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ABSTRACT
This paper studies the transmission of images encoded using
an embedded source encoder over a wireless network allow-
ing user cooperation. A dynamic programming algorithm is
applied to optimally allocate to each source coded packet er-
ror protection in the form of a choice of channel code and a
decision on the use of cooperation. The results show that for
degraded source-destination channels, the use of user cooper-
ation on all source coded packets significantly improves the
reconstructed quality. As the source-destination channel im-
proves the optimal policy becomes a hybrid that uses user co-
operation only for the most important source packets. When
the source destination channel is sufficiently good, all source
packets are sent without cooperation. Thus, a test is presented
to estimate the channels states when cooperation is first used.

Index Terms- Image communication, cooperative sys-
tems, adaptive coding, channel coding, source coding

1. INTRODUCTION
User cooperation is new paradigm in wireless communica-
tions that takes advantage of the broadcast nature of the wire-
less channel and associate user to help each other in improv-
ing the communication quality by relaying information through
several paths. Although several research works have been
published since the idea of user cooperation was first intro-
duced in [1], few of these works focus on the transmission of
multimedia sources. Notably for the present paper, [2] pre-
sented a simulation-based study of transmission of a 2-layer
encoded multimedia source with and without the use of coop-
eration for the base layer. In [3] we compared different source
encoding schemes in terms of their performance when trans-
mitted over user-cooperative networks. We concluded that
layered coding presented the best performance.

Computational complexity limitations restricted the study
in [2] to two layers and the one in [3] to three. Both works
considered synthetic sources modeling the source samples with
a standard Gaussian distribution. In this paper we consider
the transmission of actual images encoded using an embed-
ded (successively refinable) source encoder, i.e. the number
of layers is very large. Due to the inherent hierarchical or-
der of embedded bit streams, it is imperative to apply unequal
error protection (UEP) schemes that protect each bits in ac-
cordance to its relative hierarchical importance. The design
of optimal UEP for transmission of embedded coded images
is a challenging problem that has been considered in [4] using
a dynamic programming approach.

In this paper we study the transmission of embedded coded
images over wireless networks that allow user cooperation.
We are able to study what is the optimal policy in using user
cooperation by applying a dynamic programming algorithm
that for each successive source packet optimally decides on
the use of user cooperation and allocates a channel code. From
the presented results we show that the use of cooperation sig-
nificantly improves the reconstructed image quality for de-
graded source-destination channels. When the source-destination
channel is sufficiently good, the best policy is the use of weak
error protection with no user cooperation. Over intermedi-
ate values of source-destination channel signal-to-noise ratio
(SNR) the optimal policy is a hybrid solution where weak
codes with user cooperation are used to protect the most im-
portant source packets and strong codes without user coop-
eration are used to protect the less important source pack-
ets. Because of this behavior we present a test to estimate
the channels states when cooperation is first needed.

2. SYSTEM MODEL

Consider the transmission of an image over a wireless net-
work subject to a transmitted bit budget and through a channel
with fading that we assume remains constant for the duration
of each transmission period. The image is first encoded using
an embedded source encoder, i.e. the source coded bit stream
has a hierarchy where each additional bit that is added to the
ones already decoded improves the reconstructed quality. The
input to the source encoder is a block of N5 pixels. We as-
sume that the output is packetized into fixed-length source
packets of k, bits.

Before transmission, each source packet is fed into a variable-
rate channel encoder. The particular channel coding rate (chan-
nel code) that is applied to each source packets depends on its
hierarchy within the source coded bit stream. In this way, we
address the particular challenge associated with transmission
of embedded sources over channels with errors, where the
presence of an error in the bit stream renders all subsequent
bits unusable. In this paper we assume that the channel code
is chosen from a family of rate-compatible, punctured convo-
lutional (RCPC) codes [5]. In the sequel we will be interested
in knowing the source packet decoding failure, i.e. the prob-
ability that there are errors in a source block after channel de-
coding errors. This probability can be approximated through
a tight upper bound as, [6],

Pe 1- (1 -Ed=dfa(d)Pe(dl))' (1)
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where -y is the channel SNR, df is the free distance of the code
and a(d) is the number of errors events with Hamming weight
d and probability of occurrence Pe (dly). As noted previously,
if the channel decoder is unable to completely correct all er-
rors, a source packet decoding error is declared and the erred
packet and all subsequent ones are discarded. The source is
reconstructed only using those source packets received before
the first packed with a source packet decoding error.

Communication may be carried on using or not user coop-
eration. In a cooperative scheme a third node, the relay node,
is associated with the source node to achieve user-cooperation
diversity. Communication in a cooperative setup takes place
in two phases. In phase 1, a source node sends informa-
tion to its destination node that is also overheard by the re-
lay node (which is likely in a wireless network). In phase
2, the relay cooperates by forwarding to the destination the
overheard information. At the receiver the signals received
from the source and the relay are combined and the transmit-
ted message is detected. We assume that a Maximum Ratio
Combiner (MRC) is used to combine the symbols arriving
through different paths. This operation improves the qual-
ity of the communication channel as compared to that of a
peer-to-peer communication. The cost of this improvement
is a reduction in bandwidth efficiency due to the transmis-
sion in two phases. User cooperation can be implemented
using different techniques, depending on the particular signal
processing at the relay node. In this paper we will consider
amplify-and-forward (AF) cooperation. It will become clear
that this choice will not affect the generality of our proposed
design. For AF cooperation, it can be shown that the symbol
SNR at the output of the MRC is [7]

nfr 2rd
NYA = nYsd+ *r (2)

+ -asr + Trd
where Nsd is the source-destination channel SNR, 'ys, is the
source-relay channel SNR and -Yrd is the relay-destination
channel SNR.

3. PROBLEM FORMULATION
At transmission time, each source packet has associated a
transmission policy. The transmission policy for each source
packet is formed by a choice of a channel code and a deci-
sion on whether it has to be sent using user-cooperation or
not. We will denote by wi the policy assignment for source
packet i and by w the complete set of policy assignments for
all source packets. The policy assignment is performed sub-
ject to a constrain on the total number of transmitted bits. For
convenience, we will measure this constrain in bits per source
sample, and we will denote it by R. Let the family of avail-
able channel codes used in policy assignment be denoted by
C = {C1, C2, ... CM }. Let the channel codes rates be denoted
by r, (ci), i= 1, . .. , M and rs = ks /Ns be the single source
packet rate measured in bits per sample. Then, the total num-
ber of channel bits necessary to transmit a source packet with
index i that is transmitted with channel code ci, is given by

RT,= 41(c)s (3)

where the function 4i takes into consideration the effects of
using cooperation on bandwidth efficiency. The introduction
of this function is key in integrating the use of user cooper-
ation into the design as an instance of forward error control,
which will allow us to find an optimal solution. Let

i I 1, when no cooperation is used. (4)
' 1/2, when cooperation is used.

We note that the total number of transmitted source packet
is also a design variable because of the presence of a transmit
bit budget and the variable number of bits used to transmit
each source packet. Thus, we denote with N(w) the total
number of transmitted source packet.

The design goal is to find the transmission policy for each
source packet and the number of transmitted source packets
that maximizes the average quality subject to a constrained
on the total transmitted channel bits. Introducing peak signal-
to-noise ratio (PSNR) as our quality measure and defining
R-(k) = yjN<(7) Rr,, the design problem can be stated as

maxQ, subject to R'(1) <R
where Q is the mean PSNR.

(5)

4. OPTIMAL POLICY ASSIGNMENT
Note that the use of cooperation provides another instance of
error correcting code over a better channel but at a cost of
twice the total numbers of bits (i.e. those send during phase
1 and resend during phase 2) of that when no cooperation
is used. Because of this, we are able to draw our solution
for optimal unequal error protection and cooperation decision
from [4], where the optimal design of a joint source-channel
coder for transmission of embedded sources was considered.
We summarize next the policy assignment algorithm.

The algorithm is a dynamic programming algorithm based
on the computation of the incremental reward, denoted by 3i,
when a new source packet i can be used at the source de-
coder to improve the reconstructed quality. We define i=
Q (rsi)Q (rs (i1)), where Q (x) is the reconstructed quality
associated with a source coding rate equal to x bits per source
sample. Next, for allocation policy = {cl, O', c'C .
CN(w)7 4/N(w)7}, and k = 1, ...,N(w), define

A(k,w) z7=17, (z= k)Pik 1(W), (6)
where PiIk (w) is the conditional probability that exactly the
first i source packets are decoded correctly given that the first
k -1 packets are decoded correctly, when using policy w. Let
Pe (c, 4) be the source packet decoding failure associated with
code c and user-cooperation decision $, it can be shown [4]
that for k = 1,. .., N(w), and i = k, k + 1,...,N() the
following recursions hold

R-F(k) = R-F + RTF(k+ 1) (7)

A (k,w ) { (I -Pe (C7 (7): 40N(7) )) 6N(7r)
for k = N(w) 8

( o-rP(Ck, , )) (kk + A (k + ,IN()
fork = 1,2,...,N(7) -1.
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Also, it can be show [4] that A(1, ) = Q -Q(0). Then,
problem (5) can be stated as max, A (1, w), subject to RT (1) <
R. Using recursions (7)-(8) the optimal policy that solves this
problem by allocating channel codes and deciding on the use
of cooperation for each source packet can be found through
the following dynamic programming algorithm:

1. Compute the state trellis with states
(source packet index, R7 (k)).

2. Compute for each trellis state the optimal value of the
objective function A (k, RT (k)),
A*(k, R(k))

{ 0, if R?(k) < rnin

max (1 -Pe(Cik,k))(3k+
-A*(k+I1,R(k+1))), otherwise.

3. The total number of source packet sent is found by
f N*(k +1,R?(k) -R7),

N* (k, R) if A*(k + 1, RT(k)-R ) > 0
k, otherwise.

4. The optimal policy X is the set of solutions to step 2
that finishes at state A* (1, R).

As we will see in the next section, the subset of source
packets that are transmitted using cooperation changes de-
pending on the channels states. Then, from a network design
and control perspective it is important to identify when it is
better to use some level of user cooperation. We will next use
properties of the design problem and its solution to estimate
the channel conditions corresponding to the transition from no
use of cooperation to use of cooperation. Firstly, we remark
that the use of user cooperation improves the error perfor-
mance of any channel code due to the better communication
channel but at a cost of doubling the number of transmitted
bits. Secondly, earlier packets need to be assigned a higher
level of error protection because if received with errors all
successive packets are rendered useless. The combined effect
of these observations is that the policy allocation algorithm
tends to use up the code assignments without user cooperation
up to the point when the cost associated with the assignment
of a high rate code with user cooperation becomes compet-
itive. Also, policies with user cooperation will be assigned
first to the first transmitted packets.

Therefore, we approximate the policy assignment for the
worst channel conditions that do not make use of user co-
operation as that assigning the same channel code, Cn, to
all packets, i.e. 7n, is C' = Cn, and Xi = 0, for all i
1, 2, ... , N(wn,). If cl is the code with largest rate, Cne is
chosen so that r, /rc (cne) - 2r, /r, (cl). The rationale for
this choice is that the algorithm will try to first exhaust the
use of lower cost codes that do not use cooperation and the
fact that small differences in allocation for the least important
packets have small effect on the overall performance. Next,
we approximate the first policy that uses cooperation, wc as

c cc = cl, 1 = 1, and c7 c,c and Xi = 0, for all
i =2, ... ., N(-c), where N(-Fc) =N(-Fnc) - 1. The transi-
tion to the use of cooperation will occur whenever the chan-
nels state are such that the sign of A* (1,wc)- A* (1,wc)
changes from negative to positive, using (8) we compute
Ai (1,Fc) = (1 -Pe(Cc,= 1))(A1+Ai(2,w c))
A*(1 Fnc) = (1 -Pe(Cnc = 0)) (6#1+ A(2, wc) + K),

whereK = (Q(N(wFnc)rs)-Q((N(Fnc)-)1s)) (1-Pe(Cnc,
d) 0)) (NI)Jt may be the case that the sign ofAi* (1, c)
A* (1, wnc) never changes because cc = cl is too weak to
outperform Cnc, in such case the evaluation needs to be re-
peated successively changing cC = C2, C3,... until a solution
is found. When cc is such that rs /rc (cnc) < 2rs /rc (cc) al-
ways, the search needs to be done with rc = CM, cm 1.
where CM is the strongest channel code.

5. SIMULATION RESULTS
We used the algorithm shown in the previous section to eval-
uate the difference between networks that allow user cooper-
ation and networks that do not. We also studied how cooper-
ation is allocated among the different source packets, consid-
ering channel states and the embedded source hierarchy.

We considered two different images: "Lena" and "Bar-
bara". Both images were 256 x 256 pixels in size. For em-
bedded image source codec we used our implementation of
the SPIHT codec [8] using 9/7 wavelets and 6 level of analy-
sis. For channel coding we choose a memory 8, mother code
rate 1/4, RCPC code family from [9], with possible channel
codes 4/5, 2/3, 1/2, 4/9, 4/10, 4/11, 1/3, 2/7 and 1/4.

Figures 1 and 2 show the results for the case of 7sr
Yrd = 2 dB. We choose these values because we found the
corresponding results to be representative of our complete set
of results. Figure 1 shows the average reconstructed qual-
ity (measured as PSNR in dBs) as a function of the source-
destination channel SNR. The results are consistent with those
from [3] in that for sufficiently good source-destination chan-
nel the optimal solution do not use user-cooperation. This
is because the error correcting code performance outweighs
the cost in bandwidth efficiency associated with user coop-
eration. The results also show that as the source-destination
channel degrades the use of cooperation provides a significant
improvement in performance.

Figure 2 shows on top the incremental rewards associated
with each source packet and at the bottom the policy assign-
ment for different system setups. Due to the particular choice
of results we are presenting, the policy assignment can be rep-
resented through the overall (including cooperation) channel
coding rate. In this way, any policy with an associated rate
less than 1/4 corresponds to the use of cooperation and the as-
signment of channel code with rate twice the one shown. As
it is natural for embedded bit streams, the results show that
larger error protection is assigned to earlier source packets.
The results also show that as the source-destination channel
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degrades the optimal policies gradually shift from no use of
cooperation to complete use of cooperation. Between the two
extremes of no cooperation/cooperation there are policy as-
signments that are hybrid where cooperation is used to trans-
mit those source packets that are more important in the hi-
erarchical order. This shows that the use of cooperation can
provide a level of error protection that outweighs the sacri-
fice in bandwidth efficiency. It is also interesting to note that
the presence of hybrid policies contradicts our results in [3].
The difference is because, due to computational complexity
limitations, in [3] we considered a reduced subset of channel
codes and no more than 3 source packets (while in the present
case we are transmitting 14 or more). Finally, we performed
the test to evaluate the value of -sd for which cooperation is
first used. We obtained -/sd = 2.02 dB, which is just 0.35 dB
above the true value (obtained through exhaustive search).
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Fig. 1. Comparison of quality (PSNR) between networks with
and without user cooperation.

6. CONCLUSIONS
In this paper we have presented a scheme to transmit images
encoded with the use of an embedded source codec over a
wireless network. The presented scheme applies, subject to
a budget on transmitted bits, unequal error protection to the
source coded bit stream not only by choosing a channel code
from a family of variable rate code, but also by deciding in
an optimal fashion whether to send each source packet using
user-cooperation or not. Also, we presented a test to estimate
the channels states when cooperation is first used.

In the presented scheme, the use of cooperation extends
the range of possible choices for error protection. The use of
user cooperation presents an improved communication chan-
nel but comes at the cost of reducing the bandwidth efficiency.
Our results show that the use of cooperation significantly im-
proves the reconstructed image quality when the channel be-
tween source and destination is degraded. When the source-
destination channel is sufficiently good, there is no need to
resort to user-cooperation. In intermediate source-destination
channels the optimal unequal error protection policy is a hy-
brid where the most important source packets are sent using
user cooperation.
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