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Abstract

Theincreasinggapin performancebetweenprocessors andmainmemoryhasmadeef-

fectiveinstructionsprefetching techniquesmore importantthanever. A major deficiencyof

existingprefetching methodsis thatmostof themrequire an extra port to I-cache. A recent

studyby [19] showsthat this factor aloneexplainswhymostmodernmicroprocessors do

not usesuch I-cache hardware-basedI-cache prefetch schemes.Thecontribution of this

paperis two-fold.First wepresenta methodthatdoesnot require an extra port to I-cache.

Second,theperformanceimprovementfor our methodis greaterthan thebestcompeting

methodBHGP [23] evendisregarding theimprovementfromnothavingan extra port.

Thethreekey featuresof our methodthatpreventtheabovedeficienciesare asfollows.

First, too-lateprefetching is preventedby correlatingmissesto dynamicallyprecedingin-

structions.For example, if the I-cache misslatencyis 12 cycles,thenthe instructionthat

wasfetched12 cyclesprior to the missis usedas the prefetch trigger. Second,the miss

historytableis keptto a reasonablesizebygroupingcontiguouscachemissestogetherand

associatedthemwith oneprecedinginstruction,and therefore, onetableentry. Third, the

extra I-cache port avoidedthroughefficientprefetch filtering methods.Experimentsshow

that for our benchmarks,chosenfor their poor I-cacheperformance, an average improve-

mentof 9.2%in runtimeis achievedversustheBHGPmethods[23], while thehardware

costis alsoreduced.Theimprovementwill begreaterif theruntimeimpactof avoidingan

extra port is considered.
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1 Introduction

Instructioncachemissesarea significantsourceof performancelossin modernprocessors.I-

cacheperformanceis especiallya problemin integeranddatabasecodes[1, 5], asthesetypes

of programstend to have lessinstructionlocality. A very roughcalculationrevealsthat the

performancecostof an I-cachemisscanbe large, even if missesareuncommon.Considera

machinewith a 12-cycle I-cachemisslatency, runninga programwhich exhibits anaverageof

1 instructionpercyclewhennot idle dueto I-cachemisses,i.e. IPC= 1. Evenif themissrateis

only 2%,thepercentageof cycleslost dueto I-cachemissesis roughly2%*12/1= 24%,which

is not asmallnumber.

Two currenttrendsare likely to make the performancepenaltyfrom I-cachemisseseven

morein the future thanit is today. First, thesemi-conductorroad-map[20] predictsa rapidly

increasingperformancegapbetweenprocessorsandmemoryin the future: processorspeeds

are increasingat 60% a year, while memoryspeedsare growing at only 7% a year [6]. In

this scenario,the I-cachemisslatency is likely to grow. Second,sincemoreaggressive multi-

issuemachinessuchas EPIC architectures[9] and proposednew superscalars[7, 14] have

the potentialto performan increasedlevel of computationper cycle, every idle cycle dueto

an I-cachemisswill delaya greaterportion of computationthanon an older machine.Thus

higherILP makestheI-cachemisspenaltylargerin termsof lost instructionissueopportunities.

Combined,thesetwo trendsindicatethatmethodsto hidememorylatency, which arealready

important,will becomeincreasinglymoreuseful.

Sincethefollowing termsarehelpfulin ourdiscussion,wewill now introducethedefinitions

of useful,uselessandlate prefetches,asthey aregiven in the literature. Whenthe predictor

indicatesthat an I-cachemisswill occurin the immediatefuture,a prefetch to the cacheline

is requested.If thepredictionis accurateandtimely, thecacheline will besoonbeaccessed,

resultingin a usefulprefetch. If the accessoccursbeforethe prefetchcompletes,however,

the prefetchis termedlate, andthe I-cachelatency is only partially hidden. If the prediction

is incorrectandthe cacheline is not accessedbeforeit is evicted, thenthe prefetchis called

useless.

Currentmethodsfor instructionprefetchingsuffer from deficienciesthathavehinderedtheir

adoption.The1998survey andevaluationpaperby TseandSmith[24] presentsa well-argued

casefor why currentmethodshave failed. First, in someprefetchingmethods[22, 15], the

prefetchesaretriggeredtoo lateto hideall thecachemisslatency. Second,somemethods[11]

usea hugetable to storethe miss history information. Finally, andmost importantly, most
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prefetchingmethodsincludingthemostrecent[23,13,18] usecacheprobingto filter outuseless

prefetches.The I-cacheis checked beforeevery potentialprefetch,to prevent theprefetching

of linesthatarealreadyin cache.Unfortunately, cacheprobingrequiresa secondport to theI-

cache,soasto avoid interferencewith thenormalinstructionfetchesthatoccuron everycycle.

Thissecondportdoesnotcomefor free– it usuallyslowsdown thecachehit timeandincreases

circuit area[19, 24]. Taken together, thesefactorscanresultin a trivial, or evennegative, net

gainfrom prefetching.

It is notsurprising,therefore,thatcurrentmethodsfor instructionprefetchingarenotwidely

used. As evidence,considerthat most modernprocessorssuchas UltraSparcIII [12], Ita-

nium [10] andPowerPC[17] only prefetchsequentialinstructionsor thepredictedbranchtar-

gets;no sophisticatedhardware-basedschemesareused.

The limitations of hardware-basedinstructionprefetchingschemeshas led somerecent

commercialmachinessuchasthe UltraSparcIII [12],Itanium[10] andPowerPC[17] to pro-

vide compiler-directedmethods.In suchschemes,thehardwareprovidesprefetchinstructions

which arescheduledby thecompilerbasedon programanalysis,perhapsemploying profiling.

Unfortunately, compiler-directedmethodshave their own shortcomings:first, prefetchinstruc-

tions themselvesconstituteoverhead;second,not all compilerson a machinemay implement

prefetching;third, old binariesarenot optimized; fourth, dynamicbehavior may not be pre-

dictableat compile-time;andfifth, efficient portability acrossdifferentimplementationsof the

ISA is difficult becausetheirdifferenthardwareparameters,suchascachesizeandlatency, can

affect the prefetchingstrategy. Consequently, we believe, andour resultsdemonstrate,that a

goodhardware-basedprefetchingmethodwill haveasignificantpositive impact.

This paperpresentsa hardware-basedinstructionprefetchingmethodthatcorrelatesexecu-

tion historywith cachemisshistory. It improvesuponexistingmethodsby triggeringprefetches

earlyenoughto not have any stalls;by avoiding theextra port in the instructioncache;andby

usingareasonably-sizedtable.while at thesametimeprefetchingahigherpercentageof cache

misses.

To achieve thesegains,the methodusesthreeinnovations. First, eachcachemiss is cor-

relatedwith the instructionthatwasfetcheda certainnumberbeforethemiss;this correlation

is storedin a miss history table. Prefetchesare triggeredwhen their correlatedinstructions

areencounteredin thefuture. Multiple executionpathsleadingto a particularcache-missmay

result in multiple triggering instructionsfor that miss. Second,contiguouscachemissesare

groupedtogetherandassociatedwith oneprecedinginstruction.This makesit possibleto use

a misshistory tableof reasonablesize. Third, efficient prefetchfiltering methodsareusedto
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reduceuselessprefetches.Thus it becomesunlikely that the prefetchedline will alreadybe

presentin thecache,sothattheinstructioncachedoesnot requirea secondport. For example,

aconfidence-counterstrategy is usedto retireunsuccessfulcorrelations.

Our methodis evaluatedon asuiteof applicationsfor which instructioncacheperformance

is known to be a problem. Suchbehavior is commonwith irregular or databaseprograms.

Our methodis evaluatedagainstseveral existing strategies, which are also implementedfor

comparison.We found that,on average,71.3%of the I-cachemissesarecorrectlyprefetched

by our method,and77.6%of theseareprefetchedearly enoughto completelyhide thecache

misslatency. As a result,theruntimesof applicationsareimprovedby about35%.

Therestof thispaperis organizedasfollows. Section2 presentsfurtherdetailsontheexecu-

tion historyguidedprefetchingtechnique.Section3 discussessomerelatedwork on instruction

prefetching.Section4 describesthedetailsof thesimulationenvironmentandthebenchmarks

usedfor this study. Section5 presentsour experimentmethodologyandour experimentalre-

sults.Finally in section6 is conclusions.

2 Method

Thebasicmethodin this paperis now described.Let theprefetch distance, bea constantthat

is slightly greaterthan the miss latency from the L1 to the L2 I-cache,measuredin cycles

(typically 10-30cyclesfor modernprocessors).The averagenumberof instructionsthat will

executewithin this prefetch distanceis � . Whenan addressmissesin the I-cache,thenthe

instructionthatwasfetched� instructionsprior to thismiss,calledthe ����� previousinstruction

is storedin a misshistory table. If the � ��� previousinstruction is encounteredagain,andif

thecacheline in questionhasbeenevicted in themeantime,a prefetchwill be triggered;this

eviction informationis indicatedby themisshistory table’s confidencecounters.By defining

thetriggeringinstructionin termsof � (instructions)ratherthandirectly in termsof theprefetch

distance(cycles),we guarenteethetriggerwill beuniquefor a particularexecutionpath,since

a particularpathhasa fixed instruction-fetchorder, but a dynamicexecutionpattern. A non-

unique � ��� previous instruction is still possible,however, if several executionpathslead to

the sameI-cachemiss. Whenthis happens,the different � ��� previousinstructionsarestored

independentlyin the misshistory table. This provesto be a desirableproperty, asit properly

handlescachelinesfor which thereis a tendency to a misswhenfollowing oneexecutionpath,

but notwhenfollowing others.

Thehardwarefor themethod,shown in figure1, consistsof six components.First, a fetch
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Inst. N

Inst. 2

Inst. 1

Return inst. counter

Return addr. 1

Return addr. 2

Return addr. M

Miss History TableReturn Address Stack

Execution History Queue

Miss history K

Miss history 1

Miss history 2
Prefetched instruction 1

Prefetched instruction 2

Prefetched instruction S

Prefetch Buffer

Active Miss Record Register

Miss record index Last missed address

Figure1: Hardwarefor our method.

Instructionaddress Cachemissaddress Length Confidencecounter Valid bit

Figure2: Formatfor entriesin misshistorytable.

queueof length � storesthe last � fetchedinstructions. � is chosento be large enough

that � instructionswill be maintainedin the fetch queueeven whenspeculative instructions

areevicted from this queuefollowing a branchmisprediction.Second,theactivemissrecord

register remembersthe addressandtrigger of the the mostrecentmiss. It is usedto detecta�
	���
���� , which is definedaswhena sequenceof I-cachemissesarefoundto becontiguousin

memory. Third, themisshistorytablestorescorrelations.Indexedby thelow-orderbits of the

� ��� previousinstruction, thetable’s entrieseachhave thefive fieldsshown in figure2: thefull

addressof thepreviousinstruction,thebeginningaddressof themissingcacheline (or thefirst

addressof a �
	���
���� ), the lengthof the stream,a confidencecounteranda valid bit. Fourth,

the prefetch buffer storesprefetchedcachelines. It is usedto avoid pollution of the I-cache

with potentiallyuselessprefetches.Whena cachemisshappens,theprefetchbuffer is checked

for themissingline. Only if it is absentis the lower level of thememoryhierarchyaccessed.

The fifth andsixth itemsin the hardwarearethe returnaddressstackanda returninstruction

counter;their role will bediscussedlaterin section2.1.

We now describea techniquefor avoiding uselessprefetches,cache eviction indication,

which is derived from [18]. To understandthis method,considerthat a prefetchof datathat

is alreadyin cachewill be a uselessprefetch. Most existing methodsavoid this problemby

directly checkingthe I-cachefor the presenceof the prefetchcandidate.This method,called

cacheprobing, is effective,but it usesasecondI-cacheport,with its consequentdisadvantages.

Theinsightweuseis thatthereis anotherway to keeptrackof whethera line is in cache:if the

cacheline hasbeenejectedsinceits last fetch or prefetch, thenit is not in cache, andshouldbe
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prefetched, elseit is assumedto bein cache.We termthis methodcacheeviction indication. If

theline is never fetchedthenthis testreturnsa falsein-cacheresult,but no correlatingmethod,

includingthis one,aimsto avoid first-timemissesanyway.

Thehardwarefor cacheeviction indicationis theconfidencecounterof figure2, alongwith

associatedcontrol logic. Theconfidencecounteris a binarycounterassociatedwith eachmiss

historytableentry, consistingof asmallnumberof bits,usually2-4. High valuesimply thatthe

prefetchshouldbeinitiated;valuesbelow a certainthreshold� imply that theprefetchshould

notbedoneasit is likely to beuseless.

Thecacheevictionindicationimplementationrequiresactionsat threeevents.First, whena

cacheline missis encountered,amisshistorytableentryis createdwith theconfidencecounter

setto somevalue � lessthanthethresholdT. This way subsequentexecutionsof thedynamic

triggerdo not prefetch,astheline is likely in cache,thusavoiding uselessprefetches.Further,

on a miss, if the line is presentin the prefetchbuffer, the miss history table entry that had

causedthatprefetchis found,andits confidencecounteris setto be � again.Doing soavoids

futureuselessprefetchesto linesthathit in prefetchbuffer. To keeptrackof whatmisshistory

tableentryto invalidate,however, requiresextrabits in theprefetchbuffer: for eachcacheline,

the index of the miss history table entry that is createdwhen the cacheline is broughtinto

prefetchbuffer is storedin the prefetchbuffer entry. Analogousbits arealsorequiredin the

I-cacheasdescribedbelow. Second, whena line is evicted from I-cache,the counterfor the

entryassociatedwith that line is setto a high valueabove thethreshold.This ensuresthat the

subsequentexecutionafter the misswill trigger a usefulprefetch. To keeptrack of what the

associatedconfidencecounterentryis requiresbits in theI-cachethatstore,for eachcacheline,

themisshistorytableentrythatwascreatedwhenthat line wasbroughtinto cache.Thesebits

areanalogousto the correspondingbits in the prefetchbuffer. ThusuponI-cacheeviction of

the line, theseextra bits areusedto find the entry for which the confidencecounteris set to

maximum.

The third event for which cacheeviction indication acts is instruction fetch. For every

instructionfetch,themisshistorytableis accessedwith theinstructionaddressastheindex. If

ahit occurs,andtheconfidencecounterfor theentryis greaterthanthethreshold,theconfidence

counteris decremented,andtheprefetchedcachelinesarebroughtinto theprefetchbuffer. If

thevalueafterdecrementfalls to below thethreshold,themisshistorytableentryis invalidated.

This decrementingstrategy ensuresthatentriesareusedonly for a limited numberof times–

this is usefulin casetheoriginal correlationwasmadeon a differentpathfrom prefetchtrigger

instructionto missedline. In sucha case,it is importantto retire the entry after a few times
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asotherwisewould trigger uselessprefetchesforever. This is not a concern,however, if the

samepathfrom triggerto missedline is followedsubsequently, ashits in theprefetchbuffer in

subsequenttimeswill resetthemisshistorytableentryaswell.

Theabove describedmethodof cacheeviction, thoughcomplex to describe,is easyto im-

plement.Theonly additionalhardwareis aconfidencecounterfor eachmisshistorytableentry

andextra bits to storea misshistory tableindex for eachline in prefetchbuffer andI-cache,

besidesassociatedcontrol logic. Resultsshow thatthemethodis aseffective ascacheprobing

in avoiding uselessprefetches,without the useof a secondI-cacheport, andachievesa high

degreeof prefetchcoverage.

A remainingdetailis how multiplecontiguouscachelinesthatmissin I-cachearecombined

into a singleentry in the miss history table – this optimizationreducesthe sizeof the table

required. To implementthis optimization,the active missrecord register shown in figure 1

storestheaddressof thepreviouscachemissandthe index of theentry. On every cachemiss,

the addressof the missedline is checked to seeif it just follows the previous missedcache

line. If it does,andthe lengthof thepreviouscachemissstreamis lessthanfour cachelines,

thenthe lengthof thepreviouscachemissstreamis increasedby one. Otherwise,a new miss

historyentryis insertedinto themisshistorytable,andtheregisteris setto bethecurrentmissed

address.In this way, up to four contiguousmissescanbecombined.

2.1 Extension for return instructions

Thebaseschemedescribedabovemaygeneratemany harmfuluselessprefetchesin thespecial

caseof whenaprocedurereturninstructionis executedbetweenacorrelatedtriggerinstruction

andthemissingline. Thereasonfor thisspecialcaseis thataprocedurecanbecalledfrom sev-

eralcall sites,andfor each,theinstructionsfollowing thereturnaredifferent.In thisscenario,a

cachemissamongonereturnpathwill triggerprefetchesamongall, asin thebasescheme,the

futurepathis notpredicted.

Fortunately, wecanavoid uselessprefetchesspanningreturnsby predictingthetargetof the

next returnusinga returnaddressstack andprefetchingonly if thepredictedtargetequalsthe

target for thestoredmisshistory tableentry. Thereturnaddressstackis not a new idea;it has

beenusedbeforefor predictingcontrol flow [21]. It is maintainedasa stackasfollows: the

returnaddressis pushedontoit for eachprocedurecall, andpoppedfor eachreturn.Thestack

couldoverflow, but theprobability of overflow canbe madelow by increasingthesizeof the

stack. In this way, the top of thestackalwayspredictsthe targetof thenext returninstruction
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Instruction Returnaddress Offsetof Length Confidencecounter Valid bit Typebit
address missedcache

Figure3: Alternative formatfor entriesin misshistorytable.

with ahighaccuracy. In our simulation,thedepthof thestackis 16.

Integratingthereturnaddressstackinto our prefetchingschemerequiresthefollowing two

modificationsto the hardware. First, a signedcounteris maintainedfor the numberof return

instructionsin thefetchqueue,minusthenumberof calls.Thecounteris incrementedfor every

return,anddecrementedfor a call. Whenthe countervalueis a positive numbergreaterthan

zero then therearea net differenceof return instructionsthat canbe predicted. Second,an

secondalternative formatshown in figure3 for misshistory tableentriesis introduced,andis

usedwhenprefetchesspanreturns. This alternative format andthe original format shown in

figure2 aredistinguishedby thetypebit shown; thetypebit is alsoappendedto figure2. In this

alternateformat,thespacefor thecachemissaddressis usedfor thereturnaddressencountered

whentheentry wascreated.In additiona new field storestheoffsetof themissingline from

thatreturnaddress.

Themethod’s operationfor return-associatedcachemissesis very similar to thecasewith

normalcachemisses.Theonly differenceis thatwhenaninstructionis fetched,for a prefetch

to be triggered,not only mustanentry for the instructionbepresentin themisshistory table,

but thereturnaddressin thatentrymustmatchthecurrentpredictedreturnaddressat thetopof

thereturnaddressstack.Whena matchis found,theprefetchaddressis calculatedasthesum

of thereturnaddressandtheoffsetin thetableentry, andaprefetchinitiated.

3 Related work

Instructionprefetchingmethodsinvestigatedhavebeenof two types:hardwarebasedandcom-

piler driven. Hardware-basedprefetchingmethodsdo not requireany softwaresupport,while

compilerdrivenprefetchingmethodsrely onthecompilerto specifywhenandwhatto prefetch.

Hardware-basedprefetchingmethodshavesomeadvantages.In compilerdrivenapproaches

suchascooperative prefetching[13], explicit prefetchinstructionsare insertedinto the exe-

cutableby the compilerto prefetchthe targets. Not only is compilersupportneededto insert

prefetchinstructions,but alsotheprefetchinstructionsconsumefetchanddispatchslotsof the
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processorat run-time.With hardwarebasedprefetching,thereis no suchproblem.No change

is neededfor theexecutables.Thisapproachis compatiblewith legacy programs,andprograms

compiledelsewhere.

Hardware basedcacheprefetchingalgorithmscan be divided into two types: correlated

prefetchingandnon-correlatedprefetching.We will briefly discusssomeof thesetechniques.

CorrelatedprefetchingtechniquesincludeMarkov prefetching[11] andbranch-history-guided

instructionprefetching(BHGP)[23]. Non-correlatedprefetchingtechniquesincludefetch di-

rectedinstructionprefetching(FDP)[18], next-n-lineprefetching[22], andwrong-pathprefetch-

ing [15].

Correlatedprefetchingcorrelatestheprevious cachemisseswith otherevents,suchasold

missesin Markov prefetching[11] or branchinstructionsin branch-history-guidedprefetching

(BHGP) [23]. Usually the correlationsare storedin a dedicatedtable. Markov prefetching

correlatesconsecutivemissaddresses.Thesecorrelationsarestoredin amiss-addressprediction

tablewhich is indexedusingthecurrentmissaddress,andwhich canreturnmultiple predicted

addresses.In branch-history-guidedinstructionprefetching,cachemissesarecorrelatedwith

theexecutionof branchinstructions,andthecorrelationsarestoredin a prefetchtablewhich is

indexedusingtheaddressof thebranchinstructions.Laterwhenthesameeventshappenagain,

theprefetchesaretriggered.

Comparedwith themostrecentrelatedmethodBHGP, themajorfeaturesof ourmethodare:

(1) any instructioncouldbeatrigger, insteadof limiting thetriggersto bebranchinstructionsin

BHGP. In this way, theprefetchedcachelinesby the instructionsin eachbasicblock couldbe

in differentbasicblocksin ourmethod.(2) contiguousmissedcachelinesaregroupedtogether,

whereasin BHGP, thebasicblocksareusedastheminimumunitsof prefetching.Basicblocks

couldbebig, andnot all cachelinesin it maybemissed.In our methodthenumberof useless

prefetchesare thus limited; (3) confidencecounteris usedin the MHT, not in the L2 cache

asin BHGP. This not only limits uselessprefetches,but also invalidatesuselessmisshistory

recordsandkeeptheusefulones.Thishelpssolvingthecontentionin theMHT; (4) thetriggers

associatedwith returninstructionsaretreatedspecially. This preventsthe triggersin a callee

functionfrom trying to triggera missedcacheline in onecallerwhenit is calledby another.

Non-correlatedprefetchingdoesnot utilize themisshistory. Thehardwarepredictswhich

instructionswill beexecutedin thenearfuture,andprefetchesthem– thepredictionsaremade

accordingto differenteventsin differentalgorithms. In fetch directedinstructionprefetching

(FDP)[18], thereis a decoupledbranchpredictorwhich runs2 to 10 fetchblocksaheadof the

instructioncachefetch. This predictorfinds out the instructionsthat may be usedin the near
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futureandtriggersprefetches.In next-n-line prefetching[22], theaccessof thecurrentcache

line by the processorcausesseveral successive cachelines to be prefetched.Another algo-

rithm, wrong-pathprefetching[15], combinesnext-n-line prefetchingwith alwaysprefetching

thetakentargetof controltransfersthatareexecutedby theprocessor.

With regardsto timeliness,correlatedprefetchingmethodsgenerallytendto do betterthan

non-correlatedmethods.Non-correlatedprefetchesareusuallytriggeredwhena dynamically

nearbycacheline is encountered,or missedin the cache. Correlatedprefetchingalgorithms

requestthe prefetchwhen the relatedevent happens,which could be far enoughto hide the

cachemisslatency. Althoughtheperformancestudyof instructioncacheprefetchingmethods

in [8] foundthatnon-correlatedprefetchingmethodscouldhideapproximately90%of themiss

delayfor prefetchedlines,theirsimulatedplatformis atraditionalsupercomputerCRAY Y MP.

The measuredCPI for the benchmarksis morethan2, andsomeof themevenhave a CPI of

morethan4. For many of today’s processorstheCPI is no morethanonefor largeclassesof

programs,includingour simulatedprograms.As themisslatency increasesin termsof cycles

andsuperscalarsandEPICarchitecturesareused,however, thetimelinessof thenon-correlated

prefetchingmethodsmaynotbegoodenough.As a result,correlatedapproachesmaybemore

promising. In fetch directedinstructionprefetching,becausethe branchpredictorrunsahead

of the instructioncachefetch, the algorithmhasthe timelinessproperty. It, however, is very

aggressive by trying to prefetchevery instructionthatcouldbeuseful,regardlessof whetherit

alreadyexists in cache.Evenwith a perfectbranchpredictor, thenumberof prefetchrequests

equalsthenumberof dynamicinstructions.Typically thecachemissrateis about5%,and95%

of theprefetchesareuseless.Thusthis methoddependson very efficient prefetchingfiltering

algorithms.

In prefetchingalgorithmsthereis atradeoff betweenmisscoverageandmemorybandwidth

consumption.A moreaggressiveprefetchingalgorithmtendsto prefetchmoreinstructions,and

hencemaycover morecachemisses.But at thesametime, moreuselessprefetchesarelikely

– this couldconsumemorememorybandwidth,which will thenaffect otheroperationsin the

systemandharmperformance.Thereareseveralmethodsusedto limit thememorybandwidth

requirement.Someof themareintroducedin thefollowing paragraphs.

Onemethodto limit uselessprefetches,cacheprobefiltering, is usedin mostprefetchingal-

gorithms[23, 13,18]. Theideais to first checkwhethertheline thatis acandidatefor prefetch-

ing is alreadypresentin the primary instructioncachebeforethe prefetchis performed. If it

alreadythere,theprefetchrequestis discarded.While cacheprobefiltering is themostwidely

usedmethod,andis veryefficient in preventinguselessprefetches,it is expensiveto build. It re-
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quiresanadditionalportfor checkingtheaddresstagsof thecachelinesto avoid interferingwith

normalcacheoperations.Becauseidealmultiportingis costly, currentcommercialmultiporting

areimplementedby time divisionmultiplexing [16], or by multiple copy replication[2], or by

interleaving [25]. Thedrawbacksof thesepracticalimplementationsincludescircuit complex-

ity, areaoverhead,bandwidthsacrifice,andalsolongeraccesslatency [19]. Takinginto account

thesedrawbacks, [24] measureda zeroor negative performancegain from usingprefetching

methodsthatusecacheprobefiltering.

Anothermethodto reducethe memorybandwidthconsumptionof prefetchingis to usea

prefetchbit associatedwith eachline in theprimaryinstructioncacheandasaturatingcounteror

a confirmationbit for eachline in thenext lower level instructioncache[18, 23]. Theprefetch

bit rememberswhetherthe line was prefetchedbut not yet used,and the saturatingcounter

recordsthe numberof consecutive timesthat the line wasprefetched,but not used,beforeit

was replaced. If the saturatingcounterfor a prefetchingcacheline is below a thresholdT,

the prefethingrequestis respondednormally, or elseit is dropped. In our scheme,thereis a

confidencecounterfor eachentryin themisshistorytable.Thecounterworksin asimilar way

to preventrepeateduselessprefetches.

In fetch-directedinstructionprefetching[18], anothermethodisusedto limit uselessprefetches.

Theideais that thecachelineswhich alreadyexist in the i-cacheshouldnot beprefetched.In

this paper, a prefetchtargetbuffer is usedto recordthecacheline which shouldbeprefetched

later. In eachentryof thebuffer thereis an 
�������	�
�� bit. This bit is setwhenthecacheline of

thecorrespondingprefetchtarget is evictedfrom the instructioncache.An extra field is intro-

ducedwith eachcacheline of theinstructioncache.It worksasanindex to theprefetchtarget

buffer and identifiesthe prefetchentry that last causedthe cacheline to be broughtinto the

cache.Whena cacheline is evicted from the cache,the index is usedto accessthe prefetch

target buffer, andtheevictedbit in theentry correspondingto the index is set,indicatingthat

the cacheline will be prefetchedat the next time it is usedasa branchprediction. Although

[18] usesasaturatingcounterandanevictedbit, similar to theconfidencecounterweusein our

MHT, they donot usethis informationto avoid theextra I-cacheport,aswedo.

4 Benchmarks and simulation environment

We performdetailedcycle-by-cycle simulationsof four CPU2000benchmarksfrom SPEC[4]

onSimpleScalar[3]. SimpleScalarisaconfigurablemachinemodelthatcansimulateaggressive

out-of-ordersuperscalars.Table 1 shows the microarchitecturalconfigurationsusedfor the
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Fetch& DecodeWidth 8
IssueWidth 4
L/S QueueSize 16
ReservationStations 64
IntegerFunctionUnits 4 add/2mult
BranchPredictor 2-lev, 2K-entry
MemorySystemPortsto CPU 4
L1 I andD Cache(each) 16KB, 2-way, 32 byte
L1 CacheAccessTime(cycles) 1
Unified L2 Cache 1MB, 4-way, 64 byte
L2 CacheAccessTime(cycles) 12
MemoryAccessTime(cycles) 30

Table1: SimpleScalarConfiguration

Name Description InputDataSet Instructions IPC I-cache
executed Miss

(in Millions) Rate
crafty A high-performanceComputer Thecrafty.in in the 2,000 1.17 3.6%

Chessprogram referenceinputset
gcc TheGNU C compiler Theintegrate.cin the 2,000 0.92 3.4%

referenceinputset
perlbmk Theintepreterof thePerl Thescrabbl.inin the 2,000 0.83 4.1%

language train input set
vortex An object-orienteddatabase Thetrain input set 2,000 0.71 6.9%

program

Table2: Benchmarks

SimpleScalarsimulationsin our experiments.TheSimpleScalarsimulatormodelsprocessorin

detail, including numberandlatency of functionalunits, branchprediction,branchpenalties,

thememoryhierarchy, cachemisspenalties,andsoon.

Four benchmarksfrom CPU2000areevaluated:crafty, gcc, perl andvortex. The bench-

marksselectedarethosewhereI-cacheperformanceis especiallya problem;for many floating

point and someinteger codesit is not. The benchmarksinclude Vortex, an object-oriented

databaseprogram,representative of a importantclassof applications.Thedetailsof theseap-

plicationsaredescribedin table2.

To evaluatetheperformanceof ourEHGPalgorithm,it is implementedonSimpleScalar. To

comparewith otherprefetchingalgorithms,we alsoimplementothertwo methods:next-n-line
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BHGP EHGP
Prefetchbuffer 2K, 4-way, 32 byte 16-entry, fully associated,32 byte
Prefetchbuffer 1 1
accesstime (cycles)
Prefetchtable 16K, 8-way, 8 Bytes 16K, 8-way, 8 Bytes

Table3: Hardwareparametersusedfor BHGPandEHGP.

prefetching[22] andbranchhistoryguidedprefetchings(BHGP)[23]. While bothof themare

purely hardwarebased,the former is a typical non-correlatedprefetchingtechnique,andthe

latteris themostrecentcorrelatedmethod.Next-n-lineprefetchinghastwo variants:prefetches

could be triggeredeachtime a cacheline is accessed,or whena cachemiss happens.Our

simulationresultsshow very little differencebetweenthem. We usethe latter approach.For

thebranchhistoryguidedprefetching,thedistancebetweenthecachemissandtheassociated

branchinstructionis set to be 5 basicblocksasusedin the [23]. Both approachesusetwo

methodsto filter uselessprefetchingsat the sametime: cacheprobeandthe saturatingbit in

L2 cache.Theparametersusedfor branchhistoryguidedprefetchingandfor executionhistory

guidedprefetchingare listed in the Table3. The simulationresultsfor branchhistory based

prefetchingare different from thosein the [23], becausethe SimpleScalarusedhereis for

PISA (PortableInstructionSetArchitecture),while they areusingaALPHA version.

5 Results

This sectionpresentstheresultsof our simulationexperiments.First, theperformanceof dif-

ferentprefetchingmethodsarecompared.Next, severalparametersof our prefetchingmethod

arevariedin orderto find theirbestvalues.

Figure4 showsthenormalizedruntimesfor ourbenchmarksfor fivecompetingprefetching

strategiesincludingours.All runtimesarenormalizedto theruntimewithoutprefetching= 1.0.

On thex-axisarethe four benchmarkprograms,eachwith five barsfor thedifferentmethods.

From left to right, the first bar is for a double-sizedI-cacheconfiguration,the secondis for

next-n-line prefetching[22], the third is for branchhistory guidedprefetching(BHGP) [23],

thefourth is for branchhistoryguidedprefetchingwithout thecacheprobingoperation,andthe

fifth is for our method,executionhistoryguidedprefetching(EHGP).As thefigureshows, all

prefetchingmethodsoutperformthedouble-sizedI-cacheconfigurationexceptin perl,showing

that increasingthe size of the I-cacheis not the bestsolution to poor I-cacheperformance.
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Further, weobservethatthetwo misshistorybasedmethods,BHGPandEHGP, outperformthe

Next-n-lineprefetching.Thereasonlies in thetimelinessof thetriggeredprefetches.

The salient result from figure 4 is that our EHGP methodis able to outperformBHGP

without usinganextra I-cacheport asBHGPdoes.This is an importantcontribution sincean

extraportto I-cacheis likely to slow down theclockcycletime[24,19]. Consequentlysinceour

cycle-accuratesimulatordoesnotmodelthecycle timeitself, theactualperformancefor BHGP

is likely to besignificantlyworsethanEHGP. ThefigurealsoshowsthatBHGPcritically relies

on cacheprobing– without the secondport, BHGP performsmuchworse. Finally notethat

the absolutespeedupis substantialat 50%. It is alsoreasonableasit canbe approximatedas

follows: for perl, thebaseIPC is 0.83,theI-cachemissrateis 4.1%,andthemisslatency is 12

cycles,thereforewith 50%missesprefetchedearlyenough,thespeedupis 4.1%*50%*12/0.83,

which is 29%.
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Figure4: NormalizedRuntimefor Dif ferentMethods

Figure5 shows the breakupof the prefetchesinto useful, late anduselessprefetchesasa

fractionof the total I-cachemisses.For eachbenchmarkprogramon thex-axis therearefour

casesmeasured:next-n-line prefetching(NNL), branchhistory guidedprefetching(BHGP),

branchhistoryguidedprefetchingwithout cacheprobingfiltering (B(W/O)), andour method,

executionhistory guidedprefetching(EHGP).Threeobservationsaremadefrom the results.

First, B(W/O) triggersmore uselessprefetchesthanBHGP as is expected,andalso triggers

fewer useful prefetches. Second,althoughEHGP hasmore uselessprefetchesthan BHGP
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stemmingfrom its notusingcacheprobing,it makesupthedisadvantageby having moreuseful

prefetches.Third, the actualmemorybandwidthrequirementfor BHGP is higher than dis-

playedin this figure. Althoughsomeof the triggeredprefetchrequestsareignoredby theL2

cachebecausethesaturatingbit equals0, they consumememorybandwidthanyway, andthatis

notmeasuredin thefigure.
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Figure5: Breakdown of Prefetchesfor Dif ferentMethods.

Simulationresultsshow thathistory-basedprefetchingmethodsmaywork well eventhough

they do not prefetchfirst-timecachemisses.Part of theexplanationis thatmostcachemisses

arenot first time misses.Our resultsshow that only a negligible 0.003%of missesarefirst

timemisses.Non-history-basedschemescanprefetchfirst-timemisses,but they havetheirown

problems.Next-n-line andwrong-pathprefetchingprefetchthecachelinestoo lateto hidethe

cachemisslatency. Fetchdirectedprefetching,thoughit avoidstheuseof anextraport,triggers

toomany uselessprefetches.Evenwith aperfectbranchpredictorthenumberof prefetchesmay

beproportionalto thenumberof dynamicinstructions.

Oneof themostseriousproblemswith historybasedmethodsis thatthey maybuild uplarge

amountsof history. Combiningcontinuouscachemissesinto onehistoryentryreducesthesize

of the history table required. Figure6 shows the distribution we measuredof the lengthsof

continuouscachemisses.About half of the cachemissesbelongto missstreamswith length

larger than4. In BHGP combiningis achieved by prefetchingwhole basicblocksat a time

insteadof lines.Onaveragebasicblocksareabout6 instructionslong,whichis two cachelines.

In contrast,custom-lengthcombinationsaregeneratedby EHGPwhenneeded.Moreover, it is

possiblethatonly partof thebasicblockcausedthecachemiss.Prefetchingthewholeblockas
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in BHGPmaynot bethebestalternative.
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Figure6: Distributionof ContinuousCacheMisses

To evaluatethe impactof combiningon our results,our prefetchingalgorithmis evaluated

with differentmaximumcombininglengths.Whenthelengthof acachemissstreamexcelsthe

maximumvalue,the streamis splittedto two streams,two unrelatedmisshistory recordsare

maintained.The resultsareillustratedin figure 7. Whencachemissesarenot combined,the

performanceis significantlyworsethanfor whenthemaximumcombinationlengthis 4. When

thereis no limitation on thelength,theperformanceis a little worse.This is becausethatmore

uselessprefetchesarerequested.
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Figure7: Impactof LengthField

Figure8 measuresthebenefitof theextensionfor returninstructionsto ourbaselinemethod

describedin section2.1. As expected,thecachemissesareprefetchedwith moreaccuracy. As
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a result,theperformancewith theextensionis better.
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Figure8: Impactof ReturnAddressStack

Figure9 shows themeasuredperformanceof our methodwith differentsizesfor themiss

history table. With a small table,lessprefetchesaretriggered,andthusit resultsin lessper-

formanceimprovement.With a big history table,althoughmoreperformanceimprovementis

obtained,theareacostincreases.Thereactualtablesizeshouldbedecidedby themanufacturer

basedonavailableareaandtimeof access.

Anotherinterestingquestionis theperformanceadvantageof ourmethodoverBHGPversus

the sizeof MHT. We found that the averageperformanceimprovementfell to 5.7%for a 8K

sizeMHT, down from 9.2%for 16K. In theotherdirection,increasingthetablesizeto 32K kept

theperformanceimprovementrelatively unchangedfrom the16K case.As explainedin [23],

in BHGP8K is enoughfor MTH, andincreasingit to 16K doesnot improve theperformance

much. In our method,16K is muchbetter. As technologydevelops,this may be a desirable

property. (Detailedfiguresnotshowed.)

Figure10 shows the impactof varying � , definedabove asthenumberof instructionsbe-

tweenthetriggerandtheI-cachemiss.When � is small,theaccuracy of theprefetchalgorithm

is good,but the prefetchesaretriggeredtoo late to fully hide the cachemisslatency. With a

larger � , the accuracy may be worseandprefetchedlines may be evicted beforebeingused.
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Figure9: Impactof MissHistory TableSize

Thekey is to choosetheoptimalvalueof � for thegivenarchitecture.Forourplatform, �HGJI�K
givesthebestperformance.

6 Summary

Thispaperdescribesahardware-basedexecutionhistoryguidedmethodfor instructionprefetch-

ing. It improvesuponexistingmethodsby triggeringprefetchesearlyenough,avoidingtheextra

port in I-cache,andyetprefetchingahighpercentageof cachemisseswith atableof reasonable

size.

To achieve thesegains,our methodmakesthreeinnovations.First, cachemissesarecorre-

latedwith dynamicallyprecedinginstructionsatacertainfixeddynamicdistance.Prefetchesare

subsequentlytriggeredby thoseinstructionsbeforethecachemisseshappen.Second,contigu-

ouscachemissesaregroupedtogetherandassociatedwith oneprecedinginstruction,allowing

a misshistorytableof reasonablesize.Third, efficient prefetchfiltering methodsareusedand

thusanextra I-cacheport is unnecessary.
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