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Abstract

Hard disksfor portabledevices, andthe operatingsystemshat managethem, incorporatespin-down
policiesthatidle the disk aftera certainperiodof inactvity. In essencethesepoliciesusea recentperiod
of inactvity to predictthat the disk will remaininactve in the nearfuture. We proposean alternatve
strateyy, in which the operatingsystemdeliberatelyseeksto cluster disk operationsn time, to maximize
the utilization of the disk whenit is spunup and the time that the disk can be spundown. In orderto
clusterdisk operationswve postponehe serviceof non-ugent operationsanduseaggressie prefetching
andfile predictionto reducethe likelihoodthatsynchronouseadswill have to go to disk. In addition,we
presenta novel predictive spin-davn/spin-uppolicy that exploits high level operatingsystemknowledge
to decreasalisk idle time prior to spin-davn, and applicationwait time dueto spin-up. We evaluateour
stratgy throughtrace-divensimulationof severaldifferentworkloadscenariosOurresultsindicatethatthe
deliberatecreationof burstyactiity cansave upto 55%of theenegy consumedby anIBM TravelStardisk,

while simultaneoushydecreasingsignificantly the negative impact of disk spin-uplateng on application
performance.

Thiswork wassupportedn partby NSFgrantsCCR—9988361CCR-0204344andEIA—0080124 andby DARPA/IT O under
AFRL contractF29601-00-K-0182.
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1 Intr oduction

Pawer efficiengy hasbecomea majorconcernfor computingsystemsProcessorsuchasthe Transmeta
Crusoeg[Halfhill, 2000a;Halfhill, 2000b]andthe Intel StrongARM{[Intel Corporation]supportfrequeng
andvoltagescaling,allowing aclever schedulingalgorithmto save enegy by “squeezinguttheidle time”
in rate-base@pplications.Memory, harddisk, and networking devicestypically supporta small number
of discretestateswith varying power consumptiorand performancecharacteristics The device typically
operate®nly in the highestenegy state;otherstatesconsumeprogressiely lesspower, but take increasing
amountf time, andoftenenengy, to returnto the active state.

Traditionalpower managemeroliciesattemptto move a device into oneof its low power statesduring
periodsof idle time. The principalchallenges to identify the statethatwill maximizeenegy savingsfor a
givenlevel of acceptableerformancaelegradation.Sincethe optimal powver statedependsiot only on the
device’s characteristicshut alsoon thelengthof theidle period,which is not known in adwance,choosing
the optimal statebecomesa difficult predictionproblem. The mostcommonpolicies employ a fixed or
adaptve threshold, moving to a low power stateafter a certainperiod of device inactiity. More comple
policiesmonitor the utilization patternof the underlyingdevice, keeptrack of the lengthandfrequenyg of
idle periods,andattemptto selecta powver modebasedon predictionof the durationof the upcomingidle
period.

Unfortunately pover managemenpoliciesthat simply react to obsered accesgatternssuffer from a
fundamentalimitation: if thetime betweendevice accessess too smallto justify moving to alow power
mode,thenthe mostefficient reactve policy will keepthe device constantlyactve, andno enegy will be
saved. A more promisingapproachwe believe, is to change the accessattern. Specifically we propose
thatthe operatingsystemdeliberatelyattemptgo createbursty accesgpatterndor deviceswith low power
modes.In this papemnwe focusin particularon harddisks.

Thoughmostdisk requestsaredriven by applicationsthe temporaldistribution of thoserequestss to
alarge extentan artifact of the schedulingmemorymanagementndbuffering decisionanadeby the OS
kernel. Operatingsystemaave traditionally attemptedo generatessmoothan accesgatternaspossible,
by spreadingrequestver time. This smoothingreducesthe likelihood of I/O bottlenecksand canbe
expectedio maximizethroughputfor I/O intensve workloads,but it hidesopportunitieso save enegy. If
the operatingsystemattemptednsteadto clusterrequestdn time it might often be ableto meige several
shortintenals of inactity into asingle,longerinterval, duringwhichthedisk could profitablybemaovedto
alow power (“spundown”) state.

In the remainderof the paper we presentand evaluatemechanismso increasethe burstinessof disk
usagepatterns by delayingasynchronouseadandwrite request{moving themforward in time) and by
prefetchingaggressiely to reduceasmuchaspossiblethe numberof synchronouseadsthathave to come
from disk (moving thembackward in time). We focusin our currentwork on interactve workloadsand
workloadsconsistingof rate-basednd multimediaapplications.We also presentpreliminary resultsthat
guantify the positive impactof file predictionon enegy efficiengy. Ongoingwork (not reportedhere)will
accommodatenore randomandinteractve accesgatterns,using more sophisticategrefetchingmecha-
nisms,andspoolingsynchronousvrites throughFLASH RAM. To quantify the benefitsof burstinesswe
modelthe enegy consumedy a standardaptopharddisk, drivenby disk accesgatterndrom multimedia
applications.

To identify opportunitiesto move requestdn time, we argue that a powver managemensystemmust
track the accesspatternsof applicationsover time, generatingapplication-specifigredictionsof future
accesse$Pattersonet al., 1995], and mustintegrate the power stateand performancecharacteristicof
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underlyingdevicesinto suchtraditionalresourcemanagemenpolicies as memory managemenand disk
scheduling.

For mobile systemswhoseworkloadsare not usuallyl/O intensve, the principaldownsideto a bursty
accesgatternis a potentialincreasean theapplication-percged lateny of synchronouseadsdueto spin-
up operations.For interactve applicationsaggressie prefetchingsenesto reducethe numberof visible
delays. For rate-basednd non-interactie applications,the sameinformation that allows the operating
systemto identify opportunitiesfor spin-davn canalso be usedto predict appropriatetimesfor spin-up,
renderingthe device availablejustin time to servicerequestslt canalsobe useddeactvatethe disk after
theendof aburstof actiity.

Datausagepredictionandprefetchinghave beenstudiedextensvely in the pastasa methodto improve
systemperformance.The natureof pover managementiowever, suggests significantlymoreaggressie
approachWhenthegoalis simplyto minimizeapplicationpercevedlateng, thebenefitof prefetchingare
limited by the applications dataconsumptiorrate[Pattersoret al., 1995]. it is uselesgo prefetchearlier
thanthe point at which a future accesswill yield a zero stall time. With respectto powver management,
however, ary future dataaccesghatdoesnot hit in memoryis equallycostly afterthe device hasentereda
low power state sinceit will leadto a spin-upoperation.To maximizeenegy efficiengy we shouldprefetch
asaggressiely aspossible aslong asprefetchingdoesnot exceedour memorycapacity or evict datathat
will beusedsoonerthanthe prefetchedlata.

Therestof this papeiis structuredasfollows. Section2 providesthemotivationfor anenegy-conscios
file systemwhile Section3 describeshedesignof our prefetchingandrequestdeferringmechanismsSec-
tion 4 presentsxperimentalresults. In a seriesof experimentswe reporton (1) delayingasynchronous
requestsfor mixed workloads, (2) prefetchingfor applicationswith sequentialaccesspatterns,and (3)
prefetchingin moregeneralapplications.Our resultsindicatethatthe deliberatecreationof bursty actvity
cansave up to 55% of the enegy consumedy an IBM TravelStardisk, while simultaneouslydecreasing
significantlythe negative impactof disk spin-uplateng on applicationperformance.Section5 discusses
previouswork. Section6 summarize®ur conclusions.

2 Motivation

2.1 Energy Efficiency of Hard Disks

Following the guidelinesof the AdvancedConfigurationand Power Interface Specification(ACPI)
[ACPI, 2000], modernhard disks for mobile systemssupportfour different power states: Active, ldle,
StandbyandSleep.In theldle statethe disk is still spinning,but the electronicamay be partially unpaw-
ered,andtheheadsmay be parked or unloadedIn the Standbystatethe disk is spundown. The Sleepstate
powersoff all remainingelectronics;a hardresetis requiredto returnto higherstates.Individual devices
may supportadditionalstates.The IBM TravelStar for example,hasthreedifferentidle sub-state$iBM,
1999].

The time and enegy requiredto move from Idle to Active stateare minimal for mostdevices. We
thereforeassuman the restof this paperthatthe disk movesautomaticallyto Idle statewhenthereareno
pendingrequestsThetime andenegy requiredto move from Sleepto ary otherstatearehigh enoughthat
we assumehatstateis usedonly whenthe machines shutdown or hasbeenidle for a significantperiodof
time. Standbystatelies in the middle. Contemporandisksrequireon the orderof oneto threesecondgo
transitionfrom Standbyto Active state.During that spin-uptime they consumel.5-2Xasmuchpower as
they dowhenActive. Thetypicallaptopdisk mustthereforeremainin Standbystatefor a certainamountof

3



Disk M-1994 | IBM-2000 | T-2001 | IBM-micro
Capacity 105MB | 6-18GB 2GB 340MB-1GB
Active 1.95W 2.1W 1.3wW 0.73W
Idle 1.0w 1.85W 0.7W 0.5W
Active Idle NA 0.85W NA NA
Low Powerldle NA 0.65W 0.5W 0.22W
Standby 0.025W| 0.25W 0.23W 0.066W
Spinup 3.0w 3.33W 3.0w 0.66W
Spindown 0.025wW NA NA NA
Spinuptime 2.0s 1.8s 1.2s 0.5s
Spindown time 1.0s NA NA NA
Brealeventime 6.2s 6.2s 7.6-13.3s 0.7-2s

Table 1: Enegy consumptionparameterd$or variousdisks. M-1994 standsfor MAXT OR MXL-105 Il
(1994),1BM-200 standgor IBM Travelstar(2000), T-2001 standsfor ToshibaMK5002 MPL (2001),and
IBM-micro standgor IBM Microdrive DSCM.

time to justify the enegy costof the subsequergpin-up. This break-even time is currentlyon the orderof
5-15seconddor laptopdisks. Table 1 presentghe break-&en time andthe power characteristicfor one
olderandthreemorerecentharddisks.NotethattheIBM Microdrive, aone-inchdevice intendedor usein
camerasindPDAs, is smallerthanthetypical laptopdisk.

The principal task of an enegy-consciousdisk managemenpolicy is to force transitionsto Standby
statewhenthisis likely to save significantenegy. Inappropriatespin-davns canwasteenepy (if the disk
remainsidle for lessthanthe break-&en time), frustratethe humanuser(if the computermustfrequently
spinup thedisk in orderto serviceaninteractve application),andreducethe lifetime of the disk through
wearandtear On the otherhand,even significantamountsof unnecessargisk traffic (e.g. prefetchingof
datathatarenever actuallyused)canbejustifiedif they allow usto avoid spin-upoperationsgr to leave the
disk spundown for longerperiodsof time. Our goalsarethusto (1) maximize the length of idle phases by
prefetchingaggressiely andby postponingwrite requests(2) minimize wait time in the Idle stateduring
idle phasedong enoughto justify spindown, (3) avoid unnecessary spin downs during shortidle phases,
and(4) minimize application perceived delays throughdisk pre-actvation.

2.2 Linux Delayed-Write and Prefetching Algorithms

As a concreteexampleof disk managemenpoliciesorientedtoward smoothing,considerthe delayed-
write and prefetchingalgorithmsemplo/edin Linux. Like mary modernoperatingsystemsLinux usesa
unified virtual memoryandfile buffer systemto cachedisk contentsin memory Write operationscreate
dirty pagesn memory but unlessthe applicationexplicitly requestsa synchronoumperationthey do not
immediatelyaccesglisk. Rather a kerneldaemorcalledKupdate executesevery five secondsndinitiates
write requestdor every buffer that hasbeendirty for morethanthirty seconds.The 30 seconddelayde-
creaseghe systems write actvity: files that are deletedwithin 30 secondshever actually reachthe disk.
The 5 secondrepeatintenal senesto spreaddisk traffic over time, and ensureghat a systemcrashcan
never destry datamorethan35 second®ld. (In anon-preemptie kernelsuchasLinux, frequentexecution
of Kupdate alsopreventsthe work associatedvith creatingdisk requestgrom becominga noticeablé‘hic-
cup”in userresponsienessin our enegy-avareversionof Linux, thedaemorstill runsfrequently but we
postpongheactivationtime of thedisk requestjueue.)
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Figure 1. Dataproductionrateasseenby the Linux  Figure 2: Distribution of idle time intervals for the
disk andthefile systemduringa CD copy operation.  Linux diskduringa CD copy operation.
Differencesaredueto thebehaior of Kupdate.
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Figure3: Dataconsumptiorrateasseerby theLinux  Figure 4. Distribution of idle time intervals for the

disk and file systemduring mp3 playback. Differ-  Linux diskduringmp3playback.
encesaredueto prefetching.

Kupdate hasa negative effect on enegy consumption. Unlessthe systemis completelyidle, write
requestaregenerate@lmostevery time the daemorruns. Theresultcanbeseenin Figuresl and2, which
shav dataproductionratesanddisk idle timeswhile copying a CD-ROM to disk. No idle time intenal
is longer thanfive secondsjeaving no opportunityto save enegy by spinningdown the disk. This is
unfortunategiventhatthe sustainabldandwidthof the disk significantlyexceedghatof the CD drive.

For sequentiateadaccessed,inux supportsa conserative prefetchingalgorithmthatreadsup to 128
KB (324KB pages)n adwance.Figures3 and4 illustratetheresultingdisk behaior for mp3playback.The
applicationconsumedile datasequentiallyatarateof approximatelyl 6 KB/s (LMB/min), whichthekernel
translatesnto readrequestdor 128KB every 8 secondsSincemostmodernlaptopdiskshave a break-een
time greaterthan8 secondsthereis againno opportunityto save enegy by spinningdowvn thedisk. In our
experiment66% of the total disk idle time (194 secondut of 292) appearsn intenals of lessthaneight
secondsandonly 15%appearsn intervalsthatarelargerthan12 secondgthe break-eentime for anIBM
TravelStardisk).



Assumingthereis enoughavailablememory anenegy consciougrefetchingalgorithmcouldincrease
theamountof prefetchedlata.Doublingit to 256KB would move theinterrequesinterval above the break-
even point for spin-davn of mary laptop disks. Additional increasesvould permit substantiallygreater
enegy savings. Moreover, adisk schedulingalgorithmthathasaccesgso the additionalinformationthatthe
mp3 playbackis the only currentlyactive taskcanspin down the disk immediatelyafter servicingthe last
requestndspinit up againjustin time to servicethe next bunchof prefetchingrequests.

The previous examplesillustratecasesvheresmoothingconflictswith enegy efficiengy. They suggest
thefollowing guidelinesfor enegy efficient design:

1. Delayed updates Updatepolicies shouldbe modifiedin orderto increasethe burstinessof write
activity. A simpleway to increasewrite burstinessvould be to increasehe executionperiodof the
kernels updatethread but sucha changecouldleadto decreasedystenresponsieness.

2. Aggressve Prefetching Depth of data prefetchingshould be increasedbeyond an applications
prefetchhorizonin orderto reducethe frequeny with which readrequestshave to be servicedby
the disk. File predictionshouldalsobe emplg/ed. Therisks of aggressie prefetchingmay be de-
creasedy theuseof hints. Hints maybegeneratedutomaticallyby keepingtrackof pastapplication
accesgatterns.

3. Urgency-basedscheduling Increasedurstinessanleadto disk congestionTo avoid increasedp-
plication perceved delaysandreducedsystenmreliability, urgentrequestgmostly synchronouseads
associateavith foregroundapplicationsandsynchronousvrites) shouldnot wait for the completion
of earliernon-ugentrequests.To make urgeng informationavailable to the low-level disk driver,
requestshouldbe annotatedvhenoriginally generatedn higherlevels of the system.

4. Device Awareness Power consumptiorand performancecharacteristic®f devices shouldbe inte-
gratedinto the operatingsystemalgorithmsthat determinethe device’s usagepattern.In the caseof

harddisks,the memorymanagemensystem—specificallghe prefetchingand updatealgorithms—
shouldreflectthe break-eentimesfor eachlow power state.

3 Designof an Energy-Consciouskile System

Following theguidelinessuggesteth Section2, we proposehefollowing kernelsubsystemfor enegy-
consciouslisk managemen(tFigure5):

¢ The monitoring systemtracksfile accessesf applicationsover time (including multiple runs), to
learntheir accesgatterns. It noteswhich files are readand written, at what rates,and with what
recurringpatterngsequentiabr randomaccesspnceor multiple times).

e Usinginformationfrom the monitoringsystem the hint generation systempredictsfuture disk ac-
cesse®nthepartof currentlyrunningapplicationsandpasseshesepredictionsashintsto themem-
ory managemenandfile system. A similar approachto prefetchingwas proposedby Pattersonet
al. [Pattersoret al., 1995],but in alessaggressie form. As notedin sectionl, attemptg¢o maximize
performancelo notleadto the depthof prefetchingrequiredto producea bursty disk usagepattern.

e Basedonthecurrentlyavailablememoryandinformationfrom thehinting systemthememory man-
agementsystemandfile systemmustdecidewhich databuffersto keepin memoryin orderto max-
imize the lengthof idle phases.To accomplishthesetasks,they areaugmentedvith algorithmsfor
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prefetch requestgeneration andidle phaselength estimation. During eachbrief period of disk
actvity, thesealgorithmsdeterminewhich memorypagesare going to be accessedh the next idle
phase,which files and how mary buffers from eachfile have to be prefetchedwhich dirty pages
have to beflushedin orderto provide spacefor new dataandmeetapplicationexpectationgegarding
synchronouswvrites, andhow mary pageshave to be reseredin orderto hold the datathat will be
producedduringthenext idle phase All requestareannotatedvith anindicationof their urgeng.

e Basedon informationfrom the prefetchrequestgenerationandidle phaselength estimationalgo-
rithms, the disk driver decideswhetherto keepthe device active or placeit in alow power state.
Non-ugentrequestghatareissuedaftera disk deactvation do not leadto animmediatedisk reacti-
vation.

3.1 Annotations for Delaying Requests

As afirst steptowardsthe implementatiorof the proposediesignwe presenta schemeor annotating
I/O requestdn the Linux kernel. As mentionedabore, requestannotationscan facilitate an efficient re-
shapingof the disk usagepatternand avoid significantperformancedegradationdueto disk congestion.
Particularlyfor applicationsvith unpredictableccespatternswhereprefetchingcannoteusedo increase
disk burstinessdelayingselectvely requestEanavoid undesirablalisk reactiations.

Thedecisionto delaythe servicetime of a synchronousequestindtheamountof time for whichit can
be delayeddepend®n its criticality or urgeny andon the currentstatusof the systemt Suchinformation
is availablein the higherlevels of the operatingsystemwherethe requess origin andthe causeghatlead
to therequestareknown, but it is lost beforeit reacheghe level at which powvermanagemenpoliciesare
typically implemented.The disk driver may know thetype of the operation(reador write), the size of the

1 As anexampleof theeffectof thesystems statuson requestriticality, considemrite requestshataregeneratediuringperiods
of low memoryavailability. Suchrequest@aremoreurgentthansimilar requestgeneratediuring periodsof low memorydemand.



data,andthe blocksof the disk that have to be written, but it doesnot know the purposeof the requesior
theidentity of the procesghatinitiated it. Thisinformationis unimportantto a purethreshold-basedpin-
down policy, but it may help us to distinguishurgentoperationsor operationghat shouldnot be delayed
significantlyfrom lessimportantrequests.

An inventoryof 1/0 operationdgn the Linux 2.4 kernelsuggestseven different categoriesof requests,
listed herein increasingorderof urgeng:

1. Asynchronousequestdsrom usetlevel processes.
. Synchronousequestgrom non-interactie userlevel processes.

. Asynchronousequestgrom kernelthreads.

2
3
4. Synchronousequestgrom interactve userlevel processes.
5. Synchronousequestgrom kernelthreads.

6

. Requestsreatedoy a sync operation.

7. Requestshathave to be servicedn orderto free systenresourcesinderheary load.

Becausehe Linux schedulerdoesnot attemptto distinguishbetweeninteractve and non-interactie
processespur initial implementations unableto distinguishbetweenrequestsn cateories(2) and (4).
We considerdelayingrequestsn cateyories (1) and (3) (“non-umgent requests”),but servicerequestdn
categories(2) and(4)—(7) (“urgentrequests”ymmediately More specifically our implementatioremplo/s
two parametersthe spin-davn thresholdl” andthe maximumdelaytime D. We spinthedisk down afterT
secondsn which no requestsare pending.We spinthe disk up whenthereis an urgentrequestor whena
D seconddave elapsedsincethe oldeststill-unservicednon-ugentrequest.Oncethe disk is spunup, we
serviceall outstandingequestsfrom all catejories,andcontinueto servicenewly arriving requestgfrom
all catgyories)until we againexceedthe spin-davn thresholdr'.

It is importantto notethatthe generatiorof requestss independenof thetime thatthe low-level driver
will servicethe request. Synchronousequestsare generatedn directresponsdo an applicationsystem
call. Asynchronousequestaregeneratedby upperlevels of thekernelperiodicallyor whenthe processor
is idle. Additional requestsaregeneratedy variousmodulesof the kernelitself. Theinitiation of request
servicingdepend®ntheloadof theharddisk andthe powver managementolicy. Requesannotationkeep
the generatiorof requestsndependenof their actualservicetime and provide enoughinformationto the
low-level driver to respectherequess semantics.

The Linux I/O Mechanisms

I/0 requestsn Linux may be initiated througheitherthe memorymanagemengystemor the file sys-
tem. Independenbf the sourceall I/O requestendup in a call to the function generic_make_request() in
driverg/block/ll_rw_blk.c. Thefunctioninsertsthe requestinto a private queueassociatedavith the device.
After the insertioninto the taskqueuehascompletedthe bottomhalf of the device driver visits the queue
andservicesevery pendingrequesuntil the queuebecomeempty

2Currently Linux doesnot supportasynchronou/O by userlevel processesAll userlevel readrequestswill block until the
requestediatahave beenloadedinto memory Write systemcalls areeffectively asynchronousthey returncallsreturnassoonas
therequeshasbeenplacedin thedriver's queue.



Linux supportsdeferredprocessinghroughthe notion of a task queue. Specifically requestsnay be
placedin arequestjueuewithout invoking the bottomhalf of the associatedievice driver. The bottomhalf
of thedriver may be activatedat a latertime. Thefunctionrun_task_queue() is usedin orderto activatethe
bottomhalvesof all the driversthat have requestassociateavith themin thetaskqueue.An examplein
which deferredprocessings usedis delayingl/O requestgo the harddisk sothatthey may be memgedor
re-orderedvith new requests.

Deferredprocessings supportedy thekernelthroughamechanisntalledplugging. Any device driver
that supportsdeferredprocessingegistersa plug function with the kernelat initialization time. The plug
functionis responsibldor insertingthe requesueueof thedevice driverinto thetaskqueue anddelaying
arriving requestauntil a call to run_task_queue() takes place. A plug function is always associatedvith
a correspondingunplug function, which is responsiblefor activating the bottom half of the driver, and
removing its requesueuefrom thetaskqueue.

After initialization, plugging works asfollows. Uponthearrival of arequesto a driver with anempty
requesgueuejts requestueusds pluggedinto thetaskqueue Additional requestsrestoredin theplugged
requesigueue but no processingakesplace. A call to the function run_task_queue() by somecomponent
of the systemhasasaresulta call to the associatedinplug functionandhencethe actvation of the bottom
half of thedriver. Processingf therequestss initiated andnew requestareplacedinto therequesgueue
until servicedby thebottomhalf of thedriver. Whenadriver’s queuebecomegmptythe bottomhalf of the
driveris deactvated.A new requesivill resultin re-pluggingtherequesueueof thedriver.

Plugging for Power Savings

The plugging mechanisnof Linux may be usedin orderto implementdelayedprocessingf disk re-
guests.The key ideabehindthe implementations to substitutethe default unplug routineassociateavith
the disk driver with a new routine, called power_saving_unplug_device(), which unplugsits requesiqueue
andactivatesthe bottomhalf of the driver only if a requesthat hasto be processedmmediatelyhasen-
teredthe requestgueueor the harddisk hasnot yet spundown. Using this method,requestdirectedto a
spun-devn disk maybe delayeduntil it becomesurgentto servicethem.

Sinceall requestslirectedto a specificdevice are placedinto the samerequesigueue,andsinceonce
the hard disk is spunup thereis no reasonto delay other pendingrequestsijt is not necessaryo keep
importancanformationperrequestinsteadherequestjueuemaykeeptrack of theimportanceof themost
urgentrequestcurrentlyin the queue. Consequentlythe requestqueuestructureis augmentedvith two
additionalfields. Thefirst one,calledps_unplug_priority shaws the currentlevel of importancgpriority) of
therequestjueue andtakesary of thevaluespresentecdiearthe beginningof this section. Thesecondield,
namedps_queue_max_delay indicatesthe time at which the requestgueueshouldbe unpluggedandhence
determineshe maximumtime for which the processingf therequestjueuemaybedelayed.

Insertioninto a device's requesijueuetakesplaceat the lowestlevel of the block device driver, where
informationrelatedto the urgengy of therequests not known. A methodthat could be usedto male this
informationavailable at the low level driver implementationwould be to make the urgeny of the request
aparametein all functionsfoundin the control flow pathfrom the functionthatgenerateshe requestfor
examplethe implementationof the write() systemcall) to the routine that insertsrequestsnto a device
requesigueue.However, suchanimplementatiorwould requiremodifying a significantnumberof kernel,
file systemanddriver functions,which malkesthis solutionundesirable.

Thefactthattherequestnsertionroutinerunsin the processontet thatgeneratedherequesprovides
a moreelegantalternatve solution. The task structureof a processor threadis usedto communicatahe
information aboutthe urgeng of a requestto the low level driver implementation. For this purposethe
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taskstructureis augmentedvith two fields. Thefield ps.unplug_priority is a pair thatindicatesif andfor
how long the currentrequesimay be delayed.An additionalfield, namedps_unplug_priority_init, provides
default valuesfor this pair, andis usedto re-initialize it afterthe requeshasbeeninsertedinto therequest
gueue. Note that a field describingthe time periodfor which a requestmay be delayedis not necessaty
sincein our currentimplementationmequest®f thesameurgeny have the samemaximumdelayperiod.

Similar annotationsare usedfor the run_task_queue() function, which unplugsa device requesiqueue.
Suchannotationsarenecessarypecausen certainsituations suchascasef limited resourceavailability
or acall to thesync() systemcall, therun_task_gueug() functionis invokedin orderto unplugdevices,force
the processingf ary pendingl/O andhencereclaimresourcesmmediately In orderto avoid delayingthe
processingf ary pendingrequestsn suchcasestheannotationsn thetaskstructureareupdatedo indicate
theincreasedmportanceof the new request.Theunplugfunction power_saving_unplug_device() checkshe
urgengy annotationof the currentprocess.If thoseannotationsndicatethatthe process currentrequest
is urgent, the queueis unpluggedandthe bottom half of the driver is activatedregardlessof annotations
alreadyin therequesueue.

3.2 Prefetchingfor Applications with SequentialAccessPatterns

In aninitial attemptto evaluatethe benefitsof aggressie prefetching,we have focusedon I/O inten-
sive applicationswith a more or lesssteadyrate of sequentiabccessesand no reuse. Suchapplications
includemp3andmpey playbackandencoding,compressiorand decompressioprogramsanddatacopy
applications(ftp, cd copying). Theseapplicationsmale it easyto generatehints that predictfuture I/O
requests Hint generatiorfor morecomplex applicationss a subjectof future work (seesection3.3). We
believe it to be feasible,particularly given the numbersinvolved: asnotedin sectionl, an algorithmthat
prefetchedarge amountsof extraneousdatacanstill sare enepy if it avoids expensve spin-ups. In this
respectenegy-consciouslisk prefetchingmore closelyresemblegrefetchingfor disconnecteaperation
in remotefile systemgKistler andSatyanarayanai992]thanit doesdataprefetchingn processors.

Knowing in adwancethatanapplicationaccessesles only onceallows thememorymanagemergystem
to evict pagesmmediatelyafter use,ratherthanevicting the moreuseful, but lessrecentlyused,datathat
mightbechoserby atraditionalLRU replacemenpolicy. In addition,knowing thatanapplicationaccesses
files sequentiallyallows usto prefetchmoreaggressiely, sinceit is almostcertainthatprefetchedlataare
goingto beused.The prefetchhorizonis constraineanly by the availablememory As long asprefetching
doesnot causeadditionaldisk actiity, becausef swappingor paging,it will have a beneficialeffect both
on lateny andenegy consumption.For the restof this descriptionwe assumehat a portion of physical
memoryof known sizeis usedto servicethe requestof all applicationsunderconcern.In Section4 we
presentesultsfor variousmemorysizes.

Our disk managemenalgorithmoperatesn two phasesDuring a request generation phase the disk is
activatedandprefetchingrequestdor eachactive file andwrite requestdor dirty pagesaregeneratedThe
amountof prefetcheddatafor eachactive file is determinedy the dataconsumptiorrateof the application
accessinghefile. Intuitively, a larger amountof memoryshouldbe resered for prefetchingthe dataof
applicationghatexhibit a higherdataconsumptiorrate,sothatall applicationsrun out of prefetcheddata
ataboutthe sametime. A certainportion of memoryis alsoreseredfor datathatwill be producedduring
theupcomingidle phase.

Uponcompletionof arequesgeneratiorphaseanidle phase bagins. During anidle phasea prediction
algorithmpredictsthe lengthof theidle phase.The predictionalgorithmexecutesperiodicallyin orderto
updatethe dataratesassociatedavith eachactive file andto recalculatéhe predicteddle phasdengthbased
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onthenew rates.If atary pointduringtheidle phasethe predictedlengthis largerthanthe disk’s break-
eventime, thenthe disk is spundown. Moreover, after a disk spin down the predictionalgorithmkeeps
recalculatinghe idle phasdengthin orderto pre-actvate the disk andinitiate the next requesigeneration
phasesothatapplicationgdo not experiencadelaydueto the spin-uptime overhead.

During eachrequesgeneratiorphasethe prefetchingalgorithm:

1. Computeghe dataproductionor consumptiorratefor eachopenfile for which a sequentiabccess
patternhasbeendetected.

2. Calculateghe aggrgaterateimposedby all files underconsideration.

3. Setsatamgetvaluefor thelengthof the upcomingidle phase basedn theaggrejatedatarateandthe
availablememory

4. Initiatesprefetchingfor files associateavith readactivity for atotal sizeequalto thefile’s datacon-
sumptionrate multiplied by the predicteddurationof the upcomingidle phase.For files associated
with write actvity, no additionalaccessearenecessaryDirty pagesproducedduringtheidle phase
will bestoredin memoryandflushedto thedisk atthebeginningof thenext requestyeneratiorphase.

Theidle phaselength prediction algorithmis similar to the prefetchingalgorithm.Wheninvoked during
theactive phasdt:

1. Updateghedataproductionor consumptiorrateof eachactvefile.

2. Computeghe cumulatve dataproductionrateof all files associateavith write activity. Basedon this
rateit calculateghetime atwhich all free memoryresourcesvill be consumedandhencearequest
generatiormphasewill beinitiatedin orderto freememorypages).

3. For all files associatedvith readactivity, computeghe minimum time at which the first accesdor
which thedataarenotin memorywill take place,basedon eachfile’s dataconsumptiorrateandthe
amountof datathathasbeenprefetched.

4. Setsthepredictionof idle phasdengthto the minimum of the valuescalculatedn steps2 and3.

As mentionedabore the predictionalgorithmattemptgo initiate a requestgeneratiorphasebeforean ap-
plication accessesdatathat have not beenfetchedin memoryin orderto avoid performancedegradation.
Two main causexanleadto decreasegerformanceFirst, the reactvation of a spun-davn disk is associ-
atedwith a significanttime overhead.Secondpur algorithmfor increasinghe burstinessof thedisk usage
patterncanleadto increasedlisk congestionConsequentlhapplicationsassociateavith readrequestghat
areplacedat the endof a hearily loadeddisk requesiqueuesuffer increasedielay In orderto avoid such
delays,the predictionalgorithm generateprefetchingrequestdeforethe lastin-memorypageof afile is
consumedIn orderto calculatethe file accessat which prefetchingshouldstart,the following equationis
used: PendinaP
P = RAend — Rx* (Tact + %‘ghzztes) (1)
whereP is thefile pageat which prefetchinghasto beinitiatedin orderto avoid ary applicationperceved
delays,RA.,qs and R representhelastin-memorypageandthe dataconsumptiorraterespectrely for the
file beingaccessedl, . is theactivationtimefor thefile beingchecled, Pending Pages denoteshenumber
of pagedfor which disk requestsare pending,andT hroughput representshe averagedisk throughputin
pages/second.o minimizethelik elihoodthatary applicationwill runoutof databeforeany morehasbeen
prefetchedreadrequestgor multiple files areprioritized,anddataarereadfirst for files thataremostlikely

to runout.
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3.3 File Prediction

Aggressie prefetchingwithin a singlefile canincreasalisk file systemburstinessn casesvhererela-
tively large files arebeingaccessed-However, mary applicationsaccessnultiple smallfiles. Suchapplica-
tionsincludecompilers,computergamesandeditors. For theseapplicationsa moreefficient re-shapingpf
thedisk usagepatternmaybe achieved throughfile prediction.

Currently we do not have a completesolutionthatsolvesthe problemof accuratdile prediction.How-
ever, we believe thatefficientfile predictionmaybeachiaredby monitoringpastfile accessesf applications.
Uponinitiation of the executionof an applicationits working setof files canbe loadedinto memory An
alternatve methodis to aggressiely loadinto memoryall smallfiles foundin theworking directoryof the
application.In Section4.3, we presenthe enegy savingsthatcanbe achieved by thelatterfile prediction
methodduringa gameplayingworkloadscenario.

4 Experimental Evaluation

This sectionevaluatesthe benefitsof usingthe proposedalgorithms. In threesetsof experimentswe
present:

1. Theeffectof delayingthe servicetime of asynchronousyrite request®on enegy consumptionSec-
tion4.1).

2. The effect of aggressie prefetchingand postponingwrites for workloadsconsistingof multimedia
andrate-base@pplicationgSectior4.2).

3. Theimpactof file predictionandprefetchingonthedisk enegy consumptiorof applicationsccessing
multiple smallfiles (Section4.3).

We assumehata fixedthresholdpolicy (spindown afterafixednumberof second®f idle time)is used
asthedisk power managemerolicy. In thefirst andthird setsof experimentswe usea large rangeof spin-
down thresholdsyangingfrom zerosecondgimmediatespin-davn if thereareno pendingdisk requests)
to seven minutes.In the secondset,we focuson the mostaggressie thresholdsin the rangeof oneto ten
secondsLargerthresholdpoliciesleadto no or very smallenegy savings for the workloadswe consider
In all casesthe basecasefor comparisoris the No-spin-down policy, in which the disk never spinsdown.

Themetricsusedin thecomparisonsre:

Length of Idle Periods Longeridle periodscan be exploited by more power efficient device states. In-
creasinghelengthof idle periodscanimprove ary underlyingpower managemenpolicy.

Energy Consumption We comparethe enegy savings achiered by all techniquesagainstthe No-spin-
down policy.

Number and Type of Spin-Down Operations Spin-upoperationshave a negative effect on a disk’s life-
time. In addition,if a spin-davn operatiornresultsin spinningup the disk beforethe break-eentime
for thedisk haselapsedthe operationleadsto increasecnegy consumptionHence,it is important
to minimizethe numberof unnecessargpin-davn operations.
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State Enegy(J) | Pover(Jd) | Lateny
Active NA 2.1W NA
Idle NA 0.65W NA
Standby NA 0.25W NA
Sleep NA 0.1wW 2.8s
Spinup 6 3.33W 1.8s
Spindown 0 0 Os
Brealeven NA NA 12.0s

Table2: Disk Model CharacteristicsTransitionsbetweerthe Active stateandthe Idle stateareassumedo
beinstantaneouanddo not requireary additionalenegy consumptionThebreak-@entime for transition-
ing to the standbystateis 12.08seconds.

In orderto evaluateour disk managementolicies,we usetracesthatcontaininformationfrom boththe
file systemandthedisk driver. For eachfile systemor disk requesthetracerecordsthe requesgeneration
time, thecompletiontime, thetype (reador write), the generatingprocessandthe nameof therelevantfile.
Traceswere collectedduring actualexecutionof our workloads. The executionimagesof the applications
wereloadedinto memorybeforetheinitiation of thetracecollectionprocessin orderto avoid disk actiity
dueto pagefaults. In addition, we madesurethan no otherdisk actvity wasgeneratedluring the trace
collectionasaresultof pagingor swapping.

For thefirst andthird setsof experimentsyesultsweregeneratedy runningthe disk tracesthrougha
trace-drven disk simulatorthat emulatesachof the fixed-thresholgpover managemenpolicies. For the
secondsetof experimentsthe file systemtraceswererun througha simple memory/filesystemsimulator
thatexecutedon top of our disk simulator We experimentwith variousbuffer memorysizesrangingfrom
2 MB to 128 MB. In additionto the fixed-thresholgolicies, we emulatea predictive policy that makes
spin-davn decisionausingour idle phasdengthpredictionalgorithm.

We usea disk modelwith four power stateshasedon the IBM TravelStardisk. We do not usethe Sleep
state, andwe assumehatthedisk entersheldle stateassoonasthereareno pendingrequestsBecausehe
realdisk transitionsinto its variouslevels of Idle statesomeavhatmoreslowly, our resultsareappropriately
conserative: they underestimatéhe enegy consumedy thebase(No-Spin-Davn) policy. Theparameters
of our disk modelareshavn in Table2.

4.1 Delaying AsynchronousOperations

Thissectionpresentsheimpactof delayingasynchronousperation®nenegy consumptiorfor various
fixed-thresholgolicies. Our experimentsemploy atracerepresentin@20minutesof interactive laptopuse
by a CSgraduatestudent.Theworkloadincludesamix of programmingediting),detuggingandcompiling
code.

All figuresin this sectionpresentesultsfor five differentpolicies:
No-SD: TheNo-Spin-Davn policy.

Linux: Theoriginal Linux disk schedulemwith afixed-thresholdpindown policy.

3An exceptionis the caseof fixed-thresholdoliciesthat useinappropriatethresholds.For example,usinga fixed spin-davn
thresholdof fifteensecond®n adisk with atensecondoreak-e@entime will exhibit increaseaenegy consumptiorif thelengthof
idle periodsis increasedrom tenseconddo twenty seconds.
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M-NoLimit: Our disk schedulewith afixed-thresholdpindown policy without any limit onthetime for
which a requestmay be delayed. This stratgy resultsin delayingall asynchronousequestdor an
indefiniteperiodof time. Postponedequestareservicedat the arrival time of the next synchronous
request.This policy providesanupperboundof theenepgy savingsthataload-changelisk scheduler
may achieve.

M-10, M-20, M-30, M-60: Our disk schedulemwith a fixed-thresholdspin dowvn policy. Synchronouse-
guestsarenever delayed;asynchronousequestsnay be delayedfor up to 10, 20, 30, or 60 seconds,
respectrely.*

Energy Savings

Figure 6 displaysthe relative enegy savings of the spin down policieswith respectto the No-Spin-
Down Policy. Figure7 providesa closeup for thresholdsn therangeof 0—60seconds.Table3 shovs the
bestcaseenegy savings. The policiesthatdelayasynchronousyrite requestachieve their largestsavings
with aggressie thresholdsn therangeof 1-6 secondsln additionthey provide 0.7%—24.6%moreenegy
savings thana stratgy that doesnot rearrangehe disk requestioad. A limit on the period of time thata
requesmaybedelayedof 30 seconddeadsto averageenegy savingsof 25.0%,0r 14.1%additionalenegy
savingswhencomparedo the original Linux disk schedulingalgorithm.

Slowdown

Figure 8 shaws the slowdown of various policiesin comparisonto the No-Spin-Davn policy. The
measurementarebasedon thetotal time requiredby the harddisk in orderto completethe workload. We
assumehatthedisk requestwill be scheduledn the sameorderevenin the presencef disk re-actvation
overheads.For all thresholdsshorterthan five secondspur load-changelgorithmsperform betterthan
the original Linux scheduler The reasonbehindthis performancemprovementis that the clusteringof
requestachiezedby ourload-changestrateyy resultsin fewer spin-davn operationsA 10secondhreshold,
which for the original Linux disk schedulemproduceshe bestaverageenegy savings (10.9%),leadsto a
slowdown of 4%. For the samethreshold,our load changestratgy with a 30 secondwrite delayresultsin
a comparableaverageslovdown (3.9%)with 16.5%enegy savings. A 60 secondwrite delayleadsto an
averageslovdown of 4.3%andaverageenegy savingsof 25.5%.Increaseanegy savingsareobtainedby
ourload-changelgorithm,whenmoreaggressie thresholdsn the rangeof 2—-5secondsreused but with
aslowvdown in therangeof 4.5—7.6%.

Spin-Down Operations

Figure 9 presentghe numberandtype of spin down operations. As write delay increasesthe total
numberof spin down operationsand the numberof spin down operationsthat lead to increasedenegy
consumptionjabeledBad, decreaseThe numberof beneficialspin dovn operationsalsodecreaseasthe
write delayincreases.The reasonis that by increasingthe write delay the total numberof idle phaseis
reduced. For thresholdsin the rangeof 1-10 secondswhich provide the bestenegy savings, the load
changealgorithmswith write delaysof 20 second®r moresubstantiallydecreas¢he numberof spindown
operations.

“Thedelayimposedby our disk scheduleis in additionto the thirty secondielayof the Kupdatedaemon Hence,a 60 second
delaylimit in our load changestrategyy mayleadto amaximumof a 90 seconddelay
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Policy Savings | Thres.
Original 10.8% 15
M-10 18.0% 5

M-20 22.3%
M-30 25.9%
M-60 29.4%
M-NoLimit | 33.9%

N s

Table 3: Bestcaseenegy savings for eachpolicy. The policiesthatdelayasynchronousequestsachiere
their largestenegy savingswith aggressie thresholdsn therangeof 1-6 secondsin additionthey provide
7.2%-23.1%moreenegy savings thana stratgy that doesnot rearrangehe disk requestioad. A low 30
secondimit ontheperiodof timethatarequesmaybedelayedeadsto 25.9%,0r 15.1%additionalenegy
savingswhencomparedo the original Linux disk schedulingalgorithm.

Name Description
NoSD Never spin-davn
T1 Fixedthresholdof 1 second
T2 Fixedthresholdof 2 seconds
T5 Fixedthresholdof 5 seconds
T10 Fixedthresholdof 10 seconds
Pred Proposegredictve policy
Opt Optimal: usesfuture knowledge
Bursty Proposedoad-changalgorithm
Linux | Linux prefetching/updatalgorithms

Table4: Paver managemenpoliciesand pattern-shapinglgorithmsusedin the prefetchingexperiments.
Throughoutheevaluationeachponvermanagemergolicy is combinedwith apattern-shapinglgorithm(for
exampleLinux-Optor Bursty-T1).Notethatthe Burstyalgorithmsalwaysoperatewith alimited amountof
memorywhile we do not seta limit ontheLinux prefetchingandperiodicupdatealgorithms.

4.2 Prefetchingfor Multimedia and Rate-basedApplications

In this section,we compareour enegy-conscios (Bursty) memory/diskmanagemenpolicy, which
attemptgo increasethe burstinesof the disk’s usagepatternthroughaggressie prefetchingandpostpon-
ing writes to the standardLinux policy. The Linux resultsrepresenthe disk usagepatterncreatedby the
workloadsusedon a512 MB (total) system.For the Bursty algorithmswe experimentwith variousbuffer
memorysizesrangingfrom 2 to 128 MB. Sincethe dataproducedby the applicationsusedarenot asso-
ciatedwith strict reliability constraints, the limit on the periodof time thatwrite requestsanbe delayed
is determinedbnly by the amountof available memory We assumea fixed thresholdpower management
policy andexperimentwith aggressie thresholddn therangel to 10 seconds.The useof suchaggressie
thresholdss risky, sinceit canleadto a significantnumberof unnecessargisk spin-davns. However, for
the usagepatternsstudiedonly aggressie thresholdscanleadto substantiaenegy savings. Conserative
thresholdoliciesdegeneratdo theNo-Spin-Davn policy. In all instance®f the Bursty algorithm,prefetch-
ing is initiated in advancein orderto minimize applicationperceved delays.We alsopresentresultsfor a

>Thewritten datacanbe reproducedigainautomaticallyin caseof a systemcrashfor all the applicationgested.
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Applications Files | Files BytesRead | BytesWritten Time | Disk Idle
Read | Written (sec) | Time(sec)

Mp3 Playback | 1 0 4.6 MB 0.0MB 293.1 | 291.6

CD Ripping 0 15 0.0MB 705.8MB 1359.2| 1190.5

Mp3 Encoding | 15 15 705.8MB 64.1MB 1106.7| 912.2

Mp3 Enc/Play | 20 15 724.3MB 64.1MB 1227.4| 1027.1

Table5: Workloadscenariosusedin the experimentalevaluation. Only the files/datathat were associated
with disk activity areshavn.
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Figure 10: Cumulatve Percentagef idle time inter
valsduringmp3playback.

Figurell: Cumulatve Percentagef idle time inter
valsduring CD-ROM ripping.

predictive algorithm,which spinsdown thediskimmediatelywhenthepredicteddle phasdengthis greater
thanthedisk’s break-&entime (but doesnot alterthe accessattern),andfor anoptimal algorithm,which
usesfuture knowledgein orderto decidewhetherto spindown the disk. Our goalsareto shav how usage
patternre-shapinganfacilitateaggressie pover managemerntolicies,leadingto increaseadnegy savings
andminimizing the numberof unnecessarpower statetransitionsandto evaluatethe efficiency of predic-
tive techniqueghatbasetheir predictionson high level operatingsystemknowledge. Table4 summarizes
theabove information.

Workload Scenarios

In the experimentalevaluationwe usefour differentworkload scenarioswith differentdegreesof I/O
intensity The first, mp3 Playbackof onefile, represents light readworkload. The second,CD ripping,
represents write-intensie workloadduring which 15 files with a total size of 705.8MB werewritten to
disk. The third scenariomp3encoding,s areadandwrite intensve workloadduringwhich 15 WAV files
with atotal sizeof 705.8MB areencodednto mp3format, producing64.1 MB of data. Finally, our most
intensve benchmarknvolves concurrentmp3 encodingand mp3 playback. The input to the mp3 encoder
is the sameasin thethird scenario During the mp3 encodingprocessthe mp3 playeraccesses files with
atotal sizeof 18.5MB. Table5 summarizeshe above information. It alsoindicatesthe durationof each
workloadscenario(from thefirst to the last disk access—nothe applicationexecutiontime) andthe total
diskidle time duringthe executionof theworkload.
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Idle PhaselLength

Figures10-13shaw the distribution of idle time intervals for our workload scenarios.We presentre-
sultsfor the standard.inux algorithmandour Bursty algorithmusingvariousmemorysizes.For the mp3
playbackworkloadthe memorysizerangesrom 2 MB to 8 MB. Usinglarger memorysizeshasthe same
effectasthe 8 MB case sincethewholefile (4.6 MB) is prefetchedn a singledisk operation.For therest
of the workloadscenarioswe presenfgraphsfor memorysizesrangingfrom 8 MB to 64 MB. Usingless
than8 MB of memoryfor thesescenariogeadsto very shortidle phasesin all graphsthe straightvertical
line representshe 12 secondbreak-&en point of our disk model. The mainconclusionfrom theidle phase
lengthgraphdgs thatwhena sufiicientamountof memoryis available,our algorithmcontrolsthe disk usage
patternso thatidle time appearsn intenals of approximatelyequallengththat arelongerthanthosethat
aregeneratedy a standard.inux kernel. Ideally, the graphsfor the idle phasdengthdistribution of our
algorithmwould be a straightvertical line. Variationsfrom the straightverticalline aredueto accesseto
new files thatcausedisk activations,sinceno dataareavailablein memoryfor suchfiles at the time of the
firstaccess.

Energy Consumption

Figures14-17 presentthe enegy savings results. For the Linux algorithms,we only presentenegy
savings for the Optimal andthe bestrealisticpolicy, which is the No-Spin-Down policy for all workloads
exceptthe CD-cojpy scenariowherethe 10-secondhresholdpolicy performsbetter It is importantto note
thatfor the disk usagepatternsof the Linux algorithmsthe enegy savings arenever morethan1.2%,even
whenthe optimal policy is used. The savings achiezed by the Bursty algorithmdependon the underlying
policy andthe amountof available memory Whenthe memoryis limited (lessthan 16 MB), the fixed
thresholdpoliciesleadto increasedenegy consumptionpecausdhe lengthof idle phasess usuallyless
thanthe disk’s break-een time. However, with larger memorysizes,idle phaselengthsincreaseandthe
aggressie fixed-thresholdoliciesleadto significantenegy savings rangingup to 55%. The Predictive
algorithm managego avoid the mistalen spin-davn operationsof the fixed thresholdpolicies, whenthe
availablememoryis limited, andstill provides comparableenegy savings for increasednemorysizes. It
follows very closelythe behaior of the Optimal policy, achiering savings that are always within 5% of
thoseachieved by the Optimal policy. For increasednemorysizesit leadsto decrease@negy savings
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whencomparedvith the oneandtwo secondixedthresholdpolicies. The explanationis thatwhenafile is
firstaccessedhepredictive algorithmrequiresa certainperiodof time, usuallygreatetthantwo secondsin
orderto stabilize.Duringthatperiodthediskis keptin theidle statein orderto avoid unnecessargpin-davn
operations.

Number and Type of Spin-Down Operations

Figures18-20presenthe numberandtype of spin-davn operationsindervariouspowvermanagement
policiesandmemorysizes.We do not shav theresultsfor the mp3 playbackworkload,becauset leadsto
asmallnumberof spin-davn operationdor all policies(lessthanthree).Also we do not presentesultsfor
the Linux algorithms:underthe usagepatterncreatecby Linux the staticthresholdalgorithmsdegenerate
to the No-Spin-Davn policy in mostcases.

For eachcasepresentedn the graphswe shav the numberof spin-davn operationghatleadto enegy
savings,labeledGood, thenumberof counterproducte spin-davn operationslabeledBad, andthenumber
of occasionavherethe idle phaseengthwaslongerthanthe disk’s break-&en time, but the powver man-
agemenpolicy failedto spindown the disk, labeledMissed. The Predictive policy hasthe leasthumberof
mistalen spin-davn operationsacrossall experimentsandmakesa comparablenumberof enegy efficient
spin-davn operationsasthe mostaggressie fixedthresholdpolicies. It missesa few opportunitieso spin
the disk down, the missedopportunitiescorrespondo relatively shortidle phaseghat could leadto only
minor enegy savings.

Application Perceived Delay

Currently our simulatoris not accurateenoughto predictthe effect of our aggressie prefetchingal-
gorithmson applicationexecutiontime. However, we wereableto capturethe effects of spin-upoverhead
anddisk congestionThe principalresultis thatapplicationgeadingfiles for which at leastoneprefetching
cycle hascompleteddo not suffer ary performancepenaltiesdueto disk activation overheador disk con-
gestion.However, thefirst readaccesdo afile suffersa significantpenaltyof 1.9to 3 secondsdepending
ontheamountof memorybeingused.Thefirst 1.8 second®of the delayarecauseddy the disk reactvation
overheadf our disk model,while theremainingpenaltyis causedy congestiorin the disk queuesin ad-
dition, the penaltyfor thefirst readaccesgo afile increaseslightly asthe memorysizeincreaseshecause
largermemorysizesallow anincreasedcumberof requestdo remainin the disk queue.Usinga prioritized
diskqueuethatgivespriority to synchronouseadsover asynchronousrriteswill decreaséheeffectof disk
congestioron the completiontime of readmisses.

4.3 File Prediction

Thelimit on enegy savingsachieedfor the applicationsn Sectiond4.2wascausedy accesset nev
files. In addition,mostof theapplication-perceed delayswereexperiencedduringthefirst accesdo afile.
Additional enegy savingsandimproved systenresponsienessnay bepossibleby readingfilesin advance
during periodsthat the disk is spinning. Sincefile accesgendsto exhibit spatialand temporallocality,
we believe thataggressiely prefetchingfiles foundin the samedirectoryor eventhe samedirectorytreeas
currentlyaccessetiles mayleadto significantdisk power savings. In orderto getafirst orderapproximation
of the possibleenegy savings, we useda 95 minutetracecollectedduring playinga commercialcomputer
game(Sid Meier’s Alien CrossfireDemo— Version6.0by Loki Softwarelnc.8). We assumehatall filesin

8Loki Softwarelnc. portscommerciacomputergamesproducedor Microsoft Windows platformsto Linux platforms.
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Figurel4: Enegy savings duringthe mp3playbackworkloadscenario.
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Figure16: Enegy savingsduringthe mp3encodingworkloadscenario.
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Figure20: Numberof spin-davn operationguringthe mp3encoding/playbackcenario.
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thedirectoryholdingthe dataof thegameareprefetchedat the beginning of the execution.Suchaggressie
prefetchingequiregheuseof a40 MB memorybuffer. Figure21 shavstheenepgy savingsachievedby the
original Linux disk schedulefLinux) andour disk schedule(M-30, M-60, M-NoLimit for 30, 60 seconds
andunlimited write delayrespectiely) undervariousfixed thresholdpolicies, with (Linux-P, M-30-B M-
60-R M-NoLimit-P) andwithout prefetching Notethatin the caseof unlimitedwrite delaywith prefetching
theenepgy savingsincrease45%for anaggressie thresholdof 1 second.Sincethe write actvity produced
while playinga gamedoesnot have significantreliability constraintsgdelayingit for a significantamountof
time will notcausdossof importantdatain caseof a systemcrash.

In this experiment the entiregamewasloadedinto memoryat start-up.In largergameswhosedatado
notfit in memory smartpoliciescouldusegamelocality to prefetchneighboringscenes.

5 RelatedWork

5.1 Power Management

The researclcommunityhasbeenvery actve in the areaof powver-conscioussystemsduring the last
few years.Ellis et al. [Ellis, 1999][Vahdatet al., 2000]emphasizedhe importanceof enegy efficieng as
a primary metric in the designof operatingsystems.ECOSystenfZeng et al., 2002b] provides a model
for accountingandfairly allocatingthe available enegy amongcompetingapplicationsaccordingto user
preferencesln amorerecentreport,Zenget al. [Zenget al., 2002a]proposepricing andbiddingtechniques
basedon the currenty metric usedin ECOSystemijn orderto coordinatedisk accesseandincreasehe
eneqgy efficiengy of the harddisk. Odyssg [Flinn andSatyanarayanari999][Nobleet al., 1997]provides
operatingsystemsupportfor application-aare resourcemanagementThe key ideais the ability to trade
quality with resourceavailability. Both Odyssg andECOSystenaimto achieve atametbatterylifetime.

Severalpoliciesfor decreasinghe power consumptiorof processorshat supportdynamicvoltageand
frequeny scalinghave beenproposedThekey ideain suchcasess allowing a clever schedulingalgorithm
to save enepgy by “squeezingouttheidle time” in rate-base@pplications Proposedchedulergor general
purposesystemsare eitherinterval-based [Govil et al., 1995][Grunwald et al., 2000][Weiseret al., 1994]
or process-based [Flautneret al., 2001][Peringet al., 2000]. Voltageschedulingalgorithmshave alsobeen
designedor real-timesystemsand have achieved significantenegy savings both for uniprocessofPillai
andShin,1999]andmultiprocessosystemgZhu et al., 2002]

Lebecket al. [Lebecket al., 2000]explore powver-awarepageallocationin orderto make amoreefficient
useof memorychipssupportingmultiple power states suchasthe Ramlus DRAM chips. They compare
policies for selectingwhere (in which memory chip) a pageshouldbe storedin termsof an Energy *
Delay metric. The ideaof increasingthe burstinessof the usagepatterncan be appliedin the caseof
memoryaccesseandleadto additionalsavings. For example,anenegy-consciousompilercouldreorder
instructions,so that load or storeoperationgo the samememorychip appearin shortbursts. Tradeofs
betweerenegy andperformanceén sucha casearebeyondthe scopeof this paper

In the areaof power managementor harddisks, mostof the relatedwork studiestransitionstratgies
for changingthe power stateof the harddisk with a minimal impacton performance Douglis et al. com-
paredpredictie transitionpolicies, fixed thresholdtransitionpoliciesusingvariousthresholdsandan op-
timal policy that usesfuture knowledgein orderto decidewhento spin down andwhento spin up the
disk[Dougliset al., 1994]. Theirresultsshavedthatfixedthresholdoolicieswith shortthresholdsapproach
the power consumptiorachieved by the optimal policy, but the numberof delayedoperationsnayincrease
substantially Moreover, the bestcompromisebetweernpower consumptiorandresponsdime is workload
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dependent.The predictve policies performedslightly worsethanthe fixed thresholdpoliciesin termsof
power bothconsumptiorandresponsdime. Douglis’ resultsarealsosupportedy Li et al. [Li et al., 1994],
who foundthatthe optimal thresholdfor a 1994 Maxtor MXL-105 Il harddiskis only two secondswhile
theindustryrecommendethresholds threeto five minutes.

An alternatve to fixed thresholdand predictve techniquess an adaptve thresholdpolicy. Douglis
et al. [Douglis et al., 1995] suggesta policy that attemptsto reducethe frequeng of short spin-davn
periods,on the assumptiorihatthesearethe mostannging to the user Helmboldet al. [Helmboldet al.,
1996]suggesthe useof a machindearningalgorithmthatdynamicallyre-weightghe recommendationsf
several predictionalgorithms. Our work differs from suchprevious approaches thatwe modify the disk
usagepatternratherthansimply adaptingto it. Moreover, our predictiontechniques basedon high-level
operatingsystemknowledgeandapplicationbehaior, insteadof low level disk usagepatterns.

Luetal.[Lu etal., 2000;Lu et al., 2002]proposedheideato basepower statetransitionsonthebehaior
of thecurrentlyrunningprocessesThey suggestmonitoringtheutilization of every availabledevice by each
runningtask,andcombiningtheindividual utilization valuesin orderto predictthefutureutilizationfor each
device. In addition,they describea processchedulethattakesinto accounthepredicteddevice utilization
for eachrunningtask,andattemptgo schedulgasksin away thatmaximizesutilization of a certaindevice
and minimizesthe utilization of another We believe that our work complementd.u’s. Both ideastry to
modify the usagepatternobsenred by a pover-awvaredevice in orderto reduceits enegy consumptionput
they attemptit at a differentlevel of the system.We believe that combiningthe two algorithmswill leadto
additionalenepy savings.

Heathet al. [Heathet al., 2002a]investigatedhe potentialbenefitsof applicationsupportedievice man-
agementor optimizingenegy andperformancePossibleapplicationtransformationncludegroupingread
requestsn orderto increasehetime betweerrequestandproviding the operatingsystemwith hintsabout
future readrequests.In a morerecentpaper[Heathet al., 2002b],they presenta compilerframeavork for
transformingapplicationsautomatically Experimentshasedon a real implementatiorand physicalmea-
surementsuggesenegy savings on the orderof 55%to 89%. Their approachs complementaryo ours.
They suggestapplicationmodificationsin orderto clusterrequestswhile we attemptto solve the same
problematthe operatingsystemevel. Their approacttanachie/e significantenegy savingsfor workloads
consistingof a single executingapplication. For workloadswheremultiple 1/0 intensve applicationsare
executingconcurrentlywe believe thata moregeneralmemorymanagemeralgorithmin the kernelof the
operatingsystenthatcancoordinatehe generatiorof disk requestss required.

Finally, Weissekt al. [Weissekt al., 2002]arealsoaddressingheissuesf disk usageatterrnreshaping
for enegy efficiency in the “Cooperatve I/0O” project. They shaw that by providing an API that allows
applicationgo characterizeheir requestsasdeferrableor abortableandby increasinghe burstinesof the
updatepolicy significantenegy savingsmaybeachieved.

5.2 Buffer CacheManagement

Prefetchinghasbeensuggestedy several researcherasa methodto decreasepplicationperceved
delayscausedby the storagesubsystem.Previous work has suggestedhe useof hints as a methodto
increaseprefetchingaggressienessfor workloadsconsistingof both single [Pattersonet al., 1995] and
multiple applications[Tomkins et al., 1997]. Caoet al. [Cao et al., 1994][Caoet al., 1995] proposea
two-level pagereplacemenschemehatallows applicationgo control their own cachereplacementyhile
the kernel controlsthe allocationof cachespaceamongprocesses.Sucha schemeleadsto significant
performancamprovementsfor applicationsthat have knowvledge of their future accesspatternsthrough
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aggressie prefetching.Curewitz et al. [Curewitz et al., 1993]explore datacompressiomechniquesn order
to increasehe amountof prefetchedlata.

In the bestof our knowledge, previously proposedprefetchingalgorithmsdo not addressmproved
enepy efficiengy. In generalthey assumea non-congestedisk subsystemandthey allow prefetchingto
proceedn aconserative way resultingin a relatively smoothdisk usagepattern. They avoid prefetching
beyondanapplications prefetchhorizonin mostcasesandthey do not dealwith increasedlisk overheads
causedy diskreactvations.Prefetchindgor enegy efficiency requiresaveryaggressie prefetchingscheme
able to cover the datademandsof applicationsfor periodslongerthan 5-15 secondsdependingon the
disk’s specificationsto coordinateprefetchingrequestgrom multiple applicationsandto take into account
overheadsssociateavith disk congestioranddisk reactvationwhendecidingwhenprefetchingshouldbe
initiated.

Several methodshave beenexploredin orderto disclosefuture applicationaccesatternsto the op-
eratingsystem. Changet al. suggesgeneratinchints automaticallythroughspeculatie executionduring
periodsof idle processotime [Changand Gibson,1999]. Suchanapproacttannotbe usedwhenthe goal
is enepy efficiengy, sincespeculatie executionwill increasehe amountof enegy consumedy the pro-
cessar Griffioenet al. proposea future accesgredictiontechniquebasedon pastfile accessefGriffioen
andAppleton,1994]. Yehet al. describea methodfor improvedfile predictions pasedon pastassociations
amongfiles[Yehet al., 2001b]. They alsonotethe positve impactof moreaccurateredictionscheme®n
eneqgy efficieng [Yehet al., 2001a],without howvever makingan attemptto createa more powverfriendly
disk accesgpatternor takinginto accounthe underlyingpowver managemeryolicies.

Previous work hasalso explored periodic updatetechniquesand comparedthem with write-through
policies[Carsonand Setia,1992][Mogul, 1994]. The main conclusionwasthat periodicupdatescanlead
to degradedperformancef they increasesignificantlythe burstinesof the disk usagepattern.Solutionsin
suchcasedocuson methodsto smooththe usagepatterngeneratedy periodicupdates.However, in the
caseof enepy efficiency the goalis to increasehe burstinessof the disk usagepattern. The performance
shortcoming®f increasedurstinesshouldbe avoidedthroughpriority or criticality basedlisk scheduling
algorithmg[GangerandPatt, 1998],aggressie prefetchingandaccuratdile prediction.We exploreaggres-
sive prefetchingin our currentwork. We will focuson criticality-baseddisk schedulingandfile prediction
in thefuture.

6 Conclusion

In our study we investigatedhe potentialbenefitsof increasinghe burstinessof disk usagepatterndn
orderto improve the enegy efficiengy of the disk spin-davn policy. We suggestedhe useof aggressie
prefetchingand the postponemenof non-ugent requestsn orderto increasethe averagelength of idle
phasesThe prefetchingalgorithmis guidedby hintsfrom higherlevels of the OS,which monitor program
behaior. Annotationsarebeingusedin orderto notify thelow driver aboutthe maximumdelaythatcanbe
emplo/edon non-ugentrequests.

In addition,we presented methodto coordinateaccessesf several concurrentlyexecutingtaskscom-
peting for limited memoryresourcesso that requestsare generatedand arrive at the disk at roughly the
sametime. Basedon our aggressie prefetchingstratgy we proposedanalgorithmto preactvatethe disk,
so that applicationperceved delaysdueto disk reactvation and disk congestiorare minimized. Finally,
we designeda predictve algorithmfor immediatedisk deactvation thattakesinto accounthe statusof the
memorymanagemergystemandthe accespatternof the executingapplications.
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We evaluatedthe proposedalgorithmsthroughtrace-dven simulations.Our resultsshav thatour tech-
niquescanincreasehelengthof idle phasesignificantlycomparedo a standard.inux kernel.Postponing
asynchronousequestdeadto enegy savings of up to 30% and aggressie prefetchingcanincreasethe
savings up to 55%. The savings dependon the amountof the available memoryandthe urgeng/reliability
constraintsof the requests.They increaseasthe memorysize increasesand decreasas requesturgeny
increasesThelimit ontheachievedenegy savingscomedrom therequiremento serviceunpredictedsyn-
chronougeadrequestsA significantnumberof suchrequestg$or theworkloadstesteds createdoy thefirst
accesgo afile, andcanbe avoidedthroughfile prediction. We shaw thatfile predictionduringworkloads
thataccessnultiple smallfiles, suchasgameplaying,canachieve up to 55%enegy savings. In our current
designwe considenrall synchronousequest$o have high urgeng. Additional savings couldbe achieved by
recognizingnon-ugentsynchronousequestanddelayingthemif necessary

Thoughwefocusedondisksin this paperwe believe thatburstinessanhelpto save enegy in ary device
with low power modes,suchasthe wirelessnetwork. Currentlywe areworking on animplementatiorof
ourideasin theLinux kernel.In our futurework we planto experimentwith applicationghathave irregular
accesatternsandstricterrequirementgor synchronousvrites. For the latter, we expectto exploit non-
volatile (e.g.FLASH) RAM.

We believe thatin orderto improve thepower efficiengy of computingsystemsignificantly powver man-
agemenpoliciesshouldexploit high level operatingsystemknowledge. In addition, traditionaloperating
systemalgorithms,suchas disk schedulingand memoryand buffer cachemanagementshouldtake into
accounthe powver andperformancepecification®f underlyingdevices,in orderto generateisagepatterns
thatfacilitatepowver management.
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