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Abstract

I/O prefetchingserves to hide the latency of slow pe-
ripheraldevices.TraditionalOS-level prefetchingstrate-
gieshave tendedto beconservative, fetchingonly those
datathatarevery likely to beneededaccordingto some
simple heuristic,and only just in time for them to ar-
rive beforethe �rst access. More aggressive policies,
which might speculatemoreaboutwhich datato fetch,
or fetch them earlier in time, have typically not been
considereda prudentuseof computational,memory, or
bandwidthresources.We argue,however, that techno-
logical trendsand emerging systemdesigngoalshave
dramatically reducedthe potential costs and dramati-
cally increasedthepotentialbene�tsof highly aggressive
prefetchingpolicies. We proposethatmemorymanage-
mentberedesignedto embracesuchpolicies.

1 Intr oduction

Prefetching,alsoknown asprepagingor read-ahead,has
beenstandardpractice in operatingsystemsfor more
than thirty years. It complementstraditional caching
policies,suchasLRU, by hiding or reducingthelatency
of accessto non-cacheddata.Its goalis to predictfuture
dataaccessesandmakedataavailablein memorybefore
they arerequested.

A commondebateaboutprefetchingconcernshow ag-
gressive it shouldbe. Prefetchingaggressivenessmay
vary in terms of timing and datacoverage. The tim-
ing aspectdetermineshow early prefetchingof a given
blockshouldoccur. Thedatacoverageaspectdetermines
how speculative prefetchingshouldbe regardingwhich
blocksarelikely to beaccessed.Conservative prefetch-
ing attemptsto fetch dataincrementally, just in time to
beaccessed,andonly whencon�denceis high [3]. Ag-
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gressive prefetchingis distinguishedin two ways. First,
it prefetchesdeeperin a referencestream,earlier than
wouldbenecessarysimplyto hideI/O latencies.Second,
it speculatesmoreaboutfutureaccessesin anattemptto
increasedatacoverage,possiblyat thecostof prefetch-
ing unnecessarydata.

The literatureon prefetchingis very rich (far too rich
to includeappropriatecitationshere).Researchershave
suggestedandexperimentedwith history-basedpredic-
tors, applicationdisclosedhints, application-controlled
prefetching,speculativeexecution,anddatacompression
in order to improve prefetchingaccuracy andcoverage
for both inter- andintra-�le accesses.Variousmethods
have alsobeenproposedto control theamountof mem-
ory dedicatedto prefetchingandthepossibleeviction of
cachedpagesin favor of prefetching.

Published studies have shown that aggressive
prefetching has the potential to improve I/O perfor-
mance for a variety of workloads and computing
environments,either by eliminating demandmisseson
pagesthata conservative systemwould not prefetch,or
by avoiding long delayswhendevice responsetimesare
irregular. Mostmodernoperatingsystems,however, still
rely on variantsof thestandard,conservative sequential
read-aheadpolicy. Linux, for example,despiteits rep-
utationfor quick adoptionof promisingresearchideas,
prefetchesonly whensequentialaccessis detected,and
(by default) to a maximumof only 128KB.

Conservative algorithmshave historically beenrea-
sonable:aggressive prefetchingcanhave a negative im-
pacton performance.We begin by reviewing this down-
sidein Section2. In Section3, however, we arguethat
the conventionalwisdomno longerholds. Speci�cally,
the risks posedby aggressive prefetchingare substan-
tially reducedon resource-richmodernsystems.More-
over, new systemdesigngoals,suchaspower ef�ciency
and disconnectedor weakly-connectedoperation,de-
mandtheimplementationof veryaggressivepoliciesthat
predictandprefetchdatafaraheadof theirexpecteduse.



Finally, in Section4 we presentnew researchchallenges
for prefetchingalgorithmsanddiscussthe implications
of thosealgorithmsfor OSdesignandimplementation.

2 Traditional concerns

Undercertainscenariosaggressiveprefetchingmayhave
a severenegative impactonperformance.

Buffer cachepollution. Prefetchingdeeperin a refer-
encestreamriskspolluting thebuffer cachewith unnec-
essarydataand ejectinguseful data. This risk is par-
ticularly worrisomewhenmemoryis scarce,andwhen
predictable(e.g.sequential)accessesto predictable(e.g.
serverdisk)devicesmakeit easyto computeaminimum
necessary“lead time”, andoffer little bene�t from work-
ing fartherahead.

Incr eased physical memory pressure. Aggressive
prefetching may increasephysical memory pressure,
prolongingthe executionof the pagereplacementdae-
mon. In theworstcase,correctlyprefetchedpagesmay
beevictedbeforethey haveachanceto beaccessed.The
systemmayeventhrash.

Inef�cient useof I/O bandwidth. Aggressiveprefetch-
ing requires speculation about the future reference
stream,andmayresultin readinga largeamountof un-
necessarydata.Performancemaysuffer if bandwidthis
a bottleneck.

Incr easeddevice congestion. Aggressive prefetching
leadsto an increasednumberof asynchronousrequests
in I/O devicequeues.Synchronousrequests,which have
animmediateimpacton performance,maybepenalized
by waiting for prefetchesto complete.

Techniquesexist to minimizetheimpactof theseprob-
lems.Moreaccuratepredictionalgorithmscanminimize
cachepollution andwastedI/O bandwidth. The ability
to cancelpendingprefetchoperationsmay reducethe
risk of thrashingif memorybecomestoo tight. Replace-
mentalgorithmsthat balancethe costof evicting an al-
readycachedpageagainstthe bene�t of prefetchinga
speculatedpagecanpartiallyavoid theejectionof useful
cacheddata(thisassumesanon-linemechanismto accu-
ratelyevaluatetheeffectivenessof cachingandprefetch-
ing). Prefetchedpagescanbe distinguishedfrom other
pagesin the pagecacheso that, for example,they can
usea differentreplacementpolicy (LRU is not suitable).
Finally, priority-baseddiskqueuesthatschedulerequests
basedon somenotion of criticality can reducethe im-
pactof I/O congestion.All of thesesolutions,unfortu-
nately, introducesigni�cant implementationcomplexity,
discouragingtheir adoptionby general-purposeoperat-
ing systems. In addition, most of the problemsabove
aremostsevereon resource-limitedsystems.A general-
purposeOS,whichneedsto runonavarietyof machines,

may forgo potentialbene�ts at the high endin orderto
avoid moreseriousproblemsat thelow end.

3 Why it makessensenow

Two groupsof trendssuggesta reevaluationof thecon-
ventionalwisdomonaggressiveprefetching.First, tech-
nological and market forces have led to dramatic im-
provementsin processingpower, storagecapacity, andto
a lesserextent I/O bandwidth,with only modestreduc-
tions in I/O latency. Thesetrendsserve to increasethe
needfor aggressiveprefetchingwhile simultaneouslyde-
creasingits risks.Second,emergingdesigngoalsandus-
agepatternsareincreasingtheneedfor I/O while making
its timing lesspredictable;this, too, increasesthevalue
of aggressiveprefetching.

3.1 Technologicaland market tr ends

Magnetic disk performance. Thoughdisk latency has
beenimproving at only about10%peryear, increasesin
rotationalspeedandrecordingdensityhavealloweddisk
bandwidthsto improveatabout40%peryear[6]. Higher
bandwidthdisks allow—in fact require—thesystemto
readmoredataon eachdisk context switch, in orderto
balancethetime thatthedisk is actively readingor writ-
ing againstthetime spentseeking.In recognitionof this
fact,moderndiskshave largecontrollercachesdevoted
to speculatively readingwhole tracks. In theabsenceof
memoryconstraints,aggressiveprefetchingservesto ex-
ploit largeon-diskcaches,improving utilization.
Lar ge memory size at low cost. Memory production
is increasingata rateof 70%annually, while priceshave
beendroppingby 32%peryear[5], reachingacosttoday
of about12 centspermegabyte.Laptopcomputerswith
512MB of memoryarenow common,while desktopand
high-endsystemsmay boastseveral Gigabytes. While
applicationneedshavealsogrown, it seemsfair to sayon
thewholethat today's machineshave signi�cantly more
memory“slack” than their predecessorsdid, providing
theopportunityto prefetchaggressively with low risk of
pollutionor memorypressure.

Figure1 presentslaptopmemoryavailability andcom-
pany recommendedmemory sizesfor commercialop-
eratingsystemsand applicationssince1995. Memory
availability is shown usingthreepossiblecon�gurations:
the maximumandminimumavailable,anda ” low cost”
option obtainedby �lling every memoryslot with the
densityof RAM thatmaximizedMB/dollar in the tech-
nology of the day. A comparisonbetweenthe recom-
mendedmemorysizefor ourmostmemory-intensiveap-
plication,Photoshop,andthelow-costmemorycon�gu-
rationshowsthattheavailablememory“slack” in a low-
cost laptop hasgrown from lessthan1MB in 1995 to



Figure1: Memory “slack” trends. The �gure presents
how laptop memory availability and memory require-
mentsof commercialapplicationsandoperatingsystems
have changedduring the last 15 years. Memory avail-
ability dataarebasedon Macintoshlaptopsystems[1]
andarerepresentedusingthreepossiblecon�gurations:
the maximumandminimumavailable,anda ” low cost”
option obtainedby �lling every memoryslot with the
densityof RAM thatmaximizedMB/dollar in the tech-
nology of theday. Memory requirementdataarebased
on company recommendationsfor Microsoft Windows
operatingsystemsand two applications,Adobe Photo-
shopandMicrosoft Of�ce. For Microsoft Windows and
AdobePhotoshopcompany recommendedandrequired
memorysizesareprovided. For Microsoft Of�ce, Min
representsthememoryrequiredto runasingleof�ce ap-
plicationandMaxrepresentsthememoryrequiredto run
six of�ce applicationsconcurrently.

morethan100MB today. The available“slack” is sig-
ni�cantly higherfor high-endlaptopsanddesktops.As
memorysizesanddisk bandwidthscontinueto increase,
and as multimediaapplicationscontinueto proliferate
(moreon this below), theperformancebene�t of aggres-
siveprefetchingwill surpassthatof cachingpolicies.

I/O performance variability . In the past,prefetching
algorithmshave beendevelopedunder the assumption
thatstoragedevicesareableto deliver dataat relatively
constantlatenciesandbandwidths.This assumptionno
longerholds. First, usersaccessdatathroughmultiple
deviceswith differentperformancecharacteristics.Sec-
ond,theperformanceof a givendevice canvary greatly.
Increasesin arealdensitiesof magneticdiskshave led to
bandwidthdifferencesof 60% or more [7] betweenin-
ner andouter tracks,and this gap is expectedto grow.
Li et al. [10] demonstratea 15%to 47%throughputim-
provementfor server-classapplicationsthrougha com-
petitiveprefetchingalgorithmthattakesinto accountthe
performancevariability of magneticdisks. Similarly,

wirelessnetwork channelsare proneto noiseandcon-
tention,resultingin dramaticvariationin bandwidthover
time. Finally, power-saving modesin disks and other
devicescan lead,often unpredictably, to very large in-
creasesin latency. To maintaingoodperformanceand
make ef�cient useof theavailablebandwidth,prefetch-
ing hasto be sensitive to a device's performancevari-
ation. Aggressive prefetchingserves to exploit periods
of higherbandwidth,hideperiodsof higherlatency, and
generallysmoothout �uctuationsin performance.

The processor–I/O gap. Processorspeedshave been
doublingevery 18 to 24 months,increasingthe perfor-
mancegap betweenprocessorsand I/O systems. Pro-
cessingpoweris in factsofaraheadof disk latenciesthat
prefetchinghasto work multiple blocksaheadto keep
theprocessorsuppliedwith data.Moreover, many appli-
cationsexhibit phasesthat alternatebetweencompute-
intensive andI/O-intensive behavior. To maximizepro-
cessorutilization, prefetchoperationsmust start early
enoughto hide the latency of the last accessof an I/O-
intensivephase.Prefetchingjust in time to minimizethe
impactof thenext accessis not enough.Early prefetch-
ing, of course,implies reducedknowledgeaboutfuture
accesses,andrequiresbothmoresophisticatedandmore
speculative predictors,to maximizedatacoverage.For-
tunately, modernmachineshave suf�cient sparecycles
to supportmorecomputationallydemandingpredictors
thananyonehasyet proposed.In recognitionof the in-
creasedportionof timespenton I/O duringsystemstart-
up, Microsoft Windows XP employs history-basedin-
formedprefetchingto reduceoperatingsystemboottime
andapplicationlaunchtime[12]. Similarapproachesare
beingconsideredby Linux developers[8].

3.2 Designgoalsand usagepatterns

Lar ger data sizes. Worldwide productionof magnetic
contentincreasedat an annualrate of 22% from 1999
to 2000[11]. This increasehasbeenfacilitatedby an-
nual increasesin disk capacityof 130%[19]. Multime-
dia content(sound,photographs,video)contributessig-
ni�cantly to andwill probablyincreasethe growth rate
of on-linedata.As previousstudieshave shown [2, 14],
larger datasetsdiminish the impactof larger memories
oncachehit rates,increasingtheimportanceof prefetch-
ing. Media applicationsalsotend to toucheachdatum
only once,limiting thepotentialof caching.

Multitasking . The dominanceand maturity of multi-
taskingcomputersystemsallow endusersto work con-
currentlyon multiple tasks.On a typical researchdesk-
top, it is easyto imagine listening to a favorite MP3
trackwhile browsingtheweb,downloadinga movie, re-
building asystemin thebackground,andkeepinghalf an
eyeonseveraldifferentinstantmessagingwindows. The



constantswitchingamonguserapplications,several of
which may be accessinglargeamountsof data,reduces
theef�ciency of LRU-stylecaching;aggressiveprefetch-
ing allows eachapplicationto perform larger, lessfre-
quentI/O transfers,exploiting thedisk performancead-
vancesdescribedabove.

Energy and power ef�ciency. Energy andpower have
becomemajor issuesfor both personalcomputersand
servers. Componentsof modernsystems—andI/O de-
vicesin particular—havemultiple powermodes.Bursty,
speculative prefetchingcanleadto dramaticenergy sav-
ingsby increasingthetimespentin non-operationallow-
powermodes[15]. As shown in our previouswork [16],
we canunderreasonableassumptions1 save asmuchas
72% of total disk energy even if only 20% of what we
prefetchactuallyturnsoutto beuseful.At thesametime,
operational low-powermodes,asin recentproposalsfor
multi-speeddisks[4], suggesttheneedfor smoothaccess
patternsthat cantoleratelower bandwidth. Prefetching
algorithmsfor thenext generationof disksmayneedto
switchdynamicallybetweensmoothlow-bandwidthop-
erationandburstyhigh-bandwidthoperation,depending
on theofferedworkload.

Reliability and availability of data. Mobile sys-
tems must increasinglyaccommodatedisconnectedor
weakly-connectedoperation[9], and provide ef�cient
supportfor several portablestoragedevices[13]. Reli-
ability andavailability have traditionally beentopicsof
�le systemresearch.We believe, however, that mem-
ory managementandspeci�cally prefetchingmustplay
a largerrole. Mobile usersmayneedto dependon mul-
tiple legacy �le systems,not all of which may handle
disconnectionwell. But while computersmayhavemul-
tiple �le systems,they have a singlememorymanage-
mentsystem.The�le systemfunctionalitythatprovides
accessunderdisconnectedor weakly-connectedopera-
tion is basedon aggressive, very speculative prefetch-
ing (with cachingon local disk). This prefetchingcan
be moved from the low-level �le systemto the mem-
ory managementand virtual �le systemlayers, where
it canbe usedin conjunctionwith arbitraryunderlying
�le systems. Aggressive prefetchingthat monitorsac-
cesspatternsthroughthevirtual �le systemandis imple-
mentedat thememorymanagementlevel mightprefetch
andbackup datato bothRAM andlocal peripheralde-
vices.

1We assume50MB of memorydedicatedto prefetchingand an
applicationdataconsumptionrate of 240KB/s (equivalent to MPEG
playback).Energy savingsaresigni�cant for several combinationsof
memorysizesusedfor prefetching,dataratesandprefetchingaccuracy
ratings.

4 Research challenges

Thetrendsdescribedin Section3 raisenew designchal-
lengesfor aggressiveprefetching.

Device-centric prefetching. Traditionally, prefetching
hasbeenapplication-centric.Previous work [17] sug-
gestsa cost-bene�tmodelbasedon a constantdisk la-
tency in orderto control prefetching.Suchan assump-
tion doesnot hold in modernsystems. To accommo-
datepoweref�ciency, reliability, andavailability of data
underthevaryingperformancecharacteristicsof storage
devices, prefetchinghasto re�ect both the application
and the device. Performance,power, availability, and
reliability characteristicsof devicesmustbe exposedto
prefetchingalgorithms[10, 13, 16].

Characterization of I/O demands. Revealing device
characteristicsis not enough. To make informed deci-
sionsthe prefetchingandmemorymanagementsystem
will also requirehigh level information on accesspat-
ternsand other applicationcharacteristics.An under-
standingof applicationreliability requirements,band-
width demands,and latency resilience can improve
prefetchingdecisions.

Coordination. Non-operationallow-power modesde-
pendon long idle periodsin orderto save energy. Unco-
ordinatedI/O activity generatedby multitaskingwork-
loadsreducesperiodsof inactivity andfrustratesthegoal
of poweref�ciency. Aggressive,coordinatedprefetching
can be usedin order to coordinateI/O requestsacross
multiple concurrentlyrunning applicationsand several
storagedevices.

Speculative predictors that provide increaseddata
coverage. Emerging designgoals, describedin Sec-
tion 3, make the caseto prefetchsigni�cantly deeper
than traditional just-in-timepolicieswould suggest. In
addition to short-termfuture dataaccesses,prefetching
must predict long-termuser intention and tasksin or-
der to minimize the potentiallysigni�cant energy costs
of misses(e.g.for disk spin-up)andto avoid the possi-
bility of applicationfailureduringweakly-connectedop-
eration.

Prefetchingand caching metrics. Traditionally, cache
missratioshave beenusedin orderto evaluatethe ef�-
ciency of prefetchingandcachingalgorithms.Theutility
of this metric,however, dependson theassumptionthat
all cachemissesareequivalent [18]. Power ef�ciency,
availability, andvaryingperformancecharacteristicslead
to different costsfor eachmiss. For example,a miss
on a spun-down disk can be signi�cantly more expen-
sive in termsof bothpowerandperformancethanamiss
on remotedataaccessedthroughthenetwork. We need
new methodsto evaluatethe effectivenessof proposed
prefetchingalgorithms.



In addition, several traditional prefetchingproblems
may requirenew or improved solutionsas prefetching
becomesmoreaggressive. Examplesinclude:

� Separatehandlingof prefetchedandcached,accessed
pages.

� Algorithms that dynamicallycontrol the amountof
physicalmemorydedicatedto prefetching.

� Monitoring systemsthat evaluate the ef�ciency of
predictorsandprefetchingalgorithmsusingmultiple
metrics (describingperformance,power ef�ciency,
andavailability) andtake corrective actionsif neces-
sary.

� Priority-baseddiskqueuesthatminimizethepossible
negative impactof I/O queuecongestion.

� Mechanismsto cancelin-progressprefetchoperations
in theeventof mispredictionsor suddenincreasesin
memorypressure.

� Datacompressionor othertechniquesto increasedata
coverage.

To �rst approximation,thememorymanagementsys-
tem of today assumesresponsibility for cachingsec-
ondary storagewithout regard to the natureof either
the applicationsabove it or the devicesbeneathit. We
believe this hasto change. The “storagemanagement
system”of the future will track andpredict the behav-
ior of applications,and prioritize and coordinatetheir
likely I/O needs. At the sametime, it will model the
latency, bandwidth,andreliability of devicesover time,
moving datanot only betweenmemoryandI/O devices,
but amongthosedevicesaswell, to meetuser-speci�ed
needsfor energy ef�ciency, availability, reliability, and
interactiveresponsiveness.
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