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Abstract

The ne-grainedparallelismandthe needfor determinismaretraditionalissues
in the designof real-timeembeddedoftware. In addition,theincreasingcom-
plexity of thespeci cationsrequiresanincreasingiseof higherlevel formalisms.
The Esterellanguageoffers naturalsolutionsto all theseproblems put its com-
pilation proved challenging,sothatefcient compilationtechniqueshave only

recentlybeerproposed Consistingessentiallyn directsimulationof thereactie

primitivesof thelanguagetheseechniquesiow needto beaccommodatedith

traditional issuesof Esterel: the de nition of formal semanticsthe construc-
tive causality andthe designof analysisandoptimizationmethodghatareboth
efcient andcorrect.

Weaddresshesgroblemsyde ning anewintermediatemodel, calledGRC,
for the representationf Esterelprograms. The GRC representatiopreseres
muchof theinitial programstructurewhile makingthecontrol o w patternand
thehierarchicabtatestructuresxplicit. It fully complieswith thesemanticef Es-
terel,and,mostimportant,t isagoodsupportfor ef cient analysispptimization,
andcodegeneratioralgorithmsbasedn staticanalysis.

The useof a GRC-basedpproactresultsin signi cant ef ciency andgen-
erality gains. The approactcould be extendedto the hardware compilationof
Esterelandto the compilationof othersynchronousanguagesvith ne-grained
parallelism.
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1. Intr oduction

Sequentialanguagedike C andassemblarestill widely usedin thedevel-

opmentof reactve real-timeembeddedystemsevenfor applicationghatare
mostnaturallydescribedasconcurrensystems.Real-timeoperatingsystems
(RTOS)areusedin thesecasedo schedulgheresultingsequentiaprocesses,
thusproviding the neededconcurreng. Two problemsarisefrom here. The
rst isthataRTOScanbeunpredictablemakingfunctionalandtiming veri ca-
tiondif cult. Theseconds thatRTOS-level schedulingcanbeveryinef cient
for applicationsinvolving ne-grained parallelism,dueto contet switching
overhead.

Thesyndronousappioad [BB91,Hal93,BCE 03]use<lassicahardware
conceptdn orderto provide deterministicconcurreng andbetterveri cation
capabilities.Theexecutionof asynchronoussystamis cyclic, drivenbyaglobal
clok. At eachclock cycle the systemreadsthe inputs,computests reaction
andoutputstheresult. Thecodeexecutedduringaclock cycleis loop-freeand
theclockis operatedy the systemitself, allowing precisetiming control. The
underlyingsynchrmousmodelalso allowsthe useof thewell-studiedfunctional
veri cation techniqueslevelopedor synchronousircuits,sothattheapproach
is agoodbasisfor the developmentof safety-criticalembeddedoftware.

Ontheotherhandthehigh semanticstandard$ehindthe syndronouslan-
guages(e.g. Esterel[BG92], Lustre[HCRP91],Signal[LGLL91]) madetheir
correctandef cient implementatiora challengingask. A particulardif culty
is herethatall the informationswhich might affect a givenvariableat a given
clock cycle mustbe compiledbefoe thevariableis used.A typical exampleis
thesignalabsencewhichcanonly bedecidedafternegative informationabout
all potentialemissiondhasbeenpropagatedThe ne-grainedparallelismand
theintricateinstructionorderingmale run-timeschedulingnef cient, dueto
thecontet switchingoverheadIn consequencaémplementatiorcodeis often
generatedy compiling away all internalconcurreng?, while proceedingn
a single-loopperiodic evaluationof all the instructionsof the program. The
synchronouspeci cationis transformednto a singlesequentia(C) reaction
functionwhereall theoperation$iave beenstaticallyscheduledusingauxiliary
variablesandtests.A smallrun-timeexecutiveinterfaceswith theasynchronous
ervironmentto readtheinputsanddecidewhento call thereactionfunction.

1n distributed, multi-processoimplementationdike the one proposedby Caspietal. [CGP99], some
concurreng is presered betweerspeci cationpartsoperatingon differentprocessors
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A programwrittenin aconcurrensynchronousanguagdik e Esterelandits
desiredsequentialmplementatiorare very differentobjects. For this reason,
all Esterelcompilersuseintermediaterepresentationgnd eachintermediate
representatiodeterminesn turn the capabilitiesof the associatedompiling
technique. The rst implementation®f Esterel[BG92, Est00] usedmathe-
matical models(Mealy machinesand digital circuits) asintermediaterepre-
sentations.Consequentithe resultingC codewaseitherneedlesslyarge, or
slow. More recentcompilers[Edw02,WBC 00] usecontrol- ow graphsthat
areeasilytranslatednto well-structuredC code but aretoo far from Esterelto
representts exact semanticr to supporta numberof ef cient analysisand
optimizations.

Thispapempresentanew approad tothecompilation of theEsterel language
which achievessigni cant performanceandgeneralityymprovementsy using
the GRC(GRaphCodg intermediateepresentation.

Themaincontritution of the paperis thede nition of the GRCcode,which
usestwo graph-basedtructures- a hierarchical staterepresentation(HSR)
anda concurentcontol- ow graph (CCFG)- to presere mostof the struc-
turalinformationof the Esterelprogramwhile makingthecontrol o w explicit
with few graph-iilding primitive nodes. The hierarchicalstatecanbe seen
asa structureddatamemorythat preseresstateinformationacrosgeactions.
In eachinstant,a setof activation conditions(triggers)is computedrom this
memorystate to drive the executiontowardsactive instructions(for historical
reasonssuch actwvation triggersare generallycalled clocks in reactve syn-
chronousterminology). Becauseof the formal synchronousemanticdhese
clocksenjoy nice propertiegacomputations only triggeredwhenits outcome
will beconsumedandvice-versa).In the currentGRC schemethe computa-
tion of activationclodksfrom thecurrentstatehasto be performedrst thingin
eachreaction.But thentheactualdatainstructionblockswill only beactvated
at properpace.

Onthenew format,weintroduceseveraltransformationsgnostlysemantics-
preservingoptimizationalgorithmsbasedon staticanalysismethods.Due to
the mathematicahatureof the GRC modeltheseoptimizationcanbeformally
proved sound,althoughwe shall notinsiston this aspecin the currentpaper
Benchmarksndicatethe stronginterestof the approachin termsof potential
optimizing gains. The overall compilationschemecan be seeneitherasan
attemptto produceefcient software code,or ef cient simulationcodefor
hardwarerepresentation@ goalequallyfollowed by thesimulationsemantics
of VHDL andVerilog hardware descriptionanguageshut without our strong
synchronousemantics).

We focushereon the generatiorof software simulationcodeby de ning a
GRC-to-Ctranslationschemehathandlesall GRC-acyclicandcircuit-acyclic
Esterelprograms We shalldisregardherethetopicsof simulatingcyclic GRC
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speci cations,or of determiningorogramcorrectness the senseof construc-
tive causalityat GRClevel. Advancesn thatdirectioncanbefoundin [PB02].
The ef ciency of our approachis supportedby benchmarkssomparingour
GRC-basedompiler to existing compilers.

The paperis organizedas follows. Section2 is devotedto an informal
presentatiorof the Esterellanguage,including the descriptionof the small
examplewhich will be usedthroughoutthe paper A review of the existing
Esterelcompilersis givenin section3. The next threesectionsdescribeour
new approach.In section4 we de ne the GRC intermediaterepresentation:
its primitives, their semanticsand the Estereltranslationto GRC. We also
insisthereon somecausakorrectnesgagyclicity) issuegelatingGRCandthe
digital circuits. Section5 presentshe GRC-level optimizationalgorithmsthat
arecurrentlyusedin our compiler The software codegeneratiortechnique,
basedon ef cient stateencodingandstaticschedulingjs describedn section
6. Section7 presentsxperimentalresultscomparing with existing
compilers,andwe concludewith somesuggestiongbouthow to extendthis
work.

2. The Esterel language

Esterel[BG92, Est00,BdS91]is a designlanguagefor the representation
of reactve real-timeembeddedystems. It hasa full- edged formal opera-
tionalsemantic$Ber99,PB02]which solvestricky modelingissuesuchasthe
properde nition of globalsynchronouseactie behaiors andtheconstructre
causalityin control o w propagation.Esterelspeci cationscanbetranslated
into sequentiasoftwarecode digital synchronousircuits,or acombinatiorof
both,but ourwork only concernsts softwarecompilation.

Throughits intuitive, highly-readablemperatve style, Estereltriesto com-
binestrongmodelingfeaturedogethemith ef cient compilationpurposesAs
illustratedby the small exampleof g. 1.1, Esterelfeaturesthe control ow
operatorof alanguagdike C (sequencdpop), but alsoprovidesconcurreny,
preemptionanda synchronousglock-driven executionmodel. In eachclock
cycle theinputsareread,andthe programcomputests reactionby resuming
the controlthreadsandrunningthemuntil suspensionThe communications
donethroughbroadcassignalswhichareeitherpresenbr absenin eachclock
cycle. Thesignal is presenif a statement " is executedduringthe
cycle,andabsenbtherwise.

Our smallexamplehasfour input signalsandone outputsignal. Meantto
model a cyclic computationlike a communicationprotocol, the core of our
exampleis theloop which awaitstheinput , emits , andthenawaits before
instantlyrestarting.Thelocalsignal  signalsthecompletionof loop cycles.
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Figure 1.1. A simpleEsterelprogrammodelinga cyclic computation(like a communication
protocol)which canbeinterruptedbetweercyclesandwhich canbe suspended

Whenstartedthe statementvaitsfor the next clock cycle whereits
signalis present. The computationof all the other statementgresentn our
exampleis performedduringasingleclock cycle, sothatthe statements
arethe only placeswherecontrol canbe suspendedetweenreactions(they
presere the stateof the programbetweencycles). A direct consequence
thatthesignals and mustcomein differentclock cyclesin ordernotto be
discarded.

clock | inputs | outputs| comments
0 ary all inputsdiscarded
1 | 0]
2 KILL preemptiorprotocoltriggered
3 nothinghappens
4 J,SUSP suspend, discarded
5 J END emitted,T raised programterminates

Figure1.2. A possiblesxecutiontracefor ourexample

The loop is preemptedby the exception handling statement when

" is executed.In this case, instantlyterminatescontrolis given

in sequencegndtheprogramterminates.The preemptiomprotocolis triggered

by theinputsignal , buttheexception israisedonlywhen is emitted.

The programis suspended no computatioris performedandthe stateis kept

unchanged- in clock cycleswherethe signalis receved. A possible
executiontracefor our programis givenin g. 1.2.

The operationghatcomposea reactionarecausallyordered by the control

o w andby the signalcommunication. A signal canbe testedin a clock
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cycle only afterits statushasbeendetermined.Thesignalbecomepresentas
soonasit hasbeenemitted. It becomesabsentwhenwe candeterminethat
no “ " statementanbe executedduring the currentclock cycle. The
signalcausalitymayleadto deadlocksn thecomputatiorof areactiondespite
the factthatthe codeof a reactionis loop-free. Programghat candeadlock
(e.0. ) areincorrectand mustbe rejectedat
compilation.

Determiningwhetheraprogramcandeadloclor notis noteasy Theseman-
tics of Esterelis constructivein the sensehatthe absencef signalsmustbe
determinedvithoutary kind of guess.To do so,onehasto noticethataccord-
ing to decisionsalreadymadein the currentreactionall the emissionof the
signalareinvalidated. The recursve fact propagatioris exempli ed with the
following (correct)statement:

Whenthestatemenis startedthesignal is emittedandthecontrolis blocked
onthetestonsignal , whosestatuss still unknavn. Thepresenttatusof is
thenpropagatedhnto the not yet executedcode. There,it invalidatesthe
branchof theteston , sothat becomesbsentandexecutioncanproceed.
Notethatour executioninvolvedthe evaluationof code(theteston ) thatwill
never be executed.

Dueto its constructre semanticsEsterelhasa naturalsemanticnodelas
Synchronou®igital Circuits,at schematigatelevel, endavedwith intuition-
istic constructre semantic$Ber99]. In turn, suchcircuitshave anaturalopera-
tionalinterpretatiorin termsof Finite StateMealy Machines.Thus,all Esterel
modelingprimitivesareprovided meaningashierarchicakonstructsallowing
to build compoundobjectsin eachof thesedomains. Actually, this goesfor
reactve control o w structuringprimitives,while thelanguagealsooffersdata
handlingof a classicaimperatiie nature(assignments).

3. Relatedwork

Four approachesiave beenproposedfor the compilation of Esterelinto
sequentiatode. Historically the rst, the automata-basedapproach[BG92,
Bre02]basicallyfollowstheStructural Opeaatonal Semaritsof thelanguageto
producea at, globalautomatorthatisthenencodedn C. Performedy means
of exhaustvesymbolicsimulation, theauomabnexparnsion alsodeterminesthe
causakorrectnessf thespeci cationandsolwesall theinterleaing problems
thataredueto constructrity. Theautomata-base@ codeis theoreticallythe
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fastespossibleasonly semanticallyactive codeis executedn eachstate. It can
alsobeexponentiallylargerthanthe source dueto state-wiseodereplication.

Severalapproachebave beenproposedo reducethe size of the generated
code. The automatacompilerof the Polisgroup[BCG 99] usesbinary deci-
siondiagramgo identify codethatcanbesharedetweerstates. TheHIPPCO
automatoroptimizerof Castellucciaetal. [CDO97] usescodesharing,inlin-
ing, and re-orderingof teststo improve not only the codesize, but alsothe
executiontime (on averageandfor privilegedpaths). The Esterelcompilerof
Bres[Bre02, Est00] doesnot usethe unoptimizedautomatorrepresentation.
It directly generatesodewherecommonsub-treesare sharedinside a state.
While thesetechniquesmprove the quality of the generateadode the number
of statesstill explodesfor mostmeaningfulexamplesto the point wherethe
generatiorof theautomatonis intractable.

Surprisingly benchmarkshav that -generateatodeis oftenequally
fastor fasterthanthetheoretically-optimaautomata-basetbde. Thereasoris
probablytwofold. First,thelimited sizeof the processocachegenalizeghe
usuallylarger automata-baseekecutables.Secondthe GRC codeoptimiza-
tionsleave only few redundanciesandthe generateatodeis well-structured.
The codegeneratedy canalsobe exponentiallysmallerbecausehe
translationrdoesnotinvolve state-wisecodeduplication.

The circuit-based compilers [EstOQ] startby structurallytranslatingthe
Esterelprograminto a sequentiadigital circuit, at netlistlevel. The compiler
thengenerate€ codethatis a levelizedcompiledlogic simulator At each
reactionthecodeemulatesircuit actvity by evaluatingin anorderednanner
all the gatesof thecircuit. The circuit-basedcodeis compact,quasi-lineaiin
thesizeof theinitial Esterelprogram. It is alsoslow becauseill the gatesare
evaluatedn eachclock cycle.

Thecircuit-basedcodeis alwaysslowver thanits -generateatounter
part,sometimesy factorsof 50. Theencodingof all programoperatoraising
Booleangatesalsoleadsto a larger codesize, exceptfor the small examples
whereaggressie circuit optimizationscanbeapplied.

The Saxocompiler of Closseetal. [WBC 00, CPP 02] usesadiscrete-
eventinterpretationof Esterelto generatea compiledevent-drivensimulatot
Thecompiler o w is similar to thatof VeriSUIF[FLLO95], but Esterels syn-
chronoussemanticsareusedto highly simplify theapproach An eventgraph
intermediateepreserdtionis used hereto sgit theprogramintoali stof guarded
procedues Theguardsintuitively correspondo eventsthattriggercomputa-
tion. At eachclock cycle, the simulationenginetraversesthe list once,from
thebeginningto theend,andexecutegheproceduresvith anactveguard.The
executionof a proceduremay modify the guardsfor the currentcycle andfor
thenext cycle.



Theresultingcodeis muchfasterthanthe circuit-basedne,asthe guards
prevent the evaluationof semantically-inactie code. At the sametime, two
reasongmale it slower thanits -generateccounterpart: First, it does
not exploit the hierarchyof exclusionrelationsdeterminedyy switchingstate-
mentdik e thetests.Secondpptimizationis lesseffective becauséheprogram
hierarchyis lostwhenthe stateis (very redundantly)encodedisingguards.

The EC compiler of Edwardg§Edw02]hasbeenamajor sourceof insgration
in ourwork. It treatsEsterelashaving control- ow semanticgin the spirit of
[LPM99,Muc97])in ordertotakeadvantayeof theinitial programhierachy ard
produceef cient, well-structured code. TheEstereprogramis rst translate
hereintoaconcurentcontol- ow graph(CCFG)representinghecomputation
of areaction. Thetranslationmakesthe control o w explicit andencodeghe
stateaccessperationausingtestsand assignmentsf integer variables. The
back-endacceptsonly ag/clic CCFGs. Its static schedulingalgorithmtakes
adwantageof themutualexclusionsbetweerpartsof theprogramandgenerates
codethat usesprogram countervariablesinsteadof simple Booleanguards.
Theresultis thereforefasterthanits Saxo-generatecbunterpart.

ECand sharemary commonaspects Both usecontrol- ow graphs
asintermediateepresentationsndbothusestaticschedulingo generatavell-
structuredcode. Moreover, the GRC-level CCFG andthe CCFG of the EC
compilerarevery similar in form becausehey are obtainedthroughsimilar
Esterel-speci ademultipling andcodeduplication. Essentialifferencese-
main,however: EC takesa syntax-diwen approachn determiningheinternal
concurrengoftheEsteel program. Parallelthreadsreiderti ed ontheEsteel
sourceandhard-codedn the CCFG-level stateencodingwith testsandassign-
mentoverintegervariables. Theapproaciof issematics-driven,aimed
at achievzing betteroptimization. The GRC codepreseresthe statestructure
of theinitial Esterelprogramandusesstaticanalysistechniquego determine
redundanciem theactivationpattern.Thus,it is ableto simplify boththe nal
staterepresentatioandthe CCFG.Forthisreason, generatefastercode
thanEC.

3.1 Program correctnessssues.Acyclicity

The constructre semanticof Esterel,introducedin section2, is basedon
factpropagatiorschemesraversingat eachinstantnot only the active partsof
the program but alsoinactive ones.This comesin contradictionwith the phi-
losophyof ef cient codegenerationFor thisreasontheconstructre causality
is usuallysubsumedin this context by a morerestrictive requirementpnamely
acyclicity.

Acyclicity cannotbe formally de ned at the syntacticlevel of Esterelpro-
grams,asit largely dependson connectiongdravn betweensignalemissions
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andcorrespondingeceptions.It was rst de ned at the level of circuits,and
wassimplyrephrasedneventgrgohsandCCFGs.Acyclicity isthendependen
onboththeintermediateepresentatioandthetranslatiorscheme Regardless
of theintermediateepresentatioragyclicity representshe (strict) restriction
of the constructivemodelwherethe evaluationprocesscan be performedin
the sameorderat eachclock cycle. Thus,it supportsthe generatiorof ef -
cientstatically-schedule@ codeandrepresents cheapsyntacticcorrectness
criterion.

Among the compiling techniqueghatareableto handlelarge Esterelpro-
gramsthecircuit-basedpproachs theonly onecurrentlyableto analyzeand
compilecyclic programgby transformingcyclic partsinto equivalentagyclic
ones).However, theprocedurds expensve, requiringsymbolicstatespaceex-
plorationandcircuitresynthesi§SBT96,Tom97,EdwO03]. In practice agyclic-
ity is the mostusedcorrectnesgriterion for Esterelprograms,andthe only
working on large speci cations.

Most meaningfulprogramsareagyclic, regardlesf theintermediatecom-
piler representationHowever, differencessubsistthe circuit-basedccompilers
acceptingnorecorrectprogramsiueto the ner grainof theirintermediateep-
resentationThe GRC-basedpproaclsupportsire nementtechniquanaking
the GRC-level agyclicity equivalentto thecircuit-level one. Thus,we pave the
way towardsde ning agyclicity asa representation-irgpencernt correctness
criterion.

4, The GRC intermediate representation

The translationof the Esterelsourceinto GRC (for GRaphCodg malkes
the control o w explicit while preservinganimportantpart of the structural
information. The resultingGRC modelconsistsof two objects: a concurent
control- ow graph (CCFG)representinghe behaior of the Esterelprogram
andahierarchical staterepresentatiofHSR),historicallycalledselectiortree
The CCFGrepresentn an operationafashionthe computationof aninstant
(thetransitionfunction). During eachreactionthedynamicCCFGoperate®n
the staticHSR by marking/unmarkinggcomponensubtreeswvith “active” tags
asthey areactivatedor deactvatedby the semantics.

4.1 The Hierar chical State Representation

Thehierarchicaktaterepresentationf aGRCmodelis anabstractiorof the
syntaxtreeof the initial Esterelprogram. It preseresthe modularstructure
of the programwhile forgetting aboutbehaioral statements. The HSR of
our exampleis presentedn g. 1.3, alongwith intuitive tagsshaving the
correspondenceetweerHSRnodesandEsterelstatements.
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The square-shapeHSR leaves correspondhereto simple programstate-
mentsJike , Wherecontrolcanbe suspendetetweerclock cycles. The
oval-shapedntermediatenodescorrespondo composedtatementsSpeci ¢
HSR tagsmark the combinationmodein nodeshaving morethanone child.
Exclusivenodestaggedwith , correspondo sequenceandto if-then-elseEs-
terelstatementsParallel nodestaggedwith , correspondo parallelEsterel
constructs.Simplestatementshat cannotretaincontrol betweenrclock cycles
(e.0. , ) arediscardedn the constructiorof the HSR.

TheHSRnodesf indices0 and1 do notcorrespondo programstatements.
They areautomaticallygenerate@tprogramevelin orderto representhestart
stateof the programwhereno statemenis actve, but the programis.

0 (#)program

1] 2 ()suspend
program
start

await |  await J

Figure 1.3. ThehierarchicaktaterepresentatiofHSR) of our example

Eachnodeof the staterepresentatiors endavedwith aselectionstatus ag
(a Booleandatavariable)which recordsat run-timethe currentactvity status
of thecorrespondingubprogramSelectiorstatusesrechecledandmodi ed
by stateacces®peiationsperformedrom the CCFG(anddescribedn thenext
section).We saythata staterepresentationodeis activeif its selectionstatus
is true. Thede nition naturallyextendsto the associatedsterelstatement.

We shallseelaterthatoptimizationmethodswill introducemoreHSRtags,
computedby staticanalysisof boththe HSR andthe CCFG.In essenc¢éhese
tagswill recordredundang in the selectionstatuses.For instanceit is often
the casethat a branchof parallel constructis always active, in which case
the associatedelectionstatusandthe CCFG codemanagingt cansafelybe
removed. Thus,theHSRactsbothasa staterepresentatioandasa high-level
informationrepository

4.2 The Concurrent Control-Flow Graph

We picturedin g. 1.4the CCFGassociatedvith our smallexample. In-
tuitively, control entersthe o wgraphat eachexecutioninstantthroughthe
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topmostnode. Then, it follows the edgesuntil completetraversalof the o w-
graph.

Figure 1.4. Theconcurrentontrol- ow graph(CCFG)of ourexample

All the edgesof our exampleare orientedcontiol edgesrepresentingon-
trol ow andsignal dependenciesControl edgespropagate
the controlandthe signalstatusedbetweentypedcomputatiomodes Esterel
programsinvolving datamanipulationsamay alsorequirethe useof data de-
pendencedges representingchedulingconstraintsiotimplied by thecontrol
ones.

A computatiomodehasa numberof namednputandoutputportsto which
edgeswill be connectedaccordingto the translationrules. Eachcontroledge
connectsxactly one outputport to oneinput port. Several edges(or none)
canbe connectedo every given port. Most nodesalsocontaina dataaccess
opeiation, allowing themto test/update@iserde ned variablesor selectionsta-
tuses. During a reaction,a nodeis executedwhenit recevesenoughcontrol
andsignalinformationthroughitsinputports. It performsthenits computation,
which may involve the activation of its dataoperationandpropagateshere-
sultsthroughits outputports. We now describeéhenodesandthespeci c data
accesgperationdy exemplifyingon g. 1.4. Notethatwedroppedfor space
reasons)nostinput andoutputport namesrom our graphicalrepresentation.
Explanationswill make up for thisincorvenience.
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A uniqueTick node (topmostin our example)senesin every CCFG as
uniquecontrolentrypointfor the behaioral reactions.It bearsasingleoutput
port, calledcont

At eachclock cycle, the Tick nodeactivatesthe Switch nodedecodingthe
statusof theHSRnodeof index 0. Switch nodesepresenthelocationswhere
thestatusof exclusve HSRnodess decodedn orderto resumeheappropriate
sub-statementFor instance the Switch nodedecodingthe HSR node0 will
decidewhetherthe programis in the startstateor in a subsequengéxecution
instant.In the rst case HSRnodel is active, andthe Switch givescontrolto
theoutputportlabelel . InthesecondtaseHSRnode2isadive, andcontrol
is givento outputport to resumethe programbody Switch nodesarean
essentialpart of our staterepresentatiorscheme allowing later an ef cient
encodinghatusesmnultiway branchingnstructions.

If the programis in the startstate,controlis given to a sequencef Call
nodesperformingstateupdateopemtions Theprogramexits the startstateby
settingto falsethe selectionstatusof thenodel (with acall to exit 1). Then,it
recursvely activatesthe statementsll theway from to and

by performingenter operation®ntheHSRnode<, 3,4, 5,6, 7,
8,10,and11. Thetrapezoidahodesarethe Fork andthe synchronizeiSync
nodescorrespondingo the parallelstatemenf{HSRindex 5).

If theprogramis notin thestartstate thenwe haveto performthesuspension
teston signal . The associatedestnodehasoneinput port, namedgo,
which representghetesttrigger It hasno signalinput port becauséhe signal

, which is not emittedwithin the program,is treatedik e a datavariable.
Thenodehastwo outputports,namedhenandelse(thelatteris identi ed with
adot). If the testsucceedsthe hierarchicalstatedecodingis interruptedand
control (given to the then port) leavesthe o wgraphtherebysuspendinghe
executionof the programuntil the next clock cycle. We alsosayin this case
thatthe programpauses

If thetestfails, the sub-statementsf arerecursvely resumed.n
practice,this amountsto resumingthe branchesf the parallel statement.e.
checkingthatthey areactie (with the Testnodegeadingtheselectiorstatuses
of the HSR nodes6 and 10), decodingtheir internal status(with the Switch
nodesontheHSRnodes7 and10), andgiving controlto theappropriate
signaltests. Note how the internalsignalcommunicatioron is encoded
usinga controledgethatconnectsts emissionwith its test.

Whena parallelbranchcompletests executionfor the currentclock cycle,
it reportsto the parallelsynchronizeSyncnodeits completioncode(inactie,
pausedterminatedpr exited throughsomeexception).Whenall thebranches
completeheexecutionof thecycle,the Syncnodecancomputehecompletion
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codeof the parallelstatemerft andactivatethe appropriateoutputport. In our
case,the parallel can pause(suspenduntil the next clock cycle) or raisethe
exception . In the rst casethe controldirectly leavesthe o wgraph. In the
seconctaseheprogramterminatesasexit O setsheprogramstatugoinactie.

CCFG semantics We have presentedheretheintuitive, control- ow seman-
ticsof theGRC o wgraph.ltsformalconstructivesimulationsemantic§PB02]
isbasedntheconstructie circuitsemanticef Berry[Ber99]. Underconstruc-
tivesemanticsgachcontroledgeof theCCFGhasastatusof ,or
Thevalue meansnot yetresoled,notstabilized”. In thebeginningof each
clock cycle, the statusof all control edges(with the exceptionof the inputs)
issetto . Thecomputatiorof areactionconsistan incrementallyassigning
avalue of (to represenexecutionor signalpresencepr (to rep-
resentinactvity or signalabsencejo every controledge. Therearetechnical
intricaciessuchasthefactthata signalbecomegpresent value)assoon
asit hasbeenemitted,while it can be turnedto absent( value) only
whenall emissionave beenprovably discardedy control- ow choicesthe
sequentialmplementatiorwill avoid this problemby properlyschedulinghe
correspondingssignmentsothatall emissiongprecedeaall signaltests).

The incrementalcomputationof the statusess performedby the CCFG
nodeswhich changeheir outputassoonastheirinputschange.The compu-
tationof a nodemay have side-efectsthatmodelstateaccessanddataaccess
operations.Good propertiesof the computatiomnodes(monotoly) guarantee
thatoncetheBooleanstatusof acontroledgeis establishedt doesnotchange
for the currentreaction. Thus, the computationcornvergesin nite time. In
so-calledconstructivelycausalprogramssignalvaluesareall de ned (i.e., not

) in theendof eachreactiorfrom everyreachableon gurationof thesystem.

Well-formednessproperties Not every GRC speci cation built with the
previously-de ned nodesis meaningful. Otherwisesaid, while the CCFG of
a GRC speci cationis not explicitly structuredjt hasto satisfya numberof
well-formednesgropertiesnsuringits correctoperation.Herearesomeof the
mostimportant:

m apartfrom theinternalsignalanddatadependencieshe CCFGmustbe
agyclic

2 at leasta parallel branchhasreportedan exception code, then the parallelitself completeswith an
exception(the highest-leel amongthosegeneratedby branches)If no branchreportedanexceptioncode,
but at leastone pausedthenthe parallelpauses Otherwise the parallelterminatests executionandgives
controlin sequence.
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» thestatedecodingpartof the CCFGhasto be hierarchic following the
HSR structure. Moreover, all stateupdatenodesmustoccur after the
statedecodingnhodes.

Thesepropertiesareinsuredby thetranslatiorschemale nedin thefollowing
sectionandmustbe presered by all GRC optimizationalgorithms.

4.3 Esterel to GRC translation

Most Esterelstatementéave distinct startand resumptiorbehaiors. For
instancethe signaltestis performedby “ " only whenthe statement
is resumed.This multiplexing of behaiors producesntuitive, high-level con-
structs yvery usefulin thedevelopmenbf large applications At the sametime,
it prohibits mostcontrol o w optimizations,as the startand resumebeha-
iors are usually subjectto differentredundancies.The main purposeof the
Estereltranslationto GRC is to make the control o w explicit andallow its
optimization.

In an approachborroved from Berry's circuit translation[Ber92, Ber99],
the translationof Esterelinto GRC is basedon a structuralunfolding using
well-de ned patternsassociatedo the primitive statements.The translation
involvestwo phasesThestructuial phasebuildstheHSR,thegraphnodesand
thecontroldependenciesotcorrespondingo signals.Thelink phaseproperly
connectswith control edgesthe ports correspondingo signalemissionand
reception,and connectswith datadependengc edgesthe dataoperationghat
accesshesamesharedvariable.

Figure 1.5. Translationof p q

For eachstatementhreeobjectsare generatedthe HSRsub-teg the sur
facecode representinghestartbehaior, andthe depthcode representinghe
resumptiorbehaior of the statementFor instancethe statements
translatedusingthe patternpicturedin g. 1.5. To obtainthe GRCrepresenta-
tion, thethreecomponentsarethenputtogetheatgloballevel usingthepattern
of g. 1.6.
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Figure1.6. Theglobalcontext

Well-studiedsemanticreasongBer99] often require a certainseparation
betweerthestartandtheresumecodeassociatedvith astatementPerforming
it, aswedo,in asystemati@andthoraughwayhasthedisadvaniage of increasing
the GRC codesize. However, the duplicationmay also reducethe number
andscopeof signalanddatadependencieshushelpingthe optimizationand
software code generationalgorithms. More parsimoniouscode duplication
schemedik e thatof Edwards[EdwO02] aresupportedoy GRC, but we did not
evaluatethemin practice.

4.4 Acyclic GRC speci cations

In section3.1 we introducedthe notion of cyclic program,shaving thatit
depend®nthechoserintermediateepresentatioandcompilingschemeWe
alsoexplainedwhyit isimportantin practiceto unify thecircuit-level andGRC-
level notionsof agyclicity. We now derive a partial solutionto this problem.
More exactly, we usethe similarity betweenthe Estereltranslationdo GRC
anddigital circuitsin orderto determinghe origin of the differencedetween
the two notionsof agyclicity. Basedon this analysis,we de ne a minimal
transformatiorof theGRCcodethatuni es thetwo notions but still allowsthe
generatiorof ef cient C code.

The resultis weakin formulation, asit reliesspeci ¢, unoptimizedtrans-
lation schemeslt is neverthelessmportant,becausét offers a road-mapfor
developing o wgraph-andcircuit-basec¢ompilerghataccepthesameclasses
of programs.

The translationof Esterelinto digital circuitsis usually performedby en-
codingthe control o w with wires (andgates) while the stateis represented
using Booleanregisters. Without losing generality we shall usethroughout
this sectionthe circuit translationof Potop-ButucarfiPB02]. Thisone,aclose
variantof the“reference’circuit translatiorof Berry, isexemplied in g. 1.7.
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Figure 1.7. The circuit translationof our example. Un lled gatesperformthe circuit-level

stateencoding.To emphasizé¢he similarity with the GRCrepresentatioof g. 1.3and1.4,we

divided the circuit in two parts. To obtainthe global circuit, connectthe wires with identical
or labels.

The circuit translationis very similar in form to our GRC translation: It

is basedon patternsassociatedo the primitive statement®f Esterel,andthe
nal circuitis obtainedy structurallycombiningandlinking thesepatterns.n
fact,onecanconsidethe GRCcodeasanintermediatestepin thetranslatiorof
Estereinto digital circuits,astepwherethebasicEsterektructuregstate tests,
synchronizationshave not yet beenencodedwith logic gates. For instance,
mostof thegatesandwiresof g. 1.7 canbeobtainedrom thecorresponding
GRC representatiorfg. 1.3 and1.4) throughsimple expansionoperations.
We emphasizeavith darker gatesthe expansionof the topmostSwitch node,
andwith dottedboxesthe expansionof the parallelsynchronizers.

In bothcircuitsandGRCspeci cationsgeneratedrom Esterelprogramsve
canidentify adistinctclassof componentsvhoserole is exclusively to encode
the stateof the programfor the next instant. In GRC, thesecomponentsre
the enter and exit stateupdateoperations.In the circuit of g. 1.7 they are
theun lled gatesandthin wiresthatdrive theregisters. Thesestateencoding
componentgiever determinecycles, so thatwe canremove themin orderto
performouranalysisising simpl ed versionsofthe CCFG o wgraphandof the
circuit. Fig. 1.8 givesthesimpli ed CCFGandcircuit associateavith asmall
examplethathasthe particularityof beingGRC-g/clic, but circuit-agclic.



Optimizationdor FasterExecutionof Esteel Programs 17

Figure 1.8. Esterelexample(a) thatis GRC-gyclic (b), but circuit-ag/clic (c).

After thesimpli cation of theunneededtateencodingcomponentsavery
simplecorrespondencexistsbetweerthe GRCnodesandedgesandthecircuit
gatesandwires. The simpli ed GRC codeis in factan abstracted/ersionof
the simpli ed circuit code,which meanghata GRC-agclic Esterelprogram
is alwayscircuit-agclic.

At this point, we areableto seethat expandinginto logic gatesa nodeof
type Switch or Test cannotlead to the removal of a cycle, asthe resulting
logic gatesbearthe samestaticdependencié€sasthe initial node. Thus,only
the circuit expansionof a parallelsynchronizeiSync nodecanremove causal
dependencies.

Figure 1.9. The circuit-level parallelsynchronizerfor two parallelbrancheqg0 and1). The
completioncodesareencodedvith integers:termination= , pause= ,the  surrounding
trap= . With thisencodingcomputinghecompletiorcodeof theparallelstatemenconsists
in takingthe greatestodeproducecdby abranch.

Meanwhile thecircuit expansiorof asynchronizergivenin g. 1.9,isquite
complex and doesnot offer supportfor the generatiorof ef cient sequential
code. To allow a betterencodingwe shalltry to keepthe gatesgroupedinto

3The staticdependencrelationbetweerports (input and output, without distinction) of nodesof a CCFG
graph,denotedwith , is the smallestransitve relationsuchthat (1) if is aninputportand anoutput
portof thesamenode,then and(2) if acontrolarcconnectsn the CCFGtheoutputport with the
inputport , then . TheCCFGis cyclic if for someport .
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larger blocks. We de ne herea techniquethatallows us, in caseswvherethe
circuitis agyclic, butthe GRCcodenot,to splitthesynchronizemto aminimal
numberof componentsf aform thatallows a simplesoftwareencoding.

The obseration that allows our minimal re nementconcernghe internal
structureof the parallelsynchronizersThe staticdependenciebetweensyn-
chronizemportsthatdisappeathroughcircuit expansiorare , With

. All the otherdependencieé and

) arepresered. Theindices and rangehereover possiblecompletion
codeg(following theencodingde nedin g. 1.9),while  rangesover HSR
indicesof branche®f the correspondingparallelstatement.

Whena GRC synchronizeiis partof a cycle, staticdependenciekink syn-
chronizeroutputsto synchronizeinputs: forsome and . If the
circuit expansiornbreaksthe cycle, then . Otherwisethecycle cannotbe
brokenby circuit expansion.We arethenlooking for the minimal expansiorof
asynchronizerundergiven constraintf theform

We shall be splitting the synchronizersnto partsthatcorrespondo setsof
consecutie completioncodes. A parallelsynchronizer handlingcom-
pletion codesfrom 0 to  canbe split into , with

. Here, recevesthe completioncode
wires , producegheoutputs , and:

m f , then recevestheinputs

m f ,then recevesfrom onecarrywire
perparallelbranch.

Thus, our problemis to determinea sequence of
minimal length suchthatfor eachstaticdependenc ( )
thereexists suchthat (sothat the cycle determined
by is brokenthroughre nement). Thealgorithmthatdetermines
sucha sequenceés given next. It takesasparametethe set of pairs
suchthatastaticdependengc ( ) existsin theGRCcode,
andreturnsthelist of splitting points(numericcompletioncodes):

We do notformally prove herethe minimality of theresultingsplit. Intuitively,
it is determinedy the factthatsplit pointsareonly appendedo thelist when
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thisis required. For instancejf only onedependencexists(likein g. 1.8),
thesynchronizeshallbe splitin two parts.

5. Analysis and optimizations

The translationof Esterelinto both circuits and o wgraph-basedormats
like GRC usually resultsin codethat is far from optimal. Thereare good
reasondor this: Translationdhave to be structurallyde ned, sothatthe code
resultingfrom asubprogranincludeselementsllowing it to behandledn any
surroundingreactve contet. For instanceprovisionis madein thetranslated
codeto let any subcomponente started resumedpr preemptedIn addition,
thetranslatedorm maintainghe actiity informationeverywhere consuming
memoryelementdor the staterepresentationVery often, large partsof the
programdo not needsucha heary completeencapsulatiorfbecausehey are
alwaysactive, to mentiona simplecase) andthedescriptioncanbedrastically
simpli ed.

For FSMs and digital circuits well-studiedoptimizationtechniquesexist,
basedon mathematicapropertiesof the underlyingformal models: bisimu-
lation minimizationin the rst case,combinationalandsequentialogic opti-
mizationin the second. Thesetechniquesometogetherwith very ef cient
algorithmsandsoftwaretools. However, they aremostlyof aglobalnature so
thatthey aregenerallynotableto handlendustrial-sizespeci cations.At GRC
level onecanhopeto de ne optimizationsbasecdbon staticanalysigechniques,
lesscompletebut moreef cient in compleity of analysiglow-exponentpoly-
nomial). Onemainprospecin theintroductionof the GRCformatwasindeed
to beableto describeandformally justify suchoptimizationsonawell-de ned
representatiomodel. Somework hasalreadybeendonein thisdirectionin the
existing o wgraph-based@ompilers. Still, resultslack generalityand formal
supportdueessentiallyto limitations of theintermediatecompilerrepresenta-
tions.

The optimizationof a GRC speci cationis performedn two phasesFirst,
potentialredundanciebetweenstateencodingelementsare detectedhrough
staticanalysioof theGRCcode andrepresentedith tagsontheHSR.Thetags
arethenusedin the secondphase whereactualoptimizations(by removal of
edgesandnodes)areperformedonthe CCFG.Actually, thetagsarealsoused
to improve softwareencodingbut this aspecshallbe presentedhn section6.

TheCCFGsimpli cation phasenayunveil moreredundanciebetweerstate
elementsso thatthe optimizationcanbe iteratedto further savings. Current
practiceshaws that three optimizationcycles (tag computationfollowed by
o wgraphsimpli cation) areenoughon our largestexamplesto reachfull op-
timization.
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5.1 HSR tag computation

The HSR senestwo purposesn a GRC representationlt completeshe
semantic®f the o wgraphby keepingtrackof thestatehierarchyandit alsois
arepositoryfor tagsrepresentingotentialredundancies the staterepresen-
tation. The choiceof tagsis givenby their utility (experimentallydetermined)
in the optimizationandencodingprocess.In additionto and , thatwere

alreadyde ned, we currently usethe tags: and . Hereis their
meaning:
u indicatesthat the taggedHSR nodenever remainsactive at the

end of a reaction. The associatedgtatements either never started,or
instantlypreemptediponstart.

u (for non-terminatinyindicateghattheselectiorstatusof thetagged
HSR nodeis always equalto that of its parent. Thetagis of specic
interestondirectchildrenof parallelnodes.In generalaparallelbranch
canterminatewhile otherbranchegandthusthe parallelitself) remain
active. This, however, is notthe casewhenthebranchnever terminates,
or whenit only doesso by raising an exception, therebyabortingthe
whole parallelconstruct.

Note that othertagscanbe easilyde ned for usewith differentanalysisand
optimizationtechniques. Promisinganalysisalgorithmsneed,for instance,
informationaboutloop scopespr there nementof the exclusionrelationinto
sequencandconditionalexclusion. Our setof tagsis only a rst version,with
alreadygoodpracticalresults.

Thecomputatiorof tags currentlyrelieson algorithmsof linearcomplexity
in the sizeof the GRC speci cation. We setthe tagonthe HSR node
of index if it fallsin oneof thefollowing cases:(1) The CCFGcontainsno
enter( ) operation. (2) All of 's childrenaretaggedwith . (3) The
parallelnode hasatleastonechild taggedwith both and . (4)The
node is child of a paralleInodeitself taggedwith

The ag is seton all the childrenof unary HSR nodes. In addition,
it is setontodirectchildrenof parallelnodesbasedon thefollowing analysis
of the CCFG parallelsynchronizers:iLet be a parallel HSRnode let be
oneof its children,andlet bethe parallel syntronizes associated
with . Then,wesetthe tag on if noneof receivesa control
edge representingthe normal terminationof the parallel branch  (i.e. if the
translationdid notgeneirte sud an edge or if it hasbeenoptimizedout). For
our example theresultof thetaggingphasds givenin g. 1.10(a).
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Figure1.10. TaggedHSRandoptimizedCCFGfor ourexample

5.2 CCFG optimizations

We apply on GRC o wgraphstwo typesof simpli cations: (1) stateac-
cess/updaterotocolsimpli cations that take into accountthe new HSR tags
and (2) “internal” graphsimpli cations that do not use staterepresentation
information.

Simpli cations basedon HSR tags. Thesesimpli cations take into ac-
countthe staterepresentatiomedundancieshat are representedavith tagsin

orderto simplify the stateaccess/updaigrotocolby removing unneedewper

ations.In mary casesinaintaininghecohereng of the o wgraphalsorequires
theremoval of the driver o wgraphnodes. The following simpli cations are
currentlyperformed:

m the Switch nodesaresimpli ed by erasinghe outputscorrespondingo
brancheslf only oneoutputremainsthenodeis deletedandthe
outputis directly connectedo thegoinput.

m  Testnodeswvhoseargetistaggedwith or aredeleted.If only
oneof thetagsis setonthetarget,thenthegoinputis directly connected
to eitherthen if thetagis , Or else for a tag.

m stateupdateoperationsvhosetargetis taggedwith or are
deleted.Theassociate@all nodeis also ddeted,andits outputis directly
connectedo its input.
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Inter nal o wgraph simpli cations. Derivedfor themostpartfrom clas-
sicalcontrol- ow optimizationtechniquesthe“internal” graphsimpli cations
deletedeadcode,reducethe numberof dependenciesndsimplify thenodes.
We mentionthreetechniqueshatproved very effective in practice:

m the constructivesweepintuitively correspond$o constantpropagation
andto deadcoderemoval. Deadcodeis identi ed by performinga
symbolicexecutionof the GRC codewhereall accessibleontrolpaths
areexploredin parallel(linearcompleity). Then,we candeletecontrol
edgeghathave not beentraversed.We alsodeletesomeof theadjacent
nodes:

— Call, Test andSwitch nodesvhosegoinputportrecevesnomore
edges,as well as Sync nodeswhoseinput edgeshave all been
deleted.

— Testnodesvhoseexpressiorhasbeenuniformly setto true or false
dueto theremoval of signaledges.

= the dependencgimpli cation consistsof remaving certainsignaland
datadependencieletweerexclusie controlbranchege.g. brancheof
atest). We currentlyperformthe simpli cation ontests(Testor Switch
nodesWwhoseexpressioronly involvesinput signalsor statetests.

m the uselesscodesimpli cation consistsof deletingcodethat doesnot
drive actionsondata(statechangesputputsignalemissionsor userdata
update).

Figurel.10(b)shavstheresultof thesimpli cations onthecontrol- ow graph
of ourexample.

6. Codegeneration

Oncetaggedand optimized,a GRC modelis translatednto sequentialC
code. Therearetwo importantstepsin this translation,to furtherimprove
efciency. First, a stateencodingis choosedso that variousenter and exit
operationsf the CCFG canbe collapsednto fewer C-level dataoperations.
Seconda properstaticschedulingof the parallelthreadsn the CCFGis syn-
thesized We recallthatour approackcurrentlyhandlesonly GRC-agclic and
circuit-ag/clic speci cations,dueessentiallyto the staticschedulingalgorithm
which allows anef cient, low-overheadencodingof the context switches.

6.1 Stateencoding

The stateencodingmustallow the hierarchic(top-davn) identi cation of
the active programstatementsthroughsuccessie testscorrespondingdo the
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Figure1.11. Stateencodingor ourexample:(a)thebit allocation,optimizedaccordingo the
HSRtagsand(b) theencodingof thereachablestatesof the program.

statedecodingnodesof the CCFG.Our encodingtechniquebasicallytries to
minimizethenumberandcompleity of thestateacces®perationgperformed
in a clock cycle, but without performingcodeduplication(like the automaton
expansiondoes).

Theencodingalgorithmstartsby associatingnintegertestvariableto HSR
nodeswherea statedecodingdecisionmaybenecessary:

m exclusve selectionnodeshaving more than one child not taggedwith

» childrenof aparallelnodethatarenottaggedwith

In the rst caseithe childrenthatare not taggedwith areassigned
indicesfrom 0 to , andthevariableis setto to marktheactvationof the

branchofindex (andthede-actvationof all theother).In thesecondasethe

variableis setto 1 whenthe parallelbranchis active. Otherwiseijt is 0. The

variableassignmentanin factbe further optimized,asthe actvation bits are

in mary casesedundant.

The secondencodingphaseusesexclusivenesspropertiesto minimize the
sizeof therepresentationThebasicremarkis herethatvariablesassociatedo
nodesndifferentsub-treesof anexclusiveselectionnodewil | neverbedecaled
in thesamereaction.Then,they cansharehesamemplementatiorvariableto
minimizetheexecutablesizeandthe cache-misgrobability Themultiplexing
algorithmis actuallyperformedatbit level, in abottomup fashion.This phase
de nesthe nal mappingof the stateoperation®ntothe statevariablesof the
implementation.

Figurel.11picturesthe bit allocationpatternof our exampleandgivesthe
encodingof the reachablestates.For instance 0011 representsnactive pro-
gram(bitO=1)thatis notin thestartreaction(bitl=1)andthatawaitsthesignals

and
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In orderto matchthe HSR encoding the stateaccesgrimitives aretrans-
formedinto assignmentandtestsof the integer statevariable. This stepis
essentiain thegeneratiorof ef cient code,aseachassignmenbperationusu-
ally encodesnultiple stateupdateprimitives.

6.2 Schedulingand C codegeneration

To be executedon a sequentiamachine the operationsof the concurrent
CCFGmustbesdeduledi.e. totally orderedn away thatcomplieswith the
causalityrelation. A schedulinglgorithm worksby interleaving thecorncurrent
branche®f the CCFGusingcontet switcheswheretheexecutionof abranchis
suspendedndanothebranchis resumed Context switchedake time,andef -
cientscheduleshouldhave asfew of themaspossible.Determiningaschedule
with a minimal numberof context switchesis NP-completeput our approach
producesacceptableodeusinga simpledepth- rst schedulingalgorithm.

The CCFG representswith edgesall control and data causality so that
ary topologicalorderis a valid schedule.To avoid comple, data-dependent
schedulingssuespnly ag/clic GRC speci cationsareacceptedor codegen-
eration. In thesecasesa topologicalorderalwaysexists andary topological
ordergivesastaticsdhedule i.e. onethatworksateachclock cycle.

Figure 1.12. ResultingC code. Note the Booleancontet switch variable  thatis usedto
resumethe secondparallelbranchafterthe rst oneis executed.The globalvariable is
initialized with

To determineanacceptablstaticschedulethecodegeneratousesasimple
“greedy” approach. Throughoutthe schedulingprocessthe list of concur
rentbranchess cyclically traversedfrom the beginningto the end. The code
generatoithen usesa depth- rst traversaltechniqueto scheduleas muchas
possibleof the currentconcurrentoranchbefore,if necessarysuspendingt
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andgoingto the next after performinga context switch. Fig. 1.12shaws the
reactiorfunctiongeneratedbr ourexample. Thevariable holdsthestate
representationThe context switchesareencodedisingBooleanguards.The
exampleneednly one(cs)in orderto resumeif necessaryontrolonthesec-
ondparallelbranch.In generaltheresultingcodeis well-structuredasguards
correspondingo lowerlevel concurrenthreadsaresubsumedo higherlevel
ones.

7. Results

To measurdhe ef ciency of our approactwe developeda prototypeGRC-
basedoptimizing compiler called , thatplugsinto the Esterelcompiler
system[Est00] developedat INRIA/CMA. The prototypecompilesall GRC-
agyclic Esterelprogramsandimplementsthe optimizationsdescribedn this
paper In-depthtechnicalinformationconcerningthe implementatioris pro-
videdin [PB02].

example description Esterel(LC) nodes
statements| initial | optimized

1-tcint turbochannebus 516 798 375 | 46.9%
2-wristwatch berry's example[Est0O0] 533 834 366 | 43.8%
3-atds100 videogenerator 1122 2119 | 1059 | 49.9%
4-mca200 shockabsorber[CEG 96] 3769 4562 | 3596 | 78.8%
5-Chorus OSmodel[WBC 00] 4751 6299 | 3539 | 56.1%
6-Fuel avionicsfuel controller 4986 8544 | 4516 | 52.8%
7-cabine avionicsdisplay[BBF 00] 10991 18872 | 8037 | 42.5%
8-global avionicscontroller 15831 18852 | 13253 | 70.3%

Tablel1l.1. Testbenclexamples:descriptionrandGRC optimizationresults

We comparedhe outputof with the outputof four othercompilers:
The automatacompiler of Bres[Bre02],the circuit-basedcompiler of Berry
[Est00],theEC compilerof EdwardsEdw02],andtheSaxocompilerof Closse
etal. [WBC 00]. A state-of-the-arsequentiatircuit optimizer(SIS/blifopt
[SSL 92]) hasbeenusedwhene&er possibleon the intermediatenetlistrepre-
sentatiorof the circuit-baseccompiler

Theexamplesof thetestbenctare, exceptedjndustrialexam-
plesof controllers,eitherdirectly programmedn Esterelor obtainedthrough
automatidranslatiorfrom SyncChart$And96] speci cations.Table1.1gives
theinitial and optimizedspeci cationsizes,anda shortdescriptionfor each
of our 8 examples.The LC statementountis goodestimationof the Esterel
speci cationsize. Theunoptimizedhumberof nodesin the GRC o wgraphis
alwayslargerthanthe LC countdueto thedemultiplxing andto thestructural
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codeduplication. However, despitevariationsin the optimizationratios, the
optimized gures alwaysfall underthe LC count,meaningthatour systematic
codeduplicationpaysoff. Recallthattheoptimizationalgorithmsareall linear,

| example | automata] circuit | EC | Saxo | |
1-tcint 0.30 066 [ 0.25] 0.36 | 0.25
2-wristwatch | 0.95 140 [ 126] 1.29 | 0.95
3-atds100 0.05 369 | 0.14] 012 | 0.08
4-mca200 4 4819 | 261 | 3.68 | 1.88
5-chorus 3 5429 | 276 | 530 | 1.10
6-fuel 4 37.66 7] 16.81| 15.65
7-cabine 4 5 71 31.97] 29.26
8-global 4 6 7| 57.45| 43.27

Table1l.2. Generatedodespeedsec/1IMgcle)

sothattheoptimizationphaseloesotrepresenabottleneckn thecompilation
process.On the testmachine(a Linux/PIII/1GHz/128M)it takeslessthanl
minutefor the largestexample,dependingquasi-linearlyon the speci cation
size.

| example | automata] circuit | EC | Saxo | |
1-tcint 72.8 114 [115] 1563 | 175
2-wristwatch 14.8 11.2 | 13.3] 16.1 | 147
3-atds100 28.8 31.%7 | 21.7] 339 | 337
4-mca200 3 171.8 | 70.2| 789 | 67.7
5-chorus 3 230.3 | 99.5| 104.1| 98.6
6-fuel 3 201.4 7| 1475 168.7
7-cabine 4 6 7| 256.1| 196.8
8-global 4 6 71 309.1| 273.9

Table1.3. Objectcodesize(Kbytes)

For eachexample,the C routinesgeneratedy the 5 compilershave been
compiledusing*” " andthenrunfor 1 million cyclesto determine
theaverageeactiortime. Theinputsequencesereeitherprovidedby thepro-
grammerof the applicationor (whennoneprovided)generateghseudorandom

40ut of memoryor timeout(1 hour) duringautomatorexpansion

5Theintermediatecircuit representatiohasbeenaggressiely optimizedusingSIS/blifoptprior to C code
generatior(only possibleon small-to medium-sizedpeci cations).

6 exhaustedsystemmemoryduringcompilation.

"The codewasnot availablefor tests.
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inputssatisfyingthegivenervironmentalconstraints.Theresultsarepresented
in thetablesl.2and1.3.

Thethree o wgraph-basedomplers(EC,Saxo,and ) producesimilar

gures in both speedand size. Among them, generategastercode,
while the differencesn codesizearenotrelevant. This seemgo indicatethat
(1) removing redundanstatetests(like we do) greatlyimprovesthecodespeed
and(2) theC languageencodingof couldbeimprovedto matchonsmall
exampleshe EC-generatedodesize.

As expectedthe codegeneratedby the circuit-baseccompileris slow, even
whentheintermediatecircuit representatiohasbeenaggressiely optimized.
Thecircuit-basedcodeis alsovery large anddif cult to compile.

Surprisingly only one exampleresultsinto -generatedcodethatis
slowerthanits automata-basetbunterpartThisis probablydueto thefactthat
the(small)processocachepenalizdargerprogramsandto thefactthatGRC-
level optimizationdeave only few redundanciem thestaterepresentationThe
automata-basedompilationis restrictedto small programs,even more than
circuit optimization. For all but 3 examplesin our testbenchyve interrupted
theautomatorexpansiorafter1 hour

Theglobal compilationtime, including GRC codegenerationppti-
mization,and C encoding,is negligible. It increasesrom several secondgo
approximately2 minutes,following the size of the GRC speci cation. The

-generatedC codeis easilycompiledby

8. Conclusionand Futur e work

We introducedn this papera new intermediatanodel,calledGRC, for the

representationf Esterelprograms.The GRCrepresentatiomakesthecontrol
o w of the Esterelprogramexplicit, but also preseresinformationaboutits

initial structure.Thus,its supportsavarietyof ef cient analysispptimization,
and sequentiatodegeneratioralgorithmsbasedon low-coststaticanalysis.
Benchmarkshawv thatthe GRC-based compilergenerate$astercode
thanthe otherhigh-capacitycompilers for asimilar codesize.

The GRCrepresentatiohaswell-de ned formal semanticsallowing usto
(1) prove the correctnessf the software codewith respecto the constructre
semantic®f Estereland(2) maintaina closerelationbetweersRCandcircuit
translation®f anEsterelprogram.We werethereforeableto de ne anotionof
agy/clic GRCdescriptionandmatchit with the correspondingneon circuits.
Theresultis of speciapracticalinterestsinceagyclicity is themaincorrectness
criterionusedfor Esterelprograms.

The compilerhasbeenmplementedisamoduleof theINRIA/CMA
Esterelersion5 compilersystem.At thesametime, someof theoptimizations
de ned in this paperhave beenincorporatednto EsterelStudio,anindustrial
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Esterel-basedrvironmentfor thedesignandveri cation of complex systems-
on-a-chip(SoC).

Otherapplicationsarepossible jn additionto generatingsoftware codefor
Esterel. The GRC-basedpproachcould be easilyadaptedo compile other
synchronousanguagesandformalismswith ne-grainedparallelism,suchas
ECL [LS99] or the SyncChart3And96]. However, the mostobviousapplica-
tion of Esterelis the generatiorof optimizeddigital circuit codefor Esterel:
Theanalysisandoptimizationgresenteth this paperarenotsoftware-speci ¢
andsomeexperimentdPB01] suggesthatapplyingthemto Esterel-generated
circuits would resultin importantsimpli cations. SuchEsterel-speci csim-
pli cations shouldbe performedbefore the maincircuit optimizationphasen
orderto improveits outputand(usuallylong) executiontime. However, apply-
ing the simpli cations on at netlistswould beinefcient. Insteadthe GRC
codeshouldbeusal asatargetindependert represemationfor (Esterd-sped c)
optimizationsbasedn high-level structuralinformation. The optimizedGRC
codeshouldthen be translatednto a netlist and passedo a state-of-the-art
circuit optimizer Sucha GRC-base@ptimizedcircuit generators undercon-
structionat ColumbiaUniversityunderthe supervisiorof StepherEdwards.

Marny directionsremainto be explored. First, it is essentiato pursuethe
developmentof nev GRC-level analysisand optimizationtechniques. The
domainseemgpromisingdueto thelargequantityof Esterekstructurainforma-
tion notyet exploited. An interestingoroblemis hereto determingheamount
of codeduplicationthatresultsin the bestsize/speedatio, andto reducethe
unneededluplicationby sharingidenticalbranches.

A seconddirectionthat we would like to investigateis the generationof
ef cient simulationcodefor correctcyclic GRCspeci cationstherebyraising
the applicability to the sameclassof programsasthe automata-and circuit-
basedcompilers.Oncecycleshave beenpreciselylocatedandproved correct,
anideawouldbeto runthemlocally underthe 3-valuedconstructre semantics
of circuits. Someadwancesin this directioncanbe foundin Potop-Butucaru
[PB02]. Otherschemesvould requiresubstitutingthe cyclic GRC subgraph
by anotherequivalentagyclic one. Of particularinterestis heretheresynthesis
techniqueof Edwards[Edw03], which performsa controlledcodeduplication
thatpreseresmary of thestructuresof theinitial circuit. Thetechniqueouldbe
extendedo performasimilar GRC-levelreg/nthesiswhilestill usingthecurrent
circuit-levelanalysis.Anotherquestionrelatedout neverthelesslistinct, would
beto nd GRC-level staticanalysisapproximatiormethodghatgive sufcient
conditiondor correchesin cyclic cases andthentry toderveacorrepording,
more dynamicschedulingschemewhich could copewith differentordering
accordingo differentstatecon gurations.

Finally, we areinvestigatinghepossibilityof aunion,atintermediateepre-
sentationevel, betweerkEstereandthesynchonousdat- ow languageSignal
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for analysisandef cient simulationpurposes.The maingoalwould be here
to useEsterelfor specifyingbehaiors and Signalfor specifyingarchitectural
aspects. The high-level intermediatestructuresof the Signal compiler— the
clock treeandthe conditionaldependencgraph — arerespectrely similarin
functionandform to the HSR andthe CCFGof the GRC code. The rst rep-
resentghe hierarchyof the activation conditions,while the secondepresents
the actualcontrolanddata o w. However, importantdifferencesexits: The
HSRof aGRCspeci cationrepresenttheinternalstructureof the Esterelpro-
gram, closelyfollowed by the stateencoding/decodi part of the CCFG.In
the Signalcompiler the activation conditionsof the clock treearesynthesized
from (clock) constraint®ntheinputandoutputsignals.Thus,theunionwould
requirethe ability to assign/devie comple interface constraintsto/from an
Esterelspeci cation.
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