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Abstract—Mobile displays have been recognized as the major contributors to the energy consumption of contemporary mobile video
services. Existing display energy reduction (DER) algorithms focus on local video/image processing by utilizing the computation
resources on the mobile devices. As such, a per-device DER strategy is highly inefficient from the systematic perspective since the
same computation is repeated among millions of individual mobile devices. In this new era of cloud-based video streaming, a natural
question to ask is can ubiquitous cloud resources be exploited to overcome these drawbacks. It is based on this motivation that we design
a paradigm-shifting strategy to integrate the display energy saving engine into cloud-based video streaming in order to simultaneously
benefit massive mobile devices with a one-time video processing in the cloud. By taking full advantage of the computational and storage
resources in the cloud, a family of Rate-Distortion-Display Energy (R-D-DE) profiles can be created for a given video source and for
different types of mobile devices. The preliminary experimental results with OLED displays prove that we can achieve the desired DER
performance through jointly managing the display energy and user experience by implementing the proposed R-D-DE integrated video
encoding engine in the cloud.

Index Terms—Display energy reduction, OLED, rate-distortion theory, cloud-based video streaming, big data, cloud media processing.
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1 INTRODUCTION

THE past two decades have witnessed the blooming of
wireless communication technologies and the increas-

ing demand for ubiquitous multimedia access. A recent
study shows that mobile video contents already consume
at least 55% of the total wireless network data traffic by the
end of 2015 [1]. Therefore, video-rich mobile communication
has become the major driving force for the global commu-
nication and mobile industry.

However, it is challenging to manage multimedia big
data in mobile communication networks. The current adap-
tive video streaming technology needs to generate and store
multiple representations for each video content in order
to meet various user-customized demands (e.g. different
bitrates, different formats, and different types of mobile
devices to access video sources). These large volumns of
video data request extensive video processing and massive
video data storage in the media server of the current video
streaming systems.

Meanwhile, the management of mobile video commu-
nication becomes even more crucial when considering the
increasing demand of “green” mobile communications. A
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recent study illustrates that the longest battery life of top
smartphones in the market only lasts for about 10 hours
[2] with continuous video streaming applications. It has
been well demonstrated that the mobile display, as an
ultimate interface between mobile users and video contents,
accounts for a very significant percentage of total energy
consumption of mobile devices [3]. Although various mo-
bile display energy reduction (DER) algorithms [4] have
been developed, most of them are designed as a post-
processing mechanism that is executed on each mobile
device. Upon receiving the video stream, the existing mobile
DER approaches carry out local pixel-by-pixel processing
at each mobile device and the same computation needs to
be repeated for millions of individual mobile devices of
the same type. Such repeated computation on a per-device
basis is absolutely inefficient from the overall systematic
perspective.

Fortunately, the emergence of cloud computing and
storage platforms [5]-[7] in recent years provides a golden
opportunity to design the next generation mobile video
streaming systems. The virtualization of computation and
storage resources in the cloud offers a fundamentally differ-
ent design space for preparing video streams to be delivered
to millions of mobile users. In particular, it is now possible
to shift large scale video processing tasks to the cloud since
only the resource-abundant cloud can afford the intensive
processing and storage resources during the video stream
preparation process.

It is based on this principle that we proposea novel
cloud-based video streaming infrastructure in this research
by integrating mobile display energy saving into video en-
coding process. To accomplish the desired shift of per-device
video processing to cloud servers, it is necessary to embed
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(a) The current practice. (b) The proposed framework.

Fig. 1. Illustration of the proposed framework for integrating mobile video display power saving into the cloud.

DER parameters extracted from video contents into encoded
video streams for delivery. A mobile video user is expected
to receive a video stream compatible with his or her own
mobile device for energy saving viewing. Once successfully
implemented, this paradigm-shifting scheme will be able
to release individual mobile device from extensive DER
computation.

In contrast to conventional video streaming systems
that adopt the classical Rate-Distortion (R-D) principle to
optimize the bandwidth efficiency and video quality, this
new scheme needs to consider an additional measure in
display energy saving when generating the video streams.
For each type of mobile devices, a Rate-Distortion-Display
Energy (R-D-DE) curve needs to be created. Therefore, for a
class of mobile devices, this new framework creates a family
of R-D-DE profiles for any given video content. In addition
to the R-D characteristics of a given video, each family of R-
D-DE profiles contains a set of common DER parameters for
a class of mobile devices in order to support various energy
saving requests of mobile users under different network
conditions. The proposed framework can be considered as
a paradigm-shifting design such that, once successfully im-
plemented, it will be able to replace the massive per-device
DER computation with a one-time global video processing
in the cloud.

The remainder of this paper is organized as follows. In
Section 2, we will present the proposed cloud-based DER-
aware video streaming infrastructure in detail. In particular,
we will explain how the proposed framework can exploit
the opportunity of the cloud and accomplish DER in the
cloud. In Section 3, we will introduce the fundamentals of
VS-based DER strategy for Organic Light Emitting Diode
(OLED) displays. We also present the related work of VS-
based DER algorithms in this section. In Section 4, we will
describe the proposed cloud-based video encoding engine
in detail. In particular, we provide an example of R-D-DE
profiles with comparison to the classic R-D principle for the
readers to better understand this new concept. Experimental

results will be illustrated in Section 5. In particular, we
will present a family of R-D curves under different dis-
play energy reduction demands (i.e. R-D-DE profiles) for
different video contents. Finally, Section 6 will conclude this
paper with a summary and some discussions on potential
applications.

2 OPPORTUNITY TO ACHIEVE DER FROM THE
CLOUD: THE PROPOSED FRAMEWORK

In this section, we will present the design and contributions
of the proposed cloud-based DER-aware video streaming
infrastructure with comparison to the current practice.

2.1 The Current Mobile DER Strategy and Practice
As indicated earlier, the current mobile DER strategy is to
execute a proper video processing on mobile device to ex-
tract desired DER parameters. Fig. 1 (a) illustrates a typical
framework of the current mobile video streaming systems
(e.g. the state-of-the-art dynamic adaptive streaming over
HTTP system [8]). In the video preparation stage, the media
server generates and stores a variety of video streams with
different bit-rates for a given original video content. Then
these video representations are properly selected to support
the adaptive bit-rate video streaming based on mobile users’
network conditions (e.g. low bitrate video streams for users
with low bandwidth).

The current mobile DER mechanism, as shown in Fig. 1
(a), can be considered as a post-processing strategy applied
to mobile devices after video streams have been received
and decoded. In this research, we will focus on OLED1

displays with Voltage Scaling-based (VS) DER mechanism

1. OLED [9], [10] has emerged as the new generation of display
technique for mobile devices. With the help of self-illuminating organic
light emission materials, OLED panels are able to provide higher
brightness and hence more power efficient than the conventional Liquid
Crystal Display (LCD) (which is not self-illuminating and requires a
high intensity backlight).



2168-7161 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCC.2016.2630684, IEEE
Transactions on Cloud Computing

3

which reduces the mobile display energy by decreasing the
supply voltage of OLED panels −see Section 3.1 for more
details. The current OLED DER mechanism has already
been adopted by some smartphones in the market. For
example, the Samsung Galaxy S4, S5 and S6 have been
equipped with the display power saving strategy of “auto-
matic brightness” which allows the mobile device to select
the brightness levels based on the remaining battery life.

In contrast to the conventional VS-based DER mech-
anism which dims the luminance of the entire mobile
display at a given supply voltage, the dynamic voltage
scaling (DVS) algorithms [11]- [14] have been developed
aiming at discovering a proper voltage for a specific video
frame or several voltages for different regions of the video
frame by analyzing the video content. In order to further
improve the visual quality of DVS-based algorithm, DER
compensation algorithms [4], [15]-[18] were proposed by
carrying out pixel-by-pixel color remapping to compensate
for the luminance reduction induced by VS. However, all
of these algorithms need sophisticated local computations
which generally require video frame statistics and delicate
mapping parameters. Such per-device DER strategies lead
to two fundamental drawbacks:

1) It is highly energy-inefficient from the global video
service perspective. The same computation for display-
energy-saving oriented media processing needs to be re-
peated by thousands or millions of mobile devices that
receive the same video stream.

2) Potential display power saving can only be achieved
at the expense of additional media processing on mobile
devices when DER algorithms are applied. No DER should
be applied when the display energy saving is less than the
energy used for video processing.

2.2 The Proposed Framework

The ubiquitous cloud resources provide a completely new
design space to overcome the drawbacks of the current
DER mechanism. We will show that it is now possible to
shift the current per-device computation into cloud servers
for global scale display energy saving oriented processing.
This is because only the resource-abundant cloud can afford
processing and storage resources for this video big data
processing (not normally found in the conventional video
coding framework) during the proposed large scale video
stream preparation process (many more R-D families rather
than just one single R-D family). This novel framework is
illustrated in Fig. 1 (b).

Comparing Fig. 1 (a) and Fig. 1 (b), we can observe
that the video encoding and processing in the proposed
framework will generate m families of video streams with
different bitrates for m DER levels. This is in strong contrast
to the current video streaming systems where only one
family of video streams are created with different bitrates.
For example, let us assume that each raw video sequence
will be encoded into n bit-rate levels to adapt to network
variations, and m power levels are allowed at mobile de-
vices for energy adaptation. For the current video streaming
scheme, n video streams will be generated in the streaming
server, leaving DER-related computations at each mobile
device. In contrast, the proposed framework will generate

n × m video streams with DER parameters embedded in
each video stream. Fortunately, these streams can be pre-
pared effectively in parallel with the virtualized computing
and storage in the cloud. In addition, all DER-related video
processing can be achieved via the proposed video encoding
engine (see Section 4.1 for details) in the cloud.

Comparing to the current practice, cloud storage servers
in the proposed framework are expected to store many
more additional video streams for the same video content
to accommodate different bit-rates under different DER
strategies. Fortunately, this large storage requirement of the
proposed framework can be quite easily accommodated by
the abundant storage resources in the cloud. Novel video
caching schemes [19] can be directly adopted in the cloud to
improve the storage efficiency.

By shifting the per-device local DER computation to the
global video encoding process in the cloud, the conven-
tional video encoder governed by the classic R-D principle
can now be effectively replaced by the proposed video
encoding engine that is able to create a family of R-D-DE
profiles to characterize the intrinsic relations among video
encoding bitrates, video quality, and mobile display energy.
For each type of mobile devices, the proposed encoding
engine applies a device-specific DER strategy and generates
DER-related parameters based on the corresponding DER-
oriented computation in the cloud.

Notice that these extensive video processing (i.e. R-D-
DE profiling and DER-aware video encoding) in the pro-
posed framework can be efficiently carried out in the cloud.
Some existing cloud computing solutions can be adopted
directly to achieve real-time video processing, e.g. the “split
& merge” architecture [20], [21] (which can achieve dis-
tributed and parallel video processing), the MapReduce-
based clusters [22], [23] (which significantly accelerate the
video processing time in the cloud), adaptive transcoding
schemes [24], [25] (developed for live video streaming), ren-
dering techniques [26] (developed for cloud mobile gaming
services), etc.

In the proposed video streaming framework, when a mo-
bile user starts to request a video sequence, based on his/her
bitrate and DER request, the video streaming server in the
cloud prepares (or selects) an appropriate video stream with
embedded DER-related parameters, and delivers it to the
individual mobile device. The mobile device only needs
to extract the DER parameters from the video stream and
apply the pre-designed DER strategy when displaying the
video. This new cloud-based framework is able to overcome
the shortcomings of the existing DER schemes and achieve
the desired global benefits in energy saving.

The key contributions of the proposed framework can be
summarized into the following three aspects:

1) The proposed framework is able to accomplish the
shift of local DER analysis to the cloud. For a specific class
of mobile devices, the massive repeated local computations
can be replaced by a one-time global video processing in the
cloud.

2) Such a cloud-centric video processing technology
establishes a paradigm-shifting design principle applicable
to a new class of energy-aware mobile video services for
contemporary mobile-pervasive video-rich applications.
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3) The R-D-DE profiling in the proposed framework is
capable of exploiting the intrinsic relationship among bit
rate, distortion, and display energy reduction which pro-
vides a theoretical basis for integrating display awareness
into video encoding. Such a profiling is fully in compliance
with the recent Green MPEG standardization initiative [27],
[28] to achieve broader application potentials.

3 FUNDAMENTALS OF VS-BASED DER STRATEGY
FOR OLED DISPLAYS

To design an effective DER strategy, it is important to
understand the fundamentals of OLED displays. From the
circuit perspective, OLED panels can be divided into two
categories: passive OLED matrix (PMOLED) (in Lenovo S-
800) and active OLED matrix (AMOLED) (in Apple iWatch,
Samsung Galaxy series, and Motorola Moto X series [29]).
Recently, a VS-friendly AMOLED (VSF-AMOLED) driver
was proposed in [4] which can be considered as a DER-
oriented modification to the conventional AMOLED driver.
The typical circuit structures of PMOLED, AMOLED and
VSF-AMOLED drivers can be found in [9] and [4], respec-
tively. In this section, we will focus on answering the two
following questions for VS-based DER in OLED displays.

(1) How to manage the DER of OLED displays via VS?
The power consumption of PMOLED and AMOLED cells
can be calculated via Eqns. (1) and (2), respectively [14],

PPMOLED = Icell(VDD − Vf ) = Icell(VDD − Vf )
ton

ton + toff
(1)

PAMOLED = Icell(VDD − Vf ) (2)

where Icell denotes the cell current; Icell denotes the average
value of Icell; ton and toff are the switch turn on and off
durations in a pulse width modulation (PWM) period of
PMOLED; VDD denotes the supply voltage; Vf is a constant
that denotes the forward bias voltage of the diode.

From Eqns. (1) and (2), we can observe that not only
the DER of OLED displays can be achieved by scaling
down the supply voltage VDD but also governed by the cell
current Icell. The DER of OLED displays has the following
properties:

1) The luminance dimming occurs in OLED displays
when the supply voltage scales down from the full power.

2) The luminance reduction is not always linear (some-
times nonlinear) with the decrease of the supply voltage.

3) The luminance degradation varies with respect to
different types of OLED panels.

Since the cell current is proportional to the luminance of
an OLED cell, it is apparent that the cell current decreases
(but not linearly) with the decrease of the supply voltage. In
addition, different OLED panels have different cell current
decrease for a fixed reduction of the supply voltage. Let us
recall Eqns. (1)-(2). We can then conclude the following:

1) The energy reduction of OLED displays can be
achieved by supply voltage scaling. However, it is not al-
ways linear (may be nonlinear) with respect to the decrease
of the supply voltage.

2) OLED displays with different driver circuit have dif-
ferent power reduction behavior for a given scaled supply
voltage.

(2) Why the VS-based DER would induce luminance dis-
tortion to media contents on the display?

No matter which type of driver circuit is adopted, the
luminance of an OLED cell is always determined by the
cell current (i.e. Icell for PMOLED and Icell for AMOLED)
which is controllable by toning the cell voltage. In addition,
the cell voltage can be adjusted by scaling the supply voltage
VDD . As a result, we can conclude that the luminance of an
OLED cell can be managed by the VS [12]-[14]. However,
the decrease of supply voltage may cause the cell current to
become too low to maintain the requested luminance. Under
this circumstance, the video/image distortion will occur.
We should also point out that the luminance distortion
is an inevitable shortcoming of the conventional VS-based
DER strategy. The more energy saving is desired, the larger
distortion may be introduced into the display of media
content.

3.1 Related Work in VS-based DER Strategy
Based on the above fundamentals, several VS-based DER
approaches have been proposed. In [14], a dynamic voltage
scaling based DER approach was presented for PMOLED
display. The power saving was achieved by reducing the
supply voltage while maintaining the cell current through
delicate PWM on-off period tuning. The authors also
pointed out that image distortion occurs for some high
luminance pixels when the PWM tuning cannot compensate
for the decrease of cell current caused by the VS. In [4],
a dynamic voltage scaling friendly (VSF) AMOLED driver
was presented. This new driver is designed especially for
VS-based DER and therefore provides performance gains
over the conventional AMOLED driver. A fine-grained dy-
namic VS mechanism is developed in [4] where the entire
OLED panel is partitioned into multiple display areas, and
the voltage of each area is adaptively adjusted based on the
media content. In [30], a dynamic backlight scaling strategy
was proposed for LCD displays. This scheme first analyzes
the requested video stream in the cloud and transmits a
document along with the video stream to provide a smart
guidance to backlight adaptation at the mobile device. In
[31], RnB architecture, a rate and brightness adaptation
framework, was proposed to achieve DER-aware mobile
video streaming. This work enriched the current HTTP
adatpive streaming architecture with rate-distortion-energy
tradeoffs for LCD displays. In [17], the authors studied the
power consumption difference among pixel colors (smaller
energy consumption for darker colors) and proposed a
DER-aware user interface. However, these interfaces were
generally GUI based mobile themes or templates by simply
changing the bright colors into dark ones which cannot be
applied to natural images/videos.

We should point out that all existing VS-based DER
strategies for OLED displays have been developed using
local computing resources to carry out on-the-fly media
processing to possibly reduce display energy consumption.
More importantly, per-device DER design can only be con-
sidered as the post-processing of video streams received at
the mobile devices. It is desired to develop a proactive DER
strategy at the video source side in order to achieve the
best possible tradeoff among rate, distortion, and display
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energy instead of dealing with fixed coding rate for received
video. Based on this paradigm shifting strategy, we are able
to move the per-device computation into display-energy-
reduction oriented video encoding and processing in the
cloud through exploiting the R-D-DE characteristics of the
video streams.

We should also point out that the proposed R-D-DE
profile is fundamentally different from the Power-R-D study
[32], [33] which expands R-D curves to Power-R-D by in-
cluding the processing energy consumption of the video
encoding process. In the proposed framework, R-D-DE anal-
ysis is mainly governed by the pixel brightness which is
the output of the encoding process instead of the encoding
process itself. It is the different pixel brightness in each video
frame that consumes different display energy in mobile
devices. This is because the pixel brightness is controlled by
the luminance of the OLED cell which is in turn determined
by the OLED cell current.

Most recently, MPEG initiated the Green Metadata Stan-
dard for energy-efficient video consumption (also known as
Green MPEG) [27], [28]. This standard proposed to mul-
tiplex or encapsulate energy-related metadata into video
streams in order to allow the video consumers to use
energy-related metadata to reduce power consumption in
video encoding, decoding and display. However, the current
Green MPEG standard has been focused on the power
reduction of LCD display via proper adjustment of the
backlight intensity. For OLED displays, it only states that
the DER can be achieved via supply voltage scaling without
detailed elaboration. Therefore, the proposed DER frame-
work for OLED will offer new dimension of insights that is
complementary to the current Green MPEG standardization
initiative. This new framework takes an additional step
beyond the current Green MPEG initiative by character-
izing the complex power consumption behavior of OLED
displays which is vastly different from that of LCD displays.

4 R-D-DE CHARACTERIZATION AND PROFILING

To shift the per-device computation of DER parameters to
the cloud, the proposed video encoding engine will need to
generate a family of R-D-DE curves instead of a single R-D
curve for each class of mobile devices. Several families of
such curves constitute the R-D-DE profiles for a given video
content to be accessed by various mobile devices. In this
section, we will present the details on how to generate such
R-D-DE profiles by integrating the mobile DER into video
encoding process in the cloud.

4.1 The Proposed Video Encoder
The framework of the proposed video encoding engine is
shown in Fig. 2. This engine consists of two major com-
ponents: the DER-aware video encoding and the R-D-DE
profiling. Comparing with the conventional video encoder,
two new modules are added: The Luminance Compen-
sation (LC) and the VS-based luminance model. It is the
introduction of these two new modules that enables the
proposed video encoding engine to generate a family of R-
D-DE profiles and accomplish the desired shifting of per-
device computation to the cloud-based global computation
for systematically massive display energy saving.

Fig. 2. The proposed video encoder in the cloud servers.

When encoding a given video for any class of mobile
devices, e.g. mobile devices with PMOLED, AMOLED or
VSF-AMOLED displays, the proposed encoding engine will
first prepare the video encoding parameters for the raw
video sequence based only on the possible bitrates requested
by the mobile users which are usually represented by the
quantization parameters. This process is the same as the
conventional video encoding. Then, to accommodate the
desired voltage scaling for display energy saving, a proac-
tive LC algorithm is designed aiming at reducing the distor-
tion in luminance degradation caused by the VS of mobile
display. The luminance compensation is accomplished by
“mapping up” the luminance value of the raw video data
based on the requested DER voltage level. The luminance
compensated raw video sequences are then encoded with
the DER related parameters embedded in the bitstreams.
We expect, at the mobile device end, that the embedded
DER related parameters are first extracted from the bit-
streams and directly applied to VS-based DER on mobile
device. This way, the proposed framework is able to release
individual mobile devices from the repeated local media
processing and computation as required in the existing DER
approach to estimate related parameters.

During the profiling in the cloud, the VS-based lumi-
nance model is also applied to the intermediate results of
video encoding or the reconstructed video frames, in order
to mimic the video contents displayed on the mobile device
after VS-based DER is executed at the mobile user end. By
comparing the original video content with the mimicked
displayed video content, we can obtain the quality levels of
this DER-driven video encoding at the requested bitrate.

A complete R-D-DE profiling process will be accom-
plished after all possible bitrates and all possible voltage
scaling levels are considered and used to generate the entire
family of curves. Such family of R-D-DE profiles is illus-
trated in Fig. 3 (b) in which the blue curves show the VS-
based DER without the LC algorithm while the red curves
show the VS-based DER with the LC algorithm. Detailed
explanation of these curves is given in the next section.

4.2 Explanation of R-D-DE Profiling Curves

In this section, we intend to explain in detail the proposed
R-D-DE profiles in comparison with the classical R-D curves
as illustrated in Fig. 3. It is well-known that the classical R-D
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(a) The classical RD curve. (b) The proposed RDDE profiles.

Fig. 3. Illustration of the classical R-D principle vs. the proposed R-D-DE profiles.

theory is fundamental to modern video compression and the
current video streaming infrastructure. Video streams of dif-
ferent bitrates are delivered to different mobile users based
on their network conditions. The higher the encoding bitrate
results in a better the video quality. This phenomenon is
demonstrated clearly via the video snapshots in Fig. 3 (a).
Since VS-based DER mechanism introduces an additional
distortions to the encoded video, the original R-D curve
will move down indicating that extra degradation will be
introduced at the mobile device. The more energy saving is
intended, the worse the video quality will be on the mobile
display. Such a phenomenon is illustrated with the blue
curves in Fig. 3 (b), each corresponding to different level
of voltage scaling.

We should point out that the “distortion” induced by the
VS-based DER is different from the video artifacts caused by
video compression or missing packages in video delivery
process. In this paper, we consider the luminance reduction
of mobile displays as an additional “distortion” injected into
the encoded video streams. For example, we can observe
from Fig. 3 that the snapshot 3 is only darker globally than
the snapshot 1, although the quality of the former is much
lower than the latter in the R-D-DE profiles.

Notice that the existing VS-based DER is carried out
at mobile devices and completely separated from video
encoding/decoding process. Such DER needs to compute
the video statistics after the video has been decoded. Hence,
the blue curves in Fig. 3 (b) can still be obtained by cascading
the computation of encoding distortion from the classical R-
D curve and the computation of an additional “luminance
distortion” caused by the VS-based DER strategy. However,
this simple cascading of two separate process is unable to
reveal the intrinsic relations among bitrate, video quality
and mobile energy saving.

In the proposed video encoding engine, the original raw
video data is first mapped up by the LC module and pushed
into encoding process. As a result, the DER mechanism
has been seamlessly integrated into the video encoding
process. Therefore, such an R-D-DE profiling in the cloud is
able to provide a design guidance to the DER-aware video
encoding and streaming for mobile video applications.

Since the proactive LC algorithm is adopted in the
proposed video encoder in the cloud, this color remapping
strategy can effectively reduce the distortion induced by
the VS. This phenomenon is illustrated as the red curves

in Fig. 3 (b). We show that the red curves have higher
quality then the corresponding blue ones. This illustrative
conclusion is verified by comparing the snapshots of 5 & 6
with the snapshots of 3 & 4 in Fig. 3 (b). The former ones are
apparently “brighter” (with less distortion when comparing
to snapshots of 1 & 2) than the latter ones.

4.3 VS-based Luminance Model

As indicated earlier, one of the key components of the
proposed new video encoding engine is the VS-based lu-
minance model that mimics the luminance behavior of
OLED displays after applying VS-based DER mechanism.
In layman’s terms, this model demonstrates the mapping
between “before” and “after” pixel luminance values of the
video frames after applying VS on the mobile device.

In [4] and [14], Shin and Chen et al. measured the lumi-
nance of PMOLED, AMOLED, and VSF-AMOLED display
panels under different voltage levels and demonstrated the
relationship between the measured display luminance (in
cd/mm2) and the gray level (%) of an image (ref. Fig. 7
in [14] and Fig. 4 in [4]). According to [14], no voltage
scaling distortion is introduced into the displayed content
when operating at a supply voltage of 15V. It is also demon-
strated in [14] that the distortion occurs when the supply
voltage scales down from 15V. Therefore, we assume that
the maximum supply voltage is 15V. In this case, the original
luminance value is equal to the distorted luminance value
with a voltage of 15V (the “diagonal” lines in Fig. 4). Then in
order to characterize the relationship between the measured
display luminance (in cd/mm2) and the gray level (%) of
an image, we apply curve fitting and linear interpolation
to obtain the scaled luminance values. The original axis will
need to be scaled into the range of [0, 255] in proportion, and
the final relationship between the original pixel luminance
value and the distorted pixel luminance value under various
voltage levels is obtained. We named this new model as the
“VS-based luminance model” in this research.

Based on this new model, the voltage levels can be
adjusted in the range of 10∼15V. For any given pixel lu-
minance value x and the supply voltage level VDD, the
expected display luminance value (y∗) can be calculated
through Eqns. (3)-(6) for different display panels.
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(a) PMOLED. (b) AMOLED. (c) VSFAMOLED.

Fig. 4. Illustration of original luminance value vs. distorted luminance value (after VS) in the proposed VS-based pixel luminance model (derived
from the Fig. 7 in [11] and Fig. 4 in [4]).

(a) PMOLED. (b) AMOLED. (c) VSFAMOLED.

Fig. 5. Illustration of the original luminance value vs. compensated luminance value in the proposed luminance compensation algorithm.

1) PMOLED

y =


x x ≤ 71, 10 ≤ VDD ≤ 15
0.2035x+ 59.25 + 0.0531xVDD − 3.95VDD x > 71, 13 ≤ VDD ≤ 15
−0.6584x+ 119.7 + 0.1194xVDD − 8.6VDD x > 71, 12 ≤ VDD ≤ 13
0.166x+ 59.18 + 0.0507xVDD − 3.557VDD x > 71, 10 ≤ VDD ≤ 12

(3)

2) AMOLED

y =

 −0.21875x+ 0.08125xVDD 13 ≤ VDD ≤ 15
−1.1944x+ 0.1563xVDD 12 ≤ VDD ≤ 13
−0.1588x+ 0.07xVDD 10 ≤ VDD ≤ 12

(4)

3) VSF-AMOLED

y =


x x ≤ 122, 10 ≤ VDD ≤ 15
−0.2375x+ 153.75 + 0.0825xVDD − 10.25VDD x > 122, 13 ≤ VDD ≤ 15
−1.648x+ 324.7 + 0.191xVDD − 23.4VDD x > 122, 12 ≤ VDD ≤ 13
−1.006x+ 240.1 + 0.1375xVDD − 16.35VDD x > 122, 10 ≤ VDD ≤ 12

(5)

y∗ = I(y) (6)

where I(·) represents the nearest integer of a real number.
Fig. 4 shows an illustration of the VS-based luminance
model. We can observe that the scaling distortion occurs
when the pixel value is larger than 71 (and 122) with a volt-
age level less than 15V in PMOLED (and VSF-AMOLED).
For the conventional AMOLED displays, the scaling distor-
tion occurs whenever the voltage level is below 15V.

4.4 LC Module
The core innovation of the proposed R-D-DE profiling
scheme is the LC module that implements the proactive
distortion compensation strategy. This novel LC module has
been derived from the VS-based luminance model in the
previous section.

From Fig. 4 (b), we can see that the OLED display
attains the same distorted luminance value (i.e. 100) when
the original luminance value is 100, 119, 145 and 185 for
different values of VDD in 15V, 13V, 12V and 10V, re-
spectively. As a result, we can conclude that when VDD

is reduced to 10V, no scaling distortion will occur if we
pre-compensate the original luminance value from 100 to
185. Based on such analysis and findings, we propose a
luminance compensation algorithm to proactively restore
the distorted luminance value when the voltage level is to
be scaled. For a given pixel luminance value x and a supply
voltage level VDD , the compensated luminance value (z∗)
can be calculated through Eqns. (7)-(10). We should point
out that z∗ is actually the inverse function of y with a
maximal value constraint (i.e. 255).

1) PMOLED driver

z =


x x ≤ 71, 10 ≤ VDD ≤ 15
(x− 59.25 + 3.95VDD)/(0.2035 + 0.0531VDD) x > 71, 13 ≤ VDD ≤ 15
(x− 119.7 + 8.6VDD)/(−0.6584 + 0.1194VDD) x > 71, 12 ≤ VDD ≤ 13
(x− 59.18 + 3.557VDD)/(0.166 + 0.0507VDD) x > 71, 10 ≤ VDD ≤ 12

(7)

2) AMOLED driver

z =

 x/(−0.21875 + 0.08125VDD) 13 ≤ VDD ≤ 15
x/(−1.1944 + 0.1563VDD) 12 ≤ VDD ≤ 13
x/(−0.1588 + 0.07VDD) 10 ≤ VDD ≤ 12

(8)

3) VSF-AMOLED driver

z =


x x ≤ 122, 10 ≤ VDD ≤ 15
(x− 153.75 + 10.25VDD)/(−0.2375 + 0.0825VDD) x > 122, 13 ≤ VDD ≤ 15
(x− 324.7 + 23.4VDD)/(−1.648 + 0.191VDD) x > 122, 12 ≤ VDD ≤ 13
(x− 240.1 + 16.35VDD)/(−1.006 + 0.1375VDD) x > 122, 10 ≤ VDD ≤ 12

(9)

z∗ = min{I(z), 255}. (10)

Fig. 5 shows an illustration of the proposed proactive lu-
minance compensation algorithm. The pre-saturation range
of the curves indicates that the proposed algorithm is unable
to compensate the distorted luminance values in the range
outside its maximum value.
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Fig. 6. The proposed decoder.

4.5 Compatibility to the Current Video Streaming

The proposed new video encoding engine that aims to
shift mobile display energy saving into cloud-based video
streaming can be made compatible to the current video
streaming system. From Fig. 1 (b), we can observe that
the proposed framework generates and stores m families
of video streams with different bitrates for m DER levels,
where the video bitstreams with full power support −with
a DER voltage level of “0”, are also included. Therefore,
this new scheme provides the compatibility needed for the
current video streaming systems.

In addition, the proposed video encoding engine is de-
signed to embed the DER-related parameters to the coded
bitstream. The new Green MPEG standard can facilitate
the embedding of these DER-related parameters as green
metadata for delivery to the mobile devices. Upon receiv-
ing a video stream at the mobile user side, the proposed
video decoder (as shown in Fig. 6) can directly extract the
embedded parameter from the green metadata field and
apply the pre-designed DER level to save the mobile display
energy. The only difference between the proposed video
decoder and the conventional video decoder is that the
former can recognize the green metadata while the latter
just ignores them. Notice that there is no difference between
the proposed and the conventional decoder with respect to
the actual video data decoding process.

Therefore, for the mobile users without the DER mech-
anism, the proposed video streaming system will deliver
the video streams with the DER parameter of “0”. Then
the video can be decoded and displayed normally with-
out processing the embedded DER parameter. As a re-
sult, the proposed framework is fully compatible to the
current video streaming infrastructure. Furthermore, since
only small amount of metadata are embedded into the
video bitstream, this small amount of overhead is negligible
comparing with the volumetric video data transmitted in
the streaming system.

5 SIMULATION RESULTS

5.1 R-D-DE Profiles

In this section, we report the construction of the R-D-DE
profiles for different video contents and different OLED dis-
plays with VS-based display energy reduction. We include
the R-D-DE performance of 5 test video sequences with
a resolution of CIF (“Bus”, “City”, “Football”, “Ice” and
“Soccer”) and 3 video sequences with a resolution of 4CIF
(e.g. “ducks”, “crowd” and “crew”). All video sequences are

encoded by JM 18.5 reference software with a GoP size of
16. The maximum supply voltage of a mobile device is 15V
(with a DER voltage level of 0). For DER, the supply voltage
of the mobile device is scaled down to 14V, 13V, 12V, 11V,
and 10V, respectively (with a DER voltage level of 1, 2, 3,
4, and 5, respectively). This way, we can simply use a 3-bit
DER parameter to represent different voltage levels.

The results of R-D-DE profile construction are shown
in Figs. 7-8 where the red curves denote the classic R-D
performance without VS at mobile devices (the baseline
or upper bound of the R-D-DE curves), the black curves
represent the R-D-DE profile of the conventional VS-based
DER approach (without luminance compensation). The blue
curves illustrate the R-D-DE performance of the proposed
scheme (i.e. both DER and proactive luminance compensa-
tion implemented at video encoding).

From Figs. 7-8, we can conclude that PMOLED display
has the best R-D-DE performance for the proposed DER
algorithm (with compensation). Furthermore, the proposed
algorithm achieves significant performance improvement
compared with the conventional DER strategy (without
luminance compensation). The proposed algorithm needs
less bit-rate to reach a given quality (PSNR) threshold. In
other words, it is able to achieve higher quality (PSNR)
under a given bit-rate budget.

We also observe from Fig. 7-8 that when the scaled
voltage is 13V or 14V, the R-D-DE curves of the proposed
algorithm are pushed quite close to the ideal case without
display energy reduction for all types of video contents. In
other words, we are able to reduce the scaling distortion to
a minimal level with substantial power savings by using
the proposed compensation algorithm. Furthermore, for
PMOLED display, the scaling distortion of “City” and “Ice”
video sequences can be constrained to a minimal level for
all scaling voltages as shown with the “overlapped” R-D-
DE curves for these two videos. This implies that we can
apply the lowest level of voltage (10V here) to the mo-
bile devices to significantly reduce the power consumption
while limiting the display distortion to a unnoticeable level
for mobile users. Such compensation efficiency is achieved
because of the specific luminance histograms of the video
contents. These two video sequences have a large portion
of “dark” luminance values which can be restored easily by
the proposed novel luminance compensation module.

It is also important to note that some of the curves
remain nearly flat even when the bit-rate continues to in-
crease. These curves indicate that higher bit-rate or band-
width does not necessarily result in a higher video quality
for these R-D-DE profiles. This is quite different from the
classical R-D characteristics in which bitrate increase almost
always results in better video quality. Therefore, unique
characteristics of the R-D-DE profile can provide a better
guidance for rate control and quality management than the
classical R-D curves. The display energy reduction strategy
based on R-D-DE profile is able to contribute to the ulti-
mate perception of the video content displayed on mobile
devices.

5.2 Percentage of Display Power Saving
Based on Eqns. (1) and (2), the percentage of power saving
of mobile display can be expressed as:
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Fig. 7. Illustration of R-D-DE curves of different video contents (with a resolution of CIF) in different OLED displays.
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Fig. 8. Illustration of R-D-DE curves of different video contents (with a resolution of 4CIF) in different OLED displays.
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Fig. 9. Illustration of the proposed DER scheme in different OLED displays with fixed scaled supply voltage.

Fig. 10. Illustration of the proposed DER scheme in different OLED displays (△PSNR= 2 dB).
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Fig. 13. Comparison of the proposed, per-device and the conventional VS-based DER algorithms with respect to different video contents 
Fig. 11. Comparison of the proposed, per-device and the conventional VS-based DER algorithms with respect to different video contents in PMOLED
display (Scaled VDD = 10V, QP=20, some “brighter” regions are marked with red circle).
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η =
I ′cell(V

′
DD − Vf )

Icell(VDD − Vf )
(11)

where V ′
DD denotes the scaled supply voltage and I ′cell

denotes the OLED cell current under a supply voltage of
V ′
DD . In addition, we can obtain from Section 3 that the

luminance of an OLED cell is proportional to the value of
the cell current. Therefore, Eqn. (11) can also be rewritten as:

η =
L′
AVG(V

′
DD − Vf )

LAVG(VDD − Vf )
(12)

where LAVG presents the average luminance of the original
video content without VS, and L′

AVG denotes the aver-
age luminance of the displayed video content after VS.
Therefore, Eqn. (12) can be utilized to present the average
percentage of power saving for OLED display after VS.

In Table 1, we show the average percentage of power
saving for all tested video sequences with respect to differ-
ent OLED panels, and different scaled voltages. Practical
power saving may be measured via some contemporary
power measurement tools. However, the display will need
to be isolated from other operations of a smartphone to
achieve precise energy saving measurement.

We should point out that the proposed framework can
achieve virtually the same amount of power saving as per-
device based approach with respect to the mobile display
of each device. For the power consumption on media pro-
cessing, it is clear that the proposed scheme significantly
outperforms the per-device based approach by replacing
millions of repeated local computation on mobile device
with a one-time processing in the cloud.

5.3 Visual Results of Displayed Video
In this section, we present several visual results, i.e. snap-
shots of the video sequences, in order to demonstrate the
following aspects of performance measure:

1) The proposed algorithm can proactively compensate
the luminance distortion caused by VS, and achieve satis-
factory viewing performance on mobile devices (shown in
Fig. 9).

2) For a given distortion budget at mobile device, dif-
ferent OLED panels can save different amount of power by
using the proposed DER scheme (shown in Fig.10).

3) Compared to the conventional VS-based DER algo-
rithm, the proposed scheme can provide better (brighter)
viewing performance (shown in Fig. 11).

4) For a given DER compensation strategy (applied at
the proposed encoder and the mobile device, respectively),
the proposed scheme achieves comparable video quality as
the per-device based mechanism (shown in Fig. 11).

From the snapshots of the “crowd” sequence shown in
Fig. 9, we can observe that PMOLED and VSF-AMOLED
can achieve better performance than AMOLED when adopt-
ing the proposed DER scheme at a given voltage level.
In contrast, all OLED panels have near perfect viewing
performance by using the proposed DER algorithm for the
“ice” sequence.

Fig. 10 demonstrates the snapshots of video contents
on different types of OLED displays at a given distortion
budget and bitrate requirement. In this research, we assume

that the distortion budget (i.e. △PSNR) is 2 dB. From the
R-D-DE profile of “crowd” sequence of AMOLED displays
(shown in Fig. 8), we can see that the highest achievable
PSNR is 38.20 dB when the supply voltage is lower than 15V
(making the smallest distortion of 4.9 dB). Therefore, maxi-
mal supply voltage (15V) should be applied to this sequence
for AMOLED displays in order to satisfy the distortion
budget and bitrate (∼1.68Mbps) requirements. In addition,
we can also observe from Fig. 10 that PMOLED displays can
achieve the given distortion and bitrate requirements with
lower supply voltage than AMOLED and VSF-AMOLED
panels. We can conclude that, for a particular mobile user,
PMOLED displays can save more energy than the other two
display panels when adopting the proposed DER algorithm.

6 CONCLUSION

In this paper, we have presented a completely new cloud-
based mobile video streaming infrastructure aiming at shift-
ing the per-device local mobile DER computation into a
global video processing in the cloud servers. In particular,
we presented a comprehensive R-D-DE analysis to exploit
the potential of integrating DER strategy into video encod-
ing engine implemented in the cloud. The profile construc-
tion module is able to generate a new family of R-D-DE
curves to reveal the intimate relationship between bitrate,
video quality, and energy saving, in order to achieve sig-
nificant performance enhancement over current per-device
display energy reduction algorithms.

We should point out that this cloud-based display energy
aware framework can be applied to an array of contempo-
rary mobile video applications. It can be directly applied
to the current HTTP streaming infrastructure [34]-[36] for
display energy saving. The only change will be to replace
the HTTP server with the proposed cloud-based video en-
coding engine. The current research is considered as QoS
based approach since PSNR is adopted to measure the
video quality. We are working on extending current QoS-
based R-D-DE profiling to QoE-aware DER design based
on some practical QoE models that developed recently [37]-
[39]. For example, the proposed framework can be further
improved when the luminance levels of the mobile viewing
environment are considered for the scenarios of viewing
video in the dark room or under the sunlight.

Although the operational mechanisms of LCD are funda-
mentally different from that of OLED displays investigated
in this research, the design principles for OLED can also
be adopted for the power reduction of LCD displays with
proper adjustments. We will study the R-D-DE profiling of
LCD separately in the future research.

We should also point out that, in contrast to the con-
ventional video streaming system, the proposed framework
stores additional large number of distinct video streams for
the same video content to accommodate different bit-rates
under different DER strategies. Although this large storage
requirement is completely affordable to the cloud, the inde-
pendent storage of all bitstreams still leads to a significant
storage overhead. Therefore, video content deduplication
and caching designs can be carefully designed to improve
the cloud storage efficiency of the proposed framework
(please refer to [40]-[41] for the summary and comparison
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among existing approaches in these two techniques, respec-
tively). We address this challenge in a separate research
project.

In summary, the proposed cloud-based framework, to-
gether with the developed R-D-DE profiles, offers a brand
new opportunity for the mobile users to maximally save
display energy of the mobile device in this cloud-driven,
video-rich mobile era.

REFERENCES

[1] Cisco Visual Networking Index: Global Mobile Data Traffic
Forecast Update, 2015-2020 White Paper [Online]. Available:
http://www.cisco.com/c/en/us/solutions/collateral/service-
provider/visual-networking-index-vni/mobile-white-paper-c11-
520862.html.

[2] A. Williams, Which phone has the best battery life? 5
top smartphones tested and compared [Online]. Available:
http://www.trustedreviews.com/opinions/which-phone-has-the-
best-battery-life, Jun. 2015.

[3] A. Carroll and G. Heiser, “An analysis of power consumption in a
smartphone,” in Proc. USENIX Annual Technical Conf., Boston, MA,
June 2010.

[4] X. Chen, J. Zeng, Y. Chen, W. Zhang, and H. Li, “Fine-grained
dynamic voltage scaling on OLED display,” in Asia and South Pacific
Design Automation Conf. (ASP-DAC), Sydney, Australia, Feb. 2012,
pp. 807-812.

[5] A. Anjum, T. Abdullah, M. Tariq, Y. Baltaci, and N. Antonopoulos,
“Video stream analysis in clouds: An object detection and classifica-
tion framework for high performance video analytics,” IEEE Trans.
Cloud Computing, to appeal, doi: 10.1109/TCC.2016.2517653

[6] T. Rusert, K. Andersson, R. Yu, and H. Nordgren, “Guided just-in-
time transcoding for cloud-based video platforms,” in Proc. IEEE
Int. Conf. Image Process. (ICIP), Phoenix, AZ, Sept. 2016, pp. 1489-
1493.

[7] H. Hong, D. Chen, C. Huang, K. Chen, and C. Hsu, “Placing virtual
machines to optimize cloud gaming experience,” IEEE Trans. Cloud
Computing, vol. 3, no. 1, pp. 42-53, Jan.-Mar. 2015.

[8] I. Sodagar, “The MPEG-DASH standard for multimedia streaming
over the internet,” IEEE MultiMedia, vol. 18, no. 4, pp. 62-67, Nov.
2011.

[9] S. K. Park, C.-S. Hwang, M. Ryu, S. Yang, C. Byun, J. Shin, J.-I.
Lee, K. Lee, M. S. Oh, and S. Im, “Transparent and photo-stable
ZnO thin-film transistors to drive an active matrix organic-light-
emitting-diode display panel,” Advanced Materials, vol. 21, no. 6,
pp. 678-682, 2009.

[10] B. Geffroy, P. Roy, and C. Prat, “Organic light-emitting diode
(OLED) technology: Materials, devices and display technologies,”
Polymer International, vol. 55, no. 6, pp. 572-582, June 2006.

[11] S. C. Hsi, M. H. Sheu, J. R. Chang Chien, and S. K. Wang, “High-
performance local dimming algorithm and its hardware implemen-
tation for LCD backlight,” Journal of Display Technology, vol. 9, no.7,
pp. 527-535, July 2013.

[12] D. G. Yoo and Y. Kim, “Perceived distortion aware backlight
dimming for low power and high quality LCD devices,” in Proc.
IEEE Int. Conf. Consumer Electronics (ICCE), Berlin, Germany, Sept.
2013, pp. 384-385.

[13] R. Min, T. Furrer, and A. Chandrakasan, “Dynamic voltage scaling
techniques for distributed microsensor networks,” in Proc. IEEE
Computer Society Workshop on VLSI, Orlando, FL, Apr. 2000, pp. 43-
46.

[14] D. Shin, Y. Kim, N. Chang, and M. Pedram, “Dynamic driver
supply voltage scaling for organic light emitting diode displays,”
IEEE Trans. Computer-Aided Design of Integrated Circuits and Systems,
vol. 32, no. 7, pp. 1017-1030, July 2013.

[15] M. Dong and L. Zhong, “Chameleon: A color-adaptive web
browser for mobile OLED displays,” IEEE Trans. Mobile Computing,
vol. 11, no. 5, pp. 724-738, May 2012.

[16] S. Cho, S.-J. Kang, and Y. Kim, “Image quality-aware backlight
dimming with color and detail enhancement techniques,” Journal of
Display Technology, vol. 9, no. 2, pp. 112-121, Feb. 2013.

[17] M. Dong, Y. S. K. Choi, and L. Zhong, “Power-saving color
transformation of mobile graphical user interfaces on OLED-based
displays,” in Proc. IEEE/ACM Int. Symp. Low Power Electronics and
Desgin (ISLPED), San Francisco, CA, Aug. 2009, pp. 339-342.

[18] M. Dong and L. Zhong, “Power modeling and optimization for
OLED displays,” IEEE Trans. Mobile Computing, vol. 11, no. 9, pp.
1587-1599, Sept. 2012.

[19] X. Zhang, D. Xiong, K. Zhao, C. W. Chen and T. Zhang, “Realizing
low-cost flash memory based video caching in content delivery
systems,” to appear in IEEE Trans. Circuit and System for Video
Technology.

[20] R. S. Pereira and K. Breitman, “The split & merge architecture,” in
Video Processing in the Cloud, New York: Springer Science & Business
Media, 2011.

[21] W. Han, H. S. Chwa, H. Bae, H. Kim, and I. Shin, “GPU-SAM:
Leveraging multi-GPU split-and-merge execution for system-wide
real-time support,” Journal of Systems and Software, vol. 117, pp. 1-14,
2016.

[22] H. Tan and L. Chen, “An approach for fast and parallel video
processing on Apache Hadoop clusters,” in Proc. of IEEE Int. Conf.
Multimedia Expo (ICME), Jul. 2014, pp.1-6.

[23] W. Zhang, L. Xu, P. Duan, W. Gong, Q. Lu, and S. Yang, “A
video cloud platform combing online and offline cloud computing
technologies,” in Pers. Ubiquitous Comput., vol. 19, no. 7, pp. 1099-
1110, Oct. 2015.

[24] R. Aparicio-Pardo , K. Pires , A. Blanc , G. Simon, “Transcoding
live adaptive video streams at a massive scale in the cloud,” in Proc.
of the 6th ACM Multimedia Systems Conference, Portland, Oregon,
Mar. 2015, p.49-60.

[25] O. Barais, J. Bourcier, Y. D. Bromberg and C. Dion, “Towards
microservices architecture to transcode videos in the large at low
costs,” in International Conference on Telecommunications and Multi-
media (TEMU), Heraklion, 2016, pp. 1-6.

[26] S. Wang and S. Dey, “Adaptive mobile cloud computing to enable
rich mobile multimedia applications,” in IEEE Trans. on Multimedia,
vol. 15, no. 4, pp. 870-883, June 2013.

[27] F. C. Fernandes, X. Ducloux, Z. Ma, E. Faramarzi, P. Gendron, and
J. Wen, “The Green metadata standard for energy-efficient video
consumption,” IEEE Multimedia, vol. 22, no. 1, pp. 80-87, Jan.-Mar.
2015.

[28] ISO/IEC CD 23001-11 Green Metadata [Online]. Available:
http://mpeg.chiariglione.org/standards/mpeg-b/green-
mpeg/text-isoiec-cd-23001-11-green-metadata.

[29] AMOLED [Online]. Available: http://en.wikipedia.org/wiki/AM
OLED.

[30] C. Lin, P. Hsiu, and C. Hsieh, “Dynamic backlight scaling opti-
mization: A cloud-based energy-saving service for mobile stream-
ing applications,” IEEE Trans. Computers, vol. 63, no. 2, pp. 335-348,
Feb. 2014.

[31] Z. Yan and C. W. Chen, ”RnB: rate and brightness adaptation
for rate-distortion-energy tradeoff in HTTP adaptive streaming
over mobile devices”, in ACM International Conference on Mobile
Computing and Networking (MobiCom), Oct 2016, pp 308-319.

[32] Z. He, Y. Liang, L. Chen, I. Ahmad, and D. Wu, “Power-rate-
distortion analysis for wireless video communication under energy
constraints,” IEEE Trans. Circuits Syst. Video Technol., vol. 15, no. 5,
pp. 645-658, May 2005.

[33] Z. He, W. Cheng, and X. Chen, “Energy minimization of portable
video communication devices based on power-rate-distortion opti-
mization,” IEEE Trans. Circuits Syst. Video Technol., vol. 18, no. 5, pp.
596-608, May 2008.

[34] Z. Yan, C. W. Chen, and B. Liu. “Admission control for wireless
adaptive http streaming: An evidence theory based approach,” in
Proc. ACM Int. Conf. Multimedia (MM), Orlando, FL., Nov. 2014.

[35] W. Pu, Z. Zou, and C. W. Chen, “Video adaptation proxy for
wireless dynamic adaptive streaming over HTTP,” in Proc. Int.
Packet Video Workshop, Munich, Germany, May 2012, pp. 65-70.

[36] Q. Liu and C. W. Chen, “Smart Downlink Scheduling for Multi-
media Streaming Over LTE Networks With Hard Handoff,” IEEE
Trans. Circuit Syst. Video Technol., vol. 25, no. 11, pp. 1815-1829, Nov.
2015.

[37] J. Xue and C. W. Chen, “Mobile JND: Environment adapted
perceptual model and mobile video quality enhancement,” in Proc.
ACM Multimedia Syst. Conf. Series (MMSys), Chapel Hill, NC, Feb.
2012, pp. 173-183.

[38] J. Xue and C. W. Chen, “Mobile video perception: New insights
and adaptation strategies,” IEEE J. Sel. Topics Signal Process., vol. 8,
no. 3, pp.390-401, June 2014.

[39] Z. Yan, Q. Liu, T. Zhang, and C. W. Chen, “Exploring QoE for
power efficiency: A field study on mobile videos with LCD dis-



2168-7161 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCC.2016.2630684, IEEE
Transactions on Cloud Computing

14

plays”, in Proc. ACM Int. Conf. Multimedia (MM), Brisbane, Aus-
tralia, Oct. 2015, pp. 431-440.

[40] S. Dewakar, S. Subbiah, G. Soundararajan, and M. Wilson, “Stor-
age efficiency opportunities and analysis for video repositories,” in
Proc. 7th USENIX Workshop on Hot Topics in Storage and File Systems
(HotStorage), Santa Clara, CA, July 2015.

[41] M. Ryu M, H. Kim, and U. Ramachandran, “Impact of flash
memory on video-on-demand storage: Analysis of tradeoffs,” in
Proc. 2nd Annual ACM Conf. Multimedia Syst., San Jose, CA, Feb.
2011, pp. 175-186.

Qian Liu received her B.S. and M.S. degrees
from Dalian University of Technology, Dalian,
China, in 2006 and 2009, respectively, and
the Ph.D. degree from The State University of
New York at Buffalo (SUNY-Buffalo), Buffalo, NY,
USA, in 2013. She was a Postdoctoral Fellow
at the Ubiquitous Multimedia Laboratory, SUNY-
Buffalo from 2013 to 2015. She received the
Alexander von Humboldt Fellowship in 2015, and
is now a Postdoctoral Fellow at the Chair of
Media Technology and the Chair of Communi-

cation Networks, Technical University of Munich, Germany. She is also
a Research Associate Professor at the Dept. of Computer Science and
Technology, Dalian University of Technology, China.

Her current research interests include multimedia transmission over
MIMO systems, IEEE 802.11 wireless networks and LTE networks,
device-to-device communication, energy-aware multimedia delivery, and
the Tactile Internet. She received the Best Paper Runner-up Award at
the 2012 International Conference on Complex Medical Engineering and
was in the finalist for the Best Student Paper Award at the 2011 IEEE
International Symposium on Circuits and Systems.

Zhisheng Yan received B.S. degree from Shan-
dong University, China in 2006, M.S. degree
from University of Science and Technology of
China in 2009. He is now a Ph.D. student of
Computer Science and Engineering at State Uni-
versity of New York at Buffalo. His current re-
search interests lie in multimedia and health-
care applications including mobile virtual real-
ity, energy-saving mobile display, wireless HTTP
adaptive streaming, and telepresence.

Chang Wen Chen (F’04) received his BS from
University of Science and Technology of China
in 1983, MSEE from University of Southern Cal-
ifornia in 1986, and Ph.D. from University of Illi-
nois at Urbana-Champaign in 1992. He is cur-
rently an Empire Innovation Professor of Com-
puter Science and Engineering at the Univer-
sity at Buffalo, State University of New York. He
was Allen Henry Endow Chair Professor at the
Florida Institute of Technology from July 2003
to December 2007. He was on the faculty of

Electrical and Computer Engineering at the University of Rochester from
1992 to 1996 and on the faculty of Electrical and Computer Engineering
at the University of Missouri-Columbia from 1996 to 2003.

He has been the Editor-in-Chief for IEEE Trans. Multimedia since
January 2014. He has also served as the Editor-in-Chief for IEEE Trans.
Circuits and Systems for Video Technology from 2006 to 2009. He has
been an Editor for several other major IEEE Transactions and Journals,
including the Proceedings of IEEE, IEEE Journal of Selected Areas in
Communications, and IEEE Journal on Emerging and Selected Topics
in Circuits and Systems. He has served as Conference Chair for several
major IEEE, ACM and SPIE conferences related to multimedia, video
communications and signal processing. His research is supported by
NSF, DARPA, Air Force, NASA, Whitaker Foundation, Microsoft, Intel,
Kodak, Huawei, and Technicolor.

He and his students have received eight (8) Best Paper Awards or
Best Student Paper Awards over the past two decades. He has also
received several research and professional achievement awards, includ-
ing the Sigma Xi Excellence in Graduate Research Mentoring Award in
2003, Alexander von Humboldt Research Award in 2010, the University
at Buffalo Exceptional Scholar − Sustained Achievement Award in 2012,
and the State University of New York Chancellors Award for Excellence
in Scholarship and Creative Activities in 2016. He is an IEEE Fellow and
an SPIE Fellow.


