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ABSTRACT
We study the problem of broadcasting multiple variable bit rate
scalable video streams from a base station to a large number of
mobile receivers. Our objective is to maximize bandwidth utiliza-
tion, energy saving and perceived quality of the transmitted videos.
In practice, the aggregate bitrate of the video streams can be greater
than the available bandwidth and then the receivers may experience
playout glitches. We propose an algorithm to take advantage of op-
portunities provided by scalable video coding to improve perfor-
mance when the bandwidth is limited. To achieve this, we provide
a model for prioritizing video packets coded in medium grain scal-
ability and a decision mechanism to drop quality layers of video
frames when the bandwidth is limited. The result is increased
bandwidth utilization and quality of the transmitted videos. Our
experiments, performed on a real mobile TV testbed, show that our
algorithm significantly out-performs current methods in terms of
bandwidth utilization and also achieves near optimal energy saving
and quality of the transmitted video streams.

Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network Archi-
tecture and Design—Wireless Communication

General Terms
Design

Keywords
Mobile video broadcasting, scalable video coding, transmission
scheduling, wireless video streaming

1. INTRODUCTION
Recent advances in mobile handheld devices have resulted in

considerable interest in mobile video streaming in both the research
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community and commercial markets [7]. However, digital video
streaming is still facing many challenges in terms of quality of ser-
vice, energy consumption, and bandwidth limitations. The wire-
less medium is sensitive to errors, congestion, limited bandwidth,
latency, packet loss, and jitter which reduce the expected quality
of service [13]. Also, the limited battery life of mobile receivers
should be considered when designing a video streaming method.
Another very important consideration is the expense of wireless
spectrum. For example, AT&T recently sold a 2.5 GHz spectrum
to Clearwire Corporation for $300 million [3].

In this paper, we propose an algorithm to broadcast multiple
variable bit rate (VBR) scalable video streams from a base sta-
tion to a large number of mobile receivers. Our algorithm can
be used in broadcasting networks such as DVB-H (Digital Video
Broadcast-Handheld) [6], and ATSC M/H (Advanced Television
Systems Committee-Mobile/Handheld) [2]. The primary goal of
our algorithm is to maximize bandwidth utilization. The secondary
optimization objective are to maximize energy saving and the per-
ceived quality of the transmitted video.

We compare the results of our algorithm to the SMS algorithm
proposed in [8] which uses burst scheduling of VBR streams to pro-
vide optimal bandwidth utilization and near optimal energy saving
when the available wireless network bandwidth is not a limiting
factor. In particular, SMS assumes that the aggregate bitrate of the
video streams does not exceed the available bandwidth. Further-
more, SMS has no mechanism to consider the quality of the frames
that it drops. Controlling the aggregate bitrate of video streams
could be possible to some extent by using joint video coders [15]
which consist of a joint rate allocator, decoders, and VBR coders to
encode video streams and dynamically allocate bandwidth among
them so that the network is not overloaded. But in practice, many
broadcast networks are not equipped with these components due to
the added expense and complexity. In these cases, the aggregate bi-
trate of the video streams could instantaneously exceed the network
bandwidth. If this happens, then the SMS algorithm could unex-
pectedly drop video data resulting in buffer underflow and playout
glitches.

The new multiplexing algorithm that we present in this paper
leverages scalable video coding (SVC) to extend the SMS algo-
rithm in order to handle bandwidth limitations. Our algorithm pro-
vides significantly better bandwidth utilization than SMS when the
aggregate bitrate of the video streams exceeds the available band-
width while providing near optimal video stream quality and en-
ergy saving. To achieve these performance improvements, we have
developed a model of the quality of video streams and defined a
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weighting mechanism for video data. When the aggregate bitrate
of full-quality video streams exceeds the available bandwidth, our
algorithm drops video packets based on this weighting mechanism
and achieves R-D (rate-distortion) optimized video broadcasting.
Our results show that the average quality of the resulting video
streams is close to the quality that the streams would have when
there is no packet loss, and about 1.34 dB higher than the SMS
algorithm. We also show that our multiplexing algorithm is quite
energy efficient. In fact, its performance is very close to the max-
imum possible energy saving; on average 90% energy saving is
achieved.

The rest of this paper is organized as follows. We discuss the
recent SVC standard in Sec. 2. In Sec. 3, we survey related work
in the literature. We describe the multiplexing problem that we are
studying in Sec. 4, and we present our new algorithm in Sec. 5. In
Sec. 6, we extensively evaluate our solution using experiments on
a real mobile TV testbed. Sec. 7 concludes this paper.

2. SCALABLE VIDEO CODING
We propose to leverage the features of the Medium Grain Scal-

ability (MGS) mode of the Scalable Video Coding (SVC) exten-
sion of H.264/AVC [17] in mobile broadcast networks. SVC is
an interesting coding method for modern video streaming systems
which are mostly based on RTP/IP and have receivers with different
connection qualities, processing powers, and quality of service re-
quirements. Three scalability modes in SVC are temporal, spatial,
and quality scalability. We will concentrate on quality scalability
in which a video stream with lower quality layers than the origi-
nal video will have the same spatial-temporal resolution, but lower
fidelity. There are three modes defined for quality layers in SVC:
Fine Grain Scalability (FGS), Coarse Grain Scalability (CGS), and
Medium Grain Scalability (MGS) [17]. In FGS, motion compen-
sation is performed on the lowest quality layer (base layer), so the
encoder and the decoder always use consistent reference pictures
and the loss/truncation of enhancement layer packets does not lead
to error drifting in motion compensation for subsequent pictures.
The main problem with FGS is that coding is very inefficient due
to the inferior quality of base layer reconstruction. In CGS, mo-
tion compensation is performed separately for each layer. This ad-
dresses the coding complexity problem of FGS, but any losses in
the quality enhancement layer will accumulate over time and cause
serious quality degradation. To address this problem, switching be-
tween quality layers in CGS is only possible at I-frames. The third
mode, MGS, uses the concept of key pictures [14] and employs a
flag for each picture indicating whether the base layer or the en-
hancement layer reconstruction of the reference picture is used for
motion compensation. Hence, in MGS, motion prediction can still
be performed in the enhancement layer, but the encoder’s and de-
coder’s motion compensation loops are guaranteed to be synchro-
nized at the periodic key pictures. This provides a trade off between
the drifting issue and coding efficiency in MGS and provides the
ability to switch between quality layers at any frame. In this paper,
we assume that video streams are coded with MGS quality layers.
Our algorithm takes advantage of the flexibility of MGS coding to
maximize bandwidth utilization while providing near optimal video
stream quality and energy saving.

3. RELATED WORK
A number of methods have been proposed to improve quality,

energy saving, and frame loss in video streams over mobile broad-
cast networks. Some of these methods use smoothing algorithms to
reduce the burstiness of VBR streams, which results in less frame

loss in cases of bandwidth limitations. An online smoothing al-
gorithm is provided in [18] and it is shown that delaying a video
transmission by a constant amount of time can reduce the band-
width required. Camarda et al. [4] design a smoothing algorithm
for mobile TV, which takes into account the receiver buffer level,
the available bandwidth, and the burst size. These studies [18, 4]
do not consider multiple video streams or how the available band-
width should be distributed among them to increase bandwidth uti-
lization, energy saving, and average video quality. Thus, they do
not provide an efficient solution to our problem.

Some authors have considered the characteristics of SVC streams
to improve the quality of video streams. In [16], the potential
benefits of using SVC in mobile networks are described and sev-
eral uses in mobile broadcast, multicast, and unicast networks that
could benefit from SVC are discussed. Strategies for dynamic shar-
ing of radio links in a multi-user streaming network is proposed in
[10]. The authors combine SVC with radio link buffer management
strategies and try to maximize the video quality of the transmitted
video streams by dropping the packets in a way that does not vio-
late temporal scalability. However, they do not consider bandwidth
utilization or energy saving, and the buffers of the receivers are un-
limited.

The multiplexing techniques being used in practical mobile broad-
cast networks are not very efficient. For example, the Nokia Mo-
bile Broadcast Solution (MBS) [11] requires the network operators
to choose a time interval ΔT and a burst size bs and bitrate rs for
each video stream s [1]. The value of ΔT is set to B/rS where
B is the buffer size of the receivers and rS is the maximum of
the bitrates assigned to the streams. During each time interval of
length ΔT , each video stream is assigned bandwidth proportional
to its bitrate. The network operator heuristically chooses rs for
each video stream. This can be a time-consuming process because
higher values of rs could result in buffer overflow and lower values
of rs could result in buffer underflow at the receivers. In this paper,
we will compare our solution with the MBS method. Our results
show that our algorithm significantly outperforms this method.

Our previous work addresses the multiplexing problem in mo-
bile broadcast networks for constant bit rate (CBR) streams [9],
and partially solves the same problem for VBR streams [8] under
the assumption that the aggregate bitrate of video streams never ex-
ceeds the available bandwidth. In contrast, the present work elim-
inates the bitrate assumption and studies a more realistic scenario
of broadcasting VBR streams.

4. PROBLEM STATEMENT
We study the problem of broadcasting S scalable video streams

from a base station to a large number of mobile receivers over a
wireless medium with bandwidth R kbps. Each video stream s,
1 ≤ s ≤ S, has a base layer, Qs MGS layers, I frames, and is
coded at F frames-per-second. We use li,s,k to denote the size of
layer k of frame i of video stream s. Layer k = 0 is the base
layer. We define on-time frames to be frames that are received at
the decoders before their decoding deadlines. Our bandwidth uti-
lization metric, called goodput and denoted σ, is the fraction of data
transmitted by the base station over the wireless medium that is on-
time. We define the energy saving of video stream s, denoted γs,
to be the fraction of the total transmission time that the receivers
can put their wireless interfaces to sleep. Our energy saving metric
is the average energy saving of all streams: γ = (

∑S
s=1 γs)/S.

We use φ to denote the average quality of all transmitted frames
of all video streams. Different metrics can be used to measure the
quality of a frame. We will use Peak Signal-to-Noise Ratio (PSNR)
as the quality metric in our experiments, but Structural Similarity
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(SSIM), Video Quality Metric (VQM), or any other quality metric
can be substituted in our formulation. Now, based on these defini-
tions, we can state the problem that we study in this paper: given S
scalable video streams, find a burst schedule that maximizes good-
put σ, with high energy saving γ and high quality φ.

We formulate the problem as follows. Let ns be the number of
scheduled bursts for video stream s where 1 ≤ s ≤ S and let fs

k

sec and bs
k kb (1 ≤ k ≤ ns) be the start time and the burst size of

burst k in video stream s. To receive a burst, the receiver circuits
must be wakened up a short time before the burst is received to lock
onto the frequency and synchronize to the symbols. This overhead
time, T0, can vary from 50 to 250 msec [5]. Thus, for each burst k,
the receiving circuits should be active in the period [fs

k − T0, f
s
k +

bs
k/R). Finally, we let B denote the receiver buffer size and define

cs
k, the buffer level of mobile receivers before receiving burst k of

video stream s as follows:

cs
k = max(0,

k−1∑
j=1

bs
j −

v∑
i=1

us
i∑

q=0

li,s,q). (1)

In Eq. (1), us
i is the number of MGS layers in frame i of video

stream s and v is the maximum positive integer such that v/F ≤
fs

k . Thus cs
k is the difference between the amount of data that

has been received and the amount that the receiver has consumed.
We use gs

k and hs
k to denote the first and last frames, respectively,

of burst k of video stream s. We define λi,s,q to be the quality
improvement resulting from adding quality layer q to frame i of
stream s.

Using these definitions, we formally describe the multiplexing
problem with Eq. (2) below. In this formulation, our primary objec-
tive, expressed in Eq. (2a), is to maximize the goodput, the fraction
of transmitted data that is on time. Eqs. (2b) and (2c) are our sec-
ondary optimization criteria. Eq. (2b) expresses the average energy
saving for the mobile receivers as the average fraction of total time
that the receivers can put their wireless interfaces to sleep. Eq. (2c)
is the average quality of the video streams per kilo-byte of data
and is based on the contribution of each MGS layer of each video
stream to the quality of that stream. Eq. (2d) guarantees that the
bursts of every pair s and s do not overlap. Eqs. (2e) and (2f) guar-
antee that we do not have any instances of overflow or underflow,
respectively, at the receivers. Eq. (2g) relates the burst sizes and the
numbers of MGS layers and is needed in Eq. (2c) to ensure that the
sum of the transmitted MGS packets in each burst does not exceed
the burst size.

Pri: max σ =
∑S

s=1
∑ns

j=1 bs
j/R

I/F
, (2a)

Sec: max γ = 1 −
∑S

s=1
∑ns

k=1(T0+bs
k/R)

I/F
/S, (2b)

Sec: max φ =

∑S
s=1

∑ns
k=1

∑hs
k

i=gs
k

∑us
i

q=1 λi,s,q∑ns
k=1 bs

k
, (2c)

s.t. [fs
k , fs

k +
bs
k

R
) ∩ [fs

k
, fs

k
+

bs
k

R
) = ∅, (2d)

cs
k + bs

k − ∑
fs

k
≤j/F<fs

k
+bs

k
/R

∑us
i

q=0 lj,s,q ≤ B, (2e)

cs
k ≥ 0, (2f)

bs
k ≥ ∑hk

s

i=gk
s

∑us
i

q=0 li,s,q, (2g)

∀ 1 ≤ s �= s ≤ S, 1 ≤ k ≤ ns, 1 ≤ k ≤ ns.

5. PROBLEM SOLUTION
In order to solve this problem, we divide the receiver buffer of

size B into two buffers of the size B/2. We also divide the sending
time of each video stream s into ps disjoint time windows. These
time windows for different video streams are completely indepen-
dent of each other. During each time window p of video stream
s, at each receiver of stream s, one buffer is being filled while the
other one is being drained. In other words, the mobile receivers
use one buffer for receiving data and the other one for decoding
data and the uses of the buffers are exchanged when the next time
window p + 1 starts. It is important to note that the data received
by the mobile receivers during window p − 1 is always rendered
during window p. Hence the time length of window p depends on
the number of frames received in window p − 1. For each window
p, we use ms

p to denote the last frame that can be included in win-
dow p of stream s without causing buffer overflow for the receiver.
We let ys

p denote the total amount of data to be received in window
p for stream s, xs

p to denote the start time of window p and zs
p to

denote the end time of window p. These quantities are calculated
using the following equations:⎧⎪⎪⎨

⎪⎪⎩
ms

p = 0 p = 0,∑ms
p

j=ms
p−1+1

∑Qs
q=0 lj,s,q ≤ B

2

<
∑ms

p+1

j=ms
p−1+1

∑Qs
q=0 lj,s,q ∀ 1 ≤ p ≤ ps.

(3)

ys
p =

∑ms
p

j=ms
p−1+1

∑Qs
q=0 lj,s,q. (4)

xs
p =

{
0 p = 1,
(ms

p−2 + 1)/F 2 ≤ p ≤ ps.
(5)

zs
p =

{ ∑S
s=1 ys

1/R p = 1,
ms

p−1/F 2 ≤ p ≤ ps.
(6)

We schedule the bursts for each video stream at specific points
called decision points. A decision point can be a time when a new
window is started (xs

p), when a window reaches the end of its de-
coding time (zs

p), or when a window has been allocated its required
aggregate data amount (ys

p). A window p is considered to be out-
standing if it has not been allocated all of its required data amount
ys

p. At each decision point t, we schedule a burst for the window p
that has the smallest end time zs

p among all outstanding windows p′

that have start time xs
p′ ≤ t and end time zs

p′ ≥ t, and we schedule
a burst for the selected window p until the next decision point. We
continue to select windows and schedule bursts until there are no
outstanding windows. We then wait until the next decision point
to schedule new bursts. At each decision point that is the end time
of a window p of a stream s, we check whether or not all of the
data for this window has been scheduled. If there is remaining data
for window p of video stream s, we consider all video streams s′

that have bursts scheduled in the time interval from xs
p to zs

p. Sup-
pose as

p(s′) and ds
p(s′) are the first and the last frames of video

stream s′ that are scheduled in the time window p of video stream
s. We want to maximize the quality of the transmitted data while
respecting the bandwidth limitations. To decide which MGS qual-
ity layers to transmit, we need to calculate the transmission cost of
each quality layer.

For each video stream s, we use ws
i,i′(q) to denote the usefulness

of quality layer q from frame i to frame i′, 1 ≤ i ≤ i′ ≤ I of
video stream s. The usefulness ws

i,i′(q) is defined by the following
equation:

ws
i,i′(q) =

⎧⎨
⎩

∞ q = 0,
(
∑ i′

j=i λj,s,q)/(i′−i+1)∑ i′
j=i lj,s,q

q > 0.
(7)
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Figure 1: When a window is late, MGS layers from other bursts are dropped to accommodate the remaining data of that late window.

The usefulness ws
i,i′(q) can be seen as the slope of the R-D curve,

which enables us to drop MGS layers in the R-D optimized way.
Fig. 2 gives our new multiplexing algorithm which we call Op-

timal Scalable Video Multiplexor (OSVM). The algorithm consists
of two main steps. First, in lines 1–3 and 10–11, we try to transmit
bursts for each video stream in time windows of dynamic lengths
based on Eqs. (5) and (6). Video bursts of the same size may rep-
resent totally different playout durations as a result of the bitrate
variability of video streams and this dynamic window allocation
helps us to adapt to the bitrate variations in real time. But as we
discussed in Sec. 1 the aggregate bitrate of video streams may ex-
ceed the bandwidth limit at some points. In this case, we might
not be able to meet the data requirements for a window, which is
referred to as a late window in line 4. In the second step, between
lines 4 and 9, we consider dropping some MGS layers from the
video streams in the time interval of the late window to free some
bandwidth in that time interval. This gives us the opportunity to
assign more data to the late window in order to make it complete,
i.e., transmitting at least the base layer of the frames for basic video
quality. This process is shown in Fig. 1. In this illustrative exam-
ple, a window of stream si is late and as a result, MGS layers from
other bursts for this window and all the bursts which are sched-
uled within the late window are inspected, and parts of the bursts
are dropped in an R-D optimized fashion using Eq. (7). This frees
up some broadcast bandwidth to accommodate bursts from the late
window.

Complexity Analysis. In line 2 of the pseudocode, at each de-
cision point, we check the windows of S video streams and sched-
ule a burst for each stream. Let Q be the maximum Qs among
all video streams. If the total number of windows for all video
streams is P , then the number of decision points is P + S. Hence,
the process of scheduling bursts for the video streams takes time
O(PS + S2). Constructing the windows for S video streams in
lines 1 and 10 takes time O(

∑S
s=1 I). Since the buffer size B

for mobile devices and, as a result, the number of frames for each
window are bounded by constants, constructing the windows takes
O(PS) time. Finally, for each late window, calculating ws

i,i′(q) for
all 1 ≤ i ≤ i′ ≤ I, 1 ≤ s ≤ S, 1 ≤ q ≤ Q takes time O(ISQ),
and so the total complexity for all windows is O(PISQ). Since
the number of MGS layers and the number of frames for each win-
dow are both bounded by constants, we can rewrite O(PISQ) as
O(PS). Hence, the OSVM algorithm has a polynomial time com-
plexity of O(PS + S2) + O(PS) + O(PISQ) = O(PS + S2).

6. EVALUATION

6.1 Setup
We have evaluated our algorithm using a mobile TV testbed that

we developed in our lab. The base station is a Linux box with
an RF signal modulator. This modulator implements the physical
layer of the mobile broadcast protocol and is connected to an in-
door antenna to transmit DVB-H compliant signals. We have de-

1. generate the first window <xs
1,ys

1,zs
1> for all s

2. foreach decision point of window p for stream s {
3. schedule a burst between times t and tn for s, where p

has the smallest zs
p among all windows p′ with

xs
p′ ≤ t < zs

p′ and tn is the next decision point
4. if window p of s is late
5. foreach stream s′ with bursts between xs

p and zs
p

6. foreach layer q scheduled for s′

7. compute ws′,q =

{
ws′

as
p(s′),as

p(s′)+ms
p
(q), s′ = s

ws′
as

p(s′),ds
p(s′)(q), o.w.

8. sort layers of all streams in ascending order of ws,q

9. drop layers sequentially until p is complete
10. generate a new window for s
11. }

Figure 2: The OSVM algorithm.

signed and implemented a software package for the base station.
We have implemented the OSVM algorithm, and we have also im-
plemented the MBS (Nokia Mobile Broadcast Solution, see Sec. 3)
and SMS [8] algorithms for comparison. We compared our new
algorithm against the MBS and SMS algorithms because they are
the cutting-edge multiplexing algorithms in the field and in the lit-
erature, respectively.

For the experiments, we have set the modulator to use the 16-
QAM (Quadrature Amplitude Modulation) scheme and a 10 MHz
radio channel, and we set the overhead to T0 = 100 msec. We
used ten videos, each of five minutes duration, with average bitrates
ranging from 250 to 768 kbps. The video files are from the cate-
gories of sport, talk show, documentary, and TV game show and
have very different visual characteristics. We encoded these ten
videos into scalable streams using the Joint Scalable Video Model
(JSVM) [12], which is the reference software for H.264/SVC. Each
scalable stream consists of eight MGS layers. We created the trace
file for each video using BitStreamExtractorStatic pro-
vided by JSVM. Using this tool, we extracted the size of the packet
for each MGS layer of every frame. We also used this tool to ex-
tract video streams with different numbers of MGS layers from the
original video. We then used PSNRStatic of JSVM to determine
the PSNR value of each MGS layer of each frame. Based on this
information, we created a trace file for each video stream, and used
it in our experiments. In the trace file, there are Qs entries for each
frame i of video stream s, with entry k, 1 ≤ k ≤ Qs, indicating
the size and the PSNR value of layer k of frame i.

We used the base station to concurrently broadcast all ten video
streams for five minutes, and we stored the transmission logs, which
consist of the detailed information of each burst, including times-
tamp, size, associated stream, and the frames and layers in the
burst. We repeated the experiments with the different algorithms:
OSVM, SMS, and MBS. As mentioned in Sec. 3, the MBS algo-
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Figure 3: Dropped frames in the MBS and OSVM algorithms.
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Figure 4: Dropped frames in the SMS and OSVM algorithms.

rithm requires manual configuration of the rs values, which is time-
consuming and error-prone. In our experiments, we varied the rs

value in the range 0.33 × ravgs to 3 × ravgs, where ravgs is the
average bitrate for video stream s. We conducted our experiments
with all considered rs values, and we report the best performance
among them. That is, we exhaustively searched for the absolutely
optimal MBS configuration, and we compare the OSVM algorithm
to it. We consider three performance metrics: (i) frame-drop ratio,
(ii) energy saving, and (iii) video quality in PSNR.

6.2 Results
Frame-Drop Rate. We compare the OSVM algorithm against

the MBS method used in current mobile broadcast networks. We
plot the average frame-drop rate in Fig. 3. In this figure, MBSmin

and MBSmax are the best and worst results from the MBS method.
In particular, each point on the MBSmin curve is the minimum
over all ten streams at that time and the point on the MBSmax

curve is the maximum. Thus the two curves define the envelope
containing all points of all ten streams. The figure shows that
OSVM significantly outperforms even the best case of the MBS
method.

Next, we compare OSVM to the SMS algorithm in Fig. 4. Due to
the VBR nature of the video streams, the drop rate varied from 6%
to 21% for SMS and from 3% to 9% for OSVM at different points
in time, but the averages, over time, were 8.35% for SMS and
4.49% for the OSVM algorithm. Stated another way, the OSVM
algorithm drops an average of 46.2% fewer frames than the SMS
algorithm, which leads to smoother playout. This improvement is
achieved by using our weighting model for MGS layers and our de-
cision mechanism described in Sec. 5 to select the layers for each
video stream that maximize the number of transmitted frames while
maintaining high per-frame quality over all video streams.
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Figure 5: Maximum and minimum dropped frames among all
video streams achieved by the OSVM algorithm.
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Figure 6: Maximum and minimum energy saving among all
video streams achieved by the OSVM algorithm.

Fig. 5 shows the envelope for dropped frames for all video streams
for the OSVM algorithm. At the beginning, the percentage of
dropped frames varies between 0% and 35% but it quickly con-
verges to a range of 4.49% to 6.6%. This figure shows that the low
average frame-drop rate is the result of good performance among
all video streams.

Energy Saving. In Fig. 6, savingavg shows the average en-
ergy saving resulting from use of the OSVM algorithm based on
Eq. (2b), and savingmin and savingmax define the envelope of
the energy saving achieved among all video streams. The energy
saving for the video streams ranges from 70% to 99% and the av-
erage is 90%. This good energy saving is achieved despite the fact
that our primary objective, maximizing bandwidth utilization, can
conflict with the energy saving objective.

Video Quality. We compute the PSNR values for the SMS and
OSVM algorithms. In our analysis, we consider each dropped
frame as a blank image to compute its PSNR value. Fig. 7 shows
that the average PSNR value resulting from OSVM is an improve-
ment of about 1.34 dB over the SMS algorithm. In addition, we
found that the average PSNR value resulting from the OSVM al-
gorithm is only about 1.17 dB lower than the average PSNR of the
original video stream (PSNRmax in Fig. 7). That is, relative to
PSNRmax, OSVM causes only half as much PSNR drop as the
SMS algorithm.

We also plot the maximum and minimum video quality among
all video streams in Fig. 8, which are labelled PSNRmin and
PSNRmax, respectively. This figure shows that the PSNR val-
ues of individual video streams converge to a small range of 41.92
to 42.98 which is very close to the average of 42.60. This small
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Figure 7: Video quality achieved by the SMS and OSVM algo-
rithms.
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Figure 8: Maximum and minimum PSNR among all video
streams achieved by the OSVM algorithm.

gap, merely 1.0 dB, shows that the OSVM algorithm leads to high
video quality for all video streams, rather than a subset of them.

We would like to point out that the OSVM algorithm was run-
ning in real-time on a base station loaded with the control software
and video streaming servers for broadcasting. This shows the ap-
plicability of OSVM as a real-time multiplexing algorithm.

7. CONCLUSIONS
In this paper, we studied the problem of broadcasting multiple

scalable video streams from a base station to a large number of
mobile receivers. Our primary objective was to maximize band-
width utilization, and our secondary objectives were to achieve
close to optimal energy saving and perceived quality of the video
streams. To achieve this, we proposed an algorithm that uses a
model of the quality of video streams and a weighting mechanism
for video frames to drop video packets whenever the aggregate bi-
trate of the video streams exceeds the available bandwidth. We
compared our algorithm with SMS [8] and MBS [11] algorithms
and our experimental results on a real mobile TV testbed show
that the OSVM algorithm significantly outperforms current meth-
ods and also achieves near optimal energy saving and video quality.
For example, the OSVM algorithm leads to: (i) 46.2% fewer frames
dropped compared to the SMS algorithm, (ii) 90% energy saving
on average, and (iii) approximately 1.34 dB PSNR improvement
compared to the SMS algorithm.

8. REFERENCES
[1] Private communication with Nokia’s engineers managing

mobile TV base stations.

[2] ATSC mobile DTV standard, 2009.
http://www.openmobilevideo.com/
about-mobile-dtv/standards/.

[3] AT&T sells wireless spectrum in southeast to Clearwire
corporation.
http://www.att.com/gen/press-room?pid=
4800&cdvn=news&newsarticleid=23428.

[4] CAMARDA, P., TOMMASO, G., AND STRICCOLI, D. A
smoothing algorithm for time slicing DVB-H video
transmission with bandwidth constraints. In Proc. of ACM
International Mobile Multimedia Communications
Conference (MobiMedia’06) (Alghero, Italy, September
2006).

[5] Digital Video Broadcasting (DVB); DVB specification for
data broadcasting. European Telecommunications Standards
Institute (ETSI) Standard EN 301 192 Ver. 1.4.1, June 2004.

[6] FARIA, G., HENRIKSSON, J., STARE, E., AND TALMOLA,
P. DVB-H: Digital broadcast services to handheld devices.
Proc. of the IEEE 94, 1 (January 2006), 194–209.

[7] Global IPTV market analysis (2006–2010).
http://www.rncos.com/Report/IM063.htm.

[8] HSU, C., AND HEFEEDA, M. On statistical multiplexing of
variable-bit-rate video streams in mobile systems. In Proc. of
ACM Multimedia’09 (Beijing, China, October 2009),
pp. 411–420.

[9] HSU, C., AND HEFEEDA, M. Time slicing in mobile TV
broadcast networks with arbitrary channel bit rates. In Proc.
of IEEE INFOCOM’09 (Rio de Janeiro, Brazil, April 2009),
pp. 2231–2239.

[10] LIEBL, G., JENKAC, H., STOCKHAMMER, T., AND

BUCHNER, C. Radio link buffer management and
scheduling for wireless video streaming. Telecommunication
Systems 30, 1-3 (November 2005), 255–277.

[11] Nokia mobile broadcast solution. http://press.
nokia.com/PR/200510/1018770_5.html.

[12] SVC reference software.
http://ip.hhi.de/imagecom_G1/savce/
downloads/SVC-Reference-Software.htm.

[13] RAPPAPORT, T. Wireless Communications: Principles &
Practice, 4th ed. Prentice Hall, 1996.

[14] REICHEL, J., WIEN, M., AND SCHWARZ, H., Eds. Scalable
Video Model 3.0. ISO/IEC JTC 1/SC29/WG11, doc. N6716,
Palma de Mallorca, Spain, October 2004.

[15] REZAEI, M., BOUAZIZI, I., AND GABBOUJ, M. Joint video
coding and statistical multiplexing for broadcasting over
DVB-H channels. IEEE Transactions on Multimedia 10, 7
(December 2008), 1455–1464.

[16] SCHIERL, T., STOCKHAMMER, T., AND WIEGAND, T.
Mobile video transmission using scalable video coding.
IEEE Transactions on Circuits and Systems for Video
Technology 17, 9 (September 2007), 1204–1217.

[17] SCHWARZ, H., MARPE, D., AND WIEGAND, T. Overview
of the scalable video coding extension of the H.264/AVC
standard. IEEE Transactions on Circuits and Systems for
Video Technology 17, 9 (September 2007), 1103–1120.

[18] SEN, S., REXFORD, J., DEY, J., KUROSE, J., AND

TOWSLEY, D. Online smoothing of variable-bit-rate
streaming video. IEEE Transactions on Multimedia 2, 1
(March 2000), 37–48.

14



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Academy
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Alba
    /AlbaMatter
    /AlbaSuper
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BabyKruffy
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chick
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Croobie
    /CurlzMT
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Fat
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Freshbot
    /Frosty
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GlooGun
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jenkinsv20
    /Jenkinsv20Thik
    /Jokerman-Regular
    /Jokewood
    /JuiceITC-Regular
    /Karat
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Poornut
    /PoorRichard-Regular
    /Porkys
    /PorkysHeavy
    /Pristina-Regular
    /PussycatSassy
    /PussycatSnickers
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Square721BT-Roman
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /WeltronUrban
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


