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Abstract

Reducingpower consumptionis critical in mary sys-
tem designs.Dynamic power managemenis an effec-
tive approachto decreasgower without significantly
degradingperformance.Ponver managementlecisions
canbeimplementedn eitherhardware or software. A
recenttrend on personalcomputersis to use software
to changehardwarepower states.This paperpresentsa
softwarearchitecturghatallows systemdesignerso in-
vestigatepower managemenrdlgorithmsin a systematic
fashionthroughatemplate Thearchitecturexploitsthe
AdvancedConfigurationand Power Interface(ACPI), a
standardor hardwareandsoftware. We implementtwo
algorithmsfor controllingthe power statesof aharddisk
onapersonatomputerunningMicrosoftWindows. By
measuringthe currentfeedingthe hard disk, we showv
thatthealgorithmscansare upto 25%moreenegy than
the Windows power manager Our work hastwo major
contrikutions: atemplatefor software-controllecbower
managemendndexperimentakcomparison®f manage-
mentalgorithmsfor a harddisk.

1. Introduction

Low power consumptioris animportantgoalin design-
ing modernrelectronicsystemsMost previousstudiesof
low-powertechniquegocusedon eitherhardware (HW)
[14] or softwae (SW) [12] to reducepower consump-
tion. DynamicpowermanaementDPM) [2] is anef-
fective approacho reducepower consumptiorwithout
significantlydegradingperformance DPM shutsdown
deviceswhenthey are not neededand wakesthem up

whennecessaryRecently Intel, Microsoft and Toshiba
proposedhe AdvancedConfigumation and Power Inter-

face(ACPI) [1] to provide auniform HW/SW interface
for powermanagementACPIlallows hardwarevendors,
opefating systen{OS) designersanddevice driver pro-

grammergo usethe sameinterface.A hardwaredevice

complieswith ACPI if it canproperlyrespondo ACPI

callssuchassettingandqueryingpower statesDPM re-

quiresspecializedechniquesaindtoolsto usesoftware
to controlhardwarepower statesthereforejt is a code-
signproblem,eventhoughit differsfrom thosetypically

discussedh literature [6].

In the recentpast, researchmainly focusedon design-
ing powermanagemeralgorithms(alsocalledpolicies).
DPM algorithmscan be divided into two major cate-
gories:predictve [7] [9] andstochastic[4] [13]. Typ-

ically, DPM algorithmsareevaluatedby simulationsin-

steadf measurementnrealmachinesdueto thediffi-

culty of settingupanenvironmentthatis flexible enough
to testa variety of algorithms. Becausenf the complex

interactiondetweerhardwareandsoftware,only exper

imentalevaluationof systemsunningrealprogramscan
validatethe effectivenessof an algorithm. This paper
addressethe implementatiorissueand evaluatesalgo-
rithmson a computerunninga commercialOS.

We designedand implementeda software architecture
thatallows systemdesignergo performpower manage-
mentthrougha template. The templateis implemented
askernel-level filter drivers (FD) that attachto the de-
vice driversfrom HW vendors A powermanaer (PM)
is a programthatimplementsoliciesandsendghe FD
managementlecisionsto changepower states.The FD
alsoreportdevice utilizationfor futuremanagemerde-
cisions. The FD hasa genericinterface;therefore,de-
signerscan evaluatethe samealgorithmson different
HW devicesor differentalgorithmsonthesamedevices.

In this paper we addresshe problem of power man-
agingthe harddisk in a personalkcomputer We setup
a personalcomputerrunning Microsoft Windows and



measuredhe power usedby the harddisk. We imple-
mentedtwo managemenalgorithmsto comparewith
the standardpower managernf Windows. The first al-
gorithmis atime-outschemehatperformsits own idle-
nessdetectionby communicatingwith otherprograms.
The otheralgorithmis an adaptve schemehat adjusts
the time-outvalue by consideringthe bursty natureof
disk accessesThesetwo algorithmsoutperformthe PM
in Windows by morethan20%in sampleworkloads.

DPM is applicableto embeddedsystemsand it is of

critical importancefor mobile systems.Thetechniques
presentedn this papercan be appliedto mobile sys-

temswith ACPlandWindowswithoutmodification.For

othersystemspur approachis still applicablebut it re-

quiresdifferentimplementation.

2. Software Controlled Power M anagement

Software-controlledoover managemenis a technique
to reducepower consumptioron computers[10]. In the

pastthelack of standardizatiomadeinterfacedik e ad-

vancedpowermanaement(APM) [8] very specificto

eachsystem;asaresult,it washardto port andextend.
In orderto achieve larger power saving in a uniform

fashion, Intel, Microsoft and ToshibaproposedACPI

asa standardor both hardware and software. Device

drivers usethe specificationfor device-specificpower

managementthe power managemen#P| canalsobe

exportedfrom the OSto applicationprograms Figurel

shavs the ACPI interface [3] in which the PM resides
in the operatingsystem.
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Figurel: ACPIInterfaceandPC Platform

ACPI controlsthe power statesof a whole systemas

well as the power statesof eachdevice. An ACPI-
compliant system has five global states: Syst em
St at eSO, the working state,and Syst entSt at eS1
to Syst entst at eS4, representinghe sleepingstates.
An ACPI-compliantdevice hasfour states:Power De-
vi ceD0 (DO), the working state and, Power De-
vi ceD1 (Dl1l) to Power Devi ceD3 (D3), repre-
sentingthe sleepingstates. The sleepingstatesare dif-
ferentiatedby the power consumedndthetime to wake
up; the deepersleepingstate,the lesspower consumed
andthelongertime to wake up.

Similarto otherl/O actvities, I/O requespadets(IRP)
are usedfor power managementommands.However,
speciallRP’s are requiredto synchronizeACPI com-
mandsso that the transientcurrentdoesnot exceedthe
maximum capability of the power supply A device
driver hasto appropriatelyrespondto power IRP’s is-
suedfrom upperlevel drivers or OS. Although ACPI
hasbeenusedas an interfaceamonghardware, device
drivers, and operatingsystemsit is still a challenging
task to designand evaluate software-controlledpower
managementlgorithms acrossdevices in a uniform
way. In orderto facilitatethis HW/SW designcycle, we
proposea softwarearchitecturghatexportspowerman-
agementapabilityoutsidetheoperatingsystenthrough
atemplate.

3. Application-L evel Power M anagement

Figure2: PM ControlsPaver StatesBasedon System
ParameterandRequests

Figure2 showvs thata PM makesdecisionsbasedn in-
formationaboutthesystemandrequestsSystenparam-
etersincludethe power at eachstate,transitionenegy
anddelay The PM issuesstate-transitiocommandgo
a systemor a device to meetthe performanceor power
requirementgor both)by predictingfuturerequestsFor
example, time-outis a widely usedpredictionscheme
basedon the assumptiorthatif a device hasbeenidle
for awhile, it will notbeusedin the nearfuture.
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Figure3: Filter Driver Architecture

Figure 3 shaws our softwarearchitecture.An FD is at-
tachedo thevendorspecificdevice driver. Both drivers
residein the operatingsystem. Application programs
suchasword processor®r spreadsheetsendrequests
to the OS. A power manageis a separatgorogramthat
collectsdevice utilization informationfrom the FD and
issuesstate-transitiomcommandso it. WhenthePM is-
suesa commandthe FD createsa power IRP andsends
it to thedevice. Thedashedine shovsthatthe PM may
communicatewith other applicationsto acquireinfor-
mationaboutfuturerequestsThis featurerequiressup-
port from the applications.Therearetwo major advan-
tagesin our softwarearchitecture.

First,in contrasto Figurel, the power manageresides
outsidethe operatingsystemin this architecture.As a
result, designerscan evaluateDPM algorithmson real
machineswvithout consideringhe detailsof ACPI. With

a template,systemdesignersdo not have to deal with

theinteractionsetweerthe OS, the device drivers,and
individualdevices.As aresult,the productdevelopment
processs shortened.Our software architecturefacili-

tatesthe processand encourageslesignergo evaluate
differentDPM alternatves.

Second applicationprogramscanrequesttask-specific
power managemenbn multiple devices by communi-
cating with the PM. Considera viewer programthat
downloadsand presentseal-timenews from the Inter-
net. The programrequiresthe network adapter the
graphicsaadapteandtheharddiskrunningatfull perfor
mance.Turningoff oneof thesethreedeviceswould dis-
turb the presentatiorand seriouslyaffect usersatistc-
tion. Insteadthe programcaninform the PM to prevent
the OS from shuttingdown ary of thesedevices. Task-
specificpowermanagemennakespredictive wake-upa

feasiblesolutionto improve performancewhile saving
power. Predictve wake-upwasfirst proposedn [16] to
reducethe performancepenaltyduring wake-up; how-
ever, accuratepredictionis difficult for operatingsys-
temsbecausehey do nothave enoughknowledgeabout
the future behaior of applications. Inaccuratepredic-
tion may eitherwasteenepgy (wake up too early) or de-
gradeperformancéwake uptoolate) [5]. Ourtemplate
malkesit possibleto perform predictive wake-up since
PM can get information from applicationsabouttheir
future behavior to achiese high performancewith low
power consumption.

4. DPM Algorithms

Several shutdavn algorithmswere proposedo reduce
power consumption [7] [9] [13] [15]. However,

“time-out afteridleness’is the only shutdavn algorithm
availableonmostpersonatomputersunningWindows.

Usersseta time-outvalue,typically severalminutes,in

Windows; it detectsall disk actwvities andshutsdown a
hard disk whenit is idle longerthanthe value. In our

evaluationversionof Windows NT, the minimumtime-

outis threeminutes.

We implementedwo power managerdor comparison.
The first is a time-outalgorithm that performsits own
idlenessdetectionby communicatingwith other pro-
grams. Wheneer an applicationissuesa disk access,
a messagas sentto the PM. The PM keepstrack of
the timestampof all accesseand shutsdown the disk
whenthe lastaccesccursmorethanoneminuteago.
Theseconds is anadaptie algorithm [11] thatdynam-
ically adjuststhe time-outvalue by assuminghat disk
accesseasre clusteredinto sessionsvith varying dura-
tions. It periodically checkswhethera disk accessoc-
curredin the last period. If the disk is in the spinning
stateandno accessccurs,the time-outvalueis decre-
mentedon the assumptionthat the disk has sened a
shortsessionlf anacces®ccursandthetime-outvalue
is smallerthana threshold the valueis incrementedo
avoid shuttingdown thedisk too earlyin along session.
By adjustingthe value,the PM canshutdown the disk
earlierfor shortersessionandlaterfor longersessions.
Figure 4 shaws the adaptve algorithm, fully described
in [11].

5. Experimental Results

We usedan ACPI-compliantpersonabtomputetrunning
Windows NT 5.0 betafor the experiments. The com-
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switch(state)
casespinUp:
state= spinning;PL = a* PL + (1—a)+ AL;
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state= sleeping;reak;
casesleeping:
if (arequesarrives){ state= spinUp;}
break;
case?spinDavn:
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else{ state= spinning;}
break;
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I almostreadyto shutdown; deferSE ¥
{ PL+=inc1;SE+=inc2;}
Jelse{
state= ?spinDovn; PL==1incl; SE==inc2;}
break;

}

Figure4: Adaptive Algorithm

puter containsan IBM DeskstarEIDE harddisk. The
12V and5V power lines go throughtwo digital multi-

metersasshownn in Figure5. Both meterscontainRS-
232 ports for computerizedmeasurements.The hard
disk canbein oneof threestates:DO whenit is read-
ing or writing, D1 whenthe platesare spinningand D3

whenthe platesstopspinning. This harddrive doesnot

supportthe D2 state. I/O requestonly wait for seek
androtationdelayswhenthe diskis at D1. If arequest
arriveswhenthe hard disk is at D3, it hasto wait for

the wake-upprocedurdn additionto the seekandrota-
tion delays.Figure6 shaws the transitionsamongthese
power states. We measuredhe time and currentand
found that the disk consumed3.48 W and 0.75W in

statedD1 andD3 respectiely. It tookapproximately8.1

secondsand 53 Jouleto wake up the disk from D3 to

DO. It took 1.1secondso enterD3 from D1. We did not

considerthe shutdavn enegy becausét is negligible

andthe shutdavn time is too shortto make anaccurate
estimation.The enegy at DO for readingandwriting is

ignoredbecaus®PM cannotchangehenumberof disk

accesseghepowermanagemerelyshutsdown thedisk

whenthereis no access.

Two applications(AP1 and AP2) were usedas sample
workloadsfor comparison. Repeatableadisk accesses
were necessaryor fair comparison;therefore,we did
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not directly comparepower saving in userinteractve
ervironmentdueto thedifficulty of exactly regenerating
userrequestsThefirst workloadreadswrites,appends
andseekdiles. Thesecondopiesdeletesandsearches
for files, and compilesprograms.Eachapplicationhas
threeidenticalprocessesunningconcurrently Thetime
betweenfile accessess uniformly distributed between
30 secondsand 10 minutes. The time-outvaluefor the
first PM wasoneminute;theinitial time-outfor thesec-
ond PM was two minutesandthe incrementor decre-
mentfactorwastwo secondsccordingo theprinciples
explainedin [11]. We measuredhepowerconsumption
by eachalgorithmfor half anhourandcomparedhere-
sults with two alternatves: an “always-on” algorithm
thatkeptthe disk spinningto provide the maximalper
formance andtheWindows PM with three-minutdime-
out. Tablel showns thecomparisonThefirst row shovs
the sleepingtime (the durationwhenthe disk is at D3).
The secondrow showvs the numbersof shut-davn com-
mandsissuedfrom the PM; a larger numberindicates
morerequesthave to wait for thedisk to wake up. This
is the performancepenaltyfor power saszing. The third
row shavsthetotalenegy consumedWe calculatedhe
enepgy by theformula: ener gy = #imens - powerns +
Itmen) -powern) + #wakewn - RET FHuckeup. 1HE
last row normalizesthe total enegy by the resultfrom
thePMin Windows.

The table shaws that the power managerin Windows
hadfewerwake-ups;n otherwords,fewerdiskaccesses
sufferedfrom the wake-updelay However, this perfor
manceadwantagevasachiezedby consumingnoreen-
ergy. WhenAP1 and AP2 were executedat the same



alwayson Windows one-min adaptve
workload AP1 | AP2 | both [ AP1| AP2 [ both | AP1 [ AP2| both|[ AP1| AP2] both
sleeptime (sec) 0 183 | 316 99 || 634| 863| 801| 807| 889 | 960
# shut-davn 0 4 3 2 11 10 13 12 8 18
enegy (J) 6264 5976 | 5560 | 6100 || 5116 | 4438 | 4766 || 4697 | 4261 | 4597
ratio 1.05] 1.13] 1.03|| 1.00| 1.00| 1.00| 0.86| 0.80| 0.78|| 0.79| 0.77| 0.75

Tablel: Paver Consumptiorof DifferentPolicies

time, Windows rarely found a chanceto shutdown the
disk. The one-minutetime-out algorithm saved up to
22% of power comparedo the PM in Windows. The
adaptve algorithm consistentlyoutperformedhe other
algorithmsandsavedasmuchas25%of power. Thisen-
couragingesultshavsthepotentiallylargedesignspace
for power managemeralgorithms.

6. Conclusion

We designedandimplementedan ACPI-basedsoftware
architecturethat allows power managerso be imple-
mentedat the applicationlevel. The architecturepro-
vides a uniform interface for designersto investigate
power managementlgorithmson different hardware
devices.We implementedwo algorithmsandmeasured
thepower of aharddiskandshavedthatthey couldout-
performthe power managein Windows by asmuchas
25%.
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