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Robust Distributed Compression of Symmetrically
Correlated Gaussian Sources

Yizhong Wang, Li Xie, Xuan Zhang, and Jun Chen™, Senior Member, IEEE

Abstract— Consider a lossy compression system with
£-distributed encoders and a centralized decoder. Each encoder
compresses its observed source and forwards the compressed data
to the decoder for joint reconstruction of the target signals under
the mean-squared-error distortion constraint. It is assumed
that the observed sources can be expressed as the sum of the
target signals and the corruptive noises, which are generated
independently from two symmetric multivariate Gaussian
distributions. Depending on the parameters of such distributions,
the rate-distortion limit of this system is characterized either
completely or at least for sufficiently low distortions. The results
are further extended to the robust distributed compression
setting, where the outputs of a subset of encoders may also be
used to produce a non-trivial reconstruction of the corresponding
target signals. In particular, we obtain in the high-resolution
regime a precise characterization of the minimum achievable
reconstruction distortion based on the outputs of £ + 1 or
more encoders when every k out of all £ encoders are operated
collectively in the same mode that is greedy in the sense of
minimizing the distortion incurred by the reconstruction of the
corresponding k target signals with respect to the average rate
of these k encoders.

Gaussian source,
squared error,

Index Terms— Distributed compression,
Karush-Kuhn-Tucker conditions, mean
rate-distortion.

I. INTRODUCTION
ONSIDER a wireless sensor network where potentially
noise-corrupted signals are collected and forwarded to a
fusion center for further processing. Due to the communication
constraints, it is often necessary to reduce the amount of
the transmitted data by local pre-processing at each sensor.
Though the multiterminal source coding theory, which aims
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to provide a systematic guideline for the implementation of
such pre-processing, is far from being complete, significant
progress has been made over the past few decades, starting
from the seminal work by Slepian and Wolf on the lossless
case [1] to the more recent results on the quadratic Gaussian
case [2]-[17]. Arguably the greatest insight offered by this
theory is that one can capitalize on the statistical dependency
among the data at different sites to improve the compres-
sion efficiency even when such data need to be compressed
in a purely distributed fashion. However, this performance
improvement comes at a price: the compressed data from
different sites might not be separably decodable, instead they
need to be gathered at a central decoder for joint decom-
pression. As a consequence, losing a portion of distributedly
compressed data may render the remaining portion completely
useless. Indeed, such situations are often encountered in
practice. For example, in the aforementioned wireless sensor
network, it could happen that the fusion center fails to gather
the complete set of compressed data needed for performing
joint decompression due to unexpected sensor malfunctions or
undesirable channel conditions. A natural question thus arises
whether a system can harness the benefits of distributed com-
pression without jeopardizing its functionality in adverse sce-
narios. Intuitively, there exists a tension between compression
efficiency and system robustness. A good distributed compres-
sion system should strike a balance between these two factors.
The theory intended to characterize the fundamental tradeoff
between compression efficiency and system robustness for the
centralized setting is known as multiple description coding,
which has been extensively studied [18]-[36]. In contrast, its
distributed counterpart is far less developed, and the relevant
literature is rather scarce [37]-[39].

In the present work we consider a lossy compression system
with ¢ distributed encoders and a centralized decoder. Each
encoder compresses its observed source and forwards the com-
pressed data to the decoder. Given the data from an arbitrary
subset of encoders, the decoder is required to reconstruct the
corresponding target signals within a prescribed mean squared
error distortion threshold (dependent on the cardinality of
that subset). It is assumed that the observed sources can be
expressed as the sum of the target signals and the corruptive
noises, which are generated independently from two (possi-
bly different) symmetric! multivariate Gaussian distributions.

I This symmetry assumption is not essential for our analysis. It is adopted
mainly for the purpose of making the rate-distortion expressions as explicit
as possible.
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This setting is similar to that of the robust Gaussian CEO
problem studied in [37] and [38]. However, there are two
major differences: the robust Gaussian CEO problem imposes
the restrictions that 1) the target signal is a scalar process,
and 2) the noises across different encoders are independent.
Though these restrictions could be justified in certain scenar-
ios, they were introduced largely due to the technical reliance
on Oohama’s bounding technique for the scalar Gaussian CEO
problem [3], [6]. In this paper we shall tackle the more
difficult case where the target signals jointly form a vector
process by adapting recently developed analytical methods in
Gaussian multiterminal source coding theory [10], [13]-[15]
to the robust compression setting. Moreover, we show that
the theoretical difficulty caused by correlated noises can be
circumvented through a fictitious signal-noise decomposition
of the observed sources such that the resulting noises are
independent across encoders. In fact, it will become clear that
this decomposition can be useful even for analyzing those
distributed compression systems with independent noises. Our
main results are summarized below.

1) For the case where the decoder is only required to
reconstruct the target signals based on the outputs of all ¢
encoders, the rate-distortion limit is characterized either
completely or partially, depending on the parameters of
signal and noise distributions,

2) For the case where the outputs of a subset of encoders
may also be used to produce a non-trivial reconstruction
of the corresponding target signals, the minimum achiev-
able reconstruction distortion based on the outputs of
k+1 or more encoders is characterized either completely
or partially, depending on the parameters of signal and
noise distributions, when every k out of all ¢ encoders
are operated collectively in the same mode that is greedy
in the sense of minimizing the distortion incurred by the
reconstruction of the corresponding k target signals with
respect to the average rate of these k encoders.

The rest of this paper is organized as follows. We state
the problem definitions and the main results in Section II.
The proofs are presented in Section III and Section IV.
We conclude the paper in Section V.

Notation: The expectation operator, the transpose oper-
ator, the trace operator, and the determinant operator are
denoted by E[], ()T , tr(-), and det(-), respectively.
A j-dimensional all-one row vector is written as 1;. We use
diag"” (k1, - - - ,Kj) to represent a j X j diagonal matrix with
diagonal entries k1,--- ,K;, and use Y™ as an abbreviation of
(Y(1),---,Y(n)). For a set A with elements a; < --- < aj,
(wi)iea means (we,, - ,wq,). The cardinality of a set S
is denoted by |S|. Throughout this paper, the base of the
logarithm function is e.

II. PROBLEM DEFINITIONS AND MAIN RESULTS

Let the target signals X = (X1,---, X;)” and the corrup-
tive noises Z = (Z1,--- , Z;)T be two mutually independent
f-dimensional (¢ > 2) zero-mean Gaussian random vectors,
and the observed sources S = (Sp,---,S,)T be their sum
(i.e., S = X + Z). Their respective covariance matrices are
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given by
X PXVX PXVX
Ty A PXVX
: - - PXVX
PXVX PXVX X
Yz PzYz PzYz
PzYzZ e i :
P ,
: - . PzVz
pPzYVz PzYVz vz
Vs PSS PSS
psvs e
rs2 |79 ,
: ' PSS
PSS PSS s
and satisfy I's = TI'x + I'z. Moreover, we construct an

iid. process {(X(t),Z(t),S(t))}s2,; such that the joint
distribution of X(¢) 2 (Xi(t),---, X ()T, Z(t) =
(Z2(t). -+, Ze(t)". and S(t) 2 (Si(t), -~ , Se(t))" is the
same as that of X, Z, and S fort=1,2,---.

By the eigenvalue decomposition, every j X j (real) matrix

a B - B
r@a | b :
PR
8 - B «
can be written as
r = @WAD(@UNHT, (1)

where ©0) is an arbitrary (real) unitary matrix with the first
column being %1?, and

AD £ diag (o + (j = f.a =B, a=f).
For j € {1, -, ¢}, let Fgg), F(Zj), and ng) denote the leading
7 X 7 principal submatrices of I'x, I'z, and I'g, respectively;
in view of (1), we have

Fgg) _ @(j)Ag)(@(j))T,
F(Zj) _ @(j)A(Zj)(@(j))T,
F(sj) — @(j)Ag)(@(j))T,

where

>

A £ diag? Ay, Axz, o Axa),
AL dlag(]) (A(Zj,)17 )\Z,27 cee AZ72)5
_Agj::<hagU)ng;7A52a"'vASﬁ)

=
NS
>

>



WANG et al.: ROBUST DISTRIBUTED COMPRESSION OF SYMMETRICALLY CORRELATED GAUSSIAN SOURCES

with
A2 A+ (- Dpx)x,
Ax2 = (1 - px)7yx,
M2 (14 (= 1p2)rz,
Az = (1= pz)vz,
M2 L+ (G = Dpshrs,
As2 = (1= ps)ys-

Note that I'x, I'z, and I'g are positive semidefinite (and
consequently are well-defined covariance matrices) if and only
i A >0, Axz 2 0, A%, >0, Az > 0,08 >0,
and Agp > 0. Furthermore, we assume that yx > 0 since
otherwise the target signals are not random. It follows by this
assumption that vg > 0, )\%?I‘FAX’Q > 0, and )\g)l-l-)\syg > 0.

Definition 1: Given k € {1,--- ,{}, a rate-distortion tuple
(r,dg,--- ,dyg) is said to be achievable if, for any € > 0, there
exist encoding functions ¢§") R” — Ci("), i=1,---,¢, such
that

1 (n)
— I . <
= g oglC;| <r+e,
€A
ACA{L,--- ¢} with |A| =k, 2)

ﬁ DD CEIX() - Xia(t)’) < diay + e
€A t=1

AC{L,--- 0} with |4 >k (3)

where X; 4(t) £ E[X; (t)|(¢)§,") (S77))ie.a]. The set of all such
achievable (r,dy,--- ,dy) is denoted by RDj.

Remark 1: Due to the symmetry of the underlying distrib-
utions, it can be shown via a timesharing argument that RD,
is not affected if we replace (2) with either of the following
constraints

1 n )

EIngz‘( )| <r+e i=1,---,¢,
IS (n)
o ;Zl log |C;"| < r+e¢,

and/or replace (3) with either of the following constraints

n

% ZE[(Xz(t) - XivA(t))Q] < d|,4‘ + €,

AC{1,-- ¢} with |A| >k,
- > DO CE(X(t) = Xia(t)?) < dj+e,

n
(j)]n AC{L, 0}:| Al=g i€ A t=1

j=k, 0
Remark 2: We show in Appendix A that, for j = k,--- ./,
. 1<
Ao & = I ~EIXlS1, 8]
i=1
1 i—1
B fjxin 1+ j—dmin,Qv
J ’ J
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where
0, Ay =0,
dfrjli)n,l = A.()??lA(ZJ,)l .
5 otherwise,
A1
0, As2 =0,
o 2 AxoA
i, %, otherwise.
5,2
It is clear that d; > dfﬁi)n, j = k,--- L for any

(rydg,--- ,d¢) € RDj. Moreover, if d; > vyx for some
j € {k,---,¢}, then the corresponding distortion constraint
is redundant. Henceforth we shall focus on the case d; €

(dgi)nv'YX)’ J=k, L
Definition 2: For dy € (dfﬁn,vx), let

O (dy) £ min{r : (r,dy) € RD;}.

In order to state our main results, we introduce the following
quantities. For any k € {1,--- ¢} and d}, € (dir]fi)nﬁx), let

k k k) \k—
gy 2 L og A5 TGN sz + XN
k) = 5. k )
2k ()\22))1@
() () (k)
A9 (dy) 2 Aa (A1 +2A97)
J

1 +20")
. k
n (J—DAx2(Az2 + )\ég))
iz +A3))

) j:kv"'aga

where )\g) is the unique positive number satisfying
MOOZ 28 (= DAxaz2 +25)
KOS +29)) E(Asz2+A5)

=di. @)

Our first result is a partiazl characterization of (%) (dy).
Theorem 1: For d; € (dEnin,’yX),

T(é)(dg) — 7(4)(@)

if either of the following conditions is satisfied:
1) ps >0 and

¢ 4
(=DA% A2 O (D — 1) 402N, > 0,
5)

where

O)\—
J0 & P52 = X505 42N ©)
- 0 4 4 4 '
M) — AP O8, + AP

2) ps <0 and
OO0 1)+ 08007 20, O

where
o s Wam 0P D
As2 = Ago(As2 + Ag))—l
Remark 3: 1) Consider the case pg > 0. When (¢ —

1))&’2()\551)1)2 < 4@()\&?1)2)\%!2, the inequality (5)
always holds, and () (d,) is characterized for all d, €
(d(méi)na’YX)- When (£ — 1)A§(,2(Ag)1)2 > 45()‘()?1)%‘?9,2’
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2)

DA% (20O (@ = 1) +
Z()\( ) 1)°X%.5 = 0 has two real roots in the interval [0, 1]:

the equation (¢ —

¢
L0 2 450\&(?1)”\%,2

1 — ¢ )
(0= 1% ,(0))?

N =
N —

¢
400202,
2
(€= 1A% (A2

L
)

L

N | =
+
N | —

Therefore, the inequality (5) holds if

(0 (0 (€)

oru()>u . )

It is easy to verify that (9) is satisfied when Ag,)r >
sz = 0 (which implies p() = 0) or A{) = A2 > 0
(which implies 1 = 1). When A{) > As2 > 0, (¥
is a strictly decreasing function of d,, converging to 1
asdy — d ) and to % as dy — 7yx; hence, it suffices

S iy

min

to analyze the followirfg1 four scenarios.
a) u(é) < i(sf plo > ug) is satisfied for all d; €
S,1

(din?m’)’x) N '
b) i < 252 and < p < 10 p® > s
S,1
satlsﬁed for all d, sufficiently close to dmm
o " :\\(S[f and p < 1: u® < 49 is satisfied
S,1

for all d, sufficiently close to vx while u(e) > M(Z)

1s satlsﬁed for all d; sufficiently close to dmln
()

d) N1 = 0 and py ’ = 1: This can happen only when
AL =0
X,1 :

In view of the above discussion, under the condition
ps > 0, rD(dy) is characterized at least for all d,
sufficiently close to dmm = 0 and )\g)l >
As,2 (note that )\g(?l = 0 implies Ag 2 > 0).

Consider the case ps < 0. When ()\%?1)2)\%,2 <
4&\%2(/\(3{)1)2, the inequality (7) always holds, and
rO(dy) is characterized for all d; € (dl(mna'VX)
When ()\()?1)2)\2372 > 48)\%(72()\(;)1)2, the equation
APD2AZ O WO — 1) + 0% ,(A$))? = 0 has two
real roots in the interval [0, 1]:

unless )\()?1

14
Joal 1| M
! 2 2 ()\(é) )22
L
0 8 1+1 45)\2)( 20\( ))
2 7272 (}\(4) )202

Therefore, the inequality (7) holds if

N < l/y) or v > l/y). (10)

It is easy to verify that (10) is satisfied when Ago >
)‘g)r = 0 (which implies ) = 0) or /\(Sz)1 =As2>0
(which implies v = 1). When As2 > Ag,)r >0, v

is a strictly decreasing function of dy, converging to 1
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Fig. 1.  Plots of 7(¥)(d,) with d, € (dmm,'yx) for the three cases in
Example 1.

A,
as dy — dﬁnfn and to Y= as d¢ — 7x; hence, it suffices

to analyze the followmg four scenarios.
)
< % 0 > {9 is satisfied for all d; €

)

, 0 (O
oo <t <L 1/()>1/2 is

satisfied fcr all dy sufficiently close to dmm

©
@ ﬁ and I/ée) <1Lv® < 1/§ ) is satisfied

(6

c) 1y
for all d; sufficiently close to yx while v(©) > v
is satisfied for all d, sufficiently close to d(e)
d) uf“ =0and 1/(4) = 1: This can happen only when
>\X,2 = 0.
In view of the above discussion, under the condition
ps < 0, rD(dy) is characterized at least for all d,
sufficiently close to dmln unless A\ X 2 = 0 and Ago >
)‘gr (note that Ax o = 0 implies /\ 1> 0).

Example 1: Let ¢ = 10. In Fig. 1 we plot 7 (dy) with
de € (dmfn, ~vx ) for the following three cases, all with pg > 0.

1)

2)

3)

Case 1: /\%)1 = 08, Ax2 = 1, /\3,1 = 5, and
As.2 = 4. In this case d') = 0.7422 and vx = 0.98.

It can be verified that (¢ — 1))&72()\59{)1)2 = 225 <
46(/\%)1) A%, = 409.6. Therefore, r*)(d;) coincides
with T(e)(dg) for all dy € (dfn?n,'yx)

Case 2: )\%)1 =05, Ax2=1, )‘s 1 =6, and Ago = 3.
In this case d(é) 0.6458 and yx = 0.95. It can be

verified that 0D ~ 0.0751 < % 0.5 < py) ~

0.9249 < 1. Therefore, r(“)(d,) comc1des with 79 (dy)
for all d; sufficiently close to dmfn (see the solid-line
portion).

Case 3: )‘Xl =1, Ax 2 =045, /\51 =12, and A\g2 =
2.4. In this case de 3n = 0.4207 and yx = 0.505. It can
be verified that z; Ve )‘S 2 =0.2 and u(e)

~
~

~
~

)~ 0.3253 >

0.6747 < 1. Therefore, r(“)(d,) comc1des with 79 (dy)
for all dy sufficiently close to dlﬁn and all dy sufficiently
close to vx (see the solid-line portion).
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Theorem 1 is a special case of the following more general
result.

Theorem 2: 1) For d, € (dgfl)n,'yx)

TF® (d), d (dr), -, d (dr)) € RDy.

2) For (r,dy, - ,dy) € RDy, with dj, € (dmm,'yx)

) (di)

if either of the following conditions is satisfied:
i) ps >0 and

k
(k= 1A% (A2 ® (u® — 1)
+ k(Ag](c,)ﬂQ)\QS,z

7“2?

>0, (1D

where 1(®) is defined in (6) with ¢ replaced by k.
ii) pg <0 and

AED2AZ B (8 — 1) + k2%, ()% > 0,

(12)
where (%) is defined in (8) with ¢ replaced by k.

3) For j € {k,---,¢} and (r,dg,--- ,dy) € RDy with
di € (dffi)n,'yx) and r = 7¥)(d}), we have

d; > d" (dy)

if either of the following conditions is satisfied:

a) Condition 1)
b) ps <0, )\Sl>0 and

(5D + (k= 1) (AL NE ()2
+ (k= DED =% LG 20,
(13)
() = DO N ()2
+ (k= D)+ N5 (6?2 0,
(14)
where
J(kd) _ ML= 08208 +2) !
A5z — \y0hsa + D)1

Proof: See Section III for the proof of the achievability
part (i.e, Part 1) of Theorem 2) and Section IV for the proof
of the converse part (i.e., Part 2) and Part 3) of Theorem 2).

|

Remark 4: 1) The argument in Remark 3 can be lever-
aged to prove that, for the case ps > 0, the inequal-

ity (11) holds at least for all dj, sufficiently close to dffi)n
unless /\g?)l = 0 (which can happen only when k = /)
and )\gk)l > Ag,2 (note that )‘g];,)1 = 0 implies g2 > 0);
similarly, for the case pg < 0, the mequahty (12)

holds at least for all dj, sufﬁ01ently close to dInln unless

Ax2 = 0and Ago > )\S 1 (note that Ax o = 0 implies
)\fgk)l > 0).

2) For the case ps < 0, the condition /\E‘;j)1 > 0 can be
potentially violated (i.e., )\g)l = 0) only when j = /.
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
d,
Fig. 2. Plots of d\*(dy) with d € (d0),vx) for j =

2,3,5,10,100, 1000, co, where the relevant parameters are specified in
Exa.mple 2

3) Consider the case pg < 0 and /\S1 > 0. If )\(k)l > 0,
then the 1nequa11ty (13) holds at least for dj, sufficiently
close to dmm, if )\ = 0, which implies k = j = /,
then the 1nequahty (13) always holds. The mequality
(14) holds at least for dj, sufficiently close to d unless
Ax2 =0and Agy > Y.

Example 2: Let vx = 1, p;} = 0.8, vz = 0.5, pz = 0.1,
and £ = 2. In this case dn]fin ~ 0.2799. It can be verified
that ps & 0.5667 > 0 and (k — 1)A%,(A4])? = 0.2209 <
4/4:()\(;;7)1)2)\%72 = 10.9512. In light of Remark 3, condition i)

in Theorem 2 is satisfied. In Fig. 2 we plot d;k) (dy) with

dy € (dmm,'yx) for various j.

III. PROOF OF PART 1) OF THEOREM 2

The following lemma can be obtained by adapting the
classical result by Berger [40] and Tung [41] to the current
setting.

Lemma 1: For any auxiliary

A
random vector V =

(Vi,--+,Vo)T jointly distributed with (X, Z,S) such that
{X,Z, (Si)ire (1, 00\ (i) (V )i e{1,~~,e}\{¢}} = 8 oV
form a Markov chain, ¢ = 1,---,¢, and any (r,dy--- ,dy)
such that
rl, € R(A), AC{1,--- ¢} with |A| =k,
1
dlA\ > A ZE X E[X |( i )z EA]) ]
| |z€A
ACA{l1,--- £} with |A] >k,

where R(A) denotes the set of (r;);c4 satisfying

Zmzl 0 cBCA,

i€B

i zEBv (W)zEBl( )lE.A\B)

we have

(T,dk”' ,dg) € RDy,.

Remark 5: Roughly speaking, r1;, € R(.A) is the constraint
induced by the conventional Berger-Tung inner bound, which
ensures the joint decodability of (V;);c.4 based on the outputs
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of encoders specified by A. Therefore, if 71, € R(A) holds
for every A C {1,--- ¢} with |A] = k, then the outputs
of any k£ or more encoders are jointly decodable and the
corresponding V;’s can be leveraged to reconstruct the target
signals via MMSE estimation.

Equipped with this lemma, we are in a position to prove
Part 1) of Theorem 2. Let Q (Q1, -+ ,Q¢)T be an
{-dimensional zero-mean Gaussian random vector with covari-
ance matrix

Ag 2 diag!

(/\Q, ,)\Q) > 0.

Moreover, we assume that () is independent of (X, Z, .S), and
let
‘/;,és’t_‘_Qu Z:17a€

Clearly, V 2 (V4,---
in Lemma 1. Let

, Vo)1 satisfies the condition specified

2 ZI(S1, S VA, Vi),

a2 L

%IH El e

J
ZE X EX|V17 7‘/}])2]7 ]:kavg

1=

—

It is easy to show that r1; € R(A) for all A C {1,---,¢}
with |A| = k by leveraging the contra-polymatroid struc-
ture [42] of R(A) and the symmetry of the underlying
distributions. Let Aé) denote the leading j x j principal

submatrix of Ag, j =k, ---,{. We have
1
T:%(h(Vh 'aVk)_h(‘/la"'aVk|517"';Sk))

1

= 81 Qu 5+ Q0) s 1)
1 ) det( —I—A( ))

= — Og—
2k det(AY))

1 det(AY +AY)
og———F7—

2k det(A%))

1 8 +20)(As2+Ag)h !

= —log
k
2k AO

Moreover, for j =k, -+ , £,

1 . . ; N .
d; = jtr(rg? ~TQ@Y +A9) 1)

1 : : . N .
= jtr(Agg) ~ AP A +A9) AP
_ A(]) (A(]) T20) | (= DAx200z2 + )
(A(]) + o) JAs2+Aq) 7
which is a strictly increasing function of Aq, converging to
dffli)n as Ag — 0 and to yx as Ag — oo. One can readily

complete the proof of Part 1) of Theorem 2 by invoking
Lemma 1.
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IV. PROOF OF PART 2) AND PART 3) OF THEOREM 2

Fix k and j with 1 < k < j < £. We proceed by considering
the nondegenerate case I‘g) > 0 and the degenerate case
Fg) = 0 separately. The argument for the nondegenerate case
is quite sophisticated and is roughly divided into 3 steps:

1) augment the probability space via a fictitious signal-

noise decomposition;

2) establish certain constraints on the relevant parameters;

3) analyze the resulting convex optimization problems.

In contrast, the degenerate case can be easily handled due to
its connection with the multiple description problem and the
centralized remote source coding problem.

A. Nondegenerate Case

Step 1: Let (Si,---,S)T = (U, ,U)T +
(Wi, -+, W;)T be a fictitious signal-noise decomposition of
(S1,-+, 8T, where (Uy,---,U;)T and (Wh,---,W;)T

are two mutually independent j-dimensional zero-mean
Gaussian vectors with covariance matrices

ry) - o,

A(]) dlag(j) ()‘Wa ) )\W) - 07

respectively. We then construct the auxiliary random processes
{Ui0), - U;(0)T2y and (WD), -, We())T}2,
accordingly.

It is worth mentioning that the idea of augmenting the
probability space via the introduction of auxiliary random
processes is inspired by [8], [10], [13]-[15], [18], [24], [26],
and [28]. Our construction (without the symmetry constraint)
can be viewed as a generalization of that in [10], which is
restricted to the special case where the corruptive noises are
absent. It should also be contrasted with the conventional

approach where (Uy,---,U;)T and (Wy,---,W;)T are set
respectively to be (X1, --,X;)? and (Z1,---,Z;)T (with
the components of (Z1,---,Z;)T assumed to be mutually

independent); our construction is more flexible and often
yields stronger results. The fictitious signal-noise decomposi-
tion is closely related to the Markov coupling argument in [43].
One subtle difference is that the fictitious decomposition is
specified for (Si,---,S;)7 instead of (Sy,---,S0)7. As a
consequence, we can choose Ay from (0, min{)\(sj)l, As2}),
which may offer more freedom than (0, mm{)\sp)\s,g})

since min{/\g)l, Asz2} > min{)\g)l,)\sg} and the inequality
is strict when pg < 0 and j < /.

Step 2: In view of Definition 1, for any (r,dy---,d;) €
RDy and € > 0, there exist encoding functions gf)g") :R" —
Ci(”) i=1,---,7, such that

=S logle| < 7 e,

€A
ACH{L,--- 5} with |A] =k, (15)
1 - .
o Z ZE[(Xi(t) — Xi.a(t)?] < di +e,
i€ A t=1
ACA{L,--- 5} with |A] =k, (16)

Xi,{l,--- ’j}(f/))Q] S Clj + €.
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‘We have
Y log e
€A
> H((¢" (S1))ica)
= I((UP)ieas (6" (S7))ien)
+H (6™ (S1))ieal (UP)iea)
= I((U)ica; (6™ (S7))ic.a)
+I((SP)iea (6" (SP))ieal (UM)ica)
= h((U")iea) + h(W)ica)
— W((U)ieal (@ (S7))ica)
~h((STieal (U ica <¢<”><sz ))ica)
=3 2 log((2me)* det(TF))) + +3 " Jog((2me

— (U )ieal (67 (SP))ie.)
— (S )ieal(UM)icas (6 (ST))ica),

where Fgc) and A%k,) denote the leading k x k principal

a7

submatrices of Fg) and A(V{,), respectively. For t = 1,--- | n,
let
Sa(t) £ E[(Us(t) - [?i,A(t))zéA(Ui(t) - ?i,A(t))ieA],
A(t) 2 E[(Si(t) — Sia(t)jea(Si(t) — Si.a(t))ical,
where
Us.a(t) 2 E[U®)|(@5 (S3))weal, i€ A,
Si.a(t) 2 BISi(0)|(UDirea (657 (SH)veal, i€ A
Moreover, let
1 n
Sa 2 =) wal)
nia
1 n
Aa s = Al
i3
It can be verified that
<<U">ieA|<¢<”><S”>>ieA)
= Z (U (1))ical(@™ (SM))icas (U Hica)

<Zh

= Z h((U(t) = Ui a(t))ieal (@ (S1))iea)

£)ical (0" (S7))ie)

n

< SO R(L(E) - D alt)ie)
<y % log((2me)" det(Sa (1)) (18)
< glog((%re)k det(X4)) (19)

where (18) is due to the maximum differential entropy
lemma [44, p. 21], and (19) is due to the concavity of the
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log-determinant function. Similarly, we have
h(S)ieal (U )ica. (6 (S7))ie.n)
< glog((Zﬂe)k det(AL).  (20)
Combining (15), (17), (19), and (20) gives
1. det(T¥) det(AlR)
—1 < . 21
2 8 Gor(m ) det(Ag) = TE @
Fort=1,--- n,let
Da(t) 2 E[(Si(t) — 55 a(t)fea(Sit) — Si,a(t))ical,
where
Sia(t) ZE[S()](65" (S)veal, i€ A
Moreover, let
1 n
L -
A= > D)
t=1
Clearly, we have
0<Dy=<TW. (22)
Furthermore, as shown in Appendix B,
Sa =W @®)y=1p,@E)-1pik) 4 p®
~Ip )Ty, (23)
Aa = (DF+ @A) = @) 24)
The argument for (23) can also be leveraged to prove
— Z Z]E i.A(1))%]
zeAt 1
= (0 () D) T 4+ 1§
-1 T,
which, together with (16), implies
(0P (0§ DA T 4+ 1§
TP < k(d, + ). (25)
Fort=1,---,n, let
Mg ()
L E[(S1() =511, j3 (&), S(t) = Sj g1, 4 ()"
(S1(t) = S1q1, 53 (@), 85(8) = Sy 1, 53 ()]
D{l,m,j}(t)
L E[(S1() =511, j3 (&), S(t) = Sj g1, 4 ()T
(S1(t) = S11, 53 (@), 85(8) = Sy 1, 3 ()]
5i(t) & E[(Si(t) — Si(1)?], i=1,--- ],
where
Sif1, 3 ()
2 B[S (1)|U7- -, UL, 67 (S >,- Lol (S,
Z - ]‘5 7 )
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Sivtr gy (8) 2 B[S, ()6 (ST, -, 6™ (ST],
1= ]-a e 7ja
Si(t) £ B[S (1)|U7, o™ (SM)], i=1,--- 4.

Moreover, let

1 n

Ay = 2D Ay (0),
t=1
RN

D{ly...’j} = EZD{I""’j}(t)’
t=1

5 2 6i(t), i=1,--,j.
t=1

The argument for (24) and (25) can be leveraged to show that

Ay 2 (DG 5+ Q)T =)D 26
(TP CP) "Dy ;@) TP 4T
—TQ@) 1Py < j(d; +€). 27)
It is also clear that
0<d;, i=1,--- L (28)

Furthermore, in view of the fact that S} = U* + W', i =
1,---,j, and that (U',---,U}),W{",--- , W] are mutually
independent, we must have

Ay = diag™ (6;)iea,
gt diag(j) (517 e ,(5]').

(29)

A (30)

)

Combining (21)—(30), sending ¢ — 0, and invoking a sym-
metrization and convexity argument® shows that there exist
D®) DU and § satisfying the following set of inequalities

1. det(™) 1. Iy

% ogm §log7§r, 3D
0 <D® <1¥) (32)
0< 94, (33)
diag(k) (6, ,6)
< (D) T+ AT = @) 6
(0 g DM EE) T + 1§
1@ 1r®) < kdy, (35)
diag(j)(é, <o, 0)
< (@) AT =@ 66
(TP 2) D0 (1)1 4 1)
—rQ Y)Y < jd;, (37)

2It can be verified that that D 4, Dy, 5ys A 4, and A{Lm,j}

can be replaced simultaneously by their respective symmetrized
1

counterparts sym(w PAC{L g A=k Da)s  sym(Dyi gy

k

Sym(ﬁEAQ{L---,j}:\A\:kAA)» and  sym(Ayg ... ;)  without

k
violating the relevant inequalities. Here sym(-) maps the given matrix
to a matrix of the same size with all its diagonal (resp. off-diagonal) entries
equal to the mean of the diagonal (resp. off-diagonal) entries of the given
matrix.
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where
D — @(k)diag(k) (dgk),dék), o 7dgk))(@(lc))T7
DY = @) djagl?) (d(lj)7 déﬂ), . ’d(QJ))(@(j))T

X . .

g )7 dgj),dg]),

for some dgk) ,d and

k k)N — k)N— k k k k)— k
B0 AT )~ DTS TP T T,

Equivalently, (31)—(37) can be written as

k
L (1)
2k (8 = awdt A8
_ )\2
+k ! log S(’i) + L log 2w
2k (As2 — Aw)dy” + Asadw 2 g
< (38)
(k) (k)
0 <di” <Agh, (39)
0 < ds” < s, (40)
0 <9, 41)
§ < (@) AR - G H Y (42)
§ < (@) A = Agh) (43)
k k)\— k k k k)N —
AED2AEN 2 + A — 0208
+ (k= 1)(0% 25345 + Ax2 — Ak ,05h)
< kdy, (44)
§ < (@) A - gD H Y (45)
§ < (@) A = Ash) 7 (46)
A2 2P + a9, - P2
+( = D% 22524 + Ax2 = Ak 5A55)
< jd;. (47)

Step 3: Subcase 1: )\g)l > Ag2 > 0. We can send Ay —
Ag,2 and deduce from (38), (42), (43), (45), and (46) that

n(di",ds 6y <7, (48)
k) — — E)v—1\—
§< (@) g - EDTHTL @)
5 <dP, (50)
§< (@) a5 -0 6D
5 <dS, (52)
where
n(d®,dP, 6)
2 Lo (s 1 Liog 282
27 (0]~ Asa)d + AN, 2 O
Furthermore, combining (47), (51), and (52) gives
]_ . . B _ . B _ _
4 2 S(ORDPOG)26 + )™ = ag) ™
AR~ QRO
i—1
+jT(/\§<72>\§7226 + Ax2 — X aAgh): (53)
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Now consider the following convex optimization problem:

; (k) (k) P
T, n(dy”,dy ", 6) (P)
subject to (39), (40), (41), (49), (50), and (44). According
to the Karush-Kuhn-Tucker conditions, (dgk),dék),é) is a
minimizer of the convex optimization problem (P) if and only
if (39), (40), (41), (49), (50), and (44) are satisfied, and there

exist nonnegative ay, as, b1, b, ¢ such that
As2 = AG) .

2k((AS] — A5 + A1 As.2)
— b1+ Aghd? — (AG) )

ay

+eAPN2OE) 2 =0, (54)
az — by + c(k — 1)X% yAg3 =0, (55)
1
—%+b1+b2:0, (56)
ar (d" - 25 =0, (57)
as(dS) — Xg2) =0, (58)
(0 — ((d{) 71+ A5 — (WD) =0, (59)
by(6 — dSF) =0, (60)
k k)\— k k k k)\—
(D282 + A8 — A28

(k= 1) (W% A52d87 + Axa — Ak o5 h) — kdy) = 0.
(61)

Assume dj, € (df:i)n,'yx). It can be verified via algebraic
manipulations that n(dgk),dgk), 0) =7(dy,) for

d" 2 (G 9 H
dy) 2 (Agh+ (8™,
52 55+ %)Y

(62)

where )\g) is given by (4). We shall identify the condition
under which this specific (4", d{"’, ) is a minimizer of (P).
Clearly, (59)—(61) are satisfied. Moreover, in view of (57), (58)
as well as the fact that d(lk) < )\gk)l and d(Qk) < Ag,2, we must

have
am =0, m=1,2,
which, together with (54)—(56), implies
k k k k)N — k
, a8 = + 2k 08 ()
1 — )
2k(d”)?
by = (k—1)eAX 2A55,
d + (k —1)d

CcC =
AED2AED (@) + (k — 1A% L2523 (d5Y)?2
1
X ﬁ

It is obvious that b and ¢ are nonnegative. Therefore, it suf-
fices to have by > 0, which is equivalent to condition (11).
Moreover, under this condition, every minimizer (dgk) , dék), 9)
of (P) must satisfy (62) due to the fact that %1og )‘fs’z is
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a strictly convex function of § (in other words, (48), (39),
(40), (41), (49), (50), and (44) imply that & is uniquely
determined and is given by (62) when r = T(dj)). Hence,
under condition (11), when r = 7(dj), we can deduce d; >
d'") (dy,) by substituting (62) into (53).

Subcase 2: \g o > )\(Sj)l > 0. We can send \yy — )\g)l and
deduce from (38), (42), (43), (45), and (46) that

i, 6y <, (63)
5 < () + DT =ED T (64
§< (@YD =g (69)
5 <d?, (66)
§< (@) + DT AT 6D
where
i(di”, s, 5)
£ ilog : (A(Sk)l)Q ,
2k 7 08 = A" + 251
k—1 A2 1 A9
+—7 log o — Ag)l)jé; N ASQA(S% +5 log %

Furthermore, combining (47), (66), and (67) gives
1 . . B . . . _
dj = SO O8N0+ A%, = AR
Jj—1 ol _ N1y —
AR AS0T A - (8T
+Ax2 — A 2A55)- (68)

Now consider the following convex optimization problem:

: Al gk (k) ;
d§k§1;§>76n(d1 ydy”,6) (P)
subject to (39), (40), (41), (64), (65), and (44). According
to the Karush-Kuhn-Tucker conditions, (dgk)7 dék),é) is a
minimizer of the convex optimization problem (P) if and only
if (39), (40), (41), (64), (65), and (44) are satisfied, and there
exist nonnegative a1, as, 131, 52, ¢ such that

j k
A= AG .
k j k k j
2K(AG = ASDA” +AGAD)
b1+ g - ) )

ay

+eAEDP N2 =0, (69)
(k= 1)) = Xs2) )
GV oy a2
2]@(0\5,2 - )‘5,1)d2 + /\372/\3,1)
7 1)\ — k — k)N —
—ba(1+ (AF) 71 — AghdSY) 2
+é(k — 1)A\x2A53 =0, (70)
1 . .
—%+b1+b2:0, (71)
a(d" - 25 =0, (72)
az(ds — Asp) =0, (73)
b (5 — ((d¥y—1 AWY=1 -\ By=1y-1y _ 74
10— ((d77) " + (Ag7) (As1) ) ) =0, (74)

)
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ba(8 — (a5 1+ (M) = A5k H =0,
~ k k)N — k k k k)\—
OED2OED) 2 A - 02 aE)
(k=DA% 2530 + Ax 2 — A% A55) — kdi) = 0.
(76)

(75)

Assume dj, € (dffi)n,'yx). It can be verified via algebraic
manipulations that ﬁ(dgk),dgk), 0) =7(dy,) for
k k)y— )\ —1\—
7 £ (gD + 0N
di” £ (s + () )
52 ()T T (77)

where )\g ) s given by (4). We shall identify the conditions
under which this specific (4", d{", ) is a minimizer of (P).
Clearly, (74)—(76) are satisfied. Moreover, in view of (72), (73)
as well as the fact that dgk) < )\fgk)l and dék) < Ag,2, we must
have

am =0, m=1,2,
which, together with (69)—(71), implies
k JONC E)y— k
5 —diY + 2ke(AF PG 2’

b= 2k42 ’

o _ U= D0 = d) + 260k — DXZ AGE (A7)
T 2k62 ’
. d\” + (k - 1)ad”

AED2AED72(d)2 + (k — DA% 253 ()2
1
X ﬁ

It is obvious that ¢ is nonnegative. Therefore, it suffices

to have 131 > (0 and 132 > 0, which are equivalent to

conditions (13) and (14), respectively (note that, when j = k,

condition (13) is redundant and condition (14) is simplified

to condition (12)). Moreover, under these conditions, every

minimizer (dgk)(,giék),é) of (P) must satisfy (77) due to the
A J

fact that %1og SL is a strictly convex function of ¢ (in other

words, (63), (39), (40), (41), (64), (65), and (44) imply that §
is uniquely determined and is given by (77) when r = 7(dy)).
Hence, under conditions (13) and (14), when r = 7(dg),
we can deduce d; > dg-k) (di) by substituting (77) into (68).

B. Degenerate Case
Subcase 1: )\g)l > Ag2 = 0. We have

75 (dy) = ilog 7’%{
2k 7 ysdy —vxvz’
&, g U= E)vivz + (kvs — jvz)yxde
A (dy) =

(s = kyz)vx = (5 — k)vsde

The desired conclusion that r > 7 (di) and that d; >
d;k) (di,) when r = 7 (d},) follows from the corresponding
result for the quadratic Gaussian multiple description prob-
lem [26], [35]. Note that (k — 1)A% (A4 )u® (1™ — 1) +
k;()\g];?)l)z)\%’2 = 0 (consequently, condition (11) is satisfied)
when /\(Sj)1 > Ag2 =0.
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Subcase 2: g o > /\(SZ)1 = 0. It can be verified that

-1 (£ =DA%,
IOg . )
20 g}\S’QdZ — ([ — 1)>\X,2>\Z,2

7(6) (de) _ ¢

which coincides with the rate-distortion function (normalized
by /) of the corresponding centralized remote source coding
problem. Therefore, we must have r > 70 (de). Also, note that
()\()?1)2)\?9721/(4)(1/(4) —-1)+ 03(72()\;{)1)2 = 0 (consequently,
condition (12) is satisfied for £ = ¢) when Ag o > )\g)l =0.

V. CONCLUSION

We have studied the problem of robust distributed compres-
sion of correlated Gaussian sources in a symmetric setting and
obtained a characterization of certain extremal points of the
rate-distortion region. It is expected that one can make further
progress by integrating our techniques with those developed
for the quadratic Gaussian multiple description problem.

APPENDIX A
CALCULATION OF dfjﬂ)n
Assuming I‘(Sj) =0 (ie., )\g)l > 0 and Ag2 > 0), we have
J
> El(Xi — E[X[S1, -+, 55)°])
i=1
= w(ry -9 )Ty

= (AQ - AD(AY)AQ)

_ Ag?,)1)‘(zj,)1 . 1)>\X,2)\Z,2
R

from which the desired result follows immediately. The degen-
erate case /\59],) = 0 or Ag,2 = 0 can be handled by performing
the above analysis in a suitable subspace.

APPENDIX B
PROOF OF (23) AND (24)

Fort=1,---,n,
(Gia®)lea 2 (U)o 4 — E[(U:(1) el (Si(1) 2 4]
= (U() 4 — TE ) 1S ()

which is a k-dimensional zero-mean Gaussian random vector
with covariance I‘gﬂ) - ngk) (I‘fgk))’lfgﬂ) and is independent

of (871 4. As a consequence,

(Ui a®)ea =T CE) NS a)hn, t=1,-+,n.
Now it can be readily verified that
Ba(t) = T () DA )Ty
+E[(G,a() e a(Gialt))ical
=) DA @) T Tl
~Ip ()T, =1,

from which (23) follows immediately.
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Fort=1,.-.

Au(t) < E[(Si(t) = 57 at)ica(Si(t) = 5f a(t))ieal

,n, we have

= (DA®) "+ A= @) H L @8)

where (S'f’ ()X 4 denotes the linear MMSE estimator of

3

(Si(t))T 4 based on (S;a(t)%, and (Us(t))% 4. Since

(A~

1+ B~1Y~1 is matrix concave in A for A = 0 and B > 0,

it follows that

E (D) + AR @)

< (D3 + () = @) a9

Combing (78) and (79) proves (24).

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

REFERENCES

D. Slepian and J. Wolf, “Noiseless coding of correlated information
sources,” [EEE Trans. Inf. Theory, vol. IT-19, no. 4, pp. 471-480,
Jul. 1973.

Y. Oohama, “Gaussian multiterminal source coding,” IEEE Trans. Inf.
Theory, vol. 43, no. 6, pp. 1912-1923, Nov. 1997.

Y. Oohama, “The rate-distortion function for the quadratic Gaussian
CEO problem,” IEEE Trans. Inf. Theory, vol. 44, no. 3, pp. 1057-1070,
May 1998.

V. Prabhakaran, D. Tse, and K. Ramachandran, “Rate region of the
quadratic Gaussian CEO problem,” in Proc. IEEE Int. Symp. Inf. Theory
(ISIT), Chicago, IL, USA, Jun./Jul. 2004, p. 117.

J. Chen, X. Zhang, T. Berger, and S. B. Wicker, “An upper bound on
the sum-rate distortion function and its corresponding rate allocation
schemes for the CEO problem,” IEEE J. Sel. Areas Commun., vol. 22,
no. 6, pp. 977-987, Aug. 2004.

Y. Oohama, “Rate-distortion theory for Gaussian multiterminal source
coding systems with several side informations at the decoder,” IEEE
Trans. Inf. Theory, vol. 51, no. 7, pp. 2577-2593, Jul. 2005.

J. Chen and T. Berger, “Successive Wyner—Ziv coding scheme and its
application to the quadratic Gaussian CEO problem,” IEEE Trans. Inf.
Theory, vol. 54, no. 4, pp. 1586-1603, Apr. 2008.

A. B. Wagner, S. Tavildar, and P. Viswanath, “Rate region of the
quadratic Gaussian two-encoder source-coding problem,” IEEE Trans.
Inf. Theory, vol. 54, no. 5, pp. 1938-1961, May 2008.

S. Tavildar, P. Viswanath, and A. B. Wagner, “The Gaussian many-
help-one distributed source coding problem,” IEEE Trans. Inf. Theory,
vol. 56, no. 1, pp. 564-581, Jan. 2010.

J. Wang, J. Chen, and X. Wu, “On the sum rate of Gaussian multiter-
minal source coding: New proofs and results,” IEEE Trans. Inf. Theory,
vol. 56, no. 8, pp. 3946-3960, Aug. 2010.

Y. Yang and Z. Xiong, “On the generalized Gaussian CEO problem,”
IEEE Trans. Inf. Theory, vol. 58, no. 6, pp. 3350-3372, Jun. 2012.

Y. Yang, Y. Zhang, and Z. Xiong, “A new sufficient condition for sum-
rate tightness in quadratic Gaussian multiterminal source coding,” IEEE
Trans. Inf. Theory, vol. 59, no. 1, pp. 408-423, Jan. 2013.

J. Wang and J. Chen, “Vector Gaussian two-terminal source coding,”
IEEE Trans. Inf. Theory, vol. 59, no. 6, pp. 3693-3708, Jun. 2013.

J. Wang and J. Chen, “Vector Gaussian multiterminal source cod-
ing,” IEEE Trans. Inf. Theory, vol. 60, no. 9, pp. 5533-5552,
Sep. 2014.

Y. Oohama, “Indirect and direct Gaussian distributed source coding
problems,” IEEE Trans. Inf. Theory, vol. 60, no. 12, pp. 7506-7539,
Dec. 2014.

J. Chen, F. Etezadi, and A. Khisti, “Generalized Gaussian multiterminal
source coding and probabilistic graphical models,” in Proc. IEEE Int.
Symp. Inf. Theory (ISIT), Aachen, Germany, Jun. 2017, pp. 719-723.
J. Chen, L. Xie, Y. Chang, J. Wang, and Y. Wang. (2017). “Generalized
Gaussian multiterminal source coding: The symmetric case.” [Online].
Available: https://arxiv.org/abs/1710.04750

L. Ozarow, “On a source-coding problem with two channels and
three receivers,” Bell Syst. Tech. J., vol. 59, no. 10, pp. 1909-1921,
Dec. 1980.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

2353

A. A. El Gamal and T. M. Cover, “Achievable rates for multiple
descriptions,” IEEE Trans. Inf. Theory, vol. I1T-28, no. 6, pp. 851-857,
Nov. 1982.

R. Venkataramani, G. Kramer, and V. K. Goyal, “Multiple description
coding with many channels,” IEEE Trans. Inf. Theory, vol. 49, no. 9,
pp. 2106-2114, Sep. 2003.

S. S. Pradhan, R. Puri, and K. Ramchandran, “n-channel symmetric
multiple descriptions—Part I: (n, k) source-channel erasure codes,”
IEEE Trans. Inf. Theory, vol. 50, no. 1, pp. 47-61, Jan. 2004.

R. Puri, S. S. Pradhan, and K. Ramchandran, “n-channel symmetric
multiple descriptions—Part II: An achievable rate-distortion region,”
IEEE Trans. Inf. Theory, vol. 51, no. 4, pp. 1377-1392, Apr. 2005.

J. Chen, C. Tian, T. Berger, and S. S. Hemami, “Multiple description
quantization via Gram-Schmidt orthogonalization,” [EEE Trans. Inf.
Theory, vol. 52, no. 12, pp. 5197-5217, Dec. 2006.

H. Wang and P. Viswanath, “Vector Gaussian multiple description with
individual and central receivers,” IEEE Trans. Inf. Theory, vol. 53, no. 6,
pp. 2133-2153, Jun. 2007.

C. Tian, J. Chen, and S. N. Diggavi, “Multiuser successive refinement
and multiple description coding,” IEEE Trans. Inf. Theory, vol. 54, no. 2,
pp- 921-931, Feb. 2008.

H. Wang and P. Viswanath, “Vector Gaussian multiple description with
two levels of receivers,” IEEE Trans. Inf. Theory, vol. 55, no. 1,
pp- 401410, Jan. 2009.

J. Chen, C. Tian, and S. Diggavi, “Multiple description coding for
stationary Gaussian sources,” I[EEE Trans. Inf. Theory, vol. 55, no. 6,
pp. 2868-2881, Jun. 2009.

J. Chen, “Rate region of Gaussian multiple description coding with
individual and central distortion constraints,” IEEE Trans. Inf. Theory,
vol. 55, no. 9, pp. 3991-4005, Sep. 2009.

C. Tian and J. Chen, “New coding schemes for the symmetric
K-description problem,” IEEE Trans. Inf. Theory, vol. 56, no. 10,
pp- 5344-5365, Oct. 2010.

J. Chen, S. Dumitrescu, Y. Zhang, and J. Wang, “Robust multiresolu-
tion coding,” IEEE Trans. Commun., vol. 58, no. 11, pp. 3186-3195,
Nov. 2010.

J. Wang, J. Chen, L. Zhao, P. Cuff, and H. Permuter, “On the role of
the refinement layer in multiple description coding and scalable coding,”
IEEE Trans. Inf. Theory, vol. 57, no. 3, pp. 1443-1456, Mar. 2011.

J. Chen, Y. Zhang, and S. Dumitrescu, “Gaussian multiple description
coding with low-density generator matrix codes,” IEEE Trans. Commun.,
vol. 60, no. 3, pp. 676—687, Mar. 2012.

Y. Zhang, S. Dumitrescu, J. Chen, and Z. Sun, “LDGM-based multiple
description coding for finite alphabet sources,” IEEE Trans. Commun.,
vol. 60, no. 12, pp. 3671-3682, Dec. 2012.

Y. Fan, J. Wang, J. Sun, and J. Chen, “On the generalization of natural
type selection to multiple description coding,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1361-1373, Apr. 2013.

L. Song, S. Shuo, and J. Chen, “A lower bound on the sum rate of
multiple description coding with symmetric distortion constraints,” /EEE
Trans. Inf. Theory, vol. 60, no. 12, pp. 7547-7567, Dec. 2014.

Y. Xu, J. Chen, and Q. Wang, “The sum rate of vector Gaussian
multiple description coding with tree-structured covariance distortion
constraints,” IEEE Trans. Inf. Theory, vol. 63, no. 10, pp. 6547-6560,
Oct. 2017.

P. Ishwar, R. Puri, K. Ramchandran, and S. S. Pradhan, “On rate-
constrained distributed estimation in unreliable sensor networks,” IEEE
J. Sel. Areas Commun., vol. 23, no. 4, pp. 765-775, Apr. 2005.

J. Chen and T. Berger, “Robust distributed source coding,” IEEE Trans.
Inf. Theory, vol. 54, no. 8, pp. 3385-3398, Aug. 2008.

J. Chen and A. B. Wagner, “A semicontinuity theorem and its application
to network source coding,” in Proc. IEEE Int. Symp. Inf. Theory (ISIT),
Toronto, ON, Canada, Jul. 2008, pp. 429-433.

T. Berger, “Multiterminal source coding,” Inf. Theory Approach
Commun., vol. 229, pp. 171-231, Jul. 1977.

S.-Y. Tung, “Multiterminal source coding,” Ph.D. dissertation, School
Electr. Eng., Cornell Univ., Ithaca, NY, USA, 1978.

X. Zhang, J. Chen, S. B. Wicker, and T. Berger, “Successive coding in
multiuser information theory,” IEEE Trans. Inf. Theory, vol. 53, no. 6,
pp- 2246-2254, Jun. 2007.

A. B. Wagner and V. Anantharam, “An improved outer bound for
multiterminal source coding,” IEEE Trans. Inf. Theory, vol. 54, no. 5,
pp- 1919-1937, May 2008.

A. El Gamal and Y.-H. Kim, Network Information Theory. Cambridge,
U.K.: Cambridge Univ. Press, 2011.



2354

Yizhong Wang received the B.E. degree in optical
instrument and the M.S. and Ph.D. degrees in mea-
suring and testing technology and instrument from
Tianjin University, Tianjin, China, in 1984, 1993,
and 1996, respectively.

He was a Research Associate with the Depart-
ment of Mechanical Engineering, The University of
Hong Kong, Hong Kong, from 1997 to 2000, a Post-
Doctoral Fellow with the Department of Mechanical
Engineering, Southern Methodist University, Dallas,
TX, USA, from 2000 to 2012, and a Research
Associate with the Department of Mechanical Engineering, The University
of Hong Kong, from 2003 to 2004. Since 2004, he has been with the College
of Electronic Information and Automation, Tianjin University of Science and
Technology, Tianjin, China, as a Professor. His research interests include
Internet of Things, computer vision, and image processing.

Li Xie received the B.E. degree in electronic

science and technology and the M.S. degree in

physical electronics from the Beijing Institute of

Technology, Beijing, China, in 2003 and 2006,
| respectively. He is currently a Senior Engineer at
the National Research Institute for Aerospace Sys-
tem Engineering Shanghai, Shanghai, China. His
research interests include coding theory and wireless
communications.

S~
o

)

!

-

4 h

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 67, NO. 3, MARCH 2019

Xuan Zhang received the B.E. degree in communi-
cation engineering from Northeastern University at
Qinhuangdao, Qinhuangdao, Hebei, China, in 2016,
and the M.A.Sc. degree in electrical and computer
engineering from McMaster University, Hamilton,
ON, Canada, in 2018. Her research interests include
information theory and signal processing.

Jun Chen (S’03-M’06-SM’16) received the B.E.
degree in communication engineering from Shanghai
Jiao Tong University, Shanghai, China, in 2001, and
the M.S. and Ph.D. degrees in electrical and com-
puter engineering from Cornell University, Ithaca,
NY, USA, in 2004 and 2006, respectively.

He was a Post-Doctoral Research Associate with
the Coordinated Science Laboratory, University of
Mlinois at Urbana—Champaign, Urbana, IL, USA,
from 2005 to 2006, and a Post-Doctoral Fellow at the
IBM Thomas J. Watson Research Center, Yorktown
Heights, NY, USA, from 2006 to 2007. Since 2007, he has been with the
Department of Electrical and Computer Engineering, McMaster University,
Hamilton, ON, Canada, where he is currently an Associate Professor and a
Joseph Ip Distinguished Engineering Fellow. His research interests include
information theory, machine learning, wireless communications, and signal
processing.

He received several awards for his research, including the Josef Raviv
Memorial Post-Doctoral Fellowship in 2006, the Early Researcher Award
from the Province of Ontario in 2010, and the IBM Faculty Award in 2010.
He served as an Associate Editor for the IEEE TRANSACTIONS ON INFOR-
MATION THEORY from 2014 to 2016.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


