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1 Intr oduction

Today's superscalaprocessorsenameegisters pypasgegisters checkpoinstatesothatthey canrecoverfrom spec-
ulative execution,checkfor dependenciesllocateexecutionunits,andaccessnulti-portedregister les. Thecircuits
employedarecomplex andirregular, requiringmucheffort andingenuityto implementwell. Furthermorethedelays
throughmary of the circuitsgrow quadraticallywith issuewidth (the maximumnumberof simultaneouslyetchedor
issuednstructionsandwindow size (the maximumnumberof instructionswithin the processocore),makingfuture
scalingof today's designsproblematid11, 4, 5]. With billion transistorchipson the horizon}! this scalabilitybarrier
appeargo be oneof the mostseriousobstaclesor high-performanceniprocessors the next decade Surprisingly
it is possibleto extractthe sameinstruction-level parallelism(ILP) with aregular circuit structurethathasonly loga-
rithmic gatedelayandlinearwire delay(speed-of-lightlelay)or evensublineamwire delay dependingon how much
memorybandwidthis requiredfor the processarThis paperdescribes new processomicroarchitecturegalledthe
Ultrascalarprocessqmasedn sucha circuit structure.

The goal of this paperis to illustratethat processorganscalewell with issuewidth andwindow size. We have
designedanew microarchitecturandlayedoutits datapathWe have analyzedheasymptotiarowth andempirically
computedts areaandcritical-pathdelaysfor differentwindow sizes. We have not optimizedthe Ultrascalararchi-
tectureto be competitve with today's designs.Althoughwe outline designchoicesthat could make the Ultrascalar
competitve, an optimizedprocessodesignis outsidethe scopeof this paper This paperalsodoesnot evaluatethe
bene ts of largerissuewidths andwindow sizes. Somework hasbeendoneshaving the advantagef high-issue-
width andhigh-windawv-sizeprocessorsLamandWilson suggesthatILP of tento twentyis availablewith anin nite
instructionwindow andgoodbranchprediction[7] . Patel, EversandPatt demonstrateaigni cant parallelismfor a
16-widemachinegivena goodtracecache [13]. Pattetal arguethata window sizeof 1000’ is the bestway to use
large chips[14]. The amountof parallelismavailablein a thousand-widenstructionwindow with realisticbranch
prediction for example,is not well understoochowever. The ultimatevalueof the Ultrascalamicroarchitecturevill
depencbn carefulengineerindor speci ¢ window sizeandonthe availableparallelismin programs.

Micr oprocessotPerformance

The standardnodel for modelingthe performanceof a microprocessof6] saysthat the time to run a programis
CPI  where

is thenumberof instructionsneededo runthe program,
CPlis thenumberof clock periodsperinstruction,and
is thelengthof aclock periodin secondsi.e. thecycletime.

1TexasInstrumentsannouncedecentlya 0.07 micron processwith plansto produceprocessochipsin volumeproductionin 2001[19].



Thevalueof is determinedby the critical-pathlengththroughary pipelinestage thatis the longestpropagation
delaythroughary circuit measuredn secondsPropagatiordelayconsistof delaysthroughbothgatesandwires, or
alternatelyof delaysthroughtransistorgiriving networks. We arenot changing or directly changingCPlI, but
ratherwe aimto reducetheclock cycle by redesigninghe processoto usecircuitswith reducectritical-pathlength.

An alternateway to avoid slowing down the clock is by breakingdown the processointo morepipelinestages.
Increasinghe numberof pipelinestageoffersdiminishingreturns,however, aspipelineregistersbegin to take up a
greateffractionof everyclockcycleandasmoreclockcylesareneededo resole dataandcontrolhazardsin contrast,
shorteninghe critical pathdelayof the slowestpipelinestagetranslateslirectly into improved programspeedasthe
clock perioddecreaseandthe othertwo parametersemainunchanged.

Thecritical-pathdelaysof mary of today's processocircuitsdo not scalewell. For example,Palacharla,Jouppi,
andSmith[11] nd thatmary of thecircuitsin today's superscalarbave asymptoticcompleity , where

is theissuewidth and  is the window size of the processar For today's processorsoptimizedfor equalto
four, and in therangeof to , the delaysappearo be practicallylinear, however, althoughthe quadratic
termsappearto becomeimportantfor slightly larger valuesof and .? Increasingissuewidths andincreasing
window sizesarethreateningo explodethe cycle time of the processarin contrastall of the Ultrascalamprocessor
circuitsgron muchmoreslowly with gatedelaysof andwire delaysof - ~ for memory
bandwidthcomparableo today's processors.Due to the constantsnvolved, the Ultrascalarmay not be asfastas
today's quadratic-timesuperscalarfor todays valuesof  and . We believe thatwith someengineeringeffort the
crosswer point whereUltrascalabhecomedastermay be aslow as and , however. The asymptotic
adwantageof theUltrascalaiovertodayss circuitstranslateso perhapsnorderof-magnitudeor moreadvantagevhen

is onthe orderof severalhundredsr thousandsa designpointadwocatedoy [14].

The Ultrascalamprocessobreaksthe scalabilitybarrierby completelyrestructuringthe microarchitecturef the
processorThe Ultascalarturnsthe processos datapathinto a logarithmicdepthnetwork thatef ciently passeslata
from producelinstructionsto consumeinstructionswithin thereorderingwindow. The network eliminatesthe need
for separateenamingdogic, wake-uplogic, bypasdogic, andmulti-portedregister les.

Therestof this paperis organizedasfollows. Section2 explainsthe mechanismsvithin the Ultrascalaprocessor
coreandanalyzeghe circuits' performancen termsof gatedelays. Section3 brie y exploresthe spaceof memory
subsystemshat can be attachedo the Ultrascalarprocessoicore. Section4 analyzeshe performanceof the Ul-
trascalarcircuitry in more detail, taking into accountthe layoutto producewire delayandareabounds. Section5
presente&mpiricaldelayandareadataderivedfrom our layoutsandsuggestsvaysto improvetheconstantsSectioné
concludesy comparingthe Ultrascalarto otherwork exploiting large ILP anddiscussingotherapplicationsof the
Ultrascalarircuits.

2 The Ultrascalar Core

This sectiondescribeshe coreof the UltrascalamprocessarThe Ultrascalamprocessocore performsthe samefunc-
tions asa typical superscalaprocessocore. It renamesegisters,analysesegisterandmemorydatadependencies,
executednstructionsout of order forwardsresults,ef ciently revertsfrom mispredictionsandcommitsandretires
instructions.The Ultrascalamprocessocoreis muchmoreregularandhaslower asymptoticcritical-pathlengththan
todayssuperscalargiowever. In fact,all the scalingcircuits within the processocoreareinstance®f a singlealgo-
rithm, parallelpre x, implementedn VLSI. Becausef the core's simplicity, it is easilyapparenhow the numberof
gateswithin a critical pathgrows with theissuewidth andwindow size.

The core doesnot include the memoryand branchpredictionsubsystems.Insteadthe core presentshe same
interfaceto the instructionfetch unit andthe datacacheastoday's superscalaprocessorcores. Predictednstruc-
tion sequenceenterthe core,anddataload andstorerequestsareinitiated by the core. We brie y discusspossible
memorysubsystemén Section3, but the Ultrascalarcore will bene t from the ary advancesin effective instruc-
tion fetchrateandin datamemorybandwidththatcanbe appliedto traditionalsuperscalaprocessorsin particular
sincethe Ultrascalamprocessorcore performsthe samefunctionsasthe core of today's superscalarst achievesthe
sameCPI performanceasexisting superscalarahenattachedo atraditional4-instruction-widdetchunit usingtradi-
tional branchpredictiontechniquesndatraditionalcacheorganization As effective fetchratesanddatabandwidths

2Notethatfor today’s processorsvith large  thewindow is typically beenbrokenin half with a pipelinedelaybeingpaidelsavhere. An HP
processosets [5]. The DEC 21264sets [4]. Thosesystememplg two windows, eachhalf size,to reducethe critical-path
lengthof thecircuits. Communicatindbetweerthetwo halvestypically requiresanextra clock cycle.
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Figure 1: A lineartime datapathfor the Ultrascalarprocessar This simpli ed network shavs executionstations
connectedy a pipelinedring network: thesignalslabeled attheright areconnectedo the correspondingignals
ontheleft.

increasethe Ultrascalarcorecanscalegracefully raisingthe CPI without explodingthe cycle time.

A Datapath with Linear Gate Delays

Oneway to think of the Ultrascalarprocessois that it usesa circuit-switchednetwork to compile at runtime the
data ow graphfor a dynamicsequencef unrenamednstructions.The circuit switchednetwork connectsproducer
instructionswith consumeinstructions.The structureandthe layout of this network arethe key to the Ultrascalars
scalableperformance.

Beforewe introducethe Ultrascalay let us brie y considera simplerdatapathn which the network connecting
producelinstructionsto consumeinstructionsconsistof a simplering. We will referto this datapatrasthelinear-
timedatapathFigurel illustrates. Thering network routesthevaluesof  logicalregisters througha pipelinedseries
of executionstations.Eachexecutionstationholdsandeventuallyexecutesoneinstructionfrom a dynamicsequence
of instructions Executinganinstructionmaytake only oneclockcycle (e.g.,for integeraddition)or mary clockcycles
(e.g.,for division.) The numberof executionstationscorrespondso the numberof outstandingnstructionswithin
the processomuchlik e theinstructionwindow in today's superscalarsis in today's superscalarghefetchwidth is
independenodf the numberof outstandingnstructions.Newly fetchedinstructionssimplyre Il executionstationsin
awrap-aroundashion startingwith the oldestinstruction.In the gure, the oldestinstructionin the currentsequence
residesin ExecutionStationl, the youngestin ExecutionStation0. Note that the pipeline registersof Execution
Stationl hold the committedstateof theregister le. Throughoutthe datapathgachregistervaluehasa readybit.
Thereadybit is associateavith thewirescarryingtheregistervalueandindicatesvhetherthe valuehasalreadybeen
computedAs instructionscompletethey retirefrom thedatapattandnew instructionsenterthe datapathEventually
the outputwiresof ExecutionStationO hold the new stateof theregister le, with all of theirreadybits setto high.

Considetthe performancef thelineartime datapattexamplein Figurel. Thecompletesequencef instructions
currentlyin the datapath{with the correspondingxecutionstationshavn to theright) is:

Instruction ExecutionStation
(1)
(2)
()

SThevalueof is determinedy theinstructionsetarchitecture For example for mary RISCarchitectures
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Supposéhatdivision takes24 clocksandadditiontakesone.
On Clock 0, we assumehatall theregistersbecomevalid at Stationl. Stationl beginsexecuting.
OnClock1, all theregistersexceptfor ~ becomevalid at Station2. Station2 waitsfor
OnClock?2, all theregistersexceptfor and  becomevalid at Station3. Station3 executesandproduces
new valueof
On Clock 3, all the registersexceptfor becomevalid at Station0. Station0 executesandproducesa new
valueof
OnClock23, Stationl nishes executing.
On Clock 24, Station2 executes.
OnClock 26, all theregistersbecomevalid at StationO.

Notethatthe instructionsexecutedout of order Thelasttwo instructionscompletedong beforethe rst two. More-
over, the datapathautomaticallyrenamedegisters. The last two instructionsdid not have to wait for the divide to
completeandwrite

Ourlineartime datapattbearssimilaritiesto the counter ow pipeline[18]. Like counter ow, thelineartime data-
pathautomaticallyrenamesegistersandforwardsresults. Counter ow providesa mechanisnfor deeppipelining,
ratherthanlargeissuewidth, however. Thecounter ow pipelineis systolic,with instructions o wing thoughsucces-
sive stagef the datapath.Sinceinstructionsserially enterthe pipelinein the rst pipelinestage the CPI s limited
by therateat which instructionscanenterthe pipeline. It is not clearhow counter ow couldbemodi ed to increase
its issuewidth. In contrastjn our lineartime datapathall executionstationscanre Il with new instructionssimulta-
neously (We will discusshow to implementsimultaneouse Il in Section3.) Thus,whereasur lineardatapatthas
no correspondindimit on CPI (andis limited by the clock period),the counter ow canpushthe clock perioddown
butis limited to oneCPI.

Anotherdifferencebetweerour lineardatapattandcounter ow is thatcounter ow usedessareato routedata. |t
only passesesultsandargumentdown its pipeline,notthe entireregister le. In Section5 we will discussa similar
modi cation to reducethe numberof wiresusedin the Ultrascalar

Oneweaknessharedyy counter ow aswell asour lineartime datapaths the speedf routing. In asynchronous
implementatiorour lineartime datapathif a produceranda consumenf aregistervalueareseparatedy instruc-
tions in the dynamicinstructionsequenceit takes clocksto serially route the valuethroughall intermediate
executionstations.For example,it took 3 clocksto route  from Stationl to Station0. (In a counter ow pipeline,
it typically would take clocksto performthis operation.)This linear delaycanbe intolerablyhigh comparedo
today's superscalarthatforwardvalueswithin oneclock cycle.

The Ultrascalar Datapath with Logarithmic Gate Delays

The Ultrascalardatapatireplaceghe lineartime ring network of Figure 1 with a fasterlogarithmic-deptmetwork
performingthe samefunction. Figure 2 illustratesthe Ultrascalardatapath.The logarithmic-deptmetwork forms a
bidirectionaltreethatroutesthevaluesof all  logical registersamongthe executionstations.The executionstations
arethesameasfor thelineartime datapathexceptthatthey produceanadditionalone-bit“modi ed” outputfor each
logicalregister This“modi ed” bit will beexplainedshortly Asbefore,instructionsareassignedo executionstations
in awrap-aroundsequence.

Sincetheroutingof eachof the registersis independentt is ofteneasierto considera singleslice,responsible
for theroutingof oneregister, of the network. Thusthenetwork in Figure2 canbebrokeninto  network slicessuch
asthe onein Figure3. To make the examplemoreinterestingwe have increasedhe numberof executionstations
in Figure 3 to eight. Eachslice routesthe valuesof oneregister say , amongthe eight executionstations. The
slice handseachexecutionstationthe valueof ~ andits readybit. The executionstationhandsbackto the slicea
potentiallynew valueof | its readybit, andanadditional'modi ed” bit telling theslicewhetherthe stationmodi es

. Theadditionalmodi ed bit tells the network how to routeregistervaluesef ciently. For example,if Execution
Station5 holdsthe oldestinstructionand ExecutionStation1 modi es thenthe valuesof  will beroutedas
indicatedin Figure3. The valueof held by Station5 appearsat theinputsof Stations6, 7, 0, and1. Thevalue
of  produceddy Station1 appearst the inputsof Stations2—5. Notice that Station5 which is holdingthe oldest
instructionalsosetits modi ed bit to 1, telling the network thatit hasin effectmodi ed
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Figure2: A high-level view of thelogarithmic-deptmetwork connectingall the executionstationsof the Ultrascalar

{ Register Value (32 bits) ;
i Ready (1 bit) y

{ Register Value (32 bits) e

i Ready (1 bit)

¥

" Switch’,

7. Switch’,

e Switch _ Switch

Execution Station
Execution Station
Execution Station
Execution Station
Execution Station
Execution Station
Execution Station
Execution Station

Modi es Oléest

Figure3: Oneslice of the logarithmic-deptmetwork. Oneslice propagateshe valueof oneregister say , from
producelinstructiongo consumeinstructions.

Figuredashavsthecircuit within eachswitchslice of Figure3. Thethick linescarry33bits (32 for registervalue
andl toindicatethattheregisteris ready) Thethinlinescarrythe“modi ed” bit upthetree.Notethatthecritical path
throughthrougheachslice of the network consistsof multiplexers,where is the numberof execution
stations.

Thenetwork sliceof Figure3 mayappearfamiliarto somebecaus¢hesliceis aninstanceof animportantparallel
algorithm—namelysegmentedparallelpre x. In generalasegmentedparallelpre x circuit computedor eachnode
of thetreethe accumulatie resultof applyingan associatie operatorto all the precedinghodesup to andincluding
theneareshodewhosesegmentbit is high. Theassociatie pre x operatof in this cases . Figure4b shaws
thegeneralizedtircuit within eachnodeof a sggmentedparallelpre x circuit. Thefunction canbeary associatie
operator In addition,we have turnedthe sgmentecparallelpre x (spp)into acyclic, sgmentecparallelpre x (cspp)
circuit by tying togetherthe datalinesat thetop of thetreeanddiscardinghetop segmentbit. In acyclic, sgmented
parallelpre x circuit the precedingnodeswraparounduntil a nodeis foundwhoseseggmentbit is high.

The Ultrascaladatapattshaovn in Figure3 routesall availableregistervaluesto all instructionsin gate
delays,at the endof eachclock cycle. Speci cally, it takes multiplexer delaysto route a registervalue
all theway up anddown thepre x tree,where is the numberof executionstations.For example,if the numberof
outstandingnstructionsis 32, comparabldo today's superscalarghanit takesat most9 multiplexer delaysto route
data.Someof this delaycanbe masledfurthersincethe selectlinesto the multiplexersareavailableearlierthanthe

4See[?] for adiscussiorof parallelpre x trees;jncludingthede nition of theassociatie operator
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Memory Operations

For simplicity, we have avoidedshaving ary memoryoperationgloadsor stores)jn theexampleof Figurel. Although
wewill presentamoreoptimizeddatamemorysubsystenin Section3, it isimportantto pointoutthatthe Ultrascalar
datapathcanusethe samememorysubsystenasary superscalaprocessarFromthe viewpoint of the memory the
executionsstationsareindistinguishablérom a traditionalinstructionwindow.

An executionstationcannotreador write the datacacheuntil its memorydependenciebave beenmet. For
example,if therearesereralloadinstructionsbetweertwo storeinstructionsthenthe loadscanrunin parallel. But
theloadsmustoftenwait for atleastsomepreviousstoreoperationso completeto gettheright data® We rst present
the designfor a conserative stratgy, which is to wait for all previous storeinstructionsto complete thenwe shov
how to relax this constraintto exploit more parallelism. For the conserative design,we follow the our exposition
of the datapathwe rst shaw a lineardelaydesignfor the serializingdesign,andthencorvertthe designto parallel
pre x with log-delay

Figureb shavsalineartimecircuit thatcomputesvhenall previousstoreshave completed Eachexecutionstation
providesa signalOwhich indicatesthatthe stationis the oldestun nishedinstructionanda signalT whichis trueif
the stations instructionis not a store,or if it is a completedstore(i.e., it is not anuncompletedtore). Eachstation
recevesasignalP indicatingthatall previouswriteshase completedNotethatatall timestheremustbeanexecution
stationprovidingO  , to breakthecyclein thepriority chain.

Figure6 shavs a log-delaycircuit thatcomputesvhenall previousstoreshave completed Again, we areusinga
cyclic segmentedparallel-pre x circuit. Theassociatie pre x operatolin this caseis

Now that we have shavn how to serializememoryoperationswithout paying very much for computlngwhen
the serializationconstrainthasbeensatisi ed. Herewe shav how to avoid serializingon the completionof memory
operations. We obsene that in order for a memoryoperationto execute, it is enoughto know that no previous
incompletestoreis usingthe sameaddressThus,assoonasall previous storememoryaddressebave resohed, we

SNotethatif we speculateon the datathenthe loadsneednot necessarilyvait for the previous stores.Below, we discussbranchspeculation,
which hassimilarissueso dataspeculation.



Figure5: A lineartime circuit thatcomputesvhenall previous storeshave beencompleted.Eachexecutionstation
providesatwo outputsandoneinput. OutputO (“oldest”) indicatesthatthe executionstationis the oldestun nished
instruction.OutputT (“this write done”)indicateghatthisinstructionis notanuncompletedtore.lnputP (“previous
done”)indicateghatall previouswriteshave completed.

Figure6: A log-timecircuit thatcomputeghe samefunctionasthe circuit of Figure5.

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

Forthenetworkto computehememorydependenciegachexecutionstationprovidesanaddressndanindication
of whetherits instructionis a load, a store,or neither (If the executionstationdoesnot yet know, thenit shouldbe
treatedas a store.) The network theninforms every executionstationwhenall previous storesthat usethe same
memoryaddressrecomplete.This worksby sendingthe memoryaddresseap the network. Thememoryaddresses
arekeptsortedasthey go up the network. At eachswitch,thetwo sortedsublistsarememgedtogethetto a big sorted
sublist.If thereareary duplicatesthentheright child is informedof theduplicate(thusinhibiting theright child from
running)usinga paththatis establishediuringthemerging. Theduplicatesareremoved. If aswitchhigherin thetree
noticesacon ict, andif therewereduplicateusersof thataddressthenbothmustbenoti ed of thecon ict.

Control Flow

A traditionalfetchunit canbe usedto feedinstructiongo the UltrascaladatapathThefetchunit hasawrite portinto
every executionstationandwrites serially predictedinstructionblocksinto successie executionstations. The fetch
unit stopswriting whenit reacheshe oldestexecutionstation.

Which executionstationis the oldestcanchangeon every clock cycle, asinstructions nish. We cancompute
which executionsstationis the oldest,againusingthe parallel-pre x circuit of Figure6: In thisinstanceof thecircuit,
the Obit is theold “oldest” bit (just asfor the storecompletiontree),the T bit indicatesthatthis particularexecution
stationhascompletedts processingandthe P bit indicatesthatall previous executionstationshave completed.An



executionstationknowsit is the oldestin the next cycle, if it hasnot nished its own instructionandits incomingP
bit is true.

It is very simpleto implementspeculatre executionin theUltrascaladatapathWhenanexecutionstationdiscor-
ersthatits branchinstructionhasmispredictedit noti es thefetchunit. Thefetchunit startssendingo thatunit again,
alongtheright programpath. Sinceeachexecutionstationholdsthe entireregisterstateof the computationnothing
needgo be doneto roll backthe computatiorexceptcausdater executionsstationsexecutethe correctinstructions.
Speculatiorcanalsobe performedon memoryoperationgspeculatinghata laterload doesnot dependon anearlier
store)or datavaluesusingsimilar mechanisms.

The Ultrascalardatapathdescribedso far exploits exactly the sameinstruction-lerel parallel parallelismasone
of today's superscalaprocessors.The Ultrascalardatapatimplementsrenaming registerforwarding, speculation,
anddependeng checkingwithout requiringmultiportedregister les or othercircuits with superlinearcritical-path
length. Surprising parallel-pre x treescanperformall the work doneby traditionalsuperscalacircuits, with only a
logarithmicnumberof gatedelays. Thus,the datapattscalesproviding at leastasmuchILP astoday's superscalar
processors.

3 Scalingthe Memory System

The previoussectiondescribeda processocorethatscaleswell with increasinghumbersof outstandingnstructions.
In orderto exploit ILP, the memorybandwidthtoo mustscale,however. In particular the processomustbe able
to issuemoreloadsandstoresper clock cycle (i.e. sustaina higherdatabandwidth)andthe fetch unit mustsupply
moreinstructionsalonga correctlypredictedprogrampathper clock cycle (i.e. sustaina highereffective instruction
bandwidth.) Fortunately much active researchis going on in theseareasand the Ultrascalarcan bene t from its

results. In this section,we review someof the recentwork on improving memorybandwidthandsuggestadditional
promisingapproaches.

Of the two bandwidthsdatabandwidthis perhapdesstroublesome.To accomodatenoreloadsand storesper
clock cycle withoutscalingup the numberof datacachereadandwrite ports,we canresortto thewell known mecha-
nismof interleasing. Thisis themechanisnthatwe arecurrentlyimplementingn ourlayout. Thememorysubsystem
consistof anon-chiplevel-onecacheandanon-chipbutter y network connectinghe cacheto theexecutionstations.
Much like themainmemoryin traditionalsupercomputerd 6], the cacheis interleavedamonga numberof banks.In
this example,the numberof cachebanksis the sameasthe numberof executionstations.The th cachebankholds
every thcachdine.® Thecachebanksareconnectedo the executionstationsvia a butter y network andto off-chip
memorydirectly. Thebutter y network allows loadandstorerequestso proceedn parallelif they form arotation
or othercon ict-free routing. For example,a vectorfetchloopwill runwithoutary con icts if theaddressncrement
equalsthe cacheblock size. But in generalmultiple memoryaccessemay competeor the samebank,or they may
suffer from contentionin the butter y, thusloweringthe memorybandwidth We believe thatthe sameprogramming,
compiler and hardwaretechniquesisedto alleviate bankcon icts in aninterleaved main memorywill applyto an
interleaveddatacache.

Another promisingapproachto increasingdatamemorybandwidthis to duplicatethe datacache. We could
allocatea copy of the cacheto differentsubtreesf the Ultrascalardatapathor, in the extreme,to every execution
station.Duplicatecachesntroducethe problemof maintainingcoherencéetweerthe cacheslt is possiblethatthese
problemscanberesolhedin thefuture usingvariantsof scalableSMP cache-coherengaotocols.

Increasinghe effective fetch bandwidthposesperhapsa greatermproblem. To fetch at a rate of muchmorethan
one basicblock, the fetch unit mustcorrectly predictand supply instructionsfrom several non-consecutie blocks
in memory The mechanismgound in the literaturefall into two cateyories. They either precomputea seriesof
predictionsandfetch from multiple blocksor they dynamicallyprecomputénstructiontraces.In the rst cateyory;,
branchaddresscacheq22] producesereral basicblock addressesyhich are fetchedthrougha highly interleaved
cache.ln theseconccategory, tracecacheg15] allow parallelexecutionof codeacrossseveral predictedbranchedy
storingtheinstructionsacrossseveralbranchesn onecachdine.

6To illustrate, let us assumehatthe numberof banksandexecutionstationsis sixteen thatthe cacheis directmappedwith block sizeof one
word andtotalsizeof 1MB, andthattheinstructionsetarchitecturaises32-bitbyteaddresseshA memoryaccesso addres#\ will thenberoutedto
bankA[5-2]. BankA[5-2] will lookupentry A[19-6] andcomparédts tagagainstaddresbits A[31-20]. Shouldthe comparisorfail, thelevel-one
cachewill accesoff-chip memory



We proposea parallelizedtracecachefor the UltrascalamprocessarThe on-chipparallelizedracecacheis inter-
leavedword by word acrossachébanksandconnectedo theexecutionstationby abutter y network justlikethedata
caches.” The thcachebankholdsthe thwordof everytrace.An instructionwithin atraceis accesseby specifying
thePCof the rst instructionin thetrace,the offsetwithin thetrace andsomerecentbranchhistoryinformation.

The executionstationsstartfetchingfrom a new tracewheneer the old traceendsor a branchwithin the trace
mispredicts.Sinceeachexecutionstationfetchesits own instructionfrom the tracecache,it mustknow the starting
PC of thetraceandits instructions offsetwithin thattrace.To propagatéhe startingPC of thetrace,we usea cyclic

segmentedparallel-pre x circuit with associatie operator . To computethe offsetinto thetrace,we usea
cyclic sggmentedparallel-pre x circuit with associatie operator . Theadditioninsidetheparallel-pre x
nodeds performedoy carry-sae addersn orderto keepthetotalgatedelaydown to . Theexecutionstations

holdingthe oldestinstructionor the beginningaddres®f atraceraisetheir sgmentbits andsupplytheir traceoffset.
All otherexecutionstationssupplytheconstantl.

In additionto its traceaddressan executionstationmay alsoneedto know the PC of its instruction. This is the
casewhenanexecutionstationdetectsa mispredictedranchandmustgenerateheinitial PC of anew trace.We can
storethe PC of everyinstructionwithin atraceandhandthe PCto the executionstationtogethemwith theinstruction.
Alternately we cancomputethe PC of every executionstations instructionusinganotherparallelpre x tree,justas
wedid for thetraceoffset. Theonly differencds theinputto thetree.An executionstationexecutingarelative branch
thatis predictedakenwill sendn theoffsetandafalsesegmentbit. An executionstationexecutinganabsolutéoranch
will sendin thetargetaddresspnceknown, andatrue segmentbit.

Tracescanbe writteninto theinstructioncacheby the memoryor the executionstations.If theinstructioncache
missesthenthe tracemustbe createdserially by fetchinga predictedpathfrom an instructioncache muchlike in
today's superscalarsThe executionstationscanalsogenerataraces however. Everytime atracefails to runto com-
pletion,anew traceis writteninto theinstructioncachestartingwith the mispredictedranch.Eachexecutionstation
writesits instructioninto thetrace,onceits instructioncommits. The startingP C of the new traceandtheinstructions
offsetwithin thetracearecomputedy yetanothepre x tree.Thisprovidesasmallamountof parallelismfor creating
traceentriesin thecache.

Thetracecachesn theliterature,aswell asours,suffer from several problems.Both branchaddressachesand
tracecachege Il serially We do not know how quickly our paralleltracecachere lls in practice.Anotherconcern
is the amountof redundantiatastoredin the cache.Tracecachesankeepexponentiallymary copiesof particular
instructionsgn theworstcase We have designedandplanto describeslsavhere a“pointerjumpingtracecache’that
canquickly computea tracewhile storingeachinstructiononly alogarithmicnumberof timesin theworstcase.

4 Layout

We have sofar concentrate@n gatedelaysto understandhe performanceof the Ultrascalar To accuratelymodel
critical-pathdelaywe mustnot only consideithe numberof traversedyatesput alsothelengthof traversedwires. The
overall chip areais anotherimportantcompleity measureaswell. The critical-pathdelayandthe areadependon a
particularlayout. In this sectionwe shawv the Ultrascalatprocessos layoutusingH-treelayoutsfor the datapattand
for afat-treenetwork thataccesseaninterlearedmemorysystem We computeheareaandthelengthsof thelongest
wiresfrom thatlayout.

To lay out the Ultrascalay we obsene thatall of the Ultrascalarinterconnectiongonsistentirely of cyclic seg-
mentedparallelpre x esconnectingogetherthe executionstations,plus fat-treenetworks connectingthe execution
stationsto memory Both parallel-pre x circuitsandfat-treenetworks canbe layedout usinganH-treelayout. Fig-
ure?7 shavsthe oorplan of anUltrascalamprocessoconsistingof sixteenexecutionstationsconnectedo interleaved
on-chipcachewia fully-f attenedat-treegwhich areisomorphicto butter y networks.) Thenodesof thepre x trees
aremarkedwith DP. The stageof the butter y aremarkedwith MP (with the nodesof the butter y insidethe MP
box.) Whereaghe numberof wires betweenary two DP nodesis constantthe numberof nodesbetweentwo MP
stagesioublesat eachlevel of thetree. Thelayoutis calledanH-treelayoutbecausdt consistof recursve H-shaped
structures.Note thatthe four quadrant®of the layoutformsthe tips of the letter“H”, with the switchesforming the
intersection®f thehorizontalandverticallinesof the“H” andtheinternodeconnectiongormingthelinesof the“H".
Recursvely, thefour quadrant$orm anothe-tree?®

7In fact,we canusethe samenetwork andmemorymodulesaswe usedearlier
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 the Ultrascalamicroprocessowith memorybandwidthlinearin the
window size,andaasimpleserializingmemorydependengchecler. Thisversionprovides memorybandwidth
throughthe MP modules.

To demonstratéhescalingpropertieof theUltrascalaywe arecurrentlydesigningheprocessoin VLSI usingthe
Magic designtool [10]. We have acompleteprocessocorecorrespondingo the DP andESmodulesn Figure7. Our
processocoreexecutesa simpleRISCinstructionsetarchitecturevithout oating pointinstructions Figure8 showvs
theplot of thesecondandthird metallayersof a 64-statiorprocessocore? To speedup our designtime, we designed
thedatapathusingCMOS standarctells. We did not worry aboutthe optimalsizeof our gatesor the thicknessof our
wiressincethesefactors,onceoptimized,will remainconstanfor ary sizeimplementationBecausef theregularity
of the Ultrascaladatapaththe designhassofar takenlessthanfour manmonthsfor agraduatestudentjncludingthe
timeto learnthetools.

Area

The datapaths areais determinedy the layout, asshavn in Figure7. We cancomputethe areaof the circuit by
observingthatit is a recursve structure.To determinethe area,we rst determinethe size of the boundingbox for
an -wide Ultrascalar As canbe seenat the top of Figure7, the width of an -wide Ultrascalaris equalto
twice thewidth of an  -wide Ultrascalamplusthewidth of thewires. If we we provide bandwidth memory
operationgerclock cycleto asubtreeof size thenthereare wires. (Thewiresfor the datapatrandother
bookkeepingareonly .) Thuswe have thefollowing recurence:

if ,

otherwise.

Thisrecurencéassolutiont?

if is for , [Casel (optimal)]
if is ,and [Case2 (nearoptimal)]
if is for . [Case3 (optimal)]

9We obtainedthe plot of Figure 8 by taking a snapshobf a Magic X Window. Unlike our design,our plotting tools do not scale. Even a
16-statiormplot over ows virtual memory We arerewriting thetool andhopeto have a good64-stationplot by thetime of the publication.

10we assumdor Case3that  meetsa certain“regularity” requirementnamelythat for all sufciently large . See[2]
for techniquedo solve theserecurenceelationsandfor afull discussiorof therequirementsn
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Figure8: TheVLSI layoutof a 64-stationUltrascaladatapatitorrespondingo the DP andES modulesn Figure?.

Thus,theareais

for Casel,
for Case?, and
for Cases.

Theseboundsareoptimalfor atwo-dimensional/LSI technologyIn Casel theissuewidthis , sothechip must
hold atleast instructionsandthusthe areamustbe . In Case2 theareamustbe andwe have addedat
worsta blowup 1! In Case3, the memorybandwidthrequiresthatthe edgeof the chip be at least in
orderto getthe memorybits in andout, giving anareaof . For athree-dimensiondkchnologythereare

analogousayoutswith optimalbounds.

WireLength

Giventhe size of the boundingbox for an -wide Ultrascalar we can computethe longestwire lengthasfollows.
We obsenre thatthe total lengthof the wires from theroot to an executionstationis independendf which execution

stationwe consider Let bethewire lengthfrom therootto the leavesof an -wide Ultrascalar Thewire length
is thesumof
thedistancdrom theedgeof the Ultrascalatto its internalswitch (distance ), plus
thedistancehroughthe switch(the switchis onaside),plus
thedistancdromtherootof an  -wide Ultrascalatto its leaves(distance ).

Thuswe have thefollowing recurencdor

if ,
otherwise.

In all threecassthisrecurencéiassolution

Thatis, thewire lengthsarethe sameasthe sidelengthsof the chip to within a constanfactor We obsere thatevery
datapattsignalgoesupthetree,andthendown (it doesnotgoup, thendown, thenup,thendown, for example.)Thus,
thelongestdatapattsignalis . Thememorysignalsonly go up thetreesothelongestmemorysignalis

The sameoptimality argumentghatappliedto areaabove applyto wire lengthhere!?

11For Case2 theboundsarenearlyoptimal. We will ignoreCase2's slight suboptimalityfor therestof this paper
12\We assumehatary processomusthave a pathfrom oneendof the processoto the other
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Notethatthe switchabove asubtreeof executionstationshasareaat least andsohasplentyof area
to implementall the switchingand computatiornperformedby the network. (For example,a merging network on
valuescanbeembeddedh area [20] with gatedelay [2]. Suchasortingnetwork canperformthehard
work of the memorydisambiguatiorof Section3 with anoverall gatedelayof J)

The wire lengthdependgprimarily on how muchmemorybandwidthis needed.If we canreducethe required
memorybandwidthe.g.by usinga cachen every executionstationrunningadistributedcohereng protocol,thenwe
canreducethe areaandthe wire lengthof the processarA brute-forcedesignwould provide memorybandwidthof

for every instructionsput it is reasonabléo think thatthe requiredmemorybandwidthfor a sequencef
instructionsmayonly be , reducingthe wire lengthsfrom to . Thisasymptotiaeduction
in VLSI chip areaunderscoreshe importanceof effective caching. We planto study in the future, how to build
effective cachedor Ultrascalaprocessors.

Critical Path Delay

Having analyzedthe Ultrascalars layout, it is now easyto seehow its critical-pathdelaysgrow with the numberof
executionstations'® Thisis becausé¢he delayalongany pathin ourimplementatioris simply linearin the numberof
gatesplusthe lengthof wiresalongthat path. To achieve this linearity, we limit the fan-inandfan-outof eachgate
andinsertrepeategatesat constanintenalsalongwires. Sincewe stick exclusively to gateswith a small, constant
fan-in (the numberof inputwires)andfan-out(the numberof outputwires),eachgatein our designdrivesa constant
numberof gate capacitancesvith a constantgateresistance.By breakinglong wires into constantsize sggments
connectedby repeategateswe malke the capacitancandresistancef eachwire sggmentalsoconstantWire delays,
including repeatedelays,effectively becomesomeconstantraction of the speedof light. Sincethe delayof each
VLSI components proportionalto its resistancdimesits capacitancandsincethe resistanceandcapacitancesf
our gatesandwire segmentsdo not changewith the sizeof our designsthetotal delayalongany pathgrowslinearly
with the numberof gatesandwire segmentg(i.e. wire length)traversedalongthatpath. Speci cally, the Ultrascalars
critical pathdelaysdueto gatesgrow logarithmicallywith thenumberof executionstationsandits critical pathdelays
dueto wiresgrow at mostlinearly with the numberof executionstationsgiving

whichis optimal.

5 Practical Performancelssues

Althoughthe Ultrascalathasexcellentscalingpropertiesmuchwork remaingo make the Ultrascalampractical.In this
paperwe have presente@simplemicroarchitectur¢hatis easyto analyze We have shavn thatthemicroarchitecture
scaleawell, but we have not optimizedour microarchitecturdor practicalwindow sizesor issuewidths. In fact,the
Ultrascalaraswe have presentedt sofar, cannotcompetewith today's superscalarasingtoday's technology The
microarchitecturesufiers from performanceveaknessebroughtaboutmostly by its inef cient passingof the entire
register le to everyinstruction.In this sectionwe analyzethe performancemplicationsof thisinef ciency andout-
line microarchitecturethatavoid Ultrascalars inef ciencies while still maintainingUltrascalars scalingproperties.

The absoluteareaand critical pathwire delaysfor a moderatesize Ultrascalardatapathare infeasibleevenin
today's besttechnology Figure9 lists areaandcritical pathwire delaysfor differentsizeUltrascalarsWe computed
thesedataby scalingour layoutto a 0.35microntechnology We assumed signalvelocity of mm nsachieved
with optimalrepeateplacemenasdescribedn in [3].14

TheUltrascalars largewire delaysandareastemmostlyfrom its wide datapath Althoughatypical RISCinstruc-
tion only readswo registersandwritesone, TheUltrascalapassegheentireregister le to andfrom everyinstruction.
Passinghe entireregister le doesnot compromisehe Ultrascalars scalingpropertiessincea register le containsa
constanhumberof registersbut it doesintroducelarge constantsidingin the

Oneway to reducethe constantss by combiningthe bestpropertiesof the superscalaprocessowith the Ultra-
scalar Although, sofar, we have describedeachexecutionstationasholding a singleinstruction,thereis no reason

13Thenumberof executionstationss the sameastheissuewidth, thefetchwidth, andtheinstructionwindow sizeof the Ultrascalaprocessor
140ur wire delay estimatesare pessimistidby a small constanfactorbecausehe Ultrascalardatapathis layedout in the metal-3andmetal-2
layers,whereaghedelaycalculationsn [3] arefor the metal-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 differentsize Ultrascalarsn a 0.35microntechnology (This layout
providesfor 1 memoryoperationperclockcycle.) In TI's proposed.07microntechnology[19] thewire lengthsand
delayswould presumablype aboutreducedoy abouta factorof 5.

why an executionstationcannothold and executea sequencef instructionsinstead. The sequencef instructions
within an executionstationcanbe executedusing,for example,a traditional superscalaprocessocore. Since,for

smallenoughwindow size,a superscalaprocessohassmallercritical pathdelayandsmallerareathananUltrascalar
processamlacingsuperscalaprocessocoresat the leavesof the Ultrascaladatapattcanshorterthe overall critical

pathdelayandreducearea. At the sametime, the Ultrascalardatapathcan provide time- andarea-efcient routing

amongthe mary superscalacores.

The hybrid microarchitecturgust describedbearsresemblencéo clustering[4, 11, 5]. Clusteringavoids some
of the circuit delaysassociatedvith large superscalamstructionwindows by assigningALUs and outstandingn-
structionsto oneof severalsmallerclusterswith a smallerwindow. Instructionsthatexecutein the sameclustercan
communicatejuickly, but whendependeninstructionsexecutein differentclustersanextraclock delayis introduced
to resole the dependeng Thereportedschemesrelimited to two clusters.Decodedandrenamednstructionsare
assignedo oneof thetwo clustersusingsimpleheuristics.It is not clearhow well theseheuristicswill scaleto large
numbersof clusters. In addition, otherslowv component®f the superscalaprocessarsuchasthe renaminglogic,
arenot addressetby clustering.Lik e clustering,our hybrid microarchitecturalsoseparatesutstandingnstructions
into clusters.The heuristicusedto assigrinstructionsto clusterss their proximity within the dynamicinstructionse-
guenceThus,instructionghatareneareachotherin the serialexecutionorderarelikely to bein the samesuperscalar
coreor thesamesubtreelnstructionghatarefar from eachothercommunicatevia theUltrascalarslogarithmicdepth
network. The Ultrascalamplacemenheuristicis probablynot asgoodasthe clusteringheuristicwhentherearetwo
clustersor two executionstations.lt is not clearhow to build largerclustershowever, whereaghe hybrid Ultrascalar
doesscaleup.

The secondenhancemerthat canreducethe Ultrascalars wide datapaths tagging. Fundamentallythereis no
reasonwhy the Ultrascalameedsto passthe entireregister le to andfrom every executionstation. Much like the
counter ow pipeline[18], the Ultrascalardatapathcan passeachexecutionstationonly two argumentgaggedwith
theirregisternumbersandacceponeresulttaggedwith its registernumber The Ultrascalamdatapaticanmergethese
incrementalegister le updatesasthey propagatéhroughthetree. Theresultingtreecanbelayedout asatreethat
fattensasit ascendsowardstheroot for the lower levels of thetree,where is the numberof logical registers.
We planto describethis mechanisnelsavhere.

An additionalwayto mitigatethewire delaysintroducedy theUltrascalars wide datapathis throughthedesigns
timing discipline. For example,we canimprove the average-caseouting delay by pipelining the datapatmetwork
of Figure3. We canseparat@very subtreecontaining executionstationsfrom therestof the datapatmetwork by
registers.Theinstructionswithin a subtreecanthenroutein the sameclock cycle in whichthey compute.nstructions
in two separatsubtreecommunicateisinganadditionalclock cycle. Sincein atree,mostconnectiongrelocal, the
slowdown maynotbeverygreatin thetypical case'® TheUltrascalamlsoappearsendsitself well to anasynchronous
self-timedlogic methodology

Aside from the Ultrascalars wide datapathanotherissueof practicalconcernis the relatively large numberof
ALUs. TheUltrascalarassignanALU to everyinstruction.We believe thatthe largenumberof ALUs will notbea
problemin thefuture,becausén abillion-transistorchip,afull ALU will probablyrequireonly about0.1%of thechip
area® Evenif ALUs becomea seriousbottleneckthe ALUs canbe shared.A cyclic segmentedparallel-pre x tree
canscheduleanALU among executionstationswith only gatedelaysandwith relatively smallareal’

15Notethatthe CM-5 controlnetwork usesa pipelinedparallel-pre x tree[8].
160urstandard-celALU usesonly about13,000transistorsput it includesno oating pointsupport.
L7palacharlaetal [11] alsoshav how to scheduleALUs with only gatedelays.But their scheduledoesnotwraparound.lt statically

13



6 Summary

Otherrecentwork hasaddressethe scalabilityof superscalaprocessomicroarchitectureln Section3, we outlined
currentresearchon improving the effective instructionbandwidththat could bene t the Ultrascalaraswell astradi-
tional superscalardn Section5, we comparedheUltrascalarto existingandproposedlusteringschemeshatcluster
instructionsaroundsmallerinstructionwindows, but do not addresghe scalabilityof broadcastingr renaming.In
Section2, we pointedout the counter ow which deeplypipelineslong chainsof instructions put re lls instructions
seriallyandroutesusingalineardepthratherthanlogarithmicdepthnetwork. Severaladditionalapproachew scaling
today’s uniprocessorsely on course-graineéhstruction-level parallelism. MultiScalarprocessor$l7] take course-
grainedthreadsthat must be executedserially, and speculatrely executethem, noticing after the fact whena data
dependeng hasbeenviolated. MultiScalar processorslo not addresghe problemof exploiting ne-grained ILP.
DataScalamprocesssorgl] executeinstructionsredundantly and requirean ef cient broadcasmechanismwhich
appeargo limit its scalability

Oneoften-heardsloganstateghat“the computeris the network” (or vice versa) To scaleto greaterandgreater
issuewidthsthe processotoo mustbecomea network. We have presente processoimplementatiorthat dramat-
ically differsfrom today's designsscalingef ciently, andwith low designeffort, to largeissuewidthsby cornverting
the processos datapathinto severallogarithmic-deptmetworks. Althoughthe Ultrascalars implementatiordiffers
dramaticallyfrom today's processorghe Ultrascalarexploits the sameparallelismasmoretraditionalprocessorsy)y
providing out-of-orderissue registerrenaming andspeculationTo exploit evenmoreparallelismwe have proposed
improvementdo the dataandinstructionmemories Severalimprovementgo the Ultrascaladatapatharepossibleto
reducethe constants.

Although muchwork remainsin makingthe Ultrascalarpractical,we ervision the Ultrascalarcircuits improv-
ing processoperformancen the neartermaswell asthe distantfuture. For examplein the shortterm mary of the
parallelpre x circuitsintroducedn Section2 canef ciently computedynamicpropertiesof instructionsfor a tradi-
tional superscalaprocessarFor instancea cyclic, sggmentedoarallelpre x candeterminewhich instructionshave
committed,selectthe oldestinstruction,or assigninstructionsto availableresourceslIn the mediumterm, a hybrid
superscalabllitrascaladesign(outlinedin Section5) canextendthe clusteringconcepto four or eightclustersin the
longerterm, if instruction-level parallelismallows, an optimizedUItrascalamprocessocan hanestinstruction-level
parallelismfrom sequencesf hundredsor eventhousand®f instructions.With its attractve scalingpropertiesthe
Ultrascalahighlightsa promisingdirectionfor the next decadeof processors.

Finally, the Ultrascalarprocessodemonstratethat VLSI algorithmsandanalysisare animportanttool for pro-
cessomrchitects.
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