a point outside the object. In our case,
the origin will mostly be the position of the speaker, the one who is talking about
the object. The orientation of the coordinate system that is given by the direction to
which the speaker is looking at. Knowing the front of the speaker, we already have
one axis of the reference frame. The second axis has to be specified by determining
the left and right of the speaker. The handedness of the coordinate system describes
in what way both axes (front-back and left-right) are related to each other. This can
be either a left-handed system which anti-clockwise follows: front, left, back, right,
front or a right-handed system which anti-clockwise follows: front, right, back, front
(see figure 5.4). In the right side of the figure we can see a right-handed axes system,
on the left we can see a left-handed coordinate system. We now know the second
axis of the references frame. The third axis can be found using the following rule of
thumb. When you hold your right hand so that the fingers curl from the positive
x-axis towards the positive y-axes, your thumb points along the positive z-axis. This
rule can be done in the same way for the left-handed system.

To clearly understand a spatial relation all three above characteristics are needed
although all of them can be replaced by default values. The origin could be, for
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Figure 5.4: Handedness of the Reference Frame

example, the centre of the reference object. The orientation could also be taken from
the object itself and the handedness may be replaced by the conventional right-handed
system.

5.4.2 Classification based on viewpoint

Relative Reference Systems

The first type of system determines reference by dividing the world into regions that
are extensions from the body of the speaker (see figure 5.5). These regions necessarily
shift as the speaker shifts the alignment or location of his or her body. That is, they
are perspective dependent. The system is invariant under translation or rotation
of the full configuration (speaker, ground, and figure), but not under rotation or
translation of either speaker or ground. This has to be taken into account when
reasoning about the spatial environment. Such systems are called speaker-relative or
just relative reference systems.

Absolute Reference Systems

The second type of reference system is an absolute or perspective independent system
of spatial reference. There are many different types of absolute systems which all
describe the relationship of two locations in such a way that the position of the
speaker and hearer are irrelevant (see figure 5.6). The system will not be rotated
with a rotation of the front of the reference object as is the case with the relative
system. They are however not invariant under rotation of the whole configuration (the
figure and the ground). The absolute systems make reference to commonly agreed
upon directions, which will always remain constant throughout the world commonly
encountered by the speakers making spatial reasoning much easier.
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Figure 5.5: Relative reference model

5.4.3 Classification based on use

Intrinsic reference frame

The orientation is given by an inherent property of the reference object. An inherent
property of an object can be given by perceptual organs (of humans and animals),
by the characteristic direction of use or movement (e.g. the front of a car) and by
functional properties (e.g. of the two goals in the soccer domain).

Extrinsic reference frame

The orientation is determined by the position of a possible imaginary observer, i.e.,
it is given by contextual factors, such as the accessibility of the reference objects or
objects in its vicinity (e.g., ”Looking through the window, the red box is behind the
black box”, or the actual direction of movement of a vehicle).

Deictic reference frame

In the extrinsic case, the observer is spatially separated from the speaker. When the
observer and the speaker are one and the same, they are spatially in the same place,
we say the reference frame is deictic (e.g. ”From my point of view, the red box is
behind the black box”).
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Figure 5.6: Absolute reference model

5.5 Summary and evaluation

In this chapter we discussed the spatial relations. The spatial relations enable us
to intuitively describe a spatial situation, a world consisting of objects that are not
connected to each other.

In figure 5.7, a graphical representation of the model for the spatial relations is
given. We can see that the spatial relation is an n-ary relationship. It needs a primary
object, the one that has to be located, a number of reference objects used for locating
the primary object and the type of relationship. We can define three rules here:

rule 1 each Topological relation is a spatial relation with type disjointWith, overlap-
With, meetWith, equalWith, coveredBy, containedIn or insideOf.

rule 2 each Direction relation is a spatial relation with type northOf, southOf, up,
down, westOf or eastOf.

rule 3 each Orientational relation is a spatial relation with type infrontOf, backOf,
belowOf, aboveOf, leftOf or rightOf.

First we discussed the topological relations, the relations that speak about the
neighbourhood and incidence of an object with respect to another object. A pitfall in
the topological relations area is the fact that they are much more useful for modelling
in 2D and in lesser form in 3D. However, we can expand the topological relations to
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Figure 5.7: Formal representation of the model of spatial relations

be useful for 3D. Then, an object could be disjoint from another object meaning that
the object is completely outside another object. The reverse relation, inside, describes
an object being positioned inside another object. A second disadvantage is that the
topological relations are widely used in qualitative spatial reasoning, so reasoning
about already existing worlds, but are far too abstract to use in the construction
of complex Virtual Environments (what we are trying to accomplish). A relation
”Object A is disjoint with object B” would not make sense when building a world
but could be useful as a constraint on objects A and B. However one topological
relation could be useful for incorporating into the system, namely touches in which
two objects have one point or plane in common. In combination with orientation or
directional relations we could derive an exact location. The other topological relations
that are not really useful for building Virtual Worlds could be used as constraints on
the objects in the Virtual Environment.

Next the orientation relations with in front of, behind, left, right, above, below and
the directional relations with north, south, west, east, up, down are the most important
ones discussed. For the purpose of our system it is not really necessary to make a finer
distinction then stated here when talking about the orientation relations respectively
directional relations. A more precise localization can be given by combining multiple
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relations with each other which will give us all the expressive power we need for the
purpose of the system without much extra need for computational power because
most of the time combinations of not more than three relations are used, one for each
direction. Combining multiple relations of the same direction with each other would
make no sense.

We would like to note that the above relations delimit a region of space relative
to the object itself. This is good to infer the location of an object relative to one
another when reasoning about the world but it is not when planning to build the
world. Therefore we have to make a simplification and presuppose that with e.g.
in front of we actually mean on one line, following the front direction. Similar
simplifications are needed for all the relations described above. It will be a rather
big restriction on the possibility on placing an object relative to another, but with
combinations of the relations we can come to a number of locations that will satisfy
our need in fast prototyping a Virtual Environment.

We also discussed different kinds of reference frames in this chapter. However,
we are not yet able to make use of all these reference systems. For now, the objects
we are able to visualize in the Virtual World are primitive geometrical objects (e.g.
a sphere, a box, a cylinder,. . . ). These objects do not have properties, like a front
for example, from which we can derive a reference frame. Therefore, the relative
references systems can not be used in our system. The absolute reference systems do
not have these kinds of problems and can therefore be used for our purpose.
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Solution

6.1 Introduction

So far, we have introduced the different kinds of relations we would like to use in
our system to model Virtual Worlds by means of ontologies. To be able to generate
code from the specifications using these relations, we need to give them a precise
definition (i.e. define their semantics). For defining composed or complex objects,
we need to have explicit definitions of the part-whole relations. To be able to specify
the location of objects relative to other objects we also need exact definitions of the
spatial relations. These definitions are given in this chapter.

This is done in the same order as we have introduced them. First, we will give
the definitions of the different part-whole relations (section 6.2). A definition of a
reference frame is given in section 6.3. The orientation relations, directional relations
and the topological relations are defined respectively in section 6.4, 6.5 and 6.6. Af-
terwards, these definitions are moulded into an upper ontology. This upper ontology
is discussed in section 6.7. Next, a summary of this chapter is given in section 6.8.

6.2 Part-whole relations

In chapter 4 we discussed the part-whole relations. Section 4.3 described the subtypes
of the general part-whole relation. These subtypes were made on the basis of the
characteristics of the relation. Each of the part-whole relations have some differences,
or in other words, each is identified by a combination of several properties. For
defining the part-whole relations we will use a theory of semantic relations called the
Relation Element Theory [23]. This theory says that each relationship (or relation)
may be regarded as a composition of a set of simpler relation elements. Relations are
no longer viewed as unanalyzable primitives, but as the set of relational properties

40
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that distinguish them.

Definitions

1. xRy → (Ea...En)
2. xRy → (E1(E2))

The first definition defines a semantic relation (R) between two concepts (x and y) as a
complex structure composed of one or more primitive relation elements (Ea,. . . ,En).
The relations may share one or more elements and the greater the proportion of
elements two relations have in common, the more similar they are. The relation
elements may also be hierarchically organized in such a way that one dependent
element (E2) can only occur when another independent element (E1) is present, as is
given by the second definition. This is what we need to define the part-whole relations
because each part-whole relation is a composition of properties.

With the two definitions above we are able to construct the definitions for the part-
whole relations we discussed in chapter 4. The central idea of the part-whole relations
is a connection of the whole and its parts. This connection differs in three ways,
on whether the part is functional, homogeneous, and separable. Variations in these
elements are responsible for the different types of part-whole relations. Expressing
the first part-whole relation, the component-integral relation, would result in the
following definition.

Definition

xCIy → (Connection, (Functional,Nonhomogeneous, Separable))

As we have seen in section 4.3, the component-integral (CI) relation was described
as a relation that has parts that support a functional role with respect to the whole.
The parts are not similar to the other parts or to the whole and they are separable
from the whole (see table 6.1).

Table 6.1 describes all the five types of part-whole relations that we said to be
important for modelling Virtual Environments. Each type is given together with its
relation elements. These elements match the description of the relations we have
given in section 4.3. The Functional column in the table means that the parts in the
relations play a functional role (+) with respect to the whole or not (-). The Homo-
geneous column tells us whether the parts are homogeneous (+) or not homogeneous
(-) to each other and to the whole. Whether the parts can be separated (+) or can
not be separated (-) from the whole is given in the Separable column.
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Relation Relation Elements
Functional Homogeneous Separable

Component-Integral + - +
Portion-object + + +
Place-area + + -
Member-bunch - - +
Member-partnership - - -

Table 6.1: Part-whole Relations with their characteristics

With these relation elements we can now build the definitions of all the part-whole
relations in a similar way as we did for the component-integral relation above. Due
to the similarity we will not explicitly write down the definitions of the remaining
part-whole relations.

6.3 Reference Frame

An object’s location may be given in function of, or relative to, some other object,
called the reference object. A chair for example could be ”before” a desk. In this
example the desk plays the task of reference object. The object we want to localize
is the chair. In another example we could say that the chair is ”before” someone
standing inside the Virtual World. In this case that person is used as the reference
object. For being able to derive the position of the object we want to localize, several
things are assumed to be known. First of all, we need to know the place or location of
the reference object. Next, we need an understanding of the concept direction (what
is north, east, before, right-of, . . . ). Finally we need some kind of unit measure to
express the distance between two objects. Besides the reference object, the reference
frame will provide all the information we need to derive the location of the primary
object from the location of the reference object.

We will now give a formal definition of a reference frame. For this we use mathe-
matics (see figure 6.1). A reference frame always has a point called the origin. Besides
the origin three other points are necessary to establish a reference frame. Notice that
these four points have to be in such a position that they form three planes that inter-
sect each other in three lines. One line will be labelled the X-axis; another one the
Y-axis and the last one, the Z-axis. Next to this, we need unit measures. These will
be expressed in terms of basic vectors or unit vectors along all three axes [32]. These
unit vectors have a length and a direction representing respectively the unit measure
and basic directions.

In the following three sections, a coordinate system will be designated by a symbol
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Figure 6.1: Euclidian Reference Frame

F with a subscript for the intended name of the reference system. Axes are labelled
X, Y and Z with the appropriate subscript. The unit vectors along X, Y, and Z will
be denoted by i, j and k respectively. They are directed line segments from the origin
to the points (1,0,0),(0,1,0) and (0,0,1) respectively. After we have assigned the basic
directions to the axes of the coordinate system we are able to define the relations.

Sections 6.4, 6.5 and 6.6 gives the definitions of respectively the orientation re-
lations, the directional relations and the topological relations. Table 6.2 gives an
overview of the reference frames we will define in those sections. For the orientation
relations we will define a reference system named ”Fundamental Reference Frame”.
The directional relations will be defined in a reference system named ”Global Refer-
ence Frame”. Both reference frames are absolute reference frames. As we have said
in chapter 5, we can not yet use the relative reference systems because the objects we
are able to visualize in the Virtual Environment do not have intrinsic properties like
a front, a left,. . . . The difference between both reference frames we will define, is that
the one is defined inside the other. The ”Fundamental Reference Frame” serves as a
kind of universal reference frame. A reference system that represents the universal
coordinate system of the world. The ”Global Reference Frame” is defined inside the
universal ”Fundamental Reference Frame”. The topological relations are independent
of any reference system as we will see later. We will not have to define a reference
frame for this kind of relations.

6.4 Orientation Relations

6.4.1 Fundamental Reference Frame

When people are describing a world or scene they mostly do so from a kind of virtual
view-point from which they can overlook the entire scene. Therefore, this viewpoint
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Relation Reference Frame Type

Orientation Fundamental reference frame Absolute reference frame
Directional Global reference frame Absolute reference frame
Topological *** ***

Table 6.2: Reference frames for the different spatial relations

is outside the world described. This is a ”naive” [20] view, in the sense that it appeals
only to a common sense conception of space and objects. This is actually an objective
or a ’viewpoint-independent’ view of the world. It is not a view of how things might
appear to someone standing inside the world, but it is a view of how things appear to
someone standing outside the world (an external observer). This observer can look to
the world, which is extended in all directions, with an ”all-seeing” eye as illustrated
in figure 6.2. In this view, space is three-dimensional, isotropic and Euclidean. The
space has a universal reference frame, one that is used by someone outside the Virtual
World and who can see this Virtual World entirely at once. In the remains of this
work we will call this reference frame the Fundamental Reference Frame, denoted by
FF . It is supposed to be available at all times. With this reference frame we will
associate orientation relations (before, after, right, left, above and below), which can
be used to indicate the position of objects in the world.

Figure 6.2: Fundamental Reference Frame

The left side of figure 6.2 displays the reference frame. Once we have this reference
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frame we can specify directions. In our case we will say that the basic vector iF
which runs along the X-axis represents the before direction. The right direction will
be connected to the vector jF (along the Y-axis). The above direction runs parallel
with the Z-axis and is described by the kF vector. The reverse vectors represent the
after, left and below directions respectively. These assignments are just a matter of
personal taste. We could as well have made another choice.

6.4.2 Definitions of the basic relations

Since we have the reference frame we have all we need to be able to define the orien-
tation relations. Expressing the relations in terms of the unit vectors corresponding
to the basic directions is now an easy and straightforward job to do.

We will start with the Before relation. Take figure 6.2 as an example situation.
Here, the capped cylinder is said to be ”before” the cube. In general, an object A
is ”before” another object B when it has a larger x-value. So drawing a half-line
beginning at the position of object B and in the before direction would describe all
possibilities of an object A being ”before” object B. Or in other words, when object
A is positioned on that line we could say it is ”before” object B. In mathematics we
would write the following.

Definition

Before(A, B, d, FF )
m

A = B + (diF + 0jF + 0kF ) with d ∈ IR+
0 and A, B ∈ IR3

The ”+”-operator here is specified as the algebraic addition of vectors in space.
In other words, we could say that the position vector A, representing the position in
which object A is located, is given by the addition of the position vector B, describing
the location of object B, and the vector corresponding with the direction of the
relation. The parameter d, which has been given as an argument to the Before
predicate describes the distance between the reference object and the object which
has to be located. This parameter gives us the length of the vector we have to add to
the position vector B to become position vector A. In the definition above, A would
be at a distance of d before B. The ”+”-operator and the parameter d have in all of
the following definitions the same functionality.

We would like to remind the reader that before does not necessarily mean in
front of. When we say that object A is ”before” object B does not infer that the
object A is ”in front of” object B. The ”front” of the object B could be in some
other direction. In this example, object A that is ”before” object B for the modeller
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could be ”behind”, ”right”, ”above”, . . . of object B for the object B itself since we
do not know its orientation. So, for the moment we will not be concerned with the
possible orientation of the reference object. This will also be the case for the following
definitions except when explicitly stated.

We now proceed with the RightOf relation. Figure 6.2 illustrates clearly that the
cone is ”right-of” the cube. When we generalize this we can say that an object A is
”right-of” another object B when it has a larger y-value. Again, drawing a half-line
beginning at the position of object B in the right direction, object A is ”right-of”
object B when it is somewhere on that line. In figure 6.2 we could say that the cone
is ”right-of” the centre cube. This results into the next definition.
Definition

RightOf(A, B, d, FF )
m

A = B + (0iF + djF + 0kF ) with d ∈ IR+
0 and A, B ∈ IR3

In the third dimension we have the Above relation. In figure 6.2 again we can
see that the cylinder in the middle is above the cube. A definition of the Above
relation would state that an object A is somewhere ”above” object B when its position
coincides with a point on the half-line parallel with the above direction and with the
position of object B as end point. We can see this relation displayed in figure 6.2
where the cylinder is ”above” the cube. Translating this relation so it is written in
terms of vectors we get the following definition.
Definition

Above(A, B, d, FF )
m

A = B + (0iF + 0jF + dkF ) with d ∈ IR+
0 and A, B ∈ IR3

The definitions of the remaining orientation relations are described in table 6.3.
The first three After, LeftOf and Below are the inverses of the relations we have seen
above. When object A is Before object B, the reverse is also true, object B is After
object A. The same connection holds between the LeftOf and the RightOf relations.
The fourth, the MiddleOf relation is a bit different. The function MiddleOf takes
two known locations, the ones of object B and C, as input and results in the location
of object A as output. Object A is situated ”in-the-middle-of” object B and C. The
distance from object B to A is the same as the distance from object C to A.

6.4.3 Combination of the basic relations

The orientation relations described in previous section are only the basic orientation
relations. Sometimes it is needed to be able to specify spatial relations in more detail.
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Relation Definition

After(A, B, d, FF ) A = B + (−diF + 0jF + 0kF ) with d ∈ IR+
0 and A, B ∈ IR3

LeftOf(A, B, d, FF ) A = B + (0iF − djF + 0kF ) with d ∈ IR+
0 and A, B ∈ IR3

Below(A, B, d, FF ) A = B + (0iF + 0jF − dkF ) with d ∈ IR+
0 and A, B ∈ IR3

MiddleOf(A, B, C, FF ) A = 1
2
(B + C) with A, B and C ∈ IR3

Table 6.3: Definitions of Orientation Relations

An object might not be just ”after” another object, or just ”right-of” another object
but a little in between. The object would be ”right-of” and ”after” another object. To
do this, we can combine several basic relations into more detailed relations. Combin-
ing the After relation with the RightOf relation results in a relation Right-After-Of.
Putting this relations in a phrase would mean that the object would be ”right-after”
(right and after) another object. As another example with three relations we could
say that an object is ”before-left-above-of” another object by combining the Before,
the LeftOf and Above relation. This means that the object would be positioned ”be-
fore”, ”left” and ”above” another object. Putting two relations together which are
the same would have no result and thus would not be of any use.

In math, the aspect of combining the basic relations only requires us to add up
the unit vectors involved in the new relation to become a vector representing the
direction of the relation. Afterwards, this vector has to be normalized to become the
unit vector representing the direction of the relation. The mathematical definitions
of the different combinations of orientation relations will not be discussed here.

6.5 Directional Relations

6.5.1 Global Reference Frame

When talking about objects far away from us, we usually tend to use another kind
of reference frame, namely a reference frame that is independent of the orientation
of someone standing inside the Virtual World. No matter from which view-point
the modeller would look at the world, the reference frame will not change. This
reference frame is inside the world. It is similar to laying a compass on a map of the
world. No matter where we would lay the compass, it would always point to the same
directions. Relations between places on the map can be specified using the directions
pointed out by the compass. For example, an object A is ”north-of” another object B.
So, here, the compass provides the reference frame. This reference frame is called the
Global Reference Frame and is an absolute reference system as we have seen in section
5.4. With this Global Reference Frame we will associate directional relations (north,
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south, east, west, up and down), which can also be used to indicate the position of
objects in the world. We said earlier that a reference frame should have an origin,
and three axes denoting the directions. The Global Reference Frame does not need
all these properties. It does not have an explicit origin. Giving an object a position
in terms of this reference frame makes no sense. Only the directions and how they are
oriented relative to the Fundamental Reference Frame are important for calculating
the correct location of the primary object on the basis of the reference object. Thus,
we would only use the directions the needle of the compass points to.

Figure 6.3: Global Reference Frame

In figure 6.3, a Global Reference Frame is given besides the Fundamental Reference
Frame discussed above. The direction from which we view the Virtual World is again
given by the arrow. This Global Reference Frame is drawn inside the world as can
be seen in the figure. We will say that the vector iG, which runs along the N-axis,
represents the north-side. The vector jG, which is parallel with the E-axis, represents
the east-side. The vector kG in the direction of the U-axis, represents the up-side. The
reverse vectors are connected to the south-, west- and down-side respectively. This
again is a personal choosing. These unit vectors will be the basis for the definitions
of the directional relations, as we will see in the next section.
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6.5.2 Definitions of the basic relations

Using the north-side direction, we can describe the possibilities an object A has in
being ”north-of” object B. In other words, if object A would be somewhere on the
line beginning at the position of object B and have the same direction as mentioned
by the north direction, it would be ”north-of” object B. In the figure 6.3 we can see
the cylinder positioned ”north-of” the capped cylinder. Thus, in mathematical terms
the statement below holds.

Definition

NorthOf(A, B, d, FG)
m

A = B + (diG + 0jG + 0kG) with d ∈ IR+
0 and A, B ∈ IR3

Please, pay attention to the subscript carried by the unit vectors. These state that
we are working with the directions as specified by the Global Reference Frame. This
is different from the section above where we used the directions of the Fundamental
Reference Frame.

All the other directional relations can be defined in analogy with the NorthOf
relation. They will not be further discussed. An overview is given in table 6.4. We
can easily see the connection between the inverse relations NorthOf-SouthOf, EastOf-
WestOf, Up-Down. In the example situation in figure 6.3, we can see the cube is
”east-of” the capped cylinder. The capped cylinder is ”south-of” the cylinder and
the capped cylinder is ”west-of” the cube. The cone is ”up” the cube and the cube
is ”down” the cone.

Relation Definition

EastOf(A, B, d, FG) A = B + (0iG + djG + 0kG) with d ∈ IR+
0 and A, B ∈ IR3

Up(A, B, d, FG) A = B + (0iG + 0jG + dkG) with d ∈ IR+
0 and A, B ∈ IR3

SouthOf(A, B, d, FG) A = B + (−diG + 0jG + 0kG) with d ∈ IR+
0 and A, B ∈ IR3

WestOf(A, B, d, FG) A = B + (0iG − djG + 0kG) with d ∈ IR+
0 and A, B ∈ IR3

Down(A, B, d, FG) A = B + (0iG + 0jG − dkG) with d ∈ IR+
0 and A, B ∈ IR3

Table 6.4: Definitions of Directional Relations

6.5.3 Combination of the basic relations

Analogous with the orientation relations, only having six basic directional relations is
too restrictive. An object could be ”east-of” another object and ”north-of” that same
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object at the same time. In common-sense terms we will say the object is ”north-
east-of” the other object. Apart from the reference frame, which is different here, the
definitions of the combinations of directional relations are completely similar to those
of orientation relations.

6.6 Topological Relations

6.6.1 Independent of any Reference Frame

People sometimes use other relations, namely topological relations as we have seen
in section 5.3, than the directional and orientation relations to describe positions of
objects. Objects can be touching each other, two objects can be disjoint with each
other, or one object can be inside another object. Some of the topological relations
are more used in the sense of a constraint between the objects involved in the relation.
This is because they do not really describe a specific location by which we are able
to position the object on the basis of another object. If an object A is disjoint from
object B, it could be everywhere in the Virtual World as long as it does not have
any points in common with object B. In contrast to the directional relations and the
orientation relations, the topological relations are not dependent on a reference frame.

Figure 6.4: Topological Relations, independent of a reference frame
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6.6.2 Definitions of the basic relations

We first introduce some preliminary mathematical definitions, which we will use for
the definitions of the topological relations. The topological relations will be based on
the comparison of the interior, boundary and exterior of an object with the interior,
boundary and exterior of another object. Therefore, we first define the concepts
interior, boundary and exterior of an object. This has been done within the field of
the point-set topology [40][12].

We start with the boundary points. A point is on the boundary of an object if it
is not completely contained inside the object but also not completely outside. If A
is a subset of the three dimensional space (IR3), then a point x ∈ IR3 is a boundary
point of A if every neighbourhood of x contains at least one point in A and at least
one point outside A. The neighbourhood of a point x ∈ IR3 is the set of points inside
a ball with centre x and radius ε > 0.

Definition

The boundary is the set of all the boundary points of an object. The boundary
of A contains the points x with every neighbourhood (Br(x)) that contains at least
one point a in A and at least one point b in the complement of A, Ac.

Boundary(A) =
{x | ∀Br(x) (∃a(a ∈ A) ∧ ∃b(b ∈ Ac)) with a, b ∈ Br(x) and r > 0}

Definition

The interior is that portion of a region lying ”inside” a specified boundary
being the set of all interior points. Every internal point x has a neighbourhood
(Br(x)) which is contained entirely in A.

Interior(A) = {x | ∃r (r > 0 ∧Br(x) ⊂ A)}

Definition

The exterior of an object is that portion lying ”outside” a specified boundary.
The exterior of A is the set of all exterior points of the object A. In other words,
it is the set of all interior points of the complement of object A.

Exterior(A) = {x | x ∈ Interior(Ac)}
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Now, we can easily construct the topological relations in terms of the Boundary,
Interior and Exterior functions we just described. Four different topological relations
will be described in the remaining of this section: Disjoint, Touch, Inside, Equal.

An object A is said to be ”disjoint” of object B when they have no boundary points
in common, thus if the intersection of the boundary points of A with the boundary
points of B is empty. In figure 6.4, the cone and the capped cylinder on the right are
disjoint objects. Writing this as a mathematical expression results in the following
definition.

Definition

Disjoint(A, B)
m

(Boundary(A) ∩Boundary(B) = ∅) ∧ (Interior(A) ∩ Interior(B) =
∅) ∧ (Boundary(A) ∩ Interior(B) = ∅) ∧ (Interior(A) ∩Boundary(B) = ∅)

The relation, Touch says the opposite. Here, an object A ”touches” another object
B when the intersection of their boundary sets has some elements in common. Object
A shares some points of its boundary with the boundary of object B.
Definition

Touch(A, B)
m

(Boundary(A) ∩Boundary(B) 6= ∅) ∧ (Interior(A) ∩ Interior(B) =
∅) ∧ (Boundary(A) ∩ Interior(B) = ∅) ∧ (Interior(A) ∩Boundary(B) = ∅)

On the left side of figure 6.4, the small cube is against the bigger cube, they have
a set of points in common and thus are said to ”touch” each other. The same counts
for the cylinder and the big cube.

An object A is ”inside” another object B when all elements of object A are ele-
ments of the object B. In mathematics, we will get the following definition.
Definition

Inside(A, B)
m

(Interior(A) ∩ Interior(B) 6= ∅) ∧ (Boundary(A) ∩ Interior(B) 6=
∅) ∧ (Interior(A) ∩Boundary(B) = ∅)

When we look at the centre of figure 6.4 we can see the big cube, which has been
made a little transparent in order to see the little cube. About this structure we can
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say that the big cube contains the little cube and the little cube is ”inside” the big
cube.

If every point of an object A is also a point of another object B and when the
reverse, if every point of object B is also a point of object A, we can say that object A
and object B are ”equal”. In mathematics this can be expressed as in the definition
below.
Definition

Equal(A, B)
m

(Boundary(A) ∩Boundary(B) 6= ∅) ∧ (Interior(A) ∩ Interior(B) 6=
∅) ∧ (Boundary(A) ∩ Interior(B) = ∅) ∧ (Interior(A) ∩Boundary(B) = ∅)

6.7 Building the Upper Ontologies

Now that we have defined both the part-whole relations and the spatial relations we
are able to mould them into an upper ontology. We will first describe the upper
ontology that contains the language constructs for using the part-whole relations.
Afterwards we will describe the upper ontology consisting of all the structures the
user will need to define spatial relationships between objects in a Virtual Environment.
These ontologies will have to be incorporated into the system that we described in
chapter 3 to give the user the possibility to use them in their domain ontologies. To
illustrate the use of the upper ontologies, an example is given in the next chapter.

6.7.1 The Part-Whole Ontology

The first ontology describes the part-whole relations and the concepts that are needed
to define the part-whole relations. Figure 6.5 gives us the overall structure of the Part-
whole ontology. The main class is the Part-Whole Relation. This class is a subclass
of the general Relation class. The general Part-Whole Relation refers to two objects
of type Spatial Object : the ”part-object” and the ”whole-object” of which the part-
object is a part. These two properties are inherited by all the specialized part-whole
relations. So if one wants to create a specialized part-whole relation, the part-object
and the whole-object need to be given as properties of the relation on top of the other
properties defined for the specialized part-whole relation.

The five special part-whole relations we found to be important for our work,
and which we have defined earlier in this chapter, are all defined as subclasses of the
general Part-Whole Relation. All these relations are defined by means of a hierarchy of
relation elements, instances of the RelationElement class (Functional, Homogeneous,
. . . )(corresponding to our definition given in section 6.2). This is the main part of
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Figure 6.5: Part-Whole relations ontology

the Part-whole ontology. The complete specification of the Part-whole ontology can
be found in appendix A.

6.7.2 The Spatial Ontology

The second ontology describes the spatial relations. Figure 6.6 is an illustration of
the graph that represents the Spatial ontology. Only the most important concepts
are displayed here. For the entire printout of the Spatial ontology we would like to
refer the reader to appendix B. Here, the main concept in the figure is the Spatial
Relation being a subclass of the more general concept Relation. The Spatial Relation
is restricted to have at least one primary object and one or more reference objects,
which have to be instances of Spatial Object.

Three subclasses of the spatial relation class are distinguished to represent the
different kinds of spatial relations: orientation relations, directional relations and
topological relations. Each of these relations require some ”type” properties which
have to be instances of respectively an Orientation (”LeftOf”, ”Above”, ”Before”,
”MiddleOf”, . . . ), a Direction (”NorthOf”, ”EastOf”, ”Up”, . . . ) or a Topology (”Dis-
jointWith”, ”Touches”, ”Inside”, . . . ). These instances are predefined in the upper
ontology. Each relation of a certain kind can have multiple ”type” properties of the
kind corresponding with the kind of relation. This way, more specialized relations can
be built. The orientation relations and the directional relations need an additional
property (distance) that has to be a decimal value. The directional relations also
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Figure 6.6: Spatial relations ontology

need a reference frame, an instance of the ReferenceFrame class, on top of the other
properties.

6.8 Summary

In this chapter we introduced the formal definitions of the spatial relations and the
part-whole relations. All these relations are described in an upper ontology. The new
method for building Virtual Worlds from domain ontologies used at the WISE lab
can now be extended with this work. When the upper ontologies are incorporated
into the prototype system we discussed in chapter 3, the concepts defined in those
upper ontologies can be used by the developer of the Virtual Environment, the user
of the system, to describe the Virtual World in a more intuitive manner. An example
of the use of the upper ontologies will be presented in the following chapter.
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Example: A real World into a
Virtual World

In this chapter we will illustrate how to use the concepts defined in the upper on-
tologies that we have built in the previous chapter. This will be done with a real life
example. The relations between the objects in the example are expressed in terms
of the concepts defined in the upper ontologies, although, as far as this is possible.
Afterwards we will show how this example would look like once we would have com-
pleted the generation of the Virtual World. The extensions we have to make to the
OntoWorld tool to realise this are discussed in the following chapter.

Figure 7.1: Whitefish Pottery products

For the example we will take a product composition of a store. The Whitefish
Pottery is a small company specialized in handmade ceramics featuring a wide selec-
tion of vases, bowls, mugs, pots,. . . A small part of their new collection of products is
displayed in figure 7.1.
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The following pieces of DAML+OIL code represent two orientation relations. The
first one says that the beer pot on the big wooden block is RightOf the big vase in
the middle of the figure at a distance of about 10 cm. The next relation combines the
RightOf relation and the Before relation saying that the small vase is right as well as
before the big block at about 25 cm.

<Orientation-Relation rdf:ID="BeerPot-Vase">

<primary-object rdf:resource="#BeerPot"/>

<reference-object rdf:resource="#Vase"/>

<topological-type rdf:resource="#RightOf"/>

<distance>10.0</distance>

</Orientation-Relation>

<Orientation-Relation rdf:ID="Vase-LargeBlock">

<primary-object rdf:resource="#Vase"/>

<reference-object rdf:resource="#LargeBlock"/>

<orientation-type rdf:resource="#RightOf"/>

<orientation-type rdf:resource="#Before"/>

<distance>25.0</distance>

</Orientation-Relation>

Another kind of relation we have seen is the topological relation. We can constrain
the vase in the middle of the figure and the beer pot on its right to be disjoint by
setting a disjointWith relation between them. This relation would then be expressed
as follows.

<Topological-Relation rdf:ID="Vase-BeerPot">

<primary-object rdf:resource="#Vase"/>

<reference-object rdf:resource="#Beerpot"/>

<topological-type rdf:resource="#DisjointWith"/>

</Topological-Relation>

However, not all the relations can easily be expressed by means of the various
concepts we defined in the upper ontologies. Objects that need to be positioned in
finer grained angles to each other need a more exact positioning mechanism. Also (to
be able to generate the Virtual World) the first object in the Virtual World has to
be given an exact location without making use of the relations because otherwise it
may be possible that we cannot determine the location of a reference object in order
to localize the primary object. Therefore the developer is still able to place objects
at specific locations by giving the object a set of coordinates, as was the case for all
the objects in the old system. The way to place an object at specific coordinates is
shown in the following code.
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<SpatialObject rdf:ID="LargeBlock">

<Coordinate>

<x-coordinate>0.0</x-coordinate>

<y-coordinate>0.0</y-coordinate>

<z-coordinate>0.0</z-coordinate>

</Coordinate>

...

</SpatialObject>

Now, we illustrate the part-whole relations. The coffee cup in the back on the
left of the same figure belongs to the small plate underneath it. When one of them
is being moved, we want that the other one will move accordingly. Therefore we can
say that both of them are part of one ’coffee-set’. A part-of relation, the Component-
Integral relation, is suitable for doing this. The following DAML+OIL code will set
a relation between the coffee cup and the coffee-set.

<ComponentIntegral-Relation rdf:ID="CoffeeCup-CoffeeSet">

<part-object rdf:resource="#CoffeeCup"/>

<whole-object rdf:resource="#CoffeeSet"/>

</ComponentIntegral-Relation>

We may also consider all objects shown as a collection. This will allow us, later on,
in the Virtual World, to move or manipulate them as a whole. Hence, the Member-
Bunch relation is the right relation for expressing this. The soup bowl in the front of
the figure is said to be a part of the new collection by the following code.

<MemberBunch-Relation rdf:ID="Bowl-Collection">

<part-object rdf:resource="#Bowl"/>

<whole-object rdf:resource="#Collection"/>

</MemberBunch-Relation>

Figure 7.2 shows us the Virtual World that results from the generation process.
We can see that with a rather small set of relations quite complex Virtual Worlds can
be built in an intuitive way.
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Figure 7.2: The Virtual World



Chapter 8

Extensions to the OntoWorld tool

8.1 Overview

In this chapter we will describe the changes that have to be made to the OntoWorld
tool we discussed in chapter 3. The general process of the approach is almost the same
as before. The process is broken into the same phases but each phase is a bit different.
In a first phase the Domain ontology is being translated into a Representable Domain
ontology. As before, this Representable Domain ontology describes how the objects
in the domain should be represented in the Virtual World. In the next step, the
result of the first step is used to come to a working Virtual Environment. Figure 8.1
shows the overview of the generation process. These two steps have to be changed,
as we will see in the following sections. Section 8.2 will describe the new system of
ontologies. Section 8.3 will elaborate on the changes that have to be made to the
different steps of the generation process.

Figure 8.1: The complete generation process
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8.2 The Expanded System of Ontologies

An overview of the new system of ontologies and their relationship to each other is
given in figure 8.2. A detailed description of the ontologies is given in section 3.3.
The only thing in which this system is different from the old system is the inclusion of
the upper ontologies that we have defined in section 6.7. Before, the developers of the
Domain ontology and the Instances ontology could only use concepts defined in the
DAML+OIL ontology, which provided them only with the basic language constructs.
The ”class” construct was used to define an object. The ”property” construct was
used to define the properties for objects. Now, they can also use the concepts that are
defined in the upper ontologies. The Part-Whole ontology contains all the concepts
related to the part-whole relations and the Spatial ontology contains all the concepts
related to the spatial relations.

Figure 8.2: Overview of the ontologies

8.3 The New Generation Process

The first step of the generation process is to create a Representable Domain ontology.
For every class in the Domain ontology the user is asked for a suitable physical
representation. Then the user is asked to give representations for the attributes that
are needed for the ODE object on which the world object is mapped. Because the
locations of the objects are specified by concepts in the Spatial ontology there is no
need to create attribute mappings that are related to the localization of the object.
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As a result, the user has to specify less mappings and this will speed up the generation
process.

Also the second step needs some change. In this step, the Instances ontology is
taken and for every instance, a translation to C++ code is made using the information
in the Representable Domain ontology. We will now divide this step into two phases
because in addition, we have to derive the locations of the objects by means of the
spatial relations in the Instances ontology. The remaining attributes are retrieved in
the same way as before. Due to the part-whole relations also the connections between
the objects have to be set. Before we can do all this, some checking is needed to see
whether all the relations that are specified between the objects are consistent.

8.3.1 Consistency Checking

One thing that we have to take into account is the fact that, when the developer
is building a large Virtual Environment with many relations, mistakes may occur.
The part-whole relations are subject to some properties. For example, there have to
be several disjoint objects to form a whole or one object can not be a part of itself.
Furthermore, if one object is a part of another, different from the first, then the second
can not be a part of the first anymore. The user could violate these properties so we
need some sort of notification when this happens. The spatial relations can also raise
errors. E.g. if an object is given a location using different specifications, then these
locations should be consistent. An algorithm has to be implemented that can report
inconsistencies or ambiguities in the specification of the Virtual World, so the user
can resolve them.

8.3.2 Virtual World Generation

The actual generation of the Virtual World is the most important step. In the old
system this was a rather easy step because all the information needed to generate the
Virtual World was explicit. Now, we have to make additional calculations to derive
part of the data. The new generation process can be divided into two steps. First
an algorithm has to be implemented that will generate a list of C++ objects corre-
sponding to the instances in the Instances ontology. This will be the most difficult
step in the process. In the second step, the actual code is generated by means of the
list of C++ objects. The result will be an Object-Oriented program representing the
Virtual Environment, which can be executed afterwards. The following subsections
will discuss the two steps in more detail.
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Object Generation

This step will take the Instances ontology and the Representable Domain ontology
as input and produces a list of C++ objects as output. On the one hand we have
the primitive objects. The objects that are actually instantiations of the C++ classes
representing the primitives that are supported by ODE. On the other hand we have
the composite objects. These objects are playing the role of a whole in the Virtual
World. The composite objects do not correspond with one of the primitive ODE ob-
jects. They are instances of a C++ class that only carries links to the part objects.
How these two kinds of objects will look like can be seen appendix C. Because a lot of
information about the objects is now given in the spatial relations and the part-whole
relations, we can not use the same algorithm for generating the Virtual World as we
did before. We have to define a new one. The following pseudo code gives us a general
overview of what has to be done in this new algorithm. Note that the consistency
checking could also have been implemented together with this algorithm instead of
separating it but we believe that for large Virtual Environments it is desirable to have
a separate consistency checker.

GENERATE OBJECTS(Representable Domain ontology: R, Instances ontology: I)
1. L ← {}
2. for each spatial object instance i in I
3. if i isa composed object instance
4. Create object o of type ComposedObject
5. else
6. Calculate position of i
7. Get mapping m from R with sourcem = i
8. Create object o of type targetm
9. for each attribute mapping a in m
10. Set targeta in o with the value of property sourcea of i
11. Fix the part-whole links of i in o
12. Add o to the list L
13. return L

We start by creating an empty list that will be filled with the objects and that will
be returned after the algorithm finishes. The Instances ontology contains instances
of either the relations in the upper ontologies or the classes in the Domain ontology.
We will refer to this last kind of instances as spatial object instance. For every spatial
object instance in the Instances ontology we have to perform three things:

- First, we have to calculate the exact position of the spatial object by means
of the spatial relations that have this particular object as a primary object.



CHAPTER 8. EXTENSIONS TO THE ONTOWORLD TOOL 64

When we know the locations of the reference objects in the relations this can
be done easily using the definitions of the spatial relations. The position of
a composed object will not have to be calculated because these will not be
explicitly visualized in the Virtual World.

- Then, we have to create an object of a type that corresponds to the one that is
given as the target in the Representable Domain ontology. Suppose we wanted
an object in the domain be visualized as a sphere in the Virtual World, then
an instantiation of the ”Sphere” class is made as is described in appendix C.
For all the different kinds of graphical primitives (Box, Capped Cylinder,. . . ),
which are supported in the ODE engine, we will create a class similar to the
”Sphere” class that is described in the appendix. In case of a composed object
an instance of the ”ComposedObject” class (see appendix C) will be created.
After we have created the object we can fill in the remaining attributes using
the attribute mappings of that particular instance. The values are looked up in
the Instances ontology and set in the object.

- Finally, we also have to fix all the part-whole links that exist between the objects
through the part-whole relations. This means that if an object A is a part of an
object B, we have to add A to the list of child-objects of B in order for object
B to know it has object A as a part.

The algorithm will result in a list that contains all the objects in the Virtual World
together with the values for all their attributes. This list will be used to perform the
next step.

Generation of Initialisation Code

The generation of the code that initializes the world starts with generating the code
for the include files. We always need the same include files, so we can simply insert
the include instructions into the source file. Then, three procedures are generated
that are necessary for running the simulation of the Virtual World. To run the Virtual
World, the ”Start” procedure is invoked. In this procedure the correct parameters
are specified for setting the camera position. After this procedure has been executed
the ”Simloop” will take care of the continuous drawing and refreshing of the objects
in the Virtual World. When the user of a Virtual World closes the world, then a
procedure named ”Stop” is called. This procedure contains the code to destroy the
objects in the world and the world itself. All these procedures can be put into one
class. This class will contain the methods ”Start”, ”Simloop” and ”Stop” similar to
the equal named procedures and will be defined as follows:
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class WorldGenerator {

public:

/** Constructor & Destructor */

WorldGenerator();

~WorldGenerator();

// Simulation functions

void start();

void simLoop(int pause);

void stop();

void addObject(Object* o);

private:

list<Object*> objects_;

};

Finally, the code for the ”main” procedure has to be generated. In the old system,
after having generated the code for the initialisation of the Virtual World, all the ob-
jects were created and all their states (position, density, etc.) were set one by one.
When there were many objects in the Virtual World this results in a lot of program-
ming code and much of the code is duplicated over and over again. Therefore, this
will be replaced by just generating code for the initialisation of the WorldGenerator
class. This class will then initialize the world. All we have to do is generating the code
for the initialisations of the C++ objects obtained in the first step of the process and
also generating the code for adding them to the worldgenerator. The code generation
will be ended with calling the ”Simloop” method of the worldgenerator. This main
source file together with the other source files that were already pre-built, the World-
Generator and the files containing the different graphical component classes (Sphere,
Box,. . . ), will result in an Object-Oriented executable after compilation. The Virtual
World is now ready and can be executed independently of the generation tool.
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Future Work

In this thesis we have proposed two new concepts (spatial relations and part-whole
relations) which will contribute to the modelling power of the OntoWorld tool. How-
ever, still a lot of research needs to be done to arrive at a full operable system with
which a developer can generate large and complex structured Virtual Environments
and specify them as intuitively as possible.

With the spatial relations defined here, we are able to define structures of objects
that are not physically connected to each other. With the exception of very simple
objects, such as a ruler, most objects we encounter in every day life have more than one
component part put together. When you design a set of components for an assembly,
the relative dimensions and positions of parts, and how they fit together, are crucial.
To design a complex assembly that has a large number of parts, you organize the
parts into smaller assemblies (sub-assemblies) and put the subassemblies into a larger
assembly. Objects can be combined with each other by means of constraints of some
sort on the components. All the 3D engines provide us an elaborate set of joints to
do this. We have the standard joints like the ball-and-socket joint, the hinge joint,
the spring joint,. . . . Some physics engines also support more exotic types of joints
like rolling joints and sliding joints. We can clearly see that the introduction of
connections is a necessity to the system.

When we have all these joints available, we are able to build real mechanical
systems. Systems are only of some use, when we could also make the mechanical
parts of the system move. It would thus be a very interesting topic to include forces
into the Virtual World. If we look at the Virtual Environment as being in a particular
state at a particular time, a force is needed to bring the Virtual Environment into
another state at the next timestep. In other words, for objects in the Virtual World
to be able to move, they have to be subject to some force. For example, an object
could fall down after the user has pushed it from the table, because of the gravity in
the Virtual Environment.
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Another thing that can be done is investigating the constraints between the objects
upon user interaction. What will happen to the other objects when we place an object
to another location? The spatial relations defined could behave as begin conditions;
in this case if one object would be moved, the objects that are related would not
move. This means that the spatial relations would not hold anymore; they were
only used to specify the begin state of the Virtual Environment. However, we could
also consider the spatial relations as time independent constraints. Then, all the
objects that are directly or indirectly related to the object that had been moved will
also move. Intuitively, the part-whole relations should also behave like this. If we
would move the whole, all the parts should move accordingly. If we would move a
part-object from the whole, then the movement of the other part-objects would be
according to whether the relation is set to be separable or not. Maybe there are
additional constraints, within the light of this topic, that have to be added to the
system. Like for example if we have a table-set consisting of a table and a chair. How
far can we move the chair from the table until it will not be regarded as a part of the
set anymore? Some space before the table could be defined as a constraint space in
which the chair has to stay in order to be a part of the table-set. The same question
holds for the connections. How far could we move an object that is connected with
another one before the connection would break? Here, we could also define a region
in which the relation will hold. Or we could set some kind of force metric to define
the amount of force that the connection can bear before it breaks. Another question
would be in which direction an object is allowed to move. Again, constraints could
be added to define this.



Chapter 10

Conclusions

We will end this thesis with some conclusions that can be drawn from it. The goal
of this work was to investigate ways to build more complex Virtual Worlds in an
intuitive way and with as little user interaction as possible.

Describing the Virtual World as a set of unrelated objects is too simple. To
help the designer in building Virtual Environments, we have introduced two kinds
of relations to express relationships between objects: the part-whole relations and
the spatial relations. In chapter 4 we revised and discussed part-whole relations
and in chapter 5 we revised and discussed spatial relations. These relations can be
used respectively to combine objects together or to specify the location of objects
relative to some other objects. In chapter 6 we have given the definitions of all these
relations and we have built the upper ontologies (chapter 2) containing the concepts
we defined. These upper ontologies are needed in order to be able to use the concepts
when building a Virtual World. Chapter 7 gave us an example of how to use these
upper ontologies. In chapter 8 we discussed the extension that has to be made to the
OntoWorld tool we explained in chapter 3.

We believe that the introduction of the spatial relations and the part-whole re-
lations makes the approach for building Virtual Environments much more powerful
without violating the intuitiveness of the approach. In addition, the use of the spatial
relations speeds up the building process because the developer does not need to spec-
ify an exact location for every object in the Virtual World. The part-whole relations
are extremely useful for bringing structure into the Virtual World. The user is able to
group the objects instead of just building a Virtual World with lots of unrelated and
unstructured objects. Although we are still in a very early phase with this research
we can feel that this is a step in the right direction for a more intuitive way of building
Virtual Environments.
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Part-Whole relations upper
ontology

<?xml version=’1.0’ encoding=’ISO-8859-1’?>

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"

xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"

xmlns:daml="http://www.daml.org/2001/03/daml+oil#"

xmlns:xsd="http://www.w3.org/2000/10/XMLSchema#"

xmlns:pwo="http://mach.vub.ac.be/~bpellens/PartWholeOntology.daml#"

xmlns="http://mach.vub.ac.be/~bpellens/PartWholeOntology.daml#">

<daml:Ontology rdf:about="">

<daml:versionInfo>PartWholeOntology,2003/04/25</daml:versionInfo>

<daml:imports rdf:resource="http://www.daml.org/2001/03/daml+oil"/>

</daml:Ontology>

<daml:Class rdf:ID="PropertyValue"/>

<daml:Property rdf:ID="hasProperty">

<daml:domain rdf:resource="<<daml+oil>>#Thing"/>

<daml:range rdf:resource="#PropertyValue"/>

</daml:Property>

<daml:Class rdf:ID="SpatialObject">

<rdfs:subClassOf rdf:resource="PropertyValue"/>

</daml:Class>

<daml:Class rdf:ID="Relation" />
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<daml:Class rdf:ID="PartWhole-Relation">

<rdfs:subClassOf rdf:resource="#Relation"/>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#part-object"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#whole-object"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Property rdf:ID="part-object">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<rdfs:range rdf:resource="#SpatialObject"/>

</daml:Property>

<daml:Property rdf:ID="whole-object">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<rdfs:range rdf:resource="#SpatialObject"/>

</daml:Property>

<daml:Property rdf:ID="consistsOf">

<rdfs:range rdf:resource="<<daml+oil>>#List"/>

</daml:Property>

<daml:Property rdf:ID="dependent-elements">

<rdfs:domain rdf:resource="#Element"/>

<rdfs:range rdf:resource="<<daml+oil>>#List"/>

</daml:Property>

<daml:Property rdf:ID="element">

<rdfs:domain rdf:resource="#Element"/>

<rdfs:range rdf:resource="#RelationElement"/>

</daml:Property>

<daml:Class rdf:ID="RelationElement"/>
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<daml:Class rdf:ID="Element">

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#element"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<RelationElement rdf:ID="Connection"/>

<RelationElement rdf:ID="Functional"/>

<RelationElement rdf:ID="Homogeneous"/>

<RelationElement rdf:ID="Separable"/>

<RelationElement rdf:ID="NonFunctional"/>

<RelationElement rdf:ID="Nonhomogeneous"/>

<RelationElement rdf:ID="NonSeparable"/>

<daml:Class rdf:ID="ComponentIntegral-Relation">

<rdfs:subClassOf rdf:resource="#PartWhole-Relation"/>

<pwo:consistsOf rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Connection"/>

<pwo:dependent-elements rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Functional"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Nonhomogeneous"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Separable"/>

</pwo:Element>

</pwo:dependent-elements>

</pwo:Element>

</pwo:consistsOf>

</daml:Class>

<daml:Class rdf:ID="MemberBunch-Relation">

<rdfs:subClassOf rdf:resource="#PartWhole-Relation"/>

<pwo:consistsOf rdf:parseType="daml:collection">
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<pwo:Element>

<pwo:element rdf:resource="#Connection"/>

<pwo:dependent-elements rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#NonFunctional"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Nonhomogeneous"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Separable"/>

</pwo:Element>

</pwo:dependent-elements>

</pwo:Element>

</pwo:consistsOf>

</daml:Class>

<daml:Class rdf:ID="MemberPartnership-Relation">

<rdfs:subClassOf rdf:resource="#PartWhole-Relation"/>

<pwo:consistsOf rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Connection"/>

<pwo:dependent-elements rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#NonFunctional"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Nonhomogeneous"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#NonSeparable"/>

</pwo:Element>

</pwo:dependent-elements>

</pwo:Element>

</pwo:consistsOf>

</daml:Class>

<daml:Class rdf:ID="PlaceArea-Relation">

<rdfs:subClassOf rdf:resource="#PartWhole-Relation"/>

<pwo:consistsOf rdf:parseType="daml:collection">
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<pwo:Element>

<pwo:element rdf:resource="#Connection"/>

<pwo:dependent-elements rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Functional"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Homogeneous"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#NonSeparable"/>

</pwo:Element>

</pwo:dependent-elements>

</pwo:Element>

</pwo:consistsOf>

</daml:Class>

<daml:Class rdf:ID="PortionObject-Relation">

<rdfs:subClassOf rdf:resource="#PartWhole-Relation"/>

<pwo:consistsOf rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Connection"/>

<pwo:dependent-elements rdf:parseType="daml:collection">

<pwo:Element>

<pwo:element rdf:resource="#Functional"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Homogeneous"/>

</pwo:Element>

<pwo:Element>

<pwo:element rdf:resource="#Separable"/>

</pwo:Element>

</pwo:dependent-elements>

</pwo:Element>

</pwo:consistsOf>

</daml:Class>

</rdf:RDF>
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Spatial relations upper ontology

<?xml version=’1.0’ encoding=’ISO-8859-1’?>

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"

xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"

xmlns:daml="http://www.daml.org/2001/03/daml+oil#"

xmlns:xsd="http://www.w3.org/2000/10/XMLSchema#"

xmlns:so="http://mach.vub.ac.be/~bpellens/SpatialOntology.daml#"

xmlns="http://mach.vub.ac.be/~bpellens/SpatialOntology.daml#">

<daml:Ontology rdf:about="">

<daml:versionInfo>SpatialOntology,2003/04/25 </daml:versionInfo>

<daml:imports rdf:resource="http://www.daml.org/2001/03/daml+oil"/>

</daml:Ontology>

<daml:Class rdf:ID="PropertyValue"/>

<daml:Property rdf:ID="hasProperty">

<daml:domain rdf:resource="<<daml+oil>>#Thing"/>

<daml:range rdf:resource="#PropertyValue"/>

</daml:Property>

<daml:Class rdf:ID="FrameOrientation">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#front-to-back"/>

</daml:Restriction>

</rdfs:subClassOf>
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<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#side-to-side"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#top-to-bottom"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Property rdf:ID="front-to-back">

<daml:range rdf:resource="#Coordinate"/>

</daml:Property>

<daml:Property rdf:ID="side-to-side">

<daml:range rdf:resource="#Coordinate"/>

</daml:Property>

<daml:Property rdf:ID="top-to-bottom">

<daml:range rdf:resource="#Coordinate"/>

</daml:Property>

<daml:Property rdf:ID="orientation">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<daml:range rdf:resource="#FrameOrientation"/>

</daml:Property>

<daml:Class rdf:ID="Coordinate">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#x-coordinate"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#y-coordinate"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>
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<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#z-coordinate"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:DatatypeProperty rdf:ID="x-coordinate">

<daml:range rdf:resource="<<XMLSchema>>#decimal"/>

</daml:DatatypeProperty>

<daml:DatatypeProperty rdf:ID="y-coordinate">

<daml:range rdf:resource="<<XMLSchema>>#decimal"/>

</daml:DatatypeProperty>

<daml:DatatypeProperty rdf:ID="z-coordinate">

<daml:range rdf:resource="<<XMLSchema>>#decimal"/>

</daml:DatatypeProperty>

<daml:Property rdf:ID="origin">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<daml:range rdf:resource="#Coordinate"/>

</daml:Property>

<daml:Class rdf:ID="Handedness">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

</daml:Class>

<Handedness rdf:ID="LeftHanded"/>

<Handedness rdf:ID="RightHanded"/>

<daml:Property rdf:ID="handedness">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<daml:range rdf:resource="#Handedness"/>

</daml:Property>

<daml:Class rdf:ID="ReferenceFrame">

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#origin"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>
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<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#orientation"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#handedness"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Class rdf:ID="SpatialObject">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

</daml:Class>

<daml:Class rdf:ID="Relation"/>

<daml:Class rdf:ID="Spatial-Relation">

<rdfs:subClassOf rdf:resource="#Relation"/>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#primary-object"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction minCardinality="1">

<daml:onProperty rdf:resource="#reference-object"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Property rdf:ID="primary-object">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<rdfs:range rdf:resource="#SpatialObject"/>

</daml:Property>

<daml:Property rdf:ID="reference-object">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<rdfs:range rdf:resource="SpatialObject"/>

</daml:Property>

<daml:Property rdf:ID="type">
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<daml:subPropertyOf rdf:resource="#hasProperty"/>

</daml:Property>

<daml:Property rdf:ID="reference-frame">

<daml:subPropertyOf rdf:resource="#hasProperty"/>

<rdfs:range rdf:resource="#ReferenceFrame"/>

</daml:Property>

<daml:Class rdf:ID="Orientation">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

</daml:Class>

<daml:Property rdf:ID="orientational-type">

<daml:subPropertyOf rdf:resource="#type"/>

<rdfs:range rdf:resource="#Orientational"/>

</daml:Property>

<Orientational rdf:ID="LeftOf"/>

<Orientational rdf:ID="RightOf"/>

<Orientational rdf:ID="Before"/>

<Orientational rdf:ID="After"/>

<Orientational rdf:ID="Above"/>

<Orientational rdf:ID="Below"/>

<Orientational rdf:ID="MiddleOf"/>

<daml:Class rdf:ID="Direction">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>

</daml:Class>

<daml:Property rdf:ID="directional-type">

<daml:subPropertyOf rdf:resource="#type"/>

<rdfs:range rdf:resource="#Direction"/>

</daml:Property>

<Directional rdf:ID="NorthOf"/>

<Directional rdf:ID="SouthOf"/>

<Directional rdf:ID="WestOf"/>

<Directional rdf:ID="EastOf"/>

<Directional rdf:ID="Up"/>

<Directional rdf:ID="Down"/>

<daml:Class rdf:ID="Topology">

<rdfs:subClassOf rdf:resource="#PropertyValue"/>
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</daml:Class>

<daml:Property rdf:ID="topological-type">

<daml:subPropertyOf rdf:resource="#type"/>

<rdfs:range rdf:resource="#Topology"/>

</daml:Property>

<Topology rdf:ID="DisjointWith"/>

<Topology rdf:ID="Touches"/>

<Topology rdf:ID="Inside"/>

<Topology rdf:ID="Equals"/>

<daml:DatatypeProperty rdf:ID="distance">

<rdfs:range rdf:resource="<<XMLSchema>>#decimal"/>

</daml:DatatypeProperty>

<daml:Class rdf:ID="Orientational-Relation">

<rdfs:subClassOf rdf:resource="#Spatial-Relation"/>

<rdfs:subClassOf>

<daml:Restriction minCardinality="1" maxCardinality="3">

<daml:onProperty rdf:resource="#orientational-type"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#distance"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Class rdf:ID="Directional-Relation">

<rdfs:subClassOf rdf:resource="#Spatial-Relation"/>

<rdfs:subClassOf>

<daml:Restriction minCardinality="1" maxCardinality="3">

<daml:onProperty rdf:resource="#directional-type"/>

</daml:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#distance"/>

</daml:Restriction>
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</rdfs:subClassOf>

<rdfs:subClassOf>

<daml:Restriction cardinality="1">

<daml:onProperty rdf:resource="#reference-frame"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

<daml:Class rdf:ID="Topological-Relation">

<rdfs:subClassOf rdf:resource="#Spatial-Relation"/>

<rdfs:subClassOf>

<daml:Restriction minCardinality="1" maxCardinality="3">

<daml:onProperty rdf:resource="#topological-type"/>

</daml:Restriction>

</rdfs:subClassOf>

</daml:Class>

</rdf:RDF>



Appendix C

Source code of the C++ objects

C.1 Primitive Object

class Sphere : public Object {

public:

/** Constructor & destructor */

Sphere(string id);

~Sphere();

virtual void draw();

// Additional inspectors and mutators

// ...

private:

string id_, color_;

float xpos_, ypos_, zpos_, radius_, density_;

bool state_;

};

C.2 Composite Object

class ComposedObject : public Object {

public:

/** Constructor & destructor */

ComposedObject(string id);
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~ComposedObject();

virtual void draw();

// Additional inspectors and mutators

// ...

private:

string id_;

list<Relation*> parts_;

};
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