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1.0 Introduction and Motivation

Indisputableempiricalevidencesupportsour claim thata processorcore microarchitecturéendsto survive
largely unchangedacrossmultiple implementationsnd processechnologygenerationsTwo recentexamples--the
Intel PentiumandPentiumPro coredesigns--bottsurvived nearlyintact for five or moreyearsandwererealizedin
multiple procesgechnologie$27]. Similarly, coredesigndrom IBM, SunSFARC, Hewlett-Packard.andAlphahave
proliferatedacrossseveralimplementationandprocesdechnologygenerationsThis core reuseeffectis causedori-
marily by thetime andextremeexpenseassociateavith the designandverificationof abrand-n&s processomicroar-
chitectureandwe fully expectit to continuefor the foreseeablduture. While procesgechnologygenerationgurn
aroundevery oneor two years the designcycle for anew corecantake up to five years[29]. This mismatchbetween
designcycles andtechnologygenerationscombinedwith the incessantarketplacedemandfor increasedperfor-
manceJeadsdesignteamsto generatdrequentiterationsor remapf the samecoredesignto new procesgechnolo-
gies to enable higher performance, smaller die size, aret jmwer consumption.

At the sametime, both academicandindustry researchersontinueto proposeincreasinglysophisticated
microarchitecturakechniquesthat enhanceperformanceor reducepower or enegy consumption.Unfortunately
thesetechnique®ftenappeato requiresignificantchangedo existing cores,inevitably delayingtheir adoptionuntil
thenext majorcoreredesigrthatenablesncorporationof suchchangesltn this paperwe demonstrat¢hatit is possi-
ble andin fact desirableto incorporatenen microarchitecturatechniquesnto existing core designswith minimal
perturbatiorof the coreitself. Our approachis enabledy thefactthatthereis oftenatranslationlayerthatexiststo
bridge the gap betweenthe uservisible architectednstructionset(U-ISA) anda realizableimplementationinstruc-
tion set (I-1ISA). This gap exists becausedirect implementationof comple instructionsis deemedinfeasible or
unprofitableby the coredesignersThereis a long andrich history of varying approachesor this translationlayer,
rangingfrom trap-basedranslatoravhereunimplementednstructionsareemulatedn the operatingsystems$ invalid
instructionexceptionhandler(e.g. early MicroVAX implementationand more recently the PoverPC 604, which
droppeddirectsupportfor certaincomplex PONVER instructiong20]); to microcodedemulationroutinesstoredin an
on-chiplookuptable(e.g.PentiumProandit’ sderivatives[21]); to software-basedinarytranslatiorapproacheée.g.
FX132[22], Daisy[23],BOA[25] and Crusoes codemorpher[24]).A recentexampleof a designthatincorporatesa
microcodetranslationlayer to simplify the coreimplementationis the Paver4 designfrom IBM, which abandons
direct supportfor the complex storageinstructionsin the PaverPC instruction set, insteademulatingthem with
microcoded streams of primi& load and store operations [16].

The prior work mostcloselyrelatedto ours hasfocusedprimarily on safecodetransformationdasedon
peepholeptimizationswithin alimited scope Specifically theinstructionpathco-processowork [3] aswell asear-
lier tracecachepeepholeoptimizations[2][26]focusedspecificallyon safeschedulingand codetransformatioropti-
mizationswithin the scopeof a singletracecacheentry In contrastpur experimentaframevork doesnotassumehe
existenceof a tracecache However, the transformationsve proposecouldjust aseasilybe implementedas off-line
operationn tracecacheentries.We avoid this approachbecausevhile it is an obviousimplementatiorchoicefor
coredesignghatalreadyimplementatraceor decodecache(e.g.Pentium-1V[13]), we did not wantto unnecessarily
constrainour studyto this specificimplementatiorchoice,nor did we wantto obscureour resultswith performance
andpower consumptiorartifactsthatwould be inducedby this choice.We planto studytheseissuesn futurework.
The mostsignificantdifferencebetweenour approachandtheseprior experiments--besidethe fact the we studya
differentsetof transformations--ishatwe relax the safetyconstraint.Thatis, by emplogying speculatre transforma-
tions (within our speculativedecode€ramenork) thatarenot conseratively guaranteedb be safewith respecto pro-
gramsemanticsye exposegreateropportunityfor performanceenhancemerdandpower sarzings. Of coursewe still
have to guaranteeorrectsemanticdy checkingfor correctnessiolationsandrecoveringfrom incorrectspeculation.
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However, we find thatfor the two speculatie techniquesve study the overheadbf misspeculatiomecovery is negli-
gible in nearlyall casesWe publishedaninitial workshoppaperthatexaminedspeculatie decoden the contet of
binary translationbetweentwo incompatibleinstructionsets[1].In this study we found that two incompatibilities
betweenthe PaverPCandPISA instructionsets--alignmentequirement@and supportfor variable-lengtHoad/store
instructions--can be ffctively addressed with trepeculative decodapproach.

In this paperwe extendthe speculatre decodeapproachto encompas$wo microarchitecturatechniques
thataddressnefficienciesin the handlingof memoryreferenceanstructionsFirst, we studythe opportunitiesor load
andstorereferencecombiningthat corverts multiple narrov referencesnto a singlewider referenceresultingin a
netreductionof accesset thedatacache Thistechniquds enabledby the presencef wide 64-bitdatapathsin sup-
portof instructionsetextensionghathave now beenaddedto all majorgeneral-purposmstructionsets(the lasttwo
32-bit holdouts,IBM’ s S/390and Intel x86 or 1A-32, both recentlyannounced4-bit extensionsand implementa-
tions).Despitetheseb4-bit extensionsit is widely expectedthatthe vastmajority of usermodeandevenkernelcode
will continueto executein 32-bit mode for yearsto come,sincevery few userapplicationsrequirethe massve
addresspaceprovided by the 64-bit extensionsWe find that significantperformancemprovementsandreductions
in enegy consumptiorandenegy-delayproductare possiblewith this very simplespeculatie transformationFur-
ther details of this technique are presented in Section 3.1.

The secondechniquewe studyis speculatre decoden supportof storeverify operationdor squashingf
silent storeinstructions[7][4][5]. In this study we employ a novel value-history-basegredictorthat allows us to
identify a significantfraction of all silentstoresin a programs executionwhile minimizing the overheadassociated
with detectingandverifying silentstoresIn the naive original proposal[7],all storeswerecorvertedinto storeverify
operationgonsistingof aload,compareandconditionalstore.Wheneer the storewasnot silent,theloadandcom-
pareinducedadditionalresourcecontentionandactiity into the processorcore.A subsequerstudy[5] shovedthat
microarchitecturaimodificationscansignificantlyreducethis overhead However, thatstudyassumedhatsignificant
corechangesanbe madein supportof efficient storeverification.In contrastthis work demonstratethat mostof
the benefitsof core-compatiblestoreverification are achiezable with much lessadditionalresourcecontentionand
activity by employing a novel silencepredictor, resultingin performancéenefitsandreductionsn enegy consump-
tion. Further details of this technique are presented in Section 3.2.

Analysis of performanceand power consumptionfor thesetechniquesseparatelyandin combinationare
presented in Section 4. Finallyection 5 summarizes our findings and discusses opportunities for fatkre w

2.0 The Concept of Speculative Decode

Speculatre decodeis a new techniqueto exploit runtime attributes by speculatiely and optimistically
decodingstaticinstructionsinto anadwantageousequenceatherthannon-speculatiely decodingit into a sequence
of instructionsthatwill work correctlyin all casesFigurel illustratesthe basicconceptof speculatie decodeThe
predictoraccessethe non-architectecentitiesof the core processorandgathersnecessarynformationfor specula-
tion. The predictoris accesseih parallelwith instructionfetch by usingPC valueto overlapthe delayof accessing
theextratable.If acertainopportunityfor optimizationis predictedoasedn theinformationcollectedby the predic-
tor, the decodelogic replacesan instructionor a seriesof instructionswith a differentinstruction streamwhich
includesworking instructionsas well as verification code.It may be amuedthat increasingthe compleity of the
decodelogic to supportthis translationmay be more difficult thanit appearso a naive obserer. However, since
translationbetweenarchitectedSA andimplementationlSA occursin mary processorswe believe thatthe current
generatiordecodemill be ableto incorporatespeculatre decodewithout significantlyaffecting the processocycle
time. For example,Intel P6[14],AMD K6[15], andIBM Pawer4[16]includeatranslationlayerto maintaincompati-
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Figure 1. Basic concept of speculat decode integrated in a generic pipeline.

load r1, 36[r29]

load r1, 36[r29] p2 = predicted val ue

add r3, r1, r5 bne r1, p2, softexception
add r3, p2, r5

Figure 2. Example code of loadalue prediction implemented by speculatie decodeThe predicted alue is
assigned to a non-architectedister and a branch instruction is used to guarantee correctness.

bility betweenthe architectedSA andtheimplementationSA. Alternatively, it is possiblethat an additionalfunc-

tional block, suchasaninstructionpathcoprocessor[3]¢canbe usedto implementspeculatre decode Furthermore,
the transformationsppliedto implementspeculatie decodecan be removed from the critical path by performing
themoff-line on a translatedstreamthatis storedin a tracecache-lile structure[28], asis suggestedn prior work

[2][3].

Speculatre decodeenablesus to reusethe existing architecturakesourcedo implementnew featuresvia
translatinginstructions.Practically speakingmary of the speculatre techniquesproposedn the literaturecan be
implementedy a seriesof instructionshasedon speculatie decode An exampleimplementatiorof load valuepre-
diction[17] with speculatie decode is sk in Figure2.

In this example,anon-architectedegisterp2is usedto hold the predictedoutcomeof theloadinstruction.In
the out-of-orderprocessarinstructionsdependenbn the load instruction are executedwith the predictedvalue
assignedy themoveinstructionandarepreventedfrom committinguntil theloadinstructionis executedandthereal
valueandthe predictedvaluearecompareddy the branchinstruction.If the predictionis correct,the branchinstruc-
tion is executedransparentiandthefollowing instructionscanbe committed.If thevaluesdo not match,thebranch
mispredictionhandleris invoked by the branchinstructionandthe correctmachinestatecanbe maintainecdby drain-
ing the pipeline and iralidating speculate instructions.

Onewould expectthat performancegainsfrom speculatre decodewill be susceptibléo mispredictionfre-
gueng becaus¢he mispredictiorpenaltyis the sameasthe branchmispredictiorpenalty Sincedrainingthe pipeline
is expensve, a very accuratgredictionor confidencemechanisnshouldbe devisedfor a speculatre decodemecha-
nismif we do nothave alessdrasticselectve invalidationandrecosery mechanismln Section4.5,we will shav that
the efect of speculatie decode mispredictions is not agese as one mighpect.

As well asperformancédenefitfrom speculationspeculatie decodecanbe usedto reducepower consump-
tion. Althoughthelogical semantic®f the programaremaintainedspeculatie decodecanaltertheway theprogram
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is executedby replacinga power-consumingnstructionwith anotherinstructionthatconsumesesspower(i.e.replac-
ing amemoryinstructionwith anALU instruction).We will alsoshav the pover andenegy reductiondueto specu-
lative decode in Section 4.6.

3.0 Applications of Speculative Decode

In this sectionwe discusgwo techniquedasedn speculatie decodeload/storecombiningandsilentstore
squashing7]. Theseaechniquedocusesonreducingmemoryaccesseby replacingload/storanstructionswith a dif-
ferent series of instructions to enhance performance amt fswer consumption.

3.1 Load/Store Combining via Speculatve Decode

The first speculatre decodetechniquewe evaluateis load/storereferencecombining.Here, we study the
opportunitiesfor corverting multiple narrav referencesnto a singlewider referenceresultingin a netreductionof
accesset thedatacache.This techniques enabledby the presencef wide 64-bit datapathsin supportof instruc-
tion setextensionghathave now beenaddedo all majorgeneral-purposmmstructionsets,including SuUnSFARC, HP
PA-RISC, SGI MIPS, PaverPC,andeventhelasttwo 32-bit holdouts,|BM’ s S/390and Intel x86 or IA-32, both of
which recentlyannounce®4-bit extensionsaandimplementationgin thelattercase this announcemenwasmadeby
AMD aspartof the Sledgehammeproject).Despitethese64-bit extensionsit is widely expectedthatthevastmajor-
ity of usermodeandevenkernelcodewill continueto executein a backward-compatible32-bit modefor yearsto
come, since very few userapplicationsrequirethe massie addressspaceprovided by the 64-bit extensions.Of
coursecodeexecutingin 32-bitmodewill fail to exploit thewider datatransferpathsandphysicalregistersthatmust
be present for &€ient execution in 64-bit mode.

Load/storecombiningwith speculatie decodesnableghe useof these64-bit resourcesln load/storecom-
bining, two loads/storeshataccessonsecutie memorylocationscanbe memgedinto onewider memoryaccessWe
shav possible gamples of original and speculatly decoded code sequences in Figlre

Load Combining Store Combining
| w rl, 0(r29) S ri, 4(r29)
I w r2, 4(r29) SwW r2, 0(r29)
dl w rl, 0(r29) load 64 bits from the memory| sethi r2, rl mege into one 64-bit gister
rotate r2, ri1, 32 split 64 bits into tw values dsw r2, 0(r29) store 64 bits to memory
Figure 3. Examples of speculately decoded instruction sequencesif load and store combining

In the load combining example,we can statically detecttwo combinableword-sizeload instructionsby
examining offset fields that differ by 4 and checkingif they have the samebaseregister The rotateinstructionis
insertedafterthe doubleloadword instructionto putthe higher32-bit valueto thelower orderbits in thetargetregis-
terr2. Thedecodedsequenceanvary dependingntheinstructionsetarchitectureFor example,sincethe higher32
bits loadedin theregisterareignoredwhena 64-bitimplementatiorof PaverPCarchitecture[10]s runningin 32-bit
mode,the sequenceshovn in Figure3 works asillustratedaslong asthe 64-bit rotateinstructionis allowedto exe-
cute.ln theMIPS architecture[18]a doubleword loadinstructionputsa 64-bit valuesinto two logically adjacenteg-
isterssothe decoderogic may manipulatethe renametableto put valuesinto the arbitrarytamet registerswithout
ary ALU operationto extractthe highword value.To evaluatethe effectivenesf load/storecombiningthatmatches
the more generalcase we pessimisticallyassumehat one doubleword load instructionandone ALU operationto
split a valueto two separateegistersare neededor load combining.Storecombiningcanbe accomplishedn an
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analogousnannerOneALU instruction(sethiin the example)to meige two 32-bit valuesinto a 64-bit registerand
one double wrd store instruction are needed for store combining.

Thereareseveral problemswith speculatre decodewith respecto recklesdoad/storecombining.First, it is
notfeasibleto detectcombinablepairsin the instructionstreanwhentwo memoryoperationsarenot locatednearto
eachotherin the dynamicinstructionstream Secondmaintainingpreciseexceptionsfor storecombiningcanbe dif-
ficult in caseswherean instructionbetweentwo combinablestoresthrows an exceptiondueto, e.g.,overflon. To
avoid theseproblems,our mechanisnis restrictedto two adjacentword-sizeload/storeinstructionswith constant
offsets.Becauseaherewill notbearny changein controlanddatadependengbetweeradjacentwo memoryinstruc-
tions, we can statically determine combinable pairs safely

Somearchitecturesequirememoryinstructionsto maintainalignedacces¢o memorylocations;however,
thisis nottruefor the PanverPCarchitecture[10]The mostcommonrestrictionin memoryaccesalignmentis natural
alignment,wherean effective addressfor a memorylocation shouldbe a multiple of datasize. Whentwo word-
alignedmemoryinstructionsarecombinedinto a double-word instruction,it is hardto decidestaticallywhetherthe
combinednstructionwill bedoubleword-alignedoecausave do notknow the effective addresaintil the sumof base
register \alue and dbet \alue has been computed.

We proposea structurecalledthe CombiningPredictorto predictthe alignmentof the combinedioad/store
instructionsand direct the front end of the pipelineto performload/storecombining.This processs illustratedin
Figure4 and Figuré.

alignment history
of loads/stores

...... > Predictor combining predicted
Update *
............. > . To
Fetch | Iw+w Decode M} Execution
Prediction s merge + dsw Core

........................ Sequence

adjacent Detector

loads/stores

Figure 4. The fiontend pipeline with a load/stoe combining mechanismTwo word-size adjacent memory
instructions with the same basgister and det diference of 4 are decoded into a ALU foond splitting/meg-
ing and a doubigord-size memory instruction.

The sequenceletectormonitorsthe sequencef instructionsfetchedfrom the instructioncacheand exam-
inestwo adjacentword-sizeload/storeinstructionswith constanipffsets.If offsetfields differ by four, two instruc-
tions usethe samebaseregister and alsothe secondbaseregisteris not overwritten by the first instructions,it is
guaranteethatthosetwo adjacenmemoryinstructionswill accesshe consecutie memorylocations.Thesequence
detectorcanbe easilyimplementedy usingafew narrav addersandgatesto examineoffsetfieldsandbaseregisters.
Becausdhe purposeof the sequenceletectoris to adda new entryto the combiningpredictor it canbelocatedout-
side the critical decodepath. Thereforethe processos critical pathwill not be affectedby the lateny neededo
detectsequencesWheneer a combinablepair is identified,a new predictorentry correspondingo the preceding
memory instruction is added to the table.

A predictorentry shows arelationshippbetweera memoryoperationatthe currentPCandanadjacentmem-
ory operationat the next PC. The alignmenthistory field consistsof 4 bits wherethe last4 alignmenthistoriesare
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Shift

Is aligned? ﬁ
PC

> Tag +4/ Next Target Alignment History(4)

-4 (1) Register 0 1 2 3
v VvV v v
=1111 or 0101 ? —>D—> Predict

e f

Figure5. The structur e of load/store combining predictor. A predictionis madesimply by checkinghistorybits
to see if thg match certain patterns.

storedunderthe assumptiorthat adjacentoads/storesre combined After predictorentriesare updatedfor several
instancedy the effective addresseqredictionsaremadebasedon bit patternsstoredin the historyfields. Whenthe
patternis 1111 (alignedour timesin arow), acombiningoperations predictedsincethe next effective addresss also
likely to be double-vord-aligned.Similarly, a 1010bit patterntells us that the baseregistervalueis increasingor
decreasindy a word-alignedstride so that a pair of instructionscanbe combinedon every otherinstance.Tablel
summarizes bit patterns and corresponding predictions.

If the precedinginstructionis locatedat a fetch boundary e.g.,it is the fourth instructionin a four-wide
machine the load/storepair cannotbe combineduntil we know the offset andtarget registeridentifier for the next
instruction.Naively, we would delayuntil this instructionis fetchedin the next clock cycle becauseve do not have
sufficient informationto generatespeculatie instructions.In orderto avoid this delay the predictorentry hasaddi-
tional fields of +4/-4 and a target register identifier which describethe next instruction.Becausehe predictionis
madeby comparingonly bit patternswhile examiningeffective addresso determinealignmentandupdatingthe pre-
dictor aredoneon the backendof the pipeline,it is unlikely thatour predictormechanisnaffectsthe processocriti-
cal path. Furthermorewe expectthat the availability of decodednstructioncaches(e.gtrace cachesn Pentium-
IV[13]) would allov speculatie decode decisions to be ved completely dfline.

Table 1: Confidence mechanism history bit patters and their corresponding pedictions

History bit pattern
(rightmost bit is the neest, Prediction Description
1:aligned O:unaligned)

Effective address isery likely to be

111 Combine double-word-aligned

10 1 0 Combine Base rg_lster\alue is changing by some
word-aligned amount

Other patterns Do not Combine | Cannot predict the alignment

Whena combineddouble-vord referenceries an unalignedaccesgo memory it is automaticallydetected
by theload/storequeue a soft exceptionis thrown, the pipelineis drained andthefaultinginstructionis fetchedagain
by the &isting branch misprediction mechanism.

Figure6 shavs the shawvs the percent of combinable memory instructions for the SpecInt95and
SpeciInt200enchmarksvhich arecompiledby the gcc-pisacompilerwith maximumoptimization.The numberof
combinablamemoryinstructionsarequite significanteventhoughwe detectonly adjacentnstructionsln gcc,vortex
and mcf 28% ~ 35% of all memoryreferencexanbe combined,which canleadto significantreductionsin DL1
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Figure 6. Rercent of combinable loads/stags.By detecting tw adjacent wrd-size loads/stores which access
doublevord-aligned consecwi memory locations, orvarage 12% of memory instructions can be combine(F.

cache accesses. Oveaage, 12% of memory instructions can be combined across the benchmarks we tested.
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Figure 7. Rercentage of silent stogs categorized by the last stervalue. Grey bars sha the silent stores that
write a same alue as the last time itag eecuted. White bars stws the silent stores that write afdient \alue
from the last time. In most caseseo 70% of silent stores write the sanadue as before.

3.2 Silent Store Squashing via Speculatie Decode
The secondspeculatie decodeechniquene examineis silentstoresquashingA silentstoreis ainstruction
which writes valuesthat exactly matchthe valuesthat are alreadystoredat the memoryaddresghat is beingwrit-
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Figure 8. The structur e of a silencepredictor. A predictionis madeby just comparingthe confidenceandthresh
old fields.

Silent
Predict

load-+compare

Not Silent

Silent

Different values
are stored

Check

Not Silent

Do not predict

<

The same store value is
seen for several instances

load+compare+store

Store only

Figure 9. Silence pedictor state transition diagram. Silent store squashing is predicted when confidence
exceeds threshold.

ten[7][4][19]. Becausesilentstoresdo not changethe machinestate eliminatingthemis safeandhasseveraladwan-

tages:reducingthe pressureon cachewrite ports,reducingthe pressureon storequeuesor othermicroarchitectural
structureghatareusedto trackpendingwrites,reducingthe needfor storeforwardingto dependentoads,andreduc-

ing bothaddresanddatabustraffic to lowerlevel in thememoryhierarcly[7][4]. Thesebenefitscanleadto bothper-

formance impreement as well as reducedwer and engy consumption.

Theinitial approacHor eliminatingsilentstoresasoriginally proposedn [7] requirescorvertingeachstore
into threeoperationsa load, a comparisonanda conditionalstorethatis initiated whenthe memoryvalueandthe
new valueto bewritten do not match.As pointedoutin [5], this simplisticapproacthasseveraldravbackswhenit is
appliedto every singlestore;it canplaceadditionalpressuren cacheportsandotherexecutionresourcesvheneera
storeis not silent sinceboth the load and comparearesstill executed[5] discusse®therlower-costapproachesor
verifying stores.However, all of theserequirenon-trvial changesn the processorcore.If we wish to avoid core
changesandperformstoreverifiesusingexisting resourceswe needa predictionmechanisnthatfilters out the non-
silent stores among all stores in order to implement silent store squashing.

Thebiggestchallengefor predictingsilentstoress thatupdatedo silencepredictorhistory cannotbe made
basedsolely on the history of storeoutcomesanalogoudo updateso branchpredictionhistory with branchout-
comes).In the caseof a silencepredictor the silenceoutcomesareknown only whenthe storeverify is performed.
Whenthe confidencdevel is low andstoresquashingds not predicted we do not know whethera storeinstructionis
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....................................................... is silent?
....................................................... last store value

Update Predictor silent store predicted
Prediction
, store load+comp+store To
Fetch ——————P»| Decode Execution
load+comp Core

Figure 10. The fontend pipeline with a silent stoe squashing mechanismWhen a store comes into the
decoderit is translated into store / load+compare+store / load+compare depending on a prediction

silentuntil we actuallyissueexpensve storeverify instructionsin parallelwith thestore.In orderfor asilencepredic-
tor to advancefrom the initial state(no prediction)to higher states(squashstores)without incurring overhead our
predictormechanisnexploits a silent storecharacteristichat wasfirst reportin [4]: storesthat consecutiely write
the samevaluearemorelikely to be silentthanif they werestoringa differentvalue.Figure7 shavs the percentage
of a storebeingsilentasa function of whethera staticstorewritesthe samevalueasthe lasttime it is executed We
seethatin mostbenchmarkgexceptfor li), over 70%of all silentstoresarecapturedoy trackingthelaststorevalue.
In vortex, gzipandmcf, over 90% of silent storeswrite the samevalueasbefore.This valuelocality of staticstores
can be used to predict silent stores.

Our silencepredictorconsistsof a direct-mappedable whereeachpredictorentry hastwo n-bit saturating
countersandavaluehistoryfield asshavn in Figure8. Thevaluehistoryfield containsonly the 8 bits of the register
valuesinceinitial experimentddeterminedhatthis wassuficientfor providing reasonabl@redictionaccurag. Stor-
ing only 8 valuebits significantlyreduceshesizeof the predictor Whenerer the samevalueis written the confidence
counteris increasear corverselydecreasedn the samemannerasa valuepredictionconfidenceable[6]. However,
astoremay not be silenteventhoughthe samevalueis storedevery time by a certainstaticinstructionsincea differ-
entinterveningstaticstoreto the samedocationcanalterthe storedvalue.To reducethe numberof mispredictionsiue
to aliasing,our predictormechanismhasa dynamicthresholdcounterthat changesaccordingto the predictionout-
comehistory Whenthe samevalueis seenfor severalinstancesandthe confidenceeacheghe threshold a storeis
decodednto aload,compareandunconditionaktoresequencéo verify the stores silence If it turnsoutto besilent,
thethresholdcounteris decreasedothatthe confidencdevel of a storereacheshethresholdeasily;lf it is notsilent,
thethresholdcounteris increasedy afixed penaltyandthe confidencecounteris clearedwhich makesit harderfor
astoreinstructionto transitionout of the"Don’t predict”state Alternatively, whenastoreis predictedsilent,the store
is squashedndonly aloadanda compardnstructionsareissueduntil a storeverify fails. We shawv the statediagram
of the silencepredictorin Figure9. A storeis initially setto "Don’t predict”stateandthe statecanadvancethrough
"Check" tavards "Predict" state based on the st@@e and silence histary

Figure10 shaows silentstoresquashingnechanisninstalledin the pipelinefront end.A silencepredictoris
accessedh parallelwith the fetch stageandthe decodergeneratespeculatie sequencesasedon the prediction.
Becauséhe predictionis simply madeby comparingwo fields, it is unlikely thatthe predictionmechanisnis located
in the critical path.Sincethe next predictioncanbe determinedvhenthe predictoris updatedwe could alternatively
precomputahe next predictionat completiontime, leaving only a singlebit lookupto occurin parallelwith instruc-
tion fetch. However, we do not feel this is necessargincea 6-bit compareis not expensve. The silencepredictor
accurag and performance impact of the silent store squashing will be discussed in Section 4.3 and Section 4.4,
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4 .0 Simulation Results

Sofar, we have discussedhe conceptandstructuresfor two optimizationtechniquesasedon speculatie
decodeln this sectionwe quantifythe performancédenefitfrom thesespeculatre decodegechniqguesomparedvith
a basemachinemodel.We alsoshaw the potentialpowver andenegy savings aswell asestimatedpower budgetfor
the speculatie decode predictors.

4.1 Machine Model

We used an execution driven simulator of SimpleScalararchitecturebasedon sim-outorder[8]. We
enhanceaim-outordetto accuratelymodelfinite memorysystemcomponentsuchaswrite buffers, writebackbuff-
ers,aswell asthe schedulingof demandandwritebacktraffic overthe L1 to L2 interface,etc. Becauseour mecha-
nism focuseson improving memorysystemperformancemodelingtheseresourcesccuratelyis necessaryor our
results to reflect true performance.

To evaluatethe performancebenefitfrom thesetechniqueswe useda realistic, current-generatioout-of-
orderdesign.The configurationis 4-wide fetch,issueandcommit; 32 RUU; 16 LSQ); 4 integer ALUs and?2 integer
multipliers. The cacheconfigurationsare64 kB eachsplit I/D L1 and512kB unified L2 with latenciesof 2, 8 and50
clocksfor theL1, L2 andmainmemory respectiely. Theinstructioncaches 2-way associatie with aline sizeof 32
bytes; the data cacheis 4-way associatie with line size of 16. Storeto load forwarding is implementedin the
load/storegqueuewith alateng of 2 cyclesto matchthelL1 cachdateng. For thebranchpredictor we useda state-of-
the-artcombiningbranchpredictorwhich is a hybrid mechanisnof a GShareanda bimodalpredictor:The GShare
predictorhas4k entries;the bimodalpredictorhas4k entries;andthe selectorhas4k entries.The branchmispredic-
tion penaltyis at least8 clock cyclesfrom the detectionof a mispredictionto re-executionof the faulty instruction.
Therefore, at least §/cles are also spent for the rgeoy from a speculate decode misprediction.

Themachinehastwo fully pipelinedloadportsandonestoreportwhich is mutually exclusive with theload
ports. This configurationis basedon a multiportedcachethatis implementedoy duplicatinga cachearray Whena
storeinstructionaccesse¢he cache,no load instructioncan accesghe cache.Corversely whenone or moreload
instructionsaccesghe cache storeinstructionscannotbe executed.The L1 andL2 cacheshave a write-backpolicy.
The simulatorimplementgwo write buffers outsideof the instructionwindow wherecommittedstoresareheld until
their completion.

4.2 Load/Store Combining predictor Accuracy

In Figure11,we shaw thepercentagef combinednstructionscapturedoy a combiningpredictorwhich has
1024 direct-mappedentries.We note that the highestnumberof the Y-axis is 50%. The percentagesf combined
instructionsrangefrom 2.67%o0f all memoryreferencesn bzipto a high of 30.4%in gcc whereupto 15%of DL1
cacheaccessesanbeeliminated.Our predictorcapturesoughly 85% of combinablememoryreferencesn all cases
except forgo, where only 64.4% are predicted correctly

On the otherhand,the mispredictionratesdueto misalignedmemoryaccesss hardly visible in the graph
becausdhe ratesare lessthan0.001%of memoryreferencesn all benchmarksThe high predictionaccurag pro-
videsperformancéenefitandlesspower dueto lower memoryport utilization without ary significantmisprediction
overhead.

It is worthwhile to notethat the gcc compilergenerateslouble-word alignedstacks.Double-word aligned
stacksarevery commonin mary compilerssothatthey allow accesd$o doublesin aframewithoutfearthattheoper-
and may be misaligned.This behaior of compilersenableus to easily predictthe alignmentof combinedmemory
instructions because a lot of load/store alignments are statically determined at compile time.
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Figure 11. Percentageof combinedmemory instructions captured by a 1024-entrypredictor In mostcases,
85% of all combinable memory instructions are predicted corréatbll benchmarks, the misprediction rates
are less than 0.001%.

4.3 Silence pedictor Accuracy
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Figure 12. Rercent of silent stoes captured by a 1024-entry silence mdictor.

In Figure12, we evaluateour silencepredictormechanisnfor the Specint95and Specint200enchmarks.
The predictorhas1024direct-mappeaentries.8 bits areusedto storethe lastvaluewritten by the store.Confidence
andthresholdcountershave 6 bits eachsothatthey canhave maximumvaluesof 63. Initial experimentsdetermined
thatan effective configurationfor thresholdcounterss initial valuesof 6 andvarianceof +4 whensilenceis mispre-
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dicted and -1 when correctly predicted.

Our predictionmechanisntorrectlypredictsa harmonicmean45.5%o0f all silentstoreswhich accountgor
10%of all dynamicstoreson average Becauseur predictorpredictsbasedon the laststorevaluehistory; it is inter-
estingto comparethe correctpredictioncountwith the samevaluesilent storesshavn in Figure7. In mcfandbzip
whereover 85% of silentstoresstorethe samevalues,almostall samevaluesilentstoresarecapturedoy the predic-
tor. Onthe otherhand,in go, only 18.6%o0f silent storesarepredictedcorrectlyeventhoughthereare80% of same
valuesilentstores.Oneof the reasonss thatmary non-silentstoresin go alsowrite the samevaluesasthe lasttime
they are eecuted and these samawe non-silent stores decrease tlieady of our predictar

The percentagef mispredictiongangesfrom a low of 0.02%in bzipto a high of 0.98%in m88ksimasa
percentag®f all stores.In comparingthis resultto mispredictionratesof combiningpredictionswe expectthatthe
overheaddueto mispredictionswill be more significant.However, the potentialbenefitof silent storesquashings
high aswell, sincesquashingilent storesreducedraffic in the memoryhierarcly aswell asresourcecontentionin
the core.

4.4 Performance Improvement of Speculatie Decode
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Figure 13. Fiom left to right, the performance improvement of load/stoe combining, silent stoe squashing
and when both technique ae used.
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Figure13 shawvs normalizedexecutiontime with regard to the basemachineexecutiontime in load/store
combining,silentstoresquashingndwhenwe usebothtechniquesBecausespeculatre decodepotentiallychanges
thetotal numberof committedinstructionsandIPC numbersareno longercomparablethetotal executiontime is an
appropriatemetric for comparison.The executiontime in three configurationsis achiesed using the predictors
described in Section 4.2 and Section 4.3. Note that tiestonumber of Yaxis shavn is 0.8

In the leftmostbarsin Figure13, load/storecombiningresultsshav executiontime reductionin all cases,
rangingfrom a low 0.44%in vpr to high 5.3%in compess A harmonicmean2.6% of executiontime reduction
acrossall benchmarkss achieved. It is importantto notethatload/storecombiningdoesnot alwaysimprove perfor-
mancebecausét delaysthe useof oneof the loadedvaluesuntil aftertherotateinstruction.If this useis onthecriti-
cal path, performancecan degradecomparedio the basecasewhen both loadscan executein parallel. However,
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speedupsnostly comefrom the factthatmorememoryinstructionscanbeissuedthroughthe samenumberof mem-
ory portswhenthedemandor memoryportsis high, which eventuallyimprovesloadlateny andreduceghe conten-
tion in the load/storequeue.If load/storecombining was applied selectvely dependingon the memory port
contentionpr wasexplicitly avoidedwhenloadlatengy wascritical for performancewe would expectgreaterspeed-
ups from combining. Wdid not consider such optimizations in this initial study

In silentstoresquashingmemaoryintensive programgendto getmorebenefitfrom silentstoresquashingas
we would expect.However, we seethatthe distribution of executiontime is a quite differentacrosghe benchmarks.
Performancaelegradesmaiginally in half of the benchmarkga harmonicmean1.0090f normalizedexecutiontime).
Theseslowdowns comefrom not only the penaltydue to mispredictionsbut alsoincreasedesourcecontentionin
memoryportsand ALUs aswell. For example,demandfor ALU resourcess higherin m88ksimthan otherbench-
marks,andis exacerbatedby the introductionof storeverify operationssothatthe slowdown is asbadastime spent
for recovery dueto silentstoremispredictionsgventhoughalmost40% of storesaresquashedn perl, theslovdown
is even worsethantime spentrecovering. On the other hand,dramaticperformancamprovementsare obsered in
compess yvortex andmcf, amongwhich compessandvortex have similar numbersof squashedilentstoresin those
benchmarksthe normalizedexecutiontimesare 0.86,0.91 and 0.82, which correspondo speedup®f 16%, 9.2%
and 20.8%, respeusly.

Finally, the rightmostbarsin Figure13 shav the performancevhen both load/storecombiningand silent
storesquashingare appliedsimultaneouslyin this configurationwhentwo storesare predictedas combinableand
silent,they arespeculatiely decodednto a mege,adouble-vord load,anda comparelf only oneof thecombinable
storeds predictedassilent,silentstorepredictionis ignoredsothatwe cangetfewer mispredictiondecauseombin-
ing predictionhasa lower mispredictionrate.We obtainspeedupsgvenin the benchmarksvhich shov slovdownsin
silent store squashingobecausespeedupschiered due to load/storecombining exceedsilent store squashinglt is
interestingto notethatin li, the combinedbenefitis greaterthan when only load/storecombiningis appliedeven
thoughsilent storesquashingresultsin slowdown. This implies the benchmarkbenefitsfrom the combinedsilent
storeverify andthe overheads reducecby applyingbothtechniquesln compess,vortex andmcf, wheresilentstore
squashingrovidesmostspeedupsignificantspeedupalsooccurwhenbothtechniquesreapplied.We achie/e exe-
cutiontime reductiongangingfrom 0%(m88ksimandvpr) up to 18.3%in mcf, which correspond$o 22.4%speedup.
On average, 5.3%acution time reduction is aclied by these tarspeculatie decode techniques.

4.5 The impact of speculatve decode mispedictions on perbrmance

Becauseecovery from mispredictiondn speculatie decoderelieson the branchrecorery mechanisnthat
drainsthe pipeline andrefetchesnstructions,we expectthat speculatre decodeperformancenould correlatewith
mispredictioncount.Table2 shavs the effect of speculatie decodeamispredictioncomparedvith branchmispredic-
tion count. The secondcolumnshavs the branchpredictionrateof our basemachine Unsurprisingly the combining
branch predictor that we use hasyhigh prediction rates.

Thethird columnshaws thefraction of total executiontime thatis spentdueto branchmispredictionsnthe
basemachineln thefourth column,we shav the estimatedime thatwill be spentdueto speculatie decodemispre-
dictionsif speculatie decodds appliedto the basemachineln this estimationwe took the load instructionlateng
neededor storeverify into considerationsAs we cansee,the effect of speculatre mispredictionsare foundto be
unimportantin mostbenchmarkdecausehe total mispredictioncountof speculatie decodeis lower thanbranch
mispredictionsin mostbenchmarksthe extrarecovery time is lessthan10% of time neededlueto branchrecovery.
In vortex which shaws very accuratébranchpredictionrates,althoughtime spenton recovery significantlyincreases
by 82%, the performance boost from specwéatiecode is so great that it still slsospeedups.

Eventhoughthetrendis thatpipelinesaregettingdeepein orderto attainthe higherclock speedsthe effect
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of mispredictionss notlikely to bea critical dravbackon the performancef speculatre decodeébecausd¢he mispre-
diction countis muchlower thanbranchmispredictionsAlternatively speculatie decodemaybeableto usea selec-
tive invalidationmechanisnsuchasReplaythatis implementedn the Intel Pentium-1V[13].Thisis possiblebecause

the control flv does not change during speculatilecode misprediction recry.

Table 2: Comparison of branch and speculatie decode mispedictions

- The fraction of gecution | Thefractionof extratimeto
Branchprediction . :
Benchmarks time spent on branch be spent on speculedi
correct rate .
recovery on a base machinge decode reoeery
compress 93.0% 14.33% 1.41%
gce 91.7% 18.06% 1.30%
go 83.3% 27.23% 0.52%
iipey 95.5% 13.27% 0.83%
li 94.5% 15.43% 0.67%
m88ksim 96.7% 12.62% 1.86%
perl 96.3% 9.30% 1.46%
vortex 98.3% 2.39% 1.96%
gzip 94.6% 13.12% 0.13%
vpr 89.1% 21.77% 1.20%
mcf 90.4% 7.86% 0.04%
parser 93.9% 14.45% 0.62%
bzip 98.0% 3.84% 0.08%
4.6 Power/Energy Reduction due to Speculatie Decode
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Figure 14. Fom left to right, DL1, L2 and offchip accessedn most benchmarks, memory access counts 3
reduced. Irvpr andgcc,L2 and ofchip accesses increases due to the secondant ef the replacement pofic

In speculatre decodethe logical semanticf the programdo not changeandthe programbehaesin the

sameway, but the obsered executionof the programis changedoward reducingmemoryaccessesyhich canresult

in lower power consumptionFigure15 shavs thenormalizedacces€ountsof, from left to right,aDL1 cacheauni-
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fied L2 and offchip dueto speculatre decodewhenload/storecombiningandsilent storesquashingare performed
simultaneouslylLoad/storecombiningcanreducethe DL1 cacheaccessewhich accountfor a significantportion of

power consumptioniower level cacheandoffchip accessearereducedby silent storesquashinglueto writeback
reductionsMost benchmarlshovs measurableeductionin memoryaccesseat eachmemorylevel. It is interesting
to notethatlower level cacheaccesseareincreasedn gccandvpr, wherecachdinesthatshouldhave beenmarked
mostrecentlyusedarefrequentlyreplacedecausdigherlevel memorydoesnottouchthoseentriesdueto writeback
elimination. Becausdhe numberof lower level memoryaccessearerelatively lower thanDL1 accessesnorelL2

accesses do not necessarily mean higheepoonsumption.

In orderto determinehow effectively speculatie decodereducegpower andenegy consumptionwe used
Wattch[9],an executiondriven, architecturalevel power andenegy consumptiorsimulator In Wattch,peakpower
consumptiorof eachunit in a processoare estimatedbasedon the size,capacitancetechnologyandthe structure
type andthenthe total power andenegy consumptions calculatedby the accessountsto all unitsin a processar
Unfortunately Wattchdoesnot accuratelymodelthe power consumptiongn lower level cachesecauséhe original
simplescaladoesnot exactly modellower level traffic. We modeledthe power consumptiorin lower level memory
by implementinga moreexactmemorysystemmodel.However, our extendedmodel,lik e Wattch,doesnot estimate
the paver consumption due tofehip accesses.

Figurel5shavsrelative power, enegy consumptiorandenegy delaywhenload/storecombiningandsilent
storesquashingreappliedcomparedvith a basemachineacrossall benchmarksThis datawascollectedusingthe
cc3 option of Wattchin which conditionalclocking is assumedoif only portion of a unit’s portsareaccessedhe
power is scaled;if a unitis notused,the unit dissipatesl0% of its maximumpower asleakagepower. We notethat
additionalpower consumptiordueto speculatre decodeandpredictorss notincludedin the graphfor the following
reasonsfirst, we cannotestimatehow muchmore power the decoddogic will consumedueto speculatre decode.
Secondwe cannotestimatethe power consumptiordueto predictortables.Sincethe estimatedsizeof the predictor
structurethatwe useis aslow as3.9Kbytesfor aload/storecombiningpredictorand2.4Kbytesfor a silencepredic-
tor, anda realimplementatiorof thesepredictorscould be muchmore power-efficient[11][12], we expectthe addi-
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tional power consumptiorwill not be drastic.However, carefulanalysiswhich is beyond the scopeof this paperis
required before a defini conclusion can be reached.

We shaw the power consumptiorper clock cycle in the leftmostbars.The averagepower consumptiornis
slightly increasedy a harmonicmeanof 0.8%.compess,vortex andmcfshaw increasesip to 8.3%becausgower
is afunctionof work andtime andthe executiontime of thosebenchmarksignificantlydecrease€Ontheotherhand,
in gcc, go, li, m88ksimandvpr, the pawer consumptioris reducedeven thoughtheir executiontime is decreaseadr
almostnot changedThis is becausenemoryinstructionsare speculatiely decodednto otherinstructionsthatcon-
sumelesspower. In the caseof enegy consumptionshowvn in the middle bars,the averageenegy reductionis 4.4%
acrossall benchmarksrangingfrom 0% to 8.9%in vortex. It is interestingthat we seeenepgy benefitevenin the
benchmarkshatshav morepower consumptiorbecausehe performancemprovementexceedsheincreasegower
consumption. Finallythe rightmost bars stwthe enagy-delay product impreement with a harmonic mean 9.8%.

Thisresultsuggestanothempossibility of speculatre decodeor dynamicpower andspeedadaptationlf we
have a mechanisnthatdynamicallychangests optimizationlevel dependingn theworkloadandpower budget,the
processorcan be optimized toward performanceimprovementor more power savings without significant core
changesFor example,if thetemperatursensodetectsa processois too hot, instructionscanbe decodednto a slow
but low power-consumingstreamwhenperformancaes critical, speculatie decodanechanisntanincreasehe opti-
mizationlevel toward performanceat the expenseof increasedower. We planto investigate suchadaptve mecha-
nisms in future wrk.

5.0 Conclusions and Future Work

We male five major contrikutionsin this work. First of all, we introducethe conceptof speculatie decode
asa microarchitecturatechniquefor enablingunsafecodetransformationshat enhanceperformanceand/orreduce
enegy consumptionwithout significant changesto an existing processorcore. Second,we demonstratethat
load/storereferencecombiningimplementedvithin the speculatie decoddrameavork canprovide upto 5.6%(aver-
age2.7%)performancemprovement.Thisis enabledy ourthird contribution: a novel compactpredictordesignthat
accuratelyidentifies combinableinstructionswith coverageof 89.6% and a mispredictionrate of only 0.001%.
Fourth,we shaw thatsilentstoredetectionandverificationcanbeimplementedvithin speculatie decodewith mini-
mal overheadresultingin performancemprovementsup to 20.8% (average3.4%). This is enabledby our fifth and
final contritution: a novel value-history-basegredictordesignthat correctly identifies45.5% of silent storesand
mispredictsthe silenceof only 0.41%of stores.Thesetwo techniquesesultin performanceémprovementsof 5.6%
and engyy saings of 4.4% on\&erage.

Our studyfocusesprimarily on performanceenefitghatareattainablehroughspeculatie decodeWe also
evaluatepower consumptiorandfind thatboththe enegy andenegy-delaymetricsimprove assecondaryenefitsof
our approachHowever, we do not exhaustvely evaluatethe opportunitiesavailable in the spectrumof trade-ofs
betweerminimizing power consumptiorandmaximizingperformancelt is worth notingthatthe presencef mecha-
nismslik e the onesproposedn this papercreatesadditionalopportunitiesfor processodesignerseekingto tamget
the sameprocessocorefor multiple market sggments,someof which may requirehigh performancge.gthe desk-
top/gamingmarket) while othersmayrequirelow powver consumptior(e.g.the portableor embeddednariket). In fact,
this market segmentdifferentiationcanbetrivially accomplishedby adjustingthe parametershatguidethe specula-
tive decodetransformationsWe plan to study this opportunityin future work by demonstratinghe spectrumof
power/performance design points that are attainable with such minor changes.

Finally, we arguethatmuchmoresignificantbenefitscouldbe derivedfrom the speculatre decodeapproach
if theimplementationnstructionset(l-ISA) providesarichersetof semanticgor manipulatingthe control-pathcon-
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structsthat exist within a modernout-of-orderprocessorcore. To the bestof our knowledge,currentreal I-ISAs
closelyresemblecanonicalRISC load/storeinstructionsets.In our view, this classof instructionsetsare data-path-
centric.Thatis, the original motivation for their definition wasto simplify the interfacebetweerthe programmeior
compilerandthe availabledatapathhardware(i.e. ALUs anddatacache)y exposingthatdatapathexplicitly, rather
thanobscuringcontrolover it behindinstructionswith comple« semanticsUnfortunately the predominansourceof
complity in modernprocessordesignis no longer the datapath, asit was twenty-someyearsago when RISC
instructionsetswerefirst conceved. Rather mostof the compleity is buriedin complec control pathcomponents
thatareimplicitly manipulatedaccordingto data-pathinstructionsemanticsWe adwocateexposingthesecomple
control pathsto the instructionsetin a manneranalogoughe exposureof datapathcomponentshatoccurredwhen
RISCinstructionsets(and,by extension,VLIW instructionsets)wereintroduced This effort to unmaskcontrol-path
components and structures to the instruction set is a subject of current and fukure w
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