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Abstract— With the fast-paced development of computing
technologies, mobile devices have almost sufficient com-
putation and communication capabilities to support mo-
bile multimedia applications such as multimedia streaming,
VoIP, and mobile TV. However, most existing mobile devices
are powered by battery with limited energy resource. To
support multimedia on battery-powered mobile devices, how
to efficiently utilize the limited power source and other
limited network resources has become one of the major
challenges in mobile multimedia system design. It has been
shown that achieving a satisfactory user experience needs
a systematic consideration of both video source adapta-
tion and network transmission adaptation, indicating that
the core of mobile multimedia system design is how to
achieve a good balance of the power consumption between
computation usage and communication usage. In other
words, it depends on how to jointly select video source
parameters and channel parameters based on the video
content characteristics, available network resources, and
underlying network conditions, given the fact that the power
management schemes as well as the nonlinear battery effects
also affect the system power consumption of mobile devices.
In this paper, we review the recent advances in power-aware
mobile multimedia, especially the adaptation technologies
applied in video coding and delivery. In addition, the
major research challenges in the field are demonstrated
and discussed, which include power-management for mobile
devices, rate-distortion-complexity optimized video codec
design, and computational complexity and power aware
cross-layer design and optimization. At the end, we propose
a number of future research directions for audiences to
continue investigation in this field.

Index Terms— Power-aware multimedia, H.264, power man-
agement, joint source-channel coding, power adaptation,
cross-layer design and optimization

I. INTRODUCTION

In recent years, the computation and communication
technologies have been advanced to effectively integrate
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multimedia functions into battery-powered mobile mul-
timedia devices, such as mobile TVs, PDAs, and cell
phones [1]. On the other hand, due to the relatively slow
development on battery technologies, battery capacity is
still very limited [2], [3]. Thus, the gap between power
consumption of mobile multimedia and the limited power
source has been widened. Moreover, better video viewing
experience calls for better compression algorithm, data
rate adaptation, and adaptive error control as well as error
concealment technologies. Thus, the core design problem
of mobile multimedia becomes how to achieve a good
balance of the power consumption between computation
usage and communication usage in mobile multimedia.
Understanding power consumption in mobile multime-
dia is the key for efficient power management of the
next-generation mobile multimedia. In general, power
consumption of mobile multimedia is mainly on compu-
tation, communication, and I/O devices [4]. Since major
signal processing units in codec such as motion estimation
and compensation, forward and inverse discrete cosine
transforms, and quantization require a significant number
of calculations, computational power consumption is of
special interest. Due to the fact that each signal processing
function unit of a codec can operate in multiple modes,
how to select the operation mode of each function unit to
optimally tradeoff the codec power consumption and the
corresponding video distortion has become a great design
challenge. On the other hand, experiment results show that
video encoding consumes about 2/3 of the total power for
video communications over Wireless LAN with relatively
high distortion [5], and this ratio will increase when the
required video distortion becomes lower [6]. Furthermore,
due to the time-varying channel, power consumption on
communication is another important concern. On the
whole, given a required video quality level, to generate
a lower video data rate, higher compression by advanced
video coding algorithms are needed, leading to higher pro-
cessing complexity and more power consumption on com-
putation. Thus, the computational power consumption is
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a decreasing function of the compression rate. For higher
transmission rate, we need more transmission power to
keep the same bit-error-rate performance. In this sense,
there is an intrinsic contradiction on power consumption
allocation between computation and communication.

To minimize the total power consumption of mobile
multimedia, we need to dynamically balance the power
consumption between the computation usage and com-
munication usage. Due to the scalability of a modern
video codec, power allocation between computation and
communication can be adaptive [7]-[9]. For example,
in H.264 main profile, intra prediction can operate in
13 modes [10]. Another example is that inter prediction
allows a variety of operational points such as multiple
reference frames, weighted prediction and quarter pixel
accurate motion estimation, and variable block size for
motion compensation [6]. Furthermore, power consump-
tion on communication can also be controlled by adjusting
the data rate of the encoder, source channel coding
schemes, and the transmission range of a transmitter. In
summary, the design goal of mobile multimedia is to
determine the optimal power allocation between computa-
tion and communication and to minimize the total power
consumption, while keeping the perceived video distortion
at a satisfied level.

In this paper, we will review the recent major advances
in power-aware mobile multimedia with focus on power-
aware video coding and video delivery. We aim at provid-
ing a survey on the solutions to major problems of this
field, such as how various source parameters (e.g., video
coding, video object extraction, and video summarization)
and channel parameters (e.g., selection of transmitter
power levels, selection of modulation and channel coding
schemes, scheduling) are jointly optimized to adapt to the
video content characteristics and the underlying network
conditions to enable energy-efficient mobile multimedia,
and how to assign transmission power and other network
resources among multiple mobile users to achieve the
minimum interference to each other. Moreover, power
management schemes and the nonlinear battery effect will
also be discussed to reduce the power consumption of
the system and prolong the battery operating time. Fur-
thermore, we will present the remaining major research
challenges in the field of power-aware mobile multime-
dia. Future research directions will also be provided to
advance further research efforts in this field.

The rest of the paper is organized as follows. In Section
II, we present a power-aware wireless video communica-
tion system. Power-aware video coding is reviewed and
discussed in Section III. Section IV reviews and inves-
tigates power-aware video delivery. The main research
challenges and future research directions are provided in
Section V. We conclude the paper in Section VI

II. POWER-AWARE WIRELESS VIDEO
COMMUNICATION SYSTEM

A conceptual power-aware mobile multimedia system
is illustrated in Figure 1. At the transmitter device, dif-
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ferent video source adaptation methods, such as typical
prediction and quantization, scalable video coding [11],
transcoding [12], object-based video coding [13], and
summarization [14], may provide different video com-
pression rate based on the video content to match the
receiver capability. Then, the compressed data packets
are transmitted over wireless links. To combat the lossy
nature of a wireless channel, adaptive modulation and
channel coding schemes as well as transmitter power at
the physical layer can be adjusted based on the channel
state information (CSI). Mobile multimedia receiver de-
vices of demodulate the received bit stream, perform error
detection and correction, decode the received bit stream
and display reconstructed video clips. Mobile receiver
devices may interact with the transmitter devices to adap-
tively adjust the compression rate to provide differentiated
services following the interactive activities of end users.
Note that mobile multimedia devices are powered by
battery, which is not an ideal energy source, since it tends
to provide less energy at higher discharging currents. To
minimize the total consumed battery energy for delivering
a video clip with satisfied quality, joint rate-distortion-
complexity optimization to prolong the battery operating
time is necessary.

A. Understanding Power Management in Mobile Devices

Since the battery technology cannot satisfy the growing
power demand of mobile multimedia devices, power man-
agement technology is needed to increase system power
efficiency. However, efficient use of the limited battery
energy is one of the major challenges in designing mobile
multimedia communication devices with limited battery
energy supply. This is because 1) real-time multimedia is
bandwidth-intense and delay-sensitive, and battery may
need to continuously discharge, 2) wireless channel dy-
namically varies over time and space due to fast and large-
scale channel variations, 3) different mobile devices have
different limited processing power levels, limited memory
and display capabilities, and limited battery energy supply
due to the size and weight constraints, 4) video quality
does not increase linearly as the complexity increases,
and 5) battery discharge behaviors are nonlinear. Since the
performance of each part in the mobile multimedia device
is dynamic and heterogeneous, all these innate conflicts
induce the major research challenges in designing these
mobile multimedia devices. Therefore, how and when
to apply a particular power reduction technique is a
challenging problem. However, there does not yet exist a
systematic method for the power management of mobile
devices in real-time multimedia applications.

1) Dynamic Voltage and Frequency Scaling: The mul-
timedia content is time-varying as well as delay-sensitive.
As a result, to maintain a dynamic balance between
the operating level of the processor and the QoS of
multimedia application is challenging. In [15], an offline
linear programming method has been proposed to deter-
mine the minimum energy consumption for processing
multimedia tasks under stringent delay deadlines. In [16],
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Figure 1. A conceptual power-aware mobile multimedia system.

an optimal frequency was assigned by a buffer-controlled
DVS framework to optimally schedule active and passive
states for a video decoding system. The work in [17]
uses the workload of a video application to determine
the frequency and voltage of a processor for playing
streaming video with less power consumption while min-
imizing data losses. The proposed DVS algorithm has
been implemented on PXA270 processor with Linux 2.6
kernel. In [18], both CPU and multimedia accelerator
have been considered to reduce the power consumption
of handhold systems. In [19], based on the statistical
analysis of more than 600 processor load trace files, a
novel interval-based DVS scheme has been proposed to
handle the non-stationary behavior by using an efficient
online change detector and important parameters, and
thereby the penalty incurred by DVS can be efficiently
controlled.

2) Maximizing Available Battery Capacity: Due to the
nonlinear battery effects, the actual battery capacity of
a full charged battery is always less than its theoretical
capacity. Battery capacity decreases as the discharging
current increases, and will recover the decreased capacity
when the battery has been rested or discharged at a
low current rate. Therefore, useable battery capacity is
significantly affected by the discharge current shape. As
a result, a minimum-power-consumption policy does not
necessarily result in the longest battery operating time.
Battery-aware scheduling schemes attempt to tailor the
current of a device to match the optimal discharge rate of
the battery. However, for the run-time and delay sensitive
multimedia application, how to achieve the best tradeoff
between the discharge current shape and video quality is
extremely challenging. Normally, the following guidelines
are used: 1) For a set of scheduleable tasks with different
current costs, scheduling them in the decreasing order of
current costs is the optimum battery solution as shown in
Figure 2 [20]; 2) for a given task ¢ to be executed before
a given deadline d, it is better to lower the frequency and
run without giving an idle slot than to give an idle slot
and run at a higher frequency as shown in Figure 3 [20].

3) Power-Aware Transmission and Buffer Manage-
ment: Wireless network interface cards (NIC) have multi-
ple operation modes such as sleep, idle, transmit, and re-
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Figure 3. Battery-aware scheduling guideline 2.

ceive. Each mode has different power consumption. Thus,
significant energy saving can be achieved by switching the
operation mode from idle to sleep or even off during idle
periods. However, an extra amount of power consumption
is spent to activate or deactivate the electronic components
for mode transition. For multimedia applications, how to
optimally set the transition point of the NIC is a crucial
problem. Bursty traffic could combine the short idle
intervals into longer ones to reduce the number of mode
transition [21], [22]. Consequently, power consumption
on mode transition is reduced. In [23], the minimum
buffer size on the receiver side was determined to achieve
the maximum energy saving under three cases: single-
task, multiple subtasks, and multi-task. In [24], a power
saving approach using a realistic network framework in
the presence of noise has been analyzed. The transcoded
video is buffered by proxy middleware buffers, and then
the buffered video is transferred in bursts over a given
time. Thus, the NIC modes are alternatively switched
between active and idle to save power. In [25], a power-
aware transmission scheme can switch off the card while
frames are being played back until a low-threshold level
is reached in the client buffer. In [26], the video data is
queued in a buffer and sent by bursts at a longer interval.
Consequently, much energy on transmission can be saved.
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Figure 4. Power consumption on computation and communication in
multimedia communication.

B. Power Consumption Tradeoff between Computation
and Communication

The total power consumed by a mobile device is mainly
composed of the power to code the source at the applica-
tion layer and the power to transmit the coded bits at the
physical layer. As shown in Figure 4, a high compression
ratio will increase the encoding computational complexity
and require more computational power. For desired dis-
tortion, the computational power is a decreasing function
of the coded bit rate. On the other hand, to maintain
the desired bit error rate, adequate transmission power is
needed. Therefore, the total power consumption on coding
and transmitting video frame k is a convex function of the
transmission rate, which can be denoted as:

Pl = P&(R) + PE(R) (1)

where PE is the consumed power in coding the k" frame.
Pk is the consumed power in transmitting coded bits at
transmission rate R.

Overall, all practical communication networks have
limited bandwidth and are lossy by nature. Furthermore,
wireless channel conditions and multimedia content char-
acteristics may change continuously, requiring constant
value updates of source and channel parameters. In addi-
tion, multimedia streaming applications typically have dif-
ferent quality of service (QoS) requirements with respect
to packed loss probability and delay constraints. There-
fore, the total power consumption of mobile multimedia
devices can be minimized by taking advantage of the spe-
cific characteristics of video source and jointly adapting
video source coding decisions, transmission power, and
modulation and coding schemes.

Generally, to minimize the total power P;,;, the source
coding parameters .S, channel (transmission) parameters
C, network interface card (NIC) setting N, and decoder
parameters (e.g., error concealment strategy) () have to
be jointly considered to satisfy distortion and delay con-
straints. The goal of power consumption tradeoff between
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computation and communication is to minimize the total
consumed power. The problem can be stated as:

min P(S,C, N, Q)
Dyt (S,C,N,Q) < Dy
s.t. Ttot(‘sa Ca Nv Q) S TO (2)
Ctot(S7 Ca N, Q) S CO

where Dy is the maximum distortion to ensure the
satisfied video quality. 7y is the end-to-end delay con-
straint imposed by the given video application. Cy is
the maximum computational complexity that the mobile
multimedia device can provide. The selection of S, C,
N, and @ will affect the end-to-end distortion D;,;, delay
T}ot, and computational complexity Co;.

A dual formulation to (2), is to minimize the received
video distortion D;,; with constraints of delay, computa-
tional complexity, and power consumption.

min Dtot(S7 C, N7 Q)
Ptot(sachaQ) < PO

s.t. Ttot(S, C, ]\/v7 Q) S TQ (3)
Ctot(Sv 07 Nv Q) < CO

where Py is the maximum allowable power consumption.

To solve the problem in (2), we need to understand
1) how source adaptation at a video codec affects the
computational complexity and the achieved video quality;
2) how transmission adaptation affects the power con-
sumption on transmission and the obtained video quality.
We will discuss these two issues in the following sections
in detail.

III. POWER-AWARE VIDEO CODING

Video coding achieves high compression efficiency, and
enables high resolution videos to be played by mobile
multimedia devices. However, the high coding efficiency
of video coding is achieved at the cost of high compu-
tational complexity. As a result, a significant burden is
put on the processor, which is challenging for mobile
multimedia devices with limited processing capabilities
and battery energy [27], [28].

A. Estimation of Codec Power Consumption by Its Pre-
dictable Computational Complexity

The video encoding and decoding flexibility provides
a variety of multimedia implementation platforms, and
enables significant tradeoff between video coding qual-
ity and computational complexity. In order to optimally
select the optimal operating point of a multimedia ap-
plication for a specific system, the rate-distortion and
the complexity characteristics of the operational video
coders should be accurately modeled. For example, the
computational complexity of an H.264/AVC baseline de-
coder is mainly determined by two major components:
time complexity and space (or storage) complexity [29].
The computational complexity of each module can be
found in [30]-[34]. A tool for the complexity analysis
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of C reference description has been proposed in [35]. In
[36], a generic rate-distortion-complexity model has been
proposed to generate digital item adaptation descriptions
for image and video decoding algorithms running on
various hardware architectures. The model can estimate
average decoding complexities as well as the transmis-
sion bit-rate and content characteristics. As a result, the
receiver can negotiate with the media server/proxy to
have a desired complexity level based on their resource
constraints. Based on operational source statistics and
off-line or online training to estimate the algorithm and
system parameters, a stochastic model has been proposed
in [37]. An analytical rate-distortion-complexity modeling
framework for wavelet-based video coders has been pro-
posed in [38]. In [39], Gaussian mixture models and an
expectation-maximization algorithm have been proposed
to jointly estimate the execution time required by each
video decoder module.

B. Computational Complexity Reduction by Approxima-
tion and the Corresponding Challenges

The computational complexity can be scalable in var-
ious aspects. Based on the observations: 1) not ev-
ery round of local refinement of fast motion search
algorithms can achieve equally good sum of absolute
difference operations; 2) motion estimation of smaller
block modes is often redundant. A joint rate-distortion-
complexity optimization framework has been proposed to
balance the coding efficiency and the complexity cost of
the H.264 encoder in [40]. The method can cutoff the
complexity-inefficient motion search rounds, skip redun-
dant motion search of small block modes, and terminate
motion search at the optimal rate-distortion-complexity
points. In [41], scalable memory complexity reduction
has been considered via recompressing I- and P- frames
prior to motion-compensated prediction. A simple rate-
distortion-complexity adaptation mechanism for wavelet-
based video decoding based on the number of decoded
non-zero coefficients used prior to the inverse discrete
wavelet transform has been proposed in [42]. A real-time
video streaming system based on the complexity model
in [36] has been proposed in [43].

In addition, choosing the right set of encoder parame-
ters results in efficiently coded video. However, joint rate-
distortion-complexity analysis of H.264 is complex due to
the large number of possible combinations of encoding
parameters. As a result, exhaustive search techniques is
infeasible in encoder parameter selection. Several heuris-
tic algorithm has proposed to reduce computational com-
plexity in video coding. In [44], a subset of coding pa-
rameter choices is selected and algorithmic simplifications
are enforced, and then the effect of each parameter choice
and simplification on both performance and complexity
reduction is quantified. Rate-distortion-complexity opti-
mization of integer motion estimation in H.264 has been
discussed in [45]. In [46], the computational complexity
and distortion are estimated based on the encoding time
and mean squared error measurement. Furthermore, the
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Figure 5. User perception versus power consumption [1].

generalized Breiman, Friedman, Olshen, and Stone (GB-
FOS) algorithm [47] has been used to efficiently obtain
parameter settings so that obtained Distortion-Complexity
points are close to optimal. In [48], a non-heuristic
non-probabilistic approach based on non-additive mea-
sure quantitatively captures the dynamic interdependency
among system parameters under uncertainties, which is
possible method to effectively and efficiently optimize
codec parameters.

Furthermore, the quality performance does not increase
linearly as the complexity increases. There is a saturation
point of quality improvement. Beyond that point, signifi-
cant computational effort may get little performance im-
provement, which makes joint rate-distortion-complexity
analysis significantly challenging. Moreover, the video
content and their characteristics can be very different
sequence by sequence, or even frame by frame. The video
content can be slow motion such as head-and-shoulder
video, fast motion such as sport videos, or global motion.
A video frame may contain a simple scene with a few
object motions or a complex scene with many object
motions [1].

The goal of power-aware codec design is to optimally
select codec modes to minimize the power consumption
on computation with the desired visual quality and de-
lay constraints. However, joint rate-distortion-complexity
optimization makes our optimization framework even
more challenging as the state space increases significantly
if more options are considered in the optimization. In
that sense, designing deterministic power-aware codec
algorithms are extremely challenging. Therefore, various
heuristic approaches have been proposed to design power-
aware codec. As shown in Figure 5 [1], selection of
different video compression algorithms will bring about
different levels of video quality and power consumption.
Content aware algorithms can reduce the power consump-
tion with the lossless user perception, while lossy fast
algorithm can adaptively tradeoff the user perception with
power consumption. Consequently, Power-aware codec
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can dynamically select video compression algorithms to
reduce power consumption based on user satisfaction,
video content characteristics, as well as battery states.
In [49], a configurable video coding system is proposed,
which uses an exhaustive search and the Lagrangian
multiplier method to optimize the performance and com-
putational complexity. In [1], power-aware concepts and
considerations of specific conditions such as different bat-
tery status, signal content, user preferences, and operating
environments have been proposed. The proposed system
can dynamically set the codec mode based on different
battery situations to prolong the battery operating time.
A conceptual example of power-aware video coding is
shown in Figure 6, where higher resolution is adopted
under full battery situation while lower resolution is used
under lower battery situation. In [50], an embedded com-
pression algorithm and VLSI architecture with multiple
modes for a power-aware motion estimation has been
presented, which reduces external access caused by video
content, and further reduces the power consumption of the
codec. In [51], an adaptive content-based sub-sampling
algorithm has been proposed. The architecture adap-
tively performs graceful tradeoffs between power con-
sumption and compression quality. The methodology of
power-aware motion estimation has also been addressed
in literature. In [52], hardware-oriented algorithms and
corresponding parallel architectures of integer ME and
fractional ME have been proposed to achieve memory
access power reduction and provide power scalability and
hardware efficiency, respectively.

C. Scalability Video Coding — Another Way to Reduce
Computational Complexity

Scalability Video Coding (SVC) provides the capability
to easily and rapidly fit a compressed bit stream with the
bit rate of various transmission channels and with the dis-
play capabilities and computational resource constraints
of various receivers. This is achieved by structuring
the data of compressed video bit streams into layers.
The base layer bit streams correspond to the minimum
quality, frame rate, and resolution, which provides basic
video quality and must be transferred, and determines
the minimum power needed to drive the codec [53],
[54]. The enhancement layer bit streams represent the
same video at gradually increased quality and/or increased
resolution, and/or increased frame rate, which provides a
flexible coding structure for temporal, spatial, and quality
scalability. Properly enabling the enhancement layer is
able to balance the video quantity and computational
complexity so as to provide a power-aware feature for
codec design.

For mobile devices, throughput variations and varying
delay depend on the current reception conditions, and
need to be considered. Scalability of a video bit stream
provides various media bit rates to match device capability
without the need of transcoding or re-encoding [55].
In [56], video scalable coding can intelligently thin a
scalable bit-stream. In [55], [57], [58], bit rate scalable

© 2009 ACADEMY PUBLISHER

605

media may combine with unequal error protection, selec-
tive retransmission, or hierarchical modulation schemes to
strongly protect the important part of the scalable media
for overcoming worst-case error scenarios and give less
protection to the enhancement layer in order to overcome
the most typical error situations. Thus, video quality may
gracefully degrade to adapt the channel conditions. In
[59], a video bit rate adaptation method relying on a
scalable representation drastically reduces computational
requirement in network element.

IV. POWER-AWARE VIDEO DELIVERY

Transmitting video over wireless channel faces a unique
challenge. Due to the shadowing and multipath effects,
wireless channel gain varies over time, and thus sig-
nal transmission is significantly unreliable. Therefore,
constant power cannot lead to the best performance.
Although the reliability of signal transmission can be
increased by increasing the transmitter power, most of
mobile multimedia devices are powered by battery with
limited power source, making it an unpractical solution.
How to achieve satisfied QoS over a fading channel with
the minimum power consumption is critical for mobile
multimedia device design.

In this section, we examine and review the most popular
techniques for power-aware video delivery in mobile
multimedia applications, i.e., joint source-channel coding
and power adaptation, and cross-layer design and opti-
mization. We present a general framework that takes into
account multiple factors, including source coding, channel
resource allocation, and error concealment, for the design
of power-aware wireless video delivery systems.

A. General Framework

Since video encoding and data transmission are the
two dominant power-consuming operations in wireless
video communication [5], we focus on how to jointly
optimize source coding parameters S (e.g., prediction
mode and quantization step size) and channel parameters
C (e.g., channel codes, modulation modes, transmission
power levels, or data rates) in a power-aware video
communication system to achieve a targeted video quality
or energy usage. Moreover, the delay performance is more
crucial than the computational complexity in real-time
video delivery. Therefore, from (2) and (3), the problem
of power-aware wireless video delivery can be formally
stated as

min Figt
[S.C]
s.t. : Dot (S, C) < Dy;
Ttot (Sa C) S TO’ (4)
and
min Dy
[s.C]
s.t.: Emt(& C) S E07
Ttot(S7 C) S TO’ (5)
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(a)

(b)

Figure 6. Power-aware multimedia example: scalable visual quality and power consumption modes for different battery situations. (a) Full battery
mode, (b) Low battery mode. Note that the right image is an upscaling image that coded in lower resolution.

respectively, where Fy is the maximum allowable en-
ergy consumption, 7p is the end-to-end delay constraint
imposed by the application, and Dy is the end-to-
end distortion. For video delivery over a lossy channel,
the distortion at the receiver is a random variable from
the sender’s point of view. Thus, the expected end-to-
end distortion (averaged over the probability of loss) is
usually used to characterize the received video quality,
and guide the source coding and transmission strategies
at the sender.

The end-to-end distortion E[Dy], the end-to-end delay
Tiot, and the total energy Fio¢ in Eq. (5) are all affected
by parameters S and C. We use Dy (5, C), Tiot (S, C),
and FE}. (5, C) to explicitly indicate these dependencies.
The expected distortion for the kth packet can be written
as

E[Dy] = (1 — pr)E[D}] + pr E[D}], ©)

where pj is the probability of loss for the kth packet,
E[Dj] is the expected distortion if the packet is received
correctly, which accounts for the distortion due to source
coding as well as error propagation caused by interframe
coding. E[D!] is the expected distortion if the packet is
lost, which accounts for the distortion due to concealment.
The probability of packet loss pi depends on the channel
state information (CSI), transmitter power, modulation
and channel coding used. Given transmission rate I?, the
transmission delay needed to send a packet of L bits is
T = %. The energy needed to transmit the packet with

transmission power P is given by E' = “3*.

B. Joint Source-Channel Coding and Power Adaptation

In the literature, joint source-channel coding and power
adaptation is a critical technique to achieve power-aware
video delivery. In this section, we consider several ex-
amples to show how the source coding and channel pa-
rameters including the transmission power can be jointly
selected to achieve energy-efficient video coding and
transmission.

A joint source-channel coding and power adaptation
system is depicted in Figure 7 [4], where source coding
parameters at the encoder and channel parameters at the
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Figure 7. Block diagram of joint source-channel coding and power
adaptation systems.

transmitter are jointly selected by the controller based
on the source content, the error concealment strategy
and the available CSI. In power-aware wireless video
delivery systems, transmitter power adaptation and chan-
nel coding are two powerful techniques to overcome bit
errors caused by unreliable wireless network links. Taking
advantage of the specific characteristics of video source
and jointly adapting video source coding decisions with
transmission power, modulation and coding schemes can
achieve substantial energy efficiency compared with non-
adaptive transmission schemes [60]-[63]. The authors in
[60] proposed a framework where source coding, channel
coding, and transmission power adaptation are jointly
designed to optimize video quality given constraints on
the total transmission energy and delay for each video
frame. In addition to the used rate-compatible punctured
convolutional (RCPC) codes, transmission power of each
packet is also adapted to decrease the loss probabilities
of packets. The work in [61] jointly considered optimal
mode and quantizer selection with transmission power
allocation.

To illustrate performance gain of joint adaptation of
the source coding and transmission parameters in power-
aware mobile video systems, we present some exper-
imental results, which are discussed in detail in [61].
In the experiment, a joint source coding and transmis-
sion power allocation (JSCPA) approach is compared
with an independent source coding and power allocation
(ISCPA) approach in which S and C in Problem (5)
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are independently adapted. It is important to note that
both approaches use the same transmission energy and
delay/frame. In addition, the generalized skip option is
used by the JSCPA approach to improve efficiency [61].
The idea is that if the concealment of a certain packet
results in sufficient quality, then the algorithm can in-
tentionally not transmit this packet in order to allocate
additional resources to packets that are more difficult to
conceal. In Figure 8, we plot the expected PSNR/frame
of both approaches for the “foreman” test sequence
coded at 15 frames/s (fps). We observe that the JSCPA
approach achieves significantly higher quality (expected
PSNR)/frame than the ISCPA. Due to the independent
operation between the video encoder and the transmitter
in the ISCPA approach, the relative importance of each
packet, i.e., their contribution to the total distortion, is
unknown to the transmitter. Therefore, the transmitter
treats each packet equally and adapts the power in order
to maintain a constant probability of packet loss. The
JSCPA on the other hand is able to adapt the power/packet
and, thus, the probability of loss, based on the relative
importance of each packet. For example, more power
can be allocated to packets that are difficult to conceal.
Figure 9 shows an expected reconstructed frame from the
“Foreman” sequence when the same amount of energy
is consumed in the two approaches. Clearly, the JSCPA
approach achieves much better delivery quality than the
ISCPA approach.

To sum up, power-aware joint source channel coding
usually should implement the following three tasks: 1)
Finding an optimal power adaptation scheme and bit
allocation between source coding and channel coding
for given channel loss characteristics; 2) Optimizing the
source coding to reduce the computational complexity and
achieve the target source rate, and 3) Optimizing the chan-
nel coding to achieve the required robustness [64], [65].
Although, these three tasks are separately mentioned, they
are essentially correlated. Properly choosing the mode
and coding rate of codec, channel coding schemes, and
transmission power can reduce the total power of the
system. In [66], a power-minimized bit-allocation scheme
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has been proposed to process power for source coding
and channel coding as well as transmission power for
a given video quality. In [67], the authors proposed to
jointly adjust the operating parameters of the source coder,
channel coder and transmitter to minimize the total power
dissipation, while keeping the end-to-end distortion of the
source constant. In [5], source coding parameters are used
to control the tradeoff between the power consumption
and coding efficiency, which can be achieved by con-
trolling how often to conduct motion estimation. In [68],
properly choosing the encoding modes and corresponding
coded modulation configurations to keep the same dis-
tortion has been discussed. In [14], parameters of video
coder, channel coder, and transmit power were jointly
optimized to minimize the power consumption. In [24],
faster decompression rates saved significant power via
reduced memory accesses. Multi-stage coded modulation
was utilized to accommodate rates in the different modes.
By judiciously selecting operation modes in response to
mobile environment, lower power consumption can be
achieved.

C. Power-Aware Cross-Layer Design and Optimization

Due to limited adaptation to dynamic wireless link con-
ditions and interaction between layers, traditional layer-
separated protocols and solutions fail to provide QoS for
mobile multimedia applications. Therefore, more efficient
adaptation requires cross-layer design, not only from the
video applications’ side, but also from the network proto-
col’s side. Cross-layer design for power-aware multimedia
aims to improve the overall performance and energy
efficiency of the system by jointly considering the video
encoder and multiple protocol layers.

Figure 10 shows a block diagram of cross-layer design
and optimization for general mobile multimedia systems
[69], where a cross-layer controller is designed at the
sender (the source node) to provide the following func-
tionalities: 1) interact with each layer and obtain the
corresponding managerial information, such as the ex-
pected video distortion from the encoder and the network
conditions from lower layers; 2) perform optimization and
determine the corresponding optimal values of control
variables residing in various layers. The control variables
may include, but not limited to, source coding parameters
S at the application layer and channel parameters C' at
the lower layers which include the sending rate at the
transport layer, transmission path at the network layer,
retransmission limit and channel coding at the data link
layer, and modulation and transmitter power at the phys-
ical layer. In this cross-layer framework, network condi-
tions, such as CSI, packet loss rate, network throughput,
network congestion status, etc., are all assumed to be
available to the controller. How to timely acquire and de-
liver these network condition information to the controller
still remains a challenging task.

Power-aware cross-layer design and optimization for
mobile multimedia has received a lot of research efforts.
Various design techniques and optimization methods have
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Figure 9. Frame 92 in the “Foreman” sequence: a) original frame; b) expected frame at the decoder using the JSCPA approach; c) expected frame

at the decoder using the ISCPA approach.
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been developed. First, almost all the work of joint source-
channel coding and power adaptation [4], [60] reported
in Section IV-B adopted the approaches of cross-layer
optimization, where video source coding and communica-
tion decisions have been jointly considered. For example,
the work in [60] jointly considered the error resilient
source coding at the encoder, transport-layer FEC, link-
layer FEC, and power adaptation at the physical layer
to minimize the total end-to-end distortion subject to
the transmission delay and battery energy constraints.
Lagrangian relaxation and dynamic programming were
adopted to obtain the optimal solution.

Besides source coding adaptation, other video source
adaptation techniques can also be considered in power-
aware cross-layer optimization, such as scalable video
stream extraction [11], [70]-[72], transcoding [12],
object-based video coding [13], and summarization [14],
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[73]. For example, the work in [14] studied energy-
efficient video summarization and transmission where
the tradeoffs between the summary transmission energy
cost and the summarization distortion were explored. The
authors in [73] discussed video source adaptation based
on content summarization with power constraint for video
streaming in wireless cellular systems.

Cross-layer optimization for resource allocation and
scheduling is another interesting research topic in power-
aware mobile multimedia. Plenty of research has focused
on multi-user wireless video streaming systems [73]—
[76] where the assignments of the transmission power
as well as other network resources among multiple users
were discussed. For example, the work in [74] stud-
ied cross-layer resource allocation for HSDPA downlink
multiuser video transmission, where the rate assignment,
power assignment, and spreading code assignment among



JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 9, OCTOBER 2009

multiple users were jointly optimized to minimize the
total expected distortion. In [73], the authors proposed a
framework for joint network optimization, source adapta-
tion, and deadline-driven scheduling for multi-user video
streaming over wireless networks while taking into ac-
count the power constraints imposed by the coexistence
of audio users and video users.

V. CHALLENGES AND FUTURE DIRECTIONS

Based on the above discussion, there has been a dra-
matic advance in the research and development of mobile
multimedia systems. However, due to the limited energy
supply in mobile device batteries, unfriendly wireless net-
work conditions, and stringent QoS requirement, current
research on mobile multimedia still faces several main
challenges. In this section, we will list these challenges
and point out the corresponding future research directions.

o Power Management in Mobile Devices: Efficient use
of the limited battery energy is challenging due to 1)
nonlinear discharge behavior of battery; 2) high QoS
requirement of realtime multimedia applications; 3)
dynamic wireless network conditions, and 4) in-
teractive activities of mobile end-users. Therefore,
developing efficient methods for scheduling battery
discharge under different battery capacity status and
different workload is imperative to prolong the bat-
tery operating time.

« Rate-Distortion-Complexity Analysis of Video
Codecs: Joint rate-distortion-complexity analysis
for advanced video codecs, such as H.264 codec,
is complex due to the large number of possible
combinations of encoding parameters. It becomes
more challenging due to the facts: 1) the quality
performance does not increase linearly as the
complexity increases, and 2) different videos with
different contents and characteristics have different
rate-distortion-complexity results. Therefore,
developing efficient, accurate and content-aware
rate-distortion-complexity analysis models for
different video codecs is another -challenging
research task.

o Computational Complexity: As discussed in Section
IV, many source parameters (e.g., prediction mode,
quantization step size, and summary choice) and
channel parameters (e.g., transmitter power level,
modulation, channel coding, and scheduling) could
be considered as the control variables for the opti-
mization of mobile multimedia systems. In order to
achieve the global optimality, we need to consider
control variables and the interactions among them
as much as possible. Moreover, the size of the state
space of an optimization problem normally increases
exponentially with the number increasing of the
selected control variables and their operating points.
Therefore, to make the best trade-off between the
system performance and the computational complex-
ity, how to reduce the computational complexity and
how to determine the suitable control variables and
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their operating points still remain challenging. The
authors in [77] introduce a delay-distortion-driven
cross-layer optimization framework which can be
solved as a large-scale dynamic programming prob-
lem. The work presents a new approximate dynamic
programming technique based on significance mea-
sure and sensitivity analysis for high-dimensional
nonlinear cross-layer optimization in support of real-
time multimedia applications.

o Network Information Feedback and Cross-Layer Sig-
naling: To perform the best adaptation of con-
trol variables to the underlying network condi-
tions, power-aware cross-layer optimization for mo-
bile multimedia requires both accurate and timely
feedback of network status information (e.g., CSI
and availability information of network resources),
as well as more effective communications between
network layers. However, in the literature, perfect
channel state information is usually assumed avail-
able at the controller, which is not real in practice.
Therefore, how to manage the cost of acquiring and
transmitting the necessary network conditions and
how to design cost-effective and time-efficient cross-
layer signaling architectures are still the challenging
issues. An overview of the research efforts in devel-
oping cross-layer signaling architectures is presented
in [78].

VI. CONCLUSION

Due to the large number of video source and transmis-
sion adaptation parameters, time-varying video content
characteristics, uncertain wireless channel conditions, and
nonlinear battery effects, enabling power-aware mobile
multimedia is extremely challenging. In this paper, we
reviewed the latest advances in each component of power-
aware mobile multimedia systems with focus on power-
aware video coding and power-aware video delivery.
Moreover, we focused on the remaining research chal-
lenges in the field of power-aware mobile multimedia.
Based on the challenge discussions, future research di-
rections were suggested.

REFERENCES

[1] C.J. Lian, S. Y. Chien, C. P. Lin, P. C. Tseng, and L. G.
Chen, “Power-aware multimedia: Concepts and design
perspectives,” IEEE Circuits and Systems Magazine, pp.
26-34, 2007.

[2] N. Ravi, J. Scott, and L. Iftode, “Context-aware battery
management for mobile phones: A feasibility study.”

[3] N. Ravi, J. Scott, L. Han, and L. Iftode, “Context-aware
battery management for mobile phones.”

[4] A. K. Katsaggelos, F. Zhai, Y. Eisenberg, and R. Berry,
“Energy-efficient wireless video coding and delivery,”
IEEE Wireless Communications, vol. 12, pp. 24-30, 2005.

[5] Z. He, Y. Liang, L. Chen, I. Ahmad, and D. Wu, “Power-
rate-distortion analysis for wireless video communication
under energy constraints,” IEEE Transaction on Circuits
and Systems for Video Technology,, vol. 15, no. 5, pp. 645—
658, 2004.



610

(6]

(71

(8]

(9]

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

H. Ates and Y. Altunbasak, “Rate-distortion and complex-
ity optimized motion estimation for h.264 video coding,”
IEEE Transactions on Circuits and Systems for Video
Technology, vol. 18, no. 2, pp. 159-171, 2008.

H. Schwarz, D. Marpe, and T. Wiegand, “Overview of the
scalable video coding extension of the h.264/avc standard,”
IEEE Transactions on Circuits and Systems for Video Tech-
nology, Special Issue on Scalable Video Coding, vol. 17,
no. 9, pp. 1103-1120, 2007.

T. Schierl, T. Stockhammer, and T. Wiegand, “Mobile
video transmission using scalable video coding,” IEEE
Transactions on Circuits and Systems for Video Technol-
0gy, Special Issue on Scalable Video Coding, vol. 17, no. 9,
pp. 1204-1217, 2007.

Y. Liang, I. Ahmad, J. Luo, Y. Sun, and V. Swaminathan,
“On using hierarchical motion history for motion esti-
mation in h.264/avc,” IEEE Transactions on Circuits and
Systems for Video Technology, vol. 15, no. 12, pp. 1594—
1603, 2005.

K. Xu and C. S. Choy, “A power-efficient and self-
adaptive prediction engine for h.264/avc decoding,” IEEE
Transactions on Very Large Scale Integration Systems,
vol. 16, no. 3, pp. 302-313, 2008.

J. Ohm, “Advances in scalable video coding,” Proceedings
of the IEEE, vol. 93, no. 1, pp. 42-56, Jan. 2005.

J. Xin, C. Lin, and M. Sun, “Digital video transcoding,”
Proceedings of the IEEE, vol. 93, no. 1, pp. 84-97, Jan.
2005.

H. Wang, F. Zhai, Y. Eisenberg, and A. Katsaggelos,
“Cost-distortion optimized unequal error protection for
object-based video communications,” IEEE Transactions
on Circuits and Systems for Video Technology, vol. 15,
no. 12, Dec. 2005.

Z. Li, F. Zhai, and A. Katsaggelos, “Joint video summa-
rization and transmission adaptation for energy-efficient
wireless video streaming,” EURASIP Journal on Advances
in Signal Processing, 2008.

Z. Cao, B. Foo, L. He, and M. van der Schaar, “Optimality
and improvement of dynamic voltage scaling algorithms
for multimedia applications,” in Proc. 45th annual Design
Automation Conference, Anaheim, California, June 2008,
pp. 179-184.

E. Akyol and M. van der Schaar, “Compression-aware en-
ergy optimization for video decoding systems with passive
power,” IEEE Transactions on Circuits and Systems for
Video Technology, vol. 18, no. 9, pp. 1300-1306, 2008.
H. M. Wang, H. S. Choi, and J. T. Kim, “Workload-based
dynamic voltage scaling with the qos for streaming video,”
in Proc. 4th IEEE International Symposium on Electronic
Design, Test & Applications, 2008, pp. 236-239.

J. Ahn, J. hi Min, H. Cha, and R. Ha, “A power manage-
ment mechanism for handheld systems having a multime-
dia accelerator,” in Proc. Sixth Annual IEEE International
Conference on Pervasive Computing and Communications,
2008, pp. 663-668.

M. Li, Z. Guo, R. Y. Yao, and W. Zhu, “A novel penalty
controllable dynamic voltage scaling scheme for mobile
multimedia applications,” IEEE Transactions on Mobile
Computting, vol. 5, no. 12, pp. 1719-1733, 2006.

R. Rao, S. Vrudhula, and D. Rakhmatov, “Analysis of
Discharge Techniques for Multiple Battery Systems,” in
Proc. 2003 internaltional Symp.Low Power Electronics
and Design, ACM Press, 2003, pp. 44-47.

S. Chandra, “Wireless network interface energy consump-
tion implications of popular streaming formats,” in Proc.
Multimedia Computing and Networking, 2002, pp. 185—
201.

S. Chandra and A. Vahdat, “Application-specific network
management for energy-aware streaming of popular mul-

© 2009 ACADEMY PUBLISHER

JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 9, OCTOBER 2009

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

[31]

(32]

(33]

(34]

(35]

[36]

(37]

(38]

[39]

[40]

timedia formats,” in Proc. Usenix Annual Technical Con-
ference, 2002.

W. Yuan and K. Nahrstedt, “Buffering approach for energy
saving in video sensors,” in Proc. IEEE International
Conference on Multimedia and Expo, 2003, pp. 289-292.
S. Mohapatra, R. Cornea, N. Dutt, A. Nicolau, and
N. Venkatasubramanian, “Integrated power management
for video streaming to mobile handheld devices,” in Proc.
the eleventh ACM international conference on Multimedia,
2003, pp. 582 — 591.

D. Bertozzi, L. Benini, and B. Ricco, “Power aware
network interface management for streaming multimedia,”
in Proc. IEEE Wireless Communications and Networking
Conference, 2002, pp. 926-930.

R. Cornea, A. Nicolau, N. Dutt, and D. Bren, “Annotation
based multimedia streaming over wireless networks,” in
Proc. IEEE/ACM/IFIP Workshop on Embedded Systems
for Real Time Multimedia, 2006, pp. 47-52.

D. G. Sachs, S. V. Adve, and D. L. Jones, “Cross-layer
adaptive video coding to reduce energy on general purpose
processors,” in Proc. IEEE International Conference Image
Process, September 2003, pp. 25-28.

W. Yuan and K. Nahrstedt, “Energy-efficient cpu schedul-
ing for multimedia applications,” ACM Transactions on
Computer System, vol. 24, no. 3, pp. 292-331, 2006.

M. Horowitz, A. Joch, F. Kossentini, and A. Hallapuro,
“H.264/avc baseline profile decoder complexity analysis,”
IEEE Transactions on Circuits and Systems for Video
Technology, vol. 13, no. 7, pp. 707-716, 2003.

Z. He and S. K. Mitra, “A unified rate distortion analysis
framework for transform coding,” IEEE Transaction on
Circuits and Systems for Video Technology,, vol. 11, no. 12,
pp. 1221- 1236, 2001.

W. Zouch, A. Sameti, M. A. B. Ayed, F. Kosse, and
N. Masmoudi, “Complexity analysis of intra prediction in
h.264avc,” in Proc. The 16th International Microelectron-
ics, December 2004, pp. 713-717.

D. Zhang, S. Lin, Y. Zhang, and L. Yu, “Complexity
controllable dct for real-time h.264 encoder,” Journal of
Visual Communication & Image Representation, vol. 18,
pp. 59-67, 2007.

P. M. Kuhn, Algorithms, Complexity Analysis and VLSI
Architectures for MPEG-4 Motion Estimation. Kluwer
Academic Publishers.

Z. Ma and Y. Wang, “Complexity modeling of scalable
video decoding,” in Proc. IEEE international Conference
on Acoustics, Speech, and Signal Processing, 2008, pp.
1125-1128.

H. Ates and Y. Altunbasak, “Rate-distortion and complex-
ity optimized motion estimation for h.264 video coding,”
IEEE Transactions on Circuits and Systems for Video
Technology, vol. 18, no. 2, pp. 159-171, 2008.

M. van der Schaar and Y. Andreopoulos, “Rate-distortion-
complexity modeling for networkand receiver aware adap-
tation,” IEEE Transactions on Multimedia, vol. 7, no. 3,
pp. 471-479, 2005.

Z. He, Y. Liang, L. Chen, I. Ahmad, and D.Wu, “Power-
rate-distortion analysis for wireless video communication
under energy constraints,” IEEE Transactions Circuits Sys-
tem Video Technology, vol. 15, no. 5, pp. 645-658, 2005.
B. Foo, Y. Andreopoulos, and M. van der Schaar, “Analyt-
ical rate-distortion-complexity modeling of wavelet-based
video coders,” IEEE Transactions on Signal Processing,
vol. 56, no. 2, pp. 797-815, February 2008.

N. Kontorinis, Y. Andreopoulos, and M. van der Schaar,
“A statistical framework for video decoding complexity
modeling and prediction,” IEEE Transaction on Circuits
and Systems for Video Technology, 2009.

Y. Hu, Q. Li, S. Ma, and C. C. J. Kuo, “Joint
rate-distortion-complexity optimization for h.264 motion



JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 9, OCTOBER 2009

(41]

[42]

[43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

(561

(571

search,” in Proc. IEEE International Conference on Mul-
timedia and Expo, July 2006, pp. 1949-1952.

M. van der Schaar and P. H. N. D. With, “Near-lossless
complexityscalable embedded compression algorithm for
cost reduction in dtv receivers,” IEEE Transaction on
Consumer Electronics, vol. 46, no. 4, pp. 923-933, 2000.
M. van der Schaar, D. Turaga, and V. Akella, “Rate-
distortion-complexity adaptive video compression and
streaming,” in Proc. IEEE International Conference Image
Processing, 2004, pp. 2051-2054.

M. van der Schaar, Y. Andreopoulos, and Q. Li, “Real-time
ubiquitous multimedia streaming using rate-distortion-
complexity models,” in Proc. IEEE Global Telecom. Con-
ference, vol. 4, December 2004, p. 639C643.

I. R. Ismaeil, A. Docef, F. Kossentini, and R. K. Ward, “A
computation-distortion optimized framework for efficient
dct-based video coding,” IEEE Transactions on Multime-
dia, vol. 3, pp. 298-310, 2001.

J. Stottrup-Andersen, S. Forchhammer, and S. M. Aghito,
“Rate-distortion-complexity optimization of fast motion
estimation in h.264/mpeg-4 avc,” in Proc. IEEE Interna-
tional Conference Image Process, October 2004, pp. 111—
114.

R. Vanam, E. A. Riskin, S. S. Hemami, and R. E. Ladner,
“Distortion-complexity optimization of the h.264/mpeg-4
avc encoder using the gbfos algorithm,” in Proc. IEEE
Data Compression Conference, March 2007, pp. 303-312.
L. Breiman, J. Friedman, R. Olshen, and C. Stone, Classi-
fication and Regression Trees. Monterey, CA: Wadsworth
and Brooks, 1984.

S. Ci and H. F. Ge, “Significance measure with nonlinear
and incommensurable observations,” in Proc. IEEE Global
Communications Conference, 2007.

P. Jain, A. Laffely, W. Burleson, R. Tessier, and
D. Goeckel, “Dynamically parameterized algorithms and
architectures to exploit signal variations,” Journal of VLSI
Signal Processing Systems, vol. 36, no. 1, pp. 27-40, 2004.
D. Kwon, P. Driessen, A. Basso, and P. Agathoklis, “Per-
formance and computational complexity optimization in
configurable hybrid video coding system,” IEEE Trans-
actions on Circuits and Systems for Video Technology,
vol. 16, no. 1, pp. 31-42, 2006.

H. W. Cheng and L. R. Dung, “A content-based method-
ology for power-aware motion estimation architecture,”
IEEE Transactions on Circuits and Systemstll: Express
Briefs, vol. 52, no. 10, pp. 631-635, 2005.

T.-C. Chen, Y.-H. Chen, S.-F. Tsai, S.-Y. Chien, and L.-
G. Chen, “Fast algorithm and architecture design of low-
power integer motion estimation for h.264/avc,” IEEE
Transactions on Circuits and Systems for Video Technol-
ogy, vol. 17, no. 5, pp. 568-577, 2007.

H. Hsiang-Chun, P. Wen-Hsiao, ChiangTihao, and
H. Hsueh-Ming, “Advances in the scalable amendment
of h.264/avc,” IEEE Communications Magazine, vol. 45,
no. 1, pp. 68-76, 2007.

M. Paul, M. R. Frater, and J. F. Arnold, “An efficient
mode selection prior to the actual encoding for h.264/avc
encoder,” IEEE Transactions on Multimedia, pp. 1-8,
20009.

T. Schierl, T. Stockhammer, and T. Wiegand, “Mobile
video transmission using scalable video coding,” IEEE
Transactions on Circuits and Systems for Video Technol-
ogy, vol. 17, no. 9, pp. 1204-1217, 2007.

M. Kalman, P. V. Beek, and B. Girod, “Optimized
transcoding rate selection and packet scheduling for trans-
mitting multiple video streams over a shared channel,”
IEEE International Conference Image Processing, pp.
165-168, 2005.

U. Horn, K. W. Stuhlmller, M. Link, and B. Girod, “Robust
internet video transmission based on scalable coding and

© 2009 ACADEMY PUBLISHER

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

611

unequal error protection,” Image Communication Special
Issue on Real-Time Video over the Internet, vol. 15, no.
1-2, pp. 77-94, 1999.

H. Radha, M. van der Schaar, and Y. Chen, “The mpeg-4
fine-grained scalable video coding method for multimedia
streaming over ip,” IEEE Transactions on Multimedia,
vol. 3, no. 1, pp. 53-68, 2001.

“Itu-t rec. h.264 isofiec 14496-10 avc, scalable video
coding.” Advanced Video Coding for Generic Audiovisual
Services, Tech. Rep., 2005.

F. Zhai, Y. Eisenberg, T. N. Pappas, R. Berry, and A. K.
Katsaggelos, “Joint source-channel coding and power
adaptation for energy efficient wireless video communi-
cations,” Signal Processing: Image Communications, Feb.
Y. Eisenberg, C. Luna, T. Pappas, R. Berry, and A. Kat-
saggelos, “Joint source coding and transmission power
management for energy efficient wireless video communi-
cations,” IEEE Transactions Circuits and System for Video
Technology, vol. 12, no. 6, pp. 411-424, June 2002.

S. Zhao, Z. Xiong, and X. Wang, “Joint error control
and power allocation for video transmission over cdma
networks with multiuser detection,” IEEE Transactions
Circuits and System for Video Technology, vol. 12, no. 6,
pp. 425-437, June 2002.

Y. S. Chan and J. W. Modestino, “A joint source coding-
power control approach for video transmission over cdma
networks,” IEEE Journal on Selected Areas in Communi-
cations, vol. 21, pp. 1516-1525, Dec. 2003.

D.Wu, Y. T. Hou, and Y. Zhang, “Transporting real-time
video over the internet: Challenges and approaches,” Proc.
IEEE, vol. 88, pp. 1855-1877, 2000.

D.Wu, Y. T. Hou, B. Li, W. Zhu, Y. Zhang, and H. J.
Cha, “An end-to-end approach for optimal mode selection
in internet video communication:theory and application,”
IEEE Journal Selected Areas Communication, vol. 18,
no. 6, pp. 977-995, 2000.

F. Zhai, Y. Eisenberg, and A. K. Katsaggelos, Joint
source-channel coding for video communications, 2nd ed.,
A. Bovik, Ed. Elsevier Academics Press, June 2005.

X. Lu, E. Erkip, Y. Wang, and D. G. Goodman, “Total
power optimization for wireless multimedia communica-
tion,” IEEE Journal of Selected Areas in Communications,
vol. 21, no. 10, pp. 1738-1751, 2003.

E. Erkip, X. Lu, Y. Wang, and D. Goodman, “Total power
optimization for wireless multimedia communication.”

D. Wu, S. Ci, and H. Wang, “Cross-layer optimization
for video summary transmission over wireless networks,”
IEEE Journal on Selected Areas in Communications,
vol. 25, no. 4, pp. 841-850, May 2007.

H. Sun, A. Vetro, and J. Xin, “An overview of scalable
video streaming,” Wireless Communication and Mobile
Computing, Feb. 2007.

E. Maani and A. Katsaggelos, “Cross-layer optimization
for robust streaming of scalable video over packet lossy
networks,” submitted to IEEE Trans. Circuits and Systems
for Video Technology, 2009.

F. Granelli, C. Costa, and A. Katsaggelos, “A study on
the usage of cross-layer power control and forward error
correction for embedded video transmission over wireless
links,” Advances in Multimedia, special issue on Cross-
layer Optimized Wireless Multimedia Communications,
2007.

J. Huang, Z. Li, M. Chiang, and A. K. Katsaggelos,
“Joint source adaptation and resource allocation for multi-
user wireless video streaming,” IEEE Trans. Circuits and
Systems for Video Technology, vol. 18, no. 5, pp. 582-595,
May 2008.

E. Maani, P. Pahalawatta, R. Berry, T. Pappas, and A. Kat-
saggelos, “Resource allocation for downlink multiuser
video transmission over wireless lossy networks,” IEEE



612

Transactions on Signal Processing, vol. 17, no. 9, pp.
1663-1671, Sept. 2008.

[75] P. Pahalawatta, R. Berry, T. Pappas, and A. Katsaggelos,
“Content-aware resource allocation and packet scheduling
for video transmission over wireless networks,” [EEE
Journal on Selected Areas in Communications, vol. 25,
no. 4, pp. 749-759, May 2007.

[76] P. Pahalawatta and A. Katsaggelos, “Review of content

aware resource allocation schemes for video streaming

over wireless networks,” Journal of Wireless Communica-

tions and Mobile Computing, vol. 7, no. 2, pp. 131-142,

Feb 2007.

S. Ci, H. Wang, and D. Wu, “A Theoretical Framework

for Quality-Aware Cross-Layer Optimized Wireless Mul-

timedia Communications,” Advances in Multimedia, vol.

2008, pp. 4739-4743.

[78] D. Kliazovich, M. Devetsikiotis, and F. Granelli, “Formal
methods in cross layer modeling and optimization of
wireless networks: State of the are and future directions,”
in Heterogeneous Next Generation Networking: Innova-
tions and Platforms, S. Kotsopoulos and K. Ioannou, Eds.
IDEA Group Inc., 2008.

(771

Jiucai Zhang received his B.S. degree from
North University of China, Taiyuan, China,
in 2001, M.S. degrees from University of
Electronic Science and Technology of China,
Chengdu, China, in 2006, both in electrical
engineering.

He is currently working toward the Ph.D.
degree in the Department of Computer and
Electronics Engineering, the University of
Nebraska-Lincoln, Lincoln, USA. He was a
lecture with School of Information and Com-
munication Engineering, North University of China in 2006. His re-
search interests include wireless multimedia communications, green
computing and battery power management, dynamically reconfigurable
embedded system design optimization, and cyber-enabled e-healthcare.

Mr. Zhang is a Student Member of the IEEE.

Dalei Wu received his B.S. and M.Eng. de-
grees in electrical engineering from Shandong
University, Jinan, China, in 2001 and 2004,
respectively.

He is currently working toward the Ph.D.
degree in the Department of Computer and
Electronics Engineering, the University of
Nebraska-Lincoln, Lincoln, USA. He was a
research assistant with the Department of Elec-
tronic Engineering, City University of Hong
Kong, during the winter of 2004. From 2004
to 2005, he was a member of OFDMA Technical Staff with ZTE
Communications, Inc., Shenzhen, China. From 2005 to 2006, he was a
research assistant with the Department of Computer Science, University
of Massachusetts Boston. His research interests include cross-layer
design and optimization over wireless networks, wireless multimedia
communications, large-scale system modeling and analysis, and approx-
imate dynamic programming.

Mr. Wu is a Student Member of the IEEE and a Member of IEEE
Communication Society. He is the awardee of the 2009-2010 UNL
Graduate Research Fellowship Award at the University of Nebraska-
Lincoln.

© 2009 ACADEMY PUBLISHER

JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 9, OCTOBER 2009

Song Ci received his B.S. from Shandong
University of Technology (now Shandong Uni-
versity), Jinan, China, in 1992, M.S. from
Chinese Academy of Sciences, Beijing, China,
in 1998, and Ph.D. from the University of
Nebraska-Lincoln in 2002, all in Electrical
Engineering.

He is currently an associate professor
of computer and electronics engineering at
the University of Nebraska-Lincoln. He also
worked with China Telecom(Shandong) as a
telecommunication engineer from 1992 to 1995, and with Wireless
Connectivity Division of 3COM Cooperation, Santa Clara, CA, as a
R&D co-op in 2001. Prior to joining University of Nebraska-Lincoln,
he was an assistant professor of computer science at the University
of Massachusetts Boston and the University of Michigan-Flint. He
has published more than 90 research papers in referred journals and
international conferences. His research interests include: large-scale
dynamic complex system modeling and optimization, green computing
and battery power management, dynamically reconfigurable embed-
ded system design optimization, quality-driven cross-layer optimized
multimedia over wireless, cognitive network management and service-
oriented architecture, and cyber-enabled e-healthcare.

Prof. Ci is the Vice Chair of Computer Society of IEEE Nebraska
Section, Senior Member of the IEEE, and Member of the ACM and the
ASHRAE. He is the SIG chair of Quality-Driven Cross-Layer Design
of the Multimedia Communications Technical Committee (MMTC) of
the IEEE Communications Society (COMSOC). He serves as the TPC
co-chair of IEEE ICCCN 2009, the TPC vice chair of IEEE ICCCN
2007, the session chair of IEEE MILCOM 2007-2008 on cross-layer
protocols, the TPC co-chair of IEEE WLN 2007, the TPC co-chair
of Wireless Applications track at IEEE VTC 2007 Fall. He serves as
TPC members for numerous conferences, including IEEE INFOCOM
2009, IEEE GlobeCom (2004-2009), and IEEE ICC (2005-2009). He
also services as a professional reviewers for many referred journals and
international conferences. He won the Best Paper Award of the 2004
IEEE International Conference on Networking, Sensing and Control.
He is the awardee of the 2009 Faculty Research and Creative Activity
Award at College of Engineering of the University of Nebraska-Lincoln,
the sole awardee of the 2005 Alvin D. Loving Junior Faculty Award
and the recipient of the Golden Apple Teaching Award (nominated by
students) at the University of Michigan-Flint.




JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 9, OCTOBER 2009

Haohong Wang received the B.S. degree in
computer science, and the M.Eng. degree in
computer & its application both from Nan-
jing University, China, and the M.S. degree
in computer science from University of New
Mexico, Albuquerque, and the Ph.D. degree
in Electrical and computer engineering from
Northwestern University, Evanston, Illinois.

He is currently a Principal Software Ar-
chitect at TCL-Thomson Electronics at Santa
Clara, California, managing the Visual Content
Processing Technology Cluster. Prior to joining this world largest TV
manufacturer, he was a Senior System Architect and Manager at Marvell
Semiconductors leading the R&D efforts of next generation multimedia
products. He also held various technical positions at AT&T, Catapult
Communications, and Qualcomm. He has published more than 40
articles in peer-reviewed journals and International conferences. He is
the inventor of more than 40 U.S. patents and pending applications. He
is the co-author of 4G Wireless Video Communications (John Wiley &
Sons, 2009), and Computer Graphics (1997). His research involves the
areas of multimedia communications, 3DTV, 3D graphics, and video
analysis and processing.

Dr. Wang is the Founding Steering Committee Chair of the annual
International Symposium on Multimedia over Wireless (2005-). He
chairs the TC Promotion & Improvement Sub-Committee, as well as the
Cross-layer Communications SIG of the IEEE Multimedia Communica-
tions Technical Committee. He is also an elected member of the IEEE
Visual Signal Processing and Communications Technical Committee
(2005-), and IEEE Multimedia and Systems Applications Technical
Committee (2006-). He is the Associate Editor-in-Chief of the Journal
of Communications, Editor-in-Chief of the IEEE MMTC E-Letter, an
Associate Editor of the Journal of Computer Systems, Networks, and
Communications and a Guest Editor of the IEEE Transactions on
Multimedia. He served as a Guest Editor of the IEEE Communica-
tions Magazine, Wireless communications and Mobile Computing, and
Advances in Multimedia. Dr. Wang is the Technical Program Chair of
IEEE GLOBECOM 2010 (Miami). He served as the General Chair of the
17th IEEE International Conference on Computer Communications and
Networks (ICCCN 2008) (US Virgin Island), and the Technical Program
Chair of many other International conferences including IEEE ICCCN
2007 (Honolulu), IMAP 2007 (Honolulu), ISMW 2006 (Vancouver),
and the ISMW 2005 (Maui).

© 2009 ACADEMY PUBLISHER

613

Aggelos K. Katsaggelos received the Diploma
degree in electrical and mechanical engineer-
ing from the Aristotelian University of Thes-
saloniki, Thessaloniki, Greece, in 1979 and
the M.S. and Ph.D. degrees both in electrical
engineering from the Georgia Institute of Tech-
o nology, Atlanta, Georgia, in 1981 and 1985,
f' respectively.
/ 7 In 1985 he joined the Department of Elec-
% trical Engineering and Computer Science at
Northwestern University, Evanston, IL, where
he is currently professor. He is also the Director of the Motorola Center
for Seamless Communications and a member of the Academic Affiliate
Staff, Department of Medicine, at Evanston Hospital. During the 1986-
1987 academic year he was an assistant professor at Polytechnic
University, Department of Electrical Engineering and Computer Science,
Brooklyn, NY. He is the editor of Digital Image Restoration (Springer-
Verlag 1991), co-author of Rate-Distortion Based Video Compression
(Kluwer 1997), co-editor of Recovery Techniques for Image and Video
Compression and Transmission (Kluwer 1998), and co-author of Super-
Resolution of Images and Video (Morgan & Claypool Publishers 2007)
and Joint Source-Channel Video Transmission (Morgan & Claypool
Publishers 2007). His current research interests include multimedia
signal processing (e.g., image and video recovery and compression,
audio-visual speech and speaker recognition, indexing and retrieval),
multimedia communications, computer vision, pattern recognition, and
DNA signal processing. He has published extensively in these areas.
Prof. Katsaggelos has served the IEEE and other professional Soci-
eties in many capacities. He is currently a member of the IEEE Technical
Committee on Visual Signal Processing and Communications, and the
Editorial Boards of Academic Press, Marcel Dekker: Signal Processing
Series, the International Journal on Image and Video Processing, and
Advances in Multimedia. He has served as editor-in-chief of the IEEE
Signal Processing Magazine (1997-2002), a member of the Publication
Boards of the IEEE Signal Processing Society, the IEEE TAB Magazine
Committee, an Associate editor for the IEEE Transactions on Signal
Processing (1990-1992), an area editor for the journal Graphical Models
and Image Processing (1992-1995), a member of the Steering Commit-
tees of the IEEE Transactions on Image Processing (1992-1997) and
the IEEE Transactions on Medical Imaging (1990-1999), a member of
the IEEE Technical Committee on Image and Multi-Dimensional Signal
Processing (1992-1998), a member of the Board of Governors of the
IEEE Signal Processing Society (1999-2001), a member of the IEEE
Technical Committees on Multimedia Signal Processing and Image and
Multidimensional Signal Processing, a member of the Publication Board
of the IEEE Proceedings (2003-2007), and a member of the Editorial
Boards of Applied Signal Processing and Computer Journal. He has
served as the General Chairman of the 1994 Visual Communications and
Image Processing Conference (Chicago, IL) and as technical program
co-chair of the 1998 IEEE International Conference on Image Processing
(Chicago, IL). Dr. Katsaggelos is a Fellow of the IEEE (1998) and SPIE
(2009), the co-inventor of twelve international patents, the recipient of
the IEEE Third Millennium Medal (2000), the IEEE Signal Processing
Society Meritorious Service Award (2001), and a co-recipient of an
IEEE Signal Processing Society Best Paper Award (2001), an IEEE
ICME Best Paper Award (2006), and an IEEE ICIP Best Paper Award
(2007). He was a Distinguished Lecturer of the IEEE Signal Processing
Society (2007-08).






