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Abstract

Modelling the behaviour of spatial objects constitutes a crucial aspect in the development of any GIS.
Object behaviour, together with attributes and position constitute a minimal set of concepts sufficient
to capture the special peculiarities of spatial data. Behaviour describes the dynamic aspects of objects.
In the real world, we can observe several aspects of object behaviour. Objects in the real world follow
their logical spatial arrangements; for example, a river network must always flow down hill, not uphill.
Spatial objects have semantics, which describe the meaning or role of the objects in a particular appli-
cation domain, and these impose conditions on the objects. Spatial objects also have relationships with
each other and these relationships impose conditions or constraints on them. In addition, spatial objects
change over time. In the context of spatial data handling, behaviour therefore describes the dynamics,
interactions, relationships, constraints and semantics of objects in space and time. And any data model
that represents (a part of) the real world should be able to capture these dynamic aspects of spatial ob-
jects. This will bring a geographic information system more close to the real world which it represents;
and enable a more reliable use of the data in spatial planning and decision-making.

Given the need to capture object behaviour, this research aims at utilising the object-oriented concepts
to model spatial object behaviours and to realise these behaviours in object-relational geodatabase of
ESRI. Spatial object behaviours have been investigated under three aspects, namely: consistency con-
straints, multiple representations and temporal behaviour. With respect to the consistency constraints,
the research seeks to develop a methodology for on-line, automatic monitoring of constraint violations
during updating of the database. With the multiple representations, the main issues dealt with are how
to maintain topologic and attribute consistency between road areas and their centrelines. The temporal
behaviour aims at maintaining the history of objects in the database. This research has developed an
integrated model for the automatic enforcement of consistency constraints in the database, maintaining
consistency between the multiple representations and keeping the history of objects in the geodata-
base. A prototype implementation of the model has been carried on a topographic database. Some of
the behaviours have been implemented, and fully realised by extending ESRI geodatabase model.

Keywords: Object behaviour, object-oriented, object-relational, geodatabase, consistency constraints,
multiple representations, temporal behaviour, spatial relationships, unified modelling language, com-
ponent object model
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Introduction

1. Introduction

1.1. Background and motivation

The real world can be seen as consisting of spatially interacting entities or objects that exhibit a wide
range of behaviour. By means of the modelling process, each entity relevant to an application domain
is represented by a corresponding object in the data model. The object in the model should have prop-
erties and behaviour that describe the characteristics of the corresponding entity in the universe of dis-
course. In general, we can identify three components of spatial objects that need to be modelled,
namely: (i) geometry, which describe the shape and geographic positions of objects with respect to the
earth’s surface; (ii) attributes, which provide description of the state of an object at an instance in time;
and (iii) behaviour, which describes objects’ dynamics, interactions and the operations.

The last component, object behaviour, has been essentially neglected in traditional GIS systems, al-
though it holds a critical role in spatial databases. Object behaviour, together with attributes and posi-
tion constitute a minimal set of concepts sufficient to capture the special peculiarities of geographic
data in terms of object-oriented rationale (Tryfona et al, 1997). Since spatial objects are not static in
space and time, there is the need to analyse and model the effects of object dynamics, interactions, and
semantics and store them in the database. This will bring a geographic information system more close
to the real world, which it represents, and enable a more reliable use of the data in spatial planning and
decision-making. Capturing object behaviour means representing both static and dynamic properties of
objects. An object in the real world is characterized by static properties (attributes) and dynamic prop-
erties (operations). Static properties describe the state of an object at a particular instance of time,
while the dynamic properties constitute its behaviour in space and time (Abrantes & Pinheiro, 1997).
Modelling a real world object therefore involves representing these two aspects of the object.

The data modelling process essentially consists of three levels, namely, conceptual, logical and physi-
cal levels. The conceptual level defines the entities and their properties that are important for a particu-
lar application domain, their relationships and identify the behaviours that apply to these entities. At
the logical level, the conceptual model is translated into a set of constructs supported by the target da-
tabase management system (DBMS). The physical level deals with the process of mapping the data
onto the physical structure of the DBMS. Information is usually lost in mapping from one level to an-
other.

One of the well-established models at the logical level is the relational model, which organizes data
into tables. These tables are then manipulated by a relational DBMS. Although, the relational model is
based on well-established mathematical foundation, it is limited in terms of modelling object behav-
iour (i.e. object dynamics, interactions, and semantics) as the real world situation becomes more com-
plex (Cooper, 1995; Egenhofer & Frank, 1992). To model object behaviour, object-oriented ap-
proaches have been applied for data modelling and implementation. Object-oriented modelling tech-
niques allow the representation of both static and dynamic properties of objects (Abrantes & Pinheiro,
1997; Worboys et al, 1990). GIS systems have traditionally used relational databases for the storage of
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their data. In spite of its limited ability for capturing object behaviour, the relational technology is
mathematically well established in the database field than the object-oriented model. To take advan-
tage of both the relational and object-oriented concepts, recent developments have focused on combin-
ing the two concepts into what is called object-relational model. This approach extends the relational
model and integrates it with object-oriented concepts (Cooper, 1995; Zeiler, 1999). By this way, the
behaviour of objects can be captured while still taking advantage of the full power of the relational
technology.

In GIS, object orientation may be applied at three levels (Ruland & Rouvé¢, 1994), namely:

0 The way spatial objects are modelled can be object-oriented.

0 Object-oriented programming languages can be integrated into GIS applications to allow great
extent customisations.

0 Object-oriented database management system (OODBMS) may be used for the storage of the
physical data.

The first level refers to the conceptual modelling of geographic objects. Modelling geographic objects
based on object-oriented abstraction mechanisms (classification, generalization, aggregation and asso-
ciation) has been shown to be more powerful and better correspond to the way humans perceive the
real world, than other models like the Entity-Relationship diagram (Egenhofer & Frank, 1992;
Clementini & Di Felice, 1994). The second level is the approach adopted by object-relational database
and GIS systems. Object-oriented features are integrated into the relational model (or built on top of it)
in a manner that utilises the power of object orientation while maintaining the full functionality of the
relational model. The third option constitutes a new representation paradigm, which combines data-
base functionalities with object-oriented programming (Cooper, 1997; see chapter 2).

1.1.1. What is object behaviour?

The term behaviour as used in information systems originated from the object-oriented technology.
Formal definitions of the term have been covered in chapter 2 in more detail. In general, when applied
to objects, behaviour carries the same or similar meaning as when used in ordinary English Language.
The Dictionary defines behaviour as ‘the way somebody/something acts or functions in particular
situations’ (Oxford Advanced Learners). In object-oriented systems, behaviour is used to describe sev-
eral aspects of objects dynamics, interactions and semantics. Behaviour has been used to describe the
externally visible dynamics of an object in terms of its interactions with others; services/operations
provided by objects; messages to which an object can respond; observable effects of operations on ob-
jects; the way objects change over time; and constraints on objects and relationships between objects.

In the real world, we can observe several aspects of object behaviour. Objects in the real world follow
their logical spatial arrangements; for example, a river always flows downhill, not uphill. Objects also
have semantics, which describe the meaning or role of the objects in a particular application domain.
These semantics impose conditions or constraints on the objects. For example, in a cadastral applica-
tion, two polygons representing parcels must not overlap. In addition, objects have relationships with
each other and these relationships impose conditions on them. Finally, objects change over time. In the
context of spatial data handling, behaviour therefore describes the dynamics, interactions, relation-
ships, constraints and semantics of objects in space and time. And any data model that would represent
the real world more closely should be able to capture these dynamic aspects of spatial objects.
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1.2. Problem formulation and justification

Given the need to model the behaviour of spatial objects, modelling techniques should be applied that
offer flexibility for handling these requirements. The object-oriented concepts promise a good solu-
tion. This research therefore aims at utilising the object-oriented concepts to capture object behaviour
and to realise these behaviours in ESRI object-relational geodatabase. The object-relational model has
been chosen because it combines the power of both the relational and object-oriented technologies (see
chapter 2). The behaviours that are investigated in this research fall into three categories, namely, con-
sistency constraints, multiple representations and temporal behaviour. These are described below.

1.2.1. Consistency constraints

The enforcement of consistency constraints is a very crucial aspect of any reliable spatial database,
because the database loses its reliability and usability once inconsistent data are entered. The database
must be up-to-date and consistent if it is to be used for spatial planning and decision-making. And
since the updating process may disturb the consistency of the data, constraints should be developed to
guide the system and the human operator during the updating process (Kufoniyi, 1995). Consistency
constraints in spatial databases may be classified into three categories, namely, topological, semantic
and user-defined constraints (see chapter 3). Topological constraints are normally handled by the GIS
system. But semantic and other user-defined constraints are left to the user because they are largely
application-dependent. At present, operational GIS systems usually don’t warn the user when, for ex-
ample, a building is digitised inside a lake. This research therefore aims at applying object-oriented
concepts to model semantic and user constraints in the spatial database. It seeks to develop a method-
ology for on-line, automatic monitoring of constraint violations during updating of the database.

1.2.2. Multiple representations

Frequently, GIS databases must handle multiple representations of the same real world objects. Multi-
ple representations means that the same real world objects are represented more than once in the data-
base. They are needed for many reasons: for example, cartographic map production at various scales to
meet multiple users’ requirements, for multiple GIS analysis, etc. When such multiple representations
coexist in the database, the issue of maintaining consistency between them becomes imperative
(Medeiros et al, 1996). Also propagating updates between the various representations is needed in or-
der to reduce update costs. This research seeks to develop techniques for managing and maintaining
consistency between multiple representations involving road areas and their centrelines, and to de-
velop automatic update propagation mechanisms using the object-oriented concepts.

1.2.3. Temporal behaviour

Modelling the temporal behaviour of geographic objects has been essentially neglected by traditional
GIS systems although it constitutes a crucial aspect of spatial databases (Raza, 2001). Spatial objects
are not static in time, and it is only when their temporal aspect has been appropriately handled before
queries involving time can be answered, such as “What was the state of an object at time t;?” This re-
search aims at utilizing the object-oriented concepts to model the temporal behaviour of geographic
objects in the database.
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1.3. Research framework and prior work

This research work is within the framework of the proposed research agenda of the International Insti-
tute for Geo-information Science and Earth Observation (ITC), the Netherlands. The research actually
falls within an initiative by the Topographic Service of the Netherlands (in collaboration with ITC and
others) to restructure their datasets and products, and to take advantage of current technologies in or-
der to better respond to increasing customer demands. This research will therefore constitute a pre-
liminary investigation into the suitability of the object-relational approach to meet the requirements of
the Topographic Service. Several research activities have been carried out in connection with the main
themes of this research, some of which are briefly reviewed below.

In his thesis, Sivanantharajah (2000) investigated the implementation of constraint rules for the
ToplOVector database using external constraint repository to control the updating of the database.
However, his investigation did not include online, automatic monitoring of constraint violations as the
database is being updated. Constraint violations can only be checked after data has been entered into
the database. Moreover, the constraint repository was external to the database. However, storing the
constraints as part of the database itself and automatically monitoring constraints violations during the
updating will enable the system to ensure more readily the integrity of the database. Sivanantharajah
acknowledged this and recommended to use object-oriented concepts to model these requirements.

Kufuniyi (1995) researched on spatial coincidence modelling, automated database updating and con-
sistency in vector GIS. In his thesis, he stressed the necessity for the automatic enforcement of con-
straints during database editing, and modelled these requirements by introducing the container data
type. He also dealt with aspects of automatic update propagation among multiple objects in the data-
base.

Raza (2001) applied object-oriented concepts to model the temporal behaviour of geographic objects
in the context of urban application. His work was extensive and focused mainly on the core problem of
modelling time, namely the spatio-temporal data model. He implemented his data model using the ob-
ject-relational approach and noted some advantages of it.

1.4. Research objective

The objective of this research is to investigate the behaviour of geographic objects in three aspects,
namely, consistency constraints, multiple representations and temporal behaviour; to use object-
oriented concepts to model these behaviours and to realise them in the object-relational geodatabase
model.

1.5. Research questions

To achieve the above objective, the following research issues will be addressed:

0 How to enforce consistency constraints in spatial databases and check for constraint violations
during online updating of the database?

0 How to maintain consistency between multiple representations of the same real world objects?
How to develop automatic update propagation between the multiple representations?

0 How to model the temporal behaviour of spatial objects?
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0 How does ESRI object-relational geodatabase extend the relational model? What support does it
offer for implementing object behaviours in the database?
0 How to extend ESRI geodatabase model to realize the behaviours?

1.6. Limitations of the research

O With respect to the temporal behaviour, this research is not intended to develop a fully functional
temporal GIS system capable of answering any generic spatio-temporal query. Modelling time in
spatial databases is an on-going research in itself (Langran, 1992). The main issue that is dealt
with in this research is how to maintain the history of objects in the database.

O The issue of managing multiple representations constitutes an active research on its own as can be
witnessed from the literature (Spaccapietra et al, 1999). This research is limited to maintaining
consistency between multiple representations involving road areas and centrelines. Also, opera-
tions for deriving one representation from the other are not considered. That belongs more appro-
priately to the problem of automatic generalization of features, which is not the theme of this re-
search.

1.7. Methodology

1.7.1. Fundamental concepts

To lay the foundation for the modelling and implementation phases, background theoretical concepts

were reviewed. These include:

O A review of the fundamental concepts of object orientation, database models and component-
based technology with particular reference to the Microsoft Component Object Model (COM), the
technology framework upon which ESRI geodatabase is based.

0 A review of the elements of the unified modelling language (UML) relevant to the modelling
phase in this research. The UML has been used for the conceptual and logical modelling.

O A review of spatial data models and the mathematical background of modelling spatial relation-
ships and consistency constraints in spatial databases.

1.7.2. System design phase

The design phase began with the requirements analysis for the application domain. We chose a topog-
raphic vector dataset of the Netherlands (1:10,000 scale) called the Top10Vector. The requirements of
the Topl0Vector investigated in this research have been grouped into three categories: (i) consistency
constraints, (ii) multiple representations, and (iii) temporal requirements. These requirements have
been presented in chapter 4. The requirements were analysed and methodologies were developed to
model these requirements. The basic approach is to use object-oriented concepts to systematically
identify objects, classes, relationships, constraints, and operations. An integrated conceptual model has
been developed for the enforcement of the constraints, the multiple representations and the temporal
behaviours. The conceptual model was developed in UML.
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1.7.3. Implementation phase

The implementation phase began with a study of ESRI geodatabase model and how to extend that
model to handle the specific requirements of the ToplOVector. Supporting technologies were also
studied, namely the Microsoft Component Object Model (COM) and Visual C++, in order to gain the
necessary mastery for the actual implementation. Logical models were developed in UML using ESRI
UML model. The behaviours were implemented using Visual C++ and the geodatabase model, which
is based on COM technology. The geodatabase schema was generated from the logical model using
Arclnfo tools. The ToplOVector dataset was restructured to conform to the model, and then was
loaded into the geodatabase. The implementation phase ended with testing and display of the behav-
iours in ArcMap, a product of ESRI.

1.8. Research tools

In this research, the following software tools were used:

0 Arclnfo 8.1—The integrated development environment for implementing the whole system.

O Microsoft Visio 2000—For designing the models in the unified modelling language (UML).

0 Microsoft Visual C™ 6.0 —For the actual implementation of the behaviours in the geodatabase.

O Microsoft Visual Basic 6.0—For developing client applications for testing, assessing, and visualiz-
ing the behaviours implemented.

1.9. Structure of the thesis

The thesis is organised into six chapters and these are described as follows:

Chapter-1 introduces the research background and motivation, problems, objective, questions, meth-
odology and limitations.

Chapter-2 describes the fundamental concepts of object orientation, database models and Microsoft
Component Object Model in order to lay the necessary background for the following chapters. The
UML has been used for the conceptual and logical modelling, and is introduced in this chapter.

Chapter-3 describes spatial data models and reviews the mathematical framework for modelling spatial
relationships among objects. It also deals with consistency constraints and how the spatial relation-
ships are used to enforce consistency of the database.

Chapter-4 deals with the development of the conceptual model. The three categories of behaviours
have been modelled in this chapter, namely, semantic constraints, multiple representations and tempo-
ral behaviours.

Chapter-5 deals with the implementation phase and cover the logical design, the actual implementa-
tion, and the testing and display of the results.

Chapter-6 summarizes the main conclusions drawn from the research and gives recommendations for
further work.
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2. Object orientation, database models
and component-based technology

2.1. Introduction

This chapter reviews the fundamental concepts of object orientation, database systems and component-
based technology. The first part of the chapter covers the concepts of object orientation: i.e., objects,
abstraction, inheritance, encapsulation, polymorphism, information hiding, and message passing. The
unified modeling language (UML) has been used for designing the conceptual and logical models;
therefore the relevant elements have been introduced in this chapter. The sections that follow describe
database models, namely, relational, object-oriented and object-relational models, with specific focus
on ESRI geodatabase model. The last section describes the Microsoft Component Object Model
(COM), upon which ESRI geodatabase is based.

2.2. Object orientation

Object orientation can be described as a strategy for organising a system as a collection of interacting
objects that can combine data and behaviour (Blaha & Premerlani, 1998). Object-oriented technology
is based on the assumption that the real world can be modelled as distinguishable entities or objects
that can be grouped together into classes. These objects have identity, state and behaviour. The object-
orientated paradigm has been applied to many technology areas including the following: object-
oriented programming, object-oriented analysis and design, object-oriented databases and object-
oriented graphical user interface design. All of these bring considerable advantages to the successful
implementation of a GIS, especially object-oriented programming languages, which provide the
framework for implementing the others. The benefits that come from the object-oriented technology
are many, including: extensibility, reusability, reduced complexity, ease of use, etc (Henderson-seller
& Edwards, 1994; Blaha & Premerlani, 1998).

The following sections discuss the basic concepts of object orientation. Due to the application of ob-
ject orientation to different areas, there are often alternative interpretations of the underlying concepts.
There are some degrees of dependencies and relationships as well as differences between object-
oriented concepts as interpreted in different environments. The concepts explored in this chapter are
from the point of view of object-oriented systems in the general sense.

2.2.1. What is an object?

Formally, an object can be defined as an identifiable entity, real or abstract, that has a precise role for
an application domain (Roy & Clement, 1994; Blaha & Premerlani, 1998). To constitute an entity,
something must be identifiable (have identity), relevant (be of interest to the application domain) and
describable i.e. have characteristics (Chen, 1976; cited in Mattos at el, 1993). By means of the model-
ling process, each entity relevant to an application domain is represented by a corresponding object in
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the data model. The object in the model should have properties that describe the characteristics of the
corresponding entity in the universe of discourse. In object-oriented systems, each object is defined by
three things, namely its identity (which distinguishes it from other objects), its state (described by its
attributes) and its behaviour (described by the operations performed by the object). These are further
discussed below.

Identity State Behaviour
(ObjectID) (Attributes) (Operations)

Figure 2.1 Three components of an object

2.2.1.1. Object identity

In an object-oriented system, each object is unique. This uniqueness of an object is achieved by means
of the object identity. Object identity is that property of an object that uniquely distinguishes it from
all other objects (Khoshafian & Abnous, 1995). By introducing a unique identity for each object, dif-
ferent objects can be distinguished from each other without the need to compare their attributes and
behaviour (Ellmer, 1993). The object identity is usually system generated, unique to that object, and
invariant for the object lifetime (Cooper, 1997).

2.2.1.2. Object state

The state of an object is described by the values of its attributes (or properties) at one moment in time.
An object attribute is actually a named property of the object class that describes a value held by each
object of that class. Objects can have a single state throughout their lifetime, or they can go through
many state transitions. When an object moves from one state to another, we talk of a new version of
the object (see section 4.7.3).

2.2.1.3. Object behaviour

Behaviour describes object dynamics and interactions with other objects. In object-oriented systems,
the term behaviour has been used to describe several aspects of object dynamics as the following
show:

O The externally visible dynamics of an object (or class) in terms of its interactions with other ob-
jects (Firesmith, 1993; cited in Firesmith & Eykholt, 1995).

0 How an object acts or reacts, in terms of its state transitions and message passing, the externally
visible and testable actions of an object (ordinary English meaning) (Booch, 1994).

O The set of services provided by an object or class via the messages in its interface (Firesmith,
1993; cited in Firesmith & Eykholt, 1995).
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0 The set of messages to which an object or class can respond (Wirfs-Brock et. al., 1990).

0 The observable effect of performing the requested operation including its results (Henderson-
Sellers, 1994).

0 The operations performed by objects, when requested by other objects in the system (Lee &
Tepfenhart, 2001).

0 The collection of operations (or methods) the object provides, the responses these operations gen-
erate and the changes the operations cause on the object, or other objects in the system (Fussell,
1997).

0 A metaphor referring to the way objects change over time within a defined structure (Martin &
Odell, 1992).

O Any set of synchronization constraints that defines how objects execute their methods in relation
to one another (Atkinson, 1991; cited in Firesmith & Eykholt, 1995).

From these definitions, it is obvious that the term behaviour as applied to objects in a system has simi-
lar meaning as the ordinary usage of the word in the English Language. In object-oriented systems, the
behaviour of an object is encapsulated in its methods or operations (also called services or responsi-
bilities) performed by the object or performed on the object by other objects. In this thesis, these terms
have been used interchangeably to describe objects’ dynamics, interactions and semantics in a system.

2.2.2. Foundational concepts of object orientation

Object orientation goes beyond the basic concepts of object identity, attributes, and behaviour. It con-
siders other aspects of objects, their interactions, relationships, and organization, and these provide the
foundation for object-oriented system modelling and design. In the following sections, the founda-
tional concepts of object orientation are discussed.

2.2.2.1. Abstraction

In the object-oriented environment, abstraction has been defined as both a process and as an entity. As
a process, abstraction denotes extracting the essential parts of an object or group of objects while ig-
noring the unessential details for the time being (Henderson-sellers & Edwards, 1994). As an entity,
abstraction denotes a model that includes the most important, essential or distinguishing aspects of
something while suppressing or ignoring less important, immaterial or diversionary details (Firesmith
& Eykholt, 1995; Booch, 1994). For example, the process of forming a conceptual model of a part of
the real world during database design is an abstraction process, since only those entities and their
properties that are relevant to the application domain are collected. The resulting model is also an ab-
straction of the real world. Abstraction is one of the fundamental ways humans cope with complexity.
The main purpose of abstraction is to manage complexity of the system being modelled. Abstraction
focuses on the essential parts of an application while ignoring the details. Thus abstraction allows one
to postpone design details until a later stage when one can make more informed decisions (Blaha, &
Premerlani, 1998). Abstraction thus plays important role in modelling and is a central element in ob-
ject-oriented system analysis and development. Abstraction forms the basis of many concepts of object
orientation. There are four abstraction mechanisms that are commonly employed, namely, classifica-
tion, generalization, association and aggregation. These abstractions are in general expressed as rela-
tionships between objects or object classes, having as their purpose the organization of the objects in
some desired form (Mattos et al, 1993). Each of these concepts is discussed in its proper place in the
chapter.
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2.2.2.2. Classes

Classification is one of the most important and well-understood forms of abstraction. It is a mechanism
for organizing similar objects into groups or classes. An object is an instance or occurrence of a class.
A class is a description or specification of a group of objects with similar attributes, common behav-
iour (operations), similar relationships with other objects, and common semantics (Rambaugh et al,
1991). Mattos et al (1993) state three concepts that are associated with the use of classes. First, a class
provides the structural definition for the instances of that class, that is, the names and types of their
attributes and methods. Objects being instances of the class inherit the attributes and methods specified
for the class. Second, a class serves as a template for creating new objects. New objects are created as
instances of the class; hence they have access to all the attributes and methods of the class to which
they belong. This is called inheritance, and is discussed in the next section. Third, each class is associ-
ated with a group of objects, which comprise its instances, and the class has to administer these.

Some classes are never directly instantiated, that is, they cannot have instances themselves. These
classes are called abstract classes. The descendants of abstract classes, however, can have instances.
Abstract classes are useful for reducing redundancy of class specification: general specifications can
be defined in an abstract class that can be shared by other inheriting classes.

2.2.2.3. Inheritance

As mentioned in the previous section, a class is a group of objects with similar attributes and behav-
iour, and serves as a template for creating new objects. As an instance of a class, an object has all the
attributes and operations of its class. Not only can an object inherit from a class; more importantly, a
class can inherit from another class. This leads to a key concept of object orientation known as inheri-
tance. Inheritance is a concept of object orientation which provides the means to define a new class in
terms of existing classes. The new class inherits the characteristics and behaviour of its parent class or
classes. The new class is called a subclass of its parent class. The parent class in turn is a superclass of
the child class. The superclass is more general than the subclass. The inheritance hierarchy does not
have to stop at two levels. The subclass can be a parent for still another class, and so on. By this way
we can construct an inheritance hierarchy or tree as shown in Figure 2.2.

When constructing an inheritance hierarchy, there are two ways to proceed, either top-down or bot-
tom-up which correspond respectively to two concepts, namely generalization and specialization
(Cooper, 1997). Specialization is the creation of a new class as a subclass of an already existing parent
class. The subclass will then inherit the characteristics of the existing parent class. Generalization is
the opposite way—taking a set of existing classes and creating a more general class. For example, de-
signing a transport application might start by constructing classes for cars, boats, planes, etc, and out
of them extract common features and create a common class called vehicle.

Inheritance can be a single or multiple. With single inheritance, a subclass may inherit attributes and
methods from a single parent class, usually adding its own attributes and methods. Multiple inheri-
tance means a subclass inherits from multiple superclasses. For example, consider a Canal being a
subclass of both Transportation and Hydrography superclasses (Figure 2.2). Inheritance maximizes
code reuse, and offers more flexibility for customizing and developing systems for specific applica-
tions (Newell, 1992).
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Figure 2.2 Single and multiple inheritance of objects classes

2.2.2.4. Encapsulation

Encapsulation means that each object contains the data (attributes) and the methods (code) that will
manipulate the object, and that the object’s data are accessed only through its methods (Lee & Tepfen-
hart, 2001). Thus the data and code are tied together in an integral unit, working as one. An object
class encapsulates both the structure and the behaviour in that the characteristics include both attrib-
utes (which hold the data of the object), and the methods (which are code fragments that can be exe-
cuted against members of the class) (Cooper, 1997). The organization of that data is known only to the
object itself, and is not accessible from outside the object except through a specific and carefully de-
signed interface. Encapsulation thus separates the internal implementation of an object from its public
interface. All other details concerning the object are hidden behind its interface. Users of the object
access the object’s data only through the methods specified in the object’s interface. Users don’t know
the internal implementation of the object, i.e., how its methods are executed. An important benefit of
encapsulation is that since the internal implementation is totally hidden within the class, the implemen-
tation of a class can be changed without affecting other objects in the system. In other words, the im-
plementation can be extended and modified without affecting the users of the class. This leads to easy
software extensibility and reusability (Khoshafian & Abnous, 1995).

2.2.2.5. Information hiding

Information hiding is the object-oriented concept that states that users of an object need to know only
the essential details of how to utilize and access the object but not all the details of its implementation
(Budd, 1991). Each object decides what methods are available to the other objects in the system. Other
objects may neither have access nor knowledge of the data (attributes) or how the operations are pro-
vided. This principle is called information hiding. Information hiding is used to restrict access to a
subset of the characteristics of a class (Cooper, 1997). Some authors equate information hiding with
encapsulation or use them interchangeably (Booch, 1994; Rambaugh, 1991); others make a distinction
between them (Cooper, 1997; Henderson-Sellers et al, 1994). Henderson-Sellers et al (1994) argue that
at the implementation level, the data and code can be encapsulated together in a class and yet remain
visible to other classes. On the other hand, information hiding requires the visibility of data to be re-
stricted within the encapsulated object. Hence, encapsulation does not guarantee information hiding.
Information hiding is used to promote abstraction, support incremental top-down development and to
prevent against accidental corruption of the data (Firesmith & Eykholt, 1995).
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2.2.2.6. Message passing

Object orientation introduced the concepts of messages that are sent to objects. Objects communicate
with each other by sending messages and responding to those messages. In the object-oriented para-
digm, the message passing mechanism is the only way objects communicate with each other (Lee &
Tepfenhart, 2001). An action is initiated by a message sent to a specific object and the object responds
to that message. Messages that are sent to objects may ask the object to execute one or more of its
methods or modify the object’s content, changing its state (Khoshafian & Abnous, 1995).

Graphical interfaces represent the most natural way of using the message passing mechanism. These
interfaces usually present to the user screens populated by icons for the user to click. Users activate an
action by clicking on an icon. For an example, to print a page in a Word Document, the user clicks on
the ‘Print’ icon. The ‘Document’ object will have a method called ‘PrintPage’” which has the responsi-
bility of printing a page. To print the page, the ‘PrintPage’ method sends the ‘Print” message to each
object on the page, which then prints itself. There may be several objects on the page: Text, Rectangle,
Triangle, Circle, etc. The ‘Document’ object does not need to know what types of objects are on the
page, only that each object supports the behaviour of printing. The message passing mechanism allows
the ‘Document’ object to communicate with all other objects on the page, and request them to execute
their methods in response to that message.

In general, messages that are sent to objects consist of three things, namely: a receptor i.e. the target
object, a selector or the name of the method and arguments (Khoshafian & Abnous, 1995, Mattos et
al, 1993). The receptor specifies the object to which the message is sent. The selector tells the target
object what the message sender wants, and chooses the appropriate method from all other methods
associated with the target object. The arguments are the operation parameters or operands, and may
include data passed to the corresponding method or return types. When messages are sent to objects, it
is up to each recipient object to figure out how to respond to that message and take the appropriate ac-
tion. Each object can respond to a collection of messages defined in its interface. The interface of an
object is the set of messages to which the object can respond, which in turn is determined by the class
to which the object belongs. The interpretation of a message can vary with objects from different
classes. Objects from different classes may respond to the same message differently. This is referred to
as polymorphism and is discussed in the next section.

2.2.2.7. Polymorphism

Polymorphism means the ability of a single name to refer to different things having different forms
(Firesmith & Eykholt, 1995). In object-oriented systems, this refers mainly to the fact that an operation
with the same name can be applied to different objects, which may implement that operation differ-
ently. Polymorphism allows two or more objects to respond to the same message differently. In our
‘Document’ object example (referred to in the previous section), when the user clicks on the print icon,
the message that is sent to the different objects is the same: ‘Print’, but the actual implementation of
what the objects must do to print themselves varies. Every printable object must know how to print
itself. For example, the ‘Rectangle’ object knows how to respond to the ‘Print’ message and print a
rectangle, not a circle; the ‘Triangle’ object knows how to react to the same message and print a trian-
gle. This is polymorphism: the same operation is applied to different objects, which implement it dif-
ferently. Polymorphism thus enhances software reuse by making it possible to implement generic
software that will work for not only existing objects, but also for objects to be added later.
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2.2.2.8. Relationships among objects

Objects and classes do not exist in isolation. There are three general relationships between objects or
classes, namely, association, generalization and aggregation. All these are abstraction mechanisms
and aim at simplifying the modelling process. These relationships are described in this section.

Association

Association is a physical or conceptual link between objects, and denotes some semantic dependency
between the objects (Blaha & Premerlani, 1998; Booch, 1994). An example is the marriage relation-
ship between a man and a woman. Objects in an association usually play a role. For example, the mar-
riage association captures the fact that the man plays a ‘husband’ role to the woman, while the woman
provides a ‘wife’ role to the man. Association has another property called cardinality, which describes
the number of objects from one class that relate to a single object in the associated class. There are
three general kinds of cardinality across an association, namely: one-to-one, one-to-many, and many-
to-many. The marriage association, for example, is one-to-one relationship.

Generalization

Generalization is a relationship between a class (superclass) and one or more variation of the class
(subclasses). The superclass holds common attributes and methods and the subclasses inherit them,
adding their own attributes and methods. Specialization has the same meaning as generalization except
that it takes the top-down perspective, starting with the superclass and splitting out variation. Gener-
alization is known as ‘is-a’ relationship. For example, a horse ‘is a’ kind (subclass) of animal.

Aggregation

Aggregation is an abstraction mechanism, which allows a more complex object to be composed of one
or more basic objects. Aggregation is a kind of association between the whole (complex object) and its
parts (basic objects). Thus the relationship formed by aggregation is called a ‘part-of” relationship
(Hornsby & Egenhofer, 1998). This means that the aggregated instances are parts of the aggregate ob-
ject. For example, an engine is a part of a car. Composition is a strong form of aggregation in which
the composite object controls the lifetime of the parts. Thus if a composite object is destroyed, it must
destroy all of its parts. It is possible to have several levels of aggregation hierarchy among objects or
classes. For example, a country is made of provinces, which are composed of municipalities.

2.3. The unified modelling language

The conceptual and logical models have been designed in the unified modeling language (UML).
Therefore we briefly introduce the UML in this section and the conventions used in this thesis. The
UML is a language for specifying, visualizing, constructing, and documenting the artifacts of software
systems, as well as for business modeling and other non-software systems (OMG, 1999). The UML
has been chosen because of its solid semantics, notation definitions and its wide acceptance, and espe-
cially because ESRI software directly supports it. The UML comprises a number of graphical elements
that are combined to form models that provide multiple views of a system. It is important to know that
UML models describe what a system is supposed to do and does not show how to implement the sys-
tem. In this section, only the relevant elements of the UML class diagram used in this thesis are briefly
described. Complete formal descriptions of all the UML modelling elements and semantics can be
found in the Object Management Group (OMG) Unified Modeling Language Specification.
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2.3.1. Objects

In the UML notation, an object is shown as a rectangle with two compartments. The top compartment
shows the name of the object and its class, all underlined. The second compartment shows the attrib-
utes for the object and their values as a list (see Figure 2.3).

2.3.2. Classes

Classes are represented in the UML by a solid-outline rectangle with three compartments separated by
horizontal lines. The top compartment holds the class name and other general properties of the class
(e.g. stereotypes); the middle compartment holds a list of attributes; the bottom compartment holds a
list of operations. The convention used in this thesis is to list the class name in bold face, capitalize the
first letter, and use uppercase letters for the first letter of attributes and operation names. Abstract
classes have their names in italics. In cases the class name is formed from two or more words, we capi-
talize the first letter of each word irrespective of its position. Optional listing of attribute data types
and initial values my also be provided, as shown in Figure 2.3. Operations and methods may also be
listed (optionally) with their return types and parameters.

2.3.3. Interface

A class interface is a specifier for the externally visible operations of a class without specification of
internal structure. The interface of a class specifies the set of operations that the class presents to other
classes. An interface is represented in the UML as a rectangle with two compartments, the top showing
the interface name with the keyword «interfacey», and the bottom part showing the list of operations.
The relationship between a class and its interface is shown by means of a refinement or realization
symbol (see Figure 2.3).

2.3.4. Association

Association is represented in the UML as a line connecting two classes with the association name just
above the line. This kind of association is called binary association in the UML. Association role is
shown at both ends of the line next to the class. Association cardinality or multiplicity is shown just
above the association line near the appropriate class. An association may have attributes and opera-
tions just like a class. In such case, it is called an association class. This is represented in the UML
like an ordinary class with a dotted line connecting it to the association line (Figure 2.3).

2.3.5. Generalization

Generalization is a relationship between a superclass and its subclasses. In the UML, generalization is
represented by a line that connects the subclass to the superclass, with an open triangle on the end of
the line that point to the parent class, as shown in Figure 2.3.

2.3.6. Composition

Composition is a relationship between a composite object and its basic objects. Composition may be
shown by a solid filled diamond as an association role adornment. The multiplicity of the composite
end may not exceed one (i.e., it is unshared).
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In addition, the following conventions are used to define the data members and operations:
«Stereotype» Tag for interfaces, attributes or operations
Visibility : + Public visibility
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ObjectName : ClassName
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-Attributes
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Abstract class

AssociationClass
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InterfaceName
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Interface
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Package Notes <<Stereotype>>

Package Notes/Comments
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Figure 2.3 UML static structure elements used in this thesis

2.4. Database models

The database is the foundation for a geographic information system. Database systems are usually
classified according to the data model they use. In the past, there were the hierarchical and network
data models, which have now being replaced by three models, namely, relational, object-oriented and
object-relational. The following sections briefly describe these three models.

2.4.1. The relational model

Relational databases are based on the relational model, which organises the data into relations or tables
(Elmasri & Navathe, 2000). A relational schema is a set of attribute names and mapping from each
attribute name to a domain (Worboys, 1995). The relational schema gives the structure of the relation,
and does not include the data. A relation is a finite set of tuples associated with a relational schema
according to the number of attribute names in the schema. Some properties of a relation include:

O The ordering of the tuples in the relation is not significant.

0 Tuples in a relation are distinct from each other.

0 Columns are ordered so that data items correspond to attribute in the relational schema with which
they are labelled.
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Inherent to relational databases are the notions of primary key and foreign key, which are used to pro-
vide links between tuples in different relations.

2.4.2. The object-oriented model

Object-oriented database management systems (OODBMS) integrate object orientation and database
functionality (Khoshafian, 1993). An object-oriented database is characterised by having an object-
oriented logical data model and by using an object-oriented programming language as its principal
interface (Cooper, 1997). In object-oriented databases, the basic unit of data is an indivisible object.
These objects have identity, attributes and behaviour defined through methods, all encapsulated within
the object itself. Object-oriented databases were introduced as a means of overcoming the limitations
of the relational model and to handle more complex application requirements, which the relational
model cannot capture. However, OODBMS have their own limitations. Both the relational and object-
oriented databases have their advantages and disadvantages. These are extensively discussed else-
where and will not be repeated here (see Elmasri & Navathe, 2000; Blaha & Premerlani, 1998; Kho-
shafian, 1993; Cooper, 1997).

2.4.3. The object-relational model

The object-relational approach, sometimes called the extended relational model, is a compromise be-
tween the concepts of the object-oriented and relational models. In this approach, object-oriented fea-
tures are incorporated into relational databases or (built on top of it) in a manner that utilises the power
of object orientation while maintaining the full functionality of the relational model (Elmasri &
Navathe, 2000). Nowadays, many database management systems and GIS systems are beginning to
incorporate object-oriented features into the existing relational database functionality. For example,
Oracle 8 introduced this concept to overcome the limitations of the relational model. ESRI’s recent
model called the geodatabase fully combines object-oriented concepts with the relational model. This
model is the one used for implementation in this research. The object-relational model has been
adopted in this research because it utilises the power and semantics of object orientation and the full
functionalities of the underlying relational database system.

2.5. Geodatabases

Traditionally, most GIS systems have stored the spatial and attribute components of geographic data in
separate files linked together by unique identifiers. The data model used often isolates the ‘graphics’
data from the attribute data. For example, in the old ArcInfo coverage (georelational) model, the spa-
tial data is stored in indexed binary files, and the attributes are stored in separate files (INFO tables).
Recent advances in hardware and software engineering have now made it possible to integrate GIS and
database systems to create geodatabases. Geodatabases (short for geographic databases) store both the
spatial and attribute data together in a single database management system. The spatial data is stored
just like an attribute in the database. This possibility has further been enhanced by the integration of
the relational model and object-oriented concepts. This section gives a general introduction to ESRI
geodatabase concept in the context of the foregoing discussion. The spatial component of the geodata-
base model has been covered in chapter 3.
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2.5.1. ESRI geodatabase model

With the recent release of their integrated ArcGIS software, ESRI introduced a new object-relational
model called the geodatabase. This new model is implemented as extension to the standard relational
model by integrating it with object-oriented concepts in a manner that allows geographic objects to be
modelled with their behaviours attached to them. The geodatabase model serves as a generic model for
geographic information, and provides a framework for creating an object-relational database schema
and implementing behaviours on objects in the database (ESRI, 1999). The geodatabase supports
many object-oriented concepts such as: inheritance, encapsulation, polymorphism, etc (Zeiler, 1999).
Entities in the geodatabase are represented as objects with attributes, relationships and behaviour.
ArclInfo also provides the ability for objects in the geodatabase to message each other. This provides
database developers the ability to build more complex behaviours into objects in the database. The
ArcInfo software manages both the attributes and behaviour of objects, and database developers work
in an object-component environment that is abstracted from the underlying physical database model
and augmented by a programming framework of interfaces and methods. ArcInfo automatically pro-
vides the object-relational mapping and manages the integrity of the data in the underlying database.
The basic objects in the geodatabase model are shown in Figure 2.4. All the objects in the model are
implemented as COM components (see section 2.6) with attributes and behaviour attached to them.

NetworkFeature
ZAN

JunctionFeature| EdgeFeature

SimpIeJunctionFeature| |ComplexJunctionFeature| SimpleEdgeFeature |Comp|exEdgeFeature

Figure 2.4 Basic objects in the geodatabase model

2.5.2. Personal and multi-user geodatabases

The geodatabase comes in two variants, namely, personal and multi-user geodatabases. The personal
geodatabase is implemented on the Microsoft Jet Engine, which stores data in Microsoft Access data-
base, and is built into the ArcInfo software. The personal geodatabase is limited to maximum storage
capacity of 2 gigabytes and is therefore suitable for project-oriented GIS. Personal geodatabase sup-
ports single editing and several simultaneous viewers. For large enterprise databases, ArcInfo provides
a multi-user data access extension called the ArcSDE. ArcSDE provides the gateway between the
Arclnfo software and the DBMS to share and manage the spatial data as tables. It allows remote access
to spatial data and allows many concurrent editing of the same database. ArcSDE supports many rela-
tional and object-relational DBMSs, including—Oracle, Microsoft SQL Server, IBM DB2, and Infor-
mix. ArcSDE can also serve data to other ESRI applications such as MapObjects, ArcIMS, ArcView,
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and CAD client applications (West, 2001). The behaviours developed in this research are implemented
in the personal geodatabase, the only reason being time consideration. However, the same behaviours
can also be implemented in the multi-user ArcSDE geodatabase.

2.5.3. How the geodatabase extends the relational model

ArcGIS (hence the geodatabase) is built on a technology framework known as ArcObjects. ArcObjects
comprises an integrated library of software components with GIS functionality and programmable in-
terfaces. ArcObjects framework is based on the Microsoft Component Object Model (COM) protocol
and is compliant with the OpenGIS simple feature specifications (ESRI, 1999; OpenGIS, 1999). All
the objects and classes in the ArcGIS and geodatabase model are COM components that implement
programmable interfaces. By means of this technology integration, developers can develop geodata-
base applications by either customizing or extending the standard ArcGIS application framework or by
using ArcObjects, the extensive COM-based development library for ArcInfo. ArcObjects allows one
to extend the geodatabase data model by creating custom (application-specific) models and behaviours
that meet the specific needs of the application domain. These custom classes are also COM-based
components that can have programmable interfaces and implement custom behaviours, in addition to
the behaviours attached to ESRI base classes. This approach has been illustrated in the implementation
phase in chapter 5.

2.6. Microsoft Component Object Model

This section introduces the Microsoft Component Object Model (COM), the technology upon which
ArcObjects and the geodatabase are based.

2.6.1. What is COM and why is it needed?

The main benefit of object-oriented technology from the computing point of view is the ability to put
applications together quickly and easily from reusable and maintainable code. Object-oriented pro-
gramming languages (such as C++) offer a great flexibility for software developers to write this kind
of code. However, object-oriented programming languages are not sufficient to offer widespread re-
use. Their main limitation is that code written in different languages or on different platforms cannot
be easily reused (Grimes et al, 1999; De Vet, 1997). Here is where object-component standards like
COM, which enable the reuse of binary components, are needed.

COM is a platform-independent, distributed, object-oriented system for creating binary software com-
ponents that can interact. COM is the foundation technology for Microsoft OLE and ActiveX compo-
nents (MSDN Library, 2001). COM is a protocol that connects one software component or module
with another at the binary level. By making use of this protocol, it is possible to build software com-
ponents that can be reused at the binary level. This means that the focus of reusability is on the com-
piled code, not the source code. Thus COM enables the reuse of software components across different
languages and platforms. COM is not a particular object-oriented language, but a binary specification
that describes standards for developing interoperable software components (Grime, 1999; Williams et
al, 2000). There are other such standards, like JavaBeans and CORBA, but COM appears to have
emerged as the most viable technology for developing high-performance, interactive desktop and cli-
ent/server applications. COM is language-neutral, and any language that can cope with binary stan-
dards can create or use COM components, e.g. C++, Java, Visual Basic, Delphi, etc.
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2.6.2. COM objects

COM is built around the notions of components (often called coclass), objects, and interfaces (Grimes
et al, 1999). These three different entities are defined and related as follows:

O A coclass (named from component object class) is a piece of binary code that implements some
kind of functionality.

0 A COM object is an instance of a coclass that gets loaded into memory when an instance of the
coclass is created.

0 COM interfaces are the only means by which other components and programs get access to the
functionality of a COM component. An interface is a set of definitions of logically related methods
that will control one aspect of the component operation. A coclass can have one or more inter-
faces. The definition of an interface does not include the implementation of its methods. This en-
ables the actual implementation of the methods to be changed at any time without affecting other
components that make use of that interface (see section 2.2.2.4). No matter what functionality they
provide, all COM objects must implement a common interface called the /Unknown. This interface
is the main interface for all others and is the base class from which all other COM interfaces are
derived.

2.6.3. COM interfaces as contracts

COM enforces complete encapsulation of the data and implementation of a component. A client has
no direct access to the data of a COM component except through one of its interfaces. The interface of
a COM component therefore serves as contract between the component and its users (clients). This
leads to two important issues:

O An interface once published must never change. This means that one must not add methods or re-
move methods; one must not change the signature of the methods or the calling conventions
(Grimes et al, 1999). Any change in the published interface of COM component result in a com-
pletely new interface. However, coclasses can be upgraded by exposing new interfaces as long as
they continue to support the original interfaces.

0 Once a component has said it exposes an interface, any future version of the component should
also support the original interface. This will avoid malfunctioning of existing clients.

2.6.4. COM identifiers

Because COM is language independent, the names of coclasses and interfaces must also be unique and
language neutral. To achieve this, COM associates with every component a unique string of numbers
known as globally unique identifier (GUID) or universally unique identifier (UUID). A GUID for a
coclass is called class identifier (CLSID) and that of an interface is called interface identifier (1ID). A
GUID is a large, statistically unique, 128-bit number generated from the address of the Ethernet card
in the computer. A typical GUID (CLSID or IID) in the registry looks like this:

{04FC747F-0C53-4B1C-B9AA-734505AE11A0}.

GUIDs ensure that there is no name clash and that every COM component is uniquely identified. The
GUIDs of COM components are registered in the System Registry, the Microsoft Transaction Server
(or the COM+ catalog) depending on the operating system and how the component is configured. The
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system registry contains information that is used to map CLSIDs to the actual file locations. Because
of this, a COM client never needs to know the actual location of the server it is using, not the directory
or the drive, not even the machine it’s on (Grimes et al, 1999). All that the client needs to know is that
the component exists and that it supports the particular interface it is using. In the implementation
phase (chapter 5), we will explain how the geodatabase uses the COM technology to attach behaviour
to feature classes in the geodatabase.

2.6.5. Types of COM servers

COM components can be implemented in two types of code modules, namely, as in-process server or
as out-of-process server. In-process servers are implemented in a dynamic-link library (DLL) and are
run in the process space of the client, making access to the component very efficient. However, the
client’s memory is not protected and any error on the server side could result in a crash in the client.
An out-of-process component is an executable (EXE) file that runs in its own process outside that of
the client. Communication between a client and an out-of-process component is therefore called cross-
process, and this tradeoffs performance for robustness because cross-process calls are slower, but does
not affect the client code (Figure 2.5).
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Figure 2.5 In-process and out-of process COM servers (Grimes et al, 1999)

2.6.6. Containment and aggregation

COM technology greatly enhances code reuse by packaging it as programmable components. In COM,
there are two primary mechanisms for reusing one component from within another: containment and
aggregation. Containment is similar to having one component as a member variable of another. This
allows a component to reuse some or all of the interface implementations of one or more components.
The outer object (controlling, containing) acts as a client to the other object, delegating implementa-
tion when it wishes to use the services of the contained object. The outer component manages the life-
time of the inner component. With aggregation, the outer component exposes directly the interfaces of
the inner one as if they were implemented on the outer object itself (MSDN Library, 2001). To the
client, aggregation (like containment) looks like one seamless object; it has no knowledge about this
architecture. These techniques allows higher level of reusability within COM programming environ-
ment as existing components can be reused and easily extended without having to write components
from scratch. This will be illustrated in the implementation phase.
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Figure 2.6 Containment and aggregation (Grimes et al, 1999)

2.6.7. Distributed COM

COM components can be created and accessed both on local and remote computers. In the remote
case, we talk of distributed COM components, also known as DCOM. DCOM is the basic extension
of binary COM objects across LANs (Local Area Network), WANs (Wide Area Network), or the
Internet. DCOM provides a standard protocol that can sit on top of any standard networking protocol,
such as TCP/IP, HTTP, etc. If connectivity is established between computers at the network layer,
DCOM-based communications can occur. DCOM communications also work between dissimilar
computer hardware platforms and operating systems. For example, the following platforms support
DCOM: Windows 9x, Windows NT, Unix, Linux, Sun Solaris, Macintosh (Apple), etc. Other exten-
sions of the COM technology include COM+, which is not discussed here (see the MSDN Library).

2.7. Concluding remarks

In this chapter, we explored three quite distinct technologies: object orientation, database and compo-
nent-based technologies. All of these contribute considerably to the successful implementation of a
geographic information system. Object orientation enhances both the design and implementation of a
GIS; the database is the foundation of the geographic information system; and component-based tech-
nology facilitates the development of reusable, extensible GIS systems. We have introduced ESRI
geodatabase and described how it integrates these three technologies to develop a system that can be
ecasily extended to meet application-specific requirements. This will be illustrated in the implementa-
tion phase. In the next chapter, we will discuss spatial data models, spatial relationships and consis-
tency constraints in spatial databases, to lay the necessary foundation for the design phase.
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3. Spatial data models, spatial
relationships and consistency
constraints

3.1. Introduction

This chapter describes spatial data models, spatial relationships and consistency constraints. First, we
introduce spatial data models, and describe the geodatabase model and show how it differs from the
coverage model in terms of how topology is handled. The next section covers the mathematical back-
ground for modelling spatial relationships among objects (points, lines and polygons). These relation-
ships, apart from their use in formulating spatial queries, are also used to enforce consistency of the
database. The last section describes consistency in spatial databases and how the spatial relationships
are used to define consistency constraints in spatial databases.

3.2. Spatial data models

Traditionally, the spatial component of real world features is structured according to either the raster
(field-based) or the vector (object-based) approaches. The raster representation uses tessellations for
geometric modelling. A tessellation is a partition of space into union of disjoint areas. This is further
categorised as a regular (grid) and irregular tessellation (partitions with varying sizes and shapes). In
the vector mode of representation, an individual object is the basic unit of representation. These ob-
ject-based data models have been classified into unstructured and structured models. The former is
known as a spaghetti data model and the later as a topological model. Topological models are the most
popular models and can store rich topologic information although they are not simple in structure like
the spaghetti structures (Raza, 2001; Molenaar, 1995; Worboys, 1995).

Spatial data

models

Raster Vector
Field-based Object-based
¢ L Y Y
Regular Irregular Structured Unstructured
Tessellation Tessellation Topologic Spaghetti

Figure 3.1 Categories of spatial data models
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3.2.1. ArcInfo geodatabase model

Previous versions of Arclnfo (before version 8) were based on the coverage or the georelational data
model in which objects have explicit topology. Topology deals with the spatial relationships between
objects. In the georelational model, objects are structured into topological elements of nodes, arcs and
polygons. The practical result of topology is that points know which arcs are connected to them, arcs
know which points constitute their origin and destination, and which polygons they form the perime-
ters of (AGI, 1996). Topology is based on shared boundaries between areas. Any time the feature ge-
ometry is edited, the topological relationships must be recaptured and refreshed by the software. These
topological associations between features are stored explicitly in (INFO) tables.

The geodatabase model of ArcInfo 8+ constitutes a major difference compared to the coverage model.
Apart from the fact that both spatial and attribute data are stored in a relational database, topology in
the geodatabase differs from topology in the georelational model. Topology in the geodatabase is
based on coincident geometry rather than shared geometry. In other words, separate coordinates exist
at the same location. In the geodatabase model, the following two classes of features are distinguished
(Zeiler, 1999): simple features and network features. These are explained in the following sections.

3.2.1.1. Geodatabase simple features

Simple features have no connections or topological associations explicitly stored in the geodatabase.
Topological information is inferred from the geometry of the features. Two polygons are adjacent if
they have coincident segments, and each polygon stores all of the coordinates for itself. In Figure 3.2,
eight coordinate pairs are stored in the geodatabase: four coordinates for each polygon (A and B). The
two polygons are adjacent because they both have a segment that is made up of common coordinates
(100.50, 200.50) and (100.50, 220.00). Each polygon also has coordinates that are not coincident with
the other polygon: points 1, 2, 7, and 8. The same applies to simple point and line objects. The geoda-
tabase simple features are similar to points, lines and polygons of shapefiles in ArcView. The topo-
logical elements of simple features, however, can be derived through on-the-fly editing in ArcMap
(Zeiler, 1999).

- X:100.50 X:100.50
- Y:200.50 Y:220.00

Polygons ) : X
[T] 5

P g

N 2 features
~ 8 coordinate pairs
4 coincident

Figure 3.2 Geodatabase simple features (ESRI User Conference, 2000)
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3.2.1.2. Geodatabase network features

In the geodatabase, features can be connected to form a geometric network, which consists of a matrix
of connected points and lines that have coincident geometry. A geometric network is made up of lines
that are connected through points. These are special lines and points that have a role in topology, and
they are called edges and junctions, respectively. Edges are connected through junctions. The network
features junction and edge correspond to node and arc in the georelational model, although the net-
work features in ArcInfo 8 incorporate meaningful advances in design over nodes and arcs. In a geo-
metric network, each feature stores all of the coordinates for itself. In Figure 3.3, there are seven coor-
dinate pairs stored in the geodatabase. Each edge stores two coordinate pairs and each junction stores
one coordinate pair. The coordinate (122.50, 200.50) is stored three times in the geodatabase, once for
each edge and once for the junction connecting the edges. The connectivity between the edges and
junctions is maintained when editing a geometric network. For example, if the junction between two
edges is moved, the coordinates for the edges are modified with the junction so that their coincidence
is maintained. Thus the network features are more similar to the node and arc concepts of the coverage
model.

- - -
- - X:100.50 X:122.50 X: 144.50
- Y: 200.20 Y: 200.50 Y: 200.50
Lines 1 Su— :
{ H 13 :
e A | B @
\Pomtsﬂ *2 P s 7
X4
o
S~a 5 features
S~ 7 coordinate pairs

Figure 3.3 Geodatabase network features (ESRI User Conference, 2000)

3.3. Spatial relationships

This section describes the mathematical background for modelling spatial relationships. Spatial rela-
tionships describe the relationships between spatial objects and their geometric elements (Raza, 2001).
In spatial databases, spatial relationships are needed for two main purposes:

Q For performing spatial queries. Queries in spatial databases or GIS are often based on the rela-
tionships among spatial objects. For example, ‘Retrieve all parcels that are adjacent to parcel A’.
Such queries involve spatial conditions which standard query definition languages like SQL do not
adequately support. Spatial relationships are needed at both the query formulation and processing
levels (Egenhofer & Herring, 1991; Clementini et al, 1993).

Q For enforcing consistency of the database. Spatial relationships are also used to formulate consis-
tency constraints in spatial databases. For example, a violation of the constraint that ‘two parcels
should not overlap’ in a cadastral database can be detected by checking the spatial relationship that
exists between the two parcels (Kufoniyi et al, 1994). The spatial relationships provide the means
for defining and monitoring these constraints in the database. Hence the formalization of the basic
spatial relationships is an essential component in GIS development.
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3.3.1. Categorization of spatial relationships

Relationships between spatial objects are usually classified according to their embedding space. In
general, spatial relationships can be categorized into three classes, namely, topological, metric and
order relationships (Egenhofer, 1989; see Figure 3.4).

0 Topological relationships describe the connectivity, orientation, containment, and adjacency rela-
tionships among spatial objects (Raza, 2001). These relationships are invariant under topological
transformations such as translation, scaling and rotation. Examples of topological relationships are
terms like neighbour and disjoint.

O Metric relationships are those relationships that are described in terms of distances and directions.
Examples are such descriptions as, ‘within a distance of 2000m’, ‘6m away from’. These descrip-
tions depend on the absolute positions of objects relative to a given reference system (Worboys,
1995). For example, ‘within 1000 metres from the first class road’ depends on the absolute geo-
metric position of the first class road.

O Order relationships: Spatial relationships can be formally described based on the mathematical
theories of order and set (Kainz et al, 1993). In general, order relationships have converse relation-
ships; for example, the order relation, ‘behind’ has the converse relation ‘in front of”.

Spatial
relationships
Topological Metric Order
relationships relationships relationships

Figure 3.4 Categories of spatial relationships

The focus of this section is on the topological relationships, which are more detailed than order rela-
tionships (Kufuniyi, 1995). For the metric relationships, they are normally computed from the data-
base using the coordinates of the objects. In the following sections, we will discuss the mathematical
background for the formalization of the topological relationships between the basic objects, i.e.,
points, lines and areas.

3.3.2. Topological relationships

Topology is that branch of mathematics that studies the characteristics of geometry that remain invari-
ant under certain transformations (topological mapping or homoeomorphism)(Kainz, 1995). A topo-
logical property is one that is preserved under topological transformations such as scaling, translation
and rotation. Examples of topological properties are connectivity, adjacency, etc. There are two gen-
eral branches of topology, both of which are applied in spatial data handling (Kainz, 1995; Worboys,
1995):

0 Point-set (or analytic) topology—focuses on sets of points and is based on real analyses, using
concepts such as open sets, neighbourhood and convergence.

O Algebraic (or combinatorial) topology—uses algebraic means to describe the spatial relationships
and is based on such concepts as simplified and cell complex and graph theory.
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The point set approach is the most general model for topological relationships (Raza, 2001). Using the
point-set approach, topological relationships are defined in terms of three fundamental primitives of
object parts, which are interior (denoted as °), boundary (denoted as 0), and exterior or closure (de-
noted as ), which themselves are defined based on neighbourhood concepts. Formal definitions of
these concepts can be found elsewhere (see Egenhofer, 1989; Egenhofer & Herring, 1991). Figure 3.5
shows illustrations of these primitives using a simple 2-dimensional objects with connected bounda-

O @

Interior Boundary Exterior

ries.

Figure 3.5 Interior, boundary and exterior of a region

3.3.3. The 4-Intersection model

The binary topological relationships between any two spatial objects have been derived based on the
well-known 4-intersection model. In this model, all the possible relationships between two objects A
and B have been derived by investigating the four intersections of the boundary and interior of A and
the boundary and interior of B (Egenhofer & Franzosa, 1991). These are:

The boundary-boundary intersection, denoted by 04 N OB
The boundary-interior intersection, denoted by 04 N B°

The interior-interior intersection, denoted by 4° N B°

0O 0 0O O

The interior-boundary intersection, denoted by A° N OB

The 4-intersection model can be represented concisely as:

A°NB° A°"OB )
1, (A,B): Equation 3.1
OANB®° 04AN0oB

Each of these intersections can have only two possible results, either empty (@) or non-empty (—0).
Therefore, a total number of 16 binary topological relationships can be distinguished considering the
fact that they are topological invariant. However, in the 16 relationships, only 8 of them are meaning-
ful in 2-dimensional space as proved in Egenhofer & Franzosa (1991). These are: disjoint, contain,
inside, equal, meet, covers, overlap and coveredBy (Table 3.1). Among these 8 relationships, there are
two pairs of converse relationships, namely:

O A inside B implies B contain A

O A coveredBy B implies B covers A

Therefore, the number of relationships can be further reduced to six, which are: disjoint, inside, touch,
equal, covers and overlaps.
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Table 3.1 Topological relationships between two regions in 2D (the 4-intersection)

Spatial 4-intersection

Relationship | 4°nB°| 4° 0B 04N B° 0ANOB Illustration
Disjoint o o 0] 0]
Contains %) %) %]
Inside -0 0] -0 B
Equal ) %) (%] %)
Meet 0} 0} %) -0
Covers -Q -0 %} -0
CoveredBy —0 o ) %)
Overlaps -0 -0 -0 -0

3.3.4. The 9-Intersection model

The 4-intersection considers only the boundaries and interiors of the objects in 2-dimensional space
and investigates the intersections of the four parts to derive the topological relationships. However the
4-intersection model cannot distinguish all the detailed relationships between any two arbitrary objects
with different dimensions, such as /ine-region and line-line, etc, in a 2-dimensional space (Egenhofer
& Sharma, 1993). To derive all possible topological relationships between two arbitrary spatial ob-
jects, Egenhofer et al (1991) extended the 4-intersection model by considering the exterior (7) of the
objects. For any two objects A and B, the topological relationships between them are derived by com-

paring A’s boundary (a4), interior ( 4°), and exterior (4~) with B’s boundary (6B ), interior (B”)

and exterior ( B ). The resulting model is called the 9-intersection and leads to 9 possible intersections
that represent all possible topological relationships between any two objects. The 9-intersections can
be represented in a 3x3 matrix as shown below:

A°NB° A°NoB A°NB”
I,(4,B)=| 0ANB° 0ANOB 0ANB" Equation 3.2
A NB° A noB A NB”

With each intersection being empty or non-empty, this model delivers a total of 2°=512 topological
relationships between any two objects. All the 512 relationships are mutually exclusive and provide a
complete coverage. However, not all of the 512 relationships are topologically valid in a 2-
dimensional space (Egenhofer & Herring, 1991, Egenhofer & Sharma, 1993).

3.3.5. Group of relationships

The 9-intersection model can be applied to all kinds of geographic objects (Ubeda & Egenhofer,
1997). Considering points, lines and areas, this leads to six groups of relationships, namely:
point/point, point/line, point/area, line/line, line/area, and area/area. Egenhofer & Franzosa (1991)
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gave the list of relationships that can be realised in each group for objects embedded in 2D space (see

Table 3.2).

Table 3.2 Number of relationships per group according to the 4-intersection and 9-intersection

Group of relationships 9-intersection 4-intersection
Point/Point 2 2
Point/Line 3 3
Point/Area 3 3
Line/Line 23 16
Line/Area 19 11
Area /Area 8 8

It can be observed that the 4-intersection is a subset of the 9-intersection, and so the 9-intersection will
be able to distinguish greater number of relationships than the 4-intersection. In addition, the actual
number of relationships that can be realized between any two objects depends on the dimension of
space with respect to the dimension of the objects, and on the topological properties of the objects em-
bedded in that space. Generally, there are more relationships between objects embedded in a higher
dimensional space. For region-region configuration in a 2-dimensional space (R?), only 8 of the rela-
tionships make sense and the 9-intersection delivers the same results as the 4-intersection (Egenhofer
& Herring, 1991).

3.3.6. The dimension extended model

The 4-intersection and the 9-intersection models have been extended by Clementini et al (1993) by
taking into account the dimension of the intersections. Thus instead of distinguishing only empty and
non-empty intersections, the dimension of the intersection is also taken into account. The resulting
model is known as the dimension extended model (DEM). In 2-dimensional space, the dimension of
the four intersections can be one of the following: @ (empty), 0D(point), 1D(line) or 2D(area). Theo-
retically, these four possibilities result in 4*=256 different cases, but they proved that many of these
are invalid leading to a reduced number of real relationships. To illustrate this extension, a dimension-
ally extended 4-intersection for the line/area group will result in only the following possible cases:
dim(éANoL) dim(GAN L’ D or 0D 0,0D,1D
DEI4(A,B) = ( ) i ( ) = { b } Equation 3.3
dim(4° NnoB) dim(A4° NoL’) {0,0D} {0,1D}
This is due to the fact that the dimension of the intersection cannot be higher than the lowest dimen-
sion of the two operands of the intersection: dim(64) =1, dim(4°)=2, dim(0L) =0, dim(L’)=1.
Furthermore, the definitions of line and area features exclude the option that dim(A4” NdL”) = 0. This

reduces the number of cases from 256 to 24. Further geometric considerations bring the number of
possible relationships to 17, which have been proved in (Clementini et al, 1993). Similar analysis for
the other groups result in reduced number of relationships (Table 3.3).
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Table 3.3 Number of relationships according to the DE-4IM

Group of relationships DE-4IM
Point/Point 2
Point/Line 3
Point/Area 3
Line/Line 18
Line/Area 17
Area/Area 9
Total 52

3.3.7. The calculus-based model

From the perspective of end-users, all the above models result in too many spatial relationships that
may be too difficult for humans to remember and to use in performing spatial queries. Therefore, in
Clementini et al (1993, 1995), the authors introduced the calculus-based method for describing topo-
logical relationships with the aim of reducing the number of spatial relationships to a smaller number
as possible. The calculus-based method also takes into account the dimension of the result of the inter-
section, but uses object-calculus concepts to model the spatial relationships. In this method, relation-
ships that are somehow similar are grouped into five general relationships that are suitable for the end-
user interaction. These general relationships are: touch, in, cross, overlap and disjoint. The authors
have proved that these five relationships are mutually exclusive and that there are no possible relation-
ships outside these five relationship groups. The five relationships may be applied to any groups of
points, lines and areas. Table 3.4 gives example illustrations of the topological relationships between
line/area group according to the calculus-based model.

Table 3.4 Line/area relationships group according to the calculus-based model
Disjoint e \
Toueh = |= =

i —] = =
Cross ==

3.4. Consistency constraints

Consistency or integrity constraints are the conditions that must hold for the data in the database to be
consistent, valid and useful. Consistency is not the same as correctness. Consistency refers to the lack
of any logical contradiction within a model of reality (Egenhofer et al, 1994). This must not be con-
fused with correctness, which excludes any contradiction with the reality. And as Egenhofer (1991)
observed, database systems can only check for internal contradiction (consistency), not correctness.
An inconsistent data violates a defined set of constraints and this can lead to erroneous query results.
Consistency constraints are used to enforce the logical consistency of the data in the database. These
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constraints are necessary as the updating process may disturb the consistency of the data. The follow-

ing sections describe the issue of enforcing consistency or integrity constraints in the database.

3.4.1. Classification of consistency constraints

In traditional database management systems, the specification of consistency or integrity constraints is

often viewed at three levels of the database system, namely, inherent, implicit and explicit constraints.

a

Implicit constraints are inherent in the data model itself and do not need to be specified explicitly
in the schema.

Implicit constraints are specified using the data definition language (DDL). An example is the con-
straint that every key field must have unique values in a relational database.

Explicit constraints are also called business rules or adhoc constraints. They are application de-
pendent and cannot therefore be captured in the data structures. They are defined and enforced by
the application program that uses the database.

Inherent
constraints

Implicit
constraints

Explicit
constraints

» »

Data model Data definition language Application program

Figure 3.6 Classes of integrity constraints in terms of where they are applied

Integrity constraints have also been categorized (in terms of database states) into static, transition, and

dynamic constraints (Elmasri et al, 2000). These are briefly described as follows:

a

Static constraints express state-independent properties that must hold for all states of the database.
It depends only on the current state, independent on any previous state of the database. Examples
of static constraints are attribute domains, primary keys, and referential integrity constraints,
which must hold at all times.

Transition constraints impose restrictions on pairs of states of the database, the before and after
states of a transaction. For example, a constraint can be specified that when a salary is being up-
dated, the salaries should not decrease.

Dynamic constraints allow expressing conditions over sequence of two or more database states
(Pacheco, 1997). For example, ‘a renewed book should be returned within a week’. This constraint
depends on the previous state of the database, i.e. whether or not the book has been renewed be-
forehand.

Integrity constraints

4

A

Y

Static
constraints

Transition
constraints

Dynamic
constraints

Figure 3.7 Classes of integrity constraints in terms of database states
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Dynamic constraints are outside the scope of this research, and are hereafter not discussed. Only static
constraints are considered here and in the context of spatial databases. Readers are referred to Pacheco
(1997) for detail survey of the various approaches proposed to deal with dynamic constraints.

3.4.2. Consistency constraints in spatial databases

In spatial databases, the static consistency constraints of interest may be categorized into topological,
semantic and user-defined constraints Cockcroft (1996, 1997). These are discussed below.

Spatial
integrity constraints

v A v
Topological Semantic User-defined

constraints constraints constraints

Figure 3.8 A classification of integrity constraints in spatial databases

3.4.3. Topological consistency constraints

Topological consistency constraints are constraints related to the topological/geometric elements of
objects in the vector data model. In GIS, two types of geometric objects are often used to represent the
geographic space, namely, simplices and cells (and their complexes). The cell complex is the most
general model for topological representations of spatially referenced data (Kainz, 1995). The condi-
tions that are used for the definition of cell complexes are used to define consistency constraints in the
topological data model, resulting in the following five topological constraints between 0-cell (nodes),
1-cell (arcs) and 2-cell (polygons):

Every 1-cell is bounded by two 0-cells

For every 1-cell, there are two 2-cells (left and right polygon)
Every 2-cell is bounded by a closed cycle of 0- and 1-cells
1-cells intersect only in 0-cells

0O 000D

Every 0-cell is surrounded by a closed cycles of 1- and 2-cells

These constraints relate to the topological elements of objects and may be used to test the consistency
of a topological data model. Kainz (1995) states that all five conditions must hold for a partition of
space into area features, and for a network analysis, only the first and second rules are necessary.
Topological constraints are usually explicitly coded in the topological data model and well handled by
most current GIS systems. For example, in ArcInfo georelational model, the arc-node structure sup-
ports these constraints (arc-node topology, polygon-arc topology and left-right polygon). The topo-
logical information is stored in a separate table. With respect to the geodatabase model, the network
features support the first and last constraints, although the network features in the geodatabase incor-
porate advanced designs than nodes and arcs. Through connectivity rules, users can define which
edges (arcs) connect to which junction (nodes), and other custom constraints. ArcInfo automatically
manages these rules. Geodatabase simple features, however, have no topological associations with
other features; hence these topological constraints do not apply to them. Each object is independently
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stored as a separate row in the geodatabase and can be edited independently from other objects. There-
fore constraints on geodatabase simple features are constraints between individual objects, and are
mainly semantic or user-defined constraints.

3.4.4. Semantic consistency constraints

Semantic consistency constraints differ from topological constraints in the sense that they are con-
cerned with the meaning of geographic objects in reality (Cockcroft, 1996). These constraints are
mostly forbidden relationships between objects. A dataset may be topologically consistent (satisfying
all the topological constraints) but semantically inconsistent (Kufoniyi, 1994). For example, it is topo-
logically consistent for a line object to cross an area object in so far as topological constraints are ful-
filled. But this situation may or may not be semantically consistent depending on the meaning of the
two objects in a particular application domain. For example, in a cadastral application, an important
semantic constraint is that ‘a river (modelled as a line) may not flow into or through a cadastral parcel
(an area object)’. Such a situation is considered to be semantically inconsistent since it does not nor-
mally occur in reality. Semantic constraints are always application dependent (Molenaar, 1995). For
this reason, it is not possible to provide a generic algorithm for resolving their violation; hence current
GIS systems leave the enforcement of semantic constraints to the application developer.

Semantic constraints can be spatial (e.g. ‘a building should not be inside a road’) or non-spatial (e.g.
‘the height of a mountain should not be negative’). Non-spatial constraints that restrict attribute values
of objects to certain types can be enforced by using domains; for other constraints, code has to be writ-
ten to enforce them. Binary semantic constraints that have topologic structure can be defined and
monitored by translating them into spatial relationships between the objects involved. This approach
works under the assumption that the database is topologically consistent. For example, the constraint
that ‘buildings should not intersect roads’ can be enforced by monitoring and checking for overlap,
cover and equal spatial relationships between building objects and road objects. Other constraints may
apply to single objects, for example, constraints on the geometric size/shape of objects in the database.

3.4.5. User-defined constraints

These differ from semantic constraints in the sense that they are more esoteric in nature and not neces-
sary based on semantics of geographic objects (Cockcroft, 1996, 1998). User-defined constraints are
also application-dependent and allow the database consistency to be maintained according to the user-
defined constraints analogous to business rules in non-spatial systems. For example, for health or other
reasons, it may be desired to locate a waste disposal plant at a certain distance away from residential
areas. Such constraints are not necessary based on object semantics but on general requirements such
as legal, economic or other requirements.
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3.4.6. Constraints enforcement in GIS

Topological consistency constraints are usually handled by the GIS system. The main issue with se-
mantic and user-defined constraints is that because they are application-dependent, it is difficult to de-
velop generic algorithms for them. Thus their enforcement is left to the application modeller. The con-
straints that have topologic structure can be enforced by using the spatial relationships between the
objects. For other constraints, application programs have to be written to enforce the. For example,
Cockceroft (1996, 1997) discussed the use of external repository to enforce these constraints. In the
object-oriented environment, methods provide the natural means of enforcing consistency constraints
in the database. These constraints can be defined as methods on the objects in the class, and each class
will enforce its own constraints. This approach has been used in this thesis (see chapters 4 and 5).

3.5. Concluding remarks

This chapter described spatial data models, spatial relationships and consistency constraints in spatial
databases. We described the geodatabase model and showed how topology is handled. We described
four methods for modelling the spatial relationships among objects, namely: the 4-intersection, 9-
intersection, dimension extended model and calculus-based model. The 4-intersection considers only
the interior and boundaries of the objects; the 9-intersection includes the exterior; and the dimension
extended method includes the dimension of the intersection. The calculus-based method groups similar
relationships into five general relationships and aims at reducing the number of relationships to suit the
end user. The last section of the chapter discussed consistency constraints in spatial databases. The
constraints are classified as topological, semantic and user-defined, according to their nature. In the
next chapter, the concepts described in chapters 2 and 3 are employed to design an integrated concep-
tual model for the Topl0Vector topographic dataset chosen for the prototype implementation in this
research.
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4. Object-oriented design of a
topographic database

4.1. Introduction

This chapter deals with the development of the conceptual model. The conceptual model consists of
three main components: FeatureClass, ConstraintClass and TemporalClass models. The FeatureClass
model describes the feature classes with their attributes structure, operations and relationships. The
ConstraintClass model deals with the constraint rules. The TemporalClass model deals with the model-
ling of time. These components are systematically developed and then unified into one integrated
model. The chapter begins with the requirements analysis for the application domain. Then we present
the conceptual model at the highest level for modelling these requirements. The FeatureClass model is
developed next. The next section describes how we model the consistency constraints. Then we show
in detail how we handled multiple representations in the Topl0Vector involving road areas and their
centrelines. The last section covers how time is modelled in this research.

4.2. Application domain and requirements

Topographic data play an important role in planning and decision-making. In many countries, national
mapping agencies have the mandate to produce topographic data for their nation. The Topographic
Service of the Netherlands is responsible for producing topographic data for the country. They pro-
duce topographic data at different scales; the most important ones are the TopVector series (at scales
1:10,000; 1:50,000; 1:100,000; 1:250,000; 1:500,000), known as the Top10Vector, Top50Vector, etc.
The Top10Vector is the most detailed dataset produced by the Topographic Service. It is a vector data-
set with a closed structure and built from coded and connected line elements. Traditionally, the
Topl0Vector has not been structured into a database, but stored as files. The content and data structure
are determined for cartographic map production and for this reason, the data cannot always be used
directly in applications. Users have to compose an object-oriented dataset for specific applications.
There are several problems that arise from the current approach:

0 To build an object-oriented dataset from the existing data structures means users have to process
their own data. The interpretation of the data gives problems since the data are structured on the
basis of a coding system for the production of maps.

o Itis difficult to link the existing data with other datasets.

0 Checking for inconsistency in the data is done manually. This is a time-consuming and interactive
process and mostly depends on visual checking, hence obviously not effective.

0 The ToplOVector involves multiple representations such as road sections represented as areas and
as centrelines. Traditionally, different representations are stored in separate files with no interrela-
tionships. This leads to lack of data consistency and maintenance problems.
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0 No temporal information is recorded for spatial objects. Hence no temporal queries or analysis can
be performed, except by manually comparing different time slices. It is difficult to ensure that two
users are referring to the same version of an object when updates are delivered to them. It is also
difficult for users to identify immediate successors and predecessors of objects.

4.2.1. A new data model

Due to above and other problems, the Topographic Service began a project with the aim to restructure
their datasets and products, and to take advantage of the current object-relational technology in order
to best respond to increasing customer demands. The aim of this project is to replace the existing data
model of the ToplOVector and the other TopVector data structure by an object-oriented model. For
this purpose, the Topographic Survey started (in 2000) a project with the aim to design a new object-
oriented data model that could be eventually implemented in an object-relational DBMS. The project
began with the definition of the user requirements. Then the conceptual model was developed using
object-oriented approaches. A prototype implementation is currently being carried out in GML (Geog-
raphy Markup Language). This research will therefore constitute a preliminary investigation into the
suitability of the object-relational approach to meet the requirements of the Topographic Service.

4.2.2. Requirements analysis

Any good design is usually preceded by a good analysis of the application requirements and problems.

The requirement analysis for the new Topl0Vector data model has been carried out by the Centre for
Geo-Information (CGI) of the Wageningen University in consultation with the Topographic Service of
the Netherlands. The requirements have been grouped into eleven categories (de Zeeuw et al, 2000).
The analysis indicated the demand for the following, which constitute the problem of this research as
stated in the problem definition phase in chapter 1:

0 Enforcement of consistency constraints in the database.

0 Management of multiple representations involving road areas ad centrelines.

0 Modelling the temporal behaviour of objects in the database.

4.2.2.1. Consistency constraints

The enforcement of consistency constraints in topographic databases is a very important aspect of
maintaining the consistency of the data. There are so many constraints that can found in the Feature
Collections Rules for the ToplOVector dataset. Given the limited timeframe for this research, only
some of the important constraints are considered here. Examples of the important constraints are de-
scribed below.

Semantic constraints

0 Buildings should not intersect roads (apart from a few exceptions e.g. where buildings overlap
roads which case is distinguished by height level attributes).

0 Road centrelines must meet each other.

O

Built-up areas should not be inside water bodies (apart from a few exceptions).

0 Road, water, built-up and terrain area features should be adjoining to each other and form a com-
plete coverage. This is a complex constraint and can be decomposed into a set of touch relation-
ships between instances of the feature classes involved.
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Attribute domains

Most of the attributes of the feature classes have their own domains, which specify the required attrib-
ute values that can be entered for an object. The objects cannot have attribute values apart from those
specified in the domains. For example, the attribute ‘Road Type’ can only be one of the following
values: connection, crossing, or area. The complete list of attribute domains for each feature class is
given in appendix A.

Minimum size constraints

These are constraints on the minimum size of objects that should be represented in the database. The

following are examples of these constraints:

0 The minimum area size of a built-up area should be 9 square metres.

0 The minimum length for double track in a single-track railway is 500 metres.

O If aroad width is more than 2 metres, it is represented as an area object; otherwise it must be rep-
resented as a line object.

0 The minimum depth of ditches is 50 centimetres.

Height level attributes

Road, railway, water, built-up, terrain and construction objects in the Top10Vector dataset are given a
height level attribute. Objects that are allowed to cross or overlap each other must have different
height level attribute values, both of which must be greater than 0. For example, two road objects can
cross each other if one is underpass (height level is 1) and the other is overpass (height level is 2).
Non-overlapping objects are assigned a height level value of 0.

4.2.2.2. Multiple representations

The Topl0Vector multiple representations considered in this research involves road areas and their
centrelines. The purpose of this research is to develop techniques for managing and maintaining con-
sistency between two representations. This involves maintaining the consistency of the topological
relationships between the road areas and the centrelines as well as attribute consistency, by developing
update propagation mechanisms.

4.2.2.3. Temporal requirements

The temporal requirements describe the history of objects. As was stated in the problem definition in
chapter 1, it is not the objective of this research to develop a fully functional temporal GIS. The main
concern here is to develop a database that would keep track of the history of objects in the database.
This will enable simple temporal or spatio-temporal queries to be answered as may be needed in a to-
pographical mapping. It is also the aim to illustrate how the object-oriented concepts offer flexibility
for capturing the temporal behaviour of spatial objects into the database.

37




Object-oriented design of a topographic database

4.3. The conceptual model

The conceptual model consists of three main components which are called the FeatureClass model, the
ConstraintClass model, and the TemporalClass model. The FeatureClass model describes the feature
classes with their attribute structure, operations, and relationships. The ConstraintClass model shows
the constraints classes with their attributes and operations. The ConstraintClass is responsible for the
storage and management of the constraints that apply to the objects in feature classes. These con-
straints are invoked during editing of the data to determine inconsistencies. The TemporalClass model
deals with the modelling of time. All modified and deleted objects are removed to the TemporalClass
with time stamps. This will enable temporal queries to be performed. The link between the Feature-
Class and the TemporalClass is given by the object identifier (ObjectID). Through the ObjectID, it will
be possible to retrieve historical objects from the TemporalClass. These three components are system-
atically developed and then integrated. The approach here is to use object-oriented concepts to system-
atically identify classes, attributes, relationships and operations or methods for each class.

Top10Vector
Geodatabase

deleted/modified objects

ObjectiD
ConstraintClass - FeatureClass IeC

TemporalClass

temporal query

Figure 4.1 The integrated conceptual model

The conceptual model has been designed to be general, and although it has been implemented as ex-
tension to the geodatabase model, it can be adapted in other object-relational or object-oriented GIS
system. In the sections that follow, we describe how each of the three components has been developed.

4.4. The FeatureClass model

The FeatureClass model consists of the features classes created for each geographic feature type, their
attribute structure, operations and relationships. The FeatureClass model is shown in Figure 4.2. It
consists of feature classes that hold spatial data as well as abstract classes that provide specifications
for a set feature classes. The base class, Top100bject, is an abstract class that defines common specifi-
cations for other classes. All feature classes have been defined as specializations of this class. Linear
features can participate in a linear network (the NetworkFeatures class). However, network modelling
is not part of this research, and thus the details of this component will not be considered further. The
model shows composite relationships between RoadArea and the RoadCentreline classes, as well as
between RailwayArea and RailwayCentreline classes. These relationships as well as the operations
defined for the classes are used for modelling the multiple representations in section 4.6.
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Top100bject
-ObjectID
-TDN_Code
-ObjectDate
-VersionDate <}
-VersionNumberl|
+OnCreate()
+OnChange()
+OnDelete()
RoadArea RailwayArea WaterArea TerrainArea BuiltupArea
NetworkFeatures -Attributes -Attributes -Attributes -Attributes -Attributes
-Attributes +RelatedObjectCreated() | [+RelatedObjectCreated() | [+Operations() | [+Operations() | [+Operations()
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7-Attrlbutes BuiltupPoint
+RelatedObjectCreated() At
+RelatedObjectChanged() -Attributes
+RelatedObjectDeleted() AdministrativeArea +Operations()
RailwayCentreline Atributes
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-Attributes
| |+RelatedObjectCreated() GeographicArea
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+RelatedObjectDeleted() Attributes
+Operations()
RoadLine
I [“Attributes ConservationArea
+Operations() -Attributes
+Operations()
WaterLine
L ["Attributes Funf:tlonaIArea
+Operations() -Attributes
+Operations()

Figure 4.2 The FeatureClass model

4.4.1. The Top100bject class

There are some attributes and operations that are common to all feature classes. These have been gen-
eralized to form a more general class represented by the Top10Object class. This class is an abstract
class that defines the minimum attribute structure and operations that every feature class in the data-
base should have. Thus all feature classes are defined as specializations of the Top10Object class. The
attributes of the Top100Object class are as follows:

0 ObjectID—Every object is given a unique identifier called the ObjectID (called TOP10_ID in the
original conceptual model).

TDNCode—Refers to the old object code in the previous Topl0Vector dataset.

ObjectDate—Used for modelling temporal behaviour.

VersionDate—Used for modelling temporal behaviour.

VersionNumber—Used for modelling temporal behaviour (see section 4.7).

| S I S )

There are at least three basic operations that are defined for each feature class. These operations are:
OnCreate, OnChange, and OnDelete. All feature class must implement at least these three operations.
The purpose of these will be used to monitor the three types of events that characterize object lifecycle
(i.e., creation, mutation and destruction of objects in the database), and send messages to correspond-
ing feature classes to take the appropriate actions. Since all feature classes must implement these three
operations, they are defined in the Top10Object class so that they are inherited by all classes that are
defined as specializations of this class. How each feature class will implement these operations may
vary depending on the behaviour, constraints, and services provided by that class.
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4.5. Modelling consistency constraints

It is not possible to handle all of these constraints within the limited timeframe for the MSc research;
therefore only some of the important constraints will be modelled here. However, the principles that
are developed here can be applied to other similar constraints. Figure 4.3 shows the ConstraintClass
model. The constraints have been grouped into spatial and non-spatial. Three types of constraints have
been modelled here, namely, binary constraints, minimum size constraints and attribute domains.

ConstraintsClass
-Attributes
+Operations()

4

Spatial
-Attributes Non-Spatial

+Operations() -Attributes

% +Operations()

BinaryConstraints MinimumSizeConstraints Domains
-FeatureClass1 : String -FeatureClass : String -Attributes
—FeatgreCIagsZ : Stripg —Miniml{mSize :'double +Operations()
-SpatialRelation : String -Exception : String
-Specification : String +DefineConstraint() ZF
-Exception : String +ExecuteConstraint() ‘ ‘
+DefineConstraint() +AddConstraint()
+ExecuteConstraint() +RemoveConstarint() RoadDomains RailwayDomains BuiltupDomains|
+AddConstraint() -Attributes -Attributes -Attributes
*+RemoveConstraint() +Operations() +Operations() +Operations()
RoadType_Domain Traffic_Domain StreetName_Domain
-Attributes -Attributes -Attributes
+Operations() +Operations() +Operations()

Figure 4.3 The ConstraintClass model

4.5.1. Binary constraints

Most of the constraints are binary semantic or user-defined constraints between two spatial objects.
These are the constraints that can be translated into the topological relationships between the objects
involved. These spatial relationships will be monitored and used as ‘alerters’ when they occur to trig-
ger the particular method associated with the constraint class. The general form of a binary constraints

definition will be as follows:
Constraint = (FeatureClass1, Spatial Relationship, FeatureClass2, Specification, Exception)

This binary constraint rule is defined between instances of FeatureClass] and instances of Feature-
Class2 with a Spatial Relationship (operator) between them, followed by a Specification, and an Ex-
ception to the constraint rule.

The Specification can be one of the following:

0 Allowed: This situation is allowed, but must not necessary be true.

0 Not allowed: This situation is not allowed, excluding any exceptions defined.
O At least once: This situation must hold at least once.

O At most one: This situation must hold not more than once.
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The Exception allows the user to define an exception to the constraint rule. For example, two road ob-
jects cannot overlap each other except they have different height level attributes greater than 0. This
means that the two roads can overlap if one road is an underpass (with height level 1) and the other is
an overpass (height level 2). In such situations, the two roads can overlap each other in a 2-
dimensional layer and the exception part will allow the user to specify this exception to the constraint
rule.

To provide a simple and useful mechanism for users to easily define the constraint rules, the calculus-
based method will be adopted in which all the possible spatial relationships between points, lines and
areas have been grouped into only five relationships. These five relationships are: touch, in, cross,
overlap and disjoint defined for the six groups of points, lines and areas. Users can select from these
spatial relationships, and the system will test for all the relationships in that group to determine the
inconsistency. For example, for the constraint that a building should not be in a road, the system has to
test for Inside, CoveredBy and Equal spatial relationships in the original 9-intersection model (Figures

4.4).
Q) ()

B

Inside CoveredBy Equal

Figure 4.4 ‘In’ relationship group according to the Calculus-based model

4.5.1.1. The BinaryConstraints class

The BinaryConstraints class will store and manage the binary constraints. The attributes of this class
will be according to the constraint definition, i.e. FeatureClass1, Spatial Relationship, FeatureClass2,
Specification and Exception. The following operations are defined for the user’s interaction.

0 DefineConstraint: Used to define the constraint rules.

0 AddConstraint: Used to add constraints to the constraint class.

0 RemoveConstraint: Used to remove existing constraints.

0 ExecuteConstraint: Used to execute the constraint rules.

4.5.2. The MinimumSizeConstraints class

These are constraints on the size of objects in a feature class. For example, the minimum size of a
built-up area should be 9 square metres. These constraints do not have topologic structure and cannot
be enforced by using the spatial relationships. Some other code must be written to enforce them. These
constraints are stored in the MinimumSizeConstraints class. The attributes of this class are as follows:
FeatureClass, MinimumsSize, and Exception; these have similar meanings as explained for the binary
constraints. The same operations are also defined for the end-user interaction. These constraints will
then be applied to new and modified objects during the updating of the database.
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4.5.3. Attribute domains

Constraints that restrict the possible value for attributes will be implemented as domains on the attrib-
ute fields. These domains will be assigned to corresponding fields during the creation of the database
schema. User domains are usually directly supported in any current system so no special design or
code has to be written for them. Interfaces however can be designed for the user to update these do-
mains.

4.5.4. Mechanism for monitoring constraint violations

Within the OnCreate and OnChange operations for each feature class, algorithms will be developed to

monitor constraint violations during the creation of new objects and the modification of existing ob-

jects. In general, monitoring constraint violations will involve the following routines:

O Searching the corresponding constraints classes for any existing constraints that apply to objects of
the feature class being updated.

0 Executing these constraints against the new or modified objects.

0 Giving warnings to the user in case of constraint violations.

4.6. Multiple representations

4.6.1. What are multiple representations and why are they needed?

GIS databases are intended to keep an integrated and consistent representation of the real world to
support a wide range of application requirements. While the real world may be unique, its representa-
tion depends on the intended purpose. In other words, any spatial database is built with certain applica-
tions in mind; therefore different applications that have different and overlapping views of the real
world normally require different representation of the same real world phenomena. The concept of
multiple representations is intended to meet these requirements. The same objects are represented more
than once at different abstraction levels tailored towards the need of different users or analysis (Egen-
hofer et al, 1994; Kilpelainen, 2000).

A typical example of applications that require multiple representations is cartographic map production
at different scales. Map producers need to make maps of the same geographic features at different lev-
els of abstractions (i.e. at different scales or resolutions) to satisfy multiple users. Traditionally, they
maintain one database per resolution, with no interrelationships, hence with no update propagation and
no inter-database consistency (Spaccapietra et al, 1999, 2000a). This traditional approach has evident
drawbacks and normally leads to maintenance problems and lack of database consistency. Modern
data management requires that a new representation paradigm be used, such that multiple representa-
tions of the same real world phenomena coexist in one database with mechanisms for maintaining con-
sistency between them. A GIS system that supports multiple representations will allow one to store all
representations in a single database, and enforce the consistency of these representations and allow
update propagation between them. A geographic information system will be called consistent if it can
ensure that whenever an object changes, all other objects which are related to the changed object in
one way the other are automatically updated.
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4.6.2. Managing multiple representations

When multiple representations of the same real world objects coexist in the database, the main issue
that arises is how to manage and maintain the consistency between the different representations. For
example, how to maintain topological consistency between the representations at different levels.
Topological information is generally considered as first-class information; therefore maintaining to-
pology across multiple representations of the same objects is of prime importance. The mathematical
framework for assessing topological consistency between multiple representations has been researched
by Egenhofer et al (1994), and will not be discussed here.

In general, when multiple representations coexist in the database, the system should be made aware so
that it may manage the situation accordingly. In other words, supporting multiple representations im-
plies that both users and the system are aware that those representations are describing the same real
world phenomena (Spaccapietra et al, 1999, 2000b). This can be achieved if existing data models and
systems are extended with new concepts to provide links between the different representations, and
associated constraints and operators. Spaccapietra et al (1999) noted some benefits of such a model,
such as: better real-world modelling, improved consistency and automatic update propagation. In the
absence of such existing systems, as is the case for most current systems, it is up to the application de-
signer to cope with the problem of multiple representations whenever it arises, relying on primitive
system functionalities to provide links between the different representations.

4.6.3. Multiple representations in Top10Vector database

In the Top10Vector dataset, some objects have multiple geometric representations. For example, road
sections are represented primarily as area objects and then as centrelines (Figure 4.5). According to the
data collection rules, when the width of a road section is more 2 metres it is represented as an area ob-
ject; otherwise it is represented as a line object. For roads greater than 2 metres in width, their edges
are collected in the field, and their centrelines are derived later. Therefore, the areas are the main rep-
resentation and the centrelines are the derived or dependent representation. The main purpose of keep-
ing road centrelines in the Topl0Vector database in addition to the area representation is for perform-
ing network analysis.

Area Centreline

Figure 4.5 Multiple representations of Road sections

The requirements that arise from such multiple representations of objects include the following:
0 How to maintain topologic consistency between the two representations?
0 How to maintain the consistency of the attribute information?
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Topologic consistency can be maintained by identifying all the possible spatial relationships between
the two representations, and translating them into constraint rules in the database. Attribute consis-
tency can be maintained by ensuring that whenever the attribute of the main representation (area)
changes, corresponding attributes of the centrelines are automatically updated. This can be realised by
providing a link between the two representations, and by developing the appropriate update propaga-
tion mechanisms. This will also reduce the updating cost. The following sections describe how we
model these requirements.

4.6.4. Modelling the multiple representations in the Top10Vector

There are various approaches proposed for implementing multiple representations of objects; these
will not be discussed here (see De Carvalho Paiva, 1998; Medeiros et al, 1996; Kilpelainen, 2000).
The approach used here is to create separate classes for the primary and derived representations and to
use object-oriented concepts to build links between them. In the Top10Vector dataset, the primary rep-
resentation is road areas and the dependent representation is the road centrelines. Thus we create sepa-
rate classes for the main representation (RoadArea class) and the dependent representation (RoadCen-
treline class).

One requirement of the ToplOVector database is that the objects of the primary representation control
the lifecycle of objects in the dependent representation. This means that a RoadCentreline object can-
not exist apart from its corresponding RoadArea object. To model this, the two classes will be linked
by means of a composite association. A composite link allows the parent object to control the lifecycle
of the derived object. The multiplicity of this composite association is 1-to-1, i.e., every instance of the
RoadArea class is related to one instance of the RoadCentreline class. Objects in the RoadCentreline
class will be linked physically to their controlling objects in the RoadArea class through the ObjectID.
Through this link, every RoadCentreline object ‘knows’ the corresponding object in the RoadArea
class, which controls its lifecycle. In relational terminology, the ObjectID will be the primary key in
the RoadArea class and the foreign key in the RoadCentreline class. The additional operations defined
for the two classes in Figure 4.6 will be discussed in section 4.6.6.

RoadArea RoadCentreline
-Type : String -Type : String
-Road_Type : String -Road_Type : String
-Tracffic : String -Tracffic : String
-attribute4 : String -attribute4 : String
-Phy-Occur : String -Phy-Occur : String
-Crossing : String -Crossing : String
-Pave_Class : String -Pave_Class : String
-Pave_Width : String » -Pave_Width : String
-Pave_Type : String 1 1 -Pave_Type : String
+OnCreate() +OnCreate()
+OnDelete() +OnDelete()
+OnChange() +OnChange()
+RelatedObjectCreated() +RelatedObjectCreated()
+RelatedObjectChanged() +RelatedObjectChanged()
+RelatedObjectDeleted() +RelatedObjectDeleted()

Figure 4.6 Composite relationship between RoadArea and RoadCentreline classes
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4.6.5. Topologic consistency between the multiple representations

Topological relationships between instances of the RoadArea and the RoadCentreline should be pre-
served if consistency of the multiple representations is to be maintained. Topological consistency be-
tween the two representations can be maintained by defining constraints rules using the spatial rela-
tionships between corresponding objects of the two feature classes. Figures 4.7 and 4.8 show the pos-
sible spatial relationships between the RoadArea objects and RoadCentreline objects. It is important to
remember that two RoadArea objects are allowed to overlap each other (in 2-dimensional space) if
different height level attributes are specified to distinguish them (underpass and overpass). In such
cases, their corresponding centrelines also cross each other as shown in Figure 4.7.

Figure 4.7 Possible topological relationships between road areas and their centrelines

From Figure 4.7, we can identify the possible spatial relationships between a road area object and its
centreline. The spatial relationships between the RoadArea objects and the RoadCentreline objects
depend on whether the centrelines are modelled as simple features or network features (see section
3.2.1). In this research, we model the centrelines as simple objects. Thus the spatial relationships
should be one of the relationships shown in Figure 4.8. These relationships can be defined by testing
for the intersection of the interior, boundary and exterior of area and line objects (see chapter 3).

Relation1 Relation2 Relation3

Area Area Area
1 00 1 11 1 11
LinefO0 1 O Line |0 1 1 Line |0 0 1
1 1 1 1 11 1 1 1

Figure 4.8 Three valid spatial relationships between road areas and centrelines




Object-oriented design of a topographic database

Based on these spatial relationships, consistency constraints can be formulated. The following are
some of the constraints that can be applied to preserve the topological consistency between road area
objects and their centreline objects. Some of these constraints will be implemented in the implementa-
tion phase.

O If the ends of two road area objects (A and B) adjoin or meet each other at the same height level,
their centrelines should also meet.

o Ifthe end of a road area object (A) connects to the side/edge of another road area object (B) at the
same height level, the centreline of A should be extended to meet the interior of the centreline of
object B as shown in 4.7. This ensures the connectivity of the linear network.

O The centrelines of overlapping road areas can cross each other provided they have different height
levels indicating overpass and underpass.

0 At the same height level centreline objects must not cross each other without a point.

0 Every road area object should be related to only one centreline object.

4.6.6. Automatic update propagation mechanism

Automatic update propagation is a mechanism whereby whenever an object in the system changes, all
other objects that are related to, or dependent on, the modified object are informed and updated auto-
matically. Update propagation is based on the common principle that derived properties should not be
updated explicitly, but only the fundamental properties (Egenhofer & Frank, 1992). This is a powerful
feature, as it allows multiple representations to be conveniently and consistently managed. Automatic
update propagation is realized through the communication between objects in a system. Whenever an
object changes, it sends messages to all other objects that are related to it, leaving them to take their
own appropriate actions. The related objects may respond by updating their own attributes or by exe-
cuting a constraint against the changed object, etc. In our case, the main concern here is how to propa-
gate updates from the (primary) RoadArea class to the (dependent) RoadCentreline class so that every
time a road area attribute changes (for example), the corresponding centreline object is automatically
updated by the system.

To realise automatic update propagation between the RoadArea and the RoadCentreline classes, meth-
ods are defined in both classes that will be used to notify the class that a particular event has occurred
in the related class. There are three basic events that can happen to objects in a particular feature class,
namely: creation of new objects, modification of existing objects and deletion of existing objects. For
each of these events, a method will be defined that will inform the class that the particular event has
occurred in the related class. These methods will be defined in both the RoadArea and RoadCentreline
classes. The methods are:

0 RelatedObjectCreated: Notifies this class that a related object has been created

0 RelatedObjectChanged: Notifies this class that a related object has changed

0 RelatedObjectDeleted: Notifies this class that a related object has been deleted

The RoadArea and RoadCentreline classes will implement these three methods in addition to the usual
methods for all feature classes (i.e. OnCreate, OnChange, OnDelete). These methods will be used to
notify both classes when the particular event occurs. For example, when a road area attribute is up-
dated in the RoadArea class, the method RelatedObjectChanged in the RoadCentreline class will be
called to notify this class that a related road area object has changed. This will enable the RoadCentre-
line class to take the appropriate action, such as automatically updating the corresponding attribute of
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the related object. The following sections summarize the behaviour for automatic update propagation
between the two classes.

4.6.6.1. Updating the RoadArea class

Creation of new objects

When a new object is created in the RoadArea class, the method RelatedObjectCreated will be called
to notify the RoadCentreline class. The ideal setting will be when new objects are created in the
RoadArea class; their corresponding centreline objects are automatically computed through carto-
graphic generalization methods and stored in the RoadCentreline class. However, because this deriva-
tion cannot be fully automated, and given the fact that this research is not concerned with operations of
how to derive one representation from the other, the system will be modelled to flag the user to insert
the corresponding centreline object when new RoadArea objects are created.

Modification to existing objects

An object can be modified in several ways:

Q Attribute updates: All attribute updates must be made in the RoadArea class, which is the primary
representation. These updates will then be automatically propagated to the RoadCentreline class
by update propagation mechanisms.

Q Object resized: 1f the geometric shape of the area object changes, the system will notify the user to
update the corresponding centreline object related to the modified area object, if it detects no valid
spatial relationship between the two.

O Object moved: If a RoadArea object is moved to a new position, the related RoadCentreline object
will be moved together with the area object to maintain consistency.

O Objects merged or split: This will result in the creation of new object(s), and will therefore be
treated as outlined above.

Deletion of objects

Since objects in the RoadArea class control the lifetime of objects in the RoadCentreline class, a road
centreline cannot exist without its corresponding area object. Thus deleting a RoadArea object will
cause the system to automatically delete the related object in the RoadCentreline class.

4.6.6.2. Updating the RoadCentreline class

Creation of new centreline objects

If a new centreline object is digitised, the system will test for the valid spatial relationships between
the new centreline and the objects of the RoadArea class. If a RoadArea object is found which has a
valid relationship with the new centreline, and if that object is not related to any centreline; then the
system will confirm from the user to propagate the common attributes of the existing area object to the
new centreline object. If user’s answer is yes, propagate the update. If no valid relationship is found,
the system will inform the user.

Geometric modifications

If the geometry of existing centreline objects changes (e.g. reshaped or moved), check the spatial rela-
tionship between the centreline and its controlling object in the RoadArea class. If the relationship is
no longer one of the valid relationships, inform the user and break the original relationship between
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the two objects. Search for any valid relationships with other objects, if found confirm from the user,
create a relationship between the centreline and the new object and propagate the attributes of that area
object to the centreline. If no valid relationship is found, inform the user.

Updating attributes of centreline objects

All attribute updates should be made in the RoadArea class and they will be propagated automatically
to the RoadCentreline class. This will preserve the consistency of the attribute information. However,
if a user attempts to update the attribute of a road centreline directly, the system will give a warning
that those updates would not be propagated to the RoadArea class.

Deletion of existing centreline object

If a centreline object is deleted, check if it is related to an existing area object. If it is, do not allow the
deletion of the centreline object without first deleting its controlling area object. If the centreline is not
related to any area object, allow delete.

4.7. Temporal behaviour

4.7.1. Temporal behaviour of spatial objects

Spatial objects have both spatial and temporal dimensions. Time is linked with real world objects; their
geometry, attributes and relationship change over time. Therefore it is necessary to model the temporal
dimension of spatial objects in order to better understand spatial patterns, events and processes that
take place in our dynamic environment. Conventional GIS systems represent the real world in only a
snapshot that is inadequate for analysing changes and patterns of change over time. Non-temporal GIS
assumes the world only exists in the present. No sense of change or dynamics is maintained while up-
dating the database. Every update creates a new map and no attempt is made to establish any link be-
tween the snapshots. These systems are therefore not suitable for many applications where facts and
data need to be interpreted in the context of time, such as urban applications, environmental monitor-
ing, agricultural applications, forest management, etc (Raza, 2001). The need to model the temporal
dimension of spatial objects has given rise to several research activities in this area (Langran, 1992).
This research is not intended to develop a fully functional temporal GIS. Our focus is on how to main-
tain the history of objects in the topographic database. A temporal model has been developed for the
Topl0Vector database using object-oriented concepts.

4.7.2. What is a change?

The concept of change can be described as follows: ‘if an object O changed, then it cannot be consid-
ered as the object O’ (Nunes, 1995; cited in Raza, 2001). This implies that if an object changed, then it
is no longer in the same state. Modelling time therefore means modelling change. In spatial databases,
variation in temporal behaviour results in changes in one or more of the following three characteristics
(Abraham et al, 1999):

0 Geometry: for example, relocation of an object.

o Topology: for example, alteration of the spatial relationships among objects.

O Attribute: for example, status updating of an object.
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Changes in these three components are not mutually exclusive, i.e., they can occur contemporaneously
with each other. For example, merging existing objects to create a new object involves changes in the
geometry, attributes and topology of the original objects. There are eight possible changes a spatial

object may undergo (Figure 4.9).

Change in Change in Change in
geometry topology attributes
A
Change in .
geometry, topology & Spatlgt—)t_eer;poral »- No change
& attributes !
A
Change in Change in Change in
topology and geometry & geometry &
attributes attributes topology

Figure 4.9 Eight possible changes in spatio-temporal object (Abraham et al, 1999)

4.7.3. Objects and versions

Changes in objects’ state can be categorized on the basis of their properties as essential and non-
essential changes (Raza, 1996, 2001). An essential change implies the creation of a new object with a
new object identifier while non-essential change only means a new version of the same object with
same identifier (Figure 4.10). The specification of what is essential and non-essential change funda-
mentally depends on the purpose of the application. Some changes might be relevant to a particular
application while they might be irrelevant in other applications domains. For example, in land use ap-
plications, land use is the main essence of the application and therefore a change in land use attribute
is very essential whereas a change in a boundary may be non-essential.
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Figure 4.10 Essential and non-essential change model (Raza, 2001)

49




Object-oriented design of a topographic database

4.7.4. Fundamental time concepts

Before describing our temporal model, we will, in this section, give brief overview of some fundamen-
tal definitions and concepts in the domain of time modelling.

4.7.4.1. Measurement of time

Time can be measured as either discrete (e.g. years, months, weeks) or continuous variable (Worboys,
1995). Discrete time considers time as consisting of a sequence of event-punctuated intervals (Raza,
2001). Discrete time is useful in applications in which changes are discrete in nature, e.g. changes in
cadastral boundaries, administrative boundaries, etc. Continuous time structure considers that there is
infinite number of points between any two points. Continuous time is used to measure changes which
are occurring continuously, for example, global change management. The smallest, non-decomposable
unit of time is known as a chronon. This is the time that is supported by a temporal database. Granu-
larity refers to the basic unit (precision) of time in a temporal database, and varies from one system to
another. The lifespan of an object is measured by a finite number of chronons in the database. An
event is the transition from one state of an object to another state. An event is a point on the timeline,
while a state is an interval.

4.7.4.2. Models of time

There are three mathematical models of time, namely: linear time, branching time and cyclic time.
Linear time advances from the past to the future in a totally ordered fashion. Branching time advances
from past to present where it then splits into several time lines or it may have many pasts and a single
future. Cyclic time repeats itself after some time interval.

4.7.4.3. Types of time

Time has been treated as both one-dimensional and multidimensional component. At least three types
of time are relevant in a GIS; these are event time, observation time and database time (Guptill, 1995).
Event time is the time an event actually occurred in the real world being modelled. This is also called
world time or valid time (Langran, 1992). Observation time (also called evidence time) is the time the
event was observed. The database time (or transaction time) is the time an event is recorded into the
database.

4.7.4.4. Temporal relationships

Temporal relationships are defined in analogy to spatial relationships between events (nodes) and
states (arcs). Temporal relationships can also be defined using metric, topological, and order concepts.
For example, ‘two hours’ is a metric relation, ‘one hour later’ is a topological temporal relation and
‘four weeks in a month’ is an order relation (Worboys, 1995; cited in Raza, 2001). In this research the
order relationships have been used for formulating temporal queries. Examples of ordered temporal
relationships are given below. For any two events A and B, we can write the following (Frank, 1994):

a A <B — event A is before event B
O A>B — event A is after event B

0 A =B — events A and B are contemporaneous
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4.7.4.5. Spatio-temporal models

There are many models that have been proposed for incorporating temporal information into spatial
databases. Some of these models treat time as an attribute of spatial objects while others treat time as a
separate dimension. Some of the main models are only briefly introduced here. For detailed discus-
sion, the reader is referred to (Langran, 1995; Hazelton et al, 1990; Raza, 2001).

Q The snapshot approach stores all versions of the map as series snapshots or time-slices. This ap-
proach represents a state but does not represent the events that cause changes. Instead of storing
the change, its stores the states of the whole map or layer. This quickly leads to large data redun-
dancy, and have serious implications for data management and temporal analysis.

0 The update model (or base state with amendment) stores only the changed objects but not a com-
pletely new snapshot of the whole data. Changed objects are represented as versions. This reduces
data redundancy and allows object history to be traceable.

Q The Space-time composite model stores all past and present features by overlapping all time-
stamped layers to produce a space-time composite layer (Langran & Chrisman, 1988). This model
is not very different from the update model except that past and current features are stored in the
same layer.

Q The 3D/4D temporal GIS approach: In this approach, attempts have been made to model time as a
dimension of spatial objects. This will lead to a true temporal GIS system, but this cannot be im-
plemented without a major software engineering effort. Many such models have been proposed by
researchers, most of them based on the object-oriented paradigm (Raza, 2001; Langran, 1995;
Hazelton et al, 1990).

4.7.5. Modelling the temporal behaviour of Top10Vector objects

In this research, time is treated as an attribute of spatial objects. Thus time stamps on objects and at-
tributes would be adequate to represent the historical states of objects in the database. The model de-
veloped in his research is similar to the update approach. The modelling process has been described in
the sections that follow.

4.7.5.1. Adding time attributes to the FeatureClass model

In order to model the temporal behaviour of the objects, the FeatureClass model has to be extended
with additional time attributes. To each feature class, we assign the following time attributes:

ObjectDate: Records the time the object was created in the database.

VersionDate: Records the time when the current version of an object was created.

VersionNumber: Records the version number of the most current version of the object in the
feature class.

Our model thus takes into account on/y the database time. We can, of course, include the event time
and the observation time. But these are not considered here for the time being. We also allows for mul-
tiple versions of the same objects to exist the database. The current objects will be stored in the feature
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class while all historical objects will be removed to the temporal class associated with the feature class.
The temporal class model is described in the next section.

4.7.5.2. The TemporalClass model

The TemporalClass model deals with the modelling of time. A temporal class will be created for each
feature class. The temporal class will store and manage all deleted and modified objects for later re-
trieval and analysis. The main issue here is how much information should be stored per object to allow
temporal queries and analysis. In this research, we have chosen to store objects that are modified or
deleted with their changed attributes. Thus, when an object is modified, we store the whole geometry
of the object and only the attributes that changed. This will be enough for us to reconstruct previous
states of the object. Instead of storing the whole geometry of the object, we could store only the geo-
metric changes. However, this will make it more complicated to reconstruct previous situations at any
given point in time. Figure 4.11 shows a part of the TemporalClass model.

TemporalClass
-OriginObjectID : Long
-BeginDate : String
-EndDate : String
-VersionNumber : Integer
-AttributeChanged : String
-OriginAttributeValue : String

VAN
BuiltupAreaTemp RoadAreaTemp RailwayAreaTemp
-Attributes -Attributes -Attributes
+Operations() +Operations() +Operations()

Figure 4.11 The TemporalClass model

Attributes of the TemporalClass
OriginObjectID: The original ObjectID of the deleted or modified object in its origin feature
class. This will provide the link between the feature class and its temporal

class.
BeginDate: The BeginDate stores the creation date for the object in the TemporalClass.
EndDate: The EndDate stores the date on which the object or version ceased to exist in
the feature class.
VersionNumber: This stores the version number of all modified objects. For deleted objects,

the VersionNumber attribute value will be zero, indicating that the object has
no current version in the corresponding current feature class.

Event: This will store the type of event that happened to the object (attribute
changed, geometry changed, object moved, deleted, etc).

AttributeChanged: If an attribute of an object changed, this will record the particular attribute
that changed. For deleted objects, this will be NULL.

OriginAttributeValue: This stores the original attribute value in case the attribute changed. This
value together with the name of the attribute that changed will be used to re-
construct previous states of objects.

52




Object-oriented design of a topographic database

4.7.6. Objects life cycle rules

Real world objects have lifecycles. An object may be created, go through several mutations, and may
be eventually destroyed. For example, a building may be constructed; it may be extended, and finally
destroyed. Rules should be established to regulate the lifecycles of objects in the system. These rules
should be decided in consultation with the application domain. Since the new Topl0Ovector data model
is still in the development stage, these rules are not completely available or not in a form to be directly
implemented in any operational system. The rules that are described in this section have been formu-
lated according to the model and based on interviews conducted in consultation with the Topographic
Service of the Netherlands.

4.7.6.1. Creation of new objects

According to our model, when new objects are created, they will be given three time attributes,
namely, ObjectDate, VersionDate and VersionNumber (1). These attributes will be assigned automati-
cally by the system and would be used to monitor the temporal behaviour of the object.

4.7.6.2. Deletion of objects

When a real world object represented in the database no longer exists, the object is deleted from the
database. When a user deletes an object from a feature class, the object is not really destroyed, but
rather it is removed from the feature class and stored in the temporal class associated with the feature
class for later retrieval. Deleted objects will be stored with corresponding time stamps.

4.7.6.3. Modification of existing objects

Objects may go through several changes. These changes either result in the creation of new objects or
versions of the same object. New objects are assigned new ObjectID. Versions of the same object
maintain the same ObjectID and but are given different VersionDate and VersionNumber attributes. In
section 4.7.3, we identified changes to objects’ state as essential and non-essential. Essential changes
result in new objects while non-essential changes result in new versions. The following rules will
guide the system in deciding whether or not change in an object should result in a new object or a new
version:

O If the geometric size or length of an object changed, and the change is more than the minimum
size of objects stored in the feature class, then the system will consider it as essential change, and
will prompt the user for confirmation. If the user confirms that the change should result in a new
object, the original object will be deleted, time-stamped and removed to the TemporalClass. A
new object will be created with new ObjectID, ObjectDate, VersionDate and VersionNumber. If
the user specifies that it is still the same object, the original ObjectID will be retained, the new
VersionDate will be recorded and the VersionNumber will be incremented.

o All attribute updates made to objects are, at the moment, considered as non-essential changes; i.e.,
they result in new versions of the same object and will be treated by the system as outlined above.
The basic assumption here is that as long as the object occupies the same space and has the same
geometry, it is considered to be the same object.

0 When an object is moved to a new position, this will result in new object and will be treated by the
system as outlined above.
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0 When two or more objects are merged to become one object, a new object will be created with a
new ObjectID, and the original objects will be marked as deleted. The attributes of the new object
will be the combined attributes of the original objects.

O When an object is split into two or more parts, the result is new objects with new ObjectlDs, the
original object ceases to exist.

It is important to state that these rules should not be fixed and fast. The computer has no knowledge
and cannot make rational decision concerning real world situations. So the system will be designed to
assist (not to overrule) the user in deciding whether a change in an object should result in a new object
or a new version of the same object. Figure 4.12 summarizes these behaviours.

New real-world . . . . Removed real-
object Changed object Object split Objects merged world object

Is it still the
same object?

' 4 ) J  J y

Create new object: . . Delete original object Delete original object(s)
Assign RetaLljn gbtjeCtlD Create new objects Create new object(s)
ObjectDate, VersiF:JnaDZte Assign ObjectDate, Assign ObjectDate, Delete Object
VersionDate, VersionNumbér VersionDate, VersionDate,
VersionNumber(1) VersionNumber(1) VersionNumber(1)

Figure 4.12 Objects life cycle rules

4.7.7. Mechanism for retrieving historical objects

The link between each feature class and its associated temporal class is provided by the ObjectID in
the feature class and the OriginObjectID in the temporal class. By storing the original ObjectID (i.e.,
OriginObjectID) for each object in the temporal class, it is possible to link the current object to all its
historical versions in the temporal class. How can we retrieve successive versions of the same objects?
This is provided by the VersionNumber attribute. When a new object is created, it is given a Version-
Number (1) in the feature class. Now when a new version of the object is created, the VersionNumber
in the feature class will be incremented to 2, and the original version (1) of the object will be trans-
ferred to the temporal class, and so on. Thus successive versions of the object are identified by the
VersionNumber attributes: version 2 is the parent of 1; 3 is the parent of 2, etc. The BeginDate and the
EndDate define the lifetime of objects in the database.

FeatureClass TemporalClass
-ObjectID T ®|-ObjectiD
-ObjectDate / -BeginDate
-VersionDate = =—9p»|-EndDate
-VersionNumber- p--VersionNumber

-Event
-AttributeChanged

-OriginAttributeValue

Figure 4.13 Links between FeatureClass and TemporalClass
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5. Implementation

5.1. Introduction

This chapter covers the implementation phase. The conceptual model we designed in the previous
chapter is implemented by extending ESRI geodatabase model. First the conceptual model is translated
into the logical model supported by Arcinfo geodatabase. ESRI also uses the UML for the logical
model. Once the logical model has been completed, we can automatically generate initialization code
and the geodatabase schema using wizards provided by ESRI. The behaviours are implemented as
methods in object-oriented language MS Visual C++. The software components developed are based
on the COM technology. These components are developed as extensions to ESRI geodatabase object
library, and can themselves be extended to handle more requirements. The chapter concludes with test-
ing and display of the behaviours in ArcMap. It should be noted that not all the behaviours modelled
in the design phase could be implemented because of the limited time.

5.2. Methodology for implementation in Arcinfo 8

ArcInfo makes use of Microsoft Visio, which supports the UML, to automate the process of creating
the logical model, generating code and creating the geodatabase schema. ESRI provides wizards for
generating initialization code and creating the geodatabase schema. The methodology for using Visio
and ArcInfo tools to design and create the geodatabase involves the following steps (ESRI, 1999):

0 Designing the logical object model in UML.

o Exporting the UML model to the Microsoft Repository.

0 Generating start-up code and implementing behaviours of objects by writing code in Visual C++.
O Creating the geodatabase schema from the repository model.

Design the ’E‘
logical model
I
7

Export to MS
Repository

Implement MS Repository Generate
custom geodatabase
behaviour @ 27 schema
o o ====

Q@A | =

Figure 5.1 Methodology for implementation in ArcInfo
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5.3. Designing the logical model in Microsoft Visio

5.3.1. Basic terminology

The following terminologies are used in ArcInfo:

0 Object class: A database table with which you can associate behaviour. Rows in a table are object
instances that can have behaviour.

0 Feature class: A collection of geographic objects or features of the same type.

O

Feature attributes: Properties stored as fields in a feature class table.
0 Feature dataset: A collection of feature classes with the same spatial reference.

5.3.2. The Arcinfo UML Model

ESRI provides the basic geodatabase model in UML that can be loaded into Visio and extended to cre-

ate custom models. The ArcInfo UML model contains the geodatabase model and other relevant parts

of ArcObjects Library needed for the creation of custom models. The UML model has four packages:

Logical View, ESRI Classes, ESRI Interfaces, and Workspace (see Figure 5.2). These UML packages

act as directories where different parts of the logical model are maintained.

0 Logical View: This package is the root level and contains the other three packages.

0 ESRI Classes: Contains existing ESRI COM classes that can be reused by either aggregation or
containment.

0 ESRI Interfaces: Contains interfaces of the existing ESRI classes.

0 Workspace: This holds user-defined models created as extensions to the geodatabase model.

E UML Navigat - 0| x|
m ML Swstems

=148 ArcInfo Uml System
=143 ArcInfo Uml Model
Ela Logical Yiew
{:I ESRI Classes
{:I ESRI Interfaces
-
f-_7 Automation Types
i-/_7] BASIC Data Types
F-_30 C++ Data Types

I+1...I+1

Figure 5.2 ArcInfo UML model

5.3.3. Designing the FeatureClass model

Custom object models should be created as extensions to ESRI geodatabase model. For ArcInfo to

read a custom model correctly, certain rules should be followed in creating the model.

O First, all custom models should be created under the ‘Workspace’ package.

0 Classes that will store non-spatial data should be created as specializations of ESRI object class.

0 Custom feature classes that will store spatial data are created as specializations of ESRI feature
class. This allows the custom feature classes to inherit the behaviour of ESRI feature class, which
in turn inherits from ESRI object class, etc.

0 Feature datasets are modelled in the UML as packages stereotyped as (ESRI) feature dataset.
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Figure 5.3 shows a part of the logical model for the feature classes.

ESRI Classes::Object
+OBJECTID : esriFieldTypeOID|

Lﬁ

ESRI Classes::Feature

+Shape : esriFieldTypeGeometry)|
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Top100bject

-TOP10ID : esriFieldTypeDouble
-ObjectDate : esriFieldTypeDate
-VersionDate : esriFieldTypeDate
-VersionNo : esriFieldTypelnteger
-TDN_Code : esriFieldTypeDouble|
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RoadCentreline RoadArea BuiltupArea

TerrainArea

-Type : esriFieldTypeString -Type : esriFieldTypeString -Type : esriFieldTypeString -Landuse : esriFieldTypeString

-Road_type : esriFieldTypeString
-Traffic : esriFieldTypeString
-Phy_occurr : esriFieldTypeString
-Crossing : esriFieldTypeString
-Pave_class : esriFieldTypeString
-Pave-width : esriFieldTypeString

-Road_type : esriFieldTypeString
-Traffic : esriFieldTypeString
-Phy_occurr : esriFieldTypeString
-Crossing : esriFieldTypeString
-Pave_class : esriFieldTypeString
-Pave_width : esriFieldTypeString

-Function : esriFieldTypeString
-Height_cat : esriFieldTypeString
-Height : esriFieldTypeString
-Status : esriFieldTypeString
-Name : esriFieldTypeString
-Height_lev : esriFieldTypeDouble|
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-Occurrence : esriFieldTypeString
-Name : esriFieldTypeString
-Height_lev : esriFieldTypeDouble|

-Pave_type : esriFieldTypeString -Pave_type : esriFieldTypeString «refinesy
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-Direction : esriFieldTypeString -Direction : esriFieldTypeString | |
-Access : esriFieldTypeString -Access : esriFieldTypeString } N2
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-Roadnumber : esriFieldTypeString| -Roadnumber : esriFieldTypeString "_' upsrea CAttributes
-height_lev : esriFieldTypeDouble -height_lev : esriFieldTypeDouble -Attributes -
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«interface» «interface»

IRoadCenterline IRoadArea

-Attributes -Attributes

+Operations() +Operations()

Figure 5.3 The FeatureClass logical model

5.3.4. Attributes

Once each class is created, attribute names and their domains can be specified for the class. Attributes
types must be specified as one of ESRI field types or use custom domains. To use custom domains,
they must be defined first before they become available for use. Most of the feature classes have their
own custom domains, so they are defined for them.

5.3.5. Custom domains

ESRI provides two types of templates for defining custom domains, namely, range domain and coded
value domain. Range domain allows one to define the allowable range of values for an attribute, for
example, 20-40. Coded value domain allows one to restrict attribute values to certain types. For exam-
ple, a landuse attribute may only be ‘Residential’, ‘Industrial’ or ‘Commercial’. We can use coded
value domain to accomplish this. Using these templates, custom domains have been created for the
attributes of each class where required. Examples of these domains are shown in Figure 5.4. Once the
domains are defined, they can be applied to their corresponding attribute.
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«RangeDomain» «CodedValueDomain»

RoadD_HeightLevel RoadD_Type
+FieldType : esriFieldType = esriFieldTypelnteger +FieldType : esriFieldType = esriFieldTypelnteger
+MergePolicy : esriMergePolicyType = esriMPTDefaultValue +MergePolicy : esriMergePolicyType = esriMPTDefaultValue
+SplitPolicy : esriSplitPolicyType = esriSPTDefaultValue +SplitPolicy : esriSplitPolicyType = esriSPTDefaultValue
+MinValue : esriFieldTypelnteger = 0 +Verbinding : esriFieldTypeString = 1
+MaxValue : esriFieldTypelnteger = 10 +Kruising : esriFieldTypeString = 2

+Vlak : esriFieldTypeString = 3

Range domain Coded value domain

Figure 5.4 Custom range and coded value domains

5.3.6. Tag values

Tag values are used to set additional properties of UML elements and will be used by the ESRI
schema generator. For example, we can use tag values to specify that a particular feature class will
store polygon features. Table 5.1 lists the tag values used in the model:

Table 5.1 Tag values used in the model

Tag value Notes

GeometryType Used to set the geometry type for a feature class
OriginPrimaryKey The name of the primary key of origin class in an association
OriginForeignKey The name of the foreign key of origin class in an association

DestinationPrimaryKey | The name of the primary key of destination class in an association

DestinationForeignKey | The name of the foreign key of destination class in an association

Notification Used to specify direction of messages in an association

5.3.7. Interfaces

At least one interface has been created for each class although not all of them have been programmed.
The interface of a class will hold the methods it exposes to the public users of that class. By conven-
tion, all interface names are written with ‘I’ preceding the feature class name, for example, IRoadArea,
IBuiltupArea, [RailwayArea, etc. In our model, all the methods have been defined in the class exten-
sions associated with the feature classes. This will be explained in the following sections.

5.3.8. Object class extensions

In the geodatabase, a class extension is a COM class that implements behaviour that pertains to the
whole feature class, in contrast to behaviour that apply to single objects. For example, the property
inspector of a feature class in ArcMap is implemented by the class extension. The same property
inspector is used for all features in the feature class. Now, because the methods of the feature classes
(OnCreate, OnChange, OnDelete, etc) will be implemented for all the objects in the feature classes,
they will be defined in the class extensions, rather than in the class themselves. ArcInfo tools will find
class extensions by naming convention. A valid class extension name is made up of the class name
followed by the string ‘ClassExtension’ (e.g., BuiltupAreaClassExtension, RoadAreaClassExtension).
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5.3.9. Reusing existing ESRI interfaces

Class extensions also implement interfaces, which contain the methods. We have at least three meth-
ods to implement for all feature classes, i.e., OnCreate, OnChange, and OnDelete. Instead of defining
our own interfaces, we can reuse existing ESRI interfaces that have these methods already declared
(without implementation). So we use ESRI interface called IObjectClassEvents, which contains defini-
tion for the three methods as shown in Figure 5.5. In addition, other existing interfaces have some
methods we can reuse. These interfaces are: IRelatedObjectEvents, IRelatedObjectClassEvents, and
IRelatedObjectClassEvents2. These are optional interfaces implemented by ESRI COM class called
ObjectClassExtension to help users write custom behaviours. And since our class extensions are de-
fined as specializations of this class (through FeatureClassExtension), we can easily reuse these inter-
faces and provide implementation for the methods associated with them. Of course we can define our
own interfaces, but reusing existing ones saves the developer lots of effort in writing interfaces from
scratch. The developer can then concentrate on the actual implementation of the methods. Figure 5.5
shows a part of the class extension model associated with the FeatureClass model.

ESRI Classes::ObjectClassExtension
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ESRI Interfaces::/ObjectClassEvents «refinesy
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1
1
1
I
1
1
1
1
1
I
1
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eoKi Interfaces::IObjectClassEvents; — N
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T e —— ESRI Interfaces::IObjectClassEvents|

e FOnCreate()

il Jelete
+OnChange() “refiﬂgsn”(;hang(e)() +OnCreate()

+OnDelete()
interf «interface» *+OnChange()
ESRI Interf «inte ac’e’;),inrm. - ESRI Interfaces::IRel: 10bjectClassE
faces:: )j

-

+RelatedObjectCreated()

+RelatedObjectCreated()

«interface»
ESRI Interfaces::IRelatedObjectClassEvents2)

«interface»
ESRI Interfaces::IRelatedObjectClassEvents2)

_ _ )\|+RelatedObjectChanged() - +RelatedObjectChanged()

+RelatedObjectMoved() +RelatedObjectMoved()
+RelatedObjectSetMoved() +RelatedObjectSetMoved()
+RelatedObjectRotated() +RelatedObjectRotated()
+RelatedObjectSetRotated() +RelatedObjectSetRotated()

Figure 5.5 The class extension model

5.3.10. Logical models for the TemporalClass and the ConstraintClass

The TemporalClass and the ConstraintClass logical models have also been designed based on the same
principles for designing the FeatureClass model. All the temporal feature classes are stored in a feature
dataset called ‘TemporalClass’, so the model is put in a UML package stereotyped as ESRI feature
dataset. All the constraints classes are tables, so they are designed as specializations of ESRI object.
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5.3.11. Exporting the model to the Microsoft Repository

Once the model has been completed, it has to be exported to the Microsoft Repository from where
Arclnfo will read it and use it to generate the database schema. The repository is a Microsoft Access
database that stores descriptive information about software components or models and their relation-
ships (MSDN Library, 2001). It provides facilities for cataloging and locating relevant designs, code,
and services (interfaces). Before exporting to the Microsoft Repository, it is important that the entire
model is checked for semantic errors by using Visio UML semantic checker to verify the model. This
will prevent lots of errors during the automatic schema generation.

5.4. Generating initialization code

Once the model has been exported to the Microsoft Repository, we can use ESRI code generation wiz-
ard to generate start-up and initialization code from the repository model. This saves the developer
from having to write some initialization code. The code generation wizard is an add-in to Microsoft
Visual C++. The code generated by the wizard is based on the ATL (Active Template Library), a
framework designed by Microsoft to facilitate COM programming in C++.

The process of generating start-up code includes the following steps:

O Add the ESRI code generation wizard to Microsoft Visual C++ developing environment.

O Start the code generation wizard and connect to the repository database.
0 Select the model and the feature classes to generate code for.

O Set properties for each feature class.

0 Define the output Visual C++ project.

5.4.1. Containment and aggregation

In the code generation process, we must specify whether we want to aggregate or contain the existing
ESRI interfaces we are reusing. Aggregation implies that our custom classes will expose those inter-
faces directly and containment implies forwarding messages to the ESRI classes whenever they occur
(see chapter 2). In our case, the only interface we will contain is the IRelatedObjectClassEvents. All
the other interfaces are optional ESRI interfaces so they will be implemented locally in our custom
COM classes.

5.4.2. The output project

The code generator will create a Microsoft Visual C++ workspace with the following files:

O Registration script (.rgs), header (.4), and implementation or source (.cpp) files for each feature
class and class extension.

o IDL (Interface Definition Language) file with the definition of the COM classes, interfaces, and
the type library.

O Other standard C++/ATL files.

The IDL file contains the definition of all the COM classes and interfaces. The wizard associates a
CLSID to each COM class and an IID to each interface (see chapter 2). These are GUIDs and will be
registered in the system registry as part of the dynamic link library (DLL) upon compilation of the fi-
nal code. It is these GUIDs that ArcInfo uses to reference the COM classes that implement the behav-
iour of the feature classes in the geodatabase (see section 5.6.1).
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5.5. Writing custom behaviours

This section describes the process of writing code to implement the custom behaviours. The three cate-
gories of behaviours (consistency constraints, multiple representations, and temporal behaviours) are
implemented here by writing code for them. The full program code can be found in a separate
document associated with this report (see appendix B). This section only summarizes the functionality
of the methods and algorithms developed to implement the behaviours.

5.5.1. Private methods

A number of private methods have been developed for the internal implementation of the public meth-
ods exposed in the interfaces of the classes. These methods are included in the classes to perform some
specific routine tasks. The following are examples of the methods:

OpenFeatureClass: Used to get a pointer to a feature class

StoreModifiedObjects: Used to store modified objects

CheckSpatialRelation: Used to check the spatial relationships between two objects
SearchConstraintsClass: Used to search for constraints applicable to objects of a particular class
CheckBinaryConstraints: Used to check for binary constraint violations
CheckMinimumSizeConstraints: Used to check for minimum size constraint violations

00000 O0D

GetSystemDate: Used to retrieve and format the system date for use in the TemporalClass

5.5.2. Public methods

The following summarize the behaviour of the three methods: OnCreate, OnChange and OnDelete (see
the flowchart in Figure 5.6).

OnCreate method
The OnCreate method watches for the creation of new objects in a feature class and takes the specified

actions. Any code written in the OnCreate method will be executed when new objects are created.
When new objects are created, the following summarize the actions that need to be taken:

0 Check for constraints violations (binary and minimum size constraints)
0 Assign the ObjectDate

O Assign the VersionDate

O Assign VersionNumber (1)

OnChange method
This method watches for any modification made to existing objects and take the appropriate actions.

The following are a summary of the actions to be taken:

0 If geometry changed, check for constraint violations.

O Is the object the same object? If same object retain the ObjectlD, increment the VersionNumber
and update the VersionDate in the feature class, and store the old version in the temporal class
(OriginObjectID, ToplOID, Event, BeginDate, EndDate, VersionNumber, AttributeChanged,
OriginAttributeValue).

o If new object, delete original object, create new object with new ObjectID, ObjectDate, Version-
Date and VersionNumber.
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OnDelete method
O Store deleted objects in the corresponding temporal class: OriginObjectID, Top10ID, Event, Be-

ginDate, EndDate, VersionNumber, Attributes.

New Object

Object deleted

Object changed

Give user warning

TVioIations
Check constraint violations:
Check bina Violations Give user ChangeType? Geometry _ |- Check bipgry con§traints
constraint warning - Check minimum size
‘ constraints
- Attribute
Check Violations i
minimum size Give user Is it the No violations
. warning ) -
onstrain ame object?
- ‘ No
- Yes
Y 4
Retan Obfect>
ObjectDats
Jectlate VersionNumber
¢ Assign VersionDate
A ' ‘
Assign
VersionDate StoreModifiedObject: ' StoreDeletedObjects:
BeginDate BeginDate
# EndDate Delete original object(s) EndDate
Event Create new object(s) Event
Assign VersionNumber Assign ObjectDate, VersionNumber
VersionNumber AttributeChanged VersionDate and Attributes...
AttributeValue VersionNumber
OnCreate OnDelete

OnChange

Figure 5.6 OnCreate, OnChange and OnDelete methods

The public methods for the implementation of the multiple representations include: RelatedObjectCre-
ated, RelatedObjectChanged and RelatedObjectDeleted. These methods are defined for the RoadArea
and the RoadCentreline feature classes. Their main behaviours were outlined in the design phase and
will not be repeated here. Some of these have been implemented; others could not be implemented for
time reasons. In section 5.7.2, we display some of the implementation of these methods.

5.5.3. Compiling the output program

Once the custom behaviours have been completed, the program will be compiled as a dynamic link
library (DLL) with COM classes (in-process servers, see chapter 2). Custom features in the model for
which code were written will become COM classes in the DLL, along with COM classes for the asso-
ciated class extensions. The DLL will be registered in the system registry from where ArcInfo will
locate it and associate it with the feature classes during the geodatabase schema generation process.

5.6. Generating the geodatabase schema

The schema generation wizard of the CASE tools will be used to generate an empty geodatabase
schema from the repository UML model, after which data can be loaded into that schema. The model
can also be applied to existing geodatabase, which has the same structure as the elements in the model.
We will create an empty geodatabase schema and load data into the schema. Table 5.2 shows how
ArclInfo maps the elements of the object model into relational database elements.
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Table 5.2 Object-relational mapping

Object model elements Relational database elements
Object Row

Attribute Field, Column

Class Table

In the schema generation process, the wizard will search the system registry for any registered COM
classes and class extensions and attach them to the geodatabase feature classes. Therefore it is impor-
tant that code for custom behaviours are written and compiled before the schema generation process.

5.6.1. How ESRI links COM objects to geodatabase feature classes

The generated geodatabase is in Microsoft Access format, so we can open it with Access. The wizard
has generated a table for the feature classes, constraint classes and the temporal classes, together with
other tables used by ArcInfo to manage the geodatabase and to reference COM classes that implement
the behaviour of objects in the database. Of a particular importance to us is the table named:
GDB_ObjectClasses. This table is used to store the references to the custom COM classes registered in
the system registry that implements the behaviour of the feature classes in the geodatabase. The
GUIDs of the registered COM classes and class extensions are stored in this table as shown in Figure
5.7. When the geodatabase is loaded into memory, the DLL associated with the geodatabase is also
loaded and Arclnfo uses the GUIDs for the COM classes and extensions to invoke the code associated
with each feature class.

E GDB_DbjectClasses : Table
1D NHame CLSID
14 Administrativerea {30360F AB-BAF D-44F5-AA5D-B20972A703E3)
15 BuiltupArea {4C093A0F-0B46-4DD3-ACT1B-7ASDIFAZDFES] |
18| FunctionalArea {7203EF C7-9948-4EEE-9ARD-7EFF2147 4200} {BBE303649-1E5A-4043-A518-66341FF75017}
19 GeographicArea {21EDCEYE-BECC-4202-BCE2-0226B79139CEE} | [54320D78-7 BOS-425F-A3EC-BE91CACI2234A)
| 22 TerrainArea {D4CE47DC-AB3A-AEAB-S0F7-85F 486440254} {9F4FE1CC-0189-4dcB-294A3-0D529FFOFS75}
{ {
{ {
{ {
{ {

XTCLSID |
D314FCA3-B1FD-40DE-83E5-2E9B5EF CECD4)
E4DFONBE-3A93-4721-AA7B-3FEE 91 D243)

23 WWaterhrea BDEES352-0305-41F 1-83A93-ECTEB149FF 1A} {ZEDB532F-F790-4246-9EE3-6304C450B334)

24 WWaterLine fBE/COAB-7H01-4516-AEES-24DEGEB18508)  {BAALFECA-0B358-4332-9EFS-F78012030BAD}
25 RoadCentreling 51BB0CALC-1535-4023-BE1E-43224E8E3818) | {CFDDCEOA-33CF-40E3-SADB-49F3C2370BE2}
28 RoadArea 45281007 -834A-4BDE-BCE2-C36093330CAE} {48767 13C-38A2-4D2C-A734-6BFDBE124E59}

Figure 5.7 ‘GDB_ObjectClasses’ table stores references to COM classes

5.6.2. Loading data into the geodatabase schema

Once the empty schema has been created, existing dataset can be loaded into that schema. But before
data can be loaded into the empty geodatabase schema, the data has to be structured to conform to the
model. The existing ToplOVector data are in shapefiles. These data have to be structured according to
the FeatureClass model. For example, the attribute names and types of the existing Topl0Vector layers
should be exactly the same as those in the empty geodatabase schema. Also to each feature class, we
have to add additional attribute fields for the ObjectDate, VersionDate and VersionNumber. Once the
data has been structured, we can use the Object Loader in ArcMap to load the data into the geodata-
base feature classes. The Object Loader automatically converts the shapefile features into geodatabase
objects and generates an error log file if any. If the data have been well structured to march the geoda-
tabase schema, there should not be problems. The only problem we experienced was the custom do-
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mains. The Object Loader failed to load attribute values for which custom domains have been speci-
fied. We did not have time to investigate this problem thoroughly. Custom domains however can be
manually assigned to the fields without problems.

5.6.3. User interfaces

User interfaces have to be developed for defining and executing constraints and for performing tempo-
ral queries. The user interfaces could also have been developed as COM classes. However, this re-
quires additional knowledge about working with windows and dialogs in ATL COM programming,
which could not be mastered within the limited time of the research. Therefore we decided to develop
user interfaces in Visual Basic for Application (VBA) inside ArcMap, with which the author is already
familiar. Interfaces have been developed for entering, editing and executing the constraints rules. Also
interfaces have been developed for performing temporal queries. Visualizing temporal information is
outside the scope of this research; therefore temporal query results are displayed in very simplified
forms.

5.7. Testing the behaviours in ArcMap

In the following sections, we illustrate some of the implementation of the behaviours in ArcMap, a
product of ESRI.

5.7.1. Consistency constraints

Figures 5.8 and 5.9 show the interfaces for defining, modifying and executing the constraints. Users
can define the constraints, add them to the ConstraintClass and are they immediately monitored by the
system during the updating process. The example given in Figure 5.8 shows a binary constraint de-
fined between BuiltupArea and RoadArea feature classes, and the one in Figure 5.9 shows a minimum
size constraint definition for the BuiltupArea class.
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Constraints Class 1 il
Feature Class 1 Feature Class 2 Tllustration
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Spatial Relation Specification defining the binary
I Overlaps j | Mot Allowed j constraints

¥ Exclude different height levels

Other Exception

Existing Constraints

BuiltupArea Overlaps Roadarea Mot Allowed ; :
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B Attributes of BinaryConstraints :_ = IDIE
. OBJECTID* | FeatureClass1 | FeatureClags? | SpatialRelati Specificah Exceplion

Constraints are = =

stored in the » 18] Builupdvea Roaddrea Overlaps Mot Allowed Buitupérea Height_Lev <> Roadérea Height_Lev
c intCl > 19| Buitupdrea Roaddrea itk Mot Allowed Builtupdrea Height_Lev <> Roaddrea Height_Lev

onstraintClass 20| Buitupdrea Waterbrea Overlaps Mot Allowed Buitup&rea Height_Lev <3 Waterdrea Height_Lew

25| Builtupdrea Waterbrea Intersects Mot Allowed <Mully
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Figure 5.8 Interface for defining binary constraints

x| Constainis are stored inthe

MinimumSizeConstraints class

Define the minimum size for ohjects \
Featurerlas: B attributes of MinimumSizeConstrainks

| Builtuparea = A OBJECTID*|  FeatureClass MinimumSize
Builtupdrea 9
* 2|Roaddrea 2

—

Minimum SizejLength

Remowve

sqUare mekres

Cancel Record: EILII 2 ¢|m| Shnw:W Selectedl R

Figure 5.9 Interface for defining minimum size constraints

Figures 5.10 and 5.11 show examples of violations of binary constraints and minimum size constraints
respectively. In Figure 5.10, a constraint has already been defined that states that: ‘BuiltupArea object
should not overlap with RoadArea object’. When the user tries to digitise a BuiltupArea object that
overlaps with a RoadArea object, the system immediately issues a violation warning to the user. In
Figure 5.11, the area size of the newly digitized BuiltupArea object is less than the minimum size de-
fined for BuiltupArea feature class. Thus a violation message is triggered by the system asking the
user whether he/she still wants to add the object. If the user chooses not to add the object, the system
will delete the new object.
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Figure 5.10 Binary constraint violation during digitizing

Figure 5.11 Minimum size constraint violation during digitizing
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5.7.2. Multiple representations

Two main issues are dealt with concerning the multiple representations, namely: how to maintain the
topologic and attribute consistency between the RoadArea and RoadCentreline classes. The following
examples illustrate some of the implementation of the behaviours developed in the design phase. In
Figure 5.12, when the attribute of the RoadArea object changes, the corresponding attribute of the re-
lated centreline object is automatically updated to preserve attribute consistency. In Figure 5.13, when
a RoadArea object is moved (or deleted), the related centreline object is automatically moved (or de-

leted) along with the area object to maintain topologic consistency.
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Figure 5.13 Moving a RoadArea object automatically moves the related RoadCentreline object
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In Figure 5.14, when a new centreline object is digitized, the system detects a valid relationship with
existing RoadArea object and asks the user whether to propagate the attributes of the area object to the
new centreline.

LI

| Fir Bl Wirw Treerl Sebetion B ook Whodow Help

| Edtor v & !?j Task: |rrmlnm-.wﬁmlum ;I | Targek: IRuadCcntrcltnc : RoadCentreln [=] |~ (=) | > | = II Constraints  Temporal Query DbjectHistony: |

(@au2@es PR @Ms? €W ek e, | DSES % REX| o | &g = & w

E \ L
= &7 Layers \'k‘_ -

= RusdCenbredie e e

e )
. ! s

O F RoadArea

i ,//, - ,/’/ 2
- P - -
= b Fuiloparea e /,/’ s //,f
= s el el e -
1= O waterivea o ,/// f//f o —
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ot et
It appoars that bhe now centreding Foature belanas to th section. /’/ -
Do you wank the attributes of the selected road section to be automatically propagated e

o the new centreline? o

Figure 5.14 Digitizing a new centreline object

5.7.3. Temporal behaviours

5.7.3.1. Time attributes

According to the temporal model developed in the design phase, every object is assigned three time
attributes: ObjectDate, VersionDate and VersionNumber (1). When an object attribute is updated, it
leads to a new version of the same object with new VersionDate and VersionNumber. In Figure 5.15,
when the attribute of the selected RoadArea object is updated, and the system immediately records
new VersionDate and VersionNumber for the new version of the object.
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Figure 5.15 Modifying an attribute of an object results in a new version of the object

In Figure 5.16, when the geometry of the object is updated, the system detects that the geometric

change is more than the minimum size of objects defined for the BuiltupArea class. The user is

prompted whether the change should lead to a new object or a new version. The user’s response will

cause the system to take the appropriate actions outlined in section 5.5.2.
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Figure 5.16 Changes made to an object lead to either a new object or version
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5.7.3.2. Splitting or merging object(s)

According to the temporal model, when an existing object is split into two or more parts, the result is
new objects with new ObjectID, ObjectDate, VersionDate and VersionNumber. The original object is
deleted and transferred to the temporal class associated with the feature class. The same consideration
applies when objects are merged. In Figure 5.17, a BuiltupArea object (ObjectlD = 18) is split into
objects A and B. After the split operation, the original object ceases to exist and objects A and B are
treated by the system as shown in Figure 5.17.
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Figure 5.17 Splitting an object into two parts results in new objects
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5.7.3.3. Temporal queries

Different types of queries can be answered in a temporal GIS depending on the functionality provided.
We have provided simple interfaces for the user to perform simple temporal queries. The following are

examples of temporal queries that can be performed.

Query type 1: Scan the history of an object with a time condition?
Figure 5.18 shows the interface for performing this type of query. The query illustrated below says:
Query: ‘Show the history of BuiltupArea object (ObjectID = 92), after 21/10/2001°

Scan the history of an object with a time condition il

Scan the histary of an object

ObijectID | ok

s | BuiltupArea

mmjddfyy

mmjddfyy

Time  |10212001

LY " Before

Search

j |1IZI,|'2E|,|'2EIEII j

v After O FromTita T2

Cancel |

Figure 5.18 Scan the history of object with a time condition

Query Results:

Objects history: ObjectID =92, After time 2001/10/21

“ersionMo | Event AttributeType | Attribute’alue |

Count Ohjectilr | Top10ID  |BeginDate | EndDate

1 921400099 20010715 200110023
2 92 1400099 200110/23 20011105
3 92 1400099 20014105 200201 16
4 92 1400089 2001/07AS 200201016

1

| 2
3
4

_Geu:umetry ru'!u:udified Shape
Geometry Modified  Shape
.Genmetry Modified Shape
Currert Object

Visualize Objects Retore Object

Close

Figure 5.19 The history of ObjectID (92), after 2001/10/21
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Query type 2: Which BuiltupArea objects have been modified from 2001/02/26 to 2002/02/26?

x|

Search for Features which have been. ..

Event | Modiied ~|

Class I Euilbupdrea j
rmndd) ey ey

Timne |2;25;2|:u:|1 j |2;25;2|:u:|2 j
C at O Before " After & From T1 ka T2
Search Close |

Figure 5.20 Which BuiltupArea objects have been modified from 2001/02/26 to 2002/02/26?

Objects Modified, From 2001 /02,26 to 20020226 ) il

Court OhjectiD |Top10ID (BeginDate |EndDate “YerzionMo |Event AttributeType Attribute\-"aluel
1 10; 1400078 | 20010745 200110523 1 | &ftribute Modified | FUMCTION Crverig
2 1014000758 200110023 20011105 |2 | &ftribute Modified | NAME Cnbekend
3 101400078 20011105 20011216 3 | &ftribute Modified | TYPE Gebouwy
4 92 1400033 200107715 200110023 1 | Geometry Modified | Shape
5 92 1400099 20010023 2001105 |2 | Geometry Modified | Shape
53 921400033 20014105 20020116 3 | Geometry Modified | Shape
*
Visualize Objects Retore Object Close

Figure 5.21 BuiltupArea objects modified from 2001/02/26 to 2002/02/26

A simple visualization tool

A simple visualization tool has been developed for visualizing the pattern of change over time. The
query results obtained in Figures 5.19 and 5.21 can be visualized by clicking the ‘Visualize Objects’
button, as shown in Figures 5.22 and 5.23. In Figure 5.22, the current objects in the feature class are
shown in blue colour. Clicking on an object in the query results shown in the grid on the right displays
the temporal object (in yellow) in the map window. The user can click each version in the grid n suc-
cession to visualize how the object evolved over time. Figure 5.22 shows version 3 of the object dis-
played in yellow, and Figure 5.23 shows version 4.
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Figure 5.22 Visualizing object history, Version 3
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Figure 5.23 Visualizing object history, Version 4
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5.8. Concluding remarks

This implementation could not cover all the behaviours designed in chapter 4 due to time reasons.
However, the principles illustrated in this implementation can be applied to other similar requirements.
With the consistency constraints, the exception part was not implemented. In addition, the constraints
can only be defined for all objects in the classes, not for a subset, although the exception part, if im-
plemented, can be used to specify (partly) this requirement. Automatic implementation of custom do-
mains proved problematic. This may be due to many reasons, including possible software limitation,
but there was no time for investigation. For the multiple representations, again not all the behaviours
designed have been implemented. The temporal model has been fully implemented, although not eve-
rything could be illustrated in this report. The performance of the integrated model has not been tested,
neither was it the objective of this research. No statistics have been carried out on performance issues.

83







Conclusions and recommendations

6. Conclusions and recommendations

6.1. Introduction

This chapter represents the summary of the research, the main achievements and the conclusions
drawn, as well as recommendations for further research.

6.2. Summary of the research

This research investigated spatial object behaviours in three aspects: consistency constraints, multiple
representations and temporal behaviour. The objective was to apply the object-oriented concepts to
model the behaviour of the spatial objects and to realise these behaviours using the geodatabase of
ESRI. In chapter 2, we reviewed the fundamental concepts of object orientation, database models and
component-based development. Chapter 3 covered spatial data models, the mathematical background
of modelling spatial relationships and consistency constraints. Then in chapter 4 these concepts are
employed to develop an integrated conceptual model to handle the specific requirements investigated
in this research. The conceptual model was then implemented by extending ESRI geodatabase model
in chapter 5. The following summarize the concepts developed:

0 The consistency constraints have been modelled as methods defined on the feature classes. The
constraints that have topologic structure are defined by using the spatial relationships between the
objects. Other constraints are implemented through attribute domains while others are imple-
mented by writing code for them. The constraints are stored and managed by classes inside the da-
tabase. Simple interfaces have been developed for users to define, modify and execute the con-
straint rules.

0 The multiple representations dealt with in this research concerned road areas and their centrelines.
Separate feature classes are used to store the two representations and linked by a composite rela-
tionship. Three methods are defined for maintaining consistency between the representations and
for realising update propagations (i.e., RelatedObjectCreated, RelatedObjectChanged, and Relate-
dObjectDeleted). These methods monitor the events that may take place in the feature class and in-
form the related feature class to take the appropriate actions in order to preserve the consistency
between the two representations.

O In this research, time is modelled as an attribute of spatial data. We associate a temporal class to
each feature class. Three time attributes are given to objects in the feature class, namely: Object-
Date, VersionDate and VersionNumber. Modification to existing objects either results in new ob-
jects or new versions of the same object. In the case of a new object, the original object is deleted
and transferred to the temporal class and a new object is created. In the case of a new version, the
original object is retained; new VersionDate and VersionNumber are recorded, while the old ver-
sion is transferred to the temporal class. All deleted and modified objects are stored in the corre-
sponding temporal class with their time stamps.
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6.3. Conclusions

On the basis of the issues addressed in this research, the following conclusions can be drawn:

a

This research has developed a methodology for the online monitoring of consistency constraints in
the geodatabase. The constraints have been defined as methods and invoked each time new objects
are created and existing objects are modified. The constraints are stored and managed by classes
inside the database. Storing the constraints as part of the database and automatically monitoring
constraints violations during database updating will enable the system to ensure more readily the
integrity of the database. Constraints can be defined by users and immediately monitored by the
system during the creation and modification of objects in the database.

Two main issues are dealt with in the case of the multiple representations, namely, how to main-
tain topologic and attribute consistency between the two representations. Topologic consistency
has been realised by identifying the possible topological relationships between the two representa-
tions and translating them into consistency constraints in the database. Attribute consistency has
been realised by developing update propagation mechanisms to automatically propagate updates
from the main representation to dependent representation. The techniques developed in this re-
search use three key concepts to maintain consistency: spatial relationships, link between the two
classes and the object-oriented concept of message passing between the classes. These offer the
means for maintaining consistency between the multiple representations.

The temporal model keeps the history of objects in the database. The model stores the geometry of
changed objects and only the attributes that changed. The model allows identifying the successors
and predecessors of different versions of objects in the database. This will ensure users that they
are referring to the same object when updates are delivered to them. Some temporal queries can be
performed as illustrated in chapter 5.

ESRI geodatabase model was used for the implementation. This is an object-relational model in
which both spatial and attribute data are stored in a single relational database. The geodatabase
model extends the relational model by integrating it with object-oriented concepts and developing
software components based on Microsoft Component Object Model (COM). Feature classes in the
geodatabase can have COM components that implement the behaviour of objects in the feature
class. The geodatabase stores references to these components and invoke them during editing of
the data.

Many benefits can be realised with the geodatabase approach. First, the geodatabase constitutes a
uniform repository of both spatial and attribute data in a single database system. Objects in the
geodatabase can have behaviour associated with them. Integration with object-oriented concepts
and COM technology allows great level of customization and reuse of the model to create applica-
tion-specific models. Furthermore, the ArcObjects Library is compliant with the OpenGIS simple
feature specifications, which may (in the future) provide the framework for interoperability. The
main problem we encountered was the custom domains, but this was not investigated. In addition,
although the ArcObjects Library is extensive, more functionality needs to be added to allow high
level of customization.
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6.4. Recommendations for further research

The main areas of further research directly relevant to this work are the following:

a

The custom behaviours modelled in this research were implemented in the personal geodatabase,
which is limited to small amount of data (about 2 gigabytes) and is suitable for project-oriented
GIS. The same principles illustrated here also apply to the multi-user geodatabase. It is therefore
recommended to implement the behaviours in the multi-user geodatabase such as Oracle.

The temporal model developed in this research is simple and limited. The multi-user ArcSDE geo-
database allows multiple versions of the database to coexist. If the concepts developed in this re-
search are combined with the versioning mechanism in ArcSDE geodatabase, a more capable tem-
poral GIS may be developed.

The temporal model can be extended to include (for example) event and observation times.

This research did not address visualization of temporal information. How to visualize temporal
data is an active research on its own. Further research could concentrate on visualization issues.
The performance of the model should be tested with different datasets.

Not all the behaviours modelled in this research were actually implemented for time reasons. More
implementation is needed to realize the full capabilities and limitations of the geodatabase model.
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Appendix A: Top10Vector feature classes

Appendix A lists the feature classes, attributes, and domains for the Top10Vector database.

Appendix B: Implementation code

Because a large number of pages of code were written during the implementation phase, the code
could not be put in the report. Instead, they have been bound separately in a different document. Inter-
ested readers are referred to the document entitled: ‘Implementation code: Modelling spatial object
behaviours in object-relation geodatabase’. The document can be found with Drs. Richard Knippers,
my supervisor.
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Appendix A: Top10Vector feature classes

The following tables list the feature classes, attributes, and domains in the Top10Vector database. The

original list is in Dutch but has been partly translated into English for use in this research.

Table A-1 Topographic basic objects

Dutch English
Wegdeel Road section
Spoorbaandeel Railway section
Waterdeel Water section
Bebouwing Built-up

Terrein Terrain
Inrichtingselement Construction

Administratief gebied

Administrative area

Beheersgebied

Conservation area

Geografisch gebied

Geographic area

Functioneel gebied

Functional area

Table A-2 Road section (wegdeel)

Attribute
(Attribuut)

Domain
(Domein)

Cardinality
(Multipliciteit)

Option
(Optionaliteit)

Type (Type)

Connection (Verbinding)
Crossing (Kruising)
Area (Vlak)

Single

Mandatory

Road type (Wegtype)

Highway (Autosnelweg)

Main road (Hoofdweg)
Regional road (Regionale weg)
Local road (Lokale weg)

Street (Straat)

Other road (Overige weg)

Single

Mandatory

Main traffic use
(Hoofdverkeersgebruik)

Fast traffic (Snelverkeer)

Mixed traffic (Gemengd verkeer)

Bus traffic (Busverkeer)

Slow traffic (Langzaam verkeer)
Bikes/Mopeds (Fietsers/bromfietsers)
Pedestrian (Voetgangers)

Parking (Parkeren)

Other (Overig)

Single

Mandatory

Physical occurrence
(Fysiek voorkomen)

On fixed part of bridge (Op vast deel van
brug)

On movable part of bridge (Op beweegbaar
deel van brug)

On bank (Op talud)

On raised area (Op verhoogd vlak)

On lowered area (Op verlaagd vlak)
Covered (Overkluisd)

In tunnel (In tunnel)

Ferry (Veer, pont)

Other (Overig)

Single

Mandatory
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Crossing type Part of roundabout (Deel van rotonde) Single Mandatory
(Kruisingstype) Part of traffic junction (Deel van verkeer-

sknooppunt)

Other (Overig)
Pavement width class >7m Single Mandatory
(Verhardingsbreedte- 4-7Tm
klasse) 2-4m

<2m
Pavement width < actual width in dm > Single Mandatory
(Verhardingsbreedte) ( < Werkelijke breedte in dm >)
Pavement type Hard surface (Verhard) Single Mandatory

Loose or light surface (Half verhard)

Not paved (Onverhard)
Pavement material Asphalt (Asfalt) Single Mandatory
(Verhardingsmateriaal) Very open asphalt (Zeer open asfalt beton)

Bricks (Klinkers)

Gravel (Grint)

Sand (Zand)

Other (Overig)
Nr of lanes < amount > (< aantal >) Single Mandatory
(Aantal rijstroken)
Direction of the traffic One way (Eenrichting) Single Mandatory
(Rijrichting) Two ways (Tweerichting)
Accessibility Public (Openbaar) Single Mandatory
(Toegankelijkheid) Not Public (Niet-openbaar)
Status Planned (In ontwerp) Single Mandatory
(Status) Under construction (In aanleg)

In use (In gebruik)

No longer in use (Niet meer in gebruik)
Name < street name, road number, exit number > | Multiple Optional
(Name)) (< straatnaam, wegnummer, afrithummer>)
Road Number < number > (< nummer >) Multiple Optional
(Wegnummer)
Height level 0 (no level assigned) Single Optional

(Hoogteniveau)

1 (lowest level)

2 (lowest level plus 1)
3 (lowest level plus2)
<Etc.>
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Table A-3 Railway section (Spoorbaandeel)

Attribute Domain Cardinality Option
Type (Type) Connection (Verbinding) Single Mandatory

Crossing (Kruising)

Area (Vlak)
Verkeersgebruik Train (Trein) Single Mandatory

Tram (Tram)

Subway (Metro)

Other (Overig)
Physical occurrence On fixed part of bridge (Op vast deel van Single Mandatory
(Fysiek voorkomen) brug)

On movable part of bridge (Op beweegbaar

deel van brug)

On bank (Op talud)

On raised area (Op verhoogd vlak)

On lowered area (Op verlaagd vlak)

On dike (Op dijk)

Cutting (Ingegraven)

Covered (Overkluisd)

In tunnel (In tunnel)

On road (Op weg)

Other (Overig)
Track width Normal gauge (Normaalspoor) Single Mandatory
(Spoorbreedte) Narrow gauge (Smalspoor)
Number of tracks < number > (< nummer >) Single Mandatory
(Aantal sporen)
Function Mixed use (Gemengd gebruik) Single Optional
(Functie) Only Passenger traffic (Alleen personen-

vervoer)

Only Cargo traffic (Alleen goederenvervoer)
Electrification Electrified (Geélektrificeerd) Single Mandatory
(Elektrificatie) Not electrified (Niet geélektrificeerd)
Accessibility Public (Openbaar) Single Mandatory
(Toegankelijkheid) Not Public (Niet openbaar)
Status Planned (In ontwerp) Single Mandatory
(Status) Under construction (In aanleg)

In use (In gebruik)

No longer in use (Niet meer in gebruik)
Name (Naam) < name track> (< naam baanvak >) Multiple Optional
Height level 0 (no level assigned) Single Optional

(Hoogteniveau)

1 (lowest level)
2 (lowest level plus 1)
3 (lowest level plus2)

<Etc.>
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Table A-4 Water part (Waterdeel)

Attribute

Domain

Cardinality

Option

Type (Type)

Connection (Verbinding)
Crossing (Kruising)
Area (Vlak)

Single

Mandatory

Water type (Watertype)

Watercourse (waterloop)

Lake, pool, pond (Meer, plas, ven, vijver)
Ditch, trench (Sloot, greppel)

Sea (Zee)

Wetlands (Droogvallend)

Single

Mandatory

Width category

(Breedteklasse)

<1m

1-3m
3-6m
6-12m
12-20 m
20-50m
50-150m
150 - 300 m
300-450 m
>450 m

Single

Mandatory

Width (Breedte)

< actual width in dm >

(< werkelijke breedte in dm >)

Single

Optional

Main drainage
(Hoofdafwatering)

Yes (Ja)
No (Nee)

Single

Mandatory

Salt level
(Zoutgehalte)

Sweet (Zoet)
Salt (Zout)
Brackish (Brak)

Single

Mandatory

Accessibility
(Toegankelijkheid)

Public (Openbaar)
Not-Public (Niet-openbaar)

Single

Mandatory

Physical occurrence

(Fysiek voorkomen)

In lock (In sluis)

On aqueduct (Op aquaduct)

In culvert (In duiker)

In culvert siphon (In grondduiker)
Other (Overig)

Single

Mandatory

Use (Gebruik)

Fish cultivation (Viskwekerij)
Water disposal (Waterzuivering)
Swimming pool (Zwembad)
Other (Overig)

Single

Mandatory

Flow direction
(Stroomrichting)

One direction (Eenrichting)

Two directions (Twee richtingen (getijde
invioed))

Still water (Stilstaand)

Single

Mandatory




Appendices

Status

Planned (In ontwerp)
Under construction (In aanleg)
In use (In gebruik)

No longer in use (Niet meer in gebruik)

Single

Mandatory

Name (Naam)

<name water > (< naam water >)

Multiple

Optional

Height level (Hoog-
teniveau)

0 (no level assigned)
1 (lowest level)

2 (lowest level plus 1)
3 (lowest level plus2)

<etc>

Single

Optional

Table A-5 Built Up (Bebouwing)

Attribute

Domain

Cardinality

Option

Type

Building (Gebouw)
Building block (Huizenblok)

Tower (Toren)

Installation (Installatie)

Single

Mandatory

Function (Functie)

Municipality (Gemeentehuis)

Police office (Politiebureau)

Post office (Postkantoor)

Religious building (Religieus gebouw)
Hospital (Hospitaal)

Railway station (Treinstation)

Subway/fast tram station
(Metro/sneltramstation)

Station (Station)

Water tower (Watertoren)
Lighthouse (Vuurtoren)
Light tower (Lichttoren)
Radio tower (Zendtoren)
Windmill (Windmolen)
Watermill (Watermolen)
Pumping station (Gemaal)
Dock (Dok)

Greenhouse (Kas)
Storage tank (Opslagtank)
Crematorium (Crematorium)
Manege (Manege)

Radar post (Radarpost)
Other (Overig)

Single

Mandatory

Height category (Hoog-
teklasse)

Low-rise buildings (Laagbouw)
High-rise buildings (Hoogbouw)

Single

Mandatory
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Height (Hoogte)

< height above ground in meters >

(< hoogte boven maaiveld in meters >)

Single

Mandatory

Status

Planned (In ontwerp)
Under construction (In aanleg)
In use (In gebruik)

No longer in use (Niet meer in gebruik)

Single

Mandatory

Name (Naam)

< name building > (<naam gebouw >)

Multiple

Optional

Triangulation (Triangula-
tie)

Yes (Ja)
No (Nee)

Enkelvoudig

Verplicht

Height level (Hoog-
teniveau)

0 (no level assigned)
1 (lowest level)

2 (lowest level plus 1)
3 (lowest level plus2)

<etc>

Single

Optional

Table A-6 Terrain (Terrein)

Attribute

Domain

Cardinality

Option

Land use
(Landgebruik)

Deciduous forest (Loofbos)

Coniferous forest (Naaldbos)
Mixed forest (Gemengd bos)
Osier (Griend)

Poplar (Populieren)

Heath (Heide)

Sand (Zand)

Arable land (Akkerland)
Grassland (Grasland)

Orchard (Boomgaard)

Fruit nursery (Fruitkwekerij)
Tree nursery (Boomkwekerij)
Abandoned field (Dodenakker)
Railway body (Spoorbaanlichaam)

Pavement, basalt (Plaveisel, basaltblokken)

Other (Overig)

Single

Mandatory

Physical occurrence

(Fysiek voorkomen)

On bank (Op talud)
On raised area (Op verhoogd vlak)

On lowered area (Op verlaagd vlak)
On dike (Op dijk)

Cutting (Ingegraven)

Covered (Overkluisd)

In tunnel (In tunnel)

On bridge (Op brug)

Other (Overig)

Single

Mandatory

Accessibility
(Toegankelijkheid)

Public (Openbaar)

Not public (Niet-openbaar)

Single

Mandatory

Occurrence

(Voorkomen)

With reed (Met riet)
Marsh (Dras, moerassig)

Single

Optional

G
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Name (Naam) < name terrain > Multiple Optional

(< naam terrein >)
Height level (Hoog- 0 (no level assigned) Single Optional
teniveau) 1 (lowest level)

2 (lowest level plus 1)

3 (lowest level plus2)

<etc>

Table A-7 Construction (Inrichtingselement)

Attribute Domain Cardinality | Option
Type High tension line (Hoogspanningsleiding) Single Mandatory

Cable railway (Kabelbaan)

Pipe line (Leiding)

Poles (Paalwerk)

Hedge (Heg, haag)
Row of trees (Bomenrij)

Power line pole (Hoogspanningmast)

Pole (Paal)

Border sign (Grenspunt)
Fire pipe (Vlampijp)

Beacon (Baak)

Radio post (Zendmast)
signal post (Seinmast)
Water level gauge (Peilschaal)

Oil-pumping unit (Oliepompinstallatie)

Wall (Muur)
Hedge (Hekwerk)

Monument (Gedenkteken, monument)

Bollard (Dukdalf)

Road sign (Wegwijzer)

Tree (Boom)

Megalithic grave (Hunebed)
Grave hill (Grafheuvel)

(Tol)
(Stuw)

Road bloack (Wegafsluiting)
Crucifix, Chapel (Kruis, Kapel)
Little Windmill (Windmolentje)
Wind turbine (Windturbine)

Pillar (Pijler)
Ferry (Veer)

Floodgate (Sluisdeur)
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Telescope (Telescoop)

Load platform (Laadperron)
Landing stage (Aanlegsteiger)
Light post (Lichtopstand)
Shooting track (Schietbaan)
Milestone (Kilometerpaal)
Mile post (Kilometerraaipaal)

Mile sign (Kilometerraaibord)

Cable railway pole (Kabelbaanmast)
Wall (Wal)

Dike (Dijk)

Warf (Boezemkade)

Steep edge (Steile rand)

GPS triangulation point (GPS kernnetpunt)
RD stone (RD steen)

Remarkable object (Markant object)

Cape (Kaap)

Chimney (Schoorsteen)

Antenna (Antenne)

Function (Functie) Noise barrier (Geluidswerend) Single Optional
Separation (Scheidend)

Height (Hoogte) < height above ground level > Single Mandatory
< hoogte boven maaiveld in meters >

Name (Naam) <name construction > Multiple Optional
(< naam inrichtingselement >)

Status Planned (In ontwerp) Single Mandatory
Under construction (In aanleg)
In use (In gebruik)
No longer in use (Niet meer in gebruik)

Height level (Hoog- 0 (no level assigned) Single Optional

teniveau)

1 (lowest level)

2 (lowest level plus 1)
3 (lowest level plus2)
<etc>
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Table A-8 Administrative area (Administratief gebied)

Attribute

Domain

Cardinality

Option

Type

Country (Land)
Province (Provincie)
Municipality (Gemeente)
Bundesland (D)
Regierungsbezirk (D)
Kreis (D)

Single

Mandatory

Name (Naam)

< naam >

Multiple

Mandatory

Table A-9 Conservation area (Beheersgebied)

Attribute

Domain

Cardinality

Option

Type

Nature area, Nature reserve area (Natuur-
gebied, natuurreservaat)

Forest reserve area (Boswachterij)

National park (Nationaal park)

Single

Mandatory

Name (Naam)

< naam >

Multiple

Mandatory

Table A-10 Geographic area (Geografisch gebied)

Attribute

Domain

Cardinality

Option

Type

Region, field (Streek, veld)

Hill, dune, mountain (Heuvel, duin, berg)
Island (Eiland)

Polder

Forest area (Bosgebied)

Heath area (Heidegebied)

Cape (Kaap, hoek)

Sea, Arm of the sea (Zee, zeegat, zeearm)
Lake, pond, pool (Meer, plas, vijver)
Trench, fairway (Geul, vaargeul)

Ford (Wad)

Bank, shallow, shoal (Bank, ondiepte,
plaat)

City, town, populated place (Plaats, be-
woond oord)

District, neighboorhoud (Wijk, buurt)
Other (Overig)

Single

Mandatory

Name (Naam)

< nhaam >

Multiple

Mandatory
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Table A-11 Functional area (Functioneel gebied)

Attribute Domain Cardinality | Option

Type Industrial area (Industriegebied) Single Mandatory

Military terrain, firing range (Militair oe-
fengebied, schietterrein)

Cemetery (Begraafplaats)

Sports field (Sportterrein)

Sports field Sportterrein

Airport, airfield (Vliegveld, luchthaven)
Bungalow park (Bungalowpark)
Camping

Recreation area (Recreatiegebied)
Swimming pool (Zwembad)

Golf terrain (Golfterrein)

Lock complex (Sluizencomplex)
Building complex (Gebouwencomplex)
Yacht basin (Jachthaven)

Harbour (Haven)

Zoo, Safari park (Dierentuin, safaripark)

Cross track (Crossbaan)

Name (Naam) < naam > Multiple Mandatory
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