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1 Intr oduction

Today'ssuperscalarprocessorsrenameregisters,bypassregisters,checkpointstatesothatthey canrecoverfrom spec-
ulativeexecution,checkfor dependencies,allocateexecutionunits,andaccessmulti-portedregister�les. Thecircuits
employedarecomplex andirregular, requiringmucheffort andingenuityto implementwell. Furthermore,thedelays
throughmany of thecircuitsgrow quadraticallywith issuewidth (themaximumnumberof simultaneouslyfetchedor
issuedinstructions)andwindow size(themaximumnumberof instructionswithin theprocessorcore),makingfuture
scalingof today'sdesignsproblematic[11, 4, 5]. With billion transistorchipson thehorizon,1 this scalabilitybarrier
appearsto beoneof themostseriousobstaclesfor high-performanceuniprocessorsin thenext decade.Surprisingly,
it is possibleto extractthesameinstruction-level parallelism(ILP) with a regularcircuit structurethathasonly loga-
rithmic gatedelayandlinearwire delay(speed-of-lightdelay)or evensublinearwire delay, dependingon how much
memorybandwidthis requiredfor theprocessor. This paperdescribesa new processormicroarchitecture,calledthe
Ultrascalarprocessor, basedonsuchacircuit structure.

Thegoalof this paperis to illustratethatprocessorscanscalewell with issuewidth andwindow size. We have
designedanew microarchitectureandlayedoutits datapath.Wehaveanalyzedtheasymptoticgrowth andempirically
computedits areaandcritical-pathdelaysfor differentwindow sizes.We have not optimizedthe Ultrascalararchi-
tectureto becompetitive with today's designs.Althoughwe outlinedesignchoicesthatcouldmake theUltrascalar
competitive, anoptimizedprocessordesignis outsidethescopeof this paper. This paperalsodoesnot evaluatethe
bene�ts of larger issuewidthsandwindow sizes.Somework hasbeendoneshowing the advantagesof high-issue-
width andhigh-window-sizeprocessors.LamandWilsonsuggestthatILP of tento twentyis availablewith anin�nite
instructionwindow andgoodbranchprediction[7] . Patel,EversandPatt demonstratesigni�cant parallelismfor a
16-widemachinegivena goodtracecache [13]. Patt et al arguethata window sizeof 1000's is thebestway to use
large chips[14]. The amountof parallelismavailablein a thousand-wideinstructionwindow with realisticbranch
prediction,for example,is not well understoodhowever. Theultimatevalueof theUltrascalarmicroarchitecturewill
dependoncarefulengineeringfor speci�c window sizeandon theavailableparallelismin programs.

Micr oprocessorPerformance

The standardmodel for modelingthe performanceof a microprocessor[6] saysthat the time to run a programis
�������

CPI
�	�

where



�

is thenumberof instructionsneededto run theprogram,

 CPI is thenumberof clockperiodsperinstruction,and



�

is thelengthof aclockperiodin seconds,i.e. thecycle time.

1TexasInstrumentsannouncedrecentlya0.07micronprocesswith plansto produceprocessorchipsin volumeproductionin 2001[19].
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The valueof
�

is determinedby the critical-pathlengththroughany pipelinestage,that is the longestpropagation
delaythroughany circuit measuredin seconds.Propagationdelayconsistsof delaysthroughbothgatesandwires,or
alternatelyof delaysthroughtransistorsdriving ��� networks. We arenot changing

�

or directly changingCPI, but
ratherweaimto reducetheclockcycleby redesigningtheprocessorto usecircuitswith reducedcritical-pathlength.

An alternateway to avoid slowing down theclock is by breakingdown theprocessorinto morepipelinestages.
Increasingthenumberof pipelinestagesoffersdiminishingreturns,however, aspipelineregistersbegin to take up a
greaterfractionof everyclockcycleandasmoreclockcylesareneededto resolvedataandcontrolhazards.In contrast,
shorteningthecritical pathdelayof theslowestpipelinestagetranslatesdirectly into improvedprogramspeedasthe
clockperioddecreasesandtheothertwo parametersremainunchanged.

Thecritical-pathdelaysof many of today'sprocessorcircuitsdo not scalewell. For example,Palacharla,Jouppi,
andSmith[11] �nd thatmany of thecircuitsin today'ssuperscalarshaveasymptoticcomplexity �������
	��
��� , where

� is the issuewidth and � is the window sizeof the processor. For today's processors,optimizedfor � equalto
four, and � in the rangeof ��� to ��� , the delaysappearto be practically linear, however, althoughthe quadratic
termsappearto becomeimportantfor slightly larger valuesof � and � .2 Increasingissuewidths and increasing
window sizesarethreateningto explodethecycle time of theprocessor. In contrast,all of theUltrascalarprocessor
circuitsgrow muchmoreslowly with gatedelaysof ���������
��	�� �!�"�#� andwire delaysof ���%$ �&	'$ �#� for memory
bandwidthcomparableto today's processors.Due to the constantsinvolved, the Ultrascalarmay not be asfastas
today's quadratic-timesuperscalarsfor today's valuesof � and � . We believe thatwith someengineeringeffort the
crossover point whereUltrascalarbecomesfastermaybe aslow as �

�)(

and �

�

��� , however. The asymptotic
advantageof theUltrascalarovertoday'scircuitstranslatesto perhapsanorder-of-magnitudeor moreadvantagewhen

� is on theorderof severalhundredsor thousands,adesignpointadvocatedby [14].
The Ultrascalarprocessorbreaksthe scalabilitybarrierby completelyrestructuringthe microarchitectureof the

processor. TheUltascalarturnstheprocessor's datapathinto a logarithmicdepthnetwork thatef�ciently passesdata
from producerinstructionsto consumerinstructionswithin thereorderingwindow. Thenetwork eliminatestheneed
for separaterenaminglogic, wake-uplogic, bypasslogic, andmulti-portedregister�les.

Therestof thispaperis organizedasfollows. Section2 explainsthemechanismswithin theUltrascalarprocessor
coreandanalyzesthecircuits' performancein termsof gatedelays.Section3 brie�y exploresthespaceof memory
subsystemsthat canbe attachedto the Ultrascalarprocessorcore. Section4 analyzesthe performanceof the Ul-
trascalarcircuitry in moredetail, taking into accountthe layout to producewire delayandareabounds.Section5
presentsempiricaldelayandareadataderivedfrom our layoutsandsuggestswaysto improvetheconstants.Section6
concludesby comparingthe Ultrascalarto otherwork exploiting large ILP anddiscussingotherapplicationsof the
Ultrascalarcircuits.

2 The Ultrascalar Core

This sectiondescribesthecoreof theUltrascalarprocessor. TheUltrascalarprocessorcoreperformsthesamefunc-
tionsasa typical superscalarprocessorcore. It renamesregisters,analysesregisterandmemorydatadependencies,
executesinstructionsout of order, forwardsresults,ef�ciently revertsfrom mispredictions,andcommitsandretires
instructions.TheUltrascalarprocessorcoreis muchmoreregularandhaslower asymptoticcritical-pathlengththan
todayssuperscalars,however. In fact,all thescalingcircuitswithin theprocessorcoreareinstancesof a singlealgo-
rithm, parallelpre�x, implementedin VLSI. Becauseof thecore'ssimplicity, it is easilyapparenthow thenumberof
gateswithin a critical pathgrowswith theissuewidth andwindow size.

The core doesnot include the memoryandbranchpredictionsubsystems.Insteadthe core presentsthe same
interfaceto the instructionfetch unit andthe datacacheastoday's superscalarprocessorcores. Predictedinstruc-
tion sequencesenterthecore,anddataloadandstorerequestsareinitiatedby thecore. We brie�y discusspossible
memorysubsystemsin Section3, but the Ultrascalarcorewill bene�t from the any advancesin effective instruc-
tion fetchrateandin datamemorybandwidththatcanbeappliedto traditionalsuperscalarprocessors.In particular,
sincetheUltrascalarprocessorcoreperformsthesamefunctionsasthecoreof today's superscalars,it achievesthe
sameCPIperformanceasexistingsuperscalarswhenattachedto atraditional4-instruction-widefetchunit usingtradi-
tionalbranchpredictiontechniquesanda traditionalcacheorganization.As effective fetchratesanddatabandwidths

2Notethatfor today's processorswith large * thewindow is typically beenbrokenin half with a pipelinedelaybeingpaidelsewhere.An HP
processorsets *,+�-/. [5]. TheDEC 21264sets *0+'132 [4]. Thosesystemsemploy two windows, eachhalf size,to reducethecritical-path
lengthof thecircuits.Communicatingbetweenthetwo halvestypically requiresanextra clockcycle.
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Figure 1: A linear-time datapathfor the Ultrascalarprocessor. This simpli�ed network shows executionstations
connectedby a pipelinedring network: thesignalslabeled��� at theright areconnectedto thecorrespondingsignals
on theleft.

increase,theUltrascalarcorecanscalegracefully, raisingtheCPIwithoutexplodingthecycle time.

A Datapath with Linear GateDelays

Oneway to think of the Ultrascalarprocessoris that it usesa circuit-switchednetwork to compileat runtime the
data�ow graphfor a dynamicsequenceof unrenamedinstructions.Thecircuit switchednetwork connectsproducer
instructionswith consumerinstructions.Thestructureandthelayoutof this network arethekey to theUltrascalar's
scalableperformance.

Beforewe introducethe Ultrascalar, let us brie�y considera simplerdatapathin which the network connecting
producerinstructionsto consumerinstructionsconsistsof a simplering. We will refer to this datapathasthe linear-
timedatapath.Figure1 illustrates.Thering network routesthevaluesof

�

logicalregisters3 throughapipelinedseries
of executionstations.Eachexecutionstationholdsandeventuallyexecutesoneinstructionfrom a dynamicsequence
of instructions.Executinganinstructionmaytakeonly oneclockcycle(e.g.,for integeraddition)or many clockcycles
(e.g.,for division.) The numberof executionstationscorrespondsto the numberof outstandinginstructionswithin
theprocessormuchlike theinstructionwindow in today'ssuperscalars.As in today'ssuperscalars,thefetchwidth is
independentof thenumberof outstandinginstructions.Newly fetchedinstructionssimply re�ll executionstationsin
a wrap-aroundfashion,startingwith theoldestinstruction.In the�gure, theoldestinstructionin thecurrentsequence
residesin ExecutionStation1, the youngestin ExecutionStation0. Note that the pipeline registersof Execution
Station1 hold thecommittedstateof the register�le. Throughoutthe datapath,eachregistervaluehasa readybit.
Thereadybit is associatedwith thewirescarryingtheregistervalueandindicateswhetherthevaluehasalreadybeen
computed.As instructionscomplete,they retirefrom thedatapathandnew instructionsenterthedatapath.Eventually,
theoutputwiresof ExecutionStation0 hold thenew stateof theregister�le, with all of their readybitssetto high.

Considertheperformanceof thelinear-timedatapathexamplein Figure1. Thecompletesequenceof instructions
currentlyin thedatapath(with thecorrespondingexecutionstationshown to theright) is:

Instruction ExecutionStation
���

�

�

�

�

� � (1)
�!�

�

�#" 	'�$� (2)
���

�

�#% 	'�

�

(3)

3Thevalueof & is determinedby theinstructionsetarchitecture.For example,for many RISCarchitectures&�+('�) .
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Supposethatdivision takes24clocksandadditiontakesone.

 OnClock0, weassumethatall theregistersbecomevalid atStation1. Station1 beginsexecuting.

 OnClock1, all theregistersexceptfor � � becomevalid atStation2. Station2 waitsfor � � .

 OnClock2, all theregistersexceptfor � � and � � becomevalid atStation3. Station3 executesandproducesa

new valueof � � .

 On Clock 3, all the registersexceptfor � � becomevalid at Station0. Station0 executesandproducesa new

valueof � " .

 OnClock23,Station1 �nishes executing.

 OnClock24,Station2 executes.

 OnClock26,all theregistersbecomevalid atStation0.

Notethattheinstructionsexecutedout of order. Thelasttwo instructionscompletedlong beforethe�rst two. More-
over, the datapathautomaticallyrenamedregisters. The last two instructionsdid not have to wait for the divide to
completeandwrite � � .

Our linear-timedatapathbearssimilaritiesto thecounter�ow pipeline[18]. Likecounter�ow, thelinear-timedata-
pathautomaticallyrenamesregistersandforwardsresults. Counter�ow providesa mechanismfor deeppipelining,
ratherthanlargeissuewidth, however. Thecounter�ow pipelineis systolic,with instructions�o wing thoughsucces-
sive stagesof thedatapath.Sinceinstructionsseriallyenterthepipelinein the�rst pipelinestage,theCPI is limited
by therateat which instructionscanenterthepipeline. It is not clearhow counter�ow couldbemodi�ed to increase
its issuewidth. In contrast,in our linear-timedatapath,all executionstationscanre�ll with new instructionssimulta-
neously. (We will discusshow to implementsimultaneousre�ll in Section3.) Thus,whereasour lineardatapathhas
no correspondinglimit on CPI (andis limited by theclock period),thecounter�ow canpushtheclock perioddown
but is limited to oneCPI.

Anotherdifferencebetweenour lineardatapathandcounter�ow is thatcounter�ow useslessareato routedata.It
only passesresultsandargumentsdown its pipeline,not theentireregister�le. In Section5 we will discussa similar
modi�cation to reducethenumberof wiresusedin theUltrascalar.

Oneweaknesssharedby counter�ow aswell asour linear-timedatapathis thespeedof routing. In a synchronous
implementationour linear-time datapath,if a produceranda consumerof a registervalueareseparatedby � instruc-
tions in the dynamicinstructionsequence,it takes � clocks to serially route the value throughall � intermediate
executionstations.For example,it took 3 clocksto route �

�

from Station1 to Station0. (In a counter�ow pipeline,
it typically would take �

���

clocksto performthis operation.)This lineardelaycanbe intolerablyhigh comparedto
today'ssuperscalarsthatforwardvalueswithin oneclockcycle.

The Ultrascalar Datapath with Logarithmic GateDelays

The Ultrascalardatapathreplacesthe linear-time ring network of Figure1 with a fasterlogarithmic-depthnetwork
performingthesamefunction. Figure2 illustratestheUltrascalardatapath.The logarithmic-depthnetwork formsa
bidirectionaltreethatroutesthevaluesof all

�

logical registersamongtheexecutionstations.Theexecutionstations
arethesameasfor thelinear-timedatapath,exceptthatthey produceanadditionalone-bit“modi�ed” outputfor each
logicalregister. This“modi�ed” bit will beexplainedshortly. Asbefore,instructionsareassignedto executionstations
in a wrap-aroundsequence.

Sincetheroutingof eachof the
�

registersis independent,it is ofteneasierto considera singleslice,responsible
for theroutingof oneregister, of thenetwork. Thusthenetwork in Figure2 canbebrokeninto

�

network slicessuch
asthe onein Figure3. To make the examplemoreinteresting,we have increasedthe numberof executionstations
in Figure3 to eight. Eachslice routesthe valuesof oneregister, say ��� , amongthe eight executionstations.The
slicehandseachexecutionstationthevalueof �

� andits readybit. Theexecutionstationhandsbackto theslicea
potentiallynew valueof �

� , its readybit, andanadditional“modi�ed” bit telling theslicewhetherthestationmodi�es
�

� . Theadditionalmodi�ed bit tells thenetwork how to routeregistervaluesef�ciently . For example,if Execution
Station5 holdsthe oldestinstructionandExecutionStation1 modi�es �

� thenthe valuesof �
� will be routedas

indicatedin Figure3. Thevalueof �
� heldby Station5 appearsat the inputsof Stations6, 7, 0, and1. Thevalue

of ��� producedby Station1 appearsat the inputsof Stations2–5. NoticethatStation5 which is holdingtheoldest
instructionalsosetits modi�ed bit to 1, telling thenetwork thatit hasin effectmodi�ed �

� .
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Figure2: A high-level view of thelogarithmic-depthnetwork connectingall theexecutionstationsof theUltrascalar.
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Figure3: Onesliceof the logarithmic-depthnetwork. Oneslicepropagatesthe valueof oneregister, say � � , from
producerinstructionsto consumerinstructions.

Figure4ashowsthecircuit within eachswitchsliceof Figure3. Thethick linescarry33bits (32for registervalue
and1 to indicatethattheregisteris ready.) Thethin linescarrythe“modi�ed” bit upthetree.Notethatthecritical path
throughthrougheachsliceof thenetwork consistsof �

�

��� �

�

�

� multiplexers,where � is thenumberof execution
stations.

Thenetwork sliceof Figure3 mayappearfamiliar to somebecausethesliceis aninstanceof animportantparallel
algorithm—namely, segmentedparallelpre�x. In general,a segmentedparallelpre�x circuit computesfor eachnode
of thetreetheaccumulative resultof applyinganassociative operatorto all theprecedingnodesup to andincluding
thenearestnodewhosesegmentbit is high. Theassociativepre�x operator4 in thiscaseis �����

�

� . Figure4bshows
thegeneralizedcircuit within eachnodeof a segmentedparallelpre�x circuit. Thefunction � canbeany associative
operator. In addition,wehaveturnedthesegmentedparallelpre�x (spp)into acyclic, segmentedparallelpre�x (cspp)
circuit by tying togetherthedatalinesat thetop of thetreeanddiscardingthetopsegmentbit. In a cyclic, segmented
parallelpre�x circuit theprecedingnodeswraparounduntil anodeis foundwhosesegmentbit is high.

TheUltrascalardatapathshown in Figure3 routesall availableregistervaluesto all instructionsin ��������� � � gate
delays,at theendof eachclock cycle. Speci�cally, it takes �

�

� � �

�

�

� multiplexer delaysto routea registervalue
all theway up anddown thepre�x tree,where � is thenumberof executionstations.For example,if thenumberof
outstandinginstructionsis 32, comparableto today's superscalars,thanit takesat most9 multiplexer delaysto route
data.Someof this delaycanbemaskedfurthersincetheselectlinesto themultiplexersareavailableearlierthanthe

4See[2] for adiscussionof parallelpre�x trees,includingthede�nition of theassociative operator.
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Figure4: (a)Thecircuitry insideeachswitchslice.(b) Thecicuitry insideeachnodeof any segmentedparallelpre�x
tree. � canbeany associativeoperation.

values.

Memory Operations

For simplicity, wehaveavoidedshowingany memoryoperations(loadsor stores)in theexampleof Figure1. Although
wewill presentamoreoptimizeddatamemorysubsystemin Section3, it is importantto pointout thattheUltrascalar
datapathcanusethesamememorysubsystemasany superscalarprocessor. Fromtheviewpoint of thememory, the
executionsstationsareindistinguishablefrom a traditionalinstructionwindow.

An executionstationcannotreador write the datacacheuntil its memorydependencieshave beenmet. For
example,if thereareseveral load instructionsbetweentwo storeinstructions,thenthe loadscanrun in parallel. But
theloadsmustoftenwait for at leastsomepreviousstoreoperationsto completeto gettheright data.5 We�rst present
thedesignfor a conservative strategy, which is to wait for all previousstoreinstructionsto complete,thenwe show
how to relax this constraintto exploit moreparallelism. For the conservative design,we follow the our exposition
of thedatapath:we �rst show a linear-delaydesignfor theserializingdesign,andthenconvert thedesignto parallel
pre�x with log-delay.

Figure5 showsalinear-timecircuit thatcomputeswhenall previousstoreshavecompleted.Eachexecutionstation
providesa signalOwhich indicatesthat thestationis theoldestun�nishedinstructionanda signalT which is trueif
thestation's instructionis not a store,or if it is a completedstore(i.e., it is not anuncompletedstore).Eachstation
receivesasignalP indicatingthatall previouswriteshavecompleted.Notethatatall timestheremustbeanexecution
stationproviding O

�

�

, to breakthecycle in thepriority chain.
Figure6 shows a log-delaycircuit thatcomputeswhenall previousstoreshave completed.Again,we areusinga

cyclic segmentedparallel-pre�xcircuit. Theassociativepre�x operatorin thiscaseis � � �

�

�

�

� .
Now that we have shown how to serializememoryoperationswithout payingvery muchfor computingwhen

theserializationconstrainthasbeensatisi�ed. Herewe show how to avoid serializingon thecompletionof memory
operations. We observe that in order for a memoryoperationto execute,it is enoughto know that no previous
incompletestoreis usingthesameaddress.Thus,assoonasall previousstorememoryaddresseshave resolved,we

5Notethat if we speculateon thedatathenthe loadsneednot necessarilywait for theprevious stores.Below, we discussbranchspeculation,
whichhassimilar issuesto dataspeculation.
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Figure5: A linear-time circuit thatcomputeswhenall previousstoreshave beencompleted.Eachexecutionstation
providesa two outputsandoneinput. OutputO(“oldest”) indicatesthattheexecutionstationis theoldestun�nished
instruction.OutputT (“this write done”)indicatesthatthis instructionis notanuncompletedstore.InputP (“previous
done”)indicatesthatall previouswriteshavecompleted.

OP T OP T OP T OP T OP T OP T OP T OP T

Figure6: A log-timecircuit thatcomputesthesamefunctionasthecircuit of Figure5.

candeterminewhethera particularwrite may proceed.To do this we let the memorynetwork tell eachexecution
stationwhenits memoryoperationmayproceed.

For thenetwork tocomputethememorydependencies,eachexecutionstationprovidesanaddressandanindication
of whetherits instructionis a load,a store,or neither. (If theexecutionstationdoesnot yet know, thenit shouldbe
treatedas a store.) The network then informs every executionstationwhenall previous storesthat usethe same
memoryaddressarecomplete.Thisworksby sendingthememoryaddressesup thenetwork. Thememoryaddresses
arekeptsortedasthey go up thenetwork. At eachswitch,thetwo sortedsublistsaremergedtogetherto a big sorted
sublist.If thereareany duplicates,thentheright child is informedof theduplicate(thusinhibiting theright child from
running)usingapaththatis establishedduringthemerging. Theduplicatesareremoved.If aswitchhigherin thetree
noticesa con�ict, andif therewereduplicateusersof thataddress,thenbothmustbenoti�ed of thecon�ict.

Control Flow

A traditionalfetchunit canbeusedto feedinstructionsto theUltrascalardatapath.Thefetchunit hasawrite port into
every executionstationandwritesseriallypredictedinstructionblocksinto successive executionstations.The fetch
unit stopswriting whenit reachestheoldestexecutionstation.

Which executionstationis the oldestcanchangeon every clock cycle, as instructions�nish. We cancompute
whichexecutionsstationis theoldest,againusingtheparallel-pre�xcircuit of Figure6: In this instanceof thecircuit,
theObit is theold “oldest” bit (just asfor thestorecompletiontree),theT bit indicatesthatthis particularexecution
stationhascompletedits processing,andtheP bit indicatesthatall previousexecutionstationshave completed.An

7



executionstationknows it is theoldestin thenext cycle, if it hasnot �nished its own instructionandits incomingP
bit is true.

It is verysimpleto implementspeculativeexecutionin theUltrascalardatapath.Whenanexecutionstationdiscov-
ersthatits branchinstructionhasmispredicted,it noti�es thefetchunit. Thefetchunit startssendingto thatunit again,
alongtheright programpath.Sinceeachexecutionstationholdstheentireregisterstateof thecomputation,nothing
needsto bedoneto roll backthecomputationexceptcauselaterexecutionsstationsexecutethecorrectinstructions.
Speculationcanalsobeperformedon memoryoperations(speculatingthata laterloaddoesnot dependon anearlier
store)or datavaluesusingsimilarmechanisms.

The Ultrascalardatapathdescribedso far exploits exactly the sameinstruction-level parallelparallelismasone
of today's superscalarprocessors.The Ultrascalardatapathimplementsrenaming,registerforwarding,speculation,
anddependency checkingwithout requiringmultiportedregister�les or othercircuitswith superlinearcritical-path
length.Surprising,parallel-pre�x treescanperformall thework doneby traditionalsuperscalarcircuits,with only a
logarithmicnumberof gatedelays.Thus,thedatapathscales,providing at leastasmuchILP astoday's superscalar
processors.

3 Scalingthe Memory System

Theprevioussectiondescribeda processorcorethatscaleswell with increasingnumbersof outstandinginstructions.
In order to exploit ILP, the memorybandwidthtoo mustscale,however. In particular, the processormustbe able
to issuemoreloadsandstoresperclock cycle (i.e. sustaina higherdatabandwidth)andthe fetchunit mustsupply
moreinstructionsalonga correctlypredictedprogrampathperclock cycle (i.e. sustaina highereffective instruction
bandwidth.) Fortunately, much active researchis going on in theseareasand the Ultrascalarcanbene�t from its
results.In this section,we review someof therecentwork on improving memorybandwidthandsuggestadditional
promisingapproaches.

Of the two bandwidths,databandwidthis perhapslesstroublesome.To accomodatemoreloadsandstoresper
clockcyclewithoutscalingup thenumberof datacachereadandwrite ports,wecanresortto thewell known mecha-
nismof interleaving. This is themechanismthatwearecurrentlyimplementingin our layout.Thememorysubsystem
consistsof anon-chiplevel-onecacheandanon-chipbutter�y network connectingthecacheto theexecutionstations.
Much like themainmemoryin traditionalsupercomputers[16], thecacheis interleavedamonganumberof banks.In
this example,thenumberof cachebanksis thesameasthenumberof executionstations.The � th cachebankholds
every � th cacheline.6 Thecachebanksareconnectedto theexecutionstationsvia a butter�y network andto off-chip
memorydirectly. Thebutter�y network allows � loadandstorerequeststo proceedin parallelif they form a rotation
or othercon�ict-free routing.For example,a vectorfetchloopwill run withoutany con�icts if theaddressincrement
equalsthecacheblock size.But in general,multiplememoryaccessesmaycompetefor thesamebank,or they may
suffer from contentionin thebutter�y, thusloweringthememorybandwidth,We believe thatthesameprogramming,
compiler, andhardwaretechniquesusedto alleviate bankcon�icts in an interleavedmainmemorywill apply to an
interleaveddatacache.

Another promisingapproachto increasingdatamemorybandwidthis to duplicatethe datacache. We could
allocatea copy of the cacheto differentsubtreesof the Ultrascalardatapathor, in the extreme,to every execution
station.Duplicatecachesintroducetheproblemof maintainingcoherencebetweenthecaches.It is possiblethatthese
problemscanberesolvedin thefutureusingvariantsof scalableSMPcache-coherenceprotocols.

Increasingtheeffective fetchbandwidthposesperhapsa greaterproblem. To fetchat a rateof muchmorethan
onebasicblock, the fetch unit mustcorrectlypredictandsupply instructionsfrom several non-consecutive blocks
in memory. The mechanismsfound in the literaturefall into two categories. They eitherprecomputea seriesof
predictionsandfetch from multiple blocksor they dynamicallyprecomputeinstructiontraces.In the �rst category,
branchaddresscaches[22] produceseveral basicblock addresses,which are fetchedthrougha highly interleaved
cache.In thesecondcategory, tracecaches[15] allow parallelexecutionof codeacrossseveralpredictedbranchesby
storingtheinstructionsacrossseveralbranchesin onecacheline.

6To illustrate,let usassumethat thenumberof banksandexecutionstationsis sixteen,that thecacheis directmappedwith block sizeof one
wordandtotalsizeof 1MB, andthattheinstructionsetarchitectureuses32-bitbyteaddresses.A memoryaccessto addressA will thenberoutedto
bankA[5–2]. BankA[5–2] will lookupentryA[19–6] andcompareits tagagainstaddressbitsA[31-20]. Shouldthecomparisonfail, thelevel-one
cachewill accessoff-chip memory.
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We proposea parallelizedtracecachefor theUltrascalarprocessor. Theon-chipparallelizedtracecacheis inter-
leavedwordby wordacrosscachebanksandconnectedto theexecutionstationby abutter�y network just likethedata
cache's.7 The � th cachebankholdsthe � th wordof everytrace.An instructionwithin atraceis accessedby specifying
thePCof the�rst instructionin thetrace,theoffsetwithin thetrace,andsomerecentbranchhistoryinformation.

The executionstationsstartfetchingfrom a new tracewhenever the old traceendsor a branchwithin the trace
mispredicts.Sinceeachexecutionstationfetchesits own instructionfrom thetracecache,it mustknow thestarting
PCof thetraceandits instruction'soffsetwithin thattrace.To propagatethestartingPCof thetrace,we usea cyclic
segmentedparallel-pre�x circuit with associative operator� � �

�

� . To computetheoffset into thetrace,we usea
cyclic segmentedparallel-pre�xcircuit with associativeoperator� � �

�

�
	 � . Theadditioninsidetheparallel-pre�x
nodesis performedby carry-saveaddersin orderto keepthetotalgatedelaydown to ����� �!� � � . Theexecutionstations
holdingtheoldestinstructionor thebeginningaddressof a traceraisetheir segmentbits andsupplytheir traceoffset.
All otherexecutionstationssupplytheconstant1.

In additionto its traceaddress,anexecutionstationmayalsoneedto know thePCof its instruction.This is the
casewhenanexecutionstationdetectsa mispredictedbranchandmustgeneratetheinitial PCof a new trace.We can
storethePCof every instructionwithin a traceandhandthePCto theexecutionstationtogetherwith theinstruction.
Alternately, we cancomputethePCof every executionstation's instructionusinganotherparallelpre�x tree,just as
wedid for thetraceoffset.Theonly differenceis theinputto thetree.An executionstationexecutingarelativebranch
thatis predictedtakenwill sendin theoffsetandafalsesegmentbit. An executionstationexecutinganabsolutebranch
will sendin thetargetaddress,onceknown,anda truesegmentbit.

Tracescanbewritten into theinstructioncacheby thememoryor theexecutionstations.If the instructioncache
misses,thenthe tracemustbe createdseriallyby fetchinga predictedpathfrom an instructioncache,muchlike in
today'ssuperscalars.Theexecutionstationscanalsogeneratetraces,however. Every timea tracefails to run to com-
pletion,a new traceis written into theinstructioncachestartingwith themispredictedbranch.Eachexecutionstation
writesits instructioninto thetrace,onceits instructioncommits.ThestartingPCof thenew traceandtheinstruction's
offsetwithin thetracearecomputedby yetanotherpre�x tree.Thisprovidesasmallamountof parallelismfor creating
traceentriesin thecache.

Thetracecachesin theliterature,aswell asours,suffer from severalproblems.Both branchaddresscachesand
tracecachesre�ll serially. We do not know how quickly our paralleltracecachere�lls in practice.Anotherconcern
is theamountof redundantdatastoredin thecache.Tracecachescankeepexponentiallymany copiesof particular
instructionsin theworstcase.We havedesigned,andplanto describeelsewhere,a “pointer-jumpingtracecache”that
canquickly computea tracewhile storingeachinstructiononly a logarithmicnumberof timesin theworstcase.

4 Layout

We have so far concentratedon gatedelaysto understandthe performanceof the Ultrascalar. To accuratelymodel
critical-pathdelaywemustnotonly considerthenumberof traversedgates,but alsothelengthof traversedwires.The
overall chip areais anotherimportantcomplexity measureaswell. Thecritical-pathdelayandtheareadependon a
particularlayout. In this sectionwe show theUltrascalarprocessor's layoutusingH-treelayoutsfor thedatapathand
for a fat-treenetwork thataccessesaninterleavedmemorysystem.Wecomputetheareaandthelengthsof thelongest
wiresfrom thatlayout.

To lay out the Ultrascalar, we observe that all of the Ultrascalarinterconnectionsconsistentirely of cyclic seg-
mentedparallelpre�xesconnectingtogetherthe executionstations,plus fat-treenetworksconnectingthe execution
stationsto memory. Both parallel-pre�x circuitsandfat-treenetworkscanbelayedout usinganH-treelayout. Fig-
ure7 shows the�oorplan of anUltrascalarprocessorconsistingof sixteenexecutionstationsconnectedto interleaved
on-chipcachesvia fully-f attenedfat-trees(whichareisomorphicto butter�y networks.)Thenodesof thepre�x trees
aremarkedwith DP. Thestagesof thebutter�y aremarkedwith MP (with thenodesof thebutter�y insidetheMP
box.) Whereasthe numberof wiresbetweenany two DP nodesis constant,the numberof nodesbetweentwo MP
stagesdoublesateachlevel of thetree.Thelayoutis calledanH-treelayoutbecauseit consistsof recursiveH-shaped
structures.Note that the four quadrantsof the layout formsthe tips of the letter “H”, with theswitchesforming the
intersectionsof thehorizontalandverticallinesof the“H” andtheinternodeconnectionsformingthelinesof the“H”.
Recursively, thefour quadrantsform anotherH-tree.8

7In fact,wecanusethesamenetwork andmemorymodulesasweusedearlier.
8See[21, Section3.1] for anintroductionto layoutof H-trees.See[9] for thelayoutof butter�ies andfat-trees.
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Figure7: The�oor planfor theVLSI layoutof theUltrascalarmicroprocessorwith memorybandwidthlinearin the
window size,andaasimpleserializingmemorydependency checker. Thisversionprovides ��� ��� memorybandwidth
throughtheMP modules.

Todemonstratethescalingpropertiesof theUltrascalar, wearecurrentlydesigningtheprocessorin VLSI usingthe
Magicdesigntool [10]. Wehaveacompleteprocessorcorecorrespondingto theDPandESmodulesin Figure7. Our
processorcoreexecutesa simpleRISCinstructionsetarchitecturewithout �oating point instructions.Figure8 shows
theplot of thesecondandthird metallayersof a64-stationprocessorcore.9 To speedupourdesigntime,wedesigned
thedatapathusingCMOSstandardcells.We did not worry abouttheoptimalsizeof ourgatesor thethicknessof our
wiressincethesefactors,onceoptimized,will remainconstantfor any sizeimplementation.Becauseof theregularity
of theUltrascalardatapath,thedesignhassofar takenlessthanfour manmonthsfor agraduatestudent,includingthe
timeto learnthetools.

Ar ea

The datapath's areais determinedby the layout, asshown in Figure7. We cancomputethe areaof the circuit by
observingthat it is a recursive structure.To determinethearea,we �rst determinethesizeof theboundingbox for
an � -wide Ultrascalar. As canbe seenat the top of Figure7, the width

�

� � � of an � -wide Ultrascalaris equalto
twice thewidth of an �

�

� -wide Ultrascalarplusthewidth of thewires. If we we provide bandwidth� � � � memory
operationsperclockcycle to a subtreeof size � thenthereare � ��� � � � � wires. (Thewiresfor thedatapathandother
bookkeepingareonly ���

�

� .) Thuswehavethefollowing recurence:

�

� � �

���

� ��� � � � � 	

�

�

� �

�

��� if ���

�

,
���

�

� otherwise.

This recurencehassolution10

�

� � �

���

� �

� � �

���

��� if � � � � is ��� �

���

� �"!%� for #$� � , [Case1 (optimal)]
� � �

���

� � �!� � � if � � � � is � � �

���

��� , and [Case2 (nearoptimal)]
� ��� � � �%� if � � � � is ��� �

���

�&%'! � for #(� � . [Case3 (optimal)]

9We obtainedthe plot of Figure8 by taking a snapshotof a Magic X Window. Unlike our design,our plotting tools do not scale. Even a
16-stationplot over�ows virtual memory. Wearerewriting thetool andhopeto have agood64-stationplot by thetimeof thepublication.

10Weassumefor Case3 that ) meetsa certain“regularity” requirement,namelythat )+*-,/. 1 0213)+*4,506. ) for all suf�ciently large , . See[2]
for techniquesto solve theserecurencerelationsandfor a full discussionof therequirementson ) .
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Figure8: TheVLSI layoutof a 64-stationUltrascalardatapathcorrespondingto theDPandESmodulesin Figure7.

Thus,theareais �

� � �

�

�

�

� � � �

�

� �

� �

� � � � for Case1,
� � � �����

�

� � for Case2, and
� �%��� � � �%�

�
� for Case3.

Theseboundsareoptimalfor a two-dimensionalVLSI technology. In Case1 theissuewidth is � , sothechipmust
hold at least � instructions,andthustheareamustbe ��� � � . In Case2 theareamustbe ��� � � andwe have addedat
worsta �����

�

� blowup.11 In Case3, thememorybandwidthrequiresthattheedgeof thechip beat least ����� � � �%� in
orderto getthememorybits in andout,giving anareaof ��� ��� � � � � � � . For a three-dimensionaltechnology, thereare
analogouslayoutswith optimalbounds.

Wir eLength

Given the sizeof the boundingbox for an � -wide Ultrascalar, we cancomputethe longestwire lengthasfollows.
We observe that thetotal lengthof thewiresfrom theroot to anexecutionstationis independentof which execution
stationweconsider. Let

�

� � � bethewire lengthfrom theroot to theleavesof an � -wideUltrascalar. Thewire length
is thesumof


 thedistancefrom theedgeof theUltrascalarto its internalswitch(distance
�

� �

�

��� ), plus

 thedistancethroughtheswitch(theswitchis � ��� � � � � onaside),plus

 thedistancefrom therootof an �

���

-wideUltrascalarto its leaves(distance
�

� �

���

� ).
Thuswehave thefollowing recurencefor

�

� � � :

�

� � �

�
�

�

� �

�

� � 	 � ��� � � � � 	

�

� �

���

� if � �

�

,
���

�

� otherwise.

In all threecass,this recurencehassolution
�

� � �

�

� �

�

� � � ���

Thatis, thewire lengthsarethesameasthesidelengthsof thechip to within a constantfactor. We observethatevery
datapathsignalgoesupthetree,andthendown (it doesnotgoup,thendown, thenup,thendown, for example.)Thus,
thelongestdatapathsignalis

�

�

� � � . Thememorysignalsonly go up thetreesothelongestmemorysignalis
�

� � � .
Thesameoptimalityargumentsthatappliedto areaaboveapplyto wire lengthhere.12

11For Case2 theboundsarenearlyoptimal.Wewill ignoreCase2's slightsuboptimalityfor therestof thispaper.
12Weassumethatany processormusthavea pathfrom oneendof theprocessorto theother.
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Notethattheswitchabovea subtreeof � executionstationshasareaat least����� � � �/� � andsohasplentyof area
to implementall the switchingandcomputationperformedby thenetwork. (For example,a merging network on �

valuescanbeembeddedin area� � � ��� [20] with gatedelay � ������� � � [2]. Suchasortingnetwork canperformthehard
work of thememorydisambiguationof Section3 with anoverallgatedelayof � �������

�

� � .)
The wire lengthdependsprimarily on how muchmemorybandwidthis needed.If we canreducethe required

memorybandwidth,e.g.by usingacachein everyexecutionstationrunningadistributedcoherency protocol,thenwe
canreducetheareaandthewire lengthof theprocessor. A brute-forcedesignwould provide memorybandwidthof

� � � � for every � instructions,but it is reasonableto think that the requiredmemorybandwidthfor a sequenceof �

instructionsmayonly be ��� �

���

��� , reducingthewire lengthsfrom � � � � to � � �

���

� ����� � � . This asymptoticreduction
in VLSI chip areaunderscoresthe importanceof effective caching. We plan to study, in the future, how to build
effectivecachesfor Ultrascalarprocessors.

Critical Path Delay

Having analyzedtheUltrascalar's layout, it is now easyto seehow its critical-pathdelaysgrow with thenumberof
executionstations.13 This is becausethedelayalongany pathin our implementationis simply linearin thenumberof
gatesplus the lengthof wiresalongthatpath. To achieve this linearity, we limit the fan-inandfan-outof eachgate
andinsertrepeatergatesat constantintervalsalongwires. Sincewe stick exclusively to gateswith a small,constant
fan-in(thenumberof inputwires)andfan-out(thenumberof outputwires),eachgatein ourdesigndrivesa constant
numberof gatecapacitanceswith a constantgateresistance.By breakinglong wires into constantsizesegments
connectedby repeatergates,wemakethecapacitanceandresistanceof eachwire segmentalsoconstant.Wire delays,
including repeaterdelays,effectively becomesomeconstantfractionof the speedof light. Sincethe delayof each
VLSI componentis proportionalto its resistancetimesits capacitanceandsincethe resistancesandcapacitancesof
our gatesandwire segmentsdo not changewith thesizeof ourdesigns,thetotal delayalongany pathgrows linearly
with thenumberof gatesandwire segments(i.e.wire length)traversedalongthatpath.Speci�cally, theUltrascalar's
critical pathdelaysdueto gatesgrow logarithmicallywith thenumberof executionstationsandits critical pathdelays
dueto wiresgrow atmostlinearlywith thenumberof executionstations,giving

��� �

����� �!� � 	

�

� � �%���

which is optimal.

5 Practical PerformanceIssues

AlthoughtheUltrascalarhasexcellentscalingproperties,muchwork remainsto maketheUltrascalarpractical.In this
paper, wehavepresentedasimplemicroarchitecturethatis easyto analyze.Wehaveshown thatthemicroarchitecture
scaleswell, but we have not optimizedour microarchitecturefor practicalwindow sizesor issuewidths. In fact, the
Ultrascalaraswe have presentedit so far, cannotcompetewith today's superscalarsusingtoday's technology. The
microarchitecturesuffers from performanceweaknessesbroughtaboutmostlyby its inef�cient passingof theentire
register�le to every instruction.In thissection,weanalyzetheperformanceimplicationsof this inef�ciency andout-
line microarchitecturesthatavoid Ultrascalar's inef�ciencies while still maintainingUltrascalar'sscalingproperties.

The absoluteareaand critical pathwire delaysfor a moderatesize Ultrascalardatapathare infeasibleeven in
today'sbesttechnology. Figure9 lists areaandcritical pathwire delaysfor differentsizeUltrascalars.We computed
thesedataby scalingour layoutto a 0.35microntechnology. We assumeda signalvelocity of

���

� � mm
�

nsachieved
with optimalrepeaterplacementasdescribedin in [3].14

TheUltrascalar's largewire delaysandareastemmostlyfrom its widedatapath.Althougha typicalRISCinstruc-
tiononly readstwo registersandwritesone,TheUltrascalarpassestheentireregister�le to andfrom everyinstruction.
Passingtheentireregister�le doesnot compromisetheUltrascalar's scalingpropertiessincea register�le containsa
constantnumberof registers,but it doesintroducelargeconstantshiding in the � .

Oneway to reducetheconstantsis by combiningthebestpropertiesof thesuperscalarprocessorwith theUltra-
scalar. Although,so far, we have describedeachexecutionstationasholdinga singleinstruction,thereis no reason

13Thenumberof executionstationsis thesameastheissuewidth, thefetchwidth, andtheinstructionwindow sizeof theUltrascalarprocessor.
14Our wire delayestimatesarepessimisticby a small constantfactorbecausethe Ultrascalardatapathis layedout in the metal-3andmetal-2

layers,whereasthedelaycalculationsin [3] arefor themetal-1layer.
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Numberof Area Critical-Path
ExecutionStations Wire Delay

64 10.5cm � 7.6cm 12.4ns
32 8.1cm � 4.9cm 8.9ns
16 4.2cm � 3.8cm 5.8ns
4 1.6cm � 1.4cm 1.9ns

Figure9: Areaandcritical pathwire delaysfor differentsizeUltrascalarsin a 0.35microntechnology. (This layout
providesfor 1 memoryoperationperclockcycle.) In TI' sproposed0.07microntechnology[19] thewire lengthsand
delayswouldpresumablybeaboutreducedby abouta factorof 5.

why an executionstationcannothold andexecutea sequenceof instructionsinstead.The sequenceof instructions
within an executionstationcanbe executedusing,for example,a traditionalsuperscalarprocessorcore. Since,for
smallenoughwindow size,asuperscalarprocessorhassmallercritical pathdelayandsmallerareathananUltrascalar
processor, placingsuperscalarprocessorcoresat theleavesof theUltrascalardatapathcanshortentheoverall critical
pathdelayandreducearea. At the sametime, the Ultrascalardatapathcanprovide time- andarea-ef�cient routing
amongthemany superscalarcores.

The hybrid microarchitecturejust describedbearsresemblenceto clustering[4, 11, 5]. Clusteringavoids some
of the circuit delaysassociatedwith large superscalarinstructionwindows by assigningALUs andoutstandingin-
structionsto oneof severalsmallerclusterswith a smallerwindow. Instructionsthatexecutein thesameclustercan
communicatequickly, but whendependentinstructionsexecutein differentclusters,anextraclockdelayis introduced
to resolve thedependency. Thereportedschemesarelimited to two clusters.Decodedandrenamedinstructionsare
assignedto oneof thetwo clustersusingsimpleheuristics.It is not clearhow well theseheuristicswill scaleto large
numbersof clusters. In addition,otherslow componentsof the superscalarprocessor, suchasthe renaminglogic,
arenot addressedby clustering.Like clustering,our hybrid microarchitecturealsoseparatesoutstandinginstructions
into clusters.Theheuristicusedto assigninstructionsto clustersis theirproximity within thedynamicinstructionse-
quence.Thus,instructionsthatareneareachotherin theserialexecutionorderarelikely to bein thesamesuperscalar
coreor thesamesubtree.Instructionsthatarefar from eachothercommunicatevia theUltrascalar's logarithmicdepth
network. TheUltrascalarplacementheuristicis probablynot asgoodastheclusteringheuristicwhentherearetwo
clustersor two executionstations.It is notclearhow to build largerclusters,however, whereasthehybridUltrascalar
doesscaleup.

Thesecondenhancementthatcanreducethe Ultrascalar's wide datapathis tagging. Fundamentally, thereis no
reasonwhy the Ultrascalarneedsto passthe entireregister�le to andfrom every executionstation. Much like the
counter�ow pipeline[18], the Ultrascalardatapathcanpasseachexecutionstationonly two argumentstaggedwith
their registernumbersandacceptoneresulttaggedwith its registernumber. TheUltrascalardatapathcanmergethese
incrementalregister�le updatesasthey propagatethroughthetree. Theresultingtreecanbelayedout asa treethat
fattensasit ascendstowardstheroot for thelower ���

�

levelsof thetree,where
�

is thenumberof logical registers.
We planto describethismechanismelsewhere.

An additionalwayto mitigatethewire delaysintroducedby theUltrascalar'swidedatapath,is throughthedesign's
timing discipline. For example,we canimprove the average-caseroutingdelayby pipelining the datapathnetwork
of Figure3. We canseparateevery subtreecontaining

�

executionstationsfrom therestof thedatapathnetwork by
registers.Theinstructionswithin asubtreecanthenroutein thesameclockcycle in whichthey compute.Instructions
in two separatesubtreescommunicateusinganadditionalclockcycle. Sincein a tree,mostconnectionsarelocal, the
slowdownmaynotbeverygreatin thetypicalcase.15 TheUltrascalaralsoappearslendsitself well to anasynchronous
self-timedlogic methodology.

Aside from the Ultrascalar's wide datapath,anotherissueof practicalconcernis the relatively large numberof
ALUs. TheUltrascalarassignsanALU to every instruction.We believe thatthelargenumberof ALUs will not bea
problemin thefuture,becausein abillion-transistorchip,afull ALU will probablyrequireonly about0.1%of thechip
area.16 Evenif ALUs becomea seriousbottleneck,theALUs canbeshared.A cyclic segmentedparallel-pre�x tree
canscheduleanALU among� executionstationswith only � ��� �!��� � gatedelays,andwith relatively smallarea.17

15NotethattheCM-5 controlnetwork usesapipelinedparallel-pre�x tree[8].
16Ourstandard-cellALU usesonly about13,000transistors,but it includesno �oating pointsupport.
17Palacharlaet al [11] alsoshow how to scheduleALUs with only � *����
	�� 0 gatedelays.But theirschedulerdoesnotwraparound.It statically
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6 Summary

Otherrecentwork hasaddressedthescalabilityof superscalarprocessormicroarchitecture.In Section3, we outlined
currentresearchon improving theeffective instructionbandwidththatcouldbene�t theUltrascalaraswell astradi-
tionalsuperscalars.In Section5,wecomparedtheUltrascalarto existingandproposedclusteringschemesthatcluster
instructionsaroundsmallerinstructionwindows, but do not addressthe scalabilityof broadcastingor renaming.In
Section2, we pointedout thecounter�ow which deeplypipelineslong chainsof instructions,but re�lls instructions
seriallyandroutesusingalineardepthratherthanlogarithmicdepthnetwork. Severaladditionalapproachesto scaling
today's uniprocessorsrely on course-grainedinstruction-level parallelism.MultiScalarprocessors[17] take course-
grainedthreadsthat mustbe executedserially, andspeculatively executethem,noticing after the fact whena data
dependency hasbeenviolated. MultiScalarprocessorsdo not addressthe problemof exploiting �ne-grained ILP.
DataScalarprocesssors[1] executeinstructionsredundantly, and requirean ef�cient broadcastmechanism,which
appearsto limit its scalability.

Oneoften-heardsloganstatesthat “the computeris thenetwork” (or viceversa.) To scaleto greaterandgreater
issuewidthstheprocessortoo mustbecomea network. We have presenteda processorimplementationthatdramat-
ically differsfrom today's designs,scalingef�ciently , andwith low designeffort, to largeissuewidthsby converting
theprocessor's datapathinto several logarithmic-depthnetworks. AlthoughtheUltrascalar's implementationdiffers
dramaticallyfrom today'sprocessors,theUltrascalarexploits thesameparallelismasmoretraditionalprocessors,by
providing out-of-orderissue,registerrenaming,andspeculation.To exploit evenmoreparallelism,wehaveproposed
improvementsto thedataandinstructionmemories.Severalimprovementsto theUltrascalardatapatharepossibleto
reducetheconstants.

Although muchwork remainsin makingthe Ultrascalarpractical,we envision the Ultrascalarcircuits improv-
ing processorperformancein theneartermaswell asthedistantfuture. For examplein theshorttermmany of the
parallelpre�x circuits introducedin Section2 canef�ciently computedynamicpropertiesof instructionsfor a tradi-
tional superscalarprocessor. For instance,a cyclic, segmentedparallelpre�x candeterminewhich instructionshave
committed,selecttheoldestinstruction,or assigninstructionsto availableresources.In themediumterm,a hybrid
superscalar-Ultrascalardesign(outlinedin Section5) canextendtheclusteringconceptto four or eightclusters.In the
longerterm, if instruction-level parallelismallows, an optimizedUltrascalarprocessorcanharvestinstruction-level
parallelismfrom sequencesof hundredsor even thousandsof instructions.With its attractive scalingproperties,the
Ultrascalarhighlightsa promisingdirectionfor thenext decadeof processors.

Finally, theUltrascalarprocessordemonstratesthatVLSI algorithmsandanalysisarean importanttool for pro-
cessorarchitects.
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