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Abstract

When modelling complex systems,compleity is usually
notonly dueto alargenumberof coupledcomponentgsub-
models),but alsoto the (perceved)diversity of thesecom-
ponentsandto their intricateinteractiong(i.e., high degree
of feedback) Onewould lik e to usea variety of formalisms
(DAE, BondGraph,ForresteiSystenDynamics PetriNets,
Finite StateAutomata,DEVS, StateCharts,Queueingnet-
works,...) to “optimally” describethe behaiour of differ-

entsystemcomponentsaspectsandviews. The choiceof

appropriatéformalismsdependon criteria suchasthe ap-
plicationdomain,the modelers backgroundthe goals,and
theavailablecomputationalesources.

In this article, a FormalismTranformationGraph(FTG) is

presentedIn the FTG, verticescorrespondo formalisms,
and edgesdenoteexisting formalism transformations. A

transformationis a mappingof modelsin the sourcefor-

malismonto modelsin the destinatiorformalism (with be-
haviour invariance).This traversalallows for meaningfully
couplingmodelsin differentsemanticsOncemappedonto
a commonformalism, closureundercoupling of that for-

malismmalkesthe meaningof the coupledmodelexplicit.

In the context of hybrid systemsmodels, the formalism
transformatiorcorvergesto a commondenominatomhich

unifies continuousand discreteconstructs. Often, this is

some form of event-scheduling/statevent locating/DAE

formalismandcorrespondingolver. A differentapproach
is presentedvhich mapsall formalisms,andin particular
continuousones,onto Zeigler's DEVS. Hereby the state
variablesof the continuousmodelsare discretizedrather
thantime andthe DEVStransitionfunctionprogresseffom

onediscretizedstatevalueto eithertheonejustabove or the
onejust below, giving asoutput,thetime till the next tran-
sition.

1 Multi-formalism Modelling

Comple systemsare characterizednot only by a large
numberof componentsput also by the diversity of these
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2-species predator-prey system

Figure 1. Predatoiprey, SystemDynamicsFormalism

components For the analysisand designof suchcomplex
systemsit is not sufficientto studythe diversecomponents
in isolation,usingthespecificformalismsthesecomponents
weremodelledin. Rather it is necessaryo answerques-
tionsaboutpropertiegmostnotablybehaiour) of theover-
all multi-formalismsystem.

1.1 TheForrester System Dynamics Formalism

To introduceformalismtransformationwe briefly present
the semanticof the ForresterSystemDynamicsformalism
[1] often usedto model biological, sociological,and eco-
nomicalsystems.It describeghe variationof material-like

quantitiesor levels. The variationis determinedby birth

rates(BR) and deathrates(DR). BR and DR are graph-
ically representedas valves to the left and right respec-
tively of boxesdenotingthe levels. Levels may influence
eachother by influencingeachothers BR and DR. Fig-

ure 1 shows a typical predatorprey interaction. The (prod-

uct) interactionbetweenpredatorand prey populationsin-

fluencesthe predators birth rateandthe prey’s deathrate.
The SystemDynamicssemanticss givenby mappingeach
of the level/BR/'DR combinationsonto an Ordinary Differ-

ential Equation

d level

=BR-DR
dt
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Figure 2: FormalismTransformatiorGraph

The operationssuch as product and sum are mapped
onto the appropriatealgebraicequationsand couplingsare
mappedntoalgebraicequalities.

1.2 Formalism Transformation

Basedon the mathematicatelationshipbetweenthe Sys-
tem Dynamicsandthe ODE formalisms translationof ary
modelin the first formalismto a behaiourally equivalent
model describedin the secondformalismis possible. In
Figure2, apartof “formalism space’is depictedn theform
of aFormalismTransformatiorGraph(FTG). Thedifferent
formalismsare shavn asnodesin the graph. The vertical
stripedline in the middle denotesthe distinction between
continuougnodels(on theleft) anddiscretemodels(on the
right). The well known differenceequationsformalismis
often implicitly usedin numericalsimulators: ODEs are
discretisedby meanf asuitablenumericalschemendthe
resultingdifferenceequationsare iteratively solved. Suit-
ablerefersto the natureof the equationsaswell asto the
accurag requirementsThe arrons denotea homomorphic
relationship‘can be mappedonto”, implementecasa sym-
bolic transformatiorbetweerformalisms.Thevertical,dot-
tedlinesdenotethe existenceof a solveror simulationker-
nelwhichis capableof simulatinga model,thusgenerating
atrajectory A trajectoryis really a model of the system
in the dataformalism (time/valuetuples).In a denotational
senseraversingthe graphmakes semanticsof modelsin
formalismsexplicit: the meaningof a model/formalismis
givenby mappingit ontosomeknown formalism. This pro-
cedurecanbeappliediteratively to reachary desiredreach-
able)level. In an operationalsense a mappingdescribes
how modelinterpretationcan be achieved. If the “trajec-
tory” formalismis the target of the mapping,modelinter
pretationis model simulation. Thougha multi-stepmap-
ping may seemcumbersomeit can be perfectly and cor-
rectly performedby tools. The advantageof this approach
is thattheintroductionof anew formalismonly requireshe
descriptionof the mappingonto the nearestformalism as
well asthe implementatiorof a translatorto the latter for-
malism. It is oftenmeaningfulto introduceanew formalism

for aspecificapplication.encodingparticularpropertiesand

constraintsof the application. Often, translationinvolves
somelossof information,thoughbehaiour mustobviously

be consered. This loss may be a blessingin disguiseas

it entailsa reductionin compleity, leadingto anincrease
in (simulation)performancelUsually, the aim of multi-step
mappingis to eventuallyreachthetrajectorylevel.

Anothermajor usefor formalismtransformatioris the an-
swering of particular questionsaboutthe system. Some
questionsanonly beansweredn thecontext of aparticular
formalism. In caseof a SystemDynamicsmodelfor exam-
ple, the visualinspectionof the model can provide insight
into influences. If the modelis mappedonto a setof Al-
gebraicandOrdinaryDifferential Equationsa dependeng
analysismayrevealalgebraicdependengcyclesnot appar
entat the SystemDynamicslevel. At this samelevel, one
may checkwhethemartsof themodelarelinear. If so,these
partsmaybe solved symbolicallyby meansf computeral-
gebra. Also, transformatiorto the Laplacedomain(i.e., to
a TransferFunctionform) opensavenuesto a plethoraof
techniquedfor stability analysis. Finally, the transforma-
tion, throughnumericalsimulationto the datalevel allows
for quantitatve analysisof problemsposedin initial value
form. Note how thelargerthe numberof intermediateor-
malisms,the higherthe possibility for optimizationalong
theway.

Above all, thetraversaldescribedabove is the basisfor the
meaningfulcoupling of modelsdescribedn differentfor-
malisms.Thisis discusseahext.

1.3 Coupled Model Transformation

Whenwe describea structurednodelin thenetworkor cou-
pled formalism, we can only make meaningfulassertions
aboutits structure,its outsideconnectionginterface)and
its componentsnot aboutits overall meaningor behaiour.
Formally, a coupledmodelhastheform

CM = (id,interface S C)

The modelis identified by a uniqueidentifierid (a name
or reference). The interface is a set of connectorsor

portsto the ervironment. Associatedwith the portsareal-

lowed valuesaswell ascausality Meaningful causalities
are{in,out,inout}. The setS containsthe sub-modelgor

at leasttheir uniqueidentifiers). The couplinginformation
is containedn a graphstructureC. For non-causalgontin-

uousmodels,the graphis undirected. For causalmodels,
the graphis directed. Obviously, a coupledmodelis only

valid if typesandcausalitieof connectegbortsarecompat-
ible. In certaincasesthegraphmaybeannotatedvith extra

information. In caseof traditionaldiscrete-gentmodels,a

tie-breakingfunction is usually requiredto selectbetween
simultaneougvents[4].

If all sub-modelsare describedn the sameformalismF,

it may be possibleto replacethe coupledmodel (at least
conceptually)by one atomic model of type F. In this
case,F is calledclosedundercoupling (or undercompo-
sition). The propertyoften holdsby construction.In case



of Differential Algebraic Equations(DAES), connections
{conne¢(port;, port;)} arereplacedby algebraicport; =
portj coupling equations. Togetherwith the sub-models’
equationstheseform a DAE. In formalismssuchasBond
Graphs,informationaboutthe physicalnatureof variables
allows oneto generateeither the above type of equations
in caseof couplingof acrossvariables(this correspondso
Kirchoff’s voltagelaw in electricity) or an equationsum-
ming all connectedialuesto zerofor throughvariablegthis
correspondgo Kirchoff's currentlaw in electricity). In
discrete-gent models,implementingclosureinvolves the
correcttime-orderedschedulingof sub-modelevents. The
mostimminenteventwill alwaysbeprocessedirst. Thetie-
breakingfunctionis usedto resohe conflictsdueto simul-
taneousvents(anartifactof the high level of abstraction).

If acoupledmodelconsistsof sub-modelgxpressedn dif-
ferentformalisms severalapproachearepossible:

¢ A meta-formalisntanbe usedwhich subsumeshe dif-
ferent formalismsof the sub-models. The different sub-
modelsarethusdescribedn a singleformalism. The Hy-
brid DAE andDEVS&DESS][6] formalismsintegratecon-
tinousanddiscretemodellingconstructsMeaningfulmeta-
formalismswhichtruly addexpressvenessaswell asreduce
compleity arerare. Bond Graphsare a good example of
theintegrationof differentdomaing(mechanicalelectrical,
hydraulical).

e Another approachis to transform the different sub-
modelsto one commonformalism Which formalism to
transformto dependon the questionsasked. The closest
commonformalism for DAE and SystemDynamicsfor-
malismsfor exampleis the DAE formalism. By transform-
ing a SystemDynamicsmodelto a setof DAEs, andusing
theclosurepropertyof the DAE formalism,it becomegos-
sibleto answeruestionsaboutthe overallmodel.

¢ In theco-simulationapproachgeachof the sub-modelss
simulatedwith a formalism-specificsimulator Interaction
dueto couplingis resohedatthetrajectorylevel. Compared
to transformatiorto acommonformalim beforesimulation,
this approachthoughappealingrom a softwareengineer
ing point of view (it is object-oriented)discardsa lot of
usefulinformation. Questionscanonly be answeredat the
trajectorylevel. Furthermorethereare obvious speedand
numericalaccurag problemsfor continuoudormalismsin
particularif one attemptsto supportnon-causalmodels.
The approachis meaningfulmostly for discrete-gentfor-
malisms.In thisrealm,it is thebasisof theDoD High Level
Architecture(HLA) for simulatorinteroperability

The transformationto a common formalism mentioned
above proceedasfollows:

1. Startfrom a coupledmulti-formalismmodel. Check
consisteng of this model (e.g., whether causalites
andtypesof connectegortsmatch).

2. Clusterall formalismsdescribedn the sameformal-
ism.

3. For eachcluster implementclosureundercoupling.

4. Look for the bestcommonformalismin the Formal-
ism TransformatiorGraphall the remainingdifferent
formalismscanbe transformedo. In theworstcase,
thiswill bethetrajectorylevel in which casethe ap-
proachfalls backto co-simulation. Which common
formalismis bestdepend®on a quality metric which
cantake into accountransformatiorspeedpotential
for optimization etc.

5. Transformall the sub-model¢o the commonformal-
ism.

6. Implementclosure under coupling of the common
formalism.

A side-efect of mappingonto a commonformalismis the
greatpotentialfor optimizationof the flattenedmodel, as
well asthe reducednumberof (optimized)simulationker-
nelsneeded.

To describewhich formalism transformationare possible,
the Formalism TransformationGraph (FTG) mentioned
aboveis used.A plethoraof formalismsis depictedin Fig-
ure2. Eachof thesehasits own merits. PetriNetsarepartic-
ularly suitedfor symbolicanalysis(proof of dynamicprop-
erties)of concurrensystems StateCharts,an extensionof
Finite StateAutomataareagraphicafformalismwith avery
appealingjntuitive semanticsin the UML, the StateChart
formalismis usedto specify the concurrentbehaiour of
software. Cellular AutomataextendFinite StateAutomata
with a (discretized)notion of space As such,they aresim-
ilar to Partial Differential Equationswvhich adda spatialdi-
mensiorto OrdinaryDifferentialEquations Apartfrom the
formalismtransformationslescribedearlier, the centralpo-
sition of DEVS is striking. On the one hand,the expres-
sivenessof DEVS makes mary discrete-gent formalisms
DEVS-representabldrecentlyit hasbeenshavn thatcon-
tinuousmodelscanbequantizecanddescribedn theDEVS
[5] formalism. This mappingwill be describedurtheron.
It allows one to meaningfully handlediscrete/continuous
multi-formalismmodels.Also, the potentialfor parallelim-
plementatiorincreaseslrastically[3].

2 The DEVS Formalism

For the classof formalismsdenotedasdiscrete-eent sys-
tem modelsaredescribedat an abstractiorlevel wherethe
time baseis continuous(R), but during a boundedtime-
interval, only afinite numberof relevanteventsoccur State
variablesareconsideredo changenstantaneous|yonly at
event-times. Betweenevents, the stateof the systemdoes
not change. This is unlike continuousmodelswhere the
state of the systemmay changecontinuouslyover time.
TheDiscreteEVentsystenSpecificatio( DEVS)wasintro-
ducedby Zeigler[4] asarigourousbasisfor discrete-gent
modelling and simulation. The semanticsof well known



discrete-gent formalismssuch as Event Scheduling,Ac-
tivity Scanning,and Procesdnteractioncan be expressed
in termsof DEVS, making it a commondenominatorfor
the representatiotf discrete-gentmodels. DEVS allows
for the descriptionof systembehaiour at two levels. At
thelower level, anatomicDEVSdescribeghe autonomous
behaviour of adiscrete-gentsystemasa sequencef deter
ministictransitionsdbetweersequentiastatesaswell ashow
it reactgo externalinputeventsandhow it generatesutput
events.At thehigherlevel, acoupledDEVSdescribes sys-
temasa networkof coupledcomponentsThe components
canbeatomicDEVS modelsor coupledDEVSin theirown
right. The connectiongdenotehow componentsnfluence
eachother In particular outputeventsof one component
canbecome yia a network connectionjnput eventsof an-
othercomponentlt is shavn in [4] how the DEVS formal-
ism is closedunder coupling for eachcoupledDEVS, a
resultantatomic DEVS can be constructed.As such,ary
DEVS model,beit atomicor coupled,canbe replacedby
anequialentatomicDEVS. The constructiorprocedureof
aresultanatomicDEVSis alsothe basisfor theimplemen-
tation of an abstract simulator or solver capableof simu-
lating any DEVS model. As a coupledDEVS may have
coupledDEVS componentshierarchical modellingis sup-
ported. In thefollowing, the DEVS formalismis presented
in moredetail.

2.1 Theatomic DEVS Formalism
The atomic DEVS formalismis a structuredescribingthe
differentaspectsof the discrete-gent behaiour of a sys-
tem:

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

ThetimebaseT is continuoug= R) andis not mentioned
explicitly.

ThestatesetSis the setof admissiblesequentiaktates the
DEVS dynamicsconsistsof an orderedsequencef states
from S. Typically, Swill be a structuredset(a productset)
S= x{';S. This formalizesmultiple (n) concurent parts
of a system. It is notedhow a structuredstatesetis often
synthesizedrom the statesetsof concurrentomponentén
acoupledDEVS model.

The time the systemremainsin a sequentialstatebefore
makinga transitionto the next sequentiaktateis modelled
by thetime advancefunction

ta:S— [Ra oo
As time in therealworld alwaysadwancesthe imageof ta
mustbe non-ngyative numbersta = 0 allows for therepre-
sentationof instantaneougransitions:no time elapsese-
fore transitionto a new state.Obviously, this is anabstrac-
tion of realitywhich mayleadto simulationartifactssuchas
infinite instantaneoumopswhich do not correspondo real
physicalbehaiour. If the systemis to stayin anend-state
s* forever, thisis modelledoy meansof ta(s*) = +.

Theinternaltransitionfunctiondin : S— Smodelsthetran-
sition from one stateto the next sequentiaktate. &y, de-

scribesthe behaviour of a Finite StateAutomaton;ta adds
the progressiorof time.

It is possibleto observethe systemoutput. The outputset
Y denoteshe setof admissibleoutputs Typically, Y will

beastructuedset(aproductset)Y = x!:lYi. Thisformal-
izesmultiple () outputports. Eachportis identifiedby its
unigueindex i. In a userorientedmodellinglanguagethe
indiceswould be uniqueportnames

TheoutputfunctionA : S— Y U {@} mapstheinternalstate
onto the outputset. Outputeventsare only generatedy a
DEVS modelat the time of aninternal transition. At that
time, the statebefore the transitionis usedasinputto A. At

all othertimes,thenon-event@is output.

To describethe total state of the systemat eachpointin
time, thesequentiastates € Sis notsufficient. Theelapsed
time e sincethe systemmadea transitionto thecurrentstate
s needsalsoto be takeninto accountto constructthe total
statesetQ = {(s,e)|s€ S 0< e<ta(s)}. Theelapsedime
e takeson valuesrangingfrom O (transitionjust made)to
ta(s) (aboutto make transitionto the next sequentiaktate).

Up to now, only anautonomousystemwasdescribedthe
systemrecevesno externalinputs. Now, the input set X
denotingall admissibleinput valuesis defined. Typically,
X will beastructuedset(a productset)X = x";X;. This
formalizesmultiple (m) input ports. Eachport is identified
by its uniqueindex i. As with the outputset, port indices
may denotenames

The setQ containsall admissibleinput segmentsw: T —
XU{@}. In discrete-gentsystemmodels aninput segment
generatesninputeventdifferentfrom the non-eventg only
at a finite numberof instantsin a boundedtime-intenal.
Theseexternal events inputs x from X, causethe system
to interruptits autonomousbehaiour andreactin a way
prescribedy theexternaltransitionfunctiondeg : Q x X —
S. Thereactionof the systemto an externaleventdepends
on the sequentiaktatethe systemis in, the particularinput
andtheelapsedime. Thus,de allowsfor thedescriptiorof
alargeclassof behaiourstypically foundin discrete-gent
models(includingsynchronizationpreemptionsuspension
andre-activation).

Whenan input eventx to an atomicmodelis not listed in
thedey Specificationtheeventis ignored

In Figure 3, an example statetrajectoryis given for an
atomic DEVS model. In the figure, the systemmadean
internaltransitionto states?. In the absencef externalin-
putevents thesystemstaysin states2 for a durationta(s2).
During this period, the elapsedime e increasegrom 0 to
ta(s2), with the total state= (s2,e). When the elapsed
timereachesa(s2), firstanoutputis generatedy2 = A(s2),
thenthe systemtransitionsinstantaneouslyo the new state
A = Oint(S2). In autonomousnode,the systemwould stay
in states4 for ta(s4) andthentransition (after generating
output)to sl = it (s4). Beforee reachega(s4) however,
an externalinput eventx arrives. At thattime, the system
forgetsaboutthe schedulednternal transition and transi-
tionsto s3 = dex (4, €),X). Notehow anexternaltransition
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Figure 3: StateTrajectoryof a DEVS-specifiedModel

doesnot give riseto anoutput. Oncein states3, the system
continuesn autonomousnode.

2.2 Thecoupled DEVS Formalism
The coupledDEVS formalism describesa discrete-gent
systemin termsof a network of coupledcomponents.

coupledDEVS = (Xself, Yself , D, {Mi},{li},{Z,j},selea)

Thecomponenself denoteghecoupledmodelitself. Xsejs

is the (possiblystructured)setof allowedexternalinputsto
the coupledmodel. Yseis is the (possiblystructured)set of
allowed outputsof the coupledmodel. D is a setof unique
componenteferencegnames).The coupledmodelitself is
referredto by meanof self, auniquereferencenotin D.

The setof componentss {M;|i € D}. Eachof the compo-
nentsmustbeanatomicDEVS

Mi = (S, ta;, dint,i, Xi, Oed,i, Yi, Ai), Vi € D.

The set of influenceesof a component,the components
influencedby i € DU {self}, is l;. The setof all in-
fluenceesdescribeghe coupling network structure{l;|i €
DU {self}}. For modularityreasonsa componentinclud-
ing self) may not influencecomponentoutsideits scope
—the coupledmodel—,ratheronly othercomponent®of the
coupledmodel,orthecoupledmodelself: Vi e DU{self } :
li C DU{self}. Thisis furtherrestrictedby therequirement
thatnoneof thecomponentgincludingself) mayinfluence
themselesdirectly asthis could causeaninstantaneoude-
pendenyg cycle (in caseof a 0 time adwanceinsidesucha
componentpakinto analgebraidoopin continuousnodels:
Vie DU{self} :i ¢ I;. Notehow onecanalwaysencodea
self-loop(i € I;) in theinternaltransitionfunction.

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

{Zi’j|i S DU{seIf},j S |i},

Zself,j © Xset = Xj ,Vj€D,
Ziseft : Yi—=>Ysef ,VieD,
Zi’j . Yi—>Xj ,Vi,jED.

Togetherl; andZ; ; completelyspecifythe coupling(struc-
tureandbehaiour).

As aresult of coupling of concurrentcomponentsmulti-

ple statetransitionsmay occurat the samesimulationtime.

This is anartifactof thediscrete-gentabstractiorandmay
leadto behaiour not relatedto real-life phenomenaln se-
guential simulation systems suchtransition collisions are
resohedby meanf someform of selectiorof which of the
componentstransitionsshouldbe handledirst. This corre-
spondsto the introductionof prioritiesin somesimulation
languagesThe coupledDEVS formalismexplicitly repre-
sentsa seled functionfor tie-breakingbetweersimultane-
ousevents:seked : 2P — D. seled chooses uniquecom-
ponentfrom ary non-emptysubsetE of D: seled(E) € E.

The subseE containsall componenthaving a statetransi-
tion simultaneously

A DEVS solwer or simulationkernelis basedn theclosure
undercoupling constructionand can be usedas a specifi-

cationof a—possiblyparallel-implementatiorof a DEVS

solveror “abstractsimulator”[4, 3]. Thecoreof theclosure
proceduras theselectiorof themostimminent(i.e., soonest
to occur)eventfrom all the componentsscheduledvents.

In caseof simultaneougvents,the seled functionis used
for tie-breaking.

2.3 Theparallel DEVS Formalism

As DEVSis aformalizationandgeneralizatiomf sequential
discrete-gentsimulatorsemanticsit offerslittle scopefor
parallelimplementation.In particulay simultaneouslyoc-
curringinternaltransitionsareserializedoy meansof atie-
breakingseled function. Also, in caseof collisionsbetween
simultaneouslyoccurringinternal transitionsand external
input, DEVS ignoresthe internaltransitionandappliesthe
externaltransitionfunction. Chaw [2] introducedthe par
allel DEVS (P-DEVS)formalismwhich alleviatessomeof
the DEVS drawbacks.In anatomicP-DEVS

atom'CP - DEVSE <S,ta, 6int,x, 6@q,6conf ,Y,)\),

themodelcanexplicitly definecollisionbehaiour by using
aso-calledconfluentransitionfunction d¢gns .

3 Mapping the ODE Formalism onto DEVS

In the context of hybrid systemsmodels, the formalism
transformationén Figure2 corvergeto acommondenomi-
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natorwhichunifiescontinuousanddiscreteconstructsTyp-

ically, thisis someform of event-scheduling/stateventlo-

cating/DAE formalismwith its correspondingolver. A dif-

ferentapproach,quantizingspaceratherthan discretizing
time, is presentecherewhich mapscontinuousmodels,in

particularalgebraicanddifferentialequationof theform

{ % - f(q,X,t) qu
yt) = g(gt) yeyY

with x(t) € X a known input function, and initial condi-
tions given by q(0) = qp, onto Zeigler's DEVS formalism
presentechbore. If the mappingis doneappropriately a
discrete-gent simulationof the DEVS modelwill yield a
closeapproximationof the continuousmodel’s continuous
behaiour.

The normal approachof numericalmathematicds to ap-
proximatean ODE solution basedon a Taylor expansion.
Hereby time is discretised,and subsequenstate-ariable
approximationsarecalculated.Zeigler[5] proposeso dis-
cretizethe statevariablesandto calculatethe correspond-
ing approximatdime-increasesThe DEVS transitionfunc-
tion (constructedrom the ODE) will repeatedlygo from
one discretisedstatevalue to eitherthe one just above or
the onejust below. Thetransitionfunctionwill alsocalcu-
latethetimetill the next discretetransition(possibly+oo if
the derivative is zero). Both approacheareshown sideby
sidein Figure4. In mathematicaterms,themodelabove is
mappedntoaDEVS

atomicDEVS= (Sta, Sint, X, Sex, YV, A).

% e X, e Q andy e ¥ arethe quantizedvariables. The
simple quantizationusedhereis basedon a grid of quanta

(Ax, Ag, Ay). Note how eachof the quantaare hypercubes.

The quantizedstatesetS= {(g,%t)|g € O,k € X,t € T}.
A memoryof input andabsolutetime is keptin the DEVS
model. Theinternaltransitionfunction

6int((dv)27t)) = (q+ Sgr(f(qﬂ?vt))AW&t +ta(d7 th))'

Thetime advancefunction

ta((g 11)) = \ = \

f(g,%1)
specifiesafter how muchtime thetrajectorywill leave the

quantumhypercube. The external transition function de-
scribeshow autonomougintegration) behaiour canbein-

terruptedby an externalinput event(the input function ex-
ceedinga quantumboundary)

6@«((@270767%) = (q72’7t+e)

Note how ignoring the changein q (not §) during e is a
roughapproximationanda betterapproachs to internally
keeptrack of the non-quantizedialueq. In caseaninternal
and externaltransitionoccur simultaneouslythe confluent
transitionfunctionof paralleDEVS describe$iow internal
transitionandexternalinput arebothtakeninto account

6Corlfl ((Q727t)7%) = (q_+' Sgr(f(q&t))AQ’)’g’t)‘

Quantizedbutputis obtainedafterapplicationof the output
function

)\((q&t)) = I_g(q7t)/AYJ .

Coupling of the thus obtainedatomic DEVS modelsinto
a coupledDEVS providesa meansfor —possiblyparallel—
simulationof hierarchicallycoupledcontinuousnodels.To
achieve maximum performance gquationsshouldfirst be
symbolicallymanipulatedandtightly coupledsetsof equa-
tionsmustbe clusterednsideanatomicDEVS.
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