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Abstract

Computerarchitectsstrive to improve machineperformanceby exploiting parallelism,but control
flow anddatadependencekmit available parallelism. Speculatie executionenhancegparallelismby
selectvely ignoringthe constraintof controlflow anddatadependencesherebyexecutinginstructions
beforeit it knovn whetherthey areneededr correct. Softwareassistedpeculatie executionis a form
of thistackwherethe runningprogramdirectsthe hardwarein whatinstructionsshouldbe speculatrely
executedandhow. This reportidentifiesandcharacterizedhe fundamentahrchitecturaljmplementa-
tion, andcompilerissuesf softwareassistedspeculatie execution. Theseissuessene asthe basisfor
describingcomparingandcontrastingoroposedarchitecturegrom theliterature.

1 Intr oduction

In thenever-endingquestfor high performancecomputetarchitectstrive to exploit parallelism.Pipelined,
superscalaandvery large instructionword (VLIW) architecturesare well known techniquedor taking
adwantageof parallelism,but their scalabilityis limited by control flow and datadependencesControl
flow dividesa programs instructionsinto basicblocksthat aretypically very small and containlimited
parallelism[19, 34]. Wall [43] andLam andWilson [20] shaw thatgreatemparallelismexists betweerthe
instructionsof differentbasicblocks. Furthermorejoad instructionsare often conseratively considered
datadependenbn precedingstoresjust in caseboth memoryoperationgefer to the sameaddressthus
obscuringhe parallelismthatexists betweerinstructiongprecedinghe storeandfollowing the load.

The constraintson parallelismfrom control flow anddatadependencesiay be speculatiely ignored
whenthe controlflow is predictableandthe dependenceare conserative, enhancingparallelismby ex-
ecutinginstructionsbeforeit is known whetherthey are neededor correct. For example,noneof the
instructiondn the Figure1(a) codesequenceanbeexecutedn parallelunlesswe predictthatthebranch
will not betakenandspeculatiely ignoreit. If we do, parallelismexists betweernthe instructionshefore
andafterthe branchasillustratedby Figure1(b). Thebold instructionsarespeculatiely executed.If the
predictionis incorrect,the speculatioris incorrectandthe hardwareand/orthe softwaremustensurethat

theprogramstill executescorrectly
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Figurel: Exampleof thebenefitof speculatie execution.(a) An instructionsequenceand(b) anindication
of how its instructionscanbe speculatiely executedn parallelif the branchis predictedo fall through.

Currently dynamicallyscheduledsuperscalaprocessorgarethe mostcommonspeculatie machines.
In them, speculatie executionis entirely underthe control of the hardware usinga large window of in-
structionsthat potentiallymustexecute.From this window, the processoissuesmultiple instructionsper
cycle—someof which are speculatrely executed—respectinthe dependences deemsimportantand
initiating recovery when speculatioris incorrect. Hardware speculatie executionimmediatelybenefits
existing software,but its resourcecomplexity may limit its successparticularlywhenusingsophisticated
heuristicso directandlimit speculatiorf25]. Managemenof aninstructionwindow of sizen is regarded
asanO(n?) endeaor, andstudiessuggesthataninstructionwindow mustbe very large to exploit a sig-
nificant amountof parallelism[43]. Furthermorehardware speculationis resourcenefficient in thata
significantportionof theimplementatiorogic is devotedto schedulinginstructionsratherthanexecuting
them.

Alternatively, speculationcanbe encodedn a programitself. This is called software assistedspec-
ulative execution,becausdhe software—in practice,the compile—malkesthe decisionsof what should
be speculategandhow. Whenthe softwaredirectsspeculationthe hardware canpotentiallybe simplet
fasterand more resourceefficient. On the other hand, software assistedspeculatie executionrequires
existing applicationsto be recompiledusing nenv andsophisticatedcompilationtechniques.In addition,
becausé@ makesstaticspeculatiorecisionssoftwareassistedpeculatie executionis moresensitve than
ahardwareapproacho dynamicvariationsin programbehavior.

Thoughlimited forms of softwareassistedspeculatre executionhave beenproposedvithout specific
architecturahndhardwaresuppor{27, 30], theirsuccesss limited by theoverheadf verifying correctness
of speculation.This reportidentifiesthe fundamentahrchitecturaljmplementationand compilerissues
of software assistedspeculatre execution. Proposedarchitecturegrom the literatureare evaluatedwith

respecto theseissues.Thisreportis organizedasfollows. Section2 introduceghe foundationaissueof



speculatre execution.Section3 introducegheconsequences correctandincorrectspeculatre execution
andsetsthe stagefor theexaminationof architecturahndcompilerissuesn Sectionst and5, respectiely.

Thefinal two sectiongproposenew researchtirectionsandgive conclusions.

2 Foundations

This sectionintroducesbasicterminology the typesof speculatie execution,the classeof speculatie

architecturesanda few corearchitecturalssues.

2.1 Terminology

Datadependenceelationsdescribeorderingconstraintshat mustbe presered betweennstructiong[44,
pagesl37-138].A true datadependencexists betweertwo instructionswhenthefirst producesa value
readby the other An anti-dependencexists betweentwo instructionswhen the first readsa location
written by the second. The dependencenustbe respectedso that the first instructiondoesnot readthe
value written by the second. An outputdependencexists betweentwo instructionsthat write the same
location. The dependencenustbe respectedo thatthe locationcontainsthe correctvalue after the two
instructionsexecute. Outputand anti-dependenceare called storage conflicts becauseéhe dependences
they represenareartifactsof reusingstoragdocations not flows of data.

A control dependencalsodescribesan orderingrelationshipamonginstructions. Informally, anin-
struction,ip, is controldependenbn a conditionalbranchinstruction,is, if onebranchof i; alwaysleads
to ip andthe othermay not [44, pages7/1-79]. In otherwords,instructioni; determinesvhetheror not
instructioni, mayneedto be executed.

An instruction, i, is speculativewhenit is executedwithout regardfor an apparentataor control
dependencé&om a prior instruction,i;. We saythatinstructioni, is speculativelyexecutedwith respect
to i1. Whenthe correctnes®f speculationis determinedwe say the speculationis resolved Of two
speculatre instructions, andis, i is considerednore speculativehanis if i, would normally execute

afteriz without speculatie execution.

2.2 Typesof Speculation

Control speculationallows an instructionto executebeforea branchinstructionon which it is control
dependent.lt is speculatedhat the dependenceffectively doesnot exist becausedhe direction of the
controlflow is staticallyknown via predictionor profiling, thusthe instructionwill eventuallyneedto be

executed For example considetheinstructionsequencen Figure2(a). If thecontroldependenckom the



add vi1,v2,v3
beq v4,0,L1

mul  v5,v6, v7 .st - 0(vl),v2
L1: - I d. . v3, 0(v4)
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Figure2: Exampleof the potentialfor (a) controlspeculatiorand(b) datadependencspeculation.

conditionalbranchto the multiply instructionis ignored,the multiply canbe executecbeforethe branch,
potentiallyin parallelwith the additioninstruction.If the branchis taken,the speculatie executionof the
multiply is incorrect. The hardwareand/orsoftware mustensurethat the programrunscorrectlyevenin
this case.

Datadependencspeculatiorallows amemoryloadoperatiorto executebeforeamemorystoreopera-
tion onwhichit maybe datadependentlt is speculatedhatthe dependencis a consenrative byproductof
imprecisecompile-timeanalysisanddoesnot really exist at run-time. Notethatdependencedueto regis-
ter operationsarealwaysaccurateandnever conserative. Considerthe opportunityfor datadependences
speculationn Figure2(b). Thereis aconserative true datadependencéom the storeto theloadbecause
v1 andv4 may hold the sameaddress.If the dependenceés ignored,the load canbe speculatrely exe-
cutedbeforethestore.If thetwo operationsactuallyreferto the sameaddressthe speculationis incorrect,
andthe hardwareand/orsoftware mustensurethatv 3 getsthe correctvalue. In additionto enablingthe
parallelexecutionof loadswith otherinstructionsthereareotherbenefitso datadependencepeculation:
it allows potentiallylong lateng loadoperationgo beinitiatedearlyandin parallel,shorteninghecritical
paththrougha program;andit allows morefreedomin exploiting parallelismfor instructionsthatusethe

valueproducedy aloadinstruction.

2.3 Classef Architectures

Thereare two broadarchitecturalapproacheso software assistedspeculatie execution, distinguished
by the granularity of the speculatie unit: the instructionor the thread. A thread in this contet is a
contiguoussubsequencef a programs dynamicexecution.Softwarefor theformeridentifiesinstructions
that may be speculatiely executedin parallel,and softwarefor the latter identifiesthreadsthat may be
speculatrely executedn parallel. Despitetheir apparentifferencestheseapproachearefoundedon the
samespeculatre principlesgivenin this report. Thereademayfind it usefulto referto the summaryof

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

Instruction-Level SpeculativéILS) architecturesrestaticallyscheduleduperscalaarchitecturesug-
mentedwith supportfor the speculatie execution of individual instructions. ILS architecturesrely
on compilersto identify parallelismby statically schedulinga programs instructions—somef them
speculatrely—in an effort to co-locateindependeninstructions. The Boosting[35, 33, 36, 32] andIM-
PACT [5, 6, 3, 1] architecturesreexamplesof ILS architectures.

A thread-levelspeculativg TLS) architecturés asmall-scalenultiprocessceon-a-chippugmenteavith
supportfor the speculatre executionof threadsandfor managingnterthreaddependencesA TLS archi-
tecturesimultaneoushexecutedifferentthreadson independenprocessinglementsgallednodes One
threadis older thananotherif it appearsarlierin the dynamicsequencef threads.Similarly, onenode
is olderthananotherwhenit is executingan older thread. The oldestnodeis consideredhe nonspecu-
lative or sequentiahode. The othersare speculatie nodes becausall their instructionsare potentially
executingspeculatiely with respecto thosein thethreadson oldernodes Whenthe nonspeculatie node
finishesexecutinga thread,it signalsto the next oldestnodeto becomenonspeculatie. An architectural
diagramthat characterizes genericTLS architectureappearsn Figure3. Franklinetal. introducedthe
first modernTLS architecturecalledthe expandablesplit window paradigmandlater the Multiscalarar
chitecture[11, 37]. SubsequentLsS architecturedrom Dubey etal. [9], Tsaietal. [39, 22], Oplingeret
al. [28, 16], andStefanandMowry [38] supportspeculatiorwith varyingdegreesof hardwaresupport.

The next sectionintroducesseveral fundamentaktonceptgshatwill be usedto explore the detailsof
thesearchitecturesln addition,theseconceptswill alsosene asabasisfor comparisorandcontrasbof the

differentapproacheto softwareassistedspeculatre execution.

2.4 Topicsin Speculatve Execution

Sofar, this brief introductionto speculatie executionbegs certainobvious questions How do we ensure
thatthesideeffectsof speculatie instructionsdo notaffect correctprogrambehavior whenthespeculation

is incorrect? How do we handleexceptionsarisingfrom speculatie instructions? How do we recover



whendatadependencspeculations incorrect?Canwe exploit TLS parallelismevenif somedependences
exist betweenthreads?We briefly addreseachof thesequestionsbelow, and give more completeand

comparatre coveragen Section4.

Preservingprocessorstate As a honspeculatie programexecutes the registerand memoryprocessor
statesavolve from successie modificationby instructions;and eachinstructionexecuteswithin the pro-
cessorstateresultingfrom the sequentiakxecutionof all previous instructions. Statepreservationin a
speculatre context ensureghat instructionsexecutewithin the propermachinestatedespitespeculatie
execution. Statepreseration separatespeculativestate and sequentialor nonspeculativestate and it
manageshe taskof committingportionsof the formerto the latterwhenspeculatioris resohedandcor
rect. More specifically statepreseration (i) allows for the resultsof control speculatie instructionsto
bediscardedvhenthespeculations incorrect,(ii) enablese-executionof speculatie instructionsby pre-
servingtheir operandgtheimportanceof re-executionwill becomeapparenshortly),and(iii) eliminates
the needto respectoutput and anti-dependenceslf an architecturedoesnot provide supportfor state

preseration,thecompilermustmanaget in software.

Preservingexceptionbehavior Preservingexceptionbehaior is analogougo preservingprocessostate.
An exceptionis anunusuakonditionoccurringin the executionof aninstruction.Becausét is notknown
whethertheexecutionof aspeculatreinstructionis neededr correct,t is notknown whetherthehandling
of anexceptiondueto a speculatie instructionis neededr correct. For this reasonspeculatre instruc-
tion exceptionhandlingmustbe delayeduntil the speculatioris resohed. Otherwise,if, for example,a
control speculatie instructionterminatesa programdueto a floating point exceptionandthe speculation
is incorrect,the applicationis unnecessarilyerminated.A speculatie nodein a TLS architecturesimply
stallswhenaninstructionexceptsuntil it becomeghe nonspeculatie node. ILS architecturesnustdelay
speculatre instructionsthat except and re-executethemwhen the speculations resolhed, as described

belon. Whena delayedexceptionis eventuallyhandledijt is consideredommitted

Re-&ecuting speculativeinstructions. Speculatie instructionsmay needto be nonspeculatiely re-
executedoncespeculatiorhasbeenresohed. This is essentialvhendatadependencspeculationis in-
correct:thespeculatie instructionandall instructionghatdependnit mustbere-executedvhenthe data
it wasintendedo readactuallybecomeswvailable. In addition,re-executionallows architectureshatcan-
not stall an exceptingspeculatie instructionto simulatethis effect: whenit is determinedhata delayed
exceptingspeculatre instructionis neededandcorrect,it andall dependeninstructionsarere-executed,

this time handlingexceptionsasthey occut



Syndironizing speculativeinstructions. A significantamountof parallelismmay be exploited by TLS

architecturegvenwhenthe compilerdiscosersnonconserative, true datadependencelsetweerthreads.
This is calleddo acrossparallelism. It is importantthat the two threadssynchronizeso thatthe younger
threaddoesnotreada valuenot yetwritten by the olderthread for this resultsin theoverheadf incorrect

datadependencspeculation.

3 Consequencesf Speculative Execution

Giventhe precedingoresentatiorf the types,architectureg@ndbasicissuesof speculatre execution,we
arenow preparedo describdts consequence®ependingon whethercontrol or datadependencepecu-
lationis corrector incorrect,particularactionsaretaken. A summaryappearsn Figure4. This discussion
senesasthecontet for thefollowing sectionwhich detailsthearchitecturahndimplementationmplica-
tionsof theseconsequences.

Whencontmwol speculatioris correct, speculatie stateand delayedexceptionsarecommittedin archi-
tectureghat presere stateandexceptionbehaior. For ILS architecturesspeculatie stateis committed
by moving the bufferedresultsof speculatie instructionsto the sequentiaktate. A delayedexceptionis
committedby re-executingthe exceptingspeculatie instructionandall instructionsthatdependoniit. In
TLS architecturesa nodes speculatre stateis committedwhenit becomeshe nonspeculatie node.TLS
architectureslelayexceptionsby stallingthewholenode.As aresult,they commitdelayedexceptionsby
resumingandhandlingthe exception.

Whencontrol speculations incorrect unnecessarinstructionshave executed.Statepreserationand
exceptiondelay allows their side effectsto be ignored, but outstandingcontrol speculatre instructions
mustbe squashed.This is only anissuefor TLS architectureshbecausell ILS speculatie instructions
have alreadyexecutedat resolutiontime. TLS machinessimply squashall nodesexecutingbeyond and
includingtheincorrectlyspeculatedhread.

Whendata dependencspeculations correct, delayedexceptionsarecommittedin architectureshat
presere exceptionbehaior. ILS andTLS architecturese-executeandresumeexecution,respectiely, to
commitdelayedexceptions.If thereareno delayedexceptionsto commit,executioncontinuesnormally.

Whendatadependencspeculatioris incorrect, a true dependencbetweertwo instructionshasbeen
violated by reorderingthe instructions. In otherwords, one instructionwas supposedo reada value
producedby another but insteadit reada stalevalue. The instructionthat readthe stalevalue and all

dependeninstructionamustbe re-executedo ensurehattheir operandiave the correctvalues.
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Figure4: Consequenced speculatie execution.

4 Architectural Support and Implementation

Thissectioncoversthearchitecturabndimplementationssuegor supportingspeculatre execution begin-
ning with how speculatioris encodedn aprogram.Next, hardwaresupporffor preservingtate preserving
exceptionbehaior anddetectingdatadependenceiolationsis covered. Finally, methodsof re-execution

andsynchronizatiorarediscussed.

4.1 Encoding Speculation

Despitethe fact that a machineexecutesinstructionsspeculatiely (i.e., out of order),it mustbe made
awareof thenonspeculatie orderof instructionssothatit maypresere state presere exceptionbehaior,

andtrack datadependencesA compilermustcommunicatdo the target machinewhat instructionsare
speculatecandwith respectto what otherinstructionsthey areto be speculatiely executed. This infor-

mationis encodedn a programby specifyingeachspeculatre instructions homelocation, the position
in the programwherethe instructionwould appeairif it were nonspeculatie. At this point, control and
datadependencspeculatiordueto theinstructioncanbe resohedbecauseompletecontrolflow anddata
dependencimformationis available.

Beforedescribingspecifictechniquedor encodingspeculationye introducesomeusefulterms.Poly-
path control speculatiorallows instructionsreachabldrom both outcomesf a conditionalbranchto be
speculatrely executedwith respecto the branch.Monopathcontrolspeculatioronly permitsinstructions
alongonepathof abranchto be speculatiely executedwith respecto thebranch.Mostcompilerresearch
for speculatiearchitecturestaticallypredictsconditionalbranchesonly exploiting monopatrspeculation.
The speculatiordistanceof aninstructionis the numberof conditionalbranche$etweerthe speculatie
instructionandits homelocation. Architecturesencodea speculatre instructions homelocationin oneof
threeways: by thread sentinelor path.

In threadencodingthespeculatrerelationshipdetweeninstructiondn aTLS architecturareimplicit
in the threadsthat containthe instructions becausehe threadsarestartedin order For example,threads
1 (theoldest),2, and3 (theyoungestfrom the controlflow graphin Figure5(a) areassignedin order, to

the nodesof a TLS machine.Theinstructionsin eachthreadare potentiallyspeculatrely executedwith



add.s v1,v2,v3

beq v4, v5, L1 add. s1 vi,v2,v3
chk vl beq.n v4,v5,L1
L1 ... L1:
(b) (©)

Figure5: Examplesof encodingspeculatiorby (a) thread (b) sentineland(c) path.

respecto theinstructionsn olderthreadsThe TLS Multiscalararchitecturd37] includes,n theprogram,
explicit threaddescriptorsiefiningeachthreadandtheir relationshipgi.e., the potentialsuccessoof each
thread).OtherTLS architecture§39, 28, 38] simply useaspeciaffork instructionto spavn new threadsin
eithercasethreadsarestartedn properexecutionordersothe hardwarecantrackthe speculationThread
encodingsupportonly monopattspeculationandit cannot be madeto work with ILS architectures.

Sentinelencodingentailstagginga speculatre instructionwith a singlespeculatre bit andplacinga
correspondingentinelinstructionin the speculatre instructions homelocation. The hardware matches
sentinelswith speculatre instructionsvia additionalstructuressuchasan augmentedegisterfile. Encod-
ing by sentinelhasthe disadwantagethatthe hardware only becomeswareof a speculatie instructions
homelocationwhenthelocationis reached As a result,the hardwarecannot distinguishthe speculation
distanceof instructionsasthey areencounteredso speculatie instructionscannot be speculateavith re-
spectto eachother(i.e., speculatie instructionmustbein order).Ontheotherhand,it allows for polypath
speculatiorof unlimited distance.For example,the machineis awarethatthe additioninstructionin Fig-
ure 5(b) is speculatie, signifiedby the'. s' suffix, andis speculatedvith respecto the branchbecause
thesentinel, chk', appearsfterthe branch.In this casethe sentinelis associateavith theinstructionby
namingthe tamgetregisterof the speculatre instruction. The ILS IMPACT architecturg23] usessentinel
encodingfor control flow speculationandit waslateraugmentedo usea similar sentinelencodingfor
datadependencepeculatiorvia thememoryconflict buffer (MCB) [13].

Path encodingexplicitly indicatesthe control flow paththat mustbe takento reacha speculatie in-

structions homelocation. For example,the homelocationof the speculatie instruction'add. snnt ' is



reachedy nottakingthenext two branchesndtakingthethird. Thisencodingsupportgolypathspecula-
tion. If only monopathspeculatiors neededbranchpredictionscanbe encodedn thebranchinstructions,
sothatspeculatie instructionsonly needto indicatehow mary conditionalbranchesnustbetraversedto
reachthe homelocation. If ary of thesebranchesreincorrectlypredicted the homelocationwill notbe
reached.For example,the conditionalbranchin Figure5(c) is predictedto be not taken, signifiedby the
'. n' suffix, andthe speculatiordistanceof the additioninstructionis 1. The homelocationis reachedf
the conditionalbranchis not taken. Path encodinghasthe advantagethatthe hardwarecandeterminethe
speculatiordistanceof instructionsasthey areencounteredAs aresult,instructionswith differentspecu-
lative distancesnay be speculatedvith respecto eachother Encodingby pathhasthe disadwantagehat
the architecturdimits the maximumspeculatiordistance thoughBringmannet al. find thatlimiting the
distanceo only sevenis notasevererestrictionfor datadependencspeculatiorf3]. Thoughpathencoding
appeargo only encodecontrol speculationdatadependencspeculatiorcanbe piggybaclked on control
speculationFor example,controlspeculatie memoryoperationsanalsobe considerediatadependence
speculatre with respecto ary precedingnemoryoperationghey have movedbeyond. The LS Boosting

architecturaisespathencodingfor controlspeculatiorf35].

4.2 Presewning State

Architecturalsupportfor preservingstateallows aninstructionsto befreely speculatedvithout regardfor
its registerand memoryside effects. Differentarchitecturaimechanismgpresere registerand memory

State.

4.2.1 RegisterState

Rayisterstateis preseredby buffering speculatie instructions'registerupdatesn oneor moreadditional
registerfiles. TLS architecturefiave aregisterfile localto eachnode.Changeso onenodeslocal register
file arenotreflectedin otherregisterfiles, preventingyoungernodesfrom affecting older ones.Figure6
illustratestheissueof preservingegisterstatein ILS architecturesSupposét is beneficiako speculatiely
executethe divide instructionin (a) beforethe addition. If anarchitectureprovidesregisterstatepreser
vation, the divide is simply taggedasspeculatie andmaoved, asin (b), without regardfor the factthatit
corruptsregisterv 3 if the controlspeculatioris incorrect.If preservingegisterstateis not supportedthe
compilermustexplicitly renameheresultof the speculatre instruction,asin (c), andcopy thespeculatie
resultbackto theappropriateaegisterif thespeculations correct.

ThelLS Boostingarchitecturgreseresregisterstatevia a fixed numberof shadowregisterfiles[35].

10



div.sl v30,v5, v6

add vl,v2,v3 div.sl v3,vb5,v6 add vl,v2,v3
beq v4, 0, L1 add vl,v2,v3 beq.n v4,0,L1
div v3, v5,v6 beg.n v4,0,L1 nmov v3, v30
L1: add v7,v8,v3 L1: add v7,v8,v3 L1: add v7,v8,v3
() (b) (©)

Figure6: Codesequenceemonstratingherole of statepreseration. (a) A nonspeculatie codesequence,
(b) controlspeculatiorin anarchitecturghatpreseresstate and(c) controlspeculatiorin anarchitecture
not preservingegisterstate.

Becausehe architecturausesa pathencodingfor control speculationa speculatie instructioncanwrite
its resultdirectly into a shadev registerfile associatedavith theinstructions homelocation. At eachcon-
ditional branchinstruction thevalid registersin the shadev registerfile associatedvith thetakenpathare
copiedto the nonspeculatie registerfile. This is calledcommittingthe shadaev registerfile to the non-
speculatre registerstate.Similarly, a speculatre instructionreadsfrom the shadaev registerfile associated
with theinstructions homelocation.If theregisterhasnotbeenwritten by a precedingpeculatie instruc-
tion, it is invalid, andalessspeculatie shadav registerfile is consultedor a valid versionof the register
Successiely lessspeculatie shadaev registerfiles arechecled for a valid versionof the registeruntil the
nonspeculatie registerfile is reached.

In orderto supportpolypathspeculationthereis a shadev registerfile associateavith boththe taken
andnot taken pathsof eachconditionalbranchinstruction. If instructionsareallowedto move beyondn
conditionalbranches2™! — 2 shadev registerfiles arerequired thusthe registerfiles form a binary tree
with the sequentiategisterfile attheroot. Alternatively, monopathspeculationrequiresonly oneshadev
registerfile per branch,or n total. Yet anotheralternatve is to supportmonopathspeculatiorwith only
a singleshadav registerfile, whereineachregisteris taggedwith anindicationof the homelocation of
the speculatre instructionthatwrote it. At eachconditionalbranch,registersare selectvely committed
or invalidatedbasedon thesetags,allowing n distancespeculatiorwith only a singleshadev registerfile.
This approachsimulatesthe generalmonopathapproachwith lesshardware. Smith et al. shav that this
lastmethodhasperformanceomparabléo the moregeneraimonopathapproacton a machinewith very
limited parallelresource$33]. It is unlikely thatthis remaingrue on widerissuesnachines.

Architecturesthat do not presere register state,suchasthe IMPACT architecture[5], relegatethe
responsibilityto the compiler Registerpressurencreaseshecausepeculatiorextendsthe live rangesof

registers;Sections clarifiesthereasongor this. Thehardwareapproacthdoesnotsuffer from this problem,
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becausdhe hardware separatespeculatie and nonspeculatie register state, effectively increasingthe
numberof registers. Mahlke et al. find thata machinenot preservingegisterstatemusthave at least48
registersto competewith a 32 registermachinethatdoes[23]. Thoughsupportfor preservingegisterstate

effectively increaseshe numberof registers their useis restrictedo preservingstate.
4.2.2 Memory State

Architecturesthat prohibit both control speculatre storesand memoryoperationreorderingdo not need
to presere memorystate. The GeneralPercolationvariant of the IMPACT architecturetakes this ap-
proach[6], thussimplifying hardwareat the expenseof limiting parallelism.Mahlke et al. find a 7% loss
of performancdrom prohibitingcontrolspeculatie storesalone[23].

Thesimplestapproacho preservingnemorystatein machinesupportingmonopattspeculationis to
usea modifiedstorebuffer. The storebuffer reordersstoresaccordingto their nonspeculatie order If a
loadreadsfrom anaddresg$or which thereareentriesin the storebuffer, it loadsthe valueassociatedavith
themostrecentstoreto the sameaddressgnoringmorespeculatre stores Whenaspeculations resohed,
its storebuffer entriesare eithercommittedto the restof the memorysystemor invalidated. A variantof
the storebuffer approachs usedby ILS architecture@andsomeTLS architecture$12, 16]. Oplingeret
al. find thata TLS architecturecan exploit a greatdeal of parallelismwith only 300 bytesof buffer per
node[28].

Most TLS architecturepresere memorystatewith local datacachesn orderto minimizerelianceon
a centralizedstructure. They usevariantsof cachecoherencerotocolsso thatwrites becomegisible to
youngernodesbut arehiddenfrom older nodes.Loadsthatmissin thelocal datacachemay be satisfied
by theyoungesbldernodethathasthedatain its cache Speculatre writesarebufferedin thelocal cache
andare not committedto memoryuntil the nodebecomesionspeculatie, at which time all speculation
is resohed. As a result,speculatie statecannot be evicted from the cacheuntil the nodebecomeson-
speculatre. StefanandMowry find thata 16 KB two-way set-associate datacachewith a small4 entry
victim cacheeliminatesearlyall nodestallingdueto conflicts[38]. Gopaletal. furtherrefinethis general
approacH15], addinghardwarethat preventsthe needfor the local cacheto be purgedwhene&er a node
startsa new thread.As aresult,the cacheis warmandthe write-backof speculatie statedoesnot happen
all atonce,floodingthe memorysystem.

Unlike for registers,buffersfor preservingnemorystatemay reachcapacity ILS architecturesegis-
latetheproblemaway, requiringthecompilerto limit thenumberof simultaneouslynresoledspeculatie

stores.In aTLS architecturea nodewith afull buffer or cachesimply stallsuntil it becomeshenonspec-
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ulative node.

4.3 Presewning Exception Behavior

Preservingxceptionbehaior is analogougo preservingstate:the sideeffectsof a speculatie instruction
aredelayeduntil it is determinedhatthe instructionis neededand correct. If the instructionis needed
andcorrect,the delayedside effect, in this casedelayedexception,is committed. This sectiondiscusses
differentapproacheto preservingexceptionbehaior.

An architecturenot preservingexceptionbehaior simply immediatelyrepairsall transparenexcep-
tions (e.g., pagefaultsand TLB misses)on speculatre instructionsandignoresall terminal exceptions
(e.g., floatingpoint exceptionsandbus errors)on speculatre instructions.This approactguaranteethata
terminalexceptionwill notbehandledunlesst is necessaryin the processterminalexceptionthatshould
behandledmaybelost,andspurioustransparengxceptionamaybe unnecessarilfandledjmpactingper
formancebut not correctnessAugustet al. find that 13% of transparenéxceptionsarespurious/1]. If a
terminalexceptionis anindicatorof anerror, exceptionsareonly lostby programghatcontainerrors.The
GeneralPercolatiornvariantof theIMPACT architecturadoesnot presere exceptionbehaior [6].

An architecturethat preseresexceptionbehaior mustdelay exceptionhandlingfor speculatre in-
structionsuntil the speculatiorhasbeenresoled, at which time it is known whetherthe instructionis
neededandcorrect.If it neededandcorrect,it is re-executedandthe exceptionis handled.

TLS architecturesnly allow the nonspeculatie nodeto raiseexceptions.All othernodesstall when
instructionsexcept. Whenandif the stallednodebecomeghe nonspeculatie node,the exceptionis han-
dled andthe threadcontinuesexecuting. To mitigatethe lossof parallelismdueto stalling exceptions,a
TLS architecturecould stall on terminalexceptionsbut repairtransparenexceptionsspeculatiely. The
performanceémplicationsof this have not beenstudied.

ILS architecturegannot employ the samestalling techniquebecausdoth speculatre andnonspecu-
lative instructionsappearin the sameinstructionstream. Thesearchitecturesachieve the sameeffect by
temporarilyignoring an exceptionon a speculatie instruction. At the time of speculatiorresolution,if
theexceptinginstructionshouldhave executedtheexceptinginstructionandall dependeninstructionsare
re-executedasdescribedn alatersection.Two method=f exceptiondelayarediscussedbelow.

Becausehe Boostingarchitecturd35] usesa path encodingof speculationwhena speculatre in-
structionexcepts,the hardwaresetsan exceptiontagin the shadev registerfile associateavith the home
locationof theinstructionandignoresthe exception. Whenthathomelocationis reachedall speculation

is resoled,andre-executionis initiatedif the exceptiontagassociateavith the currentblock is set. If the
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homelocationis notreachedthe exceptionis ignoredbecausehe speculatiorwasincorrect.

ThelMPACT architectureencodespeculatiorvia sentinel423], sothehomelocationof a speculatre
instructionis not apparenfrom theinstructionitself. As aresult,a specialexceptiontag associatedvith
the target register of a speculatie instructionis setwhenthe instructionexcepts,and the exceptionis
ignored. Other speculatie instructionstag their target registerwhenthey reada registerthat hasbeen
tagged Whenanonspeculatieinstructionin thehomelocation,actingasasentinelyeadsataggedegister
the speculatiorhasbeenresolhed and re-executionis initiated. As an optimization,the addressof the
exceptinginstructionis propagatedn registersalongwith the tag. Re-executioncanbegin at the exact
instructionthat excepted ratherthanat the earliestspeculatre instructionfrom the homelocationwhere
theexceptionwasdetected.

Theschemeadescribedibore doesnotwork for speculatre storeinstructionsbecausé¢hey donothave
aregistertarget. In orderto handlethis case storebuffer entriesaremodifiedto includean exceptiontag
andanexceptinginstructionaddressThesentinelfor astoredoesnot specifyaregister insteadt provides

anindex in the storebuffer. Otherwisetherecovery approachs thesame.

4.4 DetectingData Dependenceé/iolation

In orderto detectincorrectdatadependencapeculation speculatre architecturesnust track memory
operationslf aloadprecedes storeto thesameaddressandtheloadhasbeenspeculatedvith respecto
the store,thenthe speculatioris incorrect. The load operationandall instructionsthatdependon it must
bere-executed.Note thathardwarethat preseresstateeliminateshe needto trackandrecover from data
dependenceiolationsdueto storageconflictsfrom outputandanti-dependences.

The AddressResolutionBuffer (ARB) was designedfor the TLS Multiscalar architecturg[12]. It
containsa numberof queues. Eachqueuetracksmemoryreferencego a subsetof the addressspace,
allowing for fasteroperationandparallelaccesgo differentqueues.Eachqueuereordersall the memory
operationgo its subsetof the addressspace. When a nodestoresto an addresghat hasalreadybeen
loadedby a youngermode,a datadependenceiolation is signaled.RecentTLS architecturesisea more
distributedapproacho detectingdatadependenceiolation via a pernodedatacache[38, 16, 15]. Cache
lines aretaggedwhenthey are speculatiely read,and storeaddressesare broadcasbn a bus. Whena
nodeseesa storefrom anoldernodeto anaddresghatthe currentnodehasalreadyspeculatiely read,a
violationis signaledIf TLS dependenctackingresourcesredepletediueaneedto evict aspeculatiely
loadedcacheline, a speculatie nodemay be simply stalleduntil the node becomeghe nonspeculatie

node.At thistime, dependenceiolationsno longerneedto betrackedandthe cacheine canbeevicted.
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ThelLS IMPACT architecturdhasheenextendedo supporidatadependencspeculatiorvia theMem-
ory Conflict Buffer (MCB) [13]. It is uniquein thatit tracksdependenceiolationswithout preserving
memorystate,thusit only allows loadsto be speculatedvith respecto stores. A dataspeculatie load
instructionmay conflict with subsequergtoresup to its correspondingentinelinstruction. A conflict bit
is associatedvith eachregister A sentinelinstructionlooks at the bit associatedvith the tarmget register
of its correspondindoad operationto determinewvhethera storesubsequenb theloadwroteto the same
addresslf onehas re-executionis initiated. TheMCB tracksmemoryoperationdik e anassociatie cache.
An entryis addedfor eachdatadependencepeculatie load, associatinghe load addresswith the target
registerof the load. Any subsequerdgtoreto the sameaddresdeforethe sentinelis reachedgcauseghe
conflict bit ontheregisterto be set. The MCB is conserative in thatit setsthe conflict bit on a register
whenthe correspondingentry in the MCB is replaceddueto conflict. In addition,in orderto consere
spacein the MCB, a hashedrersionof thetagis kept,thuspotentiallyresultingin referenceso different
addressesharingthesamdine in theMCB. Boththesdssuegesultin falseconflictreportswhichdegrade

performanceln practice falseconflictsarerare,representingnly 1% of all conflicts[13].

4.5 Re-executingSpeculative Instructions

Speculatre instructionsmay be re-executedvia eitherarecovery block or inline replay A recoseryblodk
is a compilergeneratedequencef instructionsthat mayrequirere-execution[35, 13]. Recwery blocks
areseparatdrom the body of the program thusduplicatingspeculatie instructions.Whenre-execution
is necessarnythe hardwareexecutesa particularrecovery block. An inline replay mechanisnselectvely
re-executesnstructionsfrom a previouspointin thecode[1, 6, 23]. Thelatteris morespaceefficient, but
it mustfetchandpotentiallyexecutemary moreinstructionsthanthe former. Compilersfor architectures
thatdo not presere statemustensurehatall operandso potentiallyre-executednstructionsareavailable
atre-executiontime. The detailsof this areexploredin Section5.

ILS architecturesiseboth recover blocksandinline replay In practice, TLS architecturese-execute
usinginline replayby simply stoppingandrestartinga thread,becausehe hardwarecostof selectve re-
executionis notjustified.

The basictradeof of thesetwo approachess codesizeversushardwarecompleity. While recovery
blocksrequireno speciahardware they consumea significantamountof instructionmemory proportional
to thenumberof speculatie instructions.Smithetal. aguethatrecovery blocksneverincreasecodesize
beyondafactorof two [33, 36], Gallaghert al. experimentallyneasurenaverageincreaseof 15%/[13],

andAugustet al. find anaverageincreaseof 23%][1]. Inline replaydoesnot changethe codesizeatall,
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but it requiresspecialhardwareto determinewhich instructions—ofa potentiallylong sequence—require
re-execution.

Assumingre-executionis not frequentlyrequired,the performanceradeofs of theseapproachesre
not obvious. Inline replaymay have to fetch a greatmary instructionsthat ultimately do not requirere-
execution,resultingin slow re-execution.Whena recover block actuallyruns,it will be very fastbecause
it containsexactly the instructionsthat requirere-execution. But becausae-executionis not frequently
required,invoking a recovery block will oftenresultin instructioncachemissesand perhapsagefaults.
Augustetal. find thatin the IMPACT architecturerecoveryblocksincreasaheinstructioncachemissrate
by 40%on averageversusnline replay resultingin a 6% execution-timeslovdown [1].

Re-eecutioncanbeinitiatedimplicitly, explicitly, or spontaneoushSpecialinstructions suchassen-
tinels,thatcheckfor a needto re-executedueto incorrectdatadependencepeculatioror exceptiondelay
areprovidedto supportexplicit re-executioninitiation. The addresof the recover block or the first in-
structionfor inline replayis eitherencodedn the instructionor in an auxiliary structure[23]. Existing
instructions,suchasbranchescanimplicitly initiate re-execution. Theseinstructionsexamineauxiliary
structuredo seeif replayis necessarandinitiate it if it is. The re-executionaddresss eitherheldin
the sameauxiliary structureor it is keptin atableindexedby theaddres®f theimplicit initiation instruc-
tion[32]. OnsomeTLS architecturesparticularinstructionsdo notinitiate re-execution.Insteadwhenthe
datadependencepeculatiortrackinghardwaredetectsa violation, it spontaneouslinitiatesre-execution

in theappropriatehread[37].

4.6 Synchronization

Wheretrue datadependenceexist and are statically manifestbetweenthreadsof a TLS architecturejt
is importantto synchronizehe threadsto preventincorrectdatadependencepeculation.Recallthatif a
noderunninga youngerthreadreadsa locationbeforea noderunningan olderthreadwrites to the same
location,theyoungerthreadwill berestartedsacrificingasignificantamountof parallelism.TLS architec-
turesmay supportexplicit andimplicit interthreadsynchronizatiorandcommunicatiormechanismsAn
explicit mechanisnis onethatis encodedlirectly into the programatthe point of synchronizatioror com-
munication. Explicit synchronizatiormechanismganbe built from nonspeculatie write instructionsor
specialsignal/wait instructions.Implicit synchronizatiomndcommunicatioroccurassideeffectsof other
instructions Notethatanexplicit communicatiormechanisntanbebuilt from anexplicit synchronization
mechanism.

The Multiscalararchitectureprovidesimplicit registerforwarding[2], resultingin implicit synchro-
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nization and communication. The last assignmento a registerin eachthreadis forwardedto younger
threads.Whenyoungerthreadseadthe sameregister, they will stall until the new valueis recevedfrom

anolderthread.Eachnodedeterminesvhetherit needgo stall or not basedon whethera currentlyactive

older nodewrites this registerand whetherit hasbeenforwardedyet. The virtue of this schemes that
a compiler's sequentialiew of a programdoesnot changesignificantly It neednot do anything special
to maintaintrue dependencegueto registers. Otherthanconcisenessf code,thereis no benefitof this

approactover explicit communicationbecausé¢hey bothrequirethe samestaticregisteruseanalysis.

A TLS architecturegproposedy Tsaiand Yew providesa similar implicit mechanisnfor forwarding
valuesin memory[39]. At the beginning of every thread,specialinstructionsidentify the memoryad-
dresses;alledtarget store addressesthatthecurrentthreadwritesthatsubsequerthreadsnayread.Each
nodeforwardsits targetstoreaddresset subsequentodeswvhenthey arespavned.Valueswrittento one
of a nodes targetstoreaddresseareforwardedto youngernodes. A readto a target storeaddresgrom
an older nodecausesa nodeto stall until the noderecevesthe valuewritten to the sameaddressy the
oldernode. Unlike for registerforwardingwhereinthe programstaticallynamesthe registerthat needto
be forwarded,the target storeaddressnechanismallows the programto dynamicallyidentify addresses
by which threadsmustbe synchronized.This mechanismis providedin orderto softenthe blow of not
supportinggeneraldatadependencspeculationlt hasnot yet beendemonstratethatthe benefitsof this

schemeactuallyimprove real programperformancéeyondexplicit communication.

5 Compiler Support

Compilersupportor speculatrearchitecturess in its infangy, becausarchitecturatlesignhasrecevedthe

bulk of theresearclattention.Thisimbalancemostlikely stemsfrom anunwillingnesso devoteresearch
resourceso compiling for an architecturevhosepromisehasnot yet beendemonstratedNevertheless,
a numberof compilationissuesfor ILS and TLS architecturéhavebeenstudied,andthey are discussed

below.

5.1 ILS Compilation

Compilersfor ILS architecturesusevariantsof tracescheduling10, 26] to discover andidentify paral-
lelism. A traceis a partof alikely paththrougha program,choserbasedon static predictionsor profile
dataof branchoutcomes.Trace schedulingreorderdnstructionswithin a trace—respectingependences

betweerinstructions—irorderto co-locatandependeninstructionsexposingparallelismto thehardware.
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5.1.1 Eliminating SchedulingConstraints

Architecturalsupportfor speculatre executionpermitsthe instructionscheduleto ignorecertaincontrol
and datadependencesRatherthan modify the schedulerit is cleanerto actually remove dependence
arcsin thedependencgraph,which senesasinput to the scheduler Thoughthe dependencestill exist,
the edgesin the graphthatrepresenthemareremoved sothatthey canbeignored. Control speculation
allows mostcontrol dependencet be removed. Control dependencebetweenbranchesmustbe kept
to presere the orderof branches.If the target architecturedoesnot permit control speculatie stores
instruction, control dependence® storeinstructionsmustbe kept. If the tamget architecturedoesnot
supportregister statepreseration, a control dependencé&om a branchto eachinstructionwhosetarget
registeris live at the point of the branchmustbe kept; this preventsoff traceinstructionsfrom reading
valueswritten by speculatre instructions.Architectureghatlimit the speculatre distanceof instructions
must presere dependencefom branchesat this distanceto limit excessve speculation. In addition,
compilersfor architecturesupportingdatadependencspeculatiorremove truedatadependencesrcsdue
to memoryoperations.

Statepreserationallows outputandanti-dependenceiieto memoryor registersdbetweeraspeculatie
andnonspeculatieinstructionto beignored.They maynotsimply beremovedfrom thedependencgraph,
becauséeforeschedulingis performedit is not known which instructionsare speculatre. Thoughthe

schedulecouldbe modifiedto exploit this situation this hasnotyet appearedh theliterature.

5.1.2 Enabling Re-execution

The operandof potentiallyre-executednstructionsmustnot be overwrittenbeforethey arere-executed.
Statepreservingarchitecturesupportthisin hardware. If speculatre instructionsneedto be re-executed,
the buffered speculatie stateassociatedvith themis discardedensuringthat their operandawill have
correctvalueswhenthey executea secondime. This freesthe compilerof the burdenof consideringhe
re-executionissuewhenallocatingregisters.As aresult,registerallocationcanbe performedndependent
of andprior to instructionscheduling.A round-robinallocatorminimizesstorageconflictsthat may limit
speculationA standardraceschedulingalgorithmcanthenbeused put speculatie instructionamusthave
theirspeculatiordepthencodedn them. Thescheduledoesnot needto ensurehatspeculatie instruction
operandsare presered, becausehe hardware guaranteeshis. The schedulingalgorithm developedby
Smithetal. [33, 36, 32 for the Boostingarchitecturgakesthis approach.
Compilersthattargetarchitectureshatdo not presere statemustexplicitly presere operandso spec-

ulative instructionsuntil the speculations resolhed. Theinstructionscheduleandregisterallocatormust
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work togetherto generatecodethat respectghis constraint. The IMPACT compiler exemplifiesthis ap-
proach[23].

First,thescheduleruns.It mustensureghatthe operandf all potentiallyre-executednstructionsare
not overwrittenbeforespeculations resohed. The schedulepreventsaninstructionfrom beingspecula-
tively executedbeforean instructionthat overwritesary of its operands.This impliesthatno instruction
thatwritesto oneof its operandsnaybe speculatedTheseinstructionscanstill be speculatedia renam-
ing: thetargetis givena new nameandsubsequergpeculatre usesarechangedo referto thenew name;
atthepointwherethe speculatioris resohed, thevaluein the newv namemustbe copiedinto theold name
sothatsubsequemonspeculatie instructionsusethe correctvalue.

If therewereaninfinite numberof register the processvould be finished. But at this point, the code
mustbe mappeddown to a small numberof registerswithout corruptingthe speculatiorperformedby
the scheduler The compilerdefinesa restartableinterval for every control speculatie instruction. This
interval startswith the speculatre instructionandextendsto the pointwherethe speculations resolhedat
its sentinel. Theinterval containsinstructionsthat may potentiallyneedto be re-executedandthosethat
do not,suchasnonspeculatieinstructions L et thelive-in setof aninterval betheregistersthatarereadin
theinterval beforethey areoverwritten.

If theregisterallocatoris not sensitve to theissuesabove, it may preventre-executionof arestartable
interval by reusingaregisterin thelive-in set. Thisis preventedby extendingthelive rangeof all registers
in an intenval's live-in setto the end of the interval. The register allocatormustalso be careful about
insertingspill code. If aregisterin the live-in setis spilled, it may not be available whenthe interval
is re-executed. If this happensthe instructionsthat usethe spilled register must be de-speculated.e.,
moved downward, toward their homelocation)until the spill problemgoesaway, potentiallyforcing the
de-speculatiorof later dependeninstruction. In the limit, they will make their way backto their home
locationsandnolongerbespeculatre. In addition,becausexceptionsarerecordedn tagsassociategvith
registers,the target register of a speculatre instructionmustnot be spilled. The registerallocatormust
de-speculatspeculatre instructionghathave their targetspilled until the problemgoesaway.

Bringmannet al. [3, 4] have proposeda modifiedform of the IMPACT architectureghat useswrite-
bad suppessionto easethe registerpressurecauseddy extendingthe live rangeof registerto includea
wholerestartablénterval. Theideais thatoncea conditionrequiringre-execution,suchasan exception,
is detectedwritesby speculatie instructionsaresuppressednsuringhatregistersin alive-in setwill not
beoverwritten.It hasnotbeendemonstratethatthis approachresultsin improvementversughe IMPACT

architecture.

19



5.1.3 EnhancingInstruction Scheduling

Hwu et al. [17] describea numberof techniquedor enhancinghe parallelismfound by the above tech-
nigues.Traceenlagementvia loop unrolling givesthe schedulemoreinstructionsfrom which to choose.
The authorsalsodescribea numberof techniquedor eliminatingdependenceshich may constrainpar
allelism. Renamingeliminatesstorageconflicts due to variablereuse. Opemation migration moves an
instructionwhoseresultis not usedin its traceto a lessfrequentlyexecutedtrace. As aresult,all data
dependencedueto theinstructionareeliminatedfrom the morefrequentlyexecutedrace.Inductionvari-
ableexpansiorandaccumulatowariableexpansioreliminatedependencebatresultfrom loop unrolling.
Dependencesetweerreferenceso inductionvariablesandaccumulatowariablesdrom differentiterations
of anunrolledloop canbeeliminatedby assigninga differentregisterto eachunrollediteration. Prefixand
epiloguecodeis required,andnaturallyregister pressures increased.Opeation combiningmemgestwo
flow dependeninstructiongnto onewhenbothinstructionscontaincompile-timeconstants.

In the proces®f developinginstructionschedulergor ILS architecturesiesearcheraddressa number
of shortcoming®f basictracescheduling.Traceschedulingoptimizesonly for the chosertrace,soit may
resultin very inefficient off tracecode. This is particularly problematicwhen static analysisor profile
informationdoesnot matcha programs actualdynamicbehaior. The scheduler®f Smithetal. [33, 36]
and Deitrich and Hwu [7] only speculatevhenit doesnot have a significantadwerseeffect on off trace
code. Traceschedulinghasa comple« bookkeepingstagethat patchesoff tracecodeto compensatéor
instructionmavementwithin thetrace.Hwu etal. developa new compilerstructurecalledthe superblok
to mitigatethis compleity [17]. The superblockis a tracethathashadall its sideentrancesemoved by
a techniquecalledtail duplication The eliminationof side entrancegreatly simplifiesthe schedules

bookkeepingstageat the expenseof increaseatodesize.

5.2 TLS Compilation

A compilerfor aTLS architecturenustaddressssuef threadselectionschedulingsynchronizatiorand

communication.

5.2.1 ThreadSelectionand Scheduling

Threadselectionmay be basedon control flow graph(CFG) nodes,loop iterations,or procedures.The
CFG-base@pproachs themostgeneralsowe discusst first.
Researclin compilingfor the Multiscalararchitecturedevelopsthe CFG-basedpproactto threadse-

lection[41, 42]. The nodesof the CFGarepartitionedinto threadsn aneffort to minimize the following
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reasondor performancedegradation: (i) control flow misspeculation(ii) interthreadtrue datadepen-
dences, (i) memorydependencenisspeculation(iv) loadimbalanceand (v) taskoverhead.The basic
threadselectionalgorithmtraversesa CFG beginningwith the root node. Nodesareaddedto the current
threadif a heuristicconditionis met. Whenno more nodescanbe added,the threadis complete. The

procesgepeatdor nodesnot alreadyaddedto a thread. The heuristicfor nodeinclusionis a prioritized

combinationof five heuristics eachattemptingto minimize thefive points,above. After threadselection,
the compiler constructsa descriptorfor eachthreadthat containsthe addressesf instructionsthat may

follow thethread.TheMultiscalarhardwareis awareof thesedescriptoranduseghemto schedulesubse-
guentthreadduring programexecution[18]. Rotenbeg et al. move thesecompilerissuego the hardware
in anarchitecturecalledatraceprocessof31].

Loop-basedhreadselectionassignsachiterationof aloop to a differentthread. Unfortunately por-
tions of codethat do not containloops amenablgo speculatie parallelizationdo not benefitfrom this
approachOplingeretal. useprofile informationto decide—inthe presencef nestedoops—whatoops
shouldbe parallelized28]. Thefive reasongor performancealegradationdiscusse@dbove areall relevant
in thiscontext. Thebulk of recentresearchakestheloop-base@dpproach22, 28, 38|, becausasignificant
portion of executiontime is spentin loopsandthe schedulingmechanisnfor parallelizingloopsis very
simple: schedulingtypically occursin softwarevia a fork instructionthat simply specifiesthe next loop
iterationto execute.

For procedure-basetireadselection beforeeachprocedurecall, a threadis spavnedto executethe
codefollowing the call. Hammondet al. [16] find the approacho beimpractical becausehereis insuffi-

cientparallelismbetweemroceduresandsubsequentode.

5.2.2 Synchronization and Communication

Vijaykumardescribegompilersupportfor registerforwarding[41] in the Multiscalararchitecturebut the
techniquesreapplicableto ary architecturesupportingregisterforwarding.For eachthread the compiler
mustfirst identify what registersneedto be forwarded. Conseratively, this canbe all registerswritten
in the thread. With betteranalysisregistersthatdo notlive beyondthe threadcanbeignored. Next, the
compilermustidentify the pointin the programwherethe registercanbe forwarded.Conseratively, this
canbe afterthelastinstructionof the thread,but analysisis often ableto identify the lastassignmento
aregisterin athread,at which time it canbe forwarded. Alternatively, eagerand speculatre forwarding

schemesanbe usedto allow registersto be forwardedasearly aspossible but subsequenthreadsmay

Ipreservingstateeliminatesthe needto presere outputandanti-dependences.
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needto be squashedf they are usingan incorrectversionof a register This is the register analogof
datadependencepeculationNext, theinstructionsof thethreadarereoiganizedo move valueproducing
instructionsearlyin the threadandvalueconsumingnstructiondatein thethreadin orderto improve do
acrosgarallelism.A costmodeldeterminesvhatinstructionsmaybenefitmostfrom movement.

In addition, the compilermustinsertsynchronizatiorio stall instructionsthat cannot be speculated,

suchassystencallsandl/O instructions.

5.2.3 Enhancing Parallelism

A TLS compilercanenhancearallelismby eliminatingcertainclasse®f dependencesuchasthosedue
toinductionvariablesandreductiong38, 41]. In addition,dependencdsetweerinstance®f certainlibrary
routinescanbe eliminatedby rewriting thelibrary [38]. For example,the C functionf get c( st r eam
readghenext characteatthe currentpositionin st r eam andit advancedhe currentposition. Thereis a
true datadependencbetweersuccessie callsto this functionthroughits argument. Thefunctioncanbe
rewritten sothatin certaincasest usesrandomaccesso geta particularcharactein afile, eliminatingthe
dependence.

Improved memorydisambiguatiorcan alsoimprove performance.Synchronizingtrue dependences
reduceghreadsquashin@nrestartingdueto incorrectdatadependencspeculationpotentiallyimproving
performance Statictechniquedor disambiguatingrrayreference$l4, 24] andarbitrarypointers[21, 8]
existwith varyingdegreesof succesdyut theirimpacton speculatie architecturetasnotyetbeenstudied.
Profiling is also usefulfor identifying operationghat frequentlyresultin misspeculationywhich would

benefitfrom synchronizatior28].

6 Reseach Directions

As arelatively recentadwent, software assistedspeculatre executionpermitsmary opportunitiesfor re-
searchBelow, we summarizdour areasf potentialresearch(i) studyingandaddressingheperformance
losswhenthe compilers view of the hardwareresourcesliffers from the target machine (ii) addressing
theissueof poorresourceutilization, (i) studyingtheimpactof speculatiorin differentapplicationand
programminganguagecontets, and (iv) comparingdifferentapproaches$o speculatie execution. Un-
fortunately ary researchin this areais impededby the lack of a commoninfrastructure.Advanceswill
be slow andmodestif researchersustdevelop their own compilersand machinesimulators. Hewlett-
Packard,the IMPACT groupfrom the University of lllinois at Urbana-Champaigrgandthe ReaCTILP

groupfrom New York University have establishedhe Trimaranprojectto develop an infrastructurefor
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researchn instruction-level parallelism[29]. This enablingprojectis a stepin theright direction.

6.1 Compiler/Resource Mismatch

A deficit of ILS architecturess thatthey exposeresourceavailability, suchasissuewidth, to the static
schedulein thecompiler Theresultis thatprogramsarecompiledfor a particularmachineconfiguration,
andthey may performpoorly on otherconfigurations.For example,a compilertargetingan 8 instruction
issuelLS machinemayvery aggressiely speculatén orderto useall availableparallelresourceshut if the
compiledprogramrunson a 2 issuemachine performancenay suffer dueto incorrectspeculationThis is
aseriousssuebecauseconomicsequirechip makersto sell productsatseveralprice points. Traditionally
clock rateandcachesize have definedmicroprocessoprice points,but issuewidth is a logical next step.
Thefirst stepin exploring this issueis evaluatingthe severity of the problem.If the Trimaranprojectlives
uptoits claims,afew adjustmentso their compilerandsimulatorcould begin to answeithe question.

If compiler/resourcenismatchis a problem,we needto develop techniquedo addresst. | propose
addinghardwaresupportfor selectve dynamicde-speculationThe compilervery aggressiely speculates,
butthehardwareonly useghespeculatreinstructiongofill otherwiseemptyissueslots.Whenspeculatre
instructionsareencounterethey areplacedin aqueue calleda dynamicde-speculatiomueue or perhaps
in oneof severalqueuesgachcontainingspeculatre instructionsof a particularspeculatiordepth.When
theprocessohasavailableissueslotsandtherearenononspeculatieinstructionsready it simply grabsthe
oldestspeculatie instructionsfrom thequeue.In mary ways,this hasthefeel of a dynamicallyscheduled
processoexceptthatalargeinstructionwindow is notrequiredto find instructiongor speculationbecause
the compilerhasalreadyidentifiedthemto the hardware. The processors staticallyscheduledbut it can
selectvely de-speculatevhenthereis no apparenbenefit. The dynamicde-speculatiomueuesare very
simplebecausalependencelsetweerinstructionsneednot be tracked. In orderto evaluatethis research,

thequeuestructureneeddo bedefinedandsimulationsneedto evaluateits effect.

6.2 AddressingResouice Efficiency

Speculatiorenablesa greaterdegreeof parallelism,but in the nearfuture it still appearsyuite limited.
As aresult,it is difficult to justify high issuemachinesvhenthey mostly go underutilized. | propose
introducingsimultaneousniltithreading(SMT) [40] ideasinto the software speculatre executionarena.
Sucha unionwould provide both the single applicationbenefitsof ILS architecturegndthe throughput
benefitsof the SMT architecture. ThoughSMT is a dynamicallyscheduledsuperscalaarchitecture]LS

additionswould allow for a high degreeof parallelismwithouta largeinstructionwindow.
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| recognizehatspeculatioris somevhatat oddswith the SMT throughputgoals.| proposeusingthe
de-speculatiotechniqueabove, sothatspeculatioris only usedto fill otherwiseemptyslots. Thehopeis
thatsingleapplicationperformanceeanbeimprovedanddynamichardwareschedulinchardwarereduced
in sizewithoutadwerselyimpactingmultiple applicationperformance.

In TLS architectureghe efficiency issuebecomesnore complex. Again multithreadingat the node
level couldbe usefulwhennodesstall dueto datadependence®8ut a greatmary policy issuesneedto be
addressedothatsingleapplicationperformanceanstill begood. Thenodesof a TLS machinealsoneed
to beableto bedynamicallyredistritutedamongmultiple applications. Sometimeshereis no parallelism
in anapplication sotheothernodesshouldbe madeavailable. Againtherearepolicy issueghatneedto be
resolhed. TherearealsotechnicalissuesWhathardwaresupportis requiredto allow nodesharingVhat

is thecostof changinghe applicationon a node,includingsaving/restoringstate cachewarmup,etc.?

6.3 Changingthe Backdrop

The bulk of the compilerresearchor software assistedspeculatie executionis basedon a very low-
level intermediatdorm, typically actualmachinenstructionsproducedoy the compilationof a low-level
languagesuchasC or Fortran.| proposesxaminingtheimpactof softwareassistedspeculatie execution
in othercontets, in particularhigh-level, dynamiclanguagesWe will no doubtfind thattheselanguages
poseanew setof difficulties. For example how dowe proceedvithouta staticcontrolflow graph?WVe may
alsofind thatthe high-level natureof somelanguagess beneficialin exploiting speculationFor example,
staticmemorydisambiguationmay be easietthanit is in objectcode.

Currentwork examinesthe limits on parallelismfrom simple control flow and datadependenceln
mostspeculatie architecturesprocedurecalls, systemcalls, and /O instructionsalso limit parallelism
by enforcingserialization.How muchdo they limit parallelism?How muchdo they limit parallelismin
applicationamoreexotic thangcc, suchasmultimediaandgraphicscodes Ve mustinvestigatehardware

techniquesnalogouso statepreserationfor allowing graphicsandotherl/O routinesto be speculated.

6.4 Comparing Dynamic and Static Speculation

Eventually researchermustcomparedynamicallyscheduledsuperscalaprocessor$o softwareassisted
speculatre processorsThoughit is unlikely that a definitive winner could ever be namedfrom this, we
canbetterunderstandinderwhatcircumstancesnewould be superiorto the other We shouldenumerate
a numberof parametershat definea machines performancee.g., clock rate,issuewidth, window size,

branchpredictionaccurag) andfind the crosseer points betweenstaticallyand dynamicallyscheduled
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machines.

7 Conclusion

Of thearchitecturesindtechniqueshatwe have examined which resultin thebestperformanceThough
a couplestudiesmake directperformanceomparison®f differentTLS [15] andILS architecturd6, 23],
the generalrendis thatadditionalarchitecturabupport—andhe hardwarethatimplementst—modestly
improvesperformanceComputerarchitectsnustweightheir performanceoalsandresourcéudgetwhen
determininghe appropriatedegreeof architecturakupport.

Comparingheperformancef ILS andTLS architectureés amuchstickierissue and,in fact,nodirect
comparisonbaveyetbeerpublished Comparisoris madedifficult by thefactthatthetwo approachebave
drasticallydifferenthardwarerequirementsEvenif astudydiscoversthatoneapproacthassuperiorcycle-
level performancever anotherit is difficult to comparehe amountof requiredhardware,andthe bottom
line performanceadvantageis not obvious becausehe impactof architectureon cycle time is hardto
qguantify. Neverthelessuntil specificstudiesdirectly andsuccessfullicompardlLS andTLS performance,
therelative utility of thesearchitecturesvill bedeterminedy the easewith whichthey canbe extendedo
addressssuedik e thoseintroducedn the previoussection.

Software assistedspeculatie executionshavs promiseasa techniquefor exploiting parallelism,but
theresearchs immature. A numberof fundamentalssuesmustbe addressetbeforeit cansignificantly
impactcomputerarchitectures Studyingthe issuesof compiler/resourcenismatch resourceutilization,
impacton non-Clanguagesand performanceelationshipto otherapproachegorm a goodfirst stepin

takingthis researcho thenext level.
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