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Abstract

Modern microprocessos employ increasingly complicated
branc predictors to achieveinstructionfetch bandwidththat
is sufcient for wide out-of-oder executioncores. While ex-
isting predictors can still be accessedn a single clock cy-
cle, recentstudiesshowthat slower wires and faster clock
rateswill require multi-cycleaccessimesto large on-cip
structues, sud as branc prediction tables. Thus, future
branch predictois must considernot only area and accu-
racy, but alsodelay This paperexploresthesetradeofs in
designingbrand predictors and showsthat increasedaccu-
racy alonecannotovercomethe penaltiesin delaythat arise
with larger predictor structues. We evaluatethree schemes
for accommodatinglelay: a cachingapproac, an overrid-
ing appmoac, and a cascadindookaheadapproac. While
we usea commonbranc predictor gshare as the predic-
tion componenttheseschemesanbeconstructedisingmost
typesof predictors.

1 Intr oduction

Accuratebranchpredictionis essentiato sustaininghighIPC
in pipelinedmicroprocessorsUntil now, the hugebody of
branchpredictionresearcthasfocusedon only two dimen-
sions of the problem—areaand accurag—and has found
that larger hardware budgetsyield higheraccurag for two
reasonsThey allow longerhistorylengths,andthey reduce
aliasing which occurswhentwo unrelatecbrancheslestruc-

tively sharethe samehardware branchpredictionresources.

Indeed,muchof therecentwork hasfocusedon method<or
reducingaliasing[19, 13, 12, 21, 5]. With growing chip ca-
pacities, the focus of the researchcommunityon areaand
accurag hasledto largeelaboratgredictors someof which
requirel16K to 64K bytestructureg7].
Recentstudieshowever, have shavn thatasfeaturesizes
shrink, larger wire delaysandsmallerclock cycleswill lead
to multi-cycle accesgo large on-chip structureq1]. Thus,
future branchpredictorswill needto considerathird dimen-
sion: delay Figurel illustratesthe problemof ignoring de-
lay. Usinganidealizeddelayof onecycle to accesghe pat-
tern history table (PHT), the gshae predictor[13] seesim-
proved IPC—dueto improved predictionaccurag—as the
size of the PHT is increased.By contrast,with an aggres-
sive clock frequeng (2GHz) anda realisticdelay modelfor
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todays 180 nanometertechnology the curve drops off at

1KB wherethe PHT requirestwo cyclesto accessandIPC

dropssigni cantly at 32KB wheredelay becomeghreecy-

cles.Thisproblemwill beexacerbatedby thesmallemprocess
technologie®f the future,asshovn by the curve for 2100nm
technologywhich dropsto 3 cycles8KB.
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Figure 1: Instruction ThroughputversusCapacityfor the
gshae predictor Using idealizedsingle-g/cle access)PC
(and predictionaccurag) increaseswith increasingpattern
history table capacity Using realistic delay models, IPC
dropswhenthedelayis 2 cycles,andfalls precipitouslywhen
thedelayis 3 cycles.

This paperexploresthe tradeofs in delay area,and ac-
curay for the designof future branchpredictors. We ex-
aminethreeapproachefor dealingwith delayin future pro-
cesgechnologiesatwo level cachingschemeanoverriding
schemethat allows a rst predictionto be overturnedby a
moreaccuratesecondprediction,anda cascadingookahead
schemehatexploits thetime betweerbranchego startread-
ing predictiontables.

Eachapproackcanbeimplementedvith almostary two-
level branchpredictorascomponentsWe usegshake asthe
basicpredictioncomponenbecausét is well-understoocnd
often usedas a standardfor comparison. To calibrateour
resultswith existing technology we also simulatea hybrid
predictorsimilar to thatfound in the Alpha 21264[11] mi-



croprocessorandwe shav how this hybrid predictorscales
to futuretechnologies.
This papemalkesthefollowing contritutions.

We shaw thatdelayin the predictorsigni cantly erodes
performance,so future branch prediction work must
considerdelayin their designs.

We shawv thatincreasingdelayto improve accurag is
never agoodtradeof.

We shaw thatthereareapproacheto branchprediction
thatcaneffectively uselargestructuresvith multi-cycle
accesgimes.

We shaw that the overriding approachperformsbest
andcanimprove IPC by 10%overgshaein 35nmtech-
nologyatanaggressie clock rate.

This paperis organizedasfollows. Section2 describes
relatedwork. Section3 discusseghe technologicalchal-
lengesthat branchpredictorsface. Section4 describeghree
approacheso dealingwith multi-cycle delay and Section5
presentexperimentaresults.

2 RelatedWork

Most recentresearchin dynamicbranchpredictionfocuses
on the two-level schemeof Yeh and Patt [23], which uses
two-bit saturatingcountergo recordthe history of particular
branche®r branchpatterns As Sechrestetal. shaved[19],
aliasingcanlimit theaccurag of branchpredictors A variety
of techniquedor reducingaliasinghave beensuggestedl3,
12, 21, 5], andgivensufciently large predictortablesmary
of thesetwo-level achiere similar performancgbs].
Lookaheadranchprediction,including predictingmulti-
plebranchegercycle,hasbeensuggestedsameandor pre-
dicting brancheghathave not yet beenpresentedo the pre-
dictor. Oneof the rst lookaheadranchpredictorsvaspro-
posedby Yeh, etal. [22] asthe Multiple BranchTwo-Level
Adaptive BranchPredictor This predictorusesthe resultof
the rst branchpredictionto speculatiely updatethe history
registerfor a secondoranchprediction.No branchaddresses
arerequiredsinceonly the global history registeris usedto
accesghe patternhistory tables. Seznecgt al. improve on
thisideaby enhancinghe BTB to enablethe predictorto use
theaddres®f thecurrentinstructionblockto performpredic-
tion for the next instructionblock [20]. This schemesnables
thefetchesto multiple blocksto bepipelined.Onder Xu and
Guptaproposea similar schemen which predictionsfor an
entirebranchsequencere madeall at once,andinstruction
fetchcancontinueunimpededhroughthelastbranch[14].
Driesenand Holze proposea “cascaded”predictor that
dynamically Iters easilypredictedbranchestelieving alias-
ing effectsin the PHT [4]. Our work borraws the idea of
cascadingbut usesit to alleviatedelay Similarly, Eversde-
scribesthe useof two PHTs with different history lengths
anddifferentaccesgimes,andsuggestshat the slower one
canoverridetheother[6]. TheAlpha21264branchpredictor
usesthe idea of overriding: the branchpredictorcan over
ride the lessaccurateinstruction cacheline predictor with
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Figure2: PredictionAccuray versusPatternHistory Table
Capacityfor our benchmarks As the capacityincreasesso
doesthe predictionaccurag. Accuray is worsefor a 4-way
out-of-ordermachinebecausethe branchhistory is not al-
waysupdatedn time for the next prediction.

a penalty of a single cycle, as opposedto the seven-g/cle
branchmispredictionpenalty[11].

Of coursethereal goalin thesestrat@iesis to improve
instructionfetch bandwidthand preferablytake branchpre-
diction off the critical path. Recentresearcthasfocusedon
tracecachesasa mechanisnto capturea long streamof se-
guentialinstructionsthatcanbe easilyfetchedat peakband-
width [18, 15]. Branchpredictionguidesthe traceselection
in the instructionfetch engine,at times predictingmultiple
branchepercycle. A moreradicalapproachs theFetchTar
getBuffer (FTB) proposedy Reinmangtal. [16]. TheFTB
storesthe addressesf predictedblocks of instructionsand
is designedhsa two level cachefor fastaccessandaccurate
block prediction. Like our study Reinman,et al. consider
technologyconstraintsn thedesignof the FTB. Frameavorks
likethe FTB canbene t by usingdelay-sensitie branchpre-
diction stratgiesastheir branchpredictioncomponents.

3 Challengesfor Branch Prediction

This sectiondiscusseshe nearterm technologicakrendsin

fabricationtechnologieshatbranchpredictordesignersnust
confront.We rst discusghetradeofs betweeraccurag and
delay explainingwhy delayis becomingncreasinglysignif-

icant. We thenexplain why large tablesleadto large delays.
Togetherthesenbserationsframeour searcHor thelateng-

sensitve predictorsghatwe discussn the next section.

3.1 Predictor Delayvs. Accuracy

Branch prediction accurag increaseswith the amount of
memoryallocatedto the branchpredictiontable. Figure 2
shavs theaccurag of thegshae branchpredictoron several
benchmarkgseeTable2 for alist of thebenchmarksisedin
this study)asthe predictiontablecapacityis increasedboth
in a sequentialin-order machineand a 4-way out-of-order
machinesimulatedwith SimpleScalaf2]. The graphalso
shaws the accurag of a hybrid predictorsimilar to that in
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Figure3: Histogramof averageinter-branchlatenciesmea-
suredin cycles, betweenpredictionrequestsfor the SPEC
2000 integer benchmarks.Over 60% of the predictionre-
questccurat leastonecycle afterthe previousrequest.

the Alpha 21264.We seethatwide issueout-of-orderexecu-

tion hasanimportanteffect on predictionaccuray, increas-
ing the mispredictionrateroughly 25% over the single-issue
in-ordercasebecaussomepredictionsaredemandedbefore
the global patternhistory register can be updatedwith the

mostrecentbranchoutcomes.This effect alsooccurswith a

single-issudan-ordermachine,but is muchlesspronounced
sincefewer brancheganbein ight atthesametime.

Similar graphsappearin mostrecentbranchprediction
papersThesegraphgacitly imply thatbranchpredictionac-
curag, and henceinstructions-peclock (IPC), canbe im-
proved by increasingthe size of the predictiontable. How-
ever, larger structureslead to larger accessdelays; worse,
aggressiely increasingclock rates(as the marketplacede-
mands)increaseshe structureaccessime as measuredn
clock cycles.

Our studiesshaw thatit is almostnever worth increasing
the delayof a branchpredictorfor the sale of improved ac-
curagy. For example,Figurel shavs thataswe increasehe
capacityof the tablesin gshae, we increasedelay andde-
creasdPC. This effect canbe explainedwith the following
equatiorwhichroughlyapproximateshecost of executing
abranchinstruction:

where is thedelayof branchpredictor is the mispredic-
tion rate,and is themispredictionpenalty While thedelay

may not alwaysbe on the critical pathof the pipeline,in-
creasing will reducetheinstructionfetchbandwidthto the
executioncores.Becausenispredictiorratestendto beclose
to 10%,changesn havealargerimpactthansmallchanges
in

3.2 Branch Frequency

A programs control behaior is basednot only on the pre-
dictability of its brancheshut alsoon the branchfrequeng.
If branchpredictionis requiredon every clock cycle, ary de-
lay in branchpredictionwill substantiallyslow the instruc-
tion fetchrate. However, if branchesarewidely spacedthen

Gate | 16FO4CIk | 10FOA4CIk
(nm) (GHz) (GHz)
250 0.70 1.12
180 0.96 1.54
130 1.33 2.13
100 1.74 2.78
70 2.48 3.97
50 3.47 5.55
35 4.96 7.94

Tablel: Projectectlock ratesusingFO4 Clock scaling.

branchpredictionlateny will have lessimpact on perfor

mance.We useSimpleScalato measurahe averagebranch
frequeng in ten SPEC2000integerbenchmark®n a 4-way
out-of-ordermachinecon guration. Theresultsin Figure3

shav that61%of the branche$iadatleastoneunusedcycle
betweenpredictions. The unusedcycles provide additional
time to predictfuturebranches.

3.3 TechnologyScaling

Branchpredictorslik e othermicroarchitecturstructuresare
affectedby two technologyscalingtrends. At smallerfea-
ture sizes,wire delaygrows in signi cancerelative to tran-
sistor speedsand can affect the lateng of the fetch engine
andthe branchpredictor Furthermore microprocessode-
signerscontinueto aggressiely increaseheclockrates,out-
strippingthespeedmprovementsachiezedby transistorghat
have smallergatelengthsin eachsuccessie technology{1].
Thesefasterclocksexacerbatehe tradeof betweercapacity
anddelayin microprocessocomponents.

To accountfor acceleratinglock rateswe useatechnol-
ogy independeninetric, thefanout-of-four(FO4) delaymet-
ric, to measureclock period[9]. OneFO4delayis thetime
for aninverterto drive 4 copiesof itself. Reasonablenodels
shav thatundertypical conditions the FO4 delay measured
in picosecondsis equalto , Where is
the minimum gatelengthfor a technology measuredn mi-
crons. The numberof FO4 delaysin a clock periodis an
indicatorof the numberof levels of logic in a pipelinestage.
In this paper we examinetwo edgesof the clock scalingen-
velope: , which correspondso a clock periodof 10 FO4
delaysand  correspondingo 16 FO4delays.Tablel lists
thetechnologieshatwe considerin this paperandthe clock
ratesthatresultfrom aggressie () andconserative ()
scaling.

We baseour estimateof branchpredictordelay on the
accesgime of the memory-orientedstructuressuchas the
patternhistorytable(PHT). To modelPHT delay we usethe
methodologydescribedby Agarwal, et al. [1], which aug-
mentsthe ECacticachedelaymodelingtool [17] with scaled
technologyparametersWe corverttheaccessime produced
by the augmentedECacti model into cycles, accordingto
both the and clock scalingstratgies. As shawvn in
Figure4, with the aggressie clock, only smalltablesof
1024entriescanbe accesseth a singlecycle, andat 35nm,
only 512 entriescan be accessedn one cycle. Accepting
a 2 or 3 cycle delayincreaseshe capacityto 16K and 64K
entries,respectiely. Usingthe conserative clock rate,
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much larger structurescan be used, ranging from 16K to
512K, astheaccessatengy grows from 1 to 3 cycles.

As a consequencef technologyand clock scaling, the
challengdor themicroarchitects to achieze highaccurag in
branchpredictoravhosetablesizesarelimited. Thus,branch
predictorscannotbe evaluatedsolely on predictionaccurag.
Lateny mustbe takeninto accountasthe branchpredictor
will oftenresideon the critical pathfor the executionof the
program.However, someof thelateny of branchprediction
canbe hiddenif spacedbetweerbrancheganbefound. The
remainderof this paperexaminestechniquedor achieving
highpredictionaccurag while minimizing predictionlateng
for futureprocesgechnologies.

4 Latency Sensitive Branch Predictors

In this sectionwe describethreewaysto con gure branch
predictorsto increaseaccurag in the faceof increasinga-
teng. Thesetechniquesll have a commontheme:a small
tableis usedto provide quick prediction,anda largetableis
usedto provide higheraccurag. The techniquesareappro-
priatewhenstandardechniquedor branchpredictionmight
exceedone cycle, and are generaltechniquesthat can be
appliedto most predictionalgorithms. We assumehat the
branchtargetbuffer (BTB) is keptata constantapacityand
accesgime. While this is not realisticbecauseof technol-
ogy andclock rateimpacton BTB capacity it allows usto
focussolely on the scalingof the branchpredictor Similar
strat@iescanbeappliedto the BTB.

4.1 CachingPrediction Tables

The rst stratgy to combatthe long lateny of large branch
predictiontablesis to build a small cacheof branchpredic-
tion tableentries.This allows usto realizethe bene ts of re-
ducedaliasingandincreasedistorylengthwithouttheadded
latengy of the large table, sincethe cachewill work in one
cycle. Figure5 shawvs the organizationof the gshae predic-
tor augmenteddy a cache. The branchhistory and branch
addressrehashedisingthe XOR gate,andtheresultingad-
dressis sentto both the patternhistory table cache(PHTC)
and the patternhistory table (PHT). The PHT consistsof
2-bit saturatingcounterswith the numberof countersequal

) andconserative () clock
Branch
Address
) Branch ’
History Register ABP PHTC|* PHT
Hit?
Prediction

Figure5: CachingBranchPredictor

to the numberof combinationf addresseproducecby the
hashfunction. The PHTC caches subsebf thosecounters
in asmallertablethatcanbe accessedhorequickly thanthe
PHT. If the correctcounteris foundin the PHTC, thenthe
predictioncanbe madeimmediately If a missin the PHTC
occurs,thenthe PHT mustbe consultedto nd the correct
saturatingcounter Like traditional cachesan entryin the
PHTC is replacedwith the correctcounterfrom the PHT.

Whenthe branchdirectionis determinediuringa later stage
of theexecutionpipeline,thecounterdn thePHT andPHTC
are updatedto re ect the corrector incorrectprediction of

thatbranch.

If aPHTCmissoccursthewait for thecorrectprediction
from the PHT will delayinstructionfetch andwill degrade
overall performanceTwo alternatvescanbeusedto prevent
this additionaldelay The predictionproducedyy the PHTC,
albeitfor the wrongbranch,canbe used.We insteadbuild a
smallauxiliary branchpredictor(ABP) thatcanbe accessed
atthe sametime asthe PHTC. If the PHTC missesthenthe
resultfrom the ABP is used. The accurag of this hybrid-
like predictoris a functionof the capacitieof the subsidiary
predictorsandthe ability of the PHTCto capturethelocality
of branchinstructions.

4.2 CascadingLookaheadBranch Prediction

Lookaheadranchpredictionhasbeenproposedisamecha-
nismto increasdetchbandwidthby generatingaddressefor
futurebrancheg22, 20]. The sametechniquecanbeapplied
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Figure6: CascadinddranchPredictor

to reducethe impactof longerlateny branchpredictors. If
the branchpredictoris not needecn every cycle, thennatu-
ral spacingbetweenbranchesanbe usedto performa pre-
diction for the next branchthatis likely to arrive. Thus, if
branchesrespacedothatthe predictoris accessednly ev-
ery other cycle, the predictorcan have a two cycle lateny
withoutintroducingadditionaldelay

The gshae predictorcanbe adaptedo look onebranch
ahead. While gshae usesthe branchhistory register and
branchaddresgo computethe PHT addressthe lookahead
predictorusesthe predictedhistory andpredictedbranchtar-
getaddressThe predictechistoryis computediy appending
the predictionof themostrecentbranchto thebranchhistory
register Thepredictedbranchtargetaddresss takendirectly
from the BTB asa resultof the previous branchprediction.
As a consequenceahis schemeelieson the accurayg of the
BTB. If the predictioncancompletebeforethe next branch
arrivesatthepredictor predictionis instantaneoud-owever,
if thepredictionrequiresmultiple cycles(dueto alargetable)
andthenext brancharrivesheforethe predictionis complete,
theinstructionfetchenginestalls.

Cascadindookaheadranchpredictionimplementsa se-
ries of tablesof ascendingsizeandlateny. Figure6 shavs
atwo-level cascadingredictor Like alookaheadoredictor
thenext predictionis basednthelastpredictionandthelast
predictedbranchtarget. Predictionis begun simultaneously
onbothlevelsof thecascadingredictor If thelateng to the
next branchto be predicteds large,thenthe predictionfrom
the secondevel tableis selected.If the next brancharrives
beforethesecondevel tablecancompleteits accessthenthe
predictionfrom the rst level tableis used.

The combinationof a small rst level table anda larger
secondevel table canprovide high aggreateaccurag with
low lateng. However, the utility of thelargertabledepends
on its accesgime andthe inter-branchlateng. If branches
occurextremely frequently the secondevel of the cascade
will not be used. The cascadinglesigncanbe trivially ex-
tendedto more thantwo levels. Furthermore hybrid pre-
dictorsof varyinglatenciescanbeincorporatednto the cas-
cadingstratay. In our descriptionabore, thelogic to select
which predictionto useis basedonly on the arrival time of
the next branch. More complicatedselectorscould tradeoff

Branch Addres:

Branch History
Register

PHT1 PHT2

\J
Branch 1 l Branch 2
Match

Figure7: Overriding BranchPredictor

Benchmark Description
164.9zip LZ77 compression
175.vpr Placeandroutefor FPGAs
176.gcc C compiler
181.mcf Minimum costnetwork o w solver
197.parser Naturallanguageprocessing
253.perlbmk Perl
254.gap Computationagrouptheory
255.vortex Database
256.bzip2 Block-sortingcompression
300.twolf Placeandroute

Table2: Subsebf the SPEC2000integerbenchmarisuite.

lateng versusaccurag by predictingwhich of mary predic-
tionsis bestfor the subsequentranch.

4.3 Overriding Branch Predictor

An overriding branchpredictor(Figure7) providestwo pre-
dictions.The rst predictioncomesfrom afastPHT (PHT1),
andthesecondoredictioncomesfrom a slower, but moreac-
curatePHT (PHT2). Whenbranchpredictionis requested,
the rst predictionis usedandacteduponwhile the second
predictionis still beingmade.If thesecondoredictiondiffers
from the rst prediction,the actionstaken basedon the rst
predictionaresquashedndinstructionsarefetchedusingthe
secondprediction; thus, the secondpredictoroverridesthe
rst predictor For theoverridingschemewe assumehatthe
penaltyof restartingan overriddenfetchis equalto the delay
of PHT2. A similar techniqueis usedin the Alpha 21264,
in which the branchpredictor whoseresultsbecomeknovn
only in the secondstageof the pipeline,canoverridetheless
accuratanstructioncacheline predictor[11] atthe costof a
singlestall cycle. We assumehe predictoris pipelinedsuch
that no branchneedsto wait for the completionof a PHT2
lookupfor a previousbranch.



Capacity
(bits) #entries | Bits/entry | Ports
BTB 48K 512 96 1
Reorderuffer 8K 64 128 8
Issuewindow 800/320 20 56 8
Integer RF 5K 80 64 10
FPRF 5.6K 72 80 10
L1 I-Cache 512K 1K 512 1
L1 D-Cache 512K 1K 512 2
L2 Cache 16M 16K 1024 2
I-TLB 14K 128 112 1
D-TLB 14K 128 112 2

Table3: Parametersisedfor the simulations,similar to the
Alpha21264.

5 Resultsand Evaluation

In this sectionwe evaluatethe threelateny sensitve branch
predictorsand comparethem to gshae acrossa spectrum
of processtechnologies. As displayedin Table 2, we use
ten SPEC2000integer benchmarkgor our simulation. We
simulatethe different prediction strategies describedabove
usingdelay estimatesat seven processechnologiesanging
from 250nmto 35nm. We simulatethe benchmarksausing
theSimpleScalaout-of-ordersimulatorandPISAinstruction
set,con guredwith parametersimilarto thosefor the Alpha
21264;thesimulatoris amodi ed versionof theoneusedby
Agarwal et. al. [1]. Eachsimulationrunsfor 500 million
instructionsor until the applicationterminates,whichever
comesrst. In thesimulationstheglobalpatternhistoryreg-
isteris updatedspeculatiely andbacled up on a mispredict,
while update$o thePHTsaredonewhentheupdatingoranch
commits.

Sincewe arefocusingsolely on the branchpredictor we
keepthe otherstructuresizesconstanatvaluesshawvn in Ta-
ble 3. Our main resultsusethe aggressie clock rate,
which emphasizethe scalingdif culties of branchpredictor
structures.We alsoreportresultsfor the more conserative

clock. Although  wasusedin the original technology
scalingwork [1], we choose  asouraggressie clockrate
becauseour hybrid predictoris unworkableat the  clock
rate.

For eachprocesgechnologywe con gure the simulator
with thelargestbranchpredictionstructuregpredictortables,
cachegtc.)reachablatthegivennumberof cyclesallocated
to branchprediction. The structuresizesare obtainedusing
the modi ed versionof ECactidescribedn Section3. For
eachbenchmarkve measuréPC, aggrgatebranchpredictor
accurag, andotherstatisticsrelatedto the branchprediction
schemes Aggregatebranchpredictionperformancds com-
putedasthe arithmeticmeanover the benchmarksNotethat
the capacityof eachstructureis setby its accesgime, rather
thanary chip arealimitation. With smallerfeaturesizes this
assumptions fair, asthe amountof effective chip areais far
largerthanis reachablén the numberof cycleswe consider
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Figure8: IPCat 100nmfor variouscon gurationsof primary
andsecondangtructuresn the caching,overriding,andcas-
cadingpredictorsatthe  clockrate.

5.1 Predictor Con guration

For eachpredictor we considerseveral con gurations of
structurecapacityandlateng in searctof thebestcon gura-
tion ateachtechnologygenerationFigure8 shavstheresults
of theseexperimentdor thecachingandcascadingredictors
at100nm.In the cachingpredictor thetwo structuresarethe
PHTC andthe PHT, while in the overriding and cascading
predictorthetwo structuresarethe PHT1andPHT2. As the
secondanstructureaccesgimesincreasethe resultinglPC
is slightly worsefor the overriding predictorandslightly bet-
ter for the cascadingpredictor The size of the secondary
structurefor the cachingpredictormaleslittle differencein
performance.The restof our resultsare reportedusing the
bestcon gurationsfoundfor eachpredictiontechnique.

Eachgshae componentf thevariouspredictorsuseshe
maximumhistorylength,e.qg.,if agshae predictorhas1024
entries thenthe maximumhistorylengthis .
Studieshave shavn that the using the maximum history
length doesnot always yield the bestaccurag [13, 8], so
we empirically identify the besthistory lengthfor gshae at
eachhardware budget. We nd that, for our PISA instruc-
tion set, branchpredictor con gurations, and benchmarks,
thebesthistorylengthis alwaysthe maximum.

In thecachingpredictor we variedthelateng of thePHT
from 2 to 4 cycles, keepingthe PHTC at a 1-cycle access
time. Notethatincreasingthe lateny of eachtablealsoin-
creased#ts capacity

For the cascadingandoverriding predictors we keepac-
cessto the primary PHT at one cycle while varying access
to the secondaryPHT from from 2 to 4 cycles. Increasing
thesecondevel (PHT2)lateny reducedPC slightly for the
overriding predictor but increasedPC slightly for the cas-
cadingpredictor

The bestcon gurationsfor the cachingpredictorat the

clock rate can be seenin Table4. The PHTC hasan
unusuallysmall numberof entriescomparedwith the other
structures.Unlike a normalcachethathaslarge cachelines,
our cachingpredictorrequiresmary timesmoretagbits than
databits. Theextrawire lengthinvolvedin accessinghetag



Technology | ABP ABP PHTC | PHT PHT
(nm) Delay | Entries | Entries | Delay | Entries
250 1 2K 512 2 64K
180 1 1K 256 2 32K
130 1 1K 256 3 128K
100 1 1K 256 4 256K
70 1 1K 256 2 32K
50 1 1K 256 2 16K
35 1 512 128 2 16K

Table4: The bestcon gurationsof the ABP andPHT table
sizes,aswell asnumberof PHTC for the cachingpredictor

ateachtechnologyfor the  clockrate.
Technology | PHT1 | PHT1 | PHT2 | PHT2
(nm) Delay | Entries | Delay | Entries
250 1 2K 2 64K
180 1 1K 3 128K
130 1 1K 2 32K
100 1 1K 2 32K
70 1 1K 3 64K
50 1 1K 3 64K
35 1 512 2 16K

Table5: Thebestcon gurationsof the PHT1andPHT2for
the cascadingand overriding predictorsat eachtechnology
forthe  clockrate.

bits severely restrictsthe numberof cacheentries,limiting
the effectivenessof this scheme. Other predictioncompo-
nentsin whichthesizeof thebasicpredictionelemenis large
with respecto thenumberof tagbits, suchasthe perceptron
predictor[10], maybemoreamenablé¢o a cachingscheme.
Thebestcon gurationsfor the cascadingredictoratthe
clock rate are shawn in Table5. The bestcon gura-

tionsfor the overriding predictorareidenticalto thoseof the
cascadingredictor sincethe two predictorshave muchthe
samearchitectureanddiffer only in their policy of whenand
whetherto usethe second-leel PHT. Indeed,the streamof

updatego thePHT1andPHT2structureshouldbethesame
in both overriding and cascadingredictors;the only differ-

enceis that the overriding predictoralways usesthe PHT2
prediction while the cascadingredictoronly useshe PHT2
predictionwhenit hasenoughtime.

The bestcon gurations for eachpredictor at the more
conserative clock rate (not shavn) allow larger tables
andsingle-gcle accesdor the hybrid predictorateverytech-
nology

5.2 Structur e UsageRates

The simulationskeepstatisticson the rate at which the var-
ious structuresare accessedTo explain the relative perfor
manceof eachtechnique Figure9 shaws the utility of each
predictor Thesestatisticsexplain the relative performance
of eachtechnique.For the cachingschemethe the PHT is
accessedor 7.5% of all branchesandthis accessesultsin
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Figure9: Theutility of thesecondangtructuress highestin
theoverriding predictorandlowestin the cachingpredictor

a predictiondifferentfrom that of the ABP in 0.013%of all
branchesThis explainswhy the performancef the caching
predictoris so similar to gshae by itself: it almostalways
relys on the ABP, andwhenit doesnt, the ABP and PHT
almostalwaysagree.

For the cascadingschemethe PHT2 structureis usedfor
45.6%o0f all branchesandits predictiondiffersfrom that of
PHT1for 5.5%o0f all branchesthusthe secondevel tableis
usefulfor only 5.5%o0f branches.

For the overriding schemethe frequeng with which the
predictionsof PHT1andPHT2disagreej.e., how oftenthe
more accuratepredictoris used,is 16.5%,so the overriding
schemels the most useful of the predictors. Theseresults
arefor 100nmtechnologythe statisticsaresimilar acrossall
technologies.

5.3 Hybrid Predictor

To demonstratéhe effect of delayon predictorsmorecom-
plex than gshae, and calibrateour clock estimateswith a
real-world processqrwe simulatea hybrid predictor simi-
lar to the branchpredictorof the Alpha 21264. We report
IPC and accurag gures for this predictoralong with our
otherresults. This predictormaintainsboth globalandlocal
branchhistory information. The global patternhistory reg-
ister is usedto index into a PHT while the branchaddress
is usedto index into a tableof local histories,which is then
usedto index anotherPHT. A choicetableis indexed by the
global patternhistory register The global branchhistory is
updatespeculatiely, andall othertablesare updatedwhen
the branchcommits. We assumethe lookupsin the global
PHT, local history table,andchoosertable are all startedat
thesameime, andthelookupin thelocal PHT occursimme-
diatelyafterthelocal historyregisterbecomesvailablefrom
thelocal table. The global PHT andchoosettable have four
timesthe capacityof the local PHT, andthe local PHT and
local historiestablehave the samenumberof entries.

This predictorcloselyresembleshe Alpha predictor[11]
with two exceptions: (1) on the Alpha, the prediction be-
comesavailable only in the secondpipeline stage,and can
overridethe rst-stageline predictor while our predictorop-
eratedn the rst pipelinestage;and(2), we allow thecapac-
ity of our predictorto vary dependingon the accesgimesat



Technology | Delay | Local | Global
(nm) Entries | Entries
250 1 128 512
180 2 4K 16K
130 2 4K 16K
100 2 4K 16K
70 2 4K 16K
50 2 2K 8K
35 2 2K 8K

Table6: The bestcon gurationsfor the hybrid predictorat
eachtechnologyfor the  clockrate. Beyond 250nmtech-
nology the predictorsimply cant work in onecycle because
of sequentialookupsinto the local history table and local
PHT, sodelayslipsto two cycles,with a correspondingn-
creasen tablecapacities.
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Figure10: Accurag vs. Technologyfor the ve prediction
stratgiesat . Thehybrid predictoris moreaccurateonly
becauséts bestcon gurationconsumeswo cycles,allowing
it to uselargetable.

thedifferentclock ratesandtechnologies.

The con gurations for the hybrid predictor at the
clockrateareseenin Table6. Unlike thegshae, this hybrid
predictorrequireswo tableaccessesrst in thetableof local
histories,andthenin the local PHT. Consequentlythis hy-
brid predictoris muchmoresensitve to delaythatprediction
schemeshatrequireonly asingletableaccesslin fact,atthe
aggressie clock rates,we foundthatthe tablesizesare
prohibitively smallfor singlecycle predictoraccesst 180nm
andsmaller Our original experimentsusedan  clockrate,
but that resultedin multi-cycle predictorlateny at 250nm
aswell. Finally, usingthe tablesizesof the Alpha 21264in
250nmtechnologyresultsin anaccessime of 1.55ns,which
correspond#o thepublishedclock frequeng of the Alpha of
approximately60O0MHz[11].

5.4 Aggressve Clocking

Figure 10 shaws the accuracie®f the bestcon gurationsof
thevariouspredictorsatthe  clockrates.As shavn in the
graph,accurag tendsto decreasevith featuresizes because
the prediction table capacitiesdecrease. The accurag of
theoverridingpredictorincreaseslightly from 100to 70nm,
sincethe bestcon guration for 70nmtechnologyallows the
PHT2 to take threecycles, while the bestcon guration in
100nmallows only two cycles. Likewise, the accurag of
the hybrid predictorincrease$rom 250to 180nmasthebest
con guration predictsin two cycles, allowing a larger area
to be used. Of the schemeghat canprovide a predictionin
a singlecycle, the overriding predictorachiezes the highest
accurag becauset always useslarger second-leel predic-
tor, eitherbecauset agreeswith or overridesthe rst-le vel
predictor The cascadingredictorperformsworsebecausé
sometimeausesthe lessaccuraterst-le vel predictor either
becauseahereare not enoughcyclesto usethe second-leel
predictor or becauseahe branchtamget from the BTB is in-
correctly predicted. Thusthis predictorfacesthe challenge
of branchmispredictionaswell asbranchtarget mispredic-
tion. Finally, cachingperformslesswell, not evenexceeding
theaccurag of asinglelevel gshae predictor

Of courseaccuray is notnecessarilyndicative of perfor
mance particularlywhenpredictiontime is a variable. Fig-
ure 11 shaw theinstructionthroughput(IPC) for eachof the
con guration describedabove. The hybrid predictor while
achie’ing the bestaccurag, re ects the lowest IPC at the
smallertechnologiesdueto theaccessimeincreasingo two
cycles. Therestof the predictorsfollow paralleltrajectories
with performancee ecting the overall accurag of the pre-
dictor. Clearly, the overriding predictor with it higheraccu-
ragy, is bestfor every procesgechnologyat the aggressie

clockrate.

5.5 Consewative Clocking

Figuresl2and13shav accuray andIPC of thesamepredic-
tion schemesbut with differentcon gurationsfor the more
consenrative clockrate. At this clock rate,the accurag
of the predictorsarevery similar, sincethe rst-level PHTs
arelarger For instance,the cascadingpredictorcanusea
rst-le vel PHT with 64K entries;having alargersecond-leel
PHT2 doeslittle to increasethe accurag of this predictor
Again, overriding achiezesthe highestaccurag, but the ac-
curay of hybrid decreaseasfeaturesize decreasesAt the

clock rate, the hybrid schemecanbe implementedn a
singlecycle, but thetablesizesdropsomevhatat 180nmand
35nm,causinga reductionin accurag. The overall instruc-
tion throughputis similar, againre ecting thecomparablec-
curacief thedifferentschemes.

Thatthe IPC achieed by eachschemeat is no sur
prise.Whentheclockrateis setata moreconserative level,
moretime is availableto all predictorsandtechnologyscal-
ing is lesscritical. However, total performances the product
of the clock rateandthe IPC. Thusthe questionis whether
the IPC reductionat outweighsthe bene ts of the faster
clock rate. Note from Figures11 and 13 thatthe IPC from
the overriding schemeat is only 3% lessthanthatatthe
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Figurell: IPCvs. Technologyfor the ve predictionstrate-
giesat
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Figure12: Accuray vs. Technologyfor the ve prediction
stratgjiesat

fasterclock rate. Combinedwith a 1.6 timesimprovement
in clock rate, overall performancewill improve by usingan
aggressie clocking stratgy. Thebene tsalsoexist with the
otherpredictorschemesbut the bene ts aresomavhat less,
dueto largerdegradationin IPC.

6 Conclusions

Until now, branchpredictiondesignhasfocusedon accurag
while ignoring delay We have shawn that as wire delays
andclock ratesincreasepranchpredictordesignsthat opti-
mizefor accurag canhave anegative impacton overall IPC.
Thus, future branchpredictoref cacy dependsn both ac-
curacy and delay, and researchershouldaccountfor both
whenreportingbranchpredictionresults. Accordingto our
scalablenodelsfor branchpredictoraccessime, today's pre-
dictorswill notbeaccessiblén a singlecycle in sub-100nm
technologieswith aggressie clocking. In deepsub-micron
technologieshatarelateng ratherthancapacitydominated,
a branchpredictors areawill becomdessimportantthanits
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Figure13: IPCvs. Technologyfor the ve predictionstrate-
giesat

lateng in thecritical path.

In this paperwe have examineda numberof alternatve
branchpredictorarchitecturesndevaluatedthemin thecon-
text of future procesgechnologies.We found that a hybrid
predictoris adequateintil its lateny exceedonecycle,caus-
ing IPC to plummet. The predictorthatcachesa patternhis-
tory table (PHT) for gshae performsno betterthangshae
by itself. Thetagsneededo implementa cachingscheme
requiresmorebits thanthe cachatself, andlimits bothcache
capacityandutility. The cascadindookaheadpredictorthat
usesthe time in betweenbranchego malke predictionsper
formsreasonablyvell ataggressie clock rates.The overrid-
ing predictorthat allows a slow predictorto cancelthe pre-
diction of a faster but lessaccuratepredictor performsthe
bestin our experiments.

To continue supplying a sufcient numberof instruc-
tions to the execution core, future microarchitecturesnust
move branchpredictionlateng off of the critical path. The
schemesve presentparticularlythe cascadingand overrid-
ing predictors,canbe augmentedy using somethingother
thangshae asthe primary or secondarypredictor We be-
lievethatthesecondaryredictoris theidealplacefor amore
complex andlongerlateny predictor asit canbe kept off
of the critical path. Architecturessuchasthe FetchTarget
Buffer [16] are promisingbecausahey decouplethe fetch
enginefrom the executionengine. Other hardware alterna-
tivesincludeamoreefcient branchpredictorencodingsuch
asthatsuggestetby JiménezandLin [10], or multiple levels
of cascadeg@redictors. The ideasof a cascadingpredictor
andan overriding predictorcan be combined,so that a late
predictionfrom a secondor eventhird) PHT canoverridean
earlierprediction;we believe this ideawould outperformthe
overriding predictorby itself. Finally software may be able
to assistfurther thoughbranchclassi cation [3] or through
schedulingthat increaseghe spacingof branchesn thein-
structionstream.
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