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ABSTRACT

Predicatedexecutionenablesghe removal of branchesy convert-
ing sggmentsof branchingcodeinto sequencesf conditionalop-
erations.An importantsideeffect of this transformatioris thatthe
compilermustunconditionallyassignresourceso predicatedop-
erations. However, a resourceis only put to productve usewhen
thepredicateassociatedvith anoperationevaluatesto True. To re-
ducethis super uouscommitmentof resourceswe proposeprob-
abilistic predicate-aare schedulingto assignmultiple operations
to the sameresourceat the sametime, therebyover-subscribingts
use. Assignmentis performedin a probabilisticmannerusing a
combinationof predicatepro le informationand predicateanaly-
sis aimedat maximizingthe bene ts of over-subscriptionin view
of the expecteddegreeof conict. Con icts occurwhentwo or
moreoperationsassignedo thesameresourcénave theirpredicates
evaluateto True. A predicate-ware VLIW processopipelinede-
tectssuchcon icts, recosers,andcorrectlyexecuteghecon icting
operations. By increasingthe effective throughputof a x ed set
of resourcesprobabilisticpredicate-avare schedulingorovided an
averageof 20% performancegain in our evaluationson a 4-issue
processqQrand8% gainon a 6-issueprocessor

1. INTRODUCTION

Very long instructionword (VLIW) processorsely on anintel-
ligent compilerfor extracting, enhancingand exposingsufcient
instruction-level parallelism(ILP) to deliver high performanceTo
extract ILP more effectively in the presenceof branchesandre-
ducethe overheadf branchespredicatedr conditionalexecution
is oftenemployed. With predicatedexecution,operationsareaug-
mentedwith anadditionalBooleanoperancknown astheguarding
predicate Whenthe guardingpredicatds True,the operationexe-
cutesnormally Corversely whenit is False,the operationis nul-
lied. Predicatedxecutioncanbe exploited by compilersthatuse
if-conversionto cornvertbranchingcodeinto straight-linesegments
of predicatedoperationg26, 2, 15]. As a result,mary branches
andthedif culties associateavith themcanbe eliminated.

Thoughgenerallyeffective at dealingwith branchespredicated
executionintroducesa seriousoverheadof its own. Predicatedx-
ecutiontradesoff sequentialexecutionof conditional operations
for increasedesourceequirementslf-conversionis additive with
respecto resourcescrosshranchego whichiit is applied. For if-
corvertedbranchesthe resource®f the thenandelseclausesare
addedto determinethe overall resourcerequirementdor the re-
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sultantsequencef predicatedoperations. Intuitively this makes
sensesinceto remove a branch,both clausesmustbe scheduled
with the appropriateonenulli ed atrun-time. As aresult,a com-
piler mustapplyif-conversioncarefullyto avoid over-saturatiorof
theprocessoresource$l4].

Compile-timeassignmenbf resourcege.g., fetch slots, regis-
ter ports, function units, memory ports) to predicatedoperations
is traditionally handledin a conserative manner The compiler
assumeshat ary predicatemay evaluateto True at run-time and
accordinglyensureghatall resourcesequiredby anoperationare
unconditionallyavailable. However, this is not necessaryAt run-
time, operationsrequireresourcesvhentheir predicateevaluates
to True. An operationwith a Falsepredicateonly requiresa subset
of its resources.The only requiredresourcesare thoseup to the
point of determiningthatits predicateis False;all later resources
assignedo anulli ed operatioraresuper uous.

For a predicatedarchitecture processorresourcesan be bro-
ken down into two cateyories: must-useand may-use. A must-
useresources requiredby an operationregardlessof its run-time
predicatevalue. Conversely a may-useresourceis only required
whenanoperations predicatesvaluatego True. Theclassi cation
of resourcesnto the two catgoriesis basedon the point in the
processopipelinewhereoperationswith Falsepredicatesarenul-
lied. Resourcedeforethenulli cation pointaremust-usethose
after are may-use. Nulli cation later in the pipeline reducesthe
lateny from predicatecomputationgo usesof thosepredicates;
nulli cation earlierin the pipelinereduceshe numberof must-use
resources.

To overcomethe problemof super uousresourcautilization by
nullied operations,we proposeprobabilistic predicate aware
scheduling In this work we apply this techniqueto modulo
scheduledoop regionswhich are generallyresourceconstrained.
The centralidea of PFAMS (probabilistic predicate-aare mod-
ulo schedulingjs to allow over-subscriptiorof may-useresources
whereinmultiple operationsare allowed to resere the samere-
sourceat the sametime. As a consequencet is possiblefor dy-
namic over-subscriptionof resourcego take placeso that two or
moreresource-sharingperationswill have their predicatesvalu-
ateto True at runtime, resultingin aresourcecon ict. PRAMS is
a generalizatiorof deterministicpredicate-avaremoduloschedul-
ing (DPAMS) [23]. DPAMS allows operationgto sharethe same
resourcewhentheir predicatesare provably disjoint, i.e. at most
onewill evaluateto True at run-time. By allowing con icts to oc-
cur, PRAMS nds mary morecombinableoperationghanDPAMS.
Thus,PFAMS signi cantly increaseshe utilization of may-usere-
source@ndleadsto improvedprocessoperformanceA secondary



bene t of PRAMS is thatwith resourceconstraintdessenedimore
aggressie if-conversioncan be appliedto extract further bene t
from branchelimination.

The consequencef probabilisticover-subscriptionis thatit is
possiblefor dynamicover-subscriptionof resourcego take place.
In this situation,two or moreoperationswill have their predicates
evaluateto True at run time resultingin resourcecon ict. To deal
with this problem,PFAMS estimatesesourcecon icts andmalkes
schedulinglecisiongo maximizethebene tsof over-subscription.
Predicatesare probabilistically analyzedusing a combinationof
predicatepro le information and predicateanalysis[11]. Predi-
catepro le informationprovidesstatisticson the expectednumber
of timesa predicatewill evaluateto True. Predicateanalysiscom-
putessuperset/subsanddisjointnesselationsamongpredicateso
identify whentwo or morepredicate@reguaranteedo de nititely
or never con ict. Probabilisticanalysisis usedto identify prof-
itable opportunitiesfor resourceover-subscription. The scheduler
takes adwantageof theseopportunitiesvhenthey leadto a tighter
schedule.

Oneolviousalternatve to predicateawareschedulings to sim-
ply build awider processomwith moreresources Whenthe num-
ber of resourcess sufciently large,the problemof resourcecon-
tentiongoesaway. However, this solution may have a high cost;
additionalfunction units, register le ports, bussesgetc. may be
necessaryThismaybeunacceptablesspeciallyfor cost-or power-
sensitve ervironments. Predicate-aare schedulingincreaseshe
utilization of existing processoresourcesandthereforeincreases
applicationperformancewith a x ed setof resources.n this pa-
per, we presenthe necessarpardwareandsoftware extensionso
SupportPFAMS.

2. BACKGROUND AND MOTIVATION

Iterative Modulo Scheduling(IMS) [16] is a softwarepipelining
techniguethatinterlearessuccessie iterationsof aloop. Thegoal
of IMS isto nd avalid scheduldor aninnermostoop thatcanbe
overlappedwith itself multiple timessothata constanintenal be-
tweensuccessie iterations(Initiation Interval (I1)) is minimized.
The ll-cycle coderegion that achieves the maximumoverlap be-
tweeniterationsis calledthe kernel. The schedulerchoosests
initial 1l to be the maximumof two lower bounds. The resource-
constrainedower bound(ResMIl) is equalto thenumberof cycles
thatthemostheavily usedresources busyduringasingleiteration
of theloop. Therecurrence-constrainddwer bound(RecMll) is
determinedy longestcycle in thedependencgraph.

To satisfyschedulingconstraintsJMS usestwo datastructures
known asthe ScheduleReseration Table (SRT) andthe Modulo
Reseration Table (MRT). The actualrealizationof thesetwo ta-
blesis implementatiordependentConceptuallythey work asfol-
lows. The SRT displaysthe schedulefor oneiteration; it records
the useof a particularresourceat a particulartime by eachspe-
ci ¢ operation[6, 16]. Schedulingatthattime is permittedonly if
theresourcausagedoesnotresultin aresourcecon ict, andnola-
teng/ constraintf prior operationson which the operationbeing
schedulediependsreviolated. The MRT is usedby IMS to track
the moduloconstrainwhich stateghattwo operationghatusethe
sameesourcenaynotbeschedulednintegermultiple of Il cycles
apartfrom oneanother

IMS is generallyappliedto singlebasicblock innermostoops.
In processorghatsupportpredicatedexecution,if-conversion [26,
2, 15] is appliedto broadenthe classof loopsthat can be mod-

[[ Function Unit | Operations | Mnemonics [ Latency ||

ALU (A) Add + 1
Or 1
Predicate | cmpp Tor3
Compare

Memory (M) Load Id 2
Store st 1

Branch(B) Branchon br 1
Condition

Table 1: Description of a sampleprocessomith a fetch/execute
width of 3 operations

ulo scheduled.The performanceof IMS is usually resourcecon-
strainedj.e. is largerthan . Predicationwhich
memgestogetherthe operationsalong multiple control paths,fur-
therincreasesheresourceconstraintdy requiringan operationto
resene its resourcaunconditionally regardlessof whetherits path
is actuallytaken.

To illustratethe applicationof corventionallMS alongwith the
potentialbene ts of PRAMS, we considera simple codeexample
andprocessomodel. The exampleprocessqrwhich canfetchand
executeup to threeoperationsper cycle, hasthreefully pipelined
function units asdetailedin Tablel. Thetablelists two latencies,
1 and 3, for the predicate-de ningoperation,cmpp, becauseas
discussedn Section3, to supportpredicate-a/are schedulingthe
cmpplateny mustbeincreasedy atleastonecycle;in thissimple
examplethecmpplateng is increasedrom 1 to 3 cycles.

Figurel(b)shavstheassemblyodeof anexampleif-converted
loop whosesourcecodeis shawvn in Figure 1(a). The predicate-
de ning operationcmpp which replaceghe branchin the original
control statementsetsthe predicate(s) For example,  setstwo
disjointpredicates, anditscomplement . Operationghatwere
on eitherthe thenor elsepathsare nov guardedunderthe corre-
spondingpredicatesFor example, isguardedunder and
is guardedunder . Figurel1(c) lists eachpredicateusedby the
codealongwith its activation frequeng, which is the fraction of
(pro led) loop iterationsin which the predicateevaluatesto True.
It alsoshaws the executionfrequeng of eachoperationwhich is
equalto the activation frequeng of its guardingpredicate. Note
thatunconditionalcmppoperationg20] (which we assumen this
example)alwayssetthe value of the destinationpredicateregard-
lessof their guardingpredicate thustheir executionfrequeny is
always 1.0. Figure 1(d) shaws the datadependencgraphfor the
codein Figurel(b). Eachnodeshaws the correspondingpera-
tion, andits outboundarcsarelabeledwith the operations lateng.
Again,asshavn in Tablel, eachcmppoperations outboundarcs
arelabeledwith two latencies,1 and3. Notethatthe edgesn the
graphareall o w dependencesith theexceptionof theedgefrom

to whichis acontroldependence.

Theapplicationof IMS to theexampleresultsin thell=10 sched-
ule presentedin the MRT shavn in Figure2(a). The notationused
for eachoperationis iter:opname whereiter is the iteration to
which the operationbelongsrelative to the current(n ) iteration.
Sinceeachof tenALU operationgAl,A2,A3,A4,A5,A6,C1,C2,
C3,C4) mustreseretheALU resourceatadifferentcycle to avoid
con ict, ResMII=10and this schedules optimal (RecMII=1 for
this loop). Predicatedperations and areex-
ecutedconditionallybut resene the ALU unconditionally Conse-
quently anALU cycle is wastedevery time theguardingpredicate



for(i=0; i < N;i++)
{
Iv =A[i];
if (Iv<20){
a=0;
if (Iv>10){
a=Iv+2,
} Al i=i+4ifp0o
if (Iv==14){ M1: Iv =load(i, A) if pO ‘
a= v CL pl,p2_= cmpp(lv < 20) if p0
’ A2 a=0if pl
1 C2 p3=cmpp(lv > 10) if p1
} A3 a=Iv+2ifp3
else{ C3: p4=cmpp(i == 14) if p1
a=Iv|0x7; Ad: a=Iv-4if p4
} A5: a=Iv|0x7if p2
if (a==0){ C4: p5 = cmpp(a==0) if p0
t=atlv; A6: t=a+lvifp5
Alil =t M2: store(i, A, t) if p5
} B: if(i <400) goto Alif p0
}

Predicates | Operation
Activation | Execution
Ereguencies| Frequencies
pl: 02 Al: 10
p2: 08 M1: 1.0
p3: 009 |CL 10
p4d: 001 |C2 10
p5: 011 |C3 1.0
A2: 0.2
A5 :08
A3: 0.09
A4: 0.01
C4 10
A6 0.11
M2: 0.11
B: 10

(a) Saurcecode (b) Assembly code

(c) Frequercies

(d) Datadeperdercegraph

Figure 1: Example codesegment

of its assignedperations False.We canincreaseALU utilization
andhencereducethe scheduldengthif we combinetwo or more
of thesepredicateperationgo sharethe ALU in thesamecycle.

DPAMS guaranteeshat no con icts will occurby combining
only disjointoperationgo sharehesameresourcg23]. A DPAMS
schedulds shawvn in Figure2(b). Disjoint operationsA2 and A5
arescheduledn the sameslot of the MRT. As aresult,the ALU is
alwaysutilized at Time 8, andtheachieved scheduldengthis 9 cy-
cles,an11% performancemprovementover the 10 cycle baseline
scheduldn Figure2(a). Notethatthe ALU is still underutilizedat
Times1, 2 and5 by operations and , but noneof these
operationsanbecombinecby DPAMS.

PRAMS achievesa 6 cycle static scheduldength ( ) by
alsocombiningtheoperations and  from the sameiteration
and fromthepreviousiterationto sharehe ALU atTime 2, and

with from two iterationsearlierto sharethe ALU at Time
5, asshavn in Figure2(c). Note that neitherof theseadditional
combinationds disjoint. Because alwaysrequireshe ALU re-
source,eachtime at leastone of operations and  executes
therewill be atleastonecon ict, causingsomecon ict recovery
delay . Operations and  will alsoconict and
delaythe executionwheneer executes.If , and al-
waysexecute therewill beatleast2 cyclesof delayat Time 2 and
1 cycle of delayat Time 5 of the MRT, resultingin noimprovement
over DPAMS. But, we expectonly 0.42cyclesof penaltyon aver
ageasexplainedin Sections4.1and4.3andshavn in thelastrow
of the MRT in Figure2(c).

PRAMS thus achieves a 6.42 cycle expectedschedulelength
( ): a 40% performancem-
provementover DPAMS, and55%overthe baseline.

This simpleexampleshaws thatallowing predicatedoperations
to resene the sameresourcan the sametime-slotcanreducethe
resourcerequirementsand static scheduldengthfor a predicated
codesegment,but will causecon icts atruntime wheneertwo or
more operationghat are combinedtogetherhave their predicates

evaluateto Truein the samecycle. The goal of PFAMS s to de-
creasdhe scheduldengthby maximizingthe degreeof
usefuloverlap, subjectto controlling the expecteddegree of con-
ict.

3. PROBABILISTIC PREDICATE-AWARE
VLIW PROCESSORARCHITECTURE

In this section the probabilisticpredicate-aare (PFR) architec-
tureis describedThegenericpredicate-avarearchitecturénastwo
categories of resources:may-useand must-use. Every resource
usedafter the value of the guardingpredicatebecomesknown is
may-useand can be resered by several predicatedoperationsat
the sametime. All the remainingresourcesre must-useandcan
only bereseredby asingleoperatiomatatime. Thecategyorization
rule is thatevery resourcehatis afterthe predicatereadandoper
ationnulli cation pointin the pipelineis may-use Readingpredi-
catesandnullifying operationsearlierallows moreresourceso be
may-usewhich leadsto shorterschedulesHowever accessinghe
predicateegister le earlierin theprocessopipelineincreaseshe
lateng of the predicatede ning operationwhich canbe problem-
atic if mary of the predicatede ning operationdie on the critical
pathof theapplication.

Ourbaselinearchitectureshavn in Figure3(a), is similarto the
TI "C6x architecturg10], exceptthatits uni ed registerreadand
executionstageis separatedhere. The baselineprocessopipeline
has6 stages:fetch, dispatch,decode register read, executeand
write back.Thepredicatesrereadonly duringthe executionstage.
Thus, resourcesn the executestageandthe precedingstagesare
must-use Only theresourcedn thewrite-backstagearemay-use.

In orderto convertthe baselingpipelinedatapattinto a PFA dat-
apath four issuesamustbe addressedFirst, nulli cation shouldbe
performedearlierin the pipelineto make more may-useresources
available. Second,the cmpplateny shouldbe kept as small as
possible.Third, acon ict resolutionmechanismis requiredto de-



Time A M B Time A B Time A M B
0 nAl 0 nAl 0 nAl n-3:mM2
1 n-1:.C4| nM1 1 n-1:A3 n:M1 1 n-1:A2 n-1:A5 nM1
2 n-1:A6 2 n-1:A4 2 n-1:A3 n-1:A4 n-2.C4
3 n:Cl | n-1:M2 3 n:Cl 3 n:Cl
4 n:.C2 4 n-1.C4 4 n:C2
5 n:.C3 5 n-2:A6 5 n:C3 n-2:A6 nB
6 n:A3 6 n:C2 n-2:M2 0.42 expected delay due to conflicts
7 n:A4 7 n:C3
8 n:A2 8 n:A2 n:A5 nB
9 n:A5 n:B
(a) Baseline 11=10 (b) Deterministic PAMS 11=9 (c) Probabilistic PAMS Il expected=6.42

Figure 2: Threescheduledor the examplecodesegment
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detection recoven

Resource Conflict Detection and
Recovery Unit

(a) Baselinemachine

(b) Probabilisticpredicate-araremachine

Figure 3: Baselineand predicate-awae pipeline organizations

tectandrecover from con icts. Fourth,to avoid compromisinghe
cycle time, the pipeline compl«ity shouldnot be increasedsub-
stantially To this end,we make threemainchangesn thebaseline
pipelineto male it predicate-aare,asshavn in Figure3(b).

Changel: The rst changss to move thepredicateregister le
(PRF)readto thedispatchstage.This allows nulli cation to occur
at the end of the dispatchstage. As a result, all the resourcesn
subsequenstageqgeneral/ oating-point registerports, function
units, etc.) are may-use. During the dispatchstage,the PRFis
accesse@arlyin thecycle to readpredicategor all theoperations.
Then, the dispatchlogic nulli es thoseoperationgguardedunder
Falseandassignshe restof the operationgo their corresponding
functionunits, providedthereis no con ict.

Change 2: In the baselineprocessarthe latengy of the cmpp
operationis 1 cycle. The rst proposedchangeabove, however,
increasedt to 4 cycles. Our secondchanges to reversethe order
of the decodeand dispatchstagestherebydelayingthe predicate
read by one stage,which reducesthe cmpp latengy to 3 cycles.
However, sincedecodenow occursheforedispatchthe complexity
of thedecoddogic is increasedsomaevhat. In theworstcase,
(fetch width) generalpurposedecoderspne per operationin the
instructionword, are required. In the alternatve, wheredecode
follows dispatch it might be possibleto usemorespecializedand
henceessexpensie decoders.

Change3: Thethird andmostsigni cant changéds to adda Re-
source Con ict Detectionand Recovery Unit. During the pred-
icatereadanddispatchstage,if morethanone of the operations
scheduledo executeon a particularfunction unit hasits predicate
setto True,thecon ict is detectechndthecon ict signalis set.As
aresultthe stall signalis sentto thefetchanddecodestagesanda
recovery processs executed.

A recovery procesanustaddresgwo importantissues: rst is
how to dispatchthecon icting operationgluringrecovery andsec-
ondis whento startdispatchingheseoperations.

To addresshe rst issue,we notethattherearetwo alternatve
schemeso dispatchoperationdo recover from suchaconict. In
the rst schemethoseoperationsn the dispatchstagethat have
True predicatearedispatchedn parallelto the functionunitsthat
they were originally assignedo, and one suchoperationis dis-
patchedo eachfunction unit in eachcycle until thereareno such
operationdeft for thatfunction unit. This processcontinuesuntil
the entireinstructionword is dispatched.This schemeresultsin a
simplerdesign,but a longerstall time thanthe secondscheme.In
the secondalternatve schemean operationmay be dispatchedo
ary availablefunctionunit thatcansene it (ratherthanonly to the
functionunit it wasoriginally assignedo, asin the rst scheme).
This schemaewill reducethe stall time, but its designis somavhat
morecomple. In our experimentswe usetheformer, simplerre-



covery scheme.Othermore complex schemegould alsobe con-
sidered put arebeyondthe scopeof this paper

The secondissueis whetherthe recovery itself may begin im-
mediately in the samecycle in which a conict is detected,or
requiresadditionaltime to initiate. To model the effect on per
formance,a machineparametercalled the con ict detectionand
recovery unit lateng ( ) is usedin the experiments.We in-
vestigate valuesof 0 cycles,whereinthe rst con icting
operationis dispatchedn the con ict detectioncycle itself, and 1
cycle,whereinit is dispatchednecycle later.

To addressheissueof delayandcompleity of the con ict de-
tection andrecovery unit, we note that therealreadyare reasons
why a dispatchemay be unableto dispatchan operationor group
of operationsn aparticularcycle, e.g.theinputbuffer of arequired
executionunit maybefull. Thecon ict describedibore is justone
moresimplereasonandthe’stall' or interlockmechanisnit needs
to invoke is no morecomplex thanthe mechanismshatalreadyex-
ist in today's microprocessorfor this purpose.The stall signalis
producedby simplecombinationalogic; assoonasthe predicates
arereadearly in the cycle, this logic generateshe stall signal if
morethanonepredicatehat hasresenedthe sameresourcehasa
True value. This 'stall' signal could simply be addedas an addi-
tional triggerto ary of thoseexisting mechanismso effect a stall
or fetch/decodeestartasappropriate.

Themainpotentialperformancelegradatiorfactorof ourdesign
is thatsincepredicatereadhasbeenmoved earlierin the pipeline,
the schedulalistancebetweera cmppoperatiorandits consumers
mustbeincreasedpossiblyincreasinghelengthof thecritical path
in the coderegion, andthusdegradingthe performanceAs shavn
in Section5, modulo scheduledoopsin the benchmarkghat we
examinedareconstrainedby resourcespotby latencies Therefore,
increasinghecmpplatengy hasonly a smalloverallimpacton the
performanceof PRAMS.

An interestingconsequencef our designis thatit is possible
to selectvely increasethe cmpp lateng, so asto restrictthe in-
creasein critical pathlength. Only someoperationswill seean
increasedcmpp lateng; all otheroperationswill seea cmpp la-
teng of 1, which meanshatthey will executeunconditionallyon
their resourcegi.e. their executionfrequeny is increasedo 1.0).
To allow both kinds of operationsto readtheir predicatesn the
samecycle, the 1-bit wide PRFin Figure 3(b) canbe simultane-
ouslyaccesseffom theexecutestage aswell asthepredicataead
anddispatchstage. Thus, twice asmary PRFreadportsarere-
quired,but they areonly 1-bitwide. If this posesadesignproblem,
ashadav PRFcouldbeaddedfor accesdy oneof thesestages.

Note thatin this paperwe do not take adwantageof this feature
of selectvely increasinghe cmpplateng, sincemoduloscheduled
loopsaregenerallyresourcaatherthanlatengy bound,andextend-
ing cmpplateny hasonly a smallimpacton the overall schedule
lengthfor mostloopsin our applications[23, 22]. However, for
agyclic regions,selectvely varyingcmpplateny for certainoper
ationsdoesdecreasascheduldengthresultingin performancem-
provement22].

4. PROBABILISTIC PREDICATE-AWARE
MODULO SCHEDULING

In thissectionthedetailsof the PFAMS algorithmarepresented.
PRAMS is an extensionof corventionalIMS; it decreasethe ex-
pected dynamickernelscheduldengthby relaxingresourcecon-
straints.It achie/esthis by allowing operationdo resene thesame

resourcen the samecycle, while estimatingandaccountingor the
resultingexpecteddelaydueto con icts.

4.1 Computing ExpectedCon ict Delay

A key featureof PRAMS is the methodof estimatingthe ex-
pecteddelaydueto con icts whentwo or more predicatecbpera-
tions sharethe sameresource.The examplecodein Figurel and
the machinemodelin Table 1 are usedto demonstratehis tech-
nique.

Wede ne anexecutionvector for agroupof predicatessanas-
signmentof a particularbooleanvalueto eachof thesepredicates.
The expecteddelay ( ) for a groupof predicatecoperations
is thesumof the expecteddelaysdueto eachof the executionvec-
torsthatresultin a conict. The expecteddelay of an execution
vectoris the numberof extra delaycyclesrequiredto recoser from
thecon ict multiplied by the probability of occurrencef this exe-
cutionvector

For example,assumingCDRL=1, the expecteddelaywhen op-
erations and , guardedoythepredicates , and ,
respectiely, arescheduledtthe sametime onasingleALU is

The rst threetermson theright sidecomputethe expectedde-
lay for all possibleexecutionvectorsthatcausesxactlyonecon ict.
For example,whenthe executionvector

occurs,it will cause and to con ict over the ALU, re-
sultingin 2 extra cyclesof delay: 1 cycle (CDRL) to detectthe
conict, plus 2 more cyclesto dispatchthe two con icting ALU
operationsminus 1 cycle to accountfor the factthat whenthere
arenocon icts, it takesexactly onecycleto dispatchall operations.
Similarly, asshavn by thefourth term,to recover from con icts in
will take 3 extracycles.

Computing the Probability of an Execution Vector: To com-
pute the probability of a given executionvector we introducea
PredicatdrelationshipgGraph(PRG), whichis similarin concepto
thepartitiongraphin [11] andthepredicatehierarchygraphin [14].
A PRGrepresenttherelationshipbetweerthepredicatesn apred-
icatedblock of code.Eachnodein thegraphcorresponds$o a par
ticular predicateandis labeledwith theactivationfrequeng of this
predicate asobtainedfrom a pro le run. Therearetwo kinds of
edgeswhich connectthe nodesof the PRG:implication edges(l-
edges)anddisjointnessedges(D-edges).Thereis an I-edgefrom
predicate to if implies ,i.e.,wheneer isTrue, is
alsoTrue. This meansthatin the original non-predicate¢odean
operatiorguardeddy liesonary controlpaththatpasseshrough
anoperationguardechy . A D-edgeindicatesthatthetwo predi-
catest connectaredisjoint,i.e., when&er oneof thesetwo predi-
catesevaluatego True duringexecution the othermustevaluateto
False.

Oneimportantsimplifying assumptiorthatwe malke in this pa-



------ p2 (0.8)

Figure 4: PredicateRelationship Graph

peris the independencassumption. This assumptiorstatesthat
ary two predicatesiot connectedy anedgearedeemedo bein-

dependenthatis the probabilitythatoneof themevaluateso True
(or False)is thesameregardles®f thevalueof theotherpredicate.
Notethatary two predicatesle ned in differentloopiterationsare
never connectedy anedgeandthereforearealwaysassumedo be
independent.

ThePRGfor theexamplecodeof Figurelis shavnin Figure4.
Theroot of PRGis predicate  which always evaluatesto True
during the executionof this code,henceit hasa frequeny of 1.0.
Oblviously, implies ,asdo and implies  sincethe
cmppoperationC2 mayonly set  if its guardingpredicate, ,is
True (andits condition, ,isalsoTrue);likewise, implies

. Sinceimplicationis atransitve relation,we avoid clutteringthe
graphwith redundant-edgesg.g.,we do not needto includeanl-
edgefrom to sincethereis anl-edgefrom to andone
from to . Thereis aD-edgebetween and sincethese
two predicategasde ned in C1) aredisjoint. Furthermoresince

and imply ,they mustalsobedisjointfrom . Therefore,
thecorrespondingp-edgesetween and aswellas and
arenotshavn, asthey canbeinferredfrom thegraph.

We usethe PRG,the independencassumptionandtechniques
from elementaryprobability theoryto computethe probability of
occurrenceof an executionvector We demonstrate¢his computa-
tion with a simplerepresentate example,the formal comprehen-
sive derivationis presentedn [22].

Suppose , ,and of the examplearescheduledn the
samerow of an MRT. Oneprobability we would needto compute
is for thecasethat and  ex-
ecute,but doesnot. Furthermoresuppose¢hat  and are
scheduledat the sametime in the SRT, but is scheduledat a
differenttimein theSRT,i.e., and intheMRT row arefrom
the sameloop iteration, but is from a differentiteration. Since
predicategrom differentiterationsareassumedo beindependent,

, we noticefrom the PRGthat

evaluatesto Trueand  evaluatesto False,whenone of two
eventsoccurs:(i)  evaluatego True, evaluatego Trueand
evaluatesto False,or (i)  evaluatesto Trueand evaluatesto
False(in whichcase is guaranteetb beFalseby theimplication
relationship).Hence,

. Tocompute

. We usethede nition of con-
ditional probability to computeeachof the terms. For the second
term,

For the rst term,

. is
measureds the fraction of all pro led loop iterationsfor which
evaluatesto True. is the conditionaledge
transitionprobabilitythat  evaluatesto True,given  evaluates
to True andis equalto . Furthermore,

. Hence by pluggingin the valueswe obtain,

Certainexecutionvectorsareillegal sincethey will never occur
andhencehave 0 probability Forexample,

since is disjointfrom  asindicatedby the D-edgein the
PRG.As anotherexample,it is impossiblefor both  and to
executeand notto executeif all threeoperationsarefrom the
sameiteration;this is dueto the factthat and areguarded
underthesamepredicate , andclearly

Wedevelopedageneraprobabilisticmodelto computetheprob-
ability of occurrencef anarbitraryexecutionvectorin termsof the
PRG edgetransitionprobabilities. This modeltakes adwantageof
the threepossiblerelationshipshetweena pair of predicates:dis-
jointness,implication, andlastly independencéwhich we assume
wheneer neitherdisjointnessor implication hasbeenfound).

Finally, note that the computationcompleity of the probabil-
ity of occurenceof a given executionvector cantake time thatis
exponentialin the size of the executionvector in the worst case.
However, the actualcompilationtime wassmall, sincein practice
our executionvectorlengthrarely exceededhree.

4.2 Main PPAMS Extensions

The PRAMS algorithm usesthe expecteddelay computation
techniqueto try to nd the smallestexpectedinitiation interal

( ) for whichavalid scheduleanbefound.
, Where is the staticinitiation inter-
val whenthe delaydueto con icts is ignored,and is

the expecteddelay dueto con icts. The following describesour
main changedo the baselindterative moduloschedulingIMS) to
supportPFAMS.

Computing ResMIl: IMS computesthe resource-constrained
lower bound (ResMIl) by unconditionallyaddingthe numberof
timesthateachoperationusesa particulartype of resourceto that
resources usagecount,regardles®f theoperations guardingpred-
icate. The cumulatve usagecountfor the mostheaiily usedre-
sourcedeterminesResMlIl for IMS. For our examplein Figurel,

, Sincethereare 10 ALU operationsand only a

singleALU unit. . . e
or PRAMS, a similar calculationis done,exceptthatan opera-

tion is allowedto usea particularmay-useresourceonly afraction
of thetime, basedon its executionfrequeng. Whenan operation
usesaresourcethis resources usagecountis only incrementedy
operations executionfrequeng. Thus,continuingwith the exam-
ple, the probabilistic predicate-avare resource-constraineldwer
bound,PFAMS

ALU , Which is the execution frequeng
summedover all ALU operations.Note that un-predicatedpera-
tionshave afrequeng of 1.0. Finally, sincethemust-useesources
areresenred regardlessof guardingpredicatevalues,their usage
countis computedasin the baselinecase. The lower boundob-



double ppams_Main()
{
I,0w = max(ppamsReaM ||, ppamsRedvll);
[high = max(baseRedMI|, baseRedVIl);
while(ll g, — 11,0, > smallddta) {
Miigde = (Mhign + 1ow) / 2
if (ppams_FindScedule(ll ;440 == true)

Mhigh = Nigae

bool ppams_FindSchedule(ll g,pecteq)

for(ll 44 = floor (max(WidthReaMI1, ppamsRecMI|I));
gaic <= Floor (W eqpented)s Heaict+) {

N cipaay = Nexpected = ! cripeays
else if(ppams_lterativeScheduler(ll gaic, N crpea)==true)
ow = Nidge: ) return true;
}
return Hygns return false;
}
(a) (b)

Figure5: Main PPAMS schedulingroutines

tainedis likely to be an optimistic estimateof the actualschedule
lengthsinceit doesnotaccountfor potentialcon icts thatmayoc-
cur.

Main Scheduler: The main PRAMS driver (shavn in Fig-
ure 5(a) usesa binary searchmethodto nd the smallestvalue of

for whichavalid scheduleeanbefound. Thelow (high)

bound, ( ) is computedasthe maximumof the ppams
(baseline) and . Notethat is
never lessthan sincePFAMS requirescmpplateny
to beincreasedwhich mayincreasehelengthof thecritical path,
but never decreased. The while loop in Figure 5(a) calls the
ppams.FindScheduleroutinewhich triesto nd avalid schedule
for - a halfway point between and . Ifa
schedulds found, is reducedo , otherwise
is increasedo . Thesestepsarerepeatedintil the differ-

encebetween and dropbelor asmallthresholdvalue
( ), atwhichtimethe valueis setequalto the
currentvalueof

ppams FindSchedule(Figure5(b))triesto nd avalid schedule
for (the sumof and ). In fact,it is
possiblefor severalvalid schedulesf length to exist for
severaldifferentvaluesof and aslongashboth
addupto . Thereforewe vary in theloop start-

ing from the ceiling of the maximumof thewidth resourceandthe

recurrence-constrainddwer boundup to the oor of

Thewidth resource-constrainddwer bound,WdthResMI| is de-

ned as e e andis a hard limit on

for a machineof the given fetch width (FW). Thus, can

never be lessthan , and since must be

an integer, it cannotbe lessthan ceiling(WidthResMII).

is also constrainedby the recurrence-constraineldwer bound,
, computedfrom the datadependencgraphaf-

ter the cmpplateny extensionphase.The extensionof cmppla-

tenciesmay increasethe lengthof the critical pathcomparedvith

the baselinecode. Note that with PFAMS, as opposedto base-

line modulo scheduling, canbe lessthan . In
addition, since we are only interestedin scheduleswith
, the term of a scheduleof interestcannotex-

ceed oor( ).

For eachvalue of , the correspondingmaximum al-

lowed value of is computed(as the differencebe-
tween and ) andtheppamas Iterati veScheduler
is called with both values passed as parameters. The
ppams lterati veScheduler returns True if a valid scheduleis
found, in which caseppams FindSchedulealsoreturnsthe value
True. Otherwise the next combinationof and
is tried, until either the ppams Iterati veSchedulerreturnsTrue
or the for loop terminates. If the loop terminates,no valid
schedulehas beenfound for a given value of , and
ppams. FindSchedulereturnsFalseto theppams.Main driver.
ppams.lterati veSchedulef , ) is a slightly
modi ed versionof the baselineiterative modulo scheduleralgo-
rithm [16] which iteratively schedulesandunscheduleshe opera-
tions of theloop until eithera valid schedulds found or the max-
imum numberof allowed schedulingsteps(a run-time budget)is
exceeded.In PRAMS, the scheduletriesto placeoperation at
Time of the MRT thatis chosersothattheincreasen total esti-
matedcon ict delay(i.e., the summationof the estimatecton ict
delayover all rows of the MRT) is minimized.If anoperationcan-
not be placedwithout exceedingthe delay constraint ,
a backtrackstepis executedin which someoperationsarechosen
to beunscheduledto betried againlater)soasto allow thecurrent
to be scheduledvithoutviolating the delayconstraint.

4.3 Example Application of PPAMS

To illustratethe applicationof the algorithm,PFAMS is applied
to the examplein Figure 1 with the machinemodelin Tablel, a
cmpplateny of 3 cycles,anda fetchwidth equalto the numberof
functionunits (3).

We shav the details of a single call to the
ppams lterati veScheduler function. The goal is to nd a
valid 6 cycle ( =6) schedulewhich also satis esthe delay
constraint cycles. As eachoperationis
scheduledat sometime slot, the appropriateresourcas marked at
that time slot in both the SRT and MRT. In addition, the current
delay valuesin the column are updated: the overall
scheduldength,whichis plusthesumof the
entriesover all rows is shawvn in the lastrow of the MRT. We use
delay dueto con ict computationmethodfrom Section4.1 and
the PRGin Figure4 to computethe value of at each



Schedule Res ervation Table

Schedule Res ervation Table

Schedule Res ervation Table

Time A M CfiDelay Time A M CfiDelay Time A M CfiDel ay
0 Al 5 X 0 AL
1 M1 1 ML 1 M1
3 C1 3 c1 3 Cl1
4 c2 2 2 4 C2
5 C3 5 c3 5 C3
6 5 6
7 A2?7p1 _A5?p2 7 A27pl A57p2 7 A27pl A57p2
8 A37p3 A47p4 0.0018 P A373 A470A 8 A37p3 A4
9 0.02 ) 20 9
10 0.02 0 20 10
11 0.02 1 20 11
12 0.02 12 20 12
13 0.02 13 20 13
14 14 c4 0.1991 14 c4
15 5 15
16 16 16
17 17 17 A6 0.22
18 18 18 M2 0.22
19 9 19 0.22
20 20 20 invalid
21 >1 21 022
22 >3 22 022
23 23 23 022

Modul o Reservation Table Modul o Reservation Table Modul 0 Reservation Table

Time A M CflDelay Time A M CflDelay Time A M CfiDel ay
0 n:Al 0 0 n:Al 0 0 n:Al n-3M2 0
1 n-1A2 n-1A5]nM1 0 1 n-1:A2 n-1:A5 n:M1 0 1 n-1:A2 n-1:A5 nM1 0
2 n-1A3 n-1A4 0.0018 2 n-1A3 n-LA4 n-2:C4 0.1991 2 n-1A3 n-1:A4 n-2:C4 0.1991
3 n:Cl 0 3 n:Cl 0 3 n:C1 0
4 n:C2 0 4 n:c2 0 4 n:C2 0
5 n:C3 0 5 n:C3 0 5 n:C3 n-2A6 0.22

0.0018 [ expeced delay dueto conflicts 0.1991 expeced delay dueto conflicts 0.4191 expectd delay dueto conflicts

(a) Scheduling A4 (b) Scheduling C4 (c) Scheduling A6
Figure6: PPAMS Schedulingof the examplein Figure 1 for =6 and =0.42
step.We omitthe -resourcecolumnto save space:in traditional schedule.
modulo schedulingof the counterbasedloops, a single branch Operation  is scheduledsimilarly, asshavn in Figure 6(b),

operation is alwaysscheduledrst within the rst rows of
the SRT andnever causegon icts.

Figure 6(a) shaws the partial SRT and MRT with operations

, v and and alreadyscheduledand
operation is being scheduled. Note that the partial schedule
(before  isscheduledhasnocon icts sinceeachALU operation

occupiesaseparatentryin the MRT, exceptfor and  which
aredisjoint. Theearliestscheduldimefor  (in theSRT) is Time
8since isdependentnthethree-gcle  operatiorscheduled
at Time 5. If is schedulecat Time 8, it will sharethe ALU
with  from thesameiterationandwill resultin 0.0018cyclesof
expecteddelaydueto con ict, namely recovery cycles
, asshavnin therightmost
column. Scheduling  atary of Times9 through12 of the SRT
would resultin 0.02cyclesof delay( recovery cycles
), sincethe operationscheduledat eachof
thesetimesin the MRT alwaysexecute(executionfrequeng = 1.0).
Scheduling  at Time 13 will alsoresultin 0.02cyclesof delay
since and areacompletesetof disjointoperationgthey are
guardedundercomplementarypredicates). The schedulemplaces
at Time 8 of the SRT (Time 2 of the MRT) which causeghe
smallestincreasdn the overall con ict delayfor the given partial

asis operation , resultingin the nal scheduleshavn in Fig-
ure 6(c). The overall delayis 0.4191cycles(0.1991cyclesfrom
Time 2 of the MRT plus0.22cyclesfrom Time 5) which resultsin
avalid schedulghatsatis esbothresourceanddelayconstraints.

5. PERFORMANCE EVALUATION

We usean existing VLIW compilertoolset, Trimaran [25], to
evaluatethe effectivenessof PRAMS. This compilersystemis ca-
pableof performingif-conversionwith hyperblockformation[14],
moduloscheduling16], andpredicateanalysis[11], amongother
back-endptimizations Weimplementedhebulk of ouroptimiza-
tions within the resourcemanagemeniodule of ELCOR (Tri-
marans back-endcompiler). We alsousethe predicatequerysys-
temto analyzepredicatedcodeandconstrucipredicateelationship
graphsto computethe expecteddelaydueto con icts asdescribed
in Section4.1.

We usethe notation(F,I,FEM,B,C, D) to representhe proces-
sorin this study F is fetchwidth, | - numberinteger units, FP -
numberof oating-point units,M - numberof memoryunits, B -
numberof branchunits, C - lateng of the predicatede ning op-
eration(cmpp),andD is con ict detectionlateng, or the number



% ppa-ready Base DPAMS PPAMS
Benchmark regions BRec | BRes BIl Besc | Brr DRec | DRes DIl Desc | Drr PRec | PRes Plls Plic PliId %Error Pesc |Prr
cipeg 6.81 131 6.49 6.49 2.00 | 10.73] 1.92 5.89 6.35 244 | 1357 192 4.69 5.50 5.69 5.66 0.53 4.53 17.70
dipeg 48.03 1.00 58.64 | 58.64 1.00 | 28.38] 1.00 53.17 | 53.66 101 [29.89] 100 42.69 | 46.22 47.56 47.67 -0.23 2.50 48.26
|epic 3.37 2.16 21.02 | 2141 177 |1278] 293 19.10 | 1948 200 |1386] 293 16.38 | 12.39 16.44 16.33 0.67 7.86 16.85
Junepic 53.45 1.00 13.27 13.27 185 |1931] 100 12.84 12.84 270 12170] 1.00 10.52 10.45 10.82 11.08 -2.40 3.14 28.37
g721encode 39.70 1.00 30.00 [ 30.00 1.00 | 12.00] 1.00 21.00 | 2350 300 | 21.50] 1.00 20.24 | 18.50 21.20 19.36 8.68 4.50 27.00
g721decode 39.63 1.00 30.00 | 30.00 1.00 | 12.00] 1.00 21.00 | 23.00 4.00 | 24.00] 1.00 20.26 | 19.50 2152 19.87 7.67 4.50 25.50
|ghostscript 20.08 7.87 43.13 | 4410 1.02 | 20.85) 7.87 33.35 | 34.33 202 | 2379] 7.87 31.35 | 30.38 31.39 31.37 0.06 3.97 45.26
gsmdecode 89.04 7.89 27.66 | 27.85 110 | 1385 11.39 | 2488 | 25.66 197 (18141 11.39 | 2140 | 19.22 22.72 22.61 0.48 7.62 49.18
gsmencode 95.34 7.81 73.88 | 74.34 100 | 16.50] 8.86 46.45 | 54.49 193 [1769] 886 45.30 | 49.37 52.63 52.58 0.10 341 33.55
mesamipmap 38.12 1.00 22.00 | 22.00 167 | 20.67] 100 16.33 | 16.33 267 |27.00] 1.00 1592 | 16.00 16.33 16.32 0.06 3.00 24.33
mpeg2dec 33.43 1.00 28.17 | 2817 150 | 17.02] 1.00 25.69 | 25.69 185 [1590] 100 18.58 | 19.63 21.60 21.68 -0.37 3.26 30.82
|mpeg2enc 76.85 2.96 2021 | 20.21 101 | 824 4.91 17.26 | 17.26 199 [1021] 491 12.34 | 12.30 13.86 13.86 0.00 4.08 18.61
pegwitdec 55.53 1.96 20.51 | 2051 0.08 |1394] 1.96 18.56 | 18.56 1.08 [ 14.00] 196 12.39 | 12.75 13.90 13.96 -0.43 593 38.16
[peqwitenc 69.14 1.61 19.33 | 19.33 096 | 13.36] 1.61 18.26 | 18.26 160 [16.18] 161 12.66 | 13.30 13.60 13.97 2.72 4.97 29.37
rasta 8.17 3.02 6.80 6.81 125 | 7.42 4.14 6.53 6.68 184 | 7.86 4.14 4.85 5.56 5.89 594 -0.85 4.66 16.18
rawcaudio 99.82 20.00 [ 24.00 | 26.00 1.00 | 12.00] 20.00 | 22.00 | 25.00 3.00 | 20.00] 20.00 | 17.13 | 25.00 25.00 25.00 0.00 1.00 17.00
rawdaudio 99.83 6.00 20.00 | 20.00 1.00 | 13.00] 10.00 | 18.00 | 18.00 3.00 |18.00] 10.00 | 1421 | 15.00 16.12 16.09 0.19 11.00 | 42.00
Avg. (4-wide) 51.55 4.03 27.36 | 27.59 1.19 | 14.83] 5.39 22.37 | 2348 2.24 [1843] 5.39 18.88 | 19.47 20.96 20.79 1.59 4.70 29.89
Avg. (6-wide) 54.18 4.03 13.90 | 14.63 215 ]1882] 539 12.36 | 14.09 329 |12371] 539 1111 | 1334 13.48 21.68 0.87 4.33 26.24

Table 2: Various schedulingmeasuementsfor 4-wide base,dpasand ppasmachines,cmpp latencyis 3 cyclesand CDRL is 0 cycles

of cyclesafterthecon ict is detectedn which therecorery mech-
anismdispatcheshe rst con icting operation. We usetwo base
processorsn our study: (4,2,1,1,1,1;) and(6,4,2,1,1,1;) called
and , respectiely. In addition,we assumed4
scalarand 64 rotating registersin our experimentsand operation
latencieghatmatchtheltaniumprocessor

Eachbaselineprocessor is comparedwith two corre-
spondingprobabilisticpredicate-aare processors and

with the samenumberof resourcessthe baselinero-
cessorbutcon ict detectiorlateng of zeroandonecycles,respec-
tively. We also comparethe performanceof the baselineproces-
sor with the correspondingleterministicpredicate-aare
processor . As mentionedin Section2, DPAMS avoids
con icts by conseratively combiningonly provably disjoint oper
ations.In addition,we assumehatif anoperations predicatds to
be readearly (in the predicatereadand dispatchstage) the oper
ationmustbe separatedirom its correspondingmppby at least3
cyclesfor bothdeterministicandprobabilisticpredicate-avarema-
chines.All cmpplatenciesareincreasedo 3 cycles: asour results
shav, mostof theloopsareresourcebound(ratherthanrecurrence
bound),andthereforethe resultshave little sensitvity to thecmpp
lateng.

We evaluatedthe setof 17 MediaBench[13] applications,ap-
plying deterministicand probabilistic predicate-avare scheduling
optimizationsto their modulo scheduledoops. Clearly, PRAMS
canonly bene t if-convertedregionsof codethat containat least
oneif-thenclausejncludingloopswith CASE statementsandwill
be ineffective for othercoderegions. We call theseregions ppa-
ready). Therearetotal of 130 ppa-readytoops. All the remaining
loopsarescheduledisinga conventionalbaselinemodulo sched-
uler.

5.1 Evaluation Results

Table 2 shavs variousschedulingmeasurementor P (4),
P (4)andP (4,0) machines.For a given application,each
measuremeris an averageover all ppa-readyioopsin this appli-
cation weightedby their executionfrequeng. Column1 lists all
the benchmarks. The secondto last row of the table, Avg. (4-
wide), shavs the averageresultsfor a4-widemachineandthelast
row, Avg. (6-wide), shaws the averageresultsfor a 6-wide ma-
chine. Column2 shaws the percentof dynamicoperationghatlie
in ppa-readycyclic regions(loopswith at leastonepredicatecbp-

eration)for a given application. On average,52% of operations
arefrom suchregions. ColumnsBRec,DRecand PRecshawv the
for the threeschedulers.As expected,for someappli-
cations(epic,gsmdecodegsmencodempeg2enc rastarawcaudio
andrawdaudio) increase$or bothDPAMS andPRAMS.
Thishappendecausé¢hepredicate-warepipelinesrequirethatthe
cmpplateny beincreasedo supportearlydiscardingof operations
predicatedn a Falsepredicate For theseapplicationssomeof the
cmppslie onthecritical recurrenceycles,thustheincreasedampp
latengy increase®RkecMIl. We alsoseethatfor mostof theapplica-
tions is notalimiting factorto performancdor all three
schedulerbecausdt is muchlessthan .
Columns labeled BRes, DRes and PRes shaw the value of
for the three schedulersrespectiely. As explained
in Section4.2, the baselinescheduleiincrementghe resourceus-
ageby 1 regardlessof the operations guardingpredicateand its
executionfrequeny. DPAMS incrementgheresourcaisagecount
by 1 per group of disjoint operations. Many ppa-readyloops
have a large numberof if-then-elsestatementsDPAMS reduces
their on averageby 22%. PRAMS further decreasethe
by an averageof 15%, with respecto DPAMS, by in-
crementingthe resourcausagecountby the operations execution
frequeng. Notethatfor someof the benchmarkssuchasgsmen-
codeandmesamipmaphoth DPAMS andPPAMS resultin similar
. This is dueto the fact that theseapplicationscontain
a numberof dominatingloops which consistprimarily of a large
numberof well balancedf-then-elsestatements.

ColumnslabeledBll, DIl, and Plls shawv the  for the three
schedulersFor PRAMS, isastatic thatdoesnotaccount
for the delay due to conicts. PRAMS reducesthe by 17%
with respectto DPAMS, sinceit allows more e xible operation
combiningthan DPAMS. As the examplein Section4.3 demon-
strated, PRFAMS can combineary operations,both disjoint and
non-disjoint, from the sameor differentloop iterations,whereas
DPAMS canonly combinedisjoint operationsrom a singleloop
iteration.

This e xibility in combiningmay, however, resultin an addi-
tional delay due to coniict ( ). The column labeled
Plic shaws the compiler estimateof the expectedinitiation inter-
val ( ), which doesinclude Basedon the
formula , therearetwo ways
to achieve a given either by allowing more sharing
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Figure 7: Speedupfor cyclic regionsalone

with tighteroperationschedulingwhich decreases but in-
creases , or by allowing lesssharingwhich increases
but decreases . For examplewith epic, PRAMS
chooseghe rst approachandachiezes an of 12.39and
of 4.05(16.44- 12.39).Corverselyfor unepic PRAMS
chooseshesecondpproachandachiezesan of 10.45and
of 0.37(10.82-10.45).

Columns labeled Plld and %Error shav the achieved run-
time initiation intenal ( ), and the relative error be-
tween and computed as

. Notethatfor thelast(‘average')row, we
shav the averageof the absolutevaluesof the relative errorsto
avoid mutual cancellationof the negative and positive errors. We
seethat for mostof the applicationsthe error is quite small (less
than3%). However, in g721encodethe erroris 8.7%,and7.7%
in g721decode.This happensdecausesomeof the predicatesof
operationghatmapto the sameresourceviolatetheindependence
assumptiorthatthe compilermadeduringscheduling Thesepred-
icatesturn outto be correlatecandresultin morerun-timecon ict
thanwasoriginally estimatedy thecompiler

ColumnslabeledBesc,Descand Pescshaw the sizeof the epi-
logue(in termsof its stagecount)of themoduloscheduledoopsfor
the threeschedulers Epiloguestagecount( ) is de ned asthe
ceiling of thelengthof theloop schedulén the SRT dividedby the

. We canseethatonaverageDPAMS increaseshebaseline
scheduleepilogueby afactorof 1.5,andPPAMS doubleghebase-
line scheduleepilogue.Thereasorfor thisincreasean the epilogue
sizeis twofold: rst, ascmpplateng increasesthe SRT schedule
lengthincreasesandsecondpoth DPAMS andPFAMS intention-
ally stretchthe scheduleby moving operationsurther away from
their producergo allow moreaggressie combining.

Finally, columnslabeledBrr, Drr andPrr shav theaveragenum-
ber of rotatingregisters[7] requiredby eachof thethreeschemes.
Rotatingregistersareusedto allocatevariableswith multiple life-
times,whichoccurwhenavariableis simultaneouslyivein several
loopiterationg[19]. Thefartherawvay thelatestconsumers sched-
uledfrom its producerthemorerotatingregistersthe producemill
require.Hence theincreasen the numberof requiredrotatingreg-
istersthatwe seewith DPAMS andPRAMS happendor the same

two reasonghat causethe increasean the size of the epiloguefor
thesetwo schemesHowever, despitetheincreasedlemandor ro-
tatingregisterswith DPAMS andPRAMS, the 64 rotatingregisters
assumedh our experimentsareenoughfor almostall loops. In the
very few casedn which the optimumloop scheduleaequiresmore
than64rotatingregisterstheexpectednitiation intenal of theloop
is increasedn orderto reducetherotatingregisterrequirement.

Thelastrow summarizesimilardatafor P (6),P  (6)and
P (6,0)machinedor which conclusionssimilar to thosefor the
4-wide machinecan be dravn. However, the 6-wide predicate-
aware machinewith 4 integer units hasmoreresourcegndthere-
fore achieveslessbene t from operationsharingthanthe equva-
lent 4-wide machinewith 2 integer units. This explainsthe lower
performancegain with DPAMS and PRAMS for the 6-wide ma-
chines.

Figure 7 shaws the actualspeedupschieved by DPAMS and
PFPAMS on the cyclic regions alone. The leftmostbarsof Fig-
ure 7(a) shav the speedupachieved by the 4-wide DPAMS ma-
chine over the baselinemachine. The middle and rightmostbars
shav the speedupmchis’edby P (4,1)andP  (4,0), respec-
tively, overthe4-widebaselinemachine.Figure7(b)shavs similar
datafor the 6-wide machines We canseethatfor someof the ap-
plications,suchasg271decodendg72lencodethe performance
dropsfor both DPAMS and PRFAMS on both 4- and 6-wide ma-
chines. However, from Table 2 we seethatthe achized ~ with
eitherpredicate-avaretechniqueis betterthan  for the baseline
machine.This behaior is dueto thelargesizeof the epiloguepro-
ducedby both schemesandthe relatively shorttrip countof the
loopsin theseapplications. The run-time of a modulo scheduled
loop with trip count is equalto .If issmall,a
large  canhave signi cant impacton overall loop performance.
A shorttrip countloop with larger  and shorterepiloguemay
outperformthe sameloop whenscheduledwvith a smaller and
longerepilogue asis thecasehere.

On averagea 4(6)-wide PRAMS processomwith con ict detec-
tion lateny of 0 cycles performs10%(3.6%)betterthan a 4(6)-
wide DPAMS machine,and20%(8%)betterthanthe correspond-
ing baselinemachine. We also notice that a 4(6)-wide PRAMS
processomwith a con ict detectionlateny of O cycles performs
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Figure 8: Overall benchmark speedupwith PPAMS

5%(1)% betterthan the corresponding®FAMS processomwith a
con ict detectionlateng of 1 cycle. Highercon ict detectionla-
tengy hasmoreimpacton the 4-wide PRAMS processoithanon
the 6-wide PFAMS processoibecauseas said above, the 6-wide
machinehasmoreresourceshanthe 4-widemachineandthushas
lessresourcesharingandfewer con icts.

Finally, Figure 8 shaws the overall speedupdueto PFAMS for
theentireapplication.Theleft barshavs thespeedumf the4-wide
PRAMS processqrP  (4,0), over the correspondingbaseline
processqr , for eachapplication. The right bar shavs sim-
ilar datafor the 6-wide PFAMS processarP  (6,0). As shawvn
by the two “Average”bars,the averagetotal applicationspeedup
is 10% for the 4-wide machineand 5% for the 6-wide machine.
The speedumchieved on the entireapplicationis smallerthanthe
speedupachiezed on pa-readycyclic regionsalone,sinceascol-
umn 2 of Table2 shavs, theseregions constituteon averageonly
52%of thetotal applicationbaselineexecutiontime. Thetwo right-
mostbars,“Average(DPAMS)”, shav the correspondingpeedups
over thebaselingfor the DPAMS processorsjamelyDPAMS pro-
cessorchieres5% speedugor the 4-wide machineand2.2%for
6-wide. We seethaton averagefor theentireapplicationthe 4(6)-
wide PRAMS processopoutperformsthe correspondingt(6)-wide
DPAMS processoby 5%(2.28%).

6. RELATED WORK

Software pipelining is a well studiedtechniquefor scheduling
loops|[3, 18, 17,5, 9, 12, 4]. A numberof techniqueswvere pro-
posedin the pastto improve software pipeline schedule®f loops
with internalcontrol o w [1, 8, 21]. Below we describethe tech-
niguesthataremostrelevantto ourwork.

Hierarchicalreduction[12] collapsesall conditionalconstructs
into a single operation,modulo scheduleghe resulting straight-
line code, and then regeneratesall conditional constructs. All
Path Pipelining [24] pipelineseachpath separatelyusing a soft-
ware pipelining techniquefor straight-lineloopsandthenmerges
the pipelinekernelsof thepaths.

EnhancedViodulo Scheduling[27] initially modulo schedules
predicatedcodein which disjoint operationsare allowed to share
resources.This is similar to both the PFAMS and DPAMS tech-

niques[23]. However, PRFAMS doesnot requirethe sharingoper

ationsto be disjoint, whereaghe two otherschemeglo. In addi-
tion, EnhancedModulo Schedulingassumeso hardware support
for predication.Thereforejn thenext stepthecontrol o w is regen-
eratedfrom theintermediatescheduldo obtainthe nal pipelined
schedule Theintermediateschedulds thendiscardedthe ideaof

executingthe shared-resourcechedulevith predicate-avarehard-
wareis notexploredin [27].

The adwantageof thetechniquesn [12, 24, 27] (with an excep-
tion of the DPAMS technique)s thatthey do not assumeary spe-
cial hardwaresupporin theform of predicationput asaresultthey
suffer from signi cant codegrowth in theloop kernel.

Modulo Schedulingwith Multiple Initiation Intenals [28]
schedulesf-converted code so that control pathswith higher ex-
ecutionfrequenciegassignedasedupondynamicpro ling of the
loop) have shorterlls than pathswith lower frequencies. Predi-
catedoperationsareusedto executethe correctoperationsandthe
loop-backbranchbaseduponwhich pathis actually executeddy-
namically Thistechniquecanheaily penalizethe performancef
someof the paths(andthereforeoverall performancejf the execu-
tion pathshave similar frequencies.

7. CONCLUSIONS

We have proposedandevaluateda new probabilisticpredicate-
aware schedulingtechniquethat can achie/e betterscheduleson
predicatedcyclic coderegions by reducingwastedresourcesn
VLIW processorsvith predicatedxecution. To this end,we have
madethe following threecontritutions. First, we proposeca gen-
eral conceptof using the compiler to derive con ict-conscious
schedules.This enablesarbitrary (and not just provably disjoint)
predicatedperationgo sharethe sameresourcen thesamecycle.
Secondwe developeda probabilisticdelaydueto con icts model
that constructsand analyzesthe predicaterelationshipgraph for
arbitrarypredicatedperationsn orderto derive the expectedcon-

ict delay Third, we proposeda moduloschedulingalgorithmthat

usesthis delaymodelin conjunctionwith binary searchmethodto
computetheexpectedl in thefaceof resourcecon icts, and nd a
schedulevith minimal expectedil.

The probabilisticpredicateaware moduloschedulerhave been



implementedand evaluatedon the Mediabenchapplicationsuite.
The overall resultsshav anaverageperformanceayainof 10%and
5% for 4-issueand 6-issueVLIW processorsrespectiely. For
loops, probabilistic predicate-aare schedulingachiees an aver-
agegainof 20%and8% for the sameprocessors.
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