False Path Elimination in Quasi-Static Scheduling

G. Arrigoni L. Duchini L. Lavagno C.Passerone Y. Watanabe
LoquendaS.p.A. Politecnicodi Torino CadenceaBerkeley Labs
Torino, Italy Torino, Italy Berkeley, CA

{guido.arrigoni,luca.duchini} @loquendo.com

Abstract

We havedevelopeda techniqueto computea QuasiStatic
Sdeduleof a concurentspecificatiorfor the softwae par-
tition of an embeddedystem. Previouswork did not take
into accountcorrelations amongrun-time values of vari-
ables,andtherefore tried to find a schedulefor all possible
outcomeof conditional expressions.This is advantajeous
on one hand, becausedy 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-time dueto
constaints on how the variablesare updated. This affects
the applicability of the approacd, becauset leadsto an ex-
plosionin therunningtime andthe memoryequirementof
the compile-timescheduleritself. Evenworse it alsoleads
toanincreasan thefinal codesizeof thegeneratedsoftwae.

In this paper we proposea semi-automati@lgorithmto
solvethe problemof falsepaths: the designeridentifiesand
tags critical expressionsand syndironizationchannelsare
automaticallyaddedto the specificationto drive the search
of a schedule Asa proof of conceptthe proposededcnique
hasbeenappliedto a subsysternfan MPEG-2decoderand
allowedusto find a schedulethat previoustechniquescould
notidentify.

1. Introduction

Embeddedystemsarerapidly becomingthe maindriver
of the formidable growth of the electronicmarket. They
are generallydesignedas software componentson top of
a special-purposéardware platform, including both pro-
grammablg(for flexibility; e.g.,CPUs,DSPs,FPGAs)and
non-programmabldfor performanceand efficiency; e.g.,
de-modulatorsA/D corverters,filters) components. Cur
rent designtechniquedor both the software and the hard-
ware portion emphasizemodularity re-usability and sep-
arationof concerng(e.g., betweenfunctionality and archi-
tecture,and betweencommunicationand computation). A
commonlyuseddesignflow startsfrom a modularconcur
rentspecificationjn the form of communicatingorocesses,
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andmapsthemonto architecturacomputatiorandcommu-
nication resourcesthus defining both performanceproper

ties and an implementationpath. This modularity based
on high-level abstractcommunicationand synchronization
mechanismg$5], is the key to re-usability It allows oneto

refinecommunicatiorspecified,e.g.,asFIFOs, to software

drivers,sharedmemoryareasand DMA channeldasedon

the available platform resources However, sinceefficiency

is of paramountimportancein embeddecklectronics,one

mustalsouseefficient andeffective softwae and hardware

synthesisechniquesthatreducetheoverheadtherwisedue

to amodular implementation-independéspecification.

In this paperwe focus on techniquedor software gen-
erationfrom specificationsn the form of a setof sequen-
tial processesommunicatingconcurrentlyvia FIFO chan-
nels. In particular we considerschedulingtechniqueghat
accounfor notonly dataflav communicationgut alsodata-
dependentontrols. The importanceof suchtechniquess
moreandmoreevidentascomplec controloperationsarere-
quiredin recentdataflav applications. However, a known
problemof suchtechniquess that the schedulingproblem
becomeaundecidablén generalwhendata-dependerdon-
trols aretaken into account[1]. We have proposedearlier
analgorithmfor this problem[2], in which precisedatade-
pendenyg of the controlsareabstracted@snon-deterministic
choices. With this abstractiongexactly how eachcontrolis
resoled is not consideredduring the scheduling. Instead,
thealgorithmsearche$or a scheduleassuminghatary res-
olution of the controlis possible.In this way, schedulegan
be computedn mary caseghatareotherwiseundecidable,
wherethe actualresolutionsof data-dependerdontrolsare
madeat run-time. However, this abstractiorcausesa prob-
lem whentwo or more data-dependertontrolsare corre-
lated,i.e. someresolutionsof thosecontrolsnever happen
duringtheexecution.For example,oneconditionmay never
be evaluatedasfalsewhenthe other conditionis true. We
call suchan executionpath of the programthat never hap-
pensbecausef correlatedconditionsa false path In this
case,a schedulingalgorithm that employs this abstraction
couldgeneratainnecessariljarge schedulessinceit gener
atesscheduleslsofor thefalsepaths.It couldevenclassify
asnon-schedulabla specificationfor which a schedulesx-



istswhenthefalsepathsareaccountedor.

The essentialproblemis that the exact characterization
of data-dependenanakestheschedulingundecidablevhile
its abstractioncausedalsepaths. This is the issuewe ad-
dressin this paper While employing the abstractiorof all
the datacomputationswe proposea semi-automati@lgo-
rithm thateliminatesfalsepaths.We obsenedthatin mary
practicalcasesthe designercanidentify setsof correlated
data-dependemontrolsin arelatively straightfornvardman-
ner. We take thisinformationasinput, andautomaticallyin-
sertextra communicatiorbetweenthe relevant processeso
explicitly modelthe correlation. The resultingspecification
is thentakenby the schedulingalgorithm,whichsearchegor
schedulesvithout exploring thefalsepaths.Onceschedules
arefound, the extra communicatiorcanbe eliminatedfrom
theresultingcode,sinceit is usedonly for findingthe sched-
ules. We have appliedthis techniqueto a partof an MPEG-
2 decoderandschedulefiare beensuccessfullicomputed.
We reportthis experimentandits results.

This paperis organizedasfollows. Section2 summarizes
previous work and describeghe falsepath problemwith a
simpleexample.Section3 describeshe MPEG decodethat
we usedto illustrate our technique. Section4 containsthe
main algorithmfor the elimination of falsenegative results
andof redundantode. Section5 providesexperimentalre-
sultson the MPEG decoder Section6 draws someconclu-
sionsandoutlinesopportunitiesfor futurework.

2. The QSSalgorithm

Ourcontributionstartsfrom anexistingalgorithmfor syn-
thesizingcodefor the softwarecomponenbf a system([2]).
The specificationof a systemis given as a set of concur
rentprocessethatcommunicatehroughportsconnectedy
FIFO channels. The depthof a channelmay be specified
to be eitherboundedor unbounded.We restrict our atten-
tion to processeslescribedas sequentiaprogramsandim-
plementedas software on a programmableembeddedoro-
cessor The sequentiaprogramfor eachprocesss specified
in a languagecalled FlowC, which is basedon C and ex-
tendedin orderto specify communicatioroperations.The
synthesigprocesstatically (at compiletime) createsa setof
tasks,eachgroupingportionsof the codeof the functional
processesothatthetasksaredynamicallyscheduledtrun
time. The numberof generatedasksis equalto the num-
ber of globalinput portsfrom the ervironmentthat trigger
the systemexecutions.In generalwe classifythe globalin-
putsinto eithercontrollable or uncontollable. The former
is a type of inputs for which the systemissuesan opera-
tion to readdatawhenit needsto. The latter is opposite,
i.e. the erwvironmenthasthe control andthe systemreacts
to eventsgiven at input ports of this type. We generatea
task for eachuncontrollableglobal input port by grouping
codeof differentprocessesThis groupingreduceshe dy-
namicschedulingoverheadsincegenerallywe obtainfewer

tasksthanprocessesilt alsoprovidesa boundon the maxi-
mum size of originally unbounded-IFOs,andthuspermits
theirimplementatiorin anembeddedystemwithout virtual
memory

TheFlowC languages definedby addingto ANSI C four
primitivesto specifyprocesseandtheir communicatiorvia
FIFOs:

e Process(portlist){body} declaresa process
andlists all the input and outputports. body contains
C codeplusthefollowing communicatiorprimitives.

e Wite_Data(port, var, n) writesn tokensfrom
variablevar (possiblyanarray)on port port.

e Read_Dat a(port, var,n) readsn tokens from
portport into variablevar (possiblyanarray).

e Sel ect(portl,port2,...) non deterministi-
cally returnsthe index of exactly one port that hasat
leasta token available. This primitive canbe usedin a
swi t ch statemento selecta port from which tokens
canberead.

A network of processess transformednto a singlePetri
net [8] for scheduling. Ports are representedising place
nodes,and eachtransitionnodeis annotatedwith a frag-
ment of code. Due to the fact that edgeweightson Petri
nets(determininghow mary tokensare reador written by
afiring of a transition)are constantsye mustrestrictour-
selhesto FlowC specificationsn which thethird alguments
of Wite_Data() andRead_Dat a() aresetto constants
atcompile-time.If this conditionis not satisfiedby theorig-
inal specification,but the variablesspecifiedfor the argu-
mentscantake only a finite (small) numberof values,then
a(manualltranslatiorusingswi t ch statementss possible.
In the casethatwe describenext this conditionwas always
satisfied.

The QSSalgorithmthenfindsa schedulefor the Petrinet:
in orderto doit, thealgorithmcreateslynamicallya subtree
of the reachabilitytree of the Petrinet. The createdsubtree
is composedf nodesthat representhe systemstatesand
arcsthatrepresentransitionswhich producenew states.A
schedulés obtainedby:

1. finding operationsspecifiedin variousconcurrenipro-
cessesthatneedto be executedwhenthe portsreceve
inputsfrom the ervironment,and

2. sequentializinghem,while ensuringheirexecutionus-
ing finite memoryfor thecommunicatiorchannels.

1Sel ect destrysthedeterminag propertyof Kahnprocessetworks,
in thatthel/O behaior now depend®nthe schedulingchoices.lt is, how-
ever, very importantto efficiently specify systemsin which input arrival
ratesarenot known apriori andarewidely different. Oneexampleis video
imagesandusercommandsn a multi-mediasystem.



Theresultingscheduleijf it canbe found?, hasthe property
thateachnodehasa pathto a state(marking)whereinputs
from the ervironmentcan be accepted.Thusthe schedule
can be executedevery time a new input is receved (e.g.,
asaninterrupt). It alsodeterminesan upperboundon the
guantity of objectsstoredat a time for eachchannelduring
theexecution.Thespecificatiormaycontaindata-dependent
control constructssuchasi f - t hen- el se orf or loops,
andthus a total order of theseoperationscannotbe deter
minedin generalntil run-time,whenvaluesof datausedby
theconstructdecomeknown.

The concurrentprocessesire sequentializedn orderto
reducerun-time overheadmaximally, while data-dependent
control constructsare resoled at run-time (Quasi-Static
Scheduling[1, 9, 10]). The scheduleis then transformed
into taskshy traversingthe graphto generatesoftwarecode
usingtheoriginal codeannotatedvith thetransitionnodes.

2.1. Thefalse path problem

The falsepathproblemariseswhendata-dependernton-
trols are abstractechs non-deterministichoices. Figure 1
shavs a simple but typical exampleof the problem. There
aretwo communicatingprocesseswhere eachhasa f or
loop. Processkxecutesheloop body IV times, while Pro-
cess2executesthe loop body M times. However, Process1
sendghevalueof N to Process2andthelatterusest asthe
valuefor M. Thereforethe numberof iterationsis identical
betweerthe processedrigure1-(b) shavs a Petrinetmodel
of this specification. Eachrectanglerepresentsa transition
node,in whichthe associatedodeis shovn. The nameof a
nodeis shovn in bold. Note thattheloopsof the specifica-
tion aremodeledascyclesin the net, but the correlationof
thevaluesof N andM is notmodeled Figurel-(c) presents
a partof a scheduldor this Petrinet,whereeachnoderep-
resentsa markingof the netandanarcis associatedvith a
sequencef transitions.The two markingsindicatedby cir-
cles,plp6andp3dtp4,arenotreachableluringanexecution
of the specificationdueto the correlationof thef or loops.
The formeris reachableonly if the numberof iterationsof
theloopin Processis lessthanthatof theloop of Process2,
the latter correspondgo the oppositecase. Since N and
M alwaysassumehe samevalue,we know that neitheris
possible.Hence,ary pathoriginatingfrom thesemarkings
is false. However, the Petri net-basedchedulingalgorithm
doesnot have this information, and thusit would continue
to searchfor a schedulealongthefalsepathswhichis com-
pletelyunnecessary

Thereis a large body of researchon the identification
of suchfalsepathsin standardsequentialprograms,rang-
ing from simpleconstanpropagatiorandeliminationof im-
possiblebranchesto full symbolicinterpretationof a pro-
gram[3], oftenlimited to linear expressionsand“standard”

2Quralgorithmis conserative, in thatit maydeclareaschedulablepec-
ification to be non-schedulablejueto the undecidabilityof the schedula-
bility problemfor Kahnprocessetworks.

_ Processl
in while(1){

Read_Data(in, N, 1);
Write_Data(ct, N, 1);
image = Gen_Image(N);

Process2
while(1){
Read_Data(ct, M, 1);
for(j=0; i < M; j++){
Read Dala(dt data, 1)
compose(lmage, data, j);
data = divide(image, N, i)| dt
Write_Data(dt, data, 1);
}

for(i=0; i < N; i++){

(a) Two Processes with Correlated Loops

Read_Data(in, N, 1);

Write_Data(ct, N, 1); Read |_Data(ct, M, 1);
image = Gen_Image(N); i=0;
i=0;
2 ¢ ?
data = d|V|de(|mage N, i
Write, Data(dt data, 1)]

p3

Read, Data(d( data, 1);
com data, j

(c) A Part of a Schedule (Reachability Tree)

Figure 1. Example of Specification with False
Path

loops[6]. Suchtechniqueshowever, canbe appliedonly
oncea program(andhencea schedulehasbeengenerated,
while we wantto applythemonthefly duringschedulegen-
eration. In this paperwe discussa more pragmatic,semi-
automatepproacho falsepathpruning,thatreliesonsome
userinterventionat the local (proces9air) level. It is simi-
lar in spirit to themanualintroductionof linearconstraintgo
represensuchfalsepathsin [7], but it worksin the context
of QSSratherthanworst-casexecutiontime analysis.

3. The MPEG-2 decoder

We usedasourtestsystemanMPEG-2videodecodede-
velopedby Philips (see[11]). The systemis composedf a
setof concurrenprocessesasshovn in Figure2. Processes
Thdr andTvld parsetheinputvideostream;Tisiq andTidct
implementspatial compressiordecoding; TdecMV, Tpre-
dict and Tadd are responsibldor decodingtemporalcom-
pression(i.e., forward and backward predictions)and gen-
eratingthe image; Tmemory, TwriteMB, TmemMan and
Toutput manageheframestoreandproducetheoutputto be
sentto a visualizationdevice. Communicationis by means
of channelswhich have a FIFO semanticsand canhandle



‘ Thdr ‘

j TdecMV ;:# Tpredict {;

# Tisiq E Tidct E Tadd ETwriteMBETmanag%

Figure 2. MPEG-2 video decoder block dia-
gram

Lk

arbitrary datatypes. Philips usedapproximately7700lines
of codeto describeghe 11 processesaand51 channelgo con-
nectthem. An averageof 16 communicatiorprimitivesper
processareusedto transferdatathroughthosechannels.

In the originalimplementationall processesveresched-
uled at run time usinga Real Time OperatingSystem. Our
objective wasto reducerun-timeschedulingoverheadlueto
contet switchings,by meiging processess much as pos-
sible into quasi-staticallyscheduledones. This also leads
to furtherimprovementsn performancesinceinternalcom-
municationbetweemmeigedprocesseseducedo simpleas-
signmentgatherthanafull FIFO implementatior(e.g.,asa
circularbufferin memory).

We focussedur attentionon five processesTisiq, Tidct,
TdecMV, Tpredict andTadd. Namely theseprocesseson-
stitute our systemto be scheduledandinputsto ary of the
processesire consideredasglobalinputsfrom the erviron-
ment. They consistof about3000lines of codeandaccount
for morethanhalf of all communicatioroccuringin the sys-
tem. Albeit we generatedPetri Nets for other processes
aswell, we did not schedulethe entire systembecauseve
wantedto presere someconcurreng betweerprocesseand
to verify theinteractionbetweenthe generate¢odeandthe
restof the specification. Moreover, we reportprofiling re-
sultson a singleprocessomachine but this partitionwould
also allow to mapthe MPEG-2 video decoderto different
threadson multiple processors Our proceduregeneratec
single processwith the sameinterfaceasthe original ones,
thatcouldbe pluggedinto the MPEG-2netlist,replacingthe
originalfive processes.

We first specifiedthe selectedprocessessingthe FlowC
languageTheoriginal specificatiorof theMPEG-2decoder
usedthe YAPI languag€g[4]), to which FlowC is closelyre-
lated,andtranslationwvasgenerallystraightforward.

Figure3 shavs a smallfragmentof codetakenfrom pro-
cessed predict andTadd. They bothimplementawhi | e
loop duringwhich they exchangesomedata(a macro-block
is written from Tpredict to Tadd). The conditionto exit the
loopis the samein both casesalthougheachprocessesses
alocal variableto evaluateit. Moreover, the numberof iter-
ationsof the loopsis not known at compiletime. Thisis a
typical situation,whereit is difficult to staticallydetermine
that the two conditionsare really the same,but it is fairly

Process Tpredict

Tpredict_snbc = pred_prop.skipped_mb_cnt;

while(Tpredict_snbc > 0) {
DoPredi ctionSkipped(<params>);
WRITE_DATA(Tpredict mb_Out, Tpredict_mb, 1);
Tpredict_snbc—;

}

/* Othe Tpredict codehere*/

Tpredict mb_Out

Tedd mb_in © Tadd mb_out

Tadd_snbc = mb_prop.skipped_mb_cnt;

while(Tadd_snbc > 0) {
READ_DATA(Tadd_mb_In, Tadd_mb, 1);
WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
Tadd_snbc—;

}

/* Other Tadd codehere*/

Process Tadd

Figure 3. Example of FlowC specification
easyto identify by thedesigner

4. False path elimination and synchronization

As we discussedhbove, falsepathsare dueto the pres-
enceof correlatedconditionalexpressionsn concurrenpro-
cessege.g.,they usethe samevalue,andhencealwaysboth
take the samebranch). Suchexpressionanay appearin C
constructsuchaswhi | e andf or loops,i f -t hen-el se
andswi t ch. Withoutlossof generalityin thefollowing we
will consideronly i f -t hen- el se statementsto which
bothwhi | e andf or loopscanbe easilyreducedby using
labelsandgot o statementso implementloops. The same
techniquewith slight obvious modificationsappliesalsoto
swi t ch statements.

We require the designerto identify setsof conditions
in different processeghat always give the sameoutcome
throughoutthe execution of the system. For eachset, an
appropriatenumberof synchronizatiorchannelsand primi-
tivesthatreadandwrite onthemcanbeautomaticallyadded
to the specificatiorbasedn the designetabeling. The con-
dition is removed from all processedut one,andthe flow
of controlis maintainedusingthe Sel ect construct. We
replaceanimplicit data-dependergyndrronizationbetween
the processesvith an explicit communicatiorand control-
dependensyndronization thatcannow be exploitedby our
Petri net-basedschedulingalgorithm. Sinceonly one pro-
cesmow evaluateghe condition,thefalsepathis eliminated
anda staticschedulecanbefound. Oncethe schedulés ob-
tained,syndronizationchannelsand communicationprimi-
tivesopemting onthemcanberemaoed,sothereis no over-



headin thefinal genematedcode

Merging sudh multiple syndironizedloopsinto a single
loopin the geneiatedsdheduleis animportantaspecof our
Quasi-StaticSchedulingtechnique. Their specificationin
FlowC is mucheasierand more natural,andleadsto better
re-useopportunities,than the often cumbersomegraphical
notations,requiring the useof pre-definedpatternsof Se-
| ect andMer ge nodesusedby schedulingalgorithmsfor
graphicaldataflav-like networks[1, 9].

For eachcorrelatedset,thathasbeenidentifiedby thede-
signerwith a uniquetag usingpr agnas, we apply the fol-
lowing algorithm (assumingfor the sale of simplicity that
the sethascardinalitytwo andthat P1 and P2 are the pro-
cessesvherethe conditionsappear):

1. Add two ports,called<tag>t r ue and<tag>f al se,
to bothprocesse®1andP2,where<tag> is thename
usedby thedesigner

2. Connectheportstogetheiin the netlist.

3. Add two W i t e_Dat a statementsit the beginning of
bothbranchesfthei f - t hen- el se construcin pro-
cessP1,onewriting onport <tag>t r ue andtheother
on port <tag>f al se (the written valuesare not im-
portant).

4. Deletethei f - t hen- el se construcfrom proces$2
andaddaswi t ch onthe outputof a Sel ect state-
ment,with the two new input portsasarguments.The
conditionshouldstill be evaluatedbeforetheswi t ch
(in caseit hassideeffects),but its returnedvalueis dis-
carded.

5. Fill in thecase clausedn theswi t ch by first read-
ing the appropriateinput port, and then executingthe
statementfrom the original specification.

As an example, considerthe two processe$1 and P2
shawvn in Figure4(a). Supposeahatthe designeridentified
condi ti onl andcondi ti on2 asidenticalin all cases,
andtaggedthemwith the namesyncusinga pr agna di-
rective. Thenit is possibleto automaticallysynchronizehe
two processesthus avoiding the false path, by structurally
changingthe code as shovn in Figure 4(b). This is be-
causewhencondi ti onl is true, P2 recevesdataat the
port synctrue Sinceport syncfalsedoesnot have data,P2
deterministicallyselectscase 0 to executestm3. The situ-
ationis similarin casecondi ti onl is false.If theel se
clauseis absentn eitherof the brancheswe createa no-op
statemento take its place.

Someoptimizationsarepossiblein specialcases:

o If theconditionin proces2doesnotchangehevalue
of ary variable (i.e., by using post-incrementfor in-
stancejpnddoesnot call functionswith staticvariables,
thenit canbe omittedin thegenerateatode.

Process P1 Process P2
#pragma tag sync #pragma tag sync
if (condition?) { ‘at" if (condition?) {

stm1l; stm3;
} else{ } else{

stm2; stm4;
} }

@

Process P1

if (conditionl) {
WRITE_DATA(synctrue, d, 1);

stm1l,;
}else{
WRITE_DATA(syncfase, d, 1);
stm2;
}
port synctrue syncfalse

A A

(void) (condition2);
switch(SELECT (synctrue, syncfalse)) {
case 0:
READ_DATA(synctrue, d, 1);
stm3;
break;
case 1:
READ_DATA(syncfase, d, 1);
stm4;
break;

Process P2

(b)

Figure 4. False path elimination by explicit
sync hronization

e If statementsn thei f -t hen- el se of the original
codealreadyperformsomecommunicatioroperations,
then thoseoperationscan be usedto synchronizethe
two processesThis is oftenthe case,at leastfor one
of thetwo branchesthatthusdoesnotrequirethe addi-
tion of a Read_Dat a statementpnly of the appropri-
atesel ect clause.Supposefor instancethatst ml
in Figure4(a) containsawrite operationon portport ,
andthatst nB containsthe correspondingeadopera-
tion. Thenportsynct r ue andcommunicatiorprim-
itivesdefinedon it arenot neededaslong asthe Se-
| ect statemenin processP2 of Figure4(b) is mod-
ified to look at portsport andsyncf al se (in that
order).

5. Application to the M PEG-2 decoder

We appliedthe QuasiStatic Schedulingtechniqueto the
subsebf the MPEG-2decodeiidentifiedin Section3. The



Petri net generatedrom the FlowC specificationhas 115
places,106 transitionsand 309 arcs. For this Petrinet, we
tried to find a schedulewithout insertingary synchroniza-
tion. However, becausef the falsepathproblem,the algo-
rithm failed to find a scheduleandran out of memory(we
useda SunUltra Enterprise450 with 512 Mbytes of main
memory). By following the dynamicallycreatedreachabil-
ity tree,it wasobviousthatthe reasorfor this behavior was
dueto the presencef falsepaths,which causedhe explo-
rationof alargenumberof nodeswhich couldnotbereached
duringrealexecution.

We usedthetechniquadescribedn Sectior4 to solvethis
problem. The taskof identifying the conditionsthat hadto
be taggedin orderto reducethe size of the problemso that
it could be scheduledequiredonly oneday. The codewas
thenautomaticallyinstrumentedisingthe algorithmthatwe
presentecbove. 18 point-to-pointchannelsvere addedfor
synchronizationan averageof 2 Sel ect statemensnd7
reador write operationperprocessvereneededo make use
of thenewly createdchannels After thesechangesyve suc-
cessfullygenerate@scheduldor thefive processeandsyn-
thesizedataskto be usedin thecompleteMPEG-2decoder
The running CPU time of the scheduleron the sameSun
workstationwas12 secondsandthe peakmemoryusagel3
MBytes.

Figure 5 shaws the updatedcodeof processed predict
andTadd from Figure3. Notethatthewhi | e loopin pro-
cessTpr edi ct hasbeentransformedin orderto usean
i f-then-el se construct(andanel se clausehasheen

Process Tpredict

Tpredict_smbc = pred_prop.skipped_mb_cnt;
whildabe 1:
if (Tpredict_smbc > 0) {
WRITE_DATA(s/nctrue, d, 1);
DoPredi ctionSkipped(<params>);
WRITE_DATA(Tpredict_mb_Out, Tpredict_mb, 1);
Tpredict_snbc—;
gotowhildabd 1;
} d=={
WRITE _DATA(s/ncfd <, d, 1);

}
/* Other Tpredict codehere*/

Tpredict_mb_Out  synctrue  gyncfdse

& & o

Tadd_mb_In gnctrue  gyncfdse Tadd_mb_Out

Tadd_smbc = mb_prop.skipped_mb_cnt;
whilelabel 2:
(vad) (Tadd_smbc > 0);
switch (SELECT (synctrue, syncfd ) {
cax=0:
READ_DATA(sy/nctrue, d, 1),
READ_DATA(Tadd_mb_In, Tadd_mb, 1);
WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
Tadd_snbc—;
gotowhildabe 2;
bresk;
cael:
READ_DATA(s/ncfd g d, 1),
bresk;
}
/* Other Tadd codehere*/

Process Tadd

added),andthe whi | e loopin Tadd is now implemented

usingthenewly createdsynchronizatiorchannels.

Figure 6 shows the generateccode after the scheduling
process. Several optimizationsare still possible(only the
first two have beenappliedin our experiments):

e All channelsyith the exceptionof Tadd_nb_Qut , are
now internalto the generatedingletask,andtherefore
canbe implementedusingassignmentsatherthanex-
ternalFIFOs.

e Writesandreadsto andfrom synchronizatiorchannels
can be completelyeliminated,sincethey were useful
only to drive the schedulingorocess.

e Theel se clauseonly containsstatementshatcanbe
safely (and automatically)deleted,thereforeit disap-
pearscompletely

e VariableTadd_snbc is never usedin any assignment
andcanbeeliminated.

If all the above optimizationsare performed,we areleft
with asinglewhi | e loopwhich containgheappropriatein-
terleavingof statementfromthetwo original processeshat
an experienceddesignes would have written for a mono-
lithic implementation Using our techniquethis result is
achieved automaticallyfrom a modular specification. The
resultingcodenot only avoidsrun-timeschedulingoverhead

Figure 5. FlowC specification instrumented

with sync hronization channels

Process Generated_Task

Tpredict_snbc = pred_prop.<kipped_mb_cnt;
Tadd_smbc = mb_prop.skipped_mb_cnt;
|abel:
(vad) (Tadd_smbc > 0);
if (Tpredict_smbc>0) {
WRITE_DATA(g/nctrue d, 1);
READ_DATA(g/nctrue, d, 1);
DoPredi ctionSki pped(<params>);

READ_DATA(Tadd_mb_In, Tadd_mb, 1);
WRITE_DATA(Tadd_mb_Out, Tadd_mb, 1);
Tpredict_snbc—;
Tadd_smbc—;
gotolabd;

} ese{
WRITE_DATA(s/ncfd e, d, 1);
READ_DATA(g/ncfdse d, 1),

}
/* Other Tpredict and Tadd codehere*/

WRITE_DATA(Tpredict_mb_Out, Tpredict_mb, 1);

? Tadd_mb_Out

Figure 6. Portion 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 | 41 | 251 | 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 | 157 | 0.96 0.13 0.48 24K

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

andreduceglatatransfersbut it is alsoabetterstartingpoint
for astandarccompiler, sinceopportunitiedor optimizations
acrosgrocesdoundariesarenow possible.

We comparedhe performanceof the original concurrent
specificatiorof the MPEG-2decodemith thoseof the same
systemwherea singlestaticallyschedulegbrocesss usedin
placeof the five initial ones.In both caseswe removedthe
processeshat manageandimplementthe memory but we
keptthosethatparsethe input MPEG stream.Both systems
receved asinput a video streamcomposedf 4 images(1
intra, 1 predicted 2 bidirectionalpredicted).

Tablel1 summarizeshetotal executiontime (onthesame
Sunmachinedescribedabove) for thetwo implementations.
It also shaws the individual contributions due to the pro-
cessesmplementingthe MPEG-2decoder(split amongthe
parserand the five processeshat we scheduledogether),
the testbenchand the operatingsystem(that dynamically
scheduleshetasks).Theincreaséan performances around
45%. The gainis concentratedn the statically scheduled
processegjueto thereductionin the numberof FIFO-based
communicationsandin the operatingsystemdueto there-
ductionin thenumberof context switches.

Table2 comparesheexecutiontimesdueto computation
and communicationof the five consideredprocessesboth
in the original systemandin the quasi-staticallyscheduled
one.As expected computatiorandexternalcommunication
(i.e., with the ernvironment)arenot significantlyaffectedby
our procedure.However, internalcommunicatioris largely
improved: this is becauseafter schedulingwe could stati-
cally determinethat all channelsconnectingthe five con-
sideredprocessesiever have more than one elementat a
time. Therefore,communicationis performedby assign-
ment, ratherthanby usinga FIFO or a circular buffer. The
tablealsoreportthe objectcodesize,which increasesn the
generatedingletaskwith respecto the5 separateg@rocess:
thisis dueto the presencef control structuregepresenting
thestaticschedulen the synthesizedode.

6. Conclusions

This work shoved that significantgainscanbe obtained
bothin termsof off-line schedulingtime, andin termsof
final systemperformanceby avoiding the consideratiorof
false paths during Quasi-StaticSchedulingof concurrent
specifications.The resultingcodecan be comparedpy in-
spection,with the level of quality that is expectedfrom a
carefuldesignerthat takesinto accountthe full systembe-
havior simultaneouslyHowever, it canbe obtainedby sim-
ply taggingappropriatgortionsof a modularspecification.

In thefuture,we areconsideringhow techniqguesuchas
thosedescribedn [6] canbe appliedto reducethe amount
of manualintervention.
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