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Abstract

The disk array of a server-classsystemcan accountfor a signi�cant portion of the server's total power
budget.Moreovermany datacentersnow �nd themselvespower-limited: unableto expandcapacitywithout
investingin new electricserviceor air conditioningequipment,bothof which have very large incremental
costs.

State-of-the-artlaptopdiskshave responsetimesandbandwidthswithin a factorof 2.5 of their server
classcousins,andconsumelessthanonesixth theenergy. Theseratiossuggestthepossibilityof replacing
a server-classdisk arraywith a largerarrayof mirroredlaptopdisks. By spinningup a subsetof thedisks
proportionalto thecurrentworkload,we canexploit thelatency toleranceandparallelismof typical server
workloadsto achieve signi�cant energy savings, with equalor betterpeakbandwidth. Potentialsavings
rangefrom 50% to 80% of the total disk energy consumption.Conversely, if disksaccountfor half of a
datacenter's currentenergy usage,wemayrealizeanincreaseof 25%to 40%in computationalandstorage
capacitywithoutanincreasein poweror coolingrequirements.

Thiswork wassupportedin partby NSFgrantsnumbersEIA-0080124,CCR-9988361,andCCR-0204344,by DARPA/AFRL
contractnumberF29601-00-K-0182,andby SunMicrosystemsLaboratories.



1 Introduction

Datacenterscapableof providing Internet,application,databaseandnetwork servicesarean increas-
ingly importantcomponentof theworld'scomputinginfrastructure.In 1995therewere20,000serversin the
world. As of June2001,thatnumberhadreachedsix million [MaximumThroughputInc,2002].Mostexist-
ing researchon datacenterdesignhasaimedto improve performance,reliability andavailability. Recently,
however, researchershave begunto recognizetheimportanceof energy ef�ciency [ChaseandDoyle, 2001;
Bohrer et al., 2002]. Scientistsat the LawrenceBerkeley National Laboratoryhave estimatedthat the
annualenergy usedby servers, minicomputers,and mainframesexceeded19 terawatt-hours(TWh) in
1999[Kawamotoet al., 2000](equivalentto thetotaloutputof four largecommercialpowerplants).More-
over, the increasein demandfor datacenterservicessuggeststhat by 2005new datacenterswill require
approximately40TWh or $4B at $100 per MWh unlessthey becomemore energy ef�cient [Chaseand
Doyle, 2001].

Increaseddatacenterpower consumptiontranslatesdirectly into higher total cost of ownership,at-
tributableto operatingpower, cooling,anddecreasedreliability. Over thetenyearlife cycleof a typicaldata
center, coolingandpower equipmentaccountsfor 8% and36%respectively of thetotal costof ownership,
while theelectricitycostis at theorderof 19%[Rasmussena].Hence,power consumptionrelatedcostscan
accountfor 63%of the total costof ownership.Moreover many datacentersnow �nd themselvespower-
limited: unableto expandcapacitywithout investingin new electricserviceor air conditioningequipment,
bothof whichhavevery largeincrementalcosts.In addition,sincedatacentershave limited powerdensities
(at theorderof 30W/ft2 on average[Rasmussenb])expansionmayrequirerentingadditionalspacejust for
thepurposeof accommodatingtheincreasedpowerconsumption,increasingsigni�cantly therentalcost.In
suchcases,power ef�ciency canbecomea majorparameterin thedesignof a datacenter:expandingthe
datacenterwith poweref�cient equipmentmaybeanattractivesolutionevenif it is associatedwith ahigher
capitalinvestment.Ourwork suggestsapower-ef�cient storagesystemdesignbasedoncurrently available
disk technology.

A recentwhite papersuggeststhat disk drives in a datacentercanaccountfor 27% of total electric
consumption[Maximum ThroughputInc, 2002]. In somecon�gurationsthe fraction canbe signi�cantly
higher. A Dell PowerEdge6650[DELL Inc., 2003], for example,comesequippedwith 4 Intel Xeon2.0
GHzprocessorsand29215KRPM harddrives.Theprocessorsareratedat58Weach,while anoperational
SEAGATE ST31845315KRPM 18GB server-classdisk drive consumes15W [Seagate,2003]. In sucha
con�guration theharddisksconsume15� morepower thantheprocessors.If we assume,conservatively,
that disksaccountfor 50% of the power consumptionof a large datacenter, thena 50% savings in disk
power maytranslateinto a 25%increasein datacentersizewith no additionalcoolingor electricalservice
requirements.

Previous work on the energy ef�ciency of storagesystemshas focusedlargely on the hard drives
usedin mobile devices. Suchdrives supportmultiple non-operationallow power modesthat can pro-
vide signi�cant energy savings during relatively long periodsof inactivity (on the order of tensof sec-
onds). The key ideain this work is to placethe harddrive into a non-operatinglow power modeduring
relatively long periodsof inactivity [Douglis et al., 1995; Douglis et al., 1994; Helmbold et al., 1996;
Li et al., 1994]. Unfortunately, suchpoliciesdo not transferin anobviousway to theserver environment.
Server-classdisksrequiretensof secondsto move from aninactive to anactive state,andconsumetensof
Wattswhile “spinningup”. In orderto save energy by spinningdown, they mustbe idle for signi�cantly
longerthantheir laptop-classcounterparts.At thesametime,serverworkloadsarecharacterizedby diskac-
cesspatternsthathave signi�cantly shorterrequestinter-arrival timesthanaretypical in mobileworkloads.
Finally, server-classdisksarenotdesignedfor frequentstop-startcycles;heavy useof standbymodecanbe
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expectedto signi�cantly lower theirmeantime to failure.

To improve theenergy ef�ciency of server-classstoragesystemsGurumurthiet al. have suggestedthe
useof DRPM [Gurumurthiet al., 2003],anapproachthatdynamicallymodulatesdisk speeddependingon
currentworkload,decreasingthepower requiredto keeptheplattersspinningwhentheloadis light. Given
the load �uctuations typical of web and transactionprocessing[Bohrer et al., 2002], suchan approach
cansave signi�cant amountsof energy duringperiodsof low activity while maintainingadequateresponse
timesduringpeaks.Unfortunately, DRPM disksarenot yet commerciallyavailable. As analternative, we
suggestreplacingeachserver-classdisk in an arraywith a smallnumber(threeseemsright, given current
technology)of mirrored,energy-ef�cient laptop-classdisks. Carreraet al. [Carreraet al., 2003] brie�y
considerthis possibility, but dismissit basedon a four-to-onereplacementrate,previousgenerationpower-
consumptionnumbers,andno considerationof spin-down. With morerecentnumbers(which seemto be
moving in the“right” direction),a three-diskarrayof today's 2.5-inchdevicescanbeexpectedto consume
only 50% of the power of a high-endSCSIdisk, while providing comparableor even higher throughput
underheavy load,by exploiting readparallelism.Substantiallylargerpowersavingsmaybeachievedwhen
theloadis light, by spinningdown disksthatrepresentexcesscapacity.

Therestof thepaperis structuredasfollows. Section2 describesthecharacteristicsof laptopandserver-
classdisksandmakesthecasefor usingthe former in server disk arrays.Section3 describesan arrayof
laptopdisksdesignedto minimizeenergy consumption.Section4 shows theenergy ef�ciency potentialof
theproposeddesign.Finally, section5 describesrelatedwork andsection6 presentsourconclusions.

2 Disk Arrays: Laptop or Server-class Disks?

Theconstantneedof data-centricservicesfor higherthroughputandshorterresponsetimesis driving
server-classharddrivestowardhigherrotationalspeedsandshorterseeklatencies.State-of-the-artserver
classdiskshave rotationalspeedsof 15K RPMandseektimesshorterthan4ms.As shown in Table1, such
performancecharacteristicscomeat thecostof signi�cantly increasedpowerbudgets.Evenwhenidle, a15
KRPM harddrive consumesmorethan12Watts.

In comparisonto their server-classcounterparts,modernhard disks for mobile systemshave worse
performancecharacteristics.However, the needof the mobile market for longerbatterylifetimes makes
energy ef�ciency acompellingdesigngoal.Evenwhenactive,modernlaptopharddrivestypically consume
lessthan3 Watts. They alsotypically supportseveralnon-operationallow power modes(Table1): Active
Idle, Low Power Idle, StandbyandSleep.1 Non-operationallow power modescansave signi�cant energy
duringperiodsof disk inactivity.

A comparisonof theharddisksparameterspresentedin Table1 shows thatamodern7200RPM laptop
hard disk, suchas the Hitachi TravelStar7K60, hasthe samecachesize as, and similar capacityto, a
15 KRPM server-classdisk. The server-classdisksprovide about2� betterbandwidthand2.5� better
latency, but consume6� asmuchpower, evenwhenthelow power modesof thelaptopdisk arenot being
used.Suchdifferencessuggestthatby replacingeachhighperformancedisk in aserver environmentwith a
mirrored(RAID Level 1) array[Pattersonet al., 1988]of several laptop-classharddisks(Table1 suggests
a replacementratio of 3), onecanachieve similar or higher I/O throughputat signi�cantly lower power.
Individual requestresponsetimeswill behigher, but for mostlargesecondarystoragesystemsaggregateI/O
throughputis (within limits) moreimportant[Chenet al., 1994].

1In theActiveIdle statetheheadservoingmechanismandportionof theelectronicsareoff. In theLow Power Idle statethedisk
is still spinning,but theelectronicsmaybepartiallyunpowered,andtheheadsmaybeparkedor unloaded.In theStandbystatethe
disk is spundown. TheSleepstatepowersoff all remainingelectronics;asoft resetis requiredto returnto higherstates.
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Disk DK23DA-F30 TravelStar7K60 UltraStar15K73 Cheetah15K.3
Price $127 $210 $195 $199

Capacity 30GB 60GB 73.9GB 73GB
FormFactor 2.5inch 2.5inch 3.5inch 3.5inch
CacheSize 2048KB 8192KB 8192KB 8192KB

RotationalSpeed 4200RPM 7200RPM 15037RPM 15000RPM
Max. TransferRate 35MB/s 64MB/sec 129MB/s 112MB/s

Avg. SeekTime 13ms 10ms 3.9ms 3.8ms
Max. SeekTime 25ms 16ms 7.2ms 6.7ms
OperatingShock 180G/2ms 200G/2ms 15G/11ms 60G/2ms

RecordingDensity 600KBPI 624KBPI N/A 533KBPI
TrackDensity 55.0KTPI 88.2KTPI N/A 64KTPI

Avg. Active Power 2.1W 2.5W 15.6W 14.9W
PerformanceIdle 1.6W 2W 12.0W 12.2W

Active Idle N/A 1.3W N/A N/A
Low Power Idle 0.6W 0.85W N/A N/A

Standby 0.25W 0.25W N/A N/A
Sleep 0.1W 0.1W N/A N/A

Standbyto Ready 3sec 3sec 25sec 20sec

Table1: Characteristicsof four mobileandserver-classharddrives.Hitachi DK23DA-F30 [Hitachi Global
StorageTechnologies,2001]is a 2001mobileharddrive,Hitachi TravelStar 7K60 [Hitachi GlobalStorage
Technologies,2003a]is thenewestmobileharddrive implementedby theHitachiGlobalStorageTechnolo-
giesandthe�rst mobileharddrive with a rotationalspeedof 7200RPM.Hitachi UltraStar 15K73 [Hitachi
GlobalStorageTechnologies,2003b]andSeagateCheetah 15K.3 [Seagate,2003]representmodernserver-
classdrives. The pricespresentedwerethe lowestpricesretrieved from http://www.pricegrabber.com on
April 22, 2004. The restof the parametershave beentaken from the respective harddrive speci�cations.
TheTransferraterepresentsthemaximummedia-to-buffer transferrate.For thetwo mobiledrivestherow
“Standbyto Ready”representsthe time to transitionfrom thestandbylow power mode(headsareparked
andplattersarespundown) to ready(performanceidle mode),while for theserver-classdisksthetimefrom
power on to ready.

The lower power consumptionof laptop hard drives hasadditionaladvantages.First, it can lead to
improvedreliability. Increasedtemperaturescausedby heatdissipationin denselypackedstoragesystems
canleadto componentmalfunctions:for everydegreethattheoperatingtemperatureof aharddiskexceeds
the recommendedlevel the failure rateincreasestwo to threepercent[Maximum ThroughputInc, 2002].
Over time,aharddiskoperatingat just � vedegreesabove its recommendedtemperatureis 10 to 15percent
morelikely to fail. Theresistanceof laptopdisksto operatingshocks(Table1) alsoincreasestheirreliability.
Second,reducedpower consumptioncanleadto a smallercostfor coolingequipment.Third, thesmaller
form factor, combinedwith lower heatdissipation,meansthatseveral (certainlythree)laptopdiskscanbe
squeezedinto thesamephysicalspaceastheirserver-classcounterpart,while generatingmuchlessacoustic
noise.

We believe that the attractivenessof laptopharddrivesasan alternative to server-classdiskswill in-
creaseover time. Thenotebookmarket is growing fasterthanthedesktopandserver markets. Risingde-
mand,togetherwith thetrendtowardhigherperformancemobileprocessors,operatingsystems,interfaces,
andbuses,is fueling thedevelopmentof ever fasterlaptopharddrives.Recenttechnologicaladvancements,
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suchasadaptive formating[LaroiaandCondon,2003],antiferromagnetically-coupled (AFC) media[Inter-
nationalBusinessMachineCorporation(IBM), 2001], �uid dynamicmotors[Blount, 2001], andfempto
sliders[Bestet al., 2003],have ledto faster, morereliable,highercapacitylaptopharddrivesat (almost)the
samepower budget.The2004TravelStar7K60 harddrive, whencomparedto the2001Hitachi DK23DA
laptopharddrive(Table1),hastwicethecapacity, 1.7� therotationalspeed,andimprovedseektimes,while
its power consumptionhasincreasedby only 25%. The sametechnologiesthat have leadto the develop-
mentof the7K60 promiseadditionalfutureimprovements.For exampletheantiferromagnetically-coupled
media[Laroia andCondon,2003]andthefemptoslider[Bestet al., 2003]suggestfuturearealdensitiesof
100Gbit/inch2, comparedto roughly70Gbit/inch2 for currentcommercialproducts.

Theabove trendsmake arraysof laptopdisksanincreasinglyattractive alternative to high performance
server classdisks. The principal disadvantageof suchan array is its price: with laptopandserver-class
disksof comparablecapacitycostingroughly thesameamount(Table1), replacingeachserver-classdisk
with severallaptopdiskswill increasetheinitial investmentseveralfold. However, suchaninvestmentmay
bejusti�ed whendatacenterexpansionis blockedby limited power densityor thehigh incrementalcostof
new power andcoolingcapacity. Theinitial investmentwill alsobepartiallyoffsetby reducedelectricbills
andcapitalspenton coolingandpower equipment.In addition,theredundancy of mirroringshouldreduce
theneedfor parity disks,allowing anarrayof n + 1 server-classdisksto bereplacedby roughly3n laptop
disks,ratherthan3n + 3, wheren is theparity width. (Stripingmaystill bedesirablefor high bandwidth
sequentialreads.)Finally, economiesof scalesuggestthatlaptopdisk pricesmayimprove fasterthanthose
of server-classdisks.

3 Design Issues in an Array of Laptop Disks

The ideaof usingarraysof laptopdisksin placeof server-classdiskshasasa goal to minimizepower
consumptionwhile maintainingacceptableaggregateI/O throughput.Basedon thediscussionin section2,
replacingeachserver-classdisk in a large scalestoragesystemwith a mirroredarrayof three7200RPM
laptopharddiskswill provide similar or even betteraggregatethroughputat half the power budget,even
if the disks remainactive constantly. Additional power savings canbe achieved by taking advantageof
the varying workload intensityof web server systemsand transactionprocessingsystems[Bohrer et al.,
2002]. During low intensityperiods,only theportionof theharddisksthat is necessaryin orderto sustain
acceptablethroughputneedactuallybeactive. Dependingon theexactcharacteristicsof theworkload,the
additionaldisksmayenteroneof several low power modes.Thechoiceof modedependson the intensity
of theworkloadandmorespeci�cally on therateat which thesecondarydisksacceptrequests.

Traditionalmirroreddiskarraysystemsaim to maximizeaggregatethroughputwithout regardto power
consumption.Hence,commonpoliciesusedto selectthediskto servicearequestattemptto balancetheload
evenlyacrossall mirroreddisks.Examplesof suchpoliciesincluderandomselection,round-robinselection,
or selectionof the disk with the shortestrequestqueue. Suchload balancingschemesare inappropriate
for power ef�ciency: the disk arraycontrollermay keepall disksactive even during light workloadsby
spreadingrequestsacrossthearray.

A morepower-friendly approachwould be to usea policy thatstartsusingsecondarydisksonly when
individual responsetimesexceeda certainthreshold. Sucha policy hasthe advantageof increasingthe
requestinter-arrival time to secondarydisks,allowing themto dropinto low power modeswhentheloadis
low. At thesametime,by trackingtheresponsetimesof individualrequestsandspinningupadditionaldisks
whenthosetimesexceedsomeacceptablethreshold,wecanguaranteenot to damageaggregatethroughput.
A simpleway to limit worstcaseresponsetime is to track thenumberof pendingrequestsin thequeueof
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State Mobile Disk
Active 2.50W

PerformanceIdle 2.00W
Low Power Idle 0.85W
StandbyPower 0.25W

Low Power Idle to Active Energy 1.45J
Low Power Idle to Active Time 0.53s

Active to Low Power Idle Energy 2.15J
Active to Low Power Idle Time 0.85s

Standbyto ActiveEnergy 9.00J
Standbyto ActiveTime 3.00s

Active to StandbyEnergy 2.94J
Active to StandbyTime 1.25s

Table 2: Abstractdisk model parametersusedcalculateenergy consumption. Valuesare basedon the
TravelStar7K60andUltraStar15K73disk.

eachmirroreddisk. New requestscanbescheduledto oneof thecurrentlyactive disksuntil thenumberof
requestsin the queueexceedsa certainqueuingthreshold,at which point oneof the secondarydiskscan
beactivatedin orderto serviceadditionalrequests.If all disksin thesystemhave exceededtheir queuing
threshold,a traditionalloadbalancingschemewill becomeappropriate.

Unfortunately, while readscanbe spreadacrossdisks,writes mustbe performedon all copies. This
may leadto increasedresponsetimes in write intensive workloads,sincethe aggregatewrite throughput
is limited to that of a singledisk. Power consumptionmay alsoincreasewith a decreasein the lengthof
secondarydisk idle intervals, which canleadto inef�cient useof low power modes.Fortunately, Internet
contentdelivery is characterizedmostlyby readactivity. It mayalsobepossibleto reducethepower impact
of writes(thoughnot their performanceimpact)by updatingonly thosedisksthatarecurrentlyactive. Idle
disksmaybesynchronizedperiodicallyusingdatafrom theprimarydisksor from a disk arraywrite cache.
Weplanto exploresuchoptionsin our futurework.

Finally, in contrastto server disks,laptopdisksarenot designedfor 100%duty cycles,which makes
themlesslikely to performwell undercontinuousoperationalstresses[Andersonet al., 2003].Fortunately,
themirroringinherentin ourdesignin combinationwith theability to deactivatedisksduringperiodsof low
loadintensitycandecreasethedutycycleof eachdisk in themirroredarray.

4 Energy Efficiency Potential of Laptop Disk Arrays

In this sectionwe evaluatethe idea of using laptop disk arraysin server-classstoragesystems.We
conductedourexperimentsusingtheDisksimsimulator[Ganger, 1995;Gangeret al., 1999].Weaugmented
thesimulatorwith codeto modelenergy consumption.Part of thecodeis basedon theDempsey simulator
[Zedlewski et al., 2003].Thediskcon�gurationparametersusedin thesimulationsarebasedontheHitachi
TravelStar7K60 andHitachi UltraStar15K73 disks(Table1). In the simulationsof the TravelStar7K60
diskweassumeasimpli�ed diskpower modelwith thecharacteristicsshown in Table22.

2Wedonotmodeltheactiveidle powermode,sincewedonothaveinformationaboutits transitiontimeparameters.Ourresults
arehenceconservative, sincetheuseof theactive low power modecanprovide additionalsavingsevenduringshortidle intervals.
In addition,we donot modeltheSleepmode.
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WorkloadType Bandwidth(Rqs/sec) Fractionof Max. Srv Bandwidth
<Exp-8> 124.73 78.75%
<Exp-10> 99.79 63.00%

<Exp-1000> 1.00 0.63%
<Par-10> 99.75 62.98%
<Par-50> 19.95 12.60%

Max. Srv Bandwidth 158.39 100.00%
Max. Mbl Bandwidth 211.66 133.63%

Table3: Aggregatebandwidthin requestspersecondimposedby eachworkloadtestedandits fractionof
themaximumbandwidthsupportedby theserver-classdisk (Srv). Themaximumaggregatebandwidthof
thelaptop-diskarray(Mbl) is alsoshown.

To capturethebehavior of theproposedsystemunderworkloadswith variousdegreesof intensitywe
conductedanopensystemsimulation(i.e.,onein which requestsareassumedto bemutuallyindependent)
usingsyntheticworkloads. In all the experiments,onemillion requestsareissued. We usetwo typesof
distributionsin orderto modeltheinter-arrival time amongrequestsgeneratedby thesyntheticworkloads:
anexponentialdistribution thatleadsto a“smoother”workloadandaParetodistribution thatleadsto amore
“bursty” workload. We experimentwith a wide rangeof meaninter-arrival times. In theremainderof the
paper, wewill follow thenamingconvention<Distribution-Mean> in orderto referto aspeci�c workload.
For example<Exp-10> representsa workloadwith requestinter-arrival timesthat follow an exponential
distribution with a meanof 10ms, while <Par-50> representsa workloadwith requestinter-arrival times
thatfollow aParetodistribution with ameanof 50ms. Table3 presentstheaggregatebandwidthin requests
per secondimposedby eachworkloadto the storagesystem.Similar workloadcon�guration parameters
wereusedin theevaluationof theDRPM approach[Gurumurthiet al., 2003].

Acrossall experimentswe presentresultsfor � ve systems.Srv representsa storagesystemconsisting
of a single server-classdisk. The remainingfour systemsare variationsof the laptop disk basedarray.
We experimentwith four differentpoliciesfor selectingwhich disk amongthereplicasin thearrayshould
serviceagivenrequest.The�rst diskselectionpolicy, Mbl-Balanced, representsatraditionalloadbalancing
schemethatselectsthedisk in thearraywith theshortestqueue.Theremainingthreepoliciesrepresentthe
morepower-consciousdisk selectionpolicy discussedin Section3 with variousqueuingthresholds.The
queuingthresholdis 5 in the Mbl-E5 system,10 in the Mbl-E10 systemand30 in the Mbl-E30 system.
Thedisk selectionpolicy representsa tradeoff betweenenergy ef�ciency andworstcaseresponsetime for
individual requests.Dependingontheworstcaseresponsetimethataserversystemcantolerate,wecanuse
atraditionalloadbalancingschemein thearrayin orderto achievebetterperformanceor apower-conscious
diskselectionpolicy with ahigherqueuingthresholdto achieve amorepoweref�cient system.

Our �rst setof experimentsevaluatestheperformanceof thetraditionalandlaptop-disksystemsunder
two intensive read-onlyworkloads,<Exp-8> and<Exp-10>. Figures1 and2 presentthe results. Since
the laptopdisk arrayis ableto supporta highermaximumaggregatethroughputthantheserver-classdisk
(212versus159 requestspersecond),theMbl-Balanced systemslightly outperformstheserver-classdisk
during the most intensive <Exp-8> workload(Figure1). It leadsto an averageresponsetime of 17ms,
versus20ms for theserver disk. Thepower-consciousarraysexhibit worseresponsetimes.Largerqueuing
thresholdsleadto largerqueuingdelaysfor a signi�cant portionof therequestsandhencea largeraverage
responsetime. Acrossall experiments,however, responsetime remainsbelow half a second,a reasonable
worst-casevalue for a web server or similar system. Resultsfor the <Exp-10> distribution aresimilar.
Themaindifferenceis thattheserver-classdiskperformsslightly betterthanthebalanceddiskarray. Since

6



0

20

40

60

80

100

0 100 200 300 400 500 600

Pe
rc

en
ta

ge
 o

f 
R

eq
ue

st
s

Response Time (milli-seconds)

Srv
Mbl-Balanced

Mbl-E5

Mbl-E10
Mbl-E30

Figure 1: Cumulative requestresponsetime distribution for the read-only<Exp-8> workload. Higher
queuingdelaysin theSrv systemleadto slightly worseresponsetimesthanin theMbl-Balanced system.
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Figure2: Cumulative requestresponsetimedistribution for theread-only<Exp-10> workload.
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Figure3: Cumulative requestresponsetime distribution for the<Exp-8> workload. 20%of the requests
arewrites.

inter-arrival timesarerelatively longer the Srv systemexperiencesshorterqueuingdelays,which leadto
shorterresponsetimes.

In Figures3-7 we presentcumulative responsetime distributions for workloadsin which 20% of the
requestsarewrites.<Exp-8>, <Exp-10> and<Par-10> areintensive workloads,while <Exp-1000> and
<Par-50> arerelatively light workloads.As expected,theperformanceof thelaptopdiskarraydegradesin
thepresenceof write activity sincewriteshaveto beperformedonall replicas.Theperformancedegradation
is morepronouncedin theintensiveworkloads(Figures3, 4 and6). In thelight workloads(Figures5 and7)
all systemsexhibit very low responsetimes:(below 17ms).

Figures8 and9 presenttheenergy savings thatcanbeachieved by thearrayof laptopdisks. Thebase
casefor thecomparisonis theenergy consumptionof a server-classdisk (Srv) system.We presentresults
for all workloadsanddisk selectionpolicies.Weassumeanoptimalpower managementpolicy thatalways
choosesthemostef�cient modeandalsopreactivatesthediskswhenanew requestis imminent.

Thelaptop-diskarrayconsumesat least50%lessenergy thantheserver-classdisk. Thesesavingscome
from the fact that eachlaptopdisk consumes1/6th of theenergy consumedby theserver-classdisk, even
when low power modesarenot beingused. In the absenceof write requests(Figure8), energy savings
canreachup to 80%,whenthepower-consciousdisk selectionpoliciesarebeingused.A higherqueuing
thresholdleadsto highersavings. Figure9 presentsresultsfor workloadswith 20%write requests.Write
activity reducessigni�cantly theenergy savingsachievedby thelaptop-diskarrayacrossall workloadsother
thanthelightestone,<Exp-1000>. Write requestshave to beissuedto all replicas,andhenceidle interval
lengthsare reducedfor all disks in the array. The reducedidle interval lengthslead to reducedenergy
savingssincelow power modescannotbeusedef�ciently. In our futurework we planto exploremethods
for postponingwrite requeststo idle replicas.
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Figure4: Cumulative requestresponsetime distribution for the<Exp-10> workload. 20%of therequests
arewrites.
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Figure5: Cumulative requestresponsetime distribution for <Exp-1000> workload. 20% of the requests
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Figure6: Cumulative requestresponsetime distribution for the<Par-10> workload. 20%of therequests
arewrites.
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Figure7: Cumulative requestresponsetime distribution for the<Par-50> workload. 20%of therequests
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5 Related Work

Power Managementfor Mobile Systems.Theresearchcommunityhasbeenveryactive in theareaof
power-conscioussystemsduring thelast few years.Ellis et al. [Ellis, 1999]emphasizedtheimportanceof
energy ef�ciency asa primarymetric in thedesignof operatingsystems.ECOSystem[Zenget al., 2002]
providesamodeltoaccountfor andallocatetheavailableenergy amongcompetingapplicationsaccordingto
userpreferences.Odyssey [Flinn andSatyanarayanan,1999;Nobleet al., 1997]providesoperatingsystem
supportfor application-aware resourcemanagement.Several policieshave beenproposedfor decreasing
the power consumptionof processorsthat supportdynamicvoltageandfrequency scaling. The key idea
is to scheduleso as to “squeezeout the idle time” in rate-basedapplications. Several researchershave
proposedvoltageschedulersfor generalpurposesystems[FlautnerandMudge,2002;Govil et al., 1995;
Weiseret al., 1994;Peringet al., 2000].

Power Management for Server Systems. The importanceof power managementin server systems
hasbeennotedby several researchers[Bohrer et al., 2001;Bohreret al., 2002;ChaseandDoyle, 2001].
Bohreret al. [Bohrer et al., 2002] explore the potentialof dynamicvoltagescalingfor power savings in
web servers, while Elnozahyet al. [Elnozahyet al., 2003] suggestthe combinationof dynamicvoltage
scalingwith “requestbatching”,a techniquethatgroupsrequestsandexecutesthemin batches,to reduce
the processorpower consumptionof web servers. Pinheiroet al. [Pinheiroet al., 2001] proposeturning
machineson andoff in server clustersin orderto reduceenergy consumption.Chaseet al. [Chaseet al.,
2001]exploreasimilar ideaandintroduceaneconomicapproachto resourcemanagementby allowing web
serversto “bid” for resources.

Power Managementfor StorageSystems.Thecostandrisksof standbymodeplayeda factorin the
early investigationof hard-diskspin-down policies[Douglis et al., 1995;Douglis et al., 1994;Helmbold
et al., 1996;Li et al., 1994] for mobile systems.Unfortunatelysuchspin-down policiesarenot effective
in server-classstoragesystems.Server-classdisksarenot designedfor rapidspin-down andspin-up,and
server workloadstypically have accesspatternswith very shortidle intervals,which would limit theutility
of low-power modesevenif they wereavailable.

Recently, several groupshave begun to investigatethe deliberategenerationof bursty accesspatterns
that provide moreopportunitiesfor the harddisk to transitionto a low power mode. Heathet al. [Heath
et al., 2002]andWeisselet al. [Weisselet al., 2002]have proposeduser-level mechanismsto increasethe
burstinessof I/O requestsfrom individualapplications.Papathanasiouetal. [PapathanasiouandScott,2003;
PapathanasiouandScott,2004]exploreoperatingsystemprefetchingandcachingtechniquesto “shape”the
disk accesspatternof thesystemasa whole. We believe thatsuchtechniques,thoughinitially intendedfor
mobilesystems,couldimprove theef�ciency of serversaswell.

Colarelli et al. [Colarelli andGrunwald, 2002] explore massive arraysof idle disks,or MAID, asan
alternative to conventionalmassstoragesystemsfor scienti�c computing;they demonstrateperformance
comparableto that of a conventionalRAID systemat signi�cantly lower power. Gurumurthiet al. [Gu-
rumurthi et al., 2003] suggestthe useof DRPM [Gurumurthiet al., 2003],an approachthat dynamically
modulatesdisk speeddependingon currentworkload,decreasingthe power requiredto keepthe platters
spinningwhenthe load is light. Carreraet al. [Carreraet al., 2003] comparevariousdesignschemesfor
conservingdisk energy in network servers, including schemesbasedon laptopandDRPM disks. While
they con�rm theenergy savingspossiblewith DRPM,theoldergenerationlaptopdisksusedin their study,
combinedwith conservative assumptionsregardingredundancy, leadto theconclusionthatreplacingserver
diskswith multiple laptopdiskswill not leadto similar savings. Technologicaltrends,however, arenar-
rowing the performancegapbetweenlaptop-andserver-classdisks,while wideningthe power gap. Put
anotherway, high-performancedisks,like high-performanceprocessors,areedgingfartherandfartherpast
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thepoint of diminishingreturns.This, combinedwith thefact thatmulti-speedharddisk drivesarenot yet
commerciallyavailable,suggeststhatlaptop-classdiskarraysareindeedapracticalalternative.

Pinheiroet al. [PinheiroandBianchini, 2004] explore a techniquecalledpopulardataconcentration
(PDC) that migratesfrequentlyaccesseddatato a subsetof thedisksin an array. The goal is to skew the
load toward a subsetof the disksso that otherscandrop into low-power modes.Finally, Zhu et al. [Zhu
et al., 2004] proposeseveral power-aware storagecachemanagementalgorithmsthat provide additional
opportunitiesfor a disk power managementsystemto save energy. Suchalgorithmsmight work well in
conjunctionwith mirrored laptopdisks, leadingto higherenergy ef�ciency thancould be achieved with
eitherapproachalone.

6 Conclusions

Given the increasingimportanceof power managementin server farmsandthe rapid paceof techno-
logical improvementin small form factorharddisks,we have raisedthe possibility of replacingan array
of server-classdiskswith a larger arrayof laptop-class(2.5”) disks. Currenttechnologicaldesignpoints
suggesta replacementratioof threeto one.

Theprincipaldisadvantageof a laptopdisk arrayis its initial cost.A secondarydisadvantageis higher
latency for individual requestswhenthe load is light. Potentialadvantagesincludesigni�cantly lower op-
erationalpower, lower cooling needs,potentiallydenserpackaging,lower noise,potentiallyhigherpeak
bandwidth,potentiallyhighermeantime to dataloss (due to mirroring), and the opportunityto ride the
fasterdevelopmentcurve for commoditylaptop disks. Back-of-the-envelope calculations(con�rmed by
simulations)suggesta baselinepower savings of 50% whenall laptopdisksareactive. Simulationscon-
�rm thatsigni�cant additionalsavings,up to 80%,canbeachievedwhentheloadis light by exploiting the
non-operationallow-power modessupportedby laptopdisks. Underhigh load, simulationsalso indicate
a modestimprovement in averagelatency, asrequeststhat would queuefor a singleserver-classdisk are
servicedby separatelaptopdisks.

Many questionsremainfor future work. The relative costsof replacingfailed drives in conventional
andlaptop-arraybasedstoragesystemswill dependnot only on the MTTF of variousdevices,but on the
extent to which MTTF itself dependson thermalmanagement.More de�niti ve evaluationwill requirenot
only theuseof actualdevices(ratherthansimulations),but alsothedevelopmentof realisticon-linepower
managementpolicies(theoptimalpolicy assumedin oursimulationsis not feasiblein practice).

As mentionedin Section3, we planto considerpoliciesin which writesare�ushed only to drivesthat
arecurrentlyspinning.Suchpoliciesobviouslyhave animpactnotonly on energy andperformance,but on
failureresilienceaswell. Themirroring inherentin our proposaleffectively introducesanextra dimension
in theRAID designspace;we will wantto considertheinteractionbetweenour mirroring andbothroutine
andrecovery-mode�le striping. We alsoplan to considerthe stagingof writes in non-volatile solid-state
cache.
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