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ABSTRACT
Predicatedexecutionenablesthe removal of branchesby convert-
ing segmentsof branchingcodeinto sequencesof conditionalop-
erations.An importantsideeffect of this transformationis thatthe
compilermustunconditionallyassignresourcesto predicatedop-
erations.However, a resourceis only put to productive usewhen
thepredicateassociatedwith anoperationevaluatesto True.To re-
ducethis super�uouscommitmentof resources,we proposeprob-
abilistic predicate-awareschedulingto assignmultiple operations
to thesameresourceat thesametime, therebyover-subscribingits
use. Assignmentis performedin a probabilisticmannerusing a
combinationof predicatepro�le informationandpredicateanaly-
sis aimedat maximizingthe bene�ts of over-subscriptionin view
of the expecteddegreeof con�ict. Con�icts occur when two or
moreoperationsassignedto thesameresourcehavetheirpredicates
evaluateto True. A predicate-awareVLIW processorpipelinede-
tectssuchcon�icts, recovers,andcorrectlyexecutesthecon�icting
operations.By increasingthe effective throughputof a �x ed set
of resources,probabilisticpredicate-awareschedulingprovidedan
averageof 20% performancegain in our evaluationson a 4-issue
processor, and8%gainona 6-issueprocessor.

1. INTRODUCTION
Very long instructionword (VLIW) processorsrely on an intel-

ligent compiler for extracting,enhancing,andexposingsuf�cient
instruction-level parallelism(ILP) to deliver high performance.To
extract ILP more effectively in the presenceof branchesand re-
ducetheoverheadof branches,predicatedor conditionalexecution
is oftenemployed. With predicatedexecution,operationsareaug-
mentedwith anadditionalBooleanoperandknown astheguarding
predicate.Whentheguardingpredicateis True,theoperationexe-
cutesnormally. Conversely, whenit is False,theoperationis nul-
li�ed. Predicatedexecutioncanbeexploitedby compilersthatuse
if-conversionto convert branchingcodeinto straight-linesegments
of predicatedoperations[26, 2, 15]. As a result,many branches
andthedif�culties associatedwith themcanbeeliminated.

Thoughgenerallyeffective at dealingwith branches,predicated
executionintroducesa seriousoverheadof its own. Predicatedex-
ecution tradesoff sequentialexecutionof conditionaloperations
for increasedresourcerequirements.If-conversionis additive with
respectto resourcesacrossbranchesto which it is applied.For if-
convertedbranches,the resourcesof the thenandelseclausesare
addedto determinethe overall resourcerequirementsfor the re-
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sultantsequenceof predicatedoperations. Intuitively this makes
sense,sinceto remove a branch,both clausesmustbe scheduled
with theappropriateonenulli�ed at run-time. As a result,a com-
piler mustapplyif-conversioncarefullyto avoid over-saturationof
theprocessorresources[14].

Compile-timeassignmentof resources(e.g., fetch slots, regis-
ter ports, function units, memoryports) to predicatedoperations
is traditionally handledin a conservative manner. The compiler
assumesthat any predicatemay evaluateto True at run-timeand
accordinglyensuresthatall resourcesrequiredby anoperationare
unconditionallyavailable. However, this is not necessary. At run-
time, operationsrequireresourceswhentheir predicateevaluates
to True.An operationwith a Falsepredicateonly requiresa subset
of its resources.The only requiredresourcesare thoseup to the
point of determiningthat its predicateis False;all later resources
assignedto a nulli�ed operationaresuper�uous.

For a predicatedarchitecture,processorresourcescan be bro-
ken down into two categories: must-useand may-use. A must-
useresourceis requiredby anoperationregardlessof its run-time
predicatevalue. Conversely, a may-useresourceis only required
whenanoperation's predicateevaluatesto True.Theclassi�cation
of resourcesinto the two categoriesis basedon the point in the
processorpipelinewhereoperationswith Falsepredicatesarenul-
li�ed. Resourcesbeforethenulli�cation point aremust-use;those
after are may-use. Nulli�cation later in the pipeline reducesthe
latency from predicatecomputationsto usesof thosepredicates;
nulli�cation earlierin thepipelinereducesthenumberof must-use
resources.

To overcometheproblemof super�uousresourceutilization by
nulli�ed operations,we proposeprobabilistic predicate aware
scheduling. In this work we apply this techniqueto modulo
scheduledloop regionswhich aregenerallyresourceconstrained.
The central idea of PPAMS (probabilistic predicate-aware mod-
ulo scheduling)is to allow over-subscriptionof may-useresources
whereinmultiple operationsare allowed to reserve the samere-
sourceat the sametime. As a consequence,it is possiblefor dy-
namicover-subscriptionof resourcesto take placeso that two or
moreresource-sharingoperationswill have their predicatesevalu-
ateto True at runtime,resultingin a resourcecon�ict. PPAMS is
a generalizationof deterministicpredicate-awaremoduloschedul-
ing (DPAMS) [23]. DPAMS allows operationsto sharethe same
resourcewhentheir predicatesareprovably disjoint, i.e. at most
onewill evaluateto Trueat run-time. By allowing con�icts to oc-
cur, PPAMS �nds many morecombinableoperationsthanDPAMS.
Thus,PPAMS signi�cantly increasestheutilization of may-usere-
sourcesandleadsto improvedprocessorperformance.A secondary



bene�t of PPAMS is thatwith resourceconstraintslessened,more
aggressive if-conversioncan be appliedto extract further bene�t
from branchelimination.

The consequenceof probabilisticover-subscriptionis that it is
possiblefor dynamicover-subscriptionof resourcesto take place.
In this situation,two or moreoperationswill have their predicates
evaluateto Trueat run time resultingin resourcecon�ict. To deal
with this problem,PPAMS estimatesresourcecon�icts andmakes
schedulingdecisionsto maximizethebene�tsof over-subscription.
Predicatesare probabilisticallyanalyzedusing a combinationof
predicatepro�le information and predicateanalysis[11]. Predi-
catepro�le informationprovidesstatisticson theexpectednumber
of timesa predicatewill evaluateto True. Predicateanalysiscom-
putessuperset/subsetanddisjointnessrelationsamongpredicatesto
identify whentwo or morepredicatesareguaranteedto de�nititely
or never con�ict. Probabilisticanalysisis usedto identify prof-
itableopportunitiesfor resourceover-subscription.The scheduler
takesadvantageof theseopportunitieswhenthey leadto a tighter
schedule.

Oneobviousalternative to predicateawareschedulingis to sim-
ply build a wider processorwith moreresources.Whenthenum-
berof resourcesis suf�ciently large,theproblemof resourcecon-
tentiongoesaway. However, this solutionmay have a high cost;
additionalfunction units, register �le ports, busses,etc. may be
necessary. Thismaybeunacceptable,especiallyfor cost-or power-
sensitive environments. Predicate-awareschedulingincreasesthe
utilization of existing processorresourcesandthereforeincreases
applicationperformancewith a �x ed setof resources.In this pa-
per, we presentthenecessaryhardwareandsoftwareextensionsto
supportPPAMS.

2. BACKGROUND AND MOTIVATION
Iterative ModuloScheduling(IMS) [16] is a softwarepipelining

techniquethat interleavessuccessive iterationsof a loop. Thegoal
of IMS is to �nd avalid schedulefor aninnermostloop thatcanbe
overlappedwith itself multiple timessothata constantinterval be-
tweensuccessive iterations(Initiation Inter val (II )) is minimized.
The II-cycle coderegion that achieves the maximumoverlapbe-
tweeniterationsis called the kernel. The schedulerchoosesits
initial II to be the maximumof two lower bounds.The resource-
constrainedlowerbound(ResMII ) is equalto thenumberof cycles
thatthemostheavily usedresourceis busyduringasingleiteration
of the loop. Therecurrence-constrainedlower bound(RecMII ) is
determinedby longestcycle in thedependencegraph.

To satisfyschedulingconstraints,IMS usestwo datastructures
known asthe ScheduleReservation Table(SRT) andthe Modulo
Reservation Table(MRT). The actualrealizationof thesetwo ta-
blesis implementationdependent.Conceptuallythey work asfol-
lows. The SRT displaysthe schedulefor oneiteration; it records
the useof a particularresourceat a particulartime by eachspe-
ci�c operation[6, 16]. Schedulingat that time is permittedonly if
theresourceusagedoesnot resultin a resourcecon�ict, andno la-
tency constraintsof prior operationson which theoperationbeing
scheduleddependsareviolated.TheMRT is usedby IMS to track
themoduloconstraintwhich statesthattwo operationsthatusethe
sameresourcemaynotbescheduledanintegermultipleof II cycles
apartfrom oneanother.

IMS is generallyappliedto singlebasicblock innermostloops.
In processorsthatsupportpredicatedexecution,if-conversion [26,
2, 15] is appliedto broadenthe classof loops that can be mod-

Function Unit Operations Mnemonics Latency
ALU (A) Add + 1

Or � 1
Predicate cmpp 1 or 3
Compare

Memory(M) Load ld 2
Store st 1

Branch(B) Branchon br 1
Condition

Table1: Description of a sampleprocessorwith a fetch/execute
width of 3 operations

ulo scheduled.The performanceof IMS is usually resourcecon-
strained,i.e. �����
	��
� is largerthan ������	��
� . Predication,which
mergestogetherthe operationsalongmultiple control paths,fur-
ther increasestheresourceconstraintsby requiringanoperationto
reserve its resourceunconditionally, regardlessof whetherits path
is actuallytaken.

To illustratetheapplicationof conventionalIMS alongwith the
potentialbene�ts of PPAMS, we considera simplecodeexample
andprocessormodel.Theexampleprocessor, which canfetchand
executeup to threeoperationsper cycle, hasthreefully pipelined
functionunitsasdetailedin Table1. Thetablelists two latencies,
1 and 3, for the predicate-de�ningoperation,cmpp, because,as
discussedin Section3, to supportpredicate-awarescheduling,the
cmpplatency mustbeincreasedby at leastonecycle; in thissimple
example,thecmpplatency is increasedfrom 1 to 3 cycles.

Figure1(b)showstheassemblycodeof anexampleif-converted
loop whosesourcecodeis shown in Figure1(a). The predicate-
de�ning operationcmpp, which replacesthebranchin theoriginal
controlstatement,setsthepredicate(s).For example, ��� setstwo
disjointpredicates,��� anditscomplement��� . Operationsthatwere
on either the thenor elsepathsarenow guardedunderthe corre-
spondingpredicates.For example,��� is guardedunder��� and ���

is guardedunder��� . Figure1(c) lists eachpredicateusedby the
codealongwith its activation frequency, which is the fraction of
(pro�led) loop iterationsin which thepredicateevaluatesto True.
It alsoshows the executionfrequency of eachoperationwhich is
equalto the activation frequency of its guardingpredicate.Note
thatunconditionalcmppoperations[20] (which we assumein this
example)alwayssetthevalueof thedestinationpredicateregard-
lessof their guardingpredicate,thustheir executionfrequency is
always1.0. Figure1(d) shows the datadependencegraphfor the
codein Figure1(b). Eachnodeshows the correspondingopera-
tion, andits outboundarcsarelabeledwith theoperation's latency.
Again,asshown in Table1, eachcmppoperation's outboundarcs
arelabeledwith two latencies,1 and3. Note that theedgesin the
graphareall �o w dependenceswith theexceptionof theedgefrom

	�� to � which is acontroldependence.
Theapplicationof IMS to theexampleresultsin theII=10 sched-

ule presentedin theMRT shown in Figure2(a). Thenotationused
for eachoperationis iter:opname, where iter is the iteration to
which theoperationbelongsrelative to thecurrent(n��� ) iteration.
Sinceeachof tenALU operations(A1,A2,A3,A4,A5,A6,C1,C2,
C3,C4) mustreservetheALU resourceatadifferentcycleto avoid
con�ict, ResMII=10and this scheduleis optimal (RecMII=1 for
this loop). Predicatedoperations��� �!�#"$�%�'&(�%�)� and �#* areex-
ecutedconditionallybut reserve theALU unconditionally. Conse-
quently, anALU cycle is wastedevery time theguardingpredicate



A1: i = i + 4 if p0
M1: lv = load(i, A) if p0
C1: p1,p2 = cmpp(lv < 20) if p0
A2: a = 0 if p1
C2: p3 = cmpp(lv > 10) if p1
A3: a = lv + 2 if p3
C3: p4 = cmpp(i == 14) if p1
A4: a = lv – 4 if p4
A5: a = lv | 0x7 if p2
C4: p5 = cmpp(a==0) if p0
A6: t = a + lv if p5
M2: store(i, A, t) if p5
B: if(i < 400) goto A1 if p0

Predicates Operation
Activation Execution
Frequencies Frequencies
p1: 0.2 A1: 1.0
p2: 0.8 M1: 1.0
p3: 0.09 C1: 1.0
p4: 0.01 C2: 1.0
p5: 0.11 C3: 1.0

A2: 0.2
A5 :0.8
A3: 0.09
A4: 0.01
C4: 1.0
A6 0.11
M2: 0.11
B: 1.0

(b) Assembly code (c) Frequencies
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C3C3
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C2C2

C4C4

A6A6 M2M2 BB

A3A3

A5A5 A2A2

1

2

1 or 3
1 1 

1 or 3
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(d) Data dependence graph
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for(i=0; i < N; i++)
{

lv = A[i];
if ( lv < 20) {
a=0;

if ( lv > 10) {
a = lv+2;

}
if ( lv == 14) {

a = lv-4;
}

}
else {
a = lv | 0x7;

}
if ( a == 0) {
t = a+lv;
A[i ] = t;

}
}

(a) Source code

Figure1: Examplecodesegment

of its assignedoperationis False.WecanincreaseALU utilization
andhencereducetheschedulelengthif we combinetwo or more
of thesepredicatedoperationsto sharetheALU in thesamecycle.

DPAMS guaranteesthat no con�icts will occur by combining
only disjointoperationsto sharethesameresource[23]. A DPAMS
scheduleis shown in Figure2(b). Disjoint operationsA2 andA5
arescheduledin thesameslot of theMRT. As a result,theALU is
alwaysutilizedatTime8, andtheachievedschedulelengthis 9 cy-
cles,an11%performanceimprovementover the10 cycle baseline
schedulein Figure2(a). NotethattheALU is still underutilizedat
Times1, 2 and5 by operations�)" , �'& and �#* , but noneof these
operationscanbecombinedby DPAMS.

PPAMS achievesa 6 cycle static schedulelength( �
�
+
�-,���.0/ ) by

alsocombiningtheoperations�)" and �'& from thesameiteration
and �)& from thepreviousiterationto sharetheALU atTime2, and

��" with �)* from two iterationsearlierto sharetheALU at Time
5, asshown in Figure2(c). Note that neitherof theseadditional
combinationsis disjoint. Because�)& alwaysrequirestheALU re-
source,eachtime at leastoneof operations�#" and �'& executes
therewill be at leastonecon�ict, causingsomecon�ict recovery
delay, �
�
132
4057684 ,�9 . Operations��" and �)* will alsocon�ict and
delaytheexecutionwhenever �)* executes.If �#" , �#& and �)* al-
waysexecute,therewill beat least2 cyclesof delayat Time 2 and
1 cycleof delayatTime5 of theMRT, resultingin no improvement
over DPAMS. But, we expectonly 0.42cyclesof penaltyon aver-
ageasexplainedin Sections4.1and4.3andshown in thelastrow
of theMRT in Figure2(c).

PPAMS thus achieves a 6.42 cycle expectedschedulelength
( �
��68:<;�6=/8��6?>A@B�
��+

�-,���.C/ED
�
�
132
4057684 ,�9 ): a 40% performanceim-

provementover DPAMS, and55%over thebaseline.
This simpleexampleshows thatallowing predicatedoperations

to reserve the sameresourcein the sametime-slotcanreducethe
resourcerequirementsandstaticschedulelengthfor a predicated
codesegment,but will causecon�icts at run time whenever two or
moreoperationsthat arecombinedtogetherhave their predicates

evaluateto True in the samecycle. The goal of PPAMS is to de-
creasethe �
��68:<;�6?/?��6?> schedulelengthby maximizingthedegreeof
usefuloverlap,subjectto controlling the expecteddegreeof con-
�ict.

3. PROBABILISTIC PREDICATE­AWARE
VLIW PROCESSORARCHITECTURE

In this section,theprobabilisticpredicate-aware(PPA) architec-
tureis described.Thegenericpredicate-awarearchitecturehastwo
categoriesof resources:may-useand must-use. Every resource
usedafter the valueof the guardingpredicatebecomesknown is
may-useandcan be reserved by several predicatedoperationsat
the sametime. All the remainingresourcesaremust-useandcan
only bereservedby asingleoperationatatime. Thecategorization
rule is thatevery resourcethat is afterthepredicatereadandoper-
ationnulli�cation point in thepipelineis may-use.Readingpredi-
catesandnullifying operationsearlierallows moreresourcesto be
may-use,which leadsto shorterschedules.However accessingthe
predicateregister�le earlierin theprocessorpipelineincreasesthe
latency of thepredicatede�ning operationwhich canbeproblem-
atic if many of thepredicatede�ning operationslie on thecritical
pathof theapplication.

Ourbaselinearchitecture,shown in Figure3(a),is similar to the
TI `C6x architecture[10], exceptthat its uni�ed registerreadand
executionstageis separatedhere.Thebaselineprocessorpipeline
has6 stages:fetch, dispatch,decode,register read,executeand
write back.Thepredicatesarereadonly duringtheexecutionstage.
Thus,resourcesin the executestageandthe precedingstagesare
must-use.Only theresourcesin thewrite-backstagearemay-use.

In orderto convert thebaselinepipelinedatapathinto aPPA dat-
apath,four issuesmustbeaddressed.First, nulli�cation shouldbe
performedearlierin thepipelineto make moremay-useresources
available. Second,the cmpp latency shouldbe kept as small as
possible.Third, a con�ict resolutionmechanismis requiredto de-
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Figure2: Thr eeschedulesfor the examplecodesegment
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Figure3: Baselineand predicate-awarepipeline organizations

tectandrecover from con�icts. Fourth,to avoid compromisingthe
cycle time, the pipelinecomplexity shouldnot be increasedsub-
stantially. To this end,we make threemainchangesin thebaseline
pipelineto make it predicate-aware,asshown in Figure3(b).

Change1: The�rst changeis to move thepredicateregister�le
(PRF)readto thedispatchstage.This allows nulli�cation to occur
at the endof the dispatchstage. As a result,all the resourcesin
subsequentstages(general/ �oating-point registerports,function
units, etc.) are may-use. During the dispatchstage,the PRF is
accessedearlyin thecycle to readpredicatesfor all theoperations.
Then, the dispatchlogic nulli�es thoseoperationsguardedunder
Falseandassignsthe restof theoperationsto their corresponding
functionunits,providedthereis no con�ict.

Change2: In the baselineprocessor, the latency of the cmpp
operationis 1 cycle. The �rst proposedchangeabove, however,
increasesit to 4 cycles. Our secondchangeis to reversetheorder
of the decodeanddispatchstages,therebydelayingthe predicate
readby one stage,which reducesthe cmpp latency to 3 cycles.
However, sincedecodenow occursbeforedispatch,thecomplexity
of thedecodelogic is increasedsomewhat. In theworstcase,FHG

(fetch width) generalpurposedecoders,oneper operationin the
instructionword, are required. In the alternative, wheredecode
follows dispatch,it might bepossibleto usemorespecializedand
hencelessexpensive decoders.

Change3: Thethird andmostsigni�cant changeis to addaRe-
sourceCon�ict Detectionand Recovery Unit . During thepred-
icate readanddispatchstage,if more thanoneof the operations
scheduledto executeon a particularfunctionunit hasits predicate
setto True,thecon�ict is detectedandthecon�ict signalis set.As
a resultthestall signalis sentto thefetchanddecodestages,anda
recovery processis executed.

A recovery processmustaddresstwo importantissues:�rst is
how to dispatchthecon�icting operationsduringrecoveryandsec-
ondis whento startdispatchingtheseoperations.

To addressthe �rst issue,we notethat therearetwo alternative
schemesto dispatchoperationsto recover from sucha con�ict. In
the �rst scheme,thoseoperationsin the dispatchstagethat have
Truepredicatesaredispatchedin parallelto thefunctionunits that
they were originally assignedto, and one suchoperationis dis-
patchedto eachfunctionunit in eachcycle until thereareno such
operationsleft for that functionunit. This processcontinuesuntil
theentireinstructionword is dispatched.This schemeresultsin a
simplerdesign,but a longerstall time thanthesecondscheme.In
thesecondalternative scheme,anoperationmay be dispatchedto
any availablefunctionunit thatcanserve it (ratherthanonly to the
functionunit it wasoriginally assignedto, asin the �rst scheme).
This schemewill reducethestall time, but its designis somewhat
morecomplex. In our experimentswe usethe former, simplerre-



covery scheme.Othermorecomplex schemescouldalsobe con-
sidered,but arebeyondthescopeof this paper.

The secondissueis whetherthe recovery itself may begin im-
mediately, in the samecycle in which a con�ict is detected,or
requiresadditional time to initiate. To model the effect on per-
formance,a machineparametercalled the con�ict detectionand
recovery unit latency ( ��IJ�)K ) is usedin theexperiments.We in-
vestigate��IJ��K valuesof 0 cycles,whereinthe �rst con�icting
operationis dispatchedin thecon�ict detectioncycle itself, and1
cycle,whereinit is dispatchedonecycle later.

To addressthe issueof delayandcomplexity of thecon�ict de-
tection and recovery unit, we note that therealreadyare reasons
why a dispatchermaybeunableto dispatchanoperationor group
of operationsin aparticularcycle,e.g.theinputbuffer of arequired
executionunit maybefull. Thecon�ict describedabove is justone
moresimplereason,andthe'stall' or interlockmechanismit needs
to invoke is nomorecomplex thanthemechanismsthatalreadyex-
ist in today's microprocessorsfor this purpose.Thestall signalis
producedby simplecombinationallogic; assoonasthepredicates
are readearly in the cycle, this logic generatesthe stall signal if
morethanonepredicatethathasreservedthesameresourcehasa
True value. This 'stall' signalcould simply be addedasan addi-
tional trigger to any of thoseexisting mechanismsto effect a stall
or fetch/decoderestart,asappropriate.

Themainpotentialperformancedegradationfactorof ourdesign
is thatsincepredicatereadhasbeenmovedearlierin thepipeline,
thescheduledistancebetweena cmppoperationandits consumers
mustbeincreased,possiblyincreasingthelengthof thecritical path
in thecoderegion,andthusdegradingtheperformance.As shown
in Section5, moduloscheduledloops in the benchmarksthat we
examinedareconstrainedby resources,notby latencies.Therefore,
increasingthecmpplatency hasonly a smalloverall impacton the
performanceof PPAMS.

An interestingconsequenceof our designis that it is possible
to selectively increasethe cmpp latency, so as to restrict the in-
creasein critical path length. Only someoperationswill seean
increasedcmpp latency; all other operationswill seea cmpp la-
tency of 1, which meansthat they will executeunconditionallyon
their resources(i.e. their executionfrequency is increasedto 1.0).
To allow both kinds of operationsto readtheir predicatesin the
samecycle, the 1-bit wide PRFin Figure3(b) canbe simultane-
ouslyaccessedfrom theexecutestage,aswell asthepredicateread
anddispatchstage. Thus, twice asmany PRF readports are re-
quired,but they areonly 1-bit wide. If thisposesadesignproblem,
a shadow PRFcouldbeaddedfor accessby oneof thesestages.

Note that in this paperwe do not take advantageof this feature
of selectively increasingthecmpplatency, sincemoduloscheduled
loopsaregenerallyresourceratherthanlatency bound,andextend-
ing cmpplatency hasonly a small impacton theoverall schedule
length for most loops in our applications[23, 22]. However, for
acyclic regions,selectively varyingcmpplatency for certainoper-
ationsdoesdecreaseschedulelengthresultingin performanceim-
provement[22].

4. PROBABILISTIC PREDICATE­AWARE
MODULO SCHEDULING

In thissection,thedetailsof thePPAMS algorithmarepresented.
PPAMS is an extensionof conventionalIMS; it decreasesthe ex-
pected dynamickernelschedulelengthby relaxingresourcecon-
straints.It achievesthisby allowing operationsto reserve thesame

resourcein thesamecycle,while estimatingandaccountingfor the
resultingexpecteddelaydueto con�icts.

4.1 Computing ExpectedCon�ict Delay
A key featureof PPAMS is the methodof estimatingthe ex-

pecteddelaydueto con�icts whentwo or morepredicatedopera-
tionssharethesameresource.Theexamplecodein Figure1 and
the machinemodel in Table1 areusedto demonstratethis tech-
nique.

Wede�ne anexecutionvector for agroupof predicatesasanas-
signmentof a particularbooleanvalueto eachof thesepredicates.
The expecteddelay( LHI�/M2�4 ) for a groupof predicatedoperations
is thesumof theexpecteddelaysdueto eachof theexecutionvec-
tors that result in a con�ict. The expecteddelayof an execution
vectoris thenumberof extradelaycyclesrequiredto recover from
thecon�ict multiplied by theprobabilityof occurrenceof this exe-
cutionvector.

For example,assumingCDRL=1, theexpecteddelaywhenop-
erations�)" , �#& and �)* , guardedby thepredicates�N" , �O& and��� ,
respectively, arescheduledat thesametimeon a singleALU is

LPIQ/M2�4?RS�#")T��N" �U�'&)T��O&(�U�#*)T��N�WV

@XR8�
D

�#YZ�
V\[^]_R`�N"P@bac�S�d&H@bac�e����@�FHV

D
R8�

D
�)YZ�
V\[f]_R`�N"�@gac�e�O&H@hFE�S�N��@ba�V

D
R8�

D
�)YZ�
V\[f]_R`�N"�@�F\�e�O&H@ba'�S�N��@ba�V

D
R8�

D
"�YZ�
V\[f]_R`�N"�@gac�e�O&H@ba'�S�N��@ba�V

@���[f]_R`�d"P@ba'���d&Q@ba'������@hFHV

D
�_[^]_R`�N")@gac�S�d&P@�F\�e�N�P@ga)V

D
�_[^]_R`�N")@�F\�S�d&P@gac�e�N�P@ga)V

D
"J[^]_R`�N")@gac�S�d&P@gac�e�N�P@ga)V

The�rst threetermson theright sidecomputetheexpectedde-
lay for all possibleexecutionvectorsthatcauseexactlyonecon�ict.
For example,whentheexecutionvector R`�N"^@ia'���d&f@ia'�����j@

FHV occurs,it will cause�#" and �'& to con�ict over the ALU, re-
sulting in 2 extra cycles of delay: 1 cycle (CDRL) to detectthe
con�ict, plus 2 morecycles to dispatchthe two con�icting ALU
operations,minus1 cycle to accountfor the fact that whenthere
arenocon�icts, it takesexactlyonecycleto dispatchall operations.
Similarly, asshown by thefourth term,to recover from con�icts in

R`�N"P@bac�S�d&H@bac�e���P@ba)V will take 3 extracycles.
Computing the Probability of an Execution Vector: To com-

pute the probability of a given executionvector, we introducea
PredicateRelationshipGraph(PRG), whichissimilar in conceptto
thepartitiongraphin [11] andthepredicatehierarchygraphin [14].
A PRGrepresentstherelationshipbetweenthepredicatesin apred-
icatedblock of code.Eachnodein thegraphcorrespondsto a par-
ticularpredicateandis labeledwith theactivationfrequency of this
predicate,asobtainedfrom a pro�le run. Therearetwo kinds of
edgeswhich connectthe nodesof the PRG:implication edges(I-
edges)anddisjointnessedges(D-edges).Thereis an I-edgefrom
predicate�dk to � l if �
l implies �dk , i.e., whenever � l is True, �dk is
alsoTrue. This meansthat in theoriginal non-predicatedcodean
operationguardedby �dk liesonany controlpaththatpassesthrough
anoperationguardedby � l . A D-edgeindicatesthatthetwo predi-
catesit connectsaredisjoint, i.e.,whenever oneof thesetwo predi-
catesevaluatesto Trueduringexecution,theothermustevaluateto
False.

Oneimportantsimplifying assumptionthatwe make in this pa-
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Figure4: PredicateRelationship Graph

per is the independenceassumption.This assumptionstatesthat
any two predicatesnot connectedby anedgearedeemedto be in-
dependent,thatis theprobabilitythatoneof themevaluatesto True
(or False)is thesame,regardlessof thevalueof theotherpredicate.
Notethatany two predicatesde�ned in differentloop iterationsare
neverconnectedby anedgeandthereforearealwaysassumedto be
independent.

ThePRGfor theexamplecodeof Figure1 is shown in Figure4.
The root of PRGis predicate�Nm which always evaluatesto True
during theexecutionof this code,henceit hasa frequency of 1.0.
Obviously, ��� implies �Nm , asdo �N� and�N� . �N" implies ��� sincethe
cmppoperationC2 mayonly set�d" if its guardingpredicate,��� , is
True(andits condition, n-oqp���m , is alsoTrue);likewise, �d& implies

�r� . Sinceimplicationis atransitiverelation,weavoidclutteringthe
graphwith redundantI-edges,e.g.,we do notneedto includeanI-
edgefrom �Nm to �N" sincethereis anI-edgefrom �Nm to ��� andone
from ��� to �N" . Thereis a D-edgebetween��� and ��� sincethese
two predicates(asde�ned in C1) aredisjoint. Furthermore,since

�d" and�d& imply ��� , they mustalsobedisjoint from ��� . Therefore,
thecorrespondingD-edgesbetween�N" and��� aswell as�d& and���

arenotshown, asthey canbeinferredfrom thegraph.
We usethePRG,the independenceassumption,andtechniques

from elementaryprobability theoryto computethe probability of
occurrenceof anexecutionvector. We demonstratethis computa-
tion with a simplerepresentative example,the formal comprehen-
sive derivationis presentedin [22].

Suppose�Q� , �#" , and �#* of the examplearescheduledin the
samerow of anMRT. Oneprobabilitywe would needto compute
is ]_R`�Nms@iac�e�N"j@tF\�S���q@ua�V for thecasethat �Q� and �)* ex-
ecute,but �)" doesnot. Furthermore,supposethat �Q� and �)" are
scheduledat the sametime in the SRT, but �)* is scheduledat a
differenttime in theSRT, i.e., �Q� and �)" in theMRT row arefrom
thesameloop iteration,but �)* is from a differentiteration. Since
predicatesfrom differentiterationsareassumedto beindependent,

]_R`�dmv@�ac�S�N"�@wF\�e����@�a)V\@w]_R`�Nm�@�ac�e�N"�@wFHVE[x]_R`���Q@

a)V . To compute]_R`�Nm�@gac�S�N"�@�FHV , wenoticefrom thePRGthat
�dm evaluatesto True and �N" evaluatesto False,whenoneof two
eventsoccurs:(i) �Nm evaluatesto True,��� evaluatesto Trueand�N"

evaluatesto False,or (ii) �dm evaluatesto Trueand ��� evaluatesto
False(in whichcase�N" is guaranteedto beFalseby theimplication
relationship).Hence,]_R`�Nmf@ta'�S�d"f@yFHVP@y]_R`�Nmf@zac�e���s@

ac�S�N"H@�FHV
D

]_R`�NmQ@ga'�S�r�#@{FHV . We usethede�nition of con-
ditional probability to computeeachof the terms. For thesecond
term, ]_R`�NmH@hac�e�r�#@�FHV|@�]_R`�r�'@�FJ� �NmH@ga)VE[^]_R`�NmH@ga)V .
For the �rst term, ]_R`�Nmb@}a'�����~@Bac�S�N"b@•FHVx@•]_R`�N"g@

F€�$�dmx@za'�����s@za)V#[•]_R`�dmf@zac�e���s@za)VH@‚]_R`�N"x@yFƒ�

���„@€a)VQ[„]_R`���A@ƒa…�†�Nm‡@€a)VQ[„]_R`�NmˆV . ]_R`�Okq@‰a)V is
measuredas the fraction of all pro�led loop iterationsfor which

�dk evaluatesto True. ]_R`�dkc@iav� � l^@ia)V is theconditionaledge
transitionprobability that �Ok evaluatesto True,given � l evaluates
to True andis equalto Š†‹

;�.•Œ�ŽN•

ŠU‹

;M•‘Œ�ŽN•

. Furthermore,]_R`�dk�@’FJ� � l“@

a)V”@u�'Y Š†‹

;�.•Œ�ŽN•�•

Š†‹

;M•‘Œ�ŽN•

. Hence,by pluggingin thevalues,we obtain,
]_R`�Nm�@�ac�e�N"v@wF\�e���Q@{a�V•@w]_R`�Nm�@�ac�S�N"�@wFHVc[f]_R`����@
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Certainexecutionvectorsareillegal sincethey will never occur,

andhencehave0 probability. For example,]_R`�r�'@ba'������@ba)V|@

m since ��� is disjoint from ��� as indicatedby the D-edgein the
PRG.As anotherexample,it is impossiblefor both ��� and �)* to
executeand 	�� not to executeif all threeoperationsarefrom the
sameiteration;this is dueto the fact that �#* and 	�� areguarded
underthesamepredicate�N� , andclearly ]_R`���'@bac�e����@bac�S����@

FHV7@hm .
Wedevelopedageneralprobabilisticmodelto computetheprob-

ability of occurrenceof anarbitraryexecutionvectorin termsof the
PRGedgetransitionprobabilities.This modeltakesadvantageof
the threepossiblerelationshipsbetweena pair of predicates:dis-
jointness,implication,andlastly independence(which we assume
whenever neitherdisjointnessnor implicationhasbeenfound).

Finally, note that the computationcomplexity of the probabil-
ity of occurenceof a given executionvectorcantake time that is
exponentialin the sizeof the executionvector, in the worst case.
However, theactualcompilationtime wassmall,sincein practice
ourexecutionvectorlengthrarelyexceededthree.

4.2 Main PPAMS Extensions
The PPAMS algorithm usesthe expecteddelay computation

techniqueto try to �nd the smallestexpectedinitiation interval
( �
��68:<;�6?/?��6?> ) for whichavalid schedulecanbefound. �
�
68:<;�6?/8�-6?>�@

�
�
+

�•,���.0/
D

�
�
132�405|6?4 ,�9 , where �
�

+
�-,���.0/ is thestaticinitiation inter-

val whenthe delaydueto con�icts is ignored,and �
��132
4057684 ,�9 is
the expecteddelaydue to con�icts. The following describesour
mainchangesto thebaselineiterative moduloscheduling(IMS) to
supportPPAMS.

Computing ResMII: IMS computesthe resource-constrained
lower bound(ResMII) by unconditionallyaddingthe numberof
timesthateachoperationusesa particulartypeof resourceto that
resource'susagecount,regardlessof theoperation'sguardingpred-
icate. The cumulative usagecount for the most heavily usedre-
sourcedeterminesResMII for IMS. For our examplein Figure1,

�����
	��
�g@¡��m , sincethereare 10 ALU operationsand only a
singleALU unit.

For PPAMS, a similar calculationis done,exceptthatanopera-
tion is allowedto usea particularmay-useresourceonly a fraction
of the time, basedon its executionfrequency. Whenanoperation
usesa resource,this resource's usagecountis only incrementedby
operation's executionfrequency. Thus,continuingwith theexam-
ple, the probabilisticpredicate-aware resource-constrainedlower
bound,PPAMS �����
	h�
�•@ƒR8�W• m$RS�Q�
V

D
�W• m(R¢����V

D
m$• �$RS�)�WV

D

�W• m$R¢�P�WV
D
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D
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V
D

m$•  ORS�)�WV
D

�ž• m$R¢�)& V
D

m$•0�ž�ˆRS�)*WVMVM¤$R8� ALU V‡@¥* • �
� , which is the execution frequency
summedover all ALU operations.Note thatun-predicatedopera-
tionshavea frequency of 1.0.Finally, sincethemust-useresources
are reserved regardlessof guardingpredicatevalues,their usage
count is computedas in the baselinecase. The lower boundob-



double ppams_Main()
{

II low = max(ppamsResMII, ppamsRecMII);
IIhigh = max(baseResMII, baseRecMII);
while(IIhigh – II low > smalldelta) {

IImiddle = (IIhigh + II low) / 2;
if (ppams_FindSchedule(IImiddle) == true)

IIhigh = IImiddle;
else

II low = IImiddle;
}
return IIhigh;

}

(a)

bool ppams_FindSchedule(IIexpected)
{

for(IIstatic = floor(max(WidthResMII, ppamsRecMII));
IIstatic <= floor(IIexpected); IIstatic++) {

IICflDelay = IIexpected - IICflDelay;
if(ppams_IterativeScheduler(IIstatic, IICflDelay)==true)

return true;
}
return false;

}

(b)

Figure5: Main PPAMS schedulingroutines

tainedis likely to be anoptimisticestimateof theactualschedule
lengthsinceit doesnotaccountfor potentialcon�icts thatmayoc-
cur.

Main Scheduler: The main PPAMS driver (shown in Fig-
ure 5(a)usesa binary searchmethodto �nd the smallestvalueof

�
��68:<;�6=/8��6?> for whichavalid schedulecanbefound.Thelow (high)
bound, �
��4 ¦!§ ( �
�
��.0¨�� ) is computedasthemaximumof theppams
(baseline)�����
	h�
� and ������	��
� . Note that �ˆ�d© ªf�
�)�
��	��
� is
never lessthan «<©(�
�
������	��
� sincePPAMS requirescmpplatency
to beincreased,which mayincreasethelengthof thecritical path,
but never decreasesit. The while loop in Figure 5(a) calls the
ppams FindScheduleroutinewhich tries to �nd a valid schedule
for �
��¬\.0>!>‘4`6 - a halfway point between�
�
4 ¦!§ and �
�
��.0¨�� . If a
scheduleis found, �
�
��.C¨‘� is reducedto �
��¬\.C>!><4`6 , otherwise�
��4 ¦!§

is increasedto �
�
¬”.C>!>‘4`6 . Thesestepsarerepeateduntil thediffer-
encebetween�
�

�
.0¨‘� and �
�
4 ¦!§ dropbelow asmallthresholdvalue

( ��ªj©(n-n-­ �
n•®8© ), atwhichtimethe �
��68:<;�6?/8�-6?> valueis setequalto the
currentvalueof �
�
�
.0¨‘� .

ppams FindSchedule(Figure5(b))triesto �nd avalid schedule
for �
��68:<;�6=/8��6?> (thesumof �
��+

�-,���.0/ and �
�
132�405|684 ,�9 ). In fact, it is
possiblefor severalvalid schedulesof length �
�
68:<;�6?/8�-6?> to exist for
severaldifferentvaluesof �
�
+

�-,���.C/ and �
�
132�405|684 ,�9 aslong asboth
addup to �
�

68:<;�6?/8�-6?> . Therefore,we vary �
�
+

�-,��-.C/ in theloopstart-
ing from theceilingof themaximumof thewidth resource-andthe
recurrence-constrainedlower boundup to the �oor of �
�

68:<;�6?/8��6=> .
Thewidth resource-constrainedlower bound,WidthResMII, is de-
�ned as numberof operationsin theloopbody

machinefetchwidth (FW) andis a hard limit on �
��+
�-,���.0/

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

�-,���.0/ can
never be less than G{kS­ˆ®M¯O������	h�
� , and since �
��+

�-,���.0/ must be
an integer, it cannotbe lessthan ceiling(WidthResMII). �
�

+
�-,���.0/

is also constrainedby the recurrence-constrainedlower bound,
�W�d© ªx��������	h�
� , computedfrom the datadependencegraphaf-
ter the cmpplatency extensionphase.The extensionof cmppla-
tenciesmay increasethe lengthof thecritical pathcomparedwith
the baselinecode. Note that with PPAMS, as opposedto base-
line modulo scheduling,�
��+

�•,���.0/ can be lessthan �����
	h�
� . In
addition, since we are only interestedin scheduleswith �
�±°

�
��68:<;�6=/8��6?> , the �
��+
�-,��-.C/ term of a scheduleof interestcannotex-

ceed�oor( �
�
68:<;�6?/?��6?> ).

For each value of �
��+
�-,��-.C/ , the correspondingmaximum al-

lowed value of �
�
132
4057684 ,�9 is computed(as the differencebe-
tween�
�

68:<;�6?/?��6?> and �
�
+

�-,���.C/ ) andtheppams Iterati veScheduler
is called with both values passed as parameters. The
ppams Iterati veScheduler returns True if a valid scheduleis
found, in which caseppams FindSchedulealsoreturnsthevalue
True. Otherwise,thenext combinationof �
�
+

�-,���.C/ and �
�
132�405|684 ,�9

is tried, until either the ppams Iterati veSchedulerreturnsTrue
or the for loop terminates. If the loop terminates,no valid
schedulehas been found for a given value of �
�

68:<;�6?/?��6?> , and
ppams FindSchedulereturnsFalseto theppams Main dri ver.

ppams Iterati veScheduler( �
�
+
�•,���.0/ , �
�
132�405|684 ,�9 ) is a slightly

modi�ed versionof the baselineiterative moduloscheduleralgo-
rithm [16] which iteratively schedulesandunschedulestheopera-
tionsof the loop until eithera valid scheduleis foundor themax-
imum numberof allowed schedulingsteps(a run-timebudget)is
exceeded.In PPAMS, the schedulertries to placeoperation²<� at
Time ³ of theMRT that is chosensothattheincreasein total esti-
matedcon�ict delay(i.e., thesummationof theestimatedcon�ict
delayover all rows of theMRT) is minimized.If anoperationcan-
not be placedwithout exceedingthe delayconstraint�
��132
4057684 ,�9 ,
a backtrackstepis executedin which someoperationsarechosen
to beunscheduled(to betriedagainlater)soasto allow thecurrent

²!� to bescheduledwithout violating thedelayconstraint.

4.3 Example Application of PPAMS
To illustratetheapplicationof thealgorithm,PPAMS is applied

to the examplein Figure1 with themachinemodelin Table1, a
cmpplatency of 3 cycles,anda fetchwidth equalto thenumberof
functionunits(3).

We show the details of a single call to the
ppams Iterati veScheduler function. The goal is to �nd a
valid 6 cycle ( �
��+

�-,���.0/ =6) schedulewhich alsosatis�es the delay
constraint �
�
132�405|6?4 ,�9}°´m$• &
� cycles. As each operation is
scheduledat sometime slot, theappropriateresourceis markedat
that time slot in both the SRT andMRT. In addition, the current
delay valuesin the �
�

132
4057684 ,�9 column are updated: the overall
schedulelength,whichis �
�
+

�-,���.0/ plusthesumof the �
�
17µ

n�IJ�
n-© ¶

entriesover all rows is shown in the last row of theMRT. We use
delaydue to con�ict computationmethodfrom Section4.1 and
the PRGin Figure4 to computethe valueof �
��132�405|6?4 ,�9 at each
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Figure6: PPAMS Schedulingof the examplein Figure 1 for �
�
+
�-,���.C/ =6 and �
�
132
4057684 ,�9 =0.42

step.We omit the � -resourcecolumnto save space:in traditional
modulo schedulingof the counter-basedloops, a single branch
operation�J� is alwaysscheduled�rst within the �rst �
� rows of
theSRT andnever causescon�icts.

Figure 6(a) shows the partial SRT and MRT with operations
�H� , 	X� , ��� , �P� , ��" , �)� and �)" and �)� alreadyscheduled,and
operation �'& is being scheduled.Note that the partial schedule
(before�#& is scheduled)hasnocon�icts sinceeachALU operation
occupiesaseparateentryin theMRT, exceptfor ��� and ��� which
aredisjoint. Theearliestscheduletimefor �#& (in theSRT) is Time
8 since�'& is dependentonthethree-cycle ��" operationscheduled
at Time 5. If �'& is scheduledat Time 8, it will sharethe ALU
with �)" from thesameiterationandwill resultin 0.0018cyclesof
expecteddelaydueto con�ict, namely� recovery cycles [)]_R`�N"�@

ac�S�d&P@ga)V7@��r[\m • m$�N[”m$• mW£v@�m • mWm$��  , asshown in therightmost
column. Scheduling�#& at any of Times9 through12 of theSRT
would resultin 0.02cyclesof delay( � recovery cycles [x]_R`�d&J@

a)V•@{�_[fm • m$�H@�m$• mW� ), sincetheoperationsscheduledat eachof
thesetimesin theMRT alwaysexecute(executionfrequency = 1.0).
Scheduling�#& at Time 13 will alsoresult in 0.02cyclesof delay
since �)� and �)� areacompletesetof disjointoperations(they are
guardedundercomplementarypredicates).The schedulerplaces

�'& at Time 8 of the SRT (Time 2 of the MRT) which causesthe
smallestincreasein theoverall con�ict delayfor thegiven partial

schedule.
Operation �)& is scheduledsimilarly, asshown in Figure6(b),

as is operation�#* , resultingin the �nal scheduleshown in Fig-
ure 6(c). The overall delay is 0.4191cycles(0.1991cycles from
Time 2 of theMRT plus0.22cyclesfrom Time 5) which resultsin
a valid schedulethatsatis�esbothresourceanddelayconstraints.

5. PERFORMANCE EVALUATION
We usean existing VLIW compiler toolset,Trimaran [25], to

evaluatetheeffectivenessof PPAMS. This compilersystemis ca-
pableof performingif-conversionwith hyperblockformation[14],
moduloscheduling[16], andpredicateanalysis[11], amongother
back-endoptimizations.Weimplementedthebulk of ouroptimiza-
tions within the resourcemanagementmoduleof ELCOR (Tri-
maran's back-endcompiler). We alsousethepredicatequerysys-
temto analyzepredicatedcodeandconstructpredicaterelationship
graphsto computetheexpecteddelaydueto con�icts asdescribed
in Section4.1.

We usethe notation(F,I,FP,M,B,C, D) to representthe proces-
sor in this study. F is fetch width, I - numberinteger units,FP -
numberof �oating-point units,M - numberof memoryunits,B -
numberof branchunits, C - latency of the predicatede�ning op-
eration(cmpp),andD is con�ict detectionlatency, or thenumber



% ppa-ready
Benchmark regions BRec BRes BII Besc Brr DRec DRes DII Desc Drr PRec PRes PIIs PI Ic PI Id %Error Pesc Prr

cjpeg 6.81 1.31 6.49 6.49 2.00 10.73 1.92 5.89 6.35 2.44 13.57 1.92 4.69 5.50 5.69 5.66 0.53 4.53 17.70
djpeg 48.03 1.00 58.64 58.64 1.00 28.38 1.00 53.17 53.66 1.01 29.89 1.00 42.69 46.22 47.56 47.67 -0.23 2.50 48.26
epic 3.37 2.16 21.02 21.41 1.77 12.78 2.93 19.10 19.48 2.00 13.86 2.93 16.38 12.39 16.44 16.33 0.67 7.86 16.85
unepic 53.45 1.00 13.27 13.27 1.85 19.31 1.00 12.84 12.84 2.70 21.70 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 23.50 3.00 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 21.52 19.87 7.67 4.50 25.50
ghostscript 20.08 7.87 43.13 44.10 1.02 20.85 7.87 33.35 34.33 2.02 23.79 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 1.10 13.85 11.39 24.88 25.66 1.97 18.14 11.39 21.40 19.22 22.72 22.61 0.48 7.62 49.18
gsmencode 95.34 7.81 73.88 74.34 1.00 16.50 8.86 46.45 54.49 1.93 17.69 8.86 45.30 49.37 52.63 52.58 0.10 3.41 33.55
mesamipmap 38.12 1.00 22.00 22.00 1.67 20.67 1.00 16.33 16.33 2.67 27.00 1.00 15.92 16.00 16.33 16.32 0.06 3.00 24.33
mpeg2dec 33.43 1.00 28.17 28.17 1.50 17.02 1.00 25.69 25.69 1.85 15.90 1.00 18.58 19.63 21.60 21.68 -0.37 3.26 30.82
mpeg2enc 76.85 2.96 20.21 20.21 1.01 8.24 4.91 17.26 17.26 1.99 10.21 4.91 12.34 12.30 13.86 13.86 0.00 4.08 18.61
pegwitdec 55.53 1.96 20.51 20.51 0.08 13.94 1.96 18.56 18.56 1.08 14.00 1.96 12.39 12.75 13.90 13.96 -0.43 5.93 38.16
pegwitenc 69.14 1.61 19.33 19.33 0.96 13.36 1.61 18.26 18.26 1.60 16.18 1.61 12.66 13.30 13.60 13.97 -2.72 4.97 29.37
rasta 8.17 3.02 6.80 6.81 1.25 7.42 4.14 6.53 6.68 1.84 7.86 4.14 4.85 5.56 5.89 5.94 -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 14.21 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 23.48 2.24 18.43 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 2.15 18.82 5.39 12.36 14.09 3.29 23.71 5.39 11.11 13.34 13.48 21.68 0.87 4.33 26.24

Base DPAMS PPAMS

Table2: Various schedulingmeasurementsfor 4-widebase,dpasand ppasmachines,cmpp latency is 3 cyclesand CDRL is 0 cycles

of cyclesafterthecon�ict is detectedin which therecovery mech-
anismdispatchesthe �rst con�icting operation.We usetwo base
processorsin our study: (4,2,1,1,1,1,-) and(6,4,2,1,1,1,-) called

]�·¢,
+

6WRe&
V and ]†·S,
+

6žRS*ˆV , respectively. In addition,we assumed64
scalarand64 rotating registersin our experimentsandoperation
latenciesthatmatchtheItaniumprocessor.

Eachbaselineprocessor]†·¢,
+

6WRek=V is comparedwith two corre-
spondingprobabilisticpredicate-awareprocessors]

;<;‘,
+žRekM�%mWV and

]

;<;‘,
+

RekM����V with thesamenumberof resourcesasthebaselinepro-
cessor, but con�ict detectionlatency of zeroandonecycles,respec-
tively. We alsocomparethe performanceof the baselineproces-
sor ]†·S,

+
6žRek=V with thecorrespondingdeterministicpredicate-aware

processor]�>%;‘,
+

Rek?V . As mentionedin Section2, DPAMS avoids
con�icts by conservatively combiningonly provably disjoint oper-
ations.In addition,we assumethat if anoperation's predicateis to
be readearly (in the predicatereadanddispatchstage),the oper-
ationmustbeseparatedfrom its correspondingcmppby at least3
cyclesfor bothdeterministicandprobabilisticpredicate-awarema-
chines.All cmpplatenciesareincreasedto 3 cycles:asour results
show, mostof theloopsareresourcebound(ratherthanrecurrence
bound),andthereforetheresultshave little sensitivity to thecmpp
latency.

We evaluatedthe setof 17 MediaBench[13] applications,ap-
plying deterministicandprobabilisticpredicate-awarescheduling
optimizationsto their moduloscheduledloops. Clearly, PPAMS
canonly bene�t if-convertedregionsof codethat containat least
oneif-thenclause,includingloopswith CASEstatements,andwill
be ineffective for othercoderegions. We call theseregionsppa-
ready). Therearetotal of 130ppa-readyloops. All theremaining
loopsarescheduledusinga conventionalbaselinemodulosched-
uler.

5.1 Evaluation Results
Table2 shows variousschedulingmeasurementsfor P·¢,

+
6 (4),

P>M;�,
+ (4) andP;!;‘,

+ (4,0) machines.For a given application,each
measurementis an averageover all ppa-readyloopsin this appli-
cationweightedby their executionfrequency. Column1 lists all
the benchmarks.The secondto last row of the table, Avg. (4-
wide),shows theaverageresultsfor a 4-widemachine,andthelast
row, Avg. (6-wide), shows the averageresultsfor a 6-wide ma-
chine. Column2 shows thepercentof dynamicoperationsthat lie
in ppa-readycyclic regions(loopswith at leastonepredicatedop-

eration)for a given application. On average,52% of operations
arefrom suchregions. ColumnsBRec,DRecandPRecshow the

������	h�
� for the threeschedulers.As expected,for someappli-
cations(epic,gsmdecode,gsmencode,mpeg2enc,rasta,rawcaudio
andrawdaudio)������	h�
� increasesfor bothDPAMS andPPAMS.
Thishappensbecausethepredicate-awarepipelinesrequirethatthe
cmpplatency beincreasedto supportearlydiscardingof operations
predicatedonaFalsepredicate.For theseapplications,someof the
cmppslie onthecritical recurrencecycles,thustheincreasedcmpp
latency increasesRecMII. Wealsoseethatfor mostof theapplica-
tions ������	h�
� is not a limiting factorto performancefor all three
schedulersbecauseit is muchlessthan ������	h�
� .

Columns labeled BRes, DRes and PResshow the value of
�����
	��
� for the three schedulers,respectively. As explained
in Section4.2, the baselineschedulerincrementsthe resourceus-
ageby 1 regardlessof the operation's guardingpredicateand its
executionfrequency. DPAMS incrementstheresourceusagecount
by 1 per group of disjoint operations. Many ppa-readyloops
have a large numberof if-then-elsestatements;DPAMS reduces
their �)�ž�
	h�
� on averageby 22%. PPAMS furtherdecreasesthe

�����
	��
� by an averageof 15%, with respectto DPAMS, by in-
crementingthe resourceusagecountby the operation's execution
frequency. Note that for someof thebenchmarks,suchasgsmen-
codeandmesamipmap,bothDPAMS andPPAMS resultin similar

�����
	��
� . This is due to the fact that theseapplicationscontain
a numberof dominatingloopswhich consistprimarily of a large
numberof well balancedif-then-elsestatements.

ColumnslabeledBII, DII, and PIIs show the �
� for the three
schedulers.For PPAMS, ]��
�$� is a static �
� thatdoesnot account
for the delay due to con�icts. PPAMS reducesthe �
� by 17%
with respectto DPAMS, since it allows more �e xible operation
combiningthanDPAMS. As the examplein Section4.3 demon-
strated,PPAMS can combineany operations,both disjoint and
non-disjoint, from the sameor different loop iterations,whereas
DPAMS canonly combinedisjoint operationsfrom a single loop
iteration.

This �e xibility in combiningmay, however, result in an addi-
tional delay due to con�ict ( �
�
1r2�4057684 ,�9 ). The column labeled
PIIc shows the compilerestimateof the expectedinitiation inter-
val ( �
��6?:<;�6?/?��6?> ), which doesinclude �
�
1r2�4057684 ,�9 . Basedon the
formula �
�

6?:<;�6?/?��6?>
@i�
�

+
�-,��-.C/

D
�
�

132�405|684 ,�9 , therearetwo ways
to achieve a given �
��68:<;�6?/?��6?> : either by allowing more sharing
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Figure7: Speedupfor cyclic regionsalone

with tighteroperationscheduling,which decreases�
�
+ �-,��-.C/ but in-
creases�
�
1r2�4057684 ,�9 , or by allowing lesssharingwhich increases

�
��+
�-,���.0/ but decreases�
�
132
4057684 ,�9 . For examplewith epic,PPAMS

choosesthe �rst approachandachieves an �
�
+

�•,���.0/ of 12.39and
�
��1r2�4057684 ,�9 of 4.05(16.44- 12.39).Converselyfor unepic,PPAMS
choosesthesecondapproachandachievesan �
�

+
�-,���.0/ of 10.45and

�
��1r2�4057684 ,�9 of 0.37(10.82-10.45).
Columns labeled PIId and %Error show the achieved run-

time initiation interval ( �
��><9�¸�,�¬\.0/ ), and the relative error be-
tween �
��>‘9‘¸ž,�¬\.0/ and �
��68:<;�6=/8��6?> computed as Re�
��><9�¸ž,�¬\.C/¹Y

�
��68:<;�6=/8��6?>žVM¤
�
��>‘9‘¸ž,�¬\.0/ . Note that for the last ('average')row, we
show the averageof the absolutevaluesof the relative errorsto
avoid mutualcancellationof thenegative andpositive errors. We
seethat for mostof the applicationsthe error is quite small (less
than3%). However, in g721encode,the error is 8.7%,and7.7%
in g721decode.This happensbecausesomeof the predicatesof
operationsthatmapto thesameresourceviolatetheindependence
assumptionthatthecompilermadeduringscheduling.Thesepred-
icatesturnout to becorrelatedandresultin morerun-timecon�ict
thanwasoriginally estimatedby thecompiler.

ColumnslabeledBesc,DescandPescshow thesizeof theepi-
logue(in termsof its stagecount)of themoduloscheduledloopsfor
the threeschedulers.Epiloguestagecount( ����� ) is de�ned asthe
ceilingof thelengthof theloopschedulein theSRT dividedby the

�
�
+

�-,���.0/ . WecanseethatonaverageDPAMS increasesthebaseline
scheduleepilogueby afactorof 1.5,andPPAMS doublesthebase-
line scheduleepilogue.Thereasonfor this increasein theepilogue
sizeis twofold: �rst, ascmpplatency increases,theSRT schedule
lengthincreases,andsecond,bothDPAMS andPPAMS intention-
ally stretchthe scheduleby moving operationsfurtheraway from
their producersto allow moreaggressive combining.

Finally, columnslabeledBrr, Drr andPrrshow theaveragenum-
berof rotatingregisters[7] requiredby eachof thethreeschemes.
Rotatingregistersareusedto allocatevariableswith multiple life-
times,whichoccurwhenavariableis simultaneouslylivein several
loop iterations[19]. Thefartheraway thelatestconsumeris sched-
uledfrom its producer, themorerotatingregisterstheproducerwill
require.Hence,theincreasein thenumberof requiredrotatingreg-
istersthatwe seewith DPAMS andPPAMS happensfor thesame

two reasonsthat causethe increasein thesizeof the epiloguefor
thesetwo schemes.However, despitetheincreaseddemandfor ro-
tatingregisterswith DPAMS andPPAMS, the64 rotatingregisters
assumedin ourexperimentsareenoughfor almostall loops.In the
very few casesin which theoptimumloop schedulerequiresmore
than64rotatingregisters,theexpectedinitiation interval of theloop
is increasedin orderto reducetherotatingregisterrequirement.

Thelastrow summarizessimilar datafor P·S,
+

6 (6), P>M;‘,
+ (6) and

P;<;‘,
+ (6,0)machinesfor whichconclusionssimilar to thosefor the

4-wide machinecan be drawn. However, the 6-wide predicate-
awaremachinewith 4 integerunitshasmoreresourcesandthere-
fore achieveslessbene�t from operationsharingthanthe equiva-
lent 4-widemachinewith 2 integerunits. This explainsthe lower
performancegain with DPAMS and PPAMS for the 6-wide ma-
chines.

Figure7 shows the actualspeedupsachieved by DPAMS and
PPAMS on the cyclic regions alone. The leftmost barsof Fig-
ure 7(a) show the speedupachieved by the 4-wide DPAMS ma-
chineover the baselinemachine. The middle andrightmostbars
show thespeedupachieved by P;!;�,

+ (4,1) andP;!;�,
+ (4,0), respec-

tively, overthe4-widebaselinemachine.Figure7(b)showssimilar
datafor the6-widemachines.We canseethat for someof theap-
plications,suchasg271decodeandg721encode,the performance
dropsfor both DPAMS and PPAMS on both 4- and 6-wide ma-
chines. However, from Table2 we seethat the achieved �
� with
eitherpredicate-awaretechniqueis betterthan �
� for thebaseline
machine.Thisbehavior is dueto thelargesizeof theepiloguepro-
ducedby both schemesand the relatively short trip count of the
loops in theseapplications.The run-timeof a moduloscheduled
loop with trip count º is equalto Reº

D
������VE[x�
� . If º is small,a

large ����� canhave signi�cant impacton overall loop performance.
A short trip count loop with larger �
� andshorterepiloguemay
outperformthe sameloop whenscheduledwith a smaller �
� and
longerepilogue,asis thecasehere.

On averagea 4(6)-widePPAMS processorwith con�ict detec-
tion latency of 0 cycles performs10%(3.6%)better than a 4(6)-
wide DPAMS machine,and20%(8%)betterthanthecorrespond-
ing baselinemachine. We also notice that a 4(6)-wide PPAMS
processorwith a con�ict detectionlatency of 0 cycles performs
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Figure8: Overall benchmark speedupwith PPAMS

5%(1)% better than the correspondingPPAMS processorwith a
con�ict detectionlatency of 1 cycle. Higher con�ict detectionla-
tency hasmore impact on the 4-wide PPAMS processorthan on
the 6-wide PPAMS processorbecause,assaidabove, the 6-wide
machinehasmoreresourcesthanthe4-widemachineandthushas
lessresourcesharingandfewer con�icts.

Finally, Figure8 shows the overall speedupdueto PPAMS for
theentireapplication.Theleft barshows thespeedupof the4-wide
PPAMS processor, P;<;‘,

+ (4,0), over the correspondingbaseline
processor, ]U·S,ORe&ˆV , for eachapplication.The right barshows sim-
ilar datafor the 6-wide PPAMS processor, P;!;�,

+ (6,0). As shown
by the two “Average”bars,the averagetotal applicationspeedup
is 10% for the 4-wide machineand5% for the 6-wide machine.
Thespeedupachievedon theentireapplicationis smallerthanthe
speedupachieved on pa-readycyclic regionsalone,sinceascol-
umn 2 of Table2 shows, theseregionsconstituteon averageonly
52%of thetotalapplicationbaselineexecutiontime. Thetwo right-
mostbars,“Average(DPAMS)”, show thecorrespondingspeedups
over thebaselinefor theDPAMS processors,namelyDPAMS pro-
cessorachieves5% speedupfor the4-widemachine,and2.2%for
6-wide.Weseethatonaverage,for theentireapplication,the4(6)-
wide PPAMS processoroutperformsthe corresponding4(6)-wide
DPAMS processorby 5%(2.28%).

6. RELATED WORK
Softwarepipelining is a well studiedtechniquefor scheduling

loops[3, 18, 17, 5, 9, 12, 4]. A numberof techniqueswerepro-
posedin the pastto improve softwarepipelineschedulesof loops
with internalcontrol �o w [1, 8, 21]. Below we describethe tech-
niquesthataremostrelevantto ourwork.

Hierarchicalreduction[12] collapsesall conditionalconstructs
into a single operation,modulo schedulesthe resultingstraight-
line code, and then regeneratesall conditional constructs. All
Path Pipelining [24] pipelineseachpath separatelyusing a soft-
warepipelining techniquefor straight-lineloopsandthenmerges
thepipelinekernelsof thepaths.

EnhancedModulo Scheduling[27] initially modulo schedules
predicatedcodein which disjoint operationsareallowed to share
resources.This is similar to both the PPAMS andDPAMS tech-

niques[23]. However, PPAMS doesnot requirethe sharingoper-
ationsto be disjoint, whereasthe two otherschemesdo. In addi-
tion, EnhancedModulo Schedulingassumesno hardwaresupport
for predication.Therefore,in thenext stepthecontrol�o w is regen-
eratedfrom the intermediatescheduleto obtainthe�nal pipelined
schedule.Theintermediatescheduleis thendiscarded;theideaof
executingtheshared-resourceschedulewith predicate-awarehard-
wareis notexploredin [27].

Theadvantageof thetechniquesin [12, 24, 27] (with anexcep-
tion of theDPAMS technique)is thatthey do not assumeany spe-
cial hardwaresupportin theform of predication,but asaresultthey
suffer from signi�cant codegrowth in theloop kernel.

Modulo Schedulingwith Multiple Initiation Intervals [28]
schedulesif-convertedcodeso that control pathswith higherex-
ecutionfrequencies(assignedbasedupondynamicpro�ling of the
loop) have shorterIIs than pathswith lower frequencies.Predi-
catedoperationsareusedto executethecorrectoperationsandthe
loop-backbranchbaseduponwhich pathis actuallyexecuteddy-
namically. This techniquecanheavily penalizetheperformanceof
someof thepaths(andthereforeoverall performance)if theexecu-
tion pathshave similar frequencies.

7. CONCLUSIONS
We have proposedandevaluateda new probabilisticpredicate-

aware schedulingtechniquethat can achieve betterscheduleson
predicatedcyclic code regions by reducingwastedresourcesin
VLIW processorswith predicatedexecution.To this end,we have
madethe following threecontributions. First, we proposeda gen-
eral conceptof using the compiler to derive con�ict-conscious
schedules.This enablesarbitrary (andnot just provably disjoint)
predicatedoperationsto sharethesameresourcein thesamecycle.
Second,we developeda probabilisticdelaydueto con�icts model
that constructsand analyzesthe predicaterelationshipgraphfor
arbitrarypredicatedoperationsin orderto derive theexpectedcon-
�ict delay. Third, weproposedamoduloschedulingalgorithmthat
usesthis delaymodelin conjunctionwith binarysearchmethodto
computetheexpectedII in thefaceof resourcecon�icts, and�nd a
schedulewith minimal expectedII.

Theprobabilisticpredicateawaremoduloschedulershave been



implementedandevaluatedon the Mediabenchapplicationsuite.
Theoverall resultsshow anaverageperformancegainof 10%and
5% for 4-issueand 6-issueVLIW processors,respectively. For
loops, probabilisticpredicate-aware schedulingachieves an aver-
agegainof 20%and8%for thesameprocessors.
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