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Abstract

Traditional monolithic superscalararchitectureswhich extract instruction-leel parallelism (ILP) to

achieve high performancearenot only becominglesseffective in improving the clock speedandILP but

also worseningin designcompleity and reliability acrossgenerationsChip multiprocessor{CMPs),
which exploit thread-leel parallelism(TLP), areemeging asanalternatve. In oneform of TLP, thecom-
piler/programmeeextractstruly independenexplicit threadsfrom the program,andin anothey the com-
piler/hardvare partitionsthe programinto speculatrely independentmplicit threads.However, explicit

threadingis hardto programmanuallyand,if automatedis limited in performancedueto serializationof

unanalyzable@rogramsegmentsImplicit threadingon the otherhand,requiresbuffering of programstate
to handlemisspeculationsandis limited in performancelueto buffer overflow in largethreadsanddepen-
dences in small threads.

We proposehe Multiplex architecturdo unify implicit andexplicit threadingoy exploiting thesimilarities
betweenthe two schemesMultiplex employs implicit threadingto alleviate serializationin unanalyzable
programsegments andexplicit threadingto remove buffering requirementandeliminatesmallthreadsn
analyzablesggments.We presenthardware and compiler mechanismdor selection,dispatch,and data
communicatiorio unify explicit andimplicit threadswithin asingleapplication We describehe Multiplex
Unified CoherencendSpeculatie versioning(MUCS) protocolwhich providesunified supportfor coher-
encein explicit threadsandspeculatre versioningin implicit threadsof anapplicationexecutingon multi-
ple coreswith private cachesOn the ten SPECfp95andthreePerfectbenchmarksneitheranimplicitly-
threadedhor explicitly-threadedarchitecturgperformsconsistentlybetteracrossthe benchmarksandfor
severalbenchmarkshereis a large performancegap betweenthe two architecturesMultiplex matchesor
outperformghe betterof thetwo architecturegor every benchmarkand,on average outperformghe bet-
ter architecture by 16%.

1 Introduction

Improvementsn CMOSfabricationprocessesontinueto increasen-chipintegrationandtransistorcount
to phenomenalevels. Traditional monolithic superscalarsise the rising transistorcountsin extracting
instruction-level parallelism(ILP) to achieve high performanceUnfortunately superscalaarchitectures
arenotonly becomingesseffective in improving the clock speed25, 21,1]andILP but alsoworseningn
designcompleity [20] andreliability [2] acrosschip generationsinsteadmary researcherandvendors
areexploiting the increasingnumberof transistorgo build chip multiprocessor¢CMPs)by partitioninga
chip into multiple simpleILP cores[29,18]. As in traditionalmultiprocessorsCMPs extract thread-leel



parallelism(TLP) from programsby running multiple — independenbr properly synchronized— pro-
gram sgments, i.e.threads, in parallel.

Themostcommonform of TLP is explicit threadingusedin corventionalshared-memorynultiprocessors.
In explicit threading softwareexplicitly specifieghe partitioningof the programinto threadsandusesan
applicationprogramminginterfaceto dispatchand executethreadson multiple coresin parallel. Explicit
threadseither computeindependentlyor shareand communicatedatathroughmemorywhen necessary
Examplesof CMPs using explicit-threadingare IBM Power4 [11] and CompaqgPiranha[4]. Explicit
threadings key shortcominghowever, is thatit requiresa programmeior parallelizingcompilereitherto
guaranteehatthreadscancomputeindependentlyr to coordinatesharedaccesseamongthreadghrough
synchronizationUnfortunately parallelprogrammingis a tediousand costly task only suitablefor high-
endsystemsSimilarly, while parallelizingcompilershave succeedeth threadingmary large andimpor-
tantapplicationsautomatigparallelizationhasbeenlimited to programsandprogramsegmentswith stati-
cally analyzablaelependence&Vhenthe compilerfails to prove independencehe correspondingprogram
sgment is gecuted serially on a single core.

Alternatively, recentproposaldor CMPsadwcatespeculatre, or implicit, threadingn which thehardware
emplgys predictionto peeloff instructionsequencesi.e., implicit threads)rom the sequentiakxecution
streamandspeculatiely executeghemin parallelon multiple cores.To presere programexecutioncor-
rectnessjmplicitly-threadedhardware identifies and satisfiesall dependenceamongimplicit threads.
Examplesf proposedarchitecturesisingimplicit threadingareMultiscalar[29] andTraceProcessof28],

Hydra [18], Stampede [30], Superthreaded processor [33], SpeedtiMA [10], and MAJC [32].

To maintainprogramcorrectnessimplicitly-threadedarchitecturegely on the hardwareto track depen-
denceamongthreadsandverify correctspeculationUpon a misspeculationthe hardwarerolls backthe
systemto a stateconformingto sequentiasemanticsTo allow properrollback,implicit threadingrequires
buffering all speculatie threads’programstate[29]. While speculatre buffer overflow resultsin complete
stallingor rollbackof speculatre threadsandessentiallyserializationof execution,bufferingis only neces-
saryif therearetrue dependenceamongthreadsthat are not detectableat compiletime. Implicit thread-
ing’s key shortcomings thatthe hardwaremustalways buffer programstateto track dependenceamong
threads State-of-the-arbuffering techniquede.g.,custombuffering [13] and cache-basebuffering [15,
19,30, 10]), hawever, canonly provide fastbuffering large enoughto accommodatshort-runningmplicit
threadgqe.g.,up to ahundrednstructions).Smallthreaddimit the scopeof extractedparallelism,increase
the likelihood of intesthread dependence, and reduce performance.

We proposethe Multiplex architecturgor CMPsto unify implicit andexplicit threadingbasedon two key

obsenations:(1) Explicit threadings weaknes®f serializingunanalyzablgrogramsegmentscanbe alle-

viated by implicit threadings speculatie parallelization;implicit threadings performanceoss due to

speculatre buffer overflows in large threadsand dependencem shortthreadscanbe alleviated by large
explicit threads’exemptionfrom buffering requirementsn analyzablegprogramsegments.(2) To achieve

high performance explicit and implicit threadingemploy cachecoherenceand speculatie versioning
[15,30,19,10] respectiely, which are similar memory hierarcly mechanismsnvolving multiple private
cachedor efficient sharingof data.Multiplex exploits the similaritiesto allow efficient implementation
without muchextra hardwareandcombineghe complementargtrengthf implicit andexplicit threading
to alleviate the indridual weaknesses of thedvgchemes.

The main contribtions of this paper are:

* we presengarchitecturalhardwareandcompilerymechanismsor selectiondispatchanddatacommu-
nication to unify &plicit and implicit threads from a single application;



* we proposehe Multiplex Unified Coherenceind Speculatre versioning(MUCS) protocolwhich pro-
videsunifiedsupportfor coherencén explicit threadsandspeculatre versioningin implicit threadsof a
single applicationxecuting on multiple cores with pete caches;

* usingsimulationof theten SPECfp95andthreePerfectoenchmarksye shav thatneitheranimplicitly-
threadednor explicitly-threadedarchitectureperformsconsistentlybetteracrossthe benchmarksand
for several benchmarks there is agarperformanceap between the twarchitectures;

* we shav thatMultiplex matchesor outperformghe betterof thetwo architecturegor every benchmark
and, on gerage, outperforms the better architecture by 16%.

In thefollowing section,we describeadvantagesinddisadwantagef currentexplicit andimplicit archi-
tecturesandmotivatedthe needfor a unifiedarchitectureln Section3, we introduceMultiplex. Section4
characterizeshe key factorsimpacting performanceand presentsa qualitative performanceanalysisof
TLP architecturesSection5 presentghe simulationmethodologyandresults.Section6 presentsa sum-
mary of related wrk. Finally Section7 concludes the paper

2 Background: Execution Modelsfor Explicit & Implicit Threading

In this section,we briefly describecompareand provide examplesfor threadexecutionandthe required
hardware supportin explicitly-threadedandimplicit-threadedarchitecturesAt the highestlevel, the key
similarity betweenthesearchitecturess thatboth simultaneouslyexecutemultiple threadshat communi-
cateamongoneanotherAs such,thedominantfraction of hardwareresourcesequiredby eitherarchitec-
tureis commonandincludesexecutionresourcege.g.,multiple CPU cores)andcommunicatiorresources
(e.g., coherent shared memory through L1 caches).

Thekey differencesarehow, in eacharchitecturethe hardwaredetectsvhencommunicatioris necessary
— i.e.,interthreaddatadependences- andidentifiessubsequerthreadso executeuponthreadcomple-
tion — i.e., theinterthreadcontrol dependencesn explicitly-threadedarchitecturesthe applicationsoft-
wareeithereliminatesdatadependencéhroughadwancedparallelizingcompileranalysisandtechniques,
or specifiegvery instanceof datadependencasingasynchronizatiomprimitive (e.g.,abarrier).Moreover,
software specifiesinterthreadcontrol dependenceising a threaddispatchprimitive (e.g., a fork call).
Becausesoftwareobviatesthe needfor hardwareto trackthe dependence$iardwareachiezeshigh perfor-
mance by praiding fast mechanisms for data communication, and thread dispatckendien.

In contrast,n implicitly-threadedarchitecturesinterthreaddataand control dependenceareimplicit in
the sequentiaprogramorder The hardware infers the existenceof datadependence— e.g.,betweena
memoryreadinstructionand a precedingprogram-ordememorywrite instructionto the samelocation.
Similarly, thehardwareresohesinter-threadcontrolflow dependencéBecauséardwarerecevesnoinfor-
mationfrom software, it relieson dependenceredictionandspeculatiortechniquedo guesshe missing
information and deliver high performanceThe hardware validatesall control flow anddatadependence
speculationdy verifying againstthe sequentiaprogramorder andtriggersrollbacksupondetectingpossi-
ble misspeculations which may violate sequential semantics.

In therestof this section,we presentxampleexecutionson eachof the two (threading)architecturesWe
pointoutthekey performancegroblemswith thearchitectureso illustratethatcombiningthetwo canboth
(1) achiere higher performanceby exploiting one architectures strengthgo alleviate the otherarchitec-
ture’'s weaknessegnd(2) beimplementedefficiently without muchhardware overheadby exploiting the
similarities between the twarchitectures.
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FIGURE 1: An e xample of e xplicit threading e xecution.

2.1 Example Execution in an Explicitly-Threaded CMP

Figurel shavs a simpleexampleof a programrunningon an explicitly-threadedCMP. The figure shaws

the high-level anatomyof a typical CMP with threadexecutionresourcegi.e., four CPUs)andthe data
communicatiorhardware(i.e.,coherent1 datacaches)In this example the mainthreadexecutessequen-
tially (notshavn) on CPUO,andforks parallelexplicit child threadssothateachCPUexecuteghefunction
parallel_compute simultaneouslyThefunctionincludesa pair of loops,whereeachthreadexecutesafrac-

tion of the loop iterations.The first loop computesandwrites to array A. In the secondoop, every loop
iterationis dependenbn the value of A[2] createdby CPUOQin the first loop and storedin its L1. The
CPUs’ L1 cachecontrollersimplementa snoopcache-coherencprotocol which identifies A[2]'s most
recent cop to be in CPUG L1, and copies it into other CPUs’ L1s (e.g., CPU1 and CPU3) on demand.

In the exampleshawvn, the compiler (or the programmer)detectsthat the first loop and secondloop are
dependenbnly througharray A andthereforeseparatethemby a barriersynchronizationBy identifying
theonly datadependencamongthethreaddo bethroughA[ 2], andspecifyingthe dependencthroughthe
barrier primitive, software guarantees that hardware can otherwiseexecutethe threadsat peak speeds.
Moreover, the“fork” primitive directsthe hardwareto executeexactly a singlecopy of parallel_compute
asathreadon eachCPU, specifyingthe threadcontrol flow dependenceJnfortunately whendatadepen-
dencesareunknavn, thecompiler(or the programmer¥ails to generatexplicit threadsandthereforeexe-
cutes the entire programggeent (i.e., entire pair of loops) in a single thread.

2.2 Example Execution in an Implicitly-Threaded CMP

Figure2 shaws a simple exampleof a programrunningon an implicit-threadedCMP. In this example,a
loop computesover array A with loop iterationsthathave unknavn dependenceat compiletime. A com-
piler for an implicitly-threadedarchitecture(e.g., the Multiscalar compiler [35]) partitionsthe loop and
assigneachimplicit threada singleloop iteration.To helpthe hardwareidentify which subsequerthreads
to dispatchonthe CPUs,eachimplicit threadincludes(embeddedn the executablex list of possible sub-
sequenthreadspr target threadsandtheir startingprogramcounters(not shovn); the targetthreadsare
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FIGURE 2: An example of implicit threading execution.

the exit pointsof a threadin the controlflow graph.In this example,the executionof a loop iterationcan
either be folleved by another loop iteration or the code failog the loop (upon loop termination).

Unlike explicitly-threadedarchitecturesimplicitly-threadedarchitecturesely on hardware predictionto
dispatchthreads For every dispatchedhread,hardware predictsa and selectsamongthe threads list of
tamget threads,a subsequenthreadto dispatch.As shavn in the example,the predictorselectsand dis-
patchesubsequerbop iterations startingfrom iteration0, on the CPUsin cyclic order Becauseteration
0 is the “oldest” threadexecutingin programorder it is guaranteedo completeandis saidto be “non-
speculatie”. Dispatchpredictionfor athreadis only verified whenall precedinghreadscomplete there-
fore all threadsexceptfor iteration0 are“speculatve” and may be “squashed’if mispredictedThe loop
branch condition at the end of each iteratierifies prediction for the subsequent iteration.

Assumethatiterationso, 1, 2, and 3 accesghe sameelementA[2]. Upon missingon a load from A[2],
CPUOSs threadobtainsa copy of the correspondingacheblock from L2 andmarksthe block asnon-spec-
ulative. After afew cycles,CPU1s thread(i.e., the speculatie iteration1) misseson a storeto A[ 2], and
the protocolsuppliesa copy of the block from L2. CPUlthencreatesa speculatiely renamedversionof
the block, denotedby A[2] Y1, without invalidating CPUO's copy (aswould be donein explicitly-threaded
architectures)andmarksthe block asspeculatre dirty. WhenCPU3’s threadmisseson aloadfrom Al 2],
the protocolsuppliesCPU15s versionof the block, A[ 2] V1 because€CPULlis the closestprecedinghread,
and CPU3 marks itsnn copy as speculately loaded.

Next, CPU2 misseson a storeto A[2], it createsyet anotherspeculatre renamedversionof the block,

A[2]¥2, without invalidating A[2]¥2. The protocol subsequenthsquashe€€PU3 (and ary future threads)
becaus€PU3prematureioadedCPU1s version,Al 2] V1 insteadof thesequentiallycorrectCPU2s ver-

sion, A[ 2] V2 SquashingCPU3alsoinvalidatesthe blocks speculatrely accessedy CPU3.The protocol

maintainghe programorderbetweenCPU1s andCPU25s versionsaspartof the protocolstateto provide

the correct ersion for future accessesAf2]. CPU3 re-gecutes and loady 2] Y2 from CPU2.

Uponcompletion the threads'‘commit” in sequentiabrder markingthe speculatiely accessetlocksas
non-speculatie (or committed).Becauseall future iterationsaccesglifferentelementsof A, cacheblocks



accessedn thoseiterationsare first marked as speculatre, and then committed without causingary

squashesA key shortcomingof hardwaredataspeculationis thatbecausahe L1 cachesnaintainthe pro-

gramorderamongall dataassessefor bothloadsandstores)o track dependenceandguaranteeorrect
execution,speculatre dataarenot allowedto leave the cachesary capacityandconflict problemscausing
aspeculatie blockreplacemenstall the CPUuntil it becomesion-speculatie, resultingin substantiaper-
formance loss [15].

Unfortunatelyimplicitly-threadedarchitectureslways predictandexecutethreadsspeculatiely, andtrack
datadependencen hardware even if a programsegmentis analyzable.For instance,in the example
becausehereareno controlflow dependencei.g.,a conditionalbreakstatementithin theloop) except
for the loop branchcondition betweenthe loop iterationsand the codeimmediatelyfollowing the loop,
softwarecandirectthreaddispatchusingafork primitive, andobviatethe needfor hardwarepredictionand
eliminatingary potentialmispredictionoverhead Similarly, therearemary scenariosvherean adwvanced
parallelizingcompilercaneitherdetectandguaranteao datadependenceamongthreadsexist [7,27,14]
or caneliminatethe datadependencege.g., througharray privatization[34,16]). In suchscenariosthe
hardwareunnecessarily tracksdatadependence&miting the scopeof parallelismto the buffering capacity
in the L1 caches.

3 Multiplex: Unifying Explicit/Implicit TLP ona CMP

In this paper we proposeMultiplex, an architecturethat unifies explicit andimplicit threadingon a chip
multiprocessarMultiplex alleviates explicit threadings weaknessof serializing unanalyzableprogram
seggmentsby usingimplicit threadings speculatie parallelization.Multiplex avoids implicit threadings
performancdossdueto speculatie buffer overflows in large threadsanddependenceis shortthreadsby
using large explicit threadswhich are exempt from buffering requirementsn analyzableprogramse-
ments.Thus,Multiplex combineghe complementangtrengthsof implicit andexplicit threadingto allevi-
ate the individual weaknessesf the two schemesMultiplex achieves efficient implementationwithout
much extra hardware by exploiting the similarities betweenexplicit threadings cachecoherenceand
implicit threading$ speculatie versioning mechanisms.

Thekey mechanismsequiredfor athreadingmodelare:(1) thread selection, a mechanisnto partitionthe
codeinto distinctinstructionsequenceg?) thread dispatch, a mechanisnto assigna threadfrom the pro-
gramto executeon a CPU, (3) data communication, mechanismso propa@tedata(i.e., registerandmem-
ory) valuesamongindependenthreads to allow implicit threadgo privatizedatain multiple cachesunder
the samememoryaddress.andto guaranteeorrectprogramexecution.In the following subsectionsywe
presenthardware and compiler mechanismdor selection,dispatch,and data communicationto unify
explicit and implicit threads within a single application.

Figure3illustratesa Multiplex CMP. Our Multiplex CMP is looselyderived from the WisconsinMultisca-
lar [29,15]. As in traditionalsmall-scalanultiprocessordyviultiplex CMP includesa smallnumberof con-
ventionalsuperscalaCPU coreswith first-level instructionand datacachesanda sharedevel-two cache
[23]. To supportimplicit andhybrid explicit/implicit threading Multiplex alsoincludessupportfor specu-
lative threaddispatchconsistingof a dispatchunit anda threaddescriptorcache;registercommunication
gqueuesandmemorycommunicationspeculationanddisambiguationthroughlevel-onedatacachesMul-
tiplex unifies cachecoherencavith memoryrenamingand disambiguatiorin level-onecacheghrougha
single snoop bus protocol.

3.1 Thread Sdlection

Multiplex relieson a unified compilerinfrastructureto generateoth explicit andimplicit threadsUnlike
state-of-the-artompilerswhich arelimited to compiling for a specificthreadingmodel,in Multiplex the
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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.

compilerhasthe opportunityto choosebetweerimplicit andexplicit threadingmodelsto maximizeperfor-
manceon a perprogramandperprogramsegmentbasis.The choicebetweerthreadingmodelsdepend®n
program and system characteristics.

Selecting explicit threads. Multiplex executesprogramsegmentswhich the compiler can partition into

independenthreador threadswith known datadependencessexplicit threadsThe compilercoordinates
the known datadependenceandsharingin suchthreadsusingexplicit synchronizatiorstatementsSuch
threadsmaximizethe parallelismexploited, eliminatehardware speculatioroverhead andrealizethe raw

hardware speeds of multiple CMP cores.

Multiplex relies on a state-of-the-arparallelizing compiler to analyzeprogramsand generateexplicit
threads.Thesecompilers(e.g., Polaris[6], SUIF [17]) usea myriad of techniquedo test[7,27,14]and
eliminatedatadependencén programsegments[3,34,26,16].Moreover, thesecompilersincreasethread
performancén analyzablgprogramsegmentghroughcodetransformation$o optimizefor memoryhierar-
chy locality and communication laten§l7].

In explicit threading threadsize playsa key role in minimizing threadexecutionoverhead Dispatching
explicit threadg(Section3.2) requiresat a minimum settingup private stacks passingargumentsthrough
the stacks andsynchronizinghethreadsuponcompletion Explicit threadingcompilerstypically partition
thework amongcoarse-graithreadgo amortizethe dispatchandcompletionoverheadver threadexecu-
tion time. For instancejn nestedoopswith smallinnerloop bodies,explicit threadsoften consistof outer
loop iterations[17,6]. Too coarse-graira thread, however, increaseshe likelihood of load imbalance
diminishing the opportunity for parallekecution.

When selectingexplicit threads,the compiler hasfull flexibility in choosinghow to partition the work
amongthreads.In partitioning the codeinto explicit threadsthe compiler can analyzeand estimatethe
appropriatehreadsizebasedn the dispatchoverheadandloadimbalanceThe compileralsohastheflex-
ibility of choosingthe orderin which explicit threadsare dispatchedSection3.2). Together selecting
thread size and dispatch order can help minimize load imbalance and diyestead.

Selecting implicit threads. Multiplex executegprogramsegmentswith control flow or datadependences
that are unanalyzableat compile time as implicit threadsMultiplex extracts parallelismfrom implicit
threadsat runtimewith the help of hardwarespeculationUnlike explicit threadingwheresoftwareinvokes
threaddispatchusing an application-programmingnterface,in implicit threadingthe software merely
specifieghreadboundariesand not the control flow amongthem[35]. The hardwarein turn predictsand



speculatiely dispatcheghreadsat runtimeto maintaininstructionexecutionflow in accordancavith the
sequential ecution semantics.

Multiplex alsorelieson a state-of-the-artompiler(e.g.,the Multiscalarcompiler[35]) to generatemplicit
threads Alternatively, hardware ratherthanthe compiler can extract and selectimplicit threads[28,12].
Selectingthreadsin hardware allows extracting TLP directly from uniprocessompplicationbinariesat
runtime,obviating the needto recompilethe program By selectingmplicit threadsn the compiler Multi-
plex benefitsfrom mary key transformationtechniquesavailable at compile time to improve implicit
thread performance [35].

Therearetwo key criteriafor implicit threadselectionto minimize: (1) control-flov and dataprediction
andspeculatioroverheadand(2) datadependenceandtheir distanceamongthreads An implicit thread
typically includesone of or more (statically) adjacentbasicblocks. Minimizing control-flov speculation
overheadsimply requireshatthe compilercarefullyselectehreadboundariesothatthreadsendatbranch
instructionswith predictableoutcomege.g.,loop branches)This way, hardware predictionsuccessfully
dispatcheshreadsandreducesspeculatioroverhead.The Multiplex compilerexploits a numberof tech-
nigues to analyze and reduce thverbiead due to speculation and data dependence [35].

As in explicit threadsthreadsizeplaysakey role in implicit threadperformancelLargerthreadanayhelp
amortizethe threaddispatchandcompletionoverheadandincreasehe scopefor parallelismby reducing
dependencamongthreadsHowever, dataspeculatioroverheadsignificantlylimits threadsizein implicit

threading Hardware mustmaintainall memorymodificationsby a speculatiely executingimplicit thread
sothatsubsequergpeculatie threadscanconsumeheresultsof pastcomputationMoreover, in caseof a
mispredictionall memorymustberestoredo a stateconformingto sequentiaéxecutionsemanticsThere-
fore, there may be multiple versionsof a datamemoryblock presentin processotcachessignificantly
increasinghe memoryoverheadand cachetraffic [35]. Consequentlyimplicit threadingtypically resorts
to fine-grain (ratherthan coarse-grainthreads(e.g., inner loops) to exploit parallelism.Moreover, the
speculatioroverheacconstrainion threadsizealsolimits thecompilers flexibility in varyingthreadsizeto

reduce load imbalance.

Unifying thread selection in Multiplex. To minimize executionoverheadthe Multiplex compileralways
searchedirst for statically parallelizableprogramsegmentsand partitionstheminto explicit threads.The
compiler subsequently generates the rest of the progigmesds as implicit threads.

Therearescenariosn which thereis atrade-of betweerntwo threadingmodelsfor staticallyparallelizable
programsLoopswith small bodiesthatiteratefor a small numberof timesare bestexecutedasimplicit
threadsdueto the high explicit dispatchoverheadandlow implicit dataspeculatioroverhead Moreover,
programsegmentsthat are not evenly partitionableinto threadnumbersthat are multiples of CPUswiill
resultin asignificantloadimbalancef executedentirely asexplicit threadsThe compilercanpeeloff the
tail partof sucha programsegmentandexecuteit in parallelwith subsequentrogramsegmentsasimplicit
threadsto eliminatethe load imbalance.The compilersflexibility in choosingthe threadingmodelhelps
complementhe strengthsof both models,therebyimproving applicationperformanceln Section5, we
will presentsimulationresultsindicating how simple compiler heuristicshelp unify threadselectionin
Multiplex.

3.2 Thread Dispatch

In Multiplex, dispatchingathreadon a CPUinvolves: (1) assigninga programcounterto the CPUindicat-
ing the addressf thefirst instructionbelongingto the thread,(2) assigninga private stackpointerto the
CPU,and(3) implementinga dispatch‘copy” semanticEopying the stackandregistervaluesprior to the
dispatchto all dispatchedhreads;asin corventionalthreadingmodels,Multiplex usesa single address
spaceor all thethreadsandonly requirescopy semanticgor stacksandregisters(andnot memory)upon
dispatch.



Dispatching explicit threads. As in corventional explicitly-threadedarchitecturesMultiplex usesan
applicationprogrammingnterfaceto dispatchthreadsTo minimize dispatchoverheadMultiplex supports
the programminginterfacedirectly at the instructionsetarchitecturdevel. A f or k instructiontakesan
argumentin an architecturalregister andassignst to the programcounterof all other CPUs.Oncedis-
patchedthreadgroceeduntil theexecutionreaches st op instruction.Uponthreadcompletion anappli-
cation may dispatch methreads through subsequereeutions of thd or k instruction.

In explicit threading gachthreadusesa privatestack.ln Multiplex, themiddlevare(i.e., the systeminitial-
izationlibrary) is responsibldo allocateprivatestacksfor all CPUs.A set sp instructionassignghe pre-
allocatedstacksto individual CPUs.Theset sp instructiontakestwo argumentsn architecturategisters.
Thefirst agumentspecifieghe startingaddresof a private stackpointer andthe secondargumentspeci-
fiesthe which CPU’s stackpointeris beingset. The middlevare needonly to allocateprivate stacksonce
per applicationxecution, and only re-allocate when a thread requiresiggothe stack.

Upondispatchexplicit threadingrequiresmplementinga copy semanticsn which the software(i.e., gen-
eratedby the compileror the programmerpasseslatafrom the main (i.e., forking) threads registersand
stackto the dispatchedhreads Compilers/programmersften encapsulatexplicit threadsinto procedure
bodies As suchthecopy semanticgor thethreadds simply theincomingargumentsnto the procedureln
Multiplex, the middleware copiesall the procedureargumentsinto the private stacksin the main thread
prior to dispatch.The f or k instructiondispatches “wrapper” procedureon every CPU that readsthe
agumentsoff of the stackandpasseshemin the appropriatearchitecturaregisters.While copying argu-
mentscanbe acceleratedisinghardware,explicit threadsareoftenlarge enoughthatthe softwarecopying
overhead becomes a small fraction vé@ll execution time.

Dispatching implicit threads. Multiplex dispatchegmplicit threadssequentiallyin programorder[29]. A

threaddispatchunit (Figure3) usesthe currentimplicit threadto predictanddispatcha subsequentread.
The compiler/programmegenerates threaddescriptorand embedsit immediatelyprior to the thread
code.Thethreaddescriptoiincludesaddressesf possiblesubsequendispatch'target” threadsThethread
dispatchunit includesa threadpredictorthat selectsone of the target threadsto dispatch.The thread
descriptoralsoincludesthe informationnecessaryo identify registervaluesa threaddependsvhich must
becommunicatedrom previously dispatchedhreadq29]. To acceleratéhreaddispatchathreaddescrip-
tor cache (Figur8) caches recently referenced thread descriptors.

A novel aspectof implicitly-threadedarchitecturess on-demanddatacommunicationand renaming.In
implicitly-threadedarchitecturesall necessaryegisterand memoryvaluesproducedby one threadand
subsequentlyconsumedoy anotherare directly communicatedhrough hardware on demand.As such,
threaddispatchingdoesnot requireary “copy” semanticsMoreover, all registersandmemoryaddresses
assignedo by onethreadarerenamedn hardware on demandTherefore stacksareautomaticallypriva-
tized for implicit threadsj.e., assigninga valueto a stackaddressreatesa distinct versionof the corre-
spondingmemorylocationfor theassigninghread As such,implicit threaddo not requireprivatestacks.

Unifying thread dispatch in Multiplex. Theability to executebothexplicit andimplicit threadsnablesa
Multiplex CMP to exploit both typesof TLP within an application.Software, however, mustinform the
hardware which type of threadingis usedfor a given programsegmentso that hardware canprovide the
appropriateexecutionsupport.Multiplex usesthe threaddescriptorto specifythe threadingtype, andthe
hardwaremodifiesthe mode bit basedon the specificationThe modebit is setfor all theimplicit threads.
The modebit is clear for the “wrapper” procedureusedto dispatchexplicit threads.Upon switchingto
explicit threading, the thread dispatch haedtevunit stops fetching descriptors and dispatching threads.

3.3 Data Communication

Much like all modernarchitecturesMultiplex usesregistersand memoryto store programstate.While
implicit threadssharebothregisterandmemorystateamongeachother, similar to the Multiscalararchitec-
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ture,explicit threadsshareonly memorystateandnot registerstate similarto corventionalshared-memory
multiprocessorsiAccordingly, implicit threadscommunicatéoth registerandmemoryvaluesamongeach
otherandexplicit threadscommunicatenly memoryvalues Multiplex usesMultiscalar’s registercommu-
nicationmechanisnfor registerdependencieamongimplicit threadsandwe do not discusghe detailsof
theregistercommunicatiormechanisnandreferthe readerto [8,29]. In this sectionwe focuson memory
data communication among both implicit angléecit threads.

In bothexplicit andimplicit modesthe CPUs’ privatecachesnableefficient datasharingby makingcop-
iesof accessedatacloseto eachCPU. The mainresponsibilityof the memorysystemin bothmodesis to
trackthe copiessothatthe correctcopy is deliveredon every memoryaccessin explicit mode,the mem-
ory systemlocatesthe correctcopy for loadseitherfrom main memoryif thereis no cacheddirty copy or
from anothercacheif it hasa dirty copy andfor storesensureghat no stalecopiesexist in othercaches
(e.g.,viainvalidates)In implicit mode,the memorysystemprovidessimilar supportbut in the presencef
speculatre loadsand stores.For implicit loads,the memorysystemnot only locatesthe correctversion
muchlik e explicit loads,but alsoenforcesstore-to-loagprogramorder;the memorysystemtracksspecula-
tive loadsto detect(and squashyary load that prematurelyaccesses locationbeforea previous storein
programorderis complete For implicit storestheimplicit memorysystencreatesanew (speculatre) ver-
sion for every (speculatie) store and tracks the program order among the multiple speeweisions.

Thekey to maintainingcorrectnesin bothmodess the Multiplex Unified CoherencendSpeculatie ver-
sioning(MUCS) protocolwhich tracksthe copiesandversionsof every cacheblock presenin the system.
In explicit mode, MUCS tracksthelocationof copiesin the systemandtakesappropriateactiononloads
and stores. In implicit mode, MUCS tracks both the location and the program order amasgitivesy

Fromthe standpoinof the memorysystemthe key similarity betweenexplicit andimplicit modesis that
bothcasedrackacacheblock’s multiple instancegcopiesandversionsyia the protocolstate Onaloador
storeaccesgo a block, the accesgproceedsf the stateof the block permitsthe accessandotherwisethe
accesss deemedamiss,goesto the next level similar to aregularmiss(i.e., tagmismatch) andthe proto-
col locatesthe correctinstanceof the block. Both modesallow the commoncaseof hits in the private
cachedo proceedat cachehit speedsvithout any protocolaction,andonly cachemissesinvoke protocol
action irvolving some “global” protocol state checking which may b&slo

Thekey differencedetweerthetwo modesarethat(1) implicit moderequireshe memorysystento track
loadsand storesto enforcestore-to-loadorder by squashingary prematurelyexecutedloads, (2) while
explicit modeallows multiple copiesof only oneversion,implicit allows multiple versionsto co-exist, and
(3) implicit moderequiresthe memorysystemto differentiatebetweerspeculatrely andnon-speculatiely
accessedataand“commit” speculatiely accessedlatato non-speculatie stateif speculatiorsucceeds.
Thesddifferenceshowever, do notimply ary majorincompatibilitiesbetweerthetwo modesn theoverall
handlingof memoryaccessedut ratherthatcertaincombination®f accesdypes(i.e., loadsor stores)and
protocol statesmay requiredifferent protocolaction.In particular the commoncaseof cachehits areas
fastin implicit modeasthey arein explicit mode,implying thatthe two threadingschemeganbe unified
efficiently.

In theremainderof this section,we describethe detailsof the MUCS protocolandexplain the unification
of explicit andimplicit modesn MUCS. Apartfrom the protocolstateof theaccessetlock andtheaccess
type (i.e., load or store),MUCS usesthe modebit to know if the accesss from animplicit or anexplicit
thread to tak& appropriate action.

Data Communication in explicit mode. As in corventionalexplicitly-threadedarchitecturesloadsand
storesthat hit (i.e., find the block in a permissiblestate)in the L1 cachesproceedwithout ary protocol
action.On a load miss, the bus snoopson the othercachesand the cachewith a dirty copy suppliesthe
block andalsoupdatesnainmemory(muchlike thelllinois coherencerotocol).If nodirty copy is found,
thenext level suppliegheblock. If therequestingsaches theonly L1 cacheholdingtheblock, theblockis
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State bit Action

use set per access by implicit speculatioads recuted 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 aevsion on imalidation in &plicit mode and grsion consolidation in both modes;
cleared on writeback to relevel in both modes

commit set for the entire cache altogether at implicit thread commit and set per acogigiintleread,;
used in both modes to allareplacements of committed dirtgnsions;
cleared oneery implicit speculatie access

stale set only in implicit on store miss from a succeeding CPU with a potentially more recsiony and by
cache fills if a succeeding CPU has an uncommitted/unsquashededgityns;

used in both modes to force misses (if commit bit set), and to consolidate the most recent coemitiec
sion among multiple committed/squashedsions of a préous g/clic order;
cleared in both modes for the consolidatetsion

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) oxt tecass to the block
(commit and squash wer both set);

cleared oneery implicit access, and in both modes for the consolidatesion

valid set per cache fill on cache misses in both modes;

used in both modes to determiradidity of tag (not data), and alloreplacements;

clearedon explicit invalidation,andin bothmodesfor all committed/squashegersionsotherthanthe con-
solidated ersion

Table 1: MUCS protocol state and actions.

marked exclusive to optimizefor future writes. On a storemiss, the requestingcacheobtainsthe block in
the same manner as a load miss,daditionally all other cached copies areatidated.

Thereis one minor differencebetweencorventionalcoherencegrotocol actionsand MUCS'’ actionsfor
explicit modeaccessesBecauseaccessein implicit modeneedto differentiatebetweenspeculatiely-
accesseand committedblocks, MUCS usessomestatebits for this purpose.As such, explicit mode
accessefloadsandstores)arenot speculatre anddo not requireary enforcemenbf store-to-loadorder
Therefore MUCS simply marksthe blocksaccessedh explicit modeascommittedusingthe samestate
bits, makingexplicit modeaccessemdistinguishabldrom committedimplicit modeaccessesndunify-
ing accesses from both implicit antpécit modes within the same protocol.

Data Communication in implicit mode. Becausémplicit modeloadsarespeculatie, MUCS setstheuse
bit to recordspeculatre loads.Thekey purposeof markingspeculatre loadsis if aprecedingCPU(i.e.,in
cyclic threaddispatchorder) performsa storeto the sameblock afterthe load, the stores invalidationtrig-
gersa squashof the prematurdoad. Load missesissuea bus requestand MUCS suppliesa copy of the
closestprecedingCPU's (dirty speculatie) versionto the requestingcachejf the precedingCPUsdo not
have adirty version thenthenext level suppliesthe block. Whenthethreadcommits,all the usebitsin the
entire cacheare clearedaltogether Although, blocks not accessedby the threadalso have their usebits
clearedredundantlythis global clearingavoids scanninghe cachefor the blockstouchedby the commit-
ting thread.

MUCS usesthe usualdirty bit to recordstores.If athreadloadsbeforestoringto the sameblock, both of
the usebit anddirty bit areset.Unlike corventionalinvalidation-base@¢oherencerotocols,storesdo not
alwaysinvalidatethe otherCPUs.On storemissesthe bus snoopson the othercachesandif thereareary
succeedingCPUswith the usebit set,that CPU (andall subsequentPUs)is squashedif any succeeding
CPU holdsthe block but hasnot loadedor storedto it (i.e., the block exists from somepreviousimplicit
thread) thenthe block is marked aspotentially stale(andnot definitely stalebecauséhe storeis specula-
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tive,andmay be squashedhter) with the stale bit, sothatthe currentthreador ary future threadexecuting
onthe CPUis forcedto misson the block andobtainthe mostrecentversion.On the precedingCPUs,the
usebit is ignored,but the stalebit is setto forcea missfor futurethreadshatexecuteonthe CPU.Thepre-
cedingCPUsmerelysetthe stalebit without invalidatingthe block andcontinueto usethe block because
the block containsvalid datafor the currentthread,andthe datais staleonly for threadsutureto the stor-
ing thread.

Accessegloadsandstores)from speculatie threadscannotbe replacedecauseviction of a speculatie
block would causeMUCS to lose track of possibleviolations of programorder Speculatrely loaded
blocksmay bedistinguishedhroughthe usebit, but speculatiely storedblocksareinseparablérom non-
speculatiely storedblocksbecausdoth have the dirty bit set. MUCS setsthe commit bit on threadcom-
mits andclearsthe bit (i.e., commitbit clearedindicatesspeculatre) on accessefloadsandstores)from
speculatie threadqi.e., all implicit threadsexceptfor the earliestthreadwhich is non-speculatie). When
thethreadcommits,all thecommitbitsin theentirecachearesetaltogetherMuchlike theredundantlear-
ing of use bits, this global settingavoids scanningthe cachefor the blocks touchedby the committing
thread.

ThestoringCPU createsa dirty, speculatie versionafterobtaininga copy of the closestprecedingCPU’s
version.Thus,multiple speculatre versionsof the sameblock co-exist in the system Becauséhe stalebit
onablock indicatesthe potentialexistenceof versionsthatarefutureto the block, any cachefill onaload
or storemisssetsthe stalebit if the correspondingpus snoopdetectsuncommitteddirty versionsin suc-
ceeding CPUs.

If athreadis squashedhenthe commitbits arenot set.But commitbits alonecannotdistinguishbetween
blocksaccesseth the squashedhreadandblocksaccesseth the middle of ayet uncommittedhread.To

avoid scanninghe cachefor invalidatingthe blockstouchedby a squashedhread MUCS usesthe squash

bit, andsetsall the squashbits in the entirecachealtogetheiirrespectve of whetherthe threadaccessea

certainblock or not. MUCS alsoclearsall usebitsin theentirecachealtogetheon athreadsquashAccess
to a block with the squastbit setandcommitbit clearforcesa missandthe squastbit is clearedwhenthe

missis serviced.The squaslbit is ignoredif the commitbit is setbecausdhe squashbit is setglobally

even for the blocksnot accessedby the squashedhread.Much like every (speculatie) accesslearsthe

commit bit, @ery access clears the squash bit.

Although a block accessetby a squashedhreadcontainsinvalid data,the block’s stalebit holdsvaluable
information.Every storefrom a speculatie threadmarksall otherversionsas(potentially)stale,andeven
if the threadis squashedater the stalebits are not correctedmmediatelyto avoid scanningthe cacheon
squashednsteadtheincorrectlymarked stalebit onthe mostrecentnon-squashedersionis correctecbn
the next accesgo the block. Onthe next accesgo the squashedblock, the CPU missesandMUCS identi-
fiesthe closesiprecedingcommittedversion(whichis incorrectlymarkedasstale)to the squashedersion
by following thereverseof the cyclic threaddispatchorder andclearsthe closestprecedingversions stale
bit.

Onamiss,establishinghe programorderamongmultiple (committedandsquashedyersionss centralto

maintainingcorrectnessMUCS useghecyclic threaddispatchorderamongthe CPUsto infer theprogram
orderamongmultiple versions.The currentlyspeculatie (i.e., not committedand not squashedyersions
canbe orderedusingthe currentcyclic orderamongthe CPUs,but orderingcommittedor squasheder-

sionsusingthe cyclic orderfails becausehe positionof the oldestthreadin the systemcyclically rotates
from one CPU to the next (asthreadscommit). While a CPU may be olderthananotherCPU at a certain
pointin execution,the cyclic rotationmay resultin the secondCPU beingolder thanthe first in another
pointin execution.For example,thecyclic orderatonepointmaybe CPU3,CPUQ,CPU1,andCPU2,and
atthatpoint CPU3is olderthanCPU2,andthenthe orderbecome<CPUO,CPU1,CPU2,andCPU3,and
nov CPU2 is older than CPU3.
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FIGURE 4: A high-level state transition diagram for MUCS.

This phenomenors a problemonly if versionsfrom differentcyclic ordersare allowed to co-exist. To

avoid this problem,MUCS consolidates the versionsfrom a previous cyclic orderat the next accessVer-

sionsfrom a previous cycle order are guaranteedo be committedor squashedind MUCS locatesand
writes back the mostrecentcommitteddirty version(i.e., the committed,non-stale dirty versionor the
closestcommitteddirty versionprecedinghe squashednon-staleversion)andinvalidatingall the other
committed/squashegkersionsVersionconsolidatiomeeddo doneonly for the previouscyclic ordersver-

sionsall of which areeithercommittedor squashedanddoesnot changeary of the speculatre versions
from thecurrentcyclic order Notethatthe write backat consolidations no differentthanthe writebackof

adirty blockin corventionalcoherencg@rotocolswheneithertheblockis invalidateddueto anothetCPU's

write requestor a copy is madeto satisfy anotherCPU'’s readrequest.Tablel summarizeghe protocol
state bits.

Speculatrely accessed.e., not committedandnot squashedplock cannotbe replacedlf a committedor
squashedlock needso be replacedthenMUCS writes backthe mostrecentcommittedversionamong
the «isting versions and all other committed/squashexsions are walidated.

Switching between implicit and explicit modes. Becausexplicit threadsamayaccesslatawhich waslast
accessetly animplicit thread explicit threadanayaccesblockswith squastor stalebit set. MUCS treats
theseexplicit modeaccesseasmissesmuchlik e thesewereimplicit modeaccessesonsolidateshemost
recentcommittedversionvia a bus snoop,and suppliesthe consolidatedsersionto the requestingCPU.
Becausexplicit modeaccesseareindistinguishabldrom committedimplicit modeaccesseghereis no
overheador switchingfrom implicit to explicit mode,or vice versa Figure4 shavs a high-level statetran-
sition diagramof MUCS, illustrating the statesand transitionssharedby both modesandthe statesand
transitionsrelevantto only implicit mode.Thereis no overheadfor switchingfrom oneexplicit threadto
anotherexplicit threador from oneimplicit threadto anotherimplicit thread muchlike conventionalmul-
tiprocessorandMultiscalarSVC. Exceptfor therestrictionson replacemenimentionedabove, thereis no
scanningthe cache,or no extra expensve cleanupat the beginning or endof implicit or explicit threads.
MUCS performsall actionson demand,on a per accesshasiswithout maintainingary list of accessed
blocks and triggeringus snoops on the blocks in the list.

Conventionalcoherencerotocolsemploy optimizationssuchasusingexclusive stateandsnarfingof data
off thebusduringa bustransactiorby CPUsotherthanthe sendingandthereceving CPUinvolvedin the
transactionTheseoptimizationshave beenemployed by MultiscalarSVC andareapplicableto MUCS as
well. Much like otherspeculatie protocols[15,31,19,10] MUCS alsocanoptimize avay falsesquashes
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Thread

Dispatch/ Data
Data Completion Speculation

Machine Thread Size Load Imbalance Dependence Overhead Overhead

Mostly  coarse-grain| Huge for serial sggments;| Low to none| Low for None
Explicit-Only || threads; serial for | high whenthreadsarenot | except for coarse-grain

unanalyzablseggments| multiples of CPUs serial sgments | threads
Implicit-Only || Fine-grain threads High when irrgular High High High for

control flov within thread large threads

Coarse-grain explicit | High only for implicit | High only for | Highonlyfor | Highonlyfor
Multiplex threads + fine-grain | threads with high load | implicit implicit largeimplicit
implicit threads imbalance threads threads threads

Table 2: Factors affecting performance in Explicit-Only, Implicit-Only, and Multiplex architectures.

by maintainingprotocol stateat word or smallergranularityinsteadof cacheblock granularity In this
paper we take thefirst steptowardsunifying implicit andexplicit threadinganddo not explorethe granu-
larity issue.

4 Key Factors Affecting Performance

Multiplex combinesthe performanceadwantagef explicit andimplicit threadingmodels.Therearekey
factorsaffecting the performanceof eithermodel. Therefore to gain insighton Multiplex’s performance,
we qualitatively evaluatethesefactors.Table2 depictsthe factorsaffecting performanceandsummarizes
theirimpacton explicit-only, implicit-only, andMultiplex CMPs.In therestof this sectionwe briefly and
qualitatively evaluatetheimpactof eachfactoron performanceln Section5, we presensimulationresults
that corroborate our intuition from this discussion.

Thread size. Threadsizeis a key factor affecting performancen both explicit-only and implicit-only
CMPs(asdiscussedn Section3.1). Largerthreadshelp (1) increasethe scopeof parallelism,andreduce
thelikelihoodof datadependencacrosghreadsand(2) reducetheimpactof threaddispatch/completion
overheadLargerthreadshowever, increasespeculatioroverheadn implicit-only CMPs,by increasinghe
required storage to maintain specwally produced data.

L oad imbalance. A key shortcomingof explicit-only CMPsis their inability to exploit parallelismin pro-
gram sggmentsthat are not analyzableat compile time. Unfortunately even a small degree of unknavn
dependencegsreventa parallelizingcompilerfrom generatingxplicit threadsresultingin aserialprogram
segment.Explicit-only CMPs’ performancalepend®n the fraction of overall executiontime taken by the
serialprogramsegments.Multiplex canexecutethe serial programsegmentsasimplicit threads signifi-
cantly impraing performance\eer eplicit-only CMPs in programs with lge serial sgments.

Besidesserial programseggments,anotherfactor contrituting to load imbalancein explicit-only CMPsis
the numberof explicit threadswhenit is not evenly divisible by the numberof CPUs;asa result,oneor
moreCPUsidle until the completionof the programsegment.Multiplex canpartitionthework sothatthe
fractionresultingin aloadimbalancean explicit-only CMPsexecutesasimplicit threadsgexploiting paral-
lelism across program geents and eliminating the load imbalance.

In implicit-only CMPs,load imbalanceis highly dependenon control flow regularity acrosshreadsFor
instance,inner loops with mary input-dependentonditional statementsnay resultin a significantload
imbalanceacrosghe CPUs.Explicit-only CMPsusecoarse-grairthreadsn which controlflow irregulari-
tiesacrosshasicblockswithin a threadoften have a cancellingeffect, reducingthe overall load imbalance

14



acrosghreadsControlflow irregularitiesonly impactperformancen Multiplex for programsegmentsthat
execute as implicit threads.

Data dependence. Parallelizing compilerscan often eliminate knovn datadependencege.g., through
privatizationor reductionoptimization). Unknovn datadependencedjowever, resultin serial program
segmentsin explicit-only CMPs, reducingperformancelJsing fine-grainthreadsin implicit-only CMPs
often causesigh datadependencand communicatioracrossadjacenthreads Datadependenceontrib-
utesto threadingoverheadbecause dependenthreadmustat a minimumwait for datato be produced.
While dependencethroughregistersaresynchronizedbecause¢he compilerknows exactly which threads
producesand consumeregistervalues),memorydependencemay incur additionalspeculatioroverhead
when memory synchronizationhardware is unable to prevent unwanted speculation[22]. Multiplex

increasepportunityfor eliminating threaddependencéy executingcompile time analyzableprogram
segments asxlicit threads.

Thread dispatch/completion over head. Threaddispatch/completionverheacdbnly playsa majorrole for
fine-grainthreadswherethe overheadaccountdor a large fraction of threadexecutiontime. In explicit-
only CMPs,threaddispatchincursthe overheadf copying of stackparameterandregistervalues.Thread
completionincursthe overheadf flushingthe CPUload/storequeuego make memorymodificationsvisi-
ble to the system.Explicit-only CMPs, however, only usefine-grainthreadswhenthe compiler can not
analyzedependenceamonglarger threadbodies,e.g.,whenthe compiler selectsinner loops asthreads
becausehe outer loops are not analyzable Multiplex can execute such fine-grain threadsas implicit
threads, thereby reducing the thread dispatch/completenh@ad.

While threaddispatchincursminimal overheadn implicit-only CMPs,threadcompletionincursthe over-
headof flushingthe load/storequeueasin explicit-only CMPs,and may incur a high overhead.Thread
completionoverheadn implicit-only CMPsmay be significantbecauseheseCMPs often usefine-grain
threadsMultiplex reducesnuchof thethreadcompletionoverheadascomparedn implicit-only CMPsby
executing analyzable programgseents in coarse-graix@icit threads.

Data speculation over head. Dataspeculatiorin implicit-only CMPsis limited by theamountof buffering
datacachescan provide (Section3.3). Speculationrequiresbuffering all createdversions,causingdata
cachedo fill up quickly andoverflow for memory-intensie threadsand/orlong-runningthreadsBecause,
speculatre dataarenot allowedto leave the cachesgexecutionfor a speculatre threadoverfloving in the
cachestopsuntil all prior threadscommitandthe threadbecomeshon-speculatie. While dataspeculation
is always performedin implicit-only threads threadsare not always data-dependenMultiplex signifi-
cantlyreduceghe dataspeculatioroverheadoy executionindependenthreadsasexplicit threadspbviat-
ing the need for speculation.

5 Quantitative Performance Evaluation

In this section,we quantitatvely evaluatea Multiplex CMP’s performanceusing simulation. We first

describeour compilerinfrastructurethe experimentaimethodologyandthe applicationandinput parame-
terswe use.In thebasecaseperformanceesults we comparea Multiplex CMP with corventionalexplicit-

only andimplicit-only CMPs.Next, we presenthe resultsfrom two experimentsproviding evidencethat
(1) implicit-only CMPsarelimited to usingfine-grainthreadsandincreasingthreadsize reducesperfor-
mancein thesemachinesand (2) our heuristics-basedompileroptimizationsmake a nearoptimal deci-
sion in choosing betweexg@icit and implicit threads.

5.1 Methodology and Infrastructure

We have developeda cycle-accuratesimulatorfor a Multiplex CMP. Our simulatormodelsmultiple ILP
CPUcoresandpipelinesthe memoryhierarcly, andanimplementatiorof the Multiplex threadingmecha-
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Processing Units name || input #of inst(billions)
CPUs 4 dual-issue, out-of-order SPECfp95 Benchmarks
L1li-cache 8K, 2-way apsi train 2.847
1 oycle hit applu train 0.649
L1 d-cache 16K, 4-way, 16-byte block .
1-gycle hi, fpppp train 0.470
byte-level disambiguation hydo2d test 1.141
Squash buffer size 64 entries mgrid train”? 2.810
Reorder buffer size 64 entries su2cor test 1.114
LSQ size 64 entries swim test 0.753
Functional units 3 integer, 1 floating-point, tomcatv test 0.440
1 memory turb3d train” 0.332
Branch predictor path-based, 4 tgets waves train® 0.114
System Perfect Benchmarks
Thread Predictor path-based, 2 tgets arc2d std? 1.530
Descriptor Cache 16K, 2-way, 1-g/cle hit flo52 std 3.466
L2 9-¢ycle h!t and transfer trid std 3.405
perfect hit rate
) ) ) Table 4: Applications and input sets.
L 1/L2 inter connect Z;Ot?g s_gllt-transactlon los, Hindicates scaled down number of loop iterations
-bit wide in the interest of reduced simulation time.

Table 3: System configuration parameter  s.

nismsin detail. Table3 summarizeghe processorand systemconfigurationparametersve usein this
study The CMP includefour dual-issueout-of-ordercores,eachwith L1 instructionanddatacachesWe
assumeperfectL2 hit rates but modelthe cachefill lateng betweerl.1 andL2 andcontentiorattheinter-
connectaccurately* The simulatormodelsthe threaddispatchunit, descriptorcache andthe registercom-
municationqueuesfor the implicit mode, the dispatchand synchronizatiorinstructionsfor the explicit
modes, and the MUCSub protocol.

Our compilerinfrastructureintegratesPolaris[6], a state-of-the-arparallelizingpreprocessogenerating
explicit threadswith the Multiscalarcompiler[35], a GCC-basedompilerfor generatingmplicit threads.
Our compilerinfrastructures fully automatedobviating the needfor handtuning. Moreover, we compile
the benchmarkssis without modifying the distributed sourcecode.To evaluateand compareMultiplex
againstexplicit-only andimplicit-only architecturesthe compilerallows for generatingmplicit-only and
explicit-only threads when compiling applications.

We usea combinationof benchmarkdrom the SPEC959] andthe Perfect[5] suites.Table4 shaws the
benchmarksthe usedinput datasetsandthe numberof instructionsexecutedfor eachbenchmarklin the
interestof simulationturnaroundime, we scaledown the numberof outerloop iterationsfor someof the
applicationsThe changdn input set,however, hasa minimal impacton our performanceesultssincethe
inherent communication/computation characteristics of the applications remain the same.

1. Our application data setsvieassmall L2 footprints, and therefore our L2 assumption wilehainimal impact on our perfor-
mance results.
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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.

5.2 Base Case Results

Figure5 comparespeedups$or the Multiplex CMP againstthe explicit-only andtheimplicit-only CMPs.
We measurespeedupelative to a superscalaprocessoconfiguredidentically asone of Multiplex CPUs.
Thefigure dividesthe applicationsnto two classesClassl applicationdavor theimplicit-only CMP and
class2 applicationgavor theexplicit-only CMP. Theresultsindicatethatthereis a significantperformance
disparitybetweenhe explicit-only andtheimplicit-only CMPsacrosghe applicationsin classl applica-
tions, the implicit-only CMP achiezeson average35% higherspeedupsndat best85% higherspeedups
thanthe explicit-only CMP. In contrastin class2 applicationghe explicit-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
achieres a speedupof 2.69,improving speedupdy 16% over explicit-only and 22% over implicit-only
CMPs.In sevenapplications Multiplex improvesspeedupsver the betterof the two on averageby 10%.
To betterunderstandapplicationperformanceon eacharchitecturewe evaluatethe key factorsaffecting
performance in the rest of this section.

Threading opportunity in the explicit-only CMP. Table5 shaws the percentagef the original (serial)
execution of eachapplicationthat can be recognizedas parallel by the compiler The opportunity for
explicit-only architecturess to executethis fraction of the applicationin parallel. Amdahl’s law dictates
thata substantiafractionof serialexecutioncanoffsetthe gainsfrom parallelismandseverelylimit overall
performanceFor example,in su2cor parallelizing81% of the applicationlimits speedup$o 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 wercome by Multiplg through &ecuting the serial sections as implicit threads.

= o
o o To} S IS N
S ™ = [} o o ) = o & 2
%) Qo o = = 0 N =
Benchmark g2 &8 2 & & 3 § 2 3 58 g g ¢
Fraction O 72 34 97 70 81 8 77 99 93 95 100 95
Threaded (%)

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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FIGURE 6: Overheads of the Implicit-only and the Multiplex architecture.

In addition,two of the classl applicationsapsi andapplu suffer from a smallthreadsize. The outermost
loopsthatthe compilercanselectasexplicit threadsin theseapplicationsconsistof loopswith smallbod-

iesanditerationcounts.Therefore thethreaddispatchoverheadn theseapplicationssignificantlyimpacts
overall threadexecutiontime. Multiplex canselecttheseloopsasimplicit threadssignificantlyimproving

performance eer the aplicit-only CMP.

Threading overhead in the implicit-only CMP. Figure6 shows the overheadsthat have a first order
impacton implicit-only andthe Multiplex CMPs’ performanceThefigureplotsoverheadi.e.,thenumber
of processocyclesnot contrikuting to computation)asa fraction of overall executiontime in theimplicit-

only CMP. Thefigure only includesoverheadslueto the threadingmechanismgdiscussedn Sectiond);

overheadsntrinsic to the basesuperscala€CPU cores(e.g.,pipelinehazardshrethe samein all the CMPs
andarenot shaovn. For all applicationspthersystemcharacteristiceemainthe sameacrosssystemsyith

the exceptionof memorylateng in mgrid; usingexplicit threadsto parallelizeoutermostioopsin Multi-

plex changesngrid's datalayoutin the cachesgignificantlyincreasingdatalocality ascomparedo the
implicit-only CMP.

We will first consideroverheadsn the implicit-only CMP andthen discussthe changesvhen going to
Multiplex. The figure shaws that the largestsourceof overheadis datadependenceand squashesOur
measurementimdicatethat squashoverheadis smallin all casesgxceptin fpppp. The threadpredictor
exhibits high predictionaccuracie$or all theapplicationdecauséoop branchegatthethreadooundaries)
aretypically predictableThememorydependenchardware(i.e., the squastbuffer [22]) canalsosynchro-
nize mostdependencesecausanostimplicit threadsarefine grainwith smallinstructionfootprints. The
squashes ifpppp are due to kv hit rates in the squashiffer because dpppp’s lage threads [22].

Loadimbalances anothersignificantfactorespeciallyin classl applicationsFpppp, apsi, turb3d, applu,
andwaveb have controlflow irregularitiesin theinnerloops(i.e., loopiterationsincludinginput-dependent
conditionalg35]). Becausgheimplicit-only CMP is limited to usingfine-grainthreadsit primarily targets
innerloopsandthereforesuffers from load imbalancein theseapplications Similarly, threadcompletion
overheadof flushingthe load/storequeuedss non-ngligible in mary of the applicationsdueto the small
thread size.

Finally, data speculationoverheaddue to speculatie stateoverflov is only a significant overheadin
turb3d, wave5, andtomcatv. For theimplicit-only CMP, the compilercarefully selectghreadsizeto mini-
mize the stateoverflow [35]. In Section5.3, however, we shav thatusinglargerthreadso increaseparal-
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FIGURE 7: Effect of increasing the thread size in the Implicit-only CMP. The left bars show the
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lelism andeliminatedependencewould prohibitively increasehe speculatioroverheadThis overheads
one of the ky limitations of implicit-only architectures and a mwatiion for Multiplex.

Threading overhead in Multiplex. Thefigureindicatesthat Multiplex reducesnuchof the overheadn

theimplicit-only CMP especiallyin class2 applicationsin theseapplicationsMultiplex exploits advanced
parallelizationtechniquedo eliminate datadependenceand generatecoarse-grairexplicit threads(con-
sistingof outerloop nests)reducingall sourcesf overheadandsignificantlyimproving performancever
the implicit-only CMP

In classl applicationsthereareafew programsegmentsthat Mutiplex corvertsto explicit threadsThese
explicit threadseducehedatadependenceverheadn apsi andsu2cor. Moreover, theexplicit threadsvir-

tually eliminate the data speculationoverheadin tomcatv and turb3d, and diminish it substantiallyin

waveb. As such,tomcatv andsu2cor exhibit a high performanceéboostfrom Multiplex. Unfortunately the
parallelizationtechniqueghe compilerusesslightly increasethe instructioncount, the overall impacton

performance irmpsi andwave5 is modest.

5.3 Impact of Thread Size

A significantsourceof inefficiengy of the implicit-only CMPs are synchronizedserial regions. We have
arguedthat Multiplex canreducethis inefficiency becauset exploits explicit parallelismin outerloops,
which encompasshe inner serial programsections Figure7 demonstratethat it would not be a simple
solutionfor theimplicit-only CMP to exploit outerparallelism In this experimentwe forcethecompilerto
generatemplicit threadgfor theimplicit-only CMP) consistingof theiterationsof outer parallelloops—
the sameloopsselectedasexplicit threadsn the explicit-only CMP (andMultiplex). Becausdheseloops
aredependence-freghe only sourceof overheadn the implicit-only CMP is dueto dataspeculatiorand
speculatre state verflow.

The figure shavs that this changewould leadto a drasticperformancedegradationin mostapplications.
The reasonis that the threadsbecomeso large that speculatie stateoverflov becomesdominant.For
example,in applu, the overflow increasedrom 0 to 30% of the total numberof cyclesin the original,
implicit-only execution. Inswim, this orerhead increases to 160%.
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5.4 Reducing Dispatch Overhead in Explicit Threads

Smallexplicit threadscanincur significantdispatchoverheaddor settingup andinitializing privatestacks.
Becauseof this reason,small parallel loops run more efficiently using implicit threads.The compiler
appliesa simple heuristicto decidewhenit is betterto run a compilerrecognizedparallel loop with
implicit ratherthanexplicit threads.The heuristic“predicts” thatall innermostioopsrun moreefficiently
with implicit threadslnnerloopsareusuallysmallanddo not causespeculatie stateoverflow in implicit
threads. Hence there is usually no benefit from running such loop iteratioqieis tareads.

Figure8 shaws the performanceémpactof this compileroptimization.It shavs Multiplex’s performance
without andwith applyingthe heuristic.In two applicationsapsi andapplu, thereis a significantperfor-
mancemprovement.Thenumbersabove thebarsshav thepercentagef theexecutiontime thatis spentin
explicit threadsbeforeandafter applyingthe heuristic.In two applicationgfpppp and su2cor) thereis no
significantchangeln fpppp, therewasno significant,compilerrecognizedarallelism.In su2cor, the heu-
ristic doesnot detectunprofitableexplicit threadsIn tomcatv, the heuristicdoesnotimprove performance
becauseone of the threadsincurs speculatie stateoverflow after corvertion to implicit. In wave5 and
turb3d, all affected threads perform identically before and after the optimization.

Thefigure alsoshawvs anupperperformancéoundthat canbe achiezed by alwayscorrectlychoosingthe
betterof explicit andimplicit threadsWe obtainedthis boundby profiling the implicit-only andexplicit-
only executionsandthenmanuallycombiningthe bestcasedoop by loop. The figure shawvs thatthe heu-
ristic is alreadycloseto the optimum.Note thatincreasinghe input datasize,however, mayleadto more
speculatie state overflow in inner loops and thus changethe trade-of betweenimplicit and explicit
threads.

6 Related Work

Therearemary projectsexploring architecturaproposaldor implicit threadingsuchasWisconsinMulti-

scalar[29,15] and Trace Processof28], StanfordHydra [18], CMU Stampedd30], MinnesotaSuper-
threadedprocessol[33], Illinois Speculatie NUMA [10], and SUN MicrosystemsMAJC [32]. While
Multiplex proposedechniquedo unify implicit and explicit threadingwithin a single application,these
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projectshave focusedon emplogying implicit andexplicit threadingseparatelyn a perapplicationbasisbut
not combined within one application.

Marny of the projectshave a compilercomponento develop compilertechniquedor implicit threading.
Someof the projectsusethe advancedSUIF compiler[17] for programanalysisbut rely on manualidenti-
fication of programsectionsfor speculatie parallelizationby the compiler[31,19]. Becausamisspecula-
tion recovery is in software, the compiler also generatesecovery code. While mary of the projects
evaluateperformanceon partsof applicationsselectedor implicit threading[18,30,10],Multiplex evalu-
atesentireapplicationsby usinga fully automatedcompilerinfrastructureconsistingof the Polariscom-
piler [6] integrated with the Multiscalar compiler [35]. Because speculatie state buildup and
misspeculatiomecovery is fully implementedn hardware,the Multiplex compilerdoesnot generateary
misspeculation rea@ry code.

In [24], the authorsdescribeseveral compilertechniquego help thread-leel speculationand argue that
exploiting loop-level parallelismis insufficient. In [33], theauthorsdescribecompilertechniquedor super-
threaded architectures. No implementation of these technigis¢yet.

Thereareproposaldo provide hardware supportto make dependencérackingefficientin DSM systems.
Extensiondo compilertechniquegor runtimedatadependenctestingandsoftwaremisspeculatiomecor-
ery are proposedn [37,36]. While theseextensionsfocus on the specificcompilertechniqueof runtime
data-dependenctesting, the Multiplex compiler performs generalunification of implicit and explicit
threads.

7 Conclusions

Chip multiprocessor¢CMPs),which exploit thread-leel parallelism(TLP), areemeging asanalternatve
to traditionalsuperscalaarchitecturesln oneform of TLP, the compiler/programmeextractstruly inde-
pendentexplicit threadsfrom the program,andin anothey the compiler/hardvare partitionsthe program
into speculatrely independentmplicit threads However, explicit threadingis hardto programmanually
and, if automated,s limited in performancedue to serializationof unanalyzableprogram segments.
Implicit threading.on the otherhand,requiresbuffering of programstateto handlemisspeculationsandis
limited in performance due tauffer overflow in lamge threads and dependences in small threads.

We proposedhe Multiplex architecturdor CMPsto unify implicit andexplicit threadingoasedntwo key

obsenations:(1) Explicit threadings weaknes®f serializingunanalyzablgrogramsegmentscanbe alle-
viated by implicit threadings speculatre parallelization;implicit threadings performanceloss due to

speculatie buffer overflows in large threadsand dependencem shortthreadscanbe alleviated by large
explicit threads’exemptionfrom buffering requirementsn analyzableprogramsegments.(2) To achieve
high performance gxplicit and implicit threadingemploy cachecoherenceand speculatie versioning,
respectrely, which are similar memoryhierarcly mechanismsnvolving multiple private cachedor effi-

cient sharingof data.Multiplex exploits the similaritiesto allow efficient implementatiorwithout much
extra hardware and combinesthe complementanstrengthsof implicit and explicit threadingto alleviate
the indvidual weaknesses of thedavechemes.

We presentedirchitecturalhardwareandcompiler)mechanismsor selectiondispatchanddatacommu-
nicationto unify explicit andimplicit threaddrom a singleapplication We proposedhe Multiplex Unified
Coherenceand Speculatie versioning(MUCS) protocolwhich providesunified supportfor coherencen

explicit threadsandspeculatre versioningin implicit threadsof a singleapplicationexecutingon multiple
coreswith privatecachesUsingsimulationof theten SPECfp9&andthreePerfectbenchmarksye shoved
thatneitheranimplicitly-threadednor explicitly-threadedarchitecturgoerformsconsistenthbetterthanthe
otheracrosghe benchmarksandfor severalbenchmarkshereis alarge performanceyap betweerthetwo
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architecturesWe shaved that Multiplex matchesor outperformsthe betterof the two architecturedor
every benchmark and, owverage, outperforms the better architecture by 16%.
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