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Abstract

Synchronousanguagesllow a high level, concurrentand deterministicdescriptionthe behavior of reactve
systems.Thus,they canbe usedadvantageouslyor the programmingof embeddedontrol systems.The runtime
requirement®f synchronougodearelight, but severalcritical propertieamustbefulfilled.

In this paperwe addresshe problemof the softwareimplementatiorof synchronougrograms After a briefin-
troductionto reactive systemsthis paperformalizesthenotionof “executionmachinefor synchronousode.Then,
a genericarchitecturefor centralizedexecutionmachineis introduced. Finally, several effective implementations
arepresented.

1 Introduction

1.1 Reactive Systems

Reactivesystemsare computersystemsthat reactcontinuouslyto their ervironment, at a speeddeterminedby the
latter[15]. This classof systemscontrastswith transformationakystemsndinteractive systems Transformational
systemsare classicalprogramswhoseinputs are available at the beginning of their execution, and which deliver
their outputswhenterminating: for instancecompilers. Interactve systemsare programswhich reactcontinuously
to their ervironment, but at their own speed:for instanceoperatingsystems.Among reactve systemsare most of
theindustrialreal-timesystemgqcontrol, supervisionandsignal-processingystems).Thesesystemanustmeetthe
following requirements:

1. Safety requirements. Thisis perhapgheir mostimportantfeaturesincethesesystemsare often critical ones.
For instancetheconsequencesf asoftwareerrorin anaircraftautomatiqilot or in anuclearmplantcontrollerare
disastrousThereforehesesystemsequirerigorousdesignmethodsandlanguagesiswell asformal verification
andvalidationof their behaior.

2. Temporal requirements. This concerndoththeinputrateandtheinput/outputresponseime. To checktheir
satishctionon theimplementationit is necessaryo know boundson the executiontime of eachcomputation
aswell asonthemaximalinputrate.

3. Concurrency requirements. It is corvenientand naturalto designsuchsystemsas setsof componentghat
cooperatdo achieve the intendedbehaior. Herewe distinguishbetweenthe specificationparallelismandthe
executionparallelism. The latter is sometimesrequiredby the implementation,while the former helpsthe
programmein specifyinghis/hersystemclearly andconcisely

4. Determinism. Thesesystems,or at leasttheir most critical parts, always reactthe sameway to the same
inputs. This propertymakestheir design,analysisanddeluggingeasier It mustthereforebe presered by the
implementation.
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A programmindanguagewell suitedto the designof reactve systemsshouldthereforebe parallelanddetermin-
istic, amdallow formal behaioral andtemporalverification.

1.2 The Synchronous Approach

Synchronousanguage$ave beenintroducedn the 80’s to make theprogrammingof reactie systemseasief5]. The
purposeof thesdanguagess to give thedesigneridealtime primitives,thusreducingthe chanceof programmingmis-
conceptionsinsteadof the interleaving paradigm they arebasedon the simultaneityprinciple: all parallelactvities
sharethe samediscretetime scale. Concretely this meanghata||b is viewed asthe “package”ab wherea andb are
simultaneousEachactvity canthenbe datedon thediscretetime scale;this hasthefollowing adwantages:

e Timereasonings madesimpler

o Interleavring-basedon-determinisndisappearsyhich makesprogramdelugging,testing,andvalidatingeasier

Concerningheimplementationtheideais to projectthis discretetime scaleontothe physicaltime. As the scale
is discrete hothingoccursbhetweertwo consecutie instants:everythingmusthappenasif the processorunningthe
programwereinfinitely fast. Thisis the syndrony hypothesis

Of course suchaninfinitely fastprocessodoesnot exist, but it sufficesthatary input be treatedbeforethe next
one.In orderto verify this condition,oneonly needg€o know the maximalinputfrequeng, andanupperboundonthe
executiontime of theobjectprogram.For this purposesynchronousanguagesave deliberatelyrestrictedhemseles
to programghatcanbecompiledinto afinite deterministidnterpretecautomatonacontrolstructurewhosetransitions
aredeterministicsequentiaprogramsperatingon afinite memory Eachtransition,whoseexecutiontime is statically
computablecorrespond$o the systenreactionto aninput.

Therearenumeroudanguage$aseduponthe synchroly hypothesisESTEREL [6], LUSTRE [13], SIGNAL [16],
STATECHARTS [14], SML [10], SYNCCHARTS [1], ARGOS [17], andSR[12].

Synchronoudanguagesave recentlyseena tremendousnterestfrom leadingcompaniesdeveloping automatic
control software for critical applications. For instance,SCHNEIDER ELECTRIC usesa L USTRE-basedtool, named
SCADE, to develop the control software for nuclearplants. AEROSPATIALE alsousesthis tool to develop the flight
controlof thenew AIRBUS planes.DASSAULT AVIATION usesSESTEREL STuDIO to programtheflight control soft-
wareof the RAFALE fighter And SNECMA usesa SIGNAL-basedool to developairplaneengines Thekey adwantage
pointedby thesecompaniess thatthe synchronousipproacthasarigorousmathematicakemanticsvhich allows the
programmerso develop critical softwarefasterandbetter

Finally, all synchronousanguagesanimport andmanipulateexternal objects(constantsyariables procedures,
andfunctions),specifiedin a hostlanguage, for instanceC, ADA, ... The compilingmodeladoptedfor the various
synchronoudanguagesonsiststhenin compiling the sourceprogramtowardsan intermediateformat whereparal-
lelism, preemptionslocal communicationsandsoon, have beentransformednto sequentiatleterministiccode. This
intermediatdormatconsistf severaltablesanda control part. Thetablesdescribeheinput/outputsignals the con-
stantsthetypes,thevariablesandsoon. The controlpartis eithera deterministidinite stateautomator{OC format),
or asystemof Booleanequationswith registers(DC or SSCformat). In both casestheintermediatecodeprogramis
compiledinto afunctionin the hostlanguage.

1.3 Problem Statement

Whenexecutingsynchronougprograms one mustdealwith the big differencebetweenthe programandits environ-
ment. Indeed,the programis synchronousvhile its ervironmentis intrinsically asynchronous,e., its evolutionsare
not governedby thesynchroy hypothesis.

As we have said,a reactve systemmustreactcontinuouslyto its ervironment,at a speedmposedby the latter
Concretely the programcommunicatesvith its environmentthroughinput/outputsignals. Input and outputsignals
arerespectiely sensecandemittedby the program.We distinguishtwo kinds of sensorsandaccordinglytwo kinds
of inputs:



e Statesensos. They measure physicalvalueeithercontinuouge.g.thetemperaturedr discrete(e.g.anon/of
limit switch). They give the currentstateof the physicalvalue,sampledn the caseof a continuousone.

e Eventsensos. They measurdoththestatechange®f a physicalvalue(e.g.,moving above athreshold)andthe
discreteevents(e.g.,analarm). A statechanges by essenceliscrete fleeting,andmustthereforebe expected
specificallyin orderto be obsered. We includein this part messagepossiblycomingfrom othersubsystems.
In the caseof a large scalesystem the designersoftendivide it into seseral subsystemshatare programmed
separatelyThus,eachsubsystenmecevesinputsfrom the ervironmentaswell asfrom othersubsystemsyia a
localbus(CAN, VAN, FIP, homemadebus,andsoon). Thiswasthecaseof the CO3N4nucleamplantcontroller
madeby SCHNEIDER ELECTRIC.

Theprogramis synchronousFromtheimplementatiorpointof view, thismeanghatit transformsnstantaneously
atupleof inputsinto atupleof outputs.An instantof the synchronougprogramcorrespondghereforeto thereception
of anew inputtuple,thereactionto theseinputs,andthe emissionof a new outputtuple. As a consequence:

e theinputsof a sameinstantaresynchronousincethey belongto the sametuple,

e theoutputsaresynchronousvith theinputssincethereactionof the programis instantaneous.

It follows anintrinsic mismatchbetweenhe synchronougprogramandthe asynchronougrnvironment. Any im-
plementationbeit softwareor hardware,mustsolwe this discrepanyg, througha syndironous/asyrntwonous interface
whoseprecisepurposaemaingo be stated.

1.4 Paper Outline

We addressn this paperthe problemof implementingsynchronougprograms.Therearetwo waysof implementing
suchprograms: either software or hardware. We focus hereon their software implementation. We formalize our
problemin Section2 by studyingtheinteractionsbetweerthe program theinterface,andthe ervironment. Thenwe
presenin Section3 somepracticalimplementationsheforeconcludingin Section4.

Implementationganbeeithercentralizedpr distributed. This presentatiofiocusesontheformer Thedistribution
of synchronouprogramgsaisesotherissuegshatarebeyondthe scopeof this paper

2 Formalization

2.1 TheExecution Machine

The purposeof the executionmachineis to actuallyexecutea synchronouprogramin anasynchronousrvironment,
thatis, to obsenre the currentstateof the environment(sensingphase)to decidewhatto do (executionphase)andto
actuponthe ervironment(actingphase).Figure 1 statesheseinteractionsandemphasizeshe necessarynputsand
outputstreatments.
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We definean executionmachineas the combinationof a reactve machine,a transformationamachine,and a
controller[2]:

e Thereactve machineis madeof the objectprogramobtainedafter compiling the synchronougprogram,the
interfacefunctionsfor inputsandoutputs,andthe run-timespecificto the target processor

e Thetransformationamachineimplementsthe constantstypes,proceduresandfunctionsexternalto the syn-
chronousprogramin the choserhostlanguagefor instanceC).

e Thecontrollercoordinategverythingtogether

We have explainedin Sectionl.2how asynchronougrogramcanbecompiledinto afunctionin thehostlanguage.
Thisfunction,whichbelonggo theabore reactve machinds itself transformationahndnotreactive Thismeanghat
it mustbe explicitly invoked, possiblywith inputs,andthatit terminatespossiblywith someresults. Therole of the
executionmachineis preciselyto give areactve behaior to this transformationafunction. To this end,the controller
musttriggerthereactionsof the programto make it reactve to its environment.Hencethe controllermustincludean
executionloop in chage of invoking the transformationafunction. Eachinvocationcorrespondso aninstantof the
synchronougprogram.We presenin the next sectiontwo stratgjiesfor this executionloop.

Finally, the transformationafunction hasstrictly speakingneitherinputs nor outputs. The programinputs are
implicit in the sensethat they are updatedby dedicatedfunctions. Concretely to eachinput signal corresponds
functionin chage of updatingthe value of the signal(exceptif the signalis pure)andmarkingthe signalaspresent.
Theseupdatgfunctionsmustbeinvoked by theexecutionmachine.Concerningheprogramoutputs they areexplicitly
emittedby outputfunctionsinvoked by the transformationafunction. Theseoutputfunctionsmustbe written by the
programmer

It is clearthatno executionmachine no matterhow fast,canreactin zerotime. Thisfactmayseenredhibitoryfor
the executionof synchronouprograms.The remainingof this papershavs how to remove this obstacleandachiee
synchrol in nonzerotime.

2.2 The Execution Loop
We distinguishtwo modelsfor the executionloop: the geneal modelandthe periodicmodel:

¢ In thegeneraimodel,eachinput eventtriggersanew reactionof the program.

¢ In theperiodicmodel,the programreactionsaretriggeredat each‘tick” of areal-timeperiodicclock.



Hereis thecodein eachcase:

generaimodel periodicmodel

for _each event for_each tick
read nore inputs read inputs
conput e next state conput e next state
emt outputs emt outputs

end_f or _each end_f or _each

In eachcase severaltasksmustbetakeninto accountesideghe program:

In thegeneramodel: In the periodicmodel:
e thesensordor theinputscomingfrom the en- ¢ thereal-timeperiodicclock,
vironment,
¢ the sensordor the inputscomingfrom the erviron-
e thelocal busfor inputscomingfrom the other ment,
subsystems.

e thelocal bus for inputscomingfrom the othersub-
systems.

For commodityreasonsyve call suchtasksinterfacetasks Eachinterfacetaskis executedconcurrentlywith the
program,andhasa higherpriority. Theirimplementatiorwill be explainedin the sequel.

Eachinterfacetask, exceptthe real-timeperiodic clock, invokes the updatefunction of the correspondingnput.
It is importantto distinguishbetweenthe sensoreadingtaskandthe sensoiitself. As we have seenin Sectionl.3,
continuousnputsaresampledoy asensar This samplingcanbe periodic,triggeredby the program(polling), or even
triggeredby the sensoritself (smartsensor).Concerningthe discreteinputs, we have saidthatthey arefleetingand
mustbeexpectedspecifically:thisis exactly the purposeof theinterfacetasksexecutedconcurrentlywith theprogram.

All thesetaskscaninterruptthe executionloop, which raisestwo problems:the consisteng betweeninputsand
thevalidity of the synchrony hypothesisWe will studythesetwo problemsn thefollowing sections.

Finally, let usmentionthefactthatthemostcommonlyusedmodelin industryapplicationds theperiodicone. It is
for instancehe caseof the nuclearplantcontrollerCO3N4of SCHNEIDER ELECTRIC, aswell astheflight controller
of the AIRBUS A340 of AEROSPATIALE.

2.3 Consistency Between I nputs

The problemof the consisteng betweeninputsin a giveninstantcomesfrom the possibility for a giveninput to be
updatedduring the programtransition,thatis duringtheconput e next st at e phaseof the executionloop. For
instanceduringareactionan ESTEREL programmayreadtwice thevalueof aninputsignal.If, dueto aninterruption
of theinterfacetaskof this inputsensaortheinput valueis updatedtherewill beaninconsisteng

Programmabléogic controllersalreadyencountetthis problem. In orderto preventthe risk of a value change
during their reaction,they setall the input valuesat the beginning of a reactionand keepthem during the whole
reaction.

We adopta similar solutionfor executionmachines.All the inputsreceved sincethe previous instantaremem-
orizedinto buffers, andthen, during the reactioneachsignalis readat mostoncefrom the buffers. Inputsarethus
readexclusively duringther ead nore i nputs orread i nputs phaseof theexecutionloop. Besidesthepro-
gramhasa vectorof buffers, onefor eachof its inputs. Eachbuffer containsa valueof the entrytype anda Boolean
telling whetheror nottheinput hasbeenrecevedsincethe previousinstant.As aresult,theinputsarerecevedby the
programin thefollowing way:

¢ Whenaninterfacetaskinterruptsthe executionloop becausea new input hasbeenreceved, it writesthis value
in the correspondingdpuffer andsetsthe Booleanto t r ue. Any furtherinterruptionof the sameinterfacetask



writesanew valuein the buffer, overwritesthe previousvalue,andletsthe Booleanto t r ue. If theconsidered
inputis continuousthenthe loss of the overwrittenvalue makes sensesinceit is preferableto work with the
newestvalue. If the consideredvalueis discrete,thenthe loss of the overwritten value meansthe loss of an
event: we addresshis problemin thefollowing section.

e Whentheprogramrunsther ead nore i nputsorread i nputs phasejt scanghebuffer vector andfor
eachBooleansettot r ue, it invokesthecorrespondingipdatefunctionwith thevalueof thebuffer. At thesame
time, all the Booleansaresetto f al se. This scanningof the buffer vectormustbe executedwithin a critical
section,soasto beimpossibleto interrupt. It is the only partof theexecutionloop thatmustbeso.

Figure2 illustratesthis behaior. Here,the function MODULE_I _X is the updatefunction of the input signal X.
Arrows representhe control,not the dataflow.

asynchronousvorld synchronousvorld buffer vector

sensor o interface

environment of input — task Ti |Bi [ read inputs
X acquisition i =V for i:=1to n do
of thevalueV Bi: =true; if Bi then
: MODULEl X(Ti ) ;
Bi : =f al se;

Figure2:read i nput s phaseof theexecutionloop

2.4 Validity of the Synchrony Hypothesis

Validatingthe synchroly hypothesisnmeangroving thatthe programis fasterthanits ervironment. Thisis a physical
interpretationof the ideal notion of instantaneity This propertyensuresn particularthatno input eventcanbe lost
Theimportanceof this propertycomesfrom the fact that someinput eventsarefleeting. Without the interfacetasks
mechanisnpresentedn Section2.3,in orderto prove thatthe programis fasterthanits environment,it would require
to prove thatthe reactiontime of the programis systematicallyjower thanthe time lag betweenary two successie
input events. In ary caseit is not possibleto establishnecessargonditionsthat validatethe synchroy hypothesis.
The conditionsthatwe establishin this sectionarethussuficientconditions
Let usdefineformally the programreactiontime aswell astheinput clocks:

e Theprogrambasicreactiontimeis the maximaltime for runningthe sequentiatodeobtainedafter compiling
the programfor the tamget processor Sincethis codeis sequentiabnd deterministic,it is possibleto find an
upperboundof this time from the characteristicef the target processorThis upperboundis whatwe call the
basicreactiontime.

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

e Theclod of aninput, beit discreteor continuousjs theinfinite sequencef theinstantswhentheinput events
occur

e Themaximalfrequencyof aninputis the maximalfrequeng of its clock.

e Theminimalperiodof aninputis theinverseof its maximalfrequeng.

In orderto computetheexecutiontime of all interfacetasksit is necessaryo knowv themaximalfrequeng of each
input. Thesefrequenciesnustthereforebe givenin the systemspecification.



Within the periodic model, it suffices to satisfy two conditionsto be certainthat the software implementation
satisfeesthe synchroy hypothesis.The first oneis thatthe real-timeclock period be greaterthanthe programtotal
reactiontime: this ensureghat the programhasenoughtime to run betweentwo successe ticks of the real-time
clock. The secondoneis thatthe smallestof all theinputsminimal periodsbe strictly greatetthanthereal-timeclock
period: this ensureghatno input eventis lostt.

Within the generalmodel, a first approachconsistan requiringthat the minimal periodof the union of all input
clocksbegreaterthanthe programbasicreactiontime. A morerelaxed approactconsistsn excludingthe continuous
inputsfrom the clocks union, andthusin triggeringa samplingof eachcontinuousinput duringther ead nor e
i nput s phaseof theexecutionloop.

In conclusion the generalcaseis much more constrainingto validatethanthe periodiccase. This is one of the
reasonsvhy the periodicmodelis the mostemplo/edin industry

3 Practical Implementations

3.1 Introduction

We presentin this sectionsometechniquedor implementingsynchronousxecutionmachines.Besidesthe formal
aspectseenn Section2, thesetechniquesllow thetakinginto accounof thepracticalaspect®f theimplementation,
thatdependon the programmingmodel,the hardware ervironment,andthe context wherethe synchronouprogram
is used.

First,we explainhow to satisfytheconstraint®stablishedh Section2. It consistf afinerdescriptiorlevel where
we describausablemechanismandtechniquesWe alsodraw the attentionon possibleproblems.Suchdysfunctions
mustbe considerecaswarningsto the reademwilling to designits own synchronousxecutionmachine.Finally, we
presensomeeffective implementationsrestrictedto centralizedsolutions.

Concerninghepracticalimplementationgew detaileddocumentsreavailable. Thedocumentatiowf ESTEREL —
V5 [7], givenalongwith the compilerdistribution, includeslow level informationson the C/ESTEREL interface. Of
coursetheseonly concernESTEREL. Yet, while theproblemof the synchronougxecutionmachines notspecifically
treatecthere this documentatioris very usefulfor designers.

3.2 Architecture of an Execution M achine

Thearchitecturatlescriptiormalesit possibleo understandvhatarethemainfunctionalcomponentsf theexecution
machineandtheir interactions.

3.2.1 Information Flows

An executionmachineis a reactve systemwhosepurposeis to reactto incominginformationby generatingoutput
information. This role hasbeenexplainedin Section2.1. Theseinformationflows have to be contolled: the control
signalsin Figure3 arein chage of this. Possibledysfunctionsof the executionmachineareindicatedby exceptions
signals.

In orderto determineby whatmaugin the smallesif all theinputsminimal periodsmustbe strictly greaterthanthereal-timeclock period,
it is actuallynecessaryo take into accountthe characteristic®f the sensorhardware: time neededo prepareand maintainthe sensedalue,
minimal time betweertwo successie acquisitions, . .
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3.2.2 Control

Thesetof controlsignalsincludes:

e An input signal begin of instant (Bol ), which is compulsory Its occurrenceriggersa new reactionof the
executionmachine.

e An outputsignalendof instant(Eol ), whichis alsocompulsory Its occurrencendicatesthe endof the current
reaction.

e Optionalcontrol signals,which areusedfor fine control of the executionmachine.They are especiallyuseful
for hierarchicalexecutionmachinesThey canstop,suspendresumeandre-initializethe execution.

In this section,we consideronly thefirst two signals.

Therespecire datesof occurrenceof Bol andEol mustbe suchthatthe synchroy hypothesiss satisfied(see
Section2.3). The simplestcaseis the periodicactivation: Bol signalsareperiodicallyemittedby an externalclock.
Of coursetheEol associatedvith aBol mustbeemittedbefoe theendof theclock period.

3.2.3 Monitoring

Observes canbe usedto monitorthe executionmachine.In the caseof anabnormabehaior of the machine(not of
the program),anexceptionsignalis emitted.

Theseexceptionsignalsare, above all, warningssentto the userof the executionmachine. Clearly raisingan
exceptionsignalmeanghattheimplementations nolonger runningunderthe synchronousiypothesisTheusermust
bekeptinformedof this problem.

In moresophisticate@xecutionmachinege.g.,fault-tolerantexecutionmachines)exceptionsignalscanbe han-
dled by a higherlevel executionmachine. The uppermachinecanthenforce actionsin the lower machinethrough
the optionalabore-mentionectontrolsignals. The usermustbe cautiouswith this kind of “control loop” in execution
machinesthe handlingof anexceptionmay causethe executionmachineto violate timing constraints.The curewill
beworsethanthedisease!

Below, we list sometypical dysfunctionsthislist is notexhaustve:

1. Violation of a relation Supposehatthe userhasdeclaredn his/herprogramthat A andB aretwo exclusive
signals(i.e., never simultaneouslyresent) Thisassertiormaybeviolatedduringareaction.Thereasorfor this
violation may be eithera lack of knowledgeaboutthe ervironment,or a sensoffailure. The latteris a chance
event that canbe detectedonly while the systemis operating. The formeris a misconceptiorand shouldbe
avoidedby rigorousdesignmethodologiesln bothcasessinceviolationsmayleadto unpredictablexecutions,
theexecutionmachinemustnotignorethisviolation A possibleconserative stratgy is to “filter” faulty signals,
sothatonly acceptableaventsare consideredor executions. Thereexist severalfiltering techniquesnoneis
fully satishctory Whatever the recovering politic adopted,all violations mustbe reportedby the execution
machine.



2. Lastingtransition An executionmachinecanarmawatchdogateachbeginningof areaction.If thetransitionis
notterminatedbeforethe deadline an exceptionis raised.This exceptioncanbe dueto atransientoverloading
of the systemor to errorsin the users program. The latter is often dueto executionof the transformational
partsof the program(e.qg., callsto externalfunctionsor procedures)lt is the responsibilityof the designerto
ensurethat externaltransformationapartsof his/herprogramhave a boundedandknown duration. Whenthis
propertycannotbe guaranteedasynchronousxecutionsmustbeconsideredor this dataprocessingseebelow
thenotionof “task” in ESTEREL).

3. Dataoverwriting. Obsererscanbeattachedo acquisitionsandactuationsOverwriting a valuemeanghatthe
applicationis nolongerrunin real-time.

3.24 Structure

The variousfunctionalitiesof the executionmachinecanbe assignedo dedicatednodules(Figure4). Dashedines
areflows of control,whereassolid linesaredataflows. | is theinputtuple presentedo the syndironouskernel The
kernelcomputeghereactionandgenerateshe outputtuple O.

The contoller ensureshe correctsynchronoudehaior: atomicreactionandboundedeactiontime. In its sim-
plestform, thecontrolleris asequencewhosebehaior canbeexpressedy thefollowing ESTEREL -like pseudo-code:

exceptions
|
observers
inputs outputs
—_— >
‘ I synchr onous (e} ‘
I nput - ker nel > Qut put
—_— I >
[
|
[
A

control

Figure4: ExecutionMachine:Structure

initialization
every Bol do
read inputs; build I;
react;
build O wite outputs;
end_every

This pseudo-codés compatiblewith the onepresentedn Page5. Auxiliary variableshave beenintroducedand
somephasesefined.For instancether ead i nput s phaseof theexecutionloopis refinedinto a sub-phasef input
acquisition(r ead i nput s) andasub-phasef inputtuple construction(bui | d I ).



3.25 [Inputs/ Outputs

The consisteng of inputshasbeenanalyzedin Section2.3. Modules| nput andQut put in Figure4 male the
necessarynterfacing betweenthe synchronoukernelandthe ervironment. They are,themseles, reactie systems
with their own controlflows anddataflows. Figure5 shaws a possiblerefinemenof theinputmodule:

inputs ‘
— = A

tupl e |

4‘3.@—>
R .
\ 3
bui | der
4‘3.@—>
R
AN

~- _

Figure5: ExecutionMachine:l nput Module

e ModulesA areinterfacetasksdescribedn Section2.2. They maybeinterruptionhandlersor peripheraldrivers.
A signalR (for “Reading”)triggersthe sendingof avaluea.

e This informationis consumeddy an optionalfiltering moduleF that producessignals(with the synchronous
languagemeaningof thisword). Thesefiltering modulesareusefulfor imperatie synchronousanguagesince
they give greaterimportanceto eventsinsteadof values. Considerfor instancean ESTEREL program. Let a
bethelogical level 0 or 1 at a pushbutton. Whenpressedthe button changedgrom 0 to 1. Now, supposehe
ESTEREL programhasa pureinput signaf calledBut t on_Pr essed. In this case the filtering modulewill
generatesignalBut t on_Pr essed atinstantk, if andonly if, a wasO atinstantt — 1 and1 atinstantk (i.e.,
theBooleanexpressiom;_1 A ax). For adeclaratie languagdike L USTRE, this “edgedetectionwould have
beendoneby the programitself.

e Thet upl e bui | der moduleconsumegpossiblyfilteredsignalsandgenerateshe currentinputtuplel . This
generatqrin the simplestcasesgdoesa concatenatiomf signals.In the caseof arelationviolation, it canalso
performextrafiltering operations.

3.2.6 Asynchronous Execution: ESTEREL Tasks

AmongsynchronousanguagesESTEREL is theonly oneto supportlastingactivities throughthe asyn@ironoustask
mechanismSincethis mechanismnterfereswith the synchronous/asghronous interface,we addresst specifically
in this section. Contraryto functionsor procedureghat are supposedo take no time (synchroy hypothesis).an
EsSTEREL taskmay have ary non null duration. A taskcanperformheary dataprocessingr actvities not directly
controlledby the synchronougrogram(e.g.,maoving arobot). The body of thetaskis executedasynchronouslyvith
respecto the synchronougprogram.interactionswith the ESTEREL programarevery limited. Without enteringinto
details:

e Thetaskis launchedby anexec statement;
o Whenthetaskterminatesar et ur n signalis sentto the synchronougernel;

e In orderto respectthe semanticof the languagewhena taskis executedwithin the scopeof an abortor a
suspendthe asynchronougaskhasto bekilled, suspendedandresumediunderthe control of the synchronous
kernel.

%In ESTEREL, a puresignalis a signalthatconveys no value. Only its presencer absencés of interest.
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All theseeventsexchangedby the synchronouskernel and the asynchronousasks,are also controlled by the
execuiionmachine.Seg[8] for a detaileddescriptionof taskexecutionandpossiblesolutions.

3.2.7 Somelmplementations

An executionmachinecanbe small yet very efficient. This is the casefor micro-controllerbased implementations.
For instance an executionmachinefor ESTEREL programshasbeenimplementedon the Harris’ RTX2000 micro-
controller[3]. Implementation®n PC usuallyrelieson somereal-timeoperatingsystem(RTOS). The authorshave
developedapplicationsrunning underRTC (Real-Time Craft) and CHORUS [4]. More genericmachinesbut for
soft real-time applicationsare presentedn the Boufaied's thesis[8]. With thesemachineseasyconfigurationof
inputs/ouputandmodulereusesarethe mainconcern.

The next sectiondevelopsthe implementatiorof a centralizedexecutionmachinecomposedf several “reactive
machines”.

3.3 Centralized Execution Machines

As seenin Section2.1, an executionmachineis composedf a reactve machine,a transformationamachineand
of a controllerthat coordinategheir operation.A centralized executionmachineis an executionmachinewith only
onecontroller This controllermanageshe synchronousode,input andoutputoperationsandthe transformational
code.A distributed executionmachinehasseveral controllersthatwork togetherfor synchronouslyexecutingseveral
reactve machines.

The centralizedexecutionmachineis the simplestto implementsinceit hasglobal control over input, outputand
synchronougode.Two casesarise:

o theexecutionmachinehasonly onereactve machine:it mustprovide it with aclock andinputs,andmustdrive
its outputsto the outerworld (seethe previous subsection);

e the synchronousodeis composedf sereral reactve machines:it mustprovide themwith a mechanisnfor
communicatingsynchronously

Thesecondtases themostgenerabndencompassesefirst one. It allows, with somerestrictionsjo link several
synchronousnodulesthatwerecompiledseparatelyWe discussn this sectionthe caseof severalreactve machines.

There are two limitations when using several reactve machines(for instance,several separatelycompiled
ESTEREL modulesor LUSTRE nodes). The first limitation is that instantaneousommunicatiorloops betweernre-
actve machinesareforbidden Suchloopscanbe handledby the synchronousompilersinceit knows the internal
detailsof eachmoduleandis ableto determinevhethertheloopsarecausalor not, andif so,to computethebehaior
of the synchronousystem.However, from the point of view of anexecutionmachine areactve machineis a black
box,andit is notpossibleto know if aninstantaneousommunicatioioop betweerseveralreactve machiness causal
withoutmoreinformationabouttheinternalsof theboxes. Thesecondimitation is thatthetopologyof theconnections
betweenthe reactve machinesmustbe static thatis it is not possibleto createdynamicallynew reactve machines
or nev connectionsWe addressdirst the basiccase(no instantaneoukopsandno dynamicreconfigurations)pefore
relaxingthesetwo limitationsin Sections3.3.6and3.3.7.

3.3.1 Logical Instants
A logicalinstantis definedto bethereactionof the executionmachineto atuple. This leadsto thefollowing:

¢ At thebegginningof alogicalinstant,every signalhasthe samevalueandis in the samestatefor all thereactve
machines.

¢ At thebeaginningof alogicalinstant,eachreactve machines in acompletelydeterminedstate.Thereis no state
transitionduringalogical instant,only the computatiorof the next stateof the machine.
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3.3.2 Sequential Execution of Reactive Machines

Whenthereis no instantaneousommunicationoop betweerthe synchronousompilationunits, therealwaysexistsa
partialorderinducedby the dependencieletweerthe correspondingeactve machinesThus,the executionmachine
is ableto chosean activation schedulethatis compatiblewith this partial order The executionmachinemustalso
propagatehe signalsthat were emittedduring the reactionof a reactve machineso thatthey are seenin the same
instantby thereactve machineghatfollow it in theschedule.

The schedulds determinedoncefor all the instantssincethe connectiondetweenthe machinesdo not change.
At eachinstant,the executionmachinesendgheBol controlsignalto eachreactve machinesothatthey areall in the
samelogical instant. Whenthe machinesarereadyto procesghe new instant,the executionmachineactvatesthem
accordingto the schedule . The activation of a reactve machineconsistsof threesteps:build its input tuple,compute
its statefor the next instant,andbuild its outputtuple. Last,whenall the reactve machineshave beenactivated,the
executionmachinesendghemtheEol controlsignalthatmarksthe endof theinstant.

Theinputandoutputtuplesarebuilt duringtheactvationsbecaussomeinputsof amachinemaybe producedy
anothemachinewhich is activatedearlierin the scheduleso theinput tuple of eachmachinecannotbe built at the
beginningof theinstant.

Theinputsandoutputsof the systemmustbe handledseparatelyoecauseto presere the synchronousemantics,
thereactve machineanusthave the sameview of the outerworld: if a signalis presentt a giveninstant,it mustbe
presentatthis sameinstantfor all thereactve machinesThereforewe cannotallow eachreactve machineto sample
theinputsof the systemduringits activation.

3.3.3 Input/ Output Machines

Onemethodof ensuringthe consisteng of the inputsfor all the reactve machinesn a systemwhile preservinghis
executionmodel,is to usereactve machinedo handletheinputsandtheoutputsof thesystem.Fromthepoint of view
of theexecutionmachineaninputreactve machinehasonly outputs soits doesnotdependnary othermachineand
will be executedatthe beginning of the schedule Corversely anoutputreactve machinehasonly inputs,sono other
machinedepend®nit andit will beattheendof theschedule.

Thesenput/outputmachinesareawayto implementthel nput andCQut put modulesof Figure4. Althoughthey
arereactve, thesemachinesareseldomwritten in a synchronousanguagebut ratherin theimplementatiorlanguage
of the executionmachine. They aresimilar to driversin an operatingsystem:they provide an abstractview of the
ernvironmentof the synchronousystemin theform of tuples.

3.3.4 Behavior of a Reactive Machine

The behaior of a reactve machinecanbe seenas madeof three phases:processinghe beginning of the instant,
activation,andprocessinghe endof theinstant.

Processinghebeginningof theinstantis generallyamatterof settingthe outputsabsentBut for aninputmachine,
the outputsaresetaccordingio the datacomingfrom theinterfacetasks(A modulesin Figure5). Similarly, a“delay”
reactve machinewill setits outputaccordingto theinputit hasrecevedatthe previousinstant.

Duringtheactiation,themachinebuildsiits input tuple,thendeterminests next stateandthe outputtuple. For an
inputmachine the outputtuplewashbuilt whenprocessinghe beginningof theinstant.However, sucha machinemay
computeits next stateif its methodfor generatinguplesdepend®n the datait receivesfrom theinterfacetasks.

In mostcasesprocessinghe endof the instantis merely settingthe stateof the machineto the statethat was
computedduring the activation. For outputmachinesprocessinghe endof the instantconsistsin propagatinghe
outputof the systemto the outerworld.

3.3.5 Iterating Reactive Machines

If the executionmachineknows someinformation concerningthe dependenciebetweenthe outputsandthe inputs
of thereactve machinesandif thesemachinesareableto computesomeof their outputswithout knowing all their
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inputs,instantaneousommunicatiorioopsbetweerreactve machinesnay be allowed. For this, we needto consider
two kinds of reactve machines:

e strict machinesthatneedto know all theirinputto beableto computeary of their outputs,

e non-strictmachinesthatmay computesomeof their outputswithout knowing all their inputs.

Whenall reactive machinesrestrict,instantaneoukopsareforbidden andtheexecutionmachineusessequential
executionasdiscusse@bove.

Whensomereactve machinesare non-strict,they areallowedto appeatin instantaneoubops. Edwardsproved
thatif thesemachinesaremonotonig¢thatis if they computemoreof their outputswhenthey areprovidedwith more
of their inputs,the behaior of the synchronousystemis the uniquefixed point reachedoy iteratingthe reactionof
the machineq12]. Moreover, the numberof iterationsandthe sequencef the activationsin eachiterationcanbe
staticallydeterminedrom thetopologyof the synchronousystem.

Thekey ideais to considerthe tuple of all inputsi andoutputso of the system andto considerthe systemasa
functionthatproducesanew tuple(i , o) fromtheoneit receves,asshavn onFigure6:

—
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Figure6: Systemwith aloop ; equivalenttuple system
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Let usrepresent notyet determinedsignalby 1, a presensignalby P andanabsensignalby A. Thesevalues
arepartially orderedthe correspondingartialorderbeingshavn in Figure7(a). Sucha partial ordercanbe extended
to two signals,asshavn in Figure7(b): accordingto this order (A, P) is moredeterminedhan (L, P), but (A, P)
may not becomparedo (P, ). By generalizingo n signals,it is possibleto sortthe possiblevaluesof the (i , 0)
tuplefrom thelessdeterminedo the mostdetermined.
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Figure7: (a) Partial orderon asinglesignaltuple (b) Partial orderon atwo signaltuple

Whenreactiie machinesreconsidere@sfunctionsthatcomputesignaltuples,the conditionfor theexistenceand
uniquenessf thefixedpointis thatthesefunctionsaremonotonicfor the partialorderon signaltuples.This property
merelyensureghat only undeterminedignalsmay changeduring a partial reactionof the machine. It implies also
thatthevalueof a valuedsignalcannotbe changednceit is determined.

The main differencebetweenthis executionmodel and the sequentiaimodelis that the outputtuple is built in
severalstepsandthe next stateof a machinecannotbe computedobeforethe endof theinstant.

This iterative executionmodelis usedin the “SynchronousReactve” (SR) and“SynchronousReactve C Code
Generation'{SRCGC)domainsof thePTOLEMY Classié systendevelopedatthe EECSdepartmenof the University
of Californiaat Berkeley.

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

An executionmachinemaybedesignedpecificallyfor a setof reactive machinesbut it is possibleto designageneric
executionmachinethat may executeary setof reactve machineswith known properties:is the systemdynamic,are
thereinstantaneousommunicatiodoops...We have developedin [9] sucha genericexecutionmachine.

This schemerequiresa standardnterfacefor the reactve machinesso thatthe executionmachinemay manage
themwithout knowing their internaldetails:we needanabstracnotion of areactive machine.

Objectorientedlanguagesllow the definition of abstractentitiesandthe refinementof their behaior for more
concreteentities.Oncewe have definedthe abstracteactve machineasaclass,we areableto implementa particular
reactve machineasa subclass Suchsubclassearenamed‘synchronouslasses” andinstance®f theseclassesare
“synchronousbjects”[9].

Any synchronouslassmustbe able to processhe beginning of the instant,the actvation, andthe end of the
instant.It may be usefulto beableto getthelist of signalsandthe dependencieBetweeroutputsandinputsfor such
aclass.Eachsynchronouglassimplementgheseservicesaccordingto its intendedoehaior, but whatis importantis
thatthe executionmachinedoesnot needto know the details:it is enoughfor it to know thata synchronousbjetwill
answeiits requesto procesghebegginning of theinstantfor instance.

The executionmachineis a classlibrary that providesthe reactve machineswith everythingthey needto run:
schedulingdefinitionof thelogical instants communicationdetweerreactve machinesandinput/output.

3.3.7 Dynamic Synchronous Behaviors

A genericexecutionmachinemayallow thecreationand/ordestructiorof reactve machinesaswell aschangesn the
interconnectiof themachinesluringtheir execution.This allows synchronousystemso bedynamic theirreaction
to aninput tuple canleadto a reconfiguratiorof the system.Dynamicreconfiguratiormay be usedto switchfrom a
full featuredsystemto a basicsystemin casea failure makessomeresourceunavailable.

However, a dynamicsynchronoussystemis still a synchronoussystem,so it cannotchangeduring an instant.
Therefore,the execution machinemustrecordthe requestdor changesand processthem betweenthe end of the
currentinstantand the beginning of the next instant. Suchchangesnay invalidate the schedule so the execution
machinemustcomputea nev schedulesachtime it processeseconfiguratiorrequestdetweertwo instants.lt may
thendiscover that the reconfigurationeadsto an invalid systemfor which no schedulecanbe found. Sucha case
shouldbe signaledthroughthe exceptionmechanisndiscussecaarlierin Section3.2.3.

4 Conclusion

We have addressedh this paperthe problemof executinga synchronougprogramin an intrinsically asynchronous
ernvironment. The mainissueconcernghe satishctionof the synchroy hypothesigiy the implementationWe have
proposedan implementablenmodel, called executionmadines to solwe this problem. The purposeof an execution
machineis to ensurethatthe synchronougprogramperformsatomicreactionsand meetsthe imposedreal-timecon-
straints.

We have shavn thatfor control orientedapplicationscentralizedsolutionscanbe achieved easilyandefficiently.
We have statedseveral constrainton the rateof inputsandthereactiontime of the synchronouprogramthatmustbe
satisfiedoy theimplementation.

For applicationswherethe real-time constraintsare lessstrict, we have presentednore sophisticatedolutions
thatallow, for instancethe executionof severalsynchronousnodulesthathave beencompiledseparatelyevenin the
presencef instantaneousommunicatioioopsanddynamicreconfiguration.

This presentatiordoesnot pretendto be exhaustve. For instance,the classof distributed implementationsf
synchronougprogramshasnot beendiscussedThereexist suchimplementation®f distributed executionmachines.
Theinterestedeadersnayreferto alreadypublishedpaperq11, 18].
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