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TheDEVSformalismwasconceivedby Zeigler[Zei84a, Zei84b] to providearigourouscommonbasisfor discrete-event
modellingandsimulation.For theclassof formalismsdenotedasdiscrete-event [Nan81], systemmodelsaredescribed
at an abstractionlevel wherethe time baseis continuous(

�
), but duringa boundedtime-span,only a finite numberof

relevant eventsoccur. Theseeventscancausethe stateof the systemto change. In betweenevents,the stateof the
systemdoesnotchange.This is unlikecontinuousmodelsin whichthestateof thesystemmaychangecontinuouslyover
time. As anextensionof Finite StateAutomata,theDEVS (DiscreteEventSystems)formalismcapturesconceptsfrom
DiscreteEventsimulation.As suchit is asoundbasisfor meaningfulmodelexchangein theDiscreteEventrealm.

1 The DEVS Formalism

TheDEVSformalismfits thegeneralstructureof deterministic,causalsystemsin classicalsystemstheory. DEVSallows
for the descriptionof systembehaviour at two levels. At the lowest level, an atomicDEVSdescribesthe autonomous
behaviour of a discrete-event systemasa sequenceof deterministictransitionsbetweensequentialstatesaswell ashow
it reactsto externalinput (events)andhow it generatesoutput(events). At thehigherlevel, a coupledDEVSdescribes
a systemasa networkof coupledcomponents.ThecomponentscanbeatomicDEVS modelsor coupledDEVS in their
own right. Theconnectionsdenotehow componentsinfluenceeachother. In particular, outputeventsof onecomponent
can become,via a network connection,input eventsof anothercomponent. It is shown in [Zei84a] how the DEVS
formalismis closedundercoupling: for eachcoupledDEVS,a resultantatomicDEVScanbeconstructed.As such,any
DEVS model,be it atomicor coupled,canbereplacedby anequivalentatomicDEVS.Theconstructionprocedureof a
resultantatomicDEVS is alsothebasisfor theimplementationof anabstract simulatoror solver capableof simulating
any DEVSmodel.As acoupledDEVSmayhave coupledDEVScomponents,hierarchical modellingis supported.

In thefollowing, thedifferentaspectsof theDEVSformalismareexplainedin moredetail.

1.1 The atomic DEVS Formalism

TheatomicDEVSformalismis a structuredescribingthedifferentaspectsof thediscrete-eventbehaviour of asystem:

atomicDEVS ��� S� ta � δint � X � δext � Y� λ ���
ThetimebaseT is continuousandis notmentionedexplicitly

T � � �
ThestatesetS is thesetof admissiblesequentialstates: theDEVS dynamicsconsistsof anorderedsequenceof states
from S. Typically, Swill beastructuredset(aproductset)

S �
	 n
i � 1Si �

This formalizesmultiple (n) concurrentpartsof a system.It is notedhow astructuredstatesetis oftensynthesizedfrom
thestatesetsof concurrentcomponentsin acoupledDEVSmodel.

The time thesystemremainsin a sequentialstatebeforemakinga transitionto thenext sequentialstateis modelledby
the timeadvancefunction

ta : S � ��

0 ��� ∞ �

As time in therealworld alwaysadvances,the imageof ta mustbenon-negative numbers.ta � 0 allows for therepre-
sentationof instantaneoustransitions:no time elapsesbeforetransitionto a new state.Obviously, this is anabstraction
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of reality which may leadto simulationartifacts suchasinfinite instantaneousloopswhich do not correspondto real
physicalbehaviour. If thesystemis to stayin anend-states forever, this is modelledby meansof ta � s����� ∞.

Theinternal� transitionfunction
δint : S � S

modelsthetransitionfrom onestateto thenext sequentialstate.δint describesthebehaviour of aFiniteStateAutomaton;
ta addstheprogressionof time.

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

Y ��	 l
i � 1Yi �

This formalizesmultiple (l ) outputports. Eachport is identifiedby its uniqueindex i. In a user-orientedmodelling
language,theindiceswouldbederivedfrom uniqueportnames.

Theoutputfunction
λ : S � Y ��� φ �

mapstheinternalstateontotheoutputset.Outputeventsareonly generatedby a DEVSmodelat thetime of an internal
transition.At thattime, thestatebefore thetransitionis usedasinput to λ. At all othertimes,thenon-eventφ is output.

To describethetotal stateof thesystemateachpoint in time,thesequentialstates � S is notsufficient. Theelapsedtime
e sincethesystemmadea transitionto thecurrentstates needsalsoto betaken into accountto constructthe total state
set

Q ����� s� e��� s � S� 0  e  ta � s�!�
The elapsedtime e takeson valuesrangingfrom 0 (transitionjust made)to ta � s� (aboutto make transitionto the next
sequentialstate).Often,the timeleft σ in astateis used:

σ � ta � s�#" e

Up to now, only an autonomoussystemwasdescribed:thesystemreceivesno external inputs. Hence,the input setX
denotingall admissibleinput valuesis defined.Typically, X will beastructuredset(aproductset)

X ��	 m
i � 1Xi

This formalizesmultiple (m) inputports.Eachport is identifiedby its uniqueindex i. As with theoutputset,port indices
maydenotenames.

ThesetΩ containsall admissibleinputsegmentsω

ω : T � X �$� φ �
In discrete-eventsystemmodels,aninputsegmentgeneratesaninputeventdifferentfrom thenon-eventφ only atafinite
numberof instantsin a boundedtime-interval. Theseexternalevents, inputsx from X, causethesystemto interruptits
autonomousbehaviour andreactin awayprescribedby theexternaltransitionfunction

δext : Q 	 X � S

Thereactionof thesystemto anexternaleventdependson thesequentialstatethesystemis in, theparticularinput and
the elapsedtime. Thus,δext allows for the descriptionof a large classof behaviours typically found in discrete-event
models(includingsynchronization,preemption,suspensionandre-activation).

Whenaninputeventx to anatomicmodelis not listedin theδext specification,theeventis ignored.

In Figure1, anexamplestatetrajectoryis givenfor anatomicDEVS model. In thefigure,thesystemmadean internal
transitionto states2. In theabsenceof externalinput events,thesystemstaysin states2 for a durationta � s2� . During
this period,theelapsedtime e increasesfrom 0 to ta � s2� , with the total state �%� s2 � e� . Whentheelapsedtime reaches
ta � s2� , first anoutputis generated:y2 � λ � s2� , thenthesystemtransitionsinstantaneouslyto thenew states4 � δint � s2� .
In autonomousmode,thesystemwould stayin states4 for ta � s4� andthentransition(after generatingoutput)to s1 �
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Figure1: StateTrajectoryof aDEVS-specifiedModel
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Figure2: Traffic light example

δint � s4� . Beforee reachesta � s4� however, an externalinput eventx arrives. At that time, thesystemforgetsaboutthe
scheduledinternaltransitionandtransitionsto s3 � δext �&� s4 � e��� x� . Notehow anexternaltransitiondoesnot give riseto
anoutput.Oncein states3, thesystemcontinuesin autonomousmode.

As an exampleatomicDEVS, considerthe modelof two traffic lights depictedin Figure2. In autonomousmode,the
light transitionin intuitive fashion.If the“switch to manual”(M) externaleventis received,lights in bothdirectionsblink
yellow. If the“switch to automatic”event is received, thesystemswitchesbackdeterministicallyto stateRY to resume
autonomousmode.TheatomicDEVSrepresentationis givenbelow.

DEVS �'� X � S� Y � δint � δext � λ � ta�
T � �
X ��� M � A �
ω : T � X ��� φ �
S ��� RG� RY� GR� YR� BB�
δint � RG�(� RY; δint � RY �)� GR
δint � GR�(� YR; δint � YR�(� RG
ta � RG�)� 60s; ta � RY �)� 10s
ta � GR�)� 50s; ta � YR�(� 10s
ta � BB�)��� ∞
δext �&� RG� e��� M �)� BB
δext �&� RY� e��� M �*� BB
δext �&� GR� e��� M �)� BB
δext �&� YR� e��� M �(� BB
δext �&� BB� e��� A�)� RY
Y �+� GREY � YELLOW� BLINK �
λ � RG�(� λ � RY �(� λ � GR�(� GREY
λ � YR�(� YELLOW
λ � BB�(� BLINK
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1.2 The coupled DEVS Formalism

ThecoupledDEVSformalismdescribesa discrete-eventsystemin termsof a network 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 thecoupledmodel.D is a setof
uniquecomponentreferences(names).Thecoupledmodelitself is referredto by meansof self , a uniquereferencenot
in D.

Thesetof componentsis
� Mi � i � D �-�

Eachof thecomponentsmustbeanatomicDEVS

Mi �'� Si � tai � δint . i � Xi � δext . i � Yi � λi ���0/ i � D �
The setof influenceesof a component,the componentsinfluencedby i � D �1� self � , is Ii. The setof all influencees
describesthecouplingnetwork structure

� Ii � i � D �$� self �2�-�
For modularity reasons,a component(including self ) may not influencecomponentsoutsideits scope–the coupled
model–,ratheronly othercomponentsof thecoupledmodel,or thecoupledmodelself :

/ i � D ��� self � : Ii 3 D �$� self �-�
This is further restrictedby the requirementthat noneof the components(including self ) may influencethemselves
directly asthis could causean instantaneousdependency cycle (in caseof a 0 time advanceinsidesucha component)
akin to analgebraicloop in continuousmodels:

/ i � D �$� self � : i 4� Ii �
Notehow onecanalwaysencodeaself-loop(i � Ii) in theinternaltransitionfunction.

To translateanoutputeventof onecomponent(suchasa departureof a customer)to a correspondinginput event (such
asthearrival of acustomer)in influenceesof thatcomponent,output-to-inputtranslationfunctionsZi . j aredefined:

� Zi . j � i � D �$� self �-� j � Ii �-�
Zself . j : Xself � Xj �0/ j � D �
Zi . self : Yi � Yself �0/ i � D �

Zi . j : Yi � Xj �0/ i � j � D �
Together, Ii andZi . j completelyspecifythecoupling(structureandbehaviour).

As a resultof couplingof concurrentcomponents,multiple statetransitionsmayoccurat thesamesimulationtime. This
is anartifactof thediscrete-eventabstractionandmayleadto behaviour notrelatedto real-lifephenomena.A logic-based
foundationto studythesemanticsof theseartifactswasintroducedby RadiyaandSargent[RS94]. In sequentialsimu-
lation systems,suchtransitioncollisionsareresolvedby meansof someform of selectionof which of thecomponents’
transitionsshouldbehandledfirst. This correspondsto theintroductionof priorities in somesimulationlanguages.The
coupledDEVSformalismexplicitly representsa select functionfor tie-breakingbetweensimultaneousevents:

select : 2D � D

select choosesauniquecomponentfrom any non-emptysubsetE of D:

select � E �5� E �
ThesubsetE correspondsto thesetof all componentshaving astatetransitionsimultaneously.
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1.3 Closure of DEVS under coupling

As mentionedbefore,it is possibleto constructa resultantatomicDEVS modelfor eachcoupledDEVS. This closure
undercouplingof atomicDEVS modelsmakesany coupledDEVS equivalent to an atomicDEVS. By induction,any
hierarchically coupledDEVS canthusbe flattenedto an atomicDEVS. As a result, the requirementthat eachof the
componentsof a coupledDEVS beanatomicDEVS canberelaxedto beatomicor coupledasthelattercanalwaysbe
replacedby anequivalentatomicDEVS.

Thecoreof theclosureprocedureis theselectionof themostimminent(i.e., soonestto occur)eventfrom all thecompo-
nents’scheduledevents[Zei84a]. In caseof simultaneousevents,theselect functionis used.In thesequel,theresultant
constructionis described.

FromthecoupledDEVS
� Xself � Yself � D �,� Mi �-�,� Ii �-�,� Zi . j �-� select ���

with all componentsMi atomicDEVSmodels

Mi ��� Si � tai � δint . i � Xi � δext . i � Yi � λi ���0/ i � D

theatomicDEVS
� S� ta � δint � X � δext � Y � λ �

is constructed.

Theresultantsetof sequentialstatesis theproductof thetotal statesetsof all thecomponents

S �
	 i 6 DQi �
where

Qi �+��� si � ei ��� s � Si � 0  ei  tai � si �!�-�0/ i � D �
Thetime advancefunctionta

ta : S � � 

0 �7� ∞

is constructedby selectingthemostimminentevent time, of all thecomponents.This means,finding thesmallesttime
remaininguntil internaltransition,of all thecomponents

ta � s��� min� σi � tai � si �#" ei � i � D �-�
A numberof imminentcomponentsmay be scheduledfor a simultaneousinternal transition. Thesecomponentsare
collectedin aset

IMM � s�8�+� i � D �σi � ta � s�!�-�
From IMM, a set of elementsof D, onecomponenti 9 is chosenby meansof the select tie-breaking function of the
coupledmodel

select : 2D � D
IMM � s�:� i 9

Output of the selectedcomponentis generatedbefore it makes its internal transition. Note also how, as in a Moore
machine,inputdoesnotdirectly influenceoutput.In DEVSmodels,onlyaninternaltransitionproducesoutput.An input
canonly influence/generateoutputvia aninternaltransitionsimilar to thepresenceof memoryin theform of integrating
elementsin continuousmodels. Allowing an external transitionto produceoutputcould leadto infinite instantaneous
loops.This is equivalentto algebraicloopsin continuoussystems.Theoutputof thecomponentis translatedinto coupled
modeloutputby meansof thecouplinginformation

λ � s��� Zi ;<. self � λi ; � si ; �&��� if self � Ii ; �
If the outputof i 9 is not connectedto the outputof the coupledmodel,the non-event φ canbe generatedasoutputof
thecoupledmodel.As φ literally standsfor no event,theoutputcanalsobeignoredwithout changingthemeaning(but
increasingperformanceof simulatorimplementations).
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Theinternaltransitionfunctiontransformsthedifferentpartsof thetotal stateasfollows:

δint � s�)�����&�&�=�!� s> j � e> j ���&�&�&�?��� where

� s> j � e> j �@� � δint . j � sj ��� 0� � for j � i 9 �
� � δext . j � sj � ej � ta � s��� Zi ;A. j � λi ; � si ; �&�&��� 0�B� for j � Ii ; �
� � sj � ej � ta � s�&� � otherwise�

Theselectedimminentcomponenti 9 makesan internaltransitionto sequentialstateδint . i ; � si ; � . Its elapsedtime is reset
to 0. All theinfluenceesof i 9 changetheir statedueto anexternaltransitionpromptedby aninputwhich is theoutput-to-
input translatedoutputof i 9 , with anelapsedtime adjustedfor thetime advanceta � s� . The influencees’elapsedtime is
resetto 0. Notehow i 9 is notallowedto beaninfluenceeof i 9 in DEVS.Thestateof all othercomponentsis notaffected
andtheir elapsedtime is merelyadjustedfor thetime advanceta � s� .
Theexternaltransitionfunctiontransformsthedifferentpartsof thetotal stateasfollows:

δext � s� e� x�*�����&�&�=�!� s>i � e>i ���&�&�&�C��� where

� s>i � e>i �@� � δext . i � si � ei � e� Zself . i � x�&��� 0�B� for i � Iself �
� � si � ei � e� � otherwise�

An incomingexternalevent is routed,with anadjustmentfor elapsedtime, to eachof thecomponentsconnectedto the
coupledmodelinput (aftertheappropriateinput-to-inputtranslation).For all thosecomponents,theelapsedtime is reset
to 0. All othercomponentsarenotaffectedandonly theelapsedtime is adjusted.

Somelimitationsof DEVSarethat

D a conflict dueto simultaneousinternalandexternaleventsis resolvedby ignoringtheinternalevent. It shouldbe
possibleto explicitly specifybehaviour in caseof conflicts;D thereis limited potentialfor parallelimplementation;D theselect functionis anartificial legacy of thesemanticsof traditionalsequentialsimulatorsbasedonaneventlist;D it is notpossibleto describevariablestructure.

Someof thesearecompensatedfor in parallelDEVS(seefurther).

1.4 Implementation of a DEVS Solver

The algorithmin Figure3 is basedon the closureundercouplingconstructionandcanbe usedasa specificationof a
–possiblyparallel–implementationof a DEVS solver or “abstractsimulator” [Zei84a, KSKP96]. In an atomicDEVS
solver, thelasteventtime tL aswell asthelocal states arekept. In a coordinator, only thelasteventtime tL is kept. The
next-event-timetN is sentasoutputof eithersolver. It is possibleto alsokeeptN in thesolvers.This requiresconsistent
(recursive) initializationof thetNs. If kept,thetN allowsoneto checkwhetherthesolversareappropriatelysynchronized.
Theoperationof anabstractsimulatorinvolveshandlingfour typesof messages.The � x � f rom� t � messagecarriesexternal
input information. The � y� f rom� t � messagecarriesexternaloutputinformation. The �7E-� f rom� t � and � done� f rom� tN �
messagesareusedfor scheduling(synchronizing)theabstractsimulators.In thesemessages,t is thesimulationtimeand
tN is thenext-event-time.The �7E-� f rom� t � messageindicatesaninternalevent E is due.

Whena coordinatorreceivesa �7E-� f rom� t � message,it selectsan imminentcomponenti 9 by meansof the tie-breaking
functionselect specifiedfor thecoupledmodelandroutesthemessageto i 9 . Selectionis necessaryastheremaybemore
thanoneimminentcomponent(with minimumnext remainingtime).
Whenanatomicsimulatorreceivesa �7E-� f rom� t � message,it generatesanoutputmessage� y� f rom� t � basedon theold
states. It thencomputesthenew stateby meansof theinternaltransitionfunction.Notehow in DEVS,outputmessages
areonly producedwhile executinginternalevents.Whenasimulatoroutputsa � y� f rom� t � message,it is sentto its parent
coordinator. Thecoordinatorsendstheoutput,afterappropriateoutput-to-inputtranslation,to eachof theinfluenceesof
i 9 (if any). If thecoupledmodelitself is aninfluenceeof i 9 , theoutput,afterappropriateoutput-to-outputtranslation,is
sentto thethecoupledmodel’s parentcoordinator.

Whena coordinatorreceivesan � x � f rom� t � messagefrom its parentcoordinator, it routesthemessage,afterappropriate
input-to-inputtranslation,to eachof theaffectedcomponents.
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message m simulator coordinator

�7E-� f rom� t � simulator correct only if t � tN

y F λ � s� send �7E-� self � t � to i 9 , where
if y G� φ : i 9 � select � imm children�

send � λ � s��� self � t � to parent imm children �+� i � D �Mi � tN � t �
s F δint � s� active children F active children �$� i 9 �
tL F t
tN F 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 F t " tL / i � Iself :
s F δext � s� e� x� send � Zself . i � x��� self � t � to i
tL F t active children F active children ��� i �
tN F tL � ta � s�
send � done� self � tN � to parent

� y� f rom� t � / i � I f rom H � self � :
send � Zf rom. i � y��� f rom� t � to i
active children F active children ��� i �

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

� done� f rom� t � active children F active children H � f rom�
if active children � /0:

tL F t
tN F min� Mi � tN � i � D �
send � done� self � tN � to parent

Figure3: DEVSSimulationProcedure
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t F tN of topmost coordinator
repeat until t I tend (or some other termination condition)

send �7E-� meta � t � to topmost coupled model top
wait for � done� top � tN �
t F tN

Figure4: DEVSSimulationProcedureMain Loop

Whenanatomicsimulatorreceivesan � x � f rom� t � message,it executestheexternaltransitionfunctionof its associated
atomicmodel.
After processingan � x � f rom� t � or � y� f rom� t � message,asimulatorsendsa � done� f rom� tN � messageto its parentcoordi-
natorto preparea new schedule.Whena coordinatorhasreceived � done� f rom� tN � messagesfrom all its components,it
setsits next-event-timetN to theminimumtN of all its componentsandsendsa � done� f rom� tN � messageto its parentcoor-
dinator. Thisprocessis recursively applieduntil thetop-level coordinatoror root coordinator receivesa � done� f rom� tN �
message.

As the simulationprocedureis synchronous,it doesnot supporta-synchronouslyarriving (real-time)external input.
Rather, theenvironmentor ExperimentalFrameshouldalsobemodelledasaDEVS component.

To run a simulationexperiment,the initial conditionstL ands mustfirst be setin all simulatorsof thehierarchy. If tN
is kept in the simulators,it mustbe recursively settoo. Oncethe initial conditionsareset,themain loop describedin
Figure4 is executed.

2 The parallel DEVS Formalism

As DEVS is a formalizationandgeneralizationof sequentialdiscrete-event simulatorsemantics,it doesnot allow for
drasticparallelization.In particular, simultaneouslyoccurringinternaltransitionsareserializedbymeansof atie-breaking
select function. Also, in caseof collisions betweensimultaneouslyoccurringinternal transitionsandexternal input,
DEVS ignoresthe internaltransitionandappliesthe externaltransitionfunction. Chow [Cho96] proposedtheparallel
DEVS(P-DEVS)formalismwhichalleviatessomeof theDEVSdrawbacks.In anatomicP-DEVS

atomicP " DEVS ��� S� ta � δint � X � δext � δconf � Y � λ ���
themodelcanexplicitly definecollisionbehaviour by usinga so-calledconfluenttransitionfunctionδconf .

Only δext , δconf , andλ aredifferentfrom DEVS.

Theexternaltransitionfunction
δext : Q 	 Xb � S

now acceptsabag of simultaneousinputs,elementsof theinputsetX, ratherthanasingleinput.

Theconfluenttransitionfunction
δconf : S 	 Xb � S

describesthestatetransitionwhenascheduledinternalstatetransitionandsimultaneousexternalinputscollide.

An atomicP-DEVSmodelcangeneratemultiple simultaneousoutputs

λ : S � Yb

in theform of abagof outputvaluesfrom theoutputsetY.

As conflictsarehandledexplicitly in theconfluenttransitionfunction,theselect tie-breakingfunctioncanbeeliminated
from thecoupledDEVSstructure:

coupled P " DEVS ��� Xself � Yself � D �,� Mi �-�,� Ii �-�,� Zi . j �2�J���
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In this structure,all componentsMi areatomicP-DEVS

Mi ��� Si � tai � δint . i � Xi � δext . i � δconf . i � Yi � λi ���0/ i � D �

For theproofof closureundercouplingof P-DEVSaswell asfor thedescriptionof anefficientparallelabstractsimulator,
see[Cho96].

References

[Cho96] A.C.-H. Chow. Parallel DEVS: A parallel, hierarchical,modularmodelingformalism and its distributed
simulator. Transactionsof theSocietyfor ComputerSimulationInternational, 13(2):55–68,June1996.

[KSKP96] Ki HyungKim, YeongRakSeong,TagGonKim, andKyu Ho Park. Distributedsimulationof hierarchical
DEVS models: Hierarchicalschedulinglocally and time warp globally. Transactionsof the Societyfor
ComputerSimulationInternational, 13(3):135–154,September1996.

[Nan81] RichardE. Nance. The time andstaterelationshipsin simulationmodeling. Communicationsof theACM,
24(4):173–179,April 1981.

[RS94] Ashvin RadiyaandRobertG. Sargent. A logic-basedfoundationof discreteeventmodelingandsimulation.
ACM TransactionsonModelingandComputerSimulation, 1(1):3–51,1994.

[Zei84a] BernardP. Zeigler. MultifacettedModellingandDiscreteEventSimulation. AcademicPress,London,1984.

[Zei84b] BernardP. Zeigler. Theoryof ModellingandSimulation. RobertE. Krieger, Malabar, Florida,1984.

10


