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Modeling urban landscape dynamics: A review
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Reviewed here is the historical development of urban growth models, showing how different disciplines
and diverse theories have come together over time to produce the models used today. This review is divided
into two sections, the first section reviews the early models that are rooted in transportation and land-use
planning and form the foundation on which nearly all modeling efforts are based. These models are already
well documented in the literature and an overview here is sufficient. In the second section, an exploration
is made into the theories and approaches that have been integrated into urban modeling efforts. The
concepts are outlined and one or more contemporary examples are highlighted. These theories and
approaches represent the major areas of development that exist in published work.
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Introduction

In the past, ecologists have typically ignored anthropo-
genic processes in their study of ecological systems
(Pickett & Cadenasso 1995; Pickett & Rogers 1997).
However, it has become clear that such processes can
no longer be ignored, as there are no areas left in this
world that are completely untouched by human influ-
ence. Urban growth affects ecological habitats when
urban areas expand into the surrounding natural areas,
diminishing them in size or resulting in habitat frag-
mentation, as well as generating damaging effects
through such sources as pollution and human use (ILan-
dis et al. 1998). The study of urban systems must be
considered integral to the study of landscapes, and
urban processes must be studied in order to understand
their influences and predict their impact on surround-
ing ecosystems (McDonnell & Pickett 1993; Foresman
et al. 1997).

An urban growth model that can make reasonable
and reliable projections about future urban growth
would be of value for both scientific and educational
purposes. Such a model is valuable for scientists who
wish to understand how growth occurs and as an edu-
cational tool for the general public, politicians and city
planners who can benefit greatly from the visualization
of different growth scenarios (Wu 1998b; Strange er al.
1999). Other researchers could use projections from a
model to study other facets of an urban system, such
as, hydrology (Grimmond & Oke 1986) or species per-
sistence (Baur & Baur 1993). For example, the effects
of urban growth on drainage will drastically affect fac-

tors, such as, soil nutrient availability. Other urban eco-
logical modelers, developing more complex and
comprehensive models, can compare the forecasts to
their own models (Wu & David 2002).

This paper outlines the historical development of
urban growth models, showing how different disci-
plines and diverse theories have come together to pro-
duce the models used today. This review is divided into
two sections, the first section reviews the early models
that are rooted in transportation and land-use planning
and form the foundation on which nearly all modeling
efforts are based. These models are already well-
documented in published work and an overview here is
sufficient. In the second section, an exploration is made
into the theories and approaches that have been inte-
grated into urban modeling efforts. The concepts are
outlined and one or more contemporary examples are
highlighted. These theories and approaches represent
the major areas of development that exist in published
work.

Transportation and land-use planning

Roots in transportation

There were two sociopolitical developments in the late
1950s and early 1960s that created interest in urban
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modeling. The first was the demand for more scientif-
ically based highway impact statements and the second
was a federal governmental concern with urban prob-
lems (Putnam 1983). Increases in car ownership caused
many traffic problems and planners realized the need
to study these problems in a scientific, organized man-
ner. With the introduction of the computer, the model-
ing revolution began. The processing capabilities
provided by the new machines contributed significantly
to the ability of planners to model regions and cities.
Many models developed during these early times never
became operational and those that did often performed
rather poorly. However, many lessons were learned and
frameworks were developed that have carried over into
present day development (I.ee 1973).

The first models used in transportation studies for
transport planning were generally based on gravity the-
ory, or linear or optimizing mathematics. Models based
on gravity theory dealt with the movement of people at
the aggregate level, emphasizing the effect of land-use
change rather than the assignment of trips in a road
network (Foot 1981). They used modified equations
from Newton’s theory of gravity that stated that the
spatial interaction between two bodies declines in pro-
portion with the square of the distance. It was postu-
lated that the interaction between two cities varied
directly with the size of the two cities and inversely with
the square of the distance between them. Foot (1981)
presents the formulation of an unconstrained gravity
type model (i.e. neither origin zone totals nor destina-
tion zone totals are fixed), which was used in the earliest
applications,

T, =G* (PP, d2) D

where T} is the interaction between cities ¢ and j; ; and
P; are the population size of cities ¢ and j; dj; is the
distance between cities 7 and j; and G is a constant to
be determined at calibration.

The early transportation models generally had a
‘trip’ focus — the urban area was represented as a trans-
port network and the flow and assignment of trips to
the transport network was modeled (Foot 1981). This
was the first step in the application of discrete/random
choice theory in locational analysis (Harris 1985), the
idea that trips and traffic in the city resulted mainly
from decisions at the individual household level, which
could be modeled mathematically.

As stated, most early transportation models were
based on gravity theory and sought to integrate differ-
ent activity systems according to spatial distributions
obtained through interaction functions analogous to
Newton’s gravitational theories. One landmark effort,
upon which many contemporary models are based, was
the Lowry model (Harris 1985) that embedded spatial
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interaction equations in a demographic—economic
framework (Batty 1994). Lowry iteratively applied a
journey-to-work function of the gravity type to distrib-
ute workers employed in basic industries in workplace
zone j among residence zones i, and an analogous
journey-to-shop function to distribute population serv-
ing workers to residence zones. To complete the model,
maximum density and minimum employment con-
straints were applied to produce a clustering of popu-
lation serving jobs. Inputs to the model included
employment information and travel costs and the
resulting outputs were estimates of employment and
population by geographic areas. Kain (1987) presented
a formulation of the Lowry journey-to-work function
as:

I:)ij _ (C);‘LszR 2

where P; is the proportion of workers employed at j
living at ; Cj is the distance from zone j to ¢ and R is
the number of residence zones at that distance. While
the early transportation models were considered suc-
cessful in their technological achievements, the human
behaviors that were modeled were usually more
descriptive than theoretically based and these early
models were generally used only for urban planning to
compare alternative planning policies (Harris 1985). In
fact, the greatest deficiency of models based on gravity
theory was their lack of underlying economic or behav-
ioral theory (Berechman & Small 1988).

Kain (1987) reviews several models that were mod-
ifications and enhancements to the Lowry model. One
notable extension to the Lowry model was by Anas
(1986) who extended it to reflect economic equilib-
rium. He combined ideas of market clearing and eco-
nomic behavior with discrete choice, connecting gravity
models and linear programming (Harris 1985; Anas
1986).

Models of location of activities

City planners were interested in models of locational
activities, such as, housing and residential choice, busi-
ness location, industrial location, and public service
locations. Several early models incorporated central
place theory, a theory based on the assumption that
every household visits the closest center that can satisfy
the purpose of the trip. This theory purportedly
explains the sizes and functional distribution of cities
within a region and subcenters within a metropolitan
area. However, as this theory applied only to limited
economic sectors and its rigidly deterministic consumer
behavior patterns were unrealistic, it was generally dis-
credited. Harris (1985) describes some attempts by
later modelers to incorporate more realistic behavioral
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assumptions and some randomness to central place the-
ory based models.

In an effort to simulate the operation of urban
markets, a class of models was developed that used
linear programming techniques to predict residential
locations. These eclectic empiric-econometric or
deterministic economic equilibrium models incorpo-
rated an economic theory of land-use, asserting that
households trade off higher site costs for lower
commuting costs. One well-known model was the
Herbert-Stevens  deterministic  equilibrium  model,
based on linear statistical relations and urban econo-
metrics. On the demand side: each household has a
‘bid-rent function’ that describes the most it would
pay to live at each possible location and still have a
given level of satisfaction (utility). On the supply side:
each location is rented to the highest bidder. Equilib-
rium occurs when all households of a given type are
equally well off and levels of utility have adjusted so
that each household occupies exactly one site (Bere-
chman & Small 1988). However, as it contained no
spatial representations, the prevailing opinion was that
it was not suitable for analysis of rapidly growing
areas (Kain 1987; Batty 1994). Foot (1981) pre-
sented a formulation for the Herbert-Stevens model
that distributes land-use activities over a region by
deriving a set of linear equations of the form

Yi = bo + b1X11' + bZXZi + ... (3)

where b,, by, by, ...are constants and X;;, X,;...are
independent variables that explain the variation. These
variables of socioeconomic and land-use activities are
derived from input collected from each zone.

Others began to look at behavioral choice models,
called utility maximizing or random choice utility mod-
els. In these types of models, the problem of choice is
formulated in terms of individual decision-makers
selecting from a set of discrete alternatives. The utility
of each alternative, to the chooser, is comprised of: a
deterministic component, the explainable portion of
behavior and is held in common with all other individ-
uals of the same type; and a random component, rep-
resenting the individual (Putnam 1986). These two
components model individual choice behaviors, expre-
ssed in probabilistic terms using multinomial logit for-
mulas. Putnam (1986) presented the formulation of a
random choice utility model as

Uj =U;+e, @

where Ul.]’.‘ is the perceived utility of alternative 7 to
decision maker j; U; is the deterministic component of
utility common to all decision makers of type j; and ¢;
is the stochastic component of utility representing indi-
vidual choice.
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Brewer (1973) reviewed several community renewal
programs that used large-scale models including those
used in San Francisco (1962) and Pittsburgh (1960).
One of the first was the simulation model of the urban
housing market for San Francisco’s community renewal
program (Brewer 1973). Harris examined models that
were in use at the time in retail, housing and manufac-
turing locations as well as other areas (Harris 1968).
Ohls and Hutchinson (1975) examined 12 surveys that
had been done during the previous decade, considering
only those models that described land-use (housing,
commercial and industrial) and urban development
processes in metropolitan areas.

Integrated land-useltransportation models

It was soon apparent that transportation modeling with-
out consideration of land-use was inadequate. By the
late 1960s, numerous integrated land-use/transporta-
tion models were being developed and some models
became operational. The Detroit Metropolitan Area
Transportation Study (1955-1956) and the Chicago
Area Transportation Study (CATS 1960) were the
most influential (Berechman and Small 1988). These
were adapted versions of the Urban Transportation
Planning (UTP) model, which was based on the idea
that future travel predictions could be derived from
forecasts of future land-use, intimately connecting
travel networks and land-use.

According to Berechman and Small (1988), the
Integrated Transportation and Land-Use Package
(ITLUP) model was one of the first to fully integrate
land-use and transportation network models (Putnam
1983). Its major deficiency was that it contained nei-
ther demand nor supply functions nor a price mecha-
nism for achieving market equilibrium (Berechman &
Small 1988). This was followed by Anas’s (1986)
CATLAS model that was well rooted in economic
theory, containing four behavioral submodels based
on multinomial logit equations (Berechman & Small
1988).

By 1970, the entropy maximizing approach was
applied to transportation and urban spatial models.
This approach described human behavior with tech-
niques derived for the analysis of molecular behavior,
finding the most probable distribution (the maximum
entropy) subject to minimum information and specific
constraints (Harris 1985; Putnam 1986). As a result,
different forms of residential location models, previ-
ously considered separate entities, were shown to be
related. Additionally, it was demonstrated that by com-
bining the spatial interaction models derived from this
approach with transportation models using linear pro-
gramming, these two approaches could be unified (Put-
nam 1986).
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Foot (1981) presented a formulation for a doubly
constrained entropy-maximizing model, where the dis-
tribution of trips 7}; between cities ¢ and j is subject to
three conditions:

szj =0,
J
2T =D, ©)

J
ZZTﬁczy =C
i

The origin zone totals O, and destination zone totals D,
are fixed levels of activity and there is an overall total
travel cost C for the system, where ¢; is the cost of each
trip between 7 and j. The entropy maximization proce-
dure involves maximizing the function (Equation 6)
subject to the constraints (Equation 5)

0= (Z l.z ].Tij )! (6)

LIy (Tl] )

determining the most probable distribution. Maximiz-
ing the logarithm of Equation 6 can be interpreted as
the entropy of the system.

The transition period in urban modeling

In 1973, Lee published his ‘requiem’ foretelling the
ultimate failure of large-scale urban models because of
numerous fundamental flaws. They were complicated,
expensive, and lacking an underlying theoretical base;
they were too coarse for urban planners but still
required vast amounts of data; there was a discrepancy
between the claimed behaviors and the equations used.
By the mid-1970s, numerous failures led to the near
demise of large-scale urban models as interest waned
and government funding dried up (L.ee 1973).

Internationally, many research centers continued to
build transportation models, but scaled-down, less gen-
eral versions. Many of these smaller scale models, based
on Lowry extensions, were used successfully in practi-
cal planning situations (Foot 1981). Batty (1979)
reviewed the progress, successes and failures of large-
scale urban modeling. He saw failure from the perspec-
tive of theory and practice but success in terms of the
development of modeling-skills.

The apparent lack of coordinated effort, both in
conceptual and methodological terms, suggested a lack
of agreement about the basic foundations of urban and
regional modeling and demonstrated a need for greater
unification of urban and regional theory (Oppenheim
1986; Putnam 1986). Early modeling efforts tried to
capture the totality of the system in a single model. The
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complexity of urban systems necessitated dividing the
system into subsystems for ease of understanding and,
as most models avoided dealing with the links between
the subsystems, they were limited in their ability to
model responses to changes within the system (Harris
1968). Clearly, if modelers were going to be successful
in capturing the totality of the system, a disaggregate
modular approach was required (Harris 1985).

Berechman and Small (1988) noted that rapidly
growing urban areas developed their own patterns of
agglomeration and centrality, which were very different
from the patterns that inspired the land-use models
familiar to urban planners. Population and employment
were shifting to the suburbs, and with the economic
independence gained in these areas, they now contained
many of the features formerly associated with city life.
Berechman and Small (1988) argued that the different
characteristics of modern cities and land-use changes
needed different kinds of models.

Integration of new theories and approaches

The second half of this paper investigates some of the
techniques, approaches and theories that have been
applied to urban growth models. Several examples are
mentioned but it should be noted that these techniques,
approaches and theories are not mutually exclusive. In
fact, many contemporary models combine several of
the techniques and approaches listed here. By the late
1970s and early 1980s, the computer revolution was
making great strides. Processing power was increasing,
memory prices were dropping, and software was
becoming cheaper and more powerful. Urban models
began to grow again, but one lesson was learned — that
modularity was going to be a key to success. New math-
ematical and economic theories were being developed,
and computers made previously unsolvable problems,
such as, partial differential equations, solvable. Model-
ers began to build modular models that could apply
different theories and different mathematics to different
parts of the problem.

Dynamic modelling techniques

Early models were typically static or comparative equi-
librium models, based on theories stating that social
systems tend to converge to a stable equilibrium. Static
equilibrium models deal with data for one point in time
and the model operates as though the system is in a
state of equilibrium. The predictions provide informa-
tion on the equilibrium situation at some future date.
Comparative equilibrium models deal with incremental
changes during a particular time period. There were
also some quasi-dynamic models that carry out
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recursive predictions, making a series of predictive runs
where the output for one point in time becomes input
to the following prediction. None were ideal approaches
since cities are complex, self-organizing, evolving sys-
tems and rarely, if ever, in equilibrium (White &
Engelen 1993).

Forrester (1961) introduced his industrial dynamics
in 1961, for simulating industrial processes in firms. He
attempted to apply this idea to the complexity of urban
systems with a differential equation model of an
abstract city. Forrester’s model had little empirical con-
tent and ignored the spatial dimension of urban dynam-
ics. According to Lee (1973), Forrester’s conceptions
about public programs were flawed and it was incorrect
to offer his model as a generalized model of a city. It
contained irrelevant complexity and, although Forrester
claimed otherwise, it was of no use for public policy
because it had only a single response built in. However,
Forrester’s model played an important role in intro-
ducing the dynamic view of urban systems. Several
modelers (Kain, Babcock, Batty) modified Forrester’s
model and contributed new insights (Bertuglia et al.
1987). But it was the Lowry model, with extensions and
modifications making it more useful, which gained
acceptance and found widespread use as a framework
for future developments.

It wasn’t until the late 1970s that models with
dynamic features began to appear more frequently in
published work. Economists attempted to describe the
dynamics of social systems and modelers began to con-
sider the temporal dimension of social phenomena.
New developments in the biosciences with respect to
the behavior of complex systems as well as new math-
ematical techniques, such as, spatial dynamics, catas-
trophe and bifurcation theory provided better tools for
researchers to model dynamic behaviors (Harris 1985;
Wegener et al. 1986). Clearly, the ability to model the
dynamic aspects of a system would lead to more real-
istic models and hence have a more general application.

Significantly contributing to dynamic modeling was
the Brussels School approach (Allen & Sanglier 1978,
1979). It was based on the concept of self-organization
through random perturbations as found at the molecu-
lar level in physical or biological systems. Activities,
described similarly to those of the Lowry model, evolve
in time according to a non-linear growth dynamic (Ber-
tuglia et al. 1987)

Xi=g[D; - X]]X; )

where X is an activity X in zone I; D; is the carrying
capacity for activity X in zone 7 and ¢, is the propor-
tionality factor. In this formulation, the carrying capac-
ity for an activity in any given zone is defined as a
function of the values of the other activities in the other
zones according to certain economic and spatial rela-
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tions (Bertuglia ez al. 1987). This model was significant
because it considered stochastic elements in the forma-
tion of urban spatial patterns.

Allen and Sanglier (1978, 1979) developed a
dynamic version of central place theory based on the
mutual interaction of the spatial distributions of popu-
lation and employment opportunities. Deterministic
equations represented population growth, economic
functions of growth and decay, and market potential,
modeling the qualitative changes in the spatial organi-
zation of a region. Chen (1996) improved on this model
by presenting a simulation model of non-linear dynamic
urban growth in which he included equations to repre-
sent demand-side considerations, microeconomic
foundations, agglomeration effects and land prices.
However, the inability of this approach to distinguish
between growth and decline led to doubts about its
ability to model urban evolution (Wegener et al. 1986).

Cellular automata

It was widely recognized that actual growth patterns
were represented by a variety of factors and func-
tions; the question became how to structure a model
so that this complexity could be modeled and stud-
ied. This led to a notable contribution to dynamic
modeling, the incorporation of the cellular automa-
ton structural framework. Cellular automata are not
new. They were developed by the physicist Stanislaw
Marcin Ulam in the 1940s and were used by John
Von Neumann to investigate self-reproducing sys-
tems (White & Engelen 1993). Cellular automata
are systems of cells interacting in a simple way but
displaying complex overall behavior. These models
can generate very complex structures including frac-
tals, and can be used to explore a wide range of
fundamental theoretical issues in dynamics and evo-
lution (White & Engelen 1993). Cellular automaton
is an approach to modeling open, complex, self-
organizing systems that emphasizes the way in which
locally made decisions give rise to global patterns
(Wu 1998a).

A cellular automaton (A) is defined by a lattice (L);
a state space (Q); a neighborhood template (I); and a
local transition function (f) expressed in set notation as:

A=<L,Q, ¢ f> €©))

A cell may be in any one of several discrete states
defined by Q, and a set of transition rules, f, determines
the state of each cell as a function of the state of the
cells adjacent to it. Time is discrete and all cells are
updated at each time interval. White and Engelen
(1993) noted that cellular automata models have been
used in a variety of different fields. Many contemporary
urban growth models in published work are based on a
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cellular automaton framework and several will be used
as examples in the following sections.

Spatial analysis

Spatial analysis (SA) embraces a whole cluster of tech-
niques and models that apply formal, usually quantita-
tive, methods to systems in which the prime variables
of interest vary significantly across space (Longley &
Batty 1996). The lattice framework of a cellular autom-
aton model lends itself to analysis by spatial analysis
techniques. Spatial analysis, which developed rapidly in
the 1980s and 1990s, was essentially based on the
notion of adapting standard statistical theory, much of
it linear, to handle changes in assumptions caused by
the introduction of space (Rossi et al. 1992). One of the
main concerns of SA became the search for methods
for measuring spatial autocorrelation in data and adapt-
ing linear statistical models to account for it. Scale and
aggregation, discreteness and continuity, were issues
that served to make SA distinct from other kinds of
mathematical analyses.

Again, it was the computer revolution with its faster
and more powerful processing abilities that enabled the
integration of SA into urban modeling. Many SA tech-
niques required the use of a computer because of the
vast computational power needed and the huge quan-
tities of spatial data used. Landis ez al. (1998), in the
California Urban and Biodiversity Analysis (CURBA)
Model, included a spatial analysis module that mea-
sured habitat change and fragmentation to compare
alternative policy options. As we shall see in the next
section, the use of spatial analysis on geographic infor-
mation systems data has increased urban modeling
capabilities tremendously.

Geographic information systems and
visualization techniques

Geographic information systems (GIS) are a combina-
tion of hardware and GIS software used to manipulate,
store, retrieve, view, and analyze spatial data. All fea-
tures in a spatial database are comprised of graphic
elements (points, lines, or polygons) linked to a table
that uniquely identifies each feature and its location in
a coordinate system. Data can be mapped and ana-
lyzed, and linked to attribute data in one-to-one or
many-to-one relationships (Mills 2001). Geographic
information systems trace their roots to computer car-
tography and other fields, such as, landscape architec-
ture (Longley & Batty 1996). Geographic information
systems have emerged within the past 20 years due to
cheap computer memory and disk storage, faster pro-
cessing speeds and the availability of desktop hardware
and GIS software. There were two major consequences
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of computer and GIS development: (i) model planning
systems could become more user friendly and accessi-
ble; and (ii) researchers could approach problems that
previously were considered analytically intractable
(Wilson 1998).

The availability of desktop computers and GIS soft-
ware has changed the way many urban planners and
managers do their jobs (ILee et al. 1998). The introduc-
tion of GIS has already changed the way we measure
and model the size and shape of cities. Increased pro-
cessing capabilities, combined with the wide range of
data sources available due to the integration of remote
sensing technology, has allowed users to analyze com-
plex spatial landscape features (Mesev eral. 1996).
Fotheringham and Rogerson (1993) outlined some of
the major problems in the analysis of spatial data and
indicated ways in which GIS could assist in understand-
ing and perhaps even circumventing these problems. As
more sophisticated spatial analysis techniques become
integrated with GIS, we are likely to see many of their
theories put into practice. Sui (1998) reviews the prac-
tices, problems and prospects of GIS-based urban
modeling.

As computers increased the complexity of spatial
modeling and analysis, methods for visualization
became necessary to evaluate the model output. Visu-
alization not only enables users to absorb data in a more
manageable form but is also a valuable aid in the iden-
tification of spatial patterns. It can be difficult for peo-
ple to effectively understand the meaning behind model
predictions and estimations without visual representa-
tion (Batty 1992). Numerous applications have been
developed to provide visual displays of GIS data. Batty
(1992) developed an application to demonstrate how
graphics could help a user visualize urban processes,
with the goal of influencing the way developers build
models for urban analysis and forecasting and the ways
they communicate results. It was based on an enhanced
gravity type residential location model that linked
demographic and economic activity sectors. Others
used GIS to develop models with graphic displays that
allow for the inclusion of spatial change processes, such
as, cellular growth and diffusion (Batty & Xie 1994,
Clarke et al. 1997; Landis et al. 1998). Development in
a GIS/visual environment was also undertaken by: Bir-
kin (1996) modeling retail locations; Densham (1996)
demonstrating visual interactive locational analysis; and
Macmillan (1996) investigating game-type simulation
models.

The incorporation of GIS, spatial analysis and visu-
alization techniques have greatly influenced the ways
models are now being used in urban planning. As these
methods are taught in schools and used in workplaces,
there will be an increase in the number of applications
in the field of urban growth models.
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Ecological processes

In the 1930s, biological theorists thought of cities as
multispecies ecosystems (Wegener et al. 1986). Early
urban system modelers saw a similarity between such
ecosystems and retail locations and incorporated equa-
tions previously used to model multispecies ecosystems
(Wilson 1998). These early attempts were not very
successful but more recent modelers have begun to
incorporate other ecological concepts in their models.
Bertuglia ez al. (1987) cited several transportation/land-
use studies derived from ecological modeling, specifi-
cally with respect to species competition.

Numerous modelers have incorporated ecological
parameters into growth rules for cellular automata
(Landis 1995; Clarke et al. 1997; Cogan et al. 1997;
Landis ez al. 1998; Lee et al. 1998). For example, Lan-
dis and Zhang (1998) modeled the role of policy/plan-
ning alternatives as they affect population growth and
urban development relating to environmental impacts.
In the first and second generations of the California
Urban Futures Model, random-utility theory was used
to predict generalized location and travel choices for
households. The rules applied to growth were based on
policy decisions regarding ecologically sensitive lands.
A cellular automaton was used to represent spatial
change processes and a GIS provided vast amounts of
land data and a visual interface (ILandis 1995; Landis
& Zhang 1998). Landis et al. (1998) further extended
this idea in the California Urban and Biodiversity Anal-
ysis (CURBA) Model. This model included more
extensive procedures for simulating the effects of alter-
native development and conservation policies on the
amount and pattern of urban growth and by including
more extensive data layers regarding habitat types,
biodiversity and other natural factors.

The incorporation of ecological theories with urban
modeling has provided urban planners, managers,
urban ecologists and others the opportunity to try out
alternative public policies and evaluate the changes in
both urban and ecosystem form and function. The
inclusion of GIS and its visualization capabilities facil-
itates understanding by the general public and can help
generate public support for projects.

Fractal urban form

Fractals can be used to describe the complexity of nat-
ural patterns and the changes in these patterns with
changes in scale (Gardner 1998). Most contemporary
urban models are based on relationships linking loca-
tion, density, and urban evolution, but the application
of rules of fractal geometry and laws of particle physics
have yielded some new models in which the growth
processes are tied to the geometry of the system. Early
versions of these models were based on the physics of
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certain particle clusters that manifested spatial self-sim-
ilarity across a wide range of scales and whose structure
was subject to scaling laws consistent with ideas in
fractal geometry. These models were collectively known
as diffusion-limited aggregation (DLLA) models (Batty
et al. 1989). The structures generated were familiar
tree-like forms or dendrites, grown from a seed, mani-
festing self-similarity of form across several scales.
Diffusion-limited aggregation growth starts with a
bounded circular region with a single seed fixed at its
center. New particles are launched, one at a time, from
a circular boundary that is at least three times the radius
of the existing cluster. After the launch, the particle
begins a random walk around the lattice. Either the
particle moves outside the boundary and is destroyed
or it eventually approaches the neighborhood of an
already fixed particle, sticks, and the cluster is extended
(Batty et al. 1989).

Batty eral. (1989) developed a DILA simulation
model along with a variety of measures of structure and
dynamics. Two measures of the change in density were
used to estimate the dimensions of the structure (Equa-
tion 9 and Equation 10); these measures are specified
in terms of the radius around the seed point at the
center of the lattice:

NR) N(R-1)
S(R)  SR-1

Ap(R) = p(R)— p(R-1) = ©)

where p(R) is the density of particles associated with all
distances up to R; N(R) is the cumulative number of
particles at all distances up to radius R; S(R) is the total
number of lattice points around each point up to radius
R; and

_ANR) _n(R) (10)

QR) = AS(R)  s(R)

where N(R) and S(R) are defined as in Equation 9,
n(R) is the total number of particles at distance R;
and s(R) is the number of lattice points at distance R.
The growth dynamics are represented by the order in
which the particles stick to the cluster along with their
location on the lattice. The equation used to analyze
the dynamics over time and space was given as
follows:

T R T R
n(R,T) = Y, n(R,t) =Y n(r,T) =D, Y nr) (11
t=1 r=1 t=1 r=1
where ¢ is a single time period; 7 is the total of all time;
r is a single band radius; R is the sum of all radii; and
n is the number of particles at a given distance. Batty
et al. (1989) applied these measures to a small town in
England to evaluate the approach and the new tech-
niques. Their study suggested that there was potential
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in extending the analogy between DLLA and urban form
and that research should continue.

White and Engelen (1993), however, found that this
DILA process did not correspond to any actual urban
growth processes, so they developed a model that gen-
erated fractal patterns of land-use through the use of
rules of spatial behavior. They combined a cellular
automaton approach that incorporated the ideas of evo-
lution, self-organization and fractal geometry. Transi-
tion potentials were calculated for all allowed transitions
for each iteration, representing the behavior of the
agents of land-use change, forming the basis of the
transition rules in the model. The transition potential
for each cell was calculated as a weighted sum as
follows:

Pij :S(1+ kadlhd) (12)

hyd sk

where P; is the transition potential from state 7 to state
J; My 1s the weighting parameter applied to cells in state
k in distance zone d; /4 is the index of cells within a given
distance zone. Iy equals 1 if the state of cell h =k;
L4 = O otherwise, and S is a stochastic disturbance term
given by:

S=1+ (“nR) (13)

where R is a uniform random variate between 0 and 1
and o is a parameter that allows control of the size of
the stochastic perturbation. They demonstrated that the
cellular approach made it possible to achieve a high
level of spatial detail and realism and that the results
could be linked directly to general theories of structural
evolution.

Makse et al. (1998) developed a model based on a
modification of percolation theory and cluster analysis.
Percolation theory describes the way a set of sites con-
nects to form a cluster within a system and the proper-
ties of the cluster resulting from the way it grows. In
general percolation theory, a random number is defined
for every site » = (4, 7) in a square lattice of L. X L sites.
This is called the occupancy variable p(r). The u(r)
values are uncorrelated to a uniform probability distri-
bution between O and 1. A site is occupied if W(r) is
smaller than the occupancy probability p, a fixed quan-
tity at every site. The authors introduced correlation
using a modification of the Fourier filtering method to
get M (r), the correlated occupancy variables.

The mathematical model developed by Makse et al.
(1998) related the physical form of a city and the sys-
tem within which it existed, to the locational decisions
of its population, applying statistical physics to urban
growth phenomenon. They considered ‘development
units’ to represent buildings, people and resources and
these were added to the cluster in a similar fashion to
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percolation. They relaxed the assumption that the con-
centration is constant for all points and assigned occu-
pancy probabilities to development units to represent
the urban population density at a particular site. This
example illustrated how theories from the physical and
chemical sciences could help explain different sets of
natural phenomena. By modifying percolation theory
to include the fact that the elements forming clusters
are not statistically independent but autocorrelated,
Makse et al. (1998) demonstrated that the results were
morphologies that qualitatively and quantitatively
resembled individual cities and systems of cities.

Ecological energetics

Ecological energetics states that the existence and main-
tenance of an urban region depends on the flow of
goods and services into, out of, and within the city
(Huang 1998). Because most cities rely on energy and
materials that are imported in the form of food or other
renewable resources, it has been hypothesized that evo-
lutionary changes in urban form strongly depend on
these exogenous energy inputs as well as internally self-
organized behavior. The energetics approach viewed
urbanization as a change in the source and amount of
energy flow from the rural to the urban core, providing
a conceptual link between urbanization and natural
environments.

Huang (1998) developed a model that incorporated
the theory of ecological energetics and hierarchy into a
systems-based approach to urban modeling. In order to
thread together the human economy and a natural sys-
tem, energy was used as a common denominator
because it is a basic functional characteristic of the
ecosystem. The spatial organization of cities in the land-
scape is often represented as a hierarchy because living
systems tend to organize into characteristic hierarchical
layers from small scale to large scale processes. Huang’s
dynamic simulation model used the energy circuit lan-
guage and ideas from systems ecology theory. The
underlying theme throughout was the effect of energetic
flows on urban zonation and how different zones orga-
nized hierarchically.

Huang (1998) focused on the spatial structure of
urban zonation (urban systems components catego-
rized into objects, activities or processes and forces)
and examined the dynamics of the evolution of zonal
patterns, attempting to understand the evolution of
hierarchical zonation of the urban system through con-
sideration of energetic flows. The urban economic
system was described as a nonequilibrium system gov-
erned by certain nonlinear processes. Approaching
regional development from an ecological energetics
perspective was notable because it considered the
behavior of natural systems (rather than analogy to
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gravitational laws or molecular behavior). It has not yet
been determined, however, if ecological energetics the-
ory can be incorporated into social theories.

Fuzzy-logic theory

Fuzzy-logic is a way of dealing with uncertainty in
decision making. Wu (1998a) applied a heuristic deci-
sion-making process to the calculation of transitional
probabilities for a cellular automaton by incorporating
fuzzy-logic theory. He pointed out that in the case of
land encroachment, a transitional decision is unlikely to
be made upon explicit numerical value but rather on
vague evaluative criteria. Change is an agglomeration
of individual decisions and dependent upon various
subjective factors and tradeoffs and the applicability of
an instruction varies from cell to cell and from time to
time.

A fuzzy-logic set consists of elements and their
respective grades of membership in the set. Let U be a
set of elements from which a single generic element is
denoted by u, the elements representing the develop-
ment situation of a cell. In Wu’s model, the transition
rules themselves were fuzzy sets and the elements were
transitional possibilities. Through the application of a
function that consists of a set of instructions that deter-
mine the state transition under various circumstances,
a discrete state change value was produced for each cell
within the grid. An instruction /in U is a set of ordered
pairs denoted by:

I={p, fluly ={u(S;,Q0), flu(s;, Q)] VYueU
(14)

where ¢ is time; U is a set of elements; y is a generic
element; Q is the development situation in the neigh-
borhood; S is a finite set of states; f /u] is the grade of
membership of i in I; and 4 j are row and column,
respectively. Wu (1998a) simulated several alternative
land policies and demonstrated that certain risks inher-
ent in some land policies could not be easily identified
without dynamic simulation. His model was designed
for use within a GIS to help managers visualize the
results of the land encroachment simulation.

Neural network theory

Out of concern that a dynamic systems approach was
not a natural framework for dealing with structural evo-
lution and could not adequately explain it through a set
of equations, by the 1990s modelers had begun to
incorporate neural network theories into their models.
Rather than adapt empiric urban theories to particular
mathematical methods as most models did, this
approach attempted to adapt mathematical methods to
urban processes (Rodrique 1997).
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Dougherty (1995) describes the common features
that all neural networks share: they are composed of a
number of very simple processing elements known as
neurons. These elements take data in from a number of
sources and compute an output dependent in some way
on the values of the inputs, using an internal ‘transfer
function’. Neurons are joined together by weighted
connections and data flows along these connections,
being scaled during transmission according to the value
of the weights. The neural network’s functionality is
very much bound up in the values of the connection
weights, which can be updated over time, causing the
neural network to adapt and possibly ‘learn’. Learning
is an iterative process where weights are adjusted until
the calculated outputs correspond to the observed
results resulting in a better performance, or a lesson
learned, the next time.

Since real cities are almost never designed and built
and then maintained as comprehensively planned units,
they must ‘learn’ to deal with these problems by altering
their structure in an appropriate way. The learning
model approach provides a way of modeling the process
by which a city acquires structures sufficient to solve
the problems it is presented. The neural network learn-
ing model approach constituted a new technique, com-
plementary to dynamic systems analysis, for gaining
insight into the problems of structure evolution (White
1989).

White (1989) developed a neural network model and
applied it to urban structures. Dougherty (1995)
reviewed a variety of neural network models that have
been applied to the field of transportation studies.
Rodrique (1997) provided a conceptual overview of
parallel computer process modeling and neural
networks.

Conclusion

The early days of urban modeling were rooted in
regional planning, concerned with models of transpor-
tation and location. When it was clear that transporta-
tion concerns could not be tackled without land-use
considerations, integrated models began to appear.
These models were based on a variety of economic and
behavioral theories. By the mid-1970s, the field of
urban modeling was falling into disrepute due to the
poor performance and expensive failures of the large-
scale, comprehensive models being attempted. Thus,
regional planners began developing smaller scale mod-
els that each focused on one or a few specific questions.

As computer-processing speed increased, computer
memory became cheaper, and hardware and software
became available to more people, many new develop-
ments in urban modeling emerged. Dynamic system
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models helped to transform the field. Advances in spa-
tial analysis and GIS to analyze and display data have
been essential to urban modelers and planners. Incor-
porating ecological processes has expanded the use of
urban models to biologists and ecologists. Theories,
such as, neural networks, fuzzy-logic, fractal geometry
and ecological energetics may continue to have an
impact on urban models.
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