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Abstract

Traditional monolithic superscalararchitectures,which extract instruction-level parallelism (ILP) to
achieve high performance,arenot only becominglesseffective in improving theclock speedandILP but
also worseningin designcomplexity and reliability acrossgenerations.Chip multiprocessors(CMPs),
which exploit thread-level parallelism(TLP), areemerging asanalternative. In oneform of TLP, thecom-
piler/programmerextractstruly independentexplicit threadsfrom the program,andin another, the com-
piler/hardware partitionsthe programinto speculatively independentimplicit threads.However, explicit
threadingis hardto programmanuallyand,if automated,is limited in performancedueto serializationof
unanalyzableprogramsegments.Implicit threading,on theotherhand,requiresbuffering of programstate
to handlemisspeculations,andis limited in performancedueto buffer overflow in largethreadsanddepen-
dences in small threads.

WeproposetheMultiplex architectureto unify implicit andexplicit threadingby exploiting thesimilarities
betweenthe two schemes.Multiplex employs implicit threadingto alleviateserializationin unanalyzable
programsegments,andexplicit threadingto remove buffering requirementsandeliminatesmall threadsin
analyzablesegments.We presenthardware and compiler mechanismsfor selection,dispatch,and data
communicationto unify explicit andimplicit threadswithin asingleapplication.WedescribetheMultiplex
UnifiedCoherenceandSpeculativeversioning(MUCS)protocolwhichprovidesunifiedsupportfor coher-
encein explicit threadsandspeculativeversioningin implicit threadsof anapplicationexecutingonmulti-
ple coreswith privatecaches.On the ten SPECfp95andthreePerfectbenchmarks,neitheran implicitly-
threadednor explicitly-threadedarchitectureperformsconsistentlybetteracrossthe benchmarks,andfor
severalbenchmarksthereis a largeperformancegapbetweenthetwo architectures.Multiplex matchesor
outperformsthebetterof thetwo architecturesfor every benchmarkand,on average,outperformsthebet-
ter architecture by 16%.

1  Introduction

Improvementsin CMOSfabricationprocessescontinueto increaseon-chipintegrationandtransistorcount
to phenomenallevels. Traditional monolithic superscalarsusethe rising transistorcountsin extracting
instruction-level parallelism(ILP) to achieve high performance.Unfortunately, superscalararchitectures
arenotonly becominglesseffective in improving theclockspeed[25, 21,1]andILP but alsoworseningin
designcomplexity [20] andreliability [2] acrosschip generations.Instead,many researchersandvendors
areexploiting theincreasingnumberof transistorsto build chip multiprocessors(CMPs)by partitioninga
chip into multiple simpleILP cores[29,18].As in traditionalmultiprocessors,CMPsextract thread-level
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parallelism(TLP) from programsby runningmultiple — independentor properlysynchronized— pro-
gram segments, i.e.,threads, in parallel.

Themostcommonform of TLP is explicit threadingusedin conventionalshared-memorymultiprocessors.
In explicit threading,softwareexplicitly specifiesthepartitioningof theprograminto threadsandusesan
applicationprogramminginterfaceto dispatchandexecutethreadson multiple coresin parallel.Explicit
threadseithercomputeindependentlyor shareandcommunicatedatathroughmemorywhennecessary.
Examplesof CMPs using explicit-threadingare IBM Power4 [11] and CompaqPiranha[4]. Explicit
threading’s key shortcoming,however, is that it requiresa programmeror parallelizingcompilereitherto
guaranteethatthreadscancomputeindependentlyor to coordinatesharedaccessesamongthreadsthrough
synchronization.Unfortunately, parallelprogrammingis a tediousandcostly taskonly suitablefor high-
endsystems.Similarly, while parallelizingcompilershave succeededin threadingmany largeandimpor-
tantapplications,automaticparallelizationhasbeenlimited to programsandprogramsegmentswith stati-
cally analyzabledependences.Whenthecompilerfails to prove independence,thecorrespondingprogram
segment is executed serially on a single core.

Alternatively, recentproposalsfor CMPsadvocatespeculative,or implicit, threadingin whichthehardware
employs predictionto peeloff instructionsequences(i.e., implicit threads)from the sequentialexecution
streamandspeculatively executesthemin parallelon multiple cores.To preserve programexecutioncor-
rectness,implicitly-threadedhardware identifies and satisfiesall dependencesamongimplicit threads.
Examplesof proposedarchitecturesusingimplicit threadingareMultiscalar[29] andTraceProcessor[28],
Hydra [18], Stampede [30], Superthreaded processor [33], Speculative NUMA [10], and MAJC [32].

To maintainprogramcorrectness,implicitly-threadedarchitecturesrely on the hardware to track depen-
denceamongthreadsandverify correctspeculation.Upon a misspeculation,the hardwarerolls backthe
systemto a stateconformingto sequentialsemantics.To allow properrollback,implicit threadingrequires
bufferingall speculative threads’programstate[29]. While speculative buffer overflow resultsin complete
stallingor rollbackof speculative threadsandessentiallyserializationof execution,buffering is only neces-
saryif therearetruedependencesamongthreadsthatarenot detectableat compiletime. Implicit thread-
ing’skey shortcomingis thatthehardwaremustalways buffer programstateto track dependencesamong
threads.State-of-the-artbuffering techniques(e.g.,custombuffering [13] andcache-basedbuffering [15,
19,30,10]), however, canonly provide fastbuffering largeenoughto accommodateshort-runningimplicit
threads(e.g.,up to a hundredinstructions).Small threadslimit thescopeof extractedparallelism,increase
the likelihood of inter-thread dependence, and reduce performance.

We proposetheMultiplex architecturefor CMPsto unify implicit andexplicit threadingbasedon two key
observations:(1) Explicit threading’s weaknessof serializingunanalyzableprogramsegmentscanbealle-
viated by implicit threading’s speculative parallelization;implicit threading’s performanceloss due to
speculative buffer overflows in large threadsanddependencesin short threadscanbe alleviatedby large
explicit threads’exemptionfrom buffering requirementsin analyzableprogramsegments.(2) To achieve
high performance,explicit and implicit threadingemploy cachecoherenceand speculative versioning
[15,30,19,10],respectively, which are similar memoryhierarchy mechanismsinvolving multiple private
cachesfor efficient sharingof data.Multiplex exploits the similarities to allow efficient implementation
withoutmuchextrahardwareandcombinesthecomplementarystrengthsof implicit andexplicit threading
to alleviate the individual weaknesses of the two schemes.

The main contributions of this paper are:

• wepresentarchitectural(hardwareandcompiler)mechanismsfor selection,dispatch,anddatacommu-

nication to unify explicit and implicit threads from a single application;
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• we proposetheMultiplex Unified CoherenceandSpeculative versioning(MUCS) protocolwhich pro-

videsunifiedsupportfor coherencein explicit threadsandspeculativeversioningin implicit threadsof a

single application executing on multiple cores with private caches;

• usingsimulationof thetenSPECfp95andthreePerfectbenchmarks,weshow thatneitheranimplicitly-

threadednor explicitly-threadedarchitectureperformsconsistentlybetteracrossthe benchmarks,and

for several benchmarks there is a large performance gap between the two architectures;

• weshow thatMultiplex matchesor outperformsthebetterof thetwo architecturesfor everybenchmark

and, on average, outperforms the better architecture by 16%.

In the following section,we describeadvantagesanddisadvantagesof currentexplicit andimplicit archi-
tectures,andmotivatedtheneedfor a unifiedarchitecture.In Section3, we introduceMultiplex. Section4
characterizesthe key factorsimpactingperformanceand presentsa qualitative performanceanalysisof
TLP architectures.Section5 presentsthe simulationmethodologyandresults.Section6 presentsa sum-
mary of related work. Finally, Section7 concludes the paper.

2  Background: Execution Models for Explicit & Implicit Threading

In this section,we briefly describecompareandprovide examplesfor threadexecutionandthe required
hardwaresupportin explicitly-threadedandimplicit-threadedarchitectures.At the highestlevel, the key
similarity betweenthesearchitecturesis thatbothsimultaneouslyexecutemultiple threadsthatcommuni-
cateamongoneanother. As such,thedominantfractionof hardwareresourcesrequiredby eitherarchitec-
tureis commonandincludesexecutionresources(e.g.,multiple CPUcores)andcommunicationresources
(e.g., coherent shared memory through L1 caches).

Thekey differencesarehow, in eacharchitecture,thehardwaredetectswhencommunicationis necessary
— i.e., inter-threaddatadependences— andidentifiessubsequentthreadsto executeuponthreadcomple-
tion — i.e., theinter-threadcontroldependences.In explicitly-threadedarchitectures,theapplicationsoft-
wareeithereliminatesdatadependencethroughadvancedparallelizingcompileranalysisandtechniques,
or specifiesevery instanceof datadependenceusingasynchronizationprimitive (e.g.,abarrier).Moreover,
software specifiesinter-threadcontrol dependenceusing a threaddispatchprimitive (e.g., a fork call).
Because,softwareobviatestheneedfor hardwareto trackthedependences,hardwareachieveshighperfor-
mance by providing fast mechanisms for data communication, and thread dispatch and execution.

In contrast,in implicitly-threadedarchitectures,inter-threaddataandcontrol dependencesare implicit in
the sequentialprogramorder. The hardware infers the existenceof datadependence— e.g.,betweena
memoryreadinstructionanda precedingprogram-ordermemorywrite instructionto the samelocation.
Similarly, thehardwareresolvesinter-threadcontrolflow dependence.Becausehardwarereceivesno infor-
mationfrom software,it relieson dependencepredictionandspeculationtechniquesto guessthemissing
informationanddeliver high performance.The hardwarevalidatesall control flow anddatadependence
speculationsby verifying againstthesequentialprogramorder, andtriggersrollbacksupondetectingpossi-
ble misspeculations which may violate sequential semantics.

In therestof this section,we presentexampleexecutionson eachof thetwo (threading)architectures.We
pointout thekey performanceproblemswith thearchitecturesto illustratethatcombiningthetwo canboth
(1) achieve higherperformanceby exploiting onearchitecture’s strengthsto alleviate the otherarchitec-
ture’s weaknesses,and(2) be implementedefficiently without muchhardwareoverheadby exploiting the
similarities between the two architectures.
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2.1  Example Execution in an Explicitly-Threaded CMP

Figure1 shows a simpleexampleof a programrunningon anexplicitly-threadedCMP. Thefigureshows
the high-level anatomyof a typical CMP with threadexecutionresources(i.e., four CPUs)andthe data
communicationhardware(i.e.,coherentL1 datacaches).In thisexample,themainthreadexecutessequen-
tially (notshown) onCPU0,andforksparallelexplicit child threadssothateachCPUexecutesthefunction
parallel_compute simultaneously. Thefunctionincludesapairof loops,whereeachthreadexecutesa frac-
tion of the loop iterations.The first loop computesandwrites to arrayA. In the secondloop, every loop
iteration is dependenton the valueof A[2] createdby CPU0 in the first loop andstoredin its L1. The
CPUs’ L1 cachecontrollersimplementa snoopcache-coherenceprotocol which identifiesA[2]’s most
recent copy to be in CPU0’s L1, and copies it into other CPUs’ L1s (e.g., CPU1 and CPU3) on demand.

In the exampleshown, the compiler (or the programmer)detectsthat the first loop andsecondloop are
dependentonly througharrayA andthereforeseparatesthemby a barriersynchronization.By identifying
theonly datadependenceamongthethreadsto bethroughA[2], andspecifyingthedependencethroughthe
barrier primitive, software guarantees that hardware can otherwiseexecutethe threadsat peakspeeds.
Moreover, the “fork” primitive directsthehardwareto executeexactly a singlecopy of parallel_compute
asa threadon eachCPU,specifyingthethreadcontrolflow dependence.Unfortunately, whendatadepen-
dencesareunknown, thecompiler(or theprogrammer)fails to generateexplicit threads,andthereforeexe-
cutes the entire program segment (i.e., entire pair of loops) in a single thread.

2.2  Example Execution in an Implicitly-Threaded CMP

Figure2 shows a simpleexampleof a programrunningon an implicit-threadedCMP. In this example,a
loop computesover arrayA with loop iterationsthathave unknown dependencesat compiletime.A com-
piler for an implicitly-threadedarchitecture(e.g., the Multiscalar compiler [35]) partitionsthe loop and
assignseachimplicit threadasingleloop iteration.To helpthehardwareidentify whichsubsequentthreads
to dispatchon theCPUs,eachimplicit threadincludes(embeddedin theexecutable)a list of possible sub-
sequentthreads,or target threads,andtheir startingprogramcounters(not shown); the target threadsare

FIGURE 1: An e xample of e xplicit threading e xecution.
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{
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        parallel_compute();
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theexit pointsof a threadin thecontrolflow graph.In this example,theexecutionof a loop iterationcan
either be followed by another loop iteration or the code following the loop (upon loop termination).

Unlike explicitly-threadedarchitectures,implicitly-threadedarchitecturesrely on hardwarepredictionto
dispatchthreads.For every dispatchedthread,hardwarepredictsa andselectsamongthe thread’s list of
target threads,a subsequentthreadto dispatch.As shown in the example,the predictorselectsanddis-
patchessubsequentloop iterations,startingfrom iteration0, on theCPUsin cyclic order. Becauseiteration
0 is the “oldest” threadexecutingin programorder, it is guaranteedto completeandis saidto be “non-
speculative”. Dispatchpredictionfor a threadis only verifiedwhenall precedingthreadscomplete,there-
fore all threadsexceptfor iteration0 are“speculative” andmay be “squashed”if mispredicted.The loop
branch condition at the end of each iteration verifies prediction for the subsequent iteration.

Assumethat iterations0, 1, 2, and3 accessthe sameelementA[2]. Upon missingon a load from A[2],
CPU0’s threadobtainsa copy of thecorrespondingcacheblock from L2 andmarkstheblock asnon-spec-
ulative. After a few cycles,CPU1’s thread(i.e., thespeculative iteration1) misseson a storeto A[2], and
theprotocolsuppliesa copy of theblock from L2. CPU1thencreatesa speculatively renamedversionof
theblock, denotedby A[2]v1, without invalidatingCPU0’s copy (aswould bedonein explicitly-threaded
architectures),andmarkstheblock asspeculative dirty. WhenCPU3’s threadmisseson a loadfrom A[2],
theprotocolsuppliesCPU1’s versionof theblock, A[2]v1, becauseCPU1is theclosestprecedingthread,
and CPU3 marks its own copy as speculatively loaded.

Next, CPU2misseson a storeto A[2], it createsyet anotherspeculative renamedversionof the block,
A[2]v2, without invalidatingA[2]v1. The protocolsubsequentlysquashesCPU3(andany future threads)
becauseCPU3prematurelyloadedCPU1’sversion,A[2]v1, insteadof thesequentiallycorrectCPU2’sver-
sion,A[2]v2. SquashingCPU3alsoinvalidatesthe blocksspeculatively accessedby CPU3.The protocol
maintainstheprogramorderbetweenCPU1’s andCPU2’s versions,aspartof theprotocolstateto provide
the correct version for future accesses toA[2]. CPU3 re-executes and loadsA[2]v2 from CPU2.

Uponcompletion,the threads“commit” in sequentialorder, markingthespeculatively accessedblocksas
non-speculative (or committed).Becauseall future iterationsaccessdifferentelementsof A, cacheblocks

FIGURE 2: An example of implicit threading execution.

timeiteration 0 iteration 1 iteration 2 iteration 3

L1/L2 interconnect

load A[2]
store A[2]

store A[2]

load A[2]

fill A[2]v2

from CPU2

fill A[2]v1

from CPU1

squash
re-execute

A[2]v1
read A[2]v2

read squash A[2]v2 miss

load A[2]✕

L1

CPU3

A[2]v2
A[2]v1✕

L1

CPU2

A[2]v2

L1

CPU1

A[2]v1

L1

CPU0

A[2]

for(i=0;i<N;i++)
  A[B[i]] = A[C[i]] + X;



6

accessedin thoseiterationsare first marked as speculative, and then committedwithout causingany
squashes.A key shortcomingof hardwaredataspeculationis thatbecausetheL1 cachesmaintainthepro-
gramorderamongall dataassesses(for bothloadsandstores)to trackdependencesandguaranteecorrect
execution,speculativedataarenotallowedto leave thecaches;any capacityandconflict problemscausing
aspeculativeblockreplacementstall theCPUuntil it becomesnon-speculative,resultingin substantialper-
formance loss [15].

Unfortunately, implicitly-threadedarchitecturesalways predictandexecutethreadsspeculatively, andtrack
data dependencein hardware even if a programsegment is analyzable.For instance,in the example
becausethereareno controlflow dependences(e.g.,a conditionalbreakstatementwithin theloop) except
for the loop branchconditionbetweenthe loop iterationsand the codeimmediatelyfollowing the loop,
softwarecandirectthreaddispatchusingafork primitive,andobviatetheneedfor hardwarepredictionand
eliminatingany potentialmispredictionoverhead.Similarly, therearemany scenarioswhereanadvanced
parallelizingcompilercaneitherdetectandguaranteeno datadependencesamongthreadsexist [7,27,14]
or can eliminatethe datadependences(e.g., througharray privatization[34,16]). In suchscenarios,the
hardwareunnecessarily tracksdatadependences,limiting thescopeof parallelismto thebufferingcapacity
in the L1 caches.

3  Multiplex: Unifying Explicit/Implicit TLP on a CMP

In this paper, we proposeMultiplex, an architecturethat unifiesexplicit andimplicit threadingon a chip
multiprocessor. Multiplex alleviates explicit threading’s weaknessof serializing unanalyzableprogram
segmentsby using implicit threading’s speculative parallelization.Multiplex avoids implicit threading’s
performancelossdueto speculative buffer overflows in largethreadsanddependencesin shortthreadsby
using large explicit threadswhich are exempt from buffering requirementsin analyzableprogramseg-
ments.Thus,Multiplex combinesthecomplementarystrengthsof implicit andexplicit threadingto allevi-
ate the individual weaknessesof the two schemes.Multiplex achieves efficient implementationwithout
much extra hardware by exploiting the similarities betweenexplicit threading’s cachecoherenceand
implicit threading’s speculative versioning mechanisms.

Thekey mechanismsrequiredfor a threadingmodelare:(1) thread selection, a mechanismto partitionthe
codeinto distinct instructionsequences,(2) thread dispatch, a mechanismto assigna threadfrom thepro-
gramto executeonaCPU,(3) data communication, mechanismsto propagatedata(i.e., registerandmem-
ory) valuesamongindependentthreads,to allow implicit threadsto privatizedatain multiplecachesunder
thesamememoryaddress.,andto guaranteecorrectprogramexecution.In the following subsections,we
presenthardware and compiler mechanismsfor selection,dispatch,and data communicationto unify
explicit and implicit threads within a single application.

Figure3 illustratesaMultiplex CMP. OurMultiplex CMPis looselyderivedfrom theWisconsinMultisca-
lar [29,15].As in traditionalsmall-scalemultiprocessors,Multiplex CMP includesa smallnumberof con-
ventionalsuperscalarCPUcoreswith first-level instructionanddatacachesanda sharedlevel-two cache
[23]. To supportimplicit andhybrid explicit/implicit threading,Multiplex alsoincludessupportfor specu-
lative threaddispatchconsistingof a dispatchunit anda threaddescriptorcache;registercommunication
queues;andmemorycommunication,speculation,anddisambiguationthroughlevel-onedatacaches.Mul-
tiplex unifiescachecoherencewith memoryrenaminganddisambiguationin level-onecachesthrougha
single snoopy bus protocol.

3.1  Thread Selection

Multiplex relieson a unifiedcompilerinfrastructureto generatebothexplicit andimplicit threads.Unlike
state-of-the-artcompilerswhich arelimited to compiling for a specificthreadingmodel,in Multiplex the
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compilerhastheopportunityto choosebetweenimplicit andexplicit threadingmodelsto maximizeperfor-
manceonaperprogramandperprogramsegmentbasis.Thechoicebetweenthreadingmodelsdependson
program and system characteristics.

Selecting explicit threads. Multiplex executesprogramsegmentswhich the compilercanpartition into
independentthreadsor threadswith known datadependencesasexplicit threads.Thecompilercoordinates
the known datadependencesandsharingin suchthreadsusingexplicit synchronizationstatements.Such
threadsmaximizetheparallelismexploited,eliminatehardwarespeculationoverhead,andrealizetheraw
hardware speeds of multiple CMP cores.

Multiplex relies on a state-of-the-artparallelizing compiler to analyzeprogramsand generateexplicit
threads.Thesecompilers(e.g.,Polaris[6], SUIF [17]) usea myriad of techniquesto test [7,27,14]and
eliminatedatadependencein programsegments[3,34,26,16].Moreover, thesecompilersincreasethread
performancein analyzableprogramsegmentsthroughcodetransformationsto optimizefor memoryhierar-
chy locality and communication latency [17].

In explicit threading,threadsizeplaysa key role in minimizing threadexecutionoverhead.Dispatching
explicit threads(Section3.2) requiresat a minimumsettingup privatestacks,passingargumentsthrough
thestacks,andsynchronizingthethreadsuponcompletion.Explicit threadingcompilerstypically partition
thework amongcoarse-grainthreadsto amortizethedispatchandcompletionoverheadover threadexecu-
tion time.For instance,in nestedloopswith small innerloop bodies,explicit threadsoftenconsistof outer
loop iterations[17,6]. Too coarse-graina thread,however, increasesthe likelihood of load imbalance
diminishing the opportunity for parallel execution.

When selectingexplicit threads,the compiler hasfull flexibility in choosinghow to partition the work
amongthreads.In partitioning the codeinto explicit threads,the compilercananalyzeandestimatethe
appropriatethreadsizebasedon thedispatchoverheadandloadimbalance.Thecompileralsohastheflex-
ibility of choosingthe order in which explicit threadsare dispatched(Section3.2). Together, selecting
thread size and dispatch order can help minimize load imbalance and dispatch overhead.

Selecting implicit threads. Multiplex executesprogramsegmentswith control flow or datadependences
that are unanalyzableat compile time as implicit threadsMultiplex extracts parallelismfrom implicit
threadsat runtimewith thehelpof hardwarespeculation.Unlikeexplicit threadingwheresoftwareinvokes
threaddispatchusing an application-programminginterface, in implicit threadingthe software merely
specifiesthreadboundariesandnot thecontrol flow amongthem[35]. Thehardwarein turn predictsand

CPU0

Thread Dispatch TD$

L1I L1D

L1/L2 Interconnect

L2

CPU1

L1D

CPU2

L1D

CPU3

L1D

FIGURE 3: A Multiplex chip multiprocessor. The figure depicts the anatomy of a Multiplex chip
multiprocessor. The blocks appearing in a light shade of gray are components used in a conventional
(explicitly-threaded) multiprocessor architecture including the processing units, the L1 instruction
caches, the system interconnect, and the L2 cache. The blocks appearing in a dark shade of gray are
components enabling implicit and hybrid implicit/explicit threading in Multiplex including the thread
dispatch unit, the thread descriptor cache (TD$), the level-one data caches, and the register
communication mechanism.

Multiplex CMP

L1I L1I L1I
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speculatively dispatchesthreadsat runtimeto maintaininstructionexecutionflow in accordancewith the
sequential execution semantics.

Multiplex alsoreliesonastate-of-the-artcompiler(e.g.,theMultiscalarcompiler[35]) to generateimplicit
threads.Alternatively, hardwareratherthan the compilercanextract andselectimplicit threads[28,12].
Selectingthreadsin hardware allows extracting TLP directly from uniprocessorapplicationbinariesat
runtime,obviating theneedto recompiletheprogram.By selectingimplicit threadsin thecompiler, Multi-
plex benefitsfrom many key transformationtechniquesavailable at compile time to improve implicit
thread performance [35].

Therearetwo key criteria for implicit threadselectionto minimize: (1) control-flow anddataprediction
andspeculationoverhead,and(2) datadependencesandtheir distanceamongthreads.An implicit thread
typically includesoneof or more(statically)adjacentbasicblocks.Minimizing control-flow speculation
overheadsimply requiresthatthecompilercarefullyselectsthreadboundariessothatthreadsendatbranch
instructionswith predictableoutcomes(e.g., loop branches).This way, hardwarepredictionsuccessfully
dispatchesthreadsandreducesspeculationoverhead.The Multiplex compilerexploits a numberof tech-
niques to analyze and reduce the overhead due to speculation and data dependence [35].

As in explicit threads,threadsizeplaysa key role in implicit threadperformance.Largerthreadsmayhelp
amortizethethreaddispatchandcompletionoverhead,andincreasethescopefor parallelismby reducing
dependenceamongthreads.However, dataspeculationoverheadsignificantlylimits threadsizein implicit
threading.Hardwaremustmaintainall memorymodificationsby a speculatively executingimplicit thread
sothatsubsequentspeculative threadscanconsumetheresultsof pastcomputation.Moreover, in caseof a
misprediction,all memorymustberestoredto astateconformingto sequentialexecutionsemantics.There-
fore, theremay be multiple versionsof a datamemoryblock presentin processorcaches,significantly
increasingthememoryoverheadandcachetraffic [35]. Consequently, implicit threadingtypically resorts
to fine-grain (rather than coarse-grain)threads(e.g., inner loops) to exploit parallelism.Moreover, the
speculationoverheadconstrainton threadsizealsolimits thecompiler’sflexibility in varyingthreadsizeto
reduce load imbalance.

Unifying thread selection in Multiplex. To minimizeexecutionoverhead,theMultiplex compileralways
searchesfirst for staticallyparallelizableprogramsegmentsandpartitionstheminto explicit threads.The
compiler subsequently generates the rest of the program segments as implicit threads.

Therearescenariosin which thereis a trade-off betweentwo threadingmodelsfor staticallyparallelizable
programs.Loopswith small bodiesthat iteratefor a small numberof timesarebestexecutedasimplicit
threadsdueto the high explicit dispatchoverheadandlow implicit dataspeculationoverhead.Moreover,
programsegmentsthat arenot evenly partitionableinto threadnumbersthat aremultiplesof CPUswill
resultin a significantloadimbalanceif executedentirelyasexplicit threads.Thecompilercanpeeloff the
tail partof suchaprogramsegmentandexecuteit in parallelwith subsequentprogramsegmentsasimplicit
threadsto eliminatethe load imbalance.The compilersflexibility in choosingthe threadingmodelhelps
complementthe strengthsof both models,therebyimproving applicationperformance.In Section5, we
will presentsimulationresultsindicating how simple compiler heuristicshelp unify threadselectionin
Multiplex.

3.2  Thread Dispatch

In Multiplex, dispatchinga threadon a CPUinvolves:(1) assigninga programcounterto theCPUindicat-
ing theaddressof thefirst instructionbelongingto the thread,(2) assigninga privatestackpointerto the
CPU,and(3) implementinga dispatch“copy” semanticscopying thestackandregistervaluesprior to the
dispatchto all dispatchedthreads;as in conventionalthreadingmodels,Multiplex usesa singleaddress
spacefor all thethreadsandonly requirescopy semanticsfor stacksandregisters(andnot memory)upon
dispatch.



9

Dispatching explicit threads. As in conventional explicitly-threadedarchitectures,Multiplex usesan
applicationprogramminginterfaceto dispatchthreads.To minimizedispatchoverhead,Multiplex supports
the programminginterfacedirectly at the instructionsetarchitecturelevel. A fork instructiontakesan
argumentin an architecturalregister, andassignsit to the programcounterof all otherCPUs.Oncedis-
patched,threadsproceeduntil theexecutionreachesastop instruction.Uponthreadcompletion,anappli-
cation may dispatch new threads through subsequent executions of thefork instruction.

In explicit threading,eachthreadusesaprivatestack.In Multiplex, themiddleware(i.e., thesysteminitial-
izationlibrary) is responsibleto allocateprivatestacksfor all CPUs.A setsp instructionassignsthepre-
allocatedstacksto individualCPUs.Thesetsp instructiontakestwo argumentsin architecturalregisters.
Thefirst argumentspecifiesthestartingaddressof a privatestackpointer, andthesecondargumentspeci-
fies thewhich CPU’s stackpointeris beingset.Themiddlewareneedonly to allocateprivatestacksonce
per application execution, and only re-allocate when a thread requires growing the stack.

Upondispatch,explicit threadingrequiresimplementingacopy semanticsin which thesoftware(i.e.,gen-
eratedby thecompileror theprogrammer)passesdatafrom themain(i.e., forking) thread’s registersand
stackto thedispatchedthreads.Compilers/programmersoftenencapsulateexplicit threadsinto procedure
bodies.As suchthecopy semanticsfor thethreadsis simply theincomingargumentsinto theprocedure.In
Multiplex, the middlewarecopiesall the procedureargumentsinto the privatestacksin the main thread
prior to dispatch.The fork instructiondispatchesa “wrapper” procedureon every CPU that readsthe
argumentsoff of thestackandpassesthemin theappropriatearchitecturalregisters.While copying argu-
mentscanbeacceleratedusinghardware,explicit threadsareoftenlargeenoughthatthesoftwarecopying
overhead becomes a small fraction of overall execution time.

Dispatching implicit threads. Multiplex dispatchesimplicit threadssequentiallyin programorder[29]. A
threaddispatchunit (Figure3) usesthecurrentimplicit threadto predictanddispatcha subsequentthread.
The compiler/programmergeneratesa threaddescriptorand embedsit immediatelyprior to the thread
code.Thethreaddescriptorincludesaddressesof possiblesubsequentdispatch“target” threads.Thethread
dispatchunit includesa threadpredictor that selectsone of the target threadsto dispatch.The thread
descriptoralsoincludestheinformationnecessaryto identify registervaluesa threaddependswhich must
becommunicatedfrom previously dispatchedthreads[29]. To acceleratethreaddispatch,a threaddescrip-
tor cache (Figure3) caches recently referenced thread descriptors.

A novel aspectof implicitly-threadedarchitecturesis on-demanddatacommunicationandrenaming.In
implicitly-threadedarchitectures,all necessaryregisterandmemoryvaluesproducedby one threadand
subsequentlyconsumedby anotherare directly communicatedthroughhardware on demand.As such,
threaddispatchingdoesnot requireany “copy” semantics.Moreover, all registersandmemoryaddresses
assignedto by onethreadarerenamedin hardwareon demand.Therefore,stacksareautomaticallypriva-
tized for implicit threads;i.e., assigninga valueto a stackaddresscreatesa distinct versionof the corre-
spondingmemorylocationfor theassigningthread.As such,implicit threadsdonot requireprivatestacks.

Unifying thread dispatch in Multiplex. Theability to executebothexplicit andimplicit threadsenablesa
Multiplex CMP to exploit both typesof TLP within an application.Software,however, must inform the
hardwarewhich type of threadingis usedfor a given programsegmentso that hardwarecanprovide the
appropriateexecutionsupport.Multiplex usesthe threaddescriptorto specifythe threadingtype,andthe
hardwaremodifiesthemode bit basedon thespecification.Themodebit is setfor all the implicit threads.
The modebit is clear for the “wrapper” procedureusedto dispatchexplicit threads.Upon switching to
explicit threading, the thread dispatch hardware unit stops fetching descriptors and dispatching threads.

3.3  Data Communication

Much like all modernarchitectures,Multiplex usesregistersandmemoryto storeprogramstate.While
implicit threadssharebothregisterandmemorystateamongeachother, similar to theMultiscalararchitec-
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ture,explicit threadsshareonly memorystateandnot registerstate,similar to conventionalshared-memory
multiprocessors.Accordingly, implicit threadscommunicatebothregisterandmemoryvaluesamongeach
otherandexplicit threadscommunicateonly memoryvalues.Multiplex usesMultiscalar’s registercommu-
nicationmechanismfor registerdependenciesamongimplicit threads,andwe do not discussthedetailsof
theregistercommunicationmechanismandrefer thereaderto [8,29]. In this sectionwe focuson memory
data communication among both implicit and explicit threads.

In bothexplicit andimplicit modes,theCPUs’privatecachesenableefficient datasharingby makingcop-
iesof accesseddatacloseto eachCPU.Themainresponsibilityof thememorysystemin bothmodesis to
trackthecopiessothat thecorrectcopy is deliveredon every memoryaccess.In explicit mode,themem-
ory systemlocatesthecorrectcopy for loadseitherfrom mainmemoryif thereis no cacheddirty copy or
from anothercacheif it hasa dirty copy andfor storesensuresthat no stalecopiesexist in othercaches
(e.g.,via invalidates).In implicit mode,thememorysystemprovidessimilar supportbut in thepresenceof
speculative loadsandstores.For implicit loads,the memorysystemnot only locatesthe correctversion
muchlikeexplicit loads,but alsoenforcesstore-to-loadprogramorder;thememorysystemtracksspecula-
tive loadsto detect(andsquash)any load that prematurelyaccessesa locationbeforea previous storein
programorderis complete.For implicit stores,theimplicit memorysystemcreatesanew (speculative)ver-
sion for every (speculative) store and tracks the program order among the multiple speculative versions.

Thekey to maintainingcorrectnessin bothmodesis theMultiplex UnifiedCoherenceandSpeculativever-
sioning(MUCS) protocolwhich tracksthecopiesandversionsof every cacheblock presentin thesystem.
In explicit mode, MUCS tracksthelocationof copiesin thesystemandtakesappropriateactionon loads
and stores. In implicit mode, MUCS tracks both the location and the program order among the versions.

Fromthestandpointof thememorysystem,thekey similarity betweenexplicit andimplicit modesis that
bothcasestrackacacheblock’smultiple instances(copiesandversions)via theprotocolstate.Onaloador
storeaccessto a block, theaccessproceedsif thestateof theblock permitstheaccess,andotherwisethe
accessis deemeda miss,goesto thenext level similar to a regularmiss(i.e., tagmismatch),andtheproto-
col locatesthe correctinstanceof the block. Both modesallow the commoncaseof hits in the private
cachesto proceedat cachehit speedswithout any protocolaction,andonly cachemissesinvoke protocol
action involving some “global” protocol state checking which may be slow.

Thekey differencesbetweenthetwo modesarethat(1) implicit moderequiresthememorysystemto track
loadsand storesto enforcestore-to-loadorder by squashingany prematurelyexecutedloads,(2) while
explicit modeallowsmultiplecopiesof only oneversion,implicit allowsmultipleversionsto co-exist, and
(3) implicit moderequiresthememorysystemto differentiatebetweenspeculatively andnon-speculatively
accesseddataand“commit” speculatively accesseddatato non-speculative stateif speculationsucceeds.
Thesedifferences,however, donot imply any majorincompatibilitiesbetweenthetwo modesin theoverall
handlingof memoryaccesses,but ratherthatcertaincombinationsof accesstypes(i.e., loadsor stores)and
protocolstatesmay requiredifferentprotocolaction.In particular, the commoncaseof cachehits areas
fastin implicit modeasthey arein explicit mode,implying that thetwo threadingschemescanbeunified
efficiently.

In theremainderof this section,we describethedetailsof theMUCS protocolandexplain theunification
of explicit andimplicit modesin MUCS.Apart from theprotocolstateof theaccessedblockandtheaccess
type(i.e., loador store),MUCS usesthemodebit to know if theaccessis from an implicit or anexplicit
thread to take appropriate action.

Data Communication in explicit mode. As in conventionalexplicitly-threadedarchitectures,loadsand
storesthat hit (i.e., find the block in a permissiblestate)in the L1 cachesproceedwithout any protocol
action.On a load miss,the bus snoopson the othercachesandthe cachewith a dirty copy suppliesthe
blockandalsoupdatesmainmemory(muchlike theIllinois coherenceprotocol).If nodirty copy is found,
thenext level suppliestheblock.If therequestingcacheis theonly L1 cacheholdingtheblock,theblock is
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markedexclusive to optimizefor futurewrites.On a storemiss,therequestingcacheobtainstheblock in
the same manner as a load miss, but additionally, all other cached copies are invalidated.

Thereis oneminor differencebetweenconventionalcoherenceprotocolactionsandMUCS’ actionsfor
explicit modeaccesses.Becauseaccessesin implicit modeneedto differentiatebetweenspeculatively-
accessedand committedblocks, MUCS usessomestatebits for this purpose.As such,explicit mode
accesses(loadsandstores)arenot speculative anddo not requireany enforcementof store-to-loadorder.
Therefore,MUCS simply marksthe blocksaccessedin explicit modeascommittedusingthe samestate
bits, makingexplicit modeaccessesindistinguishablefrom committedimplicit modeaccesses,andunify-
ing accesses from both implicit and explicit modes within the same protocol.

Data Communication in implicit mode. Becauseimplicit modeloadsarespeculative,MUCSsetstheuse
bit to recordspeculative loads.Thekey purposeof markingspeculative loadsis if aprecedingCPU(i.e., in
cyclic threaddispatchorder)performsa storeto thesameblock aftertheload,thestore’s invalidationtrig-
gersa squashof the prematureload.Load missesissuea bus requestandMUCS suppliesa copy of the
closestprecedingCPU’s (dirty speculative) versionto therequestingcache;if theprecedingCPUsdo not
haveadirty version,thenthenext level suppliestheblock.Whenthethreadcommits,all theusebits in the
entirecacheareclearedaltogether. Although, blocksnot accessedby the threadalsohave their usebits
clearedredundantly, this globalclearingavoidsscanningthecachefor theblockstouchedby thecommit-
ting thread.

MUCS usestheusualdirty bit to recordstores.If a threadloadsbeforestoringto thesameblock, bothof
theusebit anddirty bit areset.Unlike conventionalinvalidation-basedcoherenceprotocols,storesdo not
alwaysinvalidatetheotherCPUs.On storemisses,thebussnoopson theothercachesandif thereareany
succeedingCPUswith theusebit set,thatCPU(andall subsequentCPUs)is squashed.If any succeeding
CPU holdsthe block but hasnot loadedor storedto it (i.e., the block exists from someprevious implicit
thread),thentheblock is markedaspotentiallystale(andnot definitelystalebecausethestoreis specula-

State bit Action

use set per access by implicit speculative loads executed before a store;
used only in implicit mode to flag premature loads violating store-to-load order;
cleared for the entire cache altogether at implicit thread commit and squash

dirty set by all stores in both modes;
used to writeback a version on invalidation in explicit mode and version consolidation in both modes;
cleared on writeback to next level in both modes

commit set for the entire cache altogether at implicit thread commit and set per access in explicit thread;
used in both modes to allow replacements of committed dirty versions;
cleared on every implicit speculative access

stale set only in implicit on store miss from a succeeding CPU with a potentially more recent version, and by
cache fills if a succeeding CPU has an uncommitted/unsquashed dirty versions;
used in both modes to force misses (if commit bit set), and to consolidate the most recent committed ver-
sion among multiple committed/squashed versions of a previous cyclic order;
cleared in both modes for the consolidated version

squash set   for the entire cache altogether at implicit thread squash;
used in both modes to force misses (if commit bit clear and squash bit set) on the next access to the block
(commit and squash never both set);
cleared on every implicit access, and in both modes for the consolidated version

valid set per cache fill on cache misses in both modes;
used in both modes to determine validity of tag (not data), and allow replacements;
clearedonexplicit invalidation,andin bothmodesfor all committed/squashedversionsotherthanthecon-
solidated version

Table 1:  MUCS protocol state and actions.
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tive,andmaybesquashedlater)with thestale bit, sothatthecurrentthreador any futurethreadexecuting
on theCPUis forcedto misson theblock andobtainthemostrecentversion.On theprecedingCPUs,the
usebit is ignored,but thestalebit is setto forceamissfor futurethreadsthatexecuteon theCPU.Thepre-
cedingCPUsmerelysetthestalebit without invalidatingtheblock andcontinueto usetheblock because
theblock containsvalid datafor thecurrentthread,andthedatais staleonly for threadsfutureto thestor-
ing thread.

Accesses(loadsandstores)from speculative threadscannotbereplacedbecauseeviction of a speculative
block would causeMUCS to lose track of possibleviolations of programorder. Speculatively loaded
blocksmaybedistinguishedthroughtheusebit, but speculatively storedblocksareinseparablefrom non-
speculatively storedblocksbecausebothhave thedirty bit set.MUCS setsthecommit bit on threadcom-
mits andclearsthebit (i.e., commitbit clearedindicatesspeculative) on accesses(loadsandstores)from
speculative threads(i.e.,all implicit threadsexceptfor theearliestthreadwhich is non-speculative).When
thethreadcommits,all thecommitbits in theentirecachearesetaltogether. Muchlike theredundantclear-
ing of usebits, this global settingavoids scanningthe cachefor the blocks touchedby the committing
thread.

ThestoringCPUcreatesa dirty, speculative versionafterobtaininga copy of theclosestprecedingCPU’s
version.Thus,multiple speculative versionsof thesameblock co-exist in thesystem.Becausethestalebit
on a block indicatesthepotentialexistenceof versionsthatarefutureto theblock,any cachefill on a load
or storemisssetsthe stalebit if the correspondingbus snoopdetectsuncommitteddirty versionsin suc-
ceeding CPUs.

If a threadis squashedthenthecommitbits arenot set.But commitbits alonecannotdistinguishbetween
blocksaccessedin thesquashedthreadandblocksaccessedin themiddleof a yet uncommittedthread.To
avoid scanningthecachefor invalidatingtheblockstouchedby a squashedthread,MUCS usesthesquash
bit, andsetsall thesquashbits in theentirecachealtogetherirrespective of whetherthethreadaccesseda
certainblockor not.MUCSalsoclearsall usebits in theentirecachealtogetherona threadsquash.Access
to a block with thesquashbit setandcommitbit clearforcesa missandthesquashbit is clearedwhenthe
missis serviced.The squashbit is ignoredif the commit bit is setbecausethe squashbit is setglobally
even for the blocksnot accessedby the squashedthread.Much like every (speculative) accessclearsthe
commit bit, every access clears the squash bit.

Althougha block accessedby a squashedthreadcontainsinvalid data,theblock’s stalebit holdsvaluable
information.Every storefrom a speculative threadmarksall otherversionsas(potentially)stale,andeven
if the threadis squashedlater thestalebits arenot correctedimmediatelyto avoid scanningthecacheon
squashes.Instead,theincorrectlymarkedstalebit on themostrecentnon-squashedversionis correctedon
thenext accessto theblock.On thenext accessto thesquashedblock, theCPUmissesandMUCS identi-
fiestheclosestprecedingcommittedversion(which is incorrectlymarkedasstale)to thesquashedversion
by following thereverseof thecyclic threaddispatchorder, andclearstheclosestprecedingversion’s stale
bit.

On a miss,establishingtheprogramorderamongmultiple (committedandsquashed)versionsis centralto
maintainingcorrectness.MUCSusesthecyclic threaddispatchorderamongtheCPUsto infer theprogram
orderamongmultiple versions.Thecurrentlyspeculative (i.e., not committedandnot squashed)versions
canbe orderedusingthe currentcyclic orderamongthe CPUs,but orderingcommittedor squashedver-
sionsusingthecyclic orderfails becausethepositionof theoldestthreadin thesystemcyclically rotates
from oneCPUto thenext (asthreadscommit).While a CPUmaybeolder thananotherCPUat a certain
point in execution,the cyclic rotationmay result in the secondCPU beingolder thanthe first in another
point in execution.For example,thecyclic orderatonepointmaybeCPU3,CPU0,CPU1,andCPU2,and
at thatpoint CPU3is older thanCPU2,andthentheorderbecomesCPU0,CPU1,CPU2,andCPU3,and
now CPU2 is older than CPU3.
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This phenomenonis a problemonly if versionsfrom differentcyclic ordersareallowed to co-exist. To
avoid this problem,MUCS consolidates theversionsfrom a previouscyclic orderat thenext access.Ver-
sionsfrom a previous cycle order are guaranteedto be committedor squashedand MUCS locatesand
writes back the most recentcommitteddirty version(i.e., the committed,non-stale,dirty versionor the
closestcommitteddirty versionprecedingthesquashed,non-staleversion)andinvalidatingall the other
committed/squashedversions.Versionconsolidationneedsto doneonly for thepreviouscyclic order’sver-
sionsall of which areeithercommittedor squashed,anddoesnot changeany of thespeculative versions
from thecurrentcyclic order. Notethatthewrite backatconsolidationis nodifferentthanthewritebackof
adirty block in conventionalcoherenceprotocolswheneithertheblock is invalidateddueto anotherCPU’s
write requestor a copy is madeto satisfyanotherCPU’s readrequest.Table1 summarizesthe protocol
state bits.

Speculatively accessed(i.e.,not committedandnot squashed)block cannotbereplaced.If a committedor
squashedblock needsto be replaced,thenMUCS writes backthe mostrecentcommittedversionamong
the existing versions and all other committed/squashed versions are invalidated.

Switching between implicit and explicit modes. Becauseexplicit threadsmayaccessdatawhichwaslast
accessedby animplicit thread,explicit threadsmayaccessblockswith squashor stalebit set.MUCStreats
theseexplicit modeaccessesasmisses,muchlike thesewereimplicit modeaccesses,consolidatesthemost
recentcommittedversionvia a bus snoop,andsuppliesthe consolidatedversionto the requestingCPU.
Becauseexplicit modeaccessesareindistinguishablefrom committedimplicit modeaccesses,thereis no
overheadfor switchingfrom implicit to explicit mode,or viceversa.Figure4 showsahigh-level statetran-
sition diagramof MUCS, illustrating the statesandtransitionssharedby both modesandthe statesand
transitionsrelevant to only implicit mode.Thereis no overheadfor switchingfrom oneexplicit threadto
anotherexplicit threador from oneimplicit threadto anotherimplicit thread,muchlike conventionalmul-
tiprocessorsandMultiscalarSVC.Exceptfor therestrictionson replacementmentionedabove, thereis no
scanningthe cache,or no extra expensive cleanupat the beginning or endof implicit or explicit threads.
MUCS performsall actionson demand,on a per accessbasiswithout maintainingany list of accessed
blocks and triggering bus snoops on the blocks in the list.

Conventionalcoherenceprotocolsemploy optimizationssuchasusingexclusive stateandsnarfingof data
off thebusduringa bustransactionby CPUsotherthanthesendingandthereceiving CPUinvolvedin the
transaction.Theseoptimizationshave beenemployedby MultiscalarSVC andareapplicableto MUCS as
well. Much like otherspeculative protocols[15,31,19,10],MUCS alsocanoptimizeaway falsesquashes

FIGURE 4: A high-level state transition diagram for MUCS.
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by maintainingprotocol stateat word or smallergranularity insteadof cacheblock granularity. In this
paper, we take thefirst steptowardsunifying implicit andexplicit threadinganddo not explorethegranu-
larity issue.

4  Key Factors Affecting Performance

Multiplex combinestheperformanceadvantagesof explicit andimplicit threadingmodels.Therearekey
factorsaffecting theperformanceof eithermodel.Therefore,to gain insighton Multiplex’s performance,
we qualitatively evaluatethesefactors.Table2 depictsthe factorsaffectingperformanceandsummarizes
their impacton explicit-only, implicit-only, andMultiplex CMPs.In therestof this section,we briefly and
qualitatively evaluatetheimpactof eachfactoronperformance.In Section5, wepresentsimulationresults
that corroborate our intuition from this discussion.

Thread size. Threadsize is a key factor affecting performancein both explicit-only and implicit-only
CMPs(asdiscussedin Section3.1).Larger threadshelp (1) increasethescopeof parallelism,andreduce
thelikelihoodof datadependenceacrossthreads,and(2) reducetheimpactof threaddispatch/completion
overhead.Largerthreads,however, increasespeculationoverheadin implicit-only CMPs,by increasingthe
required storage to maintain speculatively produced data.

Load imbalance. A key shortcomingof explicit-only CMPsis their inability to exploit parallelismin pro-
gramsegmentsthat arenot analyzableat compile time. Unfortunately, even a small degreeof unknown
dependencespreventaparallelizingcompilerfrom generatingexplicit threads,resultingin aserialprogram
segment.Explicit-only CMPs’ performancedependson thefractionof overall executiontime takenby the
serialprogramsegments.Multiplex canexecutethe serialprogramsegmentsas implicit threads,signifi-
cantly improving performance over explicit-only CMPs in programs with large serial segments.

Besidesserialprogramsegments,anotherfactorcontributing to load imbalancein explicit-only CMPsis
the numberof explicit threadswhenit is not evenly divisible by the numberof CPUs;asa result,oneor
moreCPUsidle until thecompletionof theprogramsegment.Multiplex canpartitionthework sothat the
fractionresultingin a loadimbalancein explicit-only CMPsexecutesasimplicit threads,exploiting paral-
lelism across program segments and eliminating the load imbalance.

In implicit-only CMPs,load imbalanceis highly dependenton control flow regularity acrossthreads.For
instance,inner loopswith many input-dependentconditionalstatementsmay result in a significantload
imbalanceacrosstheCPUs.Explicit-only CMPsusecoarse-grainthreadsin which controlflow irregulari-
tiesacrossbasicblockswithin a threadoftenhave a cancellingeffect, reducingtheoverall loadimbalance

Machine Thread Size Load Imbalance
Data
Dependence

Thread
Dispatch/
Completion
Overhead

Data
Speculation
Overhead

Explicit-Only
Mostly coarse-grain
threads; serial for
unanalyzablesegments

Huge for serial segments;
high whenthreadsarenot
multiples of CPUs

Low to none
except for
serial segments

Low for
coarse-grain
threads

None

Implicit-Only Fine-grain threads High when irregular
control flow within thread

High High High for
large threads

Multiplex
Coarse-grain explicit
threads + fine-grain
implicit threads

High only for implicit
threads with high load
imbalance

High only for
implicit
threads

High only for
implicit
threads

Highonly for
largeimplicit
threads

Table 2: Factors affecting performance in Explicit-Only, Implicit-Only, and Multiplex architectures.
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acrossthreads.Controlflow irregularitiesonly impactperformancein Multiplex for programsegmentsthat
execute as implicit threads.

Data dependence. Parallelizing compilerscan often eliminateknown datadependences(e.g., through
privatizationor reductionoptimization).Unknown datadependences,however, result in serial program
segmentsin explicit-only CMPs,reducingperformance.Using fine-grainthreadsin implicit-only CMPs
oftencauseshigh datadependenceandcommunicationacrossadjacentthreads.Datadependencecontrib-
utesto threadingoverheadbecausea dependentthreadmustat a minimum wait for datato be produced.
While dependencesthroughregistersaresynchronized(becausethecompilerknowsexactlywhich threads
producesandconsumeregistervalues),memorydependencesmay incur additionalspeculationoverhead
when memory synchronizationhardware is unable to prevent unwanted speculation[22]. Multiplex
increasesopportunityfor eliminating threaddependenceby executingcompile time analyzableprogram
segments as explicit threads.

Thread dispatch/completion overhead. Threaddispatch/completionoverheadonly playsamajorrole for
fine-grainthreads,wherethe overheadaccountsfor a large fraction of threadexecutiontime. In explicit-
only CMPs,threaddispatchincurstheoverheadof copying of stackparametersandregistervalues.Thread
completionincurstheoverheadof flushingtheCPUload/storequeuesto makememorymodificationsvisi-
ble to the system.Explicit-only CMPs,however, only usefine-grainthreadswhenthe compilercannot
analyzedependencesamonglarger threadbodies,e.g.,whenthe compilerselectsinner loopsas threads
becausethe outer loops are not analyzable.Multiplex can executesuch fine-grain threadsas implicit
threads, thereby reducing the thread dispatch/completion overhead.

While threaddispatchincursminimal overheadin implicit-only CMPs,threadcompletionincurstheover-
headof flushing the load/storequeueas in explicit-only CMPs,andmay incur a high overhead.Thread
completionoverheadin implicit-only CMPsmay be significantbecausetheseCMPsoften usefine-grain
threads.Multiplex reducesmuchof thethreadcompletionoverheadascomparedin implicit-only CMPsby
executing analyzable program segments in coarse-grain explicit threads.

Data speculation overhead. Dataspeculationin implicit-only CMPsis limited by theamountof buffering
datacachescan provide (Section3.3). Speculationrequiresbuffering all createdversions,causingdata
cachesto fill up quickly andoverflow for memory-intensive threadsand/orlong-runningthreads.Because,
speculative dataarenot allowedto leave thecaches,executionfor a speculative threadoverflowing in the
cachestopsuntil all prior threadscommitandthethreadbecomesnon-speculative.While dataspeculation
is always performedin implicit-only threads,threadsare not always data-dependent.Multiplex signifi-
cantly reducesthedataspeculationoverheadby executionindependentthreadsasexplicit threads,obviat-
ing the need for speculation.

5  Quantitative Performance Evaluation

In this section,we quantitatively evaluatea Multiplex CMP’s performanceusing simulation.We first
describeourcompilerinfrastructure,theexperimentalmethodology, andtheapplicationandinputparame-
tersweuse.In thebasecaseperformanceresults,wecompareaMultiplex CMPwith conventionalexplicit-
only andimplicit-only CMPs.Next, we presentthe resultsfrom two experimentsproviding evidencethat
(1) implicit-only CMPsarelimited to usingfine-grainthreadsandincreasingthreadsizereducesperfor-
mancein thesemachines,and(2) our heuristics-basedcompileroptimizationsmake a near-optimal deci-
sion in choosing between explicit and implicit threads.

5.1  Methodology and Infrastructure

We have developeda cycle-accuratesimulatorfor a Multiplex CMP. Our simulatormodelsmultiple ILP
CPUcoresandpipelines,thememoryhierarchy, andanimplementationof theMultiplex threadingmecha-
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nisms in detail. Table3 summarizesthe processorand systemconfigurationparameterswe use in this
study. TheCMP includefour dual-issueout-of-ordercores,eachwith L1 instructionanddatacaches.We
assumeperfectL2 hit rates,but modelthecachefill latency betweenL1 andL2 andcontentionat theinter-
connectaccurately.1 Thesimulatormodelsthethreaddispatchunit, descriptorcache,andtheregistercom-
municationqueuesfor the implicit mode,the dispatchand synchronizationinstructionsfor the explicit
modes, and the MUCS bus protocol.

Our compiler infrastructureintegratesPolaris[6], a state-of-the-artparallelizingpreprocessorgenerating
explicit threads,with theMultiscalarcompiler[35], aGCC-basedcompilerfor generatingimplicit threads.
Our compilerinfrastructureis fully automated,obviating theneedfor handtuning.Moreover, we compile
the benchmarksasis without modifying the distributedsourcecode.To evaluateandcompareMultiplex
againstexplicit-only andimplicit-only architectures,thecompilerallows for generatingimplicit-only and
explicit-only threads when compiling applications.

We usea combinationof benchmarksfrom the SPEC95[9] andthe Perfect[5] suites.Table4 shows the
benchmarks,theusedinput datasetsandthenumberof instructionsexecutedfor eachbenchmark.In the
interestof simulationturnaroundtime, we scaledown thenumberof outerloop iterationsfor someof the
applications.Thechangein input set,however, hasa minimal impacton our performanceresultssincethe
inherent communication/computation characteristics of the applications remain the same.

1.  Our application data sets have small L2 footprints, and therefore our L2 assumption will have minimal impact on our perfor-
mance results.

Processing Units

CPUs 4 dual-issue, out-of-order

L1 i-cache 8K, 2-way
1 cycle hit

L1 d-cache 16K, 4-way, 16-byte block
1-cycle hit,
byte-level disambiguation

Squash buffer size 64 entries

Reorder buffer size 64 entries

LSQ size 64 entries

Functional units 3 integer, 1 floating-point,
1 memory

Branch predictor path-based, 4 targets

System

Thread Predictor path-based, 2 targets

Descriptor Cache 16K, 2-way, 1-cycle hit

L2 9-cycle hit and transfer,
perfect hit rate

L1/L2 interconnect snoopy split-transaction bus,
32-bit wide

Table 3: System configuration parameter s.

name input #of inst(billions)

SPECfp95 Benchmarks

apsi train 2.847

applu train 0.649

fpppp train 0.470

hydro2d test 1.141

mgrid train✳ 2.810

su2cor test 1.114

swim test 0.753

tomcatv test 0.440

turb3d train✳ 0.332

wave5 train✳ 0.114

Perfect Benchmarks

arc2d std✳ 1.530

flo52 std 3.466

trfd std 3.405

Table 4: Applications and input sets.
✳ indicates scaled down number of loop iterations
in the interest of reduced simulation time.
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5.2  Base Case Results

Figure5 comparesspeedupsfor theMultiplex CMP againsttheexplicit-only andtheimplicit-only CMPs.
We measurespeeduprelative to a superscalarprocessorconfiguredidenticallyasoneof Multiplex CPUs.
Thefiguredividestheapplicationsinto two classes:Class1 applicationsfavor theimplicit-only CMP and
class2 applicationsfavor theexplicit-only CMP. Theresultsindicatethatthereis asignificantperformance
disparitybetweentheexplicit-only andtheimplicit-only CMPsacrosstheapplications.In class1 applica-
tions, the implicit-only CMP achieveson average35%higherspeedupsandat best85%higherspeedups
thantheexplicit-only CMP. In contrast,in class2 applicationstheexplicit-only CMP achieveson average
32% higher speedups and at best 74% higher speedups than the implicit-only CMP.

Multiplex always performsbest. In all applications,Multiplex makes the correct choice betweenthe
explicit and implicit threadingmodels,always selectingthe better of the two. Multiplex on average
achievesa speedupof 2.69, improving speedupsby 16% over explicit-only and22% over implicit-only
CMPs.In sevenapplications,Multiplex improvesspeedupsover thebetterof thetwo on averageby 10%.
To betterunderstandapplicationperformanceon eacharchitecture,we evaluatethe key factorsaffecting
performance in the rest of this section.

Threading opportunity in the explicit-only CMP. Table5 shows the percentageof the original (serial)
executionof eachapplicationthat can be recognizedas parallel by the compiler. The opportunity for
explicit-only architecturesis to executethis fraction of the applicationin parallel.Amdahl’s law dictates
thatasubstantialfractionof serialexecutioncanoffsetthegainsfrom parallelismandseverelylimit overall
performance.For example,in su2cor, parallelizing81% of the applicationlimits speedupsto at most2.5
(i.e., 1/(0.8/4+0.2)=2.5).This is a key sourceof performancedegradationin explicit-only architectures,
which can be overcome by Multiplex through executing the serial sections as implicit threads.

FIGURE 5: Overall Performance of Multiplex CMP compared to an implicit-only and an explicit-
only CMPs. In class 1 applications, implicit-only outperforms explicit-only and vice versa in class 2
applications. In all applications, Multiplex matches or exceeds the performance of the better
alterarnative.
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Table 5: Fraction of the threaded execution time of each application that is recognized as parallel by
the compiler and converted to explicit threads.
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In addition,two of theclass1 applications,apsi andapplu suffer from a small threadsize.Theoutermost
loopsthat thecompilercanselectasexplicit threadsin theseapplicationsconsistof loopswith smallbod-
iesanditerationcounts.Therefore,thethreaddispatchoverheadin theseapplicationssignificantlyimpacts
overall threadexecutiontime.Multiplex canselecttheseloopsasimplicit threads,significantlyimproving
performance over the explicit-only CMP.

Threading overhead in the implicit-only CMP. Figure6 shows the overheadsthat have a first order
impacton implicit-only andtheMultiplex CMPs’performance.Thefigureplotsoverhead(i.e., thenumber
of processorcyclesnot contributing to computation)asa fractionof overall executiontime in theimplicit-
only CMP. Thefigureonly includesoverheadsdueto the threadingmechanisms(discussedin Section4);
overheadsintrinsic to thebasesuperscalarCPUcores(e.g.,pipelinehazards)arethesamein all theCMPs
andarenot shown. For all applications,othersystemcharacteristicsremainthesameacrosssystems,with
theexceptionof memorylatency in mgrid; usingexplicit threadsto parallelizeoutermostloopsin Multi-
plex changesmgrid’s datalayout in the caches,significantly increasingdatalocality ascomparedto the
implicit-only CMP.

We will first consideroverheadsin the implicit-only CMP and thendiscussthe changeswhengoing to
Multiplex. The figure shows that the largestsourceof overheadis datadependencesandsquashes.Our
measurementsindicatethat squashoverheadis small in all cases,except in fpppp. The threadpredictor
exhibitshighpredictionaccuraciesfor all theapplicationsbecauseloopbranches(at thethreadboundaries)
aretypically predictable.Thememorydependencehardware(i.e., thesquashbuffer [22]) canalsosynchro-
nizemostdependencesbecausemostimplicit threadsarefine grainwith small instructionfootprints.The
squashes infpppp are due to low hit rates in the squash buffer because offpppp’s large threads [22].

Loadimbalanceis anothersignificantfactorespeciallyin class1 applications.Fpppp, apsi, turb3d, applu,
andwave5 havecontrolflow irregularitiesin theinnerloops(i.e., loop iterationsincludinginput-dependent
conditionals[35]). Becausetheimplicit-only CMPis limited to usingfine-grainthreads,it primarily targets
inner loopsandthereforesuffers from load imbalancein theseapplications.Similarly, threadcompletion
overheadof flushingthe load/storequeuesis non-negligible in many of the applicationsdueto the small
thread size.

Finally, data speculationoverheaddue to speculative stateoverflow is only a significant overheadin
turb3d, wave5, andtomcatv. For theimplicit-only CMP, thecompilercarefullyselectsthreadsizeto mini-
mizethestateoverflow [35]. In Section5.3,however, we show thatusinglarger threadsto increaseparal-
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lelism andeliminatedependenceswould prohibitively increasethespeculationoverhead.This overheadis
one of the key limitations of implicit-only architectures and a motivation for Multiplex.

Threading overhead in Multiplex. The figure indicatesthat Multiplex reducesmuchof the overheadin
theimplicit-only CMPespeciallyin class2 applications.In theseapplications,Multiplex exploitsadvanced
parallelizationtechniquesto eliminatedatadependencesandgeneratecoarse-grainexplicit threads(con-
sistingof outerloopnests),reducingall sourcesof overhead,andsignificantlyimproving performanceover
the implicit-only CMP.

In class1 applications,therearea few programsegmentsthatMutiplex convertsto explicit threads.These
explicit threadsreducethedatadependenceoverheadin apsi andsu2cor. Moreover, theexplicit threadsvir-
tually eliminate the data speculationoverheadin tomcatv and turb3d, and diminish it substantiallyin
wave5. As such,tomcatv andsu2cor exhibit a high performanceboostfrom Multiplex. Unfortunately, the
parallelizationtechniquesthe compilerusesslightly increasethe instructioncount,the overall impacton
performance inapsi andwave5 is modest.

5.3  Impact of Thread Size

A significantsourceof inefficiency of the implicit-only CMPsaresynchronizedserial regions.We have
arguedthat Multiplex canreducethis inefficiency becauseit exploits explicit parallelismin outer loops,
which encompassthe inner serialprogramsections.Figure7 demonstratesthat it would not be a simple
solutionfor theimplicit-only CMPto exploit outerparallelism.In thisexperiment,weforcethecompilerto
generateimplicit threads(for theimplicit-only CMP) consistingof theiterationsof outer, parallelloops—
thesameloopsselectedasexplicit threadsin theexplicit-only CMP (andMultiplex). Becausetheseloops
aredependence-free,theonly sourceof overheadin the implicit-only CMP is dueto dataspeculationand
speculative state overflow.

The figure shows that this changewould leadto a drasticperformancedegradationin mostapplications.
The reasonis that the threadsbecomeso large that speculative stateoverflow becomesdominant.For
example,in applu, the overflow increasesfrom 0 to 30% of the total numberof cycles in the original,
implicit-only execution. Inswim, this overhead increases to 160%.

FIGURE 7: Effect of increasing the thread size in the Implicit-only CMP. The left bars show the
same performance as in Figure 5. The right bars show the performance when selecting threads from
outer parallel loops, as done for explicit threads in Multiplex. Note, that the presence of such outer
loops depends on the compilers ability to identify them. For example, in fpppp “inner” and “outer” loops
are the same.
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5.4  Reducing Dispatch Overhead in Explicit Threads

Smallexplicit threadscanincursignificantdispatchoverheadsfor settingupandinitializing privatestacks.
Becauseof this reason,small parallel loops run more efficiently using implicit threads.The compiler
appliesa simple heuristic to decidewhen it is better to run a compiler-recognizedparallel loop with
implicit ratherthanexplicit threads.Theheuristic“predicts” thatall innermostloopsrun moreefficiently
with implicit threads.Inner loopsareusuallysmallanddo not causespeculative stateoverflow in implicit
threads. Hence there is usually no benefit from running such loop iterations as explicit threads.

Figure8 shows the performanceimpactof this compileroptimization.It shows Multiplex’s performance
without andwith applyingtheheuristic.In two applications,apsi andapplu, thereis a significantperfor-
manceimprovement.Thenumbersabovethebarsshow thepercentageof theexecutiontimethatis spentin
explicit threadsbeforeandafterapplyingtheheuristic.In two applications(fpppp and su2cor) thereis no
significantchange.In fpppp, therewasno significant,compiler-recognizedparallelism.In su2cor, theheu-
ristic doesnot detectunprofitableexplicit threads.In tomcatv, theheuristicdoesnot improve performance
becauseone of the threadsincurs speculative stateoverflow after convertion to implicit. In wave5 and
turb3d, all affected threads perform identically before and after the optimization.

Thefigurealsoshows anupperperformanceboundthatcanbeachievedby alwayscorrectlychoosingthe
betterof explicit andimplicit threads.We obtainedthis boundby profiling the implicit-only andexplicit-
only executionsandthenmanuallycombiningthebestcasesloop by loop. Thefigureshows that theheu-
ristic is alreadycloseto theoptimum.Notethat increasingtheinput datasize,however, mayleadto more
speculative stateoverflow in inner loops and thus changethe trade-off betweenimplicit and explicit
threads.

6  Related Work

Therearemany projectsexploring architecturalproposalsfor implicit threadingsuchasWisconsinMulti-
scalar[29,15] and TraceProcessor[28], StanfordHydra [18], CMU Stampede[30], MinnesotaSuper-
threadedprocessor[33], Illinois Speculative NUMA [10], and SUN MicrosystemsMAJC [32]. While
Multiplex proposestechniquesto unify implicit andexplicit threadingwithin a singleapplication,these

FIGURE 8: Reducing explicit thread dispatch overhead in class 1 applications. The figure
illustrates the effect of the heuristic-based thread selection algorithm in eliminating high-overhead
explicit threads in class 1 applications. Profiling shows optimal thread selection. Explicit thread
dispatch overhead is minimal in class 2 applications, which benefit from coarse-grain threads.
Numbers above the bars show the percentage of the execution time spent in explicit threads before
and after applying the heuristic.

fpppp
apsi

turb3d
applu

wave
5

su
2co

r

tomca
tv

Unoptimized Heuristic Profiling

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

S
pe

ed
up

0/0

57/18
10/5 76/3574/36

82/82
81/37



21

projectshavefocusedonemploying implicit andexplicit threadingseparatelyonaperapplicationbasisbut
not combined within one application.

Many of the projectshave a compilercomponentto develop compiler techniquesfor implicit threading.
Someof theprojectsusetheadvancedSUIF compiler[17] for programanalysisbut rely on manualidenti-
fication of programsectionsfor speculative parallelizationby the compiler[31,19]. Becausemisspecula-
tion recovery is in software, the compiler also generatesrecovery code. While many of the projects
evaluateperformanceon partsof applicationsselectedfor implicit threading[18,30,10],Multiplex evalu-
atesentireapplicationsby usinga fully automatedcompilerinfrastructureconsistingof the Polariscom-
piler [6] integrated with the Multiscalar compiler [35]. Because speculative state buildup and
misspeculationrecovery is fully implementedin hardware,the Multiplex compilerdoesnot generateany
misspeculation recovery code.

In [24], the authorsdescribeseveral compiler techniquesto help thread-level speculationandarguethat
exploiting loop-level parallelismis insufficient.In [33], theauthorsdescribecompilertechniquesfor super-
threaded architectures. No implementation of these techniques exist yet.

Thereareproposalsto provide hardwaresupportto make dependencetrackingefficient in DSM systems.
Extensionsto compilertechniquesfor runtimedatadependencetestingandsoftwaremisspeculationrecov-
ery areproposedin [37,36]. While theseextensionsfocuson the specificcompiler techniqueof runtime
data-dependencetesting, the Multiplex compiler performsgeneralunification of implicit and explicit
threads.

7  Conclusions

Chipmultiprocessors(CMPs),whichexploit thread-level parallelism(TLP), areemergingasanalternative
to traditionalsuperscalararchitectures.In oneform of TLP, thecompiler/programmerextractstruly inde-
pendentexplicit threadsfrom the program,andin another, the compiler/hardwarepartitionsthe program
into speculatively independentimplicit threads.However, explicit threadingis hardto programmanually
and, if automated,is limited in performancedue to serializationof unanalyzableprogramsegments.
Implicit threading,on theotherhand,requiresbuffering of programstateto handlemisspeculations,andis
limited in performance due to buffer overflow in large threads and dependences in small threads.

WeproposedtheMultiplex architecturefor CMPsto unify implicit andexplicit threadingbasedontwo key
observations:(1) Explicit threading’s weaknessof serializingunanalyzableprogramsegmentscanbealle-
viated by implicit threading’s speculative parallelization;implicit threading’s performanceloss due to
speculative buffer overflows in large threadsanddependencesin short threadscanbe alleviatedby large
explicit threads’exemptionfrom buffering requirementsin analyzableprogramsegments.(2) To achieve
high performance,explicit and implicit threadingemploy cachecoherenceand speculative versioning,
respectively, which aresimilar memoryhierarchy mechanismsinvolving multiple privatecachesfor effi-
cient sharingof data.Multiplex exploits the similarities to allow efficient implementationwithout much
extra hardwareandcombinesthe complementarystrengthsof implicit andexplicit threadingto alleviate
the individual weaknesses of the two schemes.

We presentedarchitectural(hardwareandcompiler)mechanismsfor selection,dispatch,anddatacommu-
nicationto unify explicit andimplicit threadsfrom asingleapplication.WeproposedtheMultiplex Unified
CoherenceandSpeculative versioning(MUCS) protocolwhich providesunifiedsupportfor coherencein
explicit threadsandspeculative versioningin implicit threadsof a singleapplicationexecutingon multiple
coreswith privatecaches.Usingsimulationof thetenSPECfp95andthreePerfectbenchmarks,weshowed
thatneitheranimplicitly-threadednorexplicitly-threadedarchitectureperformsconsistentlybetterthanthe
otheracrossthebenchmarks,andfor severalbenchmarksthereis a largeperformancegapbetweenthetwo
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architectures.We showed that Multiplex matchesor outperformsthe betterof the two architecturesfor
every benchmark and, on average, outperforms the better architecture by 16%.
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