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Abstract

Cellularautomata(CA) wereoriginally conceivedby Ulam
andvon Neumannin the1940sto provide a formal frame-
work for investigatingthe behaviour of complex, spatially
distributed systems. Cellular Automataconstitutea dy-
namic,discretespace, discretetimeformalismwherespace
is usuallydiscretizedin a grid of cells. Cellular automata
arestill usedto study, from first principles,thebehaviour of
a plethoraof systems.

TheDiscreteEVentsystemSpecification(DEVS) wasfirst
introducedby Zeigler in 1976 as a rigourous basis for
discrete-event modelling. At the discrete-event level of
abstraction,statevariablesare consideredto changeonly
at event-times.Furthermore,the numberof eventsoccur-
ring in a boundedtime-interval mustbefinite. Theseman-
ticsof well known discrete-eventformalismssuchasEvent
Scheduling,Activity Scanning,andProcessInteractioncan
be expressedin termsof DEVS, makingit a commonde-
nominatorfor therepresentationof discrete-eventmodels.

Dueto its rootsin traditionalsequentialformalisms,DEVS
offers little potentialfor parallel implementation.Further-
more,conflictsbetweensimultaneousinternalstatetransi-
tions andexternaleventsare resolved by ignoring the in-
ternal transitions. In 1996, Chow introducedthe parallel
DEVS (P-DEVS) formalism which alleviatesthesedraw-
backs.

Sincetheendof 1993,theEuropeanCommission’sESPRIT
BasicResearchWorking Group8467(SiE), hasidentified
key areasfor future researchin modellingandsimulation.
The mosturgentneedis to supportmulti-formalismmod-
elling to correctly model complex systemswith compo-
nentsdescribedin diverseformalisms.To achievethisgoal,
formalismsneedto be related. The FormalismTransfor-
mationGraph(FTG) shown in Figure1 depictsbehaviour-
conservingtransformationsbetweenformalisms.

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

elaborated.This fills in theCA � DEVSedgein theFTG.
The mappingdescribesCA semanticsin 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

Cellularautomata(CA) wereoriginally conceivedby Ulam
andvon Neumannin the1940sto provide a formal frame-
work for investigatingthe behaviour of complex, spatially
distributedsystems[11]. CellularAutomataconstituteady-
namic,discrete space, discrete time formalism. Spacein
Cellular Automatais partitionedinto discretevolume el-
ementscalled cells and time progressesin discretesteps.
Eachcell canbe in oneof a finite numberof statesat any
given time. The “physics” of this logical universeis de-
terministicand local. Deterministicmeansthatoncea lo-
cal physicsandaninitial stateof a CellularAutomatonhas
beenchosen,its future evolution is uniquelydetermined.
Local meansthat the stateof a cell at time t � 1 is deter-
minedonly by its own stateandthestatesof neighbouring
cells at the previous time t. The operational semanticsof
a CA asprescribedin a simulationprocedure and imple-
mentedin a CA solverdictatesthatvaluesareupdatedsyn-
chronously: all new valuesarecalculatedsimultaneously.

The local physics is typically determinedby an explicit
mapping from all possible local statesof a predefined
neighbourhoodtemplate(e.g., thecellsborderingon a cell,
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 neighbourhoodtemplatethat
includesa cell and its immediateneighboursto the left
and right, therewill be 23 possibleneighbourhoodstates
� 000�������	� 111� . For each of these, we must prescribe
whethera transitionof the centercell stateto a 1 or to a
0 will occur. For an8-statenearestneighbour2-D Cellular
Automaton,therewill be85 possibleneighbourhoodstates,
anda choiceof 8 statesto mapto for eachof those.
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TheCellularAutomataformalismCA fits thegeneralstruc-
ture of deterministic,causalsystemsin classicalsystems
theory[13, 16]:

CA 
�� T � X � Ω � S� δ � Y � λ ��
The formalismis specifiedby elaborationof the elements
of theCA 7-tuple,asdescribedbelow:

Thediscretetime baseT:

T ��� (or isomorphicwith � ) �
TheinputsetX:

X ��� TIME TICK ���
TheCellularAutomataformalismcaneasilybeextendedto
non-trivial inputs(seefurthercommentson extensions).

Thesetof all inputsegmentsω:

Ω �
An input segmentω may be restrictedto a domain( � T)
suchas � n � n � 1� :

ω : T � X �
ω � n � n� 1� : � n � n � 1� � X �

The statesetS is the productof all the finite statesetsVi

(alsocalledcell valuesets) of theindividual cells. C is the
cell index set.

S ��� i � CVi �

In the usualcaseof Cellular Automatarealizedon a D-
dimensionalgrid, C consistsof D-tuplesof indicesfrom
acoordinatesetI :

C � ID �
In thestandardCellularAutomataformalism,thecell space
is assumedhomogeneous: all cell valuesetsareidentical:

�
i � C � Vi � V �

Thecell valuefunctionv mapsa cell index i onto its value
v � i � :

v : C � V �
Thetotal transitionfunctionδ is constructedfrom thetran-
sition functionsδi for eachof thecells.

δ : Ω � S � S�
� ω � n � n� 1� � � i � Cv � i ��� � � i � Cδi � i �!�

The uniformity of Cellular Automatarequiresthe δi to be
basedona singlelocal transitionfunctionδl for all cells i:

�
i � C � δi � i �"� δl � v � σNT � i �����#�

wherethevariousoperatorsandquantitiesareexplainedbe-
low.

A neighbourhoodtemplateNT, avectorof finitesizeξ con-
tainingoffsetsfrom an“origin” 0, encodestherelativeposi-
tionsof neighbouringcells influencingthefuturestateof a
cell. Usually, thenearest(adjacent)neighbours(including
thecell itself) areused.For one-dimensionalCellularAu-
tomata,a cell is connectedto r local neighbours(cells)on
eitherside,wherer is a parameterreferredto astheradius



(thus, thereare2r � 1 cells in eachneighbourhood).For
two-dimensionalCellular Automata,two typesof neigh-
bourhoodsareusuallyconsidered:

$ ThevonNeumannneighbourhoodof radiusr

NT ���%� k � l �&� C '�' k '	��' l ')( r �%�
For r � 1, thisyields5-cells,consistingof acell along
with its four immediatenon-diagonalneighbours.$ TheMooreneighbourhoodof radiusr

NT �*�+� k � l �,� C '+' k '-( r and ' l '-( r ���
For r � 1, this yields 9-cells, consistingof the cell
alongwith its eightsurroundingneighbours.

Thelocal natureof theCellularAutomatamodelsliesin the
fact thatonly nearneighboursinfluencethebehaviour of a
state,not all cellsasthegeneralform of δ allows. Froma
modellingpoint of view, physicalargumentsin disciplines
rangingfrom physicsto biology andartificial life support
this assumption[12]. Froma simulationpoint of view, ef-
ficient solversfor theCellularAutomataformalismcanbe
constructedwhich takeadvantageof locality. Notehow the
NT . j � areoffsetsbetweenC elementswhich areagainele-
mentsof C (with anappropriateC suchas � D ).

NT � Cξ �
ThefunctionσNT shiftstheneighbourhoodtemplateNT to
becenteredover i:

σNT : C � Cξ �
i � τ

where
�

j �/� 1 ��������� ξ � : τ . j �0� i � NT . j �1�
For all possiblecombinationsof sizeξ of cell values,the
local transitionfunctionδl prescribesthetransitionto anew
value:

δl : Vξ � V �
. v1 ��������� vξ � � vnew �

Thanksto theuniformity of CellularAutomata,thesameδl

is usedfor eachelementof the cell space.Thenumberof
possiblecombinationsof cell valuesis #Vξ andthenumber
of distinctresultsof δl is #V (# is thecardinalityfunction).

In theabove,δ wasconstructedfor anelementarytime ad-
vancen � n � 1. Thecomposition(or semigroup)require-
mentfor deterministicsystemmodels:

�
tx �2. ti � t f � ;si � S�

δ � ω 3 ti � t f
� � si �4� δ � ω 3 tx � t f

� � δ � ω 3 ti � tx � � si ���
is satisfiedby construction(i.e., the definition, combined
with iterationovern).

It is possibleto “observe” theCellularAutomatonby pro-
jectingthetotal stateSontoanoutputsetY by meansof an
outputfunctionλ

λ : S � Y �

cell space boundary

cell

boundary layer

?

neighbourhood

Figure2: BoundaryConditionsfor FiniteCell Space

whereY commonlyhasa structuresimilar to thatof S.

We shall now discussthestructure of thecell space.Usu-
ally, a D-dimensionalgrid, centeredaroundthe origin, is
used. Most commonchoicesareD �5� 1 � 2 � 3 � . In onedi-
mension,a lineararrayof cells is theonly possiblegeome-
try for thegrid. In two dimensions,therearethreechoices:

$ triangular grid: hasasmallnumberof nearestneigh-
boursbut is hardto visualizeon squaregrid oriented
computers.$ square grid: is easyto visualize,but (computation-
ally) anisotropic (i.e., a wave propagatesfasteralong
theprimaryaxesthanalongthediagonals).$ hexagonal grid: hasthelowestanisotropy of all grids
but computervisualizationis hardto implement.

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

Although the above mathematicalformalism is perfectly
valid, it cannot be simulatedin practice. For simulation
to becomepossible,thecell spaceneedsto befinite. In par-
ticular, thecell index setC mustbefinite. L, the lengthof
thegrid becomesfinite, leadingto a cell spaceof LD cells.

Whena finite cell spaceis used,theapplicationof thetran-
sition function at the edgesposesa problemasvaluesare
neededoutsidethe cell space.As shown in Figure2 for a
2-D cell space,boundaryconditionsneedto bespecifiedin
theform of cell valuesoutsidethecell space.Two common
approaches–alsousedin the specificationandsolutionof
partialdifferentialequations[4]– are

$ explicit boundaryconditions. Extra cells outsidethe
perimeterof thecell spacehold boundaryvalues(i.e.,
C and v are extended). The numberof extra border



cells is determinedby the size of (the perimeterof)
thecell spaceaswell asby thesize(andshape)of the
neighbourhoodtemplate.Boundaryconditionsmaybe
timevarying.$ periodic boundaryconditions. The cell spaceis as-
sumedto “wrap around”: thecellsat oppositeendsof
thegrid actaseachother’sneighbours.In 1-D, thisre-
sultsin a(2-D) circle,in 2-D, in a(3-D) torus.By con-
struction,theboundaryconditionsaretime-varying.

1.1 Implementation of a CA Solver

1.1.1 The Solver Structure

In Figure3 thebackbonealgorithmof any cellularautomata

�
i � C: initialise v � i � � Initialize Cell Space �

if explicit boundary conditions then�
i � boundary(C): initialize v � i �6� Boundary extension

of v �1�!�
end if
if periodic boundary conditions then�

i � C 7 boundary(C): v � i �98 v � i mod L � � Modulo
extension of v �1� ; assume 0 ����� L : 1 indexing �

end if
for n : � ns to nf do�

i � C: vnew � i �98 δl � v � σNT � i ����� � One-step state
transition computation �
v 8 vnew � Switch value buffers �
n 8 n � 1 � Time Advancement �

end for

Figure3: CA SimulationProcedure

solver is given.

As the definition requires synchronous calculation,
wherebynew valuesonly dependon old values(andnot on
new values)of neighbouringcells,a secondvaluefunction
vnew is neededto hold copiesof the previous value. Note
how a valuefunction is usuallyefficiently implementedas
a lookupin a valuearray.

1.2 Examples

The SantaFe Institute [1] hosts a plethora of Cellular
Automataexamples. The site is mainly devoted to the
study of Artificial Life, one of the prominent uses of
CellularAutomata.Artificial Life researchtries to explain
and reproduce,ab-initio, many physical and biological
phenomena.

1.2.1 Simple 2-state, 1-D Cellular Automaton

Figure 4 demonstratesthe simulation procedurefor a
simple2-state( � 0 � 1 � ), 1-D Cellular Automatonof length
4 with periodicBoundaryConditionsandinitial condition
1011. The local transitionfunction (a 1-D versionof the
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Figure4: 2-state,1-D CellularAutomatonof length4

# 2 dimensional game of life

2 dimensions of 0..1

sum := [ 0, 1] + [ 1, 1] + [ 1, 0] +
[-1, 1] + [-1, 0] + [-1, -1] +
[ 0, -1] + [ 1, -1]

cell := 1 when (sum = 2 & cell = 1) | sum = 3
:= 0 otherwise

Figure5: “cellang” specificationof Conway’sgameof Life

Gameof Life) is

δl : 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 and1 by black) andby mappingt onto
theverticalaxiswhich leadsto the2-D imagein Figure4.

1.2.2 The Game of Life

Developedby CambridgemathematicianJohnConwayand
popularizedby Martin Gardnerin hisMathematicalGames
columnin ScientificAmericanin 1970[5], thegameof Life
is oneof 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 arealive. If the cell is alive
andhas2 or 3 aliveneighbours,thenthecell is aliveduring
the next time step. With fewer alive neighbours,a living
cell diesof loneliness,with more,it diesof overcrowding.
Many interestingpatternsandbehaviourshave beeninves-
tigatedover theyears.An exampleof a high-level cellang
[3] specification(i.e.,δl is writtenimplicitly) of theCellular
Automatamodelis givenin Figure5. In combinationwith
boundaryconditionsandaninitial condition,thisspecifica-
tion allows for modelsolving.



1.3 Formalism Extensions

TheCellularAutomataformalismcaneasilybeextendedin
differentways:

1. Addition of inputs. Theformalismaspresentedabove
is autonomous: thereare no (non-trivial) inputs into
the system. An intuitively appealingway of adding
inputsis to associateaninputwith eachcell. Theinput
setX will thushave a structuresimilar to that of the
statesetS.

2. Therequirementof having thesamecell valuesetfor
eachcell canberelaxedto obtainheterogeneousCellu-
lar Automatawherebynotnecessarily

�
i � C : Vi � V.

The homogeneouscasecan always be emulatedby
constructingV astheunionof all individualcell value
sets:

V �<;
i � C

Vi �

3. The requirementof having the samelocal transition
functionδl for eachcell canberelaxedto obtainnon-
uniformCellularAutomata.

4. As is demonstratedin Figure5, a modellinglanguage
mayallow for high-level representations.Agentsarea
typical exampleof sucha high-level construct.Here,
δl is no longerspecifiedexplicitly.

The “grid of cells” discretizedrepresentationof spacecan
alsobeusedfor continuousmodels.In particular, thelocal
dynamicsof cells can be describedby SystemDynamics
modelsratherthan finite stateautomata. Simulationwill
be carried out by transformingthe model to a flat DAE
modelandsubsequently(numerically)solvingthatcontin-
uousmodel,giveninitial conditions.

2 The DEVS Formalism

TheDEVSformalismwasconceivedby Zeigler[14, 15] to
provide a rigorouscommonbasisfor discrete-event mod-
elling andsimulation.For theclassof formalismsdenoted
asdiscrete-event[7], systemmodelsaredescribedatanab-
stractionlevel wherethe time baseis continuous( = ), but
during a boundedtime-span,only a finite numberof rele-
vant eventsoccur. Theseeventscancausethe stateof the
systemto change.In betweenevents,thestateof thesystem
doesnotchange.Thisis unlikecontinuousmodelsin which
thestateof thesystemmaychangecontinuouslyover time.

Just as Cellular Automata, the DEVS formalism fits the
generalstructureof deterministic,causalsystemsin clas-
sicalsystemstheorymentionedin section1. DEVS allows
for the descriptionof systembehaviour at two levels. At
thelowestlevel,anatomicDEVSdescribestheautonomous
behaviour of adiscrete-eventsystemasasequenceof deter-
ministictransitionsbetweensequentialstatesaswell ashow
it reactsto externalinput (events)andhow it generatesout-
put (events).At thehigherlevel, acoupledDEVSdescribes

a systemasa networkof coupledcomponents.The com-
ponentscanbeatomicDEVS modelsor coupledDEVS in
their own right. The connectionsdenotehow components
influenceeachother. In particular, output eventsof one
componentcan become,via a network connection,input
eventsof anothercomponent.It is shown in [14] how the
DEVS formalismis closedundercoupling: for eachcou-
pled DEVS, a resultantatomicDEVS canbe constructed.
As such,any DEVS model,beit atomicor coupled,canbe
replacedby anequivalentatomicDEVS. Theconstruction
procedureof a resultantatomicDEVS is alsothebasisfor
theimplementationof anabstractsimulatoror solvercapa-
ble of simulatingany DEVS model. As a coupledDEVS
may have coupledDEVS components,hierarchical mod-
elling is supported.

In thefollowing, thedifferentaspectsof theDEVSformal-
ism areexplainedin moredetail.

2.1 The atomic DEVS Formalism

The atomicDEVS formalismis a structuredescribingthe
differentaspectsof the discrete-event behaviour of a sys-
tem:

atomicDEVS 
�� S� ta � δint � X � δext � Y � λ ��
ThetimebaseT is continuousandis notmentionedexplic-
itly

T ��=>�
ThestatesetS is thesetof admissiblesequentialstates: the
DEVS dynamicsconsistsof an orderedsequenceof states
from S. Typically, Swill bea structuredset(aproductset)

S �?� n
i @ 1Si �

This formalizesmultiple (n) concurrentpartsof a system.
It is notedhow a structuredstateset is often synthesized
from the statesetsof concurrentcomponentsin a coupled
DEVSmodel.

The time the systemremainsin a sequentialstatebefore
makinga transitionto thenext sequentialstateis modelled
by thetimeadvancefunction

ta : S � = �0 �A� ∞ �
As time in therealworld alwaysadvances,theimageof ta
mustbenon-negativenumbers.ta � 0 allowsfor therepre-
sentationof instantaneoustransitions:no time elapsesbe-
fore transitionto a new state.Obviously, this is anabstrac-
tion of reality which may leadto simulationartifactssuch
asinfinite instantaneousloopswhich do not correspondto
realphysicalbehaviour. If thesystemis to stayin anend-
states forever, this is modelledby meansof ta � s�4�*� ∞.

Theinternaltransitionfunction

δint : S � S

modelsthe transitionfrom onestateto the next sequential
state.δint describesthebehaviour of aFiniteStateAutoma-
ton; ta addstheprogressionof time.



It is possibleto observethesystemoutput.TheoutputsetY
denotesthesetof admissibleoutputs. Typically, Y will bea
structuredset(aproductset)

Y �?� l
i @ 1Yi �

This formalizesmultiple (l ) outputports.Eachport is iden-
tified by its uniqueindex i. In a user-orientedmodelling
language,the indiceswould be derived from uniqueport
names.

Theoutputfunction

λ : S � Y 7B� φ �
mapsthe internalstateonto the outputset. Outputevents
areonly generatedby a DEVS modelat the time of an in-
ternal transition.At thattime,thestatebefore thetransition
is usedasinput to λ. At all othertimes,thenon-eventφ is
output.

To describethe total stateof the systemat eachpoint in
time,thesequentialstates � Sis notsufficient. Theelapsed
timeesincethesystemmadeatransitionto thecurrentstate
s needsalsoto be taken into accountto constructthe total
stateset

Q ���%� s� e��' s � S� 0 ( e ( ta � s�!�
Theelapsedtime e takeson valuesrangingfrom 0 (transi-
tion justmade)to ta � s� (aboutto maketransitionto thenext
sequentialstate).Often,thetimeleft σ in a stateis used:

σ � ta � s�C: e

Up to now, only anautonomoussystemwasdescribed:the
systemreceivesno externalinputs. Hence,the input setX
denotingall admissibleinput valuesis defined. Typically,
X will bea structuredset(aproductset)

X �?� m
i @ 1Xi

This formalizesmultiple (m) inputports.Eachport is iden-
tified by its uniqueindex i. As with the output set, port
indicesmaydenotenames.

ThesetΩ containsall admissibleinputsegmentsω

ω : T � X 7D� φ �
In discrete-event systemmodels,an input segmentgener-
atesaninput eventdifferentfrom thenon-eventφ only at a
finite numberof instantsin a boundedtime-interval. These
externalevents, inputsx from X causethesystemto inter-
ruptits autonomousbehaviourandreactin awayprescribed
by theexternaltransitionfunction

δext : Q � X � S

Thereactionof thesystemto anexternaleventdependson
thesequentialstatethesystemis in, theparticularinputand
theelapsedtime. Thus,δext allows for thedescriptionof a
large classof behaviours typically found in discrete-event
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Figure6: StateTrajectoryof aDEVS-specifiedModel

models(includingsynchronization,preemption,suspension
andre-activation).

Whenan input event x to an atomicmodel is not listed in
theδext specification,theeventis ignored.

In Figure 6, an example statetrajectory is given for an
atomic DEVS model. In the figure, the systemmadean
internaltransitionto states2. In theabsenceof externalin-
putevents,thesystemstaysin states2 for adurationta � s2 � .
During this period,the elapsedtime e increasesfrom 0 to
ta � s2� , with thetotalstate�E� s2 � e� . Whentheelapsedtime
reachesta � s2� , first an output is generated:y2 � λ � s2 � ,
thenthesystemtransitionsinstantaneouslyto thenew state
s4 � δint � s2� . In autonomousmode,thesystemwould stay
in states4 for ta � s4� and then transition(after generating
output)to s1 � δint � s4� . Beforee reachesta � s4 � however,
an external input event x arrives. At that time, the system
forgetsaboutthe scheduledinternal transitionand transi-
tionsto s3 � δext ��� s4 � e�!� x� . Notehow anexternaltransition
doesnot giveriseto anoutput.Oncein states3, thesystem
continuesin autonomousmode.

2.2 The coupled DEVS Formalism

The coupledDEVS formalism describesa discrete-event
systemin termsof anetwork of coupledcomponents.

coupledDEVS 
�� Xself � Yself � D �	� Mi ���	� Ii ����� Zi � j �%� select 
Thecomponentself denotesthecoupledmodelitself. Xself

is the(possiblystructured)setof allowedexternalinputsto
thecoupledmodel. Yself is the (possiblystructured)setof



allowed (external) outputsof the coupledmodel. D is a
setof uniquecomponentreferences(names).Thecoupled
modelitself is referredto by meansof self , a uniquerefer-
encenot in D.

Thesetof componentsis

� Mi ' i � D ���
Eachof thecomponentsmustbeanatomicDEVS

Mi �F� Si � tai � δint � i � Xi � δext � i � Yi � λi #� � i � D �
Thesetof influenceesof a component,thecomponentsin-
fluencedby i � D 7D� self � , is Ii. Thesetof all influencees
describesthecouplingnetwork structure

� Ii ' i � D 7D� self �G���
For modularity reasons,a component(including self )
may not influencecomponentsoutsideits scope–thecou-
pledmodel–,ratheronly othercomponentsof the coupled
model,or thecoupledmodelself :

�
i � D 7D� self � : Ii � D 7D� self ���

This is further restrictedby the requirementthat noneof
thecomponents(includingself ) mayinfluencethemselves
directly as this could causean instantaneousdependency
cycle(in caseof a0 timeadvanceinsidesuchacomponent)
akin to analgebraicloop in continuousmodels:

�
i � D 7B� self � : i H� Ii �

Notehow onecanalwaysencodea self-loop(i � Ii) in the
internaltransitionfunction.

To translateanoutputeventof onecomponent(suchasade-
partureof acustomer)to acorrespondinginputevent(such
asthearrival of a customer)in influenceesof that compo-
nent,output-to-inputtranslationfunctionsZi � j aredefined:

� Zi � j ' i � D 7B� self �%� j � Ii �%�
Zself � j : Xself

� Xj � � j � D �
Zi � self : Yi

� Yself � � i � D �
Zi � j : Yi

� Xj � � i � j � D �
Together, Ii andZi � j completelyspecifythecoupling(struc-
tureandbehaviour).

As a resultof couplingof concurrentcomponents,multi-
plestatetransitionsmayoccurat thesamesimulationtime.
This is anartifactof thediscrete-eventabstractionandmay
lead to behaviour not relatedto real-life phenomena.A
logic-basedfoundationto studythe semanticsof thesear-
tifactswas introducedby Radiyaand Sargent [9]. In se-
quentialsimulationsystems,suchtransitioncollisionsare
resolved by meansof someform of selectionof which of
the components’transitionsshouldbe handledfirst. This
correspondsto the introductionof priorities in somesimu-
lation languages.ThecoupledDEVS formalismexplicitly

representsaselect functionfor tie-breakingbetweensimul-
taneousevents:

select : 2D � D

select choosesa uniquecomponentfrom any non-empty
subsetE of D:

select � E �&� E �
ThesubsetE correspondsto thesetof all componentshav-
ing astatetransitionsimultaneously.

2.3 Implementation of a DEVS Solver

The algorithm in Figure 7 is basedon the closureunder
couplingconstructionandcanbeusedasa specificationof
a –possiblyparallel–implementationof a DEVS solver or
“abstractsimulator”[14, 6]. In anatomicDEVSsolver, the
lastevent time tL aswell asthe local states arekept. In a
coordinator, only the last event time tL is kept. The next-
event-timetN is sentasoutputof eithersolver. It is possi-
ble to alsokeeptN in the solvers. This requiresconsistent
(recursive) initialization of the tNs. If kept, the tN allows
oneto checkwhetherthesolversareappropriatelysynchro-
nized.Theoperationof anabstractsimulatorinvolveshan-
dling four typesof messages.The � x � f rom� t � messagecar-
ries external input information. The � y� f rom� t � message
carriesexternal output information. The �1IJ� f rom� t � and
� done� f rom� tN � messagesare usedfor scheduling(syn-
chronizing)the abstractsimulators. In thesemessages,t
is the simulationtime and tN is the next-event-time. The
�KI+� f rom� t � messageindicatesaninternalevent I is due.

When a coordinator receives a �1IJ� f rom� t � message,it
selectsan imminent componenti L by meansof the tie-
breakingfunction select specifiedfor the coupledmodel
androutesthemessageto i L . Selectionis necessaryasthere
may be more than one imminent component(with mini-
mumnext remainingtime).
Whenanatomicsimulatorreceivesa �KI+� f rom� t � message,
it generatesanoutputmessage� y� f rom� t � basedon theold
states. It thencomputesthenew stateby meansof the in-
ternaltransitionfunction. Notehow in DEVS,outputmes-
sagesare only producedwhile executing internal events.
Whena simulatoroutputsa � y� f rom� t � message,it is sent
to its parentcoordinator. The coordinatorsendsthe out-
put,afterappropriateoutput-to-inputtranslation,to eachof
theinfluenceesof i L (if any). If thecoupledmodelitself is
an influenceeof i L , theoutput,afterappropriateoutput-to-
outputtranslation,is sentto thethecoupledmodel’sparent
coordinator.

Whena coordinatorreceivesan � x � f rom� t � messagefrom
its parentcoordinator, it routesthemessage,afterappropri-
ateinput-to-inputtranslation,to eachof the affectedcom-
ponents.
Whenanatomicsimulatorreceivesan � x � f rom� t � message,
it executestheexternaltransitionfunctionof its associated
atomicmodel.
After executingan � x � f rom� t � or � y� f rom� t � message,a
simulatorsendsa � done� f rom� tN � messageto its parentco-



message m simulator coordinator

�KI+� f rom� t � simulator correct only if t � tN

y 8 λ � s� send �1IJ� self � t � to i L , where
if y M� φ : i L � select � imm children�

send � λ � s�#� self � t � to parent imm children �E� i � D 'Mi � tN � t �
s 8 δint � s� active children 8 active children 7D� i L �
tL 8 t
tN 8 tL � ta � s�
send � done� self � tN � to parent

� x � f rom� t � simulator correct only if tL ( t ( tN (ignore δint to resolve a t � tN conflict)

e 8 t : tL
�

i � Iself :
s 8 δext � s� e� x� send � Zself � i � x�!� self � t � to i
tL 8 t active children 8 active children 7B� i �
tN 8 tL � ta � s�
send � done� self � tN � to parent

� y� f rom� t � �
i � I f rom N � self � :
send � Zf rom� i � y�#� f rom� t � to i
active children 8 active children 7B� i �

if self � I f rom :
send � Zf rom� self � y�#� self � t � to parent

� done� f rom� t � active children 8 active children N � f rom�
if active children � /0:

tL 8 t
tN 8 min� Mi � tN ' i � D �
send � done� self � tN � to parent

Figure7: DEVS SimulationProcedure



t 8 tN of topmost coordinator
repeat until t � tend

send �KI+� meta � t � to topmost coupled model top
wait for � done� top � tN �
t 8 tN

Figure8: DEVSSimulationProcedureMain Loop

ordinatorto preparea new schedule.Whena coordinator
hasreceived � done� f rom� tN � messagesfrom all its compo-
nents,it setsits next-event-timetN to the minimum tN of
all its componentsandsendsa � done� f rom� tN � messageto
its parentcoordinator. This processis recursively applied
until the top-level coordinatoror root coordinator receives
a � done� f rom� tN � message.

As the simulation procedureis synchronous,it doesnot
supporta-synchronouslyarriving (real-time)externalinput.
Rather, theenvironmentor ExperimentalFrameshouldalso
bemodelledasaDEVS component.

To runasimulationexperiment,theinitial conditionstL and
s mustfirst besetin all simulatorsof thehierarchy. If tN is
kept in thesimulators,it mustberecursively settoo. Once
theinitial conditionsareset,themainloopdescribedin Fig-
ure8 is executed.

3 The parallel DEVS Formalism

As DEVS is a formalizationandgeneralizationof sequen-
tial discrete-eventsimulatorsemantics,it doesnotallow for
drasticparallelization.In particular, simultaneouslyoccur-
ring internal transitionsare serializedby meansof a tie-
breakingselect function. Also, in caseof collisions be-
tweensimultaneouslyoccurringinternaltransitionsandex-
ternal input, DEVS ignoresthe internal transitionandap-
plies the external transitionfunction. Chow [2] proposed
the parallel DEVS (P-DEVS) formalism which alleviates
someof theDEVS drawbacks.In anatomicP-DEVS

atomicP : DEVS 
F� S� ta � δint � X � δext � δconf � Y � λ #�
themodelcanexplicitly definecollisionbehaviour by using
a so-calledconfluenttransitionfunctionδconf .

Only δext , δconf , andλ aredifferentfrom DEVS.

Theexternaltransitionfunction

δext : Q � Xb � S

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

Theconfluenttransitionfunction

δconf : S � Xb � S

describesthestatetransitionwhenascheduledinternalstate
transitionandsimultaneousexternalinputscollide.

An atomicP-DEVSmodelcangeneratemultiple simulta-
neousoutputs

λ : S � Yb

in theform of a bagof outputvaluesfrom theoutputsetY.

As conflictsarehandledexplicitly in the confluenttransi-
tion function,theselect tie-breakingfunctioncanbeelimi-
natedfrom thecoupledDEVS structure:

coupledP : DEVS 
F� Xself � Yself � D �	� Mi ����� Ii �%�	� Zi � j �G�-#�
In thisstructure,all componentsMi areatomicP-DEVS

Mi ��� Si � tai � δint � i � Xi � δext � i � δconf � i � Yi � λi �� � i � D �
For theproof of closureundercouplingof P-DEVSaswell
asfor thedescriptionof anefficient parallelabstractsimu-
lator, see[2].

4 Formalism Transformation

CellularAutomataareasimpleform of discrete-eventmod-
els, of DEVS in particular. Describing a Cellular Au-
tomatonasa simpleatomicDEVS is thusstraightforward.
Thanksto thegeneralnatureof DEVS,all extensionsof the
CellularAutomataformalismmentionedbeforecanalsobe
mappedontoDEVS.

It is morerewardinghowever to mapa CA ontoa coupled
model,wherebyeveryCA cell’sdynamicsis representedas
anatomicmodelandthedependency betweenonecell and
its neighbourhoodis representedby the coupledmodel’s
coupling information. In what follows, a CA is mapped
onto a coupledP-DEVS as this mappingis more elegant
thanthatontotheoriginal DEVS. In addition,theresultant
parallelDEVS holdsmorepotentialfor parallelimplemen-
tation.ThecoupledparallelDEVSrepresentationpresented
here,correspondsto the Cellular Automatonspecification
in section1:

P : DEVS : CA ��� Xself � Yself � D �	� Mi �%�	� Ii ����� Zi � j �-#�
As theCellularAutomatonin section1 did not incorporate
externalinput,

Xself � /0 �
Typicaloutputof theCellularAutomatonconsistsof all the
cell values

Yself ��� i � DV �
Componentsin the coupledparallel DEVS model corre-
spondto CA cells. Indexing usestheCA index set:

D � C �
The � Mi � are atomic P-DEVS components,describedin
moredetail later.

Thesetof influenceesof a component/celli is constructed
by meansof the CA’s neighbourhoodtemplateNT. The
NT containsinfluencerratherthaninfluenceeinformation.



Thus,the offset informationneedsto be mirroredwith re-
spectto theorigin (i.e., its inversewith respectto addition
of offsetsneedsto be calculated)to obtainthe influencees
of componenti:

Ii �O� j � C ' j � i : of f set � of f set �P� NT . k�	' k � 1 ��������� ξ � N � 0 �G�
AsDEVSdoesnotallow i � Ii , theoffset0, if presentin NT,
is not included.A statetransitionof a CA cell usuallydoes
dependon theold stateof thecell itself. This is encodedin
theatomicP-DEVS’s (confluent)transitionfunctionrather
thanby meansof anexternalself-coupling.Notehow j �
i : of f set � C may needto be relaxed dependingon the
particularboundaryconditions. Cells outsideC may need
to beconsidered(andinitialized).

As thereis no externalinput, the input-to-inputtranslation
Zself � i is not needed.

The i � j output-to-inputtranslationconvertstheoutputof a
cell (i.e., thecell’s value)into a tuplecontainingthatvalue
andtheoffsetbetweenthetwo cells:

Zi � j : Yi
� Xj

si
� � si � i : j �#�

The output-to-outputtranslationtranslatesthe output of
eachcell into a tuple with the output in the position cor-
respondingto thecell’s index:

Zi � self : Yi
� Yself

si
� �	�����Q� si �������R�!�

Individual cells aremappedonto atomicP-DEVScompo-
nents:

Mi ��� Si � tai � δint � i � Xi � δext � i � δconf l � i � Yi � λi �� � i � D �
Valuesof thecomponents/cellsarethosefrom thecell value
set

Si � V �
Thetimeadvanceis setto thesamearbitrarynon-zerovalue
∆ for all cellsto allow for synchronousoperation:

tai � si �"� ∆ �
The internal transitionfunction doesnot modify the com-
ponent’sstate

δint � si �"� si �
Theoutputfunctionsendsouta setcontainingonly thecell
value:

λ � si �4��� si ��� wheresi � Yi � V �
The external transitionfunction is not usedas thereis no
globalexternalinput into theCA. Due to the synchronous
operation,wherebyinternaltransitionsandexternalinputs
will alwayscollide,only theconfluenttransitionfunctionis
used.

δconf � i � si � ei � xb
i �"� δl � vi �!�

wherevi is avectorwith thesamedimensionsastheneigh-
bourhoodtemplateNT with values

vi . η �S� si � for theη for whichNT . η �J� 0;
vi . projof f set � x�1�S� projvalue � x�!� � x � xb

i �
Messagescommunicatevaluesof neighbouringcells, as
well asoffsetsfrom thecurrentcell:

Xb
i ���%� v� of f set � ' v � V � of f set � C �%�

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

5 Conclusions

Since the end of 1993, the EuropeanCommission’s ES-
PRIT BasicResearchWorking Group8467(SiE) [10], has
identified key areasfor future researchin modelling and
simulation. The mosturgentneedwasdeemedfor multi-
formalismmodelling,to correctlymodelcomplex systems
with componentsdescribedin diverseformalisms.To cor-
rectly modelsuchsystems,formalismsneedto be related.
TheFormalismTransformationGraph(FTG)shown in Fig-
ure1 depictsmeaningfulmappingsbetweenformalisms.In
thisarticle,a mappingbetweenCellularAutomataandpar-
allel DEVS waselaborated.This fills in theCA � DEVS
edgein theFTG. ThemappingdescribesCA semanticsin
termsof parallel DEVS semanticsand is a basisfor au-
tomatedtransformationof CA modelsinto parallelDEVS
models,thusenablingefficient, parallelsimulationaswell
asmeaningfulcouplingwith modelsin otherformalisms.
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