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Abstract

Timing constraints are an integral part of the designof embeddedreal-timesystems.Initially, timing constraints are
imposedby thesystemenvironmentandperformancerequirements.They affectmanysystem-level implementationdecisions,
in particular hardware/softwarepartitioning, allocationandscheduling, which in turn mayleadto additionalconstraintsfor
othersystemparts. Different system-level analysisand implementationtechniquesassumedifferent typesof constraints as
well asspecificationmodelsandtargetarchitectures.Such ‘proprietary’ solutionsinhibit thecombinationof differentmodels
andtechniquesfor system-leveldesign,which is increasinglyimportantdueto thegrowingembeddedsystemcomplexity and
heterogeneity. In this paper, we proposean efficient representationfor timing constraints that is flexible enoughto model
constraints required by modernanalysisand implementationtechniques,in particular in the presenceof event jitter and
burst.

1 Intr oduction

For the modeling,analysisand implementationof complex embeddedreal-timesystems,it is becomingincreasingly
importantto combinedifferent modelinglanguages,methodologiesand tools (e.g. [3]) to be able to copewith growing
systemcomplexity andheterogeneity. However, different‘proprietary’ assumptionsmadeby modernsystem-level analysis,
hardware-softwarepartitioning,allocationandschedulingtechniquesaboutspecificationmodels,target architecturesand
constraintscurrentlyinhibit this combination.In particularthe modelingof complex timing constraintssuchasmaximum
jitter or maximumburst length is modeledin a proprietaryway. In the following the main requirementsfor generally
applicablemodelingof timing constraintsaredescribed.

Natural Level of Abstraction and Easeof Use Modelingof timing constraintsis desirableatanaturallevel of abstraction.
It hasto gobeyondthetraditionallyspecifiedexecutionrateconstraintsor individualprocessdeadlinesandadditionallyallow
to modeloriginal constraintslike input-outputlatency constraintsor realisticimplementation-dependentconstraints,suchas
maximumsamplingtime jitter or minimumsignaldistancesduringaburst.Furthermore,constraintmodelingshouldbeeasy
for a designerandmachinereadable.It shouldalsobe possibleto extendthe typesof constraintsthat canbe specifiedto
allow adaptionto emerginganalysistechniques.

Language-and Technique-Independence System-level languagesandmodelsof computationabstracttiming issuesof
animplementation.Eitheronly partial(e.g.in dataflow models)or complete(e.g.in C) orderingof operationsis considered,
or time is idealizedinto a fixed-stepschemeandzerodelayexecutionasis thecasein synchronouslanguagesor in periodic
simulationmodels(e.g.Matlab/Simulink).Typically, timing constraintsarenotpartof theselanguagesbut ratherareprovided
in anadditionalnaturallanguagedocument.They needto beformalizedearlyin thedesignflow to beapplicableto system-
leveldesigntechniques.At thesametime,language-independenceshouldbemaintainedto allow e.g.latency pathconstraints
acrosslanguageboundaries.Over-constrainedtiming asin thecaseof Simulinkmustberelaxed,andreplacedby thedesigner
with timing constraintsthatreally matter[7].

It shouldbepossibleto specifytiming constraintsin a designtechnique-independentway in orderto supporta heteroge-
neousdesignflow wheredifferentdesigntechniquescanevenbeprovidedby differentsources.This wouldallow evaluating



severalimplementationsolutions,andpotentiallyselectingdifferentonesfor differentsystemparts.Particularemphasishas
to beplacedon techniquesthatconsiderjitter andbursts[6, 9] whichareintroducede.g.by buscontention.

Source Classification Timing constraintscanbe divided into constraintsimposedby the environmentin which an em-
beddedsystemis supposedto operateandconstraintsthatarea resultof designdecisions.The former includeI/O latency
constraints,maximumsamplingjitter or minimum executionrateconstraints.Designdecisions,in particularscheduling
andallocation,constrainthe timing for the remainingsystem. Similarly, in a ’divide-and-conquer’approachnew timing
constraintshave to bespecifiedfor eachsubsystem.Consequently, thosetiming constraintsthatmaybe alteredhave to be
distinguishedfrom thosethatmaynot bealteredin orderto supportaniterativedesignflow.

Theremainderof thepaperis organizedasfollows. After anoverview of relatedwork we presentour timing constraint
modelingin Section3, wherewealsoshow how to combineit with asystemrepresentationsuitablefor system-levelanalysis.
Our approachis furtherdemonstratedin Section4 by targetinga particularanalysistechniqueandby showing thepotential
for analysisbasedon a suitablemodelingof occurringbursts.

2 RelatedWork

Thereis a largenumberof system-level analysisandschedulingtechniquesfor embeddedreal-timesystems.Traditional
schedulingtechniques,e.g.Rate-MonotonicScheduling,arerestrictedto periodicallyarriving events,periodicdeadlinesand
periodicrates. They usuallyassumeindependentprocesses(or tasks)andallow analysisbasedon Worst-CaseExecution
Times(WCET). For an extensive overview of existing schedulingtechniquesandschedulabilitytestsseeFidge[4]. Ernst
[2] providesa similar overview for techniquesusedfor hardware/softwarecodesign.As hasbeenshown e.g. by Gerber
[5] or Yen[10], best-casevaluesareneededto analyzereal-timeschedulinganomaliesin distributedsystems.This requires
using intervalswherevaluesaredelimitedby an upperandlower bound. Otherwork, e.g. by Tindell [9] or Gresser[6],
acknowledgesthefactthatrealisticsystemsexhibit communicationjitter andbursts.Ourgoalis to specifytiming constraints
suchthatdifferenttechniquescanbeapplied,extendedandcombinedasappropriate.

Many mathematicalformalismshave beendevelopedto modelsystemswith time, includingtimedprocessalgebras,for-
malismsbasedon temporallogic andtimedconstraintprogramminglanguages.A brief overview is givenin theintroduction
to [1]. All of themoffer waysto reasonaboutfunctionalcorrectnessin thepresenceof timeto avoid valuefailures. However,
real-timeissuesof an actualimplementationarenot considered.For example,the timed concurrentconstraintlanguage,
tccp [1], is a formalismconsistingof operationalsemantics(i.e. a transitionsystem)anda denotationalmodel. Actionsare
governedby thepresence(absence)of certainglobalconstraints,andin turn canalter theconstraints’store’. This allows to
specify’what shouldhappenwhen’,e.g.delayedexecution,time-outsor watchdogs.However, it wouldbeverycomplicated
to modeltypical implementationdecisionsaffectingtiming, e.g.dynamicscheduling.

Emerging systemlanguagessuchasSystemCor SpecCallow to describeor assertprocessandcommunicationtiming
behaviorfor thepurposeof simulationor IP exchange.Timing informationat this level is necessarysincewithout it system-
level timing constraintscannotbevalidated,but theconstructsthemselvesarenot suitablefor modelingsystem-level timing
constraints.Recently, Rosetta[8] hasbeenintroducedasarequirementspecificationlanguage.Rosettaoffersamulti-faceted
view of a specificationwith setsof termsthat an implementationis requiredto satisfy. Oneview is via the ’constraints’
domain,which basedon the little informationcurrentlyavailableseemsto supportonly simplelatency constraints.This is
notsufficient for system-level analysis.

Recentlythe SPI model [11, 12] hasbeendevelopedwhich is well suitedfor system-level analysisin a heterogeneous
designflow, sinceSPI capturesin a homogeneousway thosepropertieswhich are importantfor system-level analysisbut
abstractsfunctionaldetails.In section3 wewill show waysto combineourconstraintmodelingwith asystemrepresentation
usingtheSPImodel.

3 Timing Constraint Modeling

In this sectionwe introduceour small set of parameterizedtiming constraintmacros. By choosingparametervalues
appropriately, a largesetof constraintswith intervals,jitter andburstscanbespecified.This is doneusinga textual notation
in XML, sinceXML is ishuman-andmachine-readableandsupportedbymany existingXML tools.However, for illustration
weuseagraphicalnotationin this paper.
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Figure 1. Rate Constraint macro (a) and some applications (b, c, d)

RateConstraintsareusedto modelconstraintsonthestartingandcompletiontimeof processes.Fig. 1ashowsthegeneral
macro. Dependingon the choiceof parameters,different typesof constraintscanbe modeled. Fig. 1b shows a relaxed
periodicstart constraint(the period is fixed, but the startingtime doesnot have to be exact). In Fig. 1c, a sporadicstart
constraintwith a minimum distanceis modeled. Fig. 1d shows two processeswith a synchronizedperiodic completion
constraint(deadline)whereP2’speriodis twice aslargeasP1’s. Explicit synchronizationis necessarysincenoglobalclock
is assumed.In XML notation,thisconstraintwouldbewrittenasfollows(dd=”false”meansthatthisconstraintis notaresult
of adesigndecisionandthuscannotbealteredby undoinga previousimplementationstep).

<RC id="rc1" system="SPI.syst" dd="false"> <RC id="rc2" system="SPI.syst" dd="false">
<Element name="P1" type="completion"/> <Element name="P2" type="completion"/>
<Period low="p" high="p"/> <Sync master="rc1" factor="2"/>
<Jitter low="0" high="p"/> <Jitter low="0" high="2p"/>

</RC> </RC>

LatencyPath Constraints areusedto limit the time for causalprocessexecutionsalong a certainpath. The macrois
shown in Fig. 2a. Burst Constraints areusedto modelthe activationof processesthat displaybursty behavior. Examples
for suchprocessesarea handlerfor packet arrivalsor anabstractmodelfor a communicationnetwork. We haveadoptedthe
terminologyusedby Tindell [9] andextendedit with anexplicit lowerboundfor intervals.Themacrois shown in Fig. 2b.
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Figure 2. Latenc y Path Constraint macro (a) and Bur st Constraint macro (b)

3.1 Combination with the SPI model

TheSPI (SystemPropertyIntervals)model[11, 12] is an internalrepresentationthat facilitatesthesafeintegrationof a
heterogeneouslyspecifiedsystemandenablessystemoptimizationacrosslanguageboundaries.A major focusis to enable
analysisof timing. In thissection,only thebasicconceptsof SPI,whicharenecessaryto understandthispaper, areintroduced
informally.

Computationalelementsin SPIareprocessesthatcommunicatevia two differentchanneltypes,FIFOqueuesandregisters.
Theactivationof SPIprocessesis implicit andbasedon dataavailability, i. e.aprocessmaystartif thereis sufficientdataon
its inputqueuesto supportoneexecution.TheSPImodelelementsarenotcharacterizedby theirexactbehavior but by asetof
parameterssuchasactivationfunction,latency time,datarates(thenumberandsizeof datatokensconsumedor producedon
eachchannelperexecution)andinitial tokenson channels.Datais producedon andconsumedfrom all connectedchannels
within certaintime intervals during the executionof a process.Parametersmay be specifiedasintervals. For example,a



datarateinterval boundsthe numberof producedor consumeddata,capturingdata-dependentcommunication.Using the
conceptof processmodes,conditionalprocessbehavior (whichdependsoninternalstatesandinputdata)canalsobemodeled
explicitly (seeSec.4). Virtual processesandchannelsareusedto modelthesystemenvironmentandto representadditional
information,in particularschedulingdependenciesandaswe will seeadvancedtiming constraints.Virtual elementsdo not
havea directfunctionalcorrespondencebut influenceimplementation.

Apart from a functional abstraction,also timing constraintscan be specifiedin SPI but only in form of latency path
constraints(LC). This was doneto keepthe model simple and general. It is possibleto expressother typesof timing
constraintsusingLCs andvirtual elements,but this leadsto complex constructsthatcanbedifficult to understandandhard
to analyzein particularwhenjitter andburstsaremodeled.Expressingcomplex timing constraintsseparatelyandcombining
them with the SPI representationof a systemis a much more efficient, modularand flexible approach. Becauseof the
separation,our timing constraintmacroscanreferenceelementsin any languageandcanbe extendedif necessarywithout
affecting the languagethey reference.However, it canbe advantageousto mapour timing constraintmacrosto SPI LCs,
sinceananalysistechniquebasedonly onLCs is automaticallyableto evaluateany otherform of timing constraints,making
this a very generalapproach.On theotherhand,it is easierto applyexisting analysistechniquesusingour macrosif these
techniquescomprehendtheir semanticmeaningdirectly or only with minor transformations.We will show this in thefirst
examplein next section.
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Figure 3. Rate constraint macro and its mapping to the SPI model

As anexample,themappingof therateconstraintmacroto SPIusingSPILCsandvirtual elementsis shown in Fig. 3. The
LC on channelÑÓÒ5Ô forcesa periodicexecutionof processÕ	Ô with theperiodboundedby Ö×ÔÙØËÚLÛ and Ö×Ô�ØÝÜ:Þ . Õ	Ô consumes
onetoken from ÑÓÒ7Ô andimmediately(its latency is zero,a valid assumptionfor virtual elements)producesonetoken on
channelsÑÓÒ7Ô , ÑÓÒ , and Ñàß:Ô . Thetokenon Ñàß:Ô hasto beconsumed(eitherat startingor completiontime of its execution)
by processÕ	Ô7Ô within theLC interval on Ñàß:Ô , producingthejitter allowed. Thetokenon ÑÓÒ is immediatelyconsumedby
processÕ-á , which immediatelyproducesonetokenon channelÑÓÒ�á , anddependingon its mode,mayconsumeâ tokens
from ÑÓÒ�á andproduceon token on Ñàß�á . Mode selectionhappensaccordingto the function in Fig. 3b. This producesthe
desiredsynchronization.

4 Examples

Ourfirst exampleshowshow ourtiming constraintmacroscanbemappedto anexistinganalysisapproachandhow design
decisionscanaffect timing constraints.The systemin Fig. 4amodelsperiodicprocesseswith datadependencies,multiple
deadlinesandmultiplereleasetimesusingsynchronizedstartingtimeconstraintswith jitter andlatency pathconstraints.This
representationis equivalentto thetaskgraphmodelusedin theresponsetime analysismethodfor staticpriority scheduling
by YenandWolf [10], which differsin assigninga singleexplicit deadlinefor thetaskgraphandusingvirtual processesto
modeldifferentreleasetimesanddifferentdeadlinesfor individualpaths.Themappingis trivial.



To show how schedulingdecisionsaffect timing constraints,notethat themaximumexecutiontime allowedfor processÕ	Ô dependson the worst-caseexecutiontime of processÕÓã , which canbe longerthanits coreexecutiontime becauseof
interruptsby higherpriority processes.Now assumethatthehighestpriority hasbeenassignedto processÕÓã . Its execution
timenow equalsits coreexecutiontimebecauseit no longercanbeinterrupted.Thus, äËÑæå canbereplacedby anew latency
constraintäËÑæå ’ = [0, (deadå - coreçéè )] thatis valid for thepath êÙë�Ô5ìÎÕ	Ô7ìíë:î ï .
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Figure 4. Periodic processes with data dependencies (a) and video phone decoder (b)

In our secondexample(seeFig. 4b) we modela systemcontaininganIP videophonedecoderÕ¤£ thatreadsframesfrom
a network (modeledasa bursty processÕ¦¥ ). The decoderis scheduledusinga best-effort strategy, runningon a single
processortogetherwith two periodicprocessesÕ¤§ and Õ©¨ with harddeadlines,i.e. framesmaybediscardedif thedecoder
is runningoutof time. Wemodelthedecoderusingtwo modes.In modeª¬« aframeis consumedfrom channelë6 , decoded,
andoutputonchannelëW® . In modeª¯£ aframeis consumedfrom channelë6 anddiscarded.To avoid anoverflow onchannelë6 weneedto analyzeif a run-timeschedulercanalwaysdetermineearlyenoughwhento discardframes.On theotherhand,
framesshouldnot beunnecessarilydiscarded.
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Figure 5. Video phone decoder: Worst-case timing with 2-frame buff er

Upwardsarrows in Fig. 5a show the worst-casetiming of arriving frames(asearly aspossible).Downward boxesand
arrowsshow worst-caseanalysisresultsassumingachannelë6 thatcanbuffer amaximumof two frames,i.e. how ascheduler
wouldhaveto selectbetweenª¬« or ª¯£ to avoid anoverflow onchannelë6 basedonworst-caseresponsetimesof processesÕ¤§ , Õ©¨ and Õ¤£ . SinceÕ¤§ and Õ©¨ haveto completeexecutionevery15timeunits,3 timeunitsareavailableper15-time-unit
periodfor Õ¤£ in theworstcasebeforeit hasto beinterrupted.Therefore,5 periodsareneededin theworst-caseto executeÕ¤£ in mode ª¬« (interruptsarenot shown in Fig. 5). Õ¤£ is executedat thebeginningof eachperiodto minimizeresponse
time. Fig. 5b shows thenumberof frameswaiting in channelëW assumingthata frameis consumedat theendof execution
of Õ¤£ .

Schedulingrulescanbededucedfrom theanalysisresults.For example,afterthearrival of the3rd frame,the2ndframe
hasto bediscarded,sincedecodingmight not becompletedbeforethearrival of the4th frame.Thesystemcanbeanalyzed



accordinglywith otherbuffer sizesëW . In a furtheranalysisstep,a statisticalapproachcanbeusedto determinethenumber
of framesthataredroppedin a typical scenariobasedon thesizeof ëW .
5 Conclusion

In this paperwe showed that a small set of timing constraintmacrosat a natural level of abstractionis sufficient to
modela largevarietyof timing constraintsrequiredby modernsystem-level analysisandimplementationtechniques.The
macrospresentedare language-andmethodology-independent andthusfacilitate the combinationof multiple designlan-
guagesandtechniques,which is becomingessentialbecauseof rapidlygrowing embeddedreal-timesystemcomplexity. We
demonstratedourapproachby targetingtheSPIsystemrepresentationsuitablefor system-level analysis,aparticularanalysis
techniqueandby showing thepotentialfor analysisin thepresenceof jitter andbursts.
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