


ware implementation, therefore a hardware approach is pre-
ferred. Some of the techniques can only be applied for still
images or low-framerate video. In contrast, our technique
delegates most of the work from the client to the server or
proxy node, freeing the client and allowing a software-only
implementation. The technique can be applied to existing
devices, through minor changes in software.

More recently other techniques have been proposed. [11]
takes advantage of how the human eye perceives bright-
ness and devises a backlight scaling technique based on that.
An application of backlight power optimization for stream-
ing video applications is presented in [13]. The adaptation
is coordinated by a middleware layer running on both the
client and an intermediary proxy node. In [4] the backlight
scaling technique proposed tries to minimize quality degra-
dation (PSNR) while dimming the backlight. Additionally
a smoothing technique is presented that prevents frequent
backlight switching. Our approach avoids a postprocessing
step by limiting backlight changes. For evaluating quality
we use histograms, which better capture the overall change
without comparing individual pixels.

Most of the work mentioned focuses on CCFL (Cold
Cathode Fluorescent Lamp) as a backlight source. How-
ever, more recently white LEDs are increasingly being used
in small devices (phones, PDAs and digital cameras). CCFL
requires a high-voltage AC supply for operation and is bet-
ter suited for larger LCD displays. On the other hand white
LEDs have simpler drive circuitry, while offering longer life
and lower power consumption with a faster response time.
In our experiments we found that measured luminance re-
sponse to backlight level (set by software) is not always lin-
ear and is in uenced by the quality and type of the display.
Our scheme allows us to tailor the technique to each PDA
for better power savings, by including the display proper-
ties in the loop.

We start with the observation that many video clips
(movies and other entertainment media) contain frequent
dark scenes, in which the highlights are concentrated in a
few points or spots. In many cases we can reduce the lu-
minance of these points without affecting user experience.
We propose a new software approach for runtime power
optimization based on data analysis. Our approach makes
aggressive use of annotations to convey information about
each frame or scene to the client so that there is minimal
work involved at runtime. Additionally, different heuristics
can be applied, depending on the nature of the video.

3. Software Annotation

Annotations have been used before in other ways. In
compilers, annotations are sometimes used for retaining
part of the original semantics in the program. A program-
mer can also annotate the source code to pass information
or hints to the compiler [9]. For example, register assign-
ment for variable in C falls in this category. Other examples
include the use of ’pragma’ directives (C, C++, Ada).

The process of annotating the data stream can be either
automated (performed statically, through an analysis step)
or under user supervision (for example, the user may spec-
ify which parts or objects of the video stream are more
important in a power-quality trade-off scenario). We de-

ne data annotation as the process of analyzing a stream of
data and supplementing it with a summary of the informa-
tion collected; this information will later be used at run-time
for data-aware optimizations. Annotations typically capture
patterns or trends in the data stream that are dif cult or ex-
pensive to gather at run-time on the handheld device.

The advantage of annotating the data in advance is two-
fold. First, there is no overhead for doing all the work at
runtime by the client. Second, because the information is
available even before decoding the data, more optimizations
are possible than would otherwise be possible at runtime
(for example network packet optimizations). Optimizations
like frequency/voltage scaling can be applied before decod-
ing is nished, because the annotated information is avail-
able early from the data stream. In the absence of anno-
tations, the client application would rst need to decode
the data before analyzing it or use a history-based predic-
tion (where the limited knowledge can have serious conse-
guences on quality degradation if prediction proves wrong.
It would also place a heavier load on the mobile device, re-
ducing its battery life.
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Figure 1. System model

We assume the system model depicted in Figure 1. The
system entities include a multimedia server, an (optional)
proxy node that can perform various operations on the
stream (transcoding), the users with low-power mobile de-
vices and other network equipment. The server stores me-
dia content and streams videos to clients upon user requests.
The communication between the handheld device and the
server can be routed through a proxy node a high-end ma-
chine with the ability to process the video stream in real-
time, on-the- y (example in videoconferencing).

Note that for our scheme either the proxy or the server
node suf ces. The annotations can be generated and added
to the video stream at either the server or proxy node, with
no changes for the client.

4. Annotations for Backlight

On a typical PDA the backlight dominates other compo-
nents, with about 25-30% of total power consumption. In
reality, the relative importance of backlight is even higher:



while the processor and network interface can make use of
advanced power management techniques when there is no
computation or communication required, the display has to
be on at all time while the device is being used.

However, there are situations where the backlight can be
dimmed by some amount, if the image to be displayed is
modi ed to allow the same level of user experience. Hand-
held devices are increasingly being used in video streaming,
where they receive content from media providers. Our tech-
nique annotates the video stream with information that is
used later, during playback, for adjusting backlight level.

Video clips consist of sequences of scenes (groups of
frames with similar content and minimal changes). Many of
these scenes do not use the entire dynamic luminance range;
this allows us to increase the brightness of the image while
simultaneously dimming the backlight for reduced power
usage. This process is called image compensation in the
following discussion. The video clips available for stream-
ing at the servers are rst pro led, processed and annotated
with data characterizing the luminance levels during vari-
ous scenes. The next subsections present the approach we
take in extracting this information and using it at the client
to decrease backlight according to the compensation step at
the server, in order to maintain the same overall result.

4.1. Theoretical Background

On a back-lit LCD screen, the perceived intensity of pix-
els is given by the formula;

I =% £ L £Y,where % is the transmittance of the
LCD panel, while L and Y are the luminance of backlight
and displayed image respectively.

The luminance of a pixel is computed from the RGB val-
ues through the formula:

Y = rR + gG + bB, where r; g; b are known con-
stants and R; G; B are fundamental color values.

LCD displays are of three types: re ective, transmissive
and trans ective. Most recent handhelds use trans ective
displays, which perform best both indoors (low light) and
outdoors (in sunlight).

For reducing the power consumption during playback,
we dim the backlight while at the same time compensate by
increasing the luminance of the displayed image. There are
two ways for achieving this:

t Brightness compensation, in which a constant value
is added to each pixel’s value in the image: C° =
min(1; C + —C), where C and C° are normalized
RGB values before and after compensation. Each RGB
value needs to be compensated by same amount to
maintain original colors.

t Contrast enhancement, in which all pixels in
the image are multiplied by a constant amount:
C’ = min(1; C~Kk), where C and C° are nor-
malized RGB values before and after compensa-
tion. We use this method in 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=LY).

The compensation can be performed for each individual
pixel color (R, G, B), as above, or for the computed pixel lu-
minance Y. Regardless of the technique, the compensation
may distort the original image. Since pixel values for most
LCDs are in the range 0-255, after multiplication by a con-
stant value some pixels cannot be represented within this
range any more (pixels become saturated and clipping oc-
curs or colors change).

The user decides if some quality can be traded for more
power savings. The quality determines the maximum per-
centage of pixels that can be clipped. Our scheme can be
applied without any degradation to the original video se-
guence (smaller power savings) or with a minimal degra-
dation (hardly noticeable during playing), but with signif-
icantly increased power savings in the display. Note that
the observable degradation may be different for very bright
video clips, where only a limited smaller percentage of pix-
els can be clipped without degrading quality.

4.2. Quality Evaluation

Versions of the above equations have been used by re-
lated projects to compute the necessary compensation of the
image. However, the results are typically validated through
display simulation or human surveys. In other cases, the
degradation in quality is estimated by computing pixel level
difference between the images or using an illuminometer.
These methods have drawbacks in term of accuracy and rel-
evance of results.

We introduce an alternative, novel way of validating the
results with a digital camera. By taking a picture of the PDA
displaying the original frame (reference snapshot) and com-
paring it with a picture of the same frame after adjustment
(compensated snhapshot), we can objectively estimate how
close the resulted image on the PDA is to the original one
(Figure 2). The picture taken by the camera incorporates the
actual characteristics of the handheld display, which are not
otherwise captured by a simulation. Therefore, the results
are more realistic, while and easier to obtain than through
human observation. A digital camera has a monotonic non-
linear transfer function[8] and allows us to objectively esti-
mate the similarity between two images.

We estimate the difference between the LCD snhapshots
by computing their histograms. The histogram was chosen
as a metric because it represents both the average luminance
and dynamic range for an image, as shown in Figure 3.

Typically, brightness and contrast adjustment will re-
sult in a shift of average luminance and a change in dy-
namic range. We use histograms to help us understand how
backlight reduction and brightness compensation affect the
original image and to validate our technique. A loss-less
scheme allows for minimal power savings while preserv-
ing the quality of the video clip virtually unchanged. If 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
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Figure 4. Original (full backlight) frame vs
compensated (50% backlight) frame - camera
snapshots
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Figure 5. Quality trade-off shown in a his-
togram
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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-



