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Abstract

Simultaneousnultithreadingis a techniguethat permitsmultiple
independenthreadsto issuemultiple instructionseachcycle. In
previous work we demonstratedhe performancepotential of si-
multaneousnultithreading basedon a someavhatidealizedmodel.
In this paperwe show thatthethroughputgainsfrom simultaneous
multithreadingcanbe achiezedwithoutextensive changeso a con-
ventionalwide-issuesuperscalareitherin hardwarestructuresor
sizes. We presentan architecturefor simultaneousnultithreading
thatachievesthreegoals: (1) it minimizesthe architecturaimpact
on the corventionalsuperscaladesign,(2) it hasminimal perfor
mancdampactonasinglethreadexecutingalone,and(3) it achieves
sighi®canthroughputgainswhen running multiple threads. Our
simultaneousnultithreadingarchitectureachievesa throughputof
5.4instructionspercycle, a 2.5-fold improvementover anunmod-
i®edsuperscalawith similar hardwareresourcesThis speedups
enhancedby anadvantageof multithreadingpreviously unexploited
in otherarchitecturesthe ability to favor for fetchandissuethose
threadsmost ef®ciently using the processoreachcycle, thereby
providing the@besteinstructiongo the processar

1 Intr oduction

Simultaneousultithreadingd SMT) is atechniquehatpermitsmul-
tiple independenthreadgto issuemultiple instructionseachcycle
to a superscalaprocessos functional units. SMT combinesthe
multiple-instruction-issuéeaturesof modernsuperscalarsith the
lateng/-hiding ability of multithreadedarchitectures.Unlike con-
ventionalmultithreadedarchitecturegl1, 2, 15, 23], which depend
onfastcontet switchingto shareprocessoexecutionresourcesall
hardwarecontexts in an SMT processoare active simultaneously
competingeachcycle for all available resources. This dynamic
sharingof the functional units allows simultaneousmultithread-
ing to substantiallyincreasethroughput,attackingthe two major
impedimentgo processoutilization B long latenciesandlimited
perthreadparallelism.Tullsen,etal., [27] shavedthe potentialof
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an SMT processoto achieve signi®cantlyhigherthroughputthan
eithera wide superscalaor a multithreadedorocessar Thatpaper
alsodemonstratedhe advantageof simultaneousnultithreading
over multiple processor®n a singlechip, dueto SMT's ability to

dynamicallyassignexecutionresourcesvhereneedecdtachcycle.

Thoseresultsshaved SMT's potentialbasedbn a someavhatide-
alizedmodel. Thispaperextendsthatwork in four signi®cantvays.
First,we demonstratéhatthethrouglputgainsof simultaneasmul-
tithreadingarepossiblevithoutextensive changeso aconventional,
wide-issuesuperscalaprocessar We proposean architecturethat
is morecomprehensie,realistic,andheavily leveragedff existing
superscalatechnology Our simulationsshow thata minimal im-
plementatiorof simultaneousnultithreadingachievesthroughput
1.8timesthat of the unmodi®edsuperscalarsmall tuning of this
architecturéncreaseshatgainto 2.5 (reachingthroughputashigh
as5.4instructionspercycle). Secondwe showv that SMT neednot
compromisesingle-threadpberformance. Third, we use our more
detailedarchitecturamodelto analyzeandrelieve bottleneckghat
did not exist in the moreidealizedmodel. Fourth, we shov how
simultaneousnultithreadingcreatesanadvantagepreviously unex-
ploitablein otherarchitectures:namely the ability to choosethe
apest instructions,from all threads for both fetch andissueeach
cycle. By favoring the threadsmostef®cientlyusingthe processar
we canboostthe throughputof our limited resources.We present
severalsimpleheuristicdor this selectiorprocessanddemonstrate
how such heuristics,when appliedto the fetch mechanism,can
increasehroughputby asmuchas37%.

Thispaperis organizeal asfollows. Sectior2 present®ur basline
simultaneousnultithreadingarchitecturecomparingit with exist-
ing superscalatechnology Section3 describeour simulatorand
ourworkload,andSectiord shonsthe performancef thebaseline
architecture.In Section5, we examinethe instructionfetch pro-
cesspresenseveralheuristicsfor improving it basednintelligent
instructionselection,and give performanceesultsto differentiate
thoseheuristics.Section6 examinegheinstructionissueprocessn
asimilarway. We thenusethe bestdesignschoserfrom our fetch
andissuestudiesin Section7 asa basisto discover bottlenecks
for further performancemprovement. We discussrelatedwork in
Section8 andsummarizeour resultsin Section9.
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Figurel: Our basesimultaneousmultithr eadinghardware architecture.

2 A Simultaneous Multithr eading Processor
Ar chitecture

In this sectiorwe presenthearchitectureof our simultaneousnul-
tithreadingprocessarWe show thatthe throughputgainsprovided
by simultaneousnultithreadingare possiblewithout addingundue
compleity to a corventionalsuperscalaprocessodesign.

Our SMT architecturds derived from a high-performanceout-
of-order superscalaarchitecturgFigure 1, without the extra pro-
gramcounterswhichrepresents projectionof currentsuperscalar
designtrends3-5 yearsinto the future. This superscalaproces-
sorfetchesup to eightinstructionspercycle; fetchingis controlled
by a corventionalsystemof branchtamet buffer, branchpredic-
tion, and subroutinereturn stacks. Fetchedinstructionsare then
decodedand passedo the register renaminglogic, which maps
logical registersonto a pool of physicalregisters,removing false
dependence Instructionsare thenplacedin one of two instruc-
tion queues.Thoseinstructionqueuesaresimilar to the onesused
by the MIPS R10000[20] andthe HP PA-8000[21], in this case
holdinginstructionsuntil they areissued.Instructionsareissuedo
thefunctionalunits out-of-orderwhentheir operandsreavailable.
After completingexecution jnstructionsareretiredin-order, freeing
physicalregistersthatareno longerneeded.

Our SMT architecturds a straightforwardextensionto this con-
ventionalsuperscaladesign. We madechangenly whenneces-
saryto enablesimultaneousnultithreading,andin general struc-
tureswere not replicatedor resizedto supportSMT or a multi-
threadedworkload. Thus, nearly all hardwareresourcegemain
completelyavailable even when thereis only a single threadin
the system.The changesiecessaryo supportsimultaneousnulti-
threadingon thatarchitecturere:

multiple programcountersandsomemechanisnby which the
fetchunit selectoneeachcycle,

aseparateeturnstackfor eachthreador predictingsubroutine
returndestinations,

perthreadinstructionretirement,nstructionqueue ush, and
trapmechanisms,

athreadid with eachbranchtarget buffer entry to avoid pre-
dicting phantombranchesand

alargerregister®le,to supportiogical registersfor all threads
plus additional registersfor register renaming. The size of
the register®leaffectsthe pipeline (we addtwo extra stages)
andthe schedulingof load-dependerinstructionswhich we
discusdaterin this section.

Noticeablyabsenfrom thislist isamechanisnto enablesimulta-
neousmultithreadedschedulingof instructionsontothe functional
units. Becausery apparen depemlercesbaweeninstructionsfrom
differentthreadsareremovedby theregisterrenamingphaseacon-
ventionalinstructionqueue(lQ) designedor dynamicscheduling
containsall of the functionality necessaryor simultaneousmul-
tithreading. The instructionqueueis sharedby all threadsandan
instructionfromary threadn thequeuecanissuewhenits operands
areavailable.

We fetchfrom oneprogramcounter(PC) eachcycle. ThePCis
chosenin round-robinorder, from amongthosethreadsotalready
experiencingan| cachemiss. This schemeprovidessimultaneous
multithreadingatthepoint of issue but only ®ne-grainmultithread-
ing of the fetch unit. We will look in Section5 at waysto extend
simultaneousnultithreadingto the fetch unit. We alsoinvestigate
alternatve threadpriority mechanismésor fetching.

A primaryimpactof multithreadingon our architecturds onthe
size of the register ®le. We have a singleregister ®le, asthread-
speci®dogicalregistersaremappedntoacompletelysharedhys-
ical register®leby theregisterrenaming.To supporteightthreads,
we needa minimum of 8*32 = 256 physicalintegerregisters(for a
32-raisterinstructionsetarchitecture)plusmoreto enableregister
renaming.Accessto sucha large register®lewill be slow, almost
certainlyaffectingthe cycle time of themachine.

To accountfor the size of the register®le,we taketwo cyclesto
readregistersinsteadof one. In the ®rstcycle valuesarereadinto
a buffer closerto the functionalunits. The instructionis sentto a
similar buffer atthe sametime. The next cycle the datais sentto a
functionalunit for execution. Writesto the register®learetreated
similarly, requiringan extra registerwrite stage. Figure 2 shows
thepipelinemodi®edor two-phaseegisteraccesscomparedo the
pipelineof theoriginal superscalar

The two-stageregister accesshas several rami®cationon our
architecture.First, it increaseshe pipelinedistancebetweerfetch
andexeg increasingthe branchmispredictionpenaltyby 1 cycle.
Secondjt takesan extra cycle to write backresults,requiringan
extralevel of bypasdogic. Third, increasinghe distancebetween
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Figure2: The pipeline of (a) a conventional superscalarprocessorand (b) that pipeline modi®edfor an SMT processoralong with

someimplications of thosepipelines.

gueueandexecincreaseghe period during which wrong-pathin-

structiongremainin thepipelineaftera mispredictioris discovered
(the misqueuepenaltyin Figure 2). Wrong-pathinstructionsare
thoseinstructionsbroughtinto the processoasa resultof a branch
misprediction.Thoseinstructionsconsumenstructionqueueslots,
renamingegistersandpossiblyissueslots,all of which,onanSMT

processarcould beusedby otherthreads.

This pipelinedoesnot increasethe interinstructionlatengy be-
tweenmostinstructions.Dependen{single-gcle lateng) instruc-
tionscanstill beissuedon consecutie cycles,for example,aslong
asinterinstructionlatenciesarepredeterminedThatis the casefor
all instructionsbut loads. Sincewe are schedulinginstructionsa
cycle earlier(relative to the execcycle), load-hitlateng increases
by onecycle (to two cycles). Ratherthansuffer this penalty we
scheduldoad-dependeninstructionsassuminga 1-cycle datala-
tengy, but squastthoseinstructionsn thecaseof anL1 cachemiss
orabankcon ict. Therearetwo performanceoststo thissolution,
which we call optimisticissue Optimistically issuedinstructions
thatgetsquashedvasteissueslots,andoptimisticinstructionamust
still beheldin the IQ anextra cycle afterthey areissued until it is
known thatthey won't be squashed.

Thelastimplicationof thetwo-phaseegisteraccesss thatthere
aretwo more stagesbetweernrenameand commit thusincreasing
the minimum time that a physicalregister is held by an in-ight
instruction. This increaseghe pressureon the renamingregister
pool.

We assumefor eachmachinesize, enoughphysicalregisters
to supportall active threads,plus 100 more registersto enable
renamingbothfor theinteger®leandthe oating point®le;i.e.,for
the single-threadesults,we model 132 physicalinteger registers,
andfor an 8-threadmachine,356. We expectthatin the 3-5 year
time-frame theschemewe have describedvill remove register®le
accesdrom the critical pathfor a 4-threadmachine but 8 threads
will still be a signi®cantchallenge. Nonethelessextending our
resultsto an8-threadmachineallows usto seetrendsbeyondthe 4-
threadhnumbersandanticipate®thersolutionsto this problem.The
numberof registersavailablefor renamingdetermineghe number
of instructionghatcanbein theprocessobetweertherenamestage
andthe commitstage.

This architectureallows us to addressseveral concernsabout
simultaneousmultithreadedprocessordesign. In particular this

papershowsthat:

Instructionschedulings no morecomplex thanon a dynami-
cally schedulecsuperscalar

Ragister ®le datapathsare no more complex thanin the su-
perscalarandthe performancémplicationsof theregister®le
andits extendedpipelinearesmall.

The requiredinstructionfetch throughputis attainable,even
without ary increasean fetchbandwidth.

Unmodi®edfor an SMT workload)cacheandbranchpredic-
tion structureglo notthrashon thatworkload.

Even aggressie superscalatechnologies,such as dynamic

schedulingandspeculatie execution,arenotsuf®ciento take

full advantageof awide-issuegprocessowithout simultaneous
multithreading.

We have only presentedhn outline of the hardwarearchitecture
to this point; the next sectionprovidesmoredetail.

2.1 Hardware Details

Theprocessocontains3” oating pointfunctionalunitsand6 integer
units;four of thesix integerunitsalsoexecutdoadsandstores.The
peakissuebandwidthout of thetwo instructionqueuess therefore
nine; however, the throughputof the machineis boundedby the
peakfetchanddecodebandwidthswhich areeightinstructiongper
cycle. We assumehatall functionalunitsarecompletelypipelined.
Tablel shavs theinstructionlatencieswhich arederived from 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®canthjargerthanthe HP PA-
8000[21], which hastwo 28-entryqueues.

The cachegqTable 2) aremulti-portedby interleaving theminto
banks,similar to the designof SohiandFranklin[26]. We model
lockup-freecachesndTLBs. TLB missegequiretwo full memory
accesseandno executionresources We modelthe memorysub-
systemin greatdetail, simulatingbandwidthlimitationsandaccess
con'icts at multiple levels of the hierarchy to addresshe concern



Instruction Class [| Latency |

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

Tablel: Simulated instruction latencies

| | ICache | DCache| L2 [ L3 |
Size 32KB 32KB | 256KB | 2MB
Associatvity DM DM 4-way DM
Line Size 64 64 64 64
Banks 8 8 8 1
Transfertime lcycle 1 1 4
Accesseslgcle || var(1-4) 4 1 1/4
Cache®llitime || 2cycles 2 2 8
Lateng to
next level 6 6 12 62

Table2: Details of the cachehierar chy

thatmemorythroughputcould be a limiting conditionfor simulta-
neousmultithreading.

Eachcycle, onethreadis given control of the fetch unit, chosen
from amongthosenotstalledfor aninstructioncachg(l cachemiss.
If we fetch from multiple threadswe never attemptto fetch from
threadgthatcon'ict (onanl cachebank)with eachother, although
they may con'ict with otherl cacheactvity (cache®lls).

Branchpredictionis providedby adecoupledranchtamgetbuffer
(BTB) andpatternhistorytable (PHT) schemd4]. We usea 256-
entry BTB, organizedasfour-way setassociatie. The 2K x 2-bit
PHTis accessetly the XOR of thelower bits of theaddressindthe
global history register[18, 30]. Returndestinationsare predicted
with a 12-entryreturnstack(percontext).

We assumean ef®cient,but not perfect,implementatiorof dy-
namicmemorydisambiguationThisis emulatedy usingonly part
of theaddresg10 bits) to disambiguatenemoryreferencessothat
it is occasionallyover-conserative.

3 Methodology

The methodologyin this papercloselyfollows the simulationand
measuremermmethodologyof [27]. Our simulatorusesemulation-
basedjnstruction-lerel simulation,andborraws signi®cantlyfrom
MIPSI [22], a MIPS-basedsimulator The simulatorexecutesun-
modi®edAlpha object code and modelsthe execution pipelines,
memory hierarchy TLBs, and the branchpredictionlogic of the
processodescribedn Section2.

In an SMT processor branchmispredictionintroduceswrong-
pathinstructionsthatinteractwith instructionsfrom otherthreads.
To modelthisbehavior, we fetchdownwrongpathsjntroducethose
instructionsinto the instruction queues track their dependences
andissuethem. We eventually squashell wrong-pathinstructions
acycle afterabranchmispredictionis discoveredin the execstage.
Ourthroughputresultsonly countusefulinstructions.

Our workload comesprimarily from the SPEC92benchmark
suite[7]. Weuse®we oating pointprogramgalvinn,doducfpppp,
ora, and tomcatv) and two integer programs(espressand xlisp)
from that suite, and the documenttypesettingprogramTeX. We
assigmadistinctprogramto eachthreadin the processorthemulti-
programmedvorkloadstressesur architecturenorethanaparallel
programby presentinghreadswith widely varying programchar
acteristicaandwith no overlapof cache,TLB or branchprediction
usage.To eliminatethe effectsof benchmarldifferencesa single
datapointis composedf 8 runs,eachT * 300million instructions
in length,whereT is thenumberof threads Eachof the8 runsuses
adifferentcombinationof thebenchmarks.

We compile eachprogramwith the Multi o w tracescheduling
compiler[17], modi®edo produceAlphacode.In contrasto [27],
we turn off traceschedulingn the compilerfor this study, for two
reasons. In our measurementsye wantto differentiatebetween
usefulanduselesspeculatie instructionswhichis easywith hard-
warespeculationbut not possiblefor softwarespeculatiorwith our
system. Also, softwarespeculations not asbene®ciabn an ar
chitecturewhich featureshardwarespeculationandin somecases
is harmful. However, the Multi o w compileris still agoodchoice
for our compilationengine becausef the high quality of theloop
unrolling, instruction schedulingand alignment, and other opti-
mizations aswell astheeasavith whichthemachinemodelcanbe
changed.The benchmarksre compiledto optimize single-thread
performanceonthebasehardware.

4 Performanceof the BaseHardware Design

In this sectionwe examinethe performanceof the basearchitec-
ture and identify opportunitiesfor improvement. Figure 3 shows
thatwith only a singlethreadrunningon our SMT architecturethe
throughputis lessthan2% below a superscalawithout SMT sup-
port. Thedropin throughpuis dueto thelongerpipeline(described
in Section2) usedby the SMT processar Its peakthroughputis
84%higherthanthesuperscalafThisgainis achiezedwith virtually
no tuning of the basearchitecturdor simultaneousnultithreading.
This designcombinedow single-threadmpactwith high speedup
for even a few threads,enablingsimultaneouamultithreadingto
reapbene®t&venin anernvironmentwheremultiple processeare
runningonly a smallfraction of thetime. We alsonote, however,
thatthe throughputpeaksbefore8 threadsandthe processouti-
lization, at lessthan50% of the 8-issueprocessaris well shortof
thepotentialshovnin [27].

We makeseveral conclusionsaboutthe potentialbottlenecksof
thissystemaswe approaclt8threadsaidedby Figure3 andTable3.
Issuebandwidthis clearly not a bottleneck.asthe throughputrep-
resentsa fraction of availableissuebandwidth,andour datashows
that no functional unit type is being overloaded. We appearto
have enoughphysicalregisters. The cachesandbranchprediction
logic are being stressednore heavily at 8 threads but we expect
thelateng-hiding potentialof theadditionalthread4o makeup for
thosedrops. Theculprit appeardo beoneor moreof thefollowing
threeproblems:(1) 1Q sizeb 1Q-full conditionsarecommon,12
to 21% of cyclestotal for thetwo queuesy?2) fetchthroughputb
evenin thosecycleswherewedon't experienceanlQ-full condition,
our datashaws that we are sustainingonly 4.2 usefulinstructions
fetchedper cycle (4.5 including wrong-path);and(3) lack of par
allelismb althoughthe queuesarereasonabhfull, we ®ndfewer
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Figure3: Instruction throughput 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 thispaperfocuse®nimproving thisbasearchitecture.
Thenext sectionaddressesachof theproblemsdenti®echerewith
differentfetchpoliciesandlQ con®gurationsSection6 examines
waysto preventissuewaste andSection? re-examinegheimproved
architecturefor new bottlenecksjdentifying directionsfor further
improvement.

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

In thissectiorwe examinewaysto improve fetchthroughputwithout
increasingthe fetch bandwidth. Our SMT architecturesharesa
singlefetchunitamongeightthreads We canexploit thehighlevel
of competitiorfor thefetchunitin twowaysnot possiblewith single-
threadedprocessors:(1) the fetch unit can fetch from multiple
threadsat once,increasingour utilization of the fetch bandwidth,
and(2) it canbe selectve aboutwhich threador threadsto fetch
from. Becausenot all pathsprovide equallyusefulinstructionsin a
particularcycle,anSMT processocanbene®by fetchingfrom the
thread(s}thatwill provide thebestinstructions.

We examinea variety of fetch architecturesand fetch policies
thatexploit thoseadvantagesSpeci®callythey attemptto improve
fetch throughputby addressinghreefactors: fetch ef®cieng, by
partitioning the fetch unit amongthreads(Section5.1); fetch ef-
fectiveness,by improving the quality of the instructionsfetched
(Section5.2); andfetch availability, by eliminatingconditionsthat
block thefetchunit (Section5.3).

5.1 Partitioning the Fetch Unit

Recallthatour baselinearchitecturdetchesup to eightinstructions
from onethreadeachcycle. Thefrequeng of branchesn typical

instruction streamsand the misalignmentof branchdestinations
makeit dif®cultto ®ll the entirefetch bandwidthfrom onethread,

Number of Thr eads

Metric 1 | 4 ] 8
out-of-registers(% of cycles) 3% 7% 3%

| cachemissrate 25% | 7.8% | 14.1%
-missegerthousandnstructions 6 17 29
D cachemissrate 3.1% | 6.5% | 11.3%
-missegerthousandnstructions 12 25 43
L2 cachemissrate 17.6% | 15.0% | 12.5%
-missegerthousandnstructions 3 5 9
L3 cachemissrate 55.1% | 33.6% | 45.4%
-missegerthousandnstructions 1 3 4
branchmispredictiornrate 50% | 7.4% | 9.1%
jump mispredictiorrate 22% | 6.4% | 12.9%
integerlQ-full (% of cycles) 7% 10% 9%
fp 1Q-full (% of cycles) 14% 9% 3%
avg (combined)jueuepopulation 25 25 27
wrong-pathinstructionsfetched 24% 7% 7%
wrong-pathinstructionsssued 9% 4% 3%

Table 3: The result of increasedmultithr eading on somelow-
level metrics for the basearchitecture.

evenfor smallemlocksized5, 24]. In thisprocessamwe canspread
the burdenof ®lling the fetch bandwidthamongmultiple threads.
For example the probability of ®ndingfour instructionsfrom each
of two threadsshouldbe greatetthanthat of ®ndingeightfrom one
thread.

In this section,we attemptto reducefetch block fragmentation
(our termfor the variousfactorsthat prevent us from fetchingthe
maximumnumberof instructionspy fetchingfrom multiplethreads
eachcycle, while keepingthe maximumfetch bandwidth(but not
necessarilythe I cachebandwidth)constant. We evaluateseveral
fetchingschemeswhich arelabeledalg.num1.num2wherealg is
thefetchselectiormethod(in thissedionthread arealways seleded
usingaround-robinpriority scheme)numlis thenumberof threads
that canfetchin 1 cycle, and num2is the maximumnumberof
instructionsfetchedperthreadin 1 cycle. The maximumnumber
of total instructionsfetchedis alwayslimited to eight. For each
of the fetch partitioning policies,the cacheis always32 kilobytes
organizednto 8 databanks;agivenbankcandojustoneaccesger
cycle.

RR.1.8D This is the baselineschemefrom Section4. Each
cycle onethreadfetchesasmary aseightinstructions. The thread
is determinecby a round-robinpriority scheme&rom amongthose
notcurrentlysufferinganl cachemiss. In thisschemehel caches
indistinguishabldrom thaton a single-threadeduperscalarEach
cachebankhasits own addresdecoderand outputdrivers; each
cycle,only oneof thebanksdrivesthe cacheoutputbus,whichis 8
instructionq32 bytes)wide.

RR.2.4,RR.4.2D Theseschemedetch fewer instructionsper
threadfrom morethreadgfour eachfrom two threadspr two each
from four threads). If we try to partition the fetch bandwidthtoo
®nelyhowever, we maysuferthreadshortagewherefewerthreads
areavailablethanarerequiredto ®Il the fetchbandwidth.

For theseschemesnultiple cacheaddressearedrivento each
cachedatabank, eachof which now hasa multiplexer beforeits
addresslecoderto selecbnecachdndex percycle. Sincethecache
banksaresingle-portedbank-con ictlogic is neededo ensurehat
eachaddresdarmgetsa separatdank. RR.2.4hastwo cacheoutput
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Figure 4: Instruction throughput for the different instruction
cacheinterfaceswith round-robin instruction scheduling

buses,eachfour instructionswide, while RR.4.2hasfour output
busesgachtwo instructionswvide. For bothschemeghetotalwidth
of theoutputbuseds 8 instructiongidenticalto thatin RR.1.8),but
additionalcircuitry is neededsoeachbankis capableof driving ary
of themultiple (now smaller)outputbusesandis ableto selectone
or noneto drive in a given cycle. Also, the cachetag storelogic
mustbe replicatedor multiple-portedin orderto calculatehit/miss
for eachaddressookedup percycle.

Thus,the hardwareadditionsare: the addressnux; multiple ad-
dresshuses;selectionlogic onthe outputdrivers;the bankcon’ict
logic; andmultiple hit/misscalculations.The changesequiredfor
RR.2.4would have a negligible impacton areaand cacheaccess
time. The changedor RR.4.2are more extensive, andwould be
more dif®cultto do without affecting areaor accesdime. These
schemesctudly redu@thelateny in thedecaleandrenanestages
asthe maximumlength of dependeng chainsamongfetchedin-
structionss reduceddy afactorof 2 and4, respectiely.

RR.2.8D Thisschemattackdetchblockfragmentationwithout
suffering from threadshortageby fetchingeightinstructionsmore
“exibly from two threads.This canbeimplementedy readingan
eight-instructiorblock for eachthread(16 instructionstotal), then
combiningthem. We takeasmary instructionsaspossiblerom the
®rstthreadthen®Ilin with instructiondrom thesecondupto eight
total. Like RR.2.4,two addressesnust be routedto eachcache
bank,thenmultiplexed beforethe decoderpank-con’ictlogic and
two hit/miss calculationsper cycle are necessaryand eachbank
drives one of the two output buses. Now, however, eachoutput
busis eightinstructionswide, which doublesthe bandwidthout of
the cachecomparedo ary of the previousschemesThis couldbe
donewithout greatlyaffecting areaor cycle time, asthe additional
bussingcouldprobablybedonewithoutexpandinghecachdayout.
In addition,logic to selectandcombinetheinstructionss necessary
which might or might not require an additionalpipe stage. Our
simulationsassumet doesnot.

Figure4 shaws thatwe cangethighermaximumthroughputby
splitting the fetch over multiple threads. For example,the RR.2.4
schemeoutperformsRR.1.8at 8 threadsby 9%. However, better
maximum throughputcomesat 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
catcheghe 2-threadschemessuffering from threadshortage.

The RR.2.8 schemeprovides the best of both worlds: few-
threadsperformancdike RR.1.8 and mary-threadsperformance
like RR.2.4. However, the higherthroughputof this schemeputs
morepressur@ntheinstructionqueuescausindQ-full conditions
atarateof 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
thefetch bandwidthover multiple threadsand(2) makingthatpar
tition "exible. Thisis thesameapproacltfalthoughin amorelimited
fashionhere)that simultaneousnultithreadingusesto improve the
throughpuf thefunctionalunits[27].

5.2 Exploiting ThreadChoicein the Fetch Unit

The ef®cieng of the entire processois affectedby the quality of
instructiondetched.A multithreadegrocessohasauniqueability
to controlthatfactor In this section,we examinefetchingpolicies
aimedat identifying the 2best° threador threadsavailableto fetch
eachcycle. Twofactorsmakeonethreadessdesirabléhananother
The®rstis theprobabilitythatathreadis following awrongpathas
aresultof anearlierbranchmisprediction.Wrong-pathinstructions
consumenot only fetch bandwidth,but also registers,|Q space,
andpossiblyissuebandwidth. The secondfactoris the length of
time the fetchedinstructionswill bein the queuebeforebecoming
issuable.We maximizethe throughputof a queueof boundedsize
by feedingit instructionghatwill spendheleasttimein thequeue.
If we fetch too mary instructionsthat block for a long time, we
eventually®ll the IQ with unissuablénstructions,a conditionwe
callIQ clog. Thisrestrictshothfetchandissuethroughputcausing
the fetch unit to go idle and preventingissuableinstructionsfrom
gettinginto the IQ. Both of thesefactors(wrong-pathprobability
andexpectedqueuetime) improve over time, soathreadbecomes
moredesirableaswe delayfetchingit.

We de®neseveral fetch policies, eachof which attemptsto im-
prove on theround-robinpriority policy usingfeedbackrom other
partsof the processar The ®rstattackswrong-pathfetching, the
othersattacklQ clog. They are:

BRCOUNT b Herewe attemptto give highestpriority to those
threadsthat are leastlikely to be on a wrong path. We do this
by countingbranchinstructionsthat are in the decodestage,the
renamestage,andthe instructionqueues favoring thosewith the
fewestunresolhedbranches.

MISSCOUNT B This policy detectsanimportantcauseof 1Q
clog. A long memorylateny cancausedependeninstructionsto
backupin thelQ waitingfor theloadto complete gventually®lling
the queuewith blockedinstructionsfrom onethread. This policy
preventsthatby giving priority to thosethreadghathave thefewest
outstanding® cachemisses.

ICOUNT B Thisis a moregeneralsolutionto 1Q clog. Here
priority is givento threadswith the fewestinstructionsin decode,
renameandthe instructionqueues.This achievesthreepurposes:
(1) it preventsary onethreadfrom ®llingthelQ, (2) it giveshighest
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Figure5: Instruction throughput for fetching basedon several priority heuristics, all comparedto the baselineround-robin scheme.
The resultsfor 1 threadarethe samefor all schemesand thus not shown.

priority to threadghataremaoving instructionghroughthe IQ most
ef®cientlyand(3) it providesa moreevenmix of instructionsfrom
the availablethreadsmaximizingthe parallelismin the queues.If
cachemissesare the dominantcauseof 1Q clog, MISSCOUNT
may performbetter sinceit getscachemissfeedbackio the fetch
unit morequickly. If the causesaremorevaried,ICOUNT should
performbetter

IQPOSND Like ICOUNT, IQPOSNSstrivesto minimizelQ clog
andbiastoward ef®cientthreads. It giveslowestpriority to those
threadswith instructionsclosestto the headof eitherthe integer
or “oating pointinstructionqueuegthe oldestinstructionis at the
headof the queue). Threadswith the oldestinstructionswill be
most proneto IQ clog, and thosemaking the best progresswill
have instructionsfarthestfrom the headof the queue. This policy
doesnot requirea counterfor eachthread,asdo thepreviousthree
policies.

Like ary control system the ef®cieng of thesemechanismss
limited by thefeedbacKateng resulting,in this casefrom feeding
datafrom laterpipelinestage$ackto thefetchstage.For example,
by thetime instructionsenterthe queuestageor the execstage the
informationusedto fetch themis threeor (at least)six cyclesold,
respectiely.

Both the branch-countingindthe miss-countingoliciestendto
producefrequentties. In thosecasesthetie-breakeis round-robin
priority.

Figure 5 shaws that all of the fetch heuristicsprovide speedup
over round-robin. Branchcountingand cache-missountingpro-
vide moderatespeedupshut only whenthe processois saturated
with mary threads Instructioncounting,in contrastproducesnore
sighi®cantmprovementsregardlesof the numberof threads.1Q-
POSNprovidessimilar resultsto ICOUNT, beingwithin 4% at all
times,but never exceedingt.

The branch-countindheuristicdoeseverythingwe ask of it. It
reducesvrong-pathinstructionsfrom 8.2%of fetchedinstructions
to 3.6%,andfrom 3.6%of issuednstructionsto 0.8% (RR.1.8vs.

BRCOUNT.1.8 with eightthreads). And it improves throughput
by asmuchas8%. Its weaknesss that the wrong-pathproblem
it solvesis not large on this processgrwhich hasalreadyattacked
the problemwith simultaneousnultithreading. Evenwith the RR
scheme simultaneousnultithreadingreducedetchedwrong-path
instructionsrom 16%with onethreadto 8% with 8 threads.

Cachemisscountingalso achievesthroughputgainsashigh as
8% over RR, but in generalthe gainsare muchlower. It is not
particularlyeffective at reducinglQ clog, aswe getIQ-full condi-
tions12% of thetime on theinteger queueand14%on the oating
point queue(for MISSCOUNT2.8 with 8 threads). Theseresults
indicatethatlQ clog is morethansimply theresultof long memory
latencies.

1 8 Threads
Metric Thread | RR | ICOUNT
integer IQ-full (% of cycles) 7% 18% 6%
fp 1Q-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).

Theinstruction-countindheuristicprovidesinstructionthrough-
putashigh as5.3instructionspercycle, athroughpugainoverthe
unmodi®edsuperscalaof 2.5. It outperformshe bestround-robin
resultby 23%. Instructioncountingis aseffective at2 and4 threads
(in bene®bver round-robin)asit is at 8 threads. It nearly elimi-
nateslQ clog (seelQ-full resultsin Table4) andgreatlyimproves
themix of instructionsn the queuegwe are®ndingmoreissuable
instructionsdespitehaving fewer instructionsin the two queues).
Intelligentfetchingwith this heuristicis of greatebene®thanpar
titioning the fetch unit, asthe ICOUNT.1.8 schemeconsistently



5] L5
4] 1 ] L 4
.
o
2a- T s
z
(o))
>
o
< R
Foodr TH — )
[0 icount.1s [0 icount.2s
15 0 BIGQ,ICOUNT.1.8 0 Bicoicount.2s| 1
OO0 AGIcOuNT.18 OO0 TAGICOUNT.28
0 L1 1 1 L1 11 Lt 11 L1 1 1 L1 1 1 L1 1 0
| I I |} | I

1 2 4 6
Number of Threads

Figure6: Instruction

outperformsRR.2.8.

Table4 pointsto a surprisingresult. As a resultof simultaneous
multithreadednstructionissueandthel COUNT fetchheuristicswe
actuallyput lesspressureon the sameinstructionqueuewith eight
threadghanwith one,having sharplyreducedQ-full conditions.It
alsoreducegpressur@ntheregister®le(vs. RR) by keepingfewer
instructionsn thequeue.

BRCOUNT and ICOUNT eachsolve different problems,and
perhapshe bestperformancecould be achiezed from a weighted
combinationof them; however, the compleity of the feedback
mechanismincreasesas a result. By itself, instruction counting
clearlyprovidesthebestgains.

Given our measurementethodology it is possiblethat the
throughputincreasesould be overstatedf a fetch policy simply
favorsthosethreadswith the mostinherentinstruction-level paral-
lelismor thebestcachebehavior, thusachieving improvementghat
would notbeseenin practice.However, with the|COUNT.2.8pol-
icy, the oppositehappensOur resultsshov thatthis schemdavors
threadswith lower single-threadL P, thusits resultsincludeahigher
sampleof instructionsfrom the slow threadshaneitherthe super
scalarresultsor the RR results.If anything, then,theICOUNT.2.8
improvementsareunderstated.

In summarywe have identi®edasimpleheuristicthatis very suc-
cessfulatidentifyingthe bestthreadgo fetch. Instructioncounting
dynamicallybiasedowardthreadghatwill useprocessoresources
most ef®ciently therebyimproving processothroughputas well
asrelieving pressureon scarceprocessoresourcesthe instruction
gueuesandtheregisters.

5.3 Unblocking the Fetch Unit

By fetchingfrom multiplethreadsandusingintelligentfetchheuris-
tics,wehavesigni®cantlyncreasedetchthroughputindef®cieng.
Themoreef®cientlywe areusingthefetchunit,themorewe stando
losewhenit becomedblocked. In this sectionwe examineschemes
that prevent two conditionsthat causethe fetch unit to missfetch

8
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throughput for the 64-entry queueand early | cachetag lookup, when coupledwith the ICOUNT fetch policy.

opportunities,speci®callyiQ-full conditionsand| cachemisses.
Thetwo schemesre:

BIGQ B TheprimaryrestrictiononIQ sizeis notthechiparea,
butthetimeto searcht; thereforewe canincreasats sizeaslongas
we don't increasethe searchspace.In this schemewe doublethe
sizesof theinstructionqueueshut only searchthe ®rst32 entries
for issue.Thisschemallowsthequeuedo buffer instructiondrom
thefetch unit whenthelQ over ows.

ITAGD Whenathreads selectedor fetchingbut experiences
cachemiss,we losetheopportunityto fetchthatcycle. If we dothe
| cachetaglookupsacycle early, we canfetcharoundcachemisses:
cachemiss accessesre still startedimmediately but only non-
missingthreadsarechoserfor fetch. Becauseve needto have the
fetchaddress cycle early, we essentiallyadda stageto thefront of
thepipeline,increasinghemisfetchandmispredictpenalties.This
schemerequiresone or more additionalportson the | cachetags,
sothat potentialreplacementhreadscanbe lookedup atthe same
time.

Although the BIGQ schemeimproves the performanceof the
round-robinscheménotshawn), 1.5-2%acrosgheboard,Figure6
shavsthatthe biggerqueuesaddno signi®cantmprovementto the
ICOUNT policy. In fact, it is actuallydetrimentafor severalthread
con®gurationsThisis becausghe buffering effect of thebig queue
schemebringsinstructionsinto the issuablepart of the instruction
queughatmayhavebeernfetchedmary cyclesearliet usingpriority
informationthatis now out-of-date.Theresultsindicatethatusing
up-to-datepriority informationis moreimportantthanbuffering.

Theseresultsshaw thatintelligentfetch heuristicshave madethe
extrainstructionqueuehardwarainnecessarylhebiggerqueueby
itselfis actuallylesseffective atreducinglQ clogthantheICOUNT
scheme.With 8 threadsthe biggerqueuesalone (BIGQ,RR.2.8)
reducelQ-full conditionsto 11% (integer) and 0% (fp), while in-
structioncountingalone (ICOUNT.2.8) reducesthemto 6% and
1%. CombiningBIGQ andICOUNT dropsthemto 3% and(0%.

Early | cachetag lookup booststhroughputas much as 8%



Issue Number of Threads Uselesdnstructions
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| 459 | 5.09 | 5.29 4% 2%
SPECLAST 2.10| 3.31| 459| 5.09 | 5.29 4% 3%
BRANCH_FIRST || 2.07 | 3.29 | 458 | 5.08 | 5.28 4% 6%

Table5: Instruction throughput (instructions per cycle) for the issuepriority schemesand the percentageof uselessnstructions

issuedwhenrunning with 8 threads.

over ICOUNT. It is most effective when fetching one thread
(ICOUNT.1.8,wherethe costof alost fetchslotis greater).How-

ever, it improvesthe ICOUNT.2.8 resultsno morethan2%, asthe
“exibility of the 2.8 schemealreadyhidessomeof the lost fetch
bandwidth.In addition,ITAG lowersthroughputwith few threads,
wherecompetitiorfor thefetchslotsis low andthecostof thelonger
mispredictionpenaltyis highest.

Using a combinationof partitioning the fetch unit, intelligent
fetching,and early | cachetag lookups,we have raisedthe peak
performancef thebaseSMT architecturdoy 37%(5.4instructions
percyclevs. 3.9). Ourmaximumspeedupelative to acorventional
superscalahasgoneup proportionatelyfrom 1.8 to 2.5timesthe
throughput. That gain comesfrom exploiting characteristicof a
simultaneouamultithreadingprocessomot available to a single-
threadednachine.

High fetch throughputmakesissue bandwidtha more critical
resource We focuson this factorin the next section.

6 Choosinglnstructions For Issue

Much asthe fetchunit in a simultaneousnultithreadingprocessor
cantakeadvantageof the ability to choosewhich threadgo fetch,
the issuelogic hasthe ability to chooseinstructionsfor issue. A
dynamicallyscheduledingle-threadegrocessomayhave enough
readyinstructionsto be ableto choosebetweernthem, but with an
SMT processotheoptionsaremorediverse.Also, becausave have
higherthroughputhana single-threadeduperscalaprocessarthe
issuebandwidthis potentiallya morecritical resourceso avoiding
issueslotwastemaybe morebene®cial.

In this section,we examineissuepriority policiesaimedat pre-
venting issuewaste. Issueslot wastecomesfrom two sources,
wrong-pathinstructiongresultingfrom mispredictedranchesand
optimistically issuedinstructions.Recall(from Section2) thatwe
optimistically issueload-dependenhstructionsa cycle beforewe
have D cachehit information. In the caseof a cachemissor bank
con’ict, we have to squashthe optimistically issuedinstruction,
wastingthatissueslot.

In asingle-threadegrocessarchoosingnstructiondeastlikely
to be on a wrong pathis alwaysachiesed by selectingthe oldest
instructions(thosedeepestinto the instructionqueue).In a simul-
taneousmultithreadingprocessarthe positionof aninstructionin
the queuess no longerthe bestindicatorof the level of speculation
of thatinstruction,asright-pathinstructionsareintermingledin the
gueueswith wrong-path.

The policieswe examineare OLDEST_FIRST, our defaultissue
algorithm up to this point, OPT_LAST and SPECLAST, which
only issueoptimistic and speculatve instructions(more speci®-
cally, ary instructionbehinda branchfrom the samethreadin the

instructionqueue),respectiely, after all othershave beenissued,
andBRANCH_FIRST, whichissuedbranchessearlyaspossiblen
orderto identify mispredictecbranchegjuickly. The defaultfetch
algorithmfor eachof theseschemess ICOUNT.2.8.

The strongmessagef Table5 is thatissuebandwidthis notyet
a bottleneck. Even whenit doesbecomea critical resource the
amountof improvementwe getfrom not wastingit is likely to be
boundeddy the percentagef ourissuebandwidthgivento useless
instructionswhich currentlystandsat 7% (4% wrong-pathinstruc-
tions,3%squashedptimisticinstructions).Becausave don't often
have moreissuablanstructionghanfunctionalunits,we arent able
to anddon't needto reducethat signi®cantly The SPECLAST
schemds unableto reducethe numberof uselesdnstructionsat
all, while OPT_LAST bringsit down to 6%. BRANCH_FIRST
actuallyincreasest to 10%, asbranchinstructionsareoftenload-
dependenttherefore jssuingthemasearlyaspossibleoftenmeans
issuingthemoptimistically A combinedschemgOPTLAST and
BRANCH_FIRST) might reducethat side effect, but is unlikely to
have mucheffect on throughput.

Sinceeachof the alternateschemegotentiallyintroducesmul-
tiple passedo the IQ search,it is corvenientthat the simplest
mechanisnstill workswell.

7 Where Arethe BottlenecksNow?

We have shown that proposedchangego the instructionqueues
andtheissuelogic areunnecessy to achievethebestperformance
with this architectureput thatsigni®cangainscanbe producecby
moderatehangeso theinstructionfetchmechanismsHerewe ex-
aminethatarchitecturenoreclosely(usingl COUNT.2.8asour new
baseline)identifying likely directionsfor furtherimprovements.

In this sectiorwe presentesultsof experimentsntendedoiden-
tify bottlenecksn thenew design.Forcomponentshatarepotential
bottleneckswe quantifythesizeof thebottleneckby measuringhe
impactof relieving it. For someof the componentghat are not
bottleneckswe examinewhetherit is possibleto simplify those
componentsithout creatinga bottleneck. Becausewe areiden-
tifying bottlenecksatherthan proposingarchitectureswe are no
longerboundby implementatiorpracticalitiedn theseexperiments.

The IssueBandwidth B The experimentdn Section6 indicate
thatissuebandwidthis notabottleneck.In fact, we foundthateven
anin®nitenumberof functionalunitsincreaseshroughputoy only
0.5%at 8 threads.

Instruction QueueSizeDb Resultdn Sections would,similarly,
seemtoimply thatthesizeof theinstructionqueuesvasnotabottle-
neck,particularlywith instructioncounting;however, the schemes
we examinedare not the sameaslarger, searchableueueswhich
would alsoincreaseavailableparallelism. Nonethelessthe exper



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

Fetch Bandwidth B Although we have signi®cantlyimproved
fetch throughputit is still a prime candidatefor bottleneckstatus.
Branchfrequeny andPCalignmentproblemsstill preventusfrom
fully utilizing thefetchbandwidth.A schemehatallowsusto fetch
asmary as 16 instructions(up to eight eachfrom two threads),
increaseshroughpu8%to 5.7instructiongpercycle. At thatpoint,
however, the IQ size and the numberof physical registerseach
becomemoreof arestriction. Increasingheinstructionqueuedo
64 entriesand the excessregistersto 140 increasegerformance
another7%to 6.1 1PC. Theseresultsindicatethatwe have not yet
completelyremovedfetchthroughputasaperformancéottleneck.

Branch Prediction B Simultaneousnultithreadinghasa dual
effect on branchprediction,much asit hason caches. While it
putsmorepressur@nthebranchpredictionhardwargseeTable3),
it is moretolerantof branchmispredictions.This tolerancearises
becauseSMT is lessdependenbn techniqueghat exposesingle-
threadparallelism(e.g., speculatie fetching and speculatie ex-
ecution basedon branchprediction) due to its ability to exploit
interthreadparallelism.With onethreadrunning,on averagel6%
of the instructionswe fetch and 10% of the instructionswe exe-
cuteare down a wrong path. With eight threadsrunningandthe
ICOUNT fetch schemepnly 9% of the instructionswe fetch and
4% of theinstructionswe executearewrong-path.

Perfectbranchpredictionbooststhroughputby 25%at 1 thread,
15%at 4 threadsand9% at 8 threads.So despitethe signi®cantly
decrease@f®cieny of the branchprediction hardware,simulta-
neousmultithreadingis much less sensitve to the quality of the
branchprediction than a single-threadegrocessar Still, better
branchpredictionis bene®ciafor both architectures. Signi®cant
improvementscomeat a cost, however; a betterschemethan our
baselingdoublingthesizeof boththeBTB andPHT)yieldsonly a
2%gainat8 threads.

SpeculativeExecutionb Theability todospeculatieexecution
on this machineis not a bottleneck,but we would like to know
whethereliminatingit would createone. The costof speculatie
execution(in performance)s not particularly high (again,4% of
issuedinstructionsare wrong-path),but the bene®tsnay not be
either

Speculatie executioncanmeantwo differentthingsin an SMT
processar(1) the ability to issuewrong-pathinstructionsthat can
interferewith others and(2) theability to allow instructiongoissue
beforeprecedingoranchedrom the samethread. In orderto guar
anteethat no wrong-pathinstructionsareissued,we needto delay
instructionst cyclesaftertheprecedindoranchis issued.Doingthis
reduceshroughpuby 7%at 8 threadsand38%at 1 thread.Simply
preventinginstructionsrom passingoranche®nly lowersthrough-
put 1.5% (vs. 12% for 1 thread). Simultaneousnultithreading
(with mary threadshene®tsnuchlessfrom speculatie execution
thana single-threadegrocessorjt bene®tsnore from the ability
to issuewrong-pathinstructionsthanfrom allowing instructionsto
passbranches.

Memory Throughput B While simultaneousmultithreading
hidesmemorylatencieseffectively, it is lesseffective if the problem
is memorythroughputsinceit doesnot addresghat problem. For
thatreasonpur simulatormodelsmemorythroughputimitationsat
multiple levelsof the cachehierarchy andthe buseshetweerthem.
With ourworkload,we neversaturateary singlecacheor bus,butin
somecasegherearesigni®cantjueueingdelaysfor certainlevels

of the cache. If we hadin®nitebandwidthcacheqi.e., the same
cachdatenciesput no cachebankor buscon'icts), thethroughput
would only increaseyy 3%.

Register File SizeB The numberof registersrequiredby this
machineis a very signi®canissue. While we have modeledthe
effectsof registerrenamingwe have not setthe numberof physical
registerslow enoughthat it is a signi®cantbottleneck. In fact,
settingthenumberof excesgegistersto in®niteinsteadof 1000nly
improves8-threadperformancedy 2%. Loweringit to 90 reduces
performanceby 1%, andto 80 by 3%, and 70 by 6%, so thereis
no sharpdrop-of point. The ICOUNT fetch schemds probablya
factorin this, aswe've showvn thatit createsnoreparallelismwith
fewer instructionsin the machine. With four threadsand fewer
excesgegisters thereductionsverenearlyidentical.
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Figure7: Instruction thr oughputfor machineswith 200physical
registersand from 1 to 5 hardware contexts.

However, thisdoesnotcompleaely addesghetotalsizeof thereg-
ister®le,particularlywhencomparingifferentnumberof threads.
An alternateapproachis to examine the maximize performance
achieved with a given set of physicalregisters. For example, if
we identify the largestregister ®le that could supportthe scheme
outlinedin Section2, thenwe caninvestigatehow mary threads
to supportfor the bestperformance. The tradeof arisesbecause
supportingmore hardwarecontets leavesfewer (excess)registers
availablefor renaming.Thenumberof renamingegisters however,
determineghetotal numberof instructionsthe processocanhave
in-ight. It is dif®cultto predicttheright register®lesizethatfar
into the future, but in Figure 7 we illustrate this type of analysis
by ®ndingthe performanceachiezed with 200 physicalregisters.
Thatequatego a 1-threadmachinewith 168 excessregistersor a
4-threadmachinewith 72 excesgegistersfor example.In thiscase
thereis a clearmaximumpointat4 threads.

In summaryfetchthroughpuis still abottleneckn ourproposed
architecturelt maynolongerbeappropriateo keepfetchandissue
bandwidthin balance given the much greaterdif®culty of ®lling
thefetchbandwidth. Also, register®leaccesgime will likely bea
limiting factorin the numberof threadsanarchitectureeansupport.



8 RelatedWork

A numberof otherarchitectureshave beenproposedhat exhibit
simultaneougnultithreadingin someform. Tullsen, et al., [27]
demonstratethepotentialfor simultaneousnultithreading put did
not simulatea completearchitecture,nor did that paperpresent
a speci®csolutionto register®leaccesr instructionscheduling.
Thispapermpresetsan architectureha realizeanud of thepotential
demonstratetly thatwork, simulatingit in detail.

Hirata, et al., [13] presentan architecturefor a multithreaded
superscalaprocessotand simulateits performanceon a parallel
ray-tracingapplication. They do not simulatecachesor TLBs and
theirarchitecturenasno branchpredictionmechanismYamamoto,
etal., [29] presentinanalyticalmodelof multithreadedsuperscalar
performancebackedup by simulation. Their studymodelsperfect
branchingperfectcacheandahomogeneousorkload(all threads
runningthe sametrace). YamamotacandNemirossky [28] simulate
anSMT architecturewith separaténstructionqueuesandupto four
threads. GulatiandBagherzadefiL1] modela4-issuemachinewith
four hardwarecontexts and a single compilerpartitionedregister
®le.

KecklerandDally [14] andPrasadtandWu [19] describearchi-
tectureghatdynamicallyinterleare operationgrom VLIW instruc-
tionsontoindividual functionalunits.

DaddisandTorng[6] plot increasesn instructionthroughputas
afunctionof thefetchbandwidthandthesizeof thedispatchstack,
a structuresimilar to our instructionqueue. Their systemhastwo
threadspnlimitedfunctionalunits,andunlimitedissuebandwidth.

In additionto these BeckmanrandPolychronopoulu§3], Gun-
ther[12], Li and Chu[16], andGovindarajan,et al., [10] all dis-
cussarchitectureshatfeaturesimultaneousnultithreading honeof
which canissuemorethanoneinstructionpercycle perthread.

Our work is distinguishedfrom most of thesestudiesin our
dualgoalsof maintaininghigh single-threagberformancendmin-
imizing the architecturaimpacton a corventionalprocessar For
example, two implications of thosegoalsin our architectureare
limited fetch bandwidthand a centralizedinstruction scheduling
mechanisnbasedn a corventionalinstructionqueue.

Most of thesestudieseithermodelin®nitefetchbandwidth(with
perfectcaches)or high-bandwidthinstructionfetch, eachcontext
fetchingfrom a private cache.However, Hirata, et al., and Daddis
and Torng both model limited fetch bandwidth(with zero-lateng
memory),usinground-robinpriority, our baselinemechanismnei-
thermodeltheinstructioncachehowever. GulatiandBagherzadeh
fetch from a singlethreadeachcycle, andevenlook at threadse-
lection policies, but ®ndno policy with improvementbetterthan
intelligentroundrobin.

Also, only a few of thesestudiesuseary kind of centralized
schedulingmechanism:Yamamotoget al., modela globalinstruc-
tion queuethat only holds ready instructions; Govindarajan, et
al., andBeckmanrand Polychronopoulusave centralqueueshut
threadsare very restrictedin the numberof instructionsthey can
have active at once;Daddisand Torng modelan instructionqueue
similarto ours,but they do notcouplethatwith arealisticmodelof
functionalunits, instructionlatencies pr memorylatencies.Gulati
andBagherzadelmodelaninstructionwindow composedf four-
instructionblocks, eachblock holding instructionsfrom a single
thread.

The M-Machine [9] and the Multiscalar project[25] combine
multiple-issuewith multithreadingbut assigrwork ontoprocessors

at a coarsetevel thanindividual instructions. Tera[2] combines
LIW with ®ne-grairmultithreading.

9 Summary
Thispapemresentasimultaneousultithreadingarchitecturehat:

borrows heavily from corventionalsuperscaladesign requir
ing little additionalhardwaresupport,

minimizesthe impacton single-threacperformancerunning
only 2% slowerin thatscenarioand

achievessigni®canthroughputmprovementsover the super
scalarwhenmary threadsarerunning: a 2.5 throughputgain
at 8 threadsachieving 5.4 1PC.

Thefetchimprovementsesultfromtwo advantagesf simultaneous
multithreadingunavailableto corventionabrocessorstheability to
partitionthe fetchbandwidthover multiple threads andthe ability
to dynamicallyselecfor fetchthosethreadghatareusingprocessor
resourcesnostef®ciently

Simultaneous multithreading achieves multiprocessotype
speedupwithoutmultiprocessotypehardwarexplosion. Thisar
chitectureachievessigni®canthroughputgainsover a superscalar
usingthesamecechesizes,fetchbandwidth pranchpredictionhard-
ware, functional units, instructionqueuesand TLBs. The SMT
processois actuallylesssensitie to instructionqueueandbranch
predictiontablesizesthanthe single-threadsuperscalareven with
amultiprogrammeadvorkload.
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