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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
aboutmodelsastheagentwill frequentlyhave avery physicalsignificance.Thisphysical
style of programmingmalkes the architecturesuitablefor useby thosewho are inexpe-
riencedin parallelcomputing,while retainingthe attractve SIMD featuresof scalability
andhomogeneity The systemis bettersuitedto the modelingof dynamicsystemshan
traditionalcellularsystem@&andmaybemoreefficientwhendealingwith sparselata. These
resultsmay be more generallyappliedto a broaderclassof agentbasedcomputational

models.

ThisthesigdefinegheCreaturesnodelbothinformally andin amorerigorousmathematical
notation,and shaws it to be computationallycomplete. The models implementatioron
both serialand parallelmachiness demonstratedeadingto the developmentof a novel
topologywith attractive loadbalancingoroperties A numberof simulationsareconsidered

whichdemonstratdowv Creaturesnaybeappliedin anumberof fields.
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1

Intr oduction

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

computepower previously availableto usersat nggligible costcancontinueindefinitely.

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

atlower cost.

Unfortunatelyperformingtaskswith mary small processorss not assimpleasit maybe
with asingleprocessarDespitethisthepromiseof betterperformanceequireghatparallel
computingbeinvestigate@ndtechniqueslevelopedo overcomehelimitationsof existing

parallelsystems.

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

parallel(perhapsneprocessoreadsin data,anothemprocesseg, andanothemutputsthe
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results). Eachprocessoperformsa differenttask (or numberof tasks)on its own setof
data,andcallsonthe 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 independenof 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 specificto one virtual processar However most
problemsarelimited asto how far they canbe broken down — 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 inherentlydifficult to

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 specificprocessors alsoanissuewhichmaydrasticallyinfluenceperformance,
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 mathematicgproblemsandhigh speedsimulations[6bwherelargenumberof

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

but collectively the systemmay producemeaningfulresults.
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SIMD systemaaretypified by Cellular Automata(CA)[66][69][63][23][17][14] wherethe
programsareknownasrules. Theapplicatiorof theseverysimplelocalrulesproducesom-
plex globalbehaiour, suitablefor usein mary differentfields. Theadwantage®f cellular
architecture®ver more corventionalheterogeneousIMD multi-processoorganisation

schemesnaybe summariseas:

o simplelocal behaiour; all cell behaiour is definedin 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 implementedn eachnodein

eitherhardwareor software.

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

schemes.

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

systemis throughnodeduplicationratherthana new, positiondependensynthesis.

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

isincreased.

DespitetheseadvantagesSIMD programmings still a specialisedactiity. Becausehe
compleity arisesout of simplerulesin often unexpectedwaysit is generallydifficult to
understanavhy a systembehaesasit does,or to modify the behaiour of a systento suit

aparticularapplication.

It is proposedhatthe maindisadantage®f corventionaldataparallelmodelsarearesult
of themodels’staticnature forcing problemsto be expressedn termsof spaceratherthan
theagentswithin thatspace— aroadtraffic flow problemwould be expressedn termsof
roads,ratherthancars. The “location” of a cell is definedby its neighborsandis fixed
for all time — it is thereforedifficult to expressmovementwithin the model. This thesis
exploresthisareathroughanovel SIMD architectur&known as“Creatures'which 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 infinite
space Eachcreaturéhasaclearlydefinedbehaiour. A creaturesbehaiouris governedoy
its interactiorwith othercreatureshatit can“see”. As aresultof observingdthercreatures,

acreaturemay:

changsits state;

“givebirth” to othercreatures;

moveto anew location(adjacento its startingpoint) within the space;

e “die”.

This generalisedorm of creaturgrocessinglescribesnary complex systemsn anatural
andunderstandable/ay. In orderto modela systemit is only necessaryo describethe
behaiour of theindividual componentsand 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 Creaturesn the previous sectionoutlinesa novel approachto
tacklingthe problemof parallelcomputing.In thefollowing chapterghe Creaturesnodel
will berefinedandimplemented A numberof simulationsareusedo illustrateits features,

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

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

demonstrated.

1.3.2 Chapter 3— Implementing the CreaturesModel

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

implementationgompared.

1.3.3 Chapter 4 — Applications

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

collectionandstatisticalanalysisof results.

1.3.4 Chapter 5— Discussion

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

numberof proposals@remadeasto how themodelcouldbefurtherexploredanddeveloped.

1.3.5 Chapter 6 — 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 strengthsanddeficienciesnaybeidentified,
enablingthe Creaturesnodelto provide a moreusefultool to developersof simulations.
In additionto Cellular Automatathe programmingparadigmsand simulationtechniques
of DiscreteEvent Simulation,Mirror modeling,and*Logo mustbe considered.Thefield
of artificial life alsotouchesuponthe problemsof massiely parallelagenthasedsystems,
thoughoftenin aninformalfashion.As suchit providesasetof problemsvhichasuccessful

simulationtool shouldbe ableto handlein anefficientmanner

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
synchronouslynodifiesits stateaccordingo asimple,universakule. Eachcell is identical,
bothin termsof its neighborhoodconnectvity) andtherule or programthatit is executing.
Thesystenis definedby atriplet:<S(tate)N(eighborhood), T (rasitionfunction)> for each
cell. Normally N andT will bethe samefor every cell in the system— shouldthis not be
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 systembecomesncreasinglydifficult asthe numberof nodes

increases.If eachnoderequiresspecialattentionby the programmetthena 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 nolongerspecifiedaspartof thedesign
of hardwareor software (at leastat the logical level), andhencethe size of a machineor

simulationmaybe simply increaseasrequired.

The behaiour of a CA type systemis specifiedat a very primitive level comparedo the
type of codetypically foundin traditionalsimulationsoftware. This simply definedlocal
behaiourmaybecloselytiedto thephysicalkystem$eingmodeled.A systenis described
by definingthe simplestpropertieof the elementf which it is composedndobserving
the consequencesf suchrules[69. 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 behae asexpectedthen
theerrorrelateso thedescriptiorof thebasicelements Usingthistechniqueheproperties

of theelementselevantto the systemsehaiour maybeidentified.

Despitethesestrengthsattemptingo describemary physicalsystemsaisingCA introduces
anumberof undesirableeomplicationsand overheads.Theseare primarily relatedto the

thespatialnatureof CA. Thecellsof aCA systemhave a(typically) smallsetof neighbours
whichis fixedfor all time. Suchlocality is well suitedto thedescriptiorof pointsin space,
but is difficult to 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 elementonewould naturallyuseto describethe system. This is conceptually
difficult for thosenot experiencedn suchprogrammingasks. For exampleconsiderthe

implementatiorof aroadtraffic simulation: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.
Communicatiorbetweenadjacenmnodesis by settingflagsin a nodes state,in the hope
thatan adjacennodewill obsene the flag 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(whichmayperhapfngulfcompletelytheoriginal 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
traffic example: 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 “usefulwork” is used.

2.1.2 Discrete Event Simulation

DEVS[72 andNext EventSimulation[73 attemptto shift theemphasi®f cellularsystems
towardsinterestingevents— thoseactionsandinteractionsvhichdrivethebehaiour of the
systemratherthanthe continuoussteadystatethat mary cells of a CA typically mayfind
themselesin. In particularDEVS modelsaresignificantlybetterthan CA for simulating

themovementandcollision of particleswithin space.

Thedescriptiorof aCA is extendedwhereinsteadf beingdefinedby 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 updatesimultaneously— 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

simplifiesmovementasa “particle” 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

thedifficultiesof maintainingdataintegrity areresohed. Theability of acell to changehe

stateof a neighbourratherthanjust obsereit allows cellsto “drive” dataacrosghespace.

However the encapsulatiorof datathatis presentin the CA modelhasbeenlost. The
ability to changedatain anothercell, thougha practicalsimplificationfor theprogramming
of somesimulations,may limit the implementatioron non-shareanemoryhardware. A
moresignificantlimitation 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,andmorecomplex

dataflow analysisof the systemmale paralleIDEVS possible[3.

DEVSsimplifiestheprogrammingf 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 fit the DEVS model.

“Space”in DEVS modelsis frequentlyusedsimply to represenpartof the systemwithout
ary referencedo physicalspace.A locationmay representfor example)a garagewhich
would hold a numberof carsrequiringrepair 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 Artificial Life Systems

A large subsetof researchin the field of artificial life tries to 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] — CA (for reasongiscussedgreviously) are lessthan
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 systemdgo be rapidly developedby specifyingthe
requiredocal behaiour withoutrecourseo low level programming.UnfortunatelyALife

is focuseduponspecifictasks,andfew systemamale distinctionbetweenrthe simulation
beingrun,andthemodelbeingused— 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 obseredthroughALife work, little is being

learntaboutthe simulationtechniquesnvolved.

To illustratethe kind of problemsbeingtackledin ALife researctconsiderthe action of
tunnelingconductedy antsduring nestbuilding. Ants maydig with a certainprobability,
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 actiity. However asthe nestsizeis
increasedasaresultof excavation,thedensityof pheromone&ecreaseanddiggingactivity
is reducedproducinga correctlysizednestfor a givenpopulation. Sucha simulationhas

beenimplementedisingthe Creaturesnodel.
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Figure2.1: EmegentinsectBehaviour

A secondorm of collective behaiiour maybeobsenedby consideringhesituationwhere
a pathwhich leadsto food brancheg figure 2.1). At first the 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

chemicatltrail builds up.

Closelyrelatedto artificial life is the subjectof anti-chaoswvheresimple, but seemingly
disorderedocalbehaiourswith arbitraryinitial stateevolveinto highly orderedstructures.

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

2.1.4 Mirr or

Probablythe mosteffective simulationof socioinformaticprocessésmay be seenin the

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

1“socioinformaticprocessearedefinedhereasinformatic processewhich 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§. Thisproducedheoreticatesultsvhichwerethenverifiedagainst
real colonies,providing new understandingf the beesbehaiour. Certainspecief bee
drive the queenout of the nestat a particulartime of year However the mechanism$y
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.lt
wasfoundthatbeesn the centerof the nestrosein rank,not by winning mary challenges
— 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 “to do”. However the implementationof thesesimple behaiours is someavhat
more complex. The systemis written in LISP, and modelsboth continuoustime and
space DWELLERsexistin a SFACE, andarefurtherdefinedby 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 configuration®f DWELLERsto beexamined,

andmeta-level structuredo bedefined.

Agentsare revived periodically by otheragentswhich hold pointersto them (usually a
DEMON). DEMONSarealwaysrevivedwhenvariableshey attachto areaccessedThey
maythendecidewhetheitheir TARGETis met,andif soactivate/revive/influenceheirTIE.
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 defininglocal behaiour of individualsin this fashion,
complex behaiour can occuron a global level and that knowledge so derived may be
successfullyappliedto realsystemsUnfortunatelythe compleity of Mirror modelinghas
limited theapplicationof thesystemnby otherresearcher® fieldswhereit 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 fixedelementsgalledPATCHeswhich
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.

e Themodelis overlyrichin providing TURTLES,PATCHesandOBSER/ERSs. These
structureslonotoperataogetheiin aconsistentashion— mostobviouslyTURTLES
operatén a continuousjnfinite spacewhile PATCHesform a discrete finite space
(*Logo PATCHesbeing only a pale imitation of the generalentitieswhich drive

Mirror models).

¢ Someof the“Primitive” operationareundulyhearyweight,allowing therealissues
of a simulationto be glossedover. The“Sniff” operatorfor exampleconsiderghe
valueof avariableoveranumberf PATCHesandcalculateshelocal gradientof the
variable(in two dimensions)While this maybea usefulthing to do, it is difficult to

considelit asa“primiti ve” giventheamountof samplingandcomputatiorinvolved.

¢ Someof the paralleloperationsareambiguouslydefined. By allowing an objectto
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performarbitraryopemtionsupon anaher,theorderof evaluationbecanesimportant.

This maypotentiallyreduceparallelism.

¢ Thereis little enforcemenof locality in the model— ary objectmaycommunicate
with ary otherprovided it hasa methodof referencingit. In particularthe OB-
SER/ER existsin atotally globalfashionmakingit difficult to ensuretheintegrity

of simulationsdeveloped.

Of the problemsin the *LOGO system,the first is 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(figures2.2, 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
inefficient way 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 “Fire” example (figures2.5 and 2.6) usesonly PATCHes, and operates
entirelyasCA. PATCHesreadtheir neighborsthensettheir own state.Thefinal example
“Rope”(figures2.7 and 2.8) represents rope with one enddriven sinusoidaly the other
endbeingfixed. Themid pointslook to the TURTLE ontheir left andright, andcalculate
theirvelocity accordingly(PATCHesplay no partin this model). Thoughit appearst first
sightthemodelrelieson only local communicatior{eachTURTLE obsenresits immediate
neighbors}hesimulationrelieson any agentbeingableto talk to agentghatit canidentify

(by somevhatunqualifiedmeans)evenwhenthetwo agentshave movedapart.

Theavailabledocumentatiofiails 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 "pheromone]]
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. *LOGQ’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 benefit. PATCHes, TURTLEs andOBSER/ERseach
individually provide amodelof computationwhichis sufficiently comple thatit defiesall
but the simplestanalysis.Only by strippingsuchmodelsto their simplestcomponentgan

therebeary hopeof understandinghe natureof systemghey maydescribe.

2.2 Defining Creatures

2.2.1 An Informal Description of the CreaturesModel

A Creaturesimulationconsistf a numberof active elementgcreaturesyvhich existin a
discretespaceandupdatesynchronouslat discretegimeintenals. A simulationis defined
by specifyingthe behaiour andinitial locationof eachcreature. The compleity of the
simulationis dependenhot on the compleity of the individual elementsput on thevery
large numbersof suchelementsandthe interactionsbetweernthem. 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 thesameocation. Thisbehaiour may

includechangingts own state creatingnew creaturesandmoving to anadjacentocation.

Themodelmaybe summariseésfollow:

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

chronously

2During this sectionthe following definitionsshallbe used:
e “system”: therealworld structurebeingsimulated.
e “model”: thesimulationtechniquedeingappliedie Creatures.

e “simulation”: therulesandresultantbehaiour which attemptto approximatehe“system”.
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2. An agentsstateshallberepresentedsa finite numberof parametersThesemaybe

usedto influenceary futurebehaiour.

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

known asthatagentstype.

4. An agents locationin spaceshall be definedby a subseif the agentsstate,which

theagentmaynotdirectly operateupon.
5. Thespacen whichagentswill exist shallbediscreteuniform, andinfinite.

6. An agentmay indirectly changeits location by moving to an “adjacent’location,

relativeto its currentlocation.

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

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

9. An agentmaycreateany numberof new agentsn its currentlocation. Thesemaybe

of ary type,asspecifiedoy the parent.This is the only datathe parentmay passon.

Theseaulesdescribeasimplemodelwhich canbeimplementecfficiently, while providing
a sufficiently rich ervironmentto develop simulations,of a similar level of compleity to

thosefoundin cellularautomata.

Theparametersf themodelmayjustifiedasfollows:

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 predefined
modelof computationthe natureof time within a simulationmay be unclear increasing

thelikelihoodthatglobalsynchronizatioimaybe accidentallymisused.

An agentsstate shall be representedasa finite number of parameters. Thesemay be
usedto influence any futur e behaviour. Eachcreatureessentiallycarriesits own data

spacawith it. Thisencapsulatioprovidesthenecessargeparatiometweeragentgo allow
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the parallelimplementatiorof a system. It alsosimplifiesthe developmentof a creatures
behaiour specificationasa 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 othercreaturesywithout concerrthatinformationmayaccidentally
be distributeddueto programmingerrors. Considerfor exampleantssearchingor food
— an ant may remembeithe locationof a pieceof food, but hasno explicit methodof
communicatinghisinformationto anotherant. By holdingthelocationin its privatespace

ary collective behaiour is provennotto be aresultof directobsenation.

Typically “type” will bea simplescalarquantity(if only from the practicalperspectie of
implementingnon-scaletypes). However thereis no theoreticareasonwhy type should
not be a vectorof arbitarycompleity. Thedistinctionof thetype paramenteris thatit is

obsenable,andhenceis imprtantin the communitatiorof informationbetweeragents.

An agent’s location in spaceshall be defined by 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 systembeingsimulatedt 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 infinite. Discrete
spacegreatlysimplifiesthe interactionof creaturesandtheimplementatiorof the model.
A creaturés eitherin thesameocationasanotheror in adifferentlocation— theissueis
alwaysclearcut. Theuniformity of spaceprovidesthe simplestof ervironmentsn which
creaturesnay interact. Shouldit be necessaryo indicatespacialfeaturescreaturesnay
beplacedin locationsto actassignposts.The provision of explicit spaceébasedperations
wouldthereforeberedundantasit is in *Logo). By makingspacdnfinite thereis noneed
to consideboundaryconditionsunlessexplicitly requiredby a specificsimulation(which

may defineboundariedy meansof a specificcreatureype).
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An agent may indir ectly changeits location by moving to an “adjacent” location,
relative to its current location. By limiting the movementsof a creaturelocality is
encouragedandtherequiredconnectvity of spacds reducedwhich maybeimportantfor
an efficientimplementation).Movementmustbe specifiedrelative to a creatures current
locationasthereis no methodof specifyinga specificlocation. 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. Specificationof the interactionof creatures
is a potentialsourceof compleity in a modelsuchasthis. Limiting the interactionto
this simplified form 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 one creature— 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 eachcreatures transitionfunction. The“real” agentsn thelocationmaythenbe

processeéntirelyindependentlytheirinstantaneouexternalstatehaving beingcaptured.

Agents may only obsewe other agentsif their locations are identical. This greatly
simplifiestheinteractionof 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-
fication of behaiiour — it mustbe consideredvhetherthe distanceat which interactions
may take placeis a functionof the obsenrer, the obsened, both or neither Becausespace

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

extensionof themodel.

An agentmay createany number of new agentsin its current location. Thesemay
be of any type, asspecifiedby 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 operatiorbecamencreasingly
comple, from both a developerand users perspectre. In reactionto this, the current
form of agentcreationwas developed. Although this greatlyrestrictedthe modelit has
proved possiblewith experienceto corvert 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 overcomethesedifficultieswithout
compromisingheintegrity of themodel. Techniquesipplicablen onesimulationareoften
usefulin others,andthe examplesfound laterin this reportshouldillustrate someof the

commonprogramstructuregin additionto clarifying the detailsof the model).

2.2.2 A Formal Definition of the CreaturesModel

TheCreaturesnodelmaybedefinedn amorerigorousfashionby theuseof settheory and
finite statemachingechniques[3]}46][37]. In doingsoanaccuratalefinitionof themodel
will beproducedIn additionto clarifying thepreviousinformaldescriptionamathematical

form of a simulationmaypotentiallybetransformedo a moredesirabledescription.

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

machine
c= [37 fS:fO] (21)

Wheres rangesover S, the setof statesattainableby a creature.StatesS arein factthe
triple [\, 7, 0] where) is thelocation,r the creatures typeands theinternalstateof the

creature.

The outputof a creature(c) representshe creatures childrenwhich will be placedinto
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the systemat the next time step. This setof creaturenstancess formedby applyingthe
outputfunction f, to s(¢) andaninputto the creaturefrom therestof the systemi. This
input(whichis definedin afollowing section)is basedn the setof creaturesvhichhave a
location\ = A(c¢). All creaturesn thesetf,(s, i) havetheinternalstates, (astateglobally
definedby rulesof the system)andlocation(¢) (the locationof the parentcreature).r

may berangefreely for eachchild, specifiedby the outputfunctionof the parent.

Similarly the next statefunction f, is appliedto s(c) andi to give a new creaturenstance.
This new instances usedto representhe creatureatthe next time step— theold creature
instanceonly existsatasinglepointin time (thecurrentimestep)andis thereforediscarded
onceits outputandnext statehave beencalculated.This new instances distinctfrom the
child creaturef the outputfunction,asboth r ando elementf its statemay be freely

specified.In additionA maybeindirectly manipulated.

Space

Thelocationof a creature) is ann-tupleof integers(the examplesdescribectlsavherein

thisthesisaretypically of ordertwo).
Ae) /" Thelocationof creaturenstance: (2.2)

A creaturedocationdefinesthe setof creaturest may interactwith (which are usedto
producetheinputto thetransformatiorfunctionsf, and f;). Thisis expressedn termsof

the“Can See"relation® definedsuchthat:

cod ™ Ne)= Aa) (2.3)

wherec andd arecreaturenstances.A creaturemay seeanotherif it occupieshe same

locationin discretespace.

Theconcepiof locationis alsousedto restrictthe movementof creaturesEachlocation!
hasaneighborhood
A1) %) Thesetof locationsa creatureat location! maymoveto in asingletimestep
(2.4)

Theneighborhooaperatolis associatie with translationsuchthat:
{n+vner (D=1 +v) (2.5)

wheren, and! arelocations,andw is any vectorof appropriatedlimmension.
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Next statefunctionsalwaysproducecreaturanstancesuchthat:
MFsls(e).1)) € X (A(e) (2.6)

It is requiredthat the definition of f, be free from referencego absolutelocations— if
theentiresystenis translatedts behaiour shouldremainunchangedThis is achieved by

definingthe f, in termsof a function f! with the propertythat:
A fl(r(e). a(e), i) € A*(0) 2.7)

where0 representsn origin locationsuchat V! : [ + 0 = 0 +/ = /. The operationof

additionof vectorsandcreaturanstancess definedsuchthat:

[\ 7.0l fos fol 1= [A+ 17, 0] £ £ (2.8)

The new creauturgnstances atranslatiorby /, all otherparameterdeingunchanged.f

maythereforebe ensuredo befreefrom absolutaefrencego locationby definingit as:
Is(s(e),i) = fi(r(c),a(c), 1) + Me) (2.9)

The notation\*(¢) may be usedasshorthandor A*(\(¢)), representinghe locationsc’s
next stateinstancecould occupy. The abbreviatedform is morereadable andindicates

bettertheintentionof the statement.
Theoutputfunctionalwaysproducesreaturest thelocationof the parent:
vd.d € f,(s(c).i): A(d) = M) (2.10)

Onceagainit is necessarthatthefunctionis freefrom absoluteaeferenceso locationand

henceafunction f! is created:
Vd.d € f!(7(c),o(c).i): A(d)=0 (2.11)
fo maythenbedefinedas

fols(e).i) = {d + Me)ld € fi(r(e), o(c). )} (2.12)

A neighborhood\* (/) may containa locationDIE. This singlelocationwill generallybe
adjacentoall otherlocationsandhastheaddtional speciapropetiesthat DI E+1 = DIE,
and\*(DIE) = { DIE} (acreatureatthislocationmaynevermoveto ary otherlocation).

Thisis usedin thefollowing sectiongo remove creaturegrom the system.
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Observations

At aninstantin time a creaturesystemis a setof creatureinstances:. Theinput: of a
creaturec instanceis baseduponthe subsetf creaturesn v thatmay be obseredby c.
Only asubsebf a creatureprocesspacamaybeobsened— thecreaturesype: 7(d), as

this ensureghatinformationwhichis privateto a creaturaemainsso.
A creature: mayobsere a subsebf thesystemu in whichis exists:

we)y={d:d e uncdd} (2.13)
u(c) representthe systemu aspercevedby creature.

Theinformationavailableto a creaturds thereforethe collection(not a set,asduplicates

areallowed)of creaturetypes:
i(e) ={r(d)|d € u(e)} (2.14)

This collectionis usedaspartof theinputto thetransitionfunctionsto influencea creatures

next stateandoutput.

Time

The Creaturesnodelhasso far beenconsideredo exists at a singlepointin time. Each
creaturewithin thatsetproducesan outputwhich may be collectedto producethe output

of acompletesystem.
fluy={c:(ddeunce fo:d)v(3ddeunc= fs:dANXc)# DIE)} (2.15)

Theoutputof a setof creaturess theunionof all creatureshatareborn,andall creatures
thatdonotdie.

A simulationU represents completecreaturesystemexisting over time. Having been
initialised to the statel it exists at discretetime stepst > 0. U: is the setof creature

instancesepresentinghe systemattimet.
Uy = [(Up-1) (2.16)
Informationpreservingreaturedefinitionsmaybe prepared in thesespecialcasesnega-

tive” time maybeintroducednto the statehistory. Thisis mosteasilyobserablewhen f,

and f, arerestrictedsuchthat

Ve(f,ie=0AMNYS i c) £ DIE) (2.17)

Creatures



The CreaturesModel 42

Thatis no creaturegnay be createdor destrgyed. Considera sytemwhereall creatures
move eastat eachtime step— giventhe statew of sucha systema unquiestateu’ may
trivially beconstructeduchthatf («') = «. Thereforggivenastatel/y it is equallypossible
to contructa uniquestate/_, suchthat(f(U_1) = Uy, eventhoughthe systemwasonly

consideredo becreatedattime+ = 0.

Creature Traces

In additionto slicesthroughthetime axis, we may alsoconsiderthe continuousexistence

of asinglecreatureasit existsthroughtime as:

undefined n<O0
TN fs. ) n=0
S NSNS 018
fe:Cha n>0A-3m.(m <nAXMf,:C,)=DIE)
undefined dm.(m <nA f,:C,, = DIE)

Wheren = 0is thetime at which creatures first createdgitherby theinitialisationof the
system(Cyp € Up) or by beinggivenbirth to by anothercreaturgCy € fo(d) A d € Us—q).
At thistime (n = 0) thecreaturds createdn aninitial state.At eachsubsequertime step
the creaturecalculatests own next state,until suchtime it decidego die. Outsideof this

time interval the creaturdraceis notdefined.

A creaturgC) existsattimet if
CNU £ (2.19)

It may alsobe notedthatthesedefinitionsof U andC guaranteehata creaturetracewill

becontinuous:
thatis if acreatureexistsattimet, andit existsandtime ¢ 4 4t thenit mustexist atall times

between.

Stability and local equivalence

Two creaturanstances:, d areweakly equivalentif for somespecificfunction F', F(c) =

F(d). They arestronglyequivalentif F(c) = F(d) for anyfunction F'3.

SWhenconsideringequialenceit shouldbe notedthatin practisethe statetransition“functions” may not be

truefunctions— mary simulationsemplg/ non-determinism
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Similarly the stability of completesystemamay be considered A creaturesystemis said

to beweaklystablewhenfor a specificfunction F:
F(Un) = F(Url,+l) = F(Un.—l—Z) == .- F(Uoc) (221)

andstableif for anyfunction:

F(Un) = F(Uny1) (2.22)

In sucha casefor truetransition“functions”:

F(Uy) = F(Un41) = F(Uy) = ... F(Ux) (2.23)

Guards

Thepartof acreaturesext state andoutputfunctionswhichmaybedefinedoy anenduser
(f! and f!) arespecifiedasa setof conditions,known asguardsthato(C,, ), 7(C,,) and
i(¢) mustsatisfybeforeanoperationis performed.As thetransitionfunctionis appliedto
asinglecreaturgheseparamentermaybeabbreiatedto o, 7 andi — thestate type,and
input of the creaturebeingevaluted. TheseguardsandactionsdefineCy,+1 and f,(Cy, ).
For example

#i>1— DIE (2.24)

Where: is thecollectionof typesof creatureshatmaybe obsened,asdefinedpreviously.
#i is the numberof elementsn the collection. Thecreaturewill performtheactionDIE if
it canseemorethenonecreaturg(the creatureatself is includedin i, hence#i will always
beatleastl). For corvenienceguardsareevaluatedn order Thisremovestheneedto test

for all previouscases.
#,>1 — DIE

TRUE — CENTER

The operationDIE is a “terminal” operation,and thereforedoesnot return. Therefore

(2.25)

operationCENTERwill only be performedvhenthefirst operations guardhasfailed.

Guardconditionscommonlyarebasediroundhenumberof creaturesf agiventypewhich

arevisible. The cardinalityoperatioris thereforeextendedo take a parameter:
wr=#{t:tcint=r1} (2.26)

Theoperation#3wouldthereforeeturnthenumberof creature®f type3 thatcanbeseen.

T=1 — CENTER
Hl=1 —
TRUE — NORTH (2.27)

TRUE — DIE
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This examplealsoshonvs how guardstructuresnaybe usedaspartof actions.If acreature
canseea singlecreatureof type 1 it movesnorth,unlessit is itself thattype 1 creaturein
which caseit remainsin its currentlocation. If atype 1 creaturecannotbe seenthenthe

currentcreaturedies.

Actions

Theactionsavailableto a creatureare

Change®f internalStatec

Change®f Typer

e Change®f Location)

Birth of new creatures,(¢)

Thefinalitem— Birth is dealtwith independentlginceit relatego f,(¢), ratherthanf,(¢).

A creaturemay performarbitraryoperationsiponits internalstates (C,, ). A creaturemay
alsoactuponits externalstatus(or type) 7(C,, ). Theresultsof thesewill be passednto
fs : C'n. = Gn-i—l-

Thecreature$ocation\ is notpassedhto thetransitionfunctionasdefinedby theuser( /),
andhencemay not be usedaspartof the behaiour definition. Movementis restrictedto
relatve operations.Theresultof f, (¢) will beacreatureatalocationin A*(¢), buttheresult
of f.(c) will beatalocationwithin within /\*(5). Thegraveyardlocationis alsoincluded
in this domain. The DIE operatorsets\(fs(c)) = A(fi(¢)) = DIE. This locationis
usedto indicatethat f(¢) shouldnotbeincludedin thesetl,,+1. All movementoperators
areterminal operators.Thatis, following a movementoperatorthe valuesof 7, o, and A
areformedinto atriple, andreturnedas f/ (). No furtheroperationanay be performed.
Howeverif nomovementoperatoiis presenwithin anaction,thenotherguardswithin the

rule maybetestedandadditionalactionsperformed.

For exampleif o is definedasaninteger:

#>1 — o=c4+# -1
c>10 — o=0,LEFT (2.28)
TRUE — FORWARD

This rule movesa creatureFORNARD. As it movesit countsthe numberof creaturest

seesWhenit hasfound10or moreit turnsLEFT (aterminaloperatorasit it is assumedo
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includethechangeof location),andresetdhecount. It shouldbenotedthatuponobserving
acreaturetheactiontakenis doesnotincludeaterminaloperator Thefollowing rulesare

thereforetested andthe creaturanoveseitherFORNARDs or LEFT.

Birth

A creaturemay give birth to any numberof othercreature®f ary type. Thesewill begin

their”life” atthelocationof their parent.
d€ fo:Cn = Ad)=AChr) (2.29)

However in termsof the definablepart of the transitionfunction births take placeat the
origin:

def . C, = \d) =X0) (2.30)

Offspring performno operationsat time n. Their stateis setto oo, andthey areinserted
into U,, 41 in preparatiorfor t* = n + 1, whenthey behare accordingto the standardule

set.
For Example:

(r=FEMALE)

Ni#MALE = 1)

0=0 — o=1BIRTH(MALE)
o=1 — o=0;BIRTH(FEMALE)
TRUE —  WANDER

N#HFEMALE =1) —

(2.31)
All creatureperformthe operatiolWANDER. However, shoulda FEMALE anda MALE
find themseles alonetogether a single offspring will be produced. The offspring of a

specificfemalewill alternatébetweermaleandfemale.

In additionto thetransitionrule it mayalsobe necessaryo specifytheinitial stateof new

creaturew ,. In theabove exampleos, = 0 would suffice.

2.2.3 Equivalences

For the Creaturesnodelto be generallyusefulit mustbe computationallycomplete[6§
The simplestmethodof establishingthis is to demonstrateéhat the Creaturesmodel is

equialentto anothersystemwhich hasbeenestablishedas being complete. The most
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basiccomputationallycompletesystemis a Turing machineandhencetheimplementation
of a Turing machinein CA will be considered.In additionthe equivalenceof Creatures
andCA may be simply demonstratedThis suggests methodby which CA rulesmaybe
mechanicallytransformednto Creaturesthoughin aninefficient mannerandshavs how

basiccomputingmodelsmaybeimplementedvithin Creatures.

The Turing Machine

A Turing Machine[64 consistsof afinite statemachineandatapedividedinto cells,each
cell containingat most, one symbol from an allowable finite alphabet(without loss of
generalitywe may consideronly a binary alphabetof symbolor no-symbol). The finite

state"unit” may
1. readthecontentof acell;
2. printasymbolonthecell read;
3. moveto thenext state;
4. movetheread/writeheadonecell left or right;

Theequivalenceof theCreature systento aTuringmachinanaybeshavn byimplementing

a Turing machineasfollows:

1. thesetof creaturesypesis definedasonetyperepresentinghe symbolandonetype

representinghefinite stateunit (FSU).

2. the“tape”is replacedy thepresencer otherwiseof symbolcreaturesvithin aone
dimmensionakpace,eachsymbol creatureremainingin a single specificlocation
from brith to death. Whena symbolcreatureobsenesthe FSU creatureit always
dies. However in suchan event the information carriedby the symbol hasbeen

obsenedby the FSUandmy bereprintedif necessary
3. the*finite stateunit” is represented singlecreaturen the systemwhich can

(a) detectthe presencef asymbolcreature;
(b) changdits state;
(c) givebirth to anew symbolcreature

(d) moveto eithertheleft or theright;
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Any systemwhich canimplementa Turing machineis by definitioncomputationalljcom-
plete, and can be shavn to be equivalentto ary other completesystem. Creaturess

thereforecomputationall}complete.

Cellular Automata

CA are also computationallycomplete,and hencethe completenessf Creaturescould
alternatvely have beenshavn by implementinga CA in Creatures.ImplementingCA in
Creaturesisorevealsthekey differencedetweerthetwo systemsUsingatransformation
basedn this equivalencet shouldbe possibleto mechanicallymplementary CA system
in CreaturesHowever suchanimplementatiorwould requiremary creaturegor eachCA

cell, andwould thereforebe inefficient.

Thecorverseoperatior(to corvertCreatureso CA) is notalwayspossibleas(in thegeneral
case)in aCreaturesystemthereis no limit to the numberof creaturesvhich mayoccupy
asinglelocation. Any CA cell will have afinite limit onthe numberof statest maybein
(both by definition of beinga finite statemachine andby practicalliy of implementation),
andhencealimit to the numberof creaturest couldsimulateholding. This howeverdoes

notinvalidatethat CA arecomplete— it is simply thatthereis no simplemapping.

ToimplementCA within theCreaturesnodelthearraythatis thecellularautomatorcanbe
representedvith a regularmeshof identicalcreatureseachof which remainsin the same
locationfrom stepto step. Thearraywill thenbediscretejt will computeat regulartime
intenals,eachcellwill haveafixednumberof statesbeidentical,andupdatesynchronously

baseduponpreviousstates.

Theprimarydifferencebetweerthe“creature’arrayandthecellulararrayis in thehandling
of neighborhood.The Creaturescansee”operatoris not capableof “looking acrossto
neighboringocations.Insteadthe neighborhoodnustbeimplementedy forcing the cell
creatureto give birth to multiple “communicationscreatures'that traversethe spaceand
on travelling a setdistance(definedby the neighborhoodyive birth to an “information

creature”andthendie.

Eachcell updatesvhenit hasa full complementf “information” creatures.This ensures
that all updatingis synchronougsinceeachcell creaturewill be both broadcastingand
receving thesamenumberof neighbors).Thecellularautomatomwill thereforé‘compute”

attime intenalsproportionatto the longestpathwithin the neighborhood.

Using this framework it is possibleto mechanicallytransformany CA simulationinto
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an equialent Creaturessimulation (thoughthe practicality of sucha transformationis
limited). CA andCreatureghereforecanbe seento be computationallyequialent,and

henceCreaturess shavn to becomplete.

2.2.4 Complexity

In general,the task of computingthe “next state” of a creaturesystemis a mary body
problem— alarge numberof independenagentseachpotentiallyinfluencingary andall

of theothers.It maybe consideredshaving two parts

o determiningheinput of eachcreaturgmapping)

o performingthetransformatiorfunctionon eachcreaturgstepping).

The compleity of the transformatiorfunction may be assumedo be independenof its
inputs,andhencesteppinghasa compleity of N (N creaturesvould requirethe function
to be applied NV times,taking V timesaslong for N creaturesaswould be requiredfor

one).

Withouttheapplicationof apriori knowledgeeachcreaturanustbecomparedo eachother
creatureto establishwhetherthey can“see” eachother In the generalcasethe mapping

operatiorhasa compleity of N2 — eachcreaturemustbe comparedo every othet

Thetotal time to naively stepa systemis thereforem N? 4+ s N. However thetime taken
to calculatethe input to eachcreaturerapidly comesto dominatethe performanceof the
system.Thesystems steptime will beapproximatelyproportionakto N?. A systenof this
type will rapidly becomeimpracticalto implementasfor large populationseven a small
increasén thenumberof creaturesvill have adetrimentakffectonperformanceHowever

locality may beexploitedto improve this situation.

If the systemwere implementedwith one processomper location (asin a CA), thenthe
compleity of mappingwould be totally remored— ary creatureon the processowould
be ableto seeall othercreatureson the processoso no calculationof inputswould be
requiredotherthanto compile a list of all creatureson the node. However this would
potentiallyreducesteppingperformanceasprocessorsepresentingmptylocationswvould
beidle, while processorsepresentindocationswhich containmary creaturesvould be

heavily loaded.
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The worstcaseoccursgiven N creaturesand N processorsin sucha situationit would
be possibleto stepall creaturesn a single time unit by placing one creatureon each
node. However if spatiallocality is usedto placeonelocationon eachprocessoandall
N creatureshouldendup in a singlelocation— N — 1 of processorsnuststandidle
while oneprocessostepsV creaturesThesteppingoperatiorwouldthereforebe NV times

slower thanit ideally shouldbe.

As will beseenin section3.2.2,by makinga tradeoff betweerthesetwo extremeimple-
mentationstratgies: no locality vs completelocality, an effective large scalesystemmay

bedeveloped.

2.3 Conclusions

TheCreaturesnodelattemptgo draw onthebestfeaturef currentcomputemrchitectures

andsimulationtechniques:

thesimplicity andparallelismof CA.

thefocuson interestingeventsfoundin DEVS.

theeaseof applicationof *LOGO.

the simulationpower of Mirror.

Ideasfrom thesesystemsare dravn togetherto producea logically coherentmodeling
paradigmand parallelcomputingarchitecture. The architecturds computationallycom-

plete,andhasbeenshavn capableof simply implementingoasiccomputingmodels.

The modelhasso far beenconsideredn the abstractwith only occasionakeferenceto
implementatiorand application. In following chaptergheseissueswill be consideredn
greaterdetailto shav that Creaturesnay be easilyimplementedandappliedto a rangeof

problems.
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3

Implementing the Creatures
Model

In orderfor Creaturego be a practicalprogrammingervironmentanda usefulsimulation
tool, it mustbe possibleto implementit effectively on atleastoneplatform. Creaturedas
beenimplementedon a numberof systemsgachwith its own strengthsandweaknesses
reflectedin a uniquesetof performancecharacteristics. The implementationstratgies
usedon eachtype of platformandthe techniquesievelopedto improve performanceare

describedn this chapter

TheserialimplementatioronaNeXT workstationprovidesacompleteflexible, interactve
work ervironmenton which simulationsmay easily be developed. Implementationson
parallel machinesare currently more difficult to work with, but offer potentially better

performancavhenlarge populationsarebeingconsidered.

In orderthatdifferentimplementation®f the systemmay fully complementachother a
languagefor specifyingCreaturesimulations(known as JAM) wasdeveloped. For each
platform, a pre-compilerproduceganachinedependentodefrom a machineindependent
JAM specification. This allows simulationsto be developedin the well supportedNeXT

environmentthentransferredo a high speedsystenfor large scalesimulations.

3.1 The JAM Language

Duringearlydevelopmenbf theCreaturesystemyruleswerewrittenin thenative language
of the simulator (C or objectve C), using a macro packageto deal with the creature
specificconceptssuchas movementand births. While this was effective, and simpleto

use,it precludedary possibility of transferringsimulationsbetweersimulatorswritten in
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Figure3.1: Compilinga Rulefor Multiple Platforms

differentlanguagesopn differentplatforms. The creaturespecificationanguage' JAM”

wasdeveloped allowing a simulationto be describedndependentlyf thefinal platform.

A precompiler— “pancale” takesa JAM specificationand producesa sourcefile for a

specificsimulator This may thenbe compiledusingthe appropriatdanguagecompiler

(figure3.1). Pancale waswrittenusingYaccandLex, andhasbeenarmetedo C, Objective

C,MPL, C* andOccam.Thecodeproducednakesuseof systendependentieadefilesto

defineneighborhoodndinteractionmacros simplifying the operationof the precompiley

andreducingthetime requiredto retagetit.

A simulationis specifiedn JAM by anumberof declarationgsomeof whichareoptional):

¢ NEIGHBORHOODThe directionscreaturesmay move in. Typically this may be

VonNeumarn(four neighbors)Moore (eightneighbors)r Hex (six neighbors)[68

thoughmorecanbeadded.Certainsimulatoramaynotsupportall typesof neighbor

hooddueto limitationsin theunderlyinghardware. Transputergnplementationgor

examplearelik ely to berestrictedo VonNeumameighborhoodsueto theirlimited

connectvity.

e TYPES: Givesnamedo eachof the externalstatesa creaturemaybein.

¢ VARS: Definesthe namesandtypesof the statevariableswithin eachcreature.The
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availabletypesmayberestricteddependingon the simulatorbeingused.
¢ INIT: Definestheinitial stateof all creatures.

o USE: allowssystenspecificcodeto beincludedintotherule,for exampletoredefine

thedisplayoperation.

¢ RULE: Definesthe statetransitionfunctionfor creaturesn the system.

Thefinal declaratioRULE:) is basedntheguardsotationdescribedn section2.2.2. A

rule consistof alist of test-actiorpairs(evaluatedn theorderin whichthey occur),where
the actionis performedonly whenthe testis true. An actionmay itself be a test-action
pairlist. Alternatively it maybestatemenbr acompoundstatementAt eachtime stepthe
transitionfunctionis run until aterminaloperationlmovement)is found,for eachcreature

in thesystem.

Theinputto acreatures representedy the“cansee’function,which returnshenumberof
creaturesn the currentlocationwith the specifiedype. As anextensionto this, arangeof
creatureypesmay be specified andatotal of all creaturesvithin thatrangeis given. The
birth operationalsosupportganging,allowing onecreatureof eachtypeto becreatedn a
singleaction. In additionthe birth operationalsosupportsa multiplier, allowing multiple

creatureso be produced.

A formaldescriptiorof theJAM syntaxis giventhefollowing section(3.1.1),andexamples

of codemaybefoundin chapter.

JAM has proved simple to use, and mary rules have beendescribedusingit. These
have generallybeenmore concisethenequialenthigh level descriptions.JAM provides
no looping constructsfunctions,or otheroperatorghat would be foundin a traditional
programminganguageastheseare not requiredwhendescribingCreaturesimulations.
The reducednumberof conceptensureshat JAM sourcefiles are particularlyreadable
to non programmersallowing field expertsaccesgo SIMD parallel simulationwithout
having to learn traditional programmingmethods. Code hasbeensuccessfullymoved

betweerplatformswith only minor modifications.

3.1.1 Jam Grammar

(input) :
(neighbordeclaratioh (typedeclaratiofy (vardeclaration

(usedeclaratioh (initdeclaration) {(ruledeclaratior) m
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neighbordeclaration

NEIGHBORHOOD: (variable) ;m

typedeclaration:
TYPES: (typelist) ;m

(typelist) :
(typelist) , (variable)

| {variable)m

(vardeclaration :
VARS: (varlist)

(varlist) :
(varlist) , (vartype) (variable)

| (vartype) (variable) m

(usedeclaratioiy :
USE: (uselist) ;

(uselist) :
(uselist) , (variable)

| {variable)m

(initdeclaration) :
INIT: (statemen

(ruledeclaration) :

RULE: actionm
(action) :

{ (tplist) }

| (statemen}m
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(tplist) :

(expression) :  (action) (tplist)

| (expressiory : (action) !: (action) (tplist) m
(statemen} :

(expression) ;

|{ (statementlis} }

(statementlis} :
(statemen} (statementlis}

| (statemenjm

(expression) :
(variable)
(constant
function) ( (expression) )

function) ( (variable) ... (variable) )
function) ( (expression) ) ( (number) )

(
(
(
(movement)
(
(

( (expression )

expression * ({expression
expressiony / (expression
expressioy %  {expression
expressior) + (expression

expressiory - (expression

expressiory | (expression)
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(
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(number) :
(digit )
| (number) (digit ) m

(digit ) :
0...9=

(constan} :
random
| type

| true m

(function) :
cansee
| alert
| birth
| become

|iamm

(movement) :
A...Z (movement)

| (movement)m

(variable) :
a...z (variable)

| {(variable)m
(vartype) :
int

| floatm

3.2 A Sequentiallmplementation
The systemhasbeenimplementedon a NeXT workstation[49 in Objectve C[11]. The

interactve simulator(CINC) usesaNeXTStepnterface[24 to takeinputfrom theuser and

displaytheresultsin aflexible fashion.Thisis shavnin figure3.2. A commandine based
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simulator(cinb) usesthe samecorecode,but doesnotimplementtheinteractve facilities.

Its performancas significantlybetter

The NeXTStepimplementationis the most complete,and the most flexible of all the
currentCreaturesystems.Rulesmay be loadedinto the simulatorwithout recompiling,
the movementof creatureds displayedgraphically and simulationmay be interactvely
controlledby theuser This makesit anidealplatformfor refining simulationswith small
numbersof creatureg< 100). The rapid feedbackprovided may be usedto refinethe
interactionsbetweentypesof creatures.Oncethe rule is suitably developedthe number
of creaturegnay be increased. At a certainpopulationsize (~ 10000dependingupon
the applicationand the usersexpectations)the performanceof this simulatorbecomes

impracticallyslow, andtherule maybetransferredo alargermachine.

This sectiondescribeshe developmenbf the serialsimulatorwith particularemphasion
the techniquesvhich allow it to provide suchflexibility, andthe scalabilityissueswhich

will becomemoreimportantasparallelimplementationsireconsidered.

3.2.1 A Naive Implementation

Cincandcinboperateby having a centralcontrollerobjectwhichholdsa“List” of creatures
representinghe currentgeneration.Whenthis recevesa “step” messagét takesthefirst
creaturdromthelist, andcompilesanew list, by transferringall creaturesvhicharein that
creaturedocation. Fromthis the “cansee”arrayfor thatlocationis evaluatedandpassed
to eachcreaturen the new list aspartof their stepmethod. In additiontwo further lists
arepassedo the creature— onerepresentshe next generationandall new creaturesre
placedinto this list. Theotherlist is the graveyardlist, andis usedto collectall creatures

thatarenolongerrequiredsothey maybedisposedf andtheir memoryreclaimed.

This is repeateduntil the generatiorist is empty Garbagecollectionis thenperformed,
andthecontrollers stepmethodterminatesin Cinc,thecreaturesrealsosentadravSelf

messageallowing themto draw themselesonthescreen.

Objective C provedto be a particularlyeffective tool for theimplementatiorof Creatures.
By representingachcreatureasan object[2§, the creaturestate,andrule definition may
easilybe incorporatednto the Classsystem. A genericCreatureclassprovidesa basic
drawing method,the essentiaktreatureparametergtype andposition),anda default step
actionof doing nothing. Subclassingf the Creatureclassmay be usedto redefinethe

stepactionto introducethe behaiour requiredfor a specificsimulation. The subclasof
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creaturemayalsoeasilyincorporatextrainstancevariables.Theinitial stateof a creature
(00) is codedinto the“init” method whichis executedvhenerer anobjectis created.For

morecomple simulationsotheractionsmaybeoverwritten redefininghedefaultconcepts
of spacethegraphicalappearancef acreatureandreplacingthedefaultfile handingcode

to loadandsave creaturesn variousformats.

In additionto the basicobjective C functionality, NeXT Stepprovidesfunctionsto dynami-
cally load Classesn a simplefashion. This allows new rulesto beloadedinto analready

runningsimulator

3.2.2 A Scalablelmplementation Strategy

The performancgmeasuredn creaturestepsper second— CPS)of the non-interactie
system for a rangeof populationsizesis shavn in figure 3.3. The interactive system
performsat approximatelyone fifth of this speed. While the “naive” implementation
provedusefulfor developingrulesby allowing small scalebehaiour to be examined the
performancedegradegapidly asthe populationincreases.During the stepoperationthe
locationof everycreatura@s comparedvith everyothercreature[1Pto producehe“cansee”
arrays. The time taken to performthis action (referredto as mapping)is approximately
proportionalto the squareof the populationsize. Thoughasfew asn — 1 comparisons
may berequiredto mapthesystemtheworstcaseof > )" ;i = n?/2 comparisongs more

likely to apply

Asthepopulatiorsizeincreasesappingwill inevitably cometo dominateheperformance
of the system dwarfing the time requiredto evaluatethe transitionfunction. The system
mustbe mappednceat eachtime step. Thetime takento performthis mappingis O(n?),
andhenceperformanceneasureéh generationpersecondallsawayas1/n?. Howeverat
eachtime stepn. creaturesireprocessedThemappingtime per creatueis thereforeO(n).
The measuref systemperformancehat hasbeenusedin this thesisis “CreaturesSteps
PerSecond(CPS),whichfor thenaiveimplementations proportionako 1/» asshavnin

figure3.3.

In orderto avoid this lossin performanceas populationincreasesstepsmustbe taken
to improve the efficiengy of the mappingoperation[§44]. Direct useof locality in the
implementatiorwouldintroduceundesirabléeaturessimilarto thosefoundin cellularau-

tomata:emptylocationswith spareresourcesvhile otherlocationscontainmary creatures;

1TheNeXT usedfor thesgperformancéigurescontaineca 25MHz 68040 benchmarlperformancaroundl5

Mips
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theincreasedalculationrequiredwhencreaturesneetleadingto poorload balancingof
realwork. Insteada systemwasdevelopedwhich makesuseof a hashingfunctionto split
thepopulationinto anumberof smallersub-populationsgachof whichmaybemappedar
morequickly. If thepopulationis dividedin two, theneachhalf maybemappedour times
asquickly (dueto the »? dependancef the mappingoperation).Thereareof coursenow

two populationgo be consideredsoperformancevould beincreasedy afactorof two.

In dividing the populationit is necessaryo ensurehatall creaturestasinglelocationare
collectedntothesamepartition(whichshallbereferredo asabucket,dueto similarity with
hashedilesin databassystems)Howeverby makinguseof aneffective hashingunction,
clustersof creaturesn neighboringlocationsmay be distributedto differentbuckets. By
this methodseveral locations(or in factinfinite locationsfor an infinite space)may be

mappedo the samebucket, reducingthelik elihoodthata bucket maybe empty

A tradeoff mustbe madeasto the bucket size,too smalla bucket will tendtowardsthe

problemsof a CA (onebucket maybeoverworked,while othersmaybe empty). Toolarge

abucketsizewill resultin aslowversystem.Theuseof hashingandbucketsallows asystem
to becreatectapableof steppingcreaturesvith atime complexity of n2/ K, whereK is the

numberof buckets. By increasingK in line with populationsize,a mappingperformance
inversely proportionalto » may be obtained(and hencea constantperformancevhen

measuredh CPS).

Themajordisadantageof this approachs thatwhena creaturanovesin spaceat mustbe
maved from one bucket to the bucket appropriateto its new location. In a simple serial
implementatiorthis may not be a problem(in fact the simple approachof rehashingall
creaturesteverytime stepprovesto beeffective— asall creaturesrein thesameaddress
spacethe costof hashingis insignificant). However this will be inefficientin a parallel
implementationas bucketsarelikely to be held on separatgrocessorsandhencelarge
amountsof datamustbe copiedbetweemnodes. Despitethis apparenproblem,the new
workloadis proportionalto the numberof creaturesnoving (aseachtaskis independent),
andhenceperformances guaranteedo be betterthanthe naive implementatiorfor large

populationgan < bn? for largen evenif a > b).

An additionalproblemconcernshedistributionof creatureshroughouthespace If alarge
numberof creature®ccupy thesamedocation,thenthey shouldall behashednto thesame
bucket. However the capacityof a bucket mustbe necessarilfimited. This particularly
appliesin parallelimplementationsvhereresourcesuchas memoryarelocal to single

nodeand hencemustbe tied to a single (or small numberof) buckets. Thougha serial
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implementatioralsohaslimited resourcegheseaesourcesnaybedynamicallyallocatedo
bucketsasthey areneeded A parallelimplementations lik ely to requirea staticallocation
andhencethoughtheremaybe sufficientresource®n the machineasa wholeto perform
anoperationa particularbucket may overflon. The simulatormustbe run with sufficient
spacdo ensurghatbucketsareunlikely to overflow. Thislimitation is analysedn greater

depthin thefollowing section.

The above problemsdo not apply whenusinga single processomworkstationarchitecture
(particularlyif virtual memoryis available),and dramaticimprovementsn performance
may be obtained. The step methodof the controller object was modified to hashthe
populationinto a numberof buckets prior to the steppingoperationas describedor the
naivesystem.Usingafixednumbermf bucketsallowsgoodperformancéo bemaintainedis
thepopulatiorsizeincrease¢seefigure3.3)until thecomputatioriimerequiredo mapeach
bucketbecomegreatethatthetimerequiredo stepthebucket. Asthepopulatiorincreases
abovethislevel (around1000for the currentimplementationjhe mappingoperatioragain
dominatesandan 1/n CPSperformanceurve is evident,thoughwith betterperformance

thanthe“naive” implementation.

In asimpleserialimplementatiorthenumberof bucketsusedmaybevarieddynamicallyto
ensurghatthenumberof creature®n eachbucketis slightly smallerthanthesizeatwhich
mappingbecomes significantoverhead.Thecomputationabverheadn thisis small,and
allows performanceo be maintainedor arbitrarily large populationgprovided hardware

limitationsarenot exceeded).

3.2.3 A Statistical Analysis of Bucketing

Despitethe performancebenefitsthat bucketing offers, whenimplementecbn a platform
wheretheresource®f eachbucketarelimited, the problemof bucketoverflow reduceghe
applicability of the approach.The systemwasthereforeanalysedto provide a theoretical
insight into the overflow problem. Much of this analysisis commonto the theory of

hashfiles usedin databaseystems[}. Similar resultsalsoexist in the field of queueing

theory[27[10], which couldbe appliedto yield a morecompleteanalysis.

Considera simulatorcontaining K buckets, eachcapableof holding B creatures. The
maximumpopulationsizeis thereforeN = K B. However in practise,therewill be a

smallernumberof creatures..

It mustbeassumedhatthedistribution of creatureshroughspaces uniformandindepen-
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dentof othercreaturesindthehashfunctionusedo assigriocationsto bucketis fair. While
this assumptions unlikely to bereliablefor real simulations,it is necessaryor virtually
ary analysis. In practisethe distribution may be far betteror far worsethana random
distribution dependinguponthe application. However suchdistributionsare specificto a
givensimulation.No matterhow complex theanalysist would still be possibleto produce
a “badly behaed” simulationwhich exceedsthe capacityof a well designedsimulator
All thatcanpracticallybe derivedis thetypical behaiour of the system.Thoughrandom
distributionis anunreliableassumptioio make, its generabpplicability andmathematical

simplicity make it theonly viable option.

Individual Buckets

A creaturehasa probability of beingin ary givenbucket p = 1/ K, independentf other
creaturesand buckets. Whenmary creaturesare placedin the system,the numberof
creaturesn a particularbucket is thereforedescribedby a binomial distribution[47. The

meannumberof creaturesn a givenbucket
pw=np=n/K (3.1)
Thevarianceof thenumberof creaturesn a givenbucketis
o =np(1—p) = n(1/K — 1/K?) (3.2)

Thesemay be usedin a normal approximationto the binomial distribution. Suchan
approximatiorwould becomenecessarif calculationsvereto be performedonverylarge

systemsHowever anaccuratebinomialdescriptiorhassofar provedtractable.

Theprobability of therebeingexactly : creatures$n agivenbucketis

2

Pn(k) = i) = ( " ) (1K) (1-1/K)" (3.3)

Theprobability of the bucketnot overflowing P (%) is therefore

B n . .
P(k) —Z( , )(1/K>l(1—1/K>"—" (3.4)

i=0 t
Multiple Buckets,and multiple steps

In orderfor the simulationto succeedfor a single step)no single bucket may overflow.
Theprobability of thisis
P(s) = P(k)¥ (3.5)
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Giventhe probability of the systemsucceedingt a givenstep,the probability of reaching
timet is
P(t)= P(s)' = P(k)¥* (3.6)

It shouldbe notedthat this assumesompleteindependencéetweenconsecutie steps.
Thisis blatantlyuntrue,asthedistribution of creaturesn onestepis stronglycorrelatedo
thepreviousstep— particularlyif theamountof movementis small. If no creaturesnove
thenthe probability of overflow is zero. Only if alarge numberof creaturesnove usinga
large neighborhoodvill the stepsbetruly uncorrelated. Suchanalysismay only be made
on a caseby casebasis,asit requiresdetailedconsideratiorof the hashingfunction used,
theinitial populationdistribution, andthe transitionfunction. Evenin suchspecificcases
the problemmay be intractabledueto the computationallycompletenatureof the system
beingconsidered.Assumingindependencéetweertimestepgivesthe mostpessimistic
approximatiorio thevalueof P(t). Usingsuchavalueensureshatthesimulationis unlikely

to fail if thestatisticandicateit shouldsucceed.

Births, Deathsand Movements

The derivation so far hasassumedhat the numberof creatureds constantandthat the
mavementof creaturedbetweerbucketshaslittle effect on the simulator(eachstepbeing
independent) Theinclusionof Births andDeathsto the systemmeanghatthe numberof

creaturess no longerconstant. It alsoallows large numbersof creaturego be suddenly
placedin a single location. This clearly invalidatesthe model previously developed.
Someform of statisticalindependencenustagainbe assumed:Provided that births are
distributedthroughspacein a sufficiently randomway, an upperlimit for the population
may be estimatedandthe probability of successnaybe derived basedon this population
size. A moredetailedanalysisis not possiblewithout consideringa specificapplication,

andhencea pessimistiestimatdas againadopted.

Whena creatures movedit musttemporarilyexist in onebucket, while atthe sametime
finding an emptylocationin its destinationbucket. It thereforeeffectively occupiestwo
locations. The currentsimulatorsonly move one bucket of creaturesat a time, freeing
thesourceocationsfor useby creaturesnoving from otherbuckets. Making assumptions
of statisticalindependencashasbeendonepreviously, movementmay thereforebe in-
corporatednto the modelof simulatorbehaiour by increasingthe populationsize » to
n’ = n(14 P(m)/K)whereP(m) is theprobabilitythatacreaturewill moveatary given

step(whichmaybe pessimisticallybe setto 1).
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Numerical Examples

Eachof theimplementationsf Creaturesvasbenchmarkdover500time stepswith every

creaturemoving at every step. This wasalsousedfor thetheoreticaresultsderivedbelow.

For the basiccaseof K = 64 and B = 64 the graphshown in figure 3.4 was produced.
IncreasingK, the numberof buckets, haslittle effect on the shapeof the graph— the
breakpointis alwaysa little over 50%full. In databasgermsit is recognisedhatit is the
ratio of then and K parametersatherthantheir absolutevalueswhich determineoverflow

performance.

If B,thebucketsize,isincreasedhenthebreakpointlsoincreasegrelativeto theabsolute
maximumpopulationsize V), asshavn in figures3.5and3.6. Fromanoverflow point of
view it is clearlydesirablehatbucketsareaslargeaspossible.Howeverlargebucketswill
give poor performancdor the mappingoperation,andmay not be practicalon a parallel

architecturavhereresource®n a particularnode(or collectionof nodes)maybelimited.

Consideringhe specialcaseof a singlebucket (asin the naive serialimplementationthe
probability of finding ¢ creaturesn a bucketis zerofor all valuesof ¢ excepti = n. For
valuesof B lessthann the probability of succeedindor a singletimestepP(k) = 0. For
B > n the probability of succeedings 1. Although bucket overflow still appliesin the

trivial casethe systemmustbe completelyfull beforeanerroroccurs.

For abucket sizeof 64, the statisticsshaw thatit shouldbe possibleto operatea simulator
thatis approximatehhalf full (figure3.4). Testingarealsystenof this sizeshavedthat(in
theidealisedbenchmarlsituation)the simulationwasalways successfuat 25% capacity
butwouldalwaysfail whenthepopulationwvasincreasedo 50%(for thoseimplementations
wherebucket sizehasan absolutefixed limit). Giventhe natureof the assumptionsnade

regardingindependencef theelementsthis maybeviewedasagoodcorrelation.

3.3 Creatureson the MasPar MP1

A creaturesimulatorwas developedin MPL[45] to run on a MasRar MP1104machine.
Thishas4096nodesarrangedn asquareayrid with localconnectionsplusadditionalglobal
routinghardware. Two implementationsveredeveloped— onewhich placedonecreature
on eachnode,a secondwhich usedthe bucketing techniquesiescribedoreviously. The

implementatiomemonstratethestrength@ndweaknessesf thebucketingapproactwhen
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Figure3.7: Broadcastinghe CreaturéMap

appliedin amassiely parallelsystemof this type.

3.3.1 A Naive Implementation

Given a large numberof processorseachcreaturemay be assignedts own individual
processar The type andlocationof eachcreatureis broadcasandincorporatednto the
world view of every othercreaturgfigure3.7). Thecreaturesrethensteppedandasearch

for freenodess performedby thoseprocessorsvhich arerequiredto produceoffspring.

Performancesf 15000creaturestepspersecond CPS)wererecordedvhenthe machine
wasfully populatedwith asinglecreatureon eachof the4096nodeqfigure3.8). For pop-
ulationsof this size,a naive (non-hucketed)serialimplementatioron a NeXT workstation

couldonly achieve 48 CPS.This speedncreasef approximatel\800timesisin agreement
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with theclaimedperformancdiguresfor theMP1104,andNeXTstationg6400and16mips
respectiely — aratio of 400). While the NeXT implementationvas not optimisedfor
speedtheresultsshov thatthealgorithmis extractinga goodpercentagef thetheoretical
peakperformancdrom the MasRar architecture.For small populations the overheadof
supportinga large numberof processorsesultsin poorerperformancehanthatavailable
from a serialmachine— thereareinsuficient creaturego utilize the availableprocessors.
Steptime s in factalmostindependenof populationsize(the “fix edtime step”line shovs

the CPSperformanceequiredto give a constantime pergeneration).

For mary applicationseven 4000creaturesnay be insufficient to producereliable statis-
tically valid behaiiour. However oncethe numberof creaturesexceedsthe numberof
processorghe performancef evena massiely parallelsystembeginsto degraderapidly.
Thisis shavn by thelinesMasRar2,4,and8 on thegraph(figure 3.8), which representhe
systemgerformanceavith eachnodeholding2, 4, and8 creaturesespectrely. In addition
to the overheadof virtualisation,the time takento calculateonegenerationsncreasedy
afactorof four for every doublingof populationsizedueto the»? effect of the mapping

operation— the CPSperformancéalls proportionallyto n.
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3.3.2 Bucketing on the MasPar

As previously discussedthe applicationof “bucketing” improvesthe performanceof the
mappingoperation. However due to the MasRar’s architecturecertainconstraintswere
placedon how buckets could be configured. The 4096 nodemachineis arrangedas a
64 x 64 square.Thesystemwasthereforebuilt to containsixty four bucketsof up to sixty
four creaturesThehashingunctionusedwasof theform H(xz,y) = Kz + y. Specifically
K = 9 asthisresultsin 7 stepsin the = directionplacingthe creatureone bucket down
from its initial location,ensuringthata line of creaturesitherhorizontallyor vertically
(a commondegeneratecase)would efficiently utilize all processors. Virtual processor
spacewasimplementedy increasingthe numberof buckets. This maintainsa constant

performancémeasuredh creaturepersecondfor anincreasingoopulationsize.

Increasinghe bucket sizewasnotfeasibledueto the natureof the MasRar architecture—
themappingoperationwvasperformedoy spreadingnformationaboutcreatureypearound
the rows of the machine. Initially this wasimplementedby eachnode examiningeach
other nodewithin the bucket. However the communicationsverheadproved high due
to the distancebeingcovered. Insteadeachnodemakesa copy of its type, thenreplaces
thatcopy with the copy heldin the nodeto its right (andassimilateshe new datainto the
creaturesvorld view). This resultsin the copieddatas rotationroundeachbucket with a
minimal communicationsverheadasshavn in figure 3.9). Introducingvirtual nodesinto
this operationwould have beendifficult, asthe MPL languagenakesno provisionfor such
structures— the codewould have to explicitly dealwith the multiplexed nodes,andthe
inter/intra-nodeommunicationsequired.Weresuchasystemnto beimplementedthestep
timewouldincreaséy afactorof four for every doublingin size(dueto then? complexity
of mappingwithin a single bucket). However the problemof bucket overflow would be

easedallowing thesimulatorto berun at closerto its maximumcapacity

Statisticalanalysisof bucket overflow (section3.2.3)suggestedhatrunningthe simulator
at approximatelyfifty percentcapacitywaslikely to causea failure during the courseof
the 500 stepsthat were usedfor benchmarking.This provedto be the case— provided
thata populationof one quarterthe simulatorsizewas not exceededno overflovs were
obtained.Theperformancef thebucketingsystemnis shavnin figure3.10. Thisshavsthat
aroundl0,000creaturestepspersecondnaybemaintainedor largepopulations.Theloss
in performancealueto increasedsimulatorsizewhenthe populationis smallis negligible

comparedo thelossobtainedby the naive method.
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Figure3.9: Generatinghe CreatureMap usingbuckets
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3.3.3 Conclusionsabout the MasPar System

The performanceof the naive methodobtainsgoodspeedup comparedo the nawve serial

implementation However this approaclis necessarilyimited by the n> mappingproblem.

The performancef the bucketedapproachs unfortunatelylittle betterthanthatobtained

by serialimplementationsThis canbe explainedby two factors:

¢ DynamicBucketing: A serialsystemis ableto determinethe optimumnumberof
bucketsandbucket size at run time, andchangethis dynamicallyasthe simulation
progressesln additionto ensuringgoodperformancet eliminatesthe problemsof

overflow.

¢ Movement:Profiling of the Bucketing coderevealedthatapproximatelyninetyfive
percentof the simulationtime is taken up by a single line of code — the line
responsibldor the movementof creaturebetweerbuckets. Whena creaturanoves
its new locationis invariably, on anotherprocessqrandhencedatamustbe copied
betweemodes.This problemwill befurtherconsideredandtackledlaterin section
3.5. Forthepurpose®f benchmarkinguworstcaseproblemwaspickedwhereevery

creaturemovesto anew locationateverytime step.Hencethe performancdigureis
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somavhatpessimisticandis likely to beexceededor realsimulations.

The MasRar implementatiorfailed to deliver the full performancehat the naive system
indicatedshould be possible,and is somevhat difficult to use (the correctbucket size
for a problemmust be carefully chosen). However it doesdemonstratehat Creatures
codewritten in Jammay be retagettedto a new backendwith little modification. Most
importantlytheimplementatiomdemonstratethatthoughbucketingsolvesthe problemsof
mapping,it createsa numberof problemsof its own whenimplementecdn architectures
of thistype. Theimplementatioron the MasRar providesinsightinto how a moreeffective

machinemaybebuilt.

3.4 Creaturesonthe Thinking MachinesCM2

Following thecompletionof theMasRarimplementatiorthebucketedMasRarimplementa-
tionwasportedto theConnectiorMachine[29[38] C*[21] ervironment.Suchaportwould
demonstrat¢hatthetechniqueslevelopedto run Creature®nthe MasRar wereapplicable
in arangeof situations andrevealtherelative strengthandweaknessesf the alternatve
underlyingmachinearchitecturesin addition,access$o the MP1104waslimited to ashort
time period— the CM2 provideda platformwhich could be returnedto, allowing further

experimentgo beperformedshouldthe needarise.

Portingthesimulatorprovedto bearelatively minor operatiorrequiringaminimalnumber
of change®therthanlexical translationto useC* ratherthanMPL keywords. C*'s more
limited controlstructureslid presensomeminorproblemsrequiringadditionaltestswhich

may have hadsomeimpacton efficiengy.

The ConnectionMachineis physicallya hypercubebut the programmers model (when
using C*) is an array of variabledimension. Communicationis by wormhole routing
throughthisn — cube. Thereis no globalrouting hardwareasin the MasRar system.C*'s
provisionfor virtual processorgwhich waslackingin the versionof MPL availableatthe

time) alloweda morecompleteexplorationof the bucketingparameters.

Theresultingperformanceés shavn in figure 3.11. Theseresultsindicatean exceedingly
poorperformancen amachinehatis theoreticallyfar morepowerful thantheMP1. Once
againthe poorresultsmay be attributedto communication®verhead. The movementof

Creaturesbetweenbuckets may resultin the transferof databetweennodeswhich are

remotein the physicalarchitecturgthoughthisis difficult to determineasthe basehyper
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cubeis totally obscuredy the C* programmingparadigm).Thesetransfersaareespecially
expensve giventhe local communicationsystemusedby the CM. While thesetransfers
arealsoexpensve ontheMasRar, theprovisionof hardwarededicatedo longrangerouting

relievesthe problemsomevhat.

In orderto verify thatthe communicatioroverheadof creaturemovementis indeedthe
bottleneck,the CM2 was benchmarkd againthis time choosingthe optimum scenario
whereevery creatureemainsn the samelocation. Theresultsof this areshawvn in figure
3.12. This shavs a dramaticimprovementin performance.Sucha systemoperatest up
to one hundredtimesthe speedof the previous example. Clearly stepsmustbe taken to

optimisethemovementof Creatures.

3.5 Spiralling — Reducingthe MovementProblem

Bucketing is effective in reducingthe mappingoverheadput it introducesthe new (sig-
nificant) overheadof procesamigration. However, by consideringthe bucketsasa long
line, the array can be wrappedaroundinto a 3D spiral suchthat (for the hashfunction
H(z.,y) = = + ky) thekth bucketis directly above thefirst, andsoon (figure 3.13). The

lastbucketis connectedackto thefirst to form atoroidal structure.This ensureshatthe
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smallchange®f x andy involvedin the migrationof processesesultin a shortcommu-
nicationsdistancebetweenadjacentuckets, while still breakingthe creaturegdown into
easilymappedsub-populationsLoadbalancingor degeneratepnedimensionaproblems

is alsomaintained.

The spiral canbe viewed asan edgeconnectednesh,wherethe edgesyratherthanbeing
connectedback to the samerow, are connectedbackto a row which is offset (where
the hashingexampleis a specialcase: offset=1, previously proposedor usein systolic
computatiorsystems[5f. An offsetof ary sizecouldbeappliedbothto rowsandcolumns.
Howeverin doingso specialattentionmustbe payedto the connectiorof nodesat thetop
right handcornerof thegrid, wherethetwo offsetsinteract. Theresultof thisinteractionis

not obvious, andis bestillustratedby figure 3.14. Whena shift of distance» is appliedin

eachdirection,a gapappearsn thegrid of size 0>. This gapmustbefilled with additional

bucketsto regaina pseuddnfinite, uniform surfacesimilarto thatof atraditionaltorus.

3.5.1 DesigningA Double Twisted Torus

Giventhatthe twistedtorusarchitecturaeducegshe communication®verheadoroduced
by the simplehashingapproachit is necessaryo considemwhatvaluesof n (thegrid size),
ando (the offset) areeffective. Thetopologyis scalablesothe absolutesize of the array
will belimited only by practicalconsiderationsHowever for afixednumberof processors
anumberof shapegouldbe build, eachwith differing performance By carefulselection

of n ando amoreefficientmachinemaybe built.

Without a priori knowledgeof the problemsto be tackledby the proposedmachine few
assumptionganbe madeaboutthe load patternthatwill be placedonthe grid. However
theperformancef thesystemis highly dependentntheloaduponit. For any topologyit
would bepossibleto find loadswhich mapparticularlybadly. A well designedyrid will be

built suchthatloadswhich mapbadlyareunlikely to occut while commonloadsmapwell.

It mustbe assumedhat on averageloadswill be symmetrical,asfor ary load that may
be appliedthereis anequallylikely load wherethe » andy axeshave beeninterchanged.

Thereforeonly gridssuchthatn,, = », ando, = o, will beconsidered.

When implementingbucketing on the MasRar a desirablefeatureof the hashfunction
selectedvasthatmovementin eitherthe = or y directionpassthroughevery nodebefore
returningto the startingpoint. Thisis particularlyimportant,asone-dimensionautomata

(ornearlD — whereonedimensiorfarexceedgheother)areacommonspeciakcase.This
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conditionis satisfiedwheno and~ arerelatvely prime: LCM (o0, n) = on (or alternatvely
GCD(o.n) =1: o = lisalwaysvalid)[5Z]. Givenapairof values< n, o > whichsatisfy
this condition< n, n — o > will alsobe suitable.Offsetsmaythereforebe cateyorisedas

large (o > n/2) orsmall(o < n/2).

If thepreviousargumentis generalisedo avoid clasheavhen(for example)loadsof width
2 areapplied thenit canbe seernthatthe hashingmodel(whereo = 1) is potentiallypoor,
asthelocationk,0 is equivalentto 0,1. By increasingthe offset, clashef this form are

likely to bereduced.t is thereforeadvisableo eliminatemeshesvitho = 1oro =n — 1.

Any nodev in anetwork G hasaneccentricitye(v ) — themaximumdistancei(w. » ) from
ary vertex « to v in G. Theradiusanddiameterof G arerespectiely the minimumand
maximumeccentricityamongthe verticesof G[52]. For a uniform surfacesuchasthe
torusor twistedtorusall nodesare equivalent,andhencethe radiusof the graphis equal
to thediameter For arny network of processors low valuefor the diameterd is desirable
asit representshe worst casecommunication®verhead.For a simplen by n meshthis
distances 2n andfor atoroidal meshthe diameteris approximatelyn[53]. Any twisted
mesh< n, o > alsohasa diameterof . Thisis independentf o. If 0 = n thenumberof
processorsvill be2n2. Althoughthe diameterof an<n,n>twistedtorusis the sameasan

ordinaryn by n torusit containswice the numberof processors.

This increasen densityis achiezed be reducingthe redundang, ascanbe seenin figure
3.15.In astandardorustherearethreesetsof pathsfrom ary pointto ary otherof distance
lessthann. Whenan offsetis presenthe redundanyg is reduceduntil for the final case
o = n thereis only onesetof pathsto any point (the remainingredundang is necessary
to retainaregularsurface— it will alwaysbe possibleto travel eastthennorth,or north
theneast).A similar resulthasbeenusedto reducethe meancommunicationslistancan

ahypercube[l

Whenthe offsetis increasedhe meanroutingdistancebetweerpairsof pointson thegrid
increases Whenthe offsetis zerothe meandistancebetweenpairs of pointson the grid
is /2. However asthe offsetis increasedo » the meandistancetendsto 2./3. Sucha
grid contains2,? processorsA regulartorusof 22 processorsvould have ameanrouting
distanceof ./+/2. The meanroutingdistancefor a twistedtorusis thereforelessthanthe

meanroutingdistanceor aregulartorusof equivalentsize.

The specialcaseo = 7 representshe mostcompactsystem,thoughit fails to meetthe
criteria previously setout for goodmeshsizes. Largervaluesof o which do satisfythose

guidelinesshouldthereforebe choserin preferenceo smallervalues.

Creatures



Implementing the CreaturesModel 78

g i
. ﬁ

0=n
0=3n/4

Figure3.15: Thediameterof TwistedMeshes

Creatures



Implementing the CreaturesModel

79

Grid Size:n | SmallOffseto < n/2 | LargeOffseto > n/2 | Numberof Nodes
5 2 3 29,34
7 2,3 4,5 53,58,65,74
8 3 5 73,89
9 2,4 57 5,97,106,130
10 3, 7 109,149

Table3.1: SomeViable Machinesizes

Valuesof o greaterthann canbe constructedHoweverin suchcasegherolesof » ando
areinterchangedthatis < n,0 >=< o.n >. It is simplestto consideronly casessuch

thato is lessthanor equalto », asno systemsareexcludedby sucha limitation.

In orderthata statisticallyreliabledistribution of load betweemodesis achiezedtheload
shouldwraparounadhetorusasmary timesaspossible.Thisdemandshatthetotalnumber
of nodesbekeptreasonablemall,henceherestrictionalreadyestablishea@resufiicientto

indicatewhichvaluesshouldbeconsideredor thedevelopmenbf atestsystem.A number

of suitablemachinesreshavn table3.1.

3.5.2 Load Balancing

By applying the shift found in the twisted torus topology regular patternswithin loads
arebrokenup. For the purpose®f testingrectangulatoads(oneloadunit in eachvirtual

locationwithin a rectangleof a chosersize)wereappliedto twistedandregulartoroidsas
shawn in figure 3.16. Suchloadsarewell balancedor non-twistedgrids only whenthe
sizeof theappliedloadis anexactmultiple of grid size,otherwisetheloadwill have three
distinctregions. This is shavn in figure 3.17wherea rectangulatoad (randomlychosen
to be 68 by 52) is appliedto an 8 by 8 edgeconnectednesh. The meanload pernodeis

55.25,but poorloadbalancingneanghatnodeanayhave ashighaloadas63 or aslow as
48. The standardleviationis 5.356(optimumwould be 0.433).

By applyingatwist to thetorustheloadis brokenup aroundthe surface,asshaw in figure
3.18. With an8 x 8 grid ary offsetof between?2 and7 resultsin an optimumbalancing
for theexampleload. Figure3.17shavstheresultsfor o = 5. Theincreasan thenumber
of nodesresultsin a reductionof the meanloadto 39.7,but now all nodeshave aload of

either39 or 40. Thedeviationin theloadis hencereducedo the optimumvalueof 0.44—
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Figure3.16: Applying a Rectangulat.oadto a TraditionalGrid
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<n,0>=<8,0> <n,0>=<8,5>

Figure3.17: Applying arectangulaftoad

adramaticimprovement.

The standarddeviation of the load was calculatedfor all rectangulatoadsup to forty by
forty, appliedto the eightby eightgrid. The differencebetweerthesevaluesandthe best
possiblestandardleviation (for thatnumberof processorandloadunits)is shavnin figure
3.19. Ideally this graphwould be the planez = 0, asthis would indicatethe systemwas
optimally load balanced.However whenan ordinarytorusis usedthe surfacehasmary
high peaksrepresentingpoor performance Only a few specialcasegwheretheloadis an

exactmultiple of thegrid size)arewell balanced.

An equialentgraphfor andeightby eightgrid with anoffsetof fiveis shavnin figure 3.20.
The surfacehereis amuchbetterapproximatiorto = = 0 indicatinggoodload balancing
for almostall loads. The meanload erroris 0.15whenthe offsetis used,asopposedo
1.16in thesimplecase.Despitethedramatidmprovementn averageperformancehenewn
grid doeslack the simple perfectlybalanceccasesasfoundin the perviousexample. If
the shapeof theload may be selectedby the programmein anarbitraryfashionto fit the
shapeof the machinethentherearea numberof simpleshapesvhich canbe chosenwhich

embedwell in a simpletorus. It is non-trivial to selectsuchperfectshapedor a twisted
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Figure3.18: Applying a Rectangulat.oadto a TwistedGrid

Creatures



Implementing the CreaturesModel 83

L
0
a
d

_Q)UB_

Load Width

O POSW

Figure3.19: Loadsappliedto an8 grid

Creatures



Implementing the CreaturesModel 84

coovor-

I
m
b
a
I
a
n
C
e

Load Width

Figure3.20: Loadsappliedto an8 x 8+ 5 x 5grid

Creatures



Implementing the CreaturesModel 85

[ B
11 = 4 H

Figure3.21: Two Similar Networks

torus. However for agenericmachinerunninga selectiorof generaproblemsof unknovn

shapegperformanceshouldbe dramaticallyimproved.

Theabove resultshave alsobeendemonstrateavith realloadstakenfrom Creaturesim-
ulations. Geometricstructureswill be poorly mappedonto a traditional mesh,but are

(generally)distributedevenly aroundthe processoarrayby the spiralingtechnique.

3.5.3 Construction and Routing

Sofarspiralshavebeenconsideredsbeingspecifiecby two parameters— thebasicsizen,,
andanoffseto. While thisis sufficientto specifythe computationapropertiesjt doesnot
completelydescribeaphysicalsystemasreflectionsandrotationsmaybeusedto transform
betweera numberof possibleimplementation®f a singletopology This canbe seenfor
thetwo dimensionaktasein figure 3.21. While thesearesimply mirrorimagesandhence
computationallyuninterestingthey will changethe way datamustbe routedaroundthe

system— aparticularocationin virtual spacewill mapto adifferentlocationin realspace.

Whenthe systemis implementedn two dimensionakpacehe offsetappliedin eitherthe
X orY directionmustbe negative (with respecto a corventionalaxis). This is necessary

to prevent the surface overlappingwith itself. While this is simply dealt with when
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implementinga machindan atwo dimensionaspacet wasinitially uncleatow thiswould
scaleto higherdimensions.By the applicationof matrix techniques[6[Lthe twistedtorus

topologymaybedescribedn afashionmoreappropriatdo higherdimensionakystems.

Theissueof constructiorandroutingmaybeclarifiedby consideringanumberof "Origin"
vectors,which mapthe origin of the surfaceontoitself. For a ¢ dimensionakpacethere

will be d suchindependentectorswhich will form a basisfor the space. For the two

n —0 n [
dimensionakxamplesin figure3.21thesevectorsare( ) ( ) and( ) ( )
o] n —0 n

n o]
Thesepairsmaybe memgedinto a transformatiormatrix T' for eachcase: and
—0 n

n —o
. The placemenbf the negative offset value determineswvhich of the mirror
] n

imageformsis produced.

The matrix T in eachcasewould transformthe unit squareinto a parallelogramwith
cornersattheoriginsof the surface,asshavn in figure 3.22. Onesuchparallelogranmay
be associateavith oneimageof the physicalcomputationasurface,andasbothtessellate
tofill spacemusthave the samearea.Eachparallelogranbeganasa unit squareandwas
transformedby the matrix 7. The determinanbf a matrix (in this 2D case)is of course
theareascalefactor It is additionallyknown thatfor the surfaceto be continuoust must
containn? + o processorgeachof which may be taken ashaving unit area). Hencethe
determinanbf 7' mustben? + o?. This clarifieswhy a negative offsetis requiredin one
direction,asdeterminantsrecalculatedby the evaluationof sub-determinantahich are
alternatelyaddedandsubtractedrom thetotal— only by applyinga singlenegative offset

will amatrixwith the correctdeterminanbe produced.

More importantlythe matrix ' may be usedto simplify routing. In orderto communicate
effectively betweervirtual nodest is essentiathatthe physicalnodeon which the virtual
noderesidesbe easilycalculated. Givena virtual processarary integer combinationof
origin vectorsmay be addedor subtractedand the mappingto a physicalnoderemains
unafected. The physicalmappingmay be determinedy addinga combinationof origin
vectors,suchthat the virtual nodecomesto lie within the physicalsystem. The exact
definitionof whichlocationis the “real” locationof a nodeis unimportant.It is sufficient
thata uniquelocationfor anodemaybe calculated. Sucha uniqueaddressnaybe simply

arrived at by defining the physical systemto exist within half an origin vectorin ary

2WhenimplementingCreatureghis informationis only requiredto load positionsinto the system,andto
dumpthemoncesimulationis complete.However the spiraledarchitecturéhasotherpotentialapplicationwhere

communicatiorat a distancemayberequired.
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directionfrom the origin (asin figure 3.22). Unfortunatelyit is difficult to determineby
simple inspectionthe correctcombinationof vectorswhich mustbe addedto a location
to move it into the physicalspace,as origin vectorsmay be non-orthogonalin higher

dimensions)andinteractin anon-trivial fashion.

Thematrix 7" mapsthe unit (squareectorsontothe origin vectors,andhenceits inverse
T—1 will maporigin vectorsontothe unit square.Oncein this form the origin vectorsare
easilyseparatecandamappingcloseto thegenuineorigin maytrivially befoundby taking
the fractionalpart of eachcomponentandthentransformingback(viaT") to the original

coordinatesystem.

An optimal routing may be found betweentwo virtual nodesby taking the virtual offset,
transformingit to the orthogonalspace andchoosinga new valuefor eachcomponentn
therangel/2 < ¢ < 1/2. Thisis thentransformedbackby 7T". Suchan operationwill

producea new offsetfrom the original locationwhich hashadredundanmaovesthrough

imagesf themachineremoved,leaving the shortespossibleroutebetweerthetwo points.

The T~ matrix may be trivially calculatedfor both specificarchitecturesand for ary

requireddimension.For the 2D case:

, [ —0
T — n 0 = T_j_ _ n2+o0? n?+4o0?
-0 n -2 L

nc+o nc+o

Thismatrixis calculatecbncefor eachmachinetopology At runtime,two matrix multipli-
cationsandtwo truncationsarerequiredto find an optimumpathto the destinatiomode.
Thoughthetechniqueasdescribedequiredfloatingpointoperationsgdivisionis alwaysby
thedeterminanbf thematrix which s fixedfor ary machine.It would thereforebetrivial
to developa fixed pointimplementatiorwhich requiredesscomputationatesourcesand

couldberun efficiently onthe simpleprocessorfoundin massiely parallelsystems.

3.5.4 Higher Dimensional Spirals

Whenmachinesareconstructedn greatethantwo dimensionakpacehesystembecomes
an N-cubewith anadditionalsmaller N-cubefixedin the cornerof one“face” (the three
dimensionakaseis shavn in figure 3.23). As the dimensionof the systemincreaseshe
“face” acquiresmore corners,and the numberof possiblesystems representedy the

possiblechoicesfor placemenbf negative offsetsincreases.The threedimensionakase
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Figure3.23: A ThreeDimensionallwisted Torus
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offersfour uniquevaluesof T' which producethe requireddeterminant,® + o°:

n 0 o
o n 0
0 o n
n 0 —o
-0 n O
0 o =n
n 0 —o

In factthereare othersproducedy consideringrivial transformation®f this matrix, but

theseproducedenticalshapesIn generathereare2¢= interestingvaluesof T

Theseare bestproducedby placingn on the leadingdiagonal,then placingthe value o
immediatelybelow. Thisisthesimplesimethodof arriving ataconfiguratiorwhichsatisfies

theconditions:

thatall origin vectorshave ann componenandano component.
¢ thatthe o componenbf avectoris orthogonato the » component.

¢ thatnotwo n componentsireparallel.

thatnotwo o componentsreparallel.

Thesespecifythateachimageof thearrayshallhave asingleadjacentimageoneach‘face”
thatis offsetfrom thatface. Thedirectionof the offsetsmustthenbe adjustedsothatnone
of theimagesoverlap. It hasbeenestablishedhatthe determinanbf the matrix shouldbe
the“volume” of the shape.If theimagesoverlapthey will be sharingvolume,andhence
the determinantill be lessthann? + 02. It is shovn in the following sectionthatfor all

dimensionghe numberof positive offsetsmustbe oddto satisfythis condition. Thereare
2¢ combinationf positive andnegative values half of whichwill have anodd numberof

positive offsets,hence2?/2 = 27~ interestingvaluesof T'. For d = 2 onenegative offset
isrequired, d = 3 requireseitherzeroor two negative offsets.Fromthesea matrix maybe

pickedarbitarilly, andusedto construcia machine.

Considettheexampled = 4:
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Constructidiagonaimatrix of dimension/ with thevaluer, ontheleadingdiagonal:

(71 0 O 0\‘

O n 0O
0O 0n O
0 0 0 n

Placethevalueo directly underneatieachn

n 0 0 o
o n 0 O
0 o n O
0 0 o n}
¢ Evaluatethedeterminant:
n 0 0 o
o n 0
=n* -
0 o n
0 0 o n

If this doesnotequaln® + of reversethesignof ary oneo

n 0 0 o
—-o n 0 O
— Ao
0 o n
0 o n
o Evaluatetheinversel —1
n 0 0 o
-0 n O
T =
o n O
0O 0 o ’I'L}
n3 —0° no? — (17,2 0) \
L nco n3 0® — (n 02 / A 4
= T = n- 4o
— (77 02) — (17,2 0) n3 0
o3 no? — (77/2 o) n3

The physicallayoutresultingfrom a particularlayoutis not alwaysclear particularlyfor
higherdimensionsThebestmethodof constructinga systenmfrom the matrix specification
is to testfor the presencef processorst a numberof virtual locations(greaterthanthe
numberof processorsequired)which areguaranteedb includeall physicallocations(for

example0 < z < n, 0 < y < n + o for the two dimensionalcase). Processorsire
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insertedvhenaprocessois foundto belackingatthetestedocation. Whenthis procedure
is completedt hasbeenestablishedhat every virtual locationwithin the areacontainsa
processqgiandhencesverypossiblgohysicallocaion cortainsaprocessorSuchatechnique

is easilyautomatedandcouldbe usedto developlessabstractlesigngor realmachines.

3.5.5 A Proof of the Negative Offset Effect

It hasbeenobsenedthatfor even dimensionst is necessaryo placean odd numberof
offsetsin a negative direction(Sequin[56] notesthis asanoddity for thetwo dimensional

case).This maybe shovn mathematicallyasfollows.

Thegeneraform of thematrixT'

n 0 A 0 0\
0 n 0 .. 0
T¢e=10 o
n 0

o o )

may be reducedusingthefirst columnto find its determinant.The resultingequatiorwill
have two components— that resultingfrom the » in the first column,andthatresulting
fromthe o below it. Thedeterminantvill be of theform: |T4| = n|Us—1| — o|Va-1| Each

of thesecomponentsvill beconsideredn turn.

The n componenbf the T' matrix’s determinanwill be » timesthe determinanif the

bottomright sub-matrix.This matrix hasthe simplerform of

10 oy

0 n 0 ... 0
U;_1=10 o

: n 0

O --- 0 o n

By consideringeductionalongthe top row it canbe clearly seenthatthe determinanof
this matrix will have thevalueof » timesthe determinantf the bottomright matrix. This
is againin theform of aU typematrix,andhencelUg_1| = n|Uq4—2|.

For the simplecaseof U,

n

|Us| =

o n

(Alternatively U; = n mayconsideredsatrivial case).HencelU;, = n*.
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Thefirst componenbf thedeterminanbf T, is thereforen| Ug—1| = nn? =1 = n.

Obtaining the secondcomponentof the determinantof 7' takes a similar form. This

componenmay be considereds —o timesthe determinanof the submatrixv;_.

o n 0 0
Viai=10 o

n 0

0O --- 0 o n

This is againreducednow usingthefirst column. Theresultingsubmatixis againin the
formof V, henceV,;_1| = —o|V,;_,|.

In the simplestcases

|Va| =

(or alternatvely |V4] = o). Hencein thegenerakase|Vi| = o(—0)*~ = —(—0)".
Thesecondcomponendf Ty is therefore—o|V,_1| = —(—0)%.

Combiningthesetwo results:

T, = n* —(—0)*
Whend is oddthiswill reduceo theform|T,| = n¢ + o%. Whend is even|T,;| = n? —o%.

In orderthatthe systembe operablel’; mustbe of thefirst form, aspreviously discussed.
This may be correctedor evenvaluesof d by reversingthe signof oneo. Any pairof o’s

mayadditionallybe negatedastheir effect clearly cancelsout.

3.6 A Transputer Implementation

3.6.1 Hardware

A smalltwo dimensionakpiralwasconstructedisingtransputerdy adaptingan INMOS
B042 board. It wasproposedhatthe developmentof sucha systemwould demonstrate
thata spiraledsystemcouldbe built, andthatsucha systemcould provide a platformfor a

high speedmplementatiorof Creature®n semi-custonhardware.

The B042 boardconsistsof 42 T8 transputers[4[lconnectedn a two dimensionalb x 7

NEWSgrid asshawn in figure 3.24. Theunconnecte@dgelinks areavailableto the user
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Figure3.24: TheINMOS B042 TransputeBoard
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Figure3.25: A SpiralEmbeddedvithin aB042Board

andmay be connectedackinto the boardto modify the topology In additiona number
of auxiliary control signalsareavailable. Thereis no memoryon the boardotherthanthe

transputersnternalmemory(four kilobytesperprocessor).

A spiralof type < n, 0 >=< 5, 2 > wasselectedo beembeddedhto theboard,asthisis
the smallestdesirableshape(asderivedin section3.5.1),andfits within the boardwith a
minimumof wastednodes.Theremaining‘spare”transputersperateransparentlyhile
thesystems running,copying thedataontheirlinks straightthroughwithoutmodification.
Theedgeconnectoprovidesenoughflexibility to allow thistopologyto be constructedas
shavnin figure3.25. While thiswastesa numberof transputerst is simpleto implement,
andthe columnof transputer®n the far right providesaccesdo the arrayvia the spare
links, allowing datato be insertedinto the systemby routing processwvhich may placed

there.

A PCB to implementthis was constructedandthe resultanthardware was attachedo a

B008 boardvia oneof the sparelinks. This providesan additionaltransputeknown as
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the“root”, with additionalmemory(typically one Megabyte). Onelink of this processor
is connectedvia additionalhardwareto a hostmachine. The hostwill typically run an
“iserver” which provideslO servicedo thetransputeboard.Becausef its positionin the
network theroottransputemusthandlethesd O operationsandhencetherootoperatesas

acontrollerfor therestof the network.

In the hardware configurationusedfor the developmentof the Creaturessoftware, the
connectiorbetweerroot transputerandthe hostmachinewas provided by a B300 based
ethernesystem.While thisprovidesaflexible developmensystenmavailableto mary users
spreadacrossa network, in a hostindependenform the performanceof the B300link is
very poor. Fortunatelythelink is transparento the user asidefrom its poorperformance

andhencecouldbereplacedy a moreeffective connectiorshouldit berequired.

3.6.2 Software

A Creaturesimulatorwasdevelopedin Occam[42 usingthe Inmostoolkit, to runonthe
transputethardware. This consistedbf a communicationgayer which providedfacilities
for transferringcreaturesaroundthe network, andcodedealingwith creaturesiponeach

node.

Anindividualnodeoperatesisingthesamealgorithmastheoriginal serialimplementation.
A singlelist of all creaturesiponthe nodeis maintainedanda “cansee’list is calculated
for eachcreatureasit is required. The creatureis then steppedusing codeproducedby
a retagettedversionof pancale. The resultingcreature(smay thenbe passednto the

communicationsodewherethey arepassedo adjacennhodesasnecessary

Thecommunicationtayerpasseslist of new creatureso adjacennodesateachtimestep.
Synchronisatiofis retainedy termnatingeachlist with amatker. Communicatiomproceeds
in eachdirectionin parallel. This allows computationon adjaceninodesto be up to half
a cycle out of phasewith adjacentnodes. For example: one node may completeits
calculation;it would thenbe ableto enterinto communicationsvith adjacenhodessome
of whichmayhave hadlesscomputatiorio performandlittle datato passhencecompleting
communicatiomapidly. Thesenodeamaythenstartcalculationof thenext step while other
nodesmay have yet to completethe previous calculation,and enterthe communications

phase.

Computationrmay only begin onceall communicatiorhasbeencompletedfor that node.

However this semi-synchronousoupling betweennodesallows large amountsof clock
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skaw acrosgheboard,andhencamprovedperformance&omparedo amorestrictly timed

system.

A “loader” processconnectedo theisener insertscreaturesnto the systemhaving first
calculatedwhich nodetheir locationrequiresthey be processedipon. This calculationis
preformedusing the matricesdescribedn section3.5.3. The populationof creatureds
fedinto the systemover a numberof timestepdo preventthe nodescloseto theinsertion
point overflowing. The systemthenruns purly asa communicationsystemuntil it can
be guaranteedhatall creaturediave reachedhe correctnode. Oncethe systemis loaded
theloaderprocessstartscollectingcreaturesvhich have completedheir computationand
returnghemto theisener. Becausef its communicatiomwith theisererthis processnust

berunontheroot processor

Eachcreaturecarrieswithin it a counterwhich is decrementeat eachtime step. When
this counterreacheszerothe nodeholding it will attemptto routeit backto the loader
In addition eachnode holds a counter and will shutdown following a pre-determined
numberof steps.This nodecountemustbesignificantlylargerthanthe counterwithin the
individualcreaturesasnodesarerequiredto operatébothduringthe preloadingof thegrid,

andduringthedumpingphase.

A throughrouterprocessvasplaceduponthe unusedprocessorsThoseat the top of the
board(figure 3.25) simply routefor a numberof steps. Thoseforming the columnat the
edgeof the boardmustprovide a more complex serviceas shown in figure 3.26. Each
channekontainsa seriesof creaturewith endflagsto markeachtime step. Creaturesre
readfrom the southandmemedinto the west/eastiatastream suchthatcreaturegemain
in the correcttime step. The“gen” processendsclock ticks northto feedthe southinput
of theprocessorboveit, asall theprocessori this columnareidentical. Creaturegrom
theeastandthewestarepassedhroughthenodeunchangedinlessheirtimerhasexpired,

in which casethey arepassedouthwith any creaturesecevedfrom thenorth.

The Inmostoolkit providesrelatively flexible mappingbetweernprocessesyirtual proces-
sors, and physical processors. The software was thereforedevelopedto map onto the
hardware ,thenmappecdntoanidenticalsetof virtual processorsThesevirtual processors
couldthenbemappeckitherdirectlyto therealhardwareorto asingleprocessorfor delug-
ging andperformanceomparison However memorylimitation did limit the effectiveness

of thisapproach.
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Figure3.27: Performancef the Transputetmplementaion

3.6.3 Performance

The systemdescribedwas developedand delugged, and successfullyrun on a single
transputer However memorylimitations of the B042 systempreventedthe full Creatures
codebeingrun in a truly parallelfashion. In orderthatthe performanceof the software
couldbetestedon thelimited hardwareavailablemuchof theauxiliary codewasremoved
from the simulator This codedealtwith the loading and saving of creaturesandthe
long rangecommunicationgcrossthe network requiredto performsuchoperations.By
hardcodingsimplestartstatest waspossibleto producea systemcapableof operatingin
4K of memory However memorylimitations still restrictedthe populationsizeswhich

couldbetested.

TherestrictedsystemwvasrunonbothasingleT8 transputefwith 1Meg of RAM, capablef
holdingthe completenetwork), andthe BO42 system.Thetopologyof thevirtual network
usedn bothcasess identical. Thesystenmwastestedwith bothcreaturesemainingstation-
ary (to testtheperformancef the calculation,andthe mappingoperations)andmoving at
every timestep(to demonstrat¢hatspiralingreduceghe communicationgverhead).The

resultsof thesetestsareshavn in figure 3.27.
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Thegraphshowvsthatasthepopulationisincreasedheperformancef thesystenimproves.
Thisis dueto thereducedverheadsandtheutilisationof all theslotswithin thesimulator
Similar performancecan be seenin all other parallelimplementationof the Creatures
model. Unfortunatelydueto the memorylimitation the testonly reveal the beginning of
this curve wheremappingis not significant. Even at the largestpopulationsize only ten
creaturesare allocatedto eachbucket. Were the systemto be build with more memory
pernodelargerpopulationcouldbeaccommodatedAs populationincreasedhemapping
operatiorwould againcometo dominateasit is still an/N2 operatiorwithin asinglemode,
andperformanceneasureéh CreaturestepsPerSecondvouldfall off with 1/ N. In sucha
caseperformanceouldbeimprovedfurtherby usinganadditionalhashingunctionwithin

eachsinglebucket.

The simulationoperatedasterwhen creaturesare not moving, asundertheseconditions
very little datamustbe passedetweennodes. However the differencesn performance
betweerthemoving andstationarytestds verysmallcomparedo theorder(s)of magnitude
measuredntheConnectiormachine.Thisillustrateghatthe Spiralledmappings effective

atreducingcommunicationgverhead.

An interestingresultmaybe seerbe examiningthe speedugoundin thesystem(shavn in

figure3.28). Speedujis approximately5 for smallpopulationgthe >1 efficiency maybe
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attributedto experimentakrror). However asthe populationincreaseshe speedugalls to
aroundtwenty eight. Thisis counterintuitve, asit is generallyexpectedthatspeedugwill

improve for largerpopulations.

The anomalyin speedupcanbe attributedto the way the twistedtopologyis embedded
within the B042. As wasshawn in figure 3.25the boardcontains42 processorsvhich are
all usedaspartof thenetwork. Howeveronly 29 of theseareactuallyusedfor computation
— the othersproviding routing services.Whenthe load s low, all nodesrequiresimilar
amountsof work, so the 42 processorsnay all operateeffectively. However whenthe
numberof creatureds high, the load on the computingnodesis far higherthan that of
theroutingnodes.Undersuchconditionsa singleprocessocandivide its time efficiently
betweerall thenodes.Howeverin theparallelcaseonly 29 of theprocessorareperforming

significantamountof work, hencethedropin speedugrom approximately'42” to “29”.

Examinationof the speedupn this fashionindicatesthatdespitethe unusuabehaiour of
the systemit is in fact producinga linear speedup.From this resultandan examination
of the structureof the systemwhich may be seento be free from bottleneckst may be

predictedhatlargersystemsonstructedisingthistopologywould performsimilarly well.

Thepeakperformanefromthetranspuerimplementatiay wasin excessof 500,000 credure
stepsper second. The CM2 implementatiormanagecdnly 128,000. More importantly
performancexceeded200,000stepsper secondwhen creaturesvere moved aroundthe
grid. Thoughthis may appearto be a seriousdegregationin performancethe CM2's

performanceadroppedby a factor of twenty when movementwas introduced. Given the
largenumberof creaturesnigratingroundthe systemandconsideringhatin arealsystem
not all elementsmay chooseto migrate at every timestep,this drop in performances

consideredhcceptable.

Thoughtheperformancef theB042systemcomparesnostfavorablywith the10,000CPS
obtainedrom a serialworkstationbasedsolution,theimplementations not currentlysuit-

ablefor practicaluse,dueto the severelimitationsit placeson populationsizes.Oncethese
have beenresohed, anda suitableuserinterfaceinstalled,the transputeimplementation

shouldprovide anexcellentplatformfor the developmenbf Creaturesimulations.

3.7 Comparisonof Performancebetweenimplementations

The performancenf eachimplementatioris shovn in figure 3.29. The valuesselectedo
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represeneachplatform arethoseof the fastestversionof the systemwhenall creatures

weremoving (this beingmoreappropriatdor practicalusethanthe stationarycase).

The bucketed NeXT implementationprovides good performanceover a large range of
populationsizes.In additionit is the easiesto use,andprovidesgreaterfunctionalitythan
theothersimulators.It hasbeenextensiely testedduringthecourseof thisresearchhaving
beenusedto developtheapplicationgdiscussedh the chapterd, andis thereforeknown to
berelatively bug free,andstable. The dynamicnatureof theimplementatiorensureghat

thesystemwill notcrashasaresultof bucket overflow.

The ConnectionMachineimplementatiorproducedvery poor results. Despitebeing(on
paper}thefastesmachineusedduringtheproject,theimplementatiorof Creaturess slow.
Thisis primarily dueto communicationsverheadsthe CM2's hypercubenetwork being
poorly suitedto the Creaturegproblem. In additionthe systemwas someavhatfragile, as

eachnodehasa limited capacity solocationscould easilyrun out of memory

The MasRar implementatiorwas basedon identicalcodeto that usedon the Connection
Machine,andhencewasequallyfragile. In factthe morelimited configurationoptionsof
the MasRar hardwareresultedin a systemthat was even morelimited in its capacity as
the ConnectionMachinesupportsvirtual processorsvhich may be configuredto bestsuit
a particularsimulation. However the MasRar's communicationgrid, and global routing
hardware proved far more effective thanthe ConnectionMachines wormholerouting at
dealingwith themigrationof creatureshroughspace While performancavasonly slightly
betterthantheserialNeXT basedsystemMaskar systemsareavailableat afractionof the

costof a ConnectiorMachine.

Having learntfrom the previous implementationsthe transputebasedsystems perfor
mancewasexcellent. In additionto beingthe cheapessystemit wasalsothe fastestand
mostscalable providing linear speedup.It proved possibleto designanimplementation
suchthatthemovemenbf creaturesadlittle impactonthesystemgperformanceHowever
thehardwareavailablefor developmentpreventedthefull Creaturesystembeingrun,and
severely restrictedthe populationsize. Were a fully operationalsystemdeveloped,the

evidencecollectedindicatest would performexcellently.
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4

Applications

During the developmentof the Creaturesystem,a numberof simulationswere created,
bothto testthe implementationandto explore andillustratethe computationamodel. A
numberof thesearepresentedh this chaptershaving boththeapplicationof creatureso a

rangeof systemsandrecordingsomeof theapproachedevelopedfor implementinghem.

The exampleshave beenbroadly groupedinto CA style problemsand “more complec”
models. The former setof examplesare reworkings of classicCA problemswherethe
stateof eachcreatureis small, and behaiour is deterministic. Theseillustrate how the
dynamicnatureof Creatureproducesolutionswhich aregenerallysimpler moreintuitive,

andsometimesnoreefficientthanthe CA equialent.

Thelattergroupof problemsarebestconsideredsdemonstrationsf how Creaturegould
be usedasa practicalresearchiool in a numberof applicationfields. It is not claimedthat
themodelsdevelopedareaccuratesimulationsof realsystemsassuchvalidationis beyond
the scopeof this work. However they do illustrate how Creaturesnay be usedto build
larger systems.Typically thesemodelsarenon-deterministicandallow eachCreatureto

hold alargerinternalstate.

Thefinal problemof this secondyroupdemonstratethecompletedevelopmenbf asimula-
tionfrom aphysicalsystenof interestthroughtheimplementatiorof anabstracsimulation
to the statisticalanalysisof resultsobtainedfrom the simulations. This analysisprovides

insightinto the original physicalproblem.
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NE1GHBORHOOD:vn;

TYPES:box,np,ep,sp,wp;

SP
RULE:
{
iam(box): CENTER;
iam(np):
{ WP EP
CANSEE(sp):
{
BECOME(ep);
EAST;
}
CANSEE (box): NP
{
BECOME(sp) ;
SOUTH;
}
true:
NORTH;
}
}

Figure4.1: An IdealGasSimulation

4.1 ClassicCA Problems

4.1.1 An ldeal Gas

One commonuseof cellular automatais in the modelingof gaseg28]. Cells attempt
to representhe presenceor otherwise)of gasparticlesat eachlocation. Althoughthe
resultsare good, the techniquesusedto maintaindataintegrity, are complex (Margolis
neighborhoodfor example[63). TheCreaturesnodeloffersanintuitive alternatve: BOX

creaturesreusedo surrounda collectionof gasparticlecreaturesvhichmove aroundand
bounceoff eachother Figure4.1shavsthedefinitionsof BOX andonetypeof gasparticle

NP. TheparticlesER SPandWP aresimilarly defined.The Creaturesimulationis simpler
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thanCA, asit allows the behaiour of the active agentsn the system(gasparticles)to be

describedlirectly, ratherthanindirectly thoughthe behaiour of space.

Thefour basicparticletypesused:NP, SR EPandWP move NORTH, SOUTH,EAST and
WESTrespectiely. Particlesonly interactwith particlesmoving in the oppositedirection.
Upon encounteringucha particlethey turn right through90 degrees. This is effectively
an elasticcollision, and momentumis consered asrequired. In addition particleswill

reboundrom box particleswhich surroundhegas.

It is necessarto havefourtypesof particle astheinteractiondetweerparticlesdependsn
beingableto examinethemomentuntermof theotherparticle. Momentummusttherefore

bestoredin apublicly readabldorm, ie. asthetype.

This model may be developedto include diffusion limited aggreyation by adding the
creaturgypelCE. Thishasthesamebehaiour asthecreatureBOX, but uponencountering

acreatureof type ICE the particlesreboundandthenbecomedCE.

4.1.2 A Model of Digital Logic

The Creaturesnodelmaybe usedto build digital logic simulations.Unlike thetechniques
usedto tacklethis problemwith CA[14], the methodsnvolvedin producinglogic systems

with Creaturesrerelatively intuitive. A minimal systemis shavnin figure4.2.

A creaturaype SIGNAL is definedwhichwill move FORNARD until it encountersilogic
gate(FORWARD maybedefinedin anadditionalmacropackagey redefiningtheregular
directionsto storetheir directionin the creatures internalstate. FORNVARD thenrepeats
the previous move). This creaturerepresents: signalof logic one. Upon encounteringa
gatethe creatureDIEs, asthe taskof transmittinginformationis complete. The gatemay
thenproducea new SIGNAL to carry informationthroughthe systemto the next gate. It
shouldbe notedthat SIGNALs do not interactwith eachother This allows logic streams

to crossin asimilarfashionto beamof light.

Thegatesareof the OR type, asthis is bestsuitedto the Creaturegrvironment.If anOR
creatureobsenesa SIGNAL creaturdt createsa new OR creatureto takesits place,then
becomes SIGNAL, andstartsmoving in anappropriatedirecion. Four typesof OR gate
areavailable,eachproducingoutputin a differentdirection. This allows OR gatesto be
usedto turn a signalstreamthroughanangle(signalsdo not run alongwires). By placing

two differenttypesof OR gateatthe samedocationa SIGNAL maybesplit to producetwo
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NEIGHBORHOOD:vn;
TYPES:signal ,eastor,northor,southor,westor,eastnor;

RULE:
{
iam(signal):

{

CANSEE(eastor. . .eastnor): DIE;
! : FORWARD;
}
iam(eastor):
{
CANSEE(signal):
{
BIRTH(eastor);
BECOME(signal);
EAST;
}
true:CENTER;
}

iam(northor): {...}
iam(southor): {...}
iam(westor) : {...}

iam(eastnor):
{
CANSEE(signal)=0:
{
BIRTH(eastnor);
BECOME(signal);
EAST;
}
true:CENTER;
}
3

Figure4.2: A Digital Logic Simulation
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streamf SIGNALS moving in differentdirections.

Thetechniqueof having a creaturewhich waits for an event, which uponbeingtriggered
createsa new creatureto wait for the next event while itself becominga messengers
frequentlyusedn Creaturesimulations.Thewaiting creaturenaslittle state andtherefore
is simpleto replace. Upon beingtriggeredthe creatureacquiresnformationit wishesto
transmit— this may be difficult to passon to an offspring. In additionwerethe waiting
creatureto producean offspringit would needto distinguishit from any incomingsignal

(failureto do sois asimplemethodof producinga memory).

OR gatesaloneare insufficient to producea logically completesystem. Someform of
inverteris also required,and in this simulationinversionis provided by a NOR gate.
Infactthe NOR gatealoneis sufiicient to implementary logic function, but the simpler
OR gatesare usefulfor “steering” informationaroundthe system. In a practicalsystem
further componentgeitherlogic functionsor higherlevel structuresuchascountersand
memoriesmaybe providedin orderto make implementatiorof arequiredcircuit simpler
The systemhereis theoreticallyadequateo build circuits of arbitrary compleity. In
practicepropagatiordelaysmay leadto difficultiesin building large circuits, thoughthis
is no morea problemherethanit is in systemssuchasreconfigurabldogic or microwave

systemswheretechniqueiave beendevelopedo dealwith significantpropagatiordelays.

4.1.3 The FrenchFlag Problem

The frenchflag problem[7Q wasfirst put forwardin the mid 60’s asa simplification of
themechanismsgequiredin the constructiorof multi-celledorganisms.Therequirements
for awormto divide itself into threeequallysizedportions,a HEAD BODYand TAIL (or

alternatvely red,white andblueasin thefrenchflag), usingonly local information.

Thesolutionshavnin figure4.3usesgwo chemicals,emittedby eachcell. Cellsarearranged
in aline from Eastto West— it is irrelevantwhattype of cells areusedfor initialisation
asthey will changetypeimmediatelyto a moreappropriatestate. Onechemicalmigrates
East,while theothermovesWest. By consideringhe densityof thesetwo chemicalsa cell

decideswvhichtypeof cell it shouldbe.

If atary time a cell is removedfrom the centerof the worm, the chemicalswill rebalance
to producetwo smallerwormswith correctlyproportionecheadsandbodies. Information
is distributedamongall the elementf the systemwhich collectively areableto behae

in the desiredfashion thoughno singlenodehasknowledgeaboutthe whole system.The
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NEIGHBORHOOD :vn;

TYPES:eparticle,wparticle, head,body,tail;

RULE: {
iam(head) | i1am(body)|iam(tail)
{
true : {
birth(eparticle);
birth(wparticle);
become(body);
s
cansee(eparticle) > 2*cansee(wparticle)
cansee(wparticle) > 2*cansee(eparticle)
true
3
iam(eparticle):
{
cansee(head) |cansee(body) |cansee(tail)
1
3
iam(wparticle):
{
cansee(head) |cansee(body) |cansee(tail)
1
3
hs

Figure4.3: TheFrenchFlagProblem

: become(tail)
: become(head)
: CENTER

: EAST
: DIE

: WEST
: DIE
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failureof a cell doesnotunbalancehe structureof the systemasa whole,whichis ableto
recover. Collective behaiour giving riseto structureandstability is animportantproperty

of mary Creaturesimulationsaswill beseenin latermorecomplex examples.

4.1.4 TheFiring SquadProblem

The firing squadproblemis anotherclassicCA problem: it is this time requiredto syn-
chronisea numberof cells spreadover an areaof space suchthatthey all performsome
actionatthe sametime. This problemhasparallelsin biologicalsystemsbut is commonly

expresseasa line of soldierswho mustall fire uponreceving anappropriate&eommand.

TheCreaturesolution(figure4.4)takesavery physicalapproacho the problem:“soldier”
creatureproduce‘bullet” creaturesvhenthey seea “shout”. A “sargent” creaturewalks
alongtheline, andcountsthe numberof soldiers thenretreatsa suitabledistance.It then
returngto its startingpoint, producinga “shout” for eachsoldier All thesewill arrive atthe

sametime.

This exampleillustrateshow a creaturessolutionto a task canbe arrived at by taking a
physicalapproachto the problem. Thoughthe exact details of implementatiormay be
comple (asin the “sargent” creature) the roles of creaturegepresenteal components
in a system,andhencetheir basicfunction may be graspedy eventhe mostnaive user
Deriving the basicstructureof a simulationis oftenthe mostdifficult step— it is essential
thatthe programmehasa goodfeel for how eachcomponenshouldbehae. As aresult
of this Creatureganprovide amoreaccessiblenvironmentthantraditionalprogramming

systems.

4.1.5 The Gameof Life

Perhapshemostfamousof all CA problemsConwaysGameof Life[22] hasavery strong
spatialbasis,andit would at first appearthat thereis little to be gainedby modelingit
within Creatures.This implementatiordemonstratelow, by consideringthe gamein a
non-spatiafashiona Creaturesimulationmay be far moreefficientthana CA simulation

by directingcomputationaéffort only whereit is required.

RathethanconsideringhespaceconsidethateacHivecellproducespores.Thesespread
to the neighboringlocations,wherea cell masteris elected,which countsthe numberof

sporesandif appropriatestartsthenext generationThecodefor thisis givenin figure4.5.
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NE1GHBORHOOD :moore;

TYPES:soldier,bullet,sargent,shout;

VARS:int state, int counter;

INIT:{
counter=0;
state=0;

}

RULE:{
iam(soldier):
{
cansee(shout)
true
}
iam(bullet) :NORTH;
iam(shout) :{
cansee(soldier)
true
}
iam(sargent) :{
state==0:{
cansee(soldier)
1
}
state==1:{
counter>1
1

}
state==2:{

cansee(soldier)==0

}

birth(bullet);
CENTER;

DIE;
NORTH;

{counter=counter+1;EAST;}
{state=1;SOUTH;}

{state=2; NORTHWEST;}

Figure4.4: TheFiring SquadProblem

{counter=counter-1;SOUTH;}

{birth(shout) ; NORTHWEST;}
{birth(shout);state=0;EAST;}
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Because creaturecanonly give birth atits currentlocationthe simulationnecessariljhas
two phases— the countingwherethe sporegecideif acellis alive,andcreatenew spores
if appropriate andthe spreadingphasewherethis informationis passedo the adjacent

locations.

Thecreaturesmplementatioronly examinesthosegrid pointswhich might be alivein the
next generation— ie thosethatareadjacento alive cell. Thisallowsthesystemnto operate
onanearinfinite grid, astypically only a finite subsebf the cellsareactive (in the worst
caseall cellsmaybein this stateandhenceall mustbe consideredbut thisis unlikely). In
the caseof a CA implementatiorall cellsmustperformthe samecalculationregardlessof
the stateof the system. By directingeffort towardscells which might becomeactive the

Creaturesystemwill bemoreefficient.

4.1.6 Langton’s Ant

Themathematicaturiosityknown asLangtonsAnt[60] demonstratesimply how ordered
behaiour canemegefrom apparentisorder FromaCreatureperspectieit alsodemon-
strateshow a behaiour can easily be codedto meeta specification,and how comple

resultscanemegefrom trivial simplerules.

Langtonsantis acreaturevhichturnsleft whenit seesablacksquareandturnsright when
it seesawhite square.In doingsoit alwaysreversegshecolourof thesquare Startingfrom
an all white infinite grid the antruns aroundapparentlyaimlesslyfor over ten thousand
maovesbeforecreatinga stable*highway”, asshovnin figure4.6. Theantwill alwaysbuild
ahighwayregardles®f thestartingstateof thegrid, andhighwayswill beconstructedven

if severalantsarepresenbnthegrid.

Althoughthe behaiour of the antis fully specified,in a very simplefashionit is almost
impossibleto predictthe behaiour of the completesystem. It is unlikely that highway
building could be anticipatedwithout runningthe code,thoughis canbe provedthatthe
ant’s trajectoryis unbounded.The self-similarity, yet unpredictabilityof the systemhas

certainparallelswith fractalsystemsthoughherethe systemis discrete.

A Creaturesmplementations shavnin figure4.7. Theonly compleity within thecreatues
codefor Langtonsantis thattheproblemis basedn termsof left andright while Creatures
generallydealswith absolutedirections. Even with this complicationthe coderemains
trivially simple. Black squaresarerepresentethy the presencef a creaturewhile white

squaresemainvacant.Uponseeinganantablacksquaraliesto becomevhite, while upon
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NE 1GHBORHOOD :moore;

TYPES:cp,ep,nep,np,nwp,wp,sSwp,Sp,Sep;

VARS:int age;
INIT:age=0;

RULE:{
age==0:
{
true
iam(cp)
iam(ep)
iam(nep) :
iam(np)
iam(nwp) :
iam(wp)
iam(swp) :
iam(sp)
iam(sep) :
T
age==1:

{
iam(ep) &
iam(nep) &
iam(np) &
iam(nwp) &
iam(wp) &
iam(swp) &
iam(sp) &
iam(sep) &

(cansee(ep.-
| cansee(ep

true: DIE;
T

> age=1;
: CENTER;
. EAST;

NORTHEAST ;

- NORTH;

NORTHWEST ;

. WEST;

SOUTHWEST ;

- SOUTH;

SOUTHEAST;

cansee(cp)
cansee(cp.- -
cansee(cp- -
cansee(cp.- -
cansee(cp- -
cansee(cp.- -
cansee(cp- -
cansee(cp. -

..sep)==2 &
...sep)==3

- DIE;
.ep) : DIE;
-nep): DIE;
.np) : DIE;
.nwp): DIE;
.wp) : DIE;
.swp): DIE;
.sp) : DIE;

iam(cp))
: birth(cp.-.

.sep);

Figure4.5: The Gameof Life
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NE1GHBORHOOD:vn;
TYPES:black,ant;

VARS:int dir;

INIT:dir=0;
RULE: {
iam(black) :
{
cansee(ant) : DIE;
1 : CENTER;
}
iam(ant):
{
cansee(black): dir=dir+1;
! - {
dir=dir-1;
birth(black);
}

dir<0: dir=dir+4;
dir>3: dir=dir-4;

dir==0 : EAST;

dir==1 : NORTH;
dir==2 : WEST;
dir==3 : SOUTH;
}

Figure4.7: Langtons Ant Code
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finding a white squaregheantturnsit black. Thedir variableis usedby theantto indicate

its previousorientation,andincrementear decrementetb turnleft or right.

Aswith thelife examplethis problemrequiresaninfinite grid (it hasbeenshavn thattheant
will alwaysexceedary finite area[6() which would not be possiblewith CA techniques.
The simplicity of this implementatiordemonstratethe applicability of Creaturesn the

field of Alife andanti-chaos.

4.2 More ComplexModels

4.2.1 Simulating Road Traffic Flow

Roadtraffic flow is traditionallymodeledusingstatisticaimethodsandtechniquesimilarto
thosefoundin fluid dynamics[5T[4]. Thisabstracview is difficult to relateto theintuitive
behaiour of realcars,andhencemaybeunreliablein its predictve behaiiour. A Creatures
simulationof traffic flow may directly representarsasactive elementswithin the model,
scalingthewell understoodmallscalebehaiourinto thecomplec largescaleeffectsfound
in real road systems.Figure4.8 shavs a very simple modelof roadtraffic queuingat a
junction. Eventhis trivially simplemodelof cars’ behaiour producesnterestingresults

whensereral carsinteract.

A sourcecreaturecreatesarsthatmovein aneasterlydirection. In this simpledemonstra-
tion, their progressmay be blocked by oneor moretraffic lights. Traffic lights maybein
oneof two states.Whenin the go statethey do nothingbut wait for a presetime. While
in the stopstatethey produce'stoplight” creaturesThesemove westonesquareandthen
wait for arandomtime interval beforedieing. Whena carencounters stoplight it stops
moving, andstartsproducingits own stoplights. Thesein turn stopthe carbehind,andan

orderlyqueues formed.

When the traffic light stopsproducing“stoplight” creaturesthe car at the front of the
queuewill startmoving again,andhencethewholequeuewill eventuallyrestart.However
the randomdelaybeforethe deathof the “stoplight” creaturesausesa delayin eachcar
restarting.Thisleadsto bunchingandincreasedailbacksasfoundin mary realsituations.
Frequentlya block of carswill be stationarythoughthereis noimmediateimpedimento
their progress— the bunchhassimply grown backfrom a genuineobstacleuntil it is an

obstaclen its own right.
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NEIGHBORHOOD:vn;
TYPES:source,car,stoplight,trafficlight;
VARS:int time,int speed;

INIT:

time= -1;

speed=1; Source m ﬂ
RULE:

{

true - time=time+l;

iam(source): {
time%10==0:birth(car);

true :CENTER;
}
iam(car) o { speed==1:{
cansee(stoplight): {
speed=0;
birth(stoplight);
CENTER;
}
1: EAST;
}
speed==0:{
true: birth(stoplight);
cansee(stoplight)>1: CENTER;
I: {
speed=1;
EAST;
}
}
}
iam(trafficlight): {
time==29: {
time=0;
speed= 1-speed;
}
speed==0: birth(stoplight);
true: CENTER;
¥
iam(stoplight): {
time==0: WEST;
random%2==0: DIE;
true: CENTER;
}

Figure4.8: RoadTraffic Flow
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This modeldemonstratekow a simulationmay be constructeguccessfullypy describing
the intuitive behaiour of small elementsin the system,and then observingthe results
of their interactions. The bunchingof carsproducedby the simulationis an effect easily
obsenablein arealsystenthoughit is notexplicitly referencedh thesimulationdescription

— it couldbe consideredisemegentbehaiour.

4.2.2 Water Curr ent Analysis

The behaiour of water currentin oceansand rivers is measuredby two classesof

techniques[4B

¢ | agrangian:Thelocationof particlesis tracedover a periodof time.

e Eulerian:Thestrengthanddirectionof the currentis measure@t mary fixedpoints.

Thesetwo typesof dataaregenerallyusedtogetherto producea completepicture of the
behaiour of currentsin anarea. This simulationconsiderghe productionof Lagrangian

datafrom collectedEuleriandata.

Thecurrentsatregularpointsin themouthof theriverOler (in Francehave beenmeasured,
both the direction and intensity of movementbeing recorded(Eulerian data has been
collected).Storingthisinformationin aCA wouldbesimple,dueto its static,spatialnature.
Howevertheelement®f realinterestmaybethebuoyswhichmustmovethoughthesystem
(Lagrangianinformationis required). Suchmovementof buoys betweerlocationswould
besomavhatdifficult toimplementn CA, astheconcepbf moving elementss notdirectly

supported.

Thecurrentsn thebayof theriver Olerweremodeledby placingacurrentcreatureateach
discretdocationwithin theareaof simulation. This creaturénoldsavelocity, anddirection
for the water at that location. Buays obsene the currentat their location,and basedon
that,decideto move to anadjacentocation. Landcreaturesnarktheedgeof thebay The
runningsimulationis shavn in figure 4.9. It shouldbe notedthatthe simulationdoesnot
occupy asimply boundedareaasonly sufficientlandis requiredto boundthewater Were
it necessaryasin CA) tofill theentirespacewith processealmosttwice asmary creatures

would berequired.

The numberof Creaturetypes,andthe discretespace/timenodellimits how accurately

thecollecteddatamay berepresentevhenobsenedby thebuoy. A currentmayhave an
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Figure4.9: Currentontheriver Oler

accuratevelocity heldinternally, but atany onetime a buoy musteithermove, or not move
to an adjacentocation. However a simulationmay be built which behaesin a fashion
consistentvith the accuratedataby the useof dithering. At ary onetime, the currentwill

eitherbeactive or not, but it will hold within its privatestatean accuratevalueof its true
velocity. A strongcurrentis morelikely to beactive, hencethe correctvelocityis achieved

whenaveragedveranumberof time steps.

A similar action may be usedto control direction of the current. Noiseis addedto the
strengthof the currentbeforeit is obsened by the buoy. This helpsto producea more
statisticallylikely result,aschaoticeffectsareaccountedor. A simplified versionof the

codeis shavn in figure4.10.

In additionto this JAM code, the full simulationusedthe implementationspecificfile
“baydefs” to redefinethe appearancef the simulation,andto load the velocity of the
currentsfrom the positionfile. Thoughsuchmodificationsaresystemspecificthey allow
the modelto produceoutputwhich displaysthe stateof the systemmoreaccuratelythan
the default methods. The modificationto the format of the positionfile allowed details
informationabouta specificsystemto be included. Thesechangesvere availableto the

enduserwithoutthe needto modify the simulator

The dithering[43 techniqueusedin this exampleis frequentlyof usewhenbehaiour is
requiredwhich doesnot sit easilywith the discretenatureof the system.It hasbeenused
in anumberof simulationsallowing creatureso move with variablespeedandin variable

directionsbeyondthelimited neighborhoodndsteptimesavailablein CreaturgandCA)
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NE1GHBORHOOD :moore;
TYPES: mc,mn,me,ms,mw,buoy, land;
VARS: int temp, int strength,int direction;

RULE:{
true . temp=random%10;

iam(buoy):{

cansee( mc ) : CENTER;

temp==9 - CENTER;

temp<2 :{
cansee( mn ) :  NORTHEAST;
cansee( me ) :  SOUTHEAST;
cansee( ms ) :  SOUTHWEST;
cansee( mw ) :  NORTHWEST;
}

temp>6 :{
cansee( mn ) :  NORTHWEST;
cansee( me ) :  NORTHEAST;
cansee( ms ) :  SOUTHEAST;
cansee( mw ) :  SOUTHWEST;
}

true : {
cansee( mn ) : NORTH;
cansee( me ) :  EAST;
cansee( ms ) :  SOUTH;
cansee( mw ) :  WEST;

}
}

iam(land): CENTER;
temp < strength:{

direction==1
direction==2

become(mn);
become(me);

direction== become(ms) ;
direction== become(mw) ;
}

o become(mc);

true: CENTER;

Figure4.10: SimulationWaterCurrents

Creatures



Applications 121

systems.

4.2.3 A Model for the Spreadof Sexually Transmitted Disease

Themodelof sexualbehaiour shovnin figure4.11is oneof themostcomple simulations
developedusing Creaturesand demonstratesomeof the power (and a potentialweak-
nessesdf the creaturegechnique.It modelsthe spreadof a sexually transmitteddisease

througha population[2.

Eightcreaturdypesareusedto represenall combination®©f Male/Femalelnfected/Clear
and Nonactve/Active membersof the population,and define their interactions. Each
creaturealsohasa numberof internalattributeswhich it usesto controlits own personal

behaiour. Theseareinitialisedto defaultvalues.

At eachstepasmallfractionof thepopulatiorwill diefrom“natural” causesAn additional
fractionis killed asa resultof beinginfectedby diseas€representedy the letter“i” as
the secondcharactein its creaturetype name). Following this the time-sincevariableis
increasedor eachcreaturethisrepresentthetimesinceits lastsuccessfuhteraction.The
confidencevariableis decreasetb represenof agenerafall in the creatureperceptiorof

its own actiity level.

Thesecondsectionof codemarkedin figure4.11representthebehaiour of creatureshat
arenot currentlyactive. Shoulda creaturdind itself alonewith a memberof the opposite
s&, it may, baseduponthetime sinceits lastinteractionchooseo attemptaninteraction,
by becoming‘active”. Becoming“active” indicatesto othercreatureghatthe creatures

willing to interactatthe next timestep.

If acreatureis marked asactive, andis alonewith a memberof the oppositesex which
is similarly signalling,aninteractionis deemedo have taken place. This will bein the
timestepfollowing the decisionto becomeactive andis describedoy the third sectionof
marked code. If either party wasinfectedthenthe diseasds passedwith a predefined
probability Thetime-sincevariableis resetfor bothcreaturesActive creaturearemarked

asnolongerbeingactive regardlesof whetheraninteractiontook place.

All creatureshenmove to a randomadjacentiocation,usingthe “WANDER” operation.
This is definedoutsideof the creaturesnodelfor conveniencethoughthe exact natureof
movementcould have beencodedin JAM. Althoughthe movementis currentlyrandom,a

morecomplex modelcouldbasemavementponthe previousbehaiour, andactionsof the
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NEIGHBORHOOD:vn;
TYPES:fcn,fca,fin,fia,mcn,mca,min,mia;

VARS:

int timescince;

INIT: timescince=0;

RULE:

{

random%L Il FEEXPECTANCYN==0: DIE;
(iam(fin)| iam(fia)] tam(min)]| iam(mia))

& random%L IFEEXPECTANCYI==0 : DIE;
true: timescince=timescince+l;

iam(fcn)| iam(Fin)| iam(mcn)| iam(min):
{
cansee(fcn)+cansee(fin)==1 & cansee(mcn)+cansee(min)==
& random%l00<timescince:

{
iam(fcn) :become(fca);
iam(fin) :become(fia);
iam(men) :become(mca);
iam(min) :become(mia);

true :CENTER;
}
T
L
cansee(fca)+cansee(fia)==1&cansee(mca)+cansee(mia)==1:
{
iam(mca)& cansee(fia) & random%lO0<CONTAGEOUSNESS:
become(mia);
iam(fca)& cansee(mia)& random%1lO00<CONTAGEOUSNESS:
become(fia);
true: timescince=0;
}

iam(mca): become(mcn);
iam(mia): become(min);
iam(fca): become(fcn);
iam(fia): become(fin);

true: WANDER ;

Figure4.11: A Sexual behaiour Model
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creature.

While this modelis a grosssimplificationof the systembeingmodeled Creaturesnodels
of slightly increasedcompleity have shavn someinterestingresults. The simulationhas
beenextendedto includebirths, anda “confidence”variablewhich affects probability of

interactionof the creature.

The codingof this simulationis mademore complec thanit needbe by the scalarnature
of creaturetype. Much of the codeis repetitve, asit attemptgo dealwith setsof creature
typesin aconsistentvay. For example:all infectedcreaturediave a higherprobability of
dying. The currentsystemmusttestfor eachpossibletype of infectedcreature asthere
is no way of structuringthe creaturetypes. It would be desirableto extendthe creatures’
externalstateto allow morecomple interactiondo be describeckasily Howeverthisis a

non-trivial problemwhichis consideredurtherin section5.2.2.

4.2.4 Taxisasa Goal Orientated Navigation Strategy
Background

Femalecrickets[39 locate potential matesover large distancegin the order of 10’s of
meters)by the chirping noise malesproduceduring the mating season. The femaleap-
parentlyhasthe ability to distinguishthe chirp from othersoundsandidentify a mateof
the appropriatespecieshy propertiesof the song. A singlemalemay be selectedrom a

numberof soundsourcesandthefemalewill follow this soundreliably.

Suchabilities would appearto indicate somehigh level cognitive function, or at least
somekind of decisionmakingmechanism.However simulationsusingsmall robots[67

have demonstratedhat the physicalconstructionof the cricket's earsprovide suficient
mechanisnto eliminate soundsourcesof the incorrecttype, and selecta single source
basedsolelyuponits volume. Usingsuchasimpletechniqueof moving towardstheloudest

signal(phonotax®y producesvhatappearso beintelligentbehaiour.

In responseo thiswork it washypothesisethatsucha simplestrateyy couldalsoprovide
amechanisnior obstacleavoidance.An obstacleglacedbetweerthesoundsourceandthe

obserer would appear(asa resultof diffractionandHuygens? construction[5]) astwo

Ltaxis: reflex translationabr orientationamovementby afreely motile andusuallysimpleorganismin relation
to asourceof stimulation(asalight or atemperature@r chemicalgradient)

2ChristianHuygensDutchmathematiciarphysicist,andastronomei.629-1695
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Observel

Figure4.12: DiffractionRoundanObstacle

separatsoundsourcespneon eachsideof the obstaclgasshavn in figure4.12).

The obsenerwould pick oneof the soundsourcesdasedon its strengthandhencemove
towardsthe closestedgeof the obstacle. Upon arriving at the edgeof the obstaclethe
original soundsourcewould becomevisible, andhencethe obsener would move towards
the sourceby a very efficient route without either prior knowledge, training or complex
calculation.Withoutknowledgeof thecreaturesnternalstructureathird partycouldeasily
describethe behaviour asintelligent, settingsub-goalsn orderto reacha more difficult

objective.
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random%21000==0: DIE;

cansee(wall): {
random%20==0: DIE;
iam(np): SOUTH;
iam(ep): WEST;
iam(sp): NORTH;
iam(wp): EAST,;
}

true:  {
true: i=random%4;

i==0: {become(np);NORTH;}
i==1: {become(ep);EAST; }
i==2: {become(sp);SOUTH;}
i==3: {become(wp);WEST; }

Figure4.13: The Movementof Scentparticles

Implementation

It appearedhat sucha systemcould be investigatedusinga Creaturesnodel. A simula-
tion of Phonataxis would requirea very large numberof agentsbehaing in a strongly
coherenfashionto simulatethe movementof a wave front. While suchbehaiourshave
beenimplementedt wasdecidedthat Olifi-taxis (the following of smell) would be more
appropriatego a Creaturedasedmodel. Odorgradientchangemoreslowly overtime and
dependon statisticaldiffusion ratherthanthe strict geometricbehaiour of soundwaves.

Thesimulationwasthereforebuilt in termsof aratattemptingo find cheesén amaze.

Thefirst taskwasto implementthe behaiour of odor particles. In orderthatanobsener
mayknow whichdirectionaparticleis moving in four typesof scentparticlewereused:np,
ep,spandwp eachindicatinga differentdirection. Thishoweveris ashorttermphenomena
asit only indicateshe behaiour onthe previousmove. Statisticalpropertiesarereliedon
to ensurghatthe densityof particlesis greateshearesthe sourceandthatmoreparticles
will move away from the sourcethantowardsit. Codeis includedto ensurethatparticles
do not passthroughwalls. A scentparticle’s behaiour is otherwiserandom,asshowvn in

figure4.13. Particlesdecaywith a small probability, andareremovedwith a muchhigher
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random%21000==0: DIE;
cansee(wall): {
iam(cheese): {
cansee(rat): DIE;
o {
birth(np);
birth(sp);
birth(ep);
birth(wp);
CENTER;
}

Figure4.14: The Cheese&Creature

probabilitywhenthey encounteawall. Thisis to reducereflectionswhich couldconfuse
thecreatureattemptingo locatethetarget. However a smalllevel of reflectionis usefulas

it aidsthesmellin propagatingoundthe maze.

A “cheese’creaturevasimplementedsshown in figure4.14. A cheesereaturecreates
numberof odorcreaturest eachtime step,andstaysin its currentlocationunlesst seesa
ratcreature Shouldthechees@bsere aratit diesandis consideredo have beeneaternby

therat.
Four differentstratgiesweredevelopedfor the movementof therat:
e rat: movestowardsthe strongestsmell. If thereis no strongestsmell it remains
stationary

¢ frat(franticrat): movestowardsthe strongessmell. If thereis no strongestmellit

movesrandomly

¢ prat(persistentat): movestowardsthestrongessmell. If thereis no strongessmell

it repeatsts previousmove.

¢ rrat(randonrat): movesrandomly rratspurposds to provide acontrol.

The codefor eachof thesestratgiesis shavn in figures4.15and4.16. FratandPratare

complicatedslightly by their needto avoid walking throughwalls! The standardat will
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iam(rat): {
true:i=4;
(cansee(np)>cansee(sp)):i=2;
(cansee(np)<cansee(sp)):i=0;
(cansee(ep)>cansee(wp)):i=3;
(cansee(ep)<cansee(wp)):i=1;
random%2==0:
{
(cansee(np)>cansee(sp)):i=2;

(cansee(np)<cansee(sp)):i=0;

}
}
iam(rrat): {
cansee(wall): i=(i+2)%4;

I:{random%4==0:i=random%4;}

}

iam(rat)|iam(rrat):
{
i==0: NORTH,;
i==1: EAST;
i==2: SOUTH,;
i==3: WEST;
i==4: CENTER,;
}

Figure4.15: RatandRandomRat
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iam(prat): {
cansee(wall): i=(i+2)%4;
I {
(cansee(np)>cansee(sp)):i=2;
(cansee(np)<cansee(sp)):i=0;
(cansee(ep)>cansee(wp)):i=3;
(cansee(ep)<cansee(wp)):i=1;
random%?2==0: {
(cansee(np)>cansee(sp)):i=2;
(cansee(np)<cansee(sp)):i=0;
}
}
}
iam(frat): {
cansee(wall): i=(i+2)%¢4;
I: {
random%4==0:i=random%4;
(cansee(np)>cansee(sp)):i=2;
(cansee(np)<cansee(sp)):i=0;
(cansee(ep)>cansee(wp)):i=3;
(cansee(ep)<cansee(wp)):i=1;
random%2==0: {
(cansee(np)>cansee(sp)):i=2;
(cansee(np)<cansee(sp)):i=0;
}
}
}
iam(prat)|iam(frat):{
i==0: NORTH,;
i==1: EAST;
i==2: SOUTH,;
i==3: WEST,;

}

Figure4.16: PersistenRatandFranticRat
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Rat

g

Cheese

Figure4.17: TheMaze

nevermoveontoawall, asodorwill neverbegreatesfrom thatdirection(dueto a subtlety
in thescentcode). FratandPratmay move ontoawall duringoneof the uncertairmoves,

andthereforerequireasmallamountbf codeto extraditethemselesfrom thispredicament.

Results

In aninitial testwherea singlewall wasplacedbetweeraratandthe cheeseperformance
wasgenerallypoor— theratfoundthecheeséuttypically tookmany hundred®f timesteps
to completeataskwhich couldbe accomplishedh approximatelytwenty Examinationof
the distribution of scentparticlesindicatedthatalthougha large numberof particleswere
beingcreatedheir densitywasvery low at even shortdistances.Sucha densityfailedto
provide a sufiicient statisticalbasisfrom which therat couldfind the cheese A mazewas
thereforedevelopedasin figure 4.17. This provided sufiicient containmenof the scent
particleshatareasonabldensitycouldbeachieved— mostlocationscontainedscentmost

of thetime.

Following initial trials that demonstratedhat the rat was capableof finding the cheese
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StandardRat RandomRat FranticRat PersistenRat
165,129,180,140, | 249,800,532,635, 29,96,99, 164, 62,30,86,42,
140,147,44,36, 540,62,602,42, 174,66,96,72, 50,110,121,86,
69,202,74,88, 225,907,335,56, 58,164,92,106, 38,128,134,74,
153,55,107,144, | 490,280,133,519, 64,194,70,56, 62,152,132,164,
155,124,159,63, | 94,366,802,858, | 136,40,136,134, 82,94,50,44,
371,225,63,131, | 979,458,632,592, 54,52,257,46, | 102,152,138,136,

83,124,88,82,
48,177,274,54,

592,283,743,318,
282,668,138,424,

118,128,164,130,
156,92,142,122,

112,50,128,106,
76,88,100,240,

102,180,223,63, 80,692,124,840, 72,88,76,88, 42,18,48,62,
145,150,142,334, | 476,2019,280,328, | 98,160,226,50, 98,200,170,48,
155,138,268,56, | 458,632,784,592, 72,88,76,110, 40,122,106,72,
135,141,177,86, | 293,342,255,920, | 98,160,226,50, 42,154,96,120,
169,203 374,86 50,124 140,159

Table4.1: RatPerformanceTimestepgakento reachthecheese

in an acceptabldimescale(the sameorder of magnitudeas an optimal solution) the rat
was removed from the maze,and the systemwas run for several thousanctime steps.
This ensuredthat the scentdistribution wasin a (dynamically)stablestateprior to the
commencemerdf any experiments.This positionwassared,andusedasthe basisfor all

furtherexperiments.

A ratto betestedwasplacedat the startinglocationandallowed to run the mazeuntil it

foundoneof the piecesof cheeseThenumberof time stepstakenwasrecorded.Thiswas
repeatedifty timesfor eachkind of rat. Theresultsareshavn in table4.1,andgraphically
infigure4.18. Themeanimesfor Rat,RRat,FRatandPratrespectiely are: 139,484,109
and98stepqthecompletestatisticakesultsareshovnin table4.2). Thestandardieviations
for the respectie distributionsare: 72, 341,52 and48. Despitethe large overlapsin the

distributionsthereis sufficient evidenceto statisticallydifferentiatethesebehaiours.

If aratis moreeffectiveatsolvingthemazethantheotherst shouldbestatisticallypossible
to shaw thatits resultsare a samplefrom a differentdistribution. This may be tested

by calculatingthe standarcerror of the difference(the squareroot of the varianceof the
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Figure4.18: RatPerformance
Rat RRat FRat Prat
Mean 139.2 484.0 108.8 98.1
Std Dev 71.6 341.1 52.1 47.9
SEoD Rat RRat FRat Prat
Prat 12.2 48.7 10.0
FRat 12.5 48.8
RRat 49.2
Deviation Rat RRat FRat Prat
Prat 34 7.9 1.1
FRat 2.4 .7 >2 is signifigant
RRat 7.0 s signifig

Table4.2: StatisticalResults
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differencebetweerpairsof distributions[47. Thisis definedas:

. O'2 0'2
StdErrorof Diff = 4/ - + -2 4.1)
1 M2
whereo is the standarddevitation, and the size of eachpopulation. If the difference
betweenthe meansof two populationsis greaterthan twice the standarderror of the
difference thenthe resultis statistically“significant” — ie. they are probablydifferent.
Two standarddeviationsrepresentapproximatelyd5% certaintythat the populationsare
different— a greaterdifferencewould indicategreatercertainty However no amountof

datawould everbetotally conclusve.

By inspectiorRat, FRatandPRatperformbetterthanRRat(aswould be expected).When

thedatais statisticallyanalysedt is foundthateachsetproducesighly significantresults.
Thereis virtually no doubt that thesestratgies provide some advantageover random
foraging. Rat producesan SEoD of 49.2 comparedo RRatand hencea difference7.0

standarddeviationsbetweenthe two means. FRatproducesan SEoD of 48.8 with RRat
andhencer.7 standardleviationsdifference.PratgivesandSEoDof 48.7whencompared
to RRat— 7.8 Standardleviations.

Thecomparisorof Ratwith FRatis moreinterestinghanthecomparisonso RRat. Though
FRatseemgo performbetterthereis averylargeoverlapbetweerthetwo distributions—
it is not clearby inspectionthatFRatis genuinelybetter The StandardError of Difference
betweenthe two distributionsis 12.5. The differencebetweenthe meansis in fact2.43
timesthis value,and hencethe resultis significant. FRatprobably(with approximately
99% certainty)doesperformbetterthanRat. More samplesould be usedre-inforcethis

result.

Pratperforms3.4 standarddeviationsbetterthanRat. However afterfifty trials the com-
parisonof PratandFratgivesa SEoDof 10.0,andhenceadifferenceof only 1.1 standard
deviations. While Pratappeardo performbetter(andin fact probablydoesperformbet-
ter thanFrat), the evidenceis statisticallyinconclusve. 1.1 standarddeviationsindicates
approximately75% certaintyin the result— this is generallynot consideredsufiicient

evidenceto establisharesult.

AlthoughFratandPratwill find the cheesdasterthanRatthey will generallymake more
movementdo getthere(FRatandPRatwill neverbestationarywhile Ratmaybestationary
if thereis nothingto do). Whetherthisis ausefulstratey in arealsituationwould depend
on therelative costsof movementagainststandingstill, andwhetherother creaturesare

competingfor thegoal.
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Prats potentialimprovementover Fratis dueto it trustingthe previous sample whenthe
currentsamplés inconclusve. Unfortunatelyif thecurrentsamplds inconclusve thenthe
previoussamplemayhave beenunreliable sotheimprovements notasgreatasonemight
hope(thoughin theabsencef goodinformationit maybethebestthing thatcanbedone).
An improvedstratgy would take into accountanestimateof thereliability of the previous
result,andfollow its directionsfor a limited time baseduponits strength.At the simplest
level thepreviousresultcouldbe usedfor asingletime step thenrandomactiity adopted.

Thiswould preventtherattraveling alarge distanceasa resultof a singlebadsample.

Conclusions

Whensimulatingtaxisusinghighlevel programmingechniqued is oftendifficult to make
a systemwhich doesnot work. In a perfectervironmenta single sample(theoretically)
tells the obsenrer both the distanceand bearingof the target. Noise mustthenbe added
by the programmeto make the problemharder! The creaturesimulationpreventsthis
by enforcing strict locality, and restrictingthe transferof information. No individual
scentparticle“knows” thelocationof thetarget(andmayvery likely be providing wrong
information),but collectively they indicateits location. This style of simulationproduces
resultswhich aremorereliablethana high level implementatiorwith artificial noiseadded

dueto its basicstructuralvalidity.

Simple taxis basedstratgjies are capableof producingbehaiour which to an external
obsener would appeatintelligent. The ratsdo appearo setsub-goalsvhich are solved
in turnto achieve a final complex objective. The‘“intelligence” displayedis equalto that

shavn by mary far morecomplex mazesolvingalgorithms[1§[{51].

Theinterestingresultof this experiments notthattaxisworks— asa simplehill-climbing
algorithmit is too basicto fail to work, given a suitableproblem. The significantresult
is thatformulatinga mazesolvingtaskin this fashionproducesan ervironmentwhich is
perfectlysuitedto ataxisbasedapproach.Thediffusionof particlesfrom thegoalensures
thatthe problemis freefrom local minima,andtherat maysimply “follo w its nose"to find
anoptimumroutethroughthe space.This consideratiorof creatureandernvironmentasa

singlesystemis frequentlyadwocatedby thoseattemptingo simulateliving systems[58
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4.3 Conclusionson the Application of Creatures

The CA styleexamplesshav in avery abstractedashionsomeof thetechniqueshatmay
be usedwhenprogrammingCreaturesIn eachof the caseghe Creaturesmplementation
is simpler moreintuitive, or moreefficient thanthe traditional CA solution. Thesecode
fragmentsshav how problemsmay be tackledin a physicalfashionwhich may be easier

for anon-specialisthantraditionalSIMD programminggstyles.

Thesecondetof exampleduild onthetechiquesdevelopedin solving thesimpleproblens
of the CA examples. While the solutionspresentedherearenot intendedto be complete
simulations they do shav how the problemscould be tackledusingthe Creaturesnodel,
andrelatively shortpiecesof JAM code.In eachcasethe codewaseasilydevelopedandis

relatively readableeomparedo equivalentCA code.

Of particularvalueis the separatiorof eachcomponentf the problem. It is quite simple
to changethe behaiour of one part of the simulationwhile the restof the coderemains
unchangedThisis particularlyevidentin thefinal examplewherethebehaiour of the Rats
wasindependenbf the behaiour of the restof the system,andhencecould be changed
to testdifferentstratgies. In additionseveral Ratscould be placedin a mazecontaining
mary piecesof cheeseshouldsuchanexperimentbeconsiderediseful. Suchoptionsmay

notbe availablewith eithercornventionalhighlevel, or CA approaches.
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5

Discussion

5.1 Review

The Creaturesnodel of parallelprocessingaddressesomeof the problemsinherentin

cornventionalparallelarchitectures:

Compleity

Scaleability
¢ Performance

o Accessibility

Applicability

The architecturedraws on the existing SIMD paradigmof cellular automatorand other
simulationtechniquesadaptingthe modelsto producea simulationervironmentsuitedto

themodellingof dynamicsystems.

Theshiftof emphasisromthespatialnatureof CA to active elementsmprovesaccessibility
— the systemis much easierto use for inexperiencedusers,who would be unableto
operatecorventionalSIMD/CA systemsFor anexperiencediser the systemallows mary
structureso be easily expressedhat would be difficult in a traditional paradigm— an

increasan applicability.

By representingctive agentsthe modelallows strongstructuralisomorphismgo be de-
velopedbetweerelementsn a simulation,andelementdn therealworld. In additionto
making programmingeasiey this allows greaterconfidenceon a simulation. As it is not
necessaryo make global assumptionsboutbehaiour, the modelis morereliablewhen

takenbeyondthelimits of initial, known testdata.
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Performancef the systemsevelopedis too complex to be easilysumarised.Creatures
simulationsarelessefficientthanstaticsystemsvhenimplementediponcurrenthardware.
Thefixed datapathsof CA style programmingare bettersuitedto SIMD hardware. This
is only to be expected,as suchhardwareis likely to have beendesignedrom CA style
concepts. However much of this performancedeficit may be regainedby well written
simulators,and simulationswhich exploit the dynamic natureof creaturesto evaluate
sparsadata. If we considerthe “Gameof Life” example,thenCreatureswill give better
performancdor large gridswhich have little actiity onthem. CA forcework to be done
for all space.It may alsobe necessaryo increasehe compleity of a CA simulationto
incorporateconceptsfor which Creaturesarebettersuited. In suchcaseghe performance

of CA suffers,andhenceCreaturesnaybe moreefficient.

CA scalewell in mary respectsinformationis only usedonalocalbasisandhencealarge
systemdoesnot requireinformationto be spreadurtherthanin a small system.Locality
is alsostrongin CreaturesHoweverthe dynamicnatureof acreaturesmeighborhooaften
makesthis difficult to exploit without throwing away muchthatis useful— particularly
in termsof load balancing.Bucketingandspiralingoffer a compromiseébetweerthe strict
locality that CA require,andthe dynamiclocalitiesfoundin Creatures By carefuluseof

theseandothersimilartechniquesscalableCreaturesmplementationsiave beenbuilt.

Creatureprovidesagenerapurposeervironmentsuitedto thesimulationof mary systems.
Thoughsuchsystemgould easilybe programmedn otherlanguageshy usingCreatures,
theinitial programmingeffort may be avoided. More importantly by working within the
strictformality of Creaturesthe programmeis preventedfrom implementinga numberof
“bad” simulationconceptgandmayalsobenefitfrom asoundtheoreticabasis).Creatures
forcestheuserto implementhemaovemenibf datain averyexplicit fashion.Strictlocality,
andlimited interactionspreventthe userfrom building, for example“a food sensot’[8].
Without suchrestrictionsit is all to easyto build a systemthat appearso demonstrate
emegentglobalbehaiourfromlocally definedaction,whenin factglobaldatais frequently

beingbroadcasto all agents.

This strengthis alsothe major weaknes®f creatures.Building large modelsfrom such
simplecomponentsnayprovetoolaboriousto bepractical.lt maybenecessarto develop
methodf expressingnary basiccreature®perationasa singlestatementSucha meta-
creaturesnodelwould allow systemgo bebuilt morequickly from largerbuilding blocks,

while retainingthe underlyingcreaturestructureandintegrity.

1|t is oftenbuilt into simulationsof animalbehaiour, thata creaturewill movetowardstheneaestfood This

may seenreasonablejut no consideratiornis givento how this shouldbe performed
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Creaturesnostimportantfeatureis its simplicity. By restrictingthemodelto averylimited
setof operationsCreaturesnay be implementedreasone@bout,and programmedoth

efficiently andeffectively.

5.2 Further Work

5.2.1 Simulator Development

The currentimplementationof Creaturesprovide a solid platform on which rules may
be developed(NeXT implementation),and a range of systemswhich demonstratehe
implementatiorof Creature®n parallelhardware. The parallelsystemslevelopedto date
have notproducedeliable,usefulplatformsonwhichauserwould chooseo developcode.
Thoughthe CM and MP implementationglid offer someperformancemprovementfor
certaintypesof populationthis speedupvas neithergreatenoughor frequentenoughto
justify the high costof the machines.However the experiencegainedin developingthese
implementationsed to the creationof a transputebasedsystemwhich thoughlimited to
very small populationsperformsexcellently. Evidencesuggestshatwith morememory
andperhapsnoreprocessora practical very high speedoarallelimplementatiorcouldbe

developedwith transputehardvare.

Sucha simulatorwould allow a massiely parallel systemto be built and run at very
high speed.However further developmentwould still be requiredto make sucha system
accessibléo endusers It wouldbedesirableo accessparallelbackendthrough sametting
resemblinghe existing NeXT front end. It is likely thatsuchanimplementatiorwould be
limited by the databandwidthto the front end,asthe entiresystemmustsendinformation
aboutits stateto the front end (and perhapsrespondto additionalinterrogation). This
couldbeimprovedthroughthe useof a transputemwith a greatemumberof links (suchas
the Texas C40[69) to form a tree structureperpendiculato the main computingsurface
(figure5.1). Suchatopologywould provide vastlyimproved performancdor theloading
andsaving of data— a potentialbottleneckin the currentsystemwherecreaturesnustbe
threadedhroughthe maingrid to reachtheirtargetnodes.Thevirtual routingavailableon
INmosT9000systemswvould alsobe of assistancé implementingsucha systemthough

only with respecto softwaredevelopment— realtime performancevould still belimited.
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Figure5.1: Improving I/O Performance

5.2.2 Extendingthe Model

The currentcreaturesmodel hasthe importantpropertiesof beingsimple,yet complete.

Therearehoweveranumberof areasvhich couldbeinvestigatedurther.

Currentimplementationsf theCreaturesnodel,andthe JAM languageestrictthenumber
of creaturetypesto an enumerableset. While this is a very practicalapproachijt is not
unreasonabléo imagine systemswhich would requirean infinite setof creaturetypes,
or at leasta very large rangeof types (considerextensionsto the sexually transmitted
diseasenodelto make otherphysicalattributesvisible). It maynotalwaysbereasonabléo
explicitly definebehaiourfor eachtype. Insteadt shouldbepossibleto considetypeasa
vectorquantity allowing generaboolearoperationgo beperformeduponit. Obsenations
in JAM areparticularlyweakin this area— therangingoperatotbeingtoo limited, asthe

compleity of typesincreases.

It hasoftenbeenconsideredhatthe nearconstrainte relaxed,andthatcontinuousspace
introducedinto the model. This is attractve in concept,but raisesmary new problems.
Is the viewing radiusfixed for all creatures?If not thenis it a function of obserer or
obsened(or both)? Dataintegrity becomes seriousproblem astheusefulpropertieshat
a®bVa®ec = b candperhapgventhate ©b = bGa arelost. It isunlikely thatapractical

systemwill be developedthat incorporatescontinuousspaceinto the creaturesmodel
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withoutmajorchangeso theunderlyingideas.In additionto the conceptuaproblemsthe

implementatiorof sucha systemis unlikely to be practical.

A more practical propositionis the conceptof continuoustime. Justas DEVS brings
continuoustime to CA type models,so time could be incorporatedinto the Creatures
model,bringing Creaturesomavhat closerto the Mirror system. Self timed systemsare
moreappropriatavhenmodelinglocalisedevents astheclockitself is aglobalmechanism
capableof producingstructuredbehaiour which has no inherentmeaningwithin the
simulation.By giving eachCreaturea wake-uptime, andadditionallywakingit wheneser
its world view changesa modelingsystemcloselyrelatedto Creaturesut with discrete

eventstylepropertiescouldbedeveloped.

An alternatve approacho time within the modelwould be to simply remove the global
synchronisationandallow eachcreaturgor location)to updateeitherat randomtimes,or
with a periodslightly differentto all othercreaturegor locations).It hasbeenshavn[4Q]
thatcertainpropertiesof CA aredependantiponthe synchronousatureof themodel,and
in factthatcertaininterestingoehaioursmaybemasledby this. Similar resultsarelik ely
to applyto CreaturesThoughintroducingcontinuougime into the Creaturesnodelwould
radically changethe techniquesisedto build simulations(andsimulators) the conceptis

nottotally alien.

5.2.3 Simulation Techniques

Much progresshas alreadybeenmadein learningto programthe architecture. There
is however muchresearctstill to be done,in investigatinghow structuresmay be built.
In particularthe problemsof transferringinformation acrossspacemust be addressed.
Techniquesnustbe developedfor building compositeobjectsmadeup of mary creatures,

andsharinginformationbetweerthemover a rangeof space.

Thebgginningsof this maybe seenin mostof thesimulationspresentedhere. Thesedeas
mustbedrawn togethetto produceaneffective approacho modelbuilding. Howeverthese

ideaswill only surfaceastheresultof building realsimulationsof realsystems.

5.2.4 Applications

If the Creaturesarchitectures to develop it mustfind practicalapplicationbeyond pure

parallelprocessingesearchin chapted somesimplesystemsveredemonstratedshaving
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how Creaturescould be appliedin a numberof fields. Models suchas thesemustbe
developedinto completesimulationsandbe shavn to bevalid whencomparedo thereal

world. This actvity would provide valuablefeedbackinto the developmentof simulators

andthe programmingmodel.
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6

Conclusions

6.1 General Aims

This researchs aim wasto developan ernvironmentwheresimulationscould be described
in termsof agentswhich move throughthe systeminteractingon a local basis,andto
demonstratehe viability of suchan aproach. To achieve this the Creaturesnodelwas
derived, and practicalimplementation®f the modelproduced. By developinga specific
model a lower bound has beenplacedon the abilities of agentbasedmodeling— an
“improved” agentbasedsystemwould be ableto do anything Creaturesan, but may be
ableto do more. Creaturehiasdemonstratethata generaimodelof computatiormay be
producedvhich encompasseawary of the hardcodedigentbasedsimulationswhich have
beerproduced By exploringthespecificCreaturesnodelit hasbeernshavnthatin general,
agenthasednodelsexist whichmaybebothpracticallyimplementedaindusefullyapplied.
It hasbeendemonstratethatfor certainclasse®f problemagentbasedystemsresimpler
to usethantraditionalSIMD architecturesyet retainthe attractive featuresof CA. Clearly
agentbasedsystemshave a role to play, alongsidetraditional dataparallel programing
techniqueslin additionthe specificmodeldeveloped andits simulatorgprovide a platform

onwhich practicalwork maybedone.

6.2 Creatures

The “Creatures"modelof SIMD parallelcomputationwhich hasbeenproposedand de-
velopedin this thesis,retainsthe attractive featuresof traditionaldataparalleltechniques
while allowing dynamicsystemgo be describedn a simpleintuitive form. Systemsare
specifiedn termsof the active component®f which they aremadeup. Thesesmallscale

elementgqor creaturesprethenallowed to interacton a strictly local basis. Thoughthe
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smallscaleactiity of singlecreaturesnaybe simple,thelargenumberof interactionswill
typically producenterestingesultswhenthe behaiour of thewholesystems considered.
By enforcingthe strongstructuralparallelsbetweenthe simulationcodeand the system

beingmodeled simulationamaybebuilt moreeasilyandwith greatempredictive power.

The model hasbeenimplementedon a numberof platformsincluding traditional serial
machinestightly coupledSIMD machinesandloosely coupledMIMD hardware. It has
beendemonstratethat the modelis scalableprovided the implementatioris constructed
carefully Use of a hashingfunction to partition a computationhasbeenshavn to be
effective. In applyingthis hashingtechniqueto the Creatureamodela generalisatiorof
Sequins doubly twistedtoruswas developedwhich provideseffective load balancingfor
a broadrangeof problemswithout a priori knowledgeof the task. This hasapplication

beyondthe Creaturesystemasa simpleyet powerful network topology

The model forcesthe userto describethe parallelismof the problemratherthan find
parallelismin thesolution. This not only makesthe descriptionof the problemsimpler(as
therealworld systembeingdescribedyenerallyhasinherentparallelism) but it allowsthe
descriptiorto betranslatednto codefor arangeof parallelor serialmachinesn anefficient
manner Thesimulationis describedn termsof anabstracCreaturesnachineratherthan
beingtiedto a specificstyle of hardware. As suchmodelsmaybedevelopedonalow cost,
interactve platform, with only a few creaturesactive in the environment. The codemay

thenbecopiedto alargersystemandusedto analysea morerealisticallysizedproblem.

In orderto testand develop the modela numberof simulationswere developed. These
demonstratéhe programmingtechniqueswhich have proved effective when using the
Creaturesmodel. It hasbeenshavn that simulationsdevelopedin Creaturesmay be
effective in understandingeal systemsin other fields. The simulationsso developed
typically requiredvery small quantitiesof codeto producea meaningfulsimulation,and
developmentiime wastypically in the orderof hoursfor relatively comple simulations.
The simulationscould not have beendevelopedwith suchclarity or speedn atraditional
highlevel language Further by developingsimulationsrom a known theoreticabasethe
simulationsarelik ely to be morereliable— the strictenvironmentpreventstheinadwertent
sharingof datathat could make a systemappearto behae correctly whenin fact the

underlyingmechanismsreincorrect.

TheCreaturesnodel,andits supportingsoftwarehave beendevelopedasfarasis practically
possiblein a computingresearctenvironment. The Creaturesnodelmustnow be tested

againstheproblemsof researcheris otherfieldswhowishto build simulationgto analyse
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their systemsratherthanto testthe simulationtechniquesashasbeendonesofar. Once
this hasbeendonethe true strengthsandweaknessesf themodelwill berevealed rather

thanthe stateof the modelaspercevedby its developers.
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