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Abstract The�ne-grainedparallelismandtheneedfor determinismaretraditionalissues
in thedesignof real-timeembeddedsoftware. In addition,theincreasingcom-
plexity of thespeci�cationsrequiresanincreasinguseof higherlevel formalisms.
TheEsterellanguageoffersnaturalsolutionsto all theseproblems,but its com-
pilation proved challenging,so thatef�cient compilationtechniqueshave only
recentlybeenproposed.Consistingessentiallyin directsimulationof thereactive
primitivesof thelanguage,thesetechniquesnow needto beaccommodatedwith
traditional issuesof Esterel: the de�nition of formal semantics,the construc-
tive causality, andthedesignof analysisandoptimizationmethodsthatareboth
ef�cient andcorrect.

Weaddresstheseproblemsbyde�ning anew intermediatemodel,calledGRC,
for the representationof Esterelprograms.The GRC representationpreserves
muchof theinitial programstructurewhile makingthecontrol �o w patternand
thehierarchicalstatestructureexplicit. It fully complieswith thesemanticsof Es-
terel,and,mostimportant,it isagoodsupportfor ef�cient analysis,optimization,
andcodegenerationalgorithmsbasedonstaticanalysis.

Theuseof a GRC-basedapproachresultsin signi�cant ef�ciency andgen-
erality gains. Theapproachcould be extendedto the hardwarecompilationof
Esterelandto thecompilationof othersynchronouslanguageswith �ne-grained
parallelism.
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1. Intr oduction

SequentiallanguageslikeC andassemblyarestill widely usedin thedevel-
opmentof reactive real-timeembeddedsystems,evenfor applicationsthatare
mostnaturallydescribedasconcurrentsystems.Real-timeoperatingsystems
(RTOS)areusedin thesecasesto scheduletheresultingsequentialprocesses,
thusproviding the neededconcurrency. Two problemsarisefrom here. The
�rst is thataRTOScanbeunpredictable,makingfunctionalandtimingveri�ca-
tion dif�cult. Thesecondis thatRTOS-level schedulingcanbevery inef�cient
for applicationsinvolving �ne-grained parallelism,due to context switching
overhead.

Thesynchronousapproach [BB91,Hal93,BCE
�

03]usesclassicalhardware
conceptsin orderto provide deterministicconcurrency andbetterveri�cation
capabilities.Theexecutionof asynchronoussystemiscyclic, drivenbyaglobal
clock. At eachclock cycle thesystemreadstheinputs,computesits reaction,
andoutputstheresult.Thecodeexecutedduringaclockcycle is loop-freeand
theclock is operatedby thesystemitself, allowing precisetiming control. The
underlyingsynchronousmodelalsoallowstheuseof thewell-studiedfunctional
veri�cation techniquesdevelopedfor synchronouscircuits,sothattheapproach
is agoodbasisfor thedevelopmentof safety-criticalembeddedsoftware.

Ontheotherhand,thehighsemanticstandardsbehindthesynchronouslan-
guages(e.g. Esterel[BG92], Lustre[HCRP91],Signal[LGLL91]) madetheir
correctandef�cient implementationachallengingtask.A particulardif�culty
is herethatall theinformationswhich might affect a givenvariableat a given
clockcyclemustbecompiledbefore thevariableis used.A typicalexampleis
thesignalabsence, whichcanonly bedecidedafternegative informationabout
all potentialemissionshasbeenpropagated.The�ne-grainedparallelismand
the intricateinstructionorderingmake run-timeschedulinginef�cient, dueto
thecontext switchingoverhead.In consequence,implementationcodeis often
generatedby compiling away all internalconcurrency1, while proceedingin
a single-loopperiodicevaluationof all the instructionsof the program. The
synchronousspeci�cationis transformedinto a singlesequential(C) reaction
functionwhereall theoperationshavebeenstaticallyscheduledusingauxiliary
variablesandtests.A smallrun-timeexecutiveinterfaceswith theasynchronous
environmentto readtheinputsanddecidewhento call thereactionfunction.

1In distributed, multi-processorimplementationslike the oneproposedby Caspiet al. [CGP99], some
concurrency is preservedbetweenspeci�cationpartsoperatingondifferentprocessors
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A programwrittenin aconcurrentsynchronouslanguagelikeEsterelandits
desiredsequentialimplementationarevery differentobjects.For this reason,
all Esterelcompilersuseintermediaterepresentations,andeachintermediate
representationdeterminesin turn thecapabilitiesof the associatedcompiling
technique. The �rst implementationsof Esterel[BG92, Est00]usedmathe-
maticalmodels(Mealy machinesanddigital circuits) as intermediaterepre-
sentations.Consequently, theresultingC codewaseitherneedlesslylarge,or
slow. More recentcompilers[Edw02,WBC

�

00] usecontrol-�ow graphsthat
areeasilytranslatedinto well-structuredC code,but aretoofar from Esterelto
representits exact semanticsor to supporta numberof ef�cient analysisand
optimizations.

Thispaperpresentsanew approachtothecompilationof theEsterel language
whichachievessigni�cant performanceandgeneralityimprovementsby using
theGRC(GRaphCode) intermediaterepresentation.

Themaincontribution of thepaperis thede�nition of theGRCcode,which
usestwo graph-basedstructures– a hierarchical staterepresentation(HSR)
anda concurrent control-�ow graph(CCFG)– to preserve mostof thestruc-
tural informationof theEsterelprogramwhile makingthecontrol�o w explicit
with few graph-building primitive nodes. The hierarchicalstatecanbe seen
asa structureddatamemorythatpreservesstateinformationacrossreactions.
In eachinstant,a setof activationconditions(triggers)is computedfrom this
memorystate,to drive theexecutiontowardsactive instructions(for historical
reasonssuchactivation triggersare generallycalled clocks in reactive syn-
chronousterminology). Becauseof the formal synchronoussemanticsthese
clocksenjoy niceproperties(acomputationis only triggeredwhenits outcome
will beconsumed,andvice-versa).In thecurrentGRCscheme,thecomputa-
tion of activationclocksfrom thecurrentstatehasto beperformed�rst thingin
eachreaction.But thentheactualdatainstructionblockswill only beactivated
atproperpace.

Onthenew format,weintroduceseveraltransformations,mostlysemantics-
preservingoptimizationalgorithmsbasedon staticanalysismethods.Due to
themathematicalnatureof theGRCmodeltheseoptimizationcanbeformally
provedsound,althoughwe shallnot insiston this aspectin thecurrentpaper.
Benchmarksindicatethestronginterestof theapproachin termsof potential
optimizing gains. The overall compilationschemecanbe seeneitherasan
attemptto produceef�cient software code,or ef�cient simulationcodefor
hardwarerepresentations(agoalequallyfollowedby thesimulationsemantics
of VHDL andVerilog hardwaredescriptionlanguages,but without our strong
synchronoussemantics).

We focushereon thegenerationof softwaresimulationcodeby de�ning a
GRC-to-Ctranslationschemethathandlesall GRC-acyclicandcircuit-acyclic
Esterelprograms.Weshalldisregardherethetopicsof simulatingcyclic GRC
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speci�cations,or of determiningprogramcorrectnessin thesenseof construc-
tivecausalityatGRClevel. Advancesin thatdirectioncanbefoundin [PB02].
The ef�ciency of our approachis supportedby benchmarkscomparingour
GRC-basedcompiler �����	�
� to existingcompilers.

The paperis organizedas follows. Section2 is devoted to an informal
presentationof the Esterellanguage,including the descriptionof the small
examplewhich will be usedthroughoutthe paper. A review of the existing
Esterelcompilersis given in section3. The next threesectionsdescribeour
new approach.In section4 we de�ne the GRC intermediaterepresentation:
its primitives, their semantics,and the Estereltranslationto GRC. We also
insisthereonsomecausalcorrectness(acyclicity) issuesrelatingGRCandthe
digital circuits. Section5 presentstheGRC-level optimizationalgorithmsthat
arecurrentlyusedin our compiler. The softwarecodegenerationtechnique,
basedon ef�cient stateencodingandstaticscheduling,is describedin section
6. Section7 presentsexperimentalresultscomparing �����	�
� with existing
compilers,andwe concludewith somesuggestionsabouthow to extendthis
work.

2. The Esterel language

Esterel[BG92, Est00,BdS91] is a designlanguagefor the representation
of reactive real-timeembeddedsystems. It hasa full-�edged formal opera-
tionalsemantics[Ber99,PB02]whichsolvestricky modelingissuessuchasthe
properde�nition of globalsynchronousreactivebehaviorsandtheconstructive
causalityin control �o w propagation.Esterelspeci�cationscanbe translated
into sequentialsoftwarecode,digital synchronouscircuits,or acombinationof
both,but ourwork only concernsits softwarecompilation.

Throughits intuitive,highly-readableimperative style,Estereltriesto com-
binestrongmodelingfeaturestogetherwith ef�cient compilationpurposes.As
illustratedby the small exampleof �g. 1.1, Esterelfeaturesthe control �o w
operatorsof a languagelikeC (sequence,loop),but alsoprovidesconcurrency,
preemption,anda synchronous,clock-driven executionmodel. In eachclock
cycle the inputsareread,andtheprogramcomputesits reactionby resuming
thecontrol threadsandrunningthemuntil suspension.Thecommunicationis
donethroughbroadcastsignalswhichareeitherpresentorabsentin eachclock
cycle. Thesignal � is presentif a statement“ ��
������ ” is executedduringthe
cycle,andabsentotherwise.

Our smallexamplehasfour input signalsandoneoutputsignal. Meantto
model a cyclic computationlike a communicationprotocol, the core of our
exampleis theloopwhichawaitstheinput � , emits � , andthenawaits � before
instantlyrestarting.Thelocalsignal ����� signalsthecompletionof loopcycles.
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Figure 1.1. A simpleEsterelprogrammodelinga cyclic computation(like a communication
protocol)which canbeinterruptedbetweencyclesandwhich canbesuspended

Whenstarted,the c5d_c
��� statementwaitsfor thenext clock cycle whereits
signalis present.The computationof all the otherstatementspresentin our
exampleis performedduringasingleclockcycle,sothatthe c5dec`��� statements
arethe only placeswherecontrol canbe suspendedbetweenreactions(they
preserve the stateof the programbetweencycles). A direct consequenceis
thatthesignals � and � mustcomein differentclock cyclesin ordernot to be
discarded.

clock inputs outputs comments
0 any all inputsdiscarded
1 I O
2 KILL preemptionprotocoltriggered
3 nothinghappens
4 J,SUSP suspend,Jdiscarded
5 J END emitted,T raised,programterminates

Figure 1.2. A possibleexecutiontracefor ourexample

The loop is preemptedby the exception handlingstatement���_c�f when
“ ��ge���ih ” is executed.In thiscase,���_c�f instantlyterminates,controlis given
in sequence,andtheprogramterminates.Thepreemptionprotocolis triggered
by theinputsignaljk��l�l , but theexceptionh is raisedonlywhen����� isemitted.
Theprogramis suspended– no computationis performedandthestateis kept
unchanged– in clock cycleswherethe ��me�	n signal is received. A possible
executiontracefor ourprogramis givenin �g. 1.2.

Theoperationsthatcomposea reactionarecausallyorderedby thecontrol
�o w andby the signalcommunication.A signal � canbe testedin a clock
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cycle only afterits statushasbeendetermined.Thesignalbecomespresentas
soonasit hasbeenemitted. It becomesabsentwhenwe candeterminethat
no “ ��
������ ” statementcanbe executedduring the currentclock cycle. The
signalcausalitymayleadto deadlocksin thecomputationof a reactiondespite
the fact that the codeof a reactionis loop-free. Programsthat candeadlock
(e.g. f
�
�_o5��p
�qhr�	se�5pt��
u���vh��5p_w ) are incorrectandmustbe rejectedat
compilation.

Determiningwhetheraprogramcandeadlockor notis noteasy. Theseman-
tics of Esterelis constructive, in thesensethat theabsenceof signalsmustbe
determinedwithoutany kind of guess.To doso,onehasto noticethataccord-
ing to decisionsalreadymadein the currentreactionall the emissionsof the
signalareinvalidated. The recursive factpropagationis exempli�ed with the
following (correct)statement:

#*��-F1P;�A

+)H)#)E�#!/)1JI%1�O>#!/

+'HG#)E�#!/'1P;a#)"'E@#a#*�5-F1]IP#!/G�

#!/)�

Whenthestatementis started,thesignal � is emittedandthecontrolis blocked
onthetestonsignal h , whosestatusis still unknown. Thepresentstatusof � is
thenpropagatedinto thenot yet executedcode.There,it invalidatesthe �`x_o��

branchof theteston � , sothat h becomesabsent, andexecutioncanproceed.
Notethatourexecutioninvolvedtheevaluationof code(theteston � ) thatwill
never beexecuted.

Due to its constructive semantics,Esterelhasa naturalsemanticmodelas
SynchronousDigital Circuits,at schematicgatelevel, endowedwith intuition-
isticconstructivesemantics[Ber99]. In turn,suchcircuitshaveanaturalopera-
tional interpretationin termsof FiniteStateMealyMachines.Thus,all Esterel
modelingprimitivesareprovidedmeaningashierarchicalconstructsallowing
to build compoundobjectsin eachof thesedomains. Actually, this goesfor
reactivecontrol�o w structuringprimitives,while thelanguagealsooffersdata
handlingof aclassicalimperative nature(assignments).

3. Relatedwork

Four approacheshave beenproposedfor the compilationof Esterelinto
sequentialcode.Historically the�rst, the automata-basedapproach[BG92,
Bre02]basicallyfollowstheStructuralOperationalSemanticsof thelanguageto
producea�at, globalautomatonthatis thenencodedin C.Performedbymeans
ofexhaustivesymbolicsimulation, theautomatonexpansionalsodeterminesthe
causalcorrectnessof thespeci�cationandsolvesall theinterleaving problems
thataredueto constructivity. Theautomata-basedC codeis theoreticallythe
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fastestpossible,asonlysemanticallyactivecodeisexecutedin eachstate.It can
alsobeexponentiallylargerthanthesource,dueto state-wisecodereplication.

Severalapproacheshave beenproposedto reducethesizeof thegenerated
code. Theautomatacompilerof thePolisgroup[BCG

�

99] usesbinarydeci-
siondiagramsto identify codethatcanbesharedbetweenstates.TheHIPPCO
automatonoptimizerof Castellucciaet al. [CDO97] usescodesharing,inlin-
ing, and re-orderingof teststo improve not only the codesize,but also the
executiontime (on averageandfor privilegedpaths).TheEsterelcompilerof
Bres[Bre02,Est00]doesnot usethe unoptimizedautomatonrepresentation.
It directly generatescodewherecommonsub-treesaresharedinsidea state.
While thesetechniquesimprove thequalityof thegeneratedcode,thenumber
of statesstill explodesfor mostmeaningfulexamplesto the point wherethe
generationof theautomatonis intractable.

Surprisingly, benchmarksshow that �����	�
� -generatedcodeis oftenequally
fastor fasterthanthetheoretically-optimalautomata-basedcode.Thereasonis
probablytwofold. First, thelimited sizeof theprocessorcachespenalizesthe
usuallylarger automata-basedexecutables.Second,theGRCcodeoptimiza-
tions leave only few redundancies,andthegeneratedcodeis well-structured.
The codegeneratedby �y���	�
� canalsobe exponentiallysmallerbecausethe
translationdoesnot involve state-wisecodeduplication.

The circuit-based compilers [Est00] start by structurallytranslatingthe
Esterelprograminto a sequentialdigital circuit, at netlist level. Thecompiler
thengeneratesC codethat is a levelizedcompiledlogic simulator. At each
reaction,thecodeemulatescircuit activity by evaluatingin anorderedmanner
all thegatesof thecircuit. Thecircuit-basedcodeis compact,quasi-linearin
thesizeof theinitial Esterelprogram.It is alsoslow becauseall thegatesare
evaluatedin eachclockcycle.

Thecircuit-basedcodeis alwaysslower thanits ���e�y�`� -generatedcounter-
part,sometimesby factorsof 50. Theencodingof all programoperatorsusing
Booleangatesalsoleadsto a larger codesize,exceptfor thesmall examples
whereaggressive circuit optimizationscanbeapplied.

The Saxocompiler of Closseet al. [WBC
�

00, CPP
�

02] usesa discrete-
event interpretationof Esterelto generatea compiledevent-drivensimulator.
Thecompiler�o w is similar to thatof VeriSUIF[FLLO95], but Esterel's syn-
chronoussemanticsareusedto highly simplify theapproach.An eventgraph
intermediaterepresentationisusedheretosplit theprogramintoalistofguarded
procedures. Theguardsintuitively correspondto eventsthattriggercomputa-
tion. At eachclock cycle, thesimulationenginetraversesthe list once,from
thebeginningto theend,andexecutestheprocedureswith anactiveguard.The
executionof a proceduremaymodify theguardsfor thecurrentcycle andfor
thenext cycle.



8

Theresultingcodeis muchfasterthanthecircuit-basedone,astheguards
prevent the evaluationof semantically-inactive code. At the sametime, two
reasonsmake it slower than its �y���	�
� -generatedcounterpart:First, it does
notexploit thehierarchyof exclusionrelationsdeterminedby switchingstate-
mentslike thetests.Second,optimizationis lesseffectivebecausetheprogram
hierarchyis lostwhenthestateis (very redundantly)encodedusingguards.

TheEC compilerofEdwards[Edw02]hasbeenamajorsourceof inspiration
in our work. It treatsEsterelashaving control-�ow semantics(in thespirit of
[LPM99,Muc97])inordertotakeadvantageof theinitialprogramhierarchyand
produceef�cient, well-structuredCcode.TheEsterelprogramis�rst translated
hereintoaconcurrentcontrol-�ow graph(CCFG)representingthecomputation
of a reaction.Thetranslationmakesthecontrol �o w explicit andencodesthe
stateaccessoperationsusingtestsandassignmentsof integer variables.The
back-endacceptsonly acyclic CCFGs. Its static schedulingalgorithmtakes
advantageof themutualexclusionsbetweenpartsof theprogramandgenerates
codethat usesprogram countervariablesinsteadof simpleBooleanguards.
Theresultis thereforefasterthanits Saxo-generatedcounterpart.

EC and �y���	�
� sharemany commonaspects.Both usecontrol-�ow graphs
asintermediaterepresentationsandbothusestaticschedulingto generatewell-
structuredcode. Moreover, the GRC-level CCFGandthe CCFGof the EC
compilerarevery similar in form becausethey areobtainedthroughsimilar
Esterel-speci�cdemultiplexing andcodeduplication.Essentialdifferencesre-
main,however: ECtakesasyntax-drivenapproachin determiningtheinternal
concurrency of theEsterelprogram. Parallelthreadsareidenti�ed ontheEsterel
sourceandhard-codedin theCCFG-level stateencodingwith testsandassign-
mentsoverintegervariables. Theapproachof �����	�
� issemantics-driven,aimed
at achieving betteroptimization. TheGRC codepreservesthestatestructure
of theinitial Esterelprogramandusesstaticanalysistechniquesto determine
redundanciesin theactivationpattern.Thus,it is ableto simplify boththe�nal
staterepresentationandtheCCFG.For thisreason,�y���y�`� generatesfastercode
thanEC.

3.1 Program correctnessissues.Acyclicity

Theconstructive semanticsof Esterel,introducedin section2, is basedon
factpropagationschemestraversingat eachinstantnotonly theactive partsof
theprogram,but alsoinactive ones.This comesin contradictionwith thephi-
losophyof ef�cient codegeneration.For thisreason,theconstructivecausality
is usuallysubsumedin this context by a morerestrictive requirement,namely
acyclicity.

Acyclicity cannotbe formally de�ned at thesyntacticlevel of Esterelpro-
grams,asit largely dependson connectionsdrawn betweensignalemissions
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andcorrespondingreceptions.It was�rst de�ned at the level of circuits,and
wassimplyrephrasedoneventgraphsandCCFGs.Acyclicity isthendependent
onboththeintermediaterepresentationandthetranslationscheme.Regardless
of the intermediaterepresentation,acyclicity representsthe(strict) restriction
of the constructivemodelwherethe evaluationprocesscanbe performedin
the sameorderat eachclock cycle. Thus, it supportsthe generationof ef�-
cientstatically-scheduledC codeandrepresentsacheap,syntacticcorrectness
criterion.

Among thecompiling techniquesthatareableto handlelarge Esterelpro-
grams,thecircuit-basedapproachis theonly onecurrentlyableto analyzeand
compilecyclic programs(by transformingcyclic partsinto equivalentacyclic
ones).However, theprocedureis expensive,requiringsymbolicstatespaceex-
plorationandcircuit resynthesis[SBT96,Tom97,Edw03]. In practice,acyclic-
ity is the mostusedcorrectnesscriterion for Esterelprograms,andthe only
workingon largespeci�cations.

Most meaningfulprogramsareacyclic, regardlessof theintermediatecom-
piler representation.However, differencessubsist,thecircuit-basedcompilers
acceptingmorecorrectprogramsdueto the�ner grainof theirintermediaterep-
resentation.TheGRC-basedapproachsupportsare�nementtechniquemaking
theGRC-level acyclicity equivalentto thecircuit-level one.Thus,wepave the
way towardsde�ning acyclicity as a representation-independent correctness
criterion.

4. The GRC intermediate representation

The translationof the Esterelsourceinto GRC (for GRaphCode) makes
the control �o w explicit while preservingan importantpart of the structural
information. TheresultingGRCmodelconsistsof two objects:a concurrent
control-�ow graph (CCFG)representingthe behavior of the Esterelprogram
andahierarchical staterepresentation(HSR),historicallycalledselectiontree.
TheCCFGrepresentsin anoperationalfashionthecomputationof an instant
(thetransitionfunction).Duringeachreaction,thedynamicCCFGoperateson
thestaticHSRby marking/unmarkingcomponentsubtreeswith “active” tags
asthey areactivatedor deactivatedby thesemantics.

4.1 The Hierar chical StateRepresentation

Thehierarchicalstaterepresentationof aGRCmodelis anabstractionof the
syntaxtreeof the initial Esterelprogram. It preserves the modularstructure
of the programwhile forgetting aboutbehavioral statements.The HSR of
our exampleis presentedin �g. 1.3, along with intuitive tagsshowing the
correspondencebetweenHSRnodesandEsterelstatements.
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The square-shapedHSR leavescorrespondthereto simpleprogramstate-
ments,like c5d_c
��� , wherecontrolcanbesuspendedbetweenclockcycles.The
oval-shapedintermediatenodescorrespondto composedstatements.Speci�c
HSR tagsmark the combinationmodein nodeshaving morethanonechild.
Exclusivenodes, taggedwith z , correspondto sequencesandto if-then-elseEs-
terelstatements.Parallel nodes, taggedwith {�{ , correspondto parallelEsterel
constructs.Simplestatementsthatcannotretaincontrolbetweenclock cycles
(e.g. ��
���� , �yge��� ) arediscardedin theconstructionof theHSR.

TheHSRnodesof indices0 and1 donotcorrespondto programstatements.
They areautomaticallygeneratedatprogramlevel in orderto representthestart
stateof theprogram,wherenostatementis active,but theprogramis.

Figure 1.3. Thehierarchicalstaterepresentation(HSR)of ourexample

Eachnodeof thestaterepresentationis endowedwith aselectionstatus�ag
(a Booleandatavariable)which recordsat run-timethecurrentactivity status
of thecorrespondingsubprogram.Selectionstatusesarecheckedandmodi�ed
bystateaccessoperationsperformedfromtheCCFG(anddescribedin thenext
section).Wesaythatastaterepresentationnodeis activeif its selectionstatus
is true. Thede�nition naturallyextendsto theassociatedEsterelstatement.

Weshallseelaterthatoptimizationmethodswill introducemoreHSRtags,
computedby staticanalysisof boththeHSRandtheCCFG.In essencethese
tagswill recordredundancy in theselectionstatuses.For instanceit is often
the casethat a branchof parallel constructis always active, in which case
theassociatedselectionstatusandtheCCFGcodemanagingit cansafelybe
removed. Thus,theHSRactsbothasastaterepresentationandasahigh-level
informationrepository.

4.2 The Concurrent Control-Flow Graph

We picturedin �g. 1.4 the CCFGassociatedwith our small example. In-
tuitively, control entersthe �o wgraphat eachexecutioninstant throughthe
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topmostnode.Then,it follows theedgesuntil completetraversalof the�o w-
graph.

Figure 1.4. Theconcurrentcontrol-�ow graph(CCFG)of ourexample

All the edgesof our exampleareorientedcontrol edgesrepresentingcon-
trol �o w andsignal ��
u���_|�f`�
�_o5�5p`� dependencies.Control edgespropagate
thecontrolandthesignalstatusesbetweentypedcomputationnodes. Esterel
programsinvolving datamanipulationsmay alsorequirethe useof data de-
pendencyedges, representingschedulingconstraintsnot impliedby thecontrol
ones.

A computationnodehasanumberof namedinputandoutputportsto which
edgeswill beconnectedaccordingto thetranslationrules. Eachcontroledge
connectsexactly oneoutputport to oneinput port. Several edges(or none)
canbeconnectedto every given port. Most nodesalsocontaina dataaccess
operation, allowing themto test/updateuser-de�ned variablesor selectionsta-
tuses.During a reaction,a nodeis executedwhenit receivesenoughcontrol
andsignalinformationthroughits inputports.It performsthenitscomputation,
which may involve theactivationof its dataoperation,andpropagatesthere-
sultsthroughits outputports.Wenow describethenodesandthespeci�c data
accessoperationsby exemplifyingon�g. 1.4. Notethatwedropped(for space
reasons)mostinput andoutputport namesfrom our graphicalrepresentation.
Explanationswill make up for this inconvenience.
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A uniqueTick node(topmostin our example)serves in every CCFG as
uniquecontrolentrypoint for thebehavioral reactions.It bearsasingleoutput
port,calledcont.

At eachclock cycle, theTick nodeactivatestheSwitch nodedecodingthe
statusof theHSRnodeof index 0. Switch nodesrepresentthelocationswhere
thestatusof exclusiveHSRnodesis decodedin orderto resumetheappropriate
sub-statement.For instance,the Switch nodedecodingthe HSR node0 will
decidewhetherthe programis in the startstateor in a subsequentexecution
instant.In the�rst case,HSRnode1 is active,andtheSwitch givescontrolto
theoutputportlabeled }@~�• . In thesecondcaseHSRnode2isactive,andcontrol
is givento outputport }0�y• to resumetheprogrambody. Switch nodesarean
essentialpart of our staterepresentationscheme,allowing later an ef�cient
encodingthatusesmultiway branchinginstructions.

If the programis in the startstate,control is given to a sequenceof Call
nodesperformingstateupdateoperations. Theprogramexits thestartstateby
settingto falsetheselectionstatusof thenode1 (with acall to exit 1). Then,it
recursively activatesthestatementsall thewayfrom oG€�o>f_�5p
w to c5d_c
���•� and

c�dec`���qjk��l�l by performingenter operationsontheHSRnodes2,3, 4, 5,6, 7,
8, 10, and11. ThetrapezoidalnodesaretheFork andthesynchronizerSync
nodescorrespondingto theparallelstatement(HSRindex 5).

If theprogramisnotin thestartstate,thenwehavetoperformthesuspension
teston signal ��m��5n . The associatedTestnodehasoneinput port, namedgo,
which representsthetesttrigger. It hasno signalinputport becausethesignal

��m��5n , which is not emittedwithin theprogram,is treatedlike a datavariable.
Thenodehastwo outputports,namedthenandelse(thelatteris identi�ed with
a dot). If the testsucceeds,thehierarchicalstatedecodingis interruptedand
control (given to the thenport) leaves the �o wgraphtherebysuspendingthe
executionof theprogramuntil thenext clock cycle. We alsosayin this case
thattheprogrampauses.

If thetestfails, thesub-statementsof oG€�o>f_�5p
w arerecursively resumed.In
practice,this amountsto resumingthe branchesof the parallelstatementi.e.
checkingthatthey areactive(with theTestnodesreadingtheselectionstatuses
of the HSR nodes6 and10), decodingtheir internalstatus(with the Switch
nodesontheHSRnodes7 and10),andgiving controlto theappropriatec5dec`���

signaltests. Notehow the internalsignalcommunicationon ���y� is encoded
usingacontroledgethatconnectsits emissionwith its test.

Whena parallelbranchcompletesits executionfor thecurrentclock cycle,
it reportsto theparallelsynchronizerSyncnodeits completioncode(inactive,
paused,terminated,or exited throughsomeexception).Whenall thebranches
completetheexecutionof thecycle,theSyncnodecancomputethecompletion
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codeof theparallelstatement2 andactivatetheappropriateoutputport. In our
case,the parallelcanpause(suspenduntil the next clock cycle) or raisethe
exception h . In the �rst case,thecontroldirectly leavesthe�o wgraph. In the
secondcasetheprogramterminates,asexit 0setstheprogramstatusto inactive.

CCFG semantics Wehavepresentedheretheintuitive,control-�ow seman-
ticsof theGRC�o wgraph.Its formalconstructivesimulationsemantics[PB02]
isbasedontheconstructivecircuitsemanticsof Berry[Ber99]. Underconstruc-
tivesemantics,eachcontroledgeof theCCFGhasastatusof ‚ , ���y€_� , or ƒ
c�x_o5� .
Thevalue ‚ means“not yet resolved,notstabilized”.In thebeginningof each
clock cycle, the statusof all control edges(with the exceptionof the inputs)
is setto ‚ . Thecomputationof a reactionconsistsin incrementallyassigning
a valueof ���	€e� (to representexecutionor signalpresence)or ƒ
c�x_o5� (to rep-
resentinactivity or signalabsence)to every controledge.Therearetechnical
intricaciessuchasthefactthata signalbecomespresent( ���	€e� value)assoon
as it hasbeenemitted,while it can be turnedto absent( ƒ
c�x_o5� value)only
whenall emissionshave beenprovably discardedby control-�ow choices(the
sequentialimplementationwill avoid this problemby properlyschedulingthe
correspondingassignmentssothatall emissionsprecedeall signaltests).

The incrementalcomputationof the statusesis performedby the CCFG
nodes,which changetheir outputassoonastheir inputschange.Thecompu-
tationof a nodemayhave side-effectsthatmodelstateaccessanddataaccess
operations.Goodpropertiesof thecomputationnodes(monotony) guarantee
thatoncetheBooleanstatusof acontroledgeis established,it doesnotchange
for the currentreaction. Thus, the computationconvergesin �nite time. In
so-calledconstructivelycausalprograms,signalvaluesareall de�ned(i.e.,not

‚ ) in theendof eachreactionfromeveryreachablecon�gurationof thesystem.

Well-formednessproperties Not every GRC speci�cation built with the
previously-de�nednodesis meaningful. Otherwisesaid,while theCCFGof
a GRC speci�cationis not explicitly structured,it hasto satisfya numberof
well-formednesspropertiesinsuringits correctoperation.Herearesomeof the
mostimportant:

apartfrom theinternalsignalanddatadependencies,theCCFGmustbe
acyclic

2If at leasta parallel branchhasreportedan exceptioncode, then the parallel itself completeswith an
exception(thehighest-level amongthosegeneratedby branches).If nobranchreportedanexceptioncode,
but at leastonepaused,thentheparallelpauses.Otherwise,theparallelterminatesits executionandgives
controlin sequence.
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thestatedecodingpartof theCCFGhasto behierarchic,following the
HSR structure. Moreover, all stateupdatenodesmustoccurafter the
statedecodingnodes.

Thesepropertiesareinsuredby thetranslationschemede�ned in thefollowing
sectionandmustbepreservedby all GRCoptimizationalgorithms.

4.3 Esterel to GRC translation

Most Esterelstatementshave distinct startandresumptionbehaviors. For
instance,thesignaltestis performedby “ c5d_c
����� ” only whenthestatement
is resumed.This multiplexing of behaviors producesintuitive, high-level con-
structs,veryusefulin thedevelopmentof largeapplications.At thesametime,
it prohibitsmost control �o w optimizations,as the start and resumebehav-
iors areusuallysubjectto different redundancies.The main purposeof the
Estereltranslationto GRC is to make the control �o w explicit andallow its
optimization.

In an approachborrowed from Berry's circuit translation[Ber92, Ber99],
the translationof Esterelinto GRC is basedon a structuralunfolding using
well-de�ned patternsassociatedto the primitive statements.The translation
involvestwophases.Thestructural phasebuildstheHSR,thegraphnodes,and
thecontroldependenciesnotcorrespondingto signals.Thelink phaseproperly
connectswith control edgesthe ports correspondingto signal emissionand
reception,andconnectswith datadependency edgesthe dataoperationsthat
accessthesamesharedvariable.

Figure 1.5. Translationof p „

E* �EF+>#!/G� q X�O>#!/D;

For eachstatementthreeobjectsaregenerated:theHSRsub-tree, thesur-
facecode, representingthestartbehavior, andthedepthcode, representingthe
resumptionbehavior of thestatement.For instance,the o>€…o>f_�5p_w statementis
translatedusingthepatternpicturedin �g. 1.5. To obtaintheGRCrepresenta-
tion, thethreecomponentsarethenputtogetheratgloballevel usingthepattern
of �g. 1.6.
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Figure 1.6. Theglobalcontext

Well-studiedsemanticreasons[Ber99] often require a certainseparation
betweenthestartandtheresumecodeassociatedwith astatement.Performing
it, aswedo,in asystematicandthoroughwayhasthedisadvantageof increasing
the GRC codesize. However, the duplicationmay also reducethe number
andscopeof signalanddatadependencies,thushelpingtheoptimizationand
software codegenerationalgorithms. More parsimoniouscodeduplication
schemeslike thatof Edwards[Edw02] aresupportedby GRC,but we did not
evaluatethemin practice.

4.4 Acyclic GRC speci�cations

In section3.1 we introducedthenotion of cyclic program,showing that it
dependsonthechosenintermediaterepresentationandcompilingscheme.We
alsoexplainedwhyit is importantin practicetounify thecircuit-level andGRC-
level notionsof acyclicity. We now derive a partial solutionto this problem.
More exactly, we usethe similarity betweenthe Estereltranslationsto GRC
anddigital circuitsin orderto determinetheorigin of thedifferencesbetween
the two notionsof acyclicity. Basedon this analysis,we de�ne a minimal
transformationof theGRCcodethatuni�es thetwo notions,but still allowsthe
generationof ef�cient C code.

The result is weakin formulation,as it reliesspeci�c, unoptimizedtrans-
lation schemes.It is neverthelessimportant,becauseit offersa road-mapfor
developing�o wgraph-andcircuit-basedcompilersthatacceptthesameclasses
of programs.

The translationof Esterelinto digital circuits is usuallyperformedby en-
codingthe control �o w with wires (andgates),while the stateis represented
usingBooleanregisters. Without losing generality, we shall usethroughout
thissectionthecircuit translationof Potop-Butucaru[PB02]. Thisone,aclose
variantof the“reference”circuit translationof Berry, is exempli�ed in �g. 1.7.
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Figure 1.7. The circuit translationof our example. Un�lled gatesperformthe circuit-level
stateencoding.To emphasizethesimilarity with theGRCrepresentationof �g. 1.3and1.4,we
divided the circuit in two parts. To obtainthe global circuit, connectthe wires with identical

†S‡	ˆ�‰vŠ or ‹

‡	ˆ�‰•Œ labels.

The circuit translationis very similar in form to our GRC translation: It
is basedon patternsassociatedto theprimitive statementsof Esterel,andthe
�nal circuit is obtainedby structurallycombiningandlinking thesepatterns.In
fact,onecanconsidertheGRCcodeasanintermediatestepin thetranslationof
Esterelintodigitalcircuits,astepwherethebasicEsterelstructures(state,tests,
synchronizations)have not yet beenencodedwith logic gates. For instance,
mostof thegatesandwiresof �g. 1.7canbeobtainedfrom thecorresponding
GRC representation(�g. 1.3 and1.4) throughsimpleexpansionoperations.
We emphasizedwith darker gatestheexpansionof thetopmostSwitch node,
andwith dottedboxestheexpansionof theparallelsynchronizers.

In bothcircuitsandGRCspeci�cationsgeneratedfrom Esterelprogramswe
canidentify adistinctclassof componentswhoserole is exclusively to encode
the stateof the programfor the next instant. In GRC, thesecomponentsare
the enter andexit stateupdateoperations.In the circuit of �g. 1.7 they are
theun�lled gatesandthin wiresthatdrive theregisters.Thesestateencoding
componentsnever determinecycles,so that we canremove themin orderto
performouranalysisusingsimpli�ed versionsof theCCFG�o wgraphandof the
circuit. Fig. 1.8givesthesimpli�ed CCFGandcircuit associatedwith asmall
examplethathastheparticularityof beingGRC-cyclic, but circuit-acyclic.
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Figure 1.8. Esterelexample(a) thatis GRC-cyclic (b), but circuit-acyclic (c).

After thesimpli�cation of theunneededstateencodingcomponents,a very
simplecorrespondenceexistsbetweentheGRCnodesandedgesandthecircuit
gatesandwires. Thesimpli�ed GRC codeis in factanabstractedversionof
thesimpli�ed circuit code,which meansthata GRC-acyclic Esterelprogram
is alwayscircuit-acyclic.

At this point, we areableto seethat expandinginto logic gatesa nodeof
type Switch or Test cannotlead to the removal of a cycle, as the resulting
logic gatesbearthesamestaticdependencies3 asthe initial node. Thus,only
thecircuit expansionof a parallelsynchronizerSyncnodecanremove causal
dependencies.

Figure 1.9. The circuit-level parallelsynchronizerfor two parallelbranches(0 and1). The
completioncodesareencodedwith integers:termination= ŽG• , pause= Ž>• , the ‡�‘“’ surrounding
trap= Ž�”Y•

• . With thisencoding,computingthecompletioncodeof theparallelstatement consists
in takingthegreatestcodeproducedby a branch.

Meanwhile,thecircuit expansionof asynchronizer, givenin �g. 1.9,isquite
complex anddoesnot offer supportfor the generationof ef�cient sequential
code. To allow a betterencoding,we shall try to keepthegatesgroupedinto

3Thestaticdependency relationbetweenports(input andoutput,without distinction)of nodesof a CCFG
graph,denotedwith – , is thesmallesttransitive relationsuchthat(1) if — is aninput port and ˜ anoutput
port of thesamenode,then —y–™˜ and(2) if a controlarcconnectsin theCCFGtheoutputport ˜ with the
inputport — , then ˜…–š— . TheCCFGis cyclic if ›œ–3› for someport › .
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larger blocks. We de�ne herea techniquethat allows us, in caseswherethe
circuit is acyclic, but theGRCcodenot,to split thesynchronizerintoaminimal
numberof componentsof a form thatallows asimplesoftwareencoding.

The observation that allows our minimal re�nementconcernsthe internal
structureof theparallelsynchronizers:Thestaticdependenciesbetweensyn-
chronizerportsthatdisappearthroughcircuit expansionare jž•GŸ  
��¡k¢£j`¤ , with

¥P¦q§

. All theotherdependencies( j • Ÿ  `��¡¨¢©j ¤�ª

¥Z«¬§

and �Gp�c`������­
��Ÿ  
��¡…¢

j`¤ ) arepreserved. The indices
§

and
¥

rangehereover possiblecompletion
codes(following theencodingde�ned in �g. 1.9),while  `� rangesover HSR
indicesof branchesof thecorrespondingparallelstatement.

Whena GRCsynchronizeris partof a cycle, staticdependencieslink syn-
chronizeroutputsto synchronizerinputs: jk¤®¢£j�•>Ÿ  
�y¡ for some

§

and
¥

. If the
circuit expansionbreaksthecycle, then

¥a¦¯§

. Otherwise,thecycle cannotbe
brokenby circuit expansion.Wearethenlookingfor theminimalexpansionof
asynchronizer, undergivenconstraintsof theform jk¤®¢£jk•GŸ  
��¡ ,

¥S¦°§

.
We shallbesplitting thesynchronizersinto partsthatcorrespondto setsof

consecutive completioncodes. A parallelsynchronizer�5±��
² handlingcom-
pletion codesfrom 0 to ³ can be split into �	±��
²kŸ ´

ªFµ�¶
¡ , ·)·)· , �	±��
²�Ÿ

µ�¸Fª*¹
¡ with

´

¦»º

¶

¦

·)·)·

¦»º5¼]½

³ . Here, �5±��`²kŸ
µ�¾¿ªFµ�¾

�

¶

¡ receivesthecompletioncode
wires jk•>Ÿ  
�y¡

ª

º

—

½™§À¦¯º

—

�

¶ , producestheoutputsj�•
ª

º

—

½°§Á¦™º

—

�

¶ , and:

if
º

—ÃÂ

´ , then �	±��`²kŸ
µ

¾
ªFµ

¾

�

¶
¡ receivestheinputs �>pec
������­`�kŸ  `��¡ .

if
º

—ÅÄ
Â

´ , then�	±��
²kŸ
µ�¾9ªFµ�¾

�

¶

¡ receivesfrom �5±��
²�Ÿ
µ`¾“Æ

¶
ªFµ�¾

¡ onecarrywire
perparallelbranch.

Thus,our problemis to determinea sequencé
¦Çº

¶

¦

·)·)·

¦Èº
¼

½

³ of
minimal length É suchthat for eachstaticdependency j…¤%¢ j�•>Ÿ  
�y¡ (

¥š¦Ê§

)
thereexists Ë

½ÍÌ]½

É suchthat
§%¦Èº�Îb¦Ï¥

(so that the cycle determined
by j
¤•¢Ðjk•>Ÿ  `��¡ is brokenthroughre�nement). Thealgorithmthatdetermines
sucha sequenceis given next. It takesasparameterthe set ����n������ of pairs

Ñ

¥

ª

§LÒ

suchthatastaticdependency je¤®¢£jk•>Ÿ  `��¡ (
¥]¦š§

) existsin theGRCcode,
andreturnsthelist lk�5�	h of splittingpoints(numericcompletioncodes):

lk�5�	hÅÓÕÔ��`�	d`Ö`×_��w�l���o��ÍØ

ƒ`×	�•�	×�w��œÓÕÔ`Ù¬�`×¯p�w`×

�5ƒÈÚ)�¨Û��5×�w`�eÜ¯�>pr�`��n����y�r�yse��p

Ý

f�f_�5p
wÞÚ*l��	�5hœÛ��5×�w���ÜÃØ

ß

��
�×y­`�	�_��fe��p_w`��p…���	�eo�à��`×	á_��p`à�â��`�5d_��f�x�����n`×
��p`�ÞÚ0�`��ny���y�œÛ@�	×yw��eÜ

�5p_w

�5p
w

Wedonotformally proveheretheminimality of theresultingsplit. Intuitively,
it is determinedby thefactthatsplit pointsareonly appendedto thelist when
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this is required.For instance,if only onedependency exists(like in �g. 1.8),
thesynchronizershallbesplit in two parts.

5. Analysisand optimizations

The translationof Esterelinto both circuits and �o wgraph-basedformats
like GRC usually resultsin codethat is far from optimal. Thereare good
reasonsfor this: Translationshave to bestructurallyde�ned, so that thecode
resultingfrom asubprogramincludeselementsallowing it to behandledin any
surroundingreactive context. For instance,provision is madein thetranslated
codeto let anysubcomponentbestarted,resumed,or preempted.In addition,
thetranslatedform maintainstheactivity informationeverywhere,consuming
memoryelementsfor the staterepresentation.Very often, large partsof the
programdo not needsucha heavy completeencapsulation(becausethey are
alwaysactive, to mentionasimplecase),andthedescriptioncanbedrastically
simpli�ed.

For FSMs and digital circuits well-studiedoptimizationtechniquesexist,
basedon mathematicalpropertiesof the underlyingformal models: bisimu-
lation minimizationin the �rst case,combinationalandsequentiallogic opti-
mization in the second. Thesetechniquescometogetherwith very ef�cient
algorithmsandsoftwaretools. However, they aremostlyof aglobalnature,so
thatthey aregenerallynotabletohandleindustrial-sizespeci�cations.At GRC
level onecanhopeto de�ne optimizationsbasedonstaticanalysistechniques,
lesscompletebut moreef�cient in complexity of analysis(low-exponentpoly-
nomial). Onemainprospectin theintroductionof theGRCformatwasindeed
to beableto describeandformally justify suchoptimizationsonawell-de�ned
representationmodel.Someworkhasalreadybeendonein thisdirectionin the
existing �o wgraph-basedcompilers. Still, resultslack generalityandformal
support,dueessentiallyto limitationsof theintermediatecompilerrepresenta-
tions.

Theoptimizationof a GRCspeci�cationis performedin two phases.First,
potentialredundanciesbetweenstateencodingelementsaredetectedthrough
staticanalysisof theGRCcode,andrepresentedwith tagsontheHSR.Thetags
arethenusedin thesecondphase,whereactualoptimizations(by removal of
edgesandnodes)areperformedon theCCFG.Actually, thetagsarealsoused
to improve softwareencoding,but thisaspectshallbepresentedin section6.

TheCCFGsimpli�cation phasemayunveil moreredundanciesbetweenstate
elements,so that theoptimizationcanbe iteratedto further savings. Current
practiceshows that threeoptimizationcycles (tag computationfollowed by
�o wgraphsimpli�cation) areenoughon our largestexamplesto reachfull op-
timization.
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5.1 HSR tag computation

The HSR serves two purposesin a GRC representation.It completesthe
semanticsof the�o wgraphby keepingtrackof thestatehierarchyandit alsois
a repositoryfor tagsrepresentingpotentialredundanciesin thestaterepresen-
tation. Thechoiceof tagsis givenby their utility (experimentallydetermined)
in theoptimizationandencodingprocess.In additionto z and {�{ , that were
alreadyde�ned, we currently usethe tags: p
�ÁÓ and ­
×
�5wÁÓ . Here is their
meaning:

­
×
�5wœÓ indicatesthat the taggedHSR nodenever remainsactive at the
endof a reaction. The associatedstatementis eithernever started,or
instantlypreempteduponstart.

p
�ÁÓ (for non-terminating) indicatesthattheselectionstatusof thetagged
HSR nodeis alwaysequalto that of its parent. The tag is of speci�c
interestondirectchildrenof parallelnodes.In general,aparallelbranch
canterminatewhile otherbranches(andthustheparallelitself) remain
active. This,however, is not thecasewhenthebranchnever terminates,
or when it only doesso by raisingan exception,therebyabortingthe
wholeparallelconstruct.

Note that othertagscanbe easilyde�ned for usewith differentanalysisand
optimizationtechniques. Promisinganalysisalgorithmsneed,for instance,
informationaboutloop scopes,or there�nementof theexclusionrelationinto
sequenceandconditionalexclusion.Oursetof tagsis only a �rst version,with
alreadygoodpracticalresults.

Thecomputationof tagscurrentlyrelieson algorithmsof linearcomplexity
in thesizeof theGRCspeci�cation. We setthe ­
×
�5wÁÓ tagon theHSRnode
of index ³ if it falls in oneof thefollowing cases:(1) TheCCFGcontainsno
enter(³ ) operation. (2) All of ³ 's childrenaretaggedwith ­
×
�5wœÓ . (3) The
parallelnode³ hasat leastonechild taggedwith both ­`×_��wÁÓ andp
�ÅÓ . (4) The
node³ is child of aparallelnodeitself taggedwith ­
×
�5wœÓ .

The p`�ÅÓ �ag is seton all the childrenof unaryHSR nodes. In addition,
it is setontodirectchildrenof parallelnodesbasedon thefollowing analysis
of the CCFGparallelsynchronizers:Let ã be a parallel HSRnode, let ä be
oneof its children,andlet å

¶)ª
·)·)·

ª
å>æ betheparallel synchronizers associated

with ã . Then,wesetthe p
�ÁÓ tag on ä if noneof å
¶)ª

·)·)·
ª

å>æ receivesa control
edge representingthenormal terminationof theparallel branch ä (i.e. if the
translationdid notgeneratesuch an edge or if it hasbeenoptimizedout). For
ourexample,theresultof thetaggingphaseis givenin �g. 1.10(a).
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Figure 1.10. TaggedHSRandoptimizedCCFGfor ourexample

5.2 CCFG optimizations

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

Simpli�cations basedon HSR tags. Thesesimpli�cations take into ac-
count the staterepresentationredundanciesthat are representedwith tagsin
orderto simplify thestateaccess/updateprotocolby removing unneededoper-
ations.In many cases,maintainingthecoherency of the�o wgraphalsorequires
theremoval of thedriver �o wgraphnodes.The following simpli�cations are
currentlyperformed:

theSwitch nodesaresimpli�ed by erasingtheoutputscorrespondingto
­
×
�5wœÓ branches.If only oneoutputremains,thenodeis deleted,andthe
outputis directly connectedto thego input.

Testnodeswhosetargetis taggedwith ­
×
�5wÁÓ or p
�ÁÓ aredeleted.If only
oneof thetagsis setonthetarget,thenthegoinput is directlyconnected
to eitherthen, if thetagis p
�ÁÓ , or else, for a ­
×
�5wÁÓ tag.

stateupdateoperationswhosetarget is taggedwith ­`×_�5wœÓ or p
�ÅÓ are
deleted.TheassociatedCall nodeisalsodeleted,anditsoutputisdirectly
connectedto its input.
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Inter nal �o wgraph simpli�cations. Derivedfor themostpart from clas-
sicalcontrol-�ow optimizationtechniques,the“internal” graphsimpli�cations
deletedeadcode,reducethenumberof dependencies,andsimplify thenodes.
Wementionthreetechniquesthatprovedveryeffective in practice:

the constructivesweepintuitively correspondsto constantpropagation
and to deadcoderemoval. Deadcodeis identi�ed by performinga
symbolicexecutionof theGRCcodewhereall accessiblecontrolpaths
areexploredin parallel(linearcomplexity). Then,wecandeletecontrol
edgesthathave not beentraversed.We alsodeletesomeof theadjacent
nodes:

– Call, Test, andSwitch nodeswhosegoinputportreceivesnomore
edges,as well as Sync nodeswhoseinput edgeshave all been
deleted.

– Testnodeswhoseexpressionhasbeenuniformlysetto trueor false
dueto theremoval of signaledges.

the dependencysimpli�cation consistsof removing certainsignal and
datadependenciesbetweenexclusive controlbranches(e.g. branchesof
a test).Wecurrentlyperformthesimpli�cation on tests(Testor Switch
nodes)whoseexpressiononly involvesinputsignalsor statetests.

the uselesscodesimpli�cation consistsof deletingcodethat doesnot
driveactionsondata(statechanges,outputsignalemissions,or userdata
update).

Figure1.10(b)showstheresultof thesimpli�cationsonthecontrol-�ow graph
of ourexample.

6. Codegeneration

Oncetaggedandoptimized,a GRC model is translatedinto sequentialC
code. Thereare two importantstepsin this translation,to further improve
ef�ciency. First, a stateencodingis choosedso that variousenter andexit
operationsof the CCFGcanbe collapsedinto fewer C-level dataoperations.
Second,a properstaticschedulingof theparallelthreadsin theCCFGis syn-
thesized.Werecallthatourapproachcurrentlyhandlesonly GRC-acyclic and
circuit-acyclic speci�cations,dueessentiallyto thestaticschedulingalgorithm
whichallows anef�cient, low-overheadencodingof thecontext switches.

6.1 Stateencoding

The stateencodingmustallow the hierarchic(top-down) identi�cation of
the active programstatements,throughsuccessive testscorrespondingto the
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Figure1.11. Stateencodingfor ourexample:(a) thebit allocation,optimizedaccordingto the
HSRtagsand(b) theencodingof thereachablestatesof theprogram.

statedecodingnodesof theCCFG.Our encodingtechniquebasicallytries to
minimizethenumberandcomplexity of thestateaccessoperationsperformed
in a clock cycle, but without performingcodeduplication(like theautomaton
expansiondoes).

Theencodingalgorithmstartsby associatinganintegertestvariableto HSR
nodeswhereastatedecodingdecisionmaybenecessary:

exclusive selectionnodeshaving morethanonechild not taggedwith
­
×
�5wœÓ

childrenof aparallelnodethatarenot taggedwith p
�ÁÓ

In the �rst case,the ³ childrenthat arenot taggedwith ­
×_��wÁÓ areassigned
indicesfrom 0 to ³SçèË , andthevariableis setto

§

to marktheactivationof the
branchof index

§

(andthede-activationof all theother).In thesecondcase,the
variableis setto 1 whentheparallelbranchis active. Otherwise,it is 0. The
variableassignmentcanin factbefurtheroptimized,astheactivationbits are
in many casesredundant.

The secondencodingphaseusesexclusivenesspropertiesto minimize the
sizeof therepresentation.Thebasicremarkis herethatvariablesassociatedto
nodesondifferentsub-treesof anexclusiveselectionnodewil l neverbedecoded
in thesamereaction.Then,they cansharethesameimplementationvariableto
minimizetheexecutablesizeandthecache-missprobability. Themultiplexing
algorithmis actuallyperformedatbit level, in abottomupfashion.Thisphase
de�nesthe�nal mappingof thestateoperationsontothestatevariablesof the
implementation.

Figure1.11picturesthebit allocationpatternof our exampleandgivesthe
encodingof thereachablestates.For instance,0011representsanactive pro-
gram(bit0=1)thatis notin thestartreaction(bit1=1)andthatawaitsthesignals

� and j…��l�l .



24

In orderto matchtheHSR encoding,the stateaccessprimitivesaretrans-
formedinto assignmentsandtestsof the integer statevariable. This stepis
essentialin thegenerationof ef�cient code,aseachassignmentoperationusu-
ally encodesmultiplestateupdateprimitives.

6.2 Schedulingand C codegeneration

To be executedon a sequentialmachine,the operationsof the concurrent
CCFGmustbescheduled, i.e. totally orderedin a way thatcomplieswith the
causalityrelation.A schedulingalgorithmworksbyinterleavingtheconcurrent
branchesof theCCFGusingcontext switcheswheretheexecutionof abranchis
suspendedandanotherbranchis resumed.Context switchestaketime,andef�-
cientschedulesshouldhaveasfew of themaspossible.Determiningaschedule
with a minimal numberof context switchesis NP-complete,but our approach
producesacceptablecodeusingasimpledepth-�rst schedulingalgorithm.

The CCFG representswith edgesall control and data causality, so that
any topologicalorderis a valid schedule.To avoid complex, data-dependent
schedulingissues,only acyclic GRCspeci�cationsareacceptedfor codegen-
eration. In thesecases,a topologicalorderalwaysexistsandany topological
ordergivesa staticschedule, i.e. onethatworksateachclockcycle.
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Figure 1.12. ResultingC code. Note the Booleancontext switch variable N'E that is usedto
resumethesecondparallelbranchafter the�rst oneis executed.Theglobalvariable E!1)(@1G# is
initialized with CDCDCFE .

To determineanacceptablestaticschedule,thecodegeneratorusesasimple
“greedy” approach. Throughoutthe schedulingprocess,the list of concur-
rentbranchesis cyclically traversedfrom thebeginning to theend. Thecode
generatorthen usesa depth-�rst traversaltechniqueto scheduleas muchas
possibleof the currentconcurrentbranchbefore,if necessary, suspendingit
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andgoingto thenext afterperforminga context switch. Fig. 1.12shows the
reactionfunctiongeneratedfor ourexample.Thevariableo��_c	�`� holdsthestate
representation.Thecontext switchesareencodedusingBooleanguards.The
exampleneedsonlyone(cs)in orderto resume,if necessary, controlonthesec-
ondparallelbranch.In general,theresultingcodeis well-structured,asguards
correspondingto lower-level concurrentthreadsaresubsumedto higher-level
ones.

7. Results

To measuretheef�ciency of our approachwe developeda prototypeGRC-
basedoptimizingcompiler, called ���e�y�`� , thatplugsinto theEsterelcompiler
system[Est00]developedat INRIA/CMA. Theprototypecompilesall GRC-
acyclic Esterelprogramsandimplementsthe optimizationsdescribedin this
paper. In-depthtechnicalinformationconcerningthe implementationis pro-
videdin [PB02].

example description Esterel(LC) G�G�HJI nodes
statements initial optimized

1-tcint turbochannelbus 516 798 375 46.9%
2-wristwatch berry's example[Est00] 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%

Table1.1. Testbenchexamples:descriptionandGRCoptimizationresults

We comparedtheoutputof �y���y�`� with theoutputof four othercompilers:
The automatacompiler of Bres[Bre02],the circuit-basedcompiler of Berry
[Est00],theECcompilerof Edwards[Edw02],andtheSaxocompilerof Closse
et al. [WBC

�

00]. A state-of-the-artsequentialcircuit optimizer(SIS/blifopt
[SSL

�

92]) hasbeenusedwhenever possibleon theintermediatenetlistrepre-
sentationof thecircuit-basedcompiler.

Theexamplesof thetestbenchare, d�����o���d_c	�e��s excepted,industrialexam-
plesof controllers,eitherdirectly programmedin Esterelor obtainedthrough
automatictranslationfrom SyncCharts[And96] speci�cations.Table1.1gives
the initial andoptimizedspeci�cationsizes,anda shortdescriptionfor each
of our 8 examples.TheLC statementcountis goodestimationof theEsterel
speci�cationsize.Theunoptimizednumberof nodesin theGRC�o wgraphis
alwayslargerthantheLC countdueto thedemultiplexing andto thestructural
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codeduplication. However, despitevariationsin the optimizationratios,the
optimized�gures alwaysfall undertheLC count,meaningthatoursystematic
codeduplicationpaysoff. Recallthattheoptimizationalgorithmsareall linear,

example automata circuit EC Saxo T'HGN�K)N

1-tcint 0.30 0.665 0.25 0.36 0.25
2-wristwatch 0.95 1.405 1.26 1.29 0.95
3-atds100 0.05 3.695 0.14 0.12 0.08
4-mca200 L

4 48.195 2.61 3.68 1.88
5-chorus L

4 54.29 2.76 5.30 1.10
6-fuel L

4 37.66 L

7 16.81 15.65
7-cabine L

4
L

6
L

7 31.97 29.26
8-global L

4
L

6
L

7 57.45 43.27

Table1.2. Generatedcodespeed(sec/1Mcycle)

sothattheoptimizationphasedoesnotrepresentabottleneckin thecompilation
process.On the testmachine(a Linux/PIII/1GHz/128M)it takeslessthan1
minutefor the largestexample,dependingquasi-linearlyon the speci�cation
size.

example automata circuit EC Saxo T'HGN�K)N

1-tcint 72.8 11.45 11.5 15.3 17.5
2-wristwatch 14.8 11.25 13.3 16.1 14.7
3-atds100 28.8 31.35 21.7 33.9 33.7
4-mca200 L

4 171.85 70.2 78.9 67.7
5-chorus L

4 230.3 99.5 104.1 98.6
6-fuel L

4 201.4 L

7 147.5 168.7
7-cabine L

4
L

6
L

7 256.1 196.8
8-global L

4
L

6
L

7 309.1 273.9

Table1.3. Objectcodesize(Kbytes)

For eachexample,the C routinesgeneratedby the 5 compilershave been
compiledusing“ �_���	�+M
NPORQ�� ” andthenrun for 1 million cyclesto determine
theaveragereactiontime. Theinputsequenceswereeitherprovidedby thepro-
grammerof theapplicationor (whennoneprovided)generatedpseudorandom

4Outof memoryor timeout(1 hour)duringautomatonexpansion
5Theintermediatecircuit representationhasbeenaggressively optimizedusingSIS/blifoptprior to C code
generation(only possibleonsmall-to medium-sizedspeci�cations).
6 S(TUTWVUX exhaustedsystemmemoryduringcompilation.
7Thecodewasnot availablefor tests.
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inputssatisfyingthegivenenvironmentalconstraints.Theresultsarepresented
in thetables1.2and1.3.

Thethree�o wgraph-basedcompilers(EC,Saxo,and�y���y�`� ) producesimilar
�gures in both speedandsize. Among them, ���e�y�`� generatesfastercode,
while thedifferencesin codesizearenot relevant. This seemsto indicatethat
(1) removing redundantstatetests(likewedo)greatlyimprovesthecodespeed
and(2) theClanguageencodingof �y���y�`� couldbeimprovedtomatchonsmall
examplestheEC-generatedcodesize.

As expected,thecodegeneratedby thecircuit-basedcompileris slow, even
whentheintermediatecircuit representationhasbeenaggressively optimized.
Thecircuit-basedcodeis alsovery largeanddif�cult to compile.

Surprisingly, only one exampleresultsinto ���e�y�`� -generatedcodethat is
slowerthanitsautomata-basedcounterpart.Thisisprobablydueto thefactthat
the(small)processorcachespenalizelargerprograms,andto thefactthatGRC-
leveloptimizationsleaveonly few redundanciesin thestaterepresentation.The
automata-basedcompilationis restrictedto small programs,even more than
circuit optimization. For all but 3 examplesin our testbench,we interrupted
theautomatonexpansionafter1 hour.

Theglobal �y���	�
� compilationtime, includingGRCcodegeneration,opti-
mization,andC encoding,is negligible. It increasesfrom several secondsto
approximately2 minutes,following the sizeof the GRC speci�cation. The

�y���	�
� -generatedC codeis easilycompiledby �e��� .

8. Conclusionand Futur ework

We introducedin this papera new intermediatemodel,calledGRC,for the
representationof Esterelprograms.TheGRCrepresentationmakesthecontrol
�o w of theEsterelprogramexplicit, but alsopreservesinformationaboutits
initial structure.Thus,its supportsavarietyof ef�cient analysis,optimization,
andsequentialcodegenerationalgorithmsbasedon low-coststaticanalysis.
Benchmarksshow that theGRC-based�y���y�`� compilergeneratesfastercode
thantheotherhigh-capacitycompilers,for asimilarcodesize.

TheGRCrepresentationhaswell-de�ned formal semantics,allowing usto
(1) prove thecorrectnessof thesoftwarecodewith respectto theconstructive
semanticsof Estereland(2) maintainacloserelationbetweenGRCandcircuit
translationsof anEsterelprogram.Wewerethereforeableto de�ne anotionof
acyclic GRCdescriptionandmatchit with thecorrespondingoneon circuits.
Theresultisof specialpracticalinterest,sinceacyclicity is themaincorrectness
criterionusedfor Esterelprograms.

The ���e�y�
� compilerhasbeenimplementedasamoduleof theINRIA/CMA
Esterelversion5 compilersystem.At thesametime,someof theoptimizations
de�ned in this paperhave beenincorporatedinto EsterelStudio,an industrial
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Esterel-basedenvironmentfor thedesignandveri�cation of complex systems-
on-a-chip(SoC).

Otherapplicationsarepossible,in additionto generatingsoftwarecodefor
Esterel. The GRC-basedapproachcould be easilyadaptedto compileother
synchronouslanguagesandformalismswith �ne-grainedparallelism,suchas
ECL [LS99] or theSyncCharts[And96]. However, themostobviousapplica-
tion of Esterelis the generationof optimizeddigital circuit codefor Esterel:
Theanalysisandoptimizationspresentedin thispaperarenotsoftware-speci�c
andsomeexperiments[PB01]suggestthatapplyingthemto Esterel-generated
circuits would result in importantsimpli�cations. SuchEsterel-speci�csim-
pli�cations shouldbeperformedbefore themaincircuit optimizationphasein
orderto improve its outputand(usuallylong)executiontime. However, apply-
ing thesimpli�cations on �at netlistswould be inef�cient. Instead,theGRC
codeshouldbeusedasatarget-independent representationfor (Esterel-speci�c)
optimizationsbasedon high-level structuralinformation.TheoptimizedGRC
codeshouldthen be translatedinto a netlist and passedto a state-of-the-art
circuit optimizer. SuchaGRC-basedoptimizedcircuit generatoris undercon-
structionatColumbiaUniversityunderthesupervisionof StephenEdwards.

Many directionsremainto be explored. First, it is essentialto pursuethe
developmentof new GRC-level analysisand optimizationtechniques. The
domainseemspromisingdueto thelargequantityof Esterelstructuralinforma-
tion notyetexploited. An interestingproblemis hereto determinetheamount
of codeduplicationthat resultsin thebestsize/speedratio, andto reducethe
unneededduplicationby sharingidenticalbranches.

A seconddirection that we would like to investigateis the generationof
ef�cient simulationcodefor correctcyclicGRCspeci�cations,therebyraising
the applicability to the sameclassof programsasthe automata-andcircuit-
basedcompilers.Oncecycleshave beenpreciselylocatedandprovedcorrect,
anideawouldbeto runthemlocally underthe3-valuedconstructive semantics
of circuits. Someadvancesin this directioncanbe found in Potop-Butucaru
[PB02]. Otherschemeswould requiresubstitutingthe cyclic GRC subgraph
by another, equivalentacyclic one.Of particularinterestis heretheresynthesis
techniqueof Edwards[Edw03],which performsa controlledcodeduplication
thatpreservesmanyof thestructuresof theinitial circuit. Thetechniquecouldbe
extendedtoperformasimilarGRC-levelresynthesiswhilestill usingthecurrent
circuit-levelanalysis.Anotherquestion,relatedbutneverthelessdistinct, would
beto �nd GRC-level staticanalysisapproximationmethodsthatgivesuf�cient
conditionsfor correctnessin cycliccases, andthentry toderiveacorresponding,
moredynamicschedulingschemewhich could copewith differentordering
accordingto differentstatecon�gurations.

Finally, weareinvestigatingthepossibilityof aunion,at intermediaterepre-
sentationlevel,betweenEsterelandthesynchronousdata-�ow languageSignal,
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for analysisandef�cient simulationpurposes.The maingoal would be here
to useEsterelfor specifyingbehaviors andSignalfor specifyingarchitectural
aspects.The high-level intermediatestructuresof the Signalcompiler– the
clock treeandtheconditionaldependencygraph– arerespectively similar in
functionandform to theHSRandtheCCFGof theGRCcode.The�rst rep-
resentsthehierarchyof theactivationconditions,while thesecondrepresents
the actualcontrol anddata�o w. However, importantdifferencesexits: The
HSRof aGRCspeci�cationrepresentstheinternalstructureof theEsterelpro-
gram,closelyfollowed by the stateencoding/decoding part of the CCFG.In
theSignalcompiler, theactivationconditionsof theclock treearesynthesized
from (clock)constraintsontheinputandoutputsignals.Thus,theunionwould
requirethe ability to assign/derive complex interfaceconstraintsto/from an
Esterelspeci�cation.
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