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Abstract

1. Intr oduction

The designof complex embeddedsystemstypi-
cally requirescombiningmultiple modelsof com-
putationfor differentproblemdomaing16]. Two
approachesexist to model such heterogeneous
systems. In the first approach,a single super
languagds used. In the secondapproachmulti-
ple modelsof computatioror languagesreused,
eachfor a different part of the system. This
approachhasseveral advantages:the modelsof
computatioror languagesireoptimizedfor aspe-
cific problem domain, tools and languagesare
well known to designerscompanieshave made
large investmentsn thosetools,andmary design
librariesareavailable[7].

However, while eachof thesemodelsof com-
putation has propertieswhich can be exploited
for analysisand optimizedimplementationthese
propertiesare different for eachmodel, thusin-
hibiting systemanalysisand optimizationacross
languageboundaries.In orderto solve this prob-
lem, we proposea design-flav wherethe multi-
languageinput specificationis translatedinto a
common representationthe SPI model. SPI
(System Property Intenals) [26, 25, 20] is an
internal high-level representatiorthat facilitates
global, system-lgel analysis, optimization and
synthesiof heterogeneouslgpecifiedembedded
systems.

Since researchin systemdesignautomationre-
quiresahigheffort to build thenecessargnviron-
mentsto obtainresultsfor relevantexamplesand
becauseof the large numberof input languages,
possibleanalysisand synthesisapproachesthe
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SPIWbrkbend is beingbuilt asanopenresearch
platform offering opportunitiesfor original con-
tributions, exchangeof algorithmsand accesgo
demonstratorselatedto the SPImodel.

SPlis basedonthe modelof communicatingpro-
cessesput with processfunction abstractednto
a setof externallyvisible propertiesnecessaryor
system-lgel analysis.A majorcontributionto the
high semanticflexibility of the modelis the use
of behaioral intervals,e.g.time-intenalsor data-
rateintervals,to capturedata-dependeritehaior.
Behavioral intervals alsoallow to incorporatein-
completespecificationor legag/ code,whosein-
ternaldetailsareonly partially known.

Most high-level languagesr modelsof compu-
tation are well suitedfor functional specification
and simulation, but typically lack formalismsto
modeltiming requirementsand constraints.As a
result, timing is testedtoday by simulation late
in the designflow. However, it is practically
impossibleto test complex systemscompletely
andextremelyhardto find test-patternshatcover
the cornercases.The satisaction of timing con-
straintsthuscannotbe guaranteed.

Since this is one of the most time-consuming
problemsin embeddedsystemdesign, the cur
rent focus of our work is on the modeling of
timing-constraintstiming-analysis,and schedul-
ing stratgiesthatsatisfyall timing constraints.

In Sec.2, the SPIworkbenchis describedn de-
tail, followed in Sec.3 by a formal introduction
of the mostimportant SPI concepts. A model-
ing exampleis introducedin Sec.4 thatis used
throughouthepaper In Sec.5, atranslationfrom
aninput specificationinto SPIis describedusing
the tool Simulink asan example. The annotation
of timing-constraintss shavn. In Sec.6, a static
approachs explainedasan examplefor process-
level timing analysis.A cyclo-statictechniqueis



usedasanexamplefor system-lgel timing anal-
ysisandschedulingn Sec.7, followedby a con-
clusionin Sec.8.

1.1.RelatedWork

An outlineof the stateof the practiceandthe state
of the art in the areaof hardware/softvare code-
signis givenin [7]. There,the insufficient co-
hereny of the differentlanguagesmethodsand
toolsis identifiedasa substantiabbstacleon the
way to a higherdesignproductvity andto a reli-
abledesignprocessA comparisorof mary mod-
els of computationacceptedn industrial design
andsupportedoy an extensie setof designtools
canbefoundin [5].

Ptolemyll [9] is a framework that supportsnput
specificationswith multiple modelsof computa-
tion. It thus facilitatescommonsimulationand
functional verification at a high level of abstrac-
tion. However, thereis no clear pathto system
implementationin particular behaioral intervals
arenot consideredvhich inhibits efficient model-
ing of data-dependettehavior.

Several hardware/softvare co-design erviron-
mentsareavailablefrom accademiaBoth POLIS
[1] andCOSYMA [8] supportsco-designfor re-
active systems,but are limited to a small set of
input languagesschedulingandallocationstrate-
gies.As with Ptolemyll, behaioral intervalsand
timing arenotformalized.

Simulink [19] is usedas an example input tool
for SPlin this paper Its underlying model of
computations time-driven. Real-Time Workshop
[18] is the standardsoftware code-generatofor
Simulink. It can be usedfor prototypingor as
a basisfor productioncode, but lacksthe ability
to guarantegiming. Timing is also a problem
for other Simulink code-generatorsuchas Tar
getLink[11].

In staticprocesgiming analysisawell known ap-
proachis basednimplicit pathenumeratiorfl17].
The user provides linear (in)equationsto define
false paths. To evaluatethese(in)equationsthe
upperand lower boundidentificationis mapped
to two ILP problems.However, estimatecdounds
are wide becauseautomaticpath analysisis not
supportedasin [24, 23], which is the approach
usedhere.

For heterogeneoushardware-softvare systems,
typically neitherpurely static schedulingpolicies
suchasthosedevelopedfor synchronouslataflav
(SDF) [15], nor purely dynamicschedulingpoli-
ciessuchas EDF (earliestdeadlinefirst) are ap-
propriate.Instead combinationof staticanddy-
namic policies, e.g. quasi-staticscheduling[14]

usuallyprovide areasonableompromise.
Techniqueselatedto quasi-statischedulinchave
beendevelopedfor specificationmodelssuchas
dynamicdataflow graphs[2], actorswith data-
dependenexecutiontimes[10], and free choice
Petri nets[21]. In [22], we have proposeda
symbolic schedulingapproachfor a mixed data
flow and control flow specifications.The gener
ateduni-processoschedulesonsistof statically
scheduledlockswhich aredynamicallycalledat
run-time.

Here,we presenia complementaryanalysistech-
nigue that checkstiming constraintsn the pres-
enceof lateng intervals,andif possiblereturnsa
cyclo-staticmultiprocessoschedule.

2. The SPI Workbench

In this section,the conceptsstructureandimple-
mentationof the SPI (SystemProperty I ntenals)
workbencharepresented.

Fig. 1 shavs the workbench structure. In-
put is a systemwith its systemfunction cap-
turedin domain-specifiénput languagesor tools
with differentunderlyingmodelsof computation
(Dataflav, StateCharts,.), andsomecouplingin-
formationbetweerthedomains.Thereareseveral
adwantagesf sucha multi-languagerepresenta-
tion comparedto using a uniform systemspeci-
fication language:eachmodelof computationor
languages optimizedfor a specificproblemdo-
main, languagesnddesigntools arewell known
to designerscompanieshave madelarge invest-
mentsin thosetools,andlargedesignlibrariesare
available[7].

Domain-specificoptimizations like transforma-
tionsof signalflow graphsor compositiorandde-
compositionof state-basedlescriptionsare best
performedin theseinput languages. Simula-
tion andfunctionalverificationcanbe performed
on combinationsof differently describedsystem
parts,independenbf the SPI representationys-
ing existing tools and co-simulationapproaches
[7]. However, the modelingof timing, in particu-
lar with behavioral intervalsandacrossnput lan-
guagesaswell asthe specificatiorof timing con-
straintsarenot possible.

To enablesystem-lgel analysis,in particularof
timing, input languagesswell asIP andlegac
blocksaretransformednto a SPIrepresentation.
In this process,systemstructue (functional el-
ements, states,channels,interfaces)as well as
their externally visible properties(datarates,ex-
ecutionrates,activation functions) are captured,
while functional detailsare abstracted After the
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Figure 1. SPI Workbenc h Structure

transformatiorto SPI,the heterogeneouslgpeci-
fied subsystembave beenmergedinto a uniform
representatiorthat facilitates combinedanalysis
andsystemnsynthesisSPlis thusa systemcoordi-
nationlanguage.

Theinputlanguagesisohaveto betranslatednto
hostlanguages(C/C++,HDLs, ...) thatimplement
thefunctionof theabstractmodelsusedby thein-
put languagesandthatarewell suitedfor imple-
mentation.

The high level of detail which is commonto the
hostlanguagesnakesthemsuitablefor modelex-
ecutionandanlysisof behavioal intervals in par
ticular architecture-and data-dependentiming.
Code-generatoravailablefor the variousmodel-
ing tools typically generateoutputin thesehost
languagesand can be re-usedin the SPI work-
bench potentiallywith slight modifications.
Clusteringis importantto control the granularity
of the generategbrocesseslt shouldbe indepen-
dentof the hierarchyoftenusedin block diagram
orientedtools, sincethis is typically a structuring
conceptto facilitate comprehensiorand naviga-
tion of thedesign.However, this kind of structur
ing usuallydoesnot yield the bestclusteringfor
implementation.

The coupling information between input lan-
guagesnustbemodeledn SPIwith sufficientde-
tail to allow processschedulingaswell asmem-
ory sizing. One solutionis messageassingbe-
tweenprocessesia abstracthannelssincethisis

aclosematchwith the SPImodelandis supported
by most code generators. Becauseof the com-
patibility of the subsystemshis stepis substan-
tially simplerthanthe couplingfor (co)simulation
wheretheinterfacemustprovide thetransitionbe-
tweendifferentsemantics.

Timing analysisis necessaryo guaranteeorrect
implementationof embeddedeal-time systems.
OntheSPllevel, timing constraint§sensoto out-
putlateng, deadlinesexecutionratejitter, ...) can
be specifiedexactly as neededalso acrossinput
languagdéoundariesTheresultis aformal design
spacedescriptionthat capturesboth functionand
constraintsandallows to apply a varietyanalysis
andsynthesigechniques.

Estimationand analysisof target architecturess
necessaryto obtain executiontimes (as well as
otherinformationrelevantto synthesise.g.power
dissipation). Analysis, estimationand synthesis
are not part of the workbenchbut part of exter
naltoolsandervironmentgo accounfor thelarge
numberof targetarchitecturesndpossibleanaly-
sis andsynthesisapproachesTherefore the SPI
workbenchis open, and we only provide inter
facesto readthe SPI representatiorof a design
andto back-annotateesultsinto a SPIgraph.

For timing analysisof single processesprofiling
andsimulationwith selectedestpatternsarethe
state-of-the-arin industry but since exhaustve
simulationis impractical, simulationresultscan
only cover partof the systembehavior, oftenwith



unknavn coverageof critical cornercases.Static
analysigs amorecomplicatedout attractize alter
native. It provideslowerandupperboundgeflect-
ing datadependentontrolflow aswell asdatade-
pendenstatemenexecutiontiming.

For system-lgel schedulingandallocation,a sys-
tem architecturemodelis necessaryWe are cur-
rently working on a set of architectureparame-
ters that presenta suitable architectureabstrac-
tion for our purposes.System-lgel timing anal-
ysiscanthenbeperformedusingthe setof system
parameterand the systemstructurecapturedin
SPI,timing constraintsprocess-leel timing esti-
mationandthe architecturanodel.
Visualizationshall be usedfor SPI graphmanip-
ulation andsynthesiscontrol. It offersadditional
possibilitiesfor deluggingof theworkbenchunc-
tion itself aswell asof theimplementedsynthesis
techniques.

2.1.Implementation

Two implementationsof the SPI datastructures
areavailablewhich canbe transformednto each
other Thefirstis in C++ andis usedfor efficient
navigation and manipulationof the SPIrepresen-
tationof adesign.Theseconds in XML [12] and
is usedfor easy textual interfacingbetweerwvari-
oustoolsandthe SPIworkbench.Thecorrectness
of a SPIgraphcanbe validatedby a SPI.DTD(a
grammarfile usedto define XML-tags and their
properties).

The specificationof clusteringand timing con-
straintsis alsodonein XML to facilitateintergra-
tion with the SPIrepresentationf asystem.

3. The SPI Model

In this section, the main conceptsof the SPI
(SystemPropertyl ntenals)modelareintroduced
using a small example. Sincethe main focus of
the paperis on the SPIworkbenchandnot on the
SPImodel,theintroductionis restrictedto the ex-
tent necessaryor the understandingf the pre-
sentedmethodology A formal definition of the
SPImodelcanbefoundin [?, 7.

In the SPI model, a systemis representeds a
set of concurrentprocessesvhich communicate
tokensvia unidirectionalchannelghat are either
FIFO-orderedqueuegqdestructve read)or regis-
ters(destructve write). Processeaswell aschan-
nels are not characterizedy their exactinternal
functionality but by their abstracexternalbeha-
ior. This behavior is capturedby a setof param-
etersthat enablethe adaptatiorto differentinput
language®r modelsof computation.

Theseparameterincludedataratesdenotingthe
numberof tokensconsumear producedy apro-
cessper executionon a certainchannel,latency
timesdenotingthetime betweerstartandcomple-
tion of a processand activation functionsdeter
mining basednthetokensonincomingchannels
whethera procesds readyfor execution. For ex-
ample,processP; in Figure2 consumed datato-
kenandproduceg datatokensat eachexecution,
andthelateng time of P; is 1ms. Sinceno acti-
vationfunctionis explicitely specifiedfor Py, it is
assumedby defaultthat P; is activated,i. e.ready
for execution,if thereare enoughtokensfor one
execution(in the exampleat leastone)on its in-
comingchannel.

ims [3ms,5ms] 3m:

S
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Figure 2. SPI Example

ProcessP; is completelydeterminateandall pa-
rametersare fixed in value. This is not neces-
sarily the casefor all processessince the pro-
cesshehaior may dependon incoming data or
an internal state. Thus, the SPI parametersnay
be specifiedasbehavioal intervals e.g. time in-
tervals and communicationintenals, i.e. inter
vals of producedand consumeddata capturing
data-dependentommunication. Moreover, be-
havioral intervalsallow the specificatiornof upper
andlower boundsin theinputlanguage.This en-
ablesthe integration of processesvhoseinternal
functionaldetailsareonly partially known, partic-
ularly "legagy code”.

In the example,ProcessP; is specifiedwith be-
havioral intervals. Theseintervalsrepresentower
andupperboundsfor the actualvalue of the cor-
respondingparameterThus, P, consumesitleast
1 andat most3 tokensfrom channelC; andpro-
ducesat least2 andat most5 tokenson channel
Cs, respectiely. Thelateng timeis betweerBms
and5ms.

Dueto the useof behaioral intervals, the corre-
lation betweenprocesgarameterandthe causal
couplingof processactivationsis lost. This may
lead to worst-caseestimationghat are not based
on the desiredsystembehaior and may cause
falserejectionor inefficientimplementatiorof the
system. Thus, the conceptof processmodes[?]
wasintroducedthatenableghe explicit modeling
of differentexecutionpathswithin a process.For
this purposea setof modesis associatedo each
processwherea modeis atupel of dataratesand
lateng/ time describingone or a subsetf execu-



tion paths. For example,processP, may berep-
resentedishaving two alternatve modes:

m1 = (3ms 1,2)
my = (5ms 3, 5)

Thene.g.in modem; proces$’slatengy is 3ms,
it consumesl token and produces2 tokens,etc.
Neverthelesswithout specifyingwhenprocess,
shavs a behavior describedby one of the modes,
the behavior of P is still asuncertainaswith the
specificatiorusingthe behavioral intervals.
Examples shov that in mary systems, there
are distinct execution pathsalso acrossprocess
boundariesOneof theseexampless anMPEG2-
Encoder where the behaiors of its functional
blocksdepend®nthecodingtypeof thecurrently
processedmage. To enableto representatiorf
thesedependenciesnodetags areattachedo to-
kens.Thesemodetagsrepresentherelevantcor-
relationinformationalreadyinherentin the com-
municateddatabut not capturedby the abstract
SPItokens.

To utilize this correlationinformation, the activa-
tion functionis enhancedby a possibilityto select
the modeaccordingto which the procesawill ex-
ecute. Thus, the activation function is no longer
only dependenbn the numbersof available data
tokens but also on the valuesof their attached
modetags.In theexample theactivationfunction
may be formulatedasa setof rules. Theserules
mapinputtokenpredicateso modes.For process
Pz, theserulesmaybe:

a1 : (c1.num > 1) A (‘a’ € ¢1.tag) — my
as : (c1.-num > 3) A (‘D € ¢1.tag) — mo

AssumingthatprocessP; attache®neof thetags
‘a’ or ‘b’ to all producedtokens,the behaior of

P, is completelydeterminatelf thereis atleastl

availabletokenon channelC’; andif thetag‘a’ is

includedin thetagsetof this token,processP; is

activatedin modem; . Analogouslyif thereareat

least3 tokensavailableon C; andthefirst onehas
‘b’ inits tagset, P; is activatedin modems.

For theimplementatiorof embeddedystemsnot

only the systemitself but alsoits ervironmenthas
to be regarded. To enablethe representatiorof

systemand environmentin a single model, vir-

tual processesnd channelsare introducedthat
have the same semanticsas non-virtual model
elementsp]. Sincethey are not part of the sys-
temfunction,they donothaveto beimplemented,
they ratherprovideadditionalinformationfor syn-

thesis. Besidesthe representationf the erviron-

ment,thesevirtual modelelementallow themod-

eling and combinationof a variety of modelsof

computationswith differentactivation principles
in aclosedform.

Part of the ervironmentare also constraintsthat
theimplementatiorof the systemhasto fulfill. Of
particularimportancearetiming constraintsthat
canbe modeledin SPIby meansof latencypath
constaints Lateng pathconstraintdimit for all
causalchainsof datatokenson a certainpaththe
time betweentheir productionthe first channel
of the path and their consumptionfrom the last
channelof the path[?]. Othertiming constraints,
e.g. rate constraints,can be modeledby lateng
constraintover virtual channelsp).

examplefor constraints

closing paragraphmentioningshovn representa-
tionsof MOCsandfunctionvariants

4. Example

The exampleusedhereis a systemfor evaluating
codebookdor a Code Excited Linear Prediction
(CELP) algorithm. An incomingspeeckhsignalis
filteredby aLinearPredictionCoding(LPC)anal-
ysisfilter to producea noise-like residual. After
determininghefilter-coeficientsonaframeof 80
speectsamplesthesesamplesarefiltered oneby
one.Blocksof 40filter outputsarecomparedvith
acodeboolof 1024referenceblocks.

The numberof the best-matchingcodebooken-
try is sendserially throughthe channel. At the
receving side, the speechsignalis reconstructed
from the appropriatevector out of the codebook
andthecorrespondindilter-coeficientswhichare
alsotransmittedo therecever.

A SPI representatiorof the systemis showvn in
Fig. 3. The numberof tokensconsumeddy pro-
cess.PC_anal. (a) andby LPC_synth.(s) ontheir
upperinput channelds not a constantout equals
oneeach80thfiring andzeio otherwise.To model
this kind of behaior, processa andb both have
two modes(mg,1,Mq,2 and ms 1, my2, respec-
tively.) Mode-tagssentvia virtual feedbackchan-
nelsC,, andC,, areusedto switch betweerthe
two modesasshawn in the mode-tagproduction
rulesin Fig. 3.

5. Input Specificationin Simulink

Simulink [19] is a time-driven industry standard
tool for simulatingmixed reactve/transformatie
dynamic systems. It supportscontinuous-time,
discrete-time(also multi-rate) or a hybrid of the
two. The basicexecutionmodelis extendedby
additionalsemanticssuchasenabledsubsystems.
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Figure 3. SPI graph for CELP algorithm

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

5.1.Simulink Model of Computation

In Simulink, valuesare communicatedbetween
blocks over directededgesthat have register se-
mantics Consequentlyin multi-rate designsa
value on an edgecan be read multiple times, or
it canbe overwrittenbeforehaving beenread.

A Simulink systemis executedat certainpointsin
time dependingon the solver selected.An ideal-
izedtiming modelis usedfor block executionand
communication Both happennfinitely fastat ex-
act pointsin simulatedtime. All valueson edges
areconstanin betweertime steps.

5.2.Translation to SPI

While the Simulink modelof time is suitablefor
simulation,it obviously cannotbeimplementedn
an embeddedystem,explainsthe problemscur-
rent codegeneratordiave with timing. Our goal
is to relaxthe restrictve Simulink timing without
violating the functionalsemantic®f Simulink. It
then becomespossibleto specify critical timing
constraintsas needed. This resultsin a larger
design-spacéor explorationandimplementation.

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

2. EachSimulink edgeis mappednto one SPI
register channelto maintain Simulink de-
structive write, non-destructie readseman-
tics. One token is written (read)on each

registerchannelperactivation of the writing
(reading)process.

3. A pair of virtual FIFO-queueds generated
betweenevery two processeshatcommuni-
cate over a register channel. Activation of
the generatedSPI processess enabledby
availability of tokenson thosevirtual FIFO-
gueues.The time-driven Simulink model of
computationis thustransformednto a data-
drivenmodelwhichis supportedy SPI.

4. Relatve executionratesand partial ordering
betweenSimulink blocks are maintainedby
writing (reading)the appropriatenumberof
tokensto (from) eachvirtual queue,and by
the numberof initial tokenson eachvirtual
gueue, as specifiedin the following equa-

tions.
Tvirt (Pz) ts (B,)
NC;(Pwr—Pra) Tvirt (Prd) -1
nNC;(Prg—Pur) — Twirt (Pwr)

rvirt (P;) is thenumberof tokenswrittenand
readby process(P;) per executionon each
of its virtual channels.t;(B;) is the sample
time of block i. ng; is the numberof ini-

tial tokensonvirtual queueC;. Thedirection
of queueC} is indicatedby indicesP,,, and
P4, which refer to the writing andreading
processesf thecorrespondingegisterchan-
nel.

A simple Simulink systemandits translationto
SPlcanbeseenin Fig. 4 and>5.
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Figure 4. A simple Simulink block di-
agram

B

Figure 5. Generated SPI graph

5.3.(Re)introducing timing constraints

Oncethe designhasbeentranslatedo SPI, tim-
ing constraintcanbespecifiedexactly asneeded,
alsoacrossnputlanguageéioundariesFor exam-
ple,anexactlateng constrainbnavirtual “self”-
channelof a procesgsuchasproccesd PC anal.
in Fig. 3) forcesanexactperiodicactivationof this
process. This automaticallyproducesthe maxi-
mum possibleexecutiontime intervalsfor all pro-
cessesoupledo this processhroughpairsof vir-
tual queueg13].

5.4.Example: LPC Analysis

Discrete Pulse
Generator

Logical
Operator il
P In1 Outt

Merge

Merge

Figure 6. Simulink design with two

modes

Fig. 6 shavs a Simulink systemthat can be
mappedinto the processLPC anal. in Fig. 3.
It consistsof two subsystemshat modelthe two

possiblemodesof procesd PC anal., andareen-
abledalternatvely by thesignalen

Since Simulink blocks communicateover regis-
ter channelsthe FIFOsin Fig. 3 are modeledin
Simulink asadditionalblocks. An additionalop-
timization stageis necessaryo corverttheminto
SPIFIFO channels.

6. Process-L&el Timing Analysis

For furtherprocessnodelingon anabstractevel,
consenative executiontiming intervalsfor all pos-
sible setsof input data are needed. Processes
underinvestigationusually have a set of unpre-
dictableinput data,a compilablesourcecodeand
may have differentexecutionmodesthat abstract
a subsef the input datato the procesaunderin-
vestigation.

6.1 Static Timing Analysis

The executiontime modelin [17] is established
asastandardnodelfor staticapproachewhichis
calledthe sum-of-basic-blockenodelin [24, 23].
Let a programconsistof N basicblockswith z;
the executioncountof basicblock bb; andc; its
executiontime. Then,the executiontime is given
by the sumof all basicblock executioncountsz;
multiplied with their executiontimesc; given by
architecturemodeling. Both z; and¢; areinter
vals with respecto the bestcaseandworst case
bounds. The sum-of-basic-bldcs model defines
the programexecutiontiming interval C' as:

N
C = E C; X I;
%

For the executioncountintervals z;, the designer
provides an implicit descriptionof the possible
pathsby meansof linear equations.Thesefunc-
tional constraintselatethe executioncountsz; of
the basicblocksin the control flow graph[17] to
eachother The structuralconstraintsdefinean-
othersetof equationsTheexecutioncountinflow
d of abasicblock equaldts executioncountz and
its executioncountoutflow.

E dz'nflow = Ti,bb = § doutflow
bb bb

These(in)equationsfor the upperand the lower
execution count bound are mappedto two ILP
problemswhich canbe solved to derive the con-
senative executioncountinterval for eachbasic
block which deliversthe overall executiontiming
interval. It is assumedhatall executionsof one



basicblock have the samecostc;. However, data
dependentinstructionexecutionand superscalar
or superpipelinedarchitecturesvith overlapping
basic block execution, as well as unpredictable
cachebehaior leadto widely varying local path
costwith respectto lateng time. For thesear

chitecturesthesum-of-basic-blockmodelcannot
provide closebounds,but mustbe pessimisticto

be correct. For higheraccurag, basicblock se-

guencesn programseggmentanustbeconsidered.

6.2.Single FeasiblePaths

Programpropertiescan be exploited to simplify
pathanalysisfor the determinatiorof the execu-
tion timing alongbasicblock sequencef24, 23].
Largepartsof typical embeddedystenprograms
have a single program path for ary input data,
even though this path may wrap around mary
loops, conditional statementsand even function
calls which are usedfor programstructuringand
compacting. Examplesarean FIR filter, an FFT
or the LPC analysis/synthesiwith input datain-
dependentontrol flow. A programsegmenthas
a SingleFeasiblePath SFP, when pathsthrough
this sgmentarenotdependingpn input data.
Previous analysisapproachegive morethanone
executionpathfor SFPsegmentshecausehey do
notdistinguishbetweerinputdatadependenton-
trol flow and programstructuringaids. In the
bestcase,path analysismay be accuratebut re-
guiresmuchdesigneinteractionfor SFPprogram
segmentsandstill doesnot deliver the path seg-
menttiming with overlappingbasicblock execu-
tion suchas[17]. In caseof SFR executionwould
choosethe onecorrectpathandsequencédor ary
input patternwithout designeiinteraction.

6.3.Multiple FeasiblePaths

Most practical systemsalso contain non-SFP
parts. A programsegment has Multiple Feasi-
ble Paths MFP, when pathsthroughthe program
segmentare dependingon input data. SFP are
exploited by finding SFPand MFP nodesin the
control flow graph. EmbeddedVFP are cut out
andanalyzedseparatelysingtheapproachn 6.1
while SFPareanalyzedby simulatingthe timing
of the only path with an off-the-shelf processor
simulatorexploiting the given sequencef basic
blocks.ThelLP approachn 6.1 canintegrateSFP
aswell asbasicblocksfor thec;. In ourLPCanal-
ysis/synthesigxample,only the control structure
selectingthe partof the codeexecutedn thefilter
modeor in the coeficientupdatemodeleadto an

MFP for now. The programsegmentfor the fil-
terandthe coeficientupdatearecompletelyclus-
teredto oneSFPeach.The processxecutiontim-
ing is an interval boundby the lower and upper
executiontiming ¢ of thetwo SFPmultiplied with
their executioncountsz accordingto 6.1, regard-
lesswhichmodeit is executedn.

6.4. Context DependentPaths

We have arguedthat the designeris often inter-

estedn acontext dependenprocessehaior, re-
ferredto asprocessanode. In eachcontext, only
a subsef pathsthrougha programsegmentcan
be executed.This potentiallymeansreduceccost
boundswhich couldbeexploitedfor processanal-
ysis. For a given context, control structuresde-
pendingon the input datadefinedby the context
have a singlepathonly. In otherwords,the con-
texts correspondingo certainmodesurnanMFP
segmentinto a sgmentwith a single path. We
will call suchasegmenta Context DependenPath
programsegmentCDP. For analysisof the given
contet, it is treatedik e an SFP-sgment.For dif-

ferentmodes,SFP segmentsand functional con-
straintsfor the remainingMFP segmentsstaythe
same,while a differentblock of CDP canbe ex-

tractedfrom the MFP segment.

In our example thefilter modeandthe coeficient
updatemodeboth turn the MFP from 6.3 into a
CDR Thisis clusteredwith the SFPof theaccord-
ing mode. As thereis only onepathper context,

the context dependenéxecutiontiming interval is

reducedto a single value per mode as no MFP
analysisis necessarand eachexecutiontiming

canbedeliveredby simulation.

7. Global Timing Analysis and
Scheduling

In [3], we presentnecessanand sufficient con-
ditions for detectingwhethera SPI modelgraph
hascyclo-staticbehaior or not. Cyclo-staticbe-
havior [6] meansthat the consumptionand pro-
duction ratesof the processesn the SPI graph
are suchthat the systemreturnsto the sameini-
tial buffer statewithin afinite numberof actorfir-
ingsof eachprocesandsubsequentlyepeatghis
behavior forever.

Our now following global analysistechniqueal-
lows to checktiming constraintsi.e., lateng path
constraintof all legal executionsequencesf SPI
modelswith cyclo-staticfiring behaior.

Hereis a shortsummaryof of our analyzistech-
nigue:First,agivenSPIgraphis corvertedinto an



equivalentmarked graph [4] by unfolding each
actorasmary timesasis necessarin orderto de-
velop a periodic (cyclo-static) behaior. For the
example of the CELP algorithm representedy

the SPI graphin Fig. 3, processLPCcoefhasto

appearonce, dup, LPCanaland LPCsyntheach
80 times, codematch,codelookup? times, and
the processnamedchannelhasto be activated20

timeswithin a cyclo-staticexecutionperiod, see
alsoTablel.

In orderto 1) checklateng/ pathconstraints?) de-
rive a multiprocessoischedule and 3) minimize
someobjective, for instancethe lateng (period)
of sucha periodic activation, we formulate and
solveanILP (integerlinearprogram)basednthe
unfoldedmarkedgraphequialent.

A periodic schedule(with period P) of a marked
graphG = (V, 4, s) isafunctiont : V' — N, as-
signingastarttime 7(v;, k) = t(v;) + k* P,Vk €

Ny to eachvertex v; € V, sothatfor all edges
(vi,vj) € A t(v;) — t(vi) > w; — s * P

where 7(v;, k) = 0 forall & < 0. 7(vi,k)

is the starttime of the kt” iteration of vertex v;

ands : A — Nj assignsthe numberof ini-

tial tokenss; ; to eachedge(v;,v;) € A. w; is

the executiontime (lateng) of vertex v;. Now,

givena marked graphG = (V, A4, s), afunction
fw : V. = Ny, Vv € V denotingthe lateng of v

theminimum possibleperiod P,,,;,, may befound
by solvingthe optimizationproblem

Prin = minP | GP)+ ( § ) > )

in which C is theincidencematrix of G' of dimen-
sion|V| x | A]. Forfulfilling anumberof givenla-
teng/ pathconstraintyaths = {LC4,...,LC,},
thefollowing inequalitiesmustbe satisfied:
tlat,mz’n,n < tpath,n < tlat,maz,n, n=1,...,p
In [3], we have shawn that this can be achieved
by addingfor eachpath constraintLC,, the two
inequalitiesto thelinearprogram:

tend,n - tstart,n + E s;x P >
e; € pathny

tlat,mz’n,n + Wstart,n — Wend,n

Z SZ*PZ

e;€ pathn

tstart,n - tend,n -

_tlat,maz,n — Wstart,n + Wend,n

Here,tend,n (tstart,n) denotethe starttime of the
last (first) nodein the pathof constraintL.C,.

1in amarkedgraph,eachactorappearsnly oncein a peri-
odic schedule.

Finally, thelatencief eachactorareintervalsfor
generalSPIgraphs.So, the elementof the vector
w becomevariablestoo, boundedoy

- - .
Wmin S w S Wmax

basedntheinterval descriptionof eachprocess.
In [3], we proposealsoanumberof variantsof this
linear programsuchasto minimize implementa-
tion costs,to satisfyresourceconstraintghere, it
is assumedhateachprocesss implementedn a
dedicatedesource).

For the CELP algorithm, Fig. 7 shaws the result
of a feasiblemultiprocessotschedulingeachac-
tor of the unfoldedSPI (marked) graph. The pro-
cessxecutiontimesperactivationaregivenin Ta-
ble 1. Note that LPCcoef,LPCanaland channel
arethe only processesvith aninterval specifica-
tion of their executiontime. Thereis aninterval
[5, 6] for thelateng of LPCcoefandLPCanalde-
pendingon whetherexisting coeficients or new
coeficients are processed.For the channelpro-
cess,we want to checklateng path constraints
in casethe channeltransportexecutiontime may
vary in between20 to 50 time units per activa-
tion, seeTable 1. Finally, let us formulatea la-
tengy pathconstraintLCpqtr, = [0, 1500] for ary
token traveling on the computationpath path =
(c1,c4,c5,c6,c7). Obviously, the lateny path
constraints satisfiedfor the cyclo-staticschedule
shawvn in Fig. 7 for anassumeaxecutiontime of
20time unitsfor eachactivation of proceschan-
nel. However, for an assumedxecutiontime of
50 time units, the ILP becomesdnfeasible,hence
the latengy pathconstraintwill not be satisfiedis
thechannefequiresheupperboundof its lateny
interval.

Process Lateny Lat 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)
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Figure 7. Gant-chart of a cyclo-static schedule for the CELP algorithm (one period)
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