TheDiscreteEVentSystenspecificationN DEVS) formalism
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TheDEVSformalismwasconcevedby Zeigler[Zei84a Zei84H to provide arigourouscommonbasisfor discrete-eent
modellingandsimulation. For the classof formalismsdenotedasdiscrete-eent[Nan81]], systemmodelsaredescribed
at an abstractiorievel wherethe time baseis continuoug(R), but duringa boundedime-spanonly a finite numberof
relevant eventsoccur Theseeventscan causethe stateof the systemto change. In betweenevents,the stateof the
systemdoesnotchange Thisis unlike continuousmodelsin which the stateof the systenmay changecontinuouslyover
time. As anextensionof Finite StateAutomata,the DEVS (DiscreteEvent Systemsformalismcapturessonceptsfrom
DiscreteEventsimulation.As suchit is a soundbasisfor meaningfulmodelexchangen the DiscreteEventrealm.

1 The DEVS Formalism

The DEVS formalismfits thegeneraktructureof deterministic causakystemsn classicabystemgheory DEVS allows
for the descriptionof systembehaiour at two levels. At the lowestlevel, an atomic DEVSdescribeshe autonomous
behaiour of a discrete-eent systemasa sequencef deterministictransitionsbetweersequentiaktatesaswell ashow
it reactsto externalinput (events)andhow it generatesutput(events). At the higherlevel, a coupledDEVSdescribes
a systemasa networkof coupledcomponentsThe componentganbe atomicDEVS modelsor coupledDEVS in their
own right. The connectiongsienotehow componentsnfluenceeachother In particular outputeventsof onecomponent
canbecome,via a network connection,input eventsof anothercomponent. It is shovn in [Zei844 how the DEVS
formalismis closedundercoupling for eachcoupledDEVS, aresultantatomicDEVS canbe constructedAs such,ary
DEVS model,beit atomicor coupled,canbereplacedoy anequivalentatomicDEVS. The constructiorprocedureof a
resultantatomicDEVS is alsothe basisfor theimplementatiorof anabstiact simulatoror solver capableof simulating
ary DEVS model.As a coupledDEVS may have coupledDEVS componentshierarchical modellingis supported.

In thefollowing, thedifferentaspect®f the DEVS formalismareexplainedin moredetail.
1.1 The atomic DEVS Formalism
TheatomicDEVS formalismis a structuredescribingthe differentaspect®of the discrete-eentbehaiour of asystem:
atomicDEVS= (Sta, dint, X, Oext, Y, A).
ThetimebaseT is continuousandis not mentionedxplicitly
T=R

The statesetSis the setof admissiblesequentiaktates the DEVS dynamicsconsistsof an orderedsequencef states
from S. Typically, Swill beastructued set(a productset)

This formalizesmultiple (n) concurent partsof a system.lt is notedhow a structuredstatesetis oftensynthesizedrom
the statesetsof concurrentomponentsn acoupledDEVS model.

Thetime the systemremainsin a sequentiaktatebeforemakinga transitionto the next sequentiaktateis modelledby
thetimeadvanceunction
. +
ta:S— RQ Loo

As time in therealworld alwaysadwancesthe imageof ta mustbe non-ngative numbers.ta = 0 allows for therepre-
sentationof instantaneousransitions:no time elapsedeforetransitionto a new state.Obviously, this is anabstraction



of reality which may leadto simulationartifacts suchasinfinite instantaneoutoopswhich do not correspondo real
physicalbehaiour. If the systemis to stayin anend-states forever, this is modelledby meanf ta(s) = +oo.

Theinternaltransitionfunction

modelsthetransitionfrom onestateto the next sequentiastate.dj; describeshebehaiour of a Finite StateAutomaton;
ta addsthe progressiorof time.
It is possibleto observethe systemoutput. The outputsetY denoteghe setof admissibleoutputs Typically, Y will bea

structued set(a productset)
Y = xl_Y.

This formalizesmultiple (1) outputports. Eachport is identified by its uniqueindex i. In a userorientedmodelling
languagetheindiceswould be dervedfrom uniqueportnames
Theoutputfunction

A:S—=>YU{g}
mapstheinternalstateontothe outputset. Outputeventsareonly generatedy a DEVS modelatthetime of aninternal
transition.At thattime, the statebefoe thetransitionis usedasinputto A. At all othertimes,thenon-erentqis output.

To describehetotal stateof the systemateachpointin time, thesequentiabtates € Sis notsuficient. Theelapsedime
e sincethe systemmadea transitionto the currentstates needsalsoto be takeninto accountto constructthe total state
set

Q={(seseS0<e<tas)}

The elapsedime e takeson valuesrangingfrom 0 (transitionjust made)to ta(s) (aboutto make transitionto the next
sequentiabtate).Often,thetimeleft o in a stateis used:

o=ta(s)—e

Up to now, only anautonomousystemwasdescribed:the systemrecevesno externalinputs. Hence,the input setX
denotingall admissiblanput valuesis defined.Typically, X will beastructued set(a productset)

X = %1%

Thisformalizesmultiple (m) input ports.Eachportis identifiedby its uniqueindex i. As with the outputset,portindices
may denotenames

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

In discrete-gentsystemmodelsaninput sgmentgenerateaninput eventdifferentfrom the non-ezentg only at afinite
numberof instantsin aboundedime-intenal. Theseexternal events inputsx from X, causethe systemto interruptits
autonomoupehaiour andreactin away prescribedy the externaltransitionfunction

Ot - QXX —S

Thereactionof the systemto an externaleventdependson the sequentiaktatethe systemis in, the particularinput and
the elapsedime. Thus, de¢ allows for the descriptionof a large classof behaiours typically foundin discrete-eent
models(including synchronizationpreemptionsuspensiom@ndre-actvation).

Whenaninputeventx to anatomicmodelis notlistedin the de¢ Specificationthe eventis ignored

In Figure 1, anexamplestatetrajectoryis givenfor anatomicDEVS model. In the figure, the systemmadean internal
transitionto states2. In the absencef externalinput events,the systemstaysin states2 for a durationta(s2). During
this period, the elapsedime e increasesrom 0 to ta(s2), with the total state= (s2,e). Whenthe elapsedime reaches
ta(s2), first anoutputis generatedy2 = A(s2), thenthe systemtransitionsnstantaneouslyo the new states4 = & (s2).
In autonomousnode,the systemwould stayin states4 for ta(s4) andthentransition(after generatingoutput)to sl =
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Figurel: StateTrajectoryof a DEVS-specifiedVodel



Figure2: Traffic light example

Oint (4). Beforee reachegsa(s4) however, an externalinput eventx arrives. At thattime, the systemforgetsaboutthe
schedulednternaltransitionandtransitionsto s3 = de (($4,€),X). Notehow anexternaltransitiondoesnot give rise to
anoutput.Oncein states3, the systemcontinuesn autonomousnode.

As an exampleatomic DEVS, considerthe modelof two traffic lights depictedin Figure2. In autonomousnode,the
light transitionin intuitive fashion.If the“switch to manual’(M) externaleventis receved,lightsin bothdirectionsblink

yellow. If the “switch to automatic’eventis receved, the systemswitchesbackdeterministicallyto stateRY to resume
autonomousnode.TheatomicDEVS representatiors givenbelow.

DEVS= (X,SY, &int, det; A, ta)

T=R
X = {M,A}
w: T — XU{e}

S={RGRY,GRYR,BB}
6int(RG) =RY; 6im(RY) =GR
3int(GR) = YR; 3 (YR) = RG
ta(RG) = 60s; ta(RY) = 10s
ta(GR) = 50s; ta(YR) = 10s

ta(BB):
Bet((RG,€),M) = BB
Bec ((RY,€),M) = BB
3o ((GR€),M) = BB
%t ((YR,€),M) =BB
dex ((BB,€),A) = RY

Y = {GREY,YELLOW, BLINK}
A(RG) = A(RY) = A\(GR) = GREY
A(YR) = YELLOW

A(BB) = BLINK



1.2 The coupled DEVS Formalism

ThecoupledDEVS formalismdescribes discrete-eent systemin termsof a network of coupledcomponents.
coupledDEV S= (Xsei, Yself, D, {Mi},{li},{Zi j },seled)

Thecomponenself denoteghe coupledmodelitself. Xsei; is the (possiblystructuredsetof allowed externalinputsto
the coupledmodel. Yseit is the (possiblystructuredsetof allowed (external)outputsof the coupledmodel. D is a setof
uniquecomponenteferencegnames).The coupledmodelitself is referredto by meansof self, a uniquereferencenot
inD.
Thesetof componentss

{M;ili € D}.

Eachof thecomponentsnustbeanatomicDEVS
Mi = <S;taia6int,iaxi76®(t,i7Yi7)\i>aVi e€D.

The setof influenceef a componentthe componentsnfluencedby i € DU {self}, is l;. Thesetof all influencees
describeghe couplingnetwork structure
{lili e DU {self}}.

For modularity reasonsa component(including self) may not influencecomponentutsideits scope-the coupled
model-,ratheronly othercomponent®f the coupledmodel,or the coupledmodelself:

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

This is further restrictedby the requirementthat none of the componentgincluding self) may influencethemseles
directly asthis could causean instantaneoudependengc cycle (in caseof a 0 time advanceinside sucha component)
akinto analgebraidoopin continuousmodels:

VieDU{self}:i ¢l.

Note how onecanalwaysencodea self-loop(i € I;) in theinternaltransitionfunction.

To translatean outputeventof onecomponen{suchasa departureof a customer}o a correspondingnput event (such
asthearrival of acustomer)n influencee®f thatcomponentputput-to-inputranslationfunctionsz; ; aredefined:

{Z,jlie Du{self},j€li},

Zself,j : Xself = Xj ,Vje€D,
Zisef - Yi—Yset ,VieD,
Zii  Yi—=X ,Vi,j € D.

Togetherl; andZz; ; completelyspecifythe coupling(structureandbehaiour).

As aresultof couplingof concurrentomponentsmultiple statetransitionsmay occuratthe samesimulationtime. This
is anartifactof thediscrete-gentabstractiorandmayleadto behaiour notrelatedto real-life phenomenaA logic-based
foundationto studythe semanticof theseartifactswasintroducedby Radiyaand Sagent[RS94. In sequentiakimu-
lation systemssuchtransitioncollisionsareresohed by meansof someform of selectionof which of the components’
transitionsshouldbe handledfirst. This correspondso theintroductionof prioritiesin somesimulationlanguagesThe
coupledDEVS formalismexplicitly representa seled functionfor tie-breakingbetweersimultaneougvents:

seled:2° » D
seled chooses uniqguecomponenfrom any non-emptysubset of D:
seked(E) € E.

ThesubseE correspond$o the setof all componenthiaving a statetransitionsimultaneously
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1.3 Closure of DEVS under coupling

As mentionedbefore,it is possibleto constructa resultantatomic DEVS modelfor eachcoupledDEVS. This closue
undercouplingof atomicDEVS modelsmakes any coupledDEVS equialentto an atomicDEVS. By induction, ary
hierarchically coupledDEVS canthus be flattenedto an atomic DEVS. As a result, the requirementhat eachof the
component®f a coupledDEVS be anatomicDEVS canberelaxedto be atomicor coupledasthe latter canalwaysbe
replacedby anequivalentatomicDEVS.

The coreof theclosureprocedurds the selectionof the mostimminent(i.e., soonesto occur)eventfrom all the compo-
nents’scheduledvents[Zei844. In caseof simultaneougvents,theseled functionis used.In the sequeltheresultant
constructioris described.

FromthecoupledDEVS
<Xse|f aYseIf ) D7 {MI }7 {ll }7 {Zi,j }7 Sebd)a

with all component$/; atomicDEVS models
Mi = <S7tai76int,ivxia6®<t,i7Yi7)\i>7Vi eb

theatomicDEVS
<Sta7 6int7 X7 6®¢7Ya)\>

is constructed.
Theresultantsetof sequentiaktateds the productof thetotal statesetsof all the components

S= XiEDQi7

where
Q ={(s,e)ls€S,0< & <ta(s)},VvieD.
Thetime adwancefunctionta
ta:S— ]Ra Loo
is constructedy selectingthe mostimminenteventtime, of all the componentsThis meansfinding the smallesttime
remaininguntil internaltransition,of all thecomponents

ta(s) = min{o; =ta(s) —eli € D}.

A numberof imminentcomponentsnay be scheduledor a simultaneousnternal transition. Thesecomponentsare
collectedin aset
IMM(s) = {i € D|oj =ta(s)}.

From IMM, a setof elementsof D, one component* is chosenby meansof the seled tie-breakingfunction of the
coupledmodel
seed : 2D — D
IMM(s) — i*

Outputof the selectedcomponents generatedefor it malkesits internal transition. Note also how, asin a Moore
machinejnputdoesnotdirectly influenceoutput.In DEVS models only aninternaltransitionproducesutput. An input
canonly influence/generateutputvia aninternaltransitionsimilar to the presencef memoryin theform of integrating
elementsn continuousmodels. Allowing an externaltransitionto produceoutputcould leadto infinite instantaneous
loops. Thisis equivalentto algebraidoopsin continuoussystemsTheoutputof thecomponents translatednto coupled
modeloutputby meanof the couplinginformation

A(S) = Zir seit (Ni+ (s)), if self € ;s

If the outputof i* is not connectedo the outputof the coupledmodel, the non-e/ent ¢ canbe generateds outputof
the coupledmodel. As g literally standsfor no event,the outputcanalsobe ignoredwithout changingthe meaning(but
increasingoerformancef simulatorimplementations).



Theinternaltransitionfunctiontransformghe differentpartsof the total stateasfollows:
dint(s) =(-.-, (S|, €]),--.), where

(SIJ e’]) = (6int7j(8j)70) for j=1i,
= (Oeu,j (s, +ta(s),Z j(Ai=(s+))),0) ,for j € lie,
= (sj,e+ta(s)) ,otherwise
The selectedmminentcomponent* makesaninternaltransitionto sequentiabtatedy i< (S-). Its elapsedime is reset
to 0. All theinfluencee®f i* changeheir statedueto anexternaltransitionpromptedoy aninputwhichis the output-to-
input translatedbutputof i*, with anelapsedime adjustedor the time adwanceta(s). Theinfluenceeselapsedime is
resetto 0. Notehow i* is notallowedto beaninfluenceeof i* in DEVS. Thestateof all othercomponentss not affected
andtheir elapsedime is merelyadjustedor thetime adwanceta(s).

Theexternaltransitionfunctiontransformghedifferentpartsof the total stateasfollows:

dext(S,6X) = (..., (5, €),...), where

(5,€) = (Oet,(S,8+€7Zseiri(x)),0) ,forie lser,
= (s,e+e ,otherwise

An incomingexternaleventis routed,with anadjustmentor elapsedime, to eachof the componentgonnectedo the
coupledmodelinput (afterthe appropriaténput-to-inputtranslation).For all thosecomponentsthe elapsedimeis reset
to 0. All othercomponentarenot affectedandonly the elapsedimeis adjusted.

Somelimitationsof DEVS arethat

a conflict dueto simultaneousnternalandexternaleventsis resoled by ignoring the internalevent. It shouldbe
possibleto explicitly specifybehaiour in caseof conflicts;

thereis limited potentialfor parallelimplementation;

theseled functionis anartificial legag of thesemantic®f traditionalsequentiatimulatorsbasedn aneventlist;
it is not possibleto describevariablestructure.

Someof thesearecompensatetbr in paralleIDEVS (seefurther).
1.4 Implementation of a DEVS Solver

The algorithmin Figure 3 is basedon the closureundercoupling constructionand canbe usedas a specificationof a
—possiblyparallel-implementatiorof a DEVS solver or “abstractsimulator” [Zei84a KSKP94. In anatomicDEVS
solver, thelasteventtimet, aswell asthelocal states arekept. In acoordinatoronly the lasteventtimet, is kept. The
next-event-timety is sentasoutputof eithersolver. It is possibleto alsokeepty in the solvers. This requiresconsistent
(recursve) initialization of thetys. If kept,thety allows oneto checkwhetherthesolversareappropriatelysynchronized.
Theoperatiorof anabstracsimulatorinvolveshandlingfour typesof messagesThe(x, fromt) messagearriesexternal
input information. The (y, fromt) messagearriesexternal outputinformation. The (x, fromt) and (done fromty)
messageareusedfor schedulingsynchronizingtheabstracsimulators.In thesemessaged,is the simulationtime and
ty is the next-event-time.The (x, fromt) messagéndicatesaninternaleventx is due.

Whena coordinatorrecevesa (x, fromt) messageit selectsanimminentcomponeni* by meansof the tie-breaking
functionseked specifiedor thecoupledmodelandroutesthemessagéo i*. Selections necessarastheremaybemore
thanoneimminentcomponen{with minimumnext remainingtime).

Whenan atomicsimulatorrecevesa (x, fromt) messageit generatesn outputmessagéy, fromt) basedon the old
states. It thencomputeghe new stateby meansof theinternaltransitionfunction. Note how in DEVS, outputmessages
areonly producedvhile executinginternalevents.Whena simulatoroutputsa (y, fromt) messaget is sentto its parent
coordinatar The coordinatorsendshe output,afterappropriateoutput-to-inputranslationto eachof the influenceeof
i* (if any). If the coupledmodelitself is aninfluenceeof i*, the output,afterappropriateoutput-to-outputranslation,is
sentto thethe coupledmodels parentcoordinatar

Whena coordinatorecevesan (x, fromt) messagérom its parentcoordinatorit routesthe messageafterappropriate
input-to-inputtranslationto eachof the affectedcomponents.
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message m simulator coordinator
(%, fromt) simulator correct only if t =ty
y <+ A(s) send (x,self,t) to i*, where
ify#£ao: i* = seled (imm.children)
send (A(s),self,t) to parert imm.children= {i € D|M;.ty =t}
S« dint(S) adive_children<« adive_childrenu {i*}
L+t
Nt + ta(s)
send (doneself,ty) to parert
(x, fromt) simulator correct only if tg <t <ty (ignore O to resolve at =ty conflict)
e+—t—t Vi € lself :
S Oex (S, €X) send (Zself i (X),self,t) to i
Lt adive_children< adive_childrenu {i}
tn « t+ta(s)
send (doneself,ty) to parert
(y, fromt) Vi € lrom\ {s€lf } :
send (Zfromi(y), fromt) toi
adive_children<« adive_childrenu {i}
send (Zfromself (Y), Self,t) to parert
(done fromt) adive_children< adive_children\ { from}

if active_children= 0:
Lt
tn « min{Mi.tN|i S D}
send (doneself,ty) to parert

Figure3: DEVS SimulationProcedure



t < tn of topmost coordinator

repeat until t > teng (or some other termination condition)
send (*,mea,t) to topmost coupled model top
wait for (dongtop,ty)
1ty

Figure4: DEVS SimulationProceduréviain Loop

Whenanatomicsimulatorrecevesan (x, fromt) messageit executeshe externaltransitionfunction of its associated
atomicmodel.

After processingin(x, fromt) or (y, fromt) messagea simulatorsendsa (done fromty) messagéo its parentcoordi-
natorto prepareanew schedule Whena coordinatothasreceved (done fromty) messagefom all its componentsit
setdits next-event-timety to theminimumty of all its componentandsendsa (done from ty ) messagéo its parentcoor
dinator This processs recursvely applieduntil thetop-level coordinatoror root coordinator recevesa (done fromty)
message.

As the simulationprocedureis synchronousijt doesnot supporta-synchronousharriving (real-time) external input.
Ratherthe ervironmentor ExperimentaFrameshouldalsobe modelledasa DEVS component.

To run a simulationexperiment,the initial conditionst, ands mustfirst be setin all simulatorsof the hierarchy If ty
is keptin the simulators,it mustberecursvely settoo. Oncetheinitial conditionsare set,the mainloop describedn
Figure4 is executed.

2 The parallel DEVS Formalism

As DEVS is a formalizationand generalizatiorof sequentiadiscrete-eent simulatorsemanticsijt doesnot allow for

drasticparallelizationIn particular simultaneouslyccurringinternaltransitionsareserializedby meanof atie-breaking
seled function. Also, in caseof collisions betweensimultaneouslhyoccurringinternal transitionsand external input,

DEVS ignoresthe internaltransitionand appliesthe externaltransitionfunction. Chav [Cho94 proposedhe parallel
DEVS (P-DEVS)formalismwhich alleviatessomeof the DEVS dravbacks.In anatomicP-DEVS

aIOmlC P - DEVSE <S,ta., 6int,x, 69((, 6conf ,Y,)\>,

themodelcanexplicitly definecollision behaiour by usinga so-calledconfluentransitionfunction dcons .
Only de, Ocont, andA aredifferentfrom DEVS.
The externaltransitionfunction
dec 1 Qx XP =S
now acceptsa bag of simultaneousnputs,elementof theinput setX, ratherthana singleinput.
The confluenttransitionfunction
6conf SX Xb — S
describeghe statetransitionwhena schedulednternalstatetransitionandsimultaneougxternalinputscollide.
An atomicP-DEVSmodelcangeneratenultiple simultaneousutputs

A:S—Yb

in theform of abagof outputvaluesfrom the outputsety.

As conflictsarehandledexplicitly in the confluenttransitionfunction,the seled tie-breakingfunctioncanbe eliminated
from the coupledDEVS structure:

Coupled P—-DEVS= <Xse|f,Yse|f,D,{Mi},{h},{zi,j}}).



In this structure all component/; areatomicP-DEVS

Mi = <Satai76int,iuxia6®¢,i76C0nf,i7Yi7)\i>7Vi eD.

For theproofof closureundercouplingof P-DEVSaswell asfor thedescriptiorof anefficient parallelabstracsimulator
see[Cho9q.
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