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Abstract
High performanceprocessorsemploy hardwaredata prefetching to reducethenegativeperformanceimpactof largemain

memorylatencies. While prefetching improvesperformance substantially on many programs, it can signi�ca ntly reduce

performanceon others. Also,prefetching can signi�ca ntly increasememorybandwidth requirements.Thispaper proposes

a mechanism that incorporates dynamic feedback into the designof the prefetcher to increase the average performance

improvement providedby prefetching as well as to reduce the negative performance and bandwidth impact of prefetching.

Our mechanismestimatesprefetcher accuracy, prefetcher timeliness,and prefetcher-causedcache pollution to adjust the

aggressiveness of the data prefetcher dynamically. We introduce a new method to track cache pollution causedby the

prefetcher at run-time. We also introduce a mechanism that dynamically decides where in the LRU stack to insert the

prefetchedblocksin thecachebased on the cache pollution caused by the prefetcher.

Usingtheproposeddynamicmechanismimprovesaverageperformanceby6.5%on the17 memory-intensivebenchmarks

in the SPEC CPU2000 suite compared to the best-performing conventional stream-based data prefetcher con�g uration,

while it consumes18.7% lessmemorybandwidth. Comparedto a conventional stream-baseddata prefetcher con�g uration

that consumessimilar amount of memory bandwidth, feedback directedprefetching provides13.6% higher performance.

Our resultsshow that feedback-directedprefetching eliminatesthe large negative performance impact incurred on some

benchmarksdueto prefetching, and it is applicableto stream-basedprefetchers,global-history-buffer baseddeltacorrelation

prefetchers,and PC-basedstride prefetchers.

1. Intr oduction

Hardware data prefetching works by predicting the memory accesspatternof the program and speculatively issuing

prefetch requeststo the predicted memory addressesbefore the program accessesthoseaddresses. Prefetching has the

potential to improve performance if the memory accesspatternis correctly predictedand the prefetchrequestsareinitiated

early enough before the program accessesthe predicted memory addresses. Since the memory latenciesfacedby today's

processorsareon theorder of hundredsof processor clock cycles, accurateand timely prefetching of datafrommainmemory

to the processorcachescanleadto signi�cant performancegainsby hiding the latency of memory accesses.

On the otherhand, prefetching cannegatively impacttheperformanceand energy consumption of a processordueto two

major reasons,especially if the predictedmemory addressesare not accurate:

� First, prefetching canincreasethe contention for memory bandwidth availablein theprocessorsystem.Theadditional

bandwidth contentioncausedby prefetchescanleadto increasedDRAM bankcon�icts, DRAM pagecon�icts, memory

bus contention, andqueueing delays. This cansigni�cantly reduce performance if it resultsin delaying demand (i.e.

3



load/store) requests. Furthermore, inaccurateprefetchescanincrease theenergy consumption of theprocessorbecause

they result in unnecessary memory accesses(i.e. waste memory/bus bandwidth). The bandwidth contention due to

prefetching will become more signi�cant asmore and more processing coresare integrated onto thesamedie in chip

multiprocessors, effectively reducing the memory bandwidth available to each core. Therefore, techniquesthat reduce

the memory bandwidth consumption of hardware prefetchers while maintaining their performanceimprovement will

becomemore desirableandvaluable in futureprocessors [20].

� Second, prefetching cancause cachepollution if theprefetcheddatadisplacescacheblocks that will laterbe neededby

load/store instructions in theprogram.1 Cache pollution due to prefetching maynot only reduceperformancebut also

wastememory bandwidth by resulting in additional cachemisses.

Furthermore, prefetcher-causedcache pollution generatesnew cache missesandthosegeneratedcache missesin turn

generatenew prefetchrequests.Hence, theprefetcher itself is a positive feedback systemwhich canbe very unstable

in termsof both performanceand bandwidth consumption. Therefore, we would like to augment the prefetcher with a

negativefeedback systemto make the prefetching systemmorestable.

Figure 1 comparesthe performance of varying the aggressiveness of a stream-basedhardwaredataprefetcher from No

prefetching to Very Aggressiveprefetchingon the17memory-intensivebenchmarksin theSPECCPU2000 benchmarksuite.2

Aggressive prefetching improvesIPC performanceby 84% on average3 comparedto no prefetching andby over 800% for

some benchmarks (e.g. mgrid). Furthermore, aggressive prefetching on average performs better than conservative and

middle-of-the-roadprefetching. Unfortunately, aggressive prefetching signi� cantly reducesperformanceon some bench-

marks. For example, anaggressiveprefetcher reducestheIPCperformanceof ammpby 48%andapplu by 29% comparedto

no prefetching. Hence, blindly increasingthe aggressiveness of thehardware prefetchercandrasticallyreduceperformance

on several applications even though it improvestheaverageperformanceof a processor. Sinceaggressive prefetching sig-

ni�can tly degradesperformanceon somebenchmarks, many modern processors employ relatively conservative prefetching

mechanismswheretheprefetcher doesnot stayfaraheadof thedemandaccessstreamof theprogram[6, 22].

The goal of this paper is to reduce thenegative performanceand bandwidth impact of aggressive data prefetching while

preserving the large performancebene�ts providedby aggressive prefetching. To achieve this goal, we proposesimple and

implementable mechanismsthatdynamically adjust theaggressivenessof the hardware prefetcheraswell asthe locationin

the processor cachewhere prefetcheddata is inserted.

The proposedmechanismsestimatetheeffectivenessof the prefetcherby monitoring theaccuracy andtimelinessof the

prefetchrequestsaswell asthe cache pollution caused by the prefetch requests. We describe simplehardwareimplemen-

tations to estimateaccuracy, timeliness,and cache pollution. Basedon the run-time estimationsof thesethreemetrics,the

aggressivenessof the hardware prefetcheris decreasedor increaseddynamically. Also, basedon therun-time estimationof

the cache pollution causedby the prefetcher, the proposedmechanismdynamically decideswhere to insertthe prefetched

blocks in theprocessor cache'sLRU stack.

1Note thatthis is a problem only in designswhere prefetch requests bring data into processor caches ratherthan into separate prefetch buffers[12, 10].
In many current processors(e.g. Intel Pentium 4 [6] or IBM POWER4 [22]), prefetch requests bring data into the processorcaches. This reducesthe
complexity of thememorysystemby eliminating theneed to designa separate prefetch buffer. It alsomakes thelargeL2 cachespace available to prefetch
requests,enabling theprefetchedblocksanddemand-fetched blocksto share theavailablecachememorydynamically rather than statically partitioning the
storagespace for demand-fetched andprefetcheddata.

2Aggressivenessof theprefetcher is determinedby how far theprefetcherstaysaheadof thedemandaccessstream of theprogramaswell ashow many
prefetch requests aregenerated, asshown in Table 1 and describedin Section2.1. Oursimulation methodology, benchmarks,andprefetchercon�g urations
aredescribed in detail in Section4.

3Similar resultswere reportedby [7] and [16]. Al l averageIPCresults in thispaper arecomputed asgeometric meanof theIPC'sof thebenchmarks.
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Figure 1. IPC performanc e as the aggress iveness of a stream­based pref etcher is inc reased.

Our resultsshow that using the proposeddynamic feedback mechanisms improve the average performance of the 17

memory-intensive benchmarks in theSPECCPU2000 suiteby 6.5% comparedto thebest-performing conventional stream-

basedprefetchercon� guration. With the proposed mechanism,the negative performanceimpact incurred on somebench-

marks due to stream-basedprefetching is completely eliminated. Furthermore, the proposedmechanism consumes18.7%

lessmemory bandwidth than thebest-performing stream-based prefetchercon� guration. Comparedto aconventional stream-

basedprefetchercon�g uration that consumessimilar amount of memory bandwidth, feedbackdirected prefetching provides

13.6% higherperformance.Wealso show that the dynamicfeedback mechanismworkssimilarly well whenimplementedto

dynamically adjust theaggressivenessof a global-history-buffer (GHB) based deltacorrelation prefetcher [9] or a PC-based

stride prefetcher [1]. Comparedto a conventional GHB-baseddeltacorrelationprefetchercon�g urationthat consumessim-

ilar amount of memory bandwidth, the feedbackdirectedprefetching mechanism provides9.9% higher performance. The

proposedmechanismprovides thesebene�ts with a modest hardware storagecost of 2.54 KB and without signi�cantly in-

creasinghardwarecomplexity. Ontheremaining 9 SPEC CPU2000 benchmarks, theproposed dynamicfeedbackmechanism

performsaswell as the best-performing conventional streamprefetcher con�g uration for those9 benchmarks.

We � rst provide brief background on hardware data prefetching in thenext section. Section3 describesthedetails and

implementation of the proposedfeedback-directedprefetching mechanism. Our experimental evaluation methodology is

presented in Section 4. We provide the results of our experimental evaluations and our analysesin Section5. Finally, we

describe relatedresearchin Section6.

2. Background and Motivation

2.1. Stream Prefetcher Design

We brie�y provide background on how our baseline streamprefetcher works. Thestreamprefetcher we model is based

on the streamprefetcher in the IBM POWER4 processor [22] and more details on the implementation of stream-based

prefetching canbe found in [10, 17, 22]. Themodeledstream prefetcher bringscache blocksfrom themain memory to the

last-level cache,which is the second-level (L2) cache in our baselineprocessor.

The streamprefetcheris ableto keeptrackof multiple dif ferent access streams. For each tracked accessstream,a stream

tracking entry is createdin the streamprefetcher. Eachtracking entry canbein oneof four different states:
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1. Invalid: The tracking entry is not allocated astreamto keeptrackof. Initially, all tracking entriesarein this state.

2. Allocated: A demand (i.e. load/store) L2 missallocatesa tracking entry if thedemand miss doesnot �n d any existing

tracking entry for its cache-block address.

3. Training: The prefetcher trains the direction (ascending or descending direction) of the streambased on the next two

L2 misseswhich occur +/- 16 cache blocksfrom the �rst miss.4 If the next two accessesin the streamareto ascending

(descending) addresses,thedirection of thetracking entry is setto 1 (0) andtheentry transitionsto Monitor andRequest

state.

4. Monitor and Request:The tracking entry monitors the accessesto a memory region from a beginning pointer (address

A) to an ending pointer (addressP). The maximum distancebetweenthe beginning pointer and the ending pointer is

determinedby Prefetch Distance, which indicateshow far aheadof the demandaccessstream theprefetcher cansend

requests. If thereis ademand L2 cacheaccessto acacheblock in themonitoredmemory region, theprefetcher requests

cacheblocks [P+1, ..., P+N] asprefetchrequests(assumingthedirection of thetracking entryis set to 1). N is calledthe

Prefetch Degree. After sending theprefetchrequests,the tracking entry starts monitoring thememory region between

addressesA+N to P+N(i.e. effectively it movesthetrackedmemory region by N cache blocks).5

Prefetch Distanceand Prefetch Degreedeterminetheaggressiveness of the prefetcher. In a traditional prefetchercon�g-

uration, the valuesof Prefetch Distance andPrefetch Degreeare� xedat thedesigntime of theprocessor. In the feedback

directed mechanismwe propose, the processor dynamically changesthePrefetch DistanceandPrefetch Degreeto adjust the

aggressivenessof theprefetcher.

2.2. Metri csof Prefetcher Effectiveness

We use threemetrics (Prefetch Accuracy, Prefetch Lateness, and Prefetcher-GeneratedCachePollution) asfeedbackin-

putsto feedback directedprefetchers.All threemetricsareessential to dynamicall y decidetheaggressivenessof aprefetcher.

In this section, we de�ne themetrics and describe the relationshipbetweenthemetrics andthe performanceprovidedby a

conventional prefetcher. We evaluatefour con�gu rations: No prefetching, Very Conservativeprefetching (distance=4, de-

gree=1), Middle-of-the-Roadprefetching (distance=16, degree=2), and VeryAggressiveprefetching (distance=64, degree=4).

2.2.1. Prefetch Accuracy: Prefetchaccuracy is a measure of how accurately the prefetchercanpredict the memory ad-

dressesthat will beaccessedby theprogram.Prefetch accuracy is de�nedusingthefollowing equation:

Pr ef etch Accuracy =
N umber of Usef ul Pr ef etches

N umber of Pr ef etches Sent To M emory

where Number of Useful Prefetchesis the number of prefetchedcache blocks thatare used by demandrequests while they

are resident in the L2 cache.

Figure 2 shows the IPC (retired Instructions PerCycle) performanceof con�gu rations with different prefetcher aggres-

sivenessalong with prefetchaccuracy measured over theentire run of eachbenchmark. Theresultsshow that in benchmarks

4Note that all addresses tracked by theprefetcherarecache-blockaddresses.
5Right after a tracking entry is trained, theprefetcher sets thebeginning pointer to thethe�rst L2 miss addressthat allocated thetracking entry andthe

ending pointer to thelastL2 miss addressthat determined thedirection of theentry plus aninitial start-up distance. Until the monitored memory region's
sizebecomesthesameas thePrefetch Distance (in terms of cacheblocks), the tracking entry incrementsonly theending pointer by thePrefetch Degree
whenprefetchesare issued(i.e. theending pointer points to the lastaddressrequested asa prefetch and the start pointer points to the� rst L2 missaddress
that allocated the tracking entry). After themonitored memoryregion's size becomes thesameas Prefetch Distance, both thebeginning pointer andthe
ending pointer areincremented by thePrefetch Degree (N) when prefetches are issued. This way, theprefetcher is able to send prefetch requests thatare
PrefetchDistanceaheadof thedemand accessstream.
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where prefetch accuracy is lessthan 40% (in applu, galgel, and ammp), employing the stream prefetcher always degrades

performance comparedto the no prefetcher con�gu ration. In all benchmarks whereprefetchaccuracy is higher than 40%

(exceptmcf), employing thestreamprefetcher signi�cantly improvesperformanceoverno prefetching. For benchmarkswith

high prefetchaccuracy, performance increasesasthe aggressivenessof the prefetcher is increased. Hence, theperformance

improvementprovidedby increasingtheaggressivenessof the prefetcher is correlatedwith prefetchaccuracy.
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Figu re 2. IPC performance (left) and prefetch accuracy (righ t) with di fferent aggressiv eness con� gura tion s.

2.2.2. Prefetch Lateness: Prefetch latenessis a measure of how timely the prefetchrequestsgeneratedby theprefetcher

are with respectto thedemand accessesthat needthe prefetcheddata. A prefetchis de�ned to belate if the prefetched data

hasnot yet returnedfrommainmemory by the time a loador store instruction requeststhe prefetcheddata. Eventhough the

prefetchrequests are accurate, a prefetchermight not beable to improve performanceif the prefetchrequestsare very late.

We de�ne prefetchlatenessas:

Pr ef etch Lateness =
N umber of Late Pr ef etches

N umber of Usef ul Pr ef etches

Figure 3 shows the performance of con�gu rations with different prefetcher aggressivenessalong with prefetchlateness

measuredover the entire runof eachprogram.Prefetchlateness results explain why prefetching doesnot provide signi�cant

performance bene�t on mcf, even though the prefetch accuracy is closeto 100%. More than 90% of the useful prefetch

requestsare latein mcf. In general, prefetchlatenessdecreases astheprefetcherbecomesmore aggressive. For example, in

vortex, prefetch latenessdecreases from70% to 22%whena veryaggresive prefetcheris usedinsteadof a very conservative

one. Aggressive prefetching reducesthelatenessof prefetches becauseanaggressive prefetcher generatesprefetchrequests

earlier thana conservative prefetcher would.
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Figu re 3. IPC performance (left) and prefetch lateness (rig ht) wit h diff erent aggres siv eness con� gura tio ns.
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2.2.3. Prefetcher-Generated Cache Pollution: Prefetcher-generated cache pollution is a measure of the disturbance

causedby prefetcheddata in the L2 cache.Cachepollution causedby theprefetcher is quantitatively de� nedas:

Pref etcherGenerated CachePollution =
N umber of Demand M issesCausedB y the Pr ef etcher

N umber of Demand M isses

A demand miss is de�ned to be causedby the prefetcher if it would not have occurred had the prefetchernot been

present. A highervalue for Prefetcher-Generated Cache Pollution indicatesthat the prefetcherpollutesthecachemore. If

the prefetcher-generatedcache pollution is high, the performance of the processor can degrade becauseuseful datain the

cachecould beevictedby prefetcheddata. Furthermore, high cachepollution canalsoresultin higher memory bandwidth

consumption by requiring there-fetchof thedisplaced datafrom main memory.

3. Feedback Dir ectedPrefetching

Feedback directedprefetching dynamically adapts the aggressivenessof the prefetcher basedon the accuracy, lateness,

and pollution metrics de�ned in the previoussection. In this section, we describe the hardwaremechanismsthat trackthese

metrics.We alsodescribeour feedbackdirectedprefetching mechanismthat usesthesemetrics to adjust thebehavior of the

prefetcher.

3.1. HardwareMechanisms for Collecting Feedback Inf ormation

3.1.1. Prefetch Accuracy: To track theusefulnessof prefetchrequests we add a bit, calledthe pref-bit, to each tag-store

entry in the L2 cache.6 When a prefetched block is insertedinto the cache, the pref-bit associatedwith that block is set.

The accuracy of the prefetcher is tracked usingtwo hardwarecounters. The �rst counter, pref-total, tracks the number of

prefetchessent to memory. The second counter, used-total, tracksthenumber of useful prefetches.Whena prefetchrequest

is sentto memory, thepref-total counter is incremented. WhenanL2 cacheblock that hasthepref-bit set is accessedby a

demandrequest,the pref-bit is reset and theused-total counter is incremented. Theaccuracy of theprefetcher is computed

by taking the ratio of used-total to pref-total.

3.1.2. Prefetch Lateness: Miss StatusHolding Register(MSHR) [11] is a hardware structure that keepstrack of all the

in-�ig ht memory requests. Before allocatingan MSHRentry for a request, the MSHRchecks if therequestedcacheblock is

being serviced by anearliermemory request. Eachentry in theL2 cacheMSHRhasabit, calledthepref-bit, which indicates

that the memory requestwasgeneratedby the prefetcher. A prefetch requestis late if a demand requestfor theprefetched

addressis generatedwhile the prefetchrequestis in theMSHR waiting for main memory. We usea hardwarecounter, late-

total, to keeptrack of such late prefetches. If a demand requesthits an MSHR entry that hasits pref-bit set,the late-total

counteris incremented,and the pref-bit associated with that MSHRentry is reset.Thelatenessmetric iscomputedby taking

the ratio of the numberof lateprefetchrequests(late-total) to the totalnumber of useful prefetchrequests (used-total).

3.1.3. Prefetcher-Generated Cache Pollution: To track thenumber of demand misses causedby theprefetcher, thepro-

cessor needsto store information about all thedemand-fetchedL2 cache blocksdislodgedby the prefetcher. However, such

amechanism is impracticalasit incursa heavy overheadin termsof bothhardware andcomplexity. We usethe Bloom �lter

6Note that several proposedprefetching implementations,such astaggednext-sequential prefetching [5, 19] already employpref-bits in thecache.
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concept[2, 18] to provide a simple cost-effective hardware mechanismthat canapproximatethenumberof demand misses

causedby theprefetcher.

Figure 4 shows the�lter thatis usedto approximatethe number of L2 demandmissescausedby theprefetcher. The�lter

consistsof a bit-vector, which is indexedwith theoutput of theexclusive-or operation of the lower andhigher orderbits of

thecacheblock address. Whenablock thatwasbrought into thecachedueto ademandmissis evictedfromthecachedueto

aprefetchrequest,thenthe � lter isaccessedwith theaddressof theevictedcacheblock and thecorresponding bit in the�lter

is set (indicating that theevictedcacheblock wasevicteddueto aprefetchrequest). Whenaprefetchrequestis servicedfrom

memory, the pollution �lter isaccessedwith the cache-block addressof theprefetchrequestand the corresponding bit in the

�lter is reset. Whena demand access missesin the cache,the�lter isaccessedusingthe cache-block addressof the demand

request. If the corresponding bit in the �lter is set, it is an indication that the demand miss wascausedby the prefetcher.

In such cases,the hardwarecounter, pollution-total, that keeps track of the total number of demand missescaused by the

prefetcher is incremented. Another counter, demand-total, keepstrack of the total number of demand missesgeneratedby

theprocessorandis incrementedfor eachdemandmiss. Cachepollution causedby theprefetchercanbecomputedby taking

the ratio of pollution-total to demand-total. We usea 4096-entrybit vector in all our experiments.

0

1

0

XOR
CacheBlockAddress[11:0]

CacheBlockAddress[23:12]

Pollution Filter

Figure 4. Fil ter used to determine cache pollu tion caused by the prefetcher.

3.2. Sampling-basedUpdate of Feedback Inf ormation

To adapt to the time-varying memory phasebehavior of a program, we useinterval-basedsampling for all thecounters

describedin Section3.1. Theexecution timeof aprogram is dividedinto intervals andthevalueof each counteris computed

as:

Counter V alue =
1
2

Counter V alueAtT heBeginn ingOf TheI nter val +
1
2

Counter V alueD ur ingI nter val (1)

TheCounterValueDuringInterval is resetattheendof eachsampling interval. Theaboveequation usedto updatethecounters

(Equation 1) givesmore weight to the behavior of the program in the most recent interval while taking into account the

behavior in all previous intervals. Our mechanism de�nes the length of an interval basedon the number of useful cache

blocks evicted from the L2 cache.7 A hardwarecounter, eviction-count, keeps track of the number of blocks evicted from

the L2 cache. Whenthevalue of thecounterexceedsa statically-setthreshold Ti nte r val , theinterval ends. At theendof an

interval, all countersdescribedin Section3.1 areupdatedaccording to Equation 1. Theupdatedcountervaluesare thenused

to computethethree metrics: accuracy, lateness,and pollution. These metrics areusedto adjust theprefetcher behavior for

the next interval. The eviction-count register is resetand a new interval begins. In our experiments, we usea valueof 8192

(half thenumber of blocks in theL2 cache)for Tin ter val .

7Thereare other ways to de�ne the length of aninterval, e.g. based on thenumber of instructionsexecuted. We usethenumber of useful cache blocks
evicted to de�ne an interval because this metric providesa more accurate view of the memory behavior of a program than the number of instructions
executed.
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3.3. Dynamically Adjusting Prefetcher Behavior

At the end of each sampling interval, the computed values of the accuracy, lateness,and pollution metricsareusedto

dynamically adjust the behavior of the prefetcher. The behavior of the prefetcher is adjustedin two ways: (1) by adjusting

theaggressivenessof theprefetching mechanism, (2) by adjusting the location in theL2 cache'sLRU stackwhereprefetched

blocks areinserted.

3.3.1. Adjusting Prefetcher Aggressiveness: The aggressiveness of the prefetcher directly determines the potential for

bene�t aswell as harm that is causedby the prefetcher. By dynamically adapting this parameterbasedon the collected

feedbackinformation, theprocessor cannot only achieve theperformancebene�ts of aggressiveprefetching during program

phaseswhereaggressive prefetching performs well but also eliminate the negative performance andbandwidth impact of

aggressiveprefetching during phaseswhereaggressiveprefetching performspoorly.

As shown in Table1, our baseline streamprefetcher has� ve differentcon�gu rationsranging from Very Conservativeto

VeryAggressive. Theaggressivenessof thestreamprefetcher isdetermined by theDynamicCon� guration Counter, which is

a 3-bit saturating counter that saturatesat values1 and 5. Initially, thevalue of theDynamicCon� guration Counter is setto

3, which indicatesMiddle-of-the-Roadaggressivenessstriking amiddleground betweentooconservativeandtooaggressive

prefetching.

DynamicCon�guration Counter Aggressiveness Prefetch Distance Prefetch Degree

1 VeryConservative 4 1
2 Conservative 8 1
3 Middle-of-the-Road 16 2
4 Aggressive 32 4
5 VeryAggressive 64 4

Table 1. Stream prefetcher con� guratio ns.

At theend of eachsampling interval, the valueof the DynamicCon�g uration Counter is updatedbasedon the computed

valuesof theaccuracy, lateness,and pollution metrics. The computedaccuracy is compared to two thresholds (A hig h and

A low ) and isclassi�ed ashigh, medium or low. Similarly, thecomputedlatenessis comparedto asingle threshold (Tlaten ess)

and is classi�ed aseitherlateor not-late. Finally, the computedpollution causedby theprefetcher is comparedto a single

threshold (Tpoll uti on ) and is classi�ed ashigh (polluting) or low (not-polluting). Weusestaticthresholds in our mechanisms.

Theeffectivenessof our mechanismcanbeimprovedby dynamicallytuning thevaluesof thesethresholdsand/orusingmore

thresholds,but such optimization is out of thescope of this paper. In Section5, we show thatevenwith untunedthreshold

values, the proposedfeedbackdirectedprefetching mechanism cansigni�cantly improve performance andreducememory

bandwidth consumption ondifferent dataprefetchers.

Table2 shows in detail how the estimated valuesof the threemetricsare usedto adjust the dynamic con� guration of

the prefetcher. We determined thecounter updatechoice for each caseempirically. If theprefetchesare causingpollution

(all even-numbered cases),the prefetcher is adjusted to be lessaggressive to reducecache pollution and to save memory

bandwidth (except in Case 2 when the accuracy is high and prefetches are late – we do increase aggressivenessin this

case to gain more bene� t from highly-accurateprefetches). If the prefetchesarelate but not polluting (Cases 1,5,9), then

the aggressiveness is increased to increasetimelinessunless the prefetch accuracy is low (Case9 – we do not increase

aggressivenessin thiscasebecausea large fractionof inaccurateprefetcheswill wastememory bandwidth). If theprefetches
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areneither latenor polluting (Cases3, 7, 11), theaggressivenessis left unchangedexcept whentheaccuracy is low (Case11

– wereduceaggressivenessin this caseto save wastedmemory bandwidth dueto inaccurateprefetches).

Case Prefetch Accuracy Prefetch Lateness CachePollution Dynamic Con� guration Counter Update (reason)

1 High Late Not-Polluting Increment (to increasetimeliness)
2 High Late Polluting Increment (to increasetimeliness)
3 High Not-Late Not-Polluting No Change(bestcasecon�guration)
4 High Not-Late Polluting Decrement (to reducepollution)
5 Medium Late Not-Polluting Increment (to increasetimeliness)
6 Medium Late Polluting Decrement (to reducepollution)
7 Medium Not-Late Not-Polluting No Change(to keepthebene�ts of timely prefetches)
8 Medium Not-Late Polluting Decrement (to reducepollution)
9 Low Late Not-Polluting No Change(to keepthebene�ts of timely prefetches)
10 Low Late Polluting Decrement (to reducepollution)
11 Low Not-Late Not-Polluting Decrement (to savebandwidth)
12 Low Not-Late Polluting Decrement(to reducepollution andsave bandwidth)

Table 2. How to adapt? Use of the three metrics to adjus t the aggressiv eness of the prefetcher.

3.3.2. Adjusting CacheInsertion Policy of PrefetchedBlocks: Ourfeedbackdirectedprefetching mechanismalsoadjusts

the locationin which a prefetchedblock is inserted in the LRU-stack of thecorresponding cache setbasedon theobserved

behavior of the prefetcher. In many cacheimplementations, prefetched cache blocks are simply inserted into the Most-

Recently-Used (MRU) position in theLRU-stack, sincesuch an insertion policy doesnot require any changesto the cache

implementation. Insertingtheprefetchedblocks into the MRU positioncanallow theprefetcher to be more aggressive and

requestdatalong before its usebecausethis insertionpolicy allows theuseful prefetchedblocks to staylonger in thecache.

However, if theprefetchedcacheblockscreatecachepollution, having adifferentcache insertion policy for prefetchedcache

blocks canhelp reduce the cachepollution caused by the prefetcher. A prefetched block that is not useful createsmore

pollution in the cacheif it is insertedinto the MRU position rather than a lessrecently usedposition because it stays in

the cache for a longer time period, occupying cache space that could otherwisebe allocatedto a useful demand-fetched

cacheblock. Therefore, if theprefetchrequestsarecausingcache pollution, it would bedesirable to reducethispollution by

changing the locationin theLRU stackin which prefetchedblocksareinserted.

Weproposeasimpleheuristic thatdecideswhere in theLRU stackof theL2 cacheset aprefetchedcacheblock is inserted

basedon theestimatedprefetcher-generatedcachepollution. At theendof asampling interval, theestimatedcachepollution

metric is comparedto two thresholds (Plow andPhi gh ) to determinewhether the pollution causedby the prefetcher waslow,

medium, or high. If the pollution caused by theprefetcher waslow, thenthe prefetchedcache blocks are inserted into the

middle (MID) position in the LRU stackduring the next sampling interval (for an n-way set-associative cache,we de�ne

the MID position in theLRU stackasthe f loor(n=2)th least-recently-used position).8 On the other hand, if the pollution

causedby the prefetcher wasmedium, the prefetched cache blocks are inserted into the LRU-4 position in the LRU stack

(for ann-way set-associative cache,we de�ne theLRU-4 position in the LRU stack asthef loor(n=4)th least-recently-used

position). Finally, if thepollution causedby theprefetcher washigh, theprefetchedcache blocksare insertedinto theLRU

positionduring thenext sampling interval in order to reducethepollution caused by the prefetched cacheblocks.

8Wefoundthatinsertingprefetchedblocksinto theMRU positiondoesnotprovidesigni�cantbene�ts overinserting themin theMID position. Therefore,
ourdynamic mechanismdoesnot insertprefetchedblocks into theMRU position. For adetailedanalysisof thecache insertion policy of prefetchedblocks,
seeSection5.2.
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4. Evaluation Methodology

We evaluatethe performance impact of feedback directedprefetching on an in-houseexecution-driven Alpha ISA sim-

ulator that modelsan aggressive superscalar, out-of-order execution processor. The parametersof theprocessorwe model

are shown in Table3. As theperformanceimpactsof prefetching and our mechanisms are dependent on the memory system

modeled, webrie�y describeour memory model next.

Pipeline 20-cycleminimum branchmisprediction penalty; 4 GHz processor
Branch Predictor aggressivehybrid branchpredictor (64K-entry gshare,64K-entry per-addressw/ 64K-entry selector)

wrong-path execution faithfully modeled
InstructionWindow 128-entry reorderbuffer; 128-entry INT, 128-entry FPphysical register fil es;64-entry storebuffer;
Execution Core 8-wide,fully-pipelined except for FPdivide; full bypass network
On-chip Caches 64KB Instruction cachewith 2-cycle latency;

64KB, 4-way L1 datacachewith 8 banksand 2-cycle latency, allows 4 load accessesper cycle;
1MB, 16-way, unified L2 cachewith 8 banksand 10-cycle latency, 128L2 MSHRs,
1 L2 read port, 1 L2 writeport; all cachesuseLRU replacement andhave64B block size

BusesandMemory 500-cycle minimummain memory latency; 32 DRAM banks;32B-wide,split-transaction
core-to-memorybusat 4:1 frequencyratio; 4.5 GB/sbusbandwidth; max. 128outstanding misses to main memory;
bank con�i cts, bandwidth, port contention,andqueueing delays faithfully modeled

Table 3. Baseline processor con �gu rati on.

4.1. Memory Model

We evaluate our mechanisms using a detailed
memory model which mimics the behavior and
the bandwidth/port limitations of all the hardware
structures in the memory system faithfully. All
the mentioned effects are modeled correctly and
bandwidth limitations are enforced in our model
as described in [15]. The major components in
the evaluated memory model are shown in Fig-
ure5. Thememory bushasabandwidth of 4.5GB/s.

Thebaselinehardwaredataprefetcherwemodel is a
streamprefetcher thatcantrack64different streams.
Prefetchrequestsgeneratedby thestreamprefetcher
are inserted into the PrefetchRequest Queue which
has128 entries in our model. Requests are drained
from this queue and inserted into the L2 Request
Queue andaregiven the lowestpriority sothat they
do not delay demand load/store requests. Requests
that miss in the L2 cache accessDRAM memory
by going through the Bus RequestQueue. L2 Re-
quest Queue,BusRequestQueue,andL2 Fill Queue
have 128 entries each. Only when a prefetch re-
quest goesout on the bus doesit count towards the
number of prefetchessent to memory. A prefetched
cacheblock is placed into the MRU position in the
L2 cachein the baselinecon� guration.

D-Cache

DRAM Memory Banks

I-Cache

I-Cache
misses

L2 Request Queue

L2 Fill Queue

L2 Cache

Bus

D-Cache misses and

On-Chip

Off-Chip

I-Cache fills

write backs

Prefetch Req Queue

L2 misses and write backs

Hardware

Prefetches

L2 demand misses

D-Cache fills

L2-Cache fills

L2-Cache hits

Bus Request Queue

L2 demand accesses
Prefetcher

Engine train the prefetcher

create tracking entries

Memory Controller

Figure 5. Memory system mod eled in our evaluatio ns.

4.2. Benchmarks

We focus our evaluation on thosebenchmarks from the SPEC CPU2000 suite where the most aggressive prefetcher

con� guration sends out to memory at least200K prefetch requests over the 250 mill ion instruction run. On the remaining
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nine programs of the SPECCPU2000 suite,thepotential for improving eitherperformance or bandwidth-ef�ciency of the

prefetcher is limited becausethe prefetcher is not active (even if it is con�gu red very aggressively).9 For reference, the

number of prefetchesgeneratedfor each benchmark in the SPECCPU2000suiteis shown in Table 4.

The benchmarks were compiled usingtheCompaqC/Fortran compilers with the-fas t optimizationsand pro�le-d riven

feedbackenabled. All benchmarksarefastforwardedto skip theinitialization portion of eachbenchmarkand thensimulated

for 250 million instructions.

gzip vpr gcc mcf crafty parser eon perlbmk gap vortex bzip2 twolf
31K 246K 110K 2585K 59K 515K 4969 9218 1656K 591K 336K 2749

wupwise swim mgrid applu mesa galgel art equake facerec ammp lucas fma3d sixtrack apsi
799K 8766K 2185K 6038K 273K 243K 13319K 2414K 2437K 1157K 1103 3643 292K 8656

Table 4. Numbe r of prefetches sent by a very aggress ive stream prefetcher for each benchmark in the SPEC CPU2000
sui te. The benchmarks shown in bold are used in our evaluation s.

4.3. Thr esholdsUsedin Feedback Dir ected Prefetching Implementation

The thresholds used in the implementationof our mechanism are provided in Table5. We determinedtheparameters of

our mechanismempirically. However, wedid not tunetheparametersto our applicationsetsincethis requiresanexponential

number of simulationsin terms of thedifferentparameter combinations. We estimatethat optimizing thesethresholds can

furtherimprove theperformanceandbandwidth-ef�ciency of our mechanism.

In systemswherebandwidth contention is estimated to be higher (e.g. systemswheremany threadsshare the memory

bandwidth), Ahig h and A low thresholds can be increased to restrict the prefetcher from being too aggressive. In systems

where the lateness of prefetches is estimatedto be higher due to higher contention in the memory system,reducing the

Tlate nes s threshold canincreaseperformanceby increasing the timelinessof the prefetcher. Reducing Tpoll ution , Phig h or

Plow thresholds results in reducing theprefetcher-generatedcachepollution. In systemswith higher contention for theL2

cachespace(e.g. systems with a smaller L2 cacheor with many threadssharing thesame L2 cache), reducing the valuesof

Tpoll ution , Phi gh or Plow maybedesirable to reducethecachepollution dueto prefetching.

Ahig h A low Tlat eness Tpollu tion Phig h Plo w

0.75 0.40 0.01 0.005 0.25 0.005
Table 5. Threshold s used in the evaluatio n of feedback direc ted prefetching .

5. Experimental Resultsand Analysis

5.1. Adju sting Prefetcher Aggressiveness

We �r st evaluate the performance of dynamic feedback directedprefetching to adjust the aggressivenessof the stream

prefetcher (asdescribed in Section 3.3.1) in comparison to four traditional con�gu rations that do not incorporatedynamic

feedback: No prefetching, Very Conservativeprefetching,Middle-of-the-Roadprefetching,andVery Aggressiveprefetching.

9We alsoevaluatedthe remainingbenchmarks thathave lesspotential. Results for thesebenchmarksareshown in Section 5.11.
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Figure 6 shows the IPC performanceof eachcon�g uration. Adjusting theprefetcher aggressivenessdynamically (i.e. Dy-

namic Aggressiveness) providesthebestaverageperformanceacrossall con� gurations. In particular, dynamically adapting

theaggressivenessof theprefetcherusing theproposedfeedbackmechanism provides4.7%higher averageIPCovertheVery

Aggressivecon�gur ationand 11.9% higher IPCover theMiddle-of-the-Roadcon�gu ration.

On almostall benchmarks,Dynamic Aggressivenessprovidesperformancethat is verycloseto the performanceachieved

by the best-performing traditional prefetcher con�g uration for eachbenchmark. Hence,the dynamic mechanism is able to

detectandemploy thebest-performing aggressiveness level for thestreamprefetcher on aper-benchmarkbasis.

Figure 6 shows that Dynamic Aggressiveness almost completely eliminatesthe large performancedegradation incurred

on somebenchmarks due to Very Aggressive prefetching. While the most aggressive traditional prefetcher con�g uration

providesthe bestaverage performance,it resultsin a 28.9% performance losson applu anda 48.2% performancelosson

ammp comparedto no prefetching. In contrast,Dynamic Aggressivenessresults in a 1.8% performance improvement on

applu and only a 5.9% performance losson ammp compared to no prefetching, similar to the best-performing traditional

prefetcher con�g urationfor the two benchmarks.
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Figu re 6. Performance of feedback­di rect ed adjustmen t of pref etcher aggress iveness in compari son to convention al
prefetcher con�g urat ions .

5.1.1. Adapting to the Program Figure7 shows the distribution of thevalue of the DynamicCon� guration Counter over

all sampling intervalsin theDynamicAggressivenessmechanism. For benchmarkswhereaggressiveprefetching hurtsperfor-

mance(e.g. applu, galgel,ammp), the feedbackmechanismchoosesandemploys the leastaggressivedynamiccon�g uration

(counter value of 1) for most of thesampling intervals. For example, theprefetcheris con� guredto be Very Conservative in

more than98% of the sampling intervalsfor both applu andammp.

On the other hand, for benchmarks where aggressive prefetching signi�cantly increasesperformance (e.g. wupwise,

mgrid, equake), feedback directedprefetching employs the most aggressive con�gu ration (counter value of 5) for most of

the sampling intervals. For example, the prefetcher is con�gu red to be Very Aggressive in more than98% of thesampling

intervalsfor wupwise,mgrid, andequake.
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Figu re 7. Distri butio n of the dynamic aggress iveness level (dynamic con� gura tio n counte r) of the prefetcher in
feedback direct ed pref etching.

5.2. Adju sting Cache Inserti on Policy of PrefetchedBlocks

Figure 8 shows theperformanceof dynamically adjustingthecache insertion policy (i.e. Dynamic Insertion) using feed-

backdirectedprefetchingasdescribedin Section 3.3.2. The performanceof Dynamic Insertionis comparedto four dif ferent

staticinsertion policies that always insert a prefetched block into the (1) MRU position, (2) MID (f loor(n=2)th) position

where n is the set-associativity, (3) LRU-4 (f loor(n=4)th least-recently-used)position, and(4) LRU position in the LRU

stack. Thedynamic cache insertion policy is evaluatedusingthe Very Aggressiveprefetcher con�g uration.
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Figure 8. Performan ce of feedback­dire cted adju stmen t of prefetch ins ertion polic y in comparis on to stati c polic ies.

The datain Figure 8 shows that statically inserting prefetchesin theLRU position canresultin signi�cant average per-

formance losscomparedto staticallyinserting prefetchesin theMRU position. This is becauseinserting prefetchedblocks

in theLRU positioncausesanaggressive prefetcherto evict prefetchedblocks before they get usedby demand loads/stores.

However, inserting in theLRU position eliminatestheperformancelossdue to aggressive prefetching in benchmarks where

aggressive prefetching hurts performance(e.g. applu and ammp). Among the static cache insertion policies, inserting the

prefetched blocks into the LRU-4 position provides the bestaverage performance, improving performanceby 3.2% over

insertingprefetchedblocks in the MRU position.
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Adjusting the cache insertion policy dynamically provides higher performancethan any of the static insertion policies.

Dynamic Insertion achieves 5.1% better performance than inserting prefetchedblocks into the MRU position and 1.9%

betterperformance than inserting theminto the LRU-4 position. Furthermore, Dynamic Insertion almost alwaysprovides

the performanceof the best staticinsertion policy for eachbenchmark. Hence,dynamically adapting the prefetch insertion

policy usingrun-time estimatesof prefetcher-generatedcache pollution is able to detectand employ the best-performing

cacheinsertion policy for thestreamprefetcher on a per-benchmark basis.

Figure 9 shows the distribution of the insertion position of the prefetchedblocks when Dynamic Insertion is used. For

benchmarks where a static policy of inserting prefetchedblocksinto theLRU positionprovides thebestperformanceacross

all staticcon�g urations (applu, galgel, ammp), Dynamic Insertionplacesmost(more than50%) of theprefetchedblocks into

the LRU position. Therefore,DynamicInsertionimprovesthe performance of thesebenchmarks by dynamically employing

the best-performing insertion policy.
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Figu re 9. Distri butio n of the insertion pos itio n of prefetched blocks usin g the feedback­di rected cache insertio n poli cy.

5.3. Putting It All Together: Dynamically Adjusting Both Prefetcher Aggressivenessand Inserti on Policy

This sectionexaminesthe useof feedback directedprefetching for dynamically adjusting both the prefetcher aggressive-

ness(DynamicAggressiveness) and thecacheinsertion policy of prefetchedblocks(Dynamic Insertion). Figure10 compares

the performance of � ve different mechanisms from left to right: (1) No prefetching, (2) Very Aggressive prefetching, (3)

Very Aggressive prefetching with Dynamic Insertion, (4) Dynamic Aggressiveness , and (5) Dynamic Aggressiveness and

Dynamic Insertion together.

UsingDynamicAggressivenessandDynamic Insertion together providesthe bestperformanceacrossall con�g urations,

improving the IPC by 6.5% over the best-performing traditional prefetcher con�gu ration (i.e. Very Aggressive con�gu ra-

tion). This performanceimprovement isgreaterthanthe performanceimprovementprovided by DynamicAggressivenessor

Dynamic Insertion alone. Hence, dynamically adjusting both aspectsof prefetcherbehavior (aggressivenessandinsertion

policy) providescomplementaryperformancebene�ts.

With theuseof feedbackdirectedprefetching to dynamically adjust both aspectsof prefetcher behavior, theperformance

lossincurredonsomebenchmarksdue to aggressiveprefetching is completely eliminated. No benchmark losesperformance

compared to employing no prefetching if both Dynamic Aggressiveness and Dynamic Insertion areused.In fact, feedback
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directed prefetching improvestheperformanceof applu by 13.4% andammp by 11.4%overno prefetching – two benchmarks

that otherwise incur very signi�cant performancelosseswith anaggressive traditional prefetchercon�gur ation.
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Figure 10. Performance of feedback direc ted prefetching (adjus tin g both aggressi veness and ins ertio n polic y).

5.4. Impact of Feedback Dir ected Prefetching on Memory Bandwidth Consumption

Aggressive prefetching canadverselyaffect the bandwidth consumption in thememory system when prefetchesarenot

usedor when they causecache pollution. Figure 11 shows the bandwidth impact of prefetching in terms of BusAccesses

per thousand Instructions (BPKI).10 Increasingtheaggressivenessof the traditional streamprefetchersigni�cantly increases

the memory bandwidth consumption, especiallyfor benchmarks where the prefetcher degradesperformance. The proposed

feedbackdirectedprefetching mechanismreducesthe aggressivenessof theprefetcher in thesebenchmarks. For example,

in applu and ammp our feedback mechanism usually choosesthe least aggressive prefetchercon�g uration and the least

aggressivecacheinsertion policy asshown in Figures7 and 9. Thisresultsin thelargereduction in BPKI shown in Figure11.

Using theproposedfeedbackdirectedprefetching mechanism (DynamicAggressivenessand Dynamic Insertion) consumes

18.7% lessmemory bandwidth thanthe Very Aggressive traditional prefetcher con�gu ration, while it provides6.5% higher

performanceasshown in Section 5.3.

Table6 shows theaverageperformanceand averagebandwidth consumption of dif ferent traditional prefetchercon�g u-

rations and the dynamic feedback directed prefetching. Comparedto thetraditional prefetcher con� guration that consumes

similar amount of memory bandwidth as feedback directedprefetching11, the feedback directedprefetching mechanism

provides 13.6% higher performance. Hence, incorporating our dynamic feedback mechanism into the stream prefetcher

signi�cantly increasesthe bandwidth-ef�ciency of the baseline streamprefetcher.

No prefetching VeryConservative Middle-of-the-Road VeryAggressive Feedback-Directed

IPC 0.85 1.21 1.47 1.57 1.67
BPKI 8.56 9.34 10.60 13.38 10.88

Table 6. Average IPC and BPKI (Bus Acce sses per tho usand Instruc tio ns) for diff erent prefetcher con� gura tion s.

10We useBusAccesses(rather than thenumberof prefetchessent) asour bandwidth metric, becausethis metric includes theeffect of L2 missescaused
dueto demandaccessesaswell asprefetches.If theprefetcheris polluting thecache, then thenumber of L2 missesdueto demandaccesses alsoincreases.
Hence,counting thenumber of busaccessesprovidesamoreaccuratemeasureof thememorybandwidth consumed by theprefetcher.

11Middle-of-the-Road con�guration consumesonly 2.5% less memorybandwidth than feedback directed prefetching.
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Figure 11. Effect of feedback dire cted prefetchin g on memor y bandwidth consu mption .

5.5. HardwareCost and Complexity of FeedbackDirected Prefetching

Table7 shows thehardwarecostof theproposedmechanismin termsof therequiredstate. Feedback directedprefetching

does not addsigni�cant combinational logic complexity to theprocessor. Combinational logic is required for the updateof

counters, updateof thepref-bits in the L2 cache, updateof theentries in thepollution �lter , calculation of feedbackmetrics

at theendof each sampling interval, determinationof whena sampling interval ends,and insertionof prefetchedblocks into

appropriatelocations in the LRU stack of an L2 cacheset.None of the required logic ison thecritical pathof the processor.

Thestorage overheadof our mechanismis lessthan0.25% of thedata-storesize of thebaseline 1MB L2 cache.

pref-bit for each tag-storeentryin theL2 cache 16384blocks* 1 bit/block= 16384 bits
Pollution Filter 4096entries* 1 bit/entry= 4096bits

16-bit countersusedto estimatefeedbackmetrics 11counters* 16bits/counter= 176bits
pref-bit for eachMSHR entry 128entries* 1 bit/entry= 128 bits

Totalhardwarecost 20784bits = 2.54 KB
Percentageareaoverheadcompared to baseline1MB L2 cache 2.5KB/1024KB = 0.24%

Table 7. Hardware cost of feedback direc ted prefetching.

5.6. Using only Prefetch Accuracy for Feedback

Weuseacomprehensivesetof metrics–prefetchaccuracy, timeliness,and pollution– in order to providefeedbackto adjust

the prefetcher aggressiveness. In order to assessthe bene�t of usingtimeliness aswell ascachepollution, we evaluateda

mechanismwhere we adapted the prefetcher aggressivenessbased only on accuracy. In sucha scheme,we increment the

Dynamic Con� guration Counter if theaccuracy is high anddecrement it if theaccuracy is low. We found that, comparedto

this schemethat only usesaccuracy to throttle the aggressivenessof astreamprefetcher, our comprehensive mechanismthat

also takesinto account timelinessand cachepollution provides3.4%higherperformanceandconsumes2.5% lessbandwidth.

5.7. FeedbackDirected Prefetching vs. Usinga Prefetch Cache

Cachepollution causedby prefetchescanbeeliminated by bringing prefetched datainto separateprefetchbuffers[12, 10]

rather thaninserting prefetcheddatainto theL2 cache. Figures12 and 13 respectively show the performanceandbandwidth

consumption of the Very Aggressive prefetcher with dif ferent prefetch cache sizes- ranging from a 2KB fully-associate
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prefetchcacheto a 1MB 16-way prefetch cache.12 The performance of the Very Aggressive prefetcher andthe feedback

directed prefetching mechanismwhenprefetcheddata is insertedinto the L2 cache is alsoshown.
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Figure 12. Performanc e compa riso n of us ing a pref etch cache vs. feedback direc ted prefetching .
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Figure 13. Bandwidth comparis on of usin g a prefetch cache vs. feedback direc ted prefetching .

The resultsshow that usingsmall (2KB and 8KB) prefetchcachesdo not provide ashigh performance as inserting the

prefetched data into the L2 cache. With an aggressive prefetcher and a small prefetchcache, the prefetched blocks are

displacedby laterprefetchesbefore beingusedby the program- which results in lower performancewith a small prefetch

cache. However, largerprefetchcaches(32KB andlarger) improve performancecomparedto inserting prefetcheddata into

theL2 cachebecausea largerprefetchcachereducesthepollution causedby prefetcheddatain theL2 cachewhile providing

enough spacefor prefetchedblocks.

Using feedback directedprefetching (both Dynamic Aggressivenessand Dynamic Insertion) that prefetches into the L2

cacheprovides5.3%higherperformancethanthatprovidedby augmenting theVery Aggressivetraditionalprefetchercon�g-

uration with a32KB prefetchcache. Theperformanceof feedbackdirectedprefetching is alsowithin 2% of theperformance

of the Very Aggressive con�g uration with a 64KB prefetchcache. Furthermore, the memory bandwidth consumption of

feedbackdirectedprefetching is 16% and9% less thanthe Very Aggressive prefetcher con�gu rations with respectively a

12In the con�gurationswith a prefetch cache, a prefetchedcache block is movedfrom the prefetch cache into theL2 cacheif it is accessedby a demand
load/storerequest. Theblock sizeof theprefetchcacheand theL2 cacheare thesame andtheprefetch cacheisassumed to beaccessedin parallel with the
L2 cachewithoutany adverselatencyimpact onL2 cacheaccesstime.
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32KB and 64KB prefetchcache. Hence, feedback directedprefetching achievesthe performance provided by a relatively

largeprefetchcachebandwidth-ef�cie ntly and without requiring aslargehardwarecostand complexity asthatintroducedby

the addition of aprefetchcachethat is larger than32KB.

5.8. Effectof Feedback Dir ectedPrefetching on a Global History Buffer Based C/DC Prefetcher

We have also implemented the proposedfeedback directedprefetching mechanism on the C/DC (C-Zone Delta Corre-

lation) variant of the Global History Buffer (GHB) prefetcher [9]. In order to vary the aggressiveness of this prefetcher

dynamically, we vary thePrefetch Degree.13 Table8 shows the aggressivenesscon�g urations usedfor the GHB prefetcher.

Thedynamic feedbackdirectedmechanismadjusts the con�gu ration of the GHB prefetcherasdescribedin Section3.3.

DynamicCon�guration Counter Aggressiveness Prefetch Degree

1 VeryConservative 4
2 Conservative 8
3 Middle-of-the-Road 16
4 Aggressive 32
5 VeryAggressive 64

Table 8. Global Histor y Buff er based C/DC prefetcher con� gura tion s.

Figure14 showstheperformanceand bandwidthconsumptionof different GHBprefetchercon�g urationsand thefeedback

directed GHB prefetcherusingboth DynamicAggressivenessand DynamicInsertion. ThefeedbackdirectedGHB prefetcher

performssimilarly to thebest-performing traditionalcon�gu ration (Very Aggressivecon� guration), while it consumes20.8%

less memory bandwidth. Comparedto thetraditional GHB prefetcher con�g urationthatconsumessimilar amount of mem-

ory bandwidth as feedbackdirectedprefetching (i.e. Middle-of-the-Road con�g uration), the feedbackdirectedprefetching

mechanismprovides9.9% higher performance. Hence,feedbackdirectedprefetching signi�cantly increasesthebandwidth-

ef�ciency of GHB-baseddeltacorrelationprefetching. Note that it is possibleto improve the performance andbandwidth

bene�ts of theproposed mechanismby tuning thethresholdsusedin feedback mechanismsto thebehavior of theGHB-based

prefetcher.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

In
st

ru
ct

io
ns

 p
er

 C
yc

le

No prefetching
Very Conservative
Middle-of-the-Road
Very Aggressive
Dynamic Aggressiveness + Dynamic Insertion

bz
ip2 ga

p
m

cf
pa

rs
er

vo
rte

x
vp

r

wup
wise

sw
im

m
gr

id
ap

plu
m

es
a

ga
lge

l
ar

t
eq

ua
ke

fa
ce

re
c

am
m

p

six
tra

ck

gm
ea

n 0

5

10

15

20

25

30

35

40

45

B
P

K
I

No prefetching
Very Conservative
Middle-of-the-Road
Very Aggressive
Dyn. Aggr. + Dyn. Ins. 

bz
ip2 ga

p
m

cf
pa

rs
er

vo
rte

x
vp

r

wup
wise

sw
im

m
gr

id
ap

plu
m

es
a

ga
lge

l
ar

t
eq

ua
ke

fa
ce

re
c

am
m

p

six
tra

ck

am
ea

n

Figu re 14. IPC performance (left) and memor y bandwidth consumptio n in BPKI (rig ht) of GHB­based C/DC prefetchers
with and witho ut usin g feedback dire cted prefetchin g.

13In theGHB-basedprefetchingmechanism,Prefetch DistanceandPrefetch Degreeare thesame.
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5.9. Effectof Feedback Dir ectedPrefetching on a PC-BasedStridePrefetcher

We alsoevaluatedthe feedbackdirected prefetching mechanism on a PC-basedstride prefetcher [1] and found that the

resultsare similar to those achieved on both streamand GHB-based prefetchers. On average,using the feedback directed

approach resultsin a 4% performancegain anda 24% reduction in memory bandwidth compared to the best-performing

conventional con� gurationfor a PC-basedstride prefetcher. Due to spaceconstraints,we do not present detailedgraphsfor

theseresults.

5.10. Sensitivit y to L2 CacheSizeand Main Memory Latency

We alsoevaluatedthe sensitivity of the feedback-directedprefetching mechanism to different dif ferent cache sizesand

memory latencies. In theseexperiments,we varied the L2 cache sizekeeping the memory latency at 500 cycles(baseline)

andvariedthememory latency keeping thecachesizeat1MB (baseline). Table9 showsthechange in averageIPCand BPKI

provided by the feedback-directed prefetching mechanism over the best performing conventional prefetcher con�gu ration.

Thefeedback-directedprefetching mechanismprovidesbetterperformanceand consumessigni� cantly less bandwidth than

the best-performing conventional prefetcher con�g uration for all evaluatedcachesizesand memory latencies. As memory

latency increases,theIPCimprovement of ourmechanismalso increasesbecauseincreasing theeffectivenessof theprefetcher

becomesmore important whenmemory becomesmoreof a performancebottleneck.

L2 Cache Size(memorylatency = 500cycles)

512KB 1 MB 2 MB
� IPC � BPKI � IPC � BPKI � IPC � BPKI

0% -13.9% 6.5% -18.7% 6.3% -29.6%

Memory Latency (L2 cache size = 1 MB)

250cycles 500 cycles 1000 cycles
� IPC � BPKI � IPC � BPKI � IPC � BPKI
4.5% -23.0% 6.5% -18.7% 8.4% -16.9%

Table 9. Change in IPC and BPKI with feedback­dire cted prefetchin g when L2 size and memor y latency are varied.

5.11. Effect of Feedback Dir ected Prefetching on Other SPEC CPU2000Benchmarks

Figure 15 shows theIPC andBPKI impact of feedbackdirectedprefetching on the remaining 9 SPEC CPU2000 bench-

marks that have lesspotential. We �n d that our feedback directedscheme provides0.4% performanceimprovement over

the bestperforming conventional prefetchercon�g uration(i.e. Middle-of-the-Road con� guration) while reducing the band-

width consumption by 0.2%. None of the benchmarks lose performancewith feedback directedprefetching. Note that

the best-performing conventional con�g uration for these 9 benchmarks is not the sameasthebest-performing conventional

con� guration for the17 memory-intensive benchmarks (i.e. Very-Aggressive con�gu ration). Also note that the remaining

9 benchmarks are not bandwidth-intensive except for fma3d andgcc. In gcc, the performance improvement of feedback

directed prefetching is 3.0% over the Middle-of-the-Roadcon�g uration. The prefetcher pollutes the L2 cache andevicts

many useful instruction blocks in gcc, resulting in very long-latency instruction cache missesthat leave the processoridle.

Using feedbackdirectedprefetching reducesthis negativeeffectby detecting thepollution caused by prefetchreferencesand

dynamically reducing theaggressivenessof the prefetcher.

6. RelatedWork

Even though mechanismsfor dataprefetching have beenstudied for a long time, dynamic mechanisms to adapt the

aggressivenessof theprefetcher have not been studied asextensively asalgorithms that decidewhatto prefetch. We brie�y

describe previouswork in dynamic adaptation of prefetching policies in microprocessors.
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Figu re 15. IPC performance (left) and memory bandwidth cons umptio n in BPKI (right ) of the stream prefetcher with
and witho ut using feedback directed pref etching.

6.1. Dynamic Adaptation of Data Prefetching Policies

Thework most relatedto ours in adapting theprefetcher'saggressivenessis Dahlgrenetal.'spaper thatproposed adaptive

sequential (next-line) prefetching [4] for multiprocessors. This mechanismimplemented two countersto count thenumber

of sentprefetches(counter-sent) and thenumber of useful prefetches(counter-used). Whencounter-sent saturates,counter-

usedis comparedto a staticthreshold to decidewhether to increase or decrease the aggressiveness(i.e. Prefetch Distance)

of the prefetcher. While Dahlgren et al.'s mechanism to calculateprefetcher accuracy is conceptually similar to ours, their

approach consideredonly prefetch accuracy to dynamically adapt prefetch distance. Our proposal takes into account not

only accuracy, but also prefetch timelinessand cachepollution to provide a comprehensive feedback mechanism. Also,

Dahlgren et al.'s mechanismis designed for a simple sequential prefetching mechanism which prefetches up to 8 cache

blocks following each cache miss. In this paper, we provide a generalized feedback-directedapproach for dynamically

adjusting the aggressivenessof state-of-the-art hardware dataprefetchers.We show that our feedbackmechanism improves

the performanceand bandwidth ef�ciency of the commonly usedstream-basedprefetchers aswell asglobal-history-buffer

basedprefetchersand PC-basedstride prefetchers.

Nesbitetal. [9] proposedtracking phasesof aprogram execution. Whentheprogramentersanew phaseof execution, the

prefetcher is tunedbased on thecharacteristicsof the phase.This mechanism keeps trackof phases by forming instruction

working setsignaturesand associatesa signature with the best-performing prefetcher con� guration for thatphase. In order

to perform phasedetection/prediction andidenti�ca tion of the bestprefetcher con�gu ration for a given phase, signi�cant

amount of extrahardwareis needed. In comparison, our mechanism is simpler becauseit doesnot require phasedetectionor

prediction mechanismsbut insteadadaptsprefetcherbehavior using threeeasy-to-computemetrics.

6.2. Cache Pollutio n Filtering
Charney and Puzak[3] proposed�lter ing L1 cachepollution caused by next-sequentialprefetching andshadow directory

prefetching fromtheL2 cache into theL1 cache.Theirschemeassociatesacon� rmation bit with eachblock in theL2 cache.

The con�rma tion bit of a cache block is set if the block wasusedby a demandaccess when it wasprefetched into theL1

cachethe lasttime. WhenaprefetchrequestaccessestheL2, it checks if the con� rmation bit is set.If thecon�rma tion bit is

not set, the prefetchrequestis discarded, predicting that it wil l not beuseful. For this schemeto be extendedto prefetching

from main memory to the L2 cache, a separatestructure that maintains information about the blocks evicted from the L2

cacheis required. This signi�cantly increasesthe hardware costof their mechanism. Our mechanism doesnot needto keep

history informationfor evictedL2 cacheblocksasit predictshow theprefetcherwill perform basedonly on thethreemetrics
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described.

Zhuang andLee[23] proposedto �l ter prefetcher-generated cachepollution by usingschemessimilar to two-level branch

predictors. Their mechanismtries to identify whetheror not a prefetchwill be useful basedon pastinformation about the

usefulnessof theprefetchesgeneratedto thesamememory addressor triggeredby thesameloadinstruction. Thismechanism

can reduce pollution only after recording the past behavior of a prefetchedaddressor load instruction. In contrast, our

mechanismdoesnot require thecollectionof �n e-grain informationon eachprefetchaddressor loadaddress in order to vary

the aggressivenessof the prefetcher.

Otherapproachesfor cache pollution � ltering include usinga pro�ling mechanismto mark load instructions that can

trigger hardwareprefetches[21], and usingcompile-time techniquesto mark deadcache locations sothat prefetches canbe

insertedin deadlocations [8]. In comparison to these two mechanisms,our mechanism doesnot require any softwareor

ISA support and canadjust to dynamic program behavior even if it dif fers from the behavior of the compile-time pro�le.

Lin et al. [14] proposedusingdensityvectors to determine what to prefetchinsidea region. This wasespecially useful in

their model asthey used very bandwidth-intensive scheduled region prefetching, which prefetchesall the cache blocks in

a memory region on a cachemiss. This approach canbe modi�ed and combined with our proposalto further remove the

pollution causedby blocks thatarenotusedin aprefetchstream.

6.3. Cache Insertion Policy for Prefetches
Lin et al. [13] evaluatedstaticpoli cies to determine the placement in cache of prefetchesgeneratedby a scheduled region

prefetcher. Their schemeplacedprefetchesin theLRU position of theLRU stackbecausethey found that this policy resulted

in good overall performance in their model. We found that, even though inserting prefetches in the LRU position reduces

the cache pollution effects of prefetches on some benchmarks, it also reduces the positive bene� ts of aggressive stream

prefetching on other benchmarks becauseuseful prefetches–if placedin the LRU position–canbe easily evicted from the

cachein an aggressive prefetching schemewithout providing any bene�t. We have shown in Section5.2 that statically

placing prefetchesin theLRU-4 positionof the LRU stack provides good overall performance. Dynamicallyadjusting the

insertionposition of prefetched blocks basedon the estimatedpollution increasestheaverageperformance by 1.9% over the

beststaticpolicy and by 18.8% over insertingprefetchesin theLRU position.

7. Conclusionand Futur eWork
This paper proposeda feedbackdirectedmechanism that dynamically adjusts the behavior of a hardwaredata prefetcher

to improve performanceandreduce memory bandwidth consumption. Our resultsshow that using the proposed feedback

directed mechanismincreasesaverageperformanceby 6.5% onthe17memory-intensivebenchmarks in theSPECCPU2000

suite compared to the best-performing stream-basedprefetcher con�gu ration, while it consumes18.7% lessmemory band-

width. On the remaining 9 SPECCPU2000 benchmarks, the proposeddynamic feedback mechanism performs aswell as

the best-performing conventional streamprefetcher con�gu ration for those9 benchmarks. Furthermore, theproposedfeed-

backmechanism eliminatestheperformance lossincurredon somememory-intensive benchmarks dueto prefetching. Over

previous research in adaptiveprefetching, our contributionsare:

� We proposea comprehensive and low-cost feedback mechanism that takesinto account prefetchaccuracy, timeliness,

and cache pollution causedby prefetchrequeststogether to both throttle the aggressivenessof the prefetcherand to

decide where in the cacheto placethe prefetchedblocks.Previousapproachesconsideredusingonly prefetch accuracy

to determine the aggressivenessof simple sequential (next-line) prefetchers.
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� We develop and evaluate a low-costmechanismto estimateat run-time the cache pollution causedby hardwaredata

prefetching.

� We proposeand evaluateusing comprehensive feedback mechanismsfor state-of-the-art streamprefetchers that are

commonly employedby today's high-performanceprocessors.Our feedback-directed mechanismis applicable to any

kind of hardwaredataprefetcher. Weshow thatit workswell with stream-basedprefetchers,global-history-buffer based

prefetchers and PC-basedstride prefetchers. Previous adaptive mechanisms wereapplicable to only simplesequential

prefetchers [4].

Future work can incorporateother important metrics, such as availablememory bandwidth, estimatesof the contention

in the memory system,and prefetchcoverage, into the dynamic feedback mechanism to provide further improvement in

performance and further reduction in memory bandwidth consumption. Using genetic algorithms to determine the best

decisions to make and thebestthresholds to usein feedbackdirectedprefetching canalsoincrease thebene� ts providedby

theproposedapproach. Themetricsde�ned and usedin thispapercould alsobeused aspartof theselectionmechanism in a

hybrid prefetcher. Finally, eventhough this paper evaluated feedbackmechanismsfor dataprefetchers, themechanismscan

be easily extendedto instruction prefetchers.
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