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Abstract

Modernapplicationsfor mobile devices,sut as multi-
mediavideo/audiooften exhibit a commonbehavior:they
processstreamsof incomingdatain a regular, predictable
way. Theruntimebehaviorof theseapplicationscanbeac-
curately estimatednostof thetime by analyzingthe datato
be processedind annotatingthe streamwith the informa-
tion collected.We introducea softwae annotationbased
approach to poweroptimizationand demonstate its appli-
cation on a badlight adjustmentiechniquefor LCD dis-
plays during multimedia playbad, for improved battery
life and user experience Resultsfrom analysisand simu-
lation showthat up to 65% of backlight powercanbesaved
through our technique with minimal or no visible quality
degradation.

1. Intr oduction

Recentechnologicahdwancesn processoandwireless
technologyhave causeda shift in the computingindustry
towardsmobile deviceslike handheldsPDAs, cellphones
and laptops.At the sametime, we nd thatthesedevices
areincreasinglybeing usedin multimediastreamingtype
applications,commonexamplesbeing on-demandmovie
streamingand video conferencingln spite of technologi-
caladwancespatterylife still remainsa majorlimitation of
portabledevices. The main power consumingcomponents
of a mobile device are the CPU, display and network in-
terface.Runningmultimediaapplicationdurtheraggraates
the situation,astheseprogramsareknown to be both CPU
and network intensve. However, while the CPU and net-
work may bene t from adwvancedpower managemertiech-
niquestheLCD displayneedgo beonatall timesandthus
limit thepossibilitiesfor saving power without severelyim-
pactingthe userexperience.

Variousresearclon displaypoweroptimizationhasbeen
donein recentyears,but thereis alimited gain thatcanbe
achiered from a static perspecitie. Variationsin the input
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datastreampresentus with new waysto optimizedynam-
ically, basedon content.We presentsuchan approachfor
backlightpower saving, usingsoftwaredataannotation.

The paperis organizedasfollows: we startby present-
ing somebackgroundandrelatedwork. Next, we describe
dataannotatiorandits possibleapplicationsWe thenintro-
duceour approacho annotationsn a LCD backlightscal-
ing techniquestartingwith a brief theory followed by our
work ow andexperimentalresults.We presentpower re-
sultsfrom both simulationandmeasurementgom ourim-
plementatioron a real PDA. The last sectionsummarizes
the paper

2. Background/RelatedWork

Multimedia workloadsare characterizedy quasiregu-

lar patterngn their execution.This regularbehaior is con-
rmed by recentresearctj14]. Theonly changesreintro-
ducedby variationsin theinputdata[10] andthealgorithm
itself. Knowledgeof datapatternsin the streamcanbe ex-
ploitedin amultimediaapplication andis especiallyimpor-
tantfor portabledeviceswherebatterylife playsanimpor-
tantrole.

Otherefforts to studydatapatternsincludethoseof the
Aspireresearctyroupthatlooksatvariousdata-shapingl-
gorithmsfor mobile multimediacommunication.n their
paper[12] the imagedatais compressea@ccordingto dy-
namic conditionsand requirementsChandraperformsan
informedquality-avaretranscodingn [1], basedon image
characteristicsln [2], the authorsanalyzethe characteris-
tics of imagesavailable on web sitesand classifythemfor
applyingvarioustranscodingechniques.

At the sametime, thereis an increasedesearcheffort
towardsminimizing power consumptiorfor LCD displays.
Choidescribesn [6] anumberof techniquegor low-power
TFTLCD display includingonewhichappliesbacklightlu-
minancedimming with appropriateébrightnessaandcontrast
compensationSubsequenvork from Choi, Chang,Shim
andPedramn [3] [5] [15] furtherstudyandimplementdy-
namicluminancescaling(DLS), dynamiccontrasenhance-
ment (DCE) or a combinationof the two. Becauseof the
computationinvolved when performingDLS and DCE on
a smalldevice, thesetechniquesarenot suitablefor a soft-



wareimplementationthereforea hardwareapproachs pre-
ferred. Someof thetechniquexanonly be appliedfor still
imagesor low-frameratevideo. In contrast,our technique
delegatesmostof the work from the client to the sener or
proxy node freeingthe clientandallowing a software-only
implementation.The techniquecan be appliedto existing
devices,throughminor changesn software.

Morerecentlyothertechniquesiave beenproposed|11]
takes adwvantageof how the humaneye perceves bright-
nessanddevisesabacklightscalingtechniquébasednthat.
An applicationof backlightpower optimizationfor stream-
ing video applicationds presentedn [13]. The adaptation
is coordinatecby a middlewvare layer running on both the
clientandanintermediaryproxy node.In [4] the backlight
scalingtechniqueproposedriesto minimize quality degra-
dation (PSNR)while dimming the backlight. Additionally
a smoothingtechniqueis presentedhat preventsfrequent
backlightswitching.Our approachavoids a postprocessing
stepby limiting backlightchangesFor evaluatingquality
we usehistogramsyhich bettercapturethe overall change
without comparingndividual pixels.

Most of the work mentionedfocuseson CCFL (Cold
CathodeFluorescent.amp) as a backlight source.How-
ever, morerecentlywhite LEDs areincreasinglybeingused
in smalldevices(phonesPDAs anddigital cameras)CCFL
requiresa high-wltageAC supplyfor operationandis bet-
ter suitedfor larger LCD displays.Onthe otherhandwhite
LEDshave simplerdrive circuitry, while offeringlongerlife
andlower power consumptiorwith a fasterresponsdime.
In our experimentswe found that measureduminancere-
sponsdo backlightlevel (setby software)is notalwayslin-
earandis in uenced by the quality andtype of the display
Our schemeallows us to tailor the techniqueto eachPDA
for betterpower savings, by including the display proper
tiesin theloop.

We start with the obsenation that mary video clips
(movies and other entertainmentmedia) contain frequent
dark scenesjn which the highlightsare concentratedn a
few pointsor spots.In mary caseswe canreducethe lu-
minanceof thesepointswithout affecting userexperience.
We proposea new software approachfor runtime power
optimizationbasedon dataanalysis.Our approachmakes
aggressie useof annotationgo corvey informationabout
eachframe or sceneto the client so that thereis minimal
work involved at runtime.Additionally, differentheuristics
canbeapplied,dependingn the natureof thevideo.

3. Software Annotation

Annotationshave beenusedbeforein other ways. In
compilers, annotationsare sometimesusedfor retaining
part of the original semanticsn the program.A program-
mer canalsoannotatethe sourcecodeto passinformation
or hints to the compiler[9]. For example,registerassign-
mentfor variablein C fallsin this cateyory. Otherexamples
includethe useof ‘pragma’ directives(C, C++, Ada).

The processf annotatinghe datastreamcanbe either
automatedperformedstatically throughan analysisstep)
or underusersupervisionfor example,the usermay spec-
ify which partsor objectsof the video streamare more
importantin a power-quality trade-of scenario).We de-

ne dataannotatiorasthe procesof analyzinga streamof

dataandsupplementingt with a summaryof the informa-
tion collectedthisinformationwill laterbeusedatrun-time
for data-avareoptimizations Annotationgsypically capture
patternsor trendsin the datastreanthataredif cult or ex-

pensve to gatherat run-timeon the handheldievice.

The adwantageof annotatinghe datain advanceis two-
fold. First, thereis no overheadfor doing all the work at
runtime by the client. Second becausehe informationis
availableevenbeforedecodinghedata,moreoptimizations
are possiblethan would otherwisebe possibleat runtime
(for examplenetwork paclet optimizations) Optimizations
like frequeng/voltagescalingcanbeappliedbeforedecod-
ing is nished, becausahe annotatednformationis avail-
able early from the datastream.In the absenceof anno-
tations, the client applicationwould rst needto decode
the databeforeanalyzingit or usea history-basegredic-
tion (wherethelimited knowvledgecanhave seriousconse-
guence®n quality degradationif predictionproveswrong.
It would alsoplacea heavier load onthe mobiledevice, re-
ducingits batterylife.
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Figure 1. System model

We assumehe systemmodeldepictedin Figurel. The
systementitiesinclude a multimediasener, an (optional)
proxy node that can perform various operationson the
stream(transcoding)the userswith low-power mobile de-
vicesand othernetwork equipment.The sener storesme-
diacontentandstreamyideosto clientsuponuserrequests.
The communicatiorbetweenthe handhelddevice andthe
sener canberoutedthrougha proxy node— a high-endma-
chinewith the ability to processthe video streamin real-
time, on-the- y (examplein videoconferencing).

Note that for our schemeeitherthe proxy or the sener
nodesufces. Theannotationcanbe generatecandadded
to thevideo streamat eitherthe sener or proxy node,with
no changedor theclient.

4. Annotations for Backlight

Onatypical PDA the backlightdominatessthercompo-
nents,with about25-30%of total power consumptionin
reality, the relative importanceof backlightis even higher:



while the processoandnetwork interfacecanmake useof
advancedpower managementechniguesvhenthereis no
computationor communicatiorrequired the displayhasto
beonatall time while thedeviceis beingused.

However, therearesituationswherethe backlightcanbe
dimmedby someamount,if the imageto be displayedis
modi ed to allow the samelevel of userexperience Hand-
helddevicesareincreasinglybeingusedn videostreaming,
wherethey receve contenffrom mediaproviders.Ourtech-
nigue annotateghe video streamwith informationthatis
usedlater, during playback for adjustingbacklightlevel.

Video clips consistof sequencesf sceneggroupsof
frameswith similar contentandminimal changes)Many of
thesesceneslonotusetheentiredynamicluminancerange;
this allows usto increasehe brightnesf theimagewhile
simultaneouslydimming the backlight for reducedpower
usage.This processis called image compensatiorin the
following discussionThe video clips availablefor stream-
ing atthesenersare rst pro led, processe@dndannotated
with datacharacterizinghe luminancelevels during vari-
ousscenesThe next subsectionpresenthe approachwe
take in extractingthis informationandusingit at the client
to decreaséacklightaccordingo thecompensatiostepat
thesener, in orderto maintainthe sameoverall result.

4.1. Theoretical Background

Onaback-litLCD screenthe percevedintensityof pix-
elsis givenby theformula:

I = %E L £ Y, whereis thetransmittancef the
LCD panel,while L andY arethe luminanceof backlight
anddisplayedmagerespectiely.

Theluminanceof apixel is computedrom theRGB val-
uesthroughtheformula:

Y = rR + gG + bB, wherer; g; b areknowvn con-
stantsandR ; G; B arefundamentatolorvalues.

LCD displaysareof threetypes:re ective, transmissie
and trans ective. Most recenthandheldsuse trans ective
displays,which performbestboth indoors(low light) and
outdoorg(in sunlight).

For reducingthe power consumptionduring playback,
we dim the backlightwhile atthe sametime compensatby
increasingheluminanceof thedisplayedmage.Thereare
two waysfor achieving this:

2 Brightnesscompensationin which a constantvalue
is addedto eachpixel's valuein the image:C° =
min (1;C + *C), whereC andC ° arenormalized
RGB valuesbeforeandaftercompensatiorEachRGB
value needsto be compensatedy sameamountto
maintainoriginal colors.

2 Contrast enhancement,in which all pixels in
the image are multiplied by a constantamount:
C% = min (1;C = k), whereC andC?° are nor
malized RGB values before and after compensa-
tion. We usethis methodin our work and we select

a k value to maintain the same perceved inten-
sity | (keepthe productof L andY constant,i.e.
k=L=L9.

The compensatioranbe performedfor eachindividual
pixel color (R, G, B), asabove, or for thecomputedixel lu-
minanceY. Regardlessof the techniquethe compensation
may distortthe original image.Sincepixel valuesfor most
LCDs arein therange0-255,aftermultiplicationby a con-
stantvalue somepixels cannotbe representedvithin this
rangeary more (pixels becomesaturatecand clipping oc-
cursor colorschange).

Theuserdecidesf somequality canbe tradedfor more
power savings. The quality determineghe maximumper
centageof pixels that canbe clipped. Our schemecan be
appliedwithout ary degradationto the original video se-
guence(smallerpower sarzings) or with a minimal degra-
dation (hardly noticeableduring playing), but with signif-
icantly increasedpower savings in the display Note that
the obsenabledegradationmay be differentfor very bright
videoclips,whereonly alimited smallerpercentagef pix-
elscanbe clippedwithout degradingquality.

4.2. Quality Evaluation

Versionsof the abore equationshave beenusedby re-
latedprojectsto computehenecessargompensationf the
image.However, theresultsaretypically validatedthrough
display simulation or humansuneys. In other casesthe
degradationin quality is estimatedy computingpixel level
differencebetweenthe imagesor using an illuminometer
Thesemethodshave dravbacksin termof accurag andrel-
evanceof results.

We introducean alternatve, novel way of validatingthe
resultswith adigital cameraBy takingapictureof the PDA
displayingtheoriginal frame(referencesnapshotandcom-
paringit with a picture of the sameframeafter adjustment
(compensatednapshot)we canobjectvely estimatehow
closetheresultedimageon the PDA is to the original one
(Figure2). Thepicturetakenby thecamerancorporateshe
actualcharacteristicsf the handhelddisplay which arenot
otherwisecapturedby a simulation. Therefore the results
aremorerealistic,while andeasierto obtainthanthrough
humanobsenation. A digital camerahasa monotonicnon-
lineartransferfunction[§ andallows usto objectively esti-
matethe similarity betweertwo images.

We estimatethe differencebetweernthe LCD snapshots
by computingtheir histogramsThe histogramwas chosen
asametricbecausé representboththeaveragduminance
anddynamicrangefor animage,asshavn in Figure3.

Typically, brightnessand contrastadjustmentwill re-
sult in a shift of averageluminanceand a changein dy-
namicrange We usehistogramgo helpusunderstandhow
backlightreductionandbrightnesompensatiomffect the
original image and to validate our technique.A loss-less
schemeallows for minimal power sazings while preserv-
ing the quality of thevideoclip virtually unchangedlf the
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Figure 2. Compensation validation with a dig-
ital camera
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Figure 3. Image histogram properties

useracceptsa lower quality level the savings canbe sub-
stantiallyhigher The userspeci esthe quality level when
he requestghe video clip from the sener andthe system
triesto maximizepower savingswhile maintaininghequal-
ity of serviceabove thegiventhreshold.

4.3. Techniquefor Annotations

During video playback,the entire dynamicluminance
rangeis not always completelyused:for examplea large
numberof scenesn movieshave darkscenesi.e. scenesn
which only a few or no pixels arevery bright. This allows
usto increasehe brightnessof theimagewhile simultane-
ously dimming the backlightfor reducedpower consump-
tion. An examplefrom anewsvideoclip is presentedh Fig-
ure4, which shavstheimageandcorrespondindpistogram
for the original andcompensatednageframe. The differ-
enceshetweertheimagesdisplayedonthe PDA screerare
hardly noticeablefor a human(on the paperit is not ob-
vious), however the cameradetectsthe slight changese-
tweenthem.

We useannotationdor storingthe luminanceinforma-
tion for differentscenesn avideostreamFor reducingthe
power consumptiorduring playback,we dim the backlight
while at the sametime compensatéy increasinghe lumi-
nanceof thevideo streamsentto the client.

Our techniqueusesa simpleheuristicto nd thescenes
in amovie, wheremaximumluminancelevels do not vary
signi cantly. Then, for eachscenethe requiredlevel of
backlightis computedand annotatedo the video stream.
Dependingnthelevel of quality requestedby the user the

Avg Brightness = 107

Avg Brightness = 109

Figure 4. Original (full backlight) frame vs
compensated (50% backlight) frame - camera
snapshots

No. of Pixels
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Figure 5. Quality trade-off shown in a his-
togram

compensatioralgorithmmay go evenfurtherandtrade-of
guality for alongerruntime. Sincein mary casesa small
numberof pixelsamountfor the high luminancelevelsand
aresparselydistributedwithin the frame,we cansafelyal-
low clipping for someof thesepixels without noticeable
quality loss on the video watchedon the PDA (Figure5).
Differentheuristicsfor determiningthe amountof clipped
pixelsarepossibleln our schemeve allow a x edpercent
of thevery bright pixelsto beclipped.This heuristicworks
well for mostvideos,exceptendcreditswhereit maydistort
thetext if too mary pixelsareclippedandthe background
is uniform (this is subjectof future study).For the experi-
mentalpart, quality degradationlevels (percentof high lu-
minancepixelsclipped)weresetto 0, 5, 15and?20.

Figure6 presentour backlightadjustingtechniquedur-
ing a shortvideoclip. It shavs the original maxluminance
for eachframeandthe maxluminancevaluefor the entire
scenelt alsoplotstheinstantaneoupower savingsfor the
LCD backlightduring playback.For this particularexam-
ple,we groupedramesnto scenedasedntheirmaximum
luminancelevels: a changeof 10% or morein framemaxi-
mumluminancdevelis considereéscenehangebut only
if it doesnot occurmorefrequentlythana thresholdinter
val. Sometimeshetterresultsareobtainedf we allow back-
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Figure 6. Scene grouping during playback
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Figure 7. Brightness variation on backlight

light changedfor eachframe (but it may introducesome
ick er). Both thesethresholdswvere experimentallysetfor
minimizing visible spikes.A maximumluminancelevel is
computedor theentiresceneasshavn. Theresultedvalue
is later pluggedinto the backlight-luminancdunction for
computingthe requiredbacklightlevel for eachsceneThe
examplepresentedorresponds$or a 10% quality degrada-
tion, which meansthat we allow 10% of the pixelsin the
high luminancerangeto be clipped (their luminanceis re-
placedby alowervalue).

The sener (or proxy node) provides a numberof dif-
ferentvideo qualitiesasexempli ed above (5 in our case),
saméor all typesof PDA clients.Device speci c aretheac-
tual backlightlevelsto be setatruntime.Thesecanbecom-
putedby eitherthe sener/proxy (client characteristicare
sentduringtheinitial negotiationphase)or by theclientit-
self (involves a simple multiplication, followed by a table
look-up). Becauseadjustmentsare not performedvery of-
ten,theamountof work is negligible.

5. Experimental Flow and Results

We startby rst characterizinghe displayandbacklight
of our PDAs. This is performedby displayingimagesof
differentsolid gray levels on the handheldsand capturing
snapshotof the screenwith a digital camera.Three de-
viceswith differentLCD technologywere usedin our ex-
perimentsiPaQ 3650and ZaurusSL-5600(re ective dis-
play, CCFL backlight)andiPaQ5555(trans ective display
LED backlight).For actualimplementatiorandpower mea-
surementswe chosethe iPaQ 5555, which is the newest
andhasa moreefcient backlighttechnology We noticed
that for this particularhandheldthe measureduminance
was almostlinear with the luminanceof the image (Fig-
ure 7), but not linear with the backlightlevel (Figure 8).
Eachdisplaytechnologyshaved a differenttransferchar
acteristic.Theluminance-backlightransferfunctionallows
us to computethe backlightlevel neededo achieve a de-
siredluminancdevel duringplaybackandis essentiain or-
derto minimizethe degradationintroducedby the compen-
sationscheme.

Fromourexperimentsve alsodeterminedhatthepower
consumptiorof theLCD is almostproportionalto backlight
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Figure 8. Brightness variation on white level

level, butlittle dependendf pixel values allowing usto an-
alytically estimatethe power savingsthroughsimulation.
For the next step,we detectscenesin the video clip
with similar illumination and for eachscenewe compute
thebesttrade-of betweerbacklightlevel (power consump-
tion) andbrightnescompensatioquality degradation)de-
pendingonthequality level requestedby theuser Thecom-
putedbacklightlevelsfor theactualPDA typeareaddedo
the streamas annotationsThe annotationsare RLE com-
pressedso the overheadis minimal, in the order of hun-
dredsof bytesfor our videoclips which areon the orderof
afew megabytes.To reducetheload on theclient device at
runtime,thecompensatioof theframesin thevideostream
is performedat eitherthe sener or the intermediaryproxy
node.The only extra operationthat the device hasto per
form during playbackis to adjustthe backlightlevel peri-
odically, accordingto theannotationsn thevideostream.

5.1. Power Savings

For powermeasuremergurposesve usedtheiPaQ5555
with a 400 MHz Intel XScale processorand 64K-color
trans ective LCD display The PDA was running the Fa-
miliar 0.7.2Linux distribution. The batteriesvereremoved
from the iPaQ during the experiment.A PCI DAQ board
wasusedto samplevoltagedropsacrossa resistorandthe
iPaQ,andsampledhevoltagesat 200K samples/sec.

We selectedsomemovie previews andshortclips, avail-
able on the Internet(http://www pocketmaovies.net).These
clipsvary in lengthbetweer30 secondsaand3 minutesand
have scenerangingfrom slow to fastmotion.
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We experimentedvith anumberof differentquality lev-
els (0% to 20% quality loss). Even at the 5% quality loss
we alreadystart seeinga hugeimprovementin the back-
light power consumptionand visual degradationis virtu-
ally unnoticeableThe resultsfrom simulationandtheoret-
ical analysis(Figure 9) shawv that up to 65% of the back-
light power consumptiorncanbe saved usingour approach
(dependingon the videoclip), or even moreif the useral-
lows amoreaggressie QoS-engyy trade-of. Thedegrada-
tion in quality variesfrom notnoticeablgo minor colorand
luminancedistortion,which still allows the userto seethe
clips to completion(with somequality loss).In two cases
(huntersubresand ice_age) the backgroundn the videos
is bright, sothe resultsarelimited without introducingtoo
muchdegradation(pixelsareconcentrateéh the high lumi-
nancerange).The bestresultsare obtainedfor videoswith
mary darkscenesasin mostof theotherclips.

The next setof experimentswas performedby imple-
mentingthe techniquedn a video player (from Berkeley
MPEG tools) and measuringthe total power saszing with
our approactwhile runningit on theiPaQ 5555.The mea-
suredresultsarein line with the simulation,shaving up to
15-20%power reductionfor the entire device (Figure 10),
with the exceptionof 'ice_age',which shavs almostnoim-
provement.

Dueto spacdimitations,somedetailswereomitted.For
moreinformationpleaseeferto [7].

6. Summary

This paperpresentsa nenv annotation-basedpproach
towards backlight power optimization during multimedia
streamingon mobile devices. We shov how annotations
canbeusedto capturenformationandautomaticallyadjust
backlightlevel dependingon whatis playing on the device
andthe quality level selectedby the user We alsopresent
a novel objectve way for comparingimagesusing a digi-
tal cameraandanalyzingthe histograms.

Ourresultsfrom boththeoreticabinalysisandreal simu-
lation shav thatup to 65% of backlightpower canbe sared
throughour technique with minimal or no visible quality
degradation.
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