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Abstract

Futurefetch enginesneedto be energy-ef�cient. Therefore,a thoroughevaluationand
comparisonof fetchenginedesignis necessaryfor futuristicprocessors.

Our work comparesthe energy-ef�ciency of concurrenttracecaches(CTCs),sequential
tracecaches(STCs),block-basedtracecaches(BBTCs), and instructioncaches(ICs). We
compare:CTCsandSTCswith path-basednext tracepredictor(NTP), ICs with branchpre-
dictor (IC-BPRED), andBBTCswith tracetable(BBTC-TT). To separateoutpredictororgani-
zationandpredictioneffectswe alsoevaluateICs with NTP (IC-NTP) andBBTCswith NTP
(BBTC-NTP). In our experiments,we �rst evaluatethe fetchengineswith no areabudgetre-
strictions.Then,to considerhigherclock rateswe evaluatethefetchengineswhenrestricting
theareabudgetfor eachcomponent.To considerfutureprocesstechnologies,wealsoevaluate
theeffectof increasedleakage.

We �nd that branchprediction(whetherexplicit or implicit) is a key componentin the
energy-ef�ciency of the fetch enginedesignsevaluated. Branchpredictioneffectsareelim-
inatedby arti�cially equalizingthe effective branchpredictionaccuracy for the fetch engine
designsandtheresultsareevaluated.

We�nd thataccessdelaylimits thetheoreticalperformanceof thefetchenginesevaluated.
We proposea novel aheadpipelinedNTP that performsnearly as well as the single-cycle
accessNTP.

1 Intr oduction
Energy-ef�ciency hasbecomeimportantfor almostall new chipdesigns.For high-endpro-

cessors,power densityis a problem.Today's desktopCPUsbecometomorrow's laptopCPUs
so evaluatingthe energy-ef�ciency of microarchitecturaldesignsis important. Furthermore,
energy-ef�ciency is alsoimportantfor wall-poweredsystemssuchasserver racksin datacen-
terswhereelectricityandair conditioningaremajorcosts.The fetchunit contributesa large
portionof total power consumptionin a microprocessor. For example,Montanaroet al. [16]
measuretheStrongARM'sfetchenginepowerconsumptionat27%of totalchippower. Trends
in branchpredictionresearchalsopoint towardlargerandmoreaggressive fetchengineorga-
nizations[11, 20]. Understandinghow fetchorganizationaffectsprocessorenergy-ef�ciency
is importantto processordesign.

The fetch unit's role is to feedthe dynamicinstructionstreamto the executionunit. In-
structioncachesstoreinstructionsin staticprogramorder. Dueto thepresenceof taken con-
trol �o w instructions,someof the instructionsfetchedfrom the instructioncacheareunused.



Tracecachesstore instructionsin dynamicprogramorder. Most tracecacheimplementa-
tions [14, 19, 22, 24] do not suffer from the problemsof requiring additionallevels of in-
directionor theneedfor interleaving or complex alignmentnetworksandthusareoptionsto
be consideredin fetch enginedesign. We arenot awareof any work analyzingthe energy-
ef�ciency of tracecachescomparedto conventionalfetch organizations.Our work models
severaltypesof tracecaches:theconventionalor concurrenttracecache(CTC) in which trace
cacheandinstructioncacheareprobedin parallel,thesequentialtracecache(STC)described
by Rotenberg et al. [22, 24] andthe block-basedtracecache(BBTC) describedby Black et
al. [2]. Wepresentfour setsof experimentalresults.

First, we comparethefollowing fetchengineorganizationswith andwithout arearestric-
tions:CTCwith NTP, STCwith NTP, IC with hybridbranchpredictor, BBTC with tracetable
traceprediction,andto separatetracepredictioneffects,IC with NTPandBBTC with NTP. In
the�rst experiment,thefetchenginecomponentshavenorestrictedareabudget.In thesecond
experiment,to accountfor thetrendof decreasingaccesstimes,eachcomponentin eachfetch
engineorganizationis limited to a restrictedareabudget. Second,to eliminatebranchpre-
diction effectswe arti�cially equalizethebranchpredictionaccuracy for all the fetchengine
designs.Third, we examinetheeffectof increasingleakageon thefetchengineorganizations.
Finally, we introduceandevaluateanaheadpipelinedNTP to addressdecreasingcycle times.

Eachcomparisonis madewith respectto two parameters:performance(IPC) andenergy-
delay-squared(ED2).

Therestof thepaperis organizedasfollows: Section2, presentsrelatedwork, Sections3
and4 presentexperimentalmethodology, Sections5 through6 presentexperimentalresults
andSection8 presentsconclusionsanddirectionsfor futurework.

2 RelatedWork
Friendly, Patel, andPatt [7] andRotenberg, Bennett,andSmith [22, 24, 23] performed

comprehensive studiesof the tracecachedesignspacewith respectto performance.We per-
form a similar designspacestudyto evaluatepower, energy, andperformancetradeoffs on a
morecurrentprocessorpipeline.

Researchhasexploredwaysto reducethepower dissipationof tracecaches.Hu et al. [9]
showedthatsequentiallyaccessingthetracecacheandinstructioncachehassigni�cant power
savings over accessingthe two structuressimultaneously. In subsequentwork, Hu et al. [8]
alsocomparedtheconventionaltracecache(CTC), sequentialtracecache(STC),anda new
design,thedynamicdirectionpredictionbasedtracecache(DPTC) for power ef�ciency and
performance.They found that DPTC exhibits lessperformancelossthanthe STC but with
similarpowerconsumption.Ourwork comparesfetchunitscontainingeitherSTCsor BBTCs
to fetchunitscontainingonly aninstructioncacheandevaluatestheeffectof additionalparam-
eterssuchasleakageanddelay.

Bahar[1], Kim [15], andZhang[35] have donework to improve traditional instruction
cacheenergy consumptionwithout adverselyaffectingprocessorperformanceor on-chipen-
ergy consumption.Our work focuseson evaluatinghigh fetchbandwidthfetchorganizations
asopposedto techniquesto improve traditionalinstructioncacheenergy-ef�ciency.

Solomonet al. [30] introducedthemicro-operationcache(UC) asanalternative frontend
for the Intel P6processorfamily. TheUC storesbasicblocksin decoded� op form andpro-
videssimilar fetch bandwidthat lower power consumption.Their goal wasnot to increase
fetchbandwidthbut ratherto �nd amoreenergy-ef�cient fetchenginedesignwith comparable
performance.Our work focuseson evaluatingthe energy-ef�ciency of fetch enginedesigns
whichseekto increasefetchbandwidth.Therefore,theUC is not includedin thiswork.
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Parikhet al. [18] exploredtherole of branchpredictororganizationon power, energy, and
performancetradeoffs for fetchenginedesign.They foundthatalthoughextrapowermayneed
to beexpendedfor thebranchpredictor, overallprocessorpowerandenergy dissipationcanbe
reduced.Our work focuseson thecacheandpredictionmechanismsin variousfetchengine
organizations.

Ramirezet al. [21] introduceinstructionstreamfetch engineasa high-performancefetch
mechanism.An instructionstreamis a sequenceof instructionswhich maycontainonly not-
taken branches.This fetch unit takes advantageof codelayout optimizations. We believe
that instructionstreamsarea specialde�nition of tracethat falls somewherein thespectrum
betweeninstructioncachelines (programorderedinstructionblocks) and instructiontraces
(dynamicinstructionsequences)andthatsomeusefulinsightscanbedrawn withoutevaluating
fetchinginstructionstreams.Sincewe do not considercodelayoutoptimizationsfor thefetch
engineswe evaluate,we do not evaluatefetchinginstructionstreamsbecausethe limitation
might unfairly penalizethatapproach.Therefore,thestreamfetch engineis outsidethescope
of thiswork but couldbethesubjectof futurework.

Oberoiet al. [17] proposedparallelism in the front-endin which several instructionse-
quencefragmentsarefetchedandrenamedin parallelfrom a banked instructioncache.The
focusof our work is to understandthe energy-ef�ciency implicationsof sequentialfetch or-
ganizationssuchasinstructioncacheandtracecache.Our work evaluatesthe IC with NTP
fetchorganizationwhich is a simpli�ed, sequentialversionof theOberoiwork. Our IC with
NTPis evaluatedto isolatetheeffectsof implicit branchpredictionof traces.Parallelizedtrace
constructionfetchorganizationsarebeyond thescopeof this work but areplannedfor future
evaluation.

Several high fetch bandwidthmechanismssuchasbranchaddresscache[34], subgraph
predictor[6], collapsingbuffer [5], multiple-blockaheadpredictor[26], block-basedtrace
cache[2] andtracecache[14, 19, 22, 24] have beenproposed.Many of thesemechanisms
have drawbacksin termsof complexity. Therefore,for this work we only considerthe trace
cachedescribedby Rotenberg [24] and the block-basedtracecachedescribedby Black et
al. [2].

We arenot awareof any further researchwhich hasexaminedthe relative power-energy-
performancetradeoff betweenfetchorganizationswhichhaveonly instructioncachesandfetch
organizationswhichhave a combinationof instructioncacheandtracecache.

3 Simulation Techniques
All experimentsin thiswork useSimpleScalar[4] andamodi�ed Wattch[3] infrastructure

with a power model basedon the Alpha 21364[29]. The baseout-of-ordersimulatorwas
extendedto includeCTC, STC, BBTC, andpath-basednext tracepredictor(NTP) models.
Themicroarchitecturemodelis summarizedin Table1.

To morecloselystudytheef�ciency of the fetchengines,we chosea highly parallelizing
executioncore. We alteredthe basemicroarchitectureto have 128 fetch queueentries,128
register renameentries,and 128 load/storequeueentries. In addition, we alteredthe base
architecturesothatasmany as16 instructionscanbeissued,executed,andcommittedin one
cycle. Thus,amaximumof 16IPCis possiblewith aperfectfetchengineandperfectlyparallel
code.

SincecurrentCPUdesignsareincreasinglyusingconditionalclockingtechniquesto reduce
power consumption,we calculatethe power andenergy metricsusingWattch's conditional
clockingmethodwhich scalespower linearly with port or unit usage[3]. To modelleakage,
whenthe port or unit is not in use,a �x ed ratio of maximumpower dissipationis charged:
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ProcessorCore
Active List 128entries
Physical regis-
ters

80

LSQ 128entries
Issuewidth 16 instructionspercycle
Functional
Units

16 IntALU,4 Int-
Mult/Div,
8 FPALU,4 FPMult/Div,
2 memports

MemoryHierarchy
L1 D-cacheSize 64KB, 2-way, LRU,

64B blocks,writeback
L1 I-cacheSize 64KB, 2-way, LRU,

64B blocks
both2-cycle latency

L2 Uni�ed, 4MB, 8-way
LRU,
128B blocks, 12-cycle
latency, writeback

Memory 225cycles(75ns)
TLB Size 128-entry, fully assoc.,

30-cycle misspenalty
BranchPredictor

Branch predic-
tor

Hybrid PAg/GAg

with GAg chooser
BTB 2 K-entry, 2-way
RAS 32-entry

Table1: Simulatedprocessormicroarchitecture.

10%in mostexperiments.For theleakageexperimentsin Section6, theleakageratio is varied
from 10%to 50%of maximumpower dissipation.

4 Experimental Methodology
WeconductedexperimentstoevaluateCTC,STC,BBTC,andIC fetchorganizations.First,

CTC,STCandBBTC fetchunitswerecomparedto IC with branchpredictor(IC-Bpred) with
andwithout areabudgetrestrictionsfor the fetch enginecomponents.In orderto eliminate
differencesin tracepredictionaccuracy, IC with NTP (IC-NTP) andBBTC with NTP(BBTC-
NTP) werealsoevaluated.Next, to eliminatethepotentialeffectsof improvedbranchpredic-
tion for someof thefetchorganizations,we performeda setof experimentsin which all fetch
units' branchpredictionaccuracieswerearti�cially equalizedto thatof thefetchenginewith
thebestbranchpredictionaccuracy (STC).

We evaluatethe impact of increasingstatic power dissipationon fetch engineenergy-
ef�ciency by varyingtheleakageratio from 10%to 50%.

We thenpresentandevaluatea pipelinedNTP to improve next tracepredictionin theface
of decreasingaccesstimesandshrinkingstructureareas.
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4.1 CTC and STC Model
TheSTCmodeledin theexperimentsis theonedescribedby Rotenberg [23]. Thesequen-

tial tracecacheconsistsof anNTP[11] whichpredictsthenext traceto befetched,outstanding
tracebuffers (OTB) to hold in-�ight predictedtraces,andthe tracecacheitself. We modeled
sequentialtracecacheaccessasdescribedin thework of Hu et al. [9]. The instructioncache
is only probedon the next cycle after a tracecachemiss. Figure1 shows the STC model.
Thesequentialtracecache's powerwasmodeledasanarraystructure,similar to aninstruction
cache,with onereadandonewrite port. The conventionaltracecacheis basicallythesame
fetchorganizationastheSTCexceptthattheinstructioncacheandthetracecacheareprobed
in parallel. The power modelfor the CTC is adjustedto re�ect the parallel tracecacheand
instructioncacheaccess.

Figure1: STCmodel(Patternedafter�gure in [23]).

Tracesmaybe de�ned in many ways. Sincewe usetheNTP of Jacobsonet al. [11], we
usethede�nition of traceusedin their work for all CTC andSTCsimulations.A tracehasa
maximumof 16 instructionsandasmany as7 branches(6 internalbranches,plusa possible
7th terminatingbranch).Indirectbranchesterminatea trace.TheNTP [11] usespathhistory
information(recentlycommittedtraces)to makepredictionsmuchlikeaGAsor globalhistory
branchpredictor. This informationis combinedwith tracehistoryto index a tablethatmakes
apredictionaboutthenext traceto befetched.In ourexperiments,8 previoustraceidenti�ers
arehashedtogetherto getindexesinto the64K-entrycorrelatingtable,andinto the32K-entry
secondarytable.A selectormechanismchoosesthepredictionfrom themoreaccuratetable.

To modelthepower of thehybrid NTP [11], thecorrelatingtable,secondarytable,return
history stack(RHS) andpathhistory registerareeachmodeledasarraystructureswith one
readandonewrite port.

The outstandingtracebuffer (OTB) maintainsinformationaboutin-�ight traces. When
anentiretracecommits,the traceis written to the tracecache(if needed)andtheOTB entry
is reclaimed. OTB entriesalso maintaininformation neededto recover from mispredicted
branches.Thepower for theOTB is modeledasanarraystructurewith two readportsandone
write port. Onereadport is sharedby fetchandmispredictrecoverymechanismsandoneread
port is devotedto thecommit time mechanism.Thesinglewrite port is sharedbetweenfetch
andmispredictrecovery mechanisms.The experimentsin Sections5 and5.2 use128 OTB
entries,while the experimentsin Section6 use16 OTB entriesbasedon a sensitivity study
showing thatanOTB with 16 entriesdoesnot incursigni�cant performanceloss.
4.2 BBTC Model

The BBTC describedby Black et al. [2] modeledin our experimentsconsistsof a trace
tablewhich makesnext tracepredictions,a block cachewhich storesbasicblocksfor trace
construction,a renametableto maintainfetchaddressrenaminganda �ll unit which controls
theupdateof theotherthreecomponents.Thetracetablepredictsa seriesof blocksto fetch
usingblock-id executionhistoryandbranchhistorybits. Thesepredictedblocksarefetched
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from the block cacheandassembledto constructa trace. Blocks areallocatedto the block
cacheby therenametablewhich maintainsa mappingof fetchaddressesto block identi�ers.
The�ll unit controlstheupdateof thetracetable,blockcacheandrenametable.

Tracesin theBBTC arede�ned to beaseriesof blockswith eachblockbeingde�ned asa
seriesof instructionsterminatedby abranch,or auser-de�nedmaximumnumberof sequential
instructions.Therearenootherspecialtraceterminationconditions.To make theBBTC trace
de�nition morecomparableto theSTCtracede�nition, we altertheBBTC tracede�nition to
terminatetraceson indirect branchesas in the Rotenberg tracede�nition. Our experiments
show thatthismodi�cation in thetracede�nition improvestheperformanceof theBBTC. We
choseto modelareplicationof four andamaximumbasicblocksizeof six instructionto match
thepublishedbest-performingBBTC. Figure2 shows theBBTC model.

For power modeling,the BBTC componentsareeachmodeledasarraystructures.Each
componentof theBBTC hasonereadportandonewrite port.

Figure2: BBTC model(from [2]).

4.3 CacheParameters
ThefetchengineexperimentswhichcontaineitherCTC,STCor BBTC alsoincludeanon-

interleaved instructioncachewhich servesasbackupin the caseof a tracecachemiss. The
fetchenginecomponentswhichwereheldconstantareshown in Table2.

ComponentCon�guration
I-cache 512set,64Bline, 2-way, LRU
Branch Hybrid: 4K-entryPAg,
predictor 4K-entryGAg (12-bithistory)

4k-entryGAg chooser
2k-entry, 2-way set associa-
tiveBTB
32-entryRAS

OTB 128entries
NTP 64K-entrycorrelatingtable

32K-entrysecondarytable
128-entryRHS

Table2: Parametersheldconstantfor STCandBBTC experiments.
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4.3.1 CTC and STC Con�gurations

Sincethenumberof componentsin theCTC,STCandBBTC designsdiffer from thenumber
of componentsin IC designs,anequal-areacomparisonis dif�cult. Therefore,weexaminethe
fetchenginesover a rangeof differentfetchengineareas.We �rst evaluatethefetchengines
whentheareaof individual fetchenginecomponentsis unrestricted.Thisallowsusto examine
thetheoreticalpotentialof thevariousfetchengines.Then,to consideraccesstime,werestrict
theareaof eachindividual componentof eachfetchengineto areasof 2 KB through512KB
in successive simulations.

Associativities for theSTCarevariedin theexperimentsbut thereplacementpolicy is �x ed
to LRU, andthe line sizeis �x ed at the lengthof onetrace. Table3 shows the fetch engine
areasusedin the experimentsof Section5. Theseexperimentsusethe ideal NTP andOTB
parametersspeci�ed by [11]. The areausedfor the CTC/STCaloneis listed alongsidethe
total fetchenginearea.The remainingfetchengineareais calculatedby totaling theareaof
thebackinginstructioncache,branchpredictor(includingBTB), OTB, andhybridNTP.

In the �rst comparison,theareaof theSTCis variedwhile theareasof theothercompo-
nentsareheldconstant(SeeTable2). In asecondcomparison,theareasof theSTC,NTP, and
OTB arelimited to 2 KB through512KB.

Fetch En-
gineArea

CTC/STC
Area

Fetch En-
gineArea

IC Area

980KB 16KB 100KB 64KB
996KB 32KB 164KB 128KB
1028KB 64KB 292KB 256KB
1092KB 128KB 548KB 512KB
1220KB 256KB 1060KB 1024KB
1476KB 512KB

Table3: FetchengineareaandcorrespondingCTC/STCandIC areasusedin experimentswhich
usedefaultNTPandOTB components.Cacheareais includedin thefetchengineareatotal.

4.3.2 BBTC Con�gurations

Similarly, theassociativities of theBBTC arevaried. Fetchengineandcomponentareasfor
BBTC with tracetableandBBTC with NTParesummarizedin Tables4 and5.

Fetch En-
gineArea

Trace
TableArea

Rename
TableArea

Block
Cache
Area

268KB 32 KB 8 KB 128KB
436KB 64 KB 16KB 256KB
772KB 128KB 32KB 512KB
1444KB 256KB 64KB 1024KB

Table4: FetchengineareaandcorrespondingBBTC componentareasusedin BBTC with trace
tableexperiments.

In experimentswhich modelan IC-only fetchengine,we usea 2-way setassociative, 2-
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Fetch En-
gineArea

Rename
TableArea

Block
Cache
Area

NTP Area

1746KB 8 KB 128KB 1510KB
1930KB 16 KB 256KB 1558KB
2250KB 32 KB 512KB 1606KB
2842KB 64 KB 1024KB 1654KB

Table5: FetchengineareaandcorrespondingBBTC componentandNTP areasusedin experi-
mentswhich usedefault NTP andOTB components.Note thatNTP areavariesassizeof block
cacheindex/areavariesandthatno tracetableis included.

way interleaved instructioncachewith 64 bytelines,andLRU replacement.For theIC-Bpred
unrestrictedcomponentareaexperiments,the fetch engineareais comprisedof the areafor
theIC andthebranchpredictor, with thebranchpredictorareaheldconstant.For theIC-NTP
experiments,a �x ed-areaNTP with a 2K-entry, 2-way setassociative BTB is usedwithout a
backingbranchpredictor. Thereforethe IC-NTP fetchengineareais comprisedof theareas
of the correlatingtable,secondarytable,RHS,BTB, andIC. Theseparametersarelisted in
Table2. TheIC areasandtheareaof theentirefetchenginearelistedin Table3.
4.4 Benchmarks

We evaluateour resultsusingbenchmarksfrom the SPECCPU2000suite. The bench-
marksarecompiledandstaticallylinkedfor theAlphainstructionsetusingtheCompaqAlpha
compilerwith SPECpeaksettingsandincludeall linked librariesbut no operating-systemor
multiprogrammedbehavior. Sevenintegerbenchmarks(gzip,gcc,crafty, parser, eon,perlbmk,
andvortex) and� ve �oating point benchmarks(wupwise, mesa,art, facerec, andammp) were
usedin theexperiments.

Our initial experimentsdemonstratedlittle performancebene�t from larger fetchengines
on the �oating point benchmarks.We suspectthat this is becausethey have a small text size
andarehighly predictable.Thus,resultsfor �oating point benchmarksarenot shown andcan
befoundin [33].

Benchmark Input Fastforward
(insts)

164.gzip ref graphic 77.3B
176.gcc ref expr 1.3B
186.crafty ref 72.8B
197.parser ref 183.8B
252.eon ref rushmeier 36.3B
253.perlbmk ref diffmail 13.3B
255.vortex ref lendian3 28.3B

Table6: Fastforwardnumbersfor benchmarks.Benchmarksarefastforwardedandthenwarmed
up for 300M instructionsbeforestatisticsgathering.

Simulationsarefast-forwardedaccordingto thenumbersin Table6 [27], thenrun in full-
detail cycle-accuratemode(without statistics-gathering)for 300 million instructionsto train
the caches—includingthe L2 cache—andthe branchpredictorbeforestatisticsgatheringis
started.This interval wasfoundto besuf�cient to yield representative results[10].
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The individual resultsfor eachbenchmarkexhibited similar trends,thereforeour results
arepresentedastheaverageof thebenchmarks.

5 Fetch EngineAr eaExploration
We performeda comparisonof thefollowing fetchenginedesigns:CTC with NTP (CTC-

NTP), STCwith NTP(STC-NTP) [11], BBTC with tracetable(BBTC-TT), andIC with branch
predictor(IC-Bpred). To eliminatetheeffectsof enhancednext traceprediction,IC with NTP
(IC-NTP) andBBTC with NTP (BBTC-NTP) arealsoevaluated.Theareaslistedin Tables3,
4, and 5 were used. STC and BBTC associativity and areawere varied and the IPC and
energy-delay-squared(ED2) wereanalyzed.Wechooseto examineED2 asametricbecauseit
considersbothpower dissipationandperformanceandis voltageindependent.

Increasedassociativity improvedtheIPCfor CTC,STC,andBBTC,but showedonly mod-
est improvementin ED2. We presentdirect-mappedresultsfor the fetch enginesbecauseit
representstheworstperformingassociativity andED2.
5.1 UnrestrictedComponentAr ea

When fetch enginecomponentswerenot restrictedto a speci�c areabudget,we found
that for approximatelyequalfetch enginearea,an STC designhasbetterperformanceand
comparableED2 relative to IC-Bpred andIC-NTP. This is shown in Figure4(a). The STC
con�gurationsoutperform(in termsof IPC) the best-performingIC-Bpred andIC-NTP con-
�gurations by a maximumof 11.3%and 5.3% respectively. The resultsalso show that an
STCfetchenginegenerallyhasbetterenergy-ef�ciency with theexceptionof the100KB and
164 KB IC-Bpred areas.A 231KB STC fetch unit has9.0%lower ED2 thana 292 KB IC-
Bpred fetchengineand0.4%higherED2 thana 164KB IC-Bpred con�guration. A 231KB
STC fetch enginecontainsa 16 KB STC anda 64 KB instructioncache.The smallerSTC
is accessedroughly two-thirdsof the executiontime andthe larger areainstructioncacheis
accessedthe remainingtime. Accessinga smallerareasavesenergy dueto smallerrow and
columndecoders.This differs from the IC-Bpred andIC-NTP fetch units which must rely
solelyon the instructioncache.Anotherreasonthatmight explain thebetterperformanceof
theSTCis improvedbranchpredictionfrom theNTP. This is exploredin theSection5.2.

CTC performsapproximatelythesameasSTCbut with higherED2 dueto theparallelIC
andtracecacheaccess.

The BBTC-TTcon�gurationshave the lowest IPC (on average16% lower comparedto
STC)andhighestED2 (onaverage27%highercomparedto STC)of thefetchenginedesigns.
We believe thatthelow IPC is a resultof poornext tracepredictionfrom thetracetable.This
doesnot con�ict with the Black's [2] resultswhosework simulatesperfecttraceprediction
to explore the performancepotentialof the BBTC. The resultsfor BBTC-NTP, which has
improved branchpredictionaccuracy, exhibit IPCscloseto the STC con�gurations(within
18%)but with higherED2 (on average17%higher)dueto its greaterarea.For theremainder
of this paper, we excludeBBTC-TTresultsdueto its poorperformancedueto poornext trace
prediction.
5.2 Eliminating Branch Prediction Effects

TheSTC's betterperformancein the initial experimentscouldbea resultof the improve-
mentin branchpredictionaccuracy providedby theNTP. We exploredthis possibilityby per-
formingtwo additionalsetsof experiments.In onesetof experiments,wearti�cially equalized
thebranchpredictionaccuracy (perbenchmark)of all thecon�gurationsto thatof theaverage
bestperformingSTCcon�guration(best, 343KB,4-way). In thesecondsetof experiments,we
equalizedthebranchpredictionaccuracy (perbenchmark)to thatof theworstperformingSTC
con�guration(worst, 231KB,1-way). Theresultsof thesetwo setsof experimentsshowedthat
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equalizingbranchpredictionaccuracy to bestor worst did not affect therelationshipbetween
thevariousfetchenginedesigns,soonly theresultsfor bestareshown in Figure4.

TheIPC of theIC-Bpred fetchenginesimproved3.3%on averagecomparedto theinitial
experiments.Its ED2 wasroughly10.1%lower thanwithout branchpredictionequalization.
ThisshowsthatIC-Bpreddesignscanbene�t signi�cantly from thearti�cial branchprediction
equalization.The performanceof the STC fetch enginesis decreasedin worst becausethe
branchpredictionequalizationprocessarti�cially forcesmorebranchmispredictionsthanthe
STCfetchenginewould normallymake. This resultsin anED2 increasedueto extra cycles
spentrecovering from additionalmispredictions.Conversely, IC-Bpred andIC-NTPdesigns
exhibit animprovementin IPCandadecreasein ED2 becausetheirbranchpredictionaccuracy
is arti�cally improvedby thebranchpredictionequalizationtechnique.

Figure3: Percentageof averagefetch power consumedby fetch enginecomponents(resultsfor
equalizationto worsttracecachecon�guration)

With branchpredictionequalization,IC-NTP achieves IPC similar to that of STC fetch
engines(within 0.8%) andsimilar ED2 to STC. Its ED2 slopeis very similar to that of IC-
Bpred but slightly higherdueto the increasedpower consumptionfrom accessingthe large
NTP andOTB components(Figure3). Theseresultsindicatethat an IC fetchenginedesign
cannotattain the IPC andenergy-ef�ciency of STC designsby simply replacingthe branch
predictorwith anNTP. A fetchunit consistingof anIC, andNTPbackedby abranchpredictor
mightattainsimilarperformanceto STCfetchengines,but likely with increasedareaandfetch
power.
5.3 Summary Results

Theseexperimentsshow thatwithout consideringtheeffectsof improved branchpredic-
tion, STCfetchenginedesignscanachieve a signi�cant performanceimprovement(5.3%)at
anED2 similar to IC-Bpred fetchengines.Whenarti�cially equalizingfor branchprediction
effects,STCfetchengineshave 1.6%lower IPC and18.9%higherED2 (279KB 4-way STC
vs. 164 KB IC). We alsoseethat for equalareacomponentsIC-NTP is very comparableto
STC.However, for IC-Bpredfetchenginesto attainthisdegreeof ED2 improvement,improved
branchpredictionmechanismsmustbefound. Theseexperimentsareonly intendedto isolate
thecontribution of branchpredictionfrom instructionstorage.

5.4 RestrictedComponentAr ea
Clock ratesin modernprocessorsare increasingrapidly. As a result, the time delay to

accessstructuresis moreimportantthanever. To accountfor accesstime considerations,we
performedanexperimentwheretheareaof eachcomponentof eachfetchenginewaslimited
to a �x ed areabudgetsrangingfrom 2 KB to 512 KB. We performthis experimentwith all
fetchengineshaving direct-mappedstructureswhereapplicable.For example,for BBTC sim-
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(a) (b)

Figure4: IPCandED2 whenbranchpredictionratesare(a)unadjustedand(b) equalizedto bestperforming
STCcon�guration(Areaof componentsunrestricted)

ulations,theareaof eachof theBBTC components(tracetable,renametable,block cache),
backinginstructioncacheandbranchpredictorwaslimited to a �x edarea.We alsoexamined
theeffectof increasingleakage.Resultsareshown in Figure5.

STC getshigher IPC than the other fetch enginesstartingat 32 KB componentareas,
followedcloselyby IC-NTP, IC-Bpred, andBBTC-NTP. Figure6 shows thatSTCdoesbetter
thanIC-Bpred in termsof IPC even at smallerareas.However, STC doesnot show an ED2

improvementover IC-Bpred until 16 KB wherethe overheadof the extra areaof the STC
beginsto payoff.

Whenthecomponentsof eachfetchenginearerestrictedto aspeci�c areabudgettheeffect
of leakageis decreased(notasigni�cant effect)comparedto theresultswhenfetchenginearea
budgetis unrestricted.Eachcomponentin eachfetchengineis no larger thana �x edarea,so
naturallytheeffect of leakagefor eachfetchengineis reduced,but theperformanceof certain
structuresmightbelimited by thearearestrictions.

For the BBTC the publishedbestcon�guration hasan 8k-entrytracetable(128KB) and
4k-entryblock cache(512KB). Theblock cache(themaincomponentof theBBTC) maybe
penalizedunderthearearestriction.Thisexplainswhy theBBTC doesnot fareaswell for the
restrictedcomponentareaexperiments.
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(a) (b)

Figure5: Equal areafetch componentswhenbranchpredictionratesareunadjusted:(a) by maximum
componentareaand(b) by total fetchenginearea

(a) (b)

Figure6: Percentdifferenceof (a) IPCand(b) ED2 relative to IC-Bpred
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6 LeakageCurr ent Sensitivity
Total power dissipationdueto chip leakageis projectedto exceedtotal dynamicpower as

featuresizesreach65 nm [28]. To ensurethat we considerthe energy-ef�ciency of CTCs,
STCs,andICsbothnow, andin futureprocesstechnologies,weexaminetheresultsof varying
theleakageratio from 10%to 50%of maximumpower dissipation(Figure7).

We �nd that whencomponentareasarerestrictedto accountfor accessdelay, increased
leakageratio haslittle effect. This is dueto the fact that the componentsfor the respective
fetchorganizationsarerelatively equalin size.1

Figure7: ED2 at leakageratios: (a) 10% and(b) 50% (top row plottedby maximumcomponentarea,
bottomrow plottedby total fetchenginearea)

7 AheadPipelining the NTP
Fasterclock ratesleadsto shortercycle times.Shortercycle timesmakesaccessinglarger

structuresmorechallenging.Ourexperimentalresultsshow thatbranchpredictionaccuracy is
animportantfactorin fetchengineperformance.Ourresultsshow thattheNTPprovidesbetter
branchpredictionaccuracy thanahybridbranchpredictor. However, at verysmallcomponent
areas,theNTP performspoorly. Ahead-pipeliningis onetechniqueto enablea structureto be
largerandstill beableto produceoutputeachcycle.

1We donotpresentseparateIPCgraphsin this experimentbecausetheleakageratiohasnoeffecton
IPC.Referto Figure4 for IPCresults.
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Figure8: NTPcorrecttracepredictionaccuracy asaffectedbypipelinedepthandnumberof entriesselected
for �nal prediction.

Figure9: Improvementof NTP correcttracepredictionaccuracy asNTP tableareasincrease.(D = NTP
pipelinedepth,S= numberof entriesselectedfor considerationin �nal traceprediction)

Aheadpipelining initiatesa predictionmany cycles in advanceof when it is neededto
hide accesslatencies.To do so,older informationmustbe usedto generatea setof thepre-
dictions for selectionandat the last momentthe mostcurrentinformation is usedto select
the �nal prediction. Patt [34] evaluatespipelinedaccessto a branchaddresscacheto per-
form multiplebranchprediction.Jimenez[12], Seznec[26, 25] andTarjanet al. [32] evaluate
ahead-pipeliningsingle-branchpredictorsin order to get betterpredictionaccuracy (enable
largerbranchpredictorstructures)while consideringtheimpactof delay. Weapplytheahead-
pipeliningconceptto theNTPtracepredictionmechanismandperformasetof experimentsin
which we comparetheperformanceandenergy-ef�ciency of fetchengineswith thepipelined
NTP.

Ahead-pipeliningtheNTP is a way to reducesomeof theperformancelossfrom reduced
areadueto cycle time restrictions.It allows usto planstructureslarger thancanbeaccessed
within asinglecycle,andyet still produceaccurateoutputeachcycle.

Roughly1KB canbeaccessedwithin asinglecycle [13]. If astructurecanbepipelinedto
2 stages,thestructurecouldbemadeaslargeas4 KB. As thedepthof thepipelineincreases,
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theareafor aparticularstructurethatcanbeaccessedroughlyquadruples[12].
We pipelinetheNTP by usingincompletetracehistoryto selecta rangein theNTP tables

andin the cycle beforethe predictionis needed,usethe mostcurrenttracehistory to select
theactualpredictionto bemade.This techniqueis similar to thetechniqueusedby Patt [34]
andJimenez[12] exceptthatwe apply it to next tracepredictionwhich is a form of implicit
multiple branchprediction. Tracemispredictionlatency is modeledasthe depthof theNTP
pipelining(�ushing theNTP pipeline).

We compare1KB - 32KB componentareas,assumingthat the NTP pipelinedepthmust
increaseaswe increasethearea.We vary thepipelinedepthfrom 1 (non-pipelined)to 6 and
vary therangeof entrieschosenby theincompletehistoryfrom 1,2,4,8.(SeeTable7)

Component
Area

Pipeline
Depth

1 KB 1
2 KB 2
4 KB 3
8 KB 4
16 KB 5
32 KB 6

Table7: NTPcomponentareasandcorrespondingNTPpipelinedepth.Numberof entriesselected
in advanceis variedat values1,2,4,and8.

Figure8 shows theNTP correcttracepredictionaccuracy of theNTP for varying
pipelinedepthsandselectionrangesfor the16 KB componentarea.(All structuresin
theNTP canbeno larger than16 KB). We chooseto show theNTP traceprediction
accuracy in orderto demonstratethepotentialfor pipeliningtheNTP. Thebarlabeled
Depth1representsthe maximumattainableNTP predictionaccuracy sinceit is the
single-cycle tracepredictionaccuracy. As thedepthof thepipelineincreases,if only
a single entry is selectedin the early stages,the tracepredictionaccuracy rapidly
decreases.Thisis dueto theuseof only olderhistoryandnonewerhistoryto makethe
next traceprediction.Increasingtherangeof entriesto selectfrom at predictiontime
improvesthepredictionaccuracy. As thenumberof entriesselectedis increasedto 8,
thedifferencein tracepredictionaccuracy from non-pipelinedNTPrapidlydecreases.
As thedepthof thepipelineincreases,the tracepredictiondeclinesdueto theuseof
moreandmoreold historyandlessnew historyto make thetraceprediction.

Figure9 comparestheNTPtracepredictionaccuracy of comparablepipelinedNTP
designpoints. A non-pipelined1KB areaNTP canbe comparedto a progressively
larger, moredeeplypipelinedNTP. Thedarkcoloredsectionof thebarrepresentsthe
tracepredictionaccuracy whenpipelined,while theshadedareaof thebarrepresents
thetracepredictionaccuracy if thesameareastructurewereto beaccessiblewithin a
singlecycle. Theseresultsshow thatthetracepredictionaccuracy doesnot suffer too
muchof apenaltyfrom beingpipelined.

Figure6 showsthata16KB STCaccessiblein asinglecycleshowssigni�cant ED2

improvementoverIC-Bpred. Sincethis is notaccessiblein asinglecycle,wecompare
theperformanceof our 16KB 2-deeppipelinedSTC-NTPwith a 2 KB non-pipelined
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STC-NTPand�nd thatwe geta 26.7%improvementin IPC and25.8%reductionin
ED2. This suggeststhatwith aheadpipelining,STCscanprovide signi�cant perfor-
mancebene�tsandincreasedenergy-ef�ciency.

8 Conclusions
We implementandverify theperformanceof theSTCmodelproposedby Roten-

berg [24] andthe BBTC modelproposedby Black [2] andaugmentboth modelsto
includepower andenergy modeling. Our experimentsshow thatwhenfetchcompo-
nentsarenot constrainedby accesstime, fetchengineswhich includeSTCsaremore
energy-ef�cient while providing a signi�cant performanceimprovementover IC-only
fetchengineorganizations.Evenwhenbranchpredictionaccuracy is arti�cially equal-
ized,STCfetchenginesarestill asenergy-ef�cient asICs. TheED2 resultsshow that
althoughanSTCandits supportingcomponentsmaytake up morechip areathanan
IC-only fetchengine,it yieldsbetterenergy-ef�ciency overall (withoutbranchpredic-
tion equalization)dueto betteropportunitiesfor accessingsmallerareafetch engine
components.Theseresultsrepresentthe theoreticalbene�t of tracecaches,which
stempartly from the implicit multiple branchpredictionof the NTP andpartly from
thebene�t of storinginstructionsastracesasopposedto staticprogramblocks.

We thenconsiderthe trendof increasingaccessdelaydueto higherclock speeds
by limiting theareaof thefetchenginestructuresandconsidertheeffectof increasing
leakageratio. We �nd thatthebene�t of STCfetchenginescomparedto IC fetchen-
ginesin thefaceof increasingdelayis moremodestthanwhendelayis notconsidered.

We introduceandevaluateanaheadpipelinedNTPto addressthetrendof increas-
ing accessdelay. We �nd that thereis a modestdecreasein STC-NTPperformance
over thenon-pipelinedareaequivalent.Whencomparingto a single-cycle accessible
non-pipelined2 KB STC-NTP, a 2-deeppipelined16 KB STC-NTP(3 selectionbits)
canprovidea26.7%IPC improvementand25.8%ED2 improvement.

Futuredirectionsfor this work include exploring the energy-ef�ciency of other
fetchenginedesignsincluding instructionstreams[21], dynamicpredictiondirected
tracecache[8], the�lter tracecache[31], andparallelfetchdesigns[17].
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