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Abstract
The performancetradeoff betweenhardwarecomplexity and

clock speedis studied. First, a genericsuperscalarpipelineis de-
®ned.Thenthespeci®careasof registerrenaming,instructionwin-
dow wakeupandselectionlogic, andoperandbypassingareana-
lyzed. Eachis modeledandSpicesimulatedfor featuresizesof
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,
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, and
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. Performanceresultsandtrendsare
expressedin termsof issuewidth andwindowsize.Ouranalysisin-
dicatesthatwindowwakeupandselectionlogic aswell asoperand
bypasslogic arelikely to bethemostcritical in thefuture.

A microarchitecturethat simpli®eswakeupandselectionlogic
is proposedanddiscussed.This implementationputschainsof de-
pendentinstructionsinto queues,andissuesinstructionsfrom mul-
tiple queuesin parallel.Simulationshowslittle slowdownascom-
paredwith acompletelȳ exible issuewindowwhenperformanceis
measuredin clockcycles.Furthermore,becauseonly instructionsat
queueheadsneedtobeawakenedandselected,issuelogic issimpli-
®edandtheclockcycleis faster±consequentlyoverallperformance
is improved.By groupingdependentinstructionstogether, thepro-
posedmicroarchitecturewill helpminimizeperformancedegrada-
tion dueto slowbypassesin futurewide-issuemachines.

1 Intr oduction
Formanyyears,amajorpointof contentionamongmicroproces-

sordesignershasrevolvedaroundcompleximplementationsthatat-
tempttomaximizethenumberof instructionsissuedperclockcycle,
andmuchsimplerimplementationsthathavea very fastclock cy-
cle. Thesetwocampsareoftenreferredtoasªbrainiacsºandªspeed
demonsº±takenfromaneditorialin MicroprocessorReport[7]. Of
coursethetradeoff is notasimpleone,andthroughinnovationand
goodengineering,it maybepossibleto achievemost,if not all, of
thebene®tsof complexissueschemes,while still allowing a very
fastclock in theimplementation;thatis, to developmicroarchitec-
tureswe refer to ascomplexity-effective. Oneof two primaryob-
jectivesof this paperis to proposesuchacomplexity-effectivemi-
croarchitecture.Theproposedmicroarchitectureachieveshighper-
formance,asmeasuredby instructionspercycle(IPC),yetit permits
adesignwith averyhighclock frequency.

Supportingthe claim of high IPC with a fast clock leadsto the
secondprimaryobjectiveof this paper. It is commonplaceto mea-

surethe effectiveness(i.e. IPC) of a new microarchitecture,typ-
ically by using tracedriven simulation. Suchsimulationscount
clock cyclesandcanprovideIPC in a fairly straightforwardman-
ner. However, thecomplexity(or simplicity) of amicroarchitecture
is muchmoredif®cultto determine±to beveryaccurate,it requires
a full implementationin a speci®ctechnology. What is very much
neededarefairly straightforwardmeasuresof complexitythatcan
beusedby microarchitectsata fairly earlystageof thedesignpro-
cess.Suchmethodswould allow thedeterminationof complexity-
effectiveness.It is thesecondobjectiveof this paperto takea step
in thedirectionof characterizingcomplexityandcomplexitytrends.

Beforeproceeding,it mustbeemphasizedthatwhile complexity
canbevariouslyquanti®edin termssuchasnumberof transistors,
diearea,andpowerdissipated,in thispapercomplexityis measured
asthe delayof the critical path througha pieceof logic, andthe
longestcritical paththroughanyof thepipelinestagesdetermines
theclockcycle.

The two primaryobjectivesgivenabovearecoveredin reverse
order ± ®rstsourcesof pipelinecomplexityare analyzed,then a
new complexity-effective microarchitectureis proposedandeval-
uated.In thenextsectionwe describethoseportionsof a microar-
chitecturethat tendto havecomplexitythatgrowswith increasing
instruction-levelparallelism.Of these,wefocuson instructiondis-
patchandissuelogic, anddatabypasslogic. We analyzepotential
critical pathsin thesestructuresanddevelopmodelsfor quantifying
theirdelays.Westudythevariationof thesedelayswith microarchi-
tecturalparametersof windowsize(thenumberof waiting instruc-
tionsfromwhichreadyinstructionsareselectedfor issue)andtheis-
suewidth (thenumberof instructionsthatcanbeissuedin acycle).
We alsostudythe impactof the technologytrendtowardssmaller
featuresizes.Thecomplexityanalysisshowsthat logic associated
with the issuewindow anddatabypassesarelikely to bekey lim-
itersof clockspeedsincesmallerfeaturesizescausewire delaysto
dominateoveralldelay[20, 3].

Takingsourcesof complexityinto account,weproposeandeval-
uate a new microarchitecture. This microarchitectureis called
dependence-basedbecauseit focuseson groupingdependentin-
structionsratherthanindependentones,asisoftenthecasein super-
scalarimplementations.The dependence-basedmicroarchitecture
simpli®esissuewindowlogic whileexploitingsimilarlevelsof par-
allelismto thatachievedby currentsuperscalarmicroarchitectures
usingmorecomplexlogic.

Therestof thepaperis organizedasfollows. Section2 describes
thesourcesof complexityin a baselinemicroarchitecture.Section
3 describesthe methodologywe useto studythe critical pipeline
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structuresidenti®edin Section2. Section4 presentsadetailedanal-
ysisof eachof thestructuresandshowshowtheirdelaysvarywith
microarchitecturalparametersandtechnologyparameters.Section
5 presentsthe proposeddependence-basedmicroarchitectureand
somepreliminaryperformanceresults. Finally, we draw conclu-
sionsin Section6.

2 Sourcesof Complexity
In thissection,speci®csourcesof pipelinecomplexityareconsid-

ered.Werealizethatit is impossibletocaptureall possiblemicroar-
chitecturesin a singlemodel,however, andanyresultshavesome
obviouslimitations. We canonly hopeto providea fairly straight-
forwardmodelthatis typicalof mostcurrentsuperscalarprocessors,
andsuggestthatanalysessimilarto thoseusedherecanbeextended
to other, moreadvancedtechniquesastheyaredeveloped.
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Figure1: Baselinesuperscalarmodel.

Figure1 showsthe baselinemodelandthe associatedpipeline.
Thefetchunit readsmultiple instructionseverycyclefrom the in-
structioncache,andbranchesencounteredby thefetchunit arepre-
dicted. Next, instructionsaredecodedandtheir registeroperands
arerenamed.Renamedinstructionsaredispatchedto theinstruction
window, wheretheywait for their sourceoperandsandtheappro-
priatefunctionalunit to becomeavailable.As soonasthesecondi-
tionsaresatis®ed,instructionsareissuedandexecutedin thefunc-
tionalunits.Theoperandvaluesof aninstructionareeitherfetched
from theregister®leor arebypassedfrom earlierinstructionsin the
pipeline. The datacacheprovideslow latencyaccessto memory
operands.

2.1 BasicStructures
As mentionedearlier, probablythebestway to identify thepri-

marysourcesof complexityin amicroarchitectureis to actuallyim-
plementthe microarchitecturein a speci®ctechnology. However,
this is extremelytimeconsumingandcostly. Instead,ourapproach
is to selectcertainkey structuresfor study, anddeveloprelatively
simpledelaymodelsthatcanbeappliedin a straightforwardman-
nerwithout relyingon detaileddesign.

Structuresto bestudiedwereselectedusingthefollowing crite-
ria. First,weconsiderstructureswhosedelayis a functionof issue
window sizeand/orissuewidth; thesestructuresarelikely to be-
comecycle-timelimiters in futurewide-issuesuperscalardesigns.
Second,we are interestedin dispatchand issue-relatedstructures
becausethesestructuresform the coreof a microarchitectureand
largely determinetheamountof parallelismthatcanbeexploited.
Third, somestructurestend to rely on broadcastoperationsover
long wiresandhencetheir delaysmight not scaleaswell aslogic-
intensivestructuresin futuretechnologieswith smallerfeaturesizes.

Thestructuresweconsiderare:

� Registerrenamelogic. This logic translateslogical register
designatorsinto physicalregisterdesignators.

� Wakeuplogic. This logic is part of the issuewindow andis
responsiblefor wakingupinstructionswaitingfor theirsource
operandsto becomeavailable.

� Selectionlogic. This logic is anotherpartof theissuewindow
andis responsiblefor selectinginstructionsfor executionfrom
thepoolof readyinstructions.

� Bypasslogic. This logic is responsiblefor bypassingoperand
valuesfrom instructionsthat havecompletedexecution,but
havenot yet written their resultsto theregister®le,to subse-
quentinstructions.

Thereareotherimportantpiecesof pipelinelogic thatarenot con-
sideredin this paper, eventhoughtheir delayis a functionof dis-
patch/issuewidth. In mostcases,their delayhasbeenconsidered
elsewhere.Theseincluderegister®lesandcaches.Farkaset. al. [6]
studyhowtheaccesstimeof theregister®levarieswith thenumber
of registersandthenumberof ports.Theaccesstimeof acacheis a
functionof thesizeof thecacheandtheassociativityof thecache.
Wadaet. al. [18] andWilton andJouppi[21] havedevelopedde-
tailedmodelsthatestimatetheaccesstimeof acachegivenits size
andassociativity.

2.2 Curr ent Implementations
The structuresidenti®edabovewere presentedin the context

of the baselinesuperscalarmodelshownin Figure1. The MIPS
R10000[22] andtheDEC21264[10] arerealimplementationsthat
directly®tthismodel.Hence,thestructuresidenti®edaboveapply
to thesetwo processors.

On the otherhand,the Intel PentiumPro [9], the HP PA-8000
[12], the PowerPC604 [16], and the HAL SPARC64 [8] do not
completely®t the baselinemodel. Theseprocessorsarebasedon
amicroarchitecturewherethereorderbuffer holdsnon-committed,
renamedregistervalues. In contrast,the baselinemicroarchitec-
ture usesthe physical register®le for both committedand non-
committedvalues.Nevertheless,thepointto benotedis thattheba-
sicstructuresidenti®edearlierarepresentin bothtypesof microar-
chitectures.Theonly notabledifferenceis thesizeof thephysical
register®le.

Finally, while thediscussionaboutpotentialsourcesof complex-
ity is in thecontextof anout-of-orderbaselinesuperscalarmodel,
it mustbepointedout thatsomeof thecritical structuresidenti®ed
applyto in-orderprocessors,too. For example,partof theregister
renamelogic (to bediscussedlater)andthebypasslogic arepresent
in in-ordersuperscalarprocessors.

3 Methodology
The key pipelinestructureswerestudiedin two phases.In the

®rstphase,weselectedarepresentativeCMOScircuit for thestruc-
ture. This wasdoneby studyingdesignspublishedin theliterature
(e.g. ISSCC

�

proceedings)andby collaboratingwith engineersat
Digital EquipmentCorporation.In caseswheretherewasmorethan
onepossibledesign,we did a preliminarystudyof the designsto
decidein favorof onethatwasmostpromising.By basingour cir-
cuitson designspublishedby microprocessorvendors,we believe
thestudiedcircuitsaresimilartocircuitsusedin microprocessorde-
signs.In practice,manycircuit trickscouldbeemployedtooptimize
critical paths.However, webelievethattherelativedelaysbetween
differentstructuresshouldbe moreaccuratethanthe absolutede-
lays.

�

InternationalSolid-StateandCircuitsConference.
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In thesecondphaseweimplementedthecircuitandoptimizedthe
circuit for speed.We usedthe Hspicecircuit simulator[14] from
Meta-Softwareto simulatethecircuits. Primarily, staticlogic was
used.However, in situationswheredynamiclogic helpedin boost-
ing theperformancesigni®cantly, we useddynamiclogic. For ex-
ample,in the wakeuplogic, a dynamic7-input NOR gateis used
for comparisonsinsteadof astaticgate.A numberof optimizations
wereappliedto improvethespeedof thecircuits.First,all thetran-
sistorsin thecircuit weremanuallysizedsothatoveralldelayim-
proved. Second,logic optimizationslike two-leveldecomposition
wereappliedto reducefan-inrequirements.Weavoidedusingstatic
gateswith a fan-in greaterthanfour. Third, in somecasestransis-
tor orderingwasmodi®edto shortenthe critical path. Wire para-
siticswereaddedat appropriatenodesin the Hspicemodelof the
circuit. Theseparasiticswerecomputedby calculatingthe length
of thewiresbasedon thelayoutof thecircuit andusingthevalues
of

���������
	

and �

���
���
	

, the resistanceandparasiticcapacitanceof
metalwiresperunit length.

To study the effect of reducingthe featuresize on the delays
of the structures,we simulatedthe circuits for threedifferentfea-
turesizes:
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, and
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respectively. Layoutsfor
the

��� � 	����

and
� � 
 � ���

processwereobtainedby appropriately
shrinkingthe layoutsfor the

��� � ���

process.The Hspicemodels
usedfor thethreetechnologiesaretabulatedin [15].

4 PipelineComplexity
In this section,we analyzethe critical pipelinestructures.The

presentationfor eachstructurebeginswith adescriptionof thelog-
ical function being implemented.Then,possibleimplementation
schemesarediscussed,andoneis chosen.Next,wesummarizeour
analysisof theoveralldelayin termsof themicroarchitecturalpa-
rametersof issuewidth andissuewindow size; a muchmorede-
tailedversionof theanalysisappearsin [15]. Finally, Hspicecircuit
simulationresultsarepresentedandtrendsareidenti®edandcom-
paredwith theearlieranalysis.

4.1 RegisterRenameLogic
Registerrenamelogic translateslogical registerdesignatorsinto

physicalregisterdesignatorsby accessingamaptablewith thelog-
ical registerdesignatorasthe index. Themaptableholdsthecur-
rentlogical to physicalmappingsandis multi-portedbecausemul-
tiple instructions,eachwith multiple registeroperands,needto be
renamedeverycycle. Thehigh level block diagramof therename
logic is shownin Figure2. In additionto themaptable,dependence
checklogic is requiredto detectcaseswherethelogicalregisterbe-
ing renamedis writtenby anearlierinstructionin thecurrentgroup
of instructionsbeingrenamed.Thedependencechecklogic detects
suchdependencesandsetsup theoutputMUXessothattheappro-
priatephysicalregisterdesignatorsareselected.At theendof every
renameoperation,themaptableis updatedto re¯ect thenewlogical
to physicalmappingscreatedfor theresultregisterswritten by the
currentrenamegroup.

4.1.1 Structur e
The mappingandcheckpointingfunctionsof the renamelogic

canbeimplementedin atleasttwoways.Thesetwoschemes,called
theRAM schemeandtheCAM scheme,aredescribednext.

� RAMscheme
In theRAM scheme,implementedin theMIPS R10000[22],
themaptableis aregister®lewherethelogicalregisterdesig-
natordirectlyaccessesanentrythatcontainsthephysicalreg-

.
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Figure2: Registerrenamelogic.

isterto which it is mapped.Thenumberof entriesin themap
tableis equalto thenumberof logical registers.

� CAMscheme
An alternateschemefor register renaming uses a CAM
(content-addressablememory)[19] to storethecurrentmap-
pings.Suchaschemeis implementedin theHAL SPARC [2]
andtheDEC21264[10]. Thenumberof entriesin theCAM is
equalto thenumberof physicalregisters.Eachentrycontains
two ®elds:thelogicalregisterdesignatorthatis mappedto the
physicalregisterrepresentedby theentryandavalid bit thatis
setif thecurrentmappingis valid. Renamingis accomplished
by matchingon thelogical registerdesignator®eld.

In general,theCAM schemeis lessscalablethantheRAM scheme
becausethenumberof CAM entries,which is equalto thenumber
of physicalregisters,tendsto increasewith issuewidth. Also, for
thedesignspaceweareinterestedin, theperformancewasfoundto
becomparable.Consequently, wefocusontheRAM methodbelow.
A moredetaileddiscussionof thetrade-offs involvedcanbefound
in [15].

Thedependencechecklogicproceedsin parallelwith themapta-
bleaccess.Everylogicalregisterdesignatorbeingrenamedis com-
paredagainstthe logical destinationregisterdesignatorsof earlier
instructionsin the currentrenamegroup. If thereis a match,then
thephysicalregisterassignedto theresultof theearlierinstructionis
usedinsteadof theonereadfrom themaptable.In thecaseof mul-
tiple matches,the registercorrespondingto the latest(in dynamic
order)matchis used.Dependencechecklogic for issuewidthsof
2, 4, and8 wasimplemented.Wefoundthatfor theseissuewidths,
thedelayof thedependencechecklogic is lessthanthedelayof the
maptable,andhencethecheckcanbehiddenbehindthemaptable
access.

4.1.2 DelayAnalysis
As thenamesuggests,theRAM schemeoperateslike astandard

RAM. Addressdecodersdrivewordlines;anaccessstackatthead-
dressedcell pullsabitline low. Thebitline changesaresensedby a
senseampli®erwhichin turnproducestheoutput.Symbolicallythe
renamedelaycanbewrittenas,

���
�
���
�����

���������������������
�

� 	"!#�$�%�&��'(!#�)	"!#�$�%�*��+
�
�

+
���
�%,

Theanalysispresentedhereandin following subsectionsfocuses
onthosepartsof thedelaythatarea functionof theissuewidth and
window size. All sourcesof delayareconsideredin detail in [15].
In the renamelogic, thewindow sizeis not a factor, andthe issue
width affectsdelaythroughits impacton wire lengths.Increasing
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the issuewidth increasesthe numberof bitlines andwordlinesin
eachcell thusmakingeachcell bigger. This in turn increasesthe
lengthof thepredecode,wordline,andbitline wiresandtheassoci-
atedwiredelays.Theneteffectis thefollowing relationshipsfor the
delaycomponents:
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�
�
	

�

where�
	 is theissuewidthand
� �

,
�

� , and
� �

areconstantsthatare
®xedfor agiventechnologyandinstructionsetarchitecture;deriva-
tion of theconstantsfor eachcomponentis given in [15]. In each
case,thequadraticcomponent,resultingfrom the intrinsic RC de-
lay of wires, is relativelysmall for thedesignspaceandtechnolo-
gieswe explored.Hence,thedecode,wordline,andbitline delays
areeffectively linearfunctionsof theissuewidth.

For thesenseampli®er, we foundthateventhoughits structural
constitutionis independentof theissuewidth, its delayis afunction
of the slopeof the input ± thebitline delay± andthereforevaries
linearlywith issuewidth.

4.1.3 SpiceResults
ForourHspicesimulations,Figure3 showshowthedelayof the

renamelogic varieswith theissuewidth i.e. thenumberof instruc-
tions beingrenamedeverycycle for the threetechnologies.The
graphincludesthebreakdownof delayinto componentsdiscussed
in theprevioussection.

A numberof observationscanbemadefrom thegraph.Theto-
tal delayincreaseslinearlywith issuewidth for all thetechnologies.
This is in conformancewith ouranalysis,summarizedin theprevi-
oussection. Furthermore,eachof the componentsshowsa linear
increasewith issuewidth. Theincreasein thebitline delayis larger
thanthe increasein thewordlinedelayasissuewidth is increased
becausethebitlinesarelongerthanthewordlinesin ourdesign.The
bitline lengthisproportionalto thenumberof logicalregisters(32in
mostcases)whereasthewordlinelengthisproportionalto thewidth
of thephysicalregisterdesignator(lessthan8 for thedesignspace
weexplored).

Anotherimportantobservationthatcanbemadefromthegraphis
thattherelativeincreasein wordlinedelay, bitline delay, andhence,
totaldelayasafunctionof issuewidth worsensasthefeaturesizeis
reduced.For example,astheissuewidth is increasedfrom 2 to 8,
thepercentageincreasein bitline delayshootsupfrom 37%to 53%
asthefeaturesizeis reducedfrom

� � � ���

to
����
������

. Logic delays
in thevariouscomponentsarereducedin proportionto thefeature
size,while thepresenceof wire delaysin thewordlineandbitline
componentscausethewordlineandbitline componentsto fall at a
slowerrate.In otherwords,wire delaysin thewordlineandbitline
structureswill becomeincreasinglyimportantasfeaturesizesarere-
duced.

4.2 WakeupLogic
Wakeuplogic is responsiblefor updatingsourcedependencesfor

instructionsin theissuewindowwaitingfor theirsourceoperandsto
becomeavailable.

4.2.1 Structur e
Wakeuplogic is illustratedin Figure4. Everytimearesultis pro-

duced,atagassociatedwith theresultis broadcastto all theinstruc-
tions in the issuewindow. Eachinstructionthencomparesthe tag
with thetagsof its sourceoperands.If thereis amatch,theoperand
is markedasavailableby settingtherdyL or rdyR¯ag. Onceall the
operandsof an instructionbecomeavailable(both rdyL andrdyR
areset),theinstructionis readyto execute,andtheready¯ag is set
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Figure3: Renamedelayversusissuewidth.

to indicatethis. Theissuewindow is a CAM arrayholdingonein-
structionperentry. Buffers,shownat thetopof the®gure,areused
todrivetheresulttags�����




to �����

�
	 ,whereI 	 is theissuewidth.
Eachentryof theCAM has �

���
	 comparatorsto compareeach
of theresultstagsagainstthetwo operandtagsof theentry. TheOR
logic ORsthecomparatoroutputsandsetstherdyL/rdyR¯ags.
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Figure4: Wakeuplogic.

4.2.2 DelayAnalysis
The delayconsistsof threecomponents:the time takenby the

buffersto drive thetagbits, thetime takenby thecomparatorsin a
pull-downstackcorrespondingto amismatchingbit positionto pull
thematchlinelow

�

, andthetimetakento ORtheindividualmatch
signals(matchlines).Symbolically,

�����

�
�

�
������� �

�
!�� � �&�����������
� �! ������ �
���! #"%$

Thetimetakento drive thetagsdependson thelengthof thetag
linesandthenumberof comparatorsonthetaglines. Increasingthe
window sizeincreasesboththeseterms.For a givenwindow size,

�

Weassumethatonly onepull-downstackis turnedon sincewe arein-
terestedin theworst-casedelay.
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increasingissuewidth alsoincreasesboth thetermsin thefollow-
ing way. Increasingissuewidth increasesthenumberof matchlines
in eachcell andhenceincreasesthe heightof eachcell. Also, in-
creasingissuewidth increasesthe numberof comparatorsin each
cell. Notethatwe assumethemaximumnumberof tagsproduced
percycleis equalto themaximumissuewidth.

In simpli®edform(see[15] for amoredetailedanalysis),thetime
takento drive thetagsis:
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Theaboveequationshowsthatthetagdrivetimeisaquadraticfunc-
tion of thewindowsize.Theweightingfactorof thequadraticterm
is a functionof theissuewidth. Theweightingfactorbecomessig-
ni®cantfor issuewidthsbeyond2. Foragivenwindowsize,thetag
drive time is alsoa quadraticfunctionof the issuewidth. For cur-
renttechnologies(

��� � 	����

andlonger)thequadraticcomponentis
relativelysmallandthetagdrivetimeis largelya linearfunctionof
issuewidth. However, asthefeaturesizeis reducedto

����
 � ���

, the
quadraticcomponentalsoincreasesin signi®cance.Thequadratic
componentresultsfrom theintrinsicRCdelayof thetaglines.

In reality, both issuewidth and window size will be simulta-
neouslyincreasedbecausea larger window is requiredfor ®nd-
ing moreindependentinstructionsto takeadvantageof wider issue.
Hence,thetagdrive time will becomesigni®cantin futuredesigns
with wider issuewidths,biggerwindows,andsmallerfeaturesizes.

The tag matchtime is primarily a functionof the lengthof the
matchline,which varieslinearly with the issuewidth. The match
ORtimeis thetimetakento ORthematchlines,andthenumberof
matchlinesis a linear functionof issuewidth. Both of these(refer
to [15]) haveadelay:
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However, in bothcasesthequadratictermis very small for thede-
signspaceweconsider, sothesedelaysarelinearfunctionsof issue
width.
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4.2.3 SpiceResults
Thegraphin Figure5 showshow thedelayof thewakeuplogic

varieswith windowsizeandissuewidthfor
����
������

technology. As

expected,thedelayincreasesaswindowsizeandissuewidtharein-
creased.Thequadraticdependenceof thetotaldelayonthewindow
sizeresultsfromthequadraticincreasein tagdrivetimeasdiscussed
in theprevioussection.Thiseffect is clearlyvisible for issuewidth
of 8 andis lesssigni®cantfor issuewidth of 4. We foundsimilar
curvesfor

��� � ���

and
� � �
	����

technologies.Thequadraticdepen-
denceof delayonwindowsizewasmoreprominentin thecurvesfor

� � 
 � ���

technologythanin thecaseof theothertwo technologies.
Also, issuewidth hasagreaterimpacton thedelaythanwindow

sizebecauseincreasingissuewidth increasesall threecomponents
of thedelay. Ontheotherhand,increasingwindowsizeonly length-
ensthetagdrivetimeandtoasmallextentthetagmatchtime. Over-
all, the resultsshowthat thedelayincreasesby almost34%going
from 2-wayto 4-wayandby 46%going from 4-wayto 8-wayfor
a window sizeof 64 instructions.In reality, the increasein delay
is goingto beevenworsebecausein orderto sustaina wider issue
width, a largerwindowis requiredto ®ndindependentinstructions.

Figure6 showstheeffect of reducingfeaturesizeson the vari-
ouscomponentsof the wakeupdelayfor an 8-way, 64-entrywin-
dow processor. Thetagdrive andtagmatchdelaysdo not scaleas
well asthematchORdelay. Thisis expectedsincetagdriveandtag
matchdelaysincludewire delayswhereasthematchORdelayonly
consistsof logic delays.Quantitatively, thefractionof thetotalde-
laycontributedbytagdriveandtagmatchdelayincreasesfrom52%
to 65%asthefeaturesizeis reducedfrom

��� � ���

to
����
������

. This
showsthattheperformanceof thebroadcastoperationwill become
morecrucialin futuretechnologies.
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4.3 SelectionLogic
Selectionlogic is responsiblefor choosinginstructionsfor execu-

tion from thepoolof readyinstructionsin theissuewindow. Some
form of selectionlogic is requiredbecausethenumberandtypesof
readyinstructionsmayexceedthenumberandtypesof functional
unitsavailableto executethem.

Inputsto theselectionlogic arerequest(REQ)signals,oneper
instructionin theissuewindow. Therequestsignalof aninstruction
is raisedwhenthewakeuplogic determinesthatall its operandsare
available.Theoutputsof theselectionlogicaregrant(GRANT)sig-
nals,oneperrequestsignal. On receiptof theGRANT signal,the
associatedinstructionis issuedto thefunctionalunit.

A selectionpolicy is usedto decidewhich of therequestingin-
structionsis granted.An exampleselectionpolicy is oldest®rst-
thereadyinstructionthatoccursearliestin programorderis granted
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thefunctionalunit. Butler andPatt[5] studiedvariouspoliciesfor
schedulingreadyinstructionsandfoundthatoverallperformanceis
largely independentof theselectionpolicy. TheHP PA-8000uses
a selectionpolicy thatis basedon thelocationof theinstructionin
thewindow. Weassumethesameselectionpolicy in our study.
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Figure7: Selectionlogic.

4.3.1 Structur e
Thebasicstructureof selectionlogic isshownin Figure7. Modi-

®cationsto thisschemefor handlingmultiplefunctionalunitsof the
sametypearediscussedin [15]. Selectionlogic consistsof atreeof
arbitersthatworksin two phases.In the®rstphase,requestsignals
arepropagatedupthetree.Eachcell raisesthe �

�

���

���

signalif any
of its input requestsignalsis high. This in turn raisestheinput re-
questsignalof its parentarbitercell. At the root cell oneor more
of theinput requestsignalswill behigh if thereareoneor morein-
structionsthatareready. Theroot cell grantsthefunctionalunit to
oneof its childrenby raisingoneof its grantoutputs.This initiates
thesecondphasewherethegrantsignalis propagateddownthetree
to theinstructionthatisselected.Theenablesignalto therootcell is
highwheneverthefunctionalunit is readyto executeaninstruction.

Theselectionpolicy implementedis staticandbasedstrictly on
locationof theinstructionin theissuewindow. Theleftmostentries
in thewindowhavethehighestpriority. Theoldest®rstpolicy can
beimplementedusingthisschemeby compactingtheissuewindow
to theleft everytimeinstructionsareissuedandby insertingnewin-
structionsattheright end.However, it is possiblethatthecomplex-
ity of compactioncould degradeperformance.In this case,some
restrictedform of compactingcanbeused± sothatoverallperfor-
manceis not affected.We did not analyzethecomplexityof com-
pactingin thisstudy.

4.3.2 DelayAnalysis
Thedelayof theselectionlogic is thetimeit takestogeneratethe

grantsignalaftertherequestsignalhasbeenraised.Thisis equalto
thesumof threeterms:thetimetakenfor therequestsignaltoprop-
agateto theroot of thetree,thedelayof theroot cell, andthetime
takenfor thegrantsignalto propagatefrom theroot to theselected
instruction.Hence,theselectiondelaydependson theheightof the
arbitrationtreeandcanbewritten as(see[15] for a moredetailed
analysis):

�
+

�
	"�����)! ���
� �

���
�

�
�

���

�




�

	 ����� ����	 �

where
���

and
�

� areconstantsdeterminedby thepropagationdelays
of asinglearbiter. Wefoundtheoptimalnumberof arbiterinputsto
befour in our case,sothe logarithmis base4. Theselectionlogic
in theMIPS R10000,describedin [17], is alsobasedon four-input
arbitercells.

4.3.3 SpiceResults
Figure8 showsthedelayof theselectionlogic for variouswin-

dow sizesandfor the threefeaturesizesassuminga singlefunc-
tional unit is beingscheduled.The delayis brokendown into the
threecomponents.Fromthegraphwe canseethatfor all thethree
technologies,thedelayincreaseslogarithmicallywith windowsize.
Also, theincreasein delayis lessthan100%whenthewindowsize
is increasedfrom 16 instructionsto 32 instructions(or from 64 in-
structionsto 128 instructions)sinceoneof the componentsof the
total delay, thedelayat theroot cell, is independentof thewindow
size.
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Figure8: Selectiondelayversuswindowsize.

Thevariouscomponentsof thetotal delayscalewell asthefea-
turesizeis reduced.This is not surprisingsinceall thedelaysare
logic delays. It mustbe pointedout that we do not considerthe
wires in the circuit, so the selectiondelayspresentedhereareop-
timistic, especiallyif therequestsignals(theready¯ags discussed
in thewakeuplogic) originatefrom theCAM entriesin which the
instructionsreside.On theotherhand,it mightbepossibleto mini-
mizetheeffectof thesewire delaysif thereadysignalsarestoredin
asmaller, morecompactarray.

4.4 Data BypassLogic
Databypasslogicis responsiblefor forwardingresultvaluesfrom

completinginstructionsto dependentinstructions,bypassingthe
register®le.Thenumberof bypasspathsrequiredis determinedby
thedepthof thepipelineandthe issuewidth of themicroarchitec-
ture.As pointedout in [1], if �
	 is theissuewidth,andif thereare

� pipestagesafter the®rstresult-producingstage,thena fully by-
passeddesignwouldrequire

�

�

� �
	

�

� � � bypasspathsassuming
2-inputfunctionalunits. In otherwords,thenumberof bypasspaths
growsquadraticallywith issuewidth. Thisis of critical importance,
giventhecurrenttrendstowarddeeperpipelinesandwider issue.

Bypasslogic consistsof two components:datapathandcontrol.
Thedatapathcomprisesresultbusses,thatareusedto broadcastby-
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passvaluesfrom eachfunctionalunit sourceto all possibledes-
tinations. Buffers are usedto drive the bypassvalueson the re-
sult busses.In additionto theresultbusses,thedatapathcomprises
operandMUXes. OperandMUXesarerequiredtogatein theappro-
priateresultonto theoperandbusses.Thecontrollogic is responsi-
ble for controllingtheoperandMUXes. It comparesthetagsof the
resultvalueswith thetagof sourcevaluerequiredateachfunctional
unit. If thereis a match,theMUX control is setso that the result
valueis drivenon theappropriateoperandbus.Thekey factorthat
determinesthe speedof the bypasslogic is the delayof the result
wiresthatareusedto transmitbypassedvalues,not thecontrol.

4.4.1 Structur e

A commonlyusedstructurefor bypasslogic isshownin Figure9.
The ®gureshowsa bit-sliceof the datapath.Therearefour func-
tional unitsmarkedFU0 to FU3. Considerthebit sliceof FU0. It
getsits two operandbits from theopd0-landopd0-rwires.There-
sult bit is drivenon the res0resultwire by the resultdriver. Tris-
tatebuffersareusedto drive theresultbitson to theoperandwires
from theresultwiresof the functionalunits. Thesebuffers imple-
menttheMUXesshownin the®gure.To bypasstheresultof func-
tional unit FU1 to theleft input of functionalunit FU0, thetristate
drivermarkedA isswitchedon. ThedriverA connectstheres1wire
andtheopd0-lwire. In thecasewherebypassesarenot activated,
operandbitsareplacedontheoperandwiresby theregister®leread
ports

�

. Theresultbits arewritten to theregister®lein additionto
beingbypassed.
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Figure9: Bypasslogic.

4.4.2 DelayAnalysis

Thedelayof thebypasslogic is largelydeterminedby theamount
of time it takesfor the driver at the outputof eachfunctionalunit
to drive the resultvalueon thecorrespondingresultwire. This in
turn dependson thelengthof theresultwires. Fromthe®gureit is
apparentthatthelengthof thewiresis a functionof thelayout.For
the layoutpresentedin the ®gure,the lengthof the resultwires is
determinedby theheightof thefunctionalunitsandtheregister®le.

�

In a reservation-stationbasedmicroarchitecture,theoperandbitscome
from thedata®eldof thereservationstationentry.

Issue Wire Delay
width length(

�

) (ps)

4 20500 184.9
8 49000 1056.4

Table1: Bypassdelaysfor a4-wayanda8-wayprocessor.

ConsideringtheresultwiresasdistributedRClines,thedelayis
givenby

��'�� , � +
+
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��� 	
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� ���
���
	

�

�

���
���
	

���

�

where � is the lengthof the resultwires,and
� ���
� �
	

and �

���
� �
	

aretheresistanceandparasiticcapacitanceof metalwiresperunit
lengthrespectively.

Increasingissuewidth increasesthe lengthof the resultwires,
andhencecausesthebypassdelayto growquadraticallywith issue
width. Increasingthedepthof thepipelinealsoincreasesthedelay
of the bypasslogic in the following manner. Making the pipeline
deeperincreasesthe fan-in of theoperandMUXes connectedto a
givenresultwire. This in turn increasestheamountof capacitance
on theresultwires,andhenceaddsto thedelayof theresultwires.
However, thiscomponentof thedelayis notcapturedby oursimple
model. This componentof thedelayis likely to becomerelatively
lesssigni®cantasfeaturesizeis reduced.

4.4.3 SpiceResults

Wecomputedthewire delaysfor hypothetical4-wayand8-way
machinesassumingcommonmixesof functionalunits and func-
tional unit heightsreportedin the literature.Table1 showsthere-
sults.Wire lengthsareshownin termsof

�

, where
�

is half thefea-
turesize. Thedelaysarethesamefor thethreetechnologiessince
wire delaysareconstantaccordingto the scalingmodelassumed.
See[15] for thedetaileddataandanalysis.

4.4.4 Alternative Layouts

Theresultspresentedaboveassumeaparticularlayout;thefunc-
tional unitsareplacedon eithersideof theregister®le. However,
asmentionedbefore,the lengthof theresultwires is a functionof
thelayout.Hence,VLSI designerswill havetostudyalternativelay-
outsin orderto reducebypassdelays.Alternativelayoutsalonewill
only decreaseconstants;thequadraticdelaygrowthwith numberof
bypasseswill remain.

In thelong term,microarchitectswill haveto considerclustered
organizationswhereeachclusterof functionalunitshasitsowncopy
of theregister®leandbypasseswithin a clustercompletein a sin-
glecyclewhile inter-clusterbypassestaketwo or morecycles.The
hardwareor the compiler or both will haveto ensurethat inter-
clusterbypassesoccurinfrequently. In additiontomitigatingthede-
lay of thebypasslogic, this organizationalsohastheadvantageof
fasterregister®lessincetherearefewerportsoneachregister®le.

4.5 Summary of Delaysand Pipeline Issues
We now summarizethe pipelinedelayresultsandconsiderthe

implicationsfor futurecomplexity-effectivemicroarchitectures.It
is easiestto framethis discussionin termsof satisfyingthegoalof
permittingaveryfastpipelineclockwhile,atthesametime,exploit-
ing highILP throughrelativelywide,out-of-ordersuperscalaroper-
ation.
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Issue Window Rename Wakeup+Select Bypass
width size delay(ps) delay(ps) delay(ps)

0.8
�

m technology
4 32 1577.9 2903.7 184.9
8 64 1710.5 3369.4 1056.4

0.35
�

m technology
4 32 627.2 1248.4 184.9
8 64 726.6 1484.8 1056.4

0.18
�

m technology
4 32 351.0 578.0 184.9
8 64 427.9 724.0 1056.4

Table2: Overalldelayresults.

To aid in thisdiscussion,considertheoverallresultsfor a4-way
anda8-waymicroarchitecturein

� ��
�� ���

technologyshownin Ta-
ble 2. We chosethe

����
������

technologybecauseof our interestin
future generationmicroarchitectures.For the 4-way machine,the
windowlogic (wakeup+ select)hasthegreatestdelayamongall the
structuresconsidered,andhencedeterminesthecritical pathdelay.
Theregisterrenamedelaycomesnext; it is about39%fasterthan
thedelayof thewindowlogic. Thebypassdelayis relativelysmall
in thiscase.Theresultsaresimilarfor the8-waymachine,with one
verynotableexception:thebypassdelaygrowsby a factorof over
5, andis nowworsethanthe(wakeup+ select)delay.

Now, let's turn to the problemof designinga futuregeneration
microarchitecturewith a fasterclock cycle. Of the structureswe
haveexaminedhere,the window logic andthe bypassesseemto
posethelargestproblems.Moreover, bothof thesecausedif®culties
if we wish to divide theminto morepipelinesegments;thesedif®-
cultieswill bediscussedin thefollowing paragraphs.All theother
structureseitherwill notcauseaclockcycleproblem,or if theydo,
theycanbepipelined.Thepipeliningaspectsof thesestructuresis
discussedin [15]. This additionalpipeliningcancausesomeper-
formanceimpact,althoughit is beyondthe scopeof this paperto
evaluatetheexactimpact.

. . .

. . .

. . .

. . .

. . .

. . .

WAKEUP SELECT EXEC

SELECT EXEC

SELECT EXEC

add r10, r1, r2

sub r1, r10, 2

bubbleWAKEUP

WAKEUP

Figure10: Pipeliningwakeupandselect.

Wakeupand selecttogetherconstitutewhat appearsto be an
atomicoperation.Thatis, if theyaredividedinto multiplepipeline
stages,dependentinstructionscannotissuein consecutivecycles.
Considerthepipelineexampleshownin Figure10. Theadd andthe
sub instructionscannotbeexecutedback-to-backbecausethe re-
sultof theselectstagehasto feedthewakeupstage.Hence,wakeup
andselecttogetherconstituteanatomicoperationandmustbeac-
complishedin asinglecycle,atleastif dependentinstructionsareto
beexecutedon consecutivecycles.

Data bypassingis anotherexampleof what appearsto be an
atomicoperation.In orderfor dependentoperationsto executein
consecutivecycles,thebypassvaluemustbemadeavailableto the
dependentinstructionwithin acycle.Resultspresentedin tableTa-
ble 2 showthatthis is feasiblefor a 4-waymachine.However, by-
passdelaycaneasilybecomeabottleneckfor wider issue-widths.

Onesolutionis to includeonly a propersubsetof bypasspaths

[1], andtakea penaltyfor thosethatarenot present.For an8-way
machinewith deeppipelines,thiswouldexcludea largenumberof
bypasspaths.Anothersolutionis to generalizethemethodusedin
theDEC21264[10] andusemultiplecopiesof theregister®le.This
is theªclusterº methodreferredto in Section4.4.

In the following sectionwe tackleboth the window logic and
bypassproblemsby proposinga microarchitecturethat simpli®es
windowlogic andwhichnaturallysupportsclusteringof functional
units.

5 A Complexity-Effective Micr oarchitecture
Fromtheanalysispresentedin theprevioussectionswe seethat

the issuewindow logic is oneof theprimarycontributorsof com-
plexity in typical out-of-ordermicroarchitectures.Also, asarchi-
tectsemploywider issue-widthsanddeeperpipelines,thedelayof
thebypasslogicbecomesevenmorecritical. In thissection,wepro-
posea dependence-basedmicroarchitecturethat replacesthe issue
windowwith asimplerstructurethatfacilitatesa fasterclockwhile
exploitingsimilar levelsof parallelism. In addition,the proposed
microarchitecturenaturallylendsitself to clusteringandhelpsmiti-
gatethebypassproblemto a largeextent.

. . . .

. . . .

. .
 . 
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Figure11: Dependence-basedmicroarchitecture.

Theideabehindthedependence-basedmicroarchitectureis toex-
ploit the naturaldependencesamonginstructions. A key point is
that dependentinstructionscannotexecutein parallel. In the pro-
posedmicroarchitecture,shownin Figure11, the issuewindow is
replacedby asmallnumberof FIFObuffers. TheFIFObuffersare
constrainedto issuein-order, anddependentinstructionsaresteered
to thesameFIFO.This ensuresthat the instructionsin a particular
FIFO buffer canonly executesequentially. Hence,unlike the typ-
ical issuewindow whereresulttagshaveto bebroadcastto all the
entries,the registeravailability only needsto be fannedout to the
headsof theFIFObuffers.TheinstructionsattheFIFOheadsmon-
itor reservationbits(oneperphysicalregister)to checkfor operand
availability. Thisis discussedin detaillater. Furthermore,theselec-
tion logic only hasto monitorinstructionsat theheadsof theFIFO
buffers.

The steeringof dependentinstructionsto the FIFO buffers is
performedat run-timeduring the renamestage. Dependencein-
formationbetweeninstructionsis maintainedin a tablecalledthe
SRCFIFO table. This tableis indexedusinglogical registerdes-
ignators.SRCFIFO(Ra) , theentry for logical registerRa, con-
tains the identity of the FIFO buffer that containsthe instruction
thatwill write registerRa. If thatinstructionhasalreadycompleted
i.e. registerRa containsits computedvalue,thenSRCFIFO(Ra)
is invalid. This table is similar to the map table usedfor reg-
ister renamingand can be accessedin parallel with the rename
table. In order to steeran instruction to a particularFIFO, the
SRCFIFO table is accessedwith the register identi®ersof the
sourceoperandsof aninstruction.Forexample,for steeringthein-
structionadd r10,r5,1 wherer10 is the destinationregister,
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the SRCFIFO tableis indexedwith 5. The entry is thenusedto
steertheinstructionto theappropriateFIFO.

5.1 Instruction SteeringHeuristics
A numberof heuristicsarepossiblefor steeringinstructionsto

theFIFOs. A simpleheuristicthatwe foundto work well for our
benchmarkprogramsis describednext.

Let I betheinstructionunderconsideration.Dependinguponthe
availabilityof I 'soperands,thefollowing casesarepossible:

� All theoperandsof I havealreadybeencomputedandarere-
siding in the register®le. In this case,I is steeredto a new
(empty) FIFOacquiredfrom apoolof freeFIFOs.

� I requiresasingleoutstandingoperandto beproducedby in-
structionIsource residingin FIFOFa. In thiscase,if there
is no instructionbehindIsource in Fa thenI is steeredto
Fa, elseI is steeredto anewFIFO.

� I requirestwo outstandingoperandsto be producedby in-
structionsIleft andIright residingin FIFOsFa andFb
respectively. In this case,apply theheuristicin theprevious
bullet to theleft operand.If theresultingFIFOis not suitable
(it is eitherfull or thereis aninstructionbehindthesourcein-
struction),thenapplythesameheuristicto theright operand.

If all theFIFOsarefull or if noemptyFIFOis availablethenthe
decoder/steeringlogic stalls. A FIFO is returnedto the free pool
whenthelast instructionin theFIFO is issued.Initially, all theFI-
FOsarein thefreepool. Figure12illustratestheheuristiconacode
segmentfrom oneof theSPECbenchmarks.
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Figure12: Instructionsteeringexample.

This ®gureshowshow instructionsaresteeredto FIFOsusingtheheuristic
presentedin Section5.1 for a samplecodesegment.Instructionscanissue
only fromtheheadsof thefourFIFOs.Thesteeringlogicsteersfour instruc-
tionseverycycleandamaximumof four instructionscanissueeverycycle.

5.2 PerformanceResults
Wecomparetheperformanceof thedependence-basedmicroar-

chitectureagainstthatof a typical microarchitecturewith an issue
window. The proposedmicroarchitecturehas8 FIFOs,with each
FIFO having8-entries.Theissuewindowof theconventionalpro-
cessorhas64entries.Bothmicroarchitecturescandecode,rename,
andexecuteamaximumof 8 instructionspercycle.Thetimingsim-
ulator, amodi®edversionof SimpleScalar[4], isdetailedin Table3.

Fetchwidth any8 instructions
I-cache Perfectinstructioncache
BranchPredictor McFarling's gshare[13]

4K 2-bit counters,12bit history
unconditionalcontrolinstructions
predictedperfectly

Issuewindowsize 64
Max. in-¯ight 128
instructions
Retirewidth 16
FunctionalUnits 8 symmetricalunits
FunctionalUnit Latency 1 cycle
IssueMechanism out-of-orderissueof up to 8 ops/cycle

loadsmayexecutewhenall prior
storeaddressesareknown

PhysicalRegisters 120int/120fp
D-cache 32KB, 2-waySA

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

Table3: Baselinesimulationmodel.

An aggressiveinstructionfetchmechanismis usedto stresstheis-
sueandexecutionsubsystems.Weransevenbenchmarksfrom the
SPEC'95suite,usingtheir traininginputdatasets.Eachbenchmark
wasrun for amaximumof 0.5Binstructions.
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Figure13: Performance(IPC)of dependence-basedmicroarchitec-
ture.

Theperformanceresults(in termsof instructionscommittedper
cycle)areshownin Figure13. Thedependence-basedmicroarchi-
tectureisnearlyaseffective(extractssimilarparallelism)asthetyp-
ical window-basedmicroarchitecture.Thecyclecountnumbersare
within 5%for ®veof thesevenbenchmarksandthemaximumper-
formancedegradationis 8%in thecaseof li .

5.3 Complexity Analysis
First, considerthe delay of the wakeupand selectionlogic.

Wakeuplogic is requiredtodetectcross-FIFOdependences.Forex-
ample,if theinstructionIa at theheadof FIFOFa is dependenton
aninstructionIb waitingin FIFOFb, thenIa cannotissueuntil Ib
completes.However, thewakeuplogic in thiscasedoesnotinvolve
broadcastingtheresulttagsto all thewaiting instructions.Instead,
only theinstructionsat theFIFO headshaveto determinewhenall
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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 reservationtablein
����
 � ���

technology.

theiroperandsareavailable.This is accomplishedby interrogating
atablecalledthereservationtable. Thereservationtablecontainsa
singlebit perphysicalregisterthatindicateswhethertheregisteris
waitingfor its data.Whenaninstructionis dispatched,thereserva-
tion bit correspondingto its resultregisteris set.Thebit is cleared
whentheinstructionexecutesandtheresultvalueis produced.An
instructionat the FIFO headwaitsuntil the reservationbits corre-
spondingto itsoperandsarecleared.Hence,thedelayof thewakeup
logic is determinedby thedelayof accessingthereservationtable.
Thereservationtableis relativelysmallin sizecomparedto there-
nametableandtheregister®le.Forexample,for a 4-waymachine
with 80physicalregisters,thereservationtablecanbelaid out asa
10-entrytablewith eachentrystoring8 bits




. Table4 showsthe
delayof the reservationtablefor 4-wayand8-waymachines.For
bothcases,thewakeupdelayismuchsmallerthanthewakeupdelay
for a4-way, 32-entryissuewindow-basedmicroarchitecture.Also,
thisdelayis smallerthanthecorrespondingregisterrenamingdelay.
Theselectionlogic in theproposedmicroarchitectureis simplebe-
causeonly theinstructionsat theFIFOheadsneedto beconsidered
for selection.

Instructionsteeringis donein parallelwith registerrenaming.
BecausetheSRCFIFO tableis smallerthantherenametable,we
expectthedelayof steeringto belessthantherenamedelay. In case
amorecomplexsteeringheuristicis used,theextradelaycaneasily
bemovedinto thewakeup/selectstage,or a newpipestagecanbe
introduced± at thecostof anincreasein branchmispredictpenalty.

In summary, thecomplexityanalysispresentedaboveshowsthat
by reducingthedelayof thewindow logic signi®cantly, it is likely
that thedependence-basedmicroarchitecturecanbeclockedfaster
thanthe typical microarchitecture.In fact, from the overall delay
resultsshownin Table2, if the window logic (wakeup+ select)
is reducedsubstantially, registerrenamelogic becomesthecritical
stagefor a4-waymicroarchitecture.Consequently, thedependence-
basedmicroarchitecturecanimprovetheclockperiodbyasmuchas
(anadmittedlyoptimistic)39%in 0.18

���

technology. Of course,
this mayrequirethatotherstagesnot studiedherebemoredeeply
pipelined.Combiningthepotentialfor amuchfasterclockwith the
resultsin Figure13indicatesthatthedependence-basedmicroarchi-
tectureiscapableof superiorperformancerelativetoatypicalsuper-
scalarmicroarchitecture.

5.4 Clustering the Dependence-basedMicr oarchi-
tecture

Therealadvantageof theproposedmicroarchitectureisfor build-
ing machineswith issuewidthsgreaterthanfour where,asshown
by Table2, thedelayof boththelargewindowandthelongbypass
bussescanbesigni®cantandcanconsiderablyslowtheclock. Clus-
teredmicroarchitecturesbasedon the dependence-basedmicroar-
chitectureareideally suitedfor suchsituationsbecausethey sim-
plify boththewindow logic andthebypasslogic. Wedescribeone
suchmicroarchitecturefor buildingan8-waymachinenext.




A columnMUX is usedto selecttheappropriatebit from eachentry.
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Figure14: Clusteringthedependence-basedmicroarchitecture:8-
waymachineorganizedastwo 4-wayclusters(2 X 4-way).

Considerthe2x4-wayclusteredsystemshownin Figure14. Two
clustersareused,eachof which containsfour FIFOs,onecopyof
theregister®le,andfour functionalunits.Renamedinstructionsare
steeredtoaFIFOin oneof thetwoclusters.Localbypasseswithin a
cluster(shownusingthick lines)areresponsiblefor bypassingresult
valuesproducedin theclusterto theinputsof thefunctionalunitsin
the samecluster. As shownby the delayresultsin Table2, local
bypassingcanbeaccomplishedin a singlecycle. Inter-clusterby-
passesareresponsiblefor bypassingvaluesbetweenfunctionalunits
residingin differentclusters.Becauseinter-clusterbypassesrequire
long wires,it is likely that thesebypasseswill berelativelyslower
andtaketwo or morecyclesin futuretechnologies.Thetwo copies
of the register®leareidentical,exceptfor the oneor morecycles
differencein propagatingresultsfrom oneclusterto another.

This clustered,dependence-basedmicroarchitecturehasa num-
berof advantages.First,wakeupandselectionlogic aresimpli®ed
asnotedpreviously. Second,becauseof theheuristicfor assigning
dependentinstructionsto FIFOs,andhenceindirectly to clusters,
localbypassesareusedmuchmorefrequentlythaninter-clusterby-
passes,reducingoverallbypassdelays.Third,usingmultiplecopies
of theregister®lereducesthenumberof portsontheregister®leand
will maketheaccesstimeof theregister®lefaster.

5.5 Performance of Clustered Dependence-based
Micr oarchitecture

The graphin Figure15 comparesperformance,in termsof in-
structionscommittedpercycle(IPC),for the2x4-waydependence-
basedmicroarchitectureagainstthat of a conventional8-way mi-
croarchitecturewith a single 64-entry issue window. For the
dependence-basedsystem,instructionsaresteeredusingtheheuris-
tic describedin Section5.1 with a slight modi®cation.Insteadof
usinga singlefree list of emptyFIFOs,we maintaintwo free lists
of emptyFIFOs,onepercluster. A requestfor a freeFIFO is sat-
is®edif possiblefrom thecurrentfreelist. If thecurrentfreelist is
empty, thenthesecondfreelist is interrogatedfor a newFIFO and
the secondfree list is madecurrent. This schemeensuresthat in-
structionsadjacentin thedynamicstreamareassignedto thesame
clusterto minimize inter-clustercommunication.Local bypasses
takeonecyclewhile inter-clusterbypassestake2 cycles. Also, in
the conventional8-waysystem,all bypassesareassumedto com-
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pletein a singlecycle. Fromthegraphwe canseethat for mostof
thebenchmarks,thedependence-basedmicroarchitectureis nearly
aseffectiveasthewindow-basedmicroarchitectureeventhoughthe
dependence-basedmicroarchitectureis handicappedby slow inter-
clusterbypassesthattake2 cycles.However, for two of thebench-
marks,m88ksimandcompress, theperformancedegradationisclose
to 12% and 9% respectively. We found that this degradationis
mainlydueto extralatencyintroducedby theslowinter-clusterby-
passes.
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Figure15: Performanceof clustereddependence-basedmicroarchi-
tecture.

Becausethedependence-basedmicroarchitecturewill facilitatea
fasterclock,a fair performancecomparisonmusttakeclock speed
into account.Thelocal bypassstructurewithin a clusteris equiva-
lent to aconventional4-waysuperscalarmachine,andinter-cluster
bypassesareremovedfromthecriticalpathby takinganextraclock
cycle. Consequently, theclock speedof thedependence-basedmi-
croarchitectureis at leastasfastastheclock speedof a 4-way, 32-
entry window-basedmicroarchitecture,andis likely to be signi®-
cantlyfasterbecauseof thesmaller(wakeup+ selection)delaycom-
paredto a conventionalissuewindow asdiscussedin Section5.3.
Hence,if �
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In other words, the dependence-basedmicroarchitectureis 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 pipestagesthat may have to be more
deeplypipelined),we can estimatethe potentialspeedupwith a
dependence-basedmicroarchitecture.The performanceimprove-
mentsvaryfrom10%to22%with anaverageimprovementof 16%.

5.6 Other ClusteredMicr oarchitectures
The microarchitecturepresentedin the previoussectionis one

point in the designspaceof clusteredsuperscalarmicroarchitec-
tures.Thedependence-basedmicroarchitecturesimpli®esboththe
window logic andnaturally reducesthe performancedegradation
dueto slow inter-clusterbypasspaths. In orderto furtherexplore
thespace,westudiedtheperformanceof someotherinterestingde-

signs.In eachcasetherearetwo clusterswith inter-clusterbypasses
takinganextracycleto complete.
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Figure16: Clusteredmicroarchitectures.

5.6.1 SingleWindow, Execution-Driven Steering

In thedependence-basedmicroarchitecturedescribedabove,in-
structionsarepre-assignedtoaclusterwhentheyaredispatched;we
referto thisasdispatch-driveninstructionsteering.In contrast,Fig-
ure16(a)illustratesamicroarchitecturewhereinstructionsresidein
a centralwindow while waiting for their operandsandfunctional
unitsto becomeavailable.Instructionsareassignedto theclusters
atthetimetheybeginexecution;thisis execution-driveninstruction
steering.

With thismethod,clusterassignmentworksasfollows. Thereg-
ister valuesin the clustersbecomeavailableat slightly different
times;thatis, theresultregistervalueproducedby aclusteris avail-
ablein thatclusteronecycleearlierthanin theothercluster. Conse-
quently, aninstructionwaitingfor thevaluemaybeenabledfor exe-
cutiononecycleearlierin oneclusterthanin theother. Theselection
logicmonitorstheinstructionsin thewindowandattemptstoassign
themto theclusterwhichprovidestheir sourcevalues®rst(assum-
ing thereis a free functionalunit in the cluster). Instructionsthat
havetheir sourceoperandsavailablein bothclustersare®rstcon-
sideredfor assignmentto cluster0. Staticinstructionorderis used
to breaktiesin thiscase.

Theexecution-drivenapproachusesagreedypolicy to minimize
theuseof slow inter-clusterbypasseswhile maintainingahighuti-
lization of the functionalunits. It doesso by postponingthe as-
signmentof instructionsto clustersuntil executiontime. While this
greedyapproachmaygainsomeIPC advantages,this organization
suffers from thepreviouslydiscusseddrawbacksof a centralwin-
dowandcomplexselectionlogic.

5.6.2 Two Windows,Dispatch-Driven Steering

This microarchitecture,shownin Figure 16(b), is identical to
thedependence-basedclusteredmicroarchitectureexceptthateach
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clusterhasacompletelȳ exible windowinsteadof FIFOs.Instruc-
tionsaresteeredto thewindowsusingaheuristicthattakesbothde-
pendencesbetweeninstructionsandtherelativeloadof theclusters
intoaccount.Wetriedanumberof heuristicsandfoundasimpleex-
tensionof theFIFOheuristicpresentedin Section5.1to work best.
In our schemethewindow is modeledasif it is a collectionof FI-
FOswith instructionscapableof issuingfrom anyslot within each
individualFIFO.In thisparticularcase,wetreateach32-entrywin-
dowaseightFIFOswith fourslotseach.NotethattheseFIFOsarea
conceptualdeviceusedonly by theassignmentheuristic± in reality,
instructionsissuefrom thewindowwith completē exibility .

Kemp and Franklin [11] studiedan organizationcalled PEWs
(ParallelExecutionWindows)for simplifying the logic associated
with a centralwindow. PEWssimpli®eswindow logic by splitting
thecentralinstructionwindowamongmultiplewindowsmuchlike
theclusteredmicroarchitecturedescribedabove.Registervaluesare
communicatedbetweenclusters(calledpews)via hardwarequeues
andaring interconnectionnetwork.In contrast,weassumeabroad-
castmechanismfor the samepurpose.Instructionsaresteeredto
thepewsbasedon instructiondependenceswith agoalto minimize
inter-pewcommunication.However, for theirexperimentstheyas-
sumethateachof thepewshasasmanyfunctionalunitsasthecen-
tral window organization.This assumptionimpliesthat thereduc-
tion in complexityachievedis limited sincethewakeupandselec-
tion logic of thewindowsin theindividualpewsstill havethesame
portingrequirementsasthecentralwindow.

5.6.3 Two Windows,RandomSteering
This microarchitecture,using the structurepresentedin Fig-

ure16(b), is a basisfor comparisons.Instructionsaresteeredran-
domly to oneof theclusters.If thewindowfor theselectedcluster
is full, thenthe instructionis insertedinto the other(free)cluster.
Thisdesignpointwasevaluatedin orderto determinethedegreeto
whichclusteredmicroarchitecturesarecapableof toleratingtheex-
tralatencyintroducedby slowinter-clusterbypassesandtheimpor-
tanceof dependence-awarescheduling.Eachwindowhas32entries
in thiscase.

5.6.4 Performanceof ClusteredMicr oarchitectures
Thetopgraphin Figure17showstheperformanceof variousmi-

croarchitecturesin termsof instructionscommittedpercycle(IPC).
Theleftmostbar in eachgroupshowstheperformanceof theideal
microarchitecture:a single64-entrywindow with singlecycleby-
passbetweenall functionalunits. A numberof observationscan
be madefrom the ®gure.First, randomsteeringconsistentlyper-
formsworsethantheotherschemes.Theperformancedegradation
with respectto the ideal casevariesfrom 17% in the caseof vor-
tex to 26% in the caseof m88ksim. Hence,it is essentialfor the
steeringlogic to considerdependenceswhenrouting instructions.
Second,themicroarchitecturewith acentralwindowandexecution-
drivensteeringperformsnearlyaswell asthe idealmicroarchitec-
ture with a maximumdegradationof 6% in the caseof m88ksim.
However, asdiscussedearlierin Section5.6.1,this microarchitec-
ture requiresa centralizedwindow with complexselectionlogic.
Third, both the dependence-basedmicroarchitectureandthe ¯ex-
ible window microarchitectureusingdispatch-drivensteeringper-
form competitivelyin comparisonto theidealmicroarchitecture.

The bottom graphin Figure 17 showsthe frequencyof inter-
clustercommunicationfor eachorganization. We measureinter-
clustercommunicationin termsof thefractionof total instructions
that exerciseinter-clusterbypasses.This doesnot includecases
whereaninstructionreadsits operandsfrom theregister®lein the

clusteri.e. casesin whichtheoperandsarrivedfromtheremoteclus-
ter in advance.As expected,we seethatthereis a high correlation
betweenthe frequencyof inter-clustercommunicationandperfor-
mance- organizationsthatexhibit higherinter-clustercommunica-
tion commitfewerinstructionspercycle.Theinter-clustercommu-
nicationis particularlyhighin thecaseof randomsteering,reaching
ashighas35%in thecaseof m88ksim.
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Figure17: Performanceof clusteredmicroarchitectures.

Overall,theaboveresultsshowthatclusteredmicroarchitectures
using distributedwindows coupledwith dispatch-drivensteering
candeliverperformancesimilar, in termsof instructionscommitted
percycle,to thatof anidealmicroarchitecturewith a largewindow
anduniformsinglecyclebypassesbetweenall functionalunits.

6 Conclusions
We studiedthevariationof delaysof key structuresin a generic

superscalarprocessorwith two importantmicroarchitecturalparam-
eters:issuewidth andissuewindowsize.Wealsoanalyzedtheim-
pactof advancedtechnologieswith smallerfeaturesizeson thede-
lay of thesestructures.Our resultsshowthat the logic associated
with theissuewindowandthedatabypasslogicaregoingtobecome
increasinglycritical as future designsemploywider issuewidths,
biggerwindows,andsmallerfeaturesizes. Furthermore,both of
thesestructuresrely on broadcastingvalueson long wires,andin
futuretechnologieswire delayswill increasinglydominatetotalde-
lay.

This is not to say that the delayof otherstructures,for exam-
ple register®lesandcaches,will not causeproblems. However,
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thesestructurescanbepipelinedto someextent. In contrast,win-
dow logic anddatabypasslogic implementatomicoperationsthat
cannotbe pipelinedwhile allowing dependentinstructionsto exe-
cutein successivecycles.Thischaracteristicmakesthedelayof the
windowlogic andthedatabypasslogic evenmorecrucial.

Hence,asarchitectsbuild machineswith wider issuewidthsand
largerwindowsizesin advancedtechnologies,it is essentialto con-
sidermicroarchitecturesthatarecomplexity-effectivei.e. microar-
chitecturesthatfacilitateafastclockwhile exploitingsimilar levels
of ILP asanideallarge-windowmachine.

In the secondhalf of the paper, we proposedone such mi-
croarchitecturecalledthedependence-basedmicroarchitecture.The
dependence-basedmicroarchitecturedetectschainsof dependentin-
structionsandsteersthechainsto FIFOswhich areconstrainedto
executein-order. Sinceonly theinstructionsattheFIFOheadshave
tobemonitoredfor execution,thedependence-basedmicroarchitec-
turesimpli®eswindow logic. Furthermore,thedependence-based
microarchitecturenaturallylendsitself toclusteringbygroupingde-
pendentinstructionstogether. This groupingof dependentinstruc-
tionshelpsmitigatethebypassproblemto a largeextentby using
fastlocalbypassesmorefrequentlythanslowinter-clusterbypasses.
Wecomparedtheperformanceof a2x4-waydependence-basedmi-
croarchitecturewith a typical 8-waysuperscalar. Our resultsshow
two things. First, the proposedmicroarchitecturehasIPC perfor-
mancecloseto thatof a typical microarchitecture(averagedegra-
dationin IPCperformanceis 6.3%).Second,whentakingtheclock
speedadvantageof thedependence-basedmicroarchitectureintoac-
countthe8-waydependence-basedmicroarchitectureis 16%faster
thanthetypicalwindow-basedmicroarchitectureonaverage.
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