A Unibped Modulo Sc heduling and Register Allocation
Technique f or Clustered Pr ocessor s

Josep M. Codina, Jesces Stnchez and Antonio Gonzilez

Department of Computer Architecture
Universitat Politecnica de Catalunya
Barcelona - SPAIN

E-mail: {imcodina,fran,antonio}@ac.upc.es

Abstract

This work presentsa modulo schedulingframework for
clusteredLP processorshatintegratesthe clusterassign-
ment,instructionschedulingandregisterallocationstepsn
asinglephaseThis unibedapproachs moreeffective than
traditional approachesasedon sequentiallyperforming
some(or all) of the threesteps sinceit allows optimizing
theglobalcodegeneratiorprobleminsteadf searchingdor
optimalsolutionsto eachindividual step.Besidesit avoids
theiterative natureof traditionalapproachesyhichrequire
repeatedapplicationsof the threestepsuntil a valid solu-
tion is found. The proposedramevork includesa mecha-
nism to insert spill code on-the-By and heuristics to
evaluatethe quality of partialschedulesonsideringsimul-
taneouslyinter-clustercommunicationsgnemorypressure
and register pressure Transformationghat allow trading
pressur®n atype of resourcdor anotheresourcearealso
included. We showv that the proposedtechniqueoutper-
forms previously proposedtechniquesFor instance,the
averagespeed-ugdor the SPECfp95s 36%for a 4-cluster
conbguration.

Keywords: Modulo scheduling,register allocation, spill
code, cluster assignment, clustered architectures

1. Intr oduction

Until recently computerarchitectshadpaidlittle attention
to the time requiredto sendsignals/dataamongdifferent
partsof the chip. Thetechnologyandfrequeny employed
allowedary partof thechipto bereachedn asinglecycle.
However, the evolution of the chip manufcturingprocess
hasshavn thatglobalwire delaysdo not scaleastechnol-
ogy improves.Thesedelayswill remainconstantmeaning
thatrelative to gatedelays.they scaleupwards[11]. Tech-
nology projectiong26] point out thatthis differentscaling
will be one of the main hurdlesfor improving instruction
throughpuibf futuremicroprocessorfl]. Themainconse-
quencewill be that the percentagef on-chip transistors
that can be reachedin a single cycle will decreaseand

microprocessorwill becomecommunicatioboundrather
thancapacity bound

Researcheragreehatthis problemhasto betakeninto
accountin the designof currentand future microproces-
sors.New techniqueso handlethis problemhaveto bepro-
posedatall levels,rangingfrom applicationgo technology
One promising contrikution from the microarchitecture
Peld is to divide some componentsof a processorinto
groupsthatareplacedclosetogethemndinterconnectetly
fastlinks. Links thatinterconnectlifferentgroupsarerela-
tive slow, basically becausethey are much longer The
resultis whatis called a clusteed microarchitectue and
each group is calledduster

Currenttrendsin clusteringfocus on the partition of
both register blesand functional units. In this way, each
clusterconsistf severalfunctionalunitsthatobtaintheir
operanddrom alocalregisterble.Valuesgeneratedby one
cluster and neededby anotherone are communicated
through a bus or a point-to-point connection.Thus, the
delay and compleity of some critical componentsare
reduced.For instance,bypassesre provided mainly (or
only) amonglocal functionalunits; the numberof register
ple portsandthe numberof registersof eachlocal bleare
small.

The reduceddelaysmay translateinto a higher clock
frequeny whereasthe lower compleity may reducethe
powerrequirement§31]. Clusteredlesignsanbefoundin
currentresearchproposalgdmulticluster[6][18], multisca-
lar [27], multithreading15], traceprocessof22][29], etc.)
andin somecommerciakuperscalaprocessorsuchasthe
Alpha 21264[10].Remarkablythis techniques becoming
quite commonin the designof embedded/DSPBrocessors
with a VLIW core such as the TI@ TMS320C6x[28],
Equator&VMAP1000[15], the ADIG TigerShard9] or the
HP/STOLx [5].

This work focuseson this last kind of architectures,
which arecommonlyreferredto asclusteed VLIW archi-
tectues The effectiveness of this microarchitecture
stronglydepend®on the ability of the compilerto generate
codethat balanceshe workload of the different clusters
and results in f@ intercluster communications.



Modulo scheduling[20] is a very effective instruction
schedulingtechniquefor loop-intensie codes,which area
commonworkloadin suchprocessorsThemaingoalof pre-
viousproposal®nmoduloschedulindor clusteredarchitec-
tureswasto reducethe numberof communication@among
clusterswhile trying to balancethe workload. However,
theseworks usedrelatively simple techniquego dealwith
registerand memoryport usageIn somecaseshe register
pressuras simplyignored[17]. In othersnaive solutionsto
theproblemareusedsuchasincreasingheinitiation interval
(1) if thenumberof requiredregistersexceedgheavailable
oneg[24]. For thesecasesa moresophisticatedreatmenof
thisphenomenavill resultin abetterperformancefFor some
codesregistersandmemoryportsarevery critical resources
and their impact on performancecan be even greaterthan
that of communications andorkload balance.

In the literaturewe can bPnd mary works dealingwith
register pressurefor non-clusteredV/LIW architecturesin
particular whena moduloschedulerequiresmoreregisters
thanavailable therearethreepossiblesolutions:a) inserting
spill codeandre-schedulgheloop [21]; b) increaseheini-
tiation interval andre-scheduléheloop [21]; andc) a com-
bination of both [30]. In all casestheseactionsare taken
aftera scheduldor thewholeloop hasbeencomputedand
involve an iterative processbrstcomputinga scheduleand
thenaddingspill or increasingthe Il, until a schedulethat
doesnotrequiremoreregistershanthoseavailableis found.

In thiswork we presenta moduloschedulingramewnork
for clusteredvLIW architectureshattakesinto accounthe
threemain critical resourcesat the sametime: inter-cluster
communicationsregister pressureand memory port pres-
sure.In a single phasenodesare assignedo a clusterand
scheduledin it, adding spill code on-the-Ryif required.
Besidesasthe schedulds producedthe pressureon these
threeresourcess triedto bekeptbalancedWe shaw thatthis
new techniqueproducessignibcantlybettermodulo sched-
ules than pnéous techniques.

The main contribtions of this paper are:

¥ Thisis the brsttime to the bestof ourknowledgethata
framework to perform clusterassignmentinstruction
schedulingandregisterallocationasa singlephasehas
beenproposedor moduloschedulingThisapproachs
alsonew and effective for non-clusteredarchitectures
although in this paper we focus on clustered ones.

¥ The proposednstructionscheduleconsiderghe pres-
sureontheinter-clustercommunicatiometwork, regis-
terbleandmemoryportsatthesametime, andincludes
mechanisms$o maintainthemat a similar level asthe
scheduleis being produced.lt also includesmecha-
nismsto transformregister pressurén memorypres-
sure(addingspill code),inter-clustercommunications
into memory pressurglby doing the communications
throughmemory)andmemorypressurénto communi-
cationsor registerpressurgby undoingthe two previ-

ous transformations)In this way the usageof these
three resources it balanced.

The restof the paperis organizedasfollows. Section2
reviews related works. The assumedmicroarchitectures
describedn section3. The proposedechniques detailedin
section4 andit is evaluatedin section5. Finally, section6
summarizes the main conclusions of thizrky

2. Related Work

Thereare several works relatedwith instructionscheduling
for clusteredarchitecturesA proposafor solvingthe prob-
lem of schedulingnstructiongor partitionedregisterblesis
in thework by Ellis in a compilerprototypecalledBulldog
[4]. That work implementstrace schedulingand decides
clusterassignmentt theinstructionsn atrace.ln thatalgo-
rithm clusterselectionandlist schedulingaretreatedastwo
sequentiaphasesThe clusterassignmenstepusesa BUG
algorithm(Bottom-Up Greedy).Communicatioroperations
are inserted during the scheduling step if necessary

Capitanioetal. presentischedulingalgorithm[3] whose
objective is codepartitionwhenthe VLIW clusteredarchi-
tecturedoesnot have full connectity amongall registers
andfunctionalunits. The algorithmstrateyy is similarto the
one employed by Bulldog (i.e., cluster assignmenfor all
instructionsin a dependencgraphfollowed by instruction
scheduling).

Janget al. [12] presentanotherschedulingschemethat
usesseparateclusterassignmentnd schedulingphasesin
their work, a graphis partitionedusinga k-way partitioning
algorithm (wherek is the numberof clusters).Their main
aim s to achieve a balancedschedulingln the dependence
graph,eachnoderepresentaregister(or value)insteacbf an
operationin orderto provide Rexibility in their retagetable
compiler

Theseworks differ from the approachpresentedn this
papetrin two basicaspectsthey focuson schedulingnstruc-
tions in agyclic codes(more particularly they do not deal
with moduloschedulinglandfollow anapproachwherethe
clusterassignmenand the instruction schedulingare per-
formed in tvo sequential phases.

...zeret al. [19] proposea schedulingalgorithm called
unibed-assign-and-schedulifiAS) thatdiffersfrom previ-
ousapproachednsteadof brstpartitioningthe instructions
amongheclustersandthenschedulinghem thesewo steps
areperformedat the sametime. The algorithm proposedn
this paperfollows the samestratgy. However, our work
focuseson moduloschedulingnsteadof list schedulingand
performs spill code on-the-RBy

Therearea few worksrelatedto moduloschedulingfor
clusteredarchitectures.Fernandeset al. [7] proposean
approachto perform both schedulingand partitioningin a
single step for software pipelined loops. However, they
assumeanarchitecturevith anunusuategisterbleorganiza-
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Figure 1. Clustered VLIW architecture

tion basedon a set of local queuesfor eachclusteranda
gueue ble for each communication channel.

Nystromand Eichenbeger [17] presentan algorithmto
assignnodesto clusterswhen modulo schedulingis per-
formed.Theiralgorithmdealswith casesvherethe connec-
tion amongthe differentregister blesis bus-basedr grid-
basedIn theirapproachglusterassignmenandnodesched-
uling correspondo differentphaseslf ary of themfails,the
algorithmis re-startedby increasingthe initiation interval.
They focuson two mainaspectstheimpactof loop-carried
dependenceandthe negative impactof aggressiely Plling
clustersThey obtaingoodresults but theassumedarchitec-
ture almost never saturatesthe communication links
(becausethey assumesufbcient low-lateny buses),and
therebythe effect of communications very low. However,
whenthe numberof busesdecreasesr the communication
lateng increasesheperformancef thisalgorithmis signif-
icantly dggraded [24].

SincheandGonztleZ24] proposeaunibedassign-and-
scheduleapproachthatis, clusterselectionand scheduling
of operationsaredonein asinglephaseAn attemptis made
to scheduleesachoperationin all the clustersin which there
is anavailableslot, andthe bestoneis chosenTheheuristic
for selectinga clusteris basedn minimizing the numberof
outedgesAn outggdgeis debnedas an edgefrom a node
alreadyscheduledn a clusterto a nodethatis eithersched-
uled in anotherclusteror not scheduledyet. In that paper
they shaw that this techniqueis betterthat performingthe
clusterassignmenandschedulingnto two sequentiabteps.
However, in thatpapera simpleapproacho dealwith regis-
tersis consideredwhenno registeris available,a clusteris
not selectecascandidateandif no clusteris possible then
theinitiation intenal is increasedndthe procesge-started.
Thatwork is later extendedto dealwith a distributedcache
memory[25]. Thework, presentedn this paperalsousesa
unibed assign-and-schedulapproachand, in addition, it
insertsspill codeon-the-RBy Besidesjt usesmore effective
mechanismsto deal with communications,register and
memory pressure, as outlined in the introduction.

Kailas, Ebciogluand Agrawala [13] have recentlypre-
sentedan approachto producescheduledor agyclic code
thatcombine<lusterassignmeninstructionschedulingand
registerallocationin a singlephase Our work differsin the
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Figure 2. Detailed architecture of a single cluster

factthatit focusencyclic codeandin particularonmodulo
scheduling. Besides, there are signibcant differences
betweerthe heuristicsusedby the two works. For instance,
ourschemallows tradingclustercommunication$or mem-
ory pressure.

3. Clustered VLIW Ar chitecture

The clusteredVLIW architecturethat we assumein this
work is shavn in Figurel. It is composedf differentclus-
ters, eachone madeup of differentfunctional units and a
localregisterble. A valuegeneratedby oneclusterandcon-
sumedby anotheris communicatedhroughone of a setof
busessharedby all the clusters Whena valueis communi-
cated,the emplogyed bus is busy during the lateng of the
communicationThe clusterthatwritesontothe busandthe
cluster/sthat readfrom the bus are codibedin the VLIW
instruction asdescribedelow. All theclustersalsosharehe
memoryhierarcly, startingfrom the brst-level cacheln this
work we have consideredhatall clustersarehomogeneous
(i.e.,samenumberof registersandtype/numbeof functional
units)althoughthe proposedschedulingechniquesaneas-
ily be generalized for non-homogeneous conbgurations.

The detailedarchitectureof a single clusteris shavn in
Figure2. Eachinput of eachfunctionalunit maybeavalue
readfrom thelocal registerble, or a valueobtainedthrough
bypassedrom otherlocal functionalunits, or the valuethat
comedrom abus.This lastvalueis storedin a specialregis-
tercalledincomingvalueregister(IRV), andcanfeedafunc-
tional unit and/orbe storedin the local registerble (in the
casethatanotherinstructionscheduledn this clusterneeds
thevaluelater).Onthe otherhand,the datathatis placedon
thebuscanbeeitherobtainedrom the outputof afunctional
unit or from the local mgister Ple.

TheVLIW instructionformatis shavn in Figure3. One
of theseVLIW instructionsis read from memory every
cycle,andthedifferentinstructions{CLUSTER) aredistrib-
utedto theappropriateclusters A stallin oneclusteraffects
all theothers sothatall theclustersvork onthesameVvLIW
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instruction.Eachinstructionfor a particularclusterconsists
of thefollowing Pelds:anoperationfor eachfunctionalunit
in thatparticularcluster(FU;) andthe source(IN BUS) and
target (OUT BUS) for eachbus. The IN BUS beldindicates,
if necessarytheregisterin thelocalregisterblein whichthe
valuein IRV hasto be stored.The OUT BUS beldindicates
theregisterwhosecontentdasto beissuedo thebus,if any.
This value can be obtainedfrom the local register ble, or
fromthebypassetworkif theregisteris beingwrittenatthat
time.

As eachbusis aresourcesharedy all theclusterswhen
one particularclusterplacesa dataon the bus (OUT BUS),
this buswill be busy duringthe entiredurationof the com-
munication.Therefore no otherinstructioncanusethis bus
in themeantimgabusis consideredy the schedulingalgo-
rithm as another functional unit in the resdion table).

4. URACAM Technique

In this sectionwe presentthe proposedmnodulo scheduling
framework for clustered/LIW architecturesA mainfeature
of the proposedechniqueis thatthe three phasesof tradi-

tional codegeneratiorschemeshamelyclusterassignment,
instructionschedulingandregisterallocation,areperformed
concurrentlyin a singlephaseWe referto the techniqueas

URACAM (Unibed Register Allocation, Cluster Assign-

mentandModulo schedulingapproach)Anotherimportant
featureis thatthe algorithmdoesnot include backtracking,
that is, eachnodeis scheduledonly once. Not including

backtrackinghas a direct impact in the reduction of the

schedulingtime. The last remarkablecharacteristids that

the heuristicsusedto generateodetry to minimizeregister

pressure,memory pressureand inter-cluster communica-
tionsatthesametime, andconsidetthatthethreefactorsare

equally important. Obviously, the proposedalgorithm also

tries to maximize parallelism.

In this sectionwe brst describethe approachusedto
comparealternatve partial schedules.Then, we present
sometransformationghat are usedto improve the partial
schedulasit is beinghbuilt. Finally, thealgorithmis detailed.

4.1. Figure of Merit

Previous approachedo modulo schedulingfor clustered
VLIW architecturedrave asa main objectve to reducethe
numberof communicationsHowever, memorytrafbc and
registerpressuraretwo otherfactorsthatinlBuencethe per-
formanceof a modulo scheduledioop. Since thesethree
termsarerelated,a techniquethat tries to improve one or
someof them independentlyfrom the othersmay obtain
worse schedulesOur techniqgueemploys a unibedassign,
scheduleandregister allocationapproachwherethe taken
decisions use heuristics tedp them balanced.

The schedulefor a loop is gradually built by adding
instructionsto a partial scheduleuntil all operationshave
beenscheduled Given a partial scheduleand the current
instructionthatis to beinsertedn the schedulethe Pgureof
meritis usedto comparethe differentpartial schedulesghat
may be reachedby insertingthe instructionin alternatve
slots.

The bgureof merit is usedto decidewhich is the best
optionamongseveralalternatvesis crucialfor ary codegen-
eration framevork. In our case,our bgureof merit must
reRectheabovethreefactors(register memoryandcommu-
nications), and hence,it is a multi-dimensionalvariable.
Besidesjn orderto comparedifferentalternatves,we have
to devise an approachto comparethesemulti-dimensional
variables.

The two underlyingconceptsehindthe bgureof merit
that we proposeare discussedelon. The brstoneis that
scarceresourcesare more valuablethan abundantones.In
particular the value of a giventype of resourcess propor-
tional to theamountof currentlyremainingresource®f this
type.Forinstanceijf atagivenpointin timetherearelOfree
registersand5 freecommunicatiorslots,thevalueof acom-
municationslot is twice the valueof aregister Thus,a pos-
sible schedulefor the current instruction that requires3
additional registersis preferredto anotheralternative that
requires 2 communication slots.

The secondunderlyingconceptis thatit is desirableto
maximizethe available resourcef the mostusedtype of
resourced-or instanceassumindlOfreeregistersand5 free
communicatiorslots,a scheduleor the currentinstruction
that consumegt additionalregistersand 2 communication
slotsis preferredo a solutionthatconsumed registerand3
communicationslots. This is becausehe former solution
consumeg0%and40%of theavailableresourcegregisters
and communicationgespectrely) whereasthe latter con-
sumes10% and 60%. The former solution is preferred

because it maximizes the minimum percentage left unused.

Thesetwo conceptanbe summarizedisa philosoply
thattriesto benebthe wealest(mostusedresourcesothat
the differencebetweenthe strongest(leastusedresource)
andthewealestshortengyradually The above two concepts
are analytically formalized belo



MinCost2(Scheduling S1, Scheduling S2)
{

FMeritl = S1.ComputeFigureMerit();
FMerit2 = S2.ComputeFigureMerit();

Sort(FMeritl);
Sort(FMerit2);

foreach (p1,p2) in FMeritl and FMerit2 do {
if (Jp1-p2| > Threshold)
if (p1 > p2) return S2;
else return S1,

}

if (Sum(FMeritl) < Sum(FMerit2)) return S1;
else return S2;

Figure 4. Algorithm to selectthe bestpartial schedule
between tw possible ones

In theassumedrchitecturecommunicationsreaglobal
resource,whereasregisters and memory ports are local.
Thus,for every candidateapproach to insertinganinstruc-
tion into a partial schedulethe bgureof merit consistsof a
set of2 x NClustes + 1 percentages:

¥ Communications Percentagef free communication
slotsbeforeschedulingthe currentinstructionthatare
consumed by the meinserted instruction.

¥ Memory. For every cluster percentagef freememory
accessslots before schedulingthe currentinstruction
that are consumed by them@serted instruction.

¥ Registers For every cluster percentageof free life-
timesbeforeschedulinghe currentinstructionthatare
consumed by the meinserted instruction.

Notethatsomeof theabove percentagesanbenegative,
which meanghatthe new insertedinstructionincreaseshe
amountof availableresource®f the correspondingype.As
anexample,spill codecanincreaseéhe numberof available
registers.

Figure4 shavsthealgorithmusedio comparawo partial
schedules First, the bgure of merit for each alternatve
scheduleis computedas describedabove. Each bgure of
meritconsistof 2 x NClustes + 1 componentshatarelater
sortedfrom highesto lowest.Thecomponentsrecompared
pair-wise startingfrom the highest(accordingto the order
producedy the Sortroutine).Wheneer asignibcantiffer-
enceis found (greaterthana given threshold)the schedule
with the lowestcomponenis chosenlf all pair of compo-
nentsaresimilar, the choiceis madeby addingall the com-
ponentsof eachscheduleand selectingthe one with the
lowest sum.

We obseredthatathresholddifferentfrom zerois bene-
bcialfor casesvhenthedifferencedetweerthe brstcompo-
nentsare nggligible but a signibcantdifferenceoccursat a
givenlocation.In thiscaseit is betterto choosebasednthe

1. The candidates that are considered are debned in section 4.3

componentwith a signibcant difference. For instance,
assuminga bgure of merit consistingof 5 components,
(80,70,40,35,34is preferredto (79,69,68,5,4)In this case,
thesecondhlternatie is betteraccordingo the brstandsec-

ond componentdut the differenceis so small that we con-

siderthemassimilar. The bPrstcomponentvith animportant

differencds thethird one,andthisis theonethatdetermines
the choice of the brst alternatve. We arbitrarily set the

thresholdto 10%for the experimentsreportedin this paper

We leave for future work the study of the inBuenceof the

threshold in order to tune it.

It is importantto remarkthatwe alwaysusetheapproach
describedn this sectionin orderto comparedifferentalter-
natives.For instancethisapproachs usedo decidehemost
convenientclusterfor a giveninstructionandit is alsoused
to determine whether adding spill code is benebcial.

4.2. Transformations

As pointedout above, the proposedcode generationtech-
nique never unschedulesan already scheduledoperation.
However, it includesmechanismthatreducethepressuren

a given type of resource(register memoryor communica-
tions) at the expenseof increasingthe pressureon another
type. This is achieved by applyingcertaintransformatiorto

the partial schedule, which are describedwelo

Asthebnalschedulas beingbuilt, if thepartialschedule
reachesa statein which inter-cluster communicationsare
overloadedvhereaotherresourcesrenot, it maybebene-
bcial to reducecommunicationseven if it is done at he
expenseof increasingthe usageof otherresourcesSome-
timescommunicationsanbe reducedby loop unrolling as
reportedn [24]. However, codeexpansions adravbackthat
maybeacritical issuein someervironmentssuchasembed-
ded systemsAn alternatve way to senda value from one
clusterto anotheris throughmemory That is, the source
clusterwrites the valueto a givenlocationandthe destina-
tion clusterreadsit. Note thatthis hassomesimilarity with
spill code.In this case the pressureon the interconnection
network is reducedat the expenseof increasinghe memory
pressure.

Ragisterpressureanbereducedoy applyingspill code.
This again increaseshe pressureon the memoryports. The
lifetime to spill is choseraccordingo theonethatoptimizes
the bgureof merit describedn section4.1. However, if the
numberof overlappedifetimesat a givencycle exceedshe
numberof availableregisters,only thelifetimesthatarelive
at that gcle are considered.

The above two transformationsequireadditionalmem-
ory instructionsto beinsertedn the code.Sinceeachmem-
ory operationthatis presentin the original coderequiresa
memoryslot, we cananticipatehow mary memoryslotswill
be consumedfor theseinstructions,even if they are not
scheduledyet. The remainingmemoryslotsare considered
asaglobalresourcehatis consumeanly for theabove two



S = InitializeScheduling(G);
(1) Nodes = OrderSMSNodes(G)
foreach node n in Nodes do {
LCandidates.EmptyList();
(2) foreach cluster c do
if (S.PossibleSchedule(n, c))
SchedulelnCluster(S, n, c,LCandidates);
}
if (LCandidates.empty()) {
3) I1++;

Relnitialize();

else
4) S = MinCostN(LCandidates);

Figure 5. Main steps of the scheduling algorithm

transformationsThus,thebgureof meritis extendedwith an
additionalcomponenthat rel3ectsthe usageof this global
resourcewhich is relevant only for the above transforma-
tions.

On the otherhand,memorypressurecanbe reducedby
eitherchangingcommunicationghroughmemoryby com-
municationsthroughthe interconnectiometwork, or undo-
ing spill codepreviouslyinserted Theformertransformation
increaseshenumberof communicationsandthey bothtend
to increase the gister pressure.

In ary casethe above transformationsreonly applied
whenthey arecorrectandthe bgureof merit indicatesthat
they provideabenebtthatis, the bgureof meritof thesched-
ule thatincludesthe transformatiormustbe betterthanthat
of the schedulewithout the transformation.The bgure of
meritis alsousedto selectthe bestlifetime, communication
or memory operation to be transformed. Section 4.3
describes when these transformations are tried.

The describedtransformationsallow the algorithm to
performsomelimited type of backtrackingjn the sensethat
previous decisionsrelatedwith communicationsmemory
portusageandregisterusagecanbereconsidered-dowever,
thesetransformationsever requireto unschedule previ-
ously schedulednstructionexceptcommunication®r spill
code operations.

4.3. Detailed Algorithm

Themainstepsof theschedulingalgorithmareshovnin Fig-
ure5. In the brststepof the algorithm(1) alist with all the
nodes(i.e. instructions)of the data dependenceyraphis
built. This list is sortedto ref3ectthe orderin which nodes
will be handledby the scheduleraccordingto the ordering
proposedn theSwingModulo Schedulef14]. Thisordering
givespriority to thenodesn recurrenceandordersdifferent
recurrencesccordingto the constraintthat eachimposein
theinitiation interval, from the mostto theleastconstraining
one.Besidestheresultingorderensureshatanodein apar-
ticular position of the list only haspredecessorsr succes-
sors beforeit but not both (excepting one node per each

SchedulelnCluster(Scheduling S, node n,
cluster c, list LCandidates)

{
(1) S1 = ScheduleOplInCluster(S, n, c);
(2) if (Last_one(n) and !S1.0verSatur()) {
LCandidats.insert(S1);
return;

S2 = S1,
(3) ListFactors = S1.0OrderedFactors()

(4) foreach il ListFactors {
if (i == Comm) S2.ImproveComm();
else if (i == Mem) S2.ImproveMem();
else if (i == Reg) S2.ImproveReg();

(5) if (S2.0verSat() and S1.0OverSat())

return;

else if (S2.0verSat())
LCandidates.insert(S1);

else if (S1.0verSat())
LCandidates.insert(S2);

else
LCandidates.insert(MinCost2(S1, S2));

Figure 6. Scheduling an operation in a cluster

recurrence)Moreover, nodeghatareneighborsn thegraph
are placed close in the list.

Oncethenodeshave beensorted eachnodeis scheduled
in the appropriatecycle and cluster The core of the algo-
rithm is in section(2). In this loop, the current node is
attemptedo bescheduledn eachpossiblecluster(i.e.those
clusterswith enoughresources)producinga list of alterna-
tive partial schedulegLCandidates)If no schedulingis in
thelist, thentheinitiation interval is increasedndthewhole
procesds re-initialized (3). Otherwise the bestschedulds
choseraccordingto the bgureof merit describedn Section
4.1.

Figure 6 shows the mostimportantactionsrelatedwith
theschedulingof theactualnodein onecluster Initially, the
proposedalgorithm tries to schedulethe operationin the
cluster without applying ary of the transformations
describedn sectior4.2(1). If thecurrentnodeis thelastone
of thelist andthe producedscheduledoesnot requiremore
resources(communications,registers and memory) than
thoseavailable, the obtainedscheduleis insertedinto the
LCandidateslist (2). Otherwise,a new possible partial
schedulgs createddy trying to improve theonegenerateat
step(1) applying the transformationglescribedn Section
4.2,

In orderto scheduleneoperatiorin aclustertheearliest
starttime (Estart)andthe lateststarttime (Lstart) arecom-
putedtakeninto accounits schedulegredecessomndsuc-
cessorsPredecessorer successorscheduledn different
clustersimply an inter-clustercommunicationThe lateny
of thiscommunications takeninto accounwvhencomputing
EstartandLstart,andit is constrainedy previousscheduled



communicationsNote that a communicationcan be done
either throughmemoryor a bus. If the communicationis
from onepredecessdo severalsuccessori differentclus-
ters,thebus-baseptionis chosensinceasinglecommuni-
cation can broadcastthe data to all the consumers.
Otherwise the choicebetweerbus-or memory-basedom-
municationis determinedy comparinghebgureof meritof
each alternate.

OnceEstartandLstartare calculatedthe actualnodeis
scheduledscloseaspossibleto its predecessorsr succes-
sorsin orderto minimize register pressure Any required
communicationis alsoscheduledCommunicationshrough
memoryarescheduledn suchawaythatregisterpressures
minimized(i.e., storesarescheduledhscloseaspossibleto
the producerandloadsare placedascloseaspossibleto its
consumer(s))whereaghe mosteffective slot for bus-based
communicationsgs determinedy the solutionthat provides
the best bgure of merit.

Then, communicationsyegister pressureand memory
pressureare tried to be improved. Thesethreefactorsare
tried to be improved one at eachtime, following the order
given by the component®f the Pgureof merit (3). Thatis,
the factor for which the currentinstruction has consumed
mostpercentagés choserbrst,andit is improved until it is
not oversaturatedThen,the next mostusedresources cho-
senandsoon. As aresult,atransformedartial schedulgs
obtainedn additionto theoriginalone(4). If bothschedules
have ary oversaturatedesourcethe currentclusteris not
considerechsa candidatefor the currentinstruction(5). If
just one of the two partial scheduleshasno oversaturated
resourcesit is insertedin the LCandidatedist. Otherwise,
theonewith bestbenebtaccordingto the Pgureof merit,is
chosen and inserted in the LCandidates list.

Selecting which particular communications, register
pressurer memorypressurarereducedyy transformations
is doneaccordingto the bgureof merit. Amongall the can-
didates, only those that pide some benebt are applied.

5. Performance Results

This sectionpresents performancestudyof the URACAM
technique.

5.1. Experimental Framework

Theschedulinglgorithmhasbeenevaluatedor threediffer-
entconbgurationsf theclustered/LIW architectureThese
conbgurations are sivo in Table 1.

The brst conbgurationis called unipedandit is com-
posedof a single clusterwith four functionalunits of each
type (integer, Boatingpoint andmemory)anda uniquereg-
ister ble. Both the 2-cluster and 4-cluster conbgurations
havetheregisterblesplitinto two andfour partitionsrespec-
tively. Theformerhas2 functionalunitsof eachtypeandhalf
of theregisterspercluster Thelatterhasl functionalunit of

Resources Unibed | 2-cluster | 4-cluster Latencies INT FP
INT / cluster 4 2 1 MEM 2 2
FP / cluster 4 2 1 ARITH/ABS 1 3
MEM / cluster 4 2 1 MUL 2 6
DIV/ISQR/TRG 6 18

Table 1. Clustered VLIW conbgurations and latencies

eachtype anda quarterof theregistersper cluster(notethat
both,in total,are12-wayissue) For theclusterecconbgura-
tionswewill shav resultsfor differentnumberof buseq1, 4
andunboundedvith differentlatencieg1 or 2 cycles)and
different total number of gisters (32, 64 and unbounded).

In thissectiorwe presentesultsoninstructiongercycle
(IPC). Thesenumbersinclude the contritution of the pro-
logue and epilogue.The numberof iterationsof eachloop
has been obtained through probling.

Theunibedconbguratiomepresentsur baselinesinceit
hasthe sameresourcessthe clusteredconbgurationsut it
doesnot suffer from the inter-clustercommunicatiorpenal-
ties. Therefore,the IPC of the unibedconbgurationis an
upperboundof whatcanbe achiezed by the clusteredbnes.
Notethatthis measurgIPC) is independentf the processor
cycletime.However, theclusteredrganizationgnaybenebt
from afasterclock,thenanIPCfor aclusterecconbguration
nearthanthat obtainedfor the unibedconbguratiormeans
an overall improvementof the performancevhenthe cycle
time is considered.

For all conbgurationshememoryhierarcly is sharedy
all theclustersandconsideregberfect(i.e.,all cacheaccesses
hit). For a real memory techniquego reducethe impactof
cachemissesvhenmoduloschedulings appliedshouldbe
used [23].

Themoduloschedulingalgorithmhasbeenimplemented
in the ICTINEO compiler[2] andall the SPECfp95bench-
marks have beenevaluated.The programswere run until
completionusing the testinput dataset. The performance
Pguresshown in this sectionreferto the moduloscheduling
of innermostioops.For someof themthe initiation interval
reaches limit thatmakesmoduloschedulingnappropriate
(for thesecasesfor instancelist schedulingvould be more
effective). Thesdloopsarenot consideredor ary of the bg-
uresin orderto comparehe samesetof loopsfor all conbg-
urationsandtechniquesWe have measuredhattheselected
loops represents around 50% of the tokelcaition time.

5.2. Evaluation

Oneof the main noveltiesof the proposedalgorithmis that
the spill codeis insertedat the sametime asthe nodesare
scheduledjnsteadof the traditional approachthat doesit
after schedulingall the nodes.Then, the brst experiment
studiesthe effectivenessof this combinedschedulingand
register allocation technique.
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Figure 7. Benebtof the combinedinstructionscheduling
and register allocationfor the unibedarchitec
ture

For this study we have prstobtainedresultsfor a non-
clustered(unibed architecture Theseresultsare shavn in
Figure7. For eachgraph,thewhite barsshav thelPCfor an
unboundedegisterble,which neverrequiresspill code.The
grayandblackbarsshav the IPC for a limited sizeregister
ble(64registersin thetopgraphand32in thebottomgraph).
Thegraybarcorrespond$o the proposedn-the-Ryspilling
techniqueandtheblackbarcorrespondso theapproactihat
increasesheinitiation interval wheneer the scheduleruns
out of raisters.

Thebrstobsenationis thatfor 64 registersall threecon-
Pgurations/techniquesbtainthe samelPC. This meanghat
for the loopsof the SPECfp95programsconsideredn this
study 64 registersareenougtfor theunibedarchitectureOn
theotherhand whenthenumberof registersis 32 thediffer-
encesaremorenoticeable As we canseein thegraph,add-
ing spill codeon-the-Ryis moreeffective thanincreasinghe
initiation interval. The combinedspill andschedulingtech-
nigueimprovesthelPC by 5% on averageovertheapproach
thatincreaseghe initiation interval, andit is just 4% lower
thanthat achiezed with an unboundechumberof registers.
As we will seein the following experimentsthe beneptof
the proposedtechniqueis more remarkablefor clustered
architectures.

Register pressureincreasesfor clusteredarchitectures
dueto inter-clustercommunicationsSincesomevalueshave
to be communicatedhroughthe busesthelifetime of these
valuesaugmentsThis increasein lifetimes correspondso
boththecyclesuntil afreebusis availableandthelateng of
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Figure 8. Performance of the proposed algorithm

the busitself. In Figure8 we shav the IPC obtainedby the
proposedalgorithm for the 2- and 4-cluster architectures
with both 32 and 64 registers.In thesegraphswe useasa
baselinefor comparisonghe IPC obtainedfor the unibed
architecturawvith on-the-Ryspill code(Prstbar).Severalbus
conbgurationsiave beenevaluatedfor the clusteredconbg-
urations{i) 1 buswith 1-cyclelateng, (i) 1 buswith 2-cycle
lateng, and (iii) 4 luses with 1-gcle lateng.



We can seethat for someprogramsand conbgurations

the proposedalgorithm obtainsan IPC comparableo that
obtainedby the unibedarchitecturge.g.,swimandfpppp.
On average the IPC for the 4-bus conbguratioris just 3%,
7%, 10% and17% lower thanthat of the unibPedconbgura-
tion for 2 clustersand64 registers,2 clustersand 32 regis-
ters, 4 clustersand 64 registers, and 4 clustersand 32
registersrespectiely. We have also evaluatedthe perfor-
manceof a conbgurationwith an unboundednumber of
busesandtheresultsshav thatits IPCis practicallyidentical
to the 4-lus conbgurations.

Figure 9 shavs the comparisorof the URACAM tech-
nigue for clusteredVLIW architectureq2- and 4-cluste)
with thetechniqueproposedy StncheandGonzileZ24].
This lattertechniquewasshown to be very effective at bal-
ancing the workload and minimizing communication
requirementslt was also shavn to outperform previous
approachesHowever, this techniquesimply increaseghe
initiation interval and re-initialize the processwhen not
enouglregistersareavailable.In thisbgurethebrstandsec-
ond barsshaw the resultsfor the Stnchezand Gonztlez
technique(SA+GO) and the URACAM techniquerespec-
tively for a conbgurationwith 1 bus and 1-cycle lateng,
whereasthe third and fourth onesshav the sameresults
when a 2-gcle lateng for the lus is considered.

As we canseein thesegraphsthe URACAM technique
outperformsthe most effective previous proposalfor all
benchmarksandconbgurationg-or someprogramssuchas
tomcaty su2corandhydmo2dtheimprovementis huge,spe-
cially for conbgurationsvith 4 clustersand a bus with 1-
cycle lateng (between 80% and 125%).

For the 2-clusterarchitecture pn averagethe proposed
techniqueoutperformsthe previous proposalby 18% and
19%for 1-cycle and2-cycle buslateng respectiely and32
registers For 64 registerstheaverageémprovementsare13%
and 12% respectly.

For the 4-clusterarchitecturethe speed-upof the pro-
posedechniqueover the StncheandGonztlezscheduler
is evenhigher For a 32 registers,the averagelPC improve-
mentis 22%and36%for 1-cycleand2-cyclelateng respec-
tively. For 64 registers theimprovementsare12%and36%
respectiely.

6. Conclusions

This work haspresenteda code generationframenork for
cyclic codeon clusteredILP processorsThis frameavork
combinesclusterassignmentmoduloschedulingandregis-
terallocationinto asinglephasewhich allows searchingor
solutions that optimize the three factors simultaneously
rather than optimizing each one separately

New heuristicshave beenintroducedn orderto quantify
the benebtof alternatve schedulesconsideringmultiple
parametersimultaneouslysuchastheinter-clustercommu-
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Figure 9. Comparisorof URACAM with previousproposa

nication overhead,memory pressureand register require-
ments. Besides, transformationsto improve the partial
schedule on-the-Ry i@ been proposed.

Theresultsshav importantimprovementsover previous
proposalsand minor degradationwhen comparedwith an
architecturewith the sameresource$ut no communication
penalty
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