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Distributed Detection With Vector Quantizer

Wenwen Zhao, Student Member, IEEE, and Lifeng Lai, Member, IEEE

Abstract—Motivated by distributed inference over big datasets
problems, we study multiterminal distributed inference problems
when each terminal employs vector quantizer. The use of vec-
tor quantizer enables us to relax the conditional independence
assumption normally used in the distributed detection with scalar
quantizer scenarios. We first consider a case of practical interest
in which each terminal is allowed to send zero-rate messages to
a decision maker. Subject to a constraint that the error exponent
of the type 1 error probability is larger than a certain level, we
characterize the best error exponent of the type 2 error probabil-
ity using basic properties of the r-divergent sequences. We then
consider the scenario with positive rate constraints, for which we
design schemes to benefit from the less strict rate constraints.

Index  Terms—Distributed  detection,
constraints, error exponent, hypothesis testing.

exponential-type

I. INTRODUCTION

NFERRING the relationship among multiple random vari-
ables from data plays an important role in machine learning,
statistical inference, and wireless sensor network applications.
The centralized setting in which all of the data is available at
one terminal is well studied. The distributed setting, in which
available data is stored/observed at multiple terminals con-
nected by channels with limited capacities, is more challenging
and has attracted significant recent research interests [3]—[20].
Of particular interest to this paper is a class of distributed
detection problems. In the class of distributed detection prob-
lems considered, there are L terminals A;, 7 =1, ..., L, where
terminal X; has observations related to random variable X;.
These terminals can send information related to their own data
using a limited rate to a decision maker ). Based on the mes-
sages received from these terminals and its own data related
to random variable Y, the decision maker ) tries to determine
which of the following two hypotheses is true:

Ho:Px, .x,v vs Hi:Qx,. x,v,

in which Px,  x,y and Qx,.  x,y are two different prob-
ability mass functions (PMFs). As the communication rates
between the terminals and the decision maker are limited, ter-
minal &X; has to quantize/compress its observations X" with n
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being the number of samples available at terminal X;. The focus
of the distributed detection is to design the quantizers and deci-
sion functions under various resources (e.g., communication
cost) and performance (e.g., error probabilities) constraints.

There have been a large number of existing work on dis-
tributed detection problems, see [6]-[20] and reference therein.
Most of the existing work consider the scalar quantizer, in
which the quantizer at terminal X; quantizes each component
of X" one by one. This setup is well suited for certain sensor
network applications, as the complexity of the scalar quantizer
is low and it incurs minimal decision delay. Under this scalar
quantization setup, it is typically assumed that the obser-
vations at different terminals are conditionally (conditioned
on the hypothesis) independent. The problem become very
challenging once this conditional independence assumption
is relaxed [6], [7]. Some interesting recent work have made
important progress for the case with correlated observations
[11], [12], [15].

In this paper, we focus on distributed detection problems with
vector quantizer, in which the observations are processed in
blocks. This setup is not only related to the distributed detec-
tion problems motivated by sensor networks, it is also relevant
to recent interests in distributed inference/learning over large
data set problems [3]-[5]. In these distributed inference over
large data set problems, available data is stored in multiple
terminals. In these setups, the computational cost at each termi-
nal is less of a concern than the communication cost between
terminals. The use of vector quantizer allows us to borrow
powerful tools from information theory for distributed detec-
tion/inference problems. As we will show in the paper, these
tools enable us to make progress in understanding the general
problems without the conditional independence assumptions.

We first focus on the zero-rate compression case in which
each terminal is only allowed to send messages to the deci-
sion maker with a diminishing rate (zero-rate compression).
If the decision maker were required to fully recover the data
of terminals A;s as in the distributed source coding problems
[21], [22], this zero-rate compression is not enough. However,
in our setup, this zero-rate compression will still be valuable
for the decision maker for statistical inference. In addition, we
impose an exponential-type constraint on the type 1 error prob-
ability (i.e., the type 1 error probability is required to decrease
exponentially fast with a certain error exponent). We fully char-
acterize the best achievable error exponent of the type 2 error
probability under these zero-rate compression and exponential-
type type 1 error probability constraints by providing matching
lower and upper bounds. A clear benefit of this zero-rate com-
pression approach is that the terminals only need to consume
a limited amount of communication resources. In addition, we
show that a very simple scheme in which each terminal only
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sends the empirical distribution (or an approximation of it) is
optimal. This implies that the complexity of the optimal scheme
employed by sensors in practical detection problem can be very
low. Furthermore, we provide an example in which the perfor-
mance of the scheme with zero-rate compression is very close
to that of the centralized case.

We then extend the study to the positive rate constraints case.
Compared with the zero-rate compression case, in this scenario,
each terminal can convey more information to the decision
maker. As the general problem is very complicated, we focus
on the special case of testing against independence. The case
with (X1, ..., X)) all at one terminal (with Y being at another
terminal) was first considered by Ahlswede and Csiszar [23].
In [23], the problem was converted to a source coding with
a helper problem. However, this approach may not work for
our case, as the corresponding problem will be a source cod-
ing with multiple helpers problem, which is still open. In our
paper, we use a different approach to exploit the more flexible
rate constraints and characterize the corresponding type 2 error
exponents. Furthermore, we provide an upper-bound on the best
achievable type 2 error exponent using any scheme that satisfies
the communication rate and type 1 error exponents.

Our work is also related to several existing interesting works
[24]-[30] that study distributed detection/estimation problems
using vector quantizers. Of particular relevance, among these
contributions, [26], [27] considered a similar setup with the
exponential-type constraint on the type 1 error probability and
zero-rate constraint on the communication. [26] provided a
lower bound on the type 2 error exponent. Later [27] estab-
lished an upper bound that coincides with the lower bound
derived in [26] by converting the exponential-type constraint
problems to the constant-type constraint problems considered
in [25]. Furthermore, as mentioned above, the problem of test-
ing against independence was first studied by Ahlswede and
Csiszar [23], which provided a matching upper and lower bound
on the type 2 error exponent. The key difference between the
model considered in [23], [26], [27] and our model is that [23],
[26], [27] focused on the case where (X1,..., X ) are all at
one terminal (with Y being at another terminal), while in our
model these random variables are all at different terminals.

The remainder of the paper is organized as follows. In
Section II, we introduce the model studied in this paper. In
Section III, we present out results for the zero-rate compression
case. In Section IV, we focus on the scenario with positive rate
constraints. In Section V-B, we use several numerical examples
to illustrate analytical results obtained in this paper. Finally, we
offer some concluding remarks in Section VI.

II. MODEL

Consider a system with L terminals: X;, ¢ =1,...,L and
a decision maker ). Each terminal and the decision maker
observe a component of the random vector (Xy,...,X,Y)
that take values in a finite set X} X ... X X, x ) and admit a
joint PMF with two possible forms:

Hy: Px,. .x.v, Hy:Qx,. . x.v- (D

Terminal Terminal

AXD

Eh KD
(% ———

-fL.(X;)
-L >

w HO s PX1-~-XLY
Hl :Qxl..‘xby

Fig. 1. Model

With a slight abuse of notation, we use X; to denote both the
terminal and the alphabet set from which the random vari-
able X, takes values. (X7,...,X7,Y™) are independently
and identically generated according to one of the above joint
PMFs. In other words, (X7,..., X7}, Y"™) is generated by
either Py x,y or Q%  x,y- In a typical hypothesis test-
ing problem, one determines which hypothesis is true under
the assumption that (X7, ..., X7, Y™) are fully available at the
decision maker. In this paper, we consider a distributed setting
in which X', i =1,...,L and Y™ are at different locations.
In particular, terminal X; observes only X" and terminal )
observes only Y. Terminals X;s are allowed to send messages
to the decision maker ). Using Y and the received messages,
Y determines which hypothesis is true. We denote this system
as Sx,..x, |v- Figure 1 illustrates the system model. In the fol-
lowing, we will use the term “decision maker” and terminal )
interchangeably. Here, Y is used to model any side informa-
tion available at the decision maker. If ) is set to be an empty
set, then the decision maker does not have side information.

After observing the data sequence x}' € X", terminal A; will
use a vector quantizer (will also be called encoder in the sequel)
/i to transform the sequence x into a message f;(x7'), which
takes values from the message set M;

Ji &= My ={1,2,..., M}, (2
with rate constraint:
1
*IOngSRZ, ’L:L,L (3)
n

Using messages M;, i = 1,..., L and its side information
Y™, the decision maker will employ a decision function % to
determine which hypothesis is true:

My x .o x Mp x V" — {Hy, Hi}. “4)

For any given vector quantizers f;, ¢ =1,..., L and deci-
sion function 1), one can define the acceptance region as

A, ={(XT, .., XYM € X x ... x X x Y™
YAXT) - fL(XE)Y™) = Ho}. )
Correspondingly, the type 1 error probability is defined as

A = )?I.A.XLY(-AZ)a (6)

in which A¢ denotes the complement of A,,, and the type 2
error probability is defined as

Bn = Q% _x,v(An). )
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Our goal is to design the quantization functions f;, i =
1,..., L and the decision function i to maximize the type 2
error exponent under certain type 1 error and communication
rate constraints (3).

More specifically, we consider two kinds of type 1 error
constraint, namely:

e Constant-type constraint

oy, < €

®)

for a prefixed € > 0, which implies that the type 1 error
probability must be smaller than a given threshold; and
e Exponential-type constraint

ay, < exp(—nr) 9)

for a given r > 0, which implies that the type 1 error prob-
ability must decrease exponentially fast with an exponent
no less than 7. Hence the exponential-type constraint is
stricter than the constant-type constraint.

To distinguish these two different type 1 error constraints, we
use different notations to denote the corresponding type 2 error
exponent.

e Under the constant-type constraint, we define the type 2
error exponent as

1
., Rp,e) =liminf [ ——1 i n | |
1) = limin ( o8 (fl,.f%?};i,ﬂ ))

in which the minimization is over all f;s and v satisfying
condition (3) and (8).

e Under the exponential-type constraint, we define the type
2 error exponent as

O(Ry,..

U(Rh..

. 1 .

) =t (o (| min 5,)).
in which the minimization is over all f;s and v satisfying
condition (3) and (9).

Here, we would like to highlight main differences between
our work and the large number of existing work in distributed
detection [6]-[20]:

e Most of the existing work focus on scalar quantizer that
performs observation-by-observation processing, i.e.,
fi(@™) = (fia(zi(1), .., fin(zi(t), - -, fin(zi(n))).
In other words, at time ¢, the scalar quantizer quantizes
observation z,(t) into f; ,(z;(¢)) without consideration
of all other observations. In our work, we consider vector
quantizer. The use of vector quantizer allows us to borrow
powerful tools from information theory for distributed
detection/inference problems. Furthermore, it enables us
to consider zero-rate compression problems, which are of
practical importance in big data applications.

e In the scalar quantizer problems, it is assumed that the
observations at the terminals are conditionally indepen-
dent (conditioned on the hypothesis), i.e., it is assumed
that

10)
(1)

PX1..‘XLY = PXI . ..P)(L_PY'7
and Qx,. x,v =Qx, ...Qx,Qv.
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One of the main reasons for this assumption is that, under
the scalar quantzier setup, the problem quickly becomes
intractable when the observations are not conditionally
independent. With the vector quantizer, as shown in the
sequel, one can make substantial progress without the
conditional independence assumption.

e While most of the existing works [6]-[20] with communi-
cation theoretic flavor focus on minimizing the exact error
probability (and hence is a challenging task), our work
focuses on maximizing the error exponent and hence it is
an asymptotic setup.

III. TESTING UNDER ZERO-RATE COMPRESSION
WITH EXPONENTIAL-TYPE CONSTRAINTS

In this section, we focus on the “zero-rate” compression,
ie., Ry = ... = Ry = 0under the exponential-type constraint.
More specifically, we assume

asn — oo, M; — oo, (12)

but

Ri:%logMiio, 1=1,..., L. (13)

In this case, o(Riy,...,Rp,r) will be denoted as
c(0,...,0,r). This zero-rate compression is of practical
interest, as the normalized (normalized by the length of the
data) communication cost is minimal. It is well-known that in
the traditional distributed source coding with side information
problems [21], [22], whose goal is to recover (X7, ..., X}) at
terminal )/, this zero-rate information is not useful. However,
in our setup, the goal is only to determine which hypothesis is
true. This zero-rate information will be very useful.

The scenario with zero rate compression under the constant-
type constraint has been considered in [25]. We will discuss the
scenario with zero rate compression under the exponential-type
constraint (9).

In the following subsections, we first review several concepts
that are useful for our development. We then characterize the
type 2 error exponent with L = 2 before extending the result to
the general case.

A. Preliminary

Following [22], for any sequence z" = (z(1),...,x(n)) €
X", the relative frequencies (empirical PMF) 7(a|z") £
n(alz™)/n,Va € X of the components of ™ is called the type
of z™ and is denoted by tp(z™). Here n(a|z™) is the total
number of indices ¢ at which z(t) = a.

Furthermore, we call a random variable X (™ that has the
same distribution as tp(z™) as the type variable of ™.

For any given sequence ", we can measure how likely this
sequence is generated from a PMF Py using the concept of
typical sequence [22] and r-divergent sequence [26]. Roughly
speaking, a sequence z" is said to be typical if the empirical
PMF is close to Px. More precisely, " is called to be typical
if [r(alz™) — Px(a)|] < ePx(a),Va € X for a given e. We use
TS(") to denote the set of typical sequences.
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The concept of r-divergent sequences also plays an important
role in the following development. Here, we review the defini-
tion and some important properties of r-divergent sequences.
More details and properties of r-divergent sequences can be
found in [26].

Definition 1: ([26]) Let X be a random variable taking val-
ues in a finite set X with PMF Px, and » > 0. An n-sequence
" = (x1,...,2,) € X" is called r-divergent sequence for
X if

D(XM||X) <, (14)

where X(") is the type variable of z” and D(:||) is the
Kullback-Leibler (KL) divergence of the two random variables
involved. The set of all r-divergent sequences is denoted by
SH(X).

In particular, S§(X) (i.e., r = 0) represents the set of all 2"
sequences such that ¢tp(z™) = Px. The following lemma from
[26] summarizes key properties of r-divergent sequences.

Lemma 1: ([26]) Let » > 0 be fixed.

1) PR(S™(X))>1— (n+ 1) exp(—nr).

2) Let 2™ € X™ and X be a random variable in X', then

Pr(X" = z") = exp | —n(H(X™) + D(X™||X))|.
(15)
3) Let A, be a subset of X™ and

Px(A,) 2 1 —exp(—nr) (16)

holds. Let A, (X)) £ A, N S5 (X ™), we have
‘An(X("))‘ > (1 —(n+ 1)|X| exp[—n(r — cn)])

x [si (x|
(17)
with ¢, = D(X™ || X).

B. The Case With L = 2

In this subsection, to assist the presentation, we first focus
on the case with L = 2 and provide details on how to char-
acterize ¢(0,0,r). We will then discuss the general case in
Section III-C.

We first establish an upper bound on the error exponent that
any scheme can achieve. We will follow the similar strategy as
in [27]. In particular, we will first convert a problem with the
exponential-type constraint to a corresponding problem with
the constant-type constraint. We then obtain an upper bound on
the error exponent using the results in [25] for the constant-type
constraint.

Theorem 1: Let Px, x,y be arbitrary and Q) x, x,v > 0. For
zero-rate compression in Sx, x, |y with Ry = Ry = 0, the error
exponent satisfies

0(0,0,7) < Topt, (18)

in which

_ min D<15X1X2Y||QX1X2Y) (19)
Px,x,y €Hr

A
Oopt =

QX]X‘_)_Y

/ /; opt
FAN

Px, x,v |/ /
e it 14 O-Opt

Fig. 2. oopt for zero-rate hypothesis testing

Terminal Terminal Trwiind

R1 -0 (%] R -0
(CA .
bo] ¥ [t By gy o0y L Py
1:Qx, %,y R210g|y| 1:Qx,x5,y
@) SXIXZ‘Y () S,\',XzY with R=log|Y|
T-' R —0
- R, -0 d) éH() : Px,x,v
= R=0 Hi:Qx,xyv
Y f—

(©) SXleY with R—0
Fig. 3. Model for achievability in zero-rate compression
with

HTZ{ﬁXIXZYIPXIZPX1>PX2=PX27pY=PY

for some PXngY € gor} ; (20)
or = {PX1X2Y : D(Px, x,v||Px, x,v) < 7’}- (21
Proof: Please refer to Appendix A. |

Figure 2 illustrates a geometric interpretation of op. In a
centralized detection problem, X7, X% and Y™ are all avail-
able to the decision maker, so the decision maker knows the
joint distribution of the observations. Setting the acceptance
region as all observations whose empirical joint PMF having
a KL-divergence to Py, x,y less than or equal to 7, expressed
by ¢, in Figure 2, then the best type 2 error exponent is the
dashed line from Q x, x,y to ¢, in Figure 2, denoted as o7, ;. In
our distributed setting, different sequences are observed at dif-
ferent terminals and sent to the decision maker using zero-rate
compression. Hence, the decision maker only gets the infor-
mation about the marginal empirical PMF of the observations.
Consequently, we should search over all joint distributions that
have the same marginal distributions with the ones in ¢,-, which
is the region H,.. Therefore, the best type 2 error exponent is the
solid line from Q x, x,v to H,.

Now, we present a scheme that can achieve the type 2 error
exponent characterized in Theorem 1. Instead of showing that
0(0,0,7) > oop directly, we show that o, is achievable in a
transformed model. The original model with L = 2 is shown
in Figure 3 (a), denoted as Sx, x,|y. In the original model, the
decision maker is located in terminal )/, so it has full access
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to Y. This model can also be viewed as a scenario in which the
decision maker is located in a separate terminal and terminal
also sends encoded messages to the decision maker, but its rate
R is so large (R > log|)|) that the decision maker can fully
recover Y". This new view is shown in Figure 3 (b). Therefore,
the two system shown in Figure 3 (a) and (b) are equivalent,
resulting in 0 (0,0, ) = (0, 0,log | V|, r). However, if the rate
for terminal ) is not large enough, such as R = 0, which is
shown in Figure 3 (c), then the decision maker cannot fully
recover Y, thus it has less information than the decision maker
in Figure 3 (b), and yields a larger error probability. Hence, we
have ¢(0,0,7) = 0(0,0,log |Y|,r) > ¢(0,0,0,r). We denote
the system in Figure 3 (b) and (c) as Sx, x,v. If we can show
that 0(0,0,0,7) > oo in Sx, x,v. then we have (0,0, r) >
Oopt N Sx, x,|v-

In the following, we will describe a scheme to show that
0(0,0,0,7) > oopt in Sx, x,v. Before proceeding to the for-
mal proof, we first describe the high level idea of the scheme.
After observing z?', terminal X; knows the type tp(z!") and
sends tp(x) (or an approximation of it, see below) to the
decision maker. Terminal )} does the same. As there are at
most /% types [31], the rate required for sending the type
from terminal X; is (|X;|logn)/n, which goes to zero as n
increases. After receiving all type information from the termi-
nals, the decision maker will check whether there is a joint
type le X,y € H, such that its marginal types are the same
as the information received from the terminals. If yes, the deci-
sion maker declares H to be true, otherwise declares H; to be
true. If the message size M, is less than nl¥il, then instead of
the exact type information ¢p(z?'), each terminal will send an
approximated version. Details on how to approximate the type
will be provided in the proof. As long as M; — oo, the approxi-
mation will be close (to be made precise in the proof) to the true
type, and hence the decision maker can still use the above men-
tioned decision rule. We will show that this scheme can achieve
Oopt 1IN Sx, x,v-

The following theorem provides details about the above
mentioned idea.

Theorem 2: For zero-rate compression in Sx, x,y Wwith
R1 = Ry = R = 0, the error exponent satisfies

0-(07 07 Oa T) Z Uopt (22)

where o, is defined as (19).
Proof: First, define g-distance from any joint distribution

to PXley as

g (Xl,ffmf’) = D (PX1X2YHPX1X2Y) (23)

which is continuous in ((Px, )z, ex;: (Pxs,)zscas, (Py)yey).

Next, divide the (|X;| 4 |X>| 4+ |)|) dimensional unit cube
into equal-sized M7 x My x M small cells with each edge of
length x; along the first |X; | components, each edge of length
ko along the |X5| components and each edge of length 7 along
the || components, where

K1 = Ml_l/‘Xlla Rg = M2_1/‘X2|7 T = M_l/‘ylv
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in which

My — 0o, My — 0o, M — oo, 24)

but log M;/n — 0 for i = 1,2 and log M /n — 0, as n — oo
(i.e., zero-rate compression for all three terminals).

Choose and fix a representative point in each cell for every
set of variables (X, X5,Y). Then in a given cell, we make
its representative variable set (X, X5, Y) correspond in such a
way that((Px, ), e, (Px, )eyees (Py)yey) is the represen-
tative point of ((Px, )z ex;, (Px,)zsexs, (Py)yey). For each
terminal, after observing its sequence, determines its type and
then finds the index of the corresponding edge. Each terminal
then sends the index to the decision maker. After receiving all
the indexes, the decision maker can determine the cell index.
Since we have assumed (24), we see that with any > 0

\le — Px,| <n, m €, (25)
\P)Q — Px,| <n, w2 € X, (26)
Py~ Py|<n ye, @)

for sufficiently large n > ng(n). Furthermore, the continuity of
g(Xl, XQ, Y) in ()(17 XQ, Y) y1elds
‘9 (lej(%f/) _Q(XMXQ’Y)‘ <. (28)
Denoting by (X 1("), X é"), Y () the representative point of
(X" x{ y™) where X\, X{" and Y™ are the type
variables of 7 € X', i € A3 and y™ € V" respectively, we
set an acceptance region

An = {(Z‘?,Jfg,yn) -9 (Xl(n)7X2(n)aY(n)) <r+ 277}

More precisely, our decoding scheme is as follows. Upon
receiving (M7, Ma, M), find the representative point and its
joint distribution. Then calculate the g-distance from this joint
distribution to Py, x,y. If the g-distance is less than or equal
to 7 + 27, then we decide Hj is true and vice versa. In other
words, we first find the region of joint distributions which has
a g-distance to Px, x,y less than or equal to r + 27, which is
visualized in Figure 4 as H,42,. Then after knowing the joint
distribution of the representative point, we can tell whether it is
in H,y9, or not. If it is in H,.4 2,,, we decide H, is true and vice
versa. In Figure 4, we use a square region to denote all possible
joint distributions of the representative points.

Now we analyze the two types of error probability. For any
p > 0 set

& ={@l a5,y : g(X{", X5, Y1) < pls
then in view of (28) it is clear that

§r+n - An - €r+3n (29)

It is easy to see that (27,x%,y") € &4y if (27,25,9") €
St (X1 XoY), thatis STy, (X1 X2Y) C &4y, which yields
1 —an =Py, x,y(An) > 1 —exp(—nr)

for n large enough. Hence, the constraint (9) is satisfied.



110 IEEE TRANSACTIONS ON SIGNAL AND INFORMATION PROCESSING OVER NETWORKS, VOL. 2, NO. 2, JUNE 2016

Fig. 4. Visualization of acceptance region

On the other hand, from the second inclusion in (29),

Brn = Q'%, x,v (An)
< QX, X,y (&r+3n)
< Z exp(—nD(Xl(n)Xén)Y(n)HQXlsz))
XM My )
g(x{™M, x5y (M) < p 4 3p
< (n+ 1)\?(1\\?(2”37\

max exp(—nD(XYL)Xén)Y(n)||QX1X2Y))

x M x{my )
g(x (", x5V, y (M) <+ 3y

<(n+ 1)\?(1\\?(2”)7\

_min _ D(X1 XY ||Qx, x,v)
A
9(X1,X2,Y) <r+3n

exp | —n

Therefore,

D(PX1X2YHQX1X2Y)7

~ min
Px,xov €Hri3y

O.(O’ 0’ 0) r) Z

which establishes (22) if we let n — 0. |
Asc(0,0,7) = 0(0,0,log | V], 7). From Theorem 2, we have

0(0,0,7) = ¢(0,0,log|Y|,r)
> (0,0,0,7) > oopt.

Coupled with Theorem 1, we have:

Theorem 3: Let Px, x,y be arbitrary and Q) x, x,yv > 0. For
zero-rate compression in Sx, x, |y with Ry = Ry = 0 and type
1 error constraint (9), the best type 2 error exponent

0(07 Oa T) = Oopt» (30)

where o, is defined as (19).

Proposition 4: Given Px, x,y and Qx, x,v, the problem of
finding o, defined in (19) is a convex optimization problem.

Proof: First, given Qx, x,v, it is easy to verify that the

objective function D(15X1X2y|\QX1X2y) in (19) is a convex
function of ISX1 X,V -

Then, we show that the feasible set H,. defined in (20) is
also convex. Suppose ]5)’(1X2Y € H, and PjéleY € H,, and

]55(1 x,y has the same marginal PMFs with 15)’(1 X,y € ¥, and
p}él x,y has the same marginal PMFs P}él X,y € ®r- Setting

111 . H/ D!
oy = TPy x,y + (1= 7)Px x,v,

for 0 < 7 <1, we will show that P}’éllxzy € My, ie. Hyisa

convex set. As we have

P = mPl + (L= m)PY, = nPy, + (1 m) P,
and similar results with ]5)’?2

- Y174 . . . . ra /
¥, X,y has the same marginal distribution as 7Py v,y +

and P!, we can conclude that

(1-— W)P}él)@y. Due to the convexity of D(Px, x.,y|l
PX1X2y)A with respect to ]%Xl)@y for a given Px, x,y, we
have (mPy x.,y + (1 —7)PY x,y) € @, This implies that

X x,y € Hr,and hence H, is a convex set.

As the result, for any given Py, x,y and @) x, x,y, character-
izing o, is a convex optimization problem and can be solved
efficiently. |

C. General Case

The results of the previous section can be extended to the
general case with L terminals. We have the following the-
orem, whose proof follows the similar steps as in those in
Section III-B and hence is omitted for conciseness.

Theorem 5: Let Px, . x,y be arbitrary and Qx,,  x,v
> 0. For zero-rate compression in Sx, x|y with R; =0,

1t =1,..., Landtype | error constraint (9), the best type 2 error
exponent
a(0,...,0,7)
= min D(Px,. x,v||Q@x,..x,v) (31

i’Xl.,.XLYGHT
where
He = {Pxroxuy s Px, = Pxiy Py = Py, i=1,...,L

for some PXl...XLY € 4,01,} ) (32)
Pr = {PXL'.XLY : D (pXL-.XLYHPleXLY) < T} .

(33)

Similar to (19), characterizing (31) is a convex optimization
problem, hence it can be solved efficiently.

IV. TESTING AGAINST INDEPENDENCE WITH
CONSTANT-TYPE CONSTRAINTS

In this section, we consider the scenario with positive com-
munication rate constraints, i.e., R; > 0, under the constant-
type constraint. As the general case is a very complex problem
even for L = 1 [27], we focus on the testing against indepen-
dence case in which we are interested in determining whether
Xiq,...,Xr and Y are independent or not. Hence, the two
hypotheses are

Hy: Px,. .x.v, Hy:Qx,. . x.v =Px,. . x,Py.
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To facilitate the presentation, in the following, we only provide
details for the L = 2 case. The results can be extended to the
general L case with proper modifications. For L = 2, our goal is
to characterize 0(R1, Ro, €) under «,, < ¢ and communication
constraints (3).

Compared with the zero-rate compression case discussed in
Section III, in this scenario, each terminal can convey more
information to the decision maker as the communication rate
constraint R; > 0 is less strict. Before presenting the formal
proof, we first describe high level ideas on how to exploit the
more flexible rate constraints (terms in the following will be
made precise in the proof). For a given rate constraint R;, termi-
nal X; first generates a quantization codebook containing 27
quantization sequences. After observing x%*, terminal X picks
one sequence u;' from the quantization codebook to describe
27 and sends this sequence to the decision maker. After receiv-
ing the descriptions from terminals, the decision maker will
declare that the hypothesis Hj is true if the descriptions from
these terminals and the side-information at the decision maker
are correlated. Otherwise, the decision maker will declare H;.
The following theorem provides details of the scheme and error
probability analysis.

Theorem 6: In system Sx, x,|y with R; > 0, i = 1,2, con-
straint on type | error probability (8) and communication
constraints (3), the error exponent of the type 2 error probability
is lower bounded by

O(R1,Ra,€) > I(U1UyY), (34)

max
Py, 1x, Puy|x.

in which the maximization is over Py, x,’s such that
I(U;; X;) < R; and U] < | X + 1.

Proof: In the following, ¢ > ¢ > ¢’ > ¢
numbers.

Quantization codebook generation. Fix a conditional
PMF PUlUQ‘XlXQY = PU1|X1 P)Uz‘)(2 that attains the max-
imum in (34) Let PU1 (Ul) = le PX1 (Il)PUl\Xl (U1|I1)
and Py, (u2) = >, Px,(72)Py,|x,(uz|r2). Randomly and
independently generate 2771 sequences u}(m;), m; €
{1,...,2"%} each according to []_, Py, (u1;). Randomly
and independently generate 272 sequences ul(my), ma €
{1,...,2"%2} each according to [[_, Pu,(us;). These
sequences constitute the codebook C, which is revealed to all
terminals.

Encoding (Quantization). After observing sequence 7, ter-
minal X; finds a u7(m;) such that (27, ul(my)) € Te(ff,), and
sends the index mj to terminal ). If there is more than one
such index, it sends the smallest one among them. If there is no
such index, it selects an index from [1, ..., 2"%1] uniformly at
random. Similarly, after observing a sequence x?, terminal X5
finds a uf(ms) such that (23, u%(ms)) € Te(,rf/), then it sends
the index mo to terminal ). If there is more than one such index,
it sends the smallest one among them. If there is no such index,
it selects an index from [1, ..., 2"%2] uniformly at random.

Testing. Upon receiving m; and mso, terminal ) sets the
acceptance region A,, for H to

""are given small

An = {(m17m27yn) : (u?(m1)7u3<m2)7yn) € Te(n)}7

111

where the jointly typical set TE(") is defined with respect to
Px,x,v, Py, x and Py, | x,-

Error probability analysis. Terminal ) chooses H #+ Hy if
and only if one or more of the following events occur:

€1 = {(Uln(ml)aX{L) ¢ Te(ff,) for all mq € [1 . 2nR1]}’
€2 = {(Uer(mz)’Xg) ¢ Te(f,’,) for all mo € [1 . 2nR2] }’
£3 = {(Uf(M1)7U§(M2)7Yn) ¢ Té(n)}.

Hence, A,, = (g1 Uey Ues)“.
After tedious and lengthy computation, we can show that

Qp = P)yélXQY(A’IC’L) S €,

Br = Q?{ X y(An) < 2*”(I(U1U2;Y)75(e))
1Xo = ,

(35)
(36)

if the conditions specified in the theorem are satisfied. Details
of the error probability analysis can be found in Appendix B.
Hence, we have (34). |

Finally, we establish an upper bound on the type 2 error
exponent that any scheme can achieve.

Theorem 7: In system Sy, x,|y with R; >0, i = 1,2, con-
straint on type 1 error probability (8) and communication con-
straints (3), the best error exponent for type 2 error probability

lim 6(Ry, Ra,¢) < max (U Usy;Y) (37)
e—0 ULUs
in which the maximization is over U;’s such that R; >
I(Uz,Xl), |Z/[Z‘ < |Xz| + ]., U1 — X1 — (X27Y) and U2 —
X9 — (X 1, Y)

Proof: We will show that for any encoding and decoding
scheme that satisfies the type 1 error constraint «v,, < € and rate
constraints (3), the type 2 error exponent must satisfy (37).

First, for any scheme that satisfies the type 1 error and rate
constraints, we have

D(Pus, vy || Pary v, Py )

P n
= Z P]\/[1 Moy ™ 10g %
(m1,ma,yn)EA, MM £y
P "
+ Z Py, v,y log P Ml]vg
(m1’m2»y")€Ag MMy Ly
(@ o )
> (1 —an)log + a, log
5” 1- Bn
(1~ an)log 7+, log = — H(ay)
= — Oy ) l0g — ap log —— — an
B 1-5,
1
2 (1~ an)log - — H(an)
(b)
> (1—¢)log — — H(an)

where M; = f;(X]"), i =1,2, o, and f3,, are defined in (6)
and (7), and H (v, ) is

H(an) 2 —(1 — ay)log(l — o) — ay log ay,. (38)
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In the derivation above, (a) is true due to the log sum inequality
[22] and (b) follows by the constraint (8).
Hence we have the following upper bound

. .1
E%G(Rl,ﬁ)g,é) S lim 7D(PA/]1M2YH||PM1]\/[2PY7L)

n—o0o N
1
— lim ~I(M;My;Y™)
n—oo n
3 1 n n
:nlirrgo ;(H(Y ) — H(Y"|M;My))
1
— H(Y)— lim ~H(Y"|MM). (39)
n—oo n

If we simplify 1 H(Y™|M; M), we obtain the desired bound.
In Appendix C, we show that

1
~H(Y"|MiMy) = H(Y [U1U2),

for properly chosen Uy Us satisfying the conditions specified in
the statement of theorem. Combing this with (39), we obtain
the desired result. |

V. APPLICATION

In the section, we provide some examples and numerical
results to illustrate the application of the results developed in
Section III and Section IV.

A. Classical Examples

In this subsection, we provide two examples to show that the
approach established in this paper can be applied to the clas-
sical cases with the conditional independence assumption, i.e.,
testing with hypotheses in (10) and (11).

1) Example for Testing with Zero-Rate Compression: We
can apply our theory on zero-rate compression under the
exponential-type constraint on type 1 error probability to the
case with the conditional independence assumption.

Under the conditional independence  assumption,
Px, . x,v=Px,...Px, Py and Qx, x,v=0Qx, ...
@ x,Qy, which is a special case of the general hypotheses
Px,. x,v and Qx,. x,v. Hence, Theorem 5 still holds true
for testing under conditionally independent hypotheses.

Corollary 8: Let Px,...Px, Py be arbitrary and
Qx, ... Qx,Qy > 0.For zero-rate compression in Sx, x|y
with R; =0,¢=1,...,L and type 1 error constraint (9), the
best type 2 error exponent

a(0,...,0,7)

D(Px,. . x,v|Qx, .- - Qx,Qy) (40)

= min
Px,..x y€EH,

where
H, = {PXl.A.XLY :Px,=Px,,Py =Py, i=1,...,L

for some Px,  x,y € wr} , (41)

oy = {PXl...XLY : D(Px, x,v||Px, ... Px,Py) < 7’} .
42)

We note that the scalar quantizer will send at least one bit
for each observation (i.e., the communication rate is at least
1), hence the scalar quantizer cannot handle this zero-rate
compression scenario. As shown in Corollary 8, the use of vec-
tor quantizer enables us to extend the classic example to the
zero-rate compression scenario.

2) Example for Testing With Positive Communication Rate:
We can apply our coding scheme to the case with a posi-
tive communication rate under the conditional independence
assumption. To facilitate our presentation, we only provide
details for L = 2 case.

Corollary 9: Under conditional independence assumption,
in system Sx, x,|y with R; >0, i = 1,2, constraint on type
1 error probability (8) and communication constraints (3),
the error exponent of the type 2 error probability is lower
bounded by

9<R1, RQ, 6) Z

max
Py, 1x, Puyix, €90

{D (PUIUZXleYHQUlUQXlxzy)} (43)

~ min
Py vy x, x5y €80

where g is

o = {Pu, x, Puy)x, : B1 > I(Ur; X1), Ry > 1(Us; Xa),
U] < | X0+ 1, [Us| < | X 41},

and & is

50 = {PU1U2X1X2Y : PUle - PU1X17

Py,x, = Py, x,,

PU1U2Y :PU1U2Y}- 44)
Proof: The proof can be obtained by properly modifying
the proof of Theorem 6. The details are provided in Appendix D
for completeness. |
We note that the scalar quantizer can be applied to the pos-
itive rate case under the conditional independence assumption.
In fact, the optimal scalar quantizer that minimizes the error
probability is known. However, the optimal scalar quantizer
relies on an optimization over thresholds used for the quanti-
zation, which needs to be carried out numerically for different
problems. Due to this reason, it is challenging to obtain error
exponent formulas for the optimal scalar quantizer.

B. Numerical Results

In this section, we provide several numerical examples to
illustrate the results obtained in Section III and Section I'V.

1) Numerical Results for Testing With Zero-rate
Compression  Under  Exponential-Type  Constraints: In
Figure 5, we illustrate o,,;, namely the optimal type 2 error
exponent characterized in Theorem 3, as a function of the type
1 error exponent constraint 7. For comparison, we also plot the
corresponding curve for the centralized case. In the figure, the
solid line represents o,,; and the dashed line is the optimal
type 2 error exponent for the centralized case. In generating
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Figure 5, we set X;, X5 and Y as binary random variables.
Furthermore, we set
Prxyy = {17 LR 1}
88888888
and
1 1

QX1X2Y={ 5 7 1111}.
It is easy to verify that D(Px, x,v||@x,x,y) = 0.0624. From
Figure 5, we can see that the type 2 error exponent obtained
in the distributed case is smaller than that of the centralized
case for every r. This is reasonable as in the centralized case,
the decision maker has full access to all observations and
hence makes less error. Furthermore, the type 2 error expo-
nents for both settings are close to 0 when > 0.062, which
makes sense as when r > D(Px, x,v||Qx, x,v), no matter
what observation is observed, the decision maker decides H
is true.

Figure 6 illustrates o,y for different PMFs. In generating
Figure 6, we keep Px, x,y same as above, but change Q) x, x,v
to

11 1 11111
1271271212767 66’ 6}'

In this case, D(Px, x,v||@x,x,v)=0.0588. From
Figure 6, we can see that the type 2 error exponent obtained in
the distributed setting is quite close to that of the centralized
case. This implies that, for certain PMFs, the distributed setting
with a proper zero-rate compression can achieve a performance
close to that of the centralized setting.

2) Numerical Results for Testing Against Independence
Under Constant-Type Constraints: In Figure 7, we illustrate
O(Ry1, Rz, €) discussed in Theorem 6 as a function of the rate
constraints. In generating this figure, we again set X, X» and
Y to be binary random variables and set

1111 11
673)12)67 b 78’8 )

Qx, X,y = {

Px x,vy = {
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0.2229

from which one can calculate Qx,x,v = Px,x,FPy.
Furthermore, to make the computation feasible, we assume
[U;] = |Xi] =2 in the simulation. In order to visualize the
result better, we make Ry = Ry = R. Hence, we demonstrate
a lower bound on the type 2 error exponent achievable using
our scheme.

From Figure 7, we can see that the type 2 error exponent
increases as I increases, which makes sense as the constraint
is relaxed, the decision maker can get more information about

I and X7, and thus make less error. Furthermore, when
R is large enough, the decision maker can fully recover X7’
and X', which is then the same as the centralized setting.
According to Stein’s lemma, in the centralized setting, the type
2 error exponent equals D(Px, x,v||Px, x, Py ). In our simu-
lation, D(Px, x,v || Px, x, Py) = 0.2229, and we can see that
the maximum value in Figure 7 is quite close to 0.2229.



114 IEEE TRANSACTIONS ON SIGNAL AND INFORMATION PROCESSING OVER NETWORKS, VOL. 2, NO. 2, JUNE 2016

VI. CONCLUSION

In this paper, we have discussed distributed inference prob-
lems with vector quantizers. Using properties of r-divergence
sequences, we have characterized the best error exponent of
the type 2 error probability under the zero-rate compres-
sion and exponential-type type 1 error probability constraints.
Furthermore, we have discussed the problem of testing against
independence under the constant-type constraint on the type 1
error probability. We have derived a lower bound and upper-
bound on the type 2 error exponent.

APPENDIX A
PROOF OF THEOREM 1

In this appendix, we present the proof of Theorem 1. In this
proof, we need to show that for any encoding and decoding
scheme that meets the type 1 error constraint, we have (18). Let
A,, be an arbitrary acceptance region such that

apn <exp(—nr), r>0 (45)
where
o = Py, x,v (A7) (46)
Equations (45) and (46) imply that
Py, x,y(An) 2 1 —exp(—n(r—=)), Yn=>no, (47)

where v > 0 is an arbitrarily small constant, and ng is a
sufficiently large positive integer.

Next, select an arbitrary “internal point” Px,,x,,v, € ©r»
where ¢, is specified in (21). Then clearly

D(PXszoYoHPXleY) <. (48)
Define
T,(0) = {joint types P, on X7 x X3t x Y™
D (PullPxyyxanni ) < 8} 49)

where § > 0 is an arbitrary constant. Then, in Vie\jv of (4}8) and
the uniform continuity of the divergence, for all P, € T,,(9) it
holds that

cn=D (PnHPX1X2Y> <r—2v,

provided that we take v >0 and 0 > O sufficiently small.
Consequently, according to Lemma 1, we have

‘An (Pn) > (1 — (n+ 1)V exp(—ny)) ‘So (Pn)

(50)

(D
for all P, € T;,(5). Now we define the set
T,(5) = {(x?,mg,y") €XT X X x YT
XXV € T ()} (52)

and consider an i.i.d. random sequence of length n generated
according to the probability distribution Px, , x,,v,. Then, from
(51), we have

PX o Xa0vo (An)
= P;élonoYo <‘A’“ N1, (6))

P)?'mXQOYO (An N SO(Pn))

D

P’Vl ET’H (6)

)y

P;}u)XQoYO (An(pn))
P €T, (6)

> 2

PoeTn(8) tp(aly,alyyy)=Pn
(#70,20,95 ) €An

n n __.n
PX10X20Y0 (X{o = 7o,

n __ .n n__.n
X0 = T30, Yg' = ¥p)

w oy > e [-n(H (X XEY)

Pnejwn(é) tp('i?ovigovyﬁ):pn
(10:%50,45 ) EAn

+D (X%)Xz(g)yo(n)HX10X20Y0))}

Z ]An(ﬁn)

P,eT,(6)

exp [—n (H (X%’Xz(g)}fé"))

D (X{ X4V X0 XaoYo ) )|

> (1- e I exp(—ny)) |So(P)]

P €Ty (5)

Y

exp [—n (H (x5 X{vy™)
D (XM xMy ™M) x 0 XY
+ 10" X20" Yy || X10X20Y0
(1 —(n+ 1)|X1HX2H31| exp(—nv))

Z P;10X20Y0(80(pn))
P, €T, ()

(1= (n+ DRI exp(=n7)) Py xaoya (Ta(9)
> (1 — (n+ 1)*llY] exp(—rw))

x (1 (n+ )81 exp(—np) )

v

(53)

where (a) is true due to (15), and the last step is true due to (17).
Now consider the zero-rate (R; =0,Ry=0,R>0)
hypothesis testing problem with
Ho: Px,ox50v, V8 Hi:Qx x,v- (54
Then, for this hypothesis testing problem, if we use the same
acceptance region .4,, as above, the type 1 error probability

a’STO) = ]‘ - P)Tél()XQoY() (An)

<1- (1 — (n+ 1)*lXlY] exp(fn'y))

X (1 — (n + 1)lAlI%II exp(—né))

<e

where e is the constant-type constraint on the type 1 error
probability.

Hence, for the hypothesis testing problem (54), the accep-
tance region A, satisfies the constant-type type 1 error proba-
bility constraint.
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From [25], we know that the type 2 error exponent

6(0,0,e) < ~ min D (PX1X2Y||QX1X2Y) ) (55)

Px,x,v€Lo

where
Lo = {pxlxzyipxl = Px,,, Px, :PXQO»PY:PYO}-

On the other hand, we note that Px,, x,,y, was arbitrary as
long as condition (48) is satisfied. Therefore, in the light of the
definition of H,., we see that the infimum of the right-hand side
in (55) over all possible internal points Px, ..y, satisfying
(48) coincides with

~ min  D(Px,x%v||Qx, x,v)-
PX1X2YEHT

Thus (55) reduces to

0(0,0,7’) < min D(pX1X2Y||QX1X2Y)'
Px,x,vy €EHr

APPENDIX B
ERROR PROBABILITY ANALYSIS FOR THEOREM 6

To analyze the type 1 error probability, we have
o = Py, x,y (A7)
= P;1X2Y(€1 Ueg U 53)
S P)?leY(El) + P)TéleY(Ez) + P;éngY(g(l; ﬁ 55 ﬁ 83)'

We now bound each term.
1) By the covering lemma [22, Section 3.7],

P% x,v(e1) = 0
asn — oo if
Ry > I(Uy; X1) + d(e)
and
P% x,y(e2) =0
asn — oo if
Ry > I(Uy; X2) + (e).

2) To bound the last term, we need three steps, each of which
uses a version of the Markov lemma [22, Section 12.1].

Step I: Show that (U3(Ms,), X7, X3) € T with a
probability tends to 1 as n increases.

Since XJ{U3(Mz)=uy, X{'=27} ~ [I7; Px,x,
(x2;]z1;) and €’ > €, by the Markov lemma, Pr{(U}
(My), X7, X2) ¢ Tg(f,t)} tends to zero as n — 0.

Step 2: Show that (U]'(My), Uy (M), X7, X¥) €
Te(,") with a probability tends to 1 as n increases.

From the distribution we draw U7*(M;) and U3 (Ms), we
have the Markov chain

U3 (Ms) < X3 < XT' < U'(My).
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As (uf,zt,2h) € Te(f,”) and from the Markov chain we
know that

Pr{U}'(M1) = uf|U' (M2) = uy, Xi' = af, X5 = w3}
= Pr{UT (M) = uyf |27}

By the covering lemma, Pr{(z},UJ") € Ts(f,l)} converges
to 1 asn — oo, thatis Pr{U7 (M, ) = u} |z} } satisfies the
first condition in the Markov lemma. Then we show that it
also satisfies the second condition in the Markov lemma.
For all u} € Te(f,l)(Ul\x?),

Pr{U} (M) = ul|XT = 21}
= Pr{UT (M) = u, U} (M) € TS (U [2)
X7 =27}
— Pe{UT(My) € TSP (U [27)|XT = 21}

x Pr{UT (M) = u}|UP (M) € TSP Uy |27),

e

X7 =af}

< Pr{UT(M;) = u}|UP (M) € TSP Uy |21),
X7 =af}

=Y Pr{UT'(M:) = ul, My = m]|
my

UT' (M) € TS (Us o), XT' = af
= Y Pe{UT (M) = uf [UT (M) € TS (U [7),

mi

X1 =af, My =mq}
x Pr{M; = m|UP(My) € TS (Uy]a}), XT = 2} }
WS Pe{Uf (m1) = uf U (m1) € TS (U1 ]27)}

miy

% Pr{M; = my |[UP(My) € TSP (U [2}), XT = 27}

e’

(b)
<N Pe{My=m U (M1) € TS (U |}, XT'=a)
o= (H(U1|X1)=0(c"))

— 9~ n(H(Ui]X1)=5(e"))

where (a) follows since
Pr{U} (M) = u}|UJ(M:) € TS) (U |7),
X1 =af, My =my}
= Pr{U}(m1) = u}|U7'(m1) € TS (U1 | X7 = o),
X' =af, My =my}
= Pr{U}(m1) = u}|UT(m1) € TS (Ur|27) .

(b) follows from properties of typical sequences.
Similarly, we can also prove that for every uf €

Te(/rf) (Ur]2}) and n sufficiently large,

Pr{U}(M;) = u}|X] = a7}
>(1- 6I/)2_n(H(U1‘Xl)-‘ré(e”)).
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Hence, this satisfies the second condition in the Markov
Lemma. By the Markov lemma, we have (U7"(My),
Up (M), X7, X3) € T,
Step 3: Show that(Y", U*(M,), Uy (Ms))
with a probability tends to 1 as n increases.
First, (U7*(My), U3 (Ms)) < (X7, X%) +> Y™ forms a
Morkov chain as (U7*(M;), U3 (Ms)) is a function of
(X7, X2). According to Step 1 and Step 2, we have
(UP (M), Up(My), X5, X1) € TS, and Y™ is drawn
~ H?zl Py x, x,(yil1i, 2;), hence, by the Markov
lemma, we have (Y™, UT(M;), U (Ms)) € T™ with a
probability tends to 1 as n increases. This implies that
P% x,y (61 Neg Nes) tends to 0 as n increases.
Combining all steps above, we have that «, | 0 as n
increases, hence the type 1 error probability constraint is
satisfied.
For the type 2 error probability, assume in this case that H;
is true. Then

e

( X1X2 )(An)
= (Py, x, Py)(ei NegNey)
= (PX1X2PY)(5§) (P)?lxzpﬁ)@g)
X (Px, x, Py)(e5lef Nes)
‘We now bound each factor.

1) By the covering
n — oo if

lemma, (P% y,Py)(ef) =1 as

Ry > I(Ur; X1) +6(e)
and (P x,Py)(e5) — lasn — oo if

R2 2 I(UQ, Xz) + 5(6)
2)
(PX, x,PV)(g5le1 Ney)
(up ug ym)eT(™
U3 (Mz) = ug, Y™ = y"[ef Ne5}

Py x, \UT (M) = uf,
(“1 uy Y JET:

(n)
U3 (Mz) = uglef Nest x Pp{Y" =y"ef Nes}
< QnUH(U1UY)+8(e)) g =n(H (U1U2)=6(c')) g =n(H (¥) =3(c'))

(PX1X2 ”){U{L(Ml) = u’il’

— 2771([(U1U2,Y)75(€))
Combining the bounds on the three factors, we have
B < 9—n(I(U1U2;Y)=6(e))

In summary, the type 1 error probability averaged over all
codebooks is upper bounded by e if

R1 2 I(Ul,Xl) and R2 Z I(UQ;XQ),

while the type 2 error probability averaged over all codebooks is
upper bounded by 2~ "(/(U1U2:Y)=3(€)) Therefore, there exists
a codebook such that

0(R13R27€) Z I(U1U27Y)a
Ry > 1(Uy; X1),
RQ Z I(UQ;X2>.

This completes the achievability proof.

APPENDIX C
PROOF OF THEOREM 7

Now we simplify the upper bound in (39) in the following
steps. First consider

TLRl Z H(Ml)
> I(My; XT')
=3 I(My; Xy | X1

i=1

=Y I(Mi X} X1i)
=1

—~

a

= I XX X)

i

N

Il
_

I(Uli;Xli)7

-

Il
-

K2

where (a) follows since X1; <+ (M, X1~ ') <» X2~ ! forms a
Markov chain, which can be derived by the following:

(X{L7X1i) A X71"71 < X;il

9y, X)) o XL o xi

(d)

= Xy ¢ (M, Xi7h & X3 (56)

(c¢) is true as M is a function of X7 and (d) is true due to the
weak union property of Markov chain [32]. () is true by identi-
fying Uy; = (Ml,X{_l,Xéi_l) and noting that Uy; <> Xq; <>
(X2;,Y;) forms a Markov chain as

(X7, X775 X571 & Xy o (X2, Y5)
= (M, X771 X5 & Xy & (X2, Y5).

Following similar steps as above, we have

(&) & o
nRy > Y I(Mp Xy V'™ Xo;)
=1
L Z U27aX21

where (e) follows since Y1 ¢+ (Ma, X571) ¢ Xo;; (f) is
true by identifying Uy; = (Mo, X4 ', Y*~1) and noting that
Ui < Xoi ¢ (X13, V7).
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Finally, we consider

H(Y"| M My) =Y H(Y;|MyMyY*™1)

I

ﬁ
Il
-

H(Y;| My MY L XX

I

s
I
-

>

3
3

H(Y;|UyUy).

s
Il
_

Define the time-sharing random variable ) to be the uni-
formly distributed over [1 : n] and independent of (M7, Ma,
X7, X3, Y"™), and identify Uy = (U1, Q), Uz = (Uag, Q,)
X1 = Xig, Xo = Xyg,and Y = Yy,. Clearly, we have U;
X1 ¢ (X2,Y) and Uy < X5 <> (X7,Y) forms three Markov
chains. Hence we have shown

Ry > I(Uy; X1), Rz > 1(U; Xa),
liH(l)a(Rl,RQ,G) § H(Y) — H(Y|U1U2) = I(Y, UlUQ),
e—

for some conditional PMF Py | x, and Py, x,.

APPENDIX D
PROOF OF COROLLARY 9

In the following, € > ¢’ > ¢’ > ¢’ are given small numbers.

Quantization codebook generation. Fix a joint distribution
attaining the maximum of (43), which satisfies P, 7, x, x,v =
Px, Px, Py Py, x, Pu,x,- Let Py, (w1) =3, Px, (1)
Py, |x, (u1]z1), and Py, (u2) =3, Px,(22)Puy|x, (u2]72).
Randomly and independently generate M; = 27(/(U1;X1)+n)
sequences uf(mq), my € {1,...,M;} each according to
[1"., Pu,(u1;). Randomly and independently generate
My = 2nUU2X2)4m) sequences ul (mz), ma € {1,..., M}
each according to []""_; Py, (u2;). These sequences constitute
the codebook ¢, which is revealed to all terminals. We use C to
denote the set of all possible codebooks.

Encoding (Quantization). After observing sequence 7', ter-
minal &} finds a u}(mq) such that (27, uf(mq)) € TE(,T/L,), and
sends the index mq to terminal ). If there is more than one
such index, it sends the smallest one among them. If there is no
such index, it selects an index from [1,..., M;] uniformly at
random. Similarly, after observing a sequence x5, terminal X5
finds a u% (mg) such that (2%, uf(mz)) € TE(,?,), then it sends
the index ms to terminal ). If there is more than one such index,
it sends the smallest one among them. If there is no such index,
it selects an index from [1, ..., M>] uniformly at random.

Testing. Upon receiving my and me, terminal ) sets the
acceptance region A4,, for Hy to

Ap ={(m1,ma,y") : (uf (m1),uy(ma),y") € Te(n)}v

where the jointly typical set Te(n)

PX1PX2Py, PU1|X and PU2|X2~

is defined with respect to
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Error probability analysis. Terminal ) chooses H #+ Hy if
and only if one or more of the following events occur:

ey = {(U(my), X7) ¢ TS forall my € [1: M},
ey = {(UF(my), X3) ¢ T forall my € [1: My)},
es = {(UT (M), U3 (M), Y™) ¢ T(MY.

Hence, A,, = (g1 Uea Ues)©.
To analyze the type 1 error probability, we have

oy = (Px, Px, Py) (A7)

= (Py, Px,Py)(e1 Uea Ues)

< (Px, Px,Py)(e1) + (Px, Px, PY)(e2)
+ (Px, Px,Py)(es).

We now bound each term.
1) By the covering lemma [22, Section 3.7],

(Px, Px, Py)(e1) = 0
asn — oo if

Ry > I(Uy; X1) + 6(e)
and

(PX, Px, Py)(e2) = 0
asn — oo if

%) Ry ZI(UQ;XQ)—‘r(S(E).

(Px, Px, Py)(es)

=

(up ug ym)eT™
Uy (Mz) = uy, Y" =y"}
= > Py AU (M) = ul'}
(up ug ym)eT™

Py U3 (M2) = uz } PpAY™ = y"}
< gn(H(ULU2Y)+5(e) g=n(H (U1)=6(¢")) g=n(H (U2))=3(€))

(Px, Px, Py){UT (My) = uf,

9= (H(Y)=5(c"))

— 9~ n(HU)+HUz2)+H(Y)—H(Ur)—H(U2)—H(Y)=5(¢))
— 1.

To calculate the type 2 error probability, assume in this case
that H; is true. For my € [1: My], mo € [1: My], and y™ €
T (Y [ (my), ug (ms)), define

Simama (€5, y™) ={uf (m1)} x {ug(ma)} x T (X,
uit (ma)) x T (Xo|ug (m2)) x {y"},

and

My Mo

o= U U U

ML me=lyn e T (¥ [ug (ma) ug (m2))

Smy,ma (y").
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Suppose Ul(")UQ(")an)Xz(n)Y(”) is a type variable of
(uf, ug, 21, x5, y") € Smy,m,(y"). then

Q%, Q%, Qv («1,73,y")

—n(H (X[ X"y )

+ DX XY |Qx, Qx, Qv )]
Denoting N (U™ U x™ X{My (™) the number of those

elements (uf', uf,z7, 23, y") € @, that have (UM U™ x (™
X z(")Y(")) as their type variable, it follows that

NUMUs x W x My )y
< exp [n(I(Xl, U) + I(Xo: Uz) + H (X ")|U1(")Y(”))

= exp|

+ H (X0 o X My ) )(
H(Y|U\Uz) + 21 + 2€)]
- exp[ (I(X1;Uy) + I(Xo3 Us) + H (X ")|U(”)Y(”))
(XTI Xy ™)
+H(Y) + 21+ 2¢)].
Hence,
Bn = Q%, Q%,Qy (An)
< Z exp {—n(k (Ul(n) UQ(")Xl(n)XQ(”)Y("))
Mo x ™ x{Mym
oy — 25)} (57
where
k(MU X x{yo)
(X XY + D(X XY 05, 0,0)
— i (x{M v )

—I(X1;U1) — 1(X2;Uz)

(58)

and the sum is taken over all possible type variables of elements
(uf, ul, a2l y™) € p,. Hence, we have (ul(mq),a?)
e T (UL X)), (ug(ma),28) € TV (UyXs), and (uf(my),
") e T (U,UY). This implies that the sum ranges
over all possible type variables (U™ U™ X (™ x{™y (™) such
that, for all uy € Uy, us € Us, &1 € X1, 20 € Xo,andy € Y,

uy(m2),y

lPUl(”)XY”(ulxl) - PU1X1 (U1$1)| < 6IDU1X1 (lel),

[Py o om (uaz2) — Pu, x, (u2w2)| < €Py,x, (u2r2),
2 2
[Py pmy o (w1u2y) = P, Po, Py (u1usy))|
< €Py, Py, Py (uiusy).
Thus, we can rewrite (58) as
k(UM XM Xy ™)
= H(X1X2Y) + D(X1 X2V ||Qx, Qx,Qy)
— I(X1;Uh) — I(Xo; Ua) — H(Y)

—H(X1|Ull7)—H(X2\0102X1?)+5(6)7 (59)

with some variable Ul UQX 1)2'2)7 such that

ISU1X1 = PU1X1a PU2X2 — PUQXZ,
Pu,v,y = Po,ouy,
where 6(¢) — 0. Through some calculation, we can get
k(UM XM XY ™)

= D(PU1U2X1X2Y||QU1U2X1X2Y) + 5(6)7

(60)
(61)

where Qu, |1 x, = Pu,|x,> Pusyjx, = Quylx,-
Thus, by (57) and (60), we have

Bn < (n+ 1)|U1\'\U2|'|X1|'\X2\'|y\

max exp [—n(D(Pu, v, x, X, v || Quy s X1 X5 v)

Py, uyx, x5y €E(U1U2)
+d(e) — 2n — 2¢)].
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