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An Iterative Algorithm for Compression of
Correlated Sources at Rates Approaching the
Slepian-Wolf Bound: Theory and Analysis

F. Daneshgaran, M. Laddomada, and M. Mondin

Abstract—This paper proposes a novel iterative algorithm
based on Low Density Parity Check codes for compression of
correlated sources at rates approaching the Slepian-Wolf bound.
The setup considered in the paper looks at the problem of
compressing one source without employing the source correlation,
and employing the other correlated source as side information at
the decoder which decompresses the first source. We demonstrate
that depending on the extent of the source correlation estimated
through an iterative paradigm, significant compression can be
obtained relative to the case the decoder does not use the
implicit knowledge of the existence of correlation. Two stages of
iterative decoding are employed. During global iterations updated
estimates of the source correlation is obtained and passed on to
the belief-propagation decoder that performs local iterations with
a pre-defined stopping criterion and/or a maximum number of
local decoding iterations. Detailed description of the iterative
decoding algorithm with embedded cross-correlation estimation
are provided in the paper, in addition to simulation results
confirming the potential gains of the approach.

Keywords-Correlated sources; compression; iterative decoding;
low density parity check codes; Slepian-Wolf.

I. INTRODUCTION

Consider two independent identically distributed (i.i.d.)
discrete binary memoryless sequences of length k, X =
[z1,22,...,2;] and Y = [y1,¥2, . . ., Yk, where pairs of com-
ponents (z;,y;) have joint probability mass function p(z,y).
Assume that the two sequences are generated by two transmit-
ters which do not communicate with each other, and that both
sequences have to be jointly decoded at a common receiver.
Slepian and Wolf demonstrated that the achievable rate region
for this problem (i.e., for perfect recovery of both sequences
at a joint decoder), is the one identified by the following set
of equations imposing constraints on the rates Rx and Ry by
which both correlated sequences are transmitted:

Rx + Ry > H(X,Y)

whereby, H(X|Y) is the conditional entropy of source X
given source Y, H(Y'|X) is the conditional entropy of source
Y given source X, and H(X,Y) is the joint entropy of the
sources. A pictorial representation of this achievable region is
given in Fig. 1.
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Fig. 1. Rate region for Slepian-Wolf encoding.

In this paper, which is an extended and thorough version
of [1], we focus on trying to achieve the corner points A
and B in Fig. 1, since any other point between these can
be achieved with a time-sharing approach [2]. In particular,
we focus on the architecture shown in Fig. 2 in which we
assume that one of the two sequences, namely X in our
framework, is independently encoded with a source encoder
that does not employ the correlation between the sources X
and Y. We assume that sequence Y is compressed up to its
source entropy H(Y') and is known at the joint decoder as
side information, and our aim is at compressing sequence X
with a rate Ry < Rx as close as possible to its conditional
entropy Ry > H(X]Y) in order to achieve the corner point
A in Fig. 1. The decoder tries to_decompress the sequence
X, in order to obtain an estimate X, by employing Y as side
information and without the prior knowledge of the amount
of correlation between the sequences. Indeed, it estimates this
correlation through an iterative algorithm which improves the
decoding reliability of X.

Obviously, our solution to joint source coding at point A is
directly applicable to point B by symmetry. The overall rate
of transmission of both sequences is greater than H(Y) +
H(X|Y)=HX,)Y).

With this background, let us provide a quick survey of the
recent literature related to the problem addressed in this paper.
This survey is by no means exhaustive and is meant to simply
provide a sampling of the literature in this area.

In [3], [4], [5], the authors deal with applications of sensor
networks for tracking and processing of information to be sent
to a common destination. In particular, in [4], the authors
inspired by information theory concepts and in particular, the
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Fig. 2. Architecture of the encoder and joint decoder for the Slepian-Wolf

problem.

Slepian-Wolf theorem [2], present the problem of distributed
source coding using syndromes. The approach is based on
the use of coset codes and significant compression gains are
achieved using the proposed technique.

In [6], the authors show that turbo codes can allow to come
close to the Slepian-Wolf bound in lossless distributed source
coding. In [7], [8], [9], the authors propose a practical coding
scheme for separate encoding of the correlated sources for
the Slepian-Wolf problem. In [10], the authors propose the
use of punctured turbo codes for compression of correlated
binary sources whereby compression has been achieved via
puncturing. The proposed source decoder utilizes an iterative
scheme to estimate the correlation between two different
sources. In [11], punctured turbo codes have been applied to
the compression of non-binary sources.

The article [12] focuses on the problem of reducing the
transmission rate in a distributed environment of correlated
sources and the authors propose a source coding scheme for
correlated images exploiting modulo encoding of pixel values
and compression of the resulting symbols with binary and non-
binary turbo codes.

Paper [13] deals with the use of irregular repeat accumulate
codes as source-channel codes for the transmission of a mem-
oryless binary sequence with side information at the decoder,
while in [14] parallel and serial concatenated convolutional
codes are considered for the same problem. In [15], [16],
the authors propose a practical coding scheme based on Low
Density Parity Check (LDPC) codes for separate encoding of
the correlated sources for the Slepian-Wolf problem.

The dual problem of Slepian-Wolf correlated source coding
over noisy channels has been dealt with in [17]-[21].

In [22] the authors consider the problem of encoding
distributed correlated sources, demonstrating that separate
source-channel coding is optimal in any network in which
correlated sources do not interfere with each other, and that
the information on a network behaves as a flow. Work [23]
proposes a distributed joint source-channel coding scheme for
multiple correlated sources.

Finally, in [24] the authors consider the design for joint
distributed source and network coding.

Almost all proposed works in the literature use soft-metrics
for improving the decoding performance. An excellent work
describing the “mathematics of soft-decoding” is the paper by
Hagenauer et al. [25].

Relative to the cited articles, the main novelty of the present
work may be summarized as follows: 1) in [10] and [16] the
encoder and decoder must both know the correlation between
the two sources. We assume knowledge of mean correlation at
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the encoder. The decoder has implicit knowledge of this via
observation of the length of the encoded message. It iteratively
estimates the actual correlation observed and uses it during
decoding; 2) our algorithm can be used with any pair of
systematic encoder/decoder without modifying the encoding
and decoding algorithm; 3) the proposed algorithm is very
efficient in terms of the required number of LDPC decoding
iterations. We use quantized integer LLR values (LLRQ) and
the loss of our algorithm for using integer LLRQ metrics is
quite negligible in light of the fact that it is able to guarantee
performance better than that reported in [10] and [16] (where,
to the best of our knowledge, authors use floating point
metrics) as exemplified by the results shown in table II below;
4) we utilize post detection correlation estimates to generate
extrinsic information, which can be applied to any already
employed decoder without any modification; and 5) we do
not use any interleaver between the sources at the transmitter.
Using the approach of [10] in a network, information about
interleavers used by different nodes must be communicated
and managed. This is not trivial in a distributed network such
as the internet. Furthermore, there is a penalty in terms of
delay that is incurred.

This paper is an extended version of [1] and is organized as
follows. Section II deals with the definition of the encoding
algorithm for correlated sources, and presents the class of
LDPC codes which is the focus of our current work. In
section III, we present modification of the belief-propagation
algorithm for decoding of LDPC codes, and follow up with
details of our algorithm for iterative joint source decoding of
correlated sources with side information and iterative corre-
lation estimation. Section IV deals with the issue of sensitiv-
ity of the cross-correlation function between two sequences
to residual errors after channel decoding, demonstrating the
relative robustness of the empirical cross-correlation measure
to channel induced errors. In section V, we present simulation
results and comparisons confirming the potential gains that can
be obtained from the proposed iterative algorithm. Finally, we
present the conclusion in section VI.

II. ARCHITECTURE OF THE LDPC-BASED SOURCE
ENCODER

This section focuses on the source encoder used for source
compression. LDPC coding is essential to achieve performance
close to the theoretical limit in [2].

The LDPC matrix [26] for encoding each source is consid-
ered as a systematic (n, k) code. The codes used need to be
systematic for the decoder to exploit the estimated correlation
between X and Y directly.

Each codeword C' is composed of a systematic part X, and
a parity part Z which together form C' = [X, Z]. With this
setup and given the parity check matrix H" %" of the LDPC
code, it is possible to decompose H™ %™ as follows:

Hn—k,n _ (HX,HZ) (2)
whereby, HX is a (n — k) x (k) matrix specifying the source
bits participating in check equations, and HZ is a (n — k) x
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(n — k) matrix of the form:

1 0 ... 0 0
1 1 0 ... 0

H? = 0 1 1 0 3)
0O ... 0 1 1

The choice of this structure for H, also called staircase LDPC
(for the double diagonal of ones in H %), has been motivated
by the fact that aside from being systematic, we obtain a LDPC
code which is encodable in linear time in the codeword length
n. In particular, with this structure, the encoding operation is
as follows:

Zle xj - Hf‘;] (mod 2), i=1
Zy =
21+ Z?:l T HLXJ} (mod 2), i=2,.,n—k

“)
where, HlXJ represents the element (i,5) of the matrix HX,
and z; is the j-th bit of the source sequence X.

Source compression takes place as follows: considering the
scheme shown in Fig. 2, we encode the length & sequence
belonging to the source X and transmit on a perfect channel
only the parity sequence Z, whose bits are evaluated as in (4).
The rate guaranteed by such an encoder is
n—=k

o
In relation to the setup shown in Fig. 2, the Slepian-Wolf
problem reduces to that of encoding the source X with a rate
Ry as close to H(X|Y) as possible (i.e., Ry > H(X|Y)).
Note that source correlation is not employed at the encoder.

The objective of the joint decoder as explained in the next
section, is to recover sequence X by employing the correlated
source Y (considered as a side information at the decoder),
and the estimates of the correlation between the sources X
and Y obtained in an iterative fashion.

Before explaining the iterative decoding algorithm, let us
briefly discuss the correlation model adopted in this frame-
work. We consider the following model in order to follow the
same framework pursued in the literature [10], [15]:

P(z; #y;)=p, Vi=1,....k (&)

In light of the considered correlation model, and noting that
the sequence Y is available losslessly at the joint decoder, the
theoretical limit for lossless compression of X is

Ry > H(X|Y) = H(p),

Ry =

whereby H (p) is the binary entropy function defined as
H(p) = —plog,(p) — (1 — p)logy(1 — p).
With this setup, the following holds:
Ri+Ry>HX,Y)—> R +1>H(p)+1.

(6)

Note that the encoder needs to know the mean correlation so
as to choose a rate close to H(p). It does so, by keeping
k constant while choosing n appropriately. We use the term
mean correlation, because in any actual setting, the exact
correlation between the sequences may be varying about the
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Fig. 3. Architecture of the Iterative Joint decoder of correlated sources.

mean value. Hence, it is beneficial if the decoder estimates the
actual correlation value from observations itself. While no side
information about the rate is communicated to the decoder,
the decoder knows the mean correlation implicitly from the
knowledge of block length n.

III. JOINT ITERATIVE LDPC-DECODING OF CORRELATED
SOURCES

The architecture of the iterative joint decoder for the
Slepian-Wolf problem is depicted in Fig. 3. Its goal is to
determine the best estimate X of the source k-sequence X,
by starting from the received parity bit (n — k)-sequence Z.
We note that aside from the fact that the receiver may a-
priori presume some correlation between both sequences exist,
no side information on this correlation is communicated to
the joint decoder. Indeed, this correlation is estimated in an
iterative fashion.

With reference to the architecture of the joint decoder
depicted in Fig. 3, we note that there are two stages of
iterative decoding. Index ¢ denotes a global iteration whereby
during each global iteration, the updated estimate of the source
correlation obtained during the previous global iteration is
passed on to the belief-propagation decoder that performs
local iterations with a pre-defined stopping criterion and/or
a maximum number of local decoding iterations.

Based on the notation above, we can now develop the
algorithm for exploiting the source correlation in the LDPC
decoder. Consider a (n,k)-LDPC identified by the matrix
H("=kn) a5 expressed in (2). Note that we only make refer-
ence to maximum rank matrix H since the particular structure
assumed for H ensures this. In particular, the double diagonal
on the parity side of the H matrix always guarantees that the
rank of H is equal to the number of its rows, i.e., n — k.

It is well known that the parity check matrix H can be
described by a bipartite graph with two types of nodes as
shown in Fig. 4; n bit-nodes corresponding to the LDPC code
bits, and n — k check-nodes corresponding to the parity checks
as expressed by the rows of the matrix H. Following the
notation employed in [29], let B(m) denote the set of bit-
nodes connected to the m-th check-node, and C(n) denote
the set of check-nodes adjacent to the n-th bit-node. With this
setup, B(m) corresponds to the set of positions of the 1’s in
the m-th row of H, while C(n) is the set of positions of the
1’s in the n-th column of H. In addition, let us use the notation
C(n)\ m and B(m) \ n to mean the sets C(n) and B(m) in
which the m-th check-node and the n-th bit-node respectively,
are excluded. Furthermore, let us identify with Ay, (u,) the
log-likelihood of the message that the n-th bit-node sends to
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the m-th check-node, that is, the LLR of the probability that n-
th bit-node is 1 or 0 based on all checks involving the n-th bit
except the m-th check, and with A,, ,,(u,) the log-likelihood
of the message that the m-th check-node sends to the n-th
bit-node, that is, the LLR of the probability that the n-th bit-
node is 1 or 0 based on all the bit-nodes checked by the m-th
check except the information coming from the n-th bit-node.
With this setup, we have the following steps of the belief-
propagation algorithm:

Initialization Step: each bit-node is assigned an a-posteriori
LLR L (u;) as follows:

Plzj=1ly;) | _ . .
log (FEEH) = (235 - D0, j=1,....k
(22 =1), j=k+1,...,n

(7
, (2)
o = log L
1— p(l)

is the correction factor taking into account the estimated
correlation between sequences X and Y at global iteration 3.
Note that this term derives from the correlation model adopted
in this paper as expressed in (5), in which the correlation
between any bit in the same position in the two sequences X
and Y is seen as produced by an equivalent binary symmetric
channel with transition probability p.

In our setup, before the first global iteration, o(?) = 1 since
the degree of correlation is not known a priori.

In summary, for any position (m,n) such that H, , = 1,
set:

whereby,

Anm(Un) = L(un), ®)

and

A n(un) = 0. ©)]

(1) Check-node update: for each m = 1,...,n — k, and for
each n € B(m), compute:

Ay n(un) = 2 tanh !

H)\ tanh (W)

peEB(m)\n
(10)
(2) Bit-node update: for eacht =1,...,n, and for each m €

C(t), compute:
> Apa(u).
pEC(t)\m

)\t,m(ut) = L(ut) + (11)
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(3) Decision: for each bit node u; witht = 1,...,n, compute:
Me(ur) = L) + D Apnlur), (12)
peC(t)

and quantize the results such that u; = 0 if A;(uy) < 0, and
u; = 1 otherwise.

If H-UT 0 then halt the algorithm and output
Ty = ug, t = 1,...,k as the estimate of the decompressed
source bits, X, corresponding to the first source. Otherwise,
if the number of iterations is less than a predefined maximum
number, iterate the process starting from step (1).

The architecture of the iterative joint decoder is depicted
in Fig. 3. Let us elaborate on the signal processing involved.
In particular, as before let  and y be two correlated binary
random variables which can take on the values {0,1} and
let r = x & y. Let us assume that random variable r takes
on the values {0,1} with probabilities P(r = 1) = p, and
P(r=0)=1-np,.

The correction factor a(?) at global iteration (i) is evaluated
as follows,

13)

by counting the number of places in which X@ and Y differ,
or equivalently by evaluating the Hamming weight wp(.) of
the sequence R) = X @ Y whereby, in the previous
equation,

wy (RD)

b = 2

In the latter case, by assuming that the sequence R=XaY
is i.1.d., we have:

v () ) (14)

¥ =log | ———<—
k — ’LUH(R(z))

where k is the source block size. Above, letters highlighted
with ~ are used to mean that the respective parameters have
been estimated.

Formally, the iterative decoding algorithm can be stated as
follows:

1) Set the log-likelihood ratios a(?) to one (see Fig. 3).
Compute the log-likelihood ratios for any bit node
using (7).

2) For each global iteration ¢ = 1, ..., g, do the following:

a) perform a belief-propagation decoding on the par-
ity bit sequence Z by using a predefined maximum
number of local iterations, and the side information
represented by the correlated sequence Y along
with the correction factor o/(i—1);

Evaluate o(?) using (14);

If |a(i) - a(i*1)| > 10~* go back to (a) and
continue iterating, else exit.

b)
)

Point ¢) in the previous code fragment is used in order to
speed-up the overall iterative algorithm. Extensive tests we
conducted suggested that the threshold value of 10~* may be
used for this purpose. Obviously, one can keep iterating until
the last global iteration as well.
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A. Overview of Integer-Metrics Belief-Propagation Decoder

In this section, we briefly describe the LDPC decoder work-
ing with integer LLRs. This approach leads to efficient belief-
propagation decoding. Following the rationales described in
[27], we begin by quantizing any real LLR (denoted LLRQ
after quantization) employed in the initialization phase of
the belief-propagation decoder in (7), using the following
transformation:

[29L(u;) +0.5],
I_QZj - 1J . S,

j=1,....k

i—k+1,...n 1Y

LLRQ = {
whereby || stands for rounding to the smaller integer in the
unit interval in which the real number falls, L(u;) is the real
LLR, S is a suitable scaling factor, and ¢ is the precision
chosen to represent the LLR with integer metrics. In our
belief-propagation decoder, we use ¢ = 3, which guarantees
a good trade-off between BER performance and complexity
of the decoder implementation [27]. The scaling factor S' is
the greatest integer metric processed by the iterative decoder.
In our set-up, we use S = 10000. Note that such a scaling
factor depends on the practical implementations of the belief-
propagation decoder. Suffice it to say that in our setup, S gives
high likelihood to the parity bits z;, Vj = k+1,...,n, since
they are transmitted through a perfect channel to the decoder.

All the summations shown in equations (11) and (12) are
performed on integer LLRs. Finally, (10) has to be modified
for working with integer metrics. To this end, we follow the
schedule proposed in [29] in order to avoid real calculations
and only use look-up tables and integer additions. This way,
the basic operation L(x @ y) in the check node update is
approximated as follows:

L(x @ y) ~ sign(L(w)) - sign(L(y)) - min(|L(z)]|, |L(y)]) (16)
+log (1 " 6L(I)+L(y)> _log (eL(m) n eL(y))

whereby, sign(-) is the function which evaluates the sign of
the enclosed LLR. The latter two log functions are evaluated
through look-up tables containing samples of the log func-
tions approximated with piecewise linear approximation as
suggested in [29].

IV. SENSITIVITY OF THE CROSS-CORRELATION TO
RESIDUAL ERRORS AFTER CHANNEL DECODING

In this section, we wish to demonstrate the relative robus}\-
ness of the empirical cross-correlation between sequences X
and Y to residual errors after channel decoding. To this end,
let X and Y be two binary vectors of length k. Correlation
between two binary streams can be measured in two ways. One
technique is to map a logic-0 to the integer +1, logic-1 to —1
and to take the inner product of the two vectors defining our
data packets and divide by the vector length (assumed to be
the same for both packets). It is well known that the resulting
empirical correlation estimate lies in the range —1 < p < +1.
Positive value of p signifies a similarity between X and Y,
while a negative p signifies a similarity between X and Y,
where Y is the complement of vector Y. This traditional
measure of correlation is not of direct interest to us since we
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wish to relate a correlation measure to an empirical probability
which is strictly positive.

To this end, let us define r,, = x,, ® y,, as the XOR of the
n-th component of the vectors X and Y. Similarly, we define
R = X &Y whereby R is obtained via componentwise XOR
of the components of the vectors X and Y. Let the number of
places in which X and Y agree be v and define the empirical
cross-correlation between these two vectors as p = y/k. Note
that with this definition, we may take p as the empirical
probability that ,, = 0 and a value of for instance p = 0.7 and
p = 0.3 would have the same information content as measured
by the value of the binary entropy function. Notice that,
since intrinsic soft information is generated from probability
estimates, this measure of correlation is more useful to us than
the traditional definition.

Let us consider the Slepian-Wolf problem discussed above,
and suppose that what is available at the receiver is a noisy
version of X denoted X. For instance, X could be an
erroneous version of X obtained after transmission through
a noisy channel modelled as a Binary Symmetric Channel
(BSC) with transition probability p.. We assume that the error
events inflicting the sequence X are independent identically
distributed (i.i.d.). The joint decoder generates an empirical
estimate of the cross-correlation based on the use of the
sequences X and Y by forming the vector R = X &V
and counting the number of places where R is zero. Let us
denote this count as 4. Clearly, 4 is a random variable. The
question is, what is the Probability Mass Function (PMF) of
4? Knowledge of this PMF allows us to assess the sensitivity
of our estimate of the cross-correlation to errors in the original
sequence X.

It is relatively straightforward to express the probability that
(*, = ) and (7, # 1) as P(fy, = ry) = P(&, = x)
1 —pe, P(Py, # 1n) = P(&, # x,) = pe. Consider applying
a permutation to the sequences X and Y so that the permuted
sequences agree in the first v locations, and disagree in the
remaining (k — «) locations. The permutation is applied to
simplify the explanation of how we may go about obtaining
the PMF of 4 and by no means impacts the results. It is
evident that the permuted sequence 7(R) contains 7 zeros in
the first -y locations and (k—-y) ones in the remaining locations.
Now consider evaluation of the probability P(¥ = v + v)
for v = 0,1,..,(k — 7). We define 7(R), to represent the
first  bits of 7(R) and m(R)s—_~ the remaining (k — ) bits.
Similarly we define ﬂ'(f{)ﬂ, and Tl'(ﬁ)k_,y. For a fixed v, the
event {4 = y+v} corresponds to the union of the events of the
type: 7T(E)k,7 differs from m(R)x—_~ in (v + ) positions for
some ! € {0,1,..,7}, ﬂ(ﬁ),y differs from 7w (R), in [ positions,
and the remaining bits of w(R) and 7(R) are identical. The
probability of such elementary events are given by:

< i ) ( ) (1—=pe)™ 2 pe) (D)

It can be shown that the probability of the event {y = v+v}
for v =0,1,..,(k — ) is given by:

0=2[(3

=0

k—~
v+1

k—~
v+l

Py
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Fig. 5. Probability mass function (PMF) of p for three different values of
raw error rate p when the true cross-correlations between the data packets are
p = 0.8 and 0.9 at data block length of k = 16400.

(1= pe) ™ (pe) ] (18)
while, for m = 1,2, ..,y we have:
v b —
ro=aem=2 (1) (050
(11— Pe)k;ﬁm(pe)ﬂ_m] : 19)

In the next section, we shall present simulation results for
iterative joint decoding of correlated sources for data packet
size of k = 16400. Hence, let us look at representative results
associated with the estimation of p for this block length:

1) Fig. 5 depicts the PMF of p for five different values
of raw error rate p. when the true cross-correlations
between the data packets are p = 0.8 and 0.9 at data
block length of & = 16400. The following observation
is in order: there is a bias in the empirical estimate of
p as measured by the most probable value of p and the
true value of p. This bias is a strong function of p..
As noted above, the most likely value of p, denoted
M(p) (i.e., the Mode), obtained from evaluation of the
empirical cross-correlation from noisy received vectors
is not necessarily the true value p. This is particularly
so at larger values of p. and for small and large values
of p. Fig. 6 captures this behavior for three values of
pe = 1071, 1072 and p. = 102 as a function of p
for block length k£ = 16400. In particular, this figure
shows the difference (p— M(p)) versus p obtained from
empirical evaluation of the cross-correlation from noisy
received vectors.

The standard deviation of p is a strong function of p.
itself. Fig. 7 depicts the standard deviation of p as a
function of p, for £ = 16400 for three different values of
p- This figure shows that the standard deviation increases
slowly with increasing p.. Note that even at values of
pe as large as p = 0.1 this standard deviation is still
relatively small for p in the range p = 0.1 to p = 0.9.

2)

3)
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Fig. 6. The difference (p— M (p)) versus p whereby M (p) denotes the most
probable value of p obtained from empirical evaluation of the cross-correlation
from noisy received vectors (block length k = 16400).
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Fig. 7. Standard deviation of 5 as a function of p (block length k£ = 16400).

V. SIMULATION RESULTS AND COMPARISONS

We have simulated the performance of our proposed iter-
ative joint source decoder. In order to compare our results
with others proposed in the literature, we follow the same
framework as in [10], [15], [16].

In the following, we provide sample simulation results
associated with various (n, k) LDPC codes designed with the
technique proposed in [28]. In particular, for a fair comparison
with the results provided in [16], we designed various LDCP
codes with £ = 16400 and k£ = 16000. The details and the
parameters of the designed LDPCs are given in Tables I-II.

Parameters given in Table I are the source block length k,
the codeword length n, the rate Ry of the source, expressed
as ”T’k (i.e., inverse of the compression ratio), the average
degree d,, of the bit nodes, and the average degree d. of the
check nodes of the designed LDPCs. Note that, the encoding
procedure adopted in our approach is different from the one
proposed in [16] in that we source encode k bits at a time
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TABLE I
PARAMETERS OF THE DESIGNED LDPCs.

IDPC [ k | n | Ri | dv | de
L 16400 [ 30750 | 0.875 | 2.8 | 6
Ly 16400 | 26200 | 0597 | 3 | 8
Ls 16400 | 22400 | 0365 | 3.21 | 12
Ly 16000 | 20000 | 025 | 3.59 | I8
Ls 16400 | 20300 | 0.237 | 3.45 | I8
Lg 16400 | 20000 | 0.219 | 3.23 | I8
Ly 16400 | 19300 | 0.176 | 3.0 | 20
Ls 16400 | 19500 | 0.189 | 3.0 | 19

and transmit only n — k bits. In [16], the authors proposed
a source compression which encodes n source bits at a time,
and transmits n — k& syndrome bits.

The degree distributions of the designed LDPC codes,
labelled L; to Lg in Table I, are shown in Table II whereby,
the integer number multiplying any power of the indeterminate
x" identifies the number of bit nodes in Az _(z), and check
nodes in pr_(x) having degree w + 1 in the r-th designed
LDPC with r =1,...,8.

For local decoding of the LDPC codes, the maximum
number of local iterations has been set to 50, while the
maximum number of global iterations is 5, even though the
stopping criterion discussed in the previous section has been
adopted.

The results on the compression achieved with the proposed
algorithm are shown in Table IIl. The first row shows the
correlation parameter assumed, that is, the probability p =
P(xzj # y;), Vi = 1,...,k. The second row shows the
joint entropy limit as expressed in (6) for various values of
the correlation parameter p. The third and fourth rows show
the results on source compression presented in papers [10],
[16], while the last row presents the results on compression
achieved with the proposed algorithm employing a maximum
of 5 global iterations in conjunction with using the stopping
criterion noted in the previous section. As in [16], we assume
error free compression for a target Bit Error Rate (BER) 1076,
Note that statistic of the results shown has been obtained by
counting 30 erroneous frames.

From Table IIT it is evident that significant compression
gains with respect to the theoretical limits can be achieved as
the correlation between sequences X and Y increases. Notice
that as opposed to the algorithm proposed in [16], we do not
assume p is known at the decoder. Indeed, this parameter is
iteratively estimated as discussed in the previous section. A
similar approach has been pursued in [10], whereby an itera-
tive approach is employed for the estimation of the correlation
between the two correlated sequences, but employing turbo
codes.

Finally, note that we employ integer soft-metrics as ex-
plained in the previous section, while in [10], [16], to the
best our knowledge, the authors employ real metrics. The
algorithm working on integer metrics is very fast and reduces
considerably the complexity burden required by the two-stage
iterative algorithm (i.e., the local-global combination).

Fig. 8 shows the BER performance of the proposed iterative
decoding algorithm for various global iterations and as a
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TABLE II
DEGREE DISTRIBUTIONS OF THE DESIGNED LDPCSs.

Az, (x) | 1+ 14349z + 1540022 + 200z + 800z

oL, (%) ¥ 4 143492

A, (z) | 149799z + 1100022 + 4700z + 7002

oL, () 2% +979927

Ay (z) | 1+ 5999z + 1370022 + 180023 + 900z2

pL;(x) 210 4+ 5999211

Az, (z) | 1+ 3999z + 12600x2 + 1300z + 2100z°

oL, () 218 +3999217

AL (z) | 1+ 3899z + 12800x2 + 2400z + 1200z T

prs () 210 + 3899217

Arg(x) | 1+ 3599z + 14400z + 12004 + 800z

PLg () x10 4 3599217

AL, (z) 14 2899z + 1540022 + 7502 4 250211

pL,(x) 218 4 2899219

AL () 1+ 3099z + 15900x2 + 5002

PLg (T) 217 4 3099218

10

10
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H(X,Y)

10 L L L
1.105 111 1.115 112 114 115

Fig. 8. BER performance of the proposed iterative decoding algorithm for
various global iterations as a function of the joint entropy between sources
X and Y, when the stopping criterion for global iterations is applied. Results
refer to the LDPC labelled Lg in Tables I-II, guaranteeing a compression rate
of Ry = 0.189. For a target BER= 106, we also show the theoretical limit
as expressed by the Slepian-Wolf bound achieved by the iterative algorithm
applied to the LDPC Lg for increasing values of the maximum number of
global iterations.

function of the joint entropy between sources X and Y,
when the stopping criterion for global iterations is applied
and the maximum number of global iterations specified in
the legend are used. The LDPC used for encoding is the one
labelled Lg in Tables I-II which guarantees a compression
rate of R; = 0.189. At BER= 1079 the overall rate
R = R; + Ry = 1.189 is within 0.075 of the theoretical
limit of 1.1175.

In order to assess the effects of the global iterations on
BER performances, we simulated the same LDPC Lg without
stopping criterion on the global iterations. The resulting BER
performance are shown in Fig. 9. Notice that 3- or 4- global
iterations suffice to get almost all that can be gained from the
knowledge of the cross-correlation.

In Table IV, we show the average number of local iterations
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TABLE III

COMPRESSION RATE PERFORMANCE OF THE ITERATIVE ALGORITHM FOR VARIOUS JOINT ENTROPIES.

46

D [ 001 [ 002 [ 0025 [0.02875 ] 005 ] 0.1 [ 0.2
H(p)+1 1.08 1.141 1.169 1.188 1.286 1.469 1.722
R [10] - - 1.31 - 1.435 1.63 1.89
R [16] - - 1.276 - 1.402 1.60 1.875
R=Ri+ Ry | 1.176-L7 | 1.219-L¢ | 1.237 -Ls | 1.25-L4 | 1.365-L3 | 1.597-Lo | 1.875-L;
107 e ‘ ‘ ‘ i TABLE IV
: ﬁ‘ : AVERAGE NUMBER OF LOCAL ITERATIONS FOR LDPC Lg DECODING
i WITH MAXIMUM LOCAL ITERATIONS PARAMETER SET TO 50, FOR
I i DIFFERENT GLOBAL ITERATION INDICES.
I
: p [ HIX,Y) [ I-stit. [ 2-ndit. [ 3-rdit. [ 4-th it
107 % ] 0.0213 1.1487 50.00 50.00 50.00 50.00
‘ 0.0204 1.1437 50.00 50.00 50.00 50.00
[ 0.0195 1.1386 50.00 46.16 46.12 46.11
® ok % ] 0.0186 1.1335 50.00 39.51 38.45 34.58
® ‘ 0.0177 1.1283 4247 23.65 23.35 22.31
i 0.0168 1.1231 34.73 16.16 16.09 15.17
105k % | 0.0159 1.1178 22.97 12.59 12.58 12.57
‘ % Th.iimit 1.1076
! 4 Thilimit 1.1171
. | # - Th.limit 1.1175
10 " - 1—g|0b.!lcom E| 10
! “ Zgonitcon } " [o p-0015-0p=0.5%
: : —+ 3—g|0b.!lcom p=0. p=0.5%
! " : : —% 4-glob.it com —#— p=0.015-4 p=0.2%
- L ‘ ‘ 1 ‘ : : : ‘% 5—gIoP.il com g ¥ #-% | = p=0.015-A p=0.1%
101_105 N 111 1.115 112 1.125H(>< Y)1.13 1.135 114 1.145 115 10727 W R igzggig:ﬁgzgzzﬁ;i
' /Io/& ©- p=0.025-A p=0.5%
C%j? 7| # p=0.025-A p=0.2%
Fig. 9. BER performance of the proposed iterative decoding algorithm for d corEl 528:322:2 gzg:é:;‘:
various global iterations as a function of the joint entropy between sources R / %/,/ % p=0.025-4 p=0.1%*
X and Y, without stopping criterion on global iterations. Results refer to 0 : P/ i E
the LDPC labelled Lg in Tables I-II, guaranteeing a compression rate of o , %l
R; = 0.189. For a target BER= 106, we also show the theoretical limit @ P /' |
as expressed by the Slepian-Wolf bound achieved by the iterative algorithm L ! | /x’, |
applied to the LDPC Lg for increasing values of the maximum number of 10 é/ ¥
global iterations. I /’ /f’é _
/’ /*/’
107 it 1
p o Fu
o . . I
performed by the joint decoder at the end of a given global ! il
iteration, for various values of correlation between the sources . ‘ ‘ L jrg‘ ‘ ‘ ‘
and when the stopping criterion on the global iterations is 108 11 112 e L8 12 122

not applied. Finally, we evaluated the average number of
global iterations performed by the iterative algorithm when
the stopping criterion on global iterations is employed dur-
ing decoding. Simulation results show that when the LDPC
decoder works at BER levels less than or equal to 1077,
the average number of global iterations equals 1.2, thus
guaranteeing a very efficient iterative approach to the co-
decompression problem. In other words, an overall average
number of 80 LDPC decoding iterations suffices to obtain
good BER performance.

In the following set of simulation results, we adopted
another approach in order to test the proposed algorithm for
varying actual correlation levels. In particular, for any given
value of mean correlation p, we generate a uniform random
variable having mean value equal to the mean correlation
itself and with a maximum variation of Ap around this
mean value. We used the following maximum variations:
Ap = 0.5,0.2,0.1%, and Ap = 0.0% which refers to the
case in which the correlation value is not variable, but fixed.

For each data block, we set the actual correlation equal
to the mean correlation plus this perturbation. The decoder

Fig. 10. BER performance of the proposed iterative decoding algorithm
for a maximum of 5 global iterations as a function of the joint entropy
between sources X and Y, when the stopping criterion for global iterations
is applied. Results refer to the LDPCs labelled Lg and L5 in Table I. The
legend shows the mean correlation value p and the maximum value of the
correlation variation with respect to the mean value. Curves labelled with
* refer to the ones obtained without the iterative paradigm, using the mean
correlation value.

iterates to estimate the actual correlation value which varies
around its mean value from one block to the next. In effect,
the parameter p is iteratively estimated as discussed in the
previous section. A similar approach has been pursued in [10]
for fixed correlation level, whereby an iterative approach is
used for the estimation of the correlation between the two
correlated sequences, but employing turbo codes.

Fig. 10 shows the BER performance of the proposed itera-
tive decoding algorithm for a maximum of 5 global iterations
and as a function of the joint entropy between sources X and
Y, when the stopping criterion for global iterations is applied.
LDPCs used for encoding are the one labelled L5 and Lg in
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Fig. 11. BER performance of the proposed iterative decoding algorithm for
a maximum of 5 global iterations as a function of the joint entropy between
sources X and Y, when the stopping criterion for global iterations is applied.
Results refer to the LDPCs labelled L3 (left subplot) and Lo (right subplot)
in Table I. The legend shows the mean correlation value p and the maximum
value of the correlation variation with respect to the mean value.

Table I which guarantee compression rates of Rx = 0.237
and Rx = 0.189, respectively. LDPC labelled Ls is used at
mean values of p equal to 0.025, while LDPC Lg is adopted
for a mean correlation of 0.015. From Fig. 10 one clearly sees
that LDPC decoding does not converge when the decoder does
not iterate for estimating the actual value of p, but uses only
its mean value for setting the extrinsic information. Notice
also that the performances of the iterative decoder when the
correlation value is fixed (curves labelled Ap = 0.0 in Fig. 10),
are very close to the case in which the actual correlation value
varies within Ap = 0.1% from the mean value.

Similar considerations can be deduced from Fig. 11 which
shows the BER performance of the proposed iterative decoding
algorithm when using LDPCs labelled Lo and L3 in Table I
which guarantee compression rates of Rx 0.597 and
Rx = 0.365, respectively. LDPC labelled Lo is used at mean
correlation equal to 0.1, while LDPC L3 is used with a mean
correlation of 0.05. Note that the performance degrades as
Ap increases since the encoder works further away from its
optimal operating point.

The results on the compression achieved with the proposed
algorithm are shown in Table V for the case in which the cor-
relation value is fixed. The first row shows the fixed correlation
parameter assumed, namely, p = P(z; # y;), Vj =1,...,k
in our model. The second row shows the joint entropy limit
for various values of the fixed correlation parameter p. The
third row presents the results on compression achieved with
the proposed algorithm employing a maximum of 5 global
iterations in conjunction with using the stopping criterion
noted in the previous section. As in [16], we assume error free
compression for a target Bit Error Rate (BER) 10~°. Note that
statistic of the results shown has been obtained by counting
30 erroneous frames.

From Table V it is evident that significant compression gains
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TABLE V
COMPRESSION RATE PERFORMANCE OF THE ITERATIVE ALGORITHM FOR
H(p) = 0.112.

0.015

1.112
1.189 -Lg

P [
H(p) +1
R=Rx + Ry

with respect to the theoretical limits can be achieved as the
correlation between sequences X and Y increases.

VI. CONCLUSION

In this paper we have presented a novel iterative joint de-
coding algorithm based on LDPC codes for the Slepian-Wolf
problem of compression of correlated information sources.

In the considered scenario, two correlated sources transmit
toward a common receiver. The first source is compressed
by transmitting the parity check bits of a systematic LDPC
encoded codeword, without the knowledge of the correlation
among the sources. The correlated information of the second
source is employed as side information at the receiver and
used for decompressing and decoding of the first source. The
correlation is not known a-priori, but is estimated through an
iterative paradigm. Both the iterative decoding algorithm and
the cross-correlation estimation procedure have been described
in detail.

Simulation results suggest that relatively large compression
gains are achievable at relatively small number of global
iterations specially when the sources are highly correlated.
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