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Abstract

Timing constiaints are an integral part of the designof embeddedeal-timesystems.lInitially, timing constaints are
imposeddy the systerrenvironmentand performanceequirementsThey affectmanysystem-leelimplementatiordecisions,
in particular hardware/softwae partitioning, allocationandscheduling which in turn mayleadto additionalconstaintsfor
other systenparts. Different system-leel analysisand implementatiortechniquesassumedifferent typesof constaints as
well asspecificatiormodelsandtargetarchitectuies. Sud ‘proprietary’ solutionsinhibit the combinatiorof differentmodels
andtechniquedor system-leel designwhich is increasinglyimportantdueto the growingembeddedystencompleity and
hetepgeneity In this paper we proposean efficientrepresentatiorfor timing constaints that is flexible enoughto model
constaints required by modernanalysisand implementatiortechniques,in particular in the presenceof eventjitter and
burst.

1 Intr oduction

For the modeling, analysisand implementationof complex embeddedeal-time systemsiit is becomingincreasingly
importantto combinedifferentmodelinglanguagesmethodologiesand tools (e.g. [3]) to be ableto copewith growing
systemcomplexity andheterogeneityHowever, different‘proprietary’ assumptionsnadeby modernsystem-leel analysis,
hardware-softvare partitioning, allocationand schedulingtechniquesaboutspecificationmodels, target architecturesand
constraintcurrentlyinhibit this combination. In particularthe modelingof complex timing constraintssuchas maximum
jitter or maximum burst length is modeledin a proprietaryway. In the following the main requirementdor generally
applicablemodelingof timing constraintsaredescribed.

Natural Level of Abstraction and Easeof Use Modelingof timing constraintss desirableatanaturallevel of abstraction.
It hasto gobeyondthetraditionallyspecifiedexecutionrateconstraint®r individual processleadlinesandadditionallyallow
to modeloriginal constraintdik e input-outputlateng constraintor realisticimplementation-dependeobnstraintssuchas
maximumsamplingtime jitter or minimumsignaldistancesluringa burst. Furthermoreconstrainimodelingshouldbe easy
for a designerand machinereadable.It shouldalsobe possibleto extendthe typesof constraintshat canbe specifiedto
allow adaptionto emeging analysisechniques.

Language-and Technique-Independence System-lgel languagesand modelsof computationabstractiming issuesof
animplementationEitheronly partial(e.g.in dataflow models)or complete(e.g.in C) orderingof operationss considered,
or time is idealizedinto afixed-stepschemeandzerodelayexecutionasis the casein synchronousanguage®r in periodic
simulationmodels(e.g. Matlab/Simulink).Typically, timing constraint@renotpartof thesdanguagesut ratherareprovided
in anadditionalnaturallanguagedocument.They needto beformalizedearlyin the designflow to be applicableto system-
level designtechniquesAt thesameime,language-independenskouldbemaintainedo allow e.g.lateng pathconstraints
acrosdanguagdoundariesOver-constrainediming asin thecaseof Simulink mustberelaxed,andreplacedy thedesigner
with timing constraintghatreally matter[7].

It shouldbe possibleto specifytiming constraintsn a designtechnique-independemtay in orderto supporta heteroge-
neousdesignflow wheredifferentdesigntechniquecanevenbe providedby differentsourcesThis would allow evaluating



severalimplementatiorsolutions,andpotentiallyselectingdifferentonesfor differentsystemparts. Particularemphasi$as
to beplacedon techniqueghatconsideijitter andbursts[6, 9] which areintroducede.g. by buscontention.

Source Classification Timing constraintscan be divided into constraintamposedby the environmentin which an em-
beddedsystemis supposedo operateand constraintdhat area resultof designdecisions.The formerincludel/O lateny
constraints maximumsamplingjitter or minimum executionrate constraints. Designdecisions,in particularscheduling
and allocation, constrainthe timing for the remainingsystem. Similarly, in a’divide-and-conquerapproachnew timing
constraintshave to be specifiedfor eachsubsystem Consequentlythosetiming constraintghat may be alteredhave to be
distinguishedrom thosethatmaynotbealteredin orderto supportaniterative designflow.

The remainderof the paperis organizedasfollows. After anoverview of relatedwork we preseniur timing constraint
modelingin Section3, wherewe alsoshov how to combineit with asystenrepresentatiosuitablefor system-lgelanalysis.
Our approachs furtherdemonstrateth Section4 by targetinga particularanalysistechniqueandby shaving the potential
for analysishasedon a suitablemodelingof occurringbursts.

2 RelatedWork

Thereis alarge numberof system-lgel analysisandschedulingechniquedor embeddedeal-timesystems Traditional
schedulingechniquese.g. Rate-MonotonicSchedulingarerestrictedo periodicallyarriving events periodicdeadlinesand
periodicrates. They usuallyassumandependenprocessesgor tasks)and allow analysisbasedon Worst-CaseExecution
Times (WCET). For an extensie overview of existing schedulingtechniquesand schedulabilitytestsseeFidge[4]. Ernst
[2] providesa similar overview for techniquesusedfor hardware/softvare codesign. As hasbeenshawn e.g. by Gerber
[5] or Yen[10], best-casealuesareneededo analyzereal-timeschedulinganomaliesn distributedsystemsThis requires
usingintervalswherevaluesare delimited by an upperandlower bound. Otherwork, e.g. by Tindell [9] or Gressel6],
acknavledgeghefactthatrealisticsystemsaexhibit communicationjitter andbursts.Our goalis to specifytiming constraints
suchthatdifferenttechniquexanbe applied,extendedandcombinedasappropriate.

Many mathematicaformalismshave beendevelopedto modelsystemsawith time, includingtimed processlgebrasfor-
malismsbasedn temporalogic andtimedconstrainprogrammindanguagesA brief overview is givenin theintroduction
to[1]. All of themoffer waysto reasoraboutfunctionalcorrectnessn the presencef time to avoid valuefailures However,
real-timeissuesof an actualimplementatiorare not considered.For example, the timed concurrentconstraintlanguage,
tcep[1], is aformalismconsistingof operationasemanticgi.e. atransitionsystem)anda denotationamodel. Actionsare
governedby the presencéabsencedf certainglobal constraintsandin turn canalterthe constraintsstore’. This allows to
specify’'what shouldhapperwhen’, e.g. delayedexecution time-outsor watchdogsHowever, it would be very complicated
to modeltypical implementatiordecisionsaffectingtiming, e.g.dynamicscheduling.

Emenging systemlanguagesuchas SystemCor SpecCallow to describeor assertprocessand communicationtiming
behaviorfor the purposeof simulationor IP exchange Timing informationatthis level is necessargincewithoutit system-
level timing constraintcannotbe validated but the constructshemselesarenot suitablefor modelingsystem-lgel timing
constraintsRecently Rosettd8] hasbeenintroducedasa requiremenspecificatioanguage Rosetteoffersa multi-faceted
view of a specificationwith setsof termsthat animplementationis requiredto satisfy Oneview is via the 'constraints’
domain,which basedon thelittle informationcurrentlyavailable seemgo supportonly simplelatengy constraints.This is
notsufficientfor system-lgel analysis.

Recentlythe SPImodel[11, 12] hasbeendevelopedwhich is well suitedfor system-lgel analysisin a heterogeneous
designflow, sinceSPI capturesn a homogeneousvay thosepropertieswhich areimportantfor system-lgel analysisbut
abstractdunctionaldetails.In section3 we will shav waysto combineour constraintmodelingwith a systenrepresentation
usingthe SPImodel.

3 Timing Constraint Modeling

In this sectionwe introduceour small setof parameterizediming constraintmacros. By choosingparametewalues
appropriatelya large setof constraintswith intervals, jitter andburstscanbe specified.This is doneusinga textual notation
in XML, sinceXML isis human-andmachine+eadableandsupportedy mary existing XML tools. However, for illustration
we useagraphicalnotationin this paper
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Figure 1. Rate Constraint macro (a) and some applications (b, c, d)

RateConstaintsareusedio modelconstraint®n thestartingandcompletiontime of processedrig. 1ashavsthegeneral
macro. Dependingon the choice of parametersdifferenttypesof constraintscan be modeled. Fig. 1b shows a relaxed
periodic start constraint(the periodis fixed, but the startingtime doesnot have to be exact). In Fig. 1c, a sporadicstart
constraintwith a minimum distanceis modeled. Fig. 1d shows two processesvith a synchronizedperiodic completion
constrainfdeadline)whereP2's periodis twice aslargeasP1's. Explicit synchronizations necessarginceno globalclock
isassumedln XML notation this constraintvould bewritten asfollows (dd="false”meanghatthis constrainis notaresult
of adesigndecisionandthuscannotbealteredby undoinga previousimplementatiorstep).

<RC id="rcl" systen¥"SPl.syst" dd="fal se"> <RC id="rc2" systen¥"SPl.syst" dd="fal se">
<El enent nanme="P1" type="conpletion"/> <El ement nanme="P2" type="conpl etion"/>
<Period | ow="p" high="p"/> <Sync nmaster="rcl" factor="2"/>
Jitter low="0" high="p"/> <Jitter low="0" high="2p"/>

</ RC> </ RC

LatencyPath Constaints are usedto limit the time for causalprocessexecutionsalong a certainpath. The macrois
shaowvn in Fig. 2a. Burst Constaints are usedto modelthe activation of processeshat display bursty behaior. Examples
for suchprocesseareahandlerfor paclet arrivalsor anabstracmodelfor acommunicatiometwork. We have adoptedhe
terminologyusedby Tindell [9] andextendedt with anexplicit lower boundfor intervals. The macrois shovn in Fig. 2b.
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Figure 2. Latency Path Constraint macro (a) and Burst Constraint macro (b)

3.1 Combination with the SPI model

The SPI(SystemPropertyl ntenals) model[11, 12] is aninternalrepresentatiothatfacilitatesthe safeintegrationof a
heterogeneouslypecifiedsystemandenablesystemoptimizationacrosdanguageboundaries A majorfocusis to enable
analysisof timing. In thissectiononly thebasicconceptof SPI,whicharenecessaryo understandhis paperareintroduced
informally.

Computationaélementsn SPlareprocessethatcommunicateria two differentchannetypes,FIFO queuesandregisters.
Theactivationof SPIprocesses implicit andbasedn dataavailability, i. e. aprocessnaystartif thereis sufficientdataon
its inputqueuedo supportoneexecution.TheSPImodelelementsarenotcharacterizetdy theirexactbehavior but by asetof
parametersuchasactivationfunction,lateng time, datarates(the numberandsizeof datatokensconsumear producecdn
eachchannelperexecution)andinitial tokenson channelsDatais producedon andconsumedrom all connecteadthannels
within certaintime intervals during the executionof a process.Parametersnay be specifiedasintervals. For example,a



datarateinterval boundsthe numberof producedor consumediata,capturingdata-dependerdgommunication.Using the
concepbf processnodesgconditionalprocesdehaior (which depend®ninternalstatesandinputdata)canalsobemodeled
explicitly (seeSec.4). Virtual processesind channelsareusedto modelthe systemervironmentandto represenadditional
information,in particularschedulingdependencieandaswe will seeadvancediming constraints.Virtual elementdo not
have a directfunctionalcorrespondenclut influenceimplementation.

Apart from a functional abstraction,also timing constraintscan be specifiedin SPI but only in form of lateng path
constraints(LC). This was doneto keepthe model simple and general. It is possibleto expressother typesof timing
constraintaisingLCs andvirtual elementsput this leadsto complex constructghat canbe difficult to understanéndhard
to analyzein particularwhenjitter andburstsaremodeled.Expressingomple timing constraintseparatelyandcombining
themwith the SPI representatiorof a systemis a much more efficient, modularand flexible approach. Becauseof the
separationpur timing constraintmacroscanreferenceelementsn ary languageandcanbe extendedif necessaryvithout
affecting the languagethey reference.However, it canbe advantageouso map our timing constraintmacrosto SPILCs,
sinceananalysigechniguebasednly on LCsis automaticallyableto evaluateary otherform of timing constraintsmaking
this avery generalapproach.Onthe otherhand,it is easierto apply existing analysistechniquesisingour macrosif these
techniquesomprehendheir semantiomeaningdirectly or only with minor transformationsWe 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 therateconstraintnacroto SPlusingSPILCsandvirtual elementss shovnin Fig. 3. The
LC onchannelC's1 forcesa periodicexecutionof processP1 with the periodboundeddy pl,,;, andpl,, ... P1 consumes
onetoken from C's1 andimmediately(its lateng is zero, a valid assumptiorfor virtual elementsproducesonetokenon
channel'sl, Cs, andCtl. Thetokenon Ct1 hasto be consumedeitherat startingor completiontime of its execution)
by processP11 within the LC interval on C't1, producingthejitter allowed. Thetokenon C's is immediatelyconsumedy
processP2, which immediatelyproducesonetoken on channelC's2, anddependingon its mode,may consumeN tokens
from C's2 andproduceon token on Ct2. Mode selectionhappensaccordingto the functionin Fig. 3b. This produceghe
desiredsynchronization.

4 Examples

Ourfirst exampleshonvs how ourtiming constrainmacroscanbe mappedo anexisting analysisapproachandhow design
decisionscanaffect timing constraints.The systemin Fig. 4amodelsperiodic processesvith datadependenciesnultiple
deadlineandmultiple releasdimesusingsynchronizedtartingtime constraintswith jitter andlateng pathconstraintsThis
representatiors equivalentto thetaskgraphmodelusedin the responsdime analysismethodfor staticpriority scheduling
by YenandWolf [10], which differsin assigninga singleexplicit deadlinefor the taskgraphandusingvirtual processeto
modeldifferentreleasdimesanddifferentdeadlinedor individual paths.The mappingis trivial.



To shov how schedulingdecisionsaffect timing constraintsnotethat the maximumexecutiontime allowed for process
P1 dependson the worst-case=xecutiontime of processP3, which canbe longerthanits core executiontime becausef
interruptsby higherpriority processesNow assumehatthe highestpriority hasbeenassignedo processP3. Its execution
time now equalsts coreexecutiontime becausé nolongercanbeinterrupted.Thus,LC; canbereplacedy anew lateng
constraintLCy’ = [0, (dead - coreps)] thatis valid for thepath{c1, P1, c¢4}.
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Figure 4. Periodic processes with data dependencies (a) and video phone decoder (b)

In our secondexample(seeFig. 4b) we modela systemcontainingan P videophonedecodetPd thatreadsframesfrom
a network (modeledas a bursty processPn). The decoderis scheduledusing a best-efort stratgy, running on a single
processotogethemwith two periodicprocesse®a and Pb with harddeadlinesij.e. framesmay be discardedf the decoder
is runningout of time. We modelthedecodeusingtwo modes.In modeM f aframeis consumedrom channeks, decoded,
andoutputon channeko. In modeM d aframeis consumedrom channek: anddiscardedTo avoid anoverflow onchannel
ci we needto analyzedf arun-timeschedulecanalwaysdeterminesarlyenoughwhento discardframes.On the otherhand,
framesshouldnot be unnecessarilgiscarded.
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Figure 5. Video phone decoder: Worst-case timing with 2-frame buffer

Upwardsarrows in Fig. 5a showv the worst-casdiming of arriving frames(asearly as possible). Downward boxesand
arronvs show worst-casanalysigesultsassuminga channek: thatcanbuffer amaximumof two framesj.e. how ascheduler
would haveto selectbetweenM! f or M d to avoid anoverflow on channeki basednworst-caseesponsd¢imesof processes
Pa, PbandPd. SincePa andPb haveto completeexecutionevery 15time units, 3 time unitsareavailableper 15-time-unit
periodfor Pd in theworstcasebeforeit hasto beinterrupted.Therefore 5 periodsareneededn the worst-casdo execute
Pdin modeM f (interruptsarenot shovn in Fig. 5). Pd is executedat the beginning of eachperiodto minimize response
time. Fig. 5b shawvs the numberof frameswaiting in channelk: assuminghata frameis consumedat the endof execution
of Pd.

Schedulingulescanbe deducedrom the analysisresults.For example,afterthe arrival of the 3rd frame,the 2nd frame
hasto be discardedsincedecodingmight not be completedbeforethe arrival of the 4th frame. The systemcanbe analyzed



accordinglywith otherbuffer sizesci. In afurtheranalysisstep,a statisticalapproactcanbe usedto determineghe number
of framesthataredroppedn atypical scenaridbasedn the sizeof ci.

5

Conclusion

In this paperwe shaved that a small set of timing constraintmacrosat a naturallevel of abstractionis sufficient to
modela large variety of timing constraintgequiredby modernsystem-lgel analysisandimplementatiortechniques.The
macrospresentedare language-and methodology-indepedert and thus facilitate the combinationof multiple designlan-
guagesandtechniqueswhich is becomingessentiabecausef rapidly growving embeddedeal-timesystemcomplexity. We
demonstratedur approactby targetingthe SPIsystenrepresentatiosuitablefor system-lgel analysisa particularanalysis
techniqueandby showing the potentialfor analysisin the presencef jitter andbursts.
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