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ABSTRACT

Recently, scientists are paying more attention to the Organic Light Emitting Diode (OLED)
technology as it is being used in devices and displays to play videos and show photos with high
resolution. This technology is used in products such as mobile phones, televisions, laptops, etc.
To make the energy consumed less, new methods were shown up to prevent high energy
consumption while presenting videos and photos on OLED devices and displays without losing
their details and quality, one of the methods is a deep learning-based technique which is related
to artificial intelligence. In this review paper, the last methods were discussed as well as their
results. Saturation, brightness, contrast, and luminance are factors that impacting energy
consumption. In terms of OLED mobile phones, there were a few studies that concentrated on
turning off the unnecessary pixels which will be black as default, and as a result, the lifetime of
batteries will be extended. Also, for OLED mobile phones, a web browser called Chameleon
was presented as it has some modes to save the energy consumed while surfing the internet by
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1 Introduction

Organic Light-Emitting Diode (OLED) display is a new
technology that showed better results than liquid crystal
displays (LCD) in terms of brightness, good view, and the
ability to make flexible displays from it [1]. In the last few
years, a lot of display industries started to merge OLED
displays in their products such as smartphones, TVs, wearable
devices, and much more. Also, transparent OLED display
(TOLED) was presented lately, as many companies started to
merge it in their goods like military products, vehicle
construction, and other industries [2]. To decrease the power
consumption in OLED displays, some methods were made in
terms of hardware enhancement and image processing [3,4,5].
This review paper talks about the next methods, Unsupervised
PCCE Technique, Region Of Interest (ROI) Extraction &
Region Of Noninterest (NON-ROI) Dimming, A Web
Browser For Mobile OLED Displays; Chameleon, and
Darkening OLED Display Partially, that were used to achieve
the desired goal. In terms of mobile devices, it was found out
that screens consuming the highest ratio of the battery’s power
by comparing it with other components with a percentage
between 38-50% [6,7]. The advantage of OLED displays is
that each pixel emits light by itself without needing a
backlight, unlike LCDs. Therefore, it easier to save power
consumed by turning off the unnecessary pixel according to

the displayed image or video as every pixel emits the green,
red and blue color [8, 9]. According to Dong and Zhong, the
power consumption is low in black color and highest in white
color [10, 11]. Some researchers advised that changing color
sets may affect the energy consumed by OLED and make it
less by 40% [12].

In the experience of web browsing using smartphones with
OLED displays, it is known that webpages have different
color designs, especially white color which is 80% [13], some
of them use GIFs and flash videos which increase the power
demand from the battery to display them on OLED displays.
Mobile devices that have OLED displays are facing some
problems in terms of energy saving and researchers say that
losing energy could be less when the reduction of brightness
is applied, but the user will not be satisfied [14]. Some
methods were implemented to reduce power consumption
while keeping and preserving the details of images displayed
on OLED display. One of the methods is depending on the
power-constrained contrast  enhancement (PCCE)
implemented by using one of deep learning algorithms [15].
Another method is by darkening the image by reducing the
luminance of some pixels according to the displayed image on
OLED display, in other words, remapping the colors of the
image [8]. One more method depended on the dark scheme
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which generates a part of black color on OLED screen with a
specific percentage [16].

2 Methods and Implementations

In this section, some methods will be explained in terms of
saving power while preserving the displayed details of the
image according to some studies. Also, other studies will be
explained on mobile devices that use the OLED display.

2.1  Unsupervised PCCE Technique

This method relates to one of deep learning algorithms
directly that called Convolutional Neural Network (CNN).
Deep learning outperforms the other methods in terms of
image enhancements [17,18]. It is used to enhance power
consumption by reducing it while viewing the most improved
photo in terms of brightness and details on an OLED display
[15]. This display’s total dissipated power (TDP) that has N
pixels is expressed according to [4,19,20] as follows:

Darkened Luminance
“Image (Xp)

[V &

Input Luminance
Image (X)

10100

.

P= Z?’:l(wo + wgRY + w;G! + wgB)) (1)
Whereas R;, G; and B; are the intensities of red, green and blue
color for the i pixel, wo constant value of power giving to for
the non-pixel section of display, Wgr, W, Wg and vy are the
values of coefficients that are depending on the panel.

This method requires a dataset to be implemented, the dataset
was chosen to be Berkeley Segmentation Dataset (BSD) [21].
To train a deep learning CNN model, two components must
be considered which are the network architecture design and
the loss function. Context aggregation network (CAN) [22]
was employed as the base network because it has the feature
of demanding a small number of network parameters. For the
loss function, training without the reference image was made
as it is related to unsupervised learning. By doing this, the
enhancement of image’s contrast is applied, and at the same
time, power consumption is being saved [15]. The method
divides the image into two images, luminance, and color. The
luminance’s intensity reduces to decrease the power demand,
of course, the contrast in this way improved by using the deep
learning method, CNN, and after that, the resulted photo will
be added to the color image as shown in Figure 1 [15].

Contrast Enhanced
Luminance Image

(f(Xp))

Output Image

Color Image

Input Image

Figure 1. The image before and after implementing CNN method [Adapted from reference 15].

After reducing the luminance of the input image, the rate of
power saving (R) will be reduced as well as shown in Eq. (2).
Pgim and Pi, are TDP of dimmed and input images, and k is a
ratio of reducing the luminance image’s intensity. By
implementing this, the image quality may reduce and lose its
details, for that the adaptive contrast enhancement (ACE) was
introduced to improve the contrast of darkening image [15].

_ 4 Paim _ 4 _ XN ky)Y
R=1 P 1 ¥ o7
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Whereas R;, Gi, and B; are the intensities of red, green, and
blue color for the i pixel, Wo constant value of power giving
to for the non-pixel section of the display, Wgr, Wg, Wg, and
v are the values of coefficients that are depending on the
panel.

As shown in Figure 2, the ACE network architecture contains
some layers from the input image which is Lo to the output
image that is Lq. Through the process, the image is being
processed by applying the CNN method on it to reach the best
image details with less power demand [15].
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Figure 2. The ACE network architecture [Adapted from reference 15].

In terms of the loss function, there are three factors that make
the total loss function which is power loss L, similarity loss
Ls and contrast loss L.. The first factor makes sure that the
power is reduced after improving contrast, the second factor
sets the changing of the image, and the third factor is
enhancing the output image’s contrast. The sum of the three
losses is giving total loss as it is illustrated in Eq. 3. [15].
Hyper parameters that control-related importance to every
factor is Ap, As, and Ac.

Leotar = ApLp + AsLs + AL, 3)

For training the ACE network, 300k iterations were trained
with a 0.0001 learning rate [23, 24]. Adam optimizer was used
as well [25]. The ACE network has seven layers, and the rate
of power-saving (R) was between [0.01, 0.8] for every image
in the training section for every iteration, while in the test
section, the range was between [0.1 - 0.7] with a step of 0.1.

The process is done by using a single Titan X GPU with the
usage of Tensorflow. The dataset is the BSDS500 dataset [21]
which has 500 images, it is randomly separated into the
training section and the testing section as 400 images and 100
images, respectively. As a result, the training process is good
and it is done without the problem of over-fitting.

In terms of video displaying, an experiment was applied for
two movies which are ‘The Shawshank Redemption’ and
‘Avatar’ [26]. An average luminance with the value of R in
the ACE network was employed for the frame of the input
video. In dark scenes, the R-value is approximately O to stop
reducing brightness, whereas it has a large value for bright
scenes and frames to reduce their brightness in order to reduce
power consumption [15].

2.2 Region Of Interest (ROI) Extraction & Region Of

Noninterest (NON-ROI) Dimming

Here, by using extraction and dimming features and applying
them to the image, the power consumption reduces. In
addition, the details of the image save as well.

Dong & Zhong were the first who modeled the formulas for
optimizing and modeling power for the OLED displays, they
designed Eq. 4 which shows the power contributed for one
pixel in terms of three colors are red, green, and blue, whereas
f(R), h(G), and k(B) are expressing the consumed power for
each color in the pixel; red, green and blue, respectively.

Eqg. 5 shows the full power consumption that the OLED
display consumes for n pixels. There is a constant value which
is C that is expressing the stable power consumption required
by control chips [10].

Ppixe1(R,G,B) = f(R) + h(G) + k(B) (4)

()

It depends on getting rid of the un-useful details while keeping
the area of interest in the photo. It has two levels; the first level
is extracting the region of interest (ROI) by using the detection
model on the photo. The second level is by changing the
saturation and luminance degrees that are related to the
noninterest region (NON-ROI) of the photo. By implementing
this technique, the consumed power reduces as the NON-ROI
is getting dimmed by changing its parameters which are
saturation and luminance.

P=C+XL, {f(R)+h(G) + k(B)}
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To use the abstraction method on ROI, the Canny [27]
algorithm was used, also, and for changing luminance and
saturation values for NON-ROI, ALS (adjusting luminance &
saturation) method was used.

In terms of ROI, the Canny method is designed for a gray
image to find the edges of it and because of the improvements
of this industry, it uses to detect the edges of color photos [27].
So, to apply this method, by using Eqg. 6, the photo converts to
gray [8].

Pgray = Pg % 0.299 + P; * 0.587 + Pg * 0.114
(6)

After that, the resulted gray photo will be smoothed. Then, the
areas of images with high and sharp gray intensity will be
found, and a gradient will be applied to them, this step is called
non-maximum suppression. Then after, and to get rid of the
noise in the photo, it is a substantial thing to filter the
undesired low gradient value. Finally, the pixels will be
connected to each other forming the edges.

In terms of NON-ROI, and by changing the values of
saturation and luminance, the power consumption will be
reduced. Keeping the quality and details of the photo are
important in this case. These factors will be applied to NON-
ROI related to the photo to make sure that the photo still has
almost the same requirements for the user vision.

For changing luminance value, it is known that the pixel’s
luminance is related to the red, green, and blue colors. When
changing pixel’s luminance, their values reduce power
consumption. The luminance for a pixel is the sum of values
of R, G, and B colors for a pixel, Eq. 7 shows the function of
sum. Adjustment of luminance is expressed by Eq. 8. Ppixel IS
prime luminance for one pixel, whereas P’pixel IS expressing
luminance after adjusting it. The parameter of adjusting is X
which has a value between {0-1}. Adjustment regions’
number in the noninterest region in the image is expressed by
N. Region number of pixels located is n;.

Ppixel(s) =f(R,G,B) (7)
sixet (S) = F(R,G,B) x (1= X » () (8)

To change the value of saturation, and according to OLED
displays, the blue color component was found that it is
consuming higher power than other color components as
shown in Figure 3. So, when adjusting the saturation value of
the photo, it means that the values of the components that

consuming higher power will be reduced and the bright image
will be dimmed as well. The method’s name is Adjusting
Luminance & Saturation (ALS) [8]. For videos and mobile
games, the darkening method is a good technique to be
implemented in order to save more energy [28, 29].
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Figure 3. Power consumed by red, green, and blue
components of OLED pixel [Reproduced with permission
from reference 8. Copyright 2016, Deguang Li et al. Mobile
information systems].

23 A Web Browser For Mobile OLED Displays;
Chameleon

In terms of internet usage and surfing various websites on
mobile OLED displays, a web browser color-adaptive is
presented. OLED displays are consuming a lot of energy when
the main color is white, which is a power-hungry color. It is
obvious that the black color consumes much less power.

For one pixel I, the total power consumption is expressed by
Eg. 9, meanwhile, Eq. 10 is to calculate the power
consumption for an OLED display of N pixels [30].

PL':a.Ri+b.Gi+C.Bi (9)

P =Z§V:1 P,: = {V:l (aRL+bGl+CBL) (10)
As it is noticeable, most of websites are depending on white
color in their color design for displaying their websites’
contents. From that point, the Chameleon web browser raised
up to recolor the GUI objects of websites, while keeping
images without changes. The GUI objects’ colors are being
transformed by counting, mapping, and painting them again
in a way that keeps the consistency of their colors for each
website as is illustrated in Figure 4 [31].
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Figure 4. GUI objects’ color transforming. [Adapted from reference 31]

In terms of video support, it is easy to make the video darker
by putting a dark layer that has an opacity level on the video
with the same size as it. As a result, power consumption will
decrease and battery life will increase [31].

2.4  Darkening OLED Display Partially

As OLED displays depending on the colors that are being
displayed, a new method was discovered to reduce the power
consumption of OLED displays by darkening them partially.
In this method, the black color which is known as a
nonconsumer power color, active to darken the display by a
specific ratio according to the OLED display. In other words,
the pixels which include the diodes turn off.

This method made some experiments by analysing and
modifying the android OS internal code. It is well known that

when using mobile phones, a drawing process is being
activated to show the new contents of the display which
consumes more power, especially when scrolling the screen
up and down [32]. By implementing this method, and by
editing the source code of the Android operating system, it is
possible to change the displaying parameters and the
displaying dimensions according to the whole size of the
OLED display, as it is related to the GPU drawing [33], by
dividing the screen into the active and darkened screen as it
is illustrated in Figure 5. In other words, it gets rid of the
unnecessary computations which are happening in the
android OS to view the new contents after scrolling up and
down [16]. The study was made also by taking brightness into
consideration, low and high brightness intensity, for both
cases which are full display and partial display on OLED
screens [16].
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Figure 5. (a) Viewing full screen on whole OLED display (b) Viewing partial screen with 30% darkening display from top
[Adapted from reference 16].

Some studies [34, 35, 36] concentrated on Dynamic Voltage
Scaling (DVS) to reduce the power consumed by OLED
display when showing a video as the model is dominate the
OLED display’s input voltage.

3 Results and Discussions

The results of the unsupervised power-constrained contrast
enhancement (PCCE) technique, region of interest (ROI)
extraction & region of noninterest (NON-ROI) Dimming
method, and Chameleon method studies show in this section.

3.1  Unsupervised PCCE Technique

The conventional methods prevent selecting the requested (R)
value, so they selected the parameters to get that value
inversely, so the produced image gets the desired value of
(R=0.5). When this value selects, power consumption reduces
to its half as the intensity of the image’s luminance reduces.
As shown in Figure 6, the optical comparison is made
between four methods, three of them are conventional and the
fourth one is the proposed method. In Figure 6, (a) is the input
image, (b) is HPCCE [4], (c) is Chang et al [37], (d) is
Chondro et al [5], and (e) is the proposed method [15]. By
comparing the produced images, we can easily notice that the
proposed method has the best result by preserving the details
of the image and improving the contrast for the fixed value of
(R). The input image in Figure 6 (a) was taken from BSDS500
test sets of the dataset [38].
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Figure 6. The optical comparison of the conventional and proposed method in BSDS500 test sets; (a) original photo, (b)
HPCCE [4], (c) Chang et al [37], (d) Chondro et al [5], (e) proposed method [15] [Adapted from reference 15].

As mentioned before, the loss function is a combination of
three factors, which are power loss L, similarity loss Ls, and
contrast loss Lc. To check the performance of each factor,
training was made on the ACE network without each factor.
The proposed method is the best result which is the
combination of the three factors is working together to get the
superior image as it shows the high contrast, image details and
at the same time limits the power consumption.

3.2 Region Of Interest (ROI) Extraction & Region Of
Noninterest (NON-ROI) Dimming

By using the proposed method of adjusting luminance &
saturation (ALS) and comparing it with the other two
methods which are adjusting luminance (AL) and adjusting
saturation (AS) in terms of power consumption, the best
method selected for future usage. The previous methods
applied to (Seagull) photos [8]. The result shows in Figure 7.
The display model was selected to be the auOLED-32028-P1
AMOLED (P1 Active Matrix Organic Light Emitting Diode)
with a power meter of HOIKI 3334. The resulted photo after
implementing the three methods illustrates the differences
between each of them in a visual way [8].
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(d) ALS

Figure 7. Images processed by the three methods: (b) Using adjusting luminance, (c) Using adjusting saturation, (d) Using
adjusting luminance & saturation [Reproduced with permission from reference 8. Copyright 2016, Deguang Li et al. Mobile
information systems].

When using adjust luminance method, the power reduced by
a percentage of 26.68% in (b) case. In (c) case, the power 3.3 A Web Browser For Mobile OLED Displays;
decreased by 25.96%. In the proposed method which is (d) Chameleon
i 0,
case, power consumption of 26% reduced. Like every application, there are various options and modes

It was found that the adjusting luminance & saturation method LO use andffsele(]:ct from |C|115|dte thel prt"?ram- %ha?eleganeI?
is effective in terms of saving power when the content of TOWser OTIETS Tour modes to select from which are, Lark,

photos has blue or white colors with a high ratio. However, it Green, Arbitrary, and Inversion mode as shown in Figure 8.
is not much effective, when the major color of photos is grey.
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Figure 8. Original view and other four modes for displaying [Adapted from reference 31].
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It was found that the power consumption decreased by 25% in
dark mode, 34% in green mode, 66% in Inversion mode, and
72% in Arbitrary mode. Inversion mode uses blue color. In
this result, the Arbitrary mode is the best in terms of saving
power. Overall, and in this method, while surfing the internet
and websites, 41% of the power consumption of the system
was reduced.

3.4  Darkening OLED Display Partially

The presented method promises to achieve more by reducing
the power consumption of OLED displays. By applying it on
Nexus 6, and after shutting down some services like
Bluetooth, Wi-Fi, GPS and putting it in airplane mode, the
results came out. The method was able to reduce the power by
11.1% when low brightness was activated, and in high
brightness mode the power reduction was 10.4%.

4 Conclusion

Some studies were made to enhance saving power
consumption for OLED displays. Energy-saving methods for
OLED displays commonly used and information about the
application of the methods is given in this review paper. This
paper shows four various techniques which showed positive
and promising results. The first work is by using an
unsupervised deep learning method on PCCE with great
results for the OLED display. This method is the
convolutional neural network (CNN) which is used in the
ACE network, and for training it. A new loss function is
proposed which is a combination of three factors, power loss,
similarity loss, and contrast loss. The result was superior in
terms of contrast, details, and power consumption by
comparing it with other methods. The second study depended
on extracting edges and changing the values of luminance and
saturation. The quality of photos was preserved and power
consumption was reduced by 22.5%. The third study was
made by using a color adaptive web browser on mobile
OLED devices, it showed a perfect performance in terms of
power reduction which was reduced by 41% for the system
power. The fourth and last study explained the idea of
changing the computation of the drawing area of mobile
OLED display devices, by altering the android operating
system’s code and getting rid of the unnecessary computation
on the dimmed area. The reduction of power consumption
reached 11.1% when the brightness was low, and 10.4% when
high brightness was activated.

As a future work in terms of methods used, more advanced
deep learning methodologies may be used to get more
accurate results. In addition, some improvements could be
done to the internet browser to make it more reliable by
decreasing consumed power. Also, Android and iPhone
systems’ developers may possibly add some features that one

of them is letting users darken a specific part of their phones’
display by developing their internal system.
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