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Abstract

Creaturesa new classof cellular madine retainsmany
oftheattractivefeatuesof Cellular Automatawhilstallow-
ing theuserto describedynamicsystem@ amoreintuitive
andefficientmanner

In orderto implemensud a madineeficientlya gen-
eralisationonthe Doubly TwistedTorushasbeenexplored,
androuting techniquesdevelopedfor the surface Sut a
surfacehasimprovedload balancingpropertiescompaed
to traditional toroidal surfaceswhile retainingthe simple
embeddingf low dimensionaktructures.

1 Intr oduction

Cellular Automata(CA)[5] aremadeup of regular‘sur-
faces’of locally connecteccomputingunitsor cells. Each
cell examinegthe stateof its neighborsandsynchronously
modifiesits stateaccordingo asmple,universalule. Each
cellisidentical,bothin termsof its neighborhoodconnec-
tivity) andtherule or programthatit is executing.CA have
mary attractve featuredor the programmemttemptingto
describehighly parallel systems. Theseinclude homo-
geneity scaleabilityand simply definedlocal behaviour.
However, attemptingto modelmary physicalsystemaus-
ing CA introducesa numberof undesirable&eomplications
andoverheadsTheseareprimarily relatedo thethespatial
natureof CA. Any modelmustbe formulatedin termsof
the spaceit occupies. For mary real problemsthe space
simply providesa substratén which active element®f the
systemmay exist. As a resultmuch programmingeffort
goesinto praviding handshakindpetweercellsto simulate
the movementof active elements. Typically interesting
eventstake placein relatively few areasof spacejeaving
mary of theprocessingelementsdle.

Presentechereis an alternatve — “Creatures”. This
provides a much neededshift of emphasisy modeling

the activeelementf a physicalsystem. A simulationis
definedn termsof agentghatareableto movein spaceand
interactwith otherlocal agents.This shift of focusallows
amoreintuitive style of programmingandin mary cases
amoreefficientimplementation.

2 The CreaturesModel

Thesystemis basedn anarbitrary infinite spacevhere
a numberof Creatuiresmay exist. Every creaturehasthe
sameclearlydefinedbehaviour. Thisisgovernedoy bathits
internalstateandothercreaturest can“see” (onastrictly
local basis).

e it maychangsits state;
¢ it may“give birth” to othercreatures;

¢ it maymoveto anew location(adjacento its starting
point) within the space;

e it may“die”.

Theseactionsare performedsynchronouslhyin the same
fashionasCA.

The Creaturesnodelmay be describednoreformally.
Howeverthis outlinedform of creatureprocessings suffi-
cienttoindicatehow modelsmaybebuilt. In ordertomodel
a systemit is only necessaryo describethe behaiour of
eachindividual componentand provide the initial condi-
tions. The compleity of theresultingsystemis dependent
notonthecompleity of theindividual elementsbut onthe
interactionbetweenvery large numbersof suchelements.
In developingsuchmodels,the systemallows the userto
experimentwith and isolatethe characteristic properties
thatdetermindts behaviour.

Thespecificatiorof a simulationis written asa number
of testdo beperformedfor eachcredure)uponwhatcan be
seenandbasedipontheseanumberof actionswhichmay



takeplace.In additionto thestandardanguageoncept®f
variablecomparisorandassignmenta numberof special
operationgo describethe cellularnatureof the systemare
required:

¢ NORTHSOUTHEAST WESTCENTER (or simi-
larly for nonvon NeumanrNeighborhoods)o define
movementof the creature.

e BIRTH(type) tocreateanew creature.

¢ BECOME(type) to changeype.

e CANSEE(type) to find the numberof creaturef
the given type, at the currentlocation. The current
creaturewill beincludedin thistotalif appropriate.

o DIE todestry the Creature.

Theseorm thebasisof the“JAM” languagewhichis used
to describecreaturebehaviour. While JAM lacks mary

of the featuresonewould expectto find in a fully fledged
languageit allows creaturebehaviour to be describedn a

conciseunderstandablmanner Oncewritten, JAM rules
are compiledinto a machinedependantarget language,
whichitself maythenbe compiledandlinkedinto a simu-

lator.

3 An Example of Jam Code

In ordertoillustratehow thesystenmaybeusedfigure
1 containghe JAM codeto solve thefiring squadoroblem.

TheCreaturesolutiontakesaveryphysicalapproacho
theproblem:“soldier” creature@roducebullet” creatures
whenthey seea“shout”. A “sargent” creaturevalksalong
the line, and countsthe numberof soldiers,thenretreats
a suitabledistance. It thenreturnsto its startingpoint,
producinga “shout” for eachsoldier All thesewill arrive
atthesametime.

Thisveryphysicalapproachio programmingllowssim-
ulationsto beconstructedh avery intuitivefashion Simple
modelshave beenconstructedor roadtraffic flow, spread
ofinfectiousdiseaseglantpopulationsants digitalfilters,
idealgasesnuclearcritical massreactionsandthe move-
mentof buoys in watercurrents.However, thesehave not
beendevelopedbeyondthe proof of concepistageassuch
work mustbe performedn conjunctionwith field experts.

4 Implementation
Creaturesnaybeimplementedn anumberof ways,as

is bestsuitedto the underlyingplatform. Simulatorshave
beendevelopedfor a numberof systemseachproviding a

NEIGHBORHOOD:moore;
TYPES:soldier,bullet,
VARS:int state,int
INIT:{

sarge nt,sh out;
counter;

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;}
I:{state=1;SOUTH;}
}
state==1:
{
counter>1:
{counter=counter-1;S OUTH}
I:{state=2; NORTHWEST;}
}
state==2:
{
cansee(soldier)==0:
{birth(shout);NORTHW  EST;}
1:{birth(shout);state= O;EAST;}

Figurel: TheFiring SquadProblem



differentcost/performance/easé useratio. Efficientim-
plementationsnaybewrittenfor SISD,SIMD andMIMD
machinesin all casesanew backendto theJAM compiler
allowsexisting rulesto beported. Rulesmaybedeveloped
onarelatively slow but flexible simulatorwheresmallscale
behaiour can be closely examined,thentransferredo a
“heavyweight” processoto obsere large scalebehaviour.
Only the parallelimplementatiorof creature®n specially
designechardvwarewill beconsiderchere.

4.1 Bucketing

In orderto obtaingood performancéor large popula-
tions, stepsmust be taken to improve the calculationof
which creaturesnay seeothers. Naive useof locality in
theimplementationwould introduceundesirabldeatures,
similar to thosefoundin cellularautomatgpoorloadbal-
ancingof real work for example). It is not adequateo
simply divide spaceinto regions,andallocatea region to
eachprocessqgasfor mostsimulationsasingleregion (or at
leastasmallnumbetrof regions)will hold mostof theactive
processewhile largearea®f spaceareempty(particularly
asspacds requiredto beinfinite).

A systemwasdevelopedwhich makesuseof a hashing
function (of theform H(z, y) = = + ky) to split the pop-
ulation into a numberof smallersubpopulationseachof
which may be mappedfar more quickly. Considerdivid-
ing the populationin two: eachhalf may be mappedour
timesasquickly (dueto the N2 dependancef themapping
operation).Thereareof coursenow two populationgo be
consideredsoperformancevould beincreasedy afactor
of two.

Individingthepopulatioritisnecessarjo ensurehatall
creaturestasinglelocationareallocatedo the samepro-
cessor(or setof processor&nown asa bucket). However
by makinguseof aneffective hashingiunction, clustersof
creaturesn neighboringocationsmay bedistributedonto
separateelementsof the processingarray This method
allows severallocationsto be mappedo the samebucket,
reducingthelikelihoodthata bucketmaybeidle.

A tradeoff mustbemadefor thebucketsize:toosmalla
bucketwill tendtowardsthe problemsof a CA (onebucket
maybeoverworked,while otheramaybeempty). Toolarge
abucketsizewill resultin aslowersystem.Thistechnique
allowsthecreationof systemcapableof steppingcreatures
with atime compleity of N?/ K, wherels isthenumberof
buckets.By increasingk’ in line with populationsize,then
performancenverselyproportionalto N maybeobtained

In a distributed systemthe numberof bucketsis fixed.
However whenimplementingthe architectureon a serial
systemit is possibleto vary the numberof bucketsused
betweereachtimestep.Thisallows anoptimalbucketsize
to be choserfor eachstep(thoughin sucha casethe hash

Figure2: Wrappingbucketsinto a Spiral

functionbeingusedmaynolongerbeperfect). Thisallows
a systemto maintaingood performanceover a very wide
rangeof populationsizes.

A problem of bucketing concernsthe distribution of
creatureghroughouthe space.If alarge numberof crea-
tures occupy the samelocation, thenthey shouldall be
hashednto the samebucket. However the capacityof a
bucket is necessariljimited. The simulatormustthere-
fore berunwith suflicient spaceo ensurehatbucketsare
unlikely to overflow.

4.2 Spiraling

Bucketingis effectivein redwcingthemappng overhea,
but it introduceghe new (significant)overheadf process
migration. However by consideringthe bucketsasalong
line, thearraycanbewrappedaroundinto a3D spiralsuch
that (for the hashfunction H(z,y) = = + ky) the kth
bucketis directly above thefirst, andsoon (figure 2). The
lastbucketis connectedackto thefirst to form a toroidal
structure. This ensureghat the small changesf = and
y involved in the migration of processesesultin a short
communicationsglistancebetweeradjacenbuckets,while
still retainingthedesirableproperties.

The spiral canbe viewed as an edgeconnectednesh,
wherethe edges ratherthan being connectedackto the
samerow, are connectedbackto a row which is offset
(wherethe hashingexampleis a specialcase: offset=1,
previously discoveredfor systoliccomputation[$). This
offsetmaybeappliedbothto rows andcolumns.However
in doing sospecialattentionmustbe payedto the connec-
tion of nodesatthetopright handcornerof thegrid, where
thetwo offsetsinteract. Theresultof thisinteractionis not
obvious,andis bestillustratedby figure 3 (thereademay
alsolike to verify theresultby performingthe shift opera-
tion on four books!). Whena shift of distancev is applied
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Figure3: Filling theGap

in eachdirection,agapappearsn thegrid of sizeo?. Once
thisgapis filled thenthesurfaceappearsiniform,andmay
be usedasa pseudanfinite surface. Henceeffective grid
sizesareof theform n? + o2.

The next questionwhich shouldbe addresseds what
valuesof n (the grid size),ando (the offset) are optimum
— neglectingthe obvious more processorss betterargu-
ment. Without a priori knowledge of the problemto be
tackled,few assumptionsanbe madeabouttheload pat-
ternthatwill be placedon the grid. It mustthereforebe
assumeahat on averageloadswill be symmetrical,and
henceinvestigationwill restrictedsuchthatn, = n, and
Oz = Oy.

In thediscussiomf bucketingadesirabldeatureof hash
functionswasthatmovementin eitherthex or y direction
pasghroughevery nodebeforereturningto the startpoint.
Thisis particularlyimportantasone-dimensionautomata
(or nearlD — whereonedimensiorfar exceedshe other)
are a commonspecialcase. This conditionis satisfied
wheno andn arerelatvely prime: LCM(o,n) = on (or
alternatvely GCD(o,n) = 1: o = 1 is always valid).
Givenapairof values< n, o > whichsatisfythiscondition
< n,n —o > will alsobesuitable.Offsetsmaytherefore
becatagorisedslarge (o > n/2) orsmall(o < n/2).

If the previousargumentis generalisedo avoid clashes

I o=n/2

0=0

o=n

0=3n/4

Figure4: Thediameterof TwistedMeshes

when(for example)loadsof width 2 areapplied thenit can
beseenhatthehashingnodel(whereo = 1) is potentially
poor, asthelocationk,0 is equivalentto 0,1. By increasing
the offset, clashesof this form arelikely to bereduced.It
is thereforeadvisableto eliminatemesheswith o = 1 or
o=n-—1.

Every processomrray hasa diameter(d) which repre-
sentgheworstcasecommunicationslistancéetwee pars
of points[3. For atraditionaln by » toroidalmeshthisdis-
tanceis approximately:. Any twistedmesh< n, o > also
hasa diameterof n, but by increasingg — n the number
of processorsnaybe doubledwithoutincreasingl (figure
4). In additionit canbe shawn thatincreasingp — n in-
creaseshe meanroutingdistancerom n/2 to 2n /3. This
is animprovementovertheequialentlysizedsquarenesh
which hasaroutingdistanceof n/v/2.

The specialcaseo = n representshe most compact
system,thoughit fails to meetthe criteria previously set
out for good meshsizes. Larger valuesof o which do
satisfythoseguidelineswill thereforebe chosen.

In orderthatthewrappingaroundeffectis regularly in-



| Grid Size:n | SmallOffsetsv < n/2 | LargeOffsetso > n/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

Tablel: SomeViable Machinesizes

voked, anda goodstatisticaldistribution of loadsbetween
nodesis achievedit is necessaryhat the total numberof

nodesbe keptreasonablsmall (in additionfabricationfa-

cilities arelimited, soit would not be possibleto construct
a prototypemachinewith more than approximately100

nodes),hencetheserestrictionsare sufiicient to indicate
which valuesshouldbe considered A numberof suitable
machinesareshovn tablel.

A transputersystembasedupon the smallestof these
size< 5,2 > is currentlyunderdevelopment.This should
allow the Creaturesnodelto berunathigh speedbut with
relativly low cost.

5 Load balancingon Spirals

By applyingtheshiftfoundin thetwistedtorustopology
regular patternswithin loadsare broken up. This canbe
seenin even the most basicloads. During initial tests
rectangulaidoads (one load unit in eachvirtual location
within arectangleof variablesize)wereappliedto twisted
grids. Suchloadsarewell balancedor non-twistedgrids
onlywhenthesizeof theappliedoadis anexactmultipleof
grid size,otherwiseheloadwill havethreedistinctregions
(asshaw in figure 5). Herea rectangulatoad (randomly
choserio be68by 52— thesevaluesarein noway special)
is appliedto an 8 by 8 edgeconnectednesh. The mean
load is 55.25, but poor load balancingmeansthat nodes
mayhaveashighaloadas63or aslow as48. Thestandard
deviationis 5.356(optimumwould be 0.433).

By applyinga twist to the torusof betweer? and7 an
optimumload balancingis achievedin every case.Figure
5 showstheresultsfor o = 5. Theincreasen thenumber
of nodegesultsin areductionof themeanloadto 39.7,but
now all nodeshave aloadof either39 or 40. Thedeviation
in theloadis hencereducedo the optimumvalueof 0.44
— adramaticimprovement. While this is not alwaysthe
casetheresultis typical of mary systemgprovidedcertain
pathologicatasesareavoided).

The above results have also beendemonstratedvith
real loadstaken from Creaturessimulations. Geometric

<n,0>=<8,5>

<n,0>=<8,0>

Figure5: Applying arectangulatoad

structureswill be poorly mappedonto a traditionalmesh,
but are(generally)brokenup by the spiralingtechnique.

6 Further Generalisations of the Twisted
Torus

A twistedarchitecturemay befully describedn terms
of theindependentectorswhich mapa pointonthearray
to its imagesin virtual space(therewill be k of theseto
spank dimensionabpace.)While < n,o > is sufiicientto
describehepropertieof amesht doesnotuniquelydefine
its physicalconstruction,and hencetherewill be several
viablelayouts,eachisomorphicdoall others.Thesevectors
may betrivially generatedor any dimension.By working
back from thesevectorsa machinemay be constructed.
The determinantof a matrix composedof thesevectors
will beequalto thenumberof processorsequiredto build
the machine(n* + o*). This givessomeinsightinto the
negative directionof atleastoneshift whenconstructinga
machineof evendimension.

Thematrixof imagevectoramayalsobeusedo perform



optimalwormholerouting on a twistedarray The matrix
andits inversemay be usedto mapthe twistedspaceonto
anorthogonabkpaceavherea pointsimagesmayquickly be
found. Theshortespathbetweerpointsmaybeselectedn
thissimplifiedspaceandthenthetransformatiorreversed,
indicatinghow messageshouldbe routedon the twisted
surface.

When a machineof high dimensionsis constructed
all lower dimensionalstructuresare found to embedwell
within it. However low dimensionalstructureswhich re-
quire global routing may still make use of the increased
connectvity.

7 Conclusion

TheCreaturesArchitectureoffersaradicalalternatveto
traditionalvon Neumannrarchitecturesvhilst retainingan
intuitive feelin its programming Breakingproblemsdown
into Creaturecomponentss often very simple, making
the systempotentially more accessibléo non-specialists
thancorventionahighly parallelarchitecturesandperhaps
evencorventionalcomputingsystems For abroadclassof
modelingproblemshis certainlyappeardo bethecase.

In the proces®f implementinghe“Creatures’modela
novel andinterestingclassof processotopologieshasbeen
discavered,which appeargo have applicationsn general
parallel processingapplications. The structureoffers in-
creasedhodedensityover traditionalmeshegreduceddi-
ameter) by reducingthe redundang inherentin the com-
municationf simpletoriods.

Loadbalancings improvedfor mary usageatterns—
in particularlow dimensionaktructuresarebrokenup and
distributedfairly arounda higherdimensionalmesh. For
mary simple structureghe load distribution may be near
optimal.

Thesebenefitsmaybe obtainedransparentlyo theend
userwhomayview thetopologyasasimplepseudanfinite
surface. However sucha userwill benefitfrom improved
performancever a corventionaltorus.
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