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ABSTRACT

We propose a distributed source coding system for data col-
lected by sensor networks. It uses a feedback channel be-
tween the sensors and the gateway node (i.e., the joint de-
coder) but, unlike previous systems, the encoding process is
driven by the decoder. Compression is performed using dis-
tributed arithmetic coding, which is extended to adaptively es-
timate the source probabilities. Specifically, the decoder esti-
mates marginal and conditional probabilities, and sends them
back to the sensors to drive the distributed arithmetic cod-
ing process. This reduces the decoding delay, and potentially
eliminates the need of rate-compatible Slepian-Wolf codes.

Index Terms— Distributed source coding, arithmetic
coding, sensor networks, adaptive arithmetic coding

1. INTRODUCTION AND MOTIVATION

Of late, alot of attention has been devoted to the devel opment
of efficient communicationsfor distributed scenarios. A typ-
ical system comprises several wireless battery-powered sen-
sors that collect information about the environment; a gate-
way node collects the information from the sensors and pro-
cesses it in order to extract the information of interest. The
communication problem, however, is not trivial. The data
collected by these sensors often exhibit significant statistical
dependencies that should be exploited for compression. On
the other hand, due to the limited energy resources, commu-
ni cations between sensors (other than with the gateway node)
should be avoided; this makes it difficult to exploit such de-
pendencies through proper encoder-based statistical model-
ing.

To dea with these problems, distributed source coding
(DSC) techniques have recently been considered. In loss-
less DSC two (or more) statistically dependent information
sources are compressed using separate encoders that are not
allowed to talk to each other. DSC theory provesthat separate
encoding is optimal, provided that the sources are decoded
jointly. Sensor 1 performs “standard” encoding of its data’Y
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at a rate approximately equal to its entropy, and transmits it
to the gateway node. Sensor 2 performs“conditional” encod-
ing of its data X at a rate approximately equal to H(X|Y).
DSC codersfor the setting above are typically constructed us-
ing channel codes such as trellis codes, turbo codes and low-
density parity-check (LDPC) codes [1]. More recently, dis-
tributed arithmetic coding (DAC) [2, 3] has been proposed. In
DAC, an arithmetic coder is modified in order to compress X
at arate below its entropy, generating a non uniquely decod-
able codeword; a sequential decoder reconstructs X given the
sideinformationY. This approach has good performancefor
short block length, enables to incorporate time-varying and
contextual statistical information regarding the source, and
provides a continuous set of rates.

Although much work has been done in the field of DSC,
some problems still remain unsolved. One of them is that
Sensor 2 needs to estimate H(X|Y) in order to select an
appropriate coding rate for X. In some DSC applications
this is only partially a problem; if the two sources are co-
located, as in distributed video coding, a few samples from
the sources can be used to estimate the conditional entropy.
However, this solution is not viable if X and Y are acquired
by two physically separated sensors. Alternatively, one could
use a feedback channel; using a rate-compatible DSC code,
the decoder can request an increasingly refined description
of X from Sensor 2, starting from rate zero and increasing a
few bits at atime, until decoding is successful (see e.g. [4]).
This procedure leads to correct decoding, but can introduce
delays because of the many encoder/decoder interactions and
the multiple decoding attempts; moreover, it requires knowl-
edge of the conditional probability distribution P(X|Y) at
the decoder.

In this paper we propose a system that employs afeedback
channel, but istotally driven by the decoder. In particular, the
joint decoder computes on-the-fly estimates of the statistics
of X and X|Y, and instructs Sensor 2 on the coding rate that
it hasto use for the subsequent symbols until the next update.
The proposed scheme is based on DAC; the main contribu-
tions of this paper are the following. We upgrade DAC to
adaptive distributed arithmetic coding (ADAC), where, un-
like [2], we do not assume any knowledge of the a priori



source statistics. We propose a method that exploits statis-
tical soft information available at the sequential joint decoder
to estimate the prior probabilities of X during the decoding
process, with asmall delay. We use this information to select
a suitable coding rate at the encoder. In this way, although
Sensor 2 and the gateway node still communicate with each
other through the feedback channel, all communications are
done on-the-fly during the encoding of X. A single decod-
ing takes place, as opposed to the multiple decoding attempts
performed by current systems. As a consequence, the de-
lay is greatly reduced. Moreover, the on-the-fly adaptation of
the statistical model eliminates the need for arate-compatible
code, because the adaptation of the coding rate ideally leads
to correct decoding at the first attempt.

2. PROPOSED METHOD

2.1. Review of distributed arithmetic coding

Let X = [Xo, X1,...,X;,...,Xn_1] bealength-V binary
i.i.d. symbol sequence with probabilities pg = P(X; = 0)
andp1 = P(Xz = ].), andY = [Y07Y17"'7)/;7"'7YN—1]
beasideinformationbinary i.i.d. symbol sequence. The stan-
dard arithmetic coding process maps the source symbols onto
sub-intervals of [0, 1) using recursive interval selection. For
each input symbol X;, the coding interval is partitioned into
two adjacent sub-intervals whose lengths are proportional to
estimated values of py and p;; the sub-interval representing
X; is selected for the next iteration. The codeword C x isa
binary number lying in the final interval.

DAC inserts an ambiguity in the encoding process, us-
ing a modified interval subdivision strategy where the inter-
val length is proportional to the modified probabilities po and
p1. Weset p; = a;p; for j = 0,1, with a; > 1, so that
Do + p1 > 1. Therecursive coding procedure is the same as
in classical arithmetic coding, and yieldsalarger final interval
containing ashorter codeword C x . Inorder tofit theenlarged
sub-intervals p; into the (0, 1] interval, the sub-intervals are
allowed to partially overlap. As a consequence, the decoder
will generally be unable to decode the source without knowl-
edge of the side information. Setting o; = p;k, the average
coding rate can be shown to be

1
1
Rx =(1-k)) pjlogy—=(1—kH
i=0 Pi

where H is the entropy of the probability model, i.e. H =
— Z;:O pjlog, p;. The coding rate can be reduced to any
desired value by means of a suitable selection of the param-
eter k. Setting k¥ = 0 yields the classical arithmetic coder.
More details on DAC can befoundin [2].

At the decoder, Y is available without losses and is used
to removethe ambiguity left in the codeword C x . For brevity,
in the following we only give a summary of the decoder op-
eration; all the details can be found in [2]. In particular, the

joint decoding process can be formulated as a symbol-driven
sequential search along a proper decoding tree, where each
node represents a state of the sequential arithmetic decoder
of X. We employ the Maximum A Posteriori (MAP) metric
P(X]Y) and the M-algorithm in order to select the most-
likely path in thetree, using M = 2048.

Given the correlation model in terms of the probability
distribution P(X|Y), the MAP metric P(Xy, ..., X;|Y) can
be evaluated iteratively during the decoding process as

P(Xo...,Xi|Y) = P(Xo,...,X;o1[Y)P(X;[Y) (1)

In this paper we employ a memoryless correlation model,
i.e. P(X;]Y) = P(X;]Y;). As a consequence, esch
path in the tree is characterized by the metric P(X|Y) =
[TY5! P(X;|Y;) that can be efficiently evaluated in the log
domain as a summation.

2.2. Adaptive DAC System

In the following we assume that X and Y arei.i.d. binary
sources. The correlation model P(X;|Y;) is assumed to be
memoryless, aswell. No prior estimatesof P(X;), P(Y;) and
P(X;]Y;) are assumed to be available. The proposed ADAC
system comprises the two encodersfor X and Y, and ajoint
decoder. The adaptive encoder for Y (i.e., the side informa
tion) operates with ky = 0 and employs the occurrence fre-
quencies of 0 and 1 as estimates of P(Y;). In particular, the
i-th symbol is encoded using the estimate [5]:

1+ E;;t Ly;=y

P(Y; =
(Yi=y) 1
where
1.— 1, if Aistrue
471 0, othewise

andy = 0,1. Inasuchaway, Y isencoded adaptively and is
transmitted without ambiguity. After an initial transient, the
coding rate Ry approachesthe entropy H(Y).

On the other hand, X must be encoded by ADAC exploit-
ing the correlation with Y. This requires to estimate P(X;)
and to set the overlap parameter £ x depending on the amount
of correlation between X and Y. The probability P(X ;) can
be estimated in the same way as is done for the side informa-
tion, because the sample values of X are available at Sensor
2. Since at the beginning of the encoding process no infor-
mation is available at the decoder regarding the correlation,
parameter k x isinitialized to O (i.e., non-distributed coding).
This value is kept fixed for L samples, after which the en-
coder receives an updated parameter k x from the decoder, as
explained in the following.

The decoder needs to estimate the probability P(X;|Y;)
for the MAP decoding metrics, and the parameter k£ x to be
sent back to the encoder through the feedback channel. All
estimations are done by dividing the original block of NV bits
into subblocks of length L.



2.2.1. Decoding of the first block

The decoder has perfect knowledge of the whole sequence
Y. Moreover, it can start decoding the first block X because
no overlap has been used. However, the number of decoded
symbolsi is generaly dlightly inferior to the number of coded
symbols L because, dueto sequential encoding, the codeword
bits are available with some delay, as the DAC encoder is not
terminated at the end of each subblock, but only at the end of
the sequence. In light of this, P(X; = x) can be estimated as

~ 1+ 5 0 1x,—
Por =) = L Db o

withz = 0, 1. Then, H(X) is approximated by

2

HX)=- ) P(Xi=z)log, P(Xi=2) (3

z=0,1

The conditional statistics can be estimated with asimilar ap-
proach:

-1
1+ Ej:o 1Xj:w7Yj:y

P(X;=alV; =y) = = @
The conditional entropy can be approximated by
HX[Y) = Y P(Xi=alVi =y)P(Yi=y)
z,y
logy P(X; = «|Yi = y) 5)

The value of parameter k x can be determined as
kx =1-yHX[Y)/H(X) (6)

where~ > 1 generates an extrarate that compensates for the
sub-optimality of the DAC decoder (i.e., we encode at arate
7 times larger than the estimated conditional entropy). The
selected kx yieldsacoding rate Rx = vH (X]|Y). Such kx
is sent to the DAC encoder, which uses it to encode the next
subblock of L samples, determining areduction of the coding
rate that depends on the estimated correlation.

2.2.2. Decoding of the subsequent blocks

For al the other blocks, the DAC decoder receives an ambigu-
ous description of the source and must resort to sequential
MAP decoding. The metrics along the decoding tree are eval-
uated using the estimate P(X;|Y;) of the previousblock. The
MAP decoder attempts to decode as many symbols as possi-
ble, up to symbol I < mL, wherem = 1,..., isthe num-
ber of aready coded subblocks. When the decoder tree has
reached symbol depth /, the probability estimates are updated
based on the sequence that exhibits the best accumul ated met-
ric. Once these estimates are available, (3) and (4) are used
to compute H (X') and H(X|Y'), then kx is computed using
(6), and is sent to the encoder through the feedback channel.
The encoder/decoder interactions are summarized in the fol-
lowing:
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Fig. 1. Decoded/encoded symbolsratio versus number of en-
coded symbols.

1. Y isencoded without ambiguity.
2. Setkx =0andl =0.
3. While(I < N)

e Encode next L symbols of X using DAC, and ap-
pend more bits to the codeword C'x .

e Joint decoder performs arithmetic decoding for
the first subblock, or MAP decoding for the other
subblocks, based on the partially received code-
word, and decodes as many symbols as possible
of the current subblock (I < mUL).

e Joint decoder updates its estimates P(X;) and
P(X;|Y;), and computes the value of & x, which
is returned to the encoder.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Thefollowing experiments have been worked out for asource
X with P(X; = 0) = P(X; = 1) = 0.5; the correlated
side information Y is obtained transmitting X across a bi-
nary symmetric channel with a given crossover probability.
This setting correspondsto H(X) = H(Y) = 1 bps. The
crossover probability has been selected so that H(X|Y) =
0.5 bps.

In Fig. 1 theratio between the number [ of symbols avail-
able at the joint decoder and the number of coded source sym-
bolsmL,m=1,..., % isreported as a function of the num-
ber of coded symbols. In this simulation N' = 5000 symbols
are coded with subblock size . = 100. The decoded/coded
symbolsratio shows that, for thefirst block, about 94% of the
subblock samples are decoded; for the second block, where
overlapping is used, the percentage is dightly smaller, and
quickly approaches 1, meaning that the delay between the en-
coder and the decoder is limited.
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Fig. 2. Joint decoder entropy estimates.

Therefore, as the encoding proceeds, amost all the
L source symbols, progressively coded during each en-
coder/decoder interaction, can be used by the decoder to
update the coding parameters of DAC.

In Fig. 2 the entropy estimates H (X) and ﬁ(X|Y) are
shown versus the number of coded source symbols. The true
values of such entropies are reported for comparison, and
show that the ADAC is able to perform an accurate model-
ing of the observed correlation. Inthe present implementation
of ADAC, the source and correlation models are assumed to
be stationary over the entire coded block. Nevertheless, the
modeling stage can be extended to the non-stationary case,
by using a sliding window approach to evaluate time-varying
statistical parameters.

In Fig. 3 the obtained values of k x, with v = 1.15, are
shown as a function of the number of coded symbols. It can
be seen that, in a few iterations, kx gets close to the theo-
retical value0.425, corresponding to the Slepian-Wolf coding
bound of 0.5 bps plus the extra rate due to . In the same
plot the average coding rate is reported as a function of the
number of coded symbols. It can be seen that N = 5000
source symbols turn out to be coded on about 0.64 bps; the
initial transient, due to the lack of prior correlation estimates,
is evident in terms of the coding rate, as well. Finaly, in
Tab. 1 the performance of the proposed system is reported in
terms of average coding rate, bit error rate (BER) and frame
error rate (FER) for several values of . The reported figures
areworked out by averaging the results of 1000 coding trials,
employing N = 2000 and L = 100. Asdiscussed in [2], the
MAP decoding procedure does not guarantee error-free de-
coding; nevertheless, BER and FER can be reduced arbitrar-
ily by admitting an increasing rate overhead through ~. For
comparison, the non-adaptive DAC with exact knowledge of
the source probability and the conditional entropy, achieves
aBER equal t0 4.92 - 10~ for block length N = 1000 and
v = 1.30.

For the setting considered in this paper, existing tech-
niques based on turbo and LDPC codes cannot be applied
directly, since adaptive versions of the related DSC coders
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Fig. 3. Coding rate Rx and selected value of kx versus the
number of coded symbols.

have not been developed yet. Non-adaptive decoder-driven
estimation of the conditional probability has been addressed
in [6] for distributed video coding, but this is not directly
comparable with the work presented in this paper.

Table 1. Performancein terms of R x, BER and FER.

v Ry |[bps | BER FER
105 060 [9910 2 7.410°
115 066 |5710°2 4110
130 072 [1.6107% 98102
150 081 |[2610~% 1.110°2
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