Execution History Guided Instruction Prefetching

Yi Zhang Steve Haga Rajeev Barua

Department of Electrical & Computer Engineering
University of Maryland
College Park, MD 20742, U.S.A

{zhangyi, stevhaga, barua}@ng. und. edu

Abstract

Theincreasinggapin performancdéetweerprocessos andmainmemoryhasmadeef-
fectiveinstructionsprefetdiing tecdhniquesmore importantthanever A major deficiencyof
existing prefetthiing methodss that mostof themrequire an extra port to I-cache A recent
studyby [19] showsthat this factor alone explainswhy mostmodernmicroprocessacs do
not usesud I-cache hardware-based-cache prefett schemes.The contribution of this
paperis two-fold. Fir st we presenta methodthat doesnot require an extra port to I-cache
Secondthe performancemprovementfor our methodis greaterthanthe bestcompeting
methodBHGP [23] evendisregarding theimprovemenfromnot havingan extra port.

Thethreekey featuesof our methodthat preventtheabove deficienciesre asfollows.
First, too-late prefetding is preventedby correlating missego dynamicallyprecedingin-
structions. For example if the I-cache misslatencyis 12 cycles,thenthe instructionthat
wasfetched 12 cyclesprior to the missis usedas the prefetd trigger. Secondthe miss
historytableis keptto a reasonableizeby groupingcontiguouscacde missesgogetherand
associatedhemwith oneprecedinginstruction,andtherefore, onetable entry Third, the
extra I-cache port avoidedthrougheficient prefett filtering methods.Experimentshow
that for our bentimarks,chosenfor their poor I-cache performancean average improve-
mentof 9.2%in runtimeis achievedversusthe BHGP methodqd23], while the hardware
costis alsoreduced.Theimprovemenwill be greaterif the runtimeimpactof avoidingan
extra port is consideed.



1 Introduction

Instructioncachemissesarea significantsourceof performancdossin modernprocessorsl-

cacheperformancas especiallya problemin integeranddatabaseoded1, 5], asthesetypes
of programstendto have lessinstructionlocality. A very rough calculationrevealsthat the
performancecostof an l-cachemisscanbe large, evenif missesareuncommon.Considera
machinewith a 12-gycle I-cachemisslateng, runninga programwhich exhibits an averageof

1instructionpercycle whennotidle dueto I-cachemissesj.e. IPC = 1. Evenif themissrateis
only 2%, the percentagef cycleslost dueto I-cachemissess roughly 2%*12/1= 24%,which
is notasmallnumber

Two currenttrendsarelikely to make the performancepenaltyfrom I-cachemisseseven
morein the future thanit is today First, the semi-conductoroad-mag20] predictsa rapidly
increasingperformancegap betweenprocessor&nd memoryin the future: processospeeds
are increasingat 60% a year while memoryspeedsare growing at only 7% a year[6]. In
this scenariothe I-cachemisslateng is likely to grow. Secondsincemoreaggressie multi-
issuemachinessuchas EPIC architecture49] and proposednewn superscalar$7, 14] have
the potentialto performan increasedevel of computationper cycle, every idle cycle dueto
an I-cachemisswill delaya greaterportion of computationthanon an older machine. Thus
higherILP makesthel-cachemisspenaltylargerin termsof lostinstructionissueopportunities.
Combined thesetwo trendsindicatethat methodsto hide memorylateng, which arealready
important,will becomeancreasinglymoreuseful.

Sincethefollowing termsarehelpfulin ourdiscussionwewill now introducethedefinitions
of useful,uselessand late prefetchesasthey aregivenin the literature. Whenthe predictor
indicatesthat an I-cachemisswill occurin theimmediatefuture, a prefetd to the cacheline
is requestedlf the predictionis accurateandtimely, the cacheline will be soonbe accessed,
resultingin a usefulprefetch. If the accessoccursbeforethe prefetchcompleteshowever,
the prefetchis termedlate, andthe I-cachelateng is only partially hidden. If the prediction
is incorrectandthe cacheline is not accessedbeforeit is evicted, thenthe prefetchis called
useless

Currentmethoddor instructionprefetchingsuffer from deficiencieshathave hinderedheir
adoption.The 1998surwey andevaluationpaperby TseandSmith[24] presentsa well-argued
casefor why currentmethodshave failed. First, in someprefetchingmethods[22, 15], the
prefetchesretriggeredtoo lateto hideall the cachemisslateny. Secondsomemethodq11]
usea hugetable to storethe miss history information. Finally, and mostimportantly most



prefetchingnethodsncludingthemostrecen{23, 13, 18] usecacheprobingto filter outuseless
prefetches.The I-cacheis checled beforeevery potentialprefetch,to preventthe prefetching
of linesthatarealreadyin cache.Unfortunately cacheprobingrequiresa secondoortto thel-
cachesoasto avoid interferencewith the normalinstructionfetchesthatoccuron every cycle.
Thissecondoortdoesnotcomefor free—it usuallyslows down thecachehit time andincreases
circuit area[19, 24]. Takentogetheythesefactorscanresultin atrivial, or even negative, net
gainfrom prefetching.

It is notsurprising thereforethatcurrentmethoddor instructionprefetchingarenotwidely
used. As evidence,considerthat most modernprocessorsuchas UltraSparclll [12], Ita-
nium [10] andPowerPC[17] only prefetchsequentialnstructionsor the predictedbranchtar
gets;no sophisticatedhardware-basedchemesireused.

The limitations of hardware-basednstruction prefetchingschemeshasled somerecent
commercialmachinessuchasthe UltraSparclll [12],Itanium[10] and PoverPC[17] to pro-
vide compilerdirectedmethods.In suchschemesthe hardware providesprefetchinstructions
which arescheduledy the compilerbasedon programanalysis perhapsmploying profiling.
Unfortunately compilerdirectedmethodshave their own shortcomingsfirst, prefetchinstruc-
tions themselesconstituteoverhead;second not all compilerson a machinemay implement
prefetching;third, old binariesare not optimized;fourth, dynamicbehaior may not be pre-
dictableat compile-time;andfifth, efficient portability acrosdifferentimplementation®f the
ISA is difficult becauseheir differenthardwareparameterssuchascachesizeandlateng, can
affect the prefetchingstratgyy. Consequentlywe believe, andour resultsdemonstratethat a
goodhardware-basegrefetchingmethodwill have a significantpositive impact.

This paperpresents hardware-basednstructionprefetchingmethodthatcorrelatesxecu-
tion historywith cachemisshistory. It improvesuponexisting methodsy triggeringprefetches
earlyenoughto not have ary stalls; by avoiding the extra portin the instructioncache;andby
usingareasonably-sizethble.while atthe sametime prefetchinga higherpercentagef cache
misses.

To achiese thesegains,the methodusesthreeinnovations. First, eachcachemissis cor-
relatedwith the instructionthat wasfetcheda certainnumberbeforethe miss; this correlation
is storedin a miss history table. Prefetchesare triggeredwhen their correlatedinstructions
areencounteredh the future. Multiple executionpathsleadingto a particularcache-missnay
resultin multiple triggeringinstructionsfor that miss. Second,contiguouscachemissesare
groupedtogetherandassociatedvith one precedingnstruction. This makesit possibleto use
a misshistory table of reasonablesize. Third, efficient prefetchfiltering methodsare usedto



reduceuselesrefetches. Thusit becomesaunlikely that the prefetchedine will alreadybe
presenin the cache sothattheinstructioncachedoesnot requirea secondport. For example,
aconfidence-countestratay is usedto retireunsuccessfutorrelations.

Our methodis evaluatedon a suiteof applicationdor which instructioncacheperformance
is known to be a problem. Suchbehaior is commonwith irregular or databasgrograms.
Our methodis evaluatedagainstseveral existing stratgies, which are also implementedfor
comparison.We found that, on average,71.3%of the I-cachemissesare correctly prefetched
by our method,and 77.6%of theseare prefetchedearly enoughto completelyhide the cache
misslateng. As aresult,the runtimesof applicationsareimprovedby about35%.

Therestof this papetis organizedasfollows. Section2 presentsurtherdetailsontheexecu-
tion historyguidedprefetchingechnique Section3 discussesomerelatedwork oninstruction
prefetching.Section4 describeshe detailsof the simulationervironmentandthe benchmarks
usedfor this study Section5 presentour experimentmethodologyand our experimentalre-
sults.Finally in section6 is conclusions.

2 Method

The basicmethodin this paperis now described.Let the prefetd distance be a constanthat
is slightly greaterthanthe misslateny from the L1 to the L2 I-cache,measuredn cycles
(typically 10-30cyclesfor modernprocessors).The averagenumberof instructionsthat will
executewithin this prefetd distanceis N. Whenan addresgmissesin the I-cache,thenthe
instructionthatwasfetchedN instructiongprior to this miss,calledthe N previousinstruction
is storedin a misshistory table. If the N** previousinstructionis encounterecgain,andif
the cacheline in questionhasbeenevictedin the meantime a prefetchwill betriggered;this
eviction informationis indicatedby the misshistory table’s confidencecounters.By defining
thetriggeringinstructionin termsof N (instructionsyatherthandirectlyin termsof theprefetd
distance(cycles),we guarenteg¢hetriggerwill be uniquefor a particularexecutionpath,since
a particularpath hasa fixed instruction-fetchorder but a dynamicexecutionpattern. A non-
unique N** previousinstructionis still possible,however, if several executionpathsleadto
the samel-cachemiss. Whenthis happensthe different N** previousinstructionsare stored
independentlyin the misshistory table. This provesto be a desirableproperty asit properly
handlescachdinesfor which thereis atendeng to a misswhenfollowing oneexecutionpath,
but notwhenfollowing others.

The hardwarefor the method,shown in figure 1, consistsof six componentsFirst, a fetch
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Figurel: Hardwarefor our method.
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Figure2: Formatfor entriesin misshistorytable.

gueueof length M storesthe last M fetchedinstructions. M is chosento be large enough
that V instructionswill be maintainedin the fetch queueeven when speculatre instructions
areevicted from this queuefollowing a branchmisprediction. Secondthe active missrecod
register remembershe addressandtrigger of the the mostrecentmiss. It is usedto detecta
stream, which is definedaswhena sequencef I-cachemissesarefoundto be contiguousn
memory Third, the misshistorytable storescorrelations.Indexed by the low-orderbits of the
N previousinstruction thetable’s entrieseachhave thefive fields shovn in figure 2: thefull
addres®f the previousinstruction,the beginningaddres®f the missingcacheline (or thefirst
addressof a stream), the lengthof the stream,a confidencecounteranda valid bit. Fourth,
the prefetd buffer storesprefetchedcachelines. It is usedto avoid pollution of the I-cache
with potentiallyuselesprefetchesWhena cachemisshappensthe prefetchbuffer is checled
for the missingline. Only if it is absents the lower level of the memoryhierarchyaccessed.
Thefifth andsixth itemsin the hardware arethe returnaddressstackanda returninstruction
counter;theirrole will bediscussediaterin section2.1.

We now describea techniquefor avoiding uselessprefetchescade eviction indication,
which is derived from [18]. To understandhis method,considerthat a prefetchof datathat
is alreadyin cachewill be a uselesgprefetch. Most existing methodsavoid this problemby
directly checkingthe I-cachefor the presencef the prefetchcandidate.This method,called
cacheprobing is effective, but it usesa second-cacheport, with its consequendisadwantages.
Theinsightwe useis thatthereis anothemway to keeptrack of whetheraline is in cache:if the
cadheline hasbeenejectedsinceits lastfetch or prefetd, thenit is notin cache andshouldbe



prefetthed elseit is assumedo bein cache We termthis methodcade evictionindication. If
theline is never fetchedthenthis testreturnsa falsein-cacheresult,but no correlatingmethod,
includingthis one,aimsto avoid first-time missesanyway.

Thehardwarefor cacheeviction indicationis the confidencecounterof figure 2, alongwith
associateadontrollogic. The confidencecounteris a binary counterassociatedavith eachmiss
historytableentry, consistingof a smallnumberof bits, usually2-4. High valuesimply thatthe
prefetchshouldbe initiated; valuesbelow a certainthresholdl” imply thatthe prefetchshould
notbedoneasit is likely to beuseless.

Thecadeevictionindicationimplementatiorrequiresactionsatthreeevents.Fir st, whena
cacheine missis encountereda misshistorytableentryis createdwith the confidencecounter
setto somevalue R lessthanthethresholdT. This way subsequengxecutionsof the dynamic
triggerdo not prefetch,astheline is likely in cache thusavoiding uselesgprefetchesFurther
on a miss, if the line is presentin the prefetchbuffer, the miss history table entry that had
causedhatprefetchis found, andits confidencecounteris setto be R again. Doing so avoids
future uselesprefetchego linesthathit in prefetchbuffer. To keeptrack of whatmisshistory
tableentryto invalidate however, requiresextra bits in the prefetchbuffer: for eachcacheline,
the index of the miss history table entry that is createdwhenthe cacheline is broughtinto
prefetchbuffer is storedin the prefetchbuffer entry. Analogousbits are alsorequiredin the
I-cacheasdescribedbelon. Secondwhenaline is evicted from I-cache,the counterfor the
entry associatedvith thatline is setto a high valueabove the threshold.This ensureghatthe
subsequengxecutionafter the misswill trigger a useful prefetch. To keeptrack of whatthe
associatedonfidencecounterentryis requiresbitsin thel-cachethatstore for eachcacheine,
the misshistorytableentrythatwascreatedvhenthatline wasbroughtinto cache.Thesebits
areanalogoudo the correspondingpits in the prefetchbuffer. ThusuponI-cacheeviction of
the line, theseextra bits are usedto find the entry for which the confidencecounteris setto
maximum.

The third event for which cacheeviction indication actsis instructionfetch. For every
instructionfetch,the misshistorytableis accessewvith theinstructionaddresastheindex. If
ahit occursandtheconfidenceounterfor theentryis greatetthanthethresholdtheconfidence
counteris decrementedandthe prefetchedcachelines arebroughtinto the prefetchbuffer. If
thevalueafterdecrementallsto below thethresholdthe misshistorytableentryis invalidated.
This decrementingtrat@y ensureghat entriesare usedonly for a limited numberof times—
thisis usefulin casethe original correlationwasmadeon a differentpathfrom prefetchtrigger
instructionto missedline. In sucha case,it is importantto retire the entry after a few times



asotherwisewould trigger uselesgprefetchedorever. This is not a concern,however, if the
samepathfrom triggerto missedine is followed subsequentlyashits in the prefetchbuffer in
subsequertimeswill resetthe misshistorytableentryaswell.

The above describednethodof cacheeviction, thoughcomplex to describejs easyto im-
plement.Theonly additionalhardwareis a confidencecounterfor eachmisshistorytableentry
andextra bits to storea misshistory tableindex for eachline in prefetchbuffer andl-cache,
besidesassociatedontrollogic. Resultsshav thatthe methodis aseffective ascacheprobing
in avoiding uselesgrefetcheswithout the useof a secondl-cacheport, and achiezesa high
degreeof prefetchcoverage.

A remainingdetailis how multiple contiguousachdinesthatmissin I-cachearecombined
into a single entry in the miss history table — this optimizationreduceshe size of the table
required. To implementthis optimization, the active missrecod register shown in figure 1
storesthe addresof the previous cachemissandthe index of the entry. On every cachemiss,
the addressf the missedline is checled to seeif it just follows the previous missedcache
line. If it does,andthelengthof the previous cachemissstreamis lessthanfour cachelines,
thenthe lengthof the previous cachemissstreamis increasedy one. Otherwisea nev miss
historyentryis insertednto themisshistorytable,andtheregisteris setto bethecurrentmissed
addresslIn thisway, up to four contiguousmissescanbe combined.

2.1 Extenson for return instructions

Thebaseschemalescribedabore may generatenary harmfuluselesgrefetchesn the special
caseof whena procedureaeturninstructionis executedoetweera correlatedriggerinstruction
andthemissingline. Thereasorfor this specialcases thata procedurecanbe calledfrom sev-
eralcall sites,andfor each theinstructiongollowing thereturnaredifferent.In this scenarioa
cachemissamongonereturnpathwill triggerprefetcheamongall, asin the baseschemethe
future pathis not predicted.

Fortunatelywe canavoid uselesprefetchespanningeturnsby predictingthetargetof the
next returnusinga return addressstadk and prefetchingonly if the predictedtargetequalsthe
targetfor the storedmisshistorytableentry. Thereturnaddresstackis notanew idea;it has
beenusedbeforefor predictingcontrol flow [21]. It is maintainedasa stackasfollows: the
returnaddresss pushedontoit for eachprocedurecall, andpoppedfor eachreturn. The stack
could overflow, but the probability of overflov canbe madelow by increasinghe size of the
stack. In this way, the top of the stackalwayspredictsthe target of the next returninstruction



Instruction | Returnaddress| Offsetof Length | Confidencecounter| Valid bit | Typebit
address missedcache

Figure3: Alternative formatfor entriesin misshistorytable.

with ahigh accurag. In our simulation,the depthof the stackis 16.

Integratingthe returnaddressstackinto our prefetchingschemeequiresthe following two
modificationsto the hardware. First, a signedcounteris maintainedfor the numberof return
instructionsn thefetchqueueminusthenumberof calls. Thecounteris incrementedor every
return,anddecrementedor a call. Whenthe countervalueis a positve numbergreaterthan
zerothenthereare a net differenceof returninstructionsthat can be predicted. Second,an
secondalternatve format shown in figure 3 for misshistorytableentriesis introduced,andis
usedwhen prefetchesspanreturns. This alternatve format andthe original format shovn in
figure2 aredistinguishedy thetypebit shavn; thetypebit is alsoappendedo figure 2. In this
alternatdormat,the spacefor thecachemissaddresss usedfor thereturnaddresncountered
whenthe entry wascreated.In additiona new field storesthe offset of the missingline from
thatreturnaddress.

The methods operationfor return-associatedachemissess very similar to the casewith
normalcachemisses.The only differenceis thatwhenaninstructionis fetched for a prefetch
to be triggered,not only mustan entry for the instructionbe presentn the misshistorytable,
but thereturnaddressn thatentry mustmatchthe currentpredictedreturnaddresst the top of
thereturnaddresstack. Whena matchis found, the prefetchaddresss calculatedasthe sum
of thereturnaddressandthe offsetin the tableentry, anda prefetchinitiated.

3 Related work

Instructionprefetchingmethodsnvestigatedave beenof two types:hardwarebasecandcom-
piler driven. Hardware-basegrefetchingmethodsdo not requireary softwaresupport,while
compilerdrivenprefetchingnethodgely onthecompilerto specifywhenandwhatto prefetch.

Hardware-baseg@refetchingnethodshave someadwantagesin compilerdrivenapproaches
suchas cooperatie prefetching[13], explicit prefetchinstructionsare insertedinto the exe-
cutableby the compilerto prefetchthe targets. Not only is compilersupportneededo insert
prefetchinstructions put alsothe prefetchinstructionsconsumeéetch anddispatchslotsof the



processoat run-time. With hardwarebasedprefetchingthereis no suchproblem.No change
is neededor theexecutablesThis approachs compatiblewith legag/ programsandprograms
compiledelsavhere.

Hardware basedcacheprefetchingalgorithmscan be divided into two types: correlated
prefetchingandnon-correlategrefetching.We will briefly discusssomeof thesetechniques.
Correlatedorefetchingtechniquesnclude Markov prefetching[11] andbranch-history-guided
instructionprefetching(BHGP]23]. Non-correlatecprefetchingtechniquesnclude fetch di-
rectednstructionprefetching(FDP)18], next-n-line prefetchind22], andwrong-pattprefetch-
ing [15].

Correlatedprefetchingcorrelateghe previous cachemisseswith otherevents,suchasold
missesn Markov prefetching11] or branchinstructionsin branch-history-guidegrefetching
(BHGP) [23]. Usually the correlationsare storedin a dedicatedtable. Markov prefetching
correlatesonsecutie missaddresseslhesecorrelationsarestoredn amiss-addresgrediction
tablewhichis indexed usingthe currentmissaddressandwhich canreturnmultiple predicted
addresseslin branch-history-guideéhstructionprefetching,cachemissesare correlatedwith
the executionof branchinstructionsandthe correlationsarestoredin a prefetchtablewhichis
indexedusingtheaddres®f thebranchinstructions.Laterwhenthe sameeventshapperagain,
the prefetchesretriggered.

Comparedvith themostrecentrelatedmethodBHGR the majorfeaturef ourmethodare:
(1) ary instructioncouldbeatrigger, insteadof limiting thetriggersto bebranchinstructionsn
BHGR In this way, the prefetchedcachelines by the instructionsin eachbasicblock couldbe
in differentbasicblocksin our method.(2) contiguougnissedcachdinesaregroupedogether
whereasn BHGP thebasicblocksareusedasthe minimumunits of prefetching.Basicblocks
couldbebig, andnotall cachelinesin it may be missed.In our methodthe numberof useless
prefetchesare thus limited; (3) confidencecounteris usedin the MHT, not in the L2 cache
asin BHGR This not only limits uselesgprefetchesput alsoinvalidatesuselessmiss history
recordsandkeeptheusefulones.This helpssolvingthecontentionin the MHT; (4) thetriggers
associatedvith returninstructionsaretreatedspecially This preventsthe triggersin a callee
functionfrom trying to triggera missedcacheline in onecallerwhenit is calledby another

Non-correlategrefetchingdoesnot utilize the misshistory. The hardware predictswhich
instructionswill be executedn the nearfuture,andprefetcheshem- the predictionsaremade
accordingto differenteventsin differentalgorithms. In fetch directedinstructionprefetching
(FDP)[18], thereis a decoupledranchpredictorwhich runs2 to 10 fetch blocksaheadof the
instructioncachefetch. This predictorfinds out the instructionsthat may be usedin the near



future andtriggersprefetches.n next-n-line prefetching[22], the accesf the currentcache
line by the processorcausesseveral successie cachelines to be prefetched. Another algo-
rithm, wrong-pathprefetching[15], combinesext-n-line prefetchingwith alwaysprefetching
thetakentargetof controltransferghatareexecutedoy the processar

With regardsto timelinesscorrelatedorefetchingmethodsgenerallytendto do betterthan
non-correlatednethods.Non-correlategrefetchesare usually triggeredwhena dynamically
nearbycacheline is encounteredor missedin the cache. Correlatedprefetchingalgorithms
requestthe prefetchwhenthe relatedevent happenswhich could be far enoughto hide the
cachemisslateng. Althoughthe performancestudyof instructioncacheprefetchingmethods
in [8] foundthatnon-correlateghrefetchingnethodsouldhideapproximately90%of themiss
delayfor prefetchedines,their simulatedblatformis atraditionalsupercomputeCRAY Y _MP.
The measuredCPI for the benchmarkss morethan2, andsomeof themeven have a CPI of
morethan4. For mary of today’s processorshe CPIl is no morethanonefor large classef
programsjncluding our simulatedprograms.As the misslateng increasesn termsof cycles
andsuperscalarandEPICarchitecturesreused however, thetimelinessof thenon-correlated
prefetchingmethodsmay notbe goodenough.As aresult,correlatecapproachemaybemore
promising. In fetch directedinstructionprefetching,becausehe branchpredictorrunsahead
of the instructioncachefetch, the algorithm hasthe timelinessproperty It, however, is very
aggressie by trying to prefetchevery instructionthat could be useful,regardlesof whetherit
alreadyexistsin cache.Evenwith a perfectbranchpredictor the numberof prefetchrequests
equalghenumberof dynamicinstructions.Typically the cachemissrateis about5%, and95%
of the prefetchesareuseless.Thusthis methoddependson very efficient prefetchingfiltering
algorithms.

In prefetchingalgorithmsthereis atradeoff betweermisscoverageandmemorybandwidth
consumptionA moreaggressie prefetchingalgorithmtendsto prefetchmoreinstructionsand
hencemay cover more cachemisses.But at the sametime, moreuselesgprefetchesarelikely
— this could consumanore memorybandwidth,which will thenaffect otheroperationsn the
systemandharmperformanceThereareseveralmethodausedto limit the memorybandwidth
requirementSomeof themareintroducedn thefollowing paragraphs.

Onemethodto limit uselesprefetches¢acheprobefiltering, is usedin mostprefetchingal-
gorithms[23, 13,18]. Theideais to first checkwhethertheline thatis a candidatdor prefetch-
ing is alreadypresentin the primary instructioncachebeforethe prefetchis performed. If it
alreadythere,the prefetchrequesis discarded While cacheprobefiltering is the mostwidely
usedmethod andis very efficientin preventinguselesprefetchesit is expensveto build. It re-
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guiresanadditionalportfor checkinggtheaddressagsof thecachdinesto avoid interferingwith

normalcacheoperationsBecausaedealmultiportingis costly, currentcommerciamultiporting

areimplementedy time division multiplexing [16], or by multiple copy replication[2], or by

interleaving [25]. The dravbacksof thesepracticalimplementationsncludescircuit complex-

ity, areaoverheadpandwidthsacrifice andalsolongeraccess$ateng [19]. Takinginto account
thesedravbacks, [24] measured zeroor negative performancegain from using prefetching
methodghatusecacheprobefiltering.

Anothermethodto reducethe memorybandwidthconsumptiorof prefetchingis to usea
prefetchbit associatewvith eachline in the primaryinstructioncacheandasaturatingcounteror
a confirmationbit for eachline in the next lower level instructioncache[18, 23]. The prefetch
bit remembersvhetherthe line was prefetchedout not yet used,and the saturatingcounter
recordsthe numberof consecutie timesthat the line was prefetched put not used,beforeit
was replaced. If the saturatingcounterfor a prefetchingcacheline is belov a thresholdT,
the prefethingrequestis respondedhormally, or elseit is dropped.In our schemethereis a
confidencecounterfor eachentryin the misshistorytable. The counterworksin a similar way
to preventrepeatediselesgprefetches.

In fetch-directednstructionprefetchind 18], anothemethods usedo limit uselesgrefetches.
Theideais thatthe cachelineswhich alreadyexist in the i-cacheshouldnot be prefetched.In
this paper a prefetchtarget buffer is usedto recordthe cacheline which shouldbe prefetched
later. In eachentry of the buffer thereis anevicted bit. This bit is setwhenthe cacheline of
the correspondingrefetchtamgetis evicted from the instructioncache.An extrafield is intro-
ducedwith eachcacheline of theinstructioncache.It worksasanindex to the prefetchtarmget
buffer and identifiesthe prefetchentry that last causeathe cacheline to be broughtinto the
cache.Whena cacheline is evicted from the cache the index is usedto accesghe prefetch
target buffer, andthe evicted bit in the entry correspondindo the index is set,indicatingthat
the cacheline will be prefetchedat the next time it is usedasa branchprediction. Although
[18] usesa saturatingcounterandanevictedbit, similar to the confidencecounterwe usein our
MHT, they do not usethis informationto avoid the extra I-cacheport, aswe do.

4 Benchmarksand ssmulation environment

We performdetailedcycle-by-g/cle simulationsof four CPU2000benchmarksrom SPEC[4]
onSimpleScalaf3]. SimpleScalais aconfigurablenachinanodelthatcansimulateaggressie
out-of-ordersuperscalars.Table 1 shavs the microarchitecturakconfigurationsusedfor the
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Fetch& Decodewidth 8

IssueWidth 4

L/S QueueSize 16

Resenration Stations 64

Integer FunctionUnits 4 add/2mult
BranchPredictor 2-lev, 2K-entry
Memory SystemPortsto CPU | 4

L1 I andD Cache(each)

16KB, 2-way, 32 byte

L1 CacheAccessTime(gycles)

1

Unified L2 Cache

1MB, 4-way, 64 byte

L2 CacheAccessTime(gycles)

12

Memory AccessTime(g/cles)

30

Tablel: SimpleScalaConfiguration

Name Description Input DataSet Instructions | IPC | I-cache
executed Miss
(in Millions) Rate
crafty A high-performanc€omputer| Thecrafty.in in the 2,000 1.17| 3.6%
Chessrogram referencenput set
gcc TheGNU C compiler Theintegrate.cn the 2,000 0.92| 3.4%
referencenput set
perlomk | Theintepreterof thePerl Thescrabbl.inin the 2,000 0.83| 4.1%
language traininput set
vortex An object-orientedlatabase | Thetraininputset 2,000 0.71| 6.9%
program

Table2: Benchmarks

SimpleScalasimulationsin our experiments.The SimpleScalasimulatormodelsprocessom

detail, including numberandlateng of functional units, branchprediction,branchpenalties,

thememoryhierarchy cachemisspenaltiesandsoon.

Four benchmarkgrom CPU2000are evaluated: crafty, gcc, perl andvortex. The bench-

marksselectedarethosewherel-cacheperformances especiallya problem;for mary floating

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

databas@rogram,representatie of a importantclassof applications.The detailsof theseap-
plicationsaredescribedn table2.

To evaluatethe performancef our EHGPalgorithm,it is implementedn SimpleScalarTo
comparewith otherprefetchingalgorithms,we alsoimplementothertwo methods:next-n-line
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BHGP EHGP
Prefetchbuffer 2K, 4-way, 32 byte | 16-entry fully associated32 byte
Prefetchbuffer 1 1
accesgime (cycles)
Prefetchtable 16K, 8-way, 8 Bytes 16K, 8-way, 8 Bytes

Table3: Hardwareparametersisedfor BHGPandEHGR

prefetching[22] andbranchhistory guidedprefetchinggBHGP) [23]. While both of themare
purely hardware based the former is a typical non-correlaterefetchingtechnique,andthe
latteris themostrecentcorrelatednethod.Next-n-line prefetchinghastwo variants:prefetches
could be triggeredeachtime a cacheline is accessedor whena cachemiss happens. Our
simulationresultsshow very little differencebetweenthem. We usethe latter approach.For
the branchhistory guidedprefetching the distancebetweerthe cachemissandthe associated
branchinstructionis setto be 5 basicblocksasusedin the [23]. Both approachesisetwo
methodsto filter uselesgprefetchingsat the sametime: cacheprobeandthe saturatingbit in
L2 cache.Theparametersisedfor branchhistory guidedprefetchingandfor executionhistory
guidedprefetchingarelisted in the Table 3. The simulationresultsfor branchhistory based
prefetchingare differentfrom thosein the [23], becausdhe SimpleScalausedhereis for
PISA (PortablelnstructionSetArchitecture) while they areusinga ALPHA version.

5 Resaults

This sectionpresentghe resultsof our simulationexperiments.First, the performanceof dif-
ferentprefetchingmethodsarecompared Next, several parametersf our prefetchingmethod
arevariedin orderto find their bestvalues.

Figure4 shavsthenormalizedruntimesfor our benchmarksor five competingprefetching
stratgiesincludingours.All runtimesarenormalizedo theruntimewithout prefetching= 1.0.
On the x-axis arethe four benchmarkprograms gachwith five barsfor the differentmethods.
From left to right, the first bar is for a double-sized-cacheconfiguration,the secondis for
next-n-line prefetching[22], the third is for branchhistory guidedprefetching(BHGP) [23],
thefourthis for branchhistoryguidedprefetchingwithout the cacheprobingoperationandthe
fifth is for our method,executionhistory guidedprefetching(EHGP).As the figure shows, all
prefetchingmethodsoutperformthe double-sized-cacheconfigurationexceptin perl, shaving
that increasingthe size of the I-cacheis not the bestsolutionto poor I-cacheperformance.
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Further we obsene thatthetwo misshistorybasednethodsBHGPandEHGR outperformthe
Next-n-line prefetching.Thereasories in thetimelinessof thetriggeredprefetches.

The salientresult from figure 4 is that our EHGP methodis able to outperformBHGP
without usingan extra I-cacheport asBHGP does. This is animportantcontrikbution sincean
extraportto I-cacheis likely to slow down theclock cycletime[24, 19]. Consequentlginceour
cycle-accuratsimulatordoesnotmodelthecycle timeitself, theactualperformancéor BHGP
is likely to besignificantlyworsethanEHGR ThefigurealsoshovsthatBHGP critically relies
on cacheprobing— without the secondport, BHGP performsmuchworse. Finally note that
the absolutespeedups substantiaht 50%. It is alsoreasonablasit canbe approximatedas
follows: for perl, thebaselPCis 0.83,thel-cachemissrateis 4.1%,andthemisslateng is 12
cycles,thereforewith 50% missegrefetchedarlyenoughthe speedups 4.1%*50%*12/0.83,
whichis 29%.

Double-sized I-Cache
Next_N_Line

BHGP

BHGP W/O Extra I-cache Port
09 - EHGP

osf _ N -

0.7F = I

06| -

Normalized Runtime
|

05|

04F

03f

02

01f

0.0
crafty gcce perl vortex

Figure4: NormalizedRuntimefor DifferentMethods

Figure5 shaws the breakupof the prefetchesnto useful, late and uselesgrefetchesasa
fraction of the total I-cachemisses.For eachbenchmarkprogramon the x-axis therearefour
casesmeasured:next-n-line prefetching(NNL), branchhistory guided prefetching(BHGP),
branchhistory guidedprefetchingwithout cacheprobingfiltering (B(W/O)), andour method,
executionhistory guidedprefetching(EHGP). Threeobsenationsare madefrom the results.
First, B(W/O) triggersmore uselesgrefetchegshan BHGP asis expected,and also triggers
fewer useful prefetches. Second,althoughEHGP has more uselessprefetcheshan BHGP

14



stemmingrom its notusingcacheprobing,it makesup thedisadantagedy having moreuseful
prefetches. Third, the actualmemorybandwidthrequirementfor BHGP is higherthan dis-
playedin this figure. Although someof the triggeredprefetchrequestsareignoredby the L2
cachebecause¢hesaturatingoit equals), they consumanemorybandwidtharyway, andthatis
not measuredn thefigure.

13F Useless Prefetches
B Late Prefetches
12F H Intime Prefetches

11F
10
09
08f
0.7
06
05
04

Normalized to Total I-Cache Misses

03f
02
01f

crafty gce perl vortex

NNL: Next-n-line prefetching BHGP: Branch history guided prefetching
B(W/O): BHGP w/o cache probing EHGP: Execution history guided prefetching

Figure5: Breakdavn of Prefetchegor DifferentMethods.

Simulationresultsshav thathistory-basegrefetchingnethodsmaywork well eventhough
they do not prefetchfirst-time cachemisses.Part of the explanationis thatmostcachemisses
are not first time misses. Our resultsshowv that only a negligible 0.003%o0f missesare first
time misses Non-history-basedchemesganprefetchfirst-timemisseshput they have theirown
problems.Next-n-line andwrong-pathprefetchingprefetchthe cachelinestoo lateto hide the
cachemisslateng. Fetchdirectedprefetchingthoughit avoidsthe useof anextraport, triggers
toomary uselesprefetchesEvenwith aperfectoranchpredictorthenumberof prefetchesnay
be proportionalto the numberof dynamicinstructions.

Oneof themostseriougproblemswith historybasednethodss thatthey maybuild uplarge
amountsof history. Combiningcontinuouscachemissesnto onehistoryentryreduceghesize
of the history tablerequired. Figure 6 shaws the distribution we measuredf the lengthsof
continuouscachemisses.About half of the cachemissesbelongto missstreamswith length
largerthan4. In BHGP combiningis achieved by prefetchingwhole basicblocksat a time
insteadof lines. Onaveragebasicblocksareabout6 instructiondong, whichis two cachdines.
In contrastcustom-lengttcombinationsaregeneratedy EHGPwhenneededMoreover, it is
possiblethatonly partof the basicblock causedhe cachemiss. Prefetchinghewholeblock as

15



in BHGP maynot bethebestalternatve.

09

08
Continuous Length No Less than 5
o7k I Conitnuous Length Less than 5

B Non-continuous Misses
06
05
04F
03[
02
01f

0.0
crafty gcc perl vortex

Normalized to Total I-Cache Misses

Figure6: Distribution of ContinuousCacheMisses

To evaluatetheimpactof combiningon our results,our prefetchingalgorithmis evaluated
with differentmaximumcombininglengths.Whenthelengthof a cachemissstreamexcelsthe
maximumvalue, the streamis splittedto two streamstwo unrelatedmiss history recordsare
maintained. The resultsareillustratedin figure 7. Whencachemissesarenot combined,the
performancas significantlyworsethanfor whenthe maximumcombinationengthis 4. When
thereis no limitation on thelength,the performances alittle worse.Thisis becaus¢hatmore
uselesgprefetchesrerequested.

Il Length==1

B Length<=4
[R¢] & Non limitation

Normalized Runtime

crafty gcce perl vortex

Figure7: Impactof LengthField

Figure8 measureghebenefitof the extensionfor returninstructionsto our baselinenethod
describedn section2.1. As expectedthe cachemissesare prefetchedvith moreaccurag. As
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aresult,the performancevith the extensionis better
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0.7
0.6
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Figure8: Impactof ReturnAddressStack
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Figure 9 showvs the measuregerformancenf our methodwith differentsizesfor the miss
history table. With a smalltable, lessprefetchesaretriggered,andthusit resultsin lessper
formanceimprovement.With a big history table,althoughmore performancemprovementis
obtainedtheareacostincreasesThereactualtablesizeshouldbe decidedby the manufcturer
basedon availableareaandtime of access.

Anotherinterestingquestions the performancadwantagef ourmethodover BHGPversus
the sizeof MHT. We found that the averageperformanceamprovementfell to 5.7%for a 8K
sizeMHT, down from 9.2%for 16K. In theotherdirection,increasinghetablesizeto 32K kept
the performancemprovementrelatively unchangedrom the 16K case.As explainedin [23],
in BHGP 8K is enoughfor MTH, andincreasingt to 16K doesnot improve the performance
much. In our method,16K is muchbetter As technologydevelops,this may be a desirable
property (Detailedfiguresnotshoved.)

Figure10 shavs theimpactof varying N, definedabove asthe numberof instructionsbe-
tweenthetriggerandthel-cachemiss.WhenN is small,theaccurag of the prefetchalgorithm
is good, but the prefetchesaretriggeredtoo late to fully hide the cachemisslateng. With a
larger N, the accurag may be worseand prefetchedines may be evicted beforebeingused.
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Figure9: Impactof Miss History TableSize

Thekey isto chooseheoptimalvalueof V for thegivenarchitectureFor ourplatform, N = 16
givesthe bestperformance.

6 Summary

Thispaperdescribeshardware-baseéxecutionhistoryguidedmethodfor instructionprefetch-
ing. It improvesuponexisting methoddy triggeringprefetchegarlyenoughavoidingtheextra
portin I-cacheandyet prefetchinga high percentagef cachemisseswith atableof reasonable
size.

To achieve thesegains,our methodmakesthreeinnovations.First, cachemissesarecorre-
latedwith dynamicallyprecedingnstructionsatacertainfixeddynamicdistance Prefetchesre
subsequentlyriggeredby thoseinstructionsbeforethe cachemisseshappen.Secondcontigu-
ouscachemissesaregroupedogetherandassociatedavith oneprecedingnstruction,allowing
amisshistorytableof reasonablsize. Third, efficient prefetchfiltering methodsareusedand
thusanextral-cacheportis unnecessary
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Figurel10: Impactof TriggerDistance N
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