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1 Introduction

The performanceof microprocessorhasincreasediramaticallyoverthe pastfew years. Partof the performance
gain hascomefrom reducingthe cycle time, while the resthascome from decreasinghe averagenumberof
cyclesneededo completeaninstruction. CurrentRISC processorslreadyachieveaninstructionexecutiorrate
of nearlyoneinstructionper cycle [Henn86]. To continueimprovingprocessoperformancewe are motivated
to exploreprocessorgapableof executingmorethanoneinstructionper clock cycle; we call thesesuper-scalar
Pprocessors.

The problemof exploiting instructionlevel concurrencyhas been extensivelystudiedfor scientific appli-
cations. In fact, thereare alreadyon the marketsimple superscalarmachineswhich allow concurrentinteger
and floating-poit executionfpol 88. This paperdemonstrateshat highly-opimized, non-scientificapplica-
tions also containampleinstructionlevel concurrencyto sustainan executionrate of two instructiors per clock
cycle. However the costrequirementsiecessaryo providethe instructionbandwidthneededby theinstruction-
executionunit makethis performancedifficult to achieve.

Ourresearchusestrace-drivensimulationbothto evaluatethe amountof instructionlevel concurrencyavail-
able in general-purposapplicationsand to determinehow this concurrencyis exploitedby differenthardware
organizations.Section2 introducesour approachto superscalarprocessodesignand discusseshe aspectof
our simulationmethodology Section3 presentsthe available instructionrlevel concurrencyfound in highly-
optimized,non-scientificapplicationsexecutingon ideal superscalarprocessorsThe specificsof theseproces-
sorsarerefinedin Sections4 and5 to demonstratéhatit is the costandefficiency of the instruction-fetchunit,
and not the instruction-executio unit, thatlimit performance.

2 Methodology

2.1 Super-Scalar Techniques

Many researcherdave investigatedsuperscalarlike processorsand their researchhas producedseemingly
contradictoryresults. Table1 presentshereportedperformanceadvantagesf somesuperscalarlike processors.
The wide rangeof potentialspeedupsn Table1 arisesfrom differencesoth in the hardwareof the simulated
machineandin the applicationsbeingsimulated.

The most glaring differencein the reportedresultsis betweenthoseresearcherasvho assumethat their
machineshave an infinite numberof functionalunits and thosethat assumesomesmall numberof functional
units. To make useof a large numberof functional units, the machinesrequire very good branchprediction
mechanisms.In fact, perfectbranchpredictionis assumedn the two caseswith the highestspeedups.Low
speedupsesultfrom a limited numberof functionalunits and simple branchhandlingschemes.

Othermajor hardwaredifferencesbetweenresearcherinclude the assumedssueand resultlatenciesof the
functionalunits andwhetheror not registerrenamingis performedto eliminateregisterstorageconflicts. These
factors can significantly affect the available concurrency For example,the “slots” that arise in a pipelined



Research Speedup
Weiss/Smith(1984) 1.58
Tjaden/Flynn(1970) 1.8

Sohi(1987) 18
Acostaet al (1986) 2.7
Kuck etal (1972) 8

Riseman/Fostef1972) | 51
Nicolau/Fisher(1984) | 90

Tablel1: ReportedSpeedup®f Superscalarlike Machines

machinebecausef the resultlatenciesuse up someof the availableconcurrency Ignoringthis effect resultsin
optimistic predictionsof speedup.

The target applicationalso has a significantinfluence on the availableinstructionlevel concurrency A
significantportion of the publishedresearchstrivesto use superscalartechniquego enhancethe performance
of vectorizablecode. We suspecthatonereasorfor the popularityof suchbenchmarkssthe LivermoreLoops
and Linpack in measurementsf instruction-evel concurrencyis that theseapplicationshave a high ratio of
computationto dynamicbranches.This high ratio in turn leadsto large potentialconcurrency All of the prior
work in Table 1 experimentedvith this type of application.

Forthis study we look at a setof commonC programsepresenting wide classof generalnon-vectorizable
applications.Sincetheseapplicationswith their complexcontrolflow, arethoughtto havelittle instruction-level
concurrencythey form a goodtestof the generalityof superscalartechniques.

In orderto exploit asmuchinstructionrlevel concurrencyin theseapplicationsas possible we employ four
organizationatechniques First, we assumehat within the superscalarprocessothereare multiple functional
unitswhich areindependenandpipelined;this allows concurrenpperationon differentinstructionsandreduces
the instructionissuelatencies. Second,the processorcontrol can issueinstructiors out-of-orcer to allow the
functionalunitsto be betterutilized in the presenceof datadependenciesThird, it canalsoissuemorethanone
instructionper cycle to maintainthe instructionbandwidthneededby the instructiorexecutionunit. Finally,
some branchpredictionis usedto reducethe cost of correctly-predictedoranchesand—moreimportantly—
to allow the instruction-fetch unit to maintain the instruction bandwidthneededby the executionunit. For
this paper we considerthesefeaturesto be implementeddirectly in hardware thoughwe also mentionsome
possibiliiesfor supportingthesefunctionsin software.

2.2 Simulation Method

To evaluatethe feasibility of superscalarprocessordor the benchmarkapplications,we built a trace-driven
simulationsystem. The tracing systemis baseduponthe MIPS R2000RISC processot. We chosethe R2000
processoffor two importantreasons.First, MIPS machinesare shippedwith an excellentoptimizing compilet
andsecondMIPS providesanalysistoolsfor their machineghatareessentiato our investigations.Forinstance,
theseanalysistools allow the easygeneratiorof dynamicaddressand datatracesandthe convenientollection
of dynamicinstructionstatisticf MIPS 86].

All simulationsare performedasshownin Figurel. We first takethe optimizedobjectcodefor a particular
benchmarkandrunit throughpixie [MIPS 86|, a programwhich annotateshe objectcode. Whenthe annotated
codeis executed,it producesa dynamictrace streamof basic block entry pointsand load/storeaddressesin
additionto the programs normaloutput. This dynamictracestreamandthe original objectfile arethenfed into
a simpleinstructiorlookup program. This programlooks up the instructios given the basicblock entry point
anddecodedhe bit fields to producethe dynamicinstructionflatatrace neededby the instructionscheduler

The instructionschedulesimulateghe functionality of the scalarandsuperscalarmachinesausingthe speci-
fied machineconfiguratiorfile andsomeschedulingparametersThe instructionscheduleusesthis information

1R2000is a Trademarkof MIPS ComputerSystems)nc.
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Figure1: Flowchartof Trace-DrivenSimulator

to modelthe executionof the scalarand superscalarprocessorst a functionallevel, with time beingrecorded
in termsof machinecycles. The cycle time of the superscalarprocessoiis assumedo be identicalto that of
the scalarprocessoi(the questionof whetherthe additionalhardwarein a superscalarprocessoiincreaseshe
cycletime is not consideredn this paper). By keepingthe numberof instructionscompletedby eachprocessor
modelequal,the simulatoris able to comparethe cycle countsto determinethe performanceadvantageof the
superscalarorganizationover a basicRISC machine.

The machineconfigurationfile specifiesthe numberand type of availablefunctionalunits alongwith their
issueand result latencies. We basedour simulationson functional units that are quite similar to thosefound
in the R2000processoland its associatedloating-pointcoprocessorThe functionalunits arelistedin Table 2.
All floating-pointresultlatenciesin Table 2 are specifiedfor double-precisioroperands.The FP Convertunit
convertsfloating point numbersto integerformat and vice-versa.Independentoad and storepipesto memory
areincludedso that the processoicanissuea load and a storesimultaneously This provision, of course,does
not imply that the machinemusthavetwo portsto memory/cacheincethe storepipe may be implementedas
a buffer in front of a singlememorypipe. The buffering of eachstoreallows the storeissuelatencyto be one
cycle.

2.3 Simulation Data

The simulationtracesare generatedrom a numberof integerprograms,suchas compilersandtext formatters,
and somescalarfloating-point applications,suchas circuit and timing simulators. Table 3 lists the programs
which were usedas benchmarkdor our simulations. All simulationsusedhighly-optimized versionsof these
programs.To obtain processomeasurementsgachprogramis tracedfor five million instructions.In practice,
the resultsdo not changesignificantly after the first million instructions.



FunctionalUnit | IssueLatency | ResultLatency
(cycles) (cycles)
IntegerALU 1
Barrel Shifter
Load Pipe
StorePipe
BranchUnit
FP Adder

FP Multiplier
FP Divider
FP Convert

PR ERPRRERE
rloor MR R

Table 2: FunctionalUnits with Issueand ResultLatencies

Program | Description

5diff comparegwo text files andreportsall differences
awk patternscanningand processindanguage
ccom front-endof a C compiler

compress| file compressiorusingLempel-Ziv encoding
espresso | minimizesa two-levelrepresentatiof a Booleanfunction
gnuchess| computerchessprogramwith computerplayingitself

grep reportsall occurrence®f a stringwithin a text file

irsim delay simulatorfor VLSI layouts

latex documentpreparatiorsystembaseduponKnuth’s TeX

nroff formatstext for a typewriterlike device

troff formatstext for printing on a phototypesetter

wolf TimberWolf standardcell placementiprogramdevelopedat UC Berkeley
yacc compilesa context-freegrammarinto LR(1) tables

Table 3: ProgramDescriptions

The resultsin the section3 are baseduponthe harmonicmeanof all programsin the benchmarkset. Since
all of the benchmarksexhibitedsimilar speedupswe chosefour programsfrom Table 3 — ccom, irsim, troff,
andyacc — as a representativsamplefor demonstratingand clarifying the points madein Sections4 and 5.
This samplesimply limits the amountof datapresentedor purposesf illustration.

3 Available Concurrency

Sincethereis little previouswork thatdealsspecificallywith general-purposapplicationspurinitial experiments
focusedon determiningthe amountof instructiorlevel concurrencyin theseapplicationsand on identifying any

major performancebottlenecks.For theseexperimentswe built a simulatorthat modelledthe effects of four

main factors we felt would limit performance:data dependenciesind registerstorageconflicts, the number
and latency of the functional units, the instructionfetch width, and the accuracyof predictedbranches. The

simulator was not intendedto preciselymodel a real machine. It ignored such performanceconstraintsas
load-storedependencieand cachemisses. Once we betterunderstoodhe problemdomain,we wrote a more
detailedmachinesimulatorfor boththe instructionexecutiorandtheinstruction-fetchunit. Thesearedescribed
in Sections4 and>5.

For the superscalarprocessomodel,the instructionscheduleperformsthe following functionsduringeach
cycle: (1) it prefetchesa block of instructionsfrom the decodeddynamictrace streamand attemptsto place



theseinstructiors in the instruction window; (2) it issuesinstructionsfrom this window to availablefunctional
units andrecordstheir resultlatency;and(3) it removescompletedinstructiors from the instructionwindow.

An instructionprefetchbuffer in the simulatorlimits the numberof instructiors placedinto the instruction
window duringa singlecycle. The prefetchbuffer is refilled from the instructiontrace only whenthe buffer is
completelyempty

As instructionsare placedin thewindow, theyarecheckedor datadependencieandregisterstorageconflicts
on all otherinstructionsalreadyresidingin the window. The instruction window keepsa scoreboardvhich can
track eitherall dependencies or just true dependencies betweeninstructions. The term all dependencies means
that the simulatorchecksfor true, anti-, and outputdatadependenciesanti- and outputdatadependenciesre
due to registerstorageconflicts. The term true dependencies meansthat the simulator checksonly for true
dependencieand assumeshat all registerstorageconflictsare handledby registerrenaming.

An instruction is issuedwhenit is not dependenuponany otherinstructionin the window andits required
functionalunit is available. Instructiors can be issuedto the functionalunits only from the instructian window,
and not from the instruction prefetch buffer. An instructionremainsin the window until it has completed
execution.Upon completion,the instructionis removedfrom the window and all datadependenciesponthis
instructionare cleared.

3.1 Ideal Fetch Unit Results

Thefirst setof resultsis baseduponanidealinstructionfetch unit so thatwe may independentlynvestigatethe

effectsof boththe instruction window size andthe numberof functionalunits on instructim-level concurrency

Concurrencyis measuredn termsof speedupwherespeedups definedto be the total numberof cyclesthat
the scalararchitectureneedsto executea benchmarldivided by the total numberof cyclesthatthe superscalar
architectureneeds.The fetch unitis ideal in thatit performsperfectbranchpredictionandhasa prefetchbuffer

capableof placingas many instructiors into the instructionwindow during a single cycle as there are empty

slotsin the window. In otherwords, the instructionwindow is alwayskept full, and control dependenciesre

ignored.

In eachof thefollowing graphsof availableconcurrencytheverticalaxis correspondso the meanspeeduf
the superscalamachineoverthe scalarmachine.This speedups the harmonicmeanof thetotal benchmarlset.
The horizontalaxisis indexedby a rangeof superscalarmachineghatdiffer in the numberof functionalunits
available. The machineorganizatios alongthe horizontalaxis correspondo thoselistedin Table4. Machine
configurationl containsoneof eachof thefunctionalunitslistedin Table2. This machineis the functional-uni
equivalentof the original scalarprocessomwith a superscalararchitecture.Machineconfiguration2 is identical
to configurationl exceptthatit hasan extraload pipe; machineconfiguration3 is identicalto configurationl
exceptthatit hasan extraintegerALU. Machine configuration4 is a combinationof configurations?2 and 3
in thatit addsan extraload pipe and integerALU to the basic machineconfiguration. A differentinstruction
window sizeis usedfor eachshadedbarin the graphs.

Figure 2 presentghe meanspeedupfor a machinewith anideal fetch unit that checksfor all datadepen-
dencies. The meanspeedupvariesonly slightly, from 1.9 to 2.5, over a rangeof window sizesand machine
configurations.The mostnoticeableincreasein performancecomesfrom addingan extraintegerALU in ma-
chine configuration3. A secondload pipe (machineconfiguration2) increasegerformanceonly by a small
amount. Even thoughthe machineswith the larger window sizesand greaternumberof availablefunctional
units can look further into the instructionstreamand theoreticallyexecutemore instructionsconcurrently the
additionalhardwaregoesunusedbecauseheselarger machinesare limited by datadependencies.

As statedpreviouslyhowevey registerstorageconflictscanbe removedthroughregisterrenaming.Figure 3
containsresultsfor the samemachine configurationsshownin Figure 2, when checkingonly for true data
dependenciebetweeninstructions.As canbe seen the speeduphaveincreasediramaticallyto a rangeof 2.3

2As anaside,it is interestingto notethat registerrenamingis necessaryiot becausef the inherentstructureof the codeitself, but as
Slavenbug [Slav 88 points out, becausef how the compilertries to minimize the numberof live registersat any giventime. Oftena
compilerwill choosea limited numberof registersto be usedastemporariesor to hold the mostactive valuesin a loop [Aho 86]. Thus,
whenone of thesevaluesdies, its registeris immediatelyreusedfor a new temporaryor activevalue. This methodof registerallocation
producesmany registerstorageconflicts in the code, and causesegisterrenamingto be necessaryn superscalararchitectures.If the
methodof registerallocationin the compilercould be changedthe needfor registerrenamingmight be reduced.



Machine

Configuration

1

2

Oneof eachof the
availablefunctionalunits
Machinel plus

an extralLoad Pipe
Machinel plus

an extralntegerALU
Machinel plus

an extralLoad Pipe

and IntegerALU

Table4: SimulatedSuperScalarMachine Configurations
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Figure 2: Mean Speedugor a SuperScalarMachine CheckingAll Dependenciesvith an Ideal Fetch Unit
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Figure 3: Mean Speedugor a SuperScalarMachine CheckingTrue Dependenciesvith an Ideal FetchUnit

to 4.1 times over the spectrumof machineconfigurationsand window sizes. The largestgain in performance
still resultsfrom the addition of a single integer ALU ratherthan a load pipe. Now, however the relative
performancechangebetweenwindow sizesincreasesas the numberof availablefunctionalunits is increased.
This indicatesthatthe machinemustlook fartherandfartheraheadn theinstructionstreamto find operationgo
keepthe additionalfunctionalunits busy If the window is kept small, datadependenciebetweeninstructions
preventthe additionalunits from being effectively utilized.

3.2 Non-ldeal Fetch Unit Results

The previousresultsare very optimistic in that we useda perfectinstruction-etchunit. The performancevas
limited by executiorhardwareanddatadependenciegontroldependenciewereignored. Includingthesecontrol
dependenciebasa dramaticeffect on performanceespeciallysincebranchesaresometimesnispredicted Given
the smallaveragenumberof instructionsbetweenbranchinstructiongfive) andthe evensmallermedian(three)
for our benchmarkspranchinstructiors are encounteredrequently Branchinstructionsreducethe machines
ability to look far aheadn theinstructionstreamandlimit the availableconcurrency In addition,takenbranches
causeinstructionfetchesto addresseshat are not always fetch-aligned. Unalignedfetcheslower the effective
fetch bandwidth,and causeperformanceo decrease.

Figure4 showsperformancevhencontroldependencieare consideredindthe prefetchsizeis limited. The
superscalarmodelis limited to prefetchinga maximumof four instructiors per cycle, andthe branchprediction
accuracyis setto an 85% correctpredictionrate’. The rangeof speedupss reducedto 1.9to 2.3 timesthat of
a scalarprocessar Furthermorethe additionof functionalunits andthe enlagementof the instructionwindow
do not significantlyincreaseperformanceastheydid in Figure 3.

Theseresultsindicate that there exists enoughinstructiorlevel concurrencyin highly-opimized code to
supportan approximategwo-timesspeedupn performance.To exploit this level of concurrencyrequiresonly a
limited numberof functionalunits. In fact, for this classof applicationsfetchissuesseemto makemachineswith
largernumbersof functionalunits not cost-efective. Using this informationasa startingpoint, we proceededo
implementa more detailedsuperscalarmachinemodelto ensurethat therewere no problemsthat theseinitial
simulationsoverlooked.

3An 85% prediction rate is comparableto what can be obtainedby a hardwarebranchtarget buffer [Lee 84 or software profil-
ing [McFa 86]. The simulator though,just randomlychose85% of the branchesand predictedthem correctlyto generatehe resultsin

Figure4.
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Figure 4: Mean Speedugor a SuperScalarMachine CheckingTrue Dependenciesvith an 85% Branch Pre-
diction Accuracyanda Prefetchwidth of Four Instructions

Program Numberof instructiors issuedper cycle avg.
0 1 2 3 4 5 6 7+ inst/

inst | inst | inst | inst | inst | inst | inst | inst || cycle

ccom .071] .18 | .22 | .25| .19 | .071| .013| .001 || 2.57
irsim .079| .18 | .14 | .34 | .21 | .053| .007 | .001 || 2.62
troff .073| .17 | .20 | .32 | .16 | .066 | .014 | .000 || 2.58
yacc .090| .21 | .20 | .27 | .19 | .039| .005 | .000 || 2.39

Table5: Instruction-ksueDistribution and Resultinglnstruction-Executin Rate

4 Machine | mplementation

Therearea greatnumberof proposedsuperscalar(or conceptuallysimilar) architecturessowe werefacedwith
a large numberof possibleimplementations.Sincewe could not implementa simulatorfor every possibility,
our approachwasto selecta reasonablelassof machinesthis allowedus to examinein more detail the effects
of executionconstraintson a superscalarprocessar This sectionbriefly presentghe implementatiorchoices
we made,andwhy we chosethis organization.

4.1 Motivation

The designerof a superscalarmachineis facedwith a cost-performancedilemma. The peaknumberof instruc-
tions per cycle that the machinecan executedeterminests cost, but the averagenumberof instructionsper
cycle that the machineexecutesdeterminedts performance.For speedup®f two, the ratio betweenpeakand
sustainegerformancecan be over a factor of two, asis shownin Table5. This tablegivesthe fraction of total
cyclesin which 0, 1, 2, 3, etc. instructionsare issued. The aggregaténstructionexecutionrate is also shown.
This datais for machineconfigurationd with an 85% branchpredictionaccuracyandan infinite prefetchbuffer.

We presentthis datato make the point that the maximum numberof instructionsissuedin one cycle can be
significantlyhigherthanthe aggregatenstructionissuerate.

However issuing many instructionsper cycle can be quite expensive,becauseof the cost incurredin
communicatingoperandvaluesto the functional units. Each instructio issuedin a single cycle must be



accompaniedy all requiredoperandssoissuing N instructionsin one cycle requiresaccesgortsand routing
busesfor asmanyas?2x* N operands.To reducethis cost,we could limit the numberof instructionsissuedper
cycle to two, but—asmentionedabove—thiswould decreasehe performanceof the machine.

Insteadof directly limiting the instructionissue,we choseto distribue the instructionwindow amongthe
functionalunits in reservationstations[Toma67]. With this organization,the numberof instructionsdecoded
is setaccordingto the averageinstruction-executin rate, which in turn setsthe numberof busesand portson
theregisterfile. However eachfunctionalunit can startthe executionof an instructionin eachcycle. The data
neededor instructicn issuecomesfrom the local reservatiorstations ratherthan a global registerfile.

4.2 Implementation Description

In the hardwaresimulator the executionunit is comprisedof a numberof functional units, eachwith an
associatedreservationstation. The instructiondecoderplacesinstructionsand operandsinto the reservation
stationsof the appropriatefunctionalunits. A functional unit can issuean instructionin the cycle following
decodeif theinstructionhasno datadependencieandthe functionalunit is not busy;otherwise the instruction
is storedin the reservatiorstationuntil all dependencieare releasedandthe functionalunit is available.

Registerrenaming[Kell 75, Logr 77| is usedto eliminateregisterstorageconflicts. To implementregister
renamingthe processomcorporates resultbuffer containinga numberof storagdocationsthataredynamically
allocated.Whenaninstructian is decodedits resultvalueis assigned result-buferlocation,andits destination-
registemumberis associatedvith thislocation(i.e. the destinatiorregisteris renamed).A subsequenteference
to the renameddestinatiorregisterobtainsthe value storedin the resultbuffer.

The resultbuffer is implementedas a content-addressabteemory It is accessedisingthe registernumber
as a key, andreturnsthe latestvalue written into the register This organizationperformsname mappingand
operandaccessn a singlecycle, mimicking the registerfile.

During instruction decode the resultbuffer is accessedh parallelwith theregisterfile. Then,dependingon
which onehasthemostrecentvalue,thedesiredoperands selected.The operandvalue—ifavailable—iscopied
to the reservationstation. If the value is not available (becauset has not beencomputedyet), an identifier
for the result-bufer entry is copiedto the reservationstation. This procedureis carried out for eachoperand
requiredby eachdecodednstructian.

If aregistermappedby the resultbuffer is the destinatiorof a decodednstruction,the previousmappingis
markedasinvalid, sothat subsequeninstructiors obtainthe resultof the new instruction. At this point, the old
registervaluecanbediscardedbutwe choseto preservat to simplify interruptandexceptiorhandling[ Sohi 87].

Whena resultbecomesavailable,it is written to the resultbuffer andto any reservatiorstationscontaining
identifiersfor the result-bufer entry (notethat this requirescontent-addressablaemoryin the reservatiorsta-
tions). Subsequerninstructionscontinueto fetchthe valuefrom the resultbuffe—unlessthe entryis superseded
by a new value—untilthe valueis retiredby writing it to the registerfile. Retiringoccursin the ordergiven by
sequentiakxecution,which preserveghe sequentiaktatefor interrups and exceptions.

Our designof the superscalarpipeline closely parallelsthe designof a sequentialRISC pipeline. The
objectiveis to keepthe executionrate of sequentialinstructiors as high as the executionrate in a sequential
processar The parallelsbetweenthe pipeline of the sequentiabrocessomland of the superscalarprocessoiare
shownin Table6.

Table6 doesnot showeveryfunction performedn the pipelinestagesbut doesillustratehow the additional
functions requiredby the superscalar processoffit into the pipeline stagesof the sequentialprocessar In
essencethe result buffer augmentsthe registerfile and operatesn parallel with it. The reservationstations
replacethe functional-uni input latches. The distribuion of operandsandwriting of resultsare similar for both
processorsexceptthatthe superscalarprocessorequiresmore hardware suchas busesand write ports.

Loadsandstoresoccuronasingle,32-bitbusto a perfectdatacache.Storesarebufferedto resolvecontention
for the data-cachenterface;loadsare given priority for the use of this interface, since an uncompletedoad
is more likely to stall computation. A load is issuedin program-sequentiarder with respectto other loads,
and likewise for a store. Furthermorea storeis issuedonly after all previousinstructions have completed o
preservethe processadrs sequentiaktatein the datacache. Finally, this simulatoraddresses shortcomingof



| PipelineStage || SequentiaProcessor | SuperScalarProcessor
Fetch fetch oneinstruction fetch multiple instructions
Decode decodeinstruction decodeinstructiors
accesoperandgrom accesoperandgsrom register
registerfile file andresultbuffer

copy operanddo functional | copy operandgo functional-
unit input latches unit reservatiorstations
Execute executeinstructian executeinstructions

arbitratefor resultbuses
Write-back write resultto write resultsto
registerfile resultbuffer

forward resultsto functional- | forward resultsto functional-
unit input latches unit reservatiorstations
ResultCommit || n/a write resultsto registerfile

Table6: ParallelsBetweenthe Pipelinesof a SequentiaProcessoanda SuperScalarProcessor

Benchmark|| Speedup| PredictedSpeedup
ccom 2.17 2.18
irsim 2.28 2.26
troff 2.12 2.12
yacc 2.16 2.18

Table 7: HardwareSimulationResults—Instration Fetch Effects Disabled

our initial simulatorin thatit correctly detectsand resolvesmemorydependenciebetweenloadsand stores.

Table 7 showsthe performanceobtainedby simulatingour benchmark®n this hardwareconfiguration.The
processorganizationis comparabléo machineconfigurationl. It hasone eachof the functionalunits listed
in Table 2, a 16-entryresult buffer for integerresults,and an 8-entry result buffer for floating-pont results.
Table 7 also showsthe performancepredictedby our preliminary simulatorfor machineconfigurationl with a
window size of 8. For all benchmarksthe overheadintroduwced by real hardware(e.g. the resultbuffer) has
had negligibk effect on performancé.

The purposeof Table7 is to demonstrat¢hatthe executionunit—with correctlysizedreservatiorstations—
almostneverlimits performance.lt is importantto note that we disabledthe effects of instruction fetchingto
obtain theseresults. Brancheswere perfectly predicted,and instructionalignmentwas ignored, as was done
in the original experiment.Unfortunately unlike the executionunit, the instructionfetch unit often starvesthe
decoderandis the primary limit to performance.

5 Fetch Limitations

Up to this point, we haveestablishedhatthereis sufficientinstruction-levelconcurrencyin optimizedRISCcode
to supportan instructionrexecutionrate of abouttwo instructionsper cycle. Furthermorewe haveestablished

4Theirsim benchmarks slightly betteron real hardwarethanpredictedbecauséhe reservatiorstationsdo not corresponaxactlyto the
instructionwindow of the original simulator The additionalreservatiorstationson the floating-pointfunctional units effectively increase
the window size,and causethe resultsto be slightly betterthanpredicted.

10
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that evenlimited executionhardwareis sufficient to exploit the availableconcurrency However we haveonly
briefly touchedon the subjectof branchesithis was not becausewe think that branchesare unimportant,but
becauseve wantto emphasizehefact thatfetchlimitationscausedy branches—rathehanexecution-hardware
constraints—iinit the performanceof the superscalarprocessar The effects of branchesare consideredn this
section.

Branchesaffect the performanceof the superscalararchitecturen the usualway, by introducirg a pipeline
dependencybetweenthe executionstageand the instruction-fetchstage. This dependencycan preventthe
instructionfetch stagefrom fetching the proper instructions,starving the executionunit. But branchesalso
affect the executionratein a way thatis uniqueto the superscalarprocessarEvenif branchesanbe perfectly
predicted,they disrupt the sequentialityof instructionaddressinggcausinginstructionsto be misalignedwith
respecto theinstructiondecoder This in turn inhibits the ability of the instructionfetcherto keepthe machine
suppliedwith instructionsat the requiredrate.

For example,considera casewherethereare threeinstructionsbetweenbranchpoints,andassumehat the
decodemrocesses$wo instructiors per cycle. Since precedingand succeedingnstructionsare not at sequential
addresseghe instructionfetch unit requiresat leasttwo cyclesto supplythesethreeinstructionsto the decoder
The resultingfetch efficiency is 1.5 instructionsper cycle—well belowthe target executionrate of 2. Eventhis
rateis optimistic, becausehe fetch unit mustdecodethe branchand calculateits destinatioraddress.Thereis
at leastoneidle cycle beforethe instructionat the targetaddresscan be fetched. With this additionalcycle, the
fetch efficiency for a three-instructia run dropsto 1 instructionper cycle, or aboutthe sameasthe sequential
machine.

As the aboveexampleillustrates,fetch efficiency is quite dependenbn the numberof sequentially-fetched
instructionsbetweenbranches We call theseinstructioys a run, andrefer to the numberof instructionsfetched
sequentiallyastherun length. Therunlengthdoesnotincludeno-opswhich areincludedfor pipelinescheduling.
The largerthe run length,the betterthe ability of theinstructionfetcherto keepthe executionunit satisfiedwith
instructions.

Figure 5 showsthe distribufon of run lengthsfor the benchmarkgpresentecpreviously The presenceof a
few large blocksmakesthe averagerun length(seven)a poorindicatorof run length,sincethe medianrun (four)
is abouthalf this size. Table 8 showsthe averagefetch efficienciesby run length measuredduring program
execution. Although the actualfetch efficienciesare slightly programdependen(the alignmentof the runsis
not perfectlyrandom),they are quite closeto the averagevaluesgivenin Table8.

11



Fetch Numberof Instructionsin Run

Block 1 2 3 4 5 6 7 8+

Size inst | inst | inst | inst | inst | inst | inst | inst
2 0.50| 0.77] 1.00| 1.16| 1.25| 1.40| 1.40| 1.62
4 0.50|091|121|157|167|191|1.98| 2.58

Table8: FetchEfficiency Including1 Cycle BranchStall (inst/cycle)

FetchEfficiency (inst/cycle)

Fetch Fetch/Decode
Constraints Width (inst) | ccom | irsim | troff | yacc | avg.

Onecycle delayfor
takenbranchesand 2/2 139 | 1.31 | 1.38| 1.28 | 1.34
no branchprediction

4/4 197 | 1.84 | 1.95| 1.77 | 1.88

Onecycle delayfor
takenbranchesawith 2/2 164 | 1.68 | 1.67| 1.65| 1.66
branchprediction

4/4 253 | 267 | 2.60| 2.58 | 2.60

4/2 181 | 1.79| 1.83| 1.80| 1.81

Table9: AggregateFetchEfficienciesfor VariousinstructionFetchers

The aggregatdetch efficiency is computedby multiplying the fetch efficiency of eachrun length by the
fraction of all runs having the correspondindength, and summingthe results. The aggregateefficiency is
presentedn Table9. A two-instuction fetch unit with no branchpredictioncan supply only 1.34 inst/cycle
on average,while a similar four-instriction unit can supply 1.88 inst/cycle. Theseresultsare discouraging,
since—froma hardwareperspective—wevould like to keepthe fetch and decodewidths small.

We can consideraddinga branch target buffer [Lee 84] to predictbranchesgliminatingthe branchdelay
cyclewhenabranchis correctlypredicted. The buffer holdsthe destinatiorof the branch,sowhenaninstruction
hits in the cache,the target can be fetchedimmediately In this case,instructionruns are sometimesshorter
becausethe branchtarget buffer may incorrectly predictthat a non-takenbranchis taken. On the otherhand,
eliminatingthe delay cycle for manytakenbranchegyields an overall benefit,as shownin the secondblock of
Table9.

However thereare two problemswith this approach.As shownin Figure 6, a large buffer is requiredto
achievegood branchpredictionbecauseof the poor hit ratein this type of structure. The otherproblemwith
this approachis that it doesnothingto improve instruction alignment. Even with a large, 2048-entrybuffer,
the efficiency of a two-instructon fetch unit is still a discouragingl.66 inst/cycle. If brancheswere perfectly
predicted andtherewerenobranchdelaycycles,we havefoundthatmisalignmenstill limits thefetchefficiency
of a two-instriction decodestageto 1.70-1.75instructiors per cycle.

The essentialproblemwith a two-instruction decodestageis that the instructionfetchercan neverexceed
two instructins per cycle—the fetch efficiency is always below this limit. However eventhougha four-
instruction decodercan overcomethis limit, it is difficult to see how this can be cost-efective, given the
processororganizationdiscussedn Section4. To decodefour instructions with this organization we require
eight read ports on both the registerfile and the resultbuffer, and eight busesfor distribuing operands.The
content-addressabbecessingf operandsiuring decoderequirestwelve comparatorper result-bufer location
(eightfor source-registenumbersand four for destination-registr numbers§. Checkingdependenciebetween

5Theresultbuffer has16 locationsfor the simulationresultsin Section4. To decoddour instructionswe would require192comparators.
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Figure6: BranchTargetBuffer Hit Rates

the decodednstructionsrequiresanothereighteencomparators.At the sametime, the maximumperformance
improvementthat can be achievedis probably not more than about 20—25%over that achievedwith a two-
instructiondecodestage(seeTable 7).

The efficiency of a two-instructon decodercan be improvedby fetching four instructiors in one cycle and
then selectingthe desiredtwo instructiors for the decoder This arrangementeducesthe probability that the
desiredwordscrossa fetch boundaryandslightly increaseghe fetch efficiency. But this schemestill requiresa
large branchtargetbuffer to removethe cycle delayfor branchesandyields anefficiencyof only 1.81inst/cycle,
asshownin the lastline of Table9.

A more hardwareefficient methodto improve the fetch efficiency relies heavily on the compilerto reduce
the problemsassociatedvith branches. Recentwork in static branchpredictionusing profiling hasreported
predictionratesof over 85% [McFa86]. If the compilercan effectively predictthe outcomeof a branch,it can
move instructiors from the path of the likely outcometo padone, two, or threeinstructionsafter the branch.
Theseinstructionsare executedf the predictionis correct,and are nullified if the predictionis not correct.

This codemotionremovesoththe penaltiesdueto misalignmentndto fetchstallswhenthe branchoutcome
is properlypredicted.With the high predictionaccuracy a two-wordfetch unit canachievel.8to 1.9 inst/cycle,
if all the branchtargetsare alignedon doubleword boundaries.This is comparabldo the efficiency obtained
by fetching four instructionswith no branchprediction. We are currently working on a systemto look at the
codeexpansionwhentheseoptimizationsare doneto seeif this amountof codemotionis feasible. We arealso
looking at simple hardwaremethodsfor nullifyi ng the effect of a variablenumberof instructiors following the
branch,dependingon the alignmentand outcomeof the branch.

6 Future Directions

Thetrace-driversimulationsshowthathighly-opimized,general-purposapplicationsontainenoughinstruction
independencéo sustainan executionrate of abouttwo instructiors per cycle. In fact, it is not too difficult or
expensiveto build the executionhardwarenecessaryo obtainthis performanceadvantage.The real difficulty
lies in providing the instructionbandwidthrequiredby the executionunit given the frequencyof branchesand
the randomalignmentof instructionsin memory
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Techniquesisedto sustainfetch bandwidthrequirementén typical pipelinedRISC processorslo not provide
an adequatesolution for superscalararchitectures.Not only do branchescausepotential pipeline “bubbles”
more often in a superscalarprocessarbut eachbubble preventsthe executionof multiple instructionsrather
thana singleinstruction. Hardwaresolutiors, suchaslarge branchtargetbuffers andearly evaluationof branch
conditions,can help reducethe pipeline bubbles. However thesesolutiors do nothingto alleviatethe penalty
dueto instructionalignment.

A possibly less expensivesolution would involve the use of the compiler to do significantamountsof
code motion and code duplicationto align and pad out basicblocks. This solutionis intriguing in that there
existspotentialopportunitesfor additionalcompiler optimizationgo increasethe instruction-evel concurrency
Severalcurrentcompileroptimizatiors, suchasloop unrolling, arealreadyusedto reducethe penaltiesassociated
with branchedn scalarprocessorsTheseoptimizationsalsoreducethe penaltiesdue to instructionalignment.
Othercompileroptimizationscanbe envisionedo decreaséhe numberof datadependencieandtherandomness
of the instruction-evel concurrencyin the code. This compilertechnologycould lead to an evensmallerand
cheapersuperscalarimplementationwhich still retainsits original performanceadvantages.
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