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Abstract

The disk array of a sener-classsystemcan accountfor a signi cant portion of the sener's total powver
budget.Moreover mary datacentersxonv nd themselespower-limited: unableto expandcapacitywithout
investingin new electricserviceor air conditioningequipmentpoth of which have very large incremental
costs.

State-of-the-artaptop disks have responsdimesandbandwidthswithin a factorof 2.5 of their sener
classcousinsandconsumdessthanonesixth theenegy. Theseratiossuggesthe possibility of replacing
a sener-classdisk arraywith alarger array of mirroredlaptopdisks. By spinningup a subsebf the disks
proportionalto the currentworkload,we canexploit thelateny toleranceandparallelismof typical sener
workloadsto achieve signi cant enegy savings, with equalor betterpeakbandwidth. Potentialsarzings
rangefrom 50% to 80% of the total disk enegy consumption.Corversely if disksaccountfor half of a
datacenters currentenegy usagewe mayrealizeanincreasef 25%to 40%in computationabndstorage
capacitywithoutanincreasen power or coolingrequirements.

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



1 Introduction

Datacenterscapableof providing Internet,application,databasendnetwork servicesareanincreas-
ingly importantcomponenbf theworld's computingnfrastructureln 1995therewere20,000senersin the
world. As of June2001,thatnumbethadreachedix million [Maximum Throughputnc, 2002]. Most exist-
ing researclon datacenterdesignhasaimedto improve performanceteliability andavailability. Recently
however, researcherlave begunto recognizetheimportanceof enegy ef ciency [ChaseandDoyle, 2001;
Bohreret al., 2002]. Scientistsat the LawrenceBerkeley National Laboratoryhave estimatedthat the
annualenegy usedby seners, minicomputers,and mainframesexceededl9 teravatt-hours(TWh) in
1999[Kawamotoet al., 2000] (equvalentto thetotal outputof four large commerciapower plants).More-
over, theincreasan demandfor datacenterservicessuggestshat by 2005 new datacenterswill require
approximately4A0TWh or $4B at $100 per MWh unlessthey becomemore enegy ef cient [Chaseand
Doyle, 2001].

Increaseddatacenterpower consumptiontranslatesdirectly into highertotal cost of ownership, at-
tributableto operatingpower, cooling,anddecreaseckliability. Overthetenyearlife cycle of atypicaldata
centey coolingandpower equipmentaccountdor 8% and36% respecirely of thetotal costof ownership,
while theelectricity costis atthe orderof 19% [RasmussenaHence power consumptionrelatedcostscan
accountfor 63% of the total costof ownership. Moreover mary datacentersnov nd themselespower
limited: unableto expandcapacitywithoutinvestingin new electricserviceor air conditioningequipment,
bothof which have verylargeincrementatosts.In addition,sincedatacentershave limited power densities
(attheorderof 30 W/ft? on averagegfRasmussenbpxpansiormay requirerentingadditionalspacgust for
the purposeof accommodatingheincreasegower consumptionincreasingsigni cantly therentalcost.In
suchcasespower ef ciency canbecomea major parametein the designof a datacenter: expandingthe
datacentemwith power ef cient equipmentmaybeanattractve solutionevenif it is associatewvith ahigher
capitalinvestment Ourwork suggesta power-ef cient storagesystemdesignbasedon currently available
disktechnology

A recentwhite papersuggestghat disk drivesin a datacentercanaccountfor 27% of total electric
consumptiorfMaximum Throughputinc, 2002]. In somecon gurationsthe fraction canbe signi cantly
higher A Dell PoverEdge6650[DELL Inc., 2003], for example,comesequippedwith 4 Intel Xeon 2.0
GHz processorand29215KRPM harddrives. Theprocessorsreratedat 58W eachwhile anoperational
SEAGATE ST31845315KRPM 18GB sener-classdisk drive consumed 5W [Seagate2003]. In sucha
con gurationthe harddisksconsumel5 morepower thanthe processorsif we assumeconsenratively,
that disks accountfor 50% of the power consumptiorof a large datacenter thena 50% savings in disk
power maytranslatanto a 25%increasédn datacentersizewith no additionalcooling or electricalservice
requirements.

Previous work on the enegy efciency of storagesystemshasfocusedlargely on the hard drives
usedin mobile devices. Suchdrives supportmultiple non-operationalow powver modesthat can pro-
vide signi cant enegy savings during relatvely long periodsof inactvity (on the orderof tensof sec-
onds). The key ideain this work is to placethe harddrive into a non-operatingow powver modeduring
relatively long periodsof inactivity [Douglis et al., 1995; Douglis et al., 1994; Helmboldet al., 1996;
Li et al., 1994]. Unfortunately suchpoliciesdo not transferin an obvious way to the sener environment.
Sener-classdisksrequiretensof secondto move from aninactive to anactie state,andconsumeensof
Wattswhile “spinningup”. In orderto save enegy by spinningdown, they mustbe idle for signi cantly
longerthantheir laptop-classounterpartsAt thesametime, sener workloadsarecharacterizethy disk ac-
cesgpatternghathave signi cantly shorterrequesinter-arrival timesthanaretypicalin mobileworkloads.
Finally, senerclassdisksarenot designedor frequentstop-startycles;heary useof standbymodecanbe



expectedo signi cantly lower their meantime to failure.

To improve the enegy ef ciency of sener-classstoragesystemsGurumurthiet al. have suggestedhe
useof DRPM [Gurumurthiet al., 2003],anapproactthatdynamicallymodulateslisk speeddependingon
currentworkload,decreasinghe power requiredto keepthe plattersspinningwhentheloadis light. Given
the load uctuations typical of web and transactionprocessingBohrer et al., 2002], suchan approach
cansave signi cant amountsof enegy during periodsof low activity while maintainingadequateesponse
timesduring peaks.Unfortunately DRPM disksarenot yet commerciallyavailable. As an alternatve, we
suggesteplacingeachsener-classdisk in an arraywith a small number(threeseemsight, given current
technology)of mirrored, enegy-efcient laptop-clasglisks. Carreraet al. [Carreraet al., 2003] brie y
considetrthis possibility but dismissit basedon a four-to-onereplacementate,previous generatiorpower-
consumptiomumbersandno consideratiorof spin-davn. With morerecentnumbergwhich seemto be
moving in the“right” direction),athree-diskarrayof todays 2.5-inchdevicescanbe expectedio consume
only 50% of the power of a high-endSCSI disk, while providing comparableor even higherthroughput
underheary load,by exploiting readparallelism.Substantialljarger pover savings maybe achiezedwhen
theloadis light, by spinningdown disksthatrepresenexcesscapacity

Therestof thepapeiis structuredasfollows. Section? describeshecharacteristicef laptopandsener-
classdisksand malkesthe casefor usingthe formerin sener disk arrays. Section3 describesan array of
laptopdisksdesignedo minimize enegy consumption.Sectiond shavs the enegy ef ciency potentialof
the proposediesign.Finally, section5 describeselatedwork andsection6 present®ur conclusions.

2 Disk Arrays: Laptop or Server-class Disks?

The constanineedof data-centricservicedor higherthroughputandshorterresponsdimesis driving
sener-classharddrivestoward higherrotationalspeedsand shorterseeklatencies. State-of-the-arsener
classdiskshave rotationalspeed®f 15K RPM andseektimesshorterthan4ms. As shavn in Tablel, such
performanceharacteristicsomeatthe costof signi cantly increasegower budgets.Evenwhenidle, al5
KRPM harddrive consumesnorethan12 Watts.

In comparisonto their senerclasscounterpartsmodernhard disks for mobile systemshave worse
performancecharacteristics.However, the needof the mobile market for longer batterylifetimes makes
enegy ef ciency acompellingdesigngoal. Evenwhenactive, modernlaptopharddrivestypically consume
lessthan3 Watts. They alsotypically supportseveral non-operationalow power modes(Tablel): Active
Idle, Low Power Idle, StandbyandSleep! Non-operationalow power modescansave signi cant enegy
during periodsof diskinactvity.

A comparisorof the harddisksparameterpresentedn Tablel shavs thatamodern7200RPM laptop
hard disk, suchas the Hitachi TravelStar 7K60, hasthe samecachesize as, and similar capacityto, a
15 KRPM sener-classdisk. The senerclassdisks provide about2 betterbandwidthand2.5 better
lateng, but consume asmuchpower, evenwhenthelow power modesof the laptopdisk arenot being
used.Suchdifferencesuggesthatby replacingeachhigh performanceliskin a sener environmentwith a
mirrored(RAID Level 1) array[Pattersoret al., 1988] of severallaptop-clasdiarddisks(Tablel suggests
a replacementatio of 3), one canachieve similar or higher1/O throughputat signi cantly lower power.
Individual requestesponsdéimeswill behigher but for mostlarge secondargtoragesystemsaggrgatel/O
throughputs (within limits) moreimportant{Chenet al., 1994].

In the Active Idle statethe headserwing mechanisnandportionof theelectronicsareoff. In theLow Power Idle statethedisk
is still spinning,but theelectronicamaybe partially unpavered,andthe headsnaybe parked or unloaded In the Standbystatethe
diskis spundown. The Sleepstatepowersoff all remainingelectronicsa softresetis requiredto returnto higherstates.



Disk DK23DA-F30 | TravelStar7K60 | UltraStar1l5K73 | Cheetahll5K.3
Price $127 $210 $195 $199
Capacity 30GB 60GB 73.9GB 73GB
Form Factor 2.5inch 2.5inch 3.5inch 3.5inch
CacheSize 2048K B 8192K B 8192K B 8192K B
RotationalSpeed 4200RPM T200RPM 15037TRPM 15000RPM
Max. TransferRate| 35M B/s 64M B/ sec 129M B/s 112M B/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 | 600K BPI 624K BPI N/A 533K BPI
TrackDensity 55.0KTPI 88.2KTPI N/A 64KTPI
Avg. Active Power 2.1W 2.5W 15.6W 14.9W
Performancédle 1.6W 2W 12.0W 12.2W
Active Idle N/A 1.3W N/A N/A
Low Powerldle 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

Tablel: Characteristicef four mobile andsener-classharddrives. Hitachi DK23DA-F30 [Hitachi Global
StorageTechnologies2001]is a 2001 mobile harddrive, Hitachi TravelStar 7K60 [Hitachi Global Storage
Technologies2003alis thenevestmobile harddrive implementedy the Hitachi Global Storagelechnolo-
giesandthe rst mobile harddrive with arotationalspeedf 7200RPM. Hitachi UltraStar 15K73 [Hitachi
Global StorageTechnologies2003blandSeagat€heetah 15K.3 [Seagate2003]represeninodernsener-
classdrives. The pricespresentedverethe lowestpricesretrieved from http://wwwpricegrabbeicom on
April 22,2004. Therestof the parameterhiave beentaken from the respectie harddrive speci cations.
The Transferraterepresentthe maximummedia-to-hiffer transferrate. For thetwo mobile drivesthe row
“Standbyto Ready’representshe time to transitionfrom the standbylow power mode(headsare parked
andplattersarespundown) to ready(performanceédle mode),while for thesener-classdisksthetime from
power onto ready

The lower power consumptionof laptop hard drives hasadditionaladwantages. First, it canleadto
improvedreliability. Increasedemperaturesausedy heatdissipationin denselypacled storagesystems
canleadto componenmalfunctions:for every degreethatthe operatingemperaturef a harddisk exceeds
the recommendedevel the failure rate increaseswo to threeperceniMaximum Throughputinc, 2002].
Overtime,aharddisk operatingatjust ve degreesabove its recommendetemperaturés 10to 15 percent
morelikely to fail. Theresistancef laptopdisksto operatingshockgTablel) alsoincreasesgheirreliability.
Secondreducedpower consumptiorcanleadto a smallercostfor cooling equipment.Third, the smaller
form factor combinedwith lower heatdissipationmeanghat several (certainlythree)laptopdiskscanbe
squeezeihto thesamephysicalspaceastheir sener-classcounterpartwhile generatingnuchlessacoustic
noise.

We believe that the attractvenessof laptop hard drives as an alternatve to sener-classdiskswill in-
creaseover time. The notebookmarket is growing fasterthanthe desktopandsener markets. Rising de-
mand,togethemwith the trendtoward higherperformancenobile processorspperatingsystemsinterfaces,
andbusesijs fueling thedevelopmentbof everfastedaptopharddrives. Recentechnologicabhdvancements,
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suchasadaptve formating[LaroiaandCondon,2003],antiferromagneticallgowpled (AFC) media[inter-
nationalBusinessMachine Corporation(IBM), 2001], uid dynamicmotors[Blount, 2001], andfempto
sliders[Bestet al., 2003],have ledto faster morereliable, highercapacityaptopharddrivesat (almost)the
samepower budget. The 2004 TravelStar7K60 harddrive, whencomparedo the 2001 Hitachi DK23DA
laptopharddrive (Tablel), hastwicethecapacity1l.7 therotationalspeedandimprovedseekiimes,while
its power consumptiorhasincreasedy only 25%. The sametechnologieghat have leadto the develop-
mentof the 7K60 promiseadditionalfuture improvements.For examplethe antiferromagneticallgoupded
media[LaroiaandCondon,2003]andthefemptoslider[Bestet al., 2003]suggesfuture arealdensitiesof
100Gbit /inch?, comparedo roughly 70Gbit /inch? for currentcommerciabproducts.

Theabore trendsmale arraysof laptopdisksanincreasinglyattractve alternatve to high performance
sener classdisks. The principal disadwantageof suchan arrayis its price: with laptopand sener-class
disksof comparablecapacitycostingroughly the sameamount(Table 1), replacingeachsener-classdisk
with severallaptopdiskswill increasdheinitial investmentseveralfold. However, suchaninvestmenimay
bejusti ed whendatacenterexpansionis blocked by limited power densityor the high incrementatostof
new power andcoolingcapacity Theinitial investmenivill alsobe partially offsetby reduceckelectricbills
andcapitalspenton coolingandpower equipmentin addition,the redundang of mirroring shouldreduce
the needfor parity disks,allowing anarrayof n + 1 sener-classdisksto bereplacedy roughly 3n laptop
disks,ratherthan3n + 3, wheren is the parity width. (Stripingmay still be desirablefor high bandwidth
sequentiateads.)Finally, economie®f scalesuggesthatlaptopdisk pricesmayimprove fasterthanthose
of sener-classdisks.

3 Design Issues in an Array of Laptop Disks

Theideaof usingarraysof laptopdisksin placeof senerclassdiskshasasa goalto minimize power
consumptiorwhile maintainingacceptableggregatel/O throughput.Basedon the discussiorin section2,
replacingeachsener-classdisk in a large scalestoragesystemwith a mirroredarray of three7200RPM
laptopharddiskswill provide similar or even betteraggreyatethroughputat half the power budget,even
if the disksremainactive constantly Additional power savings can be achieved by taking advantageof
the varying workload intensity of web sener systemsand transactiorprocessingsystemgBohrer et al.,
2002]. During low intensityperiods,only the portion of the harddisksthatis necessaryn orderto sustain
acceptablehroughputneedactuallybe active. Dependingon the exact characteristicef the workload,the
additionaldisksmay enteroneof severallow power modes.The choiceof modedepend®on the intensity
of theworkloadandmorespeci cally ontherateat which thesecondargisksacceptequests.

Traditionalmirroreddisk arraysystemsim to maximizeaggrgatethroughputvithout regardto power
consumptionHence commonpoliciesusedo selecthediskto servicearequeshattempto balanceheload
evenly acrossall mirroreddisks. Examplesf suchpoliciesincluderandomselectionyound-robinselection,
or selectionof the disk with the shortestrequestqueue. Suchload balancingschemesare inappropriate
for power efciency: the disk array controller may keepall disks active even during light workloadsby
spreadingequestsacrosghearray

A morepowerfriendly approachwould be to usea policy that startsusingsecondandisksonly when
individual responsdimes exceeda certainthreshold. Sucha policy hasthe adwvantageof increasingthe
requesinterarrival time to secondaryisks,allowing themto dropinto low pover modeswhentheloadis
low. At thesametime, by trackingtheresponséimesof individual requestandspinningup additionaldisks
whenthosetimesexceedsomeacceptabléhresholdwe canguarante@ot to damageaggregatethroughput.
A simpleway to limit worstcaseresponsgime is to trackthe numberof pendingrequestsn the queueof
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State Mobile Disk
Active 2.50W
Performancédle 2.00W
Low Powerldle 0.85W
StandbyPawer 0.25W
Low Powerldle to Active Enegy 1.45]
Low Powerldle to Active Time 0.53s
Activeto Low Pawer Idle Enegy 2.15J
Activeto Low Pawerldle Time 0.85s
Standbyto Active Enegy 9.00J
Standbyto Active Time 3.00s
Active to StandbyEnegy 2.94J
Active to StandbyTime 1.25s

Table 2: Abstractdisk model parametersisedcalculateenegy consumption. Valuesare basedon the
TravelStar7K60 andUIltraStar15K73disk.

eachmirroreddisk. New requestsanbe scheduledo oneof the currentlyactive disksuntil the numberof
requestsn the queueexceedsa certainqueuingthreshold,at which point one of the secondanydiskscan
be actvatedin orderto serviceadditionalrequestslf all disksin the systemhave exceededheir queuing
thresholdatraditionalload balancingschemewill becomeappropriate.

Unfortunately while readscan be spreadacrossdisks, writes mustbe performedon all copies. This
may leadto increasedesponsdimesin write intensve workloads,sincethe aggrgatewrite throughput
is limited to that of a singledisk. Paver consumptionmay alsoincreasewith a decreasén the length of
secondanydisk idle intenals, which canleadto inef cient useof low power modes. Fortunately Internet
contentdeliveryis characterizedhostly by readactivity. It mayalsobe possibleto reducethepowerimpact
of writes (thoughnot their performanceémpact)by updatingonly thosedisksthatarecurrentlyactive. Idle
disksmaybe synchronizegeriodicallyusingdatafrom the primarydisksor from a disk arraywrite cache.
We planto explore suchoptionsin our futurework.

Finally, in contrastto sener disks, laptopdisksare not designedor 100% duty cycles, which males
themlesslikely to performwell undercontinuousoperationabktressefAndersonet al., 2003]. Fortunately
themirroring inherentin ourdesignin combinationwith the ability to deactvatedisksduringperiodsof low
loadintensitycandecreasé¢he duty cycle of eachdiskin themirroredarray

4 Energy Efficiency Potential of Laptop Disk Arrays

In this sectionwe evaluatethe idea of usinglaptop disk arraysin sener-classstoragesystems. We
conducteaurexperimentaisingtheDisksimsimulatorfGangey 1995;Gangett al., 1999]. We augmented
the simulatorwith codeto modelenegy consumptionPart of the codeis basedonthe Dempsg simulator
[Zedlewski et al., 2003]. Thedisk con gurationparametersisedin the simulationsarebasedntheHitachi
TravelStar7K60 and Hitachi UltraStar15K73 disks(Table 1). In the simulationsof the TravelStar7K60
disk we assume simpli ed disk power modelwith the characteristicshavn in Table22.

2\We do notmodeltheactive idle power mode sincewe do nothave informationaboutits transitiontime parametersOur results
arehenceconserative, sincethe useof the active low pover modecanprovide additionalsavingsevenduring shortidle intenals.
In addition,we do not modelthe Sleepmode.



WorkloadType Bandwidth(Rqgs/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 requestpersecondmposedby eachworkloadtestedandits fraction of
the maximumbandwidthsupportedoy the sener-classdisk (Srv). The maximumaggrgatebandwidthof
thelaptop-diskarray(Mbl) is alsoshavn.

To capturethe behaior of the proposedsystemunderworkloadswith variousdegreesof intensitywe
conductedanopensystemsimulation(i.e., onein which requestareassumedo be mutuallyindependent)
using syntheticworkloads. In all the experiments,one million requestsareissued. We usetwo typesof
distributionsin orderto modelthe interarrival time amongrequestgeneratedy the syntheticworkloads:
anexponentiadistribution thatleadsto a“smoother’workloadanda Paretodistribution thatleadsto amore
“bursty” workload. We experimentwith a wide rangeof meaninter-arrival times. In the remainderof the
papeywe will follow thenamingconvention<Distribution-Mean> in orderto referto aspeci c workload.
For example <Exp-10> represents workloadwith requestnterarrival timesthat follow an exponential
distribution with a meanof 10ms, while <Par-50> represents workloadwith requesinterarrival times
thatfollow a Paretodistribution with ameanof 50ms. Table3 presentshe aggrgatebandwidthin requests
per secondimposedby eachworkloadto the storagesystem. Similar workload con guration parameters
wereusedin the evaluationof the DRPM approachGurumurthiet al., 2003].

Acrossall experimentswe presentresultsfor ve systems.Srv represents storagesystemconsisting
of a single senerclassdisk. The remainingfour systemsare variationsof the laptop disk basedarray
We experimentwith four differentpoliciesfor selectingwhich disk amongthe replicasin the arrayshould
serviceagivenrequestThe rst diskselectiorpolicy, Mbl-Balanced, representatraditionalloadbalancing
schemdhatselectdhediskin thearraywith the shortesgueue.Theremainingthreepoliciesrepresenthe
more power-consciougdisk selectionpolicy discussedn Section3 with variousqueuingthresholds.The
gueuingthresholdis 5 in the Mbl-E5 system,10 in the MbI-E10 systemand 30 in the Mbl-E30 system.
The disk selectionpolicy represents tradeof betweenenegy ef ciency andworstcaseresponséime for
individual requestsDependingontheworstcaseresponséime thata sener systemcantolerate we canuse
atraditionalloadbalancingschemen thearrayin orderto achieve betterperformancer apower-conscious
disk selectiorpolicy with a higherqueuingthresholdo achieve amorepower ef cient system.

Our rst setof experimentsavaluateshe performancef the traditionalandlaptop-disksystemsunder
two intensve read-onlyworkloads,<Exp-8> and <Exp-10>. Figuresl and2 presenthe results. Since
the laptopdisk arrayis ableto supporta highermaximumaggregatethroughputthanthe sener-classdisk
(212 versusl59requestper second)the Mbl-Balanced systemslightly outperformshe sener-classdisk
during the mostintensive <Exp-8> workload (Figure1). It leadsto an averageresponsdime of 17ms,
versus20ms for the sener disk. The pover-consciousarraysexhibit worseresponsgimes. Largerqueuing
thresholddeadto larger queuingdelaysfor a signi cant portion of the requestsandhencea larger average
responsdime. Acrossall experimentshowever, responsdime remainsbelov half a secondareasonable
worst-casevalue for a web sener or similar system. Resultsfor the <Exp-10> distribution are similar.
Themaindifferences thatthe sener-classdisk performsslightly betterthanthe balancedlisk array Since
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Figure 1: Cumulatve requestresponsdime distribution for the read-only<Exp-8> workload. Higher
gueuingdelaysin the Srv systemleadto slightly worseresponséimesthanin the Mbl-Balanced system.
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Figure2: Cumulative requestesponsédime distribution for the read-only<Exp-10> workload.
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Figure3: Cumulative requestresponsdime distribution for the <Exp-8> workload. 20% of the requests
arewrites.

interarrival timesare relatvely longerthe Srv systemexperienceshorterqueuingdelays,which leadto
shorteresponsdimes.

In Figures3-7 we presentcumulatve responsdime distributions for workloadsin which 20% of the
requestarewrites. <Exp-8>, <Exp-10> and<Par-10> areintensve workloads while <Exp-1000> and
<Par-50> arerelatively light workloads.As expectedthe performancef thelaptopdisk arraydegradesn
thepresencef write actvity sincewriteshaveto beperformedonall replicas.Theperformancelegradation
is morepronouncedn theintensve workloads(Figures3, 4 and6). In thelight workloads(Figuress and7)
all systemsexhibit very low responsgimes: (belov 17ms).

Figures8 and9 presenthe enegy savingsthatcanbe achieved by the array of laptopdisks. Thebase
casefor the comparisoris the enegy consumptiorof a senerclassdisk (Srv) system.We presentesults
for all workloadsanddisk selectionpolicies. We assumean optimal power managemenolicy thatalways
chooseghemostef cient modeandalsopreactvatesthediskswhenanew requesis imminent.

Thelaptop-diskarrayconsumestleast50%lessenegy thanthesener-classdisk. Thesesazingscome
from the factthat eachlaptopdisk consumesd/éth of the enegy consumedy the senerclassdisk, even
whenlow power modesare not beingused. In the absencef write requestgFigure 8), enegy savings
canreachup to 80%, whenthe power-consciougdisk selectionpoliciesarebeingused. A higherqueuing
thresholdeadsto highersavings. Figure9 presentsesultsfor workloadswith 20% write requests Write
actiity reducesigni cantly theenegy savingsachieredby thelaptop-diskarrayacrossall workloadsother
thanthelightestone,<Exp-1000>. Write requestdave to beissuedo all replicas,andhenceidle intenal
lengthsare reducedfor all disksin the array The reducedidle intenal lengthsleadto reducedenegy
savings sincelow power modescannotbe usedef ciently. In our future work we planto explore methods
for postponingwrite requestgo idle replicas.
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casefor the comparisoris the enegy consumptiorof the sener-classdisk for therespectre workloads.
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5 Related Work

Power Managementfor Mobile Systems.Theresearclttommunityhasbeenvery active in the areaof
power-conscioussystemgluring the lastfew years.Ellis etal. [Ellis, 1999]emphasizedhe importanceof
enegy efciency asa primary metricin the designof operatingsystems.ECOSystenjZenget al., 2002]
providesamodelto accounfor andallocatetheavailableenegy amongcompetingapplicationsaccordingo
userpreferencesOdyssg [Flinn andSatyanarayanai999;Nobleet al., 1997]providesoperatingsystem
supportfor application-avare resourcemanagementSereral policies have beenproposedor decreasing
the power consumptiornof processorshat supportdynamicvoltageand frequeng scaling. The key idea
is to scheduleso asto “squeezeout the idle time” in rate-basedpplications. Several researcherbave
proposedvoltageschedulergor generalpurposesystemgFlautnerand Mudge, 2002; Govil et al., 1995;
Weiseret al., 1994;Peringet al., 2000].

Power Managementfor Server Systems. The importanceof powver managemenin serer systems
hasbeennotedby sereral researcherfBohreret al., 2001;Bohreret al., 2002; Chaseand Doyle, 2001].
Bohreret al. [Bohreret al., 2002] explore the potentialof dynamicvoltagescalingfor powver savings in
web seners, while Elnozahyet al. [EInozahyet al., 2003] suggesthe combinationof dynamicvoltage
scalingwith “requestbatching”,a techniquethat groupsrequestsand executeshemin batchesjo reduce
the processopower consumptionof web seners. Pinheiroet al. [Pinheiroet al., 2001] proposeturning
machineson andoff in sener clustersin orderto reduceenegy consumption.Chaseet al. [Chaseet al.,
2001]exploreasimilarideaandintroduceaneconomicapproacho resourcananagementy allowing web
senersto “bid” for resources.

Power Managementfor Storage Systems.The costandrisks of standbymodeplayeda factorin the
early investigationof hard-diskspin-davn policies[Douglis et al., 1995; Dougliset al., 1994; Helmbold
et al., 1996;Li et al., 1994]for mobile systems.Unfortunatelysuchspin-davn policiesare not effective
in sener-classstoragesystems.Sener-classdisksare not designedor rapid spin-davn andspin-up,and
sener workloadstypically have accespatternswith very shortidle intenals, which would limit the utility
of low-powver modesevenif they wereavailable.

Recently several groupshave begun to investigatethe deliberategeneratiorof bursty accesgatterns
that provide more opportunitiesfor the hard disk to transitionto a low power mode. Heathet al. [Heath
et al., 2002]andWeisselet al. [Weisselet al., 2002] have proposeduserlevel mechanismso increaseahe
burstinesof I/0 requestérom individual applications Papathanasioatal. [PapathanasioandScott,2003;
PapathanasioandScott,2004]explore operatingsystenprefetchingandcachingtechniqueso “shape”the
disk accesgpatternof the systemasa whole. We believe thatsuchtechniquesthoughinitially intendedfor
mobile systemscouldimprove the ef ciency of senersaswell.

Colarelli et al. [Colarelli and Grunwald, 2002] explore massie arraysof idle disks,or MAID, asan
alternatve to corventionalmassstoragesystemdfor scienti c computing;they demonstratgerformance
comparableo that of a corventionalRAID systemat signi cantly lower power. Gurumurthiet al. [Gu-
rumurthiet al., 2003] suggesthe useof DRPM [Gurumurthiet al., 2003], an approachthat dynamically
modulateddisk speeddependingon currentworkload, decreasinghe power requiredto keepthe platters
spinningwhenthe loadis light. Carreraet al. [Carreraet al., 2003] comparevariousdesignschemedor
conservingdisk enegy in network seners, including schemesasedon laptopand DRPM disks. While
they con rm theenegy savings possiblewith DRPM, the oldergeneratiordaptopdisksusedin their study
combinedwith conserative assumptionsegardingredundany, leadto the conclusiorthatreplacingsener
diskswith multiple laptopdiskswill notleadto similar savings. Technologicaltrends,however, are nar
rowing the performancegap betweenlaptop- and sener-classdisks, while wideningthe power gap. Put
anothemway, high-performancelisks,like high-performanc@rocessorsareedgingfartherandfartherpast
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the point of diminishingreturns.This, combinedwith thefactthat multi-speedcharddisk drivesarenot yet
commerciallyavailable,suggestshatlaptop-classlisk arraysareindeeda practicalalternatve.

Pinheiroet al. [Pinheiro and Bianchini, 2004] explore a techniquecalled populardataconcentration
(PDC) that migratesfrequentlyaccessedlatato a subsewf the disksin anarray The goalis to skew the
load toward a subsetf the disks so that otherscandrop into low-power modes. Finally, Zhu et al. [Zhu
et al., 2004] proposesereral poveraware storagecachemanagemenalgorithmsthat provide additional
opportunitiesfor a disk power managemensystemto save enegy. Suchalgorithmsmight work well in
conjunctionwith mirroredlaptop disks, leadingto higherenegy ef ciency than could be achieved with
eitherapproactalone.

6 Conclusions

Giventhe increasingmportanceof powver managemenin sener farmsandthe rapid paceof techno-
logical improvementin small form factorharddisks, we have raisedthe possibility of replacingan array
of senerclassdiskswith a larger array of laptop-clasg2.5") disks. Currenttechnologicaldesignpoints
suggeshreplacementatio of threeto one.

The principaldisadwantageof a laptopdisk arrayis its initial cost. A secondandisadwantages higher
lateny for individual requestavhentheloadis light. Potentialadvantagesncludesigni cantly lower op-
erationalpower, lower cooling needs potentially denserpackaging,lower noise, potentially higher peak
bandwidth,potentially higher meantime to dataloss (dueto mirroring), and the opportunityto ride the
fasterdevelopmentcurve for commoditylaptop disks. Back-of-the-emelope calculations(con rmed by
simulations)suggest baselinepower savings of 50% whenall laptopdisksareactive. Simulationscon-
rm thatsigni cant additionalsavings, up to 80%,canbeachiezed whentheloadis light by exploiting the
non-operationalow-power modessupporteddy laptopdisks. Underhigh load, simulationsalsoindicate
a modestimprovement in averagelateng, asrequestghatwould queuefor a single sener-classdisk are
servicedby separatéaptopdisks.

Many questiongemainfor future work. The relative costsof replacingfailed drivesin corventional
andlaptop-arraybasedstoragesystemswill dependnot only onthe MTTF of variousdevices, but on the
extentto which MTTF itself depend®n thermalmanagementMore de niti ve evaluationwill requirenot
only the useof actualdevices(ratherthansimulations) but alsothe developmentof realisticon-line power
managemenolicies(the optimalpolicy assumedh our simulationss notfeasiblein practice).

As mentionedn Section3, we planto considemoliciesin which writesare ushed only to drivesthat
arecurrentlyspinning.Suchpoliciesobviously have animpactnot only on enegy andperformancebut on
failureresilienceaswell. The mirroring inherentin our proposalkffectively introducesan extra dimension
in the RAID designspacewe will wantto considertheinteractionbetweerour mirroring andbothroutine
andrecovery-mode le striping. We alsoplanto considerthe stagingof writesin non-\wolatile solid-state
cache.
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