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1 Introduction

Theperformanceof microprocessorshasincreaseddramaticallyoverthepastfew years.Partof theperformance
gain hascomefrom reducingthe cycle time, while the rest hascomefrom decreasingthe averagenumberof
cyclesneededto completean instruction.CurrentRISCprocessorsalreadyachievean instruction-executionrate
of nearlyoneinstructionper cycle [Henn86]. To continueimprovingprocessorperformance,we aremotivated
to exploreprocessorscapableof executingmorethanoneinstructionperclock cycle;we call thesesuper-scalar
processors.

The problemof exploiting instruction-level concurrencyhasbeenextensivelystudiedfor scientific appli-
cations. In fact, thereare alreadyon the marketsimplesuper-scalarmachineswhich allow concurrentinteger
and floating-point execution[Apol 88]. This paperdemonstratesthat highly-optimized, non-scientificapplica-
tionsalsocontainampleinstruction-level concurrencyto sustainan executionrateof two instructions per clock
cycle. However, thecostrequirementsnecessaryto providethe instructionbandwidthneededby theinstruction-
executionunit makethis performancedifficult to achieve.

Our researchusestrace-drivensimulationbothto evaluatetheamountof instruction-levelconcurrencyavail-
able in general-purposeapplicationsand to determinehow this concurrencyis exploitedby differenthardware
organizations.Section2 introducesour approachto super-scalarprocessordesignanddiscussesthe aspectsof
our simulationmethodology. Section3 presentsthe availableinstruction-level concurrencyfound in highly-
optimized,non-scientificapplicationsexecutingon ideal super-scalarprocessors.The specificsof theseproces-
sorsarerefinedin Sections4 and5 to demonstratethat it is the costandefficiency of the instruction-fetchunit,
andnot the instruction-execution unit, that limit performance.

2 Methodology

2.1 Super-Scalar Techniques

Many researchershave investigatedsuper-scalar-like processors,and their researchhas producedseemingly
contradictoryresults.Table1 presentsthereportedperformanceadvantagesof somesuper-scalar-like processors.
The wide rangeof potentialspeedupsin Table1 arisesfrom differencesboth in the hardwareof the simulated
machineandin the applicationsbeingsimulated.

The most glaring differencein the reportedresults is betweenthoseresearcherswho assumethat their
machineshavean infinite numberof functionalunits and thosethat assumesomesmall numberof functional
units. To make useof a large numberof functionalunits, the machinesrequirevery good branchprediction
mechanisms.In fact, perfectbranchpredictionis assumedin the two caseswith the highestspeedups.Low
speedupsresultfrom a limited numberof functionalunitsandsimplebranchhandlingschemes.

Othermajor hardwaredifferencesbetweenresearchersincludethe assumedissueandresult latenciesof the
functionalunitsandwhetheror not registerrenamingis performedto eliminateregisterstorageconflicts. These
factors can significantly affect the availableconcurrency. For example,the “slots” that arise in a pipelined
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Research Speedup
Weiss/Smith(1984) 1.58
Tjaden/Flynn(1970) 1.8
Sohi (1987) 1.8
Acostaet al (1986) 2.7
Kuck et al (1972) 8
Riseman/Foster(1972) 51
Nicolau/Fisher(1984) 90

Table1: ReportedSpeedupsof Super-scalar-like Machines

machinebecauseof the resultlatenciesuseup someof the availableconcurrency. Ignoringthis effect resultsin
optimisticpredictionsof speedup.

The target applicationalso has a significant influenceon the available instruction-level concurrency. A
significantportion of the publishedresearchstrivesto usesuper-scalartechniquesto enhancethe performance
of vectorizablecode.We suspectthatonereasonfor thepopularityof suchbenchmarksastheLivermoreLoops
and Linpack in measurementsof instruction-level concurrencyis that theseapplicationshave a high ratio of
computationto dynamicbranches.This high ratio in turn leadsto large potentialconcurrency. All of the prior
work in Table1 experimentedwith this type of application.

For thisstudy, we look at a setof commonC programsrepresentinga wide classof general,non-vectorizable
applications.Sincetheseapplications,with their complexcontrolflow, arethoughtto havelittle instruction-level
concurrency, they form a goodtestof the generalityof super-scalartechniques.

In order to exploit asmuch instruction-level concurrencyin theseapplicationsaspossible,we employfour
organizationaltechniques.First, we assumethat within the super-scalarprocessortherearemultiple functional
unitswhich areindependentandpipelined;this allowsconcurrentoperationon differentinstructionsandreduces
the instruction-issuelatencies. Second,the processorcontrol can issueinstructions out-of-order to allow the
functionalunitsto be betterutilized in thepresenceof datadependencies.Third, it canalsoissuemorethanone
instructionper cycle to maintainthe instructionbandwidthneededby the instruction-executionunit. Finally,
somebranchprediction is usedto reducethe cost of correctly-predictedbranchesand—moreimportantly—
to allow the instruction-fetch unit to maintain the instructionbandwidthneededby the executionunit. For
this paper, we considerthesefeaturesto be implementeddirectly in hardware,thoughwe also mentionsome
possibilities for supportingthesefunctionsin software.

2.2 Simulation Method

To evaluatethe feasibility of super-scalarprocessorsfor the benchmarkapplications,we built a trace-driven
simulationsystem.The tracingsystemis baseduponthe MIPS R2000RISC processor1. We chosethe R2000
processorfor two importantreasons.First, MIPS machinesareshippedwith an excellentoptimizingcompiler,
andsecond,MIPSprovidesanalysistoolsfor theirmachinesthatareessentialto our investigations.For instance,
theseanalysistoolsallow the easygenerationof dynamicaddressanddatatracesandthe convenientcollection
of dynamicinstructionstatistics[MIPS 86].

All simulationsareperformedasshownin Figure1. We first taketheoptimizedobjectcodefor a particular
benchmarkandrun it throughpixie [MIPS 86], a programwhich annotatestheobjectcode. Whentheannotated
code is executed,it producesa dynamictracestreamof basicblock entry pointsand load/storeaddresses,in
additionto theprogram’snormaloutput. This dynamictracestreamandtheoriginalobjectfile arethenfed into
a simple instruction-lookup program.This programlooks up the instructions given the basicblock entry point
anddecodesthe bit fields to producethe dynamicinstruction/datatraceneededby the instructionscheduler.

The instructionschedulersimulatesthe functionality of thescalarandsuper-scalarmachinesusingthespeci-
fied machineconfigurationfile andsomeschedulingparameters.The instructionschedulerusesthis information

1R2000is a Trademarkof MIPS ComputerSystems,Inc.
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Figure1: Flowchartof Trace-DrivenSimulator

to modelthe executionof the scalarandsuper-scalarprocessorsat a functionallevel, with time beingrecorded
in termsof machinecycles. The cycle time of the super-scalarprocessoris assumedto be identical to that of
the scalarprocessor(the questionof whetherthe additionalhardwarein a super-scalarprocessorincreasesthe
cycle time is not consideredin this paper).By keepingthe numberof instructionscompletedby eachprocessor
modelequal,the simulatoris able to comparethe cycle countsto determinethe performanceadvantageof the
super-scalarorganizationover a basicRISC machine.

The machineconfigurationfile specifiesthe numberand type of availablefunctionalunits alongwith their
issueand result latencies. We basedour simulationson functionalunits that are quite similar to thosefound
in the R2000processorandits associatedfloating-pointcoprocessor. The functionalunits are listed in Table2.
All floating-pointresult latenciesin Table2 are specifiedfor double-precisionoperands.The FP Convertunit
convertsfloating point numbersto integerformat andvice-versa.Independentload andstorepipesto memory
are includedso that the processorcan issuea load anda storesimultaneously. This provision,of course,does
not imply that the machinemusthavetwo portsto memory/cachesincethe 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 simulationtracesaregeneratedfrom a numberof integerprograms,suchascompilersandtext formatters,
and somescalarfloating-point applications,suchas circuit and timing simulators. Table 3 lists the programs
which were usedas benchmarksfor our simulations.All simulationsusedhighly-optimizedversionsof these
programs.To obtainprocessormeasurements,eachprogramis tracedfor five million instructions.In practice,
the resultsdo not changesignificantlyafter the first million instructions.

3



FunctionalUnit IssueLatency ResultLatency
(cycles) (cycles)

IntegerALU 1 1
Barrel Shifter 1 1
Load Pipe 1 2
StorePipe 1 -
BranchUnit 1 1
FP Adder 1 6
FP Multipli er 1 6
FP Divider 1 12
FP Convert 1 4

Table2: FunctionalUnits with IssueandResultLatencies

Program Description

5diff comparestwo text files andreportsall differences
awk patternscanningandprocessinglanguage
ccom front-endof a C compiler
compress file compressionusingLempel-Ziv encoding
espresso minimizesa two-level representationof a Booleanfunction
gnuchess computerchessprogramwith computerplaying itself
grep reportsall occurrencesof a stringwithin a text file
irsim delaysimulatorfor VLSI layouts
latex documentpreparationsystembaseduponKnuth’s TEX
nroff formatstext for a typewriter-like device
troff formatstext for printing on a phototypesetter
wolf TimberWolf standardcell placementprogramdevelopedat UC Berkeley
yacc compilesa context-freegrammarinto LR(1) tables

Table3: ProgramDescriptions

The resultsin the section3 arebaseduponthe harmonicmeanof all programsin the benchmarkset. Since
all of the benchmarksexhibitedsimilar speedups,we chosefour programsfrom Table3 – ccom, irsim, troff,
and yacc – as a representativesamplefor demonstratingand clarifying the pointsmadein Sections4 and 5.
This samplesimply limits the amountof datapresentedfor purposesof illustration.

3 Available Concurrency

Sincethereis little previouswork thatdealsspecificallywith general-purposeapplications,our initial experiments
focusedon determiningtheamountof instruction-levelconcurrencyin theseapplicationsandon identifyingany
major performancebottlenecks.For theseexperiments,we built a simulatorthat modelledthe effects of four
main factors we felt would limit performance:data dependenciesand registerstorageconflicts, the number
and latencyof the functionalunits, the instructionfetch width, and the accuracyof predictedbranches.The
simulator was not intendedto preciselymodel a real machine. It ignored such performanceconstraintsas
load-storedependenciesand cachemisses.Oncewe betterunderstoodthe problemdomain,we wrote a more
detailedmachinesimulatorfor boththe instruction-executionandthe instruction-fetchunit. Thesearedescribed
in Sections4 and5.

For thesuper-scalarprocessormodel,the instructionschedulerperformsthe following functionsduringeach
cycle: (1) it prefetchesa block of instructionsfrom the decoded,dynamictracestreamand attemptsto place

4



theseinstructions in the instruction window; (2) it issuesinstructionsfrom this window to availablefunctional
units andrecordstheir result latency;and(3) it removescompletedinstructions from the instructionwindow.

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

As instructionsareplacedin thewindow, theyarecheckedfor datadependenciesandregisterstorageconflicts
on all otherinstructionsalreadyresidingin the window. The instruction window keepsa scoreboardwhich can
track eitherall dependencies or just true dependencies betweeninstructions. The term all dependencies means
that the simulatorchecksfor true, anti-, andoutputdatadependencies;anti- andoutputdatadependenciesare
due to registerstorageconflicts. The term true dependencies meansthat the simulatorchecksonly for true
dependenciesandassumesthat all registerstorageconflictsarehandledby registerrenaming2.

An instruction is issuedwhenit is not dependentuponany otherinstructionin the window andits required
functionalunit is available.Instructions canbe issuedto the functionalunitsonly from the instruction window,
and not from the instructionprefetchbuffer. An instruction remainsin the window until it has completed
execution.Upon completion,the instructionis removedfrom the window andall datadependenciesuponthis
instructionarecleared.

3.1 Ideal Fetch Unit Results

The first setof resultsis baseduponan ideal instruction-fetchunit so thatwe may independentlyinvestigatethe
effectsof both the instruction window sizeandthe numberof functionalunitson instruction-levelconcurrency.
Concurrencyis measuredin termsof speedup,wherespeedupis definedto be the total numberof cyclesthat
the scalararchitectureneedsto executea benchmarkdividedby the total numberof cyclesthat the super-scalar
architectureneeds.The fetch unit is ideal in that it performsperfectbranchpredictionandhasa prefetchbuffer
capableof placingas many instructions into the instructionwindow during a singlecycle as thereare empty
slots in the window. In otherwords, the instructionwindow is alwayskept full, andcontrol dependenciesare
ignored.

In eachof thefollowing graphsof availableconcurrency, theverticalaxiscorrespondsto themeanspeedupof
thesuper-scalarmachineoverthescalarmachine.This speedupis theharmonicmeanof thetotalbenchmarkset.
The horizontalaxis is indexedby a rangeof super-scalarmachinesthat differ in the numberof functionalunits
available. The machineorganizations alongthe horizontalaxis correspondto thoselisted in Table4. Machine
configuration1 containsoneof eachof thefunctionalunitslistedin Table2. This machineis the functional-unit
equivalentof the original scalarprocessorwith a super-scalararchitecture.Machineconfiguration2 is identical
to configuration1 exceptthat it hasan extra load pipe; machineconfiguration3 is identicalto configuration1
exceptthat it hasan extra integerALU. Machineconfiguration4 is a combinationof configurations2 and 3
in that it addsan extra load pipe and integerALU to the basicmachineconfiguration.A differentinstruction
window size is usedfor eachshadedbar in the graphs.

Figure2 presentsthe meanspeedupfor a machinewith an ideal 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 extra integerALU in ma-
chine configuration3. A secondload pipe (machineconfiguration2) increasesperformanceonly by a small
amount. Even thoughthe machineswith the larger window sizesand greaternumberof availablefunctional
units can look further into the instructionstreamand theoreticallyexecutemore instructionsconcurrently, the
additionalhardwaregoesunusedbecausetheselarger machinesare limited by datadependencies.

As statedpreviouslyhowever, registerstorageconflictscanbe removedthroughregisterrenaming.Figure3
containsresults for the samemachineconfigurationsshown in Figure 2, when checkingonly for true data
dependenciesbetweeninstructions.As canbe seen,the speedupshaveincreaseddramaticallyto a rangeof 2.3

2As an aside,it is interestingto notethat registerrenamingis necessarynot becauseof the inherentstructureof the codeitself, but as
Slavenburg [Slav 88] pointsout, becauseof how the compiler tries to minimize the numberof live registersat any given time. Often a
compilerwill choosea limited numberof registersto be usedastemporariesor to hold the mostactivevaluesin a loop [Aho 86]. Thus,
whenoneof thesevaluesdies, its registeris immediatelyreusedfor a new temporaryor activevalue. This methodof registerallocation
producesmany registerstorageconflicts in the code,and causesregisterrenamingto be necessaryin super-scalararchitectures.If the
methodof registerallocationin the compilercouldbechanged,the needfor registerrenamingmight be reduced.
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Machine Configuration
1 Oneof eachof the

availablefunctionalunits
2 Machine1 plus

an extraLoad Pipe
3 Machine1 plus

an extra IntegerALU
4 Machine1 plus

an extraLoad Pipe
andIntegerALU

Table4: SimulatedSuper-ScalarMachineConfigurations
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Figure2: MeanSpeedupfor a Super-ScalarMachineCheckingAll Dependencieswith an Ideal FetchUnit
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Figure3: MeanSpeedupfor a Super-ScalarMachineCheckingTrue Dependencieswith an Ideal FetchUnit

to 4.1 times over the spectrumof machineconfigurationsandwindow sizes. The largestgain in performance
still resultsfrom the addition of a single integer ALU rather than a load pipe. Now, however, the relative
performancechangebetweenwindow sizesincreasesas the numberof availablefunctionalunits is increased.
This indicatesthatthemachinemustlook fartherandfartheraheadin theinstructionstreamto find operationsto
keepthe additionalfunctionalunits busy. If the window is kept small, datadependenciesbetweeninstructions
preventthe additionalunits from beingeffectively utilized.

3.2 Non-Ideal Fetch Unit Results

The previousresultsare very optimistic in that we useda perfectinstruction-fetchunit. The performancewas
limitedby executionhardwareanddatadependencies;controldependencieswereignored.Includingthesecontrol
dependencieshasadramaticeffectonperformance,especiallysincebranchesaresometimesmispredicted.Given
thesmallaveragenumberof instructionsbetweenbranchinstructions(five) andtheevensmallermedian(three)
for our benchmarks,branchinstructions are encounteredfrequently. Branchinstructionsreducethe machine’s
ability to look far aheadin theinstructionstreamandlimit theavailableconcurrency. In addition,takenbranches
causeinstructionfetchesto addressesthat are not alwaysfetch-aligned.Unalignedfetcheslower the effective
fetch bandwidth,andcauseperformanceto decrease.

Figure4 showsperformancewhencontroldependenciesareconsideredandtheprefetchsizeis limited. The
super-scalarmodelis limited to prefetchinga maximumof four instructionspercycle, andthebranchprediction
accuracyis set to an 85%correctpredictionrate3. The rangeof speedupsis reducedto 1.9 to 2.3 timesthat of
a scalarprocessor. Furthermore,the additionof functionalunitsandthe enlargementof the instructionwindow
do not significantlyincreaseperformance,as they did in Figure3.

Theseresults indicate that there exists enoughinstruction-level concurrencyin highly-optimized code to
supportan approximatetwo-timesspeedupin performance.To exploit this level of concurrencyrequiresonly a
limited numberof functionalunits. In fact, for thisclassof applications,fetchissuesseemto makemachineswith
largernumbersof functionalunitsnot cost-effective. Using this informationasa startingpoint,we proceededto
implementa moredetailedsuper-scalarmachinemodel to ensurethat therewereno 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 branchesandpredictedthemcorrectly to generatethe resultsin
Figure4.
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Figure4: Mean Speedupfor a Super-ScalarMachineCheckingTrue Dependencieswith an 85% BranchPre-
diction Accuracyanda PrefetchWidth of Four Instructions

Program Numberof instructions 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-IssueDistribution andResultingInstruction-Execution Rate

4 Machine Implementation

Therearea greatnumberof proposedsuper-scalar(or conceptuallysimilar)architectures,sowe werefacedwith
a large numberof possibleimplementations.Sincewe could not implementa simulatorfor every possibility,
our approachwasto selecta reasonableclassof machines;this allowedus to examinein moredetail theeffects
of executionconstraintson a super-scalarprocessor. This sectionbriefly presentsthe implementationchoices
we made,andwhy we chosethis organization.

4.1 Motivation

The designerof a super-scalarmachineis facedwith a cost-performancedilemma. The peaknumberof instruc-
tions per cycle that the machinecan executedeterminesits cost, but the averagenumberof instructionsper
cycle that the machineexecutesdeterminesits performance.For speedupsof two, the ratio betweenpeakand
sustainedperformancecanbe overa factorof two, asis shownin Table5. This tablegivesthe fractionof total
cyclesin which 0, 1, 2, 3, etc. instructionsare issued.The aggregateinstruction-executionrate is alsoshown.
This datais for machineconfiguration4 with an85%branchpredictionaccuracyandan infinite prefetchbuffer.
We presentthis data to make the point that the maximumnumberof instructionsissuedin one cycle can be
significantlyhigherthanthe aggregateinstruction-issuerate.

However, issuing many instructionsper cycle can be quite expensive,becauseof the cost incurred in
communicatingoperandvalues to the functional units. Each instruction issuedin a single cycle must be
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accompaniedby all requiredoperands,so issuing
�

instructionsin onecycle requiresaccessportsandrouting
busesfor asmanyas2 �

�
operands.To reducethis cost,we could limit the numberof instructionsissuedper

cycle to two, but—asmentionedabove—thiswould decreasethe performanceof the machine.

Insteadof directly limiting the instructionissue,we choseto distribute the instructionwindow amongthe
functionalunits in reservationstations[Toma67]. With this organization,the numberof instructionsdecoded
is setaccordingto the averageinstruction-execution rate,which in turn setsthe numberof busesandportson
the registerfile. However, eachfunctionalunit canstartthe executionof an instructionin eachcycle. The data
neededfor instruction issuecomesfrom the local reservationstations,ratherthana global registerfile.

4.2 Implementation Description

In the hardwaresimulator, the executionunit is comprisedof a number of functional units, each with an
associatedreservationstation. The instructiondecoderplacesinstructionsand operandsinto the reservation
stationsof the appropriatefunctionalunits. A functionalunit can issuean instructionin the cycle following
decodeif the instructionhasno datadependenciesandthe functionalunit is not busy;otherwise,the instruction
is storedin the reservationstationuntil all dependenciesare releasedandthe functionalunit is available.

Registerrenaming[Kell 75, Logr 72] is usedto eliminateregisterstorageconflicts. To implementregister
renaming,theprocessorincorporatesa resultbuffer containinganumberof storagelocationsthataredynamically
allocated.Whenaninstruction is decoded,its resultvalueis assigneda result-buffer location,andits destination-
registernumberis associatedwith this location(i.e. thedestinationregisteris renamed).A subsequentreference
to the renameddestinationregisterobtainsthe valuestoredin the resultbuffer.

The resultbuffer is implementedasa content-addressablememory. It is accessedusingthe registernumber
as a key, and returnsthe latestvalue written into the register. This organizationperformsnamemappingand
operandaccessin a singlecycle, mimicking the registerfile.

During instruction decode,theresultbuffer is accessedin parallelwith theregisterfile. Then,dependingon
whichonehasthemostrecentvalue,thedesiredoperandis selected.Theoperandvalue—ifavailable—iscopied
to the reservationstation. If the value is not available(becauseit hasnot beencomputedyet), an identifier
for the result-buffer entry is copiedto the reservationstation. This procedureis carriedout for eachoperand
requiredby eachdecodedinstruction.

If a registermappedby theresultbuffer is the destinationof a decodedinstruction,the previousmappingis
markedas invalid, so that subsequentinstructions obtainthe resultof the new instruction.At this point, the old
registervaluecanbediscarded,butwechoseto preserveit to simplify interruptandexceptionhandling[Sohi 87].

Whena resultbecomesavailable,it is written to the resultbuffer andto any reservationstationscontaining
identifiersfor the result-buffer entry (notethat this requirescontent-addressablememoryin the reservationsta-
tions). Subsequentinstructionscontinueto fetchthevaluefrom theresultbuffer—unlesstheentryis superseded
by a new value—untilthe valueis retiredby writing it to theregisterfile. Retiringoccursin theordergivenby
sequentialexecution,which preservesthe sequentialstatefor interrupts andexceptions.

Our designof the super-scalarpipeline closely parallelsthe designof a sequentialRISC pipeline. The
objectiveis to keepthe executionrate of sequentialinstructions as high as the executionrate in a sequential
processor. The parallelsbetweenthe pipelineof the sequentialprocessorandof the super-scalarprocessorare
shownin Table6.

Table6 doesnot showeveryfunctionperformedin thepipelinestages,but doesillustratehow theadditional
functions requiredby the super-scalarprocessorfit into the pipeline stagesof the sequentialprocessor. In
essence,the result buffer augmentsthe registerfile and operatesin parallel with it. The reservationstations
replacethe functional-unit input latches.The distribution of operandsandwriting of resultsaresimilar for both
processors,exceptthat the super-scalarprocessorrequiresmorehardware,suchasbusesandwrite ports.

Loadsandstoresoccuronasingle,32-bitbusto aperfectdatacache.Storesarebufferedto resolvecontention
for the data-cacheinterface; loadsare given priority for the useof this interface,sincean uncompletedload
is more likely to stall computation.A load is issuedin program-sequentialorder with respectto other loads,
and likewise for a store. Furthermore,a storeis issuedonly after all previousinstructions havecompleted,to
preservethe processor’s sequentialstatein the datacache. Finally, this simulatoraddressesa shortcomingof
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PipelineStage SequentialProcessor Super-ScalarProcessor

Fetch fetch oneinstruction fetch multiple instructions
Decode decodeinstruction decodeinstructions

accessoperandsfrom accessoperandsfrom register
registerfile file andresultbuffer

copy operandsto functional copy operandsto functional-
unit input latches unit reservationstations

Execute executeinstruction executeinstructions

arbitratefor resultbuses
Write-back write resultto write resultsto

registerfile resultbuffer

forward resultsto functional- forward resultsto functional-
unit input latches unit reservationstations

ResultCommit n/a write resultsto registerfile

Table6: ParallelsBetweenthe Pipelinesof a SequentialProcessoranda Super-ScalarProcessor

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

Table7: HardwareSimulationResults—Instruction FetchEffectsDisabled

our initial simulatorin that it correctlydetectsandresolvesmemorydependenciesbetweenloadsandstores.

Table7 showsthe performanceobtainedby simulatingour benchmarkson this hardwareconfiguration.The
processororganizationis comparableto machineconfiguration1. It hasoneeachof the functionalunits listed
in Table 2, a 16-entryresult buffer for integer results,and an 8-entry result buffer for floating-point results.
Table7 alsoshowsthe performancepredictedby our preliminarysimulatorfor machineconfiguration1 with a
window size of 8. For all benchmarks,the overheadintroducedby real hardware(e.g. the result buffer) has
hadnegligible effect on performance4.

The purposeof Table7 is to demonstratethattheexecutionunit—with correctlysizedreservationstations—
almostneverlimits performance.It is importantto note that we disabledthe effectsof 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
decoder, andis the primary limit to performance.

5 Fetch Limitations

Up to thispoint,we haveestablishedthatthereis sufficient instruction-levelconcurrencyin optimizedRISCcode
to supportan instruction-executionrate of abouttwo instructionsper cycle. Furthermore,we haveestablished

4The irsim benchmarkis slightly betteron realhardwarethanpredictedbecausethereservationstationsdo not correspondexactlyto the
instructionwindow of the original simulator. The additionalreservationstationson the floating-pointfunctionalunits effectively increase
the window size,andcausethe resultsto beslightly betterthanpredicted.

10



 yacc

 troff

 irsim

 ccom

 Cumulative Average

1 2 3 4 5 6 7 8+|0

|10

|20

|30

|40

|50

|60

 Run Length (Instructions)

 P
er

ce
nt

ag
e 

(%
)

Median Run Length 4
Average Run Length 7

Figure5: DynamicRun LengthDistribution betweenTakenBranches

that evenlimited executionhardwareis sufficient to exploit the availableconcurrency. However, we haveonly
briefly touchedon the subjectof branches;this was not becausewe think that branchesare unimportant,but
becausewewantto emphasizethefact thatfetchlimitationscausedby branches—ratherthanexecution-hardware
constraints—limit the performanceof the super-scalarprocessor. The effectsof branchesareconsideredin this
section.

Branchesaffect the performanceof the super-scalararchitecturein the usualway, by introducing a pipeline
dependencybetweenthe executionstageand the instruction-fetchstage. This dependencycan prevent the
instruction-fetch stagefrom fetching the proper instructions,starving the executionunit. But branchesalso
affect the executionratein a way that is uniqueto thesuper-scalarprocessor. Evenif branchescanbe perfectly
predicted,they disrupt the sequentialityof instructionaddressing,causinginstructionsto be misalignedwith
respectto the instructiondecoder. This in turn inhibits theability of the instructionfetcherto keepthe machine
suppliedwith instructionsat the requiredrate.

For example,considera casewherethereare threeinstructionsbetweenbranchpoints,andassumethat the
decoderprocessestwo instructions per cycle. Sinceprecedingandsucceedinginstructionsarenot at sequential
addresses,the instructionfetch unit requiresat leasttwo cyclesto supplythesethreeinstructionsto thedecoder.
The resultingfetch efficiency is 1.5 instructionsper cycle—well belowthe targetexecutionrateof 2. Eventhis
rate is optimistic,becausethe fetch unit mustdecodethe branchandcalculateits destinationaddress.Thereis
at leastoneidle cycle beforethe instructionat the targetaddresscanbe fetched.With this additionalcycle, the
fetch efficiency for a three-instruction run dropsto 1 instructionper cycle, or aboutthe sameasthe sequential
machine.

As the aboveexampleillustrates,fetch efficiency is quite dependenton the numberof sequentially-fetched
instructionsbetweenbranches.We call theseinstructionsa run, andrefer to the numberof instructionsfetched
sequentiallyastherun length. Therun lengthdoesnot includeno-opswhichareincludedfor pipelinescheduling.
The largertherun length,thebettertheability of the instructionfetcherto keeptheexecutionunit satisfiedwith
instructions.

Figure5 showsthe distribution of run lengthsfor the benchmarkspresentedpreviously. The presenceof a
few largeblocksmakestheaveragerun length(seven)a poorindicatorof run length,sincethemedianrun (four)
is abouthalf this size. Table 8 showsthe averagefetch efficienciesby run lengthmeasuredduring program
execution.Although the actual fetch efficienciesare slightly programdependent(the alignmentof the runs is
not perfectlyrandom),they arequite closeto the averagevaluesgiven in Table8.
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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 0.91 1.21 1.57 1.67 1.91 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
takenbranches,and 2/2 1.39 1.31 1.38 1.28 1.34
no branchprediction

4/4 1.97 1.84 1.95 1.77 1.88

Onecycle delayfor
takenbrancheswith 2/2 1.64 1.68 1.67 1.65 1.66
branchprediction

4/4 2.53 2.67 2.60 2.58 2.60

4/2 1.81 1.79 1.83 1.80 1.81

Table9: AggregateFetchEfficienciesfor VariousInstructionFetchers

The aggregatefetch efficiency is computedby multiplying the fetch efficiency of eachrun length by the
fraction of all runs having the correspondinglength, and summingthe results. The aggregateefficiency is
presentedin Table 9. A two-instruction fetch unit with no branchpredictioncan supplyonly 1.34 inst/cycle
on average,while a similar four-instruction unit can supply 1.88 inst/cycle. Theseresultsare discouraging,
since—froma hardwareperspective—wewould like to keepthe fetch anddecodewidths small.

We can consideraddinga branch target buffer [Lee 84] to predictbranches,eliminatingthe branchdelay
cyclewhena branchis correctlypredicted.Thebuffer holdsthedestinationof thebranch,sowhenaninstruction
hits in the cache,the target can be fetchedimmediately. In this case,instructionruns are sometimesshorter,
becausethe branchtarget buffer may incorrectlypredict that a non-takenbranchis taken. On the otherhand,
eliminatingthe delaycycle for manytakenbranchesyields an overall benefit,asshownin the secondblock of
Table9.

However, thereare two problemswith this approach.As shownin Figure 6, a large buffer is requiredto
achievegoodbranchpredictionbecauseof the poor hit rate in this type of structure.The otherproblemwith
this approachis that it doesnothing to improve instruction alignment. Even with a large, 2048-entrybuffer,
the efficiency of a two-instruction fetch unit is still a discouraging1.66 inst/cycle. If brancheswere perfectly
predicted,andtherewerenobranchdelaycycles,we havefoundthatmisalignmentstill limits thefetchefficiency
of a two-instruction decodestageto 1.70-1.75instructions per cycle.

The essentialproblemwith a two-instruction decodestageis that the instructionfetchercan neverexceed
two instructions per cycle—thefetch efficiency is always below this limit. However, even though a four-
instructiondecodercan overcomethis limit, it is difficult to see how this can be cost-effective, given the
processororganizationdiscussedin Section4. To decodefour instructions with this organization, we require
eight readportson both the registerfile and the result buffer, and eight busesfor distributing operands.The
content-addressableaccessingof operandsduringdecoderequirestwelve comparatorsper result-buffer location
(eight for source-registernumbersandfour for destination-register numbers)5. Checkingdependenciesbetween

5Theresultbuffer has16 locationsfor thesimulationresultsin Section4. To decodefour instructions,wewouldrequire192comparators.
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Figure6: BranchTargetBuffer Hit Rates

the decodedinstructionsrequiresanothereighteencomparators.At the sametime, the maximumperformance
improvementthat can be achievedis probablynot more than about20–25%over that achievedwith a two-
instructiondecodestage(seeTable7).

The efficiency of a two-instruction decodercanbe improvedby fetchingfour instructions in onecycle and
then selectingthe desiredtwo instructions for the decoder. This arrangementreducesthe probability that the
desiredwordscrossa fetch boundaryandslightly increasesthe fetchefficiency. But this schemestill requiresa
largebranchtargetbuffer to removethecycledelayfor branches,andyieldsanefficiencyof only 1.81inst/cycle,
asshownin the last line of Table9.

A morehardwareefficient methodto improvethe fetch efficiency reliesheavily on the compiler to reduce
the problemsassociatedwith branches.Recentwork in static branchpredictionusing profiling has reported
predictionratesof over 85%[McFa 86]. If the compilercaneffectively predictthe outcomeof a branch,it can
move instructions from the pathof the likely outcometo padone, two, or threeinstructionsafter the branch.
Theseinstructionsareexecutedif the predictionis correct,andarenullified if the predictionis not correct.

Thiscodemotionremovesboththepenaltiesdueto misalignmentandto fetchstallswhenthebranchoutcome
is properlypredicted.With thehigh predictionaccuracy, a two-wordfetchunit canachieve1.8 to 1.9 inst/cycle,
if all the branchtargetsare alignedon doubleword boundaries.This is comparableto the efficiency obtained
by fetching four instructionswith no branchprediction. We are currentlyworking on a systemto look at the
codeexpansionwhentheseoptimizationsaredoneto seeif this amountof codemotion is feasible.We arealso
looking at simplehardwaremethodsfor nullifyi ng the effect of a variablenumberof instructions following the
branch,dependingon the alignmentandoutcomeof the branch.

6 Future Directions

Thetrace-drivensimulationsshowthathighly-optimized,general-purposeapplicationscontainenoughinstruction
independenceto sustainan executionrateof abouttwo instructions per cycle. In fact, it is not too difficult or
expensiveto build the executionhardwarenecessaryto obtain this performanceadvantage.The real difficulty
lies in providing the instructionbandwidthrequiredby the executionunit given the frequencyof branchesand
the randomalignmentof instructions in memory.
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Techniquesusedto sustainfetchbandwidthrequirementsin typicalpipelinedRISCprocessorsdonotprovide
an adequatesolution for super-scalararchitectures.Not only do branchescausepotentialpipeline “bubbles”
more often in a super-scalarprocessor, but eachbubblepreventsthe executionof multiple instructionsrather
thana singleinstruction.Hardwaresolutions, suchaslargebranchtargetbuffersandearly evaluationof branch
conditions,canhelp reducethe pipelinebubbles.However, thesesolutions do nothingto alleviatethe penalty
dueto instructionalignment.

A possibly less expensivesolution would involve the use of the compiler to do significant amountsof
codemotion and codeduplicationto align and pad out basicblocks. This solution is intriguing in that there
existspotentialopportunitiesfor additionalcompileroptimizationsto increasethe instruction-levelconcurrency.
Severalcurrentcompileroptimizations,suchasloopunrolling, arealreadyusedto reducethepenaltiesassociated
with branchesin scalarprocessors.Theseoptimizationsalsoreducethe penaltiesdue to instructionalignment.
Othercompileroptimizationscanbeenvisionedto decreasethenumberof datadependenciesandtherandomness
of the instruction-level concurrencyin the code. This compiler technologycould lead to an evensmallerand
cheapersuper-scalarimplementationwhich still retainsits original performanceadvantages.
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