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Abstract

Modernapplicationsfor mobiledevices,such as multi-
mediavideo/audio,oftenexhibit a commonbehavior:they
processstreamsof incomingdata in a regular, predictable
way. Theruntimebehaviorof theseapplicationscanbeac-
curatelyestimatedmostof thetimebyanalyzingthedatato
be processedand annotatingthe streamwith the informa-
tion collected.We introducea software annotationbased
approach to poweroptimizationanddemonstrateits appli-
cation on a backlight adjustmenttechniquefor LCD dis-
plays during multimedia playback, for improved battery
life and user experience. Resultsfrom analysisand simu-
lation showthatupto 65%of backlight powercanbesaved
throughour technique, with minimal or no visible quality
degradation.

1. Intr oduction
Recenttechnologicaladvancesin processorandwireless

technologyhave causeda shift in the computingindustry
towardsmobile devices like handhelds,PDAs, cellphones
and laptops.At the sametime, we �nd that thesedevices
are increasinglybeingusedin multimediastreamingtype
applications,commonexamplesbeing on-demandmovie
streamingandvideo conferencing.In spiteof technologi-
cal advances,batterylife still remainsa majorlimitation of
portabledevices.The main power consumingcomponents
of a mobile device are the CPU, display and network in-
terface.Runningmultimediaapplicationsfurtheraggravates
thesituation,astheseprogramsareknown to bebothCPU
and network intensive. However, while the CPU and net-
work maybene�t from advancedpower managementtech-
niques,theLCD displayneedsto beonatall timesandthus
limit thepossibilitiesfor saving powerwithoutseverelyim-
pactingtheuserexperience.

Variousresearchondisplaypoweroptimizationhasbeen
donein recentyears,but thereis a limited gain thatcanbe
achieved from a staticperspective. Variationsin the input
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datastreampresentus with new waysto optimizedynam-
ically, basedon content.We presentsuchan approachfor
backlightpowersaving, usingsoftwaredataannotation.

The paperis organizedasfollows: we startby present-
ing somebackgroundandrelatedwork. Next, we describe
dataannotationandits possibleapplications.Wethenintro-
duceour approachto annotationsin a LCD backlightscal-
ing technique,startingwith a brief theory, followedby our
work �o w andexperimentalresults.We presentpower re-
sultsfrom bothsimulationandmeasurementsfrom our im-
plementationon a real PDA. The last sectionsummarizes
thepaper.

2. Background/RelatedWork

Multimedia workloadsarecharacterizedby quasiregu-
lar patternsin their execution.This regularbehavior is con-
�rmed by recentresearch[14]. Theonly changesareintro-
ducedby variationsin theinputdata[10] andthealgorithm
itself. Knowledgeof datapatternsin thestreamcanbeex-
ploitedin amultimediaapplication,andis especiallyimpor-
tant for portabledeviceswherebatterylife playsanimpor-
tantrole.

Otherefforts to studydatapatternsincludethoseof the
Aspireresearchgroupthatlooksatvariousdata-shapingal-
gorithms for mobile multimediacommunication.In their
paper[12] the imagedatais compressedaccordingto dy-
namic conditionsand requirements.Chandraperformsan
informedquality-awaretranscodingin [1], basedon image
characteristics.In [2], the authorsanalyzethe characteris-
tics of imagesavailableon websitesandclassifythemfor
applyingvarioustranscodingtechniques.

At the sametime, thereis an increasedresearcheffort
towardsminimizing power consumptionfor LCD displays.
Choidescribesin [6] anumberof techniquesfor low-power
TFTLCD display, includingonewhichappliesbacklightlu-
minancedimmingwith appropriatebrightnessandcontrast
compensation.Subsequentwork from Choi, Chang,Shim
andPedramin [3] [5] [15] furtherstudyandimplementdy-
namicluminancescaling(DLS),dynamiccontrastenhance-
ment (DCE) or a combinationof the two. Becauseof the
computationinvolved whenperformingDLS andDCE on
a smalldevice, thesetechniquesarenot suitablefor a soft-



wareimplementation,thereforeahardwareapproachis pre-
ferred.Someof thetechniquescanonly beappliedfor still
imagesor low-frameratevideo. In contrast,our technique
delegatesmostof thework from theclient to theserver or
proxynode,freeingtheclientandallowing asoftware-only
implementation.The techniquecanbe appliedto existing
devices,throughminorchangesin software.

Morerecentlyothertechniqueshavebeenproposed.[11]
takes advantageof how the humaneye perceives bright-
nessanddevisesabacklightscalingtechniquebasedonthat.
An applicationof backlightpower optimizationfor stream-
ing videoapplicationsis presentedin [13]. Theadaptation
is coordinatedby a middleware layer runningon both the
client andanintermediaryproxy node.In [4] thebacklight
scalingtechniqueproposedtriesto minimizequalitydegra-
dation(PSNR)while dimming the backlight.Additionally
a smoothingtechniqueis presentedthat preventsfrequent
backlightswitching.Our approachavoidsa postprocessing
stepby limiting backlightchanges.For evaluatingquality
we usehistograms,which bettercapturetheoverall change
withoutcomparingindividualpixels.

Most of the work mentionedfocuseson CCFL (Cold
CathodeFluorescentLamp) as a backlight source.How-
ever, morerecentlywhiteLEDsareincreasinglybeingused
in smalldevices(phones,PDAs anddigital cameras).CCFL
requiresa high-voltageAC supplyfor operationandis bet-
ter suitedfor largerLCD displays.On theotherhandwhite
LEDshavesimplerdrivecircuitry, while offeringlongerlife
andlower power consumptionwith a fasterresponsetime.
In our experimentswe found that measuredluminancere-
sponseto backlightlevel (setby software)is notalwayslin-
earandis in�uencedby thequality andtypeof thedisplay.
Our schemeallows us to tailor the techniqueto eachPDA
for betterpower savings, by including the displayproper-
tiesin theloop.

We start with the observation that many video clips
(movies and other entertainmentmedia)contain frequent
dark scenes,in which the highlightsareconcentratedin a
few pointsor spots.In many caseswe can reducethe lu-
minanceof thesepointswithout affectinguserexperience.
We proposea new software approachfor runtime power
optimizationbasedon dataanalysis.Our approachmakes
aggressive useof annotationsto convey informationabout
eachframeor sceneto the client so that thereis minimal
work involvedat runtime.Additionally, differentheuristics
canbeapplied,dependingon thenatureof thevideo.

3. SoftwareAnnotation
Annotationshave beenusedbefore in other ways. In

compilers,annotationsare sometimesused for retaining
part of the original semanticsin the program.A program-
mer canalsoannotatethe sourcecodeto passinformation
or hints to the compiler [9]. For example,registerassign-
mentfor variablein C falls in thiscategory. Otherexamples
includetheuseof 'pragma' directives(C, C++,Ada).

Theprocessof annotatingthedatastreamcanbeeither
automated(performedstatically, throughan analysisstep)
or underusersupervision(for example,theusermayspec-
ify which parts or objectsof the video streamare more
important in a power-quality trade-off scenario).We de-
�ne dataannotationastheprocessof analyzinga streamof
dataandsupplementingit with a summaryof the informa-
tion collected;thisinformationwill laterbeusedatrun-time
for data-awareoptimizations.Annotationstypically capture
patternsor trendsin thedatastreamthataredif�cult or ex-
pensive to gatherat run-timeon thehandhelddevice.

Theadvantageof annotatingthedatain advanceis two-
fold. First, thereis no overheadfor doing all the work at
runtime by the client. Second,becausethe information is
availableevenbeforedecodingthedata,moreoptimizations
are possiblethan would otherwisebe possibleat runtime
(for examplenetwork packet optimizations).Optimizations
like frequency/voltagescalingcanbeappliedbeforedecod-
ing is �nished, becausetheannotatedinformationis avail-
able early from the datastream.In the absenceof anno-
tations, the client applicationwould �rst needto decode
the databeforeanalyzingit or usea history-basedpredic-
tion (wherethe limited knowledgecanhave seriousconse-
quenceson quality degradationif predictionproveswrong.
It would alsoplacea heavier loadon themobiledevice, re-
ducingits batterylife.
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Figure 1. System model

We assumethesystemmodeldepictedin Figure1. The
systementitiesinclude a multimediaserver, an (optional)
proxy node that can perform various operationson the
stream(transcoding),theuserswith low-power mobilede-
vicesandothernetwork equipment.The server storesme-
diacontentandstreamsvideosto clientsuponuserrequests.
The communicationbetweenthe handhelddevice and the
servercanberoutedthroughaproxynode– ahigh-endma-
chinewith the ability to processthe video streamin real-
time,on-the-�y (examplein videoconferencing).

Note that for our schemeeitherthe proxy or the server
nodesuf�ces. Theannotationscanbegeneratedandadded
to thevideostreamat eithertheserver or proxy node,with
nochangesfor theclient.

4. Annotations for Backlight
Ona typicalPDA thebacklightdominatesothercompo-

nents,with about25-30%of total power consumption.In
reality, the relative importanceof backlightis evenhigher:



while theprocessorandnetwork interfacecanmake useof
advancedpower managementtechniqueswhenthereis no
computationor communicationrequired,thedisplayhasto
beonatall timewhile thedevice is beingused.

However, therearesituationswherethebacklightcanbe
dimmedby someamount,if the imageto be displayedis
modi�ed to allow thesamelevel of userexperience.Hand-
helddevicesareincreasinglybeingusedin videostreaming,
wherethey receivecontentfrom mediaproviders.Our tech-
nique annotatesthe video streamwith information that is
usedlater, duringplayback,for adjustingbacklightlevel.

Video clips consistof sequencesof scenes(groupsof
frameswith similarcontentandminimalchanges).Many of
thesescenesdonotusetheentiredynamicluminancerange;
this allows usto increasethebrightnessof theimagewhile
simultaneouslydimming the backlight for reducedpower
usage.This processis called imagecompensationin the
following discussion.Thevideoclips availablefor stream-
ing at theserversare�rst pro�led, processedandannotated
with datacharacterizingthe luminancelevels during vari-
ousscenes.The next subsectionspresentthe approachwe
take in extractingthis informationandusingit at theclient
to decreasebacklightaccordingto thecompensationstepat
theserver, in orderto maintainthesameoverall result.

4.1. Theoretical Background

Onaback-litLCD screen,theperceivedintensityof pix-
elsis givenby theformula:

I = ½£ L £ Y , where½is the transmittanceof the
LCD panel,while L andY arethe luminanceof backlight
anddisplayedimagerespectively.

Theluminanceof apixel is computedfrom theRGBval-
uesthroughtheformula:

Y = r R + gG + bB , wherer ; g; b areknown con-
stantsandR ; G; B arefundamentalcolor values.

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

For reducingthe power consumptionduring playback,
wedim thebacklightwhile at thesametimecompensateby
increasingtheluminanceof thedisplayedimage.Thereare
two waysfor achieving this:

² Brightnesscompensation,in which a constantvalue
is addedto eachpixel's value in the image:C 0 =
min (1 ; C + ±C ), whereC andC 0 arenormalized
RGBvaluesbeforeandaftercompensation.EachRGB
value needsto be compensatedby sameamountto
maintainoriginal colors.

² Contrast enhancement, in which all pixels in
the image are multiplied by a constant amount:
C 0 = min (1 ; C ¤ k) , whereC and C 0 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 perceived inten-
sity I (keep the product of L and Y constant,i.e.
k = L=L 0).

Thecompensationcanbeperformedfor eachindividual
pixel color(R,G,B), asabove,or for thecomputedpixel lu-
minanceY. Regardlessof the technique,thecompensation
maydistort theoriginal image.Sincepixel valuesfor most
LCDs arein therange0-255,aftermultiplicationby a con-
stantvalue somepixels cannotbe representedwithin this
rangeany more(pixels becomesaturatedandclipping oc-
cursor colorschange).

Theuserdecidesif somequality canbetradedfor more
power savings. The quality determinesthe maximumper-
centageof pixels that canbe clipped.Our schemecanbe
appliedwithout any degradationto the original video se-
quence(smallerpower savings) or with a minimal degra-
dation(hardly noticeableduring playing), but with signif-
icantly increasedpower savings in the display. Note that
theobservabledegradationmaybedifferentfor very bright
videoclips,whereonly a limited smallerpercentageof pix-
elscanbeclippedwithoutdegradingquality.

4.2. Quality Evaluation

Versionsof the above equationshave beenusedby re-
latedprojectsto computethenecessarycompensationof the
image.However, theresultsaretypically validatedthrough
display simulationor humansurveys. In other cases,the
degradationin quality is estimatedby computingpixel level
differencebetweenthe imagesor usingan illuminometer.
Thesemethodshavedrawbacksin termof accuracy andrel-
evanceof results.

We introduceanalternative,novel way of validatingthe
resultswith adigital camera.By takingapictureof thePDA
displayingtheoriginal frame(referencesnapshot)andcom-
paringit with a pictureof thesameframeafteradjustment
(compensatedsnapshot),we canobjectively estimatehow
closethe resultedimageon the PDA is to the original one
(Figure2).Thepicturetakenby thecameraincorporatesthe
actualcharacteristicsof thehandhelddisplay, whicharenot
otherwisecapturedby a simulation.Therefore,the results
aremorerealistic,while andeasierto obtainthanthrough
humanobservation.A digital camerahasa monotonicnon-
lineartransferfunction[8] andallows usto objectively esti-
matethesimilarity betweentwo images.

We estimatethe differencebetweenthe LCD snapshots
by computingtheir histograms.Thehistogramwaschosen
asametricbecauseit representsboththeaverageluminance
anddynamicrangefor animage,asshown in Figure3.

Typically, brightnessand contrastadjustmentwill re-
sult in a shift of averageluminanceand a changein dy-
namicrange.We usehistogramsto helpusunderstandhow
backlightreductionandbrightnesscompensationaffect the
original imageand to validateour technique.A loss-less
schemeallows for minimal power savings while preserv-
ing thequality of thevideoclip virtually unchanged.If the
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useracceptsa lower quality level the savings canbe sub-
stantiallyhigher. The userspeci�es the quality level when
he requeststhe video clip from the server and the system
triestomaximizepowersavingswhilemaintainingthequal-
ity of serviceabove thegiventhreshold.

4.3. Techniquefor Annotations

During video playback,the entire dynamic luminance
rangeis not always completelyused:for examplea large
numberof scenesin movieshavedarkscenes,i.e. scenesin
which only a few or no pixels arevery bright. This allows
usto increasethebrightnessof theimagewhile simultane-
ously dimming the backlightfor reducedpower consump-
tion.An examplefrom anewsvideoclip is presentedin Fig-
ure4, whichshows theimageandcorrespondinghistogram
for theoriginal andcompensatedimageframe.Thediffer-
encesbetweentheimagesdisplayedon thePDA screenare
hardly noticeablefor a human(on the paperit is not ob-
vious), however the cameradetectsthe slight changesbe-
tweenthem.

We useannotationsfor storing the luminanceinforma-
tion for differentscenesin avideostream.For reducingthe
power consumptionduringplayback,we dim thebacklight
while at thesametime compensateby increasingthelumi-
nanceof thevideostreamsentto theclient.

Our techniqueusesa simpleheuristicto �nd thescenes
in a movie, wheremaximumluminancelevels do not vary
signi�cantly. Then, for eachscenethe required level of
backlight is computedandannotatedto the video stream.
Dependingon thelevel of quality requestedby theuser, the

Avg Brightness = 109 Avg Brightness = 107

Figure 4. Original (full backlight) frame vs
compensated (50% backlight) frame - camera
snapshots
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Figure 5. Quality trade-off sho wn in a his-
togram

compensationalgorithmmaygo even furtherandtrade-off
quality for a longerrun time. Sincein many casesa small
numberof pixelsamountfor thehigh luminancelevelsand
aresparselydistributedwithin the frame,we cansafelyal-
low clipping for someof thesepixels without noticeable
quality losson the video watchedon the PDA (Figure5).
Differentheuristicsfor determiningthe amountof clipped
pixelsarepossible.In our schemewe allow a �x edpercent
of thevery bright pixelsto beclipped.This heuristicworks
well for mostvideos,exceptendcreditswhereit maydistort
the text if too many pixelsareclippedandthebackground
is uniform (this is subjectof future study).For the experi-
mentalpart,quality degradationlevels (percentof high lu-
minancepixelsclipped)weresetto 0, 5, 15and20.

Figure6 presentsour backlightadjustingtechniquedur-
ing a shortvideoclip. It shows theoriginal maxluminance
for eachframeandthemax luminancevaluefor theentire
scene.It alsoplots the instantaneouspower savingsfor the
LCD backlightduring playback.For this particularexam-
ple,wegroupedframesintoscenesbasedontheirmaximum
luminancelevels:a changeof 10%or morein framemaxi-
mumluminancelevel is consideredascenechange,but only
if it doesnot occurmorefrequentlythana thresholdinter-
val.Sometimes,betterresultsareobtainedif weallow back-
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Figure 6. Scene grouping during playbac k

light changesfor eachframe (but it may introducesome
�ick er). Both thesethresholdswereexperimentallyset for
minimizing visible spikes.A maximumluminancelevel is
computedfor theentirescene,asshown. Theresultedvalue
is later pluggedinto the backlight-luminancefunction for
computingtherequiredbacklightlevel for eachscene.The
examplepresentedcorrespondsfor a 10%quality degrada-
tion, which meansthat we allow 10% of the pixels in the
high luminancerangeto beclipped(their luminanceis re-
placedby a lowervalue).

The server (or proxy node)provides a numberof dif-
ferentvideoqualitiesasexempli�ed above (5 in our case),
samefor all typesof PDA clients.Devicespeci�c aretheac-
tualbacklightlevelsto besetat runtime.Thesecanbecom-
putedby either the server/proxy(client characteristicsare
sentduringtheinitial negotiationphase),or by theclient it-
self (involvesa simplemultiplication, followed by a table
look-up).Becauseadjustmentsarenot performedvery of-
ten,theamountof work is negligible.

5. Experimental Flow and Results

Westartby �rst characterizingthedisplayandbacklight
of our PDAs. This is performedby displayingimagesof
differentsolid gray levels on the handheldsandcapturing
snapshotsof the screenwith a digital camera.Threede-
viceswith differentLCD technologywereusedin our ex-
periments:iPaQ 3650andZaurusSL-5600(re�ective dis-
play, CCFLbacklight)andiPaQ5555(trans�ectivedisplay,
LED backlight).For actualimplementationandpowermea-
surements,we chosethe iPaQ 5555,which is the newest
andhasa moreef�cient backlighttechnology. We noticed
that for this particularhandheld,the measuredluminance
was almost linear with the luminanceof the image(Fig-
ure 7), but not linear with the backlight level (Figure 8).
Eachdisplay technologyshowed a different transferchar-
acteristic.Theluminance-backlighttransferfunctionallows
us to computethe backlight level neededto achieve a de-
siredluminancelevel duringplaybackandis essentialin or-
derto minimizethedegradationintroducedby thecompen-
sationscheme.

Fromourexperimentswealsodeterminedthatthepower
consumptionof theLCD is almostproportionalto backlight
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level, but little dependentof pixel values,allowing usto an-
alytically estimatethepowersavingsthroughsimulation.

For the next step,we detectscenesin the video clip
with similar illumination and for eachscenewe compute
thebesttrade-off betweenbacklightlevel (powerconsump-
tion) andbrightnesscompensation(qualitydegradation)de-
pendingonthequalitylevel requestedby theuser. Thecom-
putedbacklightlevelsfor theactualPDA typeareaddedto
the streamasannotations.The annotationsareRLE com-
pressed,so the overheadis minimal, in the order of hun-
dredsof bytesfor our videoclips which areon theorderof
a few megabytes.To reducetheloadon theclient device at
runtime,thecompensationof theframesin thevideostream
is performedat eithertheserver or the intermediaryproxy
node.The only extra operationthat the device hasto per-
form during playbackis to adjustthe backlight level peri-
odically, accordingto theannotationsin thevideostream.

5.1. Power Savings

For powermeasurementpurposesweusedtheiPaQ5555
with a 400 MHz Intel XScale processorand 64K-color
trans�ective LCD display. The PDA was running the Fa-
miliar 0.7.2Linux distribution.Thebatterieswereremoved
from the iPaQ during the experiment.A PCI DAQ board
wasusedto samplevoltagedropsacrossa resistorandthe
iPaQ,andsampledthevoltagesat200Ksamples/sec.

We selectedsomemovie previews andshortclips,avail-
ableon the Internet(http://www.pocketmovies.net).These
clips vary in lengthbetween30 secondsand3 minutesand
have scenerangingfrom slow to fastmotion.
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Weexperimentedwith anumberof differentquality lev-
els (0% to 20% quality loss).Even at the 5% quality loss
we alreadystart seeinga hugeimprovementin the back-
light power consumption,and visual degradationis virtu-
ally unnoticeable.Theresultsfrom simulationandtheoret-
ical analysis(Figure9) show that up to 65% of the back-
light power consumptioncanbe saved usingour approach
(dependingon the videoclip), or even moreif the useral-
lowsamoreaggressiveQoS-energy trade-off. Thedegrada-
tion in qualityvariesfrom notnoticeableto minorcolorand
luminancedistortion,which still allows theuserto seethe
clips to completion(with somequality loss).In two cases
(huntersubresand ice age)the backgroundin the videos
is bright, so the resultsarelimited without introducingtoo
muchdegradation(pixelsareconcentratedin thehigh lumi-
nancerange).Thebestresultsareobtainedfor videoswith
many darkscenes,asin mostof theotherclips.

The next set of experimentswas performedby imple-
mentingthe techniquesin a video player (from Berkeley
MPEG tools) and measuringthe total power saving with
our approachwhile runningit on the iPaQ5555.Themea-
suredresultsarein line with thesimulation,showing up to
15-20%power reductionfor the entiredevice (Figure10),
with theexceptionof 'ice age',whichshowsalmostno im-
provement.

Dueto spacelimitations,somedetailswereomitted.For
moreinformationpleasereferto [7].

6. Summary
This paperpresentsa new annotation-basedapproach

towards backlight power optimization during multimedia
streamingon mobile devices. We show how annotations
canbeusedto captureinformationandautomaticallyadjust
backlightlevel dependingon what is playingon thedevice
andthe quality level selectedby the user. We alsopresent
a novel objective way for comparingimagesusinga digi-
tal cameraandanalyzingthehistograms.

Our resultsfrom boththeoreticalanalysisandrealsimu-
lationshow thatup to 65%of backlightpowercanbesaved
throughour technique,with minimal or no visible quality
degradation.
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