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ABSTRACT
This paperpresentsthesimulationtechniquesthatareavailablein
Metropolis, an inter-disciplinary researchproject that developsa
designmethodology, supportedby a comprehensive designenvi-
ronmentandtool set, for embeddedsystems.Systembehavior is
non-deterministicin general,especiallyin thebeginningof thede-
sign process,whenseveral key decision,suchasthe mappingon
animplementationplatform,have not yet beenmade,andthusthe
tracesobtainableby simulationarenotuniqueevenunderthesame
input sequence.Onemay want to visit as many tracesaspossi-
ble for regressiontestsat the final stageof designs,or may just
needonevalid tracefor aquickvalidationof thedesignat anearly
stage.Our techniquescanadaptto thesedifferentobjectiveseasily.
They arealsoplatform-independentin thatsimulationusingdiffer-
ent languages,suchasSystemC2.0,Java, andC��� with a thread
library, are possible. This featureis importantfor co-simulation
betweendesignscapturedin Metropolisandthosethat have been
alreadydesignedin otherlanguages.

1. INTRODUCTION
Theability to capturenon-determinismis crucialin embeddedsys-
temspecifications.Onesourceof non-determinismis concurrency
resolution. Systemarchitectureusually involves several compo-
nentsthat operateconcurrently, and effective exploitation of the
concurrency is a key to realizinganefficient implementation.Sys-
tembehavior is alsooftenmodeledwith concurrency, but thiscon-
currency doesnotusuallymatchwith theconcurrency of thearchi-
tecture.Therefore,how to transformtheconcurrency of thebehav-
ior to the onein the architectureis an importantdesignproblem.
Theconcurrency resolutionis oneaspectof thisproblem,wherean
acceptablesequenceof eventsis obtainedfrom a concurrentsetof
eventsequences.Suchasequenceis notuniquein general,andof-
tenremainsnon-deterministicuntil informationsuchasscheduling
algorithms,executionspeed,or arrival time of externaleventsbe-

comesavailable1. Thisnon-determinismdefinesthesolutionspace
thatcanbeexploredfor finding implementations,andservesasthe
basisfor makingcritical designdecisionssuchasschedulingpoli-
cies.Non-determinismis sometimesunavoidablein specifications.
For example,dependinguponwhich inputsarrive first, onemay
want to take differentactions.This non-determinismfor example
arisesin digital filters with dynamicupdatesof coefficients. Non-
determinismis alsousefulto modelabstractedbehavior of certain
components,suchastheenvironment.Sincedetailsof thebehavior
arenotspecified,thedescriptionbecomessimplerwhile thebehav-
ior becomesnon-deterministic.

Meta-modelis a languagewith a rigorousexecutionsemanticsand
specificationmechanisms,with whichthiskindof non-determinism
canbespecifiedeasily[2]. It is usedasthe internalmeansto rep-
resentdesignsin theMetropolisdesignenvironment.It is designed
so thatvariouscomputationandcommunicationsemanticscanbe
specifiedusingcommonbuilding blocks,andserves as input for
simulationaswell as for synthesisandverificationmethods.Es-
sentially, themeta-modelspecifiesnetlistsof communicatingpro-
cesses,eachexecutinga sequentialprogram. Eachprocesspro-
gressesat its own speed,so at any point of time any numberof
processescantake theirnext “step”, if they arenotblockedexecut-
ing aspecialsynchronizationconstructcalledawait. Whichsubset
of processestake a “step” at any givenpoint in time is subjectto a
non-deterministicchoice.

Non-determinismposesuniqueverificationproblems. Tradition-
ally, systemsareverified by simulatingtheir responseto a given
setof stimuli. However, with non-determinism,theremaybemany
valid responses,andit is impossibleto know whichonewill beex-
hibited by the final implementation.It is thusnot clearwhat the
valueof simulationis in this setting,or even what shouldbe the
resultof a simulationrun. Onemay be temptedto resortto for-
mal verificationmethodsto reasonaboutall possibleresponsesat
once,but currentformal verificationtoolsarefar from beingable
to completelyverify today’s systems.Therefore,simulationstill
plays,andwill continueto play, an importantpracticalrole when
exploring thedesignspaceandverifying theoverall systembehav-
ior. In this paper, we proposean approachthat clarifies the role
of simulationin the presenceof non-determinism.It is basedon�
While undercertainassumptionsconcurrenteventsatoutputscan

be uniquelyresolved for given inputsregardlessof scheduling,it
is arguedthat theassumptionshold in only limited casesin recent
applications[4].



(i) formalexecutionsemanticsof themeta-modelthatpreciselyde-
finesacceptablebehaviors, and(ii) a genericsimulationalgorithm
that allows exhibiting oneof the acceptablebehaviors for a given
input stimulus. Which behavior is selected,dependson the mi-
nor modificationof the algorithm. The choicemay be driven by
differentobjectivesatvariouslevelsof abstractionor atvariousde-
signstages.In thebeginning,onemayusesimulationonly to see
somesequenceof eventswhich is legal with respectto theexecu-
tion semantics.This is convenientto quickly validatebehavior just
specifiedor to find trivial mistakes. Thus,at this stage,onemay
opt for themodificationof thealgorithmthatoptimizessimulation
time. At a later stageof the design,onemaywant to simulateas
many legal sequencesaspossiblein order to evaluatethe design
morethoroughly, approachingthecoveragebreadththatwould be
ensuredby formal verificationtechniques;this is often necessary
for regressiontests.At this stage,onemayopt for maximallyran-
domizedmodificationwhichcanexhibit themostbehaviors. Also,
aninteractiveversionmaybeappropriatewhile definingaschedul-
ing policy to beimplemented.In thiscase,onemaywantto seeall
theeventsthatcantake placeat a particularpointduringa simula-
tion andthento chooseinteractively oneevent to seetheeffect of
suchaschedulingpolicy.

Conceptually, theproposedalgorithmalternatestwo phases,where
processesrunin onephaseandthemanager runsin theotherphase.
Themanagercontrolsthesimulationflow. It keepstrackof all the
eventsthatcanlegally take placeat a givenpoint of theexecution,
andcanusevariousfunctionsto determineanorderof theevents.
For example,onevalid ordermaybeobtainedby usinga random-
ized function, which may be useful to hit cornercases.Alterna-
tively, all theseeventsmaybedisplayedto theusersothathecan
interactively chooseoneof themat a time in orderto evaluatevar-
iousschedulingpolicies. Oncea schedulingpolicy is determined,
it canbeeasilyspecifiedin themeta-modelusinga specialobject
calledscheduler, which is thentakeninto accountin thesimulation
algorithmto resolve thenon-determinism.

The underlyingmechanismalso makes the simulationalgorithm
applicablein differentplatforms. Onetypeof platformsis a con-
figurationof simulationengines.If onechoosesa multi-processor
simulationplatformin orderto utilize theconcurrentexecutionas
muchaspossible,theeventscanbedistributedover theprocessors
sothatthey runconcurrentlyuntil thenext synchronizationpoint is
reachedby someprocessor. If on theotherhandasingleprocessor
is usedfor the simulation,the concurrenteventsare fully serial-
izedandthealgorithmtriesto minimizethenumberof alternations
betweenthetwo phases.

Theothertypeof platformsis languagesusedfor simulation.In our
approach,insteadof generatingmachinecodedirectly from meta-
modeldescriptions,we translatethe meta-modelto an executable
language,which is combinedwith the simulationalgorithmalso
implementedin the samelanguage.The actualsimulationis then
carriedout in termsof the resultinglanguage.This featureis im-
portantto co-simulatedesignscapturedin themeta-modeltogether
with existingdesignsthathave beenalreadyspecifiedin otherlan-
guages. We have testedthis approachin SystemC2.0 [9, 10],
Java[1], andC��� with a threadlibrary.

1.1 RelatedWork
Therearemany environmentsin which systemsaredescribedas
networks of concurrentprocessesexecutingsequentialcode, in-
cludingSpecC[5], SystemC[9], andPtolemy[3]. Many of these,

attemptto resolve the concurrency uniquely, largely eliminating
non-determinism(at least from this source). This approachhas
someclear advantagefor high-level modeling,as simulationre-
sultsarerequiredto beidenticalacrossdifferentsimulatorrunsand
even differentsimulatorimplementations.However, theapproach
hassomedisadvantageswhenit comesto implementation.Resolv-
ing theconcurrency in exactly thesameway asin thesimulatoris
oftenprohibitively expensive andunnecessaryin the implementa-
tion. Soin practicebehaviors of theimplementationsarecloseto,
but rarely identicalto behaviors of high-level models.This means
that implementationscannotbe automaticallyverified. A signifi-
cantdesigner’s effort is neededto analyzeimplementationbehav-
iorsor comparethemwith behaviorsof high-level modelsto check
thatthedifferencesbetweenthetwo arestill acceptable.

In our approach,in contrast,the acceptabledifferencesare pre-
ciselydefinedby formal executionsemantics.It is not hardto ex-
tractfrom thisdefinitionsimulationmonitorswhichmaycheckau-
tomaticallythat behaviors of thedetailedimplementationarealso
possiblebehaviorsof thehigh-level models.

Approachesin Specmen[11] andVerisoft[6] aresimilar to oursin
thatthey definepreciselyasetof non-deterministicchoicesfor the
systembehavior. However, both of this approachesareburdened
with significantoverhead.In caseof Specmen,theoverheadis due
to thefactthatthesetof choicesis definedby constraints,andfind-
ing a legal choicerequiressolvinga setof constraints,which may
beexpensive. In contrast,in ourapproach(andalsoin Verisoft),the
setof legal choicesfollows immediatelyfrom theprogressof con-
currentprocess.However, unlike Verisoft,wemake no attemptsto
exhaustively searchthespaceof legalchoices,eliminatingthusthe
bookkeepingoverhead.Ourapproachtakesthebestof bothworlds:
useof non-determinismto preciselydefinedesignspaceavailable
to implementation,anduseof efficient conventionalsimulationfor
verification.

Therestof this paperis organizedasfollows. Section2 describes
key aspectsof themeta-modelandits underlyingexecutionseman-
tics. Section3 introducesthesimulationalgorithmandshows how
variousobjectivescanbeachieved. In Section4,wedescribeissues
addressedin implementingthe algorithm in the threeexecutable
languagesabove. Finally, Section5 concludesthepaper.

2. EXECUTION SEMANTICS
In themeta-modela systemis specifiedasa network of processes.
Eachprocessis asequentialprogram,andcommunicateswith other
processesthroughmedia. Thesemanticdomainweuseto interpret
executionsof meta-modelnetlistsis a setof sequencesof observ-
ableevents. An observableevent is thebeginningor theendingof
anobservableaction, andobservableactionsarecallsof functions
implementedin mediaobjects. While the behavior is definedby
observableactionsonly, wealsouseotheractionsto helpusdefine
the semantics.This extendedsetof actionsincludeall the state-
mentsof theprogram.

With eachaction� weassociatetwo events, � � indicatingthestart
of anexecutionof � , and� 	 indicatingtheend.Foreachprocess

wedefinethesetof eventsthatcontains� � and � 	 for eachaction� of 
 , anda specialsymbol � �  , indicating that no eventsare
occuringin 
 . Eventvectors arevectorsthatcontainanevent for
eachprocessin thesystem.They completelycharacterizeactivities
in thesystemat any givenpoint in time.



The executionof netlistsevolvesthrougha sequenceof states. A
stateof theprogramconsistsof twoparts.Thefirst is thestateof the
memorywhichconsistsof assignmentsto statevariables. Thesec-
ondpartof thestatecorrespondsintuitively to theprogramcounter.
We representthis part of the statewith statesof action automata
definedover thealphabetof eventvectors.We associateanaction
automatonwith eachaction. Thestateof anactionautomatonin-
dicateswhetherthecorrespondingstatementor expressionis being
executedor not. By combiningall thesestates,we canprecisely
determinethe locationpointedby the programcounter. The tran-
sition relationof actionautomataenforcesthepropersequenceof
thebeginningandendingof statementexecutions.

Even thoughaction automatahave a few non-standardfeatures,
they canbereadilyunderstoodbasedon standardautomatadefini-
tion. Therefore,weintroduceactionautomatahereonly informally,
andrefertheinterestedreaderto [2] for thefull formaldefinition.

Thesyntaxandsemanticsof themeta-modelis in greatpartsimilar
to standardsequentialprogramminglanguageslike C++ or Java.
Justlike theselanguagesthemeta-modelhastheconditionalstate-
ment

if � expr � then stmt� else stmt���
Weuseanactionautomatonfor thisstatement(shown in Figure1)
to introduceactionautomatain general.Theactionautomatonin
Figure1 hasthe initial statethat is not drawn (to reducethe clut-
ter). We assumethatany transitionwithout present(next) stateis
comingfrom (leadingto) theinitial state.Transitionsof actionau-
tomataarelabeledwith expressionof theform ��� � , whereguard� denotesa setof states,and � is a setof event-vectors.A tran-
sition can occur only if the currentglobal stateis in � , and the
currenteventvectoris in � . For example,thetransitionlabeled:�

expr ���� � stmt� �
is enabledif the currentvalueof statevariable

� � � �  
is not zero.

(
�

expr is the memorylocation wherethe value of expressionis
stored.)Whenthetransitionoccurs,stmt� mustbegin. Notethatwe
useasymbolin thealphabetof aprocessto denotethesetof event-
vectorssuchthat thecomponentof thesevectorscorrespondingto
the processis equalto the symbol. For example,stmt� � denotes
thesetof all event-vectorswhosecomponentcorrespondingto the
processtakingtheactionis stmt� � .

If the transitionis unguarded,i.e. if � containsall global states,
thenwewrite just � insteadof ��� � (e.g. transitionlabeled! � in
Figure1). Finally, everystatein Figure1 hasaself-loop,whichwe
omit to furtherreducetheclutter, andput thelabelof theself-loop
directly on thestate.It shouldnow beclear, thataccordingto Fig-
ure 1, after the conditionalstatementstartsexecuting,the process
cantakenootheractionuntil theconditionalexpressionstartsto ex-
ecute.Whenthis is finished,oneof thetwo statementis executed
next, basedon thevalueof

�
expr.

Onemeta-modelconstructthatis verydistinctform sequentialpro-
gramminglanguagesis await. Thesyntaxof await is:

await " � # � $ %&� $ '&� � stmt� ( ( ( � # ) $ % ) $ '*) � stmt) +,�
Statementsappearinginsideanawait, likestmt� , � � � , stmt) above,
arecalledcritical sections. Whenan await statementis reached,
oneof the critical sectionsstmt- is executed,but only if it is en-
abled. Whetherstmt- is enableddependson theguard # - , testlist

% - , andsetlist ' - . Theguard# - is anexpressionthatmustbesatis-
fied for stmt- to beenabled.Lists %*- and '*- specifysetsof actions
denotedby . . % - / / and . . '*- / / respectively. Detailson syntaxof test
andsetlists, andhow to determine. . %*- / / and . . ' - / / from thesyntax
arenot relevanthere(they canbefoundin [2]), exceptfor thefact
that . . %*- / / and . . ' - / / cancontainonly critical sectionsandobservable
actions.It is usefulto imaginethata reservationflag is associated
with eachaction. A flag canberaisedeitherimplicitly, by theac-
tion beingexecuted,or explicitly, by specifyingtheactionin theset
list of somecritical section.Thestatementstmt- is not enabledas
long asany of theflagsin . . %*- / / is raised,i.e. aslong asany of the
actionsin . . % - / / is beingexecuted.Startingstmt- setsall theflagsin. . '*- / / , disablingthusall actionsthattestany of theseflags.

Formally, thesemanticsof theawait statementis givenby theac-
tion automatonin Figure2. Thekey to understandingthesemantics
of await is understandingthelabelthatmarksthestartof a typical
critical section:

True� # - � 0 Active� . . %*- / / � � stmt�- 0 Start� . . ' - / / �1�
Thesetof globalstatesTrue� # - � containsall states2 suchthatexe-
cuting # - startingfrom 2 mayproducea valuedifferentfrom zero,
assumingthatotherprocessestakenoactionsduringthisexecution.
Active� 3�� denotesthesetof statesin which at leastoneof theac-
tionsin 3 is beingexecuted.Thus,the 4 -th critical sectioncanstart
only if # - may evaluateto a valuedifferentfrom 0 in the current
state,andno actionsin . . % - / / is active. Start� 3�� denotesthesetof
eventvectorsthatcontainthebeginningof at leastoneactionin 3 .
It followsthatnoactionin . . ' - / / canstartexecutingatthesametime
asstmt- . Furthermore,theself-looplabelin Figure2 ensurethatno
actionsin . . ' - / / canstartexecutinguntil stmt- finishesits execution.

3. SIMULA TION ALGORITHMS
In this section,we presenta genericalgorithmto simulatea meta-
modelnetwork. It assumesanunderlyingmulti-threadingcapabil-
ity, so that a separatethreadcanbe associatedwith eachprocess,
Mediaobjectsaresharedbetweenthreads.Overall, thesimulation
consistsof two steps.In thefirst step,wegeneratesimulationcode
from ameta-modeldescription.Thiscodeis in thetargetlanguage
(Javaor C5�5 ), andincludescallsto thesimulationmanagerfunc-
tions, that we will introduceshortly. The generatedcodeis then
compiled,linked with thesimulationmanagerfunctions,andexe-
cuted,possiblyusinganappropriatedebugger.

An importantparameterof our algorithm is manager’s function
Yield(set ' ). Yield takesasargumentasetof threads' andselects
oneor moreof themto run. Choosingdifferentselectioncriteria
will leadto differentspecificsimulationalgorithms.In additionto
selectioncriteria,thealgorithmmayalsobemodifiedby choosing
a setof locationsin thecodewhereYield is called.Whenpresent-
ing our algorithm,we specifyonly a minimum numberof places
whereYield must be called. However, at locationswhereYield
couldbecalled,we specifysucha call asa comment.Modifying
analgorithmis thenassimpleasun-commentingthesecalls.

At thebeginningof a designprocess,it maybeappropriateto use
a simulatorwith asfew calls to Yield aspossible,andto choosea
simpleYield that selectsa singleprocess.Both of thesechoices
reducethe overhead,resultingin shortersimulationtimes. At the
later designstages,to checkasmany tracesaspossible,it makes
senseto have asmany calls to Yield aspossible,andto usea se-
lectioncriterionthatis likely to cover a lot of possibilities.Sucha
criterionmaybebasedon a randomchoice,or possiblyon a more



687 9 :<;>= 7 ?A@ 7 BA@ C D E1D ? F @ C D E1D BF @ C D E1D ?G @ C D E1D BGIH

J KL L M N O P Q R P S KL L L L M T J S Q Q R P S UL L L L M N O P
V W X Y Z [\*] ^ _ ` aI` K bL L L L L L L L L L M T J S Q _ ` aI` UbL L L L M
V W X Y Z \*] ^ _ ` aI` KcL L L L L L L L L L M T J S Q _ ` aI` UcL L L L M

N O P J UL L M

Figure1: Action automaton d1e e 7 f f in case
7

is if g expr h then stmt
F

else stmt
G
.

687 9 :8;�= 7 ? @ 7 B @ C D E1D ? F*@ C D E1D BF&@ i i i @ C D E1D ?jA@ C D E1D Bj H

J KL L M N O P
k S l Q m n b o p q r ` s t Q m u u k b v v o ^ _ ` aI` K b p w ` J S ` m u u w b v v oL L L L L L L L L L L L L L L L L L L L L L L L L L L L M T J S Q p w ` J S ` m u u w b v v o _ ` aI` UbL L L L M

...k S l Q m n x o p q r ` s t Q m u u k x v v o ^ _ ` aI` Kx p w ` J S ` m u u w x v v oL L L L L L L L L L L L L L L L L L L L L L L L L L L L M T J S Q p w ` J S ` m u u w x v v o _ ` aI` UxL L L L M
N O P J UL L M

Figure2: Automaton dye e 7 f f in case
7

is await
= g z F { |*F { }&F h stmt

F { ~ ~ ~ g z j { | j { } j h stmt
j { H

.

intelligentchoicethat triesto directsimulationto a previously un-
visitedportionof thestatespace[7]. Evenfurtheron in thedesign
process,when decisionson the implementationplatform and its
schedulingalgorithmhave beenmade,it makessenseto usea ver-
sionof Yield thatmodelsthat specificschedulingalgorithm. The
choiceof Yield maybepartially drivenby thesimulationplatform
as well. For a single-processorplatform, Yield that selectsone
threadmay be satisfactory, but choosingYield that selectsmulti-
ple threadswill make it mucheasierto take advantageof a multi-
processorplatform.

Let usnow introducesomenotationusedby thealgorithm.Weuse
Proc to denotethesetof processesin thesystem,Obsto denotethe
setof all observableactions,andCrit to denotethesetof all critical
sections.For eachaction

71�
Obs � Crit we use

7 i
proc

�
Proc to

denotetheprocessexecutingit. In addition,for eachcritical section7��
Crit we use

7 i
test � Obs � Crit to denotethesetof actions

specifiedby thetestlist associatedwith
7

, and
7 i

set � Obs � Crit
to denotethesetof actionsspecifiedby thesetlist associatedwith7
. Finally, we use

7 i
guard g h to denotethe functionwhich, when

called,evaluatestheguardof
7

in thecurrentstate.

During thesimulation,themanagermaintainssetsReady � Proc
andActive � Obs � Crit andBlocked � Obs � Crit. An actionis
in Activeif it is currentlybeingexecuted.An actionis in Blocked
if theexecutionflow hasreachedit, but it cannotbeexecutedyet.
Therearetwo kindsof reasonswhy anactionmaybe block. The
first is thatit cannotstartuntil someotheractionfinishes,dueto set
list constraints.Theotherreasonis thataguardof acritical section
may not be satisfied.A processis in Readyif noneof its actions
is in Blocked, or the simulatorcannotbe surethat actionsof the
processthat arein Blocked arestill blocked. This happenswhen
anactionin Blocked no longerhasto wait for any otheractionsto
finish. If that action is observable, than it is certainlyno longer
blocked. However, if thatactionis a critical section,we still need
to re-evaluateits guardto checkif it is blocked.

For themostparts,simulationcodegenerationis asimpletransfor-
mationrequiringonly minorchangesto accountfor syntacticaldif-
ferencesbetweenthemeta-modelandthetargetlanguage.Thetwo

BegObsAction(action � ) �
// Yield(UpdateReady());�
if (Blocking� � �I���� ) ��

Ready� Ready�1� � � proc� ;�
Blocked � Blocked ��� � � ;�
Yield(UpdateReady());�
Blocked � Blocked �1� � � ;��

Active � Active ��� � � ;
// Yield(UpdateReady());H

EndAction(action � ) �
// Yield(UpdateReady());�
Active � Active �1� � � ;
// Yield(UpdateReady());H

setUpdateReady() ��
Ready

;
Ready� = 7 i � 9 � � � 7y� Blocked

@
Blockingg 7 h ;�� H ;�

return Ready;�
Figure3: FunctionsBegObsAction and EndAction.

exceptionsare calls to observable actions,andawait statements,
whichwediscussin thefollowing sections.

3.1 Executingobservable actions
Considera typical observableactionf(...);, andlet

7��,�8� C
beits

uniquedescriptor. Suchapieceof codeis replacedwith:

BegObsAction(
7

);
f(...);
EndAction(

7
);

wherefunctionsBegObsAction andEndAction areasdefinedin
Figure 3. The set Blockingg 7 h containsall active actionswhich
must finish before

7
canstart. If

7
is an observable action than

Blockingg 7 h containsall activecritical sectionswhosesetlist spec-
ifies

7
. If
7

is acritical section,thenBlockingg 7 h containsall active



actionsspecifiedby its testlist. Formally:

Blocking� � �&  ¡£¢ ¤8¥ Active ¦ Crit § � ¥1¤ ¨ set© if � ¥ Obs ª
Active¦1� ¨ « ¬  « if � ¥ Crit

¨

In Figure 3, to start an observable action, we first checkif it is
blocked. If that is thecase,we updateReadyandBlocked accord-
ingly, andyield the control. The control canreturnto this thread
only if the processgetsback to Readywhensomeotherprocess
executesUpdateReady. Thispropertyis aninvariantof our algo-
rithm. It is certainlysatisfiedby the codein Figure3, even if all
callsto Yield areun-commented.It is alsopreservedby othersim-
ulationmanager’s functionsthatwe will introducelater. It follows
from this propertythat Blocking� � � is empty after the execution
proceedbeyondthecall to Yield. Thus,weremove � from Blocked,
put it in Activeandcontinuewith thecall to theobservableaction.
Whenthatcall finishesweremove � from Activein EndAction.

In additionto callingYield whenanactionis blocked,wecanalso
call it at theentrancesandexits of BegObsAction andEndAction.
However, we assumethatmanager’s functionsareexecutedatom-
ically, except for calls to Yield.2 This is not a problemif Yield
selectsa singlethread,becausethereis alwaysa singlethreadac-
tivebetweentwo Yield calls. If Yield selectsmorethanonethread,
thencareshouldbetakento avoid hazardswhile accessingReady,
Active, andBlocked.

3.2 Executingcritical sections
Considera typicalawait statement:

await
¢ � ® ¯ ° ±&¯ ° ²&¯ � stmt̄ ³ ³ ³ � ® ´ ° ± ´ ° ²*´ � stmt́ ©,ª

andlet µ ¯ ª ¨ ¨ ¨ ª µ ´ ¥ Crit bedescriptorsof critical sectionsstmt̄ ,¨ ¨ ¨
,stmt́ . Suchanawait statementis replacedwith thefollowing

pieceof code:

switch(ChooseCritSec(
¢ µ ¯ ª ¨ ¨ ¨ ª µ ´ © )) ¢

caseµ ¯ : stmt̄ ;
EndAction(µ ¯ );
break;

...
caseµ ´ : stmt́ ;

EndAction(µ ´ );
break;©

Our first attemptat specifyingfunctionChooseCritSec is shown
in Figure4. Wefirst checkif any of thecritical sectionsis enabled
(line 4). If we find an enabledcritical section,we activate and
returnit. Otherwise,weaddall critical sectionsto Blocked, remove
the currentprocessfrom Ready, andyield the control. Whenthe
controlreturns,were-checkall critical sections,andif wefind that
one is now enabledwe remove all critical sectionsfrom Blocked
(they areno longercandidatesfor execution). Note that contrary
to other calls to Yield, we do not updateReadybeforeyielding
the control in line 10. The reasonis that we want to avoid end-
lessloopingwhereaprocessis foundreadybecauseBlocking� µ � is
emptyfor someof its critical sections,but theguardof µ is false.To
ensurethatthisdoesnothappen,weupdateReadyin line 1, where
we know thatsomeactualprogress,which might have causesome
statechange,haveoccurred.¶
Wewill describelaterhow oneimplementationrelaxessomewhat

this requirement.

actionChooseCritSec(actionSetCritSecs) ·¸
UpdateReady();
// Yield( ¹Aº » ¼ ½ );¾
while (1) ·¿

foreach(ÀIÁ CritSecs) ·Â
if (BlockingÃ À Ä*Å�Æ�Ç�À È guard Ã ÄIÉÅ�Ê ) ·Ë

Active Å Active ÌÍ· À Î ;Ï
Blocked Å Blocked Ð CritSecs;
// Yield(UpdateReady());Ñ
return À ;ÎÎÒ

ReadyÅ ReadyÐ1· Ó Ô Õ ÀIÁ CritSecsÖ&Ó�Å×À È procÎ ;Ø
Blocked Å Blocked Ì CritSecs;¸ Ê Yield(Ready);Î8Î

Figure4: Simplified versionof ChooseCritSec.

The algorithmin Figure4 runs into troublesif guardsof critical
sectionscontaincallsto functionsthatincludeawait statement.In
general,evaluatinga guardmay have threeoutcomes:returning
with avaluezero,returningwith avaluedifferentfrom 0, or block-
ing trying toexecuteanobservableactionoracriticalsection.More
precisely, due to the non-determinism,any combinationof these
threeoutcomesmight be possible.Accordingto the definition,a
globalstateis in True� ® Ù � if at leastoneof thepossibleoutcomes
is returningwith a valuedifferent from 0. Thus,a blocking out-
comeis in this senseequivalentto returningwith a valuezero. To
addresstheseconcerns,we modify ChooseCritSec asshown in
Figure5. ThevariableguardNestLevel tracksthedepthof nesting
guards.At thetoplevel (guardNestLevel  �Ú ) thealgorithmin Fig-
ure5 is thesameasin Figure4. At lowerlevels,insteadof blocking
andyielding control,ChooseCritSec throws an exceptionwhich
is thencaughtatthelevel above,andtreatedthesameasif theresult
of µ ¨ ® Û � Ü Ý � � waszero.ThefunctionBegObsAction alsoneedsto
be modified,so thatat lower levelsof nestingit throws an excep-
tion insteadof blocking. The algorithm in Figure5 will always
find a non-blockingoutcome,if oneexists. However, it canstill
effectively under-estimatethe setTrue if both zeroandnon-zero
non-blockingoutcomesarepossible.Fortunately, this is still con-
sistentwith theexecutionsemantics.It is nothardto checkthatthe
automatonin Figure2 acceptsall sequencesgeneratedby asimilar
automatonin whichsetsTrue� ® Ù � arereplacedwith theirsubsets.

4. SIMULA TOR IMPLEMENT ATIONS
In thissectionwebriefly describethreesimulatorimplementations
which canbeseenasspecializationsof thealgorithmpresentedin
Section3. One of the implementationsis built on top of multi-
threadingcapabilitiesof Java, oneon top of SystemC,andoneon
topof Pamelamulti-threadinglibrary [8].

Thesyntaxof themeta-modelcloselyresemblesthatof Java, and
thereforethetranslationis oftenalmoststraightforward. TheJava
basedsimulatorautomaticallytranslatesa meta-modelspecifica-
tion into asetof Javaclassesandinterfaces,whichcanbecompiled
andrun togetherwith a simulationlibrary containingthemanager.
Whenaprocessreachesaninterfacefunctioncall or anawait state-
ment,it makesarequestto themanager, which is implementedin a
separatethread,andthenwaitsfor anacknowledgeto proceed.The
managercollectsall requests,choosesanon-conflictingsubsetand
sendsan acknowledgeto eachof the correspondingthreads.This



actionChooseCritSec(actionSetÞIß à á â ã ä å ) æç
if (guardNestLevel è,é ) UpdateReady();
// if(guardNestLevel è�é ) Yield(Ready);ê
while (1) æë

guardNestLevel ì�ì ;í
foreach(äIî CritSecs) æï

try æð
if (Blockingñ ä ò*è�ó×ô�ä õ guard ñ òIöè�é ) æ÷

Active è Active øÍæ ä ù ;ú
Blocked è Blocked û CritSecs;ü
guardNestLevel û�û ;
// if (guardNestLevel è�é ) Yield(UpdateReady());ç é return ä ;ùç ç ù catch (blocked);ùç ê

guardNestLevel û�û ;ç ë
if (guardNestLevel è,é ) æç í

Readyè Readyû�æ ý þ ÿ äAî CritSecs�&ý�è×ä õ procù ;ç ï
Blocked è Blocked ø CritSecs;ç ð
Yield(Ready);ù elseæç ÷
throw blocked;ù<ù8ù
Figure5: Completeversionof ChooseCritSec.

implementationgeneralizesthealgorithmin Section3, by allowing
multiple actionsto be activatedsimultaneously. To achieve this,
thesimulationmanagersynchronizesall processtrying to activate
an action(in line 6 in Figure3 or line 7 in Figure5). Then the
managerchecksif thereareany setlist conflictsamongthechosen
action.(Two actions� and

�
chosento beactivatedarein a setlist

conflict if ��� � � � � � , implying that they cannotbegin at thesame
time.) If conflictsexists,they areresolvednon-deterministically.

The SystemCbasedsimulatorbroadly follows the outline of the
Java basedsimulator, but becausetheunderlyingexecutionengine
is moreefficient, thesimulationtimesaresignificantlyreduced.

We have developedyet anothersimulatorimplementation,using
C	
	 with Pamelarun-timelibrary [8] asanunderlyingplatform.
This implementation,closelyfollows thealgorithmfrom section3,
with theminimumnumberof calls to Yield. Contraryto theother
two approaches,thereis noseparatethreadfor thesimulationman-
ager, andYield selectsonly oneprocess.This makesthis imple-
mentationslessappropriatefor multi-processorexecution,but it
minimizesthenumberof context switchesandeliminatestheneed
to checkfor setlist conflictswhenactivatinganaction. It is there-
fore moreefficient on single-processorplatforms,andsuitablefor
quickvalidationof designs.

Initial experimentswith thethreeimplementationssupporttheex-
pectationthatourapproachhasminimaloverhead,in thesensethat
simulationtimesfor modelsgeneratedby the threesimulatorsare
comparableto simulationtime whensystemsaremodeleddirectly
in thetargetenvironment(Java,SystemC,or C	
	 ).

5. CONCLUSIONS
In thispaper, wehaveproposedsimulationtechniquesemployedin
Metropolis. They aredesignedin a genericway, so thatdifferent
simulationobjectivesarisingin variousdesignstagescanbeserved
easily. They canbe alsotargetedto eithera multi-processorsim-

ulation platform or to a single-processorsimulator. Further, sim-
ulation can be conductedin different languages,so as to realize
co-simulationdesignscapturedin Metropolisandthosealreadyde-
signedin other languages.The approachhasbeenimplemented
andtestedin SystemC2.0,Java, andC++ with a threadlibrary re-
spectively.
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