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Abstract

CellularautomatgCA) wereoriginally concevedby Ulam
andvon Neumanrnin the 1940sto provide a formal frame-
work for investigatingthe behaviiour of complex, spatially
distributed systems. Cellular Automata constitutea dy-
namic,discretespace discretetimeformalismwherespace
is usually discretizedin a grid of cells. Cellular automata
arestill usedto study from first principles,thebehaiour of
aplethoraof systems.

The DiscreteEVentsystemSpecificationf DEVS) wasfirst
introducedby Zeigler in 1976 as a rigourous basis for
discrete-gent modelling. At the discrete-gent level of
abstraction statevariablesare consideredo changeonly
at event-times. Furthermorethe numberof eventsoccur
ring in aboundedime-intenal mustbefinite. The seman-
tics of well known discrete-gentformalismssuchasEvent
SchedulingActivity ScanningandProcessnteractioncan
be expressedn termsof DEVS, makingit a commonde-
nominatorfor therepresentatioof discrete-gentmodels.

Dueto its rootsin traditionalsequentiaformalisms DEVS
offerslittle potentialfor parallelimplementation.Further
more, conflictsbetweensimultaneousnternal statetransi-
tions and external eventsare resolhed by ignoring the in-
ternal transitions. In 1996, Chow introducedthe parallel
DEVS (P-DEVS)formalism which alleviatesthesedraw-
backs.

Sincetheendof 1993 theEuropearCommissiors ESPRIT
BasicResearchWorking Group 8467 (SiE), hasidentified
key areadfor future researchin modellingandsimulation.
The mosturgentneedis to supportmulti-formalism mod-
elling to correctly model complex systemswith compo-
nentsdescribedn diverseformalisms.To achieve thisgoal,
formalismsneedto be related. The Formalism Transfor
mationGraph(FTG) shovn in Figurel depictsbehaiour-
conservingransformationbetweerformalisms.

In this article, both the Cellular Automataand the DEVS
and parallel DEVS formalismsare introduced. Then, a
mappingbetweenCellular AutomataandparalleDEVS is

elaboratedThisfills in theCA — DEV Sedgein the FTG.
The mappingdescribesCA semanticdn termsof parallel
DEVS semantics. As such, it is a specificationfor auto-
matedtransformationof CA modelsinto parallel DEVS
models,thusenablingefficient, parallelsimulationaswell
asmeaningfulcouplingwith modelsin otherformalisms.

1 The Cellular Automata Formalism

CellularautomatgCA) wereoriginally concevedby Ulam
andvon Neumannin the 1940sto provide a formal frame-
work for investigatingthe behaiiour of complex, spatially
distributedsystemg11]. CellularAutomataconstituteady-
namic, discrete space discrete time formalism. Spacein
Cellular Automatais partitionedinto discretevolume el-
ementscalled cells and time progressesn discretesteps.
Eachcell canbein oneof afinite numberof statesat arny
giventime. The “physics” of this logical universeis de-
terministicandlocal. Deterministicmeansthatoncea lo-
cal physicsandaninitial stateof a Cellular Automatonhas
beenchoseniits future evolution is uniquely determined.
Local meansthat the stateof a cell attimet + 1 is deter
minedonly by its own stateandthe statesof neighbouring
cells at the previoustimet. The operational semanticof
a CA asprescribedn a simulationprocedue andimple-
mentedn a CA solver dictatesthatvaluesareupdatedsyn-
chronously all new valuesarecalculatedsimultaneously

The local physicsis typically determinedby an explicit

mapping from all possiblelocal statesof a predefined
neighbourhoodemplate(e.g., thecellsborderingon acell,

including the cell itself), to the stateof that cell after the

next time-step. For example, for a 2-state({0,1}), 1-D

Cellular Automatonwith a neighbourhoodemplatethat
includesa cell and its immediateneighboursto the left

andright, therewill be 22 possibleneighbourhoodstates
{000,...,111}. For eachof these, we must prescribe
whethera transitionof the centercell stateto a 1 or to a

O will occur For an8-statenearesneighbour2-D Cellular
Automaton therewill be8® possibleneighbourhoodtates,
anda choiceof 8 statego mapto for eachof those.
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TheCellularAutomataformalismCA fits thegeneraktruc-
ture of deterministic,causalsystemsin classicalsystems
theory[13, 16]:

CA=(T,X,Q,S35,Y,A).

The formalismis specifiedby elaborationof the elements
of theCA 7-tuple,asdescribedelow:

Thediscretetime baseT:
T = N (or isomorphicwith N).
TheinputsetX:
X = {TIME_TICK}.

TheCellularAutomataformalismcaneasilybeextendedo
non-trivial inputs(seefurthercommentsn extensions).

The setof all input segmentsuw:
Q.

An input sgmentw may be restrictedto a domain(C T)
suchas]n,n+1]:

w . T—=X,
Win,nt1] Jn,n+ 1] — X.

The stateset S is the productof all the finite statesetsV,
(alsocalledcell valueset$ of theindividual cells. C is the
cellindex set

S= XijecVi-

In the usual caseof Cellular Automatarealizedon a D-
dimensionalgrid, C consistsof D-tuplesof indicesfrom
acoordinatesetl:

c=1P.
In thestandardCellular Automataformalism,thecell space
is assumedhomaeneousall cell valuesetsareidentical:

VieCV,=V.

The cell valuefunctionv mapsa cell index i ontoits value
v(i):

v:C—> V.
Thetotal transitionfunction d is constructedrom thetran-
sition functionsd; for eachof thecells.

o QxS — S,
((*)Jn,n+1]axi€CV(i)) = Xieci(i).

The uniformity of Cellular Automatarequiresthe &; to be
basednasinglelocaltransitionfunction g, for all cellsi:

Vi e C,8(i) = &/ (v(ont(i))),

wherethevariousoperatorandquantitiesareexplainedbe-
low.

A neighbourhoodemplateNT, avectorof finite size con-
tainingoffsetsfrom an“origin” 0, encodesherelative posi-
tions of neighbouringecellsinfluencingthe future stateof a
cell. Usually, the neatest(adjacent)neighbourgincluding
the cell itself) areused. For one-dimensionaCellular Au-
tomata,a cell is connectedo r local neighbourgcells)on
eitherside,wherer is a parametereferredto astheradius



(thus,thereare 2r + 1 cellsin eachneighbourhood).For
two-dimensionalCellular Automata, two types of neigh-
bourhoodsareusuallyconsidered:

e ThevonNeumanmeighbourhoof radiusr
NT = {(k1) e C| K| +[I] <r}.

Forr = 1, thisyields5-cells,consistingof a cell along
with its four immediatenon-diagonaheighbours.
e TheMoore neighbourhooaf radiusr

NT = {(k,1) €C| |K| <rand |I] <r}.

For r = 1, this yields 9-cells, consistingof the cell
alongwith its eightsurroundingneighbours.

Thelocal natureof the CellularAutomatamodeldiesin the
factthatonly nearneighbourdnfluencethe behaiour of a
state,not all cellsasthe generaform of d allows. Froma
modellingpoint of view, physicalargumentsn disciplines
rangingfrom physicsto biology and artificial life support
this assumptiorf12]. Froma simulationpoint of view, ef-
ficient solversfor the Cellular Automataformalismcanbe
constructedvhich take advantageof locality. Notehow the
NT[]] areoffsetsbetweerC elementsvhich areagainele-
mentsof C (with anappropriateC suchasNP).

NT e CE.

Thefunctionont shiftsthe neighbourhoodemplateNT to
becenteredveri:

cC — C§
[ §

ONT

wherevj e {1,...,&} 1 T[j] =i + NT[]j].

For all possiblecombinationsof size & of cell values,the
localtransitionfunctiond, prescribeshetransitionto anew
value:
6| . VE
[Vi,...,Vg]

Thanksto the uniformity of CellularAutomata the samed,
is usedfor eachelementof the cell space.The numberof
possiblecombinationsf cell valuesis #v¢ andthenumber
of distinctresultsof & is#V (# is the cardinalityfunction).

In theabove, d wasconstructedor anelementantime ad-
vancen — n+ 1. Thecomposition(or semigroupyequire-
mentfor deterministicsystemmodels:

-V,
- Vhen-

Vix € [ti,tf];S € S,

6((*)[ti Ll S) = 6(w[tx,tf]7 6(w[ti ANE S ))

is satisfiedby construction(i.e., the definition, combined
with iterationover n).

It is possibleto “obsene” the Cellular Automatonby pro-
jectingthetotal stateS ontoanoutputsetY by meansof an
outputfunctionA

AIS=Y,

cell space boundary

r/////

neighbotirhood

boundary layer

Figure2: BoundaryConditionsfor Finite Cell Space

whereY commonlyhasa structuresimilarto thatof S,

We shall now discussgthe structue of the cell space.Usu-
ally, a D-dimensionalgrid, centeredaroundthe origin, is
used. Most commonchoicesareD € {1,2,3}. In onedi-
mensionalineararrayof cellsis theonly possiblegeome-
try for thegrid. In two dimensionstherearethreechoices:

e triangular grid: hasasmallnumberof nearesheigh-
boursbut is hardto visualizeon squaregrid oriented
computers.

e square grid: is easyto visualize,but (computation-
ally) anisotiopic (i.e., a wave propagategasteralong
the primary axesthanalongthediagonals).

e hexagonal grid: hasthelowestanisotroyy of all grids
but computewvisualizationis hardto implement.

Arbitrary cell spacestructuresare possible (and corre-
spondingcell shapesvhenvisualizing), thoughnot prac-
tical.

Although the abore mathematicaformalism is perfectly
valid, it cannot be simulatedin practice For simulation
to becomepossiblethecell spaceneeddo befinite. In par
ticular, the cell index setC mustbefinite. L, thelengthof
thegrid becomedinite, leadingto a cell spaceof LP cells.

Whenafinite cell spacds usedtheapplicationof thetran-
sition function at the edgesposesa problemasvaluesare
neededutsidethe cell space.As shavn in Figure?2 for a
2-D cell spacepboundaryconditionsneedto be specifiedn

theform of cell valuesoutsidethe cell space Two common
approaches-alsousedin the specificationand solution of

partial differentialequationg4]— are

e explicit boundaryconditions. Extra cells outsidethe
perimeterof the cell spacehold boundaryalues(i.e.,
C andv are extended). The numberof extra border



cellsis determinedby the size of (the perimeterof)
thecell spaceaswell asby the size(andshape)f the
neighbourhoodemplate Boundaryconditionsmaybe
time varying.

e periodic boundaryconditions. The cell spaceis as-
sumedto “wrap around”: the cells at oppositeendsof
thegrid actaseachothersneighbourslin 1-D, thisre-
sultsin a(2-D) circle,in 2-D,in a(3-D) torus.By con-
struction the boundaryconditionsaretime-varying.

1.1 Implementation of a CA Solver

1.1.1 The Solver Structure

In Figure3 thebackbonealgorithmof ary cellularautomata

Vi € C: initialise v(i)

if explicit boundary conditions then
Vi € boundary(C): initialize v(i)
of v()}

end if

if periodic boundary conditions then
Vi € CU boundary(C): v(i) « v(i mod L)
extension of v(); assume O...L — 1indexing}

end if

for n:=ngto ns do
Vi € C: Vnew(i) < & (V(onT (1))
transition computation }

{Initialize Cell Space}

{Boundary extension

{Modulo

{One-step state

V ¢ Vhaw {Switch value buffers}
n<—n+1 {Time Advancement}
end for

Figure3: CA SimulationProcedure

solveris given.

As the definition requires synchronous calculation,
wherebynew valuesonly dependn old values(andnot on
new values)of neighbouringecells,a secondvaluefunction
Vhev IS Neededo hold copiesof the previous value. Note
how a valuefunctionis usually efficiently implementedas
alookupin avaluearray.

1.2 Examples

The SantaFe Institute [1] hostsa plethoraof Cellular
Automata examples. The site is mainly devoted to the
study of Artificial Life, one of the prominent uses of
Cellular Automata. Artificial Life researchriesto explain
and reproduce, ab-initio, mary physical and biological
phenomena.

1.2.1 Simple 2-state, 1-D Cellular Automaton

Figure 4 demonstrateghe simulation procedurefor a
simple 2-state({0,1}), 1-D Cellular Automatonof length
4 with periodicBoundaryConditionsandinitial condition
1011. The local transitionfunction (a 1-D versionof the

periodic BC
inital 1]1]o]n n=1
condition 16

I
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Figure4: 2-state,1-D Cellular Automatonof length4

# 2 dimensional  game of life
2 dimensions  of 0.1
sum:= [0 1] +[ 1, 1] +[ 1, 0] +
(L, 1] + [, 0 +[1 -1 +
[0 -1 +[ 1 -]
cell = 1 when (sum =2 &cell =1) | sum=3
:= 0 otherwise

Figure5: “cellang” specificatiorof Conway’s gameof Life

Gameof Life) is

o: 000—0 100—0
001—-0 101—-1
010—-0 110—1
011—1 111—0

For a 1-D Cellular Automaton, “animation” of the cell
spacecan be visualizedby colour coding the cell values
(here: 0 by white and 1 by black) andby mappingt onto
theverticalaxiswhich leadsto the 2-D imagein Figure4.

1.2.2 The Game of Life

Developedby CambridgemathematiciadohnConway and
popularizecby Martin Gardneilin his MathematicalGames
columnin ScientificAmericanin 1970[5], thegameof Life

is one of the simplestexamplesof a Cellular Automaton.
Eachcell is eitheralive (1) or dead(0). To determineits

statusfor the next time step,eachcell countsthe number
of neighbouringcells which are alive. If the cell is alive

andhas?2 or 3 alive neighboursthenthecell is alive during
the next time step. With fewer alive neighboursa living

cell diesof lonelinesswith more, it diesof overcrovding.
Many interestingpatternsandbehaiours have beeninves-
tigatedover the years. An exampleof a high-level cellang
[3] specificatior(i.e., § is writtenimplicitly) of theCellular
Automatamodelis givenin Figure5. In combinationwith

boundaryconditionsandaninitial condition,this specifica-
tion allows for modelsolving.



1.3 Formalism Extensions

TheCellularAutomataformalismcaneasilybeextendedn
differentways:

1. Addition of inputs Theformalismaspresenteébove
is autonomous thereare no (non-trivial) inputsinto
the system. An intuitively appealingway of adding
inputsis to associat@aninputwith eachcell. Theinput
setX will thushave a structuresimilar to that of the
statesetS.

2. Therequiremenbf having the samecell valuesetfor
eachcell canberelaxedto obtainhetengeneou<ellu-
lar Automatawherebynotnecessarilyi e C:V, = V.
The homogeneougasecan always be emulatedby
constructing/ astheunionof all individual cell value

sets:
V=JV.
ieC
3. The requirementof having the samelocal transition

function & for eachcell canberelaxedto obtainnon-
uniformCellular Automata.

4. Asis demonstrateth Figure5, amodellinglanguage
mayallow for high-level representationsAgentsarea
typical exampleof sucha high-level construct.Here,
9 is nolongerspecifiedexplicitly .

The“grid of cells” discretizedrepresentatiof spacecan
alsobe usedfor continuousmodels.In particular thelocal
dynamicsof cells can be describedby SystemDynamics
modelsratherthan finite stateautomata. Simulationwill
be carried out by transformingthe model to a flat DAE
modelandsubsequentlynumerically)solving that contin-
uousmodel,giveninitial conditions.

2 The DEVS Formalism

TheDEVS formalismwasconcevedby Zeigler[14, 15] to
provide a rigorouscommonbasisfor discrete-gent mod-
elling andsimulation. For the classof formalismsdenoted
asdiscrete-e/ent[7], systemmodelsaredescribecatanab-
stractionlevel wherethe time baseis continuous(RR), but
during a boundedtime-span,only a finite numberof rele-
vanteventsoccur Theseeventscancausethe stateof the
systemnto changeln betweerevents thestateof thesystem
doesnotchange Thisis unlike continuougnodelsin which
the stateof the systemmay changecontinuouslyovertime.

Justas Cellular Automata, the DEVS formalism fits the
generalstructureof deterministic,causalsystemsn clas-
sical systemgheorymentionedn sectionl. DEVS allows
for the descriptionof systembehaiour at two levels. At
thelowestlevel, anatomicDEVSdescribesheautonomous
behaiour of adiscrete-gentsystemasasequencef deter
ministictransitionsbetweersequentiastatesaswell ashow
it reactgto externalinput (events)andhow it generatesut-
put (events).At thehigherlevel, acoupledDEVSdescribes

a systemasa networkof coupledcomponents.The com-
ponentscanbe atomicDEVS modelsor coupledDEVS in
their own right. The connectiongdenotehow components
influenceeachother In particular outputeventsof one
componentcan become,via a network connection,input
eventsof anothercomponent.It is shovn in [14] how the
DEVS formalismis closedundercoupling for eachcou-
pled DEVS, a resultantatomic DEVS canbe constructed.
As such,any DEVS model,beit atomicor coupled,canbe
replacedby anequivalentatomicDEVS. The construction
procedureof aresultantatomicDEVS is alsothe basisfor
theimplementatiorof anabstmact simulatoror solver capa-
ble of simulatingany DEVS model. As a coupledDEVS
may have coupledDEVS componentshierarchical mod-
elling is supported.

In thefollowing, the differentaspect®f the DEVS formal-
ism areexplainedin moredetail.

2.1 The atomic DEVS Formalism

The atomic DEVS formalismis a structuredescribingthe
differentaspectof the discrete-gent behaiour of a sys-
tem:

atomicDEVS= (S;ta, dint, X, Oext, Y, A).

ThetimebaseT is continuousandis not mentionecdexplic-
itly

T=R
ThestatesetSis the setof admissiblesequentiaktates the
DEVS dynamicsconsistsof an orderedsequencef states
from S. Typically, Swill bea structuredset(a productset)

S: Xin:]_S.

This formalizesmultiple (n) concurent partsof a system.
It is notedhow a structuredstatesetis often synthesized
from the statesetsof concurrentcomponentsn a coupled
DEVS model.

The time the systemremainsin a sequentialstatebefore
makinga transitionto the next sequentiabtateis modelled
by thetime advancefunction
ta:S— Ra foo’
As time in therealworld alwaysadwancesthe imageof ta
mustbe non-neyative numbersta = 0 allowsfor therepre-
sentationof instantaneousransitions:no time elapsede-
fore transitionto a new state.Obviously, thisis anabstrac-
tion of reality which mayleadto simulationartifacts such
asinfinite instantaneouopswhich do not correspondo
real physicalbehaiour. If the systemis to stayin anend-
states forever, thisis modelledby meansof ta(s) = +oo.

Theinternaltransitionfunction
Oint : S—S

modelsthe transitionfrom one stateto the next sequential
state.dn describeshebehaviour of aFinite StateAutoma-
ton; ta addsthe progressiorof time.



It is possibleto observehe systemoutput. The outputsetY
denoteghe setof admissibleoutputs Typically, Y will bea
structuedset(a productset)

Y = xl_,Y.

Thisformalizesmultiple (1) outputports.Eachportis iden-
tified by its uniqueindex i. In a userorientedmodelling
language the indiceswould be derived from unique port
names

The outputfunction
A:S=YUu{g}

mapsthe internal stateonto the outputset. Outputevents
areonly generatedy a DEVS modelat thetime of anin-

ternaltransition.At thattime, the statebefore thetransition
is usedasinputto A. At all othertimes,thenon-event@is

output.

To describethe total state of the systemat eachpoint in
time, thesequentiattates € Sis notsufiicient. Theelapsed
time e sincethesystenmadeatransitionto thecurrentstate
s needsalsoto betakeninto accountto constructthe total
stateset

Q={(sg))lse S0<e<ta(s)}

The elapsedime e takeson valuesrangingfrom O (transi-
tion justmade)ota(s) (aboutto make transitionto thenext
sequentiaktate).Often,thetimeleft o in a stateis used:

c=ta(s)—e

Up to now, only anautonomousystemwasdescribedthe
systemrecevesno externalinputs. Hence,theinput setX
denotingall admissibleinput valuesis defined. Typically,
X will beastructuedset(a productset)

X = XLy X

This formalizesmultiple (m) input ports. Eachportis iden-
tified by its uniqueindex i. As with the outputset, port
indicesmay denotenames

ThesetQ containsall admissibleénput segmentsw
w: T —XU{e}

In discrete-gent systemmodels,an input sgmentgener
atesaninput eventdifferentfrom the non-esent@ only ata
finite numberof instantsin a boundedime-intenal. These
external events inputsx from X causethe systemto inter-
ruptits autonomousehaiour andreactin away prescribed
by the externaltransitionfunction

Ot : QXX —=S

Thereactionof the systento anexternaleventdepend®n
thesequentiastatethe systenis in, theparticularinputand
the elapsedime. Thus,de allows for the descriptionof a
large classof behaviours typically found in discrete-gent
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Figure6: StateTrajectoryof a DEVS-specifiedModel

modelg(includingsynchronizationpreemptionsuspension
andre-actvation).

Whenaninput eventx to an atomicmodelis not listedin
the dey Specificationthe eventis ignored

In Figure 6, an example statetrajectoryis given for an

atomic DEVS model. In the figure, the systemmadean

internaltransitionto states?. In theabsenc®f externalin-

putevents thesystenstaysin states? for adurationta(s2).

During this period, the elapsedime e increasegrom 0 to

ta(s2), with thetotal state= (s2,e). Whentheelapsedime

reachesta(s2), first an outputis generated:y2 = A(S2),

thenthe systentransitionsinstantaneouslyo the new state
A = dint(s2). In autonomousnode,the systemwould stay
in states4 for ta(s4) andthentransition(after generating
output)to sl = &yt (s4). Beforee reachega(s4) however,

an externalinput eventx arrives. At thattime, the system
forgetsaboutthe schedulednternal transitionand transi-
tionsto s3 = dex ((s4, €), X). Notehow anexternaltransition
doesnot giveriseto anoutput.Oncein states3, thesystem
continuesn autonomousnode.

2.2 The coupled DEVS Formalism

The coupledDEVS formalism describesa discrete-gent
systemin termsof a network of coupledcomponents.

coupledDEVS= (Xseit, Yself, D, {Mi },{li}, {Zm‘ },seled)

Thecomponenself denoteshecoupledmodelitself. Xseit
is the (possiblystructuredsetof allowedexternalinputsto
the coupledmodel. Yseir is the (possiblystructured)setof



allowed (external) outputsof the coupledmodel. D is a
setof uniquecomponenteferencegnames).The coupled
modelitself is referredto by meansof self, auniquerefer
encenotin D.

The setof componentss
{M;j)i € D}.
Eachof thecomponentsnustbeanatomicDEVS
M; = (S, ta;, Sint,i, Xi, Oex,i, Yi, Ai), Vi € D.

The setof influencee®f a componentthe componentsn-
fluencedby i € DU {self}, is l;. Thesetof all influencees
describeshe couplingnetwork structure

{lili e DU {self}}.

For modularity reasons,a component(including self)

may not influencecomponent®utsideits scope-the cou-
pled model—,ratheronly othercomponent®f the coupled
model,or the coupledmodelself

VieDuU{self}:I; CDU{self}.

This is further restrictedby the requirementthat none of

thecomponentgincludingself) mayinfluencethemseles
directly asthis could causean instantaneouslependeng
cycle(in caseof a0 time advanceinsidesuchacomponent)
akinto analgebraidoopin continuousmodels:

VieDuU{self}:i¢l.
Note how onecanalwaysencodea self-loop(i € I;) in the

internaltransitionfunction.

To translateanoutputeventof onecomponen{suchasade-
partureof acustomer}o a correspondingnput event(such
asthearrival of a customer)in influenceesf thatcompo-
nent,output-to-inputranslationfunctionsz;  aredefined:

{Zi’j|i S DU{seIf},j S |i},

Zselt j Xsetf = Xj ,Vj €D,
Z; self Yi = Yeert ,VieD,
Zii © Yi—=X ,Vi,j € D.

Togetherl; andz; j completelyspecifythecoupling(struc-
tureandbehaiour).

As a resultof coupling of concurrentcomponentsmulti-
ple statetransitionsmay occurat the samesimulationtime.
Thisis anartifactof thediscrete-gentabstractiorandmay
lead to behaiour not relatedto real-life phenomena. A
logic-basedioundationto studythe semanticof thesear
tifactswas introducedby Radiyaand Sagent[9]. In se-
guentialsimulationsystems suchtransitioncollisions are
resolhed by meansof someform of selectionof which of
the componentstransitionsshouldbe handledfirst. This
correspondso the introductionof prioritiesin somesimu-
lation languagesThe coupledDEVS formalismexplicitly

representaseled functionfor tie-breakingbetweersimul-
taneousevents:
seed:2° -+ D

seled choosesa unique componentfrom ary non-empty
subset of D:
seled(E) € E.

Thesubse€E correspondso the setof all componentfiav-
ing a statetransitionsimultaneously

2.3 Implementation of a DEVS Solver

The algorithmin Figure 7 is basedon the closureunder
couplingconstructiorandcanbe usedasa specificationof
a—possiblyparallel-implementatiorof a DEVS solver or
“abstractsimulator’[14, 6]. In anatomicDEVS solwer, the
lasteventtimet; aswell asthelocal states arekept. In a
coordinatoy only the lasteventtime t_ is kept. The next-
event-timety is sentasoutputof eithersolver. It is possi-
ble to alsokeepty in the solvers. This requiresconsistent
(recursve) initialization of the tys. If kept, thety allows
oneto checkwhetherthesolversareappropriatelysynchro-
nized. The operationof anabstracsimulatorinvolveshan-
dling four typesof messagesThe (x, fromt) messagear
ries externalinput information. The (y, fromt) message
carriesexternal outputinformation. The (x, fromt) and
(done fromty) messagesre usedfor scheduling(syn-
chronizing)the abstractsimulators. In thesemessages,
is the simulationtime andty is the next-event-time. The
(x, fromt) messagéndicatesaninternaleventx is due.

When a coordinatorreceves a (x, fromt) message,it
selectsan imminent componenti* by meansof the tie-
breakingfunction seled specifiedfor the coupledmodel
androutesthemessagéoi*. Selections necessargsthere
may be more than one imminent component(with mini-
mumnext remainingtime).

Whenan atomicsimulatorrecevesa (x, fromt) message,
it generatesnoutputmessagéy, fromt) basecbntheold
states. It thencomputegshe new stateby meansof thein-
ternaltransitionfunction. Note how in DEVS, outputmes-
sagesare only producedwhile executinginternal events.
Whena simulatoroutputsa (y, fromt) messageit is sent
to its parentcoordinator The coordinatorsendsthe out-
put, afterappropriateoutput-to-inputranslationto eachof
theinfluenceesf i* (if any). If the coupledmodelitself is
aninfluenceeof i*, the output, after appropriateoutput-to-
outputtranslationjs sentto thethe coupledmodel’s parent
coordinator

Whena coordinatorreceivesan (x, fromt) messagdrom
its parentcoordinatorit routesthe messageafterappropri-
ateinput-to-inputtranslationto eachof the affectedcom-
ponents.

Whenanatomicsimulatorrecevesan(x, fromt) message,
it executeghe externaltransitionfunction of its associated
atomicmodel.

After executingan (x, fromt) or (y, fromt) messagea
simulatorsendsa (done, fromty) messagéo its parentco-



message m simulator coordinator

(x, fromt) simulator correct only if t =ty
Yy A(9) send (x,self,t) to i*, where
ify#o: i* = seled (imm.children)
send (A(s),self,t) to parert immchildren= {i € D|M;.ty =t}
S« Oint(S) adive_children+ adive_childrenu {i*}
Lt

tn + tL+ta(s)
send (dongself,ty) to parert

(x, fromt) simulator correct only if t. <t <ty (ignore djnt to resolve at =ty conflict)
e+—t—1 Vi € lseit :
S 0ex (S, € X) send (Zseit,i(X),self,t) to i
tL o+t active_children+ adive.childrenu {i}

tn « t+ta(s)
send (doneself,ty) to parert

(y, fromt) Vi € ltrom\ {self}:
send (Ztromi(y), fromt) to
active_children+ adive.childrenu {i}
if self € l+rom:
send (Zfromself (), Self,t) to parert

(done fromt) acive children+ acive children\ { from}
if active_children= 0:
Lt
tn «— min{M;.ty|i € D}
send (dongself,ty) to parert

Figure7: DEVS SimulationProcedure



t < ty of topmost coordinator

repeat until t =tgpg
send (x,mea,t) to topmost coupled model top
wait for (donetop,ty)
t+tn

Figure8: DEVS SimulationProceduréviain Loop

ordinatorto preparea new schedule.Whena coordinator
hasreceved(dong fromty) messagesom all its compo-
nents,it setsits next-event-timety to the minimumty of
all its componentandsendsa (done fromty) messagéo
its parentcoordinator This processs recursvely applied
until thetop-level coordinatoror root coordinator recevves
a(done fromty) message.

As the simulation procedureis synchronousjt doesnot
supporta-synchronouslarriving (real-time)externalinput.
Rathertheenvironmentor ExperimentaFrameshouldalso
bemodelledasa DEVS component.

Torunasimulationexperimenttheinitial conditionst; and
s mustfirst be setin all simulatorsof the hierarchy If ty is
keptin the simulatorsjt mustberecursiely settoo. Once
theinitial conditionsareset,themainloop describedn Fig-
ure8is executed.

3 The parallel DEVS Formalism

As DEVS s a formalizationandgeneralizatiorof sequen-
tial discrete-gentsimulatorsemanticsit doesnotallow for

drasticparallelization.In particular simultaneouslyccur

ring internal transitionsare serializedby meansof a tie-

breakingseled function. Also, in caseof collisions be-

tweensimultaneouslyccurringinternaltransitionsandex-

ternalinput, DEVS ignoresthe internaltransitionand ap-

plies the externaltransitionfunction. Chaw [2] proposed
the parallel DEVS (P-DEVS) formalism which alleviates
someof the DEVS drawbacks.In anatomicP-DEVS

atomicP — DEVS= (Sta, 8int, X, dex» cont, Vs A),

themodelcanexplicitly definecollisionbehaiour by using
aso-calledconfluentransitionfunction &con .

Only dex, Oconf, andA aredifferentfrom DEVS.
Theexternaltransitionfunction

6@¢:Q><Xb—>8

now acceptsa bag of simultaneousnputs, elementsof the
inputsetX, ratherthanasingleinput.

The confluenttransitionfunction
6conf : SX Xb — S

describeshestatetransitionwhenaschedulednternalstate
transitionandsimultaneougxternalinputscollide.

An atomic P-DEVS modelcangeneratanultiple simulta-
neousoutputs
A:S—YP

in theform of abagof outputvaluesfrom the outputsety.

As conflictsare handledexplicitly in the confluenttransi-
tion function,the selea tie-breakingfunctioncanbe elimi-
natedfrom the coupledDEVS structure:

coupled P—-DEVS= <Xse|f ,Y5e|f s D, {Mi}, {li}7 {Zm‘}}).
In this structure all component$/; areatomicP-DEVS

M| = <S7taiaaint,i7><i76®(t7i76C0nf7i7Yi7)\i>7Vi € D

For the proof of closureundercouplingof P-DEVSaswell
asfor thedescriptionof an efficient parallelabstracsimu-
lator, se€[2].

4 Formalism Transformation

CellularAutomataareasimpleform of discrete-gentmod-
els, of DEVS in particular Describinga Cellular Au-
tomatonasa simpleatomicDEVS is thusstraightforvard.
Thanksto thegenerahatureof DEVS, all extensionf the
Cellular Automataformalismmentioneeforecanalsobe
mappedntoDEVS.

It is morerewardinghoweverto mapa CA ontoa coupled
model,wherebyevery CA cell’'sdynamicss representeds

anatomicmodelandthe dependengbetweeronecell and

its neighbourhoods representedy the coupledmodel’s

coupling information. In what follows, a CA is mapped
onto a coupledP-DEVS as this mappingis more elegant

thanthatontothe original DEVS. In addition,the resultant
parallelDEVS holdsmorepotentialfor parallelimplemen-
tation. ThecoupledparalleDEVSrepresentatiopresented
here,correspondso the Cellular Automatonspecification
in sectionl:

P —DEVS—CA= (Xself, Yseit, D, {Mi }, {li}, {Z,; })-

As the Cellular Automatonin sectionl did notincorporate
externalinput,
Xself = 0.

Typical outputof the Cellular Automatonconsistof all the
cellvalues
Yself = XijepV.

Componentsn the coupledparallel DEVS model corre-
spondto CA cells. Indexing usesthe CA index set:

D=C.

The {M;} are atomic P-DEVS componentsdescribedin
moredetaillater

The setof influenceeof a component/celi is constructed
by meansof the CA's neighbourhoodemplateNT. The
NT containsinfluencerratherthaninfluenceenformation.



Thus, the offsetinformationneedsto be mirroredwith re-
spectto theorigin (i.e., its inversewith respecto addition
of offsetsneedsto be calculated}o obtaintheinfluencees
of component:

li={j€C|j=i—offsa, of fsa € {NT[Kk=1,...,E}\ {0}}

AsDEVSdoesnotallowi € |;, theoffsetO, if presentn NT,

is notincluded.A statetransitionof a CA cell usuallydoes
depencbntheold stateof the cell itself. Thisis encodedn

the atomicP-DEVSS (confluent)transitionfunctionrather
thanby meansof an externalself-coupling.Note how | =

i —of fsa € C may needto be relaxed dependingon the
particularboundaryconditions. Cells outsideC may need
to beconsideredandinitialized).

As thereis no externalinput, the input-to-inputtranslation
Zseif i is Nnotneeded.

Thei, j output-to-inputtiranslationcorvertsthe outputof a
cell (i.e., thecell's value)into a tuple containingthatvalue
andtheoffsetbetweerthetwo cells:

Zji Y = X
s = (s,i—]).
The output-to-outputtranslationtranslatesthe output of

eachcell into a tuple with the outputin the position cor
respondingo thecell's index:

Zisef : Yi —
s —

Yself
(-..,8,--)-

Individual cells are mappedonto atomic P-DEVS compo-
nents:

M| = <S7tai76int,i7xi76ext,iaaconfl,iaYi7)\i>7\V/i € D

Valuesof thecomponents/cellarethosefrom thecell value
set
S=V.

Thetime advanceis setto thesamearbitrarynon-zerovalue
A for all cellsto allow for synchronousperation:

tai(s) =A.

The internaltransitionfunction doesnot modify the com-
ponents state

dint(s) =s.
Theoutputfunctionsendsouta setcontainingonly the cell

value:
A(s)={s}, wheres €Y, =V.

The externaltransitionfunction is not usedasthereis no

global externalinput into the CA. Due to the synchronous
operationwherebyinternaltransitionsand externalinputs

will alwayscollide, only the confluenttransitionfunctionis

used.

6conf,i(saaaxib) =9/(vi),

wherey; is avectorwith the samedimensionsastheneigh-
bourhoodtemplateNT with values

s, for then for whichNT[n] =0;
Projvaie(X), ¥x € X,-b‘

viln] =
Vi[projoffsa (X)] =

Messagesommunicatevaluesof neighbouringcells, as
well asoffsetsfrom the currentcell:

XP = {(v,of fsa)|ve V,of fsd € C}.

As an example of the above mapping,Murato codedthe
Gameof Life CA in his a-DEVS-0.2 [8] parallel DEVS
implementation.

5 Conclusions

Sincethe end of 1993, the EuropeanCommissions ES-

PRIT BasicResearctWorking Group8467(SiE) [10], has
identified key areasfor future researchin modelling and
simulation. The mosturgentneedwas deemedor multi-

formalismmodelling,to correctlymodelcomplex systems
with componentsiescribedn diverseformalisms.To cor-

rectly modelsuchsystemsformalismsneedto be related.
TheFormalismTransformatiorGraph(FTG) shavnin Fig-

urel depictsmeaningfulmappingdetweerformalisms.In

this article,a mappingbetweerCellular Automataandpar

allel DEVS waselaborated.This fills in theCA — DEVS

edgein the FTG. The mappingdescribe<CA semanticsn

termsof parallel DEVS semanticsand is a basisfor au-

tomatedtransformatiorof CA modelsinto parallel DEVS

models thusenablingefficient, parallelsimulationaswell

asmeaningfulcouplingwith modelsin otherformalisms.
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