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Abstract

This thesis investigates the conceptual and methodological issues for the development of
Intelligent Spatial Decision Support Systems (ISDSS). These are spatial decision support
systems (SDSS) integrating intelligent systems techniques (Genetic Algorithms, Neural

Networks, Expert Systems, Fuzzy Logic and Nonlinear methods) with traditional modelling and
statistical methods for the analysis of spatial problems.

The principal aim of this work is to verify the feasibility of heterogeneous systems for
spatial decision support derived from a combination of traditional numerical techniques and

intelligent techniques in order to provide superior performance and functionality to that achieved
through the use of traditional methods alone.

This thesis is composed of four distinct sections: (i) a taxonomy covering the
employment of intelligent systems techniques in specific applications of geographical
iInformation systems and SDSS; (ii) the development of a prototype ISDSS; (iii) application of
the prototype ISDSS to modelling the spatiotemporal dynamics of high technology industry in
the South-East of England; and (iv) the development of ISDSS architectures utilising
interapplication communication techniques.

Existing approaches for implementing modelling tools within SDSS and GIS generally
fall into one of two schemes - loose coupling or tight coupling — both of which involve a trade-
off between generality and speed of data interchange. In addition, these schemes offer little use
of distributed processing resources.

A prototype ISDSS was developed 1n collaboration with KPMG Peat Marwick’s High
Technology Practice as a general purpose spatiotemporal analysis tool with particular regard to
modelling high technology industry. The GeoAnalyser system furnishes the user with animation
and time plotting tools for observing spatiotemporal dynamics; such tools are typically not found
in existing SDSS or GIS. Furthermore, GeoAnalyser employs the client/server model of
distributed computing to link the front end client application with the back end modelling

component contained within the server application. GeoAnalyser demonstrates a hybrid approach
to spatial problem solving — the application utilises a nonlinear model tor the temporal evolution

of spatial variables and a genetic algorithm for calibrating the model 1n order to establish a good

fit for the dataset under investigation.

Several novel architectures are proposed for ISDSS based on existing distributed systems
technologies. These architectures are assessed in terms of user interface, data and functional
integration. Implementation 1ssues are also discussed.

The research contributions of this work are four-fold: (1) it lays the foundation for ISDSS
as a distinct type of system for spatial decision support by examining the user interface,
performance and methodological requirements of such systems; (11) it explores a new approach
for linking modelling techniques and SDSS; (111) 1t mvestigates the possibility of modelling high
technology industry; and (1v) it details novel architectures for ISDSS based on distributed

systems.
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Chapter 1

Introduction

This chapter introduces the arguments and implementation issues for
integrating intelligent systems techniques with spatial decision support
systems. It also describes the motivation and goals, research contributions

and organisation of this thesis.

1.1 Overview

Conventional systems for solving general spatial problems fall into one of two categories:
Geographical Information Systems (GIS) and Spatial Decision Support Systems (SDSS).
These systems provide various types of spatial analysis and visualisation tools contained
within some form of problem-solving framework. This research proposes to augment the
tools available 1n current systems by including Intelligent Systems techniques in the set of
available tools, thereby forming Intelligent Spatial Decision Support Systems (ISDSS).
These techniques offer a rich variety of problem solving teatures not available in standard

mathematical and statistical methods.

1.2 Spatial Analysis and Problem Solving

Spatial analysis has been described as a set of techniques which operate on objects or
events generating results that depend on both the location of the objects and their
attributes (Goodchild 1987). The set of techniques covers descriptive measures of
patterns of events as well as complex statistical analyses of events and processes.
Application areas include land use planning, urban and regional modelling, and

environmental modelling. The types of problems generally fall into the following

categories:

Spatial query — finding spatial features (points, lines and polygons) that
match specitied criteria. Queries are constructed using either text (often based

on a form of the Structured Query Language, SQL) or selections (using a

mouse) or a combination of the two.

e Simulation — using mathematical models of spatial processes to determine the
effect of these processes on supplied data. Among the most complex
simulations examine the temporal evolution of spatial attributes employing

models constructed using differential equations.
10
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* Location selection/allocation — finding one or more spatial objects that
represent an optimum according to the constraints applied. This is
distinguished from spatial query by the use of often quite complex models
describing the spatial phenomenon of interest. For example, the use of
shopping models to determinine the best site for locating a new retail centre.
Such models take into account the effects of the transport network (including
the calculation of trip functions), locational characteristics of the local

residential population, location of competitors, commuter flows, etc
(Goodchild and Noronha 1987).

In addition, spatial problems can be characterised as either structured, ill-structured or a
combination of structured and ill-structured components (Han, Kim et al. 1991).
Structured problems are typified by the existence of well-defined methods of solution,
operational procedures and decision rules that can be obtained from other similar
problems. Examples of such problems include finding spatial features that match explicit
criteria (e.g. using buffering). Ill-structured problems on the other hand have no such
clearly defined methods and, indeed, their solutions do not have a correct solution, only

those that can be measured by terms such as ‘good’, ‘bad’ or ‘reasonable’.

A further complexity is that the data being analysed are subject to the usual constraints of
accuracy and completeness associated with most real world data. Similarly there are often
logistical problems of collecting data of sufficient resolution over a large study area,
thereby increasing the chances of introducing further, possibly systematic, errors. This

necessitates the provision of methods to deal with errors if warranted by the nature of the
problem.

Spatial problems are distinguished by the additional complexity introduced by data that
are not only distributed 1n a finite area but also have a finite spatial extent. These
characteristics are summarised in Table 1.1. Space introduces an additional structuring
that needs to be taken into account. For example, a city can be modelled at a simplistic
level as a set of variables associated with a point in a region. However, a more complete
description would define the city in terms of many regions, each representing a
neighbourhood or borough, with variables of interest defined for each of these regions.
The multilevel transport system would be modelled as overlapping networks, with each
link in the network containing information such as carrying capacity, average traffic flow,

etcC.
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Data availability

Ditficulties of data collection and storage.
Data 1s often of a sensitive or confidential
nature.

UK employment data by
SIC code at ward level

Large data
requirements

Many problems (particularly where Retail store location
modelling 1s an integral part of the
problem-solving procedure) need a great

deal of supporting data.

Data collation and
formats

Spatial data often originates from a
number of sources. Lack of format
standards means that data transformations
are typically part of the problem-solving

process.

Combining data in
TIGER files with
Arc/Info files

Spatial correlation Spatial variables and attributes usually Unemployment data
demonstrate a relationship based on their

relative position.

For spatiotemporal data, there 1s also a Traffic flows
correlation 1n the temporal dimension.

Noisy data Much spatial data i1s obtained through Temperature variations
surveys and sampling and are therefore

Temporal correlation

subject to stochastic and possibly
systematic errors.

Finite spatial extent Most spatial data are associated with Regional population
regions rather than points. distribution

Integrated transport and

Multilevel complexity | The data and solution spaces are typically

very large for spatial problems. urban models

Table 1.1 — General characteristics of spatial problem-solving

Such descriptions of spatial entities become considerably more complex if time 1is
included as a factor in the analysis. Spatial correlations of data become echoed by

temporal correlations. These multidimensional representations require complex models

and tools for both analysis and viewing the results of the analysis.

Spatial analysis has evolved from the theories of location of economic activity developed
by Weber and others. Weber’s seminal work (Weber 1929) was primarily concerned with
the location of new economic functions in undeveloped or agricultural areas. This was
subsequently refined into a study of market areas (Losch 1954) and later generalised and
stated formally as a mathematical theory (Isard 1956). However, much of this early work
remained largely theoretical, lacking sufficient data for rigorous testing and further
exploration of the theories. Additionally, the lack of suitable tools for storing data,

performing analysis (typically involving thousands of calculations in the evaluation of
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even simple spatial functions) and displaying results in a meaningful form limited the
study of any available data.

It was not until the arrival of the computer age that many of these difficulties were
gradually overcome. Uptake of computers in research organisations and government
census and planning agencies permitted the collection and dissemination of large
quantities of information. This has led to new developments in spatial analysis, such as
the application of new types of statistical analysis, decision support techniques, etc..
Dedicated computer systems for the storage, manipulation, query and display of spatial

data have been the main underpinning of these developments.

1.3 GIS and Spatial Decision Support Systems

Geographical Information Systems combine powerful relational database technology with

flexible display and query tools to facilitate the visual exploration of spatial data. They

have greatly eased the difficulties associated with spatial data gathering, manipulation and

storage. The types of analysis tools offered vary widely across implementations, but
generally include the following operations:

* Map overlay — the combination of many types of data at the same spatial

scale.

* Buffering — the calculation of zones around points, lines and polygons to

represent the spatial extent of effects originating from source.

Query — the selection of spatial features based on given criteria.

For more sophisticated analysis (including modelling) several GIS implementations offer

facilities to extend the functionality of the system using either a built-in macro

programming language or via calls to external modules (both predefined and custom). In

this way, customised GIS applications can be built to suit any particular task.

However, there are several areas where GIS functionality fails to meet the requirements
for tackling complex problems. Many of these ditficulties arise from the cartographic
history of GIS, their original design for solving structured problems and their reliance on

relational database technology. The four main ditficulties are:

1. Limited data model. Current GIS data models are generally limited to static

data and offer no facility for storing time variations and handling time series.

2. Limited scope for interaction. The conceptual model adopted rby GIS 1s

typically one where interaction during analysis procedures is kept at a
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minimum. While this is sufficient for cartographic analysis, many spatial
models require a great deal of interaction with the user (such as for entering

model parameters and calibrating the spatial model) and embedding such user

Interaction within a GIS is problematic.

3. Lack of decision support infrastructure. There are generally no facilities to
manage the problem-solving process (e.g. to compare the results of alternative
methods or parameter sets). The burden is therefore placed on the user to keep

track of this process during the exploration of complex problems.

4. Lack of exploratory analysis tools. As described above, the types of analysis
available in GIS are confined to tools for structured problem-solving -
cartographic manipulation, query and limited spatial statistical analysis.
However, there are many useful techniques for performing exploratory
analysis (e.g. genetic algorithms) which are not available in current GIS. Such
exploratory methods offer new insights for tackling ill-structured problems.
That there is a need for such methods is pointed to by the widespread

awareness of the merit of such problem-solving approaches (Hopkins 1984;
Burrough 1986; Burrough 1990; Openshaw 1994).

Some of these deficiencies (namely I, 2 and 3 above) are addressed by Spatial Decision
Support Systems (Armstrong and Densham 1990), a recent development from GIS. These
offer data models that are better suited to modelling tasks (Hopkins and Armstrong 1985;
Armstrong and Densham 1990), expanded scope for interaction (although there are still
issues for further work; see Densham 1994) and provide a supporting framework tor the
problem-solving process (Han, Kim et al. 1991). SDSS are therefore much better suited to
solving ill-structured problems that often require many model runs or alterations to model
parameters in order to search the usually large solution space. The main area where both
existing SDSS and GIS lack functionality for handling 1ill-structured problems is in the
provision of exploratory methods of searching the solution space and new types of
modelling techniques. Examples of such techniques include genetic algorithms, rule
induction, fuzzy logic, expert systems, complex systems analysis and neural networks.
So-called intelligent systems techniques offer unique tools for extracting knowledge from

spatial data, pattern recognition, knowledge encapsulation and handling both data

imprecision and imprecise concepts.

1.4 Intelligent Systems Techniques

Intelligent Systems techniques have been used successfully for a wide class of problems,

ranging from the forecasting of economic time series to providing decision support shells




——

Chapter 1 Introduction 15

for complex software systems. Recently there has also been interest in the application of

these techniques 1n spatial analysis and spatial decision support.

The term “Intelligent Systems” is used to collectively describe different types of
techniques which, as their main common factor, employ or create knowledge. Each of the

techniques relies on quite diverse algorithms and software design. Interestingly, most of

the techniques take their inspiration from nature.

Intelligent Systems techniques can be broadly classified into two types depending on their
mode of operation. Symbolic processing techniques (expert systems, rule induction, fuzzy
logic) essentially manipulate symbols using rules in order to arrive at an outcome. They
are useful in areas where knowledge can be explicitly defined, for example in the form of
production rules, and where the steps taken to arrive at a solution and the solution itselt
have equal importance. On the other hand, adaptive processing techniques (genetic
algorithms, neural networks) employ algorithms to extract knowledge leading to a
solution to a defined problem. They are useful in areas where an analytical solution 1s

difficult to obtain (such as in pattern recognition) and also where the problem domain 1s

constantly changing (e.g. financial trading).

The comparative strengths and weaknesses of these techniques are summarised in Table
1.2.

The techniques can be applied to a wider class of problems if they are combined in the

form of intelligent hybrid systems, thereby building on the individual strengths of the

techniques and overcoming their weaknesses.

Intelligent systems offer great potential in the analysis of spatial problems. This thesis

supports recent arguments put forward in the tield (see Openshaw 1995 for example) that

these techniques offer significant benefits for the analysis of spatial data offering methods

of discerning relationships, finding patterns, reasoning and taking into account the

fuzziness inherent in real world spatial data.

1.5 Motivation and Thesis Goals

The main goal of this research has been to investigate the basic issues behind the
integration of intelligent systems techniques with GIS and spatial decision support

systems in the construction of so-called intelligent spatial decision support systems

(ISDSS). The major motivations and goals have therefore been:
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R T

SYMBOLIC TECHNIQUES

Expert Systems Human
decision

Easy to manage large number
of rules; provides explanation
of reasoning; production
systems are easy to use.

Diftficult to capture rules.
Copes badly with uncertainty
and errors.

making

Rule Induction No parallel Automatically generates rules
from sample data.

Derived rules may not make

much sense, even though they
seem to fit the data.

Fuzzy Logic Human ‘| Captures uncertainty (1.e. Difficult to derive the rules.
decision fuzziness) in human Fuzzy membership functions
making reasoning. Systems are are also difficult to define.

therefore robust.

ADAPTIVE TECHNIQUES

Genetic Processes of Can discover new knowledge | Does not often find the best
Algorithms evolution and | for a given problem domain. | solution.

natural Evolves near-optimal

selection solutions.

Neural Networks | Function of Can learn patterns from Cannot provide reasoning
brain tissue representative data. Can behind an outcome
generalise to take into account
Incorrect or incomplete data.
Good fault tolerance.

Table 1.2 — Comparison of Intelligent Systems techniques

 To investigate the ftundamental theoretical and practical i1ssues regarding the

employment of intelligent systems techniques 1n spatial data analysis.

 To develop a classification of the various existing uses of intelligent

techniques in spatial analysis.

 To determine the advantages and disadvantages of integrating intelligent
techniques with GIS and SDSS.

e To evaluate the viability of utilising distributed computing methods in the

construction of such systems.

 To design and implement a prototype ISDSS applied to a complex spatial
analysis task. The task chosen was to model the spatiotemporal dynamics of

high technology industry in the South-East of England.

d

e To assess feasible architectures for the construction of ISDSS. The various

measures employed to evaluate these architectures include: ease and speed of
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Information exchange; effectiveness of the user interface; degree of

modularity and use of distributed computing resources.

1.6 Research Contributions

The main contributions of this work to the fields of GIS and spatial decision support are:

* The detailed examination of user interface, performance, methodological
and implementation characteristics of ISDSS. Based on an assessment of
the limitations of current SDSS, arguments are developed for the integration
of intelligent systems techniques. The key advantages of ISDSS are identified
and software engineering approaches for their development are presented. The

analysis lays a foundation for discussing ISDSS as a distinct type of system for

spatial decision support.

The development of a classification scheme for ISDSS. The taxonomy
enables meaningful comparisons to be made between examples of such
systems. The scheme takes into account the specific use made of intelligent

techniques within the construction of the overall system.

* The demonstration of distributed computing techniques as a valid
method for linking modelling techniques and SDSS. These approaches
overcome the main difficulties associated with loosely coupled, tightly
coupled and fully integrated systems. Distributed methods also offer design
autonomy, implementation autonomy and parallel execution on distributed
hardware. Consequently, these methods have many advantages for managing

the computational and operational requirements of ISDSS.

* The design and implementation of a distributed ISDSS for the
development of spatial interaction models. The ISDSS provides several

spatiotemporal visualisation tools, plug-in model capability and offers the use

of genetic algorithms for the calibration of spatial models.

« The development of a spatial interaction model for high technology
industry in South East England. This industry was chosen because of its
interesting spatial and temporal dynamics. Model development was based on
detailed data analysis of the available data using the demonstration ISDSS.
The model was also calibrated using the ISDSS.

e The design and analysis of novel distributed architectures for ISDSS.

These offer clear ISDSS development routes that go beyond the types of
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imilinler

spatial analysis systems currently available. Each architecture demonstrates

the benefits of distributed computing techniques for real world systems.

1.7 Thesis Organisation
Thus thesis is organised into 9 main chapters:

Chapter Two - Spatial Decision Support Systems, defines Spatial Decision Support
Systems, how they differ fundamentally from geographical information systems and
discusses the facilities that SDSS provide for spatial decision making. It introduces

Intelligent Systems techniques and presents the integration issues involved in combining

these techniques with SDSS. It reviews software integration technologies and surveys the
extent to which these technologies are supported by existing SDSS and GIS.

Chapter Three - Intelligent Spatial Decision Support Systems: Issues and

Taxonomy, presents Intelligent Spatial Decision Support Systems as a development from
SDSS, incorporating the benefits that Intelligent Systems techniques can bring to bear on
11l and semi-structured spatial problems. A novel classification scheme for characterising
the various ways intelligent systems techniques can extend the functionality of SDSS is
presented. Specific applications of these techniques in spatial decision making are

discussed by way of example. Implementation issues concerning mechanisms for

integrating the technologies are introduced.

Chapter Four — The GeoAnalyser Intelligent Spatial Decision Support System,
describes the design and implementation of the GeoAnalyser system. The design
rationale, user interface and system components (covering the display tools, model
controls, spatiotemporal database, genetic algorithm and the spatial model) are presented
in detail. The method used to integrate the distributed system components 1s discussed in

detail. Efficiency and data structuring issues are also examined.

Chapter Five — Application of GeoAnalyser to Industrial Modelling, describes the
application of the GeoAnalyser system to modelling the evolution of high technology
industry in the South-East of England. The modelling time frame covers the years from
1982 to 1992. From a definition of this industry, a detailed summary of modelling factors
is provided, leading to the development of a nonlinear growth model. Next, the results of

using the genetic algorithm to calibrate the model parameters are presented. The chapter

concludes with an analysis of the prediction accuracy of the model.

Chapter Six — Implementation Issues of Intelligent Spatial Decision Support

Systems, assesses the user interface and 1mplementation issues arising from the
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development and application of the GeoAnalyser prototype. The assessment provides the
basis for developing a foundation for ISDSS.

Chapter Seven — Implementations of Intelligent Spatial Decision Support Systems,
presents four specific architectures for developing ISDSS. Each of the architectures
employs distributed computing techniques. In each case, the system construction 1s
described in detail. The architectures are assessed in terms of the level of user interface

integration, data integration and problem solving capability.

Chapter Eight — Assessment, assesses the research work described in this thesis. The
ISDSS taxonomy, the development and application of the GeoAnalyser system, and the

architectures for intelligent spatial decision support are assessed and compared against

possible alternatives.

Chapter Nine — Conclusions and Future Work, summarises and presents the
conclusions of this thesis. Further developments of the GeoAnalyser system, ISDSS

architectures and ISDSS generally are discussed.



Chapter 2
Spatial Decision Support Systems

This chapter defines Spatial Decision Support Systems, how they differ
fundamentally from Geographical Information Systems (GIS) and discusses
the facilities that SDSS provide for spatial decision making. It introduces
Intelligent Systems techniques and presents the integration issues involved in
combining these techniques with SDSS. It reviews software integration

technologies and surveys the extent to which these technologies are supported
by existing SDSS and GIS.

2.1 Introduction

The last ten years or so have witnessed the emergence of Geographical Information
Systems (GIS) as the mainstream application platform for performing spatial analysis.
However, while GIS undoubtedly furnish the user with a powerful set of tools for viewing
spatial data and performing map-based analysis, they only provide limited support for

more advanced methods of spatial inquiry and exploration (Armstrong and Densham
1990; Burrough 1990).

Spatial Decision Support Systems transcend and, in some respects, complement the
feature set provided by Geographical Information Systems. To provide an understanding
of how this class of system differs from GIS, various definitions of SDSS are examined
and the facilities they provide for spatial decision support are described. This is followed
by an overview of Intelligent Systems techniques and an introduction to the

implementation issues surrounding their integration with existing GIS and SDSS.

2.2 Definitions

In arriving at a satisfactory definition for SDSS, it is interesting to note how others view
GIS. As an example, GIS have been defined as ‘a decision support system involving the
integration of spatially referenced data in a problem-solving environment’ (Cowen 1988).
The misconception that GIS are essentially decision support systems appears to be quite

widespread. This is quite understandable given recent developments in the GIS field
(Bracken and Webster 1989):

£

‘Since most modern GIS now incorporate analytical models, support high-level query

languages, and are typically used to provide answers to ill-structured spatial problems,
20
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they can be properly thought of as geographical decision support systems. A commercial
GIS suite may therefore be thought of as a spatial DSS building tool’.

These definitions cast a very wide net, covering SDSS and even systems which may not
result 1n the creation of map images at all. Indeed, on the subject of equating GIS with
any type of geographic data processing system, Cowen argues further that ‘such vague
definitions are doing great disservice by allowing the label of GIS to be applied to almost

any software system that can display a map or map-like image on a computer screen’.

An alternative definition 1s ‘a system of hardware, software, data, people, organisations,
and institutional arrangements for collecting, storing and analysing, and disseminating
information about areas of the Earth’ (Nyerges 1993). This broad definition 1s in

recognition of the ancillary requirements and processes in creating spatial databases and
the deployment ot GIS in organisations.

Clearly there are widely differing perspectives as to what constitutes a GIS. Nyerges

acknowledges this by noting that ‘a single definition of GIS is too limited to offer a full,

functional description.’

To provide an alternative starting point for defining SDSS, a definition for decision
support systems might therefore be more instructive. The following six characteristics
comprise one definition that might be applied here (Geoffrion 1983):

1. ‘They are used to tackle ill- or semi-structured problems — these occur when

the problem, the decision-maker’s objectives, or both, cannot be fully and

coherently specified.

2. They are designed to be easy to use, the often very sophisticated computer

technology is accessed through a user-friendly front end.

3. They are designed to enable the user to make full use of all the data and
models that are available, so interfacing routines and data base management

systems are important elements.

4. The user develops a solution procedure using the models as decision aids to

generate a series of alternatives.

5. They are designed for flexibility of use and ease of adaptation to the evolving

needs of the user.

6. They are developed interactively and recursively to provide a multiple-pass
approach which contrasts with the more traditional serial approach — involving

clearly defined phases through which the system progresses.’
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These characteristics provide a useful defining framework for a wider class of problems
than SDSS. A reasonable definition can be constructed by limiting this to problems
Involving spatial concepts and operating on spatial data in a non-trivial manner (the

requirement of non-triviality excludes systems where the spatial nature of data plays no
part 1n the solution of the problem).

Compare with the following definition which has been proposed (Armstrong and
Densham 1990):

"A SDSS i1s focused on a limited problem domain, makes use of a variety of data types,
brings analytical and statistical modelling capabilities to bear on problems, relies on
graphic displays to convey information to decision-makers, is adaptable to the decision-

maker’s style of problem-solving and can easily be modified to include new capabilities.’

The ingredient missing from this view is support for the exploration of ill- or semi-
structured problems and their solutions. This is provided by the first characteristic

proposed by Geoftrion. The following amalgamates and summarises the above
definitions:

‘A system which is designed to support the solution of ill- or semi-structured spatial
problems. The system flexibly and interactively aids the user in finding alternative
solutions drawing on data of various types, including spatial data, using spatial analysis
and modelling tools accessed via an intuitive user interface (incorporating graphic
displays of output). It is adaptable to various problem-solving styles and typically can be

adapted by the inclusion of new capabilities.’

This provides a useful set of defining properties which clearly anchors the conceptual

nature of SDSS in decision support and the operational nature in spatial analysis.

Furthermore, as far as implementation is concerned, there is clearly much scope for
developing both generic systems, capable of operating on a broad range of problems, as
well as problem-specific SDSS. Given this broad scope of design goals, the following set

of functional modules have been identified across SDSS implementations (Armstrong

and Densham 1990):

1. Database management system;

2. Analysis routines;

3. Display and report generators; and

4. User interface.
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As the authors note, this modular decomposition may or may not be reflected in the
concrete design of the system as such. Rather, the decomposition is indicative of the
different components that constitute a SDSS in the functional sense. The existence of

such functional modules should be useful, in addition to the above definition, for deciding

whether or not a particular system satisfies the criteria for a SDSS.

On a concluding note, it is interesting to point out that the definition of SDSS synthesised
above contrasts sharply with widely accepted definitions of GIS (Burrough 1986;
Goodchild and Kemp 1990; Star and Estes 1990; Bill and Fritsch 1991; Maguire 1991;
Turk 1992; Fischer and Nijkamp 1993). However, as is the nature of classification, there
will be systems that exhibit both GIS and SDSS properties. This does not pose a problem
as far as the classification itself is concerned, because at this stage the definition 1is

concerned mainly with the properties that are classed rather than system implementations.

Therefore, the definition is more in the nature of a conceptual framework rather than a
strict classification scheme.

2.3 Decision Support Approaches

In any given domain, problem solving involves the following basic procedure
(Armstrong, De et al. 1990):

1. ‘Determining what the real problem is,

2. Determining a strategy to find a solution, and

3. Finding a solution.’

For many classes of problem, all three of these steps are clearly defined and thus the

solution procedure is straightforward. These are termed well-defined problems.

However, in those cases where 1 and 2 are not clearly defined, the process of finding a
solution is not so straightforward. These are termed ill-structured or semi-structured
problems. For many of these problems, determining the problem can be the most
important and difficult part of arriving at a solution. For locational decision making

problems, Armstrong et al point out that this lack of structure arises due to difficulty in:
1. ‘Specifying a comprehensive set of relevant criteria at the outset...;

2. Specifying the weights to be assigned to criteria before decisionmakers know

the characteristics of the system that best meets their weighted critegia;

3. Specifying site-specific constraints betore decisionmakers know the

consequence of imposing these constraints;
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4. Capturing all relevant data about the geographical environment at a level of

accuracy sufficient to discriminate between alternative solutions.’

To generalise, for any given spatial problem there can be great difficulties in being able to
specity the problem in its entirety, which leads to obvious difficulties in solving such ill-
or semi-structured problems. SDSS should permit the decision maker to evolve a better
understanding of the problem and facilitate exploration of the problem domain using an
extensible set of tools without imposing any particular style of problem-solving. In some

cases, they actively assist the decision maker in the search for a problem definition and

solution strategy.

It is worthwhile examining the type of decision support that SDSS implementations otfer
for spatial problem-solving. It has already been suggested that SDSS, being essentially a
restricted subclass of DSS, provide some form of support for ill- or semi-structured
spatial problems. What is the nature of that support? In what ways do they augment the
decision making process so that real solutions may be found? To answer these questions,
it would be instructive to examine some real examples of SDSS. Table 2.1 summarises

the decision support features of various SDSS.

The systems described in Table 2.1 exhibit a combination of three fundamental decision

support characteristics:

o Interactivity — A flexible user interface which facilitates the user to (possibly
recursively) explore the problem in a number of prescribed ways, without locking

the user into a fixed problem-solving procedure.

« Exploratory tools — A combination of tools for information visualisation and
reporting, what-if analysis, spatial analysis, modelling and simulation. These tools

assist in finding solutions to clearly defined sub problems. The emphasis should

be on exploration rather than solution.

o Explicit decision support — Active assistance in the specification and solution of
ill- or semi-structured problems. Tools include knowledge-based planners and

decision support shells (allowing alternative solutions to be tracked and

compared).

These characteristics serve to classify the type and nature of decision support provided by
SPSS. The range of decision support features provided by a system 1s governed by a

range of factors, such as cost, the original system design objectives, the nature of the

human decision making process that is being facilitated, organisational processes, etc.
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Application Decision Support Other Features Reference
Facilities

MLDSS Retail store Interactive, Uses a spatial Kohsaka 1993
location exploratory analysis | interaction model
with bicubic spline
Interpolation. 3D
graphics are used to
depict retails trade
areas.

EDSS-1 Environmental | Knowledge-based Analytical models Guariso and

management planning stored 1n a model Werthner 1989
base.

KBDSS Locat_ional Knowledge-based Metaplanner (using | Armstrong, De et
planning planning the knowledge base). | al. 1990

DDSS Dist'ribution Interactive analysis Evans and

vehicle Norback 1985

scheduling

Locational Exploratory analysis { DSS generator for a | Carlson, Bennett

GADS
class of locational etal. 1974
planning problems.

planning

UDMS Settlement Interactive, Modular system Robinson 1983
planning exploratory analysis | design.

NYCFP Locational Exploratory analysis | Produces heuristic Blum 1972
planning decision rules.

SDSS for LLocational Interactive, Uses distributed

computing resources
for analysis and

mapping.

Armstrong,
Rushton et al.
1991

Reorganising
Service
Delivery
Systems

planning exploratory analysis
allowing
comparisons to be
made between

alternative solutions

SDSS for Location Interactive,
Location selection exploratory analysis
Selection

Links a commercial | Willer 1990
GIS (TransCAD)

with a location-

allocation modelling

package.

Built using SISKIT, | Abel, Yap et al.
a DSS toolkit. 1992

BANKSIA Environmental | Interactive,
decision exploratory analysis
support

ADAPT Land use Keeps track of
planning decisions and their
underlying reasons.

XPLANNER Facility Compares different | Uses expert system
planning and plans; allows what-1f | for domain specific

management simulations knowledge.

ISIS Streams
management
and planning

Davis and Grant
1987

Uses knowledge
based methods to
determine activity
allocation.

Han, Kim et al.
1991

Hopkins and
Armstrong 1985

Interactive, Uses analytic

exploratory analysis | database for decision
support.

GIMS LLand resource | Interactive, Natural language Kessel 1990
management exploratory analysis | query interface.

Table 2.1 - Decision support features of SDSS
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Many of the systems in Table 2.1 have been developed using the traditional Operational

Research methodology ‘with the analyst stripping away the poorly structured decision
environment to consider only the well-structured aspects of a problem’” (Densham and
Rushton 1988). Certainly, for most semi-structured problems, important parts of the

problem are well-defined and can be solved using analytical and modelling methods. For

such problems, there is great value in providing the analytical tools to help solve the

structured components of the problem. These tools help the analyst effectively explore the
solution space of a sub problem.

Another vital part of decision support is providing access to large quantities of relevant

information, often stored in a database. The information might be transformed and

depicted graphically (e.g. maps) as well as summarised in tables. Such tools play a
valuable part 1in the decision process.

Some systems provide extensive support and guidance for problem specification,
exploration of solutions and evaluation of outcomes. However, automated support of this
nature 1s not required for certain decision processes, for example in complex applications
where the decision environment is constantly changing such that the system cannot deal

with all situations that are likely to arise. In these applications, the burden of keeping
detailed records of potential solutions and their acceptance by the various parties involved

must be assumed by the decision maker or analyst.

Of course, the wider reality is that the environment in which decision support systems are
deployed involves participation amongst several parties which often leads quite naturally
to multiple conflicting objectives. Conflict resolution 1s thus a main ingredient in the
solution process, but one that is not explicitly supported in most systems for the reasons

outlined above.

Alternative types of decision support that have been proposed for inclusion in SDSS
include techniques such as Multi-Criteria Evaluation (Carver 1991). This allows direct

comparisons to be made between solutions that are weighted ditferently by the various

decision makers involved in a problem.

The next chapter introduces issues and arguments for the development of Intelligent
Spatial Decision Support Systems. These build on SDSS by augmenting the decision
support facilities and analytical tools with “Intelligent Systems techniques™. ISDSS are
defined and classified in Chapter 3. The next section serves as an introduction to
Intelligent Systems techniques and their applications. Section 2.5 examines some of the

integration issues surrounding their integration with both SDSS and GIS.
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2.4 Intelligent Systems Techniques

The term “Intelligent Systems techniques” is used to collectively group widely differing
sets of techniques which, as their main common factor, employ or create knowledge. The
techniques are useful for performing generic tasks such as pattern recognition, decision
support and forecasting. Each technique (covering Neural Networks, Genetic Algorithms,
Rule Based Systems and Nonlinear Dynamics) relies on quite diverse algorithms and

software construction. Most of the techniques take their inspiration from nature (e.g.
neural networks are loosely based on the structure of brain tissue).

Intelligent Systems techniques have been utilised successfully for a wide class of
problems, ranging from the forecasting of economic time series and customer profiling to
providing decision support shells for complex software systems and optimising retail

store layouts. More recently, their advantages over traditional statistical techniques have

led to widespread application in the finance industry (Treleaven and Goonatilake 1992).

Intelligent Systems techniques offer unique advantages for many types of problem,
including the following. These are summarised below:

* Flexibility — the potential to be applied to a wide range of problems.

 Adaptability — slight changes in the problem domain can be accommodated
automatically.

« Learning — past data can be analysed to solve a given problem without the need

to define the individual steps in the solution.
 Innovation — the ability to discover new knowledge.

A brief introduction to the various techniques is provided below. The basic algorithms are
described together with a summary of their main application areas, particular problem-

solving strengths and applications in spatial problem-solving.

2.4.1 Neural Networks

As is well known, Neural Networks (Aleksander and Morton 1990) are distributed
processing systems based loosely on the structure of the brain and the function of
individual neurons. They are composed of a large number of simple processing units
(neurons) linked by connections to form a network (as in Figure 2.1). Each of the
connections has associated with it a variable weight which attenuates the strength of the
signal transmitted by the connection. During execution, a neuron performs a s#imple sum

of its input values (which may be coming from other neurons in the network). Next a '
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threshold is applied and the neuron only fires (i.e. transmits a signal at its output) if the
sum of inputs exceeds that threshold. The process of adjusting the network weights is
termed learning and is achieved by means of a learning algorithm. Two basic forms of
learning exist. In unsupervised learning, a set of representative training examples are
presented to the network, which classifies the data by making associations among them.
In the second form, called supervised learning, both training examples and a desired
network response is supplied. Here, the network learns to associate the arbitrary input

patterns with the supplied output. The latter form of learning, being the more common,
shall be demonstrated by means of the example below.
Training Examples:

e.g. stock movements

Test Time Series
Predicted

Cycle through data point
. examples |

Inputs:

+ Jv X+ X+ X«
‘\é\wﬁl‘\'f/}/

<

[SRITLTRY

P\
$ Adjust weights
to correct error

Network Prediction

Network Output
(Predicted Value)

(a) Network training (b) Prediction

Figure 2.1 — Time-series prediction using a feed-forward Neural Network

A variety of network topologies exist. The most widespread is the feed-forward network

using the back-propagation learning algorithm. This is briefly discussed below.

In a feed-forward network, the neurons are arranged in a number of layers, where each
layer is fully connected to the neurons in the next layer. The middle layers are the so-
called hidden layers, which are important as this is where feature representations are built
up. This approach prohibits feedback loops which are very difficult to train. The
algorithm proceeds by selecting a training example from the representative training
dataset. On presentation to the network, appropriate input neurons fire, propagating a set
of signals to the next layer, and so on. The signal which reaches the output 1s compared
with the desired output (the next data point in the time series in this case) to calculate the

network error. A share of this error is then propagated backwards from layer to layer
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depending on the strength of the weights. The weights are then altered slightly (according
to the learning rate) to compensate for the error. In this way 1t 18 hoped that the network
will gradually arrive at a state where it has adequately learnt to associate any given input

pattern. To test the network, unseen data is presented to the data and the network’s
prediction compared to the expected data.

A properly trained network can generalise from the examples in the training set and can

deal with noisy or missing data. These strengths have led to successful applications in

areas such as financial forecasting, customer profiling and pattern recognition.

In practice, it is actually quite difficult to decide the best values for the neuron threshold

and learning rate. These difficulties can lead to over-training, where the network learns to

treat each input pattern as a special case rather than classifying their common
characteristics.

Neural networks are ideally suited for classification and pattern recognition tasks. No
detailed knowledge about the data is required for the network to automatically define
pattern classes which capture the essence of the input data. Unfortunately, neural
networks cannot easily be endowed with the ability to explain the reasoning used to arrive

at a decision. This limits the usefulness of this technique in certain areas (e.g. medical

diagnosis).

Openshaw has demonstrated the usefulness of neural networks for modelling spatial
interaction (Openshaw and Turton 1994) and classifying spatial data (Openshaw 1994,
Openshaw and Wymer 1991). Wang has shown that neural networks can be successtully

integrated with a GIS for performing land suitability analysis (Wang 1994).

2.4.2 Genetic Algorithms

Genetic Algorithms (Holland 1975, Davis 1991, Goldberg 1989) are increasingly popular
probabilistic search methods inspired by the process of natural selection and evolution of

the fittest. A brief overview of the key aspects of the technique are described below,

making reference to the diagram in Figure 2.2.

The first stage in the construction of a Genetic Algorithm (GA) is representation -
selecting the most useful method of describing the individual (i.e. a solution to the
problem to be solved). Several approaches are possible, including the use of binary
strings, alphanumeric types, integers and floating point numbers. Regardless of which
form is adopted, individuals will be decomposed into genes and chrf)mosomes
(collections of genes). It is important that genes responsible for coding similar aspects of

a problem (and are therefore linked in some way) are kept close together in the gene
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s€quence and, preferably, stored in a separate chromosome if effective solutions are to be
found .

Population

Chromosome Sting Fitness

A 100101  0.40

B 010110 0.22
C 110010  0.30
D 100011  0.08
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Figure 2.2 — Genetic Algorithm operation cycle

The GA commences with Initialisation. For this, one or more pools (i.e. collections) of
individuals are created, with each individual’s genes set to random values. Next the
fitness of each individual is calculated using the fitness function. This function returns a
value (normally a floating point number) reflecting the success of an individual at solving
the problem at hand. The fitness values are used to perform Selection - determining which
individuals are to be selected for reproduction. One common way of doing this 1s by

Roulette Wheel selection (where the fitness values indicate the selection probability).

In the reproduction stage, genetic operators are employed to alter gene values and create
offspring which differ from their parents. The Crossover operator 1s used to swap lengths
of genes from corresponding chromosomes of individuals in the same pool. The Mutation
operator introduces small changes in the gene pattern of an individual. This may cause a
much larger change in an individual’s phenotype (i.e. the expressed genes). Finally the

Migration operator is used to copy or move individuals between pools if more than one

pool was initially created.

Finally, the worst performing individuals are removed from the pools and the above

process is iterated until a suitable solution has evolved. :
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GAs are capable of performing a nonlinear search of the entire search space, homing in
on areas which yield good solutions. One of the key features is that successful traits are
passed on to the next generation. The use of the fitness measure during the selection and
alteration operations ensures that the fittest individuals are more likely to dominate those

which are not so good at solving the problem. Due to their highly separable nature, GAs

are particularly amenable to implementation on parallel hardware, and numerous toolkits

are available for doing this (Ribeiro-Filho and Treleaven 1994) e.g. the PAPAGENA
programming environment developed at UCL.

GAs have been successfully used for search/optimisation problems in a variety of areas

e.g. the data mining of very large databases (Goldberg 1989), economic modelling
(Stender 1994), etc.

Some exploratory work has been done on evolving spatial models (Openshaw, Charlton

et al. 1987, Openshaw 1988) and calibrating particular models. There remains a great deal

of promise for building spatial exploration and search algorithms using genetic
algorithms embedded within GIS.

2.4.3 Rule-based Systems

Rule-based Systems are comprised of three distinct areas: Expert Systems, Fuzzy Logic
and Rule Induction. Each of these is based on the concept of a rule, a logical assertion

relating one or more conditions to a number of outcomes.

An Expert System (Jackson 1986) i1s a system that contains the knowledge of a human
expert and can be consulted as if it were an expert. The basic idea is to store a particular
arca of knowledge 1n the form of a rule base (1.e. a related collection of rules). Rule
creation 1s a lengthy, time consuming process, often performed by interviewing the
human expert. Once the knowledge has been represented in this manner, it may be
consulted via text-based query (as in an expert system shell). The inference engine
selectively applies rules which match the input expression in order to arrive at a final
outcome. One important aspect of expert systems is that the reasoning process may be
examined at any stage. This is vital for application areas which require a certain degree of
accountability; for example, the legal and medical professions. Expert systems are best
suited for knowledge that is well understood, easily formulated into rules and fairly
stable. The last point is important, as the costs of re-engineering a rule base can be high
and the inability to respond to changing knowledge can result in systems which do not
perform in their optimal capacity. Examples of expert systems applications include

computer-based training systems, insurance claims processing and medical ‘diagnostic

systems.
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Expert systems have been extensively assessed and used for spatial decision support and
knowledge encapsulation (Burrough 1992). Expert systems shells are potentially useful as
decision aids in all aspects of GIS and SDSS, from the collection (sampling) and
calibration of data to the analysis of these data and the construction of queries. Such
applications of expert systems within GIS have led to these systems being termed
Intelligent GIS (Burrough 1992). Expert systems can aid modelling activities further by
providing additional modelling support and assistance in the deployment of techniques
which are difficult to master (neural networks and genetic algorithms in particular),

resulting 1n the construction of hybrid systems where the user still has some measure of
control.

Fuzzy Logic (Zadeh 1984) generalises on the Boolean valued logic of expert systems to
permit an infinite range of values between True and False (binary 1 and 0). This
allows the use of imprecise terms and concepts familiar to humans (such as recent, quite
low, much older, etc.) in the construction of rules for expert systems. Fuzzy values are
determined by membership functions, which describe the degree of set membership of a
particular variable. Fuzzy logic is better able to deal with the inherent inexact nature of
the real world, where both inputs and outputs cannot easily be categorised into clear cut
classes. Due to these strengths, fuzzy logic is being exploited in all manner of control
systems (ranging from washing machines to automobiles) and for pattern recognition
tasks, such as handwriting recognition and land use classification. It has also been used
successfully to add fuzzy query capabilities to conventional database management

systems and handle noisy data in financial trading systems.

There has recently been a great deal of interest in using fuzzy methods to capture the
inexactness in spatial data and define fuzzy terms to relate spatial entities (Altman 1994).
Examples include using fuzzy algorithms for clustering spatial data (McBratney and
Moore 1985), efficient methods of performing segment intersections during map overlay
operations (Guevara and Bishop 1985), describing the gradual transition of spatial values
(Sui 1992), defining spatial linguistic terms (Leung 1982) and the development of models
for fuzzy relational databases supporting fuzzy queries (Robinson 1983; Wang 1994).

Finally Rule Induction (Forsyth 1986) is an important technique for automatically
discovering rules from a sample data set. This is achieved by classifying the available
data using statistical techniques in order to find relationships. One example 1s ID3
(Quinlan 1979), which relies on entropy measures. The resulting knowledge 1s stored as a
decision tree and may be usefully incorporated into an expert system. Rule Induction 1s
also of benefit for data mining, an increasingly important set of methods for gleaning

&

significant information from large databases.
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The ID3 rule induction algorithm has been used as part of XPLANNER (Han, Kim et al.

1991), a SDSS for facility management and planning, to generate production rules from
sample decision data.

Each of the above techniques are complementary - both rule induction and fuzzy logic

may be utilised to enhance expert systems - allowing the construction of superior hybrid
knowledge systems (data permitting).

2.4.4 Nonlinear Dynamics

Nonlinear Dynamics (Thompson and Stewart 1986), also known as Dynamical Systems
Theory or simply Chaos Theory, has emerged as a set of techniques for analysing natural
processes which appear to be random but in fact have an underlying deterministic nature.
Examples of such processes include fluid flow and the behaviour of financial markets
(Peters 1991). The data from these systems, when plotted using suitable co-ordinates, can

reveal a certain degree of structure in the dynamics. This structure 1s termed the attracting

set (or attractor). The techniques embrace:

» Characterisation - quantifying the degree of nonlinearity and determinism
via measures such as the Lyapunov exponent, fractal and Haussdorf

dimension, etc.;

+ Embedding - methods of observing the attractor via Poincar€ sections and

singular systems analysis;

Local and global mappings - to predict future behaviour in the short and
medium term (long term predictions are essentially impossible due to the
sensitive dependence on initial conditions - small, immeasurable changes in

the initial state of the system can cause a large change in the observed

evolution).

Application areas which have derived benefit from these techniques include local and
global weather forecasting, analysing engineering systems and predicting financial time
series. Although nonlinear dynamics is not, strictly speaking, an Intelligent Systems

technique, it has been included here because of the tools that it provides for dealing with

complex nonlinear behaviour.

Nonlinear evolutionary spatial interaction models were quite popular during the 80°s for
modelling industrial growth (see for example Allen and Sanglier 1981). Aside from this,
the lack of sufficient spatial time series data has prevented the applicatioh of these

powerful methods of data analysis.
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2.4.5 Hybrid Systems

Combining the best features of different methods is essentially the approach taken to
construct Hybrid Systems. These often generate superior results to those obtained through

the use of any particular technique. Various approaches to devising hybrid systems are

possible. These generally fall into one of the following classes (Goonatilake and Khebbal
1995):

* Function-replacing hybrids - where part of the process of a single technique

1s replaced by another technique (e.g. using a genetic algorithm to optimise

the weights in a neural network);

e Intercommunicating hybrids - here the problem is tackled by self contained
techniques which exchange data (e.g. using a neural network to first classify

inputs before being passed to an expert system);

Polymorphic hybrids - an existing technique is simply used to replace the
functionality of another (e.g. performing expert system-like symbolic

reasoning with a neural network).

Further examples include employing an expert system to assist in the tricky process of
configuring and training a neural network. Or a genetic algorithm could be utilised to

evolve a set of rules for an expert system.

Some existing and potential application areas of intelligent techniques in spatial problem-

solving are summarised in Figure 2.3.

Expert Systems

e Decision support
e Land use classification

Neural Networks

e Seismic pattern
recognition

| and use classification

e Spatial pattern
recognition

e Spatial time series

forecasting

Genetic Algorithms

» Regional modelling

* Spatial location search
e Facilities optimisation
o Utilities distribution

Rule Induction

e Spatial data mining
e Transport modelling

Fuzzy Logic

e Fuzzy spatial query ana
fuzzy databases

e Decision support
| _and use classification

Nonlinear Dynamics §

 Climate change

» Population dynamics

 Spatial time series
forecasting

o Terrain characterisation

[
........

M
ALY

PINOEC I R I

A B P T / £4 -"‘5"":?-"':""":"'-" et :W f” '@Wﬁﬂﬁiﬂfﬁf! iy ?C:}wr' BV S T B A S T S e N T S T T A ae e ' . .

P A AT AL A A J"F.r‘“:'--"';"" J{{f;{fﬂ‘:"% AT T L ‘.';"':' R At Ao L e / LATE ( T e R L T o P AT T L T et e e

e {..- _.-""..- E;;}iaﬂ::.:;i; :.r::;ﬁd?-i;rf;:;;"F;?fﬁ;:;rf:{:f:'%-" :I'::_ ..._}:. RN s ] o ry&;ﬁ%ﬁ#f;;ﬁﬁéf-:ifﬁ:':.lé:.iﬁz,{-" Be e T T LT T . L ';"_':':'.':. AR B LRI AR DO S
. v, ! A e a i Y R R i r - . Pl i it ol el el il e el IE i ol e . - e . . oo . o : o oo '

Figure 2.3 - Application of intelligent techniques for spatial problem-solving
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2.5 Methods of Integration

Intelligent Systems techniques offer a wide range of powerful tools for exploring data of
all types, including spatial data. There are three main software engineering methods that
may be taken for the utilisation of these techniques in the construction of SDSS. First,
bespoke systems can be constructed from scratch by building all the required tools into
the one software system. This results in monolithic application programs, long product

development times, inflexibility for future developments and, consequently, high costs.
KBDSS (Armstrong, De et al. 1990) is an example of this approach.

Secondly, the system can be constructed in a highly modular fashion as a number of
distinct software systems, with each module custom-built but operating reasonably
independently from the others. This approach is still fairly costly, as each module uses a
proprietary interface and is designed to work within the context of larger system, but has

the advantage of offering the developer a more manageable development cycle.
BANKSIA (Abel, Yap et al. 1992) has been built using this type of approach.

Thirdly, the system can be devised as a set of interacting modules, as with the second
approach, but using off-the-shelf software wherever possible as well as custom-built
systems. This has the advantage of having low development costs, flexible development
cycle and ease of adding new features. It also allows the developer to create a feature-rich

decision support system without requiring many person-years of effort to do so. Willer’s
SDSS for Location Selection (Willer 1990) is an example of this approach, linking a

standard GIS (TransCAD) with a custom-built location-allocation modelling package.

There are considerable advantages in employing the third approach for developing
decision support systems. The main hurdle in using this approach is in being able to
transparently link together the various software subsystems so that they behave as a single
system. Chapter 3 deals with this issue in more detail and proposes an alternative method
of integrating different software subsystems. The Client-Server Model, widely used 1n

industry as a method of software integration, is introduced 1n the following sections .

7 5.1 Client-Server Model

Over the past fifteen years or so, personal and office computing systems have evolved
f-om standalone machines to computers linked by a communications network. This was
driven chiefly by the greater flexibility afforded by being able to share valuable system
resources, such as file stores, printers, etc. An essential requirement for achieving this

<hift towards decentralised facilities was a method of passing messages between

applications across such a network.
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In the software domain, the object oriented methodology has become another enabling
force by allowing applications to be built from small, self-contained and reusable
components. This has led in turn to far greater flexibility, adaptability and scalability in
the software development process than was possible before. Distributed message passing

facilities have also enabled the construction of systems that are object oriented at the

system level. Examples include client-server databases, which are accessible objects in
the system environment.

Utilisation of this technology has not, however, been mirrored in the GIS and SDSS field.
The technology has received very little attention in the literature despite the general shift
towards this type of system in the commercial domain. Nevertheless, this state of affairs

has not prevented a few vendors from providing limited support for client-server
technology 1n their products (see below).

Several classes of interapplication communication (IAC) technology are available. The

technology provides the underlying basis for developing client-server applications that

can co-operate across a network.

In the basic client-server model (Berson 1992), a client application requests services from
a server application (see Figure 2.4). An example of such a service might be a request to
send some data in an agreed format. The request would be packaged according to the IAC
protocol supported and delivered by the operating system. The server application would
then verify the request and send back either the data (if the request meets the appropriate
criteria) or else generate an error message. The operating system ensures that the
messages are delivered successfully and the applications concerned are responsible for

dispatching and handling requests for services in the appropriate manner.

Figure 2.4 — Simple client-server model

Client-server systems operate either over a network or on a standalone machine. The
advantage of running over a network is that they can make better use of hardware

resources. For example, a fast computer with a large quantity of disk storage 1s a typical
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requirement for a database server. Authorised users on the same network as the server can

make use of this hardware, resulting in a more cost-effective set-up.

Another key feature of messaging passing techniques is that they permit applications to be

built from smaller components that communicate with one another in a predefined way.
This enables higher levels of code reuse, as many components can be built fairly
independently from the main system. Modular or object oriented methods also make
system design considerably easier, both by allowing the overall system to be conceptually
broken down into smaller subsystems and by promoting clearer divisions of work

between programming teams, as implementation dependencies are reduced.

The following sections discuss message passing facilities on three distinct operating
systems: Microsoft Windows, Unix and Apple MacOS. These are essentially very similar

technologies but they are inherently incompatible with one another and offer different

network services.

2.5.2 Microsoft DDE

The Dynamic Data Exchange (Clark 1992) mechanism of Microsoft Windows
implements an operating system-supported protocol for performing message passing
between applications. DDE is also available in a similar form on IBM’s OS/2 operating

system.

A client typically engages in the following procedure to conduct a DDE message
exchange (Vose 1990):

e Allocate shared memory for a DDE object

Both applications will access this memory to exchange the DDE message.

e Create a format for the data to be passed

This might be the supplied clipboard format, or any other custom format.

e Select a type for the information exchange

This specifies whether the exchange will be once only, a warm link or a hot link.
e Send the DDE message
e Deallocate shared memory

The second step 1s important to note for our discussion. By specifying a special format for
the data to be exchanged the structure of the data item is preserved. There 1s ho need to
export the data 1n, say, text format. This helps speed things up considerably provided both

applications agree on the format. Note also that the exchange uses main memory - there 1s
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no recourse to disk storage - resulting in a high operating speed. The third step permits
dynamic data to be transferred - if the data on the server side is constantly changing then

setting up a hot link will enable the client using that data to take account of those changes

automatically. This gets around the update problem associated with data which have been
statically cut and pasted into a document.

While DDE 1is primarily geared towards seamlessly integrating applications running on
the same PC, it can also be used to link applications across a network. Using what are
termed redirectors, the client initiates a message exchange with a local redirector. This
then packages the information and sends it over the network to another redirector on the

server machine, which decodes the information back into a DDE message and transfers 1t

to the server application for processing.

Several GIS currently support the use of DDE to various degrees, including Tydac’s
SPANS MAP, Pafec GIS for Windows and Maplnfo.

2.5.3 Unix Sockets and Pipes

Unix operating systems generally provide at least two methods of communicating
amongst applications. Although there are higher level services available from software

vendors, this discussion is limited to those available at the operating system level.

A pipe is a communication channel initiated by a running process (i.e. application) which
behaves very much like standard Unix file redirection. A new process 1s created 1n
parallel to the existing process and data can be piped to and from 1t as a sequence of
bytes. The restriction here is that data can only be piped to a new process that resides on

the same machine as the original process.

The second method, called sockets, relies on TCP/IP, the communications protocol
underpinning Unix networks and the Internet (Comer and Stevens 1994). A socket 1s a
one-way connection between two processes. Since each socket has associated with 1t an
Internet machine address and port number, the client and server processes can reside on
separate machines anywhere on the Internet. Communication is achieved by sending data
via a local socket. This is then transmitted over the network to the remote socket from
where it may be read by the server process. Typical client-server exchanges 1nvolve

setting up two sockets at each end, one for sending data and the other for receiving.

Applications written using sockets are fairly portable due to the wide availability of this
technology (implementations are even available for the other two operating systems
discussed here). However, there are currently no GIS or SDSS implementations that

provide an open interface for integrating using sockets.
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2.5.4 Apple Events

The MacOS provides a number of related facilities for interapplication communication
(see Apple Computer 1993 for further details).

At the lowest level, the Program-to-Program Communications (PPC) Toolbox provides

an etficient mechanism for sending blocks of data between applications that may be

spread across a network. This is mainly used by the operating system and applications
that need to exchange large quantities of data.

The main IAC facility supported by MacOS is Apple Events, which is based on the
services of the PPC Toolbox. All events, covering both user events (e.g. mouse clicks and
key presses) and system events (e.g. opening an application), are Apple Events.

Applications that support Apple Events must be capable of responding to a minimum of

four required events and any number of custom events as well as other optional system
events.

A preliminary step which must be negotiated by a client application 1s that of locating the
server application. Since the server may also be located on another computer, a standard
browser is provided to enable the user to specify which appropriate server application he

or she would like to communicate with. The process for sending an Apple Event then

proceeds as follows:
* The client creates an Apple Event object.
» Data items are packaged into the event object.
» The event object is then sent to the specified server.

»  Any data returned from the server are retrieved before disposing of the event

object.

An interesting feature is the ability to insert object specifier records within an event
object. These provide a standard way of referring to particular elements of a document,
such as “word 4 on line 2 of paragraph 3 of the document called Letter” or “region
labelled London within document UK_populations”. If the event is considered to be a

verb (e.g. “Copy”) the specifier records determine which object that verb should operate

OI1.

Publish and Subscribe uses Apple Events to provide a user-oriented method of sharing
dynamic information among a number of applications. From within a drawing package,

for example, a user might publish an edition of a drawing. Then, from a word-processor,
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this edition can be subscribed to and the drawing placed within the document. Any
consequent changes to the drawing will be automatically reflected inside the text

document. This is similar to hot-linking data using DDE but instead relies on files rather
than shared memory to perform the exchange.

Custom and system Apple Events can be recorded as a script. The script can be executed
any number of times to automate simple repetitive tasks. Scripts may also be compiled by

hand and this provides a very powerful capability for assembling custom systems that use

one or more component applications. The following is an example of such a script for
selecting a specific region on a map:

tell application “MapMaker”
select the regions of map MyMap

whose attribute “population” >= 10000

end tell

Scripts can also be used to implement parts of an application’s functionality, such as code
for responding to a mouse click. It is then possible for the user to replace these scripts

with their own, thereby modifying the standard behaviour of an application to suit a

particular purpose.

The user 1s not restricted to using the standard Apple Script language. Through the Open
Scripting Architecture of MacOS any number of custom scripting languages can be
implemented, using language constructs which are appropriate to a particular application

domain.

Currently, MapInfo 1s the only GIS on the Macintosh that supports the use of Apple
Events (handled through the Map Basic macro language).

2.5.5 Summary of Integration Methods

The variety and type of IAC facilities on the platforms discussed indicates the lack of
standards across the industry. Nevertheless a number of GIS vendors have built client-
server interfaces into their systems. This presents the possibility of building SDSS by
linking analytical tools with existing GIS using client-server methods. The technology
provides a number of support services in addition to message passing protocols; some of
these, notably the ability to refer to subelements of a document entity in a standard

manner, could be very useful for interacting with spatial data sets accessed via a GIS.
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2.6 Summary

This chapter has introduced SDSS as systems for dealing with ill- or semi-structured

spatial problems. A clear distinction has been made between SDSS and GIS, which are

essentially spatial data management, visualisation and analysis packages.

The types of decision support facilities that are built into existing SDSS have been
surveyed. These range from providing a highly interactive user environment to including

exploratory analysis and visualisation tools and endowing active support for the
specification and solution of spatial problems.

A description of Intelligent Systems techniques has been given together with an account
of their unique problem-solving and analytical functionality. Finally, implementation
issues surrounding the integration of various software subsystems into a single SDSS
were introduced. The client-server model and the underlying interapplication
communication technologies have been described for a number of mainstream operating

systems. These provide effective methods of integrating system components and utilising

distributed hardware resources.
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Intelligent Spatial Decision Support Systems:
Issues and Taxonomy

I'his chapter presents Intelligent Spatial Decision Support Systems as a
development from SDSS, incorporating the benefits that Intelligent Systems
techniques can bring to bear on ill and semi-structured spatial problems.
Arguments are developed for the construction of these systems. The issues
involved in building ISDSS are discussed. Lxisting methods of integrating
analytical tools within GIS and SDSS are evaluated. Distributed computing -
methods are then proposed to provide a mechanism for integrating the
software subsystems within ISDSS. Next, a classification scheme is presented
for characterising the various ways in which Intelligent Systems techniques
may be employed within ISDSS. To illustrate this taxonomy, specific

applications of these techniques in spatial decision making are discussed.

3.1 Introduction

Intelligent Systems techniques offer many advantages over traditional methods (such as
statistical analysis), particularly where the problem domain exhibits some form of
nonlinearity. They have found applications in many fields, including those relating to
spatial analysis, SDSS and GIS. This chapter describes a defining and conceptual
framework for combining Intelligent Systems techniques with SDSS to form Intelligent
Spatial Decision Support Systems (ISDSS). Starting with a formal definition, arguments
are presented to highlight the need for ISDSS. The various issues associated with
developing a new class of decision support system are discussed in depth. Following a
discussion ot coupling techniques currently employed, new alternatives based on the
client-server model are offered to address the general issue of linking analytical software
modules within SDSS and GIS.

3.2 Definition

At a simplistic level, ISDSS can be considered to be spatial decision support systems that
employ Intelligent Systems techniques for the exploration of spatial problems. The
benefits of utilising Intelligent Systems for spatial analysis have already beenfidentified.
However, their use need not be restricted to purely analytical functions. For example,

KBDSS (Armstrong, De et al. 1990) employs expert systems to encapsulate and apply
42
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domain specific knowledge for location selection of sites. They have also been
successtully applied for data query, feature extraction, classification and spatial analysis.

Section 3 details numerous examples of the use of Intelligent Systems for spatial analysis
and decision support as part of the description of the ISDSS taxonomy.

The following definition, a modified form of the SDSS definition presented in Chapter 2,
1s proposed as a definition of Intelligent Spatial Decision Support Systems:

‘A system which is designed to support the solution of ill- or semi-structured spatial
problems. The system flexibly and interactively aids the user in finding alternative
solutions drawing on data of various types, including spatial data, using Intelligent
Systems techniques, traditional spatial analysis functions and modelling tools accessed
via an intuitive user interface (incorporating graphic displays of output). It is adaptable

to various problem-solving styles and is typically extensible by the inclusion of new

analytical capabilities.’

Systems that exhibit these properties are considered to be a distinct class of SDSS. There
are various reasons for defining ISDSS to be a subclass of SDSS. First, the conceptual
design issues of ISDSS are more finely focused on knowledge processing in addition to
decision support and analysis. Secondly, the definition establishes a distinct conceptual
framework for combining novel computing techniques and existing methods to build new
systems. Thirdly, the distinction aids clarification of the important issues 1n the

application of Intelligent Systems techniques in spatial decision support.

3.3 Arguments for ISDSS

The benefits of using Intelligent Systems techniques for spatial decision support have
been touched on briefly in earlier sections. The main points are described fully here with
reference to arguments advanced in recent literature. These arguments also concern GIS
- addition to SDSS because, as detailed in Section 3.4, GIS play a key role in many

SDSS for delivering extensive visualisation and spatial data management facilities.

The following spatial decision support requirements are not being met adequately by

existing systems:

+  Data saturation — Improved data collection and storage methods has led to an
explosion in the availability of all types of spatial data. However there 1s a

paucity of methods for extracting useful knowledge from large datasets In
existing systems (Openshaw 1991).

e Data complexity — Coupled with the explosion in data availability, it is clear

that spatial data exhibits tremendous complexity in both the spatial and
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temporal domains. The classical theories cannot cope with this type of

complexity: “Sadly, we have not got very far . . . What exists is typically old

(von Thiinen, Christaller, Hoyt, etc.)” (Openshaw 1994). Often, the complex
detail is treated as noise.

Limited modelling capabilities — Existing modelling techniques offer a limited
range of functionality for the analysis of spatial data. Specifically, they are
geared for handling hard analysis problems and cannot deal with soft
information. Furthermore, they offer limited scope for the exploratory analysis
of large data sets (Openshaw 1994). Additionally, the analytical capabilities of

current GIS are based on cartographic technology (Openshaw, Cross et al.
1990).

Model complexity — Some of the available analysis tools are difficult to use:
“It is not easy for users to learn how and when to use the spatial analysis tools

to achieve any desired result” (Burrough 1992). Users of such tools need

additional support in the form of expert guidance in order to use them

effectively.

Lack of spatial decision support — Few systems provide active support for
decision making and solving complex ill-structured spatial problem. Expert
knowledge is required for being able to specify and solve such problems (see

for example Han, Kim et al. 1991)

These shortcomings are addressed to various extents by employing Intelligent Systems

techniques. They enhance traditional techniques when used in conjunction with existing

methods and they also offer completely new functionality (e.g. automated model

generation Openshaw 1988). Three main areas benefit from combining these techniques
with SDSS:

Enhancement of spatial modelling and spatial data analysis. Intelligent
Systems techniques significantly widen the set of analytical tools available
(Smith 1984). Techniques such as neural networks and genetic algorithms can
be used for mining and modelling large datasets (Openshaw 1994) and
working with complex nonlinear spatial data. Fuzzy logic provides a better
and more natural way of representing spatial relationships (Burrough 1989,
Burrough 1986). Other examples include using rule based systems for land

suitability assessment (Diamond and Wright 1988) and planning (Davis,
Compagnonti et al. 1987).

#
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Knowledge processing. Rule based systems and neural networks are useful for

eliciting, representing and applying soft domain knowledge.

Enhanced decision support. Intelligent techniques, particularly expert systems,
can assist 1n many stages of the decision process (Densham and Rushton 1988,
Davis and Grant 1987): specifying the problem, selecting data, assistance with
using models (Han, Kim et al. 1991, Burrough 1992), evaluating and

comparing solutions, assessing reliability of results and treatment of errors.

These benefits arise from their unique abilities to learn. adapt and innovate as well as to

apply expert knowledge to a problem and create new knowledge. These advantages have

consequently led to their inclusion in spatial analysis research agendas (NCGIA 1989)

and they are seen as a way forward by prominent researchers in the field.

3.4 Development Issues

In Chapter 2 Section 2.5, three software engineering strategies for the construction of
SDSS were described:

* Bespoke, integrated system
* Homogeneous modular system (built using custom-built components)

* Heterogeneous modular system (composed of custom-built and off-the-shelf

subsystems).

There are many factors involved in deciding which strategy is chosen. However, current
trends 1in computing are increasingly leading developers to adhere to a modular software
design route as part of their rapid application development approach. For developing
decision support systems, this approach is generally preterred because a wide range of

functionality can be easily built into a system without sacrificing key design objectives.

It would be useful to brietly review the development methods used for existing SDSS.
Table 3.1 summarises the implementation approach employed and, where applicable, the
method used to integrate the system components (either loose coupling or tight coupling

— see Section 3.5 for a full description of these terms).

It is interesting to note that several of the SDSS reviewed use GIS for the mapping and
display subsystem coupled loosely with the other system components. This has important
consequences for the design of the system as a whole. Clearly, integration of GIS with
analytical techniques and models (including Intelligent Systems techniques) and decision

support capabilities 1s therefore a key issue in the construction of ISDSS. These issues are

discussed in detail in the next section.
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SDSS Application Implementation Details Integration

Method

Retail store
location

Uses custom analysis software (written
in MS FORTRAN) and GIS (IDRISI)

for 3D mapping

Loose coupling
(via files)

EDSS-1

(Guariso and Werthner
1989)

Environmental
management

Homogeneous system composed of a
database, knowledge base, model base,

system manager and dialogue module
(GUI). System built using LISP.

None
None
None

None

KBDSS

(Armstrong, De et al.
1990)

DDSS

(Evans and Norback
1985)

GADS

(Carlson, Bennett et
al. 1974)

Locational

Homogeneous system composed of a
planning

knowledge base, sub-problem-solver and
metaplanner.

Distribution
vehicle
scheduling

Homogenous system

Locational
planning

Homogeneous sytem composed of one
program for extracting data from a

database and another providing analysis
and display procedures.

UDMS Settlement Modular homogeneous system Loose coupling
(Robinson 1983) planning composed of 22 separate programes. (via files)
NYCFP Locational Homogenous system None

(Blum 1972) planning

SDSS tor [Locational
Reorganising Service | planning
Dehivery Systems

(Armstrong, Rushton

Heterogeneous system. Uses linked
computers to exchange files between

analysis program and GIS (Atlas).

Loose coupling
(via files)

et al. 1991)

SDSS for Location [Location

Selection selection
(Willer 1990)

Heterogeneous system. Links GIS
(TransCAD) with location-allocation
modelling package.

BANKSIA Environmental | Modular homogeneous system. None
(Abel, Yap et al. decision
1992) support
ADAPT LLand use Homogeneous system. None
Davis and Grant 1987) | planning

XPLANNER Facility Complex heterogeneous system built Combination of
(Han, Kim et al. 1991) | planning and using a decision support system loose coupling
management generator (GURU) . Combines DBMS, | (via files) and
expert system modules and standalone tight coupling
optimisation program (L1ndo). (via procedure
calls).

None
&

Loose coupling
(via files)

Streams
management
and planning

ISIS
(Hopkins and
Armstrong 1985)

GIMS
(Kessel 1990)

Homogeneous system.

- "
Homogeneous system based on a suite | None

of programs built around an ASCII-file
database.

ILand resource

management

Table 3.1 — SDSS development details

R —
* Efforts are currently underway to loosely couple (via files) GIMS implementations with a

commercial GIS (Arc/Info) to provide better mapping facilities (Kessel 1990).
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Another observation is that, of those systems which employ a modular approach at the

system level, all use loose coupling (i.e. file exchange) to transfer data between the
system components.

Of the systems reviewed, three satisfy the ISDSS definition given earlier. Each of EDSS-
I, KBDSS and XPLANNER use knowledge based methods to assist in the decision

making process by making expert domain knowledge accessible during the problem-
solving process.

The following points must be considered during the development of modular ISDSS:

* Data flows and data interfaces. Great care needs to be taken to ensure data

integrity during any data conversions. This is more problematic for
heterogeneous systems.

* User interface. Creating a uniform and consistent user interface across all

subsystems 1s a major challenge.

* Nature of decision support facilities. As Section 2.3 of Chapter 2 highlighted,

one or a combination of three types of decision support may be offered.

» Incorporation of Intelligent Systems techniques and traditional spatial
analysis methods. A careful assessment needs to be made of the methods that
will be used to achieve the design goals of the system. The strengths and
weaknesses of each intelligent technique need to be taken into account in
order to develop a strategy for applying them to the problem at hand. In many
cases it may be necessary to combine the strengths of more than one technique
to realise the desired objective. An assessment of the spatial problem-solving

abilities of each intelligent technique is provided in Table 3.2.

e Cost. Most systems will be built for a very specific purpose and often for a

single organisation, resulting in higher development costs.

e Hardware platform. This can have important implications regarding the
availability of development software, toolkits, class libraries and the

integration mechanism employed.

o Cross-platform support. If more than one platform is to be supported, a choice
needs to be made between maintaining multiple code bases and making use of
cross-platform development environments (that commonly abstract the

hardware, file system and user interface details of each platform).
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Technique Learning
ability

Modelling

soft spatial of outcomes
information processes

Neural
networks
Genetic
algorithms
Rule
Induction

Table 3.2 — Spatial problem-solving properties of intelligent techniques

Modelling | Explanation

Handling
Imprecision

Fuzzy
logic

o Use of decision support system generators. Toolkits such as GURU (Micro
Database Systems Inc. 1987) are designed for developing decision support
systems and offer various tools including in-built programming languages for

providing additional functionality.

e  Spatial data visualisation. A GIS or other display software may be employed

for this element. Alternatively display tools can be coded from scratch.

Many of these issues are beyond the scope of this thesis. The issues associated with

integration and decision support are dealt with in the next section and subsequent

chapters.

3.5 Software Integration Issues

Existing approaches to addressing the problem of integrating modelling methods with
SPSS and GIS range from tightly coupled systems to loosely coupled systems. There 1s
inevitably a trade-off in the linking strategy employed. A balance must be struck between
offering high speed data access but remaining GIS-specific on the one hand (e.g. using
purpose-built external modules) and lower speed access whilst being able to link to a

number of different GIS on the other (using file based interaction, for example).

This section explores the possibilities presented by employing client-server technologies.
At the simplest level, these are essentially comprised of operating system supported

protocols for handling message passing between applications. Examples include




Chapter 3 Intelligent Spatial Decision Support Systems: Issues and Taxonomy 49

Microsoft’s DDE, Apple’s Apple Events and sockets for Unix systems. These have the

potential of offering high speed data access yet being able to simultaneously link to
different GIS systems.

GIS are being used increasingly for spatial analysis and modelling, moving into territories
for which they were not necessarily designed. A variety of statistical methods, models and

analytical tools have been used for data analysis, decision support and forecasting in
applications such as land-use classification and location selection.

This has resulted in a number of ad hoc methods of getting around the problem of
combining modelling functions with GIS. Often this takes the form of separate external

packages that are poorly integrated with the viewing system. Consequently the linking
strategies are wholly incompatible with one another, so that an analysis tool built for one

GIS will not generally accept data generated by another.

The spectrum of approaches available for integrating analytical tools within GIS has two

extremes (Batty and Xie 1994): Loose Coupling and Tight Coupling.

3.5.1 Loose Coupling

Loosely coupled systems (see Figure 3.1) interact by using files to exchange data between
the GIS and the (separate) analysis/modelling package. For example, one might directly

read TIGER files into a modelling system and perform some analysis on that data.

Results for display

!

Import data Export data

Spatial
Analysis
Module
Import data
!

Data for analysis

Export data

Figure 3.1 — Loosely coupled approach to integration

The advantage of this approach is that the modelling subsystem can integrate with more
than one type of GIS by supporting a number of different data formats. Hence, loosely
coupled systems can be non-GIS-specific. However, this is achieved at the expense of

other desirable features. First, the speed of data transfer between the modelling system
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and the GIS is much lower, and generally calls for the user to manually export the data of
Interest before switching to the modelling system to read the data.

Secondly, the level of integration is much lower since interaction is at the file level. This
means that it is virtually impossible to implement a common user interface with linked

operations. For example, point-and-click operations cannot be supported between the GIS
and the modelling program.

3.5.2 Tight Coupling

In rightly coupled systems (see Figure 3.2) analytical and modelling utilities exist as
specially coded modules within the framework of the GIS. Such modules might be

written 1n a language provided by the GIS (e.g. the Arc Macro Language for Arc/Info) or
a standard language like C or C++. This effectively results in an extension of the GIS’

functionality and the analysis system can appear to be seamlessly integrated from a user
interface viewpoint. For example, point-and-click queries could be supported in such a
system, providing much more intuitive answers for users. Here the GIS would dispatch an

(x,y) co-ordinate pair to the modelling program, which could then display a result within a
window.
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Figure 3.2 — Tightly coupled approach to integration

Speed of operation is a further advantage of this approach, since all data transfer between

the GIS and the modelling subsystem can be performed in main memory.

However, modules built in this way are necessarily GIS-specific, since other GIS will
generally not support a compatible macro programming language or cater for an identical
set of user procedure calls (i.e. hooks). Consequently, there is no prospect of being able to
un the same models on other GIS. From purely a research perspective, this may not
present a problem but in a commercial environment, such compatibility across multiple

applications in the same class is highly desirable. For example, the ability to read Lotus 1-

2-3 spreadsheets into Microsoft Excel and vice versa is an essential feature both for users,



