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Abstract

Computerarchitectsstrive to improve machineperformanceby exploiting parallelism,but control
flow anddatadependenceslimit availableparallelism. Speculative executionenhancesparallelismby
selectively ignoringtheconstraintsof controlflow anddatadependences,therebyexecutinginstructions
beforeit it known whetherthey areneededor correct.Softwareassistedspeculative executionis a form
of this tackwheretherunningprogramdirectsthehardwarein whatinstructionsshouldbespeculatively
executedandhow. This reportidentifiesandcharacterizedthe fundamentalarchitectural,implementa-
tion, andcompilerissuesof softwareassistedspeculative execution.Theseissuesserve asthebasisfor
describing,comparingandcontrastingproposedarchitecturesfrom theliterature.

1 Intr oduction

In thenever-endingquestfor highperformance,computerarchitectsstriveto exploit parallelism.Pipelined,

superscalarandvery large instructionword (VLIW) architecturesarewell known techniquesfor taking

advantageof parallelism,but their scalability is limited by control flow anddatadependences.Control

flow dividesa program's instructionsinto basicblocksthat aretypically very small andcontainlimited

parallelism[19, 34]. Wall [43] andLam andWilson [20] show thatgreaterparallelismexistsbetweenthe

instructionsof differentbasicblocks. Furthermore,load instructionsareoften conservatively considered

datadependenton precedingstoresjust in caseboth memoryoperationsrefer to the sameaddress,thus

obscuringtheparallelismthatexistsbetweeninstructionsprecedingthestoreandfollowing theload.

Theconstraintson parallelismfrom controlflow anddatadependencesmaybespeculatively ignored

whenthecontrol flow is predictableandthedependencesareconservative,enhancingparallelismby ex-

ecutinginstructionsbeforeit is known whetherthey are neededor correct. For example,noneof the

instructionsin theFigure1(a)codesequencecanbeexecutedin parallelunlesswe predictthatthebranch

will not be takenandspeculatively ignoreit. If we do, parallelismexistsbetweenthe instructionsbefore

andafterthebranch,asillustratedby Figure1(b). Thebold instructionsarespeculatively executed.If the

predictionis incorrect,thespeculationis incorrectandthehardwareand/orthesoftwaremustensurethat

theprogramstill executescorrectly.
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mul v1,v2,v3
add v4,v1,v1
bz v4,L1
mul v5,v6,v7
add v8,v5,v5

L1: . . .

(a)

slot1 slot2
t1 mul v1,v2,v3 mul v5,v6,v7
t2 add v4,v1,v1 add v8,v5,v5
t3 bz v4,L1

(b)

Figure1: Exampleof thebenefitof speculativeexecution.(a)An instructionsequence,and(b)anindication
of how its instructionscanbespeculatively executedin parallelif thebranchis predictedto fall through.

Currently, dynamicallyscheduledsuperscalarprocessorsarethemostcommonspeculative machines.

In them,speculative executionis entirely underthe control of the hardwareusinga large window of in-

structionsthatpotentiallymustexecute.Fromthis window, theprocessorissuesmultiple instructionsper

cycle—someof which are speculatively executed—respectingthe dependencesit deemsimportantand

initiating recovery whenspeculationis incorrect. Hardwarespeculative executionimmediatelybenefits

existing software,but its resourcecomplexity maylimit its success,particularlywhenusingsophisticated

heuristicsto directandlimit speculation[25]. Managementof aninstructionwindow of sizen is regarded

asanO
�
n2 � endeavor, andstudiessuggestthatan instructionwindow mustbevery largeto exploit a sig-

nificant amountof parallelism[43]. Furthermore,hardwarespeculationis resourceinefficient in that a

significantportionof theimplementationlogic is devotedto schedulinginstructions,ratherthanexecuting

them.

Alternatively, speculationcanbe encodedin a programitself. This is calledsoftwareassistedspec-

ulative execution,becausethe software—inpractice,the compiler—makesthe decisionsof what should

be speculatedandhow. Whenthe softwaredirectsspeculation,the hardwarecanpotentiallybe simpler,

fasterandmore resourceefficient. On the otherhand,softwareassistedspeculative executionrequires

existing applicationsto be recompiledusingnew andsophisticatedcompilationtechniques.In addition,

becauseit makesstaticspeculationdecisions,softwareassistedspeculativeexecutionis moresensitivethan

a hardwareapproachto dynamicvariationsin programbehavior.

Thoughlimited formsof softwareassistedspeculative executionhave beenproposedwithout specific

architecturalandhardwaresupport[27, 30], theirsuccessis limitedby theoverheadof verifyingcorrectness

of speculation.This reportidentifiesthe fundamentalarchitectural,implementation,andcompilerissues

of softwareassistedspeculative execution. Proposedarchitecturesfrom the literatureareevaluatedwith

respectto theseissues.This reportis organizedasfollows. Section2 introducesthefoundationalissuesof
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speculativeexecution.Section3 introducestheconsequencesof correctandincorrectspeculativeexecution

andsetsthestagefor theexaminationof architecturalandcompilerissuesin Sections4 and5, respectively.

Thefinal two sectionsproposenew researchdirectionsandgiveconclusions.

2 Foundations

This sectionintroducesbasicterminology, the typesof speculative execution,the classesof speculative

architectures,anda few corearchitecturalissues.

2.1 Terminology

Datadependencerelationsdescribeorderingconstraintsthatmustbepreservedbetweeninstructions[44,

pages137–138].A true datadependenceexistsbetweentwo instructionswhenthefirst producesa value

readby the other. An anti-dependenceexists betweentwo instructionswhen the first readsa location

written by the second.The dependencemustbe respectedso that the first instructiondoesnot readthe

valuewritten by the second.An outputdependenceexists betweentwo instructionsthat write the same

location. Thedependencemustbe respectedso that the locationcontainsthe correctvalueafter the two

instructionsexecute.Outputandanti-dependencesarecalledstorage conflicts, becausethe dependences

they representareartifactsof reusingstoragelocations,notflowsof data.

A control dependencealsodescribesan orderingrelationshipamonginstructions.Informally, an in-

struction,i2, is controldependenton a conditionalbranchinstruction,i1, if onebranchof i1 alwaysleads

to i2 andthe othermay not [44, pages71–79]. In otherwords,instructioni1 determineswhetheror not

instructioni2 mayneedto beexecuted.

An instruction,i2, is speculativewhenit is executedwithout regardfor an apparentdataor control

dependencefrom a prior instruction,i1. We saythat instructioni2 is speculativelyexecutedwith respect

to i1. When the correctnessof speculationis determined,we say the speculationis resolved. Of two

speculative instructions,i2 and i3, i2 is consideredmore speculativethan i3 if i2 would normallyexecute

after i3 withoutspeculativeexecution.

2.2 Typesof Speculation

Control speculationallows an instructionto executebeforea branchinstructionon which it is control

dependent.It is speculatedthat the dependenceeffectively doesnot exist becausethe directionof the

controlflow is staticallyknown via predictionor profiling, thustheinstructionwill eventuallyneedto be

executed.For example,considertheinstructionsequencein Figure2(a).If thecontroldependencefrom the
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add v1,v2,v3
beq v4,0,L1
mul v5,v6,v7
. . .

L1:

(a)

. . .
st 0(v1),v2
. . .
ld v3,0(v4)

(b)

Figure2: Examplesof thepotentialfor (a)controlspeculationand(b) datadependencespeculation.

conditionalbranchto themultiply instructionis ignored,themultiply canbeexecutedbeforethebranch,

potentiallyin parallelwith theadditioninstruction.If thebranchis taken,thespeculativeexecutionof the

multiply is incorrect. Thehardwareand/orsoftwaremustensurethat theprogramrunscorrectlyevenin

thiscase.

Datadependencespeculationallowsamemoryloadoperationto executebeforeamemorystoreopera-

tion onwhichit maybedatadependent.It is speculatedthatthedependenceis aconservativebyproductof

imprecisecompile-timeanalysisanddoesnot reallyexist at run-time.Notethatdependencesdueto regis-

ter operationsarealwaysaccurateandnever conservative. Considertheopportunityfor datadependences

speculationin Figure2(b). Thereis aconservativetruedatadependencefrom thestoreto theloadbecause

v1 andv4 mayhold thesameaddress.If thedependenceis ignored,the loadcanbespeculatively exe-

cutedbeforethestore.If thetwo operationsactuallyreferto thesameaddress,thespeculationis incorrect,

andthehardwareand/orsoftwaremustensurethatv3 getsthecorrectvalue. In additionto enablingthe

parallelexecutionof loadswith otherinstructions,thereareotherbenefitsto datadependencespeculation:

it allowspotentiallylong latency loadoperationsto beinitiatedearlyandin parallel,shorteningthecritical

paththrougha program;andit allows morefreedomin exploiting parallelismfor instructionsthatusethe

valueproducedby a loadinstruction.

2.3 Classesof Ar chitectures

Thereare two broadarchitecturalapproachesto software assistedspeculative execution,distinguished

by the granularityof the speculative unit: the instructionor the thread. A thread in this context is a

contiguoussubsequenceof a program'sdynamicexecution.Softwarefor theformeridentifiesinstructions

that may be speculatively executedin parallel,andsoftwarefor the latter identifiesthreadsthat may be

speculatively executedin parallel.Despitetheir apparentdifferences,theseapproachesarefoundedon the

samespeculative principlesgivenin this report. Thereadermayfind it usefulto refer to thesummaryof

majorarchitecturesfrom theliteraturein AppendixA while readingthis report.
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Figure3: PrototypicalTLS architecture.

Instruction-LevelSpeculative(ILS) architecturesarestaticallyscheduledsuperscalararchitecturesaug-

mentedwith support for the speculative execution of individual instructions. ILS architecturesrely

on compilersto identify parallelismby statically schedulinga program's instructions—someof them

speculatively—in aneffort to co-locateindependentinstructions.TheBoosting[35, 33, 36, 32] andIM-

PACT [5, 6, 3, 1] architecturesareexamplesof ILS architectures.

A thread-levelspeculative(TLS)architectureisasmall-scalemultiprocessor-on-a-chipaugmentedwith

supportfor thespeculative executionof threadsandfor managinginterthreaddependences.A TLS archi-

tecturesimultaneouslyexecutesdifferentthreadson independentprocessingelements,callednodes. One

threadis older thananotherif it appearsearlierin thedynamicsequenceof threads.Similarly, onenode

is older thananotherwhenit is executingan older thread. The oldestnodeis consideredthe nonspecu-

lative or sequentialnode. The othersarespeculative nodes,becauseall their instructionsarepotentially

executingspeculatively with respectto thosein thethreadsonoldernodes.Whenthenonspeculativenode

finishesexecutinga thread,it signalsto thenext oldestnodeto becomenonspeculative. An architectural

diagramthatcharacterizesa genericTLS architectureappearsin Figure3. Franklinet al. introducedthe

first modernTLS architecture,calledtheexpandablesplit window paradigmandlater theMultiscalarar-

chitecture[11, 37]. SubsequentTLS architecturesfrom Dubey et al. [9], Tsaiet al. [39, 22], Oplingeret

al. [28, 16], andSteffanandMowry [38] supportspeculationwith varyingdegreesof hardwaresupport.

The next sectionintroducesseveral fundamentalconceptsthat will be usedto explore the detailsof

thesearchitectures.In addition,theseconceptswill alsoserveasabasisfor comparisonandcontrastof the

differentapproachesto softwareassistedspeculativeexecution.

2.4 Topicsin Speculative Execution

Sofar, this brief introductionto speculative executionbegscertainobviousquestions.How do we ensure

thatthesideeffectsof speculativeinstructionsdonotaffectcorrectprogrambehavior whenthespeculation

is incorrect? How do we handleexceptionsarisingfrom speculative instructions?How do we recover
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whendatadependencespeculationis incorrect?Canweexploit TLS parallelismevenif somedependences

exist betweenthreads?We briefly addresseachof thesequestionsbelow, andgive morecompleteand

comparativecoveragein Section4.

Preservingprocessorstate. As a nonspeculative programexecutes,the registerandmemoryprocessor

statesevolve from successive modificationby instructions;andeachinstructionexecuteswithin the pro-

cessorstateresultingfrom the sequentialexecutionof all previous instructions. Statepreservationin a

speculative context ensuresthat instructionsexecutewithin the propermachinestatedespitespeculative

execution. Statepreservation separatesspeculativestateand sequentialor nonspeculativestate, and it

managesthe taskof committingportionsof theformer to the latterwhenspeculationis resolvedandcor-

rect. More specifically, statepreservation (i) allows for the resultsof control speculative instructionsto

bediscardedwhenthespeculationis incorrect,(ii) enablesre-executionof speculative instructionsby pre-

servingtheir operands(theimportanceof re-executionwill becomeapparentshortly),and(iii) eliminates

the needto respectoutput and anti-dependences.If an architecturedoesnot provide supportfor state

preservation,thecompilermustmanageit in software.

Preservingexceptionbehavior. Preservingexceptionbehavior is analogousto preservingprocessorstate.

An exceptionis anunusualconditionoccurringin theexecutionof aninstruction.Becauseit is notknown

whethertheexecutionof aspeculativeinstructionis neededor correct,it is notknownwhetherthehandling

of anexceptiondueto a speculative instructionis neededor correct.For this reason,speculative instruc-

tion exceptionhandlingmustbe delayeduntil the speculationis resolved. Otherwise,if, for example,a

controlspeculative instructionterminatesa programdueto a floatingpoint exceptionandthespeculation

is incorrect,theapplicationis unnecessarilyterminated.A speculative nodein a TLS architecturesimply

stallswhenaninstructionexceptsuntil it becomesthenonspeculativenode.ILS architecturesmustdelay

speculative instructionsthat exceptand re-executethemwhen the speculationis resolved, as described

below. Whena delayedexceptionis eventuallyhandled,it is consideredcommitted.

Re-executingspeculativeinstructions. Speculative instructionsmay need to be nonspeculatively re-

executedoncespeculationhasbeenresolved. This is essentialwhendatadependencespeculationis in-

correct:thespeculativeinstructionandall instructionsthatdependonit mustbere-executedwhenthedata

it wasintendedto readactuallybecomesavailable.In addition,re-executionallows architecturesthatcan-

not stall anexceptingspeculative instructionto simulatethis effect: whenit is determinedthata delayed

exceptingspeculative instructionis neededandcorrect,it andall dependentinstructionsarere-executed,

this timehandlingexceptionsasthey occur.
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Synchronizingspeculativeinstructions. A significantamountof parallelismmay be exploited by TLS

architecturesevenwhenthecompilerdiscoversnonconservative, truedatadependencesbetweenthreads.

This is calleddo acrossparallelism.It is importantthat the two threadssynchronizeso that theyounger

threaddoesnot readavaluenotyetwrittenby theolderthread,for this resultsin theoverheadof incorrect

datadependencespeculation.

3 Consequencesof Speculative Execution

Giventheprecedingpresentationof thetypes,architecturesandbasicissuesof speculative execution,we

arenow preparedto describeits consequences.Dependingon whethercontrolor datadependencespecu-

lation is corrector incorrect,particularactionsaretaken.A summaryappearsin Figure4. Thisdiscussion

servesasthecontext for thefollowing section,whichdetailsthearchitecturalandimplementationimplica-

tionsof theseconsequences.

Whencontrol speculationis correct, speculative stateanddelayedexceptionsarecommittedin archi-

tecturesthatpreserve stateandexceptionbehavior. For ILS architectures,speculative stateis committed

by moving thebufferedresultsof speculative instructionsto thesequentialstate.A delayedexceptionis

committedby re-executingtheexceptingspeculative instructionandall instructionsthatdependon it. In

TLS architectures,a node'sspeculativestateis committedwhenit becomesthenonspeculativenode.TLS

architecturesdelayexceptionsby stallingthewholenode.As a result,they commitdelayedexceptionsby

resumingandhandlingtheexception.

Whencontrol speculationis incorrect, unnecessaryinstructionshave executed.Statepreservationand

exceptiondelay allows their side effects to be ignored,but outstandingcontrol speculative instructions

mustbe squashed.This is only an issuefor TLS architectures,becauseall ILS speculative instructions

have alreadyexecutedat resolutiontime. TLS machinessimply squashall nodesexecutingbeyondand

includingtheincorrectlyspeculatedthread.

Whendatadependencespeculationis correct, delayedexceptionsarecommittedin architecturesthat

preserve exceptionbehavior. ILS andTLS architecturesre-executeandresumeexecution,respectively, to

commitdelayedexceptions.If therearenodelayedexceptionsto commit,executioncontinuesnormally.

Whendatadependencespeculationis incorrect, a truedependencebetweentwo instructionshasbeen

violated by reorderingthe instructions. In other words, one instructionwas supposedto reada value

producedby another, but insteadit reada stalevalue. The instructionthat readthe stalevalueandall

dependentinstructionsmustbere-executedto ensurethattheiroperandshave thecorrectvalues.
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control datadependence
correct commit stateanddelayedexceptions commit delayedexceptions

incorrect squashpendingspeculative instructions re-executespeculative instructions

Figure4: Consequencesof speculativeexecution.

4 Ar chitectural Support and Implementation

Thissectioncoversthearchitecturalandimplementationissuesfor supportingspeculativeexecution,begin-

ningwith how speculationis encodedin aprogram.Next, hardwaresupportfor preservingstate,preserving

exceptionbehavior anddetectingdatadependenceviolationsis covered.Finally, methodsof re-execution

andsynchronizationarediscussed.

4.1 EncodingSpeculation

Despitethe fact that a machineexecutesinstructionsspeculatively (i.e., out of order), it mustbe made

awareof thenonspeculativeorderof instructionssothatit maypreservestate,preserveexceptionbehavior,

andtrack datadependences.A compilermustcommunicateto the target machinewhat instructionsare

speculatedandwith respectto what otherinstructionsthey areto be speculatively executed.This infor-

mationis encodedin a programby specifyingeachspeculative instruction's homelocation, the position

in the programwherethe instructionwould appearif it werenonspeculative. At this point, control and

datadependencespeculationdueto theinstructioncanberesolvedbecausecompletecontrolflow anddata

dependenceinformationis available.

Beforedescribingspecifictechniquesfor encodingspeculation,we introducesomeusefulterms.Poly-

path control speculationallows instructionsreachablefrom both outcomesof a conditionalbranchto be

speculatively executedwith respectto thebranch.Monopathcontrolspeculationonly permitsinstructions

alongonepathof abranchto bespeculatively executedwith respectto thebranch.Mostcompilerresearch

for speculativearchitecturesstaticallypredictsconditionalbranches,onlyexploitingmonopathspeculation.

Thespeculationdistanceof an instructionis thenumberof conditionalbranchesbetweenthespeculative

instructionandits homelocation.Architecturesencodeaspeculative instruction'shomelocationin oneof

threeways:by thread,sentinelor path.

In threadencoding, thespeculativerelationshipsbetweeninstructionsin aTLS architectureareimplicit

in the threadsthatcontainthe instructions,becausethe threadsarestartedin order. For example,threads

1 (theoldest),2, and3 (theyoungest)from thecontrolflow graphin Figure5(a)areassigned,in order, to

thenodesof a TLS machine.The instructionsin eachthreadarepotentiallyspeculatively executedwith
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1

2

3

(a)

add.s v1,v2,v3
beq v4,v5,L1
chk v1
. . .

L1: . . .

(b)

add.s1 v1,v2,v3
beq.n v4,v5,L1
. . .

L1: . . .

(c)

Figure5: Examplesof encodingspeculationby (a) thread,(b) sentinel,and(c) path.

respectto theinstructionsin olderthreads.TheTLS Multiscalararchitecture[37] includes,in theprogram,

explicit threaddescriptorsdefiningeachthreadandtheir relationships(i.e., thepotentialsuccessorof each

thread).OtherTLS architectures[39, 28, 38] simplyuseaspecialfork instructionto spawn new threads.In

eithercase,threadsarestartedin properexecutionordersothehardwarecantrackthespeculation.Thread

encodingsupportsonly monopathspeculation,andit cannotbemadeto work with ILS architectures.

Sentinelencodingentailstagginga speculative instructionwith a singlespeculative bit andplacinga

correspondingsentinelinstructionin the speculative instruction's homelocation. Thehardwarematches

sentinelswith speculative instructionsvia additionalstructuressuchasanaugmentedregisterfile. Encod-

ing by sentinelhasthedisadvantagethat thehardwareonly becomesawareof a speculative instruction's

homelocationwhenthelocationis reached.As a result,thehardwarecannot distinguishthespeculation

distanceof instructionsasthey areencountered,sospeculative instructionscannot bespeculatedwith re-

spectto eachother(i.e., speculativeinstructionmustbein order).Ontheotherhand,it allows for polypath

speculationof unlimiteddistance.For example,themachineis awarethat theadditioninstructionin Fig-

ure5(b) is speculative, signifiedby the '.s' suffix, andis speculatedwith respectto thebranchbecause

thesentinel,'chk', appearsafterthebranch.In thiscase,thesentinelis associatedwith theinstructionby

namingthetargetregisterof thespeculative instruction.TheILS IMPACT architecture[23] usessentinel

encodingfor control flow speculation,andit waslater augmentedto usea similar sentinelencodingfor

datadependencespeculationvia thememoryconflictbuffer (MCB) [13].

Path encodingexplicitly indicatesthe control flow paththat mustbe taken to reacha speculative in-

struction's homelocation. For example,thehomelocationof thespeculative instruction'add.snnt' is
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reachedby not takingthenext two branchesandtakingthethird. Thisencodingsupportspolypathspecula-

tion. If only monopathspeculationis needed,branchpredictionscanbeencodedin thebranchinstructions,

sothatspeculative instructionsonly needto indicatehow many conditionalbranchesmustbetraversedto

reachthehomelocation. If any of thesebranchesareincorrectlypredicted,thehomelocationwill not be

reached.For example,theconditionalbranchin Figure5(c) is predictedto benot taken,signifiedby the

'.n' suffix, andthespeculationdistanceof theadditioninstructionis 1. Thehomelocationis reachedif

theconditionalbranchis not taken. Pathencodinghastheadvantagethat thehardwarecandeterminethe

speculationdistanceof instructionsasthey areencountered.As a result,instructionswith differentspecu-

lative distancesmaybespeculatedwith respectto eachother. Encodingby pathhasthedisadvantagethat

thearchitecturelimits themaximumspeculationdistance,thoughBringmannet al. find that limiting the

distanceto only sevenis notasevererestrictionfor datadependencespeculation[3]. Thoughpathencoding

appearsto only encodecontrol speculation,datadependencespeculationcanbe piggybackedon control

speculation.For example,controlspeculativememoryoperationscanalsobeconsidereddatadependence

speculativewith respectto any precedingmemoryoperationsthey havemovedbeyond.TheILS Boosting

architectureusespathencodingfor controlspeculation[35].

4.2 Preserving State

Architecturalsupportfor preservingstateallows aninstructionsto befreely speculatedwithout regardfor

its registerandmemorysideeffects. Differentarchitecturalmechanismspreserve registerandmemory

state.

4.2.1 RegisterState

Registerstateis preservedby bufferingspeculative instructions'registerupdatesin oneor moreadditional

registerfiles. TLS architectureshavearegisterfile local to eachnode.Changesto onenode's local register

file arenot reflectedin otherregisterfiles, preventingyoungernodesfrom affectingolderones.Figure6

illustratestheissueof preservingregisterstatein ILS architectures.Supposeit is beneficialto speculatively

executethe divide instructionin (a) beforetheaddition. If an architectureprovidesregisterstatepreser-

vation,thedivide is simply taggedasspeculative andmoved,asin (b), without regardfor the fact that it

corruptsregisterv3 if thecontrolspeculationis incorrect.If preservingregisterstateis not supported,the

compilermustexplicitly renametheresultof thespeculativeinstruction,asin (c), andcopy thespeculative

resultbackto theappropriateregisterif thespeculationis correct.

TheILS Boostingarchitecturepreservesregisterstatevia a fixednumberof shadowregisterfiles[35].
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add v1,v2,v3
beq v4,0,L1
div v3,v5,v6
. . .

L1: add v7,v8,v3

(a)

div.s1 v3,v5,v6
add v1,v2,v3
beq.n v4,0,L1
. . .

L1: add v7,v8,v3

(b)

div.s1 v30,v5,v6
add v1,v2,v3
beq.n v4,0,L1
mov v3, v30
. . .

L1: add v7,v8,v3

(c)

Figure6: Codesequencedemonstratingtheroleof statepreservation.(a)A nonspeculativecodesequence,
(b) controlspeculationin anarchitecturethatpreservesstate,and(c) controlspeculationin anarchitecture
notpreservingregisterstate.

Becausethearchitectureusesa pathencodingfor controlspeculation,a speculative instructioncanwrite

its resultdirectly into a shadow registerfile associatedwith theinstruction's homelocation.At eachcon-

ditionalbranchinstruction,thevalid registersin theshadow registerfile associatedwith thetakenpathare

copiedto the nonspeculative registerfile. This is calledcommittingthe shadow registerfile to the non-

speculativeregisterstate.Similarly, aspeculativeinstructionreadsfrom theshadow registerfile associated

with theinstruction'shomelocation.If theregisterhasnotbeenwrittenby aprecedingspeculativeinstruc-

tion, it is invalid, anda lessspeculativeshadow registerfile is consultedfor a valid versionof theregister.

Successively lessspeculative shadow registerfiles arecheckedfor a valid versionof theregisteruntil the

nonspeculativeregisterfile is reached.

In orderto supportpolypathspeculation,thereis a shadow registerfile associatedwith boththetaken

andnot takenpathsof eachconditionalbranchinstruction. If instructionsareallowedto move beyondn

conditionalbranches,2n� 1 � 2 shadow registerfiles arerequired,thustheregisterfiles form a binarytree

with thesequentialregisterfile at theroot. Alternatively, monopathspeculationrequiresonly oneshadow

registerfile per branch,or n total. Yet anotheralternative is to supportmonopathspeculationwith only

a singleshadow registerfile, whereineachregister is taggedwith an indicationof the homelocationof

the speculative instructionthat wrote it. At eachconditionalbranch,registersareselectively committed

or invalidatedbasedon thesetags,allowing n distancespeculationwith only a singleshadow registerfile.

This approachsimulatesthe generalmonopathapproachwith lesshardware. Smith et al. show that this

lastmethodhasperformancecomparableto themoregeneralmonopathapproachon a machinewith very

limited parallelresources[33]. It is unlikely thatthis remainstrueonwider issuesmachines.

Architecturesthat do not preserve register state,suchas the IMPACT architecture[5], relegatethe

responsibilityto thecompiler. Registerpressureincreases,becausespeculationextendsthelive rangesof

registers;Section5 clarifiesthereasonsfor this. Thehardwareapproachdoesnotsuffer from thisproblem,

11



becausethe hardwareseparatesspeculative and nonspeculative register state,effectively increasingthe

numberof registers.Mahlke et al. find thata machinenot preservingregisterstatemusthave at least48

registersto competewith a32registermachinethatdoes[23]. Thoughsupportfor preservingregisterstate

effectively increasesthenumberof registers,theiruseis restrictedto preservingstate.

4.2.2 Memory State

Architecturesthatprohibit bothcontrol speculative storesandmemoryoperationreorderingdo not need

to preserve memorystate. The GeneralPercolationvariant of the IMPACT architecturetakes this ap-

proach[6], thussimplifying hardwareat theexpenseof limiting parallelism.Mahlke et al. find a 7% loss

of performancefrom prohibitingcontrolspeculativestoresalone[23].

Thesimplestapproachto preservingmemorystatein machinessupportingmonopathspeculationis to

usea modifiedstorebuffer. Thestorebuffer reordersstoresaccordingto their nonspeculative order. If a

loadreadsfrom anaddressfor which thereareentriesin thestorebuffer, it loadsthevalueassociatedwith

themostrecentstoreto thesameaddressignoringmorespeculativestores.Whenaspeculationis resolved,

its storebuffer entriesareeithercommittedto therestof thememorysystemor invalidated.A variantof

the storebuffer approachis usedby ILS architecturesandsomeTLS architectures[12, 16]. Oplingeret

al. find that a TLS architecturecanexploit a greatdealof parallelismwith only 300 bytesof buffer per

node[28].

MostTLS architecturespreservememorystatewith local datacachesin orderto minimizerelianceon

a centralizedstructure.They usevariantsof cachecoherenceprotocolsso thatwritesbecomesvisible to

youngernodesbut arehiddenfrom oldernodes.Loadsthatmissin the local datacachemaybesatisfied

by theyoungestoldernodethathasthedatain its cache.Speculativewritesarebufferedin thelocalcache

andarenot committedto memoryuntil the nodebecomesnonspeculative, at which time all speculation

is resolved. As a result,speculative statecannot beevicted from thecacheuntil thenodebecomesnon-

speculative. SteffanandMowry find thata 16KB two-way set-associative datacachewith a small4 entry

victim cacheeliminatesnearlyall nodestallingdueto conflicts[38]. Gopaletal. furtherrefinethisgeneral

approach[15], addinghardwarethatpreventstheneedfor the local cacheto bepurgedwhenever a node

startsa new thread.As a result,thecacheis warmandthewrite-backof speculativestatedoesnothappen

all atonce,floodingthememorysystem.

Unlike for registers,buffersfor preservingmemorystatemayreachcapacity. ILS architectureslegis-

latetheproblemaway, requiringthecompilerto limit thenumberof simultaneouslyunresolvedspeculative

stores.In aTLS architecture,a nodewith a full buffer or cachesimplystallsuntil it becomesthenonspec-
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ulativenode.

4.3 Preserving ExceptionBehavior

Preservingexceptionbehavior is analogousto preservingstate:thesideeffectsof aspeculative instruction

aredelayeduntil it is determinedthat the instructionis neededandcorrect. If the instructionis needed

andcorrect,thedelayedsideeffect, in this casedelayedexception,is committed.This sectiondiscusses

differentapproachesto preservingexceptionbehavior.

An architecturenot preservingexceptionbehavior simply immediatelyrepairsall transparentexcep-

tions (e.g., pagefaultsandTLB misses)on speculative instructionsand ignoresall terminalexceptions

(e.g., floatingpointexceptionsandbuserrors)onspeculative instructions.Thisapproachguaranteesthata

terminalexceptionwill notbehandledunlessit is necessary. In theprocess,terminalexceptionthatshould

behandledmaybelost,andspurioustransparentexceptionsmaybeunnecessarilyhandled,impactingper-

formancebut not correctness.Augustet al. find that13%of transparentexceptionsarespurious[1]. If a

terminalexceptionis anindicatorof anerror, exceptionsareonly lostby programsthatcontainerrors.The

GeneralPercolationvariantof theIMPACT architecturedoesnotpreserveexceptionbehavior [6].

An architecturethat preservesexceptionbehavior mustdelayexceptionhandlingfor speculative in-

structionsuntil the speculationhasbeenresolved, at which time it is known whetherthe instructionis

neededandcorrect.If it neededandcorrect,it is re-executedandtheexceptionis handled.

TLS architecturesonly allow thenonspeculative nodeto raiseexceptions.All othernodesstall when

instructionsexcept.Whenandif thestallednodebecomesthenonspeculativenode,theexceptionis han-

dledandthe threadcontinuesexecuting. To mitigatethe lossof parallelismdueto stalling exceptions,a

TLS architecturecould stall on terminalexceptionsbut repair transparentexceptionsspeculatively. The

performanceimplicationsof thishavenotbeenstudied.

ILS architecturescannot employ thesamestallingtechniquebecausebothspeculative andnonspecu-

lative instructionsappearin the sameinstructionstream.Thesearchitecturesachieve the sameeffect by

temporarilyignoring an exceptionon a speculative instruction. At the time of speculationresolution,if

theexceptinginstructionshouldhaveexecuted,theexceptinginstructionandall dependentinstructionsare

re-executed,asdescribedin a latersection.Two methodsof exceptiondelayarediscussedbelow.

Becausethe Boostingarchitecture[35] usesa pathencodingof speculation,whena speculative in-

structionexcepts,thehardwaresetsanexceptiontagin theshadow registerfile associatedwith thehome

locationof the instructionandignorestheexception.Whenthathomelocationis reached,all speculation

is resolved,andre-executionis initiatedif theexceptiontagassociatedwith thecurrentblock is set.If the
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homelocationis not reached,theexceptionis ignoredbecausethespeculationwasincorrect.

TheIMPACT architectureencodesspeculationvia sentinels[23], sothehomelocationof aspeculative

instructionis not apparentfrom the instructionitself. As a result,a specialexceptiontagassociatedwith

the target registerof a speculative instructionis set when the instructionexcepts,and the exceptionis

ignored. Otherspeculative instructionstag their target registerwhen they reada register that hasbeen

tagged.Whenanonspeculativeinstructionin thehomelocation,actingasasentinel,readsataggedregister,

the speculationhasbeenresolved andre-executionis initiated. As an optimization,the addressof the

exceptinginstructionis propagatedin registersalongwith the tag. Re-executioncanbegin at the exact

instructionthatexcepted,ratherthanat theearliestspeculative instructionfrom thehomelocationwhere

theexceptionwasdetected.

Theschemedescribedabovedoesnotwork for speculativestoreinstructions,becausethey donothave

a registertarget. In orderto handlethis case,storebuffer entriesaremodifiedto includeanexceptiontag

andanexceptinginstructionaddress.Thesentinelfor astoredoesnotspecifyaregister, insteadit provides

anindex in thestorebuffer. Otherwise,therecoveryapproachis thesame.

4.4 DetectingData DependenceViolation

In order to detectincorrectdatadependencespeculation,speculative architecturesmust track memory

operations.If a loadprecedesastoreto thesameaddress,andtheloadhasbeenspeculatedwith respectto

thestore,thenthespeculationis incorrect.Theloadoperationandall instructionsthatdependon it must

bere-executed.Notethathardwarethatpreservesstateeliminatestheneedto trackandrecover from data

dependenceviolationsdueto storageconflictsfrom outputandanti-dependences.

The AddressResolutionBuffer (ARB) was designedfor the TLS Multiscalar architecture[12]. It

containsa numberof queues.Eachqueuetracksmemoryreferencesto a subsetof the addressspace,

allowing for fasteroperationandparallelaccessto differentqueues.Eachqueuereordersall thememory

operationsto its subsetof the addressspace. Whena nodestoresto an addressthat hasalreadybeen

loadedby a youngernode,a datadependenceviolation is signaled.RecentTLS architecturesusea more

distributedapproachto detectingdatadependenceviolationvia a per-nodedatacache[38, 16, 15]. Cache

lines aretaggedwhenthey arespeculatively read,andstoreaddressesarebroadcaston a bus. Whena

nodeseesa storefrom anoldernodeto anaddressthat thecurrentnodehasalreadyspeculatively read,a

violationis signaled.If TLS dependencetrackingresourcesaredepleteddueaneedto evict aspeculatively

loadedcacheline, a speculative nodemay be simply stalleduntil the nodebecomesthe nonspeculative

node.At this time,dependenceviolationsno longerneedto betrackedandthecacheline canbeevicted.
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TheILS IMPACT architecturehasbeenextendedto supportdatadependencespeculationvia theMem-

ory Conflict Buffer (MCB) [13]. It is uniquein that it tracksdependenceviolationswithout preserving

memorystate,thusit only allows loadsto be speculatedwith respectto stores.A dataspeculative load

instructionmayconflict with subsequentstoresup to its correspondingsentinelinstruction.A conflict bit

is associatedwith eachregister. A sentinelinstructionlooksat thebit associatedwith the target register

of its correspondingloadoperationto determinewhethera storesubsequentto theloadwroteto thesame

address.If onehas,re-executionis initiated.TheMCB tracksmemoryoperationslikeanassociativecache.

An entry is addedfor eachdatadependencespeculative load,associatingthe loadaddresswith thetarget

registerof the load. Any subsequentstoreto the sameaddressbeforethe sentinelis reached,causesthe

conflict bit on the registerto beset. TheMCB is conservative in that it setstheconflict bit on a register

whenthe correspondingentry in the MCB is replaceddueto conflict. In addition, in orderto conserve

spacein theMCB, a hashedversionof the tagis kept, thuspotentiallyresultingin referencesto different

addressessharingthesameline in theMCB. Boththeseissuesresultin falseconflictreports,whichdegrade

performance.In practice,falseconflictsarerare,representingonly 1%of all conflicts[13].

4.5 Re-executingSpeculative Instructions

Speculative instructionsmaybere-executedvia eithera recoveryblock or inline replay. A recoveryblock

is a compilergeneratedsequenceof instructionsthatmayrequirere-execution[35, 13]. Recovery blocks

areseparatefrom thebodyof theprogram,thusduplicatingspeculative instructions.Whenre-execution

is necessary, the hardwareexecutesa particularrecovery block. An inline replaymechanismselectively

re-executesinstructionsfrom a previouspoint in thecode[1, 6, 23]. Thelatteris morespaceefficient,but

it mustfetchandpotentiallyexecutemany moreinstructionsthantheformer. Compilersfor architectures

thatdonotpreservestatemustensurethatall operandsto potentiallyre-executedinstructionsareavailable

at re-executiontime. Thedetailsof thisareexploredin Section5.

ILS architecturesusebothrecover blocksandinline replay. In practice,TLS architecturesre-execute

usinginline replayby simply stoppingandrestartinga thread,becausethehardwarecostof selective re-

executionis not justified.

Thebasictradeoff of thesetwo approachesis codesizeversushardwarecomplexity. While recovery

blocksrequirenospecialhardware,they consumeasignificantamountof instructionmemory, proportional

to thenumberof speculative instructions.Smithet al. arguethatrecoveryblocksnever increasecodesize

beyonda factorof two [33, 36], Gallagheret al. experimentallymeasureanaverageincreaseof 15%[13],

andAugustet al. find anaverageincreaseof 23%[1]. Inline replaydoesnot changethecodesizeat all,
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but it requiresspecialhardwareto determinewhich instructions—ofa potentiallylong sequence—require

re-execution.

Assumingre-executionis not frequentlyrequired,the performancetradeoffs of theseapproachesare

not obvious. Inline replaymayhave to fetcha greatmany instructionsthatultimatelydo not requirere-

execution,resultingin slow re-execution.Whena recoverblock actuallyruns,it will bevery fastbecause

it containsexactly the instructionsthat requirere-execution. But becausere-executionis not frequently

required,invoking a recovery block will often resultin instructioncachemissesandperhapspagefaults.

Augustetal. find thatin theIMPACT architecture,recoveryblocksincreasetheinstructioncachemissrate

by 40%onaverageversusinline replay, resultingin a 6%execution-timeslowdown [1].

Re-executioncanbeinitiatedimplicitly, explicitly, or spontaneously. Specialinstructions,suchassen-

tinels,thatcheckfor a needto re-executedueto incorrectdatadependencespeculationor exceptiondelay

areprovided to supportexplicit re-executioninitiation. The addressof the recover block or the first in-

structionfor inline replayis eitherencodedin the instructionor in an auxiliary structure[23]. Existing

instructions,suchasbranches,canimplicitly initiate re-execution. Theseinstructionsexamineauxiliary

structuresto seeif replay is necessaryand initiate it if it is. The re-executionaddressis eitherheld in

thesameauxiliarystructureor it is keptin a tableindexedby theaddressof theimplicit initiation instruc-

tion [32]. OnsomeTLS architectures,particularinstructionsdonot initiatere-execution.Instead,whenthe

datadependencespeculationtrackinghardwaredetectsa violation, it spontaneouslyinitiatesre-execution

in theappropriatethread[37].

4.6 Synchronization

Wheretrue datadependencesexist andarestaticallymanifestbetweenthreadsof a TLS architecture,it

is importantto synchronizethe threadsto prevent incorrectdatadependencespeculation.Recallthat if a

noderunninga youngerthreadreadsa locationbeforea noderunninganolder threadwrites to thesame

location,theyoungerthreadwill berestarted,sacrificingasignificantamountof parallelism.TLS architec-

turesmaysupportexplicit andimplicit interthreadsynchronizationandcommunicationmechanisms.An

explicit mechanismis onethatis encodeddirectly into theprogramat thepointof synchronizationor com-

munication.Explicit synchronizationmechanismscanbebuilt from nonspeculative write instructionsor

specialsignal/wait instructions.Implicit synchronizationandcommunicationoccurassideeffectsof other

instructions.Notethatanexplicit communicationmechanismcanbebuilt from anexplicit synchronization

mechanism.

The Multiscalararchitectureprovidesimplicit registerforwarding[2], resultingin implicit synchro-
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nizationandcommunication.The last assignmentto a register in eachthreadis forwardedto younger

threads.Whenyoungerthreadsreadthesameregister, they will stall until thenew valueis receivedfrom

anolderthread.Eachnodedetermineswhetherit needsto stall or not basedon whethera currentlyactive

older nodewrites this registerandwhetherit hasbeenforwardedyet. The virtue of this schemeis that

a compiler's sequentialview of a programdoesnot changesignificantly. It neednot do anything special

to maintaintruedependencesdueto registers.Otherthanconcisenessof code,thereis no benefitof this

approachoverexplicit communication,becausethey bothrequirethesamestaticregisteruseanalysis.

A TLS architectureproposedby TsaiandYew providesa similar implicit mechanismfor forwarding

valuesin memory[39]. At the beginning of every thread,specialinstructionsidentify the memoryad-

dresses,calledtargetstoreaddresses, thatthecurrentthreadwritesthatsubsequentthreadsmayread.Each

nodeforwardsits targetstoreaddressesto subsequentnodeswhenthey arespawned.Valueswrittento one

of a node's targetstoreaddressesareforwardedto youngernodes.A readto a targetstoreaddressfrom

an older nodecausesa nodeto stall until the nodereceivesthe valuewritten to the sameaddressby the

oldernode.Unlike for registerforwardingwhereintheprogramstaticallynamestheregisterthatneedto

be forwarded,the target storeaddressmechanismallows the programto dynamicallyidentify addresses

by which threadsmustbe synchronized.This mechanismis provided in orderto softenthe blow of not

supportinggeneraldatadependencespeculation.It hasnot yet beendemonstratedthatthebenefitsof this

schemeactuallyimproverealprogramperformancebeyondexplicit communication.

5 Compiler Support

Compilersupportfor speculativearchitecturesis in its infancy, becausearchitecturaldesignhasreceivedthe

bulk of theresearchattention.This imbalancemostlikely stemsfrom anunwillingnessto devoteresearch

resourcesto compiling for an architecturewhosepromisehasnot yet beendemonstrated.Nevertheless,

a numberof compilationissuesfor ILS andTLS architecturehavebeenstudied,andthey arediscussed

below.

5.1 ILS Compilation

Compilersfor ILS architecturesusevariantsof tracescheduling[10, 26] to discover andidentify paral-

lelism. A trace is a partof a likely paththrougha program,chosenbasedon staticpredictionsor profile

dataof branchoutcomes.Traceschedulingreordersinstructionswithin a trace—respectingdependences

betweeninstructions—inorderto co-locateindependentinstructions,exposingparallelismto thehardware.
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5.1.1 Eliminating SchedulingConstraints

Architecturalsupportfor speculative executionpermitsthe instructionschedulerto ignorecertaincontrol

and datadependences.Ratherthan modify the scheduler, it is cleanerto actually remove dependence

arcsin thedependencegraph,which servesasinput to thescheduler. Thoughthedependencesstill exist,

theedgesin thegraphthat representthemareremovedso that they canbe ignored. Control speculation

allows mostcontrol dependencesto be removed. Control dependencesbetweenbranchesmustbe kept

to preserve the order of branches. If the target architecturedoesnot permit control speculative stores

instruction,control dependencesto storeinstructionsmust be kept. If the target architecturedoesnot

supportregisterstatepreservation,a control dependencefrom a branchto eachinstructionwhosetarget

register is live at the point of the branchmustbe kept; this preventsoff traceinstructionsfrom reading

valueswritten by speculative instructions.Architecturesthat limit thespeculative distanceof instructions

must preserve dependencesfrom branchesat this distanceto limit excessive speculation. In addition,

compilersfor architecturessupportingdatadependencespeculationremovetruedatadependencesarcsdue

to memoryoperations.

Statepreservationallowsoutputandanti-dependencesduetomemoryor registersbetweenaspeculative

andnonspeculativeinstructiontobeignored.They maynotsimplyberemovedfrom thedependencegraph,

becausebeforeschedulingis performedit is not known which instructionsarespeculative. Thoughthe

schedulercouldbemodifiedto exploit thissituation,thishasnotyetappearedin theliterature.

5.1.2 Enabling Re-execution

Theoperandsof potentiallyre-executedinstructionsmustnot beoverwrittenbeforethey arere-executed.

Statepreservingarchitecturessupportthis in hardware. If speculative instructionsneedto bere-executed,

the bufferedspeculative stateassociatedwith them is discarded,ensuringthat their operandswill have

correctvalueswhenthey executea secondtime. This freesthecompilerof theburdenof consideringthe

re-executionissuewhenallocatingregisters.As a result,registerallocationcanbeperformedindependent

of andprior to instructionscheduling.A round-robinallocatorminimizesstorageconflictsthatmaylimit

speculation.A standardtraceschedulingalgorithmcanthenbeused,but speculativeinstructionsmusthave

theirspeculationdepthencodedin them.Theschedulerdoesnotneedto ensurethatspeculativeinstruction

operandsarepreserved, becausethe hardwareguaranteesthis. The schedulingalgorithmdevelopedby

Smithetal. [33, 36, 32] for theBoostingarchitecturetakesthisapproach.

Compilersthattargetarchitecturesthatdonotpreservestatemustexplicitly preserveoperandsto spec-

ulative instructionsuntil thespeculationis resolved. Theinstructionschedulerandregisterallocatormust

18



work togetherto generatecodethat respectsthis constraint.The IMPACT compilerexemplifiesthis ap-

proach[23].

First, theschedulerruns.It mustensurethattheoperandsof all potentiallyre-executedinstructionsare

not overwrittenbeforespeculationis resolved. Theschedulerpreventsaninstructionfrom beingspecula-

tively executedbeforean instructionthatoverwritesany of its operands.This implies thatno instruction

thatwritesto oneof its operandsmaybespeculated.Theseinstructionscanstill bespeculatedvia renam-

ing: thetargetis givena new nameandsubsequentspeculativeusesarechangedto referto thenew name;

at thepointwherethespeculationis resolved,thevaluein thenew namemustbecopiedinto theold name

sothatsubsequentnonspeculativeinstructionsusethecorrectvalue.

If therewerean infinite numberof register, theprocesswould befinished.But at this point, thecode

mustbe mappeddown to a small numberof registerswithout corruptingthe speculationperformedby

thescheduler. Thecompilerdefinesa restartableinterval for every control speculative instruction. This

interval startswith thespeculative instructionandextendsto thepointwherethespeculationis resolvedat

its sentinel.The interval containsinstructionsthatmaypotentiallyneedto be re-executedandthosethat

donot,suchasnonspeculativeinstructions.Let the live-in setof aninterval betheregistersthatarereadin

theinterval beforethey areoverwritten.

If theregisterallocatoris not sensitive to theissuesabove, it maypreventre-executionof a restartable

interval by reusinga registerin thelive-inset.This is preventedby extendingthelive rangeof all registers

in an interval's live-in set to the end of the interval. The registerallocatormust also be careful about

insertingspill code. If a register in the live-in set is spilled, it may not be availablewhen the interval

is re-executed. If this happens,the instructionsthat usethe spilled registermustbe de-speculated(i.e.,

moveddownward, toward their homelocation)until thespill problemgoesaway, potentiallyforcing the

de-speculationof later dependentinstruction. In the limit, they will make their way backto their home

locationsandnolongerbespeculative. In addition,becauseexceptionsarerecordedin tagsassociatedwith

registers,the target registerof a speculative instructionmustnot be spilled. The registerallocatormust

de-speculatespeculative instructionsthathave their targetspilleduntil theproblemgoesaway.

Bringmannet al. [3, 4] have proposeda modifiedform of the IMPACT architecturethat useswrite-

back suppressionto easethe registerpressurecausedby extendingthe live rangeof registerto includea

wholerestartableinterval. Theideais thatoncea conditionrequiringre-execution,suchasanexception,

is detected,writesby speculativeinstructionsaresuppressed,ensuringthatregistersin a live-insetwill not

beoverwritten.It hasnotbeendemonstratedthatthisapproachresultsin improvementversustheIMPACT

architecture.
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5.1.3 Enhancing Instruction Scheduling

Hwu et al. [17] describea numberof techniquesfor enhancingthe parallelismfoundby theabove tech-

niques.Traceenlargementvia loopunrollinggivestheschedulermoreinstructionsfrom which to choose.

Theauthorsalsodescribea numberof techniquesfor eliminatingdependenceswhich mayconstrainpar-

allelism. Renamingeliminatesstorageconflicts due to variablereuse. Operation migration moves an

instructionwhoseresult is not usedin its traceto a lessfrequentlyexecutedtrace. As a result,all data

dependencesdueto theinstructionareeliminatedfrom themorefrequentlyexecutedtrace.Inductionvari-

ableexpansionandaccumulatorvariableexpansioneliminatedependencesthatresultfrom loopunrolling.

Dependencesbetweenreferencesto inductionvariablesandaccumulatorvariablesfrom differentiterations

of anunrolledloopcanbeeliminatedby assigningadifferentregisterto eachunrollediteration.Prefixand

epiloguecodeis required,andnaturallyregisterpressureis increased.Operation combiningmergestwo

flow dependentinstructionsinto onewhenbothinstructionscontaincompile-timeconstants.

In theprocessof developinginstructionschedulersfor ILS architectures,researchersaddressanumber

of shortcomingsof basictracescheduling.Traceschedulingoptimizesonly for thechosentrace,soit may

result in very inefficient off tracecode. This is particularlyproblematicwhenstaticanalysisor profile

informationdoesnot matcha program'sactualdynamicbehavior. Theschedulersof Smithet al. [33, 36]

andDeitrich andHwu [7] only speculatewhenit doesnot have a significantadverseeffect on off trace

code. Traceschedulinghasa complex bookkeepingstagethat patchesoff tracecodeto compensatefor

instructionmovementwithin thetrace.Hwu et al. developa new compilerstructurecalledthesuperblock

to mitigatethis complexity [17]. Thesuperblockis a tracethathashadall its sideentrancesremovedby

a techniquecalled tail duplication. The eliminationof sideentrancesgreatlysimplifies the scheduler's

bookkeepingstageat theexpenseof increasedcodesize.

5.2 TLS Compilation

A compilerfor aTLS architecturemustaddressissuesof threadselection,scheduling,synchronizationand

communication.

5.2.1 Thr eadSelectionand Scheduling

Threadselectionmay be basedon control flow graph(CFG) nodes,loop iterations,or procedures.The

CFG-basedapproachis themostgeneral,sowediscussit first.

Researchin compilingfor theMultiscalararchitecturedevelopstheCFG-basedapproachto threadse-

lection[41, 42]. Thenodesof theCFGarepartitionedinto threadsin aneffort to minimizethefollowing
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reasonsfor performancedegradation: (i) control flow misspeculation,(ii) inter-threadtrue datadepen-

dences,1 (iii) memorydependencemisspeculation,(iv) load imbalance,and(v) taskoverhead.Thebasic

threadselectionalgorithmtraversesa CFGbeginningwith theroot node.Nodesareaddedto thecurrent

threadif a heuristicconditionis met. Whenno morenodescanbe added,the threadis complete. The

processrepeatsfor nodesnot alreadyaddedto a thread.Theheuristicfor nodeinclusionis a prioritized

combinationof five heuristics,eachattemptingto minimizethefive points,above. After threadselection,

the compilerconstructsa descriptorfor eachthreadthat containsthe addressesof instructionsthat may

follow thethread.TheMultiscalarhardwareis awareof thesedescriptorsandusesthemto schedulesubse-

quentthreadsduringprogramexecution[18]. Rotenberg etal. movethesecompilerissuesto thehardware

in anarchitecturecalleda traceprocessor[31].

Loop-basedthreadselectionassignseachiterationof a loop to a differentthread.Unfortunately, por-

tions of codethat do not containloopsamenableto speculative parallelizationdo not benefitfrom this

approach.Oplingeret al. useprofile informationto decide—inthepresenceof nestedloops—whatloops

shouldbeparallelized[28]. Thefive reasonsfor performancedegradationdiscussedaboveareall relevant

in thiscontext. Thebulk of recentresearchtakestheloop-basedapproach[22, 28, 38], becauseasignificant

portionof executiontime is spentin loopsandthe schedulingmechanismfor parallelizingloopsis very

simple: schedulingtypically occursin softwarevia a fork instructionthat simply specifiesthenext loop

iterationto execute.

For procedure-basedthreadselection,beforeeachprocedurecall, a threadis spawnedto executethe

codefollowing thecall. Hammondet al. [16] find theapproachto beimpractical,becausethereis insuffi-

cientparallelismbetweenproceduresandsubsequentcode.

5.2.2 Synchronization and Communication

Vijaykumardescribescompilersupportfor registerforwarding[41] in theMultiscalararchitecture,but the

techniquesareapplicableto any architecturesupportingregisterforwarding.For eachthread,thecompiler

mustfirst identify what registersneedto be forwarded. Conservatively, this canbe all registerswritten

in the thread.With betteranalysis,registersthatdo not live beyondthe threadcanbe ignored.Next, the

compilermustidentify thepoint in theprogramwheretheregistercanbeforwarded.Conservatively, this

canbe after the last instructionof the thread,but analysisis oftenableto identify the lastassignmentto

a registerin a thread,at which time it canbeforwarded.Alternatively, eagerandspeculative forwarding

schemescanbeusedto allow registersto be forwardedasearlyaspossible,but subsequentthreadsmay

1Preservingstateeliminatestheneedto preserve outputandanti-dependences.
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needto be squashedif they areusing an incorrectversionof a register. This is the registeranalogof

datadependencespeculation.Next, theinstructionsof thethreadarereorganizedto movevalueproducing

instructionsearly in thethreadandvalueconsuminginstructionslate in thethreadin orderto improvedo

acrossparallelism.A costmodeldetermineswhatinstructionsmaybenefitmostfrom movement.

In addition,the compilermustinsertsynchronizationto stall instructionsthat cannot be speculated,

suchassystemcallsandI/O instructions.

5.2.3 EnhancingParallelism

A TLS compilercanenhanceparallelismby eliminatingcertainclassesof dependences,suchasthosedue

to inductionvariablesandreductions[38, 41]. In addition,dependencesbetweeninstancesof certainlibrary

routinescanbeeliminatedby rewriting thelibrary [38]. For example,theC functionfgetc(stream)

readsthenext characterat thecurrentpositionin stream, andit advancesthecurrentposition.Thereis a

truedatadependencebetweensuccessive callsto this functionthroughits argument.Thefunctioncanbe

rewrittensothatin certaincasesit usesrandomaccessto getaparticularcharacterin afile, eliminatingthe

dependence.

Improved memorydisambiguationcanalso improve performance.Synchronizingtrue dependences

reducesthreadsquashinganrestartingdueto incorrectdatadependencespeculation,potentiallyimproving

performance.Statictechniquesfor disambiguatingarrayreferences[14, 24] andarbitrarypointers[21, 8]

exist with varyingdegreesof success,but their impactonspeculativearchitectureshasnotyetbeenstudied.

Profiling is alsouseful for identifying operationsthat frequentlyresult in misspeculation,which would

benefitfrom synchronization[28].

6 Research Dir ections

As a relatively recentadvent,softwareassistedspeculative executionpermitsmany opportunitiesfor re-

search.Below, wesummarizefour areasof potentialresearch:(i) studyingandaddressingtheperformance

losswhenthecompiler's view of thehardwareresourcesdiffers from the targetmachine,(ii) addressing

the issueof poor resourceutilization, (iii) studyingthe impactof speculationin differentapplicationand

programminglanguagecontexts, and(iv) comparingdifferentapproachesto speculative execution. Un-

fortunately, any researchin this areais impededby the lack of a commoninfrastructure.Advanceswill

be slow andmodestif researchersmustdevelop their own compilersandmachinesimulators.Hewlett-

Packard,the IMPACT groupfrom the University of Illinois at Urbana-Champaign,andthe ReaCT-ILP

groupfrom New York University have establishedthe Trimaranproject to develop an infrastructurefor
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researchin instruction-level parallelism[29]. Thisenablingprojectis a stepin theright direction.

6.1 Compiler/ResourceMismatch

A deficit of ILS architecturesis that they exposeresourceavailability, suchasissuewidth, to the static

schedulerin thecompiler. Theresultis thatprogramsarecompiledfor a particularmachineconfiguration,

andthey mayperformpoorly on otherconfigurations.For example,a compilertargetingan8 instruction

issueILS machinemayveryaggressivelyspeculatein orderto useall availableparallelresources,but if the

compiledprogramrunsona2 issuemachine,performancemaysuffer dueto incorrectspeculation.This is

aseriousissuebecauseeconomicsrequirechipmakersto sellproductsatseveralpricepoints.Traditionally

clock rateandcachesizehave definedmicroprocessorpricepoints,but issuewidth is a logical next step.

Thefirst stepin exploring this issueis evaluatingtheseverity of theproblem.If theTrimaranprojectlives

up to its claims,a few adjustmentsto their compilerandsimulatorcouldbegin to answerthequestion.

If compiler/resourcemismatchis a problem,we needto develop techniquesto addressit. I propose

addinghardwaresupportfor selectivedynamicde-speculation.Thecompilerveryaggressively speculates,

but thehardwareonly usesthespeculativeinstructionsto fill otherwiseemptyissueslots.Whenspeculative

instructionsareencounteredthey areplacedin aqueue,calledadynamicde-speculationqueue, or perhaps

in oneof severalqueues,eachcontainingspeculative instructionsof a particularspeculationdepth.When

theprocessorhasavailableissueslotsandtherearenononspeculativeinstructionsready, it simplygrabsthe

oldestspeculative instructionsfrom thequeue.In many ways,thishasthefeelof a dynamicallyscheduled

processorexceptthatalargeinstructionwindow is notrequiredto find instructionsfor speculation,because

thecompilerhasalreadyidentifiedthemto thehardware.Theprocessoris staticallyscheduled,but it can

selectively de-speculatewhenthereis no apparentbenefit. The dynamicde-speculationqueuesarevery

simplebecausedependencesbetweeninstructionsneednot betracked. In orderto evaluatethis research,

thequeuestructureneedsto bedefinedandsimulationsneedto evaluateits effect.

6.2 AddressingResourceEfficiency

Speculationenablesa greaterdegreeof parallelism,but in the nearfuture it still appearsquite limited.

As a result, it is difficult to justify high issuemachineswhenthey mostly go underutilized. I propose

introducingsimultaneousmiltithreading(SMT) [40] ideasinto the softwarespeculative executionarena.

Sucha unionwould provide both the singleapplicationbenefitsof ILS architecturesandthe throughput

benefitsof theSMT architecture.ThoughSMT is a dynamicallyscheduledsuperscalararchitecture,ILS

additionswouldallow for a highdegreeof parallelismwithouta largeinstructionwindow.
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I recognizethatspeculationis somewhatat oddswith theSMT throughputgoals.I proposeusingthe

de-speculationtechnique,above,sothatspeculationis only usedto fill otherwiseemptyslots.Thehopeis

thatsingleapplicationperformancecanbeimprovedanddynamichardwareschedulinghardwarereduced

in sizewithoutadverselyimpactingmultipleapplicationperformance.

In TLS architecturesthe efficiency issuebecomesmorecomplex. Again multithreadingat the node

level couldbeusefulwhennodesstall dueto datadependences.But a greatmany policy issuesneedto be

addressedsothatsingleapplicationperformancecanstill begood.Thenodesof a TLS machinealsoneed

to beableto bedynamicallyredistributedamongmultipleapplications.Sometimesthereis noparallelism

in anapplication,sotheothernodesshouldbemadeavailable.Againtherearepolicy issuesthatneedto be

resolved.Therearealsotechnicalissues:Whathardwaresupportis requiredto allow nodesharing?What

is thecostof changingtheapplicationonanode,includingsaving/restoringstate,cachewarmup,etc.?

6.3 Changingthe Backdrop

The bulk of the compiler researchfor software assistedspeculative executionis basedon a very low-

level intermediateform, typically actualmachineinstructions,producedby thecompilationof a low-level

language,suchasC or Fortran.I proposeexaminingtheimpactof softwareassistedspeculativeexecution

in othercontexts, in particularhigh-level, dynamiclanguages.We will no doubtfind that theselanguages

poseanew setof difficulties.For example,how doweproceedwithoutastaticcontrolflow graph?Wemay

alsofind thatthehigh-level natureof somelanguagesis beneficialin exploiting speculation.For example,

staticmemorydisambiguationmaybeeasierthanit is in objectcode.

Currentwork examinesthe limits on parallelismfrom simplecontrol flow anddatadependence.In

mostspeculative architectures,procedurecalls, systemcalls, and I/O instructionsalso limit parallelism

by enforcingserialization.How muchdo they limit parallelism?How muchdo they limit parallelismin

applicationsmoreexotic thangcc,suchasmultimediaandgraphicscodes?We mustinvestigatehardware

techniquesanalogousto statepreservationfor allowing graphicsandotherI/O routinesto bespeculated.

6.4 Comparing Dynamic and Static Speculation

Eventually, researchersmustcomparedynamicallyscheduledsuperscalarprocessorsto softwareassisted

speculative processors.Thoughit is unlikely thata definitive winnercouldever benamedfrom this, we

canbetterunderstandunderwhatcircumstancesonewouldbesuperiorto theother. We shouldenumerate

a numberof parametersthat definea machine's performance(e.g., clock rate,issuewidth, window size,

branchpredictionaccuracy) andfind the crossover pointsbetweenstaticallyanddynamicallyscheduled
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machines.

7 Conclusion

Of thearchitecturesandtechniquesthatwehaveexamined,which resultin thebestperformance?Though

a couplestudiesmake directperformancecomparisonsof differentTLS [15] andILS architecture[6, 23],

thegeneraltrendis thatadditionalarchitecturalsupport—andthehardwarethat implementsit—modestly

improvesperformance.Computerarchitectsmustweightheirperformancegoalsandresourcebudgetwhen

determiningtheappropriatedegreeof architecturalsupport.

Comparingtheperformanceof ILS andTLS architectureis amuchstickierissue,and,in fact,nodirect

comparisonshaveyetbeenpublished.Comparisonismadedifficult by thefactthatthetwo approacheshave

drasticallydifferenthardwarerequirements.Evenif astudydiscoversthatoneapproachhassuperiorcycle-

level performanceoveranother, it is difficult to comparetheamountof requiredhardware,andthebottom

line performanceadvantageis not obvious becausethe impactof architectureon cycle time is hard to

quantify. Nevertheless,until specificstudiesdirectlyandsuccessfullycompareILS andTLS performance,

therelativeutility of thesearchitectureswill bedeterminedby theeasewith which they canbeextendedto

addressissueslike thoseintroducedin theprevioussection.

Softwareassistedspeculative executionshows promiseasa techniquefor exploiting parallelism,but

the researchis immature.A numberof fundamentalissuesmustbe addressedbeforeit cansignificantly

impactcomputerarchitectures.Studyingthe issuesof compiler/resourcemismatch,resourceutilization,

impacton non-Clanguages,andperformancerelationshipto otherapproachesform a goodfirst stepin

takingthis researchto thenext level.
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class ILS TLS

control speculation ✔ ✔ ✔ ✔ ✔ loops loops loops

data dependence
speculation

optional no no MCB
ARB or

SVC
no D$ D$

preserve register
state

✔ no no no ✔ ✔ ✔ ✔

preserve memory
state

optional no optional optional
ARB or

SVC
no store buffer D$

preserve exception
behavior

delay no delay delay stall stall stall stall

control speculation
encoding

path sentinel sentinel sentinel thread thread thread thread

data dependence
speculation encoding

path no no sentinel thread no thread thread

scope mono poly poly poly mono mono mono mono

speculation distance
limit

limited
unlim-

ited
unlim-

ited
limited unlimited unlimited unlimited unlimited

re-execution mecha-
nism

block
inline
replay

inline
replay

block restart n/a restart restart

synchrinization sup-
port

n/a n/a n/a n/a
register

forwarding

target
address

forwarding

nonspecu-
lative store

nonspecu-
lative store
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