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Abstract

Althoughcentralprocessospeedgontinuedo improve, improvementsn overall systemper
formanceareincreasinglyhamperedy memorylateng, especiallyfor pointerintensve applica-
tions. To counterthis loss of performancenumerousdataandinstructionprefetchmechanisms
have beenproposedRecently several proposalhave positeda memory-sidgrefetchertypically,
theseprefetchersnvolve a distinctprocessothatexecutesa programslice thatwould effectively
prefetchdataneededoy the primary program. Alternative designsembodylarge statetablesthat
learnthe missreferencéehaior of the processoandattemptto prefetchlikely misses.

This paperpropose<Content-DiectedData Prefetting, a dataprefetchingarchitectureghat
exploitsthememoryallocationusedby operatingsystemsandruntimesystemso improve the per
formanceof pointerintensive applicationsonstructedisingmodernlanguagesystemsThistech-
niqueis modeledafter conserative garbagecollection,andprefetcheslik ely” virtual addresses
obsered in memoryreferences.This novel prefetchingmechanisnusesthe underlyingdataof
theapplication andprovidesan 11% speedupsingno additional processoistate By addingless
than%% spaceoverheado the datacache performanceanbefurtherincreasedo 12.6%acrossa
rangeof “real world” applications.

1 Intr oduction

In early processodesignsthe performancef the processoandmemorywerecomparablebutin the
last 20 yearstheir relative performancesave steadilydiverged[4], with the performancamprove-
mentsof thememorysystenlaggingthoseof the processorAlthoughbothmemorylateny andband-
width have not kept pacewith processospeedshandwidthhasincreasedasterthanlateng. Until
recently acombinationof larger cacheblocksandhigh bandwidthmemorysystemsave maintained
performancdor applicationswvith considerablepatialreferencdocality. A numberof dataprefetch-
ing methodshave beendevelopedfor applicationghathave regularmemoryreferencepatterns Most
hardware prefetchmechanismsvork by recordingthe history of load instructionusageandindex on
eithertheaddres®r theeffective addres®f loadinstructiong3, 6, 11]. Thisrequiresheprefetcheto
have obsenedtheloadinstructiononeor moretimesbeforeaneffective addressanbe predictedand
canvery work well for loadsthatfollow anarithmeticprogression.

*Portionsof this work wasperformedwhile Bob Cookse wasa studeniat the University of Colorado



At the sametime, modernmanageduntime ervironmentssuchas Java at “.NET”, rely on dy-
namicmemoryallocation,leadingto reducedspatiallocality becausef these'link eddatastructures”.
Although theseapplicationsdo benefitfrom prefetcherslesignedor regular addresgatternstheir
irregular accesatternsstill causeconsiderablalelay An alternatve mechanisms to try to find
a correlationbetweenmiss addresseand someotheractvity. The correlation[2] and Markov [5]
prefetchersecordpatternof missaddressem anattemptto predictfuture misseshut this technique
requiresalarge correlationtableandatraining phasdor the prefetcherRothetal. introducedelated
techniguedor capturingproducerconsumenoad pairs[12]. compilerbasedtechniquedq9] insert
prefetchinstructionsat siteswherepointerdereferenceareanticipated.Luk andMowry [8] shaved
thata greedyapproacho pointerprefetchingcanimprove performancelespitetheincreaseanemory
systemoverheadLipastietal. [7] developedheuristicshatconsidempointerspassegsargumenton
procedurecallsandinsertedorefetchest the call sitesfor the datareferencedy the pointers.Ozava
etal. [10] classifyloadswhosedataaddressomefrom a previousload aslist accessesndperform
codemotionsto separatéghemfrom theinstructionghatusethe datafetchedby list accesses.

Sinceprefetchmechanismsarmget differentclassef programreferencesthey canbe combined
to yield a moreeffective total prefetchingbehaior; this wasexploredfor the Markov prefetchef5]
andit wasfoundthatstride prefetchersmprove the performanceof the Markov prefetchemy filter-
ing referencewith arithmeticprogressionsleaving more table spacefor referencego linked data
structures.

This paperlinvestigatestechniqudahatpredictsaddressem pointerintensve applicationsisinga
hardwareonly techniquewith nobuilt-in biasedowardthelayoutof therecursve datastructuredeing
prefetchedandwith the potentialto run mary instancesaheadof the load currentlybeingexecuted
by the processar The ability to “run ahead’of anapplicationhasbe shovn to be a requiremenfor
pointerintensie applicationg12], which traditionally do not provide sufficient computationaivork
for maskingthe prefetchlateny. Somehybrid prefetchengineqd13] do have the ability to run several
instancesheadf theprocessqrbut requirea priori knowledgeof thelayoutof thedatastructureand
in somecasesthetraversalorderof thestructure.

Themethodwe proposeContent-diecteddataprefetding, borravstechniquegsrom conserative
garbagecollection[1], in thatwhendatais demand-fetchettom memory eachaddress-sizedord of
thedatais examinedfor a“lik ely” addressCandidateaddresseseedto betranslatedrom thevirtual
to the physicaladdresspaceandthenissuedas prefetchrequests.As prefetchrequestseturndata
from memory their contentsarealsoexaminedto retrieve subsequertandidatesTherearea number
of waysto identify “lik ely” addresses.Conserative garbagecollection mustidentify all possible
addressegndoccasionallyerrsin away thatclassifiesnon-addressess possibleaddresses;ausing
garbageo beretained.Our problemis simplersinceprefetchings not necessaryor correctnesand
only senesto improve performance.

The content-directedlataprefetcheralsotakes advantageof the recursve constructionof linked
datastructures. By monitoring both demandload traffic and the prefetchrequesttraffic, the con-
tent prefetchers ableto recursvely traverselinked structures.A commonchallengefound in data
prefetchingof mostapplicationtypesis finding sufficient computationawork to maskthe lateny
of the prefetcherequests.ChenandBaer|[3] approachedhis problemusinga look-aheadporogram
counter Therecursve featureof the contentprefetcherachievesthe sameeffect, in thatit allowsthe
contentprefetcherto run aheadof the programs execution, providing the neededime to maskthe
prefetchrequestatencies.

The content-directedlataprefetchelis designedo assistapplicationsusedlinked datastructures.



Applicationswith regular or “stride” referencesio not commonlyload and then follow addresses.
However, almostall modernprocessorprovide somesortof strideprefetcherSomeprefetcherssuch
ascorrelationprefetcherscanmimic a stride prefetchemwhenusedin isolation,andusingonly these
prefetchergnay inflate their true impact. In this paper we combinecontent-directedlataprefetcher
with a strideprefetchetto achieve a robust prefetchermndalwayscompareperformancedo a baseline
architecturethat includesa stride prefetcherto clarify the contribution of the content-directediata
prefetcher
Themaincontritutionsof this paperare:

e Establishingthe conceptof content-directedlataprefetching. This papercontritutesa novel
history-freeprefetchingmethodologythat can issuetimely prefetcheswithin the contet of
pointerintensve applications. The schemealso overcomeghe limitations of “context-based”
prefetcherge.g. Markov prefetchers)which requirea training period. The contentprefetcher
describedn this paperdoesnot requiresuchatrainingperiod,andhasthe ability to maskcom-
pulsorycachemisses.

e Evaluationof an effective pointerrecognitionalgorithm. This is a core designfeatureof the
contentprefetcher Without an accuratemeansof distinguishingan addressrom ary other
randomdata,content-directedataprefetchingwould notyield performancencreases.

¢ Introductionof a reinfocementmehanismthat accuratelyguidesthe contentprefetcherdown
active prefetchpaths. This methodaffords the contentprefetchemwith a storage-dfcient way
of recordingthe currentprefetchpaths, providing the neededfeedbackrequiredto continue
uninterrupteddown arecursve prefetchpath.

Therestof this paperis organizedasfollows. The simulationframeavork usedto examinethefea-
sibility andpracticalityof the contentprefetcheiis presentedn Section2, followedby the prefetcher
designandimplementationn Section3. A performancevaluationof the contentprefetchelembod-
imentis givenin Section4. Section5 providesa designand performancecomparisorbetweenthe
contentprefetcheandthe Markov prefetcheif5], with Section6 concludingthis paper

2 Simulation Methodology

Resultsprovidedin this paperwerecollectedusingsimulationtools built on top of a pop-level 1IA32
architecturakimulatorthat executed_ong InstructionTraces(LIT). Despitethename,aLIT is nota
tracebut is actuallya checkpoinbf theprocessostate includingmemory thatcanbeusedo initialize
anexecution-basedimulator Includedin theLIT isalist of LIT injectionswhichareinterruptsneeded
to simulateeventslike DMA. SincetheLIT includesanentiresnapshobf memory this methodology
allows the executionof both userand kernelinstructions. To reducesimulationtime, ratherthan
runningan entireapplication,multiple carefully chosenLITs arerun for 30 million instructionsand
areaveragedo represenanapplication.

2.1 PerformanceSimulator

Theperformanceimulatoris anexecution-drvencycle-accuratsimulatorthatmodelsanout-of-order
processosimilar to the Intel® Pentiun® 4 microprocessorThe performancesimulatorincludesa



detailedmemory subsystenthat fully modelsbussesand bus contention. The parameterdgor the
processoiconfigurationevaluatedin this paperare givenin Table 1. Sucha configurationtries to

Processor
CoreFrequeng 4000MHz
Width fetch3, issue3, retire3
MispredictionPenalty| 28 cycles
Buffer Sizes reorderl28,store32,load48
FunctionalUnits integer3, memory2, floatingpoint 1
Load-to-use L1: 3cycles,
Latencies L2: 16 cycles
BranchPredictor 16K entrygshare
DataPrefetcher Hardwarestrideprefetcher
Busses
L2 throughput 1lcycle
L2 queuesize 128entries
Busbandwidth 4.26 GBytes/sec

- 133MHz 8B quadpumped
Buslateny 460processocycles

- 8 buscyclesthruchipset(240)
- 55nsecDRAM accessime (220)

Busqueuesize 32entries

Cades

TraceCache 12 Kuops,8-way associatie
ITLB 128entry 128-way associatie
DTLB 64 entry 4-way associatie
DL1 Cache 32 Kbytes,8-way associatie
UL2 Cache 1 Mbytes,8-way associatie
Block Size 64 bytes

PageSize 4 Kbytes

Tablel: Performancenodel:4-GHz systemconfiguration.

approximateboth the featuresandthe performancef future processorslncludedwith the basecon-
figurationof the performancesimulatoris a stride-basedhardware prefetcher It is importantto note
thatall the speedupesultspresentedn this paperarerelative to the modelusinga stride prefetcher
By usingbothanaccuratgerformancenodel,andmakingsurethe basemodelis completen its use
of standardoerformanceenhancementomponentge.g. a strideprefetcher)the speedupgresented
in this paperarebothaccurateandrealisticimprovementsver existing systems.

2.2 Avoiding Cold Start Effects

Whenexecutingthe benchmarksvithin the simulators,t is necessaryo allow the workloadsto run
for aperiodof time to warm-upthe simulator In the framework of this paperit is importantto allow
the memory systemto warmupto minimize the effects of compulsorymisseson the performance
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Figurel: Non-cumulatie MPTU tracefor a4-MByte UL2 Cache.

measurementd.hecornventionalmeandor warmingup asimulators to allow thesimulatorto execute
for agivennumberof instructiondbeforecollectingstatistics. Themetricusedn this paperto establish
this instructioncountis MissesPer 1000 ops(MPTU). This is the averagenumberof demanddata
fetchesthat will missduring the executionof 1000 zops. MPTU takesinto accountthe numberof

operationseing executedby the program,aswell asthe numberof cacheaccessesandprovidesa

measuref a programs demancdnthe particularcachdevel. Figurel providesanMPTU traceof the

second-leel cache.Thetracewasgeneratedor a processoconfiguratiorutilizing a4-MByte unified
second-legel cadhe (UL2), asthis will requirea longerwarm-upperiod. Using sucha large cache
guaranteethattheinstructioncountwill bevalid for the UL2 cachesizesusedduringthis study The

X-axis of the tracerepresentsime, which is measuredn retired pops. It shouldbe notedthat for

readabilitypurposesthe sequencéasbeenlimited to shoving only onebenchmarkrom eachof the

six workloadsuites(seeTable2). The MPTU traceshawns avery distincttransienperiodfrom zeroto

5,000,000etired zops. By the time the executionof the programseach7,500,000etired zops, the

MPTU hasreached steady-stateSeveral spikesareseenlaterin the programs execution,but thisis

to be expectedasbothtransitionshetweercontexts within the programareencounteredandcapacity
missesstartto appearUsingthetraceasaguide,eachapplicationis allowedto executefor 5,000,000
IA32 instructiong~ 7, 500, 000u0ps),beforethe collectionof performancestatisticsstarts.

2.3 Workloads

The workloadsusedin this paperare presentedn Table2. The applicationsare eithercommercial
applicationsor compiledusinghighly optimizing commercialcompilers. The tablelists the number
of IA32 instructionexecutedthe numberof opsexecuted andthe MPTU for both 1-MByte and4-

MByte second-leel cacheconfigurationsTheworkloadsincludeapplicationdrom someof themost



L2 MPTU

Suite Bendhmark | Instructions 1OpS (1 MB) | (4 MB)
Internet b2b 30,000,000| 40,369,085 1.04 0.83
Internet b2c 30,000,000| 49,979,480, 0.13 0.13
Multimedia | quale 30,000,000| 45,208,724 1.41 0.30
Productvity | speech 30,000,000 43,825,381 1.19 0.44
Productvity | rc3 30,000,000| 47,226,941 0.43 0.33
Productvity | creation 30,000,000| 52,939,628  0.56 0.24
Sener tpce-1 30,000,000| 52,944,514 1.88 0.68
Sener tpce-2 30,000,000 53,149,114 2.29 0.87
Sener tpce-3 30,000,000| 51,719,199 2.49 0.87
Sener tpcc-4 30,000,000/ 51,896,535 2.05 0.70
Workstation | verilog-func 30,000,000| 45,893,143 7.60 5.49
Workstation| verilog-gate | 30,000,000 36,933,152 24.12| 19.74
Workstation| proE 30,000,000| 43,863,049 0.26 0.23
Workstation| slsb 30,000,000| 49,697,532 3.23 2.74
Runtime specjbb-vsnet 30,000,000 45,694,508  1.23 1.10

Table2: Instructionsexecuted ;.op executedandL2 MPTU statisticsfor thebenchmarlsets.

commonproductvity applicationtypes.Thisincludesinternetbusinessapplicationge.g. b2b),game-
playingandmultimediaapplicationge.g. quale), accessibilityapplicationge.g. speechrecognition),
on-linetransactiorprocessinge.g. tpcc),computeraideddesign(e.g. verilog),andJava (or runtime)
applicationge.g. specjbb).

3 PrefetcherSchemeand Implementation

This sectionpresentghe basicoperationof the contentprefetcheranddiscussesomeof the issues
involvedin thedesigndecisions.

3.1 BasicDesignConcept

The primary role of arny prefetcheris to predict future memoryaccesses.The contentprefetcher
attemptsto predictfuture memoryaccesseby monitoringthe memorytraffic at a givenlevel in the
memoryhierarchy looking expresslyfor virtual addresse§pointers). The prefetcheris basedon the
premisethatif a pointeris loadedfrom memory thereis a stronglik elihood that the addresswill
be usedasthe load addresgeffective addresspf a future load. Specifically the contentprefetcher
workshby examiningthefill contentof demandnemoryrequestshathave missedatsomelevel in the
memoryhierarchy(e.g. L2 cache).Whenthefill requestreturns,a copy of the cacheline is passed
to the contentprefetcherandthe cacheline is scannedor likely virtual addresseslif a candidate
addresss found,a prefetchrequests issuedfor thataddressTheinherentdifficulty in this prediction
techniquds trying to discerna virtual addressrom bothdatavaluesandrandombit patterns.



3.2 On-chip versusOff-chip

The contentprefetcheicanbe implementedasbeingeitheron-chip,asanintegratedpieceof the pro-
cessors memoryhierarchy or aspartof the memorycontroller(off-chip). Placingthe prefetcheron-
chip providesseveralbenefits First, with thecontentprefetcheresidingatandprefetchingnto theL2
cachethecachetself canbeusedto provide usefulfeedbacko the contentprefetcherThis caniden-
tify which prefetchesuppressed demandequestachemiss,andwhetherthe contentprefetchels
issuingprefetchegor cachdinesthatalreadyresidein theL2 cache Secondhaving theprefetcheon-
chip providesthe prefetchemwith accesgo the memoryarbiters,allowing the prefetchetto determine
whetheramatchingmemoryrequests currentlyin-flight. Thefinal andthemostcompellingbenefitis
thatplacingthe contentprefetcheion-chipresohesissuesconcerningaddresdranslation.The candi-
dateaddressebeinggeneratedby the prefetcherarevirtual addressed-owever suchaddresserseed
to betranslatedo accessnainmemory With the contentprefetcheion-chip,the prefetchercanutilize
the on-chipdatatranslationlook-asidebuffer (TLB). Thisis very importantsincestatisticscollected
during simulationrunsshaved that on average,over a third of the prefetchrequestsssuedrequired
anaddresgranslationnot presenin the dataTLB at the time of the request.The main dravbackof
an on-chip contentprefetcheris thatit may keepthe pointerchasingcritical paththru memoryun-
touched.However, sincethe pointerchasings now decoupledrom the instructionstreamexecution,
thiscritical timeis now nolongeradditiveto otherlimiting factordik e computationalork andbranch
mispredicts.Stateddifferently, pointerintensve applicationsdo not strictly utilize recursve pointer
paths(e.g hashtables).

Themajorbenefitof having the prefetcheoff-chip is thepossiblereductionin theprefetchlateng,
asprefetchrequestsvill nothaveto endureafull L2 to mainmemoryrequestycle;thepointerchasing
critical pathwould be broken. An off-chip prefetcheicould potentiallymaintaina TLB to provide the
addresdranslations. The problemwith this implementations that while this secondaryTLB may
be ableto monitor the physicalpagesbeing accessedit doesnot have direct accesgo the virtual
addressesssociatedvith the physicalpages. Adding pins to provide the information could be an
option. A seconddrawvbackto placingthe prefetcheoff-chip is the lack of feedbackavailableto the
prefetcherasit is not receving ary directreinforcementoncerningthe accurag of the prefetches
beingissued.

After analyzingthe benefitsof bothplacemenbptions thedecisionwasmadeto placethe content
prefetcheon-chip. Themainreasoris thatin theapplicationgocusednin this study limiting factors
otherthantrue pointerchasingare mostly predominant.This will be confimedby the factthat 72%
of the prefetchesssuedhave their lateny completelyhidden.It will alsobe shavn laterin this paper
thatallowing the prefetcherto usefeedbackirom the cachesds extremelydesirablefor performance,
andplacingthecontentprefetcheon-chipaffordstheprefetcheits bestaccesso thevariousfeedback
sources.

3.3 AddressPrediction Heuristics

Somemethodmustbedesignedo determinaf acachdine valueis apotentialvirtual addressandnot
adatavalue.Thevirtual addressmatding predictororiginatedrom theideathatthebaseaddres®f a
datastructures hintedatvia theloadof any membetrof thedatastructure.ln otherwords,mostvirtual

dataaddressetendto sharecommonhigh-orderbits. Thisis ancommondesignin modernoperating
systemshatis exploitedby the content-designegrefetcher
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Figure2: Positionof the Virtual AddressMatching comparefilter, andalign bits.

More accuratelywe assumaall datavaluesfound within the structurethat sharea baseaddress
canbe interpretedaspointersto othermembergnodes)of the samestructure. For this method,the
effective addres®f the memoryrequesthattriggeredthe cachemissandsubsequerfill is compared
againsteachaddress-sizedatavaluein the newly filled cacheline. A givenbit arrangementanbe
interpretedasa pointer a value,or somerandombits. Examplesof the latterarecompressedataor
valuestakenout of their original byte grouping.A bit arrayis deemedo bea candidateaddressf the
upperN compae bits of both the effective addresf the triggeringrequesiandthe bit arrangement
match(seeFigure2), asthis is a strongindicatorthatthey sharethe samebaseaddressThe number
of bits comparedeedgo belarge enoughto minimizefalsepredictionson randompatterns.

Thevirtual addressnatchingheuristicworkswell exceptfor thetwo regionsdefinedby theupper
N bitsbeingall O’sor all 1's. For thelowerregion, ary valuelessthan32-N bits will matchaneffective
addressvhoseupperN bits areall zeros. The sameis true for the upperregion, wherea large range
of negative valuescanpotentiallybe predictedasallik ely virtual addressThisis problematidoecause
mary operatingsystemsallocatestackor heapdatain thoselocations.

Insteadof not predictingin theseregions, an additionalfilter as shavn in Figure 2 is usedto
distinguishbetweeraddresseanddatavalues.In the caseof the lower region, if the upperN bits of
boththe effective addresaindthe datavaluebeingevaluatedareall zero,the next Mbits, calledfilter
bits, pastthe upperN comparebits of the datavalueareexamined.If a non-zerobit is found within
thefilter bit range the datavalueis deemedo bealikely address The samemechanisms usedfor
theupperrange,excepta non-onebit is lookedfor in thefilter bit range.Using zerofilter bits would
meanno predictionwithin bothextremeregions,while increasinghe numberof filter bits relaxesthe
requirements$or a candidateaddress.

Onefurthermethodof isolatingaddresseBom datais usingmemoryalignment.For memoryef-
ficiengy reasonsmostlA32 compilerswill attemptto placevariablesandstructureson 4-bytebound-
aries.Giventhefollowing datastructure:

struct x {
char a;
struct X *next;

}

the compilermay not only placethe baseaddres®f the structureon a four byte boundarybut it may
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Figure3: A limit studyontheimpactof excessie prefetchingwith zeropercentaccurag.

alsopadthesizeof thechar to be4-bytessothatbothmemberof thestructurewill alsobeon4-byte
boundaries.Theresultis thatall addresseselatedto the datastructurewill be 4-bytealigned. This
alignmentinformationcanbe usedto the addresgredictors benefitin two ways. First, with all the
pointersbeing4-bytealigned thetwo leastsignificantbits of eachaddressvill bezero.Thereforeary
candidatevith anon-zerdit in eitherof thesewo bit locationscanbediscardedsapossibleaddress.
Figure2 shavsthe positionof thealign bits.

Thesecondenefitinvolvesthe scanningf thecachdine. In a64-bytecachdine, if thepredictor
wereto take single byte stepsthroughthe cacheline, 61 datavalueswould have to be scrutinized.
Knowing thataddressesnly resideon 4-byteboundariesanallow the predictorto take a scanstep
of four throughthe cacheline, reducingthe numberof datavaluesthat needto be examinedfrom
61 to 16. This reduceghe amountof work requiredduring a cacheline scan,and minimizesfalse
predictionson non-aligneddatavalues.

3.4 Content PrefetcherDesignConsiderations
3.4.1 Zero Accuracy Limit Study

Thebasedesignof thecontentprefetchehasthe prefetchrequestdeindfilled directlyinto thesecond-
level (UL2) cache.To quantify the impactof this prefetchfill policy, a dummyprefetcheithat con-
sumesb0% of theidle bus cycleswith uselesgprefetchrequestavasaddedto the performancesim-
ulator. This approximates prefetcherschemdloodingthe memorysystemwith uselesgrefetches,
thereforepolluting the secondevel cache,andgiving an indication of the perturbationcausedoy a
verylow accurag prefetcher

Theimpacton the executiontime of thebenchmarkganbe seenin Figure3. As shavn, allowing
theprefetchetto run nearlyunboundedvith zeropercentaccurag mayresultin a~ 3%pperformance
slowdown. This highlightstheneedto maintainareasonablaccurag with ary prefetchethatdirectly



fills into thecache.

3.4.2 Recursionand PrefetchPriorities

The contentprefetchercontainsa recurrence&eomponent.Traditionalprefetcherge.g. stride,stream,
correlating)obsere only the demandfetch referencestream,or the demandmiss referencestream
subsetwhentrying to generaterefetchload addressesThe contentprefetcheriffersin thatit not
only examinesthe demandeferencestreambut it alsoexaminesthe prefetd refeencestream The
resultis thatthe content-basegrefetchemwill generatenew prefetchesasedon previous prefetches
(arecurrenceelationship).This recurrencdeatureallows the prefetcherto follow the recursve path
implicit in linkeddatastructures.

Therequestepthis ameasuref thelevel of recurrencef a specificmemoryrequestA demand
fetchis assigneda requestevel of zero. A prefetchresultingfrom a demandfetch missis assigned
arequestdepthof one. A chainedprefetd, a prefetchresultingfrom a prior prefetch,is assigned
requesidepthequalto onemorethanthe prefetchthattriggeredthe recurrentprefetchrequest. The
requestepthcanbe seenasthe minimal numberof links sincea non-speculatie request.

This depthelementprovidesa meandsfor assigninga priority to eachmemoryrequestwith this
priority beingusedduringmemorybusarbitration.To limit speculationprefetchrequestsvith adepth
greaterthana defineddepththresholdaredropped,andnot sentto the memorysystem.An example
of this recurrencemechanismis shavn in the first part (left side)of Figure4. A very small mount
of spaceis allocated(2-4 bits, dependingon the design)in the cacheline to maintainthe depthof a
reference.Thatstateis updatedon a demandetchor on afill. Thisis the primary stateusedby the
content-directedataprefetcherandwhenusingthe final configurationof two bits per64-bytecache
block,amountdgo lessthana ;% spaceoverhead.

3.4.3 Feedback-DirectedPrefetchChain Reinforcement

A prefetchchaindefinesarecursve paththatis beingtraversedby the contentprefetcher Any termi-
nationof a prefetchchaincanleadto lost prefetchopportunitiesasno explicit history of the prefett
chain is stored To re-establisha prefetchchain,a cachemiss mustoccuralongthe traversalpath;
the contentprefetcherthenevaluatesthe cachemisstraffic and may onceagainestablishthe recur
sive prefetchchain. This is shavn in Figure5(a) wherethe baseschemeesultsin a missevery four
requestsvhenthethresholddepthhasbeensetto 3.

To avoid this interruptionin the prefetchchain, the contentprefetcherincludesa reinforcement
mechanisnthatis basedn the obsenationthatthe chainitselfis implicitly storedin thecade Thus
ary demancdhit on a prefetcheccacheline providesthe contentprefetchemwith the neededeedback
requiredto perpetuate prefetchchain.

The requestdepthvalue assigneda prefetchand cacheline is not fixed for the lifetime of the
prefetchmemorytransactioror cacheline. Whenary memoryrequestits in the cache,andhasa
requestepthlessthanthestoredrequestiepthin thematchingcachdine, it is assumedhatthecache
line is a memberof anactive prefetchchain. In the eventthatthe fetch requestepthis foundto be
lessthanthestorerequestepth two actionsaretaken. First, thestoredrequestlepthof the prefetched
cacheline is updated(promoted)for having suppressethe cachemissof the fetchrequest.This is
consistentvith maintainingthe requestdepthasthe numberof links sincea non speculatre request.
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PREFETCH CHAINING PATH REINFORCEMENT

Deamnd Miss Depth =0
Cache line A scanned as a

A) result of the demand miss.
Prefetch for line B issued.
Prefetch Depth = 1 Demand (Prefetch) Hit Depth =0
Cache line B scanned Cache line B (re)scanned as a

B) I:I: when prefetch fill returns. result of the prefetch hit.

Depth updated from 1 to 0.
Prefetch of line C is issued.

Prefetch for line C issued.

Prefetch Depth =1

Depth reset from 2 to 1 when prefetch
found in the cache from the previous
scan of line B.

Cache line C is (re)scanned.

Prefetch request issued for line D.

Prefetch Depth =2

This is a chained prefetch.
Line C scanned.

Prefetch for line D issued.

ol [ |

Prefetch Depth =2

Depth reset from 3 to 2 when prefetch
memory transaction found in—flight.
Cache line D is (re)scanned.

Prefetch request issued for line E.

Prefetch Depth =3

Prefetch chain terminated

as the request depth reaches 3.
Line D is not scanned.

o | |

Prefetch Depth =3

Prefetch chain is extended.

The prefetch chain is terminated as
the depth reaches 3.

Cache line E is not scanned.
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Figure4: Exampleof prefetd chainingandpathreinforcement

Thesecondactionis thatthecachdine is scannedusingthepreviously describeanechanismin order
to extendthe prefetchchain.

Sowhile aprefetchchainmaybetemporarilyhalteddueto alargerequestiepth theability to both
changea cacheline’s storedrequesidepthandrescarthe cacheline allows the contentprefetcherto
re-establiska prefetchchain. Thisreinforcemenmechanisms appliedto the exampleof the previous
sectionin Figure4 (right side). This mechanismalsoallows a prefetchchainto be restarteddueto
a prefetchrequesbeingdroppeddueto otherunspecifiedeasonge.g. insufficient bus arbiterbuffer
space).

Figure5(b) graphicallyshawvs that a hit on the first prefetchrequesticausesa rescanof the next
two lines, resultingin the prefetchof the fourth line. This outcomehappengor every subsequerit,
resultingin no othermissesthanthe original one. In short,the reinforcementmechanisnstrivesto
keepthe prefetchinga numberof depththresholdinks aheadf the nonspeculatie stream.Thisis a
very effective way of controlling speculatiorwithout impairing potentialperformancemprovement.
The costis a few morebits in eachcacheline aswell asconsumingsecondevel cachecyclesto re-
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Figure5: Re-establishing terminatedprefetchchain.

establishprefetchchains. Figure 5(c) shavs how to half the numberof rescandy re-establishing
chainonly whentheincomingdepthis at leasttwo fewer thanthe storeddepth.

3.4.4 Bandwidth Efficiency: DeeperversusWider

The recursve componenbf the contentprefetchercanleadto highly speculatre prefetches.One
could take the stancethat prefetchesdeeper”in the prefetchchainare more speculatre thanthose
earlierin thechain. The prefetchemneeddo placeathresholdon this depthto limit highly speculatre
prefetches.But the questionthenariseshow deepis deepenough,and canthe memorybandwidth
beingallocatedo highly speculatre prefetchede betterutilized elsavhere.

Until now, therehasbeenanimplicit assumptiorthatthe size of a nodeinstancewithin alinked
datastructurds correlatedn somemannetto thesizeof thecachdines—obviouslynosuchcorrelation
existssinceallocateddatastructuresnayspanmultiple cachdines. Thismeanghatno guaranteesan
be madeaboutthe locationsof the datastructurememberswithin the cachelines. More specifically
thelocationof the pointerthatleadsto the next nodeinstanceof therecursve datastructuremaybein
the sameor the next cacheline. Without thesenext pointers,the prefetchopportunitiesprovided the
contentprefetchewill belimited.

To overcomethis possiblelimitation, the contentprefetcherasthe ability to fetch wider refer
ences;thatis, insteadof speculatrely prefetchingdown longer deeperprefetchchains,the content
prefetchedimits the depthof prefetchchains,andwill attemptto prefetchmore cacheblocks that
may hold more of the nodeinstanceassociatedavith a candidateaddressThis is easilydoneby sim-
ply issuingone or more prefetchedor the cachelines sequentiallyfollowing the candidateaddress
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Figure6: Flow diagramof the contentprefetcheipredictionmechanism.

as“next-line” prefetches.Theright combinationof depthversuswidth is establishedn Section4.2,
whereempiricalmeasurement@reusedto choosea specificconfiguration.

3.5 The Content PrefetcherMicr o-Architecture

Figure 6 providesa flow diagramshawing the operationof the contentprefetcherpredictionmech-
anismthat makesuseof the virtual addressnatchingheuristic. As shawn in the flow diagram,for
an address-sizedord to be validatedas a candidatevirtual addressjt mustmeetthe requirements
definedby the comparefilter, andalign bits, aswell asthe prefetchdepththreshold . An examination
of theflow diagramcanleadto the conclusiorthatthe scanningof acachdine for candidateaddresses
is strictly a sequentiabperation. This is not true, assuchscannings parallelby nature,with each
address-sizedord could be evaluatedconcurrently Sucha designcan(anddoes)leadto multiple
prefetchedeinggenerategbercycle.

Themicroarchitecturef the memorysystenthatincludesthe on-chipcontentprefetcheis shavn
in Figure?.

The contentdataprefetcheris locatedat the secondcachelevel of the memoryhierarchy which
is the loweston-chiplevel. This providesthe prefetchemwith accesgo variouscomponentshatcan
be usedto provide feedbackio the prefetcher This memorysystemfeaturesa virtually indexed L1
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datacacheanda physicallyindexed L2 unified cache;meaningL1 cachemissesequirea virtual-to-
physicaladdresdranslationbeforeaccessinghe L2 cache.The stride prefetchemonitorsall theL1
cachemisstraffic andissuesequestdo the L2 arbiter A copy of all the L2 fill traffic is passedo the
contentprefetcherfor evaluation,with candidateaddressessuedo theL2 arbiter

Unlike mary RISCprocessordhe processomodelusedin this studyusesahardwareTLB “page-
walk”, whichaccessegagetablestructuresn memorytofill TLB missesAll such“page-valk” traffic
bypassetheprefetchebecaussomeof the pagetablesarelargetablesof pointersto lowerlevel page
entries.Scanningsucha cacheline (whichis full of virtual addresses)ould leadto a combinational
explosionof highly speculatie prefetches.

ThelL2 andbusarbitersmaintainastrict, priority-basedrderingof requestsDemandequestsre
giventhehighestpriority, while strideprefetcherequestarefavoredover contentprefetcherequests
becaus®f their higheraccurag.

Having the contentprefetcheron-chip providesthe prefetcherwith readyaccesdo all arbiters.
Beforeary prefetchrequesis enqueuedo the memorysystembothL2 andbusarbitersarechecled
to seeif a matchingmemorytransactionis currentlyin-flight. If sucha transactionis found, the
prefetchrequesis dropped.In the eventthata demandoad encounterainin-flight prefetchmemory
transactiorfor the samecacheline addressthe prefetchrequesis promotedo the priority anddepth
of thedemandequestthusproviding positive reinforcementfeedback}o the contentprefetcheand
insuringtimely prefetches.

Thearbitersareafixedsize.If in the procesof trying to enqueua requesthearbiteris foundto
not have ary availablebuffer spacethe prefetchrequesis squashedNo attemptis madeto storethe
requesuntil buffer spacebecomeswvailablein thearbiter Thebehaior of thearbitersis suchthatno
demandequestwill be stalleddueto lack of buffer spacef oneor moreprefetchrequestsurrently
residein the arbiter In this event,the arbiterwill dequeuea prefetchrequesin favor of thedemand
request.The prefetchrequestwith the lowestpriority is removed from the arbitef with the demand
requestakingits placein thearbiter At this pointthe prefetchrequesis dropped.

4 Evaluation of the Content Prefetcherimplementation

This sectionbeginsby describinghe stepstakento tunetheaddrespredictionheuristics.Thetuning
takesanempiricalapproacho adjustingthe parameterspecificto the addresgredictionmechanism.
The resultsof the tuning are carriedover to the cycle-accuratgerformancenodel, wherethey are
usedto demonstratéhe performancemprovementgnadepossiblevhena contentprefetchers added
to amemorysystenthatalreadyusesa strideprefetcher

4.1 Tuning The Virtual AddressMatching Predictor

Traditionally coverage and accuiacy (shavn in Equationsl and 2) have beenusedto measurehe
goodnes®f a prefetchmechanism.

prefetch hits

coverage =
& misses without prefetching

(1)

useful prefetches
accuracy =

(2)

number of prefetches generated
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Average Adjusted Prefetch Coverage and Accuracy
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Figure8: A summaryof variouscompareandfilter bit combinations. The horizontalaxis shavs a specific
configurationof compareandfilter bits. For example08.4 uses8 “compare”bits and4 “filter” bits within the
32-bitaddresspace.

The coverageandaccurag metricsarenot sufficient metricsto usewhenmakingperformancenea-
surementshecausehey do not provide ary informationaboutthe timelinessor criticality of theload
missesbeing masled by the prefetches.What coverageand accurag do provide is goodfeedback
whentuning the prefetchemechanism.Thereforein the framevork of the simulationenvironment
usedin this paperthey arebeingusedstrictly asa meansof tuningthe prefetchalgorithm,andshould
notbe construedasproviding ary trueinsightinto the performancef the contentprefetcher

As describedn Section3, the virtual addressmatchingpredictorhasfour “knobs” that canbe
setto control the conditionsplacedon a candidateaddress.Theseare comparebits, filter bits, align
bits, and scanstep. Figure 8 summarizeshe averageimpactof the numberof compareand filter
bits on both prefetchcoverageandaccurag. In this figurethe prefetchcoverageandaccurag values
have beenadjustedby subtractingthe contentprefetchegshat would have also beenissuedby the
strideprefetcherlt is importantto isolatethe contribution madeby the contentprefetcheto properly
determineaproductve configuration Fromtheauthorsperspectie,thedecisionasto whichcompare-
filter bit combinationto useis the pair of 8 comparebits and 4 filter bits, asit providesthe best
coverage/accurgaradeof.

This decreasén the coverageandincreasean accuray is explainedby examiningthe operationof
thevirtual addressnatchingalgorithm. A tradeof is beingmadebetweeraccurag andcoverageas
the numberof comparebitsis increasedBy increasinghe numberof comparebits, a morestringent
requirements beingplacedon candidateaddresses thatmoreof theupperaddresdits arerequired
to match. This obviously hasto have a positve influenceon the accurag, asit shouldreducethe
numberof falsepredictionsthatleadto uselesgprefetchesThe decreasén coveragecomesfrom the
reductionin the sizeof the prefetchableange. Assuming32-bitaddressessing8 comparebits leads
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Average Adjusted Prefetch Coverage and Accuracy
(Compare Bits, Filter Bits, Align Bits, and Scan Step)
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Figure9: A summaryof align bits andscanstep. For examplethe value“8.4.1.2" meanshat8 comparebits
and4 filter bits wereusedandthatposiblememoryaddressem the contentsvere2-bytealignedandtwo bytes
wereskippedbeforelooking for anotheraddress.

to a prefetchableangeof 16 MBytes(32 minus8 bits equals24 bits, which providesanaddressange
of 0 to 16M). Now increasingthe numberof comparebits to 9, effectively halvesthe prefetchable
range which manifestdtself asa decreasén the prefetchcoverage.

Figure9 summarizeshe impactof varyingthe numberof least-significanbits examinedto drop
candidatgrefetchegalignmenbits) andthenumberof bytessteppedftereachevaluation(scanstep),
with the compareandfilter bits fixedat 8 and4, respectiely.

Increasingthe numberof alignmentbits to two increaseghe accurag as expected,but at the
expenseof thecoverage.Thisindicateghatnotall compilersalignthe baseaddres®f eachnode;this
is expectedfrom compilersoptimizing for datafootprint. For this reasonpredictingonly on 2-byte
alignmentseemghe besttradeof betweerncoverageandaccurayg. Extendingthis logic to cache-line
scanningthestepsizeshouldbesetto two bytesaspointersareexpectedo beatleast2-bytealigned.
This is confirmedin Figure9 wherethe 2-bytestepsizeappearsasthe besttradeof. Thisleadsto a
final addresgredictionheuristicconfigurationof 8 comparebits, 4 filter bits, 1 align bit, anda scan
stepof 2-bytes.

Thesebit combinationsaresubjectve, andwerechoserassuchto carry out the experimentsre-
sentedn the following sections.They arespecificto the applicationscompilers,andoperatingsys-
temsutilizedin this study They would requirefurthertuningif the contentprefetchemwasgoingto be
usedbeyondthe scopeof this study Oneareaof researctcurrentlybeinvestigatedy the authorsis
adaptve (runtime)heuristicgor adjustingtheseparameters.
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Speedup Comparison: Prefetch Depth vs. Next Line
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Figurel0: Speedusummary:PrefetctDepthvs. Next Line Count. Thehorizontalaccesshavs thenumberof
previouslinesandnext linesthatarefetched.For example,“p0.n2” meanghatno blocksprior to the prefetched
block arerequestedhut two blocksfollowing theblock arerequested.

4.2 PerformanceEvaluation
4.2.1 SpeedupComparison

Pointerintensie applicationscananddo exhibit regularity, thusthe logical extensionto the content
prefetcheiis the next line prefetcher The only concernis the addedUL2 cachepollution that will
occurasa resultof theincreasen the numberof prefetchedeingissued.A meansof compensating
for thisincreasen requestss to decreaseéhe prefetchchaindepththresholdthatis, to trade“deeper”
for “wider”. A secondeasorfor tradingdepthbandwidthfor width bandwidthis thatthe deeper(or
longer)the prefetchchain, the more speculatre are the prefetches.Next line prefetchesare not as
speculatre,andaremoretime critical. Thusthereasonings thatprefetchingwiderwill leadto better
performance.

Figure 10 providesthe speedupg$or variouscombinationsof previous andnext line prefetching
relative to a contentinitiated prefetch.Also variedis the allowed depthof the prefetchchains.When
examiningFigurel0, afirstobsenationis thatontheaverageprefetchinghepreviousline providesno
addedbenefit.At theindividualbenchmarkevel, someof thebenchmarkslo respondositively to the
previousline prefetchingput whenviewedcollectiely, thepreviousline prefetchings notbeneficial.
This becomegnore evident when making the comparisoracrossconstantoandwidthrequirements.
Issuinga singlenext line prefetchconsumeshe samememorybandwidthasissuinga singleprevious
line prefetch. ExaminingFigure 10 showns thatwhennext line bandwidthis exchangedor previous
line bandwidth(onepreviousandonenext, vs., two next), anoveralldropin the performances seen.
In a sensdhis wasexpected.Recurrencgointers the pointersthat provide theinternodeconnection
(andthe pointersthatthe contentprefetchelttriesto detect),generallypoint to the startaddresof the
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node,and so the previous cacheline usually hasno associatiorto the cacheline pointedto by the
candidateaddressdentifiedby the contentprefetcher

Of interestis why whenno prefetchpathreinforcements utilized, usinglargerprefetchdepthsre-
sultsin betterperformanceAs statedoreviously, deepechainscanleadto morespeculatre prefetches,
andthe possibilityof increasedachepollution. But from a performanceerspectie, prematurelyter-
minatinga prefetchchaincanbe costly. In orderto re-establistanactive prefetchchain,the memory
systemmusttake a demandoadmissto allow the contentprefetcheto seethe existing UL2 fill data,
andaffording it the opportunityto scanthe data. Sofor actve chainswhenno pathreinforcements
beingused,a smallerallowed prefetchdepthlimits the benefitsthe contentprefetchercan provide,
forcing the prefetchandexecutionpathsto corverge.

Recursie prefetchpathreinforcementvasdiscusseth Section3. Pathreinforcemenprovidesthe
neededeedbackequiredto continueuninterruptediown anactive prefetchpath. Seeingthatthere-
cursve pathsareindeedbeingactively pursuedsuchafeedbackmechansinshouldprove beneficial.
Furtherexaminationof Figure 10 shows that pathreinforcementloesindeedimprove performance.
Theimportantobsenationto be madeis the reversalof which prefetchdepthsprovide the bestper
formance.As discussedbove, whenno pathreinforcemenis beingutilzed, the larger the prefetch
depththresholdthe betterthe performance Whenreinforcements turnedon, the exact oppositeis
true,andthebestperformanceas seerwhentheprefetchdepththresholds setatthree.This occursfor
severalreasonsThefirstis pathreinforcemenbvercomeshe performancdimitationsthatcanoccur
whena prefetchchainis beingrepeatedlystarted terminated andthensubsequentlyestarted.With
reinforcementjf a prefetchchainis active it shouldnever be terminatedregardlessof the prefetch
depththreshold.Next, allowing longerprefetchchainsallows morebad prefetchedo enterthe mem-
ory systemasnon-usedrefetchchainswill be allowedto live longeruntil beingterminated.Lastly,
the rescanoverheadof the path reinforcemenimechanisntan put a strainon the memorysystem,
specificallythe UL2 cache.Allowing longerprefetchchainscanresultin a significantincreasen the
numberof rescanswhich canflood the bus arbitersandcachereadports,impactingthe timelinessof
thenon-rescanneprefetches.

Figure 10 shaws that the bestperformancdas seenwhen path reinforcements turnedon, the
prefetchdepththresholdis setat three,andthe contentprefetchesssuesprefetchrequestdor both
the predictedcandidateaddressand the next threecachelines following the candidateaddress.In
this configuration the contentpreftecherenhanceanemorysystemprovidesa 12.6%speedup.This
speedups relative to the strideprefetcheenhancegherformanceimulator

4.2.2 Contribution of TLB Prefetching

One of the benefitsof the virtual addresamatchingheuristicis its ability to issueprefetchesvhen
a virtual-to-physicaladdresdgranslationis not currentlycachedn the dataTLB. The ability for the
contentprefetcherto issuepage-valks not only leadsto speculatie prefetchingof datavalues,but
alsoleadsto speculatre prefetchingof addresdranslations.To measureghe contribution of this TLB
prefetchingo theoverallperformanceainsrealizedby thecontentprefetcherthesizeof thedataTLB
wasrepeatedhydoubled startingat 64 entries,until thesizeof the TLB was1024entries.By allowing
moretranslationgo be cachedandif a significantportion of the speedupsveredueto prefetcheto
thedataTLB, amarkeddropin the contentprefetchespeedupvould be obsened.
Repeatedlygloublingthesizeof thecachdgrom 64 entriesto 1024entriesresultsn asmalldecrease

in the measuredgspeedupsonly dropingfrom 12.6%at 64 entries,to 12.3%at 1024 entries. Two
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Figurell: Distribution of UL2 CachelLoad Requests.

conclusionganbe dravn from the results. First, the speedupsealizedacrosghe variousTLB sizes
remainsapproximatelythe same.Thisindicateshatthe TLB prefetchings aminor contritutorto the
overall performancegainsbeingrealized,andthat the contentprefetchercannot be simply replaced
by alargerdataTLB. A secondconclusions thatthedataTLB doesnot appeato be suffering from
pollution causedy thespeculatre prefetchinglf TLB pollutionwasafactor anincreasen speedups
would bebeexpectedasthenumberof TLB entrieswasincreased.

4.2.3 Performance Summary

Figurell providesalook atthetimelinessof boththestrideprefetcheandthe contentprefetcherThe
bottomtwo stacledbarprovidesthepercentagef full andpartialprefetchedor strideprefetcherThe
next two sub-barsarethe full and partial prefetchegor the contentprefetcherwith the top sub-bar
beingthe percentagef demandoadmisseghatwerenoteliminatedby thetwo prefetchersA couple
of importantobsenationscanbe made.Assumingthatthe strideprefetcheis effective at maskingthe
stride-basetbad missesthenthoseloadsnot masledby the strideprefetcheexhibit a moreirregular
pattern.Of theseremainingnon-stridebasedoads,the contentprefetcheis fully eliminating43% of
theload missesandis at leastpartially maskingthe load misslateny of 60% of theseloads.Not all
irregularloadsare causedy pointerfollowing, andassuch,the contentprefetchercannot maskall
the non-stridebasedoadmisses.

In the on-chipversusoff-chip prefetchemplacementiscussionseeSection3), oneof the draw-
backsexpressedor placingthe contentprefetcheron-chipwas pointerintensie applicationsoften
have little work betweerpointerreferencesThis makesit difficult to find the needeccomputational
workto fully masktheprefetchatencies Of theissuedcontentprefetcheshatatleastpartially masked
thememoryuselateng of aloadrequest,72%fully masledtheload-usdateng. Thislarge percent-
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Figurel2: TheMarkov StateDiagramfor thegivenmissaddressequence.

ageis anindicationthatthe pointerchasingpathis notalimiting factoron the workloadsusedin this
study andthusvalidatesthe decisionto placethe contentprefetchemechanisnon-chip. Using the
informationconcernindull versugpartiallateny maskingthe contentprefetcheis moretimely than
thestride-basegrefetcher

Overlaid on Figure 11 is the individual speedupgor eachof the benchmarks.For clarity, the
performanceesultsgiventhroughouthe paperhave beenpresentedisingtheaverage Here,we shov
the performancef individualbenchmarks.

5 Quantitative Comparison

The contentprefetcheris not uniquein its ability to issueprefetchesn pointerintensve applica-
tions. One prefetcherdesignthat sharesthis ability is the Markov prefetcher[5]. The content-
directedprefetchemayhave numerousadvantage®vertheMarkov prefetcherit usesverylittle state
and needsno training period. In this section,we comparethe performanceof the content-directed
prefetcheto the Markov prefetcheusingthe samesimulationframework.

The Markov prefetchermpproximateshe missreferencestreamusinga 1-history Markov model
Assumethata programgenerateshe following missreferencestreamwhereeachletterrepresents.
differentmemorylocationthatis beingreferenced.

A,B,CD,CEACFKFKEAADBCD,EABCD,C

Thereferencesequencendicatesa missingreferencéo memorylocationA, followedby a missfor B
andsoon. Usingthisreferencestring,the correspondinglarkov modelis shavn in Figure12.

Eachtransitionfrom nodeX to nodeY in thediagramis assigneé weightrepresentinghefraction
of all references thatarefollowed by a referenceY. Assumingthe programwereto executeagain
andissuethe samememoryreferencesthe Markov modelcould be usedto predictthe missreference
following eachmissingreference For example the appearancef a D would leadto the predictionof
C or E beingthe next missingreferenceandissueprefetchrequestgor eat address.

The Markov modeltransitiondiagramis realizedin hardwareusinga tablesuchasshawn in Fig-
ure 13. In this implementationgachstatein the Markov model occupiesa singleline in the State
TransitionTable(STAB), andcanhave upto four transitiongo otherstates.Thetotal sizeof the STAB
is determinedby the memoryavailableto the prefetcher Whenthe currentmissaddressnatcheghe
index addressn the STAB, all of the next addresgredictionregistersareeligible to issuea prefetch.
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State Transition Table (STAB)
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Figurel3: TheMarkov prefetcheiStateTransitionTable(STAB).

Prefetchaddressesare storedin the prefetchrequestqueueand are prioritized by transitionproba-
bilities, with higherrequestdeingallowedto dislodgelower-priority requests.The prefetchrequest
gueuecontendswith the processofor the L2 cache andthe demandetchesfrom the processohave
higherpriority.

The Markov prefetchmechanismusedin this paperis basedon the 1-history Markov model
prefetcheimplementatiordescribedn [5]. Theprefetcheusesatransitionfanoutof four, andmodels
thetransitionprobabilitiesusingthe leastrecentlyused(LRU) replacemenalgorithm. The strideand
Markov prefetchersareaccessegdequentially Precedences givento the stride prefetcherthatis, if
the strideprefetcheiissuesa prefetchrequestor the givenmemoryreferencethe Markov prefetcher
will be blocked from issuingary prefetchrequests.This is usedto reducethe numberof redundant
prefetchesandprovide morespacean the prefetchrequestueue.

5.1 PerformanceComparison

Two differentMarkov configurationswere examined(seeTable 3). In the first configuration,the
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1/2 1/8
Markov STAB
size 512Kbytes | 128Kbhytes
associatiity | 16-way 16-way
UL2 Cadhe
size 512Kbytes | 896Khytes
associatiity | 8-way 7-way

Table3: TheMarkov prefetcheisystemconfigurations.

Markov vs. Content Prefetcher Performance Comparison
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Figurel4: Comparisorof the averagespeedupprovided by the Markov andContentprefetchers.

resourcesllocatedto the UL2 aredivided equally betweenthe Markov STAB andthe UL2 cache.
For the simulatedprocessoiconfiguration,the original 1-MByte UL2 is divided into a 512 KByte
UL2 anda 512 KByte Markov STAB. In the secondconfiguration,1/8 of the resourcesllocatedto
the UL2 cacheare re-allocatedo the Markov STAB. The performancenodelusesan UL2 cache
thatis 8-way setassociatie, thusthe 1/8 - 7/8 division of resourcedetweerthe Markov STAB and
UL2, respectiely, is equivalentto allocatingoneway of eachsetwithin the UL2 cacheto the Markov
STAB. The resultingdivision of the original UL2 resourcess a 896 KByte UL2 cache,anda 128
KByte Markov STAB. Resourcalivisionwasusedto keeptheoverall systenresourcegqualbetween
the Markov prefetcheiandthe contentprefetcher

The speedupgprovided the two memorysystemconfigurationsare shavn in Figure 14. These
speedupsrerelative to the performanceimulatorutilizing a 1-MByte UL2 cacheandenhancedvith
astrideprefetcher

Also includedin Figure 14 is a Markov configurationthat usesa 1-MByte UL2 cache,but al-
lows the Markov STAB to grow unboundedThis unboundedaonfigurationmarkov_big, providesan
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upperlimit on the performancecontributionsthe Markov prefetchercanprovide. Thefirst two con-
figurations,markov_1/8 andmarkov_1/2, clearly shaws thatrepartitioningthe original UL2 resources
betweenthe UL2 andthe Markov STAB is not a wise designdecision. The Markov prefetchers
not capableof compensatindor the performancdossinducedby reducingthe sizeof the UL2 cache.
Whenallowing the Markov STAB to grow unboundedmarkov_big), andthusallowing resourceso be
addedasneededo the prefetchemechanismthemaximumpossiblespeedumprovidedby the Markov
prefetcheis 4.5%. The contentprefetcheprovidesnearlythreetimesa higherspeedupat very little
cost.

The greaterimprovementof the contentprefetchercanbe explainedby boththe operationof the
contenfprefetcherandby thesimulationframenork. Thecontentprefetchedoesnotrequireatraining
phasewhich provesto be a distinctadvantage.The Markov prefetchemustendureatraining phase,
andwith large cachessuchasthe 1-MByte cacheusedin this study thereis still a stronglikelihood,
(modulothe applications working setsize) that the datathat trainedthe Markov prefetcheris still
residenin thecache.Sowhile theMarkov prefetchehasseenthesequencereviouslyandis now in a
stateto issueprefetche$or thememorysequencet is notprovidedtheopportunityto issueprefetches
asthe datais still residentin the cache. Thusthe training phaserequiredby the Markov prefetcher
severelyrestrictsthe prefetches performancegotential. The contentprefetcherdoesnot suffer from
thesecompulsorymisses,andis capableof issuingprefetcheswvhile the Markov prefetchers still
training. Further the lengthof the LITs may alsoimpedethe realizedperformanceof the Markov
prefetcherExpectingthe Markov prefetcheto bothadequatelyrainandprovide aperformancdoost
within the 30 million instructionconstrainof theLITs maybe overly optimistic.

6 Conclusions

Thispapethaspresentedontent-diecteddataprefetting, ahardware-onlytechniqudor dataprefetch
ing, andsimulatedts performanc@veranumberof significantapplications Also introduceds virtual
addressmatding, aninnovative heuristicthattakesinto accountooth memoryalignmentissuesand
boundingcasesvhendynamicallydiscerningoetweervirtual addresseanddataor randomvalues.

This studyhasshavn thata simple,effective, andrealizablecontentsensitve dataprefetchercan
be built asan on-chip componenof the memorysystem. The designincludesprefett chaining,
thattakesadwantageof the inherentrecursve natureof linked datastructuredo allow the prefetcher
to generatdimely requests.The implementatiorwasvalidatedusinga highly detailedandaccurate
simulatormodelinga Pentium-like microarchitectureSimulationswererun on aggressiely sizedL2
cachesthuseliminatingary falsebenefitshat may have beenrealizedthroughthe useof undersized
caches.Theaveragespeedugor the setof workloadswas12.6%,with the speedupsf theindividual
workloadsrangingfrom 1.4%to 39.5%.Thesespeeduparevery significantin the context of realistic
processodesignsandthe fact that this improvementis in additionto that gainedby usinga stride
prefetcher

Oneof the major findingsis that the contentprefetcherenhancednemorysystemis capableof
delivering timely prefetchego fully suppresslemandoad missesin all the applications. Previous
researchasindicatedthatthisis a difficult taskto achieve in the context of pointerintensve applica-
tions.
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