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ABSTRACT

Complex embeddedystemsaretypically specifiedusingmultiple
domain-specifidanguages After code-generatiorthe implemen-
tationis simulatedandtested.Validationof non-functionaproper
ties,in particulartiming, remainsa problembecauséull testcover-
agecannoteachievedfor realisticdesigns Thealternatve, formal
timing analysisrequiresa systemrepresentatiothasedon key ap-
plication and architectureproperties. Thesepropertiesmust first
be extractedfrom a systemspecificatiorto enableanalysis.In this
paperwe presenta suitabletransformationof SDL specifications
for system-lgel timing analysis.We shav waysto vary modeling
accurag in orderto applyavailableformal techniquesA practical
approachutilizing arecentlydevelopedsystenmodelis presented.

1. INTRODUCTION

Todayscomplex embeddedystemsaretypically specifiedusing
multiple domain-specifidanguagesandtools. Apart from func-
tional simulationandtest,analysisof non-functionalpropertiesjn
particulartiming, is requiredin orderto verify thatthe choserntar
getarchitecturepinding and schedulingdecisionssatisfyall con-
straints.

Existingsystem-lgel designmethodologiesnainlyaddresspec-

ification, simulation,synthesisandfunctionaltest. For multi-language

designsintegrationfocusenlanguageandtool-interfaceswhile
the semanticof the underlyingcomputationamodelsare largely
ignored.

This shallov integrationis a lesssuitablesolution for system-
level timing analysis,since critical cornercaseare hard to find.
Completesimulationof a systemis not an alternatve dueto the
hugenumberof casegshatwould have to be exercisedfor realistic
systems. Instead,system-lgel timing analysisrequiresdeepin-
tegration [3], i. e. a holistic view of the systemwhich takes into
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accountkey propertiesof the specificationindependenbf speci-
fication languagego facilitate multi-languagedesign. Functional
detailsthatdo notinfluenceresourcedlemanccanbeabstracted.

Formalanalysisapproachesxistin theareaof real-timeschedu-
lability tests. Taskactiationis representedby event models,and
resourcalemands consideredrom the perspectie of ascheduler
This informationis not directly available from standardspecifica-
tion language®r designtools. Therefore,an applicationspecifi-
cationfirst hasto betransformednto a suitablerepresentatioffor
analysis. For state-basedanguagesthis transformationis diffi-
cult becauseactivationmodelscanbe complex dueto their control
dominatedsemanticsandbecaus@rocessesanhave mary differ-
entbehaiors.

In this paperwe focus on the transformationof the language
SDL (Specificationand DescriptionLanguage)nto a representa-
tion suitablefor system-lgel timing analysis.SDL is widely used
for thespecificatiorof communicatiorprotocols.We presentrans-
formationsat differentlevels of abstraction.The key is to capture
the propertiesof the specificationin sufficient detail to allow rea-
sonablyaccurateanalysisusing available formal techniques but
to remainsuficiently abstractsuchthat the parametershat those
techniquesequireareavailable. A practicalapproachutilizing the
recentlydevelopedSPImodelis presented.

The goal of the SPI (System Property | ntenals) projectis to
provide a framework for system-lgel timing analysis[23]. The
ideais to transformthe (potentially multi-language)input spec-
ification into a language-independeintermediaterepresentation
which is well suitedfor system-lgel analysis,andto apply exist-
ing or novel analysistechniques. Input languagetransformation
hasbeendemonstratedor Matlab/Simulink[11]. However, Mat-
lab/Simulinkis alanguagewith regular, periodicprocessactivation
andthusconsiderablyeasiertto transformandanalyzethanSDL.

After anoverview of relatedwork, we summarizehe properties
neededfor system-lgel timing analysis. We thenfocus on how
to obtainthe implementation-independeptrt of this information
from SDL specificationsTransformationst differentlevels of ab-
stractionare consideredising a wireless-communicatioprotocol
asanillustrating example. In the final section,an exampleis pre-
sentedhatshavs how our approactbridgesthe gapbetweenSDL
specificationg@ndthe applicationof differenttiming-analysigech-
niques.



2. RELATED WORK

Several specificationlanguagedor reactive systemsge.g. SDL
[9] or StateChart§7], andspecificationanguagegor transforma-
tive systemsg.g. synchronouslata-flav [15] or Matlab/Simulink
[17] exist. Eachof theselanguagess bestsuitedfor andthuses-
tablishedn certainapplicationdomainsandsupportedy domain-
specifictools. Specializedanguage$ave obviousbenefitsjn par
ticular modelingandsimulationefficiency andeaseof useof tools,
andthereforea single supetlanguages not likely to emege [14,
5].

SDL is widely usedfor thespecificatiorof theprotocolautomata
of communicatiorsystemsThelanguagecomposessynchronous
extendedfinite state madines (EFSMs). Communicationis ab-
stractednto unboundedrIFOsor sharedvariables andtiming into
precedenceelations.

Available SDL tools focus mostly on specification,simulation
and synthesis. The standardspecificationand simulationtool for
SDL is Telelogic Tau [20]. Tau can also generateC code from
SDL for differenttargets.Othercode-generatorxist thatgenerate
hardware descriptiondrom SDL, e.qg. [2, 4], or supportHW/SW
co-synthesigrom SDL [19]. The MASCOT system[1] supports
co-simulationof Tau and Matlab/Simulink[17]. The COSMOS
system[22, 3] supportanulti-languageco-simulationof SDL and
Matlab/Simulink, and HW/SW co-synthesidrom SDL. For this
purpose,the SDL specificationis translatednto an intermediate
representationalledSOLAR[10]. SOLAR consistof interacting,
hierarchicaEFSMscommunicatingvia refinablechannels.Only
shallav integrationis providedwith Matlab/Simulink,whichis not
translatednto SOLAR andhasto be synthesizedeparately

Ptolemy[14] is a framework that allows to combinedifferent
modelsof computatiorfor simulationandpotentiallycode-generation
usingawell structuredsetof Java classesndinterfacetaxonomy
Specificationawritten in Ptolemy could be abstractednto a SPI
representationn analogyto commerciallyavailable specification
tools.

Noneof the availabletools supportsformal system-leel timing
analysis. This is becausdully executablespecificationsgpresent
too muchdetailthatis notinterestingfor timing-analysisandhide
thosepropertieswhich arerequired.

System-lgel schedulinganalysiss mostlybasednaschedulers
view of thesystem.Theclassicpapemy Liu andLayland[16] pro-
vides schedulabilitytestsfor several priority-basedstrateyies for
periodic processes.This work hassincebeenextendedin mary
directions.Fidge[6] presents goodovervien aboutexisting anal-
ysisapproachedn all theseapproachekey parametergpriorities,
time slots,executionandcommunicatiordelays,etc.) areinserted
into a mathematicaframevork to determinesystem-lgel proper
tiessuchasload,or taskandbusresponsdimes.

3. REPRESENTATION OF SDL SPECIFICA-
TIONS FOR SYSTEM-LEVEL TIMING
ANALYSIS

In this sectionwe shav how to transformSDL into arepresenta-
tion suitablefor system-lgel timing analysis.The SPImodel[23]
is usedasa basisfor this representation.

3.1 Requirements

System-lgel timing analysiss concernedvith temporalproper
ties of the interactionof SW- andHW-componentsn a system,n
orderto verify timing constraintsThisrequirescertaininformation
about:

e application An applicationis modeledas communicating
processes.Processactivation conditions(e.g. periodic or
event-driven)andthecommunicatediataperactivationhave
to beknown. Detailedprocesdgunctionis notrequired.

e architectue: The architecturedescribeghe resourcegpro-
cessorandbussespndavailableresource-sharingtrataies,
which resultfrom the selectedperatingsystemsandbusar-
bitrationprotocols.

e mappingand scheduling Mappingand scheduling(assign-
mentof priorities, slottimesetc.) of processeandcommu-
nicationon resourcesave to be provided. Core execution
times (the time processexecutionor communicationwvould
take if the resourcewas exclusive) also have to be known.
They resultfrom mappingdecisions.

3.2 SPI Model Basics

The SPI(SystemPropertyl ntenals)modelwasdevelopedto fa-
cilitate system-lgel analysisof multi-languagedesignsin particu-
lar system-lgel timing analysig23]. In this section,only thebasic
conceptof SPI,which arenecessaryo understandhis paper are
introducednformally.

In the SPImodel,a systemis representedsa setof concurrent
processesvhich communicateokensvia unidirectionalchannels
thatareeitherFIFO queuegdestructve read)or registers(destruc-
tive write). Processeaswell aschannelsarenot characterizedy
their exactinternalfunctionality but by their abstractexternal be-
havior. Thisincludesprocessactivation conditionsandtheamount
of communicatediataper execution. For example,processP; in
Fig. 1 consumed datatoken andproduces datatokensper exe-
cution. By default Py is activated,i. e. readyfor execution,if there
are enoughtokensavailable for one execution(in the exampleat
leastone)on its incomingchannel.A coreexecutiontime of 1ms
is annotatedor simplicity, butin factresultsfrom a mappingdeci-
sion.
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Figure1: SPI Example

A key concepin SPlis thepossibilityto specifyall propertiesas
intenals. For example proces$?, consumestleastl andatmost3
tokensfrom channelC; andproducestleast?2 andatmost5 tokens
onchannelC, perexecution.P; is activatedif atleast3 tokensare
availableatits input. The useof intenvals allows to conseratively
bounda setof possiblebehaiors, andto apply system-lgel anal-
ysis techniguesvhich operatewith conserative boundsandthus
cover thewholedesignspace This avoidstestingthehugenumber
of situationgthathave to be consideredn simulation-basegalida-
tion approachesApplication specificationsn differentlanguages
or modelsof computationcanbe capturedwith the samefew SPI



elements.Therefore analysisof multi-languagedesignsbecomes
feastble.

Additional conceptsn SPlincludeprocessmodesto modeldis-
tinct procesdehaiors; modetagsto modelprocessnodecorrela-
tions; virtual processeandchanneldo modelthe systemenviron-
ment, timing constraintsand otherwisehiddenschedulingdepen-
denciesWe will explaintheseconceptsn moredetailin Sec.3.4.

3.3 Intr oduction to SDL

SDL [9] wasoriginally designedor the specificationof proto-
col automatain communicationsystemsandis now the standard
languagefor this purpose. SDL automatacan perform dataop-
erationswhich leadsto the extendedfinite statemadine (EFSM)
model of computation. An SDL systemis structuredinto blocks
andsub-blocksandEFSMsaredescribedusingprocesseandser
vices. Eachprocessor servicecontainsan independenEFSM,
which communicatehroughasynchronousignals. Eachprocess
hasits own FIFO input queuethat collectsall incoming signals.
Different servicesof one processshareall processvariablesand
theprocessnput-queue.

Eachtransitionof an EFSMis triggeredeitherby the receiptof
an asynchronousignal, the changeof a local variableor a com-
bination of both. Transitionsand communicationare atomic and
basicallytimeless,exceptthat precedenceelationshipsof signals
aremaintained.A local variablecanchangedueto the expiration
of atimer, which allows periodicactivation of transitions.

3.4 BasicRepresentationof SDL in SPI

Ourbasicrepresentationf anSDL processn SPlis asingleSPI
proces$rsy With aninput queueQ),, anoutputqueueQo anda
virtual self-queudQg e, Whichis initialized with onetoken. Prgm
is activatedwhen onetoken on Q| and one token on Qggte are
available. Upon execution,the tokensareconsumeda new token
is producedn Qgate @andzeroor moretokenscanbe producedon
Qou - Additionally, we associate modetag [23] with thetokenon
Qgate to captureinformationaboutthe stateof the SDL EFSM. A
modetagis a name-alue pair, which allows to captureadditional
informationaboutthe datathata token representsFor eachmode
tag,a domainD of possiblevaluesis defined. To accountfor un-
certainty the value of a modetag canbe ary subsewf D. In our
mappingfrom SDL to SPI, we defineD to bethe setof all states
of the EFSM. The mappingis shawvn in Fig. 2 for a simple SDL
process. Qgae is virtual (indicatedby a dashedine) [23], since
it doesnot modelexternalcommunicatiorof proces$rgsm, butin-
steadrepresentinformationaboutPrs, which otherwisewould be
hiddeninsidethe processmplementation.

The SPI modelallows to distinguishbetweendifferentprocess
behaiors using the conceptof processmodes[23]. Modesare
selectedbaseson the numberof tokensandtheir tagsat the pro-
cessinput ports. In our SPI representatiorof an SDL process,
Ngates modescanbe distinguishecbasedon the tag on Qggte. If
tokenson Q,, are additionally taggedwith a setof possiblesig-
nalsthatthetokenscanrepresentthenthe setof possiblemodesis
NmodegFsm = Naates X Ninputsignas- Theresultingmodesfor our
examplearelistedin Fig. 3. Mode-dependerdataratesandtag-
productioncanalsobe annotatedlirectly at procesgportsin a SPI
graph,asshawvn in Fig. 5.

For SDL processewith multiple inputandoutputchannelstwo
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Figure 2: SDL procesqa) and mapping to SPI (b)
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Figure 3: One possiblesetof modesand tag productionsfor the
SPIprocessn Fig. 2

SPIprocesseRverge andPrsm, aregeneratedThis decoupleshe
collection of signalsfrom different sourcesand the actiation of
modesof Prsm basedon signaltags,reducingthe maximumnum-
berof modesfrom

NModes(Fsm) = Nsates X Ninpusignas X Ninpuchannes

to
NModes(Fsm) + NModes(Merge) =
Nstates X Ninpusignas + Ninpuchannes

An SDL processwith 2 inputand?2 outputchannelsaandthe cor
respondingPlIrepresentatiowith decouplegrocesseByerge and
Prsmareshavn in Figs.4 and5.
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Figure 4: SDL processwith two inputs and outputs

SDL signalsexchangedetweerprocessemsidethe sameblock
are consumedn the orderin which they were produced. On the
otherhandin SPI, a processwith sufiicient tokensat its inputsis
activated,but doesnothaveto beexecutedmmediately Therefore,
if two tokensarrive at different inputs of processPyerge Without
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Pverge having beenexecutedin betweenijt is impossibleto deter
minethe arrival orderof the two tokens. We solwe this problemin
our SPIrepresentationf SDL by capturingthe order in which the
tokenswereproducedjnto virtual queueQsigromerge. Virtual pro-
cessPsjg is executedin oneof its modesmmediatelyafter Psarsm
or Psgrsm dueto lateny constraintsof zeroon its input channels
(LC = 0), andproducesa properlytaggedtoken at its output. The
tagis evaluatedio determinefrom which of its inputsPyierge reads
the next token. Again, virtual elementsareusedto represeninfor-
mationaboutthe systembehaior which otherwisewould be hid-
den. If communicatingprocessesesidein differentblocks,those
virtual elementsareomitted.

We have alsomodeledSDL servicesdynamicprocessnstantia-
tion andtermination the ‘store’ mechanisnandtimersin SPI1.Due
to thelimited spaceof this paperthereadeiis referredto [8].

4. HIGHER LEVELS OF ABSTRACTION

The detailedmodelingpresentedn the previous sectionon one
handshaws the expressienessof SPI, but on the otherhandcan
leadto a systemcompleity for realistic applicationswhich can-
not be analyzedwith currenttechniques.In this contet, we can
benefitfrom using SPI, which supportsuncertainty and choose
thelevel of abstractiorappropriatelyfor differentsystemelements.
We presenthreeapproachetowardsabstractiorusingpartsof the
MAC (mediumaccessontrol) protocolof a DECT wirelessbase
stationasanexample.

4.1 DECT Example

Our DECT example hasbeenkindly provided by the authors
of [19]. The system-lgel SDL view in Fig. 6 shaws six differ-
ent SDL processes.The processLower Layer ManagemenEn-
tity (LLME) manageghe completeMAC layer Handwer and
broadcasmanagemenrareperformedby the processMulti Bearer
Controller (MBC) andthe procesBroadcastMessageController
(BMC). The control of the radio links is performedby the cell
sitefunctionprocessefCSF).TheprocesA _CSFperformsproto-
col datatransmissionwhile the othertwo CSFprocessegerform
speecldatatransmission.

4.2 Combination of Behaviors

The useof intenalsin SPIallows conserative combinationof
distinctprocesdehaiorsinto asingleabstractionThis greatlyre-
ducesthe numberof caseghathave to be considerediuringanal-
ysis,andalsoaccountdor the factthatmostcurrentanalysistech-
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Figure 6: SDL Specificationof DECT MAC protocol

niguesdo not distinguishdifferentprocessehaiors.

ConsiderSDL processA CSF in Fig. 6 andits mappingto SPI
in Fig. 7. Differentfrom Fig. 2, the distinction betweendiffer-
ent statesof the correspondingeFSM hasbeenabstractedmak-
ing the self-FIFO of Pa_csk unnecessary)Proces$a csk is sim-
ply activatedby atokenarriving on channeQuvergeTorsm. Process
Pa_csFmere is activatedby a token arriving on channelQa csrsig
and by the correspondingoken arriving on one of QfromLLME
Qfromsnmc OF Qfrommee-

J
----- U AEEEE
- 1:1
QLLMEsig S :2: °
. Lc=0 mi0 s 130
e e m2i1
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Figure 7: SPIrepresentationof SDL processPa csr

Becauseof the signal-flav throughthe system,the activation
of processPa csr is the superpositiorof the activations of pro-
cessedP | me, Pesmc and Pygc, with additionaljitter introduced
by the mapping-and scheduling-dependenelaysof Q+romLLME s
QfromaMe: QfromMee, PacsFmerge aNdQuergeTorsm: Analysisde-
tails of suchactivation propagatiorandsuperpositiortanbefound
in [18]. Ohviously, executiontime andoutputdatarateintervals of
Pa cse arewide dueto abstractiorof its transitionswhich leadsto
moreconserative analysigesults.Thereforethenext two sections
shav transformationsghatincreasemodelingaccurag without for-



feiting analyzability

4.3 Separationof Activation Principles

Sofar, processactivation by asynchronousventshasbeendis-
cussed.Additionally, periodic activation, which may be specified
using SDL timers, SDL clock extensionssuchas[19] or periodic
timing constraintse.g. [12] is possible.If differenttransitionsin
the sameSDL processare activatedasynchronoushand periodi-
cally, thenfor analysisthe asynchronousnd periodic partsof the

SDL processcanbe viewed as mutually exclusive SPI processes.

This separationovercomesrestrictionsof existing analysistech-
nigueswhich usuallycanonly dealwith a singleactiation princi-
ple per process.Communicatiorbetweerthe two processess via
SPIregisterchannelswhichdonotcontributeto processctivation.
We have appliedthistechniqudo proces$s csr, whichapartfrom
the event-actvated transitionsshawvn in Fig. 7 also has periodic
transitions(Fig. 8). Periodicactivation is expressedusinga peri-
odic rateconstraintin consistencevith [12]. Pa csFperiodic Cycles
betweensendand receve modesbasedon the value of tag state
Suchcyclo-statichehaior canbeexploitedfor analysige.g. [13]).
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Figure 8: Separationof SDL FSM into periodically and asyn-
chronouslyactivated processes

4.4 Separationof Scenarios

Typically, in anSDL specificatioronly asubsebf signalsareex-
changedandonly a subsebf transitionsaretakenduring a certain
modeof operationof the system. This is often calleda scenario.
For example,‘idle’, ‘connect’, ‘active’ or ‘disconnect’scenarios
exist in asimpletelephory protocol.

Scenariosremutuallyexclusive,andthuscanbeanalyzedsepa-
rately, which reducesanalysiscompleity without sacrificingaccu-
ragy. Fortiming analysisonly process-transitionshich canbe ex-
ecutedduring a particularscenariohave to be consideredleading
to narraver execution-timeintervals. Furthermore,only timing-
constraintsaapplicableto the scenarichave to be verified.

In Fig. 9, we use messagesequencecharts(MSCs) to shavs
the SDL signalswhich areexchangediuringtheradio-to-linesce-
nario in the DECT MAC protocol. Processe®a csrperiodic and
Ps_csreperiodic are periodically (every 5mg sendingor receving
datato/from the radio. Pg_csrzperiodic 1S @lsosendingdatato the
line every 10ms Datafrom the line is arriving periodically every
1/40 x 10msandactivatesprocesss csrevert, Which hasto col-
lectthedataandpreparehenext B-Frame.Pa csraer IS receving
sporadidourstsof datafrom Pp_ ¢ (datalink control,thenext higher

protocollayer) via Pygc, Psmc andPa csrmege: SDL Processes
P Lme andPg_csk1 (Fig. 6) arenot active.
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Figure9: MSC for radio-line scenario

5. EXAMPLE

Our exampleshavs how the transformationgresentedn this
papercanbeusedto bridgethe gapbetweeranapplicationspecifi-
cationin SDL andexisting system-lgel timing analysigechniques.
The exampleis basedon the radio-to-line scenariointroducedin
Sec.4.4. We focus on the processesiecessaryor the A-frame
(Figs. 7 and 8) and assumea mappingof function to resources
shavn in Fig. 10. Other processesnd channelsare mappedto
theresourcedut notshavn in thefigure.

i
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i oA Moo A 1

' CPU1 ! “ Bus YT CPU2

Figure 10: Analysisgraph for part of the radio-line scenario

In the stepshavn, we appliedour knovledgefrom Fig. 9 that
P.ume is inactive in this scenario. We then translatedthe com-
municationbetweenprocesseito event models[18] (EM; etc.),
sincetheseareneededor schedulinganalysis.We choseto imple-
mentall communicatiorbetweerSDL processeBsyc, Pusc, and
Pa_csr onasinglelogical channelof the bus. Processa csrmerge
is implementedas the bus driver and takes care of transmitting
signalsto Pacsk in the right order Recall from Sec.4.3 that
Pa_csrperiodic @nd Pacsraert have beenintroducedfor analysis
purposesandare mutually exclusive. We canachieve this in case
of afixed-priority scheduleion CPU, by assuminghatthey have
the samepriority.

FromtheDECT-MAC specificationye know thatEMy, is purely
periodic(Fig. 9). Additional designeknowledgetells usthatevent
modelsEM1 andEM, aresporadidoursts.We cananalyzethetim-
ing of Pgymc andPygc usingtheapproactfrom Tindell [21] which
supportsburst. In additionto processesponsdimes,we alsoob-
taintheoutputeventmodels,. e.theabstractiming behaior of the
outputsignals.Sincecommunicatioris meiged,we have to memge



theeventmodelsin orderto analyzebusperformanceThisis done
by swperimposingheoutputeventmodelswe obtainEMy whichis
alsoa sporadidourst. Now, we cananalyzethe bus performanceo
derive eventmodelEMy. Finally, we cananalyzethe performance
of CPU,. For theanalysisof the busandCPU,, we canchosefrom
the vastamountof existing methodsfor a single resource(for an
overview see[6]). Resultcorrectnesss guaranteediueto the use
of eventmodelsandappropriateeventmodeloperationg18].

6. CONCLUSION AND OUTLOOK

In this paperwe presentedransformationgrom SDL specifica-
tionsinto anintermediaterepresentatiotbasedon the SPI model.
This representatiois well suitedfor system-lgel timing analysis
using existing and novel analysistechniques.We thus closedthe
gap betweena systemspecificationin a standardanguage SDL,
andsystem-lgel timing analysiswhich assumes differentview-
point, namelythat of an operating-systemWe explainedthe key
benefitsof eachof the proposedransformations.The separation
of activation principlesinto separatgrocessesllows to emplg
simplerandat the sametime lessconserative activation models.
It alsoreducethe numberof differentbehaiors perprocess.Pre-
dictability andthereforeanalyzabilityincrease.The separatiorof
scenariodelpsusto focuson onescenaricat atime, reducingthe
overall problemin two ways. Firstly, we omit all processesvhich
areinactive in this scenario.Secondlywe furtherreducethe num-
ber of behaiors which have to be consideredat a time. Finally,
we combineall remainingbehaiors of one processinto a single
abstractiorto applyexisting analysisechniques.

Our next stepswill beto applytheindicatedanalysisechniques
for our DECT exampleusingreal performancenumbers.Further
more,we wantto demonstrat¢hata unified SPIrepresentationf a
heterogeneously-specifisgistemenablesnalysisacrosdanguage
boundarieshy analyzinga systemspecifiedpartin SDL and part
in Simulink.
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