Chapter 2

Fundamentals of 3D modelling and
visualisation

This chapter presents of an overview of the basic concepts in data modelling, computer
graphics and Web tedhniques, and aims to familiarise the reader with the fundamental
concepts and principles used in the thesis and now widely agreed on throughout the GIS and
CG society. The dhapter can be divided into four sedions. First, the dapter clarifies the
term model, refines its components and dscusses the design phases leading to a functional
system. Seaond, the basic principles are discussed in a GIS context. Existing definitions,
characteristics and spatial relationships of real ohjeds are mmmented on. Common objed-
oriented principles are briefly reviewed in support of the objed-oriented concepts used in
several chapters of the thesis. Basic set theory and topology notations are mentioned as an
introduction to the definition of the spatial model and spatial relationships in Chapters 5
and 6. The third part is devoted to visualisation techniques and aims to clarify the
terminology, basic visuali sation medhanism and components to create realistic scenes. This
sedion provides the basis for Chapters 4 and 5. The last part discusees common methods to
assess visualise and interact with data on the Web. At the end, the design criteria of VRML
and itsrole in the visuali sation processare briefly discussed. The isaues are dosely related to
the system architedure presented in Chapter 4 and the mnceptual design given in Chapter
5.

2.1 Models and modelling

The term model is one of the most frequently used words in many disciplines. Scientists
build and prove hypotheses, make predictions, exchange ideas and gain knowledge on the
basis of models. The model is extensively used to represent certain phenomena in a way
readable for others. Hence the meaning of the term, as well as the principles on which to
build models, have to be understandable for everyone.

Many different models exist about various aspeds of the world. One ategorisation of
models can be made regarding the phenomenon to be described, i.e. real or imaginary. In
the first case, some properties of the real objed have to be sdleded (measured, investigated,
observed) and utili sed to create the moddl. In the seand case, the properties have to be
designed (planned, computed, dedded) by the user and assembled to form the model. A
clear boundary between the two modelsis ometimes difficult to establish. The deficiency of
real measurements might be so high that human design is necessry to represent the
phenomenon. In bath cases, the processof model production is call ed modelli ng.

11



Another categorisation of models addresses their form, i.e. digital and nondigital (e.g.
paper maps). Although sometimes better understood by humans, non-digital models cannot
be managed by computers. The benefit of using computers for modelling neels no
explanation. Models that are intended to interpret the world in a certain way understandable
to the mmputers are @lled data models (Vossen 199]). In general, data models are simpler
than most of the scientific models.

2.1.1 Objects, attributes, relationships, operations

A strict definition of a data model can be found in any bodk about databases. Here, we adopt
the one presented in Tsichritzis and Lochovsky 1982 A data model denoted by M is a tod
that provides an interpretation of the world and consist of generating rules denoted by G
and operations denoted by O, i.e. M(G,0) (seeFigure 2-1). The generating rules refled two
aspeds of the modd: 1) structure spedfications (Gs) and 2) constraint spedfications (G.),
i.e. G(Gs, G). Structure spedfications establish the type and organisation of data, while
constraint spedfications impose any compulsory model limitations. For example, a red
buil ding might be represented in a modd as a set of planar, redangular faces (due to the
structure spedfications); however, the faces must intersea only along their boundaries (due
to constraint spedfications). The generating rules operate on data, which are commonly
understood as a tuple of objeds (categories), their properties and mutual relationships
captured in a certain time moment.

amodel

objects view 1
attributes

relationships view 2
genera lization time

aggregation
etc

abstraction
real world P G

view 3

O - operations

Figure 2-1: A model as an abstraction of reality

The operations describe al the actions that can be performed on the data & me data
models allow standard languages for data manipulation to be established (eg. SQL).
Traditionally, five generic operations are distinguished: set currency (establish a logical
position in the model representation), retrieve(make avail able some data to the user), insert
(add new data), delete (remove data from the database) and updae (change eisting data).
Common suppating operations are seledion, navigation and spedalisation. Seledionisan
operation that allows a number of data to ke identified on the basis of three properties, i.e.
logical pasition (first, last, prior), value of the antent or relationship. For example, the user
may want to see the first 10 (with resped to the identification number) buildings.
Navigation is an operation that permits a logical path on the basis of a sdedion to be
followed. Speaalisation is a complex operation that allows a new objed (category) to ke
created on the basis of existing ones. For example, the user may need to provoke the
creation of a conglomerate alled "shopping centre’ of several existing buildings. In some
spatial models, the operation will be @wmpleted by the Eulers operators for adding and
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removing elements from a spatial database, in such a way that the structure remains
manifold (see Méantyla 1989. A typical example, which is related to the relational data
model, is the aeation of a new table on the basis of existing ones. The operation
spedalisation is then redlised by the operations of set theory union, intersecion and
deletion. Indeed, the user of the model can define as many operations as needed for the
spedfic application.

The posshility for the modd to provide users with different, independent subsets of data
(called views) is considered an esential characteristic of certain classes of models. More
detail s about views can be found in Vossen 1991

Many models have been developed of varying scope in terms of world representations
and generating rules and operations. Some models handle very abstract notions (i.e.
database models) and aim at accommodating any type of data; others are more appli cation-
oriented and operate with spedfic types of data (e.g. points, lines, faces in spatial data
models). The apparent advantage of the wmmon data models is that the structure and
operations are independent of the application and hence the management system built
around the mode in practice serves any application. The application model is described
acoording to the rules of the mmmon model in a schema. The term mapping is frequently
used to describe this process e.g. "our application modd is mapped onto the relational data
modd". Among the ammon models only threehave beame widedly used and implemented,
i.e. relationd, network and hierarchical data models (see Date 1981, Martin 1977,
Tsichritzis and Lochovsky 1982. The three models are products of the logical design (see
Sedion 2.1.2) and are sometimes referred to as logical models. Since the relational data
modd is used later in the thesis, the basis principles of only this model are mentioned here
(seeSedion 2.1.4).

2.1.2 Design phases in modelling

In obtaining a model, three phases can be distinguished: conceptual, logical and physical
(seeMartin 1977, Tsichritzis and Lochovsky 1982 Vossen 1991). Although the phases refer
al kinds of modds, the terminology is established by research on models of common
purpose. Therefore, exhaustive discussons on the design phases can be found in the
literature for database management systems.

Conceptual design clarifies which items have to ke included in the modd: types of
objeds, their characteristics and relationships. The resulting product of the wnceptua
design is a conceptual model or schema. The organisation of all the information that the
user wants to store permanently on the disk, i.e. creating views of reality, seams to be a
tedious task and requires appropriate abstractions and rules. The research on conceptua
(semartic) models, which aims at providing tods to describe real phenomena, is quite
extensive and has resulted in a number of more or less sphisticated models. One of the
most popular, the Entity-Relationship (ER) model (see Chen 1976 operates with entities,
which have attributes and relationships among them. An entity can be anything that has
some meaning, e.g. a person, a building, a car, a process Spedfic characteristics of entities
such as names, colour, address etc., are referred to as attributes. Since the entities are not
isolated in the real world-instead they interact or are associated with each other—the
notation about relationship is introduced. The relationship can be one-to-one, one-to-many,
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many-to-one, many-to-many or IS _A. The last relationship represents gedalisation (to be
discussed later in the text). These notations and the graphical representation called ER-
diagram complete the ER-model. As it can be realised, the model does not support an
aggregation mechanism; instead it offers an easy way to derive relational tables for the
relational data modd. The IFO conceptual model, based on an oljed oriented-approach and
having notations for aggregation, is presented in Chapter 7.

Logical design spedfies the dements of the logical model, acocording to the schema
obtained from the first stage. If the data model is a relational data model, the logical design
clarifies the tables, columns per table and keys. The identification of the objeds has to be
ensured by introducing a unique ID. If ordering is needed, e.g. clockwise orientation of
faces, it has to be indicated explicitly since the relational mode inherits non-ordering
properties from sets. Often the logical model is associated with the term data structure,
sincethe structure (i.e. tables, treeor network) of the data is already establi shed.

Physical design is the last phase, establishing the way of communication with the
hardware with resped to the logical moddl, i.e. set of files gored on the disk. The physical
design has to enable the operations for manipulating the mode.

These three stages of design complete the design phase of the model, which is gill not
aufficient for a system to become manageable. Yet, user interface for the interaction and
manipulation of the model has to be provided to enable utili sation by the user.

2.1.3 Object-oriented principles

The modelling process requires many assumptions, classfications, abstractions, seledions,
generalisations, etc., about real objeds and ther attributes to be performed. Among the
variety of different principles, we @ncentrate on common oljed-oriented principles, since
they are applied in several parts of the thesis.

The ohjed-oriented approach emerged in early 1970when the first ojed programming
languages (Simula, Smalltalk) were developed. Since that time, the approach has found
applications in different areas of human science The advantage of the approach is the
problem-solving strategy encapsulating information, functions and behaviour per ohjed.
Thus any problem to be solved is approached from an ohjed (e.g. person, building, stred)
perspedive rather than from a function ("what kind of functions does the system have to
perform”) or information (“what kind of information has to be suppied") perspedive. The
approach is built on a number of principles that provide a medanism to moded real ojeds
in more natural way.

The ommon methods facilit ate the organisation of objeds characteristics and their
relationships with other ojeds.

Objects and attributes: An oljed can be anything, i.e. person, action, processand the
attributes represent all the daracteristics. Methods, processes and functions denoting
behaviour aim to represent the dynamics of objeds. For example, an objed can be a
building with attributes colour and height. Its behaviour can be the ability to be aeated,
edited, seleded, etc.

Wholes and parts. The method has at least three variants: "assmbly and perts’,
"container and contents" and "group and members’. Thefirst relation represents the obvious
link that existsin manufacturing parts. The door is a part of a car, the window is a part of a
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wall, etc. The second variant helps in cases when the "things' are not really designed for
each other. A typical exampleisan office, which consists of a desk, a computer, a chair, and
bodkshelves. The third expresson comprises relations that may appear in formations like
faculties and courses, groups and subgroups. The members of a subgroup are mnsidered
members of the group as wdl. For example, the group of ITC students consists of the
students of courses GFM, GIC, GIR, etc. The principle behind the whole-part method is
aggegation. Each whoe aggregates a given number of parts, i.e. the ardinality (ohed
connedion constraint) of relationships has to be indicated. The relationship is usually read
from top to bdtom, i.e. consist of.

Classes and instances. Each objed has to be organised in a class as the dasses are
formed with resped to common attributes and behaviour. Each objed of a classis an
instance of that class For example, the ITC building is an instance of class Buildings in
Enschede. The medianism to form classes or spedfy new obeds is known as
generali sation-speaali sation. The generalisation part is applied when a class has to huild,
i.e. the new class"accepts' (some of) common characteristics of oljeds and thus creates a
more general view about a certain group of ojeds. The new classbeames their parent and
the ojeds are its children. The dildren inherit the cmmon properties from the dassand
contain only the ones gedfic to them. The spedalisation part of the medanism is used to
create children. The number of clases and, respedively, children is not limited. Thus a
hierarchy is built as the generali sation medanism extends the hierarchy upwards and the
spedalisation medanism downwards. In through contrast to whoes-parts, the classes
instances relation is read from battom to top, i.e. isa.

Abstraction isaprinciple mnsidering the tharacteristics of an objed that are important
for the problem or application. Some detail s quite important for one application might be
irrdevant for other. Abstraction is the first principle, which has to be thought for ohjed
identification. The daracteristics of the objeds can be darified only after an accepted level
of abstraction.

Encapsulation is an objed-oriented programming medianism to combine an ohjed
characteristic and a corresponding behaviour. Furthermore, the particular software design
unit (subroutine, method) could be hidden from the user. For example, a "click”" with the
mouse on a building (on a monitor) may visualise the owner of the building. The event
"click" deteded by the system activates the retrieval of a particular objed’s characteristic. In
this example, the user action "OnClick" and the operation "retrieve owner" are encapsul ated
in one single method (behaviour). The encapsulation principle applied to the organisation of
data can be understoad as providing (or not) accessto parts of the data and operations.
Certain responsibiliti es can be asggned to parts of the information to restrict operations on
data. For example, a common user of a municipality GIS may not be aware of actua
geometric representation of a building and consequently not allowed to change the
geometry.

Inheritance is the mechanism to express $mil arities (common characteristics) between
objeds. As mentioned aboe, it is the basic medanism for building classes and thus helpsin
propagating properties from parent to child. In general, al the attributes and behaviour of a
parent are inherited by the dildren and grandchildren and so forth. The overiding and
expending of parent attributes and behavioursis all owed as well. The @ase where a child has
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only one parent is known as single inheritance while multiple parents invoke multiple
inheritance These suppementary techniques are useful for creating composite dasss.
Opponents of oveariding and exending, and multiple inheritance say that the simplicity of
the modd is lost and that operation with overridden attributes is more mplicated. An
aternative isintroduction of local and inherited properties.

Palymor phism is the ability of objeds to have different forms. For example, an ohjed
changing its geometry from very detailed to a simple abe is a morphing ojed. A bank
transfer may settle a tax payment by filli ng out a form or by e-mail. All the operations are
valid, therefore the tax payment is considered polymorphic. Polymorphism is a widely used
medchanism to speed up real-time navigation inside 3D modeds. Each oljed or groups of
objeds have several geometric representations and the visuali sation software deddes which
of them has to be used. Attributes of obeds can be polymorphic as well. For example, an
attribute document number can be associated with a parcd as a property document and a
person as a document for ownership.

Association is a medanism to establish a connedion between the oljeds in two classes.
The relationship is not typical for the entire dassand in this €nse @n not be resolved by
agoregation. For example, classBuilding and Stred can have a connedion concerning the
relation "building on a stred”. This leads to the wnstruction of a new class Buil ding-on-
Stred. Either of the two classes Building and Stred is a part of the new class therefore no
agoregation can be applied. However, the ardinaity must be known. The similarity
between the aggregation and asociation mechanisms is quite high and sometimes it is hard
to dedde which medhanism to apply. The basic rule is that aggregation is a classconnedion
pattern, while association is objed connedion one. Several asciations have beacome well
known and used, and have their own name, i.e. participart-transaction, place-transaction,
participart-place, transaction-transaction, pee-pea (objed connedion between oljeds in
he same dasy.

2.1.4 Relational data model

The relational data model based on relations and their representation as tables was
introduced first by Codd (seeCodd 1970. The basic category relation is defined as foll ows:
Risarelation on given sets Dy, D,,...,D, if it isa set of n-tuples, each of which hasits first
dement from D;, second eement from D, and so on. The sets D;, D,,...,.D, are @lled the
domains of R. The number of the domains is the degree of the relation and the number of
thetuplesin Risits cardinality. A table represents each relation, and each column of atable
is called attribute. One or more relations, then, can define an oljed type. Thus the database
is gedfied by arelationd schema, which consists of one or more relations R. Since the
relational schema consists of separate tables, the reationships between the tables are
established by a propagation of keys. The key can be @mposed by one or more attributes.
Two constraints must be satisfied: the key must be unique and the key must be minimal. For
example, the identification number (ID) of a building can be used as a key. Since
representation by tables may easily lead to repetition of information, the optimisation of the
model is critical. Normalisation is a procedure to eliminate different types of dependencies
among the relations and attributes. Theoretically, five normal forms are defined, however,
three of them are mmmonly considered sufficient (see Smith 1985. The basic concept that
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the relational data model misss is the eistence of constraints on and among the relations.
For example, it is imposshle to spedfy that certain types of buildings (e.g. residential)
cannot be higher than four floars.

Among the many different languages for data definition and the manipulation of
relational data models, the Structured Query Language (SQL) enjoys the greatest popul arity.
SQL is an English-keyword set-oriented language. The basic concept is that each operation
is mapped onto the relation. The dfed is smilar to scanning the wlumns of a table and
cheding for avalue or a set of values. For example, for the operation retrieval, all the rows
of the table are scanned and the ones where the sought valueis found are returned as results.
The fundamental set of key words SELECT-FROM-WHERE allows a large number of
mappings to be performed. Furthermore, several mappings can be cmbined to ensure the
basic set operations union, intersedion and difference Attempts to extend SQL toward an
ad ha language for a GIS have been made without a significant success Egenhofer 1992
argues that SQL cannot become a GIS language due to a number of impossble operations:
identity queries, metadata queries, knowledge queries (explaining the reasoning), qualitative
queries (e.g. which road is wider), display of query (the result is always a new table),
modifying the database content from the graphics and modifying the graphical presentation.
The inadequacy of SQL is currently overcome by utilising embedded SQL queries. The
outcomes of SQL queries are further processed by operators written in standard
programming languages (C, Pascal, Perl) called host languages.

Despite all the deficiencies of the relational data model and thanks to the smple
concepts and the standard query language, many commercial Database Management
Systems (DBMS) have adopted the model that contributed to its succesdul integration in
commercial and administrative appli cations.

2.2 GIS models

Geo-science spedalists are busy with the modelli ng of real phenomena. A universal model
to comprise all the aspeds of reality is not practically reali sable due to the high complexity
of the real world. Different discipli nes emphasise different aspeds and only these aspeds are
included in the model. Thus a modd considered good for the description of particular
phenomena might be hardly appropriate for anothers. Different aspeds and characteristics
of real objeds have led to the eistence of several variations in objed definition.

The term GIS model is utili sed here to denote a data model of the real world. Being a
data model for representing real-world ohjeds, the GIS model s have the mmponents defined
abowe, i.e. ojed types, reationships and attributes with corresponding generation rules,
constraints and operations defined with them. A GIS mode with the @rresponding user
interface ongitutes a 3D GIS. Often the GIS content is pedfied as data dout geometric
(shape, size, location) and semantic characteristics (called attributes), spatial relationships
and time (see Aronoff 1995 Maguire @ al 1991, Molenaa 1998. The functiondity of GIS
isthen said to be the possbility to perform operations on data in order to analyse them.

The following sedions present the necessary fundamental concepts related to the
representation of oljeds, attributes and relationshipsin a GIS context.
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2.2.1 Types of objects

Since the interest in geo-sciences has traditionally been direded toward real ohjeds with
spatial extent, the differentiation between spatial and non-spatial objeds is widely accepted.
A spatial obed stands for a real objed having geometric and thematic (semartic)
characteristics (see Aronoff 1995 Maguire 1991 Molenaa 1989 Pilouk 1996. Tempfli
199& draws attention to a third group, i.e. radiometric characteristics of spatial ohjeds.
Current GIS models maintain only spatial objeds. Non-spatial objeds (organisations,
departments, people, goads, etc.) either are the mncern of Database Management Systems
(DBMYS) or areintegrated in GIS as smantic dharacteristics of spatial objeds (see Chapter
3). For example, the person, who owns a building (spatial) exists in a GIS as a semantic
characteristics "owner" of the building. Aswill be discussd in this thesis, dealing with only
non-spatial ohjeds may be a drawback for some appli cations.

A further digtinction is made between real objeds with resped to distinctness of
properties, i.e. objeds with well defined spatial extent and properties and objeds with
unknown or non-well defined spatial extent and properties, i.e. objeds with discernible
(determined) and indiscernible (undetermined) boundaries (see Cheng 1999 Molenaa
1994 Raper 1998. Usually, quite independent research is conducted in bath areas. This
may cause problems in the @ase of analysis where oljeds from the two groups are neeled.
Pilouk 1996 discusses the subjed in details and advocates an integrated approach while
modelli ng spatial objeds.

Many real ohjeds neal the monitoring of some of their characteristics with resped to
time. For example, growth of population may cause the fast conversion of land from rural to
urban use, which can have an impact on the entire urban development. The geo-science
spedalist might need to store and analyse the dhanges in order to ke able to predict and
control the process Similar problems have aeated the branch of temporal definitions of an
objed, acoording to which objeds are subdivided into spatio-temporal and non-spatio-
temporal (see Pequet 1995 Worboys 1992. Raza et a 1998 pesent spatio-temporal-
attribute objeds (STAO) with three fundamental components, i.e. location (spatial),
attribute (aspatial) and time (temporal). Cheng 1999 dfines a real ohjed by its three
aspeds geometry, theme and time.

More general definitions of real objeds, regardless of the nature of the obeds can be
found in the objed-oriented literature (see Coad and Y ourdon 1991, Hudhes 1992 Norman
1996. Coad and Yourdon 1991 cnote as an objed every item of interest (real ohjed,
feature, procesg and present a framework to investigate and classfy the dharacteristics of
the different objeds. Sincethis framework is used as a starting point for the objed definition
introduced in this thesis, more detail s are presented in Chapter 5.

2.2.2 Attributes

Attributes stand for the dharacteristics of real objeds, which are important for the GIS
model. The term attribute is frequently used to denote only semantic characteristics of
obeds (see Aronoff 1995 Goodchild 1987 Peuquet 1988. This thesis considers a wider
meaning for attributes, i.e. they compil e semantic, geometric and radiometric characteristics
of objeds. The geometric characteristics refer to position (and aientation), shape and size
of real objeds. The radiometric characteristics regard material, colour or refledance The
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semantic characteristics gedfy status, functionality, "meaning”, usage, etc., of the red
obeds. This thesis concentrates on geometric characteristics and therefore some basic
principles for representing them will be mentioned. Some e<xamples for the organisation of
semantic properties are given in Molenaa 1998 Peng 1997 Pilouk 1996

The description of geometric characteristics requires a priori clarification of the
abstraction of space, the dimension of space and objeds, and the method for representation.
Conventionally, two approaches to space abstraction are utili sed in modelling processs, i.e.
field-oriented and objed-oriented (see Worboys 1999. The field-oriented approach
asaumes complete subdivision of the space into smaller, regular partitions, e.g. pixdl. In the
objea-oriented, the spaceis "empty" and all the objeds are places (embedded) in it, i.e a
lake in a 2D map. Both approaches have advantages and dsadvantages and are appropriate
for different appli cations. Whil e the field-oriented approach better suits the representation of
continuous phenomena, e.g. height fields, rainfalls, the oljed-oriented approach represents
better discrete phenomena, e.g. buil dings, roads.

The dimension of spaceis defined in mathematics as the number n of a sequence of n -
real numbers (a;, a,,...,a,), caled an ordered ntuple. All the ordered tuples are alled n-
space and are denoted by R (see Anton 1994). The basic idea is using a tuple of points to
define a position in the space, e.g. a pair of points (x and y co-ordinates in Euclidean space)
define a position in aplane, i.e. 2D space Thereal world is usually represented as a 2D or
3D space Within the space the objeds have their own dimensionality, i.e. they can be
represented by one of the following generic types: 0D (paints), 1D (lines), 2D (surfaces) and
3D (bodes) objeds. The dedsion as to the representation of real ohjeds (i.e. point, line,
surface or bady), is highly influenced by the purpose of the model.

The posgble geometric representations are split into three large groups. i.e. raster,
vedor and constructive primitives. The "building blocks'(named constructive objeds in this
thesis) in the raster method are regular cdls, e.g. pixels (in 2D space), voxels (in 3D space),
which fill in the entire objed. The representation is smple and easy to maintain, but
produces a lot of data for storage, and the overall predsion is low (see Aronof 1995. The
vedor method is based on irreguar n-cdls, where n={1,2,3} composed of points with co-
ordinates. In contrast to the raster method, the céls represent the boundaries of the objeds.
The last representation, known as Constructive Solid Geometry (CSG), uses irregular 3-
cdls. An obed is represented by a CSG-tree which holds information about the CSG
primitives and the operations "gluing" them (i.e. Bodean operations). The approach is
widely implemented in the manufacturing industry. In general, the irregular cdls describing
the boundaries of the objeds allow more predse descriptions of shapes and spatial
relationships compared to the raster cdls and CSG primitives. Moreover, the visuali sation
algorithms operate with the boundaries of objeds, i.e. CSG and raster representations have
to ke further procesed to determine the boundary. Therefore many applications give
preference to the vedor approach of description. This thesis is based on a vedor
representation too.

The vedor representations are often referred to as boundary representations (B-rep) or
surface representations (see Méntyla 1988 Worboys 1995. A large number of spatia
models are developed and implemented in GIS, CG and CAD systems based on irregular
multidimensional cdls. The names and construction rules of the cdlsin the different models
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usually vary. The simplest set of cdlsisthe set of simplexes, i.e. O-simplex (nodke), 1-simplex
(arc), 2-simplex (triange) and 3-smplex (tetrahedron). Composing smplexes, one @n
obtain more cmplex ohjeds, i.e. simplicial complexes (see Egenhofer 1989 Moise 1977,
Pilouk 1996. Most of the models allow 1,2,3-cdls with an arbitrary shape that imposes
some suppementary constraints, e.g. planarity of faces, convex shape. The names vertex
(point), edge, face (paygon) and solid (payhedron) are then used in the literature to denote
0,1,2,3-cdl. Further detail s and a discusson on vedor models and cdl utili sation in 3D GIS
are provided in Chapter 5.

2.2.3 Spatial relationships

The particularity of GIS compared with other information systems is the maintenance of
spatial reationships, i.e. the mnnedions or interrelations between real objeds in the
geometric domain. The aspeds of the spatial relationships are arrently under
investigations, i.e. approaches to representation, naming and equival ence (see Egenhofer et
al 1994 Egenhoher and Sharif 1998 Kainz et al 1993 Molenaa 1998.

Three different approaches to encoding spatial relationships are discused in the
literature, i.e. metric, topdogy and order. The metric is a pure cmputational approach,
based on the comparison of numerical values related to the location of the ohjeds in the
space(i.e. the Euclidean space). For example, the spatial relationship between a house and a
parcd (e.g. inside, outside, to the south) can be darified by a metric operation point-in-
polygon performed for each point congtituting the foatprint of the buil ding. Since the metric
is built on the notion of the distance function (seethe next sedion), which is dependent on
the internal (finite) representation of numbers in the @mputers, the approach is
computational expensive.

The order establishes a preference based on the mathematical relation "<" (strict order)
or "<" (partial order), which allows an organisation of oheds smilar to a tree For
example, if a building isinside a parcd, the spatial relationship is represented as "buil ding
< parcd". The applicability to representing spatial relationships is investigated by Kainz
1989who argues that it has advantages in expresgons of inside/outside relationships.

Topology allows the encoding of spatial relationships based on the neighbouhoods of
objeds regardless of the distance between them. The main property of topology, i.e. the
invariance under topological transformations (i.e. rotation, scaling and trandation) makes it
appropriate for computer maintenance of spatial relationships. The following sedion
discusses me basic topological isaues that the thesis utili ses.

2.2.3.1 Set theory and topology

Several popular definitions of topology can be found in the literature (seeViskers 1996, i.e.
»  rubber shed geometry
» astudy of boundaries
» an abstract study of open and closed sets
that try to exhibit its most valuable property.
Topology has been introduced as a discipline of mathematics and the foundations are set
theory and metric spaces. Prior to the mathematical definition of topology, we will i ntroduce
some basic notations from set theory and linear algebra.
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Set: A set isan aggregate of things, e.g. numbers, people, buildings, points. The things
are elements of the set.
Indexed sets: Consider sets A, A,,..., Ajand the set | ={1,2,...,n}, where to each

element i (1 corresponds a set A, then | is called index and the sets { A, A,,..., A} are
called indexed sets. Moreover such an indexed family of sets can be denoted by { A} .

Function: A function (or map) f from set A to set B, written f: A - B, is a subset of
Ax Bwith the properties:

« foreach aldA, thereis sme bOBsuch that (a,b)df , written alsoas b= f(a)

e if(ab)df and (a,c)df,then b=c.

If f(A)={b0B|b=f(a),aldA}and f(B) ={alA| f (a) 0B} then each function

f:A - Bhas corresponding induced functions (on sets) f:P(B) - P(A)and
f 1:P(B) -~ P(A) (usualy the same notation of functions is used for elements and sets).
In general, when the function f : A - B (on eements) is performed, then induced function

f 1(B)= A istruebut f(A)=Bisnot necessrily true. When f(A)=Bis true, then f is
onto B. Oneone is the function f:A - B, which obeys the rule
aZza, 0 f(a)z f(ay)-

Relation: A relation R on aset Aisany subset of Ax A. Thus every function from A to

Aisareation but not all relations have the properties of functions. If Ris a relation on A
and all A,b0 A then the relationship between the two elementsis denoted by (a,b) OR.

Historically, topology was introduced as an alternative to represent continuity of a space
more genera than the Euclidean space The Euclidean n-spaceis defined as an n-space with
operations of addition, scalar multiplication and Euclidean inner product (for complete
definition see Anton 1994). On the basis of the inner product, a metric can be defined, e.g.
length, distance, ande. The Euclidean spaceis used as a fundament by Frechet (in 1909 to
introduce a metric space, denoted by (M, p) , where p is the distance function. If (M, p) is

ametric spacefor each x,y,zOM thefollowing istrue:
a p(xy)=0
b p(x,x)=0
0 pxy)=p(y,x),if p(x,y)=0then x=y
d) pxy)+p(y.2)=p(x 2).
The function pis called the metric on M. Inside the metric space the open sets are

defined to be:
A set E in ametric space (M, p) isopen iff (if and only if) for each xOEthereisan e

disk U(x,e) about x contained in E. The e-disk about x is also defined on the metric space
(M, p) for e>0to be:
U(x,e)={yOM |p(x y) <€} .
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The e-disks and open sets can be used to define continuity of metric space without
referring to the distance Topology is the next step to deal with continuity without
mentioning the distance (seeHausdorff 1914. Topology is derived from the metric space by
using the open sets. The definition of atopology is then given as (see Wil ard 1970:

A topdogy on aset Xisacolledion t of subsets of X call ed the open sets, satisfying:

a) any union of dementsof T belongtot

b) any finiteintersedion of elementsof Tbelongsto T

c) the empty set and X belongto .

Inside atopological space the topdogical primitives, i.e. closure, interior and bounday
of aset can be defined. If X isatopological spaceand E O X, then:

» closureistheset E=({K O X |K isclosed and E O K}

e interior istheset E° =GO X |G isopenand E O G}
« boundary istheset 9E = E n (X —E) , which isaclosed st.

Closure, interior and boundary of a set have a number of important properties (the prodf
can befound in Willard 197Q i.e.:

a E°OE
by EOE
¢) EisdosdinXiff EZE
d EisopeninXiff E°=E

e E=ENJE

fy E°=E-0E

g X=E°OOEO(X-E)°
h) X°=X

iy O=0

The basic topological definition given above, however, is not convenient for particular
use (e.g. representation of geometric properties) due to the regularity of open sets in the
Euclidean space i.e. each open set of one point has the same properties as any other set.
Then it iswiser to investigate the spacefirst around a point (or several points) and conclude
that around other points it is the same. Thus the notation about a neighbouhood is
introduced, i.e.:

If X isatopological spaceand x[ X , a neighbouhoodof x is a set U, which contains
an open set containing x, i.e. xOU°, where U°isthe interior of U. Chapter 5 utili ses the
properties to derive the topological primitives for geometric and constructive ojeds.

Threemore definitions that will be used in thisthesisare listed below, i.e.:

Connected space: A st X is disconreded iff there are digoint non-empty open sets H
and K in X such that X =H OK.Then X is disconreded by H and K. If no such
disconnedion exists, X is conneded. For example the Euclidean space IR" is a conneded
space Connedivity is an important property of topological primitives and hence plays an
important role in derivation of spatial relationships between ohjeds (see Chapter 6 for more
detail s).

Homeomor phism: If X and Y are topological spaces, a function f from X to Y is a
homeomorphism iff f is one-one, onto and continuous and f* is also continuous. In this case
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X and Y are homeomorphic. The homeomorphism ensures the invariance under
transformations.

Embedded spaces: If f is everything but onto, then it is the enbedding of X into Y, i.e.
the expresson is“X isembedded in Y by f". The @ncept of embedding is very important in
the moddlling process In fact, if the objeds are defined in a topological space (and hence
their spatial relationships), they can be enbedded in another space without worry about the
gpatial relationships.

The practical importance of topology for the modelli ng of the real world is twofold: 1) it
provides a formalism to define spatial relationships, and 2) it allows a formal geometric
description of objeds. The notions of neighbourhood, interior, boundary and closure
contribute to: 1) the definition of the topological primitives of objeds, and 2) the encoding
in topological relationships, i.e. the interrelations between the topological primitives of two
or more objeds in their neighbourhoods define the topological relationships among objeds.
For example, if the neighbourhood of a point is completely inside the interior of an ohjed,
then the point is in inside the obed; however, if the neighbourhoad is partially in the
objed's interior, then the point is on the boundary of the objed. Applied to all the points of
two oljeds, this medhanism suppiesinformation on theinterrelation of two oljeds.

The topology can be applied to strictly define the subdivision of the space and derive the
shape of oljeds out of it. For this purpose, an n-dimensional space (Hausdorff space) called
n-manifold, in which the neighbourhood at every point is equivalent to an n-dimensiona
ball, is introduced. Then a subdvided manifold is defined as a pair (M,C), where the M is
manifold and C is a complex of cdls. Each subdivided manifold has the following properties
(see Brisson 1990:

e each (n-1)-dimensional cdl is dared by exactly two n-dimensional cdls

e given two n-dimensional cdls 5 and § , there &ists a sequence of cdls

§=S~..=S& § such that s,ns, isan (n-1)-dimensional face

e given any (n-2)-dimensional cdl, the n- and (n-1)-cdls adjacent to it can be

arranged in asingle mnneded alternating cycle.

Thefirst property leads to a closed manifold. The dosed manifolds can be orientable or
non-orientable. An orientable manifold is the one, in which each two n-dimensional cdls
that intersed in a given (n-1)-dimensional induce opposite orientations on that cdl. The
notations on manifolds played a critical role in constructing models for computational
geometry. The traditional CG models (e.g. winged-edge, half-wing edge) are built on
subdivisions of 2-manifolds, i.e. vertex (0-cdl), edge (1-cdl) and face (2-cdl).

2.2.3.2 Detection of spatial relationships

The development of a mathematical theory to categorise relations among spatial objeds has
been identified (seeBoyle @ al 1983 NC for GIS 1989 as an essntial task to overcome the
diversity and incompleteness of spatial relationships realised in different information
systems. The intensive research in this area has led to the development of a framework
based upon set theory and general topology principles and notions (seePullar and Egenhofer
1988. The framework utili ses the fundamental notions of general topology for topological
primiti ves to investigate the interactions of the spatial ohjeds. The topological primitives of
a spatial objed can be defined for each spatial modd and hence the framework can be
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applied to any spatial model. The basic aiterion to distinguish between different relations is
the detedion of empty and non-empty intersedions between topological primitives.
Depending on the number of the topological primitives considered, two intersedion models
were presented in the literature. The first idea is to investigate the intersedion of interiors
and boundaries of two oljeds (see Egenhofer and Franzosa 1991). This results in 2*°=16
relations between two oljeds. Eight relations are given names, i.e. digoint, med, contains,
coves, insde, coveredBy, equd and overlap). For example, if the boundaries of the two
oljeds intersed but the interiors do not, then the @nclusion is that the oljeds med.
Apparently, many relations cannot be distinguished on the basis of only two topological
primitives, therefore the evaluation of the exterior is adopted (see Egenhofer and Herrring
1990. The number of detedable relations between two oljeds increases to 2°=256. Despite
the aiticism (i.e. not all therelations are posshlein redlity, the intersedions are not further
investigated, many objed intersedions are topologicaly equivalent), the framework
provides a systematic, easy-to-implement way of deteding spatial relations and is therefore
used in the thesis (seeChapter 6).

A dightly different approach is followed by Clementi et a 1993 Again, the three
topological primitives are used but first the type of intersedion is clarified and then a
detail ed evaluation of all the céls composing an objed is performed. The approach claims a
detedion of alarger number of relations, however, at a high computational price

2.2.4 Operations

Apart from the generic operations (seeSedion 2.1.1), GISs perform a number of spedalised
operations, some of which fall into the group of supporting operations, i.e. seledion,
navigation and spedalisation. Plenty of classfications of required operations are presented
in the literature that often confuses the reader. Usually, the dasdfications try to address
three ©mponents of GIS, i.e the geometric and semantic properties, and spatial
relationships.
Goodchild 1987 spedfies the spatial operations, which have to be performed in six
groups:
e Operations requiring accessto semantic properties of one type of ohjed, e.g. houses
that belong to ane owner
e  oOperations requiring accessto bah semantic and location information, e.g. houses
higher than threefloors located to the north of the station
» operations which create oljed-pairs from one or more types of objeds, e.g. al the
buil dings included in a given parcd
e operations which analyse semantics of oljed-pairs, e.g. the buildings in a given
parcd that have one owner
» operations which require accessto semantic and location information for more than
one type of oljeds or objed-pairs. spatial interaction modelli ng requires access to
origin and destination of objeds, aswell as, their attributes.
» oOperations which create a new type of ohed from existing ohjeds, e.g. Thiesen
polygons or buffering polygons around lines.
Aronoff, 1995summarises the required operations of a GIS as:
» retrieval operations, e.g. what isthe arrent information about a particular building
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e (uery operations, i.e. retrieval under a condition e.g. the houses cheaper than $50
000

« moddling operations, e.g. what will be the state of the data &ter ten years or the

next year (predicting new information).

Further elaboration on needed retrieval and query operations results in subdivision into
four groups:

o retrieval and query of the spatial data, i.e. transformation (geometric, format,

geographical, conflation), and editi ng (edge matching)

» retrieval and query of the semantic data

e integrated analysis of spatial and semantic data, i.e. retrieval, classfication,

measurement, overlay operations

» neighbourhood operations (search, topographic operations, Thiessen polygons,

interpolation, contour generation)

e connedivity operations (contiguity measurements, buffering, network, spread, seek,

inter-visibility, ill umination, perspedive view)

e output formatting (map annotation, text labels, texture pattern and line style,

graphic symbds).

In this thesis, we asauume that GIS has to be able to perform sdledion, network and
spedalisation operations over the components it contains (e.g. geometric and semantic
characteristics, and relationships). The result of these operations can be further processd to
oltain a more spedfic result. Theoretically, the original operation and the further processng
can be encapsulated in a new operation. Thus, we will define the following groups of GIS
operations that are used in the thesis (see Chapter 3) as foll ows:

» metric operations, i.e. distance volume, area and length, are seledion operations

based on shape and size of oljeds and further processng

e position operations are seledion operations based on location (no further processng)

e proximity operations are seledion operations based on geometric characteristics and

the aeation of new objed (i.e. buffer)

» relationship operations are seledion operations based on spatial reationships (no

further processng)

» vighility operations are a sdledion based on geometric characteristics and further

processng

*  semantic operations are seledions based on semantic characteristics

e mixed operations, i.e. sdedions on the basis of geometric and semantic

characteristics.

Molenaa 1998 spedfies the query as a seledion operation with three @mponents; data
type spedfication, conditions and operations that have to be performed on the data. The
seledion then can be performed on semantics, geometry or topology. For example, "sded
the buil dings (data type) higher than 15m (condition) and show their ID (operation)”. If the
operations on data ae not very complex, the definition of a query operation is smilar to that
given by Aronoff and Goodchild. Sophisticated operations on data may diminish the
boundary between query and analysis. Therefore, a seledion of data under conditions related
to geometric, semantic characteristics or relationships, which are stored in the database, will
be referred to here as ad ha query or query. A sdedion of data that neels further
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processng is called embedded query. Embedded queries may be provided to the user as
encapsulated new GI'S operations.

2.3 3D visualisation and interaction

Visualisation is a general term to denote the processof extracting data from the model and
representing them on the screen. This thesis concentrates on the representation of spatial
data and, therefore, visualisation will be mostly used in the wntext of display of 3D
graphics. Interaction with the 3D graphics on the screen is, in the broad sense (detail s are
given below), deteding user actions and reaching them by re-computing the parameters of
the models and producing of a new display. Since the 3D visualisation and interaction are
critical elements the user interfacein a 3D GIS, some fundamental principles (relevant for
the thesis) are presented here.

The processof visualisation and interaction is completed in two steps, which are known
as pipelines, i.e. input and output (see Figure 2-2). The output pipeline cmprises the
processof sending information (primitives and attributes) to the screen; the input pipeline
comprises the detedion of user actions and the crresponding post-processng of the moddl.
The visualisation schema is common for any program, with a graphics output, i.e. CAD
systems, e.g. AutoCAD, Intergraph, Microstation, GIS programs, e.g. ArcVIEW, Maplnfo,
Web browsers, e.qg. Netscape, Mosaic.

The apgication pogram is the software @ntrolling and ensuring the crred flow of
datain bath diredions, i.e. 1) it accesses the data organised in a model, extracts a subset of
data, which has to be on the screen at one particular moment and applying an appropriate
graphics package (rendering engine), performs the necessry algorithms to transform 3D
graphics to 2D image on the screen, and 2) it controls the input devices. The process of
creating images from the model is often referred to as rendering.

Output pipe line

Dispay
<> Hardware

Figure 2-2: Classical visualisation schema

The graphics package is a software interface to the graphics hardware, which provides
means for the rendering, maintaining windows and deteding user actions. The tendency
over the last few years to develop hardware-independent software has resulted in a
rendering pakage, i.e. OpenGL (see Woo et al 1997). From a programming point of view,
OpenGL isaset of standard procedures (written in C++) that facilit ates the management of
graphics hardware. To be able to run on different platforms, the OpenGL syntax does not
support procedures dealing with windows and input devices. An application program using
OpenGL has to utili se the windowing medianism and the device tracking (e.g. deteding
mouse dick) of the aurrent operation system (e.g. Windows, Unix), i.e. make use of
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corresponding libraries (e.g. Motif X for Unix). In return, OpenGL provides the means:. to
describe ohjeds, arrange them in threedimensional space calculate the @lour and
ill umination parameters and convert the mathematical description of the model to the pixe
parameters on the screen. Similar rendering packages, but being lesshardware independent,
are Dired 3D (Microsoft) and Java 3D (Sun Microsystems), which is the newest 3D
interface arrently avail able for two operation systems, i.e. Windows and Solaris.

The application model stands for the model, which is used for visualisation. If the
application program is a graphics editor, then the mode falls in the ctegory of CG data
models. The data modd has the basic components of the modd discussd abowe. The
objeds, attributes and relationships maintained in the CG models aim to suppy a consistent
set of data to render on the screen in a short time. For example, the most popular models
(e.g. winged-edge data model) maintain 2D topology; however the purpose is to give an
indication about the nearest next primitive (i.e. face) to be displayed. The attributes of the
primitives are related to some parameters that are needed to create the rendered image on
the screen. For example, a buil ding represented as a bax will have as an attribute wlour (i.e.
radiometric property) that contrasts to the attribute information (usually semantic
properties) of abuilding in a GIS. Another spedfic characteristic is that the CG data models
are meant to be organised in the main memory (due to performance requirements). Memory
organisation, however, is not sufficient to display large data sets (e.g. 3D urban data) and
requires a mechanism for the dynamic extraction of data from a database hosted on a local
or remote disk (seeKofler 1998.

Scene
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Figure 2-3: Components of the scene

2.3.1 Scene components

The word "scene" is used to denote the rendered image on the screen. Severa key
components are necessary to achieve readable 3D dimensional images on the screen or, in
other words, to create realistic scenes: geometry, ill umination and shadng models, texture,
camera pation (or view) (see Figure 2-3). The term "geometry" here refers to the
representation of geometric characteristics of objeds (see Sedion 2.2.1) in the scene. The
components attempt to capture features of 3D real oljeds and represent them in accordance
with human perception. The 3D geometry, i.e. paygors (faces) and lines, composed of
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vertices (points with known co-ordinates), determines the position, shape and size of the
objeds. [llumination and shadng models contral lighting from artificial light sources and
corresponding refledions on the surfaces. Colours and textures aim to represent surface
properties of the ohjeds. The camera pasition spedfies the location of the user inside the
modd and orients the model accordingly. The readability of the scene depends on the
components used to render the model or part of it on the screen. In this resped, threebasic
tedhniques can be distinguished, i.e. paints, “ empty” poygorsand “fill ed” palygors.

2.3.1.1 Points and "empty" polygons

The scene aeated only by a set of points is known as paint cloud The view gives very few
detail s and only a very vague impresson of the entire 3D model that can be obtained. The
scene omposed of "empty" polygons is known as a wire frame mode (see Figure 2-4). A
dight improvement in the legibility of data can be achieved by using dfferent colours or by
applying algorithms to hide "invisble" lines (see Figure 2-4b). Several other more
sophisticated techniques, e.g. depth cueing, depth clipping, can be used to improve visua
perception. More information about them can be found in Watt 1993 The wire frame mode
involves less complicated rendering algorithms (hence much faster) and therefore many
rendering engines provide real-time navigation in wire frame mode. However, al the scenes
created in wire frame mode, have the ammon disadvantage of ill egible scenes, with a low
degreeof realism and dfficult for orientation. Very often some ohjeds create an ambiguous
perception, e.g. it isimpossgble to determine which elements are doser to the observer.

Figure 2-4: Wire frame models: a)without and b)with algorithms for hidden lines removal

2.3.1.2 "Filled" polygons

The utili sation of "fill ed" polygons offers an improvement of the realism, which requires the
definition of illumination models and corresponding shadng models. The ill umination
model is related to the light sources used and consists of a number of parameters, which
determine the wlour of every pixel from the rendered scene. A shadng model is a more
broader term, in which the ill umination model fits, and defines how the ill umination model
is applied and what parameters it recaves. For example, some shading models implement
an illumination model for only a subset of all the pixels of the screen. The values of the
remaining pixels are interpolated. Other shading models compute the value of each pixd of
the screen. The applied ill umination model and shading models can beame quite complex

28



if the interchange of lights from the source to the surface and between all the surfaces is
considered, e.g. reaursive ray tracing and radiosity methods.

The shading model depends on the method of computing the pixel value across the
surface Several approaches are known: 1) constant shading, called flat or facet —one value
is computed and applied to the whole face and 2) interpolated shading: Gouraund-
computation of intensity in every vertex and applying an interpolation across the surface,
Phong —interpolation of the normals to surfaces, as the first step is computation of the
normalsto the edges of the surface

Complex ill umination and shading models to render fill ed polygons may produce highly
reali stic scenes. However, they dow down the rendering processtremendously, e.g. applying
radiosity (a comprehensive shading technique), a scene might take hours to be wmputed.
Some advantages might be found in the littl e disk space and memory required to process
data. In practice such models are not relevant for real-world models. Shorter time for
rendering can be achieved by utilisation of simple illumination and shadng models (i.e.
Gouraundand Phong or texuring. Simple algorithms for shading, however, may create the
opposite to a redlistic scene. For example, some disturbing effeds may ocaur, like a
polygonal silhouette on the adge between two surfaces (see Figure 7-15) or non-constant
shading of the surfaces (during navigation through the moddl). It seems that texturing is the
most successul tedhnique to oldain realism in a short rendering time.

Texturing is a tedhnique to wrap an image (scanned real photos or synthetic images)
onto the "geometry". The principle is ach that, instead of the value alculated from
illumination and shading models, a corresponding pixel value (or weighted mean value)
from the image (texd) is asdgned to the screen pixel. Since the screen pixe value pre-
computation is not performed, the rendering is faster. The rendering engine, in this case,
must cope with the organisation of images in the memory, as well as, the ectraction of each
new image neeaded for a particular scene from the database (seeKofler 1998.

Computer graphics gandards (e.g. OpenGL, VRML, Java 3D) give preferenceto simple
illumination and shading models combined with methods for texturing. Thus bath rapidly
rendered and realistic scenes are ensured at the price of additional maintenance of photo
images. For example, the virtual reality browsers are expeded to provide only Goraundand
Phongmodels and support texturing (seeChapter 4 for more detail s).

2.3.2 Interaction and manipulation

The term interaction is related to the possbility to move and investigate (e.g. operations
zoom, pan, walk-through, flyover, examine) the model, without changing the origina
parameters of the scene. Manipulation is the ability to access (e.g. the operation seled)
elements from the scene and the posshility to change (e.g. operations edit, add, delete,
scale, rotate, trandate) the entire scene or some mponents of it, i.e. geometry, lights,
camera position, image for texturing, texture @-ordinates. The terms have an important role
in the visualisation process and are used to classfy the visualisation systems (see Gobdl
1993 and overall visualisation goals (see MacEachren and Kraak 1997). Since this thesis
aims at employing VR techniques for interaction and manipulation, some darification will
be provided below.
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The time nealed for a system to respond to a user action is the most critical factor in
distinguishing between high or low levels of interaction and manipulation. The time interval
gives users the perception of being "inside the model”, which Isdale 1998 ses to distinguish
between off-line plotting, interactive plotting, animation and virtual reality. Off-line
plotting is a classof interaction where the user cannot interfere with the processof drawing
(e.g. plotting). Interactive plotting refers to systems with tods for interaction and
manipulation, which, however, need time to re-compute and render the new scene (e.g. most
of the CAD systems). Animation all ows the user to calculate dynamics in advance and play
it in real time (eg. 3DStudio, TrueSpace Wavefront etc.). Depending on animated
properties, four types of animation can be defined, i.e. frame, skdeton, morph and
interpoation. Frame animation gives the ability to plan the route and the position of the
camera, and a sequence of scenes (number of frames is defined by the user) is created.
Skdeton animation changes the positions of some geometric dements of the objed, eg. an
arm of a body. Morph animation refers to changes in the shape of the objed. Interpoation
means sophisticated computations between two different positions of an objed (see
Wavefront 1995. All the types of animation can be observed but not influenced while they
are played.

Virtual reality (VR) is the highest level of interaction and manipulation, permitting
operations to be ompleted in near real time. This means that the user does not notice the
intermediate @lculations between two different scenes. The manipulation and interaction
comprise al faciliti es (hardware and software) that supdy users with tods for contact with
the objeds and dredly manipulate them. The perception of the user of interactivity depends
to a great extent on the avail able hardware. While an equipment based on a conventional
mouse and 2D screen facilit ates only navigation, Head Mourted Display (HMD) (a device
which all ows displays to be mounted in front of every eye) creates true 3D perception. With
resped to the hardware avail able, VR systems can be dassfied at five levels:

e Entry VR systems consist of a personal computer (or workstation) with a 2D input

device 2D screen and video accderator cards.

» Basic VR systems consist of spedal hardware devices for sdedion such as
PowerGlove, 3D or 6D mouse or joystick, and some enlargement of the display
faciliti es, e.g. stereo graphic viewer.

* Advanced VR systems already include all types of rendering accderators, eg.
texture, video and powerful processors.

e Imnersive VR systems include complex devices for display and sensing, e.g. HMD,
CAVE.

e Cockpit Smulators (Cabs) allow physical movements and create a feding of red
participation in the scene and actions.

Recent hardware and software advances make the redlisation of Entry VR systems
possble on any personal computer. Real-time interactions and manipulations of large
models in shaded (or textured) mode are ommonly considered low level VR tedhniques.
Systems that provide means for bath real-time interaction and manipulation are referred to
as VR modellers. Systems that ensure tods for interaction but provide a limited set of
manipulating operations are known as VR browsers or viewers. Sedion 2.4.2 and Chapter 4
provide more detail s on virtual reality techniques supported by VRML and VR browsers.
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2.3.3 Levels of Detail

The @mncept of Levels of Detail (LOD) has been introduced to facilit ate visuali sation of large
scenes (see Clark 1976. The idea is that objeds or some of their elements becwme
compatible with the pixel size of the screen when they are far way from the observer. This
permits the original geometric representation to ke replaced with a new low-resolution one.
Low-resolution representations require lessmemory and processng time for rendering and
hence speed-up the visualisation process The different representation is used by the
visualisation system only if the objed is far enough from the user. Closer objeds are till
represented in their full resolution. Moreover, if the distant objed gets closer (as a result of
the user's navigation through the model), then the high-resolution representation is restored.
The intentions are an unnoticeable switch between low and high levels of detail. With some
exceptions (seeLindstrom et al 1996, the switch of LOD is controll ed by one parameter, i.e.
the distance between the viewing point and the ohjed.

Most of the algorithms developed assume that the LOD are pre-computed dfferent
representations of objeds. For example, a building may have four different geometric
descriptions: 1) walls, rodf facets, windows and doars (i.e. LODO), 2) walls and rodf faces
(i.e. LOD1) and 3) the bounding box (LOD2) and 4) a single point, e.g. the masspoint (i.e.
LOD3). All four levels have to be omputed in advance and available to the system.
Research is conducted toward automatic generation of LOD on the basis of previous senes,
which so far gives goad results only for scenes smilar to each other (see Aliada 1996.
Originally proposed for geometry simplification, the idea of LOD might be extended to the
images used for texturing (see Maciel and Shirley 1995. The principle is the same: an
image used for a closer ohjed has a higher resolution than the image applied for distant
obeds. LOD are airrently implemented on almost all visualisation systems, but concerning
only geometry. VRML spedfications present a flexible organisation of geometry and texture
LOD based on separate a priori designed VRML documents (see Chapter 4 for further
detail s).

2.4 The World Wide Web

Development of the World Wide Web (the Web) can be mnsidered a turning point in data
access and exchange over the Internet. Since the first point-and-click browser (Mosaic,
NCSA) launched in 1993 the number of Internet customers (individuals, companies, non-
profit organisations) has increasingly grown (seeAbrams 1996and Stein 1997). Severa key
characteristics contribute to this phenomenon:

e The W uses a protocol for the exchange of data built for the Internet. The
HyperText Transfer protocol (HTTP) is one level higher than the Transmisson
Contral protocol (TCP), which is an extension of the basic Internet protocol (IP),
bath generally known as the TCP/IP protocol. Sincethe TCP/IP protocol is equal for
al computers, the aomputers already conneded in Internet by Local Area Networks
(LAN) and Wide Area Networks (WAN) could adopt the protocol simply by
installi ng a pieceof software.

e The Wé engine for exploring information is the browser or Web browser, i.e. a
program that works on the dient site (see below) and supports the most used
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protocols developed before HTTP, e.g. the File Transfer protocol (FTP), TELNET
(text-oriented remote service), Gopher (a university information protocol) and the e
mail message protocol. The user obtains functionality in one single program. The
most widely used Web browsers are Netscape, Microsoft Explorer and Mosaic.

e The Weé establishes a simple yet effedive naming schema, i.e. the Uniform
Resource Locator (URL), to identify the unique location of the information and the
protocol to oltain it.

e Theinformation on the Web is organised in standard units or pages. The page is
any document displayed in the browsers and the user can read it. Moreover,
applying the hypertext medianism, each page @n provide a link to any other
document on the Web. Thus every customer of the Web may provide an unlimited
number of links to sources all over the Web, which undoubtedly facilit ates the
exploration of information.

» The Weéb pages are written in a standard high-level Hypertext Markup Language
(HTML). The language gives instruction to the Web browser on how to visuali se the
document. Although the language spedfies many parameters, e.g. font and size of
text, the visualisation (e.g. line-breaking) is the responsibility of the Web lrowser on
the user's computer. Thus, the display of the documents is practically platform-
independent.

« The Wé can be unlimitedly extended with supdementary programs in two
diredions: on the dient and on the server site. On the dient site, the Web browser
may incorporate different additional programs called plug-ins, helper apgications
and appets, in order to display spedfic types of documents. On the server site the
Web can be extended by a variety of exeautable scripts.

» The Weé lrowsers provide a user interface based on point-and-click operations that
does not require the memorising of commands. Thus, in a very short time, the Web
has become popular among societies and individual s with different qualifications.

WEB BROWSER web
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WEB BROWSER /
web
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Figure 2-5: Classical Web client-server architecture

2.4.1 Techniques to access data on the Web

The principle medhanism to access documents on the Web is based on client-server
architedure. An architedure in which a computer (personal or workstation) called client,
requests mething (information or procesg from another supdying computer (personal or
workstation), called server, bath of which are onneded in a network (LAN, WAN,
Internet), is known as client-server. The dient has Sftware that is capable of conneding to
the server, and requesting and recaving data. The server has oftware that deteds the
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request for communication, completes the request and closes the cnnedion between the two
computers (seeHall 1995.

Similarly to the standard client-server concept, the Web requires a Web server (e.g.
Apache, Webdte, WebSar) on the server site and a Web browser on the dient site (see
Figure 2-5). The Weéb lrowser displays the documents and processes the user actions. The
Web server can bath establish a connedion to ather servers or applications by the exeaution
of scripts and provide access to local files. The scripts (often called CGl scripts) are
programs written according to the standard Common Gateway Interface (CGI) and located
in aspedal diredory on the server. CGI scripts, which can be written in any programming
language (Perl, C, Delphi) have threeparts, i.e. header, body and end. Among the different
optional parameters, the header must spedfy the type of document, indicating whether the
Web lrowser can display it or a helper program (extension of the browser or a separate
program) has to be run. For example, if the type of document is plain tex, the browser
visualisesit in an HTML page, but if it is amodel/vrml document a VR browser is activated.
The body of the script may contain computations, connedions to aher servers, instructions
to create a document on the fly or various combinations of these. The end of the script is a
signal for the Web server to close the server-client connedion.

Sincethe Web emerged, it was enroll ed to share 2D GIS data. At the airrent stage, there
are two types of Web 2D GIS: server-side and client-sde. The server side is based on
connedions to GIS servers by CGI scripts. In practice the user requesting GIS information,
activates a CGlI script, which transforms the query to a GIS exeautable operation, processes
the result in a form appropriate for display in a Web lrowser and ddlivers it to the dient-
site. The result is usually displayed as text or image in an HTML page. Examples of such
access to GIS are VISA International (http://mww.visa.com), MapQuest
(http://Ammww.mapquest.com). The major disadvantage is that interactivity on the dient siteis
on avery low level: anew pan or zoom operation activates a new connedion to the server.
The apparent advantageis that all the amputations are performed on the server side, which
permits employment of existing GIS and DBMS servers.

The dient-side GIS is realised following dfferent approaches: plug-ins (helpers) and
Java appets. The plug-ins are programs that enable the Web browser to read and visualise
types of data not supported by HTML, i.e. they have to be installed permanently on the
client site. Java gplets are programs written in the Java language that reside on the server.
They are delivered to the dient site on user request and stay active for the time of their
running. Since the processng of data is diifted to the dient site, the posshility for the
interaction and manipulation of data is greater. In general, Java gpplets are mnsidered the
more powerful approach that plug-ins, since the applet preserves most of the Web
functionality, has a smaller size then an HTML page (the Java gplet is a compiled
program) and provides flexible means of visualising graphics (e.g. Java 3D). The often-
mentioned d sadvantage is the restriction of posshle mnnedion to ane server, i.e. the server
where the applet is launched. An example of a GIS plugin is MapGuide
(thhp://www.mapquide.com) and a Java based GIS is the ArcView Internet Map
(http://mww.ersi.com).
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2.4.2 VRML: the Web standard for 3D visualisation

The history of the VRML started in 1994 with the first attempts of leading vendors to
establish a Web standard for 3D graphics. The language passd through several stages, i.e.
VRML 1.0, VRML 2.0 VRML97, before it was endorsed for an Internet standard in
Decanber '97. Thefirst edition, VRML 1.0, was capable of describing static 3D models and
linking them with VRML, HTML documents. The secwond version added interaction,
dynamics, scripting and a multimedia interface The key design criteria, i.e. authorabhility,
composahility, exensbility, be capalde of implementation, performance scalahility (
Web3D Consortium Inc.1999 aim to:
» enable development of computer programs to create, edit and maintain VRML (i.e.
VR modell ers)
» enable development of computer programs to visuali se and navigate through VRML
(i.e. VR browsers)

» encourage development of programs for the cnversion of other graphics fil e formats

into VRML (i.e. converters)

e provide means to use, combine and re-use dynamic 3D oljeds within VRML

«  providethe ability to define new objed types not explicitly defined in VRML

» enableimplementation on a wide range of systems

e ensureinteractive performanceon avariety of computing platforms.

Despite its dort history, VRML has beame very popular among software devel opers.
Plenty of VR software (browsers and modellers), as stand done (work as individual
appli cation program) or plug-ins to Web Browsers, are already avail able on the market or on
the Web (see 3Dweb Consortium 1999 and SDSC 1999. However, the developers of VR
browsers gill cannot react to the fast changes and improvements of VRML. The
functionality of only few browsers (eg. CosmoPlayer, WorldView) is according to the
spedfications.

Designed for a standard Web protocol, VRML enables hyperlinks to ather types of
documents supported by the Web, e.g. movie, sound, HTML, VRML, and programs (CGlI
scripts, ECMAscripts and Java gplets). It is capable of representing geometry, texture,
materials, lighting, i.e. al the mmponents of the scene (see Figure 2-3), as wdll as, the
behaviour of objeds and dynamics. The dynamics ranges from techniques to play complex
animation to means of deteding user actions and consequent events. The ability to represent
real worlds and their dynamics places VRML among the second-level modelli ng languages
such as Open Inventor. Since the level of realism and dynamics that can be achieved in
VRML is very high, the 3D models are alled worlds or virtual worlds. Each world can be
amost an unlimited composition of smaller worlds distributed on different servers al over
the Wéb (see Chapter 4 for more details on VRML). All these features make VRML an
attractive alternative for a front-end interfaceto 3D GIS data on the Web.

The 3D scene designed acoording to the VRML syntax is actually an ASCII fil e format,
which can be read within any word processng software. In this text, the 3D scenes
described in VRML will be referred to as worlds or documents (a general term for any data
transferable on the Web). The term VRML model is frequently used to indicate individual
objeds (or groups of ohjeds) that can be enbedded in a world, eg. a VRML mode of a
telephone. Visualisation software, i.e. a VR browser, displays the 3D modd. We must
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distinguish between what can be described inside VRML files and what VR browsers are
expeded to supdy. The VRML provides the parameters for scene description and the
animation of objeds while, the VR browser cares of rendering the scene and supdying the
means to navigate through and interact with the modd. Initially, the basic function of the
VR browser, besides visualisation, was only real-time navigation, i.e. provision of virtual
redity techniques: examine, fly-over, walk-through pan zoom. The semnd edition of
VRML granted the VR browser new responsibiliti es related to various dynamics inside the
scene. More detail s about the suite of VRML and VR browsers are given in Chapter 4.

The VR browser parses the VRML instructions in an internal model (scene graph) and
ensures the rendering, the detedion of user actions and the enabling of the hyperlinks. In
the part of tasks related to the visualisation, the VR browser follows the traditional
visuali sation schema (compare Figure 2-2 and Figure 2-6). That is to say the modelli ng of
VRML worlds does not require knowledge of rendering algorithms, windowing, device
tracking or the design of tods for interaction. The separation between pure visualisation
problems and the 3D modelli ng of worlds is considered by some authors a critical point that
may save programming time and efforts, and ensure better concentration on spedfic tasks
(see Nadeau 1997. The authors remommend VRML for systems, where the emphasis is
more on the @nstruction and analysis of the application models than on visualisation (see
Sherman 1997).
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Figure 2-6: 3D visualisation utilising VRML

Despite the rapid development of many different VR browsers, only a few of them have
satisfactory characteristics. To date, most of the browsers are designed for Windows 95/NT.
Macintosh, Unix, OS2 patforms are just occasionally supported. Still many browsers
support only VRML1.0, others fail in the implementation of VRML 2.0 functionality. For
example, parts of the standard syntax (e.g. proto, collision, extrusions, inline) are not
supported by many browsers (see Seidman, 1997). An obvious bdtlened is the support of
scripts. The VRML spedfications does not impose a particular scripting language, i.e. it
may be one of the Java, ACMAscripts or VRML scripts, which might not be supported by
the browser. The way in which the scene described in VRML is rendered varies as well. It
seans many vendors optimise their browsers for speel rather than for rendering quality. The
awkward dfference in path spedfication (some browsers accept “\” others “/” in
spedfication of URL's) of files very often causes fail ure to access documents. The VRML
spedfication does not treat the question of user interface The devel opers of VR browsers are
freein the design of tods for interaction. As a result, the user experiences a variety of
provided interfaces and functionaliti es; from the obligatory VR means to fly-over, walk-
through examine, pan, go-to parels, to various animations, corredions of navigation speed,
rendering modes, lights, etc.
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2.5 Summary

The chapter provides a basis for designing a 3D GIS. As any information system, 3D GIS
nedds a data model to structure the information and a user interface to accessand query the
data. The GIS data model comprises data and rules about real ojeds and more spedfically
about spatial ojeds. The GIS as a system for the maintenance of spatial and non-spatial
objedsis gill awish. Thus the information per oljed, which is currently stored in the GIS
model is related to the geometric and semantic properties of objeds, their spatia
relationships and time (in spatio-temporal GIS).

The geometric characteristics of an ohjed tend to define the ojea with resped to
location in space shape and size. These daracteristics are dosely related to abstractions
about space and objeds. The vedor representation all ows a more accurate description than
the raster representation and therefore it is used for this research. The real objeds are
commonly associated with four types of oljeds, i.e. points, lines, surfaces and bodies.
Spatial relationships are needed to perform a large variety of GIS functions. The spatia
relationships can be represented by several methods, among them, topology is widey
applied dwe to ensured neighbourhood information and invariance under topological
transformations. The semantic characteristics of objeds and the time are beyond the scope of
thisthesis and therefore are not discussd here.

Three stages of GIS data model design are distinguished, i.e. conceptual, logical and
physical. The GIS can be developed from scratch and then the threedesign stages have to be
completed. The GIS can also ke built on an existing database management system, making
use of already provided operations. The second approach will be adopted here. Therefore,
only two stages are of particular interest for this thesis, i.e. conceptual and logical design.
Conceptual design refers to the darification of ohjeds, their attributes and relations. In this
resped, the ohjed-oriented approach and its common principles facilit ate the abstraction of
real obeds. The logical design then is related to mapping the sdleded components to the
relational data model. This processcan be favoured by the utili sation of conceptual models
(ERM, IFO) that provide methods of describing objeds and their relations, and of mapping
onto the relational data mode!.

The user interfaceis a very important part of 3D GIS development. In general, 3D GIS
implies an expensive task in each of its aspeds, i.e. data coll edion, design and maintenance
Therefore the user interface has to permit comprehensive utili sation of the information. The
advances in computer graphics offer new extended tods for the visualisation, interaction
and manipulation of data, which have to be fully employed for 3D GIS. Queries and
visualisation of spatial analysis have to be graphics-oriented rather then text-oriented
whenever appropriate.

An important factor in a 3D GIS is remote accessto the data. Recent developments on
the Web, i.e. VRML make possble visualisation and interaction with 3D models. The
exploration of the 3D worlds in the VR browsers ensures a certain level of virtual reality
techniques. Existing VRML, HTML and other Web standards and software modules all ow
the development of GUI with limited effort, relying on some operations provided already by
browsers. Therefore VRML and HTML will be employed as a front-end engine to the 3D
GIS moddl.
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