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Abstract— The decentralized sequential hypothesis testing
problem is studied in sensor networks, where a set of sensors
receive independent observations and send summary messages to
the fusion center, which makes a final decision. In the scenario
where the sensors have full access to their past observations,
the first of asymptotically Bayes sequential tests is developed,
and the proposed test has same asymptotic performance as the
optimal centralized test that has access to all sensor observations.
Next, in the scenario where the sensors do not have full access
to their past observations, a simple but asymptotically Bayes
sequential tests is developed, in which sensor message functions
are what we call tandem quantizer, where each sensor only uses
two different sensor quantizers with at most one switch between
these two quantizers. Moreover, a new minimax formulation of
finding optimal stationary sensor quantizers is proposed and is
studied in detail in the case of additive Gaussian sensor noises.
Finally, our results show that the feedback from the fusion center
does not improve asymptotic performance in the scenario with
full local memory, however, even a one-shot one-bit feedback
can significantly improve asymptotic performance in the scenario
with limited local memory.

Index Terms— Asymptotically Bayes, distributed detection,
multi-sensor, quantization, sensor networks, sequential detection,
tandem quantizer

I. INTRODUCTION

ENSOR networks were originally motivated by their

applications in military surveillance [19], and now they
have many other important applications, including mobile
and wireless communication, internet or computer network
monitoring, and urban disaster prevention and response.

There are various possible configurations for sensor net-
works. Figure 1 illustrates the general setting of a widely used
configuration. In such a network, at time 7, each of a set of K
sensors receives an observation X, ,,, and then sends a sensor
message Uy, ,, to a central processor, called the fusion center,
which makes a final decision when observations are stopped.
If necessary, the fusion center can also send feedback to the
local sensors.

In many interesting applications, sensors are assumed to be
intelligent and the information produced by the senors has
been transmitted and fused in a fashion that provides reliable
summary information while using the minimum amount of
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Fig. 1. General setting for sensor networks

network resources. A standard mathematical formulation that
can meet these requirements is to limit the sensor messages
Uy, within a finite alphabet (perhaps binary). While this ap-
proach exhibits information loss as compared to the centralized
setting of sending all raw data to the fusion center, it can
often provide a formulation that is better suited for practical
applications, due to the need for data compression, notable
decrease in communication bandwidth, significant reduction
in computational complexity at the fusion center, and privacy
of raw data.

In sensor networks, three of the most fundamental problems
are: (1) how should each sensor send messages Uy ,’s to
the fusion center; (2) how should the fusion center combine
the messages from different sensors to make a final decision;
and (3) if necessary, what kind of feedback should be sent
from the fusion center to the sensors? It is worth emphasizing
that these three problems are closely related with each other,
e.g., the “best” decision rule at the fusion center will depend
on how the sensors send messages to the fusion center.
Ideally one wants to find optimal solutions to all these three
problems simultaneously so as to achieve the “best” network
performance (under some suitable definition).

As in the classical or centralized setting, there are two kinds
of decision problems in sensor networks: static and dynamic.
In static decision problems, the number of sensor observations
(sample size) is fixed before the data are taken, and the fusion
center makes only one decision. Static decision problems in
sensor networks have been studied over the past twenty years.
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For a review, see [23] and the references therein for hypothesis
testing in sensor networks, and see [12], [27] for estimation
problems in sensor networks.

However, there is a large body of problems where the
static setting is not useful. In particular, the nature of sensor
networks is dynamic, as information is updated over time at
the both local sensor and fusion center levels. In the statistical
literature, dynamic decision problems are also known as
sequential decision problems, which were first introduced by
Wald [24]. In the classical or centralized setting, sequential
decision problems have been the focus of the mature fields
of sequential analysis and change-point problems, see, [2],
[9] and there references therein. On the other hand, research
on sequential decision problems in sensor networks is rather
limited, see [3], [21] for a review.

In this article, we will study a decentralized sequential
hypothesis testing problem, one of standard sequential decision
problems in sensor networks, see [3], [23] for many important
applications including distributed signal detection, recognition,
and surveillance. In the decentralized sequential hypothesis
testing problem, it is assumed that there are two simple
hypotheses Hy and H; on the distributions of sensor obser-
vations. In order to make a quick but good decision on which
of these two hypotheses is true, the optimization needs to be
done jointly over sensors and fusion center policies, as well
as over time. This makes the optimization highly problematic.
In fact, it is well-known [22] that dynamic programming or
Bayes formulations generally become intractable, except in a
special case where it has been an open-problem to derive the
properties of Bayes solutions.

The goal of this article is to develop asymptotic opti-
mality theory for the Bayes formulation of the decentral-
ized sequential hypothesis testing problem, and to offer two
classes of fairly simple decentralized sequential tests which
are asymptotically Bayes in their respective scenarios. As a
consequence, several open problems raised in [21], [22] for
decentralized sequential hypothesis testing problems will be
addressed asymptotically.

Throughout this article, we make the following assumptions,
which are standard:

(Al) Conditioned on each of hypotheses, Hy and H1, the
sensor observations are independent over time as well as from
sensor to sensor.

(A2) For each 1 < k < K, the density of the sensor
observations Xy, 1, Xg 2, - at sensor Sy is f under the null
hypothesis Hyp, and is g; under the alternative hypothesis
H;. For each 1 < k < K, the Kullback-Leibler information
numbers (or relative entropy)

I(gk, fr) = /log (?;Eg)gk(x)dx

and

I(fr,gr) = /log (g:gi

are finite and positive. Moreover,

/ <log

)fk(l’)d@"

gk(z)
fr(z)

2
) gr(z)dr < oo,

and

/ (log ;:ngfk(m)dx < 00.

Now let us briefly review some open problems raised in
an influential paper by Veeravalli, Basar and Poor [22] and
summary our main results. In [22], the authors considered
two different scenarios of sensor networks, depending on how
local information is used to produce the sensor messages
Ui,n’s at the sensors. The first scenario is the system with
full local memory, where the sensors have full access to their
past observations. This scenario has the following two possible
cases, which correspond to Cases B, and D in [22].

Case (i) System with no Feedback and Full Local Memory:

Ukin = Ok (X [1,n))5 (1)

where Xy 1) = (Xk,1, Xky2,..., Xg,n) are all local sensor
observations observed up to time n at sensor Sj.
Case (ii) System with Full Feedback and Full Local Mem-

ory:
Uk',n = ¢k‘,n(Xk,[1,n];€n—1)a (2)

where &£, 1 denotes the past sensor message information given
by

) UK,[l,n—l]}v (3)
-+, Ugn—1), and & is the null

57171 = {Ul,[l,n—l]aUQ,[l,n—1]7 ..

with Uy (1.n-1] = (Ug,1, Uk 2, - -
set.

It is well-known [22] that it is untractable to find Bayes
solutions under this scenario via the dynamic programming
approach, and it has been an open problem to find any
asymptotically optimal sequential tests in the system with full
local memory. By using the asymptotic optimality approach,
we will offer the first of asymptotically Bayes sequential tests
in the system with full local memory. In our proposed tests,
each sensor sends its local “sensor decisions” Uy, to the
fusion center, which then combines all local sensor decisions
by using an “AND” rule to decide which of the hypotheses is
true.

Note that a criticism of the system with full local memory
often made is that it will require sensors to have unlimited
memory and computational capacities as the time goes to
oo. In our proposed tests, however, local sensor decisions (or
sensor messages) are based on local sufficient statistics which
can be calculated recursively, and thus at every time n, each
senor only requires a memory of a data set of size 2 and only
involves O(1) computations.

The second scenario is the system with limited local mem-
ory, where the sensors do not have access to their past
observations. The following three possible cases have been
considered in [22].

Case (iii) System with Neither Feedback from the Fusion
Center nor Local Memory:

Uk,n = Qbk,n(Xk,n)- (4)

Case (iv) System with no Feedback and Local Memory
Restricted to Past Sensor Messages:

Uk,n = (bk,n(Xk,n; Uk,[l,n—l])' (5)



Case (v) System with Full Feedback, but Local Memory
Restricted to Past Sensor Messages:

Uk,n = ¢k,n(Xk,n;gn—1)7 (6)

where £, is the past sensor messages defined in (3).

As illustrated in [22], in the system with limited local
memory, the Bayes formulation is tractable only in the case
with full feedback specified in (6), but it has been an open
problem to derive the properties of the Bayes solution due
to its complicated structure. In order to develop simple de-
centralized sequential tests with good performances, another
closely related open problem raised in [22] is whether station-
ary quantizers, i.e., stationary sensor message functions, can
lead to decentralized sequential tests that are asymptotically
optimal in the system with limited local memory. That is, can
we find asymptotically Bayes sequential tests from the case
specified in (4) where the sensor message functions ¢y, , = ¢
do not change over time n?

We will provide asymptotic answers to both of these two
open problems in the system with limited local memory.
For the second open problem, we will show that tests with
stationary quantizers are generally asymptotically suboptimal
except in some extreme situations. Moreover, to address the
optimality properties within the class of stationary quantizers,
we also propose a new minimax formulation of finding optimal
stationary quantizers, and study in detail in the case of additive
Gaussian sensor noises.

For the first open problem, it is very difficult to study the
properties of the Bayes solution directly although its structure
was characterized in [22]. Thus we adopt an indirect approach
by establishing sharp upper and lower bounds on the properties
of the Bayes solution, where the leading terms in the upper and
lower bounds are the same. A key step is to develop simple
but asymptotically optimal decentralized sequential tests in the
system with limited local memory. To accomplish this, we
will consider the following new case where the fusion center
quantizes the past sensor messages &£,_1 in (3) before sending
the feedback to the sensors.

Case (vi) System with Quantized Feedback, and Local
Memory Restricted to Past Sensor Messages:

Uk,n = st,n(Xk,n; Vk’,n—l)a @)

where the quantized feedback

Vien—1 = Y n—1(En-1)

is chosen from a finite (possibly binary) list and &,,_; defined
in (3) is the sensor messages available before time n.

Note that this new case can be thought of as a generalization
of three cases considered in [22]. Specifically, this new case
becomes the cases defined in (4), (5) and (6) when the
(quantized) feedback V}, ,,—1 is null, past sensor messages at
each sensor, and full feedback, respectively. From the practical
point of view, this new case is more appealing than the case
with full feedback specified in (6) since the full feedback
assumes the fusion center send all past message information
En—1 back to the sensors even for large n, and that will require
large communication bandwidth between sensors and fusion

center. To take into account limited computational capabilities
at the sensor level, a more practice-based view of quantized
feedback is that the fusion center determines and sends each
sensor their own threshold values to be used in their sensor
message functions.

It turns out that it will be sufficient for the fusion center to
send one-shot one-bit feedback in order to construct simple
sequential tests which are asymptotically Bayes in the system
with limited local memory. Motivated by Abramson [1], and
Kiefer and Sacks [6], our proposed tests will divide the
decision making into two stages. In the first stage, preliminary
samples are taken at the sensors until the fusion center makes
a preliminary decision on which of Hy and H; is true. The
fusion center then sends the preliminary decision back to
all sensors so that the sensors can optimize their respective
quantizers according to the preliminary decision of the fusion
center. In the second stage, all sensors use the new “optimal”
quantizers to send all future sensor messages until the fusion
center makes a final decision, which is based only on the
sensor messages in the second stage. The number of time steps
taken in the first stage (when the cost ¢ is small) is large but
is small relative to that in the second stage.

Another way to look at our proposed tests is from the
sensor’s point of view. In our proposed tests in the system
with limited local memory, at each sensor, the sensor message
function is what we call a tandem quantizer, where each sensor
only uses two different sensor quantizers with at most one
switch between these two quantizers. Note that the sensor
quantizers in the Bayes solution need to be changed at each
time step, whereas one can only obtain suboptimal decentral-
ized tests in general if the sensor quantizers do not change over
time, i.e., sensor quantizers are stationary. Hence, from the
viewpoint of the number of switches, a tandem quantizer is the
simplest possible candidate to construct asymptotically Bayes
(or optimal) decentralized tests in the system with limited local
memory.

The remainder of this article is organized as follows. In
Section II, we provide a formal mathematical formulation
of decentralized sequential hypothesis testing problems and
present some well-known results on the optimal centralized
sequential test to provide a benchmark for the decentralized
sequential tests. Section III studies the decentralized sequential
detection problems in the system with full local memory, and
Section IV considers the system with limited local memory.
Each of Sections III and IV develops asymptotic theory and
offers asymptotically Bayes tests which are easy to implement.
Section V focuses on tests with stationary sensor message
functions, and proposes a new minimax formulation for the
optimal stationary sensor message functions. In Section VI,
we give a concrete example to illustrate our asymptotic results.
The proofs of most theorems are included in the Appendix.

II. PROBLEM FORMULATION AND NOTATIONS

Suppose there are K sensors in a sensor network. At time
n, an observation Xy, is made at each sensor Sj. Assume
there are two simple hypotheses Hy and H;. Under the
hypothesis Hy, the observations at sensor Sy, Xx 1, Xg2, -



are independent and identically distributed (i.i.d.) with density
function fi, and under the hypothesis H;, they have den-
sity gx. Denote by Py and P, respectively the probability
measures under hypotheses Hy and H;. Let Eg and E;
be the corresponding expectations. Note that this notation is
slightly different than the conventional notation for conditional
probabilities and expectations under the Bayes formulation,
but it has advantages in the asymptotic optimality approach.

Based on the information available at S, at time n, a sensor
message Uy, specified in (1) or (2) for the system with full
local memory, and in (4) - (7) for the system with limited
local memory, is chosen from a finite alphabet and sent to
the fusion center. Without loss of generality, it is assumed
that Uy, ,, is chosen from the finite set {0,1,---, Dy — 1}.
At time n, the fusion center may take one of three possible
actions: (1) lets all sensors continue taking observations and
sending messages to the fusion center; (2) informs all sensors
to stop taking observations and decides the null hypothesis Hy
is true; or (3) informs all sensors to stop taking observations
and decides the alternative hypothesis H; is true.

To define measures of performance for a decentralized
sequential test d, denote by 7 the corresponding stopping time
when the fusion center decides to stop taking observations.
There are four quantities that are useful and appropriate
to evaluate decentralized sequential tests: (1) probability of
Type I error, Py(reject Hyp), (2) probability of Type II error,
P, (accept Hy), (3) expected decision-making time under Hy,
Eo(7), and (4) expected decision-making time under Hi,
E (7). The last two performance measures are included since
7, the number of time steps needed to make a final decision,
depends on observations and is thus a random variable. Ideally
we want these four quantities as small as possible.

Veeravalli, Basar and Poor [22] considered the following
Bayes formulation of the decentralized sequential detection
problem. Assume the two hypotheses Hy and H; have
known prior probabilities, say, 7 = P{Hj is true} =
P{H; is true} for some 0 < 7w < 1, and each time step
taken for decision making costs a positive amount c. Also
for ¢ = 0,1 let W;(> 0) be the cost of falsely rejecting H;.
Then the total expected cost or Bayes risk of a decentralized
sequential test & with a stopping time 7 is

Rc(é) = 7T[CE() (7’) + WOPO{reject Ho}] ®)
+(1 — m)[cEq (1) + W1P1{reject H1}],

where the notation R. is used to emphasize that the cost for
each time step is c. The Bayes formulation of decentralized
sequential hypothesis testing problems can then be stated as
follows.

Problem (P1): Minimize the Bayes risk R.(d) in (8) over
all possible choices of sensor message functions and over all
possible policies at the fusion center.

Unfortunately, it is nearly impossible to find exactly op-
timal solutions in sensor networks (for some special cases
see [22]), and only “asymptotic optimality” results seem to
be working. In the asymptotic optimality approach, we first
construct an asymptotic lower bound of R.(d) in (8) as ¢
goes to 0. Then we show that a given class of decentralized

sequential tests attains the lower bound asymptotically. We will
establish asymptotic optimality theorems for both scenarios of
decentralized decision systems: full local memory (specified
in (1) and (2)) and limited local memory (specified in (4)-
().

We now introduce some notation. Let D be a positive
integer. Consider a random variable X whose density function
is either f or g with respect to some o-finite measure, and
assume that the Kullback-Leibler information number I(g, f)
is finite. For a (deterministic or random) measurable function
¢ from the range of X to a finite alphabet of size D, say
{0,1,...,D — 1}, denote by f, and g, respectively the
probability mass function of ¢(X) when the density of X
is f and g. Let

o 9e(0(X))
Zo =108 (5(3))
and define
Ip(g, f) = sup Ey(Zy) 9)
and

Vp(g. f) = st;pEg(Zq%)- (10)
It is well known [20] that Ip(g, f) < I(g, f), i.e., the reduc-
tion of the data from X to ¢(X) cannot increase the infor-
mation. Tsitsiklis [20] showed that the supremum Ip(g, f) is
achieved by a Monotone Likelihood Ratio Quantizer (MLRQ)
@ of the form

p(X)=d X

where 0 = A\g < A\ < --- < Ap_1 < Ap = oo are constants.
Similarly, by switching the roles of f and g, the supremum
Ip(f,g) is achieved by a MLRQ with another (likely different)
set of constant \’s. These optimal MLRQ’s are not easily
calculated, but we follow the standard practice in the literature
of developing procedures that assume sensor messages are
constructed optimally in the sensor. The definition of Vp (g, f)
was first proposed in [10], [11]. Some of our theorems assume
that Vp (g, f) < oo, and sufficient conditions for finiteness of
Va(g, f) are given in Theorem 2 and Corollary 2 of [11].
Using these notations, define the information numbers

g(X

if and only if Mg < < Ad+1,

K K
Ip = ZIDk(fkagk) and Jp = ZIDk(gk,fk),

(11
k=1 k=1
where D = (Dq, Do, ..., Dg). Moreover, define
Loy = ZI fro i) and Jyo = ZI gk fr). (12)

k=1

These four information numbers are key to our theorems.

In the remainder of this section, let us consider the optimal
centralized sequential test, i.e., the Bayes solution to Problem
(P1) in the centralized setting when the fusion center has
access to all sensor observations, or equivalently, when all
sensors send their raw data to the fusion center (Uy ., = Xj ).
The optimal centralized sequential test not only provides



a benchmark for all decentralized sequential tests, but also
sheds light on developing asymptotically optimal decentralized
sequential tests. Denote by ¢, (c) the optimal centralized
sequential test. It is well-known [24] that 67, ,, (¢) is in the form
of Wald’s sequential probability ratio tests (SPRT) defined as
follows. Choose two constant ¢ > 0 and b > 0, and define the

log-likelihood ratio
n K
L, = log $1Xka)
> (; o8 f(X,m-))

i=1 o=

13)

Define a stopping time N = first n > 1 such that L,, ¢
(=b,a). In other words,

N=inf{n>1:L, & (-b,a)}. (14)
The SPRT will stop taking observations at time /N and

Reject Hy
ACCCpt H, 0

if LN Z a,
if Ly < —b.

The appropriate values of the thresholds a and b in the
optimal centralized test 0;,,,(c) are determined by the a priori
probability m of Hy and the costs Wy, W and c in (8). From
the asymptotic viewpoint, however, the thresholds a and b in
5%, (c) satisfy a = b = |logc| as ¢ — 0, as shown in [4],
[24]. To see this, note that as ¢ — 0, both a and b are large
and it is well-known [24] that SPRT in the centralized setting

satisfies
Po(reject Hy) ~ e %, Py(reject Hy) ~ e~ ",
Eo(N) zb/-[tota and El(N) Na/Jtot;
where I;,; and J;,; are defined in (12). Hence, the Bayes risk
R. of an SPRT can be approximated by

a

Tle— + Woefa} +(1—-m) [c + Wle*b} .

tot tot

Minimizing this approximation to R, we have

a = —logc+ log|Jio:Wor /(1 — )] = |log ¢,
~ —logc+log[litW1(1 — m) /7)) =~ | log ¢,

(15)

as ¢ — 0. Thus an SPRT with threshold values a = b = | log ¢|
is asymptotically Bayes to Problem (P1) in the centralized
setting. Since we are interested in asymptotic results in this
article, to simplify our notation, we refer to the optimal
centralized sequential tests as the SPRT whose stopping time
is defined in (14) with thresholds a = b = |log¢|. Using the
approximations for the SPRT again, it is easy to see that the

risk corresponding the optimal centralized test 67, (c) is

T n 1—m
Itot Jtot

By (15) and (16), from the asymptotic point of view, the
optimal centralized sequential test and its Bayes risk depend
mainly on ¢, I;4¢, Jtor and 7 and are insensitive to the costs Wy
and W; of making the wrong decision. Moreover, the Bayes
risk of the optimal centralized sequential test ¢, (c) is mainly
the cost of time step for decision making.

Re(dcen(c)) = c|logel(

). (16)

III. SYSTEM WITH FULL LOCAL MEMORY

Let 0%(c) denote a Bayes solution to the decentralized
sequential hypothesis testing problem in the system with full
local memory, specified in (1) or (2). The main result in this
section is to develop a decentralized test d4(c) in the case
specified in (1) such that, under some general conditions,
lime o Rc(0%(c))/Re(0a(c)) = 1, ie., {da(c)} is “asymp-
totically Bayes” in the system with full local memory as the
cost of time step taken for decision making goes to 0. Here
R, of course, denotes the Bayes risk defined in (8) when c
is the cost of time step taken for decision making.

A. The Structure of Our Proposed Tests 0 4(c)

In the system with full local memory when Dj, > 3 for each
k, our proposed test d 4 (c) is defined as follows (see Remark 1
below for the extension of our proposed test in case of binary
sensor messages).

1) Sensor Policy: Each sensor Sj uses its local sensor
observations to conduct an SPRT test with appropriate but
fixed boundaries, and sends its local decision to fusion center.
Specifically, each sensor Sy, calculates its local log-likelihood
ratio statistic Ly, ,, recursively by

91 ( Xk n)
fk(Xk,n)

for n > 1 and Ly o = 0. Then each sensor uses a quantizer
on Ly, to send messages to the fusion center, i.e., the sensor
message sent from the sensor S}, to the fusion center is defined
by

Lim = Lipn—1+log )

0 if Ly, < —rg|logcl,
Uen =14 1 if Ly, > pi|logc,
NULL  otherwise.
where
I I
= K(fkvgk) _ (];kagk)7 (18)
> k1 L(frs g1) tot
and
I I
P K(gkvfk) _ (?}C?fk). (19)
> ket L(gws fr) tot

Here 7, and pj can be thought of as the weight of sensor Sy
in the overall final decision under the hypotheses Hy and Hy,
respectively. The message “NULL” is a special sensor symbol
to indicate that the sensor has not reached a local decision yet.
For example, “NULL” could be represented by the situation
when the sensor does not send any sensor messages to the
fusion center, e.g., the sensor is silent.

2) Fusion Center Policy: After receiving the local “sensor
decisions” Uy ,’s from the sensors, the fusion center then
combines all local sensor decisions by using an “AND” rule.
That is, the fusion center will

ifUpp=1forall<k<K,
if Ug, =0forall 1 <k <K,
otherwise.

stop and accept H;
stop and accept H
continue sampling

Note that since the local log-likelihood ratio statistic Ly, ,,
can be calculated recursively, our proposed test d 4 (c) reduces



the local memory requirements at every time n from the full

local memory {Xy 1,---, X n} to the data set of size 2, ie.,
{Lk,n—h Xk,n}-

Furthermore, it is also easy to see that in single-sensor
systems, i.e., K = 1, our proposed test d4(c) coincides

with the optimal centralized SPRT. However, our proposed
test d4(c) requires that each sensor shall continue sending
the local sensor decisions to the fusion center even after the
log-likelihood ratio statistic exceeds the local thresholds. This
essential feature can be seen from the following heuristic
argument, which provides the motivation of d4(c).

Consider the optimal centralized SPRT whose stopping time
is defined in (14) with thresholds a = b = |logc¢|. By (17),
the log-likelihood ratio statistics at sensor Sy, is

. gr(Xki)
Ly, = log =%—2Z,
k,n Zz:; 0og fk(Xk,z)

Combining this with (13) yields that L,, = Zkl,(:l Ly, p, for all
n. That is, at any given time, the log-likelihood ratio statistic
at the fusion center in the centralized version is the sum of the
local log-likelihood ratio statistics at all sensors. Thus, if each
sensor were able to send its local log-likelihood ratio statistic
(a sufficient statistic) to the fusion center, then the fusion
center would have been able to perform the optimal centralized
SPRT. However, under the restriction that the sensor messages
belong to a finite alphabet, each sensor may not be able to
send its local log-likelihood ratio statistic directly to the fusion
center. Fortunately, the idea can be salvaged by the strong
law of lar%(e numbers (SLLN). Observe that when Hj is true,
L, = > 11 Lkn will go to —oo as n goes to co. Hence,
under the null hypothesis Hj, the stopping rule of the optimal
centralized SPRT can be approximated by

K
D Lin < —logcl} (20)
k=1

for sufficiently small c. Now the SLLN implies that Ly, ,, /n —
I(fx,gr) with probability 1 under the null hypothesis
Hy. Hence, the weight of Ly, in the sum is roughly
I(fk,gk)/szzl I(fx,gx) = rk, and thus (20) can be further
approximated by {Lj , < —rg|loge| forall 1 < k < K},
which is exactly the stopping rule when our proposed test
d4(c) decides that Hy is true. In other words, under the
null hypothesis Hj, the stopping rule of the optimal cen-
tralized SPRT can be approximated by that of our proposed
test d4(c). Similarly, the conclusion also holds under the
alternative hypothesis H;. Since the optimal centralized SPRT
can be approximated by our proposed test d4(c) under both
hypotheses Hy and H;, it is not surprising to see from the
next subsection that our proposed test §4(c) is asymptotically
optimal not only in the system with full local memory, but
also in the centralized setting.

B. Asymptotic Optimality

We first establish asymptotic lower bounds on the Bayes
risk R.(d) in (8) for any decentralized tests in the system
with full local memory. Later these bounds will be used to

prove the asymptotic optimality properties of d4(c). Note that
such a lower bound can be established by the optimality of
SPRT in the centralized version, and it turns out this bound
will be sufficient for our purpose in the system with full local
memory. The following theorem was a slight modification of
Theorem 2 in [4]. While this theorem follows at once from the
optimality of the centralized SPRT and its asymptotic property
established in (16), an alternative proof, due to Chernoff [4],
is given in the Appendix so that parts of the argument can be
applied conveniently in the proof of Theorem 4.

Theorem 1: For any sequential or fixed-sample-size tests
d in the decentralized or centralized setting, if R.(d) <
Mc|log c| for some constant M, then as ¢ — 0,

T " 1-— 7r)

Itot Jtot '
where o(1) — 0 does not depend on 6, and I;,; and Jy. are
defined in (12).

R.(8) > (1+ o(1))c|log | (

Next, we consider the behavior of d4(c) proposed in the
previous subsection for small values of c. For this purpose,
we need to estimate the probabilities of making incorrect
decision when 8 4(c) is used and the performance of T(c), the
number of time steps required by d4(c) to make decisions.
The following theorem, whose proof is in the Appendix,
summarizes the asymptotic properties of our proposed test
d4(c) in the system with full local memory.

Theorem 2: For any 0 < ¢ < 1, the probabilities that our
proposed test § 4(c) makes incorrect decision satisfy

Po{reject Hy} <c¢ and Pi{rejects H} < c. 21

Moreover, if we let T(c) denote the number of time steps
required by d4(c) to make decisions, then as ¢ — 0,

Eo(1(c)) < (L+0(1)|logel/Tuor
Ei(T(c)) < (1+o(1))|loge|/Jiot,

(22)

where I;,; and Jy,; are defined in (12).

Now we are in a position to show that our proposed test
da(c) is asymptotically optimal in the system with full local
memory.

Theorem 3: Under the assumptions of (Al) and (A2) and
Dy > 3 forall 1 < k < K, {0a(c)} is asymptot-
ically Bayes in the system with full local memory, i.e.,
lim. .0 Rc(6%(c))/Rc(6a(c)) = 1 where ¢%(c) is a Bayes
solution in the system with full local memory when c is the
cost per time step for decision making.

Proof: From Theorem 2, for our proposed test d4(c), we
have

1
lim sup ——Po{reject Hy} = 0,
0 c|logc]

1
lim sup ——— P4 {reject H1} =0,
c—0 C| ].Og C|

. 1
limsup ——Eo(T'(c)) < ,
c~>0p “Og C| 0( ( )) - Itot

. 1
limsup ——E1(T'(¢)) < ,
nsup o B ((0) < 5




where 7'(c) is the number of time step required by d4(c) to
make decisions. Combining these with the definition of R. in
(8) yields

Re(04(c)) < T 1—m
clloge| = Lot Jot

If our proposed test d4(c) is not asymptotically Bayes, we
would have

lim inf R..(5% (€))/Re(0a(c) < 1~ ¢

lim sup (23)

c—0

for some positive constant € which implies, due to (23), that
there is a sequence {¢;} with ¢; — 0 such that

* T 17,”
R (63(e)) < (0~ ozl (7 + L),

Hence 0% (c;) satisfies the sufficient condition of Theorem 1

with M = (1- ) (7% + 5=
that

(24)

), and thus Theorem 1 implies

" T 1—m
Re, (83 (ci)) = (14 o())ei| log i (7= + —— ).
Itot Jtot
which is a contradiction of (24) as € > 0 is a constant. So the

theorem holds. 1

Observe that our proposed test d4(c) does not use feedback
from the fusion center, but it is asymptotically optimal in the
system with full local memory. This fact proves the following
interesting result.

Corollary 1: Under the conditions of Theorem 3, feedback
from the fusion center does not improve asymptotic perfor-
mance in the system with full local memory, specified in (1)-

Q).

C. Additional Remarks

Remark 1: Although we do not know the structure of Bayes
solution 0% (c) in the system with full local memory, its
asymptotic properties can be easily established based on our
results. By Theorems 1 - 3,

Re(d4(c) = (1+o(1))cllog ] (1; * 1J;:T )

as ¢ — 0. Moreover, if we denote by T (c) the stopping time
(the sample size) of the Bayes solution §% (c), then the proof
of Theorem 1 shows that

Eo(T%(c))
E . (T}(c))

(1+o(1))|logc|/Iiot,
(1+ o(1))|log c|/Jtot,

as ¢ — 0.

Remark 2: The proof of Theorem 3 actually shows that
our proposed test {d4(c)} is also asymptotically Bayes in the
centralized setting, i.e., lim.—o R¢(07%,,,(¢c))/Re(da(c)) = 1,
where ¢7,,,(¢) is the optimal centralized SPRT. In other words,
our proposed test 0 4(c) has same asymptotic performance as

the optimal centralized test.

Remark 3: Our proposed test d 4 (c) does not involve 7, the
prior probability of the null hypothesis, but it is asymptotically

Bayes in the system with full local memory regardless of the
value of the prior probability 7. This is very attractive as one
does not need to worry about how to choose a prior distribution
when using our proposed tests.

Remark 4: Since our results are first-order asymptotic, the
efficiency of our proposed test d4(c) (with respect to the
optimal centralized test) under nonasymptotic scenarios de-
pends on the speed of convergence of its performance function
to the corresponding asymptotic values. From the proof of
Theorem 2, as ¢ — 0, we have R.(04(c))/Re(d%,,,(c)) = 1+

D‘Jrlo(l)‘, where the constant D > 0 can be derived explicitly
ogc

under additional reasonable conditions from nonlinear renewal
theory ([17], [26]). Similar results (including the constant D)
were reported both theoretically and experimentally in [11] in
the context of decentralized sequential change-point detection
problems. If the number of sensors K is large in the system,
the value of D can be very large. In that situation, when the
value c¢ is only moderately small, the value of D/+/]|log |
can be large, implying that the nonasymptotic performance of
d4(c) can be very poor.

Remark 5: In our proposed test d4(c), a special symbol
“NULL” is used to denote that sensors have not yet reached
local decisions. When the local sensor decision is “NULL,”
we do not send anything. From a practical point of view,
this is quite desirable, as it actually reduces the transmission
rate below 1 bit. From a theoretical point of view, however,
our proposed test implicitly assumes that D, > 3 for each k
(i.e., the sensor symbols are 0,1 and “NULL”). One referee
asked what happens in case of only binary sensor messages
(Dy, = 2), say, with the symbol pairs being either (0, 1) or (1,
“NULL”). It turns out that such asymptotically Bayes tests can
be still constructed. To illustrate our idea explicitly, without
loss of generality, we assume that the binary senor symbols
are 0 and 1. If necessary, we can treat 0 as the special symbol
“NULL” and do not send anything if the sensor message
is 0. The key idea is to extend our proposed test d4(c) by
using “blocks” with block length 2. In each block, “00” and
“11” represents that the sensor decides Hy or H; is true,
respectively, whereas “01” or “10” means that a local decision
has not been reached yet. Mathematically, our proposed test
with binary sensor messages can be defined as follows. At
each sensor, for all n > 1, define Uy 2,,—1 = I{Lg 2n—1 > 0},
where T{A} is the indicator function of the set A, and

1 if Uk,anl =1 and
L2 > prllogc,

Uk,2n = 0 if U]g,gn_l =0 and
Ly on < —ri|logc,
1 —Ug2n-1 otherwise.

Then the fusion center will make decisions only at time 2n,
and

stop and accept H;
stop and accept Hy
continue sampling

if Uk,?n—l = Uk,2n =1 for all k,
if Uk,2n71 = Ukygn =0 for all k,
otherwise.

By a fairly straightforward though tedious extension of the



proof of Theorem 2, it can be shown that this test is asymp-
totically Bayes in the system with full local memory.

IV. SYSTEM WITH LIMITED LOCAL MEMORY

Let 0;(c) denote a Bayes solution to the decentralized
sequential hypothesis testing problem in the system with
limited local memory, specified in (6) or (7). The main result in
this section is to develop a decentralized sequential test d5(c)
in the case specified in (7) such that, under certain restric-
tions, lim. o R.(05(c))/Rc(d5(c)) = 1, ie., that {dg(c)}
is “asymptotically Bayes” in the system with limited local
memory as the cost of time step taken for decision making
goes to 0, and R. denotes the Bayes risk defined in (8) when
c is the cost of time step taken for decision making.

A. The structure of our proposed test dp(c)

In the system with limited local memory, our proposed test
dp(c) splits the decision making into two stages.

1) First Stage: The purpose of this stage is to obtain a
preliminary result on which of the two hypotheses Hy and
H; is true. To do so, each sensor Sy uses any fixed (not
necessarily optimal) stationary MLRQ ¢, i.e., the sensor
message function

Uk,n = ¢ox(Xgn) = d if and only if
9k (Xkn)

by <L L T

B F(Xn)

where 0 = Apo < A1 < ---
pre-specified constants.
Based on independent, identically distributed observations

< Ak,d+1s

< Ak,Dp—1 < Ap,p, = 00 are

U, = (Uin, -+, Ukn), the fusion center calculates the log-
likelihood ratio L, ,, of U,, recursively by
9.5 (Uk,n)
Lu,n = u n—1 + 10
Z f o, k(Uk n)’

forn > 1 and L, o = 0, where f4; and g4 are the prob-
ability mass function induced on U} ,, when the observations
X}, are distributed as f;, and gy, respectively. Then the fusion
center decides to stop the first stage at the time

MY = first n > 1 such that |L, | > log|log¢|, (25)

and makes a preliminary decision
0, if L
V =

1, if L

2) Second Stage: In this stage, each sensor needs to switch
to an “optimal” MLRQ with respect to the preliminary deci-
sion in the first stage, and the fusion center will use the sensor
messages from the second stage to make a final decision on
which of hypotheses Hj and H; is true.

Specifically, after the fusion center stops the first stage,
it will send its preliminary decision V to all sensors as
a binary quantized feedback. When receiving the quantized
feedback V from the fusion center, each sensor S needs to
adjust the constants thresholds in the stationary MLRQ’s to
optimal values as follows. If V' = 1, then the sensor message

um < —log|logcl;

M(1> > log|logc|.

function at sensor Sy is switched to the stationary MLRQ
1, which maximizes the Kullback-Leibler information number
I(gy,ks fy,), where fy 1 and gy are the probability mass
function induced on Uy, when the observations Xy , are
distributed as fj and g, respectively. On the other hand, if
V =0, then each sensor message function should be switched
to the stationary MLRQ 1)}, which maximizes I(fy i, gy k). To
abuse the notation, the stationary sensor message function at
sensor Sy, in the second stage are denoted by v, to emphasize
that an optimal MLRQ should be used. However, the actual
choice of 1, will depend on the quantized feedback V.

In the second stage, the fusion center begins a new cycle of
making decisions, discarding all previous sensor messages and
conclusions and starting afresh on the incoming i.i.d. vector
sensor messages U,, = (U1, - -, Uk,,) which are sent from
the sensors using optimal stationary MLRQ v,’s. To be more
specific, at time n of the second stage, the fusion center center
calculates the log-likelihood ratio flu’n of U, recursively by

G,k (Uk,n)
fok(Urn)’

for n > 1 and IAJU’O = 0. Then the fusion center decides to
stop the second stage at the time

Lun*Lun 1+Zlog

Mc(z) = first n > 1 such that |f4un\ > |log ¢, (26)
and makes the following final decision:

if L
if L,

@ < —|logel;

decide Hj is true ,
decide H; is true ,

w M > |log C|.

It is important to emphasize that the threshold of the log-
likelihood ratio statistic is log |logc| in the first stage and is
|log c| in the second stage. These choices of thresholds make
sure that the number of time steps taken in the first stage (when
the cost c is small) is large but is small relative to that in the
second stage.

The motivation of our proposed test 05 (c) is simple: instead
of jointly optimizing the sensor and fusion center policies,
which is an extremely difficult problem, we divide the opti-
mization problem into two stages: the first stage is used to
optimize the policies at the sensors, and then the second stage
uses the “optimal” sensor policies to develop optimal policy at
the fusion center. Similar ideas have been applied in sequential
experiment design, see, for example, [1], [6].

In our proposed test dp(c), each sensor uses what we call
a tandem quantizer. A tandem quantizer is a sequence of
two stationary quantizers with almost one switch from one
quantizer to the other. On the one hand, as we will see in the
next section, stationary quantizers at sensors will not lead to
asymptotically optimal Bayes solutions in the cases specified
in (6) or (7) except in some extreme situations. In other words,
sensor quantizers generally need to be changed over time in
order to develop asymptotically Bayes decision rules. On the
other hand, in the Bayes solution derived in [22] for the case
specified in (6), the sensor quantizers need to be updated at
each time step. This precludes the use of Bayes solution in
practice. In fact, it is nontrivial to do numerical simulations for



the Bayes solution due to its high frequencies of switches on
sensor quantizers. Hence, from the viewpoint of the number of
switches, a tandem quantizer is the simplest possible candidate
to construct asymptotically Bayes rules.

B. Asymptotic Optimality

We need to first establish asymptotic lower bounds on the
Bayes risk R.(4) in (8) for any decentralized tests in the
system with limited local memory. Of course the lower bounds
in Theorem 1 still hold in the system in the limited local
memory. Unfortunately, they are too crude in the system with
limited local memory, although the previous section showed
that they are sharp in the system with full local memory.
The following theorem, whose proof is highly nontrivial and
included in the Appendix, is of fundamental importance for
proving asymptotic optimality in the system with limited local
memory.

Theorem 4: Assume Vp, (gk, fi), defined in (10), and
Vb, (fks gr), defined similarly by switching the role of fj and
gk, are finite for all 1 < k < K. Then for any tests ¢ in the
system with limited local memory, if R.(§) < Mc|logc| for
some constant M, then

Re(8) 2 (14 o(1))ellogel (7 + 7).

where Ip and Jp are defined in (11).

Next, we study the asymptotic performance of our proposed
test 05 (c) for small values of c. As in the previous section, we
need to estimate the probabilities of making incorrect decision
when dp(c) is used and the asymptotic performances of the
number of time steps required by dp(c) to make decisions.
The following theorem, whose proof is in the Appendix,
summarizes the asymptotic properties of our proposed test
dp(c) in the system with limited local memory.

Theorem 5: For any 0 < ¢ < 1, the probabilities that our
proposed test d5(c) makes incorrect decision satisfy

Po{reject Hy} <c¢ and P{rejects H1} < c. (27)

Moreover, if we let M. denote the number of time step
required by dp(c) to make decisions, then as ¢ — 0,

Eo(M.) < (14o0(1))|loge|/ID,

< (28)
E((M) < (1+o0(1))|logel/Jp,

where Ip and Jp are defined in (11).

Now we are in a position to show that our proposed test
dp(c) is asymptotically optimal in the system with limited
local memory.

Theorem 6: Under the assumption of finiteness of
VDk (gk’,fk) and VDk (fkygk) for all 1 S k S I(7 {53(6)} is
asymptotically Bayes in the system with full local memory,
ie., lim.oR(05(c))/Re(dp(c)) = 1 where d5(c) is a
Bayes solution in the system with full local memory when ¢
is the cost per time step for decision making.

Proof: The proof follows the same lines as that of
Theorem 3, using Theorems 4 and 5 for the system with
limited local memory. O

Remark 6: The Bayes test 05(c) in the case specified in
(6) was actually found in [22], however, its performance is
sensitive to the error in estimating the value of 7, the prior
probability of Hy. On the contrary, our proposed test dp(c)
uses tandem quantizers or two stages to adaptively adjust itself
and does not depend on the prior probability 7.

In addition, it has been a long standing open problem to
study the asymptotic properties of the Bayes test 65(c) in the
literature, see [21], [22]. Our theorems provide an asymptotic
approximation to its performance. To see this, Theorem 5
implies that

. Re(0p(c)) = 1-—m7
1 _— < — .
H?félp clloge|] ~ Ip * Jp

Then by Theorems 4 and 6, we have
Re(05(c)) = (14 0(1))Re(d5(c))

= (1+o(1))c|log ¢| (% + 1J_D7T)

as ¢ — 0. Moreover, if we denote by T (c) the stopping time
(the time step taken for decision) of the Bayes solution 65 (c),
then the proof of Theorem 4 shows that

Eo(Tg(c)) = (1+o(1))|logc|/Ip,
Ei(Tg(c)) = (1+o0(1))|logcl/Jp,

V. STATIONARY SENSOR MESSAGES

In the system with limited local memory, an interesting
open problem raised in [22] is to investigate the asymptotic
optimality properties of tests with stationary sensor message
functions, i.e., tests whose sensor message functions ¢y, =
¢ do not change over time n. Tests with stationary sensor
message functions are attractive in both theory and application
due to their simple structures. The main purpose in this section
is to provide a negative answer to this open problem and also
to develop asymptotic optimality theory within the classes of
tests with stationary sensor messages.

For tests with stationary sensor message functions, a key
observation is that since the sensor message functions are
fixed, the sensor messages U,, = (Ui, --,Uk,) are i.i.d.
vectors (conditional on each hypothesis) and the fusion center
is faced with a classical sequential hypothesis testing problem.
Hence for stationary sensor message functions, the optimal
decision policy at the fusion center is an SPRT based on
i.i.d sensor message vectors U,, = (Ui, -+, Uk y,). For this
reason, to find optimal sequential tests with stationary sensor
message functions, it is sufficient for us to focus on those with
an SPRT used at the fusion center.

Suppose a stationary sensor message function ¢j is used
at sensor Sj, for 1 < k < K, and denote by fs; and
9o,k the distribution induced on Uy, = ¢5(Xy,n) when the
distribution of X}, ,, is f; and gy, respectively. To abuse the
notation, define two new information numbers

K
I(fs,96) = Y _I(fok9ok):

k=1



K

I(gg: fo) = D _T(Goks forr): (29)
k=1

These two information numbers are nothing but the relative

entropy of the sensor message vector U,, = (U1, -, Uk n)

with stationary sensor message functions.

Given that a stationary sensor message function ¢y, is used
at sensor Sy, for 1 <k < K, let ¢ = (¢1,- -+, dx ) and denote
by d,(c) the sequential test where an optimal SPRT policy is
used at the fusion center so as to minimize the Bayes risk R.
in (8). By the classical results on SPRT, we have

T 1—m
Re(dg(c)) ~ 10gc|(1(f¢7g¢) * I(gqa,faﬁ))’

as ¢ — 0. Note that I(fy4, 94) < Ip and I(g4, f3) < Jp, and
at least one of the inequalities is strict for stationary sensor
message function ¢, except when ¢ is a one-to-one function,
i.e, when the sensor observations X}, ,,’s are random variables
chosen from a finite alphabet of size Dy for all k. Thus, by
Theorems 4 - 6, we have

(30)

Corollary 2: Under the conditions of Theorem 6, for any
stationary sensor message ¢ that is not one-to-one, dg4(c) is
asymptotically suboptimal in the case specified in (6) or (7)
in the system with limited local memory, except in the extreme
situation where m = 0 or 1 and where no testing is necessary
since we can decide in favor of H; when m = 0 and in favor
of Hy for m = 1, without taking any observations.

Remark 7: Using the fact that Ip < I;,; and Jp < Jiot,
it is evident that any test with stationary message function ¢
is also asymptotically suboptimal in the system with full local
memory, except when ¢ is one-to-one or when m = 0 or 1.

While stationary sensor message functions generally lead to
a suboptimal test in the system with limited local memory, it
is reasonable to ask which is the “optimal” stationary sensor
message function that leads to “optimal” tests among all
SPRTs with stationary sensor message functions. By (30), for
an SPRT d4(c) with stationary sensor message function ¢,
minimizing the Bayes risk in (8) is equivalent to minimizing

T 1—m
I(fs:96) 194, fo)

Thus we may use this minimization to define the “optimal”
stationary sensor message function ¢. Unfortunately, by this
definition, the optimal choice of ¢ will depend heavily on the
value of 7, the prior probability of the null hypothesis. This
may be undesirable in practice since different researchers may
have different opinions on the value of .

To overcome this problem, we will use a minimax formula-
tion to define an “optimal” choice of stationary sensor message
¢. As a motivation, for a sequential test d,(c) with stationary
sensor message ¢, one can define its asymptotic efficiency as

Re(6en(c))
Re(dg(c))
where §*

* n(c) is the Bayes solution in the centralized version.
Thus, it is reasonable to define the efficiency of stationary

sensor message functions ¢ by

[Rc(&;n(c))]
Re(dp(c) 1

Note that e(¢) can be thought of as a measure which reflects
the performance efficiency of using quantized sensor observa-
tion with respect to raw sensor observations.

By (16) and (30), we have

C i 7/ Lot + (1 =)/ Jtot
e(®) = 0<r<1 [W/I(fdngqﬁ) + (1 =m)/1(ge f(za)]

A simple algebraic calculation shows that the efficiency of
stationary sensor message functions ¢ is

Itot ’ Jtot ’

where I;; and Jyo are defined in (12), and I(fy,gs) and
I(gy, fp) are defined in (29).

A minimax formulation for the “optimal” choices of sensor
message functions ¢ is then to seek ¢ which maximizes the
efficiency e(¢) in (31). While the problem of finding the
“optimal” quantizer seems to be of interest on its own in the
information theory literature, to the best of our knowledge, a
minimax formulation like ours has not been proposed so far.

Note that in the definition of e(¢) in (31), It and J,: can
be replaced by Ip and Jp, respectively. This new definition
corresponds to the situation where the benchmark test is
the Bayes solution in the system with limited local memory
instead of the Bayes solution in the centralized version. Both
definitions are useful, and either one can be used in the
following arguments.

To further understand the ideas behind our minimax formu-
lation, it is helpful to consider a concrete example. For that
purpose, in the reminder of this section, we will focus only on
the system with a single sensor and binary sensor message, i.e.,
L = 1and D; = 2, where the sensor observations are normally
distributed. But we want to emphasize that our arguments can
be easily extended to a general setting.

In a system with a single sensor, suppose Xi, Xo,--- are
independent normal random variable with unknown mean p
and variance 1, and we are interested in testing the null
hypothesis Hy : ¢ = —6 against the alternative hypothesis
Hy : p = 0 for some 6 > 0. Assume we need to quantize
the data X’s because of data compression and limitations of
channel bandwidth, i.e., Y, = o\(X,,) = I[(X, > A) for
some constant A, where I(A) is the indicator function of the
set A. Then based on the quantized data Y7, Y5, .-, we want
to decide which of Hy and H; is true. The problem is how to
choose the best quantizer, i.e., how to choose the best value
A

Intuitively one would like to define Y,, = I(X,, > 0), i.e.,
A = 0 by the symmetry argument. However, our results imply
the answer might depend on what we mean by “best,” or more
precisely, what is a prior probability 7 of the null hypothesis.

To simplify our notation in the following discussion, define

h(a,b) = alog(a/b) + (1 — a)log((1 —a)/(1 = b)),

e = min liminf
(¢) 0<n<1l ¢—0

e($) = min ( 31)

(32)



and

ho(A) = B(®(A+ ), B(A — 0)), 33)

where ®(-) is the distribution function of the standard normal
distribution. Now if the prior probability = = 0, then the “best”
quantizer is determined by the value of A which maximizes
(gsns fss) = h(D(=A + 6),®(=A — 0)) = hy(~A). In
other words, if one strongly believes H; is true, then one
will want to maximize the information contained in Y (in
the sense of Kullback-Leibler information number) when the
true underlying model is H;. Similarly, if # = 1, then
the “best” quantizer is determined by the value of A which
maximizes I(fy,, gp,) = h(P(—A—0), B(—A+0)) = ho(N).
Here we used the facts that h(a,b) = h(1 —a,1 — b) and
®(u) + ®(—u) = 1. That is, if one strongly believes Hy is
true, then one will want to maximize information contained in
Y when the true underlying model is Hj.

For 1 = 1, numerical calculations show that the best values
of A in binary sensor quantizer U;, = I(X;, > A) are
0.6008, —0.6008 when m = 0, 1, respectively. For any other
values of © € (0,1), numerical calculations seem to suggest
that the optimal choice of A decreases from 0.6008 to —0.6008
as 7 increases from O to 1. In particular, if 7 = 1/2, then the
corresponding optimal value is A = 0.

Our minimax formulation tackles the optimal stationary
binary quantizer in this example from a different viewpoint
in the sense that we want Y to contain reasonably rich
information under both Hy and H;. Note that for a quantizer
dA(X) = I(X > N), the efficiency e(¢,) in (31) becomes

o = M 1)

where hg(A) is defined in (33). By Theorem 7 below, for a
given 6 > 0, e(¢,) is maximized at A = 0, and thus the
best binary sensor quantizer under our minimax formulation
is Uy, = I(X;,, > 0), which is consistent with our intuition.

It is worth emphasizing that while our minimax formu-
lation and the Bayes formulation with 7 = 1/2 lead to
the same optimal stationary sensor message functions for
normal distributions, they may lead to different answers for
other distributions. For instance, if X7, X5, --- are i.i.d. with
exponential density function fp(z) = §exp(—6x) for z > 0,
and we want to test Hy : = 1/2 against Hy : @ = 2. Then
the best choices of A in stationary quantizer Y = I(X > \)
are 2.3088 and 1.3949 under our minimax formulation and the
Bayes formulation with = = 1/2, respectively. The difference
mainly arises from the asymmetric properties of Kullback-
Leibler information numbers, i.e., I(g, f) # I(f, g). From our
point of view, our minimax formulation is more reasonable
than the Bayes formulation (with 7 = 1/2) as ours takes into
account the difference in information contained in the raw data
X’s under Hy and H;.

To complete this section, we will state the following theo-
rem, whose proof is in the Appendix.

Theorem 7: For given § > 0, min(hg(A), ho(—A)) is max-
imized at A = 0, where hy()) is defined in (33).

VI. EXAMPLE

The main goal of this section is to illustrate our theoret-
ical results in previous sections through a specific example.
Detailed numerical and simulation results will be presented
elsewhere.

Suppose there are K sensors with each sensor sending
binary message to the fusion center, i.e., Dy = 2. Assume
that the observations at sensor Sy are i.i.d. normal random
variables with mean 0 and variance a,% under Hy and with
mean py, and variance o7 under H;. An interesting application
of this model, as mentioned in [18], is to use K geographically
separated sensors to detect a deterministic signal (or target),
which is contaminated by additive white Gaussian noise at
each sensor.

Denote by py = p3/(207%) the signal-to-noise ratio (SNR)
at sensor S, and by

K K
p=> pp=Y up/(207)
k=1 k=1

the signal-to-noise ratio (SNR) at the fusion center in the
centralized version of this example.

First, in the system with full local memory specified in (1)
and (2), if we assume each sensor is also allowed to be silent
to indicate that it has not reached any local decision, then
our proposed test d4(c) is well-defined and is asymptotically
Bayes. Alternatively, we can use the test defined in Remark 1
for binary sensor messages. It is easy to show that I;,; =
Jiot = p, and by Theorems 1 - 3, the Bayes risk of our
proposed test d4(c) satisfies

Re(da(c)) ~ Re(04(c)) ~ Re(0gen(c)) ~ cllogcl/p

as ¢ — 0, where 0% (c) and 7., (c) are Bayes solution in the
system with full local memory and in the centralized version,
respectively. Here and everywhere below z. ~ y. as ¢ — 0
means that lim._o(z./y.) = 1.

Next, in the system with limited local memory, Theorem
2 and Corollary 2 in [11] show that both Vp, (fx,gx) and
Vb, (g, fx) are finite if f; and gj are Gaussian distributions.
Thus the sufficient conditions in Theorems 4 and 6 holds, and
our proposed test d5(c) is asymptotically Bayes in the system
with limited local memory. Note that

(34)

(35)

K
Ip=Jp = ng\ph(@()\ — pe/ok), ®(N)),
k=1
and h(a,b) is defined in (32). Moreover, by Proposition 2 in
[11], if the SNR p;’s are small at all sensors, then

2 2
D =D =P el

Therefore, in the system with limited local memory in the case
specified in (6) or (7), if all SNRs at local sensors are small,
then the Bayes risks of our proposed test d5(c) and the Bayes
solution 75 (c) satisfy

Re(05(c)) ~ Re(0p(c)) ~ 1.57c[logc|/p, (36)

as ¢ — 0.



Finally, at sensor Sy, by linear transformation and Theorem
7, it is easy to show that the optimal binary stationary sensor
messages under our minimax formulation is ¢y (z) = I(x >
tk/2), which is consistent with our intuition. When this
optimal binary stationary quantizer is used at sensor Sy for
all k, the information numbers defined in (29) in this example
become

K
1(fs,96) = 1(fs,90) = Zh(‘l’( 2%)7

k=1
and h(a, b) is defined in (32). Using Taylor expansions of ®(x)
and h(a,b), it is straightforward to show that
I 1 1
i LUegs) _ 1
p 77

2(5)).

3.14°

Therefore, if the SNRs p;’s are small at all sensors, then the
Bayes risks of the test d4(c) with binary stationary quantizer
satisfy

maxy pr—0

R.(34(c)) ~ 3.14¢|log c|/p, 37)

as ¢ — 0.

A comparison of (35)-(37) leads to the following interesting
comments. Let us choose the SPRT with the optimal binary
stationary quantizer as the baseline decentralized sequential
test, and denote by R, the corresponding Bayes risk. Then
the Bayes solutions in the system with full and limited local
memory will asymptotically reduce the Bayes risk to Ry/3.14
and Ry/2, respectively. Moreover, as demonstrated by our
proposed test dz(c) in the system with limited local memory,
a one-shot one-bit feedback from the fusion center to sensors
can reduce the asymptotic risk of decentralized sequential tests
by half, but more feedbacks will not improve the asymptotic
performance further in the system with limited local memory.
Finally, without any feedback from the fusion center, a test
in the system with full local memory can achieve the same
asymptotic performance as the optimal centralized test.

VII. CONCLUSIONS

We have studied a decentralized extension of sequential
hypothesis testing problems in two different scenarios of
sensor networks under a Bayes formulation. In the system
with full local memory, we have developed the first of asymp-
totically optimal decentralized sequential tests. It fact, our
proposed decentralized tests have the same asymptotic first-
order performances as the optimal centralized tests, although
it may perform poorly in some nonasymptotic settings due
to the slow convergence rate. In the system with limited
local memory, we have used the idea of tandem quantizers
to offer decentralized sequential tests which are simple but
asymptotically Bayes, and addressed a long-standing open
problem on the asymptotic performance of the Bayes solu-
tion. We also clarified issues involving the optimal stationary
sensor quantizers, and proposed a minimax formulation under
which the optimal stationary quantizer is consistent with our
intuition. It is interesting to note that the feedback from the
fusion center does not improve asymptotic performance in the
system with full local memory, but does so in the system with
limited local memory, even with one-bit one-shot feedback.

There are a number of interesting problems which have
not been addressed here. In practice, one may be interested
in testing multiple hypotheses as in [5], [8]. The results
developed here are for the binary hypothesis testing problems,
but they provide benchmarks and ideas for the development
of tests in multiple hypothesis testing problems. It is also
of interest to study the system where the observations at
the different sensors may be dependent. Moreover, while the
tests developed are asymptotically optimal, they may perform
poorly in some practical situations, especially in the system
with large number of sensors, because of the slow asymptotic
convergence. Thus finding fairly simple decentralized tests
which are not only asymptotically optimal, but have good
performance for practical values, will undoubtedly be of great
importance. The ideas of tandem quantizers, or more generally
quantized feedback, will provide a powerful tool to tackle
these problems. Therefore, this article is just the beginning
of further investigation.
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APPENDIX
PROOF OF THEOREMS AND LEMMAS

A. Proof of Theorem 1

The main tool is a lower bound on the sample size N of
a test with Type I and II error probabilities « and 3. By the
well-known Wald’s inequality [17], [24], for any (sequential
or fixed-sample) test with Type I and II error probabilities «
and (3, its sampling size IV satisfy

> [(1 - a)log ==~

> (1 a)log -2

Eo(N)

ﬁ —|—a10g ]/Itot,

ﬁ 1 ]/']fofa

where I;,; and Ji,; are defined in (12). As both « and 3 go
to 0, these inequalities become

Eo(N) = (1 +0(1))[log B/ 1ot
E1(N) = (1 +o(1))[log o/ Jior-

Based on these inequalities, Chernoff [4] presented the
following elegant proof of the theorem. Suppose a family of
tests {J.} satisfies R.(0.) < Mc|logc| for some constant
M > 0. Denote by o, and 3. Type I and II error probabilities
of d.. By the definition of R.(d.) in (8) and the assumption
that R.(6.) < Mc|logc|, we have a,. < Mc|loge|/(mWy)
and 5. < Mc|logc|/((1 —m)W1). By (38), the stopping time

7. of the test . satisfies

(1+ o{1))| og el T
© (14 o1y B logel)/((1 )W)

)
If,ot

E;(N) + alog ——

(38)

EO (Tc) 2

\%



which is simply (1 + o(1))|logc|/Itot, as ¢ — 0, due to the
fact

| log(c|log c|)| = [log ¢ +log|log c|| = (1 4 o(1))|log c].
Similarly
| log |

Jtot .
Now using the definition of R.(J) in (8) again, for any test,

the cost of time step taken for decision is only portion of the
total expected cost or Bayes risk. Thus,

Ei(7c) = (14 0(1))

Rc((;c) Z C[’/TEO(TC) + (1 - ’/T)El(TC)]
T 1—m
> (14 o0(1))clloge|{ — + .
(1-+ o(D)ellog el (7 + =7 )
Hence the theorem holds. O

B.  Proof of Theorem 2

Note that the stopping time T'(c) of our proposed test 64 (c)
can be written as 7'(¢) = min(Tp(c), T1(c)), where

To(c) = inf {n: Ly, < —ri|logc| for all k}, (39)

and

Ti(c) =inf {n: Ly, > pi|logc| for all k}. (40)

For our proposed test d4(c), when stopping taking observa-
tions, the fusion center will accept Hy if T'(c) = Ty(c), and
will accept H, if T'(¢) = Ti(c). Equivalently, our proposed
test 04(c) rejects Hy if and only if T3 (c) < Tp(c). Hence,

Po{da(c) rejects Hy} = Po(Ti(c) < Tp(c))
< Po(Tl(C) < OO)

For any stopping time 7, using Wald’s likelihood ratio identity
[17], [24], we have

Po(T < 00) = Ej exp(—

Z Lk T < OO

where Ly, ,, is the log-likelihood ratio at sensor .Sy defined
in (17). By definition, for the stopping time 7 = Tj(c), we
have Ly . > pi|loge| fork=1,2,---, K, and Zszl pr = 1.

Thus
K
Po(Ti(c) < o0) < Ejexp(— Zpk| log c|;
k=1
Ti(c) < 00)
— Ea(exp(~|logel; Ti(c) < o)
< exp(—|loge]) = ¢

since 0 < ¢ < 1. This proves the first inequality in (21). The
second inequality in (21) can be proved similarly.

Now we will study the properties of the stopping time T (¢)
of our proposed test d4(c). It suffices to prove the second
inequality in (22), as the proof of the first inequality in (22)
is identical. To accomplish this, for 1 < k& < K, let

. . g (Xk.i)
N = inf {n >1: Zlogi’ > pk\logc|},
7 fe(Xki)

and
Nk+71
9r(Xk,i)
Tk,(Nk):sup{nz 1: logi <O}
._;:Jrl f (Xk?ﬂ,)
i=Ng
For simplicity, denote 7, = 74(0). It is well-known (e.g.,

Theorem D in [6]) that for any 1 < k < K,

Ei(m) < o0 41)

since log (g (X)/fx(X)) has positive mean and finite vari-
ance under P; by Assumption (A2).

By definition of N}, and 75, (N},), the stopping time 7'(c) of
our proposed test d4(c) satisfies

T, <

1g}§l<x (Nk—FTk(Nk)—Fl)
K
< N, N, 1.
S 1g}ca§XK k+;7k( k)"‘

Now since Xj 1, Xj2,... are iid. under P;, we have

E;(7:(Ng)) = Eq(7%), and thus
K
Ei(T.) < Ei( max Ni) + ; E;(r) + 1. (42)
By renewal theory and Assumption (A2), under Py,
I
E, (V) = | ;’g(”' +0(1) and Vari(Ny) = O(|logel),
tot
as ¢ — 0, see [16] and [17, p. 171]. Hence,
logc| .2 logc
Jtot Jtot
loge
= Varl(Nk) + (ElNk — ‘Jig‘)Q
tot
= O(|logc|),
and so n |
oge
B[Ny — =29 = 0(y/]log d]).
Thus
_ |log (| | log c|
= lg}faSXK N = Jtot B 1I<r}‘~‘a<XK (Nk - Jtot ) 1
\log c| |10g c|
< E;|Ng +1
Jtot Z | |
|log ¢|
= Wi

Combining this with relations (41) and (42) yields the first
inequality in (22), completing the proof of the theorem.  [J

C. Proof of Theorem 4

The proof follows the same lines as that of Theorem 1.
Assume a family of sequential tests {d.} in the system with
limited local memory satisfies R.(d.) < M(c|logc|) for some
constant M > 0. Then the definition of R.(d.) in (8) implies
that Type I and II error probabilities of the tests J. satisfy
with a < Mec|logc|/(mWy) and 5 < Mc|loge|/((1—m)Wr).
Now by a new lower bound established in Lemma 1 (below)



for tests in the system with limited local memory, the stopping
times 7. of the tests . satisfy

o(1))
| log ¢|

= (o) E

as ¢ — 0. Similarly, switching the role of f;, and gx, we have
| log ¢|

Bo(re) > (1+ o(1))

Then by the definition of R.(d) in (8), for any test, the cost
of time step taken for decision is only portion of the total
expected cost or Bayes risk. Thus,

RC((SC) 2 C[’/TE()(’TC) + (1 — ’/T)El(’TC)]

T 1—m
> (14 0(1))c|log¢] (E + s ),
and the theorem holds.

To complete the proof, we need to prove the following
lemma which establishes asymptotic lower bounds on the time
steps taken for decision making by a (sequential or fixed
sample size) test in the system with limited local memory.

| log(Mc|log c|/(Wo))|

E(r.) > (1
1(re) = 1+ 7o

Lemma 1: Assume Vp, (gk, fx), defined in (10), is finite
for all 1 < k£ < K. Denote by 7 the stopping time (number of
time step for decision making) of a test § in the system with
limited local memory satisfying

Po(reject Hp) <, Py(reject Hy) < S, (43)
where 0 < «, 8 < 1. Then as («, 3) — (0,0),
By (7) > (1+o(1)) 22! @)

Jp
where Jp is defined in (11). Moreover, if Vp, (fx, gx) is also
finite for all 1 < k < K, then

Eo(7) 2 (1+0(1))

where Ip is defined in (11).

| log 3]
In

(45)

Proof: We only need to prove that (44) holds since the
proof of (45) is identical. For a test § satisfying (43), if
Ei1(7) = oo, then it is obvious that (44) holds. Thus it is
suffices to show (44) holds if E1(7) < co.

Given the overwhelming difficulty of directly studying
the hypothesis testing problem in the system with limited
local memory, we need to prove the lemma by considering
the corresponding “open-ended” hypothesis testing problems,
developed by Robbins [13] and Robbins and Siegmund [14],
[15]. For a decentralized test § in the system with limited local
memory satisfying (43), relation (44) will be proved through
studying the properties of an open-ended test constructed from
the test 4.

The motivation of the open-ended hypothesis testing prob-
lem is as follows. Assume that if Hj is true, sampling costs
nothing and the preferred action at the fusion center is just
to take observations without stopping. On the other hand, if
H, is true, each time step for decision making costs a fixed

amount and the fusion center should stop taking observations
as soon as possible and reject the null hypothesis Hy.

Since there is only terminal decision in an open-ended
hypothesis testing problem, the policy at the fusion center is
a stopping time N. The null hypothesis H is rejected if and
only if N < oo.

Before we continue to prove the lemma, it is useful to
mention two different viewpoints of open-ended hypothesis
testing problems. In the above-mentioned motivation of open-
ended hypothesis testing problems, the cost for each time
step under the hypothesis Hj is different than that under the
alternative hypothesis H;, whereas these costs are the same
(or at least the same order) in the standard formulation of
hypothesis testing problems. An alternative viewpoint is to
think of open-ended hypothesis testing problems as standard
hypothesis testing problems in which the tests are required to
satisfy the constraint in (43) with 8 = 0. For that reason, an
open-ended test is also called “power-one” test in the literature.

Now let us go back to the proof of relation (44) for a test §
satisfying (43). The key idea is to use the stopping time 7 of
the test § to construct an open-ended test in the system with
limited local memory.

For that purpose, let a = |loga| and we need to first
define a pre-specified open-ended test M (a) in the system
with limited local memory as follows. Each sensor uses the
optimal MLRQ ¢y, :

Uk,n = 01(Xk,n) = d if and only if
Apa < < 9(Xkn)
T fe(Xkn)

where 0 = Apo < A1 < -0 < Agp—1 < Agp, = ©
are optimally chosen in the sense that the Kullback-Leibler
information number (g, x, f, k) achieves the supremum
Ip, (9k; frx). Here f, 1 and g, are the probability mass
function induced on Uy, when the observations Xy , are
distributed as f;, and g, respectively.

Based on the independent, identically distributed observa-
tions U,, = (U1 p,...,Uk,), the fusion center then uses the
one-sided SPRT with log-likelihood ratio boundary a, i.e., the
fusion center stops taking observations at time

< Akyd+1s

M(a) = first n such that (46)
Z (Z log Ie.+(Ur.i) ) > a,
i=1 = 'ﬁp k
(and M (a) = oo if such n does not exist), and rejects the

null hypothesis Hy whenever stopping taking observations. It
is evident that the stopping time M (a) defines an open-ended
test in the system with limited local memory. By classical
results on SPRT, see Equations (8.3) and (8.4) of Siegmund
[17], using the fact that a = log |«|, we have

Py (M(a) < oo) <a, and 47)

E1(M(a)) = [logal|/Jp + O(1),
where Jp is defined in (11).

Now for an arbitrary test ¢ in the system with limited local
memory satisfying (43), we can construct the corresponding



open-ended test by combining its stopping time 7 with our
pre-specified stopping time M (a). Specifically, define a new
stopping time 75 by

if § accepts H;
if § accepts Hy

N

o= { T+ M1 ’

where M; is the stopping time obtained by applying M (a),
defined in (46) with a = |log«/, to all sensors observations
from time 7 on, i.e., Xk r41,Xpr42,... for 1 < kK < K.
Then the new stopping time 7s; defines an open-ended test
which will declare that the null hypothesis H; is true if and
only if 75 is finite.

By definition, the open-ended test 75 is a test in the system
with limited local memory since it is the combination of
two tests, d and M(a), in the system with limited local
memory. Note that if Hy is true, both 7 and M; will stop
with probability 1, and hence 7 will also stop with probability
1 under H;. In other words, if H; is true, then 75 will stop and
reject the null hypothesis Hy with probability 1. This suggests
that 75 indeed is an open-ended test in the system with limited
local memory.

Now we need to study the properties of our new open-ended
test 75. Because M; is independent of 7, and as a copy of
M (a), M; also satisfies (47), we have

Py (%5 < oo) < Py (5 accept H1>

+ Py (Ml < 00; § accepts Ho)
04+P0(M1 < oo) < 2a,

IN

and

E;(r; ¢ accepts Hy) +

+ E1 (7 + My; & accepts Hp)
E(7) + E1(M1)Py (6 accepts Ho)
< Ei(7) + 8 Ei(M)

= B+ s(HEL o).

Meanwhile, using lemma 2 below, for any open-ended test NV
in the system with limited local memory satisfying

Po(N < 0) < ay(< 1), (48)
we have
B(V) 2 (14 0(1)) B 1, )

where o(1) — 0 uniformly as a3 — 0. In particular, this is
true for N = 75, our open-ended tests constructed from the
test 6. Combining the above three inequalities yields

Bir) 2 (o) B g (R0l o))
= aroapleEe,

where as (a,3) — (0,0), the term o(1) — 0 and does
not depend on 7. Relation (44) follows at once from the
arbitrariness of the test  and its corresponding stopping time
7, and thus Lemma 1 holds. |

To complete the proof of Lemma 1, we need to prove the
following results for the open-ended tests, i.e., tests defined by

a stopping time 7 that stop taking observations only to reject
H 0-

Lemma 2: Under the assumption of Lemma 1, for any
stopping time 7 in the system with limited local memory
satisfying P (N < o0) < ay(< 1), relation (48) implies (49).

Proof: A key idea in the proof of this lemma is to use
conditional log-likelihood ratios to construct a martingale, and
the proof follows the same argument as in Theorem 1 of [11].
Note that in the system with limited local memory, we can
rewrite

Uk.n = 0rn(Xkn)s

where ¢y, may depend on &,_;, all past sensor mes-
sages defined in (3). Denote by f7 ~and gf, respec-
tively the conditional density induced on Uy, given &,_;
when the density of Xy, is f; and g¢;. Denote by
Zy.n the conditional log-likelihood ratio function of Uy p,

108( (98, Un)/ 1 (Ukn))-

Since Xy,,---,Xk, are independent, so are
Uin,---,Ukyn given &,_1. Thus in the fusion center,
the conditional log-likelihood ratio of (Ui ,,,---, Uk ) given
En_1is Z,, = Zszl Zyn- By Theorem 1 (or Theorem 3)
in Lai [8] (also see Theorem 1 of Lai [7]), to prove (49), it
suffices to show that for any ¢ > 0,

hmsupPl{maXZZ >Ip(1+d)n } 0. (50)

n—oo

By the definition of Ip, (g%, fx),

K K
= ZEl(Zk,i) < ZIDk (g, fx) = Ip,

k=1 k=1
thus the left-hand size of (50) is less than or equal to
t K

hrrln_?olipPl{ maX; Z:l (Zk. i — BE1(Zy, 1)) > ID(Sn}
< thjup P1{ maxz (Z;€ i — Eq1(Zy, z)) > 51”};

where §; = Ipd/K.
Note that Y. | (Zy,; — E1(Zy,)) is a martingale. Doob’s
submartingale inequality (Theorem 14.6 of [25]) implies that

Pl{ I?gfzt: (Zk,i - E1<Zk,i)) > 5171}
="
i Zkz 2 2)

Note that for any i, E1(Zx:)*> < Vp, (g, fx) by definition,
and hence

{maxz (Zk i — E1(Zg Z)) > 51n} <

which implies (50) since Vp, (gx, fx) is finite. Relation (49)
follows. O

Vb, (9k, fx)
2n



D. Proof of Theorem 5

To prove the theorem, it is useful to think our proposed
test 0p(c) in the system with limited local memory as a
combination of two SPRTs with stationary MLRQ at sensors.
Denote by 5%1)(0) and (5?(0) the SPRT tests at the first and
second stage, respectively. Now at the first stage, §g) (c) is an
SPRT with log-likelihood ratio threshold values =+ log | log ¢/,
and by the classical results on SPRT, we have

1 1
Po(V =1) < . P(V=0)< ——
of )< |log ¢| i )< |log ¢|
and
Eo(MD) < log \Ilogﬂ B (M) < log \Jlogd’
1 1

where V is the decision of 6g) the preliminary

(o), ie.,
decision of our proposed test dp(c), Me M) s the time step
taken at the first stage, and [} = Zk 11(fs .k, 96%) and
Ji = S5 I(ggx, for) are Kullback-Leibler information
numbers of sensor messages corresponding to the stationary
MLRQ ¢x’s used in the first stage. By definition in (11), we
have Iy < Jp and J; < Ip.

At the second stage, note that 61(33) (¢) only uses the ob-
servations in the second stage to make decisions, and thus
conditional on the preliminary decision V, the SPRTs at two
stages, (5(31)(6) and 6532) (¢), are independent. Note that 5?(0)
is an SPRT with log-likelihood ratio threshold values +|log ¢/,
by the classical results for SPRT, we have

Po(ég) reject Hy|V) <, Pl(ég) reject H1]V) < ¢
regardless of the decision V' at the first stage. However, if we
denote by MC(Q) the time step taken at the second stage, i.e.,
M is the stopping time of 6532)(0), then the properties of
MC(Q) will depend on V. Specifically,

Eo(MP|V =0) <

(1+0(1))[logc|/Ip,
E (MP|V =0) < 1

(1+0(1))[log |/ J2,

where Ip and Jy are Kullback-Leibler information numbers
of sensor messages corresponding to optimal stationary ML-
RQs v%’s used at sensors, where the MLRQ 1), maximizes
I(fy,k, 9p,x) for all k. Similarly,

Eo(M?|V =1) < (14 0(1))|log ¢| /I,
Ei(MP|V =1) < (1+0(1))|logc|/Jp,

where I, and Jp are Kullback-Leibler information number
of sensor messages corresponding to optimal stationary ML-
RQs v;’s used at sensors, where the MLRQ 1, maximizes
I(gy .k, fox) for all k.

Now we are in a position to prove the theorem. Let us first
consider the error probabilities of our proposed test d(c). To
prove the first inequality in (27), note that the final decision

of dp(c) is just the decision of (59(0). Thus

Py (53(0) rejects H0>

( ¢) rejects Ho)
= Eg (Po §3
< Eg(e) =¢,

c) rejects H0|V))

where the second equality uses the conditional expectation on
V, and the third inequality uses the property of 5g)(c). The
second inequality in (27) can be proved similarly.

Next, let us consider the time ste M taken by our proposed
test d5(c). Observe that M, = M , where M
M? are time steps taken by s B ( ) at the ﬁrst stage and by
5533) (c) at the second stage, respectively. Hence,

Eo(M:) = Eo(MY)+Eo(MP)

= Eo(M{") +Eo(MP |V =1)Po(V =1)
+E (M2 |V = 0)Py(V = 0)

Applying the results for 5g)(c) and (555,2)(0), as ¢ — 0, we
have
log | log ¢|

I
I 1
|loge|

IN

Eo(M,) (1+0(1))

+(1+ o(1))

I, *Tlogd

I
1+ o) 1B g
Ip

— (14 o(rytesd,

Ip
This proved the first inequality in (28). The second inequality
in (28) can be proved similarly. Thus the theorem holds. [J

E. Proof of Theorem 7

To prove the theorem, by Lemma 7 below, for any given
6 > 0, hg(A) defined in (33) is a decreasing function of A €
[0,00). Thus

min(hg(A), ho(—=A)) < ha(|A]) < he(0),

with equality holding for A = 0. This shows that
min(hg(A), hg(—A)) is maximized at A = 0, and so the
theorem is proved.

To complete the proof, we need the following lemmas.

Lemma 3: Define
a(z) = (¢(2))* + z¢(x)®(x) —

Then a(x) <0 for all x € R.
Proof: Note that the first-order derivative of a(z) is

a(x) = 2(-2)¢(2)¢(x) + d(2)®(z) + z(—2¢(z))2(2)

)
Fr¢(z)p(r) — 2¢(z) P (x)
= —2(6(2))* - (2* + 1)¢(2) @ ().

(®(x))?.



On the one hand, if x > 0, it is easy to see a’(x) < 0. On the
other hand, if <0, let v = —z, then ¢(u) = ¢(—u) and

/ 2,2 u P(—u)

= 1 p—
@ () = 6@ + 0[5y - )
which is negative for all v > 0 by the well-known fact (e.g.,
proposition 14.8 on page 141 of [25]) that

D(—u) S 1w

du) “ut+l/u w21
Thus, a/(z) < 0 for all z € R, and so a(z) is a decreasing
function of x over R. Clearly, as x — —oo, both ¢(x) and
®(x) go to 0, and hence a(x) goes to 0. Therefore, a(z) < 0
for all x € R. O

¢(z)
@ ()

Lemma 4: The function b(x) =
function of x € R.
Proof: The lemma follows at once from the fact that

-+ z is an increasing

Hw) = — o)
(®(x))?
which is positive for all x € R by Lemma 3. O
Lemma 5: For all x € R,
o(x) _ o(x)
_ 2\ < .
B(—z) D) = max(0, 2z) (51)

Proof: If x < 0, then the conclusion is trivial since
®(—x) > ®(x). If x > 0, then the left-hand side of (51)
is equal to

(b(=x) + z) — (b(x) — =) = b(—z) — b(x) + 2,

which is less than 2z since Lemma 4 implies b(—z) < b(x)

for all x > 0. O
Lemma 6: Define
Az,y) = ¢(y)[log igi) — log z(:z)]
2(y)  2(-y)
~(a) [@ - q)(_x)] (52)

Then A(z,y) <0 for any y > max(x, —z).
Proof: A simple algebra calculation shows that

(w = o(y)B(z,y),

where

B(z,y) = —y[log igz; —log ié:iﬂ

oly) o)
O(y)2(-y) P(x)P(—x)
Now it is easy to show that
OB(z,y) ¢z I CO R (C))
Y Ypt Yo | R Yo R Yo &

which is positive for all y > max(z, —z) by Lemma 5. Since
B(y,y) = 0, we know B(z,y) < 0 for all y > max(x, —z).
Thus for each fixed z, A(xz,y) is a decreasing function of
y if y > max(x, —z). Hence, A(x,y) < A(z,|z|) for all
y > max(z, —z). To prove the lemma, it now suffices to
show that A(z,|z|) <0 for all z € R.

If z > 0, then it is easy to see that A(z, |z|) = A(z,z) = 0.
On the other hand, if z < 0, then A(z, |z|) = A(x, —x), which
can rewritten as

Az, —x) = ¢(z)[2logu — u + 1/u],

where
P(—z)

o(z)

since z < 0. Let w(u) = 2logu — u + 1/u, then

U = >1

w'(u) =2/u—1-1/u*=—(1-1/u)* <0.

Thus w(u) is a decreasing function of u, and for all u > 1,
w(u) < w(l) = 0. This shows that A(z,—z) < 0 for all
x < 0. Therefore, A(x,y) <0 for all y > max(z, —x). O

Lemma 7: For any 6 > 0, the function hy(A) defined in
(33) is a decreasing function of A € [0, 00).
Proof: By (32) and (33), it is straightforward to show that

B,
() = A —0,A+0),

where A(x,y) is defined in (52). Note that for any given 6 > 0,
A+0 > max(A—0,—(A—0)) for all A > 0. Applying Lemma
6, we have A(A — 0, A+ 0) <0 for all A > 0, i.e., the first-
order derivative of hg(A) (with respect to ) is negative for
A € [0, 00). Hence, the lemma is proved. O
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