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Abstract

While the centralwindow implementationin a superscalaprocessolis an effective approachto waking up ready
instructionsthis implementatiordoesnot scaleto largeinstructionwindow sizesasthosethatarerequiredby wide issue
superscalarsf the future. We proposea newv wake-upalgorithmthatdynamicallyassociatesxplicit wake-uplists with
executinginstructionsaccordingto the dependencebetweeninstructions. Insteadof repeatedlyexamining a waiting
instructionfor wake-uptill it canbeissued this algorithmidentifiesandconsidersor wake-upa freshsubsebf waiting
instructiondrom theinstructionwindow in eachcycle. This subsebf instructionsaretheonespresentn thewake-uplists
of completinginstructions.Thedirectwake-upmicroarchitecturéDWMA) thatwe presents ableto achievze approximately
80%, 75% and 63% of the performanceof a centralwindow processoat high issuewidths of 8, 16 and 32 respectiely
whenan effective memorydisambiguatiormechanisn{13] is emplogyed for load speculation.In contrast the wake-up
algorithmproposedn constructinghe dependence-basedcroarchitecturdDBMA) [15] canonly achieze approximately
62%, 46% and45% of the performanceof a centralwindow processoat issuewidths of 8, 16 and32. Thusthe DWMA
processogreatlyoutperformshe DBMA processor

Keywords: Wide-issuesuperscalatinstructionwindow, instructionwake-up, direct matching,memorydisambigua-
tion, speculatre execution.



1 Introduction

Recenttrendin the designof high performancesuperscalaprocessorss to provide aggressie meansfor out-of-order
executionof instructions.Out-of-orderexecutionallows the processorso take advantageof instructionlevel parallelism
extractedfrom aninstructionstream.The above trendis motivatedin partdueto the demonstratiorby mary researchers
that ordinary programshave significantdegreesof instructionlevel parallelismthat can be potentially extractedby the
hardware[1, 4, 7, 12, 16, 20]. However, the potentialfor speedupsupportedy the obsenedlevels of instructionlevel
parallelismremainfar from beingfully realized. In orderto uncover and exploit high levels of parallelism,a number
of importantproblemsmustbe addressed.In particularinadequatesolutionsto eachof the following problemsact as
bottlenecksn currentprocessodesigns:

1. In ordertoissuemultipleinstructionsn eachcycle, it is essentiathatthe processopossesshe capabilityof fetching
a large numberof instructionsevery cycle. This taskis madedifficult by the presencef frequentbranchesvhich
disrupttheinstructionstream.

2. In orderto achieve high performanceload instructionsshouldbe held until suchtime thattheirissuewill not cause
memorydependenceiolations but not held arny longerthannecessary10]. In otherwordsit is essentiathat an
effective memorydisambiguatiormechanisnbe provided.

3. To uncover high degreeof instructionlevel parallelism,a large numberof instructionsmustbe continuouslyexam-
inedfor readyinstructions.In otherwordsa largeinstructionwindow is neededrom which readyinstructionsmay
be foundto sustaina steadyflow of instructionsto the functionalunitsfor execution. In fact, the requiredwindow
sizeincreasesgjuadraticallywith increasingssuewidth [12].

In addressinghe first problem,the tracecachemechanisnhasyieldedpromisingresults[17, 3]. Althoughthereis a
roomfor improvementin this area,the tracecacheapproachis a significantsteptowardseliminatingthefirst bottleneck.
Recentinnovationsin the areaof memorydisambiguatiorare Moshovos and Sohi's work [9] andthe developmentof a
simple and efficient speculatre memorydisambiguatoby Chrysosand Emer[2]. Given a high bandwidthinstruction
fetcherand an effective memorydisambiguatara speculatie superscalaprocessorcanuncover significantamountsof
instructionlevel parallelismover alargeinstructionwindow.

Implementatiorof a large instructionwindow in a superscalaprocessarwithout slowing down the processoclock,
requiresbettertechniquedor identifying readyinstructionsthanwhat are availabletoday This is becausefetchingand
buffering alarge numberof instructionsn a processors by itself not sufficient to derive the benefitsof alargeinstruction
window. Thewaiting instructionsmustbe wokenup at the earliestpossibletime thatthey becomereadyto sustaina high
degreeof instructionlevel parallelism.In otherwords,implementatiorof a large instructionwindow is madedifficult by
the needfor fanningout the wake-up signalto waiting instructionsand selectingfor issuingthe instructionswhich are
ready Whenwe assumehatinstructionsarewokenup by meansof broadcastingasin a centralwindow implementation,
we arefacedwith significantdelayswhich originatefrom wire delays,tag matchingtime aswell asthe associatie logic
necessaryo implementthe wake-up functionality Thesedelaysincreasesignificantlyfor high issuewidths requiredto
exploit high degreesof instructionlevel parallelism. This is becausethe delay of the wake-uplogic of an instruction
window is afunctionof thewindow sizeandtheissuewidth. Thesedelaysincreaseguadraticallyfor mostbuilding blocks
of theinstructionwindow [14].

In this paperwe proposea novel wake-upalgorithmthatdynamicallyassociategvake-uplists with executinginstruc-
tions. Thewake-uplist of aninstructionidentifiesa smallnumberof instructionghatrequirefor theirexecutionanoperand
usedand/orthe resultcomputedby theinstruction. We presenthe designof a microarchitecturethe direct wake-upmi-
croarchitecturdDWMA) thatimplementsa wake-upalgorithmbasedupondynamicconstructionof wake-uplists. In this



algorithm,at eachcycle, primarily the instructionsbelongingto the wake-uplists of instructionsthathave just completed
executionareconsideredor wake-upasonly theseinstructionscouldnow have becomeeadyfor execution.

A numberof alternatve architecturefhave beenconsideredo addresthe wake-upproblem[19, 18, 21, 6, 15]. How-
ever, only theapproachakenin thedesignof the dependencbasednicroarchitecturédDBMA) [15] proposes solutionto
thewake-upproblemin the context of a conventionalsuperscalaarchitecturehatis of reasonableomplexity in compar
isonto a centralwindow processarWe have implementeda simulatorfor our architectureand our resultsshow thatthe
DWMA out performsthe DBMA architecturedueto its flexibility . DWMA captures80 %, 75 % and63 % of the performance
achievableby a centralwindow processomwith the out of orderstoresetmemorydisambiguatorat issuewidths of 8, 16
and32, respectiely.

The remainderof the paperis organizedasfollows. In section2, we presentthe conceptof direct wake-upwhich is
centralto our novel approacho instructionwake-up. In section3, we presenthe detailsof our proposed WMA microar
chitecture.In section4, we thoroughlyevaluateour techniqueanddemonstrate¢hatit achieszesa significantpercentagef
theperformancef anideal centralwindow processarFinally, we summarizeour resultsin section5.

2 Direct Wake-up

The wake-up algorithm proposedby Palacharlaet al. in [15] is basedupon an importantobsenation that if a set of
instructionsform a dependencehain,thenthewake-upmechanisnonly needgo examinethefirst instructionin thechain
sincethe otherinstructionscannever be successfullywoken beforethe first instruction. It feedsdependencehainsinto
FIFOs and only the instructionsat the headsof the FIFOs are examinedfor wake-up therebyreducingthe compleity
of wake-up. To uncover high degreeof instructionlevel parallelism,asis neededor wide issueprocessorsywe needto
examinean increasinglylarger numberof instructions[12]. The window of instructionsover which parallelismcanbe
detectedby the DBMA mechanisntanbe sometimedimited becauseheinstructionsteeringalgorithmrequiresadditional
empty FIFOs to proceed,and whennoneare available, it muststall till someFIFOs becomeempty While the use of
dependencenformationin guidingthe wake-upis an effective approachthe useof FIFOs for schedulingoreventsDBMA
from achieving high levelsof performanceWe thereforeproposehe following approach.

We provide a largeinstructionwindow from which instructionlevel parallelismis extractedby examininga subsebf
instructionsfor wake-upateachcycle. However, unlikethe DBMA, insteadbf continuouslyexaminingawaitinginstruction
atthe headof a FIFO till it canbeissuedwe determinea freshsetof instructionsthat will be examinedby the wake-up
mechanisnin eachcycle. Thedependencaformationis usedto identify this setof instructions.If in the currentcycle an
instructionis expectedo completdts execution thenanothelinstructionwaiting for theresultof the completednstruction
maybecomeaeadyin the next cycle. Thus,suchaninstructionwill beamongthe setof instructionsexaminedfor wake-up
andif ready it would beissuedfor executionin the next cycle.

In orderto guidethe above wake-up heuristicwe mustconstructand maintaina wake-up graphdynamically Since
the graphis to be maintainedin hardware, certainconstraintsmustbe placedon its form. In particular the numberof
edgesemanatingrom a nodecannotbe unboundedIn the hardwareimplementatiorthe wake-upgraphis representetly
associatingvith eachinstructionan explicit wake-uplist, W-LIST, which identifiesthe instructionsthatwill be wokenup
by thatinstruction(i.e.,thewake-uplist is therepresentationf edgesn thegraph).ldeallyin theW-LIST of aninstruction
we wouldlik e to placeall instructionswhich useits result(i.e., all instructiongo which thereis a def-use edge).But since
the numberof entriesin the W-LIST mustbe a fixed smallnumberin a practicalimplementationye cannotstoreall such
instructionsin the W-LIST. The approachwe take to dealwith this problemis asfollows. We allow an instructionthat
computesa resultto directly wake-uponly thefirst two instructionsin theinstructionstreamthat usethe resultwhile the
othersarewokenup indirectly. The responsibilityof waking up futureinstructionsin the instructionstreamis delegated
to thesefirst two instructions.To carry out the wake-upof furtherinstructionswe introduceuse-use edgesrom the first



two instructionsandthe next four instructions. This processof introducinguse-use edgess repeatedill all instructions
have beenhandled. Thus, the wake-up graphcontainsboth def-use anduse-use edges.In summaryan instructioncan
wake-upinstructionsconnectedhroughboth def-use anduse-use edges.Thereareat mostsix edgesn theW-LIST of an
instruction,namely (d0,d1), (10,I1) and(r0,r1) correspondingo theresult,theleft operandandtheright operand.

A crucialaspecbf our algorithmis thattheinstructionsthatarelinkedthrougha chainof use-use edgesmay execute
in anorderdifferentfrom the orderthey appeaiin the chain. Considera chainof use-use edgeghathasbeencreateddue
to anoperandvaluev. Whenthe valuev is computedby its producey the first instructionin the chainis consideredor
wake-up.Let usassumehattheinstructioncannotissuebecausés otheroperands unavailable.In this situation,sincethe
valuev is available,we will considerthe next instructionin the chainfor wake-upeventhoughthe previousinstructionis
still waiting. It is possiblethatthis instructionis foundto bereadyandthusmay executeprior to the precedingnstruction
in the chain. Thus,theintroductionof use-use edgesdoesnot restrictout-of-orderexecution.lts only consequencss that
all instructionswaiting for the sameoperandare not examinedsimultaneoushpy the wake-upalgorithm. Ratherin each
cycle only a subsebf instructionswaiting for the valueareexamined.

Clearlythe wake-upgraphthatis constructedlynamicallyis influencedby the orderin which the instructionsappear
in the codesequence.ln addition, the form of the graphis alsoinfluencedby the timing of instructionexecution. In
factwhile theinitial form of the wake-upgraphis determinedby the original instructionordering,the graphundegoes
transformationsleterminedy executiontiming. Let usconsideithe modificationgo the graphthatmaytake place.When
aninstructionis first addedto the wake-upgraph.,it is linkedto the producerof its first unavailableoperandthatis, it is
addedto the W-LIST of the producerof this operand.Now let us assumehatthis operandoecomesavailable. This will
causeaheinstructionwaiting for thevalueto beconsideredor wake-up. At this pointit maybedeterminedhatthesecond
operandof theinstructionis alsounavailable. In this casethe instructionwould be addedto the W-LIST of the producer
of this missingoperand.In otherwords, while one def-use edgehasbeenremoved, anotherone hasbeenaddedto the
wake-upgraph.

Finally we would lik e to make the obsenationthataninstructionmaybewokenup0, 1 or 2 timesbeforeit canexecute.
If theinstructionhasall of its operandswvailablewhenit is first fetched|t is issuedmmediatelyandthusneverwokenup.
If theinstructionhasonly oneoperandmissingwhenit is first fetched,thenit will be woken up oncewhenthat missing
operandbecomesvailable (eitherimmediatelyusinga def-use edgeor in a delayedfashionthrougha use-use edge). If
both of the operandof aninstructionare missingwhenit is fetchedthenit may be woken up twice, oncewhenthe first
operandecomesvailable,andthenagainwhenthe secondperancdecomesvailable.

Now let us considerthe examplecodesequencahavn in Figure1(a). The dependencgraphfor the codesequence
is illustratedin Figure 1(b) andexecutionof this codesequenc®n a centralwindow processof(CW)) with 2 functional
unitsis shovn in Figurel(e). We obsene thatusingour approachhe wake-uplinks for all theinstructionsexceptOR and
SUB canbeestablishedisingdef-use edgesthatis usingd0 anddl. Thisis becaus¢he ADD instructionhasfour children
andthereforetwo resultlinks arenot sufficient. We thereforeassociateXOR andSLL, thefirst two instructions directly
with theresultof ADD throughdef-use edgeswhereasve satisfythe remainingtwo childrenOR andSUB usinguse-use
edgesemanatingrom XOR. Theresultingwake-upgraphis shavn in Figure1(c).

The executionscheduleis realizedas follows. Whenthe DIV instructioncompletesits execution, it wakes-upthe
instructionsLW and MUL throughits def-useedgesd0 andd1. WhenLW completests execution,it wakesup the ADD
instructionthroughits do edge. OnceADD is completedit activatesthe XOR and SLL instructionsalsothroughdo and
d1 edges.WhenXOR is activated,it cannow activateOR andSUB throughits 10 andl1 links. Theresultingschedulds
givenin Figurel(c). As we cansee,in this case the schedulegeneratedisingour wake-upalgorithmis the sameasthat
generatedby the centralwindow algorithm.In caseof the DBMA architecturethe executionof the MUL instructioncanbe
delayedill thedependencehainfrom DIV to XOR completesxecutionandreleases FIFO.
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Figurel: ExampleDWMA Schedule.

3 TheDirect Wake-up Microarchitecture

Next we describehe directwake-upmicroarchitectur¢DWMA) thathasbeendesignedo dynamicallyconstructhewake-
up graphandmalke useof it duringinstructionscheduling.As shawvn in Figure2, DWMA is a highly paralleldecoupled
superscalawith aneightstagepipeline. The constructiorof the wake-upgraphis begunin the Decode and Graph GEN-1
stageand completedin the Rename and Graph GEN-2 stage. The graphconstructeds storedin the form of W-LISTs
associatedvith instructionsin their respectie reorderbuffer entries.Sinceall instructionsthathave enteredhe processor
pipeline must have a reorderbuffer entry, the size of the instructionwindow from which instructionlevel parallelism
is extractedis limited by the reorderbuffer size. The subsetof instructionsthat are to be consideredby the wake-up
mechanismarefetchedandexaminedfrom the reorderbuffer by the Fetch W-LIST and Wake-up stagewhile the updates
to the wake-upgraphare performedby the Register Read and W-LIST WB stagethroughwrite backsto the appropriate
entriesin thereorderbuffer.

Eachstagehasa width equalto the issuewidth. The instructionsthat are executedin parallelare obtainedfrom the
headsf the FIFOs andthereis a one-to-onecorrespondenceetweerthe FIFOs andthe functionalunits. Theinstructions
areputinto the FIFO in the form of instruction descriptors which, in additionto the usualopcodeand physicalregister
numbersneededfor the instructions execution, also containadditionalinformation requiredto carry out the wake-up
actiities associatedvith theinstruction.Eachinstructions descriptoris enterednto the queuewhenit is first fetchedand
everytime it is wokenup by anotheiinstruction. Thus,the FIFOs containonly a subsebf instructionsfrom theinstruction
window. In particular thesearetheinstructionsthataccordingto our wake-upheuristicmay be readyfor execution.
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Figure2: TheDirect Wake-upMicroarchitecture

Reorder Buffer. Therearetwo significantchallengesn implementingthe direct wake-uptechniquefor a superscalar
processar Thefirst onewhich hasalreadybeendiscusseds the difficulty of boundingthe numberof links thatemanate
from eachinstruction. The presentedsolution to this problemrequiresthat eachinstructionis capableof waking up
instructionsthroughits def-useedgesaswell asuse-useedges.In essenceaninstructioncanwake up to 6 instructions(2
throughthe producedesultandtwo instructionsthrougheachof the operands).The secondproblemwhich is relatedto
thefirstis thelargenumberof portsrequiredto implementthedesiredunctionality DWMA addressethesewo problems
by following a uniquereorderbuffer design.

Thereorderbuffer is issue-widthinterleared andits addresspaceis divided equallyamongthe individual FIFOs. In
otherwords,thelow orderbits of thereorderbuffer addressealsoidentify the queue(hencethe functionalunit) thatwill
procesgheinstruction.Furthermoreit selectshereorderbuffer bankassignedo thatfunctionalunit. In otherwords,the
reorderbuffer index allocatedto the instructionnumbermodulothe numberof functionalunits yields the functionalunit
thatwill executethisinstructionandhencethereorderbuffer bankwherethewake-uplist for theinstructionwill bestored.
Sinceeachfunctionalunit processea singleinstruction,only the wake-uplist of the currentlyprocessedhstructionneeds
to befetchedfrom the correspondingeorderbuffer entryandeachfunctionalunit accesseis own reorderbuffer bankto
fetchthewake-uplist of theinstructionit is processing.

In orderto provide sufficient numberof portswithout jeopardizingthe processorclock, eachreorderbuffer bankis
composedf 7 columns. The first columnstorescontrol informationaboutthe instructionasusualin arny reorderbuffer
basedsuperscalamplementation.Theremaining6 columnseachstorethe descriptorghatthe currentinstructionshould
wake-up.As aresult,eachreorderbuffer columnelementasonly a singlereadanda singlewrite port. As theissuewidth
is increasedonly the numberof functionalunits andthe numberof reorderbuffer banksincreases.

It shouldalsobe notedthatthe reorderbuffer is a collectionof simplearraysof datalocationssinceinstructionsfetch
their datavaluesfrom the providedregisterfile. This designprovidesaverylargeinstructionwindow without endangering
theclock speeecausef thedistributednatureof thebufferimplementationThedesignof thereordeufferisillustrated
in Figure3.

Key Pipeline Stages. Let us considerthe operationof the key pipeline stageghat constructand processhe wake-up
graphin in greaterdetail.

Decode and Graph GEN-1: In this stage,the instructionis decodedandin parallelthe producers'w-LISTs, to which
the currentinstructionmustbe added areidentified from the sourceregisteridentifiers. A reorderbuffer entry is
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allocatedo theinstructionby incrementinghetail pointerof thereorderbuffer.

Rename and Graph GEN-2: Thesourceregisteridentifiersof theinstructionarerenamedo physicalregistersandaresult
registeris allocatedif necessaryln parallel,the currentinstructionandits W-LIST arewritten to the instructions
assignedeorderbuffer entry. Theinstructionis assignedo afunctionalunit (or FIFO). Theassignmenis carriedout
in aroundrobinfashionandthuscanbecomputedasthereorderbufferindex modulotheissuewidth. An instruction
descriptoris formedandsentto the appropriateFIFO.

Fetch W-LIST and Wake-up: The resenation table is accessedo determinewhetherthe operandsof the instruction
descriptoraittheheadf theFIFOsareready In parallel,thereorderbuffer is accessetb fetchthew-LISTs of these
instructions.The instructionscorrespondingo (10,11) arewokenup if the left operands available,the instructions
correspondingo (r0,r1) arewokenupif theright operands available,andtheinstructionscorrespondingo (d0,d1)
arewokenup if theinstructiontakesa singlecycle to execute. The readywoken up descriptorsare pushedackto
the headsof the appropriateFIFOs. The currentinstructiondescriptorsthatwereinitially obtainedfrom the heads
of the FIFOs, have now beenprocessedThe onesthatarefoundto be readyandhave their functionalunit free are
sentto the next stage.On the otherhandif the functionalunit is busy; the readydescriptorsarepushedbackto the
headof their respectie FIFOs. If theinstructionis notready thenit is simply forwardedto the next stage.

Register Read and W-LIST WB: If thecurrentdescriptolis ready the operandvaluesarereadfrom theregisterfile. If it is
notreadythedescriptoris written backto the W-LIST of the producerof the missingoperandn thereorderbuffer.

As we canseefrom theabove descriptionprocessingf W-LISTsis donein parallelwith the cornventionalfunctionsof the
pipelinestageDecode, Rename, Wake-up andRegister Read. Thereforethe additionaltasksnecessaryo implementthe
directwake-uparejuxtapositionedwvith the conventionalpipelinefunctionsin Figure?2.

We have explainedthe overall operationof DWMA. In the remainderof this sectionwe will describethe detailed
algorithmfor generatinghe wake-up graphand describehow the instructionschedulingis carriedby DWMA in greater
detail.



Graph generation algorithm. For the purposeof graphgenerationwe provide an array of queueswith eachlogical

registerbeingassociateavith a singlequeue Eachentryin a queueis a descriptoridentifying a producerfor theregisters

datavalue. A descriptorcontainsthreefields, namelythe reorderbuffer index of the producerthe wake-upgroupof the

producer(left operandright operandor result)anda onebit counter Whenan instructionis beingdecodedijts source
registeridentifiersare usedto accesghe producerqueuearray andthe descriptorat the headof the queueis copiedto

theinstructions correspondingperand.The descriptors counteris incrementedandif it now overflows, the descriptor
is removed from the headof the queue.Otherwise the updateddescriptoris left at the headof the queue. This process
ensureshatthereareatmosttwo edgesemanatingrom theinstructioncorrespondingo eachof its operandsandits result.

Two new descriptorsareformed,onefor eachoperandvhich cannow sene asnew producerf thesevaluesandthey are
insertedatthetail of the correspondingiueuesPleasenotethatif thereis no spacdeft in aqueuestheinstructiondecode
neednot stall but cansimply discardthe new descriptorst just formedsincetherearealreadyquite a few producerdhat

canbeusedaswake-upslotsby thefollowing instructionsthatneedthe samevalue.

Instruction scheduling. DWMA implementsthe instruction schedulinguniformly by propagatingnstructionspecific
informationin the form of instructiondescriptorswvhich are hardware pointersuniquelyidentifying the instruction. The
format of the instructiondescriptoris shovn in Figure4. The My-ROB-i field is the index of the reorderbuffer entry
allocatedto this instruction. The Op-bits field indicateoperandavailability; thereis onebit per operand.Left and Right
register numbersare physical(renamed)egistersfor this instruction. Finally the PTR-missing field is a pointerto the
W-LIST of a producerinstruction. Whenboth of the operandsaremissing,only oneof themhasto be recordedaspart of
theinstructiondescriptorsincethe descriptoritself is storedinto the W-LIST of the otheroperand.

My ROB-i | Op-bits Left Reg#| Right Reg# PTR-Missing

Figure4: Instructiondescriptor

Theactualprocessingf theinstructiondescriptorstoredinto the FIFOsis handledat arateof onedescriptomperFIFO
throughthe Fetch W-List and Wake-up stage.Eachdescriptorfield is usedto handlethe wake-upprocess.The processing
of eachof thedescriptorsonsistof two mainsteps.Thesearedeterminingwhetheror nottheinstructiondescribedy the
currentdescriptoris readyandwaking up thoseinstructionswhich arein the wake-uplist of the currentinstruction. The
procesof determiningthe statusof the currentinstructionis handledn parallelwith thefetchingof thewake-uplist.

Determining the status of theinstruction. Thestatusof the currentinstructionis determinedy accessingheresena-
tion table. For this purposethephysicalregisteridentifiersaresentto theresenationtableto fetchtheoperandavailability.

Pleasenotethatonly theinstructiondescribedy the descriptomeedsto accesgshe resenationtable,asthe readystatus
for all theinstructionshbeingwoken-upcanbe easilycomputedrom their descriptorsandthe operandstatusfor the current
descriptor

Fetching of the Wake-up List. Simultaneouslyith theresenationtableaccessthe stagesendghe My-ROB-i field of
theinstructiondescriptorto the reorderbuffer to fetchthe W-LIST associatedvith thisinstruction. Sincethe descriptoris
attheheadof the queuejt shouldnow wake-upary instructionswhich arein its wake-uplist.

OncetheW-LIST andthe operandavailability informationis obtainedthe setof instructionswhich arereadyareeasily
identified using the operandavailability informationfor the currently processednstructiondescriptor The instruction
itself is ready if bothoperandsreavailable. The dependeninstructionsarereadyif they areonly missingthe dataof the



sourceoperand®f the currentlyprocessedhstruction(i.e., theedgesareof use-use type),or if the currentinstructionis a
singlecycle integerinstructionwhoseresultwould make themready As aresult,thefollowing operationsare performed
in parallelto identify the instructionswhich would becomereadyasa resultof the wake-upoperationcarriedout by the
currentinstruction:

o if the left operandof the currently processednstructionis available, instructionswhich are in the left operand
grouplo,I1 have alsooneof their operandseady(i.e., througha use-useedge). To updatethe operandavailability
informationfor theseinstructions pnezerobit from the Op-bits fields of their descriptorss turnedon.

o if theright operandof the currently processednstructionis available, instructionswhich arein the right operand
groupro0,rl have alsoone of their operandseady The above procedureis appliedthis time to thoseinstruction
descriptordoundin theright operancgroup.

o if the currently processedhstructionis a single cycle instruction,instructionswhich arein the resultgroupdo,d1
will have therequireddatain the next cycle througha def-useedge. Therefore for thosedescriptorfoundin the
resultgroupdo,d1, onezerobit from the Op-bits field of eachdescriptoiis turnedon.

The crucial aspectof the above operationis no additionalresenation table accessesare necessaryo identify those
instructionswhich would be woken-up. Following the operation,we now have a numberof descriptors,namely the
original descriptorandits dependentlescriptorsWe first procesghe dependentlescriptorsif thesedescriptorareready
they are pushedbackto the headof the FIFO. In the next cycle, they cannow wake-uptheir dependentsindissue. If
they arenot ready they arewritten backto the reorderbuffer by the next stage.If the original descriptoris ready andthe
correspondindgunctionalunit is free, theinstructionis issuedfor executionthroughthe Read registers and W-LIST WB
stage.f the correspondindunctionalunit is busy, thedescriptoris pushedackto the headof the FIFO.

Longerlateng operationsneeda similar treatmentwith a differenttiming. Onecycle beforethe completionof the
result,they accessheirreorderbuffer entryto fetchthedescriptorsn their resultwake-upgroup(do, d1). Thesedescriptors
areinsertedto the headof the queuethey belong. In the next cycle, theseinstructionscanresumeoperationif they now
have all of their missingoperands.

4 Experimental Evaluation

We have implementeda simulatorfor the DWMA architecturedescribedn the precedingsectionandevaluatedits perfor
mance.In evaluatingthe performanceave consideredhe experimentaketup shavn in Figure5. Issuewidthsof 8, 16 and
32wereconsideredn comparingthe performancef DWMA with a centralwindow processoandthe DBMA architecture.
Sincewe did not have a tracecacheimplementatiorand a gsharebasednstructionfetchercannotprovide the required
instructionfetch bandwidthfor issuewidths 16 andabove, we have useda gsharebasedinstructionfetcherfor 8 issue
processorandanidealfetcherfor 16 and32 issueprocessorsAll the processoconfigurationsemploy identicalfetchers
(i.e., 8 issueDWMA, DBMA andCW all usethe gsharefetcherand16, 32 issueDWMA, DBMA andCW all useideal
fetchers).All processoconfigurationshowever employ the out of orderstoresetdisambiguatofl3]. Sincein thisimple-
mentationboth branchesndloadsarehandledspeculatiely, we alsoincorporateda recosery mechanisnbaseduponthe
futurefile [5] in theimplementation.

Underthe above conditionswe executedthe SPEC95 benchmark®on centralwindow, DWMA and DBMA processors
for issuewidths of 8, 16 and32. The resultinglPCsfor all the benchmarksare shavn in Figure6. An 8-issueDWMA
architectureattains84% and 76% of the 8-issuecentralwindow processomperformancefor integer and floating point
benchmarksespectiely. In contrast,the 8-issueDBMA architectureonly achiezes 70% and 54% of the performance



Issue width 8, 16, 32 instructions

Fetch width Equal to the issue width Functional Unit Latency (cycles)

Retire width Twice the issue width Load 2

Instruction Window | Issue width ** 2 Integer division 8

Number of FIFOs | Equal to the issue width Integer multiply 4

Functional Units | Issue width Symmetric Other integer 1
Functional units. Float multiply 4

Instruction fetch Aggressive multi-block gshare Float addition 3

Dcache Perfect Float division 8

Memory ports Issue width / 2 Other float 2

(8) Machine parameters (b) Functional Unit latencies

Figure5: MachineConfigurations.

that canbe achieved by a centralwindow processar At anissuewidth of 16, DWMA architectureachiezes 76 % of the
performanceof the ideal centralwindow processofor integer benchmarksand 74 % for floating point benchmarks.In
contrastDBMA canonly achieve 47 % and46 % of the performancef theideal centralwindow processofor integerand
floatingpointbenchmarksespectrely. Thehigh performancef DWMA is alsoevidentin caseof 32issueprocessorswith
integer benchmarkshe sametrendis continuedat 71 % of the performanceof the centralwindow processar However,
with floating point benchmark®WMA losessomeperformanceachiering about55 % of the ideal processar We have
tracedthis performancdossto the sensitvity of the 32 issueprocessoto instructionscheduleordering, which canbe
improveduponby employing additionalheuristicsn the descriptorselection.

5 Conclusion

In this paperwe demonstratethat therea significantroom for improvementin the DBMA wake-upalgorithmwhenload
speculationis performed. We shaw thatit providesapproximatelyhalf of the performanceof a centralwindow imple-
mentation. We developeda novel approacho wake-up, called direct wake-up, and presentedhe designof the DWMA
architecture Our detailedevaluationof the DWMA architectureshonsthatit yields performancesuperiorto the DBMA and
achieres80%, 75% and63% of the performancef a centralwindow processoatissuewidthsof 8, 16 and32.
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