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Abstract

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

models.

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

whichdemonstrat&owv Creaturesnaybeappliedin anumberof ®elds.
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1

Intr oduction

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

computepower previously availableto usersat nggligible costcancontinueinde®nitely

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

atlower cost.

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

parallelsystems.

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

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

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

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

scale.

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

uponthe hardwareandcommunicationstructuresvailable.

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

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

but collectively the systemmay producemeaningfulresults.

Creatures



Intr oduction 15

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

schemesnaybe summariseas:

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

eitherhardwareor software.

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

schemes.

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

systemis throughnodeduplicationratherthana new, positiondependensynthesis.

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

is increased.

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

aparticularapplication.

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

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

bedescribedn afashiorwhichis farmoreintuitivethanmoretraditionalSIMD paradigms.

1.2 The CreaturesSolution

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

acreaturemay:

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

adie®°.

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

isolatethe characteristicpropertieghatdeterminets behaiour.

1.3 Thesis

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

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

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

demonstrated.

1.3.2 Chapter 3B Implementing the CreaturesModel

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

implementationgompared.

1.3.3 Chapter 4D Applications

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

collectionandstatisticalanalysisof results.

1.3.4 Chapter 5B Discussion

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

numberof proposalsremadeasto how themodelcouldbefurtherexploredanddeveloped.

1.3.5 Chapter 6B Conclusion

Themajorresultsof thiswork, andthe conclusionsiravn arereiterated.
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2

The CreaturesModel

2.1 Background

A numberof systemattempto addresgroblemssimilarto thosethatthe Creaturesnodel

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

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

simulationtool shouldbe ableto handlein anef®cientmanner

2.1.1 Cellular Automata

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

throughouthe systemhencenon-uniformcasesieednot be considereasinteresting.

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

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

simulationmaybe simply increaseasrequired.

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

of theelementselevantto the systemsehaiour maybeidenti®ed.

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

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

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

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

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

thesolutionwill belessthanintuitive andsomevhatconvoluted.

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

grammingeffort goesinto providing handshakindpetweercellsto simulatethe movement

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

mistalesfrom all but the mostexperiencedisers.

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

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

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

whenametricof 2usefulwork® is used.

2.1.2 Discrete Event Simulation

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

themovementandcollision of particleswithin space.

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

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

simpli®esnovementasaparticle® mayalmostdirectly propelitself acrossspace.

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

mave acrossspacewith aminimumof computationakffort.

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

thedif®cultiesof maintainingdataintegrity areresohed. Theability of acell to changehe

stateof a neighbourratherthanjust obsereit allows cellsto 2drive® dataacrosghespace.

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

data ow analysisof the systemmake paralleIDEVS possible[3.

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

muststill betwistedto ®tthe DEVS model.

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

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

relevanceto Creatures.

2.1.3 Arti®cial Life Systems

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

thatfoundin ary individual.

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

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

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

learntaboutthe simulationtechniquesnvolved.

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

beenimplementedisingthe Creaturesnodel.
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Figure2.1: EmegentinsectBehaviour

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

chemicattrail builds up.

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

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

2.1.4 Mirr or

Probablythe mosteffective simulationof socioinformaticprocessésmay be seenin the

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

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

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

to look for).

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

andmeta-level structuredo bede®ned.

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

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

useful.

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

preventedthe exploitationof Mirror whereit shouldhave provedinvaluable.

2.1.5 *Logo

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

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

of shortcomings.

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

Mirror models).

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

considelit asa?primitive® giventheamountof samplingandcomputatiorinvolved.

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

This may potentiallyreduceparallelism.

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

of simulationsdeveloped.

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

programmingnanualareconsideredere.

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

performsin this casecouldjust aseasilyhave beenimplementedy a TURTLE.

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

(by somevhatunquali®edneans)evenwhenthetwo agentshave movedapart.

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

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

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

end

to look-for-nest

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

[make "pheromone :pheromone

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

end

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

[make "my-food 1

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

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

end

Figure2.2: Ant foragingTurtle Procedures
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to setup

make "food O

make "pheromone 0

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

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

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

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

set-diffusion-rate 0.15

update-colors

end

to patch-demon

diffuse "pheromone

make "pheromone :pheromone * 0.95
update-colors

end

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

end

Figure2.3: Ant foragingPATCH Procedures

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

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

their way back to the nest.

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

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

to setup

clear-all

reset-clock

fep [setup]

make "total-ants 100

end

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

end

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

if red? [burn-a-bit

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

to red?

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

end

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

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

end

to border-cell?

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

top-edge) or

bottom-edge)

end

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

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

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

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

to setup :percentage

fet [die]

clear-patches

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

end

As an alternative to starting the demons,

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

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

end

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

if xpos = right-edge [setc  blue

deactivate-all-demons]
make "yvelocity 0

make "yaccel 0

make "spring-constant 0.3
make "friction 0
end

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

end

to rope-demon

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

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

fd :yvelocity

end

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

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

it is connected to its neighbors by imaginary  springs.

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

The right end of the rope is fixed.

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

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

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

clear-all

create-turtle 2 * right-edge

reset-clock

fet [setup]

make "frequency 4
make "amplitude 32
nowrap

end

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

therebeary hopeof understandinghe natureof systemghey maydescribe.

2.2 De®ningCreatures

2.2.1 An Informal Description of the CreaturesModel

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

propertiethatdeterminehe systems behaiour?.

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

includechangingts own state creatingnew creaturesandmaoving to anadjacentocation.

Themodelmaybe summarisedsfollow:

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

chronously

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

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

usedto in uenceary future behaiour.

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

known asthatagentstype.

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

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

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

relativeto its currentlocation.

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

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

9. An agentmaycreatearny numberof new agentsn its currentlocation. Thesemaybe

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

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

thosefoundin cellularautomata.

Theparametersf the modelmayjusti®edasfollows:

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

thelikelihoodthatglobalsynchronizatioimaybe accidentallymisused.

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

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

scaledto operateon mary creatures.

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

ary collective behaiour is provennotto be aresultof directobsenation.

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

obsenable,andhenceis imprtantin the communitatiorof informationbetweeragents.

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

coordinatesystem.

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

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

easierdevelopmentanddehugging.

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

alternatve moreelegantsolutionhasnot beenfound.

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

processeéntirelyindependentlytheirinstantaneouexternalstatehaving beingcaptured.

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

codingthisinto a simulationthetrue natureof theinteractionis madeclear

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

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

extensionof themodel.

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

simulations.

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

commonprogramstructuregin additionto clarifying the detailsof the model).

2.2.2 A Formal De®nitionof the CreaturesModel

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

form of a simulationmay potentiallybetransformedo a moredesirabledescription.

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

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

creature.

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

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

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

speci®edln addition maybeindirectly manipulated.

Space

Thelocationof a creature is ann-tupleof integers(the examplesdescribectlsavherein

thisthesisaretypically of ordertwo).
Thelocationof creatureénstance (2.2)

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

the2CanSee®relation de®neduchthat:
(2.3)

where and arecreatureinstances.A creaturemay seeanotherif it occupieghe same

locationin discretespace.

The conceptof locationis alsousedto restrictthe movementof creaturesEachlocation

hasaneighborhood

Thesetof locationsa creatureatlocation maymoveto in asingletimestep
(2.4)

Theneighborhooaperatolis associatie with translationsuchthat:
(2.5)

where ,and arelocations,and is any vectorof appropriatedlimmension.
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Next statefunctionsalwaysproducecreaturanstancesuchthat:
(2.6)

It is requiredthat the de®nitionof  be free from referencedo absolutelocationsb if
theentiresystenis translatedts behaiour shouldremainunchangedThis is achievedby

de®ninghe intermsof afunction with thepropertythat:
0 (2.7)

where0 representsn origin locationsuchat 0O O . The operationof

additionof vectorsandcreaturanstancess de®neduchthat:
(2.8)

Thenew creauturgnstances atranslatiorby , all otherparameterbeingunchanged.

maythereforebe ensuredo befreefrom absolutaefrencego locationby de®ningt as:
(2.9)

The notation may be usedasshorthandor , representinghe locations 's
next stateinstancecould occupy. The abbreviatedform is morereadable andindicates

bettertheintentionof the statement.

Theoutputfunctionalwaysproducesreaturest thelocationof the parent:
(2.10)

Onceagainit is necessarthatthefunctionis freefrom absoluteaeferenceso locationand

henceafunction iscreated:
0 (2.11)
maythenbe de®neds
(2.12)
A neighborhood may containalocationDIE. This singlelocationwill generallybe
adjacentoall otherlocationsandhastheadditional speciabpropetiesthat ,

and (acreaturaatthislocationmaynevermaoveto 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
creature instances baseduponthe subsetf creaturesn thatmaybe obseredby .
Only asubsedf acreatureprocesspacemaybeobsenedb thecreaturesype: ,as

this ensureghatinformationwhichis privateto a creaturaemainsso.
A creature mayobsenreasubsebf thesystem in whichis exists:
(2.13)
representthesystem aspercevedby creature .

Theinformationavailableto a creaturds thereforethe collection(not a set,asduplicates

areallowed)of creaturetypes:
(2.14)

Thiscollectionis usedaspartof theinputto thetransitionfunctionsto in uenceacreatures

next stateandoutput.

Time

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

of acompletesystem.
(2.15)

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

A simulation represents completecreaturesystemexisting over time. Having been
initialised to the state ¢ it exists at discretetime steps 0. is the setof creature

instancesepresentinghe systemattime .
1 (2.16)
Informationpreservingcreaturede®nitionsnaybe prepared in thesespecialcase$nega-

tive® time maybeintroducednto the statehistory. Thisis mosteasilyobserablewhen

and arerestrictedsuchthat

(2.17)
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Thatis no creaturegnay be createdor destrgyed. Considera sytemwhereall creatures
maove eastat eachtime stepb giventhe state of sucha systema unquiestate may
trivially beconstructedguchthat . Thereforegivenastate (it isequallypossible
to contructa uniquestate  ; suchthat 1 0, eventhoughthe systemwasonly

consideredo becreatedattime 0.

Creature Traces

In additionto slicesthroughthetime axis, we may alsoconsiderthe continuousexistence

of asinglecreatureasit existsthroughtime as:

unde®ned 0
0
0 (2.18)
1
unde®ned

Where 0 is thetime at which creatures ®rstcreatedgitherby theinitialisationof the
system( ¢ o) or by beinggivenbirth to by anothercreaturg o 1)-
At thistime ( 0) thecreaturds createdn aninitial state.At eachsubsequertime step
the creaturecalculatests own next state,until suchtime it decidego die. Outsideof this

timeinterval the creaturdraceis notde®ned.

A creaturq ) existsattime if
(2.19)

It may alsobe notedthatthesede®nitionof and guarante¢hata creatureracewill

becontinuous:
0 : (2.20)
thatis if acreatureexistsattime , andit existsandtime thenit mustexist atall times

between.

Stability and local equivalence

Two creatura@nstances areweaklyequialentif for somespeci®dunction

. They arestronglyequivalentif for anyfunction 3.

SWhenconsideringequialenceit shouldbe notedthatin practisethe statetransition®functions® may not be

truefunctionsb mary simulationsemplg/ non-determinism

Creatures



The CreaturesModel 43

Similarly the stability of completesystemamay be considered A creaturesystemis said

to beweaklystablewhenfor a speci®dunction
1 2 (2.21)

andstableif for anyfunction:
1 (2.22)

In sucha casefor truetransition®functions®:

1 (2.23)

Guards

Thepartof acreaturesext state andoutputfunctionswhichmaybede®nedby anenduser

( and ) arespeci®easa setof conditions,known asguardsthat , and
mustsatisfybeforean operationis performed.As thetransitionfunctionis appliedto

asinglecreaturgheseparamentermaybeabbreviatedto , and B thestate type,and

input of the creaturebeingevaluted. Theseguardsandactionsde®ne 3 and

For example

# 1 DIE (2.24)

Where isthecollectionof typesof creatureshatmaybe obsened,asde®nedgreviously.
# is thenumberof elementsn the collection. Thecreaturewill performtheactionDIE if
it canseemorethenonecreaturg(the creatureatself is includedin , hence# will always
beatleastl). For corvenienceguardsareevaluatedn order Thisremovestheneedto test

for all previouscases.
# 1 DIE

TRUE CENTER

(2.25)

The operationDIE is a 2terminal® operation,and thereforedoesnot return. Therefore

operationCENTERwill only be performedvhenthe®rstoperations guardhasfailed.

Guardconditionscommonlyarebasedroundhenumberof creaturesf agiventypewhich

arevisible. The cardinalityoperationis thereforeextendedo take a parameter:
# # (2.26)

Theoperation #3wouldthereforeeturnthenumberof creature®f type3 thatcanbeseen.

1 CENTER
TRUE NORTH (2.27)
TRUE DIE

#1 1
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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 internalState
Change®f Type
Change®f Location

Birth of new creatures

The®nalitemb Birth is dealtwith independentlginceit relateso , ratherthan
A creaturemay performarbitraryoperationsiponits internalstate . A creaturanay
alsoactuponits externalstatus(or type) . Theresultsof thesewill be passednto

1.

Thecreatureocation is notpassednto thetransitionfunctionasde®nedby theuser( ),
andhencemay not be usedaspartof the behaiour de®nition.Movementis restrictedto
relative operations Theresultof will beacreatureatalocationin , buttheresult
of will beatalocationwithin within 0 . Thegraveyardlocationis alsoincluded
in this domain. The DIE operatorsets . This locationis
usedto indicatethat shouldnotbeincludedin theset 1. All movementoperators
areterminal operators.Thatis, following a movementoperatorthe valuesof , , and
areformedinto atriple, andreturnedas . No furtheroperationsnay be performed.
Howeverif nomovementoperatoiis presenwithin anaction,thenotherguardswithin the

rule maybetestedandadditionalactionsperformed.

Forexampleif is de®nedsaninteger:

# 1 # 1
10 0; (2.28)
TRUE FORNARD

This rule movesa creatureFORNVARD. 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

theirClife® atthelocationof their parent.
(2.29)

However in termsof the de®nablgart of the transitionfunction births take placeat the
origin:

0 (2.30)

Offspring performno operationsattime . Their stateis setto o, andthey areinserted

into 1 in preparatiorfor 1, whenthey behae accordingto the standardule
set.
For Example:
# 1
0 1;
# 1
1 0;
TRUE WANDER
(2.31)

All creatureperformthe operatiolWANDER. However, shoulda FEMALE anda MALE
®ndthemseles alonetogether a single offspring will be produced. The offspring of a

speci®demalewill alternatebetweermaleandfemale.

In additionto thetransitionrule it mayalsobe necessaryo specifytheinitial stateof new

creatures . In theabove example 0 would suf®ce.

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 aninef®cientmannerandshavs how

basiccomputingmodelsmaybeimplementedvithin Creatures.

The Turing Machine

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

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

Theequivalenceof theCreatue systento a Turingmachinanaybeshavn byimplementing

a Turing machineasfollows:

1. thesetof creaturesypesis de®nedsonetyperepresentinghe symbolandonetype

representinghe ®nitestateunit (FSU).

2. thedtape®is replacedy thepresenc®r otherwiseof symbolcreaturesvithin aone
dimmensionakpace,eachsymbol creatureremainingin a single speci®docation
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®®nitestateunit® is represented singlecreaturean the systemwhich can

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

(d) moveto eithertheleft or theright;
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Any systemwhich canimplementa Turing machineis by de®nitioncomputationalljcom-
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 inef®cient.

Thecorverseoperatior(to corvertCreatureso CA) is notalwayspossibleas(in thegeneral
case)in aCreaturesystemthereis no limit to the numberof creaturesvhich mayoccupy
asinglelocation. Any CA cell will have a ®nitelimit onthe numberof statest maybein
(bothby de®nitionof beinga ®nitestatemachine andby practicalliy of implementation),
andhencealimit to the numberof creaturest couldsimulateholding. This howeverdoes

notinvalidatethat CA arecompleteb it is simplythatthereis no simplemapping.

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

baseduponpreviousstates.

Theprimarydifferencebetweerthe?creature®arrayandthecellulararrayis in thehandling
of neighborhood.The Creaturescansee®peratoris not capableof 2looking across®o
neighboringocations.Insteadthe neighborhoodnustbeimplementedy forcing the cell
creatureto give birth to multiple 2&communicationsreaturesthat traversethe spaceand
on travelling a setdistance(de®nedy the neighborhood)pive 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 thereforeicompute®

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 2next state®of a creaturesystemis a mary body
problemb alarge numberof independenagentseachpotentiallyin" uencing any andall

of theothers.It maybe consideredshaving two parts

determiningheinput of eachcreaturgmapping)

performingthetransformatiorfunctionon eachcreaturgstepping).

The complity of the transformatiorfunction may be assumedo be independenof its
inputs,andhencesteppinghasa compleity of  ( creaturesvould requirethe function
to beapplied times,taking timesaslongfor creaturesaswould be requiredfor

one).

Withouttheapplicationof apriori knowledgeeachcreaturanustbecomparedo eachother
creatureto establishwhetherthey can@see®eachother In the generalcasethe mapping

operatiorhasa compleity of 2B eachcreaturemustbe comparedo every othet

Thetotal time to naively stepa systemis therefore 2 . However the time taken
to calculatethe input to eachcreaturerapidly comesto dominatethe performanceof the
system.Thesystems steptime will beapproximatelyproportionato 2. A systenof this
type will rapidly becomeimpracticalto implementasfor large populationseven a small
increasén thenumberof creaturesvill haveadetrimentakffectonperformanceHowever

locality may beexploitedto improve this situation.

If the systemwere implementedwith one processomper location (asin a CA), thenthe
compleity of mappingwould be totally remoredP 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
be idle, while processorsepresentindocationswhich containmary creaturesvould be

heavily loaded.
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Theworstcaseoccursgiven  creaturesand  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

creaturesshouldendup in a single locationb 1 of processorsnuststandidle
while oneprocessosteps creaturesThesteppingoperationvouldthereforebe  times

slower thanit ideally shouldbe.

As will beseenin section3.2.2,by makinga tradeoff betweernthesetwo 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.

the easeof applicationof *LOGO.

thesimulationpower 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
implementatiorandapplication. 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
re ectedin a uniquesetof performancecharacteristics. The implementationstrataies
usedon eachtype of platformandthe techniquesievelopedto improve performanceare

describedn this chapter

TheserialimplementatioronaNeXT workstationprovidesacomplete, e xible, interactive
work ervironmenton which simulationsmay easily be developed. Implementationson
parallel machinesare currently more dif®cultto 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 speci®cation 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
speci®aonceptssuchas 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 creaturespeci®catiotanguage?JAM®

wasdeveloped allowing a simulationto be describedndependentlyf the®nalplatform.

A precompilerb 2pancale® takesa JAM speci®catiorand producesa source®lefor a

speci®csimulator This may thenbe compiledusing the appropriatdanguagecompiler

(®gured.1). Pancale waswrittenusingYaccandLex, andhasbeenarmetedo C, Objective

C,MPL, C* andOccam.Thecodeproducednakesuseof systendependentheade®lesto

de®neeighborhoodndinteractionmacros simplifying the operationof the precompilery

andreducingthetime requiredto retagetit.

A simulationis speci®eéh JAM by anumberof declarationgsomeof which areoptional):

NEIGHBORHOODThe directionscreaturesnay 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.

TYPES: Givesnamedo eachof the externalstatesa creaturemaybein.

VARS: De®neshe namesandtypesof the statevariableswithin eachcreature.The
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availabletypesmayberestricteddependingon the simulatorbeingused.
INIT: De®nesheinitial stateof all creatures.

USE: allowssystenmspeci®codeto beincludedinto therule, for exampleto rede®ne

thedisplayoperation.

RULE: De®neshe statetransitionfunctionfor creaturesn thesystem.

The®naldeclaratioRULE:) 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 the2canseefunction,whichreturnshenumberof
creaturesn the currentlocationwith the speci®edype. As anextensionto this, arangeof
creatureypesmay be speci®edandatotal 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 source®lesare particularlyreadable
to non programmersallowing ®eldexpertsaccesgo SIMD parallel simulationwithout
having to learn traditional programmingmethods. Code hasbeensuccessfullymoved

betweerplatformswith only minor modi®cations.

3.1.1 Jam Grammar

input
neighbordeclaration typedeclaration vardeclaration

usedeclaration initdeclaration ruledeclaration 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

usedeclaration :
USE: uselist ;

uselist
uselist , variable

variable =

initdeclaration
INIT: statement

ruledeclaration :

RULE: actionm

action
tplist

statement m
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tplist

expression : action  tplist

expression action I action  tplist m
statement :

expression

statementlist

statementlist :
statement  statementlist

statement m

expression
variable
constant
function ( expression )
function ( variable ... variable )
function ( expression ) ( number )
movement
fnumber
number
( expression )
expression *  expression
expression /  expression
expression %  expression
expression +  expression
expression -  expression

expression &  expression

expression | expression

expression == expression

expression expression

expression expression

variable = expression m
fnumber

number . number =
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number :
digit

number  digit =m

digit

constant :
random
type

true m

function
cansee
alert
birth
become

iamm

movement :
A Z movement

movement m

variable
a z variable

variable =
vartype
int

“oatm

3.2 A Sequentiallmplementation

The systemhasbeenimplementedon a NeXT workstation[49 in Objectve C[11]. The
interactve simulator(CINC) usesaNeXTStepnterface[24 to takeinputfrom theuserand

displaytheresultsin a”exible fashion.Thisis shovn in ®gure3.2. A commandine based
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simulator(cinb) usesthe samecorecode,but doesnotimplementtheinteractve facilities.

Its performancas signi®canthbetter

The NeXTStepimplementationis the most complete,and the most exible of all the
currentCreaturesystems.Rulesmay be loadedinto the simulatorwithout recompiling,
the movementof creatureds displayedgraphically and simulationmay be interactvely
controlledby theuser This makesit anidealplatformfor re®ningsimulationswith small
numbersof creatureq 100). The rapid feedbackprovided may be usedto re®nethe
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 such exibility, andthe scalabilityissueswhich

will becomemoreimportantasparallelimplementationsireconsidered.

3.2.1 A Naive Implementation

Cincandcinboperateby having a centralcontrollerobjectwhichholdsa?List® of creatures
representinghe currentgeneration.Whenthis recevesa @step® messagé takesthe ®rst
creaturdromthelist, andcompilesanew list, by transferringall creaturesvhicharein that
creaturedocation. Fromthis the2cansee®arrayfor thatlocationis evaluatedandpassed
to eachcreaturen the new list aspart of their stepmethod. In additiontwo further lists
arepassedo thecreatureD onerepresentshe next generationandall new creaturesre
placedinto this list. Theotherlist is the graveyardlist, andis usedto collectall creatures

thatarenolongerrequiredsothey maybedisposef andtheir memoryreclaimed.

This is repeateduntil the generatiorist is empty Garbagecollectionis thenperformed,
andthecontroller's stepmethodterminatesin Cinc,thecreaturesrealsosentadravSelf

messageallowing themto drav themselesonthescreen.

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

stepactionto introducethe behaiour requiredfor a speci®csimulation. The subclasof
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creatureamayalsoeasilyincorporatextrainstancevariables.Theinitial stateof a creature
( o) is codedinto the&init® method whichis executedvhene&er anobjectis created.For

morecomplex simulationsotheractionsmaybeoverwritten rede®ninghedefaultconcepts
of spacethegraphicalappearancef acreatureandreplacingthedefault®lehandingcode

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 ®gure3.3. The interactive system
performsat approximatelyone ®fth of this speed. While the 2naive® implementation
provedusefulfor developingrulesby allowing small scalebehaiour to be examined the
performancelegradegapidly asthe populationincreases.During the stepoperationthe
locationof everycreaturas comparedvith everyothercreature[1Pto produceghe@cansee®
arrays. The time taken to performthis action (referredto as mapping)is approximately
proportionalto the squareof the populationsize. Thoughasfew as 1 comparisons
mayberequiredto mapthe systemtheworstcaseof 1 2 2 comparisonss more

likely to apply:

Asthepopulationsizeincreasesappingwill inevitably cometo dominateheperformance
of the system,dwar®ngthe time requiredto evaluatethe transitionfunction. The system
mustbe mappeddnceat eachtime step. Thetime takento performthis mappingis 2,
andhenceperformanceneasureih generationpersecondallsavayasl 2. Howeverat
eachtimestep creaturesreprocessedThemappingime percreatureis therefore

The measuref systemperformancehat hasbeenusedin this thesisis 2CreaturesSteps
PerSecondqCPS),whichfor thenaiveimplementations proportionato 1~ asshovnin
®gure3.3.

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

tomata:emptylocationswith spareresourcesvhile otherlocationscontainmary creatures;

1TheNeXT usedfor thesgperformanc@®guresontaineca 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 2 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
hashe®lesin databassystems)However by makinguseof aneffective hashingunction,
clustersof creaturesn neighboringlocationsmay be distributedto differentbuckets. By
this methodseveral locations(or in fact in®nitelocationsfor an in®nitespace)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 compleity of 2, where isthe

numberof buckets. By increasing in line with populationsize,a mappingperformance
inverselyproportionalto  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 beeffectiveb asall creaturesrein thesameaddress
spacethe costof hashingis insigni®cant). However this will be inef®cientin a parallel
implementationas bucketsarelikely to be held on separatgrocessorsandhencelarge
amountsof datamustbe copiedbetweennodes. Despitethis apparenproblem,the new
workloadis proportionalto the numberof creaturesnoving (aseachtaskis independent),
andhenceperformances guaranteedo be betterthanthe naive implementatiorfor large

populationg 2 for large evenif ).

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

nodeand hencemustbe tied to a single (or small numberof) buckets. Thougha serial
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implementatioralsohaslimited resourcesheseaesourcesnaybedynamicallyallocatedo

bucketsasthey areneededA parallelimplementations lik ely to requirea staticallocation
andhencethoughtheremaybe suf®cientresource®n the machineasa wholeto perform
anoperationa particularbucket may over ow. The simulatormustbe run with suf®cient
spaceo ensurehatbucketsareunlikely to over ow. This limitation 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 modi®edto hashthe
populationinto a numberof buckets prior to the steppingoperationas describedor the
naivesystem.Usinga®ednumbernf bucketsallowsgoodperformancéo bemaintainedas
thepopulatiorsizeincreasesee®gures.3)until thecomputatioriimerequiredo mapeach
bucketbecomegreatethatthetimerequiredo stepthebucket. Asthepopulatiorincreases
abovethislevel (around1000for the currentimplementationjhe mappingoperatioragain
dominateandanl CPSperformanceurveis evident,thoughwith betterperformance

thanthe2naive® implementation.

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

limitationsarenot exceeded).

3.2.3 A Statistical Analysis of Bucketing

Despitethe performanceébene®tshat bucketing offers, whenimplementecbn a platform
wheretheresource®f eachbucketarelimited, the problemof bucketover ow reduceshe
applicability of the approach.The systemwasthereforeanalysedto provide a theoretical
insight into the over ow problem. Much of this analysisis commonto the theory of

hash®lesusedin databaseystems[}. Similar resultsalsoexist in the ®eldof queueing

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

Considera simulatorcontaining  buckets, eachcapableof holding creatures. The
maximumpopulationsize is therefore . However in practise,therewill be a

smallernumberof creatures .

It mustbeassumedhatthedistribution of creatureshroughspaces uniformandindepen-

Creatures



Implementing the CreaturesModel 62

dentof othercreaturesindthehashfunctionusedo assigriocationsto bucketis fair. While
this assumptionis 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 speci®do a
givensimulation.No matterhow complex theanalysist would still be possibleto produce
a 2badly behaed® simulationwhich exceedsthe capacityof a well designedsimulator
All thatcanpracticallybe derivedis thetypical behaiour of the system.Thoughrandom
distributionis anunreliableassumptioto make, its generabpplicability andmathematical

simplicity make it the only viable option.

Individual Buckets

A creaturehasa probability of beingin ary givenbucket 1 , independenbf other
creaturesand buckets. Whenmary creaturesare placedin the system,the numberof
creaturesn a particularbucket is thereforedescribedoy a binomial distribution[47. The

meannumberof creaturesn a givenbucket
(3.1)
Thevarianceof thenumberof creaturesn a givenbucketis
2 1 1 1 2 (3.2)

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

systemsHowever anaccuratebinomialdescriptiorhassofar provedtractable.

Theprobability of therebeingexactly creaturesn agivenbucketis

1 1 1 (3.3)

Theprobability of the bucket not over owing is therefore

1 1 1 (3.4)

Multiple Buckets,and multiple steps

In orderfor the simulationto succeedfor a single step)no single bucket may over ow.
Theprobability of thisis
(3.5
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Giventhe probability of the systemsucceedingt a givenstep,the probability of reaching
time is
(3.6)

It shouldbe notedthat this assumesompleteindependencéetweenconsecutie steps.
Thisis blatantlyuntrue,asthedistribution of creaturesn onestepis stronglycorrelatedo
thepreviousstepb patrticularlyif theamountof movementis small. If no creaturesnove
thenthe probability of over ow 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 suchspeci®xases
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 suf®cientlyrandomway, an upperlimit for the population
may be estimatedandthe probability of successnaybe derived basedon this population
size. A moredetailedanalysisis not possiblewithout consideringa speci®a@application,

andhencea pessimistiestimatas againadopted.

Whena creatures movedit musttemporarilyexist in onebucket, while atthe sametime
®ndingan 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
1 where is theprobabilitythata creaturewill move atary 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 64 and 64 the graphshown in ®gure3.4 was produced.
Increasing , the numberof buckets, haslittle effect on the shapeof the graph® the
breakpointis alwaysa little over 50%full. In databasgermsit is recognisedhatit is the
ratioofthe and parametersatherthantheirabsolutevalueswhich determineover ow

performance.

If ,thebucketsize,isincreasedhenthebreakpointalsoincreasegrelativeto theabsolute
maximumpopulationsize ), asshavnin ®gures3.5and3.6. Fromanover ow point of
view it is clearlydesirableghatbucketsareaslargeaspossible.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 ®nding creaturesn a bucketis zerofor all valuesof except . For
valuesof lessthan theprobabilityof succeedindor a singletimestep 0. For

the probability of succeedings 1. Although bucket over ow still appliesin the

trivial casethe systemmustbe completelyfull beforeanerroroccurs.

For abucket sizeof 64, the statisticsshaw thatit shouldbe possibleto operatea simulator
thatis approximatehhalf full (®gure3.4). Testingarealsystenof this sizeshavedthat(in
theidealisedbenchmarlsituation)the simulationwasalways successfuat 25% capacity
butwouldalwaysfail whenthepopulationwasincreasedo 50%(for thoseimplementations
wherebucket sizehasan absolute®xed 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 othercreaturg®gures.7). Thecreaturesrethensteppedandasearch

for freenodess performedby thoseprocessorsvhich arerequiredto produceoffspring.

Performancesf 15000creaturestepspersecond CPS)wererecordedvhenthe machine
wasfully populatedwith asinglecreatureon eachof the4096nodeq®gure3.8). For pop-
ulationsof this size,a naive (non-hucketed)serialimplementatioron a NeXT workstation

couldonly achieve 48 CPS.Thisspeedncreasef approximatel\800timesisin agreement
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Figure3.8: Maskar Mp-1 Performance

with theclaimedperformanc&®guredor theMP1104,andNeXTstationg6400and16mips
respectiely B aratio of 400). While the NeXT implementationvas not optimisedfor
speedtheresultsshov thatthealgorithmis extractinga goodpercentagef thetheoretical
peakperformancedrom the MasRar architecture.For small populations the overheadof
supportinga large numberof processorsesultsin poorerperformancehanthatavailable
from a serialmachineb thereareinsuf®cientcreaturego utilize the availableprocessors.
Steptime s in factalmostindependenof populationsize (the2®xedtime step®line shovs

the CPSperformanceequiredto give a constantime pergeneration).

For mary applicationseven 4000creaturesnay be insuf®cientto producereliable statis-
tically valid behaiiour. However oncethe numberof creaturesexceedsthe numberof
processorghe performancef evena massiely parallelsystembeginsto degraderapidly.
Thisis shavn by thelinesMasRar2,4,and8 on thegraph(®gure3.8), which representhe
systemgerformanceavith eachnodeholding2, 4, and8 creaturesespectrely. In addition
to the overheadof virtualisation,the time takento calculateonegenerationsncreasedy
afactorof four for every doublingof populationsizedueto the 2 effect of the mapping

operationb the CPSperformancdalls proportionallyto
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3.3.2 Bucketing on the MasPar

As previously discussedthe applicationof 2bucketing® improvesthe performanceof the
mappingoperation. However due to the MasRar's architecturecertainconstraintswere
placedon how buckets could be con®gured. The 4096 node machineis arrangedas a
64 64square.Thesystemwasthereforebuilt to containsixty four bucketsof up to sixty
four creaturesThehashingunctionusedwasof theform . Speci®cally
9 asthis resultsin 7 stepsin the directionplacingthe creatureone bucket down
from its initial location,ensuringthata line of creaturesitherhorizontallyor vertically
(a commondegeneratecase)would ef®cientlyutilize all processors. Virtual processor
spacewasimplementedy increasingthe numberof buckets. This maintainsa constant

performancédmeasuredh creaturepersecondfor anincreasingoopulationsize.

Increasinghe bucket sizewasnotfeasibledueto the natureof the MasRar architectured
themappingoperationwvasperformedoy spreadingnformationaboutcreaturegypearound
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 ®gure3.9). Introducingvirtual nodesnto
this operationvould have beendif®cult,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(duetothe 2 complexity
of mappingwithin a singlebucket). However the problemof bucket over ow would be

easedallowing thesimulatorto berun at closerto its maximumcapacity

Statisticalanalysisof bucket over ow (section3.2.3)suggestedhatrunningthe simulator
at approximately®fty percentcapacitywaslik ely to causea failure during the courseof

the 500 stepsthat were usedfor benchmarking.This provedto be the caseb provided
thata populationof one quarterthe simulatorsize was not exceededno over ows were
obtained.Theperformancef thebucketingsystemnis shavnin ®gure3.10. Thisshavsthat
aroundl0,000creaturestepspersecondnaybemaintainedor largepopulations.Theloss
in performancealueto increasedsimulatorsizewhenthe populationis smallis negligible

comparedo thelossobtainedby the naive method.

Creatures



Implementing the CreaturesModel 69

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 2 mappingproblem.

The performancef the bucketedapproachs unfortunatelylittie 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

over ow.

Movement: Pro®lingof the Bucketing coderevealedthatapproximatelyninety ®we
percentof the simulationtime is taken up by a single line of codeb 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 performanc&®gures
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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 dif®cultto use (the correctbucket size
for a problemmust be carefully chosen). However it doesdemonstrateéhat Creatures
codewritten in Jammay be retagettedto a new backendwith little modi®cation.Most
importantlytheimplementatiordemonstratethatthoughbucketingsolvesthe problemsof
mapping,it createsa numberof problemsof its own whenimplementecdn architectures
of thistype. Theimplementatioron the MasRar providesinsightinto how a moreeffective

machinemaybebuilt.

3.4 Creatureson the Thinking MachinesCM2

Following thecompletionof theMasRarimplementatiorthebucketedMasRarimplementa-
tionwasportedto theConnectiorMachine[29[38] C*[21] ervironment.Suchaportwould
demonstrat¢hatthetechniqueslevelopedto run Creature®n the MasRar wereapplicable
in arangeof situations andrevealtherelative strengthandweaknessesf the alternatve
underlyingmachinearchitecturesin addition,access$o the MP1104waslimited to ashort
time periodD the CM2 provideda platformwhich couldbe 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 ef®cieng.

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

time) alloweda morecompleteexplorationof the bucketingparameters.

Theresultingperformances shavn in ®gure3.11. 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 dif®cultto determineasthe basehyper
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Figure3.11: CM2 Performance

cubeis totally obscuredy the C* programmingparadigm).Thesetransfersaareespecially
expensve giventhe local communicationsystemusedby the CM. While thesetransfers
arealsoexpensve ontheMasRar, theprovisionof hardwarededicatedo longrangerouting

relievesthe problemsomaevhat.

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

optimisethe movementof Creatures.

3.5 Spiralling B Reducingthe MovementProblem

Bucketing is effective in reducingthe mappingoverheadput it introducesthe new (sig-
ni®cant)overheadof procesamigration. However, by consideringthe bucketsasa long
line, the array can be wrappedaroundinto a 3D spiral suchthat (for the hashfunction

) the th bucketis directly above the ®rst,andsoon (®gure3.13). The

lastbucketis connectedackto the ®rstto form atoroidal structure.This ensureshatthe
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smallchangeof and involvedin the migrationof processesesultin a shortcommu-
nicationsdistancebetweenadjacentuckets, while still breakingthe creaturesdown 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 doing so specialattentionmustbe payedto the connectiorof nodesat thetop
right handcornerof thegrid, wherethetwo offsetsinteract. Theresultof thisinteractionis

not obvious, andis bestillustratedby ®gure3.14. Whena shift of distance is appliedin

eachdirection,agapappearsn thegrid of size 2. This gapmustbe ®lledwith additional

bucketsto regaina pseuddn®nite uniform surfacesimilar to thatof atraditionaltorus.

3.5.1 DesigningA Double Twisted Torus

Giventhatthe twistedtorusarchitecturaeducegshe communication®verheadoroduced
by the simplehashingapproachit is necessaryo considewhatvaluesof (thegrid size),
and (theoffset)areeffective. Thetopologyis scalablesothe absolutesize of thearray
will belimited only by practicalconsiderationsHowever for a®ednumberof processors
anumberof shapegouldbe build, eachwith differing performance By carefulselection

of and amoreef®cientmachinemaybebuilt.

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 ®ndloadswhich 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 loadwherethe and axeshave beeninterchanged.

Thereforeonly gridssuchthat and will beconsidered.

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

(ornearlDB whereonedimensiorfarexceedgheother)areacommonspeciakcase.This
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conditionis satis®edvhen and arerelatively prime: LCM (or alternatively
GCD 1: lisalwaysvalid)[52). Givenapairof values which satisfy
this condition will alsobe suitable.Offsetsmaythereforebe cateyorisedas
large( 2) or small( 2).

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

likely to bereduced.t is thereforeadvisableo eliminatemeshesvith lor 1.

Any node inanetwork hasaneccentricity B themaximumdistance from
ary vertex to in . Theradiusanddiameterof arerespectiely the minimumand
maximumeccentricityamongthe verticesof [52]. For a uniform surfacesuchasthe
torusor twistedtorusall nodesare equivalent,andhencethe radiusof the graphis equal
to thediameter For any network of processors low valuefor thediameter is desirable
asit representshe worst casecommunication®verhead.For asimple by meshthis
distanceis 2 andfor atoroidal meshthe diameteris approximately [53]. Any twisted
mesh alsohasadiameterof . Thisisindependenof . If the numberof
processorsvill be2 2. Althoughthe diameterof an<n,n>twistedtorusis the sameasan

ordinary by torusit containgwice the numberof processors.

This increasen densityis achiezed be reducingthe redundang, ascanbe seenin ®gure
3.15.In astandardorustherearethreesetsof pathsfrom ary pointto ary otherof distance
lessthan . Whenan offsetis presenthe redundang is reduceduntil for the ®nalcase
thereis only onesetof pathsto any point (the remainingredundang is necessary
to retainaregularsurfaceb 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 containg 2 processorsA regulartorusof 2 ? processorsvould have ameanrouting
distanceof 2. Themeanroutingdistancefor atwistedtorusis therefordessthanthe

meanroutingdistanceor aregulartorusof equivalentsize.

The specialcase representshe mostcompactsystem,thoughit fails to meetthe
criteria previously setout for goodmeshsizes. Largervaluesof which do satisfythose

guidelinesshouldthereforebe choserin preferenceo smallervalues.
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Grid Size: SmallOffset: 2 | LargeOffset: 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 greatethan canbeconstructedHoweverin suchcasesherolesof and
areinterchangedthatis . It is simplestto consideronly casessuch

that islessthanor equalto , asno systemsareexcludedby suchalimitation.

In orderthata statisticallyreliabledistribution of load betweemodesis achiezedtheload
shouldwraparounadhetorusasmary timesaspossible.Thisdemandshatthetotalnumber
of nodesbekeptreasonablemall,henceherestrictionalreadyestablishe@resuf®ciento

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
shavn in ®gure3.16. Suchloadsarewell balancedor non-twistedgrids only whenthe
sizeof theappliedloadis anexactmultiple of grid size,otherwisetheloadwill have three
distinctregions. This is shavn in ®gure3.17wherea rectangulatoad (randomlychosen
to be 68 by 52) is appliedto an 8 by 8 edgeconnectednesh. The meanload pernodeis

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

By applyingatwist to thetorustheloadis brokenup aroundthe surface,asshav in ®gure
3.18. With an8 8 grid ary offsetof between?2 and7 resultsin an optimumbalancing
for theexampleload. Figure3.17shavs theresultsfor 5. Theincreasen thenumber
of nodesresultsin a reductionof the meanloadto 39.7,but now all nodeshave aload of

either39 or 40. Thedeviationin theloadis hencereducedo theoptimumvalueof 0.44D

Creatures



Implementing the CreaturesModel 80

Figure3.16: Applying a Rectangulat.oadto a TraditionalGrid

Creatures



Implementing the CreaturesModel 81

f Load
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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 shovnin ®gure
3.19. Ideally this graphwould be the plane 0, asthis would indicatethe systemwas
optimally load balanced.However whenan ordinarytorusis usedthe surfacehasmary
high peaksrepresentingpoor performance Only afew specialcasegwheretheloadis an

exactmultiple of thegrid size)arewell balanced.

An equialentgraphfor andeightby eightgrid with anoffsetof ®weis shavnin ®gure3.20.
The surfacehereis a muchbetterapproximatiorto 0 indicatinggoodload balancing
for almostall loads. The meanload erroris 0.15whenthe offsetis used,asopposedo
1.16in thesimplecase.Despitethedramatidmprovementn averageperformancehenen
grid doeslack the simple perfectlybalanceccasesasfoundin the perviousexample. If
the shapeof theload may be selectechy the programmein anarbitraryfashionto ®tthe
shapeof the machinethentherearea numberof simpleshapesvhich canbe chosernwhich

embedwell in a simpletorus. It is non-trivial to selectsuchperfectshapedor a twisted

Creatures



Implementing the CreaturesModel 82

Figure3.18: Applying a Rectangulat.oadto a TwistedGrid
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Figure3.19: Loadsappliedto an8 grid
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Figure3.20: Loadsappliedtoan8 8 5 5grid
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