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Abstract
Traditionaldisk managementstrategies—prefetchingand
cachingin particular—aredesignedto maximizeperfor-
mance. In mobile systemsthey con�ict with strategies
that attemptto save energy by powering down the disk
whenit is idle. We presentnew rulesfor prefetchingand
cachingthat maximizepower-down opportunities(with-
out performanceloss)by creatinganaccesspatternchar-
acterizedby intenseburstsof activity separatedby long
idle times. We also describean automaticsystemthat
monitorspastapplicationbehavior in orderto generateap-
propriateprefetchinghints,andageneralsystemof kernel
enhancementsthatcoordinateI/O activity acrossall run-
ningapplications.

We have implementedour systemin theLinux kernel,
andhavemeasuredits performanceandenergy consump-
tion via physicalinstrumentationof a runninglaptop.We
describeour implementationandpresentquantitative re-
sults. For workloadsincluding a mix of sequentialac-
cessto large�les (multimedia),concurrentaccessto large
numbersof �les (compilation),andrandomaccessto large
�les (speechrecognition),we reportdisk energy savings
of 60–80%,with negligible lossin throughputor interac-
tive responsiveness.

1 Intr oduction
Prefetchingandcachingarestandardpracticein modern
�le systems.They serve to improve performance—toin-
creasethroughputanddecreaselatency—by eliminating
as many I/O requestsas possible,and by spreadingthe
requeststhat remainas smoothlyas possibleover time.
This strategy resultsin relatively short intervals of inac-
tivity. It ignoresthe goal of energy ef�ciency so impor-
tantto mobilesystems,andin factcanfrustratethatgoal.
Magneticdisks, network interfaces,and similar devices
provide low-powerstatesthatsave energy only whenidle
intervalsarerelatively long. A smoothaccesspatterncan
eliminateopportunitiesto save energy even during such
light workloadsasMPEGandMP3playback.

� Thiswork wassupportedin partby NSFgrantsEIA-0080124,CCR-
9988361,andCCR-0204344;by DARPA/AFRL contractF29601-00-K-
0182;andby SunMicrosystemsLaboratories.

The aim of our work is to createbursty accesspat-
ternsfor deviceswith non-operationallow-power states,
increasingthe averagelengthof idle intervalsandmaxi-
mizingutilizationwhenthedeviceis active,withoutcom-
promisingperformance.At presentwe are focusingon
harddisks.

Typical harddisksfor mobile systemssupportat least
four power states:Active, Idle, Standby, andSleep.The
disk only works in the Active state. In the Idle statethe
disk is still spinning,but theelectronicsmaybepartially
unpowered,andtheheadsmaybeparkedor unloaded.In
theStandbystatethedisk is spundown. TheSleepstate
powersoff all remainingelectronics;a hard resetis re-
quiredto returnto higherstates.Individual devicesmay
supportadditionalstates.TheIBM TravelStar, for exam-
ple,hasthreedifferentIdle sub-states.

Oneto threesecondsaretypically requiredto transition
from Standbyto Active state. During that spin-uptime
thediskconsumes1.5–2Xasmuchpowerasit doeswhen
Active. The typical laptopdisk mustthereforeremainin
Standbystatefor asigni�cant amountof time—ontheor-
der of 5–16secondsfor currentlaptopdisks—tojustify
the energy cost of the subsequentspin-up. The energy
savingsin Idle stateapproachesthatof Standbystate,par-
ticularly in very small form factordevices,andthe time
andenergy to movefrom Idle to Activestateareminimal.
Hence,even modestincreasesof the disk's idle interval
canleadto signi�cant energy savings.

In previous work we madethe casefor energy ef�-
ciency throughburstinessanddemonstratedtheenergyef-
�ciency potentialof aggressiveprefetchingfor rate-based
applicationswith sequentialaccesspatterns[28, 29]. In
thispaper, weprovideadetaileddescriptionof thedesign
andimplementationof our prefetchingandcachingalgo-
rithms. In addition,we provide experimentalresultsfor
morechallengingworkloadmixes,includingapplications
thatmakenon-sequentialaccessesto multiple �les.

We have implementedour systemin the Linux 2.4.20
kernel. We have extendedthememorymanagementand
�le systemof the operatingsystemwith algorithmsand
datastructuresto:

� Quickly identify the working setof the executingjob



mix and dynamicallycontrol the amountof memory
usedfor aggressive prefetchingandbuffering of dirty
data.

� Coordinatethegenerationof I/O requestsamongcon-
currently running applications,so that they are ser-
vicedby thedevice during thesamesmallwindow of
time.

In designingand evaluatingour systemwe have fo-
cusedonlong-runningapplicationsthatarecommonlyex-
ecutedonmobilesystems,andthatgeneratea largenum-
ber of I/O requests,separatedby idle times too short to
be exploited by the hard disk for energy savings. Ex-
amplesincludedatatransfer(copying); encoding,decod-
ing, and compression;compilationand build; scripting
utilities for systemmaintenance;andcomputationallyde-
mandinguserinterfacetasks,e.g.speechrecognition.

The following Section provides rules for optimal
prefetchingwhen the goal is energy ef�ciency. Sec-
tions 3 and4 describethe designof our prefetchingand
requestdeferringmechanisms.Section5 presentsexper-
imentalresults.Section6 discussespreviouswork. Sec-
tion 7 summarizesourconclusions.

2 Prefetchingfor Energy Ef�ciency
To illustrate the differencesthat arise when prefetch-
ing hasthe additionalgoal of improving disk energy ef-
�ciency, consideran application with referencestring
f A B C D E F G : : : g anda steadyrateof oneaccess
every 10 time units. Assumethat the buffer cachehas
roomfor threeblocks,andthatthedisk requiresonetime
unit to fetcha block thatmissesin thecache.1

Figures1–3 illustrate the executionof the application
while accessingthe�rst 6 elementsof thereferencestring,
with an optimal replacementstrategy and three differ-
entprefetchingstrategies: Figure1 illustratesa fetch-on-
demandstrategy; Figure2 illustratesa strategy that fol-
lows the prefetchingrulesof Caoet al. [1]; Figure3 il-
lustratesanenergy-consciousprefetchingstrategy thatat-
temptsto maximizethe lengthof the disk idle intervals.
Underthe fetch-on-demandstrategy the applicationruns
for 66 time unitsandexperiences6 misses.Thedisk idle
time is spreadacross6 intervals of 10 time units each.
With a traditionalprefetchingstrategy (Figure2) run time
decreasesto 61timeunitsandtheapplicationexperiences
just onemiss. The distribution of disk idle time remains
practically unchanged,however: 5 intervals of 9 time
unitseachandoneof 8 time units. Theenergy-conscious
prefetchingstrategy (Figure3) achievesthesameexecu-
tion time and the samenumberof missesas traditional

1Note that the applicationin this exampleconsumesdataat a rate
slower thanthe bandwidthof the disk. The goal of our work is to in-
creasethelengthof diskidle interval for workloadsthatrunfor relatively
long periodsanddonot requirethedisk to beactive constantly.
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Figure 1: Optimal Replacementand Fetch-on-Demand.
Accessingthe referencestring up to elementF requires
66 time units.Thedisk idle time appearsin 6 intervalsof
10 time unitseach.

prefetching,but the disk idle time appearsin two much
longerintervals: oneof 27 time unitsandoneof 28 time
units.

2.1 Rulesfor Optimal PrefetchingRevisited
Traditionalprefetchingstrategiesaim to minimizeexecu-
tion time by deciding:
� whento fetchablock from disk,
� whichblock to fetch,and
� whichblock to replace.

Previous work [1] describesfour rules to make these
decisionsin aperformance-optimalfashion:

1. OptimalPrefetching: Everyprefetchshouldbring into
thecachethenext block in thereferencestreamthatis
not yet in thecache.

2. Optimal Replacement:Every prefetchshoulddiscard
theblockwhosenext referenceis farthestin thefuture.

3. Do no harm: Never discardblock A to prefetchblock
B whenA will bereferencedbeforeB.

4. First Opportunity: Never perform a prefetch-and-
replaceoperationwhenthe sameoperations(fetching
the sameblock and replacingthe sameblock) could
havebeenperformedpreviously.

The �rst threerules answerthe questionsof what to
prefetch(rules1 and2) and(partially) whento prefetch
(rule 3), and apply equally well to energy-conscious
prefetching.The fourth rule suggeststhat a prefetchop-
erationshouldbeissuedwhen(a)aprior fetchcompletes,
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Figure2: OptimalReplacementandTraditionalPrefetch-
ing. Accessingthe referencestring up to elementF re-
quires61 time units. The disk idle time appearsin 5 in-
tervalsof 9 timeunitseachandoneof 8. In a longrunthe
averageidle interval lengthwill be9 time units.
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Figure 3: Optimal Replacementand Energy-conscious
Prefetching.Accessingthereferencestringup to element
F requires61 time units. The disk idle time appearsin
oneinterval of 27 time unitsandoneof 28. In a long run
theaverageidle interval lengthwill be28 timeunits.

or (b) the block that would be discardedwas just refer-
enced. Identifying this �rst opportunitycanbe dif�cult,
and indeedmost real systemsare considerablylessag-
gressive. As notedby Pattersonetal. [31], thefull perfor-
mancebene�t of prefetchingwill beachievedevenif the
prefetchcompletesjust barely beforethe corresponding
access.

We observe, however, that any uniform prefetchpol-
icy will tend to producea smoothaccesspattern,with
short idle times. As an example, considera system
with a cachesize of k blocks, a referencestring R =
f b1 b2 : : : bk bk+1 : : : bn g, wheren > k, andan inter-
accesstimeof A . If we follow rule4, we will fetchblock
bk+1 immediatelyafterthereferenceto b1, bk+2 immedi-
atelyafter the referenceto b2 andsoon, breakinga pos-
sible disk idle interval of lengthk � A into intervals of
lengthA � F , whereF representsthetimeto fetchablock
from the disk. AssumingF < A, an energy-conscious
prefetchingalgorithmshouldnot initiate the prefetchof
bk+1 until F time units prior to its reference.Thenin a
singleburst it shouldprefetchblocksf bk+1 : : : b2k � 1g,
replacingblocks f b1 : : : bk � 1g. Intuitively, this policy
alternatesbetween“�rst opportunity” and“just in time”
prefetching,dependingonwhetherthedisk is currentlyin
theActivestate.

Basedontheabovediscussion,to accommodatethere-
quirementof energy ef�ciency, wereplacerule4 with the
following:

40: MaximizeDisk Utilization: Alwaysinitiate a prefetch
operationafter the completion of a fetch, if there
are blocksavailable for replacement(with respectto
Rule3).

50: RespectIdle Time: Never interrupta periodof inactiv-
ity with a prefetchoperationunlesstheprefetchhasto
beperformedimmediatelyin orderto maintainoptimal
performance.

Rule40 guaranteesthata soon-to-be-idledisk will not
be allowed to becomeinactive if thereareblocks in the
cachethatmaybereplacedby blocksthatwill beaccessed
earlier in the future. This way disk utilization is maxi-
mizedandshort intervalsof idle time that cannotbe ex-
ploitedfor energyef�ciency areavoided.Rule50attempts
to maximizethe lengthof a periodof inactivity without
degradingperformance.Note that the rule implies that
the prefetchingalgorithmshouldtake into accountaddi-
tional delaysdueto disk activationor congestionaswell
asthetimerequiredfor a fetchto complete.An algorithm
that follows rules40 and50 will leadto the samehit ra-
tio andexecutiontimeasanalgorithmfollowing therules
of Caoet al., but will exhibit fewer andlongerperiodsof
disk inactivity wheneverpossible.



State Value
ActivePower 2.0W
Idle Power 0.61W

Idle-to-ActiveEnergy 1.5J
Idle-to-ActiveTime 0.55s

Active-to-IdleEnergy 2.4J
Active-to-IdleTime 0.85s

StandbyPower 0.15W
SpinupEnergy 5.0J
SpinupTime 1.6s

Spindown Energy 2.94J
Spindown Time 2.3s

Table1: Abstractdisk modelparametersfor computing
thepotentialof aggressivespeculativeprefetching.Values
arebasedon the characteristicsof the Hitachi DK23DA
harddisk.

2.2 Prefetching's Potential for Energy
Savings

In comparisonto traditional prefetching,which aims to
reducethe latency of accessto disks in the active state,
prefetchingfor energy ef�ciency hasto be signi�cantly
moreaggressive in both quantityandcoverage.A tradi-
tionalprefetchingalgorithmcanfetchdataincrementally:
its goal is simply to requesteachblock far enoughin ad-
vancethatit will alreadybeavailablewhentheapplication
needsit. It will improveperformancewhenever its rateof
“true positives” (prefetchedblocksthatturn out to indeed
be needed)is reasonablyhigh, and its “f alsepositives”
(prefetchedblocksthataren't neededafterall) don't getin
the way of fetchingthe “f alsenegatives” (neededblocks
that aren't prefetched).By contrast,an energy-reducing
prefetchingalgorithmmustfetchenoughblocksto satisfy
all readrequestsduringa lengthyidle interval. Minimiz-
ing “f alsenegatives” is moreimportantthanit is in tradi-
tional prefetching,sincetheenergy costandperformance
penaltyof powerstatetransitionsis veryhigh. Thesedif-
ferencessuggestthe needto fetch muchmoredata,and
muchmorespeculatively, thanhastraditionally beenthe
case.Indeed,prefetchingfor burstinessmorecloselyre-
semblesprefetchingfor disconnectedoperationin remote
�le systems[19] thanit doesprefetchingfor low latency.

Fortunately, avoiding a disk power-up operation
through speculative prefetchingcan justify fetching a
largenumberof “f alsepositives” in termsof energy con-
sumption. To show the energy saving potentialof spec-
ulative prefetching,we presentcalculatedvaluesfor an
aggressive,speculativeprefetchingalgorithmthatfollows
the rules for energy-ef�cient prefetching(Section 2.1)
with various“f alse-positive” to “true-positive” ratios,and
compareto a prefetchingalgorithmthatfollowsRules1–
4 andprefetchesonly what is needed.We assumeanab-
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Figure4: Energy savingsof a speculative prefetchingal-
gorithm acrossvariousprefetchbuffer sizesand “f alse-
positive” to “true-positive” ratios (FPR) rangingfrom 0
to 20. An applicationwith a “slow” dataconsumption
rateof 16KB/secis assumed.
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Figure5: Energy savingsof a speculative prefetchingal-
gorithm acrossvariousprefetchbuffer sizesand “f alse-
positive” to “true-positive” ratios (FPR) rangingfrom 0
to 20. An applicationwith a “f ast” dataconsumptionrate
of 240KB/secis assumed.

stractdiskmodelbasedontheHitachiDK23DA harddisk
with thecharacteristicsshown in Table1 andan optimal
power managementpolicy (onethat spinsthedisk down
whenever it cansave energy by doingso,without perfor-
manceloss). We include in our calculationsthe costof
readingdatainto memory. Basedon thespeci�cationsof
Micron's 512Mb � 16 SDRAM DDR dies [25], this is
100� Jperpage.

Figures4 and5 presentresultsfor “f alse-positive” to
“true-positive” ratios(FPR) rangingfrom0 to20for apair
of applicationsconsumingdataat 16KB/s and240KB/s,



respectively. For the slower application(Figure4), with
evenasmallamountof memorydedicatedto prefetching,
signi�cant energy savingscanbeachieved. Just5MB of
memoryprefetchingleadsto over 50% energy savings,
even for “f alse-positive” to “true-positive” ratiosashigh
as20 to 1, i.e. evenif we prefetchmorethan20 timesas
muchdataaswe actuallyuse. For the fasterapplication
(Figure5),a50%savingsin disk+ memoryenergy canbe
achievedwith a25MB prefetchbuffer for “f alse-positive”
to “true-positive” ratiosof up to 5 to 1. Larger ratiosre-
quiresigni�cantly moreprefetchmemory.

3 Designof Energy-Aware
Prefetching

As mentionedin thepreviousSection,any prefetchingal-
gorithmhasto decidewhento fetch a block, which block
to fetch, andwhich block to replace.

3.1 DecidingWhen to Prefetch
Basedon Rules40 and50 presentedin the previous Sec-
tion, our prefetchingalgorithmattemptsto fetchfrom the
disk asmany blocksthataregoing to be accessedin the
futureaspossibleduringperiodswhenthedisk is active,
andto postponeprefetchingoperationsuntil thelatestop-
portunityduringperiodswhenthedisk is idle. To approx-
imatesuchbehavior, we introducean Epoch-basedalgo-
rithm into the memorymanagementmechanismsof the
operatingsystem.Eachepochconsistsof two phases:an
activephaseandan idle phase.Prefetchingoccursdur-
ing theactive phase.To managethis prefetching,theOS
must:

1. Predict future dataaccesses.Predictionis basedon
manualor automatichints(Section3.2).

2. Computethe amountof memorythat canbe usedfor
prefetchingor storing new data. This step requires
identifying quickly the currently useful in-memory
data:theworkload'sworkingsetandcached�les.

3. Freethe requiredamountof memoryby unmapping
pagesand�ushing dirty, mappedpages.

4. Prefetchor reservebuffersfor writing new datapropor-
tionalto eachexecutingapplication'smemoryresource
requirements.The goal of this stepis to coordinate
I/O accessesacrossconcurrentlyrunningapplications
sothat they all generatetheir next demandmissat ap-
proximatelythesametime.

Whentheactive phasecompletes,theidle phaseof the
epochbegins.During theidle phase,accessesto eachac-
tive �le are monitoredby the operatingsystem. Based
on theaccesspatternandrate,andthestateof thebuffer
cache,the operatingsystemattemptsto predict the next
miss time for each�le, and to initiate a new prefetch-
ing cycle early enoughto achieve optimal performance.
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Figure6: Hint Interface:Applicationscandisclosefuture
�le accessesusingthehint interface.Theinterfacespeci-
�es a�le usinga�lenameor a�le descriptorandprovides
a patternspeci�er thatcanbeoneof sequential,loop and
random.In addition,anestimationof thetime of �rst and
lastaccesscanbegiven,if available.

Prefetchinghasto startwell in advancein order to hide
boththelatency of thefetchitself andthedelayof a pos-
sibledisk reactivation(power-up).

Thestartof a new epochis triggeredby oneof thefol-
lowing events:
1. A new prefetchingcycle hasto beinitiated in orderto

maintainoptimalperformance.

2. A demandmisstookplace.In thiscasetheprefetching
algorithmhasfailed to load into memoryall required
data,or hasmistakenly evicted usefulpagesfrom the
buffer cacheduring theactive phase.The application
thatissuedtherequestmayexperienceanincreasedde-
lay in additionto the penaltyof a demandmissif the
diskhasbeenplacedinto a low-powerstate.

3. The systemis low on memoryresources.The page
freeinglogic hasto beexecuted.

3.2 DecidingWhat to Prefetch
To achieve ashigh a degreeof accuracy aspossible,pre-
dictionis basedonhints. Ourhint interfaceisanextension
of thatdescribedby Pattersonet al. [31]. Thehint inter-
faceconsistsof a �le speci�er thatcanbea �le descriptor
or a �lename, a patternspeci�er that shows whetherthe
�le will beaccessedin a sequential,loop or randomway,
and estimatesof the times of the �rst and last accesses
to the �le. The time informationcan be representedas
offsetsfrom thestartof theapplicationexecutionor from
thedisclosureof thehint. For randomlyaccessed�les the
hint interfacealsoprovidesa list of “hot” clusterswithin
the �le, the probability of accessto eachcluster, andan
optionalpointerto a �le thatprovidessetsof clustersthat
have a signi�cant probability of beingaccessedwithin a
certaintime periodof theaccessto a speci�c page.Such
informationcanbegeneratedthroughpro�ling. Figure6
summarizesthehint interface.Hints aresubmittedto the
operatingsystemthrougha new setof systemcalls.

New applicationscan use the new systemcalls di-
rectly in order to provide hints to the operatingsystem.
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Figure7: The monitor daemonprovideshints automati-
cally onbehalfof applicationsthatdonotsupportthehint
interface. It tracks�le systemuseby monitoringsystem
calls. It analyzesthe collectedinformation,andcreates
a hint databasefor eachapplicationwhoseaccesspattern
maybeharmfulto energyef�ciency. Whenanapplication
with hintsre-executes,its �le accesseswill automatically
bedisclosedto theoperatingsystemby themonitordae-
mon.

For existing applications,ef�cient �le predictionmaybe
achievedby monitoringpast�le accessesandtakingad-
vantageof the semanticlocality that appearsin userbe-
havior [20]. In our currentprototype,a monitor daemon
tracksthe�le activity of all executingapplicationsby trac-
ing the open , close , read , write execve , exit ,
andsetpgid systemcalls. Its goalsaretwo-fold: to pre-
parea databasedescribing�le accessesfor eachapplica-
tion basedon thecollectedinformation(AccessAnalysis)
andto generatehintsautomaticallyon behalfof applica-
tionsbasedon theinformationin thedatabase(Hint Gen-
eration). Figure7 illustratestheoperationof themonitor
daemon.

Sinceaccessanalysiscanbe a computationallyinten-
siveoperation,it takesplaceonly atperiodsduringwhich
energy consumptionis not a concern(when the mobile
systemis pluggedin). Theanalysisutility discoversasso-
ciationsamong�le accessesandapplications,andrecords
theaccesspattern(sequential,loop, andrandom)andthe
time from thebeginningof executionto the �rst andlast
accessto each�le. For randomlyaccessed�les theutility
also identi�es clustersof pageswithin the �le that tend
to be accessedtogether, the probability of an accessto
a given cluster, and for eachclusterX a list of clusters
that tend to be accessedwithin a certaintime (currently
one minute) of the accessto that cluster. The analysis
utility storesthis informationfor applicationsthatusethe
�le systemfor relatively long periodsof time (currently
at least1 minute) andcauseaccesspatternsthat spread
a large amountof idle time acrossmany short intervals.
Occasionalaccessesthatappearduring interactive work-
loadscanbe handledadequatelyby previously proposed
diskpowermanagementpolicies[4, 5, 15, 22].

In orderto associaterelated�le accessesthataregen-

eratedby differentprocesses(asanexampleconsiderac-
cessescausedby thevariousinvocationsof thegcc com-
piler duringtheexecutionof a make operation),we take
advantageof the processgroup structureof Unix. The
analysisutility associatesaccesseswith theprocessgroup
leaderof theprocessthatcausedtheaccess.Thedatabase
that maintainsthe hinting information is indexed by the
absolutepathnameof the executablewith which the ac-
cesswasassociated,thedirectoryin whichtheaccesstook
place,andtheargumentsusedto make theinvocation.

During normalsystemoperation,the monitor daemon
tracksexecve systemcalls. If therearehints available
in the databasefor the speci�ed application,thedaemon
automaticallygeneratesthehintson behalfof thatappli-
cation.

3.3 DecidingWhat to Replace
As mentionedin Section3.2,the�rst stepduringtheiniti-
ationof anew prefetchingcycle is to computethenumber
of pagesthatcanbeusedfor prefetching.Unlike a tradi-
tional prefetchingalgorithm,which canmake incremen-
tal page-outdecisionsover time, the energy-conscious
prefetchingalgorithmmustmake a decisionsigni�cantly
aheadof time,predictingthenumberof cachedpagesthat
arenot going to be accessedduring a possiblylong idle
phase.

Intuitively, two parametersdeterminethe numberof
pagesthatshouldbefreedat thebeginningof eachepoch.
First, the reserved amountof memory should be large
enoughto containall predicteddataaccesses.Second,
prefetchingor futurewritesshouldnot causetheeviction
of pagesthat are going to be accessedsoonerthan the
prefetcheddata.Sinceour goal is to maximizethelength
of theharddisk's idle periods,we usethetypeof the�rst
missduringanepoch'sidle phaseto re�ne ourestimateof
thenumberof pagesavailablefor prefetchingin thesub-
sequentepoch.

We categorizepagemissesasfollows:
1. Eviction miss: A misson a pagethatusedto residein

thebuffer cache,but wasevicted in favor of prefetch-
ing. Sucha misssuggeststhat numberof pagesused
for prefetchingin thecurrentepochwastoo large.

2. Prefetchmiss:A missona pagefor which therewasa
prediction(hint) thatit wasgoingto beaccessed.Such
a misssuggeststhata largerprefetchcachesizecould
havebeenusedduringthecurrentepoch.

3. Compulsorymiss:A missona pagefor which thereis
noprior information.
An eviction missduringtheidle phaseof anepochsug-

geststhattheprefetchingdepth(thetotalnumberof pages
prefetched)shoulddecrease,while a prefetchmisssug-
geststhattheprefetchingdepthshouldincrease.Control-
ling the prefetchingdepthbasedon eviction missespro-



videsa way to protectthe systemfrom applicationsthat
mayissueincorrecthints. Incorrecthintswill increasethe
numberof eviction missesandleadto areducedprefetch-
ing depth.Section4.4describesin detailhow our system
adjuststheprefetchingdepth.

4 Implementation
We have implementedour epoch-basedenergy-ef�cient
prefetchingalgorithmin theLinux kernel,version2.4.20.
We describethatimplementationin this Section.

4.1 Hinted Files
Prefetchinghintsaredisclosedby themonitordaemonor
by applicationsthemselves. In addition,thekernelauto-
matically detectsandgenerateshints for long sequential
�le accesses.Thefull setof hints,acrossall �les is main-
tainedin a doublylinkedlist, sortedby estimated�rst ac-
cesstime. In addition to the information listed in Sec-
tion 3.2),thekernelkeepstrackof thefollowing:
� MemoryStatus: Shows thecachingstatefor a �le. A

�le canbe completelyuncached,have only its meta-
datacached,be partially cached,or be fully cached.
Whena hint is disclosedusingthe�lename of the�le,
thecachingstateof thecorresponding�le is unknown.
In suchcasesthe kernelassumesthat the �le is com-
pletelyuncached,andaggressivelyattemptsto prefetch
metadataand data. The kernel also keepstrack of
open andclose requestsin orderto associatehinted
accesseswith their corresponding�le descriptors.

� Rateof access: Keepstrackof theaverageratein pages
persecondwith which the�le is beingaccessed.

� Prefetch Depth: Shows thenumberof pagesthatwere
usedfor prefetchingdatafor thecorrespondinghinted
�le during the currentepoch. The prefetchingalgo-
rithm allocatesmemoryfor prefetchingto eachhinted
�le proportionalto its averageaccessrate.

4.2 PrefetchThread
Idle interval length can be limited becauseof a lack of
coordinationamongrequestsgeneratedby differentappli-
cations.Even if therearelong idle periodsin theaccess
patternof every application,we will be unableto power
down thedisk unlessthesepatternsarein phase.Theop-
eratingsystemmustensurethat readandwrite requests
from independentconcurrentlyrunning applicationsare
issuedduringthesamesmallwindow of time. Write activ-
ity caneasilybeclusteredbecausemostwrite requestsare
issuedby a singleentity: the updatedaemon.Similarly,
page-outrequestsareissuedby the swap daemon.Read
andprefetchingrequests,however, aregeneratedwithin
a processcontext independentof otherapplications.To
coordinateprefetchingrequestsacrossall runningappli-
cationswe introducea centralizedentity that is responsi-
ble for generatingprefetchingrequestsfor all runningap-

plications:theprefetchdaemon.Theprefetchdaemonis
analogousto theupdatedaemonandhandlesreadactivity.
Throughtheprefetchthreadtheproblemof coordinating
I/O activity is reducedto that of coordinatingthreedae-
mons.

During the active phase the prefetch thread goes
throughthe list of hints andattemptsto prefetchdatain
a way that will equalizethe expectedtime to �rst miss
acrossall applications.Theprefetchingalgorithmsetsan
initial target idle period and for eachhinted �le that is
predictedto beaccessedwithin thetargetperiodit aggres-
sivelyprefetchesmetadataanddataproportionalto theav-
erageaccessrate. The target idle time is thenincreased
graduallyuntil all hinted�les arefully prefetchedor the
amountof memoryavailablefor prefetchingis depleted.

Thetargetidle timesusedby theprefetchingalgorithm
arebasedonthe“breakeven”timesof modernmobilehard
disks: the timesover which the energy savings of low-
powerstatesexactly equaltheenergy costof returningto
theActive state.Currently, we areusingtargetidle times
of 2 seconds,whichcorrespondsto thehighestlow-power
stateof theIBM TravelStar[17], 5 seconds,which corre-
spondsto the IDLE-3 low-power stateof the TravelStar
andthe Idle stateof theHitachi DK23DA, andmultiples
of the Standbystatebreakeven time (16 secondsfor the
DK23DA). Whentheprefetchingcyclecompletes,theal-
gorithm predictsthat the lengthof the idle phaseof the
upcomingepochwill betheperiodfor which theprefetch
threadsuccessfullyprefetchedall necessarydata.

4.3 PrefetchCache
We have augmentedthe kernel's pagecachewith a new
datastructure:theprefetchcache.Pagesrequestedby the
prefetchdaemonareplacedin the prefetchcache. Each
pagein theprefetchcachehasa timestampthat indicates
whenit is expectedto be accessed.Whena pageis ref-
erenced,or its timestampis exceeded,it is movedto the
standardLRU list andis thereaftercontrolledby theker-
nel'spagereclamationpolicy.

4.4 Eviction Cache
To chooseanappropriatesizefor theprefetchcache,we
must keep track of pagesthat are evicted in favor of
prefetching(Section3.3). We do this using a new data
structurecalledtheeviction cache. This cacheretainsthe
metadataof recentlyevictedpages(thoughnot their con-
tents!)alongwith auniqueserialnumber, calledtheevic-
tion number. The eviction numbercountsthenumberof
pagesthathavebeenevictedin favor of prefetching.Dur-
ing theidle phase,if aneviction misstakesplace,thedif-
ferencebetweenthepage's eviction numberandthecur-
rent epoch's startingeviction numberindicatesthe num-
berof pagesthatwereevictedin favor of prefetchingwith-
outcausinganeviction miss.It canbeusedasanestimate



of a suitableprefetchingdepth(prefetchcachesize) for
theupcomingepoch.Theprefetchdepthdoesnot change
in thecaseof compulsorymissesor misseson pagesthat
were evicted in prior epochs. It is increasedby a con-
stantamountif therewerenomisses,or if therewereonly
prefetchmisses.2 In orderto avoid signi�cant oscillations
in the prefetchingdepthwe usea moving averagefunc-
tion. During systeminitialization, whenthereis no prior
informationavailable,theprefetchdepthis setto thenum-
berof idle pagesin thesystem.

4.5 Handling Write Activity
The original Linux kernelusesa variantof the approxi-
mateintervalperiodicupdatepolicy [26]. Theupdatedae-
monrunsevery5 seconds,and�ushesall dirty buffersthat
areolder than30 seconds.This policy is badfor energy
ef�ciency: underevenlight write workloadsidle timewill
appearin intervalsof 5 secondsor less.

In our currentimplementation,we usea modi�ed up-
datedaemonthat�ushesall dirty buffersonceperminute.
In addition,we have extendedtheopen systemcall with
anadditional�ag that indicatesthatwrite-behindof dirty
buffers belongingto the �le can be postponeduntil the
�le is closedor the processthat openedthe �le exits.
Sucha direction is useful for several commonapplica-
tions,suchascompilationsandMP3 encoding,thatpro-
duce�les thatdonothavestrict intra-applicationreliabil-
ity constraints. For legacy code,userscan specify in a
con�guration �le thenamesof applications(gcc , for ex-
ample)or �le classes(e.g. .o ) for which write-backcan
bedelayed.Themonitordaemonthenprovidesa “�ush-
on-close”or “�ush-on-exit” directiveto theoperatingsys-
tem.

A sideeffect of create andwrite accessesis that
they canleadto unpredictedreadoperationsof �le meta-
data, directories,or �le systemmetadata(e.g. the free
block bitmaps). Suchreadoperationsare synchronous
andcaninterruptlengthyidle intervals.For thisreasonthe
monitordaemonkeepstrackof write andcreate ac-
cessesandgenerateshintsfor any �les thatmaybewritten
or createdby a certainapplication.During the prefetch-
ing cycle of the epoch,the prefetchthreadspeculatively
prefetches�le systemmetadatafor �les associatedwith
write or create hints. At the memorymanagement
level of theoperatingsystem,�le systemstructureis not
known, sinceit is �le systemdependent.In orderto en-
able �le systemmetadataprefetchingwe have extended
theLinux virtual �le systemwith two new functionpoint-
ers: emulate create and emulate write . Both
functionsexecutethe low level �le systemcodethat is
normally executedduring �le creationor disk block al-

2In the current implementationwe increaseby the pages low
value,usedby the pageoutdaemon. In Linux this is 1/128of the to-
tal numberof memorypagesbut not lessthan20or morethan255.

locationwithout actuallymodifying the�le system(only
thecorrespondingreadrequestsareissued).Currently, we
haveanimplementationof thetwo functionsfor theLinux
Ext2 �le system.

Finally, write activity can lead to unexpectedI/O re-
questsduringanidle phaseif thesystemrunsoutof mem-
ory andthepagedaemonhasto startpaging.For this rea-
son,during the active phasethe prefetchthreadreserves
a portionof theavailablememoryfor futurewrites. The
amountof memoryallocatedto each�le is proportional
to its write rate. At theendof theprefetchingcycle, the
prefetchthreadsclearsa numberof pagesequalto theto-
tal numberof reservedpages.Pagesarereservedonly for
�les thathavebeenactivefor at leastacertaintimeperiod
(5 seconds)andhave a fastwrite rate(at least1 pageper
second).

4.6 Power ManagementPolicy
At the completionof the prefetchingcycle, the prefetch
threadpredicts the length of the upcoming idle phase
(Section4.2). This prediction is forwardedto the ker-
nel's power managementpolicy. If the predictedlength
is longerthantheharddisk'sStandbybreakeventime, the
disk is set to the Standbystatewithin one secondafter
it becomesidle (the disk may be servicingrequestsfor
severalsecondsaftertheprefetchthreadcompletesits ex-
ecution).

Sincethe predictionprovided by the prefetchingsys-
tem is basedonly on �le accessesassociatedwith hints,
thereis asigni�cant chanceof decreasedpredictionaccu-
racy duringhighly interactiveworkloadsthatarenothan-
dledef�ciently by themonitordaemon.To avoid harmful
spin-down operations,the power managementalgorithm
monitorstheaccuracy of theprefetchingsystem'spredic-
tions.If theprefetchingsystemrepeatedlymispredictsthe
lengthof the idle phase,providing predictionsthat spec-
ify idle periodslongerthanthedisk's Standbybreakeven
time,whentheactualidle periodlengthis shorterthanthe
breakeventime, thepower managementpolicy revertsto
a dynamic-thresholdspin-down policy, ignoring predic-
tionscomingfrom theprefetchthreaduntil theiraccuracy
is increased.

For rate-basedand non-interactive applications, the
sameinformation that allows the operatingsystemto
identify opportunitiesfor spin-down canalsobe usedto
predict appropriatetimes for spin-up, renderingthe de-
vice available just in time to servicerequests.For this
purposeduring the idle phaseof an epochthe operating
systemmonitorstherateat which pagesbelongingto se-
quentiallyaccessed�les areconsumedfrom theprefetch
cache. Basedon this rate, the numberof pagesremain-
ing in theprefetchcache,andthedisk's power-up delay,
it computesthetime at which thedisk hasto beactivated
in orderto avoid any noticeabledelays.



Disk Hitachi
Capacity 10-30GB
Active 2.1W

Active Idle 1.6W(24%)
Low-PowerIdle 0.6W(71%)

Standby 0.15W(93%)
Spinup 3.0W

Spin-uptime 1.6s
Breakeventime 16s

Table2: Energy consumptionparametersfor theHitachi
DK23DA harddisk. The disk supportsthreelow power
states:ActiveIdle (aportionof theelectronicsis off), Low
Power Idle (theheadsareparked)andStandby.

5 Experimental Evaluation
In this section, we compare our energy-conscious
prefetching algorithm (called Bursty) to the standard
Linux 2.4.20policiesacrosssystemswith memorysizes
rangingfrom 64MB to 492MB. We usethepower man-
agementpolicy describedin Section4.6 for the Bursty
system,anda 10 second�x ed thresholdpower manage-
mentpolicy for Linux. Linux 2.4.20supportsa conser-
vative prefetchingalgorithmthat readsup to 128KB (32
4KB pages)in advanceandleadsto veryshortperiodsof
disk idle timefor ourexperimentalworkloads.Hence,the
power managementpolicy degeneratesto the No-Spin-
Down policy.

Our experimentswere conductedon a Dell Inspiron
4100laptopwith 512MB of total memoryanda Hitachi
DK23DA harddisk. Table2 presentsthepowerconsump-
tion speci�cationsof thedisk. Powermeasurementswere
collectedfrom thedisk'stwo 5V supplylines.To measure
power, both the voltageand currentneedto be known.
Thevoltageis assumedto be�x edat5V. Weused100m

precisionresistorsin order to dynamicallymeasurethe
currentthroughthesupplylines. Thevoltagedropacross
the resistorswas measuredthrough the following Na-
tional Instrumentssetup:aSCXI-1308voltmeterterminal
block, a SCXI-1102C(32 channelmultiplexer/ampli�er
and10kHz �lter) module,a SCXI-1000chassis(for the
mentionedmodules),a SCXI-1349cardto chassiscable,
andaPCI-6052EAnalog-to-Digitalconvertercard(capa-
ble of 16 bit resolution,333Ksamples/second).Thegain
of the SCXI-1102Cwas set to 100 and the PCI-6052E
was set to have a rangeof +/� 10V. The samplingrate
for eachsignalwas1000samples/second.Measurements
werecollectedandconvertedto currentandpower using
NationalInstrument'sLabView (version6.0.2)software.

Theidle intervalhistogramgraphs(Figures8 and9) are
basedon tracescollectedfrom the ATA/IDE disk driver
duringtheexecutionof ourworkloadsscenarios.In order
to avoid any disk activity causedby the tracingsystem,

we useda pinned-down 20MB memorybuffer that was
periodicallytransmittedto a logging systemthroughthe
network.

We usefour differentworkloadscenarios,with differ-
entdegreesof I/O intensity. The�rst, MPEGplaybackof
two 76MB �les (referredto asMPEG), representsa rela-
tively intensivereadworkload.Thesecond(referredto as
Concurrent) is areadandwrite intensiveworkload,which
involvesconcurrentMP3 encodingandMPEGplayback.
The MP3 encoderreads10 WAV �les with a total size
of 626MB and produces42.9MB of data. During the
MP3 encodingprocess,the MPEG player accessestwo
�les with a total sizeof 152MB. Our third workload(re-
ferredto asMake) is a full Linux kernelcompilation.Fi-
nally, in orderto evaluateour systemfor workloadsthat
consistof randomaccessesto �les, weusetheSPHINX-II
SpeechRecognitionutility [16] from CMU (referredto as
SPHINX). DuringspeechrecognitionSPHINXaccessesa
128MB languagemodel�le in anapparentlyrandomway.
As inputweuseasetof recordeddialoguesthatwereused
in the evaluationof the TRIPSInteractive PlanningSys-
tem[8]. We useda subsetof thedialoguesto preparethe
accesspatterndatabase(Section3.2), andevaluatedthe
systemonadifferentsubset.

Themetricsusedin thecomparisonsare:
Length of idle periods Longer idle periodscan be ex-

ploitedby morepower-ef�cient devicestates.Increas-
ing the lengthof idle periodscanimprove any under-
lying powermanagementpolicy.

Energy savings We compare the energy savings
achievedfor Linux andour Burstysystemfor various
memorysizes.

Slowdown A signi�cant challengefor ourBurstysystem
is to minimize the performancepenaltiesthat may be
causedby increaseddisk congestionanddisk spin-up
operations.
Figures8-11show thedistributionof idle timeintervals

for our workload scenarios.We presentresultsfor our
Bursty systemusingvariousmemorysizes. For the �rst
threeworkloads,thememorysizerangesfrom 64MB to
492MB. For SPHINX two sizesareused: 256MB and
492MB. ExecutingSPHINX on systemswith lessthan
256MB of memoryleadsto thrashing.In all graphsthe
straightvertical line representsthe16 secondbreak-even
point of the Hitachi hard disk. When executingon the
standardLinux kernel(not shown in thegraphs),the �rst
threeworkloadsleadto accesspatternsin which100%of
thedisk idle time appearsin intervalsof lessthan1 sec-
ond, independentof memorysize,preventingthe useof
any low-power mode. In contrast,larger memorysizes
leadto longeridle interval lengthsfor theBurstysystem,
providing moreopportunitiesfor thedisk to transitionto
a low-powermode.During theLinux kernelcompilation,
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Figure8: Cumulative distribution of disk idle time inter-
valsduringMPEGplayback.On thestandardLinux ker-
nel (not shown), 100% of the disk idle time appearsin
intervalsof lessthan1 secondfor all memorysizes.
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Figure9: Distribution of disk idle time intervals during
concurrentMPEG playbackandMP3 encoding.On the
standardLinux kernel(not shown), 100%of thedisk idle
timeappearsin intervalsof lessthan1secondfor all mem-
ory sizes.

the Bursty systemmanagesto prefetchmost of the ac-
cesseddatawhensystemmemoryexceeds128MB. At
96MB ourenergy-awareprefetchingalgorithmslowly in-
creasesthesizeof theprefetchcache,eventuallyachiev-
ing idle periodsthatarelongerthanthedisk's breakeven
time. The algorithmbehavessimilarly on a 64MB sys-
tem.However, it alsoleadsto increasedpagingthathasa
negative effect on bothenergy andperformance.For the
speechrecognitionworkloadat 492MB the Bursty sys-
temprefetchedthewhole languagemodel�le leadingto
long idle phases.At 256MB it prefetchedup to 33% of
the�le, leadingto idle interval lengthsonlyslightly longer
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Figure10: Distribution of disk idle time intervalsduring
a full Linux kernelcompilation. On the standardLinux
kernel(not shown), 100%of thedisk idle time appearsin
intervals of lessthan1 secondfor all memorysizes. At
a memorysizeof 128MB andover all accessed�les are
prefetchedby theBurstysystemleadingto increasedidle
interval lengths.
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Figure11: Distribution of disk idle time intervalsduring
speechrecognitionby SPHINX. On the standardLinux
kernelwith 256MB, 100%of the disk idle time appears
in intervalsof lessthan1 second.

thanLinux, dueto accessesto theuncachedportionof the
�le.

Figure 12 presentsdisk energy savings as a function
of total systemmemorysize. Thebasecaseusedfor the
comparisonsis thestandardLinux kernelona64MB sys-
tem. For Linux, increasingthesystem's memorysizehas
only a minor impacton theenergy consumedby thedisk,
becauseof thelack of long idle intervals. In contrast,the
savings achieved by the Bursty algorithmdependon the
amountof memoryavailable. For the�rst workload,sig-
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Figure 12: Disk energy savings as a function of total
memory size. Resultsare shown for all experimental
workloads: MPEG playback,Concurrent MPEG play-
backandMP3encoding,Make(theLinux kernelcompila-
tion) andSPHINXexecutingonourBurstysystem.When
executingon the standardLinux kernel (not shown), in-
creasingthetotalmemorysizeto 492MB leadsto atmost
5.25%in diskenergy savingsacrossall workloads.

ni�cant energy savingsareachievedfor all memorysizes.
Evenon the64MB system,theenergy consumedby the
disk is reducedby 40.3%.Despitethefactthatmostdisk
idle intervalsarenot long enoughto justify a spin-down
operation,they allow the disk to make ef�cient useof
the low-power idle statethat consumesjust 0.6W. With
492MB, theBurstysystemloadstherequireddatain just
threeveryintensiveI/O bursts,allowing thediskto transi-
tion andremainin thespin-down statefor signi�cant pe-
riodsof time,andleadingto 78.5%diskenergy savings.

Resultsfor thesecondworkloadaresimilar. However,
becauseof the increasedI/O intensitytheenergy savings
arelesspronounced.Energy consumptionis reducedaf-
ter thememorysizeexceeds128MB (15.9%energy sav-
ings). On a systemwith 492MB energy savings reach
62.5%.For theLinux kernelcompilation,ourBurstysys-
temachievedsigni�cant energy savingsfor memorysizes
of 128MB andlarger:up to 66.6%.However, despitethe
increasein idle interval lengths,on a 64MB systemour
algorithmleadsto increasedenergy consumption(15.5%)
becauseof excessive paging. Finally, for the speech
recognitionworkload, disk energy savings reach77.4%
for a492MB system.With 256MB, theenergy-conscious
prefetchingalgorithmsaves16.7%throughmoreef�cient
useof theactive idle powermode.

Figure 13 presentsthe execution time for the work-
load scenarios.For the Concurrent workload (left side
of thegraph),theslowdown of theMP3encodingprocess
is 2.8% or less. The performanceof the MPEG player
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Figure13: Executiontime (in seconds)of theworkloads
on Linux and the Bursty systemwith various memory
con�gurations.

stayswithin 1.6%of thaton theLinux systemin all cases
exceptthe64MB system(Bursty-64MB),whereit expe-
riencesa slowdown of 4.8%. For the MPEG playback
workload,the Bursty systemexperiencesa slowdown of
1%(for the64MB case)or less,whencomparedto Linux
with 492MB of memory(Linux-492MB). For theLinux
kernelcompilationtheBurstysystemstayswithin 5% of
theexecutiontimeof Linux acrossall memorysizeslarger
than 128MB. On a 64MB systemBursty experiences
a performancepenaltyof 15% mostly due to increased
paginganddisk congestion.Using a priority-baseddisk
queuethat giveshigherpriority to demandrequeststhan
prefetchingrequestscouldleadto improvedperformance.
Finally, duringspeechrecognitionaggressiveprefetching
of thelanguagemodel�le leadsto slightly improvedper-
formancefor SPHINXdueto thereductionin pagecache
misses.Our performanceresultsshow that the prefetch-
ing algorithmmanagesto avoid successfullymostof the
delaythat may be causedby disk spin-upoperations.In
addition,it canleadto improvedperformancebecauseof
anincreasedcachehit ratio.

6 RelatedWork
Power Management.Theresearchcommunityhasbeen
veryactive in theareaof power-conscioussystemsduring
the last few years. Golding et al. [11] hint at the idea
of conservingsuch non-renewable resourcesas battery
power duringidle periodsby disablingunusedresources.
Ellis et al. [6] suggestmaking energy ef�ciency a pri-
marymetricin thedesignof operatingsystems.ECOSys-
tem [37] providesa model for accountingandfor fairly
allocatingthe available energy amongcompetingappli-
cationsaccordingto userpreferences.Odyssey [10, 27]
providesoperatingsystemsupportfor application-aware



resourcemanagement.Thekey ideais to tradequality for
resourceavailability.

Several policies have beenproposedto decreasethe
power consumptionof processorsthat supportdynamic
voltageandfrequency scaling.Thekey ideais to schedule
soasto “squeezeout theidle time” in rate-basedapplica-
tions. Several researchershave proposedvoltagesched-
ulersfor generalpurposesystems[9, 12, 35, 32]. Lebeck
et al. [21] explore power-awarepageallocationin order
to make moreef�cient useof memorychipssupporting
multiple powerstates,suchastheRambusDRAM chips.

Hard Disks. Theenergy ef�ciency of harddisksis not
anew topic. Thecostandrisksof Standbymodeplayeda
rolein theearlyinvestigationof hard-diskspin-downpoli-
cies[4, 5, 15, 22]. Concurrentlywith our own work [28],
several groupshave begun to investigatethe deliberate
generationof burstyaccesspatterns.Heathetal. [14] and
Weisselet al. [36] proposeuser-level mechanismsto in-
creasethe burstinessof I/O requestsfrom individual ap-
plications.Lu etal. [24] reportthatsigni�cant energy can
besavedby respectingtherelationshipbetweenprocesses
anddevicesin theCPUschedulingalgorithm. (We note,
however, thatgiventhemany-second“break-even” times
for harddisks,processschedulingcanincreaseburstiness
only for non-interactive applications,which can tolerate
very long quanta.)Zenget al. [38] propose“shaping”the
diskaccesspatternaspartof alargereffort to makeenergy
a �rst-classresourcein theeyesof theoperatingsystem.

LikeLu etal. andZengetal.,webelievethattheeffec-
tive managementof deviceswith standbymodesrequires
global knowledge,andmustbe implemented,at leastin
part, by the operatingsystem. Our work differs from
that of Lu et al. by focusingon aggressive read-ahead
andwrite-behindpoliciesthat canleadto bursty device-
levelaccesspatternsevenfor interactiveapplications.Our
work is moresimilar to thatof Zengetal.,but without the
notionof energy asa �rst-classresource.While we agree
thatenergyawarenessshouldbeintegratedinto all aspects
of theoperatingsystem,it is not clearto usthat it makes
senseto allocatejoulesto processesin thesameway we
allocatecyclesor bytes. Ratherthansay“I' d like to de-
vote 20% of my batterylife to MP3 playbackand40%
to emacs,” we suspectthatusersin anenergy-constrained
environmentwill say “I' d like to extendmy batterylife
as long as possiblewithout suffering more than a 20%
drop in soundquality or interactive responsiveness.” It
will thenbe theresponsibilityof theoperatingsystemto
manageenergy acrossapplicationsto meetthesequality-
of-serviceconstraints.

Recently, researchershave begun to explore methods
to reducethe power consumptionof large-scalestorage
systems.Carreraet al. [7] comparedesignschemesfor
conservingdisk energy in network servers. Colarelli et

al. [2] exploremassive arraysof idle disks,or MAID, as
an alternative to conventionalmassstoragesystemsfor
scienti�c computing. Papathanasiouet al. [30] suggest
replacingserver-classdiskswith power-ef�cient arraysof
laptopdisks.

Disk accesspattern“shaping” techniques,suchasour
prefetchingalgorithm, can be applied to server storage
systemsand improve their power ef�ciency. Zhu et
al. [39] proposepower-awarestoragecachemanagement
algorithms that provide additional opportunitiesfor a
large-scalestoragesystemto saveenergy. Ourprefetching
algorithm complementsnicely their power-aware cache
replacementpolicy. Finally, Gurumurthiet al. [13] sug-
gestthe useof DRPM [13], an approachthat would dy-
namicallymodulatedisk speed,decreasingthepower re-
quiredto keeptheplattersspinningwhentheloadis light.

Prefetching. Prefetchinghasbeensuggestedby sev-
eral researchersasa methodto decreaseapplicationper-
ceiveddelayscausedby thestoragesubsystem.Previous
work hassuggestedthe useof hints as a methodto in-
creaseprefetchingaggressivenessfor workloadsconsist-
ingof bothsingle[31] andmultiple[34] applications.Cao
et al. [1] proposea two-level pagereplacementscheme
that allows applicationsto control their own cachere-
placement,while the kernel controls the allocation of
cachespaceamongprocesses.Kaplanet al. [18] explore
techniquesto controltheamountof memorydedicatedto
prefetching.Curewitz et al. [3] exploredatacompression
techniquesin orderto increasethe amountof prefetched
data. To thebestof our knowledge,previously proposed
prefetchingalgorithmsdo not addressimproved energy
ef�ciency. In general,they assumea non-congesteddisk
subsystem,andthey allow prefetchingto proceedin acon-
servative way resultingin a relatively smoothdisk usage
pattern.

7 Conclusion
In ourstudyweinvestigatedpageprefetchingandcaching
strategies that increasethe burstinessof I/O patternsin
order to save energy in diskswith non-operationallow-
powerstates.In addition,wepresentedmethodsto predict
futureaccessesautomaticallyandaggressively, to balance
thememoryrequirementsof prefetchingandcaching,and
to coordinateaccessesof concurrentlyrunning applica-
tionsso that requestsaregeneratedandarrive at thedisk
at roughlythesametime.

We have implementedour ideasin the Linux 2.4.20
kernel. Experimentswith a variety of applicationsshow
thatour techniquescanincreasethelengthof idle phases
signi�cantly comparedto a standardLinux kernel lead-
ing to disk energy savings of 60–80%. The savings de-
pendon the amountof available memory, and increase
as the system's memorysize increases.Even relatively



shortincreasesin theaverageidle interval lengthcanlead
to signi�cant energy savings,mostlyby makingmoreef-
�cient useof intermediatelow-power states. Published
studies[23, 5] attribute9-32%of the total laptopenergy
consumptionto the hard disk. These�gures imply that
our prefetchingalgorithm may increasebattery lifetime
by up to 25%. Theexact fractiondependson thesystem
con�gurationandtheexecutingworkload.

Thoughour currentwork has focusedon hard disks,
increasedburstinesscould be usedto improve the en-
ergy ef�ciency of otherdeviceswith non-operationallow-
power states.Network interfaces—forwirelessnetworks
in particular—areanobviousexample,but they introduce
new complications. First, in addition to standbystates,
severalwirelessinterfacessupportmultiple active states,
with varying levelsof broadcastpower suitablefor com-
municationover varyingdistances.Second,while a disk
never initiatescommunication,a wirelessnetwork does.
Third, the energy consumedby a wirelessinterfacede-
pendson the quality of the channel,so communication
burstsshouldbe scheduled,whenpossible,during peri-
odsof highchannelquality.

Over time, we speculatethat burstinessmay become
importantin the processordomainaswell. In a proces-
sor with multiple clock domains,for example[33], one
can save dynamicpower in a �oating-point application
by slowing down the(lightly-used)integerunit. Alterna-
tively, by schedulinginstructionsfor burstiness,onemight
save both dynamicand static power by gating off volt-
ageto the integer unit during periodsof inactivity. This
tradeoff betweenoperationalscale-down, with a smooth
accesspattern,andnon-operationalpower-down, with a
burstyaccesspattern,arisesin multiplesituations(includ-
ing DRPM [13]), andis likely to bea recurringthemein
our futurework.
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