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Abstract

Simultaneousmultithreadingis a techniquethat permitsmultiple
independentthreadsto issuemultiple instructionseachcycle. In
previous work we demonstratedthe performancepotentialof si-
multaneousmultithreading,basedon a somewhatidealizedmodel.
In thispaperwe show thatthethroughputgainsfrom simultaneous
multithreadingcanbeachievedwithoutextensivechangesto acon-
ventionalwide-issuesuperscalar, either in hardwarestructuresor
sizes. We presentan architecturefor simultaneousmultithreading
thatachievesthreegoals: (1) it minimizesthearchitecturalimpact
on the conventionalsuperscalardesign,(2) it hasminimal perfor-
manceimpactonasinglethreadexecutingalone,and(3) it achieves
signi®cantthroughputgainswhenrunning multiple threads. Our
simultaneousmultithreadingarchitectureachievesa throughputof
5.4 instructionspercycle,a 2.5-fold improvementover anunmod-
i®edsuperscalarwith similar hardwareresources.This speedupis
enhancedbyanadvantageof multithreadingpreviouslyunexploited
in otherarchitectures:theability to favor for fetchandissuethose
threadsmost ef®ciently using the processoreachcycle, thereby
providing theªbestº instructionsto theprocessor.

1 Intr oduction

Simultaneousmultithreading(SMT) isatechniquethatpermitsmul-
tiple independentthreadsto issuemultiple instructionseachcycle
to a superscalarprocessor's functionalunits. SMT combinesthe
multiple-instruction-issuefeaturesof modernsuperscalarswith the
latency-hiding ability of multithreadedarchitectures.Unlike con-
ventionalmultithreadedarchitectures[1, 2, 15, 23], which depend
onfastcontext switchingto shareprocessorexecutionresources,all
hardwarecontexts in anSMT processorareactive simultaneously,
competingeachcycle for all available resources. This dynamic
sharingof the functional units allows simultaneousmultithread-
ing to substantiallyincreasethroughput,attackingthe two major
impedimentsto processorutilization Ð long latenciesandlimited
per-threadparallelism.Tullsen,et al., [27] showedthepotentialof
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an SMT processorto achieve signi®cantlyhigher throughputthan
eithera wide superscalaror a multithreadedprocessor. Thatpaper
alsodemonstratedthe advantagesof simultaneousmultithreading
over multiple processorson a singlechip, dueto SMT's ability to
dynamicallyassignexecutionresourceswhereneededeachcycle.

ThoseresultsshowedSMT'spotentialbasedonasomewhatide-
alizedmodel.Thispaperextendsthatwork in four signi®cantways.
First,wedemonstratethatthethroughputgainsof simultaneousmul-
tithreadingarepossiblewithoutextensivechangestoaconventional,
wide-issuesuperscalarprocessor. We proposeanarchitecturethat
is morecomprehensive,realistic,andheavily leveragedoff existing
superscalartechnology. Our simulationsshow that a minimal im-
plementationof simultaneousmultithreadingachievesthroughput
1.8 times that of the unmodi®edsuperscalar;small tuning of this
architectureincreasesthatgainto 2.5 (reachingthroughputashigh
as5.4 instructionspercycle). Second,we show thatSMT neednot
compromisesingle-threadperformance.Third, we useour more
detailedarchitecturalmodelto analyzeandrelieve bottlenecksthat
did not exist in the moreidealizedmodel. Fourth, we show how
simultaneousmultithreadingcreatesanadvantagepreviouslyunex-
ploitablein otherarchitectures:namely, the ability to choosethe
ªbestº instructions,from all threads,for both fetchandissueeach
cycle. By favoring thethreadsmostef®cientlyusingtheprocessor,
we canboostthe throughputof our limited resources.We present
severalsimpleheuristicsfor thisselectionprocess,anddemonstrate
how suchheuristics,when applied to the fetch mechanism,can
increasethroughputby asmuchas37%.

Thispaperisorganizedasfollows.Section2presentsour baseline
simultaneousmultithreadingarchitecture,comparingit with exist-
ing superscalartechnology. Section3 describesour simulatorand
ourworkload,andSection4 showstheperformanceof thebaseline
architecture. In Section5, we examinethe instructionfetch pro-
cess,presentseveralheuristicsfor improving it basedon intelligent
instructionselection,andgive performanceresultsto differentiate
thoseheuristics.Section6 examinestheinstructionissueprocessin
a similar way. We thenusethebestdesignschosenfrom our fetch
and issuestudiesin Section7 as a basisto discover bottlenecks
for furtherperformanceimprovement. We discussrelatedwork in
Section8 andsummarizeour resultsin Section9.

This researchwas supportedby ONR grantsN00014-92-J-1395and
N00014-94-1-1136, NSF grantsCCR-9200832and CDA-9123308,NSF
PYI Award MIP-9058439, the WashingtonTechnologyCenter, Digital
EquipmentCorporation,andfellowshipsfrom Intel andtheComputerMea-
surementGroup.
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Figure1: Our basesimultaneousmultithr eadinghardwarearchitecture.

2 A Simultaneous Multithr eading Processor
Ar chitecture

In thissectionwepresentthearchitectureof oursimultaneousmul-
tithreadingprocessor. We show thatthethroughputgainsprovided
by simultaneousmultithreadingarepossiblewithout addingundue
complexity to a conventionalsuperscalarprocessordesign.

Our SMT architectureis derivedfrom a high-performance,out-
of-order, superscalararchitecture(Figure1, without theextra pro-
gramcounters)whichrepresentsaprojectionof currentsuperscalar
designtrends3-5 yearsinto the future. This superscalarproces-
sorfetchesup to eight instructionspercycle; fetchingis controlled
by a conventionalsystemof branchtarget buffer, branchpredic-
tion, and subroutinereturn stacks. Fetchedinstructionsare then
decodedand passedto the register renaminglogic, which maps
logical registersonto a pool of physicalregisters,removing false
dependences. Instructionsare thenplacedin oneof two instruc-
tion queues.Thoseinstructionqueuesaresimilar to theonesused
by the MIPS R10000[20] andthe HP PA-8000 [21], in this case
holdinginstructionsuntil they areissued.Instructionsareissuedto
thefunctionalunitsout-of-orderwhentheir operandsareavailable.
After completingexecution,instructionsareretiredin-order, freeing
physicalregistersthatareno longerneeded.

Our SMT architectureis a straightforwardextensionto this con-
ventionalsuperscalardesign.We madechangesonly whenneces-
saryto enablesimultaneousmultithreading,andin general,struc-
tureswere not replicatedor resizedto supportSMT or a multi-
threadedworkload. Thus, nearly all hardwareresourcesremain
completelyavailable even when there is only a single threadin
thesystem.Thechangesnecessaryto supportsimultaneousmulti-
threadingon thatarchitectureare:

� multipleprogramcountersandsomemechanismby which the
fetchunit selectsoneeachcycle,

� aseparatereturnstackfor eachthreadfor predictingsubroutine
returndestinations,

� per-threadinstructionretirement,instructionqueuē ush, and
trapmechanisms,

� a threadid with eachbranchtarget buffer entry to avoid pre-
dictingphantombranches,and

� a largerregister®le,to supportlogical registersfor all threads
plus additional registersfor register renaming. The size of
the register®leaffectsthepipeline(we addtwo extra stages)
andtheschedulingof load-dependent instructions,which we
discusslaterin thissection.

Noticeablyabsentfrom thislist isamechanismtoenablesimulta-
neousmultithreadedschedulingof instructionsontothe functional
units.Becauseany apparent dependencesbetweeninstructionsfrom
differentthreadsareremovedby theregisterrenamingphase,acon-
ventionalinstructionqueue(IQ) designedfor dynamicscheduling
containsall of the functionality necessaryfor simultaneousmul-
tithreading. The instructionqueueis sharedby all threadsandan
instructionfromany threadin thequeuecanissuewhenitsoperands
areavailable.

We fetchfrom oneprogramcounter(PC)eachcycle. ThePCis
chosen,in round-robinorder, from amongthosethreadsnotalready
experiencinganI cachemiss. This schemeprovidessimultaneous
multithreadingatthepointof issue,but only ®ne-grainmultithread-
ing of the fetch unit. We will look in Section5 at waysto extend
simultaneousmultithreadingto the fetchunit. We alsoinvestigate
alternative threadpriority mechanismsfor fetching.

A primaryimpactof multithreadingon ourarchitectureis onthe
sizeof the register ®le. We have a singleregister®le,as thread-
speci®clogicalregistersaremappedontoacompletelysharedphys-
ical register®leby theregisterrenaming.To supporteightthreads,
we needa minimumof 8*32 = 256physicalintegerregisters(for a
32-registerinstructionsetarchitecture),plusmoreto enableregister
renaming.Accessto sucha largeregister®lewill be slow, almost
certainlyaffectingthecycle time of themachine.

To accountfor thesizeof theregister®le,we taketwo cyclesto
readregistersinsteadof one. In the®rstcycle valuesarereadinto
a buffer closerto the functionalunits. The instructionis sentto a
similarbuffer at thesametime. Thenext cycle thedatais sentto a
functionalunit for execution.Writes to the register®learetreated
similarly, requiringan extra registerwrite stage. Figure2 shows
thepipelinemodi®edfor two-phaseregisteraccess,comparedto the
pipelineof theoriginalsuperscalar.

The two-stageregister accesshasseveral rami®cationson our
architecture.First, it increasesthepipelinedistancebetweenfetch
andexec, increasingthe branchmispredictionpenaltyby 1 cycle.
Second,it takesan extra cycle to write backresults,requiringan
extra level of bypasslogic. Third, increasingthedistancebetween



Queue ExecReg ReadDecodeFetch Rename Commit

misfetch penalty 2 cycles

register usage 4 cycle minimum

mispredict penalty 6 cycles

(a)

misfetch penalty 2 cycles

Queue Reg WriteExecReg ReadReg ReadDecodeFetch Rename Commit

register usage 6 cycle minimum

mispredict penalty 7 cycles

misqueue penalty 4 cycles

(b)

Figure2: The pipeline of (a) a conventional superscalarprocessorand (b) that pipeline modi®edfor an SMT processor, along with
someimplications of thosepipelines.

queueandexecincreasesthe periodduring which wrong-pathin-
structionsremainin thepipelineaftera mispredictionis discovered
(the misqueuepenaltyin Figure2). Wrong-pathinstructionsare
thoseinstructionsbroughtinto theprocessorasa resultof a branch
misprediction.Thoseinstructionsconsumeinstructionqueueslots,
renamingregistersandpossiblyissueslots,all of which,onanSMT
processor, couldbeusedby otherthreads.

This pipelinedoesnot increasethe inter-instructionlatency be-
tweenmostinstructions.Dependent(single-cycle latency) instruc-
tionscanstill beissuedonconsecutivecycles,for example,aslong
asinter-instructionlatenciesarepredetermined.Thatis thecasefor
all instructionsbut loads. Sincewe areschedulinginstructionsa
cycle earlier(relative to theexeccycle), load-hit latency increases
by onecycle (to two cycles). Ratherthansuffer this penalty, we
scheduleload-dependentinstructionsassuminga 1-cycle datala-
tency, but squashthoseinstructionsin thecaseof anL1 cachemiss
or abankcon¯ict. Therearetwo performancecoststo thissolution,
which we call optimistic issue. Optimistically issuedinstructions
thatgetsquashedwasteissueslots,andoptimisticinstructionsmust
still beheldin theIQ anextra cycle after they areissued,until it is
known thatthey won't besquashed.

Thelastimplicationof thetwo-phaseregisteraccessis thatthere
aretwo morestagesbetweenrenameandcommit, thusincreasing
the minimum time that a physicalregister is held by an in-¯ight
instruction. This increasesthe pressureon the renamingregister
pool.

We assume,for eachmachinesize, enoughphysical registers
to supportall active threads,plus 100 more registers to enable
renaming,bothfor theinteger®leandthe¯oating point®le;i.e.,for
the single-threadresults,we model132 physicalinteger registers,
andfor an 8-threadmachine,356. We expectthat in the 3-5 year
time-frame,theschemewe havedescribedwill remove register®le
accessfrom thecritical pathfor a 4-threadmachine,but 8 threads
will still be a signi®cantchallenge. Nonetheless,extendingour
resultsto an8-threadmachineallowsusto seetrendsbeyondthe4-
threadnumbersandanticipatesothersolutionsto thisproblem.The
numberof registersavailablefor renamingdeterminesthenumber
of instructionsthatcanbein theprocessorbetweentherenamestage
andthecommitstage.

This architectureallows us to addressseveral concernsabout
simultaneousmultithreadedprocessordesign. In particular, this

papershowsthat:

� Instructionschedulingis no morecomplex thanon a dynami-
cally scheduledsuperscalar.

� Register®ledatapathsareno morecomplex thanin the su-
perscalar, andtheperformanceimplicationsof theregister®le
andits extendedpipelinearesmall.

� The requiredinstructionfetch throughputis attainable,even
without any increasein fetchbandwidth.

� Unmodi®ed(for anSMT workload)cacheandbranchpredic-
tion structuresdo not thrashonthatworkload.

� Even aggressive superscalartechnologies,suchas dynamic
schedulingandspeculativeexecution,arenotsuf®cientto take
full advantageof awide-issueprocessorwithoutsimultaneous
multithreading.

We have only presentedanoutline of the hardwarearchitecture
to thispoint; thenext sectionprovidesmoredetail.

2.1 Hardware Details

Theprocessorcontains3¯oating pointfunctionalunitsand6integer
units;four of thesix integerunitsalsoexecuteloadsandstores.The
peakissuebandwidthoutof thetwo instructionqueuesis therefore
nine; however, the throughputof the machineis boundedby the
peakfetchanddecodebandwidths,whichareeightinstructionsper
cycle. Weassumethatall functionalunitsarecompletelypipelined.
Table1 shows theinstructionlatencies,which arederivedfrom the
Alpha21164[8].

We assumea 32-entry integer instruction queue(which han-
dles integer instructionsand all load/storeoperations)and a 32-
entry¯oating pointqueue,not signi®cantlylarger thantheHP PA-
8000[21], which hastwo 28-entryqueues.

Thecaches(Table2) aremulti-portedby interleaving theminto
banks,similar to the designof SohiandFranklin [26]. We model
lockup-freecachesandTLBs. TLB missesrequiretwo full memory
accessesandno executionresources.We modelthememorysub-
systemin greatdetail,simulatingbandwidthlimitationsandaccess
con¯icts at multiple levelsof thehierarchy, to addresstheconcern



Instruction Class Latency

integermultiply 8,16
conditionalmove 2
compare 0
all otherinteger 1
FPdivide 17,30
all otherFP 4
load(cachehit) 1

Table1: Simulated instruction latencies

ICache DCache L2 L3

Size 32 KB 32KB 256KB 2 MB
Associativity DM DM 4-way DM
Line Size 64 64 64 64
Banks 8 8 8 1
Transfertime 1 cycle 1 1 4
Accesses/cycle var (1-4) 4 1 1/4
Cache®ll time 2 cycles 2 2 8
Latency to
next level 6 6 12 62

Table2: Details of the cachehierarchy

thatmemorythroughputcouldbea limiting conditionfor simulta-
neousmultithreading.

Eachcycle,onethreadis given controlof thefetchunit, chosen
from amongthosenotstalledfor aninstructioncache(I cache)miss.
If we fetch from multiple threads,we never attemptto fetch from
threadsthatcon¯ict (on anI cachebank)with eachother, although
they maycon¯ict with otherI cacheactivity (cache®lls).

Branchpredictionisprovidedbyadecoupledbranchtargetbuffer
(BTB) andpatternhistory table(PHT) scheme[4]. We usea 256-
entryBTB, organizedasfour-way setassociative. The 2K x 2-bit
PHTis accessedby theXOR of thelowerbitsof theaddressandthe
global history register [18, 30]. Returndestinationsarepredicted
with a 12-entryreturnstack(percontext).

We assumean ef®cient,but not perfect,implementationof dy-
namicmemorydisambiguation.Thisisemulatedby usingonly part
of theaddress(10bits) to disambiguatememoryreferences,sothat
it is occasionallyover-conservative.

3 Methodology

The methodologyin this papercloselyfollows thesimulationand
measurementmethodologyof [27]. Our simulatorusesemulation-
based,instruction-level simulation,andborrows signi®cantlyfrom
MIPSI [22], a MIPS-basedsimulator. The simulatorexecutesun-
modi®edAlpha object codeand modelsthe executionpipelines,
memoryhierarchy, TLBs, and the branchpredictionlogic of the
processordescribedin Section2.

In anSMT processora branchmispredictionintroduceswrong-
pathinstructionsthat interactwith instructionsfrom otherthreads.
To modelthisbehavior, wefetchdownwrongpaths,introducethose
instructionsinto the instructionqueues,track their dependences,
andissuethem. We eventuallysquashall wrong-pathinstructions
a cycleaftera branchmispredictionis discoveredin theexecstage.
Our throughputresultsonly countusefulinstructions.

Our workload comesprimarily from the SPEC92benchmark
suite[7]. Weuse®ve¯oating pointprograms(alvinn,doduc,fpppp,
ora, and tomcatv)and two integer programs(espressoand xlisp)
from that suite, and the documenttypesettingprogramTeX. We
assignadistinctprogramto eachthreadin theprocessor:themulti-
programmedworkloadstressesourarchitecturemorethanaparallel
programby presentingthreadswith widely varyingprogramchar-
acteristicsandwith no overlapof cache,TLB or branchprediction
usage.To eliminatetheeffectsof benchmarkdifferences,a single
datapoint is composedof 8 runs,eachT * 300million instructions
in length,whereT is thenumberof threads.Eachof the8 runsuses
adifferentcombinationof thebenchmarks.

We compileeachprogramwith the Multi¯o w tracescheduling
compiler[17], modi®edto produceAlphacode.In contrastto [27],
we turn off traceschedulingin thecompilerfor this study, for two
reasons. In our measurements,we want to differentiatebetween
usefulanduselessspeculativeinstructions,whichis easywith hard-
warespeculation,but notpossiblefor softwarespeculationwith our
system. Also, softwarespeculationis not asbene®cialon an ar-
chitecturewhich featureshardwarespeculation,andin somecases
is harmful. However, theMulti¯o w compileris still a goodchoice
for our compilationengine,becauseof thehigh quality of theloop
unrolling, instruction schedulingand alignment,and other opti-
mizations,aswell astheeasewith whichthemachinemodelcanbe
changed.The benchmarksarecompiledto optimizesingle-thread
performanceonthebasehardware.

4 Performanceof the BaseHardwareDesign

In this sectionwe examinethe performanceof the basearchitec-
ture and identify opportunitiesfor improvement. Figure3 shows
thatwith only a singlethreadrunningon ourSMT architecture,the
throughputis lessthan2% below a superscalarwithout SMT sup-
port. Thedropin throughputisdueto thelongerpipeline(described
in Section2) usedby the SMT processor. Its peakthroughputis
84%higherthanthesuperscalar. Thisgainisachievedwith virtually
no tuningof thebasearchitecturefor simultaneousmultithreading.
This designcombineslow single-threadimpactwith high speedup
for even a few threads,enablingsimultaneousmultithreadingto
reapbene®tseven in anenvironmentwheremultiple processesare
runningonly a small fraction of the time. We alsonote,however,
that the throughputpeaksbefore8 threads,and the processoruti-
lization, at lessthan50%of the8-issueprocessor, is well shortof
thepotentialshown in [27].

We makeseveralconclusionsaboutthepotentialbottlenecksof
thissystemasweapproach8 threads,aidedby Figure3 andTable3.
Issuebandwidthis clearlynot a bottleneck,asthe throughputrep-
resentsa fractionof availableissuebandwidth,andourdatashows
that no functional unit type is being overloaded. We appearto
have enoughphysicalregisters. Thecachesandbranchprediction
logic arebeingstressedmoreheavily at 8 threads,but we expect
thelatency-hidingpotentialof theadditionalthreadsto makeupfor
thosedrops.Theculprit appearsto beoneor moreof thefollowing
threeproblems:(1) IQ sizeÐ IQ-full conditionsarecommon,12
to 21%of cyclestotal for thetwo queues;(2) fetch throughputÐ
evenin thosecycleswherewedon't experienceanIQ-full condition,
our datashows that we aresustainingonly 4.2 useful instructions
fetchedper cycle (4.5 including wrong-path);and(3) lack of par-
allelismÐ althoughthequeuesarereasonablyfull, we ®ndfewer
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Figure3: Instruction thr oughput for the basehardware archi-
tecture.

thanfour out of, on average,27 instructionspercycle to issue.We
expect eight threadsto provide more parallelism,so perhapswe
have thewronginstructionsin theinstructionqueues.

Therestof thispaperfocusesonimproving thisbasearchitecture.
Thenext sectionaddresseseachof theproblemsidenti®edherewith
differentfetchpoliciesandIQ con®gurations.Section6 examines
waystopreventissuewaste,andSection7re-examinestheimproved
architecturefor new bottlenecks,identifying directionsfor further
improvement.

5 The Fetch Unit Ð In Search of Useful In-
structions

In thissectionweexaminewaystoimprovefetchthroughputwithout
increasingthe fetch bandwidth. Our SMT architecturesharesa
singlefetchunit amongeightthreads.Wecanexploit thehigh level
of competitionfor thefetchunit in twowaysnot possiblewith single-
threadedprocessors:(1) the fetch unit can fetch from multiple
threadsat once,increasingour utilization of the fetch bandwidth,
and(2) it canbe selective aboutwhich threador threadsto fetch
from. Becausenotall pathsprovide equallyusefulinstructionsin a
particularcycle,anSMT processorcanbene®tby fetchingfrom the
thread(s)thatwill provide thebestinstructions.

We examinea variety of fetch architecturesand fetch policies
thatexploit thoseadvantages.Speci®cally, they attemptto improve
fetch throughputby addressingthreefactors: fetch ef®ciency, by
partitioning the fetch unit amongthreads(Section5.1); fetch ef-
fectiveness,by improving the quality of the instructionsfetched
(Section5.2); andfetchavailability, by eliminatingconditionsthat
block thefetchunit (Section5.3).

5.1 Partitioning the FetchUnit

Recallthatourbaselinearchitecturefetchesupto eightinstructions
from onethreadeachcycle. The frequency of branchesin typical
instruction streamsand the misalignmentof branchdestinations
makeit dif®cultto ®ll theentirefetchbandwidthfrom onethread,

Number of Thr eads
Metric 1 4 8

out-of-registers(% of cycles) 3% 7% 3%
I cachemissrate 2.5% 7.8% 14.1%
-missesperthousandinstructions 6 17 29
D cachemissrate 3.1% 6.5% 11.3%
-missesperthousandinstructions 12 25 43
L2 cachemissrate 17.6% 15.0% 12.5%
-missesperthousandinstructions 3 5 9
L3 cachemissrate 55.1% 33.6% 45.4%
-missesperthousandinstructions 1 3 4
branchmispredictionrate 5.0% 7.4% 9.1%
jumpmispredictionrate 2.2% 6.4% 12.9%
integerIQ-full (% of cycles) 7% 10% 9%
fp IQ-full (% of cycles) 14% 9% 3%
avg (combined)queuepopulation 25 25 27
wrong-pathinstructionsfetched 24% 7% 7%
wrong-pathinstructionsissued 9% 4% 3%

Table3: The result of increasedmultithr eading on somelow-
level metrics for the basearchitecture.

evenfor smallerblocksizes[5, 24]. In thisprocessor,wecanspread
theburdenof ®lling the fetch bandwidthamongmultiple threads.
For example,theprobabilityof ®ndingfour instructionsfrom each
of two threadsshouldbegreaterthanthatof ®ndingeightfrom one
thread.

In this section,we attemptto reducefetch block fragmentation
(our term for the variousfactorsthatprevent us from fetchingthe
maximumnumberof instructions)by fetchingfrommultiplethreads
eachcycle, while keepingthe maximumfetchbandwidth(but not
necessarilythe I cachebandwidth)constant. We evaluateseveral
fetchingschemes,which arelabeledalg.num1.num2, wherealg is
thefetchselectionmethod(in thissectionthreadsarealwaysselected
usingaround-robinpriority scheme),num1is thenumberof threads
that can fetch in 1 cycle, and num2is the maximumnumberof
instructionsfetchedper threadin 1 cycle. Themaximumnumber
of total instructionsfetchedis alwayslimited to eight. For each
of the fetch partitioningpolicies,thecacheis always32 kilobytes
organizedinto 8 databanks;agivenbankcandojustoneaccessper
cycle.

RR.1.8 Ð This is the baselineschemefrom Section4. Each
cycle onethreadfetchesasmany aseight instructions.Thethread
is determinedby a round-robinpriority schemefrom amongthose
notcurrentlysufferinganI cachemiss. In thisschemetheI cacheis
indistinguishablefrom thaton a single-threadedsuperscalar. Each
cachebankhasits own addressdecoderandoutputdrivers; each
cycle,only oneof thebanksdrivesthecacheoutputbus,which is 8
instructions(32bytes)wide.

RR.2.4,RR.4.2 Ð Theseschemesfetch fewer instructionsper
threadfrom morethreads(four eachfrom two threads,or two each
from four threads). If we try to partition the fetch bandwidthtoo
®nely,however,wemaysuffer threadshortage,wherefewerthreads
areavailablethanarerequiredto ®ll thefetchbandwidth.

For theseschemes,multiple cacheaddressesaredriven to each
cachedatabank,eachof which now hasa multiplexer beforeits
addressdecoder, toselectonecacheindex percycle. Sincethecache
banksaresingle-ported,bank-con¯ictlogic is neededto ensurethat
eachaddresstargetsa separatebank. RR.2.4hastwo cacheoutput
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Figure4: Instruction thr oughput for the different instruction
cacheinterfaceswith round-robin instruction scheduling.

buses,eachfour instructionswide, while RR.4.2hasfour output
buses,eachtwoinstructionswide. Forbothschemes,thetotalwidth
of theoutputbusesis 8 instructions(identicalto thatin RR.1.8),but
additionalcircuitry is neededsoeachbankis capableof driving any
of themultiple(now smaller)outputbuses,andis ableto selectone
or noneto drive in a given cycle. Also, the cachetag storelogic
mustbereplicatedor multiple-portedin orderto calculatehit/miss
for eachaddresslookeduppercycle.

Thus,thehardwareadditionsare: theaddressmux; multiple ad-
dressbuses;selectionlogic on theoutputdrivers;thebankcon¯ict
logic; andmultiplehit/misscalculations.Thechangesrequiredfor
RR.2.4would have a negligible impacton areaandcacheaccess
time. The changesfor RR.4.2aremoreextensive, andwould be
moredif®cult to do without affecting areaor accesstime. These
schemesactually reducethelatency in thedecodeandrenamestages,
as the maximumlengthof dependency chainsamongfetchedin-
structionsis reducedby a factorof 2 and4, respectively.

RR.2.8Ð Thisschemeattacksfetchblockfragmentationwithout
suffering from threadshortageby fetchingeight instructionsmore
¯exibly from two threads.This canbeimplementedby readingan
eight-instructionblock for eachthread(16 instructionstotal), then
combiningthem.Wetakeasmany instructionsaspossiblefrom the
®rstthread,then®ll in with instructionsfrom thesecond,upto eight
total. Like RR.2.4, two addressesmust be routedto eachcache
bank,thenmultiplexedbeforethedecoder;bank-con¯ict logic and
two hit/miss calculationsper cycle arenecessary;and eachbank
drives one of the two output buses. Now, however, eachoutput
busis eight instructionswide, which doublesthebandwidthout of
thecachecomparedto any of thepreviousschemes.This couldbe
donewithout greatlyaffectingareaor cycle time,astheadditional
bussingcouldprobablybedonewithoutexpandingthecachelayout.
In addition,logic toselectandcombinetheinstructionsisnecessary,
which might or might not requirean additionalpipe stage. Our
simulationsassumeit doesnot.

Figure4 shows thatwe cangethighermaximumthroughputby
splitting the fetchover multiple threads.For example,theRR.2.4
schemeoutperformsRR.1.8at 8 threadsby 9%. However, better
maximumthroughputcomesat the cost of a 12% single-thread
penalty; in fact, RR.2.4doesnot surpassRR.1.8until 4 threads.
The RR.4.2schemeneeds6 threadsto surpassRR.1.8and never
catchesthe2-threadschemes,suffering from threadshortage.

The RR.2.8 schemeprovides the best of both worlds: few-
threadsperformancelike RR.1.8 and many-threadsperformance
like RR.2.4. However, the higher throughputof this schemeputs
morepressureontheinstructionqueues,causingIQ-full conditions
ata rateof 18%(integer)and8%(fp) with 8 threads.

With the RR.2.8 schemewe have improved the maximum
throughputby 10% without compromisingsingle-threadperfor-
mance. This was achieved by a combinationof (1) partitioning
thefetchbandwidthovermultiple threads,and(2) makingthatpar-
tition ¯exible. Thisis thesameapproach(althoughin amorelimited
fashionhere)thatsimultaneousmultithreadingusesto improve the
throughputof thefunctionalunits[27].

5.2 Exploiting ThreadChoicein the Fetch Unit

Theef®ciency of theentireprocessoris affectedby thequality of
instructionsfetched.A multithreadedprocessorhasauniqueability
to control thatfactor. In this section,we examinefetchingpolicies
aimedat identifying theªbestº threador threadsavailableto fetch
eachcycle. Twofactorsmakeonethreadlessdesirablethananother.
The®rstis theprobabilitythatathreadis following awrongpathas
aresultof anearlierbranchmisprediction.Wrong-pathinstructions
consumenot only fetch bandwidth,but also registers,IQ space,
andpossiblyissuebandwidth. The secondfactor is the lengthof
time thefetchedinstructionswill be in thequeuebeforebecoming
issuable.We maximizethethroughputof a queueof boundedsize
by feedingit instructionsthatwill spendtheleasttime in thequeue.
If we fetch too many instructionsthat block for a long time, we
eventually®ll the IQ with unissuableinstructions,a conditionwe
call IQ clog. This restrictsbothfetchandissuethroughput,causing
the fetch unit to go idle andpreventing issuableinstructionsfrom
gettinginto the IQ. Both of thesefactors(wrong-pathprobability
andexpectedqueuetime) improve over time, soa threadbecomes
moredesirableaswe delayfetchingit.

We de®neseveral fetchpolicies,eachof which attemptsto im-
prove on theround-robinpriority policy usingfeedbackfrom other
partsof the processor. The ®rstattackswrong-pathfetching, the
othersattackIQ clog. They are:

BRCOUNT Ð Hereweattemptto give highestpriority to those
threadsthat are least likely to be on a wrong path. We do this
by countingbranchinstructionsthat are in the decodestage,the
renamestage,and the instructionqueues,favoring thosewith the
fewestunresolvedbranches.

MISSCOUNT Ð This policy detectsan importantcauseof IQ
clog. A long memorylatency cancausedependentinstructionsto
backupin theIQ waitingfor theloadto complete,eventually®lling
thequeuewith blockedinstructionsfrom onethread. This policy
preventsthatby giving priority to thosethreadsthathavethefewest
outstandingD cachemisses.

ICOUNT Ð This is a moregeneralsolutionto IQ clog. Here
priority is given to threadswith the fewestinstructionsin decode,
rename,andthe instructionqueues.This achievesthreepurposes:
(1) it preventsany onethreadfrom ®llingtheIQ, (2) it giveshighest
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Figure5: Instruction thr oughput for fetching basedon several priority heuristics,all comparedto the baselineround-robin scheme.
The resultsfor 1 thr eadarethe samefor all schemes,and thus not shown.

priority to threadsthataremoving instructionsthroughtheIQ most
ef®ciently, and(3) it providesa moreevenmix of instructionsfrom
theavailablethreads,maximizingtheparallelismin thequeues.If
cachemissesare the dominantcauseof IQ clog, MISSCOUNT
may performbetter, sinceit getscachemissfeedbackto the fetch
unit morequickly. If thecausesaremorevaried,ICOUNT should
performbetter.

IQPOSNÐ Like ICOUNT, IQPOSNstrivestominimizeIQ clog
andbiastowardef®cientthreads.It giveslowestpriority to those
threadswith instructionsclosestto the headof either the integer
or ¯oating point instructionqueues(theoldestinstructionis at the
headof the queue). Threadswith the oldestinstructionswill be
most proneto IQ clog, and thosemaking the bestprogresswill
have instructionsfarthestfrom theheadof thequeue.This policy
doesnot requirea counterfor eachthread,asdo thepreviousthree
policies.

Like any control system,the ef®ciency of thesemechanismsis
limited by thefeedbacklatency resulting,in thiscase,from feeding
datafrom laterpipelinestagesbackto thefetchstage.For example,
by thetime instructionsenterthequeuestageor theexecstage,the
informationusedto fetch themis threeor (at least)six cyclesold,
respectively.

Both thebranch-countingandthemiss-countingpoliciestendto
producefrequentties. In thosecases,thetie-breakeris round-robin
priority.

Figure5 shows that all of the fetch heuristicsprovide speedup
over round-robin. Branchcountingandcache-misscountingpro-
vide moderatespeedups,but only whenthe processoris saturated
with many threads.Instructioncounting,in contrast,producesmore
signi®cantimprovementsregardlessof thenumberof threads.IQ-
POSNprovidessimilar resultsto ICOUNT, beingwithin 4% at all
times,but neverexceedingit.

The branch-countingheuristicdoeseverythingwe askof it. It
reduceswrong-pathinstructions,from 8.2%of fetchedinstructions
to 3.6%,andfrom 3.6%of issuedinstructionsto 0.8%(RR.1.8vs.

BRCOUNT.1.8 with eight threads). And it improves throughput
by asmuchas8%. Its weaknessis that the wrong-pathproblem
it solvesis not large on this processor, which hasalreadyattacked
theproblemwith simultaneousmultithreading.Evenwith theRR
scheme,simultaneousmultithreadingreducesfetchedwrong-path
instructionsfrom 16%with onethreadto 8%with 8 threads.

Cachemisscountingalsoachievesthroughputgainsashigh as
8% over RR, but in generalthe gainsare much lower. It is not
particularlyeffective at reducingIQ clog, aswe get IQ-full condi-
tions12%of thetimeon theintegerqueueand14%on the¯oating
point queue(for MISSCOUNT.2.8 with 8 threads).Theseresults
indicatethatIQ clog is morethansimply theresultof longmemory
latencies.

1 8 Thr eads
Metric Thr ead RR ICOUNT

integerIQ-full (% of cycles) 7% 18% 6%
fp IQ-full (% of cycles) 14% 8% 1%
avg queuepopulation 25 38 30
out-of-registers(% of cycles) 3% 8% 5%

Table 4: Some low-level metrics for the round-robin and
instruction-counting priority policies (and the 2.8 fetch parti-
tioning scheme).

The instruction-countingheuristicprovidesinstructionthrough-
putashigh as5.3 instructionspercycle,a throughputgainover the
unmodi®edsuperscalarof 2.5. It outperformsthebestround-robin
resultby 23%. Instructioncountingisaseffectiveat2 and4 threads
(in bene®tover round-robin)asit is at 8 threads. It nearlyelimi-
natesIQ clog (seeIQ-full resultsin Table4) andgreatlyimproves
themix of instructionsin thequeues(we are®ndingmoreissuable
instructionsdespitehaving fewer instructionsin the two queues).
Intelligentfetchingwith thisheuristicis of greaterbene®tthanpar-
titioning the fetch unit, as the ICOUNT.1.8 schemeconsistently
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Figure6: Instruction thr oughput for the 64-entry queueand early I cachetag lookup, when coupledwith the ICOUNT fetch policy.

outperformsRR.2.8.
Table4 pointsto a surprisingresult.As a resultof simultaneous

multithreadedinstructionissueandtheICOUNTfetchheuristics,we
actuallyput lesspressureon thesameinstructionqueuewith eight
threadsthanwith one,having sharplyreducedIQ-full conditions.It
alsoreducespressureontheregister®le(vs. RR)by keepingfewer
instructionsin thequeue.

BRCOUNT and ICOUNT eachsolve different problems,and
perhapsthe bestperformancecould be achieved from a weighted
combinationof them; however, the complexity of the feedback
mechanismincreasesas a result. By itself, instructioncounting
clearlyprovidesthebestgains.

Given our measurementmethodology, it is possiblethat the
throughputincreasescould be overstatedif a fetch policy simply
favorsthosethreadswith themostinherentinstruction-level paral-
lelismor thebestcachebehavior, thusachieving improvementsthat
wouldnotbeseenin practice.However, with theICOUNT.2.8pol-
icy, theoppositehappens.Our resultsshow thatthis schemefavors
threadswith lowersingle-threadILP, thusits resultsincludeahigher
sampleof instructionsfrom theslow threadsthaneitherthesuper-
scalarresultsor theRR results.If anything, then,theICOUNT.2.8
improvementsareunderstated.

In summary, wehaveidenti®edasimpleheuristicthatisverysuc-
cessfulat identifying thebestthreadsto fetch. Instructioncounting
dynamicallybiasestowardthreadsthatwill useprocessorresources
most ef®ciently, therebyimproving processorthroughputas well
asrelieving pressureon scarceprocessorresources:theinstruction
queuesandtheregisters.

5.3 Unblocking the FetchUnit

By fetchingfrom multiplethreadsandusingintelligentfetchheuris-
tics,wehavesigni®cantlyincreasedfetchthroughputandef®ciency.
Themoreef®cientlyweareusingthefetchunit, themorewestandto
losewhenit becomesblocked.In thissectionweexamineschemes
that prevent two conditionsthat causethe fetch unit to missfetch

opportunities,speci®callyIQ-full conditionsand I cachemisses.
Thetwo schemesare:

BIGQ Ð TheprimaryrestrictiononIQ sizeis not thechiparea,
but thetimeto searchit; thereforewecanincreaseits sizeaslongas
we don't increasethesearchspace.In this scheme,we doublethe
sizesof the instructionqueues,but only searchthe ®rst32 entries
for issue.Thisschemeallowsthequeuesto buffer instructionsfrom
thefetchunit whentheIQ over¯ows.

ITAG Ð Whenathreadis selectedfor fetchingbut experiencesa
cachemiss,welosetheopportunityto fetchthatcycle. If we dothe
I cachetaglookupsacycleearly, wecanfetcharoundcachemisses:
cachemiss accessesare still startedimmediately, but only non-
missingthreadsarechosenfor fetch. Becausewe needto have the
fetchaddressacycleearly, weessentiallyaddastageto thefront of
thepipeline,increasingthemisfetchandmispredictpenalties.This
schemerequiresoneor moreadditionalportson the I cachetags,
sothatpotentialreplacementthreadscanbe lookedup at thesame
time.

Although the BIGQ schemeimproves the performanceof the
round-robinscheme(notshown),1.5-2%acrosstheboard,Figure6
showsthatthebiggerqueuesaddnosigni®cantimprovementto the
ICOUNT policy. In fact, it is actuallydetrimentalfor severalthread
con®gurations.Thisis becausethebufferingeffectof thebig queue
schemebringsinstructionsinto the issuablepart of the instruction
queuethatmayhavebeenfetchedmany cyclesearlier, usingpriority
informationthat is now out-of-date.Theresultsindicatethatusing
up-to-datepriority informationis moreimportantthanbuffering.

Theseresultsshow thatintelligentfetchheuristicshavemadethe
extrainstructionqueuehardwareunnecessary. Thebiggerqueueby
itself is actuallylesseffectiveatreducingIQ clogthantheICOUNT
scheme.With 8 threads,the biggerqueuesalone(BIGQ,RR.2.8)
reduceIQ-full conditionsto 11% (integer) and0% (fp), while in-
structioncountingalone(ICOUNT.2.8) reducesthem to 6% and
1%. CombiningBIGQ andICOUNT dropsthemto 3%and0%.

Early I cachetag lookup booststhroughputas much as 8%



Issue Number of Thr eads UselessInstructions
Method 1 2 4 6 8 wrong-path optimistic

OLDEST 2.10 3.30 4.62 5.09 5.29 4% 3%
OPT LAST 2.07 3.30 4.59 5.09 5.29 4% 2%
SPECLAST 2.10 3.31 4.59 5.09 5.29 4% 3%
BRANCH FIRST 2.07 3.29 4.58 5.08 5.28 4% 6%

Table5: Instruction thr oughput (instructions per cycle) for the issuepriority schemes,and the percentageof uselessinstructions
issuedwhenrunning with 8 thr eads.

over ICOUNT. It is most effective when fetching one thread
(ICOUNT.1.8,wherethecostof a lost fetchslot is greater).How-
ever, it improvestheICOUNT.2.8 resultsno morethan2%, asthe
¯exibility of the 2.8 schemealreadyhidessomeof the lost fetch
bandwidth.In addition,ITAG lowersthroughputwith few threads,
wherecompetitionfor thefetchslotsis low andthecostof thelonger
mispredictionpenaltyis highest.

Using a combinationof partitioning the fetch unit, intelligent
fetching,and early I cachetag lookups,we have raisedthe peak
performanceof thebaseSMT architectureby 37%(5.4instructions
percyclevs. 3.9). Ourmaximumspeeduprelativeto aconventional
superscalarhasgoneup proportionately, from 1.8 to 2.5 timesthe
throughput. That gain comesfrom exploiting characteristicsof a
simultaneousmultithreadingprocessornot available to a single-
threadedmachine.

High fetch throughputmakesissuebandwidtha more critical
resource.We focuson this factorin thenext section.

6 ChoosingInstructions For Issue

Much asthe fetchunit in a simultaneousmultithreadingprocessor
cantakeadvantageof theability to choosewhich threadsto fetch,
the issuelogic hasthe ability to chooseinstructionsfor issue. A
dynamicallyscheduledsingle-threadedprocessormayhaveenough
readyinstructionsto beableto choosebetweenthem,but with an
SMTprocessortheoptionsaremorediverse.Also,becausewehave
higherthroughputthana single-threadedsuperscalarprocessor, the
issuebandwidthis potentiallya morecritical resource,soavoiding
issueslotwastemaybemorebene®cial.

In this section,we examineissuepriority policiesaimedat pre-
venting issuewaste. Issueslot wastecomesfrom two sources,
wrong-pathinstructions(resultingfrom mispredictedbranches)and
optimistically issuedinstructions.Recall(from Section2) thatwe
optimistically issueload-dependentinstructionsa cycle beforewe
have D cachehit information. In thecaseof a cachemissor bank
con¯ict, we have to squashthe optimistically issuedinstruction,
wastingthat issueslot.

In a single-threadedprocessor, choosinginstructionsleastlikely
to be on a wrong path is alwaysachieved by selectingthe oldest
instructions(thosedeepestinto the instructionqueue).In a simul-
taneousmultithreadingprocessor, thepositionof an instructionin
thequeueis no longerthebestindicatorof thelevel of speculation
of thatinstruction,asright-pathinstructionsareintermingledin the
queueswith wrong-path.

Thepolicieswe examineareOLDEST FIRST, ourdefaultissue
algorithm up to this point, OPT LAST and SPECLAST, which
only issueoptimistic and speculative instructions(more speci®-
cally, any instructionbehinda branchfrom thesamethreadin the

instructionqueue),respectively, after all othershave beenissued,
andBRANCH FIRST, whichissuesbranchesasearlyaspossiblein
orderto identify mispredictedbranchesquickly. Thedefaultfetch
algorithmfor eachof theseschemesis ICOUNT.2.8.

Thestrongmessageof Table5 is that issuebandwidthis notyet
a bottleneck. Even when it doesbecomea critical resource,the
amountof improvementwe get from not wastingit is likely to be
boundedby thepercentageof our issuebandwidthgivento useless
instructions,which currentlystandsat7%(4% wrong-pathinstruc-
tions,3%squashedoptimisticinstructions).Becausewedon't often
havemoreissuableinstructionsthanfunctionalunits,wearen't able
to and don't needto reducethat signi®cantly. The SPECLAST
schemeis unableto reducethe numberof uselessinstructionsat
all, while OPT LAST brings it down to 6%. BRANCH FIRST
actuallyincreasesit to 10%,asbranchinstructionsareoften load-
dependent;therefore,issuingthemasearlyaspossibleoftenmeans
issuingthemoptimistically. A combinedscheme(OPT LAST and
BRANCH FIRST)might reducethatsideeffect, but is unlikely to
havemucheffect on throughput.

Sinceeachof thealternateschemespotentiallyintroducesmul-
tiple passesto the IQ search,it is convenient that the simplest
mechanismstill workswell.

7 Where Ar e the BottlenecksNow?

We have shown that proposedchangesto the instructionqueues
andtheissuelogic areunnecessary to achievethebestperformance
with this architecture,but thatsigni®cantgainscanbeproducedby
moderatechangesto theinstructionfetchmechanisms.Hereweex-
aminethatarchitecturemoreclosely(usingICOUNT.2.8asournew
baseline),identifying likely directionsfor furtherimprovements.

In thissectionwepresentresultsof experimentsintendedto iden-
tify bottlenecksin thenew design.Forcomponentsthatarepotential
bottlenecks,wequantifythesizeof thebottleneckby measuringthe
impactof relieving it. For someof the componentsthat arenot
bottlenecks,we examinewhetherit is possibleto simplify those
componentswithout creatinga bottleneck. Becausewe areiden-
tifying bottlenecksratherthanproposingarchitectures,we areno
longerboundby implementationpracticalitiesin theseexperiments.

The IssueBandwidth Ð Theexperimentsin Section6 indicate
thatissuebandwidthis notabottleneck.In fact,wefoundthateven
anin®nitenumberof functionalunitsincreasesthroughputby only
0.5%at8 threads.

Instruction QueueSizeÐ Resultsin Section5 would,similarly,
seemto imply thatthesizeof theinstructionqueueswasnotabottle-
neck,particularlywith instructioncounting;however, theschemes
we examinedarenot thesameaslarger, searchablequeues,which
would alsoincreaseavailableparallelism.Nonetheless,theexper-



iment with larger (64-entry)queuesincreasedthroughputby less
than1%,despitereducingIQ-full conditionsto 0%.

Fetch Bandwidth Ð Although we have signi®cantlyimproved
fetch throughput,it is still a primecandidatefor bottleneckstatus.
Branchfrequency andPCalignmentproblemsstill preventusfrom
fully utilizing thefetchbandwidth.A schemethatallowsusto fetch
as many as 16 instructions(up to eight eachfrom two threads),
increasesthroughput8%to 5.7instructionspercycle. At thatpoint,
however, the IQ size and the numberof physical registerseach
becomemoreof a restriction. Increasingtheinstructionqueuesto
64 entriesand the excessregistersto 140 increasesperformance
another7% to 6.1 IPC. Theseresultsindicatethatwe have not yet
completelyremovedfetchthroughputasaperformancebottleneck.

Branch Prediction Ð Simultaneousmultithreadinghasa dual
effect on branchprediction,much as it hason caches. While it
putsmorepressureonthebranchpredictionhardware(seeTable3),
it is moretolerantof branchmispredictions.This tolerancearises
becauseSMT is lessdependenton techniquesthat exposesingle-
threadparallelism(e.g., speculative fetching and speculative ex-
ecution basedon branchprediction)due to its ability to exploit
inter-threadparallelism.With onethreadrunning,on average16%
of the instructionswe fetch and 10% of the instructionswe exe-
cutearedown a wrong path. With eight threadsrunningandthe
ICOUNT fetch scheme,only 9% of the instructionswe fetch and
4%of theinstructionswe executearewrong-path.

Perfectbranchpredictionbooststhroughputby 25%at 1 thread,
15%at 4 threads,and9% at 8 threads.Sodespitethesigni®cantly
decreasedef®ciency of the branchpredictionhardware,simulta-
neousmultithreadingis much lesssensitive to the quality of the
branchprediction than a single-threadedprocessor. Still, better
branchpredictionis bene®cialfor both architectures.Signi®cant
improvementscomeat a cost,however; a betterschemethanour
baseline(doublingthesizeof boththeBTB andPHT)yieldsonly a
2%gainat8 threads.

SpeculativeExecutionÐ Theability todospeculativeexecution
on this machineis not a bottleneck,but we would like to know
whethereliminating it would createone. The costof speculative
execution(in performance)is not particularlyhigh (again,4% of
issuedinstructionsare wrong-path),but the bene®tsmay not be
either.

Speculative executioncanmeantwo differentthingsin anSMT
processor, (1) theability to issuewrong-pathinstructionsthat can
interferewith others,and(2) theability toallow instructionsto issue
beforeprecedingbranchesfrom thesamethread.In orderto guar-
anteethatno wrong-pathinstructionsareissued,we needto delay
instructions4 cyclesaftertheprecedingbranchis issued.Doingthis
reducesthroughputby7%at8 threads,and38%at1 thread.Simply
preventinginstructionsfrom passingbranchesonly lowersthrough-
put 1.5% (vs. 12% for 1 thread). Simultaneousmultithreading
(with many threads)bene®tsmuchlessfrom speculativeexecution
thana single-threadedprocessor;it bene®tsmorefrom the ability
to issuewrong-pathinstructionsthanfrom allowing instructionsto
passbranches.

Memory Thr oughput Ð While simultaneousmultithreading
hidesmemorylatencieseffectively, it is lesseffective if theproblem
is memorythroughput,sinceit doesnot addressthatproblem.For
thatreason,oursimulatormodelsmemorythroughputlimitationsat
multiple levelsof thecachehierarchy, andthebusesbetweenthem.
With ourworkload,weneversaturateany singlecacheor bus,but in
somecasestherearesigni®cantqueueingdelaysfor certainlevels

of the cache. If we had in®nitebandwidthcaches(i.e., the same
cachelatencies,but nocachebankor buscon¯icts), thethroughput
wouldonly increaseby 3%.

Register File SizeÐ The numberof registersrequiredby this
machineis a very signi®cantissue. While we have modeledthe
effectsof registerrenaming,wehavenotsetthenumberof physical
registerslow enoughthat it is a signi®cantbottleneck. In fact,
settingthenumberof excessregistersto in®niteinsteadof 100only
improves8-threadperformanceby 2%. Lowering it to 90 reduces
performanceby 1%, and to 80 by 3%, and70 by 6%, so thereis
no sharpdrop-off point. The ICOUNT fetchschemeis probablya
factor in this, aswe've shown that it createsmoreparallelismwith
fewer instructionsin the machine. With four threadsand fewer
excessregisters,thereductionswerenearlyidentical.
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Figure7: Instruction thr oughput for machineswith 200physical
registersand from 1 to 5 hardwarecontexts.

However, thisdoesnotcompletelyaddressthetotalsizeof thereg-
ister®le,particularlywhencomparingdifferentnumbersof threads.
An alternateapproachis to examine the maximizeperformance
achieved with a given set of physical registers. For example, if
we identify the largestregister®le that could supportthe scheme
outlinedin Section2, then we can investigatehow many threads
to supportfor the bestperformance.The tradeoff arisesbecause
supportingmorehardwarecontexts leavesfewer (excess)registers
availablefor renaming.Thenumberof renamingregisters,however,
determinesthetotal numberof instructionstheprocessorcanhave
in-¯ight. It is dif®cultto predictthe right register®lesizethat far
into the future, but in Figure7 we illustrate this type of analysis
by ®ndingthe performanceachieved with 200 physicalregisters.
Thatequatesto a 1-threadmachinewith 168 excessregistersor a
4-threadmachinewith 72excessregisters,for example.In thiscase
thereis a clearmaximumpointat4 threads.

In summary, fetchthroughputisstill abottleneckin ourproposed
architecture.It maynolongerbeappropriatetokeepfetchandissue
bandwidthin balance,given the muchgreaterdif®cultyof ®lling
thefetchbandwidth.Also, register®leaccesstime will likely bea
limiting factorin thenumberof threadsanarchitecturecansupport.



8 RelatedWork

A numberof otherarchitectureshave beenproposedthat exhibit
simultaneousmultithreadingin someform. Tullsen, et al., [27]
demonstratedthepotentialfor simultaneousmultithreading,but did
not simulatea completearchitecture,nor did that paperpresent
a speci®csolutionto register®leaccessor instructionscheduling.
Thispaperpresentsanarchitecturethat realizesmuchof thepotential
demonstratedby thatwork, simulatingit in detail.

Hirata, et al., [13] presentan architecturefor a multithreaded
superscalarprocessorand simulateits performanceon a parallel
ray-tracingapplication.They do not simulatecachesor TLBs and
theirarchitecturehasnobranchpredictionmechanism.Yamamoto,
etal., [29] presentananalyticalmodelof multithreadedsuperscalar
performance,backedup by simulation.Their studymodelsperfect
branching,perfectcachesandahomogeneousworkload(all threads
runningthesametrace).YamamotoandNemirovsky [28] simulate
anSMTarchitecturewith separateinstructionqueuesandupto four
threads.GulatiandBagherzadeh[11] modela4-issuemachinewith
four hardwarecontexts and a single compiler-partitionedregister
®le.

KecklerandDally [14] andPrasadhandWu [19] describearchi-
tecturesthatdynamicallyinterleaveoperationsfrom VLIW instruc-
tionsontoindividual functionalunits.

DaddisandTorng[6] plot increasesin instructionthroughputas
afunctionof thefetchbandwidthandthesizeof thedispatchstack,
a structuresimilar to our instructionqueue.Their systemhastwo
threads,unlimitedfunctionalunits,andunlimitedissuebandwidth.

In additionto these,BeckmannandPolychronopoulus[3], Gun-
ther [12], Li andChu [16], andGovindarajan,et al., [10] all dis-
cussarchitecturesthatfeaturesimultaneousmultithreading,noneof
which canissuemorethanoneinstructionpercycle perthread.

Our work is distinguishedfrom most of thesestudiesin our
dualgoalsof maintaininghigh single-threadperformanceandmin-
imizing the architecturalimpacton a conventionalprocessor. For
example, two implicationsof thosegoals in our architectureare
limited fetch bandwidthand a centralizedinstructionscheduling
mechanismbasedon a conventionalinstructionqueue.

Mostof thesestudieseithermodelin®nitefetchbandwidth(with
perfectcaches)or high-bandwidthinstructionfetch, eachcontext
fetchingfrom a privatecache.However, Hirata,et al., andDaddis
andTorng both model limited fetch bandwidth(with zero-latency
memory),usinground-robinpriority, ourbaselinemechanism;nei-
thermodeltheinstructioncache,however. GulatiandBagherzadeh
fetch from a singlethreadeachcycle, andeven look at threadse-
lection policies, but ®ndno policy with improvementbetterthan
intelligentroundrobin.

Also, only a few of thesestudiesuseany kind of centralized
schedulingmechanism:Yamamoto,et al., modela global instruc-
tion queuethat only holds ready instructions; Govindarajan,et
al., andBeckmannandPolychronopoulushave centralqueues,but
threadsarevery restrictedin the numberof instructionsthey can
have active at once;DaddisandTorngmodelan instructionqueue
similar to ours,but they do notcouplethatwith a realisticmodelof
functionalunits,instructionlatencies,or memorylatencies.Gulati
andBagherzadehmodelan instructionwindow composedof four-
instructionblocks, eachblock holding instructionsfrom a single
thread.

The M-Machine [9] and the Multiscalar project [25] combine
multiple-issuewith multithreading,butassignworkontoprocessors

at a coarserlevel than individual instructions. Tera[2] combines
LIW with ®ne-grainmultithreading.

9 Summary

Thispaperpresentsasimultaneousmultithreadingarchitecturethat:

� borrows heavily from conventionalsuperscalardesign,requir-
ing little additionalhardwaresupport,

� minimizesthe impacton single-threadperformance,running
only 2%slower in thatscenario,and

� achievessigni®cantthroughputimprovementsover thesuper-
scalarwhenmany threadsarerunning: a 2.5 throughputgain
at 8 threads,achieving 5.4IPC.

Thefetchimprovementsresultfromtwoadvantagesof simultaneous
multithreadingunavailabletoconventionalprocessors:theability to
partitionthe fetchbandwidthover multiple threads,andtheability
todynamicallyselectfor fetchthosethreadsthatareusingprocessor
resourcesmostef®ciently.

Simultaneous multithreading achieves multiprocessor-type
speedupswithoutmultiprocessor-typehardwareexplosion.Thisar-
chitectureachievessigni®cantthroughputgainsover a superscalar
usingthesamecachesizes,fetchbandwidth,branchpredictionhard-
ware, functional units, instructionqueues,and TLBs. The SMT
processoris actuallylesssensitive to instructionqueueandbranch
predictiontablesizesthanthesingle-threadsuperscalar, evenwith
amultiprogrammedworkload.
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