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Abstract

Althoughcentralprocessorspeedscontinuesto improve, improvementsin overall systemper-
formanceareincreasinglyhamperedby memorylatency, especiallyfor pointer-intensive applica-
tions. To counterthis lossof performance,numerousdataandinstructionprefetchmechanisms
have beenproposed.Recently, severalproposalshave positedamemory-sideprefetcher;typically,
theseprefetchersinvolve a distinctprocessorthatexecutesa programslice thatwould effectively
prefetchdataneededby theprimaryprogram.Alternative designsembodylarge statetablesthat
learnthemissreferencebehavior of theprocessorandattemptto prefetchlikely misses.

This paperproposesContent-DirectedData Prefetching, a dataprefetchingarchitecturethat
exploits thememoryallocationusedby operatingsystemsandruntimesystemsto improve theper-
formanceof pointer-intensive applicationsconstructedusingmodernlanguagesystems.Thistech-
niqueis modeledafter conservative garbagecollection,andprefetches“lik ely” virtual addresses
observed in memoryreferences.This novel prefetchingmechanismusesthe underlyingdataof
theapplication,andprovidesan11%speedupusingnoadditionalprocessorstate. By addingless
than

���� spaceoverheadto thedatacache,performancecanbefurtherincreasedto 12.6%acrossa
rangeof “real world” applications.

1 Intr oduction

In earlyprocessordesigns,theperformanceof theprocessorandmemorywerecomparable,but in the
last 20 yearstheir relative performanceshave steadilydiverged[4], with the performanceimprove-
mentsof thememorysystemlaggingthoseof theprocessor. Althoughbothmemorylatency andband-
width have not kept pacewith processorspeeds,bandwidthhasincreasedfasterthanlatency. Until
recently, a combinationof largercacheblocksandhigh bandwidthmemorysystemshave maintained
performancefor applicationswith considerablespatialreferencelocality. A numberof dataprefetch-
ing methodshave beendevelopedfor applicationsthathave regularmemoryreferencepatterns.Most
hardwareprefetchmechanismswork by recordingthehistoryof loadinstructionusage,andindex on
eithertheaddressor theeffectiveaddressof loadinstructions[3, 6, 11]. Thisrequirestheprefetcherto
haveobservedtheloadinstructiononeor moretimesbeforeaneffectiveaddresscanbepredictedand
canverywork well for loadsthatfollow anarithmeticprogression.�

Portionsof thiswork wasperformedwhile BobCooksey wasa studentat theUniversityof Colorado
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At the sametime, modernmanagedruntimeenvironmentssuchasJava at “.NET”, rely on dy-
namicmemoryallocation,leadingto reducedspatiallocality becauseof these“link eddatastructures”.
Although theseapplicationsdo benefitfrom prefetchersdesignedfor regular addresspatterns,their
irregular accesspatternsstill causeconsiderabledelay. An alternative mechanismis to try to find
a correlationbetweenmissaddressesandsomeotheractivity. The correlation[2] andMarkov [5]
prefetchersrecordpatternsof missaddressesin anattemptto predictfuturemisses,but this technique
requiresa largecorrelationtableanda trainingphasefor theprefetcher. Rothetal. introducedrelated
techniquesfor capturingproducer-consumerload pairs [12]. compiler-basedtechniques[9] insert
prefetchinstructionsat siteswherepointerdereferencesareanticipated.Luk andMowry [8] showed
thatagreedyapproachto pointerprefetchingcanimproveperformancedespitetheincreasedmemory
systemoverhead.Lipasti etal. [7] developedheuristicsthatconsiderpointerspassedasargumentson
procedurecallsandinsertedprefetchesat thecall sitesfor thedatareferencedby thepointers.Ozawa
et al. [10] classifyloadswhosedataaddresscomefrom a previousloadaslist accesses,andperform
codemotionsto separatethemfrom theinstructionsthatusethedatafetchedby list accesses.

Sinceprefetchmechanismstarget differentclassesof programreferences,they canbecombined
to yield a moreeffective total prefetchingbehavior; this wasexploredfor theMarkov prefetcher[5]
andit wasfound thatstrideprefetchersimprove the performanceof theMarkov prefetcherby filter-
ing referenceswith arithmeticprogressions,leaving more tablespacefor referencesto linked data
structures.

Thispaperinvestigatesatechniquethatpredictsaddressesin pointer-intensiveapplicationsusinga
hardwareonly techniquewith nobuilt-in biasestowardthelayoutof therecursivedatastructuresbeing
prefetched,andwith the potentialto run many instancesaheadof the load currentlybeingexecuted
by the processor. Theability to “run ahead”of anapplicationhasbeshown to bea requirementfor
pointer-intensive applications[12], which traditionallydo not provide sufficient computationalwork
for maskingtheprefetchlatency. Somehybridprefetchengines[13] dohave theability to runseveral
instancesaheadof theprocessor, but requirea priori knowledgeof thelayoutof thedatastructure,and
in somecases,thetraversalorderof thestructure.

Themethodwepropose,Content-directeddataprefetching, borrowstechniquesfrom conservative
garbagecollection[1], in thatwhendatais demand-fetchedfrom memory, eachaddress-sizedwordof
thedatais examinedfor a “lik ely” address.Candidateaddressesneedto betranslatedfrom thevirtual
to the physicaladdressspaceandthenissuedasprefetchrequests.As prefetchrequestsreturndata
from memory, their contentsarealsoexaminedto retrievesubsequentcandidates.Thereareanumber
of ways to identify “lik ely” addresses.Conservative garbagecollection must identify all possible
addresses,andoccasionallyerrsin a way thatclassifiesnon-addressesaspossibleaddresses,causing
garbageto beretained.Our problemis simplersinceprefetchingis not necessaryfor correctnessand
only servesto improveperformance.

The content-directeddataprefetcheralsotakesadvantageof the recursive constructionof linked
datastructures. By monitoring both demandload traffic and the prefetchrequesttraffic, the con-
tent prefetcheris ableto recursively traverselinked structures.A commonchallengefound in data
prefetchingof most applicationtypesis finding sufficient computationalwork to maskthe latency
of the prefetcherrequests.ChenandBaer[3] approachedthis problemusinga look-aheadprogram
counter. Therecursive featureof thecontentprefetcherachievesthesameeffect, in that it allows the
contentprefetcherto run aheadof the program’s execution,providing the neededtime to maskthe
prefetchrequestlatencies.

Thecontent-directeddataprefetcheris designedto assistapplicationsusedlinkeddatastructures.
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Applicationswith regular or “stride” referencesdo not commonlyload and then follow addresses.
However, almostall modernprocessorsprovidesomesortof strideprefetcher. Someprefetchers,such
ascorrelationprefetchers,canmimic a strideprefetcherwhenusedin isolation,andusingonly these
prefetchersmay inflate their true impact. In this paper, we combinecontent-directeddataprefetcher
with a strideprefetcherto achieve a robustprefetcherandalwayscompareperformanceto a baseline
architecturethat includesa strideprefetcherto clarify the contribution of the content-directeddata
prefetcher.

Themaincontributionsof thispaperare:

� Establishingthe conceptof content-directeddataprefetching. This papercontributesa novel
history-freeprefetchingmethodologythat can issuetimely prefetcheswithin the context of
pointer-intensive applications.The schemealsoovercomesthe limitations of “context-based”
prefetchers(e.g. Markov prefetchers),which requirea trainingperiod. Thecontentprefetcher
describedin this paperdoesnot requiresucha trainingperiod,andhastheability to maskcom-
pulsorycachemisses.

� Evaluationof an effective pointer recognitionalgorithm. This is a coredesignfeatureof the
contentprefetcher. Without an accuratemeansof distinguishingan addressfrom any other
randomdata,content-directeddataprefetchingwouldnotyield performanceincreases.

� Introductionof a reinforcementmechanismthataccuratelyguidesthecontentprefetcherdown
active prefetchpaths. This methodaffords the contentprefetcherwith a storage-efficient way
of recordingthe currentprefetchpaths,providing the neededfeedbackrequiredto continue
uninterrupteddown arecursiveprefetchpath.

Therestof this paperis organizedasfollows. Thesimulationframework usedto examinethefea-
sibility andpracticalityof thecontentprefetcheris presentedin Section2, followedby theprefetcher
designandimplementationin Section3. A performanceevaluationof thecontentprefetcherembod-
iment is given in Section4. Section5 providesa designandperformancecomparisonbetweenthe
contentprefetcherandtheMarkov prefetcher[5], with Section6 concludingthispaper.

2 Simulation Methodology

Resultsprovidedin this paperwerecollectedusingsimulationtoolsbuilt on top of a � op-level IA32
architecturalsimulatorthatexecutesLongInstructionTraces(LIT). Despitethename,a LIT is not a
tracebut is actuallyacheckpointof theprocessorstate,includingmemory, thatcanbeusedto initialize
anexecution-basedsimulator. Includedin theLIT is alist of LIT injectionswhichareinterruptsneeded
to simulateeventslikeDMA. SincetheLIT includesanentiresnapshotof memory, thismethodology
allows the executionof both userand kernel instructions. To reducesimulationtime, ratherthan
runninganentireapplication,multiple carefullychosenLITs arerun for 30 million instructionsand
areaveragedto representanapplication.

2.1 PerformanceSimulator

Theperformancesimulatoris anexecution-drivencycle-accuratesimulatorthatmodelsanout-of-order
processorsimilar to the Intel R

�
PentiumR

�
4 microprocessor. Theperformancesimulatorincludesa

3



detailedmemorysubsystemthat fully modelsbussesand bus contention. The parametersfor the
processorconfigurationevaluatedin this paperare given in Table 1. Sucha configurationtries to

Processor
CoreFrequency 4000MHz
Width fetch3, issue3, retire3
MispredictionPenalty 28cycles
Buffer Sizes reorder128,store32, load48
FunctionalUnits integer3, memory2, floatingpoint1
Load-to-use L1: 3 cycles,
Latencies L2: 16cycles
BranchPredictor 16K entrygshare
DataPrefetcher Hardwarestrideprefetcher

Busses
L2 throughput 1 cycle
L2 queuesize 128entries
Busbandwidth 4.26GBytes/sec

- 133MHz 8B quadpumped
Buslatency 460processorcycles

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

Busqueuesize 32entries

Caches
TraceCache 12K 	 ops,8-wayassociative
ITLB 128entry, 128-way associative
DTLB 64entry, 4-wayassociative
DL1 Cache 32Kbytes,8-wayassociative
UL2 Cache 1 Mbytes,8-wayassociative
Block Size 64bytes
PageSize 4 Kbytes

Table1: Performancemodel:4-GHzsystemconfiguration.

approximateboththefeaturesandtheperformanceof futureprocessors.Includedwith thebasecon-
figurationof theperformancesimulatoris a stride-basedhardwareprefetcher. It is importantto note
thatall thespeedupresultspresentedin this paperarerelative to themodelusinga strideprefetcher.
By usingbothanaccurateperformancemodel,andmakingsurethebasemodelis completein its use
of standardperformanceenhancementcomponents(e.g. a strideprefetcher),thespeedupspresented
in thispaperarebothaccurateandrealisticimprovementsoverexistingsystems.

2.2 Avoiding Cold Start Effects

Whenexecutingthebenchmarkswithin thesimulators,it is necessaryto allow theworkloadsto run
for a periodof time to warm-upthesimulator. In theframework of this paper, it is importantto allow
the memorysystemto warmupto minimize the effects of compulsorymisseson the performance
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Figure1: Non-cumulative MPTU tracefor a4-MByteUL2 Cache.

measurements.Theconventionalmeansfor warmingupasimulatoris to allow thesimulatorto execute
for agivennumberof instructionsbeforecollectingstatistics.Themetricusedin thispaperto establish
this instructioncountis MissesPer 1000 � ops(MPTU). This is theaveragenumberof demanddata
fetchesthat will missduring the executionof 1000 � ops. MPTU takesinto accountthe numberof
operationsbeingexecutedby the program,aswell asthe numberof cacheaccesses,andprovidesa
measureof aprogram’sdemandontheparticularcachelevel. Figure1 providesanMPTU traceof the
second-level cache.Thetracewasgeneratedfor aprocessorconfigurationutilizing a4-MByteunified
second-level cache (UL2), as this will requirea longerwarm-upperiod. Using sucha large cache
guaranteesthattheinstructioncountwill bevalid for theUL2 cachesizesusedduringthis study. The
X-axis of the tracerepresentstime, which is measuredin retired � ops. It shouldbe notedthat for
readabilitypurposes,thesequencehasbeenlimited to showing only onebenchmarkfrom eachof the
six workloadsuites(seeTable2). TheMPTU traceshowsaverydistincttransientperiodfrom zeroto
5,000,000retired � ops. By thetime theexecutionof theprogramsreach7,500,000retired � ops,the
MPTU hasreacheda steady-state.Severalspikesareseenlaterin theprogram’s execution,but this is
to beexpectedasbothtransitionsbetweencontextswithin theprogramareencountered,andcapacity
missesstartto appear. Usingthetraceasaguide,eachapplicationis allowedto executefor 5,000,000
IA32 instructions( �����F�������$������� ops),beforethecollectionof performancestatisticsstarts.

2.3 Workloads

The workloadsusedin this paperarepresentedin Table2. The applicationsareeithercommercial
applicationsor compiledusinghighly optimizingcommercialcompilers.The tablelists the number
of IA32 instructionexecuted,thenumberof � opsexecuted,andtheMPTU for both1-MByte and4-
MByte second-level cacheconfigurations.Theworkloadsincludeapplicationsfrom someof themost
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L2 MPTU
Suite Benchmark Instructions 	 ops (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 quake 30,000,000 45,208,724 1.41 0.30
Productivity speech 30,000,000 43,825,381 1.19 0.44
Productivity rc3 30,000,000 47,226,941 0.43 0.33
Productivity creation 30,000,000 52,939,628 0.56 0.24
Server tpcc-1 30,000,000 52,944,514 1.88 0.68
Server tpcc-2 30,000,000 53,149,114 2.29 0.87
Server tpcc-3 30,000,000 51,719,199 2.49 0.87
Server 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,	 opexecuted,andL2 MPTU statisticsfor thebenchmarksets.

commonproductivity applicationtypes.This includesinternetbusinessapplications(e.g. b2b),game-
playingandmultimediaapplications(e.g. quake),accessibilityapplications(e.g. speechrecognition),
on-linetransactionprocessing(e.g. tpcc),computer-aideddesign(e.g. verilog),andJava (or runtime)
applications(e.g. specjbb).

3 PrefetcherSchemeand Implementation

This sectionpresentsthe basicoperationof the contentprefetcher, anddiscussessomeof the issues
involvedin thedesigndecisions.

3.1 BasicDesignConcept

The primary role of any prefetcheris to predict future memoryaccesses.The contentprefetcher
attemptsto predictfuturememoryaccessesby monitoringthe memorytraffic at a given level in the
memoryhierarchy, looking expresslyfor virtual addresses(pointers).Theprefetcheris basedon the
premisethat if a pointer is loadedfrom memory, thereis a stronglikelihood that the addresswill
be usedasthe load address(effective address)of a future load. Specifically, the contentprefetcher
worksby examiningthefill contentsof demandmemoryrequeststhathavemissedatsomelevel in the
memoryhierarchy(e.g. L2 cache).Whenthefill requestreturns,a copy of the cacheline is passed
to the contentprefetcher, and the cacheline is scannedfor likely virtual addresses.If a candidate
addressis found,aprefetchrequestis issuedfor thataddress.Theinherentdifficulty in thisprediction
techniqueis trying to discernavirtual addressfrom bothdatavaluesandrandombit patterns.
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3.2 On-chip versusOff-chip

Thecontentprefetchercanbeimplementedasbeingeitheron-chip,asanintegratedpieceof thepro-
cessor’s memoryhierarchy, or aspartof thememorycontroller(off-chip). Placingtheprefetcheron-
chipprovidesseveralbenefits.First,with thecontentprefetcherresidingatandprefetchinginto theL2
cache,thecacheitself canbeusedto provideusefulfeedbackto thecontentprefetcher. Thiscaniden-
tify which prefetchessuppresseda demandrequestcachemiss,andwhetherthecontentprefetcheris
issuingprefetchesfor cachelinesthatalreadyresidein theL2 cache.Second,having theprefetcheron-
chip providestheprefetcherwith accessto thememoryarbiters,allowing theprefetcherto determine
whetheramatchingmemoryrequestis currentlyin-flight. Thefinal andthemostcompellingbenefitis
thatplacingthecontentprefetcheron-chipresolvesissuesconcerningaddresstranslation.Thecandi-
dateaddressesbeinggeneratedby theprefetcherarevirtual addresses.However suchaddressesneed
to betranslatedto accessmainmemory. With thecontentprefetcheron-chip,theprefetchercanutilize
theon-chipdatatranslationlook-asidebuffer (TLB). This is very importantsincestatisticscollected
duringsimulationrunsshowedthat on average,over a third of the prefetchrequestsissuedrequired
anaddresstranslationnot presentin thedataTLB at the time of the request.Themaindrawbackof
an on-chipcontentprefetcheris that it may keepthe pointerchasingcritical path thru memoryun-
touched.However, sincethepointerchasingis now decoupledfrom theinstructionstreamexecution,
thiscritical timeis now nolongeradditiveto otherlimiting factorslikecomputationalwork andbranch
mispredicts.Stateddifferently, pointer-intensive applicationsdo not strictly utilize recursive pointer
paths(e.g hashtables).

Themajorbenefitof having theprefetcheroff-chip is thepossiblereductionin theprefetchlatency,
asprefetchrequestswill nothavetoendureafull L2 to mainmemoryrequestcycle;thepointerchasing
critical pathwouldbebroken.An off-chip prefetchercouldpotentiallymaintainaTLB to provide the
addresstranslations.The problemwith this implementationis that while this secondaryTLB may
be able to monitor the physicalpagesbeingaccessed,it doesnot have direct accessto the virtual
addressesassociatedwith the physicalpages. Adding pins to provide the informationcould be an
option. A seconddrawbackto placingtheprefetcheroff-chip is the lack of feedbackavailableto the
prefetcher, asit is not receiving any direct reinforcementconcerningthe accuracy of the prefetches
beingissued.

After analyzingthebenefitsof bothplacementoptions,thedecisionwasmadeto placethecontent
prefetcheron-chip.Themainreasonis thatin theapplicationsfocusedonin thisstudy, limiting factors
otherthantruepointerchasingaremostlypredominant.This will beconfimedby the fact that72%
of theprefetchesissuedhave their latency completelyhidden.It will alsobeshown laterin this paper
thatallowing theprefetcherto usefeedbackfrom thecachesis extremelydesirablefor performance,
andplacingthecontentprefetcheron-chipaffordstheprefetcherits bestaccessto thevariousfeedback
sources.

3.3 AddressPrediction Heuristics

Somemethodmustbedesignedto determineif acacheline valueis apotentialvirtual address,andnot
adatavalue.Thevirtual addressmatchingpredictororiginatesfrom theideathatthebaseaddressof a
datastructureis hintedatvia theloadof any memberof thedatastructure.In otherwords,mostvirtual
dataaddressestendto sharecommonhigh-orderbits. This is ancommondesignin modernoperating
systemsthatis exploitedby thecontent-designedprefetcher.
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Figure2: Positionof theVirtual AddressMatchingcompare,filter, andalignbits.

More accurately, we assumeall datavaluesfound within the structurethat sharea baseaddress
canbe interpretedaspointersto othermembers(nodes)of the samestructure.For this method,the
effectiveaddressof thememoryrequestthattriggeredthecachemissandsubsequentfill is compared
againsteachaddress-sizeddatavaluein thenewly filled cacheline. A givenbit arrangementcanbe
interpretedasa pointer, a value,or somerandombits. Examplesof the latterarecompresseddataor
valuestakenout of theiroriginalbytegrouping.A bit arrayis deemedto bea candidateaddressif the
upperN compare bits of both the effective addressof the triggeringrequestandthe bit arrangement
match(seeFigure2), asthis is a strongindicatorthat they sharethesamebaseaddress.Thenumber
of bitscomparedneedsto belargeenoughto minimizefalsepredictionson randompatterns.

Thevirtual addressmatchingheuristicworkswell exceptfor thetwo regionsdefinedby theupper
N bitsbeingall 0’sor all 1’s. For thelowerregion,any valuelessthan32-N bitswill matchaneffective
addresswhoseupperN bits areall zeros.Thesameis truefor theupperregion, wherea large range
of negativevaluescanpotentiallybepredictedasa likely virtual address.This is problematicbecause
many operatingsystemsallocatestackor heapdatain thoselocations.

Insteadof not predictingin theseregions, an additionalfilter as shown in Figure 2 is usedto
distinguishbetweenaddressesanddatavalues.In thecaseof the lower region, if theupperN bits of
boththeeffective addressandthedatavaluebeingevaluatedareall zero,thenext M bits, calledfilter
bits, pasttheupperN comparebits of thedatavalueareexamined.If a non-zerobit is foundwithin
thefilter bit range,thedatavalueis deemedto bea likely address.Thesamemechanismis usedfor
theupperrange,excepta non-onebit is lookedfor in thefilter bit range.Usingzerofilter bits would
meannopredictionwithin bothextremeregions,while increasingthenumberof filter bits relaxesthe
requirementsfor acandidateaddress.

Onefurthermethodof isolatingaddressesfrom datais usingmemoryalignment.For memoryef-
ficiency reasons,mostIA32 compilerswill attemptto placevariablesandstructureson4-bytebound-
aries.Giventhefollowing datastructure:

struct x �
char a;
struct x *next;�

thecompilermaynot only placethebaseaddressof thestructureon a four byteboundary, but it may
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Figure3: A limit studyon theimpactof excessive prefetchingwith zeropercentaccuracy.

alsopadthesizeof thechar to be4-bytessothatbothmembersof thestructurewill alsobeon4-byte
boundaries.The resultis that all addressesrelatedto the datastructurewill be4-bytealigned. This
alignmentinformationcanbeusedto theaddresspredictor’s benefitin two ways. First, with all the
pointersbeing4-bytealigned,thetwo leastsignificantbitsof eachaddresswill bezero.Thereforeany
candidatewith anon-zerobit in eitherof thesetwo bit locationscanbediscardedasapossibleaddress.
Figure2 showsthepositionof thealign bits.

Thesecondbenefitinvolvesthescanningof thecacheline. In a64-bytecacheline, if thepredictor
wereto take singlebyte stepsthroughthe cacheline, 61 datavalueswould have to be scrutinized.
Knowing thataddressesonly resideon 4-byteboundariescanallow thepredictorto take a scanstep
of four throughthe cacheline, reducingthe numberof datavaluesthat needto be examinedfrom
61 to 16. This reducesthe amountof work requiredduring a cacheline scan,andminimizesfalse
predictionsonnon-aligneddatavalues.

3.4 Content PrefetcherDesignConsiderations

3.4.1 Zero Accuracy Limit Study

Thebasedesignof thecontentprefetcherhastheprefetchrequestsbeingfilled directlyinto thesecond-
level (UL2) cache.To quantify the impactof this prefetchfill policy, a dummyprefetcherthat con-
sumes50%of the idle buscycleswith uselessprefetchrequestswasaddedto theperformancesim-
ulator. This approximatesa prefetcherschemefloodingthememorysystemwith uselessprefetches,
thereforepolluting the secondlevel cache,andgiving an indicationof the perturbationcausedby a
very low accuracy prefetcher.

Theimpacton theexecutiontime of thebenchmarkscanbeseenin Figure3. As shown, allowing
theprefetcherto runnearlyunboundedwith zeropercentaccuracy mayresultin a � 3%pperformance
slowdown. Thishighlightstheneedto maintainareasonableaccuracy with any prefetcherthatdirectly
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fills into thecache.

3.4.2 Recursionand PrefetchPriorities

Thecontentprefetchercontainsa recurrencecomponent.Traditionalprefetchers(e.g. stride,stream,
correlating)observe only the demandfetch referencestream,or the demandmiss referencestream
subset,whentrying to generateprefetchload addresses.Thecontentprefetcherdiffers in that it not
only examinesthedemandreferencestream,but it alsoexaminestheprefetch referencestream. The
resultis that thecontent-basedprefetcherwill generatenew prefetchesbasedon previousprefetches
(a recurrencerelationship).This recurrencefeatureallows theprefetcherto follow therecursive path
implicit in linkeddatastructures.

Therequestdepthis a measureof thelevel of recurrenceof a specificmemoryrequest.A demand
fetch is assigneda requestlevel of zero. A prefetchresultingfrom a demandfetchmissis assigned
a requestdepthof one. A chainedprefetch, a prefetchresultingfrom a prior prefetch,is assigneda
requestdepthequalto onemorethanthe prefetchthat triggeredthe recurrentprefetchrequest.The
requestdepthcanbeseenastheminimalnumberof links sinceanon-speculativerequest.

This depthelementprovidesa meansfor assigninga priority to eachmemoryrequest,with this
priority beingusedduringmemorybusarbitration.To limit speculation,prefetchrequestswith adepth
greaterthana defineddepththresholdaredropped,andnot sentto thememorysystem.An example
of this recurrencemechanismis shown in the first part (left side)of Figure4. A very small mount
of spaceis allocated(2-4 bits, dependingon the design)in thecacheline to maintainthedepthof a
reference.Thatstateis updatedon a demandfetchor on a fill. This is theprimarystateusedby the
content-directeddataprefetcher, andwhenusingthefinal configurationof two bits per64-bytecache
block,amountsto lessthana

�� � spaceoverhead.

3.4.3 Feedback-DirectedPrefetchChain Reinforcement

A prefetchchaindefinesa recursivepaththatis beingtraversedby thecontentprefetcher. Any termi-
nationof a prefetchchaincanleadto lost prefetchopportunities,asno explicit historyof theprefetch
chain is stored. To re-establisha prefetchchain,a cachemissmustoccuralongthe traversalpath;
the contentprefetcherthenevaluatesthe cachemisstraffic andmay onceagainestablishthe recur-
sive prefetchchain. This is shown in Figure5(a)wherethebaseschemeresultsin a missevery four
requestswhenthethresholddepthhasbeensetto 3.

To avoid this interruptionin the prefetchchain, the contentprefetcherincludesa reinforcement
mechanismthatis basedon theobservationthatthechain itself is implicitly storedin thecache. Thus
any demandhit on a prefetchedcacheline providesthecontentprefetcherwith theneededfeedback
requiredto perpetuateaprefetchchain.

The requestdepthvalue assigneda prefetchand cacheline is not fixed for the lifetime of the
prefetchmemorytransactionor cacheline. Whenany memoryrequesthits in the cache,andhasa
requestdepthlessthanthestoredrequestdepthin thematchingcacheline, it is assumedthatthecache
line is a memberof anactive prefetchchain. In theevent that the fetchrequestdepthis foundto be
lessthanthestorerequestdepth,two actionsaretaken.First,thestoredrequestdepthof theprefetched
cacheline is updated(promoted)for having suppressedthe cachemissof the fetch request.This is
consistentwith maintainingtherequestdepthasthenumberof links sincea nonspeculative request.
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C)

E)

D)

Prefetch chain is extended.
The prefetch chain is terminated as
the depth reaches 3.
Cache line E is not scanned.

Prefetch Depth = 3

Prefetch of line C is issued.
Depth updated from 1 to 0.
result of the prefetch hit.
Cache line B (re)scanned as a
Demand (Prefetch) Hit Depth = 0

This is a chained prefetch.
Prefetch Depth = 2

Line C scanned.
Prefetch for line D issued.

Cache line B scanned
Prefetch Depth = 1

when prefetch fill returns.
Prefetch for line C issued.

Deamnd Miss Depth = 0
Cache line A scanned as a

Prefetch for line B issued.
result of the demand miss.

Depth reset from 2 to 1 when prefetch
Prefetch Depth = 1

found in the cache from the previous
scan of line B.
Cache line C is (re)scanned.
Prefetch request issued for line D.

memory transaction found in−flight.
Cache line D is (re)scanned.
Prefetch request issued for line E.

Depth reset from 3 to 2 when prefetch
Prefetch Depth = 2

A)

B)

PATH REINFORCEMENTPREFETCH CHAINING

Prefetch chain terminated
Prefetch Depth = 3

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

Figure4: Exampleof prefetch chainingandpathreinforcement.

Thesecondactionis thatthecacheline is scanned(usingthepreviouslydescribedmechanism)in order
to extendtheprefetchchain.

Sowhile aprefetchchainmaybetemporarilyhalteddueto alargerequestdepth,theability to both
changea cacheline’s storedrequestdepthandrescanthecacheline allows thecontentprefetcherto
re-establishaprefetchchain.This reinforcementmechanismis appliedto theexampleof theprevious
sectionin Figure4 (right side). This mechanismalsoallows a prefetchchainto be restarteddueto
a prefetchrequestbeingdroppeddueto otherunspecifiedreasons(e.g. insufficient busarbiterbuffer
space).

Figure5(b) graphicallyshows that a hit on the first prefetchrequestcausesa rescanof the next
two lines,resultingin theprefetchof thefourth line. This outcomehappensfor every subsequenthit,
resultingin no othermissesthanthe original one. In short,the reinforcementmechanismstrivesto
keeptheprefetchinga numberof depththresholdlinks aheadof thenonspeculativestream.This is a
very effective way of controllingspeculationwithout impairingpotentialperformanceimprovement.
Thecostis a few morebits in eachcacheline aswell asconsumingsecondlevel cachecyclesto re-
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(a)no reinforcement

(b) with reinforcement

(c) controllingthenumberof rescans

HITMISS Depth Threshold = 3

Figure5: Re-establishinga terminatedprefetchchain.

establishprefetchchains. Figure5(c) shows how to half the numberof rescansby re-establishinga
chainonly whentheincomingdepthis at leasttwo fewer thanthestoreddepth.

3.4.4 Bandwidth Efficiency: DeeperversusWider

The recursive componentof the contentprefetchercan lead to highly speculative prefetches.One
could take the stancethat prefetches“deeper”in the prefetchchainaremorespeculative thanthose
earlierin thechain.Theprefetcherneedsto placea thresholdon this depthto limit highly speculative
prefetches.But the questionthenariseshow deepis deepenough,andcanthe memorybandwidth
beingallocatedto highly speculativeprefetchesbebetterutilizedelsewhere.

Until now, therehasbeenan implicit assumptionthat thesizeof a nodeinstancewithin a linked
datastructureiscorrelatedin somemannerto thesizeof thecachelines–obviouslynosuchcorrelation
existssinceallocateddatastructuresmayspanmultiplecachelines.Thismeansthatnoguaranteescan
bemadeaboutthe locationsof thedatastructurememberswithin thecachelines. More specifically,
thelocationof thepointerthatleadsto thenext nodeinstanceof therecursivedatastructuremaybein
thesameor thenext cacheline. Without thesenext pointers,theprefetchopportunitiesprovidedthe
contentprefetcherwill belimited.

To overcomethis possiblelimitation, the contentprefetcherhasthe ability to fetch wider refer-
ences;that is, insteadof speculatively prefetchingdown longer, deeperprefetchchains,the content
prefetcherlimits the depthof prefetchchains,andwill attemptto prefetchmorecacheblocks that
mayhold moreof thenodeinstanceassociatedwith a candidateaddress.This is easilydoneby sim-
ply issuingoneor moreprefetchesfor the cachelines sequentiallyfollowing the candidateaddress
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Figure6: Flow diagramof thecontentprefetcherpredictionmechanism.

as“next-line” prefetches.Theright combinationof depthversuswidth is establishedin Section4.2,
whereempiricalmeasurementsareusedto choosea specificconfiguration.

3.5 The Content PrefetcherMicr o-Architecture

Figure6 providesa flow diagramshowing the operationof the contentprefetcherpredictionmech-
anismthat makesuseof the virtual addressmatchingheuristic. As shown in the flow diagram,for
an address-sizedword to be validatedasa candidatevirtual address,it mustmeetthe requirements
definedby thecompare,filter, andalign bits,aswell astheprefetchdepththreshold.An examination
of theflow diagramcanleadto theconclusionthatthescanningof acacheline for candidateaddresses
is strictly a sequentialoperation.This is not true, assuchscanningis parallelby nature,with each
address-sizedword could be evaluatedconcurrently. Sucha designcan(anddoes)leadto multiple
prefetchesbeinggeneratedpercycle.

Themicroarchitectureof thememorysystemthatincludestheon-chipcontentprefetcheris shown
in Figure7.

Thecontentdataprefetcheris locatedat the secondcachelevel of the memoryhierarchy, which
is the loweston-chiplevel. This providestheprefetcherwith accessto variouscomponentsthatcan
be usedto provide feedbackto the prefetcher. This memorysystemfeaturesa virtually indexedL1
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Figure7: Microarchitecturewith amemorysystemthatincludesbothastrideandcontentprefetcher.
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datacacheanda physicallyindexedL2 unifiedcache;meaningL1 cachemissesrequirea virtual-to-
physicaladdresstranslationbeforeaccessingtheL2 cache.Thestrideprefetchermonitorsall theL1
cachemisstraffic andissuesrequeststo theL2 arbiter. A copy of all theL2 fill traffic is passedto the
contentprefetcherfor evaluation,with candidateaddressesissuedto theL2 arbiter.

Unlikemany RISCprocessors,theprocessormodelusedin thisstudyusesahardwareTLB “page-
walk”, whichaccessespagetablestructuresin memoryto fill TLB misses.All such“page-walk” traffic
bypassestheprefetcherbecausesomeof thepagetablesarelargetablesof pointersto lowerlevel page
entries.Scanningsucha cacheline (which is full of virtual addresses)would leadto a combinational
explosionof highly speculativeprefetches.

TheL2 andbusarbitersmaintainastrict,priority-basedorderingof requests.Demandrequestsare
giventhehighestpriority, while strideprefetcherrequestsarefavoredovercontentprefetcherrequests
becauseof theirhigheraccuracy.

Having the contentprefetcheron-chipprovides the prefetcherwith readyaccessto all arbiters.
Beforeany prefetchrequestis enqueuedto thememorysystem,bothL2 andbusarbitersarechecked
to seeif a matchingmemorytransactionis currently in-flight. If sucha transactionis found, the
prefetchrequestis dropped.In theeventthata demandloadencountersanin-flight prefetchmemory
transactionfor thesamecacheline address,theprefetchrequestis promotedto thepriority anddepth
of thedemandrequest,thusproviding positivereinforcement(feedback)to thecontentprefetcherand
insuringtimely prefetches.

Thearbitersarea fixedsize.If in theprocessof trying to enqueuea requestthearbiteris foundto
not have any availablebuffer space,theprefetchrequestis squashed.No attemptis madeto storethe
requestuntil buffer spacebecomesavailablein thearbiter. Thebehavior of thearbitersis suchthatno
demandrequestwill bestalleddueto lack of buffer spaceif oneor moreprefetchrequestscurrently
residein thearbiter. In this event,thearbiterwill dequeuea prefetchrequestin favor of thedemand
request.Theprefetchrequestwith the lowestpriority is removed from the arbiter, with the demand
requesttakingits placein thearbiter. At thispoint theprefetchrequestis dropped.

4 Evaluation of the Content PrefetcherImplementation

This sectionbeginsby describingthestepstakento tunetheaddresspredictionheuristics.Thetuning
takesanempiricalapproachto adjustingtheparametersspecificto theaddresspredictionmechanism.
The resultsof the tuning arecarriedover to the cycle-accurateperformancemodel,wherethey are
usedto demonstratetheperformanceimprovementsmadepossiblewhenacontentprefetcheris added
to a memorysystemthatalreadyusesastrideprefetcher.

4.1 Tuning The Virtual AddressMatching Predictor

Traditionally coverage andaccuracy (shown in Equations1 and2) have beenusedto measurethe
goodnessof aprefetchmechanism.

��������� ��!"�$# % �&��'(�*)+�-,.,0/1)+2
3 /42 2&��2657/1)+,0��89) % � ��'(�*)+�-,0/4:0!

(1)

������80� ����;<# 802&��'(80= % � �*'(��) �-,0��2:>8 3@? ���A��' % � �*'(��) �-,0��2B!"��:0��� �C)+��D (2)
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Figure8: A summaryof variouscompareandfilter bit combinations.The horizontalaxis shows a specific
configurationof compareandfilter bits. For example ½�¾�¿�À uses8 “compare”bits and4 “filter” bits within the
32-bitaddressspace.

Thecoverageandaccuracy metricsarenot sufficient metricsto usewhenmakingperformancemea-
surements,becausethey do not provide any informationaboutthetimelinessor criticality of theload
missesbeingmasked by the prefetches.What coverageandaccuracy do provide is goodfeedback
whentuning the prefetchermechanism.Thereforein the framework of the simulationenvironment
usedin thispaper, they arebeingusedstrictly asameansof tuningtheprefetchalgorithm,andshould
notbeconstruedasproviding any trueinsightinto theperformanceof thecontentprefetcher.

As describedin Section3, the virtual addressmatchingpredictorhasfour “knobs” that canbe
setto control theconditionsplacedon a candidateaddress.Thesearecomparebits, filter bits, align
bits, andscanstep. Figure8 summarizesthe averageimpactof the numberof compareand filter
bits on bothprefetchcoverageandaccuracy. In this figuretheprefetchcoverageandaccuracy values
have beenadjustedby subtractingthe contentprefetchesthat would have also beenissuedby the
strideprefetcher. It is importantto isolatethecontributionmadeby thecontentprefetcherto properly
determineaproductiveconfiguration.Fromtheauthor’sperspective,thedecisionastowhichcompare-
filter bit combinationto useis the pair of 8 comparebits and 4 filter bits, as it provides the best
coverage/accuracy tradeoff.

Thisdecreasein thecoverageandincreasein accuracy is explainedby examiningtheoperationof
thevirtual addressmatchingalgorithm. A tradeoff is beingmadebetweenaccuracy andcoverageas
thenumberof comparebits is increased.By increasingthenumberof comparebits,a morestringent
requirementis beingplacedoncandidateaddressesin thatmoreof theupperaddressbitsarerequired
to match. This obviously hasto have a positive influenceon the accuracy, as it shouldreducethe
numberof falsepredictionsthatleadto uselessprefetches.Thedecreasein coveragecomesfrom the
reductionin thesizeof theprefetchablerange.Assuming32-bitaddresses,using8 comparebits leads
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Figure9: A summaryof align bits andscanstep.For examplethevalue“8.4.1.2” meansthat8 comparebits
and4 filter bitswereusedandthatposiblememoryaddressesin thecontentswere2-bytealignedandtwo bytes
wereskippedbeforelooking for anotheraddress.

to aprefetchablerangeof 16MBytes(32minus8 bitsequals24bits,whichprovidesanaddressrange
of 0 to 16M). Now increasingthe numberof comparebits to 9, effectively halvesthe prefetchable
range,whichmanifestsitself asadecreasein theprefetchcoverage.

Figure9 summarizesthe impactof varyingthenumberof least-significantbits examinedto drop
candidateprefetches(alignmentbits)andthenumberof bytessteppedaftereachevaluation(scanstep),
with thecompareandfilter bitsfixedat8 and4, respectively.

Increasingthe numberof alignmentbits to two increasesthe accuracy as expected,but at the
expenseof thecoverage.This indicatesthatnotall compilersalign thebaseaddressof eachnode;this
is expectedfrom compilersoptimizing for datafootprint. For this reason,predictingonly on 2-byte
alignmentseemsthebesttradeoff betweencoverageandaccuracy. Extendingthis logic to cache-line
scanning,thestepsizeshouldbesetto two bytesaspointersareexpectedto beat least2-bytealigned.
This is confirmedin Figure9 wherethe2-bytestepsizeappearsasthebesttradeoff. This leadsto a
final addresspredictionheuristicconfigurationof 8 comparebits, 4 filter bits, 1 align bit, anda scan
stepof 2-bytes.

Thesebit combinationsaresubjective,andwerechosenassuchto carryout theexperimentspre-
sentedin the following sections.They arespecificto theapplications,compilers,andoperatingsys-
temsutilized in thisstudy. They wouldrequirefurthertuningif thecontentprefetcherwasgoingto be
usedbeyondthescopeof this study. Oneareaof researchcurrentlybe investigatedby theauthorsis
adaptive(runtime)heuristicsfor adjustingtheseparameters.
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Figure10: SpeedupSummary:PrefetchDepthvs. Next LineCount.Thehorizontalaccessshowsthenumberof
previouslinesandnext linesthatarefetched.For example,“p0.n2” meansthatnoblocksprior to theprefetched
blockarerequested,but two blocksfollowing theblockarerequested.

4.2 PerformanceEvaluation

4.2.1 SpeedupComparison

Pointer-intensive applicationscananddo exhibit regularity, thusthe logical extensionto the content
prefetcheris the next line prefetcher. The only concernis the addedUL2 cachepollution that will
occurasa resultof the increasein thenumberof prefetchesbeingissued.A meansof compensating
for this increasein requestsis to decreasetheprefetchchaindepththreshold,thatis, to trade“deeper”
for “wider”. A secondreasonfor tradingdepthbandwidthfor width bandwidthis that thedeeper(or
longer) the prefetchchain, the morespeculative arethe prefetches.Next line prefetchesarenot as
speculative,andaremoretimecritical. Thusthereasoningis thatprefetchingwiderwill leadto better
performance.

Figure10 providesthe speedupsfor variouscombinationsof previous andnext line prefetching
relative to a contentinitiatedprefetch.Also variedis thealloweddepthof theprefetchchains.When
examiningFigure10,afirstobservationis thatontheaverage,prefetchingthepreviouslineprovidesno
addedbenefit.At theindividualbenchmarklevel, someof thebenchmarksdorespondpositively to the
previousline prefetching,but whenviewedcollectively, thepreviousline prefetchingis notbeneficial.
This becomesmoreevident whenmakingthe comparisonacrossconstantbandwidthrequirements.
Issuingasinglenext line prefetchconsumesthesamememorybandwidthasissuingasingleprevious
line prefetch.ExaminingFigure10 shows thatwhennext line bandwidthis exchangedfor previous
line bandwidth(onepreviousandonenext, vs., two next), anoveralldropin theperformanceis seen.
In a sensethis wasexpected.Recurrencepointers,thepointersthatprovide theinternodeconnection
(andthepointersthat thecontentprefetchertriesto detect),generallypoint to thestartaddressof the
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node,andso the previous cacheline usuallyhasno associationto the cacheline pointedto by the
candidateaddressidentifiedby thecontentprefetcher.

Of interestis why whennoprefetchpathreinforcementis utilized,usinglargerprefetchdepthsre-
sultsin betterperformance.Asstatedpreviously, deeperchainscanleadtomorespeculativeprefetches,
andthepossibilityof increasedcachepollution. But from aperformanceperspective,prematurelyter-
minatinga prefetchchaincanbecostly. In orderto re-establishanactive prefetchchain,thememory
systemmusttakea demandloadmissto allow thecontentprefetcherto seetheexistingUL2 fill data,
andaffording it theopportunityto scanthedata.Sofor active chainswhenno pathreinforcementis
beingused,a smallerallowed prefetchdepthlimits the benefitsthe contentprefetchercanprovide,
forcing theprefetchandexecutionpathsto converge.

Recursiveprefetchpathreinforcementwasdiscussedin Section3. Pathreinforcementprovidesthe
neededfeedbackrequiredto continueuninterrupteddown anactive prefetchpath.Seeingthat there-
cursive pathsareindeedbeingactively pursued,sucha feedbackmechansimshouldprove beneficial.
Furtherexaminationof Figure10 shows that pathreinforcementdoesindeedimprove performance.
The importantobservation to bemadeis the reversalof which prefetchdepthsprovide the bestper-
formance.As discussedabove, whenno pathreinforcementis beingutilzed, the larger the prefetch
depththreshold,the betterthe performance.Whenreinforcementis turnedon, the exactoppositeis
true,andthebestperformanceis seenwhentheprefetchdepththresholdis setat three.Thisoccursfor
severalreasons.Thefirst is pathreinforcementovercomestheperformancelimitationsthatcanoccur
whena prefetchchainis beingrepeatedlystarted,terminated,andthensubsequentlyrestarted.With
reinforcement,if a prefetchchainis active it shouldnever be terminated,regardlessof the prefetch
depththreshold.Next, allowing longerprefetchchainsallowsmorebadprefetchesto enterthemem-
ory system,asnon-usedprefetchchainswill beallowedto live longeruntil beingterminated.Lastly,
the rescanoverheadof the path reinforcementmechanismcanput a strainon the memorysystem,
specificallytheUL2 cache.Allowing longerprefetchchainscanresultin a significantincreasein the
numberof rescans,which canflood thebusarbitersandcachereadports,impactingthetimelinessof
thenon-rescannedprefetches.

Figure 10 shows that the bestperformanceis seenwhen path reinforcementis turnedon, the
prefetchdepththresholdis setat three,andthe contentprefetchesissuesprefetchrequestsfor both
the predictedcandidateaddress,andthe next threecachelines following the candidateaddress.In
this configuration,thecontentpreftecherenhancedmemorysystemprovidesa 12.6%speedup.This
speedupis relative to thestrideprefetcherenhancedperformancesimulator.

4.2.2 Contribution of TLB Prefetching

Oneof the benefitsof the virtual addressmatchingheuristicis its ability to issueprefetcheswhen
a virtual-to-physicaladdresstranslationis not currentlycachedin the dataTLB. The ability for the
contentprefetcherto issuepage-walks not only leadsto speculative prefetchingof datavalues,but
alsoleadsto speculative prefetchingof addresstranslations.To measurethecontribution of this TLB
prefetchingto theoverallperformancegainsrealizedby thecontentprefetcher, thesizeof thedataTLB
wasrepeatedlydoubled,startingat64entries,until thesizeof theTLB was1024entries.By allowing
moretranslationsto becached,andif a significantportionof thespeedupsweredueto prefetchesto
thedataTLB, amarkeddropin thecontentprefetcherspeedupwouldbeobserved.

Repeatedlydoublingthesizeof thecachefrom 64entriesto 1024entriesresultsin asmalldecrease
in the measuredspeedups,only droping from 12.6%at 64 entries,to 12.3%at 1024entries. Two
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Figure11: Distribution of UL2 CacheLoadRequests.

conclusionscanbedrawn from theresults.First, thespeedupsrealizedacrossthevariousTLB sizes
remainsapproximatelythesame.This indicatesthattheTLB prefetchingis aminorcontributor to the
overall performancegainsbeingrealized,andthat thecontentprefetchercannot besimply replaced
by a largerdataTLB. A secondconclusionis that thedataTLB doesnot appearto besuffering from
pollutioncausedby thespeculativeprefetching.If TLB pollutionwasafactor, anincreasein speedups
wouldbebeexpectedasthenumberof TLB entrieswasincreased.

4.2.3 PerformanceSummary

Figure11providesalook at thetimelinessof boththestrideprefetcherandthecontentprefetcher. The
bottomtwo stackedbarprovidesthepercentageof full andpartialprefetchesfor strideprefetcher. The
next two sub-barsarethe full andpartial prefetchesfor the contentprefetcher, with the top sub-bar
beingthepercentageof demandloadmissesthatwerenoteliminatedby thetwo prefetchers.A couple
of importantobservationscanbemade.Assumingthatthestrideprefetcheris effectiveatmaskingthe
stride-basedloadmisses,thenthoseloadsnotmaskedby thestrideprefetcherexhibit amoreirregular
pattern.Of theseremainingnon-stridebasedloads,thecontentprefetcheris fully eliminating43%of
theloadmisses,andis at leastpartially maskingtheloadmisslatency of 60%of theseloads.Not all
irregular loadsarecausedby pointer-following, andassuch,thecontentprefetchercannot maskall
thenon-stridebasedloadmisses.

In the on-chipversusoff-chip prefetcherplacementdiscussion(seeSection3), oneof the draw-
backsexpressedfor placingthe contentprefetcheron-chipwaspointer-intensive applicationsoften
have little work betweenpointerreferences.This makesit difficult to find theneededcomputational
work to fully masktheprefetchlatencies.Of theissuedcontentprefetchesthatatleastpartiallymasked
thememoryuselatency of a loadrequest,72%fully maskedtheload-uselatency. This largepercent-
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Figure12: TheMarkov StateDiagramfor thegivenmissaddresssequence.

ageis anindicationthatthepointer-chasingpathis not a limiting factoron theworkloadsusedin this
study, andthusvalidatesthedecisionto placethecontentprefetchermechanismon-chip. Using the
informationconcerningfull versuspartiallatency masking,thecontentprefetcheris moretimely than
thestride-basedprefetcher.

Overlaid on Figure11 is the individual speedupsfor eachof the benchmarks.For clarity, the
performanceresultsgiventhroughoutthepaperhavebeenpresentedusingtheaverage.Here,weshow
theperformanceof individualbenchmarks.

5 Quantitati veComparison

The contentprefetcheris not uniquein its ability to issueprefetchesin pointer-intensive applica-
tions. One prefetcherdesignthat sharesthis ability is the Markov prefetcher[5]. The content-
directedprefetchermayhavenumerousadvantagesovertheMarkov prefetcher:it usesvery little state
andneedsno training period. In this section,we comparethe performanceof the content-directed
prefetcherto theMarkov prefetcherusingthesamesimulationframework.

TheMarkov prefetcherapproximatesthemissreferencestreamusinga 1-historyMarkov model.
Assumethata programgeneratesthefollowing missreferencestream,whereeachletterrepresentsa
differentmemorylocationthatis beingreferenced.

A, B, C, D, C, E, A, C, F, F, E, A, A, B, C, D, E, A, B, C, D, C

Thereferencesequenceindicatesa missingreferenceto memorylocationA, followedby a missfor B
andsoon. Usingthis referencestring,thecorrespondingMarkov modelis shown in Figure12.

Eachtransitionfrom nodeX to nodeY in thediagramis assignedaweightrepresentingthefraction
of all referencesX that arefollowedby a referenceY. Assumingtheprogramwereto executeagain
andissuethesamememoryreferences,theMarkov modelcouldbeusedto predictthemissreference
following eachmissingreference.For example,theappearanceof a D would leadto thepredictionof
C or E beingthenext missingreference,andissueprefetchrequestsfor each address.

TheMarkov modeltransitiondiagramis realizedin hardwareusinga tablesuchasshown in Fig-
ure 13. In this implementation,eachstatein the Markov modeloccupiesa single line in the State
TransitionTable(STAB), andcanhaveupto four transitionsto otherstates.Thetotalsizeof theSTAB
is determinedby thememoryavailableto theprefetcher. Whenthecurrentmissaddressmatchesthe
index addressin theSTAB, all of thenext addresspredictionregistersareeligible to issuea prefetch.
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Figure13: TheMarkov prefetcherStateTransitionTable(STAB).

Prefetchaddressesarestoredin the prefetchrequestqueueandareprioritized by transitionproba-
bilities, with higherrequestsbeingallowedto dislodgelower-priority requests.Theprefetchrequest
queuecontendswith theprocessorfor theL2 cache,andthedemandfetchesfrom theprocessorhave
higherpriority.

The Markov prefetchmechanismusedin this paperis basedon the 1-history Markov model
prefetcherimplementationdescribedin [5]. Theprefetcherusesatransitionfanoutof four, andmodels
thetransitionprobabilitiesusingthe leastrecentlyused(LRU) replacementalgorithm.Thestrideand
Markov prefetchersareaccessedsequentially. Precedenceis givento thestrideprefetcher, that is, if
thestrideprefetcherissuesa prefetchrequestfor thegivenmemoryreference,theMarkov prefetcher
will beblocked from issuingany prefetchrequests.This is usedto reducethenumberof redundant
prefetches,andprovidemorespacein theprefetchrequestqueue.

5.1 PerformanceComparison

Two different Markov configurationswere examined(seeTable 3). In the first configuration,the
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Markov STAB
size 512Kbytes 128Kbytes
associativity 16-way 16-way

UL2 Cache
size 512Kbytes 896Kbytes
associativity 8-way 7-way

Table3: TheMarkov prefetchersystemconfigurations.
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Figure14: Comparisonof theaveragespeedupprovidedby theMarkov andContentprefetchers.

resourcesallocatedto the UL2 aredivided equallybetweenthe Markov STAB andthe UL2 cache.
For the simulatedprocessorconfiguration,the original 1-MByte UL2 is divided into a 512 KByte
UL2 anda 512 KByte Markov STAB. In the secondconfiguration,1/8 of the resourcesallocatedto
the UL2 cacheare re-allocatedto the Markov STAB. The performancemodel usesan UL2 cache
that is 8-way setassociative, thusthe1/8 - 7/8 division of resourcesbetweentheMarkov STAB and
UL2, respectively, is equivalentto allocatingonewayof eachsetwithin theUL2 cacheto theMarkov
STAB. The resultingdivision of the original UL2 resourcesis a 896 KByte UL2 cache,anda 128
KByte Markov STAB. Resourcedivisionwasusedto keeptheoverallsystemresourcesequalbetween
theMarkov prefetcherandthecontentprefetcher.

The speedupsprovided the two memorysystemconfigurationsareshown in Figure14. These
speedupsarerelative to theperformancesimulatorutilizing a1-MByteUL2 cacheandenhancedwith
astrideprefetcher.

Also includedin Figure14 is a Markov configurationthat usesa 1-MByte UL2 cache,but al-
lows theMarkov STAB to grow unbounded.This unboundedconfiguration,markov big, providesan
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upperlimit on theperformancecontributionstheMarkov prefetchercanprovide. Thefirst two con-
figurations,markov 1/8 andmarkov 1/2, clearlyshows thatrepartitioningtheoriginal UL2 resources
betweenthe UL2 and the Markov STAB is not a wise designdecision. The Markov prefetcheris
not capableof compensatingfor theperformancelossinducedby reducingthesizeof theUL2 cache.
Whenallowing theMarkov STAB to grow unbounded(markov big), andthusallowing resourcesto be
addedasneededto theprefetchermechanism,themaximumpossiblespeedupprovidedby theMarkov
prefetcheris 4.5%.Thecontentprefetcherprovidesnearlythreetimesa higherspeedup,at very little
cost.

Thegreaterimprovementof thecontentprefetchercanbeexplainedby boththeoperationof the
contentprefetcher, andby thesimulationframework. Thecontentprefetcherdoesnotrequireatraining
phase,which provesto bea distinctadvantage.TheMarkov prefetchermustendurea trainingphase,
andwith largecaches,suchasthe1-MByte cacheusedin this study, thereis still a stronglikelihood,
(modulo the application’s working setsize) that the datathat trainedthe Markov prefetcheris still
residentin thecache.Sowhile theMarkov prefetcherhasseenthesequencepreviouslyandis now in a
stateto issueprefetchesfor thememorysequence,it is notprovidedtheopportunityto issueprefetches
asthe datais still residentin the cache.Thusthe training phaserequiredby the Markov prefetcher
severelyrestrictstheprefetcher’s performancepotential.Thecontentprefetcherdoesnot suffer from
thesecompulsorymisses,and is capableof issuingprefetcheswhile the Markov prefetcheris still
training. Further, the lengthof the LITs may also impedethe realizedperformanceof the Markov
prefetcher. ExpectingtheMarkov prefetcherto bothadequatelytrainandprovideaperformanceboost
within the30million instructionconstraintof theLITs maybeoverly optimistic.

6 Conclusions

Thispaperhaspresentedcontent-directeddataprefetching, ahardware-onlytechniquefor dataprefetch-
ing,andsimulatedits performanceoveranumberof significantapplications.Also introducedis virtual
addressmatching, an innovative heuristicthat takesinto accountbothmemoryalignmentissuesand
boundingcaseswhendynamicallydiscerningbetweenvirtual addressesanddataor randomvalues.

This studyhasshown thata simple,effective,andrealizablecontentsensitivedataprefetchercan
be built as an on-chip componentof the memorysystem. The designincludesprefetch chaining,
that takesadvantageof the inherentrecursive natureof linkeddatastructuresto allow theprefetcher
to generatetimely requests.The implementationwasvalidatedusinga highly detailedandaccurate
simulatormodelinga Pentium-like microarchitecture.Simulationswererun on aggressively sizedL2
caches,thuseliminatingany falsebenefitsthatmayhave beenrealizedthroughtheuseof undersized
caches.Theaveragespeedupfor thesetof workloadswas12.6%,with thespeedupsof theindividual
workloadsrangingfrom 1.4%to 39.5%.Thesespeedupsareverysignificantin thecontext of realistic
processordesignsandthe fact that this improvementis in addition to that gainedby usinga stride
prefetcher.

Oneof the major findingsis that the contentprefetcherenhancedmemorysystemis capableof
delivering timely prefetchesto fully suppressdemandload missesin all the applications.Previous
researchhasindicatedthatthis is adifficult taskto achieve in thecontext of pointer-intensiveapplica-
tions.
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