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Abstract

The multicluster architecture that we introduceoffers
a decentalized, dynamically-sheduled architectue, in
which the register files, dispatd queue,and functional
units of the architectue are distributed across multiple
clusters,and ead clusteris assigneda subsetof the ar-
chitectural registers. The motivationfor the multicluster
architectue is to reducethe clo cycletime, relativeto a
single-clusterarchitectuie with the samenumberof hard-
ware resouces, by reducingthe size and compleity of
component®n critical timing paths. Resouce partition-
ing, however introducesinstruction-execution overhead
and may reducethe numberof concurently executingin-
structions. To counterthesetwo negative by-productsof
partitioning, we developeda static instruction scheduling
algorithm. We describethis algorithm, and using trace-
drivensimulationsof SPEC92entimarks evaluateits ef-
fectivenessThisevaluationindicatesthat for theconfigur
ations consideed, the multiclusterarchitectue mayhave
significantperformanceadvantagest feature sizesbelow
0.35:m,andwarrantsfurther investigation.

1 Intr oduction
A continuingchallengen thedesignof microprocessors

is the needto balancethe compleity of the hardware
againsthespeedatwhichit canbeclocked.Thischallenge
exists becausencreasechardwarecompleity canimpact
the cycle time of a processoin two ways. First, if acom-
ponentis on a critical timing path,increasinghe comple-
ity of thecomponentnayincreasets cycle time, andthus,
that of the processar Secondbecauseomplex compon-
entsmaybe physicallylargerandfurtherapart,thetime for
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signalsto travel betweerthemmay be greater therebyne-
cessitatingan increasen the processos cycle time. One
approacho reducingthesetwo consequences comple-
ity is to partitionthe hardwaretherebyreducingthe com-
plexity andsizeof components.

In this paper we introducea dynamically-scheduled,
partitionedarchitecturecalledthemulticlusterarchitectuie.
This architectureimplementsdynamic schedulingusing
dispatchqgueuesandexplicit registerrenaminghardwarea
basighatis usedn theDEC Alpha21264[1] andthe MIPS
R10000[2]. Dispatt queuesareusedto maintainthepool
of instructionsfrom which theinstructionscheduleissues
instructiongo thefunctionalunits,while registerrenaming
is usedto mapthearchitectural registers(i.e.,thosenamed
by instructions)}o alargersetof physicalregisters

In the multicluster architecture,the dispatchqueues,
register files, and functional units are distributed across
multiple clusters. The instructionsthat are executedby a
clusterC arethosedispatchedrom the dispatchqueueof
clusterC, andtheseinstructionsare the only instructions
that canreador write the physicalregistersof clusterC.
Eachclusteris assigneda subsetof the architecturalre-
gisters. This assignmenalongwith the architecturalre-
gistersnamedby an instructiondetermineghe cluster(s)
that executethe instruction. Multiple-clusterexecutionis
usedwhene&er aninstructioneithernamessourceregisters
that are not accessibldrom within one clusteror names
a destinatiornregisterthatis not uniquely assignedo one
cluster(Section2.1 discusseshe assignmenbf architec-
tural registersto clusters).Theinstructionsfor all clusters
are obtainedfrom a single, sharedstreamof instructions
that arefetchedfrom a singleinstructioncache.The data
cacheis alsosharedoy all clusters.

Theisolationof eachclusters componentgrovidestwo
benefitgelativeto aprocessowith anon-partitionedrchi-
tecturethat canissuethe samenumberof instructionsper
cycle asall the clustersof a multiclusterprocessar First,
becausesachclusterissuesfewer instructionsper cycle,
theregisterfiles of a givenclusterrequirefewer read/write
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Figurel: A dual-clusteprocessobuilt within the multiclusterarchitecturédramevork.

ports. As the numberof read/writeportslargely determ-
inesthe cycle time of a registerfile, partitioning reduces
its cycle time and perhapgshat of the processar Indeed,
the DEC Alpha21264hasa partitionedintegerregisterfile
becauseheintegerregisterfile is on a critical timing path
[1]. Secondpecauseachclusterissuedewer instructions
per cycle, the dispatchqueueof a given clusternot only
requiresfewer read/writeports,but alsorequiredesscom-
plex instruction-schedutiglogic. Consequentlythe cycle
time of the instruction-schedutig hardwarewill likely be
smaller For example,sincethe instructionqueuesof the
MIPS R10000are on a critical timing path[2], a smaller
cycle time might have beenobtainedhadthe queuesdeen
partitioned.

We bggin the discussiorof the multiclusterarchitecture
in the next sectionby describingthe architectureandthe
procesdy which instructionsareexecuted.Then,in Sec-
tion 3, we describeahemostsuccessfubf the staticinstruc-
tion schedulingalgorithmswe developedfor it. In Sec-
tion 4, we then presentthe resultsof a simulation-based
evaluationof this algorithm. Finally, in Section5, we re-
examinethe motivationfor the architecturan light of the
results andsuggesareador futurework.

Without loss of generality we discussthe multicluster
architecturan termsof a multiclusterprocessowith two
clusters. Further in our model of sucha processolFig-
ure 1), each cluster comprisesa single dispatchqueue
(ratherthan the multiple queuesusedin the R10000and
Alpha 21264),andtwo registerfiles, onefor integer val-
ues,andthesecondor floating-pointvalues.

2 The Architecture

This sectiondescribeghe multiclusterarchitecturethe
processy which instructionsare executed,and tradeofs

in the designof a multiclusterprocessarA morecomplete
descriptionis presentedh [3].

2.1 Instruction Distrib ution and Execution

Instructionsarereadfrom theinstructioncachein fetch
orderandaredistributed,alsoin fetchorder to oneor both
clusters. If aninstructioncant be distributedto a cluster
becausea dispatch-queuentryor a physicalregisteris not
available,theinstructionstreamis stalleduntil therequired
resourcebecomesvailable. The distribution of instruc-
tions to the clustersis basedon the registers namedby
eachinstructionandthe cluster(s)to which the architec-
tural registershave beenassigned.We usethe termlocal
registerto referto anarchitecturategisterthathasbeenas-
signedto onecluster andthe term global register to refer
to an architecturalregisterthat hasbeenassignedo both
clusters.Globalregisterswouldtypically be usedfor stack
andglobal pointers,aswell asothercommonlyusedvari-
ables. Owing to the easeof detectingthe architecturate-
gistersnamedby aninstructionandthe cluster(s)o which
eachregisterhasbeenassignedthe hardwarerequiredfor
instructiondistributionis relatively simple.In the simplest
case,for a two-clusterconfigurationlocal registerscould
be identifiedusinga bit-mask,andthe clusterassignment
for theseregisterscould be basedon whetherthe register
numberis evenor odd. Simpledistribution criterionarees-
peciallyimportantif distributionto morethanoneclusteris
anticipated Althougha simplehardwaremechanisnexists
to supportthe dynamicreassignmenof the architectural
registers(seg[3]), we assumehattheassignmenis static.

Whenaninstructionis executedthatnamesa local re-
gisterR asadestinationthevaluecomputedy theinstruc-
tion is storedin a physicalregisterof the clusterto which
register R hasbeenassigned.But, whenan instructionis



executedthat namesa global register G as a destination,
the value computedby theinstructionis storedin a phys-
ical register of eachcluster Thus,two physicalregisters
arerequiredto maintainthe valueof a globalregister one
in eachcluster but only onephysicalregisteris requiredto

maintainthe valueof alocalregister

Execution Details

The executionof aninstructionrequiresthatthe hardware
performasequencef stepswith this sequenceependent
onthecluster(s}o which eachof thenamed(architectural)
registersare assigned.Thereare variousscenariosunder
whichthesesequencesccur andthesecanbegroupednto
five main catgories. To betterexaminethesecatejories,
considerthetheintegeraddinstructionry < r¢ + r1, and
ascenaridrom eachcateyory.

Scenarioone: supposeahat the threeregistersnamed
by this instruction arelocal registersassignedo cluster
C:. To performthe add,the hardwarefirst distributesthe
instructionto clusterC;. The distribution processcom-
priseshreetasks:thesourceregistersry andr; aremapped
to the physicalregistersof clusterC,, the destinationre-
gisterr, is renamedo afreephysicalregisterof clusterCy,
andthe instructionis insertedinto a free entry in the dis-
patchqueueof clusterC; . Later, afterthe sourceoperands
areavailable andwhen a suitablefunctionalunit is avail-
able, the hardwareissuesthe instruction,readsits source
operandsperformsthe add, andwrites the resultinto the
boundphysicalregistet

Scenariotwo: supposeagain that all threeregisters
are local registers,but with source registerr; and des-
tination register r, assignedto cluster Cy, and source
register ro assignedto cluster C,. To performthe add,
the hardwaredistributesa copy of the instructionto both
clusters. Dual distribution provides the mechanismby
which the sourceoperandthat is not availablein cluster
C; (i.e., ro) is transferedo the clusterthat performsthe
computatior(i.e., clusterCy).

The mastercopy doesthe computationwith the slave
copy supplyingone of the sourceoperands. The master
copyis executedby clusterC; because¢he majority of the
local registersnamedby the instructionsare assignedo
clusterC; (theselectionof the mastercopy's clusteris dis-
cussedurtherin [3]). Whenthe mastercopyis distributed
to clusterCi, ry is renamedusing a physicalregister be-
longingtothiscluster However, whentheslave copyis dis-
tributedto clusterC,, it is notallocateda physicalregister
becaus¢hedestinatiorof theinstructionis alocal register
that hasbeenassignedo clusterC;. Figure2 shows the
stepstakento executethe addinstructionby executingthe
masterandslave copies.Thesestepsareexplainedbelow.

Thereexists a datadependenceetweerthe slave copy

time _
cluster C1
master addition regr2
reg rl issued done written
ozl | & e
cluster C2
. ........ .
slave reg rO written into operand
regr issued transfer buffer of cluster C1

Figure2: Dual executionof theinstructionry < rq + 71
whenoperandy is forwardedto clusterC; .

and the immediatelyprecedinginstructionin fetch order
thatwrotery. Theslave copycanbeissuedonly afterthis

dependencés resohed and when aninteger issueslot is

available. The hardwarerequiresan integer issueslot to

issuethe slave copy becauséhe slave copy mustreadthe
value of ro from the integer registerfile, andto do sore-

quiresaccesdo a readport. Therealsoexists a datade-
pendencebetweenthe mastercopy and the immediately
precedingnstructionin fetchorderthatwroter;, andade-
pendencdetweerthe masterandslave copies.This inter

copy dependencguaranteeshat the mastercopy will be
issuedonly whenits secondoperandthatis =g, is avail-

able. Therefore the mastercopywill beissuedafterboth

input dependenceareresolved andwhena suitablefunc-

tionalunitis available.

In the write-back stageof the execution pipeline, the
slave copy writes the value of rq into anentryin the op-
erand transferbuffer (Figure 1) of clusterC,, the master
copy's cluster An entryin the operandtransferbuffer is
allocatedto the slave copy whenit is issued. If anentry
is not available,thenthe slave copyis blockedfrom being
issuedandin certaincircumstancesaninstruction-replay
exceptionis requiredto avoid issuedeadlock(see[3] for
more details). Whenthe slave copy writes the valueinto
the allocatedentry, it alsostoresthe uniquelD of the in-
structionof whichit is acopy ThisID is usedby thehard-
wareto associatiely searchthe operandransferbuffer to
locatethe operandor the associatednastercopy Thede-
pendenceébetweenthe mastercopy andthe slave copy is
removed whentheslave copyis issuedtherebypermitting
themastercopyto beissuedassoonasthenext cycle. After
themastercopyobtainsthevalue,theentryallocatedo the
slave copyis freed. This entry canbe usedby anotherin-
structionin thenext cycle.

Scenariothree: supposeagain that the two source
registersare local registersassignedto cluster C,, but
that the destinationregisterr; is assignedo cluster C,.
To performthe add, the hardwareagaindistributesa copy
of theinstructionto bothclustersput this time, dual distri-
bution providesthe mechanisnby which the resultof the
computatioris transferedo the clusterto whichthedestin-
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Figure3: Dual executionof theinstructionry < 7o + 71
whenresultis forwardedto clusterCs.

ationregisterhasbeenassigned Figure3 shows the steps
takento executethe addinstructionfor this scenariothese
stepsareexplainedbelow.

Becausdhe two sourceoperandgor the operationare
locatedon the samecluster the mastercopy of theinstruc-
tion will beissuedfirst. Then,theresultis computedand
forwardedto the slave copy. The slave copyis thenissued
andit writestheforwardedresultinto the physicalregister
boundto r,. Unlike in thesecondscenariothe physicalre-
gisteris allocatedo the slave copybecausé¢he destination
registeris assignedo the slave copy's clusterC; andnot
themastercopy'sclusterC;. Thedatatransfeiis performed
by writing the valuecomputedoby the mastercopyinto an
entryin theresulttransferbuffer of clusterC,. Thisentry
is freedaftertheslave copyreadgsheresultout of theentry
prior to writing the resultinto the boundphysicalregister
To preventtheslave copyfrom beingissuedbeforetheres-
ult is available,thereexistsadependencbetweertheslave
andmastercopies.This dependencis remosedtwo cycles
beforethe mastercopyis dueto finish computingthe res-
ult, and,thus,for simpleone-gcle lateny instructiondike
theadd,the slave copy canbeissuedassoonasonecycle
afterthe mastercopyis issued(see[3] for adescriptionof
the executionpipeline). Finally, asalsodiscussedn [3],
separateesultandoperandransferbuffersareprovidedto
reduceimplementatiorcompleity andto reducethe num-
ber of timesan instruction-rephy exceptionis requiredto
freeup abuffer entry

Scenario four: supposeagain that both source re-
gistersare local and assignedto cluster C,, but that the
destination register r, is a global register Becausedhe
destinationis a global register both the slave and master
copiesareallocatedohysicalregisterswhenthey areinser
ted into their respectre dispatchqueues.Thus, dual dis-
tribution providesthe mechanisnby which (1) a physical
registerin eachclusteris allocatedfor the new valueof r;,
(2) the inter-instructiondependencearising from the use
of r, are maintainedin eachdispatchqueue,and(3) the
valuecomputedby the mastercopyis written into the two
allocatedphysicalregisters.

The samesequencef stepsasfor the third scenarias

time

cluster C1
reg ro master addition C1’s copy of
req rl issued done reg g2 written
g . ........ . ........ . ........
reg g2 result
written
cluster C2 into C2's @ [ J
buffer slave C2’s
issued copy of
reg gz
written

Figure4: Dual executionof theinstructionry < rq + 71
whenglobalresultis forwardedto clusterCs.

performedo executetheadd,with theexceptionthat,when
themastercopywritestheresultinto theslave copy'sresult
transferbuffer, the mastercopy also writes theresultinto

the physicalregister it wasallocated Figure4 illustrates
this scenario.

Scenariofive: finally, supposeagain that sourcere-
gistersry and r, are local registersand the destination
register r, is a global register but that »o has been
assignedto cluster C,, while r; has been assignedto
cluster C;. As in the secondscenariothe slave copy is
issuedonly afterits datadependence resohedandwhen
both an integer issueslot and an operandtransferbuffer
entryareavailable. Oncetheslave copywritestheoperand
into the allocatedentry, the hardwaresuspendst. The
mastercopy is thenissuedonly afterits datadependence
is resohed,andwhenbotha suitablefunctionalunit anda
resulttransferbuffer entry areavailable. Whenthe master
copy obtainsthe forwardedsourceoperand,it freesthe
operandtransfer buffer entry (which is associatedwith
its cluster). It thencomputeghe result,andwritesit into
both the allocatedresult transfer buffer entry (which is
associatedvith the slave copy's cluster)andinto its own
registerfile. Finally, the slave copyis awakenedit obtains
the result,freesthe resulttransferbuffer entry, andwrites
theresultinto its own registerfile. Figure5 illustratesthe
stepsfor this scenario.

time
cluster C1
master addition result written into C2's
i ffi ,
|ssgeddoge ....... gJer. C1’s copy of
. reg g2 written
cluster C2| @-...-- ® @ R ST P
slave regr0  suspended slave C2's
issued written wakes copy of
into Cl's reg g2
buffer written

Figure 5: Dual execution of the instructionry « ro +
r1 whenoperandrg is forwardedto clusterC; andglobal
resultis forwardedto clusterC,.



Theperformancebtainedrom amulticlusterprocessor
is affected by the number of instructionsdistributed to
one cluster the numberdistributedto two clusters,and
how theseinstructionsarearrangedn theinstructionfetch
stream;this orderis importantbecauset affectsresource
availability. Dual-distrituted instructions require more
hardwareresourcesthan instructionsdistributed to one
cluster Thus,a larger numberof dual-distributedinstruc-
tionscontributesto a smallerinstructionthroughput.In ad-
dition, whenaninstructionis dualdistributed,thetwo cop-
iesoperateasa pair to performtherequiredtask. Because
the mechanisnthat supportsthis cooperationintroduces
someoverheadadual-distritutedinstructionrequiresnore
clock cyclesto executethan a single-distrituted instruc-
tion (assumingall other conditionsare the same). Thus,
not only do dual-distritutedinstructionscontributeto a re-
ductionin throughput,they may also requiremore clock
cyclesto execute. However, note that thesetwo negative
effectsare offset by the reductionin the cycle time of the
processoclock thatis provided by partitioningthe hard-
wareresourcesConsequentlyeventhoughan application
mayrequiremoreclock cyclesto executeon amulticluster
processothanon a single-clusteprocessaqrthe run time
maybereduced.

2.2 RelatedAr chitectures

A numberof similaritiesanddifferencesxist between
proposedindexisting architectureandthemulticlusterar-
chitecture.This sectionbriefly examinesa few sucharchi-
tectures.

The aim of the multiclusterarchitecturds to decrease
the cycle time of the processotto permit a single thread
of execution to run faster Partitioning of components
to increaseperformancewas also one of the aims of the
decoupledaccessbecutearchitectureproposedoy Smith
[4]. This architectureand the multicluster architecture
both consistsof two tightly-coupledclustersinterconnec-
ted by buffers. However, thetwo clustersof the decoupled
accesshecute architectureare statically scheduled with
oneresponsibldor readingand writing memory andthe
otherresponsibléor computingresults.Thedecoupledac-
cess/recutearchitecturealsorequiresthat valuesbe writ-
teninto andreadfrom theinter-clusterbuffersin the same
order Thus, while the accessand execute instruction
streamsmay “slip” with respecto eachother instructions
from differentstreamsannotbe executedout of ordet

In the multiclusterarchitectureandthe Multiflo w archi-
tecture[5], thephysicalregistersandthefunctionalunitsof
botharchitecturesiredistributedamongthe clustersof the
respectie machine. However, while a mechanisnmexists
in the multiclusterarchitecturefor accessinghe registers
in otherclustersjn the Multiflow architecturefor anALU
(arithmeticlogic unit) A to usea value storedin the re-
gistersassociatedvith anotherALU, this value mustfirst

be explicitly copiedto a registerin the registerfile of A.
Thistwo-stepprocesss coordinatedy thecompiler afact
thatunderlineghatthehardwares completelypredictable,
which is not true for the multiclusterarchitecturedue to
its useof dynamicscheduling.Oneimplication of the pre-
dictability of the Multiflow architectures thatit allowsthe
Multiflow compilerto balancethe work to be performed
acrossall ALUs andto encodeit into a single instruction
stream.However, asdiscussedn Section3, balancingthe
workload acrossthe clustersof the multiclusterarchitec-
tureis moredifficult dueto theunpredictabilityof dynamic
scheduling.

The Multiscalararchitecturel6] is in someways sim-
ilar to the the multiclusterarchitecturein that both derive
benefitsfrom partitioning a large processorinto several
clustersof executionresourcesin addition,botharchitec-
turessharethe commonneedfor goodstaticschedulingof
theapplicationto keepall functionalunitsbusy However,
there are a numberof important differences. First, the
basisusedto distributethe instructionsto the clustersof a
Multiscalararchitecturds informationencodedn the bin-
ary by the compiler whereador the multiclusterarchitec-
ture, the basisis the architecturakegistersnamedby each
instruction. Second gachclusterof the Multiscalararchi-
tectureindependentlyfetchesthe instructionsassignedo
it, whereaghe clustersof a multiclusterarchitectureshare
a commoninstructionfetch stream. As a resultof these
two differencesinstructionschedulingor the multicluster
architecturas morecomple. A third importantdifference
is that, while the Multiscalar architectureattemptsto ex-
ploit parallelismbetweerthreadseachconsistingof mary
basicblocks,while the multiclusterarchitecturgorimarily
exploits parallelismwithin andbetweerbasicblocks.

Simultaneously multithreaded processors [7] and
tightly-coupledmultiprocessor§8] sharethe propertythat
they arecapableof simultaneouslyexecutingindependent
or co-operatingsequencesf instructions,called threads.
Theaim of supportinghis capabilityis to reducethe num-
ber of clock cycles requiredto execute multiple threads
sequentially In contrast, the aim of the multicluster
architectureis to decreaséhe cycle time of the processor
to permitasinglethreadof executionto run faster

3 Static Instruction Scheduling

Static instruction schedulingis the processby which,
prior to the executionof anapplication,the machine-lgel
instructionsare orderedwith the goal of minimizing the
numberof clock cyclesrequiredto executetheapplication.
For a multiclusterprocessoto meetthis goal, during the
executionof an application,the instructionsmustbe bal-
ancedacrossthe clusters,with eachcluster concurrently
performingsimilar amountsof work, andwith no instruc-
tionsexecutedby morethanonecluster A balancedvork-
load is desiredbecausesachclustercontainsonly a sub-



setof the total availablehardwareresourceswhile single-
clusterinstructiondistributionis desiredbecauselual dis-
tributionincreasesardware-resouraequirementsindex-

ecutionlateng. However, the workloadbalancecannotbe
directly addressetty the compilerbecause¢he work done
by a clusteris a function of the orderin which instruc-
tionsareissuedandtheissueorderis notdeterministidor

dynamically-schedulegrocessorsThus,thecompilercan
only indirectly addressheworkloadbalanceby seekingo

balancethe dynamicdistribution of instructionsunderthe
assumptionthata balancedlistributionwill resultin abal-
ancedworkload.

The objectve of a balanceddistribution competes
againstthe objectve of a minimum number of dual-
distributed instructions. However, in practice, for the
benchmarksconsidered,the performancecost of dual-
distributinginstructionsvasmuchlessthanthe costof not
taking full adwantageof the available hardwareresources
(see[3]). Consequentlythe primary objectve is to gen-
eratea codeschedulewhich whenrun, generatesn in-
structionstreanin whichtheinstruction-distibutionis bal-
anced. To addresghe two objectives, the compiler con-
siderseach(static)instructionindividually, andseeksa re-
gisterassignmenfor the datavaluesusedby the instruc-
tions. The criterion usedto selecta registerand hencea
clusterfor a datavalueis whetherthe instructiondistribu-
tion is likely to be balancedlf it is not,the compilermust
selecta register that is assignedo the undersubscribed
cluster If thedistributionis likely balancedthe compiler
canselectaregisterthatallowstheinstructionto bedistrib-
utedto only onecluster

To selecta registerfor thevalueusedby aninstruction,
the compiler mustfirst determinewhetherthe instruction
distributionis likely balancedaroundtheinstructionatrun
time. To do so,the compilermustknow the orderin which
instructionswill be fetchedand distributed. Becausehis
informationis implicit in an orderedsequencef instruc-
tions, the allocationof valuesto registersmustbe carried
out aftertheinstructionsareorderedinto a codeschedule.
Thatis, prepassscedulingmustbe used. Oncethe in-
structionbalancehasbeenestimatedor aninstruction,to
makethe registerselection(sfor theinstruction,the com-
piler musttakeinto accountheinter-dependenceasetween
instructionsthatarisefrom oneor moreinstructionsusing
avaluegeneratedby another As aresultof this sourceof
dependencesecisionanadefor oneinstructioncanaffect
thosemadefor otherinstructions.A usefulabstractiorfor
capturingthis sourceof dependenceis thatof alive range

[91.
3.1 CodeGeneration Methodology

The codegeneratiormethodologywhich takesinto ac-
count the issuesintroducedin the previous subsection,
compriseghefollowing six steps.

1. Theapplicationis compiledinto anintermediatdan-
guage(IL) to which are appliedconventionaloptim-
izationslike commonsubepressioneliminationand
constanpropagation.

2. The IL instructionsare arrangednto a (static) code
schedule.The IL instructionscorrespondne-to-one
to the machine-lgel instructionsof the processqrbut
unlike the machine-lgel instructionsthe IL instruc-
tionsnamelive rangesandnotregisters.

3. Thelive rangesassociatedavith the stackpointerand
the global pointer are designatedas candidatedor
global registers; all otherlive rangesare designated
ascandidategor local registers.(Therationalfor this
designatioris discussedn [3].)

4. Thelive rangeghatare candidatedor local registers
arethenpartitionedwith the goal of maximizingthe
concurrenttilizationof bothclustersandminimizing
thenumberof dual-distritutedinstructions.

5. The live rangesare allocatedto the architecturalre-
gisters with global-register candidatesallocatedto
globalregistersandlocal-registercandidatesllocated
to localregisters.

6. The machine-lgel instructions(including thosere-
quiredfor register spilling) arearrangednto a code
schedule.

Stepsl, 2, 4, and5 correspondo the four compilation
problems: codeoptimizatian, codesdeduling live range
partitioning, andregisterallocation. Althoughsolutionsto
thesefour problemsmusthandlethe uniquecharacteristics
of themulticlusterarchitectureywe have focusedn solving
the third problem,live rangepartitioning, sincethis prob-
lem capturesnostof theidiosyncrasiesf thearchitecture.
In Section3.5, we briefly describethe most successfubf
the novel techniquesve developedfor solving this prob-
lem, while in Sections3.2-3.4, we briefly describehow
we modified existing techniquego solwve the otherthree
compilationproblems A moreextensive descriptiorof our
solutionsto thefour problemsds givenin [3].

3.2 CodeOptimization

The code optimization problem can be solved using
techniquesuchasthosedescribedy Aho etal. [9]. Since
this problemarisesearlyin the compilationof an applica-
tion, solutionsto it arerelatively independentf theunique
characteristicof the multiclusterarchitecture. Thus, to
limit thescopeof ourresearchtheexistingtechniquesvere
usedwithout modification.



3.3 CodeScheduling

The code schedulingproblem can best solved using
techniqueghat tendto generatdarge basicblocks. Such
techniqueslike traceschedulind5], arepreferabledueto
the necessityof estimatingthe run-timeinstructionimbal-
anceon aperbasic-blockasisvhenperformingliverange
partitioning Therun-timeinstructionimbalances afunc-
tion of the orderin which the basicblocks appearin the
fetch stream,andthe staticimbalanceof eachblock. To
ensurea given degree of balanceis obtainedat run time,
the compiler would have to takeinto accountall control
flow pathsby which a given basicblock canbe reached,
andthe clusterallocationof thelive rangeausedwithin the
basicblock. Owing to the compleity of concurrentlycon-
sideringthesetwo effects,schedulingon a perbasic-block
basisis mandated.

3.4 RegisterAllocation

Finally, the register allocation problem can best be
solved using the graph-coloringtechniquedeveloped by
Briggsetal. [10]. Thistechniques mostsuitablebecause
it separatethe procesof coloringnodesfrom the process
of spilling live ranges.The separatiorof thesetwo phases
providesa corvenientframeavork for implementinghede-
sireto spill alive rangefirst to alocal registerin the other
clusterand,if no registeris available,thento memory In
addition, the separatiorof the phasesncreaseghe likeli-
hoodthata live rangewill beallocateda register[10] and
allowsfor otheroptimizationg3]. Thesefeaturecompete
againsttheincreasedikelihood that morelive rangeswill
bespilledsinceeachclusterof themulticlusterarchitecture
is allocatedonly a subsebf thearchitecturalegisters.

3.5 Live RangePartitioning

This sectiondescribeghe local stheduler which was
developedto solvethelive rangepartitioningproblem.The
approachtakenby the local schedulelis to determinefor
eachlive rangeL in the intermediate-languagepresent-
ation of an application,the clusterto which L shouldbe
assignedo asto ensurethe instruction-distibution at run
time is balancedin the vicinity of every instructionthat
readsor writes L.

To determineclusterassignmenttor theliverangesthe
local schedulebayins by sortingthe basicblocksaccord-
ing to thenumberof timesthefirst instructionin eachbasic
blockis estimatedo be executed. Basicblockswith equal
estimatesaresortedby the numberof staticinstructionsin
eachblock. Then,thebasicblock having thelargestestim-
ateandthegreateshumberof instructionds removedfrom
thelist, anda bottom-upjn-ordertraversalis carriedouton
theinstructionsin the block. As an example,considerthe
control flow graphshowvn in Figure 6, and the execution

1Theseestimatesare derived from profiling the executionof the ap-
plicationon a dual-clusteprocessar

basic block #1 (20)

1:C=0
2:E=16

N

basic block #2 (10) basic block #3 (10)
3:G=[S]+8 5:G=[S]+E
4:H=[S]+4 6:H=[S]+12

7:S=H+E

A\

basic block #4 (100)
8:A=G +10
9:B=AXA

10: G=B/H
11: C=G+C

RN

basic block #5 (20)
12:.D=C+G

Figure 6: Examplecontrol flow graph. In the graph,the
numberdn parenthesegive the dynamic-&ecutionestim-
atesfor eachbasicblock. Furthermorewhile live rangeS
is assumedo be a candidatdor a globalregister, all other
liverangesareassumedo be candidate$or localregisters.

estimatedor eachblock given by the numbersn the par
enthesestor this controlflow graph,the basicblockswill
betraversedn theorder4,1, 5, 3, and2.

The purposeof this traversalis to visit eachinstruc-
tion in turn, andif the instructionwrites an unassigned
live range,choosea clusterfor the live range. A cluster
is chosenfor a live range L, which is written by an in-
struction, by first examining the instruction-distibution
aroundthe instruction. If thedistributionis not balanced,
the clusterchosenfor L will be the onethat reducesthe
degree of imbalance. An instruction-distrbution is con-
sideredunbalancedn the vicinity of an instruction! if,
atruntime, atthepointin time that I is distributedto one
or both clustersfor execution,therehasbeenmorethana
givennumberof instructiondistributedto oneclusterthan
the other; this numberis a compile-timeconstant. (The
readeris referredto [3] for amoreformal definitionof im-
balance.) If the distribution is estimatedo be balanced,
however, thenthe scheduledetermineghe clusterthatis
preferredby the majority of the instructionsthat read or
write L. The scheduleiselectsclusterC asthe preferred
clusterfor oneof theseinstructionsif theassignmenof L
to C will allow theinstructionto bedistributedto only one
cluster

Thus, oncethe bottom-uptraversalof a basicblock is
completed,therewill remainno unassignedive ranges
amongthosethatarewritten by theinstructionsan thebasic
block. After completingthe bottom-uptraversalof a basic



block, the scheduleremovesthe next basicblock from the
list, andcarriesoutabottom-upraversalonits instructions.
Thisprocessontinueauntil all basicblocksarevisited. As
a result of this processthe clusterassignmenfor a live
rangewill bedeterminedhefirst time aninstructionis en-
counteredhatwritesit during the basic-blockdraversals.
Thus,for the exampleof Figure6, thelocal schedulewill
visit the basicblocksin theorder4, 1, 5, 3, and2, and,as
aresult,the live rangeswill be assignedo clustersin the
orderC, G, B, A, E, D, andH. LiverangeS, however, is
not considerediuring live rangepartitioningbecauset is
assumedo bea candidatdor a globalregistet

4 PerformanceAssessment

Theperformancémpactof theschedulersve developed
wasdeterminedoy using ATOM [11], an object-codein-
strumentatiorsystem to simulatethe executionof several
SPEC92enchmarksFor thesesimulationswe first com-
piledthebenchmarksisingthestandardigital Unix com-
pilers for 21064-basedvorkstationsto producea native
binary. Then,using ATOM, we analyzedthe native bin-
ary to discover the dataand control dependencelsetween
instructionsandthelive rangeghesenstructionseadand
write. While the useof ATOM andthe standarccompilers
prohibitedthe useof compilationtechniquege.g.,loopun-
rolling) not supportedby the Digital Unix compilers,but
which might improve the performanceof the multicluster
architectureit simplifiedtheimplementatiorof thesched-
ulersand permittedthe fundamentakchedulingproblems
to bethefocusof thework.

After identifying the live rangesthey were partitioned
and assignedto the architecturalregisters using one of
the schedulersithe object code generatediy the sched-
ulersis called the restieduledbinary. For this step,the
schedulersassumedhat the even-numberedarchitectural
registerswereassignedo clusterC; andtheodd-numbered
registergto clusterC,. Thisarchitectural-rgisterto-cluster
assignmentvas determinedhroughthe analysisof early
simulationresults(see[3] for moredetails). Then,theres-
cheduledinarywasinstrumentedisingATOM andlinked
with the multiclustersimulator Instrumentatioriook into
accountthe new registerassignmentgor eachinstruction
andary coderequiredto spill live rangesFinally, thecom-
binedapplication-simulatowasthenrunandthenumberof
(simulatedxlockcyclesrequiredo executetheapplication
wasrecorded.This numberis our performancenetric.

To evaluatethe impact of reschedulingwe compared
the performanceobtainedfrom the rescheduledinaries
when they were executedon a dual-clusterprocessoito
that obtainedwhen the native binary was executedon a
single-clustemprocessor For this comparisonthe single-
clusterprocessowasconfiguredwith the samenumberof
resourcesstheentiredual-clusteprocessarAlthoughthe
evaluationwasdonefor bothfour-way andeight-wayissue

processorgheresultspresentedhereareonly for aneight-
way issueprocessobecausaghesemore clearly shav the
importanttrends.

4.1 Simulation Model

The single-clusteanddual-clusteprocessorgachim-
plementa RISC, superscalaprocessomhoseinstruction
setis basedon the DEC Alpha instruction set. Each
processoisupportsnon-blockingloads and non-blocking
stores,and allows all instructionsto be speculatrely ex-
ecuted.Eachprocessoincludesseparatelataandinstruc-
tion cachesgachof whichis a 64-Kbyte,two-way setas-
sociative cache. The datacacheis assumedo useanin-
verted MSHR [12], and thus, imposesno restrictionon
the numberof in-flight cachemisses. The memoryinter-
facebetweertheinstructionanddatacachesandthelower
levels of the memoryhierarchyis assumedo have a 16-
cycle fetchlateny andunlimitedbandwidth.

In eachclock cycle, each processorcan fetch up to
12 instructionsfrom the instructioncache,and caninsert
theseinstructionsinto the dispatchqueue(s). The single-
cluster processothasa 128-entrydispatchqueue,while
eachclusterof the dual-clusterprocessohasa 64-entry
dispatchqueue. To enablefetching beyond conditional
branchesboth processorsisea branchpredictionscheme
proposedy McFarling [13] thatcomprisesa bimodalpre-
dictor, aglobalhistorypredictorandamechanisnto select
betweenthem; all other control flow instructionsare as-
sumedo be100%predictable As instructionsareinserted
into a dispatchqueuethe architecturaregistersnamedby
eacharerenamedo the correspondinghysicalregisters.
Thesingle-clusteprocessohas128integerand128float-
ing point registers,while eachclusterof the dual-cluster
processohas64 integerand64 floatingpointregisters.

In eachclock cycle, the instructionschedulindogic se-
lectsinstructionsto issueout of the dispatchqueueaising
agreedyalgorithmthatissueghe oldest ready-to-issuan-
structionin a queusefirst. The single-clusteprocessocan
issueup to eightinstructionsper cycle, while eachcluster
of thedual-clusteiprocessocanissueat mostfour instruc-
tions per cycle. The instructionissuerules for the pro-
cessorare givenin the first and secondrows of Table 1,
while the functional unit latenciesare given in the third
row. Correctlyexecutedinstructionsareretiredin program
orderwith eachprocessocapableof retiringno morethan
eight per cycle. Finally, both processorare assumedo
implementpreciseexceptionsandeachclusterof thedual-
clusterprocessohaseightoperandandeightresult-tuffer
entries.

4.2 Results

A common (and expected)trend is that more clock
cycles are requiredto executea benchmarkon the dual-
clusterprocessothanonthe single-clusteprocessorThis
increasas attributableto anincreasen thenumberof stalls



instructiontypes
all integer floatingpoint loads& | control
# all multiply other| all divide other| stores | flow
1 | numberissued| single 8 | 8 8 8 4 4 4 4 4
| 2 | percycle dual,percluster|| 4 | 4 4 4 2 2 2 2 2
| 3] lateng in cycles I | 6 1 ] 8/16 3 [ 1 ] 1 |

Table1: Instruction-issueulesfor the single-clustei(row #1) andthe dual-cluster(row #2) processorsRow #3 givesthe
functional-unitlatencies All functionalunitsarefully pipelinedwith the exceptionof the floating-pointdivider. Thedivider
is not pipelinedandhasan eight-g/cle lateny for 32-bitdivides,anda 16-g/cle lateng for 64-bitdivides.f Thereis asingle

load-delayslot.

of theinstruction-fetctstreamareductionn thenumberof
instructionsssuedpercycle, anincreasen theinstruction-
issuedisorder anda slightincreasen the data-cacheniss
ratedueto theincreasedssuedisorder A usefulmetricis
Nd—:“: whereNin g1 is thenumberof (simulated)clock
Q/clésrequiredo executethenative binaryof abenchmark
on the single-clustemprocessqrwhile Ng,q: is the num-
ber of (simulated)clock cyclesrequiredto executeeither
the native binary or the rescheduledinary on the dual-
clusterprocessar This performanceatio is saidto indic-
atea speedugf it is lessthanone, and a slowdownif it
is greaterthanone. Note, becaus@erformancas really a
productof the numberof clock cyclesandtheperiodof the
clock T', a multiclusterprocessomwill performaswell as
or betterthana single-clusteprocessoif the clock period
of themulticlusterprocessofly,; IS lessthanor equalto
Ij\;;:i,le X Tsingle-

The performanceatiosfor eachbenchmarlarepresen-
tedin Table 2 asthe percentagspeedup/slwdown. This
percentagés equalto 100(1 — ]5"’“;;6). Comparisorof
all 12 datapointsindicateshatin generalthebenchmarks
incurred a slowdown in the numberof clock cycles of
betweerb% and41%. Furthercomparisorof the perform-
anceratios indicatesthat with the exceptionor ora, the

speedupatio

benchmark|| none | local
1) 2 | (B

compress -14 +6
doduc -21 -15
gccl -15 -10
ora -5 -22
su2cor -36 -25
tomcatv -41 -19

Table 2: The speedupratios 100(1 — Nd—"“’e) obtained
whenthe benchmarksverenotrescheduledcolung) and
whenthe local schedulemwas usedto reschedulinghem
(column3).

useof the local schedulersignificantly reducegthe slow-
down incurredfrom runningon the dual-clusteiprocessar
Furthermorejn the caseof compess with the useof the
local schedulethebenchmarlperformsbetteronthedual-
cluster processotthan the single-clustemprocessor This
increasein performancds dueto the single-clustempro-
cessothaving a larger dispatchqueue.The sizeof thedis-
patchqueues importantfor two reasonsFirst, with larger
dispatchqueuesthereis likely to be a greateramountof
time betweenwhena branchpredictionis madeandwhen
the branchpredictortablesare updatedwith the direction
takenby thebranci. Hence with largerdispatchqueuesa
greatemumberof predictionamaybebasedninformation
thatmaynotreflectthedirectiontakenby immediatelypre-
cedingbranchesn programordet Thesizeof thedispatch
gueuds alsoimportantbecause largerdispatchqueueal-
lows for moredisorderin theissuingof instructions.In the
caseof compess this increasen issuedisorderleadsto
anincreasen the cachemissrate,andthus,a performance
degradation.

In general, better performanceis obtainedwith the
local schedulebecausehelocal schedulegeneratesode
scheduleghat resultin betterutilization of hardwarere-
sources. In particular the local schedulerresultedin a
higherdegreeof concurrentitilization of bothclustersand
areductionin the numberof dual-distritutedinstructions.
In addition,with thelocal schedulerinstructionswereis-
suedmorein order with the effect thatsignificantlyfewer
instruction-replayexceptionsarerequiredto freeup anop-
erandtransferbuffer entry One exceptionto this trend,
however, is ora, for which the useof the local scheduler
significantly increasedhe numberof instructionreplays,
thusdeyradingperformance.A more detailedanalysisof
theimpactof thelocal schedulers presentedhn [3].

Consideringthe ratiosfor the local scheduleiindicates
thatits useresultsin a worst-caseslowdown of 25%. To
compensatéor theincreasdn clock cyclesthatthis slow-
down representghe dual-clustemprocessowould have to
usea processoclock with a period20%smaller(= 100 —

2Thepredictionis madeatthepointof insertioninto thedispatchjueue
while theupdatingoccursafterthebranchis executed.



100 F2el = 100 — 10022t = 100 — 10055z 2inete—).

RecentlyPalacharlaet al. have createddelaymodelsfor
thecritical pathsof dynamicallyscheduleduperscalapro-
cessorg14] asa functionof issuewidth. They reportthat
in a 0.35um processthe worst casedelayincreasedrom
1248nsfor a four-issueprocessoto 1484nsfor an eight-
issueprocessaqran increaseof 18%. Given thatthereis
only an18%(differencebetweerthecycle timesof thefour-
issueandeight-issugprocessorén a 0.35:m procesgen-
eration,reducingthecycle time throughpartitioningwould
notimprove overall performance However, for a0.18:m
procesgyenerationPalacharlaet al. found thatthe worst-
casepath would increaseby 82% when moving from a
four-issueprocessoto an eight-issueprocessar The lar-
gerrelative delaysfor wide-issuanachinesat0.18:m fea-
ture sizesis dueto wire delayincreasingrelative to gate
delaysasfeaturesizesarereduced.Thus,communication
becomeselatively moreexpensve in comparisorto com-
putation. Giventhis larger cycle time differencebetween
narrav and wide issuemachinesat smallerfeaturesizes,
theneteffect of partitioningin the multiclusterarchitecture
couldresultin asignificantoverall performancéncrease.

5 Conclusions

In this paperwe have introducedthe multiclusterar
chitecture,a decentralizeddynamically-scheduledrchi-
tecture. In this architecture,the register files, dispatch
gueue andfunctionalunits of the architectureare distrib-
utedacrossmultiple clusters,and eachclusteris assigned
a subsefof the architecturakegisters. The motivation for
partitioningtheseresourcess to reducethe sizeandcom-
plexity of componentsghat arelikely to be on the critical
timing pathof a centralizedorocessqrandin the process,
to reducethe cycle time of thedecentralizeghrocessar

The architectureprovidesa mechanismto allow the re-
gisterfile of oneclusterto beaccesselly instructionseing
executedon anothercluster This mechanisnis basedon
distributing aninstructionto morethanoneclusterfor ex-
ecution. Themultiple distribution of instructionsincreases
the numberof clock cycles requiredto executethesein-
structions andreduceshe numberof instructionsthatcan
be simultaneouslyn execution. However, thesetwo neg-
ative effects are offset by the reductionin the cycle time
of the processorlock thatis provided by partitioningthe
registerfile and other hardwareresources.Consequently
anapplicationmayrequiremoreclock cyclesto executeon
amulticlusterprocessothanon a single-clusteprocessqr
but its runtime maybesmaller

Thereare two requirementdor an applicationto per
form well when executing on a multicluster processor
First, the instructiongthat arerequiredto performthe task
mustbebalancedcrosgheclusterswith eachclustercon-
currently performingsimilar amountsof work. However,

this requirementannotbe directly addressedy the com-
piler becaus¢hework doneby a clusteris afunctionof the
orderin which instructionsareissued andthe issueorder
is notdeterministic.Thus,thecompilercanonly indirectly
addresghe requirementoy ensuringthat the distribution
of instructiongo clusterds balancedThe secondequire-
mentis thatthe numberof instructionsdistributedto more
than one cluster must be minimized. This requirement
seeksto counterthe above notedtwo negative effects of
multiple distribution. Sincethe distribution of instructions
is basednthearchitecturategistersnamedy theinstruc-
tions, staticinstructionschedulings the procesdy which
the instructionsare orderedand architecturakegistersare
assignedo the operandandresultsof theinstructions.

In this paper we have describeda novel algorithmwe
developedto implementthis process. We have also de-
scribedsomeof theresultsfrom simulationswe performed
on a numberof dual-clusterprocessorconfigurationsto
evaluatethe effectivenesof thealgorithms.Usingthepro-
cessorcycle time analysisof Palacharlaetal. for a0.35um
processthenegative instructions-peicycle effectsof parti-
tioningwould slightly outweightheadwantagegainedfrom
a reductionin cycle time. However for smallerfeature
sizes,suchasin their 0.18:m processmodel, a signific-
antnetperformancemprovementcould be obtained.Thus
we believe themulticlusterarchitecturavarrantdurtherin-
vestigation.

6 FutureWork

A promising areafor further investigationare optim-
izationsthat requireinformation derived from the source
codeof anapplicationwhichwe did notconsiderowing to
thelimitationsof theframeavork we usedto implementthe
schedulers.For example, techniquessuchas superblock
scheduling[15], and trace scheduling[5] might be used
to increasethe numberof instructionsthat can be jointly
scheduledthus permitting a betterestimationof the run-
time distribution of theworkload.Loop unrolling, whichis
a partof traceschedulingcouldalsobe usedto generatea
codeschedulan which multiple iterationsof a loop were
interleaved, with eachiteration scheduledo usea separ
ateclusterof a multiclusterprocessarTo furtherincrease
the performanceof loop unrolling, schemesould be de-
visedto decreas¢he amountof interactionbetweertheit-
erationsof the loop, andthus, the numberof inter-cluster
datatransfers. One suchschemes to duplicatethe code
that calculatesaddressesA secondschemes to allocate
key variablego globalregisterssothatthevariablescanbe
accessedrom within eachclusterwithout an inter-cluster
datatransfer

A secondset of techniquesmight be usedto exploit
the hardwaremechanism(see[3]) that was developedto
permit the dynamicreassignmentf the architecturalre-
gistersto the clustersof a multicluster processar In



particular the compiler could provide the hardwarewith

hints to indicate when the reassignmentould be made,
andto directly specifythe architectural-rgisterto-cluster
assignmentfor each architecturalregister  This func-

tionality would provide additional flexibility in separat-
ing a sequencef instructionsinto a numberof partially-
independenthreads.
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