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Abstract: We presentandevaluateanagentbasedmodel(ABM) of landusechangeat therural-urbanfringe,
comparingits performanceto amathematicalmodelof thesameprocess.Oursimplifiedmodelwasdeveloped
in Swarm usingagentswith heterogeneouspreferencesanda landscapewith heterogeneousproperties.The
context of thiswork is alargerprojectthatincludessurveysof thepreferencesof residentsanddataonhistorical
patternsof development.Our broadergoal is to usethemodelto evaluatetheecologicaleffectsof alternative
policiesanddesigns.Webegin by evaluatingtheinfluenceof agreenbelt,which is locatednext to adeveloping
areaandin whichno developmentis permitted.We presentresultsof amathematicalmodelthatillustratesthe
necessarytrade-off betweengreenbeltplacementandgreenbeltwidth on its effectivenessat delayingdevelop-
mentbeyond.Experimentsrun with theABM arevalidatedby themathematicalmodelandillustrateanalyses
thatcanbeperformedby extendingto two-dimensions,variableagentpreferences,andmultiple,andultimately
realistic,patternsof landscapevariability.
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1 I NTRODUCTI ON

Landuseandcoverchangeat theurban-ruralfringe
are implicated in a variety of negative ecosystem
impacts,includinghabitatdestructionandfragmen-
tation, lossof biodiversity, andwatersheddegrada-
tion. A variety of approacheshave beenproposed
to minimizetheecologicalimpactsof development,
including establishmentof greenbeltsof preserved
lands[Mortberg andWallentinus,2000], clustered
or ”new urbanism” designs[Arendt, 1991], pur-
chaseor transferof developmentrights [Daniels,
1991], andalterationof tax or investmentpolicies
[Boyd andSimpson,1999]amongothers. In order
to selectamongthesealternativestrategies,thecosts
of implementingthemneedto beconsidered[Boyd
andSimpson,1999],asdo the long termconserva-
tion benefitsobtained.

To evaluatethebenefitsof any givenoption,thedy-
namicsof developmentat theurban-ruralfringeand
their linkagesto ecologicalimpactsneedto be un-
derstood. Becausethe impactsaredriven in large
part by the wheredevelopmentoccurs,this under-
standingneedsto be spatiallyexplicit. Traditional

modelsof landusechangehave limited abilities to
supportpolicy evaluationsof thissortbecausethey:
usually explain dynamicsthat are spatially aggre-
gatedto thepoint thatevaluatinghabitatdestruction
and fragmentationis not possible,do not account
for feedbacksbetweendevelopmentandthequality
of life factorsthatdrive futuredevelopment,anddo
not accountfor heterogeneityin eithertheenviron-
mentor theurbanpopulation.

In thispaperwepresentandevaluateafoundational
agent-basedmodel(ABM) of landusechangeat the
rural-urbanfringe,which is designedto explorethe
interactionsbetweenlocationsof landdevelopment
(in this case,relative to a greenbelt) andecological
impacts.Our longertermprojectwill developlinks
betweensurveysof thepreferencesof residents,the
agent-basedmodels,andhistoricaldataon patterns
of development.We intendthemodelingapproach
developedto be useful for land plannersand pol-
icy makers as they evaluatealternative land man-
agement,designand policy scenarios. The study
focuseson modelinglandusechangeat theurban-
rural fringe in theDetroit MetropolitanArea,USA,
but ouranalysishereinvolvesahypotheticalarea.
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We usea mathematicalmodelto validateour ABM
resultswith respectto theeffectsof greenbeltplace-
ment and width on the locationsof development.
Following a descriptionof the model, we present
both the mathematicalmodelthat describesthe ef-
fects of greenbeltwidth and placementon preser-
vation of openspaceoutsidea hypotheticaldevel-
opedarea,and contrastthis with experimentalre-
sultsfrom our initial agent-basedmodel.

2 AGENT BASED M ODEL

The ABM presentedhere is designedto evaluate
the dynamicsarising from residentialpreferences,
variationsin naturalbeauty, andfeedbacksassoci-
atedwith spatial locationsof servicesprovided to
theresidentialpopulation(e.g.,retail,schools,etc.).
The structureis fairly similar to thatof Otter et al.
[2001]. We call this modelSLUCE (Spatial Land
UseChangeandEcologicaleffects).

Thecurrentmodelis simplifiedfor initial presenta-
tion, andinvolvesagents(residentsandservicecen-
ters) that locate themselves on a two-dimensional
lattice that has a set of heterogeneousattributes.
Agentschoosetheir locationsbasedupontheseat-
tributes.

The model was developedusing Swarm1 and has
threemajor elements:the agents,the environment
in which the agentslive, andthe way in which the
agentsinteractwith theenvironmentandeachother.

Envir onment. The environment is a two-
dimensionallattice of size

����� � �
by 	 ��� � � . For

the resultspresentedbelow 	 ��� � � is always 
 � ,
and
����� � �

hasa minimum of 
 � but canincrease
to allow equivalencebetweenruns with various
settingsof greenbeltparameters(describedbelow).

The landscapeis describedby attributesthataffect
agentbehavior. The only attribute we usein this
paper is natural beauty( ��
 � � ), with range[0,1],
but the modelallows for the inclusionof otherat-
tributes,e.g., soil and ecologicalquality. The at-
tributescanbegeneratedrandomlyor readin from
aGIS-basedfile.

The servicecenterdistance( � � � � ) can also affect
anagent’sbehavior. This is anendogenousvariable
that is measuredby taking the sum of the inverse
Euclideandistances(for simplicity) to the nearest
eightservicecenterlocationsfrom thatcell. Thus,a
cell that is surroundedby servicecenterswould re-

�
Availablefrom http://www.swarm.org.

ceivea scoreof 
 . Becauseit seemsreasonablethat
the residentsof a cell would not receive additional
benefitfrom more thanabout � immediatelyadja-
centservicecenters,we settheservicecenterscore
to amaximumof � . Thus,

� � � ����� � �������  �! � " #
$
% � & ' %�( � � � (

$
% � & ) % * + (1)

where
% � & , % is theEuclideandistanceto the

��-/. 0
nearestservicecenterfrom  �" 1 . Later versionsof
themodelwill includeoptionsfor usingmanhattan
androadnetwork distances

Agents. The basicagenttypesare residentsand
servicecenters(e.g., retail firms), eachof which
hasseveralheterogeneousattributesandbehaviors.
Residentsandservicecentersentertheworld ateach
time stepandeachtakesup onecell in thelattice.

Servicecentersdo not have any attributes them-
selves.At presentservicecentersaremerelyproto-
agents,however their presencegreatlyaffectshow
residentsdeterminewhereto live.

Residentshave two importantattributes:(1) Beauty
Preference( 2�3 4657! � " $ + ), the weight thatan agent
givesto the naturalbeautyof an area. The beauty
valueof a cell  �" 1 to an agent

�
is ��
 � �98:2�3 4 ; , ;

and (2) ServiceCenterPreference( 2�< =�5>! � " $ + ),
theweight thatanagentgivesto thenearnessof an
areato servicecenters.The servicevalueof a cell
 �" 1 to anagent

�
is � � � ��8�2�< = ; , . Thedistributionof

preferencesacrossagentscouldbenormal,uniform,
or setto aconstant.

Agent Behavior. Theagentbehavior of interestis
thelocationof new residentsandservicecenterson
thelattice.Eachturnanumberof new residentsen-
ter the map. The rateof residentsmoving into the
landscapeis determinedexogenously(

$ � perstep).
Residentschoosetheir locationbasedon the setof
definedpreferencesandlandscapeattributes.Every
timesomenumberof residentsis created(arbitrarily
setto

$ � � ), a servicecenteris creatednearthe last
residentto enterthemodel. Thereis alsoan initial
servicecenterthatis locatedin themiddleof theleft
sideof themap.

To selectacell, anew resident? looksatsomenum-
ber of randomlyselectedcells (

$ � for all runspre-
sentedhere)and moves into the cell that has the
highestutility for ? , or selectsrandomlyamongtied
cells. Theutility for a givenagentwith specified2
valuesis determinedin thefollowing way:@ � ��� (2)

� � ����# 2�3 4�����
 � �A�B� � � � ( 2�< =A�B� � C� � *
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This equationcapturesthe empirical observation
that,althoughbeautyis animportantdeterminantof
utility, it is not consideredindependentof distance
to services,which provides accessto jobs, health
care,entertainment,etc. This model allows resi-
dentsto considerthe tradeoffs betweenbeautyand
distance,and weightsnear locationsmuch higher
usingsquareddistance.

3 ADDI NG A GREENBELT TO THE AGENT

BASED M ODEL

Our goal is to understandthetrade-off betweenthe
widthof agreenbelt,its distanceto theleft edge,and
its effect on keepingdevelopmentout of the right
sideof ahypotheticallandscape.In theagent-based
model, the greenbeltis representedby identifying
certaincellsas“preserve,” which cannot bedevel-
oped. Neitherresidentsnor servicecenterscanlo-
catein theseareas.

To constructthe greenbelttwo parametersare re-
quired: (1) Preserve Start(D ), thex-locationthat is
thestartof the greenbelt,assumingthat the far left
is E ; and(2) Preserve Width (F ), the width of the
greenbelt.Thegreenbeltis assumedto bea contin-
uousrectanglefrom thetopof latticeto thebottom.

3.1 Measures

We collect several measuresof clusteringand lo-
cationof developmentfrom eachrun of the model
at eachtime step. The measurethat we will be
examining within this paperis the numberof de-
velopmentsbeyond the preserve ( G H I ). This is the
numberof residentsandservicecenterswho have
an J valuegreaterthan FLK�D . We thencalculateMON G H ILPRQ E E S , the averagenumberof time steps
that it takes for Q E E cells on the right side of the
greenbeltto be developed. The thresholdis arbi-
trary, but selectedasa reasonablenumberto allow
comparisonamongruns.This measuregivesanin-
dicationof how effectivethegreenbeltis atcontrol-
ling developmentbeyondthegreenbelt.

The ABM servesasa platform to study the inter-
play betweenheterogeneousagentsand heteroge-
neouslandscapes,and how two-dimensionalpat-
ternsof land usechangecan arisefrom agentbe-
havior. Given the right assumptions,we can ex-
plore someof the underlyingprocessesgenerating
the patternsof interestby analyticalmeans. The
next two sectionsexploretheeffectsthatgreenbelts
have on thepatternsof development,takinganalyt-
ical andagent-basedapproachesin turn.

4 A ONE DI M ENSI ONAL M ODEL OF GREEN-
BELT W I DTH

To approachthequestionof greenbeltsanalytically,
we make several simplificationsand assumptions
thatwecanrelaxlaterusingtheagent-basedmodel.
In this section, we constructa one dimensional
modelto developproofsof greenbelteffects.

Agents’preferencesaredefinedover two attributes
of the landscape:distanceto servicesand a loca-
tion’s naturalbeauty. We assumediscretelocations
thatform aonedimensionallattice,andendow each
locationwith naturalbeauty, or beauty. Thenumber
of agentsis finite. We saythat ‘x is to theleft of y’
if andonly if ‘ J:T7U ’ and‘x is to the right of y’ if
andonly if ‘ JLVWU ’. We alsomake the following
fivebasicassumptions:

A1 X agentsmustchoosewhere to locateamongY K[Z locationson the interval \ E ] Y�^ . Only one
agentmaylocateat anyparticular location.

A2 A greenbeltof width F begins at the point
D9_�` E ] Z ] a ] Q ] b b b ] Y�c . Agentscannotlocatein the
greenbelt.

A3 If thegreenbeltbeginsat D and d agentslive to
the left of D then e N d�S�P>f gh is thedistanceto ser-
vices,where if is therateat which servicesappear.
e N djS is constantfor all cellsleft of thegreenbelt.

A4 If d agentslive to the left of the greenbelt,an
agent living at a location k to the left of the green-
belt getsutility l N e SmKjn o , where l N e S is a monotone
decreasingfunctionof thedistancee to servicesand
n o is theaestheticquality of location k .
A5 Thefirstagentliving to theright of thegreenbelt
at location p�q N DOK:F�S hasa distanceto services
equalto

N p�rjD S�KLf gh .

We assumeDsVtX , so it is possible for the
greenbeltto prevent sprawl. We do not explic-
itly modelthe geographiclocationsthat the agents
chooseon the left sideof the onedimensionallat-
tice. We will explicitly considerlocationson the
right of the greenbelt.Assumethat d agentslive
to the left of the greenbelt. All agentsuse the
sameutility function, which dependson two fac-
tors:distanceto servicese N d�S andbeautyn o , where
k:_>` E ] Z ] a ] b b b ] Y�c is the agent’s location. For
tractability, we assumethat all locationsto the left
of thegreenbelthave thesamedensity. Servicesar-
rive at a rate if , meaningthat they arenot discrete
entitieslike malls.Thisdiffersfrom ourABM.
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4.1 General Results

We will saythat a greenbeltof width u beginning
at v preventssprawl for a populationof size w if
noneof the first w agentschoosesto live on the
right handsideof thegreenbelt.Further, agreenbelt
efficientlypreventssprawl if noothergreenbeltwith
a smallerv or a smalleru will alsopreventsprawl.
This implies that the wsxLy st personwould move
acrossthegreenbelt.It is straightforwardto charac-
terizethe setof greenbelts that efficiently prevent
sprawl. Begin with thefollowing assumption:

A6 Thebeautyz { equalsz for all | .
Claim 1 Given A1-A5 and A6, all agents will
chooseto live to theleft of thegreenbelt.

Proof: Theresultfollowsdirectly from theassump-
tions: An agentlocatingto the left of thegreenbelt
obtainsa utility of }�~ � ~ ��� ��x[z , while an agent
to the right of the greenbeltobtains a utility of
}�~ u�x:� ~ ��� ��x/z .
This is anobviousresult,but it is importantin that
since } decreasesin � but � decreasesin w (more
peopleimplies lessdistanceto services),} is in-
creasingin w . Therefore,all agentswill choose
to live to the left of the greenbelt. Therefore,we
needto replace��� with an assumptionthat allows
for variability in beauty.

A6’ Thebeautiesz { differ

Let �z ~ �j� v � bethe � th highestbeautyamongthose
locationsto the left of v . The location with the
value �z ~ wL� v � will be the location chosenby the
w th agent.This variableis importantin determin-
ing whetheragentscrossthegreenbelt.

To align our two models,we assume:

A7: Theutility functionis linear in distanceto ser-
vices.Thisrequiresthat }�~ � �B�L�B��� � ~ �/��� �
Define � ~ vm� u�� to be the location ���W~ vOx:u�� that
maximizesz ���6��~ �B�6v � . Thiswill bethebestloca-
tion to theright of thegreenbelt.We cannow state
thefollowing obviousresult.

Claim 2 Given A1-A7, a greenbeltat v of width
u prevents sprawl if and only if �z ~ w7� v ���
�A��~ � ~ vm� u����jv ��x/z � � � � ���
Proof: Greenbeltsthatpreventsprawl satisfy

� ��� vw x[�z ~ wL� v �B�7�A��~ ���jv�x � vw ��x:z � (3)

for all �6�7~ v�x/u�� . This is equivalentto:

� ��� vw x��z ~ w7� v �A�
�B�B~ ����v�x � vw ��x/z � � � � ��� (4)

which canberewritten

�z ~ w7� u��A�7�B�B~ � ~ v�� u�����v ��x/z � � � � ��� (5)

Giventheseassumptions,thecomparativestaticsre-
sults we seekfollow immediately. First, �z ~ wL� v �
is increasingin v . Therefore,the larger v the less
likely thatwe seesprawl. Second,for a fixed v , in-
creasingu reducesthe setof possiblechoicesfor
� ~ vm� u�� so z � � � � ��� �7��~ � ~ vm� u��O�7v � decreasesin
u . Thesetwo implicationssuggesta tradeoff be-
tweenwidth of the greenbeltand its startingpoint
for sprawl prevention.Formalizingsufficientcondi-
tionsfor thisresultis beyondthescopeof thispaper.

4.2 SpecificCases

We now turn to somespecificcasesthat we con-
siderwith ourABM. In eachof thesecases,wevary
thespatialdistributionof beauty. Thisspatialdistri-
butionwill causethedistributionof servicesto vary.
Sofar, wehadassumedthatserviceswereuniformly
spreadovertheregionto theleft of thegreenbelt.In
all of thesecases,theinitial servicecenteris located
left of thegreenbelt.

Case1: BeautyDecreasesFromLeftEdge

In thisscenario,agentswill concentrateneartheleft
edge. This implies that if �W��� that z �[ �z ¡ .
Therefore, �z ~ wL� v ���Rz � � � � ��� , which implies that
all w agentswill chooseto locatein theregionbor-
deredby thegreenbelt.Thisoccursregardlessof the
rateatwhich qualitiesdecrease.

Case2: BeautyIncreasesFromLeftEdge

In this scenario,if ���7� then z �9�7z ¡ . Thekey to
determininglocationaldecisionsis therateatwhich
qualitiesrise. Assumez �/�£¢ ¤�x�¢ ¥ � . The most
attractive locationsto the left of the greenbeltwill
beonthefarright edgeof thatregion. Therefore,we
canassumethatthe w th agentwill chooselocation
vj��w . Assumealso that the benefitfrom being
closeto services� is largerthan¢ ¥ , sothatthemost
attractive locationto theright of thegreenbeltis on
the left edgeat location ~ v9x7u�� . The inequality
�z ~ w7� v �O�W�B�B~ � ~ v�� u��B�/v ��x�z � � � � ��� thencanbe
writtenas
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¦ §B¨/¦ © ª «O¬�­L®A¯
¬A°�ª ±�®�¨/¦ §A¨/¦ © ª «�¨�±�®

(6)

This reducesto
°�±L¯:¦ © ª ­²¨/±�®

(7)

For large
­

and
¦ ©

closeto
°

in value,thegreenbelt
hasto becomeincredibly wide. This suggeststhat
sprawl will bedifficult to prevent. Interestingly, the
linearity assumptionimplies that

«
doesnot matter

so long asit exceeds
­

. This typically would not
betrueif eitherthequalitydistributionor theutility
functionwasnot linear.

5 AGENT BASED M ODEL RESULTS

We now presentresultsfor a varietyof experiments
that we ran using the ABM to test the effective-
nessof thegreenbeltin keepingtheright sideof the
world undeveloped.

The mathematicalmodel predictsthat as the pre-
serve is moved to the right andas its width is in-
creasedit takeslongerfor residentsto jumpoverthe
greenbelt.Therefore,for eachexperimentwe com-
parerunswith two differentvaluesof

«
( ³ ´ and µ ´ )

andof
±

( ¶ and ¶ · ).

5.1 Random Preferences

For our initial experimentsthepreferenceswereall
setto ´ ¸ ´ , meaningthattheagentslocatethemselves
in theworld randomly. This servesasa control for
the rest of our experiments. Using randomplace-
ment,a

«
of ³ ´ anda

±
of 1, we calculatethat it

takes ¹ º time stepsto reach» ¼ ½/¾[¹ ´ ´ . Changing«
to µ ´ gives · º time steps.Thefirst row in Table1

indicatesthat theABM resultsarewithin onestan-
darddeviationof thoseexpectations,for both

± ¾L¶
and
± ¾L¶ · .

5.2 Modifying Agent Preferences

To addmore realisticbehavior, and to incorporate
the samepreferencesconsideredin the mathemat-
ical model above, we set non-zerovaluesfor the
preferences( ¿�À Á ) and( ¿�Â Ã ). First,weset¿�Â Ã�¾�´ ¸ ·
andkept ¿�À Á6¾W´ ¸ ´ . We expectedthis to increase
the amountof time for developmentto reachthe
right sidebecauseof theinitial servicecenteronthe
left edgeand the feedbacksassociatedthe service
centerlocation. This is analogousto the situation
in Claim 1 above. Indeed,the resultsshow a sig-
nificant increasein Ä ª » ¼ ½�¾7¹ ´ ´ ® (Table1, row 2).

The effect is non-linear, with increasingdelaysac-
companying increasing

±
and
«
.

Next, we set ¿�Â Ãj¾£´ ¸ · and ¿�À Á6¾£´ ¸ · . Now the
patternof naturalbeautyvariationhasan effect on
the process.We startby assuminga uniform ran-
domdistribution of naturalbeauty. This hastheef-
fectof reducingÄ ª » ¼ ½9¾�¹ ´ ´ ® becausesomeof the
mostdesirablecellsareto theright andareselected
by residents(Table1, row 3). For all

±
and
«
, ran-

dom naturalbeautypatternsreduceÄ ª » ¼ ½:¾�¹ ´ ´ ®
by about Å · Æ comparedwith only servicecenter
preference.Further, resultsfrom theABM indicate
that increasingthe width of the areato the left of
thegreenbeltallowsoneto decreasethewidth of the
greenbeltwhile achieving thesamedelayof sprawl,
in agreementwith Claim 2, above. For instance,to
achieve Ä ª » ¼ ½7¾R¹ ´ ´ ® ¾Ç¶ È ´ , increasing

«
from

about¹ ´ to µ ´ enablesadropof
±

from ¶ · to about
¶ . In fact, if the utility function is changedto be
linear in distanceto services,andotherparameters
aremodifiedto make the ABM consistentwith the
mathematicalmodel,theresultsareaspredicted.

5.3 Patternsof Natural Beauty

To evaluatethe effects of landscapeheterogeneity
on modelbehavior, we introducefour differentpat-
ternsof beauty, leaving ¿�Â Ã9¾[´ ¸ · and ¿�À Á�¾[´ ¸ · .
The longest Ä ª » ¼ ½É¾�¹ ´ ´ ® measuredacrossall
caseswereobtainedwith a beautydecreasingfrom
the left (Table 1, row 4). This situation and re-
sult aresimilar to SpecificCase1 describedabove.
Agentstendto stayto theleft to benearservicesand
to accessthe morebeautifulsites. The increasein
Ä ª » ¼ ½9¾�¹ ´ ´ ® is about ¶ ¸ · timesthatfor thecaseof
randombeauty. For thecaseof

± ¾L¶ · and
« ¾�µ ´ ,

the increaseis slightly lower, becausewe only ran
the modelto µ ´ ¶ stepsandrunsthat did not reach
» ¼ ½�¾>¹ ´ ´ by thenwereassigneda valueof µ ´ ¶ .
Reversingthe patternof beauty(i.e., increasingto
theright) dropsÄ ª » ¼ ½j¾7¹ ´ ´ ® by one-thirdto one-
half comparedwith randombeauty(Table1, row 5).
This is comparableto SpecificCase2 above.

We introducedtwo alternative beautypatternsthat
could not be evaluated with the mathematical
model.Thefirst, calledtent,putsthehighestvalues
of beautyalong the centertwo rows of the world,
with valuesdecreasingmonotonicallyto the north
andsouth.Thesecond,calledvalley, is theinverse,
with highestvaluesalongthetop andbottomedges
anddecreasingtowardsthe center. The resultsre-
flect themorecomplex interactionsbetweenthelo-
cation of the initial servicecenter, the patternsof
beautyandthe feedbackresultingfrom creationof
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Table1: AverageTime to 300DevelopmentsBeyondPreserve,T(dbp=300)
Mean,StandardDeviation of Data(StandardDeviationof Meansis roughly ÊË thisvalue)

ÌLÍLÎ ÌLÍ7Î Ï
preferences beautydistribution Ð Í�Ñ Ò Ð Í�Ó Ò Ð Í�Ñ Ò Ð Í:Ó Ò

randompreferences uniform [0,1] 39 (1) 61 (2) 39 (1) 60 (2)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ò uniform [0,1] 113(22) 275(46) 150(25) 337(18)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ï uniform [0,1] 85 (19) 193(52) 103(29) 278(39)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ï left high 130(21) 319(25) 166(15) 343(3)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ï right high 43 (6) 70 (29) 46 (13) 98 (62)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ï tent 77 (11) 171(32) 92 (20) 221(38)Ô�Õ Ö�Í�Ò × Ï Ø Ô�Ù ÚBÍ�Ò × Ï valley 90(15) 160(37) 115(28) 218(70)

servicecenters.At Ð Í�Ñ Ò thevalley patternresults
in consistentlyhigher ÛOÜ Ý Þ ß ÍÇà Ò Ò á , thoughnot
outsidethe standarddeviationsof eithertrial, than
doesthe tentpattern(Table1, rows 6 and7). This
is becausethe locationof theseedservicecenterin
themiddleof theleft edgecoincideswith thetopof
the ridge of the beautysurface. At Ð Í£Ó Ò , how-
ever, ÛOÜ Ý Þ ß ÍWà Ò Ò á is not asdifferent. In fact the
meanwith thetentpatternisslightly higherthanthat
with thevalley pattern.This convergencemight be
explainedby thegreateramountof time,at Ð Í�Ó Ò ,
theclustersof developmenthaveto alignthemselves
with the ridgesof the naturalbeautysurfaceand,
with the help of the new servicecenters,develop
alongthetop andbottomedges.

6 DI SCUSSI ON AND CONCL USI ONS

Many of theresultspresentedhereareobviousout-
comesof the simplemodelwe have created. The
purposeof presentingthemis to (a) provideanalyt-
ical validationof thefunctioningof ouragentbased
modeland(b) form a basisfor developingmorere-
alistic modelsusingtheABM to testprocessesthat
are too complex for analyticalsolution. Although
the problemis overly simplified here,we have fo-
cusedon theeffectivenessof greenbeltsto illustrate
the value of thesemodeling frameworks evaluat-
ing policiestoo minimizetheecologicalimpactsof
land usechange. The ABM givescomparablere-
sults about the effectivenessof the greenbeltsfor
preventingsprawl asdoesthemathematicalmodel,
when the conditionsare held constant. But the
ABM canbe extendedto includetwo-dimensions,
agentswith heterogeneouspreferences,andreal or
designedpatternsof landscapeproperties.Thusthe
modelpresented,andotherslike it, will serve asa
foundationfor our futurework.
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