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Abstract

Futurefetch enginesneedto be enegy-efcient. Therefore,a thoroughevaluationand
comparisorof fetchenginedesignis necessaryor futuristic processors.

Our work compareghe enegy-efciency of concurrentracecacheqCTCs), sequential
tracecacheg(STCs), block-basedracecachegBBTCs), and instructioncachesICs). We
compare:CTCsand STCswith path-basedhext tracepredictor(NTP), ICs with branchpre-
dictor (IC-BPRED), andBBTCswith tracetable(BBTC-TT). To separat®ut predictororgani-
zationandpredictioneffectswe alsoevaluatelCs with NTP (IC-NTP) andBBTCswith NTP
(BBTC-NTB. In our experimentswe rst evaluatethe fetch engineswith no areabudgetre-
strictions. Then,to considethigherclock rateswe evaluatethe fetchenginesvhenrestricting
theareabudgetfor eachcomponentTo considerfutureprocessechnologiesywe alsoevaluate
the effect of increasedeakage.

We nd that branchprediction(whetherexplicit or implicit) is a key componentn the
enegy-efciency of the fetch enginedesignsevaluated. Branchpredictioneffectsare elim-
inatedby arti cially equalizingthe effective branchpredictionaccurayg for the fetch engine
designsandtheresultsareevaluated.

We nd thataccesslelaylimits thetheoreticaperformancef thefetchenginesavaluated.
We proposea novel aheadpipelined NTP that performsnearly as well as the single-gcle
accesNTP.

1 Intr oduction

Enegy-efciency hasbecomamportantfor almostall new chip designsFor high-endpro-
cessorspower densityis a problem.Today's desktopCPUsbecomaomorrav's laptopCPUs
so evaluatingthe enegy-efciency of microarchitecturatlesignsis important. Furthermore,
enegy-efciency is alsoimportantfor wall-poveredsystemssuchassener racksin datacen-
terswhereelectricity andair conditioningare major costs. The fetch unit contritutesa large
portion of total powver consumptiorin a microprocessorfFor example,Montanaroet al. [16]
measure¢he StrongARMS fetchenginepowerconsumptiorat 27%of total chip powver. Trends
in branchpredictionresearctalsopointtowardlargerandmoreaggressie fetchengineorga-
nizations[11, 20]. Understandindnow fetch organizationaffectsprocessoenegy-efciency
is importantto processodesign.

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



Trace cachesstore instructionsin dynamicprogramorder Most trace cacheimplementa-
tions [14, 19, 22, 24] do not suffer from the problemsof requiring additionallevels of in-
directionor the needfor interlearing or complex alignmentnetworks andthusare optionsto
be consideredn fetch enginedesign. We are not aware of ary work analyzingthe enepgy-
efciency of tracecachescomparedo corventionalfetch organizations. Our work models
seseraltypesof tracecachesthe corventionalor concurrentracecache(CTC) in whichtrace
cacheandinstructioncacheareprobedin parallel,the sequentiatracecache(STC)described
by Rotenbeg et al. [22, 24] andthe block-basedracecache(BBTC) describedby Black et
al. [2]. We presenfour setsof experimentakesults.

First, we comparethe following fetch engineorganizationsvith andwithout arearestric-
tions: CTCwith NTP, STCwith NTP, IC with hybrid branchpredictor BBTC with tracetable
traceprediction,andto separatéracepredictioneffects,|C with NTPandBBTC with NTP. In
the rst experimentthefetchenginecomponentsave no restrictedareabudget.Iln thesecond
experimentto accountfor thetrendof decreasingccessimes,eachcomponentn eachfetch
engineorganizationis limited to a restrictedareabudget. Second o eliminatebranchpre-
diction effectswe arti cially equalizethe branchpredictionaccurag for all the fetchengine
designsThird, we examinethe effect of increasingeakageon thefetchengineorganizations.
Finally, we introduceandevaluateanaheadpipelinedNTP to addresslecreasingycle times.

Eachcomparisoris madewith respecto two parametersperformancgIPC) andenegy-
delay-square@ED?).

Therestof the paperis organizedasfollows: Section2, presentselatedwork, Sections3
and 4 presentexperimentalmethodology Sectionsb through6 presentexperimentalresults
andSection8 presentgonclusionsanddirectionsfor futurework.

2 RelatedWork

Friendly Patel, and Patt [7] and Rotenbeg, Bennett,and Smith [22, 24, 23] performed
comprehense studiesof the tracecachedesignspacewith respecto performance We per
form a similar designspacestudyto evaluatepower, enegy, andperformancdradeofs on a
morecurrentprocessopipeline.

Researcthasexploredwaysto reducethe power dissipationof tracecachesHu et al. [9]
shavedthatsequentiallyaccessinghetracecacheandinstructioncachehassigni cant power
savings over accessinghe two structuressimultaneously In subsequenivork, Hu et al. [8]
alsocomparedhe corventionaltracecache(CTC), sequentiatracecache(STC),anda nev
design,the dynamicdirection predictionbasedracecache(DPTC) for power ef ciency and
performance.They found that DPTC exhibits lessperformancdossthanthe STC but with
similar power consumptionOurwork comparedetchunitscontainingeitherSTCsor BBTCs
to fetchunitscontainingonly aninstructioncacheandevaluatesheeffect of additionalparam-
eterssuchasleakageanddelay

Bahar[1], Kim [15], and Zhang[35] have donework to improve traditionalinstruction
cacheenegy consumptiorwithout adwerselyaffecting processoperformancer on-chipen-
ergy consumption.Our work focuseson evaluatinghigh fetch bandwidthfetch organizations
asopposedo techniquego improve traditionalinstructioncacheenegy-efciency.

Solomonetal. [30] introducedthe micro-operatiorcache(UC) asanalternatve frontend
for the Intel P6 processofamily. The UC storesbasicblocksin decoded op form andpro-
vides similar fetch bandwidthat lower power consumption. Their goal was not to increase
fetchbandwidthbut ratherto nd amoreenegy-efcient fetchenginedesignwith comparable
performance.Our work focuseson evaluatingthe enegy-efciency of fetch enginedesigns
which seekto increasdetchbandwidth.Thereforethe UC is notincludedin this work.



Parikh etal. [18] exploredtherole of branchpredictororganizationon power, enegy, and
performancdradeofs for fetchenginedesign.They foundthatalthoughextrapowvermayneed
to beexpendedor thebranchpredictor overall processopower andenegy dissipationcanbe
reduced.Our work focuseson the cacheand predictionmechanismén variousfetch engine
organizations.

Ramirezet al. [21] introduceinstructionstreamfetd engineasa high-performancéetch
mechanismAn instructionstreamis a sequencef instructionswhich may containonly not-
taken branches. This fetch unit takes adwvantageof code layout optimizations. We believe
thatinstructionstreamsarea specialde nition of tracethatfalls somevherein the spectrum
betweeninstructioncachelines (programorderedinstructionblocks) and instructiontraces
(dynamicinstructionsequences)ndthatsomeusefulinsightscanbedravn withoutevaluating
fetchinginstructionstreams Sincewe do not considercodelayoutoptimizationsfor thefetch
engineswe evaluate,we do not evaluatefetchinginstructionstreamsbecausehe limitation
might unfairly penalizethatapproach.Therefore the streamfetth engineis outsidethe scope
of thiswork but couldbethe subjectof future work.

Oberoietal. [17] proposedparallelism in the front-endin which several instructionse-
guencefragmentsarefetchedandrenamedn parallelfrom a banled instructioncache.The
focusof our work is to understandhe enegy-efciency implicationsof sequentiafetch or-
ganizationssuchasinstructioncacheandtracecache. Our work evaluatesthe IC with NTP
fetch organizationwhich is a simpli ed, sequentialersionof the Oberoiwork. Our IC with
NTPis evaluatedo isolatetheeffectsof implicit branchpredictionof traces Parallelizedrace
constructiorfetch organizationsarebeyond the scopeof this work but are plannedfor future
evaluation.

Several high fetch bandwidthmechanismsuchas branchaddresscache[34], subgraph
predictor[6], collapsingbuffer [5], multiple-block aheadpredictor[26], block-basedrace
cache[2] andtracecache[14, 19, 22, 24] have beenproposed.Many of thesemechanisms
have drawvbacksin termsof complity. Therefore for this work we only considerthe trace
cachedescribedby Rotenbeg [24] and the block-basedrace cachedescribedoy Black et
al. [2].

We are not awareof ary furtherresearctwhich hasexaminedthe relative powver-enegy-
performanceradeof betweerfetchorganizationsvhich have only instructioncachesandfetch
organizationsvhich have a combinationof instructioncacheandtracecache.

3 Simulation Technigques

All experimentsn thiswork useSimpleScalaf4] andamodi ed Wattch[3] infrastructure
with a powver model basedon the Alpha 21364[29]. The baseout-of-ordersimulatorwas
extendedto include CTC, STC, BBTC, and path-basedext trace predictor(NTP) models.
Themicroarchitecturenodelis summarizedn Tablel.

To morecloselystudythe ef ciency of the fetch engineswe chosea highly parallelizing
executioncore. We alteredthe basemicroarchitectur¢o have 128 fetch queueentries,128
register renameentries,and 128 load/storequeueentries. In addition, we alteredthe base
architecturesothatasmary as16 instructionscanbeissuedexecuted andcommittedin one
cycle. Thus,amaximumof 16 IPCis possiblewith aperfectfetchengineandperfectlyparallel
code.

SincecurrentCPUdesignsareincreasinglyusingconditionalclockingtechniqueso reduce
power consumptionwe calculatethe powver and enegy metricsusing Wattchs conditional
clocking methodwhich scalespower linearly with port or unit usageg3]. To modelleakage,
whenthe port or unit is notin use,a x edratio of maximumpower dissipationis chaged:
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Processo€ore

Active List 128entries
Physical regis- | 80
ters
LSQ 128entries
Issuewidth 16instructionspercycle
Functional 16 IntALU4 Int-
Units Mult/Div,
8 FPALU,4 FPMult/Duv,
2 memports

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

64B blocks
both2-cycle lateny

L2 Unied, 4MB, 8-way
LRU,

128B blocks, 12-g/cle

lateng, writeback

Memory 225cycles(75ns)

TLB Size 128-entryfully assoc.,

30-g/cle misspenalty
BranchPredictor

Branch predic- | Hybrid PAg/GAg

tor

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

Tablel: Simulatedorocessomicroarchitecture.

10%in mostexperimentsFor theleakageaxperimentsn Section6, theleakageatiois varied
from 10%to 50% of maximumpower dissipation.

4 Experimental Methodology

We conductedxperimentgo evaluateCTC,STC,BBTC, andIC fetchorganizationsFirst,
CTC,STCandBBTC fetchunitswerecomparedo IC with branchpredictor(IC-Bpred) with
andwithout areabudgetrestrictionsfor the fetch enginecomponents.In orderto eliminate
differencesn tracepredictionaccurag, IC with NTP (IC-NTP) andBBTC with NTP (BBTC-
NTP) werealsoevaluated.Next, to eliminatethe potentialeffectsof improved branchpredic-
tion for someof the fetch organizationsye performeda setof experimentsn which all fetch
units' branchpredictionaccuraciesverearti cially equalizedo thatof the fetch enginewith
thebestbranchpredictionaccurag (STC).

We evaluatethe impact of increasingstatic power dissipationon fetch engineenegy-
ef ciency by varyingthe leakageratio from 10%to 50%.

We thenpresentindevaluatea pipelinedNTP to improve next tracepredictionin theface
of decreasin@ccesdimesandshrinkingstructureareas.



4.1 CTC and STC Model

TheSTCmodeledn the experimentds theonedescribedy Rotenbeg [23]. Thesequen-
tial tracecacheconsistof anNTP [11] which predictsthenext traceto befetched outstanding
tracebuffers (OTB) to hold in- ight predictedtraces,andthetracecacheitself. We modeled
sequentiatracecacheaccessasdescribedn thework of Hu etal. [9]. Theinstructioncache
is only probedon the next cycle after a tracecachemiss. Figure 1 shavs the STC model.
Thesequentiatracecaches powverwasmodeledasanarraystructure similarto aninstruction
cachewith onereadandonewrite port. The corventionaltracecacheis basicallythe same
fetchorganizationasthe STC exceptthattheinstructioncacheandthe tracecacheareprobed
in parallel. The power modelfor the CTC is adjustedto re ect the paralleltracecacheand
instructioncacheaccess.
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Figurel: STCmodel(Patternedafter gure in [23]).

Tracesmay be de ned in mary ways. Sincewe usethe NTP of Jacobsoretal. [11], we
usethede nition of traceusedin their work for all CTC andSTC simulations.A tracehasa
maximumof 16 instructionsandasmary as7 brancheg6 internalbranchesplusa possible
7th terminatingbranch).Indirectbranchegerminatea trace. The NTP [11] usespathhistory
information(recentlycommittedtraces}o make predictionamuchlike aGAs or globalhistory
branchpredictor Thisinformationis combinedwith tracehistoryto index atablethatmakes
apredictionaboutthe next traceto befetched.In our experiments8 previoustraceidenti ers
arehashedogethelto getindexesinto the 64K-entrycorrelatingtable,andinto the 32K-entry
secondaryable.A selectomechanisnthooseshe predictionfrom themoreaccuratdable.

To modelthe power of the hybrid NTP [11], the correlatingtable,secondaryable,return
history stack(RHS) and path history register are eachmodeledas array structureswith one
readandonewrite port.

The outstandingracebuffer (OTB) maintainsinformation aboutin- ight traces. When
an entiretracecommits,the traceis written to the tracecache(if neededandthe OTB entry
is reclaimed. OTB entriesalso maintaininformation neededo recorer from mispredicted
branchesThepowerfor the OTB is modeledasanarraystructurewith two readportsandone
write port. Onereadportis sharedoy fetchandmispredictrecorery mechanismandoneread
portis devotedto the committime mechanismThe singlewrite portis sharedbetweerfetch
and mispredictrecorery mechanisms.The experimentsin Sectionsb and5.2 use128 OTB
entries,while the experimentsin Section6 use16 OTB entriesbasedon a sensitvity study
shaving thatan OTB with 16 entriesdoesnotincur signi cant performancdoss.

4.2 BBTC Model

The BBTC describedby Black et al. [2] modeledin our experimentsconsistsof a trace
table which males next tracepredictions,a block cachewhich storesbasicblocksfor trace
constructionarenameableto maintainfetchaddressenaminganda Il unit which controls
the updateof the otherthreecomponentsThe tracetable predictsa seriesof blocksto fetch
usingblock-id executionhistory and branchhistory bits. Thesepredictedblocksarefetched



from the block cacheand assembledo constructa trace. Blocks are allocatedto the block
cacheby the renameablewhich maintainsa mappingof fetch addresseto block identi ers.
The Il unit controlsthe updateof thetracetable,block cacheandrenameable.

Tracesin theBBTC arede ned to bea seriesof blockswith eachblock beingde ned asa
seriesof instructiongerminateddy abranch,or auserde ned maximumnumberof sequential
instructions.Thereareno otherspecialtraceterminationconditions.To make the BBTC trace
de nition morecomparabldo the STCtracede nition, we alterthe BBTC tracede nition to
terminatetraceson indirect branchesasin the Rotenbeg tracede nition. Our experiments
shav thatthis modi cation in thetracede nition improvesthe performancef theBBTC. We
choseto modelareplicationof four andamaximumbasicblock sizeof six instructionto match
the publishedbest-performindBTC. Figure2 shavs the BBTC model.

For power modeling,the BBTC componentsareeachmodeledasarray structures.Each
componenbf the BBTC hasonereadportandonewrite port.
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Figure2: BBTC model(from [2]).

4.3 CacheParameters
Thefetchengineexperimentavhich containeitherCTC,STCor BBTC alsoincludeanon-

interleaved instructioncachewhich senesasbackupin the caseof a tracecachemiss. The

fetchenginecomponentsvhich wereheldconstanareshavn 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-entrysecondaryable
128-entryRHS

Table2: Parametersield constanfor STCandBBTC experiments.



4.3.1 CTC and STC Con gurations

Sincethe numberof componentsn the CTC, STCandBBTC designdiffer from the number
of componentén IC designsanequal-are@omparisons dif cult. Thereforewe examinethe
fetch enginesover a rangeof differentfetch engineareas.We rst evaluatethe fetchengines
whentheareaof individualfetchenginecomponentss unrestricted This allows usto examine
thetheoreticapotentialof thevariousfetchenginesThen,to consideraccessime, werestrict
the areaof eachindividual componenbf eachfetch engineto areasof 2 KB through512 KB
in successie simulations.

Associatvities for theSTCarevariedin theexperimentsut thereplacemenpolicy is x ed
to LRU, andtheline sizeis x ed at the lengthof onetrace. Table3 shavs the fetch engine
areasusedin the experimentsof Section5. Theseexperimentsusethe idealNTP and OTB
parameterspeci ed by [11]. The areausedfor the CTC/STCaloneis listed alongsidethe
total fetch enginearea. The remainingfetch engineareais calculatedoy totaling the areaof
the backinginstructioncache pranchpredictor(includingBTB), OTB, andhybridNTP.

In the rst comparisonthe areaof the STCis variedwhile the areasof the othercompo-
nentsareheld constan{SeeTable2). In asecondcomparisontheareawf the STC,NTP, and
OTB arelimited to 2 KB through512KB.

Fetch En-| CTC/STC | Fetch En-| IC Area

gineArea | Area gineArea

980KB 16 KB 100KB 64 KB
996 KB 32KB 164KB 128KB
1028KB 64 KB 292KB 256 KB

1092KB 128KB 548KB 512KB
1220KB 256KB 1060KB 1024KB
1476KB 512KB

Table3: FetchengineareaandcorrespondingcTC/STCandIC areasusedin experimentsvhich
usedefault NTP andOTB componentsCacheareais includedin the fetchengineareatotal.

4.3.2 BBTC Con gurations

Similarly, the associatiities of the BBTC arevaried. Fetchengineandcomponentreasfor
BBTC with tracetableandBBTC with NTP aresummarizedn Tables4 and5.

Fetch En- | Trace Rename | Block
gineArea | TableArea | TableArea | Cache
Area
268KB 32KB 8 KB 128KB
436KB 64 KB 16 KB 256KB
772KB 128KB 32KB 512KB
1444KB 256 KB 64 KB 1024KB

Table4: Fetchengineareaandcorrespondind3BTC componentreasusedin BBTC with trace
tableexperiments.

In experimentswhich modelan IC-only fetch engine,we usea 2-way setassociatie, 2-



Fetch En- | Rename Block NTP Area
gineArea | TableArea | Cache

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

Table5: Fetchengineareaand correspondinBTC componentand NTP areasusedin experi-
mentswhich usedefault NTP andOTB componentsNote thatNTP areavariesassize of block
cacheindex/areavariesandthatno tracetableis included.

way interleared instructioncachewith 64 bytelines,andLRU replacementfor the IC-Bpred

unrestrictedccomponentareaexperiments the fetch engineareais comprisedof the areafor

the IC andthe branchpredictor with the branchpredictorareaheld constantFor the IC-NTP
experimentsa x ed-areaNTP with a 2K-entry 2-way setassociatie BTB is usedwithout a
backingbranchpredictor Thereforethe IC-NTP fetch engineareais comprisedof the areas
of the correlatingtable, secondarytable, RHS, BTB, andIC. Theseparameterarelistedin

Table2. ThelC areasandthe areaof the entirefetchenginearelistedin Table3.

4.4 Benchmarks

We evaluateour resultsusing benchmarkgrom the SPECCPU2000suite. The bench-
marksarecompiledandstaticallylinkedfor the Alphainstructionsetusingthe CompadAlpha
compilerwith SPECpeaksettingsandincludeall linked librariesbut no operating-systeror
multiprogrammedbehaior. Sevenintegerbenchmarkg$gzip,gcc,crafty, parser eon,perlbmk
andvortex) and ve oating pointbenchmarkgwupwise mesaart, faceec andammp were
usedin the experiments.

Our initial experimentsdemonstratedittle performancéene t from larger fetchengines
onthe oating point benchmarksWe suspecthatthis is becausehey have a smalltext size
andarehighly predictable.Thus,resultsfor oating pointbenchmarksrenotshaovn andcan
befoundin [33].

Benchmark Input Fastforward
(insts)
164.g9zip ref graphic 77.3B
176.gcc ref expr 1.3B
186.crafty ref 72.8B
197 .parser ref 183.8B
252.eon refrushmeier | 36.3B
253.perlbmk | ref diffmalil 13.3B
255.\ortex reflendian3 28.3B

Table6: Fastforwvard numbersfor benchmarks Benchmarksare fastforvardedandthenwarmed
up for 300M instructionsbeforestatisticsgathering.

Simulationsarefast-forvardedaccordingto the numberdn Table6 [27], thenrunin full-
detail cycle-accuratanode(without statistics-gatheringfor 300 million instructionsto train
the caches—includinghe L2 cache—andhe branchpredictorbefore statisticsgatheringis
started.This interval wasfoundto be sufcient to yield representate results[10].
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The individual resultsfor eachbenchmarkexhibited similar trends,thereforeour results
arepresentedsthe averageof thebenchmarks.

5 Fetch Engine AreaExploration

We performeda comparisorof the following fetchenginedesigns.CTC with NTP (CTC-
NTP), STCwith NTP(STC-NTR[11], BBTC with tracetable(BBTC-TT), andIC with branch
predictor(IC-Bpred). To eliminatethe effectsof enhancedhext traceprediction,|C with NTP
(IC-NTP) andBBTC with NTP (BBTC-NTB arealsoevaluated.The areadistedin Tables3,
4, and 5 were used. STC and BBTC associatiity and areawere varied and the IPC and
enepy-delay-squaed (ED?) wereanalyzed We chooseo examineED? asametrichecausét
considersdothpower dissipationandperformanceandis voltageindependent.

Increasedssociatiity improvedthelPCfor CTC,STC,andBBTC, but shavedonly mod-
estimprovementin ED?. We presentdirect-mappedesultsfor the fetch enginesbecauset
representthe worstperformingassociatiity andED?.

5.1 Unrestricted ComponentArea

When fetch enginecomponentsvere not restrictedto a speci ¢ areabudget, we found
that for approximatelyequalfetch enginearea,an STC designhasbetterperformanceand
comparableED? relative to IC-Bpred and IC-NTP. This is shavn in Figure4(a). The STC
con gurationsoutperform(in termsof IPC) the best-performindC-Bpred andIC-NTP con-

gurations by a maximumof 11.3%and5.3% respeciiely. The resultsalso shawv that an
STCfetchenginegenerallyhasbetterenegy-efciency with the exceptionof the 100KB and
164 KB IC-Bpred areas.A 231KB STC fetch unit has9.0% lower ED? thana 292 KB IC-
Bpred fetch engineand0.4% higherED? thana 164 KB IC-Bpred con guration. A 231 KB
STC fetch enginecontainsa 16 KB STC anda 64 KB instructioncache. The smallerSTC
is accessedoughly two-thirds of the executiontime andthe larger areainstructioncacheis
accessethe remainingtime. Accessinga smallerareasavesenegy dueto smallerrow and
columndecoders.This differs from the IC-Bpred and IC-NTP fetch units which mustrely
solely on the instructioncache.Anotherreasonthat might explain the betterperformanceof
the STCis improved branchpredictionfrom the NTP. Thisis exploredin the Section5.2.

CTC performsapproximateljthe sameasSTC but with higherED? dueto the parallellC
andtracecacheaccess.

The BBTC-TT con gurations have the lowestIPC (on averagel6% lower comparedo
STC)andhighestED? (on average27%highercomparedo STC)of thefetchenginedesigns.
We believe thatthelow IPC is aresultof poornext tracepredictionfrom thetracetable. This
doesnot con ict with the Black's [2] resultswhosework simulatesperfecttraceprediction
to explore the performancepotential of the BBTC. The resultsfor BBTC-NTR which has
improved branchpredictionaccurag, exhibit IPCscloseto the STC con gurations (within
18%) but with higherED? (on averagel 7% higher)dueto its greaterarea.For the remainder
of this paperwe excludeBBTC-TTresultsdueto its poor performancelueto poornext trace
prediction.

5.2 Eliminating Branch Prediction Effects

The STC's betterperformancen theinitial experimentscould be a resultof the improve-
mentin branchpredictionaccurag provided by the NTP. We exploredthis possibility by per
formingtwo additionalsetsof experimentsin onesetof experimentswearti cially equalized
thebranchpredictionaccurag (perbenchmarkpf all thecon gurationsto thatof theaverage
bestperformingSTCcon guration(best 343KB, 4-way). In thesecondsetof experimentswe
equalizedhebranchpredictionaccurag (perbenchmarkjo thatof theworstperformingSTC
con guration(worst, 231KB, 1-way). Theresultsof thesetwo setsof experimentshavedthat



equalizingbranchpredictionaccurag to bestor worst did not affect the relationshipbetween
thevariousfetchenginedesignssoonly theresultsfor bestareshavn in Figure4.

ThelPC of the IC-Bpredfetch enginesmproved 3.3% on averagecomparedo theinitial
experiments.lts ED? wasroughly 10.1%]lower thanwithout branchpredictionequalization.
ThisshavsthatlC-Bpreddesignsanbene t signi cantly from thearti cial branchprediction
equalization. The performanceof the STC fetch enginesis decreasedn worst becausdhe
branchpredictionequalizatiorprocesstrti cially forcesmorebranchmispredictionghanthe
STCfetch enginewould normally make. This resultsin an ED? increasedueto extra cycles
spentrecorering from additionalmispredictions.Corversely IC-Bpred and IC-NTP designs
exhibit animprovementin IPC andadecreasé ED? becaus¢heir branchpredictionaccurag
is arti cally improvedby thebranchpredictionequalizatiortechnique.

Average Fetch Power (cc3) by Fetch Engine Component

100%
00% | E B
80% -|
70% -
60% +—
50% +—
40% -|
30% -  [m—
20% -|

Percentage of Average Fetch
Power

10% +— H H
0% T T T
IC + NTP 279 TC 1way 279 TC 2way 279 TC 4way 279
KB KB KB KB

[mIC WBPRED OTC CINTP mOTB|

Figure 3: Percentagef averagefetch power consumeddy fetch enginecomponentgresultsfor
equalizatiorto worsttracecachecon guration)

With branchpredictionequalization,IC-NTP achieres IPC similar to that of STC fetch
engines(within 0.8%) andsimilar ED? to STC. Its ED? slopeis very similar to that of 1C-
Bpred but slightly higherdueto the increasedower consumptiorfrom accessinghe large
NTP andOTB componentgFigure3). TheseresultsindicatethatanIC fetch enginedesign
cannotattainthe IPC andenegy-efciency of STC designsby simply replacingthe branch
predictorwith anNTP. A fetchunit consistingof anlC, andNTP bacled by abranchpredictor
mightattainsimilar performanceo STCfetchenginesbut likely with increasedreaandfetch
power.

5.3 Summary Results

Theseexperimentsshav thatwithout consideringthe effects of improved branchpredic-
tion, STCfetchenginedesignscanachiere a signi cant performancemprovement(5.3%)at
anED? similar to IC-Bpred fetch engines.Whenarti cially equalizingfor branchprediction
effects, STC fetch engineshave 1.6%lower IPC and18.9%higherED? (279KB 4-way STC
vs. 164 KB IC). We alsoseethat for equalareacomponentdC-NTP is very comparabldo
STC.However, for IC-Bpredfetchengineso attainthis degreeof ED? improvementjmproved
branchpredictionmechanismsnustbefound. Theseexperimentsareonly intendedo isolate
the contrikution of branchpredictionfrom instructionstorage.

5.4 Restricted ComponentArea

Clock ratesin modernprocessorare increasingrapidly. As a result, the time delayto
accesstructuress moreimportantthanever. To accountfor accesgime considerationsye
performedan experimentwherethe areaof eachcomponenbf eachfetchenginewaslimited
to a x edareabudgetsrangingfrom 2 KB to 512 KB. We performthis experimentwith all
fetchengineshaving direct-mappedtructuresvhereapplicable For example for BBTC sim-
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Figure4: IPCandED? whenbranchpredictionratesare(a) unadjustednd(b) equalizedo bestperforming
STCcon guration (Areaof componentsinrestricted)
ulations,the areaof eachof the BBTC componentgtracetable,renametable,block cache),
backinginstructioncacheandbranchpredictorwaslimited to a x edarea.We alsoexamined
the effect of increasingeakage Resultsareshavn in Figureb.

STC getshigher IPC than the other fetch enginesstartingat 32 KB componentareas,
followed closelyby IC-NTP, IC-Bpred andBBTC-NTR Figure6 shavs that STC doesbetter
thanIC-Bpred in termsof IPC even at smallerareas.However, STC doesnot shav an ED?2
improvementover IC-Bpred until 16 KB wherethe overheadof the extra areaof the STC
beginsto pay off.

Whenthecomponentsf eachfetchenginearerestrictedo aspeci ¢ areabudgettheeffect
of leakagds decrease¢hotasigni cant effect) comparedo theresultswhenfetchenginearea
budgetis unrestricted Eachcomponenin eachfetchengineis no largerthana x edarea,so
naturallythe effect of leakagdor eachfetchengineis reducedput the performancef certain
structuresnightbelimited by the arearestrictions.

For the BBTC the publishedbestcon guration hasan 8k-entrytracetable (128KB) and
4k-entryblock cache(512KB). Theblock cache(the maincomponenof the BBTC) may be
penalizedunderthearearestriction.This explainswhy the BBTC doesnotfareaswell for the
restrictedcomponentreaexperiments.
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6 LeakageCurrent Sensitvity

Total power dissipationdueto chip leakagds projectedto exceedtotal dynamicpower as
featuresizesreach65 nm [28]. To ensurethat we considerthe enegy-efciency of CTCs,
STCs,andICsbothnow, andin futureprocesgechnologiesywe examinetheresultsof varying
theleakageratio from 10%to 50% of maximumpower dissipation(Figure?7).

We nd thatwhencomponentareasare restrictedto accountfor accesgelay increased
leakageratio haslittle effect. Thisis dueto the factthatthe componentgor the respecire
fetchorganizationsarerelatively equalin size.®

ED’ - 10% Leakage ED? - 50% Leakage
0.3 Restricted Area Budget 1o Restricted Area Budget
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Figure 7: ED? at leakageratios: (a) 10% and (b) 50% (top row plotted by maximumcomponentrea,
bottomrow plottedby total fetchenginearea)

7 AheadPipelining the NTP

Fasterclock ratesleadsto shortercycle times. Shortercycle timesmakesaccessindarger
structuresnorechallenging.Our experimentakesultsshav thatbranchpredictionaccurag is
animportantfactorin fetchengineperformanceOurresultsshav thattheNTP providesbetter
branchpredictionaccurag thana hybrid branchpredictor However, at very smallcomponent
areasthe NTP performspoorly. Ahead-pipelinings onetechniqueto enablea structureto be
largerandstill beableto produceoutputeachcycle.

IWe do not presenseparatéPC graphsin this experimentbecausé¢he leakageratio hasno effecton
IPC. Referto Figure4 for IPCresults.
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Figure8: NTPcorrecttracepredictionaccuray asaffectedby pipelinedepthandnumberof entriesselected
for nal prediction.
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Figure9: Improvementof NTP correcttracepredictionaccurag asNTP tableareasincrease.(D = NTP
pipelinedepth,S = numberof entriesselectedor considerationn nal traceprediction)

Aheadpipelining initiates a predictionmary cyclesin adwanceof whenit is neededo
hide accesdatencies.To do so, older informationmustbe usedto generatea setof the pre-
dictionsfor selectionand at the last momentthe most currentinformationis usedto select
the nal prediction. Patt [34] evaluatespipelinedaccesdo a branchaddresscacheto per
form multiple branchprediction.JimeneZ12], Sezned26, 25] andTarjanetal. [32] evaluate
ahead-pipeliningsingle-branchpredictorsin orderto get betterpredictionaccurag (enable
largerbranchpredictorstructuresyvhile consideringheimpactof delay We applytheahead-
pipeliningconcepto the NTP tracepredictionmechanisnandperforma setof experimentsn
which we comparethe performancendenegy-efciency of fetchengineswith the pipelined
NTP.

Ahead-pipelininghe NTP is a way to reducesomeof the performancdossfrom reduced
areadueto cycle time restrictions.It allows usto plan structuredargerthancanbe accessed
within a singlecycle, andyet still produceaccurateutputeachcycle.

Roughly1KB canbeaccessewvithin asinglecycle[13]. If astructurecanbe pipelinedto
2 stagesthe structurecould be madeaslarge as4 KB. As the depthof the pipelineincreases,
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theareafor a particularstructurethatcanbe accessedoughlyquadruple$12].

We pipelinethe NTP by usingincompletetracehistoryto selectarangein the NTP tables
andin the cycle beforethe predictionis neededusethe mostcurrenttracehistory to select
the actualpredictionto be made. This techniqueis similar to thetechniqueusedby Patt [34]
andJimeneZ12] exceptthatwe applyit to next tracepredictionwhich is a form of implicit
multiple branchprediction. Tracemispredictionlateny is modeledasthe depthof the NTP
pipelining ( ushing the NTP pipeline).

We comparelKB - 32KB componentreasassuminghatthe NTP pipelinedepthmust
increaseaswe increasehe area.We vary the pipelinedepthfrom 1 (non-pipelined}o 6 and
vary therangeof entrieschoserby theincompletehistoryfrom 1,2,4,8.(SeeTable7)

Component Pipeline
Area Depth

1 KB 1

2KB 2

4 KB 3

8 KB 4

16 KB 5

32KB 6

Table7: NTP componenareasandcorrespondingNTP pipelinedepth.Numberof entriesselected
in adwanceis variedatvaluesl,2,4,and8.

Figure8 shavs the NTP correcttracepredictionaccurag of the NTP for varying
pipelinedepthsandselectionrangedor the 16 KB componenarea.(All structuresn
the NTP canbe no largerthan 16 KB). We chooseto shav the NTP traceprediction
accuray in orderto demonstrat¢he potentialfor pipeliningthe NTP. Thebarlabeled
Depthlrepresentshe maximumattainableNTP predictionaccurag sinceit is the
single-g/cle tracepredictionaccurag. As the depthof the pipelineincreasesif only
a single entry is selectedin the early stages.the trace predictionaccurag rapidly
decreasesThisis dueto theuseof only olderhistoryandno newer historyto make the
next traceprediction.Increasingherangeof entriesto selectfrom at predictiontime
improvesthe predictionaccurag. As the numberof entriesselecteds increasedo 8,
thedifferencen tracepredictionaccurag from non-pipelinedNTP rapidly decreases.
As the depthof the pipelineincreasesthe tracepredictiondeclinesdueto the useof
moreandmoreold historyandlessnew historyto make thetraceprediction.

Figure9 comparesheNTPtracepredictionaccuray of comparablgipelinedNTP
designpoints. A non-pipelinedlKB areaNTP canbe comparedo a progressiely
larger, moredeeplypipelinedNTP. The dark coloredsectionof the barrepresentshe
tracepredictionaccurag whenpipelined,while the shadedareaof the barrepresents
thetracepredictionaccuray if the sameareastructurewereto be accessiblavithin a
singlecycle. Theseresultsshav thatthe tracepredictionaccurag doesnot suffer too
muchof a penaltyfrom beingpipelined.

Figure6 shovsthata16KB STCaccessiblén asinglecycle shovssigni cant ED?
improvementover IC-Bpred Sincethisis notaccessiblén asinglecycle,we compare
the performanceof 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
ED?. This suggestshatwith aheadpipelining, STCscan provide signi cant perfor
mancebene tsandincreaseenegy-efciency.

8 Conclusions

We implementandverify the performanceof the STC modelproposedy Roten-
beg [24] andthe BBTC modelproposedoy Black [2] andaugmentboth modelsto
includepower andenegy modeling. Our experimentsshowv thatwhenfetch compo-
nentsarenot constrainedy accesgime, fetchenginesvhich include STCsaremore
enegy-efcient while providing a signi cant performancemprovementover IC-only
fetchengineorganizationsEvenwhenbranchpredictionaccurag is arti cially equal-
ized, STCfetchenginesarestill asenegy-efcient asICs. The ED? resultsshow that
althoughan STC andits supportingcomponentsnay take up morechip areathanan
IC-only fetchengine,it yieldsbetterenegy-efciency overall (without branchpredic-
tion equalization)dueto betteropportunitiesfor accessingmallerareafetch engine
components. Theseresultsrepresenthe theoreticalbene t of trace cacheswhich
stempartly from the implicit multiple branchpredictionof the NTP andpartly from
thebene t of storinginstructionsastracesasopposedo staticprogramblocks.

We thenconsiderthe trendof increasingaccesslelaydueto higherclock speeds
by limiting theareaof thefetchenginestructuresandconsiderthe effect of increasing
leakageratio. We nd thatthebene t of STCfetchenginescomparedo IC fetchen-
ginesin thefaceof increasinglelayis moremodesthanwhendelayis notconsidered.

We introduceandevaluateanaheadpipelinedNTP to addresshetrendof increas-
ing accesdelay We nd thatthereis a modestdecreasen STC-NTPperformance
over the non-pipelinedareaequialent. Whencomparingto a single-gcle accessible
non-pipelined2 KB STC-NTRa2-deeppipelined16 KB STC-NTR(3 selectionbits)
canprovide a26.7%IPC improvementand25.8%ED? improvement.

Futuredirectionsfor this work include exploring the enegy-efciency of other
fetch enginedesignsincluding instructionstreamg21], dynamicpredictiondirected
tracecach€8], the lter tracecache[31], andparallelfetchdesignd17].
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