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Abstract

I/O prefetchingsenesto hide the lateng of slow pe-
ripheraldevices. Traditional OS-level prefetchingstrate-
gieshave tendedto be conserative, fetchingonly those
datathatarevery likely to be neededaccordingto some
simple heuristic,and only just in time for themto ar-
rive beforethe rst access. More aggressie policies,
which might speculatemore aboutwhich datato fetch,
or fetch them earlier in time, have typically not been
considereda prudentuseof computationalmemory or
bandwidthresources.We argue, however, that techno-
logical trendsand emeping systemdesigngoals have
dramatically reducedthe potential costs and dramati-
cally increasedhepotentialbene tsof highly aggressie
prefetchingpolicies. We proposethat memorymanage-
mentberedesignedo embracesuchpolicies.

1 Intr oduction

Prefetchingalsoknown asprepagingr read-aheadhas
beenstandardpracticein operatingsystemsfor more
than thirty years. It complementdraditional caching
policies,suchasLRU, by hiding or reducingthe lateng
of accesdo non-cachedlata.lts goalis to predictfuture
dataaccesseandmake dataavailablein memorybefore
they arerequested.

A commondebateaboutprefetchingconcerndiow ag-
gressie it shouldbe. Prefetchingaggressienessmay
vary in termsof timing and data coverage. The tim-
ing aspectdetermineshow early prefetchingof a given
block shouldoccur Thedatacoverageaspectietermines
how speculatie prefetchingshouldbe regardingwhich
blocksarelikely to be accessedConserative prefetch-
ing attemptsto fetch dataincrementally just in time to
be accessedandonly whencon denceis high [3]. Ag-
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gressie prefetchingis distinguishedn two ways. First,

it prefetchesdeeperin a referencestream,earlier than
wouldbenecessargimplyto hidel/O latencies Second,
it speculatesnoreaboutfuture accessem anattemptto

increasedatacoverage possiblyat the costof prefetch-
ing unnecessargata.

Theliteratureon prefetchingis veryrich (fartoorich
to includeappropriatecitationshere). Researcherbave
suggestednd experimentedwith history-basedredic-
tors, applicationdisclosedhints, application-controlled
prefetchingspeculatre execution,anddatacompression
in orderto improve prefetchingaccurag and coverage
for bothinter- andintra- le accessesVariousmethods
have alsobeenproposedo controlthe amountof mem-
ory dedicatedo prefetchingandthe possibleeviction of
cachedpagesn favor of prefetching.

Published studies have shown that aggressie
prefetching has the potential to improve 1/0 perfor
mance for a variety of workloads and computing
ervironments,either by eliminating demandmisseson
pagesthata conserative systemwould not prefetch,or
by avoiding long delayswhendevice responsgimesare
irregular Most modernoperatingsystemshowever, still
rely on variantsof the standardconsenrative sequential
read-aheagbolicy. Linux, for example,despiteits rep-
utationfor quick adoptionof promisingresearctideas,
prefetchenly whensequentiabccesds detectedand
(by default) to a maximumof only 128KB.

Consenrative algorithms have historically beenrea-
sonable:aggressie prefetchingcanhave a negative im-
pacton performanceWe begin by reviewing this down-
sidein Section2. In Section3, however, we arguethat
the corventionalwisdomno longerholds. Speci cally,
the risks posedby aggressie prefetchingare substan-
tially reducedon resource-richmodernsystems.More-
over, new systemdesigngoals,suchaspower ef ciency
and disconnectedbr weakly-connectedperation, de-
mandtheimplementatiorof very aggressie policiesthat
predictandprefetchdatafar aheadf their expecteduse.



Finally, in Section4 we presennhew researctthallenges
for prefetchingalgorithmsand discussthe implications
of thosealgorithmsfor OS designandimplementation.

2 Traditional concemns

Undercertainscenariogggressie prefetchingmayhave
a severenegativeimpacton performance.

Buffer cachepollution. Prefetchingdeeperin arefer

encestreamrisks polluting the buffer cachewith unnec-
essarydataand ejectinguseful data. This risk is par

ticularly worrisomewhenmemoryis scarce,andwhen
predictablgle.g.sequentialaccesseto predictablge.g.
senerdisk) devicesmake it easyto computea minimum
necessaryieadtime”, andoffer little bene t from work-

ing fartherahead.

Increased physical memory pressue. Aggressve

prefetching may increasephysical memory pressure,
prolongingthe executionof the pagereplacementiae-
mon. In the worst case correctly prefetchecbagesmay

beevictedbeforethey have achanceo beaccessedlhe

systemmay eventhrash.

Inef cient useof I/O bandwidth. Aggressve prefetch-
ing requires speculationabout the future reference
stream,andmay resultin readinga large amountof un-

necessarylata. Performancenay suffer if bandwidthis

abottleneck.

Increaseddevice congestion. Aggressie prefetching
leadsto anincreasechumberof asyndronousrequests
in 1/0 device queues Syndronousrequestswhich have
animmediateimpacton performancemay be penalized
by waiting for prefetchego complete.
Techniquegxistto minimizetheimpactof theseprob-
lems.More accurateredictionalgorithmscanminimize
cachepollution andwastedl/O bandwidth. The ability
to cancelpending prefetchoperationsmay reducethe
risk of thrashingif memorybecomegootight. Replace-
mentalgorithmsthat balancethe costof evicting an al-
ready cachedpageagainstthe bene t of prefetchinga
speculateghagecanpartially avoid the ejectionof useful
cachedlata(thisassumeanon-linemechanisnto accu-
rately evaluatethe effectivenes®of cachingandprefetch-
ing). Prefetchedagescanbe distinguishedrom other
pagesin the pagecacheso that, for example,they can
useadifferentreplacemenpolicy (LRU is not suitable).
Finally, priority-basedlisk queueghatscheduleequests
basedon somenotion of criticality canreducethe im-
pactof 1/O congestion.All of thesesolutions,unfortu-
nately introducesigni cant implementatiorcomplexity,
discouragingtheir adoptionby general-purposeperat-
ing systems. In addition, most of the problemsabove
aremostsevereon resource-limitedystemsA general-
purposeDS,whichneedgo runonavarietyof machines,

may forgo potentialbene ts at the high endin orderto
avoid moreseriousproblemsatthelow end.

3  Why it makessensenow

Two groupsof trendssuggest reevaluationof the con-
ventionalwisdomon aggressie prefetching.First, tech-
nological and market forces have led to dramaticim-
provementsn processingpower, storagecapacityandto
a lesserextent1/0O bandwidth,with only modestreduc-
tionsin I/O latengy. Thesetrendssene to increasethe
needfor aggressie prefetchingvhile simultaneouslyle-
creasingts risks. Secondemegingdesigngoalsandus-
agepatternsareincreasingheneedfor I/O while making
its timing lesspredictable;this, too, increaseshe value
of aggresasie prefetching.

3.1 Technologicaland market trends

Magnetic disk performance. Thoughdisk lateng has
beenimproving atonly about10% peryear, increasesn

rotationalspeedandrecordingdensityhave allowed disk
bandwidthgo improve atabout40%peryear[6]. Higher
bandwidthdisks allow—in fact require—thesystemto
readmore dataon eachdisk context switch, in orderto
balancethetime thatthe diskis actively readingor writ-

ing againsthetime spentseeking.In recognitionof this
fact, moderndisks have large controllercachesdevoted
to speculatiely readingwhole tracks. In the absencef
memoryconstraintsaggressie prefetchingsenesto ex-

ploit large on-diskcachesimproving utilization.

Large memory size at low cost. Memory production
isincreasingatarateof 70%annually while priceshave
beendroppingby 32%peryear[5], reachingacosttoday
of about12 centspermegabyte.Laptopcomputerswith
512MB of memoryarenow commonwhile desktopand
high-endsystemsamay boastsereral Gigabytes. While
applicationneedshave alsogrown, it seemdair to sayon
thewholethattoday's machineshave signi cantly more
memory“slack” thantheir predecessordid, providing
the opportunityto prefetchaggressiely with low risk of
pollution or memorypressure.

Figurel present$aptopmemoryavailability andcom-
pary recommendednemory sizesfor commercialop-
eratingsystemsand applicationssince 1995. Memory
availability is shovn usingthreepossiblecon gurations:
the maximumand minimumavailable,anda ”low cost
option obtainedby lling every memoryslot with the
densityof RAM that maximizedMB/dollar in the tech-
nology of the day. A comparisorbetweenthe recom-
mendednemorysizefor ourmostmemory-intensieap-
plication, Photoshopandthe low-costmemorycon gu-
rationshavs thatthe availablememory*“slack” in alow-
costlaptop hasgrown from lessthan1MB in 1995t0



Figure1: Memory “slack” trends. The gure presents
how laptop memory availability and memory require-
mentsof commerciabpplicationsandoperatingsystems
have changedduring the last 15 years. Memory avail-
ability dataare basedon Macintoshlaptop systemg1]
andarerepresentedisingthreepossiblecon gurations:
the maximumand minimumavailable,anda " low cost
option obtainedby lling every memoryslot with the
densityof RAM that maximizedMB/dollar in the tech-
nology of theday. Memory requirementataarebased
on compaty recommendationfor Microsoft Windows
operatingsystemsand two applications,Adobe Photo-
shopandMicrosoft Of ce. For Microsoft Windows and
Adobe Photoshopzompary recommendedndrequired
memorysizesare provided. For Microsoft Of ce, Min
representthememoryrequiredto runasingleof ce ap-
plicationandMax representthememoryrequiredto run
six of ce applicationsconcurrently

morethan 100MB today The available“slack” is sig-
ni cantly higherfor high-endlaptopsanddesktops.As
memorysizesanddisk bandwidthscontinueto increase,
and as multimedia applicationscontinueto proliferate
(moreonthis below), the performancédene t of aggres-
sive prefetchingwill surpasghatof cachingpolicies.

I/O performance variability . In the past, prefetching
algorithmshave beendevelopedunderthe assumption
that storagedevicesareableto deliver dataat relatively
constantatenciesand bandwidths. This assumptiomo
longer holds. First, usersaccessdatathroughmultiple
deviceswith differentperformancecharacteristicsSec-
ond, the performancef a givendevice canvary greatly
Increase# arealdensitiesof magnetiadiskshave led to
bandwidthdifferencesof 60% or more[7] betweenin-
ner and outer tracks,and this gapis expectedto grow.
Li etal. [10] demonstrata 15%to 47% throughputim-
provementfor sener-classapplicationsthrougha com-
petitive prefetchingalgorithmthattakesinto accounthe
performancevariability of magneticdisks. Similarly,

wirelessnetwork channelsare proneto noiseand con-
tention,resultingin dramaticvariationin bandwidthover
time. Finally, power-sasing modesin disks and other
devices canlead, often unpredictablyto very large in-
creasesn lateng. To maintaingood performanceand
malke ef cient useof the available bandwidth,prefetch-
ing hasto be sensitve to a device's performancevari-
ation. Aggressve prefetchingsenesto exploit periods
of higherbandwidth hide periodsof higherlateng, and
generallysmoothout uctuationsin performance.

The processorl/O gap. Processospeedshave been
doubling every 18 to 24 months,increasingthe perfor

mancegap betweenprocessorand I/O systems. Pro-
cessingpoweris in factsofaraheadf disk latencieghat
prefetchinghasto work multiple blocks aheadto keep
theprocessosuppliedwith data.Moreover, mary appli-
cationsexhibit phaseghat alternatebetweencompute-
intensive andl/O-intensive behaior. To maximizepro-
cessorutilization, prefetch operationsmust start early
enoughto hide the lateng of the last accesf an I/O-

intensive phase Prefetchingustin time to minimizethe
impactof the next accesss not enough.Early prefetch-
ing, of course,implies reducedknowledgeaboutfuture
accessegndrequiresbhothmoresophisticate@ndmore
speculatie predictorsto maximizedatacoverage.For-

tunately modernmachineshave sufcient sparecycles
to supportmore computationallydemandingpredictors
thanarnyonehasyet proposed.In recognitionof the in-

creasegbortionof time spenton I/O duringsystemstart-
up, Microsoft Windows XP employs history-basedn-

formedprefetchingo reduceoperatingsystemboottime

andapplicationlaunchtime [12]. Similarapproacheare
beingconsideredy Linux developerd8].

3.2 Designgoalsand usagepatterns

Larger data sizes. Worldwide productionof magnetic
contentincreasedat an annualrate of 22% from 1999
to 2000[11]. This increasehasbeenfacilitatedby an-
nualincreasesn disk capacityof 130%[19]. Multime-
dia content(sound,photographsyideo) contributessig-
ni cantly to andwill probablyincreasethe growth rate
of on-line data. As previous studieshave showvn [2, 14],
larger datasetsdiminish the impactof larger memories
oncachehit rates,ncreasingheimportanceof prefetch-
ing. Media applicationsalsotendto touch eachdatum
only once limiting the potentialof caching.

Multitasking . The dominanceand maturity of multi-
taskingcomputersystemsallow endusersto work con-
currentlyon multiple tasks. On a typical researctdesk-
top, it is easyto imagine listening to a favorite MP3
trackwhile browsingtheweb, downloadinga movie, re-
building a systemin thebackgroundandkeepinghalf an
eye onseveraldifferentinstantmessagingvindows. The



constantswitching amonguserapplications,several of
which may be accessindarge amountsof data,reduces
theef ciency of LRU-stylecaching;aggressie prefetch-
ing allows eachapplicationto performlarger, lessfre-
qguentl/O transfersgexploiting the disk performancead-
vanceglescribedbove.

Energy and power ef ciency. Enegy andpower have
becomemajor issuesfor both personalcomputersand
seners. Componentof modernsystems—and/O de-
vicesin particula—have multiple power modes.Bursty,
speculatie prefetchingcanleadto dramaticenegy sav-
ingsby increasinghetime spentin non-operationdbw-
power modeg15]. As shavnin our previouswork [16],
we canunderreasonabl@ssumptionssave asmuchas
72% of total disk enegy evenif only 20% of what we
prefetchactuallyturnsoutto beuseful. At thesamdime,
opefational low-powermodesasin recentproposaldor
multi-speedisks[4], suggestheneedfor smoothaccess
patternsthat cantoleratelower bandwidth. Prefetching
algorithmsfor the next generatiorof disksmay needto
switch dynamicallybetweensmoothlow-bandwidthop-
erationandbursty high-bandwidthoperationdepending
ontheofferedworkload.

Reliability and availability of data. Mobile sys-
tems must increasinglyaccommodatedisconnectecbr

weakly-connectedperation[9], and provide efcient

supportfor several portablestoragedevices[13]. Reli-

ability andavailability have traditionally beentopics of

le systemresearch. We believe, however, that mem-
ory managemenandspeci cally prefetchingmustplay

alargerrole. Mobile usersmay needto dependon mul-

tiple legagy le systemsnot all of which may handle
disconnectionvell. But while computersnayhave mul-

tiple le systemsthey have a single memorymanage-
mentsystem.The le systemfunctionalitythatprovides
accesaunderdisconnectear weakly-connecteapera-
tion is basedon aggressie, very speculatie prefetch-
ing (with cachingon local disk). This prefetchingcan
be moved from the low-level le systemto the mem-
ory managemenand virtual le systemlayers, where
it canbe usedin conjunctionwith arbitrary underlying
le systems. Aggressve prefetchingthat monitorsac-
cesyatternghroughthevirtual le systemandisimple-

mentedat the memorymanagemenievel might prefetch
andbackup datato bothRAM andlocal peripheralde-
vices.

1We assume50MB of memory dedicatedto prefetchingand an
applicationdataconsumptiorrate of 240KB/s (equivalentto MPEG
playback). Enegy savings are signi cant for several combinationsof
memorysizesusedfor prefetchingdataratesandprefetchingaccuray
ratings.

4 Reseach challenges

Thetrendsdescribedn Section3 raisenew designchal-
lengedfor aggresaie prefetching.

Device-centric prefetching Traditionally, prefetching
hasbeenapplication-centric. Previous work [17] sug-
gestsa cost-bene tmodelbasedon a constantdisk la-

teng in orderto control prefetching. Suchan assump-
tion doesnot hold in modernsystems. To accommo-
datepower ef ciency, reliability, andavailability of data
underthe varying performancecharacteristicef storage
devices, prefetchinghasto re ect both the application
and the device. Performancepower, availability, and

reliability characteristice®f devicesmustbe exposedto

prefetchingalgorithms[10, 13, 16].

Characterization of 1/O demands. Revealing device
characteristicés not enough. To make informed deci-
sionsthe prefetchingand memorymanagemensystem
will also require high level information on accesgat-
terns and other applicationcharacteristics. An under
standingof applicationreliability requirementsband-
width demands,and lateng resilience can improve
prefetchingdecisions.

Coordination. Non-operationalow-power modesde-

pendonlongidle periodsin orderto sare enegy. Unco-

ordinatedl/O actiity generatedy multitaskingwork-

loadsreducegperiodsof inactivity andfrustrateghegoal

of poweref ciency. Aggressive,coordinatedrefetching
canbe usedin orderto coordinatel/O requestsacross
multiple concurrentlyrunning applicationsand several

storagedevices.

Speculatve predictors that provide increaseddata
coverage. Emeging designgoals, describedin Sec-
tion 3, make the caseto prefetchsigni cantly deeper
thantraditional just-in-time policies would suggest.In
additionto short-termfuture dataaccessesprefetching
must predict long-termuser intention and tasksin or-
derto minimize the potentially signi cant enegy costs
of misseg(e.qg.for disk spin-up)andto avoid the possi-
bility of applicationfailureduringweakly-connectedp-
eration.

Prefetching and caching metrics. Traditionally, cache
missratios have beenusedin orderto evaluatethe ef -
cieng of prefetchingandcachingalgorithms.Theutility
of this metric, however, dependon the assumptiorthat
all cachemissesare equivalent[18]. Power efciency,
availability, andvaryingperformanceharacteristickead
to different costsfor eachmiss. For example,a miss
on a spun-devn disk can be signi cantly more expen-
sivein termsof both power andperformanceéhanamiss
on remotedataaccessethroughthe network. We need
nev methodsto evaluatethe effectivenessof proposed
prefetchingalgorithms.



In addition, several traditional prefetchingproblems
may requirenew or improved solutionsas prefetching
becomesnoreaggressie. Examplednclude:

Separatéandlingof prefetchecandcachedaccessed
pages.

Algorithms that dynamically control the amountof
physicalmemorydedicatedo prefetching.

Monitoring systemsthat evaluate the ef ciency of

predictorsand prefetchingalgorithmsusing multiple

metrics (describing performance,power efciency,

andavailability) andtake corrective actionsif neces-
sary

Priority-basedlisk queueghatminimizethe possible
negative impactof I/O queuecongestion.

Mechanismso cancelin-progresgrefetchoperations
in the event of mispredictionsor suddenincreasesn
memorypressure.

Datacompressiomr othertechniqueso increaselata
coverage.

To rst approximationthe memorymanagemengys-
tem of today assumegesponsibility for caching sec-
ondary storagewithout regard to the nature of either
the applicationsabove it or the devices beneathit. We
believe this hasto change. The “storagemanagement
system”of the future will track and predictthe beha-
ior of applications,and prioritize and coordinatetheir
likely /0O needs. At the sametime, it will modelthe
lateng/, bandwidth,andreliability of devicesovertime,
moving datanot only betweermemoryandl/O devices,
but amongthosedevicesaswell, to meetuserspeci ed
needsfor enepgy ef ciency, availability, reliability, and
interactve responsieness.
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