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Preface

The transformation of land use and land cover is driven by a range of
different factors and mechanisms. Climate, technology and economics are
key determinants of land-use change at different spatial and temporal scales.
Whilst the implications of climatic warming at a global level are hugely
worrying for low lying parts of the world, the processes of urbanisation
continue in a seemingly uninterrupted manner. As time goes by, the use of
land in both natural and man-made environments is influenced by the
pressures associated with development. The demand for land for new
residential housing in northwest European countries has been a huge
challenge for governments striving to protect greenfield sites in recent years,
whilst brownfield regeneration has been a common response to the decline
of staple manufacturing in older industrial heartlands. The variety of forces
that drive change in the use of land is extensive and complex, including
spatial planning policies designed at local, regional, national and supra-
national levels.

Given this complexity and in order to understand the mechanisms of
change and the impact of policies, researchers and practitioners have turned
their attention to formulating, calibrating and testing models that simulate
land-use dynamics. These land-use change models help us to understand the
characteristics and interdependencies of the components that constitute
spatial systems. Moreover, when utilized in a predictive capacity, they
provide valuable insights into possible land-use configurations in the future.
Models of land-use change incorporate concepts and knowledge from a wide
range of disciplines. Geography, as a spatial science, contributes
significantly to the understanding of land-use change whilst demography and
economics help explain underlying trends. Model building relies heavily on
mathematics and (geographical) information science, but also includes many
elements from the softer sciences, such as management studies and
environmental science.

This book offers a cross-sectional overview of current research progress
in the field of land-use modelling. The contributions that are included in the
chapters of the book range from methodology and model calibration to the

XV



XVvi Preface

actual application of systems and studies of recent policy implementation
and evaluation. The contributors originate from academic and applied
research institutes around the world and thus offer an international mix of
theoretical and practical perspectives in different case study contexts. The
book is an indispensable guide for researchers and practitioners interested
in state-of-the-art land-use modelling, its background and its application.
A special website (www.lumos.info/Modellingland-UseChange/Exercises.htm)
provides demonstration versions of well-known land-use models that give
detailed insights into the way these models work. Additional exercises and
assignments help students to critically assess the potential of these instruments.

The Editors
January, 2007
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Chapter 1
MODELLING LAND-USE CHANGE

Theories and methods

E. Koomen' and J. Stillwell?
!Department of Spatial Economics/SPINlab, Vrije Universiteit Amsterdam, The Netherlands;

2School of Geography, University of Leeds, UK

Abstract: This first chapter explains some of the basic theoretical ideas, concepts and
methodologies that underpin the modelling of land-use change. It represents an
overview of the types of approaches that have been adopted by researchers
hitherto. It also provides a rationale for the structure of the book and a
synopsis of the contents that follow.

Key words:  Land-use change modelling; theory; methodology; book structure.

1. INTRODUCTION

The existence of the well-known computer-game, SIM-City™
(http://simcity.ea.com/), has taken the modelling of land-use change beyond
its original domain of researchers and policymakers. Simulating the complex
interaction of natural and social systems has now come within reach of
computer games enthusiasts, both young and old. However, the popularity of
the products generated by the games industry has not stretched as far as the
land-use models that have been developed by researchers and planning
practitioners. Some commentators might suggest that, during the last decade,
these systems have tended to remain relatively under-used ‘black boxes’,
producing little more than nicely coloured maps. Perhaps the lack of
attention to the development of useful applications in the field of land use is
related to the extensive array of existing models, the different approaches
they take, and the relative complexity of their underpinning theories
and methods of application.

E. Koomen et al. (eds.), Modelling Land-Use Change, 1-21.
© 2007 Springer.



2 E. Koomen and J. Stillwell

This book aims to address this paradox by providing an overview of
recent land-use modelling efforts and by clarifying their background and
application possibilities. It does so by presenting a wide range of approaches
(both geographically and thematically) that analyse and explain past land-
use changes and simulate possible future changes. As an initial introduction
to the simulation of land-use change, we begin with a discussion of some of
the basic characteristics of land-use change models and the theories and
methods on which they are based. Thereafter the structure of the book is
explained and a synopsis of its contents is given.

2. CHARACTERISING LAND-USE CHANGE
MODELS

Land-use change is a complex, dynamic process that links together
natural and human systems. It has direct impacts on soil, water and
atmosphere (Meyer and Turner, 1994) and is thus directly related to many
environmental issues of global importance. The large-scale deforestations
and subsequent transformations of agricultural land in the tropics are
examples of land-use change with strong likely impacts on biodiversity, soil
degradation and the earth’s ability to support human needs (Lambin et al.,
2003). Land-use change is also one of the important factors in the climate
change cycle and the relationship between the two is interdependent;
changes in land use may affect the climate whilst climatic change will also
influence future land-use (Dale, 1997; Watson et al., 2000). On a smaller
scale, in the densely populated parts of the urbanised western world, land-
use change is the expression of continuing urbanisation pressure on ever
scarcer open spaces (e.g. Bell and Irwin, 2002; Rietveld and Wagtendonk,
2004), many of which have been designated by planning authorities as
greenfield areas for conservation reasons. This issue is often referred to as
urban sprawl, a topic of debate in the United States especially (e.g.
Brueckner, 2000; Glaeser and Kahn, 2004). Modelling land-use change
helps understand the processes of continuing urbanisation and can also be of
value in informing policymakers of possible future conditions under
different scenarios. Land-use change models can therefore be defined as
tools to support the analysis of the causes and consequences of land-use
change (Verburg et al., 2004a). Many authors (e.g. Lambin et al., 2001)
make a distinction between the land cover that can be observed (e.g. grass,
building) and the land use, the actual use to which the land is put (e.g.
grassland for livestock grazing, residential area). For convenience, we use
the term land use predominantly in this book, referring to both land cover
and actual land use.
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Recent inventories of operational models for land-use change are
numerous. Briassoulis (2000) offers a very extensive discussion of the most
common land-use change models and their theoretical backgrounds. Waddell
and Ulfarsson (2003) and Verburg et al. (2004a) present more concise
overviews that focus on the future directions of research in this field, whilst
more detailed, technical information on the actual models is provided by
Agarwal et al. (2002) and the U.S. Environmental Protection Agency (U.S.
EPA, 2000). All inventories show a very heterogeneous group of instruments
with considerable differences regarding their background, starting points,
range of applications et cetera. We will refrain here from classifying existing
models, but rather discuss a number of characteristics that can be used to
differentiate the most common modelling approaches.

One of the most important distinctions refers to static as opposed to
dynamic models. Static (or cross-sectional) models directly calculate the
situation at a given point in time, whereas dynamic models work with
intermediate time-steps, each of which might become the starting-point for
calculating the subsequent situation. Dynamic modelling, therefore, takes
possible developments during the simulation period into account, providing
a richer behaviour and the possibility to better mimic actual spatial
developments.

Land-use change models can also be characterised as dealing with either
transformation or allocation. Transformation models start from the current
land use and simulate the possible conversion into another land-use type, e.g.
based on a transformation probability or the status of surrounding locations.
Allocation models, on the other hand, allocate a certain type of land use to a
location based on its characteristics. Current land use may thus be one of the
factors influencing locational characteristics, but it is not necessarily
preserved in future land use. This approach to simulation basically starts
with an empty map.

From a theoretical perspective, there is a clear difference between models
starting from a direct emphasis on land use and those whose initial
consideration is the land user. Many models focus purely on land use,
merely simulating its state at a certain location. Other approaches take land
users as the starting point and try to understand their behaviour. The
description of the spatial decisions of (groups of) individuals is then used to
deduce the land-use changes.

Approaches to simulating land-use change may be either deterministic or
probabilistic. The former applies strict cause-effect relations, whereas the
latter considers the probability of land-use changes taking place. The essence
of this second approach is the introduction of an element of uncertainty. A
type of use is attached to a location based on an estimated probability, rather
than following a straightforward deductive approach. In some cases, a
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random error-term is added to express the uncertainty in the explanatory
factors.

Another common distinction is the one made between sector-specific and
integrated models. Sector-specific models focus on one part of the land-use
system (e.g. housing, employment, agriculture) and describe that part as
precisely as possible. Integrated models consider the mutual relationships
between these sectors, thus approaching the land-use system in a very
comprehensive and inter-dependent (or systems-oriented) manner. Truly
integrated models also incorporate the feedbacks of the land-use system with
other related systems such as climate, hydrology or transport.

In relation to the spatial level of detail, both zones and grids are used.
Zones are relatively homogeneous, often irregularly shaped areas or vector
polygons, e.g. socio-economic or administrative regions that more often than
not have little functional coherence. Grids, on the other hand, are collections
of (mostly square) cells defined in a regular raster pattern that are often used
in geographical information systems (GIS). Models that use grids often
make use of geographical information from other sources, thus having
access to valuable base data.

As land-use change models can differ from each other on all of the above
mentioned characteristics, classifying them into homogenous groups is
difficult, if not impossible. They do rely, however, on a limited number of
basic principles to allocate land use and these theories are discussed in the
next section.

3. THEORIES AND METHODS OF LAND-USE
MODELLING

Models for simulating future land use exist in many different types and
forms, but they all rely on a limited number of theories and methods.
Economic theories, for example, are often used to explain land-use patterns
and their dynamics (e.g. Bockstael and Irwin, 2000; Irwin and Geoghegan,
2001). The underlying idea is that those who can afford the most money for
the land are the ones using it. But disciplines such as geography and
mathematics have also contributed to the understanding and simulation of
changes in land use. In order to provide some background for the models
that will be presented in later chapters of the book, we introduce some of the
basic principles of land-use modelling. For an introduction to a number of
additional aspects that are relevant for the simulation of land-use change,
such as policy perspectives, driving forces, data considerations, evaluation
and visualisation methods, the reader is referred to a previous text, Land Use
Simulation for Europe (Stillwell and Scholten, 2001).
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3.1 Economic principles

For a number of reasons, land is a special economic asset. Firstly, the
supply of land is fixed, creating specific demand-supply relations. Secondly,
every parcel of land has a fixed location with its associated unique features
in terms of soil quality, gradient, altitude, accessibility et cetera. The
marketable asset is therefore far from homogeneous, severely hampering the
price-making analysis. Thirdly, the land use at a certain location influences
its surroundings. The impact may be either negative or positive; basic
infrastructure or industry causes visual disturbance for many, but small-scale
agriculture may increase the aesthetic or natural value of the landscape. This
impact, that economists call an externality of land use, often gives rise to
government intervention. Examples of this intervention include prohibition
of dwellings in the proximity of big industrial estates or airports, economic
activities that are relocated to the outskirts of cities, or farmers that receive
subsidies to provide ‘nature’ as an additional product under sub-optimal
agrarian conditions. Combined with the limited supply and the heterogeneity
of land, the externalities and the resulting government interventions are
expressed in a segmented land market, where different prices are used for
‘green’ (agriculture, nature) and ‘red’ (housing, employment, infrastructure)
functions and where considerable spatial price differences exist within
sector-specific markets (e.g. Buurman et al., 2001).

The focus on land in economic theories has changed over time. The early
and well-known theories of Ricardo and, in a more spatial context, Von
Thiinen, have laid the foundation of land-price and land-use theories. These
are to a certain extent still valid and used in current research. Ricardo (1817,
in Kruijt et al., 1990) explained land prices in terms of differences in soil
fertility levels or, more generally speaking, in terms of land quality. Better
quality land is more profitable than lower quality land, and this difference
leads to payment of a higher price for the land. Von Thiinen (1826) focused
on the impact of distance and hence transportation costs, to explain land-use
patterns and land prices. Current economic analysis of land use often
takes bid rent theory (Alonso, 1964) as a starting point, focusing on the
relationship between urban land use and the value of urban land. Individual
households and companies weigh up the land price, transportation costs and
the amount of land they need. This leads to a simple model with decreasing
land prices as you move away from the city centre. The land use resulting
from these assumptions is that of a typical monocentric city. Commercial
activities are concentrated in the city centre (central business district);
industrial and housing functions will have less money available for a central
location and will select a location at a greater distance from the centre; the
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edge of the city is identified where the offer of the urban bidders is equal to
that of the agrarian bidders.

Another important concept related to economic science and used to
explain land-use patterns is discrete choice theory. Nobel prize winner
McFadden has made important contributions to this approach of modelling
choices between mutually exclusive alternatives (e.g. McFadden, 1978). In
this theory, the probability that an individual selects a certain alternative is
dependent on the utility of that specific alternative in relation to the total
utility of all alternatives. This probability is, given its definition, expressed
as a value between 0 and 1, but it will never reach these extremes. When
translated into land use, this approach explains the probability of a certain
type of land use at a certain location based on the utility of that location for
that specific type of use in relation to the total utility of all possible uses. The
utility of a location can be interpreted as the suitability for a certain use. This
can be formulated as follows:

X, =y e (1)
k

where:

X, 1is the probability of cell ¢ being used for land-use type i;

e s the base of the natural logarithm (= 2.71828);

S.; 1s the suitability of cell ¢ for land-use type i; dependent on different
factors;

Ser  1s the suitability of cell ¢ for all (k) land-use types; and

S is a parameter to adjust the sensitivity of the model.

The suitability of a location for a certain use can be explained by a range
of different factors. This may refer, for example, to physical suitability, as is
the case with the soil type that largely determines the most profitable type of
agricultural use. Other important aspects that influence suitability include
accessibility of relevant facilities or spatial policies that will restrict or
encourage certain land-use types. Suitability is assessed by potential users
and can also be interpreted as a bid price. After all, the user deriving the
highest benefit from a location will offer the highest price.

The renewed interest for geography in economics (e.g. Krugman, 1999)
offers interesting concepts to analyse the spatial interaction between actors
(represented by, for example, residences or industries) in terms of centripetal
forces leading to concentration, and centrifugal forces leading to a spatial
spread of functions.
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3.2 Spatial interaction

A classical group of land-use models is based on spatial interaction
modelling theory. Spatial interaction in a social, geographical context refers to
every movement in space as a consequence of a human process (Haynes and
Fotheringham, 1984). By analogy with Newton’s first law, these models
assume that the interaction between two entities depends on their own mass
(or size) and is inversely proportionate to the distance between them. Early
applications of this principle can be found in studies of migration (Ravenstein,
1885; Young, 1924) and trade (Reilly, 1931). Their main assumption was that
the volume of interaction, being migration or commercial transactions
between two cities, for example, depended on the size of the two cities and the
distance between them. Thus, bigger cities were expected to attract more
migrants or trade than smaller ones and this flow of migrants or trade was
expected to be strong when distances were small.

This way, the concepts of scale and distance are introduced in the
description of spatial relations, indicating that their influence is relative; size
matters, especially when distances are small. This simple gravity principle
has been adjusted and extended in several different ways. An important
extension is the inclusion of more than two objects. The total interaction in a
system is supposed to be equal to the sum of all interactions between all
pairs of objects or, in other words, the interaction potential of an object is
equal to the sum of all potential interactions with other objects.

Lowry (1964) was the first to develop an urban land-use model based on
two dependent gravity models. The first model relates the population
distribution to residential areas on the basis of fixed employment locations.
The demand for trade can then be deducted from the population distribution.
The second gravity model allocates retail businesses based on the newly
determined demand. The changed distribution of services results in an
adapted demand for labour force that can be introduced in turn in the
population model. This dynamic interaction will continue until a previously
defined small amount of allocation difference occurs. The Lowry model is
spatially explicit on the level of homogeneous urban zones. Current land-use
models display a higher level of detail in both their spatial resolution and
allocation principle, but often fall back on this type of model for the sector-
specific demand for land.

The primary architect of contemporary spatial interaction modelling is
Alan Wilson, whose seminal work in the late 1960s (Wilson, 1967) on
entropy maximisation led to the inclusion of balancing factors in the gravity
model equations that served to ensure constraints were satisfied. A family of
models was developed (Wilson, 1970), variants of which could be applied in
situations of differing known information. In the context of migration,
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spatial interaction models based on these principles have been extended by
Stillwell (1991) and Fotheringham (1991) and used recently in an applied
context to model flows within the UK for the Office of the Deputy Prime
Minister (Champion et al., 2003).

A related type of research focuses on the interaction between land use
and transport. Central to this approach is the assumption that land use is
influenced by the available infrastructure network and vice versa: the
transportation demand depends on the spatial configuration of the different,
mostly urban, land-use types. One of the first researchers to model the
interdependence of these systems was Putman (1983), but many others have
created similar structures, often referred to as LUTI models, more detailed
overviews of which are provided in Wegener (1998) and Kanaroglou and
Scott (2002), for example. Most of the original LUTI models were based on
a classic spatial interaction framework and adopted a relatively coarse zonal
scale. In the newest wave of these models, however, research attention has
shifted towards activity-based microsimulation (Timmermans, 2003). This is
a trend that is also visible in general (non-transport related) land-use change
models as will be discussed later.

3.3 Cellular automata

The cellular automata (CA) methods deriving from mathematics are very
well suited for imitating complex spatial processes on the basis of simple
decision rules (Wolfram, 1984). Every cell has a certain state (or function)
that is influenced by its surrounding cells as well as the characteristics of the
cell itself. The degree and direction of interaction between the functions is
determined through so-called transition rules. The application of CA in
geographical modelling was originally proposed by Tobler (1979) and the
concept has subsequently been applied to model urban form (Batty, 1997;
Yeh and Li, 2001), urban growth (Clarke et al, 1997; Couclelis, 1997,
Clarke and Gaydos, 1998), land-use planning (Wu, 1998; Li and Yeh, 2000)
and urban and regional development and planning (Samat, 2002; Engelen
et al., 1999; White and Engelen, 2000).

A strong dimension of this approach is the simulation of the interaction
of a location with its direct surroundings that has empirically proven to be an
important driver of land-use change (OSullivan and Torrens, 2000; Verburg
et al., 2004b). A crucial component of this local interaction approach is
‘emergence’, discussed by Holland (1998) amongst others. In CA models
this phenomenon refers to global patterns that appear spontaneously from the
collective behaviour of individual cells influencing each other. This rich
behaviour leads to simulation results that are very hard, if not impossible, to
predict from the behaviour of the individual cells.
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Additional, location-based information is often used in creating the
transition rules in CA models, for example relating to the physical suitability
or policy restrictions within a cell. The model thus moves beyond the
classical focus on spatial interaction to achieve more realistic simulations.
Classical CA models have a limited theoretical relationship with the
decision-making process that leads to changes in land use. Hence, modern
CA applications also incorporate components from other disciplines to
obtain a more realistic simulation of land-use changes, an example of which
is the Markov model that uses transition probabilities to describe the
possible spatial developments of a location (Balzter et al., 1998; Li and
Reynolds, 1997). The probability of a cell changing its function is
determined here by the initial state of the cell, the surrounding cells and a
transition matrix with its transition probabilities. The interesting aspect of
this approach is that consecutive changes in land use known from the
literature or from experience (e.g. a succession in vegetation types or the
changeover from agricultural to residential use) can be included explicitly as
being probable whereas other transitions (e.g. industry to agriculture) can be
described as being improbable or, in some cases, impossible. The cell
changes its status according to these estimated probabilities rather than from
the deterministic transition rules of the classical CA models.

Another option to control the spatial interaction behaviour of individual
cells in CA models is the inclusion of higher level constraints on, for
example, the magnitude of land-use changes. This can be implemented
through a regional level spatial interaction model as is the case in the
Environment Explorer model (White and Engelen, 2000) and related
MOLAND framework (Engelen et al., this book).

3.4 Statistical analysis

Statistical analysis is an essential tool for almost all models of land-use
change. Regression analysis, for example, helps to quantify the contribution
of the individual forces that drive land-use change, as demonstrated by
Rietveld and Wagtendonk (2004) and Verburg et al. (2004c) and thus
provides the information needed to properly calibrate models of land-use
change. An important aspect of analysing land-use patterns is addressed in
spatial econometrics and relates to issues such as spatial dependency and
spatial heterogeneity (Irwin and Geoghegan, 2001). The analysis of spatial
dependence may point to structural interdependencies between, for example,
land-use types and can be useful in formulating the transition rules in CA-
models. See Anselin and Florax (1995) for an extensive discussion of this
topic.
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Many examples exist of models that rely solely on a statistical
description of observed past land-use changes to simulate future patterns
(e.g. Schneider and Pontius, 2001; Serneels and Lambin, 2001). These
empirical-statistical models have the advantage of being relatively easy to
construct, but they miss a theoretical foundation as no attempt is made to
understand and simulate the processes that actually drive land-use change.
The applicability of these purely statistical models is therefore limited. They
can be used to simulate possible spatial developments within a relatively
short time-span under ‘business as usual’ conditions, but they are not suited
to simulate possible changes according to diverging socio-economic future
scenarios, for example. A combination with theoretical insights in land-use
change processes is therefore welcomed to add a notion of causality to
statistical models (Veldkamp and Lambin, 2001; Parker ef al., 2003).
Examples of this combination are provided by Chomitz and Gray (1996) and
Geoghegan et al. (2004).

3.5 Optimisation techniques

Another modelling approach is optimisation. By applying mathematical
optimisation techniques such as linear integer programming or neural
networks, the optimal land-use configuration is calculated here given a set of
prior conditions, criteria and decision variables (e.g. Aerts, 2002; Pijanowski
et al., 2002). The simplest applications aim to optimise a single objective (for
example, profit maximisation) for a specific group of decisionmakers (e.g.
project developers). But there are also mathematic programming techniques
that can determine the optimal solution for different, divergent objectives.
This is especially interesting for policymakers who are interested in the
optimal configuration of an area based on different, often conflicting, policy
goals. This approach is further discussed in Part III of this book.

3.6 Rule-based simulation

The central element in rule-based simulation is the imitation of a known
process. This approach is generally used in the field of physical sciences and
is often applied in combination with a GIS. Rule-based simulation models
can be used to imitate processes that can be described by strict, quantitative,
location-based rules. These are normally natural processes such as soil
erosion or landscape dynamics. The latter is modelled, for example, in the
Landscape Modelling Shell (LAMOS, see Lavorel et al., 2000) that
integrates a quantitative description of different landscape processes, such as
vegetation succession, disturbance and dispersal, to simulate possible
landscape-ecological patterns.
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The rule-based approach has also been applied, however, in studies with
a more socio-scientific orientation such as land-use change. Examples of the
application of rule-based simulation models include the original California
Urban Futures (CUF) model and the What If? system. A typical feature of
these models is that they allow users to include explicit decision rules that
steer their behaviour (Klosterman and Petit, 2005). This flexible characteristic
allows the models to simulate the consequences of spatial decisions and thus
makes them useful as planning support tools. CUF (Landis, 1994) simulates
alternative residential-development scenarios for cities based on specified
policy changes at various levels of government. Projected population growth
based on past trends is allocated and the profitability of each land parcel if
developed is ascertained based on this demand, but also on user-specified
development regulations and incentives. What If? (Klosterman, 1999) is a
self-contained visualisation tool that accepts user-defined spatial data,
growth rules and parameters to map land-use allocation alternatives.

Rule-based simulation is also an important element in many integrated
models of global change as described by Alcamo et al. (1998) and Cramer et
al. (2001), for example. These models typically apply relatively simple
descriptions of the relations between various subsystems to simulate their
interaction and assess the resulting state of, for example, land use, vegetation
cover or greenhouse gas concentrations. The subsystems (e.g. economy,
emissions, vegetation, agriculture and atmosphere) are often modelled in
more elaborate, individual models.

3.7 Multi-agent models

Human decision making and interaction are the central elements in multi-
agent (MA) models. The key concept here is that of the agents or
decisionmakers. Parker et al. (2003) define agents as being autonomous, yet
sharing an environment through communication and interaction, and they
take decisions linking their behaviour to their environment. Autonomy
means that the actors control their own actions and internal status in order to
achieve their goals.

In MA models, as a minimum, actors have a strategy that makes them
react to their environment and the actions of other actors. More advanced
models of human decision making apply the rational choice theory. These
models assume agents being fully informed, taking long-term decisions and
having infinite analytical capacities. It is very difficult, however, to combine
these models with the decision-making processes related to land-use change.
It remains to be seen whether those complex decision-making models can be
used to simulate land-use changes. Because of different spatial dependencies
and feedback mechanisms, it is virtually impossible for an individual actor to
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consider all possible consequences of his own acts and those of all other
actors. Hence, many MA models apply a type of limited rationality for the
choice behaviour of their actors (Parker et al., 2003). A recent overview by
Berger and Parker (2002) on MA models for land-use changes shows
different applications from the whole world on topics such as crop choices,
deforestation and urbanisation. The choice behaviour therein is modelled
with the assistance of relatively simple rules of thumb (heuristics), limited
rationality or (economic) utility functions. MA models appear mainly
effective in combination with CA models. The CA part then describes the
natural system (the interaction between ecological processes and the
physical subsoil), while the MA part describes the human part (choice
behaviour of actors). The potential of CA and MA models currently under
development in academic institutions to act as planning support systems with
practical application in the real world has been reviewed by Torrens (2003).
Several examples of this approach are described in Part IV of this book.

3.8 Microsimulation

Microsimulation is related to the simulation of processes at the level of
individuals. Within land-use models, the idea is to include all individual
actors who influence changes in land use. In this sense, this approach
deviates from the multi-actor approach that uses a cross-sectional (average)
description of the relevant decision-making groups. An important advantage
of this method is that land-use changes are modelled on the scale level on
which the actual choices are also made. Microsimulation demands enormous
amounts of data and therefore computing power to simulate the actions of all
relevant individuals. But as more detailed spatial data and faster computers
become available, this approach is gaining popularity. For a description of
the choice behaviour of individuals, one is often referred to (microeconomic)
discrete choice theory, such as is used in the UrbanSim model (Waddell,
2002; Felsenstein et al. this book). The big challenge continues to be the
reconciliation of microsimulation with the macro-scale socio-economic
processes, such as structural economic and demographic developments
(Alberti and Waddell, 2000).

3.9 Application of the theories and methods

All of the described theories and methods have their own advantages and
disadvantages. The economic approach is useful to model choice behaviour
in sector-specific submarkets, like the agricultural or urban land market. CA
models on the other hand, are apt to model land-use changes when the
interaction with the surroundings is important. This is the case, for example,



1. Modelling land-use change 13

when physical or ecological aspects are dominant as with deforestation.
Optimisation models can be used to determine the optimal land-use
configuration according to certain (policy) goals and are mostly applied to
inform decision makers of possible solutions for land-use management
issues.

Table 1-1 links this book’s land-use change models with the theories and
methods introduced in this section. Due to the complexity of most of the
models, these links are not always straightforward and may even depend on
the application that is described. The table merely indicates the prevalent
theoretical and methodological background. The models that basically aim at
explaining current and past land-use changes (Chapters 6, 7 and 8) offer a
relatively straightforward approach, as do the land-use optimisation efforts
described in the subsequent three chapters. None of the individual
approaches can, however, provide a basis for a comprehensive, integrated
and spatially explicit model to simulate future land-use change in a complex
modern society. Such models therefore often combine different approaches
into one hybrid model as was also advocated by Torrens (2001). The land-
use simulation models presented in this book indeed rely on a combination
of different theories and methods, as is discussed below.

The recently developed models that focus on the behaviour of agents in
particular incorporate many theories and methods in their frameworks. The
renowned UrbanSim model, discussed in Chapter 12, is an example of an
interesting hybrid model that combines a microsimulation approach with
discrete choice theory for the location choice of individual households and
general economic theory for macro-economic evolution. Statistical analysis
is used to actually quantify the behaviour of these agents. The new
PUMA model (Chapter 14) also combines an agent-based approach with
economic theory (utility-maximising functions) and statistical analysis to
describe the choice behaviour of households.

Most of the other much applied integrated land-use simulation models
also rely on a combination of theories and methods. The LUMOS toolbox
(Chapter 16), for example, provides a framework for land-use simulation
that, amongst others, contains the Environment Explorer and Land Use
Scanner models. The former model is comparable to the MOLAND
modelling framework (Chapter 17) and is essentially a CA model, but it is
combined with a spatial interaction model to constrain regional land-use
demand. Statistical analyses and expert judgement are furthermore used to
estimate local transition potentials. The Land Use Scanner (Chapters 16 and
20) applies an allocation algorithm that is based on economic, discrete
choice theory. The additional application of constraints on regional demand
and the supply of land, however, enforce a bidding process that is in line
with other economic (bid-rent) theory. This model also relies on expert
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judgement to define local suitability and prospected claims for the different
land-use types following the specified scenario conditions, adding a rule-
based element to the simulations. The CLUE-s model (Chapter 18) provides
a framework for land-use simulation that, depending on the constructed
configuration, can contain elements of statistics, cellular automata and a
rule-based approach.

Table 1-1. Theoretical and methodological background and case study area of the land-use
simulation models presented in this book

Model name or method
(chapter number)

Economic principles
Spatial interaction
Cellular Automata
Optimisation
Rule-based
Multi-agent models
Microsimulation

Described case study area
Markov model (6) Marina Baixa, Spain

Statistical analysis (7) Southern Belgium
Spatial interaction (8) X Corvo island, Azores, Portugal

> X Statistical analysis

Genetic algorithm (9) X Netherlands

Linear programming (10) X Hawalbag, India
GeneticLand (11) X Southern Portugal
UrbanSim (12) X X X X Tel Aviv region, Israel
Multi-agent simulation (13) X X X Rhine valley, Austria
PUMA (14) X X X X Randstad, Netherlands
DSSM (15) X X X Chiang Mai, Thailand
LUMOS (16) X X X X Netherlands

MOLAND (17) X X Urban areas across Europe
CLUE-s (18) X X X Netherlands and Malaysia
SELES environment (19) X X Leipzig-Griinau, Germany
Land Use Scanner (20) X X Netherlands and Elbe area
ProLand and UPAL (21) X X Hesse, Germany

Note that the first chapters of the book are not included in this table because they focus on the
analysis of land-use change rather than its simulation.

LUMOS and CLUE-s provide frameworks for land-use simulation consisting of various
models and configuration possibilities that each rely on different theoretical and
methodological backgrounds.

4. STRUCTURE OF THE BOOK

This book presents a cross-sectional overview of recent research progress
related to the modelling of land-use change. The contributions range from
analysing past land-use changes to simulating future changes to help
policymakers take their decisions. The case studies that are presented in the



