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Abstract

Synchronouslanguagesallow a high level, concurrent,anddeterministicdescriptionthe behavior of reactive
systems.Thus,they canbeusedadvantageouslyfor theprogrammingof embeddedcontrolsystems.Theruntime
requirementsof synchronouscodearelight, but severalcritical propertiesmustbefulfilled.

In thispaper, weaddresstheproblemof thesoftwareimplementationof synchronousprograms.After abrief in-
troductionto reactivesystems,thispaperformalizesthenotionof “executionmachine”for synchronouscode.Then,
a genericarchitecturefor centralizedexecutionmachineis introduced.Finally, several effective implementations
arepresented.

1 Introduction

1.1 Reactive Systems

Reactivesystemsarecomputersystemsthat reactcontinuouslyto their environment,at a speeddeterminedby the
latter [15]. This classof systemscontrastswith transformationalsystemsand interactivesystems. Transformational
systemsare classicalprogramswhoseinputs are available at the beginning of their execution,and which deliver
their outputswhenterminating: for instancecompilers. Interactive systemsareprogramswhich reactcontinuously
to their environment,but at their own speed:for instanceoperatingsystems.Among reactive systemsaremostof
the industrialreal-timesystems(control,supervision,andsignal-processingsystems).Thesesystemsmustmeetthe
following requirements:

1. Safety requirements. This is perhapstheir mostimportantfeaturesincethesesystemsareoftencritical ones.
For instance,theconsequencesof asoftwareerrorin anaircraftautomaticpilot or in anuclearplantcontrollerare
disastrous.Thereforethesesystemsrequirerigorousdesignmethodsandlanguagesaswell asformalverification
andvalidationof theirbehavior.

2. Temporal requirements. This concernsboththeinput rateandtheinput/outputresponsetime. To checktheir
satisfactionon the implementation,it is necessaryto know boundson theexecutiontime of eachcomputation
aswell ason themaximalinput rate.

3. Concurrency requirements. It is convenientandnaturalto designsuchsystemsassetsof componentsthat
cooperateto achieve the intendedbehavior. Herewe distinguishbetweenthespecificationparallelismandthe
executionparallelism. The latter is sometimesrequiredby the implementation,while the former helpsthe
programmerin specifyinghis/hersystemclearlyandconcisely.

4. Determinism. Thesesystems,or at least their most critical parts,always react the sameway to the same
inputs. This propertymakestheir design,analysisanddebuggingeasier. It mustthereforebepreservedby the
implementation.�
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SUPÉLEC, ServiceInformatique,PlateaudeMoulon,3 rueJoliot-Curie,91192Gif-sur-YvetteCedex, France.Tel: +331 69851484. Fax:
+331 69 8512 34. Email: Frederic.Boulanger@supelec.fr�
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A programminglanguagewell suitedto thedesignof reactive systemsshouldthereforebeparallelanddetermin-
istic, and� � allow formalbehavioral andtemporalverification.

1.2 The Synchronous Approach

Synchronouslanguageshavebeenintroducedin the80’s to make theprogrammingof reactive systemseasier[5]. The
purposeof theselanguagesis to givethedesigneridealtimeprimitives,thusreducingthechanceof programmingmis-
conceptions.Insteadof the interleaving paradigm,they arebasedon thesimultaneityprinciple: all parallelactivities
sharethesamediscretetime scale.Concretely, this meansthat �
	�� is viewedasthe“package” �
� where � and � are
simultaneous.Eachactivity canthenbedatedon thediscretetime scale;this hasthefollowing advantages:

� Timereasoningis madesimpler.

� Interleaving-basednon-determinismdisappears,whichmakesprogramdebugging,testing,andvalidatingeasier.

Concerningtheimplementation,theideais to projectthis discretetime scaleontothephysicaltime. As thescale
is discrete,nothingoccursbetweentwo consecutive instants:everythingmusthappenasif theprocessorrunningthe
programwereinfinitely fast.This is thesynchronyhypothesis.

Of course,suchaninfinitely fastprocessordoesnot exist, but it sufficesthatany input be treatedbeforethenext
one.In orderto verify thiscondition,oneonly needsto know themaximalinput frequency, andanupperboundonthe
executiontimeof theobjectprogram.For thispurpose,synchronouslanguageshavedeliberatelyrestrictedthemselves
to programsthatcanbecompiledinto afinite deterministicinterpretedautomaton,acontrolstructurewhosetransitions
aredeterministicsequentialprogramsoperatingonafinite memory. Eachtransition,whoseexecutiontimeis statically
computable,correspondsto thesystemreactionto aninput.

Therearenumerouslanguagesbaseduponthesynchrony hypothesis:ESTEREL [6], LUSTRE [13], SIGNAL [16],
STATECHARTS [14], SML [10], SYNCCHARTS [1], ARGOS [17], andSR[12].

Synchronouslanguageshave recentlyseena tremendousinterestfrom leadingcompaniesdevelopingautomatic
control software for critical applications.For instance,SCHNEIDER ELECTRIC usesa LUSTRE-basedtool, named
SCADE, to develop the control softwarefor nuclearplants. A ÉROSPATIALE alsousesthis tool to develop theflight
controlof thenew A IRBUS planes.DASSAULT AVIATION usesESTEREL STUDIO to programtheflight controlsoft-
wareof theRAFALE fighter. And SNECMA usesa SIGNAL-basedtool to developairplaneengines.Thekey advantage
pointedby thesecompaniesis thatthesynchronousapproachhasa rigorousmathematicalsemanticswhichallows the
programmersto developcritical softwarefasterandbetter.

Finally, all synchronouslanguagescanimport andmanipulateexternalobjects(constants,variables,procedures,
andfunctions),specifiedin a hostlanguage, for instanceC, ADA, ����� Thecompilingmodeladoptedfor thevarious
synchronouslanguagesconsiststhenin compiling the sourceprogramtowardsan intermediateformat whereparal-
lelism,preemptions,localcommunications,andsoon,havebeentransformedinto sequentialdeterministiccode.This
intermediateformatconsistsof severaltablesandacontrolpart.Thetablesdescribetheinput/outputsignals,thecon-
stants,thetypes,thevariables,andsoon. Thecontrolpartis eitheradeterministicfinite stateautomaton(OCformat),
or a systemof Booleanequationswith registers(DC or SSCformat). In bothcases,theintermediatecodeprogramis
compiledinto a functionin thehostlanguage.

1.3 Problem Statement

Whenexecutingsynchronousprograms,onemustdealwith thebig differencebetweentheprogramandits environ-
ment. Indeed,theprogramis synchronouswhile its environmentis intrinsically asynchronous,i.e., its evolutionsare
notgovernedby thesynchrony hypothesis.

As we have said,a reactive systemmustreactcontinuouslyto its environment,at a speedimposedby the latter.
Concretely, the programcommunicateswith its environmentthroughinput/outputsignals. Input andoutputsignals
arerespectively sensedandemittedby theprogram.We distinguishtwo kindsof sensors,andaccordinglytwo kinds
of inputs:
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� Statesensors: They measurea physicalvalueeithercontinuous(e.g.thetemperature)or discrete(e.g.anon/off
limit
�

switch).They give thecurrentstateof thephysicalvalue,sampledin thecaseof acontinuousone.

� Eventsensors: They measureboththestatechangesof aphysicalvalue(e.g.,moving aboveathreshold)andthe
discreteevents(e.g.,analarm). A statechangeis by essencediscrete,fleeting,andmustthereforebeexpected
specificallyin orderto beobserved. We includein this partmessagespossiblycomingfrom othersubsystems.
In the caseof a large scalesystem,thedesignersoften divide it into several subsystemsthatareprogrammed
separately. Thus,eachsubsystemreceivesinputsfrom theenvironmentaswell asfrom othersubsystems,via a
localbus(CAN, VAN, FIP, homemadebus,andsoon). Thiswasthecaseof theCO3N4nuclearplantcontroller
madeby SCHNEIDER ELECTRIC.

Theprogramis synchronous.Fromtheimplementationpointof view, thismeansthatit transformsinstantaneously
a tupleof inputsinto a tupleof outputs.An instantof thesynchronousprogramcorrespondsthereforeto thereception
of anew input tuple,thereactionto theseinputs,andtheemissionof a new outputtuple.As aconsequence:

� theinputsof asameinstantaresynchronoussincethey belongto thesametuple,

� theoutputsaresynchronouswith theinputssincethereactionof theprogramis instantaneous.

It follows an intrinsic mismatchbetweenthesynchronousprogramandtheasynchronousenvironment. Any im-
plementation,beit softwareor hardware,mustsolve thisdiscrepancy, througha synchronous/asynchronous interface,
whoseprecisepurposeremainsto bestated.

1.4 Paper Outline

We addressin this papertheproblemof implementingsynchronousprograms.Therearetwo waysof implementing
suchprograms:either software or hardware. We focus hereon their software implementation.We formalizeour
problemin Section2 by studyingtheinteractionsbetweentheprogram,theinterface,andtheenvironment.Thenwe
presentin Section3 somepracticalimplementations,beforeconcludingin Section4.

Implementationscanbeeithercentralized,or distributed.Thispresentationfocusesontheformer. Thedistribution
of synchronousprogramsraisesotherissuesthatarebeyondthescopeof thispaper.

2 Formalization

2.1 The Execution Machine

Thepurposeof theexecutionmachineis to actuallyexecuteasynchronousprogramin anasynchronousenvironment,
that is, to observe thecurrentstateof theenvironment(sensingphase),to decidewhatto do (executionphase),andto
actupontheenvironment(actingphase).Figure1 statestheseinteractionsandemphasizesthenecessaryinputsand
outputstreatments.
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Figure1: Interactionsbetweentheexecutionmachineandtheenvironment

We definean executionmachineas the combinationof a reactive machine,a transformationalmachine,anda
controller[2]:

� The reactive machineis madeof the objectprogramobtainedafter compiling the synchronousprogram,the
interfacefunctionsfor inputsandoutputs,andtherun-timespecificto thetargetprocessor.

� The transformationalmachineimplementstheconstants,types,procedures,andfunctionsexternalto thesyn-
chronousprogramin thechosenhostlanguage(for instanceC).

� Thecontrollercoordinateseverythingtogether.

Wehaveexplainedin Section1.2how asynchronousprogramcanbecompiledinto afunctionin thehostlanguage.
Thisfunction,whichbelongsto theabovereactivemachineis itself transformationalandnotreactive. Thismeansthat
it mustbeexplicitly invoked,possiblywith inputs,andthat it terminates,possiblywith someresults.Therole of the
executionmachineis preciselyto givea reactive behavior to this transformationalfunction.To thisend,thecontroller
musttriggerthereactionsof theprogramto make it reactive to its environment.Hencethecontrollermustincludean
executionloop in charge of invoking the transformationalfunction. Eachinvocationcorrespondsto an instantof the
synchronousprogram.Wepresentin thenext sectiontwo strategiesfor thisexecutionloop.

Finally, the transformationalfunction hasstrictly speakingneitherinputsnor outputs. The programinputsare
implicit in the sensethat they areupdatedby dedicatedfunctions. Concretely, to eachinput signal correspondsa
functionin chargeof updatingthevalueof thesignal(exceptif thesignalis pure)andmarkingthesignalaspresent.
Theseupdatefunctionsmustbeinvokedby theexecutionmachine.Concerningtheprogramoutputs,they areexplicitly
emittedby outputfunctionsinvoked by thetransformationalfunction. Theseoutputfunctionsmustbewritten by the
programmer.

It is clearthatnoexecutionmachine,nomatterhow fast,canreactin zerotime. This factmayseemredhibitoryfor
theexecutionof synchronousprograms.Theremainingof this papershows how to remove this obstacleandachieve
synchrony in nonzerotime.

2.2 The Execution Loop

Wedistinguishtwo modelsfor theexecutionloop: thegeneral modelandtheperiodicmodel:

� In thegeneralmodel,eachinputeventtriggersanew reactionof theprogram.

� In theperiodicmodel,theprogramreactionsaretriggeredateach“tick” of a real-timeperiodicclock.
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Hereis thecodein eachcase:

generalmodel

for each event
read more inputs
compute next state
emit outputs

end for each

periodicmodel

for each tick
read inputs
compute next state
emit outputs

end for each

In eachcase,severaltasksmustbetakeninto accountbesidestheprogram:

In thegeneralmodel:

� thesensorsfor theinputscomingfrom theen-
vironment,

� the local bus for inputscomingfrom theother
subsystems.

In theperiodicmodel:

� thereal-timeperiodicclock,

� the sensorsfor the inputscomingfrom theenviron-
ment,

� the local bus for inputscomingfrom the othersub-
systems.

For commodityreasons,we call suchtasksinterfacetasks. Eachinterfacetaskis executedconcurrentlywith the
program,andhasahigherpriority. Their implementationwill beexplainedin thesequel.

Eachinterfacetask,exceptthe real-timeperiodicclock, invokes theupdatefunction of the correspondinginput.
It is importantto distinguishbetweenthesensorreadingtaskandthesensoritself. As we have seenin Section1.3,
continuousinputsaresampledby asensor. Thissamplingcanbeperiodic,triggeredby theprogram(polling), or even
triggeredby thesensoritself (smartsensor).Concerningthediscreteinputs,we have saidthat they arefleetingand
mustbeexpectedspecifically:thisis exactlythepurposeof theinterfacetasksexecutedconcurrentlywith theprogram.

All thesetaskscaninterrupttheexecutionloop, which raisestwo problems:theconsistency betweeninputsand
thevalidity of thesynchrony hypothesis.Wewill studythesetwo problemsin thefollowing sections.

Finally, let usmentionthefactthatthemostcommonlyusedmodelin industryapplicationsis theperiodicone.It is
for instancethecaseof thenuclearplantcontrollerCO3N4of SCHNEIDER ELECTRIC, aswell astheflight controller
of theA IRBUS A340 of A ÉROSPATIALE.

2.3 Consistency Between Inputs

Theproblemof theconsistency betweeninputsin a given instantcomesfrom thepossibility for a given input to be
updatedduring theprogramtransition,that is duringthecompute next state phaseof theexecutionloop. For
instance,duringareaction,anESTEREL programmayreadtwicethevalueof aninputsignal.If, dueto aninterruption
of theinterfacetaskof this inputsensor, theinput valueis updated,therewill beaninconsistency.

Programmablelogic controllersalreadyencounterthis problem. In order to prevent the risk of a valuechange
during their reaction,they set all the input valuesat the beginning of a reactionand keepthem during the whole
reaction.

We adopta similar solutionfor executionmachines.All the inputsreceived sincetheprevious instantaremem-
orizedinto buffers, andthen,during the reactioneachsignal is readat mostoncefrom the buffers. Inputsarethus
readexclusively duringtheread more inputs or read inputs phaseof theexecutionloop. Besides,thepro-
gramhasa vectorof buffers,onefor eachof its inputs. Eachbuffer containsa valueof theentry typeanda Boolean
telling whetheror not theinputhasbeenreceivedsincethepreviousinstant.As a result,theinputsarereceivedby the
programin thefollowing way:

� Whenaninterfacetaskinterruptstheexecutionloop becausea new input hasbeenreceived,it writesthis value
in thecorrespondingbuffer andsetstheBooleanto true. Any further interruptionof thesameinterfacetask
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writesa new valuein thebuffer, overwritesthepreviousvalue,andletstheBooleanto true. If theconsidered
input
�

is continuous,thenthe lossof the overwrittenvaluemakessensesinceit is preferableto work with the
newestvalue. If the consideredvalue is discrete,thenthe lossof the overwrittenvaluemeansthe lossof an
event: we addressthisproblemin thefollowing section.

� Whentheprogramrunstheread more inputs orread inputs phase,it scansthebuffer vector, andfor
eachBooleansettotrue, it invokesthecorrespondingupdatefunctionwith thevalueof thebuffer. At thesame
time, all theBooleansaresetto false. This scanningof thebuffer vectormustbeexecutedwithin a critical
section,soasto beimpossibleto interrupt.It is theonly partof theexecutionloop thatmustbeso.

Figure2 illustratesthis behavior. Here,the functionMODULE I X is the updatefunction of the input signalX.
Arrows representthecontrol,not thedataflow.

environment Ti Biof input
X

sensor interface
task
n� i

synchronousworldasynchronousworld

Ti:=V;

Bi:=true; if Bi then

MODULE I X(Ti);

for i:=1 to n do

Bi:=false;

read inputs

of thevalueV
acquisition

buffer vector

Figure2: read inputs phaseof theexecutionloop

2.4 Validity of the Synchrony Hypothesis

Validatingthesynchrony hypothesismeansproving thattheprogramis fasterthanits environment.This is aphysical
interpretationof the ideal notionof instantaneity. This propertyensuresin particularthatno input eventcanbe lost.
The importanceof this propertycomesfrom the fact thatsomeinput eventsarefleeting. Without the interfacetasks
mechanismpresentedin Section2.3,in orderto prove thattheprogramis fasterthanits environment,it would require
to prove that the reactiontime of theprogramis systematicallylower thanthe time lag betweenany two successive
input events. In any case,it is not possibleto establishnecessaryconditionsthat validatethesynchrony hypothesis.
Theconditionsthatwe establishin thissectionarethussufficientconditions.

Let usdefineformally theprogramreactiontime aswell astheinputclocks:

� Theprogrambasicreactiontime is themaximaltime for runningthesequentialcodeobtainedaftercompiling
the programfor the target processor. Sincethis codeis sequentialanddeterministic,it is possibleto find an
upperboundof this time from thecharacteristicsof the targetprocessor. This upperboundis whatwe call the
basicreactiontime.

� The programtotal reactiontime is the sumof the basicreactiontime plus the executiontime of all interface
tasksduringoneperiodof thereal-timeclock.

� Theclock of aninput,beit discreteor continuous,is theinfinite sequenceof theinstantswhentheinput events
occur.

� Themaximalfrequencyof aninput is themaximalfrequency of its clock.

� Theminimalperiodof aninput is theinverseof its maximalfrequency.

In orderto computetheexecutiontimeof all interfacetasks,it is necessaryto know themaximalfrequency of each
input. Thesefrequenciesmustthereforebegivenin thesystemspecification.
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Within the periodic model, it suffices to satisfy two conditionsto be certainthat the software implementation
satisfies� the synchrony hypothesis.The first oneis that the real-timeclock periodbe greaterthanthe programtotal
reactiontime: this ensuresthat the programhasenoughtime to run betweentwo successive ticks of the real-time
clock. Thesecondoneis thatthesmallestof all theinputsminimal periodsbestrictly greaterthanthereal-timeclock
period:thisensuresthatno inputeventis lost1.

Within thegeneralmodel,a first approachconsistsin requiringthat theminimal periodof theunionof all input
clocksbegreaterthantheprogrambasicreactiontime. A morerelaxedapproachconsistsin excludingthecontinuous
inputs from the clocksunion, and thus in triggeringa samplingof eachcontinuousinput during the read more
inputs phaseof theexecutionloop.

In conclusion,the generalcaseis muchmoreconstrainingto validatethanthe periodiccase.This is oneof the
reasonswhy theperiodicmodelis themostemployedin industry.

3 Practical Implementations

3.1 Introduction

We presentin this sectionsometechniquesfor implementingsynchronousexecutionmachines.Besidesthe formal
aspectsseenin Section2, thesetechniquesallow thetakinginto accountof thepracticalaspectsof theimplementation,
thatdependon theprogrammingmodel,thehardwareenvironment,andthecontext wherethesynchronousprogram
is used.

First,weexplainhow to satisfytheconstraintsestablishedin Section2. It consistsof afinerdescriptionlevel where
we describeusablemechanismsandtechniques.We alsodraw theattentionon possibleproblems.Suchdysfunctions
mustbeconsideredaswarningsto the readerwilling to designits own synchronousexecutionmachine.Finally, we
presentsomeeffective implementations,restrictedto centralizedsolutions.

Concerningthepracticalimplementations,few detaileddocumentsareavailable.Thedocumentationof ESTEREL–
V5 [7], givenalongwith thecompilerdistribution, includeslow level informationson theC/ESTEREL interface. Of
course,theseonly concernESTEREL . Yet,while theproblemof thesynchronousexecutionmachineis notspecifically
treatedthere,thisdocumentationis veryusefulfor designers.

3.2 Architecture of an Execution Machine

Thearchitecturaldescriptionmakesit possibleto understandwhatarethemainfunctionalcomponentsof theexecution
machine,andtheir interactions.

3.2.1 Information Flows

An executionmachineis a reactive systemwhosepurposeis to reactto incominginformationby generatingoutput
information. This role hasbeenexplainedin Section2.1. Theseinformationflows have to becontrolled: thecontrol
signalsin Figure3 arein charge of this. Possibledysfunctionsof theexecutionmachineareindicatedby exceptions
signals.

1In orderto determineby whatmargin thesmallestof all theinputsminimal periodsmustbestrictly greaterthanthereal-timeclock period,
it is actuallynecessaryto take into accountthecharacteristicsof thesensorhardware: time neededto prepareandmaintainthesensedvalue,
minimal timebetweentwo successive acquisitions,�����
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machine

control
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Figure3: ExecutionMachine:InformationFlows

3.2.2 Control

Thesetof controlsignalsincludes:

� An input signal begin of instant (BoI), which is compulsory. Its occurrencetriggersa new reactionof the
executionmachine.

� An outputsignalendof instant(EoI), which is alsocompulsory. Its occurrenceindicatestheendof thecurrent
reaction.

� Optionalcontrol signals,which areusedfor fine controlof theexecutionmachine.They areespeciallyuseful
for hierarchicalexecutionmachines.They canstop,suspend,resume,andre-initializetheexecution.

In thissection,we consideronly thefirst two signals.
Therespective datesof occurrenceof BoI andEoI mustbesuchthat thesynchrony hypothesisis satisfied(see

Section2.3). Thesimplestcaseis theperiodicactivation: BoI signalsareperiodicallyemittedby anexternalclock.
Of course,theEoI associatedwith aBoI mustbeemittedbefore theendof theclockperiod.

3.2.3 Monitoring

Observers canbeusedto monitortheexecutionmachine.In thecaseof anabnormalbehavior of themachine(not of
theprogram),anexceptionsignalis emitted.

Theseexceptionsignalsare,above all, warningssentto the userof the executionmachine. Clearly, raisingan
exceptionsignalmeansthattheimplementationis nolonger runningunderthesynchronoushypothesis.Theusermust
bekeptinformedof thisproblem.

In moresophisticatedexecutionmachines(e.g.,fault-tolerantexecutionmachines),exceptionsignalscanbehan-
dled by a higher-level executionmachine.The uppermachinecanthenforce actionsin the lower machinethrough
theoptionalabove-mentionedcontrolsignals.Theusermustbecautiouswith thiskind of “control loop” in execution
machines:thehandlingof anexceptionmaycausetheexecutionmachineto violatetiming constraints.Thecurewill
beworsethanthedisease!

Below, we list sometypicaldysfunctions;this list is notexhaustive:

1. Violation of a relation. Supposethat the userhasdeclaredin his/herprogramthatA andB aretwo exclusive
signals(i.e.,neversimultaneouslypresent).Thisassertionmaybeviolatedduringareaction.Thereasonfor this
violation maybeeithera lack of knowledgeabouttheenvironment,or a sensorfailure. The latter is a chance
event that canbe detectedonly while the systemis operating. The former is a misconceptionandshouldbe
avoidedby rigorousdesignmethodologies.In bothcases,sinceviolationsmayleadto unpredictableexecutions,
theexecutionmachinemustnot ignorethisviolation. A possibleconservativestrategy is to “filter” faultysignals,
so that only acceptableeventsareconsideredfor executions.Thereexist several filtering techniques;noneis
fully satisfactory. Whatever the recovering politic adopted,all violationsmust be reportedby the execution
machine.
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2. Lastingtransition. An executionmachinecanarmawatchdogateachbeginningof areaction.If thetransitionis
not� terminatedbeforethedeadline,anexceptionis raised.This exceptioncanbedueto a transientoverloading
of the systemor to errorsin the user’s program. The latter is often dueto executionof the transformational
partsof theprogram(e.g.,calls to externalfunctionsor procedures).It is the responsibilityof thedesignerto
ensurethatexternaltransformationalpartsof his/herprogramhave a boundedandknown duration.Whenthis
propertycannotbeguaranteed,asynchronousexecutionsmustbeconsideredfor thisdataprocessing(seebelow
thenotionof “task” in ESTEREL ).

3. Data overwriting. Observerscanbeattachedto acquisitionsandactuations.Overwritingavaluemeansthatthe
applicationis no longerrun in real-time.

3.2.4 Structure

Thevariousfunctionalitiesof theexecutionmachinecanbeassignedto dedicatedmodules(Figure4). Dashedlines
areflows of control,whereassolid linesaredataflows. I is theinput tuplepresentedto thesynchronouskernel. The
kernelcomputesthereactionandgeneratestheoutputtupleO.

Thecontroller ensuresthecorrectsynchronousbehavior: atomicreactionandboundedreactiontime. In its sim-
plestform, thecontrolleris asequencerwhosebehavior canbeexpressedby thefollowing ESTEREL -likepseudo-code:

synchronous

kernelInput Output

observers

controller

control

exceptions

I O

inputs outputs

Figure4: ExecutionMachine:Structure

initialization
every BoI do

read inputs; build I;
react;
build O; write outputs;

end every

This pseudo-codeis compatiblewith theonepresentedin Page5. Auxiliary variableshave beenintroducedand
somephasesrefined.For instance,theread inputs phaseof theexecutionloopis refinedinto asub-phaseof input
acquisition(read inputs) andasub-phaseof input tupleconstruction(build I).
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3.2.5 Inputs / Outputs

The consistency of inputshasbeenanalyzedin Section2.3. ModulesInput andOutput in Figure4 make the
necessaryinterfacingbetweenthesynchronouskernelandthe environment. They are,themselves,reactive systems
with their own controlflowsanddataflows. Figure5 shows apossiblerefinementof theinputmodule:

a
FA

inputs

R

a
FA

R

tuple

builder

I

Figure5: ExecutionMachine:Input Module

� ModulesA areinterfacetasksdescribedin Section2.2.They maybeinterruptionhandlersor peripheraldrivers.
A signalR (for “Reading”)triggersthesendingof avaluea.

� This information is consumedby an optionalfiltering moduleF that producessignals(with the synchronous
languagemeaningof thisword). Thesefiltering modulesareusefulfor imperative synchronouslanguagessince
they give greaterimportanceto eventsinsteadof values. Considerfor instancean ESTEREL program. Let a
be the logical level 0 or 1 at a pushbutton. Whenpressed,thebutton changesfrom 0 to 1. Now, supposethe
ESTEREL programhasa pureinput signal2 calledButton Pressed. In this case,thefiltering modulewill
generatesignalButton Pressed at instant � , if andonly if, a was0 at instant ����� and1 at instant � (i.e.,
theBooleanexpression�����
 "!#�$� ). For a declarative languagelike LUSTRE, this “edgedetection”would have
beendoneby theprogramitself.

� Thetuple builder moduleconsumespossiblyfilteredsignalsandgeneratesthecurrentinput tupleI. This
generator, in thesimplestcases,doesa concatenationof signals.In thecaseof a relationviolation, it canalso
performextrafiltering operations.

3.2.6 Asynchronous Execution: ESTEREL Tasks

Amongsynchronouslanguages,ESTEREL is theonly oneto supportlastingactivities, throughtheasynchronoustask
mechanism.Sincethis mechanisminterfereswith thesynchronous/asynchronous interface,we addressit specifically
in this section. Contraryto functionsor proceduresthat aresupposedto take no time (synchrony hypothesis),an
ESTEREL taskmay have any non null duration. A taskcanperformheavy dataprocessingor activities not directly
controlledby thesynchronousprogram(e.g.,moving a robot). Thebodyof thetaskis executedasynchronouslywith
respectto thesynchronousprogram.Interactionswith theESTEREL programarevery limited. Without enteringinto
details:

� Thetaskis launchedby anexec statement;

� Whenthetaskterminates,areturn signalis sentto thesynchronouskernel;

� In order to respectthe semanticsof the language,whena task is executedwithin the scopeof an abortor a
suspend,theasynchronoustaskhasto bekilled, suspended,andresumedunderthecontrolof thesynchronous
kernel.

2In ESTEREL, a puresignalis a signalthatconveys no value.Only its presenceor absenceis of interest.
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All theseeventsexchangedby the synchronouskernel and the asynchronoustasks,are also controlledby the
execution

�
machine.See[8] for adetaileddescriptionof taskexecutionandpossiblesolutions.

3.2.7 Some Implementations

An executionmachinecanbe small yet very efficient. This is the casefor micro-controller-based implementations.
For instance,an executionmachinefor ESTEREL programshasbeenimplementedon the Harris’ RTX2000 micro-
controller[3]. Implementationson PC usuallyrelieson somereal-timeoperatingsystem(RTOS).Theauthorshave
developedapplicationsrunning underRTC (Real-Time Craft) andCHORUS [4]. More genericmachines,but for
soft real-timeapplicationsare presentedin the Boufäıed’s thesis[8]. With thesemachines,easyconfigurationof
inputs/ouputsandmodulereuses,arethemainconcern.

Thenext sectiondevelopsthe implementationof a centralizedexecutionmachinecomposedof several “reactive
machines”.

3.3 Centralized Execution Machines

As seenin Section2.1, an executionmachineis composedof a reactive machine,a transformationalmachineand
of a controllerthat coordinatestheir operation.A centralizedexecutionmachineis an executionmachinewith only
onecontroller. This controllermanagesthesynchronouscode,input andoutputoperations,andthetransformational
code.A distributedexecutionmachinehasseveralcontrollersthatwork togetherfor synchronouslyexecutingseveral
reactive machines.

Thecentralizedexecutionmachineis thesimplestto implementsinceit hasglobalcontrolover input, outputand
synchronouscode.Two casesarise:

� theexecutionmachinehasonly onereactive machine:it mustprovide it with aclockandinputs,andmustdrive
its outputsto theouterworld (seetheprevioussubsection);

� the synchronouscodeis composedof several reactive machines:it mustprovide themwith a mechanismfor
communicatingsynchronously.

Thesecondcaseis themostgeneralandencompassesthefirst one.It allows,with somerestrictions,to link several
synchronousmodulesthatwerecompiledseparately. Wediscussin thissectionthecaseof severalreactive machines.

There are two limitations when using several reactive machines(for instance,several separatelycompiled
ESTEREL modulesor LUSTRE nodes). The first limitation is that instantaneouscommunicationloopsbetweenre-
active machinesare forbidden. Suchloopscanbe handledby the synchronouscompilersinceit knows the internal
detailsof eachmoduleandis ableto determinewhethertheloopsarecausalor not,andif so,to computethebehavior
of thesynchronoussystem.However, from thepoint of view of anexecutionmachine,a reactive machineis a black
box,andit is notpossibleto know if aninstantaneouscommunicationloopbetweenseveralreactivemachinesis causal
withoutmoreinformationabouttheinternalsof theboxes.Thesecondlimitation is thatthetopologyof theconnections
betweenthe reactive machinesmustbe static, that is it is not possibleto createdynamicallynew reactive machines
or new connections.Weaddressfirst thebasiccase(no instantaneousloopsandno dynamicreconfigurations),before
relaxingthesetwo limitationsin Sections3.3.6and3.3.7.

3.3.1 Logical Instants

A logical instantis definedto bethereactionof theexecutionmachineto a tuple.This leadsto thefollowing:

� At thebeginningof a logical instant,every signalhasthesamevalueandis in thesamestatefor all thereactive
machines.

� At thebeginningof a logical instant,eachreactivemachineis in acompletelydeterminedstate.Thereis nostate
transitionduringa logical instant,only thecomputationof thenext stateof themachine.
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3.3.2 Sequential Execution of Reactive Machines

Whenthereis no instantaneouscommunicationloopbetweenthesynchronouscompilationunits,therealwaysexistsa
partialorderinducedby thedependenciesbetweenthecorrespondingreactive machines.Thus,theexecutionmachine
is ableto chosean activation schedulethat is compatiblewith this partial order. The executionmachinemustalso
propagatethe signalsthat wereemittedduring the reactionof a reactive machineso that they areseenin the same
instantby thereactive machinesthatfollow it in theschedule.

Thescheduleis determinedoncefor all the instantssincetheconnectionsbetweenthemachinesdo not change.
At eachinstant,theexecutionmachinesendstheBoI controlsignalto eachreactive machinesothatthey areall in the
samelogical instant.Whenthemachinesarereadyto processthenew instant,theexecutionmachineactivatesthem
accordingto theschedule.Theactivationof a reactive machineconsistsof threesteps:build its input tuple,compute
its statefor thenext instant,andbuild its outputtuple. Last,whenall the reactive machineshave beenactivated,the
executionmachinesendsthemtheEoI controlsignalthatmarkstheendof theinstant.

Theinputandoutputtuplesarebuilt duringtheactivationsbecausesomeinputsof amachinemaybeproducedby
anothermachinewhich is activatedearlierin theschedule,so the input tupleof eachmachinecannotbe built at the
beginningof theinstant.

Theinputsandoutputsof thesystemmustbehandledseparatelybecause,to preserve thesynchronoussemantics,
thereactive machinesmusthave thesameview of theouterworld: if a signalis presentat a given instant,it mustbe
presentat this sameinstantfor all thereactive machines.Therefore,we cannotallow eachreactive machineto sample
theinputsof thesystemduringits activation.

3.3.3 Input / Output Machines

Onemethodof ensuringtheconsistency of the inputsfor all the reactive machinesin a systemwhile preservingthis
executionmodel,is to usereactivemachinesto handletheinputsandtheoutputsof thesystem.Fromthepointof view
of theexecutionmachine,aninputreactivemachinehasonly outputs,soits doesnotdependonany othermachineand
will beexecutedat thebeginningof theschedule.Conversely, anoutputreactive machinehasonly inputs,sono other
machinedependson it andit will beat theendof theschedule.

Theseinput/outputmachinesareawayto implementtheInput andOutputmodulesof Figure4. Althoughthey
arereactive, thesemachinesareseldomwritten in a synchronouslanguagebut ratherin theimplementationlanguage
of the executionmachine.They aresimilar to drivers in an operatingsystem:they provide an abstractview of the
environmentof thesynchronoussystemin theform of tuples.

3.3.4 Behavior of a Reactive Machine

The behavior of a reactive machinecanbe seenasmadeof threephases:processingthe beginning of the instant,
activation,andprocessingtheendof theinstant.

Processingthebeginningof theinstantis generallyamatterof settingtheoutputsabsent.But for aninputmachine,
theoutputsaresetaccordingto thedatacomingfrom theinterfacetasks(A modulesin Figure5). Similarly, a “delay”
reactive machinewill setits outputaccordingto theinput it hasreceivedat thepreviousinstant.

During theactivation,themachinebuilds its input tuple,thendeterminesits next stateandtheoutputtuple.For an
inputmachine,theoutputtuplewasbuilt whenprocessingthebeginningof theinstant.However, suchamachinemay
computeits next stateif its methodfor generatingtuplesdependson thedatait receivesfrom theinterfacetasks.

In mostcases,processingthe endof the instantis merelysettingthe stateof the machineto the statethat was
computedduring the activation. For outputmachines,processingthe endof the instantconsistsin propagatingthe
outputof thesystemto theouterworld.

3.3.5 Iterating Reactive Machines

If the executionmachineknows someinformationconcerningthe dependenciesbetweenthe outputsandthe inputs
of the reactive machines,andif thesemachinesareableto computesomeof their outputswithout knowing all their
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inputs,instantaneouscommunicationloopsbetweenreactive machinesmaybeallowed. For this,we needto consider
two kinds� of reactive machines:

� strict machines,thatneedto know all their input to beableto computeany of theiroutputs,

� non-strictmachines,thatmaycomputesomeof theiroutputswithoutknowing all their inputs.

Whenall reactivemachinesarestrict,instantaneousloopsareforbidden,andtheexecutionmachineusessequential
executionasdiscussedabove.

Whensomereactive machinesarenon-strict,they areallowedto appearin instantaneousloops. Edwardsproved
thatif thesemachinesaremonotonic, that is if they computemoreof their outputswhenthey areprovidedwith more
of their inputs,thebehavior of thesynchronoussystemis theuniquefixedpoint reachedby iteratingthe reactionof
the machines[12]. Moreover, the numberof iterationsandthe sequenceof the activationsin eachiterationcanbe
staticallydeterminedfrom thetopologyof thesynchronoussystem.

Thekey ideais to considerthetupleof all inputsi andoutputso of thesystem,andto considerthesystemasa
functionthatproducesa new tuple(i,o) from theoneit receives,asshown on Figure6:

S
o

Si % i
o & % i

o &
Figure6: Systemwith a loop ; equivalenttuplesystem

Let usrepresenta not yet determinedsignalby ' , a presentsignalby ( andanabsentsignalby ) . Thesevalues
arepartiallyordered,thecorrespondingpartialorderbeingshown in Figure7(a).Suchapartialordercanbeextended
to two signals,asshown in Figure7(b): accordingto this order, *+)-,.(-/ is moredeterminedthan *0'1,.(-/ , but *+)2,.(1/
maynot becomparedto *+(3,4'5/ . By generalizingto 6 signals,it is possibleto sort thepossiblevaluesof the(i,o)
tuplefrom thelessdeterminedto themostdetermined.
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Figure7: (a)Partialorderonasinglesignaltuple(b) Partialorderona two signaltuple

Whenreactivemachinesareconsideredasfunctionsthatcomputesignaltuples,theconditionfor theexistenceand
uniquenessof thefixedpoint is thatthesefunctionsaremonotonicfor thepartialorderonsignaltuples.Thisproperty
merelyensuresthat only undeterminedsignalsmaychangeduring a partial reactionof themachine.It implies also
thatthevalueof a valuedsignalcannotbechangedonceit is determined.

The main differencebetweenthis executionmodeland the sequentialmodel is that the output tuple is built in
severalsteps,andthenext stateof amachinecannotbecomputedbeforetheendof theinstant.

This iterative executionmodelis usedin the “SynchronousReactive” (SR) and“SynchronousReactive C Code
Generation”(SRCGC)domainsof thePTOLEMY Classic3 systemdevelopedattheEECSdepartmentof theUniversity
of CaliforniaatBerkeley.

3http://ptolemy.eecs.berkeley.edu
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3.3.6 Generic Execution Machines and Synchronous Objects

An executionmachinemaybedesignedspecificallyfor asetof reactivemachines,but it is possibleto designageneric
executionmachinethatmayexecuteany setof reactive machineswith known properties:is thesystemdynamic,are
thereinstantaneouscommunicationloops...Wehave developedin [9] suchagenericexecutionmachine.

This schemerequiresa standardinterfacefor the reactive machinesso that the executionmachinemay manage
themwithout knowing their internaldetails:we needanabstractnotionof a reactive machine.

Objectorientedlanguagesallow the definition of abstractentitiesandthe refinementof their behavior for more
concreteentities.Oncewehave definedtheabstractreactive machineasaclass,weareableto implementaparticular
reactive machineasa subclass.Suchsubclassesarenamed“synchronousclasses”,andinstancesof theseclassesare
“synchronousobjects”[9].

Any synchronousclassmustbe able to processthe beginning of the instant,the activation, and the endof the
instant.It maybeusefulto beableto getthelist of signalsandthedependenciesbetweenoutputsandinputsfor such
aclass.Eachsynchronousclassimplementstheseservicesaccordingto its intendedbehavior, but whatis importantis
thattheexecutionmachinedoesnotneedto know thedetails:it is enoughfor it to know thatasynchronousobjetwill
answerits requestto processthebeginningof theinstantfor instance.

The executionmachineis a classlibrary that provides the reactive machineswith everything they needto run:
scheduling,definitionof thelogical instants,communicationsbetweenreactive machines,andinput/output.

3.3.7 Dynamic Synchronous Behaviors

A genericexecutionmachinemayallow thecreationand/ordestructionof reactivemachines,aswell aschangesin the
interconnectionof themachinesduringtheirexecution.Thisallowssynchronoussystemsto bedynamic: their reaction
to aninput tuplecanleadto a reconfigurationof thesystem.Dynamicreconfigurationmaybeusedto switchfrom a
full featuredsystemto abasicsystemin casea failuremakessomeresourceunavailable.

However, a dynamicsynchronoussystemis still a synchronoussystem,so it cannotchangeduring an instant.
Therefore,the executionmachinemust recordthe requestsfor changesand processthem betweenthe end of the
currentinstantand the beginning of the next instant. Suchchangesmay invalidatethe schedule,so the execution
machinemustcomputea new scheduleeachtime it processesreconfigurationrequestsbetweentwo instants.It may
thendiscover that the reconfigurationleadsto an invalid systemfor which no schedulecanbe found. Sucha case
shouldbesignaledthroughtheexceptionmechanismdiscussedearlierin Section3.2.3.

4 Conclusion

We have addressedin this paperthe problemof executinga synchronousprogramin an intrinsically asynchronous
environment.Themain issueconcernsthesatisfactionof thesynchrony hypothesisby the implementation.We have
proposedan implementablemodel,calledexecutionmachines, to solve this problem. The purposeof an execution
machineis to ensurethat thesynchronousprogramperformsatomicreactionsandmeetsthe imposedreal-timecon-
straints.

We have shown thatfor controlorientedapplications,centralizedsolutionscanbeachievedeasilyandefficiently.
Wehavestatedseveralconstraintson therateof inputsandthereactiontimeof thesynchronousprogramthatmustbe
satisfiedby theimplementation.

For applicationswherethe real-timeconstraintsare lessstrict, we have presentedmoresophisticatedsolutions
thatallow, for instance,theexecutionof severalsynchronousmodulesthathave beencompiledseparately, evenin the
presenceof instantaneouscommunicationloopsanddynamicreconfiguration.

This presentationdoesnot pretendto be exhaustive. For instance,the classof distributed implementationsof
synchronousprogramshasnot beendiscussed.Thereexist suchimplementationsof distributedexecutionmachines.
Theinterestedreadersmayreferto alreadypublishedpapers[11, 18].
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