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Abstract—Because of unavoidable wireless packet losses and
inapplicability of retransmission-based schemes due to the well-
known negative acknowledgment implosion problem, providing
high quality video multicast over wireless wide area networks
(WWAN) remains difficult. Traditional joint source/channel cod-
ing (JSCC) schemes for video multicast target a chosen nth-
percentile WWAN user. Users with poorer reception than nth-
percentile user (poor users) suffer substantial channel losses,
while users with better reception (rich users) have more channel
coding than necessary, resulting in sub-optimal video quality.
In this paper, we recast the WWAN JSCC problem in a new
setting called cooperative peer-to-peer repair (CPR), where users
have both WWAN and wireless local area network (WLAN)
interfaces and use the latter to exchange received WWAN
packets locally. Given CPR can mitigate some WWAN losses
via cooperative peer exchanges, a CPR-aware JSCC scheme can
now allocate more bits to source coding to minimize source
quantization noise without suffering more packet losses, leading
to smaller overall visual distortion. Through CPR, this quality
improvement is in fact reaped by all peers in the collective, not
just a targeted nth-percentile user. To efficiently implement both
WWAN forward error correction and WLAN CPR repairs, we
propose to use network coding for this dual purpose to reduce
decoding complexity and maximize packet recovery at the peers.
We show that a CPR-aware JSCC scheme dramatically improves
video quality: by up to 8.7 dB in peak signal-to-noise ratio for
the entire peer group over JSCC scheme without CPR, and by
up to 6.0 dB over a CPR-ignorant JSCC scheme with CPR.

Index Terms—Cooperative peer-to-peer repair, joint source-
channel coding, network coding.

I. INTRODUCTION

ROVIDING sustainable high quality video over multicast

channels of wireless wide area networks (WWAN) such
as multimedia broadcast/multicast service (MBMS) [1] in
3G networks remains challenging because of two technical
difficulties: 1) unavoidable packet losses due to temporary
wireless link failures, and 2) unlike unicast, automatic re-
transmission request for link losses cannot be implemented
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per packet/per receiver due to the point-to-multipoint negative
acknowledgment (NAK) implosion problem [2].

Given a multicast receiver group with a range of statistical
channel conditions, previous works like [3]-[6] have optimally
divvied up bits from a fixed WWAN transmission budget
between source coding (e.g., by varying frame-level quanti-
zation parameters in H.264 video [7]) and channel coding
[e.g., by varying amount of forward error correction (FEC)
like Raptor Code [8]], to minimize the visual distortion for a
chosen nth-percentile receiver! resulting from the combined
effects of source quantization noise and packet losses due to
residual channel noise. This WWAN bit allocation problem
to minimize end-to-end visual distortion will be called joint
source/channel coding (JSCC) in the sequel. Though clearly
a point-to-multipoint problem, previous works [3]-[6] never-
theless use channel characteristics of a single nth-percentile
receiver to represent a possibly large and diverse multicast
group when allocating resources. Hence, receivers with chan-
nels worse than nth-percentile receiver’s (poor receivers) suffer
substantial losses due to insufficient FEC, while receivers with
better channels (rich receivers) have more FEC than necessary,
resulting in sub-optimal quality.

To improve video quality for poor receivers, we have
previously proposed a new packet-recovery paradigm for re-
ceivers in the same video multicast group with multi-homed
network capabilities—ones with both WWAN and wireless
local area network (WLAN) network interfaces like 802.11—
called cooperative peer-to-peer repair (CPR) [9]. The idea
is simple: after receiving different subsets of packets from
WWAN source (due to different WWAN channel conditions
experienced), receiver group forms an ad-hoc peer-to-peer
network called a CPR collective and cooperatively exchange
received packets via WLAN to mitigate WWAN losses. We
have also shown [9] that by first encoding received WWAN
packets into coded packets using network coding (NC) [10]
before CPR exchange, and by imposing structures on NC,
further gain in packet recovery can be observed.

In this paper, we recast the well-studied JSCC problem
in the context of CPR: given a group of multi-homed peers
listening to the same WWAN video multicast and participating

150th-percentile is the average receiver, and Oth-percentile is the worst
receiver.
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in ad-hoc WLAN CPR recovery, how to optimally allocate bits
between source and channel coding out of a fixed WWAN bit
budget so that the sum of visual distortion of the entire peer
collective is minimized? Unlike previous JSCC work minimiz-
ing distortion for an nth-percentile receiver (thus resulting in
sub-optimal poor and rich receivers), our proposal minimizes
distortion for the entire peer collective, so that every peer
will benefit from lower visual distortion by participating in
CPR. We explain intuitively how CPR alters the JSCC problem
fundamentally as follows.

From an end-to-end system view, CPR presents a new
multi-path packet transmission paradigm: a packet can be
transmitted from the source to a receiver either via a WWAN
link directly, or indirectly via CPR repair routed through
a neighboring peer’s WLAN link. Because of this path di-
versity enabled by the multi-homed devices, a CPR-aware
JSCC scheme can now exploit this more general transmission
condition in two ways. First, the system no longer needs to
expend substantial channel coding efforts for a poor receiver,
who can now depend on rich receivers” WWAN channels and
subsequent CPR repairs for reliable transmissions—we call
this the disparity gain. Second, even if all receivers experience
similar WWAN channels statistically, a packet is lost to the
collective only if WWAN transmissions to every single peer in
the entire collective fail—a much stronger loss condition than
when JSCC was optimized for a single nth-percentile receiver.
A CPR-aware JSCC scheme can hence exploit this multiplying
effect—we call this the ensemble gain—to allocate more bits
to source coding without incurring more losses.

The technical difficulty then is how to decide the “right”
amount of bits for source versus channel coding in a CPR-
aware JSCC scheme to maximally exploit the aforementioned
disparity and ensemble gain. More precisely, the challenge
is twofold. First, computation-efficient implementations of
WWAN FEC and WLAN CPR must be designed for good
end-to-end packet recovery. Second, for chosen WWAN FEC
and WLAN CPR implementations, a carefully formulated
rate-distortion optimization, accurately taking into account
effects of source quantization noise and packet losses due
to potential WWAN channel noise and CPR recovery failure,
must be constructed and solved efficiently to find the minimum
expected end-to-end distortion possible for the CPR collective.
Our major contributions in this paper are as follows.

1) We propose to apply NC for the dual purpose of
WWAN-FEC and WLAN-CPR, which we show to re-
cover end-to-end packet losses well compared to other
FEC schemes and has low decoding complexity.

2) Given unstructured network coding (UNC) is used for
WWAN-FEC and WLAN-CPR, we formulate a CPR-
aware WWAN JSCC optimization, carefully modeling
source, WWAN and CPR recovery process, targeting the
entire CPR collective to maximally exploit both ensem-
ble and disparity gain. We derive boundary cases for our
optimization to provide intuition to the optimization.

3) Using instead the more complex but better performing
structured network coding (SNC) for WWAN-FEC and
WLAN-CPR, we reformulate the CPR-aware WWAN
JSCC optimization to minimize end-to-end distortion for
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the collective. We propose an efficient iterative local
search algorithm to find a locally optimal solution. For
CPR using SNC, we provide a counter-based determinis-
tic SNC selection scheme for each peer to select a SNC
type during each CPR transmission.

Extensive simulations show that our CPR-aware JSCC scheme
improves over traditional JSCC scheme without CPR by up to
8.7 dB in peak signal-to-noise ratio (PSNR), and up to 6.0 dB
over a CPR-ignorant JSCC scheme with CPR.

The outline of this paper is as follows. We first review
related works in Section II. We then overview our CPR-aware
JSCC framework, video source model, and network models
in Section IV. We discuss how NC can be applied to both
WWAN-FEC and WLAN-CPR in Section III. We present our
JSCC optimization in two parts: JSCC for UNC and JSCC for
SNC in Sections V and VI, respectively. Simulation results are
presented in Section VII. We conclude in Section VIII.

II. RELATED WORK

We overview related works in four subsections. We first
discuss previous works in JSCC for wireless video trans-
mission. We then discuss recent network optimizations for
multi-homed communication—a group of cooperative devices
each with multiple network interfaces to connect to multiple
orthogonal networks. We then overview NC, the new network
transmission paradigm and methodology where routers, in-
stead of simply forwarding received packets to outgoing links,
actively encode received packets before transmission. Finally,
we discuss our earlier works in CPR and contrast our current
contribution against these earlier works.

A. Joint Source/Channel Coding

Due to the well-known NAK implosion problem [2], many
video broadcast/multicast schemes over MBMS [5] have for-
gone feedback-based error recovery mechanisms like [11] and
opted instead for FEC like Raptor Codes [8] to perform rate-
distortion optimized JSCC. JSCC for video streaming has been
a popular research topic for well over a decade [3]-[6], [12]. In
essence, JSCC optimally allocates available bits out of a fixed
bit budget to video source coder and channel coder to combat
the combined effects of source quantization noise and packet
losses from a lossy channel. The authors in [3] proposed an
algorithm to optimally partition source and channel bits for
scalable video using a 3-D subband video coder. For video
broadcast over MBMS, [5] assumed the video source was pre-
encoded in different bit rates, then optimized the selection
of source bit rates as well as FEC parameters depending on
channel conditions. Both [4] and [6] considered a receiver-
controlled JSCC architecture where multiple multicast groups
were available and the receiver chose a multicast group based
on its own channel condition.

When performing JSCC, all previous works targeted nth-
percentile receivers, resulting in great losses for receivers with
worse-than-targeted channels. Note that choosing the lowest
denominator (receiver with the worst channel or the Oth-
percentile receiver) does not relieve sub-optimality; optimizing
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JSCC for the worst receiver in a large diverse group would
mean expending majority of transmission budget for channel
coding, leaving few source bits to eliminate source quantiza-
tion noise and resulting in poor video quality. In contrast, in
this paper, we perform rate-distortion optimized JSCC for the
entire CPR collective exploiting ensemble and disparity gain
so that every receiver can benefit.

B. Multi-Homed Mobile Devices

Recent research on ad-hoc group of multi-homed de-
vices [13]-[17]—each equipped with both a WWAN interface
like 3G and WLAN interface like 802.11—proved that useful
transmission paradigms beyond traditional server-client model
can be constructed. In [13], the authors showed that aggrega-
tion of an ad-hoc group’s WWAN bandwidths can speed up
individual peer’s infrequent but bursty large content download
like web access. The authors in [14] proposed ICAM, an
integrated cellular and ad-hoc multicast architecture, in which
the cellular base station delivered packets to proxy devices
with good channel conditions, and then proxy devices utilized
local WLAN ad-hoc network to relay packets to other devices.
The authors in [16] showed that smart striping of FEC-
protected delay-constrained media packets across WWAN
links can alleviate single-channel burst losses. The authors in
[15] and [17] also proposed to use WLAN ad-hoc networks
to cooperatively recover video packet losses through cellular
broadcast.

Like works in [15] and [17], our CPR work [9] also relies on
local packet exchanges with cooperative neighbors in ad-hoc
WLAN to recover from WWAN multicast losses, but doing
S0 in a rate-distortion optimal way, so that for given available
WLAN repair bandwidth, the expected distortion at a peer
is minimized. Instead of focusing on the WLAN exchanges,
the key novelty of this paper is a CPR-aware rate-distortion
optimized JSCC scheme.

C. Network Coding

NC has been a popular research area since Ahlswede’s
seminal work [18], where wired network routers perform
NC to combine received packets before forwarding them
downlink for improved network throughput. Application of
NC to wireless networks [19], [10] has also been proposed,
where XOR-based NC protocols were designed for wireless
ad-hoc networks to obtain similar throughput improvement. At
the application layer, previous works [20]-[22] have also opti-
mized video streaming using NC. The authors in [20] utilized
a hierarchical NC scheme for content delivery networks and
P2P networks alike to combat Internet bandwidth fluctuation.
The authors in [21] discussed a rate-distortion-optimized NC
scheme on a packet-by-packet basis for a wireless router,
assuming perfect state knowledge of its clients. The authors in
[22] discussed the application of Markov decision process [23]
to NC, in which NC optimization is performed at the access
point.

In this paper, our novelty lies not in the application of NC
for typical server-client video streaming in unicast/multicast
scenarios, which has been addressed previously in different

Fig. 1. Illustration of cooperative peer-to-peer repair network.

contexts. Rather, our major contribution lies in a CPR-aware,
rate-distortion optimized JSCC scheme, minimizing distortion
for the entire CPR collective in a CPR setting. Further, our
proposal to use NC for the dual purpose of both WWAN-FEC
and WLAN-CPR in a CPR scenario is new.

D. Cooperative Peer-to-Peer Repair

The concept of cooperative peer-to-peer repair was first
proposed in [24], where we proved that finding a schedule
for peer transmission in CPR to minimize transmission time
is NP-hard. In [25], we proposed a heuristic based scheduling
protocol for CPR, and in [26] we showed that by combining
NC with CPR, further performance gain can be achieved. In
our recent work [9], we designed SNC for a group of video
pictures to optimize video quality in a rate-distortion optimal
manner if only a subset of the lost WWAN packets can be
recovered given limited WLAN network resources.

Compared to our previous works focusing on WLAN recov-
ery of WWAN broadcast/multicast losses, the major contribu-
tion of this paper is at the WWAN end: a CPR-aware JSCC
optimization scheme at WWAN source targeting the entire
collective of CPR users. As will be shown in later sections,
the benefit of a CPR-aware WWAN JSCC scheme can be
reaped whether we use unstructured or structured NC for CPR
exchanges. Hence, our current contribution is orthogonal to
our previous contributions.

III. SYSTEM OVERVIEW AND MODELS

In this section, we first overview our WWAN video multi-
cast system with CPR. We then discuss the video source and
network models that our JSCC scheme uses for rate-distortion
optimization. Network model will be discussed into two parts:
WWAN model for direct WWAN-source-to-peer transmission,
and WLAN model for CPR exchanges.

A. WWAN Video Multicast System with CPR

We consider a scenario where a group N of N peers
are watching the same WWAN multicast video using their
wireless multi-homed mobile devices. Each device is also
equipped with a WLAN interface, and the peers are physically
located in sufficiently close proximity (a few hundreds of
meters [27]) that a peer-to-peer wireless ad-hoc network can be
formed. After each peer receives a potentially different subset
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of multicast video packets through his/her WWAN interface
(due to different network conditions experienced), they use
their WLAN interfaces to exchange received WWAN packets
to collectively recover packet losses in WWAN channels. This
repair process is called cooperative peer-to-peer repair (CPR).
As an example, in Fig. 1, locally connected peers a, b, and
c perform CPR to repair packet losses due to lossy WWAN
transmissions from the media source to the peers.

In more details, the operation of our WWAN video multicast
system with CPR can be explained in three phases. In the
first phase, for a given WWAN transmission budget, i.e., the
maximum number of bits that can be transmitted via the
WWAN multicast channel in an epoch of T seconds, the media
source allocates bits to source coding for a group of pictures
(GOP) of playback duration of the same T seconds. The result-
ing encoded source bits are packetized into source packets, and
the remaining WWAN bit budget is expended for WWAN-FEC
packets. Both source and FEC packets are then transmitted
from media source to peers in the multicast group.

In the second phase, peers exchange CPR packets via
WLAN to repair this GOP in time 7 during WWAN multicast
of the next GOP. (CPR repairs one GOP at a time) When a
peer is permitted to transmit a CPR packet in WLAN, the peer
uses both packets received from the source via WWAN, i.e.,
source packets and WWAN-FEC packets, as well as the CPR
packets received from other peers, to construct a CPR packet
for transmission to CPR neighbors within range.

In the third phase, after CPR completes its repair of a GOP
in repair epoch of duration 7, each peer recovers missing
source packets from the received WWAN-FEC packets and
locally exchanged CPR packets, decodes video from source
packets, and displays decoded video for consumption. Note
that 7 is hence also the repair epoch in which CPR must
complete its repair in a given GOP. The initial playback
buffer delay for each peer is therefore two repair epochs. In
practice, a GOP is on the order of 10-30 frames, hence at
15 frames/s, initial playback buffer delay of two repair epochs
is on the order of several seconds, and is imperceptible to
non-interactive video viewers once streaming starts.

B. Video Source Model and Assumptions

We next describe a video source model that delineates the
relationship between encoded bit count of a frame in a GOP
and the resulting visual distortion. The media source uses
H.264 [7] codec for video encoding. Each GOP of video
consists of a starting I-frame followed by M — 1 P-frames.
Each P-frame F; uses its previous frame F;_; for motion
compensation, and the GOP forms a dependency chain. We
assume that a frame F; is correctly decoded if it is correctly
received, and the frame it referenced is correctly decoded.

Each video frame F; is encoded from original picture

F? with bit count ri, chosen by a JSCC scheme. r! bits
are subsequently divided into R! = [ Sri —‘ source packets,
pkt

Pi = {pi1» pi2s - pigi}, for transmission, where Sy, is the
maximum packet size. l

We adopt a dependent source distortion model similar to the
one introduced in [23]. Each frame F; has an associated d;,
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the resulting distortion reduction if F; is correctly decoded. d;
can be calculated as follows [28]: it is the visual quality (peak
signal-to-noise ratio”) of using decoded frame F; for display
of original picture F?, plus the error concealment quality of
using decoded frame F; for display of later pictures F{s in
the GOP, j > i, in the event that F;s are incorrectly decoded,
minus the error concealment quality of F;_; (if F;_; exists).
This means d;(r, r=') is a function of both source coding rate
for F;, ri, and source coding rate for F;_, ri~!. Note since F;
is encoded using a discrete set of source quantization levels,
both the source coding rate r and distortion d;(r!, ri"') are
also discrete values.

C. WWAN Network Models and Assumptions

We assume peers in the same WWAN multicast group
experience different WWAN statistical channel conditions—
each peer experiences independent (in time) and identically
distributed packet losses with a different loss probability—
resulting in different subsets of received WWAN packets
in a GOP. This assumption is reasonable because although
the distance between any two peers is restricted by WLAN
transmission range, it is still substantially larger than the
WWAN packet loss correlation distance. In fact, [29] has
shown that even when two peers are co-located, the channel
fading experienced by the two peers is very different, resulting
in very different packet loss patterns.

The working assumption for CPR is that a source packet
is received by at least one peer in the collective via WWAN
multicast for CPR recovery to function. This is valid when
WWAN JSCC is optimized for the individual nth-percentile
receiver; rich receiver with better channel statistics will cor-
rectly receive packets with high probability. However, as we
allocate more bits to source coding out of a fixed WWAN
transmission budget to exploit disparity and ensemble gain
for the entire CPR collective, WWAN collective packet loss
probability—the likelihood that a packet is lost to the entire
collective, becomes larger and must be modeled carefully.?

Assuming the packet losses are spatially uncorrelated [29],
the conditional WWAN collective packet loss probability, /), .
given a peer n has lost the packet can be written as

L = [ tn ~ ™" (0

meN\n

where /,,, is the average packet loss rate. [, is the individual
loss rate for peer m. [, s could be channel estimates sent in-
frequently but periodically from receivers’ to WWAN source,
or estimated by WWAN source based purely on receivers’
proximity to WWAN base stations. In the absence of per peer
channel statistics, source can instead use /,,, for all the users.

2PSNR is a function of mean squared error: PSNR = 10log;, (%)

3Note that we assume we are optimizing JSCC for a known WWAN
multicast CPR collective \V, where the size of collective N and corresponding
channel statistics (to some degree of precision) are known. This is in contrast
to a WWAN broadcast scenario, where the number of receivers and their
respective channel statistics are unavailable.
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Fig. 2. Curve fitting using Normal function.

D. WLAN Network Models and Assumptions

We assume that peers are stationary during the repair of
the current GOP and can change their locations in the next
GOP. Peers utilize the underlying 802.11 broadcast mode
and rely on the 802.11 MAC layer scheduling protocol, i.e.,
carrier sense multiple access/collision avoidance, to coordinate
transmissions. Note that since we consider broadcast mode,
RTS/CTS are disabled and there are no retransmissions. Be-
cause each transmitted CPR packet by a peer is destined
for his/her immediate neighbors within range, no application-
specific routing protocol is required. Whenever the MAC layer
senses a transmission opportunity, it informs the application
layer, and the peer constructs a CPR packet based on received
WWAN packets from source and CPR packets from neighbors
and transmits it. At a given WLAN transmission opportunity,
one question is how to construct a good CPR packet for
WLAN transmission. We will discuss this in Section VI-D.

In order to model WLAN-CPR packet exchange capability,
we assume that peer n receives a random variable number Z,
of CPR packets in time 7, and the mean of Z, is Z. Because
of the heterogeneous network topology, wireless transmission
contentions and interference, there exists variance in Z,. We
denote o2 as the variance of Z,,.

Experimentally, we can construct a statistical distribution of
Z, shown in Fig. 2.

As shown, the experimental data can be approximated using
a Gaussian distribution with mean Z and variance 0. We will
use Z, to model CPR packet recovery capability. Details of
how Z, is related to CPR packet recovery probability can be
found in [30]. Note that since Z, is the number of CPR packets
successfully received by peer n, it inherently captures packet
losses in WLAN.

IV. NETWORK CODING FOR WLAN-CPR AND
WWAN-FEC

In this section, we discuss our proposal to use NC for
the dual purpose of WWAN-FEC and WLAN-CPR. We first
overview our previously proposed NC-based CPR frame-
work [9], where peers use NC to encode received WWAN
packets into coded packets for local recovery. We then discuss
how NC can be applied to WWAN and serve as WWAN-FEC.

4
/ﬁ f\

JHEH g

®, B

1’ \v
__

~ \| f \I
[N—_— J
0, 4

[ONY/3

Fig. 3. Example SNC-FEC GOP with three frame groups.

A. Network Coding Based CPR

In order to improve CPR efficiency, we have proposed for
each peer to encode received WWAN packets into a coded
packet using NC [31] before performing CPR exchange [9].
Given M frames in a GOP, F = {F,..., Fy}, we first
denote P* as the set of native packets in the GOP, i.e.,

={Pi,..., Pu). There are a total of P = |P*| =S¥ R
native packets to be disseminated among the peers.

Rather than raw received packets from source, we have
shown [9] that NC-encoding a CPR packet, g,, as a ran-
domized linear combination of raw received native packets G,
from source and CPR packets Q,, from neighbors can improve
packet recovery performance

n = Z a; jpij+ Z bm‘]m

Pi.j€Gn qm€Qn

@

where g; ;s and b,,s are coefficients for the received native and
CPR packets, respectively. We call this approach UNC. The
advantage of UNC is that any set of |P*| received innovative*
packets can lead to full recovery of all packets in the GOP.
The shortcoming of UNC is that if a peer receives fewer than
P innovative packets, then this peer cannot recover any native
packets.

To address UNC’s shortcoming, we impose structure in the
coefficients a; ;s and b, s in (2) when encoding a CPR packet,
so that partial recovery of important frames in the GOP at
a peer when fewer than P innovative packets are received is
possible. Specifically, we define X SNC groups, ©y, ... , Oy,
where each ®, covers a different subset of frames in the
GOP and ®; C ... C Oy = F. ©; is the most important
SNC group, followed by ®,, etc. Corresponding to each SNC
group O, is a SNC packet type x. Each SNC frame group
O, is associated with a transmission weight B.; i.e., given Z,
number of CPR packets is received by peer n, the expected
number of CPR packets of type x is Z, ;. Further, let g(j) be
index of the smallest SNC group that includes frame F;.

As an example, in Fig. 3 frames F, F, are in SNC group
®, and Fy, ..., Fy are in SNC group ©,. B, B>, B3 are the
transmission weights associated with the three SNC groups
and Z; Bi = 1. The smallest SNC group that includes F3, Fy
is ©,, with index 2 = g(3) = g(4).

With the definitions above, a SNC packet g,(x) of type x
can now be generated as follows:

gn(0)=>_ U(gli) < x) @i jpity  U(D(gn) < X) bugm  (3)
Pi.£Gn Gn€n

4A new packet is innovative for a peer if it cannot be written as a linear
combination of previously received packets by the peer.
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where ®(g,,) returns the SNC type of packet ¢,,, and U(c)
evaluates to 1 if clause c is true, and O otherwise. In words,
(3) states that a CPR packet ¢,(x) of type x is a random
linear combination of received native packets of frames in SNC
group O, and received CPR packets of type < x. Using (3)
to generate CPR packets, a peer can now recover frames in
SNC group ®, when |®,| < P innovative packets of types
< x have been received.

B. Network Coding Based WWAN-FEC

Though FEC like Raptor Code [8] is commonly used to pro-
tect source packets from WWAN multicast losses, we propose
to use NC for the purpose of WWAN packet loss protection
(WWAN-FEC). Theoretically, NC can be used simply as FEC:
n — k parity packets can be computed using NC to protect k
source packets. Like Reed-Solomon Code [32], it is a perfect
code; i.e., receiving any k of n transmitted packets constitutes
full source packet recovery. However, NC requires matrix
inversion to solve k equations for k unknowns to recover
original packets, leading to a O(k*) complexity. Given we are
optimizing one GOP of 15 frames at a time and typically a
frame has only a few packets for CIF resolution video, the total
number of source packets (k) is relatively small, and decoding
complexity is not a major concern.

We apply NC for WWAN-FEC as follows. First, the media
source generates FEC packets g(x)s for each defined SNC
frame group ©, as follows:

>

pij€P:, Fi€O,

q(x) = CijPij )
where ¢; ; is the native random coefficient. FEC packets are
generated using only native packets in frame group ®,, all
of which are available at the source. For ease of later JSCC
formulation, we define segment s, as the set of frames in frame
group O, but not ®,_j, i.e.,, F; € ©,\ ©O,_;. As an illustrating
example, Fig. 3 shows an NC-FEC encoded GOP with three
frame groups. There are two WWAN-FEC packets generated
for ®; of two frames and six source packets.

The computed WWAN-FEC packets are sent along with
source packets via WWAN multicast to peers. Because
WWAN-FEC are encoded using the same SNC, to a re-
ceiving peer, received WWAN-FEC packets from source are
no different from WLAN-CPR packets from neighbors, and
subsequent CPR process can proceed exactly the same as done
previously. In doing so, a peer can construct and exchange
CPR packets without first decoding WWAN-FEC, so that peers
receiving insufficient number of WWAN packets for WWAN-
FEC decoding can nevertheless participate and contribute
to CPR. Moreover, WWAN-FEC decoding and WLAN-CPR
decoding can be done at the same time at the end of a repair
epoch, reducing decoding complexity.

Note that rateless codes [8], [33] have been shown in the
literature to be useful for different video streaming scenarios.
The decision to use NC for the dual purpose of WWAN-FEC
and WLAN-CPR instead of rateless codes is twofold. First, it
is not clear how rateless codes can be directly applied to our
WWAN video multicast system with CPR, as we have done
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for NC, where received WWAN-FEC packets by a peer can
be used immediately to construct WLAN-CPR packets without
first decoding WWAN-FEC. Second, as previously discussed,
given NC decoding complexity is not a major concern for
small number of source packets in a GOP (separately, [34]
has demonstrated the practicality of using network coding in a
live peer-to-peer streaming system), there can be no theoretical
performance advantage of rateless code over NC, since NC is
already a perfect code.

V. JSCC OPTIMIZATION USING UNSTRUCTURED
NETWORK CODING

In this section, we describe how CPR-aware JSCC can
be performed using UNC. We first derive the optimization
mathematically. We then derive JSCC solutions at the two
boundary cases when CPR is unhelpful or perfect in packet
recovery. The derived solutions provide intuition as to how an
optimized JSCC scheme should behave to maximally exploit
disparity and ensemble gain inherent in CPR.

A. Joint Source/Channel Optimization for Single Frame Group

Suppose we want to optimize transmission of a GOP using
UNC. Let the optimization variables be R;, the number of
source packets, and R, the number of WWAN-FEC packets.
Our JSCC optimization objective is to minimize the average
of all N peers’ expected distortions in the CPR collective as

) S i1
IIQ?,III?{. N Z {D —[1 = pugrp(Rs, R)] Zdi(rs’ ry )

n=1 i=1

st. RR+R. <R (5

where D is the distortion if no packets are received at a peer,
and p, ¢p(Ry, R.) is the frame group loss probability for peer
n—the likelihood that the entire frame group (GOP) cannot
be correctly decoded, given R, source and R, WWAN-FEC
packets were transmitted via WWAN. R is the WWAN packet
budget available for transmission of a GOP. Note that there
is a source bit allocation problem here: optimal allocation of
R, source packets worth of bits to M frames, each frame F;
of r! bits. Because the entire GOP is either lost or correctly
decoded using UNC, the source bit allocation can be solved
using [35] assuming no channel losses.

Frame group loss probability p, ¢»(Rs, R.) is the probabil-
ity that more than R, packets are lost in WWAN by peer 7,
and CPR cannot help to recover enough of those losses

( R, ': R, > lfl(l . l,,)RSJrRFi

*pn,col(i’ Rc)

R+R.
pn,grp(RSv R.) = §
=R +1

(6)

where p, (i, R.) is the collective loss probability—the prob-
ability that the collective cannot recover sufficient number of
packets for recovery given i packets were lost by peer n via
WWAN transmission. p, .,(i, R.) depends on p, i (i, R.),
the collective insufficient probability that insufficient number
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of packets have been delivered via WWAN to the collective
for CPR to operate, given peer n has i WWAN losses already

pn,col(is Rc) = pn,isuf(iv Rc)
+ [1 = puisuf(i, RO [1 — Quli — Re, 51, sD)1(7)

where Q, (%2, s;, s.) is CPR recovery probability—the likeli-
hood that CPR can recover 2 WWAN lost packets in segments
from s; to s.. Q,(S2, s, s.) describes CPR packet recovery
capability and is decided by Z,, the number of CPR packets
received by peer n. Since UNC is a special case for SNC
where there is only one SNC group and one segment s, both
sy and s, are the same s;. In this case, Q,(2, 51, s1) = 1 when
Z, > ; and 0 otherwise. In words, since peer n receives Z,
packets during CPR, as long as the number of received CPR
packets is no fewer than the number of lost packets, all the lost
packets in the GOP can be recovered. In general when there
are X SNC groups, CPR recovery probability Q, (€2, sy, S.)
also depends on how SNC type selection is performed at
each peer to achieve desired proportions B,s for SNC group
®,. We discuss this in Section VI-D. Detailed derivation of
0,(L2, 55, 5.) 1s provided in [30].

When calculating CPR recovery probability Q, (€2, sy, s.)
for peer n, the number of CPR packets received by peer n,
Z,, is assumed to be known. However, in practice, it is hard
to accurately predict the number of CPR packets received by
each peer n, Z,, in the collective a priori. Given Z, can be
modeled by a Gaussian distribution with mean Z and variance
o2 as described in Section III-D, for ease of implementation,
we first divide a CPR collective into three equal-sized sub-
classes, each with Z~, Z, and Z* average number of CPR
packets, respectively. A peer n is hence equally likely to fall
into one of three sub-classes, and Q,(£2, sy, s.) for peer n will
be a weighted sum of probabilities of the three CPR sub-
classes. Z~ represents the “WLAN-poor” peers who receive
fewer CPR packets than average peers, and Z* represents the
“WLAN:-rich” peers who receive more CPR packets. The three
sub-class divisions properly account for both poor and rich
peers in WLAN, while keeping a representative middle class
with average CPR capability and small intra-class variance.
Simulations also show that using more sub-classes reaped
marginal improvement compared to the three sub-classes di-
visions, while the increase in computation complexity due to
more sub-classes is significant.

Given the assumption that Z, has Gaussian distribution and
the three CPR sub-classes are of equal size, one can locate the
boundaries of the three sub-classes as Z — 3] 020 and Z+ 3[
We can then calculate the mean of the three sub- classes as
Z-~Z7Z—o0,7Z, and Z* =~ Z + 0. See [30] for more details.

Now continuing with (7), the collective insufficient proba-
bility, p, isur(i, Re), can be written as

i—R.—1 .
PG R =D ( v ) A=l W)™ (®)
j=0
In other words, (8) states that only j of the i WWAN lost
packets by peer n are received by the collective. Hence, the
collective cannot recover sufficient number of packets for peer
n to recover the whole frame group.

B. Boundary Cases

We now derive JSCC solutions for the two boundary cases in
UNC as follows. Suppose CPR is utterly useless in packet re-
covery and Q,(S2, s1, s1) = 0. Then collective loss probability
Pn.col(i, Re) = 1. Frame group loss probability p, ¢rp(Rs, R.)
is then simply the likelihood that at least R. + 1 packets are
lost via WWAN transmission

R+R,

R;+ R ; __i
Progrp(Rs. Re) = Z( i 4 )ln(l_l,,)’“’*t SO

i=R.+1

We see now that the optimization (5) and (9) defaults to
optimizing JSCC over WWAN for N peers in the absence
of CPR. In other words, given there is no disparity and
ensemble gain to exploit when CPR is utterly ineffective, a
CPR-aware JSCC scheme essentially becomes a CPR-ignorant
JSCC scheme. This agrees with our intuition of how a CPR-
aware rate-distortion optimized JSCC scheme should operate.

Suppose now CPR is perfect in packet recovery and CPR
loss probability Q(€2, s, s;) = 1. Then collective loss prob-
ability p, coi(i, Rc) = puisur(i, Rc). Substituting p,, e (i, R.)

back to (6), we have
R& R+ R
Prgp(Rss RY= > ( e )z;a—ln)’**’*—l
i=R.+1
i—Re—1 , .
i
X .
> ()0~
Jj=0

Rearranging the two sums, the product terms in (10), and
expressing the combinations explicitly, we get

Re+R, i—R.—1 (R, + R,)!

Prgrp(R RY= D Y R+ Re— 01 i —

i=R.+1 j=0

x(1 = L)+ 1, (1 -

n, col) (ln col)l j' (10)

D!
l;l,C()[)} (1 l:’l ml)l j‘ (11)

Now change the variables j to k, i to m +k, and change the
corresponding upper and lower limits of the sums in (11), we
can write p, ¢rp(Ry, R.) as follows (assuming R, + R, = R):

pn.grp(Rsa Rc)

R R—m o
(R)!
Z Z(R—m—k)!m'k'

m=R.+1 k=0
[l (1 - ln col)} (l ll/‘l col)m
R R —m _
, m R —
(D)
m=R.+1 k=0

A=)+ a -1, 0"

(1- )R—m—k

R+R, R.+R
) Z < Sm ‘ ) (l l:l col)m( l"l; LoZ)R;+R(—m‘
m=R.+1
12)

The last step is due to binomial theorem. Our optimization (5)
and (12) now defaults to optimizing for anycast: if enough
packets are received by any one peer within the collective—
each packet is successfully transmitted to the collective with
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probability 1 — 1,1, .,—then the entire collective can recover

the GOP. In this boundary case, it is intuitive that a CPR-aware
JSCC scheme would essentially treat the entire collective as a
single entity when optimizing JSCC, since a transmitted packet
to a single peer is equivalent to a transmitted packet to the
entire collective. Hence, this JSCC result also agrees with our
intuition of how a CPR-aware JSCC scheme would maximally
exploit disparity and ensemble gain.

VI. JSCC OPTIMIZATION USING STRUCTURED NETWORK
CODING

In this section, we extend the CPR-aware JSCC optimization
to SNC. Beyond searching for the best resource allocation
for WWAN source and channel coding, we need to consider
jointly the optimal structures in SNC and associated weights
Bys for different NC groups during CPR exchanges as well.
We first define the new JSCC objective function and derive
the optimization. We then present heuristics to obtain locally
optimal optimization parameters efficiently.

Since SNC is considered for JSCC optimization, at a given
WLAN-CPR transmission opportunity, what NC packet type
to encode a CPR packet for local exchange to achieve the
weighted proportions S,s remains to be answered. We thus
describe a counter-based, deterministic SNC packet selection
scheme, which ensures that the important SNC packets are
always transmitted before less important ones in a local region.
This is an improved SNC selection scheme over our previously
used randomized SNC selection [9]. Last, given the counter-
based deterministic SNC selection scheme, we present a SNC
selection local optimization scheme that utilizes limited (and
possibly stale) available neighbor state information to make
more locally optimal SNC selections.

A. Optimization Objective

Similar to (5), the average of expected visual distortions for
all N peers in the collective in one GOP, assuming X frame
groups ®,s in the NC structure, can be written as follows:

N X

Dsic = %Z D—Z Zdj("sjv’"sj"l)

n=1 x=1 | jesy

13)

a,(x)

where D is the distortion if no packets are received at a peer.
di(ri,ri7") is the distortion reduction if F; is successfully
received and decoded. Y ;. d;(r/,r{™") is thus the distortion
reduction for segment s.. a,(x) is segment s, recovery prob-
ability for peer n.

Our JSCC optimization objective is to minimize the ex-
pected distortion with WWAN transmission constraint

M 1

. ry
~min  Dg,c Z

ri ROy By = | Spis

X

w +Y R < R (14
i=1

where Zl{l R! is the total number of WWAN-FEC packets.

The objective here differs from the UNC case (5) in that
individual segments s,s in GOP can be decoded without
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having the entire GOP recovered, resulting in partial distortion
reductions ds. Thus, rather than frame group loss probability
Pn.grp(Rs, Rc) in the UNC case (5), it is important to trace the
recovery probability «,(x) of each segment s,. We perform
the derivation next.

B. Optimization Formulations

We derive the segment recovery probability «,(x) as fol-
lows. We first define the following events.

1) C,: NC frame group ®, is recoverable.
2) B,: frames in segment s, can be correctly decoded. B, =
C,UCyU...U Cy.

With the two events, we can express the probability that frames
in segment s; cannot be decoded as

Pr,(B))= Pr,(C;NC,N...NCyx)
= Pry(C1) Pr,(C3|Cy)... Pry(Cx|Cx—1, ...

15)

, Co).

Each of the product terms in (15) can be obtained by uti-
lizing the frame group loss probability (6) derived for UNC,
with extra arguments to identify particular frame groups in
question

y
Prn(Cy|Cy71s cees Cl) ~ Pn.grp (Z st - 1’ RZ - l» S1, Sy)
i=1

(16)

where p, ¢y (Rs, R, S5, S.) is now the group loss probability
for peer n and the WWAN packet losses are in segments from
ss to .. 8y and s, are in turn passed into Q,(€2, sy, s.) for the
calculation of CPR recovery probability [30]. In words, (16)
says that given the previous frame groups ®;s, | <i < y—1,
are not recovered, the probability that the current frame
group ©, cannot be recovered is roughly the probability that
all 7, Rl — 1 source packets cannot be recovered given
only RY — 1 WWAN-FEC packets are available for channel
protection. The intuition is as follows: we know previous frame
groups (of size > 1 packet) cannot be recovered with their
own WWAN-FEC packets, so the current frame group must
expend at least one WWAN-FEC packet to help previous frame
groups, resulting in the “—1” term in both source and channel
coding packets. Note that when R = 0, there is no FEC packet
to use to repair the assumed lone lost source packet. In this
case, we expend one CPR repair packet in SNC group y to
help with the source packet.
Using Pr,(B;), we can express Pr,(B,) as

Pry(B2) = Pry(By) +[1 — Pry(B)1Pry(B2| By). A7)

In words, frames in segment s, cannot be decoded if frames
in 57 cannot be decoded, or if s; can be decoded but s, itself
cannot be decoded. Pr,(B,|B;) can be written as

Prn(C2 N C3 n...N Cx|B|)

= Pr,(C2|By)Pry(C3|Ca, By) ... Pry(Cx|Cx_; ... Ca, By)
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where
Pro(Cal By~ pu g (R .52, 50 ) (1g)
Pr,(By)
Prn(Cy|Cy717 ooy 627 Bl)%pn,grp <Z Ri -1, RZ — 1,5, Sy) .
i=2
(19)

In other words, given segment s, can be decoded, R2 WWAN-
FEC packets can be used exclusively to protect Rf source
packets only. See [30] for a derivation of scaling factor %.
We can similarly derive the general case formulations as
follows:

Pr(B,) = Pr(By_1)+[1 — Pr(B,_)]Pr(By|By_1)  (20)
where Pr(By_l) can be calculated iteratively
PF(By|By_1) = PI‘(Cy N Cy_'.] n...N Cx|By_])
= Pr(Cy|By—l)Pr(Cy+l |Cy’ By—l)
...Pr(CX|C‘X,1,...,C‘y,By,l) 21
where
- | PV(C _1)
Pr(Cy|By-1) & perp(RY, R, 5y, 8,) 2=~ (22)
yIBy—1 Pgrp ys Sy Pr(By_1)
and
Pr(Cy_1)

= Pr(Cy—l ICy—Z)Pr(Cy—Z) + Pr(Cy—l |Cy—2)Pr(Cy—2)
~ Perp(R)™ R sym1, 8, 1) Pr(Cy-2)

y—1
+Derp <Z R—1,R™" —1,s, sy_1> (1 — Pr(Cy-)).

i=1
(23)

By calculating Pr,(B;) iteratively from segment s; to sy, we
find all the segment irrecoverable probabilities where o, (x) =
1 — Pry(By).

C. Fast JSCC Optimization

Equation (14) involves the optimization of four sets of
variables: source coding rates ris, WWAN-FEC for the NC
groups R’s, NC groups ©,s, and peers’ NC group transmission
weights B.s. We outline an NP-hardness proof in [30] to
show that the optimal solution in general cannot be found
in polynomial time unless P = NP. Given the optimization is
NP-hard, we outline a computation-efficient Algorithm 1 that
finds a locally optimal solution as follows.

We first set the total number of WWAN-FEC packets to
be K. Given K and initial segment recovery probabilities as,
we find the optimal source bit allocation rs using Algorithm
OptimizeSource(). Then given source bit allocation rés, we find
the optimal SNC frame groups ®,s and transmission weights
Bys using Algorithm OptimizeSNC(). We iterate until we con-
verge to a solution. We then perform a modified binary search
(ModifiedBinarySearch()) of K with search space from 0 to R
to find the best solution. In the following, we describe Opti-
mizeSource(), OptimizeSNC() and ModifiedBinarySearch() in
more details.

Algorithm 1: Tterative CPR-aware Joint Source/Channel
Optimization using SNC

D = oc;

while true do

K=ModifiedBinarySearch();
budget o

RS =R —K;

while converge = 0 do

i P budget . |
ris = OptimizeSource(as, Ry );

[Dr., as, ©,s, Bs, Ris] = OptimizeSNC(r's);
if DY/ < D¢} then
| Dl = DY
end
end
Break when search space of K is small enough;

end
return rs, ©,s, R.s, Bis;

1) OptimizeSource(): To obtain optimal source bit allo-
cation given total available resource Ry'““, we use a well-
known heuristic algorithm in [35]. The difference here is that
our source bit allocation is a weighted version of the one in
[35], where the weighting factor is «,(x). The crux of the
algorithm is as follows. First, build a M-stage dependency
trellis from left to right where a stage corresponds to a frame.
Each stage has multiple states corresponding to possible quan-
tization levels. Then, starting from the first stage, iteratively
trace all feasible paths from all possible states from one stage
to all possible states in the neighboring stage, calculate the
corresponding Lagrangian costs—a weighted combination of
distortions and encoding rates—for the paths along the way.
Finally, identify the path in the trellis that yields the minimum
Lagrangian cost; the optimal quantization levels of frames
correspond to the states of stages in the optimal path [35].

2) OptimizeSNC(): Given ri,s returned from source bit
allocation, we obtain the distortion reduction d; for each frame
F;. Then, OptimizeSNC() finds the best SNC groups ©,s,
peers’ SNC group transmission weights 8,s, and the WWAN-
FEC packet allocation R's. We first observe the following:
because a GOP is a dependency chain, a frame in the chain is
of greater importance than it descendant frames, and frame F;
should not be allocated more resource than frame F;, j < i.
The observation has the following implication that a parent
frame should not be assigned a NC type larger than its children
frames. With the implication above, we design the following.

We first assign M NC types to the M frames from first
frame onward. We then compute B,s and R's that result in
the smallest distortion (to be discussed next). Next, we find
the best “merging” of neighboring frames—assigning the same
NC type to the merged group—that results in the largest
decrease in expected distortion. Each merging results in a new
NC structure, again we compute ;s and R’s that result in the
smallest distortion. We continue until all distortion-reducing
mergings are explored.

To obtain possible Ri. allocation, we perform a local search
type packet assignment as follows. We start by evenly allocat-
ing the K FEC packets to all the frame groups. Then, starting
from frame group one, we gradually increase the number of
FEC packets allocated to frame group one, by evenly reducing
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the FEC packets allocated to the rest of the frame groups.
Once we encounter an increase in distortion performance, we
reverse the direction by decreasing the number of FEC packets
allocated to frame group one and evenly increase the FEC
packets for the rest frame groups. After finishing the search
on frame group one, we then perform the same operation on
the rest of the frame groups. Similar local search method is
performed for the allocation of f,.

3) ModifiedBinarySearch(): Theoretically, for a given set
of peers’ WWAN statistics and corresponding CPR recov-
ery statistics, there should be a uniquely optimal amount
of resource out of the total WWAN bit budget devoted to
WWAN-FEC, beyond which there is too much channel coding
and source quantization noise dominates the peers’ expected
distortions, and below which there is too little channel coding
and channel noise dominates. This observation means that
there should be a unimodal plot of expected distortion with
respect to WWAN-FEC resource K, and a binary search for
K would suffice. However, due to sub-global-optimality of our
fast local searches, for a given K we on occasion do not find
the truly optimal division of resource among frames for source
coding and among frame groups for channel coding. This
means we may fail to achieve a true unimodal plot, resulting in
an “almost” unimodal plot instead. For this reason, we propose
a ModifiedBinarySearch() for K as follows.

Initially, the search space of K is from 0 to R. We start
R

by calculating the total distortions when K equals 7, and
two probing points g and %R. Let us assume the results are

represented as diid, diefe and drighe. If dief is less than dyigne — 6,
then the search is moved to the left half space, where § is a
positive number used to accommodate the exception points.
On the contrary if diigp 18 less than der — 8, search is moved
to the right half space. If the difference between diee and diigne
is less than 28, we further probe the points &, %R, %R and
to make proper search space reduction decision. We continue
this process until the search space is small enough.

4) Computation Complexity: Our modified binary search
has complexity log R. With the heuristic algorithm in [35],
source bit allocation has complexity O(MQ), where Q is the
quantization levels. With our local search based SNC opti-
mization, we need to check at most M merging operations for
M frames in each iteration, and there are at most M iterations.
Hence, there are at most M? merging operations and roughly
O(M?*) NC group choices. Our local search based WWAN-
FEC and transmission weights allocations have complexity of
O(R?) and O(L?), respectively, where L is the number of
transmission weight choices. Since source bit allocation and
SNC optimization are performed separately, in all the search
space size is roughly O(MQ log R + M?R?L? log R), which is
polynomial and significantly less than an exhaustive search.

D. Counter Based Deterministic SNC Selection

When SNC is used in JSCC, at each WLAN-CPR trans-
mission opportunity at a given peer, what NC type to encode
a CPR packet for local exchange needs to be answered. In
our previous work [9], we proposed a randomized scheme
where a peer randomly selects a SNC type according to
global transmission weights B,s. While it enforces the desired
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packet proportions in SNC groups, it does not conform to a
logical order where small (hence more important) SNC types
are transmitted first. When there is non-negligible variance
in Z,, a logical transmission order ensures that poor peers
receiving few CPR packets would get important packets in
larger proportions than indicated by the global weights S,s,
ensuring a minimum satisfactory level of quality.

To impose a logical order, we propose a counter-based
deterministic SNC selection scheme for peer n to select the
SNC type x. Peer n keeps track of the number Z/, of received
CPR packets thus far. When a transmission opportunity arises
for peer n, he transmits SNC type 1 if Z, < Zp,. Peer n
transmits SNC type 2 if Zf; < Z!, < Z(B) + B2), and so on. If
Z) > Z, peer n selects SNC type base_:d on a timer instead; i.e.,
if the current time is in-between T 3°/,' B; and T 377, B;, then
the chosen SNC type is j. One can thus enforce g, globally
and yet maintain a logical order.

Note we use reception counter instead of transmission
counter to maintain the logical order. The reason is twofold.
First, using WLAN broadcast mode, the number of packets
received by a collective can far exceed the number of packets
transmitted (each transmitted packet is received by multiple
listening peers). Hence, using transmission counter would
mean too many packets of small types if the number of packets
transmitted per peer is small. Second, a transmitted packet may
not be correctly received in time by neighbors due to in-air
collision and interference. Hence, reception counter provides
a more accurate estimate of neighbors’ current states.

Because of deterministic transmissions, packets of small
SNC types are always transmitted earlier than packets of large
SNC types. This property has three implications: 1) peers
receive packets of more important SNC types earlier than less
important SNC types; 2) if Z, is smaller than Z, then ns
neighbors receive more packets of more important SNC types
than indicated by B,s, which benefits peer ns poor neighbors;
and 3) peers can perform local optimization based on neighbor
state to further optimize local SNC type selection.

E. Local Optimization Given Deterministic SNC Selection

During CPR exchange, a peer can learn of their imme-
diate neighbors’ (possibly stale) state information, if state
information is piggybacked on top of each exchanged CPR
packet. Armed with neighbors’ state information, a peer can
now choose a smaller SNC type, if the peer deduces that
his neighbors have not fully recovered that SNC type. Doing
so means more important SNC types are more likely to be
recovered before peers can progress to select larger SNC types.
Note that this simple local optimization is not possible with
a randomized SNC selection approach, where at any given
time it is more difficult to deduce the appropriate SNC type
to transmit to a peer’s neighbors. Moreover, compared to
the more complex RD-based local optimization [9] for the
randomized approach, our simple local optimization requires
very small computation overhead.

Based on the discussion above, we piggyback SNC group
recovery status on top of each CPR packet. The status infor-
mation reveals how many packets the transmitting peer has
for each SNC group. Since there are at most M SNC types,
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and generally M is not a large number (15 in our setup), this
exchanged status information requires minimum bit overhead.
Based on the status information, peer n does the following.

1) Before deciding which SNC type to encode, peer n
first checks whether its neighbors have recovered the
previous SNC group. If not, peer n continues to transmit
packets of the previous SNC type.

2) After making a decision on SNC type, peer n checks
whether its neighbors have recovered the decided SNC
group. If so, n moves on to check the next SNC type.

When peer n checks whether its neighbors have recovered
SNC group ®,, for each neighbor m, peer n first calculates the
time difference t between the current time and the timestamp
when the neighbor information was received. The expected
number of packets m can receive during 7 is % If the expected
number of received packets is greater than the number of
packets neighbor m needs to recover SNC group ©®,, then m
is assumed to have recovered ®,; otherwise peer n assumes
that m still needs packets of type x.

VII. EXPERIMENTATION

We performed extensive simulations to validate our pro-
posal. We first discuss the simulation setup. We then demon-
strate the performance gain of our CPR-aware rate-distortion
optimized JSCC scheme using UNC over a CPR-ignorant
JSCC scheme. Then, we compare JSCC using SNC and UNC
and conclude that SNC outperforms UNC in a range of
network conditions. Last, we provide further discussions by
analyzing the ensemble and disparate gains inherent in CPR.

A. Simulation Setup

Two test video sequences were used for simulations: 300-
frame MPEG class A News and class B Foreman sequences
at CIF resolution (352 x 288), at 30 frames/s and sub-sampled
in time by 2. The GOP size was chosen to be 15 frames:
one I[-frame followed by 14 P-frames. There are 10 GOPs for
each video sequence. The H.264 codec used was JM 12.4,
downloadable from [36].

We performed simulations using QualNet [37]. To have the
freedom to vary CPR bandwidth to reflect different amount of
WLAN resources available for CPR under different network
settings, we selected Abstract PHY in QualNet and used
802.11 MAC layer. The underlying CPR scheduling was
802.11 MAC with broadcast enabled, and so no feedback
messages were sent from the receivers and no transmission rate
adaption was performed. Given one GOP was 15 frames and
video was encoded at 15 frames/s, one epoch time was 1s. We
assumed the WWAN multicast transmission budget was 150
kb/s. Our WWAN transmission budget setting inherently takes
background traffic into consideration because 3G downlink
bandwidth can be much higher than 150 kb/s. Each CPR
packet has a fixed size of 1000 bytes. CPR network size was
set to 1000 x 1000 m2.

Given this setup, after performing JSCC optimization, one
GOP was divided into fewer than 30 packets. Since CPR is
performed for each GOP, the decoding complexity for NC is

3ot
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Fig. 4. CPR-aware rate-distortion optimized JSCC versus CPR-ignorant
JSCC using UNC. WWAN loss rate 0.3. (a) Foreman sequence. (b) News
sequence.

upper bounded by 30 x 30 matrix inversion operations. This did
not pose a complexity problem for our optimization; similar
NC conditions were also shown to be practical for live video
streaming in [34]. We used 257° as the finite field size for NC.
Each simulation is performed 50 times and the performance
benchmark was visual quality (PSNR) with unit in dB.

In the following we considered two WWAN packet loss
models: homogeneous packet loss (HM) and heterogeneous
packet loss (HT). In HM, the WWAN packet loss was iid and
all peers had the same loss rate /. In HT, peers were separated
into two regions. Peers within the L%O X L(?ZO m? square had
HM loss with loss rate 0.5/, while peers outside of the square
had HM loss with average loss rate 1.5/, capturing possible
spatial packet loss diversity in wireless networks. The overall
average packet loss rate, however, remained /.

B. CPR-Aware Rate-Distortion Optimized JSCC Scheme
Outperforms Conventional JSCC Schemes

We first compare video quality between our proposed CPR-
aware JSCC scheme and a CPR-ignorant JSCC scheme, both
using UNC for WWAN-CPR for local packet recovery. Note
for the latter case, we still performed CPR to assist poor
receivers to recover lost WWAN packets, but JSCC was
performed ignorant of the presence of CPR. We also compare
the performance of a conventional JSCC scheme optimized
for the average peer when CPR is disabled. HM WWAN loss
model was used in the simulation.

Fig. 4(a) shows the average video quality for the Foreman
sequence for all N peers and CPR data rates ranged from 0O to
1500 kb/s. CPR WWAN loss rate was 0.3. For our proposed
CPR-aware JSCC, the vertical bar shows the maximum and
minimum PSNR in our simulated data. Note the range of CPR
data rates already takes background traffic into consideration
because typical WLAN bandwidth is much higher.

When CPR-aware JSCC was performed, we see that with
the increase of CPR data rate, video quality was greatly
improved. The improvement over the CPR-ignorant JSCC
scheme is significant, where CPR was only helpful at the
beginning and then flat-lined. The reason is as follows: when
the system was optimized ignorant of CPR, JSCC cannot
take advantage of improving CPR recovery to allocate more

5257 was used as the NC encoding finite field size because our external
tool [38] used to perform matrix manipulation only takes in prime number as
the field size.
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Fig. 5. CPR-aware rate-distortion optimized JSCC versus CPR-ignorant

JSCC using UNC. WWAN loss rate 0.1. (a) Foreman sequence. (b) News
sequence.

WWAN bits to source coding to further eliminate quantization
noise, resulting in a maximum achievable PSNR due to fixed
source coding. The maximum gain of CPR-aware JSCC over
CPR-ignorant JSCC was 4.7 dB when the data rate was 1500
kb/s. We see also that our CPR-aware JSCC scheme outper-
formed the conventional JSCC scheme without CPR by up
to 5.6 dB. Fig. 4(b) shows similar video quality improvement
for the News sequence. Our CPR-aware JSCC scheme obtained
6.0 dB gain over CPR-ignorant JSCC scheme, and 7.4 dB gain
over conventional JSCC scheme where CPR was not available.
As shown by the confidence intervals, both test sequences and
across the whole range of CPR data rates, all data points are
within 1 dB distance away from the average values in PSNR,
demonstrating stability of our scheme. The dynamic range for
the CPR-ignorant JSCC scheme is really small and most data
points are closed to the average (hence the vertical bars are
not visible).

Fig. 5 shows the average video quality for the Foreman and
News sequences when WWAN loss rate was 0.1. Similar to the
previous simulation setup, we obtain significant performance
improvement with our CPR-aware JSCC scheme. For the
Foreman sequence, the maximum gain of CPR-aware JSCC
over CPR-ignorant JSCC was 1.4 dB. Our CPR-aware JSCC
scheme outperformed the conventional JSCC scheme without
CPR by up to 1.8 dB. For the News sequence, CPR-aware
JSCC outperformed CPR-ignorant scheme by 1.9 dB and
outperformed conventional JSCC without CPR by up to 2.3
dB. We can hence conclude that our proposed CPR-aware
JSCC scheme reaps more gain when the WWAN channel is
poor.

C. CPR-Aware JSCC Using UNC and SNC

We next compare the performance of CPR-aware JSCC
using UNC to JSCC using SNC. As discussed in our previous
work [9], SNC can achieve further performance gain over
UNC given limited WLAN resource. We consider HT model
with two settings: HT1 and HT2. For HT1 loss model, WWAN
loss rates in the two HT regions were 0.15 and 0.45. For the
HT2 case, WWAN loss rate difference in the two regions was
larger and set at 0.1 and 0.5.

As shown in Fig. 6, we see that CPR-aware JSCC using
SNC outperformed JSCC using UNC. We can see that with
the increase of the variance in WWAN packet loss rate, SNC
obtained more performance gain over UNC. This is due to the
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Fig. 6. Performance comparison between CPR-aware JSCC using UNC and
SNC. (a) Foreman sequence, HT 1 loss. (b) Foreman sequence, HT 2 loss.
(c) News sequence, HT 1 loss. (d) News sequence, HT 2 loss.

fact that SNC provides more structure in NC and can better
accommodate the heterogeneous environment. When CPR data
rate was higher, the gap between SNC and UNC was reduced.
This is because with the increase of CPR data rate, UNC can
recover more packets and the effect of heterogeneity in CPR
reduces. Since JSCC using SNC outperformed UNC, we use
SNC in our following discussions.

D. Insights into CPR-Aware JSCC

1) Ensemble Gain and Disparate Gain: As discussed
before, with our CPR-aware rate-distortion optimized JSCC
scheme, peers in the CPR network can obtain both ensemble
gain and disparate gain. In order to quantify these gains, we
performed simulations with both the HM and HT loss models
using SNC and WWAN loss rate was set to 0.3.

Fig. 7(a) shows the visual quality for the Foreman sequence.
With the HM loss model, we can see that our proposed
CPR-aware JSCC scheme provided significant video quality
improvement (up to 4.1 dB) over CPR-ignorant JSCC. This
performance gain is clearly ensemble gain alone, since each
peer experienced the same WWAN channel statistics and there
was no differentiation between poor and rich peers. The en-
semble gain was reaped due to “strength in numbers:” a packet
was correctly delivered to a peer n if it was correctly delivered
to any one peer in the CPR collective, and subsequent CPR
propagated the transmitted packet to peer n.

More interestingly, comparing Fig. 7(a) and (b), i.e., the
HM and HT loss models, we observed larger performance
improvement in the latter case. This is due to the fact that
CPR can now exploit disparity gain, in addition to ensemble
gain. In particular, a CPR-aware JSCC scheme can selectively
exploit strong channels of rich peers (for disparity gain), while
still leveraging channel of poor peers (for ensemble gain), to
optimize the collective’s performance. We see that our CPR-
aware JSCC scheme outperformed the CPR-ignorant JSCC
scheme by up to 4.5 dB.
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Comparing to conventional JSCC scheme where CPR was
not available, our scheme achieved 5.5 dB gain for HM loss
model, and 7.4 dB gain for HT loss model.

We saw similar performance trends for the News sequence
in Fig. 7(c) and (d). We obtained 6.9 dB and 8.7 dB im-
provements over conventional JSCC scheme under HM and
HT models, respectively. Comparing to the CPR-ignorant
JSCC scheme, we obtained 4.9 dB and 5.2 dB performance
improvement under HM and HT models, respectively.

2) CPR-Aware JSCC with Various Network Density: We
also validate the performance of our CPR-aware JSCC scheme
under various network density settings. The network size is
fixed and the same as before. However we change the number
of peers participating in CPR.

Fig. 8 shows our CPR-aware JSCC scheme with peers
ranging from 10 to 50 for both Foreman and News sequences.
When there are fewer peers performing CPR, video quality
is low because of less CPR packet exchange opportunity.
However, when more than 20 peers are participating in CPR,
PSNR is already in 30 dB range for both two sequences, which
implies good video quality.

VIII. CONCLUSION

In this paper, we proposed a CPR-aware rate-distortion op-
timized JSCC scheme for a cooperative peer-to-peer collective

for WWAN video multicast. We showed that our scheme
achieved significant performance improvement over CPR-
ignorant JSCC schemes with or without CPR. We achieved
the gain by devoting more WWAN bits to source coding out
of a fixed WWAN transmission budget without an increase in
channel losses by exploiting disparity and ensemble gain inher-
ent in a CPR transmission paradigm. Our simulations showed
that our CPR-aware JSCC optimization scheme outperformed
the existing JSCC scheme where CPR is not available by up
to 8.7 dB, and up to 6.0 dB for a CPR-ignorant JSCC scheme.
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Rate-Distortion Optimized Joint Source/Channel
Coding of WWAN Multicast Video for A
Cooperative Peer-to-Peer Collective
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Abstract—Because of unavoidable wireless packet losses and
inapplicability of retransmission-based schemes due to the well-
known negative acknowledgment implosion problem, providing
high quality video multicast over wireless wide area networks
(WWAN) remains difficult. Traditional joint source/channel cod-
ing (JSCC) schemes for video multicast target a chosen nth-
percentile WWAN user. Users with poorer reception than nth-
percentile user (poor users) suffer substantial channel losses,
while users with better reception (rich users) have more channel
coding than necessary, resulting in sub-optimal video quality.
In this paper, we recast the WWAN JSCC problem in a new
setting called cooperative peer-to-peer repair (CPR), where users
have both WWAN and wireless local area network (WLAN)
interfaces and use the latter to exchange received WWAN
packets locally. Given CPR can mitigate some WWAN losses
via cooperative peer exchanges, a CPR-aware JSCC scheme can
now allocate more bits to source coding to minimize source
quantization noise without suffering more packet losses, leading
to smaller overall visual distortion. Through CPR, this quality
improvement is in fact reaped by all peers in the collective, not
just a targeted nth-percentile user. To efficiently implement both
WWAN forward error correction and WLAN CPR repairs, we
propose to use network coding for this dual purpose to reduce
decoding complexity and maximize packet recovery at the peers.
We show that a CPR-aware JSCC scheme dramatically improves
video quality: by up to 8.7 dB in peak signal-to-noise ratio for
the entire peer group over JSCC scheme without CPR, and by
up to 6.0 dB over a CPR-ignorant JSCC scheme with CPR.

Index Terms—Cooperative peer-to-peer repair, joint source-
channel coding, network coding.

I. INTRODUCTION

ROVIDING sustainable high quality video over multicast

channels of wireless wide area networks (WWAN) such
as multimedia broadcast/multicast service (MBMS) [1] in
3G networks remains challenging because of two technical
difficulties: 1) unavoidable packet losses due to temporary
wireless link failures, and 2) unlike unicast, automatic re-
transmission request for link losses cannot be implemented

Manuscript received November 7, 2009; revised March 31, 2010 and June
22, 2010; accepted August 15, 2010. This paper was recommended by
Associate Editor D. O. Wu.
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per packet/per receiver due to the point-to-multipoint negative
acknowledgment (NAK) implosion problem [2].

Given a multicast receiver group with a range of statistical
channel conditions, previous works like [3]-[6] have optimally
divvied up bits from a fixed WWAN transmission budget
between source coding (e.g., by varying frame-level quanti-
zation parameters in H.264 video [7]) and channel coding
[e.g., by varying amount of forward error correction (FEC)
like Raptor Code [8]], to minimize the visual distortion for a
chosen nth-percentile receiver! resulting from the combined
effects of source quantization noise and packet losses due to
residual channel noise. This WWAN bit allocation problem
to minimize end-to-end visual distortion will be called joint
source/channel coding (JSCC) in the sequel. Though clearly
a point-to-multipoint problem, previous works [3]-[6] never-
theless use channel characteristics of a single nth-percentile
receiver to represent a possibly large and diverse multicast
group when allocating resources. Hence, receivers with chan-
nels worse than nth-percentile receiver’s (poor receivers) suffer
substantial losses due to insufficient FEC, while receivers with
better channels (rich receivers) have more FEC than necessary,
resulting in sub-optimal quality.

To improve video quality for poor receivers, we have
previously proposed a new packet-recovery paradigm for re-
ceivers in the same video multicast group with multi-homed
network capabilities—ones with both WWAN and wireless
local area network (WLAN) network interfaces like 802.11—
called cooperative peer-to-peer repair (CPR) [9]. The idea
is simple: after receiving different subsets of packets from
WWAN source (due to different WWAN channel conditions
experienced), receiver group forms an ad-hoc peer-to-peer
network called a CPR collective and cooperatively exchange
received packets via WLAN to mitigate WWAN losses. We
have also shown [9] that by first encoding received WWAN
packets into coded packets using network coding (NC) [10]
before CPR exchange, and by imposing structures on NC,
further gain in packet recovery can be observed.

In this paper, we recast the well-studied JSCC problem
in the context of CPR: given a group of multi-homed peers
listening to the same WWAN video multicast and participating

150th-percentile is the average receiver, and Oth-percentile is the worst
receiver.

1051-8215/$26.00 (© 2011 IEEE
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in ad-hoc WLAN CPR recovery, how to optimally allocate bits
between source and channel coding out of a fixed WWAN bit
budget so that the sum of visual distortion of the entire peer
collective is minimized? Unlike previous JSCC work minimiz-
ing distortion for an nth-percentile receiver (thus resulting in
sub-optimal poor and rich receivers), our proposal minimizes
distortion for the entire peer collective, so that every peer
will benefit from lower visual distortion by participating in
CPR. We explain intuitively how CPR alters the JSCC problem
fundamentally as follows.

From an end-to-end system view, CPR presents a new
multi-path packet transmission paradigm: a packet can be
transmitted from the source to a receiver either via a WWAN
link directly, or indirectly via CPR repair routed through
a neighboring peer’s WLAN link. Because of this path di-
versity enabled by the multi-homed devices, a CPR-aware
JSCC scheme can now exploit this more general transmission
condition in two ways. First, the system no longer needs to
expend substantial channel coding efforts for a poor receiver,
who can now depend on rich receivers” WWAN channels and
subsequent CPR repairs for reliable transmissions—we call
this the disparity gain. Second, even if all receivers experience
similar WWAN channels statistically, a packet is lost to the
collective only if WWAN transmissions to every single peer in
the entire collective fail—a much stronger loss condition than
when JSCC was optimized for a single nth-percentile receiver.
A CPR-aware JSCC scheme can hence exploit this multiplying
effect—we call this the ensemble gain—to allocate more bits
to source coding without incurring more losses.

The technical difficulty then is how to decide the “right”
amount of bits for source versus channel coding in a CPR-
aware JSCC scheme to maximally exploit the aforementioned
disparity and ensemble gain. More precisely, the challenge
is twofold. First, computation-efficient implementations of
WWAN FEC and WLAN CPR must be designed for good
end-to-end packet recovery. Second, for chosen WWAN FEC
and WLAN CPR implementations, a carefully formulated
rate-distortion optimization, accurately taking into account
effects of source quantization noise and packet losses due
to potential WWAN channel noise and CPR recovery failure,
must be constructed and solved efficiently to find the minimum
expected end-to-end distortion possible for the CPR collective.
Our major contributions in this paper are as follows.

1) We propose to apply NC for the dual purpose of
WWAN-FEC and WLAN-CPR, which we show to re-
cover end-to-end packet losses well compared to other
FEC schemes and has low decoding complexity.

2) Given unstructured network coding (UNC) is used for
WWAN-FEC and WLAN-CPR, we formulate a CPR-
aware WWAN JSCC optimization, carefully modeling
source, WWAN and CPR recovery process, targeting the
entire CPR collective to maximally exploit both ensem-
ble and disparity gain. We derive boundary cases for our
optimization to provide intuition to the optimization.

3) Using instead the more complex but better performing
structured network coding (SNC) for WWAN-FEC and
WLAN-CPR, we reformulate the CPR-aware WWAN
JSCC optimization to minimize end-to-end distortion for

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY

the collective. We propose an efficient iterative local
search algorithm to find a locally optimal solution. For
CPR using SNC, we provide a counter-based determinis-
tic SNC selection scheme for each peer to select a SNC
type during each CPR transmission.

Extensive simulations show that our CPR-aware JSCC scheme
improves over traditional JSCC scheme without CPR by up to
8.7 dB in peak signal-to-noise ratio (PSNR), and up to 6.0 dB
over a CPR-ignorant JSCC scheme with CPR.

The outline of this paper is as follows. We first review
related works in Section II. We then overview our CPR-aware
JSCC framework, video source model, and network models
in Section IV. We discuss how NC can be applied to both
WWAN-FEC and WLAN-CPR in Section III. We present our
JSCC optimization in two parts: JSCC for UNC and JSCC for
SNC in Sections V and VI, respectively. Simulation results are
presented in Section VII. We conclude in Section VIII.

II. RELATED WORK

We overview related works in four subsections. We first
discuss previous works in JSCC for wireless video trans-
mission. We then discuss recent network optimizations for
multi-homed communication—a group of cooperative devices
each with multiple network interfaces to connect to multiple
orthogonal networks. We then overview NC, the new network
transmission paradigm and methodology where routers, in-
stead of simply forwarding received packets to outgoing links,
actively encode received packets before transmission. Finally,
we discuss our earlier works in CPR and contrast our current
contribution against these earlier works.

A. Joint Source/Channel Coding

Due to the well-known NAK implosion problem [2], many
video broadcast/multicast schemes over MBMS [5] have for-
gone feedback-based error recovery mechanisms like [11] and
opted instead for FEC like Raptor Codes [8] to perform rate-
distortion optimized JSCC. JSCC for video streaming has been
a popular research topic for well over a decade [3]-[6], [12]. In
essence, JSCC optimally allocates available bits out of a fixed
bit budget to video source coder and channel coder to combat
the combined effects of source quantization noise and packet
losses from a lossy channel. The authors in [3] proposed an
algorithm to optimally partition source and channel bits for
scalable video using a 3-D subband video coder. For video
broadcast over MBMS, [5] assumed the video source was pre-
encoded in different bit rates, then optimized the selection
of source bit rates as well as FEC parameters depending on
channel conditions. Both [4] and [6] considered a receiver-
controlled JSCC architecture where multiple multicast groups
were available and the receiver chose a multicast group based
on its own channel condition.

When performing JSCC, all previous works targeted nth-
percentile receivers, resulting in great losses for receivers with
worse-than-targeted channels. Note that choosing the lowest
denominator (receiver with the worst channel or the Oth-
percentile receiver) does not relieve sub-optimality; optimizing
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JSCC for the worst receiver in a large diverse group would
mean expending majority of transmission budget for channel
coding, leaving few source bits to eliminate source quantiza-
tion noise and resulting in poor video quality. In contrast, in
this paper, we perform rate-distortion optimized JSCC for the
entire CPR collective exploiting ensemble and disparity gain
so that every receiver can benefit.

B. Multi-Homed Mobile Devices

Recent research on ad-hoc group of multi-homed de-
vices [13]-[17]—each equipped with both a WWAN interface
like 3G and WLAN interface like 802.11—proved that useful
transmission paradigms beyond traditional server-client model
can be constructed. In [13], the authors showed that aggrega-
tion of an ad-hoc group’s WWAN bandwidths can speed up
individual peer’s infrequent but bursty large content download
like web access. The authors in [14] proposed ICAM, an
integrated cellular and ad-hoc multicast architecture, in which
the cellular base station delivered packets to proxy devices
with good channel conditions, and then proxy devices utilized
local WLAN ad-hoc network to relay packets to other devices.
The authors in [16] showed that smart striping of FEC-
protected delay-constrained media packets across WWAN
links can alleviate single-channel burst losses. The authors in
[15] and [17] also proposed to use WLAN ad-hoc networks
to cooperatively recover video packet losses through cellular
broadcast.

Like works in [15] and [17], our CPR work [9] also relies on
local packet exchanges with cooperative neighbors in ad-hoc
WLAN to recover from WWAN multicast losses, but doing
S0 in a rate-distortion optimal way, so that for given available
WLAN repair bandwidth, the expected distortion at a peer
is minimized. Instead of focusing on the WLAN exchanges,
the key novelty of this paper is a CPR-aware rate-distortion
optimized JSCC scheme.

C. Network Coding

NC has been a popular research area since Ahlswede’s
seminal work [18], where wired network routers perform
NC to combine received packets before forwarding them
downlink for improved network throughput. Application of
NC to wireless networks [19], [10] has also been proposed,
where XOR-based NC protocols were designed for wireless
ad-hoc networks to obtain similar throughput improvement. At
the application layer, previous works [20]-[22] have also opti-
mized video streaming using NC. The authors in [20] utilized
a hierarchical NC scheme for content delivery networks and
P2P networks alike to combat Internet bandwidth fluctuation.
The authors in [21] discussed a rate-distortion-optimized NC
scheme on a packet-by-packet basis for a wireless router,
assuming perfect state knowledge of its clients. The authors in
[22] discussed the application of Markov decision process [23]
to NC, in which NC optimization is performed at the access
point.

In this paper, our novelty lies not in the application of NC
for typical server-client video streaming in unicast/multicast
scenarios, which has been addressed previously in different

Fig. 1. Illustration of cooperative peer-to-peer repair network.

contexts. Rather, our major contribution lies in a CPR-aware,
rate-distortion optimized JSCC scheme, minimizing distortion
for the entire CPR collective in a CPR setting. Further, our
proposal to use NC for the dual purpose of both WWAN-FEC
and WLAN-CPR in a CPR scenario is new.

D. Cooperative Peer-to-Peer Repair

The concept of cooperative peer-to-peer repair was first
proposed in [24], where we proved that finding a schedule
for peer transmission in CPR to minimize transmission time
is NP-hard. In [25], we proposed a heuristic based scheduling
protocol for CPR, and in [26] we showed that by combining
NC with CPR, further performance gain can be achieved. In
our recent work [9], we designed SNC for a group of video
pictures to optimize video quality in a rate-distortion optimal
manner if only a subset of the lost WWAN packets can be
recovered given limited WLAN network resources.

Compared to our previous works focusing on WLAN recov-
ery of WWAN broadcast/multicast losses, the major contribu-
tion of this paper is at the WWAN end: a CPR-aware JSCC
optimization scheme at WWAN source targeting the entire
collective of CPR users. As will be shown in later sections,
the benefit of a CPR-aware WWAN JSCC scheme can be
reaped whether we use unstructured or structured NC for CPR
exchanges. Hence, our current contribution is orthogonal to
our previous contributions.

III. SYSTEM OVERVIEW AND MODELS

In this section, we first overview our WWAN video multi-
cast system with CPR. We then discuss the video source and
network models that our JSCC scheme uses for rate-distortion
optimization. Network model will be discussed into two parts:
WWAN model for direct WWAN-source-to-peer transmission,
and WLAN model for CPR exchanges.

A. WWAN Video Multicast System with CPR

We consider a scenario where a group N of N peers
are watching the same WWAN multicast video using their
wireless multi-homed mobile devices. Each device is also
equipped with a WLAN interface, and the peers are physically
located in sufficiently close proximity (a few hundreds of
meters [27]) that a peer-to-peer wireless ad-hoc network can be
formed. After each peer receives a potentially different subset
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of multicast video packets through his/her WWAN interface
(due to different network conditions experienced), they use
their WLAN interfaces to exchange received WWAN packets
to collectively recover packet losses in WWAN channels. This
repair process is called cooperative peer-to-peer repair (CPR).
As an example, in Fig. 1, locally connected peers a, b, and
c perform CPR to repair packet losses due to lossy WWAN
transmissions from the media source to the peers.

In more details, the operation of our WWAN video multicast
system with CPR can be explained in three phases. In the
first phase, for a given WWAN transmission budget, i.e., the
maximum number of bits that can be transmitted via the
WWAN multicast channel in an epoch of T seconds, the media
source allocates bits to source coding for a group of pictures
(GOP) of playback duration of the same T seconds. The result-
ing encoded source bits are packetized into source packets, and
the remaining WWAN bit budget is expended for WWAN-FEC
packets. Both source and FEC packets are then transmitted
from media source to peers in the multicast group.

In the second phase, peers exchange CPR packets via
WLAN to repair this GOP in time 7 during WWAN multicast
of the next GOP. (CPR repairs one GOP at a time) When a
peer is permitted to transmit a CPR packet in WLAN, the peer
uses both packets received from the source via WWAN, i.e.,
source packets and WWAN-FEC packets, as well as the CPR
packets received from other peers, to construct a CPR packet
for transmission to CPR neighbors within range.

In the third phase, after CPR completes its repair of a GOP
in repair epoch of duration 7, each peer recovers missing
source packets from the received WWAN-FEC packets and
locally exchanged CPR packets, decodes video from source
packets, and displays decoded video for consumption. Note
that 7 is hence also the repair epoch in which CPR must
complete its repair in a given GOP. The initial playback
buffer delay for each peer is therefore two repair epochs. In
practice, a GOP is on the order of 10-30 frames, hence at
15 frames/s, initial playback buffer delay of two repair epochs
is on the order of several seconds, and is imperceptible to
non-interactive video viewers once streaming starts.

B. Video Source Model and Assumptions

We next describe a video source model that delineates the
relationship between encoded bit count of a frame in a GOP
and the resulting visual distortion. The media source uses
H.264 [7] codec for video encoding. Each GOP of video
consists of a starting I-frame followed by M — 1 P-frames.
Each P-frame F; uses its previous frame F;_; for motion
compensation, and the GOP forms a dependency chain. We
assume that a frame F; is correctly decoded if it is correctly
received, and the frame it referenced is correctly decoded.

Each video frame F; is encoded from original picture

F? with bit count ri, chosen by a JSCC scheme. r! bits
are subsequently divided into R! = [ Sri —‘ source packets,
pkt

Pi = {pi1» pi2s - pigi}, for transmission, where Sy, is the
maximum packet size. l

We adopt a dependent source distortion model similar to the
one introduced in [23]. Each frame F; has an associated d;,
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the resulting distortion reduction if F; is correctly decoded. d;
can be calculated as follows [28]: it is the visual quality (peak
signal-to-noise ratio”) of using decoded frame F; for display
of original picture F?, plus the error concealment quality of
using decoded frame F; for display of later pictures F{s in
the GOP, j > i, in the event that F;s are incorrectly decoded,
minus the error concealment quality of F;_; (if F;_; exists).
This means d;(r, r=') is a function of both source coding rate
for F;, ri, and source coding rate for F;_, ri~!. Note since F;
is encoded using a discrete set of source quantization levels,
both the source coding rate r and distortion d;(r!, ri"') are
also discrete values.

C. WWAN Network Models and Assumptions

We assume peers in the same WWAN multicast group
experience different WWAN statistical channel conditions—
each peer experiences independent (in time) and identically
distributed packet losses with a different loss probability—
resulting in different subsets of received WWAN packets
in a GOP. This assumption is reasonable because although
the distance between any two peers is restricted by WLAN
transmission range, it is still substantially larger than the
WWAN packet loss correlation distance. In fact, [29] has
shown that even when two peers are co-located, the channel
fading experienced by the two peers is very different, resulting
in very different packet loss patterns.

The working assumption for CPR is that a source packet
is received by at least one peer in the collective via WWAN
multicast for CPR recovery to function. This is valid when
WWAN JSCC is optimized for the individual nth-percentile
receiver; rich receiver with better channel statistics will cor-
rectly receive packets with high probability. However, as we
allocate more bits to source coding out of a fixed WWAN
transmission budget to exploit disparity and ensemble gain
for the entire CPR collective, WWAN collective packet loss
probability—the likelihood that a packet is lost to the entire
collective, becomes larger and must be modeled carefully.?

Assuming the packet losses are spatially uncorrelated [29],
the conditional WWAN collective packet loss probability, /), .
given a peer n has lost the packet can be written as

L = [ tn ~ ™" (0

meN\n

where /,,, is the average packet loss rate. [, is the individual
loss rate for peer m. [, s could be channel estimates sent in-
frequently but periodically from receivers’ to WWAN source,
or estimated by WWAN source based purely on receivers’
proximity to WWAN base stations. In the absence of per peer
channel statistics, source can instead use /,,, for all the users.

2PSNR is a function of mean squared error: PSNR = 10log;, (%)

3Note that we assume we are optimizing JSCC for a known WWAN
multicast CPR collective \V, where the size of collective N and corresponding
channel statistics (to some degree of precision) are known. This is in contrast
to a WWAN broadcast scenario, where the number of receivers and their
respective channel statistics are unavailable.
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Fig. 2. Curve fitting using Normal function.

D. WLAN Network Models and Assumptions

We assume that peers are stationary during the repair of
the current GOP and can change their locations in the next
GOP. Peers utilize the underlying 802.11 broadcast mode
and rely on the 802.11 MAC layer scheduling protocol, i.e.,
carrier sense multiple access/collision avoidance, to coordinate
transmissions. Note that since we consider broadcast mode,
RTS/CTS are disabled and there are no retransmissions. Be-
cause each transmitted CPR packet by a peer is destined
for his/her immediate neighbors within range, no application-
specific routing protocol is required. Whenever the MAC layer
senses a transmission opportunity, it informs the application
layer, and the peer constructs a CPR packet based on received
WWAN packets from source and CPR packets from neighbors
and transmits it. At a given WLAN transmission opportunity,
one question is how to construct a good CPR packet for
WLAN transmission. We will discuss this in Section VI-D.

In order to model WLAN-CPR packet exchange capability,
we assume that peer n receives a random variable number Z,
of CPR packets in time 7, and the mean of Z, is Z. Because
of the heterogeneous network topology, wireless transmission
contentions and interference, there exists variance in Z,. We
denote o2 as the variance of Z,,.

Experimentally, we can construct a statistical distribution of
Z, shown in Fig. 2.

As shown, the experimental data can be approximated using
a Gaussian distribution with mean Z and variance 0. We will
use Z, to model CPR packet recovery capability. Details of
how Z, is related to CPR packet recovery probability can be
found in [30]. Note that since Z, is the number of CPR packets
successfully received by peer n, it inherently captures packet
losses in WLAN.

IV. NETWORK CODING FOR WLAN-CPR AND
WWAN-FEC

In this section, we discuss our proposal to use NC for
the dual purpose of WWAN-FEC and WLAN-CPR. We first
overview our previously proposed NC-based CPR frame-
work [9], where peers use NC to encode received WWAN
packets into coded packets for local recovery. We then discuss
how NC can be applied to WWAN and serve as WWAN-FEC.

F3 F4
[ ~

F1 F2
I I

®, B

0, 4
0 B,

Fig. 3. Example SNC-FEC GOP with three frame groups.

A. Network Coding Based CPR

In order to improve CPR efficiency, we have proposed for
each peer to encode received WWAN packets into a coded
packet using NC [31] before performing CPR exchange [9].
Given M frames in a GOP, F = {F,..., Fy}, we first
denote P* as the set of native packets in the GOP, i.e.,
P* =Py, ..., Py). There are a total of P = [P*| =¥ RI
native packets to be disseminated among the peers.

Rather than raw received packets from source, we have
shown [9] that NC-encoding a CPR packet, g,, as a ran-
domized linear combination of raw received native packets G,
from source and CPR packets Q,, from neighbors can improve
packet recovery performance

qn = Z ai,jpi,j+ Z mem

Pij€Gn G €Qn

2

where a; ;s and b,,s are coefficients for the received native and
CPR packets, respectively. We call this approach UNC. The
advantage of UNC is that any set of |P*| received innovative*
packets can lead to full recovery of all packets in the GOP.
The shortcoming of UNC is that if a peer receives fewer than
P innovative packets, then this peer cannot recover any native
packets.

To address UNC’s shortcoming, we impose structure in the
coefficients a; ;s and b, s in (2) when encoding a CPR packet,
so that partial recovery of important frames in the GOP at
a peer when fewer than P innovative packets are received is
possible. Specifically, we define X SNC groups, ©4, ... , Oy,
where each ®, covers a different subset of frames in the
GOP and ®; C ... C Oy = F. O is the most important
SNC group, followed by ®,, etc. Corresponding to each SNC
group O, is a SNC packet type x. Each SNC frame group
O, is associated with a transmission weight B,; i.e., given Z,
number of CPR packets is received by peer n, the expected
number of CPR packets of type x is Z, ;. Further, let g(j) be
index of the smallest SNC group that includes frame F;.

As an example, in Fig. 3 frames F), F, are in SNC group
®, and Fy, ..., Fy are in SNC group ©,. B, B2, B3 are the
transmission weights associated with the three SNC groups
and Z?:l Bi = 1. The smallest SNC group that includes F3, Fy
is ®;, with index 2 = g(3) = g(4).

With the definitions above, a SNC packet g,(x) of type x
can now be generated as follows:

(=3 Ulgli) = 0 a5 45 U@G) < ) b ()
phﬁgﬂ qn€n

4A new packet is innovative for a peer if it cannot be written as a linear
combination of previously received packets by the peer.
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where ®(g,,) returns the SNC type of packet ¢,,, and U(c)
evaluates to 1 if clause c is true, and O otherwise. In words,
(3) states that a CPR packet ¢,(x) of type x is a random
linear combination of received native packets of frames in SNC
group O, and received CPR packets of type < x. Using (3)
to generate CPR packets, a peer can now recover frames in
SNC group ®, when |®,| < P innovative packets of types
< x have been received.

B. Network Coding Based WWAN-FEC

Though FEC like Raptor Code [8] is commonly used to pro-
tect source packets from WWAN multicast losses, we propose
to use NC for the purpose of WWAN packet loss protection
(WWAN-FEC). Theoretically, NC can be used simply as FEC:
n — k parity packets can be computed using NC to protect k
source packets. Like Reed-Solomon Code [32], it is a perfect
code; i.e., receiving any k of n transmitted packets constitutes
full source packet recovery. However, NC requires matrix
inversion to solve k equations for k unknowns to recover
original packets, leading to a O(k*) complexity. Given we are
optimizing one GOP of 15 frames at a time and typically a
frame has only a few packets for CIF resolution video, the total
number of source packets (k) is relatively small, and decoding
complexity is not a major concern.

We apply NC for WWAN-FEC as follows. First, the media
source generates FEC packets g(x)s for each defined SNC
frame group ©, as follows:

>

pij€P:, Fi€O,

q(x) = CijPij )
where ¢; ; is the native random coefficient. FEC packets are
generated using only native packets in frame group ®,, all
of which are available at the source. For ease of later JSCC
formulation, we define segment s, as the set of frames in frame
group O, but not ®,_j, i.e.,, F; € ©,\ ©O,_;. As an illustrating
example, Fig. 3 shows an NC-FEC encoded GOP with three
frame groups. There are two WWAN-FEC packets generated
for ®; of two frames and six source packets.

The computed WWAN-FEC packets are sent along with
source packets via WWAN multicast to peers. Because
WWAN-FEC are encoded using the same SNC, to a re-
ceiving peer, received WWAN-FEC packets from source are
no different from WLAN-CPR packets from neighbors, and
subsequent CPR process can proceed exactly the same as done
previously. In doing so, a peer can construct and exchange
CPR packets without first decoding WWAN-FEC, so that peers
receiving insufficient number of WWAN packets for WWAN-
FEC decoding can nevertheless participate and contribute
to CPR. Moreover, WWAN-FEC decoding and WLAN-CPR
decoding can be done at the same time at the end of a repair
epoch, reducing decoding complexity.

Note that rateless codes [8], [33] have been shown in the
literature to be useful for different video streaming scenarios.
The decision to use NC for the dual purpose of WWAN-FEC
and WLAN-CPR instead of rateless codes is twofold. First, it
is not clear how rateless codes can be directly applied to our
WWAN video multicast system with CPR, as we have done
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for NC, where received WWAN-FEC packets by a peer can
be used immediately to construct WLAN-CPR packets without
first decoding WWAN-FEC. Second, as previously discussed,
given NC decoding complexity is not a major concern for
small number of source packets in a GOP (separately, [34]
has demonstrated the practicality of using network coding in a
live peer-to-peer streaming system), there can be no theoretical
performance advantage of rateless code over NC, since NC is
already a perfect code.

V. JSCC OPTIMIZATION USING UNSTRUCTURED
NETWORK CODING

In this section, we describe how CPR-aware JSCC can
be performed using UNC. We first derive the optimization
mathematically. We then derive JSCC solutions at the two
boundary cases when CPR is unhelpful or perfect in packet
recovery. The derived solutions provide intuition as to how an
optimized JSCC scheme should behave to maximally exploit
disparity and ensemble gain inherent in CPR.

A. Joint Source/Channel Optimization for Single Frame Group

Suppose we want to optimize transmission of a GOP using
UNC. Let the optimization variables be R;, the number of
source packets, and R, the number of WWAN-FEC packets.
Our JSCC optimization objective is to minimize the average
of all N peers’ expected distortions in the CPR collective as

) S i1
IIQ?,III?{. N Z {D —[1 = pugrp(Rs, R)] Zdi(rs’ ry )

n=1 i=1

st. RR+R. <R (5

where D is the distortion if no packets are received at a peer,
and p, ¢p(Ry, R.) is the frame group loss probability for peer
n—the likelihood that the entire frame group (GOP) cannot
be correctly decoded, given R, source and R, WWAN-FEC
packets were transmitted via WWAN. R is the WWAN packet
budget available for transmission of a GOP. Note that there
is a source bit allocation problem here: optimal allocation of
R, source packets worth of bits to M frames, each frame F;
of r! bits. Because the entire GOP is either lost or correctly
decoded using UNC, the source bit allocation can be solved
using [35] assuming no channel losses.

Frame group loss probability p, ¢»(Rs, R.) is the probabil-
ity that more than R, packets are lost in WWAN by peer 7,
and CPR cannot help to recover enough of those losses

( R, ': R, > lfl(l . l,,)RSJrRFi

*pn,col(i’ Rc)

R+R.
pn,grp(RSv R.) = §
=R +1

(6)

where p, (i, R.) is the collective loss probability—the prob-
ability that the collective cannot recover sufficient number of
packets for recovery given i packets were lost by peer n via
WWAN transmission. p, .,(i, R.) depends on p, i (i, R.),
the collective insufficient probability that insufficient number
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of packets have been delivered via WWAN to the collective
for CPR to operate, given peer n has i WWAN losses already

pn,col(is Rc) = pn,isuf(iv Rc)
+ [1 = puisuf(i, RO [1 — Quli — Re, 51, sD)1(7)

where Q, (%2, s;, s.) is CPR recovery probability—the likeli-
hood that CPR can recover 2 WWAN lost packets in segments
from s; to s.. Q,(S2, s, s.) describes CPR packet recovery
capability and is decided by Z,, the number of CPR packets
received by peer n. Since UNC is a special case for SNC
where there is only one SNC group and one segment s, both
sy and s, are the same s;. In this case, Q,(2, 51, s1) = 1 when
Z, > ; and 0 otherwise. In words, since peer n receives Z,
packets during CPR, as long as the number of received CPR
packets is no fewer than the number of lost packets, all the lost
packets in the GOP can be recovered. In general when there
are X SNC groups, CPR recovery probability Q, (€2, sy, S.)
also depends on how SNC type selection is performed at
each peer to achieve desired proportions B,s for SNC group
®,. We discuss this in Section VI-D. Detailed derivation of
0,(L2, 55, 5.) 1s provided in [30].

When calculating CPR recovery probability Q, (€2, sy, s.)
for peer n, the number of CPR packets received by peer n,
Z,, is assumed to be known. However, in practice, it is hard
to accurately predict the number of CPR packets received by
each peer n, Z,, in the collective a priori. Given Z, can be
modeled by a Gaussian distribution with mean Z and variance
o2 as described in Section III-D, for ease of implementation,
we first divide a CPR collective into three equal-sized sub-
classes, each with Z~, Z, and Z* average number of CPR
packets, respectively. A peer n is hence equally likely to fall
into one of three sub-classes, and Q,(£2, sy, s.) for peer n will
be a weighted sum of probabilities of the three CPR sub-
classes. Z~ represents the “WLAN-poor” peers who receive
fewer CPR packets than average peers, and Z* represents the
“WLAN:-rich” peers who receive more CPR packets. The three
sub-class divisions properly account for both poor and rich
peers in WLAN, while keeping a representative middle class
with average CPR capability and small intra-class variance.
Simulations also show that using more sub-classes reaped
marginal improvement compared to the three sub-classes di-
visions, while the increase in computation complexity due to
more sub-classes is significant.

Given the assumption that Z, has Gaussian distribution and
the three CPR sub-classes are of equal size, one can locate the
boundaries of the three sub-classes as Z — 3] 020 and Z+ 3[
We can then calculate the mean of the three sub- classes as
Z-~Z7Z—o0,7Z, and Z* =~ Z + 0. See [30] for more details.

Now continuing with (7), the collective insufficient proba-
bility, p, isur(i, Re), can be written as

i—R.—1 .
PG R =D ( v ) A=l W)™ (®)
j=0
In other words, (8) states that only j of the i WWAN lost
packets by peer n are received by the collective. Hence, the
collective cannot recover sufficient number of packets for peer
n to recover the whole frame group.

B. Boundary Cases

We now derive JSCC solutions for the two boundary cases in
UNC as follows. Suppose CPR is utterly useless in packet re-
covery and Q,(S2, s1, s1) = 0. Then collective loss probability
Pn.col(i, Re) = 1. Frame group loss probability p, ¢rp(Rs, R.)
is then simply the likelihood that at least R. + 1 packets are
lost via WWAN transmission

R+R,

R;+ R ; __i
Progrp(Rs. Re) = Z( i 4 )ln(l_l,,)’“’*t SO

i=R.+1

We see now that the optimization (5) and (9) defaults to
optimizing JSCC over WWAN for N peers in the absence
of CPR. In other words, given there is no disparity and
ensemble gain to exploit when CPR is utterly ineffective, a
CPR-aware JSCC scheme essentially becomes a CPR-ignorant
JSCC scheme. This agrees with our intuition of how a CPR-
aware rate-distortion optimized JSCC scheme should operate.

Suppose now CPR is perfect in packet recovery and CPR
loss probability Q(€2, s, s;) = 1. Then collective loss prob-
ability p, coi(i, Rc) = puisur(i, Rc). Substituting p,, e (i, R.)

back to (6), we have
R& R+ R
Prgp(Rss RY= > ( e )z;a—ln)’**’*—l
i=R.+1
i—Re—1 , .
i
X .
> ()0~
Jj=0

Rearranging the two sums, the product terms in (10), and
expressing the combinations explicitly, we get

Re+R, i—R.—1 (R, + R,)!

Prgrp(R RY= D Y R+ Re— 01 i —

i=R.+1 j=0

x(1 = L)+ 1, (1 -

n, col) (ln col)l j' (10)

D!
l;l,C()[)} (1 l:’l ml)l j‘ (11)

Now change the variables j to k, i to m +k, and change the
corresponding upper and lower limits of the sums in (11), we
can write p, ¢rp(Ry, R.) as follows (assuming R, + R, = R):

pn.grp(Rsa Rc)

R R—m o
(R)!
Z Z(R—m—k)!m'k'

m=R.+1 k=0
[l (1 - ln col)} (l ll/‘l col)m
R R —m _
, m R —
(D)
m=R.+1 k=0

A=)+ a -1, 0"

(1- )R—m—k

R+R, R.+R
) Z < Sm ‘ ) (l l:l col)m( l"l; LoZ)R;+R(—m‘
m=R.+1
12)

The last step is due to binomial theorem. Our optimization (5)
and (12) now defaults to optimizing for anycast: if enough
packets are received by any one peer within the collective—
each packet is successfully transmitted to the collective with
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probability 1 — 1,1, .,—then the entire collective can recover

the GOP. In this boundary case, it is intuitive that a CPR-aware
JSCC scheme would essentially treat the entire collective as a
single entity when optimizing JSCC, since a transmitted packet
to a single peer is equivalent to a transmitted packet to the
entire collective. Hence, this JSCC result also agrees with our
intuition of how a CPR-aware JSCC scheme would maximally
exploit disparity and ensemble gain.

VI. JSCC OPTIMIZATION USING STRUCTURED NETWORK
CODING

In this section, we extend the CPR-aware JSCC optimization
to SNC. Beyond searching for the best resource allocation
for WWAN source and channel coding, we need to consider
jointly the optimal structures in SNC and associated weights
Bys for different NC groups during CPR exchanges as well.
We first define the new JSCC objective function and derive
the optimization. We then present heuristics to obtain locally
optimal optimization parameters efficiently.

Since SNC is considered for JSCC optimization, at a given
WLAN-CPR transmission opportunity, what NC packet type
to encode a CPR packet for local exchange to achieve the
weighted proportions S,s remains to be answered. We thus
describe a counter-based, deterministic SNC packet selection
scheme, which ensures that the important SNC packets are
always transmitted before less important ones in a local region.
This is an improved SNC selection scheme over our previously
used randomized SNC selection [9]. Last, given the counter-
based deterministic SNC selection scheme, we present a SNC
selection local optimization scheme that utilizes limited (and
possibly stale) available neighbor state information to make
more locally optimal SNC selections.

A. Optimization Objective

Similar to (5), the average of expected visual distortions for
all N peers in the collective in one GOP, assuming X frame
groups ®,s in the NC structure, can be written as follows:

N X

Dsic = %Z D—Z Zdj("sjv’"sj"l)

n=1 x=1 | jesy

13)

a,(x)

where D is the distortion if no packets are received at a peer.
di(ri,ri7") is the distortion reduction if F; is successfully
received and decoded. Y ;. d;(r/,r{™") is thus the distortion
reduction for segment s.. a,(x) is segment s, recovery prob-
ability for peer n.

Our JSCC optimization objective is to minimize the ex-
pected distortion with WWAN transmission constraint

M 1

. ry
~min  Dg,c Z

ri ROy By = | Spis

X

w +Y R < R (14
i=1

where Zl{l R! is the total number of WWAN-FEC packets.

The objective here differs from the UNC case (5) in that
individual segments s,s in GOP can be decoded without
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having the entire GOP recovered, resulting in partial distortion
reductions ds. Thus, rather than frame group loss probability
Pn.grp(Rs, Rc) in the UNC case (5), it is important to trace the
recovery probability «,(x) of each segment s,. We perform
the derivation next.

B. Optimization Formulations

We derive the segment recovery probability «,(x) as fol-
lows. We first define the following events.

1) C,: NC frame group ®, is recoverable.
2) B,: frames in segment s, can be correctly decoded. B, =
C,UCyU...U Cy.

With the two events, we can express the probability that frames
in segment s; cannot be decoded as

Pr,(B))= Pr,(C;NC,N...NCyx)
= Pry(C1) Pr,(C3|Cy)... Pry(Cx|Cx—1, ...

15)

, Co).

Each of the product terms in (15) can be obtained by uti-
lizing the frame group loss probability (6) derived for UNC,
with extra arguments to identify particular frame groups in
question

y
Prn(Cy|Cy71s cees Cl) ~ Pn.grp (Z st - 1’ RZ - l» S1, Sy)
i=1

(16)

where p, ¢y (Rs, R, S5, S.) is now the group loss probability
for peer n and the WWAN packet losses are in segments from
ss to .. 8y and s, are in turn passed into Q,(€2, sy, s.) for the
calculation of CPR recovery probability [30]. In words, (16)
says that given the previous frame groups ®;s, | <i < y—1,
are not recovered, the probability that the current frame
group ©, cannot be recovered is roughly the probability that
all 7, Rl — 1 source packets cannot be recovered given
only RY — 1 WWAN-FEC packets are available for channel
protection. The intuition is as follows: we know previous frame
groups (of size > 1 packet) cannot be recovered with their
own WWAN-FEC packets, so the current frame group must
expend at least one WWAN-FEC packet to help previous frame
groups, resulting in the “—1” term in both source and channel
coding packets. Note that when R = 0, there is no FEC packet
to use to repair the assumed lone lost source packet. In this
case, we expend one CPR repair packet in SNC group y to
help with the source packet.
Using Pr,(B;), we can express Pr,(B,) as

Pry(B2) = Pry(By) +[1 — Pry(B)1Pry(B2| By). A7)

In words, frames in segment s, cannot be decoded if frames
in 57 cannot be decoded, or if s; can be decoded but s, itself
cannot be decoded. Pr,(B,|B;) can be written as

Prn(C2 N C3 n...N Cx|B|)

= Pr,(C2|By)Pry(C3|Ca, By) ... Pry(Cx|Cx_; ... Ca, By)
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where
Pro(Cal By~ pu g (R .52, 50 ) (1g)
Pr,(By)
Prn(Cy|Cy717 ooy 627 Bl)%pn,grp <Z Ri -1, RZ — 1,5, Sy) .
i=2
(19)

In other words, given segment s, can be decoded, R2 WWAN-
FEC packets can be used exclusively to protect Rf source
packets only. See [30] for a derivation of scaling factor %.
We can similarly derive the general case formulations as
follows:

Pr(B,) = Pr(By_1)+[1 — Pr(B,_)]Pr(By|By_1)  (20)
where Pr(By_l) can be calculated iteratively
PF(By|By_1) = PI‘(Cy N Cy_'.] n...N Cx|By_])
= Pr(Cy|By—l)Pr(Cy+l |Cy’ By—l)
...Pr(CX|C‘X,1,...,C‘y,By,l) 21
where
- | PV(C _1)
Pr(Cy|By-1) & perp(RY, R, 5y, 8,) 2=~ (22)
yIBy—1 Pgrp ys Sy Pr(By_1)
and
Pr(Cy_1)

= Pr(Cy—l ICy—Z)Pr(Cy—Z) + Pr(Cy—l |Cy—2)Pr(Cy—2)
~ Perp(R)™ R sym1, 8, 1) Pr(Cy-2)

y—1
+Derp <Z R—1,R™" —1,s, sy_1> (1 — Pr(Cy-)).

i=1
(23)

By calculating Pr,(B;) iteratively from segment s; to sy, we
find all the segment irrecoverable probabilities where o, (x) =
1 — Pry(By).

C. Fast JSCC Optimization

Equation (14) involves the optimization of four sets of
variables: source coding rates ris, WWAN-FEC for the NC
groups R’s, NC groups ©,s, and peers’ NC group transmission
weights B.s. We outline an NP-hardness proof in [30] to
show that the optimal solution in general cannot be found
in polynomial time unless P = NP. Given the optimization is
NP-hard, we outline a computation-efficient Algorithm 1 that
finds a locally optimal solution as follows.

We first set the total number of WWAN-FEC packets to
be K. Given K and initial segment recovery probabilities as,
we find the optimal source bit allocation rs using Algorithm
OptimizeSource(). Then given source bit allocation rés, we find
the optimal SNC frame groups ®,s and transmission weights
Bys using Algorithm OptimizeSNC(). We iterate until we con-
verge to a solution. We then perform a modified binary search
(ModifiedBinarySearch()) of K with search space from 0 to R
to find the best solution. In the following, we describe Opti-
mizeSource(), OptimizeSNC() and ModifiedBinarySearch() in
more details.

Algorithm 1: Tterative CPR-aware Joint Source/Channel
Optimization using SNC

D = oc;

while true do

K=ModifiedBinarySearch();
budget o

RS =R —K;

while converge = 0 do

i P budget . |
ris = OptimizeSource(as, Ry );

[Dr., as, ©,s, Bs, Ris] = OptimizeSNC(r's);
if DY/ < D¢} then
| Dl = DY
end
end
Break when search space of K is small enough;

end
return rs, ©,s, R.s, Bis;

1) OptimizeSource(): To obtain optimal source bit allo-
cation given total available resource Ry'““, we use a well-
known heuristic algorithm in [35]. The difference here is that
our source bit allocation is a weighted version of the one in
[35], where the weighting factor is «,(x). The crux of the
algorithm is as follows. First, build a M-stage dependency
trellis from left to right where a stage corresponds to a frame.
Each stage has multiple states corresponding to possible quan-
tization levels. Then, starting from the first stage, iteratively
trace all feasible paths from all possible states from one stage
to all possible states in the neighboring stage, calculate the
corresponding Lagrangian costs—a weighted combination of
distortions and encoding rates—for the paths along the way.
Finally, identify the path in the trellis that yields the minimum
Lagrangian cost; the optimal quantization levels of frames
correspond to the states of stages in the optimal path [35].

2) OptimizeSNC(): Given ri,s returned from source bit
allocation, we obtain the distortion reduction d; for each frame
F;. Then, OptimizeSNC() finds the best SNC groups ©,s,
peers’ SNC group transmission weights 8,s, and the WWAN-
FEC packet allocation R's. We first observe the following:
because a GOP is a dependency chain, a frame in the chain is
of greater importance than it descendant frames, and frame F;
should not be allocated more resource than frame F;, j < i.
The observation has the following implication that a parent
frame should not be assigned a NC type larger than its children
frames. With the implication above, we design the following.

We first assign M NC types to the M frames from first
frame onward. We then compute B,s and R's that result in
the smallest distortion (to be discussed next). Next, we find
the best “merging” of neighboring frames—assigning the same
NC type to the merged group—that results in the largest
decrease in expected distortion. Each merging results in a new
NC structure, again we compute ;s and R’s that result in the
smallest distortion. We continue until all distortion-reducing
mergings are explored.

To obtain possible Ri. allocation, we perform a local search
type packet assignment as follows. We start by evenly allocat-
ing the K FEC packets to all the frame groups. Then, starting
from frame group one, we gradually increase the number of
FEC packets allocated to frame group one, by evenly reducing
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the FEC packets allocated to the rest of the frame groups.
Once we encounter an increase in distortion performance, we
reverse the direction by decreasing the number of FEC packets
allocated to frame group one and evenly increase the FEC
packets for the rest frame groups. After finishing the search
on frame group one, we then perform the same operation on
the rest of the frame groups. Similar local search method is
performed for the allocation of f,.

3) ModifiedBinarySearch(): Theoretically, for a given set
of peers’ WWAN statistics and corresponding CPR recov-
ery statistics, there should be a uniquely optimal amount
of resource out of the total WWAN bit budget devoted to
WWAN-FEC, beyond which there is too much channel coding
and source quantization noise dominates the peers’ expected
distortions, and below which there is too little channel coding
and channel noise dominates. This observation means that
there should be a unimodal plot of expected distortion with
respect to WWAN-FEC resource K, and a binary search for
K would suffice. However, due to sub-global-optimality of our
fast local searches, for a given K we on occasion do not find
the truly optimal division of resource among frames for source
coding and among frame groups for channel coding. This
means we may fail to achieve a true unimodal plot, resulting in
an “almost” unimodal plot instead. For this reason, we propose
a ModifiedBinarySearch() for K as follows.

Initially, the search space of K is from 0 to R. We start
R

by calculating the total distortions when K equals 7, and
two probing points g and %R. Let us assume the results are

represented as diid, diefe and drighe. If dief is less than dyigne — 6,
then the search is moved to the left half space, where § is a
positive number used to accommodate the exception points.
On the contrary if diigp 18 less than der — 8, search is moved
to the right half space. If the difference between diee and diigne
is less than 28, we further probe the points &, %R, %R and
to make proper search space reduction decision. We continue
this process until the search space is small enough.

4) Computation Complexity: Our modified binary search
has complexity log R. With the heuristic algorithm in [35],
source bit allocation has complexity O(MQ), where Q is the
quantization levels. With our local search based SNC opti-
mization, we need to check at most M merging operations for
M frames in each iteration, and there are at most M iterations.
Hence, there are at most M? merging operations and roughly
O(M?*) NC group choices. Our local search based WWAN-
FEC and transmission weights allocations have complexity of
O(R?) and O(L?), respectively, where L is the number of
transmission weight choices. Since source bit allocation and
SNC optimization are performed separately, in all the search
space size is roughly O(MQ log R + M?R?L? log R), which is
polynomial and significantly less than an exhaustive search.

D. Counter Based Deterministic SNC Selection

When SNC is used in JSCC, at each WLAN-CPR trans-
mission opportunity at a given peer, what NC type to encode
a CPR packet for local exchange needs to be answered. In
our previous work [9], we proposed a randomized scheme
where a peer randomly selects a SNC type according to
global transmission weights B,s. While it enforces the desired
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packet proportions in SNC groups, it does not conform to a
logical order where small (hence more important) SNC types
are transmitted first. When there is non-negligible variance
in Z,, a logical transmission order ensures that poor peers
receiving few CPR packets would get important packets in
larger proportions than indicated by the global weights S,s,
ensuring a minimum satisfactory level of quality.

To impose a logical order, we propose a counter-based
deterministic SNC selection scheme for peer n to select the
SNC type x. Peer n keeps track of the number Z/, of received
CPR packets thus far. When a transmission opportunity arises
for peer n, he transmits SNC type 1 if Z, < Zp,. Peer n
transmits SNC type 2 if Zf; < Z!, < Z(B) + B2), and so on. If
Z) > Z, peer n selects SNC type base_:d on a timer instead; i.e.,
if the current time is in-between T 3°/,' B; and T 377, B;, then
the chosen SNC type is j. One can thus enforce g, globally
and yet maintain a logical order.

Note we use reception counter instead of transmission
counter to maintain the logical order. The reason is twofold.
First, using WLAN broadcast mode, the number of packets
received by a collective can far exceed the number of packets
transmitted (each transmitted packet is received by multiple
listening peers). Hence, using transmission counter would
mean too many packets of small types if the number of packets
transmitted per peer is small. Second, a transmitted packet may
not be correctly received in time by neighbors due to in-air
collision and interference. Hence, reception counter provides
a more accurate estimate of neighbors’ current states.

Because of deterministic transmissions, packets of small
SNC types are always transmitted earlier than packets of large
SNC types. This property has three implications: 1) peers
receive packets of more important SNC types earlier than less
important SNC types; 2) if Z, is smaller than Z, then ns
neighbors receive more packets of more important SNC types
than indicated by B,s, which benefits peer ns poor neighbors;
and 3) peers can perform local optimization based on neighbor
state to further optimize local SNC type selection.

E. Local Optimization Given Deterministic SNC Selection

During CPR exchange, a peer can learn of their imme-
diate neighbors’ (possibly stale) state information, if state
information is piggybacked on top of each exchanged CPR
packet. Armed with neighbors’ state information, a peer can
now choose a smaller SNC type, if the peer deduces that
his neighbors have not fully recovered that SNC type. Doing
so means more important SNC types are more likely to be
recovered before peers can progress to select larger SNC types.
Note that this simple local optimization is not possible with
a randomized SNC selection approach, where at any given
time it is more difficult to deduce the appropriate SNC type
to transmit to a peer’s neighbors. Moreover, compared to
the more complex RD-based local optimization [9] for the
randomized approach, our simple local optimization requires
very small computation overhead.

Based on the discussion above, we piggyback SNC group
recovery status on top of each CPR packet. The status infor-
mation reveals how many packets the transmitting peer has
for each SNC group. Since there are at most M SNC types,
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and generally M is not a large number (15 in our setup), this
exchanged status information requires minimum bit overhead.
Based on the status information, peer n does the following.

1) Before deciding which SNC type to encode, peer n
first checks whether its neighbors have recovered the
previous SNC group. If not, peer n continues to transmit
packets of the previous SNC type.

2) After making a decision on SNC type, peer n checks
whether its neighbors have recovered the decided SNC
group. If so, n moves on to check the next SNC type.

When peer n checks whether its neighbors have recovered
SNC group ®,, for each neighbor m, peer n first calculates the
time difference t between the current time and the timestamp
when the neighbor information was received. The expected
number of packets m can receive during t is % If the expected
number of received packets is greater than the number of
packets neighbor m needs to recover SNC group ©®,, then m
is assumed to have recovered ®,; otherwise peer n assumes
that m still needs packets of type x.

VII. EXPERIMENTATION

We performed extensive simulations to validate our pro-
posal. We first discuss the simulation setup. We then demon-
strate the performance gain of our CPR-aware rate-distortion
optimized JSCC scheme using UNC over a CPR-ignorant
JSCC scheme. Then, we compare JSCC using SNC and UNC
and conclude that SNC outperforms UNC in a range of
network conditions. Last, we provide further discussions by
analyzing the ensemble and disparate gains inherent in CPR.

A. Simulation Setup

Two test video sequences were used for simulations: 300-
frame MPEG class A News and class B Foreman sequences
at CIF resolution (352 x 288), at 30 frames/s and sub-sampled
in time by 2. The GOP size was chosen to be 15 frames:
one I[-frame followed by 14 P-frames. There are 10 GOPs for
each video sequence. The H.264 codec used was JM 12.4,
downloadable from [36].

We performed simulations using QualNet [37]. To have the
freedom to vary CPR bandwidth to reflect different amount of
WLAN resources available for CPR under different network
settings, we selected Abstract PHY in QualNet and used
802.11 MAC layer. The underlying CPR scheduling was
802.11 MAC with broadcast enabled, and so no feedback
messages were sent from the receivers and no transmission rate
adaption was performed. Given one GOP was 15 frames and
video was encoded at 15 frames/s, one epoch time was 1s. We
assumed the WWAN multicast transmission budget was 150
kb/s. Our WWAN transmission budget setting inherently takes
background traffic into consideration because 3G downlink
bandwidth can be much higher than 150 kb/s. Each CPR
packet has a fixed size of 1000 bytes. CPR network size was
set to 1000 x 1000 m?.

Given this setup, after performing JSCC optimization, one
GOP was divided into fewer than 30 packets. Since CPR is
performed for each GOP, the decoding complexity for NC is

39
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(a) (d)

Fig. 4. CPR-aware rate-distortion optimized JSCC versus CPR-ignorant
JSCC using UNC. WWAN loss rate 0.3. (a) Foreman sequence. (b) News
sequence.

upper bounded by 30 x 30 matrix inversion operations. This did
not pose a complexity problem for our optimization; similar
NC conditions were also shown to be practical for live video
streaming in [34]. We used 257° as the finite field size for NC.
Each simulation is performed 50 times and the performance
benchmark was visual quality (PSNR) with unit in dB.

In the following we considered two WWAN packet loss
models: homogeneous packet loss (HM) and heterogeneous
packet loss (HT). In HM, the WWAN packet loss was iid and
all peers had the same loss rate /. In HT, peers were separated
into two regions. Peers within the L%O X L(?ZO m? square had
HM loss with loss rate 0.5/, while peers outside of the square
had HM loss with average loss rate 1.5/, capturing possible
spatial packet loss diversity in wireless networks. The overall
average packet loss rate, however, remained /.

B. CPR-Aware Rate-Distortion Optimized JSCC Scheme
Outperforms Conventional JSCC Schemes

We first compare video quality between our proposed CPR-
aware JSCC scheme and a CPR-ignorant JSCC scheme, both
using UNC for WWAN-CPR for local packet recovery. Note
for the latter case, we still performed CPR to assist poor
receivers to recover lost WWAN packets, but JSCC was
performed ignorant of the presence of CPR. We also compare
the performance of a conventional JSCC scheme optimized
for the average peer when CPR is disabled. HM WWAN loss
model was used in the simulation.

Fig. 4(a) shows the average video quality for the Foreman
sequence for all N peers and CPR data rates ranged from O to
1500 kb/s. CPR WWAN loss rate was 0.3. For our proposed
CPR-aware JSCC, the vertical bar shows the maximum and
minimum PSNR in our simulated data. Note the range of CPR
data rates already takes background traffic into consideration
because typical WLAN bandwidth is much higher.

When CPR-aware JSCC was performed, we see that with
the increase of CPR data rate, video quality was greatly
improved. The improvement over the CPR-ignorant JSCC
scheme is significant, where CPR was only helpful at the
beginning and then flat-lined. The reason is as follows: when
the system was optimized ignorant of CPR, JSCC cannot
take advantage of improving CPR recovery to allocate more

5257 was used as the NC encoding finite field size because our external
tool [38] used to perform matrix manipulation only takes in prime number as
the field size.
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Fig. 5. CPR-aware rate-distortion optimized JSCC versus CPR-ignorant

JSCC using UNC. WWAN loss rate 0.1. (a) Foreman sequence. (b) News
sequence.

WWAN bits to source coding to further eliminate quantization
noise, resulting in a maximum achievable PSNR due to fixed
source coding. The maximum gain of CPR-aware JSCC over
CPR-ignorant JSCC was 4.7 dB when the data rate was 1500
kb/s. We see also that our CPR-aware JSCC scheme outper-
formed the conventional JSCC scheme without CPR by up
to 5.6 dB. Fig. 4(b) shows similar video quality improvement
for the News sequence. Our CPR-aware JSCC scheme obtained
6.0 dB gain over CPR-ignorant JSCC scheme, and 7.4 dB gain
over conventional JSCC scheme where CPR was not available.
As shown by the confidence intervals, both test sequences and
across the whole range of CPR data rates, all data points are
within 1 dB distance away from the average values in PSNR,
demonstrating stability of our scheme. The dynamic range for
the CPR-ignorant JSCC scheme is really small and most data
points are closed to the average (hence the vertical bars are
not visible).

Fig. 5 shows the average video quality for the Foreman and
News sequences when WWAN loss rate was 0.1. Similar to the
previous simulation setup, we obtain significant performance
improvement with our CPR-aware JSCC scheme. For the
Foreman sequence, the maximum gain of CPR-aware JSCC
over CPR-ignorant JSCC was 1.4 dB. Our CPR-aware JSCC
scheme outperformed the conventional JSCC scheme without
CPR by up to 1.8 dB. For the News sequence, CPR-aware
JSCC outperformed CPR-ignorant scheme by 1.9 dB and
outperformed conventional JSCC without CPR by up to 2.3
dB. We can hence conclude that our proposed CPR-aware
JSCC scheme reaps more gain when the WWAN channel is
poor.

C. CPR-Aware JSCC Using UNC and SNC

We next compare the performance of CPR-aware JSCC
using UNC to JSCC using SNC. As discussed in our previous
work [9], SNC can achieve further performance gain over
UNC given limited WLAN resource. We consider HT model
with two settings: HT1 and HT2. For HT1 loss model, WWAN
loss rates in the two HT regions were 0.15 and 0.45. For the
HT2 case, WWAN loss rate difference in the two regions was
larger and set at 0.1 and 0.5.

As shown in Fig. 6, we see that CPR-aware JSCC using
SNC outperformed JSCC using UNC. We can see that with
the increase of the variance in WWAN packet loss rate, SNC
obtained more performance gain over UNC. This is due to the
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Fig. 6. Performance comparison between CPR-aware JSCC using UNC and
SNC. (a) Foreman sequence, HT 1 loss. (b) Foreman sequence, HT 2 loss.
(c) News sequence, HT 1 loss. (d) News sequence, HT 2 loss.

fact that SNC provides more structure in NC and can better
accommodate the heterogeneous environment. When CPR data
rate was higher, the gap between SNC and UNC was reduced.
This is because with the increase of CPR data rate, UNC can
recover more packets and the effect of heterogeneity in CPR
reduces. Since JSCC using SNC outperformed UNC, we use
SNC in our following discussions.

D. Insights into CPR-Aware JSCC

1) Ensemble Gain and Disparate Gain: As discussed
before, with our CPR-aware rate-distortion optimized JSCC
scheme, peers in the CPR network can obtain both ensemble
gain and disparate gain. In order to quantify these gains, we
performed simulations with both the HM and HT loss models
using SNC and WWAN loss rate was set to 0.3.

Fig. 7(a) shows the visual quality for the Foreman sequence.
With the HM loss model, we can see that our proposed
CPR-aware JSCC scheme provided significant video quality
improvement (up to 4.1 dB) over CPR-ignorant JSCC. This
performance gain is clearly ensemble gain alone, since each
peer experienced the same WWAN channel statistics and there
was no differentiation between poor and rich peers. The en-
semble gain was reaped due to “strength in numbers:” a packet
was correctly delivered to a peer n if it was correctly delivered
to any one peer in the CPR collective, and subsequent CPR
propagated the transmitted packet to peer n.

More interestingly, comparing Fig. 7(a) and (b), i.e., the
HM and HT loss models, we observed larger performance
improvement in the latter case. This is due to the fact that
CPR can now exploit disparity gain, in addition to ensemble
gain. In particular, a CPR-aware JSCC scheme can selectively
exploit strong channels of rich peers (for disparity gain), while
still leveraging channel of poor peers (for ensemble gain), to
optimize the collective’s performance. We see that our CPR-
aware JSCC scheme outperformed the CPR-ignorant JSCC
scheme by up to 4.5 dB.
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Fig. 7. Ensemble gain and disparate gain with CPR-aware JSCC. (a) Fore-

man sequence, HM loss. (b) Foreman sequence, HT loss. (c) News sequence,
HM loss. (d) News sequence, HT loss.
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Fig. 8. CPR-aware rate-distortion optimized JSCC with various network
density. (a) Foreman sequence. (b) News sequence.

Comparing to conventional JSCC scheme where CPR was
not available, our scheme achieved 5.5 dB gain for HM loss
model, and 7.4 dB gain for HT loss model.

We saw similar performance trends for the News sequence
in Fig. 7(c) and (d). We obtained 6.9 dB and 8.7 dB im-
provements over conventional JSCC scheme under HM and
HT models, respectively. Comparing to the CPR-ignorant
JSCC scheme, we obtained 4.9 dB and 5.2 dB performance
improvement under HM and HT models, respectively.

2) CPR-Aware JSCC with Various Network Density: We
also validate the performance of our CPR-aware JSCC scheme
under various network density settings. The network size is
fixed and the same as before. However we change the number
of peers participating in CPR.

Fig. 8 shows our CPR-aware JSCC scheme with peers
ranging from 10 to 50 for both Foreman and News sequences.
When there are fewer peers performing CPR, video quality
is low because of less CPR packet exchange opportunity.
However, when more than 20 peers are participating in CPR,
PSNR is already in 30 dB range for both two sequences, which
implies good video quality.

VIII. CONCLUSION

In this paper, we proposed a CPR-aware rate-distortion op-
timized JSCC scheme for a cooperative peer-to-peer collective

for WWAN video multicast. We showed that our scheme
achieved significant performance improvement over CPR-
ignorant JSCC schemes with or without CPR. We achieved
the gain by devoting more WWAN bits to source coding out
of a fixed WWAN transmission budget without an increase in
channel losses by exploiting disparity and ensemble gain inher-
ent in a CPR transmission paradigm. Our simulations showed
that our CPR-aware JSCC optimization scheme outperformed
the existing JSCC scheme where CPR is not available by up
to 8.7 dB, and up to 6.0 dB for a CPR-ignorant JSCC scheme.

REFERENCES

[1

—

Technical Specification Group Services and System Aspects; Multimedia
Broadcast/Multicast Service (MBMS) User Services; Stage 1 (Release
6) (3GPP TS.26.246 Version 6.3.0, Mar. 2006.

[2] J. Crowcroft and K. Paliwoda, “A multicast transport protocol,” in Proc.
ACM SIGCOMM, Aug. 1988.

[3] G. Cheung and A. Zakhor, “Bit allocation for joint source/channel
coding of scalable video,” IEEE Trans. Image Process., vol. 9, no. 3,
pp. 340-356, Mar. 2000.

[4] P. Osterberg, D. Forsgren, and T. Zhang, “Receiver-controlled joint
source/channel coding on the application level for video streaming over
WLANS,” in Proc. IEEE Vehicular Technol. Conf., Apr. 2003, pp. 1158-
1161.

[5] J. Zfzal, T. Stockhammer, T. Gasiba, and W. Xu, “Video streaming over
MBMS: A system design approach,” J. Multimedia, vol. 1, no. 5, pp.
25-35, Aug. 2006.

[6] J. Wang and K. Ramchandran, “Receiver-driven multicast over wireless
with distributed source coding and FEC,” in Proc. Int. Conf. Commun.
Mobile Comput., 2007, pp. 600-605.

[7] T. Wiegand, G. Sullivan, G. Bjontegaard, and A. Luthra, “Overview of
the H.264/AVC video coding standard,” IEEE Trans. Circuits Syst. Video
Technol., vol. 13, no. 7, pp. 560-576, Jul. 2003.

[8] A. Shokrollahi, “Raptor codes,” IEEE Trans. Inform. Theory, vol. 14,
pp. 2551-2667, Jun. 2006.

[9] X. Liu, G. Cheung, and C.-N. Chuah, “Structured network coding

and cooperative wireless ad-hoc peer-to-peer repair for WWAN video

broadcast,” IEEE Trans. Multimedia, vol. 11, no. 4, pp. 730-741, Jun.

2009.

L. Li, R. Ramjee, M. Buddhikot, and S. Miller, “Network coding-based

broadcast in mobile ad-hoc networks,” in Proc. IEEE INFOCOM, May

2007, pp. 1739-1747.

G. Cheung, W. T. Tan, and T. Yoshimura, “Double feedback streaming

agent for real-time delivery of media over 3G wireless networks,” IEEE

Trans. Multimedia, vol. 6, no. 2, pp. 304-314, Apr. 2004.

F. Zhai and A. K. Katsaggelos, Joint Source-Channel Video Transmission

(Synthesis Lectures on Image, Video, and Multimedia Processing).

Morgan and Claypool, 2006.

P. Sharma, S.-J. Lee, J. Brassil, and K. Shin, “Distributed communication

paradigm for wireless community networks,” in Proc. IEEE Int. Conf.

Commun., May 2005.

R. Bhatia, L. Erran Li, H. Luo, and R. Ramjee, “ICAM: Integrated

cellular and ad hoc multicast,” IEEE Trans. Mobile Comput., vol. 5, no.

8, pp. 1004-1015, Aug. 2006.

S. Li and S.-H. G. Chan, “Bopper: Wireless video broadcasting with

peer-to-peer error recovery,” in Proc. ICME, Jul. 2007, pp. 392-395.

G. Cheung, P. Sharma, and S. J. Lee, “Smart media striping over multiple

burst-loss channels,” IEEE Trans. Sel. Topics Signal Process., vol. 1, no.

2, pp. 319-333, Aug. 2007.

K. Sinkar, A. Jagirdar, T. Karakis, H. Liu, S. Mathur, and S. Pan-

war, “Cooperative recovery in heterogeneous mobile networks,” in

Proc. IEEE Conf. Sensor Ad Hoc Commun. Netw., Jun. 2008,

pp. 395-403.

R. Ahlswede, N. Cai, S.-Y. R. Li, and R. W. Yeun, “Network information

flow,” IEEE Trans. Inform. Theory, vol. 46, no. 4, pp. 1204-1216, Jul.

2000.

S. Katti, H. Rahul, W. Hu, D. Katabi, M. Médard, and J. Crowcroft,

“XORs in the air: Practical wireless network coding,” in Proc. ACM

SIGCOMM, vol. 36. Oct. 2006, pp. 243-254.

K. Nguyen, T. Nguyen, and S.-C. Cheung, “Video streaming with

network coding,” J. Signal Process. Syst., vol. 59, no. 3, pp. 319-333,

Feb. 2008.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

1108

1109

1110

111

1112

1113

1114

1115

1116

117

1118

1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178

AQ:2

AQ:3

AQ:4



AQ:5

179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225

1226
1227

1228
1229
1230
1231
1232
1233
1234
1235
1236
1237

14

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

H. Seferoglu and A. Markopoulou, “Opportunistic network coding for
video streaming over wireless,” in Proc. IEEE 16th Int. Packet Video
Workshop, Nov. 2007, pp. 191-200.

D. Nguyen, T. Nguyen, and X. Yang, “Multimedia wireless transmission
with network coding,” in Proc. IEEE 16th Int. Packet Video Workshop,
Nov. 2007, pp. 326-335.

P. Chou and Z. Miao, “Rate-distortion optimized streaming of packetized
media,” IEEE Trans. Multimedia, vol. 8, no. 2, pp. 390-404, Apr. 2006.
G. Cheung, D. Li, and C.-N. Chuah, “On the complexity of cooperative
peer-to-peer repair for wireless broadcast,” IEEE Commun. Lett., vol.
10, no. 11, pp. 742-744, Nov. 2006.

S. Raza, D. Li, C.-N. Chuah, and G. Cheung, “Cooperative peer-to-
peer repair for wireless multimedia broadcast,” in Proc. IEEE Int. Conf.
Multimedia Expo, Jul. 2007, pp. 1075-1078.

X. Liu, S. Raza, C.-N. Chuah, and G. Cheung, “Network coding based
cooperative peer-to-peer repair in wireless ad-hoc networks,” in Proc.
IEEE Int. Conf. Commun., May 2008, pp. 2153-2158.

IEEE 802.11 [Online]. Available: http://en.wikipedia.org/wiki/IEEE_
802.11

G. Cheung, W. T. Tan, and T. Yoshimura, “Real-time video transport
optimization using streaming agent over 3G wireless networks,” IEEE
Trans. Multimedia, vol. 7, no. 4, pp. 777-785, Aug. 2005.

X. Liu, A. Sridharan, S. Machiraju, M. Seshadri, and H. Zang, “Expe-
riences in a 3G network: Interplay between the wireless channel and
applications,” in Proc. Mobicom, Sep. 2008.

Report: Rate-Distortion Optimized Joint Source/Channel Coding of
WWAN Multicast Video for a Cooperative Peer-to-Peer Collective [On-
line]. Available: http://www.ece.ucdavis.edu/xyzliu/tcsvt _final.pdf

T. Ho, M. Medard, R. Koetter, D. R. Karger, M. Effros, J. Shi, and B.
Leong, “A random linear network coding approach to multicast,” IEEE
Trans. Inform. Theory, vol. 52, no. 10, pp. 4413-4430, Oct. 2006.

S. B. Wicker and V. K. Bhargava, Eds., Reed-Solomon Codes and Their
Applications. New York: Wiley, 1999.

A. Talari and N. Rahnavard, “Unequal error protection rateless coding
for efficient MPEG video transmission,” in Proc. IEEE Military Com-
mun. Conf., Oct. 2009, pp. 1-7.

M. Wang and B. Li, “R2: Random push with random network coding
in live peer-to-peer streaming,” IEEE J. Sel. Areas Commun., vol. 25,
no. 9, pp. 1655-1666, Dec. 2007.

K. Ramchandran, A. Ortega, and M. Vetterli, “Bit allocation for depen-
dent quantization with applications to multiresolution and MPEG video
coders,” IEEE Trans. Image Process., vol. 3, no. 5, pp. 533-545, Sep.
1994.

The TML Project Web-Page and Archive [Online]. Available: http:/
kbc.cs.tu-berlin.de/stewe/vceg

Qualnet [Online]. Available: http://www.scalable-networks.com
Number Theory Library [Online]. Available: http://www.shoup.net/ntl

Xin Liu (S’XX) received the B.S. degree in elec-
tronic and information engineering and the M.E.
degree in computer engineering, both from the Bei-
jing University of Posts and Telecommunications,
Beijing, China, in 2003 and 2005, respectively, the
M.S. degree in electrical engineering from the State
University of New York at Buffalo, Buffalo, in 2006,
and the Ph.D. degree in computer engineering from
the University of California, Davis.

His current research interests include wireless net-
working, cooperative communications, and network

coding.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY

Gene Cheung (SM’XX) received the B.S. degree
in electrical engineering from Cornell University,
Ithaca, NY, in 1995, and the M.S. and Ph.D. degrees
in electrical engineering and computer science from
the University of California, Berkeley, in 1998 and
2000, respectively.

He was a Senior Researcher with Hewlett-Packard
Laboratories, Tokyo, Japan, from 2000 to 2009. He
is currently an Assistant Professor with the National
Institute of Informatics, Tokyo. He has published
over 15 international journals and 50 conference
publications. His current research interests include media representation and
network transport, single/multiple-view video coding and streaming, and
immersive communication and interaction.

Dr. Cheung has served as an Associate Editor of the IEEE TRANSACTIONS
ON MULTIMEDIA since 2007, served as an Area Chair at the IEEE Interna-
tional Conference on Image Processing in 2010, and as a Technical Program
Co-Chair of the International Packet Video Workshop in 2010. He was a co-
recipient of the Top 10% Paper Award at the IEEE International Workshop
on Multimedia Signal Processing in 2009.

Chen-Nee Chuah (SM’XX) received the B.S. de-
gree in electrical engineering from Rutgers Univer-
sity, Piscataway, NJ, and the M.S. and Ph.D. degrees
in electrical engineering and computer sciences from
the University of California, Berkeley.

She is currently a Professor with the Department
of Electrical and Computer Engineering, University
of California, Davis (UC Davis). Before joining UC
Davis in 2002, she spent nine months as a Visiting
Researcher with Sprint Advanced Technology Lab-
oratories. Her current research interests include the
areas of computer networks and wireless/mobile computing, with emphasis
on Internet measurements, network anomaly detection, network management,
online social networks, and vehicular ad hoc networks.

Dr. Chuah received the NSF CAREER Award in 2003 and the Outstanding
Junior Faculty Award from the UC Davis College of Engineering in 2004.
In 2008, she was named a Chancellors Fellow of UC Davis. She has
served on the executive/technical program committees of several ACM and
IEEE conferences and is currently an Associate Editor for the IEEE/ACM
TRANSACTIONS ON NETWORKING.

1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257

1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277

AQ:6



AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES

1278

1279 AQ:1= Please provide the current affiliation address of “Li="=nd e-mail addresses of the authors@
1280 AQ:2= Please provide page ranges in Refs. 13], [29].

1281 AQ:3= Please provide issue no. in Ref. [8].%[

12e2  AQ:4= Please provide publisher location in Ref. [12]!

1283 AQ:5= Please provide membership years of “Liu, Cheung, Chuah.”

128 AQ:6= Please provide location of “Sprint Advanced Technology Laboratories.” @

12ss  END OF ALL QUERIES


lsablex
Sticky Note
[2] pp. 247-256
[13] pp. 1549-1555
[29] pp. 211-222

lsablex
Sticky Note
X. Liu is with Cisco Systems. San Jose, CA. Email: xyzliu@ucdavis.edu

lsablex
Sticky Note
issue 6

lsablex
Sticky Note
The paper is a lecture from a synthesis. It's from digital library, so it doesn't have a publisher location. 

lsablex
Sticky Note
Liu: student member since 2006
Cheung: senior member since 2007
Chuah: senior member since 2006

lsablex
Sticky Note
Burlingame, CA


