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Abstract

In this work we show that value prediction can be used
to avoid the penalty of long wire delays by predicting the
data that is communicated through these long wires and
validating the prediction locally where the value is pro-
duced. Only in the case of misprediction, the long wire de-
lay is experienced.

We apply this concept to a clustered microarchitecture
in order to reduce inter-cluster communication. The pre-
dictability of values provides the dynamic instruction par-
titioning hardware with less constraints to optimize the
trade-off between communication requirements and work-
load balance, which is the most critical issue of the parti-
tioning scheme. We show that value prediction reduces the
penalties caused by inter-cluster communication by 18%
on average for a realistic implementation of a 4-cluster mi-
croarchitecture.

1. Introduction

Recentstudiespoint out that two major problemsfor
scaling-upcurrentsuperscalarmicroarchitectureswill be
the growing impactof wire delays[1, 2, 13], andthe in-
creasingcomplexityof somecritical components,suchas
theissuelogic, thebypass,theregisterfile andtherename
logic [16], sincethey may havea direct influenceon the
clock cycle time.

Oneof theproposedsolutionsto thisproblemis based
on clustering.In a clusteredmicroarchitecturesomeof the
critical componentsarepartitionedinto simplerstructures,
andthe impactof wire delaysis reducedasfar assignals
arekept local within the clusters.In a clusteredarchitec-
ture,decidingwhichinstructionsareexecutedin eachclus-
ter becomesa key issue.We will refer to this taskascode
partitioning.A codepartitioningschemedetermineshow
thedynamicinstructionstreamis split amongthedifferent
clusters.Datadependencesamonginstructionsin different
partitions correspondto inter-cluster communications,
whichuselongwiresandhaveahighassociatedlatency.In

this work we will focuson dynamicmechanismsfor parti-
tioning the instruction stream, implementedthrough a
smallhardwarethatsteersinstructionstoclusters,thesteer-
ing logic.

Minimizing theimpactof inter-clustercommunication
delaysis oneof themainobjectivesof anycodepartition-
ing scheme.Thesolutionthatweproposein thiswork is to
eliminatedatadependencesthatcrossthepartitionbound-
ariesby predictingthevaluesthatflow amongthem.Value
predictionhasbeenlargely investigatedin the contextof
superscalarprocessors,andit is not our purposeto design
anotherpredictorbut to investigateits potentialto reduce
slow inter-clustercommunicationson a clusteredarchitec-
ture,andto provideanewsourceof performanceimprove-
ments.In thispaperweshowthatvaluepredictioncansig-
nificantly improvetheperformanceof thesteeringlogic by
providingalessdensedatadependencegraphwhichresults
in lesscommunicationrequirementsandbetteropportuni-
ties to balance the workload.

It is known that the IPC of a clusteredarchitectureis
lower than that of an equivalentcentralizedorganization
without the inter-clustercommunicationdelays.It is also
expectedthatvaluepredictionmayincreasetheIPCin both
cases.However,we show that the clusteredarchitecture
benefitsfrom valuepredictionmorethanacentralizedone,
sincevaluepredictionremovessomeinter-clustercommu-
nications.In particular,we showthat the IPC degradation
causedby inter-clustercommunicationscanbereducedby
18% througha simplevaluepredictionschemewhenthe
steeringlogic is designedto take advantageof the value
predictor.

Therestof this paperis organizedasfollows. Section
2 presentsthe assumedclusteredarchitecture.Section3
presentsthe partitioning heuristic implementedby the
steeringlogic, and its specificadaptationsto takeadvan-
tageof valueprediction,andprovidesa performanceeval-
uation.In Section4, a sensitivityanalysisregardingcom-
municationlatency,communicationbandwidthandpredic-
tor tablesizeis performed.Section5 reviewsotherrelated



work.And finally, themainconclusionsaresummarizedin
Section 6.

2. Microarchitecture

The targetprocessormicroarchitectureis a clustered
implementationof an8-wayout-of-orderissuesuperscalar
processorwith a 6 stagepipeline(fetch,decode,issue,ex-
ecute,writeback and commit). The processorfront-end
(fetchanddecodestages)is acentralizedstructure,andwe
assumethat it hasan aggressiveinstructionfetch mecha-
nism to stressthe instruction issue and executionsub-
systems.The processorcore is divided into N homoge-
neousclusters:eachclusterhasits own instructionqueue,
aphysicalregisterfile, asetof functionalunits,andthecor-
respondingdatabypassesamongthesefunctionalunits.We
experimentwith severalconfigurations(targetingdifferent
technologiesand clock rates)having 1, 2 and 4 clusters.
While the registerfile accesstime and issuetime areas-
sumedto beconstantin all cases,structuresizesarescaled
downwith thedegreeof clustering.Therefore,registerfiles
have respectively128, 80 and 56 physical registersper
cluster,andinstructionqueuelengthsare64,32and16en-
tries.Thereorderbufferlength(128entries),thetotalnum-
berof functionalunits (8), andthe total issuewidth (8) is
keptconstantthroughall theconfigurations.Themainar-
chitectural parameters are described in Section 2.4.

Localbypasseswithin aclusterareresponsiblefor for-
wardingresultvaluesproducedin theclusterto the inputs
of the functionalunits in thesamecluster.A local bypass
takes0 cycles,i.e.avalueproducedin cyclei canbeanin-
putof a local functionalunit in cyclei+1. Inter-clusterby-
passesareresponsiblefor forwardingvaluesamongfunc-
tionalunitsof differentclusters.Sinceinter-clusterbypass-
esrequirelongwires,theywill likely takeseveralcyclesin
futuretechnologies[1]. Therefore,wehaveassumedaone-
cyclelatencyfor inter-clusterbypassesin thebasicconfig-
urations,althoughwealsoevaluatetheeffectsof longerla-
tencies.Latency is not the only penalty of inter-cluster
communications.Also bandwidthis relevant,sinceit di-
rectlyaffectsthenumberof registerfile write ports,andthe
complexity of the bypasslogic. We first assumean un-
boundednumberof interconnectionpathsin orderto iso-
lateourexperimentsfrom theeffectof possiblebandwidth
bottlenecks,andthenwe evaluatethe effectsof havinga
limited inter-cluster communication bandwidth.

2.1.Handling register copies

In a processorwith N clusters,instructionsare re-
namedatthedecodestage,by meansof aregistermaptable
with N fieldsperlogicalregister,thatallowsupto N differ-
ent mappingsof the sameregister.An additionalbit per

field indicateswhetherthe mappingis valid and if so, it
points to a physicalregisterin the correspondingcluster.
All logical registersmusthaveat leastonevalid mapping.
Each cluster has a free pool of physical registersfrom
where they are allocated when needed.

When an instructionI1 is decoded(seeFigure1(a)),
and it is assignedto cluster n by the steeringlogic, its
sourceoperandsarerenamedby lookingatthefield n of the
maptable.If theinstructionhasadestinationregisterRx, a
newfreephysicalregisteris allocatedfrom thefree-listof
clustern, the new mappingis written in the field n of the
maptable,andtheotherfieldsaresetinvalid, to denotethat
Rx is notcurrentlymappedto anyphysicalregisterin these
clusters.

Let usassumethatasubsequentdependentinstruction
I2, thatreadsregisterRx, is decodedandsteeredto cluster
m, differentfrom n (seeFigure1(b)). WhenI2 is renamed,
the field m of themaptableentry for registerRx is found
invalid. Normal instructionsarenot allowedto accessthe
registerfiles of remoteclusters.Instead,they requirere-
moteoperandstobecopiedfromoneregisterfile toanother
by meansof specialcopy instructionsgeneratedondemand
during the renamingstage.Therefore,in this examplea

Figure 1.  Example of renaming 3 instructions. I2
requires to copy Rx from cluster n to m
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newphysicalregisteris allocatedin clusterm, to storethe
copy of registerRx for future reuse,and its mappingis
written in the field m of the maptableentry for Rx. This
field becomesvalid, andits mappingis usedto renamethe
sourceoperandof I2. Then,acopy instructionis dispatched
to clustern. This instructionwill forward thevalueof the
physicalregisterin clustern to thephysicalregisterin clus-
ter m. This copy instructionwill be handledby the issue
logic asanyotherinstruction,i.e., it will beexecutedonce
its source operand and the needed resources are available.

Note that during the renamingof an instruction,just
onephysicalregisterfor its destinationregisteris allocated.
Additional physicalregistersto storecopiesof it in other
clustersareonly allocatedon demandif theyarerequired
by subsequentinstructionsthatdo not executein thesame
cluster.All thesephysicalregisterswill befreedby thefirst
subsequentinstructionthatwritesto thesamelogicalregis-
ter,whenit is committed(seeinstructionI3, in Figure1(c)).
This schemerequiressomedegreeof registerreplication
whichdynamicallyadaptsto theprogramrequirementsand
ismuchlowerthanreplicatingthewholeregisterfile. Com-
paredwith a full replicationscheme,it hasalsolesscom-
municationrequirementsandthus,lessinter-clusterbypass
paths and less register file write ports.

If the processorhasa limited numberof inter-cluster
bypasspaths,they mustbe reservedby the issuemecha-
nism like any otherresource.Copy instructionsprovidea
simple mechanismto allocatethe requiredbypassesand
scheduleinter-clustercommunications.Theyalsoprovide
a simplemethodfor precisestaterecovery,sincecopy in-
structionsareinsertedin thereorderbuffer like normalin-
structions.However,sinceacopyinstructionmakesthede-
pendencechainonenodelonger,it increasesby onecycle
thetotaleffectivelatencybetweentheproducerandthere-
motedependentinstruction(in additionto thebuslatency).
A particularimplementationcouldoptimizethis,eitherby
shorteningthe tagspropagationdelaybetweenclustersor
by implementingspecifichardwarethatavoidsgenerating
copy instructions.However,we havenot assumedany of
these optimizations in this work.

2.2.Value prediction

The microarchitectureimplementsa stridevaluepre-
dictor [8, 9, 19] thatpredictsthesourceoperandsof thein-
structions.Thereis a valuepredictiontableindexedby the
PC and the operandorder (left/right). We first assumea
very largetable(128K entries)to isolatethe resultsfrom
theeffectsof a limited tablesize,andwe laterevaluatethe
impactof atablewith sizesrangingfrom1K to16Kentries.
Eachentrycontainsthe lastvalue,the lastobservedstride
anda 2-bit counterthat assignsconfidenceto the predic-
tion. Sinceeachpredictioninvolvesa tableaccessandan

addition,we assumethatvaluepredictionsareavailable1
cycleafterthefetch,i.e.at thedecodestage.Tableupdates
are done at decode time.

Whena sourceoperandis not yet availableat decode
time,andits predictedvalueis confident(thecountervalue
is greaterthan1), theinstructionis dispatchedspeculative-
ly andmayusethepredictedvalue.Theinstructionthatwill
producethis valueis identified,andit is assignedthetask
of verifying thatits outputmatchestheprediction.Thever-
ification occursduringthewritebackstageof theproducer
instruction,andit takesonecycle.If it fails, thedependent
misspeculated instruction is invalidated and reissued.

We haveassumeda selectiveinvalidationandreissue
mechanism[17], i.e. after the mispredictedinstructionis
reissuedandexecuted,anewvalueis producedandpropa-
gatedto dependentinstructions,which in turn reissue,and
soon.Only theinstructionsthatdependon themispredict-
edinstructionareinvalidated.Themechanismis in fact the
existingissuemechanism,andthereforewe haveassumed
no additional penalty for each instruction restart.

Foraclusteredarchitecture,thisspeculationprocedure
is furtherextended,in orderto reduceinter-clustercommu-
nications.The extensionapply to the casewhena source
operandis not currentlymappedon the clusterwherethe
instructionis beingdispatched.In this case,theoperandis
predictedregardlessof whetherit is available,theinstruc-
tion is dispatchedspeculatively,anda specialverification-
copy instructionis dispatchedto theclusterwheretheop-
erand is produced.When issued, the verification-copy
compareslocally theoperandwith thepredictedvalue,and
just in caseof mismatch,it forwards the correct value
throughan inter-clusterbypass,andtheremotemisspecu-
lated instruction is reissued.

2.3.Steering logic

Codepartitioningcanbedoneat compiletime (static)
or at run time (dynamic).The first methodrelies on the
compiler,which allocateseachstaticinstructionto a clus-
ter,while thesecondmethodisbasedonaspecializedhard-
warethatdecideswhereto distributeeachdynamicinstruc-
tion.Themainadvantageof astaticpartitioningis thatit re-
quiresminimalhardwaresupport,but its downsideis thatit
requiresto recompilethe applicationsbecauseit extends
the ISA for encodingthe steeringinformation. Further-
more,it will requireto recompilefor eachnewmicroarchi-
tecture generation that changes the number of clusters.

In contrast,adynamicpartitioningmethoddoesnotre-
quireto recompile,becauseit makesclusteringtransparent
to thecompiler.In addition,theinformationusedby thedy-
namicsteeringlogic (workloadbalance,datadependences)
is obtaineddirectly from the actualpipeline state,rather
than estimationsof the compiler. Therefore,a dynamic



steeringschemeis moreeffectivethanastaticapproachbe-
causeit is moreadaptableto theactualprocessorstate.This
work focuses on this type of steering.

In orderto maximizeperformance,thedynamicsteer-
ing logic mustaddresstwo maingoals:to minimize inter-
clustercommunications(or their associatedpenalties)and
to maximize the workload balance.

On onehand,inter-clustercommunicationsintroduce
delaysbetweendependentinstructions,whichmayresultin
aperformancelossif theystayin thecritical pathof execu-
tion. Determiningwhethera communicationis critical is a
hardproblem,thereforeamoresimplegoalfor thesteering
heuristic is to minimize the number of communications.

On theotherhand,whentherearemorereadyinstruc-
tionsin a clusterthanfunctionalunitsto executethem,the
excessof instructionsareforcedto wait, incurringanaddi-
tional delay. If at the sametime, anotherclusterhasidle
functional units, this additional delay would have been
avoidedif thesteeringlogic hadsentsomeinstructionsto a
different cluster.We refer to this situationasa workload
imbalanceamongclusters,andsinceit maypotentiallyde-
gradetheperformance,amajorgoalof thesteeringlogic is
to prevent it from happening.

Intuitively, bothgoals(reducingcommunicationsand
balancingworkload)aresometimesconflicting,andthere-
foreagoodsteeringalgorithmmustfind theoptimaltrade-
off betweenthem.We outlinebelowhow thesetwo issues
are addressedby the steering logic from a conceptual
standpoint.Particularsteeringtechniquesare defined in
Section 3

2.3.1. Communication. The valid bit associatedto each
field of themaptableindicateswhetherthelogical register
may be directly readin the correspondingclusterwithout
requiring a communication.Therefore,the steeringlogic
uses this information to minimize communicationsby
choosingaclusterwhereall or mostof thesourceoperands
of an instruction are currently mapped.In some cases,
whenanoperandis mappedin morethanoneclusterdueto
previouslydispatchedcopy instructions,but the value is
notyetavailable,thechoiceof clustersshouldbenarrowed
to the clusterwherethe valuewill be availablesooner,to
avoid the instructionbeingneedlesslydelayedby a com-
munication.

2.3.2. Workload balance.To improvetheworkloadbal-
ance,thesteeringlogic mustdetectwhenthereis a work-
load imbalanceandhow muchunbalancedit is, andmust
alsodeterminewhich is theleastloadedcluster.Thereare
manyalternativesto determineat run-timethe individual
workloadsof the clustersandtheir relativeworkloadim-
balance.In otherwords,thereareseveralfiguresthat can
be usedto measurethesefeatures.From the description

givenabove,we intuitively definetheworkloadimbalance
at a given instantof time asthe total numberof readyin-
structionsthatcannotissue,dueto havingexceededtheis-
suewidth in theirrespectiveclusters,butcouldhaveissued
in otherclusterssincetheyhaveidle functionalunits.This
figure (we will referto it asmetricNREADY), is whatwe
report in our experimentsas “workload imbalance”,be-
causeit correspondsto our definition. However,we also
experimentedseveralotherimbalancefiguresto guidethe
steeringdecisions,and found the following scheme(we
will referto it asmetricDCOUNT) to give thebestperfor-
mance:

• Theprocessorhasasignedcounterin eachof theN clus-
tersthatmeasuresits workload.Its valueis initially zero,
andit is updatedin thefollowing way: for everyinstruc-
tion dispatchedto acluster,thecorrespondingcounterin
that cluster is increasedby N-1, while the other N-1
countersaredecreasedby 1 (i.e. thesumof thecounters
is kept alwayszero).Therefore,the valuestoredin the
counterof a given clusteris N timesthe differencebe-
tweenthetotal numberof instructionsdispatchedto that
cluster and the averagenumber of instructions dis-
patchedpercluster.Theworkloadimbalanceis calculat-
ed as the maximum absolutevalue of the workload
counters.Notealsothatin thecaseof two clusters,asin-
gle counter will suffice.

TheNREADY figure matchesmoreexactlyour defi-
nition of workloadbalance.However,whenit is usedby
thesteeringlogic, theactionstakento compensateawork-
load imbalance(sendinginstructionsto the least loaded
cluster)maynotupdateimmediatelytheNREADY figure,
if someof thesteeredinstructionsarenot ready.Whenthis
occurs,the correctiveactionmay resultdisproportionate,
andcausean imbalancein anotherdirectionor someun-
necessaryinter-clustercommunications.Thisdoesnothap-
penwith theDCOUNT figure,sinceit variesinstantlyand
in proportionto the steeringdecisions,which allows the
steeringlogic to gaugemoreaccuratelytheactionsto com-
pensatea workload imbalance.Thus, the steeringlogic
usesthe DCOUNT figure to determinebalancingactions
and we use the NREADY figure to measureand report
workload balance.

2.4.Experimental framework

Weperformourmicroarchitecturaltiming simulations
with a modified versionof the SimpleScalartool set [3],
version3.0. It wasextendedto includeregisterrenaming
througha physicalregisterfile, instructionqueues(sepa-
rateintegerandFP),stridevalueprediction,steeringlogic,
and a clustered processor core.

Threedifferentconfigurationsweresimulated,having
1, 2 and4 clustersrespectively.Eachwassimulatedwith
andwithoutvalueprediction.Thetotalissuewidth,number



of functionalunits,andreorderbuffer lengthwaskeptcon-
stantalong the configurationswhile the sizesof register
files and instruction queueswere scaleddown with the
numberof clusters.Themostrelevantarchitectureparam-
eters are detailed in Table1.

We simulate all Mediabenchbenchmarkprograms
[14,12], (exceptfor Pegwit,whichcouldnotbecompiled).
We chosethis benchmarksuitebecausetheyarerepresen-
tativeof modernmultimediaapplications,whichis agrow-
ingsegmentof thecommercialworkloads.In addition,they
exhibit a quite high ILP, which makesthem suitablefor
testingawideissuesuperscalararchitecturelike theonewe
presenthere.Table2 lists briefly programinput dataand

run lengths.All thebenchmarkswerecompiledfor theAl-
phaAXP usingCompaq’sC compilerwith the-O4optimi-
zation level, and they were run till completion.

Wedefineanewmetricto evaluatetheperformanceof
a clusteredconfigurationrelative to that of a centralized
one,with similarcharacteristics:thenormalizedN-clusters
IPC Ratio (IPCRN for short) is the quotientIPCN-clusters/
IPC1-cluster. It indicatesthe IPC degradationcausedby in-
ter-clustercommunicationdelayson a clusteredarchitec-
ture,andits maximumvalueis 1. This metric is usefulto
evaluatethe impact of a particular technique(e.g. value
prediction)on a clusteredarchitecture,by comparingthe
IPCR obtainedwith and without implementingthe tech-
nique.An IPCRincreasewould indicatethatthetechnique
produceshigherIPC improvementsin theclusteredarchi-
tecturethanin thecentralizedone,thusmeasuringtheben-
efits thatareexclusiveto theclusteredarchitecture,isolat-
edfrom othermoregeneralimprovementsthataffectboth
configurations.

3. A steering scheme for value prediction

In this section,we first introducea steeringscheme
thatis veryeffectivebut doesnot includeanytechniqueto
leveragevalue prediction. Then we presenta steering
mechanismthat exploitsvaluepredictionasa way to re-
duce communication requirements.

3.1.The baseline steering algorithm

We have evaluatedseveral steering strategiesde-
scribedin previousworks[4, 5], andvariationsof them.Fi-
nally, thebestperformancewasobtainedwith anenhanced
versionof the “AdvancedRMBS” heuristic[4], general-
izedfor anarbitrarynumberof clusters,which will bethe
Baselineschemeconsideredin this paper.This algorithm

Table 1. Main architecture parameters, for configurations with 1, 2 and 4 clusters

Parameter 1 Cluster config. 2 Clusters config. 4 Clusters config.

Fetch, decode & retire width 8 instructions
Branch Predictor Combinedpredictorof 1K entrieswith aGsharewith 64K 2-bit counters,16bit globalhistory, andabimodal

predictor of 2K entries with 2-bit counters.
ROB size 128
Instruction queue size 64 32 16
Functional units 8 int (4 include mul/div)

4 fp (2 include fp mul/div)
4 int (2 include mul/div)
2 fp (include fp mul/div)

2 int (1 include mul/div)
1 fp (includes fp mul/div)

Issue width 8 int/ 4 fp 4 int/ 2 fp 2 int/ 1 fp
Out-of-order issue. Loads may execute when prior store addresses are known

Communications 1-cycle latency. Communications consume issue width and instruction queue entries
Register file sizes 128 80 56
I-cache L1 64KB, 2-way set-associative. 32 byte lines, 1 cycle hit time, 6 cycle miss penalty
D-cache L1 64KB, 2-way set-associative. 32 byte lines, 1 cycle hit time, 6 cycle miss penalty, 3 R/W ports
I/D-cache L2 256 KB, 4-way set associative, 64 byte lines, 6 cycle hit time.
Memory 8 bytes bus bandwidth to main memory, 18 cycles first chunk, 2 cycles interchunk.

Table 2. The Mediabench benchmark suite1

program input instr. count
(millions)

description

cjpeg testimg.ppm 18.8 image
djpeg testimg.jpg 6.0 image
epicdec test_image.pgm.E 11.1 image
epicenc test_image.pgm 70.6 image
g721dec clinton.g721 421.1 audio
g721enc clinton.pcm 440.6 audio
ghostscript tiger.ps 899.5 PS interpreter
gsmdec clinton.pcm.gsm 115.1 audio
gsmenc clinton.pcm 307.1 audio
mesamipmap m.ppm 75.2 3D graphics
mesaosdemo o.ppm 29.7 3D graphics
mesatextgen t.ppm 129.4 3D graphics
mpeg2dec test.m2v 12.6 video
mpeg2enc test.par 222.0 video
pgpdec pgptext.pgp 108.6 encryption
pgpenc pgptest.plain 130.6 encryption
rasta ex5_c1.wav 26.4 audio
rawcaudio clinton.pcm 8.7 audio
rawdaudio clinton.adpcm 7.1 audio

(1) Many program names are renamed for convenience



appliesthe criteriadiscussedabovein the following way:
in mostcases,asaprimaryrule,it givesthehighestpriority
to thereductionof communicationpenalties,andasa sec-
ondrule, it triesto improvetheworkloadbalance.Howev-
er, in somecases,whentheworkloadimbalanceis consid-
eredtoo high, thebalancecriterion takesprecedence.The
algorithm is described next, in more detail.

1. If the workload imbalanceis higher than a given
threshold,the current instructionis sentto the least
loaded cluster.

2. Else,theclustersthatwill causeminimumcommuni-
cation penalties are identified:

2.1. If any sourceoperandis not available at dis-
patchtime,selectthecluster(s)wherethepend-
ing operand(s) are to be produced.

2.2. If all sourceoperandsare available, selectthe
clustersthat have the greatestnumberof oper-
ands currently mapped.

2.3. If it has no source operands, select all clusters.

3. Finally, choosethe leastloadedclusteramongthose
selected in step 2.
Thethresholdmentionedin rule 1 wassetexperimen-

tally toDCOUNT=32andDCOUNT=16ona4-clusterand
a 2-cluster configurations, respectively.

Figure2 shows the IPC obtainedwith the baseline
steeringalgorithmfor 1,2and4clusters,with valuepredic-
tion andwithout it. TheIPCsarehigherwhenvaluepredic-
tion is implemented,althoughthe improvementis rather
low for thecentralizedconfiguration(2% on average,and
negativefor severalbenchmarks).Thebenefitsarehigher
for theclusteredorganization(5%and16%for the2 and4-
cluster configurations respectively).

Thetwo leftmostbarsin eachgroupin Figure3 depict
other interestingfigures from the samepreviousexperi-
ments.Graphc showstheIPCRratio increaseprovidedby
valueprediction,whichisaperformanceimprovementspe-

cific to eachclusteredarchitecture,asdiscussedin Section
2.4.Thisgraphshowsanotableincreaseof theIPCRratios
whenvaluepredictionis implemented(in spiteof a slight
increasein the averageworkloadimbalance,seegrapha)
which is dueto a drasticcommunicationreduction(graph
b), especiallyfor the 4-clusterconfiguration,wherecom-
municationsarealsohigher:IPCR4 increasesby14%,from
0.65 to 0.74,and the communicationsrate is reducedby
44%, from 0.22 to 0.12.

3.2.Enhancing the partitioning scheme through
value prediction

In this paperwe focuson how valuepredictionmay
improvetheperformanceof thesteeringlogic in aclustered
processor.Weproposesomemodificationsof theBaseline
steeringheuristic,basedontheassumptionthatthepredict-
edsourceoperandswill nevercausecommunicationsorde-
lays,andthusthe steeringmay concentrateon improving
theworkloadbalance.Theassumptionis trueif thepredic-
tion doesnot fail, but it maynotholdotherwise.However,
asfar asthemispredictionrateis keptlow, thesemodifica-
tionsmayimprovesignificantlytheworkloadbalance.The
first two modifications to the steeringstrategyare de-
scribed below, in more detail:

First,whenthesourceoperandof aninstructionis pre-
dictedandit isnotyetavailable,thesteeringalgorithmcon-
sidersit asavailable.By doingso, thealgorithmdoesnot
forceto steertheinstructionto theclusterwheretheoper-
andis goingto beproduced(if it is theonly operand,rule
2.1 is not applied).

The secondmodificationconsistson consideringany
predictedsourceoperandto be mappedin all clustersbe-
cause,regardlessof theclusterit is sentto, it will notcause
anyadditionalinter-clustercommunication(unlessthepre-
diction fails and the operandis remote).In consequence,
communicationissuesdonot imposeanyrestrictionon the
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choiceof clusters(i.e. this operanddoesnot constrainthe
set of candidate clusters, if rule 2.2 is applied).

In summary,thesetwo modificationsto the baseline
steeringalgorithmeliminatein somecasestheconstraints
imposedby communications/delaysissues(in rule 2), so
thatthealgorithmhasbetteropportunitiesfor balancingthe
workload (since rule 3 selectsone cluster from a wider
choice of clusters).

Weevaluatedtheimpactof thesetwomodificationson
a 4-clusterconfiguration,and found that they producea
negligible averageperformanceimprovementover the
baselinescheme.Theaverageworkloadbalanceis reduced
by 31%and,sinceimbalancecorrectionactions(which ig-
norecommunicationissues)are lessfrequent,onewould
expectalso to have less communications.However, the
communicationsratio (which mostly determinesthe IPC)
remainsconstantbecausethereis alsoa communications
increasedueto anindiscriminateuseof theoptimistic ini-
tial assumptions.More specifically, if an instructionthat
usesapredictedsourceoperandis sentto aclusterwhereit
is notmapped,andthepredictionfails, thenthis instruction
will be re-issuednon-speculatively,anda communication
will berequiredto readthecorrectoperandfrom a remote
cluster.

3.3.The VPB steering scheme

In consequence,to minimize the above mentioned
communicationsincrease,the secondmodification to the
Baselinesteeringschemeshouldonly applyto thosecases
in which thereis a potentialfor improving the workload
balance.In particular,we proposethat the steeringlogic
considerspredictedsourceoperandsto be mappedin all
clustersonly whentheworkloadimbalanceis higherthana
given threshold(that we setempirically to DCOUNT=16
andDCOUNT=8,for a4-clusteranda2-clusterconfigura-
tions,respectively).In otherwords,if theworkloadis very
well balanced,the steeringdoesnot rely on valuepredic-
tion to improveworkloadbalance,sinceit mayincreasethe

communicationrequirements.Wereferto thistechniqueas
the Value Prediction Based scheme (VPB).

Figure3 comparesworkloadimbalance,communica-
tion rateandIPCRfor 4 differentconfigurations:theBase-
line without andwith valueprediction,the VPB scheme,
andVPB with perfectprediction.Comparingtheresultsfor
a 4-clusterconfigurationwith value prediction,the VPB
schemehas12% lesscommunicationsthan the Baseline
anda 10% lower workloadimbalance,which resultsin a
significant performanceimprovement(IPCR4 increases
from 0.74 to 0.77).

The rightmostbar in eachgroupin Figure3 showan
upperboundfor theVPB scheme,assuminga perfectpre-
dictor.Communicationsarenot zerobecauseof fp values,
that arenot consideredby our predictor.IPCR ratiosare
0.90and0.96for a4- anda2-clusterconfigurationsrespec-
tively, which suggeststhat the performanceof the VPB
schememaysignificantlybeimprovedby amoreeffective
predictor.

So far, all the reportedexperimentsassumedthat the
rename/steeringlogic takesasinglecycle.However,dueto
theadditionalcomplexityintroducedby thesteeringlogic,
it might require2 cycles,for someparticulartechnology.
We simulateda 2-cycle rename/steerstageand obtained
that,for a4-clusterconfigurationwith VPB, theIPC is de-
graded by less than 2%.

In summary,weobservethatvaluepredictionproduc-
essignificantperformanceimprovementsfor a clusteror-
ganization,whicharehigherthanthoseobservedfor acen-
tralizedone,especiallywhenadequatesteeringtechniques
areimplemented.In particular,wehavefoundthatfor a4-
clusterconfigurationtheIPCR4 ratio increaseson average
by18%,from0.65to0.77,andfor a2-clusterconfiguration
IPCR2 increasesby 5%, from 0.85to 0.89.This is dueto
thedrastic50%reductionof thecommunicationrate(from
0.22to 0.11for 4 clusters,andfrom 0.12to 0.06for 2 clus-
ters).We canthusconcludethatvaluepredictionis a very
effectivetechniqueto reducethe communicationrequire-
ments of clustered processors.
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Theoverall benefitsof valuepredictiontranslateinto
an increasein IPC of 21%on average(from 2.96to 3.59)
for a 4-clusterarchitecture,anda smallerincreasefor a 2-
clusterconfiguration(8%, from 3.84to 4.14),whereasfor
a centralizedprocessorthe benefitsarealmostnegligible
(2%, from 4.54 to 4.63).Note that we assumeda simple
value predictorand the resultswill likely be betterwith
more complex and effective predictors

4. Sensitivity analysis

In future technologiesthe wideninggapbetweenthe
relativespeedsof gatesandwireswill decreasedramatical-
ly the percentageof on-chip transistorsthat a signal can
travel in a singleclock cycle [1]. Using high clock rates
will requirenot only to reducethecapacityof manycom-
ponentslike registerfiles and issuewindows,but also to
pipeline more deeply the access to other structures.

In thiswork wefocuson theinter-clustercommunica-
tion bypasses.In the previoussectionswe haveassumed
that thesecommunicationstake1 cycle (thereis a 1 cycle
“bubble” betweenthe copy instructionandthe dependent
instruction,in anothercluster).In thissection,westudythe
sensitivityof clusteredarchitecturesto thecommunication
latency,measuredby theIPCdegradationcausedbyacom-
municationlatencyof 1, 2, and4 cycles.In all casesweas-
sumethatcommunicationsarefully pipelined,thatis, for a
givenbypasspath,onecommunicationmaybeginpercy-
cle regardlessof its total latency.We alsoanalyzethe im-
pactof thecommunicationbandwidthandvaluepredictor
table size on the performance of the processor.

4.1.Communication latency

Figure4(a) showsthat there is a significant perfor-
mancedegradationwhen the communicationlatency in-

creasesfrom 1 to 4 cycles.For instance,ona4-clustercon-
figuration,theIPCdecreasesby 17%(andby 20%without
prediction,becauseof its higher communicationrequire-
ments).Similar trendsareobservedona2-clusterconfigu-
ration, althoughthe performancedegradationis slightly
smaller(16%with predictionand17%withoutprediction).

4.2.Communication bandwidth

The inter-clustercommunicationbandwidthhasa di-
rectimpactonthecomplexityanddelayof theregisterfiles
[7, 16] and the bypassnetwork, since it determinesthe
numberof registerfile write portsdevotedto remoteac-
cesses,thenumberof bypassmultiplexer’sinputscoming
from remoteclusters,andthenumberof outputsfrom the
bypassnetwork to the interconnectionnetwork. Further-
more,the inter-clustercommunicationbandwidthalsode-
terminesthe numberof tagsthat arebroadcastto the in-
structionqueuesof remoteclusters.Therefore,it hasa di-
rect impact on the complexity and delay of the wake-up
logic, which dependsquadraticallyon the total numberof
tags crossing its CAM cells [15, 16].

Sofar, wehaveassumedanunboundedbandwidthfor
theinterconnectionnetworkto isolateourresultsfrom pos-
sible communicationbandwidth bottlenecks.Here we
studytheimpactof havinga limited bandwidth.For anN-
clusterconfiguration,we assumea simplified modelwith
NxB independentpaths.Eachpathis implementedthrough
apipelinedbuswhereanyclustercansendavalueandeach
busis connectedto thewrite portof asingleclusterregister
file. Therefore,we assumethat eachregisterfile has B
write ports for inter-clustercommunications.Any cluster
mayallocateoneof thesepathsto write avalueto aremote
registerfile, andholds it during a singlecycle, sincethe
communicationis fully pipelined.Obviously,thismodelis
somewhatidealized,sinceit omitsthecomplexitiesdueto
thepipelining,arbitration,or variablelatenciesdependent
on the topology,but it mayprovidea first orderapproach
to evaluate the problem.

Figure4 (b) shows that when the communication
bandwidthis limited to a single path per clusterthereis
very little performancedegradationcomparedto the un-
boundedmodel.For instance,ona4-clusterconfiguration,
theIPCdecreasesonly by 1%(1.4%withoutvaluepredic-
tion), anda small IPC decrementis alsoobservedfor a 2-
clusterconfiguration(0.2%and1.8%respectively).In con-
sequence,for inter-clustercommunicationsin acost-effec-
tive architecture,it may suffice just a singlewrite port in
eachregisterfile, a singleincomingtagperissuewindow,
andasingleremotebypassattachedto theinputmultiplex-
ers of the functional units.
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4.3.Value predictor table size

Thepredictortablesizedeterminesthepredictionac-
curacy,which hasa significant influenceon the perfor-
mance.Wehaveevaluatedtheimpactof thepredictortable
sizeon a clusteredarchitecture.Figure5(a)showsthaton
average,for a 4-clusterconfiguration,there is less than
4.5%IPC degradationwhenthe predictortablesizeis re-
duced from 128K to just 1K entries.

Figure5(b)showsthepredictoraccuracyfor thesame
rangeof predictorsizes.Wecanobservethatfor 42%of the
values,thepredictedvaluewasnotusedbecauseit wasnot
confident.Thepercentageof non-confidentpredictionsis a
bit high becausewe chosea rathersimplevaluepredictor.
In addition, the hit ratio (correctly predictedvaluesover
predictedvalues)decreasesfrom 93.4%to 90.9%whenthe
predictor size is reduced from 128K to 1K.

5. Related work

The main contributionof this work is realizing that
valuepredictioncaneliminatemanyof thelongwire com-
municationpenaltiesin thecontextof a clusteredarchitec-
ture.Wehavealsopresentedanewsteeringalgorithm,the
VPB scheme,that takesadvantageof valuepredictionto
further reduce inter-cluster communications.Moreover,
this paperextendsthe techniquesusedin previousworks
[4, 5] (for registerrenaming,dynamicsteeringof instruc-
tionsandforwardingvaluesamongdifferentclusters)from
a configurationwith 2 heterogeneousclustersto a more
generaldesignwith an arbitrarynumberof homogeneous
clusters.

Otherrelevantworkson dynamicallyscheduledclus-
teredprocessorsaretheDependence-based,theMulticlus-
ter and the Pewsarchitectures.In the Dependence-based
paradigm[15, 16], instructionsaresteeredto severalFIFO
queuesinsteadof a conventionalissuewindow,according

to a heuristicthat ensuresthat two dependentinstructions
areonly queuedin the sameFIFO if thereis no otherin-
structionin between.This heuristic lacks of any explicit
mechanismto balancethe workload,which is insteadad-
justedimplicitly by the allocationalgorithm of new free
FIFO queues.This allocation algorithm generatesmany
communicationswhenit assignsaFIFOto anon-readyin-
struction,sinceit doesnotconsiderin whichclustertheop-
erands are to be produced [5].

The Multicluster architecture[6] also usedrun-time
generatedcopy instructionsfor inter-clustercommunica-
tion. In that architecturethe registernamespaceis parti-
tionedinto two subsets,andprogrampartitioningis doneat
compiletime without anyISA modification,by theappro-
priatelogical registerassignmentfor theresultof eachin-
struction.Boththeworkloadbalanceandinter-clustercom-
municationare estimatedat compile time. The sameau-
thorsproposedadynamicscheme[7] thatadjustsrun-time
excessworkloadby re-mappinglogicalregisters.However,
theyfoundmostheuristicsto belittle effectivesincethere-
mappingintroducescommunicationoverheadsthat offset
almost any balance benefit.

KempandFranklinproposedthePewsclusteredarchi-
tecture [11] where instructionsare assignedto clusters
basedon registerdependences.However,since they as-
sumea centralizedregisterfile, the steeringschemeonly
needstogrouptwodependentinstructionsin thesameclus-
terwhenthevaluefrom theproduceris notstill availableat
the time the consumeris decoded.This simpleschemeis
not suitablefor our “distributed” registerfile, andin addi-
tion, it does not address the load balancing problem.

TheAlpha 21264[10] is alsoa 2-clusterorganization
that duplicatesthe integerregisterfile, onecopy in each
cluster.Thetwo registerfile copiesarekeptconsistentby
writing anyresultin bothclusters.Instructionsaredynam-
ically steeredat issuetime by a centralinstructionqueue,
that sendsan instructionto the clusterwhereits operands
will beavailableearlier.Thisorganizationdoesnot reduce
thenumberof registerwrite portsnor thenumberof regis-
terspercluster.Besides,it doesnot reducethecomplexity
of theissuelogic,althoughit requiresasimplerpartitioning
scheme.

The TraceProcessors[17, 20] dynamicallypartition
thecodesequenceinto chunksof consecutiveinstructions,
called traces.Instructionsteeringto clustersis then per-
formedat run-time in a per-tracebasis.This partitioning
mayresultin anacceptableworkloadbalancesincetraces
havesimilar sizesbut it is likely to result in many inter-
clustercommunicationssincethey arenot takeninto ac-
count by the partitioning scheme.

Sastry,Palacharlaand Smith proposeda static code
partitioning technique[18]. The partitioning schemeis
constrainedto dispatchingloads,storesandcomplexinte-
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gerinstructionsto thesamecluster.In addition,it requires
someextensionsto theISA in orderto specifyto thehard-
warethetargetclusterof eachinstruction.Moreover,their
schemeis lessflexible and lesseffective thana dynamic
approachas shownelsewhere[4], sinceall dynamic in-
stancesof the samestatic instructionareexecutedin the
sameclusterregardlessof run-timeconditions,suchasthe
workloadbalance,thataredifficult to estimateat compile
time.

6. Conclusions

Futuremicroprocessorsare likely to be communica-
tion bounddueto theincreasingpenaltyof wire delays.In
thispaperweshowthatvaluepredictioncanbeaneffective
instrumentto improvecommunicationlocality. In particu-
lar, we havepresentedanapproachto reduceinter-cluster
communicationby meansof a dynamicsteeringlogic that
leveragesvalue prediction.Valuesproducedin a cluster
andconsumedin anotheronemaynotrequirelongwire de-
laysto propagatefrom theproducerto theconsumerif the
consumercan correctly predict the value.The validation
requiredby thepredictionis locally performedin thepro-
ducer cluster.

We haveshownthat value predictionremovescom-
munications even for previously proposed steering
schemesnotspeciallydesignedto exploitvalueprediction.
However,performanceis higher if the steeringlogic ex-
ploits the predictability of values.We have presenteda
novel steeringscheme(VPB), andwe haveshownthat it
outperforms previous proposals. This benefit mainly
comesfrom a50%reductionin theamountof communica-
tions.Weobservedthatvaluepredictionreducesthepenal-
tiescausedby inter-clustercommunicationsby 18%onav-
erage.Moreover,whereasvalue prediction increasesthe
IPC of a centralizedarchitectureby just 2%, thesamepre-
dictor increasestheperformanceof a4-clustermicroarchi-
tecture with VPB steering by 21%.
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