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ABSTRACT

With speculatie parallelization codesectionshat cannotbe fully
analyzedby the compiler are aggressiely executedin parallel.
Hardwareschemesrefastbut expensie andrequiremodi cations
to the processorand memorysystem. Software schemesequire
no extra hardwarebut canbeinef cient.

This papemproposes nev software-onlyspeculatie paralleliza-
tion scheme. The schemeis developedafter a systematiceval-
uation of the designoptions available and is shavn to be ef-
cientandrobustandto outperformpreviously proposedschemes.
The novelty and performanceadwantageof the schemestemfrom
the use of carefully tuned data structures,synchronizationpoli-
cies,andschedulingmechanismsExperimentakesultsshav that
our schemehas small overheadsand, for applicationswith few
or no datadependenceiolations, realizeson average71% of the
speedupf amanuallyparallelizedversionof thecode outperform-
ing two recentlyproposedoftware-onlyspeculatre parallelization
schemes For applicationswith mary datadependenceiolations,
ourperformancenonitorsandswitchescaneffectively curbtheper
formancedegradation.

Categoriesand Subject Descriptors
D.1[Programming Technique$: ConcurrenProgramming
General Terms

Performance

Keywords

Speculatie parallelization,Thread-L&el Speculation

1. INTRODUCTION

Although parallelizing compilershave proven successfufor a
large set of codes,they fail to parallelize codeswhen data de-
pendencénformationis incomplete. Suchis the caseof accesses
throughpointersor subscriptegubscriptscomples interprocedural
data o w, or input-dependerdataandcontrol o w. In thesecases,
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run-time parallelizationin software hasbeenexplored undertwo

majorapproachesnspectorexecutor[15, 25] andspeculativepar-

allelization[7, 8, 21, 23, 24]. With theinspectorexecutorscheme,
aninspectoroop is extractedfrom the original loop with the pur

poseof computingthe cross-iteratiordatadependencet guide
the executionof theexecutorloop. This approachs effective when

computingthe addresgeferencestreamis cheapcomparedo the

actualcomputation.In mary caseshowever, the overheadof the

inspectotooplimits theperformancéene tsof thisapproachUn-

derthespeculatie parallelization(alsocalledthread-leel specula-
tion) approachthe codeis speculatiely executedin parallelwhile

the referencestreamis monitoredfor datadependenceiolations.

If adependenceiolationis found,thesystenrevertsthestateback
to somesafeconditionandthreadsarere-executed.

While variousdegreesof hardware supportfor speculatie par
allelization on multiprocessordave beenproposedin the litera-
ture (e.g.,[5, 9, 16, 20, 26, 29, 31]), theseare costly and require
modi cationsto the processorandcachesln this paper we focus
on software-onlyimplementationsf speculatre parallelization.In
this casethe userapplicationitself is augmentedvith codeto per
form all the speculatre operations.

The contrikutions of this paperaretwofold. First, we system-
atically explore the designoptionsfor software speculatre paral-
lelization and analyzethe tradeofs involved. In this processwe
placepreviously proposedchemeto asingleframevork of high-
level designchoicesandwe quantitatiely evaluatepartof this de-
sign space.The secondcontrikution of this paperis the designof
ahighly cost-efective softwarespeculatie parallelizationscheme.
Thenovelty andperformancedvantageof the schemestemfrom:

Aggressie schedulingmechanismbasedon a sliding win-

dow, which reducesthe impact of load imbalanceacross
threadsaswell asthe memoryoverheadsssociateavith the
speculatie accesandversiondatastructures.

Synchronizationpolicies that relax the critical sectionre-
quirementsof previous work, while still allowing checks
for cross-threadiatadependenceiolationsuponspeculatie
memaoryoperations.

Speculatie accesslatastructureghatallow for ef cient im-
plementatiorof the speculatie operationsegardlessof the
sizeof theuserspeculatre datastructures.

Experimentakesultsshov thatour schemehassmall overheads
andis ableto reacha large fraction of the potentialparallel exe-
cution performance.In particular for applicationswith few or no
datadependenceiolations,the schemeaealizeson average7 1% of
the speedumf a manuallyparallelizedversionof the code.There-
sultsalsoshav thatthe schemeoutperformawo recentlyproposed



software-onlyspeculatie parallelizationschemesoneby 25%on
averageandwith similar memoryoverhead,andthe otherby 7%
on averagebut with signi cantly lessmemoryoverhead. For ap-
plicationswith mary datadependenceiolations,our performance
monitorsandswitchescaneffectively curbthe performancelegra-
dation.

Therestof thepaperis organizedasfollows: Section2 describes
speculatie parallelizationand highlightsthe operationgnvolved;
Section3 present®ur proposedspeculatre parallelizationscheme
andits rationale;Section4 describesour evaluationmethodology;
Section5 presentshe experimentakesults;Section6 discussese-
latedwork; andSection7 concludeghe paper

2. SOFTWARE-ONLY
PARALLELIZA TION

2.1 BasicConcepts

Under speculatie parallelizationthreadsare extractedfrom se-
quentialcodeandrunin parallel,hopingnotto violatearny sequen-
tial semantics.The control o w of the sequentiatodeimposesa
total orderon the threads.At ary time during execution,the earli-
estthreadin programorderis non-speculativevhile the othersare
speculative Thetermspredecessoandsuccessoareusedto relate
threadsdn thistotal order Storesfrom speculatie threadsyenerate
unsafeversionsof variables,while loadsfrom speculatie threads
areprovided with potentiallyincorrectversions. At specialpoints
in time dataversionsthat have becomesafemustbe committedo
safestorage.

As executionproceedsthe systemtracksmemoryreferenceso
identify ary cross-threadlatadependenceiolation. Read-after
write (RAW) dependenceiolationsoccurwheneer a speculatie
threadconsumesomeversionof the dataotherthanthe one pro-
ducedby the properstoreby a predecessahread.Whenthemem-
ory accesse®f suchdependencesccur in-order at run time, a
violation can be preventedby forwarding the value producedby
the predecessahread.Write-afterwrite (WAW) dependencesan
causeviolationswhenthe speculatie parallelizationschememain-
tainsaccesinformationatacoarsegranularitythanthatof theuser
datastructure.In this caseit is notpossibleto disambiguat¢hetwo
modi cations anda violation by the successothreadmustbe as-
sumed.Write-afterread (WAR) dependencessuallydo not cause
violations as modi cations by successothreadsare containedin
their respectre versionsand cannotbe consumechy predecessor
threads.

When data dependenceiolations are detected,the offending
threadmust be squashedalong with ary otherthreadsthat may
have aninconsistenstate. Theseusuallyincludeall successorsf
theoffendingthread.Whenathreadis squashedall the datathatit
speculatiely modi ed mustbe purgedfrom the memoryhierarchy
andthethreadthenrestartexecutionfromits beginning. Duringre-
executionthethreadcanbethenprovidedwith theupdatedvalue.

From the above discussionwe cansummarizehe main opera-
tionsrequiredby speculatie parallelizationasfollows: (1) identify
andmark datathatcanbe accesseth anunsafemanner(the spec-
ulative datg) andthe loadsand storesthat can potentially access
thesedata(the speculativdoads and storeg, (2) maintainaccess
informationto speculatre data(the speculativeaccessstatg, (3)
schedulespeculatie threads(4) buffer speculatie dataandcom-
mit it to safestoragewhenappropriate(5) detectdatadependence
violations,squashandrestarthreadsasnecessaryin thefollowing
sectionave give anoverview of theseoperationsaandpresensome
of thedesignoptionsavailable.

SPECULATIVE

2.2 ldentifying Speculatve Data and Memory
References

The rst stepin preparingthe applicationcodefor speculatre
parallelizationis to identify and mark the speculatie data. The
compileranalysisrequiredcanbe easilybuilt ontop of thedatade-
pendencanddata o w analyse®f existing automatigparallelizing
compilers.All datathatcanpotentiallybe usedby athreadbefore
beingmodi ed by it have to be marked asspeculatie. In this case
we mustboth maintainmultiple versionsof the dataandlook out
for cross-threadRAW dependenceiolations. Datathatis identi-

ed by the compilerasread-onlydoesnot needto be marked as
speculatie. Finally, for datathatis guaranteedo bede ned before
beingusedin the samethread,the systemmustmaintainmultiple
versionsof thedata,but thereis no needto look out for datadepen-
denceviolations.

Oncethe speculatie dataareidenti ed, thecompilermustiden-
tify all theirusesandde nitions (loadsandstoresyandreplacethese
with specialoperationgo updatethespeculatie accesinformation
appropriately(Section2.3). Whenthe compilercanidentify thata
loadto acertainspeculatre datumis dominatedy someotherload
or storeto the samedatum,thenthe dominatedoad doesnot have
to be augmentedvith speculatre operations. This is not always
truefor stores.ldempotenioadsandstoresalsodo not needto be
augmentedvith speculatre operationg13].

2.3 Maintaining Accessinformation

To maintainmultiple speculatie versionsandtrack datadepen-
dencesspecialdatastructuresare generatedor every userspecu-
lative data. To maintainmultiple versions the userdatastructure
mustbe replicatedfor eachthreadthat canbe active at arny given
time (Section2.4). Theseare calledthe version copiesof the user
data. To track accesseso differentpartsof the userspeculatie
datastructure,we mustcreatea speculativeaccessstructue that
keepsperthreadaccessnformationfor eachof suchparts. How
closelythe speculatre accesstructureidenti es individual datain
theuserdatastructures referredto asthe granularity of theaccess
information.

Typically, eachentry in the speculatie accessstructureshould
recordwhetherthecorrespondingartof theuserdatastructurehas
been:not accessetby the thread,modi ed by the thread,exposed
loadedby the thread,or exposedloadedandlater modi ed by the
thread.An exposedoad occurswhenathreadissuesaloadwithout
having previously issueda storeto the samedata. Suchloadscan
potentiallycauseRAW dependenceiolations.

Upon a speculatie store,the correspondingntryin the access
structuremustbe updatedfrom notaccessetb modi ed andfrom
exposedoadedto exposedoadedandmodi ed. The storeis then
performedto the correspondingersioncopy of the data. Upona
speculatie load,if thecorrespondingntryin theaccesstructurds
notaccessethenit mustbe changedo exposedoaded,otherwise
it remainsin the samestate. If forwardingis supportedhenthe
mostup-to-dateversionis locatedby searchingheaccesstructure
backwvard for the closestpredecessoentry in stateotherthannot
accessedOtherwisethecurrent(or refeencg valueis returned.

2.4 SchedulingSpeculatve Threads

In thesimplestapproacho schedulinghreadsunderspeculatre
parallelizationwe candivide theiterationspacan asmary chunks
asthereare processorsnd statically assignchunksto processors.
Alternatively, we cancreatemorechunksthanthereareprocessors
anddynamicallyschedulghesechunkson the processors.

Recallthatunderspeculatre parallelizationgachthreadmustbe
assigned versioncopy anda speculatie accessstructure. Thus,
thenumberof suchstructuresmustbe equalto the maximumnum-



ber of chunksthat canbe active at ary time. With the staticand
dynamicschedulingpolicies, this correspondso the total number
of chunkscreated An alternatve to thesepoliciesis to decouplehe
numberof possiblyactive threadsrom the total numberof chunks
by usinga sliding window over the iteration spacef5, 7]. In this
caseawindow of W active threadsslidesover the seriesof chunks
createdwhich canbemuchlargerthanW .

2.5 Committing SafeData

Speculatie modi cationsto the userdataaretemporarilystored
in theversioncopies.Physically theseversioncopiescanbeimple-
mentedasprivateor asshareddata.Supportingorwardingrequires
that the versioncopiesbe shared. At somepoint after becoming
safe,versioncopiesmustbe committedto safestorage,which is
usually the userdatastructureitself. The commit at the end of
the speculatie executionwe call a nal commit After the nal
committhe userdatastructureis in the stateit would have beenif
the speculatie sectionhadbeenexecutedsequentially In addition
to the nal commit, we canperformintermediatepartial commits
Performingintermediatepartialcommitssimpli es theroll-backin
caseof squashfreesup versionstorage,andreduceshe amount
of datathathasto be committedat the end of the speculatie exe-
cution. The maindisadwantageof partial commitsis the execution
time overhead.

2.6 Squashingand Restarting Threads

Datadependenceiolationsare detectedy looking at the spec-
ulative accessstructures: a RAW dependenceiolation has oc-
curredwheneer thereis an entry in stateexposedloadedor ex-
posedloadedand modi ed, with somepredecessoentry in state
modi ed or exposedoadedandmodi ed. Checkingfor violations,
andsquashingregularly canincurexecutionoverheadsut prevents
processorfrom performingmuchuselessvork.

We cancheckfor datadependenceiolationsuponthe specula-
tive loadsandstoresthemseles. Whenschedulingpoliciesbased
on windows areused,violation checksmusthe performedat least
whenthewindov mustbe advanced sinceat this time the specula-
tive accessnformationis lost. With staticor dynamicscheduling
policieswe canpostponehe checksto the endof the executionof
the speculatre section.

Whendatadependenceiolations are detectedve mustsquash
andre-executethreadsthat may have consumedncorrectvalues.
Theseareusuallythe offendingthreadandall its successors.

When a squash occurs the speculatie data generatedby
squashedhreadsmustbe purgedandthe speculatie accessnfor-
mationcleared.Additionally, whenthe threadsarerestartedsome
mechanismmustbe provided to prevent the sameviolation from
occurringagain. Oneway is to performforwarding. Anotherway
is to remembetthe violation andavoid it with synchronizatiori6,
19, 30]. Alternatively, we canwait to restartthreadsuntil all the
predecessorBave committed,in which casethe squashedhreads
canusethe safeversionof the data.

3. COST-EFFECTIVE SOFTWARE SPECU-
LATIVE PARALLELIZA TION
In this sectionwe presentthe designof a new schemefor soft-

ware speculatie parallelization. We highlight the major features
anddesigndecisionsalongwith therationalefor the choices.

3.1 Sliding Window

The main designdecisionin our schemewasto implementin
software a sliding window mechanismsimilar to the hardware
mechanismof [5]. Traditionally schedulingof parallelloopsis
eitherstaticor dynamic.With staticschedulingtheiterationspace

is partitionedinto P chunksof iterations,whereP is the number
of processors.With dynamicschedulingindividual iterationsare
dynamicallyassignedo processorsBoth policiesareundesirable
underspeculatie parallelization. Static schedulingwill perform
poorly whenthereis loadimbalanceor whentherearedatadepen-
denceviolations. Dynamic schedulingis not practicalwhenthe
numberof iterations, T, is very large, becauseéhe memoryover
headof the speculatie structureds proportionalto the numberof
iterations. Alternatively, we can partition the iteration spacein C
chunksof iterations,with P < C < T, anddynamicallysched-
ule thesechunkson processorsThis alleviates,but doesnot sole,
the problemsof the staticanddynamicpolicies. In fact, tolerance
to load imbalanceand datadependenceiolationsis now propor
tional to C, but memoryoverheadis also proportionalto C. To
keepmemoryoverheadolerable C mustbeasmallmultiple of P,
whichmaynotbeenoughto limit theimpactof loadimbalanceand
datadependenceiolations.

A slidingwindowmechanisnj5, 7] canbetterdecoupleghemem-
ory overheadfrom the numberof iterations. In theseschemes,
threadsconsistof chunksof a small numberof iterations, but
schedulingis limited to a windov of W chunksat a time. If
W > P thenthreadswithin awindow canbe staticallyor dynam-
ically scheduled At ary time thereareonly W active threadsand
the memoryoverheadis proportionalto W, regardlessof the to-
tal numberof chunks,C. Neverthelesstoleranceo loadimbalance
anddatadependenceiolationsis signi cantly increasedhecaus€
canstill be very large andthe sliding of thewindow approximates
thebehaior of adynamicscheduleacrossC.

Thereare two possibleschemedor sliding the window: once
all threadsin the window are completed7], andevery time non-
speculatie threadscommit[5]. Despitetheirlargercompleity and
managementverhead,we expect schemesasedon windows to
performbetteracrossabroadrangeof situations.

In our implementationthe sliding window mechanisntonsists
of anarrayof charactersf lengthW containinga statusdescriptor
for eachuncommitted(active) thread. Additionally, two integers
marktheboundarie®f thewindow atary time, pointingto thenon-
speculatie andthe most-speculatie threadqtop partof Figurel).

In thewindow array threadslotscanbein the following states:
FREE meaningthatthereis no threadassociatedvith this slot at
the moment;RUN meaningthatthe threadis still beingexecuted;
DONE meaningthat the threadhasbeenexecutedto completion;
and SQUASHEDmeaningthat the threadhasbeeninvolved in a
violation, directly or indirectly, andmustbe squashed.

During speculatre execution, the non-speculate and most-
speculatie pointersin thewindow structureareusedby speculatie
loadsandstoresto determinethe sectionof the speculatie access
arraythatmustbe checled. At theendof athreads execution,the
threadstatesin the window structureare usedto determinewhat
threadsmustbe committed,if ary, andwhatthreadto run next.

3.2 Speculatve AccessStructure

Theimplementatiorof the speculatie accesstructurehasadi-
rectimpacton the executionoverhead®f checkingfor datadepen-
denceviolationsand committing. The simplestdatastructurethat
we canchoosds anarrayof accesstateof sizeM for eachactive
thread(M is thenthenumberof partsof the userdatastructurethat
canbe unambiguouslyracked). This approacthis very ef cient for
checkingfor datadependenceiolationson speculatie memoryop-
erations,sincethenthe systemknows exactly whereto obtainthe
relevant accesdnformation for the part of the userdatastructure
being accessed.However, this approachis very inefcient when
committingandwhencheckingfor datadependenceiolationson
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Figure 1: Data structuresusedin our software speculatve parallelization scheme.In the version copies,the single-striped boxescorrespond

to Moddata and the double-striped boxescorrespondto ExpLd data.

multiple element®f theuserdatastructure sincein theseoccasions
all M accessnformationwould have to bechecled.

When the userspeculatie datais very large comparedto the
amountof dataactuallyusedby eachthread,we canreducethese
overheaddy implementinghespeculatie accesstructureasalist
of theindicesof the userdataelementsactuallytouched With such
a structure,the searchfor violations and the commit of modi ed
datastopwhenthe endof thelist is reached.This approachhow-
ever, is notwell suitedfor checkingdatadependenceiolationson
every speculatre memoryoperationbecausef the extra overhead
of walking thelist.

To supportboth fast commits and fast checksfor datadepen-
denceviolationsuponmemoryaccessesye useasetof threespec-
ulative accessstructures.The rst structureis an M xW array of
characterswhereW is themaximumnumberof active threadqthe
window size). In our system,M is equalto the total numberof

elementsof the userstructurethat canbe independenthyaccessed.

We call it AM, for AccesdMatrix (bottompartof Figurel). Each
elementin this speculatie accessstructureencodesthe follow-
ing four states:not accessedata(NotAcc ), exposedioadeddata
(ExpLd), modi ed data(Mod), and exposedloadedandmodi ed
data(ExpLdMod). This accesstructureallows for quick lookups
uponspeculatie loadsandstoresfor ary particularelementof the
userstructure.

The secondspeculatie accesstructureis anM xW arrayof in-
tegerswherethe rst elementsn eachcolumnpointto elementf
AM in statesotherthan NotAcc . We call this structurelM, for
Indirection Matrix (bottompart of Figure1). The lastelementin
eachcolumnof IM thatcorrespondso anaccesseélementof AM
is identi ed by atail pointerthatis partof anarrayof W integers
(not shawn in Figure1). TheIM accessstructureis traversedon
commitsto quickly identify the userdataactuallyusedby athread.

TofurtherspeedupthesearcHor datadependenceiolations,we
useathird accesstructure:asinglearrayof M logicalvalues.Each

elementcanbein stateeitherExpLd (TRUB or Safe (FALSE).

TheExpLd stateindicatesthatat leastsomethread sincethe start
of the speculatre execution,hasperformedanexposedoadto this

particularelementof the userdata,while the Safe stateindicates
thatno threadhasever performedan exposedoadto this element.
This accessstructureis usefulin applicationswherethe memory
accessesf threadsdo not overlapat all, or overlapbut arewrite-

rst. We call this structureGIExpLd for Global Exposed.oad (left

partof Figurel).

In additionto the type of datastructureused,the actuallayout
in memoryof the accesstructurehasa second-ordeeffect dueto
locality of referencesndcachemisses.For instancethe structure
canbe laid outin memorysuchthat elementsalongW or M are
consecutie. Whencheckingfor datadependenceiolationson a
speculatie load or store, multiple accessnformation datacorre-
spondingto the sameuserelementare checled in sequencalong
W. Onacommit, multiple accessnformationdatacorresponding
to elementf the userdatabelongingto the committingthreadare
accesseth sequencealongM . Thus,theseoperationsall for con-

icting layoutsin memory Sincein practicewe expectW to be
muchsmallerthanM , we lay out our speculatie accesstructure
suchthatelementsaalongM areconsecutie in memory

3.3 Speculative Loads and Stores

Fastresponseo data dependenceiolations requiresfrequent
checksfor violations. In general detectingdatadependenceiola-
tionscanbedoneon every speculatie loadandstore whenthreads
commit, or simply at the endof the speculatie section. Although
it may seemthatlooking for datadependenceiolationson every
speculatie load and storeis too expensve, this is not necessarily
thecase.Thisis becausén this casewe mustonly checkfor viola-
tions on a particularelementof the userspeculatie data,while in
the othercasesve mustcheckfor violationson at leastall the el-
ementsexposedoadedby the threadsinvolved, andpotentiallyon



all elementof the userspeculatie data. In our systemwe imple-
mentthe checksfor datadependenceiolationsin the speculatre
loadsandstores.

Figures2aand2b shav abridgedmplementation®f our specu-
lative loadandspeculatie storeoperationsrespectiely, in aC-like
syntax.Fromthese gures we canhighlight thefollowing features
of our scheme Only the rst loadto a datumrequiresspecialhan-
dling by the protocol (line 1 in Figure2a). The searchfor prede-
cessowersionsof thedatumon loadsonly requiredooking up one
elementof AM perthread(lines 6 to 11 in Figure2a). Similarly,
the searchfor datadependenceiolations on storesonly requires
looking up one elementof AM perthread(lines 11 to 15 in Fig-
ure 2b). The useof the GIExpLd structureavoids searchingfor
datadependenceiolationswhenno threadhasperformedan ex-
posedoadto thedatum(line 10 in Figure2b). Also, the searchfor
datadependenceiolations canstopearly if a successothreadis
found to have modi ed the datumwithout an exposedioad (lines
12 and13in Figure2b). Notethatsquashesanonly betriggered
by storessinceforwardingis supportedThesquash() operation
simply involves settingthe window stateof the successothreads
to SQUASHERNd maving the non-speculatie pointerbackward.
Laterwhena threadcommits(Section3.4) this will triggerthere-
executionof thethread.

3.4 Commits

Figure3 shavs anabridgedmplementatiorof thecodeexecuted
atthe endof eachthread,in a C-like syntax. This codeis divided
in two main sections:the commit proper(lines 3 to 16) andthe
assignmenbf a new thread(lines 22 to 29). Fromthis gure we
canhighlight the following featuresof our scheme.Only the non-
speculatie threadperformscommits(line 3), andit is responsible
for committing itself and all successothreadsthat have already

nished (lines5 to 14). Committingthe modi ed datais limited to
checkingthe elementsccessethy thethreadsasidenti ed by the
IM structurglines10and11). Whenthewindow is full, processors
spin-wait without contentionuntil a threadslot is freed (line 22).
Finally, beforestartinga newn threadthe AM structureis ef ciently
clearedfor reuseby usingIM (lines 24 and25). After increment-
ing the most-speculagie pointerandsecuringa slotin thewindow,
the processois readyto grabanotherthreadto execute(codenot
shawn, for simplicity). The do_squash() operationin practice
simply requiressettingthewindow slotto FREE

3.5 Protocol Races

As describedso far, our protocolfor detectingdatadependence
violations and for partial commits suffers from race conditions.
Theseracesare causecby usesof and updatedo the sharedwin-
dow structureandthe sharedspeculatie accessstructures.More
speci cally, racesappeatbetweerthe speculatie loadsandstores
uponaccesseto GIExpLd, AM, andversion;betweenspeculatre
loadsandcommituponaccesse®® ref andnon.spec;betweerspec-
ulative storesand commit upon accesseso AM and mostspec;
and betweencommit and threadstart upon accesse$o non.spec,
mostspecandwindow. We have markedthesecon icting memory
operationsn Figures2 and3. Forinstancel.d in Figure2arefers
to the load of nonspecembeddedn line 6 andLdy in Figure2b
refersto theload embeddedn lines 12 and 14 of the particularel-
ementof AM thatcancausea con ict with anongoingspeculatre
load.

We candivide the racesin two major cases:thosethat appear
due to the protocolitself when executedin strict programorder
andwhenthe memoryoperationsfollow a sequentiatonsisteng
memorymodel[1]; andthosethatappeamwhenthe compilermay
re-orderthe operationsin the protocol and/or when the system

only enforcessomerelaxed memoryconsisteng modelthatallows
both loadsandstoresto bypasseachother asis the casein Sun's
SFARC [27] andIBM' s PoverPCsystemg18].

Racel: speculatre loadvs. speculatie store

According to the protocol in Figure 2a, upon an exposed
speculatie load the consumemust perform the following
three actions: set the correspondingstatein the specula-
tive accessstructuregSt1), scanthe accessarray backward
for the mostup-to-dateversionof the data(Ld3), andcopy
the forwardedvalue (Ld4). In contrast,as shawvn in Fig-
ure 2b, upona speculatre storethe producermustperform
the following threeactions: modify its versioncopy (Sta),
setthe correspondinglementin the accessarray(Sty), and
scanthe accesarrayforwardfor possibledatadependences
(Ldg). It canbe shawn that, aslong asthe operationsoc-
cur in programorder and follow a sequentialconsisteng
model, all possibleinterleasings of theseoperationsmain-
tain the semanticof the original sequentiaprogram,with
eitherthe new value beingforwardedor a datadependence
violation beingdetected Note,however, thatsomeinterleas-
ings can lead to the detectionof a datadependenceiola-
tion evenwhenasuccessfulorwardingis performed.For in-
stancegconsiderthefollowing interleaving of the operations:
Sta! Stp! Sti! Lds! Lds! Ldg. Inthiscasethe
consumeiperformsa forwardingwith the correctup-to-date
value,but the producerstill detectsa datadependenceiola-
tion. The problemis thatwe do not guaranteeatomicity of
the speculatre storeoperation. We note, however, that this
doesnot affect the correctnessf the executionandwill lead
to someperformancelegradatioronly in thepresencef data
dependenceandraces.

Consideragainthe operationsdescribedabore. It canbe
shavn thatincorrectbehaior occursif thoseloadsandstores
arenotglobally performedn programorder For instancejf
loadsandstoresareallowedto bypassrecedingstoresthen
theorderSt, ! Lds ! Lds ! Ldg ! Sty ! Stg
canleadto a consumeperforminga forwardingwith a stale
valuewhile theproduceifails to detecta datadependencei-
olation. The problemin this caseis thatthe storeto the AM
elementby the producerthread(Sty) performswith respect
to the consumetthreadbeforethe storeto the versioncopy
(Sta).

Race2: speculatie loadvs. commit

Accordingto the protocolin Figure 3, whena threadcom-
mits, it must perform the following two actions: update
the referencevalues(Sta ) andadwancethe non-speculatie
pointer (Stg ). Upon a speculatre load, a successocon-
sumerthreadscansthe accessarray backward for the most
up-to-dateversion of the data, using the non-speculatie
pointerto delimit the endof the search(Ld in Figure2a),
andmay readthe referencecopy (Lds) if no suchversionis
found. As long asthe operationsoccurin programorderand
follow a sequentiatonsisteng model,all possibleinterleas-
ings of theseoperationgnaintainthe semanticof the origi-
nal sequentiaprogram,with the correctvalue beingloaded
by the consumethreadeitherfrom the alreadyupdatedref-
erencecopy or from thestill up-to-dateversioncopy.

If, however, the updateto the non-speculatie pointeris al-
lowed to bypassthe updatego the referencearray thenthe
consumethreadcouldobtaina staleversionfrom thenotyet
updatedreferencecopy, leadingto incorrectexecution. For
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1. if (AM[I][tid] == NotAcc) {
GIExpLd[I|=TRUE;
AM[I][tid]=ExpLd;
IM[++tail[tid]][tid]=I;

#pragma memory fence
for (j=tid-1; j>=non_spec; j--)

if (AM[I][j] '= NotAcc) {
version[l][tid]=version[I][j];
forwarded=TRUE;

10. break;

11. }

12. if (forwarded)

version[l][tid]=ref]l];

COoNOO,LON

14. }
15. Ivalue=version[l][tid];

(a)

Str 1 version[l][tid]=rvalue;
. #pragma memory fence

. if (AM[I][tid] == NotAcc) {

Str AMI[I][tid]=Mod;
IM[++tail[tidT][tid]=1;
. if (AM[N]ftid] == ExpLd)
Str AMI[I][tid]=ExpLdMod:;

©CONOUTAWNPE
-~

. #pragma memory fence;
10. if (GIExpLd[l])
Ld.C 11, for (j=tid+1; j<=most_spec; j++)
Ld,C 12.  if (AM[I[] == Mod)
13. break;
Ldyr 14,  else if (AM[I][j] != NotAcc)
15. {squash(j); break;}

(b)

Figure?2: Abridged C-lik e codefor speculative loads(a) and speculative stores(b). Thememory fence dir ectivesare discussedn Section3.5.

In this gur el is the index correspondingto the elementof the user structure being operated on, tid
operation, ref correspondsto the original user data structure, and Ivalue

the original operations.

Figure 3: Abridged C-lik e codeexecutedat the end of eachthr ead's execution. The memory fence and critical

1. #pragma critical
2. if (window[tid] != SQUASHED) {
if (tid == non_spec) {
window[tid]=DONE;
for (i=non_spec; i<=most_spec; i++) {
if (window([i] == DONE &&
window[i+1] = DONE)
{last=i; break;}

o g ks w

for (j=non_spec; j<=last; j++) {

0. for (k=1; k<=tail[j]; k++)

1 ref[IM[K][j]]=
version[IM[K][i[;

12. #pragma memory fence

13. window[j]=FREE

14. }

non_spec=last+1;

St

Sh

identi es the thread performing the

and rvalue correspondto the variable or expressionsusedin

16.
17.
18.

}

else
window[tid]=DONE;

19. }

20.

21

22.

23
24

25.

26

27.
28.
29.

30

else do_squash();

. #pragma end critical
while(window[most_spec+1] = FREE) {}
. #pragma critical

. for (j=1; j<=tail[most_spec+1]; j++)
AM[IM[j][most_spec+1]][most_spec+1]=NotAcc;
. #pragma memory fence
tailfmost_spec+1]=0;
window[most_spec+1]=RUN;
most_spec++;

. #pragma end critical

directivesare discussed

in Section3.5.1n this gur eref correspondsto the original userdata structure.

instancejn theorderStg ! Ld2! Lds! Sta,thecon-
sumerwill seethe new value of the non-speculatie pointer
andwill stopthe backward searchbeforereachingthe com-
mitting producerndwill readthereferencevaluebeforeit is
actuallyupdated.

Race3: speculatre storevs. threadstart

Accordingto the protocolin Figure3, whena new specula-
tive threadstartsit mustresetthe old elementf the access
structure(Stc ) andincrementthe most-speculatie pointer
(Stp ). Uponaspeculatie store,a predecessahreadscans
the accessarrayforward for ary datadependenceiolation,
usingthe most-speculate pointerto delimit the endof the
search(Ld ) andchecksthe accessstructurefor an exposed
load(Ldgy). Aslongastheoperation®ccurin programorder
andfollow a sequentiatonsisteng model,all possibleinter-
leavings of theseoperationdeadto correctbehaior andno
unnecessargquashes.

If, however, the updateto the most-speculate pointeris al-
lowedto bypassthe updatedo the accesstructure thenthe
producetthreadcouldincorrectlydetecta violation basecbn
an old value of the accessarray leadingto an unnecessary
squash.For instancejn theorderStp ! Ldc ! Ldg !
Stc, theproducemill searcHor violationsbasednthenew

value of the most-speculate pointerand may detecta vio-
lation basedon the value of the accessstructurebeforeit is
cleared.This doesnot affect programcorrectness.

Race4: commitvs. threadstartandthreadstartvs. thread
start

If multiple threadsare allowed to start simultaneouslyor
while athreadis committing,it canbe shavn thatsomeim-
properinterleavingsof thecommitandthreadstartoperations
shavn in Figure 3 canleadto inconsistenstatesof the win-
dow andspeculatie accessstructures.For instancea dead-
lock couldoccurwhentheearliestunningspeculatie thread
nishes while the non-speculatie threadis committing. In
this case,the non-speculatie threadmight not realize that
oneextrathreadmustbecommitted(lines5 and6), while the
speculatie threadwill notcommititself asit is notyet non-
speculatie (line 3). Thusthis speculatre threadwill never
be committedand oncethe window becomedull the pro-
gramwill stopmakingprogressAs anotherinstancejf two
threadsareallowedto startsimultaneouslyhey couldusethe
samevalue of the most-speculate pointerto selectthe ele-
mentsof the accesstructurefor reuse(lines 24 and25), be-
fore eitherof themupdateshe most-speculatie pointer(line



29). In this case,part of the accessstructurewill contain
incorrectstalevaluesandwill leadto incorrectexecution.

Race5: commitvs. squashandthreadstartvs. squash

The squashoperationsencapsulateth line 15 of Figure2b
andline 20 of Figure 3, which are not shavn in detail for
simplicity, requireupdatingthe sharedwindow structure. If
threadsareallowedto commitor startwhile asquashs being
performed,it canleadto inconsistentstatesof the window
and speculatie accessstructures. For instance|if the state
of thewindow is changedo SQUASHERIn thesquash()
procedure)fterthe squashedhreadexecutedine 2 in Fig-
ure3 butbeforeit executedine 18in this gure, thenthe nal
stateof thewindow will be DONEinsteadbf SQUASHERNd
this threadwill notbesquashedfterall.

Thesimplestwayto avoid all theraceconditionsdescribedbove
is to ervelop all the speculatie operationsin critical sections,
which guaranteesnutual exclusivity andatomicity This solution
wasusedin theapproactwith simplelocksin [24]. Thisapproach,
while correct,canbe very inef cient andcanbe shavn to be too
conserative. In practice,we canrelax the constraintson the or-
dering of the speculatie operationsandreducethe useof critical
sections.

We notethatracesl through3 only leadto incorrectbehaior
when programorder and sequentialconsisteng are not guaran-
teed. If the processoand memorysystemaswell asthe compiler
enforcesequentiakconsisteng [1], thencorrectbehaior is guar
anteed. However, if the systemusessomerelaxed memorycon-
sisteng modelthenmemoryfencesmustbe insertedto guarantee
correctness.A memoryfencetells the processothat all pending
memoryoperationsnustbe globally performedbeforeary follow-
ing memoryoperationcanbeissued.It alsotells the compilernot
to reorderany memoryaccessnstructionsacrosghefence.

The fence directives shavn in Figures2 and 3 shav the set
of fencesthat mustbe usedwhenthe memoryconsisteng model
allows for all types of reorderingof memory references. For
instance, the fence in line 5 in Figure 2a enforcesSt; !
Ld,;Lds;Ld4; Lds andthe fencein line 2 in Figure 2b enforces
Sta ! Stp;Ld¢;Ldg. Note thatthe ordersLd, ! Lds !
Lds;Lds andLd. ! Ldg areguaranteedby the control o w con-
straintsandrequireno extra memoryfences.Somesubsef these
fencesmaybesufcient in systemghatsupporimorestrictmemory
consisteng models.To seethatthesefencesguaranteeorrectbe-
havior onecaneasilycheckall theremainingpossiblenterleavings
of the operationghat respecthe memoryfences,critical sections
andcontrol o w.

In contrast,avoiding races4 and 5 without a critical sectionis
notasstraightforvard. In this case programorderof theoperations
is not enoughto guaranteeorrectbehaior. We do not attemptto
eliminatethis critical section.Note that, despitethecritical section
aroundthe commit operation the memoryfencesto avoid races2
and 3 are still necessarysincetheremay be no guaranteeon the
orderof memoryoperationgeneratednsideacritical section.

3.6 OverheadMonitors

Automatic speculatre parallelizingcompilertechnologyis still
in its infang. In mary casesve expectthe compilerto incorrectly
suggesspeculatie parallelizationwhenin facttherearetoo mary
cross-threadlatadependencesMoreover, the numberof datade-
pendencesay vary with theinput data. A robustspeculatie par
allelizationschememustprovide mechanismso dynamicallylimit
the slovdownsin suchcases.We implementin our schemea per
formancemonitorthattrackstheamountof datadependenceiola-
tions. It is implementedastwo sharedcounterscommitcountand

squashcount a ag, speculateanda threshold squashthreshold

Whenathreadcommits,commit.countis incrementedy thenum-

berof threadseingcommitted.The squashcountcounteris incre-

mentedvheneer asquashs detectedNotethatsincebothcommit

andsquasloperationsareprotectedby critical sectionghereis no

raceconditionto updatethesesharedvariables. At the end of the

speculatie sectionif theratio of thesquastandcommitcounterss

greaterthanthe threshold thenthe speculateag is setto FALSE

andno speculations attemptedn futureinvocationsof the specu-
lative section.To switchoff speculatie executionwe simplyimple-

menttwo versionsof theloop, onespeculatie andonesequential,
guardedby atestof the speculateag.

4. EVALUATION METHODOLOGY
4.1 Applications

To evaluateour schemewe choosethe following applications:
TREE from [3], WUPWISE and LUCAS from SPECfp200Q28],
MDG from the PERFECTCIub suite [4], and AP3M from [12].
Theseapplicationsaarerepresentadie of legag/ aswell asrecentse-
quentialscienti ¢ FortranprogramsTheinputsetsarethestandard
onesprovidedwith theapplications All applicationsspendalarge
fraction of their sequentiakxecutiontime on loopsthat cannotbe
automaticallyparallelizedby state-of-the-artompilers.

Table 1 shaws, for eachapplication,the loopsthat we attempt
to parallelize speculatiely, the fraction of the sequentialexecu-
tion time taken on our Sunsener (Section4.2), the averagenum-
ber of iterationsexecutedper loop invocation,the size of the data
accessedhrough speculatre references.and whetherthe loops
presentcross-iterationdata dependences.In the caseof WUP-
WISE, we obtainloopsmuldea200' andmuldoe200' by memging
the three outerloopsin loop nestsmuldea200 and muldoe 200,
respectiely. For that, it is necessaryo hoistsomeinductionvari-
ablesand computethe loop indicesappropriatelywhich is within
the capabilitiesof recentcompilerst.

Aoplication Loops to % of Seq.| lterations Spec dat; RAW
‘ PP Parallelize Time per Invocation| size (KB)| Dependence

TREE accel_10 94 4,096 <1 No
muldeo_200"

WUPWISE 41 8,000 12,000 No
muldoe_200'

MDG interf_1000 86 343 <1 No

d e
LUCAS mers._mo —squar 20 4,194,304 4,000 Yes
(line 444)
AP3M shgravll_700 78 343 t0 2,197 3,000 Yes

Table 1: Characteristics of the applications studied.

4.2 Parallel Execution Environment

We ran the applicationsdescribedin Section4.1 on a 24-
processofSunSun re 6800symmetricmultiprocesso(SMP).The
machineis equippedwith 750MHz UltraSRARC-IIl processors,
eachwith a private 64KByte 4-way set-associate L1 cache,a
private 8MByte direct-mapped.2 cache,and48GBytesof shared
mainmemory The systemrunsSun0S5.8. The systemintercon-
necthasa sustainedandwidthof 9.6GBytes/sThe SFARC V9 ar
chitecturesupportsary of threedifferentmemoryconsisteng mod-
els: relaxedmemoryorder (RMO), partial store order (PSO),and
total store order (TSO)[27]. The modelenforceddependsn the
actualcon guration of the system.We developedour codeassum-
ing RMO, asit is the mostrelaxed of the threeanda programthat

!Recently as part of the SPEC OMP parallelizationeffort [2], loops similar to
muldea200 and muldoe200 have beenparallelizedwith help from hand analysis.
Suchanalysiss still beyondthe capabilitiesof automaticparallelizationalone.



correctlyexecutesin this modelis guaranteedo correctly execute
in the othertwo.

The applicationswere compiledwith Sun Workshop6 update
2 using the highestoptimization settingsfor our execution en-
vironment: -fast  -xchip=ultra3 -xarch=v8plusb -
cache=64/32/4:8192/64/1 . They hadexclusive useof the
processorsluring the entireexecutionandwe usewall-clock time
in our time measurementd-or the executiontime breakdevns we
usethe performanceollectortool which is partof SunWorkshop.
In our experimentghe performancesollectorintroducednegligible
executionoverheads.

We usedOpenMP2.0to parallelizetheloopsbecausef its wide
acceptancend portability. The memoryfencesdescribedn Sec-
tion 3.5 werethenimplementedusingthe OpenMPflush  direc-
tive. The semanticof this directive is differentfrom that of the
memoryfences:it simply enforceshatthe processoandmemory
have a consistentview of somesharedobjectspeci ed in the di-
rective. With properdeclaratiorand placementf thesedirectives
we canguaranteghatall processorandmemoryhave a consistent
view of thesharedbjectsandthenmimic thebehaior of themem-
ory fencesof Section3.5. A moreaggressie implementatiorof our
schemecouldusethemoreselectve MEMBAReNceprovidedin the
SPARC processof27].

4.3 SystemsEvaluated

Thegoalof our experimentss to quantitatvely evaluatesomeof
thedesigntradeofs availableto softwarespeculatre parallelization
schemesswell asto compareour proposedschemeagainstother
possibledesigns someof which aresimilar to schemegpreviously
proposedn the literature. The schemeghat we evaluateare the
following.

Baseline usesawindow schemewith partial commitswhenthe
non-speculatie thread nishes, checksfor datadependenceiola-
tionson every speculatie storeoperationandsupportdorwarding.
Thisis our baselinesystemdescribedn Section3.

sys2 avariationof ourbaselineschemehatonly checkdor data
dependenceiolationswhenthreadscommit,anddoesnot support
forwarding. We evaluatethis systemto assesshe costof our de-
pendenceheckingmechanism.

sys3 usesawindow schemeawith partialcommitsonly whenall
threaddn thewindow complete checksfor datadependenceiola-
tionson every speculatie storeoperationandsupportforwarding.
This systemis similarin concepto the SW-R-LRPDschemeof [7],
exceptthatthereviolationsareonly checled whenthe window is
moved andthe datastructuresisedaredifferent.

sys4 hasno windowv and no partial commits, usesdynamic
schedulingof iterationsto processorsghecksfor datadependence
violationson every speculatie store andsupportforwarding. This
systemis similar in conceptto the schemeof [24], exceptthatwe
useour own speculatie accesstructuresanddo not uselocks 2.

In additionto the speculatre parallelizationschemeslescribed
abore, we also quantitatvely evaluatethreeotherscenarios:Am-
daht the maximumspeedupbtainedaccordingto Amdahl's law
andthecoverageof thespeculatie loopsgivenin Tablel; Autopar:
applicationsautomaticallyparallelizedwith Sun's compilerusing
the-autopar  ag; DOALL: speculatie loopshand-parallelized
with OpenMP directives without ary speculatie scheme(obvi-
ously this is only possiblewhenthe loops have no RAW depen-
dences)In thelattercase SCHEDULE(DYNAMIC,1)wasused.

2In [24], a parallelimplementatiorof the nal commitis proposedo reduceits cost
when only an accessstructureequivalentto our AM is used. This optimizationis

complicatedwith theuseof theIM structurebut it thenbecomesomevhatredundant
asthe IM structurealreadycuts to a minimum the amountof searchingfor datato

commit.

5. EXPERIMENTAL RESULTS

Sectionsb.1to 5.5 evaluateour systemwith speculatie sections
that do not suffer from cross-threaddata dependenceviolations
(TREE WUPWISE and MDG). Section5.6 evaluatesour system
with speculatre sectionghatsuffer from frequentdatadependence
violations(LUCAS andAP3M).

5.1 Overall Speedups

We startby presentinghe overall speedupesultsfor the whole
applicationsin Figure 4 (top charts). The systemsshavn are de-
scribedin Section4.3. In this plot, Baselineusesthe bestwindow
sizeswe found (Section5.2). The speedups givenfor 2, 4, 8 and,
for TREE andMDG, 16 processorslt is computedwith respecto
the sequentiakxecutionof the unmodi ed applicationon a single
processorBecausehecoverageof thespeculatie sectionin WUP-
WISE is belov 60% of the sequentiabxecutiontime, scalabilityis
poorand,thus,we do not presentesultsfor 16 processors.

Fromthe gure we obsere that,in contrastto automaticparal-
lelization, our schemedelivers speedupsor all applications.This
demonstrateshe importanceof speculatie parallelizationas a
complementaryechniqueto traditional parallelizationtechniques.
In all casesthe performanceof our schemes very close (within
82%onaverage}o the DOALL parallelexecutionspeedu@andalso
close(within 79%on average)o theideal Amdahl's law speedups.

To bettervisualize how our speculatie parallelizationscheme
comparesto manual parallelization, Figure 4 also presentsthe
speedupsor the speculatie sectionsonly (bottomcharts). From
this gure we obsere thatthe overheads$ntroducedby ourscheme
donotpreventit from deliveringspeedupsloseto the DOALL par
allel execution. In fact, our schemerealizesan averageof 71% of
the parallelizationspeedupmf DOALL. This demonstratethat, de-
spiteits overheadsomparedo manualparallelization speculatie
parallelizationcandeliver a largefraction of thetotal potentialper
formancemprovements.

5.2 Effects of Commit Policy

To evaluatethe performancémpactcausedy commitswe com-
pare our scheme,Baseline with systemsthat vary from oursin
their commit policies: sys3andsys4 For the window-basedsys-
temswe vary thewindow sizeto evaluateits impacton the commit
overheadsindexecutiontimes. Figure5 shaws the executiontime
breakdavns of the speculatie sectionnly, on4 and8 processors.
Ontop of eachbarwe shav the speedupselative to sequentiakx-
ecutiontime. The barsarenormalizedto the sequentiakxecution
time andarebrokendown into the following components:

Busy executiontime of the original loop body plus OpenMP
overhead.

Init: initialization time of the speculatre accesstructuresatthe
beginning of the speculatie sectionsand, for the window based
systemswhenthesestructuresarere-assignedb new threadglines
2410 27in Figure3).

Spin idle time dueto load imbalancewhen waiting for other
threadsto completein orderto advancethe window (line 22 in
Figure 3), plusidle time dueto load imbalanceat the end of the
speculatie section.

Ld+St overheadime spenton speculatie loadsandstores ex-
cludingthe original memoryoperation(all of Figure2aexceptline
8 or line 13, andall of Figure2b exceptline 1).

Commit overheadime of the commitoperationsaandsettingup
of anew thread(lines2 to 19and28to 29in Figure3).

Contention idle time waiting at the locks andbarriersrequired
by the differentschemes.

Fromthe gure we seethatBaselingperformsconsistenthbetter
thansys3and, with a large enoughwindow, betterthansys4 For
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Figure 4: Overall speedupgtop charts) and speedupgor the speculative sectionsonly (bottom charts).

thesed4 and8 processocon gurations,Baselineis on average26%
fasterthan sys3and 13% fasterthan sys4for TREE; 43% faster
thansys3for WUPWISE, and 5% fasterthansys3and 1% faster
thansys4for MDG. As expected,Baselinesufers lessfrom load
imbalancehansys3for thesamewindow size,andis ableto reduce
Spinto levels comparablao sys4even with smallwindow sizes.
The main reasonfor the performanceadwantageof Baselineover
sysdis thelarge committime requiredby the nal commitin sys4

We alsonotethatwith sys4 toleranceto loadimbalancecomes
at a high costof memoryoverheadandin the caseof WUPWISE
this overheadpreventedus from runningthis schemen our multi-
processosystem.

Finally, we notethataswe increasehe window size,thereis an
increasen CommitandInit for Baselineandsys3 asexpected.This
effectreduceshebene tsof largerwindow sizeswith Baselineand
sys3 especiallyfor WUPWISE In generalwe nd thata window
sizeof 2 or 4 timesthe numberof processorgerformsconsistently
well acrosall speculatre sections.

5.3 Constrained Memory Overhead

In Section5.2, Baselineand sys3had the samememoryover
headswith agivenwindow size,while sys4hadsigni cantly higher
overheadswhich evenpreventedusfrom runningWUPWISE with
this system. One way to bring the memoryoverheadof sys4to
the samelevels of Baselineand sys3is to block the iterationsin
sys4so thatthe resultingnumberof chunksis equalto the size of
the window in Baselineandsys3 Figure6 shavs the normalized
executiontimesof the speculatie sectionsonly for Baselineanda
blockedversionof sys4 on4 and8 processorsith minimummem-
ory overhead,.e., window size or numberof chunksequalto the
numberof processorsAgain, the numberson top of the barsshav
the speedupselative to sequentiabxecutiontime andthe barsare
brokendown asbefore.

Fromthis gure we seethatblockingsys4leadsto mixedresults.
When iterationsare not well balancedocally but blocking itera-
tionsleadsto well balancecthunks,asin TREE sysdoutperforms
Baseline(in this caseby 31% on average). When iterationsare
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Figure 6: Normalized executiontime breakdavn for Baselineand a
blocked version of sys4with minimum memory overhead. Resultsare
shown for 4 and 8 processorgP). The numbers on top of the bars are
the speedupg elative to sequentialexecution.

locally well balancedbut blocking iterationsleadsto unbalanced
chunksasin MDG, Baselineoutperformssys4(in thiscaseby 27%
on average).Finally, whenbothiterationsandchunksarewell bal-
anced,asin WUPWISE otherfactors,suchasthe commit over-
head determinghebetterperformingsystem(in this caseBaseline
by 12%on average).

Blocking iterationswith sys4seemsa viable option whenload
imbalanceis not signi cant. However, this techniquestill hasseri-
ouslimitationswhenthespeculatie sectionsuffer occasionatiata
dependenceiolations.

5.4 Effectsof DependenceViolation Checks

To verify the costof our policy of checkingfor datadependence
violationson every storeoperation,we compareour baselinesys-
tem, Baseline with a similar systemthat only checksfor depen-
denceviolationswhenthreadscommit, sys2 Figure7 shaws the
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Figure 5: Normalized executiontime breakdown for Baseline sys3 and sys4 For Baselineand sys3the window size(W ) is varied from 1 to
8 times the number of processorqP ). Resultsare shaowvn for 4 processorgtop chart) and 8 processorgbottom chart). The numbers on top of

the bars are the speedupg elative to sequentialexecution.

normalizedexecutiontime of thespeculatie sectiononly, on4 and
8 processorsvith the bestwindow sizesfrom Section5.2. Again,
the numberson top of the barsshav the speedupselative to se-
guentialexecutiontime andthe barsarebrokendown asbefore.

From this gure we seethatin all casesthe costof checking
for datadependenceiolationsin Baselinedoesnot leadto notice-
able performancedegradationwith respectto sys2 As expected,
Ld+Stis greaterwith Baselinewhile Commitis greaterwith sys2
This indicatesthat moving the checksfor dependenceiolations
from the memoryoperationsto the end of threadssimply moves
the overhead€rom the loadsandstoresto the commit. However,
in the caseof WUPWISE with 8 processorsthe additionaltime
spentonviolation checksat committime with sys2signi cantly in-
creasehecontentioroverhead Thisis becauséheviolationchecks
aretheninsidethe critical section. In this casesys2performssig-
ni cantly worsethanBaseline We expectthis behaior to occur
whenthespeculatie datais large andalarge numberof processors
is used. Overall, Baselineoffers goodand consistenperformance
alongwith theopportunityfor quicker responséo dependenceio-
lations.

5.5 Effects of Speculatve AccessStructure

In this sectionwe evaluatethe performancempactof our opti-
mizedspeculatie accesstructuresFigure8 shavs thenormalized
executiontime breakdevn of the speculatie sectionsonly for our

basesystem,Baseling and a variation of it without the IM opti-
mization,nolM. The barsarebroken down asbefore. Notethatto
keepthe plot readablewe truncateseveral sectionsof the bar for
WUPWISE nolM andthe heightof the barsaremuchbiggerthan
shavn.

ComparingBaselineto nolM in this gure we seethatthe IM
optimizationis crucial for applicationswith very large speculatre
data(WUPWISE). Thecostof scanningall elementof theAM ac-
cessstructureatcommitandinitializationincreasetheseoverheads
signi cantly. Theaddedime atcommitalsoleadsto signi cant in-
creasen bothloadimbalanceandcontentionoverheads.

5.6 Effectsof Performance Feedback

In this sectionwe study the performanceof speculatie paral-
lelization in the presenceof cross-threadlatadependenceiola-
tionsandwe evaluatethe importanceof having performancenon-
itors and feedback. The loopswe use,from LUCAS and AP3M,
areexamplesof casesvhereanautomaticspeculatre parallelizing
compilerwould likely suggestincorrectly that speculatre paral-
lelizationshouldbeused.Figure9 shavs the normalizedexecution
time breakdan of the speculatre sectionsonly for our Baseline
con gurationwith somevaluesof squastthresholdandfor a simi-
lar systemwithout our squasthoverheadmonitor (noMonitor).

We canseefrom this gure thatwithout squashmonitorssignif-
icantslovdowns arepossible.Contentionfor the squastandcom-
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Figure 7: Normalized executiontime breakdawn for Baselineand sys2
with the bestwindow sizefrom Figure 5. Resultsare shavn for 4 and
8 processors(P). The numbers on top of the bars are the speedups
relative to sequentialexecution.

mit operationsaccountor mostof the executiontime increasebut
re-executionof the original instructionsand the speculatie oper
ationsalso contrikute to the overall slowdown. With the addition
of a squashmonitor, our schemds ableto keepthe slovdowvns to
tolerablelevels.

A completestudy of the sensitvity of the slovdowns to the
squashthresholdvalue is beyond the scopeof this paperandwe
presenthereonly somepreliminary obserations. In the caseof
LUCAS the numberof datadependenceiolations increasedor
eachinvocationof thespeculatre sectionandwe obsere agradual
increasen executiontime up to thresholdvaluesaround0.15. Be-
tween0.15and0.2 thereis asharprisein executiontime andwith
athresholdof 0.2 all theinvocationsof the speculatie sectionare
run speculatrely. In the caseof AP3M, the kneeis even sharper
sincethe numberof datadependenceiolationsis effectively the
samein all invocations. Thus,aswe increasehe thresholdvalue,
we obsere little changein executiontime asonly the rst few in-
vocationgunspeculatrely; afteracertainpoint, all invocationgun
speculatiely. Overall, our experimentsseemto indicatethatsmall
thresholdg0.01to 0.1) arerequiredto keepthe slovdownstolera-
blein mostcaseshut furtherstudyis necessary

6. RELATED WORK

Run-timespeculatie parallelizationin softwarewasintroduced
in the LRPD test[23]. Datadependenceiolations are checled
at the end of the tentatve parallel execution, and the loop is re-
executedsequentiallyif a violation is detected.Thus,this scheme
canonly handlefully parallelloops. The schemein [8] proposed
a seriesof run-timetests,also at the end of the tentatve parallel
execution. They aretailoredfor differentaccesgatternsandrely
onthecompilerto identify themostlikely behaior. More recently
[7] extendedthe LRPD work with two new mechanismsThe most
aggressie, SW-R-LRPD test, usesa sliding windov mechanism
somavhat similar to ours. This systemdiffers from oursin three
ways: the window only moves when all threadsin the window
complete;checkingfor datadependencesnly occursafterall the
threadswithin awindow are nished; andthethreadsn awindow
are statically partitionedand assignedo processors.The scheme
in [24] appliedin software mary of the ideasof hardware-based
speculatie parallelization,suchas checkingfor datadependence
violations on memoryoperationsand forwarding. It differs from
oursin two ways: no window is usedand eitherlocks or a non-
scalablebyte-wvector implementationof the accessstructuresare
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Figure8: Normalized executiontime breakdown for Baselinewith and

without the IM data structur e optimization. In all caseswe usethe best
window sizefrom Figure 5. Resultsare shown for 4 and 8 processors
(P). Note that the bars for WUPWISE nolM are truncated and the

height of the bars are bigger than shawvn. The valuesof thesetruncated

sectionsare shown in the gur e. The numbersontop of the bars arethe

speedupg elative to sequentialexecution.

usedto avoid racesin theprotocol. Thework in [21] takesa differ-
entapproacho softwarespeculatie parallelizatiorby placingmost
of theoperationsn the softwaredistributedcoherencengine.

Severalhardwareapproachefor speculatie parallelizatiorhave
beenproposede.g.,[5, 9, 16, 20, 26, 29, 31]). While theseallevi-
atemary of theoverhead®f speculatie parallelizationby maoving
someof theoperationgo hardware they requiresigni cant changes
to thehardwarestructuressuchascachesprotocolcontrollers and
eventheprocessors.

Alternatively to speculatie parallelization,inspectorexecutor
scheme§15, 25] pre-computehereferencestreamandusethede-
pendencénformationto executethe loop in parallelwith explicit
synchronizatiorwherenecessary This approachworks well only
whencomputatiorof thereferencestreamis cheapcomparedo the
actualloop computation.

Finally, speculatre parallelizationis also relatedto optimistic
concurreng control and synchronization[10, 14], including
hardware-assistedchemeq11, 17, 22]. Under theseschemes,
which tamgetexplicitly parallelcode,threadsareallowedto specu-
latively entercritical sectionssimultaneouslyor speculatiely pro-
ceedpastabarrierbeforeall threadshave reachedt. In thesethere
is noneedto enforceatotal orderonthememoryaccesset shared
objects,but only that suchaccessesatisfy somevalid partial or-
der (mutualexclusionin the caseof critical sectionsor pre-barrier
before post-barrieraccessein the caseof barriers). Speculatre
parallelizationschemespn the other hand,tackle a more general
problemthatrequiresenforcinga total orderof accessethatsatis-

es theexecutionsemantic®f the original sequentiatode.

7. CONCLUSIONS

In this paperwe proposedcandevaluateda nev schemdor soft-
ware speculatie parallelization. After systematicallyconsidering
the designspacewe implementedur schemawith carefullytuned
data structures synchronizatiorpolicies, and schedulingmecha-
nisms.Theaccesénformationstructuresreshavn to work well on
speculatie load andstoreoperationsaswell ascommitoperations,
regardlesof the size of the userdatastructure. The synchroniza-
tion policiesrelax the constraintsof previous work with software
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Figure 9: Normalized executiontime breakdown for Baselinewith
and without a squashmonitor. With a squashmonitor thresholdsof
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speculatie parallelizationand allow for fasterdependenceiola-
tion checkson every speculatie store operation. We also shav
how to guarantegropersynchronizatiorin the commoncasethat
the hardwareandthe compileronly enforcerelaxed memorycon-
sisteng models. Finally, the schedulingmechanismbasedon an
aggressie sliding window, offers increasedoleranceto load im-
balanceanddatadependenceiolationswhile keepingthe memory
overheadassociatedvith the accessstructurestolerable. Experi-
mentalresultsshav that our schemehas small overheadsand is
ableto reacha largefractionof the potentialparallelexecutionper
formance.In particular for applicationswvith few or nodependence
violations, the schemerealizeson average71% of the speedupf
amanuallyparallelizedversionof the code. Theresultsalsoshav
thatthe schemeoutperformstwo recentlyproposedsoftware-only
speculatie parallelizationschemes:one by 25% on averageand
with similar memoryoverheadsandthe otherby 7% on average
but with signi cantly lessmemoryoverhead For applicationswvith
mary datadependenceiolations, our performancemonitorsand
switchescaneffectively curbthe performancealegradation.
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