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Abstract

Cellularautomaton(CA) basedmodelsareincreasinglyusedto investi-
gatecities and urbansystems.We discussdifficulties with this representa-
tion of humansystemsand suggesthat mary modificationsto simple CA
introducedin modellingcities areresponse$o theseproblems.We propose
a two-prongedapproachto research.First, for operationaimodel-huilding
mary variationsonthe CA themearerequiredandshouldbe welcomed;and
secondheoreticallymotivatedvariationsof the CA formalismarerequired
sothatthe possibleeffectson modeldynamicbehaiour may be more sys-
tematicallyexplored.

1 Introduction

Cellularautomatg CA) have beenappliedto thesimulationof animpressie range
of urbanphenomenaCA modelshave beenusedto studylandusedynamicgCec-
chini 1996,Webste& Wu 199%,b, White & Engelenl993,White, Engelent Ul-
jee 1997); regional scaleurbanization(Sembolonil997,White & Engelenl1997)
and polycentricity (Wu 1998); urbansocio-spatiakegregation (Portugali2000);
development(Wu & Webster1998); location analysis(Benati 1997); urbanism
(SandersPumain,Mathian, Guérin-Pace & Bura 1997); and urbangrowth and
spravl (Batty 1998,1999 Clarke, Hoppen& Gaydosl997).Thisis awide-ranging
andsophisticatedist, andthetechniquehasagreatdealto offer asatool for inves-
tigating cities. However, the employmentof CA in urbansimulationsoften entails
substantiabeparturegrom the original formal structureof CA describedby von
NeumannUlam, Conway, andWolfram. Althoughthe applicationof CA to urban
systemsseemsaturalandintuitive, thisis notin itself sufficient justificationfor
their use(Couclelis1985),andin this paperwe considersomeof the modelling
issuesnvolvedin constructingsuchmodels.

In section2 we discusshow CA-type modelscanbe heldto representeality.
Section3 thenconsidersomeof themary ad hoc modificationgo the CA formal-



ism which have beenintroducedby urbanmodellersin a bid for realism(seealso
White 1998).We suggesin sectiord thatmary of theseoperationalariationsmay
beseemsresponse® therepresentationassuesve have raised andproposehat
awiderfamily of CA-like modelsis required.

2 CA modelsand thereal geographical world

In this sectionwe examinesomeof the more commonmodesof abstractiorem-
ployedwhenCA areappliedto geographicasystems.

2.1 The meaning of cellsand the meaning of rules

The CA formalismproposes regularlattice of identicalcells, eachof which may
bein oneof afinite numberof discretestatesat discretetime stepsn its evolution.
Systemdynamicsaredeterminedy transitionruleswhich mapthe currentstateof
a cell's neighbourhoodat time ¢, to an outcomecell stateattime {2+ 1]. A key
guestionin developingary urbanCA modelis then: “What do thecellsrepresent?
And, given whatthey representwhatis an adequatesetof allowed cell states?”
Theanswelto theseguestionsaffectstheconstructionmeaning andinterpretation
of transitionrules.

In geographi@pplicationscellsareusuallytreatedvery muchasin theformal
CA case,as cellsin a two-dimensionalgrid-basedattice (althoughseePhipps
1989,whereahexagonalatticeis used).Thisapproachs influencedoy thedigital,
pixelised natureof datafrom remote-sensednd other sources,and also by the
corvenienceof programmingandimplementinggrid-basedtructures Sinceurban
systemganonly beregardedasgrid-baseditthe mostgeneralevel of abstraction,
this necessitatesa similarly abstractapproachto defining cell states. The idea
of the cell statemay becomea more or lesscomple classificationof land uses,
land values,land covers, populationdensities,and so on. Variouscatejories of
residentialcommercialandindustrialusearetypical. At amoreabstractevel, cell
stategnaybecharacteriseth abinaryfashionasdevelopedor notdeveloped.The
grid representatiortpgethemith suchanabstractell classificationcompromises
theclaim of thetechniqueo bemicro-simulationgxceptin themostgenerakense.

Suchframenorksalsobeg thequestiornof themeaningof transitionrules.Land
usesdo not ‘mutate’like cell culturesonamicroscopeslide. Rathey humanagents
— developers firms, financiers,regulatory authorities,landlords,tenants home-
buyers— manceuvrecollaborate,and competeto changethe city for their own
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purposes. The combinationof their actiities is what causesstate transitions’.
Seenin this light, it may be difficult to justify a pure statetransitionapproacho
rulesin acellularlandusemodel. Rulesmustbeunderstoodssomeha embody-
ing all this humanactivity. This raisesthe questionof why humanagentsare not
explicitly representedand suggestghat agent-basedpproachesnay sometimes
be moreappropriate. Therearecasesn which cell transitionrulesmay be appro-
priate,the mostobvious beingtraffic simulation(Chopard,Luthi & Queloz1996,
Nagel& Schreckenhurg 1992 ,Wahle,Neubert& Schrecknlurg 1999)wherecells
are‘vehicle-sized'segmentsof road,andcell statesepresenbccupang by vehi-
cles. Significantly this is a realmwherehumanautonomyis stronglyconstrained
by rulesof theroadandthe spatialstructureof the (now non-reyular) lattice.

This brief outline indicatesthatthereis a two-way relationshipbetweenwvhat
cellsrepresenandhow rulesaredefined,andwhatthey represent.More object-
basedapproacheto cells— wherecellsrepresentand parcels administratie ar-
eas,or evenindividual buildings— almostinvariably requirenon-reyular lattices,
but may easethe problemof definingtransitionrules. Corversely moretypical,
abstractrepresentationsvhich have beenemployed, may require a more subtle
interpretatiorof the modeltransitionrules.

2.2 Local and global interactions

By simulatingthe emegenceof global structuresrom local elementsCA have
muchto offer urbansimulation. Intuitively, we understandhat mary urbanphe-
nomenaare structured‘from the bottom-up’: air pollution, traffic congestion,
neighbourhoodipgradinganddecline,andso on. The local-globalrelationin ur-
banenvironmentsis emphaticallyof importancein models.

However, muchof theemphasisn CA approachegandin compleity science
in generalhasbeenon the emegenceof global structurefrom local events. The
oppositeis also possible: global structuremay be a constrainton local interac-
tion. Many urbanphenomenaimply do not emege solelyfrom local interactions.
Transporinfrastructureandplanningsystemsareobvious examples.Thisimplies
a needto considemon-localinteractionsin urbansystemswhich cutsacrosshe
formal logic of CA. Where CA modelsare decisionsupportsystemsfor policy
makersthis mayactuallybea hapgy coincidenceinsofar asmary policy interven-
tions arenon-local,andthesecan be insertedinto modelsas external constraints
or non-uniformitiesin the applicability of transitionrules. Generally however,
theissuecannotbe duckedin thisway. Indeed,developmentof appropriatenodel
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structuresn theurbancasemay offer significantinsightsfor theuseof CA in other
domainswheresimilar obserationsapply

2.3 Timein CA models. synchronous and asynchronous update

Therepresentatioof timein CA modelss alsoof interest.Discretisedtime-steps’
areatoddswith thefluidity of temporalactiity in reality, andthe synchronousip-
dateof cell statess clearly questionable Experimentswith asynchronousipdate
of cell statesin abstractCA suggesthat the dynamicimplicationsof departure
from synchronousipdatemay be significant(Bersini& Detours1994). This sug-
gestionis supportedoy findingson pathdependenc andlock-in, which have re-
ceived much attentionin economicg/Arthur 1989), and were also centralto the
early transferof ideasfrom compl«ity scienceto regional modelling (Allen &
Sanglier1979), but may be missedin ary straight-forvard applicationof CA to
urbansimulation.

Thereare alsodifficult questionso be answeredaboutthe representatiomf
eventsat mary differenttemporalscales.Thetreatmenbf timein rigid CA raises
problemsfor their applicationto the simulationof urbansystems.In particular
guestionsaboutthe spatio-temporascaleof modelsareraised,which aredifficult
to answemwithoutcircularreferenceébackto thetransitionrules— sincethelength
of atime-stepdetermine®©iov muchchangenayoccurin asingletransition,which
depend®nthemeaningof cell statesandtransitionrules. A furtherpracticaldiffi-
culty is thatanoverlapof multiple processesperatingatmary differenttimescales
(from the ecological,evengeological to thediurnal)is evidentin cities.

3 Adaptations of the CA formalism to the modelling of
cities
We now discusseffortsto fit CA to realurbansystemsandtheresultanichangeso

therigid CA formalism. Theseareintroducedn orderof theincreasingdegreeto
which they seemto departfrom thatformalism.

3.1 Discrete, continuous and multivariate state variables

Althoughintroducingten discretecell statesdoesnot radically alter matters(von
Neumanrs replicatorhad29 cell states)jt is unclearhow far we cantake this. In
general differencesbetweencell statesare held to be qualitative (residentialuse



ratherthanindustrial,for example).However, it canbedifficult to reduceall of the
actwvity in anurbancell to a single discretedescription. This is particularlytrue
of relatively coarsegrids (at say 100mor moreresolution). Thereis boundto be
‘mixing’ acros<cells,implying a fuzzy descriptionof cell stateslt is alsodifficult
to represensomevery significantfeaturesof the urbanervironment— transport
networksandriversbeingtheforemostexamples— in agrid-basedellularworld.

Multivariatecell statesmay be more problematic,especiallyif rulesarecon-
structedso that eachvariableis updatedseparatelyaccordingto inter-relatedbut
distinctprocessedf theresultingtransitiontableremainsunambiguousit maybe
arguedthatall thatis really lost is a users readyunderstandingf how changes
to rulesaffect outcomes.In operationakcaseghis may be lessimportantthanan
ability to easily interpretmodel outcomes.Where CA areintendedasa vehicle
for interrogatingurbantheorythis may be a significantadwantage sincetheories
aboutvariousfacetsof urbanlife canbe combined,andthe implicationsof their
interactionexamined.This maythenbe anareawherethe modificationsof urban
modellersusing CA arejustifiedin both pragmaticandtheoreticalterms,without
muchdamagebeingdoneto the formalism.

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

In a formal CA, every statechangemustbe local, andthereis no allowancefor
action-at-a-distanceln a strict CA it is implied that the dynamicstake care of
distanceeffects simply becausegrowth and decline appearas spatial diffusion.
However, for this to be valid, the spatio-temporascaleof the modelmustbe cor
rect: wherea cell transitioncanrepresenthe corversionof atractof land of (say)
10000 squaremetresto a new usein a single time step(so that by implication
a time stepis a period of the order of a year), it is clearly unrealisticto admit
only localinteractions Researchensave tinkeredwith theformaltreatmenbf CA
neighbourhood# a bid to includethe flexibility of action-at-a-distanceOftena
very large neighbourhoods usedin lieu of immediate4 or 8 cell neighbourhoods.
For example White & Engelen(1993)introducea 113cell neighbourhoodh their
modelof land usedynamics.Althoughthis representga dramaticmodificationof
the lattice, it doesnot departfrom the strict formalism provided cell neighbour-
hoods are spatially stationary, thatis, similar ateachlocation.



3.3 Non-regular lattices

In practice,few urbanCA modelsretaina spatially stationarylattice. The issue
of regularity is often addresseaonseratively by the introductionof ‘fixed’ cell

states Bodiesof waterandundevelopabldandareobvious exampleswhich effec-

tively introduceirregularity andasymmetry(Clarke et al. 1997, White & Engelen
1997). Fixed cells may also be introducedto ‘protect’ the modelfrom edgeef-

fects(White et al. 1997). Traffic modelsdeliberatelyemploy non-reyular lattices
becausedhe traffic systems spatialstructureis non-reyular (Chopardet al. 1996,
Nagel& Schrecknlurg 1992, Wahleet al. 1999). The kind of object-basedell

suggesteth section2.1naturallyleadsto asymmetri@andnon-reyularlatticestruc-
tures,andtheresultingmodelslie somavherebetweenCA andbooleannetworks
(Kauffman 1984),albeitwith spatiallystationaryrules.

3.4 Asynchronoustransition rules

Truly asynchronousell updatein urbanCA is unusual. However, somemodels
incorporateforms of asynchronousleterminatiorof cell statechangesnto a syn-
chronouslyupdatingframeavork. In the work of Portugali(2000) on intra-urban
migration,queuef agentsvho wishto enteror leave the city aresequentiallyal-
locatedto available‘properties’. Similarly in modelsof land usedynamicg(White
& Engelen1993,1997,White etal. 1997),a CA sequentiallydetermineghe spa-
tial allocationof land usetransitions determinedutsidethe model. In boththese
casesthedeparturdrom synchronousperatioris partly aresponséo thefactthat
theregion is embeddedn a wider world, andis not a closedsystem. In another
example,Wu (1999)introducesasynchronousperationas a fundamentabspect
of the systemdynamics whenherelatesa modelof urbandevelopmentdriven by
the appearancef ‘investmentiches’, to the notion of self-oganisedcriticality.
Whatever the motivation for introducingasynchronousell update the fundamen-
tal dynamicsof suchsystemsarenotatall clear andmayrequireinvestigation.

4 Doesany of this matter?

It shouldbe madeclearthatthe foregoing is not intendedas criticism of the de-
velopersof cellularurbanmodels.Marny modificationsto the CA formalismcited
in section3 arereasonableesponse$o the representationaifficulties discussed
in section2. Thisis setoutin figure 1. It is evidentthatthereis no simplemap-
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Figure 1. Variousurban CA-basedmodelvariations(ovals) asresponseso the
representationgbroblemsof strict CA (rectangles). Tentative groupingsof the
variationsarealsoshavn

ping betweerproblemsandresponsesjor would we expectone,sincethepurpose
of mostof the model-tuilding efforts recordedhereis to achiase somemeasure
of representationalealism,and differentresearcherfave found variouscombi-
nationsof approachegappropriate Our brief overview is not exhaustive, but does
demonstrat¢éherapidity with which innovative nevw modelstructuresarebeingde-
veloped,andalsothat somecommoncombinationsof CA variantare emeging.

Perhapghe mostpertinentquestionis ‘so what?!". Doesit matterthat practi-
tionersaremoving away from the elegant,formal simplicity of cornventional CA?
The answemustbe ‘yes...andno! The negative responsas perfectlylegitimate
from the perspectie of developingworkable,corvincing simulationsof citiesand
urbansystemsawhich areuseabldn therealworld. Theimportantcriteriafor such
operationaimodelsmust be the extent to which modelbehaiour is theoretically
plausibleandthereforebelievable by practitionersand potentialusers,sincethis
will stronglyaffectthe prospectgor theiradoptionanduse.

However, thereis anothermperspectie wherethe answerto our questionmust
be that yes, it doesmatter Early in the discussionof CA-basedurbanmodels
by the academiaccommunity Helen Couclelis (1985, page588) commentedhat



“all the simplifying assumptionsf the basiccell-spacanodelcouldberelaxedin
principle: in practiceof course,the resultwould be forbiddingly comple.” She
wassuggestinghat one of the attractionsof CA is the potentialthey provide for
insightsinto the relationshipshetweenprocessesit local scalesand structuresat
globalscales Suchinsight,apartfrom its pedagogiaalue,alsoraiseshe possibil-
ity of adeepemunderstandingf thefundamentatlynamicsof spatialsystemsBut,
asCoucleliss remarkindicates ary insightswhich might be obtainedarerapidly
cloudedby the ever morecomplicatedefinemenof additionalmodelelements.
Thereis no obvious simpleway aroundthis dilemma, but we wish to tenta-
tively suggestinapproactwhichwe hopeto developin moredetailovertime. The
reasorthatthe CA formalismhasexertedsuchfascinatiorin somary fields,is its
high level of generality Whenit comesto applyingthe formalism,however, “it is
necessaryo usemorecomplex CA’ (White 1998,pagel12),with aresultingloss
in generalityof the insights,but a gainin the directapplicability of the modelsto
realsystemsOneresponsanightbefor thoseinterestedn exploringthedynamics
of spatialsystemsn moregeneralways,to developsomewell-defined specificde-
parturefrom the CA formalism.A preliminarylist of possibilitiesmightinclude:

& Srict formal CA with a small family of geographical process rules Theoret-
ical exploration of the behaiour of urbanCA would be much assistedby
agreemenbn a limited setof typical processuleswhosebehaiour could
thenbethoroughlyexploredandcharacterisedSegregation,growth, aggre-
gationanddiffusionprocesseareohlvious candidates.

= Cdlular models with irregular lattice structures This conceptis foreshad-
owed by Takeyama& Coucleliss (1997) Geo-Algebra,and broughtinto
clearerfocusby the graph-base®€A (O’Sullivanforthcoming). Suchmod-
elsmightalsobe capableof modifyingtheir lattice structureasaresponseo
neighbourhoodtateg Semboloniforthcoming,haspresente@nexample).

% Agentsin cellular models The rulesof a CA in anurbansystemultimately
reflectthe behaiour of varioushumanagentsandin mary casesnodelling
theagentghemselesseemsnoreplausible.Portugalis (2000)FreeAgents
in Cellular Spacemodelis aworking exampleof this approach.

= Asynchronous cell update The limitation of CA modelsto synchronousip-
dateis problematicandresearchnto alternatvesis required.Onepossibil-
ity seemdikely to be usingPetrinetsin the definitionof cell transitionrules



(seeGronavold & Sonnenscheih998).

The purposeof focusingon particularvariantsand extensionsof the CA for-
malismis to enableresearchnto the generalspatialdynamicsof suchsystemsso
that someof the potentialfor insight promisedby initial encountersvith CA can
be regained. An exampleof suchresearchnto graph-basedCA is provided by
O’Sullivan (forthcoming,2001).

41 Conclusions

The approachwe have adwcatedis at a preliminarystage.However, we feel that
thereis anurgentneedfor explicit developmentof a two-prongedapproacho the
studyof dynamiccompleity in cities,urbansystemsandspatialsystemsnoregen-
erally. This approachacknavledgesthe needfor developmentof whaterer model
structuresappearto be requiredfor the realistic representatiomf cities in oper

ational models, but also advocatesthat thesedevelopmentsbe formalisedinto a
family of modelsappropriatefor exploring the spatialdynamicsof suchmodels
in a more generalsense.Operationaimodelsmight thencometo be seenasthe
applicationof well understoodormalisms,which reveal how the mechanismsn

the variousformalismsact in concert,ratherthan as a rapidly proliferating and
bewildering arrayof only looselyrelatedexamples.
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