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Abstract

Thepaperconcernghesocio-spatiatlynamicsof imitation within acomputationaimodelof landuseselection
andchange Specifically it reportsinvestigationf the succes®f imitationin relationto alternatve waysof
choosinga courseof action,in the contet of differentdegreesandkinds of spatio-temporaheterogeneity
Simulationexperimentawvith the modelarethe mainmethodemployed,but analyticalwork is alsoreported.

1 Introduction

This paperis aboutthe spatialdynamicsof imitation in
(relatively) simple models of complex socio-economic
systems: specifically spatially explicit agent-basedo-
cial simulationsof land usechange.Thework described
forms part of the FEARLUS (Frameavork for Evaluation
andAssessmentf RegionalLandUseScenariosproject.
FEARLUS is aimedat increasingunderstandingf the
processesinderlyingrural land usechange patrticularly
at the regional scaleand in the mediumto long term.
FEARLUS ‘agents’areland managersywho choosdand
uses,and may copy their neighbours’choices. (Some
might prefertheterm‘sociallearning’for thephenomena
we discuss— copying others’high-level decisionsrather
thanspecificphysicalactions— but ‘imitation’ is usedin
this way within fieldsincluding socialpsychology game
theory andagriculturaleconomics.)

Thosemakingdecisionnlandusemaybeinfluenced
in variouswaysby their neighbourgandwider socialin-
fluences): the most obvious include imitation basedon
the successf innovative land usesor techniques(and
corversely avoidanceof innovationsseento fail). Imita-
tion is oneway to economise@n computationafesources,
and/orcompensatdor an absencef knowledge,andis
known to be onemethodland managersisein choosing
whatto do (PompandBurger, 1995). Our work hasfo-
cusedon thedynamicsof differentstratgiesfor landuse
selection,mary of theminvolving imitation, in erviron-
mentsdemandinglifferentlevelsof performancén order
to remainsolvent,andwith differentdegreesandkinds of
spatialandtemporalheterogeneity

Thereis anextensieliteratureon formal modelsof the
spatialdynamicsof imitation in gamessuchasthe ‘Pris-
oner’s Dilemma’, where neighbours’choicesdetermine
anagents payofs from their own (Gottsetal., 2003). In
land use decision-makingwhile neighboursmay affect

eachothers’payofs, thelocal suitability of theland,and
the (generallychangeableglimatic andeconomiccondi-
tionsareof comparabler greateiimportance.

Most empirical studiesof imitation in rural land use
changeconcernthe adoptionof exogenouslyproduced
technicalinnovations, and, frequently the ‘barriers’ to
their adoption(Abadi Ghadimand Pannell, 1999). As
Cramb et al. (1999) note, this approachtendsto as-
sumeadoptionto be the correctchoice; however, resis-
tancemay be basedon good grounds,including ‘objec-
tive differencesn soil and farming conditions’ (p.420).
Agent-basedstudiesof the adoptionof agriculturalin-
novationsinclude Weishuch and Boudjema(1999) and
Berger (2001). Both thesestudiesfocuson the speedand
completenessf innovation-adoptiorprocesseshow fast
and thoroughlytechniquesew to a region will diffuse
throughit. By contrast,work with FEARLUS hascon-
centratedon the relative succesf land managerswith
differentapproache$o choosingamonga setof existing
land uses,in fluctating economicor climatic conditions
(meaningfor example thatshifting from oneland useto
anotherandbackseveraltimescouldbethebestcourseof
action). This kind of ‘fluctuationtracking’ amonga spa-
tially distributed populationcapableof imitating neigh-
bourshasnot previously beenmodelled,to our knowl-
edge.

2 Methods

The primary approachaken in the FEARLUS projectis
computersimulation,but someanalyticalwork is alsore-
ported here: simulation and analysiscan eachprovide
both problemsand actual or possiblesolutionsto the
other Our approachto simulation makes considerable
useof multi-run simulationexperiments with statistical
testing of predictionsconcerningthe outcomes. Simu-
lations may quite legitimately be usedsimply to show



that a model systemcan demonstratea particular form
of behaiour. If the modelhasary stochasticelements,
however (includingthe selectionof initial parametersis
mostsocialsimulationmodelsdo, it is desirableo go be-
yondthis by usingexperimentabindstatisticaltechniques
to discover how it usuallybehaes. Moreover, the abil-
ity to compake thebehaiour of a simulationmodelunder
differentparametesettingss centralto understandings
behaiour, and this demandshe ability to test whether
apparentlifferencesrereal.

A FEARLUS model consistsof a setof Land Man-
agerst, andtheir Environment which includesa grid of
squard_andParcels andasetof possibld_andUses Ev-
ery Year, LandManagerselectaLandUsefor eachLand
Parcelthey own. The parameter®f a FEARLUS model
also specify how to determinethe External Conditions
Theserepresenti combinationof economicandclimatic
factors. They are encodedas a bitstring, the length of
whichis amodelparameterThe ExternalConditionscan
vary from Yearto Yearbut apply acrossthe whole grid.
Generallytheinitial bitstringis determinedandomly and
eachsubsequenbitstring is producedfrom its predeces-
sor by applying a predetermined-lip Probability (f) to
eachbit independentlyif f = 0 theinitial bitstringwill
be retainedthroughout;if f = % eachYears bitstring
is independenof its predecessorandthe ExternalCon-
ditions aretemporallyuncorrelated.If 0 < f < % the
External Conditionschange,but have positive temporal
auto-correlationln theEnvironmentswith temporakuto-
correlationusedhere,f = %

EachLand Parcelhasa setof BiophysicalCharacter
istics encodedasa bitstringandfixedfor the durationof
a simulationrun (again,the lengthof thesebitstringsis a
modelparameterit is thesamefor all LandParcels).The
BiophysicalCharacteristicef LandParcelsmaybeeither
‘clumped’ (spatiallyauto-correlateddr ‘unclumped’. In
either case,eachbit is initially setto 0 or 1 with equal
probability andindependentlyfor every Land Parcel. In
the ‘clumping’ processcarriedout on eachbit-position
in turnduringinitialisation,adjacent.and Parcelsarese-
lectedat randomto swap non-matchingoit-values for as
long asthereis a swapwhich will increasehe numberof
neighbourind_andParcelspairsthathave thesamevalue.

Therearealsotwo numericalparametersvhich do not
vary over spaceor time: a BreakEvenThreshold(BET),
specifyinghow much Yield (economicreturn) must be
gainedfrom a Land Parcelto breakeven, andthe Land
Parcel Price (LPP).In all experimentdiscussedhere the
LandParcelsarearrangedn a7 x 7 chequerboarthttice,
with oppositesidesjoinedto produceatoroidaltopology;
the BET is 8 and, exceptwhereotherwisespecified,the
LPPis 16.

The Environmentsusedin experimentsreportedhere

1Sometermsusedto referto elementsof FEARLUS modelscould
alsoreferto real-world entities. In the namesof FEARLUS modelel-
ements,eachword begins with an uppercaseletter (e.g, ‘Land Man-
ager’). Eachsuchtermis italicisedwhenfirst used.

will generallybe describedisingthefollowing syntax:
P<p>[c|u]-E< e>[c|u]

wherep is replacedby the numberof bits in the Land
Parcel Characteristicditstrings, the first ‘c’ or ‘u’ indi-
cateswhethertheseCharacteristicare clumpedor un-
clumped,e is replacedby the numberof bits in the Ex-
ternalConditionsbitstrings,andthe secondc’ or ‘U’ in-
dicateswhetherthesearecorrelatedor uncorrelatedrom
Yearto Year Thus‘P12u-E4c’indicates12 unclumped
Land Parcel Characteristidits and4 correlatedExternal
Conditionsbits. Thesecharacteristicef an Environment
aresometimeseferredto asits Spatio-Empoal Heteo-
geneityType (STHT). Whenan Environmenthasan LPP
other than 16, this will be indicatedby adding a suf-
fix: ‘PO-E16u-LPP2000indicatesan ernvironmentwith
no LandParcelCharacteristibits, 16 uncorrelatedExter
nal Conditionsbits,andan LPP of 2000.

A FEARLUS simulationrun repeatghe following an-
nualcycle:

1. Selectiorof LandUses TheLandUsefor eachLand
Parcelis selectedy its LandManageyusingthelat-
ter's Land UseSelectiorAlgorithm

2. Calculationof ExternalConditions

3. Calculationof Yields. Yield from a Land Parcelis
determinedby matchingthe concatenatetitstrings
for the Parcel’s BiophysicalCharacteristicand Ex-
ternal Conditions,againstone representingequire-
mentsof the currentLand Use, and counting the
matchingbits.

4. Harvest The Accountof eachLand Manageris ad-
justed. For eachLand Parcel owned, the Yield for
thatParcelis addedandthe BET subtracted.

5. Selectiorof Land Parcelsfor salg andretirementof
insolventLand Managers. A Land Managernwhose
Account is in deficit sells their worst-performing
Parcelsto clearthe deficit. Land Managersunable
to do sowhile retainingatleastoneParcel,leave the
simulation.

6. Saleof LandParcels Theselected_and Parcelsare
sold eitherto a neighbouring_and Managey or to a
new Land Managetenteringthe simulation.

Most of the experimentsdiscussechere consistedof
anumberof simulationruns, pitting two Subpopulations
againsteachother Land Managersare equallylikely to
belongto either Subpopulation;all membersof a Sub-
populationusethe sameSelectionAlgorithm. At the start
of eachrun, eachof the 49 Land Parcelsis assignedo
a differentLand Manager After 200 Years, Subpopu-
lation successs assessetly countingthe Land Parcels
assignedo membersof each. In additionto these'type
1’ experimentsa few ‘type 2’ experimentsarereported.
Thesecomparethe performanceof two SelectionAlgo-
rithms againsta third ‘comparisonAlgorithm’ in a given



type of Environment,usinga pairedreplicatesapproach.
TheEnvironmentdor thetwo membersf amatchedair

of runshave thesamelLand Uses Land ParcelCharacter

istics, and ExternalConditions. The sign testis usedto

determinewhetherone of the two SelectionAlgorithms

being comparedperformssignificantly betteragainstthe

comparisoralgorithmthanthe othet

In earlierexperimentgPolhill etal.,2001),we matched
SelectionAlgorithms involving the imitation of neigh-
bours againstSelectionAlgorithms of other kinds, and
eachother We foundthatcompetitive advantagebetween
pairs of stratgiescandependon the type and extent of
spatio-temporaheterogeneitypresentandthat competi-
tive superioritybetweerstratgiesis notalwaystransitve
evenwithin a singletype of Environment.Here,we vary
themodelEnvironmentamoreextensiely andsystemati-
cally, andusea non-imitative Algorithm morecloselyre-
lated to its imitative rivals thanarny we usedpreviously.
This allows more accurateassessmertdf whenimitation
is useful.

Thesimplestwayto choosealandusefor alandparcel
from a setof alternatvesis to maintainthe currentone.
The mainLand Use SelectionAlgorithms discussedhere
usean Aspiration Threshold(Simon, 1955). The Land
Managerlooks at whetherthe Yield a Land Parcel pro-
ducedin the precedingyearequalledor exceededhe As-
piration Thresholdandif so, stickswith the samelLand
Use for that Land Parcel. Otherwise,someother pro-
cedureis usedto selectthe Land Use. In the Selection
Algorithms we focuson here,this alwaysinvolveseither
RandomExperimentatior(a randomchoice betweenthe
possibleLand Uses,all having equallik elihood of being
selected)or Yield-weightedmitation.

To apply Yield-weightedimitation to a Land Parcel,a
Land Managerconstructsan Imitation List of all Parcels
it owns, plus thoseowned by neighbours. It thensums
the Yield producedby eachLand Useacrossall the Imi-
tation List Parcelsit wasusedon in the mostrecentYear,
and makes a random choice amongthose Land Uses,
weightedby the Yield totals. This is one of a rangeof
alternatve waysto implementimitation of neighboursin
ourexperimentssofar, it is atleastasusefulto LandMan-
agers,acrossa wide rangeof FEARLUS Environments,
asary comparablysimpleapproactried.

Threefamilies of Aspiration ThresholdSelectionAl-
gorithmswere used. Membersof a family differ only in
thelevel of their AspirationThreshold:

HR: Land Manageremploying a Habit/RandonSelec-
tion AlgorithmalwaysuseRandomExperimentation
if their AspirationThresholds not met.

HYI: Those emplgying a Habit/Meld-weighted-
Imitation Selection Algorithm always use Yield-
weightedImitation if their Aspiration Thresholdis
notmet.

HRYI: Those emplgying a Habit/Random/iéld-
weighted-Imitation Selection Algorithm choose

stochastically whether to use Random Experi-
mentation(with probability %) or Yield-weighted
Imitation (probability % if their Aspiration
Thresholds not met?

Experimentsave beencarriedout on the optimumvalue
for the Aspiration Threshold(Gottset al., 2002). Over a
wide rangeof Environments,Thresholdsaroundthelevel
of the BET do best,anda Thresholdof 8 is usedin all
casediere.

3 Reaults

3.1 Imitation Vs Random Choice

We rantype 1, 120-runexperimentspitting eachof HR,

HYI andHRYI againstthe othersacrossa setof 23 En-
vironments all with BET 8 andLPP 16. All had16 bits
in the Land Use requirementditstring, but differing in

how thesebits were divided betweenBiophysicalChar

acteristicaandExternalConditionswhetherthe Biophys-
ical Characteristicef Parcelswereclumped andwhether
ExternalConditionsweretemporallyauto-correlated.

Resultsare given in table 1. Here, andin table 2,
columnsare headeddy the namesof the two competing
SelectionAlgorithms, while rows correspondo Environ-
menttypes.Thenumberof ‘wins’ for thetwo Algorithms
in varioustypesof Ervironmentaregivenin the cells of
thecolumn(‘wins’ for anAlgorithm arerunsin whichthe
Subpopulatiomusingit endedupwith moreLandParcels).
If oneof the Algorithms waspredictedto do betterthan
the other (on the basisof exploratory experiments),the
figure recordingits wins is italicised. Figuressufficient
to confirm sucha predictionat significanceevels of .01,
.0010r .0001(onetailed)aregivenone,two or threeas-
terisksrespectiely, whetheror not sucha predictionwas
actuallymade.

Table1 resultscanbe summarisedsfollows. In con-
testsbetweenHY! andHR, HR generallywon in ervi-
ronmentswith both unclumpedspatialvariation and ei-
theruncorrelatedor very little, temporalvariation. HY!
tendedo win in Environmentswith clumpedspatialvari-
ation, or noneat all, especiallyif they also had corre-
latedtemporalvariation. The differencesbetweenEnvi-
ronmentsare quite comprehensibleimitation shouldbe
morefavouredwhennearbyParcelsaremoresimilar, and
whenthereis changewhich canbetradked (next Yearis
likely to be similar to this Year). Resultsin contestde-
tweenHRYI and HR were almostthe sameasfor HYI
againstHR. As betweenHYI| andHRYI, resultssuggest
HRYI hasaslightadvantagen someEnvironmentsfirst,
thosewith unclumpedspatial variation and a lot of un-
correlatedtemporalvariation (HR outperformsHY| and

2Theprecisevalueof 11—6 isarbitrary but thatit is smallis not. Earlier
work (Polhill etal., 2001)suggestedhata smalladmixtureof Random
Experimentatiorcould malke a big differenceto HYI in somecircum-
stances.



Tablel: Typel experimentsdirectcontestbetweerHR,
HRYI andHYI Subpopulations

[STHT [ HR/HRYI | HR/HYI [HRYIHYI |
[PO-E16c[[29 91°*[36 84 [69 51 |
PIc-EISJ45  75° [49 71 [64 56
PIcE1Sd41 79 |44 76" |78" 42
PIu-E15U 7* 46 |87 39 |70 50
PIu-E15d43 77 [50 70 |56 64
P2c-E14J51 69 [49 71 [55 65
P2c-E14d35  85°*[28 927" |63 57
P2u-E14J 8 36 |85~ 35 |72 47
P2u-E14d35 85|50 70 |62 58
P4c-E12[36 84~ [45 75" [68 52
P4c-E12d40  80™ [44 76 |61 59
P4u-E12J 86 34 |79 41 |72 48
P4u-E12d51 69 |56 64 |64 56
P8c-E8uU[49 71 |41 79 [58 62
P8c-ESc [34 86|46 74" |60 60
P8u-EBU | 77° 43 [76° 44 |58 62
P8U-ESc |54 66 |63 57 |58 62
P12c-E4J50 70 [41 79 |51 69
P12c-E4d54 66 |60 60 |64 56
PI2u-E4J 70 50 [80** 40 |71 49
P12u-E4d[73 47 |78~ 42 |68 52
P16c-EO[66 54 [59 61 [65 55
PI6U-E0|[70 50 |70 50 |64 56

HRY1 in suchEnvironmentssuggestinghatRandomEx-
perimentationis superiorto Yield-weightedimitation in
suchcases)andsecondthosewith very little or no spa-
tial variationanda lot of auto-correlatedemporalvari-
ation (PO-El6candP1lc-E15cwhereHRYI alsooutper
forms HR). A pair of 240-runrepeatexperimentswere
performedin theseEnvironments,with HRY| predicted
to win: HRYIl wonin 147 runsin PO-E16¢(significantat
the.001level),and131runsin P1c-E15dnotsignificant,
but in the expecteddirection).

HRYI probablyoutperformsHYI in the secondsetof
Environmentsbecausegpopulationscomposedwvholly of
HYI Land Managerstend to becomelocked in to a re-
strictedsetof Land Uses. Sincean HY| Land Manager
never adoptsa Land Usenotin useon ary of the Parcels
on the Imitation List, an Environmentoccupiedonly by
such Land Managerstendsto lose Land Uses. If HYI
Land Managersgain control of all Land Parcelsandthis
occursasubsequerthangen ExternalConditionscould
leadto mostor all of them becomingbankruptwithin a
shorttime, underminingtheir dominance;in the analo-
goussituation,a groupof HRY| Land Managerswvould,
dueto their occasionaliseof RandomExperimentation,
be able to track the changingExternal Conditionsand
maintaintheir dominance.

Type 2 experimentswere usedto comparethe perfor
manceof HR, HYI, andHRYI| againstvariousSelection
Algorithms involving neither imitation nor Aspiration
Thresholds,but relying on Innate Knowledg of which
Land Usesdo bestin variouscircumstances.Each ex-
perimentpittedtwo of thethreeagainstaninnateKnowl-
edgeSelectionAlgorithm in 120 pairsof corresponding
Environments.Themostinterestingresultsarosen Envi-
ronmentsP0-E16cand P1c-E15c,againstthe Optimum-
matd DeterministicSelectionAlgorithm (OD). This se-
lectsaLandUsefrom amongthosewith anoptimalmatch
to the LandParcel’s BiophysicalCharacteristichitstring.
However, the Land Usesavailablein any modelrun are
numberedand OD always selectsthe lowest-numbered
membeif this subsetAll LandManagersisingOD thus
sharethe samepreferenceorder Resultsfor the OD ex-
perimentsaregivenin table2: this recordshe numberof
pairsof runsin which eachof the competingAlgorithms
did betteragainsOD. HR andHRY bothdid muchbetter
thanHYI againstOD in PO-E16candconsiderablybetter
in P1c-E15cNeitherHR norHRY| hadaclearadwantage
againstthe otherin thesecases. This patternof differ-
encescanpresumablybe attributedto the permanentoss
of Land Usesfrom the Environmentin OD/HY1 contests.
Imitating OD appeardgo be positively harmful, at least
in P1c-E15cto judgeby the contrastbetweerthe direct
contesbetweerHR andHY| (whichthelatterwins),and
the performanceof eachof thesetwo againstOD (where
HR doesconsiderabhbetter).

Table2: Type 2 experiments:HR, HRYI, andHY| per
formanceagainstOD compared

STHT HR/HRYI HR/HYI HRYI/HYI
PO-El6c || 27 14 | 102** 7 | 94** 13
Plc-El5c| 51 55 | 76** 39 | 74* 41

In its performanceagainstOD, HRY! thusresembles
HR morethanit doesHY], in contrasto whatwasfound
in directcontestdetweerthethreein mostEnvironments
examined.Giventhis comple picture,it is worth asking
whatanalyticalapproachesantell us.

Giventheway Yieldsarecalculatedgverycombination
of aLandParcelc andaLandUsew givesriseto arange
of possibleYields. Thelowestelemenbf thisrangeof in-
tegersis Yy(.,.), thenumberof matchesetweertheLand
Parcel’s BiophysicalCharacteristicbitstringandthe cor-
respondingpits of the Land Use requirementditstring;
the highestis Y, (c.uy = Yi(c,u) + € (e is the lengthof
the ExternalConditionsbitstring). Whenall Land Man-
agershave an AspirationThresholdequalto the BET (as
in thetable 1 experiments) Land Parcel-LandUse pairs
canbeclassifiedinto threequalitatve kinds: thosewhere
Yi(c,uy @Nd Yy, ¢y areboth belov the BET (call these
‘BB’ pairs), thosewhere Yy ., is belov the BET but
Yon(c,w) IS ator above it (‘BA’ pairs), and thosewhere



both areabove (‘AA’ pairs). Thisin turn givesriseto a

gualitative classificationof Land Parcelsthemseles,ac-

cordingto whetheror not thereare Land Useswith each
of thesethreerelationshipswith the Parcel. For eachof

thesevenresultingtypes,we cansayasignificantamount
aboutwhatwill happerto Parcelsof thattype,if we adopt
thesimplificationthatLandManagergannotown Estates
of morethanoneParcel,sothatalandsaleis alwaysto a

new LandManager:

1. BB. TheLandUsewill bereselectedandownership
will changegvery Yeat

2. BA. The Land Use will be reselectedrepeatedly
(whenever Yield falls below the BET) but not ev-
ery Year (Strictly, the probability that at leastn
reselectionswill have occurred,for ary n, will ap-
proachl with time.) Whetherthis holdsfor owner
ship changegdependsn detailsof the Land Uses’
Yields, whetherExternalConditionsaretemporally
auto-correlatedandthe probabilitiesthatnewv Land
Managerswill belongto eachof the three types.
There are three qualitatively distinct possibilities:
the expectedifespan(time to bankruptg) of aLand
Managemay befinite, this lifespanmay beinfinite,
but with the probability of replacemenépproaching
1, or the probability of bankrupty may approacha
limit < 1.

3. AA. TheLand Usewill never bereselectedpwner
shipwill neverchange.

4. BB-BA. As for BA Parcels.

5. BB-AA. TheLandUsewill bereselectechindown-
ership changedevery Year until an AA Land Use
is found. Thereafter Land Usewill never berese-
lected,norwill ownershipchange.

6. BA-AA. TheLandUsewill bereselectedepeatedly
(whenever the Yield falls below the BET) but not
every Yeat until an AA Land Useis found. Owner
shipchangesnayor maynotoccurbeforethis point.
Thereafter Land Use will never be reselectednor
will ownershipchange.

7. BB-BA-AA. As for BA-AA Parcels.

Relating this classificationto the Spatio-EmporalHet-
erogeneityTypesof the experimentalEnvironments,the
PO..,P1..,P2..andP4.. Ervironmentsmustall consisten-
tirely of type BA Land Parcels,sincethe rangeof Yields
of ary Land Usewill include Yields both abore andbe-
low the BET. For the P8.. Environmentstherecanbe no
BB Land Parcel-LandUse pairs(if all the ExternalCon-
ditions bits arematchedthe Yield mustatleastequalthe
BET), so all Parcelsmustbelongto typesBA, AA, or
BA-AA. P12..EnvironmentscancontainLand Parcelsof
all seventypes. Finally, for the P16.. Ervironments all
Parcelsmustbe of typesBB, BB-AA, or AA.

In an Environment consisting wholly of BB, BA
and BB-BA Parcels(call these'Low-Yield’), a Popula-
tion consistingentirely of HR and/orHRY| Land Man-
agerswould result in qualitatvely different long-term
behaiour from a populationconsistingentirely of HYI
Land Managers.In the former case the probability that
every Land Parcelhasbeenassignedevery Land Use at
leastn timeswill approachl with time. In a Population
of HYI Land Managers however, the probability of all
Parcelsbeingassignedhe samelLand Use, and keeping
that Land Use thereafter will approachl. Relateddif-
ferencewwill occurin someEnvironmentsconsistingof a
mixture of Low-Yield with ‘High-Yield' Parcels(types
AA, BA-AA, BB-AA and BB-BA-AA): whateer the
PopulationgachHigh-Yield Parcelwill (with probability
approachindl) settlein oneof the Land Usesguarantee-
ing at leastthe BET. The Low-Yield Parcelswill adopt
every Land Userepeatedlyif the Populationconsistsof
HR and/orHRY| Land Managersin a Populationof HY!
Managershowever, the probability that only thoseLand
Usespermanenthassignedo aHigh-Yield Parcelremain
in usewill approachl. Thedifferencegescribedn this
paragraphasthey dependonly on the relationshipbe-
tweenYield and Land Managers’Aspiration Threshold,
hold even if multi-Parcel Estatesare permitted,and are
alsoindependentf the BET.

Takentogetherthesimulationandanalyticalresultsde-
scribedabove indicatethat HR, HRYl and HYI are all
qualitatively distinctin their behaviour: thereis notagra-
dationin behaiour from alwaysimitating whenreselect-
ing a Land Use, through sometimesdoing so, to never
doing so. No circumstance$ave beenfound in which
HYI is clearly superiorto HRYI — althoughone such
circumstancelid appearin the work reportedin Polhill
etal. (2001): whenmatchedagainst Subpopulatiomvith
amoresophisticatedandcomputationallyexpensve) ap-
proachto the choice of an imitation target (‘Intelligent
Imitation’, or Il), which alsolackedary randomelement.
In this case the loss of Land Usesover time ‘flattened’
the differencesbetweenthe more and lesssophisticated
approacheto imitation.

3.2 Diversity When All Yields Are Equal

One Environmenttype usedin exploratory experiments,
P0-E16u,wasincludedas a checkthat spuriousresults
were not being generated.lt is spatially homogeneous,
since Parcelshave no Biophysical Properties;External
ConditionsarevariableandtemporallyuncorrelatedAny
LandUse(henceary SelectionAlgorithm) givesthesame
expectedYield, and the sameexpecteddistribution of
Yieldsoveraperiodof Yearspnary Parcel.However, ex-
ploratoryexperimentssuggestedhat someSelectionAl-
gorithmssystematicallyoutperformedthers.RS,a ‘Se-
lection Algorithm’ thatalwaysusesRandomExperimen-
tation, did particularly well. Further experimentssug-
gestedthat it was the diversity of choicesacrossLand



Parcelswithin a Year, ratherthan changein Land Uses
from Yearto Year thatgave riseto this success.

To investigatethis phenomenonsystematically we
chose four Selection Algorithms: RS, HR, HRYI
andLast-years-optimum-mate DeterministicAlgorithm
(LD). This Algorithm useslast Years bit-valuesof the
External Conditions bitstring, along with those of the
Land Parcels bitstring, to calculatewhatthe Yield from
eachLand Usewould have beenin that Year The Land
Usesavailablein arunarenumberedandLD selectghe
lowest-numberec&mongthosewhich would have max-
imised Yield. In ary spatially homogeneougnviron-
ment, all Land Managersusing it will thus selectthe
sameLand Use for all their Parcelsin ary given Year,
althoughin PO-E16uthis choicewill typically vary from
Yearto Year Astheeffectunderstudyappeareaveak,we
matchedeachof thefour SelectionAlgorithmsagainsthe
otherthreein 480-runtype 1 experiments.As predicted,
RSbeatHR, boththesebeatHRY|, andall threeof these
beatLD.

We hypothesizedhattheland saleprocessncludedin
the model might underliethe phenomenon.Settingthe
LPPsohigh (at2,000)thatno Land Managercanever af-
ford to buy up aneighbours Land Parcel(thusary Parcel
sold goesto a new Manager)abolishedhe effect; setting
the LPPto zeroenhancedt. This confirmsthatit does
dependnthelandsalemechanismbut how is it caused?
Thereareatleasttwo possibilities.First,onceLandMan-
agerggaincontrolof multi-ParcelEstatesperhapgreater
diversity of Land Usesreducedhe likelihoodof anindi-
vidual endingup with a negative Account,andthuslos-
ing Parcels. Second,Subpopulationsn which different
Land Managerdavour differentLand Usesmay be better
ableto maintaina dominantpositionin a Populationonce
achiezed. Whena Populations dominatedby oneof two
competingSubpopulationsif a small proportionhave to
sell ParcelseachYear mostof thesewill be acquiredby
theirneighboursaandthedominancesf thatSubpopulation
will persist.If noManagersieedo sellin mostYears but
a large proportiondo so occasionallythe Subpopulation
may loseits dominancevhenthatoccurs.

Both of thesemechanismsanbe shavn analyticallyto
operatein simple FEARLUS modelsinvolving just two
Parcels,and a SelectionAlgorithm devised for the pur-
pose,the Fickle SpecialistSelectionAlgorithm (FS). A
Fickle SpecialistLand Managerchoosesa Land Use at
randomeachYear, andappliesit on all the Land Parcels
they own. Henceon an Estateconsistingof a singleLand
Parcel,FSis equivalentto RS.

Considera PO-E1uEnvironment(whichis spatiallyho-
mogeneousvith uncorrelatedemporalvariation,like PO-
E16u),with a BET of £, justtwo Land Parcels,andtwo
LandUses.LandUsel produces Yield of 1 if theExter
nal Conditionbit hasvaluel anda Yield of O otherwise,
while thesevaluesarereversedfor LandUse0. TheLPP
neednotbespecified— ary finite andnon-neyativevalue
will do. Asin theexperimentakimulationsassumehere

aretwo Subpopulationsequally likely to provide Land
Managersboth initially and as replacements.If one of
theseSubpopulationsisesRSandtheotherFS, therewill
in the long run be more Yearswhen both Land Parcels
are managediy RS-userghanwhen both are managed
by usersof FS.

Solong asthetwo LandParcelshave differentowners,
thedynamicswill bethe samewhetherbothuseRS,both
useFS, or oneuseseach. If both Parcelshave the same
owner, however, mattersaredifferent. This canonly oc-
cur asa resultof the owner of one Parcelbuying up the
otherwhenits LandManageigoesbhankrupt. Assumethat
atthatpointit hasanamountn in its Account.We canas-
sumewithout lossof generalitythatn is aninteger, since
if it hasa fractionalpart, this will make no differenceto
subsequengvents.

If the Land ManagerusesFS, choosinga Land Use
at randomeachYearto apply to both Land Parcels, it
will eithergainor lose 1 every Year Randomwalk the-
ory (Grimmettand Stirzaler, 1992) shows thatthe Land
Managers Accountis certainto gointo deficiteventually
(forcing the saleof both Parcelsandreturningthe system
to its startingstate) but thatthe meantime for it to do so
is infinite.

Figurel shaws partof the statediagramof the system
describedincluding(atthetop) thefirst few of theinfinite
setof statesin which both Parcelsare ownedby a single
FSLandManagerand(in themiddlerow) thefour states
outsidethis setbut adjacentto FS-0, the statein which
the FS Land ManagethasanemptyAccount. (Transition
into oneof thesestatescorresponds$o bankrupty for the
FSLandManagerandthe consequentecruitmentof two
new Managersthey arenot endpointsandthe existence
of transitionsfrom them,andothertransitionsinto them,
is indicatedby the dashedhrraws.) Taking, say the state
labelledFS-3asa startingpoint, considethow the proba-
bility of the statehaving enteredoneof the four statesn
the middle changesvertime. For thefirst threeYearsit
is 0, afterfour Yearst is % andthereafteit increasesv-
erytwo Years,approaching. overtime. In generalfrom
stateFS+, theprobabilitywill riseabove0Qin Yearn +1,
thenincreasdn Yearsn + 3,n+5,n+7....

Now considerthe lower part of figure 1, which showvs
the correspondingpart of the systemin which both
Parcelsareownedby a singleRSLand Manager

e SinceRS hasa% chanceof choosingdifferentLand
Usesfor thetwo Parcelswith aconsequentetYield
from thetwo of 0, thereis a% chancehatif thesys-
temis in stateRS+, it will follow the‘loop’ transi-
tion andremainthere.

e Considerall the pathswhich startat FS-nand end
with the first visit to the middle row. Therearean
infinite number but eachhasa non-zeroprobability
of occurring. We can calculatethe probability that
the systemwill have completedsucha pathafterno
morethany Years,for ary y. (Thiswill exceedO if
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Figurel: Statesandstate-transitionsf an FS/RScontest
in a two-cell FEARLUS Environmentwith multi-Parcel
Estates.

andonly if y > n. Randomwalk theoryshows that
the probabilitiestendto 1 asy tendsto infinity.)

e To eachof thesepaths,there correspondsan infi-
nite setof pathsstartingat RS-nandendingwith the
first visit to the middle row. Eachmemberof this
setincludesthe samesequenc®f non-loopstepsas
the correspondingathfrom FS-n;they differ in the
numberof loop transitionswhich occurat the start,
and/orbetweerthe otherstepsof the sequence.

e The probability thatthe systems pathto the middle
row from RS-nwill lie within any oneof theseinfi-
nite setsis equalto the probability thatit would fol-
low the correspondingpathfrom FS-nto the middle
row.

e However, only one memberof suchan infinite set
takes the sametime to reachthe middle row as
the correspondingpath from FS-n; all the resttake
longer, andfor ary specifiedamountof extra time,
all but a finite numbertake more thanthat amount
extra.

¢ If we considerall the pathsfrom FS-nthatreachthe
middlerow in y or fewerYearspnly pathsamongthe
correspondingnfinite setsfrom RS-ncouldpossibly
dothesameandfor eachof the pathsfrom FS-n,all
but afinite numberfail to do so.

e Thusfor ary y > n, the probability of the system
reachingthe middlerow in y or fewer Yearsis less
from RS-nthanfrom FS-n.

If land salesto existing Managerswere disalloved, RS
and FS would be functionally equivalent, so this would
notbethecase.

Figure2 illustratesthe dynamicsof a contestbetween
FSandLD Subpopulationsn a similar FEARLUS En-
vironment, differing in thatthe BET is 1 (which makes
the statediagramfinite) andthe LPP 0. Landis free (or
worthless)onceabandonedby its formerowner, andary
Land Managercanremainin businessonly by choosing

theright Land Useon the Parcelor Parcelsownedevery

Year Again, ary SelectionAlgorithm will give thesame
expectedYield on eitherLandParcel: §. In this Environ-

ment,FSwill hold Land ParcelsmoreoftenthanLD.

The six heavily outlined boxesrepresenthe possible
statesof the systemjust before Land Usesare selected
— distinguishedonly by whetherthe two Land Parcels
belongto the samelLand Manager(a line betweenthe
Parcelsshaws they are owned by different Managers),
andthe Subpopulatiorto which eachManagerbelongs.
The remainingboxes representhe possibletransitional
stateof the systemimmediatelybeforeany Land Parcels
withouta solventManager(shovn asempty)areassigned
one. Thesystembeginsin the centralbox. LD Managers
will alwayschoosethe samelLand Use— sayLand Use
0. FSLand Managerswill assignLand UseO or 1 with
equal probability to the Parcel or Parcelsthey manage,
eachYear(andif two eachown a Parcel,they areequally
likely to choosethe sameLand Use, or differentones).
Thelabelledarrons shaw transitionprobabilitiesbetween
states.The probability of the systembeingin eachof the
six statesrepresentedby heavily outlinedboxesin Year
n canbe calculatedn termsof the probabilitiesfor Year
n — 1. Sincethis producesa systemof linear equations,
theprobability of thesystembeingin eachstatewill con-
verge toward a fixed value with increasingtime. These
valuesareshavn in bold italics, besidethe six statesThe
systemwill in thelong run spenda smallerproportionof
Yearswith both Land Parcelsownedby LD Land Man-
agers(S + & = 755), thanit will spendwith bothowned

by FSLandManager{ & + 25 = /7).
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Figure2: Statesandstate-transitionsf anLD/FS contest
in a two-cell FEARLUS Environmentwith multi-Parcel
Estates.

Figure3 shavs the dynamicsof the samesystemwith-
out multi-ParcelEstates.FSandLD arenot functionally
equivalent— if both cellsareownedby LD Land Man-
agersthey always make the samechoice,while two FS
Managersdo so only half the time — but it turns out
thatthesystenspendsqualamountof timein thesetwo
states.

Theprecedingnalysispringingoutthepossibilitythat
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Figure 3: Statesand state-transition®f an LD/FS con-
testin atwo-cell FEARLUS Environmentwithout multi-
ParcelEstates.

eitherLand Usediversitywithin the Estatesf individual
Land Managers,or diversity betweenEstates,could be
responsibldor the simulationresults promptedmoreex-
perimentstestingFSagainstbothLD andRSin PO-E16u
Environments,with eachof the three LPP settingsused
earlier Resultssuggestedhatbothfactorsareoperating.

4 Conclusions

Thework describedheresuggestshatimitation of neigh-
bours,evenif weightedtoward land usesthat have been
successfuin theneighbourhoodwill notinvariablyprove
superiorto randomchoiceamongall possiblealternatves
asan approachto land useselection. Rather its appro-
priatenesslependsn the natureof ary spatio-temporal
heterogeneityin the ervironment: spatial variation be-
tween nearbyparcelswill reducethe usefulnesof im-
itation, while trackabletemporalvariationin conditions
will favourit. Moreover, in someernvironments,mixing
imitation and randomexperimentationmay be superior
to using eitheron its own. Thesefindings suggesthat
empirical studiesof imitation of neighboursshouldfind
correspondinglifferencesn the prevalenceof imitation,
dependingon the ervironments patternsof heterogene-
ity. In our own work, studiesof agentsableto adapttheir
probability of imitation (and other factorssuchas their
AspirationThreshold)areplanned.

More generally within the wider context of research
on imitation in animalsand artifacts, the work reported
drawsattentionto theneedo studytheprocessemvolved
in imitation atthelevel of socialdynamicsaswell asthat
of individual cognition;andto studyits interactionswith
otherwaysof acquiringandselectingamongpossiblebe-
haviours or coursesof action. Imitation is likely to be
mostimportantwhenit is mostbeneficialto the imitator,
andthis meanswvhengoodtargetsfor imitation areavail-
able: agentsfacingsimilar problems,but knowing more
aboutthe possiblesolutions.

The paperalsoillustratesthe interplay betweensimu-

lation andanalysiswe aim to achieve, particularlyin the
work on PO-E16UEnvironments Here,simulationexperi-
mentsturnedupapuzzlingphenomenorgnalysishoved
thattwo possiblemechanismsnderlyingit couldbothoc-
curin somecasesfurtherexperimentsndicatedthatboth
werecontributing to the effectsfound.
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