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Abstract

We have investigated the register file requirements of
dynamically scheduled processors using register renaming
and dispatch queues running the SPEC92 benchmarks. \We
looked at processor s capable of issuing either four or eight
instructions per cycle and found that in most cases im-
plementing precise exceptions requires a relatively small
number of additional registers compared to imprecise ex-
ceptions. Systems with aggressive non-blocking load sup-
port were able to achieve performance similar to proces-
sors with perfect memory systems at the cost of some ad-
ditional registers. Given our machine assumptions, we
found that the performance of a four-issue machine with a
32-entry dispatch queue tendsto saturate around 80 regis-
ters. For an eight-issue machine with a 64-entry dispatch
gueue performance does not saturate until about 128 reg-
isters. Assuming the machine cycle timeis proportional to
the register file cycle time, the 8-issue machine yields only
20% higher performance than the 4-issue machine duein
part to the cycle time impact of additional hardware.

1 Introduction

A continuingtrendin thedesignof computersystemss
the useof superscalaprocessorshatcanissueevermore
instructiongercycle. Traditionally, theseprocessorbave
beenstatically scheduledwith the compilershaving had
the task of uncoveringsufiicient amountsof instruction-
level parallelismto takeadvantagef the hardware.More
recently however anincreasingnumberof processorsire
beingintroducedhatschedulghe codeatrun-time.

Dynamically-schedulegrocessorseekto increasehe
instruction-levelparallelismby possiblyissuinginstruc-
tionsin anorderthatis differentfrom theissueorderfor a
staticallyscheduledrocessorwe referto the issueorder
for a statically-schedule@rocessoasthe program order.
In a dynamicallyscheduledbrocessaqrinstructionsareis-
suedwhena suitablefunctionalunit is available andafter
the resolutionof dataand memory-locatiordependences
with precedingnstructions.Sincetheissueorderandhence
the completionorder of instructionsis not deterministic,
dynamically-scheduledrocessorsequirehardwareo en-
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surethatinstructionorderingdoesnot affect the behavior
of applications.

Hardwares requiredto controltheissuinginstructions,
to track dataflow, andto recoverfrom exceptions. A
numberof techniqueshave beenusedto implementthis
functionality. Scoreboardinga techniquefirst employed
in the CDC 6600[1], allowsinstructionsto be dispatched
in order but executeout of order A similar but more
powerfultechniqueis that of reservatiorstations,anidea
pioneeredy thelBM 360/91]2]. Implicit in the designof
areservatiorstationis thetechniqueof renamingegisters.
Registerrenaminginvolves the mappingof the registers
namedin the instructions the virtual registersto the ac-
tual or physical registers. Registerrenaming,in addition
to eliminatingwrite-afterwrite andwrite-afterreaddepen-
dencescanalsoprovidemoretemporarystoragdocations,
which are necessaryo allow many instructionsto be in
executionsimultaneously Although both reservatiorsta-
tionsandscoreboardallow instructiongo completeout of
order in-ordercompletioncanbeimplementedvith thead-
dition of areorderbuffer [1]. Reorderbuffers,reservation
stationsand explicit registerrenaminghardwareare used
in the PowerPC604 processof3] to implementdynamic
scheduling.

An alternatetechniqueand one which subsumeghe
functionality of reorderbuffers, reservatiorstations,and
scoreboardsis dispatch queues with explicit registerre-
naminghardware. With this technique which is usedin
theMIPS R10000{4], in-ordercompletionis implemented
by the registercontrol logic. Processorsisingthis tech-
nigue havebeenimplementedvith one or more different
dispatchqueuedor differenttypesof instructions.In our
model,we usethe dispatch-queugchniqueanda single
dispatchqueue becaus®nequeueis simplerandthe dis-
patchqueues notthefocusof ourstudy Figurel presents
anoverviewof our model;somedetailsaredescribedur-
therbelow

Thedispatchqueuen adynamicallyschedulegroces-
soris usedo maintainapoolof instructiondromwhichthe
schedulindogic choosesheinstructiongo issuenext. As
instructionsareissued,additionalinstructionsare fetched
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Figurel: Overviewof ourdynamicschedulingmplemen-
tation;only the datapathis shown.

from thememorysystemandareinsertednto thedispatch
gueue,n programorder As instructionsareinsertedinto

thequeuethesourceregistermamedn theinstructionare
mappedto physicalregisters,and the nameddestination
registerif thereis one,is mappedo afree physicalregis-
ter. If therearenofreeregistersthentheinstructionstream
stallsuntil onebecomesvailable.

Registersanbefreedonly whendoingsowill notpre-
vent the processoifrom recoveringand resumingexecu-
tion after an exceptionoccurs. With precise exceptions,
it is requiredthat the instructionsprecedingthe faulting
instructionin the programorderbe allowedto changehe
stateof the systemwhile thosefollowing the instruction
will not; the completesetof conditionsfor freeingregis-
tersis discussedn Section2.2. In this exceptionmodel,a
registercannotbe freeduntil all theinstructionspreceding
theinstructionwriting this registerareguaranteetio com-
plete. Underimprecise exceptions, the stateof the system
is not maintainedso exactly therebyallowing registerso
befreedearlier andhenceallowingfor theirmorefrequent
reuse.Althoughmachineswith truly impreciseexceptions
are rare thesedaysin generalpurposesystems(sinceit
prohibitsmultiprogrammingandmodernOS systems)we
haveexamineda true impreciseexceptionrmodelasabest
casdimit for otherhybrid exceptionapproachefl].

The freeingof registerds alsoaffectedby branchpre-
diction. Branchpredictionis typically usedin dynamically
scheduledorocessorgo allow the processoto move in-
structionsacrossbranchesand therebyincreasethe pool
of thoseinstructionsavailablefor issue. Branchpredic-
tion, howevey can negativelyaffect performancen two
ways. First, mispredictedbranchesesultin the execution
of unnecessampstructionsgiving riseto areductionin the
averageusefulinstruction-levelparallelism. And second,
asdiscussedibovebut in regardsto exceptionspecause
thedirectiona branchtakesis not definitively knownuntil
it is executedthe physicalregisterghatarewritten by in-
structiondollowing thebranchin programordercannotbe
freeduntil the branchis executed.Hence,thetime thata
registeris live (i.e.,in use)depend®nthe accuracyof the
branchpredictionhardware.

Anotherfactorthatdirectly affectsthetimethataregister
is live is themissrateof the primarydatacache.Whenan
instructiondoesnot find therequireddatain the cachethe
instruction’s completionis delayeduntil the datacanbe
fetched. If the instructionis a load instruction,thenthe
registerthatis the target for the load will needto remain
live until the fetch can complete. In addition, the miss
will delaythe issuingof any instructionsin the dispatch
gueuethatrequire the result of the load, hencekeepingthe
registersaassignedo themlive for longer

The numberof physicalregistersandthe frequencyof
theirreusehaveasignificanimpactonsystenperformance

sincemostinstructiongequireadestinatiorregisterandin-

structionscannotbeinsertednto thedispatchqgueuewhen
thereareno free registers. Suchinstruction-streanstalls
may resultin the hardwarenot beingableto keepthe dis-

patchqueuefull, therebyreducingthe numberof instruc-
tionsavailablefor selectiorby theschedulerwhichin turn

may limit its ability to scheduleghe maximumnumberof

instructionsper cycle. As mentionedabove,the register
reusefrequencyis a function of the exceptionmodel,the
branchpredictionaccuracyand cachemisses. It is also
a function of theissuewidth, andthe numberandtype of

functionalunits, for thesefactorsaffect the lengthof time

betweenthe insertionof an instructioninto the dispatch
gueueandits completion.In this paper we investigatehe
demandhesefactorsplaceon the numberof registersre-

quired. We alsoconsiderthe demandghesefactorsplace
onthenumberof registeffile ports,andhowtheyaffectthe

cycletime of theregisteffile.

Previous Work

Althoughmanyotherresearcherbaveinvestigatedly-
namically scheduledrocessorshat usedregisterrenam-
ing, we know of no researchthat hasfocusedspecifically
onissuesaffectingtheregisterfile. And for the mostpart,
in the literaturedescribingtheseinvestigationsmanyau-
thorshaveneglectedo statehow manyphysicalregisters
were availablefor the renamingof virtual registers. An
exceptionis an investigationcarried out by Wall on the
limits of instruction-evel parallelismthat includedlook-
ing at theimpactof varying the numberof registerdor a
64-issue 2048-instructiorwindow machinewith unit op-
erationlatencied5]. Bradlee,Eggers,andHenryinvesti-
gatedthe performancdradeofs of the numberof registers
for a RISCinstructionsetarchitecturawith variouskinds
of compiler support, but this study was for a statically-
scheduledsingle-issugprocessoif6]. Franklin and Sohi
alsoconsidered statically-scheduledgingle-issugroces-
sorin their studyof registerife timesandthereplacement
of theregisteffile with a distributedmechanisnj7].

2 Simulation M ethodology

The designrequirementf the registerfile for a dy-
namically scheduledorocessomre in part definedby the
functionality offered by other systemcomponents. The
componentof interestare: the issuewidth of the pro-
cessorandthe numberof functionalunits, the size of the
dispatchqueue the type of exceptionemployed,andthe
memory systemusedto servicethe processds requests
for data. To investigatethe relationshipbetweerthe reg-
isterfile andthesecomponentsye simulateda numberof
machineconfigurationsusing schedulingrules and func-
tional unit latenciesthat resemblethoseof a numberof
commerciaprocessorscludingthePowerP@04[3], the
DEC 21164[8], the MIPS R10000[4] andthe SUN UlI-
traSRARC [9]. Eachconfigurationwe simulatedusedthe
samehardwarawith theexceptiorof thehardwareequired
to implementthe componentéistedabove.

The processomodelimplementsa RISC, superscalar
processowhoseinstructionsetis basenthe DEC Alpha
instructionset. Theprocessosupportsion-blockingoads
andnon-blockingstores,andallows all instructionsto be
speculativelyexecuted. The processolincludesseparate
instruction and data caches. Since our goal is to keep
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Figure2: Overviewof machinemodel.

constanthefactorsthatdonotdirectlyconcerrtheregister
file, we assumehe servicingof instructioncachemisses
doesnot delaythe servicingof datacachemisses.Hence,
the instructioncachehasa fixed misspenalty The data
cachecanbe configuredo beeitherlockupor lockup-free,
and requiresa deterministicand constantime to resolve
cachemisses.

The instructionschedulindogic includesa singledis-
patchqueuefor all functionalunits, andits sizeis config-
urable. In a clock cycle, the numberof instructionsthat
canbeinsertednto thedispatchgueuds equalto 1.5times
themaximumissuewidth of theprocessarinstructionsare
selectedfor issuingusing a greedyalgorithmthat issues
the earliestinstructionsin the programorderfirst. Theis-
suelogic includeshardwareto dynamicallydisambiguate
memoryaddresseso asto allow memoryinstructionsto
issuebeforethoseoccurringearlierin the programorder
Theregisterfile includesa configurableandequalnumber
of integerandfloating-pointregisters.Theregisterrenam-
ing schemave useis modeledaftertheschemaisedin the
IBM ES/9000[10], while the dispatchqueueis similar to
thefastdispatchstackof DwyerandTorng[11].

The simulatorimplementsboth preciseand imprecise
exceptions.In our simulations the only sourceof excep-
tions is mispredictedbranchesarithmeticexceptionsare
notmodeled.We useabranchpredictionschemeproposed
by McFarling[12] thatincludegwo branchpredictorsaanda
mechanisnto selecbetweerthem. Thisschemas usedto
predictthedirectionof conditionalbranchesall othercon-
trol flow instructionsareassumedo be 100%predictable.
Figure2 presentanoverviewof theabovemachinemodel;
someof themodeldetailsaredescribedurtherbelow

2.1 Processor and Memory Models

The processorcanissue4 or 8 instructionsper cycle,
which areissuewidthsrepresentativef the currentstate-
of-the art and future processors.For the four-way issue
processaqreachinstructionword cancontainat mostfour
operation®f whichtherecanbeatmost: fourintegeroper-
ations,onefloating-pointdivision operation two floating-
point operationstwo memoryoperationg.i.e., two loads,
two stores,or one of each),and one control flow oper-
ation (i.e., branch,subroutinecall or return). The issue

rulesfor the eight-wayissueprocessofare the samebut
for eachof theaboveinstructionclassestwice thenumber
canbeissuedin acycle. All integerfunctionalunits have
single-cyclelatenciesexceptfor the multiply unit, which
is fully pipelinedand hasa six-cycle latency All float-
ing pointunitshavethree-cycldatenciesandarealsofully
pipelined,with the exceptionof the floating-pointdivider.
Thefloating-pointdivideris notpipelinedandhasaneight-
cyclelatencyfor 32-bitdivides,anda 16-cyclelatencyfor
64-bitdivides. Finally, storesakeonecycleto beresolved
andthereis asingleload-delayslot.

The combined-predictobranchpredictionschemewe
modelhasa 12 Kbit costandcomprisesa bimodalpredic-
tor anda global history predictor The bimodalpredictor
employstheclassicabranchpredictionideaof havingaset
of counterghatindicatethedirectiontakenby thebranches
that sharedthe counterthe previoustimesthey were exe-
cuted;we use2048two-bit saturatingcounters.Theglobal
historypredictorusesashiftregiserto generat@combined
history of the directionof the last » branches.The con-
tentsof this registerareexclusiveORedwith the program
counterword addresgo selectone of anothersetof 2048
two-bit countersthesecountersareusedin the sameway
asthefirst set. The selectionmechanisnis essentiallya
bimodalpredictowhosestatereflectawhichbranchpredic-
tor hasbeenmostcorrect. The global-historyshift register
is updatedaftereachconditionalbranchis insertednto the
dispatchqueueusing the predicteddirection; the two-bit
saturatingcountersareupdatedvhena conditionalbranch
is issued thatis, executed.By updatingthe shift register
during insertion, we cantake advantageof alreadyiden-
tified branchpatternsvhendeterminingthe instructionto
fetchnext. A consequencef updatingthe registerearly,
howevey is that on a mispredictedoranch the shift regis-
ter mustbe loadedwith the valueit containedbeforethe
mispredictedranchwasinsertednto thedispatchqueue.

Storesare assumedo be implementedusing write-
around(i.e., no-write-allocatelandwrite-throughpolicies
with a write buffer situatedbetweenthe datacacheand
lower levelsin the memoryhierarchy Sinceour goalis to
keepconstanthe factorsthat do not directly concernthe
registerfile, we assumehat no memorybandwidthis re-
quiredto retirestoresin thewrite buffer. Thisassumption
preventsany stallsdueto a full write buffer andprevents
storedrom delayingthe servicingof cachefetches.

Thedatacachecanbeconfiguredo belockuporlockup-
free. The lockup-freecacheemploysaninvertedMSHR
(Miss StatuHolding Registerprganizatiorf13] to process
cachemisses. An invertedMSHR organizationcan sup-
port as manyin-flight cachemissesasthereareregisters
and otherdestinationdor datain the processar For the
four-wayissueprocessoconfigurationtheregisteffile has
eight read ports and sufficient write portsto preventany
write-portconflictsarisingwhenregistersarefilled onthe
resolutionof a cachemiss. For the eight-wayprocessor
configuration,thereis twice the numberof ports. (Sec-
tion 3.4 discusseseadandwrite portsfurther).

Requestdor blocks of dataare sentvia the memory
interfaceto the next level in the memoryhierarchy The
blocksof dataarereturnedn a constananddeterministic
numberof cyclescalledthe fetch latency. Whena block
is returnedto the cache,the cacheline is written simul-
taneouswith the writing of the appropriatewvordsinto all



registerswith loadsoutstandingo this block (updatingall
pendingregistersrequiresthe multiple write ports men-
tionedabove).This simultaneousvriting is representeth
Figure2 by thearrowthatbypassethedatacache Writing
aregisteror acacheine is assumedo takeonecycle.

2.2 Freeing Physical Registers
Registercanbefreedonly whentheir beingfreedwill
not preventthe processoffrom recoveringand resuming
executionafter eitheran exceptionoccursduring the exe-
cutionof aninstruction,or a branchis mispredicted.The
conditionsunderwhich a registercanbe freeddependon
whethelpreciserimpreciseexceptiongresupported Key
to the freeing of registersarethe following concepts:the
completion andcommitment of aninstruction,andthecre-
ation, retiring, andkilling of avirtual-to-physicalmapping.
An instructionis saidto complete whenit hasreached
the point of altering the stateof the machine; branches
completewhenthey changethe programcountey stores
completewhenthe cacheis updatedor the datais placed
in the write buffer, and otherinstructionscompletewhen
their destinatiorregistersarewritten. Onceaninstruction
completestheinstructiondollowingit in theprogranmorder
canmakeuseof the resultor the side-efect it produced.
An instructionis saidto commit whenit hascompleted
and all theinstructiongprecedingt in programorderhave
completed A committedinstructionwill neverbereissued
becausall of theinstructionseforeit in theprogramorder
havecompleted. A completedinstruction,however will
beissuedagainshouldthe subsequergxecutionof any of
theinstructionsprecedingt in the programordergive rise
to anexceptioror amispredictedranch.In our simulator
themaximumnumberof instructionghatcanbecommitted
in eachclock cycleis exactlytwice the issuewidth of the
processgmodelingprobablehardwardimitations.
Whenaninstruction] thatnamesa destinatiorregister
sayregisterR,, is insertedin the dispatchqueuethis reg-
isteris renamedo a physicalregistersayR}). Whenthis

renamingpccurswe saythatavirtual-to-physcalmapping
hasbeencreated. As subsequeninstructionsin the pro-
gramorderareinsertednto thequeue anythatuseregister

R, asanoperandwill havethis registerrenamedo R}).

This mappingbetweenk, andel, remainsactive until a

subsequeritistructionis insertednto thequeuethatnames
R, asadestination At this point,anothemphysicalregister
RZ is mappedo R, , andthe R, — R} mappingis saidto

havebeenretired. A retiredmappingis eventuallykilled

andthe point at which this killing occursdepend®n the

exceptionmodel. The registerwhosemappinghasbeen
killed is freefor reuse.

Conditionsfor Freeing Registers

To facilitatethe discussiorof the conditionsfor freeing
registersconsiderthe scenarian which a virtual register
R, is namedby aninstruction/; asits destinatiorregister
and R, hasbeenmappedo a physicalregister®,. Under
preciseexceptionsthe registerfe, will be freedwhenan
instructionZ; commitsf instructionl, isthefirstinstruction
afterinstruction/; in programorderto haveregisterk, as
a destination.Inherentin this conditionarethe following
two requirements:(1) Instruction/; hascommitted; (2)
The instructionsthat usethe register’z, havecommitted

(theseinstructionsoccur later in the programorder than
instruction/; andearlierthaninstructionly).
Theconditionfor freeingregistersnsureshattheexact
stateof themachinecanberecoveredtanypointshouldan
instructionsuffer anexceptioror abranchs mispredicted.
Whenanexceptiordoesoccuror abranchis mispredicted,
the mappingdor eachvirtual registermustbe setbackto
themappinghatexistedoefore theexecutiorof theinstruc-
tion causingthe exceptionandany instructionsfollowing
this instructionin the programordet Theresettingof the
mappingentailsmovingapointerin thevirtual-to-physical
registermaptable. Thephysicalregisterswill still contain
the correctvaluesbecause registercannotbe freed until
all the instructionsprecedingits writer have committed.
Thatis, until all the instructionsbefore an instruction /
commit,theoperandsequiredby 7 will remainin thereg-
isterfile. A secondstepin therecoveryfrom anexception
or a mispredictedbranchis that all the instructionslater
in the programorderthan the instructionthat causedhe
exceptionareremovedfrom the machine.If anyof these
namesa destinationregister thenthe physicalregisteris
freed. Theseregisterscanbe freedsincetheinstructions
thatdependon themare alsoremovedfrom the machine.
Finally, on-goingcacheblockfetcheghatwereinitiatedby
instructionghathavebeenremovedaremarkedsothatthe
cacheblockwill notbewritteninto thecacheor beusedto
write registersvhentheblock returnsfrom memory
In our processomodel,we assumehat a registercan
bereusedn thecycleafterthe conditionsfor freeingit are
satisfied.We alsoassumehatanyfunctionalunitsthatare
busywith aninstructionthatis removedwill be available
for reusen thecycleaftertheexceptioror branchoccurred.
Underimpreciseexceptionsregistersanbe freedear-
lier. Again, to facilitate the discussionconsiderthe sce-
narioin whichavirtual register®, is namedoy aninstruc-
tion /; asits destinatiorregister and R, hasbeenmapped
to a physicalregisterfz,. With impreciseexceptionsthe
physicalregister 2, canbe freedwhen: (1) Instruction
I hascompleted; (2) The instructionsthat use register
R, havecompleted; (3) Thevirtual-to-physicaimappings
kiﬁed by the completion of any instruction/, thatfollows
instruction/y in theprogramorderif instruction/, hasreg-
ister R, asits destinationbut only when all the branches
preceding instruction I, have completed.
Theseconditionsdiffer from thosefor preciseexcep-
tionsin severaimportantareasandtheseareindicatedby
the emphasizedypefacein the abovelist. First, thefirst
two conditionsarenot subsumedby thevirtual-to-physical
mappingcondition (condition no. 3), a resultof it only
beingnecessaryor instructionsto “complete” ratherthan
“commit” (conditionno. 2). Secondijt is importantfor all
precedingbranchinstructionsto completeratherthanfor
all precedingnstructiongo commit. And third, the writer
of aphysicalregistercancausehekilling of any mappings
createdby precedingnstructionsyatherthanonly the pre-
cedingmapping. Takentogether thesedifferencesallow

1Thisstatemenis actuallyonly partiallytruesincetheconditionsgiven
donotaddresghangedn statecausedy theexecutiorof stores.To allow
therecoveryof themachinestate anon-megingbuffer is requiredto hold
the write datauntil the storeinstructioncommits. Only at this point can
the databewritten into the cacheor thewrite buffer. We do notconsider
storesfurtherasthis paperis concernegbrimarily with theregisterfile.



Bench- |Data | Com- 4-wayissue 8-wayissue
mark set | mit | Executanstr. IPC Rateq%)| Executenstr. IPC Rateq%)
instr. total load cbr|issue c'mit [load cbr |total load cbr|issue c'mit|load cbr
compressref 86| 126 29 14(3.06|2.09| 15 14| 170 42 17/490|250| 10 14
doduc |small| 190 209 48 12|2.75|2.49 1 10| 235 56 13|4.92|3.97 1 10
espresso| ti 560| 626 138 91|3.39 |3.04 1 13| 733 171 101|5.57 |4.26 1 14
gccl cexp 23| 27 6 3|2.80|2.35 1 19| 32 8 3|4.47|3.14 1 20
mdljdp2 [small| 291| 319 48 31|2.33|2.12 3 6351 54 34/4.05|3.36 3 6
mdljsp2 |small| 350| 386 82 31|2.97|2.69 1 6|429 94 33|5.25(4.28 1 6
ora small| 190 190 31 8|1.86|1.86 0 6|19 31 8|2.08|2.08 0 6
su2cor |small| 417| 437 107 12|3.38|3.22| 17 7| 460 114 13|6.24|565| 22 7
tomcatv |ref 910| 911 247 30(2.77|2.77| 33 1|912 248 30|5.52(551| 39 1

Tablel: Dynamicstatisticsor eachbenchmarKor bothissuewidths,using2048physicalregistersa 64 KByte, 2-wayset
associativéockup-freedatacachewith a 16 cyclefetchlatency Instructioncountsarein millions; the“rates” columnsgive
thecachdoadmissrateandconditionalbranchmispredictiorrate. The4-wayissueresultsarefor adispatchqueuewith 32

entrieswhile the 8-wayissueresultsarefor onewith 64.

registergo befreedearlier andallow theexactstateof the
machineto be recoveredvithout assistancérom software
whena mispredictedbranchdoesoccur

3 Performance Trends

This studyis basedn execution-driversimulationsus-
ing an objectcodeinstrumentatiorsystemcalled ATOM
[14], which is available for Alpha AXP workstations.
Theresultspresenteaorrespondo simulationsof nine of
the SPEC92benchmarksepresenting balancebetween
floating-point-ntensive andintegerintensiveapplications.
Thebenchmarksirelistedin Tablel alongwith somerun-
time characteristic$or the four-way and eight-wayissue
processorsThecolumnheadedDataset” specifieswvhich
of the official SPEC92Xatasetswereusedfor the simula-
tions. In all casesthebenchmarksverecompiledusingthe
Alpha native C compilerwith the global ucodeoptimizer
enabledandthe linker wasdirectedto performlink-time
optimizations.In all casestheinstructioncachemissrate
wasunderl1%.

The column headed‘Commit instr.” givesthe num-
berof instructionsin thetracefor eachbenchmarkwhich
is equivalentto the numberthat commit (seeSection2.2
for the definition of commit). The numberof commit-
ted instructionsdoesnot necessarilyequalthe numberof
instructionsthatare executedi.e., issued)dueto mispre-
dicted branches. The numberof executednstructionsis
given underthe columnsheaded'Executedinstr.” with
sub-columndor the numberof loads(*load”) andfor the
numberof conditionalbrancheg“cbr”). Both the num-
berof committedinstructionsandthe numberof executed
instructionsaredynamicinstructioncounts.

The averagenumberof instructionsper cycle (IPC) for
eachbenchmarkand eachissuewidth are given in the
columnsheadedIPC". Theissue IPC, givenin the sub-
columnsheadedissue”, is theratio of the numberof in-
structionsthatareissued to thetotal (simulated)untime;
the issuelPC measureshe rate at which instructionsare
dispatchedo thefunctionalunits. In oursystenmodelthe
differencebetweerthe issuelPC andthe maximumissue
width is dueto thedependencesa the codeandthenumber
andtype of functionalunits. Thecommit IPC, givenin the

columnsheaded‘'c’'mit”, is the ratio of the numberof in-

structionghatcommit to thetotal run time. Thedifference
betweenthe issuelPC and the commit IPC is dueto in-

structionghatareincorrectlyspeculativelyexecutedvhen
following mispredictedbranchesThe commitIPC values
we reportare optimisticin part dueto our assumptiorof

a bandwidth-unconstragd memorysystem. To illustrate
thisfact,considethecommitlPC of 5.51givenin thetable
for tomcatv usingtheeight-wayissueprocessarReplacing
the non-blockingcachewith a blocking one, the commit
IPCis reducedy 70%. OurcommitIPCsarealsohigh be-

causaveassumalargerandlessrestrictedsetof functional
unitsthanmanyrecentlyannouncedanicroprocessors.

Thebranchmispredictiorratesaregivenalongwith the
overallcachamissratesfor loadsunderthecolumnsheaded
“Rates”. The mispredictionratesshownare larger than
thosereportedby McFarling[12] for the samebranchpre-
diction schemeand a statically schedulecrocessar The
increasas in partdueto the useof thedispatchqueuein a
dynamicallyschedulegrocessar The dispatchqueuein-
creaseshetime betweernwhenthe predictionis madeand
when the predictortablesare updatedwith the direction
takenby the branch(the predictionis madeat the point of
insertioninto thedispatchqueuewhile theupdatingoccurs
at the point of executingthe branchinstruction). Hence,
predictionsarebasedninformationthatmaynotreflectthe
directionactuallytakenby immediatelyprecedindranches
in theprogramordet In addition,the informationusedre-
flectsthe executionorderratherthanthe programorderof
branchesandthesetwo are not necessarilfthe same. In
practice however we found thatwhile the branchpredic-
tion accuracydid improvesomewhatvith in-orderexecu-
tion of conditionalbranchesthis improvementoccurred
at the expenseof a notabledecreasen the commit IPC.
Hence we allow branchego executeoutof ordet

We presenburinvestigatiorof factorsaffectingthereg-
isterfile desigrin four parts.Webeginwith aninvestigation
of a processowith alarge numberof physicalregistergo
evaluatenow registerrequirementghangeaswe vary the
issuewidth andthe size of the dispatchqueue. Fromthe
resultswe identify a costeffective dispatchqueuesizefor
thetwo issuewidths. Usingthesedispatchgueuesizeswe
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Figure 3: AveragelPC and 90" percentilenumberof live registersfor all benchmarksas a function of the size of the
dispatchqueue.Theshadedareasndicatethefractionof thelive registersn eachof four states.

theninvestigateheregisterequirementandperformance
of the two exceptionmodels. In the third part, we inves-
tigatetheimpactthatthe memorysystemorganizationhas
on theregisterrequirementandon performance Finally,
in the lastpart, we evaluatethe cycletimesof the register
file designswve use.

3.1 Trendsfor Large Register Files

To investigateheregisteffile requirementsindervaria-
tionsin thedispatchqueuesizeandissuewidth, we config-
uredthesystemmodelwith 2048integerand2048floating-
pointregisters.Thesevalueswerechoserto minimizethe
impacton our measurementsom instruction-strearstalls
causedy alackof freeregisters Suchstallsoccurif anin-
structioncannobeinsertednto thedispatchqueuebecause
therearenofreeregistersin oursimulationssuchstallsac-
countedfor muchlessthan1% of theruntime. Usingthis
systemmodel, we measuredhe numberof live registers
usingthe 90'* percentileasour metric;the 90’ percentile
indicateshow many registersshould be provided by the
hardwareto achievenearlythe sameaveragecommit|PC

asis achievedwith 2048 registers. The 90°" percentile
waschosenin lieu of a geometricmeanor an arithmetic
averagewingto thenon-uniformandnon-Gaussiashape
of thedistributiors.

In examining the relationship betweenthe dispatch
gueueandthenumberof registersit is usefulto categorize
theregisterghatarelive into oneof four categories.The
live registerdn our systemmaybe (1) assignedo instruc-
tionsresidingin thedispatchgueue(2) assignedo instruc-
tions presentlybeingexecutedi.e., in-flight), (3) waiting
for theimpreciseexceptiorregisterfreeingrequiremento
bemet,(4) waitingfor thepreciseexceptiorregisterfreeing
requirementso bemet. Applying this categorizatioro the

2The90t” percentilds determinedy firsthavingthesimulatorrecord
how manyregisteraverelive in eachcycle of abenchmarks execution.
Then thisdistributionof cyclecountsfor eachregistevalueis normalized
by the (simulated)run time of the benchmarkgiving normalizedcycle
countsof betweerzeroandone. Next, the normalizeddistributionfor all
benchmark®f a givensystemmodelareaveragedogether Finally, we
determinethe numberof registersneededo cover90% of the resulting
distribution. This approachwasadoptedo preventthe distributionof a
singlebenchmarkérom dominatingthe combineddistribution.



integerandfloatingpointregistersandthetwo issuewidths
yieldsfour setsof data. Figure3 presentshesefour sets
of dataasgraphs. We beginby discussinghe graphcor-
respondingo the integerregistersof the four-way issue
processoftheupperleft-handgraphwhichis enclosedn a
dottedbox).

This graphpresentghe averageassuelPC, the average
commitIPC andthe numberof live registersasa function
of thedispatchqueuesizeusingthe baselinecacheconfig-
urationof a64 KByte, two-wayset-associativieckup-free
cachewith a16-cyclefetchlatency As shownbythecurve
markedwith the solid circles, the issuelPC approaches
theissuewidth of the processoasthe size of the dispatch
gueueis increased.This trendis a by-productof the in-
creasedchedulinglexibility affordedby thelargerpool of
instructionsavailablefor schedulingwith the effect of al-
lowing thescheduleto avoid manyfunctioral unit corflicts
anddatadependencesThe commitIPC, asshownby the
curvemarkedwith opencircles,alsoincreasewith increas-
ing dispatchgueuesizes putataslowerratethanthatof the
issuelPC. This differencein ratesis dueto theissuingof
instructionghatdon’t commitbecause precedingoranch
in the programorder was mispredicted. Also note that
the gapbetweertheissueandcommitIPC is significantly
largerfor the eight-wayissueprocessothanthe four-way
issueprocessorThisfactis aresultof the eight-wayissue
processoispeculativelyexecutingmore instructions,and
theseinstructionsaresubjectto branchmisprediction.

Turning to the other curvesin the graph, the upper
boundaryof the“instructionin thedispatchqueue”(white)
region correspondgo the numberof registerslive under
the preciseexceptiormodel,andthe sizeof the “wait pre-
ciserequirements’{stippled)regionindicatesthe number
of additionalregistersrequiredto supportpreciseexcep-
tionsoverimpreciseexceptionsNotethatthereareatleast
32live registers.Thisvalueis theminimumnumberof live
registersinderbothexceptiormodelsfor anyprogramhat
referencesll virtual registersasdo mostusefulprograms.
With fewerthan32 physicalregistersthe systemwill be-
comedeadlockedince to freeaphysicalregisterat some
point theremustbe two physicalregistersassignedo the
samevirtual register andthereare31 virtual registerghat
can be renamedthe zeroregisteris not renamed). This
situationis neededto effect the killing of the virtual-to-
physicalmappingasdiscussedh Section2.2.

The shapeof the upperboundaryof the white region
showsthatthe numberof live registersncreasewith in-
creasingdispatchqueuesize. Therearetwo primary rea-
sonsfor this relationship. First, asthe numberof entries
in the dispatchqueueincreasesinstructionswill likely be
issuedn anorderlessandlesssimilarto theprogranmorder;
in otherwords,therewill bemoreoutof orderissue.When
thesanstructionscompletetheir destinatiorregisterscan-
not be freeduntil the conditionsfor the exceptionmodel
are met. Sincetheseconditionsinvolve the completion
of instructionsearlierin the programordet the registers
will remainlive for longer Hence,therewill be anin-
creasdn the numberof live registerswaiting for precise

3In Figure3 andall subsequentfiguresthat presentaveragedor all
benchmarksthe curvesfor the integerregistersinclude datafrom all
benchmarksvhereaghe floating-pointregistercurvesonly includedata
from thefloating pointintensivebenchmarks.

andimprecisdreeingrequirementto bemet. Theincrease
underimpreciseexceptionds illustratedin the graphby
the lined region; the increaseunderpreciseexceptionds
illustratedby the stippledregion. Observethat the lined
region exhibits a more substantialincreasein size with
larger dispatchqueueghandoesthe stippledregion. The
stippledregionrepresentsegistersaassignedo instructions
that havealreadysatisfiedthe requirementgor imprecise
exceptions.Sincetheserequirementinvolve the comple-
tion of all precedingconditionalbranchesn the program
order instructionsn thewait-for-precise-requirementsit-
egorymusthavehadany precedingconditionalbranches
alreadycomplete.Thisfactreducesheout-or-ordernessf
instructionsin the wait-for-precise-requirementategory
andhencethe numberof registerpendingcompletion.

Secondasthe numberof entriesin the dispatchqueue
increasesmoreinstructionsremainin the dispatchqueue
longer Sinceregistersare allocatedto theseinstructions
whenthey areinsertedinto the queue therewill beanin-
creasén thenumberof live registers.In addition theslight
increasan issuelPC givesriseto only aslightincreasean
thenumberof instructiondn flight; this effectis illustrated
by theblackregion. Thistrendis alsopresenin the other
threegraphsin the figure, thatis, thosecorrespondindo
thefloating pointregisterfile andthe eight-wayissuepro-
cessar Observahatthedoublingof theissuewidth results
in lessthanadoublingof thenumberof registersassociated
with instructionsin flight. Thisfactis dueto thelessthan
doublingin theissuelPC thatoccurswith adoublingin the
issuewidth.

Finally, observehatasthedispatchqueuesizeincreases,
thereis a value at which the averagecommit IPC ap-
proachesits asymptoticvalue. For the four-way issue
processarthis point occursarounda dispatchqueueof
32 entrieswhereador the eight-wayissueprocessarit is
aroundé4 entries.Moreover onceacertainnumberof dis-
patchqueueentriesis reacheda greatemproportionof the
increasen thenumberof live registerss attributableo the
instructiongesidingin thedispatchgueue.Takentogether
thesawo trendssuggesthatadispatchqueueof 32 entries
is mostcost-efectivefor thefour-wayissueprocessqrand
one of 64 entriesis mostcost-efective for the eight-way
issueprocessar

3.2 Preciseversuslmprecise Exceptions

Thenon-zercsizeof the preciseregionin Figure3 sug-
geststhatthe useof the preciseexceptionmodelrequires
moreregisterghanis requiredunderthe impreciseexcep-
tion model. To examinethis trendin moredetail,we begin
by presentingegisteuusagéiistogram®f thefloatingpoint
registerdor tomcatv for both exceptionmodels. Figure5
showsthesehistogramsas run-time coveragecurves. In
thisfigure,thex-axisspecifiegshe numberof registerdive
ateachcycle duringthe executionof the benchmarkwvhile
the y-axis indicatesthe percentag®f the total numberof
cycleswith at mostthe indicatednumberof registerdive.
For example on an 8-issuemachineunderthe preciseex-
ceptionmodel,for 70% of therun time therewere 150 or
fewerfloating-pointregisterdive.

Observethat the floating-pointregistercountat which
the impreciseexceptionmodelreachesl00% coveragds
~130while thesamepointfor preciseexceptionss ~500.
Also observehatthe curverepresentingmpreciseexcep-
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Figure5: Impactof the exceptionmodelon the floating
pointerregistergor tomcatv with an8-wayissueprocessar
a 64 entrydispatchqueue andalockup-freecache.

tions has shifted towardszero, an indication that fewer
registersare requiredwith this exceptionmodel. With
preciseexceptionsthe correspondingurveexhibitsa flat
regionbetweerl50and400registerssignifyingthatthere
were rarely 150 to 400 registerslive, andthat the regis-
ter usagedistribution is bimodal. The secondmodality,
whichis centeredaround450,is a resultof the morestrict
conditionsfor freeingregistersunderthe preciseexception
model. Eventhoughthe dispatchqueuehasonly 64 en-
tries,the needfor 500registersn the precisemodelshows
that at somepointsthereis at leastoneinstructionin the
dispatchqueuewhich is 500instructionsout of sequence
(i.e.,thereis aninstructionin thedispatchqueuewhich oc-
cursatleasts00instructiondaterin theprogramorderthan
the earliestinstruction). And becausehe 499 intervening
instructionscannotbe committeduntil the earliestinstruc-
tion completesanyregistersassignedo thesanstructions
cannotbefreed.

Althoughtomcatv representsn extremecasefor regis-
terusagetheaveragel 00%coveragepointsfor all bench-

marksarestill significant,asshownin Figure4. Thisfig-

ure givesthe run-timecoveragdor bothissuewidthsand
registerfiles; the curveswere obtainedby averagingthe
run-timecoveragecurvesfor eachbenchmark.As shown
in the figure, 90% coverageis achievedwith 90 registers
for the four-way issueprocessoand 150 registerdor the
eight-wayissueprocessar Unfortunately providing even
90registerswith suficientnumbersf readandwrite ports
couldbeprohibitively expensive.

To evaluateheimpactonperfomanceof usingasmaller
and morerealisticnumberof registers,we simulatedthe
benchmarksvith differentregisterfile sizeswhile keeping
thedispatchgueuesizeconstant.Theresultof thisevalua-
tionarepresentedh Figure6 for bothissuewidthsandboth
exceptionmodels. As shownby the solid linesin the fig-
ure,thecommitIPCincreasesvith largerregisteffiles, but
the degreeof improvementdiminishesat the larger sizes.
This trendis dueto the decreaseghressureon the regis-
terswith largerregistetfile sizes. Theregisterpressuras
representedh the figure as dottedlines; theselines give
thepercentagef therun-timefor whichtherewerenofree
registers.Observethatwith larger registerfiles, thereare
usuallyfree registersavailable,a fact that accountsboth
for theleveling off of the performanceandfor the similar
performancaunderboth exceptionmodels. With smaller
registeffiles, thereis amoresignificantperformanceliffer-
encebetweerthetwo exceptiormodels.The performance
differencearisesbecausainderthe imprecisemodel, on
averageregistersarelive for shorteramountf time.

3.3 Memory System Effects

In the precedingsectionswe discussecow the num-
berof live registerss affectedby the size of the dispatch
gueue theissuewidth of the processqrandthe exception
model. Anotherfactor thatdirectly affectsthe numberof
live registerds the datacachemissrate. Whenaloadin-
structiondoesnot find the requireddatain the cache,its
completionis delayeduntil the datacanbe fetchedfrom
memory As a result, the registertarget of the load will
needo remainlive for longer In addition,anyinstructions
thatusetheresultof theloadcannoteissueduntil theload
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completestherebyincreasinghelive time of their source
anddestinatiorregisters.Finally, the averagdime areg-
ister is live will alsoincreasebecausdyy delayingsome
instructionsfrom beingissuedit is morelikely thatfewer
instructionswill beissuedin programordet Thusit will
takelongerto meetthe exceptionmodelrequirementgor
freeingregisters.

To evaluatgheimpactof thememorysystemorganiza-
tion, we simulatedhefollowing threecacheorganizations:
a cachewith anassumed.00%hit rate,referredto asthe
perfect cache,andtwo 64 Kbyte, 2-way set-associative,
cachedothwith a16 cyclemisspenalty onebeinglockup-
free andthe othernot. We assumedhat the lockup-free

cachecouldinitiate asmanynewcachdine fetchesasnec-
essaryfromthenextlowerlevelin thememaoryhierarchyin
eachcycle. Figure7 presentshe averagecommitIPC for
eachissuewidth andeachof thesecacheorganizationsas
afunctionof the numberof registersfFigure7(a) presents
asetof curvesfor impreciseexceptionswhile Figure7(b)
presentsa setfor preciseexceptions.Observefirst the fa-
miliar concaveshapeof the IPC curves,and secondthat
undermpreciseexceptionsioreregistersarerequiredo ob-
tainasimilar performancehanis requiredunderimprecise
exceptions.Note alsothat the lockup cacheorganization
achievessignificantly worse performancefor both issue
widths. This showsthat the benchmarksequirea cache



with atleastsomelockup-freesupport.Finally, the perfor-
mancecurvesfor differentmemorysystemmodelstendto
saturatatroughlythesameregistercountfor agivenissue
width andexceptionrmodel. Forexampletheperformance
of an8-wayissuemachinewith impreciseexceptionsatu-
ratesfor 96 registersor more,independentf the memory
systemmodel.

Furtherinsightinto the performancelifferencebetween
thethreecacheorganizationss providedby theregisters-
agehistogram®btainedvhenthesethreeorganizationare
employedn asystemwith 2048registers We havechosen
to presenthe integerregisterhistogramgor compress as
theyclearlyshowthedifferencedetweertheorganizations
owing to the significantcachemissrate of compress. The
histogramsarepresentedn Figure8 asrun-timecoverage
curves. As in Figure 5, the x-axis specifiesthe number
of registerdive at eachcycle during the executionof the
benchmarkvhile thethey-axisindicateshepercentagef
thetotalnumberof cycleswith atmosttheindicatechumber
of registerdive. Comparingheshapesf thecurvedorthe
perfectcachgthesolidline) tothecurvefor thelockup-free
cache(the dottedline), we notethatthe lockup-freecache
requiresmoreregistergdo obtainthe samerun-timecover-
ageasthe perfectcache.In addition,the smallerslopeof
thelockup-freecachecurveindicateghatthelive registers
are concentratedn a wider range. This rangebecomes
smallerwhena lockup cacheis used,suggestinghat the
additionalregistergequiredfor thelockup-freecacheare
aresultof allowing multiple outstandingachemissesand
cacheprobesto occurduring the servicingof the misses.
Thecurvefor thelockupcachehoweveyis similarin shape
to thatfor the perfectcache but the curvefor the lockup
cacheshowsthat the majority of the numberof registers
is concentratedn a morenarrowregion (betweerns5 and
75), suggestinghat thereis lessvariancein the register
requirements.This reductionin the registerrequirements
maybedueto morein-orderissuingof instructionsandthus
lessvariancen thetimerequiredto meettheconditionsfor
freeingregisters.

34 Timing Mode

In awide-issuedynamicallyschedulegrocessqrthere
areanumberof critical pathsthatwill likely determinghe
cycletime. Thesepathsinclude the dispatchqueue,the
registerrenamingunit, andthe registerfile. The imple-
mentationsize and complexity of thesestructuregendto
scaletogethersinceit is desirablehatnoneof thesestruc-
turesofferandisproportimateamounif functionality. For
examplejf manyadditionalportsareaddedto theregister
renamingtables,additionalports to the registerfile will
probablybe neededaswell. Similarly, if manyadditional
entriesareaddedo thedispatchqueue additionalregisters
in theregisterfile will probablybe neededswell.

The registerrenamingunit andthe dispatchqueueare
subjectto wide variationsin implementatiorarchitecture
andcircuitry, while the registerfile designspaceis more
limited. Independenbf how the dispatchqueueand re-
naming unit are implemented,howevey they will have
structuressimilar to thosefound in the registerfile (such
as numbersof ports or numbersof entries). Hence,we
assumeheregisterfile cycletime scalessimilarly to their
cycletimes,andthereforgo thatof themachineasawhole.

We presentanevaluationof theregisterfile cycletimes
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Figure 8: Cumulativeregisterusagehistogramfor com-
press showinghow manyregistersarelive asa perceniof
runtime. The systemmodeledusedpreciseexceptionsa
4-way issueprocessqr32 entry dispatchqueue and2048
registers.

requiredfor the four-way and eight-wayissueprocessor
systems.This evaluatiomrassumed lockup-freecacheor-
ganizationanda 32 entry dispatchqueuefor the four-way
issueprocessqranda 64 entrydispatchgueudor theeight-
wayissueprocessarWe simulatedanumberof registeffile
designachdifferingin thenumberof readandwrite ports
andthenumberof registers. Thenumberof readandwrite
portswassetby theissuewidth of the processowhile the
registerfile sizescorrespondo thoseusedn Figure6. For
thesesimulationswe modifiedthe cacheaccessandcycle
time model of Wilton and Jouppi[15] to generatecycle
times for multiportedregisterfiles using the registerfile
cell shownin Figure9. This cell usegwo bitlinesperwrite
portandonebitline perreadport. Onewordlineis required
perport. We assumee 0.5um CMOStechnology

Write bitline #1 Read
Bitbar Bit ® bitline #1

L]
Write wordline #1 o

|II—|=_
L

Read wordline #1

L]
L]
° To sense

amplifier

Figure9: Multiportedregisteffile cell.
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Using this model, we determinedthe cycle time for
eachof the integerand floating-point registerfiles as a
function of the size of theregisterfile. For the four-way
issueprocessqrwe assumedhe integerregisterfile had
8 readportsand4 write ports,whereaghe floating-point
registerfile hadhalf asmany (becausenly half asmany
floating-pointinstructionscan be issuedper cycle in our
model); twice the numberof portswere assumedor the
eight-wayissueprocessar The resultsof the evaluation
arepresentedraphicallyin Figurel0. Thisfigurepresents
for both issuewidths two registerfile timing curvesand
two estimatecperformanceurves.

In thetwo graphsshownin thefigure,the cycletime of
thefloating-pointregisterfile is givenby the curvemarked
with triangles,while the cycle time of the integerregister
file is given by the curve markedwith circles. Note that
the cycletime of the floating point registerfile is always
smallerthantheintegerregisteffile, aspeedlifferencehat
is attributableto thefloating-pointregisterfile havinghalf
thenumberof portsastheintegerregisteffile. Theregister
file cycletimesfor thefour-way issueprocessoalsoshow
a smallerincreaseas the numberof registersis doubled
thantheincreasavhich occurswith adoublingof theissue
width for the sameregisterfile size. This relationshipis
dueto the cycle time of a large registerfile being more
strongly affectedby a doubling of the numberof register
file portsratherthana doublingof the numberof registers.
Foraregisteffile, doublingthenumberof portsdoubleghe
numberof wordlinesandbitlines (quadruplingheregister
file areain thelimit), but doublingthe numberof registers
only doubleghenumbernfwordlines(doubing theregister
file sizein thelimit).

Thetwo graphsalsoshowanestimatef machineperfor
manceassuminghatthemachinecycletime scalegpropor-
tionally to that of theintegerregisterfile. Performances
measuredh billions of instructiongpersecondBIPS)and
is derivedby dividing the averagecommit IPC from Fig-
ure6 by thecycletime of theregisterfile in question.The

performanc@btaineduinderpreciseexceptionss shownby
the curvesmarkedwith white squaresvhile that obtained
underimpreciseexceptionsis shownby the curveswith
black squaresFor bothissuewidths,theimprecisemodel
hasa smallperformancedvantagavith smallnumbersf
registers.However in thefour-way issueprocessqrthere
is little performancalifferencebetweerthetwo exception
modelswith registerfile sizesgreaterthan 80. For the
eight-wayissueprocessarthis point occursat 160 regis-
ters,aresultof the needfor moreregistersdueto themore
out-of-orderissueof instructionsin the eight-wayissue
processar

The performancecurvesin Figure 10 all exhibit per-
formancemaximaat moderatenumbersof registers. For
registerfiles smallerthanthesemaxima,the averageBIPS
falls off, a resultof instruction-streanstalls. For register
files larger thanthesemaxima,the increasingegisterfile
cycletime negativelyimpactsthe machinecycletime and
hence,overall performance. We also note that the max-
imum performanceonly improvesby 20% whenmoving
from the 4-issuemachineto the 8-issuemachine.A major
reasonfor this fact is the large increasein the cycle time
thatis mandatedy the larger and more complexregister
file. Although the data presentedn this figure is for a
dynamicallyschedulegrocessqra VLIW processowith
centralizedintegerand floating-pointregisterfiles would
alsobe subjectto performanceimits similar to Figure10.
Hence thereis a needfor newdecentralize@rchitectures,
suchasthe proposedMultiscalararchitecture[16].

4 Conclusions

We haveinvestigateda numberof issuesin the design
of registeffiles for dynamicallyscheduleguperscalapro-
cessorsFromtheseinvestigationsve drawthe following
conclusions.

First, the additionalregisterrequirementgor providing
preciseexceptionsn theseprocessorss relatively small.
The imprecisemodel we simulatedonly reducedthe av-



eragenumberof registersrequiredby the four-way issue
machineby at most20% with a dispatchqueueof 32 en-
tries. The differencebetweenthe preciseand imprecise
modelswaslarger for the eight-wayissuemachine since
to getgoodutilization of the eight-wayissuemachine the
instructionsmustbe executednore out of programorder
The eight-wayissuemachineusing impreciseexceptions
requiredanaverageof 37%fewerregistergdhanoneusing
preciseexceptionsvith a dispatchqueuesize of 64. Be-
causdheregisteffile cycletimeis moreheavilydependent
onthenumberof registerfile portsthanthe numberof reg-
isters,andin view of all the other hardwarerequiredby
a dynamicallyscheduledsuperscalaprocessqrthe addi-
tionalregistergequiredto supporipreciseexceptionsarea
smallcost.

Second,the combinationof dynamic schedulingand
aggressivanon-blockingload supportcanachieveperfor-
manceajuitecloseto thatof systemsvith single-cycledirect
memoryaccesga perfectmemorysystem). Althoughthe
processoat times could use many hundredsof registers,
we foundthatlimiting the numberof registergo 80 (both
integerandfloating-point)for the four-way issuemachine
and 128 for the eight-wayissuemachine resultedin per-
formancethatwasonly a few percentower thanthatof a
machinewith anunlimitednumberof registers.

Third, we extendeda cachememoryaccessand cycle
time modelto modelregisterfile cycle times. Although
therearemanycritical pathgn adynamicallyscheduledu-
perscalaprocessqrtheworstmay havetiming thatscales
similarly to that of registerfiles with complexity There-
fore we approximatedhe scalingof machinecycle time
with complexity to be proportionalto the scalingof the
requiredregisterfile cycletime. Sincetheregisterfile be-
comesslowerasthe numberof registerancreasesandthe
resultinglPC tendsto saturatethe overallmachineperfor-
mancehasa maximawith the abovenotednumberof reg-
isters. In addition,sincetheregisterfile cycletimeis also
strongly dependenbn the numberof ports, we conclude
from oursimulationghattheuseof centralizedntegerand
floating-pointregisterfiles may yield only a 20% perfor-
mancemprovemenfor aneight-wayissueprocessoover
afour-wayissueprocessor
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