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PROPOSITIONS

Peng, W., 16 May 1997. Automated generalization in GIS. PhD Dissertation.

1.

Map generalization has been regarded as an issue of art for many decades; the
research efforts on the automation of a generalization process have been gradually
transforming this issue into a scientific topic.

The bottom-up approach in the research of automated generalization attempts to
understand the generalization process from the products and experiences of manual
generalization, and then simulate the process in a computer. The top-down
approach, based on the “theory” of geo-data and GISs, studies first what role
generalization should play in a GIS, and in geo-information processing, then
investigates problems that may be encountered in playing such a role, and finally,
looks for solutions for the problems. This approach is more appropriate than the
bottom-up one, for defining the subject of automated generalization.

— This thesis

An automated generalization system is the dream of many cartographers and GIS
developers. However, it is important to realize that while database generalization
can be fully automated, a view generalization process may need the user -- the
judge -- to participate in decision-making. Thus, interactive-generalization utilities
are still required in a GIS, as far as view generalization is concerned.

— This thesis

To a great extent, view generalization is an issue of competition under certain rules.
In the competition, more important or stronger objects “survive”, whereas less
important or weaker objects have to struggle for “survival” by, for instance, forming
“communities” to become stronger (aggregation), or adjusting themselves to adapt
to the environment (symbclization, exaggeration, shrinking, typification). Those
who fail to do so will be eliminated. In this sense, view generalization can be seen
as a process of ‘evolution’.

— This thesis

Being an important property of a map, ‘scale’ has been used as a critical index for
the usage of the map, but it does not have the nature of telling whether the contents
of a map of a certain scale were described in the way that best suits a particular
application.

In the context of a GIS, a database should no longer be related to a ‘scale’ level,
but rather, a ‘resolution’ level, which indicates the level of geometric and thematic
detail of the data contained in the database.

— This thesis




10.

11.

12.

For many applications in China, data can be obtained in a much more economical
and efficient way, by transforming existing detailed geo-databases, if an automated
database generalization process is available.

Conceptual data models are independent of implementation conventions; however,
only through an implementation can the promise of a conceptual data model be

validated.

‘Telling the truth’ does not always tead to a good effect, and ‘not telling the truth’
sometimes can be constructive.

If not being prepared to be a loser, one should not aim to be a winner.

An irritation at a proper time can be much more helipful than a compliment (after
“Proclamatie” , Nr. 35, by H. N. Werkman).

In many instances it is said that *saying is easier than doing’, but generalization is
the process for which ‘doing is easier than saying’.
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ABSTRACT

Peng, W., 1997. Automated generalization in GIS. PhD Dissertation.

After more than three decades of effort, it is still a question whether generalization can
be formally defined, and whether automated generalization can be realized. This work
models automated generalization in GIS by defining a conceptual framework,
elaborating the supporting data model, and developing key algorithms for the required
spatial analysis and geometric transformation. The object-oriented logical design,
which has been developed in this research, demonstrates the feasibility of realizing an
automated database generalization in a general purpose GIS.

Although the theory of geo-data and GISs is still under development, there already
exist some concepts, based on which generalization in GIS can be defined. These
concepts include geo-databases and the underlying modelling process, spatial objects
and object types, object classification and aggregation hierarchies, spatial and thematic
resolutions, and the graphic ‘views’ of a geo-database. Generalization (in GIS) is seen,
in this context, as a transformation process with the following two objectives: a) to
transform an existing database to another one of lower resolution; and b) to provide a
legible graphic view of a database or part of it.

These two objectives lead to the distinction of database generalization and view
generalization. A formal description of the generalization problems, and solutions, is
provided for both types of generalization.

Generalization operations are arranged into an operation-matrix and operation-network
for automated database generalization. In this way, it has become possible to set up a
generalization rule base and provide measures for reasoning the rule base. A process
flow is also developed for view generalization. Objects are grouped into generalization-
units according to certain criteria; constraints, such as solution-localization, are
introduced, in order to understand and define the problems in view generalization, and
to facilitate the solutions.

The supporting data model is the Formal Data Structure model (FDS). The concept of
spatial adjacency which has been defined in the FDS, is extended by introducing the
adjacency relationships between geometric primitives of different types, and between
objects of different geometric description types (including both connected and
disconnected objects). These extended adjacency relationships are important for
decision-making in automated generalization, and for geometric transformation. They
are modelled based on the Delaunay triangulation network (DTN).

This enhanced FDS, the EFDS, has proven adequate for supporting automated
generalization, particularly for rule translation, spatial analysis, and the implementation
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of generalization operations.

The algorithms, which have been developed in this research, pertain to important
geometric problems in both database generalization and view generalization. These
problems include object aggregation, spatial conflict detection, object displacement and
displacement propagation, pattern detection, and spatial context analysis. The
algorithms make use of the DTN, and the adjacency relationships defined in the EFDS.
The safe-region of an object, which determines the area within which the object can
expand and move around freely, provides us with an efficient and useful means to
control generalization operations in order to avoid violating topology and creating new
spatial conflicts.

These algorithms, and the extended adjacency relationships, are tested using ISNAP,
which is a Windows-based Multiple Document Interface software package developed
for this research.

The object-oriented design has three essential characteristics: a) the rule base scheme
and reasoning process; b) the object-oriented database structure; c) the generalization
mechanism integrated in the database structure. :

Based on the database structure, generalization operations are defined at database level,
and then “propagated” to object-container level, and finally to object level, if
necessary. This three-level (i.e., database/container/object} structure altows a complex
generalization problem to be decomposed, and solved at different levels according to
its nature, which, in turn, leads to a more simple, clear, and structured generalization
mechanism. The rule base scheme, and the reasoning mechanism, offer to the user the
“authority” to define his/her target database and the corresponding transformation. The
design makes use of the advantages of object-orientation in both data modelling and

programming.

Keywords: automated generalization, database generalization, view generalization,
spatial object, object type, object classification hierarchy, object aggregation hierarchy,
spatial resolution, thematic resolution, database, view, scale, abstraction level, data
complexity, data model, spatial adjacency, generalization-unit, solution-localization,
safe-region, rule base scheme, object-orientation, Delaunay triangulation network,
algorithm.
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SAMENVATTING

Peng, W., 1997. Automated generalization in GIS. PhD Dissertation.

Al meer dan 30 jaar wordt onderzoek gedaan naar de mogelijkheden om het generalisatie
proces van ruimtelijke gegevens te formaliseren en te automatiseren; de resultaten van
dit onderzoek zijn tot nu toe gering en het is nog steeds de vraag of dit mogelijk is. In
deze dissertatie wordt een strategie voorgesteid voor de geautomatiseerde generalisatie
in GIS; hiertoe wordt een ontwerp-raamwerk geformuleerd uitgaande van een
onderliggend gegevensmodel en de ontwikkeling van de belangrijkste algorithmen voor
de benodigde ruimtelijke analyse en geometrische bewerkingen. Via een object-
georiénteerde benadering wordt een aantal mogelijkheden getoond voor de
geautomatiseerde generalisatie van ruimtelijke gegevensbestanden in een algemene GIS
omgeving.

De ontwikkeling van een geografische informatie theorie is nog in volle ontwikkeling,
maar de contouren van zo’n theorie zijn al duidelijk te vinden in de literatuur en er zijn
al een groot aantal concepten geformuleerd die van belang zijn voor het automatiseren
van generalisatie processen in GIS zoals de topologische gegevensmodellen, het
concept van ruimtelijke objecten en hun object klassen en klasse hi€rarchieén, het
concept van aggregatie hi€rarchieén van ruimtelijke objecten, het begrip van
ruimtelijke en thematische resolutie. Generalisatie (in GIS) wordt in dit verband
beschouwd als een transformatie met de volgende twee doelstellingen: a) de
transformatie van een gegevensbestand in één dat minder gedetailleerd is, en b) het
creéren van een leesbare grafische presentatie van (een gedeelte van) cen
gegevensbestand.

Deze twee doelstellingen leiden tot het onderscheid van de generalisatie van een
gegevensbestand en van de grafische presentatie ervan. Van de problemen die zich
voordoen bij generalisatie wordt voor beide een formele omschrijving gegeven.

De verschillende operaties worden geordend in een bewerkingsmatrix en een
bewerkingsnetwerk, waardoor het mogelilk werd om een set van regels voor
generalisatie te formuleren en criteria te geven voor de toepassing van die regels.

Voor generalisatie van een grafische presentatic werd tevens een processchemq
ontwikkeld. Objecten worden volgens bepaalde criteria in generalisatie-eenheden
gegroepeerd; beperkingen voor de transformatie mogelijkheden van zulke eenheden
worden geanalyseerd, teneinde het zoeken naar mogelijkheden voor de generalisatie
van de grafische voorstellingen te preciseren en te vergemakkelijken.

De ontwikkeling van generalisatie strategie#n gaat uit van de Formele Gegevens
Structuur (Formal Data Structure-FDS). Het begrip “adjacency” (aangrenzing), zoals
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in de FDS omschreven, wordt uitgebreid door de adjacency-relaties tussen
geometrische primitieven van verschillende types, alsmede tussen objecten met
afwijkende geometrische beschrijvingstypes (zowel verbonden als niet-verbonden
objecten) erbij te betrekken. Deze uitgebreide adjacency-relaties zijn van belang voor
de formulering van beslissingscriteria in geautomatiseerde generalisatie processen
alsmede voor geometrische bewerkingen. Zij zijn gemodelleerd met behulp van
Delaunay triangulatie netwerken (DTN).

Deze “extended FDS”, EFDS genaamd, bleek geschikt voor de automatisering van
generalisatie processen, en vooral voor de implementatie van beslisregels voor de
ruimtelijke analyse en voor het nitvoeren van generalisatie operaties.

De in dit onderzoek ontwikkelde algorithmen hebben betrekking op belangrijke
geometrische problemen in zowel generalisatie van gegevensbestanden als van de
grafische presentaties ervan, zoals het samenvoegen van objecten, de opsporing van
ruimtelijke conflicten, de verschuiving en verspreiding van objecten,
patroonherkenning, en de analyse van ruimtelijke verbanden. De algorithmen zijn
gebaseerd op DTN en de adjacency-relaties in de EFDS. Het veilige gebied van een
object, dwz. de ruimte waarin het object zich kan uitbreiden en vrij bewegen levert een
efficiénte en nuttige methode om generalisatie operaties te controleren, zodat de
topologie niet aangetast wordt en er geen nieuwe ruimtelijke conflicten veroorzaakt
worden.

Met ISNAP, een voor Windows bij dit onderzoek ontwikkeld computer programma dat
meerdere documenten verbindt, worden deze algorithmen en de uitgebreide adjacency-
relaties getoetst.

Het object-georiénteerde ontwerp omvat drie essenti¢le eigenschappen: a) het overzicht
van de regels en de onderbouwing daarvan; b) de structuur van het object-georiénteerde
gegevensbestand; ¢) het in de structuur van het gegevensbestand geintegreerde
generalisatie mechanisme,

Op basis van de structuur van het gegevensbestand worden generalisatie operaties
duidelijk omschreven op het niveau van het gegevensbestand, en vervolgens
doorvertaald naar een niveau van object-containers en zonodig tenslotte naar ket
niveau van de individuele objecten. Deze structuur van 3 niveaus stelt ons in staat om
een ingewikkeld generalisatic probleem in delen te splitsen en elk van deze
deelproblemen, per geval, op drie niveaus aan te pakken en op te lossen, hetgeen tot
een eenvoudiger, duidelijker en beter gestructureerd generalisatie proces leidt. Het
overzicht van de regels en hun onderbouwing stelt de gebruiker instaat zelf zijn/haar
“target” gegevensbestand te definiéren met de daarbij behorende operaties. Het
ontwerp maakt gebruik van de voordelen van object-origntatic voor
gegevensmodellering en programmering,
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CHAPTER 1
INTRODUCTION

The issue of automated generalization has been a big challenge to cartographers and
GIS developers during the last three decades. As GIS applications have matured during
these years, this issue has become more and more obvious and important to many GIS
users. The emergence of the National Spatial Data Infrastructure (NSDI} in the past few
years (Goodchild, 1995) has added to it a new importance. However, after several
decades of effort, the achievement is still far from being satisfactory. As a result,
although the rapidly developing GIS technology has been offering more and more
promises to many geo-related applications, the problems of data acquisition, data
representation, and data sharing, where generalization plays an important or critical
role, still remain one of the major impediments for a GIS to meet its full potential, and
to the development of the national, regional or local GIS industrialization process.

1.1 Problems and the Needs for the Study

Several reasons can be identified as to why automated generalization is still in an early
stage after so many vears of research:

¢ Theoretical problem: Although map generalization has been carried out by human
experts for many vyears, the subject has not been formally defined yet. Cartographers
have been doing map generalization, mainly based on their own understanding and
experience, but have not yet been able to sum up, and generalize, the practices to
develop a “generalization theory”; our knowledge about generalization is still
perceptual. As a result, map generalization, as generally understood, does not
constitute a coherent and well-defined process, but is rather a conglomerate of many
different processes (Muller, 1989). Nevertheless, part of this issue has been studied
by a number of authors and several (conceptual) generalization models have been
proposed, such as the Ratajski model, Morrison model, Nickerson and Freeman
model, McMaster and Shea model, Brassel and Weibel model. In his review of these
models, McMaster (1991) identified the Brassel and Weibel model as the best for
implementing an expert system'.

These models, however, were developed based on the long tradition and practice of
multi-scale map production. As pointed out by Muller and colleagues (1995), “the
generalization of digital products can no longer be driven by paper map production,
as the needs for spatial data have become much broader and complex.” In recent
years, research has been paying more and more attention to model-oriented
generalization® and database generalization or generalization from a database

1: Note: In a sense these models are incomparable as they focused on different aspects.
2: Muller, 1991; Muller et al., 1993; Grunreich, 1993; Muller et al., 1995; Weibel, 1995,
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perspective’. However, unlike in graphic or view generalization where the objectives
and problems are clear and commonly understood, research in model-oriented or
database generalization has largely focused on developing solutions for specific
problems, neglecting the general picture (Weibel, 1995), in particular, the objectives
and scope, the requirements and problems, and the relationship with graphic
representation.

Technical problem: Generally speaking, to what extent a manual process can be
automated with today’s computers is mainly dependent upon the level at which the
underlying problem can be formalized, such as the description of different states of
an event, the transformation of these states, and the modelling of the controlling
operations. Map generalization is a problem proven to be extremely difficult to be
formally defined, given its subjective and creative nature. Moreover, because the
reality (or part of it} has to be represented in a computer, some information (e.g.,
relationship) may be lost in the process, and the degree of loss largely depends on
the data model which has been adopted. Contemporary data models {(e.g., the Formal
Data Structure model, Molenaar, 1989, 1991, 1995a), use the object-oriented
concept, and may provide topological relationships among spatial objects that are
connected to each other. While these models may have the potential to support
decision-making in automated generalization, and the implementation of operations,
to a certain extent, the current corresponding ‘spatial query space’ is limited to the
‘description of spatial objects by geometric primitives’. Little work has been
completed that looks into the problems of whether, and how, more abstract
information can be derived from the existing data models, such as geographic
complexity, adjacency, similarity, context, global and local structures. Such
information plays an important role in generalization decision-making, and the
implementation of generalization operations.

Finally, many data structures and algorithms used in computational geometry, spatial
indexing, and Al* applications may be also useful for automated generalization.
They include, for instance, the Delaunay triangulation network (Delaunay, 1934),
Quad-tree (Samet, 1990), and R-tree (Guttman, 1984). Examples are available that
applied some of these data structures and algorithms to support automated
genéralization (e.g., the BLG-tree and reactive-tree (van Qosterom and Schenkelaars,
1996), the Delaunay triangulation network (Jones et al., 1995; Peng et al., 1995),
and the dynamic decision tree (Peng and Muller, 1996)). However, research and
development in this area is still at an early stage and requires the investment of much
more effort.

3: Molenaar and Richardson, 1993; Richardson, 1993; Peng and Molenaar, 1995; Peng et
al,, 1996; Molenaar, 1996; van Smaalen, 1996; Peng and Tempfli, 1996.

4: Artificial Intelligence.
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o Practical problem: To a great extent, automated generalization still remains as an
issue of digital cartography for automatic multi-scale map production, and mainstream
GIS research has been neglecting or ignoring this issue (Weibel, 1995). This may
be attributed to the following factors:

1) Automated generalization has mainly been regarded as a problem of automating
a cartographic process. Although the scope of generalization has become broader in
a GIS context, and research from other disciplines is available {¢.g., the environment
and database groups, van Oosterom, 1989, 1995; Molenaar and Richardson, 1993;
Richardson, 1993; Molenaar, 1996; van Smaalen, 1996; Peng et al., 1996; Peng and
Tempfli, 1996), this new view of generalization has not yet been adopted by the
majority of the generalization research group. The problem of generalization as a
database process (Muller, 1991; Richardson, 1993) has been somewhat neglected
in comparison with the efforts invested in graphic-oriented generalization. As
indicated by Muller and colleagues (1995), “the traditional view of generalization
in support of surveying and mapping organizations for multi-scale map production
is overwhelming and has been much more studied. Busy implementing algorithms
to perform the analog of cartographic generalization tasks such as simplification,
exaggeration, elimination and displacement, we have forgotten the intimate
relationship between generalization at the modelling level and generalization at the
‘surface’ (e.g., graphical representation).” “While many researchers argue that
generalization should be performed with a different view in the digital domain, most
of us still resort to cartographic generalization when they claim to be busy
developing methods for non-graphic generalization (i.e., model generalization).”

2) Most GIS applications are still at the “project level” or “department level” (Chen,
1995), where generalization is either not an urgent or critical problem to be solved,
or, though it is important, alternative solutions (e.g., interactive process or multi-
scale structure) are still practically acceptable, both in the senses of time and
expense, given the great difficuity and uncertainty of developing automated
generalization in a GIS.

As one of the results, there are limited software tools available in the market, or the
public domain, that support, or can be easily extended to support, for instance,
spatial analysis, concurrency management (¢.g., dynamic topology updating), and
graphic demonstration in a batch generalization process.

* Approach(es): The research methods commonly used hitherto could be referred to
as a bottom-up approach, i.e., from the experiences and products of human experts,
trying to extract and formalize the rules, operations, and reasoning flow(s) which
have been used in manual generalization, and then to simulate manual generalization
processes in a computer. This approach, though straightforward, has proven
unsuccessful, due to the subjective and intuitive nature of traditional map
generalization. Furthermore, the quality of a generalized result by an automated
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process is often accessed against that of a manually generalized one. This is probably
dubious and unrealistic (Muller et al., 1995), as the criteria used are not clearly
stated, and are often instinctive and subjective; even cartographers often provided
results which do not agree with each other.

In addition to these problems, most of the contemporary cartographic research and
development has been focusing on individual generalization operations for a single
object type (or layer), or a particular part of a comprehensive generalization process,
such as object selection, line simplification, conflict detection, object displacement and
aggregation, pattern detection, and quantitative description of objects’ characteristics®.
While these studies are all important, as they serve as fundamental eiements of a
comprehensive approach, there is an urgent need to conduct, at a higher level and from
top to bottom, a systematic study of the issue of generalization, especially when GIS
application and development are of concern.

There is also a need, after so many years of individual and fragmented research and
development, to look into the possibility and problems of integrating existing tools to
come up with an operational automated generalization system, or in designing and
implementing an automated generalization in a GIS, which in turn will provide
important information to guide further (individual and fragmental) research and
development. Examples of this kind of integrating or designing works include, for
instance, (Ruas and Plazanet, 1996; Peng and Tempfli, 1996).

1.2 Objectives of the Study

The main objectives of this research are directly related to the problems discussed in
section 1.1;

o identify the main problems which explain why research and development, during the
last three decades, have failed to provide an approach ready to be implemented in
a GIS. This in turn will provide useful information, and guidelines, for achieving the
main research objectives.

e develop a conceptual framework for generalization in GIS, based on related concepts
of geo-data and GISs, in particular, the concepts of geo-databases and the underlying
modelling process, spatial objects and object types, classification and aggregation
hierarchies, spatial and thematic resolutions, and the graphic ‘views’ of a geo-
database. This will include:

1) defining the objectives and scope of generalization in GIS;

5: Muller, 1987; Meyer, 1987; Muller and Wang, 1992; Peng, 1992; Wang and Muller,
1993; Richardson, 1993; Mackaness, 1994, 1995; Peng et al., 1995; Ruas, 1995; Plazanet,
19935; Jones et al., 1995; Regnauld, 1996; Peng and Muller, 1996.
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2) identifying and formally describing generalization problems and developing
solutions (conceptually) to the problems.

e select and enhance a supporting (conceptual) data model that provides a description
of spatial objects and the topologic relationships among them, and has the potential
to handle complex geographic structures. -

o develop algorithms for handling selected important geometric problems in automated
generalization, such as the problems of aggregating and displacing objects.

¢ design an object-oriented system structure for automated database generalization,
including the rule base scheme and reasoning process, the object-oriented database
structure, and the generalization mechanism integrated in the database structure.

1.3 Scope of the Study

This research does not intend to develop an operational generalization system, as it is
not considered feasible within this research project. It is also not the intension of this
study to deal with the generalization problem of a particular object type, for a specific
application, and within a certain scale range.

The main attention of this study is given to a generic and systematic study on the
concepts of generalization in GIS, the capabilities of the current data “theory” and
computer technology in supporting aufomated generalization. The concepts of object
types, object classification and aggregation hierarchies, and the relationship with
generalization (Molenaar and Richardson, 1993; Richardson, 1993; van Smaalen,
1996) play an important role in this study. The research also looks into how the
Delaunay triangulation and Al technology can support geographic analysis and
geometric operations. It focuses specifically on supporting data models and algorithm
development. Spatial adjacency relationships are examined in detail. Some of the key
aspects are tested/demonstrated through a software package developed for this research.

In this research, both the database and graphic aspects of generalization are investigated
at the conceptual level. However, the investigation gives emphasis to the database
aspect by providing an object-oriented (system structure) design for automated database
generalization.

Although the research focuses on 2D (vector-format) object generalization, it also
touches on the issue of terrain relief generalization. The temporal aspect and data
quality in relation to generalization, however, are not inchzded.
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1.4 Research Approach

This research follows a top-down approach to define the concept of generalization in
GIS. Instead of trying to extract the knowledge from the products and experiences of
manual map generalization, it studies first the related concepts of geo-data and GISs.
Based on these concepts, it defines the objectives of generalization in GIS, which in
turn lead to the two sub-generalization processes (i.¢., database generalization and view
generalization). The objectives, together with the concepts of databases and views, set
up the framework for defining the general principles for both database generalization
and view generalization, and for identifying and categorising elementary generalization
problems. Solutions to the problems are then proposed with respect to the general
principles.

While the top-down approach is the one for defining the generalization concepts and
for the system design, bottom-up analysis plays a role in examining the concepts as
well as in algorithm development. The concepts are tested, in terms of applicability and
completeness, for a large number of situations and/or cases. An example of bottom-up
analysis, in algorithm development, is described in section 5.10. It shows spatial
context analysis for the generalization of urban road networks.

1.5 Structure of the Thesis

This thesis consists of eight chapters which are constructed in a way that provides the
framework of the study.

o Chapter 1, as already discussed, summarises the main impediments to automated
generalization, and based on which the main research objectives are outlined and
the scope of the study defined. The arguments for why generalization is needed in
a GIS is not discussed in this chapter, but are provided through Chapters 2 and 3.

e Chapter 2 carries out a review of some related concepts of geo-data and GISs,
including geo-databases, conceptual data modelling, system architectures, views, as
well as maps, and discusses the complexity of map generalization against these
concepts. These related concepts have important effects on understanding and
defining the new concept and strategy of generalization in GIS.

o Chapter 3 defines the subject of generalization within the framework of a GIS. Based
on the related concepts of geo-data and GISs discussed in Chapter 2, it studies first
what role generalization should play in a GIS, and in geo-information processing,
then investigates problems that may be encountered in playing such a role, and
finally, looks for solutions for the problems. Two objectives of generalization are
defined in this study, which leads to the distinction of a database process and a
graphic representation process. These two processes are referred to as database
generalization and view generalization respectively. Solutions to the problems are
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proposed and formalized. Generalization operations are arranged into an operation-

matrix and operation-network for automated database generalization, and a process

flow is developed for view generalization. In order to facilitate view generalization,
objects are grouped into generalization-units according to certain criteria, and

assumptions for defining the object’s order relationship are proposed, and

constraints, such as solution-localization, are introduced. The generalization of
terrain relief representation is also discussed in this chapter.

Chapter 4 specifies the need for an adequate supporting (conceptual) data model that
provides a description of spatial objects, and the topologic relationships among
them. In particular, it presents three reasons as arguments for such a need, namely,
rule translation, spatial analysis, and the implementation of generalization
operations. An object-oriented and topologic data model, the FDS, is introduced,
and later enhanced for handling spatial adjacency relationships among objects
disconnected from each other. Examples of some of the most common spatial query
operations in automated generalization are also given.

Chapter 5 introduces the Delaunay triangulation network, an important and powerful
data structure in computational geometry, to support developing algorithms for
handling the following important geometric problems:

1) ‘spacing’ checking and object aggregation in database generalization,

2) defining an object’s safe-region, spatial conflict detection, object aggregation,
object displacement and displacement propagation, object exaggeration, as well as
linear pattern detection in view generalization.

A dynamic decision tree structure is also developed to facilitate spatial context
analysis for decision-making. Its power and benefit is demonstrated through an
application in urban road network generalization.

Chapter 6, based on the framework defined in Chapter 3, and having the support of
the conceptual data model described in Chapter 4, provides an object-oriented
(logical) design for automated database generalization in a general purpose GIS. It
deals with critical problems such as:

1) how can we define operations for problems which are unknown at the moment the
system is constructed?

2) the users of the system may wish to introduce their own rules and indicate what
they expect from the new database. How can a system deal with such demands?

This chapter proposes a solution that makes use of the advantages of object-
orientation in both data modelling and programming and integrates generalization
in the database structure. A rule base scheme, and reasoning mechanism, are also
developed. This design indicates, at the logical level, the feasibility of realizing an
automated database generalization in a general purpose GIS.
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o Chapter 7 describes the design, implementation, and application of ISNAP, a
Windows-based Multiple Document Interface software package developed for this
research. It demonstrates the applicability of the algorithms developed in Chapter 5,
the extended adjacency relationships defined in Chapter 4, and some of the design
aspects described in Chapter 6.

o Chapter 8 provides a general review of the work described in the first seven
chapters, gives conclusions, and indicates some future work, which needs to be
undertaken to further develop automated generalization.
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CHAPTER 2

RELEVANT ASPECTS OF GEO-DATA AND GEOGRAPHIC
INFORMATION SYSTEMS

In the society of cartographers, generalization was traditionally regarded as a tool for
producing maps at smaller scales. This concept, however, may not be applicable within
the framework of a GIS. In other words, the concept of generalization needs to be
restudied when it is to be applied in a GIS context. This is obvious because of the
intrinsic difference between a GIS and a map (in its traditional meaning, whether in an
analogue format or digital format), and the difference in the ways that people use maps
and GISs. This chapter sets up the foundation of this research by looking into relevant
aspeets of geo-data and GIS in order to understand the generalization problems, and to
define the concept and strategy of generalization in GIS. The aim is not to carry outa
review of general GIS concepts, but, it provides a discussion on some key aspects that
will have important effects on defining the new concept and strategy of generalization.

2.1 Basic GIS Components and System Architecture

A GIS can be seen as a particular type of information system that “suppotts the capture,
management, manipulation, analysis, modelling and display of spatially-referenced data
for solving complex planning and management problems” (NCGIA, 1990). The
geometric aspect of these data is the important factor that sets GIS apart from other
information systems (Molenaar, 1991). The main components of a GIS, as described
by Burrough (1986), include data input, storage (database), output, transformation and
analysis, and user-interface (Figure 2.1). Among these five components, data input,
output, and analysis are the three that require generalization to play a role. However,
the database component (including purpose(s), contents, and structure) is the one that
actually determines what is to be generalized and how generalization is to be
implemented. The rest of the section gives a brief description of these components and
the relationships with generalization, and finally, presents an example of system
architecture.

Data input covers all aspects of transforming data captured in the form of, for example,
existing maps, text documents, field observations, aerial photographs, and satellite
images into a compatible digital form (Burrough, 1988). Generalization is an important
aspect of such a transformation process, as the data available may not be at the
resolution level required. Apart from these possibilities of capturing data, required data
can also be obtained through format conversion and/or generalization of existing digital
data (sec also discussions on the data output component and system architecture). This
is particularly desired when the cost and time spent for data acquisition are of great
concern to the users.

A geo-database is the digital form of a geo-spatial model which is a replica of some
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portion of the planet earth (Pilouk, 1996). The prefix geo was introduced to illustrate
the earth-related nature of the model. This nature is the key factor that distinguishes this
kind of model from other kinds.

Databases' are central to GISs. A database is not only a collection of data, but also
contains relationships among data elements, and the rules and operations that are used
to change the state of the data elements (Pilouk, 1996). It is organized and manipulated
by a computer program known as Database Management System (DBMS). The related
modelling process and the relationship with generalization will be discussed in section
2.2. Detailed discussion on how to construct a database can be found in Burrough
(1986), and Pilouk (1996).

Query Input Data Input

Transformation
Data Output and Analysis )

Figure 2.1. The main components of a GIS (after Burrough, 1986).

Data output concerns how the data and the results of analyses are presented and
reported to the users. Texts, tables, maps, and figures are the most common forms of
data output. Due to the “geo™ nature of the data, maps are usually desirable, and in
many cases, are the only adequate representational form of the data. Paper or “screen”
maps, however, are constrained by the map scale, pen width, or screen resolution. As
a result, representing the data in the form of maps may require a graphic generalization
process to ensure a legible product.

Note that apart from the above traditional purposes, data output also can serve as the
input for another database, after format conversion and/or generalization (see also

1: For convenience, we refer to geo-database as database within this thesis.
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discussions on the data input component and system architecture).

Data analysis and transformation deals with two classes of operation (Burrough, 1986):
1) operations needed to clean or update the data or to match them to other data sets;

2) a large array of analysis methods that can be applied to the data in order to achieve
answers to the questions asked of a GIS.

Typical examples of such operations include geometric computation, map overlay,
network analysis, map projection and projection transformation. In addition to those
operations of a general nature that should be included in every kind of GIS, there may
be operations which are extremely application-specific, and their incorporation into a
particular GIS may be just to satisfy the specific users of that system (Burrough, 1986).
In the context of this study, generalization is regarded as a basic operation of data
transformation.

The user-interface of a GIS is an important layer for the users to communicate with the
system. In recent years, this aspect has received a considerable amount of attention in
GIS research and development; to a certain extent, the user-interface may determine the
market (i.c., the acceptance and use) of a system.

Many new concepts and techniques exist, and more are becoming available, such as
Windows, Multi Document Interface, Document/View, Tools-bar, Status-bar, Icon,
Hyper-text, Hyper-map, Multi-medium. The user-interface may affect the efficiency of
a generalization process, especially in an interactive generalization environment, such
as the MAP GENERALIZER of INTEGRAPH.

Different system architectures can be derived based on Figure 2.1 and the above related
concepts. Figure 2.2 shows a structural integration system architecture proposed by
Pilouk (1996). In this diagram, the integrated database is designed and constructed for
multi purposes or applications, whereas a client database is derived from the integrated
database, through generalization, for a particular application. The DBMS shell provides
functions and rules to access and update the integrated database and views. The
generalization process was specifically indicated and placed between the DBMS shell
and the Input/Output shell. Note that the views appearing in this diagram mainly serve
as graphic indices of the database; they are different from those views introduced in
section 2.4.

This scheme strongly reflects the new role and importance of generalization in GISs
and geo-information infrastructures, such as NSDI. It is understood that, apart from its
original role in visualization, generalization is an essential process in deriving a new
spatial model, which is considered more suitable than the original one for the user to
solve his/her particular problems. It transforms a more complex database that is subject
to one conceptual data model (to be discussed in section 2.2) to another less complex
database, which is subject to another conceptual data model. Note that a client database,
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in this particular example, is regarded as an output of the system, which in turn is
considered as an input for the system that organizes and manipulates the client database.

Structural integration architecture

Figure 2.2. A structural integration architecture of a GIS (afier Pilouk, 1996).

2.2 Relevant Aspects of Conceptual Data Modelling

While a database is the core of a GIS, the underlying modelling process is the essential
step that brings about a meaningful database for an application. This process, known
as data modelling or geo-spatial modelling (Frank, 1983; Peuquet, 1984; Worboys
1992; Molenaar, 1995a; Pilouk, 1996), aims at producing representation schemes for
real world phenomena that later can be implemented in a computer environment, and
be used for building a database. It consists of several steps:

e conceptual data modelling, involving the design of a conceptual scheme (or
‘conceptual data model’) in which relevant spatial objects, the relationships among
them, and how they should be represented, are specified. No hardware and other
implementation conventions are taken into account in a conceptual data model.

e logical data modelling, dealing with the design of a data structure {or logical data
model) for representing the conceptual scheme, in which all the data elements
needed for the representation of each spatial object, and the methods for transforming
the conceptual scheme into the data structure, are defined.
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o physical data modelling, concerning mapping the logical data structure onto a file
structure that is understandable by the computer hardware.

Among these three processes, only the relevant aspects of conceptual data modelling
will be discussed, as the concept of generalization is somewhat independent from the
other two processes.

Spatial Objects and Their Description

Spatial objects are real world objects that have to be described, or related to a location
in reality (Pilouk, 1996). A spatial object contains both thematic and geometric (spatial)
information, and is normally represented through thematic and geometric descriptions
in a GIS.

There are two principle structures for linking thematic and geometric data, namely the
field-approach and the object-structured-approach (Molenaar, 1995a).

The field-approach considers the earth’s surface as a spatial (-temporal) continuum.
Several terrain aspects that are relevant to the underlying application(s) are given in the
form of attributes, of which the values are considered to be “position dependent™
(Figure 2.3a). The representation of such a field in a database requires that the
continuum is described in the form of points or finite cells often in regular grid or raster
format. The attribute values are then evaluated for each point or cell.

thematic
data

P - . object
position [« attribute value
geometric
data
a. b.

Figure 2.3. Two principle structures for spatial data (after Molenaar, 1995a). a:
attribute value directly linked to position; b: object-structured data organization.

The object-structured-approach assumes that spatial objects can be defined which have
a geometric position, size, shape, and several non-geometric properties. These objects
are represented in a database by means of an ‘object identifier’ to which the thematic
data and geometric data are linked (Figure 2.3b).
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The geometry of a spatial object can be described using a raster structure or vector
structure (Figure 2.4). The vector structure and the object-structured-approach are the
ones adopted in this research.

thematic
data

vector geometry raster geometry

Figure 2.4. Two geometric structures for spatial objects (atter Molenaar, 1995a).

The Need for Conceptual Data Modelling

The real-world is complex. It is not possible (and not necessary) for a spatial model to
accommodate all the aspects of the reality. Spatial models should always be subject to
interpretations of different disciplines for particular applications, and should be
constructed at such a complexity level that the modelled phenomena, as well as
underlying processes, are meaningful and best understood (Muller et al., 1995; Weibel,
1995). Higher complexity implies the resuit of more detailed information, but this does
not necessarily mean that such would be more adequate for a particular application, i.e.,
some of the details may not be relevant to the application, and more important
information may be hidden by these “noises.” Moreover, maintaining such details in
a database would lower efficiency and may create difficulties in spatial analysis,
decision-making, geometric operation, storage, updating, and maintenance. Hence,
before a database can be constructed, one has to determine what aspects of reality are
relevant to his/her application(s). This includes specifying types of objects, the
relationships among them, and how they should be represented.

Object Types

Objects in a spatial model, that have common patterns of both state and behaviour
within the framework of an application, may be grouped into classes to form object
types, and object types in turn may be organized into superclasses to form super-fypes,
and so on. An object is an instance of some object type. Road, river, park, building,







