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Abstract: We presenandevaluateanagentbasednodel(ABM) of landusechangeat therural-urbarfringe,
comparingts performanceo a mathematicamodelof thesameprocessOur simplifiedmodelwasdeveloped
in Swarm usingagentswith heterogeneoupreferencesnda landscapeavith heterogeneouproperties. The
contet of thiswork is alargerprojectthatincludessurweys of the preferencesf residentanddataon historical
patternsof development.Our broadergoalis to usethe modelto evaluatethe ecologicaleffectsof alternatie
policiesanddesigns We begin by evaluatingthe influenceof agreenbeltwhichis locatednext to adeveloping
areaandin which no developments permitted.We presentesultsof amathematicamodelthatillustratesthe
necessaryrade-of betweergreenbelplacemenandgreenbelwidth onits effectivenesst delayingdevelop-
mentbeyond. Experimentsun with the ABM arevalidatedby the mathematicamodelandillustrateanalyses
thatcanbeperformedby extendingto two-dimensionsyariableagentpreferencesandmultiple, andultimately

realistic,patternof landscapevariability.

Keywords: landusechangeurbanspravl, agent-basethodeling,landscapecology

1 INTRODUCTION

Landuseandcover changeattheurban-rurafringe
are implicatedin a variety of negative ecosystem
impacts,including habitatdestructiorandfragmen-
tation, lossof biodiversity, andwatershedlegrada-
tion. A variety of approachesave beenproposed
to minimizetheecologicalimpactsof development,
including establishmenof greenbeltof presered
lands[Mortberg and Wallentinus,2000], clustered
or "new urbanism” designs[Arendt, 1991], pur
chaseor transferof developmentrights [Daniels,
1991], and alterationof tax or investmentpolicies
[Boyd and Simpson,1999] amongothers. In order
to selecamongthesealternatve stratgjies,thecosts
of implementingthemneedto be consideredBoyd
and Simpson,1999],asdo thelong term consenra-
tion benefitsobtained.

To evaluatethe benefitsof any givenoption,the dy-
namicsof developmentattheurban-rurafringe and
their linkagesto ecologicalimpactsneedto be un-
derstood. Becausehe impactsare drivenin large
part by the wheredevelopmentoccurs,this under
standingneedsto be spatially explicit. Traditional

modelsof land usechangehave limited abilities to

supportpolicy evaluationsof this sortbecausehey:

usually explain dynamicsthat are spatially aggre-
gatedto the pointthatevaluatinghabitatdestruction
and fragmentationis not possible,do not account
for feedbackdetweerdevelopmentandthe quality
of life factorsthatdrive future developmentanddo

not accountfor heterogeneityn eitherthe erviron-

mentor theurbanpopulation.

In this paperwe presentandevaluatea foundational
agent-basethodel(ABM) of landusechangeatthe

rural-urbanfringe, which is designedo explorethe

interactionsbetweenocationsof land development
(in this caserelative to a greenbelt) andecological
impacts.Our longerterm projectwill developlinks

betweersurweys of the preferencesf residentsthe

agent-basedodels,andhistoricaldataon patterns
of development.We intendthe modelingapproach
developedto be useful for land plannersand pol-

icy makers asthey evaluatealternatve land man-
agement,designand policy scenarios. The study
focuseson modelingland usechangeat the urban-
rural fringe in the Detroit MetropolitanArea, USA,

but our analysishereinvolvesa hypotheticalrea.



We usea mathematicaimodelto validateour ABM
resultswith respecto theeffectsof greenbelplace-
ment and width on the locationsof development.
Following a descriptionof the model, we present
both the mathematicamodelthat describeghe ef-
fects of greenbeltwidth and placementon preser
vation of openspaceoutsidea hypotheticaldevel-
opedarea,and contrastthis with experimentalre-
sultsfrom ourinitial agent-basechodel.

2 AGENT BASED MODEL

The ABM presentechereis designedto evaluate
the dynamicsarising from residentialpreferences,
variationsin naturalbeauty and feedbacksassoci-
atedwith spatiallocationsof servicesprovided to
theresidentiabopulation(e.g.,retail, schoolsgtc.).
The structureis fairly similar to thatof Otter et al.
[2001]. We call this model SLUCE (Spatial Land
UseChangeandEcologicaleffects).

The currentmodelis simplified for initial presenta-
tion, andinvolvesagentgresidentsandservicecen-

ters) that locate themseles on a two-dimensional
lattice that has a set of heterogeneousttributes.

Agentschoosetheir locationsbasedupontheseat-

tributes.

The model was developedusing Swarmt and has
threemajor elements:the agentsthe ervironment
in which the agentdive, andthe way in which the
agentdnteractwith theervironmentandeachother

Environment. The ervironment is a two-
dimensionallattice of size X Size by Y Size. For
the resultspresentedbelon Y Size is always 80,
and X Size hasa minimum of 80 but canincrease
to allow equialencebetweenruns with various
settingsof greenbelparameterg¢describedelow).

The landscapes describedby attributesthat affect
agentbehaior. The only attribute we usein this
paperis natural beauty (nb,,), with range[0,1],
but the modelallows for the inclusionof otherat-
tributes, e.g., soil and ecologicalquality. The at-
tributescanbe generatedandomlyor readin from
aGlS-basedile.

The servicecenterdistance(sd,,) canalso affect
anagentsbehaior. Thisis anendogenousariable
thatis measuredy taking the sum of the inverse
Euclideandistancedqfor simplicity) to the nearest
eightservicecenterlocationsfrom thatcell. Thus,a
cell thatis surroundedy servicecenterswvould re-

1 Availablefrom http://wwwswarm.og.

ceive ascoreof 8. Becausédt seemgeasonabléhat
the residentsof a cell would not receve additional
benefitfrom more thanabout2 immediatelyadja-
centservicecenterswe setthe servicecenterscore
to amaximumof 2. Thus,

sdgy = 0.5 % maz[2, ( +

+...
l[sa ] llscsll

)@

where||sc;|| is the Euclideandistanceto thei — th
nearesservicecenterfrom z,y. Laterversionsof
the modelwill includeoptionsfor usingmanhattan
androadnetwork distances

Agents. The basicagenttypesare residentsand
service centers(e.g., retail firms), eachof which
hasseveral heterogeneouattributesandbehaviors.
Residentandservicecenterentertheworld ateach
time stepandeachtakesup onecell in thelattice.

Service centersdo not have ary attributes them-
seles. At presenservicecentersaremerelyproto-
agentshowever their presencegreatly affects how
residentgleterminewhereto live.

Residenthave two importantattributes: (1) Beauty
Prefeence(ay,, € [0,1]), the weightthatan agent
givesto the naturalbeautyof an area. The beauty
value of a cell z,y to anagentsi is nbgy X anp,i;

and (2) ServiceCenter Prefelence(asq € [0,1]),

the weightthatanagentgivesto the nearnessf an
areato servicecenters.The servicevalue of a cell

z,y toanagent is sd;y X a,q ;. Thedistribution of

preferenceacrossagentsouldbenormal,uniform,

or setto aconstant.

Agent Behavior. Theagentbehaior of interestis
thelocationof new residentsandservicecenterson
thelattice. Eachturn anumberof new residenten-
ter the map. The rateof residentamoving into the
landscapeés determinedexogenously(10 perstep).
Residenthoosetheir locationbasedon the setof
definedpreferencesndlandscapattributes.Every
time somenumberof residentss createdarbitrarily
setto 100), a servicecenteris creatednearthe last
residentto enterthe model. Thereis alsoaninitial

servicecenterthatis locatedin themiddleof theleft
sideof themap.

To selectacell, anew resident looksatsomenum-
ber of randomlyselectedcells (15 for all runspre-
sentedhere) and movesinto the cell that hasthe
highestutility for r, or selectsandomlyamongtied
cells. The utility for a givenagentwith specifieda
valuesis determinedn thefollowing way:

0.5 % (app * Nbgy * sdgy + Qgq * sdiy)



This equationcapturesthe empirical obsenation
that,althoughbeautyis animportantdeterminanof
utility, it is not consideredndependenbf distance
to services,which provides accesgo jobs, health
care, entertainmentgtc. This model allows resi-
dentsto considerthe tradeofs betweenbeautyand
distance,and weights nearlocationsmuch higher
usingsquaredlistance.

3 ADDING A GREENBELT TO THE AGENT
BASED M ODEL

Our goalis to understandhe trade-of betweernthe
width of agreenbeltits distancdo theleft edgeand
its effect on keepingdevelopmentout of the right
sideof ahypotheticalandscapeln theagent-based
model, the greenbeltis representedy identifying
certaincellsas“presene; which cannot be devel-
oped. Neitherresidentsnor servicecenterscanlo-
catein theseareas.

To constructthe greenbelttwo parametersare re-
quired: (1) Presere Start(g), the x-locationthatis
the startof the greenbeltassuminghatthe far left
is 0; and(2) Presere Width (w), the width of the
greenbelt.The greenbelis assumedo be a contin-
uousrectanglgrom thetop of latticeto the bottom.

3.1 Measures

We collect several measuref clusteringand lo-

cationof developmentfrom eachrun of the model
at eachtime step. The measurethat we will be
examining within this paperis the numberof de-
velopmentseyond the presere (dbp). This is the
numberof residentsand servicecenterswho have
an z valuegreaterthanw + g. We thencalculate
T (dbp = 300), the averagenumberof time steps
thatit takesfor 300 cells on the right side of the
greenbeltto be developed. The thresholdis arbi-

trary, but selectedasa reasonabl@umberto allow

comparisoramongruns. This measureivesanin-

dicationof how effective the greenbelis at control-
ling developmenteyondthegreenbelt.

The ABM senesasa platformto studythe inter
play betweenheterogeneouagentsand heteroge-
neouslandscapesand how two-dimensionalpat-
ternsof land usechangecan arisefrom agentbe-
havior. Given the right assumptionswe can ex-
plore someof the underlyingprocessegenerating
the patternsof interestby analyticalmeans. The
next two sectionsexplorethe effectsthatgreenbelts
have on the patternsof developmenttakinganalyt-
ical andagent-basedpproaches turn.

4 A ONE DIMENSIONAL MODEL OF GREEN-
BELT WIDTH

To approachthe questionof greenbelt@analytically
we make several simplificationsand assumptions
thatwe canrelaxlaterusingtheagent-basethodel.
In this section, we constructa one dimensional
modelto developproofsof greenbeleffects.

Agents’ preferencearedefinedover two attributes
of the landscape:distanceto servicesand a loca-
tion’s naturalbeauty We assumaliscretelocations
thatform aonedimensionalattice,andendav each
locationwith naturalbeauty or beauty Thenumber
of agentss finite. We saythat ‘x is to theleft of y’
if andonlyif ‘z < y’ and‘x is to theright of y’ if
andonly if ‘z > y’. We alsomake the following
five basicassumptions:

Al M agentsmustchoosewher to locate among
N + 1 locationson the interval [0, N]. Only one
agentmaylocateat any particular location.

A2 A greenbeltof width w begins at the point
g €{0,1,2,3,..., N}. Agentscannotlocatein the
greenbelt.

A3 If thegreenbelbeginsat g and K agentslive to
theleft of g thens(K) = % is the distanceto ser
vices,whee % is therate at which servicesappear

s(K) is constanffor all cellsleft of thegreenbelt.

A4 If K agentslive to the left of the greenbelt,an
agentliving at a locationz to the left of the green-
belt getsutility u(s) + g;, wheeu(s) isamonotone
decrasingfunctionof thedistances to servicesaand
g; is theaesthetiquality of locationz.

A5 Thefirstagentliving to theright of thegreenbelt
atlocationj > (g + w) hasa distanceto services
equalto (j —g) + .

We assumeg > M, so it is possiblefor the
greenbeltto prevent spravl. We do not explic-

itly modelthe geographidocationsthat the agents
chooseon the left side of the one dimensionalat-

tice. We will explicitly considerlocationson the
right of the greenbelt. Assumethat K agentslive

to the left of the greenbelt. All agentsuse the
sameutility function, which dependson two fac-
tors: distanceto servicess(K') andbeautyg;, where
i € {0,1,2,...,N} is the agents location. For

tractability, we assumehat all locationsto the left

of thegreenbelhave the samedensity Servicesar

rive at arate 1, meaningthatthey arenot discrete
entitieslike malls. This differsfrom our ABM.



4.1 General Results

We will saythata greenbeltof width w beginning
at g preventsspraw! for a populationof size M if
noneof the first M agentschoosedo live on the
right handsideof thegreenbeltFurther agreenbelt
efficientlypreventssprawl if no othergreenbeltvith
asmallerg or asmallerw will alsopreventsprawl.
This implies that the A/ + 1st personwould move
acrosghegreenbeltlt is straightforwardto charac-
terizethe setof greenbeltsthat efficiently prevent
sprawl. Begin with thefollowing assumption:

A6 Thebeautyg; equalsg for all i.

Claim 1 Given A1-A5 and A6, all agents will
chooseto live to theleft of the greenbelt.

Proof. Theresultfollows directly from theassump-
tions: An agentlocatingto theleft of the greenbelt
obtainsa utility of u(s(K)) + ¢, while an agent
to the right of the greenbeltobtainsa utility of
u(w + s(K)) +¢.

Thisis anobviousresult,but it is importantin that
sinceu decrease s but s decreaset;n M (more
peopleimplies less distanceto services),u is in-

creasingin M. Therefore,all agentswill choose
to live to the left of the greenbelt. Therefore,we

needto replaceA6 with anassumptiorthat allows

for variability in beauty

A6’ Thebeautiesy; differ

Let (K, g) bethe K'th highesthbeautyamongthose
locationsto the left of g. The location with the
value §(M, g) will be the location chosenby the
Mth agent. This variableis importantin determin-
ing whetheragentscrossthe greenbelt.

To align our two modelswe assume:

A7: Theutility functionis linear in distanceto ser
vices.Thisrequiresthatu(s) = —3,, (8 > 0)

Definef(g,w) to bethelocationj > (g + w) that
maximizesy; — 8(j — g). Thiswill bethebestloca-
tion to theright of the greenbelt.We cannow state
thefollowing obviousresult.

Claim 2 Given A1-A7, a greenbeltat g of width
w prevents sprawl if and only if §(M,q) =
_B(Z(ga ’LU) - g) + ql(g,w)

Proof. Greenbeltshatpreventspravl satisfy

Oy q) > 8G9+ By vy @

forall j > (g + w). Thisis equialentto:

Bng . .
" >
% +4(M,g) >

. ng
-8 —-g+ H) + Qo(g,w) 4)
which canbe rewritten

q\(Ma ’LU) > —B(l(g,w) - g) + Qe (g,w) (5)

Giventheseassumptionghecomparatie staticsre-
sults we seekfollow immediately First, (M, g)
is increasingin g. Therefore the larger g the less
likely thatwe seesprawl. Secondfor afixedg, in-
creasingw reduceshe setof possiblechoicesfor
e(ga ’LU) SO Ge(g,w) — B(Z(ga ’LU) - g) decreasesn
w. Thesetwo implicationssuggesta tradeof be-
tweenwidth of the greenbeltandits startingpoint
for sprawl prevention.Formalizingsufficientcondi-
tionsfor thisresultis beyondthe scopeof this paper

4.2 SpecificCases

We now turn to somespecific casesthat we con-
siderwith our ABM. In eachof thesecasesye vary
the spatialdistribution of beauty This spatialdistri-

butionwill causehedistribution of servicedo vary.

Sofar, wehadassumedhatservicesvereuniformly
spreacdvertheregionto theleft of thegreenbeltin

all of thesecasestheinitial servicecenteris located
left of thegreenbelt.

Casel: BeautyDecreasedromLeft Edge

In thisscenarioagentswill concentrateeartheleft
edge. This implies thatif y > z thatg, < g..
Therefore,§(M,g) > qe(y,w), Which implies that
all M agentswill chooseo locatein theregionbor-
deredby thegreenbeltThisoccursregardlesof the
rateatwhich qualitiesdecrease.

Case2: BeautylncreasedromLeft Edge

In this scenariojf y > 2z theng, > ¢,. Thekey to
determiningocationaldecisiongs therateatwhich
qualitiesrise. Assumeg, = 6y + #1y. The most
attractie locationsto the left of the greenbeliwill

beonthefarright edgeof thatregion. Thereforewe
canassumehatthe Mth agentwill choosdocation
g — M. Assumealsothat the benefitfrom being
closeto servicess is largerthand;, sothatthemost
attractive locationto theright of the greenbelis on
the left edgeat location (¢ + w). The inequality
q\(Ma g) > —B(l(g,w) - g) + Qe (g,w) thencanbe
written as



bo+6:1(g— M) >
—B(w) + 6y + 61 (g +w) (6)

Thisreducego
Bw > 61 (M + w) (7)

Forlarge M andé; closeto g in value thegreenbelt
hasto becomeincredibly wide. This suggestghat
sprawl will bedifficult to prevent. Interestingly the
linearity assumptionimpliesthatg doesnot matter
solong asit exceedsM . This typically would not
betrueif eitherthe quality distribution or the utility
functionwasnotlinear

5 AGENT BASED MODEL RESULTS

We now presentesultsfor a variety of experiments
that we ran using the ABM to test the effective-
nessof thegreenbelin keepingtheright sideof the
world undeveloped.

The mathematicaimodel predictsthat as the pre-
sene is moved to the right and asits width is in-
creasedt takeslongerfor residentgo jump overthe
greenbelt.Therefore for eachexperimentwe com-
parerunswith two differentvaluesof g (20 and40)
andof w (1 and15).

5.1 Random Preferences

For ourinitial experimentshe preferencesvereall

setto 0.0, meaninghattheagentdocatethemseles
in theworld randomly This senesasa control for

the rest of our experiments. Using randomplace-
ment,a g of 20 anda w of 1, we calculatethat it

takes39 time stepsto reachdbp = 300. Changing
g to 40 givesh9 time steps.Thefirst row in Tablel

indicatesthatthe ABM resultsarewithin onestan-
darddeviation of thoseexpectationsfor bothw = 1

andw = 15.

5.2 Modifying Agent Preferences

To add morerealistic behaior, andto incorporate
the samepreferencegonsideredn the mathemat-
ical model above, we set non-zerovaluesfor the
preferenceéa,;) and(asq). First,wesetagq = 0.5

andkepta,;, = 0.0. We expectedthis to increase
the amountof time for developmentto reachthe
right sidebecaus®f theinitial servicecenteronthe
left edgeand the feedbacksassociatedhe service
centerlocation. This is analogougo the situation
in Claim 1 above. Indeed,the resultsshov a sig-

nificantincreasen T'(dbp = 300) (Tablel, row 2).

The effectis non-linear with increasingdelaysac-
compalrying increasinge andg.

Next, we setaggy = 0.5 anday,; = 0.5. Now the
patternof naturalbeautyvariationhasan effect on
the process. We startby assuminga uniform ran-
domdistribution of naturalbeauty This hasthe ef-
fectof reducindg?’(dbp = 300) becaussomeof the
mostdesirablecellsareto theright andareselected
by residentgTable1, row 3). For all w andg, ran-
dom naturalbeautypatternsreduceT (dbp = 300)
by about75% comparedwith only servicecenter
preference Further resultsfrom the ABM indicate
that increasingthe width of the areato the left of
thegreenbeltllows oneto decreas¢éhewidth of the
greenbelivhile achieving the samedelayof sprawl,
in agreemenwith Claim 2, above. For instanceto
achieve T'(dbp = 300) = 180, increasingg from
about30 to 40 enablesaadropof w from 15 to about
1. In fact, if the utility functionis changedo be
linearin distanceto servicesandotherparameters
aremodifiedto make the ABM consistentvith the
mathematicamodel,theresultsareaspredicted.

5.3 Patternsof Natural Beauty

To evaluatethe effects of landscapeheterogeneity
on modelbehaior, we introducefour differentpat-
ternsof beauty leaving agq = 0.5 anda,,; = 0.5.
The longestT'(dbp = 300) measuredacrossall
caseswvereobtainedwith a beautydecreasindgrom
the left (Table 1, row 4). This situationand re-
sultaresimilar to SpecificCasel describedabove.
Agentstendto stayto theleft to benearservicesand
to accesghe morebeautifulsites. The increasen
T (dbp = 300) is aboutl.5 timesthatfor the caseof
randombeauty For thecaseof w = 15 andg = 40,
the increasds slightly lower, becauseve only ran
the modelto 401 stepsandrunsthatdid not reach
dbp = 300 by thenwere assigneda value of 401.
Reversingthe patternof beauty(i.e., increasingto
theright) dropsT'(dbp = 300) by one-thirdto one-
half comparedvith randombeauty(Tablel, row 5).
Thisis comparabléo SpecificCase2 above.

We introducedtwo alternatve beautypatternsthat
could not be evaluated with the mathematical
model. Thefirst, calledtent, putsthe highestvalues
of beautyalongthe centertwo rows of the world,
with valuesdecreasingnonotonicallyto the north
andsouth.Thesecondcalledvalley, is theinverse,
with highestvaluesalongthetop andbottomedges
and decreasingowardsthe center The resultsre-
flect the morecomplex interactionsbetweenrthelo-
cation of the initial servicecenter the patternsof
beautyandthe feedbackresultingfrom creationof



Tablel: AverageTime to 300 DevelopmentsBeyondPresere, T(dbp=300)
Mean,Standareviation of Data(Standardeviation of Meansis roughly% thisvalue)

w=1 w =15
preferences beautydistribution || g=20 | g=40 | g=20 | g=40
randompreferences uniform[0,1] 39(2) 61(2) 39(1) 60(2)
agq = 0.5, a,, = 0.0 uniform [0,1] 113(22) | 275(46) | 150(25) | 337(18)
asg = 0.5,a, = 0.5 uniform[0,1] 85(19) | 193(52) | 103(29) | 278(39)
asg = 0.5,a,, = 0.5 left high 130(21) | 319(25) | 166(15) | 343(3)
Agq = 0.5,a,, = 0.5 right high 43(6) 70(29) | 46(13) | 98(62)
asg = 0.5,a,, = 0.5 tent 77(11) | 171(32) | 92(20) | 221(38)
asg = 0.5,a, = 0.5 valley 90(15) | 160(37) | 115(28) | 218(70)
servicecenters At g = 20 thevalley patternresults ACKNOWLEDGEMENTS

in consistentlyhigherT'(dbp = 300), thoughnot
outsidethe standarddeviations of eithertrial, than
doesthe tentpattern(Table 1, rows 6 and7). This
is becausehe locationof the seedservicecenterin
themiddle of theleft edgecoincideswith thetop of
the ridge of the beautysurface. At g = 40, how-
ever, T'(dbp = 300) is not asdifferent. In factthe
meanwith thetentpatternis slightly higherthanthat
with the valley pattern. This corvergencemight be
explainedby the greateramountof time, atg = 40,
theclustersof developmentaveto alignthemseles
with the ridgesof the naturalbeautysurface and,
with the help of the new servicecenters,develop
alongthetop andbottomedges.

6 DiscussioN AND CONCLUSIONS

Marny of theresultspresentedhereareohviousout-
comesof the simple modelwe have created. The
purposeof presentinghemis to (a) provide analyt-
ical validationof thefunctioningof ouragentbased
modeland(b) form a basisfor developingmorere-
alistic modelsusingthe ABM to testprocessethat
aretoo complec for analyticalsolution. Although
the problemis overly simplified here,we have fo-
cusedonthe effectivenesof greenbeltgo illustrate
the value of thesemodeling framewnorks evaluat-
ing policiestoo minimizethe ecologicalimpactsof
land usechange. The ABM givescomparablere-
sults aboutthe effectivenessof the greenbeltsfor
preventingspravl asdoesthe mathematicamodel,
when the conditionsare held constant. But the
ABM canbe extendedto include two-dimensions,
agentswith heterogeneougreferencesandreal or
designedpatternsof landscaperoperties.Thusthe
modelpresentedandotherslike it, will sere asa
foundationfor our future work.

This work is funded by the US National Science
Foundationunderthe Biocomplexity andthe Envi-
ronmentprogram,grantBCS-0119804.
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