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Abstract

The performancetradeof betweenhardwarecomplexity and
clock speeds studied. First, a genericsuperscalapipelineis de-
®ned.Thenthespeci®@reaf registerenamingjnstructionwin-
dow wakeupandselectionlogic, and operandbypassingare ana-
lyzed. Eachis modeledand Spice simulatedfor featuresizesof

, ,and . Performanceesultsandtrendsare
expresseth termsof issuewidth andwindowsize.Ouranalysisn-
dicateshatwindow wakeupandselectionlogic aswell asoperand
bypasdogic arelikely to bethemostcritical in thefuture.

A microarchitecturghat simpli®eswvakeupand selectionlogic
is proposedcanddiscussedThis implementatiorputschainsof de-
pendeninstructiongnto queuesandissuednstructionsfrom mul-
tiple queuesn parallel. Simulationshowslittle slowdownascom-
paredwith acompletely exible issuewindowwhenperformancés
measureth clockcycles.Furthermorebecausenly instructionsat
queueheadsieedo beawakene@ndselectedissudogicis simpli-
®edandtheclockcycleis fastert consequentipverallperformance
is improved.By groupingdependeninstructiongogetherthe pro-
posedmicroarchitecturavill help minimize performancedegrada-
tion dueto slow bypasse# futurewide-issuemachines.

1 Intr oduction

Formanyyearsamajorpointof contentiormmongmicroproces-
sordesignersasrevolvedaroundcompleximplementationthatat-
temptto maximizethenumberof instructionsssuedperclockcycle,
andmuchsimplerimplementationshat havea very fastclock cy-
cle. Thesawo campsareoftenreferredto as?brainiacs®and®speed
demons% takenfrom aneditorialin MicroprocessoReport7]. Of
coursethetradeof is nota simpleone,andthroughinnovationand
goodengineeringit may be possibleto achievemost,if notall, of
the bene®t®f complexissueschemeswhile still allowing a very
fastclockin theimplementationthatis, to developmicroarchitec-
tureswe referto ascomplexity-effectiveOne of two primary ob-
jectivesof this paperis to proposesucha complexity-efective mi-
croarchitectureThe proposednicroarchitecturachievesighper
formanceasmeasuredy instructiongpercycle(IPC),yetit permits
adesignwith avery high clock frequency

Supportingthe claim of high IPC with a fast clock leadsto the
secondprimary objectiveof this paper It is commonplacéo mea-
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surethe effectivenesgi.e. IPC) of a new microarchitecturetyp-
ically by using tracedriven simulation. Suchsimulationscount
clock cyclesandcanprovidelPC in afairly straightforwardnan-
ner However thecomplexity(or simplicity) of amicroarchitecture
is muchmoredif®cultto determinet to beveryaccurateit requires
afull implementatiorin a speci®dechnology Whatis very much
neededarefairly straightforwardneasuresf complexitythatcan
be usedby microarchitectat a fairly early stageof the designpro-
cess.Suchmethodswould allow the determinatiorof complexity-
effectivenesslt is the secondobjectiveof this paperto takea step
in thedirectionof characterizingomplexityandcomplexitytrends.

Beforeproceedingit mustbe emphasizethatwhile complexity
canbevariouslyquanti®edn termssuchasnumberof transistors,
dieareaandpowerdissipatedin this papercomplexityis measured
asthe delay of the critical paththrougha pieceof logic, andthe
longestcritical paththroughany of the pipeline stagesdetermines
theclockcycle.

Thetwo primary objectivesgiven aboveare coveredin reverse
order + ®rstsourcesof pipeline complexity are analyzedthena
new complexity-efective microarchitecturés proposedandeval-
uated.In the nextsectionwe describehoseportionsof a microar
chitecturethattendto havecomplexitythatgrowswith increasing
instruction-leveparallelism.Of thesewe focuson instructiondis-
patchandissuelogic, anddatabypasdogic. We analyzepotential
critical pathsin thesestructureanddevelopmodelsfor quantifying
theirdelays.We studythevariationof thesedelayswith microarchi-
tecturalparametersf window size (the numberof waiting instruc-
tionsfromwhichreadyinstructionsareselectedor issue)andtheis-
suewidth (thenumberof instructionghatcanbeissuedn acycle).
We alsostudythe impactof the technologytrendtowardssmaller
featuresizes. The complexityanalysisshowsthatlogic associated
with theissuewindow anddatabypassearelikely to bekey lim-
itersof clock speedsincesmallerfeaturesizescausewire delaysto
dominateoveralldelay[20, 3].

Takingsource®f complexityinto accountwe proposeandeval-
uate a new microarchitecture. This microarchitectures called
dependence-basdabcausat focuseson grouping dependentn-
structiongatherthanindependendnes asis oftenthecasean super
scalarimplementations.The dependence-basexicroarchitecture
simpli®esgssuewindowlogic while exploitingsimilarlevelsof par
allelismto thatachievedoy currentsuperscalamicroarchitectures
usingmorecomplexlogic.

Therestof the papelis organizedasfollows. Section2 describes
the sourcef complexityin a baselinemicroarchitecture Section
3 describeghe methodologywe useto studythe critical pipeline



structuresdenti®edn Section2. Sectiord presentadetailedanal-
ysisof eachof the structuresandshowshow their delaysvary with

microarchitecturaparametersindtechnologyparametersSection
5 presentshe proposeddependence-basedicroarchitectureand
somepreliminary performanceesults. Finally, we draw conclu-
sionsin Section6.

2 Sourcesof Complexity

In thissection speci®source®f pipelinecomplexityareconsid-
ered.Werealizethatit isimpossibleto captureall possiblemicroar
chitecturesn a singlemodel,however andany resultshavesome
obviouslimitations. We canonly hopeto providea fairly straight-
forwardmodelthatis typicalof mostcurrentsuperscalgorocessors,
andsuggesthatanalysesimilarto thoseusedherecanbeextended
to other moreadvancedechniguesstheyaredeveloped.
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Figurel: Baselinesuperscalamodel.

Figurel showsthe baselinemodelandthe associategipeline.
Thefetch unit readsmultiple instructionseverycycle from thein-
structioncache andbranche&ncounteretdy thefetchunit arepre-
dicted. Next, instructionsaredecodedandtheir registeroperands
arerenamedRenamedhstructionsaredispatchedo theinstruction
window;, wherethey wait for their sourceoperandsandthe appro-
priatefunctionalunit to becomeavailable.As soonasthesecondi-
tionsaresatis®ednstructionsareissuedandexecutedn thefunc-
tional units. Theoperandraluesof aninstructionareeitherfetched
fromtheregister®leor arebypassedrom earlierinstructionsn the
pipeline. The datacacheprovideslow latencyaccesgo memory
operands.

2.1 BasicStructures

As mentionedearlier probablythe bestway to identify the pri-
marysource®f complexityin amicroarchitecturés to actuallyim-
plementthe microarchitecturen a speci®dechnology However
thisis extremelytime consumingandcostly Insteadourapproach
is to selectcertainkey structuredor study anddeveloprelatively
simpledelaymodelsthatcanbe appliedin a straightforwardman-
nerwithoutrelying on detaileddesign.

Structurego be studiedwereselectedisingthefollowing crite-
ria. First, we considerstructuresvhosedelayis a functionof issue
window size and/orissuewidth; thesestructuresarelikely to be-
comecycle-timelimiters in future wide-issuesuperscaladesigns.
Secondwe areinterestedn dispatchandissue-relatedtructures
becausehesestructureorm the core of a microarchitectureand
largely determinethe amountof parallelismthat canbe exploited.
Third, somestructurestend to rely on broadcasbperationsover
long wiresandhencetheir delaysmight not scaleaswell aslogic-
intensivestructuresn futuretechnologiesvith smallerfeaturesizes.

Thestructuresve considerare:

Registerrenamelogic. This logic translatedogical register
designatorinto physicalregisterdesignators.

Wakeuplogic. This logic is partof the issuewindow andis
responsibléor wakingupinstructionsvaitingfor theirsource
operandgo becomeavailable.

Selectiorlogic. Thislogic is anotheipartof theissuewindow
andis responsibléor selectingnstructiongor executiorfrom
thepool of readyinstructions.

Bypasdogic. Thislogic is responsibldor bypassingperand
valuesfrom instructionsthat have completedexecution,but
havenot yet written their resultsto the register®le,to subse-
guentinstructions.

Thereareotherimportantpiecesof pipelinelogic thatarenot con-
sideredin this paper eventhoughtheir delayis a function of dis-
patch/issuavidth. In mostcasestheir delayhasbeenconsidered
elsewhereThesencluderegiste®lesandcachesFarkaset. al. [6]
studyhowtheaccessime of theregiste®levarieswith thenumber
of registersandthenumberof ports. Theaccessime of acachds a
functionof the sizeof the cacheandthe associativityof the cache.
Wadaet. al. [18] andWilton andJouppi[21] havedevelopedie-
tailedmodelsthatestimateheaccessime of acachegivenits size
andassociativity

2.2 CurrentImplementations

The structuresidenti®edabovewere presentedn the context
of the baselinesuperscalamodel shownin Figurel. The MIPS
R1000022] andthe DEC 21264[10] arerealimplementationshat
directly ®tthis model. Hence the structuresdenti®edaboveapply
to thesetwo processors.

On the otherhand, the Intel PentiumPro [9], the HP PA-8000
[12], the PowerPC604 [16], andthe HAL SPFARC64[8] do not
completely®tthe baselinemodel. Theseprocessorare basedon
amicroarchitecturevherethereorderbuffer holdsnon-committed,
renamedregistervalues. In contrast,the baselinemicroarchitec-
ture usesthe physicalregister®le for both committedand non-
committedvalues.Neverthelesghepointto benotedis thattheba-
sic structuresdenti®edearlierarepresentn bothtypesof microar
chitectures.The only notabledifferenceis the size of the physical
register®le.

Finally, while thediscussioraboutpotentialsourceof complex-
ity is in the contextof an out-of-orderbaselinesuperscalamodel,
it mustbe pointedout thatsomeof the critical structuresdenti®ed
applyto in-orderprocessorgpo. For example partof theregister
renamedogic (to bediscussedhter)andthebypasdogic arepresent
in in-ordersuperscalaprocessors.

3 Methodology

The key pipeline structuresvere studiedin two phases.In the
®rstphasewe selectedirepresentativ€ MOScircuit for thestruc-
ture. Thiswasdoneby studyingdesigngoublishedn theliterature
(e.g.ISSCC proceedingsandby collaboratingwith engineersat
Digital EquipmentCorporation.In casewheretherewasmorethan
onepossibledesign,we did a preliminarystudy of the designsto
decidein favor of onethatwasmostpromising.By basingour cir-
cuitson designgpublishedby microprocessovendorswe believe
thestudiedcircuitsaresimilarto circuitsusedn microprocessade-
signs.In practice manycircuittrickscouldbeemployedo optimize
critical paths.However we believethattherelativedelaysbetween
differentstructuresshouldbe more accuratehanthe absolutede-
lays.
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Intheseconghasaveimplementedhecircuitandoptimizecthe
circuit for speed.We usedthe Hspicecircuit simulator[14] from
Meta-Softwargo simulatethe circuits. Primarily, staticlogic was
used.However in situationswheredynamiclogic helpedin boost-
ing the performancesigni®cantlywe useddynamiclogic. For ex-
ample,in the wakeuplogic, a dynamic7-input NOR gateis used
for comparisoninsteadf astaticgate.A numberof optimizations
wereappliedto improvethespeedf thecircuits. First, all thetran-
sistorsin the circuit weremanuallysizedsothatoverall delayim-
proved. Secondjogic optimizationdike two-leveldecomposition
wereappliedto reducdan-inrequirementsWe avoidedusingstatic
gateswith afan-in greaterthanfour. Third, in somecasegransis-
tor orderingwas modi®edo shortenthe critical path. Wire para-
sitics were addedat appropriatenodesin the Hspicemodelof the
circuit. Theseparasiticswere computedby calculatingthe length
of thewiresbasedn thelayoutof the circuit andusingthevalues
of and , theresistanceand parasiticcapacitancef
metalwiresperunit length.

To study the effect of reducingthe featuresize on the delays
of the structureswe simulatedthe circuits for threedifferentfea-
turesizes: , , and respectivelyLayoutsfor
the and processwere obtainedby appropriately
shrinkingthe layoutsfor the process.The Hspicemodels
usedfor thethreetechnologiesretabulatedn [15].

4 Pipeline Complexity

In this section,we analyzethe critical pipelinestructures.The
presentatioffior eachstructurebeginswith adescriptiorof thelog-
ical function beingimplemented. Then, possibleimplementation
schemesrediscussedandoneis chosenNext, we summarizeour
analysisof the overalldelayin termsof the microarchitecturapa-
rametersof issuewidth andissuewindow size; a muchmore de-
tailedversionof theanalysisappearsn [15]. Finally, Hspicecircuit
simulationresultsarepresentedndtrendsareidenti®edandcom-
paredwith the earlieranalysis.

4.1 RegisterRenamelogic

Registerenamdogic translategogical registerdesignatorinto
physicalregisterdesignatordy accessing maptablewith thelog-
ical registerdesignatomasthe index. The maptable holdsthe cur
rentlogicalto physicalmappingsandis multi-portedbecausenul-
tiple instructions eachwith multiple registeroperandsneedto be
renameckverycycle. Thehigh level block diagramof the rename
logicis shownin Figure2. In additionto themaptable,dependence
checklogic is requiredto detectcasesvherethelogicalregisterbe-
ing renameds written by anearlierinstructionin the currentgroup
of instructionsbeingrenamedThedependencehecklogic detects
suchdependenceandsetsup the outputMUXes sothatthe appro-
priatephysicalregisterdesignatorareselected At theendof every
renamepperationthemaptableis updatedo re ectthenewlogical
to physicalmappingscreatedor theresultregisterswritten by the
currentrenamegroup.

4.1.1 Structure

The mappingand checkpointingfunctionsof the renamelogic
canbeimplementedn atleasttwoways. Theséwo schemes;alled
the RAM schemeandthe CAM schemearedescribedext.

RAMscheme

In the RAM schemeimplementedn the MIPS R10000[22],

themaptableis aregiste®lewherethelogicalregisterdesig-
natordirectlyaccesseanentrythatcontainghephysicalreg-
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Figure2: Registerrenameogic.

isterto whichit is mapped.The numberof entriesin themap
tableis equalto the numberof logical registers.

CAMscheme

An alternate schemefor register renamingusesa CAM
(content-addressableemory)[19] to storethe currentmap-
pings.Suchaschemés implementedn theHAL SFARC [2]
andtheDEC21264[10]. Thenumberof entriesin theCAM is
equalto thenumberof physicalregisters Eachentrycontains
two ®eldsithelogicalregisterdesignatothatis mappedo the
physicalregisterepresentetly theentryandavalid bit thatis
setif thecurrentmappings valid. Renamings accomplished
by matchingon thelogical registerdesignato®eld.

In generalthe CAM schemes lessscalableghanthe RAM scheme
becausehe numberof CAM entries whichis equalto the number
of physicalregisterstendsto increasewith issuewidth. Also, for
thedesignspacewe areinterestedn, the performancavasfoundto
becomparableConsequentlywefocusontheRAM methodbelow
A moredetaileddiscussiorof thetrade-ofs involved canbe found
in [15].

Thedependenceheckiogic proceedn parallelwith themapta-
ble accessEverylogicalregisterdesignatobeingrenameds com-
paredagainstthe logical destinatiorregisterdesignator®f earlier
instructionsin the currentrenamegroup. If thereis a match,then
thephysicalregistermssignedo theresultof theearlierinstructionis
usedinsteadof theonereadfrom the maptable. In the caseof mul-
tiple matchesthe registercorrespondingo the latest(in dynamic
order)matchis used. Dependencehecklogic for issuewidths of
2,4, and8 wasimplementedWe foundthatfor thesessuewidths,
thedelayof thedependencehecklogic is lessthanthedelayof the
maptable,andhencethe checkcanbe hiddenbehindthe maptable
access.

4.1.2 DelayAnalysis

As thenamesuggestshe RAM schemeoperatedike a standard
RAM. Addresslecoderslrive wordlines;anaccesstackatthead-
dressectell pulls abitline low. Thebitline changesresensedy a
sensampli®emwhichin turnproducesheoutput. Symbolicallythe
renamedelaycanbewrittenas,

Theanalysigresentethereandin following subsectionfocuses
onthosepartsof thedelaythatarea functionof theissuewidth and
window size. All sourcesf delayareconsideredn detailin [15].
In therenamdogic, the window sizeis not a factor, andthe issue
width affectsdelaythroughits impacton wire lengths. Increasing



the issuewidth increaseshe numberof bitlines andwordlinesin

eachcell thusmakingeachcell bigger Thisin turn increaseshe
lengthof the predecodewordline,andbitline wiresandthe associ-
atedwire delays.Theneteffectis thefollowing relationshipgor the
delaycomponents:

where istheissuewidthand , ,and areconstantshatare
®xedfor agiventechnologyandinstructionsetarchitecturegeriva-
tion of the constantgor eachcomponents givenin [15]. In each
case the quadraticcomponentresultingfrom the intrinsic RC de-
lay of wires, is relatively smallfor the designspaceandtechnolo-
gieswe explored.Hence the decodewordline,andbitline delays
areeffectively linearfunctionsof theissuewidth.

For the senseampli®erwe foundthateventhoughits structural
constitutionis independentf theissuewidth, its delayis afunction
of the slopeof theinput £ the bitline delay+ andthereforevaries
linearly with issuewidth.

4.1.3 SpiceResults

ForourHspicesimulations Figure3 showshowthedelayof the
renamdogic varieswith theissuewidth i.e. thenumberof instruc-
tions beingrenamedevery cycle for the threetechnologies.The
graphincludesthe breakdownof delayinto componentsliscussed
in the previoussection.

A numberof observationganbe madefrom the graph. Theto-
tal delayincreasetinearly with issuewidth for all thetechnologies.
Thisis in conformancevith our analysissummarizedn the previ-
oussection. Furthermoregachof the componentshowsa linear
increasavith issuewidth. Theincreasen thebitline delayis larger
thantheincreasen the wordline delayasissuewidth is increased
becausé¢hebitlinesarelongerthanthewordlinesin ourdesign.The
bitline lengthis proportionato thenumberof logicalregisterg32in
mostcasesyvhereashewordlinelengthis proportionato thewidth
of the physicalregisterdesignatoflessthan8 for thedesignspace
we explored).

Anotherimportaniobservatiorthatcanbemadefrom thegraphis
thattherelativeincreasen wordlinedelay bitline delay andhence,
totaldelayasafunctionof issuewidth worsensasthefeaturesizeis
reduced.For exampleastheissuewidth is increasedrom 2 to 8,
thepercentag@creasen bitline delayshootsup from 37%to 53%
asthefeaturesizeis reducedrom to . Logicdelays
in the variouscomponentsrereducedn proportionto the feature
size,while the presencef wire delaysin the wordline andbitline
componentgausehe wordline andbitline componentso fall ata
slowerrate. In otherwords,wire delaysin thewordlineandbitline
structuresvill becomeéncreasinglymportantasfeaturesizesarere-
duced.

4.2 Wakeup Logic

Wakeupogicis responsibléor updatingsourcedependencdsr
instructionsn theissuewindowwaitingfor theirsourceoperandso
becomeavailable.
4.2.1 Structure

Wakeupogicis illustratedin Figure4. Everytimearesultis pro-
ducedatagassociatedvith theresultis broadcasto all theinstruc-
tionsin theissuewindow Eachinstructionthencompareghetag
with thetagsof its sourceoperandsif thereis amatch theoperand
is markedasavailableby settingtherdyL or rdyR ag. Onceall the
operandf aninstructionbecomeavailable(both rdyL andrdyR
areset),theinstructionis readyto executeandtheready ag is set
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Figure3: Renamalelayversusssuewidth.

to indicatethis. Theissuewindowis a CAM arrayholdingonein-
structionperentry Buffers,shownatthetop of the®gureareused
todrivetheresulttags to ,wherel istheissuewidth.
Eachentryof the CAM has comparator$o compareeach
of theresultstagsagainsthetwo operandagsof theentry TheOR
logic ORsthe comparatooutputsandsetstherdyL/rdyR "ags.

taglw tagl

() (2
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‘opd tagl# ‘rdyR‘ inst0
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Figure4: Wakeuplogic.

4.2.2 DelayAnalysis

The delay consistsof threecomponentsithe time takenby the
buffersto drive the tagbits, thetime takenby the comparatorén a
pull-downstackcorrespondingo amismatchingdit positionto pull
thematchlinelow , andthetime takento OR theindividualmatch
signals(matchlines) Symbolically

Thetime takento drive thetagsdepend®nthelengthof thetag
linesandthenumberof comparatorenthetaglines. Increasinghe
window sizeincreasedoththeseterms. For a givenwindow size,

We assumehatonly onepull-downstackis turnedon sincewe arein-
terestedn theworst-casealelay



increasingssuewidth alsoincreasedoththetermsin the follow-
ingway. Increasingssuewidth increaseshenumberof matchlines
in eachcell andhenceincreaseshe heightof eachcell. Also, in-
creasingssuewidth increaseshe numberof comparatorsn each
cell. Note thatwe assumehe maximumnumberof tagsproduced
percycleis equalto the maximumissuewidth.

In simpli®edorm (sed15] for amoredetailedanalysis)thetime
takento drive thetagsis:

Theaboveequatiorshowshatthetagdrivetimeis aquadratidunc-

tion of thewindow size. Theweightingfactorof thequadratiderm
is afunctionof theissuewidth. Theweightingfactorbecomesig-

ni®canfor issuewidthsbeyond?. Foragivenwindowsize,thetag
drive time is alsoa quadraticfunction of theissuewidth. For cur

renttechnologieg andlonger)the quadraticcomponents

relativelysmallandthetagdrive timeis largely alinearfunctionof

issuewidth. However asthefeaturesizeis reducedo , the
guadraticcomponenglsoincreasesn signi®canceThe quadratic
componentesultsfrom theintrinsic RC delayof thetaglines.

In reality, both issuewidth and window size will be simulta-
neouslyincreasedbecausen larger window is requiredfor ®nd-
ing moreindependeninstructiongo takeadvantag®f widerissue.
Hence thetagdrive time will becomesigni®canin future designs
with widerissuewidths,biggerwindows,andsmallerfeaturesizes.

Thetag matchtime is primarily a function of the lengthof the
matchline,which varieslinearly with the issuewidth. The match
ORtimeis thetime takento OR thematchlines,andthenumberof
matchlineds alinearfunction of issuewidth. Both of these(refer
to [15]) haveadelay:

However in bothcaseghe quadratidermis very smallfor the de-
signspacewe considersothesedelaysarelinearfunctionsof issue
width.
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Figure5: Wakeuplogic delayversuswindowsize.

4.2.3 SpiceResults

Thegraphin Figure5 showshow the delayof thewakeuplogic
varieswith windowsizeandissuewidth for technology As

expectedthedelayincreaseaswindowsizeandissuewidth arein-
creasedThequadratiadlependencef thetotal delayonthewindow
sizeresultSromthequadratidncreasén tagdrivetimeasdiscussed
in theprevioussection.This effectis clearlyvisible for issuewidth
of 8 andis lesssigni®canfor issuewidth of 4. We found similar
curvesfor and technologiesThe quadratiddepen-
denceof delayonwindowsizewasmoreprominenin thecurvesor
technologythanin the caseof the othertwo technologies.
Also, issuewidth hasa greateimpactonthedelaythanwindow
sizebecauseéncreasingssuewidth increasesill threecomponents
of thedelay Ontheotherhand,increasingvindowsizeonly length-
ensthetagdrivetimeandto asmallextenthetagmatchtime. Over
all, theresultsshowthatthe delayincreasedy almost34% going
from 2-wayto 4-way andby 46% going from 4-wayto 8-way for
awindow size of 64 instructions. In reality, theincreasdn delay
is goingto be evenworsebecausén orderto sustainawiderissue
width, alargerwindow s requiredto ®ndindependeninstructions.
Figure 6 showsthe effect of reducingfeaturesizeson the vari-
ouscomponent®f the wakeupdelayfor an 8-way 64-entrywin-
dow processorThetagdrive andtag matchdelaysdo not scaleas
well asthematchOR delay Thisis expecteaincetagdrive andtag
matchdelaysincludewire delayswhereashematchOR delayonly
consistof logic delays.Quantitativelythe fractionof thetotal de-
lay contributedby tagdriveandtagmatchdelayincreasefrom 52%
to 65%asthefeaturesizeis reducedrom to . This
showsthatthe performancef thebroadcasbperatiorwill become
morecrucialin futuretechnologies.
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4.3 SelectionLogic

Selectiorlogicisresponsibléor choosingnstructiondor execu-
tion from the pool of readyinstructionsin theissuewindow Some
form of selectiorlogic is requiredbecaus¢he numberandtypesof
readyinstructionsmay exceedthe numberandtypesof functional
unitsavailableto executehem.

Inputsto the selectionlogic arereques{REQ) signals,oneper
instructionin theissuewindow Therequessignalof aninstruction
is raisedwhenthewakeuplogic determineshatall its operandsre
available.Theoutputsof theselectiorogic aregrant(GRANT) sig-
nals,oneperrequessignal. On receiptof the GRANT signal,the
associatethstructionis issuedo the functionalunit.

A selectionpolicy is usedto decidewhich of the requestingn-
structionsis granted. An exampleselectionpolicy is oldest®rst-
thereadyinstructionthatoccursearliestin programorderis granted



thefunctionalunit. Butler andPatt[5] studiedvariouspoliciesfor

schedulingeadyinstructionsaandfoundthatoverallperformancés

largely independenof the selectionpolicy. The HP PA-8000uses
aselectionpolicy thatis basedn thelocationof theinstructionin

thewindow We assumehe sameselectiorpolicy in our study
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4.3.1 Structure

Thebasicstructureof selectiorlogic is shownin Figure7. Modi-
®cationso thisschemdor handlingmultiple functionalunitsof the
sametypearediscussedh [15]. Selectiorogic consistof atreeof
arbitersthatworksin two phasesin the ®rstphaserequessignals
arepropagatedpthetree.Eachcellraiseshe signalif any
of its input requessignalsis high. Thisin turn raisestheinputre-
questsignalof its parentarbitercell. At theroot cell oneor more
of theinputrequessignalswill behighif thereareoneor morein-
structiongthatareready Theroot cell grantsthefunctionalunit to
oneof its childrenby raisingoneof its grantoutputs.This initiates
thesecondphasevherethegrantsignalis propagatediownthetree
totheinstructionthatis selectedTheenablesignalto therootcell is
highwhenevethefunctionalunitis readyto executeaninstruction.

The selectionpolicy implementeds staticandbasedstrictly on
locationof theinstructionin theissuewindow Theleftmostentries
in thewindow havethe highestpriority. The oldest®rstpolicy can
beimplementedisingthisschemdy compactingheissuewindow
totheleft everytimeinstructionsareissuedandby insertingnewin-
structionsattheright end.However it is possiblehatthe complex-
ity of compactioncould degradeperformance.In this case,some
restrictedform of compactingcanbe used+t sothatoverall perfor
manceis not affected. We did not analyzethe complexityof com-
pactingin this study

4.3.2 DelayAnalysis

Thedelayof theselectiorlogicis thetimeit takesto generate¢he
grantsignalaftertherequessignalhasbeenraised.Thisis equalto
thesumof threeterms:thetimetakenfor therequessignalto prop-
agateto theroot of thetree,the delayof theroot cell, andthetime
takenfor thegrantsignalto propagatdrom therootto the selected
instruction.Hence theselectiordelaydepend®n theheightof the
arbitrationtreeand canbe written as(see[15] for a moredetailed
analysis):

where and areconstantsleterminedy thepropagatiordelays
of asinglearbiter We foundthe optimalnumberof arbiterinputsto
befour in our case sothelogarithmis base4. Theselectionogic
in the MIPS R10000,describedn [17], is alsobasedon four-input
arbitercells.

4.3.3 SpiceResults

Figure8 showsthe delayof the selectionlogic for variouswin-
dow sizesandfor the threefeaturesizesassuminga single func-
tional unit is beingscheduled.The delayis brokendowninto the
threecomponentsFromthe graphwe canseethatfor all thethree
technologiesthedelayincreasesogarithmicallywith windowsize.
Also, theincreaseén delayis lessthan100%whenthewindowsize
is increasedrom 16 instructionsto 32 instructions(or from 64 in-
structionsto 128 instructions)sinceone of the component®f the
total delay the delayattherootcell, is independenof the window
size.
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Figure8: Selectiondelayversusvindowsize.

Thevariouscomponent®f thetotal delayscalewell asthe fea-
ture sizeis reduced.This is not surprisingsinceall the delaysare
logic delays. It mustbe pointedout that we do not considerthe
wiresin the circuit, so the selectiondelayspresentedhereareop-
timistic, especiallyif therequessignals(the ready ags discussed
in the wakeuplogic) originatefrom the CAM entriesin which the
instructiongeside.On theotherhand,it might be possibleto mini-
mizetheeffectof thesewire delaysif thereadysignalsarestoredn
asmaller morecompactarray

4.4 DataBypassLogic

Databypasdogicisresponsibléor forwardingresultvaluesrom
completinginstructionsto dependeninstructions,bypassingthe
register®le. Thenumberof bypasgathsrequiredis determinedy
the depthof the pipelineandtheissuewidth of the microarchitec-
ture. As pointedoutin [1], if is theissuewidth, andif thereare

pipestagesfter the ®rstresult-producingtage thena fully by-
passedesignwouldrequire bypasgpathsassuming
2-inputfunctionalunits. In otherwords,thenumberf bypasgaths
growsquadraticallywith issuewidth. Thisis of criticalimportance,
giventhecurrenttrendstowarddeepepipelinesandwiderissue.

Bypasdogic consistof two componentsdatapathandcontrol.
Thedatapatltomprisesesultbussesthatareusedto broadcasby-



passvaluesfrom eachfunctional unit sourceto all possibledes-
tinations. Buffers are usedto drive the bypassvalueson the re-

sultbussesin additionto theresultbussesthe datapatifcomprises
operandMUXes. OperandMUXesarerequiredo gatein theappro-
priateresultonto theoperandussesThecontrollogicis responsi-
blefor controllingtheoperandMiUXes. It compareshetagsof the

resultvalueswith thetagof sourcevaluerequiredateachfunctional

unit. If thereis a match,the MUX controlis setsothatthe result

valueis drivenonthe appropriateperandous. Thekey factorthat

determineghe speedof the bypasdogic is the delayof the result

wiresthatareusedto transmitbypassedalues notthe control.

4.4.1 Structure

A commonlyusedstructurdor bypasdogicis shownin Figure9.
The ®gureshowsa bit-slice of the datapath.Therearefour func-
tional units markedFUO to FU3. Considerthe bit slice of FUO. It
getsits two operandits from theopd0-landopdO-rwires. There-
sult bit is drivenon the resOresultwire by the resultdriver. Tris-
tatebuffersareusedto drive theresultbits onto the operandvires
from the resultwires of the functionalunits. Thesebuffersimple-
mentthe MUXes shownin the®gure.To bypasgheresultof func-
tional unit FU1 to theleft input of functionalunit FUO, the tristate
drivermarkedA is switchedon. ThedriverA connectshereslwire
andtheopdO-lwire. In the casewherebypassearenot activated,
operanditsareplacedontheoperandviresby theregiste®leread
ports . Theresultbits arewrittento theregister®lein additionto
beingbypassed.
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Figure9: Bypasdogic.

4.4.2 DelayAnalysis

Thedelayof thebypasdogicis largelydeterminedy theamount
of time it takesfor the driver at the outputof eachfunctionalunit
to drive the resultvalue on the correspondingesultwire. Thisin
turn depend®on thelengthof theresultwires. Fromthe®gureit is
apparenthatthelengthof thewiresis a functionof thelayout. For
the layout presentedn the ®gure the lengthof the resultwiresis
determinedy theheightof thefunctionalunitsandtheregiste®le.

In areservation-statiobasedmicroarchitecturethe operancbits come
from thedata®eldof thereservatiorstationentry

Issue Wire Delay

width | length( ) (ps)
4 20500 184.9
8 49000 | 1056.4

Tablel: Bypassdelaysfor a 4-wayanda8-wayprocessor

ConsideringheresultwiresasdistributedRC lines, the delayis
givenby

where is the lengthof the resultwires, and and
aretheresistancandparasiticcapacitancef metalwires per unit
lengthrespectively

Increasingissuewidth increaseghe length of the resultwires,
andhencecauseshebypasdelayto grow quadraticallywith issue
width. Increasinghedepthof the pipelinealsoincreaseshedelay
of the bypasdogic in the following manner Making the pipeline
deepeiincreasegshe fan-in of the operandviUXes connectedo a
givenresultwire. Thisin turnincreaseshe amountof capacitance
ontheresultwires,andhenceaddsto thedelayof theresultwires.
However thiscomponenbf thedelayis notcapturedy our simple
model. This componenbf the delayis likely to becomerelatively
lesssigni®canasfeaturesizeis reduced.

4.4.3 SpiceResults

We computedhewire delaysfor hypotheticali-wayand8-way
machinesassumingcommonmixes of functional units and func-
tional unit heightsreportedn the literature. Table1 showsthere-
sults.Wire lengthsareshownin termsof , where is halfthefea-
ture size. The delaysarethe samefor the threetechnologiesince
wire delaysare constantaccordingto the scalingmodelassumed.
Seg[15] for thedetaileddataandanalysis.

4.4.4 Alternative Layouts

Theresultspresente@boveassume particuladayout;thefunc-
tional unitsareplacedon eithersideof theregister®le. However
asmentionedbefore,the lengthof theresultwiresis a function of
thelayout.Hence VLSI designersvill haveto studyalternativday-
outsin orderto reducebypasgsielays.Alternativelayoutsalonewill
only decreaseonstantsthe quadratiadelaygrowthwith numberof
bypassesvill remain.

In thelong term, microarchitectsvill haveto considerclusteed
organizationsvhereeachclusterof functionalunitshasits owncopy
of theregister®leandbypassesvithin a clustercompletein a sin-
gle cyclewhile inter-clusterbypassetaketwo or morecycles.The
hardwareor the compiler or both will haveto ensurethat inter-
clusterbypassesccurinfrequently In additionto mitigatingthede-
lay of the bypasdogic, this organizationalsohasthe advantagef
fasterregister®lessincetherearefewerportson eachregister®le.

4.5 Summary of Delaysand Pipeline Issues

We now summarizethe pipeline delayresultsand considerthe
implicationsfor future complexity-efective microarchitectureslt
is easiesto framethis discussiorin termsof satisfyingthe goal of
permittingaveryfastpipelineclockwhile, atthesameime, exploit-
ing highILP throughrelativelywide, out-of-ordersuperscalanper
ation.



Issue | Window | Rename | Wakeup+Selec| Bypass
width size delay(ps) delay(ps) delay(ps)
0.8 mtechnology
4 32 1577.9 2903.7 184.9
8 64 1710.5 3369.4 1056.4
0.35 mtechnology
4 32 627.2 1248.4 184.9
8 64 726.6 1484.8 1056.4
0.18 mtechnology
4 32 351.0 578.0 184.9
8 64 427.9 724.0 1056.4

Table2: Overalldelayresults.

To aidin thisdiscussiongonsidetheoverallresultsfor a4-way
anda8-waymicroarchitecturén technologyshownin Ta-
ble 2. We chosethe technologybecaus®f our interestin
future generatiommicroarchitecturesFor the 4-way machine the
windowlogic (wakeupt+ selecthasthegreatestielayamongall the
structuresonsideredandhencedetermineshecritical pathdelay
Theregisterrenamedelaycomesnext; it is about39% fasterthan
thedelayof thewindowlogic. Thebypasslelayis relativelysmall
in thiscase.Theresultsaresimilarfor the8-waymachinewith one
very notableexception:the bypasselaygrowsby a factorof over
5, andis nowworsethanthe (wakeup+ select)delay

Now, let's turn to the problemof designinga future generation
microarchitecturavith a fasterclock cycle. Of the structureswe
haveexaminedhere,the window logic and the bypasseseemto
posethelargestproblems.Moreover bothof thesecausalif®culties
if we wish to divide theminto morepipelinesegmentsthesedif®-
cultieswill bediscussedhn thefollowing paragraphsAll the other
structuresitherwill notcauseaclockcycleproblem,or if theydo,
theycanbepipelined. The pipeliningaspectof thesestructuress
discussedn [15]. This additionalpipelining cancausesomeper
formanceimpact, althoughit is beyondthe scopeof this paperto
evaluateheexactimpact.

‘ add r10, r1, r2

‘ s MAKEUP SELECT| EXEC

AKEUP\-SELECT EXEC s ‘bubble

‘ cee VvAKEUP SELECT| EXEC ‘ s ‘sub r1, rio, 2

Figure10: Pipeliningwakeupandselect.

Wakeupand selecttogetherconstitutewhat appearsto be an
atomicoperation.Thatis, if theyaredividedinto multiple pipeline
stagesdependeninstructionscannotissuein consecutivecycles.
Considethepipelineexampleshownin Figure10. Theadd andthe
sub instructionscannotbe executedack-to-backecausehe re-
sultof theselectstagehasto feedthewakeupstage Hence wakeup
andselecttogetherconstitutean atomicoperationand mustbe ac-
complishedn asinglecycle,atleastif dependeninstructionsareto
be executedn consecutiveycles.

Data bypassingis anotherexampleof what appeargto be an
atomicoperation.In orderfor dependenbperationgo executein
consecutiveycles thebypassraluemustbe madeavailableto the
dependeninstructionwithin acycle. Resultspresentedh tableTa-
ble 2 showthatthis is feasiblefor a 4-way machine.However by-
passdelaycaneasilybecomea bottleneckfor widerissue-widths.

Onesolutionis to includeonly a propersubsebf bypasspaths

[1], andtakea penaltyfor thosethatarenot present.For an8-way
machinewith deeppipelines this would excludea large numberof
bypasgaths.Anothersolutionis to generalizéhe methodusedin
theDEC21264[10] andusemultiplecopiesof theregiste®le. This
is the@clusteP methodreferredto in Section4.4.

In the following sectionwe tackle both the window logic and
bypassproblemsby proposinga microarchitecturehat simpli®es
windowlogic andwhich naturallysupportlusteringof functional
units.

5 A Complexity-Effective Micr oarchitecture

Fromthe analysispresentedn the previoussectionswve seethat
theissuewindow logic is oneof the primary contributorsof com-
plexity in typical out-of-ordermicroarchitecturesAlso, asarchi-
tectsemploywider issue-widthsanddeeperpipelines the delayof
thebypasdogic becomegvenmorecritical. In thissectionwe pro-
posea dependence-basexicroarchitecturéhatreplacesheissue
windowwith asimplerstructurethatfacilitatesa fasterclock while
exploiting similar levelsof parallelism. In addition,the proposed
microarchitectur@aturallylendsitself to clusteringandhelpsmiti-
gatethe bypasgroblemto alargeextent.
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Figurell: Dependence-basexicroarchitecture.

Theideabehindthedependence-basedcroarchitecturésto ex-
ploit the naturaldependenceamonginstructions. A key point is
that dependeninstructionscannotexecutein parallel. In the pro-
posedmicroarchitectureshownin Figure 11, the issuewindow is
replacedy a smallnumberof FIFO buffers. The FIFO buffersare
constrainedo issuein-order anddependeninstructionsaresteered
to thesameFIFO. This ensureghattheinstructionsin a particular
FIFO buffer canonly executesequentially Hence unlike the typ-
ical issuewindow whereresulttagshaveto be broadcasto all the
entries,the registeravailability only needsto be fannedout to the
headf theFIFO buffers. Theinstructionsatthe FIFO headsnon-
itor reservatiorbits (oneperphysicalregister)to checkfor operand
availability Thisis discusseth detaillater Furthermoretheselec-
tion logic only hasto monitorinstructionsat the headsf the FIFO
buffers.

The steeringof dependentnstructionsto the FIFO buffers is
performedat run-time during the renamestage. Dependencén-
formationbetweeninstructionsis maintainedn a tablecalledthe
SRCFIFO table. This tableis indexedusinglogical registerdes-
ignators. SRCFIFO(Ra) , the entryfor logical registerRa, con-
tainsthe identity of the FIFO buffer that containsthe instruction
thatwill write registerRa. If thatinstructionhasalreadycompleted
i.e. registerRa containgts computedsalue,thenSRCFIFO(Ra)
is invalid. This tableis similar to the map table usedfor reg-
ister renamingand can be accessedn parallel with the rename
table. In orderto steeran instructionto a particular FIFO, the
SRCFIFO tableis accessedvith the registeridenti®ersof the
sourceoperand®f aninstruction.For examplefor steeringhein-
structionadd r10,r5,1  whererl0 is the destinatiorregister



the SRCFIFO tableis indexedwith 5. The entryis thenusedto
steertheinstructionto the appropriaté=IFO.

5.1 Instruction SteeringHeuristics

A numberof heuristicsare possiblefor steeringinstructionsto
the FIFOs. A simpleheuristicthatwe found to work well for our
benchmarlprogramss describechext.

Letl betheinstructionunderconsiderationDependingiponthe
availability of | 's operandsthefollowing casesarepossible:

All theoperand®f | havealreadybeencomputedandarere-
sidingin theregister®le. In this case,l is steeredo a new
(empty) FIFO acquiredrom apool of free FIFOs.

| requiresasingleoutstandingperando beproducedy in-
structionlsource residingin FIFOFa. In thiscasejf there
is noinstructionbehindisource in Fa thenl is steeredo
Fa, elsel is steeredo anewFIFO.

I requirestwo outstandingoperandgo be producedby in-
structiondleft  andlright  residingin FIFOsFa andFb
respectively In this case apply the heuristicin the previous
bulletto theleft operand.f theresultingFIFOis not suitable
(it is eitherfull or thereis aninstructionbehindthe sourcen-
struction) thenapplythe sameheuristicto theright operand.

If all theFIFOsarefull or if noemptyFIFOis availablethenthe
decoder/steerintpgic stalls. A FIFO is returnedto the free pool
whenthelastinstructionin the FIFQ s issued.Initially, all the FI-
FOsarein thefreepool. Figurel2illustratesgheheuristiconacode
segmenfrom oneof the SPECbhenchmarks.
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Figurel2: Instructionsteeringexample.

This ®gureshowshow instructionsaresteeredo FIFOsusingthe heuristic
presentedn Section5.1for a samplecodesegment.Instructionscanissue
only fromtheheadof thefour FIFOs. Thesteerindogic steerdour instruc-
tionseverycycleandamaximumof four instructionscanissueeverycycle.

5.2 PerformanceResults

We comparehe performancef the dependence-basedicroar
chitectureagainstthat of a typical microarchitecturavith anissue
window The proposedmicroarchitecturdas8 FIFOs,with each
FIFO having8-entries.Theissuewindow of the conventionapro-
cessohas64 entries.Both microarchitecturesandecoderename,
andexecuteamaximumof 8 instructiongpercycle. Thetiming sim-
ulator, amodi®edrersionof SimpleScalaf4], is detailedn Table3.

Fetchwidth

any8 instructions

I-cache

Perfectinstructioncache

BranchPredictor

McFarling's gsharg13]
4K 2-bit counters]12 bit history
unconditionakontrolinstructions

predictedperfectly
Issuewindow size 64
Max. in- ight 128
instructions
Retirewidth 16
FunctionalUnits 8 symmetricalnits
FunctionalUnit Latency | 1cycle

IssueMechanism

out-of-orderissueof upto 8 ops/cycle

loadsmay executevhenall prior
storeaddresseareknown
120int/120fp

32KB, 2-way SA

write-back write-allocate
32bytelines,1cyclehit,6 cyclemiss
four load/storeports

PhysicalRegisters
D-cache

Table3: Baselinesimulationmodel.

An aggressivénstructionfetch mechanisnis usedto stresgheis-
sueandexecutionsubsystemsWe ranseverbenchmark$rom the
SPEC'95suite,usingtheirtraininginput datasetsEachbenchmark
wasrun for amaximumof 0.5Binstructions.

40 Baseline microarch.

3.5 [ Dependence-based microarch.
3.04
2.5
2.04

1.5]

Instructions Per Cycle

1.04

0.5

"“compress gcc go li perl m88ksimvortex
Figure13: PerformancélPC) of dependence-baseticroarchitec-

ture.

The performanceesults(in termsof instructionscommittedper
cycle)areshownin Figure13. The dependence-baseadicroarchi-
tectureis nearlyaseffective(extractsimilarparallelism)asthetyp-
icalwindow-basednicroarchitectureThecyclecountnumbersare
within 5% for ®veof the severbenchmarkandthe maximumper
formancedegradatioris 8% in the caseof li.

5.3 Complexity Analysis

First, considerthe delay of the wakeupand selectionlogic.
Wakeupogicis requiredo detecttross-FIFQlependences-orex-
ample,if theinstructionla attheheadof FIFOFa is dependenbn
aninstructionlb waitingin FIFOFb, thenla cannotissueuntil Ib
completesHoweverthewakeuplogicin thiscasedoesnotinvolve
broadcastinghe resulttagsto all thewaiting instructions.Instead,
only theinstructionsat the FIFO headshaveto determinevhenall



Issue | No. physical | No.table | Bits per Total
width registers entries entry | delay(ps)
4 80 10 8 192.1
8 128 16 8 251.7
Table4: Delayof reservatiortablein technology

their operandsreavailable.This is accomplishedby interrogating
atablecalledthereservatiortable Thereservatioriablecontainsa
singlebit perphysicalregisterthatindicatesvhethertheregisterns
waitingfor its data.Whenaninstructionis dispatchedthereserva-
tion bit correspondingo its resultregisteris set. Thebit is cleared
whentheinstructionexecutesaindtheresultvalueis produced.An
instructionat the FIFO headwaits until the reservatiorbits corre-
spondingoits operandsrecleared Hencethedelayof thewakeup
logic is determinedby thedelayof accessinghereservatiortable.
Thereservatiortableis relativelysmallin sizecomparedo there-
nametableandtheregister®le. For example for a 4-waymachine
with 80 physicalregistersthereservatiortablecanbelaid outasa
10-entrytablewith eachentry storing8 bits . Table4 showsthe
delayof thereservatiortablefor 4-way and8-way machines.For
bothcasesthewakeupdelayis muchsmallerthanthewakeupdelay
for a4-way, 32-entryissuewindow-basednicroarchitectureAlso,
thisdelayis smalletthanthecorrespondingegisterenamingdelay
Theselectionogic in the proposednicroarchitecturdés simplebe-
causeonly theinstructionsatthe FIFO headseedto beconsidered
for selection.

Instructionsteeringis donein parallelwith registerrenaming.
Becausd¢he SRCFIFO tableis smallerthantherenameable,we
expecthedelayof steeringo belessthantherenamedelay In case
amorecomplexsteeringheuristicis used theextradelaycaneasily
be movedinto the wakeup/selecstage or a new pipestageanbe
introducedt atthecostof anincreasen branchmispredictpenalty

In summarythecomplexityanalysipresenteéboveshowsthat
by reducingthe delayof thewindow logic signi®cantlyit is likely
thatthe dependence-basexicroarchitectureanbe clockedfaster
thanthe typical microarchitectureIn fact, from the overall delay
resultsshownin Table 2, if the window logic (wakeup+ select)
is reducedsubstantiallyregisterrenamdogic becomeghe critical
stagdor ad4-waymicroarchitectureConsequentlythedependence-
basednicroarchitectureanimprovetheclock periodby asmuchas
(anadmittedlyoptimistic)39%in 0.18  technology Of course,
this may requirethat otherstagesot studiedherebe more deeply
pipelined.Combiningthe potentialfor amuchfasterclock with the
resultsn Figurel3indicateghatthedependence-basetcroarchi-
tecturds capablef superioperformanceelativeto atypicalsuper
scalamicroarchitecture.

5.4 Clustering the Dependence-baseMicr oarchi-
tecture

Therealadvantagef theproposednicroarchitecturesfor build-
ing machineswith issuewidths greaterthanfour where,asshown
by Table2, the delayof boththelargewindow andthelong bypass
bussesanbesigni®canandcanconsiderablglowtheclock. Clus-
teredmicroarchitecture®asedon the dependence-basexicroar
chitectureareideally suitedfor suchsituationsbecausehey sim-
plify boththewindow logic andthe bypasdogic. We describeone
suchmicroarchitecturéor building an8-waymachinenext.

A columnMUX is usedto selectthe appropriatebit from eachentry
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Figure14: Clusteringthe dependence-basedicroarchitecture8-
way machineorganizedastwo 4-wayclusterg2 X 4-way).

Considethe2x4-wayclusteredsystermshownin Figurel4. Two
clustersareused,eachof which containsfour FIFOs,onecopy of
theregiste®le andfour functionalunits. Renamednstructionsare
steeredo aFIFOin oneof thetwo clusters.Localbypassewithin a
cluster(shownusingthick lines)areresponsibléor bypassingesult
valuesproducedn theclusterto theinputsof thefunctionalunitsin
the samecluster As shownby the delayresultsin Table2, local
bypassingcanbe accomplishedn a singlecycle. Inter-clusterby-
passesareresponsibléor bypassingalueshetweerfunctionalunits
residingin differentclusters Becausénter-clusterbypassegequire
longwires, it is likely thatthesebypassewill berelativelyslower
andtaketwo or morecyclesin futuretechnologiesThetwo copies
of the register®leareidentical,exceptfor the oneor morecycles
differencein propagatingesultsfrom oneclusterto another

This clustereddependence-basadicroarchitecturdnasa num-
berof advantagesFirst, wakeupandselectionogic aresimpli®ed
asnotedpreviously Secondpecausef the heuristicfor assigning
dependeninstructionsto FIFOs,andhenceindirectly to clusters,
localbypasseareusedmuchmorefrequentlythaninter-clusterby-
passegeducingoverallbypassielays.Third, usingmultiplecopies
of theregiste®lereduceshenumberof portsontheregiste®leand
will maketheaccesgime of theregister®lefaster

5.5 Performance of Clustered Dependence-based
Micr oarchitecture

The graphin Figure 15 comparegperformanceijn termsof in-
structionscommittedpercycle (IPC), for the2x4-waydependence-
basedmicroarchitecturegainstthat of a conventionalB-way mi-
croarchitecturewith a single 64-entry issue window For the
dependence-bassgstemjnstructionsaresteeredisingtheheuris-
tic describedn Section5.1 with a slight modi®cation.Insteadof
usinga singlefreelist of empty FIFOs,we maintaintwo freelists
of emptyFIFOs,onepercluster A requesfor afreeFIFOis sat-
is®@edf possiblefrom the currentfreelist. If thecurrentfreelist is
empty thenthe secondreelist is interrogatedor anewFIFO and
the secondfree list is madecurrent. This schemeensureghatin-
structionsadjacenin the dynamicstreamareassignedo the same
clusterto minimize inter-clustercommunication. Local bypasses
takeonecyclewhile inter-clusterbypassesake?2 cycles. Also, in
the conventionaB-way systemall bypassesre assumedo com-



pletein asinglecycle. Fromthe graphwe canseethatfor mostof

thebenchmarksthe dependence-basedicroarchitecturés nearly
aseffectiveasthewindow-basednicroarchitectureventhoughthe
dependence-basedicroarchitecturés handicappedy slow inter

clusterbypasseshattake2 cycles.However for two of thebench-
marks m88ksinandcompesstheperformanceegradatioiis close
to 12% and 9% respectively We found that this degradations

mainly dueto extralatencyintroducedy the slow inter-clusterby-

passes.

64-entry window-based 8-way

[l 2-cluster dependence-based 8-\
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Figurel5: Performancef clusteredlependence-basedcroarchi-

tecture.

Becaus¢hedependence-baseatcroarchitecturavill facilitatea
fasterclock, afair performanceomparisormusttakeclock speed
into account.Thelocal bypassstructurewithin a clusteris equiva-
lentto aconventiona#-way superscalamachine andinter-cluster
bypasseareremovedrom thecritical pathby takinganextraclock
cycle. Consequentlthe clock speedf the dependence-baseaai-
croarchitecturés atleastasfastasthe clock speecbof a4-way 32-
entry window-basednicroarchitectureandis likely to be signi®-
cantlyfastetbecausef thesmalleriwakeupt selectionyelaycom-
paredto a conventionaissuewindow asdiscussedn Section5.3.
Hencejf is theclock speef thedependence-basetcroar
chitecture,and is the clock speedof the window-basedni-
croarchitecturethenfrom Table2 for 0.18 m technology:

In otherwords, the dependence-baseticroarchitecturas capa-
ble of supportinga clock that is 25% faster than the clock of
the window-basedmicroarchitecture. Taking this factor into ac-
count (and ignoring other pipestageghat may haveto be more
deeply pipelined), we can estimatethe potential speedupwith a
dependence-basedicroarchitecture. The performanceamprove-
mentsvaryfrom 10%to 22%with anaveragemprovemenbdf 16%.

5.6 Other Clustered Micr oarchitectures

The microarchitecturgresentedn the previoussectionis one
point in the designspaceof clusteredsuperscalamicroarchitec-
tures. The dependence-basadcroarchitecturasimpli®esoththe
window logic and naturally reducesthe performancedegradation
dueto slow inter-clusterbypasspaths. In orderto further explore
thespacewe studiedthe performancef someotherinterestingde-

1

signs.In eachcasetherearetwo clusterswith inter-clusterbypasses
takinganextracycleto complete.
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Figurel6: Clusterednicroarchitectures.

5.6.1 SingleWindow, Execution-Driven Steering

In thedependence-basedicroarchitecturelescribedabove,in-
structionsarepre-assignetb aclustewhentheyaredispatchedywe
referto thisasdispatch-driverinstructionsteering.In contrastFig-
urel6(a)illustratesamicroarchitecturgvhereinstructiongesidein
a centralwindow while waiting for their operandsand functional
unitsto becomeavailable.Instructionsareassignedo the clusters
atthetimetheybeginexecutionthisis execution-drivemstruction
steering.

With this method clusterassignmenivorksasfollows. Thereg-
ister valuesin the clustersbecomeavailableat slightly different
times;thatis, theresultregistevalueproducedy aclusteris avail-
ablein thatclusteronecycleearlierthanin theothercluster Conse-
quently aninstructionwaitingfor thevaluemaybeenabledor exe-
cutiononecycleearlierin oneclusterthanin theother Theselection
logic monitorstheinstructionsn thewindowandattemptgo assign
themto the clusterwhich providestheir sourcevalues®rst(assum-
ing thereis a free functionalunit in the cluster). Instructionsthat
havetheir sourceoperandsavailablein both clustersare®rstcon-
sideredfor assignmento cluster0O. Staticinstructionorderis used
to breaktiesin this case.

Theexecution-drivempproachusesagreedypolicy to minimize
theuseof slow inter-clusterbypassesvhile maintaininga high uti-
lization of the functionalunits. It doesso by postponingthe as-
signmenbf instructiongo clustersuntil executiortime. While this
greedyapproachmay gainsomelPC advantageghis organization
suffers from the previouslydiscussedirawbackf a centralwin-
dowandcomplexselectionogic.

5.6.2 Two Windows, Dispatch-Driven Steering

This microarchitectureshownin Figure 16(b), is identicalto
the dependence-basetiisterednicroarchitecturexceptthateach



clusterhasacompletely exible windowinsteadbf FIFOs. Instruc-
tionsaresteeredo thewindowsusingaheuristicthattakeshothde-
pendencebetweerinstructionsandtherelativeloadof theclusters
into accountWetriedanumberof heuristicandfoundasimpleex-
tensionof the FIFO heuristicpresentedh Section5.1to work best.
In our schemehe window is modeledasif it is a collectionof FI-
FOswith instructionscapableof issuingfrom any slot within each
individual FIFO.In this particularcase wetreateach32-entrywin-
dowaseightFIFOswith four slotseach.Notethatthese~IFOsarea
conceptuatleviceusedonly by theassignmentieuristict in reality;
instructionsssuefrom thewindow with complete exibility .

Kemp and Franklin [11] studiedan organizationcalled PEWs
(ParallelExecutionWindows)for simplifying the logic associated
with a centralwindow PEWssimpli®esvindow logic by splitting
thecentralinstructionwindow amongmultiple windowsmuchlike
theclusterednicroarchitectureescribe@dbove.Registevaluesare
communicatedetweerclustergcalledpews)via hardwaregueues
andaring interconnectiometwork.In contrastwe assumebroad-
castmechanisnfor the samepurpose. Instructionsare steeredo
thepewsbasedninstructiondependencesith agoalto minimize
inter-pewcommunicationHowever for their experimentsheyas-
sumethateachof thepewshasasmanyfunctionalunitsasthecen-
tral window organization.This assumptionmpliesthatthe reduc-
tion in complexityachieveds limited sincethe wakeupandselec-
tion logic of thewindowsin theindividual pewsstill havethesame
portingrequirementsisthe centralwindow

5.6.3 Two Windows, Random Steering

This microarchitectureusing the structurepresentedn Fig-
ure 16(b), is a basisfor comparisonslnstructionsaresteeredan-
domly to oneof theclusters.If thewindow for theselectectluster
is full, thenthe instructionis insertedinto the other (free) cluster
This designpointwasevaluatedn orderto determinghedegreeo
which clusterednicroarchitecturearecapableof toleratingthe ex-
tralatencyintroducedby slowinter-clusterbypasseandtheimpor-
tanceof dependence-awaseheduling Eachwindowhas32entries
in thiscase.

5.6.4 Performanceof Clustered Micr oarchitectures

Thetopgraphin Figurel7 showstheperformancef variousmi-
croarchitecturem termsof instructionscommittedpercycle(IPC).
Theleftmostbarin eachgroupshowsthe performancef theideal
microarchitecturea single 64-entrywindow with singlecycle by-
passbetweenall functionalunits. A numberof observationgan
be madefrom the ®gure. First, randomsteeringconsistentlyper
formsworsethanthe otherschemesThe performancelegradation
with respecto the ideal casevariesfrom 17%in the caseof vor-
texto 26% in the caseof m88ksim Hence,it is essentiafor the
steeringlogic to considerdependenceshenrouting instructions.
Secondthemicroarchitecturgvith acentralwindowandexecution-
drivensteeringperformsnearlyaswell astheideal microarchitec-
ture with a maximumdegradatiorof 6% in the caseof m88ksim
However asdiscussecarlierin Section5.6.1,this microarchitec-
ture requiresa centralizedwindow with complexselectionlogic.
Third, both the dependence-basexicroarchitectureandthe "ex-
ible window microarchitectureisingdispatch-driversteeringper
form competitivelyin comparisorto theidealmicroarchitecture.

The bottom graphin Figure 17 showsthe frequencyof inter
clustercommunicatiorfor eachorganization. We measurenter
clustercommunicatiorin termsof the fraction of total instructions
that exerciseinter-clusterbypasses.This doesnot include cases
whereaninstructionreadsits operandgrom theregister®lein the
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clusteri.e. casesn whichtheoperandsarrivedfromtheremoteclus-
terin advance As expectedwe seethatthereis a high correlation
betweerthe frequencyof inter-clustercommunicatiorand perfor

mance- organizationghatexhibit higherinter-clustercommunica-
tion commitfewerinstructiongercycle. Theinter-clustercommu-
nicationis particularlyhighin thecaseof randomsteeringreaching
ashighas35%in the caseof m88ksim
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Figurel7: Performancef clusterednicroarchitectures.

Overall,theaboveresultsshowthatclusterednicroarchitectures
using distributedwindows coupledwith dispatch-driversteering
candeliverperformanceimilar, in termsof instructionsccommitted
percycle,to thatof anidealmicroarchitecturevith alargewindow
anduniformsinglecycle bypassebetweerall functionalunits.

6 Conclusions

We studiedthe variationof delaysof key structuresn a generic
superscalgorocessowith two importantmicroarchitecturgbaram-
eters:issuewidth andissuewindowsize.We alsoanalyzedheim-
pactof advancedechnologiesvith smallerfeaturesizesonthede-
lay of thesestructures.Our resultsshowthatthe logic associated
with theissuewindowandthedatabypasdogic aregoingto become
increasinglycritical asfuture designsemploywider issuewidths,
biggerwindows, and smallerfeaturesizes. Furthermore poth of
thesestructuregely on broadcastingalueson long wires, andin
futuretechnologiesvire delayswill increasinglydominatetotal de-
lay.

This is not to saythatthe delay of other structuresfor exam-
ple register®lesand cacheswill not causeproblems. However



thesestructurescanbe pipelinedto someextent. In contrastwin-
dow logic anddatabypasdogic implementatomicoperationghat
cannotbe pipelinedwhile allowing dependeninstructionsto exe-
cutein successiveycles.Thischaracteristitcnakeshedelayof the
window logic andthe databypasdogic evenmorecrucial.

Hence asarchitectdbuild machinesith widerissuewidthsand
largerwindow sizesin advancedechnologiesi is essentiato con-
sidermicroarchitecturethatarecomplexity-efectivei.e. microar
chitectureghatfacilitateafastclock while exploitingsimilar levels
of ILP asanideallarge-windowmachine.

In the secondhalf of the paper we proposedone such mi-
croarchitecturealledthedependence-basedcroarchitectureThe
dependence-basatdcroarchitecturdetectshainsof dependenin-
structionsandsteershe chainsto FIFOswhich are constrainedo
executen-order Sinceonly theinstructionsatthe FIFOheadshave
to bemonitoredor executionthedependence-basedcroarchitec-

ture simpli®eswindow logic. Furthermorethe dependence-based

microarchitectur@aturallylendsitselfto clusteringoy groupingde-
pendeninstructiongtogether This groupingof dependeninstruc-
tions helpsmitigatethe bypassproblemto a large extentby using

fastlocalbypassemorefrequentlythanslowinter-clusteypasses.

We comparedheperformancef a2x4-waydependence-based-

croarchitecturavith atypical 8-way superscalarOur resultsshow
two things. First, the proposedmnicroarchitecturdnasIPC perfor

mancecloseto that of a typical microarchitecturgéaveragedegra-
dationin IPC performancés 6.3%). Secondwhentakingtheclock
speedidvantagef thedependence-basedcroarchitecturetoac-
countthe8-waydependence-basetcroarchitecturés 16%faster
thanthetypical window-basednicroarchitectur®n average.
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