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Abstract

The performanceof today's high-endmicroprocessos
continuego grow. Thisincreasein performances due
in part to the useof speculativeput-of-oder execution,
coupledwith highly accurate branch prediction. How-
ever, evenwith branch predictionaccuraciesover90%,
manyinstructionsare executedunnecessaly from the
wrongpath. Thiswrong-pathexecutionresultsin cache
pollutionandunnecessa bustraffic.

We usean extendedversionof the SimpleScalasim-
ulation tool to modelan out-of-oder, 4-wayissuepro-
cessor First, we usevariousbrand confidencemed-
anismsto determinef a dataaccesss likely on a mis-
predictedpath or not. Next, we sort the data cache ac-
cessesisingtheseconfidencanedhanismsandcompae
the“inherentre-usability” of datathatis markedeither
“low confidence (i.e. likely onthewrongpath)to those
marked“high confidence”(i.e. likely on the correct
path). Finally, with the assistancef smallbuffersasso-
ciatedwith thefirst level datacache,wetry to increase
thisre-usabilityfactor by preventingow confidencelata
accessefrombeingwritteninto the datacache We dis-
cusstheeffectivenessf this techniqueaswell asthebe-
havior andreuseof speculativalata.

1 Intr oduction

Today's high-endmicroprocessoperformanceéncrease
is dueto mary factors;amonghemis theuseof specula-
tive, out-of-orderexecutionwith highly accurateéoranch
prediction.Branchpredictionhasincreasednstruction-
level parallelism(ILP) by allowing programsto specu-
latively executebeyond control boundarieswhile out-
of-orderexecutionhasincreasedLP by allowing more
flexibility in instructionissueandexecution.Thecombi-
nationof thesetechniquesasincreasedrocessoper
formancein partby hiding the memorylateng penalty
in the caseof acachemiss. Althoughspeculatie execu-
tion is essentiafor increasinghe instructionspercycle
(IPC), alarge amountof unnecessarwork resultsfrom
“wrong-path”operationsn the pipeline[5]. Wrongpath
operationoccurwhenthe branchpredictormispredicts
abranch.In particularameasurablaumberof unneces-
sarymemoryaccesseresultfrom wrong-pathexecution.
Unnecessy accessefo the memorysubsystentan
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createproblemsin termsof performance First, the ac-
cessds utilizing resourcegnamelythememoryportsand
buses)\which could have beenusedby other(useful)ac-
cessesSecondassuminga multi-level memoryhierar
chy, wrong-pathmemoryaccessesay displaceuseful
datafrom the cachesln otherwords,thecachemaybe-
comepollutedwith potentiallyuselesslata.

In this paper we analyzethe effects of wrong-path
executionon cacheperformance.Specifically we will
reporton the percentagef accesseso the datacache
that are speculatie down a wrong path and determine
how muchof afactor“wrong” or “right” pathexecution
may makeon there-usabilityof data. This work differs
from previouswork on wrong-patheffectson cachesn
two ways. First, our work is basedon wrong path ef-
fectson the datainsteadof theinstructioncache aswas
donein previous work by Pierceand Mudge [12]. In
their work, the authorsshovedthatwrong pathinstruc-
tion prefetchingmay have beneficialeffect in termsof
processoperformance.While this may be true for in-
structionspur experimentshave foundthatit is lesstrue
for the data. The secondifferenceis how we dealwith
thesefindings.

We make the claim that wrong path datais more
likely to pollute the cachewith non-reusablelatathan
correctpath data. Basedon this claim, we presenta
methodto alleviate someof the cachepollution prob-
lemscreatedby wrong-pathoperations We introducea
16-entry fully associatie structureusedto storewrong
pathdataaccesses Sincein areal CPUit is not pos-
sibleto determineif instructionsare on the wrong path
until the branchis resoled, we introducea confidence
mechanisnto estimatdf memoryaccessearelikely on
the mispredictedpath [1, 4, 5. Whenthe machineis
estimatedo be executingwrong-pathinstructions,the
memorysubsystenplacesall fills from thesecondevel
cachanto thisstructure(calledthe confidencduffer) in-
steadof the first level main cache.During correctpath
operationsfills are normally storedin the main cache.
This confidenceébuffer is accesseth parallelalongwith
thefirst level cacheto determinea hit or miss.

Therestof this paperis organizedasfollows. In Sec-
tion 2 we describethe hardwarearchitecturewe used,
aswell asthe experimentalervironmentandthe mech-
anismsusedto determinef anaccesss likely down a
wrong path. In Section3 we presentdetailedexperi-



mentalresultsandin Sectiord4 we concludeandindicate
possiblefuturework.

2 Experimental Setup

This sectiondescribeshe hardwaremechanismandex-
perimentakrvironmentwe usein this paper We referto
theconfidenceestimationdescribedn [1, 4, 5] to deter
minewhenthe pipelineis in alow-confidencestate(i.e.
likely mispredictedand,accordingto this estimatewe
makeuseof confidenceouffers. Finally, we presenthe
extendedversionof the SimpleScalatool set[2, 3] and
the configurationwe usefor our simulation.

2.1 ConfidenceEstimation

Currentbranchpredictiontechnologycanachieve apre-
diction accurayg of between65% andover 90%[7, 8].

This resultsin a large overheadof unnecessy in-

structionsand unnecessarynemory accesses.Branch
confidenceestimationattemptsto classify eachbranch
predictionas having “high confidence”or “low confi-

dence’[6, 4]. A “high confidence’tlassificatiormeans
that the branchwas likely predictedcorrectly and a
“low confidence”classificationmeansthat the branch
waslikely mispredictedNotethattheconfidencelassi-
ficationof highandlow confidences independentf the
branchpredictionof branchtakenor branchnottaken.

2.1.1 “Both Strong” ConfidenceEstimator

A detailedanalysisof confidenceestimatiormetricsand

methodsis presentedn [4]. We usedthe resultsfrom

this work to determinethe bestconfidenceelassification
methodfor usingbuffersin a cachearchitecture.Since
we neededo capturealarge amountof the mispredicted
brancheswe decidedto usethe “Both Strong” method
in conjunctionwith the combinedbranchpredictorpro-

posedby McFarling [7]. Variationsof the combined
branchpredictorareusedin the PentiumPro[9] andthe

new Alpha 21264chip [10]. The McFarling combined
branch predictor usestwo different branch predictors
anda predictorpredictorto determinewhich methodto

usefor the currentbranch. Eachbranchpredictorhasa

tableof countergto indicatethe predictionbasedon the

behavior of thelast N branches The statemachinefor

the branchpredictioncounterss givenin Figurel. The

countersare? bits each andthevalueof the counterfor

eachstateis given in parenthesesThe “Both Strong”

confidenceestimatordetermineshe confidenceof the

branchbasedon the stateof the counters.If both coun-
tersarein astrongstateandin thesamestrongstate the

estimatoabelsthisbranchasahigh confidencebranch.
Table 1 shaws the truth tablefor estimatingconfidence
basedn thevalueof the branchpredictioncounters.

Edge Values
Branch Taken: 1
Branch Not Taken: 0

Strongly
Not Taken

©)

Weakly
Not Taken

()

Strongly
Taken

(©)

Figure 1: Statemachinefor 2-bit branchprediction
counters. The McFarling combinedbranch predictor
usestwo branchpredictors,eachusing a set of 2-bit
counters.

2.1.2 “Either Strong” ConfidenceEstimator

A variation of the “Both Strong” estimator called“Ei-
ther Strong”, is also presentedn Table1; in this case
we mark a branchas high confidenceif either one of
the counterss in the strongstate low confidenceother
wise. Now morebranchesvill we classifiedashighcon-
fidence,andtherewill be a higherprobability thatwhat
we marklow confidencas really onthewrongpath.On
the otherhand,we may be mislabelinga larger number
of wrongpathinstructionsas“high confidencé.

Table 1. State table for “Both Strong” and “Ei-
ther Strong” confidenceestimatorsdasedon McFarling
countervalues.

[ Counterl | Counter2 | BothStrong |
Weak Weak LowConf
Weak Strong LowConf
Strong Weak LowConf
Strong Strong If samestate HighConf

ElseLowConf

[ Counterl | Counter2 | Either Stiong |
Weak Weak LowConf
Weak Strong HighConf
Strong Weak HighConf
Strong Strong HighConf

2.1.3 SecondaryFilter Mechanism

Unfortunately the level of accuray is small for the
“Both Strong” predictor i.e., only about 21% of



branchedabeledlow confidencearetruly mispredicted.
To compensateor this lack of accurag, we added
the secondaryfilter mechanisndescribedin [5]. The
secondarnyfilter mechanismestimatesthe state of the
pipeline basedon the numberof unresoled, low con-
fidencebranchedn the pipelineatonetime. If thereare
M low confidenceébranchesn the pipelineat onetime,
andeachlow confidencebranchhasa 20% probability
of beingmispredictedthenthe probability that at least
oneof the M brancheshasbeenmispredictecbecomes
1 — (1 —0.20)M. HencewhenM = 4, the probabil-
ity of a mispredictedoranchsomevherein the pipeline
become$9%. The confidencethresholdT' represents
the minimum numberof low confidencebranchesec-
essanbeforea cacheaccesss labeledlow confidence
If M > T, thenwe marktheaccessaslow confidence
otherwisehigh confidence A uniquecounteris usedto
keeptrackof the numberof low confidencebranches.

We saw thatthe“Either strong”’methoddoesnotneed
a secondaryfilter, sinceit markslow confidenceonly
thosebrancheshathave a high probability of beingmis-
predicted.Notethatfor the datacache storeoperations
arenever markedaslow confidencesincethey arecom-
mitted (i.e. writtenin the cache)only whenwe aresure
we areexecutingon thecorrectpath.

2.2 Simulator Environment

All the simulationswere completedusing an exten-
sion of the SimpleScalartool suite [2, 3]. Sim-
pleScalaiis an execution-drven simulatorthat usesbi-
nariescompiledto a MIPS-like tamget. SimpleScalar
canaccuratelymodela high-performancejynamically-
scheduledmulti-issueprocessar We usean extended
version of the simulator that more accuratelymodels
all the memory hierarchy implementingnon-blocking
cachesand complete bus bandwidth and contention
modeling[3]. Othermodificationswere addedto han-
dle precisemodelingof cachéfills.

Tables2, 3, and4 shawv the configurationof the pro-
cessomodeled.Notethatfirst level cachesareon-chip,
while theunifiedsecondevel caches off-chip. In addi-
tion we have a confidencéuffer associateavith thefirst
level datacache;thesebuffers are 16-entryfully asso-
ciative, with LRU replacement.Note thatwe chosean
8K first level cacheconfigurationin orderto obtainrea-
sonablehit/missratefrom ourbenchmark§l1]; thesize
of the confidencébuffer hasbeenchosenas a tradeof
betweenimproved performanceand timing/area/pwer
issues.

Our simulationswvereexecutedon SPECint9%ench-
marks;they werecompiledusingare-tagetedversionof
the GNU gcccompiler, with full optimization.Sincewe
areexecutinga full modelon a very detailedsimulator
the benchmarksake several hoursto complete. There-
fore, dueto time constraintsyve feedthe simulatorwith
a smallsetof inputs;however, we executeall programs
entirely

Table2: Machineconfiguratiorparameters.

Parameter Configuration

L1 Icache 8KB direct;32B line; 1 cyclelat.

L1 Dcache 8KB direct;32B line; 1 cyclelat.

L2 Unified Cache 256KB 4-way;64Bline; 12 cycles

Memory 64 bit-wide; 20 cycleson pagehit,
40 cycleson pagemiss

BranchPred. 2k gsharet 2k bimodal+ 2k meta

BTB 1024entry4-waysetassoc.

ReturnAddr. Stack 32 entryqueue

ITLB 32 entryfully assoc.

DTLB 64 entryfully assoc.

Table3: Processoresources.

Parameter Units
Fetch/Issue/Commividth
IntegerALU
IntegerMult/Div

FPALU

FP Mult/Div/Sqrt

DL1 ReadPorts

DL1 Write Ports
InstructionWindow Entries
Load/StoreQueueEntries 16
FetchQueue 16
Minimum MispredictionLatency 6

[e2)
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Table4: Lateny andoccupang of eachresource.

Resource Latency Occupancy
IntegerALU 1 1
IntegerMult 3 1
IntegerDiv 20 19
FPALU 2 1
FPMult 4 1
FPDiv 12 12
FPSqrt 24 24
MemoryPorts 1 1

3 Experimental Results

3.1 BaseCase

In thissectionwewill describehebasecaseveused.As
statedbefore,it usesBK directmappedirst level caches
(i.e. DL1 for dataandIL1 for instruction),with an off-
chip unified 256K 4-waysecondevel cache(UL2). Ta-
ble 5 shavs the executiontime measuredn cyclesand,
for eachmemorylevel (DL1, IL1, UL2, andMain Mem-
ory (MM)), thenumberof accesseandmissesall these
valuesaregiven in thousands For clarity we alsogive
themissrate(m-rate). Noticethatonaverageaccessetm
thedatacachemiss7.7%of thetime (andatmost13.1%
for go).



Table5: Basecaseresults. Accessesmissesandmiss-ratearegivenfor eachmemorylevel. Valuesarein thousands
exceptfor m-rate

DL1 IL1 uL2 MM
Name Cycles acc. [ misses| m-rate acc. | misses| m-rate acc. [ misses| m-rate || acc.
compress|| 70538 27734 2338 8.4% 130560 10 | 0.01% 3132 284 | 9.08% 492
go 826111 || 169851 | 22351 | 13.1% 954702 | 36175 | 3.79% || 60056 280 | 0.47% 290
vortex 250942 93470 7557 8.9% 214249 9070 | 4.23% || 15336 355 | 2.32% 522
gce 392296 || 103490 7529 7.8% || 361405 | 17616 | 4.87% || 22966 376 | 1.64% 427
li 134701 74453 5574 7.9% 288335 1117 | 0.39% 5856 4 | 0.08% 5
ijpeg 139376 73354 3778 5.5% || 307159 818 | 0.27% 3876 96 | 2.48% 144
m88ksim || 659451 || 130319 3289 2.2% || 479488 | 32764 | 6.83% || 34953 12 | 0.04% 19
perl 372034 90363 7971 8.1% 305208 | 17486 | 5.73% 24531 142 | 0.73% 174

Table6: Inherent Re-usability in data cache.
Oracle Both Strong7T = 3
Test Inh. reuse hit / fill behavior Inh. reuse hit /7 fill behavior
Leconf | Hconf [| LCacc. | LCfill T Hit LCHill Leconf | Hconf [| LCacc. | LCfill | Hit LCHill
compress|| 38.0% | 60.4% 2.83% | 13.89% 2.18% || 40.0% | 61.2% 7.85% | 18.92% 6.36%
go 53.7% | 66.7% 8.54% | 18.41% 7.54% 57.1% | 68.4% 23.3% | 37.27% 19.28%
vortex 39.0% | 52.9% 0.07% 0.21% 0.12% 44.0% | 53.2% 2.07% 4.99% 1.42%
gce 50.4% | 74.1% 3.77% | 10.57% 2.36% 61.3% | 74.9% 10.48% | 22.53% 8.09%
li 56.9% | 88.1% 2.81% 3.52% 1.34% || 85.9% | 86.9% 4.27% | 10.54% 3.34%
ijpeg 66.0% | 81.9% 0.83% 4.24% 2.13% 70.1% | 82.7% 5.43% | 13.80% 6.45%
m88ksim || 90.4% | 65.8% 0.60% 2.29% 0.90% || 37.1% | 68.9% 1.67% 7.15% 1.46%
perl 46.6% | 74.3% 2.32% 7.03% 1.21% 49.7% | 76.3% 7.01% | 16.41% 4.58%
3.2 Inherent Re-Usability lyzedthis behavior for blockfills markedow confidence

Ourwork startedwith theassumptiorthatline fills com-
ing from wrongpathmisseshave a smaller‘inherentre-
usability” (i.e. have a lower probability of being fur-
theraccesselthusthey aremorelikely to contrituteto
cachepollution. Thatis, they areintroducedo thecache
without being usedand replaceother blocks that are
morelikely to be useful. Table6 shovsthis re-usability
factor for the data cacheusing two different sorting
schemes.The out-of-ordermodelin the SimpleScalar
tool sethasthe capabilityof determiningwhich instruc-
tions are from the wrong path at the time of decode.
We call this the Oracle, sinceit implementsa perfect
confidencepredictor(i.e. marksall true wrong pathac-
cessesislow confidencg We alsopresentesultsusing
the confidenceschemeusingBoth Strongandathresh-
old T" = 3, sinceit gives, overall, bestresults. We do
not presentesultsusingthe“Either Strong”mechanism
for spaceconstraintsput resultswere analogoudo the
“Both Strong”case.We alsolimit our analysisto data
cachebehavior for the samereason.

Resultsin Table 6 showv two different characteris-
tics of datareuse. The first one, calledinherentreuse
(columns2—3and7-8),keepgrackof thepercentagef
low andhigh confidencéfills that were accesse@gain
at leastonce. If blocks are not re-accessedye waste
cacheentries sincewe replacepotentiallyusefulblocks
with otheronesthatwill notbeaccessedgain.We ana-

andhighconfidenceln the Oracle sectionwe show that
line fills dueto wrongpathaccessebave alowerinher
ent re-usabilitythanthe onesdueto correctpath (e.g.,
for compess38%yvs. 60.4%respectiely). Theaverage
re-usabilityfor low confidences 55%, while high con-
fidenceis 68% (seecolumns2 and3 of Table6). This
trendalsoextendsto the Both Strong sectionwherewe
try to estimatethe wrong/correctpath using the confi-
denceschemepreviously introduced. The re-usability
of low confidencdills generallyincreasegcomparedo
theOracle).This canbe expectedsincewe areonly do-
ing anestimatethussomecorrectpathmemoryaccesses
may endup beingtreatedasif they were on thewrong
pathandvice-versa.

In the previous paragraptwe shavedthe behavior of
blocksthat areaccessednore thanonce,but we didn't
differentiatewhetherthe block wasaccesseagainonly
onceor severaltimes. This“amountof reuse’is thesec-
ondcharacteristiave analyze andwe call it hit / fill be-
havior (columns4—6 and 9-11). ColumnLC acc. is
the percentagef memoryaccessemarkedaslow con-
fidence LC fill is the percentag®f low confidenceac-
cesseshat missedthusgeneratinga cachefill; andHit
LCfill is the percentagef all hits thatarecomingfrom
the low confidencefills we just mentioned. For exam-
ple if we considercompeessin the Oracle casewe see
that only 2.83% of all memory accessesre from the



Table7: Data cacheresults- Oracle. Percenimprovementover the basecasefor whenusingthe confidenceouffer

with anoracle.

confidencéuffer & re-usabilityinformation
Percentagedecreasecompaedto thebasecase Inh. reuse hit /7 fill behavior

Test ACyc [ ADLlscc. [ ADL1piss | AUL24cc. Lconf | Hconf || LCacc. | LCHill T Hit LCHill %spaed
compress|| 1.04% -0.07% 7.38% 6.62% || 36.03% | 60.59% 2.76% | 10.91% 14.51% 4.30%
go 2.85% 1.11% 24.50% 10.77% 55.17% | 68.72% 7.56% | 19.20% 10.11% 13.2%
vortex 0.68% 0.11% 6.77% 3.76% 72.44% | 51.74% 0.08% 0.30% 25.11% 2.17%
gcc 1.04% 0.16% 15.59% 5.15% || 55.38% | 74.27% 3.51% | 10.25% 9.60% 6.24%
li 1.67% 0.08% 6.95% 6.64% || 68.38% | 88.76% 2.76% 5.63% 6.24% 2.79%
ijpeg 2.62% 0.47% 13.94% 13.95% || 48.45% | 81.99% 0.44% 1.95% 11.13% 5.37%
m88ksim || 0.23% 0.09% 22.22% 2.29% 62.93% | 61.76% 0.52% 2.24% 17.37% 8.04%
perl 0.27% -0.05% 8.58% 3.07% || 55.08% | 74.55% 2.30% 7.77% 5.06% 3.82%

wrong path, but they areresponsibldor 13.89%o0f the
overall numberof misses. This meansthat wrong path
accessearemore likely to miss. Furthermoregven if
theseblocks accountfor 13.89%of the fills, they ac-
countonly for 2.18%of the overall hits, shaving that
they presenta smallerreusethancorrectpathfills. This
behavior for the Oracleis also obsered for the Both
Strong caseshaw in columns7—11.

3.3 ConfidenceBuffers

As shown in Section3.2, we found thatlow confidence
missedill thecachewith lessusefuldata,thuspolluting
thecache We tried to avoid this negative effect by intro-
ducinga confidencebuffer; we putlow confidencsfills
in this buffer and therebyavoid replacingmore useful
blocksin themaincache.

Table7 showstheeffectsof the confidenceuffer us-
ing the Oracle case.Columns2-5 of the Tableshow a
comparisorwith the basecasein termsof performance
andcachebehaior. Numbersgiven are percentagale-
creasesomparedo the basecase;thus positve num-
berswill meana reduction,while negatve numbersan
increase Notethatvaluesfor DL1 accesseandmisses
now refer to the combinedeffect of the primary data
cacheandconfidenceéouffer (e.g. we have a missif and
only if theaccessmissesn boththe DL1 andthe confi-
dencebuffer.)

The reductionin datacachemisses(ADL1,,;ss) is
significant(13.2%on averageand up to 24.5%for go).
However this does not directly translateinto perfor
mancegain; for examplem88ksimhasa 22.22%reduc-
tion in the numberof misses but only a 0.23%perfor
manceimprovement. In this particularcasewe canpar
tially explain this behavior consideringthe very small
missratein the basecase: 2.2%for m88ksim(seeTa-
ble 5). However, we alsoseeprogramssuchasgo, that
have a 13.1%missratein the datacachefor the base
caseandareductionof 24.5%in missrate,but a gainof
only 2.85%in performanceWe suspecthatthe misses
we avoided were predominantlyon the wrong path; if
thiswastrue,we reducedhelateny of instructionsthat

eventuallywerediscardedas soonasthe mispredicted
branchesvereresolhed). Thisonly partially explainsthe
disparity betweenthe miss reductionand performance
improvementwewill furtherdiscussvhy missratedoes
nottranslateo performanceyainlaterin this paper

Columns6-100f Table 7 have the samemeaningof
thosepreviously explainedin Table 6. However, now
thatwe have a buffer to storelow confidencedata,read-
ing themrequiresmoreattention.Someprogramssuch
asgo, shov anincreasen re-usabilityfor high confi-
denceblocksthatarenow containedn theprimarydata
cache(Inh. reuse- HConf68.72%vs. 66.7%shavn in
Table6). However, thisincreasas quite smallanddoes
not seemto fully explain, for example,the 24.50%re-
ductionin misseswe have in go. To betterunderstand
what happensonsiderfirst the columnlabeledHit LC
fill for go. We seethatthe numberof hits comingfrom
the low confidencedatais 10.11%comparedo 7.54%
for thebasecase shaving abetteruseof thisdatathanks
to positioningit in the confidenceouffer. Now consider
the columnlabeled%spased this columngivesthe per
centageof hitsthatwould have missedf we didn't have
theconfidencebuffer. Thatis, we keeptrackof thenum-
berof entriesin the maincachethathave been“spared”
from replacemendlueto the useof theconfidenceuffer
andarelateraccessedgain.Lookingatthis column,we
seethat13.29%of hits would not have happenedn the
maincachef we didn't move soméfills to thebuffer. In
summarywe seethatwe improve our cachebehavior in
a doublemanner First, we makebetteruseof the main
cacheby remaoving somelow confidencefills andthus
sparingreplacementand misses. Second,we alsoin-
creaseéhenumberof hitsfrom low confidencsdills, since
they arenow storedn aseparatéuffer. Notethatevenif
theseblockswerefilled by wrong pathinstructionsthis
doesnot meanthey won't be accessedby correctpath
instructionsn thefuture.

Anotherpoint is that we cannotsimply comparethe
basecasevaluesshown in Table 6 with the caseusing
a buffer. First, we aremoving partof thefills to a 16-
entryfully associatre buffer, which hasa a distinctbe-
havior from a 256-entrydirect mappedcache. In addi-




Table8: Data cacheresults- Both Strong, with Threshold= 3. Percentmprovementover the basecasewhenusing
aconfidencéuffer andthe“Both Strong”sortingmechanism.

confidencéuffer & re-usabilityinformation
Percentagedecreasecompaedto thebasecase Inh. reuse hit / fill behavior

Test ACyc [ ADLlscc. [ ADL1piss | AUL24cc. Lconf | Heonf || LCacc. [ LCHill T Hit LCHill %spaed
compress|| 1.90% -0.04% 11.57% 11.54% || 26.61% | 61.09% 7.53% 7.82% 63.00% 7.83%
go 3.41% 1.38% 29.20% 13.05% || 55.20% | 74.54% || 21.19% | 34.23% 12.58% 19.37%
vortex 2.39% -0.07% 25.26% 11.14% || 65.32% | 55.59% 1.94% 3.66% 21.6%% 8.07%
gcc 1.51% 0.21% 21.79% 7.27% 60.79% | 76.12% 9.88% | 21.06% 9.72% 11.03%
li 2.44% 0.12% 11.14% 10.50% 90.92% | 87.83% 4.11% 6.34% 14.05% 4.45%
ijpeg 3.33% 0.52% 20.55% 19.55% || 69.27% | 82.20% 4.82% | 12.03% 10.93% 6.89%
m88ksim || 0.29% 0.14% 32.71% 3.17% || 33.99% | 69.00% 1.62% 4.03% 8.57% 15.17%
perl 0.66% 0.09% 12.56% 4.47% || 46.64% | 76.38% 6.73% | 14.14% 7.89% 6.59 %

tion, the combinedeffectsof thesetwo cachesnaylead
to a completelydifferentbehavior. For examplevortex
hasa negligible numberof accessesnarkedlow con-
fidence(0.08%),that contrikute to 0.3% of cachefills;
neverthelesshesefills accounfor 25.11%of theoverall
numberof hits. Sincethebuffer is fully associatie and
usesLRU replacementit offers extra associatiity for
storingsomeextremelyuseful(i.e. frequentlyaccessed)
data.

Thisbehavior is alsoevidentin Table8, which shovs
results using the “Both Strong” confidencepredictor
Herecompesshas63%of its hits comingfrom theconfi-
dencebuffer, implying thatthereareafew blocksof data
thathappenedo be placedin the buffer andfrequently
accessedn this casehegainwe obtainin termsof miss
reductionis no longerrelatedto the speculatiormecha-
nism,but insteaddueto theextraassociatiity offeredby
thebuffer. We cansaythatin thesecasestheconfidence
buffer actsin asimilarmannersavictim cache[13].

Anotherfact thatsupportsthis victim cachebehavior
is that in the caseof “Both Strong” we mark a larger
numberof instructionsaslow confidencecomparedo
the Oracle(seecolumnLC acc). By doingso,we intro-
ducein the buffer somefills thatwe estimatebeinglow
confidencebut thatactuallyareon the correctpath. De-
spite this lack of precision,we seethat missreduction
(and performancejs betterthanthe Oracle. Sincewe
generallyhave avery smallnumberof memoryaccesses
thatarefrom thewrongpath(anaverageof 2.5%),in the
Oraclecasewe don't fully exploit the buffer capacityto
storedata,soby addingsomeextrafills, we canincrease
the“associatvity” of themaincacheandobtainafurther
improvement.

The gainin performancelike in the Oraclecase,is
someavhatdisappointinglup to 3.41%and2% on aver-
age),but comeswith a goodimprovementin missrate
(up to 32%and20.6%o0n average).Otherthanthe rea-
sonspreviously explained, we tried to further explain
this fact by running a set of benchmarkwith an infi-
nite datacache(i.e. afterthe cold starteffect, it always
hits). Programdike go and vortex shaveda 17% im-
provementin performancewhile otherslike perl and

gcchadonly a12%increaseandm88ksimwasassmall
as2.5%. This mayindicatethat SPECint9%enchmarks
have a small sensitvity to data cachelatengy, thanks
to the out-of-orderexecutionthat, matchedto particu-
lar codebehaior, partially hidesthe misslateng. It is
unclearwhetherotherprogramgespeciallycommercial
workloads)would presenthe samebehavior.

4 Conclusionsand Futur e Work

In this paperwe analyzedthe re-usability behavior of
low confidence(i.e likely on wrong path)data, versus
high confidence(i.e. likely on correctpath)data. We
alsopresentec simplemechanisnto assignconfidence
to memoryaccesseandtheuseof confidencéuffersto
reducecachepollution and consequentlymprove per
formance For all theexamplesve ran,performancem-
proved on average2% (and up to 3.41%). While the
performanceyainis somevhatdisappointingjt mayin-
dicatetwo things. First, althoughlow confidencedata
has a lower rate of re-usability the differenceis not
enoughto makea significantimpactin performancef
usedas a sorting mechanism. Secondly note that for
the SPECint95benchmarksat mostonly 7.56% of ac-
cessesreactuallyfrom wrongpathinstructionsandthe
averageis muchlower (2.5%). Evenwith a perfectpre-
dictor, we will be sortingoutonly a very small number
of accesseand several of thesemay endup beingac-
cessedigainanyway. It would beinterestingo seehow
confidencesortingmay improve performanceor other
applicationsvhich may exhibit pathologicalwrongpath
behavior.

Sincewe obsered that, in somecircumstancesthe
confidencebuffers also presenta victim cache behar-
ior [13], we arecurrentlyinvestigatinghe possibility of
combiningthesetwo techniquesFirst resultsshow that
it is possibleto improve performancdurtherby combin-
ing boththeseschemes.




Acknowledgments

We wish to thankBobbieMannefor herinvaluablehelp
andsupportthroughouthiswork. We alsowish to thank
DougBurgerfor providing uswith theframewvork for the
SimpleScalamemorymodel.

References

(1]

(2]

(3]

[4]

(5]

(6]

[7]
(8]

[9
[10]

—_—

[11]

[12]

[13]

R.I. Bahar G. AlberaandS. Manne,“Using Con-
fidenceto ReduceEnegy Consumptionn High-
PerformanceMicroprocessors, to appearin In-
ternational Symposiunon Low Power Electonics
andDesign(ISLEPD) 1998

D. Burger, and T. M. Austin, “The SimpleScalar
Tool Set,Version2.0; TechnicalReportTR#1342,
University of Wisconsin Junel997.

D. Burger, andT. M. Austin, “SimpleScalafTuto-
rial ;' presentedat 30th International Symposium
onMicroarchitecture, ResearcfrianglePark,NC,
December1997.

D. Grunwald,A. Klauser B. Manne,A. Pleszkun,
“ConfidenceEstimationfor Speculatie Control;
to appearin ISCA-25: ACM/IEEE International
Symposiunon ComputerArchitecture, Junel998.

S.ManneD. Grunwald A. Klauser “PipelineGat-
ing: SpeculatiorControlfor Enegy Reductiori, to
appeain ISCA-25:ACM/IEEEInternationalSym-
posiumon ComputerArchitecture, Junel998.

E. JacobsenE. Rotenbeg, andJ. E. Smith, “As-
signingConfidencdo ConditionalBranchPredic-
tions; MICRO-96: ACM/IEEE International Sym-
posiumon Microarchitecture, pp. 142-152, De-
cemberl996.

S. McFarling, “Combining Branch Predictors,
Digital WRL ResearchiReportTN-36,Junel993.

T. Yeh and Y. Patt, “A Comparisonof Dynamic
BranchPredictorsthat use Two Levels of Branch
History" ISCA-20:ACM/IEEEInternationalSym-
posiumon ComputerArchitecture, pp. 257-266,
May 1993.

Intel CorporationPentium-Pralatabook,1996.

L. Gwennap, “Digital 21264 Sets New Stan-

dard; Microprocessor Report October 1996.
http://wwwdigital.com/semiconductor/microrep/digital2.htm
Jefrey Gee,Mark Hill, DinoisionsPnermatikatos,

Alan J. Smith, “CachePerformanceof the SPEC
BenchmarkSuite, IEEE Micro, Vol. 13, Number
4,pp.17-27(August1993)

J.PierceandT. Mudge,“Wrong-PatchInstruction
Prefetching, IEEE Micro, December1996.

N. Jouppi,“Improving Direct-MappedCachePer
formance by the Addition of a Small Fully-
Associatve Cacheand PrefetchBuffers; ISCA-
17: ACM/IEEE InternationalSymposiunon Com-
puterArchitecture, pp. 364—373May 1990.



