
Appears in theProceedingsof the33
���

AnnualInternationalSymposiumonMicroarchitecture

The Impact of Delayon the Designof Branch Predictors
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Abstract
Modern microprocessors employ increasinglycomplicated
branch predictors to achieveinstructionfetch bandwidththat
is suf�cient for wideout-of-order executioncores. Whileex-
isting predictors can still be accessedin a singleclock cy-
cle, recentstudiesshowthat slower wires and faster clock
rateswill require multi-cycleaccesstimesto large on-chip
structures, such as branch prediction tables. Thus, future
branch predictors must considernot only area and accu-
racy, but also delay. This paperexplores thesetradeoffs in
designingbranch predictors andshowsthat increasedaccu-
racyalonecannotovercomethepenaltiesin delaythat arise
with larger predictor structures. We evaluatethreeschemes
for accommodatingdelay: a cachingapproach, an overrid-
ing approach, and a cascadinglookaheadapproach. While
we usea commonbranch predictor, gshare, as the predic-
tion component,theseschemescanbeconstructedusingmost
typesof predictors.

1 Intr oduction

Accuratebranchpredictionis essentialto sustaininghighIPC
in pipelinedmicroprocessors.Until now, the hugebody of
branchpredictionresearchhasfocusedon only two dimen-
sions of the problem—areaand accuracy—and has found
that larger hardware budgetsyield higheraccuracy for two
reasons:They allow longerhistory lengths,andthey reduce
aliasing, whichoccurswhentwo unrelatedbranchesdestruc-
tively sharethesamehardwarebranchpredictionresources.
Indeed,muchof therecentwork hasfocusedon methodsfor
reducingaliasing[19, 13, 12, 21, 5]. With growing chip ca-
pacities,the focus of the researchcommunityon areaand
accuracy hasled to largeelaboratepredictors,someof which
require16K to 64K bytestructures[7].

Recentstudies,however, have shown thatasfeaturesizes
shrink, largerwire delaysandsmallerclock cycleswill lead
to multi-cycle accessto large on-chipstructures[1]. Thus,
futurebranchpredictorswill needto considera third dimen-
sion: delay. Figure1 illustratestheproblemof ignoringde-
lay. Usingan idealizeddelayof onecycle to accessthepat-
tern history table(PHT), the gshare predictor[13] seesim-
proved IPC—dueto improved predictionaccuracy—as the
sizeof the PHT is increased.By contrast,with an aggres-
sive clock frequency (2GHz)anda realisticdelaymodelfor

today's 180 nanometertechnology, the curve drops off at
1KB wherethePHT requirestwo cyclesto access,andIPC
dropssigni�cantly at 32KB wheredelaybecomesthreecy-
cles.Thisproblemwill beexacerbatedby thesmallerprocess
technologiesof thefuture,asshown by thecurve for 100nm
technology, whichdropsto 3 cycles8KB.
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Figure 1: Instruction ThroughputversusCapacityfor the
gshare predictor. Using idealizedsingle-cycle access,IPC
(andpredictionaccuracy) increaseswith increasingpattern
history table capacity. Using realistic delay models, IPC
dropswhenthedelayis 2 cycles,andfallsprecipitouslywhen
thedelayis 3 cycles.

This paperexploresthe tradeoffs in delay, area,andac-
curacy for the designof future branchpredictors. We ex-
aminethreeapproachesfor dealingwith delayin futurepro-
cesstechnologies:a two level cachingscheme,anoverriding
schemethat allows a �rst predictionto be overturnedby a
moreaccuratesecondprediction,anda cascadinglookahead
schemethatexploits thetimebetweenbranchesto startread-
ing predictiontables.

Eachapproachcanbeimplementedwith almostany two-
level branchpredictorascomponents.We usegshare asthe
basicpredictioncomponentbecauseit is well-understoodand
often usedas a standardfor comparison. To calibrateour
resultswith existing technology, we alsosimulatea hybrid
predictorsimilar to that found in the Alpha 21264[11] mi-
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croprocessor, andwe show how this hybrid predictorscales
to futuretechnologies.

This papermakesthefollowing contributions.

� Weshow thatdelayin thepredictorsigni�cantly erodes
performance,so future branchprediction work must
considerdelayin their designs.

� We show that increasingdelayto improve accuracy is
never a goodtradeoff.

� Weshow thatthereareapproachesto branchprediction
thatcaneffectively uselargestructureswith multi-cycle
accesstimes.

� We show that the overriding approachperformsbest
andcanimproveIPCby 10%overgshare in 35nmtech-
nologyat anaggressive clock rate.

This paperis organizedas follows. Section2 describes
relatedwork. Section3 discussesthe technologicalchal-
lengesthatbranchpredictorsface.Section4 describesthree
approachesto dealingwith multi-cycle delay, andSection5
presentsexperimentalresults.

2 RelatedWork

Most recentresearchin dynamicbranchpredictionfocuses
on the two-level schemeof Yeh and Patt [23], which uses
two-bit saturatingcountersto recordthehistoryof particular
branchesor branchpatterns.As Sechrest,etal. showed[19],
aliasingcanlimit theaccuracy of branchpredictors.A variety
of techniquesfor reducingaliasinghave beensuggested[13,
12, 21, 5], andgivensuf�ciently largepredictortables,many
of thesetwo-level achieve similarperformance[5].

Lookaheadbranchprediction,includingpredictingmulti-
plebranchespercycle,hasbeensuggestedasameansfor pre-
dicting branchesthathave not yet beenpresentedto thepre-
dictor. Oneof the�rst lookaheadbranchpredictorswaspro-
posedby Yeh,et al. [22] astheMultiple BranchTwo-Level
Adaptive BranchPredictor. This predictorusestheresultof
the�rst branchpredictionto speculatively updatethehistory
registerfor a secondbranchprediction.No branchaddresses
arerequiredsinceonly the global history register is usedto
accessthe patternhistory tables. Seznec,et al. improve on
this ideaby enhancingtheBTB to enablethepredictorto use
theaddressof thecurrentinstructionblockto performpredic-
tion for thenext instructionblock [20]. This schemeenables
thefetchesto multipleblocksto bepipelined.Onder, Xu and
Guptaproposea similar schemein which predictionsfor an
entirebranchsequencearemadeall at once,andinstruction
fetchcancontinueunimpededthroughthelastbranch[14].

Driesenand Hölze proposea “cascaded”predictor that
dynamically�lters easilypredictedbranches,relieving alias-
ing effects in the PHT [4]. Our work borrows the idea of
cascading,but usesit to alleviatedelay. Similarly, Eversde-
scribesthe useof two PHTs with different history lengths
anddifferentaccesstimes,andsuggeststhat theslower one
canoverridetheother[6]. TheAlpha21264branchpredictor
usesthe idea of overriding: the branchpredictorcan over-
ride the lessaccurateinstructioncacheline predictor, with
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Figure2: PredictionAccuracy versusPatternHistory Table
Capacityfor our benchmarks.As the capacityincreases,so
doesthepredictionaccuracy. Accuracy is worsefor a 4-way
out-of-ordermachinebecausethe branchhistory is not al-
waysupdatedin time for thenext prediction.

a penaltyof a single cycle, as opposedto the seven-cycle
branchmispredictionpenalty[11].

Of course,the real goal in thesestrategiesis to improve
instructionfetch bandwidthandpreferablytake branchpre-
diction off thecritical path. Recentresearchhasfocusedon
tracecachesasa mechanismto capturea long streamof se-
quentialinstructionsthatcanbeeasilyfetchedat peakband-
width [18, 15]. Branchpredictionguidesthe traceselection
in the instructionfetch engine,at timespredictingmultiple
branchespercycle. A moreradicalapproachis theFetchTar-
getBuffer (FTB) proposedby Reinman,etal. [16]. TheFTB
storesthe addressesof predictedblocksof instructionsand
is designedasa two level cachefor fastaccessandaccurate
block prediction. Like our study, Reinman,et al. consider
technologyconstraintsin thedesignof theFTB.Frameworks
like theFTB canbene�t by usingdelay-sensitive branchpre-
dictionstrategiesastheir branchpredictioncomponents.

3 Challengesfor Branch Prediction

This sectiondiscussesthe nearterm technologicaltrendsin
fabricationtechnologiesthatbranchpredictordesignersmust
confront.We�rst discussthetradeoffs betweenaccuracy and
delay, explainingwhy delayis becomingincreasinglysignif-
icant. We thenexplain why largetablesleadto largedelays.
Together, theseobservationsframeoursearchfor thelatency-
sensitive predictorsthatwe discussin thenext section.

3.1 Predictor Delayvs. Accuracy

Branch prediction accuracy increaseswith the amount of
memoryallocatedto the branchpredictiontable. Figure 2
shows theaccuracy of thegshare branchpredictoronseveral
benchmarks(seeTable2 for a list of thebenchmarksusedin
this study)asthepredictiontablecapacityis increased,both
in a sequentialin-order machineand a 4-way out-of-order
machinesimulatedwith SimpleScalar[2]. The graphalso
shows the accuracy of a hybrid predictorsimilar to that in
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Figure3: Histogramof averageinter-branchlatencies,mea-
suredin cycles,betweenpredictionrequests,for the SPEC
2000 integer benchmarks.Over 60% of the predictionre-
questsoccurat leastonecycleafterthepreviousrequest.

theAlpha21264.We seethatwide issueout-of-orderexecu-
tion hasan importanteffect on predictionaccuracy, increas-
ing themispredictionrateroughly25%over thesingle-issue
in-ordercasebecausesomepredictionsaredemandedbefore
the global patternhistory register can be updatedwith the
mostrecentbranchoutcomes.This effect alsooccurswith a
single-issuein-ordermachine,but is muchlesspronounced
sincefewer branchescanbein �ight at thesametime.

Similar graphsappearin most recentbranchprediction
papers.Thesegraphstacitly imply thatbranchpredictionac-
curacy, and henceinstructions-per-clock (IPC), can be im-
proved by increasingthe sizeof the predictiontable. How-
ever, larger structureslead to larger accessdelays; worse,
aggressively increasingclock rates(as the marketplacede-
mands)increasesthe structureaccesstime as measuredin
clock cycles.

Our studiesshow that it is almostnever worth increasing
thedelayof a branchpredictorfor thesake of improvedac-
curacy. For example,Figure1 shows thataswe increasethe
capacityof the tablesin gshare, we increasedelayandde-
creaseIPC. This effect canbe explainedwith the following
equationwhichroughlyapproximatesthecost � of executing
a branchinstruction:

���
	���
��������

where 	 is thedelayof branchpredictor, � is themispredic-
tion rate,and� is themispredictionpenalty. While thedelay

	 maynot alwaysbeon thecritical pathof thepipeline,in-
creasing	 will reducetheinstructionfetchbandwidthto the
executioncores.Becausemispredictionratestendto beclose
to 10%,changesin 	 havealargerimpactthansmallchanges
in � .

3.2 Branch Frequency

A program's control behavior is basednot only on the pre-
dictability of its branches,but alsoon thebranchfrequency.
If branchpredictionis requiredoneveryclockcycle,any de-
lay in branchpredictionwill substantiallyslow the instruc-
tion fetchrate.However, if branchesarewidely spaced,then

Gate 16FO4Clk 10FO4Clk
(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

Table1: Projectedclock ratesusingFO4Clockscaling.

branchprediction latency will have less impact on perfor-
mance.We useSimpleScalarto measuretheaveragebranch
frequency in tenSPEC2000integerbenchmarkson a 4-way
out-of-ordermachinecon�guration. The resultsin Figure3
show that61%of thebrancheshadat leastoneunusedcycle
betweenpredictions. The unusedcyclesprovide additional
time to predictfuturebranches.

3.3 TechnologyScaling

Branchpredictors,likeothermicroarchitecturestructures,are
affectedby two technologyscalingtrends. At smallerfea-
ture sizes,wire delaygrows in signi�cancerelative to tran-
sistorspeedsandcanaffect the latency of the fetch engine
and the branchpredictor. Furthermore,microprocessorde-
signerscontinueto aggressively increasetheclockrates,out-
strippingthespeedimprovementsachievedby transistorsthat
have smallergatelengthsin eachsuccessive technology[1].
Thesefasterclocksexacerbatethetradeoff betweencapacity
anddelayin microprocessorcomponents.

To accountfor acceleratingclock rates,we usea technol-
ogy independentmetric,thefanout-of-four(FO4)delaymet-
ric, to measureclock period[9]. OneFO4delayis the time
for aninverterto drive 4 copiesof itself. Reasonablemodels
show thatundertypical conditions,theFO4delay, measured
in picoseconds,is equalto ���! ��#"

�$��%'&)( , where "

�*�+%,&)( is
theminimumgatelengthfor a technology, measuredin mi-
crons. The numberof FO4 delaysin a clock period is an
indicatorof thenumberof levelsof logic in a pipelinestage.
In this paper, we examinetwo edgesof theclock scalingen-
velope: -

��� , which correspondsto a clock periodof 10 FO4
delays,and -

��� correspondingto 16FO4delays.Table1 lists
thetechnologiesthatwe considerin this paperandtheclock
ratesthatresultfrom aggressive ( -

��� ) andconservative ( -
��� )

scaling.
We baseour estimatesof branchpredictordelayon the

accesstime of the memory-orientedstructuressuchas the
patternhistorytable(PHT).To modelPHT delay, we usethe
methodologydescribedby Agarwal, et al. [1], which aug-
mentstheECacticachedelaymodelingtool [17] with scaled
technologyparameters.Weconvert theaccesstimeproduced
by the augmentedECacti model into cycles, accordingto
both the -

��� and -
��� clock scalingstrategies. As shown in

Figure4, with theaggressive -
��� clock, only small tablesof

1024entriescanbeaccessedin a singlecycle, andat 35nm,
only 512 entriescan be accessedin one cycle. Accepting
a 2 or 3 cycle delayincreasesthe capacityto 16K and64K
entries,respectively. Using the conservative -

��� clock rate,
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Figure4: PatternHistory Tablecapacityandaccesslatency acrosstechnologiesat agressive ( -

��� ) andconservative ( -

��� ) clock
frequencies.

much larger structurescan be used,ranging from 16K to
512K,astheaccesslatency grows from 1 to 3 cycles.

As a consequenceof technologyand clock scaling, the
challengefor themicroarchitectis to achievehighaccuracy in
branchpredictorswhosetablesizesarelimited. Thus,branch
predictorscannotbeevaluatedsolelyonpredictionaccuracy.
Latency mustbe taken into accountasthe branchpredictor
will often resideon thecritical pathfor theexecutionof the
program.However, someof thelatency of branchprediction
canbehiddenif spacesbetweenbranchescanbefound.The
remainderof this paperexaminestechniquesfor achieving
highpredictionaccuracy while minimizingpredictionlatency
for futureprocesstechnologies.

4 Latency SensitiveBranch Predictors

In this sectionwe describethreeways to con�gure branch
predictorsto increaseaccuracy in the faceof increasingla-
tency. Thesetechniquesall have a commontheme:a small
tableis usedto provide quick prediction,anda largetableis
usedto provide higheraccuracy. The techniquesareappro-
priatewhenstandardtechniquesfor branchpredictionmight
exceedone cycle, and are generaltechniquesthat can be
appliedto mostpredictionalgorithms. We assumethat the
branchtargetbuffer (BTB) is keptat a constantcapacityand
accesstime. While this is not realisticbecauseof technol-
ogy andclock rate impacton BTB capacity, it allows us to
focussolely on the scalingof the branchpredictor. Similar
strategiescanbeappliedto theBTB.

4.1 CachingPrediction Tables

The�rst strategy to combatthe long latency of largebranch
predictiontablesis to build a small cacheof branchpredic-
tion tableentries.This allows usto realizethebene�tsof re-
ducedaliasingandincreasedhistorylengthwithouttheadded
latency of the large table,sincethe cachewill work in one
cycle. Figure5 shows theorganizationof thegshare predic-
tor augmentedby a cache. The branchhistory andbranch
addressarehashedusingtheXOR gate,andtheresultingad-
dressis sentto both the patternhistory tablecache(PHTC)
and the patternhistory table (PHT). The PHT consistsof
2-bit saturatingcounters,with thenumberof countersequal

PHT

Hit?

Prediction

Branch
Address

Branch
History Register ABP PHTC

Figure5: CachingBranchPredictor

to thenumberof combinationsof addressesproducedby the
hashfunction. ThePHTCcachesa subsetof thosecounters
in a smallertablethatcanbeaccessedmorequickly thanthe
PHT. If the correctcounteris found in the PHTC, thenthe
predictioncanbemadeimmediately. If a missin thePHTC
occurs,then the PHT mustbe consultedto �nd the correct
saturatingcounter. Like traditional caches,an entry in the
PHTC is replacedwith the correctcounterfrom the PHT.
Whenthebranchdirectionis determinedduringa laterstage
of theexecutionpipeline,thecountersin thePHTandPHTC
are updatedto re�ect the corrector incorrectpredictionof
thatbranch.

If aPHTCmissoccurs,thewait for thecorrectprediction
from the PHT will delay instructionfetch andwill degrade
overall performance.Two alternativescanbeusedto prevent
this additionaldelay. Thepredictionproducedby thePHTC,
albeit for thewrongbranch,canbeused.We insteadbuild a
smallauxiliary branchpredictor(ABP) thatcanbeaccessed
at thesametime asthePHTC.If thePHTCmisses,thenthe
result from the ABP is used. The accuracy of this hybrid-
like predictoris a functionof thecapacitiesof thesubsidiary
predictorsandtheability of thePHTCto capturethelocality
of branchinstructions.

4.2 CascadingLookaheadBranch Prediction

Lookaheadbranchpredictionhasbeenproposedasamecha-
nismto increasefetchbandwidthby generatingaddressesfor
futurebranches[22, 20]. Thesametechniquecanbeapplied
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Figure6: CascadingBranchPredictor

to reducethe impactof longerlatency branchpredictors.If
thebranchpredictoris not neededon every cycle, thennatu-
ral spacingbetweenbranchescanbeusedto performa pre-
diction for the next branchthat is likely to arrive. Thus, if
branchesarespacedsothatthepredictoris accessedonly ev-
ery other cycle, the predictorcan have a two cycle latency
without introducingadditionaldelay.

The gshare predictorcanbe adaptedto look onebranch
ahead. While gshare usesthe branchhistory register and
branchaddressto computethe PHT address,the lookahead
predictorusesthepredictedhistoryandpredictedbranchtar-
getaddress.Thepredictedhistoryis computedby appending
thepredictionof themostrecentbranchto thebranchhistory
register. Thepredictedbranchtargetaddressis takendirectly
from the BTB asa resultof the previous branchprediction.
As a consequence,this schemerelieson theaccuracy of the
BTB. If the predictioncancompletebeforethe next branch
arrivesat thepredictor, predictionis instantaneous.However,
if thepredictionrequiresmultiplecycles(dueto alargetable)
andthenext brancharrivesbeforethepredictionis complete,
theinstructionfetchenginestalls.

Cascadinglookaheadbranchpredictionimplementsa se-
ries of tablesof ascendingsizeandlatency. Figure6 shows
a two-level cascadingpredictor. Like a lookaheadpredictor,
thenext predictionis basedon thelastpredictionandthelast
predictedbranchtarget. Predictionis begun simultaneously
onbothlevelsof thecascadingpredictor. If thelatency to the
next branchto bepredictedis large,thenthepredictionfrom
the secondlevel tableis selected.If the next brancharrives
beforethesecondlevel tablecancompleteits access,thenthe
predictionfrom the�rst level tableis used.

The combinationof a small �rst level tableanda larger
secondlevel tablecanprovide high aggregateaccuracy with
low latency. However, theutility of thelarger tabledepends
on its accesstime andthe inter-branchlatency. If branches
occurextremely frequently, the secondlevel of the cascade
will not be used. The cascadingdesigncanbe trivially ex-
tendedto more than two levels. Furthermore,hybrid pre-
dictorsof varyinglatenciescanbeincorporatedinto thecas-
cadingstrategy. In our descriptionabove, the logic to select
which predictionto useis basedonly on the arrival time of
thenext branch.More complicatedselectorscould tradeoff

PHT1

Branch History 
     Register

PHT2

Branch Address

Branch 1
Match

Branch 2

=?

Figure7: OverridingBranchPredictor

Benchmark Description
164.gzip 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 Computationalgrouptheory
255.vortex Database
256.bzip2 Block-sortingcompression
300.twolf Placeandroute

Table2: Subsetof theSPEC2000integerbenchmarksuite.

latency versusaccuracy by predictingwhichof many predic-
tionsis bestfor thesubsequentbranch.

4.3 Overriding Branch Predictor

An overridingbranchpredictor(Figure7) providestwo pre-
dictions.The�rst predictioncomesfrom afastPHT(PHT1),
andthesecondpredictioncomesfrom aslower, but moreac-
curatePHT (PHT2). Whenbranchpredictionis requested,
the �rst predictionis usedandacteduponwhile the second
predictionis still beingmade.If thesecondpredictiondiffers
from the �rst prediction,theactionstaken basedon the �rst
predictionaresquashedandinstructionsarefetchedusingthe
secondprediction; thus, the secondpredictoroverridesthe
�rst predictor. For theoverridingscheme,weassumethatthe
penaltyof restartinganoverriddenfetchis equalto thedelay
of PHT2. A similar techniqueis usedin the Alpha 21264,
in which thebranchpredictor, whoseresultsbecomeknown
only in thesecondstageof thepipeline,canoverridetheless
accurateinstructioncacheline predictor[11] at thecostof a
singlestall cycle. We assumethepredictoris pipelinedsuch
that no branchneedsto wait for the completionof a PHT2
lookupfor apreviousbranch.

5



Capacity
(bits) # entries Bits/entry Ports

BTB 48K 512 96 1
Reorderbuffer 8K 64 128 8
Issuewindow 800/320 20 56 8
IntegerRF 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: Parametersusedfor the simulations,similar to the
Alpha21264.

5 Resultsand Evaluation

In this sectionwe evaluatethethreelatency sensitive branch
predictorsand comparethem to gshare acrossa spectrum
of processtechnologies. As displayedin Table 2, we use
ten SPEC2000integer benchmarksfor our simulation. We
simulatethe different predictionstrategies describedabove
usingdelayestimatesat seven processtechnologiesranging
from 250nmto 35nm. We simulatethe benchmarksusing
theSimpleScalarout-of-ordersimulatorandPISAinstruction
set,con�guredwith parameterssimilar to thosefor theAlpha
21264;thesimulatoris amodi�ed versionof theoneusedby
Agarwal et. al. [1]. Eachsimulationruns for 500 million
instructionsor until the applicationterminates,whichever
comes�rst. In thesimulations,theglobalpatternhistoryreg-
isteris updatedspeculatively andbackedup on a mispredict,
while updatesto thePHTsaredonewhentheupdatingbranch
commits.

Sincewe arefocusingsolelyon thebranchpredictor, we
keeptheotherstructuresizesconstantatvaluesshown in Ta-
ble 3. Our main resultsusethe aggressive -

��� clock rate,
whichemphasizesthescalingdif�culties of branchpredictor
structures.We alsoreportresultsfor the moreconservative

-
��� clock. Although -�. wasusedin theoriginal technology

scalingwork [1], we choose-
��� asour aggressive clock rate

becauseour hybrid predictoris unworkableat the -�. clock
rate.

For eachprocesstechnology, we con�gure thesimulator
with thelargestbranchpredictionstructures(predictortables,
cache,etc.)reachableat thegivennumberof cyclesallocated
to branchprediction. Thestructuresizesareobtainedusing
the modi�ed versionof ECactidescribedin Section3. For
eachbenchmarkwemeasureIPC,aggregatebranchpredictor
accuracy, andotherstatisticsrelatedto thebranchprediction
schemes.Aggregatebranchpredictionperformanceis com-
putedasthearithmeticmeanover thebenchmarks.Notethat
thecapacityof eachstructureis setby its accesstime, rather
thanany chip arealimitation. With smallerfeaturesizes,this
assumptionis fair, astheamountof effective chip areais far
largerthanis reachablein thenumberof cycleswe consider.
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Figure8: IPCat100nmfor variouscon�gurationsof primary
andsecondarystructuresin thecaching,overriding,andcas-
cadingpredictorsat the -

��� clock rate.

5.1 Predictor Con�guration

For each predictor, we considerseveral con�gurations of
structurecapacityandlatency in searchof thebestcon�gura-
tionateachtechnologygeneration.Figure8 showstheresults
of theseexperimentsfor thecachingandcascadingpredictors
at100nm.In thecachingpredictor, thetwo structuresarethe
PHTC andthe PHT, while in the overriding andcascading
predictorthetwo structuresarethePHT1andPHT2. As the
secondarystructureaccesstimesincrease,the resultingIPC
is slightly worsefor theoverridingpredictorandslightly bet-
ter for the cascadingpredictor. The size of the secondary
structurefor thecachingpredictormakeslittle differencein
performance.The restof our resultsarereportedusingthe
bestcon�gurationsfoundfor eachpredictiontechnique.

Eachgshare componentof thevariouspredictorsusesthe
maximumhistorylength,e.g.,if a gshare predictorhas1024
entries,thenthemaximumhistorylengthis /10�243!5, 76�89�:5' .
Studieshave shown that the using the maximum history
length doesnot always yield the bestaccuracy [13, 8], so
we empirically identify the besthistory lengthfor gshare at
eachhardwarebudget. We �nd that, for our PISA instruc-
tion set, branchpredictorcon�gurations, and benchmarks,
thebesthistorylengthis alwaysthemaximum.

In thecachingpredictor, wevariedthelatency of thePHT
from 2 to 4 cycles, keepingthe PHTC at a 1-cycle access
time. Note that increasingthe latency of eachtablealsoin-
creasesits capacity.

For thecascadingandoverridingpredictors,we keepac-
cessto the primary PHT at onecycle while varying access
to the secondaryPHT from from 2 to 4 cycles. Increasing
thesecondlevel (PHT2)latency reducesIPC slightly for the
overriding predictor, but increasesIPC slightly for the cas-
cadingpredictor.

The bestcon�gurations for the cachingpredictorat the
-

��� clock rate can be seenin Table 4. The PHTC hasan
unusuallysmall numberof entriescomparedwith the other
structures.Unlike a normalcachethathaslargecachelines,
ourcachingpredictorrequiresmany timesmoretagbits than
databits. Theextra wire lengthinvolvedin accessingthetag
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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: Thebestcon�gurationsof theABP andPHT table
sizes,aswell asnumberof PHTC for the cachingpredictor
at eachtechnologyfor the -

��� clock rate.

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 thePHT1andPHT2for
the cascadingandoverriding predictorsat eachtechnology
for the -

��� clock rate.

bits severely restrictsthe numberof cacheentries,limiting
the effectivenessof this scheme. Other predictioncompo-
nentsin whichthesizeof thebasicpredictionelementis large
with respectto thenumberof tagbits,suchastheperceptron
predictor[10], maybemoreamenableto a cachingscheme.

Thebestcon�gurationsfor thecascadingpredictorat the
-

��� clock rate are shown in Table 5. The bestcon�gura-
tionsfor theoverridingpredictorareidenticalto thoseof the
cascadingpredictor, sincethe two predictorshave muchthe
samearchitectureanddiffer only in their policy of whenand
whetherto usethe second-level PHT. Indeed,the streamof
updatesto thePHT1andPHT2structuresshouldbethesame
in both overridingandcascadingpredictors;theonly differ-
enceis that the overriding predictoralwaysusesthe PHT2
prediction,while thecascadingpredictoronly usesthePHT2
predictionwhenit hasenoughtime.

The best con�gurations for eachpredictor at the more
conservative -

��� clock rate (not shown) allow larger tables
andsingle-cycleaccessfor thehybridpredictorateverytech-
nology.

5.2 Structur eUsageRates

The simulationskeepstatisticson the rateat which the var-
ious structuresareaccessed.To explain the relative perfor-
manceof eachtechnique,Figure9 shows theutility of each
predictor. Thesestatisticsexplain the relative performance
of eachtechnique.For the cachingscheme,the the PHT is
accessedfor 7.5%of all branches,andthis accessresultsin
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Figure9: Theutility of thesecondarystructuresis highestin
theoverridingpredictorandlowestin thecachingpredictor.

a predictiondifferentfrom thatof theABP in 0.013%of all
branches.This explainswhy theperformanceof thecaching
predictoris so similar to gshare by itself: it almostalways
relys on the ABP, and when it doesn't, the ABP and PHT
almostalwaysagree.

For thecascadingscheme,thePHT2structureis usedfor
45.6%of all branches,andits predictiondiffersfrom thatof
PHT1for 5.5%of all branches,thusthesecondlevel tableis
usefulfor only 5.5%of branches.

For theoverridingscheme,the frequency with which the
predictionsof PHT1andPHT2disagree,i.e., how often the
moreaccuratepredictoris used,is 16.5%,so theoverriding
schemeis the most useful of the predictors. Theseresults
arefor 100nmtechnology;thestatisticsaresimilaracrossall
technologies.

5.3 Hybrid Predictor

To demonstratetheeffect of delayon predictorsmorecom-
plex than gshare, and calibrateour clock estimateswith a
real-world processor, we simulatea hybrid predictorsimi-
lar to the branchpredictorof the Alpha 21264. We report
IPC and accuracy �gures for this predictoralong with our
otherresults.This predictormaintainsbothglobalandlocal
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 indexedby the
global patternhistory register. The global branchhistory is
updatespeculatively, andall other tablesareupdatedwhen
the branchcommits. We assumethe lookupsin the global
PHT, local history table,andchoosertableareall startedat
thesametime,andthelookupin thelocalPHToccursimme-
diatelyafterthelocalhistoryregisterbecomesavailablefrom
thelocal table. TheglobalPHT andchoosertablehave four
timesthe capacityof the local PHT, andthe local PHT and
localhistoriestablehave thesamenumberof entries.

This predictorcloselyresemblestheAlpha predictor[11]
with two exceptions: (1) on the Alpha, the predictionbe-
comesavailableonly in the secondpipelinestage,andcan
overridethe�rst-stageline predictor, while ourpredictorop-
eratesin the�rst pipelinestage;and(2), we allow thecapac-
ity of our predictorto vary dependingon theaccesstimesat
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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 - ��� clock rate.Beyond250nmtech-
nology, thepredictorsimplycan't work in onecyclebecause
of sequentiallookupsinto the local history table and local
PHT, so delayslips to two cycles,with a correspondingin-
creasein tablecapacities.
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Figure10: Accuracy vs. Technologyfor the � ve prediction
strategiesat -

��� . Thehybrid predictoris moreaccurateonly
becauseits bestcon�gurationconsumestwo cycles,allowing
it to uselargetable.

thedifferentclock ratesandtechnologies.
The con�gurations for the hybrid predictor at the -

���

clock rateareseenin Table6. Unlike thegshare, this hybrid
predictorrequirestwo tableaccesses:�rst in thetableof local
histories,andthenin the local PHT. Consequently, this hy-
brid predictoris muchmoresensitive to delaythatprediction
schemesthatrequireonly asingletableaccess.In fact,at the
aggressive -

��� clock rates,we found that the tablesizesare
prohibitively smallfor singlecyclepredictoraccessat180nm
andsmaller. Our original experimentsusedan -�. clock rate,
but that resultedin multi-cycle predictor latency at 250nm
aswell. Finally, usingthe tablesizesof theAlpha 21264in
250nmtechnologyresultsin anaccesstimeof 1.55ns,which
correspondsto thepublishedclock frequency of theAlphaof
approximately600MHz[11].

5.4 AggressiveClocking

Figure10 shows theaccuraciesof thebestcon�gurationsof
thevariouspredictorsat the - ��� clock rates.As shown in the
graph,accuracy tendsto decreasewith featuresizes,because
the prediction table capacitiesdecrease. The accuracy of
theoverridingpredictorincreasesslightly from 100to 70nm,
sincethebestcon�guration for 70nmtechnologyallows the
PHT2 to take threecycles, while the bestcon�guration in
100nmallows only two cycles. Likewise, the accuracy of
thehybridpredictorincreasesfrom 250to 180nmasthebest
con�guration predictsin two cycles,allowing a larger area
to be used.Of the schemesthat canprovide a predictionin
a singlecycle, the overriding predictorachieves the highest
accuracy becauseit alwaysuseslarger second-level predic-
tor, eitherbecauseit agreeswith or overridesthe �rst-level
predictor. Thecascadingpredictorperformsworsebecauseit
sometimesusesthe lessaccurate�rst-level predictor, either
becausetherearenot enoughcyclesto usethe second-level
predictor, or becausethe branchtarget from the BTB is in-
correctlypredicted. Thusthis predictorfacesthe challenge
of branchmispredictionaswell asbranchtarget mispredic-
tion. Finally, cachingperformslesswell, notevenexceeding
theaccuracy of a singlelevel gshare predictor.

Of course,accuracy is notnecessarilyindicativeof perfor-
mance,particularlywhenpredictiontime is a variable. Fig-
ure11 show theinstructionthroughput(IPC) for eachof the
con�guration describedabove. The hybrid predictor, while
achieving the bestaccuracy, re�ects the lowest IPC at the
smallertechnologies,dueto theaccesstimeincreasingto two
cycles. Therestof thepredictorsfollow paralleltrajectories
with performancere�ecting the overall accuracy of the pre-
dictor. Clearly, theoverridingpredictor, with it higheraccu-
racy, is bestfor every processtechnologyat the aggressive

-
��� clock rate.

5.5 ConservativeClocking

Figures12and13show accuracy andIPCof thesamepredic-
tion schemes,but with differentcon�gurationsfor themore
conservative -

��� clock rate. At this clock rate,theaccuracy
of the predictorsarevery similar, sincethe �rst-level PHTs
are larger. For instance,the cascadingpredictorcan usea
�rst-level PHTwith 64K entries;having alargersecond-level
PHT2 doeslittle to increasethe accuracy of this predictor.
Again, overriding achievesthehighestaccuracy, but the ac-
curacy of hybrid decreasesasfeaturesizedecreases.At the

-
��� clock rate, the hybrid schemecanbe implementedin a

singlecycle,but thetablesizesdropsomewhatat180nmand
35nm,causinga reductionin accuracy. Theoverall instruc-
tion throughputis similar, againre�ecting thecomparableac-
curaciesof thedifferentschemes.

That the IPC achieved by eachschemeat -

��� is no sur-
prise.Whentheclock rateis setatamoreconservative level,
moretime is availableto all predictorsandtechnologyscal-
ing is lesscritical. However, totalperformanceis theproduct
of the clock rateandthe IPC. Thusthe questionis whether
the IPC reductionat -

��� outweighsthebene�ts of the faster
clock rate. Note from Figures11 and13 that the IPC from
theoverridingschemeat -

��� is only 3% lessthanthatat the
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Figure11: IPC vs. Technologyfor the� ve predictionstrate-
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Figure12: Accuracy vs. Technologyfor the � ve prediction
strategiesat -

��� .

fasterclock rate. Combinedwith a 1.6 times improvement
in clock rate,overall performancewill improve by usingan
aggressive clockingstrategy. Thebene�tsalsoexist with the
otherpredictorschemes,but thebene�ts aresomewhat less,
dueto largerdegradationin IPC.

6 Conclusions

Until now, branchpredictiondesignhasfocusedonaccuracy
while ignoring delay. We have shown that as wire delays
andclock ratesincrease,branchpredictordesignsthatopti-
mizefor accuracy canhaveanegative impactonoverall IPC.
Thus, future branchpredictoref�cacy dependson both ac-
curacy and delay, and researchersshouldaccountfor both
whenreportingbranchpredictionresults. Accordingto our
scalablemodelsfor branchpredictoraccesstime,today'spre-
dictorswill not beaccessiblein a singlecycle in sub-100nm
technologieswith aggressive clocking. In deepsub-micron
technologiesthatarelatency ratherthancapacitydominated,
a branchpredictor's areawill becomelessimportantthanits
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Figure13: IPC vs. Technologyfor the� ve predictionstrate-
giesat -

��� .

latency in thecritical path.
In this paperwe have examineda numberof alternative

branchpredictorarchitecturesandevaluatedthemin thecon-
text of future processtechnologies.We found that a hybrid
predictorisadequateuntil its latency exceedsonecycle,caus-
ing IPC to plummet.Thepredictorthatcachesa patternhis-
tory table(PHT) for gshare performsno betterthangshare
by itself. The tagsneededto implementa cachingscheme
requiresmorebits thanthecacheitself, andlimits bothcache
capacityandutility. Thecascadinglookaheadpredictorthat
usesthe time in betweenbranchesto make predictionsper-
formsreasonablywell ataggressive clockrates.Theoverrid-
ing predictorthat allows a slow predictorto cancelthe pre-
diction of a faster, but lessaccuratepredictorperformsthe
bestin our experiments.

To continue supplying a suf�cient number of instruc-
tions to the executioncore, future microarchitecturesmust
move branchpredictionlatency off of thecritical path. The
schemeswe present,particularlythe cascadingandoverrid-
ing predictors,canbe augmentedby usingsomethingother
thangshare as the primary or secondarypredictor. We be-
lievethatthesecondarypredictoris theidealplacefor amore
complex and longer latency predictor, as it canbe kept off
of the critical path. Architecturessuchas the FetchTarget
Buffer [16] are promisingbecausethey decouplethe fetch
enginefrom the executionengine. Otherhardwarealterna-
tivesincludeamoreef�cient branchpredictorencodingsuch
asthatsuggestedby JiménezandLin [10], or multiple levels
of cascadedpredictors. The ideasof a cascadingpredictor
andan overriding predictorcanbe combined,so that a late
predictionfrom asecond(or eventhird) PHTcanoverridean
earlierprediction;we believe this ideawould outperformthe
overriding predictorby itself. Finally softwaremay be able
to assistfurther thoughbranchclassi�cation [3] or through
schedulingthat increasesthe spacingof branchesin the in-
structionstream.
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