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Abstract

The Creaturesnodel of parallelprocessingffers an alternatve to corventionalCellular
AutomatabasedSIMD (SinglelnstructionMultiple Data)systemsThisthesisinvestigates
the Creaturesnodel,andshows it to have a placealongsidetraditionaldataparalleltech-
niques.Themodelshiftsfocusfrom thespacean which simulationgake place to theactive
agentsxisting within thatspace.This changeof emphasigllows moreintuitive reasoning
aboutmodelsastheagentwwill frequentlyhave avery physicalsigni®canceThisphysical
style of programmingmalkesthe architecturesuitablefor useby thosewho are inexpe-
riencedin parallelcomputing,while retainingthe attractve SIMD featuresof scalability
andhomogeneity The systemis bettersuitedto the modelingof dynamicsystemshan
traditionalcellularsystem@andmaybemoreef®cientwhendealingwith sparselata. These
resultsmay be more generallyappliedto a broaderclassof agentbasedcomputational

models.

Thisthesidde®netheCreaturesnodelbothinformally andin amorerigorousmathematical
notation,and shaws it to be computationallycomplete. The model's implementatioron
both serialand parallelmachiness demonstratedeadingto the developmentof a novel
topologywith attractize loadbalancingoroperties A numberof simulationsareconsidered

whichdemonstrat&owv Creaturesnaybeappliedin anumberof ®elds.

Creatures



CONTENTS 3
Contents

1 Intr oduction 13
1.1 TheProblemsf ParallelProcessing 13
1.2 TheCreaturessolution 16
1.3 Thesis 16
1.3.1 Chapter2b TheCreaturedviodel 17

1.3.2 Chapter3b Implementinghe CreaturesModel 17

1.3.3 Chapted B Applications 17

1.3.4 Chaptes B Discussion 17

1.3.5 Chapte6® Conclusion 17

2 The CreaturesModel 18
2.1 Background 18
2.1.1 CellularAutomata 18

2.1.2 DiscreteEventSimulation 20

2.1.3 Arti®cialLife Systems 22

2.1.4 Mirror 23

2.1.5 *Logo 25

2.2 De®ningCreatures 34
2.2.1 An Informal Descriptionof the Creaturegviodel 34

2.2.2 A FormalDe®nitionof the CreaturesModel 38

Creatures



CONTENTS 4
2.2.3 Equiwalences 45
2.2.4 Compleity 48

2.3 Conclusions 49
3 Implementing the CreaturesModel 50
3.1 TheJAM Language 50
3.1.1 JamGrammar 52

3.2 A Sequentialmplementation 55
3.2.1 A Naive Implementation 57
3.2.2 A ScalabldmplementatiorStratey 58
3.2.3 A StatisticalAnalysisof Bucketing 61

3.3 Creature®ntheMaskRar MP1 64
3.3.1 A Naive Implementation 66
3.3.2 BucketingontheMasRar 68
3.3.3 Conclusionsboutthe MasRar System 70

3.4 Creature®ntheThinking MachinesCM2 71
3.5 Spirallingb Reducinghe MovementProblem 72
3.5.1 DesigningA DoubleTwistedTorus 75
3.5.2 LoadBalancing 79
3.5.3 ConstructiorandRouting 85
3.5.4 HigherDimensionalSpirals 88
3.5.5 A Proofof the Negative Offset Effect 92

3.6 A Transputetmplementation 93
3.6.1 Hardware 93
3.6.2 Software 96
3.6.3 Performance 99

Creatures



CONTENTS 5

3.7 Comparisorof Performancéetweerimplementations 101

4 Applications 104
4.1 ClassicCA Problems 105
4.1.1 AnldealGas 105

4.1.2 A Modelof Digital Logic 106

4.1.3 TheFrenchFlagProblem 108

4.1.4 TheFiring SquadProblem 110

4.1.5 TheGameof Life 110

4.1.6 LangtonsAnt 112

4.2 More Complex Models 116
4.2.1 SimulatingRoadTraf®cFlow 116

4.2.2 WaterCurrentAnalysis 118

4.2.3 A Modelfor the Spreadf Sexually Transmittedisease 121

4.2.4 Taxisasa GoalOrientatedNavigation Stratgy 123

4.3 ConclusionontheApplicationof Creatures 134

5 Discussion 135
5.1 Review 135
5.2 FurtherWork 137
5.2.1 SimulatorDevelopment 137

5.2.2 ExtendingtheModel 138

5.2.3 SimulationTechniques 139

5.2.4 Applications 139

6 Conclusions 141
6.1 GeneralAims 141

Creatures



CONTENTS 6

6.2 Creatures 141

Creatures



LIST OF FIGURES 7

List of Figures

2.1 EmegentinsectBehaviour 23
2.2 AntforagingTurtle Procedures 27
2.3 AntforagingPATCH Procedures 28
2.4 AntforagingOBSER/ER Procedures 29
2.5 Fire PATCH Procedures 30
2.6 Fire OBSER/ER Procedures 31
2.7 RopeTURTLE Procedures 32
2.8 RopeOBSER/ER Procedures 33
3.1 CompilingaRulefor Multiple Platforms 51
3.2 TheNeXTStepFrontEnd 56
3.3 NeXT Performance 59
3.4 Probabilityof successgor 64 and 64 65
3.5 Probabilityof successgor 64 and 128 65
3.6 Probabilityof successgor 64 and 256 65
3.7 Broadcastinghe CreatureMap 66
3.8 MashkarMp-1 Performance 67
3.9 Generatinghe CreatureMap usingbuckets 69
3.10 BucketedPerformance 70
3.11 CM2 Performance 72
3.12 CM2 StationaryPerformance 73

Creatures



LIST OF FIGURES 8

3.13 Wrappingbucketsinto a Spiral 74
3.14 Filling theGap 76
3.15 Thediameterof TwistedMeshes 78
3.16 Applying a Rectangulat-oadto a TraditionalGrid 80
3.17 Applying arectangulaftoad 81
3.18 Applying a Rectangulat.oadto a TwistedGrid 82
3.19 Loadsappliedto an8 grid 83
3.20 Loadsappliedtoan8 8 5 5grid 84
3.21 Two Similar Networks 85
3.22 Origin VectorsSpanningSpace 87
3.23 A ThreeDimensionalTwistedTorus 89
3.24 TheINMOS B042 TransputeBoard 94
3.25 A SpiralEmbeddedvithin aB042Board 95
3.26 Routingln TheB042's SpareColoumn 98
3.27 Performancef the Transputetmplementaion 99
3.28 Speedupsingthe B042 100
3.29 Performancef the Implementations 102
4.1 AnlIdealGasSimulation 105
4.2 A Digital Logic Simulation 107
4.3 TheFrenchFlagProblem 109
4.4 TheFiring SquadProblem 111
4.5 TheGameof Life 113
4.6 LangtonsAnt 114
4.7 LangtonsAnt Code 115
4.8 RoadTraf®cFlow 117

Creatures



LIST OF FIGURES 9

4.9 CurrentontheriverOler 119
4.10 SimulationWaterCurrents 120
4.11 A Seual behaiour Model 122
4.12 DiffractionRoundanObstacle 124
4.13 TheMovementof Scentparticles 125
4.14 TheCheeseCreature 126
4.15 RatandRandomRat 127
4.16 PersistenRatandFranticRat 128
4.17 TheMaze 129
4.18 RatPerformance 131
5.1 Improving I/O Performance 138

Creatures



LIST OF TABLES 10
3.1 SomeViableMachinesizes 79
4.1 RatPerformanceTimestepsakento reachthecheese 130
4.2 StatisticalResults 131

Creatures



LIST OF TABLES 11

Acknowledgments

Thiswork is supportedy the DefenceResearcti\gengy, Malvern,Worcs,UK andthe UK

ScienceandEngineeringResearctCouncil.

Thanksto MasRar ComputerCorporatiorfor theuseof anMP-1104machineaspartof the
MasPkar Challenggprogramme.

Accesdo the ThinkingMachinesCM-2 usedduringthe courseof this projectwasprovided
by the Edinburgh University Parallel ComputingCenter

Thanksto Andy Tyrrell for proof readingb a task that no one deseres, and for his

commentgiuringthe ®nalstageof thisresearch.
Specialmentionshouldalsogo to RichardTaylor for his uniquerole in this project.

Finally thanksto Paula,the cats(GemandBiscuit),andevery onein the Adaptive Systems

Labfor puttingup with mefor thelastthreeyears.

Creatures



LIST OF TABLES 12

Declaration

| declarethatthis thesishasbeenwritten by myselfandthe work reportedwithin it is my

own with thefollowing exceptions:
1. The*Logo codefoundin section2.1.5is directly takenfrom the*Logo manual[54,
andis the copyright of the original author

2. The original developmentof the river mouth simulationwas doneby Dominique
SryersatLaboratoirel.A et Systeme&£ognitifs, ENST de BretagneBP 832,29285
BRESTCEDEX, France.

andary otherworksindictedin thetext.
Thework hasnot hithertobeenpublishedwith the exceptionof:
1. Partsof Chapter, 3 and4 arebasediponwork discussedh CreaturesandSpirals:

A dataparallel objectarchitectur, by I. StephensoandR. W. Taylor. Proceedings

of theEuromicroworkshopon ParallelandDistributedProcessing 994,|EEE Press.

Creatures



Intr oduction 13

1

Intr oduction

The demandfor fastercomputersshaws little signsof abating. However the traditional
methodf improving performancarereachingheirlimits. It is nolongerpossibleto sim-
ply increasecomponentensitiegthe scalef which areapproachingitomicdimensions)
or to increaseclock rates(wherewavelengthsare becomingcomparableo the physical
dimensionof the machine).Designingandfabricatingsuchmachiness increasinglydif-
®cult,andprohibitively expensve. Thoughhardwaremanugcturersnay be ableto offer
diminishing rewardsfor the immediatefuture it is unlikely that the rapid expansionof

computepower previously availableto usersat nggligible costcancontinueinde®nitely

Parallelcomputingsystems[3][19] offer aneffective, andvirtually unlimited opportunity
to increaseperformanceat nearlinear cost. Regardlessof the performanceof a single
processqgrtwo suchprocessorgould potentially do twice as muchwork. In addition
processorsvill cost timesasmuchasasingleprocessarlf islargeenoughit is likely
thatmary very cheapprocessormayoffer betterperformanceéhanasinglelargeprocessor

atlower cost.

Unfortunatelyperformingtaskswith mary small processorss not assimpleasit may be
with asingleprocessarDespitethisthepromiseof betterperformanceequireghatparallel
computingoeinvestigate@ndtechniqueslevelopedo overcomehelimitationsof existing

parallelsystems.

1.1 The Problemsof Parallel Processing
A largetaskmaybebrokendown into anumberof smallersub-tasksif thisdecomposition
is donecorrectlyeachof the sub-tasksnaybeallocatedto oneprocessoandperformedn

parallel(perhaponeprocessoreadsin data,anothemprocesseg, andanothemutputsthe
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results). Eachprocessoperformsa differenttask (or numberof tasks)on its own setof
data,andcallson the otherprocessorso performotherpartsof the globaltaskasthey are
required.Thisform of parallelcomputingknown asMIMD (Multiple Instruction,Multiple
Data)[1§ canwork particularlywell in distributed control systemswvhereone processor
canbemaderesponsibldor partof the systemcommunicatingvith otherprocessorsnly
whennecessary Eachprocessois independentf all others,and capableof performing

usefulwork in its own right[41][42].

UnfortunatelyMIMD computingfails to deliver the extremehigh performanceequired
for theoreticalandsimulationwork. MIMD requiresthata problembe brokendown into
small functional units, eachunit being speci®do one virtual processar However most
problemsarelimited asto how far they canbe brokendown B the size of the unitsinto
which a problemmay be split is known asthe problems grain size. Givena largenumber
of processor# maynot be possibleto breaka problemdown suchthatoneunit of useful
work canbedoneon eachprocessarFurther with currenttechnologythetaskof breakinga
problemdown requiresskilled humanintervention. Partitioninga taskby handis practical
for perhapaup to ten processorsHowever it becomesnanuallyintractablewhentensof
thousandf processorare considered® MIMD techniquesare inherently dif®cultto

scale.

Evenwhenconsideringonly a smallnumberof processorshe interactionsbetweencom-
ponentanrapidly becomeaxceedinglycomplex. Eventrivially simplecodemayreacha
state(known asdeadlock)whereeachtaskis waiting for anothettaskto completebeforeit
may completeitself. Sucha systemwill never completeary task,andhencewait forever.
Suchstatesarelik ely to occurunlessthe systemis very carefullydesigned-Theallocation
of tasksto speci®@rocessoris alsoanissuewhich maydrasticallyin uenceperformance,
againrequiringexpertintervention. Theentirestructureof thesoftwareis highly dependent

uponthe hardwareandcommunicationstructuresvailable.

Thealternatveto partitioningthetaskinto sub-taskss to allocateoneelemenbf computing
resourceso eachdataelementin the problem,and performidenticaloperationson each
one. This approachknown as Single Instruction Multiple Data (SIMD)[18] is not as
generallyapplicableasthe MIMD approach.However it is particularlywell suitedto the
analysisof mathematicaproblemsandhigh speedsimulations[6bwherelargenumberof

homogeneoumcal programamay be appliedto the problemspace[2§21][45]. Consider
for examplethe problemof ®niteelementanalysiswhereidentical 2physical laws°® are
appliedrepeatedlyacrosgsay)anaircraftwing. Eachtaskdoesdlittle usefulwork by itself,

but collectively the systemmay producemeaningfulresults.
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SIMD systemaaretypi®edby Cellular Automata(CA)[66][69][63][23][17][14] wherethe
programsareknownasrules. Theapplicatiorof theseverysimplelocalrulesproducesom-
plex globalbehaiour, suitablefor usein mary different®elds.The advantage®f cellular
architecture®ver more corventionalheterogeneouslIMD multi-processoorganisation

schemesnaybe summariseas:

simplelocal behaiour; all cell behaiour is de®nedn termsof local propertiesye-
quiringminimalcommunicationsit is almostimpossibleo deadlockSIMD systems,
asall nodesin the systemexecutethe samerule atthe sametime, with no provision
for handshaking Any form of deadlockwhich doesoccurwill beat a higherlevel,
preventingthe@program®progressingthoughthebasic?rule® still executesuccess-
fully), andpermittingsimple,provenstructurego be implementen eachnodein

eitherhardwareor software.

comple global propertiesthe behaiour of groupsof thesesimplenodeprocessors
may be forced to approximateto very much more comple« global programming

schemes.

homogeneityall nodesareidenticalbothin hardwareandsoftware,andhencdarge
systemsnaybebuilt andprogrammeadvithout referenceo their size. Scalingof the

systemis throughnodeduplicationratherthana new, positiondependensynthesis.

locality; communicationgrelocal in nature(asthey arein mostproblems)hence
the performancef the system(per processorheednot degradeasthe machinesize

is increased.

DespitetheseadvantagesSIMD programmings still a specialisedactivity. Becausdhe
compleity arisesout of simplerulesin often unexpectedwaysit is generallydif®cultto
understandvhy a systembehaesasit does,or to modify the behaiour of a systento suit

aparticularapplication.

It is proposedhatthe maindisadantage®f corventionaldataparallelmodelsarea result
of themodels'staticnature forcing problemsto be expressedn termsof spaceratherthan
the agentswithin thatspaceb aroadtraf®c ow problemwould be expressedn termsof
roads,ratherthancars. The 2location® of a cell is de®nedy its neighborsandis ®xed
for all time B it is thereforedif®cultto expressmovementwithin the model. This thesis
exploresthisareathroughanovel SIMD architectur&known asCreatureswhich attempts

to addresshis by describingsystemsn termsof their active elementsWhile still retaining
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theattractvefeaturef traditionalSIMD/CellularparadigmsCreaturesllowsproblemso

bedescribedn afashiorwhichis farmoreintuitivethanmoretraditionalSIMD paradigms.

1.2 The CreaturesSolution

The systemis madeup a numberof creatueswhich exist in an otherwiseempty in®nite
space Eachcreaturéhasaclearlyde®nedehaiour. A creatureSbehaiouris governedoy
its interactiorwith othercreatureshatit cansee®. As aresultof observingothercreatures,

acreaturemay:

changsits state;
agive birth° to othercreatures;
moveto anew location(adjacento its startingpoint) within the space;

adie®°.

This generalisedorm of creaturgprocessinglescribesnary complex systemsn anatural
andunderstandablesay. In orderto modela systemit is only necessaryo describethe
behaiour of the individual componentand provide theinitial conditions. Eachelement
performsthesamesequenceperationsbut its resultanbehaiour is differentiatedrom its
peersby the obsenationsit makes. The compleity of the resultingsystemis dependent
not on the compleity of the individual elementsput on the very large numbersof such
elements.In developingsuchmodels,the systemallows the userto experimentwith and

isolatethe characteristicpropertieghatdeterminets behaiour.

1.3 Thesis

The brief descriptionof Creaturedn the previous sectionoutlinesa novel approachto
tacklingthe problemof parallelcomputing.In thefollowing chapterghe Creaturesnodel
will bere®nedindimplemented A numberof simulationsareusedo illustrateits features,

andcomparisonsvill be madewith otherSIMD models.
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1.3.1 Chapter 2D The CreaturesModel

A numberof modelsof SIMD computatiorandsimulationtechniquesreconsideredTheir
strengthsandweaknesseare discussed.The Creaturesnodelis thenpresented:®rstin
aninformal fashionthenin a moremathematicastyle. The modelis demonstratetb be
completeby the implementatiorof a Turing machine,anda simpleequivalenceto CA is

demonstrated.

1.3.2 Chapter 3B Implementing the CreaturesModel

Thischapterconsidersheimplementatiorof Creature®narangeof platforms. Thesystem
is ®rstdevelopedin a naive serialform, andtechniquegor improving performancef this
implementatiorare discussed.Implementatioron two commercialparallel machiness
consideredandthe programmingechniquesarefurtherre®ned Finally the development
of asemi-custonmachinebasedntransputerss discussedandtheperformancef all the

implementationgompared.

1.3.3 Chapter 4D Applications

Having establishedh stableimplementatiorof the Creaturesmodel, the systemis tested
by the developmentof a numberof simulations. Theseare eitherclassicCA problems
or demonstrationdravn from ®eldswherethe Creaturesolutionmay be appropriate.In
particularthe®nalexample(Taxisasa Goal OrientatedNavigation Strately) demonstrates
the completedevelopmentof a simulationfrom concept,throughimplementatiorto the

collectionandstatisticalanalysisof results.

1.3.4 Chapter 5B Discussion

The strengthsandweaknessesf the Creaturesnodelare consideredtaking into account
the experiencegainedin implementingthe modelanddevelopingsimulationsusingit. A

numberof proposalsremadeasto how themodelcouldbefurtherexploredanddeveloped.

1.3.5 Chapter 6B Conclusion

Themajorresultsof thiswork, andthe conclusionsiravn arereiterated.
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2

The CreaturesModel

2.1 Background

A numberof systemattempto addresgroblemssimilarto thosethatthe Creaturesnodel

dealswith. By examiningthesesystemsheir strengthsandde®cienciemaybeidenti®ed,
enablingthe Creaturesnodelto provide a moreusefultool to developersof simulations.
In additionto Cellular Automatathe programmingparadigmsand simulationtechniques
of DiscreteEvent Simulation,Mirror modeling,and*Logo mustbe considered The®eld

of arti®ciallife alsotouchesuponthe problemsof massiely parallelagenthasedsystems,
thoughoftenin aninformalfashion.As suchit providesasetof problemsvhichasuccessful

simulationtool shouldbe ableto handlein anef®cientmanner

2.1.1 Cellular Automata

Cellular Automata(CA)[63][69][66][23][17] aremadeup of regular "surfaces'of locally
connectedcomputingunits or cells. Eachcell examinesthe stateof its neighborsand
synchronouslynodi®ests stateaccordingo asimple,universakule. Eachcell is identical,
bothin termsof its neighborhoodconnectvity) andtherule or programthatit is executing.
Thesystenis de®nedby atriplet: S(tate)N(eighborhood),T(rasitionfunction) foreach
cell. Normally N andT will bethe samefor every cell in the systemb shouldthis notbe
thecasea moregeneraform of N, T andS maybederivedsuchthatN andT areuniform

throughouthe systemhencenon-uniformcasesieednot be considereasinteresting.

CA have mary attractive featuresfor the engineerand programmerattemptingto build a
highly parallelsystemanddescribéts behaiour. Attemptingto specifythe hardwareand
softwareof every nodein a systembecomesncreasinglydif®cultasthe numberof nodes

increases.If eachnoderequiresspecialattentionby the programmethena limit on the
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numberof processorss quickly reached. The homogeneityof CA enablesany number
of processorso be controlledwith a single setof instructions. This in turn leadsto the
propertyof scaleability:thenumberof processors nolongerspeci®edspartof thedesign
of hardwareor software (at leastat the logical level), andhencethe size of a machineor

simulationmaybe simply increaseasrequired.

The behaiour of a CA type systemis speci®edt a very primitive level comparedo the
type of codetypically foundin traditionalsimulationsoftware. This simply de®nedocal
behaiourmaybecloselytiedto thephysicakystem$eingmodeled.A systenis described
by de®ninghe simplestpropertieof the elementf whichit is composedndobserving
the consequencesf suchrules[6]. It is thereforeno longer necessaryo make global
assumptionaboutthebehaiour of asystem.By establishing structuraisomorphism[72
betweena simulationand a (hopefully) equivalent systemthe predictive strengthof the
simulationis greatlyincreased.Shouldthe global simulationnot behare asexpectedthen
theerrorrelateso thedescriptiorof thebasicelements Usingthistechniqueheproperties

of theelementselevantto the systemsehaiour maybeidenti®ed.

Despitethesestrengthsattemptingo describemary physicalsystemsaisingCA introduces
a numberof undesirableeomplicationsand overheads.Theseare primarily relatedto the

thespatialnatureof CA. Thecellsof aCA systemhave a(typically) smallsetof neighbours
whichis ®xedfor all time. Suchlocality is well suitedto thedescriptiorof pointsin space,
but is dif®cultto reconcilewith objectswithin thatspacewhich maybe mobile,andhence
have a constantlyaryingsetof neighbourof unpredicatablsize. A CA basedsimulation
mustthereforebe formulatedin termsof the spaceit occupies. Unfortunatelyfor mary

real problemsspacesimply providesa substratan which active elementsof the system
may exist. As aresultthe basicelementsvhich mustbe describedaspartof the CA rule

arenot the elementsonewould naturallyuseto describethe system. This is conceptually
dif®cultfor thosenot experiencedn suchprogrammingasks. For exampleconsiderthe

implementatiorof aroadtrai®csimulation:a CA descriptiorof suchasystenmustconsist
of cellswhichrepresentoads.A roadmayhold a caror nothold a car, andat appropriate
timespassthecarto anadjacensectionof road. While clearly sucha systemis workable,

thesolutionwill belessthanintuitive andsomevhatconvoluted.

In practisethis problemis compoundedby CA beingessentiallysharednemorysystems.
Communicatiorbetweenadjacentnodesis by setting ags in a nodes state,in the hope
that an adjacentnodewill obsene the ‘ag andact appropriately As a resultmuchpro-

grammingeffort goesinto providing handshakindpetweercellsto simulatethe movement

of interestingdataelementgthesebeingcarsin theabove example).lt is necessarfor the
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programmeto introducesynchronizatiomechanism#o ensuredataintegrity (for example
to ensurghattwo adjacennodesdo notbothbelieve the carhasmovedinto theirlocation)
muchlik e thosefoundin coursegrainedsystemgatomiclocks,semaphoresorversations
etc[9). TechniquesuchastheMargolisneighborhood[6Bhave beendevelopedo address
this problem,but at the costof furtherremoving the physicalsystemfrom theimplemen-
tation. This complicationis often neglectedby novice programmersdeadingto incorrect
simulations,and the increaseccompleity introducedinto the systemby the additional
code(whichmayperhapengulfcompletelytheoriginal physicalmodel)is likely to induce

mistalesfrom all but the mostexperiencedisers.

It mayappeato thenaiveobsenerthatCA offer goodloadbalancingaseachcell performs
identicaloperationsandhencerequireshe samecomputetime asall othercells. However
interesting eventstypically take placein only few areasof space,leaving mary of the
processinglementperforminguseles®perationsThe spatialhomogeneityf CA forces
work to be doneevenwhenthe operationsareclearlyredundant.To referbackto theroad
traf®cexample: accidentswill only occurwhencarsmeet. If oneareaof the simulation
containgo carsthenthereis nousefulwork to bedone.If acell containsonecarthenthere
is alittle work to be donein moving the carto anadjacentocation. Shoulda cell contain
mary carsthenthereis muchwork to be donedetectingcollisions,andprocessingachof

thecars'individual movements.In a CA systemall nodeswould be forcedto performall

the collision detectionroutineseven thoughthe operationis pointlessfor (perhapsmost
cells. At aninstructionlevel, the systemis balancedput this is far from beingthe case

whenametricof 2usefulwork® is used.

2.1.2 Discrete Event Simulation

DEVS[7d andNext EventSimulation[73 attemptto shift theemphasi®f cellularsystems
towardsinterestingeventsb thoseactionsandinteractionsvhichdrivethebehaiour of the
systemratherthanthe continuoussteadystatethat mary cells of a CA typically may ®nd
themselesin. In particularDEVS modelsaresigni®cantlybetterthan CA for simulating

themovementandcollision of particleswithin space.

Thedescriptiorof aCA isextendedwhereinsteadf beingde®nedby thestandad  S(tate),
N(eighborhood)T(ransition) triplet, S includesa valuewhich is the time at which the
cell will next update(a further parametelSELECT actsasa tie brealer shouldtwo cells
wish to updatesimultaneouslyp the systemoperatesn continuougime, sotheoretically

no two eventsmay occur simultaneously).Cells only updatewhenthetime heldin Sis
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reachedor they areupdatedby a neighbor In addition, T (thetransitionfunction)canset
thevalueof cellsin theneighborhoodit transformghe statesof thecellsin N. Thisgreatly

simpli®esnovementasaparticle® mayalmostdirectly propelitself acrossspace.

For example considerthe simplestcaseof a particle moving acrossspacefrom left to
right. Onecell atthe farleft may initially containa particle,andbe scheduledo update
imminently while all othercellsareessentiallydle, beingemptywith noupdatescheduled.
Uponupdatinga cell canmarkthe cell to its right ascontainingthe particle,schedulét to
be updatedandthenreturnitself to theidle state. By sucha mechanisnthe particlewill

mave acrossspacewith aminimumof computationakffort.

This is indeedmuchsimplerthananequivalentmodelimplementedn a CA stylesystem,
andtheintroductionof timeinto themodelmaybevaluablen relatinga simulationsesults
to therealworld. Becausano two eventsof the simulationoccurat the sametime mary of

thedif®cultiesof maintainingdataintegrity areresohed. Theability of acell to changehe

stateof a neighbourratherthanjust obsereit allows cellsto 2drive® dataacrosghespace.

However the encapsulatiorof datathatis presentin the CA modelhasbeenlost. The
ability to changedatain anothercell, thougha practicalsimpli®catiorfor theprogramming
of somesimulations,may limit the implementatioron non-shareanemoryhardware. A
moresigni®cantimitation from a parallelprocessingpoint of view is the model's useof
coroutinegto ensuredataintegrity ® no two eventsoccurat the sametime, soin a naive
implementatiorthereis no parallelism thoughextensiongo themodel,andmorecomple

data ow analysisof the systemmake paralleIDEVS possible[3.

DEVSsimpli®egheprogrammingf agenbasednodds by simplifyingthecommunicaion
betweeradjacennodesso datacansecurelybe passedetweerthem. However adiscrete
eventsimulationis still fundamentallyspatiallybased:consideringhe previous example,
it is now easyto move carsaround but theroadsmustbeprogrammedo doit. Thoughthe
practicalitiesof building sucha systemaremuchsimplerthanwith CA the programming

muststill betwistedto ®tthe DEVS model.

aSpacedn DEVS modelsis frequentlyusedsimply to represenpartof thesystemwithout
ary referenceo physicalspace.A locationmay representfor example)a garagewhich
would hold a numberof carsrequiringrepaitr Fromthis locationcarsmaybe movedto a
scraplocationor to aroadlocationdependingn the operationthatthe garagechooseso
performon them. Suchsystemsarefar from homogeneousachcell potentially having
its own uniquerules and connectity. However suchsystemsare merely a practicality

andcould beimplementechsa morecomple rule appliedequallyto all cells. Therefore
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simulationsof this type arecomputationallyof little theoreticalinterest,andhave limited

relevanceto Creatures.

2.1.3 Arti®cial Life Systems

A large subsetof researchin the ®eldof arti®ciallife triesto model systemsvherethe
collective behaiiour of mary individual elementss morecomplex thanwould be apparent
from examiningasingleelement.CellularAutomataareoftenused put systemsleveloped
areoftenbasedn the collective behaiour of mobileagentsanalogoudo thatoftenfound
in insectcolonies[1J20][55][5] B CA (for reasongdiscussedgreviously) arelessthan
idealfor this type of simulation. The term swarm behaiour is oftenusedin ALife work
to describesystemsavherethe collectionof agentsdisplayscollective intelligencebeyond

thatfoundin ary individual.

Systemsdevelopedby ALife researchershov the power of large numbersof simple
elementscooperatingaccordingto very simplerulesto producecomplex behaiour. The
Creaturesnodelshouldbe ableto simply describethe kinds of problemsencounteredh

developingsuchsimulations allowing systemgo be rapidly developedby specifyingthe
requiredocal behaiour withoutrecourseo low level programming.UnfortunatelyALife

is focuseduponspeci®dasks,andfew systemamale distinctionbetweenthe simulation
beingrun,andthemodelbeingusedd programsaretypically writtenin anadhocfashion
to describea particularphysicalsystemwithout referenceto simulationtechniqueghat
could (or should)be applied. The exceptionto this beingMirror (section2.1.4). Though
the power of agentbasedsimulationmay be obsenedthroughALife work, little is being

learntaboutthe simulationtechniquesnvolved.

To illustratethe kind of problemsbeingtackledin ALife researctconsiderthe action of
tunnelingconductedy antsduring nestbuilding. Ants maydig with a certainprobalbility,
andupondoing so depositpheromone.This increaseghe likelihoodthat an antwill dig
therein the future. As aresultthey dig branchingtunnels ratherthanunstructuredoles.
In additionthey will dig morewheredigging is successfu(sayasin softersoil), rather
thanwhereit is fruitless (up againstrock). One may expectthat this positive feedback
mechanisnwould resultin an explosionof digging activity. However asthe nestsizeis
increasedasaresultof excavation,thedensityof pheromone&ecreaseanddiggingactivity
is reduced producinga correctlysizednestfor a givenpopulation. Sucha simulationhas

beenimplementedisingthe Creaturesnodel.
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Figure2.1: EmegentinsectBehaviour

A secondorm of collective behariour maybeobsenedby consideringhesituationwhere
a pathwhich leadsto food brancheg ®gure2.1). At ®rstthe antstake randompaths,but
asthey go they lay a trail behindthem. On the returnroutethereis more pheromoneon
theshortbranch asmoreantswill have alreadypassedhatway, somoreantsgo thatway.
Thisin turnleadsto morepheromon@ntheshortpath,andtheresultanipositive feedback
ensureghat almostall the antstake the optimumroute. Initially few antswill go along
thepathatall. Howeverif food is found, moreandmoreantswill follow the pathasthe

chemicattrail builds up.

Closelyrelatedto arti®ciallife is the subjectof anti-chaoswvheresimple, but seemingly
disorderedocalbehaiourswith arbitraryinitial stateevolveinto highly orderedstructures.

A simpleexampleof this known asLangtonsant[6(Q is consideredn sectiond.1.6.

2.1.4 Mirr or

Probablythe mosteffective simulationof socioinformaticprocessésmay be seenin the

Mirror system[333][34][35]. Thissimulationervironmentprovidesapowerful platform,

laggcioinformaticprocessearede®nedereasinformatic processeshich causebehaioural differentiation
amongindividuals who are basicallythe same,thus generatinga social structurein groupsof individuals®®
Hogewveg (1983)
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uponwhich a numberof simulationshave beenbuilt.

The most successfu{and well documentedMirror simulationis probablythe study of
bumblebeecolonies[3§. Thisproducedheoreticatesultsvhichwerethenveri®edagainst
real colonies,providing new understandingf the beesbehaiour. Certainspecief bee
drive the queenout of the nestat a particulartime of year However the mechanismby
whichthisoccurswverenotclear A Mirror simulationwasdevelopedtheprimecomponent
of which wasthe dominanceelationshetweermembersf the nest. Wheneer two bees
meta confrontationwassimulated taking into accountthe importanceof eachparticipant
within the nest. Awardsof rankweremadedependingon the outcomeof the challenge.It
wasfoundthatbeesn the centerof the nestrosein rank,not by winning mary challenges
b they frequentlylost challengegfor exampleto the queen),but on the occasionghat
they did win the rewardsweregreater Corverselyotherbeescouldwin mary challenges
againstiowly colony membersput would gainlittle in reward. After a certainperiod of
time (dependentiponsimulatecconditions)the dominanceelationswithin the nestwould
evolve suchthatthe queencould no longerretaincontrol of the nest,andwould beforced
out. Having demonstratedhe conceptin a @Mirror world® it was possibleto obsene
identicalactionstaking placein real colonies(the simulationshaving told obsererswhat

to look for).

Mirror usersadwcatea TODO modelof animalbehaiour: individuals simply do what
thereis 2to do®. However the implementationof thesesimple behaiours is someavhat
more complex. The systemis written in LISP, and modelsboth continuoustime and
space DWELLERsexistin a SFACE, andarefurtherde®nedby a privateskinSRACE (the
MIRRORterminologyfor aDWELLERSinternalstate) whichcontainseachDWELLER's
state.ThesystemalsocontaindDEMONs. EachDEMON mayhave anumberof TARGET
conditions.Whenthesearemet,the DEMON canforcea TIE (a DWELLER) to perform
anaction. OtherwiseDWELLERscannotobsene DEMONS.A SENTINEL is aparticular
formof DEMONwhichis boundto asinglePATCH (partof SFACE),andhencecanobsene
DWELLERswithin thatpatch. This allows con®gurationsf DWELLERsto beexamined,

andmeta-level structuredo bede®ned.

Agentsare revived periodically by otheragentswhich hold pointersto them (usually a
DEMON). DEMONSarealwaysrevivedwhenvariableshey attachto areaccessedThey
maythendecidewhethettheir TARGETis met,andif soactivate/revive/in"uencetheir TIE.
Uponbeingrevived,anagentwill know whatactioncausedherevival andmaymodify its

behaiour accordingly
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The systemis somavhatcomplex (only the mostbasicform hasbeendescribechere),but
it hasbeenclearly shavn that by de®ningocal behaiour of individualsin this fashion,
complex behaviour can occuron a global level and that knowledge so derived may be
successfullyappliedto realsystemsUnfortunatelythe compleity of Mirror modelinghas
limited theapplicationof thesystemnby otherresearcher® ®eldawvhereit mayhave proved

useful.

The successfuldivision and computationalmodel from biological simulation, and the
experimentalpower afforded to usersof the Mirror model must be aspiredto by the
Creaturesmodel. However it also demonstrateshe dangerof compleity, as this has

preventedthe exploitationof Mirror whereit shouldhave provedinvaluable.

2.1.5 *Logo

Thisvariantof theLOGOlanguage[5idevelopedor theConnectiorMachine[29 provides
multiple TURTLESs which may be instructedto move in an SIMD (Single Instruction
Multiple Data)fashion.They move overanarrayof ®xedelements¢alledPATCHeswhich
maybeusedasatraditionalCA. Finally thereis provisionfor serialcode(the OBSER/ER)
whichrunsin parallelwith the TURTLEs andPATCHes.

The systemis an experimentalprogrammingervironment, which allows naive usersto
easilyoperatea connectiormachine,andto someextent exploit the parallelismafforded
there.In thatsensét maybesuccessfubut asabasisfor seriousimulationit hasanumber

of shortcomings.

Themodelis overlyrichin providing TURTLES,PATCHesandOBSER/ERs. These
structureslonotoperataogetheiin aconsistentashior® mostobviouslyTURTLES
operatén a continuousjn®nitespacewhile PATCHesform a discrete ®nitespace
(*Logo PATCHesbeing only a pale imitation of the generalentitieswhich drive

Mirror models).

Someof the2Primitive® operationsareunduly hearyweight,allowing therealissues
of a simulationto be glossedover. The?2Sniff® operatorfor exampleconsiderghe
valueof avariableoveranumberf PATCHesandcalculateshelocal gradientof the
variable(in two dimensions)While this maybea usefulthingto do, it is dif®cultto

considelit asa?primitive® giventheamountof samplingandcomputatiorinvolved.

Someof the paralleloperationsareambiguouslyde®ned By allowing an objectto
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performarbitraryopemtionsupon anaher,theorderof evaluationbecanesimportant.

This may potentiallyreduceparallelism.

Thereis little enforcemenof locality in themodelPb ary objectmaycommunicate
with ary otherprovided it hasa methodof referencingit. In particularthe OB-
SER/ER existsin atotally globalfashionmakingit dif®cultto ensurethe integrity

of simulationsdeveloped.

Of the problemsin the *LOGO system,the ®rstis the mostinteresting. Examiningthe
codeprovidedwith the systemfails to provide ary illustrationof PATCHesand TURTLES
operatingtogetherin an effective manner Either PATCHesareusedasCA or TURTLES
are usedto provide an agentbasedmodelingervironment,with little usefulinteraction
betweenthe two modellingtechniques.A numberof examplestaken from the *LOGO

programmingnanualareconsideredere.

The @Ants® example(®gure2.2, 2.3 and 2.4) describesa systemof antsrepresentedy
TURTLEs which move aroundsearchindor food. Trails aremarkedby forcing PATCHes
to carrypheromoneThepatcheseduceheirpheromondevel by afactorateachtime step.
Theres alsoa nest,which operatedn a similar fashion. The PATCHesare a somavhat
inef®cientway to hold pheromoneasthey exist at all spacebut carry usefulinformation
only overavery smallsubsebf thatspace.lt would beequallypracticalto use TURTLES
to hold this databy creatinga classof TURTLE which remainsstationarysignifying the
presencef pheremonat a particularlocation. The Obserer initializes the system,and
thenaddsnew Ants aftera while. The existenceof an obsenreris usefulbut the work it

performsin this casecouldjust aseasilyhave beenimplementedy a TURTLE.

By contrastthe 2Fire® example (®gures2.5 and 2.6) usesonly PATCHes, and operates
entirelyasCA. PATCHesreadtheir neighborsthensettheir own state.The ®nalexample
aRope’(®gureR.7 and2.8) represents rope with one enddriven sinusoidaly the other
endbeing®ed. Themid pointslook to the TURTLE ontheir left andright, andcalculate
theirvelocity accordingly(PATCHesplay no partin this model). Thoughit appearat ®rst
sightthemodelrelieson only local communicatior{eachTURTLE obsenresits immediate
neighbors}hesimulationrelieson any agentbeingableto talk to agentghatit canidentify

(by somevhatunquali®edneans)evenwhenthetwo agentshave movedapart.

Theavailabledocumentatiofails to provide a singleexamplewhereTURTLES, PATCHes
and the OBSER/ER are all usedtogetherin an effective fashion. Any single one of

thesemechanisms computationalycomplete,and hencethe inclusionof all threeis an
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to turtle-demon

ifelse :my-food > O [look-for-nest][look-for-food]

end

to look-for-nest

ifelse ask patch-here [:nest?]
[make "my-food O rt 180 fd 1 setc red]
[demand patch-here

[make "pheromone :pheromone

+ ask turtle-here [:pheromone-drop-size]]
if :pheromone-drop-size >0
[make "pheromone-drop-size :pheromone-drop-size - 0.6]
seth  uphill "nest-scent right random 40 left random 40 fd 1]

end

to look-for-food
ifelse ask patch-here [[food > Q]

[make "my-food 1

demand patch-here [make "food :food - 1]
make "pheromone-drop-size 35 setc yellow
rt 180 fd 1]

[make "pheromone-here ask patch-here [:pheromone]
if :pheromone-here < 3.0
[ifelse :pheromone-here < 0.2
[t random 40 It random 40]
[seth  uphill "pheromonel]]
fd 1]

end

Figure2.2: Ant foragingTurtle Procedures
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to setup

make "food O

make "pheromone 0

ifelse (dist 0 0) < 5 [make "nest? true make "nest-scent
[make "nest? false make "nest-scent 1000 / dist

if (dist 20 0) < 4 [make "food 1]

if (dist -24 -36) < 5 [make "food 1]

if (dist -44 44) < 6 [make "food 1]

set-diffusion-rate 0.15

update-colors

end

to patch-demon

diffuse "pheromone

make "pheromone :pheromone * 0.95
update-colors

end

to update-colors
ifelse ‘nest? [setc  purple]
[ifelse food > 0 [setc blue]
[scale-color green :pheromone 0 2]]

end

Figure2.3: Ant foragingPATCH Procedures

1000]
0 0]
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This program simulates the foraging behavior of ants.

Ants search for food (shown in blue), then leave a pheromone
trail as they return to the nest (shown in purple). Other ants
follow  the trail to the food, then reinforce the trail on

their way back to the nest.

Instructions for use:
* Type SETUPto setup the ants.
* Then type STARTD(or GOFOR<number>) to start the demons.

Notice how the colony as a whole seems to exploit the food sources
systematically, starting with the closest food source then working
outward.

to setup

clear-all

reset-clock

fep [setup]

make "total-ants 100

end

to observer-demon
if clock < :total-ants
[create-custom-turtle 1 [setxy 00
set-sniff-distance 3.0
make "my-food 0]]

end

Figure2.4: Ant foragingOBSER/ER Procedures
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to patch-demon

if red? [burn-a-bit

demand patch 0 [if color = green [setc red]]
demand patch 90 [if color = green [setc red]]
demand patch 180 [if color = green [setc red]]
demand patch 270 [if color = green [setc red]]]
end

to red?

(color >= 4) and (color <= 10)

end

BURN-A-BIT makes the trees become darker as they burn

to burn-a-bit
if color > 4 [setc color - 1]

end

to border-cell?

(xpos = left-edge) or
(xpos = right-edge) or
(ypos
(ypos

top-edge) or

bottom-edge)

end

Figure2.5: Fire PATCH Procedures
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This program simulates the spread of a forest fire.

The spread of the fire depends critically on the density of trees.

Instructions for use:
* Type SETUP <number> to setup up the forest.
* Start the demons with STARTDto watch the fire spread.

Things to try:
* Try different densities of trees (different inputs to SETUP).
* Try different resolutions (use SET-SCALE).

to setup :percentage

fet [die]

clear-patches

fep [if :percentage > (random 100) [setc green]
if xpos = (left-edge + 1) [setc red]
if  border-cell? [setc  blue]]

end

As an alternative to starting the demons,

you can use the BURN procedure
to burn
fep [patch-demon]

if  (patch-subtotal [color = red]) > 0 [burn]

end

Figure2.6: Fire OBSER/ER Procedures
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to setup
seth O
sety O
setx who + left-edge
if xpos = left-edge [setc green
deactivate-demon "rope-demon]
if xpos > left-edge [setc  red
deactivate-demon "input-force-demon]

if xpos = right-edge [setc  blue

deactivate-all-demons]
make "yvelocity 0

make "yaccel 0

make "spring-constant 0.3
make "friction 0
end

to input-force-demon
sety :amplitude * sin ask observer [:frequency * clock]

end

to rope-demon

make "yaccel :spring-constant * (((ask who - 1 [ypos]) - ypos)
+ ((ask who + 1 [ypos]) - ypos))

make "yvelocity (:yvelocity + :yaccel) * (1 - friction)

fd :yvelocity

end

Figure2.7: RopeTURTLE Procedures
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This program simulates waves on a rope.

The rope is composed of turtles. Each turtle acts as |if

it is connected to its neighbors by imaginary  springs.

The left end of the rope moves up and down sinusoidally.

The right end of the rope is fixed.

Instructions for use:
* Type SETUPto setup the turtles.
* Then type STARTD(or GOFOR<number>) to start the demons.

Things to try:
* Vary the frequency of the input force. Try: MAKE"FREQUENCY2

* Vary the friction. Try: FET [MAKE "FRICTION .01]
to setup

clear-all

create-turtle 2 * right-edge

reset-clock

fet [setup]

make "frequency 4
make "amplitude 32
nowrap

end

Figure2.8: RopeOBSER/ER Procedures
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unnecessargomplication. *LOGOQ's aim is to provide a programmingervironmentin
which inexperiencedrogrammersnay exploit the power of parallelcomputation.From
suchaperspectietheoverlyrich setsetprimitivesmaybeconsiderednadwantagellowing
the programmerto selectthe techniqueswvhich bestsuit the problemat hand. From a
theoreticalviewpoint however, as a tool for understandinghe natureof computational
systems*LOGO is unlikly to be of bene®tPATCHes, TURTLEs andOBSER/ERseach
individually provide amodelof computationwhichis suf®cientlycomple thatit de®esll
but the simplestanalysis.Only by strippingsuchmodelsto their simplestcomponentgan

therebeary hopeof understandinghe natureof systemghey maydescribe.

2.2 De®ningCreatures

2.2.1 An Informal Description of the CreaturesModel

A Creaturesimulationconsistf a numberof active elementgcreaturesyvhich existin a
discretespaceandupdatesynchronoushatdiscreteime intervals. A simulationis de®ned
by specifyingthe behaiour andinitial locationof eachcreature. The compleity of the
simulationis dependenhot on the compleity of the individual elementsput on thevery
large numbersof suchelementsandthe interactionsbetweerthem. In developingsuch
simulations,the model allows the userto experimentwith andisolatethe characteristic

propertiethatdeterminehe systems behaiour?.

Eachcreaturehasits own statewhich only it may modify, thoughsomeof this statemay
be madevisible to othercreatures.The behaiour of a creaturemay dependon its own
stateandtheexternalstateof any othercreaturesn thesamedocation. Thisbehaiour may

includechangingts own state creatingnew creaturesandmaoving to anadjacentocation.

Themodelmaybe summarisedsfollow:

1. A simulation shall be composedof agentswhich shall updatetheir state syn-

chronously

2During this sectionthe following de®nitionshallbe used:
asystem®: therealworld structurebeingsimulated.
2model°: thesimulationtechniquedbeingappliedie Creatures.

asimulation®: therulesandresultanbehaiour which attemptto approximatehe2systeme.
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2. An agentsstateshallberepresentedsa ®nitenumberof parametersThesemaybe

usedto in uenceary future behaiour.

3. An agents stateshall be privateto that agentwith the exceptionof one parameter

known asthatagentstype.

4. An agents locationin spaceshallbe de®nedy a subsebf the agentsstate,which

theagentmaynotdirectly operateupon.
5. Thespacen whichagentswill exist shallbediscreteuniform,andin®nite.

6. An agentmay indirectly changeits location by moving to an 2adjacent®location,

relativeto its currentlocation.

7. Interactionsbetweenagentsshall be limited to the detectionof other agents,by

observinghe numberof agentsof a giventype.
8. Agentsmayonly obsenre otheragentsvhoselocationis identicalto their own.

9. An agentmaycreatearny numberof new agentsn its currentlocation. Thesemaybe

of ary type,asspeci®edby the parent.This is the only datathe parentmay passon.

Theseaulesdescribeasimplemodelwhich canbeimplementeaf®cientlywhile providing
a suf®cientlyrich ervironmentto develop simulations,of a similar level of compleity to

thosefoundin cellularautomata.

Theparametersf the modelmayjusti®edasfollows:

A simulation shallbe composef agentswhich shallupdatetheir statesynchronously.
The emphasiof a modelshouldbe on the active agentswithin a systemratherthanthe
spacewhichthey occupy (asillustratedby the limitations of Cellular Automata). Theuse
of discretetime may be regardedasa global exchangeof information. However discrete
time systemaregenerallyeasieito programandto implement. Theuseof a programming
modelensureghatthe synchronousatureof simulationsis explicit. Without prede®ned
modelof computationthe natureof time within a simulationmay be unclear increasing

thelikelihoodthatglobalsynchronizatioimaybe accidentallymisused.

An agentsstate shall be representedasa ®nitenumber of parameters. Thesemay be
usedto in uence any futur e behaviour. Eachcreatureessentiallycarriesits own data

spacawith it. Thisencapsulatioprovidesthenecessargeparatiometweeragentgo allow
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the parallelimplementatiorof a system. It alsosimpli®eghe developmentof a creatures
behaiour speci®catiorasa behaiiour may be developedfor oneor a few creaturesthen

scaledto operateon mary creatures.

An agent's state shall be private to that agentwith the exceptionof one parameter,
known asthat agent'stype. By separatinghe privateandpublic stateof a creaturethe
variableghatareusedn interactionsaremadeexplicit. A creaturenayonly interactbased
uponthepublic stateof othercreatureswithout concerrthatinformationmayaccidentally
be distributeddueto programmingerrors. Considerfor exampleantssearchingor food
b anantmay remembetthe location of a pieceof food, but hasno explicit methodof
communicatinghisinformationto anotherant. By holdingthelocationin its privatespace

ary collective behaiour is provennotto be aresultof directobsenation.

Typically 2type® will bea simplescalarquantity(if only from the practicalperspectie of
implementingnon-scaletypes). However thereis no theoreticalreasonwhy type should
not be a vectorof arbitarycompleity. Thedistinctionof thetype paramenteis thatit is

obsenable,andhenceis imprtantin the communitatiorof informationbetweeragents.

An agent's location in spaceshall be de®nedby a subsetof the agentsstate, which
the agentmay not dir ectly operateupon. By hiding a creatures absolutdocationthe
existenceof speciallocationsis prohibited. This preventscreaturesfrom migratingto
certainhardcodedlocations.In a systembeingsimulatedit is unlikely thatthe realworld
elementswould be able to identify their location without referenceto external stimuli.
Thisdoesnot preventcreaturegountingtheir own movementdo createtheirown personal

coordinatesystem.

The spacein which agentswill existshall be discrete,uniform, and in®nite. Discrete
spacegreatlysimpli®eghe interactionof creaturesandtheimplementatiorof the model.
A creaturés eitherin thesameocationasanotheror in adifferentlocationb theissueis
alwaysclearcut. Theuniformity of spaceprovidesthe simplestof ervironmentsn which
creaturesnay interact. Shouldit be necessaryo indicatespacialfeaturescreaturesnay
beplacedin locationsto actassignposts.The provision of explicit spacebasedperations
wouldthereforeberedundantasit is in *Logo). By makingspacdn®nitethereis noneed
to considerboundaryconditionsunlessexplicitly requiredby a speci®simulation(which

mayde®néoundarieby meanof aspeci®creaturaype).
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An agent may indir ectly changeits location by moving to an 2adjacent® location,
relative to its current location. By limiting the movementsof a creaturelocality is
encouragedandtherequiredconnectvity of spacds reducedwhich maybeimportantfor
an ef®cientimplementation).Movementmustbe speci®edelative to a creatures current
locationasthereis no methodof specifyinga speci®docation. This ensureshatpartof a
simulationwhich operategorrectlywill continueto functionin anew location,facilitating

easierdevelopmentanddehugging.

Interactions betweenagentsshall belimited to the detectionof other agents by obsew-
ing the number of agentsof a giventype. Speci®catiowf the interactionof creatures
is a potentialsourceof compleity in a modelsuchasthis. Limiting the interactionto
this simpli®edform may make certainkinds of simulationmore comple<. However an

alternatve moreelegantsolutionhasnot beenfound.

It is essentiathat interactionsbe limited to obsenation dueto the parallel natureof the
system(theorderof evaluationof creatureshouldbe hiddenfrom theuser). Suchamodel
ensureghat eachdataelementwithin the systemis writable by only onecreatureb the
creaturethat holdsthat dataas a parametemithin its state. If a pair of creatureswvere
allowedto performa write operation(theoreticallyat the sametime) on the samedatait is
unlikely thatbothwould beableto succeedn ary predicatbldashion.Thelimited form of
interactionavailableallows a snapshotof aspacialocationto beproducedandusedasthe
inputfor eachcreaturestransitionfunction. The@real® agentsn thelocationmaythenbe

processeéntirelyindependentlytheirinstantaneouexternalstatehaving beingcaptured.

Agents may only obsewe other agentsif their locations are identical. This greatly
simpli®egheinteractionof creatues astheobsenrationof othercreatuesis now associatve
anddistributive. If A canseeB thenB canseeA, andif A canseeB andB canseeC
thenA canseeC. Any operationperformedby a setof creatureds self contained,and
is (in a weaksense)participatedn by all creaturesn the location. This constraintalso
preventsthehiddensharingof datain asimulation® communicatioratadistancedoesnot
occurwithoutacarrierof thatinformationmoving betweerthetwo locations.By explicitly

codingthisinto a simulationthetrue natureof theinteractionis madeclear

The alternatve to a strict locality would leadto vastlyincreaseccompleity in the speci-
®cationof behaiour B it mustbe consideredvhetherthe distanceat which interactions
may take placeis a functionof the obsener, the obsened, both or neither Becausespace

is discretesomeform of neighborhoodunction basedupona numberof theseparameters
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would needto be speci®edor eachsimulation. The addedcompleities do not justify the

extensionof themodel.

An agentmay createany number of new agentsin its current location. Thesemay
be of any type, asspeci®edy the parent. This is the only data the parent may pass
on. Duringthedevelopmenbf the Creaturesnodelanumberof systemsveredeveloped
which allowed more complex informationto be passedn to offspring. However asthe
systendevelopedhemechanismaecessarto performthis operatiorbecameéncreasingly
comple, from both a developerand users perspectre. In reactionto this, the current
form of agentcreationwasdeveloped. Although this greatlyrestrictedthe modelit has
proved possiblewith experienceto convert all previous modelsto this form despitetheir
apparentompleity. Therestrictedorm of producingoffspringgenerallyproducesimpler

simulations.

A numberof thesepointswould appeatto overly restrictthe modeland perhapsprevent
the developmentof certaintypesof simulation (for example: that creaturesmay only
obsene creaturesvith identicallocationsmight appeatto limit the transferof information
arounda system),n practice,it hasprovedpossibleto overcomethesedif®cultieswithout
compromisingheintegrity of themodel. Techniquespplicablen onesimulationareoften
usefulin others,andthe examplesfound laterin this reportshouldillustrate someof the

commonprogramstructuregin additionto clarifying the detailsof the model).

2.2.2 A Formal De®nitionof the CreaturesModel

TheCreaturesnodelmaybede®nedh amorerigorousfashionby theuseof settheory and
®nitestatemachingechniques[3]M6][37]. In doingsoanaccuratale®nitiorof themodel
will beproducedIn additionto clarifying thepreviousinformaldescriptionamathematical

form of a simulationmay potentiallybetransformedo a moredesirabledescription.

A singlecreatureat a singleinstantin time (referredto asa creatureinstance)s a state
machine
(2.1)

Where rangesover , thesetof statesattainableby a creature.States arein factthe
triple where isthelocation, thecreaturestypeand theinternalstateof the

creature.

The outputof a creature( ) representshe creatures childrenwhich will be placedinto
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the systemat the next time step. This setof creatureinstancess formedby applyingthe
outputfunction to andaninputto the creaturefrom the restof the system:. This
input(whichis de®nedn afollowing section)is basednthe setof creaturesvhichhave a
location . All creaturedn theset havetheinternalstate q (astateglobally
de®nedy rulesof the system)andlocation (the locationof the parentcreature).

may berangefreely for eachchild, speci®edby the outputfunctionof the parent.

Similarly the next statefunction is appliedto and to giveanew creaturanstance.
This new instances usedto representhe creatureatthe next time stepb theold creature
instanceonly existsatasinglepointin time (thecurrentimestep)andis thereforediscarded
onceits outputandnext statehave beencalculated.This new instances distinctfrom the
child creaturef the outputfunction,asboth and elementf its statemay be freely

speci®edln addition maybeindirectly manipulated.

Space

Thelocationof a creature is ann-tupleof integers(the examplesdescribectlsavherein

thisthesisaretypically of ordertwo).
Thelocationof creatureénstance (2.2)

A creaturedocationde®neghe setof creaturest may interactwith (which are usedto
producetheinputto thetransformatiorfunctions and ). Thisis expressedn termsof

the2CanSee®relation de®neduchthat:
(2.3)

where and arecreatureinstances.A creaturemay seeanotherif it occupieghe same

locationin discretespace.

The conceptof locationis alsousedto restrictthe movementof creaturesEachlocation

hasaneighborhood

Thesetof locationsa creatureatlocation maymoveto in asingletimestep
(2.4)

Theneighborhooaperatolis associatie with translationsuchthat:
(2.5)

where ,and arelocations,and is any vectorof appropriatedlimmension.
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