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Cellular Models of Urban Systems

David O’Sullivan Paul M. Torrens

June 2000

Abstract

Cellular automaton (CA) based models are increasingly used to investi-
gate cities and urban systems. We discuss difficulties with this representa-
tion of human systems, and suggest that many modifications to simple CA
introduced in modelling cities are responses to these problems. We propose
a two-pronged approach to research. First, for operational model-building
many variations on the CA theme are required and should be welcomed; and
second theoretically motivated variations of the CA formalism are required
so that the possible effects on model dynamic behaviour may be more sys-
tematically explored.

1 Introduction

Cellular automata (CA) have been applied to the simulation of an impressive range
of urban phenomena. CA models have been used to study land use dynamics (Cec-
chini 1996, Webster & Wu 1999a,b, White & Engelen 1993, White, Engelen & Ul-
jee 1997); regional scale urbanization (Semboloni 1997, White & Engelen 1997)
and polycentricity (Wu 1998); urban socio-spatial segregation (Portugali 2000);
development (Wu & Webster 1998); location analysis (Benati 1997); urbanism
(Sanders, Pumain, Mathian, Guérin-Pace & Bura 1997); and urban growth and
sprawl (Batty 1998, 1999, Clarke, Hoppen & Gaydos 1997). This is a wide-ranging
and sophisticated list, and the technique has a great deal to offer as a tool for inves-
tigating cities. However, the employment of CA in urban simulations often entails
substantial departures from the original formal structure of CA described by von
Neumann, Ulam, Conway, and Wolfram. Although the application of CA to urban
systems seems natural and intuitive, this is not in itself sufficient justification for
their use (Couclelis 1985), and in this paper we consider some of the modelling
issues involved in constructing such models.

In section 2 we discuss how CA-type models can be held to represent reality.
Section 3 then considers some of the many ad hoc modifications to the CA formal-



ism which have been introduced by urban modellers in a bid for realism (see also
White 1998). We suggest in section 4 that many of these operational variations may
be seen as responses to the representational issues we have raised, and propose that
a wider family of CA-like models is required.

2 CA modesand thereal geographical world

In this section we examine some of the more common modes of abstraction em-
ployed when CA are applied to geographical systems.

2.1 Themeaning of cellsand the meaning of rules

The CA formalism proposes a regular lattice of identical cells, each of which may
be in one of a finite number of discrete states at discrete time steps in its evolution.
System dynamics are determined by transition rules which map the current state of
a cell’s neighbourhood at time ¢, to an outcome cell state at time (¢ + 1). A key
question in developing any urban CA model is then: “What do the cells represent?
And, given what they represent, what is an adequate set of allowed cell states?”
The answer to these questions affects the construction, meaning, and interpretation
of transition rules.

In geographic applications, cells are usually treated very much as in the formal
CA case, as cells in a two-dimensional grid-based lattice (although see Phipps
1989, where a hexagonal lattice is used). This approach is influenced by the digital,
pixelised nature of data from remote-sensed and other sources, and also by the
convenience of programming and implementing grid-based structures. Since urban
systems can only be regarded as grid-based at the most general level of abstraction,
this necessitates a similarly abstract approach to defining cell states. The idea
of the cell state may become a more or less complex classification of land uses,
land values, land covers, population densities, and so on. Various categories of
residential, commercial, and industrial use are typical. Ata more abstract level, cell
states may be characterised in a binary fashion as developed or not developed. The
grid representation, together with such an abstract cell classification, compromises
the claim of the technique to be micro-simulation, except in the most general sense.

Such frameworks also beg the question of the meaning of transition rules. Land
uses do not ‘mutate’ like cell cultures on a microscope slide. Rather, human agents
— developers, firms, financiers, regulatory authorities, landlords, tenants, home-
buyers — manceuvre, collaborate, and compete to change the city for their own



purposes. The combination of their activities is what causes ‘state transitions’.
Seen in this light, it may be difficult to justify a pure state transition approach to
rules in a cellular land use model. Rules must be understood as somehow embody-
ing all this human activity. This raises the question of why human agents are not
explicitly represented, and suggests that agent-based approaches may sometimes
be more appropriate. There are cases in which cell transition rules may be appro-
priate, the most obvious being traffic simulation (Chopard, Luthi & Queloz 1996,
Nagel & Schreckenburg 1992, Wahle, Neubert & Schreckenburg 1999) where cells
are ‘vehicle-sized’ segments of road, and cell states represent occupancy by vehi-
cles. Significantly, this is a realm where human autonomy is strongly constrained
by rules of the road and the spatial structure of the (now non-regular) lattice.

This brief outline indicates that there is a two-way relationship between what
cells represent and how rules are defined, and what they represent. More object-
based approaches to cells — where cells represent land parcels, administrative ar-
eas, or even individual buildings — almost invariably require non-regular lattices,
but may ease the problem of defining transition rules. Conversely, more typical,
abstract representations which have been employed, may require a more subtle
interpretation of the model transition rules.

2.2 Local and global interactions

By simulating the emergence of global structures from local elements, CA have
much to offer urban simulation. Intuitively, we understand that many urban phe-
nomena are structured ‘from the bottom-up’: air pollution, traffic congestion,
neighbourhood upgrading and decline, and so on. The local-global relation in ur-
ban environments is emphatically of importance in models.

However, much of the emphasis in CA approaches (and in complexity science
in general) has been on the emergence of global structure from local events. The
opposite is also possible: global structure may be a constraint on local interac-
tion. Many urban phenomena simply do not emerge solely from local interactions.
Transport infrastructure and planning systems are obvious examples. This implies
a need to consider non-local interactions in urban systems, which cuts across the
formal logic of CA. Where CA models are decision support systems for policy
makers this may actually be a happy coincidence, insofar as many policy interven-
tions are non-local, and these can be inserted into models as external constraints
or non-uniformities in the applicability of transition rules. Generally, however,
the issue cannot be ducked in this way. Indeed, development of appropriate model



structures in the urban case may offer significant insights for the use of CA in other
domains, where similar observations apply.

2.3 Timein CA models: synchronous and asynchronous update

The representation of time in CA models is also of interest. Discretised ‘time-steps’
are at odds with the fluidity of temporal activity in reality, and the synchronous up-
date of cell states is clearly questionable. Experiments with asynchronous update
of cell states in abstract CA suggest that the dynamic implications of departure
from synchronous update may be significant (Bersini & Detours 1994). This sug-
gestion is supported by findings on path dependency and lock-in, which have re-
ceived much attention in economics (Arthur 1989), and were also central to the
early transfer of ideas from complexity science to regional modelling (Allen &
Sanglier 1979), but may be missed in any straight-forward application of CA to
urban simulation.

There are also difficult questions to be answered about the representation of
events at many different temporal scales. The treatment of time in rigid CA raises
problems for their application to the simulation of urban systems. In particular,
questions about the spatio-temporal scale of models are raised, which are difficult
to answer without circular reference back to the transition rules — since the length
of a time-step determines how much change may occur in a single transition, which
depends on the meaning of cell states and transition rules. A further practical diffi-
culty is that an overlap of multiple processes operating at many different timescales
(from the ecological, even geological, to the diurnal) is evident in cities.

3 Adaptations of the CA formalism to the modelling of
cities
We now discuss efforts to fit CA to real urban systems and the resultant changes to

the rigid CA formalism. These are introduced in order of the increasing degree to
which they seem to depart from that formalism.

3.1 Discrete, continuous and multivariate state variables

Although introducing ten discrete cell states does not radically alter matters (von
Neumann’s replicator had 29 cell states), it is unclear how far we can take this. In
general, differences between cell states are held to be qualitative (residential use



rather than industrial, for example). However, it can be difficult to reduce all of the
activity in an urban cell to a single discrete description. This is particularly true
of relatively coarse grids (at say 100m or more resolution). There is bound to be
‘mixing’ across cells, implying a fuzzy description of cell states. It is also difficult
to represent some very significant features of the urban environment — transport
networks and rivers being the foremost examples — in a grid-based cellular world.

Multivariate cell states may be more problematic, especially if rules are con-
structed so that each variable is updated separately according to inter-related but
distinct processes. If the resulting transition table remains unambiguous, it may be
argued that all that is really lost is a user’s ready understanding of how changes
to rules affect outcomes. In operational cases this may be less important than an
ability to easily interpret model outcomes. Where CA are intended as a vehicle
for interrogating urban theory this may be a significant advantage, since theories
about various facets of urban life can be combined, and the implications of their
interaction examined. This may then be an area where the modifications of urban
modellers using CA are justified in both pragmatic and theoretical terms, without
much damage being done to the formalism.

3.2 Neighbourhood sizes and *action-at-a-distance’

In a formal CA, every state change must be local, and there is no allowance for
action-at-a-distance. In a strict CA it is implied that the dynamics take care of
distance effects simply because growth and decline appear as spatial diffusion.
However, for this to be valid, the spatio-temporal scale of the model must be cor-
rect: where a cell transition can represent the conversion of a tract of land of (say)
10000 square metres to a new use in a single time step (so that by implication
a time step is a period of the order of a year), it is clearly unrealistic to admit
only local interactions. Researchers have tinkered with the formal treatment of CA
neighbourhoods in a bid to include the flexibility of action-at-a-distance. Often a
very large neighbourhood is used in lieu of immediate 4 or 8 cell neighbourhoods.
For example, White & Engelen (1993) introduce a 113 cell neighbourhood in their
model of land use dynamics. Although this represents a dramatic modification of
the lattice, it does not depart from the strict formalism provided cell neighbour-
hoods are spatially stationary, that is, similar at each location.



3.3 Non-regular lattices

In practice, few urban CA models retain a spatially stationary lattice. The issue
of regularity is often addressed conservatively by the introduction of ‘fixed’ cell
states. Bodies of water and undevelopable land are obvious examples which effec-
tively introduce irregularity and asymmetry (Clarke et al. 1997, White & Engelen
1997). Fixed cells may also be introduced to ‘protect’ the model from edge ef-
fects (White et al. 1997). Traffic models deliberately employ non-regular lattices
because the traffic system’s spatial structure is non-regular (Chopard et al. 1996,
Nagel & Schreckenburg 1992, Wahle et al. 1999). The kind of object-based cell
suggested in section 2.1 naturally leads to asymmetric and non-regular lattice struc-
tures, and the resulting models lie somewhere between CA and boolean networks
(Kauffman 1984), albeit with spatially stationary rules.

3.4 Asynchronoustransition rules

Truly asynchronous cell update in urban CA is unusual. However, some models
incorporate forms of asynchronous determination of cell state changes into a syn-
chronously updating framework. In the work of Portugali (2000) on intra-urban
migration, queues of agents who wish to enter or leave the city are sequentially al-
located to available “properties’. Similarly in models of land use dynamics (White
& Engelen 1993, 1997, White et al. 1997), a CA sequentially determines the spa-
tial allocation of land use transitions, determined outside the model. In both these
cases, the departure from synchronous operation is partly a response to the fact that
the region is embedded in a wider world, and is not a closed system. In another
example, Wu (1999) introduces asynchronous operation as a fundamental aspect
of the system dynamics, when he relates a model of urban development driven by
the appearance of ‘investment niches’, to the notion of self-organised criticality.
Whatever the motivation for introducing asynchronous cell update, the fundamen-
tal dynamics of such systems are not at all clear, and may require investigation.

4 Doesany of thismatter?

It should be made clear that the foregoing is not intended as criticism of the de-
velopers of cellular urban models. Many modifications to the CA formalism cited
in section 3 are reasonable responses to the representational difficulties discussed
in section 2. This is set out in figure 1. It is evident that there is no simple map-
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Figure 1. Various urban CA-based model variations (ovals) as responses to the
representational problems of strict CA (rectangles). Tentative groupings of the
variations are also shown
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ping between problems and responses, nor would we expect one, since the purpose
of most of the model-building efforts recorded here is to achieve some measure
of representational realism, and different researchers have found various combi-
nations of approaches appropriate. Our brief overview is not exhaustive, but does
demonstrate the rapidity with which innovative new model structures are being de-
veloped, and also that some common combinations of CA variant are emerging.

Perhaps the most pertinent question is ‘so what?!’. Does it matter that practi-
tioners are moving away from the elegant, formal simplicity of conventional CA?
The answer must be ‘yes...and no.” The negative response is perfectly legitimate
from the perspective of developing workable, convincing simulations of cities and
urban systems which are useable in the real world. The important criteria for such
operational models must be the extent to which model behaviour is theoretically
plausible and therefore believable by practitioners and potential users, since this
will strongly affect the prospects for their adoption and use.

However, there is another perspective where the answer to our question must
be that yes, it does matter. Early in the discussion of CA-based urban models
by the academic community, Helen Couclelis (1985, page 588) commented that



“all the simplifying assumptions of the basic cell-space model could be relaxed in
principle: in practice of course, the result would be forbiddingly complex.” She
was suggesting that one of the attractions of CA is the potential they provide for
insights into the relationships between processes at local scales and structures at
global scales. Such insight, apart from its pedagogic value, also raises the possibil-
ity of a deeper understanding of the fundamental dynamics of spatial systems. But,
as Couclelis’s remark indicates, any insights which might be obtained are rapidly
clouded by the ever more complicated refinement of additional model elements.
There is no obvious simple way around this dilemma, but we wish to tenta-
tively suggest an approach which we hope to develop in more detail over time. The
reason that the CA formalism has exerted such fascination in so many fields, is its
high level of generality. When it comes to applying the formalism, however, “it is
necessary to use more complex CA” (White 1998, page 112), with a resulting loss
in generality of the insights, but a gain in the direct applicability of the models to
real systems. One response might be for those interested in exploring the dynamics
of spatial systems in more general ways, to develop some well-defined, specific de-
partures from the CA formalism. A preliminary list of possibilities might include:

e Srict formal CA with a small family of geographical process rules Theoret-
ical exploration of the behaviour of urban CA would be much assisted by
agreement on a limited set of typical process rules whose behaviour could
then be thoroughly explored and characterised. Segregation, growth, aggre-
gation and diffusion processes are obvious candidates.

e Cellular models with irregular lattice structures This concept is foreshad-
owed by Takeyama & Couclelis’s (1997) Geo-Algebra, and brought into
clearer focus by the graph-based CA (O’Sullivan forthcoming, 2001). Such
models might also be capable of modifying their lattice structure as a re-
sponse to neighbourhood states (Semboloni 2000, forthcoming, has pre-
sented an example).

e Agentsin cellular models The rules of a CA in an urban system ultimately
reflect the behaviour of various human agents, and in many cases modelling
the agents themselves seems more plausible. Portugali’s (2000) Free Agents
in Cellular Space model is a working example of this approach.

e Asynchronous cell update The limitation of CA models to synchronous up-
date is problematic, and research into alternatives is required. One possibil-



ity seems likely to be using Petri nets in the definition of cell transition rules
(see Gronewold & Sonnenschein 1998).

The purpose of focusing on particular variants and extensions of the CA for-
malism is to enable research into the general spatial dynamics of such systems, so
that some of the potential for insight promised by initial encounters with CA can
be regained. An example of such research into graph-based CA is provided by
O’Sullivan (forthcoming, 2000).

4.1 Conclusions

The approach we have advocated is at a preliminary stage. However, we feel that
there is an urgent need for explicit development of a two-pronged approach to the
study of dynamic complexity in cities, urban systems and spatial systems more gen-
erally. This approach acknowledges the need for development of whatever model
structures appear to be required for the realistic representation of cities in oper-
ational models, but also advocates that these developments be formalised into a
family of models appropriate for exploring the spatial dynamics of such models
in a more general sense. Operational models might then come to be seen as the
application of well understood formalisms, which reveal how the mechanisms in
the various formalisms act in concert, rather than as a rapidly proliferating and
bewildering array of only loosely related examples.
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