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Abstract

The next geneition of mobile systemswith multimedia
processingcapabilitiesand wirelessconnectivitywill be in-
creasinglydeployedn highly dynamicand distributedenvi-
ronmentsfor multimediaplaybadk and delivery (e.g. video
streaming multimedia confeencing). The challenge is to
meetthe heavyresouce demandsof multimediaapplica-
tions underthe stringent enegy, computationaland band-
width constaints of mobilesystemsywhile constantlyadapt-
ing totheglobal statechangesof thedistributedervironment.
In this paper we presentour initiatives underthe FORGE
framavork to addressthe issueof delivering high quality
multimediacontentin mobileenvironmentsin orderto cope
with theresouceintensivenature of multimediaapplications
and dynamicallychangingglobal state (e.g. node mobility,
networkcongestion),an end-to-endappmach to QoSaware
poweroptimizationis required. We presenta framework for
coordinatingenegy optimizingstrategiesacrossvariouslay-
ers of systemimplementatiorand functionality and discuss
techniquesthat canbe employedo achieve enegy gainsfor
mobilemultimediasystems.

1. Intr oduction

Currenttrendsindicatethat delivery of multimediacon-
tentto mobile systemsperatingn distributedervironments
will drive mary future applications.Distributed multime-
dia applicationg(e.qg.video streaming)with their distinctive
Quality of Service(QoS)ynd heary resourcedemandscan
quickly drain the batteryenegy of mobile systemsThere-
fore, optimizingthe enegy consumptioris animportantde-
signgoalfor suchsystems.

Thiswork waspartially supportedy NSFaward ACI-0204028.

Researcherbave proposedsereral techniquesat various
systemlevels (hardware,OS, network, application)for sav-
ing batteryenegy in mobile systemsHowever, power opti-
mizationtechniquesievelopedfor individual componentsf
adevice (singlesystemlevel) have remainedseeminglyinc-
ognizantof the stratgies employed for other components.
While focussingtheir attentionto a singlelevel, researchers
male a generalassumptiorthat no other power optimiza-
tion schemesreoperationaht otherlevels. We believe that
the cumulative power gainsfor incorporatingmultiple tech-
niguescan be potentially signi cant, but this also requires
careful evaluation of the trade-ofs involved and the cus-
tomizationsrequiredfor uni ed operation15].

Enegy ef cient delivery of multimediacontentwith good
quality attributes,requirestradeofs acrossvariouslayersof
systemimplementatiorand functionality - from application
to systemsoftwareto networking anddistributedadaptation.
Sincetheoptimalenepgy conditionscanchangedynamically
theseoptimizationsshouldalsoallow for dynamicadaption
of systemfunctionality andits performanceln orderto dy-
namically adaptto device mobility, systemsneedto have a
high degreeof “network awareness’{(e.g.congestiorrates,
mobility patternsetc.) and needto be cognizantof a con-
stantlychangingglobalsystemstate.

Thereforewithin the context of the FORGEproject,we
have concentrateaur efforts on exploiting multimediaspe-
ci ¢ characteristicso enablea rangeof enegy optimization
techniqueghatadaptto, andoptimizefor, changesn appli-
cationdata(videostream)OS/Hardvare(CPU,memoryre-
con gurablelogic), network (congestionnoise,nodemobil-
ity), residualenegy (battery)andeventhe userervironment
(ambientlight, sound)anduserpreferencegpreferredqual-
ity). Theinteractionbetweerdifferentsystemlayers(Fig. 1)
is even more importantin distributed applicationswherea
combinationof local and global information helpsandim-
provesthe control decisions(power, performanceand QoS
trade-ofs) madeat runtime.
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Figure 1. Abstraction Layers in Distrib uted Multi-
media Streaming

The FORGE project[9] aimsto studythe tradeofs be-
tweenpower, performanceand QoSrequirementscrosshe
various computationallayers. The goal is to develop and
coordinateapplication, middleware, OS and hardware en-
ergy optimization approachesfor improvementsin power
savings and the overall user experience,in the context of
distributedmultimediaapplicationsMultimediaapplications
heavily utilize thebiggestpower consumerén moderncom-
puters:the CPU, the network andthe display Therefore,in
FORGE we aggrejatethehardwareandsoftwaretechniques
that leadto power savings for theseresourcesAs a result
of the FORGE initiative, we have explored differentideas
for achieving coordinatedpower managemenacrosddiffer-
entlevels of systemfunctionalityin the context of multime-
diaapplications.

We investigatethe useof an adaptve, distributed mid-
dlewareframework (called”"Dynamo”) thatcoordinates
global (proxy based)and local adaptationsfor power
managemenin mobile devicesoperatingin distributed
ervironments.

We have studiedhow to annotateapplicationdatawith

speci ¢ information that can be exploited during run-
time atdifferentlevelsof abstractior{(hardwarethrough
application),for improving power ef ciency and ulti-

matelythe userexperience.

Finally, we examinethetradeofs of parametersle ned
in multiple layerssuchas applicationlayer, OS layer
network layerandhardwarelayer. For example we con-
sider image quality in application layer, compressed
size in network layer, and executiontime and power
consumptionin hardware layer We investigatetrade-
off betweenthe parametersand systemperformance
and optimize eachparametetto minimize power con-
sumptionwith meetinggivenimagequalityandnetwork
bandwidthconstraints.

We assumethe systemmodel depictedin Fig. 2. The
systementitiesinclude a multimediasener, a proxy node
that can perform various optimizationson the stream(e.g.
transcoding)the userswith low-power wirelessdevicesand
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Figure 2. System Model

other network equipmentalong the way. The multimedia
senersstoremediacontentandstreamvideosto clientsupon
requestsssuedby the userson their handhelddevices.The
communicatiorbetweerthehandheldlevice andthe seners
canbe routedthrougha proxy sener — a high-endmachine
thathasthe ability to procesghe video streamin real-time.
The proxy nodecanalsoperforminline pro ling/annotation
for real-timevideo streaming(videoconferencings an ex-
ampleof suchanapplication).

2. Cross-Layer Adaptation using the Dynamo
Middlewar e Framework

In order to coordinate power managementstrate-
gies acrossvarious systemlayers, one speci ¢ approach
we have adoptedis to usea distributed middlewvare frame-
work to manageand interfacethe crosslayer adaptations.
A middlewvare framework specically designedto ad-
dressthe cross-layeradaptationis effective because(i)
the middleware can exploit global system state informa-
tion (e.g. network noise, mobility patternsetc.) which
are typically not available locally on a low-power de-
vice to drive power managemenstratgies and (ii) it can
abstractsystemlevel details effectively from higher lay-
ers (iii) coordinatelocal and remote adaptationsby in-
terfacing with the applications, network, OS and hard-
ware.

We have designedand implementedan adaptve powver
aware middlevareframework called“Dynamo” thatcoordi-
natesapplicationadaptationsQS power-saving mechanisms
(dynamic voltage scaling) and adaptve middlevare tech-
nigues (enegy-aware admissioncontrol, transcoding,net-
work trafc regulation,mobility etc.)for improving perfor
manceand enegy gainsfor mobile systemsWe have iden-
ti ed interactionparameterdetweerthe differentcomputa-
tionallevelsthatcanfacilitateeffective cross-layeroordina-
tions. To deploy suchanuni ed power managemenframe-
work for mobile devices,we have developeda setof APIs
at the various computationallayersin orderto establisha
continuousdialoguebetweenthe variouslayers.Sucha ca-
pability can be effectively exploited to drive various dy-
namiccrosslayer enegy adaptationsegitherdueto changes
in global systemstateor dueto changesn the local device
state(e.g.batteryenegy).



As showvnin Fig. 1, we assumehatthe mobiledevice has
four levels- applicationmiddlevare,OSandhardware.The
enegy consumingcomponentge.g.cpu,NIC, LCD display)
areatthehardwarelevel. Thenext higherlevel is the operat-
ing systemwhich hasaccesdo the physicaldevicesthrough
well de ned driverinterfacesWe enhancehe operatingsys-
temfor supportingcross-layeenegy managementNext in
thehierarchyis thedistributedmiddlewvarelevel. Our frame-
work entirely addsthis layer for coordinatingglobalandlo-
cal adaptationsThe middlevarelayer canbe consideredo
have threeabstractomponentso it - a“system”component
thatresideswithin the OS (with possibleOSlevel codeinte-
gration),a “network” componenthatimplementsacommu-
nicationprotocolto talk with a distributedproxy sener and
a “userlevel” componenthat performsthe variousmiddle-
warebasedadaptationsisingthe informationgatheredrom
thenetwork, the OSandthe user(or application).The appli-
cationlayerprovidesuserpro les (speci ¢ userpreferences)
andapplicationspeci c contet to the middlevareandalso
performsdynamicQoSnegotiations.

In this model, the middleware executeson both the mo-
bile device and the proxy, and performsseveral important
functions.On the device, the middlewaremakesthe execut-
ing mobileapplicationsoth“local stateaware” and“global
stateaware”. By local state awarenesswe refer to every-
thingthatresidesonthe physicaldevicetheapplicationis ex-
ecutingon - for exampleresidualbatteryinformation,back-
light settings,operatingCPU frequeng, memoryinforma-
tion, other executingapplicationsetc.. We also exploit our
middleware to make individual systemlayersaware of the
powermanagemerfunctionalitiesin theotherlayers.Onthe
otherhand,global awarenessefersto informationthatis not
availableonthelocaldevice (e.g.bandwidthavailability, net-
work congestionmobility information).

While mostcurrentpower managemerstratgjiesexhibit
a certaindegreeof local awarenessn their approachnone
of the power managementechniqueshave tried to exploit
the information availablein both global andlocal contexts.
Basedon theresidualbatteryenegy level (local context) of
a device, a proxy canperformseveral enegy awareadapta-
tions. For example,the quality of a video streamcanbe dy-
namicallyreducedf the device runninglow on battery The
distributedmiddlewvareplaystherole of bothexposingglobal
andlocal contexts to applicationsandproxies.Additionally,
the middlewarecanuseits cognizanceof global/localstates
to provide valuablehints that aid the other systemlevels to
bettertunetheir adaptations.

Fig. 3 shawvs the variousimplementeccomponentsf our
integratedcross-layeradaptationframewnork. The top level
consistsof the variousapplicationsthat link to our frame-
work. The primary componentf the distributed middle-
ware layer are the system/engyy monitors,the adaptation
managerndthe communicatiormanagerWe implementa
power-aware API interfacefor applications& middlevare
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Figure 3. Framework Implementation

componentso interfacewith the power awareoperatingsys-
tem. The enegy/systemmonitors are middleware libraries
thatexportcallsto provide applicationgaswell asothermid-
dleware modules)with local stateinformation. The monitor
interfacehasbeenimplementedon Linux usingthe “proc”
le systeminterfaceprovidedby linux [3]. Thecommunica-
tion manageimplementsa middlevarecommunicatiorpro-
tocol to communicatestateandcontrolinformationbetween
thedevice andproxy. Theadaptatiormanageperformsvari-
ousmiddlewarelevel adaptationge.gstrategy selectionQoS
negotiationetc). The middlevareemplgys anactive runtime
componen(thread) thatperformsvariousbackgroundasks
(like updatinglocal/globalstateperiodicallyetc.). However,
thefunctionsof boththe adaptatioomanageandtheruntime
aredictatedby adaptationspeci c to applications.

In the power-aware operatingsystemwe implementthe
dynamicfrequeng scalingof the CPU. We have modi ed
the Familiar Linux kernelv2.4 to implementour frequeng
scalingpoliciesbasedon the rate-monotonicriterion [17].
Additionally, thekernelexportsa setof API callsthatenable
themiddleware/applicationo settaskexecutionparameters
for dynamicadaptationAt thelowestlevel, we have apower
aware hardware abstractiorlayer that implementscodefor
accessing@ndchangingpower andperformanceénobsof the
actualdevices.We have developedwrapperfunctionsthatex-
posethesecapabilitieso the middlevarelayer[1].

We studiedthe performanceof the Dynamo framewnork
usinga streamingvideo application.We shav thatby using
our frameawork, we were able to improve the overall video
quality (usersatistction)of the systemover time within the
enegy budgetof the mobile device. Fig. 4 plots the video
quality (utility factorUg ) overtime for atwo hourvideose-
guencewith differentinitial batterylifetimes at the device.
The horizontallines indicatethe without the cross-layeiop-
timizations.In eachcase we were ableto manifestour en-
ergy savingsdueto cross-layeadaptationgsimprovements
in the Ug, and hencethe userexperienceFig. 5 shows the
samevideo requestecut this time with a randomuserin-
ducedenengy cost(noisedueto other processeshacklight
changestc.).Clearly, the utility factoris improvedwith the
integratedapproachevenin the presencef noise.
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3. StreamAnnotations for Power-Performance
Tradeoffs

Our framework shouldbe able to dynamically adaptto
global changesn the system:for example,changesn the
datastreamtrigger the local middlevareruntime on the de-
viceto automaticallyadjustthearchitecturdevel parameters
(like CPU frequeng, display backlight, etc). Recentstud-
ies[12] have shavn that multimediaworkloadsare charac-
terizedby quasiregular patternsin their execution,mainly
becausemediaencoding/decodings composef process-
ing lters, appliedin a speci c order The only changesare
introducedby variationsin the input dataandthe algorithm
itself. Knowledgeof datacharacteristiceanbe exploited at
all levelsin a multimediastreamingapplication(hardware,
OS, middleware/netvark, application)andis especiallyim-
portantfor portabledeviceswherebatterylife andthusmo-
bility areof utmostimportance.

FocusingontheOS/hardvarelevel, we analyzethestream
of dataduring playbackandannotatet with a summaryof
theinformationcollected;this informationwill be usedlater
at run-time for data-avare optimizations.Annotationstyp-

ically capturepatternsor trendsin the datathat are dif -
cult/impossibleor too time-consumindo gatherat run-time
onthehandhelddevice andthatcanbe exploitedlaterfor ei-
therpower or performancéene ts.

3.1. Annotation-Based DVS for Multimedia Play-
back

Theprocessinginit (CPU)is oneof themajorconsumers
of power duringmultimediaplaying, mostlydueto the com-
putationallyintensive decodingof MPEG compressedideo.
On the otherhand,MPEG compressioris a relative regular
sequencef multimediakernelsappliedto the input stream.
Basedon the actualcontentof eachMPEG frame, we pre-
dict the CPU load for decodingvideo framesandautomati-
cally adjustthe DVS settingsfor betterenegy ef ciency.

At thesener side,we pro le arepresentatie setof video
clipsfromthedomainandapplyregressiontting algorithms
to nd a function betweenframe sizes/distrintion and de-
coding times. Next, we devise an estimationheuristic for
framedecodingtime anduseit to controla DVS schemeat
theclientside.Ourtechniqueslows down theprocesso(sar-
ing power) duringeachframedecodédo thelowestfrequeny
thatstill allowsit to nish beforetheframedeadline.

To evaluatethe power savings, we compareour approach
to theoriginal casewhereno DVS techniquas in effectand
the processorunsat full power all the time. We alsocom-
pareour techniqueagainsta simple heuristic,which we call
“simple WCETDVS”. Thisheuristicassumeaconstanpro-
cessoffrequeng for thedurationof theentireclip, choserso
that all framescan be decodedbefore the deadline(slows
down the processosuchthat the worst casedecodingtime
is still beforethe deadline).The “simple WCET heuristic”
is similarto whata currentDVS-capablelevice would actu-
ally performanddoesnot take advantageof the time differ-
encebetweerdecodingdifferentframes.
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Figure 6. Power Savings Results
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In our approachye usethe predictionalgorithmandpro-
ling individually oneachclip (i.e. eachclip is rst pro led,
thenpredictionusedfor DVS). The resultsare presentedn
Fig. 6. As we cansee the power savingsareup to 50%over
no DVS andup to 40% over the “simple DVS” (worstcase



assumptiorfor decodingtimes). Both theseresultsrefer to
CPUpower consumption.

3.2. Backlight ScalingUsing Annotations

In mobiledevicesbacklightdominatethercomponents,
with about20-30%o0f total power consumptionOntheother
hand powerconsumptiorof LCD displaysincreasesvith the
backlightlevel intensity yielding importantsavings for the
entiresystemcanbe achievedif the LCD backlightis prop-
erly adjustedduringthe playbackof a movie.

On atypical PDA screenthe perceved intensity of pix-
elsis givenby theformula: | = L Y,where isthe
transmittancef the LCD panel,while L andY arethelumi-
nanceof backlightanddisplayedmagerespectiely.

During video playback,the entire rangeof luminanceis
not alwayscompletelyused:for examplea large numberof
scenesn a movie have darker scenesj.e. scenesn which
thereareonly afew or no pixelsin thehighluminancerange.
This allows usto increasehe brightnesof the imagewhile
simultaneouslylimmingthebacklightfor reducecpowerus-
age.We useannotationgor storing luminanceinformation
for differentscenesn avideostreamFor reducingthe power
consumptiorduring playback we dim the backlightwhile at
the sametime compensatindpy increasinghe luminanceof
thedisplayedmage.

For each type of PDA we characterizethe display
and backlight performance(power vs luminance inten-
sity vs backlightlevel). We performthis by displayingim-
agesof differentsolid gray levels on the handheldand cap-
turing snapshotof the screenwith a digital camera.For
example, we noticed that for our handheld,while lumi-
nanceis almostlinear with the level of white in the image
(graylevel), it is not linearwith the backlightlevel This al-
lows us to easily computethe new backlight level needed
to achieve a particular luminance level. In our experi-
mentswe also noticed that the power consumptionof the
LCD is almostproportionalto the luminance.

We validateour resultsby usinga digital cameraandtak-
ing snapshotsf the PDA displayinginitial frame(reference
screersnapshotandcomparingt with a pictureof thesame

framesafter backlight/brightnessadjustment(compensated

screersnapshot).

During pro ling (atthemediasener), ourtechniqueuses
a simpleheuristic[1Q to nd andtagthe variousscenen a
movie, wherethe maximumluminancelevel doesnot vary
signi cantly. Then,for eachscengherequiredevel of back-
light is computedandannotatedo thevideostreamDepend-
ing on the level of quality requestedy the user if it allows
the compensatiomlgorithmgoesevenfurtherandtradesoff
quality for power andanincreasen batterylife. We noticed
that a very small numberof pixels amountfor the highest
luminancelevels. Therefore,we can safely remove a large
numberof thesepixelswithout noticeablequality lossonthe

imagedisplayedon the PDA, but with importantsarings for
backlightduring playback.The LCD backlightlevel is con-
trolled by the OSlevel, basedntheannotationgoundin the
mediastream(for eachseparatecene).
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Figure7 present®urbacklightadjustingtechniquaesults
duringashortvideoclip. It shawvs the original maximumlu-
minanceandour scene-groupingaseddnluminancdevel. It
alsoplotstheinstantaneoupower savingsfor theLCD back-
light during playback.
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Figure 8. LCD Power Savings

On the client device, the userchoosesa desiredlevel of
quality, which translatesn a maximumpercentagef pixel
degradatiorallowed.We experimentedvith anumberof dif-
ferentquality levels (0% to 20% quality loss). Even at the
5% quality lost we alreadystartseeinga hugeimprovement
in the backlightpower consumptionandvisual degradation
is keptto a minimum (hardly noticed).Theresults( gure 8)
shav thatup to 50%of thebacklightpower consumptiorcan
be savedusingour approachor evenmoreif the userallows
amoreaggressie QoS-enggy trade-of.



4. Parameter Optimization for Cross Layer
Adaptation

At theapplicationlevel, our framework optimizesvarious
parameterswvailablein the multimediaworkloadso thatall
givenconstraintsaresatis ed suchasimagequality, network
bandwidth and power budget. The approachfollows four
steps:speci cation, pro ling, optimizationand codegener
ation.

4.1. SystemSpeci cation for Video Encoding Algo-
rithm

The block diagramof a corventionalvideo encoderike
an H.263 encoderis shovn in gure 9. Thetransformcod-
ing includesthe following major steps:Motion Estimation
(ME), DiscreteCosineTransform(DCT), Quantization(Q)
andVariableLengthCoding(VLC).

Figure 9. H.263 Encoder Algorithm

As seenfrom the above gure, we can adjustand opti-
mize severalapplicationparameterso meetconstraintsuch
aspower budget,imagequality, network bandwidth,device
computationability and device memaorysize. For instance,
we can increasequantizationlevel to reducethe bitstream
size for meetingbandwidthconstraints albeit at a loss of
video quality. In orderto studythe QoS tradeofs required
to meetdynamic systemconstraintswe study the follow-
ing componentsf thevideoencodingalgorithm:implemen-
tation selection algorithm parametersind systemsettingas
shavnin gure 10.

We implementseveral motion estimationalgorithms:full
searchdiamondsearch21], threestepsearch14], two di-
mensionalogarithmicsearcH13], oneatatime searcH18]
andsoon. Similarly, we changgheimplementationsf DCT,
thequantizatioralgorithm,andvariablelengthcodingblock.
Oneof our goalsis to identify the relative tradeofs achies-
ablethrougheachof thesealgorithms.

Multimediaapplicationsallow usto tunethealgorithmpa-
rameters.For instance,quantizationlevel is de ned in the
H.263encodingstandardo controlimagequality andcom-
pressediatasize.Iln addition,|:P frameratio, framerateand
frame size can be chosento meetimage quality and com-
pressedramesize.If weincreasd:P frameratio, we cande-
creasethe compressedize with more computationfor mo-

tion estimationsincel framedoesnotrequireary motiones-
timationwhile P framedoes.

The systemsettingis animportantfactorto affect overall
systemperformanceUsinganaccuratero le of application
behaior (e.g.executionpro le, bandwidthusage)we can
employ our cross-layeframewvork to performbetteradapta-
tions at the varioussystemlevels discusseckarlietr For ex-
ample,we canprovide hintsto the OS betterschedulingde-
cisions(e.g.DVS) aswell asimprove uponour proxy based
remoteadaptations.

Figure 10. Adjustab le parameter s

4.2. Proling

For pro ling, we obsene systemperformancedy simu-
lating or runninganapplicationon arealhardwareplatform.
We measuremage quality, compressedit size, execution
time and enegy consumptionby changingmotion estima-
tion algorithm,quantizatiorvalue,andl:P ratio. We usedia-
mondsearchwith a quantizationvalueof 5, 1:10for I:P ra-
tio. We take threestandardvideo sequence$or our exper
iments: CLAIRE.QCIF (less movement), GARDEN.QCIF
(highmovementandFOREMAN.QCIF(amix of bothtypes
of movements) The encoderalgorithmsarerun on a Sharp
ZaurusPDA platformconsistingof an ARM processof200
MHz) which runsLinux asoperatingsystem.

Enegy, power andexecutiontime aremeasuredor each
of theabove mentionedalgorithms.The peaksignalto noise
ratio (PSNR)is measuredo get an estimateof the quality
level achieved afterencoding.The bit rate (numberof bytes
perframein the encodedvideo)is alsocalculatedto getan
ideaof thecompressiomchiezedby encoding.

Table 1 representdradeofs of image quality, execution
time (power consumption)andbit rate betweenmotion esti-
mationalgorithm.We usefull searchdiamondsearchthree
stepsearchpneat a time searchtwo dimensionalogarith-
mic searchmotionestimatiorwithouthalf-pelsearcrandno
motionestimationTable2 representgro ling resultsatvar
iousquantizatiorvalueswhile Table3 indicatesresultsat:P
ratio.



ME PSNR Bitrate | Time | Enegy

(dB) | (bytes/frame)| (sec) (mJ)
FS 36.82 1758.84| 159.34| 141.67
DS 36.86 1848.93| 85.11| 74.94
TSS 36.80 1994.95| 88.22| 78.33
oTs 36.88 2345.12| 75.31| 75.67
TDS 36.85 1875.09| 79.26| 79.35
w/oHP | 36.30 2202.65| 64.94| 54.56
NO 37.85 5489.09| 65.25| 59.15

Table 1. Tradeoff between motion estimation

Q | PSNR Bitrate | Time | Enegy

(dB) | (bytes/frame)| (sec) (mJ)
1 | 46.81 11908.11| 96.13| 84.59
4 38.08 2336.17| 79.12| 69.63
8 33.76 1018.26| 74.56| 64.73
12| 31.48 626.08| 72.60| 63.89
20 | 28.87 360.12| 70.56| 61.80
31| 26.93 250.10| 69.43| 61.10

Table 2. Tradeoff between quantization

4.3. Experimental Results

To determineappropriateencoding parametersof our
video application (combination of quantization, I:P ra-
tio and motion estimation),we nd paretooptimal points
from the populateddata.We then minimize executiontime
while satisfyingminimumimagequality andbandwidthlim-
itations. The problemis formulatedas an ILP and solved
using an integer linear programmingsolver [2]. The solv-
ing time for integerlinear programmings no morethan0.2
secondbnaP43.0GHzPC.

Figure 11 shows resultswith 2K bytes/frameor FORE-
MAN.QCIF (300 frames). The x axis shows constrained
PSNRvalueto be metandthey axisis executiontime. The
"Q only” varies quantizationvalue only without changing
motionestimatiorandthel:P ratio. The"Q,ME” adaptdoth
guantizationvalue and motion estimationalgorithm. If we
considemoreparametershenwe cangetshorterexecution
time which is proportionalto total enegy consumptionOn

I:P=1:x | PSNR Bitrate | Time | Enegy

(dB) | (bytes/frame)| (sec) (mJ)
4 36.89 2378.78| 73.12| 73.98
8 36.64 1934.61| 82.05| 87.75
16 36.48 1707.65| 87.06 | 95.39
64 36.29 1547.34| 88.26 | 97.23
128 36.27 1531.59| 89.64 | 99.69

Table 3. Tradeoff between I:P ratio

Figure 11. Minimization of execution time

(bytes/frame  2000)

anaveragewe expectthatwe canreduceexecutiontime by

40%and20%by changinghequantizatiorstep,motionesti-

mationalgorithmandlI:P ratiothanby adaptingquantization
steponly, andby adjustingquantizatiorstepandmotion es-
timationalgorithm.

Finally, we generatea codewith theseparameteralues
computedabove. The codechooseshepropervaluefor each
parametefrom the pre-computedaluesatthepreviousstep.
Note that for a staticenvironment(e.g., x ed network b/w;,
imagequality), someparametersanbe x ed;otherwisethey
shouldbe choseratrun-time.In themeasuremenesultswe
reducethe executiontime by 33% and15% which are simi-
lar to theresultsin Figure11 whenthe bytes/framds 2000.
Whenthe bytes/frameconstraintis 1000,the executiontime
is reducedby 30% and10%thanQ only andQ,ME respec-
tively while whenthe constraintis 500, it is 17% and20%.
Theseresultsshav our ability to selectencodingparameter
settingswhile minimizing executiontime.

5. RelatedWork

Severalresearchesultshave focusedon analyzingthein-
put datastreamandderiving varioustechniquegor improv-
ing eithercommunicatioror computatiorin streamingappli-
cations;we review relatedefforts below.

The Aspire researchgroup studiesvarious data-shaping
algorithmsfor mobilemultimediacommunicationThey pro-

le andannotatestill imagedor improving transmissiorover
awirelesschannelsaggbandwidth)ateng). In [11] theim-
agedatais compressedccordingto dynamicconditionsand
requirementsContentadaptations classi ed dependingon
time, contentandmetrics.

Chandraand Ellis perform an informed quality-avare
transcodingn [4], basednimagecharacteristicsThey nd
that a changein JPEG quality factor (compressiormetric
controlledby quantizatiorsteps)directly correspondso in-
formationquality lost andapply a prediction-basedpproxi-
mation.

In [5], the authorsanalyzethe characteristicef images
availableonwebsites(distribution of gif or jpg imagessize,



colors and quality). They clasify imagesand analyzevari-
oustranscodingechniquegor reducindimagesize.

The GRACE project[20] professeshe useof cross-layer
adaptationgor maximizingsystemnuitility. They suggesboth
coarsgyrainedand ne graineduningof parameteror opti-
mal gains.Tripathi andClaypoolstudydifferentwaysto re-
ducebandwidthin network transmissiorin [19], by either
temporalscaling(droppingframes),quality scaling(reduc-
ing quality of frames)or spatialscaling(changinghe ssizeof
frames).Thequality degradatioris evaluatedhroughanuser
study

Reducingbacklightintensityasa meansof saving power
was also studiedby Chenget al. in [7]. Here the authors
presenta hardware basedimplementationfor concurrent
brightnessand contrastscalingin a TFT-LCD display An
applicationof backlight power optimizationfor streaming
videoapplicationss presentedh [16]. Theadaptatioris co-
ordinatedby a middlewarelayer runningon both the client
andaintermediaryproxy node.

[8] describesa numbertechniquesfor low-power TFT
LCD display oneof which appliesbacklightluminancedim-

ming with appropriatérightnessandcontrastompensation.

Theseechniquesesultin goodaggreyatedresultsfor anum-
ber of differentapplicationsBacklight compensatioris fur-
therimplementedn hardwareandfurtherstudiedfor typical
PDA applicationdn [6].

6. Conclusion

In this paper we discussedhe variousinitiatives under
theFORGEframework for studyingenegy andperformance
tradeofs for mobile multimedia systems.By coordinating
enegy saving techniquesat all systemlevels, the FORGE
framawork is ableto improve userexperienceon mobile de-
vices.In addition,for distributedapplicationghe knowledge
of theglobalsystenmstatesuchasnetwork noiseandmobility
informationcanleadto betterenegy avareadaptation®n a
device.We shaw thatexchangeof global/localinformationis
bene cial for all layers(OS, hardware,middlevare,applica-
tion) andthe FORGEframanorkintegratesadistributedmid-
dlewareto performremoteoptimizationsand collect global
systemstate.Our resultsindicatethatsucha cross-layemlp-
proachcanresultin betterapplicationperformancendbetter
enegy utilization at the device. As an extensionof our cur
rentefforts, we planto develop adaptationsnvolving multi-
ple proxiesanddevices.
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