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Abstract

Creatures, anewclassof cellularmachine, retainsmany
of theattractivefeaturesofCellularAutomatawhilstallow-
ing theusertodescribedynamicsystemsin amoreintuitive
andefficientmanner.

In order to implementsuch a machineefficientlya gen-
eralisationontheDoublyTwistedTorushasbeenexplored,
and routingtechniquesdevelopedfor the surface. Such a
surfacehasimprovedload balancingpropertiescompared
to traditional toroidal surfaces,while retainingthesimple
embeddingof low dimensionalstructures.

1 Intr oduction

CellularAutomata(CA)[5] aremadeupof regular‘sur-
faces’of locally connectedcomputingunitsor cells. Each
cell examinesthestateof its neighborsandsynchronously
modifiesitsstateaccordingtoasimple,universalrule. Each
cell is identical,bothin termsof its neighborhood(connec-
tivity) andtheruleorprogramthatit is executing.CA have
many attractive featuresfor theprogrammerattemptingto
describehighly parallel systems. Theseinclude homo-
geneity, scaleabilityand simply definedlocal behaviour.
However, attemptingto modelmany physicalsystemsus-
ing CA introducesa numberof undesirablecomplications
andoverheads.Theseareprimarily relatedto thethespatial
natureof CA. Any modelmustbe formulatedin termsof
the spaceit occupies. For many real problemsthe space
simplyprovidesasubstratein whichactiveelementsof the
systemmay exist. As a resultmuchprogrammingeffort
goesinto providing handshakingbetweencellsto simulate
the movementof active elements. Typically interesting
eventstake placein relatively few areasof space,leaving
many of theprocessingelementsidle.

Presentedhereis an alternative — “Creatures”. This
provides a much neededshift of emphasisby modeling

the activeelementsof a physicalsystem.A simulationis
definedin termsof agentsthatareabletomovein spaceand
interactwith otherlocal agents.This shift of focusallows
a moreintuitive styleof programming,andin many cases
a moreefficient implementation.

2 The CreaturesModel

Thesystemis basedin anarbitrary, infinite spacewhere
a numberof Creaturesmay exist. Every creaturehasthe
sameclearlydefinedbehaviour. Thisisgovernedbybothits
internalstateandothercreaturesit can“see” (ona strictly
local basis).

it maychangeits state;

it may“givebirth” to othercreatures;

it maymove to anew location(adjacentto its starting
point)within thespace;

it may“die”.

Theseactionsare performedsynchronouslyin the same
fashionasCA.

TheCreaturesmodelmaybedescribedmoreformally.
Howeverthisoutlinedform of creatureprocessingis suffi-
cientto indicatehow modelsmaybebuilt. In ordertomodel
a systemit is only necessaryto describethe behaviour of
eachindividual componentandprovide the initial condi-
tions. Thecomplexity of theresultingsystemis dependent
notonthecomplexity of theindividualelements,butonthe
interactionbetweenvery largenumbersof suchelements.
In developingsuchmodels,the systemallows the userto
experimentwith and isolatethe characteristicproperties
thatdetermineits behaviour.

Thespecificationof asimulationis writtenasa number
of teststobeperformed(foreachcreature)uponwhatcanbe
seen,andbaseduponthese,anumberof actionswhichmay



takeplace.In additionto thestandardlanguageconceptsof
variablecomparisonandassignment,a numberof special
operationsto describethecellularnatureof thesystemare
required:

NORTHSOUTHEAST WESTCENTER (or simi-
larly for nonvonNeumannNeighborhoods)to define
movementof thecreature.

BIRTH(type) to createa new creature.

BECOME(type) to changetype.

CANSEE(type) to find the numberof creaturesof
the given type, at the currentlocation. The current
creaturewill beincludedin this total if appropriate.

DIE to destroy theCreature.

Theseform thebasisof the“JAM” language,whichis used
to describecreaturebehaviour. While JAM lacks many
of the featuresonewould expectto find in a fully fledged
language,it allows creaturebehaviour to bedescribedin a
concise,understandablemanner. Oncewritten,JAM rules
are compiledinto a machinedependanttarget language,
which itself maythenbecompiledandlinkedinto a simu-
lator.

3 An Exampleof Jam Code

In orderto illustratehow thesystemmaybeused,figure
1 containstheJAM codeto solvethefiring squadproblem.

TheCreaturessolutiontakesaveryphysicalapproachto
theproblem:“soldier” creaturesproduce“bullet” creatures
whenthey seea“shout”. A “sargent”creaturewalksalong
the line, andcountsthe numberof soldiers,thenretreats
a suitabledistance. It then returnsto its startingpoint,
producinga “shout” for eachsoldier. All thesewill arrive
at thesametime.

Thisveryphysicalapproachtoprogrammingallowssim-
ulationstobeconstructedin avery intuitivefashion. Simple
modelshave beenconstructedfor roadtraffic flow, spread
of infectiousdiseases,plantpopulations,ants,digitalfilters,
idealgases,nuclearcritical massreactions,andthemove-
mentof buoys in watercurrents.However, thesehave not
beendevelopedbeyondtheproofof conceptstage,assuch
work mustbeperformedin conjunctionwith field experts.

4 Implementation

Creaturesmaybeimplementedin anumberof ways,as
is bestsuitedto theunderlyingplatform. Simulatorshave
beendevelopedfor a numberof systems,eachproviding a

NEIGHBORHOOD:moore;
TYPES:soldier,bullet, sarge nt,sh out;
VARS:int state,int counter;
INIT:{

counter=0;
state=0;
}

RULE:
{
iam(soldier):

{
cansee(shout): birth(bullet);
true : CENTER;
}

iam(bullet) : NORTH;
iam(shout):

{
cansee(soldier): DIE;
true : NORTH;
}

iam(sargent):
{
state==0:

{
cansee(soldier):

{counter=counter+1;E AST;}
!:{state=1;SOUTH;}
}

state==1:
{
counter>1:

{counter=counter-1;S OUTH;}
!:{state=2; NORTHWEST;}
}

state==2:
{
cansee(soldier)==0:

{birth(shout);NORTHW EST;}
!:{birth(shout);state= 0;EAS T;}
}

}
}

Figure1: TheFiring SquadProblem



differentcost/performance/easeof useratio. Efficient im-
plementationsmaybewrittenfor SISD,SIMD andMIMD
machines.In all cases,anew backendto theJAM compiler
allowsexistingrulesto beported.Rulesmaybedeveloped
onarelativelyslow butflexiblesimulatorwheresmallscale
behaviour canbe closelyexamined,then transferredto a
“heavyweight” processorto observe largescalebehaviour.
Only theparallelimplementationof creatureson specially
designedhardwarewill beconsiderdhere.

4.1 Bucketing

In orderto obtaingoodperformancefor large popula-
tions, stepsmust be taken to improve the calculationof
which creaturesmay seeothers. Naive useof locality in
the implementationwould introduceundesirablefeatures,
similar to thosefoundin cellularautomata(poorloadbal-
ancingof real work for example). It is not adequateto
simply divide spaceinto regions,andallocatea region to
eachprocessor,asfor mostsimulationsasingleregion(orat
leastasmallnumberof regions)will holdmostof theactive
processeswhile largeareasof spaceareempty(particularly
asspaceis requiredto beinfinite).

A systemwasdevelopedwhich makesuseof a hashing
function(of theform ) to split thepop-
ulation into a numberof smallersubpopulations,eachof
which maybe mappedfar morequickly. Considerdivid-
ing thepopulationin two: eachhalf maybemappedfour
timesasquickly (dueto the 2 dependanceof themapping
operation).Thereareof coursenow two populationsto be
considered,soperformancewouldbeincreasedby a factor
of two.

Individingthepopulationit isnecessarytoensurethatall
creaturesatasinglelocationareallocatedto thesamepro-
cessor(or setof processorsknown asa bucket). However
by makinguseof aneffectivehashingfunction,clustersof
creaturesin neighboringlocationsmaybedistributedonto
separateelementsof the processingarray. This method
allows severallocationsto bemappedto thesamebucket,
reducingthelikelihoodthata bucketmaybeidle.

A tradeoff mustbemadefor thebucketsize: toosmalla
bucketwill tendtowardstheproblemsof aCA (onebucket
maybeoverworked,whileothersmaybeempty).Toolarge
abucketsizewill resultin aslowersystem.This technique
allowsthecreationof systemcapableof steppingcreatures
with atimecomplexity of 2 , where isthenumberof
buckets.By increasing in line with populationsize,then
performanceinverselyproportionalto maybeobtained

In a distributedsystemthe numberof bucketsis fixed.
However whenimplementingthe architectureon a serial
systemit is possibleto vary the numberof bucketsused
betweeneachtimestep.Thisallowsanoptimalbucketsize
to bechosenfor eachstep(thoughin sucha casethehash
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Figure2: Wrappingbucketsinto aSpiral

functionbeingusedmaynolongerbeperfect).Thisallows
a systemto maintaingoodperformanceover a very wide
rangeof populationsizes.

A problem of bucketing concernsthe distribution of
creaturesthroughoutthespace.If a largenumberof crea-
turesoccupy the samelocation, then they shouldall be
hashedinto the samebucket. However the capacityof a
bucket is necessarilylimited. The simulatormust there-
fore berunwith sufficientspaceto ensurethatbucketsare
unlikely to overflow.

4.2 Spiraling

Bucketingiseffectivein reducingthemappingoverhead,
but it introducesthenew (significant)overheadof process
migration. However by consideringthe bucketsasa long
line, thearraycanbewrappedaroundinto a3D spiralsuch
that (for the hashfunction ) the th
bucket is directlyabove thefirst, andsoon (figure2). The
lastbucket is connectedbackto thefirst to form a toroidal
structure. This ensuresthat the small changesof and

involved in the migrationof processesresult in a short
communicationsdistancebetweenadjacentbuckets,while
still retainingthedesirableproperties.

The spiral canbe viewed asan edgeconnectedmesh,
wherethe edges,ratherthanbeingconnectedbackto the
samerow, are connectedback to a row which is offset
(wherethe hashingexampleis a specialcase: offset=1,
previously discoveredfor systoliccomputation[4]). This
offsetmaybeappliedbothto rowsandcolumns.However
in doingsospecialattentionmustbepayedto theconnec-
tion of nodesatthetopright handcornerof thegrid, where
thetwo offsetsinteract.Theresultof this interactionis not
obvious,andis bestillustratedby figure3 (thereadermay
alsolike to verify theresultby performingtheshift opera-
tion on four books!).Whena shift of distance is applied
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Figure3: Filling theGap

in eachdirection,agapappearsin thegrid of size 2. Once
thisgapis filled thenthesurfaceappearsuniform,andmay
beusedasa pseudoinfinite surface. Henceeffective grid
sizesareof theform 2 2.

The next questionwhich shouldbe addressedis what
valuesof n (thegrid size),ando (theoffset)areoptimum
— neglectingthe obviousmoreprocessorsis betterargu-
ment. Without a priori knowledgeof the problemto be
tackled,few assumptionscanbemadeabouttheloadpat-
tern that will be placedon the grid. It must thereforebe
assumedthat on averageloadswill be symmetrical,and
henceinvestigationwill restrictedsuchthat and

.
In thediscussionof bucketingadesirablefeatureof hash

functionswasthatmovementin eitherthex or y direction
passthrougheverynodebeforereturningto thestartpoint.
Thisisparticularlyimportant,asone-dimensionalautomata
(or near1D — whereonedimensionfarexceedstheother)
are a commonspecialcase. This condition is satisfied
when and arerelatively prime: LCM (or
alternatively GCD 1 : 1 is always valid).
Givenapairof values whichsatisfythiscondition

will alsobesuitable.Offsetsmaytherefore
becatagorisedaslarge( 2) or small( 2).

If thepreviousargumentis generalisedto avoid clashes

o=0

o=n/2

o=3n/4

o=n

Figure4: Thediameterof TwistedMeshes

when(for example)loadsof width2 areapplied,thenit can
beseenthatthehashingmodel(where 1) is potentially
poor, asthelocationk,0 is equivalentto 0,1. By increasing
theoffset,clashesof this form arelikely to bereduced.It
is thereforeadvisableto eliminatemesheswith 1 or

1.

Every processorarrayhasa diameter( ) which repre-
sentstheworstcasecommunicationsdistancebetweenpairs
of points[3]. For atraditional by toroidalmeshthisdis-
tanceis approximately . Any twistedmesh also
hasa diameterof , but by increasing thenumber
of processorsmaybedoubledwithout increasing (figure
4). In additionit canbeshown that increasing in-
creasesthemeanroutingdistancefrom 2 to 2 3. This
is animprovementovertheequivalentlysizedsquaremesh
whichhasaroutingdistanceof 2.

The specialcase representsthe most compact
system,thoughit fails to meetthe criteria previously set
out for good meshsizes. Larger valuesof which do
satisfythoseguidelineswill thereforebechosen.

In orderthatthewrappingaroundeffect is regularly in-



Grid Size: SmallOffsets: 2 LargeOffsets: 2 Totalnumberof Nodes

5 2 3 29,34
7 2,3 4,5 53,58,65,74
8 3 5 73,89
9 2,4 5,7 5,97,106,130
10 3, 7 109,149

Table1: SomeViableMachinesizes

voked,anda goodstatisticaldistribution of loadsbetween
nodesis achieved it is necessarythat the total numberof
nodesbekeptreasonablesmall(in additionfabricationfa-
cilities arelimited, soit would not bepossibleto construct
a prototypemachinewith more than approximately100
nodes),hencetheserestrictionsare sufficient to indicate
which valuesshouldbeconsidered.A numberof suitable
machinesareshown table1.

A transputersystembasedupon the smallestof these
size 5 2 is currentlyunderdevelopment.This should
allow theCreaturesmodelto berunathighspeed,but with
relativly low cost.

5 Load balancingon Spirals

By applyingtheshift foundin thetwistedtorustopology,
regular patternswithin loadsarebroken up. This canbe
seenin even the most basic loads. During initial tests
rectangularloads (one load unit in eachvirtual location
within a rectangleof variablesize)wereappliedto twisted
grids. Suchloadsarewell balancedfor non-twistedgrids
onlywhenthesizeof theappliedloadisanexactmultipleof
gridsize,otherwisetheloadwill havethreedistinctregions
(asshow in figure 5). Herea rectangularload (randomly
chosentobe68by52— thesevaluesarein nowayspecial)
is appliedto an 8 by 8 edgeconnectedmesh. The mean
load is 55.25,but poor load balancingmeansthat nodes
mayhaveashighaloadas63oraslow as48. Thestandard
deviationis 5.356(optimumwouldbe0.433).

By applyinga twist to the torusof between2 and7 an
optimumloadbalancingis achievedin every case.Figure
5 shows theresultsfor 5. Theincreasein thenumber
of nodesresultsin areductionof themeanloadto 39.7,but
now all nodeshavealoadof either39or 40. Thedeviation
in theloadis hencereducedto theoptimumvalueof 0.44
— a dramaticimprovement. While this is not alwaysthe
case,theresultis typicalof many systems(providedcertain
pathologicalcasesareavoided).

The above resultshave also beendemonstratedwith
real loadstaken from Creaturessimulations. Geometric

<n,o>=<8,0> <n,o>=<8,5>

Load
Load

Figure5: Applying arectangularload

structureswill be poorly mappedonto a traditionalmesh,
but are(generally)brokenupby thespiralingtechnique.

6 Further Generalisations of the Twisted
Torus

A twistedarchitecturemaybe fully describedin terms
of theindependentvectorswhich mapa pointon thearray
to its imagesin virtual space(therewill be of theseto
span dimensionalspace.)While is sufficient to
describethepropertiesof ameshit doesnotuniquelydefine
its physicalconstruction,andhencetherewill be several
viablelayouts,eachisomorphictoall others.Thesevectors
maybetrivially generatedfor any dimension.By working
back from thesevectorsa machinemay be constructed.
The determinantof a matrix composedof thesevectors
will beequalto thenumberof processorsrequiredto build
the machine( ). This givessomeinsight into the
negativedirectionof at leastoneshift whenconstructinga
machineof evendimension.

Thematrixof imagevectorsmayalsobeusedtoperform



optimalwormholeroutingon a twistedarray. Thematrix
andits inversemaybeusedto mapthetwistedspaceonto
anorthogonalspacewhereapointsimagesmayquickly be
found.Theshortestpathbetweenpointsmaybeselectedin
thissimplifiedspace,andthenthetransformationreversed,
indicatinghow messagesshouldbe routedon the twisted
surface.

When a machineof high dimensionsis constructed
all lower dimensionalstructuresarefound to embedwell
within it. However low dimensionalstructureswhich re-
quire global routing may still make useof the increased
connectivity.

7 Conclusion

TheCreaturesArchitectureoffersaradicalalternativeto
traditionalvon Neumannarchitectureswhilst retainingan
intuitivefeel in its programming.Breakingproblemsdown
into Creaturecomponentsis often very simple, making
the systempotentially moreaccessibleto non-specialists
thanconventionalhighlyparallelarchitectures,andperhaps
evenconventionalcomputingsystems.For abroadclassof
modelingproblemsthiscertainlyappearsto bethecase.

In theprocessof implementingthe“Creatures”modela
novelandinterestingclassof processortopologieshasbeen
discovered,which appearsto have applicationsin general
parallelprocessingapplications. The structureoffers in-
creasednodedensityover traditionalmeshes(reduceddi-
ameter),by reducingtheredundancy inherentin thecom-
municationsof simpletoriods.

Loadbalancingis improvedfor many usagepatterns—
in particularlow dimensionalstructuresarebrokenupand
distributedfairly arounda higherdimensionalmesh. For
many simplestructuresthe load distribution may be near
optimal.

Thesebenefitsmaybeobtainedtransparentlyto theend
user,whomayview thetopologyasasimplepseudoinfinite
surface. However sucha userwill benefitfrom improved
performanceoveraconventionaltorus.
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