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Abstract

1. Intr oduction

The designof complex embeddedsystemstypi-
cally requirescombiningmultiplemodelsof com-
putationfor differentproblemdomains[16]. Two
approachesexist to model such heterogeneous
systems. In the first approach,a single super-
languageis used. In the secondapproach,multi-
ple modelsof computationor languagesareused,
each for a different part of the system. This
approachhasseveral advantages:the modelsof
computationor languagesareoptimizedfor aspe-
cific problem domain, tools and languagesare
well known to designers,companieshave made
largeinvestmentsin thosetools,andmany design
librariesareavailable[7].
However, while each of thesemodels of com-
putation has propertieswhich can be exploited
for analysisandoptimizedimplementation,these
propertiesare different for eachmodel, thus in-
hibiting systemanalysisandoptimizationacross
languageboundaries.In orderto solve this prob-
lem, we proposea design-flow wherethe multi-
languageinput specificationis translatedinto a
common representation,the SPI model. SPI
(System Property Intervals) [26, 25, 20] is an
internal high-level representationthat facilitates
global, system-level analysis, optimization and
synthesisof heterogeneouslyspecifiedembedded
systems.
Since researchin systemdesignautomationre-
quiresahigheffort to build thenecessaryenviron-
mentsto obtainresultsfor relevantexamples,and
becauseof the large numberof input languages,
possibleanalysisand synthesisapproaches,the

SPIWorkbench is beingbuilt asanopenresearch
platform offering opportunitiesfor original con-
tributions,exchangeof algorithmsandaccessto
demonstratorsrelatedto theSPImodel.
SPI is basedon themodelof communicatingpro-
cesses,but with processfunction abstractedinto
a setof externallyvisiblepropertiesnecessaryfor
system-level analysis.A majorcontributionto the
high semanticflexibility of the model is the use
of behavioral intervals,e.g.time-intervalsor data-
rateintervals,to capturedata-dependentbehavior.
Behavioral intervalsalsoallow to incorporatein-
completespecificationsor legacy code,whosein-
ternaldetailsareonly partially known.
Most high-level languagesor modelsof compu-
tation arewell suitedfor functionalspecification
and simulation,but typically lack formalismsto
modeltiming requirementsandconstraints.As a
result, timing is testedtoday by simulation late
in the design flow. However, it is practically
impossibleto test complex systemscompletely,
andextremelyhardto find test-patternsthatcover
the cornercases.The satisfactionof timing con-
straintsthuscannotbeguaranteed.
Since this is one of the most time-consuming
problemsin embeddedsystemdesign, the cur-
rent focus of our work is on the modeling of
timing-constraints,timing-analysis,andschedul-
ing strategiesthatsatisfyall timing constraints.
In Sec.2, the SPI workbenchis describedin de-
tail, followed in Sec.3 by a formal introduction
of the most importantSPI concepts. A model-
ing exampleis introducedin Sec.4 that is used
throughoutthepaper. In Sec.5, a translationfrom
an input specificationinto SPI is describedusing
the tool Simulink asan example. Theannotation
of timing-constraintsis shown. In Sec.6, a static
approachis explainedasanexamplefor process-
level timing analysis.A cyclo-statictechniqueis



usedasanexamplefor system-level timing anal-
ysisandschedulingin Sec.7, followedby a con-
clusionin Sec.8.

1.1.RelatedWork

An outlineof thestateof thepracticeandthestate
of the art in the areaof hardware/softwarecode-
sign is given in [7]. There, the insufficient co-
herency of the different languages,methodsand
tools is identifiedasa substantialobstacleon the
way to a higherdesignproductivity andto a reli-
abledesignprocess.A comparisonof many mod-
els of computationacceptedin industrial design
andsupportedby anextensive setof designtools
canbefoundin [5].
PtolemyII [9] is a framework thatsupportsinput
specificationswith multiple modelsof computa-
tion. It thus facilitatescommonsimulationand
functional verificationat a high level of abstrac-
tion. However, thereis no clear path to system
implementation.In particular, behavioral intervals
arenot consideredwhich inhibits efficient model-
ing of data-dependentbehavior.
Several hardware/software co-design environ-
mentsareavailablefrom accademia.BothPOLIS
[1] andCOSYMA [8] supportsco-designfor re-
active systems,but are limited to a small set of
input languages,schedulingandallocationstrate-
gies.As with PtolemyII, behavioral intervalsand
timing arenot formalized.
Simulink [19] is usedas an example input tool
for SPI in this paper. Its underlying model of
computationis time-driven.Real-TimeWorkshop
[18] is the standardsoftware code-generatorfor
Simulink. It can be usedfor prototypingor as
a basisfor productioncode,but lacks the ability
to guaranteetiming. Timing is also a problem
for otherSimulink code-generators,suchasTar-
getLink [11].
In staticprocesstiming analysis,awell known ap-
proachis basedonimplicit pathenumeration[17].
The userprovides linear (in)equationsto define
falsepaths. To evaluatethese(in)equations,the
upperand lower boundidentification is mapped
to two ILP problems.However, estimatedbounds
are wide becauseautomaticpath analysisis not
supportedas in [24, 23], which is the approach
usedhere.
For heterogeneoushardware-software systems,
typically neitherpurely staticschedulingpolicies
suchasthosedevelopedfor synchronousdataflow
(SDF) [15], nor purely dynamicschedulingpoli-
ciessuchasEDF (earliestdeadlinefirst) areap-
propriate.Instead,combinationsof staticanddy-
namic policies, e.g. quasi-staticscheduling[14]

usuallyprovidea reasonablecompromise.
Techniquesrelatedto quasi-staticschedulinghave
beendevelopedfor specificationmodelssuchas
dynamicdataflow graphs[2], actorswith data-
dependentexecutiontimes [10], and free choice
Petri nets [21]. In [22], we have proposeda
symbolic schedulingapproachfor a mixed data
flow andcontrol flow specifications.The gener-
ateduni-processorschedulesconsistof statically
scheduledblockswhich aredynamicallycalledat
run-time.
Here,we presenta complementaryanalysistech-
nique that checkstiming constraintsin the pres-
enceof latency intervals,andif possiblereturnsa
cyclo-staticmultiprocessorschedule.

2. The SPI Workbench

In this section,theconcepts,structureandimple-
mentationof theSPI (SystemPropertyIntervals)
workbencharepresented.
Fig. 1 shows the workbench structure. In-
put is a systemwith its systemfunction cap-
turedin domain-specificinput languagesor tools
with differentunderlyingmodelsof computation
(Dataflow, StateCharts,...),andsomecouplingin-
formationbetweenthedomains.Thereareseveral
advantagesof sucha multi-languagerepresenta-
tion comparedto using a uniform systemspeci-
fication language:eachmodelof computationor
languageis optimizedfor a specificproblemdo-
main, languagesanddesigntoolsarewell known
to designers,companieshave madelarge invest-
mentsin thosetools,andlargedesignlibrariesare
available[7].
Domain-specificoptimizations like transforma-
tionsof signalflow graphsor compositionandde-
compositionof state-baseddescriptionsare best
performed in these input languages. Simula-
tion andfunctionalverificationcanbeperformed
on combinationsof differently describedsystem
parts,independentof the SPI representation,us-
ing existing tools and co-simulationapproaches
[7]. However, themodelingof timing, in particu-
lar with behavioral intervalsandacrossinput lan-
guages,aswell asthespecificationof timing con-
straintsarenot possible.
To enablesystem-level analysis,in particularof
timing, input languagesaswell as IP andlegacy
blocksaretransformedinto a SPI representation.
In this process,systemstructure (functional el-
ements,states,channels,interfaces)as well as
their externally visible properties(datarates,ex-
ecutionrates,activation functions)are captured,
while functionaldetailsareabstracted.After the
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Figure 1. SPI Workbenc h Structure

transformationto SPI,theheterogeneouslyspeci-
fied subsystemshave beenmergedinto a uniform
representationthat facilitatescombinedanalysis
andsystemsynthesis. SPIis thusasystemcoordi-
nationlanguage.
Theinput languagesalsohaveto betranslatedinto
hostlanguages(C/C++,HDLs, ...) thatimplement
thefunctionof theabstractmodelsusedby thein-
put languages,andthatarewell suitedfor imple-
mentation.
The high level of detail which is commonto the
hostlanguagesmakesthemsuitablefor modelex-
ecutionandanlysisof behavioral intervals, in par-
ticular architecture-and data-dependenttiming.
Code-generatorsavailablefor the variousmodel-
ing tools typically generateoutput in thesehost
languagesand can be re-usedin the SPI work-
bench,potentiallywith slightmodifications.
Clusteringis importantto control the granularity
of thegeneratedprocesses.It shouldbe indepen-
dentof thehierarchyoftenusedin block diagram
orientedtools,sincethis is typically a structuring
conceptto facilitate comprehensionand naviga-
tion of thedesign.However, this kind of structur-
ing usuallydoesnot yield the bestclusteringfor
implementation.
The coupling information between input lan-
guagesmustbemodeledin SPIwith sufficientde-
tail to allow processschedulingaswell asmem-
ory sizing. Onesolution is messagepassingbe-
tweenprocessesvia abstractchannels,sincethisis

aclosematchwith theSPImodelandis supported
by most codegenerators.Becauseof the com-
patibility of the subsystemsthis stepis substan-
tially simplerthanthecouplingfor (co)simulation
wheretheinterfacemustprovidethetransitionbe-
tweendifferentsemantics.
Timing analysisis necessaryto guaranteecorrect
implementationof embeddedreal-timesystems.
OntheSPIlevel, timing constraints(sensorto out-
put latency, deadlines,executionratejitter, ...) can
be specifiedexactly asneeded,alsoacrossinput
languageboundaries.Theresultis aformaldesign
spacedescriptionthat capturesboth function and
constraints,andallows to applya varietyanalysis
andsynthesistechniques.
Estimationandanalysisof target architecturesis
necessaryto obtain execution times (as well as
otherinformationrelevantto synthesis,e.g.power
dissipation). Analysis, estimationand synthesis
are not part of the workbenchbut part of exter-
nal toolsandenvironmentsto accountfor thelarge
numberof targetarchitecturesandpossibleanaly-
sis andsynthesisapproaches.Therefore,the SPI
workbenchis open, and we only provide inter-
facesto readthe SPI representationof a design
andto back-annotateresultsinto a SPIgraph.
For timing analysisof singleprocesses,profiling
andsimulationwith selectedtestpatternsarethe
state-of-the-artin industry, but since exhaustive
simulation is impractical, simulationresultscan
only coverpartof thesystembehavior, oftenwith



unknown coverageof critical cornercases.Static
analysisis amorecomplicatedbut attractivealter-
native. It provideslowerandupperboundsreflect-
ing datadependentcontrolflow aswell asdatade-
pendentstatementexecutiontiming.
For system-level schedulingandallocation,asys-
tem architecturemodelis necessary. We arecur-
rently working on a set of architectureparame-
ters that presenta suitablearchitectureabstrac-
tion for our purposes.System-level timing anal-
ysiscanthenbeperformedusingthesetof system
parametersand the systemstructurecapturedin
SPI, timing constraints,process-level timing esti-
mationandthearchitecturemodel.
Visualizationshall be usedfor SPI graphmanip-
ulation andsynthesiscontrol. It offersadditional
possibilitiesfor debuggingof theworkbenchfunc-
tion itself aswell asof theimplementedsynthesis
techniques.

2.1.Implementation

Two implementationsof the SPI datastructures
areavailablewhich canbe transformedinto each
other. Thefirst is in C++ andis usedfor efficient
navigationandmanipulationof theSPI represen-
tationof adesign.Thesecondis in XML [12] and
is usedfor easy, textual interfacingbetweenvari-
oustoolsandtheSPIworkbench.Thecorrectness
of a SPIgraphcanbevalidatedby a SPI.DTD(a
grammarfile usedto defineXML-tags and their
properties).
The specificationof clusteringand timing con-
straintsis alsodonein XML to facilitateintergra-
tion with theSPIrepresentationof asystem.

3. The SPI Model

In this section, the main conceptsof the SPI
(SystemPropertyIntervals)modelareintroduced
usinga small example. Sincethe main focusof
thepaperis on theSPIworkbenchandnot on the
SPImodel,theintroductionis restrictedto theex-
tent necessaryfor the understandingof the pre-
sentedmethodology. A formal definition of the
SPImodelcanbefoundin [?, ?].
In the SPI model, a systemis representedas a
set of concurrentprocesseswhich communicate
tokensvia unidirectionalchannelsthat areeither
FIFO-orderedqueues(destructive read)or regis-
ters(destructivewrite). Processesaswell aschan-
nels arenot characterizedby their exact internal
functionalitybut by their abstractexternalbehav-
ior. This behavior is capturedby a setof param-
etersthat enablethe adaptationto differentinput
languagesor modelsof computation.

Theseparametersincludedata ratesdenotingthe
numberof tokensconsumedor producedby apro-
cessper executionon a certainchannel,latency
timesdenotingthetimebetweenstartandcomple-
tion of a process,andactivationfunctionsdeter-
miningbasedon thetokenson incomingchannels
whethera processis readyfor execution.For ex-
ample,processrts in Figure2 consumes1 datato-
kenandproduces2 datatokensat eachexecution,
andthe latency time of rus is 1ms. Sinceno acti-
vationfunctionis explicitely specifiedfor rus , it is
assumedby default that rts is activated,i. e. ready
for execution,if thereareenoughtokensfor one
execution(in the exampleat leastone)on its in-
comingchannel.

1ms 3ms[3ms,5ms]

1

2P1 P2 P3C1 C2
[1,3]

[2,5]

4

3

Figure 2. SPI Example

Processrus is completelydeterminateandall pa-
rametersare fixed in value. This is not neces-
sarily the casefor all processes,since the pro-
cessbehavior may dependon incoming dataor
an internal state. Thus, the SPI parametersmay
bespecifiedasbehavioral intervals, e.g. time in-
tervals and communicationintervals, i.e. inter-
vals of producedand consumeddata capturing
data-dependentcommunication. Moreover, be-
havioral intervalsallow thespecificationof upper
andlower boundsin theinput language.This en-
ablesthe integrationof processeswhoseinternal
functionaldetailsareonly partiallyknown,partic-
ularly ”legacy code”.
In the example,Processr/v is specifiedwith be-
havioral intervals.Theseintervalsrepresentlower
andupperboundsfor the actualvalueof the cor-
respondingparameter. Thus, r/v consumesat least
1 andat most3 tokensfrom channelw s andpro-
ducesat least2 andat most5 tokenson channelw v , respectively. Thelatency timeis between3ms
and5ms.
Due to the useof behavioral intervals, the corre-
lation betweenprocessparametersandthecausal
couplingof processactivationsis lost. This may
leadto worst-caseestimationsthat arenot based
on the desiredsystembehavior and may cause
falserejectionor inefficient implementationof the
system. Thus, the conceptof processmodes[?]
wasintroducedthatenablestheexplicit modeling
of differentexecutionpathswithin a process.For
this purpose,a setof modesis associatedto each
process,wherea modeis a tupelof dataratesand
latency time describingoneor a subsetof execu-



tion paths.For example,processr/v may berep-
resentedashaving two alternativemodes:

x szy|{n} ms~���~��N�x v�y|{K� ms~�}q~��N�
Thene.g. in modex s processr v ’slatency is3ms,
it consumes1 token andproduces2 tokens,etc.
Nevertheless,withoutspecifyingwhenprocessr/v
shows a behavior describedby oneof themodes,
thebehavior of r/v is still asuncertainaswith the
specificationusingthebehavioral intervals.
Examples show that in many systems, there
are distinct execution pathsalso acrossprocess
boundaries.Oneof theseexamplesis anMPEG2-
Encoder, where the behaviors of its functional
blocksdependsonthecodingtypeof thecurrently
processedimage. To enableto representationof
thesedependencies,modetagsareattachedto to-
kens.Thesemodetagsrepresenttherelevantcor-
relationinformationalreadyinherentin the com-
municateddatabut not capturedby the abstract
SPItokens.
To utilize this correlationinformation,theactiva-
tion functionis enhancedby apossibilityto select
themodeaccordingto which theprocesswill ex-
ecute. Thus, the activation function is no longer
only dependenton the numbersof availabledata
tokens but also on the valuesof their attached
modetags.In theexample,theactivationfunction
may be formulatedasa setof rules. Theserules
mapinput tokenpredicatesto modes.For processr�v , theserulesmaybe:

� s�� {�� sG� �f� x�� ���f��{ ‘a’ ��� sG� � �,� �=�� x s� v�� {n� sG� �f� x�� }P�f��{ ‘b’ ��� sG�k� �,� �t�� x v
Assumingthatprocessrts attachesoneof thetags
‘a’ or ‘b’ to all producedtokens,the behavior ofr�v is completelydeterminate.If thereis at least1
availabletokenon channelw s andif thetag‘a’ is
includedin thetagsetof this token,processr v is
activatedin modex s . Analogously, if thereareat
least3 tokensavailableon w s andthefirst onehas
‘b’ in its tagset, r v is activatedin modex v .
For theimplementationof embeddedsystems,not
only thesystemitself but alsoits environmenthas
to be regarded. To enablethe representationof
systemand environment in a single model, vir-
tual processesand channelsare introducedthat
have the samesemanticsas non-virtual model
elements[?]. Sincethey are not part of the sys-
temfunction,they donothaveto beimplemented,
they ratherprovideadditionalinformationfor syn-
thesis.Besidesthe representationof the environ-
ment,thesevirtual modelelementsallow themod-
eling andcombinationof a variety of modelsof

computationswith different activation principles
in aclosedform.
Part of the environmentare also constraintsthat
theimplementationof thesystemhasto fulfill. Of
particularimportancearetiming constraints,that
canbe modeledin SPI by meansof latencypath
constraints. Latency pathconstraintslimit for all
causalchainsof datatokenson a certainpaththe
time betweentheir production the first channel
of the path and their consumptionfrom the last
channelof thepath[?]. Othertiming constraints,
e.g. rate constraints,canbe modeledby latency
constraintsovervirtual channels[?].
examplefor constraints
closing paragraphmentioningshown representa-
tionsof MOCsandfunctionvariants

4. Example

Theexampleusedhereis a systemfor evaluating
codebooksfor a CodeExcitedLinear Prediction
(CELP)algorithm. An incomingspeechsignalis
filteredby aLinearPredictionCoding(LPC)anal-
ysis filter to producea noise-like residual. After
determiningthefilter-coefficientsonaframeof 80
speechsamples,thesesamplesarefilteredoneby
one.Blocksof 40filter outputsarecomparedwith
a codebookof 1024referenceblocks.
The numberof the best-matchingcodebooken-
try is sendserially throughthe channel. At the
receiving side,the speechsignal is reconstructed
from the appropriatevectorout of the codebook
andthecorrespondingfilter-coefficientswhichare
alsotransmittedto thereceiver.
A SPI representationof the systemis shown in
Fig. 3. The numberof tokensconsumedby pro-
cessLPC anal. (a) andby LPC synth.(s)ontheir
upperinput channelsis not a constantbut equals
oneeach80thfiring andzero otherwise.To model
this kind of behavior, process� and � both have
two modes( x��G� sG~ x��G� v and x���� s�~ x���� v , respec-
tively.) Mode-tagssentvia virtual feedbackchan-
nels w ��� and w ��� areusedto switchbetweenthe
two modesasshown in the mode-tagproduction
rulesin Fig. 3.

5. Input Specificationin Simulink

Simulink [19] is a time-driven industry standard
tool for simulatingmixed reactive/transformative
dynamic systems. It supportscontinuous-time,
discrete-time(alsomulti-rate)or a hybrid of the
two. The basicexecutionmodel is extendedby
additionalsemantics,suchasenabledsubsystems.
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Figure 3. SPI graph for CELP algorithm

Several C-code generatorsare available ([18],
[11]). Their main weaknessis their inability to
guaranteetiming.

5.1.Simulink Model of Computation

In Simulink, valuesare communicatedbetween
blocks over directededgesthat have register se-
mantics. Consequently, in multi-rate designsa
valueon an edgecan be readmultiple times, or
it canbeoverwrittenbeforehaving beenread.
A Simulinksystemis executedatcertainpointsin
time dependingon the solver selected.An ideal-
izedtiming modelis usedfor blockexecutionand
communication.Both happeninfinitely fastat ex-
act pointsin simulatedtime. All valueson edges
areconstantin betweentimesteps.

5.2.Translation to SPI

While the Simulink modelof time is suitablefor
simulation,it obviouslycannotbeimplementedin
an embeddedsystem,explainsthe problemscur-
rent codegeneratorshave with timing. Our goal
is to relaxtherestrictive Simulink timing without
violating thefunctionalsemanticsof Simulink. It
then becomespossibleto specify critical timing
constraintsas needed. This results in a larger
design-spacefor explorationandimplementation.

1. EachSimulink block (or clusterof Simulink
blocks,Sec.5.4)is mappedinto oneSPIpro-
cess.

2. EachSimulink edgeis mappedinto oneSPI
register channel to maintain Simulink de-
structive write, non-destructive readseman-
tics. One token is written (read) on each

registerchannelperactivationof thewriting
(reading)process.

3. A pair of virtual FIFO-queuesis generated
betweenevery two processesthatcommuni-
cateover a register channel. Activation of
the generatedSPI processesis enabledby
availability of tokenson thosevirtual FIFO-
queues.The time-drivenSimulink modelof
computationis thustransformedinto a data-
drivenmodelwhich is supportedby SPI.

4. Relative executionratesandpartialordering
betweenSimulink blocksaremaintainedby
writing (reading)the appropriatenumberof
tokensto (from) eachvirtual queue,andby
the numberof initial tokenson eachvirtual
queue,as specifiedin the following equa-
tions.

�	 �¡£¢�¤ {nr ¡ �¥y � � {�¦ ¡ �
�¨§ª©�«£¬�­P®�¯°¬ ®²±�³ y �� �¡´¢@¤ {�r ¢�µ �t¶·�
�¨§ª©�«£¬ ®²± ¯¸¬�­P® ³ y �� �¡´¢@¤ {�r/¹ ¢ �

�	 �¡£¢@¤ {�r ¡ � is thenumberof tokenswrittenand
readby process{�r ¡ � per executionon each
of its virtual channels. � � {n¦ ¡ � is the sample
time of block º . � § © is the numberof ini-
tial tokensonvirtual queuew=» . Thedirection
of queuew=» is indicatedby indices r/¹ ¢ andr ¢@µ , which refer to the writing andreading
processesof thecorrespondingregisterchan-
nel.

A simple Simulink systemand its translationto
SPIcanbeseenin Fig. 4 and5.



¼=½¾£¿PÀÂÁ
ÃÂÄÅ�Æ�Ç�È

ÉfÊË�ÌPÍ,Î ÏÂÐÑ£Ò�Ó�ÔÕ£Ö ×�Ø
Ù�Ú

Figure 4. A simple Simulink bloc k di-
agram

Û�Ü Ý�Þ

ßqà

á	â

ã�äåGæ

ç

èéêë
ì

í�î

ïKð

ñKò

ónôõ
ö

÷
øúù
û ü

ý

þ

ÿ�
�� �

��� �
�
	��


���

�
��� ��
Figure 5. Generated SPI graph

5.3.(Re)introducing timing constraints

Oncethe designhasbeentranslatedto SPI, tim-
ing constraintscanbespecifiedexactlyasneeded,
alsoacrossinput languageboundaries.For exam-
ple,anexactlatency constraintonavirtual “self”-
channelof a process(suchasproccessLPC anal.
in Fig.3) forcesanexactperiodicactivationof this
process. This automaticallyproducesthe maxi-
mumpossibleexecutiontime intervalsfor all pro-
cessescoupledto thisprocessthroughpairsof vir-
tual queues[13].

5.4.Example: LPC Analysis

������ �� �! " #%$'&)(%* +,�-/./021
3 4!576)8%9 :;�</=/>@? A�BDC E/BF�GDH I/G

J)K'LM�N/ODP QSRDTUWV�XDY Z![ \DY]_^ `�acb d!e dgfih/j `�dk'lDmcl�n ocp q�n
rs tcu
vw xDy

Figure 6. Simulink design with two
modes

Fig. 6 shows a Simulink system that can be
mappedinto the processLPC anal. in Fig. 3.
It consistsof two subsystemsthat modelthe two

possiblemodesof processLPC anal., andareen-
abledalternatively by thesignalen.
SinceSimulink blocks communicateover regis-
ter channels,the FIFOsin Fig. 3 aremodeledin
Simulink asadditionalblocks. An additionalop-
timizationstageis necessaryto convert theminto
SPIFIFO channels.

6. Process-Level Timing Analysis

For furtherprocessmodelingon anabstractlevel,
conservativeexecutiontiming intervalsfor all pos-
sible sets of input data are needed. Processes
under investigationusually have a set of unpre-
dictableinput data,a compilablesourcecodeand
may have differentexecutionmodesthatabstract
a subsetof the input datato theprocessunderin-
vestigation.

6.1. Static Timing Analysis

The executiontime model in [17] is established
asastandardmodelfor staticapproacheswhich is
calledthesum-of-basic-blocksmodelin [24, 23].
Let a programconsistof z basicblockswith { ¡
the executioncountof basicblock ��� ¡ and � ¡ its
executiontime. Then,theexecutiontime is given
by thesumof all basicblock executioncounts{ ¡
multiplied with their executiontimes � ¡ given by
architecturemodeling. Both { ¡ and � ¡ are inter-
vals with respectto the bestcaseandworst case
bounds. The sum-of-basic-blocks modeldefines
theprogramexecutiontiming interval w as:

w y
|}
¡ � ¡�~ { ¡

For theexecutioncountintervals { ¡ , thedesigner
provides an implicit descriptionof the possible
pathsby meansof linear equations.Thesefunc-
tionalconstraintsrelatetheexecutioncounts{ ¡ of
the basicblocksin the control flow graph[17] to
eachother. The structuralconstraintsdefinean-
othersetof equations:Theexecutioncountinflow�

of abasicblockequalsits executioncount { and
its executioncountoutflow.})�7� � ¡!���g��� ¹ y�{ ¡�� �i� y }_�i� � �'��¤��g��� ¹
These(in)equationsfor the upperand the lower
execution count bound are mappedto two ILP
problemswhich canbe solved to derive the con-
servative executioncount interval for eachbasic
block which deliverstheoverall executiontiming
interval. It is assumedthat all executionsof one



basicblock have thesamecost � ¡ . However, data
dependentinstructionexecutionandsuper-scalar
or super-pipelinedarchitectureswith overlapping
basic block execution, as well as unpredictable
cachebehavior leadto widely varying local path
cost with respectto latency time. For thesear-
chitectures,thesum-of-basic-blocksmodelcannot
provide closebounds,but mustbe pessimisticto
be correct. For higheraccuracy, basicblock se-
quencesin programsegmentsmustbeconsidered.

6.2.SingleFeasiblePaths

Programpropertiescan be exploited to simplify
pathanalysisfor the determinationof the execu-
tion timing alongbasicblock sequences[24, 23].
Largepartsof typicalembeddedsystemprograms
have a single programpath for any input data,
even though this path may wrap around many
loops, conditional statementsand even function
calls which areusedfor programstructuringand
compacting.Examplesarean FIR filter, an FFT
or the LPC analysis/synthesiswith input datain-
dependentcontrol flow. A programsegmenthas
a SingleFeasiblePath SFP, whenpathsthrough
this segmentarenotdependingon inputdata.
Previousanalysisapproachesgive morethanone
executionpathfor SFPsegmentsbecausethey do
notdistinguishbetweeninputdatadependentcon-
trol flow and programstructuringaids. In the
bestcase,path analysismay be accuratebut re-
quiresmuchdesignerinteractionfor SFPprogram
segmentsandstill doesnot deliver the pathseg-
menttiming with overlappingbasicblock execu-
tion suchas[17]. In caseof SFP, executionwould
choosetheonecorrectpathandsequencefor any
input patternwithout designerinteraction.

6.3.Multiple FeasiblePaths

Most practical systems also contain non-SFP
parts. A programsegment has Multiple Feasi-
ble PathsMFP, whenpathsthroughthe program
segment are dependingon input data. SFP are
exploited by finding SFPandMFP nodesin the
control flow graph. EmbeddedMFP are cut out
andanalyzedseparatelyusingtheapproachin 6.1
while SFPareanalyzedby simulatingthe timing
of the only path with an off-the-shelfprocessor
simulatorexploiting the given sequenceof basic
blocks.TheILP approachin 6.1canintegrateSFP
aswell asbasicblocksfor the � ¡ . In ourLPCanal-
ysis/synthesisexample,only thecontrol structure
selectingthepartof thecodeexecutedin thefilter
modeor in thecoefficient updatemodeleadto an

MFP for now. The programsegmentfor the fil-
terandthecoefficientupdatearecompletelyclus-
teredto oneSFPeach.Theprocessexecutiontim-
ing is an interval boundby the lower and upper
executiontiming � of thetwo SFPmultipliedwith
their executioncounts{ accordingto 6.1, regard-
lesswhichmodeit is executedin.

6.4. Context DependentPaths

We have arguedthat the designeris often inter-
estedin a context dependentprocessbehavior, re-
ferredto asprocessmode. In eachcontext, only
a subsetof pathsthrougha programsegmentcan
beexecuted.This potentiallymeansreducedcost
boundswhichcouldbeexploitedfor processanal-
ysis. For a given context, control structuresde-
pendingon the input datadefinedby the context
have a singlepathonly. In otherwords,the con-
textscorrespondingto certainmodesturnanMFP
segment into a segmentwith a single path. We
will call suchasegmentaContext DependentPath
programsegmentCDP. For analysisof the given
context, it is treatedlikeanSFP-segment.For dif-
ferentmodes,SFPsegmentsandfunctionalcon-
straintsfor the remainingMFP segmentsstaythe
same,while a differentblock of CDP canbe ex-
tractedfrom theMFP segment.
In ourexample,thefilter modeandthecoefficient
updatemodeboth turn the MFP from 6.3 into a
CDP. This is clusteredwith theSFPof theaccord-
ing mode. As thereis only onepathper context,
thecontext dependentexecutiontiming interval is
reducedto a single value per modeas no MFP
analysisis necessaryand eachexecutiontiming
canbedeliveredby simulation.

7. Global Timing Analysis and
Scheduling

In [3], we presentnecessaryand sufficient con-
ditions for detectingwhethera SPI modelgraph
hascyclo-staticbehavior or not. Cyclo-staticbe-
havior [6] meansthat the consumptionand pro-
duction ratesof the processesin the SPI graph
aresuchthat the systemreturnsto the sameini-
tial buffer statewithin a finite numberof actorfir-
ingsof eachprocessandsubsequentlyrepeatsthis
behavior forever.
Our now following global analysistechniqueal-
lows to checktiming constraints,i.e., latency path
constraintsof all legalexecutionsequencesof SPI
modelswith cyclo-staticfiring behavior.
Hereis a shortsummaryof of our analyzistech-
nique:First,agivenSPIgraphis convertedinto an



equivalentmarked graph1 [4] by unfolding each
actorasmany timesasis necessaryin orderto de-
velop a periodic (cyclo-static)behavior. For the
example of the CELP algorithm representedby
the SPI graphin Fig. 3, processLPCcoefhasto
appearonce, dup, LPCanaland LPCsyntheach
80 times, codematch,codelookup2 times, and
theprocessnamedchannelhasto beactivated20
times within a cyclo-staticexecutionperiod, see
alsoTable1.
In orderto1)checklatency pathconstraints,2)de-
rive a multiprocessorschedule,and3) minimize
someobjective, for instancethe latency (period)
of sucha periodic activation, we formulateand
solveanILP (integerlinearprogram)basedonthe
unfoldedmarkedgraphequivalent.
A periodicschedule(with period r ) of a marked
graph�|y {i�t~�� ~��G� is afunction �$� �|����� , as-
signingastarttime �¨{D� ¡ ~��Y�=y � {�� ¡ �������urú~���� ���� to eachvertex � ¡ ��� , so that for all edges{D� ¡ ~'� » � � � : � {D� » � ¶ � {D� ¡ � �¢¡ ¡ ¶�� ¡ » � r
where �¨{�� ¡ ~�� � y¤£ for all �¦¥§£ . �¨{�� ¡ ~�� �
is the start time of the � ¤�¨ iteration of vertex � ¡
and � � �¥� � � assignsthe numberof ini-
tial tokens � ¡�� » to eachedge {D� ¡ ~'��»�� �©� . ¡ ¡ is
the executiontime (latency) of vertex � ¡ . Now,
given a marked graph � y {ª�=~��°~��G� , a function« ¹ � � �¬� � ~_�­���®� denotingthe latency of �
theminimumpossibleperiod r°¯ ¡!� maybefound
by solvingtheoptimizationproblem

r°¯ ¡!� y²±´³/µ�¶�r¸·q{�¹� ~�r°�º�¼»¬½w ¹�¿¾ � ¹¡ÁÀ
in which ½w is theincidencematrixof � of dimen-
sion · �Â· ~ · �Ã· . For fulfilling anumberof givenla-
tency pathconstraintsÄ � �_Å ��yÆ¶ÈÇ w s ~ ���	� ~�Çúw�É À ,
thefollowing inequalitiesmustbesatisfied:

� �´��¤ � ¯ ¡c��� �ËÊ � É ��¤�¨�� �ËÊ � � ��¤ � ¯ �2ÌN� � ~ � y|��~ �	��� ~iÄ
In [3], we have shown that this canbe achieved
by addingfor eachpathconstraintÇúw � the two
inequalitiesto thelinearprogram:

�)Í ��µ�� � ¶ � � ¤ ��¢@¤ � � � }Í�Î7Ï É ��¤�¨
Ð � ¡ �úr �
� � ��¤ � ¯ ¡c�q� � � ¡ � ¤ ��¢@¤ � � ¶ ¡ Í ��µ�� �

� �²¤ ��¢�¤ � � ¶ �)Í ��µ�� � ¶ }Í Î Ï É ��¤�¨ Ð � ¡ �úr �
¶ � � ��¤ � ¯ �2ÌN� � ¶ ¡ �²¤ ��¢�¤ � � � ¡ Í ��µ�� �

Here, �)Í ��µ�� � ( � � ¤ ��¢@¤ � � ) denotethestarttime of the
last(first) nodein thepathof constraintÇúw � .

1In amarkedgraph,eachactorappearsonly oncein aperi-
odicschedule.

Finally, thelatenciesof eachactorareintervalsfor
generalSPIgraphs.So,theelementof thevector¹¡ becomevariables,too,boundedby¹¡ÒÑÔÓ ÕÖÊ ¹¡×Ê ¹¡ÒÑÔØ'Ù
basedontheinterval descriptionsof eachprocess.
In [3], weproposealsoanumberof variantsof this
linear programsuchasto minimize implementa-
tion costs,to satisfyresourceconstraints(here,it
is assumedthateachprocessis implementedon a
dedicatedresource).
For the CELP algorithm,Fig. 7 shows the result
of a feasiblemultiprocessorschedulingeachac-
tor of theunfoldedSPI(marked)graph.Thepro-
cessexecutiontimesperactivationaregivenin Ta-
ble 1. Note that LPCcoef,LPCanalandchannel
arethe only processeswith an interval specifica-
tion of their executiontime. Thereis an intervalÚ �q~�ÛÈÜ for thelatency of LPCcoefandLPCanalde-
pendingon whetherexisting coefficients or new
coefficients are processed.For the channelpro-
cess,we want to check latency path constraints
in casethe channeltransportexecutiontime may
vary in between20 to 50 time units per activa-
tion, seeTable1. Finally, let us formulatea la-
tency pathconstraintÇúw É ��¤�¨ y Ú £ ~	����£�£ÈÜ for any
token traveling on the computationpath Ä � �_Å y{����N~��WÝY~����q~��2Û ~��gÞN� . Obviously, the latency path
constraintis satisfiedfor thecyclo-staticschedule
shown in Fig. 7 for anassumedexecutiontime of
20 time unitsfor eachactivationof processchan-
nel. However, for an assumedexecutiontime of
50 time units, the ILP becomesinfeasible,hence
the latency pathconstraintwill not be satisfiedis
thechannelrequirestheupperboundof its latency
interval.

Process Latency Ç � � Activations
min max perperiod

dup 1 1 80
LPCcoef 200 200 1
LPCanal 5 6 80
codematch 150 150 2
channel 20 50 20
codelookup 75 75 2
LPCsynth 5 6 80

Table 1. Execution times of CELP pro-
cesses in time units.

8. Conclusion

(Marek,Dirk, max0.5pages)



Figure 7. Gant-c har t of a cyclo-static schedule for the CELP algorithm (one period)
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