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Foreword

Geographic information systems (GIS) have been under continuous devel-
opment for several decades. By now, they are both well known and widely
used, and have become integral elements of information technology appli-
cations in a wide variety of domains. In its simplest form, GIS software
enables users to address a variety of questions that have two root forms:
what are the attributes associated with a place and which places have one
or more specified attribute(s)? Such systems are particularly helpful when
they are used to obtain results for simple queries or to address structured
problems that have a well-defined solution process that can be specified
and followed as a sequence of steps.

But many problems, particularly those that have a contested public policy
component, are neither well structured nor clearly defined. In such cases,
different interest groups may not only fail to agree on a solution process for
a problem, they may fail to agree on fundamental aspects of its formulation.
Consequently, there is no prescriptive process that can be followed to yield
a solution. Spatial decision support systems (SDSS) are designed and imple-
mented to address this class of semistructured problems with advanced
analytical tools that help people explore a problem, learn about it, and use
the information gained to arrive at improved decisions.

This timely book begins with coverage of basic geospatial data handling
concepts, methods, and materials. It places the development of SDSS con-
cepts within a historical framework of development and treats important
system components with a level of detail that is appropriate for students
who may have different backgrounds or be at different stages of intel-
lectual development. Coverage then moves on to demonstrate how these
components can be assembled into flexible collections that are used to
address particular types of applications. It is here, with the illustration of
different component assemblages, that the book coheres by demonstrat-
ing how an SDSS can be implemented in the form of a traditional desktop
system or using distributed, web-based services. This is done in a way
that should prove instructive to both students and their teachers.

I sincerely hope that you enjoy reading and learning from this book
and that it will lead you to contribute new insights. I came away from it
wishing that the book had been available to me many years ago when I
was beginning to struggle with the SDSS concepts that now seem rather
straightforward after having read these chapters.

Marc P. Armstrong
Professor and Chair, Department of Geography, The University of lowa
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Preface

Spatial decision support systems (SDSS) are designed to help decision
makers solve complex spatially related problems and provide a frame-
work for integrating (a) analytical and spatial modeling capabilities, (b)
spatial and nonspatial data management, (c) domain knowledge, (d) spa-
tial display capabilities, and (e) reporting capabilities. The use of SDSS
in academic and business communities is increasing. For example, busi-
nesses are using sophisticated SDSS to analyze customer information for
marketing, customer relationship management, and generating business
intelligence to gain competitive advantage. Organizations are also using
SDSS for traditional problems such as determining plant locations, where
typically only ZIP code information is used. There is also growing inter-
est from planners and managers of resource assessment, environmental
analysis, geological exploration, remote sensing, business analyses, soil
science, public health, and hazard analysis in developing spatial models
and SDSS to support managerial decision making. As the use of SDSS pro-
liferates, there is a great demand for SDSS-related publications, especially
books that could be used for training students as well as professionals.

It is evident from the previous examples that there is tremendous inter-
est in the design and deployment of SDSS in various domains. Research
on SDSS is also on the rise, which is evidenced by the number of confer-
ences discussing this topic as well as special issues of journals. In addi-
tion, there are an increasing number of professional training courses that
aim to discuss the fundamentals of SDSS and their applications. With
this increased interest and development of SDSS, there is a great need for
a comprehensive book that covers the fundamentals of SDSS as well as
advanced design concepts for building SDSS. However, currently no such
book is available for students, planners and managers, and the research
community. Most of the existing materials on SDSS are book chapters,
conference proceedings, and journal articles. Many of these are domain
or application specific and do not provide a comprehensive treatment of
SDSS. In addition to research by the academic community, there have been
a number of important developments from vendors and the practitioner
community. Hence, there is tremendous opportunity and need for a com-
prehensive book on SDSS. The primary goal of the authors is to provide
a thorough overview concerning the current state of the art in SDSS tech-
nology and their application from an interdisciplinary perspective.

The collection in this book consists of four major parts, each address-
ing different topic areas in SDSS. Part 1, consisting of Chapters 1 and 2,
primarily presents an introduction to SDSS and the evolution of SDSS.

XV



xvi Preface

Chapter 1 provides an introduction to the importance of spatial decision
making and discusses how SDSS supports the spatial decision-making
process. The purpose of Chapter 2 is to detail the evolution of SDSS from
decision science and geographical information science perspectives.

Part 2 covers the different components of SDSS. Chapter 3 focuses on
the spatial database management and spatial analysis capabilities of
geographical information science (GIS) software. Chapter 4 focuses on
the other components of SDSS, including the model base, user interface,
stakeholders, and knowledge components. The focus of Part 3 is the
design and implementation of SDSS. Chapter 5 provides an overview
of the range of existing SDSS software configurations and covers soft-
ware that can be used to construct new SDSS. Chapter 6 investigates
techniques and technologies for building new SDSS while Chapters 7
and 8 provide examples of desktop and Web-based SDSS development
and implementation. In the final part, Chapter 9 provides an overview
of SDSS applications from various domains or disciplines with numer-
ous detailed case studies provided. Chapter 10 addresses both technical
and organizational challenges that affect the success or failure of SDSS
uptake. The chapter concludes by documenting some of the likely future
directions of SDSS.

The intended audiences for this book are students as well as profession-
als working in all decision and geosciences application domains includ-
ing, but not limited to, resource assessment, environmental analysis and
assessment, geological exploration, remote sensing, business analyses, soil
science, public health, and hazard analysis. This book will also be of inter-
est to researchers, planners, and managers involved in urban and regional
planning. This book will be suitable for teaching at different levels. It will
be easy for instructors to adopt because of the organization of its con-
tent, which starts with a basic introduction and progresses to advanced
step-by-step implementation of SDSS. It also includes creative projects
and exercises that instructors can use in introductory or graduate-level
courses. This book can also be used by professional trainers that offer
short training courses on various aspects of SDSS and their application.

Ramanathan Sugumaran
University of Northern lowa

John DeGroote
University of Northern lowa
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Introduction

Learning Objectives

® Be introduced to spatial decision-making processes.
¢ Learn how decision support tools can aid these processes.

* Be introduced to spatial decision support systems and learn some
basic definitions.

1.1 Introduction

Location, location, and location.

—Harold Samuel

This long reiterated maxim, credited to Lord Harold Samuel in 1944, was
spoken to stress the importance of location in relation to property and real
estate in London. However, it can be applied to many aspects of life and
society. Maps have always formed an integral part in decision-making pro-
cesses as witnessed by elementary maps drawn on the walls of caves thou-
sands of years ago. In 1854, John Snow, a doctor in London, created a map
that provided evidence that the Soho, London, cholera epidemic originated
from a single water well. This work was credited with forming the begin-
ning of the science of epidemiology and demonstrated the value of spatial
information in addressing a real-world problem. Over the last few decades,
the use of locational or geographical information has exploded in commer-
cial, governmental, academic, and individual enterprises. With the evolu-
tion of ever more powerful computing hardware and software, the ability
to capture, manage, and spatially analyze geographical information has
grown tremendously. Further, the ability to incorporate locational informa-
tion into decision-making processes has been democratized through the use
of inexpensive Global Positioning Systems (GPS) and navigation systems
as well as Web-based neo-geographical services provided by sites such as
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Google Maps, Google Earth, Yahoo! Maps, and MapQuest. These and many
other Web sites use underlying databases of spatial information and pro-
cessing algorithms to provide information to individuals and businesses
about directions, locations of property for sale, locations of businesses such
as hotels or restaurants, or weather forecasts for a particular place.

In conjunction with the evolution of these geographically democratizing
technologies, there has been an exponential growth in the use of spatially
related information to support commercial, governmental, and academic
decision-making processes for situations more complex than just decid-
ing where to have dinner. Issues such as environmental management, land
use planning, transportation design, commercial or public welfare service
provision, and emergency/hazard management cut across administrative,
institutional, and stakeholder settings, which are couched within a compli-
cated spatial matrix. For example, imagine a situation in which there is a
desire to improve the water quality in a popular recreational lake that has
excessive nutrient levels. The lake is fed by a river, which in turn receives
water from numerous tributaries and sub-watersheds. There are various
land uses, varying topography, and a wide range of people with different
interests and priorities (i.e., economic, environmental, recreational) across
the lake’s watershed. These kinds of issues present a level of complexity that
requires tools to aid in the decision-making process. This book investigates
spatial decision support systems (SDSS), which are a class of tools used to
address complicated spatial decision problems. The book provides an over-
view of the evolution of SDSS, the technological underpinnings of SDSS
development, examples of SDSS applications, and the challenges facing the
successful development and application of SDSS.

The purpose of this chapter is to provide an introduction to the impor-
tance of spatial decision making and how SDSS supports the spatial deci-
sion-making process. This chapter is organized into five sections. The first
section explains spatial decision making and associated complexities. The
second section describes spatial decision-making processes, while the
third section demonstrates the need for a computer-based support system
to assist the spatial decision-making process. The fourth section provides
basic definitions of SDSS and related systems, and the final section out-
lines the remaining content of this book.

I
1.2 Spatial Decision Making
1.2.1 What Are Spatial Decisions?

A decision can be defined as a choice that is made between two or more
alternatives. Individuals have to make many decisions every day. The
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potential choices in a decision are formed after defining certain mini-
mum objectives, and alternatively, more demanding objectives. There are
many examples of tools to help people make decisions, such as cost-of-
living calculators for planning a move to a new city or retirement calcula-
tors that aid people in deciding how to invest for retirement. Institutional
or organizational decision making is often much more complex, but indi-
viduals are still charged with making those decisions. There are greater
resources in these decision-making situations but also a greater range
of constraints, alternatives, and possible decisions. These people have to
identify management goals and in turn determine a range of choices or
alternatives that can meet those goals. From a range of disciplines, there
have been a variety of decision aids and tools designed to provide a more
systematic approach to making organizational decisions. In many cases,
spatial characteristics and attributes are crucial to the decision-making
situation. Imagine that you are planning a day of running errands and
you have to plan your itinerary. Most people will want to plan their trip
along an efficient route, but might also make sure they get to eat lunch
at their favorite restaurant. Thus, you need to process various pieces of
information, including locational information, and make a choice about
your route that meets your goals as fully as possible. Today, with online
tools such as Google Maps (Figure 1.1) or MapQuest, decision aids can be
used to help support the routing decision.

Now imagine a delivery driver who has to make ninety-four deliveries
the following day across a medium-sized city taking into account traffic
patterns. The sheer number of deliveries, as well as traffic considerations,
makes it difficult for that individual to decide on the exact route that is
most efficient. In these cases, computer routing applications are often used
in order to help plan efficient routes. The location of customers and busi-
nesses is clearly important in the business world. Many consumers have
noticed how businesses ask for your address or ZIP code when purchas-
ing an item. They are collecting locational information about customers,
for inclusion in databases that can be used to support decisions about how
to deploy their resources. Examples of spatially contingent decision mak-
ing could include siting problems, such as where to put a retail store, a
landfill, a community center, or other facility; allocation decisions, such as
how many police officers to deploy to a certain neighborhood; or resource
status decisions, such as when and where to control for a pest species such
as mosquitoes.

Geographic information is crucial to decision making by all manner
of organizations. It is estimated that 80% of data used by managers and
decision makers is geographically related (Worrall 1991). The amount of
spatial information collected, managed, and analyzed has grown greatly
over the last few decades. There has also been tremendous growth, from
the 1990s to the present, in the sale and utilization of both hardware and
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software related to spatial information. This growth is presently continu-
ing with increased use of spatial information at all levels of government,
business, and academics.

1.2.2 Types of Spatial Decisions

There is a tremendous range of spatially dependent decisions for various
organizations throughout the world. However, these can be organized into
general categories depending on perspective. For example, the Committee
on the Geographic Foundation for Agenda 21 (Jensen et al. 2002) listed
three spatial decision categories in relation to sustainable development:
(1) resource allocation decisions, (2) resource status decisions, and (3) pol-
icy decisions. Resource allocation decisions require value judgments as
well as logistical and technical considerations. An example of a resource
allocation decision could be where to place limited air quality monitor-
ing equipment in order to efficiently collect data to understand the risk
of exposure to residents of a city. Resource status decisions often require
timely spatial information. Examples of resource status decisions could
include those made in relation to crop condition, timber harvesting, or
potential disease vector populations. The use of dynamic data, such as
that collected from real or near real-time remote, sensing systems, or GPS-
collected field data, is important in relation to resource status decisions.
The implications, including the spatial implications of policy decisions,
represent their final decision category. For example, if a state government
provides significant tax and business incentives for the development of
wind energy, where are the most likely places for these developments
to occur? In another study, Kemp (2008) organized types of spatial deci-
sions into four categories: (1) site selection, (2) location allocation, (3) land
use selection, and (4) land use allocation. Site selection is a very common
activity for business, government, and individuals and requires the con-
sideration of many spatial factors. A city locating a new park might want
the parcel(s) of land to be accessible to children and adults, be of a certain
minimum size, and have acceptable geology or soil conditions. Location
allocation decisions are ones in which a main goal of the decision is to
site something in order to have optimal allocation. For example, it would
be ideal to locate a medical clinic in order to minimize travel times for
the largest possible number of patients. Land use selection is the opposite
of site selection, in that for a given a parcel of land, what would be an
ideal use for it? This could be dependent on the zoning designation of
the parcel, potential surrounding customer base for a business, or physi-
cal parameters and limitations of the land for certain kinds of develop-
ment. Kemp’s final category, land use allocation, is for when there are a
variety of parcels of land that are best used for certain purposes. A good
example of this is planning and zoning activities where land might need
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to be allocated for a variety of purposes, including business or residential
development, open space, or transportation corridors.

1.2.3 Spatial Decision-Making Problems

Spatial decision making is often complex and requires information
produced from many sources and interpreted by a variety of decision
makers in relation to different goals and objectives. Simon (1960) char-
acterized decisions as being structured (programmable), semistructured,
or unstructured (nonprogrammable), with the latter representing those
that suffer from a lack of knowledge, large search space, need for data
that cannot be quantified, and so on (Carlson 1978). Spatial decisions are
often described as semistructured, meaning that they fall between struc-
tured and unstructured. These semistructured problems are often mul-
tidimensional, have goals and objectives that are not completely defined,
and have a large number of alternative solutions (Gao et al. 2004). Spatial
decision problems are also often characterized by uncertainty and con-
flicts between the various stakeholders interested in the process (Wang
and Cheng 2006). Important aspects of the decision alternatives and the
potential outcomes also can vary spatially, adding to the complexity. The
great complexity involved in spatial decision making suggests the use of
automated or computer-based techniques. However, there is usually not a
single solution that meets all objectives for all stakeholders (Xiao 2007).
The difficulties of spatial decision making can be understood better
with some examples. Let us return to the lake water quality issue that
was mentioned earlier. An example lake in the state of Iowa is shown
in Figure 1.2. This lake has had consistently high nutrient and bacteria
levels. The pollution levels are driven by non-point source pollution that
comes from the agricultural land in the watershed (a watershed is the
land area that drains into the lake) as well as urban areas that surround
the lake. The watershed contains a variety of land uses and conditions,
including intensive agriculture. A major goal of some stakeholders is
the improvement in these water quality parameters as they adversely
affect the ecological system of the lake, which in turn hurts recreational
opportunities in the lake and also economic potentials. The farmers, on
the other hand, attempt to maximize profit, which often leads to the use
of fertilizers, manure, and agricultural chemicals. In addition, there are
houses that ring the lake that use chemicals to keep their lawns look-
ing nice. All of these practices lead to runoff of pollutants into the lake
and water quality problems. There are numerous government agencies
at different levels that have an interest in the lake and the land in its
watershed. These include the city government that receives complaints
regarding water quality; the state natural resource management agency,
which manages a state park on the lake, manages the lake’s fishery,
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and also monitors the state’s surface waters; as well as a federal land
management agency that assists farmers with land management in the
area. There are also organized public interest research groups, such as
environmentalists, who are interested in restoring wetlands in the lake’s
watershed and in improving the lake water quality. There are numerous
types of individuals who have a stake in the policies affecting the lake,
including the farmers who don’t want their profits cut by overregulation
of their practices, anglers who want a fishery that is not deteriorated by
pollution from farms and urban areas, families who want to be able to
safely swim in the lake, businesspeople who benefit from recreational
activities, and finally agency personnel who want to effectively manage
the land and water to meet stakeholder needs and wants. Thus, you have
a large number of interested parties with varying goals that are tied to a
varied spatial landscape. Potential decisions made to improve lake water
quality would require explicit consideration of spatial information, such
as the locations of agricultural areas that lead to the most pollution,
where might agricultural best practices be most beneficial, or where
might possible wetland restoration be placed to achieve maximum ben-
efit. These types of considerations are complex, involve many stakehold-
ers, and would require multidisciplinary scientific approaches.

Let’s take another spatial decision example. Imagine that a company
is looking for a place to construct a new building to expand (e.g., a new
supermarket). The selection of a suitable piece of land for development
involves several factors, such as the availability of land, cost of land, loca-
tion of existing businesses, zoning regulations, demographic character-
istics, physical and geological characteristics of the land, proximity to
utilities and other infrastructure, and city ordinances. In situations like
this, a computer-based system can be useful to decision makers in making
quick and critical decisions during the site selection process.

1.3 Spatial Decision-Making Process

The decision-making process can be seen as a process in which decision
makers try to find the best action (solution) to move from an initial situa-
tion to a desired goal situation. A general overview of the spatial decision-
making process is given in Figure 1.3. Simon (1960) suggested that the
decision-making process can be seen as being structured in three phases:
intelligence, design, and choice. The intelligence phase includes formula-
tion of the problem and the search for information relevant to finding
solutions to the problem. The design phase involves the compilation and
analysis of data and information to work toward a solution. The final
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FIGURE 1.3
General spatial decision-making process.

phase is the choice phase in which selection from alternatives is made
(Feeney and Williamson 2002). These phases do not necessarily progress
linearly as there is usually a return to previous phases after gathering
new knowledge or after the generation of new ideas. This overall deci-
sion-making process may also be modeled as an adaptive process that
consists of subprocesses (or phases, stages), such as problem identification
and goal specification, generation of alternative actions, identification of
consequences of actions, and selection of one alternative over the others
(Huber 1989).

There are intricacies and attributes particular to complex spatial
decision-making processes. Problems or issues requiring spatial con-
siderations are complex, multidimensional, characterized by aspects
of uncertainty, and usually involve numerous concerned stakeholders.
These characteristics make it unlikely for the decision-making process
to proceed linearly. Rather, it is likely to follow an iterative process
with various interactions between groups. These groups require ade-
quate information in order to participate in the decision-making pro-
cess. Rarely is there enough or exactly the right kind of information.
Malczewski (1999) categorized information used in spatial decision-
making processes into “hard” and “soft” categories. Hard information
is that which is derived from reported facts, quantitative estimates, or
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systematic opinion surveys, while soft information is that which is based
on opinions, priorities, or preferences of decision makers, or based on
ad hoc surveys or comments. Both sets of information are likely always
considered in spatial decision-making situations.

Keller (1997) listed five steps governing the spatial decision-making
process: (1) identifying the issue, (2) collecting the necessary data, (3)
defining the problem, including objectives, assumptions, and con-
straints, (4) finding appropriate solution procedures, and (5) solving
the problem by finding an optimal solution. In our watershed example,
the problem would be formally recognized by the lowa Department of
Natural Resources (DNR) when they declare the lake an impaired water
body as required by the United States Environmental Protection Agency
given certain water quality attributes. Meetings between stakeholders,
with the Jowa DNR likely serving as the lead agency, could lead to the
development of a comprehensive database containing spatial and nons-
patial data regarding the watershed. Again, through meetings between
stakeholders, an overall objective as well as constraints could be identi-
fied. The overall objective might be defined as reducing the environmen-
tal (and negative economic) consequence of pollution while minimizing
the effect on the economic capabilities of agricultural and other interests
within the watershed. There are almost always multiple objectives arising
from different stakeholder perspectives, and defining the relationships
between the objectives and quantifying them in common terms, such
as monetary amounts, is necessary. Ideally, Keller says the objectives
could be minimized into a single overall objective. Finding the appro-
priate solution procedure, from step 4 above, is likely the most difficult
step in the spatial decision-making process. As the human and natural
processes that occur in the real world are not always easily defined, it
is usually necessary to define multiple scenarios or scenario structures.
For example, within the watershed, the amount of soil erosion depends
on the land use practices, which are controlled by economic factors such
as the price of crops or the demand in the housing market. Such compli-
cated situations require some model or combination of models to help
evaluate these different scenarios effectively. In conjunction with all
stakeholders, at this stage a set of software tools in the form of a formal-
ized SDSS, which would work with the database from step 2, should be
developed. With various stakeholders involved, the SDSS would then be
used to seek an optimal solution. Although this is presented as a linear
path, in reality, in order to be successful, iteration between the steps in
the process is required.
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1.4 Need for Decision Support Systems

As has been demonstrated, spatial decision situations are often complex,
multidisciplinary, and usually involve many stakeholders. Due to the
wide variety of interested parties, it is also important to build support
or justification for the decision that is made (Ingram 1973). To meet this
type of requirement, relevant information concerning the issue must be
acquired and organized to support problem analysis. In complex deci-
sion situations, the decision-making process is often iterative, interactive,
and participative (Goel 1999). The process is iterative as alternative actions
are analyzed and information gained is used to guide further analyses.
It is interactive and participative because a variety of information must
be incorporated and a variety of stakeholders must participate in the
process. As spatial decision-making situations are often complex and ill-
structured, individuals cannot process all of the necessary information.
There are human cognitive deficiencies in memory and analysis abilities,
and in order to address complex spatial problems or issues, support sys-
tems are often necessary and useful. These systems can help describe the
evolution of the issue or system, provide knowledge-based formulation of
possible actions, simulate consequences or actions of decision possibili-
ties, and assist in the formulation of implementation strategies (Chen and
Gold 1992).

The complicated nature of spatial decisions and the requirement for the
accumulation, management, and analysis of a variety of data sets make it
necessary to utilize computer-based tools. There are several tools, tech-
nologies, or systems such as Geographic Information Systems (GIS), deci-
sion support systems (DSS), expert systems (ES), remote sensing (RS), and
spatial decision support systems (SDSS) available to support spatial deci-
sions. Geographic information systems have been defined many times in
the literature. Example definitions include “a computer system for captur-
ing, storing, querying, analyzing, and displaying geospatial data” (Chang
2009, p. 1), and “a group of procedures that provide data input, storage and
retrieval, mapping and spatial analysis for both spatial and attribute data
to support the decision-making activities of the organization” (Grimshaw
2000, p. 33). Thus, GIS can be considered as a set of software tools that are
used to create, manage, display, and analyze spatial data for the purpose of
supporting modeling, investigation, and understanding of the real world.
GIS software is used in a wide variety of disciplines, including all levels of
government, across many business types, and in various academic disci-
plines for a variety of purposes.

Geographic information systems are a very useful technology because
they provide utility for creating, managing, and analyzing a variety of
spatial and nonspatial datasets. In our lake watershed example, spatial
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data on land use, land ownership, planning and zoning, soils, topogra-
phy, hydrologic features, recreational lands, location of any drainage or
discharge outlets to the lake, and other information can be organized in a
GIS database. Ancillary data on crop prices, land use practices, and other
information could also be included in the database. Malczewski (1999)
discussed how, in the intelligence phase of the decision-making process, a
search of the decision environment must be carried out and data acquired,
stored, retrieved, and managed. The construction of a spatially enabled
database allows for exploratory analysis of the problem environment to
be carried out using GIS. In the watershed example, it would be possible
to query the GIS database to demonstrate areas where high-intensity agri-
culture has taken place on steep slopes. This could provide an indication
of areas of potential erosion problems. However, this type of information
might be subject to uncertainty, such as whether the land use/cover map
is out of date, spatially precise, or whether it captures the exact farming
practices that have taken place on given pieces of land. The GIS database
does not necessarily capture the complexity of the situation as the data
itself might not be detailed enough. While GIS software tools are very
useful for spatial decision making, they lack the ability to adapt the deci-
sion makers” knowledge to the analysis, and the software out of the box
often is not flexible enough to allow for the analysis logic to be articulated
(Goel 1999). A detailed description and examination of GIS are given in
Chapter 3.

Decision support systems (DSS) have been developed over the course
of the last several decades across many disciplines to support decision
making. They incorporate modeling or analysis along with database
management systems and user interfaces for aiding the user. They also
sometimes incorporate knowledge or expert systems. Using computers
for decision support became practical with the development and evolu-
tion of computers over the last few decades. The concept originated in
the 1960s and growth accelerated in the 1970s. Much of the development
in DSS has come from the business world, in which applications such
as accounting and financial models and executive information systems
were developed (Power 2008). The number and diversity of DSS have
grown significantly with greater computing power and ever greater
amounts of data. Decision support systems often do not account for or
handle spatial aspects of decision making, and thus extension of the
concept of DSS to SDSS has been necessary.

Expert or knowledge-based systems are often built into DSS and SDSS.
These systems are meant to incorporate knowledge within a DSS in order
to provide humanlike reasoning within the system. This provides the
advantage of utilizing computing power, which can carry out many cal-
culations or process tremendous amounts of data, while at the same time
building in humanlike reasoning ability to develop useful scenarios. As a
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result, complex problems can be analyzed and what-if analyses can be car-
ried out with the aid of computing power and organizational and domain
knowledge (Courtney et al. 1987; Ozbayrak and Bell 2003).

Remote sensing has been defined many times; two definitions are pro-
vided here: “the science, technology, and art of obtaining information
about objects from a distance” (Aronoff 2005, p.2) and “the practice of deriv-
ing information about the Earth’s land and water surfaces using images
acquired from an overhead perspective, using electromagnetic radiation
in one or more regions of the electromagnetic spectrum, reflected or emit-
ted from the Earth’s surface” (Campbell 2008, p. 6). Remote sensing is a
very common and extremely valuable way of developing usable geospa-
tial data for GIS and SDSS applications. The main platforms for collec-
tion of remote sensing data are satellites and airplanes. There are many
software systems that are designed for processing, analyzing, and dis-
cerning information from imagery that is collected from remote sensing
platforms. The primary benefits from remotely sensed imagery include
the possibility of mapping features of the Earth’s surface using manual
interpretation and automated processing, repeated temporal recording of
the Earth’s surface for time-series analysis of changes, recording of meteo-
rological conditions across large areas and over short time periods, and
recording of wavelengths invisible to the human eye. As with GIS, the
number of remote sensing instruments and use of imagery have grown
significantly over the last few decades. Commercial satellite imagery has
grown greatly as an industry over the last decade to supplement the many
satellites operated by national governments.

Modeling is a very general term that will be used in different capaci-
ties throughout this book. The two main objectives of modeling in GIS,
and often SDSS, are to describe and predict (Aronoff 2005). A model
can be defined as a representation of one or more processes in the real
world, and is often are designed as a computer program (Maguire et al.
2005). Examples of modeling with a spatial component could include
mapping ideal travel paths on a road network based on distance and
average speeds; mapped estimation of erosion potential in a watershed
based on rainfall amounts, soil properties, and slope; or derivation
of maps of land cover change over time based on a series of remotely
sensed imagery.

All of these technologies can play a crucial role in the development
of SDSS. The GIS software often plays a fundamental and central role
in SDSS. However, in order to truly support the spatial decision-mak-
ing process, GIS functionality must be extended or joined with other
technology, such as DSS and ES, in order to form true spatial decision
support systems (SDSS).
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1.5 Definition of SDSS

The use of SDSS has grown dramatically over the last few decades but
there is still no universally accepted definition. There is some uncer-
tainty even about the definition of DSS, which have a longer history than
SDSS. Some authors in the past have characterized GIS as SDSS, using
the simplest perspective that they are computer tools that can be used to
support decisions (Keenan 2003). However, using a more stringent idea
of SDSS, there are more recent conclusions that GIS alone do not qualify
as SDSS (Keenan 2006; Keenan 2003; Sugumaran et al. 2007; Sugumaran
and Bakker 2007). Malczewski (1999, p. 281) defined SDSS as “an inter-
active computer based system designed to support a user or group of
users in achieving a higher effectiveness of decision making while solv-
ing a semi-structured spatial decision problem.” In an earlier defini-
tion, Densham (1991, p. 405) stated that SDSS are “explicitly designed to
provide the user with a decision-making environment that enables the
analysis of geographical information to be carried out in a flexible man-
ner.” Leipnik et al. (1993, p.1) defined SDSS as “integrated environments,
which utilize the databases that are both spatial and non-spatial models,
decision support tools like expert systems, statistical packages, optimi-
zation packages, and enhanced graphics to offer the decision makers a
new paradigm for analysis and problem solving.” In a nutshell, SDSS are
integrated computer systems that support decision makers in address-
ing semistructured or unstructured spatial problems in an interactive
and iterative way with functionality for handling spatial and nonspatial
databases, analytical modeling capabilities, decision support utilities
such as scenario analysis, and effective data and information presenta-
tion utilities. As SDSS are multifaceted technologies that are manifested
in many varieties, it is useful to look at some of the common traits that
characterize them.

1.6 SDSS Characteristics

Although these definitions convey an overall idea about the nature of
SDSS, it is necessary to characterize what qualifies as an SDSS more thor-
oughly with some characteristics that they must have (see Figure 1.4).
Kemp (2008) states that SDSS are systems that combine analytical tools
with functions available in GIS as well as models for evaluating vari-
ous options. She also mentions the presence of multi-criteria evaluation



Introduction 15

Spatial data
management
& analysis

Easy to use,
interactive

Iterative
problem
solving

Semi or ill-
structured
problem
solving

Spatial
modeling

Scenarios
evaluation

FIGURE 1.4
Characteristics of SDSS.

techniques for analyzing decision options and sensitivity analyses for
testing the robustness of decision recommendations. Goel (1999) dis-
cussed numerous traits that characterize SDSS: they are designed to
solve ill-structured problems, they have user interfaces, they have the
ability to flexibly combine models and data, they contain tools to help
users explore solution space to aid in the generation of feasible solu-
tions/alternatives, and they can provide an interactive and recursive
problem-solving environment. While GIS provides modeling capabili-
ties, they are not usually sufficient or directly applicable to unstructured
spatial decision problems. GIS, while able to allow spatial explora-
tion of the solution space, do not usually have sufficient flexibility for
interactive and recursive problem solving. In addition, GIS software is
developed for spatial problems, while complex decision problems often
involve both spatial and nonspatial aspects. As Keenan (2003) points
out, an SDSS must cater to the overall problem representation, which
will allow the user to not only incorporate the geographic data but also
include structures and functionality for addressing the logical view of
the problem. So, for example, in the watershed problem, the spatial data
and GIS functionality are useful and necessary, but other aspects such
as the cost of instituting best management practices, the possibility of
new and stricter environmental regulations, and the projected future
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development must be taken into account. In summary, an SDSS must
be built to be flexible to accommodate various stakeholder preferences
and restrictions and allow for effective user interaction in an iterative
problem-solving environment. To meet these requirements, custom soft-
ware is often developed with easy-to-use graphical user interfaces and
functionality for spatial database management and analysis, scenario
evaluation, modeling, visualization through maps, graphs, tables, and
report generation.

1.7 Types or Flavors of SDSS

A wide variety of SDSS have been under development for the last three
decades, and there is a continuing evolution in the technologies being
developed. The evolution of SDSS will be described in detail in later
chapters but, in general, has followed or lagged slightly behind that of
computing and also the development of GIS software. Since the 1980s,
SDSS has been influenced by computing technology with a greater num-
ber of applications being developed based on greater processing power
being available, development environments capable of providing user-
friendly applications, object-oriented programming languages, and with
the proliferation of Web-based capabilities. In the 1980s and for much of
the 1990s, workstation and desktop GIS systems were most often used
in the design of SDSS with ArcInfo software being the most commonly
utilized. As SDSS technology evolved, the inclusion of intelligent compo-
nents, such as expert-based or knowledge-based systems, was seen. As
more user-friendly GIS software and flexible development environments
were developed, a greater number of SDSS applications were built for
a wider variety of applications. This period was in the latter half of the
1990s and into the 2000s. With the growing ubiquity of the Internet and
the development of mapping and spatial analysis functionality in Web
environments there have been, in recent years, SDSS fully or partially
developed with Web technologies. The need for technologically feasible
collaborative spatial decision-making tools was stressed by Karacapilidis
et al. (1995). With technological improvements in networking and with
Web geospatial services development, collaborative and participative
SDSS are becoming more technologically feasible and common. The his-
tory and evolutionary drivers of SDSS development will be discussed in
detail in Chapter 2.
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1.8 Content of This Book

The use of SDSS in the academic and business community is increasing.
For example, businesses are using sophisticated SDSS to analyze cus-
tomer information for marketing, customer relationship management,
location analysis, and generating business intelligence to gain competi-
tive advantage. Besides the business community, there is growing interest
from scientists, planners, and managers involved in resource assessment,
environmental analysis, geological exploration, remote sensing, business
analyses, soil science, medical geography, and hazard analysis in devel-
oping spatial models and SDSS to support managerial decision making.
As the use of SDSS proliferates, there is going to be a greater demand for
SDSS-related publications, especially books that could be used for train-
ing students as well as professionals.

It is clear that there is tremendous interest in the design and deploy-
ment of SDSS in various domains. Research on SDSS is also on the rise,
which is evidenced by the number of conferences discussing this topic
as well as special SDSS-related issues of journals (e.g., Li et al. 2003;
Malczewski 2004; Andrienko et al. 2006; Balram et al. 2009). In addition,
there are an increasing number of academic and professional training
courses that aim to discuss the fundamentals of SDSS and their applica-
tions. With this increased interest in and development of SDSS, there is a
great need for a comprehensive book that provides the fundamentals of
SDSS as well as advanced design concepts and tools for building SDSS.
However, currently no such book is available for students, planners and
managers, and the research community. There are only a few books that
include chapters on SDSS (e.g., Leung 1997 and Malczewski 1999). These
books were published more than a decade ago and did not provide a
broad treatment of the subject. Since research on SDSS is carried out by a
number of disciplines, such as decision sciences, geosciences, and envi-
ronmental sciences, there need to be interdisciplinary approaches for
designing and deploying SDSS. This book will provide a broad-based
coverage of SDSS that will be useful to a wide range of disciplines and
will also provide thorough coverage of the important technologies that
are useful in SDSS development. There is tremendous opportunity and
need for a comprehensive book on SDSS that provides a complete over-
view and the current state of the art in SDSS technology and its applica-
tion from an interdisciplinary perspective.

The material of this book is organized in four parts with nine chapters
(Figure 1.5). We refer the reader to the list of acronyms on page xix. These
acronyms will be listed freely throughout the text of the book. The chap-
ters that follow and their contents are listed here:
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Structure and chapter overview of the book.

Part 1: Introduction

This part covers the introduction and progression or evolution of
SDSS.

e Chapter 1, “Introduction”: As mentioned earlier, the pur-
pose of this chapter has been to provide an introduction to
the importance of spatial decision making and how SDSS sup-
ports the spatial decision-making process.

¢ Chapter 2, “Evolution and Trends in SDSS": The purpose of
Chapter 2 is to discuss how SDSS evolved or progressed from
decision science and geographical information science. This
chapter investigates major technological and anthropogenic
drivers of SDSS development and recounts the evolution of
SDSS over the last several decades. Specific focus is given to
the evolution of SDSS from decision support systems and GIS
technology. The evolution of SDSS is traced through a com-
prehensive examination of the literature over the last several
decades. Historical as well as present trends in SDSS develop-
ment and use are traced.
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Part 2: SDSS Components

¢ Chapter 3, “Components of SDSS I: Geographic Information
Systems”: Chapter 3 introduces the main components of
SDSS, including the database, model base, user interface,
stakeholder, and knowledge components. However, as GIS
plays a central role in many SDSS, Chapter 3 mainly focuses
on this technology. The chapter introduces the history of GIS
development, definitions of GIS, spatial data models, attribute
data, data exploration and visualization, and spatial process-
ing and analysis.

¢ Chapter 4, “Components of SDSS II”: Chapter 4 focuses
on the remaining components that make up spatial decision
support systems. The model management component is dis-
cussed in detail with both generic modeling systems such as
weighted linear combination, artificial neural networks, cellu-
lar automata, and genetic algorithms, and application-specific
models such as hydrological models being reviewed. The evo-
lution of user interfaces in SDSS is discussed with state-of-the-
art examples provided from the present day. The importance
of stakeholders is also stressed in this chapter. Finally, the
knowledge management or expert systems component is dis-
cussed with some real-world examples provided.

Part 3: Design and Implementation of SDSS

* Chapter 5, “SDSS Software”: This chapter covers a broad
range of types of SDSS software that are available for use. The
chapter begins by looking at some of the broad functional
classes of SDSS. Then the chapter moves on to discuss spe-
cific SDSS software including problem-specific SDSS for given
application areas (e.g. overweight vehicle permitting SDSS),
general domain-level SDSS, such as for land use planning or
agricultural support, and generic SDSS modules that can be
utilized for a variety of spatial decision-making situations.

¢ Chapter 6, “Building SDSS Software”: Chapter 6 investi-
gates techniques and technologies for building new SDSS.
The most common techniques for developing SDSS are inves-
tigated. The various techniques of coupling multiple pro-
grams to form a single system are examined. In addition, the
technique of fully embedding all components into a single
piece of software, usually the GIS software is explored. The
various technologies that support SDSS development, such as
programming languages and development environments are
detailed.
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¢ Chapter 7, “Building Desktop SDSS”: In this chapter, poten-
tial SDSS development processes are examined. Then several
specific SDSS development examples are provided including
a Microsoft Excel based SDSS and an ArcGIS extension SDSS.
All of the necessary steps including programming code are
provided to guide the user in the development of example
SDSS software.

¢ Chapter 8, “Building Web-Based SDSS": In this chapter we
will provide some background and cover some of the impor-
tant issues that need to be considered for Web-based SDSS.
We then provide two examples of building Web-based SDSS
tools. The first example provides step-by-step instructions for
developing an ArcGIS server application. The second example
details the development of a Web-based SDSS using entirely
open source software.

Part 4: Applications and Challenges

e Chapter 9, “SDSS Applications”: Chapter 9 reviews a variety
of SDSS application examples from a range of disciplines using
a variety of techniques. The chapter provides an overview of
some of the uses of SDSS as documented in the scientific lit-
erature over the last several decades. A summary of applica-
tion areas in which SDSS have been used is provided. Detailed
descriptions of specific SDSS application examples from a range
of disciplines are also provided.

¢ Chapter 10, “SDSS Challenges and Future Directions”:
Chapter 9 provides a discussion of some of the present chal-
lenges in effective SDSS development and use. This chapter
addresses both technical and organizational challenges that
affect the success or failure of SDSS uptake. The chapter
concludes by documenting some of the future directions of
SDSS.
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Evolution and Trends in SDSS

Learning Objectives

* Understand the drivers of SDSS development.

¢ Explore the influence of decision science and geographic informa-
tion science on SDSS evolution.

* Learn about the historical trends in the use and application of SDSS.

2.1 Introduction

In Chapter 1, we introduced the importance of spatial decision-making
processes and explained various terms related to spatial decision support
systems (SDSS). The purpose of this chapter is to discuss how SDSS have
evolved or progressed from the decision science and geographic infor-
mation science disciplines. This chapter is organized in three sections.
The first section explains some of the major drivers in the evolution of
decision support systems (DSS), Geographic Information Systems (GIS),
and SDSS. The second section provides background and perspectives on
the evolution of SDSS from DSS and GIS. The final section explains the
progression of SDSS from simple, stand-alone desktop SDSS to advanced
service-based SDSS.

2.2 Origins of SDSS

As mentioned in the previous chapter, SDSS are “explicitly designed
to provide the user with a decision-making environment that enables
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the analysis of geographical information to be carried out in a flex-
ible manner” (Densham 1991, p. 405). In the past three decades, SDSS
have experienced tremendous growth and evolved from stand-alone
desktop applications to Web-based and service-based SDSS. A plethora
of names have been utilized in relation to systems that could poten-
tially be considered SDSS, including multi-criteria SDSS, group SDSS,
environmental DSS, Web-based SDSS, planning support systems, pol-
icy support systems, and collaborative SDSS. The focus of this chap-
ter is to detail how SDSS have evolved while noting some important
milestones.

Research on SDSShas mainly originated from two different disciplines—
DSS and GIS (Keenan 2006; Peterson 1998; Sugumaran and Sugumaran
2007). Figure 2.1 demonstrates the overall progression of SDSS from GIS
and DSS. Each discipline provided a unique contribution to the growth of
SDSS, and they are discussed in Sections 2.3 and 2.4. Before investigating
the contributions of GIS and DSS, it is important to understand the drivers
or factors that governed the evolution of these disciplines. The following
section provides an overview of some of the major drivers that assisted in
the development of different decision support technologies such as DSS,
GIS, and SDSS.
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FIGURE 2.1

Evolution of decision technologies (GIS, DSS, and SDSS).
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2.3 Core Drivers for the Development of
Spatial Decision Support Technology

During the past three decades, significant progress has been made in the
field of information systems, including the area of spatial decision sup-
port technologies. There have been many drivers spurring this progress,
including advancements in information technology (IT) and communi-
cation technology (CT), the variety of users, application domains and
experts in those domains, computer cost, developers/analysts, advance-
ments in spatial sciences, commercial incentives in spatial industries, data
affordability, data types, and data availability (Keenan 2003; Malczewski
2006). A schematic representation of the major driving forces involved in
the progression of SDSS is shown in Figure 2.2, and a brief description of
each driving factor is explained in the following section.

2.3.1 Information and Communication Technology

Although there have been several drivers enabling the progression of DSS,
GIS, and SDSS, information and communication technology (ICT) has
possibly had the largest impact. The continuous cost decline of computing
power in concert with the rapid expansion of computer power have been
the dominant technological drivers for the successful implementation of
GIS, DSS, and SDSS (Peterson 1998). As suggested by Moore’s Law (the
idea that the number of transistors that can be placed on a circuit would

Applications

End users

[ Developer & analyst

Spatially explicit
models

Information and
communication
technology

Expert domain
knowledge

User interface

FIGURE 2.2
Core drivers for the evolution of spatial decision support systems.
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double approximately every two years—Figure 2.3) from 1965, the power
of computing per unit cost has grown exponentially. This exponential
growth has allowed more and more computing power to be concentrated
in smaller and smaller packages, leading to the move from mainframe
computers to workstations to personal computers. Computing advances
have also facilitated advancement in other drivers, such as the types and
number of users, user interfaces, and application domains. With the ever-
expanding computing power and increased affordability came a greater
variety of users from a tremendous range of commercial, government,
and academic disciplines. To meet the needs of these users, an expanded
range of software applications and functionalities within these differ-
ent disciplines were developed. In addition, over time these applications
were developed with more user-friendly and intuitive user interfaces.
This transition was seen in GIS technology with a move from command-
line-driven systems to graphical user interface (GUI)-driven systems by
the 1990s. Further enabling IT technologies such as the Internet, intelli-
gent agents, multimedia, Web services, markup languages, and ontolo-
gies have also played a major role in the progression of SDSS over the last
decade or so. The increased presence of the World Wide Web (WWW)
along with advanced network technologies such as the Java language,
ActiveX controls, Common Object Request Broker Architecture (CORBA),
and the Distributed Component Object Model (DCOM) have also helped
in the evolution of SDSS. In more recent years, communication technolo-
gies such as wireless or mobile devices and radio frequency identification
(RFID) have also played a role in the progression of SDSS.

2.3.2 Spatial Data Availability

The growth of spatial decision support technology has also been driven
by the availability and accessibility of spatially related data. Over the last
few decades, there has been a surge in data availability. In the 1980s and
1990s, there was a huge effort to convert hard-copy maps to digital data
through scanning and digitizing. Also over the last decades, the amount
of spatial data derived from satellite and airborne remote sensing as well
as Global Positioning Systems (GPS) has grown greatly. Many institutions,
including commercial, nonprofit, academic institutions, as well as all lev-
els of government, have invested in GPS equipment for the purpose of
building spatial databases. They have used this GPS equipment to col-
lect information on diverse sets of features such as the location of infra-
structure (e.g., road conditions, fire hydrants), biological conditions (e.g.,
endangered plants, animal movements), and surveying purposes for land
development. There has been an explosion of airborne and satellite remote
sensing imagery over the last few decades. National governments from
developed countries, led by the United States, have traditionally been
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the only ones with enough resources to develop satellite remote sensing
systems. However, in recent years numerous commercial companies (e.g.,
GeoEye) and more national governments (e.g., Thailand) have developed
satellite remote sensing systems. One of the major reasons for this surge
is the need for spatial data expressed by planners and managers from
government agencies and business organizations (Keenan 2003). One
estimate shows that up to 80% of data needed for the activities of busi-
ness and government is spatially related (Worrall 1991). However, with the
development of new data from new technology, new ideas and data needs
are envisioned, leading to the demand for even more data. The availability
and accessibility of spatial data have facilitated the growth of SDSS over
the last few decades. For a more detailed description of spatial data collec-
tion, management, and analysis processes, please see Chapter 3.

2.3.3 Applications

Improved computer processing power and affordability led to the expan-
sion of spatial applications into a variety of disciplines. Into the early 1980s,
GIS and spatial processing software use was generally limited to those
with high levels of computing and spatial sciences expertise. Primarily,
this use was in academics and some government agencies. With the wide-
spread development of desktop or personal computer-based systems with
more user-friendly and standardized interfaces, the variety and num-
ber of GIS and SDSS consumers increased greatly. Many organizations,
such as municipal and state governments, as well as a greater number of
academic departments, started to recognize the potential of using spa-
tial software such as GIS for managing data on spatial features, mapping
purposes, and for addressing analytical questions. As spatial software
became more greatly entrenched in organizations, their potential as deci-
sion support mechanisms was recognized. One of the first major reported
SDSS publications was Densham and Armstrong’s 1987 paper “A Spatial
Decision Support System for Locational Planning: Design, Implementation
and Operation.” This article appeared in the Auto Carto Proceedings.
Interestingly, in their paper, Densham and Armstrong pointed out that
spatial information systems lacked the analytical modeling functional-
ity necessary to fully support spatial decision-making processes. They
argued that it was necessary to integrate the spatial information system
with a separate modeling system to constitute an SDSS. As GIS technol-
ogy has evolved to include greater analytical functionality, the debate as
to whether GIS by themselves constitute an SDSS has continued (Murphy
1995; Keenan 2006). The early Densham and Armstrong study marked the
beginning of a trend that is still continuing—the use of SDSS for an ever-
expanding list of application areas. At the Geographic/Land Information
Systems 1989 (GIS/LIS '89) conference, articles appeared detailing SDSS
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use for oil or hazardous chemical spill response (Gould 1989), real estate
planning (Peterson 1989), and land use planning (van der Vlugt 1989). The
range of SDSS application areas grew quickly to include urban, natural
resource management, agriculture, defense, transportation, and many
others. Thus advances in the technology helped drive applications in a
more diverse set of disciplines, which in turn led to further technical evo-
lution driven by the variety of functions needed by different disciplines.
A more detailed investigation of the history of SDSS follows in this chap-
ter, while in Chapter 9 a discussion of a range of example SDSS applica-
tions from a wide range of disciplines is provided.

2.3.4 Users, Developers, and User Interfaces

Spatial decision support systems can be utilized by individuals, groups,
or entire enterprises. The evolution of hardware, software, and network-
ing technology has led to a movement from individual expert-driven
SDSS use to the inclusion of a much broader set of stakeholders. Earlier
hardware and software configurations of SDSS generally were charac-
terized by fairly complicated command-line-driven GIS and modeling
software. These systems required someone with significant experience
in the spatial sciences and also often in computer programming because
the person who developed and programmed the SDSS was likely the per-
son who would operate it. In the 1990s, the introduction of graphical user
interface-based computing and the development of GIS and modeling
software with more intuitive graphical user interfaces greatly increased
the number of organizations using these types of software. In addition,
the number of individuals able to use and understand at least the basic
functionality of GIS rose greatly during this time period as more train-
ing and formal educational opportunities became available. The number
of students enrolling in courses associated with GIS and related topics at
universities and colleges saw an upsurge in this time period. In addition,
GIS software in the 1990s began to come packaged with programming
languages that allowed the development of customized user interfaces
and analysis routines. Using these systems, an expert GIS user and pro-
grammer could develop customized applications that could be used by
people with much less expertise. These functionalities also allowed the
development of routines that could interact with other software applica-
tions such as modeling programs. This allowed for the building of SDSS
applications with GIS software at their core.

The rapid growth in Internet and intranet applications, networking
technology, and bandwidth improvements has led to the development of
group or participatory SDSS, especially in the 2000s. Group SDSS evolved
to address unstructured spatial problems, which involve many stake-
holder groups. For example, Nyerges et al. (2006) developed a group-based
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collaborative SDSS called WaterGroup. The system was meant to enable
stakeholder groups to participate in the solution of conjunctive water
resource administration decision problems.

2.3.5 Spatially Explicit Modeling

As has been established previously, SDSS techniques have evolved over
time for application in a wide range of disciplines. The complexity of
spatial decisions and the uncertainty inherent in information used for
spatial decision-making processes have led to the inclusion of a wide
variety of techniques in SDSS. Some of the earliest spatial approaches to
land suitability analysis used hand-drawn overlays, which evolved into
digital GIS overlay operations (Keenan 2006) in the 1960s. Automated
spatial overlay and other spatial analytical operations developed in GIS
software were powerful but still fell short in the ability to capture or
represent many physical or biological processes in the environment and
also human preferences and criteria relevant to spatial decisions. These
shortcomings led to various SDSS developments that usually incorpo-
rated functionality from GIS software coupled with other techniques
that frequently had evolved separately from GIS. Techniques such as
location allocation, multi-criteria decision analysis (MCDA), hydrologi-
cal and environmental modeling, artificial intelligence, agent-based
modeling, and other approaches have been incorporated in SDSS often
in concert with GIS. In many cases, the modeling techniques were not
developed originally for inclusion in SDSS but rather were coupled
later with GIS to formulate the SDSS. Early applications of SDSS uti-
lized already existing models such as location allocation (Densham
and Armstrong 1987; Armstrong et al. 1991), hydrologic (Grayman et al.
1992), and environmental (Engel et al. 1993) models, and used computer
programming to make them interact with spatial databases and spatial
processing routines. There were also many applications in which the
modeling routines were built into the GIS framework using some cus-
tomization programming. Early examples included a GIS-based expert
SDSS for examining locations for a water well (Crossland 1990), a wet-
land value assessment model (Ji 1993), and a land use model for analyz-
ing phosphorus runoff in the Lake Okeechobee watershed (Negahban et
al. 1995). As technology progressed, it became easier to develop custom-
ized functionalities within GIS software or to couple GIS with external
modeling programes.

2.3.6 Expert Domain Knowledge

The complexity of issues in which SDSS are utilized often calls for domain
or expert knowledge to be built into the SDSS to assist users. These
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systems attempt to capture expert knowledge, which can then be used
in automated fashion within the system. By building domain or expert
knowledge into an SDSS, more effective decisions by users regarding
data selection, model selection, and scenario evaluation can be made.
Sikder (2008) pointed out that GIS are inherently limited in their capac-
ity for integrating knowledge-based systems. He also pointed out that
these limitations have led to the development of spatial expert systems in
the form of knowledge acquisition modules, domain-specific knowledge
bases, and rule-based inference engines. There have been many efforts to
build expert systems or domain knowledge into SDSS. In 1995, Jain et al.
built a knowledge-based system in the form of a decision tree algorithm
using the Lisp language for siting livestock production facilities in envi-
ronmentally sound locations. Another example was presented by Bellamy
and Lowes (1999), who incorporated rules used for controlling the choice
of regression and other models in an SDSS used for sustainable graz-
ing management. Girvetz and Shilling (2003) coupled ArcView 3.2 with
the knowledge base development program NetWeaver to build a fuzzy
logic knowledge base into an SDSS for analyzing road system impact in
a national forest. Further discussion and investigation of the modeling
and knowledge components in SDSS will be investigated in later chapters,
especially in Chapter 4.

2.4 DSS-Based Evolution

The first part of this section summarizes the general evolution of DSS and
the second part explains specifically how DSS evolved into SDSS. The con-
cept of decision support systems (DSS) originated with the work of Gorry
and Scott-Morton (1971) in the early 1970s. They defined a DSS as an inter-
active computer system that helps decision makers solve unstructured or
semistructured decision problems using data and models. Then, in the
1980s, Alter (1980) expanded the DSS framework and provided the first
concrete DSS examples. The common DSS framework in the 1970s and
1980s primarily consisted of the integration of three major components (a)
data management, (b) model management, and (c) dialog/interface man-
agement. The data management component used relational or other data-
base technology to handle data that could be utilized in the system. The
model management component handled analytical modeling capabili-
ties, which utilized data controlled by the data management component.
The dialog/interface component provided the mechanism for interaction
between user and the system and allowed use of models and viewing
of all outputs. Most of the earlier work on DSS focused on supporting
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individual decision makers (Alter 1980; Shim et al. 2002). As group sup-
port software matured, the traditional DSS was augmented with com-
munication capabilities to create group decision support systems, which
enabled geographically dispersed group members to work on complex
unstructured problems and evaluate different scenarios (Nunamaker1989;
Dickson et al. 1993).

The next phase in the progression of DSS was influenced by advance-
ments in artificial intelligence, particularly in the late 1980s and early
1990s. During this time, expert systems added a new dimension to DSS
(Holsapple and Whinston 1996). These knowledge-based DSS enabled
users to analyze relatively complex problems and perform what-if analy-
ses with the aid of organizational and domain knowledge (Courtney et
al. 1987; Dutta 1996; C)zbayrak and Bell 2003). Developments in the knowl-
edge-based DSS area were drawn upon in creating intelligent SDSS. For
example, Li et al. (2005) described an SDSS that used C Language Interface
Production System (CLIPS; an expert system software) for supporting
fuzziness and uncertainty in evaluating risk and insurance pricing in
typhoon-affected areas in China.

The Web revolutionized application development in the 1990s. The
ubiquitous nature of the Web and ease in using Web browser interfaces
has facilitated the deployment of applications over the Web. Early work
on Web-based decision support included an electronic marketplace Web-
based decision support system called DecisionNet (Bhargava et al. 1995;
Bhargava and Tettelbach 1997), which facilitated services between con-
sumers (users of DSS) and providers (providers of DSS services). Several
research and development efforts followed and myriad Web-based DSS
were developed over the next decade (Barlishen and Baetz 1996; Bertolotto
et al. 2001; Zhu et al. 2001; Wild and Griggs 2004). Hence, the next stage in
DSS progression was Web-based DSS, which allowed delivery of appro-
priate data and models to managers or decision makers using a Web
browser (Power and Kaparthi 2002; Liou et al. 2007). Using Web-based
DSS, organizations can provide DSS capability to managers over a propri-
etary intranet, to customers and suppliers over a virtual private network
(VPN), or to any stakeholder over the Internet (Sikder and Gangopadhyay
2004; Delen et al. 2007). Sikder and Gangopadhyay (2002) discussed the
design and implementation of a Web-based SDSS that parallels the col-
laborative decision-making process typically supported by group support
software discussed in the DSS literature.

The next and ongoing phase in DSS progression has been service-
based DSS, which are based on software components that are accessed
through the Internet. Component-based software development and Web
services-based application development are maturing, and researchers
are exploring ways to incorporate them into DSS and SDSS architecture
and design (Lepreux et al. 2003; Di 2005; Wang and Cheng 2006; Zhao et
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al. 2007; Wu et al. 2004; Ray 2007). Component-based DSS development is
based on existing code rather than development from scratch. Lepreux et
al. (2003) discussed a phased approach for developing a component-based
DSS that integrates the development and use of business and DSS com-
ponents in collaboration with the users of the DSS. This method has been
applied to design a DSS for investments in the French railway infrastruc-
ture (Lepreux et al. 2003). Mobile tools, mobile e-services, and wireless
Internet protocols have been instrumental in expanding the capability
and accessibility of DSS (Shim et al. 2002; Earle and Keen 2000). Wang and
Cheng (2006) discussed a standardized framework for Web-based col-
laborative decision support services that facilitates information exchange
and sharing of knowledge and models between various entities within an
organization or across organizations. This framework provides metadata
services, geodata services, and geoprocessing services to help collabora-
tive decision making. Ray (2007) explained the development of a spatial
Web-services-based SDSS at the Delaware Department of Transportation.
This system helps in the management of the movement of oversized vehi-
cles and integrates several components and services for analyzing vehicle
characteristics, managing locations and routes, and providing graphical
representation in a spatial map server.

In recent years, several researchers have reviewed the history or evolu-
tion of DSS in detail (Powell 2001; Power 2008; Bhargava et al. 2007). Some
researchers detail a general evolution or overview of DSS. For example,
Power (2002) provided a brief history of DSS in his book Decision Support
Systems. Other researchers documented domain-specific evolution. For
example, Segrera et al. (2003) reviewed the evolution of DSS architectures
particularly for natural resources applications. Bhargava et al. (2007)
described progress in Web-based DSS. For more in-depth consideration,
we recommend readings at the end of this chapter.

2.4.1 DSS to SDSS

As mentioned earlier, DSS traditionally support the decision-making pro-
cess using three major components: a database, a model base, and a user
interface. Spatial decision support systems are an extension of this DSS
concept, with spatial data used for the analysis of decisions (Densham and
Goodchild 1988; Keenan 2005; Jarupathirun and Zahedi 2005). Although
DSS research and applications have a rich history, only recently have they
commonly incorporated spatial data and analysis (Keenan 2003). This
is despite the fact that it has been reported that 80% of the data needed
for activities of business and government are spatially related (Worrall
1991). This lack of spatial data use was mainly due to a lack of knowledge
and skills in relation to spatial data models, spatial analysis or interpreta-
tion techniques, and cartographic skills. The ability to effectively utilize
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spatial technologies through the mid-1990s required expertise and was
generally restricted to organizations willing to invest in the software and
hardware infrastructures as well as the human resources necessary. The
teaching of GIS and related spatial technologies also traditionally fell in
geography departments with strong interest from environmental, physi-
cal, and ecological sciences. Until recent years, there was limited inter-
est from business and economic academic arenas. In the last decade, this
has started to change significantly with organizations recognizing the
great commercial potential in the use of spatial data. Keenan captured
this increased use of spatial data in his 2006 paper about the SDSS evolu-
tion. As Keenan is a faculty member in a business school, this paper was
from a business perspective and reflected the advancement of DSS soft-
ware to include spatial capabilities. The greater uptake in business was
supported by a review of SDSS literature conducted for this book, which
showed several business-related SDSS papers, book chapters, conference
sessions, and workshops appearing in the 2000s (Ray 2007, Sugumaran
and Sugumaran 2007; Sugumaran and Mobley 2002; Jankowski et al.
2001). Ray (2007) detailed the development of a Web-services SDSS that
was built within the overall IT infrastructure at the Delaware Department
of Transportation. Sugumaran and Sugumaran (2003) discussed the role
of intelligent agents and GIS Web services in spatial decision support sys-
tems, and finally, Sugumaran and Mobley (2002) demonstrated the impor-
tance of spatial regression integration into a healthcare DSS.

2.5 GIS-Based Evolution

Similar to the DSS-based evolution section, the first part of this section
summarizes the general evolution of GIS and the second part demon-
strates how GIS evolved into SDSS. The first systems that are now called
geographic information systems date back to the 1960s when computers
were becoming available to large academic and government institutions
(Malczewski 2004). The first large-scale use of a GIS-type system was the
Canadian Land Inventory Project in the 1960s, which attempted to per-
form analyses to determine areas in different land uses and the possible
future uses of different land areas (Keenan 2006). Later, several systems
were developed, including a system called SYMAP, which was developed
by the Harvard Laboratory for Computer Graphics and Spatial Analysis
in the mid-1960s. The SYMAP system evolved into a family of related sys-
tems (CALFORM, SYMVU, GRID, POLYVRT, and ODYSSEY) throughout
the 1960s and into the 1970s (Malczewski 2004). According to Malczewski
(2004), computer hardware technology and the theoretical advances in
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spatial sciences motivated GIS growth in the 1960s and 1970s. In the late
1960s and early 1970s, GIS development was limited by cost and techni-
cal constraints—particularly by portability of software and data, high
maintenance costs, difficulty in updating systems, the lack of distributed
access, and the complexity of the command-line interfaces (Malczewski
2004; Meaden and Kapetsky 1991). While the first generation of GIS pro-
vided some modeling capability, they were inadequate for supporting any
type of business decision making (Ozernoy et al. 1981; Pittman 1990).

The overarching technical evolutionary factors leading to increased
GIS development in the 1980s and 1990s were the huge leaps made in
computer hardware and processing speed (Malczewski 2004). In 1982,
Environmental Systems Research Institute (ESRI), the largest GIS soft-
ware company in the world, launched its first commercial GIS software
called ArcInfo. The personal computer-based ArcInfo was introduced in
1986. There was a switch from workstation-based GIS to systems based
on personal computers in the 1990s. Also during the period of the late
1980s and 1990s, in order to deal with complex decision situations, intel-
ligent systems such as expert systems (ES) or knowledge-based systems
were integrated into GIS to constitute intelligent GIS. Several applications
were developed utilizing intelligent GIS in this time period, including by
Kirkby (1996) for identifying and managing dry land salinization and by
Moller-Jensen (1997) for classifying urban land cover.

The next phase (second half of 1990s) in the GIS-related development
was shaped by the tremendous growth of the Web. GIS and mapping
technologies began being presented in Internet-based technologies in the
second half of the 1990s and into the 2000s. In the second half of the 1990s,
numerous commercial (e.g.,, ESRI's ArcIMS and GeoMedia’s WebMap) as
well as open source (e.g.,, University of Minnesota MapServer) Web map-
ping platforms were introduced. These applications were adopted by
many business, government, and academic organizations in the late 1990s
and into the 2000s. These technologies were mainly used for data sharing
and visualization in the early years of their existence. However, by the
early 2000s these technologies began to show up more regularly in spa-
tial decision making-related literature (Dragicevic et al. 2000; Rinner and
Jankowski 2002; Sugumaran et al. 2003). These technologies continue to
be used, but continuous advancements in technology have meant that in
recent years the capabilities are expanding beyond simply Web mapping
and data visualization.

Increasingly, GIS is moving away from only a standard desktop GIS
with some Web mapping capabilities. Although these platforms are still
extensively used, GIS functionalities are now being developed as distrib-
utable components for delivery through the Web, on mobile devices, or
through other distributed networked technologies. These developments
will permit many-to-many communications and facilitate distributed
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spatial problem solving. Numerous technologies can be utilized in this
type of computing, such as mobile devices, Global Positioning Systems
(GPS), real- or near real-time remotely sensed imagery delivery systems,
and wireless communications for Internet GIS access. One prime example
is using mobile devices enabled with GPS and GIS for real-time mapping
applications such as forest fire mapping (Bolstad 2005). These types of
distributed GIS architectures are constructed by partitioning client and
server sides of an application into self-contained units that can interoper-
ate across networks, integrating languages, applications, tools, and oper-
ating systems (Tsou and Buttenfield 2002). There are several examples of
component-based GIS services software being developed in commercial
(e.g., ESRI's ArcGIS Server, Intergraph’s GeoMedia WebMap) and noncom-
mercial (e.g., MapServer, GeoTools) sectors. These technologies have also
begun to recently appear in GIS textbooks (e.g., Bolstad 2005) and in spa-
tial science-related literature (e.g., Yue et al. 2009), and will continue to
grow in use. There are a tremendous number of textbooks, articles, and
other resources dedicated to GIS. At the end of the chapter, we recom-
mend materials for further reading regarding GIS and its evolution.

2.5.1 GIS to SDSS

Although GIS are characterized by many attributes that are crucial to
SDSS, such as having spatial data management and analysis capabilities,
they are, in general, not considered SDSS. The major deficiencies in GIS
limiting their characterization as SDSS are the lack of analytical model-
ing capabilities (Segrera et al. 2003) and their inability to present effec-
tive scenario evaluation techniques. Malczewski (1999) pointed out that
GIS, in general, do not provide the tools for presenting choices and pri-
orities in regard to evaluating conflicting criteria and goals. These defi-
ciencies limit the effectiveness of GIS in solving semi- or ill-structured
spatial decision problems (Densham 1991). A good example to illustrate
the modeling deficiency would be the prediction of wildfire movement.
Many useful functions could be carried out using GIS software in rela-
tion to wildfire management, including spatial data management and
analysis as well as mapping. However, if the land managers and emer-
gency personnel wanted to investigate possible deployment of resources
depending on different weather scenarios, they likely would need to rely
on some analytical modeling capabilities. These analytical models would
have mathematical algorithms that could process information on topog-
raphy, vegetative fuel, weather forecasts, and other information to predict
possible future courses of the fire. The GIS software out of the box would
not be able to handle these types of tasks. However, with some software
development, the fire modeling algorithms and scenario development
tools using real-time weather data could either be incorporated into the
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GIS or linked to the GIS to form an SDSS. Indeed, there have been sev-
eral examples of these types of SDSS developed (e.g., Guarniéri and Wybo
1995; Bonazountas et al. 2007). In later chapters, many examples will be
given in which GIS are coupled or joined to other modeling or multi-cri-
teria evaluation software to form an SDSS. Malczewski (1999) thoroughly
covered GIS and multi-criteria decision analysis integration in his 1999
book, GIS and Multicriteria Decision Analysis.

2.6 SDSS Progression

This section provides a historical overview of how SDSS evolved over the last
four decades, with an emphasis on how different drivers, such as advances
in computing and communication technologies and uptake of spatially
related technologies by various domains, contributed. In order to review
the progression or evolution of SDSS development, an extensive literature
review was carried out. Multiple searches using Web-based search engines
and electronic libraries and databases were used to locate a wide variety of
articles dealing with SDSS. The literature search used the following search
terms: spatial decision support system, spatial and DSS, GIS-based decisions sup-
port system, GIS and DSS, multi-criteria spatial decision, spatial decision making,
and spatial decision support. In total, 451 articles published during this time
period were reviewed. Among these are a number of review articles that
provide detailed coverage on specific SDSS-related aspects.

The development of SDSS has, to a large extent, entailed integrating
analytical/decision models with GIS to produce systems capable of solv-
ing spatial problems. In many ways, the history of SDSS has mirrored the
history of GIS, although with a lag of some years. Although SDSS con-
cepts have arisen from the decision science discipline, most SDSS applica-
tions have been GIS-driven. Based on the literature review conducted for
this book, we have divided SDSS evolution into three phases (the 3 I's): (a)
introduction, (b) integration, and (c) implementation.

These broad evolutionary phases are represented in Figures 2.4 and 2.5
and are discussed in detail below. Broadly, these phases are the introduc-
tory phase, in which the concept of SDSS was introduced and prototype
SDSS were being developed; the integration phase, in which many new
technologies were being integrated in SDSS and development was grow-
ing quickly; and finally the implementation phase, in which the growth
and use of SDSS really became widespread. Although these phases are
useful for discussion purposes, there were not sharp temporal boundar-
ies between them. The major categories of systems within each phase are
described in the following sections.
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Number of SDSS publications per year as compiled from the literature by authors.

The development of SDSS began in earnest in the 1970s, slowly carried
on in the 1980s, experienced rapidly accelerating growth in the 1990s, and
continued this growth in the 2000s. Figure 2.4 shows the trend of SDSS
publications over time based on the review of literature described above.
The evolution of SDSS technology has followed that of computing, with
a greater number of applications being deployed with the development
of greater computer processing power, with more user-friendly develop-
ment environments such as object-oriented programming, and with the
proliferation of Web-based capabilities. In a review of literature on GIS-
based multi-criteria decision analysis, Malczewski (2006) found that 70%
of reviewed articles were published after 1999. This is similar to the litera-
ture review detailed in this book, which showed that approximately 72%
of SDSS publications came in the 2000s. In the second half of the 1990s,
customizable, more user-friendly GIS desktop applications were devel-
oped, allowing for much greater flexibility in specific user-designed appli-
cations. The flexibility and power in desktop development environments
has continued to grow in the 2000s, and this has led to the greater num-
ber of SDSS applications as seen in the reviews by Malczewski (2006) and
the literature review here. The great number of SDSS publications in the
2000s was also influenced by the increase in Web-based applications. An
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overview of Web-based SDSS was provided in Sugumaran and Sugumaran
(2007).

There is a range of review articles available that cover specific aspects
of SDSS, such as application domains or technologies used. Overviews
of the use of SDSS for specific application areas have been detailed for
aquaculture (Nath et al. 2000), agriculture (Colby and Johnson 2002), land
use planning (Segrera et al. 2003; Witlox 2005), business (Keenan 2005),
and forestry (Baskent and Keles 2005). Several publications were reviews
focusing on certain techniques or technologies in relation to SDSS, such
as public participatory systems (Sieber 2006), multi-criteria decision sys-
tems (Ascough et al. 2002; Malczewski 2006), Web-based systems (Rinner
2003; Sugumaran et al. 2007), and software tools used in SDSS (Yan et al.
1999). There also exist several review articles dealing with the relationship
between GIS and SDSS (Enache 1994; Keenan 1996; Marble 1999; Murphy
1995; Nath et al. 2000). Densham and Goodchild (1989) were early pro-
ponents of extending the capabilities of GIS toward SDSS, which would
include analytical modeling capabilities and flexible system design in
order to support decision making. Neto and Rodrigues (1999) attempted
to develop a taxonomy of SDSS methodologies and to identify effective
strategies for developing SDSS. In 2003, Keenan briefly outlined the his-
tory, current state, and future directions in SDSS. Keenan (2006) provided
in a subsequent work an overview of SDSS with a focus on GIS and appli-
cations to business domains.

2.6.1 Introduction Phase (1976-1989)

We label the initial phase in the history of SDSS development as the intro-
duction phase as this was the period in which explicit geographic com-
ponents were first being included in decision support systems, GIS were
being joined with other software or enhanced to form SDSS, and the term
spatial decision support systems was first introduced as known to the authors
(Dobson 1983). Several early articles (Barbosa and Hirko 1980; Carlson et al.
1977, Mantey and Carlson 1980) focused on the geo-data analysis and dis-
play system (GADS), which was developed by IBM in the 1970s, and issues
such as user interaction and algorithm inclusion (Figure 2.6). The work of
Patrick Mantey and Eric Carlson in the 1970s and 1980s on the GADS was
likely the first SDSS documented in the literature. The GADS enabled non-
computer users to access, display, and analyze data that had geographic
content and meaning. The GADS was one of the earliest examples of what
might now be called SDSS, although this term was not used to describe the
system. It utilized spatial data in an interactive problem-solving environ-
ment and was used in numerous case studies, such as urban development,
police officer allocation, and the design of school boundaries (Carlson et
al. 1977). Through the 1980s there were fifteen articles identified as SDSS
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related. Although not termed as an SDSS, a decision support system (DSS)
known as the Generalized Planning System (GPLAN) was designed for
area-wide water quality planning and made use of spatial information
on watersheds, point and nonpoint sources of pollutants, and land use
plans (Holsapple and Whinston 1976). In 1985, Hopkins and Armstrong
(1985) used the term spatial decision support systems in their description of a
two-tiered framework of analytical and cartographic data and processing
structures. In 1986, Armstrong et al. (1986) described an architecture for
SDSS that went beyond existing spatial information systems’ capabilities in
supporting decision making. In 1989, five publications all appearing with
the term spatial decision support system in the title appeared, demonstrating
the adoption of the terminology. Three of these 1989 publications were
from the Geographic Information Systems/Land Information Systems
(GIS/LIS) 1989 proceedings. The majority of publications throughout the
1980s were in conference proceedings, with the exception of two early
publications in MIS Quarterly, another in a planning journal, and two
book chapters. There was an evolution in the literature from conceptual
papers in the early years to more concrete implementation-driven articles
later. The development of SDSS throughout the 1980s was often concep-
tual or commonly reviews of potential techniques (Carlson et al. 1977,
Armstrong et al. 1986; Barbosa and Hirko 1980). Although the utility and
initial acceptance of SDSS were evidenced by the literature though the end
of the 1980s, there were a limited number of specific applications, mainly
due to the fact that most spatial software systems needed large amounts of
computing power, memory, and hard disk space. Furthermore, expensive
hardware and software at this time required large budgets. In addition,
the applications developed were characterized by GIS and other software
that required a significant amount of expertise and were run only from
command line interfaces.

In summary, the introductory phase of SDSS development was charac-
terized by the definition of conceptual frameworks for SDSS, prototype
SDSS development, desktop or workstation SDSS with single users, and
command line-driven user interfaces.

2.6.2 Integration Phase (1990-2000)

The integration phase witnessed many new technologies being integrated
in SDSS and the development of SDSS growing quickly although often
only in prototype formats. During this phase, three major areas of devel-
opment or evolution were occurring in relation to SDSS: (1) expansion
from single-user SDSS to group SDSS and collaborative SDSS, (2) inclusion
of intelligent components in SDSS, and (3) the beginning of Web-based
SDSS.



Evolution and Trends in SDSS 43

The accelerated growth in SDSS publications from the early 1990s was
directly related to advances in desktop computing power, reductions in the
cost of desktop systems, development and proliferation of user-friendly
GIS and other software, and the greater accessibility of software develop-
ment environments. Advances in these technologies led to an increase
in the development and application of SDSS and to the integration of
new techniques and technologies such as user-friendly interfaces, spa-
tial models, intelligent components, and eventually Web-based delivery
platforms into SDSS architectures. The algorithms and spatial processing
functions within GIS required significant computer processing speed and
memory, which before the 1990s were generally not available in desktop
computers. The use of computer-based GIS began in the 1960s (Keenan
2006), but these applications were only accessible to those with powerful
computers. The applications in the 1980s generally relied on systems run-
ning on workstation computers, which were not user friendly and relied
on experts to perform any spatial operations (Densham and Armstrong
1987; Mantey and Carlson 1980). In the 1990s, the most common GIS soft-
ware used in SDSS applications was ESRI's ArcInfo. Other GIS software
used included Geographic Resource Analysis Support Systems (GRASS),
Maplnfo, IDRISI, and TransCad. Software such as ArcInfo and GRASS
were command line-driven and frequently run on UNIX workstations
and consequently required a significant level of computer science and spa-
tial science expertise. In the mid to late 1990s, software with more user-
friendly interfaces and increasingly robust functionality were developed,
allowing GIS usage to reach a much larger audience. In the latter half of the
1990s, numerous SDSS implementations utilized ESRI's ArcView software,
which possessed user-friendly interfaces as well as a proprietary develop-
ment language called Avenue. This software was originally developed to
be an application for viewing spatial data, but evolved into a more robust
GIS when ESRI realized the tremendous potential number of users for an
easier-to-use GIS package compared to their workhorse GIS, ArcInfo. The
interfaces a user would see when using ArcInfo Workstation and ArcView
are shown in Figure 2.7. In ArcInfo, the user must be familiar with a wide
range of commands and the related syntax to run operations in the com-
mand line interfaces. The ArcView GIS software introduced standardized
graphical user interfaces and greatly opened up the number of potential
GIS users and, subsequently, the number of SDSS developments.

A wide variety of development languages and environments were used
inthe development of SDSS in the 1990s. Although ArcView and similar GIS
programs with GUIs and development languages were gaining traction,
the most common GIS and application development languages for SDSS
in the 1990s were ArcInfo and the Arc Macro Language (AML), which was
used for the development of extended modeling routines. ArcInfo and
AML were used in an SDSS incorporating air quality modeling within
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ArcInfo for Taiwan (Chang et al. 1997), and for coupling separate model-
ing capabilities, as did Jain et al. (1995) when they coupled ArcInfo with
the Nitrate Leaching and Economic Analysis Package (NLEAP) model
(Figure 2.8). Approximately sixty SDSS applications in the 1990s utilized
ArcInfo software.

In the 1990s the use of intelligent components in SDSS became more
common. The terms expert or some form of intelligent were included in
either the title or the abstract of fifteen publications in the 1990s, with
the first occurring in 1990. Intelligent- or knowledge-based components
were introduced in SDSS to build domain knowledge within the system
in order to guide users through the decision-making process. In order for
an SDSS to develop legitimate scenarios, while harnessing the power of
computer processing power, specialized knowledge and expertise were
built into the decision processes in SDSS. For example in 1995, Gheorge
and Vamanu (1995) combined expert systems functionality with GIS for
a nuclear power emergency SDSS. The expert components were con-
structed with a large number of If ... Then ... Else clauses, which were
meant to mimic an expert’s judgment given certain conditions. Rodrigues
et al. (1997) described a multiagent system for modeling geographic ele-
ments for environmental analysis in land use management. Ferrand (1996)

TN _ ARCEDIT
X,y: 370353.15110,4547462,50129
dx,dy: 6201.48807,-4953.62828
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FIGURE 2.8

A desktop SDSS developed for livestock production planning. (Jain, D. K., Tim, U. S. and R.
Jolly. 1995. A spatial decision support system for livestock production planning and envi-
ronmental management. Applied Engineering in Agriculture 11(5):711-719.)
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reported on a system used to solve complex spatial optimization problems
in an attempt to minimize environmental impact of infrastructure devel-
opment using agent-based modeling that incorporated knowledge bases.
Bellamy and Lowes (1999) built expert knowledge about vegetation states,
soil erosion risk, and management information into a sustainable grazing
management SDSS. Matthews et al. (1999) used an existing knowledge-
based system development environment (Gensym’s G2) to include declar-
ative rule-based systems and neural/Bayesian networks in a GIS-coupled
SDSS. Expert or intelligent SDSS components will be discussed in more
detail in Chapter 4.

Research and development concerning collaborative or public par-
ticipatory SDSS was instigated in the 1990s. The very nature of spatial
decision-making situations usually means that multiple stakeholder
groups or individuals have a stake in any potential outcome. As
pointed out by Jankowski et al. (1997), by the 1990s a movement from
hierarchical decision making to a flatter structure in which workgroups
would dominate organizational structures occurred. The development
of technologies to support multigroup decision making became more
widely available in the 1990s (Jankowski 1997). Group decision support
technologies for spatial decision-making situations were being inves-
tigated actively by the mid-1990s (Armstrong 1993; Armstrong 1994;
Armstrong and Densham 1995). Armstrong (1994) pointed out that
there was a mismatch between group-based decision making and sin-
gle-user GIS software, arguing for expansion to encompass the group
decision-making processes. Jankowski et al. (1997) described the imple-
mentation of a collaborative SDSS known as Spatial Group Choice. This
software was developed to utilize GIS functionality and to provide
specialized features that would support alternative generation, model-
ing, evaluation, and cartographic display functions. The software was
developed to be used in a face-to-face meeting environment. Spatial
Group Choice used multi-criteria decision modeling techniques as
well as consensus-building tools applied in an environmental restora-
tion project. In their 2001 book, Geographic Information Systems for Group
Decision Making, Jankowski and Nyerges (2001) detailed applications
of group systems for healthcare management, transportation improve-
ment, and habitat restoration.

In comparison to the 1980s, the 1990s produced a greater number (and
proportion) of publications that described concrete implementations of
SDSS as opposed to conceptual studies. The publications shifted from
mainly occurring in conference proceedings to those in peer-reviewed
journals. In the 1990s, the majority of articles demonstrated an implemen-
tation of an SDSS. In the first half of the 1990s, the majority of the literature
was published in conference proceedings, while in the second half of the
decade, journal publications constituted more than half of the publication
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total, demonstrating the furthering acceptance of SDSS in scientific litera-
ture. Books published on topics such as decision support systems, GIS for
business, and environmental GIS applications appeared during the 1990s
and discussed various aspects of SDSS.

2.6.3 Implementation Phase (2000s)

The growth of SDSS has continued in the 2000s and has also diversified
based on advances in Web, networking, and component-based technolo-
gies. The number of SDSS applications continued to grow rapidly after the
year 2000. We have termed this phase the implementation phase because
the greatest number of publications exhibited concrete applications of
SDSS technology. The majority of publications after 1999 demonstrated a
concrete implementation of SDSS to a specific problem domain. The move-
ment from command-line-driven UNIX-based GIS software to personal
computer-based GIS software with user-friendly graphical user interfaces
(GUISs) that began in the second half of the 1990s continued into the 2000s.
In the last five years of the 1990s, ArcInfo was still the most common
software used in SDSS implementations, while ArcView was becoming
used more frequently toward the end of the 1990s. In the first five years of
the 2000s, ArcView became the most commonly used GIS software with
ArcInfo dropping to second place. The popularity of ArcView and its
Avenue customization language appealed to many academics, businesses,
and agencies that developed SDSS specifically for their own purposes.
Advancement in desktop GIS software continued in the 2000s with the
most prominent GIS software being used in SDSS changing to the next-
generation ESRI package ArcGIS after 2004. A large number of other com-
mercial GIS software (e.g., IDRISI, MapInfo, ILWIS), freely available GIS
software (e.g., CommonGIS, Geolools), or user-developed software with
spatial processing/display functionality were also used in SDSS applica-
tions, but these other GIS software programs were applied in no more
than 5% of the studies in the 2000s.

In the 2000s, there has also been tremendous advancement in the devel-
opment of Web-based spatial technologies as well as component- or ser-
vice-based spatial technologies. These advancements have increasingly
been implemented into a variety of SDSS applications. In the latter half
of the 1990s and early part of the 2000s, Web-based mapping systems
were being adopted, with ESRI’s ArcIMS, the University of Minnesota’s
MapServer, and GeoMedia WebMap being utilized for spatial data pre-
sentation via the Web. These systems were often used for information pre-
sentation with limited analytical functionality. One of the earliest SDSS
utilizing Web-based spatial display and analysis was described by Wan et
al. (1999). Their customized system used their own Java-based WebGIS for
spatial display and analysis in conjunction with a multi-criteria analytical
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module used for conducting an economic analysis of the Beijing—Kowloon
railway corridor. The increased use of Web-based mapping capability fore-
shadowed the increased use of Web-enabled SDSS in the coming years.
Web-enabled SDSS benefits include not only accessibility, efficient distri-
bution, efficient administration, and cross-platform flexibility, but also
data storage advantages (Molenaar et al. 2001; Sugumaran et al., 2004).

In the past 10 years, numerous research articles on Web-based SDSS
have appeared in the literature. For example, a Web-Based Spatial Decision
Support System (WEBSDSS) prototype developed by Sugumaran et al.
(2004) prioritized management of local watersheds on the basis of envi-
ronmental sensitivity using a multiple-criteria evaluation model with a
weighted linear combination method for the City of Columbia, Missouri,
USA. Qiu et al. (2002) developed a Web-based watershed hydrologic SDSS
for St. Charles County, Missouri, which used the Hydrologic Simulation
Program FORTRAN (HSPF) model to simulate the predicted runoff at
a user-defined outlet point along the stream network. In another study,
Bhargava and Tettelbach (1997) presented a Web-based system that sup-
ported consumers in finding the best options to dispose of recyclable
materials using a route-finding algorithm with time and cost/benefit con-
straints. Compas and Sugumaran (2004) developed a Web-based urban
growth model and visualization tool for St. Charles County’s planning
and zoning department to use in urban growth planning and manage-
ment (Figure 2.9). They successfully implemented a complex multi-crite-
ria evaluation tool, the Analytical Hierarchy Process (AHP), to model end
user’s decision-making processes and generate model weights. They also
discussed the issues associated with advanced model implementation
on the Web. There have been numerous other examples of Web-based
(ArcIMS, ArcGIS Server, GeoTools, SpringWeb GIS, Minnesota MapServer,
etc.) and mobile applications (ArcPad) being used in SDSS either alone or
in conjunction with other software (e.g., Chen and Daoliang 2008; Wang
and Cheng 2006; Carver et al. 2001). The arrival of numerous other Web-
based GIS software (e.g.,, GeoMedia WebMap, MapXtreme, and GeoMatica
WebServer) leads to the expectation that the number of Web-based SDSS
will grow greatly over the coming years. With the advent of Web-based
SDSS, applications involving public participation have increased with the
first appearing in 1999 and continuing in the 2000s (e.g., Jarupathirun and
Zahedi 2007). Due to the increased use of Web-based spatial applications,
there have been numerous publications that have investigated issues (e.g.,
data exchange, software, model sharing) of implementing SDSS on the Web
(Wang and Cheng 2006, Sugumaran and Sugumaran 2007). Sugumaran
and Sugumaran (2007) concluded that developments in intelligent agent
technology, ontology-based information systems, knowledge-based sys-
tems, GIS Web Services, data warehousing and analytical processing, and
Web technologies will have a huge impact on future SDSS development.
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(See color insert following page 74.) Web-based SDSS developed for urban growth predic-
tion. (Compas, E. and R. Sugumaran. 2004. Urban growth modeling on the web: A deci-
sion support tool for community planners. Paper presented at the 27th Annual Applied
Geography Conference, St. Louis.)

In addition to the valuable potential of adding Web-based technolo-
gies to SDSS development, other advances in technologies and standards
expand possibilities in SDSS development and application. Advances in
wireless technology, as well as software development on GPS-enabled
mobile devices, have given rise to the development of SDSS that uti-
lize mobile technologies. These SDSS provide access to spatial data
as well as decision support applications using handheld devices from
remote locations. One such example is the development of integrated
mobile geospatial information services to support and help optimize
field-based management tasks for border security agents (NASA 2005).
Another example is the development of spatial decision support soft-
ware called First Response, which provides access to spatial and non-
spatial data, 3D visualization capabilities, and historical information
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on search and rescue operations on mobile devices. In Australia, the
tracking of locust plagues uses GPS-connected palmtop computers that
communicate directly with a GIS server. Field information is fed, along
with real-time climatic and other data, into a locust development model
that is used by land managers to decide on control strategies (Deveson
and Hunter 2008).

Spatial decision support systems functionalities can be modularized
and implemented as components or services that could be subscribed to
or embedded in other applications. These services can be executed at the
provider’s site to alleviate incompatibility problems. For example, Yeh and
Qiao (2004) developed a component-based approach for implementing a
knowledge-based planning support system. Ideally, a service-based SDSS
provides ubiquitous access to spatial computational services from a variety
of devices. Taking it one step further, these components can actually act
as spatial Web services, and users can compose a set of these services
to achieve a particular functionality. Web services technology is sup-
ported by several key protocols and standards, such as Extensible Markup
Language (XML), Web Services Description Language (WSDL), Simple
Object Access Protocol (SOAP), and Universal Description, Discovery and
Integration (UDDI). Service-based SDSS can be effective in minimizing
the cognitive load on end users because of its ability to deal with hetero-
geneity in hardware as well as software components that may be written
using different languages. These types of SDSS provide interoperability
by seamlessly taking care of the translations that need to be performed
for different components or services to work together. For example, Jung
and Sun (2006) built a GIS services Web site, Location Analysis of Business
Decision Support System in Taipei city (LABDSSIT), for evaluating potential
locations of convenience stores in Taipei, Taiwan (Figure 2.10). Server GIS
technologies, such as ESRI’s ArcGIS Server, provide spatial analysis and
processing services over the Internet, allowing greater possibilities for a
wider range of nonexperts to use these functionalities and allowing the
development of Web-based SDSS. It is expected that these types of appli-
cations will grow greatly in the coming years.

2.7 Related and Important Literature

There are many crucial publications dealing with SDSS as a whole or at
least some related aspect of SDSS. However, there have been no compre-
hensive SDSS books published to date. Some of the important published
materials are listed at the end of the chapter.
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2.8 Important Contributors to SDSS Development

There have been a number of seminal figures who helped shape the evolu-
tion of SDSS and also its acceptance in a variety of scientific, business, and
other disciplines. We cannot cover all of the contributors to SDSS devel-
opment, but provide an overview of some important contributions. The
work of Patrick Mantey and Eric Carlson in the 1970s and 1980s on the
Geodata Analysis and Display System (GADS) was likely the first SDSS
documented in the literature. The GADS enabled non-computer users to
access, display, and analyze data that had geographic content and meaning.
Early work from Dr. Marc Armstrong and his colleagues (Paul Densham,
Gerard Rushton, and others) from the University of Iowa helped to define
and codify the concept of spatial decision support systems as something
beyond Geographic Information Systems. They also provided some of the
earliest examples of SDSS development (Hopkins and Armstrong 1985;
Armstrong et al. 1986; Densham and Armstrong 1987, Armstrong 1988;
Armstrong and Lolonis 1989; Armstrong and Densham 1990, Armstrong
et al. 1991). Dr. Piotr Jankowski and Dr. Timothy Nyerges were leaders
in the development of collaborative or public-participatory SDSS. They
helped develop concepts behind effective collaborative SDSS and also
demonstrated real-world applications in the 1990s and 2000s (Jankowski et
al. 1997, 2001, 2006; Nyerges et al. 2002, 2006) that helped guide the contin-
ued development of effective collaborative systems. Dr. Jacek Malczewski
has been a leading researcher in the use of spatially enabled multi-criteria
evaluation systems, which have constituted a significant proportion of
SDSS applications. Malczewski has published several useful overviews
of the techniques and technology (Malczewski 1999, 2004, 2006) as well
as specific case studies (Malczewski et al. 1997, Malczewski et al. 2003).
From a business perspective, several important figures influenced the
development of SDSS. Peter Keenan produced important work on the use
of GIS for business decision support and the use of SDSS for business for
more than a decade (Keenan 1996, 1998, 2003, 2005, 2006, 2008). Both Brian
Mennecke and Martin Crossland have also been leaders in the investiga-
tion of spatial technologies and SDSS use in business and testing for their
usefulness as decision support tools using scientific methods (Crossland
etal. 1994, 1995; Crossland 2005; Mennecke and Crossland 1996, Mennecke
et al. 2000). Many other researchers have also played an important role in
the development of SDSS, but those mentioned specifically here have had
a pronounced effect on SDSS becoming common and effective tools in
many disciplines.
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2.9 Summary

Spatial decision support systems have evolved greatly over the last few
decades based on advances in underlying technologies such as computer
hardware and software, networking, and communication technologies.
After early development in the 1970s and 1980s, the concept of SDSS gained
traction in the 1990s. The development of SDSS became much more com-
mon in the late 1990s when ever greater amounts of digital spatial data
were becoming available and personal computers were becoming widely
used. The growth has continued into the 2000s with diversification based
on technological developments. The development of SDSS generally fol-
lowed developments in Geographic Information Systems, with many con-
cepts and techniques of the science taken from decision support systems
research and advances. The first SDSS were developed for workstations
using command-line-driven GIS. These technologies were the domain of
experts with high-end computing resources. In the 1980s and 1990s, the
cost of computing consistently fell, leading to the development of the per-
sonal computer and software with graphical user interfaces. Due to these
advances, practitioners from a wider range of domains began utilizing
computers and GIS software. The 1990s saw tremendous growth in the
applications of SDSS to a variety of problem domains, including urban,
transportation, environmental, natural resources, business, agricultural,
emergency planning, and others. In addition, in the 1990s and into the
2000s, the development of object-oriented programming languages and
component-based software provided developers much more power in
developing coupled and customized software. Knowledge-based and
artificial intelligence techniques were also introduced into SDSS in the
1990s. The great advances in networking technology and the use of the
Web led to the increased use of Web-based technologies in SDSS architec-
tures in the last decade. In addition, component-based software develop-
ment, based on software and data compatibility standards, is providing
greater flexibility in combining techniques from a variety of disciplines
and programs. With improving wireless communication technologies, the
ubiquity of GPS-enabled devices, and distributed software techniques,
SDSS that operate with mobile components are becoming feasible. The
combination of all these technologies is leading to an increase in Web-
based and mobile-based software components in SDSS, which provide
greater flexibility for use of real-time data as well as the inclusion of non-
expert users in participatory systems. The rapid growth in SDSS develop-
ment that began in the 1990s and has lasted until now should be expected
to continue with a greater number of Web- and mobile-based SDSS being
developed for a variety of disciplines.
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Components of SDSS I: Geographic
Information Systems

Learning Objectives
¢ Understand the basic components of a spatial decision support
system.

¢ Learn about the basics of spatial data creation, storage, and man-
agement in GIS environments.

* Be introduced to spatial data exploration, visualization, process-
ing, and analyses techniques in GIS.

3.1 Introduction

The difficulties presented by unstructured decision situations, the need
for computer support systems, and the concept of spatial decision sup-
port systems were discussed in Chapter 1. In Chapter 2, the progression
of SDSS was presented in order to give an historical perspective and also
to provide an idea of where the techniques and technology are heading in
the future. Spatial decision support systems are characterized by a wide
variety of approaches, application domains, development techniques,
technologies used, and the complexity of the software configurations.
However, to be considered spatial decision support systems (SDSS), they
must contain certain components. These common components as well as
how they are specifically included in SDSS and how interaction among the
components is facilitated will be discussed in this and the next chapter.
The overall purpose of SDSS is to provide an integrated set of flexible
capabilities for decision making for tackling semi- or ill-structured spatial
problems. Spatial decision support systems should be designed for ease of
use, to provide solutions through presentation of a series of alternatives,
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for flexibility of use and easy adaptation, and to support analytical meth-
ods. In order to achieve these attributes, there are several common compo-
nents that every SDSS should possess. These include a database, spatially
explicit models, user interfaces, visualization and reporting capabilities,
and alternatively, application domain knowledge. This chapter will pro-
vide an overview of the different components that compose an SDSS and
how they interact. As spatial data management and analysis, usually with
Geographic Information Systems (GIS), are often a focal component of
many SDSS, a broad overview of GIS will be presented in detail. Chapter
4 will investigate the other SDSS components and how to integrate these
components to successfully build an SDSS.

3.2 Components of Traditional DSS and GIS

As discussed earlier in Chapter 2, SDSS have evolved from DSS and GIS.
Figure 3.1 depicts the combined components of GIS and DSS. A tradi-
tional DSS has three primary components: a database, a model base, and
a user interface (Sprague and Carlson 1982). On the other hand, GIS can
also be considered to be composed of three major components: a data-
base, a user interface, and spatial data creation, analysis, and presenta-
tion capabilities.

The database component within a decision support system (DSS) mostly
deals with nonspatial data collection, retrieval, management, and analysis.

—
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FIGURE 3.1
Traditional DSS and GIS components.
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This component usually does not support cartographic presentation or
mapping functionality, which are essential to spatial decision making. On
the other hand, GIS provides spatial and nonspatial data collection, stor-
age, management, and cartographic display functionalities. The database
component in both systems feeds appropriate information to the other
components as needed.

The model base component provides decision makers with access to a
variety of models to help them in the decision-making process. Some of
the examples of models include statistical, process based, mathematical,
and multi-criteria evaluation. Traditional DSS have been built to use vari-
ous specific modeling techniques., However, GIS software, while contain-
ing generic spatial analytical functions, does not contain specific analytical
modeling capabilities (Densham 1991; Keenan 2006). The model base compo-
nent operates on the data available in the database by either directly access-
ing data or through the use of intermediate data translation routines.

The user interface component in both GIS and DSS facilitates the interac-
tion between the user and the computer system. This component is impor-
tant as unintuitive or awkward user interfaces can frustrate users and
render an otherwise sound system inoperable. Thus, it is vital for this com-
ponent to be considered carefully in conjunction with users of the system.

As seen in Figure 3.1, GIS lacks the necessary modeling capabilities,
whereas DSS do not support spatial data analysis and cartographic dis-
play functionalities. The development of SDSS has evolved to utilize
components from both DSS and GIS. The description of different SDSS
components and their roles follows.

3.3 Components of SDSS

As mentioned earlier in Chapter 1, the spatial decision-making process
involves (1) identifying the issue, (2) collecting the necessary data, (3)
defining the problem, including objectives, assumptions, and constraints,
(@) finding appropriate solution procedures, and (5) solving the prob-
lem by finding an optimal solution (Keller 1997). At the most basic level,
there are three major components: database, model, and user interface.
However, the number and exact description of components mentioned in
the SDSS literature varies. For example, Lolonis (1990) and Malczewski
(1999) mentioned three components—database management, model base
management, and dialog management, while Densham and Goodchild
(1989) mentioned four components—a database management system,
analysis procedures, display and report generators, and user interfaces.
Armstrong and Densham (1990) mentioned the database management
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system (DBMS), model base, screen generator, report generator, and user
interface as the five components, while Gao et al. (2004) reported six com-
ponents: data, model, solvers, visualization, scenario, and knowledge.

Though the number of components varies, in this book we identify four
core components and one optional component. Core components of SDSS
include (1) the database management component (DBMC), (2) the model
management component (MMC), (3) the dialog management component
(DMC), and (4) the stakeholder component (SC) (Figure 3.2). The knowl-
edge component (KC) is a common but not essential component in an
SDSS. Figure 3.2 provides an overview of the components in an SDSS.

This chapter will focus on the capabilities of GIS as these types of
software are frequently at the core of SDSS. Indeed, GIS software often
fulfils the role of database management and dialog management com-
ponents. Our research into the SDSS literature, as discussed in Chapter
2, demonstrated that the great majority of SDSS had GIS as the key
software in database management and dialog management functions.
In this chapter, we also want to provide a GIS overview as some read-
ers of this book come from disciplines in which GIS education and use
have not been common. The following sections detail GIS definitions,
history, data collection, data management, data analysis, and data dis-
play. Chapter 4 provides a detailed description of the remaining SDSS
components (i.e., model, dialog, and the knowledge management, and
stakeholder components).

3.4 Geographical Information Systems (GIS) Overview

In the following sections we will provide a brief history of using spatial
data and GIS software. We will also investigate some key concepts such
as the definition of GIS, coordinate systems, spatial data models, spatial
data collection methods, spatial data management, spatial data analysis
and processing, and data visualization and cartography. Finally, we will
provide an overview of commercial and open source GIS software.

3.4.1 History of Spatial Information and Data Use

Maps have played an important historical role for thousands of years while
spatial analytical techniques have developed substantially over the past
two centuries. Ancient civilizations such as the Egyptians and Greeks were
some of the earliest mapmakers. The Romans developed extensive cadas-
tral (map-based property register) mapping to help manage their empire
and to levy taxes on citizens (Bernhardsen 2002). Exploration and military
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purposes continued to drive mapmaking techniques and production. By
the nineteenth century, more systematic attempts at planning drove more
sophisticated mapping techniques. In 1838, the Irish government com-
piled a series of maps for railway planning, an effort some consider the
first manual geographical information system (Bernhardsen, 2002). The
use of aerial photography and the development of photogrammetrical
techniques advanced mapmaking after World War I (Bernhardsen 2002).

The move from paper-based map use to automated digital spatial infor-
mation systems began in earnest in the second half of the twentieth cen-
tury. In the 1960s, the Canadian government embarked on an ambitious
project to develop a multilayer land use/planning map for analyzing
areas in or available for forestry, agriculture, or recreation (Keenan 2006)
using mainframe computers that by today’s standards were very limited.
This system was called the Canada Geographic Information System. By
the 1970s, computer processing was aided by the development of micro-
processors, and by the 1980s, computers were of three types: mainframes
for major data processing and computational tasks, personal computers
(PCs) or desktop computers, and workstation or minicomputers, which
were larger and more powerful than PCs but much smaller than main-
frames (Bernhardsen 2002). In the 1980s, powerful workstation comput-
ers were the common hardware systems for which GIS development was
most commonly taking place. However, with cheaper and more powerful
computing power and memory resources, GIS development for PCs took
off in the 1990s. The development of graphical user interfaces in the 1990s
led to immense growth in the use of GIS in the 1990s, with Environmental
Systems Research Institute (ESRI)’s ArcView being an example of a desk-
top-based GIS with user-friendly interfaces. The uptake and use of GIS
technology has continued into the 2000s with networking and communi-
cation technologies leading to mobile and Web-based GIS developments.
The growth in other geospatial technologies, such as GPS and remote
sensing, has been commensurate with that of GIS in the last few decades.
Indeed, the combination of these and other computing, communication,
and networking and communication technologies has led to an explosion
of spatially explicit applications in recent years.

3.4.2 Definitions of GIS

There is not a single agreed-upon definition of GIS. However, a review of
several GIS textbooks shows some commonality in definitions of GIS:

* “A geographic information system (GIS) is a computer system for
capturing, storing, querying, analyzing, and displaying geospa-
tial data” (Chang 2009, p. 1).
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* “[G]eographic information systems are systems designed to
input, store, edit, retrieve, analyze, and output geographic data
and information” (DeMers 2009, p. 19).

* “A GIS is designed for the collection, storage, and analysis of
objects and phenomena where geographic location is an impor-
tant characteristic or critical to the analysis” (Aronoff 1995, p. 1).

* “A computer-based system to aid in the collection, maintenance,
storage, analysis, output, and distribution of spatial data and
information” (Bolstad 2005, p. 1).

What makes GIS very powerful is the ability to explicitly handle spa-
tial data as well as nonspatial data. Spatial data can take up a consid-
erable amount of hard-disk space and require a considerable amount of
computer processing power and memory. Over the last several decades,
the great growth in computing power and accessibility to this computing
power has aided the diffusion of GIS technology to a greater number of
organizations. Spatial data have become an integral portion of many orga-
nizational databases being combined with extensive nonspatial datasets.
The way spatial data are stored, managed, and analyzed will be discussed
in the following sections.

3.4.3 Coordinate Systems

Spatial data hold explicit locational information based on a defined refer-
ence system. Locations in the context of cartography and GIS are refer-
enced to either a projected or geographical coordinate system, which is
used to reference the surface of the Earth. A geographical coordinate sys-
tem is one that represents locations on a model of the Earth with latitude
and longitude coordinates. These geographical coordinate systems often
use a spherical model (Figure 3.3) to represent the Earth. A geographical
coordinate system has the center of the Earth as an origin and measures
latitude as degrees north or south of the equatorial plane and longitude
measured in degrees east or west of the prime meridian (Chang 2009).
Calculating areas and distances is complicated when using geographic
coordinate systems since the distance corresponding to one degree of lati-
tude or longitude varies depending on the location on the Earth’s surface.
Also, in relation to paper maps, traditionally it has been impractical to
carry around a spherical model of the Earth conveniently. Due to these
complications, projected coordinate systems were developed by cartogra-
phers. Projected coordinate systems use map projections, which are tech-
niques for representing the surface of the Earth on a flat, two-dimensional
surface such as a paper map. The science and mathematics behind project-
ing data is beyond the scope of this book. However, the basic concept can
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FIGURE 3.3
A spherical representation of the Earth. (http://publib.boulder.ibm.com/infocenter/
db2luw/v8/index.jsp?topic=/com.ibm.db2.udb.doc/opt/csb3022b.htm)

be thought of as putting a light source inside a transparent globe and pro-
jecting the lines onto a two-dimensional surface surrounding the globe.
There are different kinds (Figure 3.4) of projections, each with its own
advantages and disadvantages. Each projection emphasizes the ability to
accurately represent size, shape, distance, or direction at the expense of
accurately representing at least one of these parameters. The ideal projec-
tion varies depending on the part of the world (i.e., at the poles or around
the equator). When representing data in a small area such as a state,
county, or small administrative unit, the distortions for a specific projec-
tion are minimal. However, when storing information at the global scale,
it is often more useful to use unprojected data, as any individual projec-
tion would incur large distortions. There are great advantages to using
projected coordinate systems, including the ease of calculating distance
and areas, the portability of the projected information (e.g., paper maps),
and representation in a computing environment. Map projections allow
any point to be defined in a Cartesian x,y coordinate system. There are
many different projections used throughout the world, and GIS programs
often contain functionality for handling transformations between differ-
ent projections and coordinate systems.

3.4.4 Data Models

In order to represent the real world in a digital environment, models
must be created that can effectively characterize real-world phenomena
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and reduce them to the binary (0 and 1) representation necessary for com-
puter storage. As objects in the real world are complex, this is not a trivial
issue. Various digital models created to represent real-world objects in
GIS and other spatial software applications exist. The choice of data mod-
els impacts efficiency, the operations that can be carried out, the output,
and the analytical power experienced (Demers 2009). Although there are
many individual ways to represent spatial data in a digital environment,
there are two main types of data models used in GIS software: vector and
raster. Details on vector and raster data models, including advantages and
disadvantages, will be examined in the coming sections. The ability to
represent the spatial attributes of an object in a digital environment does
not capture all aspects of the object. For example, you could represent a
stand of trees as a polygon, but it might be important to also store infor-
mation on the kind of trees or the approximate age of the trees. Another
example would be the mapping of property boundaries. While it is useful
to store the exact boundaries of the property, it is also useful to store infor-
mation on the owner’s name, the address of the property, and the value
of the land and buildings on the property. These types of information are
called attributes. The combination of being able to store data on the geo-
graphic coordinates of features and also attributes of those features are
what makes GIS a powerful tool and the backbone of most SDSS.

3.4.4.1 Vector Data Model

When using the vector data model, entities in the real world are divided
into clearly defined features represented by geometry based on point, line,
or polygon geometry (Figure 3.5). The simplest vector features are points
that are represented by an x (easting) and y (northing) value and possibly
a z value to represent elevation (Figure 3.6). Point spatial data can repre-
sent a wide range of features, such as a sign, a fire hydrant, a tree, a house,
or even a town. At a less-detailed mapping scale, such as continentwide,
features such as towns can be collected and represented as points. At the
time of data collection, there might not be sufficient information to collect
detailed boundaries of cities, and when displayed at small scale (large
area—e.g., global or continental level), detailed boundaries would not be
visible. Lines are one-dimensional and defined by a series of x, y coordi-
nates (Figure 3.7). The points in a line could represent the beginning, a
break in, or the end point of a line. The lines, as stored spatially, do not
have any width. Again, depending on the scale of mapping and intended
use, a road or river feature could be defined as a line or a polygon. At a
continental scale, a large river would be defined as a line, but at a city
level it might be defined as a polygon. A polygon is a two-dimensional
representation of area defined by a series of points and line segments con-
necting the points with the start and ending point being at the same x, y
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FIGURE 3.5
Point, line, and polygon features using the vector data model.

location (Figure 3.8). A polygon is made up of connected, closed, and non-
intersecting line segments (Chang 2009). Polygon features have area and
perimeter values, and are used to represent a wide range of physical (soil
types, forest stands, water bodies), anthropogenic (land parcels, adminis-
trative boundaries), and other (cellular phone coverage) features.
Although the vector model, at the most basic level, is made up of point,
line, and polygon features, there are more specific methods for implement-
ing this type of data model within a digital environment. One of the most
basic and earliest methods was called the spaghetti model (Bernhardsen
2002). In this model, each feature is stored without any reference to its rela-
tion to other features. The spaghetti label implies a series of lines lying on
top of each other with no defined relationship. This is an inefficient way
for encoding data as the same feature can be stored multiple times, often
with slightly differing coordinate points causing errors of overlap or gaps
between polygons (Figure 3.9). This model also makes spatial calculations
computationally intensive (Demers 2009). This led, historically, to the stor-
age of geographic features in spatial data models in which the geomet-
ric relationships between features are explicitly defined within the data
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FIGURE 3.7
An example of a road line representation. This road segment is made up of a series of four
points and connected line segments.

FIGURE 3.8
An example of a polygon feature representation. This polygon is made up of a series of ten
points and connected line segments.
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FIGURE 3.9

An example in which there are two polygons representing features with a common bound-
ary. In the spaghetti model, mistakes can often be introduced such as overlaps and gaps
because there is no enforcement of spatial relationships as in topological data models.

model. This type of data model is called a topological data model. Topology
refers to the continuity of space and spatial properties, unaffected by dis-
tortion (Burrough and McDonnell 1998). In a topological data model, a
line segment is defined when it either contacts or intersects another line
or when the line changes direction (Demers 2009). The line segment is
the basic entity in the topological data model. Each line segment has a
beginning and ending node held explicitly in the data model along with
a unique identifying number. Polygons are composed of these line seg-
ments, and for each line segment, the polygon to the left and right of it is
stored in the data model (Figure 3.10).

There have been numerous topological data models developed over
time. The U.S. Census Bureau developed the geographic base file/
dual independent map encoding (GBF/DIME) format in the 1960s and
improved upon it with the Topologically Integrated Geographic Encoding
and Reference system (TIGER) for the 1990 census (Demers 2009). ESRI
Inc. introduced the coverage topological data model in the 1980s to sepa-
rate GIS from computer-aided design (CAD) software, which used nonto-
pological data structures (Chang 2009). The coverage was a very common
data model in the 1980s and 1990s because it was used in ESRI's popular
ArcInfo GIS software. The coverage data model stored points with the x,y
coordinate and a unique identifying number. Lines or arcs (ESRI's term)
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FIGURE 3.10
Adjacent polygons that share an edge. Polygons 1 and 2 share the four points highlighted
in the circles.

were defined by both a from (or beginning) and a to (or ending) node and a
list of x,y coordinates that made up the entire arc (Figure 3.11). A polygon
was defined by a unique identifier, a list of arcs defining the polygon, and
a list of points making up those arcs (Figure 3.12). Topological spatial data
models explicitly hold information on the spatial relationships between
features, and thus reduce computational requirements when carrying out
spatial analysis. They also help minimize mismatches in spatial data such
as seen in Figure 3.9. The elimination of these mistakes can remove incor-
rect interpretations of spatial analysis results carried out on mismatched
or incorrect data.

Although topological data structures have clear advantages, they were
developed in a time when computers were slower, had less memory, and
were less powerful. Faster computer processing speeds and greater com-
puting power have made some concerns of the topological data structure
insignificant (e.g., file size due to coordinates being stored multiple times
as compared to the spaghetti model). One of the most common spatial
data formats used in GIS is ESRI’s shapefile. This format was introduced
by ESRI in the 1990s for faster display and easier data sharing (many
other spatial software programs can read shapefiles). The shapefile was
introduced with the ArcView software, which was originally meant to
be more of a data-viewing program but grew into a true GIS software
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FIGURE 3.11

Storage of arcs in coverage data model.

package during the 1990s. Even though shapefiles use a nontopological
data model, the format does accommodate more sophisticated features
than basic spaghetti models, such as the use of rings (a closed non-self-
intersecting loop), which allows the storage of multipart polygon (e.g.
multiple islands in the state of Hawaii) features. Topological data models
were developed at a time when the digital spatial data creation process
required a rigorous, automated method to clean up data entry errors from
digitizing paper maps. The shapefile was developed as a feature-centric
perspective, and ArcView software provided tools for creating polygons
in which boundaries matched exactly, for dissecting polygons and main-
taining a perfectly matched boundary, and for splitting lines and having
the shared node stored exactly in both lines (ESRI, 2001). The disadvan-
tages of calculating spatial relationships on the fly were ameliorated by
the improvements in computing power over time, making the shapefile
format more feasible. The shapefile continues to be one of the most com-
mon spatial data formats in use in GIS and SDSS.

More sophisticated data structures have been developed recently based
on object-based data models. The object-based model could use topologi-
cal or nontopological data modes, but treats different features as objects
that can have specific properties associated with them. For example, pipes
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Storage of polygons in coverage data model. Polygons are labeled in bold while arcs are
labeled in italics in the image.

are stored as a specific kind of line that has specific defined attributes,
such as width, material, use, and so on. Also, specific relationships and
rules can be built into the object-based data model, such as a requirement
that pipes used for a specific task must have a certain capacity (Demers
2009). Topological rules and relationships can be built into these object-
based model structures. For example, in ESRI's Geodatabase model, there
are many generic topological rules (e.g., must not overlap, must not have
gaps, must not intersect) that can be applied to a specific feature class or
between different feature classes in different ways. A feature class is a set
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of geographic features that must have the same type of geometry and the
same set of attributes. For example, in a Geodatabase, there could be two
separate feature classes of different detailed census boundaries, which
have a rule that they must have coincident boundaries. For example, five
census blocks (more detailed) will fit exactly into one census tract (less
detailed) (Chang 2009). While the development of object-based spatial
databases requires early investments of time, they can lead to significant
improvements in efficiency in the long run, including ease in data sharing.
Numerous governmental organizations distribute large spatial datasets
using ESRI's Geodatabase, including the New York State Department of
Transportation and the U.S. National Hydrography Dataset (Chang 2009).

There are many vector data formats presently in use, and it is impos-
sible to cover them all. The most commonly used GIS program presently is
ESRI's ArcGIS, which primarily works with shapefiles and geodatabases,
but can also still work with coverages and read other formats such as CAD
data. There are many other formats including vendor-specific formats,
such as MapInfo’s TAB, government-created data formats such as the U.K.
Ordnance Survey’s National Transfer Format (NTF), and open standard
data storage mechanisms such as Geography Markup Language (GML).
The Open Geospatial Consortium (OGC), an international industry con-
sortium, was formed in 1994 and has worked toward developing inter-
national standards for geospatial interoperability, including data formats
such as GML and Keyhole Markup Language (KML).

3.4.4.2 Raster Data Model

The second major data model category used in GIS is the raster data model.
The raster data model is usually based on a regular two-dimensional grid
that is used to represent real-world phenomena, with each cell in the
grid representing an individual value for the characteristic being repre-
sented. The raster data model is useful for representing phenomena that
vary continuously over space, such as precipitation, elevation, or soil ero-
sion (Chang 2009). Figure 3.13a demonstrates a raster dataset represent-
ing elevation while Figure 3.13b shows the same data but at a scale close
enough to see individual cells. Each cell holds one elevation value, in this
case stored in feet units. Raster data are handled differently depending
on whether they hold integer or floating-point values. Integer rasters usu-
ally represent categorical data (for example, in a land cover raster 1 might
represent water, 2—urban, 3—coniferous forest, etc.). Floating-point cell
values represent continuous numeric data such as the average amount of
precipitation that falls or elevation values with precision to one or more
decimal places. Floating-point rasters require more memory for storage
and generally will not have an associated attribute table for viewing and
querying values from the data. This is because there are often too many
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unique values in a floating-point raster (for example, in a raster that is
1000 x 1000 cells, if each cell had a unique value, there would be one mil-
lion values). An integer raster representing categorical data might only
have a few unique values but many cells that have that value (Figure 3.14).
In ESRI's GRID format (Figure 3.14), the Value field in the attribute table
holds the integer value, while the Count field holds the number of cells in
the raster that hold that unique value.

Although the raster data model is conceptually simple, there are intrica-
cies in making the storage of different kinds of surface data efficient. The
raster data must hold information on the size of the cell that defines the
resolution of the data. A cell size of 10 meters (10 x 10) means that each
cell represents 100 m?in the real world, while a 100-m cell size represents
10,000 m?, or a hectare. Raster datasets with smaller cell sizes can capture
more detail across shorter distances, but also require greater computer
memory and processing resources. For example, a small raster dataset
with only a single integer value for each cell, but with resolutions of 10 m
and 100 m, take up approximately 3.2 mB and 32 kB on disk, respectively.
Various methods have been developed for efficiently storing raster data,
but are beyond the scope of this book.
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FIGURE 3.14
(See color insert following page 74.) An ESRI GRID format integer raster representing land
cover classes with attribute table shown.
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One of the most common types of datasets using the raster data model
is the digital elevation model (DEM). As can be seen in Figure 3.13, DEMs
represent elevation by storing a single elevation value for each cell in the
raster. There are many different sources of DEMs. During an 11-day mis-
sion in 2000, the NASA Space Shuttle Endeavor collected data on eleva-
tion for the majority of the globe. The Shuttle Radar Topography Mission
(SRTM) resulted in the development of an almost complete global cov-
erage of DEMs at an approximate resolution or cell size of 90 m. Other
nations have developed more detailed DEMs. For example, in the United
States, DEMs are available for the majority of the country at a resolution of
10 or 30 m. In recent years, advanced technologies such as Light Detection
and Ranging (LiDAR) have led to the development of very high-resolution
(e.g., 1 m) DEMs. These high-resolution DEMs are being collected for local
or regional areas for detailed applications. Figure 3.15 represents four lev-
els of DEM resolutions. The 90-m resolution is from the STRM data, the 10-
and 30-m resolutions are from the U.S. Geological Survey (USGS) DEMs,

FIGURE 3.15
Digital elevation models at 90-, 30-, 10-, and 1-m resolutions. The area represented in each
of the images is a 2 x 2 km tile.
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and the 1-m resolution is derived from LiDAR data. At the 90-m resolu-
tion, few features can be picked out, but as the resolution increases, more
and more landscape features can be seen. The choice of which resolution
to use depends on data availability and the purpose of the application.
The 90-m resolution data would be insufficient for a spatial decision-
making process about where to locate a new road, but the 1-m resolution
would be impractical in looking at countrywide land use suitability. The
size of the raster files shown in Figure 3.15 goes from approximately 1 kB
for the 90-m raster to approximately 15 mB for the 1-m resolution data.
Thus, trade-offs between the detail provided by higher resolution and the
higher computing costs must be weighed when deciding which resolution
data to use in a given spatial decision-making process.

Imagery of the Earth’s surface taken from various platforms includ-
ing satellites and airplanes are stored using the raster data model. The
use of aerial photography as a means of gathering information has
been common since World War I. With the advent of spatial processing
software, aerial photography has become a very common digital spatial
data source. Digital orthophotographs are photos in which the displace-
ment caused by camera tilt and the natural terrain have been removed
(Demers 2009). Many organizations, especially local, state, and fed-
eral governments, regularly collect aerial imagery and produce digital
orthophotography that can be used in GIS and spatial image process-
ing software (Figure 3.16). Imagery of the Earth’s surface has been col-
lected by satellites for several decades (e.g., Figure 3.17). The number of
satellites has grown greatly in the last decade with many countries and
private companies launching satellites that can collect imagery at vary-
ing spatial and spectral resolutions. There are now hundreds of private
and government sensors aboard various satellites collecting imagery of
the Earth’s surface. The spatial resolution of satellites ranges from less
than 1 m (e.g., GeoEye-1) to greater than 1 km (Advanced Very High
Resolution Radiometer [AVHRR]). Different sensors collect data in dif-
ferent wavelengths of the electromagnetic spectrum (e.g., ultraviolet,
visible, infrared). Satellites often carry sensors that produce multispec-
tral imagery or images stored separately for different ranges of wave-
lengths. For example, the Landsat Thematic Mapper instrument collects
data in seven narrow spectral bands. Hyperspectral sensors collect
data simultaneously in hundreds of contiguous, very narrow spectral
bands. The collection of data in different wavelength bands provides
various advantages for discerning patterns of different materials on
the Earth’s surface. Image file formats can store numerous bands in one
file. In this case, each file holds several raster datasets (bands) within
one file. Each of these files can be viewed separately or as a combined
image. Different spatial software, such as image processing and GIS,
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(See color insert following page 74.) An example of a digital orthophotograph.
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provide different mechanisms for viewing these data in different band
combinations.

3.4.4.3 Raster versus Vector

Due to the variety of real-world phenomena, both the raster and vector
data models have advantages and disadvantages in their representation.
The vector data model clearly matches some discrete natural and anthro-
pogenic features in the real world better than raster data. For example,
features with clearly defined geometry, such as roads, buildings, lakes,
and so on, are more efficiently and accurately represented in the vector
data structure. On the other hand, phenomena that vary continuously
across space, such as elevation, climatic characteristics, air or water qual-
ity concentrations, etc., are better represented in the raster data model. If
these phenomena were represented with the vector model, the number of
individual features would be great, leading to large file sizes. Other real-
world phenomena are somewhere in between discrete and continuous
patterns. For example, depending on how real-world patterns are inter-
preted, land cover could be defined as discrete generalized polygons
using the vector model or with a raster data model, which can capture
small-scale variation in land cover through automated image processing
techniques. The decision of which data model is to be used depends to
a degree on the method for collecting or developing the spatial data. For
land cover mapping over a large geographic area, usually some image
processing techniques used on raster satellite imagery are used to delin-
eate land cover classes, as manually digitizing would be too time-con-
suming. However, manual digitizing of vector features based on aerial
photography might be used at a more local level to define discrete land
cover classes (Figure 3.18). Most GIS and other spatial programs allow at
least viewing of both vector and raster datasets, and most provide func-
tionality for converting between the two data models.

3.4.5 Spatial Data Collection

There are many different methods for acquiring or collecting digital spa-
tial data, and new methods have evolved with technological advances.
The amount of available spatial data has grown tremendously, especially
over the last two decades. When developing a spatial database for a given
project, both primary and secondary sources might be used (Longely et
al.,, 2005). A primary data source would be considered one that is created
by the database developer while secondary data would be considered
data that was created by a separate organization (primary data for them)
but can be incorporated into a given project or database. The data devel-
opment process is one of the most time-consuming aspects of any spatial
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FIGURE 3.18a
A raster data model representation of land cover derived from automated image processing
of satellite imagery.

decision-making process and requires significant resources. A common
mistake is made when underestimating the time and resources necessary
to build acceptable spatial databases to support the spatial decision-mak-
ing process.

There are many different methods for creating primary data. A common
method for translating hard-copy maps into digital data was manual digi-
tizing. A digitizing tablet could be used by attaching a map to the tablet,
registering the corners of the map (matching digitizing tablet coordinates
to real-world coordinates of map), and then tracing features on the map
with a mouselike device. This method has been and continues to be used
by private and governmental organizations to convert many hard-copy
maps to digital data. In developed countries, much of this work was done
in the 1980s and 1990s. Another method for converting hard-copy maps or
photos to digital data is using a scanner to save the map or photo as a digi-
tal image. After the map or image is stored as digital data, it can be refer-
enced to real-world coordinates using GIS or other spatial software. This
data can then be visualized in GIS and other software and be used to cre-
ate derivative spatial datasets. One common operation is to take a scanned
map and carry out manual on-screen digitizing for the creation of vector
features. For example, after the scanning and registration process is car-
ried out on an aerial photo and using functionality from GIS software, all
of the building footprints could be traced on screen to produce a polygon
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FIGURE 3.18b
Manually digitized vector model representation of land cover.

vector theme (Figure 3.19). The entire process of moving from a hard-copy
data source to digital spatial data requires careful attention to detail and
is described in more detail in texts dedicated to GIS.

Another method of creating digital spatial data is by carrying out field
surveys using Global Positioning Systems (GPS). The development of GPS
by the United States military originally was for defense applications but has
grown exponentially over time in myriad private and government sectors.
GPS uses a constellation of satellites in space that broadcasts information
that allows a handheld GPS receiver on the ground to accurately calculate
real-world positions. Sophisticated GPS hardware and software have been
developed to facilitate collection of spatial data in the field and for incor-
porating that data easily back into GIS software. New handheld computers
allow users to display GIS base layers while in the field using submeter-
accuracy GPS to record spatial data (as well as related attribute data) on
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real-world features. The accuracy of GPS units has improved greatly and,
depending on the sophistication of the unit, can be accurate to the centi-
meter level. Point, line, and polygon features can be collected with GPS
units and easily incorporated into GIS databases. Advances in GPS and
communication technology are allowing the tracking of vehicle movement
in real time. GPS are also used for applications such as precision farming,
in which the rate at which fertilizer, water, or pesticides are applied is con-
trolled through a system using GIS and field maps in real time.

A final common method for creating spatial data is automated process-
ing of remotely sensed imagery. This imagery is most commonly collected
by satellite or airplane-based sensors that record reflected or emitted
energy along the electromagnetic spectrum. There are many providers of
remotely sensed imagery led by national governments (e.g.,, NASA) with
some commercial providers (e.g., GeoEye). The digital imagery provided
by these organizations is useful for visualization purposes but also can be
used for the derivation of useful spatial products. A remote sensing analyst
is a person who uses various tools to derive useful information from the
digital numbers representing reflectance in the electromagnetic spectrum
stored in remotely sensed imagery. Many automated image processing
applications have been developed specifically for aiding remote sensing
analysts. Software such as IDRISI, Erdas Imagine, ENVI, ER Mapper, PCI,
and others can be used to process imagery and derive spatial informa-
tion on vegetation, geology, soils, settlement patterns, air quality, water
quality, climate, land use, disasters, and many other phenomena. The pro-
cess of moving from a raw satellite-derived image to a purpose-specific
derived spatial product requires considerable effort and expertise, even
with the use of image processing software. Spatial and radiometric (char-
acteristics of the electromagnetic spectrum recorded) resolution, revisit
frequency, cost, and other attributes of different remotely sensed imagery
dictate which type of imagery would be useful for addressing a certain
spatial problem.

There are many distributors of spatial data in various formats. Some spa-
tial datasets are provided free of charge while others are sold commercially.
Appendix A provides links to useful Web sites for each state in the United
States where spatial data can be acquired or with instructions on how to
acquire spatial data. Appendix B lists some links for global datasets.

3.4.6 Database Management

The majority of discussion up to now has dealt solely with the way spatial
information is collected and stored in GIS and related software. However,
one of the main strengths of GIS is the ability to store large amounts of
nonspatial information that are either directly or indirectly related to spa-
tial features. Pieces of information directly related to spatial features are
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called attributes. A wide variety of characteristics of any vector feature can
be recorded in the attribute table of the vector feature class. For example,
a line representation of pipe network attributes could include the material
it is made of, diameter, date installed, manufacturer, and so on. There are
a variety of ways to store spatial and attribute data, including the storage
of both in the same file, in separate files or databases, and in a single rela-
tional database (Bernhardsen 2002). The advantage of the first method is
rapid search capabilities, but with increasing amounts of data this method
becomes less efficient. The second method stores spatial data in one file
while attribute data are stored in a separate file with a feature identifier
allowing them to be linked. The ESRI shapefile format (which is made up
of anywhere from three to seven files) is an example, with the attribute
data being stored in a .dbf (dBase format) and the primitive geometry data
stored in the .shp file. Similarly, in the MapInfo TAB format, the .DAT
file holds the attribute data while the .MAP file holds the geometry data.
The relational database method stores the geometrical information in a
table with related tables holding attribute data. An advantage is that these
methods are based on standard technologies, allowing easy transfer and
ease in using technologies such as the Structured Query Language (SQL)
(Bernhardsen 2002).

Regardless of the storage technique, GIS software can carry out a
variety of operations based on the geometry and attributes of a feature.
Figure 3.20 shows a polygon representation of census tracts for the state of
Iowa in the United States with the attribute table also shown. Attributes
include a unique identifier for the tract, an area field storing the number of
square kilometers, the population, and population density. Many of these
attributes were recorded at the time of data creation. However, the values
in the AREA field can be calculated at any time using built-in functions in
the GIS software. In general, GIS software contains functionality for add-
ing new fields and populating them with new values using mathemati-
cal, text, or date functions. For example, in ArcGIS software, numerical
(long integer, short integer, float, double), text, date, and binary large
object (BLOB; used to store objects such as images, audio, or multimedia
objects) attribute field types can be added to a feature class attribute table.
In addition to handling attribute tables, most GIS software can read and
manipulate stand-alone tables that do not hold spatial data. The format of
these tables varies by software but includes dBase, Excel, text, DAT, and
other files. These are considered flat files in that they are a simple collec-
tion of records for which fields are used to store identical data in each row
(Malczewski 1999). Advantages to using flat files include simplicity and
speed in retrieval.

As spatial technologies evolved and their use grew tremendously in
various disciplines, more sophisticated database technologies were devel-
oped. In contrast to flat file structures, relational databases organize
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information in tables that hold keys used to define relationships between
various tables (Chang 2009). Companies such as Oracle developed spa-
tial capabilities in their relational database structure. Oracle Spatial is
software that incorporates functionality for handling spatial data in its
Oracle Standard and Enterprise database editions. This platform pro-
vides, according to Oracle, support for a wide range of applications, from
automated mapping/facilities management and geographic information
systems (GIS) to wireless location services and location-enabled business
services. Other enterprise-level database management systems, such as
Microsoft SQL Server, also have spatial data handling capabilities. In the
open source arena, PostGIS software adds functionality for spatial data
handling to the PostGRE database management system. ArcSDE software
by ESRI manages spatial data in a relational database management system
and enables it to be accessed by ArcGIS software. All of these technologies
allow the integration of spatial data into enterprise-level (large organiza-
tional) databases. Object-oriented databases, such as ESRI's Geodatabase,
rely on relational database management techniques but allow for special-
ized rules and relationships to be defined for and between features or
objects. This helps to protect against attribute errors being introduced into
databases. These types of relational and object-oriented databases can
require greater initial investment in construction but can lead to much
greater efficiencies later.

Nonspatial data often hold information that can be joined or related
to spatial data. In the census tract example, the U.S. Census Bureau will
have a whole range of demographic and economic characteristics held
in tables that have a tract unique identifier. The tract unique identifier
matches the value in the feature class attribute table. The two separate
tables can be joined together for carrying out spatial and nonspatial que-
ries and for subsequent map visualization. For example, we could find
census tracts that fall within 1 km of major highways and then query the
joined demographic/economic data to see what percentage of people in
those tracts are of a certain ethnic group. In this example, if available,
data on asthma rates by census tract could be used to investigate if there
is any correlation among ethnicity, proximity to major highways, and
asthma rates.

Attribute data can be recorded in a variety of ways. In the digitization
process, a database developer would define the attributes of interest for a
given type of feature, and when the features were created, the attribute
data could be added at the same time. It is important that a common iden-
tifier is added for future relation of spatial data to associated information
from separate tables. In the case of field surveys using GPS, it is often
possible to collect and enter attribute information simultaneously while
recording positional information. The creation of rules and relationships
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in relational or object-oriented databases can help protect against the
introduction of errors in the data creation process.

3.4.7 Data Considerations

The collection of spatial data and the development of spatial databases
should always follow a careful planning process. There are many con-
siderations for developing suitable spatial and nonspatial datasets in a
comprehensive database for a specific application. These considerations
include the cost of data acquisition and management, the scale or resolu-
tion necessary, and the accuracy and precision levels required. Scale and
resolution imply the amount of detail that is represented in the spatial
data. The level of detail needed depends on the spatial decision problem.
For example, a field-based precision farming operation would require
highly detailed information on terrain and soil conditions. However, for a
statewide assessment of land suitable for residential development, lower
resolution spatial data on soil types or terrain would be necessary. The
spatial precision and accuracy are dependent on the method of data cre-
ation. Database developers must decide on the amount of resources to be
invested in order to meet accuracy and precision requirements.

Even with careful database development, errors are almost always pres-
ent. Demers (2009) mentioned two primary types of errors, the first of
which is mainly associated with vector data and is called an entity error.
Entity errors deal with incorrect spatial data, such as missing features,
extraneous features, misplaced or misshaped entities, or misconnected
features. These errors can be introduced during the data creation pro-
cess and should be checked while creating data either through manual
checks or using topological tools of the GIS software. Indeed, there should
be ongoing quality control checks at the time of data creation, comple-
tion, and use. Topological data models and topological functions in GIS
software can be used to discover and correct many of these errors with-
out having to carry out manual inspection. The second primary error
type—attribute errors—can occur in both raster and vector data. If spatial
analyses are carried out with flawed spatial data, then any resulting data
will contain errors.

3.4.8 Spatial Data Exploration, Processing, and Analysis

A tremendous number of spatial operations can be carried out on vector
and raster data. These operations can be combined to create a sequence
of operations that can be considered as a model or a modeling operation.
There are a range of GIS packages available, and the amount of function-
ality and the exact algorithms they use vary. However, some basic func-
tions are included in most software. In addition, specialized functions are
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developed as extensions to the basic GIS software package either by the
original GIS developer or as third-party add-ons. The specific discipline
or research area in which the GIS software will be applied often dictates
the type of operations needed. For example, in watershed modeling, raster
operations are important as the movement of water through the landscape
is modeled more efficiently in a raster environment. In this GIS overview
chapter, it is impossible to cover the full breadth of spatial analysis and
processing operations. However, some broad and important categories of
spatial analysis will be covered with some specific examples given. In the
following section, we provide an overview of some of the most common
vector and raster analyses. For more detailed coverage of spatial process-
ing and analyses, please refer to Chrisman (2001), Langley et al., (2005),
Heywood et al,, (2006), or Demers (2009).

3.4.9 Map Data Exploration

Numerous tools built into GIS software exist for exploring spatial data
and associated attributes to uncover patterns that are not readily evident.
In all GIS software, there are tools for dynamically viewing spatial data
that allow a user to navigate across the represented space in a map view.
There is usually functionality that allows for zooming in or zooming out
based on either dynamic drawing or by set amounts, panning the map,
zooming to previous extents, or zooming to the extent of all datasets in the
map. Figure 3.21 shows the standard toolbar in ArcGIS ArcMap software.
The first eight buttons on the toolbar represent tools used for dynamic
navigation. There are also functionalities for zooming to a given layer’s
extent and to zoom to selected features in a layer. The ability to navigate
dynamically provides the user great opportunity to investigate spatial
data. As GIS allows dynamic navigation through spatial data, the scale of
the data viewed changes dynamically. Although the amount of detail vis-
ible in the map display changes depending on the level a user zooms to,
the amount of detail that is present in a given map layer does not change.
That amount of detail is determined by the source scale of the data. For
example, in the left panel of Figure 3.22, it is difficult to see differences in
the two state borders. However, when zoomed in to a smaller area along
the boundary, significantly more detail is seen in the polygon boundary
that was created from source data of a larger scale. The user also has the
ability to set the scale at which a given layer will be viewed in some GIS
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FIGURE 3.21
Standard toolbar for data exploration in ArcMap.
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FIGURE 3.22

Varying levels of detail visible as viewed in GIS at two separate scales. A polygon repre-
senting the area of lowa is depicted in two datasets that were produced from data sources
of varying resolution.

software. For example, when zoomed out to a state level, a layer represent-
ing land parcels would not be displayed, but when zoomed in to the city
level, this layer would become visible. Most GIS also have functionality
for measuring distances (and sometimes area) in the map view (last but-
ton on right in Figure 3.21).

3.4.10 Data Identification, Examination, and Query

There are a wide variety of tools available in GIS software for spatially
identifying, selecting, and querying features and for forming queries
based on attributes held in associated attribute tables. The ninth button
from the left in Figure 3.21 is a spatial select tool. This tool allows a user to
draw a rectangle or a point. All features that the point or rectangle inter-
sects will be selected. This is useful as the user can export the selected
features to a new dataset for specific analysis purposes. The button with
the “i” icon (Figure 3.21) allows the user to click on any spatial feature, and
a dialog (Figure 3.23a) will open that shows all of the associated attribute
information coupled with that feature. In the ArcMap software, there is
also search functionality (third button from right in Figure 3.21) in which
the user can search for features in the feature class, places (e.g., cities, riv-
ers) from an ESRI map service (i.e., from ESRI servers), address locations,
and routes. Spatial selection of features from a vector layer can be carried
out based on features from another vector layer. There are a variety of spa-
tial selection techniques available, such as intersect, within a distance of,
contain, are completely within, etc. (Figure 3.23b). An example of a spatial
selection involves choosing schools or daycares that fall within 1000 meters
of federally permitted facilities monitored for air quality (Figure 3.24).
This functionality allows for very useful data exploration, for selecting
features for specific further analysis, or for mapping purposes.
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The information dialog that appears when a user clicks on a feature with the Identify tool
chosen in ArcGIS software.

The ability to select features from spatial data based on attributes is
an important way to examine vector data. The user can select a set of
features that match a given set of criteria. This is called querying the
database. Queries are common operations in database management sys-
tems. A query is the selection of a subset of records based on values of
specified attributes (Bolstad 2005). Queries can be simple and based on
a single attribute or complicated and based on many attributes. Rows or
records in the attribute table are selected when a certain condition is met
through a query. For example, when looking at a county polygon spa-
tial feature class with many demographic variables, various queries can
be created to see the spatial distribution of certain specific properties of
the population. Imagine that a user wants to visualize where there are
counties with a high percentage of elderly persons in the United States.
Figure 3.25a shows the Select By Attributes dialog from ArcGIS for creat-
ing this query using county data and also the attribute table (Figure 3.25b)
and map (Figure 3.25¢) in which the selected features are highlighted. A
GIS user can construct very complex queries using various operators. In
ArcGIS software, the Structured Query Language (SQL), a very common
database management query language developed in the 1970s, is used for
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(Continued.)

constructing queries. The Select By Attributes dialog builds the first part
of the SQL statement as it knows which table it is making the selection
from (in Figure 3.25a, SELECT * FROM Counties WHERE: field). The user
then builds the remaining part of the query using the tools in the dialog.
There are other functions available for working with tables in GIS that
are useful for data exploration in combination with queries. For example,
in ArcGIS, records can be sorted based on values in a single or multiple
fields, statistics can be calculated for numeric values in a field, and new
fields can be created and values calculated based on other field values.
Users can build multiple queries in order to ask and answer questions
of the data. An example based on county census data would be asking
what percentage of the elderly population in the United States lives in
counties with low population density. In this case, users could check the
total elderly population in the country by using the statistics tool with no
records in the table selected. They could decide on a population density
threshold by sorting the records in the table or by using the statistics tool
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FIGURE 3.25a
The Select by Attributes dialog with a query for selecting those counties with the percent-
age of the elderly being greater than 20%.

on the population density field to determine the minimum, maximum,
mean, and standard deviation of the population densities. They then
could create a query in which they select sparsely populated counties
according to their criteria. They could then recalculate the statistics for
only the selected records to see the total number of elderly people living in
sparsely populated areas. With both of these values, they could calculate
a percentage of the elderly population living in sparsely populated areas
(rural) as compared to urban areas. These data query and exploration
functions are very useful in understanding underlying spatial patterns
and where users or stakeholders need to gain a better understanding of
the real-world situation that is represented by spatial data.

Some GIS software packages contain reporting and graph-pro-
ducing capabilities useful for data exploration and for summarizing
information. These capabilities are not usually as sophisticated as the
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cartographic functionality seen in the GIS software but are capable
of producing basic graphs and reports. The reports or graphs can be
produced from the attribute tables of spatial data and also from stand-
alone tables. More recent software technology allows the incorporation
of specialized software components for making graphs and reports.
ArcGIS software has a Create Graph Wizard (Figure 3.26), which can
be used to create a variety of graphs, including bar charts, line graphs,
scatter plots, box plots, pie charts, and others. Similarly, ArcGIS has a
report-creating tool built into the software as seen in Figure 3.27. Both
the report and charts built with ArcGIS tools can be inserted into map
compositions created in ArcMap.

3.4.11 Vector Processing and Analysis

Many real-world elements are more suitably or efficiently represented as
vector features. There are also many specific spatial processing and analy-
sis techniques that have been developed specifically for point, line, and
polygon vector data. These types of operations are detailed in the follow-
ing sections.

3.4.11.1 Buffering

One of the most basic vector processing functions is buffering. In a buff-
ering operation, a user will indicate a distance at which to create a buf-
fer around features in a point, line, or polygon feature class. The GIS
software uses the x and y locations that define the given feature and
a buffering algorithm to create polygons around each of the features
(Figure 3.28). An individual buffer polygon created for each feature or
overlapping buffer polygons can be dissolved into a single polygon. The
distance used for buffering does not have to be uniform but can also be
varied based on values from a field in the attribute table of the feature
class. In addition, multiple buffers can be produced. For example, an
analyst interested in seeing the population falling in a 10- and 50-km
radius around a nuclear power plant could produce multiple buffers.
There are many potential applications in which buffering would be use-
ful. A few examples include eliminating areas within 1000 m of schools
from the opening of restricted businesses such as liquor stores, remov-
ing land from consideration for the development of a new landfill if it
is beyond a certain distance from a major road, or restriction of certain
activities around streams to protect stream water quality. The spatial
data created from a buffering operation is often subsequently combined
with other data for further analysis.
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FIGURE 3.28
Buffering of point, line, and polygon features.

3.4.11.2 Spatial Overlay

Overlay operations are one of the unique and important functionalities in
spatial data analysis. There are a variety of geometrical overlay operations
for vector data that are available in many GIS software packages. These
operations take place with two or more feature classes, which must have
the same spatial reference parameters (coordinate system, projection,
etc.). Chang (2009) classifies overlay operations into three types: point-
in-polygon, line-in-polygon, and polygon-on-polygon. A point-in-polygon
analysis already discussed is that of spatial selections. An example of this
operation is finding how many confined animal feeding operations fall
in a given watershed. Another point-in-polygon analysis is when the GIS
assigns attributes from the polygon to each point that falls within that
given polygon. This is called a spatial join. This operation could be use-
ful for investigating relationships between different features. An example
would be medical entomologists collecting ticks, which are responsible
for spreading Lyme disease, and recording tick locations as points using
GPS. Attributes from soils and vegetation data could be associated with
the tick data with a point-in-polygon analysis to see if these ticks occur
more commonly in areas with wetter soils and specific vegetation types.
In a line-in-polygon analysis, such as an intersection operation, the line seg-
ments are altered based on the polygons that overlay them. Figure 3.29
demonstrates the result of intersecting a river with a town boundary,
which could be useful for the city government. Depending on the specific
operation carried out in the GIS, intersections mean that the resulting line
feature class gains the attributes of the polygon. When the features are
clipped, the attributes from the polygon are not incorporated in the new
line features attribute table.

There are many polygon-on-polygon spatial operations available in GIS
software. These include clip, union, intersect, identity, split, erase, and oth-
ers. Graphical representations of these operations are shown in Figures 3.30
and 3.31. The difference between the intersect and union operations is that
the latter preserves all features from the inputs while the former preserves
only those that overlap from the two sets of features. There are many
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FIGURE 3.29
Line-in-polygon intersect operation in which the result is only the part of the line that inter-
sects the polygon.

(a) (b)
() (d)
FIGURE 3.30

(a) Separate input polygon features classes and results of (b) clip, (c) split, and (d) erase
operations.

applications for each of these operations. Intersect operations could be
used with a buffered river polygon to investigate land uses that fall within
that buffer area. The clip operation is often used to limit a spatial dataset
to a specific area of interest, such as clipping a land cover feature class to
a single administrative boundary. The split operation is similar to the clip
function, except the clip is based on each individual feature, producing
a new feature class for each splitting feature (Figure 3.30c). Thus, a land
cover feature class could be clipped into many separate feature classes
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(d) (e) (f)

FIGURE 3.31
(@) Input features (a and b) and overlain on right (c) and results of (d) identity, (e) intersect,
and (f) union.

using multiple administrative boundaries. An erase operation could be
used to identify areas in a county that are not part of incorporated city
boundaries within that county. The symmetrical difference operation might
be used to examine areas that fall outside certain zoning and soil types as
a way of looking at potentially developable land.

There are other spatial operations that can be carried out on point, line,
and polygon vector data in which features between feature classes might
not directly overlap. There are also spatial operations that can be carried
out on a single feature class. Merge is a common operation in which two
separate feature classes are combined into one resulting feature class.
An example of this would be to merge two adjoining county river fea-
ture classes into a single feature class (Figure 3.32). The dissolve operation
aggregates features based on a common attribute. In ArcGIS, these spatial
operations are organized as tools in toolboxes (Figure 3.33). These tools
can easily be incorporated into spatial processing models developed with
ModelBuilder in ArcGIS. ModelBuilder can be used as a generic SDSS
generator and is discussed in more detail in Chapter 5.
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Left: Two separate river feature classes. Right: River feature classes merged into a single feature class.

FIGURE 3.32
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FIGURE 3.33
Some of the spatial operation tools in ArcGIS 9.3 General and Generalization toolboxes.

3.4.11.3 Pattern Analysis and Spatial Statistics

Functions in GIS for pattern analysis and spatial statistics provide great
insight into spatial relationships from the real world. Pattern analysis is the
use of quantitative methods for describing and analyzing the distribu-
tion of spatial features (Chang 2009). Pattern analysis can be considered
a data exploratory activity that leads into more formal analysis carried
out using spatial statistics. Given a set of geographic features, such as
points representing crime locations, an analyst might want to know if
these points show a random, dispersed, or clustered distribution. There
are numerous algorithms useful for examining spatial patterns, some of
which have been incorporated into GIS software. Example output from
ArcGIS (Figure 3.34) demonstrates a measure of spatial autocorrelation (or
whether nearby features are similar) for a given feature class.

Although it is very useful to know that there is some clustering, it is also
useful to demonstrate these patterns by mapping the clusters themselves.
In the last decade, spatial statistics tools moved from specialized stand-
alone packages into GIS software. Various algorithms have been incor-
porated into GIS tools that help to identify spatially where hot spots or
clusters exist. An example of output for one of these algorithms in ArcGIS
is shown in Figure 3.35. The tool actually operates on the centroids of the
polygons and finds whether there is similarity, no pattern, or dissimilarity
between polygons close to each other. These types of tools are especially
useful in such disciplines as public health, epidemiology, crime analysis,
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FIGURE 3.34
Graphic demonstrating level of spatial autocorrelation (ArcGIS 9.3).

business, and ecology. Li et al. (2005) incorporated spatial statistics tools
in a typhoon insurance pricing SDSS.

3.4.11.4 Routing and Network Analysis

Most computer- and Internet-savvy users today are quite familiar with
routing and network applications, as they show up in many different Web
sites such as Google Maps, Yahoo! Local Maps, Microsoft Bing Maps, and
many others as well as in vehicle-mounted GPS units. Network routing
algorithms similar to those in these applications are also present in GIS.
These algorithms find the shortest path between any two points along a
network. The algorithms use attribute information of the line segments
in the network, such as speed limits, as well as the geometrical informa-
tion on the line features themselves to calculate the most efficient route.
Important to these algorithms is how they handle information at nodes.
Nodes are points at the intersections of two or more lines that denote
either the beginning or end of a line (Demers 2009). These are important
in network traffic applications because they can be used to represent traf-
fic signs and signals in a networking algorithm. Network analysis in GIS
is also used in modeling utility networks. Network techniques and data
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structures can also be used for allocation problems such as deciding the
location of a fire station and the population that would be served from
any given location based on a certain travel time. This type of operation
could be applied in many ways, such as investigating hospital service
areas or finding locations of businesses when considering travel times of
potential customers. Kang et al. (2008) used the ArcGIS Network Analyst
for modeling optimal transportation solutions in their poultry litter man-
agement SDSS.

3.4.12 Raster Data Analysis

A wide range of specialized data analysis and processing techniques oper-
ate on raster data. The simplicity of the raster data model allows a wide
variety of operations to be carried out in a computationally efficient man-
ner (Chang 2009). Operations involving raster data can be carried out on
a single raster, on multiple raster datasets, or even with a combination of
vector and raster data. In the latter case, the vector data is usually converted
to raster data behind the scenes or unseen to the user before the desired
operation is carried out. Generally, these raster operations can be classified
into local, neighborhood, or zonal operations. The basics of each of these
types are discussed below and illustrated with practical examples.

3.4.12.1 Local Operations

Local operations are those that operate on a cell-by-cell basis either on a
single raster or multiple rasters. There are a variety of local numeric oper-
ations that can be used, including arithmetic, logarithmic, trigonometric,
and power functions (Chang 2009). Figure 3.36 represents a local raster
operation in which all cell values are multiplied by two to derive a new
raster. This basic idea can be applied with a wide variety of mathematical
techniques and complex formulas. Many standard local operations can
be used for single rasters, including data conversion operations such as
converting floating point rasters to integers and a variety of logical opera-
tors. A common local raster operation used for generalizing data is reclas-
sification. There are many instances in which a user would like to go from
many classes to fewer classes or to reclassify a range of numeric values to
a more easily understandable set of classes. An example of reclassifying
a range of topographic slope values into three classes of flat, moderate,
or steep is shown in Figure 3.37. The user indicates a range for each new
class, and then the program assigns the new class value on a cell-by-cell
basis. Local mathematical and logical operations can be carried out on
multiple rasters also. These types of operations are often called map or
raster algebra, and in ArcGIS these operations (as well as those on single
rasters) are formulated in the Raster Calculator (Figure 3.38). The user can
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select the raster from the upper left panel and then choose functions from
those shown or from many other functions that can be accessed. The user
can string together multiple rasters and functions into one final equation
to produce a new output raster. Thus, a tremendous variety of local raster
operations can be carried out for a variety of applications. An example
would be a land suitability analysis in which soil and slope rasters could
be reclassified into ranks of favorability (e.g., 1-5 with 5 being most suit-
able). Each raster could be multiplied by a weight, and these would be
summed together to get a final suitability score (Figure 3.38).

3.4.12.2 Neighborhood Operations

In contrast to local operations, neighborhood operations examine not only
the cell of interest but also surrounding cells. The focal cell is the one for
which the calculation is carried out, but the resulting value is dependent
on values from cells in some defined neighborhood. The neighborhoods
can be of varying sizes and shapes (e.g., rectangle, circle). Generally, if
the center of any cell falls within the neighborhood shape, then the cell is
considered in the analysis (Chang 2009). The neighborhood functions use
cell values within the neighborhood to compute a new value for the focal
cell. The algorithms consider each cell in the neighborhood for the focal
cell and then move the neighborhood to the next focal cell. Neighborhood
statistical calculations include minimum, maximum, range, sum, mean,
standard deviation, variety, majority, minority, or median. One reason
for carrying out these types of calculations is data simplification for a
smoothing out of the variation in the data (Figure 3.39). These types of
operations are often used in image processing of remotely sensed imag-
ery and are sometimes called filtering, convolution, or moving window oper-
ations (Chang 2009).

There is a whole class of terrain or topographic operations, carried out
on digital elevation models (DEM), which use neighborhood-based algo-
rithms. These operations include slope, aspect, hillshade (used for topo-
graphical visualization), filling sinks, and flow direction. Slope and aspect
calculations are commonly used in site selection, environmental, and
ecological applications. Sink-filling algorithms correct errors in DEMs.
These algorithms and flow direction calculations are necessary steps for
defining watershed boundaries, which are often used in hydrological and
water quality modeling SDSS applications.

3.4.12.3 Zonal Operations

Zonal operations calculate summary statistics from an input raster based
on a set of cells with common values in another raster or based on a fea-
ture vector dataset. In ArcGIS, the statistics calculated are minimum,
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maximum, range, mean, standard deviation, and sum. An example of a
zonal statistics operation could be to calculate the average slope from a
slope raster based on vegetation or land use classes from a separate raster.
Using this technique, a user could investigate what type of topographic
condition is associated with a certain vegetation class or land use. Another
example might be using a series of watershed boundaries to calculate
summary statistics on the slope conditions in each of the watersheds. This
type of example is illustrated in Figure 3.40, in which zonal statistics of a
slope raster have been calculated in ArcGIS for six watershed boundar-
ies. The output of the zonal statistics operation is a table storing the sum-
mary statistics and a chart representing a chosen statistic (in this case the
mean).

3.4.13 Data Visualization and Cartography

Maps have been used for many centuries as a way of conveying infor-
mation about space and the relationships between real-world objects.
Geographic information systems software has revolutionized and facili-
tated the ease of visualizing spatial data in a digital environment and
producing hard-copy maps. Cartography can be considered the making
and study of maps in all their aspects (Robinson et al. 1995). Facets of car-
tography, such as projections and coordinate systems, were covered previ-
ously and form important components of cartography. The art of making
maps is tremendously important and has been greatly democratized in
the last several decades by the introduction of digital techniques. By the
1970s there were considerable investments already made into computer-
assisted cartography (Burrough and McDonnell 1998). However, it was
not until later, with the great growth of GIS, that computer-assisted map-
making became widely used by nonprofessional cartographers. One of
the main areas of emphasis for GIS software development has been in the
development of effective cartographic tools. The cartographic functional-
ity in modern GIS software provides users with great ability to produce a
wide variety of maps. However, it is still the ultimate responsibility of the
mapmaker to produce maps that efficiently and effectively convey spatial
information. Due to GIS capabilities for easily making maps, there are
greater risks in unqualified individuals making maps that are in error or
are misleading.

There are many techniques for visualizing features (i.e., points, lines,
polygons, and raster) in a variety of ways to convey certain information.
Features can be symbolized based on a combination of color, size, texture,
shape, pattern, and so on. For example, points could be represented by
many different symbol types and colors, as seen in the ArcGIS 9.3 soft-
ware dialogs for selecting symbols and colors (Figure 3.41). There are
thousands of different symbols available, such as generic shapes, but also
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those specific to certain disciplines such as crime, business, transportation,
utilities, and so on. In Figure 3.41, it is seen that the user can also adjust
the size of the symbol and the angle at which it is represented. Similarly,
Figure 3.42 demonstrates many options for representing line and polygon
features. Figure 3.43 demonstrates the Style Editor used for symboliza-
tion purposes in the free GIS software called uDig (User-friendly Desktop
Internet GIS). Most GIS software applications also allow the importing of
custom symbology allowing users to develop highly specialized repre-
sentations of spatial features in their maps.

One of the most powerful aspects of GIS is the ability to store not only
geometrical properties of geographic features but also attribute informa-
tion associated with those features. GIS software has specialized func-
tionality for varying the representation of individual spatial features in a
given layer based on attributes held in the layer’s attribute table. Feature
attributes can be represented categorically or quantitatively depending on
the type of attribute. There are many types of vector features which have
categorical attributes that allow meaningful symbolization. For example, a
roads network (Figure 3.44) could be symbolized based on the type of road
(e.g., highway, city street) or land ownership parcels could be symbolized
based on ownership type (e.g., commercial, residential, industrial). Raster
data can also be symbolized based on categories as seen in Figure 3.45,
which shows a land cover raster dataset. Numeric data can be represented
categorically if there are a limited number of values. However, if there
are many unique numeric values, it is better to use various classification
methods that are available in GIS software for meaningful segmentation
of the data into a set of classes. For example, the color of individual coun-
ties could be varied based on the population density of the county as seen
in Figure 3.46. In this figure, population density for the contiguous United
States is shown in ArcGIS 9.3 and the uDig software. There are different
classification methods within GIS software. The user can set class breaks
or the GIS software can do it automatically using statistical techniques.
Point, line, and polygon layers can all be symbolized using these tech-
niques if they contain numeric attributes. The color or size of symbols
can be varied in the classification as seen in Figure 3.47, which shows the
number of animals at confined animal feeding operations in the vicinity
of rivers ranked by the Strahler stream order classification.

Cartographic functionality in GIS software can be used to produce
simple or complex maps, which can then be exported to various digital
image formats for easy distribution or printed as hard-copy maps of vari-
ous sizes depending on the user’s hardware. Map components, such as
scale bars, titles, north arrows, legends, charts, tables, images, and other
features, can be added to map compositions in GIS software (Figure 3.48).
Some GIS software provides map templates intended to make the map-
making process easier for the user. These programs allow the user to save



Spatial Decision Support Systems: Principles and Practices

126

"3IEMIJOS €'6 S[DHITY w0y s3oTerp 10303[as [oquuAs uo3Ajod pue aury

b€ PNDOH
= =3+ _
=== [ == I _ -
_l ] D ==t N
] R ] “Espueg
_ TEeed
o
Ee - s Sewep  EEDUCE @z
Ml L
iy -
RN ST RS COaET
w ——— — —
[———— T w|| eSasy




127

Components of SDSS I: Geographic Information Systems

‘aremijos Srqn ay ur ejep [erjeds SurzrjoquuAs 10 pasn 1031py S[A1G Y L,

€b'€ PNDH
v ; : =
& == =)
PR ST SR SR
[T _ ==
1 M” EEEEEEEN
- EEEEEEEN
=2 20pa woEn
I /ApEEEEN
EEEEEEEN
EEEEEEEN
EEEEENNN
EEEEED 1N
EEm_ == @ [ g s
ampc =y | — o525t |11 s o I“M
~ orsizesst O samosom A
B of =W .-H..l* AN gy
s - !
mm -
T -
5 ]
m
| o e
Jeoxd gm =
| 51 soslead g
l-%-A-] DD TFarewligkPe BB M.

G mopuw, R0 dew R4 woreliel W3
‘G




Spatial Decision Support Systems: Principles and Practices

128

‘peo1 jo ad A3 uo paseq £30[0quIAS JUSISFTP YIIM I0M}au peor e Sunordep dew v

7

vy°€ J"NOH



Components of SDSS I: Geographic Information Systems 129

I Water/Wetland I Urban/Roads

[ Forest I Barren
[ 1Grassland B Unclassified
[ICrops

FIGURE 3.45
Categorical land cover raster map (ArcGIS 9.3).

custom templates in order to make it easier to produce a similar series of
maps. There are other functionalities present in GIS software for produc-
ing effective maps. Labeling (such as seen in Figure 3.44) is often important
for conveying information in a map, and a set of tools is often available
for labeling features in a GIS program. The cartographic flexibility and
functionality available in most modern GIS software provide a significant
amount of functionality for a user to produce maps of varying degrees of
quality. It is incumbent on GIS users to learn at least the basics of carto-
graphic production in order to produce useful maps.

As greater hardware capability has been developed, more sophisticated
spatial data visualization methods have been developed, including 3D
techniques. A variety of spatial data are useful for viewing in 3D per-
spectives for various purposes. The use of DEM data for representing the
shape of the surface of the Earth is common in conjunction with other
spatial data, including vector features as well as remotely sensed imagery.
In addition, 3D models of buildings, trees, and other landscape items can
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be placed on the landscape to visualize pseudo-realistic views of reality
or potential future developments. The most common example of this type
of 3D visualization is freely available in the form of virtual globes such
as Google Earth, NASA World Wind, and Microsoft Bing Maps 3D. With
these globes, users can move around the globe virtually with navigation
tools that allow them to zoom in to a place on the Earth and then to rotate
their view. They can also type in place names (e.g,, cities, addresses, land-
marks, national parks), and the application will zoom in to that location
if it is stored in the database and a match is found. An example of zoom-
ing into the Grand Canyon in Google Earth is shown in Figure 3.49. In
Figure 3.50, an oblique view of Manhattan in New York City is shown
with 3D models of buildings as shown in Google Earth. There are many
software packages for building and viewing 3D visualizations, some of
which are extensions of GIS software such as ArcScene and 3D Analyst
which are extensions to ESRI’s ArcGIS software. These types of software
allow a user to add a variety of data such as DEMs, aerial or satellite imag-
ery, vector features, and 3D models of buildings or other objects. Users
can dynamically visualize data in a variety of ways and also produce
fly-throughs and animations of the landscape in the form of movie files.
Figure 3.51 shows a screenshot of a 3D animation created in ArcScene to
dynamically represent the Parkersburg, Iowa, tornado path that occurred
on May 25, 2008. The visualization was created using a DEM, aerial pho-
tography, vector points representing building locations, 3D models to
represent those buildings, a series of vector points with time stamps to
simulate movement of tornado in time and space, and a 3D model of a
funnel cloud. These types of animations are often used for visualizing
potential future developments such as residential housing, wind farms,
or new businesses. The use of 3D visualization techniques can provide
constructive aids in the planning process.

3.4.14 GIS Software

There is a wide variety of both commercial and open source GIS programs
available with varying range of functionalities. All of these software pack-
ages cannot be covered individually here. Rather, we will mention some of
the most important and widely used software and provide a set of links in
Appendix C for sites that provide coverage of the wide variety of software
available. Some of the most widely used commercial GIS packages that have
a significant amount of functionality include ESRI's ArcGIS, Intergraph’s
GeoMedia, Pitney Bowes Maplnfo, Clark Lab’s IDRISI, Manifold System
GIS, and General Electric’s Smallworld. ESRI has generally held the largest
market share with its GIS software. ESRI's ArcGIS software is the product
of evolution over several decades as ESRI has been producing commer-
cial software since the early 1980s (Bolstad 2005). This software provides
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An oblique view in Google Earth of the Manhattan borough of New York City with 3D models of buildings displayed.

FIGURE 3.50
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the broadest and most complete set of methods for spatial data storage,
management, and processing (Bolstad 2005). GeoMedia by Intergraph is
another large player in the GIS market and contains significant functional-
ity for data creation, management, and analysis. MapInfo is not as widely
used as these others, and its use is concentrated in business and municipal
applications (Bolstad 2005). The IDRISI software suite was developed in
the Graduate School of Geography at Clark University and has undergone
considerable evolution over the last two decades. IDRISI was developed
to be an affordable GIS and image processing software. For this reason,
it has been used widely in academic institutions and in many developing
countries (Bolstad 2005). The Manifold System GIS is a lower-cost GIS that
has significant functionality but a smaller market share. The Smallworld
GIS software is commonly used by the utility industry.

Open source GIS software is in a phase of great growth presently. There
are no open source GIS packages that have the amount of functional-
ity that is available in some of the full commercial packages mentioned
above. However, some open source software packages have an impres-
sive array of functionalities. One of the oldest and most extensive open
source GIS software is the Geographic Resource Analysis Support System
(GRASS). The GRASS software was originally developed by the U.S.
Army Construction Engineering Research Laboratories, but is currently
maintained and developed by a community of developers as open source
software (Chang 2009). Many new open source GIS products are under
continuous development with improvements and increased functionality
being added. Some of the most popular include Quantum GIS (or QGIS),
SAGA, uDIG, and others. A list of Web sites that detail GIS software is
provided in Appendix C.

3.5 Summary

This chapter introduced the idea that SDSS are built from components
found both in decision support systems and geographic information sys-
tems. Both DSS and GIS have user interfaces and database management
components, while DSS have modeling components, and GIS have spatial
data analyses and presentation components. In addition, the GIS software
has special functionality for handling spatial database management. The
architectures of SDSS have generally adapted from both of these disci-
plines and are composed of user interfaces or dialog management, model
management, and database management components (with spatial data-
base management capabilities).
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As GIS software is so important in SDSS development, and due to the
potential lack of knowledge in the subject, this chapter has focused on GIS
software characteristics and functionality as well as spatial data manage-
ment issues. An overview of the capabilities for GIS in spatial data cre-
ation, management, processing, analysis, and visualization was provided
in this chapter. The two most basic spatial data models (vector and raster)
were introduced and compared. The vector data model uses points, lines,
and polygons to represent real-world features in a GIS environment. The
raster data model uses a two-dimensional grid in which each cell in the
grid stores a value representing some real-world characteristic. The basic
methods of spatial data creation (digitizing from existing maps or aerial
imagery, image processing of remotely sensed data, and using GPS) were
discussed. The evolution of database management technology in GIS,
with a movement toward relational and objects-oriented systems, was
discussed. Useful vector spatial processing and analysis techniques such
as buffering, spatial overlay, pattern analysis, spatial statistics, and rout-
ing were touched upon in this chapter. Three main classes of raster analy-
sis techniques were discussed. Local functions operate on a cell-by-cell
basis and can include mathematical and logical operations. Neighborhood
functions are used to calculate new values for focal cells based on neigh-
boring cells from the input raster. Zonal functions use zones from a ras-
ter or vector dataset to calculate statistics from a given raster. Finally, the
data visualization and cartographic capabilities of GIS software were pre-
sented with an emphasis placed on the responsibility of the GIS analyst to
handle these capabilities responsibly.
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Appendix A: Spatial Data Sources for the United States

State URL for Downloadable Spatial Data

Alabama http:/ /www.fws.gov/data/statdata/aldata.html

Alabama http:/ /www.aces.edu/waterquality /gis_data/

Alaska http:/ /www.asgdc.state.ak.us/

Alaska http://gina.uas.alaska.edu/joomla/index.php?option=com_content&
task=section&id=6&Itemid=138

Arizona http:/ /agic.az.gov/portal/dataList.do?sort=themeé&dataset=0

Arizona http://atlas library.arizona.edu/atlas/index.jsp?theme=Environment
andPopulation

Arkansas http:/ /www.geostor.arkansas.gov/G6/Home.html

Arkansas http:/ /www.arkansassiteselection.com/gis-data-download.aspx

California http:/ /www.atlas.ca.gov/download.html

California http://www.dot.ca.gov/hq/tsip/gis/datalibrary/ gisdatalibrary.
html#soil

Colorado http:/ /emaps.dphe.state.co.us/gis/maps.asp

Colorado http:/ /ucblibraries.colorado.edu/map/links/gis.htm#co

Connecticut http:/ /www.ct.gov/dep/cwp/view.
asp?a=2698&q=322898&depNav_GID=1707

Connecticut http:/ /magic.lib.uconn.edu/connecticut_data.html

Delaware http:/ /datamil.delaware.gov/geonetwork/srv/en/main.home

Delaware http:/ /www.udel.edu/FREC/spatlab/

Florida http:/ /www.fgdl.org/metadataexplorer/explorer.jsp

Florida http://data.labins.org /2003 /MappingData/drg/drg_utm27.cfm

Georgia http://data.georgiaspatial.org/index.asp

Georgia http:/ /csat.er.usgs.gov /statewide/downloads.html

Hawaii http:/ /hawaii.gov/dbedt/gis/download.htm

Hawaii http:/ /hawaii.wr.usgs.gov

Idaho http://inside.uidaho.edu/asp/GeoData.asp

Idaho http:/ /www.idwr.idaho.gov/GeographicInfo/GISdata/gis_data.htm

Illinois http:/ /www.isgs.uiuc.edu/nsdihome/webdocs/browse html

Illinois http:/ /www.isgs.uiuc.edu/nsdihome/ISGSindex.html

Indiana http:/ /inmap.indiana.edu/download.html

Indiana http://in.gisinventory.net/

Towa http:/ /www.igsb.uiowa.edu/nrgislibx/ gishome.htm

Towa http:/ /ortho.gis.iastate.edu/

Kansas http:/ /www.kansasgis.org/catalog/catalog.cfm

Kansas http:/ /www.kars.ku.edu/products/ksid/index.shtml

Kentucky http:/ /www.uky.edu/KGS/gis/kgs_gis.html

Kentucky http:/ /kygeonet.ky.gov/geographicexplorer/explorer.jsf

Louisiana http://atlas.Isu.edu/rasterdown.htm

Louisiana http://lagic.lsu.edu/datacatalog/theme_form.asp
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Maine

Maine
Maryland
Maryland
Massachusetts
Massachusetts
Michigan
Michigan
Minnesota
Minnesota
Minnesota
Mississippi

Mississippi
Missouri
Missouri
Montana

Montana
Nebraska
Nebraska
New Hampshire

New Jersey
New Jersey
New Mexico
New Mexico
New York
New York
North Carolina
North Carolina
North Dakota
North Dakota

Ohio
Ohio

Oklahoma
Oklahoma
Oregon
Oregon
Pennsylvania
Pennsylvania
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http:/ /megis.maine.gov/catalog/
http://www.maine.gov/dep/gis/datamaps/
http://dnrweb.dnr.state.md.us/gis/data/data.asp
http://www.mgs.md.gov/coastal /data/index.html

http:/ /www.mass.gov/mgis/laylist.htm

http:/ /maps.massgis.state.ma.us/massgis_viewer/index.htm
http:/ /www.mcgi.state.mi.us/mgdl/?action=thm

http:/ /www.michigan.gov/dnr/0,1607,7-153-10371_14546---,00.html
http://www.lmic.state.mn.us/chouse/ clipnship.html

http:/ /www.gis.leg.mn/html/download.html
http://geogateway.state.mn.us/documents/index.html

http:/ /www.maris.state.ms.us/HTM/DownloadData/Statewide-
Theme.htm

http:/ /www.gis.ms.gov/Portal /dataDownload.do

http:/ /www.msdis.missouri.edu/datasearch/ ThemeList.jsp

http:/ /ims.missouri.edu/moims2008/

http:/ /nris.mt.gov/gis/gisdatalib/gisDataList.aspx?datagroup=state
wide&searchTerms=

http:/ /bogc.dnrc.mt.gov/web_mapper.asp

http:/ /www.dnr.ne.gov/databank/spat.html

http://snr.unl.edu/data/geographygis/NebrGISdata.asp

http:/ /www.granit.unh.edu/data/downloadfreedata/category/
databycategory.html

https:/ /njgin.state.nj.us/NJ_NJGINExplorer/BrowseByTheme.jsp
http:/ /www.state.nj.us/dep/gis/lists.html

http:/ /rgis.unm.edu/data_entry.cfm
http://sarlanl.gov/maps_by_name.html

http:/ /www.nysgis.state.ny.us/gisdata/

http:/ /cugir.mannlib.cornell.edu/browse.jsp

http:/ /www.nconemap.com/Default.aspx?tabid=286

http:/ /www.ncdot.org/it/gis/DataDistribution/

http:/ /web.apps.state.nd.us/metadataexplorer/explorer.jsf

http:/ /wms-sites.com/catalog/North-Dakota-GIS-Hub-Web-Map-
Service---NDWMS_Generallnfo

http:/ /metadataexplorer.gis.state.oh.us/metadataexplorer/explorer.
Jsp

http:/ /www.dnr.state.oh.us/gims/category/tabid /10528 / Default.
aspx

http:/ /geo.ou.edu/DataFrame. htm

http:/ /www.ocgi.okstate.edu/zipped/

http:/ /www.oregon.gov/DAS/EISPD/GEO/alphalist.shtml

http:/ /libweb.uoregon.edu/map/map_section/map_librarydata.html

http:/ /www.pasda.psu.edu/uci/SearchPage.aspx

http:/ /www.gis.state.pa.us/portal/server.pt/community /
imagery_ftp/1615
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Rhode Island
Rhode Island
South Carolina
South Carolina
South Dakota
South Dakota
Tennessee
Tennessee
Texas

Texas

Utah

Utah

Vermont
Vermont
Virginia

Virginia
Washington
Washington
West Virginia
West Virginia
Wisconsin
Wisconsin
Wyoming
Wyoming
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http://www.edc.uri.edu/rigis/data/default.html
http://ortho.edc.uri.edu/

http:/ /www.dnr.sc.gov/GIS/gisdownload.html

http:/ /www.cas.sc.edu/gis/dataindex.html

http:/ /arcgis.sd.gov/IMS/sdgis/Data.aspx

http:/ /www.sdgs.usd.edu/other/db.html

http:/ /www.tngis.org/data.html

http:/ /tnmap.state.tn.us/portal /Default.aspx

http:/ /www.tnris.state.tx.us/datadownload /download.jsp
http:/ /www.glo.state.tx.us/gisdata/gisdata.html
http://gis.utah.gov/download

http:/ /www.emrl.byu.edu/gsda/

http:/ /www.vcgi.org/dataware/

http:/ /maps.vermont.gov/imf/sites/VCGI_basemap/jsp/launch jsp

http://gisdata.virginia.gov/Portal /ptk?command=openchannel&
channel=22

http:/ /fisher.lib.virginia.edu/collections/ gis/virginia_gis_data.html
http:/ /fortress.wa.gov/dnr/appl/dataweb/dmmatrix.html

http:/ /wagic.wa.gov/washdat.htm

http:/ /wvgis.wvu.edu/data/data.php

http://gis.wvdep.org/

ftp://dnrftp01.wi.gov/geodata/

http:/ /www.sco.wisc.edu/wisclinc/findgeodata.php

http:/ /partners.wygisc.uwyo.edu/website/dataserver/viewerhtm
http:/ /partners.wygisc.uwyo.edu/wygeolibrary /explorer.jsf
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Global Spatial Data Sources

DIVA-GIS http:/ /www.diva-gis.org/Data.htm
40 Libraries http:/ /libweb.uoregon.edu/map/map_section/map_globaldatasets.
html
Arc GIS http:/ /resources.esri.com/arcgisdesktop /index.cfm?fa=content
Atmospheric http://eosweb.larc.nasa.gov/HPDOCS/proj_sup.html
Science Data
Center
Global Land http://glcf.umiacs.umd.edu/data/
Cover Facility
World Clim http:/ /www.worldclim.org/
UN GEO Data http://geodata.grid.unep.ch/
Portal
GIS @ http://gis.uchicago.edu/data.htm
University of
Chicago
NOAA Class http:/ /www.nsof.class.noaa.gov/saa/products/catSearch
USGS EROS http://edc.usgs.gov/
Center
HYDRO1k http://edc.usgs.gov/Find_Data/Products_and_Data_Available/
gtopo30/hydro
SEDAC Dataset ~ http://sedac.ciesin.columbia.edu/gateway/databygis-nongis.html
Catalog
World Database  http://www.wdpa.org/Download.aspx
on Protected
Areas
UN Spatial Data  http://geomatics.nlr.nl/unsdi/srv/en/main.search?category=datasets
FAO-UNESCO http:/ /www.lib.berkeley.edu/EART/fao.html
Soil Maps
Climate Grids http:/ /www.cru.uea.ac.uk/~timm/grid /index.html
I
Appendix C: Links for Lists of Commercial

and Open Source GIS Software

Wikipedia
Geoplan

Open Source GIS
FreeGIS

http:/ /en.wikipedia.org/wiki/List_of_GIS_software

http:/ /www.geoplan.com/Mapping_Solutions/GIS_Mapping_Software
http:/ /opensourcegis.org/

http:/ /www.freegis.org/
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Components of SDSS 11

Learning Objectives

¢ To understand the remaining components of SDSS:
* Model management
¢ Dialog management
* Knowledge management
¢ Stakeholder

4.1 Introduction

In the first two chapters, we provided an overview of the spatial decision-
making process, an introduction to spatial decision support systems (SDSS),
and how the evolution of geographic information systems (GIS) and decision
support systems (DSS) have combined to lead to the development of SDSS. In
the last chapter, we began discussing the different components of SDSS and
provided a detailed description of GIS and their spatial database management
components. The purpose of this chapter is to discuss in detail the remain-
ing components, including the model management, dialog management, and
knowledge management components, as well as the important component of
the people involved in SDSS development and use—the stakeholders.

4.2 Model Management Component

The model management component (MMC) of SDSS specifically helps
to manage, execute, and integrate different models (Chakhar and Martel
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2004). Spatial models provide analytical capabilities to the SDSS and help
in examining the locations, attributes, and relationships of features in spa-
tial data through various overlay and analytical methods. As mentioned
in Chapters 2 and 3, most existing GIS provide overlay functions but lack
advanced analytical modeling capability. In recent years, a few GIS soft-
ware programs have incorporated analytical spatial models. Examples of
analytical modeling capabilities within GIS programs include a location-
allocation model in ArcInfo, ideal point analysis in CommonGIS, and the
analytic hierarchy process (AHP) and ordered weighted averaging (OWA)
capabilities in IDRISIL In other cases, basic modeling frameworks, with
specific user interfaces for developing spatial modeling processes, have
been introduced in GIS and spatial analysis software. Modeling man-
agement frameworks built into GIS and other spatial analysis software
include Spatial Modeler and Knowledge Engineer from ERDAS Imagine,
Macro Modeler from IDIRISI, and ModelBuilder from Environmental
Systems Research Institute (ESRI) (Figure 4.1). However, as these model-
ing frameworks rely on existing functions within the GIS, most do not
provide users with the range of spatially explicit modeling capabilities
necessary for complex spatial decision making. These modeling frame-
works are growing in sophistication. However, SDSS have traditionally
and often still do require the development of a specific model manage-
ment component that manages a set of models that interact with the spa-
tial database and GIS functionality to produce new information relevant
for the decision-making process. The following sections provide a sum-
mary of different spatially explicit models often used in spatial decision-
making processes.

4.3 Modeling Techniques in SDSS

A wide variety of spatial modeling techniques have been utilized in spa-
tial decision-making processes and in SDSS. Many of these models are
not inherently spatially explicit but are adapted for spatially explicit use
in an SDSS. Some examples include mathematical models, statistical mod-
els, simulation models, prediction models, spatiotemporal models, land
suitability models, and dynamic models. The classification of models
used in SDSS is difficult because there is such a wide variety falling into
different disciplines. Among these models, land suitability models are
one of the most widely used in SDSS. Land suitability models estimate
the ability of a given type of land to support a defined use. Collins et al.
(2001) and Malczewski (2004) classified land suitability models within GIS
into three major groups: (1) computer-assisted overlay, (2) multi-criteria
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decision-making methods, and (3) artificial intelligence (AI) methods.
They also described different models within each group. For example,
weighted linear combination (WLC), analytical hierarchy process (AHP),
and ordered weighted averaging (OWA) are examples of multi-criteria
decision-making methods. It is not possible to cover in detail the full
range of modeling techniques in this book. Thus, the goal here is to pro-
vide readers with an overview of the range of models commonly utilized
in SDSS based largely on the SDSS applications database described in
Chapter 2. This chapter will provide several application examples instead
of providing detailed descriptions of each model. To provide decision
makers (end users) and developers a broad overview, all the models have
been classified into two major types: generic models and application-spe-
cific models.

4.3.1 Generic Models

Generic models are theoretical methods that can be implemented in
any application. There are many modeling techniques that have been
developed that can be utilized for a variety of spatial decision-making
situations. Many of these techniques have been developed for nonspatial
problems and have been adapted to spatial decision-making situations.
The major goal of this section is to discuss some of the commonly used
models in SDSS within the context of application examples.

The spatial decision-making process is often characterized by a range
of attributes and criteria that are often in conflict. These situations
have often been addressed with multi-criteria evaluation methods.
Numerous terms are used to discuss multi-criteria evaluation methods,
including multi-criteria decision-making (MCDM), multi-criteria decision
analysis (MCDA), and multi-criteria analysis (MCA). Multi-criteria evalu-
ation methods offer a set of procedures that facilitate decision making
by examining a number of alternatives in light of multiple conditions
and conflicting objectives (Voogd 1983). Roy (1985) defined multi-cri-
teria analysis as “a decision aid and a mathematical tool allowing the
comparison of different alternatives or scenarios according to many
criteria, often conflicting, in order to guide the decision maker towards
a judicious choice.” Malczewski (1999, 81) characterized MCDM prob-
lems as those that “involve a set of alternatives that are evaluated on the
basis of conflicting and incommensurate criteria.” For problems with a
spatial dimension, GIS provide a natural complement to multi-criteria
methods. Malczewski (1999 and 2004) covered MCDM in spatial deci-
sion making in much greater depth than we will here. This section
attempts to provide a broad overview of some of the multi-criteria and
other models and applications particularly relevant to SDSS.
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4.3.1.1 Boolean Overlays

A simple method of combining spatial data that represent attributes in
a multi-criteria decision-making process is the use of map overlays, and
specifically Boolean overlays. Map overlay occurs in a GIS environment
when two or more separately stored datasets, which are representations
of some real-world phenomenon or human constructs related to the real
world, are combined in a variety of ways to derive a new dataset. The
use of Boolean logic in map overlay is quite common in GIS and usu-
ally is carried out using raster data. Operating on the raster data model,
GIS software contains algorithms that allow for the calculation of many
algebraic and logical (e.g, AND, OR, NOT) functions to be carried out
on a cell-by-cell basis. This can be very useful for carrying out modeling
operations such as land suitability analyses. Imagine a situation where a
local authority is trying to site a landfill. They could set multiple criteria,
such as the site must fall on nonsteep slopes, be at least 500 m from a river,
and occur outside all city limits. Given that there is sufficient spatial data
on these real-world conditions, a GIS analyst could set up a Boolean over-
lay model in which he or she identifies parcels of land that fit the criteria
defined (Figure 4.2). In the final operation, Boolean logic is used to check
on a cell-by-cell basis if each included raster layer is suitable (e.g., outside
of city limits AND at least 500 m from rivers AND on gentle slopes). This
is a classic raster overlay procedure that can be carried out with many
combinations of data and logical Boolean operations. While this type of
operation is easily understandable and useful for initial analysis, it often
does not capture the complexities of spatial decision-making processes
such as land use planning. Beedasy and Whyatt (1999) used Boolean logi-
cal models, in addition to other models, in an SDSS whose goal was to
assist in locating a new hotel project in Mauritius using data on transpor-
tation features, communities, land use, elevation, existing tourist features,
and the coastline. They decided that the Boolean combination technique
was inferior to the weighted linear combination techniques they used.

4.3.1.2 Weighted Linear Combination

Weighted linear combination (WLC) models have been commonly used in
SDSS. WLC is a method of map overlay that tries to capture, in more depth,
some of the value judgments and expert opinions within the spatial analy-
sis procedure. These types of procedures are also sometimes called simple
additive weighting. The WLC approach involves the assigning of weights of
relative importance to each map layer. Malczewski (1999) summarized the
steps in this process as follows: (1) define the evaluation criteria or map lay-
ers, (2) standardize each criterion map layer, (3) define the criterion weights
or weight of relative importance, (4) construct the weighted standardized
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| |
Outside of city boundaries

I Unsuitable
| Suitable

Gentle slopes

FIGURE 4.2
A Boolean overlay process for a hypothetical decision on lands potentially suitable for a
new landfill.

map layers, (5) generate an overall score by adding the weighted standard-
ized map layers, and (6) rank the alternatives according to the overall per-
formance score. If we carry forward the previous example, we could use the
city limits and buffers around rivers as absolute limitations (Figure 4.3). We
could then use reclassified layers on soils and slopes as evaluation criteria
where weighting is used. In Figure 4.3, data layers on soils and slopes are
reclassified into values of 1 to 4, with 1 representing the least attractive and
4 representing the most attractive in relation to land suitability (Steps 1 and
2). These layers are then multiplied by weights of two and three, respec-
tively, with the higher score for slope indicating that it is more important.
The result is two new weighted raster layers (Steps 3 and 4). The weight-
adjusted map layers are then added together to get a final score (Step 5).
Finally, the scores can be given a ranking or classification (Step 6). This
method adds greater sophistication in defining portions of the landscape
that are desirable by producing a range of scores instead of just suitable or
unsuitable classes. Although this technique has been commonly applied
(e.g., Sugumaran et al. 2004), others (Lai and Hopkins 1989; Malczewski
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" Unsuitable

| Weakly suitable
B Moderately suitable
I Highly suitable

An example of the weighted linear combination method based on the six steps identified
by Malczewski, Jacek. 1999. GIS and Multicriteria Decision Analysis. New York: John Wiley

& Sons, Inc.

and Jackson 2000) have criticized the technique because of inappropriate
methods of standardizing suitability maps and unverified assumptions
of independence among suitability criteria (e.g., the soil attributes in our
example might be correlated with the slope classes). Other critiques of this
methodology include assigning weights in decision making that are purely
dependent on the experience of decision makers, and that the weighting
techniques do not capture the complexities of a real-world decision-making
situation (Heywood et al. 1995).
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4.3.1.3 Analytical Hierarchy Process

One of the weaknesses of WLC is in establishing the weights effectively
and in a realistic fashion without user bias. To address this shortcoming,
another multiattribute technique that has often been used in spatial deci-
sion-making processes and SDSS applications is the Analytical Hierarchy
Analysis or Process (AHP). This method was developed in the 1970s by
Saaty (1980) and is widely used in a variety of decision-making situations.
The AHP technique is a priority-ranking technique that helps break down
complex problems into component parts. These parts are arranged into a
hierarchy using subjective judgment in order to assign numerical values
representing that subjective judgment based on the relative importance
of these factors. Those values are then combined in order to identify the
highest score or priority (Ahmad et al. 2004). In a spatial context, AHP can
be used to derive associated weighted suitability map layers, and then
these weighted map layers can be combined in ways similar to the WLC
methods (Malczewski 2004). This method is effective when a large num-
ber of alternatives are represented by means of raster data. However, the
method is also applicable to the vector data model (Malczewski 2004). The
general process of AHP is to define the unstructured problem, break the
problem up into a hierarchical structure of general and detailed criteria
and alternative elements, carry out pairwise comparisons based on com-
parison matrices, estimate the relative weights of decision elements, check
consistency of comparison matrices, and finally, aggregate the relative
weights of decision elements to obtain an overall rating (Lee et al. 2008).
The power of AHP comes in its ability to carry out pairwise comparisons
between each pair of general and detailed criteria and to calculate weights
that are used to determine final scores for all potential alternatives. In
a spatial context, this pairwise comparison leads to the development of
weights for spatial layers (general criteria) and for cells or vector features
(detailed criteria). These weights are then used in a WLC method to get
a final raster cell-by-cell or vector feature-by-feature score. The AHP pro-
cess provides a more systematic way to address complex multi-criteria
decision analysis as compared to WLC, which relies heavily on the sub-
jective decision making of expert users. Figure 4.4 displays an example
where AHP was used to identify environmentally sensitive areas. In this
example, the user develops the pairwise comparisons between layers rep-
resenting slope, forested areas, wetland soils, impervious areas, and flood-
plain zones, and the AHP algorithm calculates the weights and uses this
to determine the final scoring on a cell-by-cell basis representing the most
environmentally sensitive areas. The AHP procedure has been utilized
for a variety of spatial decision-making situations within SDSS, including
those for land conservation (Strager and Rosenberger 2006), biodiversity
conservation (Karnatak et al. 2007), urban land use (Taleai et al. 2006),
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and other applications. A more complete discussion of spatial AHP can be
seen in Malczewski (1999).

Common problems with AHP include the following: (1) it allows the
comparison of only two criteria at once and converts subjective assess-
ments of relative importance into a linear set of weights, (2) it is based on
discrete decisions that do not take into account the uncertainty associated
with decision makers’ judgment (Cheng 1996 and 1999; Lee et al., 2008),
and (3) the subjective judgment, selection, and preference of decision mak-
ers have great influence on the AHP results (Tuzkaya et al. 2009).

4.3.1.4 Ordered Weighted Approach

The ordered weighted approach (OWA) technique is a multi-criteria
method that was developed by Yager (1988). In an OWA approach, two
types of weights are used: weights of importance like those used in the
WLC method and ordered evaluation criteria (Rinner and Malczewski,
2002). A criterion importance weight is assigned to an attribute for all loca-
tions, while ordered weights vary on a location-by-location or feature-by-
feature basis. The order weights allow for direct control over the levels
of trade-off among criteria (Eastman and Jiang 1996; Eastman 1997; Jiang
and Eastman 2000). Figure 4.5 (left side) is an interface developed within
software called SpreadsheetSDSS, developed by the authors of this book,
where OWA was used to identify environmentally sensitive areas. This
OWA analysis used all the five layers presented in Figure 4.4, provided
equal criterion weights to each, and used the following ordered weights:
w = (0.24, 0.36, 0.2, 0.1, 0.1) as an example to run the model. There are
several commercial programs (for example, IDRISI) that have also imple-
mented the OWA in their system.

4.3.1.5 Artificial Neural Networks

Artificial neural networks (ANN) are meant to simulate the workings
and learning capabilities of the human brain (Malczewski 2004). They can
be used to model complex nonlinear relationships between inputs and
outputs. Neural networks are composed of individual processing units
(neurons) and joining interconnected weights. Artificial neural networks
are adaptive systems that use training or learning phases. Based on these
training or learning phases, the ANN can begin to identify relationships
between inputs and output data. The ANN method tests created models
by putting new input data through the network and analyzing output ver-
sus known conditions to get an accuracy score. Ideally, the ANN should
learn which inputs are or are not influential and decipher what relation-
ships exist (Gimblett et al. 1994). Gimblett et al. found ANN useful because
of adaptive autonomous rule-generation capability, which handled a large
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number of different combinations of interdependent land suitability fac-
tors. The ANN approaches are best suited for planning tasks when there
is little understanding of the problem structure and when working with
large datasets (Malczewski 1999). One of the problems with the ANN
methods is that they are essentially black boxes in which the inner work-
ings are hidden from the analysts. Artificial neural networks have been
incorporated in SDSS for estimating snow water equivalents across water-
sheds (Kim 2003) and flood forecasting (Shim and Shim 2000).

4.3.1.6 Cellular Automata

Cellular automata (CA) use a discrete representation of a regular grid of
cells, each of which has a finite number of states such as on or off or alive or
not alive. The state of a given cell at any point in time is dependent on its
and its neighbor’s previous state and is decided by a set of deterministic or
probabilistic rules (Malczewski 2004). Each of the cells is updated simul-
taneously according to a given time step. The time step and the neighbor-
hood to be considered for each cell must be defined. The CA data structure
is very analogous to the GIS raster data model. Cellular automata meth-
ods are inherently spatial and are among the simplest representations of
dynamic systems, and because of this, can be very useful for modeling
land use dynamics (White et al. 2004). A weakness of CA techniques is
that they are based on neighborhood relationships and generally don’t
account for global effects that also affect spatial phenomena. For example,
the housing state (e.g., residential or no development) of a given area (a
cell in CA) can be influenced by global conditions such as economic con-
ditions in addition to the condition of neighboring areas (nearby cells in
CA). White et al. (2004) developed a system for the development and sup-
port of policies for improving quality of the populated environment in the
Netherlands with an SDSS that used a constrained CA model representing
land use dynamics. The CA linked to GIS data layers representing physi-
cal characteristics, accessibility, and zoning, while the CA was based on
a regionalized model of macro-scale dynamics of demographic and eco-
nomic activities. The CA modeling was carried out for the entire country
with a cell size of 500 m and using a neighborhood of 196 cells (a radius of
8 cells). Various scenarios were modeled years and decades in advance and
were used in workshops that generated great discussion and strong reac-
tions. Luca (2007) used a CA technique in conjunction with agent-based
modeling techniques for a dynamic urban and regional design program
for Torino, Italy. Shah et al. (2008) use a CA technique in a system called
the Freeway Incident Analysis System (FIAS) for traffic management in
Korea. The FIAS successfully simulated traffic effects and could be used
by traffic managers for decision making according to the authors. A GIS-
embedded CA model called iCity was developed for predictive modeling
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of urban growth by Stevens et al. (2007). This implementation was unique
in that it used irregularly shaped parcel polygons as the spatial unit.

4.3.1.7 Genetic Algorithms

Another set of Al modeling techniques utilized in SDSS are genetic algo-
rithms (GA). Genetic algorithms are search methods that mimic biologi-
cal evolution in that they involve a competitive selection that eliminates
poor solutions. The most useful portions of successful solutions can be
recombined with other solutions to find even more optimal solutions
(Malczewski 2004). These types of algorithms have been used commonly
in land use planning and suitability analyses (Malczewski 2004). In a land
use planning example, a population would be made up of individual land
use plans, which in turn are made up of genes that specify characteris-
tics of any given land use plan. The GA can mutate by changing genes,
or characteristics, of the individual or by swapping genes with another
individual. For example, an individual land use plan could adopt genes or
characteristics of another land use plan to find a more ideal solution. Each
individual is assigned a value indicating its adequacy as a solution to the
problem based on some fitness metrics such as financial returns or impact
on the environment (Matthews et al. 1999). These techniques are useful
when conventional multi-criteria methods are insufficient, usually due to
the complex nature of the problem and the size of the potential solution
space (Malczewski 2004). O’Sullivan and Unwin (2003) pointed out that it
is difficult to apply GA to specific problems, and that if a good solution
can be described, it is likely that one can be found without applying GA.
Matthews et al. (1999) implemented a spatial land allocation decision sup-
port system called the Land Allocation Decision Support System (LADSS),
which consisted of a GIS, spatial databases, knowledge base, graphical
user interface, and land use planning tools that used GA techniques. The
prototype system was demonstrated as a flexible tool for the exploration
of land use planning scenarios. Odeyemi et al. (1998) used GA techniques
for land allocation modeling used to support decision-making processes
for budgeting for agricultural extension services and human resource
allocation in Zimbabwe.

4.3.1.8 Agent-Based Models

Another Al-based approach is agent-based modeling, which is also some-
times called individual-oriented or distributed artificial intelligence-based
modeling. These techniques are used for simulating complex phenomena
in dynamic systems and are distinctive in their ability to simulate future
unpredictable situations (Lampert 2002). The agents are capable of acting
autonomously while interacting with their environment and other agents
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(Sugumaran and Sugumaran, 2007). The rationale of this approach is that
it is easier to model the behavior of individuals than it is to model a sys-
tem as a whole. However, by modeling the behavior of individual agents,
system-level lessons can be discovered.

Several research efforts have been reported that used agent technol-
ogy in addressing spatial decision-making problems (Gimblett et al. 2000;
Manson 2000; Sengupta et al. 2003). Ferrand (1996) reported on a system
utilized to solve complex spatial optimization problems encountered in
the search for environmental impact areas. Papadias and Egenhofer (1995)
reported on using agents in qualitative collaborative planning. Agents
represent topological, direction, and distance constraints applied to a spa-
tial planning problem. The focus of this work was on using spatial access
methods that can effectively process qualitative constraints represented by
agents. Rodrigues et al. (1997a) described a multiagent-based system used
for modeling geographic elements for environmental analysis in land use
management. The system was aimed at establishing methodologies for
evaluation and standard simulation in environmental quality description
scenarios. In another study, Sengupta and Bennett (2003) developed an
agent-oriented modeling framework to overcome some of the limitations of
traditional SDSS. Their SDSS, called Distributed Intelligent Geographical
Modelling Environment (DIGME), could be used to evaluate the ecologi-
cal and economic impacts of agricultural policies. Recently, Ligtenberg et
al. (2009) proposed a multiagent system to simulate potential locations for
new urban development.

4.3.1.9 Fuzzy Modeling Techniques

Many phenomena in the real world are difficult to classify into discrete
or crisp categories, in spatial or nonspatial data as well as in preferences
and criteria used in modeling activities. The inclusion of crisp boundaries
in spatial and nonspatial data produces similar definitive or crisp results
in any modeling or SDSS activity. The outputs from these activities can
possibly give an elevated level of confidence not truly warranted. In order
to address uncertainty that is often implicit in the inputs and modeling
processes, fuzzy techniques have been developed. These techniques uti-
lize fuzzy set theory or fuzzy logic. The fuzzy set theory allows objects or
locations to belong partially to multiple sets instead of being completely
discrete (Malczewski 1999). An example would be in land use planning
in which a constraint of 1 km is used to exclude areas surrounding a
river. There are generally few real-world attributes that would indicate
a location 0.99 km away is acceptable while a location 1.01 km is unac-
ceptable (Malczewski 2004). Fuzzy set theory can be used to address this
kind of situation by characterizing membership not as absolute but as par-
tial. Fuzzy set theory can also be used for linguistic statements that are
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used to provide an ordering of criteria such as low, moderate, and high
(Malczewski 2004). In fuzzy sets, the degree of membership in a class is
expressed on a continuous scale between 0 and 1, with 0 meaning not a
member and 1 being a full member (Burrough and McDonnell 1998). In
a spatial context, fuzzy sets can be used to represent geographical enti-
ties with imprecisely defined boundaries. For example, in soil mapping, a
distinct boundary might be drawn between two soil types even though in
reality there is a gradient between the types. Using fuzzy sets, the values
would provide a value between 0 and 1 for membership in either of the
soil groups (Figure 4.6). The methodologies for developing membership
values are beyond the scope of this textbook. More detailed examination
can be found in Burrough and McDonnell (1998), Malczewski (1999), and
many other publications.

Spatial data developed based on fuzzy sets can be utilized in various
spatial operations and SDSS, including multi-criteria analysis techniques
including AHP and ANN. Klungboonkrong and Taylor (1998) used fuzzy
set theory and fuzzy multi-attribute decision making in an SDSS for
evaluating environmental impacts of urban road networks. Girvetz and
Shilling (2003) used fuzzy logic rules in a raster-based system to evaluate
degree of truth for assertions about the environmental impact of forest
road development. Li et al. (2005) used the fuzzy comprehensive evalua-
tion technique, based on the determination of fuzzy weights by experts,
in an SDSS for typhoon insurance pricing. Boroushaki and Malczewski
(2008) used fuzzy linguistic qualifiers in a customized ArcGIS-based
AHP-OWA system. Chang et al. (2008) used fuzzy multi-criteria decision
making for landfill siting based on the translation of linguistic ratings (e.g.,
good, fair, poor, etc.) into fuzzy spatial datasets regarding environmental
impacts, transportation issues, economic impacts, and public nuisance.

4.3.2 Application-Specific Models

Many SDSS applications have adopted modeling methodologies designed
for specific problem situations or to represent specific anthropogenic,
chemical, biological, or physical processes occurring in the real world.
Specific modeling methods have been developed for many domain-spe-
cific spatial decision-making situations including environmental, natural
resources management, agricultural, emergency planning, public health,
transportation, urban, utilities, and others. Although each of these model-
ing techniques cannot be examined in depth, some common types of mod-
eling techniques utilized in SDSS will be touched upon in this section.
The evolution of SDSS coincided somewhat with increased concern
about environmental issues such as air and water quality. The Clean
Water Act of the 1970s and other legislation prompted greater interest
in understanding and controlling water pollution. The complexity of
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hydrological systems and limited resources for monitoring in-situ water
quality and point source dischargers led to the development of model-
ing techniques to assist in the management of water resources. Numerous
SDSS applications over the last few decades have utilized hydrological
or water quality modeling techniques. By the time the first SDSS were
developed, hydrological and water quality simulation models already
existed, usually without explicit spatial representation. However, one of
the first systems considered an SDSS included the MULQAL water qual-
ity simulation model within its framework (Holsapple and Whinston
1976). Since that time, numerous hydrological and water quality model-
ing routines have been included in SDSS (Table 4.1). A few examples of
these types of models incorporated within SDSS include the Agricultural
Non-Point Source Pollution Model (AGNPS) to predict nonpoint source
pollutant loadings within agricultural watersheds, the Hydrological
Simulation Program-Fortran (HSPF) for simulation of watershed hydrol-
ogy and water quality for both conventional and toxic organic pollutants,
the Long-Term Hydrological Assessment (L-THIA) tool, and the Soil and
Water Assessment Tool (SWAT). These models, with varying degrees of
input parameterization and complexity of algorithms, mathematically
approximate physical and chemical processes governing water quantity
and quality either at a watershed or stream level. The AGNPS model uses
raster spatial data on land cover/use, soils, topographic conditions, and
rainfall to model hydrology, erosion, and the transport of sediment and
chemicals (Figure 4.7) through a watershed (Bennett and Vitale 2001).
Engel et al. (1993) were the first to utilize AGNPS in an SDSS when they
developed a system integrating the AGNPS model with GRASS GIS to
assist in the management of runoff, erosion, and nutrient movement
in agricultural watersheds. The AGNPS model has subsequently been
implemented numerous times (Table 4.1) in SDSS. The HSPF model has
a more complex set of algorithms that compute the movement of water
(and associated chemical and physical constituents) through a complete
hydrological cycle (rainfall, evapotranspiration, runoff, infiltration, and
groundwater flow) (Wilkerson et al. 2007). The SWAT model partitions
a watershed into a series of subbasins or subwatersheds (Figure 4.8) and
uses a variety of algorithms that incorporate information on weather,
soils, topography, vegetation, and land management practices to model
water movement, sediment movement, crop growth, and nutrient cycling
(Neitsch et al. 2005). The SWAT model was first integrated with GIS using
ArcView GIS,and more recently was integrated with ArcGIS software and
has been used in numerous SDSS applications (Rao et al. 2007; Volk et al.
2008). The L-THIA model estimates long-term average runoff in a water-
shed using data on climate, soils, and land use and was used in an SDSS
for evaluating land use changes in a watershed by Engel et al. (2003).
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U 8. DEFARTMENT OF AGRICULTURE NATURAL RESOURCES CONSERVATION BERVICE
UPPER AUGLAIZE WATERSHED
AnnAGNPS modeling - Simulated existing condition erosion
(Tillage type randomly assigned per watershed lillage transects)
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FIGURE 4.7

An example of erosion estimate output from the AGNPS model. (Taken from ftp://
ftp-fc.sc.egov.usda.gov/OH/pub/Programs/agnps/Final_UA_Master_Report_with_
Appendix_02.14.05.pdf)

A variety of other models have been integrated within SDSS for vari-
ous spatial decision-making situations, with several examples provided
in Table 4.1 and in this paragraph. The models have been utilized in a
variety of disciplines. A crop yield estimation model was developed and
included in an SDSS for the development of decision maps (Lagacherie et
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FIGURE 4.8

The SWAT model uses subwatersheds or subbasins as a unit of modeling. (Taken from
SWAT Version 2005 user manual, ftp://ftp.brc.tamus.edu/pub/swat/doc/swat2005/
SWAT%202005%20theory%20final.pdf)

al. 2000). In Australia, a locust development model was incorporated in
an SDSS for agricultural pest control (Deveson 2008). The International
Food and Agricultural Policy Simulation Model (IFPSIM) was used for
predicting crop demands and crop market prices that change under alter-
native policy scenarios in an SDSS examining land suitability and use
(Tan et al. 2004). Modeling delivery services for home food aid delivery
were developed in an SDSS by Gorr et al. (2001). An ecosystem manage-
ment model was used to examine carrying capacities of national parks in
the United States (Prato 2001). Two separate wildfire modeling routines
were included in an SDSS for examining fire hazards in California (Radke
1995). Mathematical models used for representing potential movement of
radioactive pollution were included in an SDSS for nuclear power emer-
gency management (Gheorghe and Vamanu 1995). Toxic spill modeling
functionality was built into a GIS-based SDSS for emergency planning by
Chang et al. (1997) in Taiwan. A 3D network data model was utilized in an
SDSS intended for emergency response purposes (Kwan and Lee 2005). A
forest stand simulator called GAYA was used for projecting forest stand
development as part of an SDSS for long-term forest management plan-
ning (Neesset 1997). A statistical principal components analysis approach
used in a prototype SDSS called SimilarAreas supported landscape
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planning (Bryan 2003). In France, a biodecision model was incorporated in
an SDSS for estimating irrigation water demand. This biodecision model
consisted of a plant development model as well as a human irrigation
behavior model (Leenhardt 2004). A mechanistic wind-damage model
was built into a GIS-based decision support system in Finland (Zeng et
al. 2007). Downs and Horner (2008) developed a network topology model
for estimating optimal stopover habitats for migratory bird conservation.
In New Zealand, wildlife tuberculosis simulation models were incorpo-
rated in an SDSS (McKenzie et al. 1997). A technical schema for integrat-
ing disease epidemic models in an SDSS was discussed by Yang et al.
(2007). Choi (1996) described the integration of transportation planning
models and optimized route-selecting procedures in an SDSS. Wu et al.
(2001) interfaced a dynamic network flow model with a GIS to form an
SDSS for analysis of route choices. Evolutionary routing algorithms were
combined with GIS in a decision support system by Mendoza et al. (2009).
Armstrong et al. (1991) used an heuristic location allocation model in an
SDSS identifying regions and service locations within regions.

In this chapter we have covered some of the generic modeling strategies,
and in this section tried to give examples of application specific modeling
techniques. There are many other specific models or modeling routines
that have been used which we were not able to cover explicitly here. This
section has attempted only to give an introduction to the variety of meth-
ods that have integrated into SDSS for a wide variety of applications.

4.4 Dialog Management Component

A key to any successful SDSS is the development of effective mechanisms
for user interaction with software components. These mechanisms are
termed the dialog management component (DMC). The DMC provides the
interface between the user and the rest of the components of any SDSS. It
provides mechanisms whereby data and information are input to the sys-
tem from the user and output from the system to the user. In Chapter 3,
the cartographic and tabular display capabilities of GIS were detailed. The
ability to represent outputs cartographically in maps and also as 3D models
was described. In addition, the capabilities of GIS software to produce effec-
tive reports, tables, and charts were investigated. The remaining portion of
this section will focus on the importance of effective user interfaces.

As mentioned in Chapter 1, spatial decision-making processes involve
iterative, interactive, and participative involvement of a decision maker
or end users. The user interface components of an SDSS provide these
functionalities and act as a channel through which the user connects to
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the computer system to generate and compare different solutions to a
problem and to view potential outcomes from decision alternatives. The
importance of user interfaces has gained much attention in the past two
decades, mainly because there has been a realization that usability is a
key for the success of any software product. One can build an advanced
SDSS that might solve complex problems, but if the user interfaces do not
allow easy use, there is a high possibility for failure of the system. Some of
the following characteristics should be considered during user interface
design.

In the design of an effective user interface, Malczewski (1999) summa-
rized five issues that need to be considered: (1) accessibility, (2) flexibility,
(3) interactivity, (4) ergonomic layout, and (5) processing-driven function-
ality. By accessibility, he meant that the user interfaces should be intuitive,
facilitating new users’ applications. The ability to recover from unintended
or mistaken actions would constitute a flexible system. An interactive sys-
tem would allow efficient information flow back and forth between the
user and the system itself. An ergonomic layout implies efficient commu-
nication between the user and the system. A processing-driven interface
allows the user to understand the upcoming and completed tasks clearly.
All of these characteristics can be met by careful planning of the system in
advance with input from users, thoroughly documented and commented
software code, and significant software testing by potential users.

As discussed in Chapter 2, the evolution of user interfaces in GIS and
SDSS has followed that of computer software in general. This progression
broadly included a move from command-line driven applications to more
and more sophisticated graphical user interfaces. Earlier hardware and
software configurations of SDSS generally were characterized by fairly
complicated command-line-driven GIS and modeling software. These sys-
tems required someone with significant experience in the spatial sciences
and often in computer programming as well. In many of the SDSS from
the 1980s and 1990s, ArcInfo Workstation software was used. This soft-
ware generally required significant expertise and operated with various
modules and commands typed into a command line window requiring
strict syntax compliance (Figure 4.9). The development of customized user
interfaces for SDSS applications was possible but often required the users
to type in commands to run different modules of the system. In addition,
the display of outputs, such as maps, was generally basic with limited
or unintuitive interactive capabilities for nonexpert users (Figure 4.10).
In the 1990s, the introduction of Windows-based computing (Figure 4.11)
and the development of GIS and modeling software with more intuitive
graphical user interfaces greatly increased the number of organizations
using these types of software. In addition, the number of individuals able
to use and understand at least the basic functionality of GIS rose greatly
during this time period. The original desktop personal computer GIS was
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The Arc command line window from ArcInfo Workstation.

FIGURE 4.9



169

Components of SDSS 11

‘(‘TTeMe “NIN[OUOH] ‘S9OUSIDG WA)SAG UO 90USISJUO)) [RUOHLUISU] [ENUUY /7 93 e
pajuasaid sade  “uraysAs 310ddns uorsioap rerjeds e Jo ssauaAndayya a3 Sunisa) pue SULINSEIIN FE6T PUUAM “H 'd PUe “( ‘JA ‘PUR[SSOID) WOIJ UdE))
axemijos oyurdeiy (q) pue (9-1G:(1)T Aa340n) ST ‘suraisAs Surajos-wa[qoid aar3drIS UL 10§ sjuswaImbal 19sn puad Jo SATPNIS ase)) /6T uopng 'y *[

pue ‘adeIn) 4] °g “( "J ‘UOS[Ie)) Wo1j Use)) walsAg Aerdsiq pue sisATeuy ejep-o0a9) () a3 Suiqrosap sroded woay uaye) seoeyrajur dew spdurexs om],
0Ly 3NOI4

diw auo? Hiseq pue
{eZ) Jo 53insas Buisn paianAsueD dew ARG (3Z)

J‘ ) e e bl e L e

(q

(e




170 Spatial Decision Support Systems: Principles and Practices

Wilson Crossing SDSS
File Edit Text Tools Setup Objects Alternatives Help

| Traffic and Transportation Evaluation Tree with Declision Criteria l

Tralffic/
Transpoitation
(€1 [R]
1
[ | |
Intersiate & TDOM Shipping Hazardous
Commuer Maternals
E[T (R Efz R [EL3 (R [ELadr]

Aleinalive HOV Tolls Bke IVHS Sie Recovery

Routes Impact Poterial

E[5{R] [e[z1R] [eL3TR] [ELa[R] [ELs R [EL.IIR] R
| I [

Peak Hou | [FHV Over | [ Average | [ Vehides Ship Size | [Req Biidge| | Channel
Vohume Capacity Speed par day Handled Dpenings Cleatence
ELT{R| [e[z1r] [E[3TR] [ELadR]  [E[]R] [E[21R] [E[3]R]
[ Back 5

[+]. | -

FIGURE 4.11

An example user interface for an SDSS from 1992. (Taken from Armour, E. J. 1992. Utilizing
hypermedia in a MAU model-based spatial decision support system (SDSS). Paper pre-
sented at URISA 92 Annual Conference Proceedings, Washington, D.C.)

developed by Maplnfo (Figure 4.10) in the latter half of the 1980s. In the
late 1990s and the early 2000s, the GIS software that was most commonly
used in SDSS applications became ESRI's ArcView (Figure 4.12). ArcView
was originally designed to be a GIS data viewer, but after successive
versions, became a more full-fledged GIS. This software became popu-
lar because of its user-friendly interfaces and also because the software
came with a development language and environment called Avenue and
a user-interface development environment, both of which provided great
capabilities for developing customized functionality, tools, and interfaces
(Figure 4.13). Similar software with user interfaces and development envi-
ronments were developed by other companies including MapInfo and
Intergraph’s GeoMedia, and these were also utilized in SDSS. Further
evolution in user interfaces has taken place with new generations of com-
mercial and open source GIS software. ArcGIS, from ESRI, has evolved
from ArcInfo Workstation and ArcView software and has become the
most commonly used GIS software in recent years in SDSS applications.
The ArcGIS software comes packaged with Visual Basic for Applications
(VBA), which allows the development of graphical user interfaces and
customized GIS applications. ArcGIS provides the extensive functionality
that evolved over decades in the ArcInfo workstation software and also
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