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ABSTRACT

This paperpresentghe simulationtechniqueghatareavailablein

Metropolis, an inter-disciplinary researchproject that developsa
designmethodology supportedby a comprehense designervi-

ronmentandtool set,for embeddedystems.Systembehaior is

non-deterministién general gspeciallyin the beginning of the de-
sign processwhen several key decision,suchasthe mappingon
animplementatiorplatform, have not yet beenmade,andthusthe
tracesobtainableby simulationarenot unigueevenunderthesame
input sequence.One may want to visit as mary tracesas possi-
ble for regressiontestsat the final stageof designs,or may just
needonevalid tracefor a quick validationof the designat anearly
stage.Ourtechniqgueganadapttio thesedifferentobjectveseasily

They arealsoplatform-independerin thatsimulationusingdiffer-

entlanguagessuchasSystem.0, Java, andC++ with athread
library, are possible. This featureis importantfor co-simulation
betweendesignscapturedin Metropolisandthosethat have been
alreadydesignedn otherlanguages.

1. INTRODUCTION

Theability to capturenon-determinisnis crucialin embeddedys-
tem specificationsOnesourceof non-determinisnis concurreng
resolution. Systemarchitectureusually involves several compo-
nentsthat operateconcurrently and effective exploitation of the
concurreng is akey to realizinganefficientimplementation Sys-
tembehaior is alsooftenmodeledwith concurreng, but this con-
curreny doesnotusuallymatchwith the concurreng of thearchi-
tecture.Thereforehow to transformtheconcurreng of thebeha-
ior to the onein the architecturds an importantdesignproblem.
Theconcurreng resolutionis oneaspecbf this problem wherean
acceptablesequencef eventsis obtainedfrom a concurrensetof
eventsequencesSuchasequencés notuniquein generalandof-
tenremainsnon-deterministiaintil informationsuchasscheduling
algorithms,executionspeedor arrival time of externaleventsbe-

comesavailable!. Thisnon-determinisndefineshesolutionspace
thatcanbeexploredfor findingimplementationsandsenesasthe
basisfor makingcritical designdecisionssuchasschedulingoli-
cies.Non-determinisnis sometimesinasoidablein specifications.
For example,dependingupon which inputs arrive first, one may
wantto take differentactions. This non-determinisnior example
arisesin digital filters with dynamicupdatesf coeficients. Non-
determinismis alsousefulto modelabstractedehaior of certain
componentssuchastheervironment.Sincedetailsof thebehaior
arenotspecifiedthedescriptiorbecomesimplerwhile thebeha-
ior becomesion-deterministic.

Meta-models alanguagewith arigorousexecutionsemanticand
specificatiormechanismsyith whichthiskind of non-determinism
canbe specifiedeasily[2]. It is usedasthe internalmeango rep-
resentesigndn the Metropolisdesignervironment.lt is designed
sothatvariouscomputatiorandcommunicatiorsemanticanbe
specifiedusing commonbuilding blocks, and senes asinput for
simulationaswell asfor synthesisand verificationmethods. Es-
sentially the meta-modebpecifiesnetlistsof communicatingpro-
cessesegachexecutinga sequentiaprogram. Eachprocesspro-
gressesat its own speed,so at ary point of time any numberof
processesantake their next “step”, if they arenotblocked execut-
ing aspecialsynchronizatiortonstructcalledawait. Which subset
of processetake a “step” atary given pointin timeis subjectto a
non-deterministichoice.

Non-determinisnposesunique verification problems. Tradition-
ally, systemsare verified by simulatingtheir responseo a given
setof stimuli. However, with non-determinismtheremaybemary
valid responsesndit is impossibleto know whichonewill beex-
hibited by the final implementation.lt is thusnot clearwhat the
value of simulationis in this setting,or even what shouldbe the
resultof a simulationrun. One may be temptedto resortto for-
mal verificationmethodsto reasonaboutall possibleresponsest
once,but currentformal verificationtools arefar from beingable
to completelyverify todays systems. Therefore,simulationstill
plays,andwill continueto play, animportantpracticalrole when
exploring thedesignspaceandverifying the overall systembehar-
ior. In this paper we proposean approactthat clarifiesthe role
of simulationin the presencef non-determinism.lt is basedon

lWhile undercertainassumptionsoncurreneventsat outputscan
be uniquelyresohed for given inputsregardlessof schedulingit
is amuedthatthe assumptionsoldin only limited casesn recent
applicationd4].



(i) formalexecutionsemantic®f themeta-modethatpreciselyde-
finesacceptablédehaiors, and(ii) a genericsimulationalgorithm
that allows exhibiting one of the acceptablédehaiors for a given
input stimulus. Which behaior is selected dependson the mi-
nor modificationof the algorithm. The choicemay be driven by
differentobjectivesatvariouslevelsof abstractioror atvariousde-
signstages.In the beginning, onemay usesimulationonly to see
somesequenc®f eventswhichis legal with respecto the execu-
tion semanticsThisis convenientto quickly validatebehaior just
specifiedor to find trivial mistales. Thus, at this stage,one may
opt for the modificationof the algorithmthatoptimizessimulation
time. At a later stageof the design,onemay wantto simulateas
mary legal sequencess possiblein orderto evaluatethe design
morethoroughly approachinghe coveragebreadththatwould be
ensuredby formal verificationtechniquesthis is often necessary
for regressiortests. At this stage.onemay opt for maximally ran-
domizedmodificationwhich canexhibit the mostbehaiors. Also,
aninteractve versionmaybeappropriatevhile defininga schedul-
ing policy to beimplementedIn this case pnemaywantto seeall
the eventsthatcantake placeat a particularpointduringa simula-
tion andthento chooseinteractvely oneeventto seethe effect of
sucha schedulingpolicy.

Conceptuallythe proposedalgorithmalternateswo phaseswhere
processerunin onephaseandthemanayer runsin theotherphase.
The managercontrolsthe simulationflow. It keepstrackof all the
eventsthatcanlegally take placeat a given point of the execution,
andcanusevariousfunctionsto determinean orderof the events.
For example,onevalid ordermay be obtainedby usinga random-
ized function, which may be usefulto hit cornercases.Alterna-
tively, all theseeventsmay be displayedto the usersothathe can
interactively chooseoneof thematatime in orderto evaluatevar
ious schedulingpolicies. Oncea schedulingpolicy is determined,
it canbe easilyspecifiedin the meta-modelisinga specialobject
calledscheduler whichis thentakeninto accounin thesimulation
algorithmto resole thenon-determinism.

The underlyingmechanismalso makes the simulationalgorithm
applicablein differentplatforms. Onetype of platformsis a con-
figurationof simulationengines.If onechooses multi-processor
simulationplatformin orderto utilize the concurrenexecutionas
muchaspossible the eventscanbe distributedover theprocessors
sothatthey runconcurrentlyuntil thenext synchronizatiomointis
reachedy someprocessorlf ontheotherhanda singleprocessor
is usedfor the simulation,the concurrenteventsare fully serial-
izedandthealgorithmtriesto minimizethenumberof alternations
betweerthetwo phases.

Theothertypeof platformsis languagesisedfor simulation.In our

approachijnsteadof generatingnachinecodedirectly from meta-
modeldescriptionswe translatethe meta-modeto an executable
language which is combinedwith the simulationalgorithmalso
implementedn the samelanguage.The actualsimulationis then
carriedout in termsof the resultinglanguage.This featureis im-

portantto co-simulatedesignsapturedn themeta-modetogether
with existing designghathave beenalreadyspecifiedn otherlan-

guages. We have testedthis approachin SystemC2.0 [9, 10],

Java[l], andC++ with athreadlibrary.

1.1 RelatedWork

Thereare mary environmentsin which systemsare describedas
networks of concurrentprocessegxecuting sequentialkcode, in-
cluding SpecC[5], System?9], andPtolemy[3]. Mary of these,

attemptto resole the concurreng uniquely largely eliminating
non-determinism(at leastfrom this source). This approachhas
someclear advantagefor high-level modeling, as simulationre-

sultsarerequiredto beidenticalacrosdifferentsimulatorrunsand
even differentsimulatorimplementationsHowever, the approach
hassomedisadwantagesvhenit comesto implementationResolv-
ing the concurreng in exactly the sameway asin the simulatoris

often prohibitively expensve andunnecessarin theimplementa-
tion. Soin practicebehaiors of theimplementationsrecloseto,

but rarelyidenticalto behaiors of high-level models.This means
thatimplementationgannotbe automaticallyverified. A signifi-

cantdesignes effort is neededo analyzeimplementatiorbeha-

iors or comparghemwith behaiors of high-level modelsto check
thatthedifferencesdetweerthetwo arestill acceptable.

In our approach,n contrast,the acceptablalifferencesare pre-
cisely definedby formal executionsemanticslt is not hardto ex-
tractfrom this definitionsimulationmonitorswhich may checkau-
tomaticallythat behaiors of the detailedimplementatiorarealso
possiblebehaiors of the high-level models.

Approachesn Specmerjll] andVerisoft[6] aresimilarto oursin

thatthey definepreciselya setof non-deterministichoicesfor the
systembehaior. However, both of this approachesire burdened
with significantoverheadIn caseof Specmenthe overheads due
to thefactthatthe setof choicess definedby constraintsandfind-

ing alegal choicerequiressolving a setof constraintswhich may
beexpensve. In contrastjn ourapproaciandalsoin Verisoft),the
setof legal choicesfollows immediatelyfrom the progresf con-
currentprocessHowever, unlike Verisoft,we make no attemptso

exhaustvely searchthe spaceof legal choices gliminatingthusthe
bookleepingoverhead Ourapproachakesthebestof bothworlds:

useof non-determinisnto preciselydefinedesignspaceavailable
to implementationanduseof efficient corventionalsimulationfor

verification.

Therestof this paperis organizedasfollows. Section2 describes
key aspect®f themeta-modeandits underlyingexecutionseman-
tics. Section3 introduceghe simulationalgorithmandshavs howv
variousobjectvescanbeachiered. In Sectiord, we describdssues
addressedn implementingthe algorithmin the threeexecutable
languagesbore. Finally, Section5 concludeghepaper

2. EXECUTION SEMANTICS

In the meta-modeh systemis specifiedasa network of processes
Eachprocesss asequentiaprogramandcommunicatewith other
processethroughmedia Thesemanticdomainwe useto interpret
executionsof meta-modehetlistsis a setof sequencesf observ-
ableevents An obsenrableeventis the beginning or the endingof

anobservableaction andobsenableactionsarecallsof functions
implementedn mediaobjects. While the behaior is definedby

obserableactionsonly, we alsouseotheractionsto helpusdefine
the semantics.This extendedsetof actionsincludeall the state-
mentsof the program.

With eachactiona we associatéwo eventsa™ indicatingthestart
of anexecutionof a, anda ™~ indicatingtheend. For eachprocessP
we definethe setof eventsthatcontainsa™ anda™ for eachaction
a of P, anda specialsymbol nop, indicating that no eventsare
occuringin P. Eventvectos arevectorsthatcontainan eventfor
eachprocessn thesystem.They completelycharacterizectvities
in the systematary givenpointin time.



The executionof netlistsevolvesthrougha sequencef states A
stateof theprogramconsistof two parts.Thefirstis thestateof the
memorywhich consistof assignmentto statevariables Thesec-
ondpartof thestatecorrespondmtuitively to the programcounter
We representhis part of the statewith statesof action automata
definedover the alphabebf eventvectors.We associat@naction
automatorwith eachaction. The stateof an actionautomatorin-
dicateswvhetherthecorrespondingtatemenor expressioris being
executedor not. By combiningall thesestateswe canprecisely
determinethe locationpointedby the programcounter The tran-
sition relationof actionautomateenforceshe propersequencef
the beginningandendingof statemeneéxecutions.

Even thoughaction automatahave a few non-standardeatures,
they canbereadilyunderstoodasedn standardautomatalefini-
tion. Thereforeweintroduceactionautomatdereonly informally,
andrefertheinterestedeadetto [2] for thefull formal definition.

Thesyntaxandsemantic®f themeta-modeis in greatpartsimilar
to standardsequentiaprogramminglanguagedike C++ or Jaa.
Justlike thesdanguageshe meta-modehasthe conditionalstate-
ment

if (expr) then stmy else stmg .

We useanactionautomatorfor this statemen{shavn in Figurel)
to introduceactionautomatan general. The actionautomatorin
Figure 1 hastheinitial statethatis not drawvn (to reducethe clut-
ter). We assumehatary transitionwithout presentnext) stateis
comingfrom (leadingto) theinitial state.Transitionsof actionau-
tomataarelabeledwith expressiorof theform G/ E, whereguad
G denotes setof statesand E is a setof event-vectors. A tran-
sition canoccuronly if the currentglobal stateis in G, andthe
currenteventvectoris in E. For example thetransitionlabeled:

Vexpr # O/Stmtf'

is enabledf the currentvalue of statevariable Ve, is not zero.

(Vexpr is the memorylocation wherethe value of expressionis

stored.)Whenthetransitionoccurs stmt mustbegin. Notethatwe

useasymbolin thealphabebf aprocesdo denotethe setof event-

vectorssuchthatthe componenbf thesevectorscorrespondingo

the processis equalto the symbol. For example,stmg" denotes
the setof all event-vectorswhosecomponentorrespondingo the

procesdakingtheactionis stmg'.

If the transitionis unguardedi.e. if G containsall global states,
thenwe write just E insteadof G/ E (e.g. transitionlabeleda™ in
Figurel). Finally, every statein Figurel hasaself-loop,whichwe
omit to furtherreducethe clutter, andputthelabel of the self-loop
directly onthe state.lt shouldnow beclear thataccordingto Fig-
ure 1, afterthe conditionalstatemenstartsexecuting,the process
cantake nootheractionuntil theconditionalexpressiorstartsto ex-
ecute.Whenthis is finished,oneof the two statements executed
next, basednthevalueof Vexpr.

Onemeta-modetonstructhatis very distinctform sequentiapro-
gramminglanguagess await. The syntaxof await is:

await{(g1; T1; S1)stmt - - - (gr; Tk; Sk)Stmi } .

Statementappearingnsideanawait, likestmy, . .. , stmg, above,
arecalledcritical sections Whenan await statements reached,
one of the critical sectionsstmt is executed,but only if it is en-
abled Whetherstmt is enableddependn the guad g;, testlist

T;, andsetlist S;. Theguardg; is anexpressiorthatmustbesatis-
fied for stmy to beenabled Lists T; andS; specifysetsof actions
denotedby [T;] and [S;] respectiely. Details on syntaxof test
andsetlists, andhow to determine[T;] and[S:] from the syntax
arenotrelevanthere(they canbe foundin [2]), exceptfor thefact
that[7;] and[S;] cancontainonly critical sectionsandobserable
actions.lt is usefulto imaginethata resenation flag is associated
with eachaction. A flag canberaisedeitherimplicitly, by the ac-
tion beingexecutedpr explicitly, by specifyingtheactionin theset
list of somecritical section. The statemenstmt is not enabledas
long asary of theflagsin [T3] is raised,i.e. aslong asary of the
actionsin [T;] is beingexecuted Startingstmf setsall theflagsin
[Si], disablingthusall actionsthattestary of theseflags.

Formally, the semantic®f the await statements givenby theac-
tion automatorin Figure2. Thekey to understandinghesemantics
of await is understandinghe labelthatmarksthe startof a typical
critical section:

True(g:) N Active[T3]) /stmf™ N Star([S;]) -

Thesetof globalstatesTrue(g;) containsall statess suchthatexe-
cuting g; startingfrom s may producea valuedifferentfrom zero,
assumindhatotherprocessetake noactionsduringthis execution.
Activg( A) denoteghe setof statesn which at leastoneof theac-
tionsin A is beingexecuted.Thus,thes-th critical sectioncanstart
only if g; may evaluateto a valuedifferentfrom 0 in the current
state,andno actionsin [T;] is active. Start{ A) denoteghe setof
eventvectorsthatcontainthe beginningof atleastoneactionin A.
It followsthatnoactionin [.S;] canstartexecutingatthesametime
asstmt. Furthermoretheself-looplabelin Figure2 ensurehatno
actionsin [S;] canstartexecutinguntil stmg finishesits execution.

3. SIMULATION ALGORITHMS

In this section,we present genericalgorithmto simulatea meta-
modelnetwork. It assumesnunderlyingmulti-threadingcapabil-
ity, sothata separatehreadcanbe associateavith eachprocess,
Mediaobjectsaresharedbetweerthreads.Overall, the simulation
consistof two steps.In thefirst step,we generatsimulationcode
from ameta-modetlescription.This codeis in thetamgetlanguage
(Javaor C++), andincludescallsto the simulationmanagefunc-
tions, that we will introduceshortly The generatectodeis then
compiled,linked with the simulationmanagerfunctions,andexe-
cuted,possiblyusinganappropriatalehigger

An importantparameterof our algorithmis manages function
Yield(set S). Yield takesasargumentasetof threadsS andselects
oneor more of themto run. Choosingdifferentselectioncriteria
will leadto differentspecificsimulationalgorithms.In additionto
selectioncriteria, the algorithmmay alsobe modifiedby choosing
asetof locationsin the codewhereYield is called. Whenpresent-
ing our algorithm, we specify only a minimum numberof places
whereYield mustbe called. However, at locationswhere Yield
could be called,we specifysucha call asa comment. Modifying
analgorithmis thenassimpleasun-commentinghesecalls.

At the bgginning of a designprocessit may be appropriatdo use
a simulatorwith asfew callsto Yield aspossible,andto choosea
simple Yield that selectsa single process.Both of thesechoices
reducethe overheadyesultingin shortersimulationtimes. At the
later designstagesto checkasmary tracesas possible it makes
senseo have asmary callsto Yield aspossible,andto usea se-
lectioncriterionthatis likely to cover alot of possibilities.Sucha
criterionmay be basedon arandomchoice,or possiblyon a more



Care = {a*,a™, stmtT, stmt], stmt], stmt; }

at ezpr+ _ expr—
— | nop |— | Care |———> | nop

VempT;éO/stmtT
s

Veapr=0/stmt] stmty
—> Care —>

stmt

Care

nop |——

Figure 1: Action automaton.A[a] in casea is if (expr) then stmt; else stmtz.

Care = {at,a™, stmt], stmty,..., stmt], stmt; }

True(91)ﬂActiue([Tl]])/stmtTHStaTt(ﬂsl]]) | stmi
¥ | CarenStart([S1]) | —

True(gk)ﬂActiue(ﬂTk]])/stmt;:ﬂStGT‘t(Hsk]]) I —
¥ | CarenStart([Sg]) | —

Figure2: Automaton Afa] in caseq is await{(g1; T1; S1)stmty; - - - (gx; Tk; Sk )Stmtz; }.

intelligentchoicethattriesto directsimulationto a previously un-
visited portionof the statespacg7]. Evenfurtheronin thedesign
processwhen decisionson the implementationplatform and its
schedulingalgorithmhave beenmade it makessenseo usea ver-
sion of Yield that modelsthat specificschedulingalgorithm. The
choiceof Yield maybe partially driven by the simulationplatform
aswell. For a single-processoplatform, Yield that selectsone
threadmay be satisfctory but choosingYield that selectsmulti-
ple threadswill make it mucheasierto take adwantageof a multi-
processoplatform.

Let usnow introducesomenotationusedby the algorithm.We use
Procto denotethe setof processes the systemObsto denotethe
setof all obserableactionsandCrit to denotethesetof all critical

sections For eachactiona € ObsU Crit we usea.proc € Procto

denotetheproces®xecutingit. In addition,for eachcritical section
a € Crit we usea.test C Obsu Crit to denotethe setof actions
specifiedby thetestlist associateavith a, anda.setC ObsuU Crit

to denotethe setof actionsspecifiedby the setlist associatedvith

a. Finally, we usea.guard() to denotethe functionwhich, when
called,evaluateghe guardof @ in the currentstate.

During the simulation,the managemaintainssetsReadyC Proc
andActive C ObsuU Crit andBlocked C ObsuU Crit. An actionis
in Activeif it is currentlybeingexecuted.An actionis in Blodked
if the executionflow hasreachedt, but it cannotbe executedyet.
Therearetwo kinds of reasonsvhy anactionmay be block. The
firstis thatit cannotstartuntil someotheractionfinishes dueto set
list constraintsTheotherreasoris thata guardof a critical section
may not be satisfied. A processs in Readyif noneof its actions
is in Blodked, or the simulatorcannotbe surethat actionsof the
processhatarein Blocked arestill blocked. This happensvhen
anactionin Blocked no longerhasto wait for ary otheractionsto
finish. If thatactionis obserable, thanit is certainly no longer
blocked. However, if thatactionis a critical section,we still need
to re-evaluateits guardto checkif it is blocked.

For themostparts,simulationcodegeneratioris a simpletransfor
mationrequiringonly minor changeso accounfor syntacticadif-
ferencedetweerthemeta-modeandthetargetlanguage Thetwo

BegObsAction(actiona) {
I Yield(UpdateReady());
if (Bloking(a) # 8) {
Ready= Ready— {a.proc};
Blodked = BlodkedU {a};
Yield(UpdateReady());
Blodked = Blodked — {a};
}
6 Active= ActiveU {a};
I Yield(UpdateReady());

}

EndAction(actiona) {
I Yield(UpdateReady());
1 Active= Active— {a};
I Yield(UpdateReady());

}

setUpdateReady() {
1 Ready= ReadyJ {a.proc| a € Blocked, Blocking(a) = 0};
2 return Ready

}

T W -

Figure 3: Functions BegObsAction and EndAction.

exceptionsare calls to obserable actions,and await statements,
whichwe discussn thefollowing sections.

3.1 Executingobsewable actions
Consideratypical obserableactionf(...);, andlet a € Obs beits
uniquedescriptor Sucha pieceof codeis replacedwith:

BegObsAction(a);

f(..);

EndAction(a);

wherefunctionsBegObsAction andEndAction areasdefinedin
Figure 3. The setBloding(a) containsall active actionswhich
mustfinish beforea canstart. If a is an obserable actionthan
Bloding(a) containsall active critical sectionsvhosesetlist spec-
ifiesa. If a isacritical sectionthenBloding(a) containsall active



actionsspecifiedy its testlist. Formally:

{b € Activen Crit|a € b.set
Activen a.test

if a € Obs,

Blocking(a) = { if a € Crit .

In Figure 3, to startan obserable action, we first checkif it is
blocked. If thatis the casewe updateReadyandBloded accord-
ingly, andyield the control. The control canreturnto this thread
only if the processgetsbackto Readywhensomeotherprocess
executedJpdateReady. This propertyis aninvariantof our algo-
rithm. It is certainly satisfiedby the codein Figure 3, evenif all
callsto Yield areun-commentedlt is alsopreseredby othersim-
ulationmanages functionsthatwe will introducelater. It follows
from this propertythat Bloking{a) is empty after the execution
proceedbeyondthecallto Yield. Thus,weremovea from Blocked,
putit in Activeandcontinuewith thecall to the obserableaction.
Whenthatcall finisheswe remove a from Activein EndAction.

In additionto calling Yield whenanactionis blocked, we canalso
callit attheentrancesndexits of BegObsAction andEndAction.

However, we assumehat manages functionsareexecutedatom-
ically, exceptfor callsto Yield.? This is not a problemif Yield

selectsa singlethread becausehereis alwaysa singlethreadac-
tive betweertwo Yield calls. If Yield selectamorethanonethread,
thencareshouldbe takento avoid hazardswhile accessindgReady
Active andBlodked

3.2 Executingcritical sections
Consideratypical await statement:

await{(g1; T1; S1)stmt - - - (gr; Tk; Sk)Stmi }

andletes, ... ,cx € Crit bedescriptorsof critical sectionsstmt,
... ,Stmg. Suchanawait statements replacedwith the following
pieceof code:

switch(ChooseCritSec({c1, ... ,cx})) {
casec;: stmg;
EndAction(c1);
break;

casecy: stmi;
EndAction(cz);
break

}

Our first attemptat specifyingfunction ChooseCritSec is shavn

in Figure4. Wefirst checkif ary of thecritical sectionds enabled
(line 4). If we find an enabledcritical section,we activate and
returnit. Otherwisewe addall critical sectiondo Blocked, remore

the currentprocessfrom Ready andyield the control. Whenthe
controlreturnswe re-checkall critical sectionsandif we find that
oneis now enabledwe remove all critical sectionsfrom Blodked

(they areno longercandidatedor execution). Note that contrary
to othercalls to Yield, we do not updateReadybeforeyielding

the control in line 10. The reasonis that we want to avoid end-
lessloopingwherea processs foundreadybecaus@locking(c) is

emptyfor someof its critical sectionsbut theguardof ¢ is false.To

ensurethatthis doesnot happenwe updateReadyin line 1, where
we know thatsomeactualprogressywhich mighthave causesome
statechangehave occurred.

2Wewill describdaterhow oneimplementatiomelaxessomevhat
this requirement.

actionChooseCritSec(actionSeCritSec$ {

1 UpdateReady();

Il Yield(Ready);
2 while (1) {
3 foreach(c € CritSec$ {
4 if (Blocking(c) =® A c.guard() # 0) {
5 Active= ActiveU {c};
6 Blodked = Blodked — CritSecs

/I Yield(UpdateReady());

7 return c;

}

}
8 Ready= Ready— {p| V¢ € CritSecs: p = c.proc};

9 Bloded = BlodkedU CritSecs
10  Yield(Ready;

}}

Figure 4: Simplified version of ChooseCritSec.

The algorithmin Figure4 runsinto troublesif guardsof critical
sectioncontaincallsto functionsthatincludeawait statementin
general,evaluatinga guardmay have three outcomes:returning
with avaluezero,returningwith avaluedifferentfrom O, or block-
ing trying to executeanobsenableactionor acritical section.More
precisely dueto the non-determinismary combinationof these
threeoutcomeamight be possible. Accordingto the definition, a
global stateis in True(g;) if atleastone of the possibleoutcomes
is returningwith a valuedifferentfrom 0. Thus, a blocking out-
comeis in this senseequivalentto returningwith a valuezero. To
addresgheseconcernswe modify ChooseCritSec asshavn in
Figure5. ThevariableguardNestL&el tracksthe depthof nesting
guards At thetoplevel (QuardNestLeel = 0) thealgorithmin Fig-
ure5isthesameasin Figure4. At lowerlevels,insteadf blocking
andyielding control, ChooseCritSec throws an exceptionwhich
isthencaughtatthelevel abore, andtreatedhesameasif theresult
of c.guard() waszero.ThefunctionBegObsAction alsoneeddo
be modified,sothatat lower levels of nestingit throws an excep-
tion insteadof blocking. The algorithmin Figure5 will always
find a non-blockingoutcome,if oneexists. However, it canstill
effectively underestimatethe set True if both zeroand non-zero
non-blockingoutcomesare possible.Fortunately this is still con-
sistentwith theexecutionsemanticslt is nothardto checkthatthe
automatorin Figure2 acceptsll sequencegeneratedby a similar
automatorin which setsTrue(g;) arereplacedwith their subsets.

4. SIMULATOR IMPLEMENT ATIONS

In this sectionwe briefly describehreesimulatorimplementations
which canbe seenasspecialization®f the algorithmpresentedn
Section3. One of the implementationss built on top of multi-
threadingcapabilitiesof Java, oneon top of SystemCandoneon
top of Pamelamulti-threadindibrary [8].

The syntaxof the meta-modetloselyresembleshat of Java, and
thereforethe translationis often almoststraightforvard. The Java
basedsimulatorautomaticallytranslatesa meta-modekpecifica-
tioninto asetof Java classesndinterfaceswhich canbecompiled
andruntogethemwith a simulationlibrary containingthe manager
Whenaprocesseacheaninterfacefunctioncall or anawait state-
ment,it malkesarequesto themanagerwhichis implementedn a
separat¢hread andthenwaitsfor anacknavledgeto proceed The
managecollectsall requestschooses non-conflictingsubsetand
sendsan acknavledgeto eachof the correspondinghreads.This



actionChooseCritSec(actionSeCritSecs) {
if (quardNestLeel = 0) UpdateReady();
Il'if(guardNestLeel = 0) Yield(Ready;
while (1) {
guardNestLeel + +;
foreach(c € CritSec$ {
try {
if (Blocking(c) =@ A c.guard() # 0) {
Active= ActiveU {c};
Blodked = Bloded — CritSecs
guardNestLegel — —;
/I'if (quardNestLeel = 0) Yield(UpdateReady());
10 return c;

}
11 } catch (blocked);

}
12  guamdNestLgel — —;
13 if (quardNestLeel = 0) {
14 Ready= Ready— {p| Vc € CritSecs: p = c.proc};
15 Blodked = Blocked U CritSecs
16 Yield(Ready;
} else{
17 throw blocked;
I8

Figure5: Completeversion of ChooseCritSec.
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implementatiorgeneralizeshealgorithmin Section3, by allowing

multiple actionsto be activatedsimultaneously To achieve this,

the simulationmanagesynchronizesll procesdrying to activate
an action (in line 6 in Figure3 or line 7 in Figure5). Thenthe
managechecksf thereareary setlist conflictsamongthechosen
action. (Two actionsa andb choserto be actvatedarein a setlist

conflictif a € b.set, implying thatthey cannotbegin at the same
time.) If conflictsexists,they areresohednon-deterministically

The SystemCbasedsimulatorbroadly follows the outline of the
Jarabasedsimulator but becausehe underlyingexecutionengine
is moreefficient, the simulationtimesaresignificantlyreduced.

We have developedyet anothersimulatorimplementation,using
C++ with Pamelarun-timelibrary [8] asanunderlyingplatform.
Thisimplementationgloselyfollows thealgorithmfrom section3,

with the minimum numberof callsto Yield. Contraryto the other
two approacheghereis no separat¢hreadfor thesimulationman-
ager andYield selectsonly one process.This makesthis imple-
mentationsess appropriatefor multi-processomexecution, but it

minimizesthe numberof context switchesandeliminateshe need
to checkfor setlist conflictswhenactivatinganaction. It is there-
fore moreefficient on single-processagplatforms,andsuitablefor

quick validationof designs.

Initial experimentswith the threeimplementationsupportthe ex-
pectatiorthatour approachasminimal overheadin thesensehat
simulationtimesfor modelsgeneratedby the threesimulatorsare
comparabléo simulationtime whensystemsaremodeleddirectly
in thetametervironment(Java, SystemCor C++).

5. CONCLUSIONS

In this paperwe have proposedimulationtechniquegmplo/edin
Metropolis. They aredesignedn a genericway, so thatdifferent
simulationobjectivesarisingin variousdesignstagesanbesened
easily They canbe alsotargetedto eithera multi-processosim-

ulation platform or to a single-processasimulator Further sim-
ulation can be conductedn differentlanguagesso asto realize
co-simulatiordesignsapturedn Metropolisandthosealreadyde-
signedin otherlanguages.The approachhasbeenimplemented
andtestedin System(2.0, Java, andC++ with a threadlibrary re-
spectvely.
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