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We describe a new approach to power saving and battery life extension on an untethered laptop
through wireless remote processing of power-costly tasks. We ran a series of experiments comparing
the power consumption of processes run locally with that of the same processes run remotely. We
examined the trade-off between communication power expenditures and the power cost of local

processing. This paper describes our methodology

and results of our experiments. We suggest ways

to further improve this approach, and outline a software design to support remote process execution.

I. Imiroduction

Powvermanagemeris oneof themostchallengingoroblemsn
making portablecomputeramore useful. Portablecomputers
have their greatestutility whenthey cantruly be usedary-
whereat ary time, and one of the greatestimitations to that
goal is batterypower. Often AC power connectionsare not
available and the portablecomputermustrun off its battery
However, the batterylife of existing andexpectedbatteriess
not sufiicientfor mary situations.Usersmusteitheraltertheir
behaior or limit their use of the portablecomputerto pre-
sene thebatterys chage. Any userwhoseportablecomputer
hasrun out of power while in the middle of a long air flight
understandtheimpactof insufficientbatteries.

If the batterys power capacity cannotbe improved, the
otheralternatve is to find waysto uselesspower, preferably
with no impacton the user Many researcherbave looked at
this problem[3], [14], [19]. Solutionsrangefrom intelligent
managemenf the disk andscreen4], [7], [8], [13] to slow-
ing down the CPUclockrate[6], [23] or poweringdown com-
ponentsof the computemot currentlyin use. Many of these
innovationshave alreadyfoundtheirwayinto commercialuse,
a strongindicationof theimportanceof the problem.

Wirelesscommunicatiordevicesarebecomingncreasingly
commonin portablecomputerssincethey help solve one of
the other fundamentalproblemsof portablecomputing: that
is, whenwired connectionsare unavailable, wirelessdevices
can maintain network connectvity, allowing remotefile ac-
cesssendingandreceving of email,andwebbrowsing. Gen-
erally, wirelesscommunicationdevices are regardedas con-
tributing to the pawer managemenproblem, ratherthan the
solution, asthey usesignificantpower whensendingandre-
ceving. However, this paperdemonstratethat wirelessde-
vicescansometimede usedto sase a significantamountof
batterypower.

A portablecomputersbatterypoweris drainedby perform-
ing tasksfor the user Someof these,by their nature,must
be performedlocally. For example,informationmustbe dis-
playedon the local screen. Other tasks,however, could be
performedarnywhere, provided the resultscameback to the
portablecomputer If the power costof sendingthe taskelse-
whereandreceving the resultsbackis lower thanthe costof
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runningit locally, remoteprocessxecutioncouldsave battery
life for the portablecomputer

This possibilitymalkeslittle sensewithout wirelessdevices.
If theusercanplugin awired Ethernetard,hecouldprobably
also plug in a power cord. But an untetheredusercan still
communicatevia wirelessnetworks. Onerealisticscenarias
anoffice in which untethereduserscanmove aroundthrough
a ubiquitouswirelessnetwork, migrating processeso sener
machineghathave no power constraints.

In its simplestform, remoteprocessexecutionfor power
managementwould involve moving new tasks from the
portablecomputerto a sener machinebefore the task start
running. Thesenerwould executethetaskandshiptheresults
backto the portablecomputer In the meantime the portable
computerwould continuerunning other tasks,going idle if
nothing elseis to be done. If the userruns mary tasksthat
drainalot of power, andthe costsof moving the tasksto and
from aremotesener arelow enough remoteexecutioncould
save alargeamountof power andallow portablecomputergo
run untetheredor muchlonger

Since wireless cards themseles consume significant
amountof power, thereis no guarante¢hatmigratingtypical
realistictaskswould actuallysave power. This paperdescribes
experimentghathave provedthatsuchpower savingsarepos-
sible, andthatthe size of the sasings canbe very significant.
We comparedthe amountof power consumeddy migrating
variouslarge tasksoff portablecomputersover a wirelessde-
vice to the amountof power consumeddy runningthe tasks
locally on the sameportables.We discoveredthat significant
power savingsarepossiblefor certaincommontasksof realis-
tic size. This paperdescribeur experimentalmethodology
present®ur results,analyzedhoseresults,andsuggestsvhat
would berequiredto make remoteprocessxecutionafeasible
power managemenbol for realisticernvironments.

II. Experimenial Methodology

We ran an extensive seriesof experimentgo determineif re-
moteprocessexecutioncould save significantamountsof bat-
tery power. We identifieda setof applicationdikely to profit
from remoteexecutionandranthemin bothlocal andremote
modes,measuringhe batterypower consumedn eachcase.
The experimentsconsistedf requestinga taskon an unteth-
eredclient machine andeitherrunningit locally or migrating

19



it to atetheredsenermachine.In thelattercasethesenerran
theapplicationandshippedheresultsbackto theclientwhen
completed.

This brief descriptionignoresmary importantissuesthat
might influencethe outcomeof the experiment. Herewe de-
scribeall the conditionsunderwhich we ranthe experiments.
Theresultsof theexperimentsarepresentedn Section3.

The experimentswere conductedon Dell Latitude XP
portablecomputersunningtheLinux operatingsystemDell’s
rechageableLi-ion battery rating is 14.4V 2200mAh, 2A.
Both the client andthe sener were Dell Latitude XPsin this
experiment.In realisticsituationsthe senerwould likely bea
more powerful machine. We choseto usethe samemachine
for both client and sener for two reasons.First, it wascon-
venientfor experimentalpurposessincethe wirelessdevices
availableto usdid notfit into any of ourothermachinesandit
allowedusto avoid issuef possiblencompatibilitybetween
the client andsener machines.Secondjt wasa conserative
choice,sincein realistic circumstanceshe sener would run
fasterthuscausingthe clientto loselesspower while waiting
for its results.

The wirelessdevice usedfor the experimentwasthe 915
MHz AT&T Wavelancard[1]. This network adaptercon-
sumes250 mW to achieve a datarate of 2 Mb/secat ranges
upto 800feet. In the basicexperimentswe took greatcareto
insurethatthe Wavelancardsin the clientandsenerwerethe
only devices using that portion of the electromagnetispec-
trum within rangeof eachother The experimentswere per
formed in a location containingno other Wavelan cardsor
otherwirelesscommunicationglevices. For the baselinere-
sults,we neededo know whetherremoteexecutioncouldever
win, evenin ratherfavorablecircumstancesWe addedinter-
ferenceto the channelin later experiments,as describedin
Section3.2.

We chosethreeapplicationsfor testcases.Theseapplica-
tionswere choserbecauseghey wereknown to befairly large
andtime-consumingmakingthemgoodcandidategor power
saszings by remoteexecution. The threetaskswere a compi-
lation of alarge program text formattingof a 200-pagedocu-
mentusingLaTeX, andGaussiarsolutionof asystemof linear
algebraicequations.The compilationtask performedsignifi-
cantCPU processingalongwith a gooddeal of disk activity
to readthe source,write and readtemporaryfiles, andwrite
the resultingobjectand executablefiles. The text formatting
taskperformedamoderatemountof CPUprocessingbut rel-
atively little disk activity. The Gaussiareliminationproblem
performedtrivial amountsof file accessbut madevery heavy
demandson the CPU and on memory The size of the ma-
trix varied, but was never large enoughto causesignificant
amountof virtual memoryactiity.

In all casesve wereableto vary theamountof information
that hadto be sentfrom the client to the sener machine. In
the casewf the compilationandtext formattingtasks,we ar
rangedit sothatthe client and sener eachhad copiesof the
sourceput thatthe clienthadalteredsomevarying fraction of
the source. Thus, to run the processat the sener the client
hadto move only the alteredfractionof the source. Theclient
andsener storedpreviously computedbijectfiles correspond-
ing to unchangedourcesso the amountof work requiredto
performthesetasksvaried dependingon the fraction of data
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changedTheamountof datashippedbackby thecompilation
andtext formattingjobswasconstantsincethe executableor
Postscripdocumentvasalwaysthe samesize. In the caseof
the Gaussiarsolutionprocessthe entiresourcematrix hadto
be movedto the sener, but we variedthe size of the matrix,
thus varying the amountof datashippedand the amountof
work done. A larger sourcematrix requiredshippinga larger
resultvectoraswell.

Neitherthe client nor the sener performedary otheruser
level activity during the courseof the experiment. We made
no attemptto preventthe operatingsystemfrom performing
its normalhouseleepingactuities, but we turnedoff mary of
theLinux daemonghatwouldtypically run periodicallyin the
backgroundThe periodicintrusionof thesedaemonsnto the
experimentcouldcauseanundesirableoisyimpacton power-
cost measurementsThis decisionallowed us to isolate the
actualcostsandbenefitsof executingthetaskslocally andre-
motely. In normal conditionsthesedaemonswould slightly
shorternthe batteryslife.

Existing powermanagementechniquescan have a dra-
maticimpacton the amountof power consumedy a portable
computerrunningoff its battery sowe controlledthesetech-
niguescarefully. Ourresearctshovedthatscreertimeoutand
disk spindavn were the mostimportant powermanagement
tools. We setthe screentimeoutanddisk spindavn intervals
to oneminuteontheclientmachine We alsoallowedtheclient
to gointo idle modeduringremoteexecution.We did not per
mit the client machineto suspendsincethe sener would be
unableto shiptheresultsbackto a suspendethachine.Since
thesenerwasconnectedo AC power, it performedno power
managementUsually, the client screentimeoutwould occur
during local execution, but disk spindavn would not. Typi-
cally, both screentimeoutanddisk spindavn occurredon the
clientduringremoteexecution.Theclient generallywentinto
idle modeduringremoteexecution.Thesepower-management
settingsare similar to the onesour portablecomputerusers
typically setfor normalsituations.

We did not attemptto turn off the Wavelancardatary point
in the experiment. The Wavelan consumesl.48 watts even
whenit is neithersendingnor receving, sothereweresignif-
icantpower coststo not turning the cardoff. However, if the
cardis turnedoff, timeoutor humaninterventionwould bere-
quiredto turn it backon whenthe resultswereto be shipped
backfrom the sener. Doing sowould have beenneitherreal-
istic nor corvenientfor runningthe experiments.

Measurementf thepowerconsumedby ataskcausedsome
problems. Themostaccuratevay to measurgowerconsump-
tion would have beento insertappropriateelectronicinstru-
mentationbetweenthe batteryand the computerit was driv-
ing. Practicalproblemswith suchinstrumentatiorsuggested
the useof lessdirect methods. The readily available metrics
for power currentlyin abatteryareratherunreliable.TheDell
Latitudesusedin theseexperimentsusethe AdvancedPaowver
ManagemenfAPM) tools,whichwill reportabatteryschage
asa percentagef maximum. However, the APM measure-
mentsare not very reliable. In somecases,the amountof
power reportedby APM will go up over time, even though
themachinehasremaineduntetheredIn addition,theamount
of power expendedo performa particulartask,asreportecby
APM, varieswidely.
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We consideredwo optionsfor measuringthe amountof
power consumedby a task. First, we could interrogatethe
APM metric beforethetask,interrogatdt againafterthetask
completes,and report the difference. Alternately we could
completelychage a battery repeatedlyrun the taskuntil the
batterydies,anddivide 100%batterylife by thenumberof ex-
ecutiongequiredo drainthebattery Ourexperimentshowved
that the two methodsproducedsubstantiallysimilar results,
but theuseof the APM metricgave morestablevarianceghen
the alternatve methodfor the samenumberof runs. There-
sultspresentedhererely onthe APM metric.

Our experimentaimethodologywasto fully chagethebat-
tery of the client portable thenrepetitively performtasks(ei-
therlocally or remotely)until no batterypower remained We
measure@ndrecordedhepowerconsumedor eachtask.Be-
causeof the noisinessf the APM metric, we performednu-
merousruns to achiese sufficiently low variance. Sincethe
numberof runsrequiredcausedhe batteryto dischage and
rechage hundredsof times, we were concernedhat the bat-
tery’s power storageand consumptioncharacteristicsnight
changeover time. However, measurementdoneat the be-
ginningandthe endof theexperimentaperiodshovedno sta-
tistically significantdifferencen thebatterys capacity

II1. Experimental Resulis

We ran220experimentsconsumingapproximately@00hours,
to obtainthe datapresentechere. Typically, eachpoint plot-
tedonthe curvesrepresent$our to eighthoursof experimen-
tation. All resultsare shavn with 95% confidenceintervals.
The compilationsusedreal softwarepackagesiesignedn our
laboratory TheLaTeX textswererealpapersaanddissertations
written in our laboratory As a result,somefile sizesarenot
roundnumbers.

A. MNolzeless environment

Thefirst partof theexperimentavasrunin anoiselesgnviron-
ment. All majorsourcef noise(like otherlaptopsequipped
with wirelesscards)were isolatedfrom the room wherethe
laptopexperimentsvereperformed.Figurel shovsthepower
consumptiorfor localandremoteexecutionof thecompilation
process.Theleft barof eachpair shavs the amountof power
usedfor local executionof the task,andthe right bar for full
remoteexecution! The X axisshavs the numberof kilobytes
of C sourcecodethatwerealtered. The amountof work re-
quired to perform the compilationthus variesfrom point to
point. Also, the amountof data shippedover the wireless
link for remoteexecutionvarieswith the amountof altered
code,sinceonly alteredmoduleswereshipped.In theremote-
executioncasethesener shippedbackonly strippedexecuta-
bles,objectfiles werenot shipped.In thelocal case stripped
executableg6.9MB) were saved directly to disk. (We per
formedthe sameexperimentwith unstrippedexecutablesThe
resultswere qualitatively the same,thoughthe transmission
costsfor the larger executablesnadethe percentagémprove-
mentssmaller)

1Theregressiorequationis y — @z | AM for local executionandy —
1.3r A for remotesxecutionThe B® valuesare0.99and0.97, respectiely.

MabideCampanling and Communncmlions Revwww, Yaline 2, Mionber 1

14 -

12
O Local
10 Remote
Percentage g |
of Battery
Consumed 6 - I
4 : I
2 ﬁ I
I
0 = |
0 125 250 375 500

Kilobytes of Changed Source Code
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For smallamountsof changedcode,which correspondso
small amountsof work to be doneby the compilation,mov-
ing the taskto the remotesener consumednore power than
local execution. The power costof receving the executables
from theremotemachine combinedwith powerwastedby the
portablewhile waiting for the result,dominatedany benefits.
However, asthe amountof work increasedthe valueof mov-
ing thework off the portablecomputetbecameclear For 500
kilobytes of alteredsource,shippingthe task to the remote
sener consumedessthan half the battery power neededto
compilelocally.

Someof the power costof remoteexecutionis dueto using
the Wavelancardto move thedatato the senerandtheresults
backto the portablecomputerwhile othercomponent®f the
costreflectpowerwastedy the portablecomputemhile wait-
ing for theresultsto comeback. If oneassumedhatthesener
hadsignificantlymorecomputepower thanthe portablecom-
puter thewaiting periodwould have beenmuchshorter since
the more powerful sener would have completedthe compi-
lation faster To isolatethis effect, we measuredhe costsof
pure transmissiorof the requireddataand results. We pre-
compiledthe sourcecodefor eachcaseandstoredthe results
onthesener. Whenthe client portablerequestedemoteexe-
cution of thetask,insteadof compiling we shippedthe saved
resultsbackimmediately This experimentshows the effect of
an extremely powerful sener andgivessomeinsightinto the
amountof powerthe portablecomputerusedor datatransport
versugheamountof power spentwaiting idly for thesenerto
completethetask.

Figure2 shawvsthedifferencebetweerthe powerconsumed
by local execution,by remoteexecution,and by simply ship-
ping dataandresultsbhackandforth, usingthe compilationap-
plicationshovn in Figurel. Theleft barof eachgroupshavs
the amountof power usedfor local executionof the task,the
middlebarfor full remoteexecution,andtheright barfor sim-
ply shippingthe dataandresultsoverthe wirelessnetwork.?

For zerobyteschangedthe costof remoteexecutionis sta-
tistically indistinguishablefrom the cost of transmittingthe
dataandtheresults. Sincethe sener storesthe resultsof the
compilationwith no changesmade, this caseis identical to
thepuretransmissiortase thoughminor amountsof work are

2The regressionequationis y — 9'T® A0 for local execution,y —
1.8¢ [AAfor remoteexecution,andy — O3 | 0% for transportatiorcost.
The®3 valuesare0.99,0.97and0.88,respectiely.
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Figure?2: Total power costof local andremoteexecutioncom-
paredto transmissiorcosts

doneon the sener to verify througha malke utility thatnore-
compilationis required.In the othercaseshowever, notethat
the transmissiorcostsare half or lessof the costsof the re-
mote execution. The remainderof the costsoccursbecause
of variousinefficienciesin how theportablecomputetbehaes
while waiting for the compilationto complete. For example,
its Wavelan card entersidle modefor this time, but the idle
modestill consumesboutl.48wattsof power. Thedisk con-
tinuesto spinfor atleastoneminuteafterit waslastaccessed,
the screendisplaysanimagefor at leastonemore minute af-
ter the last key was pressedandsomeotherdevicesmustbe
consideredn that total aswell. Thus, if the computerhad
a moreefficient power-savsing mode,remoteexecutionwould
have savedsignificantlymorepower, boundedy thetransmis-
sioncostsshovnin thisfigure.

Figure 3 shows the power saved by remoteexecutionfor
the Gaussiarsolution of the systemof algebraicequations’.
In this case the size of the taskis controlledby the number
of rows in the matrix. The entire matrix had to be shipped
andsolutionvectorreturned,n the caseof remoteexecution.
For relatively small matrices,lessthan500x500,the costsof
moving the computationwveregreaterthanthe benefits or the
resultswere statisticallyindistinguishable But for larger ma-
trices,the savingswereasgreatas45%.

Unlike compilation, the Gaussianapplication performed
very little disk I/0O. The savings shaovn on a large Gaussian
solutionthusdemonstratehat performingtasksremotelycan
offer benefiteevenif thetaskis largely compute-boundTrans-
portationexpensedor the shipmentof the datagrow slower
thanthe workload,becausehey are quadraticwith respecto
the size of problem, while the workload grows at a rate of
O(N3),whereN is the numberof simultaneougquations.

Figure 4 shaws the resultsof migrating a text formatting
application. This applicationusedLaTeX to format 30- to
200-pagedocumentscontainingmultiple figures, references,
and equationsmaking it a moderatelylarge text formatting
proces$. Remoteexecutiondid not improve the power con-

3The regressionequationis y — A0+ O for local executionand
y — 147x @A for remoteexecution. The B valuesare0.99 and0.99,
respectiely.

4Theregressionequationis y=0.24x-0for local executionandy=0.2x-0.1
for remoteexecution. The B valuesare0.97and0.84,respectiely.
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sumedby this application. In mostcasestherewas no sta-
tistically significantdifferencebetweeriocal andremoteexe-
cution. Only for the caseof 439 kilobytesof alteredtext was
thedifferencesignificantat the 95%level, andin this casere-
mote executionperformedworsethanlocal execution. There
areseveralpossibleexplanationdor thetext formattingappli-
cation’ failure to benefitfrom remoteexecution. The most
obviousandmostlikely is thatthe applicationconsumedess
than 1% of the total batterypower, evenat its heaviest work-
load. With suchminor power consumptionaddinganything
thatitself consumesignificantpower (suchasmoving there-
sultfiles backto the portablecomputerover the wirelesslink)
is likely to have a majorimpacton the total power consump-
tion. Note thatthe compilationand Gaussiareliminationap-
plicationstendedto consume2% or more of the total battery
power, leaving moreroom for paying an up-front penaltyto
reducethe overall costs.

Theresultspresentedofarwereperformedonanotherwise
unusedmedium. The only traffic in the Wavelanfrequencies
in thetestingareawasgeneratedby the migrationof tasksand
results. In a realistic environment, the Wavelan frequencies
would be usedfor othertasks,including othermachinesalso
trying to executeprocessesemotely We performedfurther
experimentgo determinethe power- saving characteristicef
large applicationsn the presencef noiseon thewirelessnet-
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work. However, sincetext formattingdid not shov improve-
mentsin the noiselescase,we did not perform experiments
for thatapplicationin the noisy ervironment.

B. Experimental data in nolzy environment

Network noisehasmary differentcharacteristics Assuming
multiple sendersandrecevers,andmultiple patternsof traffic
presentedo the network, a vast numberof differentexper
imentsare possible. Our goal wasto examinea reasonable
case,not to exhaustvely examinethe entire realm of possi-
bilities. However, we did wanta challengingcase,not a triv-
ial one,sincethe noise-freeexperimentshadalreadygivenus
best-caseesults.We choseto introducetwo new machinesn
the ervironment. One of thesemachinesopeneda soclet to
the othernew machineandsentdatadown thatsoclet asfast
asit could. We refer to this assaturated-soek noise. Since
the Wavelancardsusean Ethernet-stylgorotocolwherecolli-
sionscausebacloff andretransmissionwe expectedthat the
interferingwith communicationsvould significantlyimpede
attemptsto move dataand results,but that it would not en-
tirely block thoseactiities.

Of course,it would be possibleto introducemultiple pairs
of communicatingmachinesor to direct someof the traffic
to eitherthe portablecomputerbeingtestedor its sener. Ei-
ther of theseoptionswould be expectedto causeeven more
problems andeitheris a defensible’realistic” situation,soin
the future we may expandour experimentsto include them.
Othervariationsin thenoiseexperimentsarealsopossiblejn-
cluding more realistic forms of communicationbetweenthe
noise-makingmachines,suchasfile transferor attemptsby
thesemachinego performtheir own remoteexecutions.

Figure 5 presentghe effects of saturated-soak noiseon
the compilationtask® With this backgroundnoise,only the
largestcompilationsaved a statisticallysignificantamountof
power by usingremoteexecution,andits saszings were only
around20%,asopposedo a51%improvementwithout noise.
Clearlyalargeamountof noisein the environmenthasa major
effect onthe power savings achiezableby remoteexecution.

5Theregressionequationis y — 272 A0 for local executionandy —
1.z | LLA for remoteexecutionin noisy ervironment. The B2 valuesare
0.99and0.99,respectiely.
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Again,the power consumedn this experimentis partly due
to transmissiorncostsand partly due to the power expended
by the portablewhile waiting for its results. Given that the
portableandthe sener now have to contendfor the Wavelan
radio spectrumwith a very heary consumermore collisions
andretransmissionsccurwhile transmittingthe remoteexe-
cution dataandresultsover the network, thusincreasingthe
amountof power consumed. The remainderof power con-
sumedis spentby the portablewhile waiting for the sener
to completeits task. This distinctionis relevant becauselif-
ferent techniqueswould be requiredto reducethe costs of
eachcomponent. Reducingthe power costsof transmitting
in a noisy ervironmentwould involve changingthe wireless
protocolto causefewer collisions, or to make collisionsless
costly. Reducingthe power costsof waiting would involve ei-
therimprovementsn the portables power managemensoft-
ware,improvementsn the wirelesscommunicationslevice’s
useof power, or reducingwaitingtimesby usingfasterseners.
We believe thattheremight be alsootherwaysto improve the
power costcharacteristicef theremoteprocessing.

The power-managementools available to us did not give
ary indication of which effect causeghe useof power, just
the amountof power used. Thus,we could not directly mea-
surethe fraction of power usedfor retransmissionsersusthe
fractionwastedwaiting for results.Insteadwe indirectly mea-
suredthe contributionsof theseeffects.

The costof retransmissionsvas approximatedoy measur
ing the power consumptiorof simpletransmission.Figure 6
shaws thesecosts. As in Figure 2, we measuredhe costsof
transmittingthe data, fetchingthe resultsoff the sener with-
out recompiling,and transmittingthe resultsback. Figure 6
shavsthepowerconsumedby this processvithout noisecom-
paredto the power consumedvith noise® Theseresultsarea
reasonableapproximationfor determiningthe power cost of
collisionsandretransmissiondueto noise. The figure shavs
thatthe increasedcostof transmissionsn the noisy medium
consumedhnadditionall.5%to 2.5%of the battery We con-
jecturethatthe power consumedy increasedransmissionss
similarin the normalremoteexecutioncase.

Thesecostsare significant,and they almostfully explain

6The regressionequationis y=3.8x+2.0for the executionin a noisy ervi-
ronmentandy=1.6x-0.48for the executionin a noiseleservironment. The
F3 valuesare0.90and0.88,respectiely.
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theincreasedostsfor remoteexecutionin thefaceof noiseas
shawvn in Figure5. The remainingcomponendf costis extra
batterypower consumedn the noisy casewhile waiting for
the sener to complete.This extra costappearedo be almost
negligible, sothe portables costof waiting for a unit of time
is approximatelythe samen the noisyandnoiselessases.
Due to spacelimitations, we do not shav the resultsfrom
the Gaussiarelimination experimentswith noise. They are
similarto theresultsfrom the compilationexperiments.

IV. Diceucsion and Future Work

Our resultsshowv thatremoteexecutionof large taskscanre-
ducetheir power consumptiorby up to 50%. Better power-

managementeaturesaddedto portablecomputersin the fu-

ture, andwirelesscommunicationslevicesthat consumdess
power, will make the improvementeven greater The power
expendedby the portablecomputerwhile waiting for results
to comeback could be minimized by having idle modesthat
areenteredeitheron commandor very aggresaiely, andthat
consumevery smallamountf power. Thefactthatthereis a
significantdifferencein the client portablecomputers power
consumptiorfor actualremoteexecutionversugpuretransmis-
sion of dataandresults(Figure 2) shavs that the amountof

power expendedpurely on waiting is quite significant. Other
experimentgdoneearlierin ourwork suggestethatif theuser
manuallyturnsthe portablecompletelyoff andturnsit backon

againwhenthe computatioris complete theamountof power
consumeddy the portableis much, muchlower. Of course,
this is not a practicalway to operatein the real world, but

if the power-saving modecancomecloserto expendingzero
power, remoteexecutionwill shov morebenefits.

A, Improving Power Management

Thehigh costof puredatatransmissiorshovnin Figuresl and
6 andthe costof listeningto the channelsuggesthat certain
improvementsn wirelesscommunicationslevicescould also
improve the performancef remoteexecution. Wavelanwire-
lesscards,andwirelesscommunicationgardsin generalare
fairly new phenomendghatarenot yet ubiquitous.As aresult,
they have not beenheavily optimized. The Wavelancard,for
example operatesn threemodes:itransmitting receving, and
sleeping.Thesemodedake approximatel\8 watts,1.48watts,
and.18watts,respectiely [1]. Thetransmissiorandreceving
modesconsumeasmuchpower asatypical disk drive, which
is known to be one of the mostpower-consumtve devicesin
atypical portablecomputer Otherdevices,suchasthe Metri-
comcommunicationsard,havereducedhesediguresby asig-
nificantamount.The Metricom cardexpendsapproximatelyl
watt, .4 watts, and .1 watt for the samemodesas the Wave-
lan card[22], but unfortunatelyat the costof a much lower
dataratethanthe WaveLAN. ProximRDA radiosspend0.375
wattsin transmittingand receving modesand 0.001watt in
standbymode,with a datarateof 0.242Mb/sec[16]. Future
improvementsanbe expected.

One particular area for improvementis minimizing the
amountof power spentby the local cardin the power-costly
receving mode. The useof a broadcasmedium,andthere-
guirementthatthe portablecomputerreceve messagethatit
might not be expecting(which is very usefulfor any number
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of purposes)meanthatsomepower mustbe expendedexam-
ining all incomingpacletsto seewhetherthey aredestinedor

thelocalnode.Designghatareableto synchronizeeommuni-
cationand allow the local cardto spendsometime in sleep
mode without the loss of messagesiave promisefor mini-

mizing thesepawer costs. Suchdesignswill not only benefit
power consumptionfor remoteexecution,but will generally
allow portablecomputerswith wirelesscardsto remaintruly

idle at minimal power costin a sharedwirelessnetwork ervi-

ronment. Communicationcardsthat are ableto remainalert
evenwhenthe portableitself is in suspendnode,wakingonly

whenits own messagaurrives,would alsobe helpful.

EB. A Power-Conserving Infrastroncinre

Although power sazings are possiblethrough remote exe-
cution, considerablevork remainsbefore thesesarings be-
comeavailableto averageusers. Our experimentsusedspe-
cial scriptsthatperformedeachmigrationandsentthe results
back. Otherscriptsensuredhat the sener storedthe appro-
priate dataandthat only the requireddatawas sentfrom the
client portableto the sener. However, ordinary userscannot
beexpectedo beableto createsuchtricky scriptsthemseles.
Simply using normal remoteexecutionhasdisadwantagesas
well. If the datafiles arestoredon the portable,it will spend
powermoving themto theremotemachine.If not,theportable
cannotoperatedisconnectedGenerally a transparentacility

would be preferable. Commonuse of remoteexecutionfor

power managemenwill requirea userfriendly infrastructure.

This infrastructurewill require several importantcompo-
nents. First, it will requirethe ability to remotelyexecutea
taskanddeliver theresultsbackin an efficientway. Prelimi-
narytestshave shavn thatthe mechanisnusedto transporthe
datafrom clientto senerandbackcanhave adramaticmpact
onthepower expended.

Second,the infrastructurewill require simple replication
mechanismghat allow the client and sener to synchronize
replicasof the requireddata. Suchreplication mechanisms
will allow usersto ignorethe difficult issuesof exactly which
piecesof dataneedto be sentto the sener. Moreover, by
running part of the replicationalgorithmswhen the portable
computeris tethered(at leastto power, perhapsto a wired
network), the infrastructurecan minimize the amountof data
thatwould have to be sentto performthe taskremotely Intu-
itively, if anearlierreplicationoperatiorhadalreadymovedall
the dataassociatedvith one of the compilationsin Figure1l,
for example thetransportatiorcostsshovn in Figure2 would
have beenlowered.

Third, properremoteexecutionof a job requiresensuring
that all conditionsat the sener machineare the sameas at
the client. For example,if the sener hasan older versionof
a library thanthe client does,the resultingprogramwill be-
have differentlyif compiledremotelythanif compiledlocally.
Many otherissueselatedbothto the users personakrviron-
mentand preferencesandto the generalsystemernvironment
on thetwo machinescanmalke providing a consistenexecu-
tion environmentchallenging. We hopeto obtaininsight on
this problemfrom projectsthatexecuteprocessesemotelyfor
differentpurposeg12], [17], [18]. Theseandsimilar projects
have dealtsuccessfullywith thesechallenges.
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Fourth,theinfrastructurewill needto assistheuserin deter
mining whento executea taskremotely As theresultsin Sec-
tion 3 shaw, only jobsabovea certainsizebenefitfrom remote
execution,andsmalljobscanactuallywastepower by execut-
ing themremotely Therefore the systemmustnot executeall
jobs remotely and not even all jobs of particulartypes. The
infrastructurecansupplyvarying levels of supportfor remote
execution.A very simpleform of supportwould beto provide
userswith a commando executea job remotely While sim-
ple, this putsa heary burdenon the userto decidewhethera
particularjob is suitablefor remoteexecution. A morecom-
plicatedalternatve would be for the userto provide the sys-
temwith hints aboutwhena job is andis not likely to profit
from remoteexecution.For example, makefilescouldbe aug-
mentedwith hints aboutwhetheror not particulartargetsare
likely to profit. In its mostcomplex form, the infrastructure
couldattemptto deduceautomaticallywhetherparticularjobs
werelik ely candidate$or remoteexecution.

A major componenbf this last problemis identifying ex-
actly which characteristicof a taskarelikely to causeit to
consumemajor amountsof batterypower. Clearly, disk ac-
cessesre important, but it is lessclearhow mary disk ac-
cessesre requiredfor a job to be a good candidate. Very
large processeshat will require substantialamountsof vir-
tual memoryactivity may performfew file systemaccesses,
but may actually exercisethe disk heavily. The resultswe
obtainedfor Gaussiarelimination clearly showv that a suffi-
ciently large CPU load alonemay be enoughto make a task
power-expensve. A betterunderstandingf which actiities
in which quantitiesconsumea greatdealof power mustguide
ary approachto choosingjobs suitablefor remoteexecution.
Designof a suitableinfrastructurefor remoteexecutionis the
next phaseof our research.

Substantiafjuestionsalsoexist in the realmsof failure de-
tection and recovery, security and sener designfor remote
executionsupport.

V. Related Work

Muchresearcthasbeenperformedon power managementn-
cluding measuremertechniqguesapproachesnethodstech-
nical tools, etc. Pover measurementechniquesfor laptop
devices and applicationsand benchmarkstratgies were dis-
cussedn [3], [14], and[22]. Many techniquedo save laptop
power are basedon switching off or slowing down the most
power-costly devices,suchasthe harddrive, CPU, andwire-
lessnetwork deviceswhenthey arenot beingused.[24], [19],
[13], [4], [7], and[8] discusdlifferentstratgiesto reducehard
drive power cost. Measurementesultsshow significantpower
savzings wherereal hard drive accesgatternswere success-
fully predicted. The predictionof the momentwhena hard
drive will bein useagainis essentiafor all techniquesdased
onthisidea,andit is relevantto all otherdeviceshavinginertia
(floppy, CD, etc.). [23] suggestshat power alsocanbe saved
throughslowing down clock speedwith limited negative im-
pacton performanceTheauthorsof [2] usepredictive caching
to reducecontentionon the narrov-bandwidthwirelesschan-
nel, consumingless power and allowing a mobile laptop to
keepworking in circumstance®f long andfrequentdiscon-
nections. [6] proposedusingidle periodsto achieve a fairer
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distribution of the workloadsof busy periods.This paperalso
includesataxonomyof idle-detectioralgorithmsandidleness
predictors. The idle periodscan be usedto run sometasks
whoseresultsareneededn future, aswell asfor the discon-
nectionof unusedpower-costlydevices.

Wirelesscommunicatiordevicesappeato behighly power-
consumptie. [20] discusses techniqueof transmissiorsus-
pensionatthe momentwheninterferencen thechanneis de-
tected. It is presumedhat interferenceis stationaryand er
godic. During theinterferencethe communicatiordevice can
be suspendedandpower consumptiorby this device reduced.
[9] consideredvirelessdatabroadcastingsa way of dissem-
inating informationto a massve numberof clientsequipped
with batterypoweredlaptops. The usermustperiodicallylis-
tento the channelto obtaina consistenscheduleof the data
that will be transmittedin the nearfuture. At othertimes,
the usercandisconnechis communicationdevices and save
power.

Laptopandbatterymanufcturerdave providedanotheref-
fort towards reducing power consumption. Several specifi-
cations[10], [5], [11] addresdssuesof power consumption.
They are focusedmainly on two points: providing system
functions allowing connection/disconnectioof ary particu-
lar device from the power source andgetting statisticsabout
currentstatusof power consumptiorin the system,including
remainingbatterycapacity Thesefunctionssene asa hard-
ware/softvare basisfor multiple packagessuchas Wildboar
[21], which suppliesa userwith power managementtilities
thatcanbeusedin his scriptsandapplications.

[15] discusseda system designedaround the InfoPad
portableterminal,a network I/O device with no computation
power, relying on network senersto run majorprocessed.o-
cal computingis not possiblehere,evenwhenit is lesspower-
costly.

For mary years processnigrationanddeleggationhave been
discussedn the computercommunityfor various purposes:
dynamidoadbalancingjmprovedreliability, reducechetwork
traffic. [18], [17], and[12] discusstheseissues. However,
power consumptionhas not previously beenidentified as a
benefitof processmigration.

¥1. Conclusions

The experimentalresultspresentedn this paperdemonstrate
thatportablecomputerghatexecutetheir largetasksremotely
cansave significantamountf batterypower. Savingsof upto
51%wereobsened. While thetasksin our experimentsvere
large, they werenot unrealistic. They representasksthatare
typically performedby ordinaryusersveryday Thus,assum-
ing a suitableervironment,remoteexecutionhaspromisefor
providing betterbatterylife for future users. This technique
is largely orthogonako otherpower-saving techniquesadding
to arny benefitsthey provide.

The savings shawvn in this study are not by any meansthe
maximumsavings possible. Largertasksarelik ely to benefit
evenmore. More efficient waysof moving the datamay also
providegreatersavings. Improvementsn wirelessdevicesand
power managemenuill provide furtherbenefits.Preliminary
experimentsundermore optimistic conditionshave showvn up
to afive-fold increasen batterylife.
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