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Abstract

Wehavedevelopeda techniqueto computea QuasiStatic
Scheduleof a concurrentspecificationfor thesoftware par-
tition of an embeddedsystem.Previouswork did not take
into accountcorrelations amongrun-time valuesof vari-
ables,and therefore tried to find a schedulefor all possible
outcomesof conditionalexpressions.This is advantageous
on one hand, becauseby abstracting data valuesone can
find schedulesin manycasesfor an originally undecidable
problem. On the other handit maylead to exploring false
paths,i.e., pathsthat can never happenat run-timedueto
constraints on how the variablesare updated. This affects
theapplicability of theapproach, becauseit leadsto an ex-
plosionin therunningtimeandthememoryrequirementsof
thecompile-timescheduleritself. Evenworse, it also leads
to anincreasein thefinal codesizeof thegeneratedsoftware.

In this paper, weproposea semi-automaticalgorithm to
solvetheproblemof falsepaths: thedesigneridentifiesand
tags critical expressions,and synchronizationchannelsare
automaticallyaddedto thespecificationto drive thesearch
of a schedule. Asa proof of concept,theproposedtechnique
hasbeenappliedto a subsystemof anMPEG-2decoder, and
allowedusto find a schedulethat previoustechniquescould
not identify.

1. Introduction

Embeddedsystemsarerapidly becomingthemaindriver
of the formidablegrowth of the electronicmarket. They
are generallydesignedas software componentson top of
a special-purposehardware platform, including both pro-
grammable(for flexibility; e.g.,CPUs,DSPs,FPGAs)and
non-programmable(for performanceand efficiency; e.g.,
de-modulators,A/D converters,filters) components.Cur-
rent designtechniquesfor both the softwareand the hard-
ware portion emphasizemodularity, re-usability, and sep-
arationof concerns(e.g., betweenfunctionality and archi-
tecture,andbetweencommunicationandcomputation).A
commonlyuseddesignflow startsfrom a modularconcur-
rentspecification,in the form of communicatingprocesses,

andmapsthemontoarchitecturalcomputationandcommu-
nicationresources,thusdefiningboth performanceproper-
ties and an implementationpath. This modularity, based
on high-level abstractcommunicationand synchronization
mechanisms[5], is the key to re-usability. It allows oneto
refinecommunicationspecified,e.g.,asFIFOs,to software
drivers,sharedmemoryareas,andDMA channelsbasedon
the availableplatformresources.However, sinceefficiency
is of paramountimportancein embeddedelectronics,one
mustalsouseefficient andeffective software andhardware
synthesistechniques, thatreducetheoverheadotherwisedue
to a modular, implementation-independent specification.

In this paperwe focus on techniquesfor software gen-
erationfrom specificationsin the form of a setof sequen-
tial processescommunicatingconcurrentlyvia FIFO chan-
nels. In particular, we considerschedulingtechniquesthat
accountfor notonly dataflow communicationsbut alsodata-
dependentcontrols. The importanceof suchtechniquesis
moreandmoreevidentascomplex controloperationsarere-
quired in recentdataflow applications. However, a known
problemof suchtechniquesis that the schedulingproblem
becomesundecidablein generalwhendata-dependentcon-
trols are taken into account[1]. We have proposedearlier
analgorithmfor this problem[2], in which precisedatade-
pendency of thecontrolsareabstractedasnon-deterministic
choices.With this abstraction,exactly how eachcontrol is
resolved is not consideredduring the scheduling. Instead,
thealgorithmsearchesfor ascheduleassumingthatany res-
olution of thecontrol is possible.In this way, schedulescan
becomputedin many casesthatareotherwiseundecidable,
wherethe actualresolutionsof data-dependentcontrolsare
madeat run-time. However, this abstractioncausesa prob-
lem when two or more data-dependentcontrolsare corre-
lated, i.e. someresolutionsof thosecontrolsnever happen
duringtheexecution.For example,oneconditionmaynever
be evaluatedasfalsewhenthe otherconditionis true. We
call suchan executionpathof the programthat never hap-
pensbecauseof correlatedconditionsa false path. In this
case,a schedulingalgorithm that employs this abstraction
couldgenerateunnecessarilylargeschedules,sinceit gener-
atesschedulesalsofor thefalsepaths.It couldevenclassify
asnon-schedulablea specificationfor which a scheduleex-



istswhenthefalsepathsareaccountedfor.
The essentialproblemis that the exact characterization

of data-dependency makestheschedulingundecidablewhile
its abstractioncausesfalsepaths. This is the issuewe ad-
dressin this paper. While employing the abstractionof all
the datacomputations,we proposea semi-automaticalgo-
rithm thateliminatesfalsepaths.We observedthat in many
practicalcases,the designercan identify setsof correlated
data-dependentcontrolsin a relatively straightforwardman-
ner. We take this informationasinput,andautomaticallyin-
sertextra communicationbetweentherelevantprocessesto
explicitly modelthecorrelation.The resultingspecification
is thentakenby theschedulingalgorithm,whichsearchesfor
scheduleswithoutexploring thefalsepaths.Onceschedules
arefound, theextra communicationcanbeeliminatedfrom
theresultingcode,sinceit is usedonly for findingthesched-
ules.We have appliedthis techniqueto a partof anMPEG-
2 decoder, andscheduleshave beensuccessfullycomputed.
We reportthis experimentandits results.

Thispaperis organizedasfollows. Section2 summarizes
previous work anddescribesthe falsepathproblemwith a
simpleexample.Section3 describestheMPEGdecoderthat
we usedto illustrateour technique.Section4 containsthe
main algorithmfor the eliminationof falsenegative results
andof redundantcode.Section5 providesexperimentalre-
sultson the MPEGdecoder. Section6 draws someconclu-
sionsandoutlinesopportunitiesfor futurework.

2. The QSS algorithm

Ourcontributionstartsfromanexistingalgorithmfor syn-
thesizingcodefor thesoftwarecomponentof asystem([2]).
The specificationof a systemis given as a set of concur-
rentprocessesthatcommunicatethroughportsconnectedby
FIFO channels. The depthof a channelmay be specified
to be eitherboundedor unbounded.We restrictour atten-
tion to processesdescribedassequentialprogramsandim-
plementedas software on a programmableembeddedpro-
cessor. Thesequentialprogramfor eachprocessis specified
in a languagecalled FlowC, which is basedon C and ex-
tendedin order to specifycommunicationoperations.The
synthesisprocessstatically(at compiletime)createsasetof
tasks,eachgroupingportionsof the codeof the functional
processes,sothatthetasksaredynamicallyscheduledat run
time. The numberof generatedtasksis equalto the num-
ber of global input ports from the environmentthat trigger
thesystemexecutions.In general,we classifytheglobal in-
putsinto eithercontrollable or uncontrollable. The former
is a type of inputs for which the systemissuesan opera-
tion to readdatawhen it needsto. The latter is opposite,
i.e. the environmenthasthe control and the systemreacts
to eventsgiven at input ports of this type. We generatea
task for eachuncontrollableglobal input port by grouping
codeof differentprocesses.This groupingreducesthe dy-
namicschedulingoverhead,sincegenerallywe obtainfewer

tasksthanprocesses.It alsoprovidesa boundon themaxi-
mumsizeof originally unboundedFIFOs,andthuspermits
their implementationin anembeddedsystemwithoutvirtual
memory.

TheFlowC languageis definedby addingto ANSI C four
primitivesto specifyprocessesandtheir communicationvia
FIFOs:

� Process(portlist) � body � declaresa process
andlists all the input andoutputports. bodycontains
C codeplusthefollowing communicationprimitives.

� Write Data(port,var,n) writes � tokensfrom
variablevar (possiblyanarray)onport port.

� Read Data(port,var,n) reads � tokens from
portport into variablevar (possiblyanarray).

� Select(port1,port2,...) non deterministi-
cally returnsthe index of exactly oneport that hasat
leasta tokenavailable. This primitive canbeusedin a
switch statementto selecta port from which tokens
canberead1.

A network of processesis transformedinto a singlePetri
net [8] for scheduling. Ports are representedusing place
nodes,and eachtransitionnode is annotatedwith a frag-
ment of code. Due to the fact that edgeweightson Petri
nets(determininghow many tokensare reador written by
a firing of a transition)areconstants,we mustrestrictour-
selvesto FlowC specificationsin which thethird arguments
of Write Data() andRead Data() aresetto constants
atcompile-time.If this conditionis notsatisfiedby theorig-
inal specification,but the variablesspecifiedfor the argu-
mentscantake only a finite (small) numberof values,then
a(manual)translationusingswitch statementsis possible.
In the casethatwe describenext this conditionwasalways
satisfied.

TheQSSalgorithmthenfindsaschedulefor thePetrinet:
in orderto do it, thealgorithmcreatesdynamicallyasubtree
of the reachabilitytreeof thePetrinet. Thecreatedsubtree
is composedof nodesthat representthe systemstatesand
arcsthat representtransitionswhich producenew states.A
scheduleis obtainedby:

1. finding operations,specifiedin variousconcurrentpro-
cesses,thatneedto beexecutedwhentheportsreceive
inputsfrom theenvironment,and

2. sequentializingthem,while ensuringtheirexecutionus-
ing finite memoryfor thecommunicationchannels.

1Select destroys thedeterminacy propertyof Kahnprocessnetworks,
in thattheI/O behavior now dependson theschedulingchoices.It is, how-
ever, very important to efficiently specify systemsin which input arrival
ratesarenot known apriori andarewidely different.Oneexampleis video
imagesandusercommandsin amulti-mediasystem.



Theresultingschedule,if it canbefound2, hastheproperty
thateachnodehasa pathto a state(marking)whereinputs
from the environmentcanbe accepted.Thus the schedule
can be executedevery time a new input is received (e.g.,
asan interrupt). It alsodeterminesan upperboundon the
quantityof objectsstoredat a time for eachchannelduring
theexecution.Thespecificationmaycontaindata-dependent
controlconstructs,suchasif-then-else or for loops,
and thus a total orderof theseoperationscannotbe deter-
minedin generaluntil run-time,whenvaluesof datausedby
theconstructsbecomeknown.

The concurrentprocessesare sequentializedin order to
reducerun-timeoverheadmaximally, while data-dependent
control constructsare resolved at run-time (Quasi-Static
Scheduling[1, 9, 10]). The scheduleis then transformed
into tasksby traversingthegraphto generatesoftwarecode
usingtheoriginal codeannotatedwith thetransitionnodes.

2.1. The false path problem

The falsepathproblemariseswhendata-dependentcon-
trols areabstractedasnon-deterministicchoices. Figure 1
shows a simplebut typical exampleof the problem. There
are two communicatingprocesses,whereeachhasa for
loop. Process1executesthe loop body � times,while Pro-
cess2executesthe loop body � times. However, Process1
sendsthevalueof � to Process2,andthelatterusesit asthe
valuefor � . Therefore,thenumberof iterationsis identical
betweentheprocesses.Figure1-(b) showsaPetrinetmodel
of this specification.Eachrectanglerepresentsa transition
node,in which theassociatedcodeis shown. Thenameof a
nodeis shown in bold. Note that the loopsof thespecifica-
tion aremodeledascyclesin the net, but the correlationof
thevaluesof � and � is notmodeled.Figure1-(c)presents
a partof a schedulefor this Petrinet,whereeachnoderep-
resentsa markingof thenet andanarc is associatedwith a
sequenceof transitions.Thetwo markingsindicatedby cir-
cles,p1p6andp3dtp4,arenot reachableduringanexecution
of thespecificationdueto thecorrelationof thefor loops.
The former is reachableonly if the numberof iterationsof
theloop in Process1is lessthanthatof theloopof Process2,
the latter correspondsto the oppositecase. Since � and
� alwaysassumethe samevalue,we know that neitheris
possible.Hence,any pathoriginatingfrom thesemarkings
is false. However, thePetri net-basedschedulingalgorithm
doesnot have this information,andthus it would continue
to searchfor a schedulealongthefalsepaths,which is com-
pletelyunnecessary.

There is a large body of researchon the identification
of suchfalsepathsin standardsequentialprograms,rang-
ing from simpleconstantpropagationandeliminationof im-
possiblebranches,to full symbolic interpretationof a pro-
gram[3], often limited to linearexpressionsand“standard”

2Ouralgorithmis conservative, in thatit maydeclareaschedulablespec-
ification to be non-schedulable,dueto the undecidabilityof the schedula-
bility problemfor Kahnprocessnetworks.

Read_Data(in, N, 1);
Write_Data(ct, N, 1);
image = Gen_Image(N);
for(i=0; i < N; i++){

while(1){

data = divide(image, N, i);
Write_Data(dt, data, 1);

}
}
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ct

dt

Read_Data(dt, data, 1);
compose(image, data, j);

for(j=0; i < M; j++){

}
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Read_Data(in, N, 1);
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image = Gen_Image(N);
i = 0;

Read_Data(dt, data, 1);
compose(image, data, j);
j++;

(b) Petri Net of the System given in (a)
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Figure 1. Example of Specification with False
Path

loops [6]. Suchtechniques,however, can be appliedonly
oncea program(andhencea schedule)hasbeengenerated,
while wewantto applythemon thefly duringschedulegen-
eration. In this paperwe discussa morepragmatic,semi-
automatedapproachto falsepathpruning,thatreliesonsome
userinterventionat the local (processpair) level. It is simi-
lar in spirit to themanualintroductionof linearconstraintsto
representsuchfalsepathsin [7], but it works in thecontext
of QSSratherthanworst-caseexecutiontimeanalysis.

3. The MPEG-2 decoder

Weusedasour testsystemanMPEG-2videodecoderde-
velopedby Philips (see[11]). Thesystemis composedof a
setof concurrentprocesses,asshown in Figure2. Processes
Thdr andTvld parsetheinputvideostream;Tisiq andTidct
implementspatialcompressiondecoding;TdecMV, Tpre-
dict andTadd areresponsiblefor decodingtemporalcom-
pression(i.e., forward andbackward predictions)andgen-
eratingthe image; Tmemory, TwriteMB, TmemMan and
Toutput managetheframestoreandproducetheoutputto be
sentto a visualizationdevice. Communicationis by means
of channels,which have a FIFO semanticsandcanhandle
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Figure 2. MPEG-2 video decoder bloc k dia-
gram

arbitrarydatatypes. Philipsusedapproximately7700lines
of codeto describethe11processes,and51channelsto con-
nectthem. An averageof 16 communicationprimitivesper
processareusedto transferdatathroughthosechannels.

In theoriginal implementation,all processesweresched-
uledat run time usinga RealTime OperatingSystem.Our
objectivewasto reducerun-timeschedulingoverheaddueto
context switchings,by merging processesasmuchaspos-
sible into quasi-staticallyscheduledones. This also leads
to furtherimprovementsin performance,sinceinternalcom-
municationbetweenmergedprocessesreducesto simpleas-
signmentsratherthana full FIFO implementation(e.g.,asa
circularbuffer in memory).

Wefocussedourattentiononfiveprocesses:Tisiq, Tidct,
TdecMV, Tpredict andTadd. Namely, theseprocessescon-
stituteour systemto be scheduled,andinputsto any of the
processesareconsideredasglobal inputsfrom theenviron-
ment.They consistof about3000linesof codeandaccount
for morethanhalf of all communicationoccuringin thesys-
tem. Albeit we generatedPetri Nets for other processes
aswell, we did not schedulethe entiresystembecausewe
wantedto preservesomeconcurrency betweenprocessesand
to verify theinteractionbetweenthegeneratedcodeandthe
restof the specification.Moreover, we reportprofiling re-
sultson a singleprocessormachine,but this partitionwould
also allow to map the MPEG-2 video decoderto different
threadson multiple processors.Our proceduregenerateda
singleprocesswith the sameinterfaceasthe original ones,
thatcouldbepluggedinto theMPEG-2netlist,replacingthe
original fiveprocesses.

We first specifiedtheselectedprocessesusingtheFlowC
language.Theoriginalspecificationof theMPEG-2decoder
usedtheYAPI language([4]), to which FlowC is closelyre-
lated,andtranslationwasgenerallystraightforward.

Figure3 showsa smallfragmentof codetakenfrom pro-
cessesTpredict andTadd. They both implementa while
loop duringwhich they exchangesomedata(a macro-block
is written from Tpredict to Tadd). Theconditionto exit the
loop is thesamein bothcases,althougheachprocessesuses
a local variableto evaluateit. Moreover, thenumberof iter-
ationsof the loopsis not known at compiletime. This is a
typical situation,whereit is difficult to staticallydetermine
that the two conditionsare really the same,but it is fairly

Tpredict_smbc = pred_prop.skipped_mb_cnt;
while (Tpredict_smbc > 0) {
    DoPredictionSkipped(<params>);
    WRITE_DATA(Tpredict_mb_Out, Tpredict_mb, 1);
    Tpredict_smbc−−;
}
/*  Other  Tpredict code here * /

Process Tpredict

Tadd_smbc = mb_prop.skipped_mb_cnt;
while (Tadd_smbc > 0) {
    READ_DATA(Tadd_mb_In, Tadd_mb, 1);
    WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
    Tadd_smbc−−;
}
/*  Other  Tadd code here * /

Process Tadd

Tpredict_mb_Out

Tadd_mb_In Tadd_mb_Out

Figure 3. Example of FlowC specification

easyto identify by thedesigner.

4. False path elimination and synchronization

As we discussedabove, falsepathsaredue to the pres-
enceof correlatedconditionalexpressionsin concurrentpro-
cesses(e.g.,they usethesamevalue,andhencealwaysboth
take the samebranch). Suchexpressionsmay appearin C
constructssuchaswhile andfor loops,if-then-else
andswitch. Without lossof generality, in thefollowingwe
will consideronly if-then-else statements,to which
bothwhile andfor loopscanbeeasilyreduced,by using
labelsandgoto statementsto implementloops. Thesame
technique,with slight obviousmodifications,appliesalsoto
switch statements.

We require the designerto identify sets of conditions
in different processesthat always give the sameoutcome
throughoutthe executionof the system. For eachset, an
appropriatenumberof synchronizationchannelsandprimi-
tivesthatreadandwrite on themcanbeautomaticallyadded
to thespecificationbasedon thedesignerlabeling.Thecon-
dition is removed from all processesbut one,andthe flow
of control is maintainedusing the Select construct. We
replacean implicit data-dependentsynchronizationbetween
the processeswith an explicit communicationand control-
dependentsynchronization, thatcannow beexploitedby our
Petri net-basedschedulingalgorithm. Sinceonly onepro-
cessnow evaluatesthecondition,thefalsepathis eliminated
andastaticschedulecanbefound.Oncethescheduleis ob-
tained,synchronizationchannelsandcommunicationprimi-
tivesoperatingon themcanberemoved,sothere is no over-



headin thefinal generatedcode.
Merging such multiple synchronizedloops into a single

loop in thegeneratedscheduleis animportantaspectof our
Quasi-StaticSchedulingtechnique. Their specificationin
FlowC is mucheasierandmorenatural,andleadsto better
re-useopportunities,than the often cumbersomegraphical
notations,requiring the useof pre-definedpatternsof Se-
lect andMerge nodes,usedby schedulingalgorithmsfor
graphicaldataflow-likenetworks[1, 9].

For eachcorrelatedset,thathasbeenidentifiedby thede-
signerwith a uniquetag usingpragmas, we apply thefol-
lowing algorithm(assumingfor the sake of simplicity that
the sethascardinality two andthat P1 andP2 are the pro-
cesseswheretheconditionsappear):

1. Add two ports,called � tag 	 true and � tag 	 false,
to bothprocessesP1andP2,where � tag 	 is thename
usedby thedesigner.

2. Connecttheportstogetherin thenetlist.

3. Add two Write Data statementsat thebeginningof
bothbranchesof theif-then-else constructin pro-
cessP1,onewriting onport � tag 	 true andtheother
on port � tag 	 false (the written valuesarenot im-
portant).

4. Deletetheif-then-else constructfrom processP2
andadda switch on the outputof a Select state-
ment,with the two new input portsasarguments.The
conditionshouldstill beevaluatedbeforetheswitch
(in caseit hassideeffects),but its returnedvalueis dis-
carded.

5. Fill in thecase clausesin theswitch by first read-
ing the appropriateinput port, and thenexecutingthe
statementsfrom theoriginal specification.

As an example,considerthe two processesP1 and P2
shown in Figure4(a). Supposethat the designeridentified
condition1 andcondition2 asidentical in all cases,
and taggedthem with the namesyncusing a pragma di-
rective. Thenit is possibleto automaticallysynchronizethe
two processes,thusavoiding the falsepath,by structurally
changingthe code as shown in Figure 4(b). This is be-
causewhencondition1 is true, P2 receivesdataat the
port synctrue. Sinceport syncfalsedoesnot have data,P2
deterministicallyselectscase 0 to executestm3. Thesitu-
ation is similar in casecondition1 is false. If theelse
clauseis absentin eitherof thebranches,we createa no-op
statementto take its place.

Someoptimizationsarepossiblein specialcases:

� If theconditionin processP2doesnotchangethevalue
of any variable(i.e., by using post-increment,for in-
stance)anddoesnotcall functionswith staticvariables,
thenit canbeomittedin thegeneratedcode.

#pragma tag sync
if (condi tion1) {
    stm1;
}  else {
    stm2;
}

#pragma tag sync
if (condi tion2) {
    stm3;
}  else {
    stm4;
}

Process P1 Process P2

if (condi tion1) {
    WRITE_DATA(synctrue, d, 1);
    stm1;
}  else {
    WRITE_DATA(syncfalse, d, 1);
    stm2;
}

Process P1

(void) (condi tion2);
switch(SELECT(synctrue, syncfalse)) {
    case 0:
        READ_DATA(synctrue, d, 1);
        stm3;
        break;
    case 1:
        READ_DATA(syncfalse, d, 1);
        stm4;
        break;
}

Process P2

port

port synctrue syncfalse

(a)

(b)

Figure 4. False path elimination by explicit
sync hronization

� If statementsin the if-then-else of the original
codealreadyperformsomecommunicationoperations,
then thoseoperationscan be usedto synchronizethe
two processes.This is often the case,at leastfor one
of thetwo branches,thatthusdoesnot requiretheaddi-
tion of a Read Data statement,only of the appropri-
ateselect clause.Suppose,for instance,thatstm1
in Figure4(a)containsawrite operationonportport,
andthatstm3 containsthe correspondingreadopera-
tion. Thenportsynctrue andcommunicationprim-
itivesdefinedon it arenot needed,aslong astheSe-
lect statementin processP2 of Figure4(b) is mod-
ified to look at portsport andsyncfalse (in that
order).

5. Application to the MPEG-2 decoder

We appliedthe QuasiStaticSchedulingtechniqueto the
subsetof theMPEG-2decoderidentifiedin Section3. The



Petri net generatedfrom the FlowC specificationhas115
places,106 transitionsand309 arcs. For this Petri net, we
tried to find a schedulewithout insertingany synchroniza-
tion. However, becauseof the falsepathproblem,thealgo-
rithm failed to find a scheduleandran out of memory(we
useda SunUltra Enterprise450 with 512 Mbytesof main
memory). By following the dynamicallycreatedreachabil-
ity tree,it wasobviousthat thereasonfor this behavior was
dueto the presenceof falsepaths,which causedthe explo-
rationof alargenumberof nodeswhichcouldnotbereached
duringrealexecution.

Weusedthetechniquedescribedin Section4 to solvethis
problem. The taskof identifying the conditionsthathadto
be taggedin orderto reducethesizeof theproblemso that
it couldbe scheduledrequiredonly oneday. Thecodewas
thenautomaticallyinstrumentedusingthealgorithmthatwe
presentedabove. 18 point-to-pointchannelswereaddedfor
synchronization;an averageof 2 Select statemensand7
reador write operationperprocesswereneededto makeuse
of thenewly createdchannels.After thesechanges,we suc-
cessfullygeneratedaschedulefor thefiveprocessesandsyn-
thesizeda taskto beusedin thecompleteMPEG-2decoder.
The running CPU time of the scheduleron the sameSun
workstationwas12 seconds,andthepeakmemoryusage13
MBytes.

Figure5 shows the updatedcodeof processesTpredict
andTadd from Figure3. Note that thewhile loop in pro-
cessTpredict hasbeentransformedin order to usean
if-then-else construct(andanelse clausehasbeen
added),andthewhile loop in Tadd is now implemented
usingthenewly createdsynchronizationchannels.

Figure 6 shows the generatedcodeafter the scheduling
process. Several optimizationsare still possible(only the
first two havebeenappliedin ourexperiments):

� All channels,with theexceptionof Tadd mb Out, are
now internalto thegeneratedsingletask,andtherefore
canbe implementedusingassignmentsratherthanex-
ternalFIFOs.

� Writesandreadsto andfrom synchronizationchannels
can be completelyeliminated,sincethey were useful
only to drive theschedulingprocess.

� Theelse clauseonly containsstatementsthat canbe
safely (and automatically)deleted,thereforeit disap-
pearscompletely.

� VariableTadd smbc is never usedin any assignment
andcanbeeliminated.

If all the above optimizationsareperformed,we areleft
with asinglewhile loopwhich containstheappropriatein-
terleavingof statementsfromthetwooriginal processesthat
an experienceddesigners would havewritten for a mono-
lithic implementation. Using our techniquethis result is
achieved automaticallyfrom a modularspecification. The
resultingcodenotonly avoidsrun-timeschedulingoverhead

Tpredict_smbc = pred_prop.skipped_mb_cnt;
whi lelabel1:
if (Tpredict_smbc > 0) {
    WRITE_DATA(synctrue, d, 1);
    DoPredictionSkipped(<params>);
    WRITE_DATA(Tpredict_mb_Out, Tpredict_mb, 1);
    Tpredict_smbc−−;
    goto whi lelabel1;
}  else {
    WRITE_DATA(syncfalse, d, 1);
}
/*  Other  Tpredict code here * /

Process Tpredict

Tadd_smbc = mb_prop.skipped_mb_cnt;
whi lelabel2:
(void) (Tadd_smbc > 0);
switch(SELECT(synctrue, syncfalse)) {
    case 0:
        READ_DATA(synctrue, d, 1);
        READ_DATA(Tadd_mb_In, Tadd_mb, 1);
        WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
        Tadd_smbc−−;
        goto whi lelabel2;
        break;
    case 1:
        READ_DATA(syncfalse, d, 1);
        break;
}
/*  Other  Tadd code here * /

Process Tadd

Tpredict_mb_Out

Tadd_mb_In Tadd_mb_Out

synctrue

syncfalse

syncfalse

synctrue

Figure 5. FlowC specification instrumented
with sync hronization channels

Tpredict_smbc = pred_prop.skipped_mb_cnt;
Tadd_smbc = mb_prop.skipped_mb_cnt;
label :
(void) (Tadd_smbc > 0);
if (Tpredict_smbc > 0) {
    WRITE_DATA(synctrue, d, 1);
    READ_DATA(synctrue, d, 1);
    DoPredictionSkipped(<params>);
    WRITE_DATA(Tpredict_mb_Out, Tpredict_mb, 1);
    READ_DATA(Tadd_mb_In, Tadd_mb, 1);
    WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
    Tpredict_smbc−−;
    Tadd_smbc−−;
    goto label ;
}  else {
    WRITE_DATA(syncfalse, d, 1);
    READ_DATA(syncfalse, d, 1);
}
/*  Other  Tpredict and Tadd code here * /

Process Generated_Task

Tadd_mb_Out

Figure 6. Por tion of the generated code for the
MPEG-2 decoder



Total MPEG2 Test OS
Total Parser 5Procs bench

Orig. 7.5 4.66 0.94 3.72 0.27 2.58
QSS 4.1 2.51 0.94 1.57 0.28 1.31

Table 1. CPU time , in seconds, of the MPEG-2
example

5 Processes
Total Comp. Int. Ext. Code

Comm. Comm. size
Orig. 3.72 1.01 2.23 0.48 18K
QSS 1.57 0.96 0.13 0.48 24K

Table 2. CPU time , in seconds, and code size
of the five selected processes

andreducesdatatransfers,but it is alsoabetterstartingpoint
for astandardcompiler, sinceopportunitiesfor optimizations
acrossprocessboundariesarenow possible.

We comparedtheperformanceof theoriginal concurrent
specificationof theMPEG-2decoderwith thoseof thesame
systemwhereasinglestaticallyscheduledprocessis usedin
placeof thefive initial ones.In bothcases,we removedthe
processesthat manageandimplementthe memory, but we
keptthosethatparsetheinput MPEGstream.Both systems
received as input a video streamcomposedof 4 images(1
intra,1 predicted,2 bidirectionalpredicted).

Table1 summarizesthetotalexecutiontime (onthesame
Sunmachinedescribedabove) for thetwo implementations.
It also shows the individual contributions due to the pro-
cessesimplementingtheMPEG-2decoder(split amongthe
parserand the five processesthat we scheduledtogether),
the testbenchand the operatingsystem(that dynamically
schedulesthetasks).Theincreasein performanceis around
45%. The gain is concentratedin the statically scheduled
processes,dueto thereductionin thenumberof FIFO-based
communications,andin theoperatingsystemdueto the re-
ductionin thenumberof context switches.

Table2 comparestheexecutiontimesdueto computation
and communicationof the five consideredprocesses,both
in the original systemandin the quasi-staticallyscheduled
one.As expected,computationandexternalcommunication
(i.e., with theenvironment)arenot significantlyaffectedby
our procedure.However, internalcommunicationis largely
improved: this is becauseafter schedulingwe could stati-
cally determinethat all channelsconnectingthe five con-
sideredprocessesnever have more than one elementat a
time. Therefore,communicationis performedby assign-
ment,ratherthanby usinga FIFO or a circularbuffer. The
tablealsoreporttheobjectcodesize,which increasesin the
generatedsingletaskwith respectto the5 separatedprocess:
this is dueto thepresenceof controlstructuresrepresenting
thestaticschedulein thesynthesizedcode.

6. Conclusions

This work showed that significantgainscanbe obtained
both in termsof off-line schedulingtime, and in termsof
final systemperformance,by avoiding the considerationof
false paths during Quasi-StaticSchedulingof concurrent
specifications.The resultingcodecanbe compared,by in-
spection,with the level of quality that is expectedfrom a
carefuldesignerthat takes into accountthe full systembe-
havior simultaneously. However, it canbeobtainedby sim-
ply taggingappropriateportionsof a modularspecification.

In thefuture,we areconsideringhow techniquessuchas
thosedescribedin [6] canbe appliedto reducethe amount
of manualintervention.

References

[1] J.Buck. Schedulingdynamicdataflowgraphswith bounded
memoryusingthetokenflowmodel. PhDthesis,U.C.Berke-
ley, 1993.

[2] J. Cortadella, A. Kondratyev, L. Lavagno, M. Massot,
S.Moral, C.Passerone,Y. Watanabe,andA. S.giovanniVin-
centelli. TaskGenerationandCompile-Time Schedulingfor
MixedData-ControlEmbeddedSoftware. In Proceedingsof
the37thDesignAutomationConference, June2000.

[3] P. CousotandR. Cousot. Abstractinterpretation:a unified
latticemodelfor staticanalysisof programsby construction
or approximationof fixpoints. In 4th ACM Symp.on Princi-
plesof ProgrammingLanguages, LosAngeles,January1977.

[4] E. de Kock, G. Essink, W. Smits, P. van der Wolf, J.-Y.
Brunel,W. Kruijtzer, P. Lieverse,andK. Vissers.YAPI: Ap-
plication Modeling for SingalProcessingSystems. In Pro-
ceedingsof the 
���
�� DesignAutomationConference, pages
402–405,June2000.

[5] S. Edwards,L. Lavagno,E. Lee,andA. S. giovanniVincen-
telli. Designof embeddedsystems:formal models,valida-
tion,andsynthesis.Proceedingsof theIEEE, 85(3):366–390,
Mar. 1997.

[6] N. Halbwachs,Y.-E. Proy, andP. Raymond. Verificationof
linear hybrid systemsby meansof convex approximations.
In B. LeCharlier, editor, InternationalSymposiumon Static
Analysis,SAS’94, 1994.

[7] Y. Li andS. Malik. Performanceanalysisof embeddedsoft-
wareusingimplicit pathenumeration.In Proceedingsof the
DesignAutomationConference, June1995.

[8] T. Murata. PetriNets: Properties,analysisandapplications.
Proceedingsof theIEEE, pages541–580,Apr. 1989.

[9] K. Strehl, L. Thiele, D. Ziegenbein,R. Ernst, and et al.
Schedulinghardware/softwaresystemsusingsymbolictech-
niques. In International Workshopon Hardware/Software
Codesign, 1999.

[10] F. Thoen,M. Cornero,G. Goossens,andH. D. Man. Real-
time multi-taskingin softwaresynthesisfor informationpro-
cessingsystems.In Proceedingsof theInternationalSystem
SynthesisSymposium, 1995.

[11] P. vanderWolf, P. Lieverse,M. Goel,D. Hei, andK. Vissers.
An MPEG-2DecoderCaseStudyasa Driver for a System
Level DesignMethodology. In Proceedingsof the ��
�� Inter-
national Workshopon Hardware/Software Codesign, pages
33–37,May 1999.


	Main Page
	DATE'02
	Front Matter
	Table of Contents
	Session Index
	Author Index




