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Abstract

Traditionaldisk managemerstrateyies—prefetchingind
cachingin particular—are designedo maximize perfor
mance. In mobile systemsthey con ict with stratgies
that attemptto sare enegy by powering down the disk
whenit is idle. We preseninew rulesfor prefetchingand
cachingthat maximize power-down opportunities(with-
out performancdoss)by creatingan accesgpatternchar
acterizedby intenseburstsof actiity separatedy long
idle times. We also describean automaticsystemthat
monitorspastapplicatiorbehaior in orderto generatap-
propriateprefetchinghints,andagenerabystenof kernel
enhancementthat coordinatel/O actiity acrossall run-
ning applications.

We have implementedour systemin the Linux kernel,
andhave measuredts performanceindenegy consump-
tion via physicalinstrumentatiorof a runninglaptop. We
describeour implementatiorand presentjuantitatie re-
sults. For workloadsincluding a mix of sequentialac-
cesdo large les (multimedia),concurreniccesso large
numberof les (compilation),andrandomaccesso large

les (speectrecognition),we reportdisk enegy savings
of 60—80% ,with negligible lossin throughputor interac-
tive responsieness.

1 Intr oduction

Prefetchingand cachingare standardoracticein modern
le systems.They sene to improve performance—tan-

creasethroughputand decreasdateng—>by eliminating
asmary 1/O requestsas possible,and by spreadingthe
requestghat remainas smoothlyas possibleover time.
This strateyy resultsin relatively shortintervals of inac-
tivity. It ignoresthe goal of enegy ef ciency soimpor-

tantto mobile systemsandin factcanfrustratethatgoal.
Magneticdisks, network interfaces,and similar devices
provide low-power stateghatsave enegy only whenidle
intervalsarerelatively long. A smoothaccesgatterncan
eliminate opportunitiesto save enegy even during such
light workloadsasMPEG andMP3 playback.

Thiswork wassupportedn partby NSFgrantsEIA-0080124 CCR-
9988361 andCCR-0204344by DARPA/AFRL contract29601-00-K-
0182;andby SunMicrosystemd_ aboratories.

The aim of our work is to createbursty accesspat-
ternsfor deviceswith non-operationalow-power states,
increasingthe averagelengthof idle intervals and maxi-
mizing utilizationwhenthedeviceis active, withoutcom-
promising performance. At presentwe are focusingon
harddisks.

Typical harddisksfor mobile systemssupportat least
four power states:Active, Idle, StandbyandSleep. The
disk only worksin the Active state. In the Idle statethe
disk is still spinning,but the electronicamay be partially
unpovered,andthe headamaybe parkedor unloadedIn
the Standbystatethe disk is spundown. The Sleepstate
powersoff all remainingelectronics;a hard resetis re-
quiredto returnto higherstates.Individual devicesmay
supportadditionalstates.The IBM TravelStar for exam-
ple, hasthreedifferentldle sub-states.

Oneto threesecondaretypically requirecto transition
from Standbyto Active state. During that spin-uptime
thediskconsumed.5-2Xasmuchpower asit doeswhen
Active. Thetypical laptopdisk mustthereforeremainin
Standbystatefor a signi cant amountof time—ontheor-
der of 5-16 seconddor currentlaptop disks—tojustify
the enegy cost of the subsequenspin-up. The enegy
savingsin Idle stateapproachethatof Standbystate par
ticularly in very small form factordevices,andthe time
andenepgy to move from Idle to Active stateareminimal.
Hence,even modestincreasef the disk's idle interval
canleadto signi cant enegy savings.

In previous work we madethe casefor enepgy ef-
cieng throughburstinessinddemonstratetheenegy ef-
ciency potentialof aggressie prefetchingfor rate-based
applicationswith sequentiabccesgatterng28, 29. In
this paperwe provide a detaileddescriptionof thedesign
andimplementatiorof our prefetchingandcachingalgo-
rithms. In addition,we provide experimentalresultsfor
morechallengingworkloadmixes,includingapplications
thatmalke non-sequentiakccesse® multiple les.

We have implementedour systemin the Linux 2.4.20
kernel. We have extendedthe memorymanagemenrdand

le systemof the operatingsystemwith algorithmsand
datastructuredo:

Quickly identify the working setof the executingjob



mix and dynamically control the amountof memory

usedfor aggressie prefetchingandbuffering of dirty
data.

Coordinatethe generatiorof I/O requestamongcon-
currently running applications,so that they are ser
viced by the device during the samesmall window of
time.

In designingand evaluating our systemwe have fo-
cusednlong-runningapplicationghatarecommonlyex-
ecutedon mobile systemsandthatgenerate largenum-
ber of I/O requestsseparatedy idle timestoo shortto
be exploited by the hard disk for enegy sarings. Ex-
amplesincludedatatransfer(copying); encodingdecod-
ing, and compressioncompilationand build; scripting
utilities for systemmaintenanceandcomputationallyde-
mandinguserinterfacetasks.e.g.speechecognition.

The following Section provides rules for optimal
prefetchingwhen the goal is enegy efciency. Sec-
tions 3 and4 describethe designof our prefetchingand
requestdeferringmechanismsSection5 presentexper
imentalresults. Section6 discussepreviouswork. Sec-
tion 7 summarize®ur conclusions.

Time  Application Disk Cache State
1 fetch(A) D:D
211 access(A)
12 fetch(B)
1322 access(B)
23 fetch(C)
24 33 access(C)
34 fetch(D)
3544 access(D)
45 fetch(E)
46 55 access(E)
56 fetch(F) EE
57 66 access(F)
67 fetch(G) EE

Figure 1: Optimal Replacemenand Fetch-on-Demand.
Accessingthe referencestring up to elementF requires
66 time units. Thediskidle time appearsn 6 intervals of

10time unitseach.

2 Prefetchingfor Energy Ef ciency

To illustrate the differencesthat arise when prefetch-
ing hasthe additionalgoal of improving disk enepgy ef-
ciency, consideran application with referencestring
f ABCDEF G::: gandasteadyrateof oneaccess
every 10 time units. Assumethat the buffer cachehas
roomfor threeblocks,andthatthedisk requiresonetime
unit to fetcha block thatmissesn the cachet
Figures1-3illustrate the executionof the application
while accessinghe rst 6 element®f thereferencestring,
with an optimal replacementstratgyy and three differ-
ent prefetchingstrateies: Figurel illustratesa fetch-on-
demandstrateyy; Figure 2 illustratesa strateyy that fol-
lows the prefetchingrulesof Caoet al. [1]; Figure 3 il-
lustratesanenegy-consciouprefetchingstratey thatat-
temptsto maximizethe length of the disk idle intervals.
Underthe fetch-on-demandstratgyy the applicationruns
for 66 time unitsandexperience$ misses.Thediskidle
time is spreadacross6 intervals of 10 time units each.
With atraditionalprefetchingstrategy (Figure2) runtime
decrease® 61time unitsandthe applicationexperiences
just onemiss. Thedistribution of disk idle time remains
practically unchanged however: 5 intervals of 9 time
units eachandoneof 8 time units. The enegy-conscious
prefetchingstrategyy (Figure 3) achiezesthe sameexecu-
tion time and the samenumberof missesas traditional

N

INote that the applicationin this example consumegiataat a rate
slower thanthe bandwidthof the disk. The goal of our work is to in-
creasahelengthof diskidle intenal for workloadsthatrunfor relatively
long periodsanddo not requirethedisk to beactive constantly

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

2.1 Rulesfor Optimal PrefetchingRevisited
Traditionalprefetchingstratgiesaim to minimize execu-
tion time by deciding:

whento fetchablock from disk,

which blockto fetch,and

whichblockto replace.

Previous work [1] describedfour rulesto malke these

decisionsn a performance-optimdhashion:
1.

Optimal Prefetding: Every prefetchshouldbring into
the cachethe next block in thereferencestreamthatis
notyetin thecache.

. Optimal ReplacementEvery prefetchshoulddiscard

the blockwhosenext references farthesin thefuture.

3. Do noharm: Never discardblock A to prefetchblock

B whenA will bereferencedeforeB.

4. First Opportunity: Never perform a prefetch-and-

replaceoperationwhenthe sameoperationgfetching
the sameblock and replacingthe sameblock) could
have beenperformedpreviously.

The rst threerules answerthe questionsof what to

prefetch(rules 1 and2) and (partially) whento prefetch
(rule 3), and apply equally well to enegy-conscious
prefetching. The fourth rule suggestshat a prefetchop-

erationshouldbeissuedwvhen(a) a prior fetchcompletes,



Time  Application Disk Cache State
1 fetch(A) D:D
2 access(A) prefetch(B)
3 access(A) prefetch(C)
411 access(A)
12 access(B) prefetch(D)
1321 access(B)
22 access(C) prefetch(E)
2331 access(C)
32  access(D) prefetch(F)
3341 access(D)
42  access(E) prefetch(G)
4351 access(E)
52 access(F) prefetch(H)
5361 access(F)
62 access(G) prefetch(l)

Figure2: Optimal ReplacemenandTraditionalPrefetch-
ing. Accessingthe referencestring up to elementF re-

quires61 time units. The disk idle time appearsn 5 in-

tenalsof 9 time unitseachandoneof 8. In alongrunthe
averagedle interval lengthwill be 9 time units.

Time Application Disk Cache State
1 fetch(A) D:\j
2 access(A) prefetch(B)
3 access(A) prefetch(C)
411 access(A)
12 21 access(B)
22 30 access(C)
31 access(C) prefetch(D)
32  access(D) prefetch(E)
33  access(D) prefetch(F)
3341 access(D)
42 51 access(E)
52 60 access(F) E
61 access(F) prefetch(G)

Figure 3: Optimal Replacementand Enelgy-conscious
Prefetching Accessinghereferencestringup to element
F requires6l time units. The disk idle time appearsn
oneinterval of 27 time unitsandoneof 28. In along run
theaverageidle interval lengthwill be 28 time units.

or (b) the block that would be discardedwas just refer
enced. Identifying this rst opportunitycanbe dif cult,
and indeedmost real systemsare considerablyless ag-
gressve. As notedby Pattersoretal. [31], thefull perfor
mancebene t of prefetchingwill be achievedevenif the
prefetchcompletegust barely beforethe corresponding
access.

We obsene, however, that any uniform prefetchpol-
icy will tendto producea smoothaccesspattern, with
short idle times. As an example, considera system
with a cachesize of k blocks, a referencestringR =
flyby:i: b b+t 101 by g, wheren > k, andaninter
accesdime of A. If we follow rule 4, we will fetchblock
b«+1 immediatelyafterthereferencdo by, b+, immedi-
ately afterthereferenceo b, andsoon, breakinga pos-
sible disk idle interval of lengthk A into intervals of
lengthA F,whereF representthetimeto fetchablock
from the disk. AssumingF < A, anenepgy-conscious
prefetchingalgorithm should not initiate the prefetchof
b+1 until F time units prior to its reference.Thenin a
singleburstit shouldprefetchblocksf by+1 ::: bk 10,
replacingblocksf by ::: b 19. Intuitively, this policy
alternatesbetween” rst opportunity” and“just in time”
prefetchingdependingpn whetherthediskis currentlyin
the Active state.

Basedontheabove discussionto accommodatéhere-
quiremenf enepgy ef ciency, we replacerule 4 with the
following:

4% MaximizeDisk Utilization: Alwaysinitiate a prefetch
operation after the completion of a fetch, if there
are blocks available for replacementwith respectto
Rule3).

5% Respectdle Time: Never interrupta periodof inactiv-
ity with a prefetchoperationunlessthe prefetchhasto
be performedmmediatelyin orderto maintainoptimal
performance.

Rule 4° guaranteeshat a soon-to-be-idleisk will not
be allowed to becomeinactive if thereare blocksin the
cachahatmaybereplacedy blocksthatwill beaccessed
earlierin the future. This way disk utilization is maxi-
mizedandshortintervals of idle time that cannotbe ex-
ploitedfor enegy ef ciency areavoided. Rule5° attempts
to maximizethe length of a period of inactiity without
degrading performance. Note that the rule implies that
the prefetchingalgorithm shouldtake into accountaddi-
tional delaysdueto disk activation or congestioraswell
asthetime requiredfor afetchto complete An algorithm
that follows rules 4° and 5° will leadto the samehit ra-
tio andexecutiontime asanalgorithmfollowing therules
of Caoetal., but will exhibit fewer andlongerperiodsof
disk inactivity wheneerpossible.



State Value
Active Paver 2.0wW
Idle Power 0.61W
Idle-to-ActiveEnegy | 1.5J
Idle-to-Active Time | 0.55s
Active-to-ldleEnegy | 2.4J
Active-to-IdleTime 0.85s
StandbyPower 0.15W
Spinup Enegy 5.0J
Spinup Time 1.6s
Spindown Enegy 2.94]
Spindown Time 2.3s

Table 1: Abstractdisk model parametergor computing
thepotentialof aggressie speculatie prefetching Values
are basedon the characteristic®f the Hitachi DK23DA
harddisk.

2.2 Prefetching's Potential for Energy
Savings

In comparisonto traditional prefetching,which aimsto
reducethe lateng of accesdgo disksin the active state,
prefetchingfor enegy efciency hasto be signi cantly
moreaggressie in both quantityandcoverage. A tradi-
tional prefetchingalgorithmcanfetchdataincrementally:
its goalis simply to requesteachblock far enoughin ad-
vancethatit will alreadybeavailablewhentheapplication
needst. It will improve performancevheneerits rateof
“true positives” (prefetchedlocksthatturn outto indeed
be needed)is reasonablyhigh, andits “false positives”
(prefetchedlocksthatarent neededafterall) don't getin
the way of fetchingthe “f alsenegatives” (heededlocks
that arent prefetched).By contrast,an enegy-reducing
prefetchingalgorithmmustfetchenoughblocksto satisfy
all readrequestsiuring a lengthyidle interval. Minimiz-
ing “falsenegatives”is moreimportantthanit is in tradi-
tional prefetching sincethe enegy costandperformance
penaltyof power statetransitionsis very high. Thesedif-
ferencessuggesthe needto fetch muchmore data,and
muchmore speculatrely, thanhastraditionally beenthe
case.Indeed,prefetchingfor burstinessnore closelyre-
semblegprefetchingfor disconnecte@perationin remote
le systemg19] thanit doesprefetchingfor low lateng.

Fortunately avoiding a disk power-up operation
through speculatre prefetchingcan justify fetching a
large numberof “f alsepositives” in termsof enegy con-
sumption. To shav the enegy sasing potentialof spec-
ulative prefetching,we presentcalculatedvaluesfor an
aggressie, speculatie prefetchingalgorithmthatfollows
the rules for enepgy-efcient prefetching(Section2.1)
with various“f alse-positie” to “true-positive” ratios,and
compareo a prefetchingalgorithmthatfollows Rules1—
4 andprefetchenly whatis needed.We assumean ab-

Energy Savings

0 5 10 15 20
Prefetch Cache Size (MB)
FPR:0 —— FPR:3 FPR:15
FPR:L -ooeoees FPR:5 ------- FPR:20 -
FPR:2 - FPR:10 ------

Figure4: Enegy savings of a speculatre prefetchingal-
gorithm acrossvarious prefetchbuffer sizesand “f alse-
positive” to “true-positive” ratios (FPR) rangingfrom O
to 20. An applicationwith a “slow” dataconsumption
rateof 16KB/secis assumed.
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Prefetch Cache Size (MB)
FPR:0 —— FPR:3 FPRI15 -~
FPR:L -oooeees FPR:5 ------- FPR:20 -
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Figure5: Enegy savings of a speculatie prefetchingal-
gorithm acrossvarious prefetchbuffer sizesand “f alse-
positive” to “true-positive” ratios (FPR) rangingfrom O
to 20. An applicationwith a “f ast” dataconsumptiorrate
of 240KB/secis assumed.

stractdiskmodelbasedntheHitachiDK23DA harddisk
with the characteristicshovn in Table1 andan optimal
power managemenpolicy (onethatspinsthe disk down
wheneerit cansave enegy by doingso,without perfor
manceloss). We include in our calculationsthe cost of
readingdatainto memory Basedon the speci cationsof
Micron's 512Mb 16 SDRAM DDR dies[25], this is
100 Jperpage.

Figures4 and5 presentresultsfor “false-positie” to
“true-positve” ratios(FPR) rangingfrom 0 to 20for apair
of applicationsconsumingdataat 16 KB/s and240KB/s,



respectiely. For the slower application(Figure4), with

evenasmallamountof memorydedicatedo prefetching,
signi cant enegy savings canbe achieved. Just5 MB of

memory prefetchingleadsto over 50% enegy savings,
evenfor “false-positie” to “true-positive” ratiosashigh

as20to 1, i.e. evenif we prefetchmorethan20timesas
muchdataaswe actuallyuse. For the fasterapplication
(Figureb), a50%savingsin disk+ memoryenegy canbe
achievedwith a25MB prefetchbuffer for “f alse-positie”

to “true-positive” ratiosof upto 5to 1. Largerratiosre-

quiresigni cantly moreprefetchmemory

3 Designof Energy-Aware
Prefetching

As mentionedn the previous Sectionary prefetchingal-
gorithm hasto decidewhento fetch a block, which block
to fetch, andwhich blodk to replace

3.1 DecidingWhento Prefetch

Basedon Rules4? and 5° presentedn the previous Sec-
tion, our prefetchingalgorithmattemptgo fetchfrom the
disk asmary blocksthataregoingto be accessedh the
future aspossibleduring periodswhenthe disk is active,
andto postponeprefetchingoperationsuntil the latestop-
portunityduring periodswhenthediskis idle. To approx-
imate suchbehaior, we introducean Epoch-basedlgo-
rithm into the memory managemeninechanismsf the
operatingsystem.Eachepochconsistsof two phasesan
active phaseandanidle phase. Prefetchingoccursdur-

ing the active phase.To managehis prefetchingthe OS
must:

1. Predictfuture dataaccesses.Predictionis basedon
manualor automatidchints (Section3.2).

2. Computethe amountof memorythat canbe usedfor
prefetchingor storing new data. This steprequires
identifying quickly the currently useful in-memory
data:theworkload's working setandcachedles.

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

4. Prefetchor resere buffersfor writing new datapropor
tionalto eachexecutingapplicationsmemoryresource
requirements. The goal of this stepis to coordinate
I/O accesseacrossconcurrentlyrunningapplications
sothatthey all generateheir next demandmissat ap-
proximatelythe sametime.

Whenthe active phasecompletestheidle phaseof the
epochbegins. During theidle phaseaccessew® eachac-
tive le are monitoredby the operatingsystem. Based
on the accesgatternandrate,andthe stateof the buffer
cache,the operatingsystemattemptsto predictthe next
miss time for each le, andto initiate a new prefetch-

ing cycle early enoughto achieve optimal performance.

Pattern Specifier

Sequential

File Specifier Loop Time Information

X

Random
List of <offset, length>
Probability of access
Pointer to information
regarding following
accesses

file descriptor First Access Time

Last Access Time

filename

Figure6: Hint Interface:Applicationscandisclosefuture
le accesseasingthehintinterface. Theinterfacespeci-
es a le usinga lenameora le descriptorandprovides
apatternspeci er thatcanbe oneof sequentialloop and
random.In addition,anestimationof thetime of rst and
lastaccesanbegiven,if available.

Prefetchinghasto startwell in advancein orderto hide
boththelatengy of thefetchitself andthe delayof a pos-
sibledisk reactvation(power-up).

The startof a new epochis triggeredby oneof thefol-
lowing events:

1. A new prefetchingcycle hasto beinitiatedin orderto
maintainoptimal performance.

2. A demandnisstook place.In this casethe prefetching
algorithmhasfailed to load into memoryall required
data,or hasmistalenly evicted usefulpagesfrom the
buffer cacheduring the active phase.The application
thatissuedherequestayexperiencenincreasedie-
lay in additionto the penaltyof a demandmissif the
disk hasbeenplacedinto alow-power state.

3. The systemis low on memoryresources. The page
freeinglogic hasto be executed.

3.2 DecidingWhat to Prefetch

To achieve ashigh a degreeof accurag aspossible pre-
dictionis basednhints Ourhintinterfaceis anextension
of that describedby Pattersonet al. [31]. The hint inter-
faceconsistsof a le speci erthatcanbea le descriptor
or a lename, a patternspeci er that shavs whetherthe
le will beaccesseth asequentialloop or randomway,
and estimatesf the times of the rst andlast accesses
to the le. Thetime information canbe representeds
offsetsfrom the startof the applicationexecutionor from
thedisclosureof the hint. For randomlyaccessedes the
hint interfacealsoprovidesa list of “hot” clusterswithin
the le, the probability of accesgo eachcluster andan
optionalpointerto a le thatprovidessetsof clusterghat
have a signi cant probability of beingaccessedvithin a
certaintime periodof the accesgo a speci ¢ page.Such
informationcanbe generatedhroughpro ling. Figure6
summarizeshe hint interface. Hints are submittedto the
operatingsystemhrougha new setof systemcalls.

New applicationscan use the new systemcalls di-
rectly in orderto provide hints to the operatingsystem.
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Figure 7: The monitor daemonprovides hints automati-
cally on behalfof applicationghatdo not supporthehint
interface. It tracks le systemuseby monitoringsystem
calls. It analyzeghe collectedinformation, and creates
a hint databasdor eachapplicationwhoseaccesgattern
maybeharmfulto enegy ef ciency. Whenanapplication
with hintsre-executesijts le accessewill automatically
be disclosedo the operatingsystemby the monitor dae-
mon.

For existing applicationsefcient le predictionmay be
achieved by monitoringpast le accesseandtakingad-
vantageof the semantidocality that appearsn userbe-
havior [20]. In our currentprototype,a monitor daemon
tracksthe le actiity of all executingapplicationdy trac-
ing the open, close , read , write execve , exit ,

andsetpgid systenrcalls. Its goalsaretwo-fold: to pre-
parea databaselescribingle accessefor eachapplica-
tion basedon the collectedinformation(AccessAnalysig

andto generatehints automaticallyon behalfof applica-
tionsbasedon theinformationin the databaséHint Gen-
eration). Figure7 illustratesthe operationof the monitor
daemon.

Sinceaccessanalysiscan be a computationallyinten-
sive operationjt takesplaceonly atperiodsduringwhich
enegy consumptionis not a concern(when the mobile
systemis pluggedin). Theanalysisutility discoversasso-
ciationsamongle accesseandapplicationsandrecords
the accesgattern(sequentialloop, andrandom)andthe
time from the beginning of executionto the rst andlast
accesdo eachle. Forrandomlyaccessedes theutility
alsoidenti es clustersof pageswithin the le thattend
to be accessedogethey the probability of an accesso
a given cluster andfor eachclusterX alist of clusters
thattendto be accessedvithin a certaintime (currently
one minute) of the accesdo that cluster The analysis
utility storesthisinformationfor applicationghatusethe
le systemfor relatively long periodsof time (currently
at least1l minute) and causeaccessatternsthat spread
a large amountof idle time acrossmary shortintervals.
Occasionahccessethatappearduring interactive work-
loadscanbe handledadequatelyby previously proposed
disk power managemerolicies[4, 5, 15, 22].

In orderto associateelated le accessethataregen-

eratedby differentprocessegasan exampleconsiderac-
cessegausedy thevariousinvocationsof thegcc com-
piler duringthe executionof a make operation) we take
adwantageof the processgroup structureof Unix. The
analysiautility associateaccessewith theprocesgroup
leaderof the procesghatcausedheaccessThedatabase
that maintainsthe hinting informationis indexed by the
absolutepathnameof the executablewith which the ac-
cessvasassociatedhedirectoryin whichtheaccessook
place,andtheamgumentausedto make theinvocation.

During normal systemoperation,the monitor daemon
tracksexecve systemcalls. If thereare hints available
in the databasdor the speci ed application,the daemon
automaticallygenerateshe hints on behalfof thatappli-
cation.

3.3 DecidingWhat to Replace

As mentionedn Section3.2,the rst stepduringtheiniti-
ationof anew prefetchingcycle is to computehenumber
of pageghatcanbe usedfor prefetching.Unlike a tradi-
tional prefetchingalgorithm,which canmake incremen-
tal page-outdecisionsover time, the enegy-conscious
prefetchingalgorithmmustmale a decisionsigni cantly
aheadf time, predictingthe numberof cachecpageghat
arenot going to be accessedluring a possiblylong idle
phase.

Intuitively, two parametersieterminethe number of
pageghatshouldbefreedat thebeginningof eachepoch.
First, the resened amountof memory should be large
enoughto containall predicteddataaccesses.Second,
prefetchingor future writes shouldnot causethe eviction
of pagesthat are going to be accessedoonerthan the
prefetchedlata.Sinceour goalis to maximizethelength
of theharddisk'sidle periodswe usethetype of the rst
missduringanepochsidle phaseo re ne ourestimateof
the numberof pagesavailablefor prefetchingin the sub-
sequentpoch.

We categorizepagemissesasfollows:

1. Eviction miss: A misson a pagethatusedto residein
the buffer cache but wasevictedin favor of prefetch-
ing. Sucha misssuggestshat numberof pagesused
for prefetchingn the currentepochwastoo large.

2. Prefetchmiss: A misson a pagefor which therewasa
prediction(hint) thatit wasgoingto beaccessedSuch
amisssuggestshata larger prefetchcachesize could
have beenusedduringthe currentepoch.

3. Compulsorymiss: A misson a pagefor which thereis
no prior information.

An eviction missduringtheidle phaseof anepochsug-
gestghatthe prefetchingdepth(thetotal numberof pages
prefetched)shoulddecreasewhile a prefetchmiss sug-
gestshatthe prefetchingdepthshouldincrease Control-
ling the prefetchingdepthbasedon eviction missespro-



videsa way to protectthe systemfrom applicationsthat
mayissueincorrecthints. Incorrecthintswill increasehe
numberof eviction missesandleadto areducedrefetch-
ing depth.Section4.4 describesn detailhow our system
adjustgshe prefetchingdepth.

4 Implementation

We have implementedour epoch-base@negy-ef cient
prefetchingalgorithmin theLinux kernel,version2.4.20.
We describethatimplementatiorin this Section.

4.1 Hinted Files

Prefetchinghintsaredisclosedby the monitordaemoror
by applicationghemseles. In addition,the kernelauto-
matically detectsand generatesints for long sequential
le accessesThefull setof hints,acrossll les is main-
tainedin adoublylinkedlist, sortedby estimatedrst ac-
cesstime. In additionto the information listed in Sec-
tion 3.2),thekernelkeepgrackof the following:
MemoryStatus Shows the cachingstatefor a le. A
le canbe completelyuncachedhave only its meta-
datacached,be partially cached,or be fully cached.
Whena hint is disclosedusingthe lename of the le,
thecachingstateof thecorrespondingle is unknawn.
In suchcaseghe kernelassumeshatthe le is com-
pletelyuncachedandaggressiely attemptgo prefetch
metadataand data. The kernel also keepstrack of
open andclose requestsn orderto associatéinted
accessewith their correspondinge descriptors.

Rateof accessKeepdrackof theaverageratein pages
persecondwith whichthe le is beingaccessed.

Prefetd Depth Shows the numberof pageshatwere
usedfor prefetchingdatafor the correspondindninted
le during the currentepoch. The prefetchingalgo-
rithm allocatesmemoryfor prefetchingto eachhinted
le proportionalto its averageaccessate.

4.2 PrefetchThread

Idle intenal length can be limited becauseof a lack of
coordinatioramongrequestgeneratedby differentappli-
cations. Evenif therearelong idle periodsin the access
patternof every application,we will be unableto power
down thedisk unlessthesepatternsarein phase.The op-
eratingsystemmust ensurethat readand write requests
from independentoncurrentlyrunning applicationsare
issuedduringthesamesmallwindow of time. Write activ-
ity caneasilybeclusteredbecausenostwrite requestare
issuedby a singleentity: the updatedaemon.Similarly,
page-outrequestsareissuedby the swap daemon.Read
and prefetchingrequestshowever, are generatedvithin
a processcontext independentf other applications. To
coordinateprefetchingrequestsacrossall running appli-
cationswe introducea centralizedentity thatis responsi-
ble for generatingrefetchingrequestdor all runningap-

plications:the prefetchdaemon.The prefetchdaemonis

analogouso theupdatedaemorandhandleseadactiity.

Throughthe prefetchthreadthe problemof coordinating
I/O actiity is reducedto that of coordinatingthreedae-
mons.

During the active phasethe prefetch thread goes
throughthe list of hints and attemptsto prefetchdatain
a way thatwill equalizethe expectedtime to rst miss
acrossall applications.The prefetchingalgorithmsetsan
initial targetidle period and for eachhinted le thatis
predictedo beaccessedithin thetargetperiodit aggres-
sively prefetchesnetadatanddataproportionako theav-
erageaccesgate. Thetargetidle time is thenincreased
graduallyuntil all hinted les arefully prefetchedr the
amountof memoryavailablefor prefetchings depleted.

Thetargetidle timesusedby the prefetchingalgorithm
arebasednthe“breakeven”timesof modermrmobilehard
disks: the times over which the enegy savings of low-
power statesexactly equalthe enegy costof returningto
the Active state.Currently we areusingtargetidle times
of 2 secondswhich correspondso thehighestow-power
stateof theIBM TravelStar[17], 5 secondswhich corre-
spondsto the IDLE-3 low-power stateof the TravelStar
andthe Idle stateof the Hitachi DK23DA, andmultiples
of the Standbystatebrealeventime (16 secondgor the
DK23DA). Whenthe prefetchingcycle completestheal-
gorithm predictsthat the length of the idle phaseof the
upcomingepochwill betheperiodfor whichthe prefetch
threadsuccessfullyprefetchedall necessargata.

4.3 PrefetchCache

We have augmentedhe kernel's pagecachewith a new

datastructure:the prefetchcache Pagesequestedy the
prefetchdaemonare placedin the prefetchcache. Each
pagein the prefetchcachehasatimestampthatindicates
whenit is expectedto be accessedWhena pageis ref-

erencedpr its timestampis exceededit is movedto the
standard_RU list andis thereaftercontrolledby the ker-

nel's pagereclamatiorpolicy.

4.4 Eviction Cache

To choosean appropriatesizefor the prefetchcache we
must keep track of pagesthat are evicted in favor of
prefetching(Section3.3). We do this usinga new data
structurecalledthe eviction cache This cacheretainsthe
metadataf recentlyevicted pagegthoughnot their con-
tents!)alongwith auniqueserialnumber calledtheevic-
tion number The eviction numbercountsthe numberof
pageghathave beenevictedin favor of prefetching.Dur-
ing theidle phasejf aneviction misstakesplace thedif-
ferencebetweenthe pages eviction numberandthe cur-
rentepochs startingeviction numberindicatesthe num-
berof pagedhatwereevictedin favor of prefetchingwith-
out causinganeviction miss. It canbeusedasanestimate



of a suitableprefetchingdepth (prefetchcachesize) for

theupcomingepoch.The prefetchdepthdoesnot change
in the caseof compulsorymissesor misseson pageshat
were evicted in prior epochs. It is increasedby a con-

stantamountf therewerenomissesor if therewereonly

prefetchmisses’ In orderto avoid signi cant oscillations
in the prefetchingdepthwe usea moving averagefunc-

tion. During systeminitialization, whenthereis no prior

informationavailable theprefetchdepthis setto thenum-

berof idle pagesn thesystem.

4.5 Handling Write Activity

The original Linux kernelusesa variantof the approxi-
mateinterval periodicupdatepolicy [26]. Theupdatedae-
monrunsevery5 secondsand ushesall dirty buffersthat
areolderthan30 seconds.This policy is badfor enegy
efciency: underevenlight write workloadsidle time will
appeaiin intervalsof 5 second®r less.

In our currentimplementationywe usea modi ed up-
datedaemorthat ushesall dirty buffersonceperminute.
In addition,we have extendedthe open systemcall with
anadditional ag thatindicatesthatwrite-behindof dirty
buffers belongingto the le canbe postponeduntil the
le is closedor the processthat openedthe le exits.
Sucha direction is useful for several commonapplica-
tions, suchascompilationsand MP3 encoding that pro-
duce les thatdo not have strictintra-applicatiorreliabil-
ity constraints. For legac/ code,userscan specifyin a
con guration le thenamesof applicationggcc , for ex-
ample)or le classege.g. .o ) for which write-backcan
be delayed.The monitordaemorthenprovidesa “ ush-
on-close”or “ ush-on-exit” directiveto theoperatingsys-
tem.

A sideeffect of create andwrite accessess that
they canleadto unpredictedeadoperationof le meta-
data, directories,or le systemmetadata(e.g. the free
block bitmaps). Suchreadoperationsare synchronous
andcaninterruptlengthyidle intervals. For thisreasorthe
monitor daemorkeepstrack of write andcreate ac-
cesseandgeneratehintsfor ary les thatmaybewritten
or createdby a certainapplication. During the prefetch-
ing cycle of the epoch,the prefetchthreadspeculatiely
prefetchesle systemmetadatdor les associatedvith
write  or create
level of the operatingsystem, le systemstructureis not
known, sinceit is le systemdependentln orderto en-
able le systemmetadategprefetchingwe have extended
theLinux virtual le systemwith two new functionpoint-
ers: emulate _create andemulate _write Both
functions executethe low level le systemcodethatis
normally executedduring le creationor disk block al-

2In the currentimplementationwe increaseby the pages _low
value, usedby the pageoutdaemon. In Linux this is 1/128 of the to-
tal numberof memorypagesut notlessthan20 or morethan255.

locationwithout actuallymodifying the le system(only
thecorrespondingeadrequestsreissued).Currently we
have animplementatiorof thetwo functionsfor theLinux
Ext2 le system.

Finally, write activity canleadto unexpectedl/O re-
guestgluringanidle phaséf thesystenmrunsoutof mem-
ory andthe pagedaemorhasto startpaging.For thisrea-
son,during the active phasethe prefetchthreadresenes
a portion of the availablememoryfor future writes. The
amountof memoryallocatedto each le is proportional
to its write rate. At the endof the prefetchingcycle, the
prefetchthreadsclearsa numberof pagesequalto theto-
tal numberof resenedpagesPagesareresenedonly for

les thathave beenactive for atleastacertaintime period
(5 secondspndhave a fastwrite rate (atleastl pageper
second).

4.6 Power ManagementPolicy

At the completionof the prefetchingcycle, the prefetch
thread predictsthe length of the upcomingidle phase
(Section4.2). This predictionis forwardedto the ker

nel's powver managemenpolicy. If the predictedlength
is longerthanthe harddisk's Standbybrealeventime, the
disk is setto the Standbystatewithin one secondafter
it becomesddle (the disk may be servicingrequestsfor

severalsecondsftertheprefetchthreadcompletests ex-

ecution).

Sincethe predictionprovided by the prefetchingsys-
temis basedonly on le accesseassociatedvith hints,
thereis a signi cant chanceof decreasegredictionaccu-
ragy duringhighly interactize workloadsthatarenot han-
dledef ciently by themonitordaemon.To avoid harmful
spin-davn operationsthe power managemenalgorithm
monitorsthe accurag of the prefetchingsystems predic-
tions. If the prefetchingsystenrepeatedlynispredictdhe
lengthof theidle phase providing predictionsthat spec-
ify idle periodslongerthanthe disk's Standbybrealeven
time,whentheactualidle periodlengthis shorterthanthe
brealeventime, the power managemenpolicy revertsto
a dynamic-thresholdpin-davn policy, ignoring predic-
tionscomingfrom the prefetchthreaduntil theiraccurag
isincreased.

For rate-basedand non-interactie applications,the

hints. At the memorymanagement sameinformation that allows the operatingsystemto

identify opportunitiesfor spin-davn canalsobe usedto
predict appropriatetimes for spin-up, renderingthe de-
vice availablejust in time to servicerequests. For this
purposeduring the idle phaseof an epochthe operating
systemmonitorsthe rateat which pagesbelongingto se-
guentiallyaccessedes areconsumedrom the prefetch
cache. Basedon this rate, the numberof pagesremain-
ing in the prefetchcache,andthe disk's power-up delay
it computeghetime at which the disk hasto be activated
in orderto avoid ary noticeabledelays.



Disk Hitachi
Capacity 10-30GB
Active 2.1W
Activeldle 1.6W (24%)
Low-Pawerldle | 0.6W (71%)
Standby 0.15W(93%)
Spinup 3.0Ww
Spin-uptime 1.6s
Brealeventime 16s

Table2: Enegy consumptiorparametergor the Hitachi
DK23DA harddisk. The disk supportsthreelow power
statesActiveldle (aportionof theelectronicss off), Low
Pawerldle (theheadsareparked) andStandby

5 Experimental Evaluation

In this section, we compare our enegy-conscious
prefetching algorithm (called Bursty) to the standard
Linux 2.4.20policies acrosssystemswith memorysizes
rangingfrom 64MB to 492MB. We usethe power 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 prefetchingalgorithmthatreadsup to 128 KB (32
4KB pages)n adwvanceandleadsto very shortperiodsof
diskidle time for our experimentalworkloads.Hence the
power managemenpolicy degeneratedo the No-Spin-
Down policy.

Our experimentswere conductedon a Dell Inspiron
4100laptopwith 512MB of total memoryanda Hitachi
DK23DA harddisk. Table2 presentshepowerconsump-
tion speci cationsof thedisk. Pover measurementsere
collectedfrom thedisk'stwo 5V supplylines. To measure
power, both the voltage and currentneedto be known.
Thevoltageis assumedb be x edat5V. We usedl00m
precisionresistorsin orderto dynamically measurethe
currentthroughthe supplylines. Thevoltagedropacross
the resistorswas measuredhrough the following Na-
tional Instrumentsetup:a SCXI-1308voltmeterterminal
block, a SCXI-1102C(32 channelmultiplexer/ampli er
and 10kHz Iter) module,a SCXI-1000chassigfor the
mentionedmodules)a SCXI-1349cardto chassisable,
anda PCI-6052EAnalog-to-Digitalcorvertercard(capa-
ble of 16 bit resolution,333Ksamples/second).he gain
of the SCXI-1102Cwas setto 100 and the PCI-6052E
was setto have a rangeof +/ 10V. The samplingrate

we useda pinned-devn 20MB memorybuffer that was

periodicallytransmittedto a logging systemthroughthe

network.

We usefour differentworkload scenarioswith differ-
entdegreesof 1/0 intensity The rst, MPEG playbackof
two 76 MB les (referredto asMPEG), represents rela-
tively intensve readworkload. The secondreferredto as
Concuren) is areadandwrite intensive workload,which
involvesconcurrentMP3 encodingand MPEG playback.
The MP3 encoderreads10 WAV les with a total size
of 626MB and produces42.9MB of data. During the
MP3 encodingprocessthe MPEG player accesse$wo

les with atotal sizeof 152MB. Our third workload(re-

ferredto asMake) is a full Linux kernelcompilation. Fi-
nally, in orderto evaluateour systemfor workloadsthat
consistof randomaccesse® les, we usethe SPHINX-II

SpeectRecognitiorutility [16] from CMU (referredto as

SPHINX). During speectrecognitionSPHINX accessea

128MB languagenodel le in anapparentlyandomway.

Asinputwe useasetof recordedlialogueghatwereused

in the evaluationof the TRIPS Interactive PlanningSys-

tem|[8]. We useda subsebf the dialoguego preparethe
accesyatterndatabaséSection3.2), and evaluatedthe
systemon a differentsubset.

Themetricsusedin thecomparisonsre:

Length of idle periods Longer idle periodscan be ex-
ploitedby morepower-ef cient device states.Increas-
ing the lengthof idle periodscanimprove any under
lying power managemerolicy.

Energy savings We compare the enegy savings
achievedfor Linux andour Bursty systemfor various
memorysizes.

Slowdown A signi cant challengefor our Burstysystem
is to minimize the performancepenaltiesthat may be
causeddy increasedlisk congestiorand disk spin-up
operations.

Figures8-11shaw thedistribution of idle timeintervals
for our workload scenarios. We presentresultsfor our
Bursty systemusing variousmemorysizes. For the rst
threeworkloads,the memorysizerangesrom 64MB to
492MB. For SPHINX two sizesare used: 256MB and
492MB. ExecutingSPHINX on systemswith lessthan
256MB of memoryleadsto thrashing.In all graphsthe
straightverticalline representshe 16 secondbreak-@en
point of the Hitachi hard disk. When executingon the
standard.inux kernel(not shavn in the graphs)the rst

for eachsignalwas1000samples/secondieasurements threeworkloadsleadto accespatternsn which 100%of

were collectedand corvertedto currentand power using
Nationallnstruments LabView (version6.0.2)software.
Theidle interval histogramgraphgFigures8 and9) are
basedon tracescollectedfrom the ATA/IDE disk driver
duringthe executionof our workloadsscenariosin order
to avoid ary disk actiity causedby the tracing system,

the disk idle time appearsn intervals of lessthan1 sec-
ond, independenbf memorysize, preventingthe useof
ary low-power mode. In contrast,larger memorysizes
leadto longeridle interval lengthsfor the Bursty system,
providing moreopportunitiesfor the disk to transitionto
alow-power mode.During the Linux kernelcompilation,
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Figure 9: Distribution of disk idle time intervals during
concurrentMPEG playbackand MP3 encoding. On the
standard_inux kernel(not shavn), 100%of the diskidle
timeappear intervalsof lessthanl secondor all mem-
ory sizes.

the Bursty systemmanagedo prefetchmost of the ac-
cesseddatawhen systemmemoryexceeds128MB. At
96 MB ourenepgy-awvareprefetchingalgorithmslowly in-
creaseshe size of the prefetchcache eventuallyachies-
ing idle periodsthatarelongerthanthe disk's brealeven
time. The algorithmbehaessimilarly on a 64MB sys-
tem. However, it alsoleadsto increasegagingthathasa
negative effect on both enegy andperformance For the
speechrecognitionworkload at 492MB the Bursty sys-
tem prefetchedhe whole languagemodel le leadingto
long idle phases.At 256MB it prefetchedup to 33% of
the le, leadingtoidle internvallengthsonly slightly longer
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Figure 10: Distribution of disk idle time intervalsduring
afull Linux kernelcompilation. On the standard_.inux
kernel(notshawvn), 100%o0f the diskidle time appearsn
intervals of lessthan1 secondfor all memorysizes. At
amemorysizeof 128MB andover all accessedes are
prefetchedy the Bursty systemleadingto increaseddle
interval lengths.
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Figure11: Distribution of disk idle time intervalsduring
speechrecognitionby SPHINX. On the standard.inux
kernelwith 256MB, 100% of the disk idle time appears
in intervalsof lessthanl second.

thanLinux, dueto accessew theuncachegbortionof the
le.

Figure 12 presentddisk enegy savings as a function
of total systemmemorysize. The basecaseusedfor the
comparisonss thestandard.inux kernelona 64 MB sys-
tem. For Linux, increasinghe systems memorysizehas
only aminorimpacton theenegy consumedy thedisk,
becaus®f the lack of longidle intervals. In contrastthe
savings achieved by the Bursty algorithmdependon the
amountof memoryavailable. For the rst workload,sig-
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Figure 12: Disk enegy savings as a function of total

memory size. Resultsare shavn for all experimental
workloads: MPEG playback, Concurient MPEG play-
backandMP3encodingMake (theLinux kernelcompila-
tion) andSPHINXexecutingon our Bursty system When
executingon the standardLinux kernel (not shawvn), in-

creasinghetotal memorysizeto 492MB leadsto atmost
5.25%in disk enegy savingsacrossall workloads.

ni cant enegy savingsareachiezedfor all memorysizes.
Evenonthe 64MB systemthe enegy consumedy the
diskis reducedoy 40.3%. Despitethe factthatmostdisk
idle intenvals are not long enoughto justify a spin-davn
operation,they allow the disk to make ef cient use of
the low-power idle statethat consumegust 0.6W. With
492MB, the Bursty systemloadstherequireddatain just
threeveryintensize /O bursts,allowing thediskto transi-
tion andremainin the spin-davn statefor signi cant pe-
riodsof time, andleadingto 78.5%disk enegy savings.

Resultsfor the secondworkloadaresimilar. However,
becausef theincreased/O intensitythe enegy savings
arelesspronounced.Enegy consumptioris reducedaf-
terthe memorysizeexceedsl28MB (15.9%enepgy sav-
ings). On a systemwith 492MB enepgy savings reach
62.5%.For theLinux kernelcompilation,our Bursty sys-
temachievedsigni cant enegy savzingsfor memorysizes
of 128MB andlarger: up to 66.6%.However, despitethe
increasen idle intenal lengths,on a 64MB systemour
algorithmleadsto increase@negy consumptior(15.5%)
becauseof excessie paging. Finally, for the speech
recognitionworkload, disk enegy sasings reach77.4%
fora492MB system With 256MB, theenepgy-conscious
prefetchingalgorithmsaves16.7%throughmoreef cient
useof theactive idle power mode.

Figure 13 presentsthe executiontime for the work-
load scenarios. For the Concurient workload (left side
of thegraph),the slowdown of the MP3 encodingprocess
is 2.8% or less. The performanceof the MPEG player
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Figure13: Executiontime (in secondspf the workloads
on Linux and the Bursty systemwith various memory
con gurations.

stayswithin 1.6%o0f thatontheLinux systemin all cases
exceptthe 64MB system(Bursty-64MB),whereit expe-
riencesa slovdown of 4.8%. For the MPEG playback
workload, the Bursty systemexperiencesa slowvdown of
1% (for the64MB case)or less,whencomparedo Linux
with 492MB of memory(Linux-492MB). For the Linux
kernelcompilationthe Bursty systemstayswithin 5% of
theexecutiontime of Linux acrossall memorysizedarger
than 128MB. On a 64MB systemBursty experiences
a performancepenalty of 15% mostly due to increased
paginganddisk congestion.Using a priority-baseddisk
gueuethat giveshigherpriority to demandrequestghan
prefetchingequestgouldleadto improvedperformance.
Finally, during speechrecognitionaggressie prefetching
of thelanguageanodel le leadsto slightly improvedper
formancefor SPHINXdueto the reductionin pagecache
misses.Our performanceaesultsshav thatthe prefetch-
ing algorithmmanagedo avoid successfullynostof the
delaythat may be causedyy disk spin-upoperations.In
addition,it canleadto improved performancéecausef
anincreasecaachehit ratio.

6 RelatedWork

Power Management. The researclcommunityhasbeen
veryactive in theareaof power-consciousystemsluring
the last few years. Golding et al. [11] hint at the idea
of conservingsuch non-ren&vable resourcesas battery
power duringidle periodsby disablingunusedesources.
Ellis et al. [6] suggestmaking enepgy ef ciency a pri-
marymetricin thedesignof operatingsystemsECOSys-
tem [37] providesa modelfor accountingandfor fairly
allocatingthe available enegy amongcompetingappli-
cationsaccordingto userpreferences Odyssg [10, 27]
providesoperatingsystemsupportfor application-avare



resourcananagementlrhekey ideais to tradequality for
resourcevailability.

Several policies have beenproposedto decreasdhe
power consumptionof processorghat supportdynamic
voltageandfrequeng scaling. Thekey ideais to schedule
soasto “squeezenuttheidle time” in rate-base@pplica-
tions. Severalresearcherbave proposedvoltagesched-
ulersfor generalpurposesystemg9, 12, 35, 32]. Lebeck
et al. [21] explore power-aware pageallocationin order
to make more ef cient useof memorychips supporting
multiple power statessuchasthe Ramlus DRAM chips.

Hard Disks. Theenepgy ef ciency of harddisksis not
anew topic. Thecostandrisks of Standbymodeplayeda
rolein theearlyinvestigatiorof hard-diskspin-davn poli-
cies[4, 5, 15, 22]. Concurrentlywith our own work [28],
several groupshave begun to investigatethe deliberate
generatiorof burstyaccespatternsHeathetal. [14] and
Weisselet al. [36] proposeuserlevel mechanismgo in-
creasethe burstinessof 1/0 requestdrom individual ap-
plications.Lu etal. [24] reportthatsigni cant enegy can
besaredby respectingherelationshipbetweerprocesses
anddevicesin the CPU schedulingalgorithm. (We note,
however, that giventhe mary-second'break-esen” times
for harddisks,processchedulingcanincreaseburstiness
only for non-interactie applicationswhich cantolerate
verylong quanta.)Zengetal. [38] propose€‘shaping”the
diskaccespatternaspartof alargereffort to make enegy
a rst-classresourcan the eyesof theoperatingsystem.

LikeLu etal. andZengetal., we believe thatthe effec-
tive managemenf deviceswith standbymodesrequires
global knowledge,and mustbe implementedat leastin
part, by the operatingsystem. Our work differs from
that of Lu et al. by focusing on aggressie read-ahead
andwrite-behindpoliciesthat canleadto bursty device-
level accesgatternsvenfor interactive applications Our
work is moresimilarto thatof Zengetal., but withoutthe
notionof enegy asa rst-classresource While we agree
thatenegy awarenesshouldbeintegratednto all aspects
of the operatingsystemit is not clearto usthatit makes
sensdo allocatejoulesto processe#n the sameway we
allocatecyclesor bytes. Ratherthansay“l' d like to de-
vote 20% of my batterylife to MP3 playbackand 40%
to emacs, we suspecthatusersin anenegy-constrained
ervironmentwill say“l' d like to extend my batterylife
as long as possiblewithout suffering more than a 20%
drop in soundquality or interactive responsreness. It
will thenbe the responsibilityof the operatingsystemto
manageenegy acrossapplicationsto meetthesequality-
of-serviceconstraints.

Recently researchertiave begun to explore methods
to reducethe power consumptionof large-scalestorage
systems. Carreraet al. [7] comparedesignschemedor
conservingdisk enegy in network seners. Colarelli et

al. [2] explore massie arraysof idle disks,or MAID, as
an alternatve to corventionalmassstoragesystemsfor

scienti c computing. Papathanasioet al. [30] suggest
replacingsener-classdiskswith power-ef cient arraysof

laptopdisks.

Disk accesgattern“shaping” techniquessuchasour
prefetchingalgorithm, can be appliedto sener storage
systemsand improve their power efciency. Zhu et
al. [39] proposepower-awarestoragecachemanagement
algorithms that provide additional opportunitiesfor a
large-scalestoragesystento saze enegy. Our prefetching
algorithm complementsiicely their power-aware cache
replacemenpolicy. Finally, Gurumurthiet al. [13] sug-
gestthe useof DRPM [13], an approactthat would dy-
namicallymodulatedisk speeddecreasinghe power re-
quiredto keeptheplattersspinningwhentheloadis light.

Prefetching Prefetchinghasbeensuggestedy sev-
eralresearcherasa methodto decreaseapplicationper
ceiveddelayscausedy the storagesubsystemPrevious
work hassuggestedhe useof hints as a methodto in-
creaseprefetchingaggressienesgor workloadsconsist-
ing of bothsingle[31] andmultiple[34] applicationsCao
et al. [1] proposea two-level pagereplacemenscheme
that allows applicationsto control their own cachere-
placement,while the kernel controls the allocation of
cachespaceamongprocessesKaplanetal. [18] explore
techniquego controlthe amountof memorydedicatedo
prefetching.Curewitz etal. [3] exploredatacompression
techniquesn orderto increasehe amountof prefetched
data. To the bestof our knowledge,previously proposed
prefetchingalgorithmsdo not addressmproved enegy
efciency. In generalthey assumea non-congestedisk
subsystemandthey allow prefetchingo proceedn acon-
senative way resultingin arelatively smoothdisk usage
pattern.

7 Conclusion

In our studywe investigategageprefetchingandcaching
stratgies that increasethe burstinessof I/O patternsin
orderto sase enegy in diskswith non-operationalow-
powerstatesIn addition,we presentednethodgo predict
futureaccesseautomaticallyandaggressiely, to balance
thememoryrequirementsf prefetchingandcachingand
to coordinateaccesse®f concurrentlyrunning applica-
tionssothatrequestsaregeneratecdndarrive at the disk
atroughlythe sametime.

We have implementedour ideasin the Linux 2.4.20
kernel. Experimentswith a variety of applicationsshav
thatour techniquesanincreasehelengthof idle phases
signi cantly comparedo a standardLinux kernellead-
ing to disk enegy savings of 60—80%. The savings de-
pendon the amountof available memory and increase
asthe system$ memorysize increases.Even relatively



shortincrease# theaverageidle interval lengthcanlead
to signi cant enegy savings, mostly by makingmoreef-

cient useof intermediatelow-power states. Published
studies[23, 5] attribute 9-32% of the total laptopenegy

consumptiorto the harddisk. These gures imply that
our prefetchingalgorithm may increasebatterylifetime

by up to 25%. The exactfraction dependon the system
con gurationandthe executingworkload.

Thoughour currentwork hasfocusedon hard disks,
increasedburstinesscould be usedto improve the en-
ergy ef ciency of otherdeviceswith non-operationabw-
power states.Network interfaces—forwirelessnetworks
in particular—areanobviousexample,but they introduce
new complications. First, in additionto standbystates,
several wirelessinterfacessupportmultiple active states,
with varyinglevels of broadcaspower suitablefor com-
municationover varying distances.Secondwhile a disk
never initiates communicationa wirelessnetwork does.
Third, the enegy consumedby a wirelessinterfacede-
pendson the quality of the channel,so communication
burstsshouldbe scheduledwhen possible,during peri-
odsof high channelquality.

Over time, we speculatethat burstinessmay become
importantin the processodomainaswell. 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 schedulingnstructiongor burstinesspnemight
save both dynamicand static power by gating off volt-
ageto the integer unit during periodsof inactwity. This
tradeof betweenoperationalscale-davn, with a smooth
accesgattern,and non-operationapower-down, with a
burstyaccespattern arisesn multiple situationginclud-
ing DRPM[13]), andis likely to be a recurringthemein
our futurework.
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