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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 processors 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 tends to saturate around 80 regis-
ters. For an eight-issue machine with a 64-entry dispatch
queue performance does not saturate until about 128 reg-
isters. Assuming the machine cycle time is proportional to
the register file cycle time, the 8-issue machine yields only
20% higher performance than the 4-issue machine due in
part to the cycle time impact of additional hardware.

1 Introduction
A continuingtrendin thedesignof computersystemsis

theuseof superscalarprocessorsthatcanissueevermore
instructionspercycle. Traditionally, theseprocessorshave
beenstatically scheduledwith the compilershaving had
the taskof uncoveringsufficient amountsof instruction-
level parallelismto takeadvantageof thehardware.More
recently, however, an increasingnumberof processorsare
beingintroducedthatschedulethecodeat run-time.

Dynamically-scheduledprocessorsseekto increasethe
instruction-levelparallelismby possibly issuing instruc-
tionsin anorderthatis differentfrom theissueorderfor a
staticallyscheduledprocessor;we refer to the issueorder
for a statically-scheduledprocessorastheprogram order.
In a dynamicallyscheduledprocessor, instructionsareis-
suedwhena suitablefunctionalunit is available,andafter
the resolutionof dataandmemory-locationdependences
with precedinginstructions.Sincetheissueorderandhence
the completionorderof instructionsis not deterministic,
dynamically-scheduledprocessorsrequirehardwareto en-

surethat instructionorderingdoesnot affect the behavior
of applications.

Hardwareis requiredto controltheissuinginstructions,
to track data flow, and to recoverfrom exceptions. A
numberof techniqueshavebeenusedto implementthis
functionality. Scoreboarding,a techniquefirst employed
in theCDC 6600[1], allowsinstructionsto bedispatched
in order but executeout of order. A similar but more
powerful techniqueis thatof reservationstations,an idea
pioneeredby theIBM 360/91[2]. Implicit in thedesignof
areservationstationis thetechniqueof renamingregisters.
Registerrenaminginvolves the mappingof the registers
namedin the instructions,the virtual registers,to the ac-
tual or physical registers.Registerrenaming,in addition
to eliminatingwrite-after-writeandwrite-after-readdepen-
dences,canalsoprovidemoretemporarystoragelocations,
which are necessaryto allow many instructionsto be in
executionsimultaneously. Althoughboth reservationsta-
tionsandscoreboardsallow instructionsto completeoutof
order, in-ordercompletioncanbeimplementedwith thead-
dition of a reorderbuffer [1]. Reorderbuffers,reservation
stationsandexplicit registerrenaminghardwareareused
in the PowerPC604 processor[3] to implementdynamic
scheduling.

An alternatetechniqueand one which subsumesthe
functionality of reorderbuffers, reservationstations,and
scoreboards,is dispatch queues with explicit registerre-
naminghardware. With this technique,which is usedin
theMIPSR10000[4], in-ordercompletionis implemented
by the registercontrol logic. Processorsusing this tech-
niquehavebeenimplementedwith oneor moredifferent
dispatchqueuesfor differenttypesof instructions.In our
model,we usethe dispatch-queuetechniqueanda single
dispatchqueue,becauseonequeueis simplerandthedis-
patchqueueis not thefocusof ourstudy. Figure1 presents
anoverviewof our model;somedetailsaredescribedfur-
therbelow.

Thedispatchqueuein a dynamicallyscheduledproces-
soris usedtomaintainapoolof instructionsfromwhichthe
schedulinglogic choosestheinstructionsto issuenext. As
instructionsareissued,additionalinstructionsarefetched
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Figure1: Overviewof ourdynamicschedulingimplemen-
tation;only thedatapathis shown.

from thememorysystemandareinsertedinto thedispatch
queue,in programorder. As instructionsareinsertedinto
thequeue,thesourceregistersnamedin theinstructionare
mappedto physicalregisters,and the nameddestination
register, if thereis one,is mappedto a freephysicalregis-
ter. If therearenofreeregisters,thentheinstructionstream
stallsuntil onebecomesavailable.

Registerscanbefreedonly whendoingsowill notpre-
vent the processorfrom recoveringandresumingexecu-
tion after an exceptionoccurs. With precise exceptions,
it is requiredthat the instructionsprecedingthe faulting
instructionin theprogramorderbeallowedto changethe
stateof the systemwhile thosefollowing the instruction
will not; the completesetof conditionsfor freeingregis-
tersis discussedin Section2.2. In this exceptionmodel,a
registercannotbefreeduntil all theinstructionspreceding
theinstructionwriting this registerareguaranteedto com-
plete. Underimprecise exceptions, thestateof thesystem
is not maintainedsoexactly, therebyallowing registersto
befreedearlier, andhenceallowingfor theirmorefrequent
reuse.Althoughmachineswith truly impreciseexceptions
are rare thesedays in generalpurposesystems(since it
prohibitsmultiprogrammingandmodernOSsystems),we
haveexamineda trueimpreciseexceptionmodelasa best
caselimit for otherhybridexceptionapproaches[1].

The freeingof registersis alsoaffectedby branchpre-
diction. Branchpredictionis typically usedin dynamically
scheduledprocessorsto allow the processorto move in-
structionsacrossbranchesand therebyincreasethe pool
of thoseinstructionsavailablefor issue. Branchpredic-
tion, however, can negativelyaffect performancein two
ways. First,mispredictedbranchesresultin theexecution
of unnecessaryinstructions,givingrisetoareductionin the
averageuseful instruction-levelparallelism. And second,
asdiscussedabovebut in regardsto exceptions,because
thedirectiona branchtakesis not definitivelyknownuntil
it is executed,thephysicalregistersthatarewritten by in-
structionsfollowing thebranchin programordercannotbe
freeduntil thebranchis executed.Hence,the time thata
registeris live (i.e., in use)dependson theaccuracyof the
branchpredictionhardware.

Anotherfactorthatdirectlyaffectsthetimethataregister
is live is themissrateof theprimarydatacache.Whenan
instructiondoesnotfind therequireddatain thecache,the
instruction’s completionis delayeduntil the datacan be
fetched. If the instructionis a load instruction,thenthe
registerthat is the target for the load will needto remain
live until the fetch can complete. In addition, the miss
will delay the issuingof any instructionsin the dispatch
queuethatrequire the result of the load, hencekeepingthe
registersassignedto themlive for longer.

Thenumberof physicalregistersandthe frequencyof
theirreusehaveasignificantimpactonsystemperformance

sincemostinstructionsrequireadestinationregisterandin-
structionscannotbeinsertedinto thedispatchqueuewhen
thereareno free registers.Suchinstruction-streamstalls
mayresultin thehardwarenot beingableto keepthedis-
patchqueuefull, therebyreducingthe numberof instruc-
tionsavailablefor selectionby thescheduler, whichin turn
may limit its ability to schedulethemaximumnumberof
instructionsper cycle. As mentionedabove,the register
reusefrequencyis a functionof the exceptionmodel,the
branchpredictionaccuracy, and cachemisses. It is also
a functionof the issuewidth, andthenumberandtypeof
functionalunits,for thesefactorsaffect the lengthof time
betweenthe insertionof an instructioninto the dispatch
queueandits completion.In thispaper, we investigatethe
demandthesefactorsplaceon thenumberof registersre-
quired. We alsoconsiderthedemandsthesefactorsplace
onthenumberof registerfile ports,andhowtheyaffectthe
cycletimeof theregisterfile.

Previous Work
Althoughmanyotherresearchershaveinvestigateddy-

namicallyscheduledprocessorsthat usedregisterrenam-
ing, we know of no researchthathasfocusedspecifically
on issuesaffectingtheregisterfile. And for themostpart,
in the literaturedescribingtheseinvestigations,manyau-
thorshaveneglectedto statehow manyphysicalregisters
wereavailablefor the renamingof virtual registers. An
exceptionis an investigationcarriedout by Wall on the
limits of instruction-levelparallelismthat includedlook-
ing at the impactof varying thenumberof registersfor a
64-issue,2048-instructionwindow machinewith unit op-
erationlatencies[5]. Bradlee,Eggers,andHenry investi-
gatedtheperformancetradeoffs of thenumberof registers
for a RISC instructionsetarchitecturewith variouskinds
of compiler support,but this study was for a statically-
scheduled,single-issueprocessor[6]. Franklin andSohi
alsoconsideredastatically-scheduled,single-issueproces-
sorin their studyof registerlife timesandthereplacement
of theregisterfile with a distributedmechanism[7].

2 Simulation Methodology
The designrequirementsof the registerfile for a dy-

namicallyscheduledprocessorare in part definedby the
functionality offered by other systemcomponents. The
componentsof interestare: the issuewidth of the pro-
cessorandthe numberof functionalunits, the sizeof the
dispatchqueue,the typeof exceptionsemployed,andthe
memorysystemusedto servicethe processor’s requests
for data. To investigatethe relationshipbetweenthe reg-
isterfile andthesecomponents,we simulateda numberof
machineconfigurationsusing schedulingrules and func-
tional unit latenciesthat resemblethoseof a numberof
commercialprocessorsincludingthePowerPC604[3], the
DEC 21164[8], the MIPS R10000[4] and the SUN Ul-
traSPARC [9]. Eachconfigurationwe simulatedusedthe
samehardwarewith theexceptionof thehardwarerequired
to implementthecomponentslistedabove.

The processormodel implementsa RISC, superscalar
processorwhoseinstructionsetis basedontheDECAlpha
instructionset.Theprocessorsupportsnon-blockingloads
andnon-blockingstores,andallows all instructionsto be
speculativelyexecuted. The processorincludesseparate
instruction and data caches. Since our goal is to keep
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Figure2: Overviewof machinemodel.

constantthefactorsthatdonotdirectlyconcerntheregister
file, we assumethe servicingof instructioncachemisses
doesnot delaytheservicingof datacachemisses.Hence,
the instructioncachehasa fixed misspenalty. The data
cachecanbeconfiguredto beeitherlockupor lockup-free,
and requiresa deterministicandconstanttime to resolve
cachemisses.

The instructionschedulinglogic includesa singledis-
patchqueuefor all functionalunits,andits sizeis config-
urable. In a clock cycle, the numberof instructionsthat
canbeinsertedinto thedispatchqueueis equalto 1.5times
themaximumissuewidthof theprocessor. Instructionsare
selectedfor issuingusing a greedyalgorithmthat issues
theearliestinstructionsin theprogramorderfirst. The is-
suelogic includeshardwareto dynamicallydisambiguate
memoryaddressesso asto allow memoryinstructionsto
issuebeforethoseoccurringearlier in the programorder.
Theregisterfile includesa configurableandequalnumber
of integerandfloating-pointregisters.Theregisterrenam-
ing schemeweuseis modeledaftertheschemeusedin the
IBM ES/9000[10], while thedispatchqueueis similar to
thefastdispatchstackof DwyerandTorng[11].

The simulatorimplementsboth preciseand imprecise
exceptions.In our simulations,theonly sourceof excep-
tions is mispredictedbranches;arithmeticexceptionsare
notmodeled.Weuseabranchpredictionschemeproposed
byMcFarling[12] thatincludestwobranchpredictorsanda
mechanismto selectbetweenthem.Thisschemeis usedto
predictthedirectionof conditionalbranches;all othercon-
trol flow instructionsareassumedto be100%predictable.
Figure2 presentsanoverviewof theabovemachinemodel;
someof themodeldetailsaredescribedfurtherbelow.

2.1 Processor and Memory Models
The processorcan issue4 or 8 instructionsper cycle,

which areissuewidthsrepresentativeof thecurrentstate-
of-the art and future processors.For the four-way issue
processor, eachinstructionword cancontainat mostfour
operationsof whichtherecanbeatmost: four integeroper-
ations,onefloating-pointdivision operation,two floating-
point operations,two memoryoperations(i.e., two loads,
two stores,or one of each),and one control flow oper-
ation (i.e., branch,subroutinecall or return). The issue

rules for the eight-wayissueprocessorare the samebut
for eachof theaboveinstructionclasses,twice thenumber
canbeissuedin a cycle. All integerfunctionalunitshave
single-cyclelatenciesexceptfor the multiply unit, which
is fully pipelinedand hasa six-cycle latency. All float-
ing pointunitshavethree-cyclelatenciesandarealsofully
pipelined,with theexceptionof thefloating-pointdivider.
Thefloating-pointdivideris notpipelinedandhasaneight-
cyclelatencyfor 32-bit divides,anda 16-cyclelatencyfor
64-bitdivides.Finally, storestakeonecycleto beresolved
andthereis asingleload-delayslot.

The combined-predictorbranchpredictionschemewe
modelhasa 12 Kbit costandcomprisesa bimodalpredic-
tor anda global history predictor. The bimodalpredictor
employstheclassicalbranchpredictionideaof havingaset
of countersthatindicatethedirectiontakenby thebranches
thatsharedthe countertheprevioustimesthey wereexe-
cuted;weuse2048two-bit saturatingcounters.Theglobal
historypredictorusesashift registertogenerateacombined
history of the directionof the last � branches.The con-
tentsof this registerareexclusiveORedwith theprogram
counterword addressto selectoneof anothersetof 2048
two-bit counters;thesecountersareusedin thesameway
asthe first set. The selectionmechanismis essentiallya
bimodalpredictorwhosestatereflectswhichbranchpredic-
tor hasbeenmostcorrect.Theglobal-historyshift register
is updatedaftereachconditionalbranchis insertedinto the
dispatchqueueusing the predicteddirection; the two-bit
saturatingcountersareupdatedwhena conditionalbranch
is issued,that is, executed.By updatingthe shift register
during insertion,we can takeadvantageof alreadyiden-
tified branchpatternswhendeterminingthe instructionto
fetchnext. A consequenceof updatingthe registerearly,
however, is thaton a mispredictedbranch,theshift regis-
ter mustbe loadedwith the valueit containedbeforethe
mispredictedbranchwasinsertedinto thedispatchqueue.

Storesare assumedto be implementedusing write-
around(i.e., no-write-allocate)andwrite-throughpolicies
with a write buffer situatedbetweenthe datacacheand
lower levelsin thememoryhierarchy. Sinceourgoalis to
keepconstantthe factorsthat do not directly concernthe
registerfile, we assumethat no memorybandwidthis re-
quiredto retirestoresin thewrite buffer. This assumption
preventsany stallsdueto a full write buffer andprevents
storesfrom delayingtheservicingof cachefetches.

Thedatacachecanbeconfiguredtobelockupor lockup-
free. The lockup-freecacheemploysan invertedMSHR
(MissStatusHoldingRegister)organization[13] toprocess
cachemisses. An invertedMSHR organizationcan sup-
port asmanyin-flight cachemissesas thereareregisters
andotherdestinationsfor datain the processor. For the
four-wayissueprocessorconfiguration,theregisterfile has
eight readportsandsufficient write ports to preventany
write-portconflictsarisingwhenregistersarefilled on the
resolutionof a cachemiss. For the eight-wayprocessor
configuration,thereis twice the numberof ports. (Sec-
tion 3.4discussesreadandwrite portsfurther).

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



registerswith loadsoutstandingto this block (updatingall
pendingregistersrequiresthe multiple write ports men-
tionedabove).This simultaneouswriting is representedin
Figure2 by thearrowthatbypassesthedatacache.Writing
a registeror acacheline is assumedto takeonecycle.

2.2 Freeing Physical Registers
Registerscanbefreedonly whentheir beingfreedwill

not preventthe processorfrom recoveringand resuming
executionaftereitheranexceptionoccursduring theexe-
cutionof an instruction,or a branchis mispredicted.The
conditionsunderwhich a registercanbe freeddependon
whetherpreciseorimpreciseexceptionsaresupported.Key
to the freeingof 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
completewhen they changethe programcounter, stores
completewhenthe cacheis updatedor the datais placed
in the write buffer, andotherinstructionscompletewhen
their destinationregistersarewritten. Onceaninstruction
completes,theinstructionsfollowingit in theprogramorder
canmakeuseof the resultor the side-effect it produced.
An instructionis said to commit when it hascompleted
and all theinstructionsprecedingit in programorderhave
completed.A committedinstructionwill neverbereissued
becauseall of theinstructionsbeforeit in theprogramorder
havecompleted. A completedinstruction,however, will
beissuedagainshouldthesubsequentexecutionof anyof
theinstructionsprecedingit in theprogramordergive rise
to anexceptionor amispredictedbranch.In oursimulator,
themaximumnumberof instructionsthatcanbecommitted
in eachclock cycleis exactlytwice the issuewidth of the
processor, modelingprobablehardwarelimitations.

Whenaninstruction� thatnamesa destinationregister,
sayregister�
	 , is insertedin thedispatchqueue,this reg-
ister is renamedto a physicalregister, say � 1� . Whenthis
renamingoccurs,wesaythatavirtual-to-physicalmapping
hasbeencreated. As subsequentinstructionsin the pro-
gramorderareinsertedinto thequeue,anythatuseregister�
	 asan operandwill havethis registerrenamedto � 1� .
This mappingbetween�
	 and � 1� remainsactiveuntil a
subsequentinstructionis insertedinto thequeuethatnames�
	 asadestination.At thispoint,anotherphysicalregister� 2� is mappedto � 	 , andthe � 	
� � 1� mappingis saidto
havebeenretired. A retiredmappingis eventuallykilled
andthe point at which this killing occursdependson the
exceptionmodel. The registerwhosemappinghasbeen
killed is freefor reuse.

Conditions for Freeing Registers
To facilitatethediscussionof theconditionsfor freeing

registers,considerthe scenarioin which a virtual register�
	 is namedby aninstruction� 1 asits destinationregister,
and � 	 hasbeenmappedto a physicalregister� � . Under
preciseexceptions,the register � � will be freedwhenan
instruction� 2commitsif instruction� 2 isthefirst instruction
afterinstruction� 1 in programorderto haveregister�
	 as
a destination.Inherentin this conditionarethe following
two requirements:(1) Instruction � 1 hascommitted;(2)
The instructionsthat usethe register � � havecommitted

(theseinstructionsoccur later in the programorder than
instruction� 1 andearlierthaninstruction� 2).

Theconditionfor freeingregistersensuresthattheexact
stateof themachinecanberecoveredatanypointshouldan
instructionsufferanexceptionor abranchis mispredicted1.
Whenanexceptiondoesoccuror abranchis mispredicted,
themappingsfor eachvirtual registermustbesetbackto
themappingthatexistedbefore theexecutionof theinstruc-
tion causingthe exceptionandany instructionsfollowing
this instructionin theprogramorder. Theresettingof the
mappingsentailsmovingapointerin thevirtual-to-physical
register-maptable.Thephysicalregisterswill still contain
thecorrectvaluesbecausea registercannotbe freeduntil
all the instructionsprecedingits writer havecommitted.
That is, until all the instructionsbeforean instruction �
commit,theoperandsrequiredby � will remainin thereg-
isterfile. A secondstepin therecoveryfrom anexception
or a mispredictedbranchis that all the instructionslater
in the programorder than the instructionthat causedthe
exceptionareremovedfrom the machine.If anyof these
namesa destinationregister, thenthe physicalregisteris
freed. Theseregisterscanbe freedsincethe instructions
thatdependon themarealsoremovedfrom the machine.
Finally, on-goingcacheblockfetchesthatwereinitiatedby
instructionsthathavebeenremovedaremarkedsothatthe
cacheblockwill notbewritten into thecacheor beusedto
write registerswhentheblock returnsfrom memory.

In our processormodel,we assumethat a registercan
bereusedin thecycleaftertheconditionsfor freeingit are
satisfied.We alsoassumethatanyfunctionalunitsthatare
busywith an instructionthat is removedwill beavailable
for reusein thecycleaftertheexceptionorbranchoccurred.

Underimpreciseexceptions,registerscanbefreedear-
lier. Again, to facilitate the discussion,considerthe sce-
narioin whichavirtual register� 	 is namedby aninstruc-
tion � 1 asits destinationregister, and �
	 hasbeenmapped
to a physicalregister� � . With impreciseexceptions,the
physical register � � can be freed when: (1) Instruction� 1 has completed; (2) The instructionsthat use register� � havecompleted; (3) Thevirtual-to-physicalmappingis
killed by thecompletion of any instruction ��� thatfollows
instruction� 1 in theprogramorderif instruction� � hasreg-
ister �
	 asits destinationbut only when all the branches
preceding instruction � � have completed.

Theseconditionsdiffer from thosefor preciseexcep-
tionsin severalimportantareas,andtheseareindicatedby
the emphasizedtypefacein the abovelist. First, the first
two conditionsarenotsubsumedby thevirtual-to-physical
mappingcondition (condition no. 3), a result of it only
beingnecessaryfor instructionsto “complete” ratherthan
“commit” (conditionno. 2). Second,it is importantfor all
precedingbranchinstructionsto completeratherthanfor
all precedinginstructionsto commit. And third, thewriter
of aphysicalregistercancausethekilling of any mappings
createdby precedinginstructions,ratherthanonly the pre-
cedingmapping. Takentogether, thesedifferencesallow

1Thisstatementisactuallyonlypartiallytruesincetheconditionsgiven
donotaddresschangesin statecausedbytheexecutionof stores.Toallow
therecoveryof themachinestate,anon-mergingbuffer is requiredtohold
thewrite datauntil thestoreinstructioncommits. Only at this point can
thedatabewritten into thecacheor thewrite buffer. We do not consider
storesfurtherasthis paperis concernedprimarily with theregisterfile.



Bench- Data Com- 4-wayissue 8-wayissue
mark set mit Executeinstr. IPC Rates(%) Executeinstr. IPC Rates(%)

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 4.90 2.50 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
gcc1 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 6 351 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 6 190 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 5.65 22 7
tomcatv ref 910 911 247 30 2.77 2.77 33 1 912 248 30 5.52 5.51 39 1

Table1: Dynamicstatisticsfor eachbenchmarkfor bothissuewidths,using2048physicalregisters,a 64KByte, 2-wayset
associativelockup-freedatacachewith a16cyclefetchlatency. Instructioncountsarein millions; the“rates”columnsgive
thecacheloadmissrateandconditionalbranchmispredictionrate.The4-wayissueresultsarefor adispatchqueuewith 32
entries,while the8-wayissueresultsarefor onewith 64.

registersto befreedearlier, andallow theexactstateof the
machineto berecoveredwithout assistancefrom software
whena mispredictedbranchdoesoccur.

3 Performance Trends
Thisstudyis basedonexecution-drivensimulationsus-

ing an objectcodeinstrumentationsystemcalledATOM
[14], which is available for Alpha AXP workstations.
Theresultspresentedcorrespondto simulationsof nineof
the SPEC92benchmarksrepresentinga balancebetween
floating-point-intensiveandinteger-intensiveapplications.
Thebenchmarksarelistedin Table1 alongwith somerun-
time characteristicsfor the four-way andeight-wayissue
processors.Thecolumnheaded“Dataset”specifieswhich
of theofficial SPEC92datasetswereusedfor thesimula-
tions. In all cases,thebenchmarkswerecompiledusingthe
Alpha nativeC compilerwith the global ucodeoptimizer
enabled,andthe linker wasdirectedto performlink-time
optimizations.In all cases,theinstructioncachemissrate
wasunder1%.

The column headed“Commit instr.” gives the num-
berof instructionsin thetracefor eachbenchmark,which
is equivalentto the numberthat commit (seeSection2.2
for the definition of commit). The numberof commit-
ted instructionsdoesnot necessarilyequalthe numberof
instructionsthatareexecuted(i.e., issued)dueto mispre-
dictedbranches.The numberof executedinstructionsis
given underthe columnsheaded“Executedinstr.” with
sub-columnsfor the numberof loads(“load”) andfor the
numberof conditionalbranches(“cbr”). Both the num-
berof committedinstructionsandthenumberof executed
instructionsaredynamicinstructioncounts.

Theaveragenumberof instructionspercycle(IPC) for
eachbenchmarkand eachissuewidth are given in the
columnsheaded“IPC”. The issue IPC, given in the sub-
columnsheaded“issue”, is the ratio of the numberof in-
structionsthatareissued to thetotal (simulated)run time;
the issueIPC measuresthe rateat which instructionsare
dispatchedto thefunctionalunits. In oursystemmodel,the
differencebetweenthe issueIPC andthe maximumissue
width is dueto thedependencesin thecodeandthenumber
andtypeof functionalunits. Thecommit IPC, givenin the

columnsheaded“c’mit”, is the ratio of the numberof in-
structionsthatcommit to thetotal run time. Thedifference
betweenthe issueIPC and the commit IPC is due to in-
structionsthatareincorrectlyspeculativelyexecutedwhen
following mispredictedbranches.ThecommitIPC values
we reportareoptimistic in part dueto our assumptionof
a bandwidth-unconstrainedmemorysystem.To illustrate
thisfact,considerthecommitIPCof 5.51givenin thetable
for tomcatv usingtheeight-wayissueprocessor. Replacing
the non-blockingcachewith a blocking one, the commit
IPCis reducedby 70%. OurcommitIPCsarealsohighbe-
causeweassumealargerandlessrestrictedsetof functional
unitsthanmanyrecentlyannouncedmicroprocessors.

Thebranchmispredictionratesaregivenalongwith the
overallcachemissratesfor loadsunderthecolumnsheaded
“Rates”. The mispredictionratesshownare larger than
thosereportedby McFarling[12] for thesamebranchpre-
diction schemeanda staticallyscheduledprocessor. The
increaseis in partdueto theuseof thedispatchqueuein a
dynamicallyscheduledprocessor. Thedispatchqueuein-
creasesthetime betweenwhenthepredictionis madeand
when the predictortablesare updatedwith the direction
takenby thebranch(thepredictionis madeat thepointof
insertioninto thedispatchqueuewhile theupdatingoccurs
at the point of executingthe branchinstruction). Hence,
predictionsarebasedoninformationthatmaynotreflectthe
directionactuallytakenby immediatelyprecedingbranches
in theprogramorder. In addition,theinformationusedre-
flectstheexecutionorderratherthantheprogramorderof
branches,andthesetwo arenot necessarilythe same. In
practice,however, we foundthatwhile thebranchpredic-
tion accuracydid improvesomewhatwith in-orderexecu-
tion of conditionalbranches,this improvementoccurred
at the expenseof a notabledecreasein the commit IPC.
Hence,weallow branchesto executeoutof order.

Wepresentourinvestigationof factorsaffectingthereg-
isterfiledesignin fourparts.Webeginwith aninvestigation
of a processorwith a largenumberof physicalregistersto
evaluatehow registerrequirementschangeaswe vary the
issuewidth andthe sizeof the dispatchqueue.From the
results,we identify a costeffectivedispatchqueuesizefor
thetwo issuewidths.Usingthesedispatchqueuesizes,we
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Figure3: AverageIPC and90��� percentilenumberof live registersfor all benchmarksasa function of the sizeof the
dispatchqueue.Theshadedareasindicatethefractionof thelive registersin eachof four states.

theninvestigatetheregisterrequirementsandperformance
of the two exceptionmodels. In the third part,we inves-
tigatetheimpactthatthememorysystemorganizationhas
on theregisterrequirementsandon performance.Finally,
in the lastpart,we evaluatethecycletimesof theregister
file designsweuse.

3.1 Trends for Large Register Files

To investigatetheregisterfile requirementsundervaria-
tionsin thedispatchqueuesizeandissuewidth,weconfig-
uredthesystemmodelwith 2048integerand2048floating-
point registers.Thesevalueswerechosento minimizethe
impactonourmeasurementsfrom instruction-streamstalls
causedby alackof freeregisters.Suchstallsoccurif anin-
structioncannotbeinsertedinto thedispatchqueuebecause
therearenofreeregisters;in oursimulations,suchstallsac-
countedfor muchlessthan1%of therun time. Usingthis
systemmodel,we measuredthe numberof live registers
usingthe90��� percentileasourmetric;the90��� percentile
indicateshow many registersshouldbe providedby the
hardwareto achievenearlythesameaveragecommit IPC

as is achievedwith 2048registers2. The 90��� percentile
waschosenin lieu of a geometricmeanor an arithmetic
averageowingto thenon-uniformandnon-Gaussianshape
of thedistributions.

In examining the relationship betweenthe dispatch
queueandthenumberof registers,it is usefulto categorize
theregistersthatarelive into oneof four categories.The
live registersin oursystemmaybe(1) assignedto instruc-
tionsresidingin thedispatchqueue,(2) assignedto instruc-
tionspresentlybeingexecuted(i.e., in-flight), (3) waiting
for theimpreciseexceptionregister-freeingrequirementsto
bemet,(4)waitingfor thepreciseexceptionregister-freeing
requirementsto bemet. Applying thiscategorizationto the

2The90��� percentileis determinedby firsthavingthesimulatorrecord
how manyregisterswerelive in eachcycleof a benchmark’sexecution.
Then,thisdistributionof cyclecountsfor eachregistervalueisnormalized
by the (simulated)run time of the benchmark,giving normalizedcycle
countsof betweenzeroandone.Next, thenormalizeddistributionfor all
benchmarksof a givensystemmodelareaveragedtogether. Finally, we
determinethe numberof registersneededto cover90%of the resulting
distribution. This approachwasadoptedto preventthe distributionof a
singlebenchmarkfrom dominatingthecombineddistribution.



integerandfloatingpointregisters,andthetwoissuewidths
yields four setsof data. Figure3 presentsthesefour sets
of dataasgraphs3. We beginby discussingthegraphcor-
respondingto the integerregistersof the four-way issue
processor(theupperleft-handgraphwhichis enclosedin a
dottedbox).

This graphpresentstheaverageissueIPC, theaverage
commitIPC andthenumberof live registersasa function
of thedispatchqueuesizeusingthebaselinecacheconfig-
urationof a64KByte, two-wayset-associativelockup-free
cachewith a16-cyclefetchlatency. As shownby thecurve
markedwith the solid circles, the issueIPC approaches
theissuewidth of theprocessorasthesizeof thedispatch
queueis increased.This trend is a by-productof the in-
creasedschedulingflexibility affordedby thelargerpoolof
instructionsavailablefor scheduling,with theeffect of al-
lowing theschedulertoavoidmanyfunctionalunit conflicts
anddatadependences.Thecommit IPC, asshownby the
curvemarkedwith opencircles,alsoincreaseswith increas-
ingdispatchqueuesizes,butataslowerratethanthatof the
issueIPC. This differencein ratesis dueto the issuingof
instructionsthatdon’t commitbecausea precedingbranch
in the programorder was mispredicted. Also note that
thegapbetweenthe issueandcommit IPC is significantly
larger for theeight-wayissueprocessorthanthe four-way
issueprocessor. This fact is a resultof theeight-wayissue
processorspeculativelyexecutingmore instructions,and
theseinstructionsaresubjectto branchmisprediction.

Turning to the other curves in the graph, the upper
boundaryof the“instructionin thedispatchqueue”(white)
regioncorrespondsto the numberof registerslive under
thepreciseexceptionmodel,andthesizeof the“wait pre-
ciserequirements”(stippled)regionindicatesthe number
of additionalregistersrequiredto supportpreciseexcep-
tionsoverimpreciseexceptions.Notethatthereareat least
32live registers.Thisvalueis theminimumnumberof live
registersunderbothexceptionmodelsfor anyprogramthat
referencesall virtual registers,asdomostusefulprograms.
With fewer than32 physicalregisters,thesystemwill be-
comedeadlockedsince,to freea physicalregister, at some
point theremustbe two physicalregistersassignedto the
samevirtual register, andthereare31virtual registersthat
can be renamed(the zeroregisteris not renamed).This
situationis neededto effect the killing of the virtual-to-
physicalmapping,asdiscussedin Section2.2.

The shapeof the upperboundaryof the white region
showsthat the numberof live registersincreaseswith in-
creasingdispatchqueuesize. Therearetwo primary rea-
sonsfor this relationship. First, as the numberof entries
in thedispatchqueueincreases,instructionswill likely be
issuedin anorderlessandlesssimilarto theprogramorder;
in otherwords,therewill bemoreoutof orderissue.When
theseinstructionscomplete,theirdestinationregisterscan-
not be freeduntil the conditionsfor the exceptionmodel
are met. Sincetheseconditionsinvolve the completion
of instructionsearlier in the programorder, the registers
will remainlive for longer. Hence,therewill be an in-
creasein the numberof live registerswaiting for precise

3In Figure3 andall subsequentfiguresthat presentaveragesfor all
benchmarks,the curvesfor the integer registersinclude data from all
benchmarkswhereasthefloating-pointregistercurvesonly includedata
from thefloatingpoint intensivebenchmarks.

andimprecisefreeingrequirementsto bemet. Theincrease
underimpreciseexceptionsis illustratedin the graphby
the lined region; the increaseunderpreciseexceptionsis
illustratedby the stippledregion. Observethat the lined
region exhibits a more substantialincreasein size with
largerdispatchqueuesthandoesthestippledregion. The
stippledregionrepresentsregistersassignedto instructions
that havealreadysatisfiedthe requirementsfor imprecise
exceptions.Sincetheserequirementsinvolve thecomple-
tion of all precedingconditionalbranchesin the program
order, instructionsin thewait-for-precise-requirementscat-
egorymusthavehadany precedingconditionalbranches
alreadycomplete.Thisfactreducestheout-or-ordernessof
instructionsin thewait-for-precise-requirementscategory,
andhence,thenumberof registerspendingcompletion.

Second,asthenumberof entriesin thedispatchqueue
increases,moreinstructionsremainin the dispatchqueue
longer. Sinceregistersareallocatedto theseinstructions
whentheyareinsertedinto thequeue,therewill beanin-
creasein thenumberof live registers.In addition,theslight
increasein issueIPC givesriseto only a slight increasein
thenumberof instructionsin flight; thiseffect is illustrated
by theblackregion. This trendis alsopresentin theother
threegraphsin the figure, that is, thosecorrespondingto
thefloatingpoint registerfile andtheeight-wayissuepro-
cessor. Observethatthedoublingof theissuewidth results
in lessthanadoublingof thenumberof registersassociated
with instructionsin flight. This fact is dueto thelessthan
doublingin theissueIPCthatoccurswith adoublingin the
issuewidth.

Finally,observethatasthedispatchqueuesizeincreases,
there is a value at which the averagecommit IPC ap-
proachesits asymptoticvalue. For the four-way issue
processor, this point occursarounda dispatchqueueof
32 entrieswhereasfor the eight-wayissueprocessor, it is
around64entries.Moreover, onceacertainnumberof dis-
patchqueueentriesis reached,a greaterproportionof the
increasein thenumberof live registersis attributableto the
instructionsresidingin thedispatchqueue.Takentogether,
thesetwo trendssuggestthatadispatchqueueof 32entries
is mostcost-effectivefor thefour-wayissueprocessor, and
oneof 64 entriesis mostcost-effective for the eight-way
issueprocessor.

3.2 Precise versus Imprecise Exceptions
Thenon-zerosizeof thepreciseregionin Figure3 sug-

geststhat the useof the preciseexceptionmodelrequires
moreregistersthanis requiredundertheimpreciseexcep-
tion model.To examinethis trendin moredetail,webegin
bypresentingregisterusagehistogramsof thefloatingpoint
registersfor tomcatv for bothexceptionmodels.Figure5
showsthesehistogramsasrun-timecoveragecurves. In
thisfigure,thex-axisspecifiesthenumberof registerslive
ateachcycleduringtheexecutionof thebenchmarkwhile
the y-axis indicatesthe percentageof the total numberof
cycleswith at mostthe indicatednumberof registerslive.
For example,on an8-issuemachineunderthepreciseex-
ceptionmodel,for 70%of therun time therewere150or
fewerfloating-pointregisterslive.

Observethat the floating-pointregistercountat which
the impreciseexceptionmodelreaches100%coverageis� 130while thesamepoint for preciseexceptionsis � 500.
Also observethat thecurverepresentingimpreciseexcep-
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Figure5: Impactof the exceptionmodelon the floating
pointerregistersfor tomcatv with an8-wayissueprocessor,
a 64entrydispatchqueue,anda lockup-freecache.

tions has shifted towardszero, an indication that fewer
registersare requiredwith this exceptionmodel. With
preciseexceptions,thecorrespondingcurveexhibitsa flat
regionbetween150and400registers,signifyingthatthere
were rarely 150 to 400 registerslive, and that the regis-
ter usagedistribution is bimodal. The secondmodality,
which is centeredaround450,is a resultof themorestrict
conditionsfor freeingregistersunderthepreciseexception
model. Eventhoughthe dispatchqueuehasonly 64 en-
tries,theneedfor 500registersin theprecisemodelshows
that at somepointsthereis at leastoneinstructionin the
dispatchqueuewhich is 500 instructionsout of sequence
(i.e.,thereis aninstructionin thedispatchqueuewhichoc-
cursat least500instructionslaterin theprogramorderthan
theearliestinstruction). And becausethe499intervening
instructionscannotbecommitteduntil theearliestinstruc-
tion completes,anyregistersassignedto theseinstructions
cannotbefreed.

Although tomcatv representsanextremecasefor regis-
terusage,theaverage100%coveragepointsfor all bench-

marksarestill significant,asshownin Figure4. This fig-
uregivestherun-timecoveragefor both issuewidthsand
registerfiles; the curveswereobtainedby averagingthe
run-timecoveragecurvesfor eachbenchmark.As shown
in the figure, 90%coverageis achievedwith 90 registers
for the four-way issueprocessorand150 registersfor the
eight-wayissueprocessor. Unfortunately, providing even
90registerswith sufficientnumbersof readandwrite ports
couldbeprohibitivelyexpensive.

Toevaluatetheimpactonperformanceof usingasmaller
andmorerealisticnumberof registers,we simulatedthe
benchmarkswith differentregister-file sizeswhile keeping
thedispatchqueuesizeconstant.Theresultsof thisevalua-
tionarepresentedin Figure6 for bothissuewidthsandboth
exceptionmodels.As shownby thesolid lines in thefig-
ure,thecommitIPCincreaseswith largerregisterfiles,but
the degreeof improvementdiminishesat the largersizes.
This trend is due to the decreasedpressureon the regis-
terswith larger register-file sizes.Theregisterpressureis
representedin the figure as dottedlines; theselines give
thepercentageof therun-timefor whichtherewerenofree
registers.Observethatwith larger registerfiles, thereare
usually free registersavailable,a fact that accountsboth
for thelevelingoff of theperformance,andfor thesimilar
performanceunderboth exceptionmodels. With smaller
registerfiles,thereis amoresignificantperformancediffer-
encebetweenthetwo exceptionmodels.Theperformance
differencearisesbecauseunderthe imprecisemodel, on
average,registersarelive for shorteramountsof time.

3.3 Memory System Effects
In the precedingsections,we discussedhow the num-

berof live registersis affectedby thesizeof the dispatch
queue,theissuewidth of theprocessor, andtheexception
model. Anotherfactor thatdirectly affectsthe numberof
live registersis thedatacachemissrate. Whena load in-
structiondoesnot find the requireddatain the cache,its
completionis delayeduntil the datacanbe fetchedfrom
memory. As a result, the registertarget of the load will
needto remainlive for longer. In addition,anyinstructions
thatusetheresultof theloadcannotbeissueduntil theload
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Figure7: Averagecommit IPC for threedatacacheorganizationsusinga 32 entrydispatchqueuefor the four-way issue
processor, anda 64entrydispatchqueuefor theeight-wayissueprocessor.

completes,therebyincreasingthelive time of their source
anddestinationregisters.Finally, the averagetime a reg-
ister is live will also increasebecauseby delayingsome
instructionsfrom beingissued,it is morelikely that fewer
instructionswill be issuedin programorder. Thusit will
takelongerto meettheexceptionmodelrequirementsfor
freeingregisters.

To evaluatetheimpactof thememorysystemorganiza-
tion,wesimulatedthefollowing threecacheorganizations:
a cachewith anassumed100%hit rate,referredto asthe
perfect cache,and two 64 Kbyte, 2-way set-associative,
cachesbothwith a16cyclemisspenalty, onebeinglockup-
free and the othernot. We assumedthat the lockup-free

cachecouldinitiateasmanynewcacheline fetchesasnec-
essaryfromthenextlowerlevelin thememoryhierarchyin
eachcycle. Figure7 presentstheaveragecommitIPC for
eachissuewidth andeachof thesecacheorganizationsas
a functionof thenumberof registers;Figure7(a)presents
a setof curvesfor impreciseexceptions,while Figure7(b)
presentsa setfor preciseexceptions.Observefirst the fa-
miliar concaveshapeof the IPC curves,andsecond,that
underpreciseexceptions,moreregistersarerequiredto ob-
tainasimilarperformancethanis requiredunderimprecise
exceptions.Note alsothat the lockup cacheorganization
achievessignificantly worse performancefor both issue
widths. This showsthat the benchmarksrequirea cache



with at leastsomelockup-freesupport.Finally, theperfor-
mancecurvesfor differentmemorysystemmodelstendto
saturateatroughlythesameregistercountfor agivenissue
width andexceptionmodel.Forexample,theperformance
of an8-wayissuemachinewith impreciseexceptionssatu-
ratesfor 96 registersor more,independentof thememory
systemmodel.

Furtherinsightinto theperformancedifferencebetween
thethreecacheorganizationsis providedby theregisterus-
agehistogramsobtainedwhenthesethreeorganizationsare
employedin asystemwith 2048registers.Wehavechosen
to presentthe integerregisterhistogramsfor compress as
theyclearlyshowthedifferencesbetweentheorganizations
owing to thesignificantcachemissrateof compress. The
histogramsarepresentedin Figure8 asrun-timecoverage
curves. As in Figure 5, the x-axis specifiesthe number
of registerslive at eachcycle during the executionof the
benchmarkwhile thethey-axisindicatesthepercentageof
thetotalnumberof cycleswith atmosttheindicatednumber
of registerslive. Comparingtheshapesof thecurvesfor the
perfectcache(thesolidline) tothecurvefor thelockup-free
cache(thedottedline), we notethat thelockup-freecache
requiresmoreregistersto obtainthesamerun-timecover-
ageastheperfectcache.In addition,thesmallerslopeof
thelockup-freecachecurveindicatesthatthelive registers
are concentratedin a wider range. This rangebecomes
smallerwhena lockup cacheis used,suggestingthat the
additionalregistersrequiredfor the lockup-freecacheare
a resultof allowingmultipleoutstandingcachemissesand
cacheprobesto occurduring the servicingof the misses.
Thecurvefor thelockupcache,however, issimilarin shape
to that for the perfectcache,but the curvefor the lockup
cacheshowsthat the majority of the numberof registers
is concentratedin a morenarrowregion(between55 and
75), suggestingthat thereis lessvariancein the register
requirements.This reductionin the registerrequirements
maybeduetomorein-orderissuingof instructionsandthus
lessvariancein thetimerequiredto meettheconditionsfor
freeingregisters.

3.4 Timing Model
In a wide-issuedynamicallyscheduledprocessor, there

areanumberof critical pathsthatwill likely determinethe
cycle time. Thesepathsinclude the dispatchqueue,the
registerrenamingunit, and the registerfile. The imple-
mentationsizeandcomplexityof thesestructurestendto
scaletogethersinceit is desirablethatnoneof thesestruc-
turesofferandisproportionateamountof functionality. For
example,if manyadditionalportsareaddedto theregister
renamingtables,additionalports to the registerfile will
probablybeneededaswell. Similarly, if manyadditional
entriesareaddedto thedispatchqueue,additionalregisters
in theregisterfile will probablybeneededaswell.

The registerrenamingunit andthe dispatchqueueare
subjectto wide variationsin implementationarchitecture
andcircuitry, while the registerfile designspaceis more
limited. Independentof how the dispatchqueueandre-
naming unit are implemented,however, they will have
structuressimilar to thosefound in the registerfile (such
as numbersof ports or numbersof entries). Hence,we
assumetheregisterfile cycletime scalessimilarly to their
cycletimes,andthereforeto thatof themachineasawhole.

We presentanevaluationof theregisterfile cycletimes
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Figure 8: Cumulativeregisterusagehistogramfor com-
press showinghow manyregistersarelive asa percentof
run time. Thesystemmodeledusedpreciseexceptions,a
4-way issueprocessor, 32 entrydispatchqueue,and2048
registers.

requiredfor the four-way and eight-wayissueprocessor
systems.This evaluationassumeda lockup-freecacheor-
ganizationanda 32 entrydispatchqueuefor the four-way
issueprocessor, anda64entrydispatchqueuefor theeight-
wayissueprocessor. Wesimulatedanumberof registerfile
designseachdifferingin thenumberof readandwriteports
andthenumberof registers.Thenumberof readandwrite
portswassetby theissuewidth of theprocessorwhile the
registerfile sizescorrespondto thoseusedin Figure6. For
thesesimulations,we modifiedthecacheaccessandcycle
time modelof Wilton and Jouppi[15] to generatecycle
times for multiportedregisterfiles using the registerfile
cell shownin Figure9. Thiscell usestwo bitlinesperwrite
portandonebitline perreadport. Onewordlineis required
perport. We assumeda 0.5� m CMOStechnology.

Bit
Read
bitline #1

Write wordline #1

Bitbar
Write bitline #1

Read wordline #1

To sense
amplifier

Figure9: Multiportedregisterfile cell.
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Using this model, we determinedthe cycle time for
eachof the integerand floating-point registerfiles as a
function of the sizeof the registerfile. For the four-way
issueprocessor, we assumedthe integerregisterfile had
8 readportsand4 write ports,whereasthe floating-point
registerfile hadhalf asmany(becauseonly half asmany
floating-pointinstructionscan be issuedper cycle in our
model); twice the numberof portswereassumedfor the
eight-wayissueprocessor. The resultsof the evaluation
arepresentedgraphicallyin Figure10. Thisfigurepresents
for both issuewidths two registerfile timing curvesand
two estimatedperformancecurves.

In thetwo graphsshownin thefigure,thecycletime of
thefloating-pointregisterfile is givenby thecurvemarked
with triangles,while thecycle time of the integerregister
file is given by the curvemarkedwith circles. Note that
the cycle time of the floating point registerfile is always
smallerthantheintegerregisterfile, aspeeddifferencethat
is attributableto thefloating-pointregisterfile havinghalf
thenumberof portsastheintegerregisterfile. Theregister
file cycletimesfor thefour-way issueprocessoralsoshow
a smallerincreaseas the numberof registersis doubled
thantheincreasewhichoccurswith adoublingof theissue
width for the sameregisterfile size. This relationshipis
due to the cycle time of a large registerfile being more
stronglyaffectedby a doublingof the numberof register
file portsratherthana doublingof thenumberof registers.
Foraregisterfile, doublingthenumberof portsdoublesthe
numberof wordlinesandbitlines(quadruplingtheregister
file areain thelimit), but doublingthenumberof registers
onlydoublesthenumberof wordlines(doublingtheregister
file sizein thelimit).

Thetwographsalsoshowanestimateof machineperfor-
manceassumingthatthemachinecycletimescalespropor-
tionally to thatof the integerregisterfile. Performanceis
measuredin billions of instructionspersecond(BIPS)and
is derivedby dividing the averagecommit IPC from Fig-
ure6 by thecycletimeof theregisterfile in question.The

performanceobtainedunderpreciseexceptionsisshownby
thecurvesmarkedwith white squareswhile thatobtained
underimpreciseexceptionsis shownby the curveswith
blacksquares.For bothissuewidths,theimprecisemodel
hasa smallperformanceadvantagewith smallnumbersof
registers.However, in thefour-way issueprocessor, there
is little performancedifferencebetweenthetwo exception
modelswith registerfile sizesgreaterthan 80. For the
eight-wayissueprocessor, this point occursat 160 regis-
ters,a resultof theneedfor moreregistersdueto themore
out-of-orderissueof instructionsin the eight-way issue
processor.

The performancecurvesin Figure 10 all exhibit per-
formancemaximaat moderatenumbersof registers.For
registerfiles smallerthanthesemaxima,theaverageBIPS
falls off, a resultof instruction-streamstalls. For register
files larger thanthesemaxima,the increasingregisterfile
cycletime negativelyimpactsthemachinecycletime and
hence,overall performance.We alsonote that the max-
imum performanceonly improvesby 20% whenmoving
from the4-issuemachineto the8-issuemachine.A major
reasonfor this fact is the large increasein the cycle time
that is mandatedby the largerandmorecomplexregister
file. Although the data presentedin this figure is for a
dynamicallyscheduledprocessor, a VLIW processorwith
centralizedintegerandfloating-pointregisterfiles would
alsobesubjectto performancelimits similar to Figure10.
Hence,thereis a needfor newdecentralizedarchitectures,
suchastheproposedMultiscalararchitecture[16].

4 Conclusions
We haveinvestigateda numberof issuesin the design

of registerfiles for dynamicallyscheduledsuperscalarpro-
cessors.Fromtheseinvestigationswe drawthe following
conclusions.

First, theadditionalregisterrequirementsfor providing
preciseexceptionsin theseprocessorsis relatively small.
The imprecisemodelwe 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 theeight-wayissuemachine,the
instructionsmustbeexecutedmoreout of programorder.
The eight-wayissuemachineusing impreciseexceptions
requiredanaverageof 37%fewerregistersthanoneusing
preciseexceptionswith a dispatchqueuesizeof 64. Be-
causetheregisterfile cycletimeis moreheavilydependent
onthenumberof registerfile portsthanthenumberof reg-
isters,and in view of all the other hardwarerequiredby
a dynamicallyscheduledsuperscalarprocessor, the addi-
tionalregistersrequiredto supportpreciseexceptionsarea
smallcost.

Second,the combinationof dynamic schedulingand
aggressivenon-blockingloadsupportcanachieveperfor-
mancequiteclosetothatof systemswith single-cycledirect
memoryaccess(a perfectmemorysystem).Althoughthe
processorat timescould usemanyhundredsof registers,
we foundthat limiting thenumberof registersto 80 (both
integerandfloating-point)for thefour-way issuemachine
and128 for the eight-wayissuemachine,resultedin per-
formancethatwasonly a few percentlower thanthatof a
machinewith anunlimitednumberof registers.

Third, we extendeda cachememoryaccessandcycle
time model to model registerfile cycle times. Although
therearemanycriticalpathsin adynamicallyscheduledsu-
perscalarprocessor, theworstmayhavetiming thatscales
similarly to that of registerfiles with complexity. There-
fore we approximatedthe scalingof machinecycle time
with complexity to be proportionalto the scalingof the
requiredregisterfile cycletime. Sincetheregisterfile be-
comesslowerasthenumberof registersincreases,andthe
resultingIPCtendsto saturate,theoverallmachineperfor-
mancehasa maximawith theabovenotednumberof reg-
isters. In addition,sincetheregisterfile cycletime is also
stronglydependenton the numberof ports,we conclude
from oursimulationsthattheuseof centralizedintegerand
floating-pointregisterfiles may yield only a 20% perfor-
manceimprovementfor aneight-wayissueprocessorover
a four-wayissueprocessor.
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