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Abstract

Stalls causedby datacachemissesare a costly problemfor high-performanceomputer
systems.Out-of-orderprocessorsvoid mary of thesestallsat the expenseof comple hard-
ware anda deepelpipeline. In addition, their continuousreschedulingof instructions(even
whenit providesno benefit)is a significantsourceof additionalpower consumption.

This paperpresentsache-miss stall deferral, a stratgy for allowing in-order EPIC pro-
cessorso toleratevariable-lateng memoryoperationdy continuingissuebeyondinstructions
dependenupona missedioad. The techniqueusesEPIC control-speculatiomecorery mech-
anismsto inexpensvely recorer from cache-missstalls which are deferredat run-time. By
usinganin-line recorery mechanismno additionalcodeneedsto be generatedor recovery.
Reeecutionproceedonly whenrequired,eliminatingunneededtallson speculatie opera-
tions.

The stratgy presentedealizessimilar benefitto out-of-orderprocessorsn thatinstruc-
tionsfollowing a stalledoperationcanbe overlappedwith the handlingof a cachemiss,often
enablingoverlapof additionalcachemisseghatwould notbepossiblein sequentiaéxecution.
Our approachmaintainsthe in-order model of executionavoiding the power consumption,
compl«ity andpipelinestagesequiredby out-of-orderexecutionwhile achieving significant
performancémprovementover traditional EPIC processorgxecutingaggressiely optimized
code.

1 Introduction

In orderto meetthe lateny requirementof modernhigh-frequeng microprocessordjrst-level
datacacheshaveremainedelatively smallin size.For thisreasontheadditionallateng causedy
datacachemissescontinueto beamajorperformancdottleneck.Out-of-ordemprocessorsolerate
this variablelateny behaior of memoryoperationghoughdynamicschedulingvhich allowsthe
overlappedexecutionof instructionghatfollow a stalledinstructionwith the handlingof thecache
miss. However, in in-orderprocessorsaninstructionthat consumeshe destinatiorof a load will
stallif thatmemoryoperations resulthasnotyetreturnedrom the memoryhierarchy

As dynamicschedulingallows executionbeyond a stalledinstruction,someof the inherent
benefitfrom out-of-orderexecutioncomesfrom its ability to performadditionalmemoryinstruc-
tionswhichwould beblockedby a stalledinstructionin anin-ordermachine Suchloadsmightalso

missin thecache.In thisway, considerablg@erformancemprovements achiezedsimply through



handlingmultiple cachemissessimultaneouslyhatwould otherwisebe handledsequencially
This paperpresentscache-miss stall deferal, a stratgy for allowing in-order processorso
proceedeyonda stalledinstructionwaiting on acacheaccessBy maintainingthein-ordermodel
of excuction,theadditionalcompleity andpipelinestagesequiredby out-of-orderexecutionare
This paperpresents new mechanisnfor usein run-timeoptimizationsystemdor allowing
in-orderprocessor$o achieve muchof thecachemisstolerationthatwaspreviously only available
in dynamically schedulednachines. While this work builds upon a previously describedsys-
tem, it could be extendedto otherdynamicoptimizationsystemsvhich exploit hardwaresupport.
The next sectiondiscusseshe relevant previous work. Sections3 and4 introducethe Run-time
Optimization Architecture (ROAR) andtheimplementatiorof cache-misstall deferalwithin the
ROAR framework. Section5 reportsthe experimentalevaluationof our approachandSections

and7 containfuturework andconclusions.

2 Reated Work

Focuson memorytoleranttechniquesndlesson runtimeopti

O0O0====

Instructionlssuelogic in PipelinedSupercomputers

Comparisorof differentissuemodels namelyCRAY-1 scalay Tomasulosalgorithm,thortons
scorboardalgorithm,anda direct tag searchalgorithm. Using CRAY asbaseline tomasulogets
58%thortongets28%dtsgets38%

Implementatiorof preciseinterruptsin pipelinedprocessors

This is the reorderbuffer paper 25%-3%degradationdependingon handlingof stores(do
they wait for pipelineto drainor issueandwait in memoryunit).

CheckpointRepairfor High Performancéut-of-orderExecutionMachines

Checkpointrepairallows recovery from an erroneousspeculatie stateto a previous, valid
stateby recordingstatechangeswithin differencelists. The size of the differencelists limit the
amountanddistanceof reorderingthatcantake place.

out-of-ordertoleratecachemissesbetterthanin-order Cachemiss delay can be hiddenby

dynamiccodescheduleout-of-orderis lesssensitve to cachemissbehaior thanin-order



Runtimeoptimization====================

Dynamo:A TransparenDynamicOptimizationSystem

Transparentlpptimizesa native applicationasit executesT his systendoesnot currentlyem-
ploy a speculatiormechanismf preciseexceptionsarerequired,avoids optimizationsthat might
violate preciseexceptionglimits its aggressieness).

i—OOOrePLay:A HardwareFramavork for DynamicOptimization

Frameis similar to a very long tracecacheline andis atomicin its executionSpeculation
failure within atraceforcesarecovery of stateto a point beforeexecutionof thetracebeganRe-
executionresumedrom the original code. Staterecovery throws out all newly generatedialues
includingary correctlyexecutedportions.

i— EPIC (adaptto profile variationbut not cache)

Hotspotdetectionooksfor importantphasesvith consistentontrolpathsandadaptgo con-
trol variation. Doesnot look for importantcachemissesor adaptgo cachemissvariationwithin
the samehotspot.

Referenc&EPIC somavhere(maybein intro?)

EPIC: An Architechurefor InstructionParallelProcessors

enablehigherlevelsof instruction-level parallelismwithout unacceptabléardwarecomplex-
ity

Placebulk of burdenof POEon the compilerPredictableuntimeenvironment

complity. OOOEPIC========

renamingand dynamicschedulingof predicatedccodeNormally stall renamerif unresohed
predicategyuardmultiple write to samereg hold op in res. stationuntil predicateresohes*With
Selectu-op: (pX) r5 =, (pY) r5 =, user5 ===¢ (pX) rW =, (PY) rU =, userS andaselectrS =
(rw,rU) , whichis a SSAphi-like nodeHowever, theresenationstationwill still fillup waiting for
predicataesolution.*With predicateslip: predicatednstructionsareexecutedassoonasnon-pred
sourcesareavailable. Thereresultsareheldin thereorderbuffer until the predicates resohed,in
which casebypassed/broadcastcurs.15% averagespeedup

SimulataneouMultithreading:Maximizing On-ChipParallelism

Examinationof multiple SMT modelscomparedo a wide superscalaor convential multi-

threadingarchitecturesVertical (idle cycles)andHorizontal(unusedssueslots)waste



00O (supposediythe 2001 work) and/orspeculatre precomputatior(using SMT) yeilds
87%,92%,and,with both,141%

OOO: ability to toleratememorylateng (L1 in particular)

SP:toleratesmall numberof delinquentloads[4](L2,L3 in particular)basictrigger: main
threadspavnsspecthreadchaintrigger: specthreadspavnsspecthread

Both OOO andSPaimto hide memorylateng by overlappingexecutionwith cachemisses.
It appearshat OOO getsthe bulk of, andmostflexible partof theimprovement.SPdoeswell and

canbe combinedwith OOO, but really only hasa chanceon memoryintensive benchmarks.



3 Speculation Models

Thissectiondetailstheoperatiorof two previously presentedechniquegor dealingwith compiler
controlledspeculation. The two modelsare not exclusive, but they were proposedor different
uses.Precise-speculationasproposecasanadditionalmethodof control-speculatiothatwould
allow instructionreorderingthat maintainedpreciseexceptionsand requireda minimal amount
of analysis. This techniqueis particularly attractve for speculatiorperformedby run-time code
generation.Sentinalspeculatiorwith inline recovery is a relatedapproachhatis lessrestrictve
thanprecisespeculatiorbut requiresmorecapableanalysis.

The cache-misgleferraltechniqueexploits a combinationof both strategies. While the ap-
proachis not strictly tied to PreciseSpeculationjt is proposedn this work for operationshat
are precise-specuate. The advantagef usingthis modelwill be discussedn Section4. The

recovery from a deferredoperationusestheinline recovery mechanisnpresentedn [12].

3.1 Precise speculation model

Precisespeculationwas proposedn [17?] to minimize the restrictions= placeduponthe control
anddataspeculatioracrosgotentially= exceptinginstructionsaswell asspeculatrerelocationof
themand= branchesvhile completelypreservingoththeorderingandtheliveness requirements
to maintainpreciseexceptions.Both potentiallyexcepting= instructionsandbranchesanchange
the control flow. Speculatre = instructionsmust not destry the contentsof registersthat may
be life = if this not sequentiapathis taken. The mechanisnprovides a separate= speculatre
registerfile wherespeculatre instructionswrite their = results.At committime, the architectural
registersare updated.= Non-speculatie instructions,on the otherhand,work directly with the
= architecturalregisters. Whena checkdetectsary speculatie exception,= the contentof the
speculatreregisterfile is discardedanda = transitionto recorery modeis thenforced. Somecode
is reexecutedand= exceptionsarecleareddueto completionof pendingeventor are= reproduced
in their properorder It shouldbe notedthanthe orderof = storesis never changedandthatstores
arenever speculated.

If atakenbranchleadsto skip a commit,theassociateghending= speculatie exceptionsare

no moreneededandcanbecleared(?).



As saidbeforeandexplainedin detailin [1?], precisespeculatiorr requiresa specialregister
file thatcontainsaspeculatre half and= non-speculatie half aswell asa S-valid bit to specifythe
validity of = thefirst one. Non-speculatie writes alwaysupdateboth halvesand= clear S-valid.
Speculatre instructionswrite only the speculatie half = andsetS-valid. All readsfrom aregister
aredonefrom the speculatie = half. Speculatre readsleave the S-valid bit unchangedExplicit
commit= instructionsareno-opscomposeaf thesourcegeadyfor committing.= Theseonesand
non-speculatie readsclearthe S-valid bit and,if it = wasset,commitsthe outstandingspeculatre
value,copying it to the = non-speculatie half. The completeregisterfile canbe restoredo a =
non-speculatie stateby copying the non-speculatie half to the = speculatie half for eachregister
andsettingits S-valid bit.

At runtime, speculatre branchesexceptsilently, meaningthat they flag = an exceptionbut
otherwisedo nothing. Non-speculatie branchesxcept= if eithertheinstructionitself causesan
exceptionor if apreceding= speculatre instructionsilently excepted At this event,theregister=
file is restoredo non-speculatie stateandcontrolis transferredo = =857 a point prior to arny of
the speculatednstructions gxecutingin = recozery mode(?).

Precisespeculatiorprovides greaterfreedomin codemotion by allowing = the meging of

basicblocks.

3.2 Exception recovery model

EPIC architectureemploys speculatiorto initiate loadsfrom memory= earlierin the instruction
stream.Becausanoved instructionscan= produceexceptionswhich cannotoccurin sequential
programorder = mechanisnmustensurethat exceptionsare properly handled. Memory load =
is brokeninto speculatre load andcommitinstructionswhich verify = andgeneratesxceptionif
necessarandcheckfor load-storeconflicts. Load speculatiordesigntries to avoid unnecessary
cachemissesaswell = asunwantedpagefaults. A speculatiorbit (S-bit) is setfor any = operation
which is control speculatedpr datadependenon = data-speculate load. Non-speculatie oper
ationsreportexceptions= immediately But the architecturemustprovide mechanismso detect
= potentialexceptionson control-speculatie operationsasthey occurand= to recordexceptions
until check. For this purpose an exceptionbit = (E-tag)is addedto eachregister indicatingthat

exceptionoccurred= duringgeneratiorof valuestoredin associatedegister E-tagis = forwarded



with its associatedegister Architecturemustbedesignedo allow recovery from exceptionson =
controlspeculationThe IMPACT EPICrecovery model,basedn an= improved Sentinelmodel,
addedan R-bit to eachregister which is used= to selectvely executeonly data-flav successors
of excepting= speculatie operationsduringrecovery. Every time anoperationfinishes= without
exception,the E-tagin destinationregisteris clearedand = resultstoredin destinationregister;
otherwiseprogramcounteris = storedinto destinatiorregisterandE-tagin destinatiorregisteris
= set.If sourceoperandn registerhasits E-tagset,programcounter= from this sourceoperands
copiedinto destinatiorandE-tagin = destinatiorregisteris set. In this way exceptionsarepropa-
gateduntil = anon-speculatie operationis executedwhich make check,or an= explicit commit
instructionis reachedIf checkdiscorersoneof source= operanchask-tagset,thenexceptionis
triggered.=20

One of key advantageof EPIC exceptionrecovery modelis addition of = selectve inline
recovery mechanisnfor fix up of speculatre generated exceptionsor datadependencenemory
conflicts. For this purposethe = R-tagis addedto eachregister, usedto identify operationghat
are = data-flav dependenbn the exceptingspeculatednstruction. In EPIC = model semantic,
branchesndspeculatre operationgwith S-bit) which = aredata-flav dependentn valuesnewly
generatedn recovery are= executeduntil checkis reached Theseinstructionsmusthave their =
registersourceR-bit set.

Recwery canstartin casethatspeculatiely generatedperand= indicatingexceptionis used
non-speculatiely andthereforeagenuine= exceptionis indicated thenresolutionof exceptionand
re-executionof = dependeninstructionsarerequiredto programexecutioncontinue.= Recwery
startsin casethatdataspeculatiorchecksignalsthat= speculatre load conflictswith intervening
store,re-executionof load = anddependeninstructionsis required.In both casegherecovery =
predicatdpR)is setto indicaterecorerymode.Theoperatioratthe= recovery pointis re-executed
non-speculatiely, and ary exceptionis = raisedimmediately The pR is animplicit predicate
to all operations= andwhenis set, instructionsbehae with accordingrecorery semantics.=
During recovery, all speculatie operationsdependenbn operations= which trigger exception
which recovery is in progressamustbe executed= until checkoperationwhich initiated recovery
is reached.These= instructionsmusthave in their registersourcedR-tagset. When= speculatie

instructions(including instructionwhich generates: exception)commit resultsduring recovery



mode,the R-tagson their = destinatiorregistersareset. Following non-speculatie executionof =
instructionwhich producesxception(includingexceptionhandlingif = need) recovery continues
with re-executionof flow dependent speculatie instructions. During this phasebranchesand
speculatre = instructionswith at leastone R-tagsetfor sourceoperandare= executed.Because
executionof branchinstructionss requiredfor = original control path,branchesnustbe executes
independendf pR = value. The branchpredicatemust have samevaluein recovery asduring
= executioninside original executioncode. Recoery must executebranches= and dependent
speculatre operationsuntil R-tag on non-predicate= register (predicateregister which cannot
initiate recovery, shouldnot = indicatethatrecovery is completedsourceoperandeaches non-
speculatre use.Only non-predicateegister’s R-tagcanterminate= recorery mode,whatis when
homeblock of exceptingspeculatior= instructionhasbeenreachedNow, if no pendingexception
isindicated= by sourceoperancE-tagsthenoriginal exceptionor conflictis fixed,= pRis cleared,
andexecutioncontinues During recovery, propagatiorand= generatiorof E-tagsoccursin same
way asduring normalexecution. If = E-tagsaresetduringa non-speculatie useof registerwith
R-tagset=is reachedthenadditionalexceptionoccurredduringrecovery from = initial exception.
In this case,recovery restartsfrom the new = exceptinglocation. Using this approachin EPIC
architectureduring recovery can be fetched= a lot of unusableinstructions,but this approach

preventcodebloating= by selectve re-executionof existing code.



4 Cache-miss Stall Deferral

This sectionpresentshearchitecturesemanticshatenablecache-misstall deferral.As discussed
is Section3, PreciseSpeculation[1Bhasbeenusedn ROAR to allow instructionreorderingwithin
an optimizedtracestoredin a memory-basedodecache. Run-timeoptimizationusessuchre-
orderingto adaptthe optimizationof the tracesto the obsened executionprofile. The cache-miss
deferraltechniquesimilarly exploits this speculationsupportto allow the in-ordercoreto adapt
executionto thevariablelatengy of memoryoperations.

As originally presented[14]the selectve inline recovery modelwasproposedor the poten-
tial deferralof both faultsand cachemissesfor control-speculatie loads. Sincepagefaultsare
typically infrequentand quite expensve to handle,deferralof faultsfor speculatre loadsseems
adwantageous.However, the trade-ofs for deferringcachemissesare muchlessclear Cache
missesaremuchmorecommonthanfaultsandcanbe handledwithout blocking executionof the
currentthread.Deferringcachemisseds advantageous casesvhentheloadis speculatedby the
compilerfrom aninstructionblock thatis not subsequentlyeached.Accordingto [14] this situ-
ationoccursfrequently However, in casesvherethe load’s homeblock is reachedandrecovery
is initiated, the costof recovery canbe exorbitant. Lik ely for this reasonPreciseSpeculatiorwas
introducedo supportrecoveringonly from spuriousfaultsgeneratedby run-timespeculationand

thuswasnotintendedo supportdeferringcachemissesrom speculatre operations.

4.1 Execution overview

In processorsvithout dynamicscheduling,instructionsare issuedsequentially Whena depen-
deng is not metbecauseanoperationsources notready instructionissuestalls;oncethe depen-
deng is met,instructionissueagainproceedsThis behaior preventstheexecutionof subsequent,
independenbperationgrom overlappingwith thedatacachemiss.In Figurel(a),thetwo loadop-
erationsareindependentyut because¢hesecondoadfollowstheconsumenf thefirst, it is trapped
behindconsumewheneerit is stalled.lt is possiblethatbothloadswill missin thecachecausing
two sequentiaktalls. With a differentorderof the sameinstructionsin Figure1(b), thetwo loads
areissuedbeforearny consumercancausea stall. Whenbothloadsmissin thecachethehandling

of the missesarehandledsimultaneoushduring the stall. Suchaninstructionorderingwould be
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Figure 1: Two alternatve instructionschedules{a) memoryaccessare performedsequentially
allowing two possiblestalls(b) memoryaccesseareoverlappedallowing only onepotentialstall
location.

found by dynamicschedulingvhenererthefirst load missedn thecache A staticcompilercould
attemptto schedulanstructionsin an attemptto allow anin-orderprocessoto overlapasmary
load missesaspossible.However, at compile-timeit is not easyto determinewhich instructions
arelikely to missin thecache.ln addition,suchanorderingmight notbethebestscheduldor the
instancesvhentherearenot misseqwhich is oftenthetypical case).

With cache-misstall deferral,whena speculatre operationwould normally stall becausef
a producers cachemiss, its executionis deferredwhile continuingexecutionto subsequenin-
structions.Suchinstructionsmightincludeloadswhich alsomissin thecacheasin theexamplein
Figurel. Operationglependentiponthe deferredinstructionare skipped,while independenin-
structionsareexecuted Eventually re-executionof all deferredor skippedinstructionss initiated
at a point at which speculatiorcannotcontinue.Usingin-line recovery, controlis returnedto the
locationof the deferralandonly the instructionsnot originally executedare performed.In some
casesexecutionfrom acontrol-speculatie dependentf aspeculatre loadmightneverreachnon-
speculatre consumersin thesecasesstallson this dependentarefruitless,andcache-misstall

deferralavoidsre-executionof them.

4.2 Cache-missdeferral recovery model

Operationunder cache-missstall deferralis shavn in the examplein Figure 2(a). If precise-

speculatre load operationA missesin the cache,the miss can be handledas a normal, non-

10



A Id.ps r2 =— [r1] Reg| Value [E[R Reg| Value [E[R

B sub r8 =— 15,16 r1 |initialrlval [0]O r1 |resultofG |0]|0
r2 | unknown 0|0 r2 |resultofA |01

C shr.psr3 =—1r2,4 r3 |addressofG 1|0 r3 |resultofC |01
r4 |addressofG1|0 r4 | addressof G 1|0

D Id.ps r9 =— [18]

E Id.ps r4 =—[r3] (b) (d)

F add rl1l=—1r8,1

G and.psrl =— r2,r9 Reg‘ Value ‘ E‘ R Reg‘ Value ‘ E‘ R

H st [r6]=<—rll rl |resultof G |00 rl |resultof G |0|0

) r2 |resultofA |01 r2 |resultofA |01

I commit r2,r3 r3 | addressofG 1|0 r3 |resultofC |01
r4 |addressofG 1|0 r4 |resultofE |01

J cmp pl=—1r11>0

K (pl)branch N (© (e)

L commit rl,r4,r9

(a)
Figure2: Cache-misstall deferraloperation

blocking miss. However, after sucha miss,whenoperationC is reacheda stall would normally
occursincer 2 is notready However, in a way similar to the operationof the speculatiormodel
in [12] explainedin Section3, operationC will insteadmark its destinationr 3, with an E-tag
denotingthat an “exceptional’ conditionhad occurred. This bit continuesto shareits operation
with the original exceptionfault deferralfunctionality Sincea real fault hasnot occured,the
system-l@el exceptionflag is not setandthusa precise-speculate restorewill not needto occut
Additionally, the addressof operationC is placedin r 3 to enablere-executionof this skipped
instruction. Later speculatre consumer®f r 3 (like operationE) will similarly be skipped,and
will passontheaddres®f operationC throughto their destinations.
Instructionghatareindependenodf operationA canexecutenormallyandwill notneedto be
reexecuted.Theseinstructionscanincludestoreslik e operationH. This storemustnot aliaswith
the loadsspeculatedbove it unlessthe loadis alsodata-speculate (data-speculaie operations
canalsobe correctlyhandledthroughthe normaldata-speculatiofailure recovery from [12]). If
later instructionslike G consumer 2 after load A hascompleted,they will receve the correct
value of r 2. Otherwisesuchoperationswould behae exactly like operationC, by deferring
their executionand propagatingheir addressandthe E-taginto their destinatiorregister When
operationA completesit will write rightits valueinto r 2 andwill user 2’s R-tagto indicateif a

dependeninstructionwasdeferredandneeddo bere-executedduringrecovery. It is importantto
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notethatthisis aslight departurdrom the previously proposednline recovery behaior; theneed
for markingr 2’s R-tagat this point will be explainedin Section3. By allowing A to complete
its operation this load will not needto be reexectued,andsubsequentiependanbperationghat
occurafter A hascompletedwill executewith the correctsourcevalues.

In somecasesre-executionof defferedinstructionsis not necessaryConsiderinstructionD
in Figure2(a). If this load operationmissesin the cache,the executionof instructionG might
be skipped.If branchK subsequentljearesthetraceshown in Figure2, thiswill causearestore
conditionwhereall precise-speculate valuesarereplacedvith valuesfrom thearchitecturaktate.
This eliminatesand E-tagson registersr 1 andr 9. Sincethe resultof the speculatie chain of
instructions D—G, is notcommited the G’s stall is avoidedaltogether

Later, re-executionof deferredinstructionsmight needto occur A non-speculatie depen-
dentof an antecedentdeferredmisswill requirethe recovery from that deferral. SincePrecise
Speculatiorallows the speculatiorof every operationexceptfor storesjnstructionissuecannever
proceedbeyond dependenstores. Oncere-executionis initiated by a non-speculatie consump-
tion of a registerwith a setE-tag,controlwill move to the operationwhoseaddresss storedin
the consumedegister If the instructioncausingre-executionhasmultiple sourceregisterswith
E-tagsset,the sourcewith the earliestaddresss choserasthetamgetinstructionfor beginningthe
re-execution.As will beexplainedin Sectiord.3,becaus®f thesemantic®f PreciseSpeculation,
this choicecaneliminatecasesvheremultiple re-executionsof the sametraceareneeded.

Theregisterfile contentdor theexamplein Figure2(a)atinstructionF is shovnin Figure2(b)
for the casewhereload A hadmissedin thefirst level cache.InstructionsC andE weredeferred
andthusthe destinatiorregistersr 3 andr 4 containthe addresof instructionC andhave their
E-tagfieldsset.

In this example,thelateng of load A wasassumedo be shortenoughthat operationG did
not needto be deferred. WhenA completesjt writes registerr 2 andsetsr 2’s R-tagsincethe
instruction,C, wasdeferred.Onceinstructionl is reachedrecovery will berequiredsinceoneof
I’s sourcesr 3, hasa setE-tag. Theregisterfile statusatthis pointis shovn in Figure2(c).

With recoveryinitiated, the programcounteris movedto theaddres®f instructionC andthis
instructionwill be executedasa non-speculatie operation.At this point, sincer 2 is available,no

stall is neededor instructionC andit cancomputer 3’s value,clearits E-tagandsetits R-tag.
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Theregistercontentsat this pointareshown in Figure2(d).

The R-tagbits will sene to indicatewhich instructionsneedto be re-executedbecauseof
a new sourcevalue being available. Sincethe R-tagof r 3 is set, re-executionof E is needed.
While it is correctto re-executeary instructionlike G becausene of its sourceshasan R-tag
set,this executioncanbe avoidedsinceG’s destinationrdoesnot have an E-tagsetandthusmust
have recevedthe correctsourcevaluesduringthe original execution.Finally, onceinstructionl is
reachedre-executionhascompletedandthe pR bit canbe clearedandexecutioncancontinueas
normal. The statusat this pointis shavn in Figure2(e).

Sincethedeferredoadcontinues,.. overlapwith eventslik e branchmispred.

4.3 Deferral Implementation

If only traditionalspeculation..

4.4 Preservation of register lifetimes
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Tablel: SimulatedEPIC machinemodel.

Table2: Benchmarksandinputsused

[ Parameter | Setting | in experiments
Instructionissue 8 units p
Integerarithmeticandlogic unit 5 units | Benchmark | Inputs | Instructions |
Floatingpoi_ntarithmeticunit 3 un?ts 099,90 A SPECTIan 338M
Memory unit 3 units 124.m88ksim | A: SPECTrain 89M
Branchunit 3 units A: SPECTrain 122M
Branchpredictor 10-bit historygshare 130.li B: 6 Queens 32M
3 predictionspercycle ' C Reducedef. 360M
BTB size 1024entry A: SPECTrain 1094M
RAS size _ 32entry 132.ijpey B: CustomFaces 57M
Branchresolution 7cycles C: CustomScenery 320M
LD/ST buffer size 8 entryeach A SPECTrain1 1512M
L1 datacache 64KB 134.per B: SPECTrain2 28M
L1 instructioncache 64KB C: SPECTrain3 8M
Unified L2 cache 512KB 164.9zip A: Reducedrrain 1902M
BBB associatiity 4-way 175.vpr A SPECTest 1012M
Num BBB sets 512set 181.mcf A: SPECTest 105M
Candidatéoranchthreshold 16 197.parser A UMN_sm.red 178M
Refreshtimerintenal 8192branches A: UMN_sm.red 63M
Cleartimerintenal 65536branches 255 .\ortex B: UMN_md.red 315M
Hot spotdetectioncountersize 13bits C:UMNIg_red 886M
Hot spotdetectioncounterinc 2 300.twolf A: UMN_sm.red 167M
Hot spotdetectioncounterdec 1 mpeg2dec A: MediaTrain 99M
Execandtaken countersize 9 hits

5 Experimental Results
6 FutureWork
7 Conclusions
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