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ABSTRACT

This paper addresses the rate allocation problem for wireless video
streaming. Results from a simple subjective viewing test indicate that
perceptually preferred allocation can be closely approximated by
minimizing the total mean-squared-error (MSE) distortion of all par-
ticipating streams. This finding motivates the design of a distributed
media-aware rate allocation protocol, which achieves the optimal
solution by allowing cross-layer information exchange between the
video end hosts and relaying wireless nodes. Various network sim-
ulation results confirm the effectiveness of the proposed scheme,
which consistently outperforms conventional media-unaware TCP-
friendly Rate Control (TFRC).

Index Terms— wireless networking, video streaming, dis-
tributed rate allocation protocols

1. INTRODUCTION

Growing networking capabilities of modern wireless devices and in-
creasingly sophisticated techniques in video coding and streaming
have spurred many applications for wireless video streaming. Tech-
nical challenges abound in such a system, which demands high-rate
and low-latency delivery of loss-sensitive compressed video streams
over inherently time-varying and error-prone wireless channels. In
particular, careful rate allocation is crucial in preventing multiple si-
multaneous video streaming sessions from congesting a shared wire-
less network. As pointed out in [1] and [2], the rate allocation prob-
lem is further complicated by heterogeneity in both the video con-
tents and the wireless link capacities.

Two major questions await to be addressed, in designing a rate
allocation scheme for wireless video streaming:

• What to optimize? The goal of a rate allocation scheme is
to optimally trade off the video qualities among multiple
competing streams, without overloading the wireless net-
work with excessive traffic. While different quality metrics
have been adopted in the past for various rate allocation
schemes [3][4], it remains unclear which optimization ob-
jective would better reflect human preference in a realistic
application scenario. The study in [1] suggests that minimiz-
ing MSE distortion is the subjectively preferred criteria when
multiple video streams of the same resolution time-share a
wireless LAN. Such conclusion has yet to be tested in more
general settings, e.g., for video streams with heterogeneous
resolutions, or over multi-hop wireless networks.

• How? Even if an optimization objective has been determined,
one still needs to devise a practical scheme to achieve the
optimal solution. Ideally, the rate allocation scheme should

adapt fast to changes in both the video contents and the wire-
less link capacities. Preferably, the scheme is distributed in
nature, and incurs minimal traffic overhead.

This paper addresses both questions. We first motivate our optimiza-
tion objective with results from a simple subjective viewing test in
the next section. Section 3 then presents the optimization frame-
work for the wireless video rate allocation problem, which accom-
modates heterogeneity in both the video rate-distortion (RD) char-
acteristics and the wireless link speeds. We explain in Section 4 how
the optimal solution can be achieved by a distributed rate alloca-
tion protocol, based on cross-layer information exchange between
video end hosts and relaying wireless nodes. Finally, Section 5 show-
cases performance of the proposed scheme in simulations of high-
definition (HD) and standard-definition (SD) video streaming over
various wireless 802.11a networks.

2. SUBJECTIVE VIEWING TEST

In this section, we briefly describe procedures and findings of a sub-
jective viewing test, designed to collect perceptual ratings of HD/SD
video pairs in various quality combinations. A detailed account of
the test can be found in [5].

2.1. Test Setup and Procedures

In the subjective viewing test, different video quality levels are rep-
resented in the form of still image snapshots. Pairs of test images
are displayed side-by-side on two identical LCD monitors at a dis-
tance from the viewer. The test data set includes 4 pairs of HD/SD
sequences covering a range of video RD characteristics. Each video
is represented in 5 quality levels. In addition to the 25 HD/SD image
pairs, each test data set also contains pairs of identical HD or SD im-
ages on both displays, for all 5 quality levels. Ratings of these extra
10 pairs indicate perceptual qualities of individual HD/SD images.

Each test comprises of one training session and two scoring ses-
sions. The training session contains pairs of HD and SD images at
the highest, intermediate and lowest quality levels. Its purpose is to
familiarize the viewer with the expected range of perceived image
qualities. In the scoring session, the viewer provides an opinion score
for each presented image pair, based on the perceived overall quality
of both images, on a scale from 1 to 5.

2.2. Test Results and Analysis

Analysis of the viewers’ perceptual ratings, collected from 20 par-
ticipants for each of the 4 video pairs, leads to a simple subjective
quality model. The mean-opinion-score (MOS) of an image pair can
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Fig. 1. Network topology for subjective evaluation.
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Fig. 2. (a) Subjective mean opinion score (MOS) of individual
HD/SD images, as a function of their mean-squared-error (MSE) dis-
tortions. (b) Subjective mean opinion score (MOS) of image pairs,
as function of individual HD/SD image MOS values.

be approximated as a bilinear function of individual image MOS,
which, in turn, fits linearly to the MSE distortion of that image.
Figure 2 illustrates this model with data collected from one of the
HD/SD video pairs.

Now consider one HD and one SD stream over two wireless
links, as illustrated in Fig. 1. Various rate allocation schemes would
result in different rate pairs (RHD, RSD) along the tradeoff line:
RHD/C1 + RSD/C2 = γ, where γ is the target utilization level.
Figure 3 (a) shows the MOS derived from the subjective quality
model along this tradeoff line. In Fig. 3 (b), the comparison in MOS
is presented against varying capacities of the second link. It can be
noted that the two schemes minimizing the (weighted) sum of MSE
distortion of both video streams closely approximate the subjectively
preferred allocation (denoted as ”MAX-MOS” in the figure). In con-
trast, the media-unaware TCP-friendly allocation leads to signifi-
cantly lower MOS values, especially when network resources are
limited.

3. OPTIMIZATION FRAMEWORK

3.1. Wireless Network Model

A wireless network is abstracted as a collection of links, each in-
dexed by l. The effective capacity of each link is denoted as Cl

1; the
rate of non-video traffic as Fl. Each video stream is indexed by s,
with an allocated rate of Rs. The effect of traffic contention among
neighboring links is captured by two key concepts:

• Channel time utilization: the fraction of time occupied by ac-
tive transmission over each link, denoted as ul. Total link uti-
lization can be calculated as ul = (Fl +

P
s Rs)/Cl.

1Effective capacity of a link is defined as the maximum throughput over
that link without competition or interference from traffic over any other links.
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Fig. 3. MOS of rate allocation results, (a) as utilization of the HD
stream increases; (b) against varying capacities of the second wire-
less link. Capacity of the first link is fixed at 20 Mbps. The utilization
limit γ is chosen as 90%.

• Interference set: the collection of wireless links that cannot
transmit simultaneously with a given link l, denoted as Ll.
Consequently, total channel time allocation over an interfer-
ence set is ũl =

P
l′∈Ll

ul′ .
Note that our model is generic enough to accommodate various types
of wireless networks, in which neighboring links time-share their
transmission opportunities. In this paper, we focus on 802.11 net-
works, as a concrete example.

3.2. Video Rate-Distortion Model

For each encoded video stream s, the MSE distortion Ds typically
decreases nonlinearly with increasing rate Rs, and can be fitted to a
parametric RD model [6]:

Ds(Rs) = Ds
0 +

θs

(Rs −Rs
0)

, (1)

where the parameters Ds
0, θs and Rs

0 depend on the coding scheme,
the encoder configurations, and the video scene complexity. They
need to be updated periodically to track time-varying video contents.
A natural choice for the update period is the duration of a group of
pictures (GOP) at the encoder, typically in the range of 0.5-2.0s.

3.3. Optimization Objective

Motivated by the subjective viewing test results described earlier, the
goal of our rate allocation scheme is to minimize the weighted sum
of MSE distortion of all streams:

min
Rs

P
s wsDs(Rs) (2)

s. t. ũl < γ. (3)

In (2), the scaling factor ws indicates relative importance of each
video stream. The last constraint (3) limits the total channel time uti-
lization within each interference set below a prescribed target γ < 1.
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Fig. 4. Cross-layer information exchange among the MAC-layer
link state monitors (LSM) and the application-layer video rate con-
trollers (VRC) in the proposed distributed rate allocation protocol.

One can easily verify that the problem in (2) - (3) has a convex
objective function with linear constraints. It can be readily solved in
a distributed manner using the subgradient method [7]. In the fol-
lowing, we explain how such distributed algorithm can be embodied
in the design of a practical rate allocation protocol.

4. DISTRIBUTED RATE ALLOCATION PROTOCOL

4.1. Protocol Overview

Figure 4 illustrates the various components in the proposed proto-
col. For the purpose of distributed rate allocation, each node consists
of a link state monitor (LSM) at the MAC layer and a video rate
controller (VRC) at the application layer. Cross-layer information
exchange is achieved by granting intermediate wireless nodes ac-
cess to a set of special video packet header fields. In addition, neigh-
boring nodes exchange knowledge of their local link utilization and
congestion level by periodically broadcasting link state messages.

4.2. Link State Monitor

At the MAC layer, the LSM on each wireless node dynamically esti-
mates link state information such as capacity and background traffic
rate on its outgoing links. It records advertised video rate Rs from
the video packet header and calculates the total link utilization ul of
the link traversed by that stream accordingly.

In addition, the LSM needs to track total utilization within the
interference sets centered around each of its outgoing links, based
on utilization information reported in the link state messages from
neighboring nodes. It maintains a congestion price λl associated
with each interference set, and periodically updates its value as:

λl(t) = max[λl(t− τ) + κ(ũl − γ)Cl, 0], (4)

where τ indicates the interval from last price update and κ is a scal-
ing factor controlling the update step sizes. For λl > 0, the price up-
date is proportional to instantaneous excess total utilization over Ll.
Intuitively, λl increases if total channel time utilization ũl temporar-
ily exceeds the specified limit γ in order to induce rate reduction by
all streams affecting Ll. Conversely, as long as ũl is below the target
γ, the corresponding congestion price decreases to encourage higher
rates from all contributing streams.

Upon relaying each video packet, the LSM updates the field of
accumulated congestion price Λs in the video packet header as:

Λs := Λs +
X

l′∈Ll

λl′Cl′

Cl
. (5)

Here, the values of λl′ and Cl′ are collected from link state messages
from neighboring nodes. Note that contribution of individual con-
gestion price λl′ to the accumulated congestion price Λs is weighted
by the ratio of the link capacities Cl′/Cl, reflecting the observation
that the same packet transmitted over a fast link would occupy less
channel time than over a slow link.

4.3. Video Rate Controller

At the application layer, the VRC at the source node is in charge
of tracking video RD characteristics over time. In this work,
we assume that the video sequence is pre-encoded at different
quality levels, resulting in a discrete set of RD tradeoff points
(R1, D1), . . . , (RK , DK). The VRC records one set of RD data
points and the fitted model parameters (θ, R0, D0) for each GOP.

The current allocated video rate Rs
opt is advertised in the header

field of each outgoing video packet. As the video packet traverses
its path, congestion prices of all interference sets encountered by
the stream are weighted and accumulated by the LSMs along the
way. The VRC at the destination of the stream extracts the end-to-
end accumulated congestion price from the video packet header and
reports it back to the sender in the same header field of an acknowl-
edgment (ACK) packet. Upon receipt of an ACK, the VRC at the
source re-calculates the allocated rate based on current video RD
parameters and the accumulated congestion price, as:

Rs
opt = Rs

0 +

r
wsθs

Λs
. (6)

The updated video rate is then stamped into subsequent video packet
headers, initiating the next round of iteration.

5. PERFORMANCE EVALUATION

5.1. Simulation Setup

Performance of the proposed rate allocation protocol is evaluated in
ns-2 simulations [8]. Parameters of the wireless nodes are chosen
according to specifications of the IEEE 802.11a standard [9]. The ba-
sic rate for header and control packet transmissions is set at 6 Mbps,
whereas the nominal link speed for payload transmissions varies be-
tween 6 to 54 Mbps.

Two HD video sequences (Dijana and Cyclists) and one SD
video sequence (Crew) are considered for streaming. They are en-
coded using x264 [10], a fast implementation of the H.264/AVC
standard [11], at various quantization step sizes. The GOP length is
30 frames; the GOP structure is IBBPBBP..., similar to that used in
MPEG-2 streams. Encoded video frames are segmented into packets
with maximum size of 1500 bytes for streaming. Packet transmission
intervals are evenly dispersed within each GOP to avoid queuing de-
lays due to large intra-coded frames.

Performance of the proposed media-aware rate allocation pro-
tocol is compared against the conventional approach of regulating
video streaming rate according to the TCP-Friendly Rate Control
(TFRC) equation [12], calculated as function of end-to-end observa-
tions of packet loss ratios and round trip times.
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Fig. 5. Comparison of media-aware allocation against TFRC in
terms of (a) video quality in PSNR of each stream and (b) average
video quality of both streams.
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Fig. 6. Average video quality achieved by the media-aware and
TFRC schemes, for four HD streams sharing a multi-hop network.

5.2. Single-hop network

We first consider one HD stream and one SD stream over two par-
allel links, as shown in Fig. 1. The first link has a nominal speed of
54 Mbps while the speed of the second link varies between 6 Mbps
and 54 Mbps. Figure 5 (a) compares the media-aware and TFRC
schemes in terms of average video quality of each stream. Since
TFRC is agnostic of the different RD characteristics in the two
streams, it allocates similar rates for both streams. Such a strategy
leads to a large quality gap between the two streams. The media-
aware scheme, in contrast, shifts the network resource from the SD
stream over the slower link to the HD stream over the faster link,
thereby reducing the video quality gap. Consequently, it also im-
proves the overall video quality over TFRC, by 0.6 - 1.7 dB in PSNR
of the average distortion of both streams, as shown in Fig. 5 (b).

5.3. Multi-hop network

Next, we consider a more complex multi-hop network, as shown in
Fig. 6 (a). In this case, four HD sequences with the same content
from Cyclists stream over paths of different hop counts. All links op-
erate at 54 Mbps except the one from Node 1 to Node 8, the nominal
speed of which varies between 6 Mbps and 54 Mbps. As shown in
Fig. 6, improvement of the media-aware scheme over TFRC ranges
between between 2.1 - 4.1 dB in PSNR of average video quality.

6. CONCLUSIONS

We present in this paper a distributed rate allocation protocol for
wireless video streaming, which aims at minimizing total mean-
squared-distortion (MSE) distortion of all streams. The optimiza-
tion objective is based on subjective viewing test and the observa-
tion that MOS-based rate allocation optima are very broad. Hence,
in practice, minimizing total MSE performs almost as well. Simu-
lation studies of high-definition (HD) and standard-definition (SD)
video streaming over various 802.11 networks demonstrate the ben-
efit of media-aware rate allocation over TCP-Friendly Rate Con-
trol (TFRC). Performance gain varies between 0.7 to 4.1 dB in PSNR
of average video quality. Perceptual improvements of the competing
video streams are manifested in the form of reduced quality gaps.
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