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Abstract—Sequential problems in decentralized detection are
considered. One or more peripheral sensors can make repeated
noisy observations of a binary hypothesis on the state of the
environment. At each time, a peripheral sensor has to decide
whether to stop and send a final binary message to a coordinating
sensor/fusion center or to continue taking measurements. Every
time a peripheral sensor postpones its final message to the
coordinating sensor, it incurs a penalty. The coordinating sensor’s
operation is explored under two different scenarios. In the
first scenario, the coordinating sensor waits to receive the final
message from each of the peripheral sensors and then starts
taking measurements of its own. Every time the coordinating
sensor takes a measurement, it incurs a penalty/measurement
cost. The coordinating sensor is then faced with a stopping
problem on whether to stop and declare a decision on the
hypothesis or to continue taking measurements. In the second
scenario, the coordinating sensor starts taking measurements
from the beginning, without waiting for the final messages from
the peripheral sensors. It is then faced with a different stopping
problem. At any time, the coordinating sensor has to decide
whether to stop and declare a decision on the hypothesis or to
continue to take more measurements and wait for the peripheral
sensors to send their final message. Parametric characterization
of optimal policies for the peripheral and the coordinating sensors
are obtained under both scenarios. A sequential methodology for
finding the optimal policies is presented.

I. INTRODUCTION

Decentralized detection problems are motivated by appli-
cations in large scale decentralized systems such as sensor
networks and surveillance networks. In such networks, sensors
receive different information about the environment but share
a common objective, for example to detect the presence of
a target in a surveillance area or to detect the occurrence
of a fault in a power system. Sensors may be allowed to
communicate but they are constrained to exchange only a
limited amount of information because of energy constraints,
communication constraints, data storage and data processing
constraints etc.

Decentralized detection problems may be static or sequen-
tial. In static problems, sensors make a fixed number of
observations about a hypothesis on the state of the environment
which is modeled as a random variable H. Sensors may
transmit a single message (a quantized version of their obser-
vations) to a fusion center which makes a final decision on H.
Such problems have been extensively studied since their initial
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formulation in [1] (See the surveys in [2], [3] and references
therein). In most such formulations, it has been shown that
person-by-person optimal decision rules (as defined in [4])
for a binary hypothesis detection problem are characterized
by thresholds on the likelihood ratio (or equivalently on the
posterior belief on the hypothesis). Under certain conditions
such as large number of identical sensors, it has been shown
that it is optimal to use identical quantization rules at all
sensors ([5], [6]). A related information-theoretic formulation
with constraints on communication from a sensor to a fusion
center appears in [7].

In sequential problems, the number of observations taken
by the sensors is not fixed a priori. Two distinct scenarios
have been considered for sequential problems. In one scenario,
at each time instant local/peripheral sensors send a message
about their observations to a fusion center/coordinator. At each
time instant, the fusion center decides whether to receive more
messages (and incur more measurement costs) or to stop and
declare a decision on the hypothesis. Thus the fusion center is
faced with an optimal stopping problem whereas the peripheral
sensors are faced with a quantization problem. The case where
peripheral sensors can only use their current observation and
possibly all past transmissions of all sensors to decide what
message to send to the fusion center has been studied in [8].
Asymptotic results where the cost of taking a measurement
approaches zero or the probability of making a wrong decision
approaches zero have been found in the case when sensors
remember their past observations as well ([9], [10]).

A second scenario for sequential detection problems may
be motivated by situations where continuous communication
with a fusion center is too costly. For example, remote wireless
sensors with low energy budget may not be capable of continu-
ous communication with a fusion center. In this scenario, each
sensor locally decides when to stop taking more measurements
and only sends a final message to a fusion center. Each
sensor incurs an operational cost proportional to the number
of measurements it takes and/or a penalty for delaying its final
decision. Thus, in this scenario, each local/peripheral sensor
is faced with an optimal stopping problem. Several possible
cases can be considered in this scenario depending on what
the fusion center is allowed to do:

Case I: The fusion center waits to receive the final messages
from all sensors and then combines them according to a
fixed rule (say a majority rule) to produce a final decision
on the hypothesis. A version of this problem (called the
decentralized Wald problem) was formulated in [11] and it
was shown that at each time instant, optimal policies for
the peripheral sensors are described by two thresholds on
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Fig. 1. Decentralized Detection with N Peripheral Sensors sending their final
messages Zii at stopping time 7° to a Coordinating Sensor (SO) that makes
the final decision at stopping time 7

their posterior beliefs. The computation of these thresholds
requires solution of two coupled sets of dynamic programming
equations. Similar results were obtained in a continuous time
setting in [12].

Case II: After receiving the final messages from all the
sensors, the fusion center has the option to make observations
of its own. It is possible that the fusion center has some
uncertainty about the hypothesis after receiving all sensor
messages possibly because of conflicting messages from dif-
ferent sensors. In such a situation, the fusion center may
choose to make its own observations. The fusion center then
has a stopping problem - it has to decide when to stop
taking observations and what final decision to make. Like the
sensors, the fusion center also incurs a penalty for delaying
its final decision. A cost depending on the final decision on
the hypothesis and the true value of the hypothesis is incurred
in the end.

Case III: In a sensor network, the role of fusion center
may be performed by one of the sensors itself. In this case,
the fusion center (that is, the coordinating sensor) is making
observations of its own from the beginning and receiving final
messages from other sensors. Like the peripheral sensors, the
coordinating sensor has a stopping problem. At any time,
the coordinating sensor uses its own observations and the
messages it has received so far to make a decision on whether
to stop and declare a final decision on the hypothesis or
continue to take more observations and wait for messages from
other sensors that have not yet sent a final message. As in Case
II, each sensor (peripheral sensors and the coordinating sensor)
incurs a penalty for delaying its final message/decision, and a
cost depending on the coordinating sensor’s final decision on
the hypothesis and the true value of the hypothesis is incurred
in the end.

The problems formulated in this paper are motivated by the
scenarios in Cases II and III above. We first consider a simple
two sensor (a peripheral and a coordinating sensor) version of
the problems in Case II and Case III and obtain a parametric
characterization of optimal policies. We prove that at each

time instant, an optimal policy of the peripheral sensor is
characterized by at most 4 thresholds on its posterior belief on
the hypothesis; an optimal policy of the coordinating sensor is
characterized by 2 thresholds (on its own posterior belief) that
depend on the messages received from the peripheral sensor.
This characterization differs from the classical two threshold
characterization found in the centralized and the decentralized
Wald problems ([13], [11]). A fundamental feature of our
problems in contrast to the problems in Case I is that peripheral
sensors convey information to the coordinating sensor not
only by the choice of the final message but also through
the time at which this message is sent. Thus, at times when
the peripheral sensor chooses not to send a decision, it still
conveys information to the fusion center who observes that
the final message was not sent at this time. This feature is
the main conceptual reason for the difference between our
parametric characterizations and the classical two-threshold
characterization.

Our parametric characterization significantly reduces the
complexity of finding optimal strategies. Instead of optimizing
over the space of policies (which are functions from observa-
tions to actions), the optimization can be restricted to space
of thresholds. The computation of globally optimal thresholds
is still a difficult problem. We present a sequential methodol-
ogy that decomposes the overall optimization problem into
several smaller problems that may be solved to determine
the optimal thresholds at each time instant. We then extend
our results to the general problems with multiple peripheral
sensors described in Cases II and III. We show that qualitative
properties of the optimal policies of the peripheral sensors
and the coordinating sensor are the same as in the two-sensor
problem.

We also extend our parametric characterizations to infinite
horizon problems. We show by an example that the expected
stationarity of optimal policies in infinite horizon problems
with stationary observation statistics does not hold in our
decentralized framework.

The rest of the paper is organized as follows. In Sec-
tion II, we formulate two versions of our problem with two
observers/sensors (corresponding to Cases II and IITI). We
obtain qualitative results on the nature of optimal policies
for the two sensors in Sections III and IV. We present a
sequential methodology for computing optimal policies in
Section V. In Section VI, we extend our qualitative results
to infinite horizon analogues of our problem. A generalization
to more than binary communication alphabet is presented in
Section VII. We extend our results to multiple sensor (more
than 2) problems in section VIII. Finally, we conclude in
Section IX.

Notation: Throughout this paper, X;.; refers to the sequence
X1, Xo,..,X;. Subscripts are used as time index and the
superscripts are used as the index of the sensor. We use capital
letters to denote random variable and the corresponding lower
case letters for their realizations. P(-) denotes probability of
an event and IE(-) denotes expectation of a random variable;
for a collection of decision functions I', P''(-) and E'(-) are
used to indicate that the probability/expectation are defined for
the fixed choice of T'.
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Fig. 2. Decentralized Detection with two observers

II. PROBLEM FORMULATION
A. The Model

Consider a binary hypothesis problem where the true hy-
pothesis is modeled as a random variable H taking values 0
or 1 with known prior probabilities:

P(HZO):po; P(Hzl)zl—po

Consider two observers: Observer 1 (O1) and Observer 2 (02).
We assume that each observer can make noisy observations
of the true hypothesis. Conditioned on the hypothesis H, the
following statements are assumed to be true:
1. The observation of the i‘" observer at time ¢, (Y}) (tak-
ing values in the set V%), either has a discrete distribution
(P{(.|H)) or admits a probability density function (f{(.|H)).
2. Observations of the i*" observer at different time instants
are conditionally independent given H.
3. The observation sequences at the two observers are condi-
tionally independent given H.
Observer 1 observes the measurement process Y}, ¢t = 1,2, ....
At any time t, after having observed the sequence of obser-
vations Y7, observer 1 can decide either to stop and send a
binary message O or 1 to observer 2 or to postpone its decision
and get another measurement. Each time observer 1 postpones
its decision, a cost of ¢! is incurred. (The cost ¢! incorporates
the additional cost of taking a new measurement, the energy
cost of staying on for another time step and/or a penalty for
delaying the decision.) Note that observer 1 transmits only a
single final binary message (0 or 1) to observer 2.

The decision of observer 1 at time ¢ is based on the entire
sequence of observations till that time, in other words, observer
1 has perfect recall. Thus, we have that

Z} = (YY), (1)

where Z} is observer 1’s message at time ¢ to observer 2 and
vt is the decision-function used by O1 at time t. Z} belongs
to the set {0,1,b}, where we use b for blank message, that
is, no transmission. The sequence of functions 7} ,t = 1,2, ...,
constitutes the policy of observer 1. Let 7! be the stopping

time when observer sends a final message to observer 2, that
is,
™t =min{t: Z} € {0,1}} 2)
We allow two possibilities for the operation of observer 2.
Case A: In this case, observer 2 does not take any mea-
surements until it receives the final message from O1. After
receiving observer 1’s final message, observer 2 can decide
either to stop and declare a decision on the hypothesis or to
start taking measurements on its own. After observer 2 has
made k measurements (k = 1,2,...), it can decide to stop
and declare a final decision on the hypothesis or take a new
measurement. Each time observer 2 decides to take another
measurement it incurs a cost ¢>. Whenever observer 2 makes
a final decision U € {0,1} on the hypothesis, it incurs a cost
J(U, H). As in the case of observer 1, we assume observer 2
has perfect recall. Let U? € {0, 1, N} be the decision made by
observer 2 after receiving 7! messages (Z], ,) from observer
1 and subsequently making k observations (Y;?,) of its own,
(where we use N for a null decision, that is, a decision to
continue taking measurements). Thus,

Ulg = le%(YIQIw le:‘rl)’ (3)

for K = 0,1,2,.... (Note that after 7', the time index k
starts from O for O2 where £k = 0 means that O2 makes a
final decision without making any measurements of its own).
The message sequence Z11:71 is a sequence of 7' — 1 blank
messages followed by Zil = 0 or 1. The sequence of decision-
functions 7,3, k =0,1,2,... constitutes the policy of observer
2. We define 72 to be the number of measurements taken
by observer 2 before announcing its final decision on the
hypothesis, that is,

7% =min{k : U? € {0,1}} (4)
Case B: In this case, O2 starts taking measurements at time
t = 1 without waiting for Ol to send a final message. At time

t=1,2,..., we have the following time-ordering of the two
observers’ observations and decisions:
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Fig. 3. Time ordering in Case B (Problem P2)

Thus, observer 2’s decision at time ¢ can be described as:
U} = VE(lezt, lezt) ®)

where U? € {0,1, N}. This decision is a function of the
observations made at 02 (Y;2,) and the messages received from
01 (Z1,,). The message sequence Z1., could be a sequence of ¢
blank messages received from O1 or k blanks (k < ¢) followed
by a 0 or 1. Let 72 be the stopping time when observer 2
announces its final decision on the hypothesis, that is,

% =min{t : U? € {0,1}} (6)

Note that we allow O2 to declare a final decision without
getting the final message from O1. Also, Ol does not know



whether O2 has stopped or not, that is, there is no feedback
from O2 to O1. As in Case A, a penalty of ¢? is incurred every
time O2 decides to postpone its final decision and a terminal
cost of J(U, H) is incurred when O2 makes its final decision
U e{0,1}.

In both the cases above, we assume that the cost parameters
ct, ¢? are finite positive numbers and J (U, H) is non-negative
and bounded by a finite constant L for all U and H. Moreover,
we assume that cost of an error in the final decision is more
than cost of a correct decision, that is, J(0,1) > J(1,1) and
J(1,0) > J(0,0). We can now formulate an optimization
problem for each of the two cases above.

1) Problem P1: We consider a finite horizon 7' for ob-
server 1. That is, if the observer 1 has not sent its final message
till time ¢ = 7' — 1, it must do so at time 7''. In other
words, we require that 71 < 7. Similarly for observer 2
described in Case A above, we require that it can at most

take T2 measurements before declaring its final decision, that
2

is, 72 < T?. The optimization problem is to select policies
' = (11,73, 7m) and T? = (78,794,753, ..., 732) to
minimize

E" T el 4 22 4 J(U2, H)} (7)

where 71,72 and U?, k = 0,1,..
(2), (3) and (4) above.

2) Problem P2: As in Problem P1, we have a finite horizon
T* for Ol, that is, 71 < T and a finite horizon T2%(> T'!) for
02. 02’s operation is as described in Case B above. The op-
timization problem is to select policies I'" = (1,73, ..., V1)
and I'? = (77,73, ..., 72> ) to minimize

. are defined by equations

EN et 4 27 4 J(UZ, H)) 8)

where 71,72 and U?, t = 1,2,... are defined by equations
(2), (5) and (6) above.

B. Features of the Problem

In both the problems formulated above, the two observers
share a common system objective given by equations (7) or
(8). The two observers, however, make decisions based on
different information. Thus, Problems P1 and P2 are feam
problems. Moreover, since the actions of observer 1 influence
the information available to observer 2, these are dynamic team
problems [14]. Dynamic team problems are known to be hard
as they usually involve non-convex functional optimization
over the space of policies of the decision-makers. Finding
structural results for these problems is an important step
toward reducing the complexity of these problems. In the next
two sections, we establish qualitative properties of the optimal
policies of the two observers.

III. QUALITATIVE PROPERTIES OF OPTIMAL POLICIES FOR
OBSERVER O1

A. Information state for Ol
Consider Problem P2 first. We first derive an information
state for O1. For that purpose, we define:

m = P(H = 0[Y}},) 9)

The probability 7} is observer 1’s belief on the hypothesis

based on its sequence of observations till time ¢. (For ¢ = 0,
we have 7§ = pp). The following result provides a character-
ization of O1’s optimal policy.

Theorem 1: For Problem P2, with an arbitrary but fixed
policy T'? of 02, there is an optimal policy for O1 of the
form:

zZ} =~ (n})

for t = 1,2,...,T'. In particular, if globally optimal policies
I'L* T'2* exist, then I'"* can be assumed to be of the from
in (10) without loss of optimality. Moreover, for a fixed 2,
the optimal policy of Ol can be determined by selecting
the minimizing option at each step of the following dynamic
program:

(10)

Vi () := min{
EV (212 + J(U%, H) |y =7, ZLn_y = by,

Zi, =0),
ET (272 4+ J(U2, H)|why =7, ZLgn | = brpi_q,
Zp = 1]} (11)

and for k = (T - 1),...,2,1,
Vie(m) := min{
B[ + J(U2, H)lml = 7, Zis g = b, Z3 = 0],
BT [ + J(UZ, H)|mf =7, ZL oy = bra, Z4 = 1),
¢! + B Virr (w1 mh = 7, Z1y, = bl (12)

where the superscript I'? in the expectation denotes that the
expectation is defined for a fixed choice of I'%. (Z], = by
denotes a sequence of k£ blank messages.)
Proof: See Appendix A.
|
The result of Theorem 1 can be intuitively explained as
follows. At any time ¢, if the observer 1 has not already
sent its final message, it has to choose between three choices
of action - send 0,1 or b. In order to evaluate the expected
cost of sending a 0 or 1, Ol needs a belief on the state of
the environment, that is, a belief on H and a belief on the
information available to O2. Since O1 has not yet sent a final
message, the information at O2 consists of Z1,, ; = by.4_1,
the decision of Ol at time ¢ (Z}) and the observations that
02 has made or may make in the future. Thus Ol needs to
form a belief on Y12:T2, since the rest of O2’s information it
already knows. Now because of conditional independence of
observations at the two observers, it is sufficient to form a
belief on H to know the probabilities of Y12:T2. Similarly, to
evaluate the cost of sending a b, Ol needs to form a belief
on O2’s information and what information Ol may obtain
by future measurements - Yt{&-l:Tl' Once again, conditional
independence of the observations made at different times given
H implies a belief on H is sufficient to evaluate the cost of
this action as well. These arguments indicate that the decisions
at Ol should be made based only on its belief on H, that is,
.
Corollary: Theorem 1 holds for O1 in Problem P1 also.



Proof: This result can be obtained by following the steps
in Appendix A without any modifications. ]
An intuitive explanation of this result is as follows: In the
proof of Theorem 1, we fixed I'? to any arbitrary choice. In
particular, consider any policy of O2 that waits till it gets a
final decision from O1. After it receives the final message from
O1 at time 71, it uses only observations made after 71 to make
a decision. This class of policies is essentially the policies
available to O2 in problem P1. Since the optimal structure of
O1’s policy as given in (10) holds for any choice of I', it also
holds for all possible policies of O2 in problem P1.

B. Classical Two-Threshold Rules Are Not Optimal

In the sequential detection problem with a single observer
[13], it is well known that an optimal policy is a function of
the observer’s belief 7; and is described by two thresholds at
each time ¢. That is the decision at time ¢, Z; is given as:

1 ifm <oy
Zy = N if oy <7 <P
0 ifm>p

where N denotes a decision to continue taking measurements
and ay < f[; are real numbers in [0,1]. A similar two-
threshold structure of optimal policies was also established
for the decentralized Wald problem in [11]. We will show by
means of two counterexamples that such a structure is not
necessarily optimal for observer 1 in Problem P1. Example 2
is similar to an example demonstrating the sub-optimality of
threshold rules in a related decentralized sequential detection
problem that appeared in [15].

Example 1

Consider the following instance of Problem P1. We have
equal priors on H, thatis P(H =0) = P(H =1) =1/2. Ol
has a time horizon of T = 2. Its observation space is Y =
{1,2,3}. The observations at time ¢ = 1 have the following
conditional probabilities:

Observation | P(-|H =0) | P(-|H =1)
1 0 (1-p)
2 p p
3 (1-p) 0

and at time ¢ = 2 have the following conditional probabili-
ties:

Observation | P(-|[H =0) | P(:-|[H =1)
1 0 1—q)
2 q q
3 (1—-9q) 0

where p,q € [0, 1]. Observe that O1’s belief on the event
{H = 0} (that is, 7}), only takes 3 possible values - 0,1
and 1/2 after any number of measurements. O1 has to send a
final message - 0 or 1 - to O2 by time T = 2. If O1 delays
sending its final message to time ¢ = 2, an additional cost ¢!
is incurred. After receiving a message from Ol, observer 2
can either declare a decision on the hypothesis or take at most
1 more measurement of its own, that is, we have 72 = 1. The
measurements of O2 are assumed to be noiseless, so when
02 takes a measurement it knows exactly the value of H.

However, the measurement comes at a cost of ¢2. We assume
that J(U,H) = 0 if U = H, and that the cost of a mistake
(U # H), is sufficiently high so that unless O2 is certain
from O1’s messages what the true hypothesis is, it will prefer
taking a measurement at a cost ¢ rather than making a guess.
At p = 0.6, ¢ > 3c', it can be easily verified that the best
threshold rule for observer 1 is described as follows:

1 ifrf =0
Zi=<{ b ifrf=1/2
0 ifri=1
and
71 _ 1 if 7r% =0
2710 ifal>0
If observer 2 receives 0 or 1 at time ¢ = 1, it declares

the received message as the final decision on the hypothesis,
otherwise it waits for a final message from Ol. Att = 2, if O2
receives 1, it declares 1 as the final decision, otherwise it takes
a measurement. Then the expected cost of this policy is given
as: ¢t +pct +p(1+q)c?/2 (since, after the observation at time
t = 1, the system incurs additional cost ¢! with probability p
and a cost ¢ with probability p/2 + pq/2).

Now consider the following non-threshold policy for ob-
server 1,

1 ifnl=0
Zl =4 0 ifrf=1/2 (13)
b oifnl =1
and L ifal =0
1_ oy =
22_{0 if 71 >0 (14

Unlike a classical two-threshold rule, the above rule requires
Ol to send a blank symbol at time 1 even though Ol is certain
that true H is 0. If observer 2 receives 0 at time ¢ = 1, it
takes a measurement and incurs a cost ¢2. If O2 receives a 1
at t = 1, it declares 1 as the final decision. If O2 receives a
b at time ¢ = 1, it waits for the final message at ¢ = 2 and
then declares the received message as its final decision on the
hypothesis. Then the expected cost of this policy is given as:
ct + pc? + (1 — p)ct/2 (since, after the observation at time
t = 1, the system incurs a cost ¢ with probability p and a
cost ¢! with probability (1 — p)/2). It is now easily seen that
at p = 0.6 and ¢ > 3c!, if we choose ¢ > 1 — 45 the

3c2°

non-threshold policy outperforms the best threshold policy.

Discussion of the Example: 1. While the observation model
of observer 1 in the above example is non-stationary, the sub-
optimality of the classical two-threshold rules is not an artifact
of the non-stationarity of the observation model. The above
example holds for p = 0.6, and any choice of ¢!, ¢?, ¢ such that
2>3ctandg>1-— %. In particular, if we choose ¢! = 1,
c? = 3.2, a stationary observation model where ¢ = p = 0.6
will give the same conclusion.

2. The principle behind a threshold rule is to stop and send
a message if Ol is certain, otherwise postpone the decision
and take another measurement. The additional cost of delay
is justified by the likelihood of getting a good measurement
in the next time instant. In our example, if Ol gets the
observations 1 or 3 at ¢ = 1 and is able to convey to O2



that it is certain about the true hypothesis and what this
hypothesis is, then it prevents O2 from taking a measurement
thus saving a cost c2. The threshold rule achieves this objective
by sending 0 for observation 3 and 1 for observation 1.
However, in the case when O1 gets measurement 2, it decides
to wait for the next observation. By choosing ¢ sufficiently
high, the likelihood of getting a good measurement at { = 2
can be made very low. In this case, the cost of delaying a
decision (c!) begins outweighing the expected payoff from a
new measurement. The non-threshold rule essentially tries to
correct this drawback. If at time ¢t = 1, Ol gets measurement
2, it stops and sends 0 to O2. At O2, this is interpreted as
a message to go and take measurement of its own. Note that
the non-threshold rule still ensures that whenever Ol is certain
about H, it is able to send enough information to O2 to prevent
it from taking a measurement.

Example 2

Consider the same problem as in Example 1 but with O1’s
observations at ¢ = 1 now given by the following conditional
probabilities.

Observation | P(-|H =0) | P(-|H =1)
1 0 (1-p)
2 p/3 2p/3
3 2p/3 p/3
4 (1—p) 0

Ol’s observations at time ¢ = 2 are just noise and give
no new information. The rest of the model is same as in
Example 1. Note that the observations are indexed in order
of the posterior belief 7} they generate, that is, P(H =
0|Observationl) < P(H = 0|Observation2) and so on.
If Ol postpones its final message to time ¢ = 2, it has to
pay an additional cost of c!. Observer 2 can make a noiseless
measurement at a cost of ¢2. As in Example 1, Observer 2’s
cost of making a wrong decision is chosen sufficiently high
so that unless it is certain from O1’s message what the true
hypothesis is, O2 will prefer taking a measurement at a cost
c? than making a guess. It can be shown that for equal priors
(po = 1/2), ¢> > 2¢! and 1/2 < p < 1, a non-threshold
rule for O1 (given below) performs better than any threshold
policy.

e At ¢ = 1, send 0 if observation 2 occurs and 1 if

observation 3 occurs. Send a blank otherwise.

e Att =2, send 1 if 7] is less than 1/2 and 0 otherwise.

The corresponding policy for O2 is as follows:

e At ¢t = 1, if a 0 or 1 is received, take a measurement,

otherwise wait till ¢ = 2.
o Att = 2, declare the receive symbol as the final decision.

The cost of the above choice of policies is: ¢t +pc?+(1—p)ct.

C. Parametric Characterization of Optimal Policies

An important advantage of the threshold rules in the case
of the centralized or the decentralized Wald problem is that it
modifies the problem of finding the globally optimal policies
from a sequential functional optimization problem to a sequen-
tial parametric optimization problem. Even though we have
established that a classical two-threshold rule does not hold

for our problem, it is still possible to get a finite parametric
characterization of an optimal policy for observer 1. Such a
parametric characterization provides significant computational
advantage in finding optimal policies, for example by reducing
the search space for an optimal policy.

In Theorem 1, we have established that for an arbitrarily
fixed choice of O2’s policy, the optimal policy for Ol can
be determined by backward induction using the functions
Vi(m),k = T, ...,2,1. We will call V} the value function
at time k. We have the following lemma.

Lemma 1: In problem P1 or P2, with a fixed (but arbitrary)
choice of T'2, the value function at 7 can be expressed as:

Vi (1) := min{ L% (), L (7)} (15)
where LY., () and L}, () are affine functions of 7 that depend
on the choice of O2’s policy I'2. Also, the value function at
time k < T can be expressed as:

Vi() := min{LY(r), Li (), G ()} (16)

where LY (-) and L} (-) are affine functions of 7 and Gj(-) is a
concave function of 7. The functions LY(-), L}(-) and G(-)
depend on the choice of I'2.
Proof: See Appendix B. [ ]
Theorem 2: In Problem P1 or P2, for any fixed policy I'? of
02, an optimal policy for Ol can be characterized by at most
4 thresholds. In particular, without any loss in performance,
one can assume O1’s policy to be of the following form:

Z%wl_{

where 0 < a1 < 1 and for k =1,2,.., 7" — 1,

1 if 71'%1 < agt
0 if 71:}1 > ap

b ifﬂ'i<0¢k
if o, < 7f < B
if B, < 7l < O
1f5k§7r,£§0k
ifﬂ;>9k

L
I
> o o

where 0 < ay < B < 6 <0 < 1.

Proof: Theorem 2 is an immediate consequence of
Lemma 1, since taking minimum of straight lines and concave
functions can partition the interval [0, 1] into at most five re-
gions. The thresholds above essentially signify the boundaries
of these regions. For a given I'2, it is possible that at some
time instant k, the optimal policy for O1 partitions the belief
interval [0,1] as {b,0,b,1,b} instead of {b,1,b,0,b}. In this
case, it is easily seen that simply interchanging the roles of 0
and 1 in O1’s policy and in I'? at time k would result in the
threshold structure of the theorem without loss of performance.

|
It is of course possible that in specific cases, some of these
five regions are absent which would correspond to some of the
above thresholds having the same value. For example, in the
non-threshold rule given in the Example 1 earlier, the rule at
t = 1 corresponds to having o = 0 and 8 = § which results
in a 3-interval partition of [0, 1] corresponding the rule given
there.



IV. QUALITATIVE PROPERTIES FOR OBSERVER O2
A. Problem P1

Consider a fixed policy I'' = (71,43, ..., 771 ) for O1. Then,
after Ol sends its final message, we can define the following
probability for O2:

mg = P (H = 0]Z},1)

This is O2’s belief on the true hypothesis after having observed
the messages from O1 (that is a sequence of 7! — 1 blanks
and a final Z!, € {0,1}). Now, the optimization problem
for O2 is the classical centralized Wald problem [13] with the
prior probability given by 73. It is well-known that the optimal
policy for the Wald problem is a rule of the form:

1 if wz < w,ﬁ

U ={ N ifw <n}<w}
0 ifnf>w?

where 73 is the belief on hypothesis after k observations,
= PU(H =012}, V)

_ P(YﬁkIH = 0)“8
P(Y12:k|H = 0)'78 + P(Y12k‘H =1).(1- 7T(2])7

and w} < w}, for k =0,1,2,..,7? — 1 and w}, = w, are
the optimal thresholds for the Wald problem with horizon 72

B. Information State in Problem P2

Consider a fixed policy I'' = (7{,73,...,v4:) for OL.
Define the following probability for O2:

n? =PV (H = 0|Y2,, Z},)

72 is observer 2’s belief on the hypothesis based on its

observations till time ¢ and the messages received from Ol
till time ¢ (where the messages from O1 could be all blanks
or some blanks terminated by a 0 or 1). For ¢t = 0, we have
Uy (2) = Po-
The following theorem shows that 772 and Z1,, together form
an information state for O2.

Theorem 3: In Problem P2, with an arbitrary but fixed
policy T'! of Ol, there is an optimal policy for O2 of the
form:

U} =i (Z14,77) a7
for t = 1,2,...,72. Moreover, this optimal policy can be
determined by the following dynamic program:

V2 (2l ) i= min{E" [J(0, H)|x2, = 7],
EU[J(L H)rg. = 7]} (18)
and for k = (T' —1),...,1,

Vie(2hp, ) := min{

E" (70, H)|mf =,

B[, H)|nf = 7,

A+ B Vi1 (Z g0, mh)Imd = 7, 2L, = 214]} (19)
Proof: See Appendix C. ]

Observe that in the last term of (19), which corresponds to
the cost of postponing the final decision at time k, we have 73
as well as all messages from Ol in the conditioning variables.
It is because of this term that we need the entire sequence of
messages as a part of the information state. To intuitively see
why these messages are needed in the conditioning, note that
the cost of continuing depends on future messages from Ol.
In order to form a belief on future messages, O2 needs a belief
on the hypothesis, a belief on future observations of O1 and
(since O1 has perfect recall) a belief on all observations of
O1 so far. Clearly, the messages received till time %k provide
information about the observations of Ol till time k and are
therefore included in the information state.

We can now prove the following lemma about the value
functions f/k.

Lemma 2: The value function at 72 can be expressed as:

Vipe (z%:Tl ) = min{lo(ﬂ'), I (m)} (20)

where [0 and [! are affine functions of 7 that are independent
of the choice of O1’s policy I'*. Also, the value function at
time k can be expressed as:

Vk(zik, )= min{lo(ﬂ'), ll(ﬂ'), Gk(zik, )} 21

where, for each realization z{,, of messages from O1, Gy, is
a concave function of 7 that depends on the choice of O1’s
policy, T'L.
Proof: See Appendix D. [ ]
Theorem 4: For a fixed policy I'* of O1, an optimal policy
of O2 is of the form:

U%z{

1 if 1} < ap(Z]y)
U2 ={ N ifap(Z.,) <7} < Be(ZL,)
0 if mk > Br(ZL,)

where 0 < ay(Z],) < Br(Z],) < 1 are thresholds that
depend on sequence of messages received from Ol (Z1.,).
Proof: At any time k, if 77 = 0, then it is optimal to stop
and declare the hypothesis to be 1 since cost of continuing
will be at least ¢* + J(1,1) which is more than J(1,1) - the
cost of immediately stopping and declaring U7 = 1. Similarly,
at m# = 1, it is optimal to stop and declare U? = 0. These
observations along with the fact that the value functions Vj, are
minimum of affine and concave functions for each realization
of the messages received imply the result of the theorem. W
Thus, according to Theorem 4, the thresholds to be used at
time k by O2 depend on the sequence of messages received
from O1 until time k. This kind of parametric characterization
may not appear very appealing since for each time k£ one may
have to know a number of possible thresholds - one for each
possible realization of messages z{,,. We will now argue that
there is in fact a simple representation of the thresholds. Note
that after time 7!, when Ol sends a final message, O2 is
faced with a classical Wald problem with an available time-
horizon of T2 — 7!. Now suppose that the classical Wald
thresholds are available for a time horizon of length T2 -
lets call these (wi, w?), (wi, w}), (wi, w3), ..., wpz. Then the

1 if 71'%2 § a2
0 if 71'%2 > ap2



Wald thresholds for a problem with time horizon T2 — 7! are
simply (wly, w}), (wh 1, w2 ), (Wh o, Wh ), ooy W2
Thus, once O2 hears a final message from Ol, it starts using
the classical Wald thresholds from that time onwards. In other
words, O2 operation is described by the following simple
algorithm:

o From time k£ = 1 onwards, the optimal policy is to use a
threshold rule given by 2 numbers v (b1.;) and B (b1.x),
until O1 sends its final message Z}. € {0, 1}. (As before,
by1., stands for sequence of k£ blank messages.)

o If Ol sends the final message at time k, start using Wald
thresholds: (wy,w?), ..., wys.

Thus O2’s optimal policy is completely characterized
by just two tables of thresholds: [(aq(b1.1),81(b1.1)),
(a2(b1:2), B2(b1:2)), -y (g1 (brn ), Bri(bir1))]  and  the
Wald thresholds [(wg, wd), (wi,w?), (wi, w3), ..., wrs] .

V. OPTIMAL POLICIES

In the previous sections, we identified qualitative properties
of the optimal policies for the two observers. Moreover, if the
policy I'? (I'!) of O2 (O1) has been chosen already, Theorem 1
(Theorem 3) provides a dynamic programming solution to find
an optimal policy I'! of O1 (I'? of 02) for the given choice of
I'? (T'Y). An iterative application of such an approach may be
used to identify person-by-person optimal pair of strategies.
However, finding globally optimal or near optimal strategies
for such dynamic team problems remains a challenging task
since it involves non-convex functional optimization [14]. In
this section, we will give a sequential decomposition of the
global optimization problem. Such a decomposition provides
a systematic methodology to find globally optimal or near-
optimal policies for the two observers.

A. Sequential Decomposition for Problem Pl

In Problem P1, observer 2 waits to receive a final message
from observer 1 before it starts taking its measurements. After
receiving the final message, observer 2 is faced with the
centralized sequential detection problem studied by Wald. For
the Wald problem, the thresholds characterizing the optimal
policy and the cost of the optimal policy are known. For a
Wald problem with horizon 7" and a starting belief 7 on the
event {H = 0}, the cost of using the optimal Wald thresholds
is a function of the belief 7 which we will denote by K7 (7).
Since the Wald thresholds for observer 2 are known (or can be
calculated as in [13]), the designer’s task in problem P1 is to
find the best set of thresholds to be used by observer 1. Finding
the best thresholds for all times ¢+ = 1 to 7! is a formidable
optimization problem. Firstly, the system objective (equation
(7)) is a complicated function of the thresholds selected for
observer 1. Moreover, the objective must be optimized over the
space of sequences of thresholds to be used from time ¢t = 1
to T'. Below, we show that the optimization problem can in
principle be solved in a sequential manner. In the resulting
sequential decomposition, at each step the optimization is
over the set of thresholds to be used at a single time instant
instead of the space of sequences of thresholds from time 1 to
T*. Though the original optimization problem is decomposed

into several “simpler” optimization problems, each of these
remain difficult nonetheless. We believe that the decomposed
problems may be more amenable to approximation techniques.

We first define the following:

Definition 1: Define ¢, = P(H,71) and for t = 2,...,T"
and a given choice of observer 1’s decision functions from
time instant 1 to ¢ — 1, that is, (I't_; = (1,74, - Yie1))s
define

1
& =PV (H, 7} |Z), | = bre_1)

Fort =1,2,...,T" and for a given choice of functions (I'} =
(7117 7217 ceey 'Yfl)), define

1
nt[ztl] = Pl (H7 7rtl|le:t—1 =b1:-1, Ztl = Ztl)

where z; € {0,1,b}.

Lemma 3: Consider any policy v}, t = 1,2, ..., T for ob-
server 1 that is characterized by 4 thresholds (o, 31,6}, 6}1),
for t =1,2,...,7" — 1 and a threshold o, at time 7" (as in
Theorem 2). Then,

i) There exist transformations @} for t = 1,2, ...

that

,T! such

mla] = Qi (€ 2)

for 2} € {0,1,b}, and
ii) There exist transformations Q?, t = 1,2, ..., 7' — 1 such
that

&1 = Q7 (me]b])

Proof: We first prove the second part of the lemma. By
definition,

&va(h, ') = PY(H = h,mlyy = 7|2}, = bie)
1
= PU(H = h,Ty(r},Y,\) = 7' Z1, = bia)  (22)
where we used the fact that O1’s belief at time ¢ + 1 is a
function of its belief at time ¢ and the observation at time

t+1, that is, /., = Ty(m}, Y} ) (see Appendix A, equation
(48)). The right hand side of (22) can further be written as:

:/ /[]th(ﬂ./’y):ﬂJ
Y,
1
P (H = h, 77151 = 77/7Yt%1-1 = ylzll:t = bl:t)]

where we use fynr’ as a shorthand for [ yeyt, - The above
. . ' €[0,1]
integral can be written as:

— [ (nwraym PO =yl =)
y, 7’

s

PU(H = h,wl = 7| ZL, = b1y)]
- / Ly gyt POy = ylH = B) Bl 7)] (23)
y,m’

The above integral is a function of 7;[b] and known observation
statistics. Thus &1 = Q7(n[b]), where Q? is given by the
expression in (23).
For the first part of the lemma, consider
ne[b) = P'*(H = h,my = 7|21, = bis)
_ ik (H = h>7rt1 - 7T1’Zt1 = blzllztfl = b1:¢—1)
PYi(Z} = b2}y = bri-1)

(24)



Under the 4-threshold rule for observer 1, Z} = b if 7} € Cy,
where C; := [0, }) U (B}, 6}) U (6}, 1]. Therefore, the above
probability can be written as:

lpee, PT(H = h,wl = 7| 2L, = brg_1)
- Pli(n} € Ci|Z1, ) = bra—1)
_ lwlectft(h, 7T1)

Yh—o [ L, &i(h, ')

(25)

The above equation is a function of &; and the thresholds
selected by 7} . Similar analysis holds for 7;[0] and 7,[1]. This
concludes the proof of the lemma. ]

We can now present a sequential decomposition of problem
P1.

Theorem 5: For t = 1,2,...,T" — 1, there exist functions
Ri(&,af, 8,01, 0)) and R; (&) where

* _ : 1 1 1 1
Ri (&) = oz%,ﬁlt}l,ggﬂtl Ri(&e, o, Br, 0p 5 07)
and for ¢t = T, there exist functions Rp: (le,aéﬂl) and

R (§r1) where

R;—q (ng) = lIllf RTI (ETl y Oé%—vl)

aTl

such that the optimal thresholds can be evaluated from these
functions as follows:

1) Note that & := P(H,71) is fixed a priori and does not
depend on any design choice. The optimal thresholds at
t = 1 for Ol are given by optimizing parameters in the
definition of R} (&1).

2) Once O1’s thresholds at t = 1 are fixed, 7 [b] and hence
&y are fixed by lemma 3. The optimal thresholds for Ol
at time ¢ = 2 are given by optimizing parameters in the
definition of R5(&2).

3) Continuing sequentially, &; is fixed by the choice of past
thresholds, and the optimal thresholds for Ol at time ¢
are given by optimizing parameters in the definition of

R (&)-

Proof: We will prove the result by backward induction.
Consider first the final horizon for O1: T'. Assume that a
designer has already specified functions v{,73, ..., v41_, for
Ol. The designer has to select a function to be used by Ol
at time T in case the final message has not been already
sent (that is, Z%l_l = by.r1_1). By Theorem 2, this function
is characterized by a single threshold alTl. For any choice
of alTl, the future cost for the designer is K T (71'(2)), where
KT?(-) is the cost of using optimal Wald thresholds with a
time-horizon 7% and w2 is O2’s belief on {H = 0} after
receiving Z11:T1. The expected future cost for the designer can

therefore be expressed as:
E{c*7? + J(Uy2, H)| Z{ 71y = bypi 1}
= B(K" (n)|Z}.p_y = buri 1}
= KT (P(H =0|Z} =0,Z).00_, = br1_1))
'P(Z%l = 0|le:T1—1 =by.111)
+ KT(P(H =0|Zh =1, Z) .y = b1 1))
'P(Z%l = 1|lezT1—1 = br.r11)

= KT (P(H = 0|Z = 0, 2}y = bir 1))
~P(rp1 > api |2y = biri o)
+ KT (P(H = 0|2 =1, ZL g1y = brrr 1))
P(rp < o |Zipi_q = brgi—1)

=t L1 (2 [0], e [1], €1, ) (26)

where we used the fact that the probabilities in the arguments
of KT°(-) are marginals of n71[0] 771 [1] respectively and the
probabilities multiplying the functions K T* are marginals of
&r1. Using Lemma 3, we can write (26) as

IJT1 (Q’;l (6]1"1 ) Oa O";l )7 Q%"l (6]1"17 1a O";l )7 le ) O‘%”l)
= RTI (le y Oé%ﬂl)

Thus, for a fixed choice of functions 71,73, ..., 4., used
till time 7" — 1, the designer’s future cost at T, if the final
message was not sent before T, is a function of {71 (that
is induced by the choice of the past decision functions) and
the threshold o, it selects at time 7". To find the best
choice of threshold, the designer has to select olel to minimize
Ry (&1, oy ). Define

Rip1 (&r1) = inf R(épr, agq)
aT1
For a given {71, the function R, describes the optimal future
cost for the designer and the optimizing a1T1 gives the best
threshold.

Now assume that R}, (1) describes the designer’s op-
timal future cost from time ¢ + 1. At time ¢, if the past
decision functions 71,73, ..., 7i_; have been specified already,
the designer’s task is to select thresholds af, 3},d},6} to be
used by Ol at time ¢. For a given choice of these thresholds,
the future cost for the designer is K7~ (2) if O1 sends a final
message at t. If a blank message is sent at ¢, the designer will
use the best threshold at the next time ¢ + 1 and the future
cost will be ¢' +Rj, 1 (£+1). The expected future cost for the
designer is therefore given as:

E{c' (' —t) + 12+ J (U, H)|Z), | = b1y1}
= K™ (P(H = 0|2} = 0,2}, = by 1))

: P(Ztl = O‘Z%:tfl = bl:tfl)

+KT(P(H=0|Z} =1,Z, 1 = bis_1))
'P(Ztl = 1‘211:1571 = bl:t71)

+ [Cl + R§+1(ft+1)] : P(Ztl = b‘Z%:t—l =b1:4—1)



= K" (P(H =012} = 0,2}, , = bis-))

- P(8) <mp < 0p|Z14 g = brie—1)

K™ (P(H =017} = 1,2}, , = b))

“Plaf <7 < B{|Z1y—1 = bra—)

+le! + Ry (QF(me[bD)] - Py € CilZ1y 1 = br1)

=: Le(n:[0], me[1], m:[0], &, o, B, 6, 67) 27
where we used the fact that the probabilities in the arguments
of KT7(-) are marginals of 7:[0] 7:[1] respectively and the
probabilities multiplying the functions K7~ and R;,; are
marginals of &. (Recall that C; := [0, o) ) U (B}, 6}) U (6}, 1)).
Using Lemma 3, we can write (27) as a function of &; (that is

induced by the choice of past functions used till time ¢ — 1)
and the thresholds selected at time t:

Rt(ftvaivﬂtl,(stlaetl)

To find the best choice of threshold, the designer has to select
(o, Bt, 64, 01) to minimize Ry (&, af, B, 01,6} ). Define

Ri(g) = inf Ri(&, a;, By, 6;,6;) (29)

51,0}

(28)

For a given &, the function R} describes the optimal future
cost for the designer and the optimizing thresholds are the best
thresholds. The above analysis can be inductively repeated for
all time instants.

The optimal thresholds can therefore be evaluated as fol-
lows: At t = 1, &; is fixed a priori, therefore one can use
R} to find the best thresholds at time ¢ = 1. Once these are
selected, &> can be found using Lemma 3 and one can use R3
to find the best thresholds at time ¢ = 2 and so on.

|

Discussion: The problem of choosing the optimal thresholds
for observer 1 can be viewed as a sequential problem for
the designer as follows: At each time ¢, the designer must
specify the thresholds to be used by observer 1 in case the
final message has not already been sent. In other words, at
each time ¢, one can think that the designer is aware of the
messages sent from O1 to O2 until £—1 and in case these were
only blanks, the designer must choose the thresholds to be used
by Ol at time ¢. Thus, the designer is faced with a sequential
optimization problem with a fixed temporal ordering of its
decisions. Observe also that the designer has perfect recall: it
knows all messages sent till time ¢. The designer, therefore,
has a sequential problem with a classical information structure
[16]. The proof of Theorem 5 essentially describes the dy-
namic program for the designer’s problem. The belief &; serves
as the designer’s information state and the functions R; (&) are
essentially the value functions of the dynamic program. This
approach of introducing a designer with access to the common
information between observers (that is, the information known
to both observers: the messages from O1 to O2 in Problem P1)
so as to convert a decentralized problem to one with classical
information structure is illustrated and fully explained in [17,
Section IV] for a communication problem. We refer the reader
to that paper for a detailed exposition of this approach.

In Problem P1, until the time 71, the information available
to O2 consists only of the messages sent from Ol. This

is the same information that the designer uses to select
the thresholds. Thus O2 can be thought of as playing the
role of the designer in the proof of Theorem 5. The fact
that the problem of choosing the thresholds can be viewed
from O2’s perspective is crucial in determining the nature
of the information state for this problem. The form of our
information state and the approach of viewing the problem
from O2’s perspective imitates the information state and the
philosophy adopted in [18] for a real-time point-to-point
communication problem with noiseless feedback, where the
problem of choosing the encoding functions can be viewed
from the decoder’s perspective.

B. Sequential Decomposition for Problem P2

In this section, we present a sequential decomposition
similar to Theorem 5 for Problem P2. In Problem P2, both
observers start taking measurements at time ¢ = 1. Moreover,
02 is allowed to stop before receiving the final message from
O1 (see the time-ordering in Fig.2 for t=1,2,...). In Problem P2,
the messages sent from O1 to O2 are still common information
among the two observers. The problem of choosing the optimal
thresholds for the two observers can still be viewed as a
sequential problem from the perspective of a designer who at
any time ¢ knows the common information. At each time ¢, the
designer must specify the thresholds to be used by observer 1
in case the final message has not already been sent. It also has
to specify -for each realization of messages from O1- the set
of thresholds to be used at O2. In other words, at each time
t, one can think that the designer knows the messages sent
from O1 to O2 and the designer must choose the thresholds
to be used by Ol and O2 at time ¢. The designer’s problem
can therefore be viewed as a sequential optimization problem
with classical information structure.

Unlike Problem P1, O2’s information no longer coincides
with the designer’s information of all previous messages from
O1, since O2 has its own observations as well. The fact
that the designer’s problem can no longer be viewed from
02’s perspective implies that the information state found for
Problem Pl no longer works for this problem. The main
challenge now is to find a suitable information state sufficient
for performance evaluation for the designer’s problem. We
present such an information state and the resulting dynamic
program below.

As mentioned earlier, once observer 1 has sent its final
message to observer 2, the optimization problem for observer
2 becomes the well known centralized sequential detection
problem studied by Wald. The thresholds characterizing the
optimal policy and the cost of the optimal policy are known.
For a Wald problem with horizon 7' and a starting belief 7
on the event {H = 0}, the cost of using the optimal Wald
thresholds is a function of the belief m which we denote
by KT (r). The designer’s task is to select the sequence of
thresholds to be used by observer 1 and the sequence of
thresholds to be used by observer 2 until the final message has
been sent from O1 to O2. After O1’s final message has been
sent, O2’s thresholds are known to be the Wald thresholds with
appropriate time-horizon. We will now present a sequential
decomposition for the designer.



Recall that we defined observer 2’s belief on H as follows:

7Tt2 = PFl (H - O|Y12;t7Z11:t)

72 evolves in time as O2 gets more measurements and

messages. Once O2 has announced its final decision, its belief
on H does not change with time (since O2 is no longer making
measurements or listening to messages from O1). We begin
with the following definition and lemma.

Definition 2: For t = 1,2,...,T" and a given choice of
observer 1 and observer 2’s strategies from time instant 1
to t — 1, (that is, T'}_; = (71,74,..,7;1) and T7_; =
(7127 7227 Had] ’Yt2—1))’ define

Dt = I]-TQZt

Tl T2 1 2 1
Y= Pt (H oy iy, Dl Zyy g = big—1)

where 72 is the stopping time of O2 as defined in (6). For

t=1,2,..,7' — 1 and for a given choice of strategies (I'} =
(7%77%7 "'7’)/251)) and (]‘—‘%—1 = (’7]?77%’ "",‘ytz—l))’ deﬁne

gbt[’ztl] = PFLF??I(I_L 7rt177rt27Dt|lezt71 = bl:tfhztl = Zt1>
where z} € {0,1,b}.

Lemma 4: Consider any policy v}, t = 1,2, ..., T for ob-
server 1 that is characterized by 4 thresholds (o, 31,6}, 6}1),
for t = 1,2,...,7' — 1 and a threshold a7, at time 7"
(Theorem 2), and a policy 72, t = 1,2,...,72 which is
characterized by thresholds (a?,3?), t = 1,2,....,T' — 1 to
be used if Ol has not sent a final message and the Wald
thresholds (w},w?),t = 1,2,....,7% to be used if the final
message from O1 has been received. Then, we have:

i) There exist transformations @} for ¢t = 1,2,...,T" such
that

$ilz] = Qi (e v %)

for 2} € {0,1,b}, and
ii) There exist transformations @7, t = 1,2, ..., 71 — 1 such
that

Yip1 = Q?(@[b},%g)

Proof: See Appendix E. [ |
We can now present a sequential decomposition of problem
P2.
Theorem 6: For t = 1,2,...,T' — 1, there exist functions
]:t(wh a%, Bt17 57:1’ 9;) and Ft*(d)t) and gt((bt[bL O‘%ﬂ Bt2) and
G (¢¢[b]) where

-Ft* (%) =

inf
O‘% ,,83 aé’} 79%

G (¢lb])) = inf, Gi(u[b], o, 57)

2
ai, By

ft(wt,a%7ﬁt1751:179751)

and for t = T*, there exist functions F(v71,as,) and
FFa (1) where

f;—q (’IJZJTI) = lIllf .F(’l/)Tl,O[r}q)

such that the optimal thresholds can be evaluated from these
functions as follows:

1) Note that v, is fixed a priori and does not depend on
any design choice. The optimal thresholds at ¢ = 1 for
Ol are given by optimizing parameters in the definition

of F{(11).

2) Once O1’s thresholds are fixed, ¢1[b] is fixed by Lemma
4. The optimizing thresholds to be used by O2 if a
blank message was received are given by optimizing
parameters in the definition of G} (41[b]). In case a 0 or
1 was received from O1, the optimal thresholds for O2
from this time onwards are the Wald thresholds for a
finite horizon T2 — 1.

3) Continuing sequentially, 1), is fixed by the choice of past
thresholds and the optimal thresholds for O1 at time ¢
are given by optimizing parameters in the definition of
F; (¢+). Once O1’s thresholds are fixed, ¢;[b] is fixed by
lemma 4. The optimizing thresholds to be used by O2 if
a blank message was received are given by optimizing
parameters in the definition of G;(¢:[b]). In case a 0 or
1 was receiver from Ol, the optimal thresholds for O2
from this time onwards are the Wald thresholds for a
finite horizon 72 — t.

Proof: See Appendix F. [ ]

As in Theorem 5, the sequential decomposition in Theorem

6 is a dynamic programing result for the designer’s sequential
problem of choosing the thresholds for O1 and O2. At time
t, ¢ is the designer’s information state just before selecting
the four thresholds to be used at O1 to decide its message Z},
whereas ¢, is designer’s information state just before selecting
the thresholds to be used by O2 to decide U?. (See Fig. 2).
The actual form of the functions F; and G; is obtained by
backward induction in Appendix F.

VI. INFINITE HORIZON PROBLEM

In this section we analyze infinite horizon analogues of
problems P1 and P2. We first focus on Problem P2.

A. Problem P2 with Infinite Horizon

Consider the model of Problem P2 as described in Section
II. We assume that the observation model is stationary, that
is, the conditional probability of an observation given H,
(P{(-|H)) does not change with time. We also remove the
restriction on the boundedness of the stopping times, that is,
71 and 72 need not be bounded. The optimization problem is
to select policies I'' = (y1,74,...) and T'? = (v%,~2,...) to
minimize

EX Tl + 212 4+ J(US, H)} (30)

where 71, 72 and U? are defined by equations (2), (5) and (6).
We assume that the cost parameters ¢!, c? are finite positive
numbers and that J(U?, H) is non-negative and bounded by
a constant L for all U? and H.

Remark: We can restrict attention to policies for which E{r'}
and E{r?} are finite, since otherwise the expected cost would
be infinite. Thus, we have that 7' and 72 are almost surely
finite. However, the stopping times may not necessarily be

bounded even under optimal policies.



1) Qualitative Properties for Observer 2: Consider any
fixed policy I'! for Observer 1. We will provide structural
results on optimal policies for Observer 2 that hold for any
choice of I''. Consider the case when observer 2 has not
stopped before time ¢. Consider a realization (y3,,, 21.,) of the
information available to O2 at time ¢ and let 77 = p (H =
0|y3.;, z1.;) be the realization of O2’s belief on H. Let A>
be the set of all policies available to O2 at time ¢ after having
observed y2,, 2L, and let A”" be the subset of policies in
A for which the stopping time 72 is less than or equal to
a finite horizon T2, (t < T? < o). Then, from the analysis
for the finite-horizon problem P2, we know that there exist
value-functions f/tTQ (21.,,72) such that

~ 2 B
‘/tT (Z%:t’ 77152)

= inf ET [ 4+ A2 4 J(US H)|y2,, 2h] 3D
peegr? : :

This value-function is the optimal finite horizon cost for

observer 2 with horizon 772.

We define the following function:

V;&OO (Z%:IH y%:t)

= inf EU [clrl + A2 4+ J(UTQ% H)|y%:t’ le:t]

(32)
T2e A~

Lemma 5: i) The value functions V7~ (21, 72) are non-
increasing in T2 and bounded below by 0, hence the limit
limypa_y o VI (21, 72) exists.

ii) Moreover,

C . = 2 —
Vi (21s Yi) = Tllinoo Vi (214,77

Proof: See Appendix G. ]
We can now prove the following theorem:
Theorem 7: For a fixed policy I'! for O1, an optimal policy
for O2 is of the form:
1 if 72 < ae(Z4)
N if CYt(le:t) < 71—251 < Bt(lezt)
0 if m > Bi(Z1,)

where 0 < oy (Z1,) < B4(Z1,) < 1 are thresholds that depend
on the sequence of messages received from Ol (Z1,).

Proof: Consider a realization y%,,, z{,, of O2’s obser-
vations and messages from O1. Let 72 be the realization
of 02’s belief, where 72 = PU (H = 0|zL,,42,). Since
Ve (2l y2,) = limpe_y oo VT (21, 72), it follows that V,°
is a function only of 21, and 7. Since O2 at time ¢ has only
3 possible choices, we must have:

Uz =

Ve (21 72) = min{
ET[J(0, H) |72,
ET[J(1, H) |72,

1o _
A+ E" [Vt-s-l(le:tHa 7Tt2+1)|77t27 Z%:t]} (33)

From Lemma 2, we know that the first two terms are affine
in 77. From Lemma 5, we know that f/t‘j_ol is the limit of a
sequence of finite-horizon value functions. Now, for a fixed
21,441, the finite horizon value functions are concave in 77,
(from Lemma 2), therefore, for a fixed z{,,,,, the limit f/t"fl

is concave in 77, ; as well. Using the concavity of f/t‘fl and
following the arguments in the proof of Lemma 2, we can
show that the third term in equation (33) is concave in 72 for
a fixed 2{,,. Thus, for a given realization of z{,, the infinite
horizon value function is minimum of two affine and one
concave function. Moreover, it is optimal for O2 to stop if
72 = 0 or 1. Therefore, the optimal policy for O2 must be of
the form:

1 if m? < ay(Z4)

N if au(Z1y) < < Bu(Ziy)

0 if m > Bi(Z1)

Uf =

|
As in the finite horizon problem, once observer 1 has sent
the final message to observer 2, observer 2 is faced with the
classical centralized Wald problem. With an infinite horizon,
the optimal Wald policies are characterized by stationary
thresholds (say, (w!,w?)) that do not change with time [13].
Thus, in the infinite horizon version of Problem P2, observer
2’s operation can be described by the following algorithm:

o From time k£ = 1 onwards, the optimal policy is to use a
threshold rule given by 2 numbers «(b1.x) and By (b1:x),
until O sends its final message Z} € {0,1}.

o From the time Ol sends a final message, start using the
stationary Wald thresholds (w?, w?).

2) Qualitative Properties for Observer 1: Consider a fixed
policy I'? for O2 which belongs to the set of finite horizon
policies AT* with horizon T2. We will show that given such
a policy for O2, Observer 1’s infinite horizon optimal policy
is characterized by 4 thresholds on its posterior belief. We
will employ arguments similar to those used in the previous
section.

Consider the case when observer 1 has not stopped be-
fore time ¢. Consider a realization (yi.,) of the information
available to Ol at time ¢ and let 7} = P(H = 0|yi,) be
the realization of Ol’s belief on H. Let B> be the set of
all policies available to O2 at time ¢ after having observed
Y., and let BT be the subset of policies in B> for which
the stopping time 7' is less than or equal to a finite horizon
T, (t < T' < 00). Then, from the analysis for the finite-
horizon problem P2, we know that there exist value-functions
V' (7}) such that

v ()
= inf ET [ctr! + 2?2+ J(UZ, H)|yt.,)
rieprt
where 7} = P(H = 0lyi.,).
We define the following function:
Ve (y%:t)

= nf_ EV 7! + A2+ J (U, H)yl,]

(34)

(35)

Lemma 6: 1) For a fixed finite-horizon policy of O2,
the value functions V7" () for Ol are non-increasing
in T' and bounded below by 0, hence the limit
limpi o0 VT (7)) exists.

ii) Moreover,
1
S V()

V;OO (y%t) =



Proof: See Appendix H. ]
We can now state the following theorem:
Theorem 8: For a fixed finite-horizon policy I'? for 02, an
optimal policy for Ol is of the form:

b oif ) <oy

1 ifatgwtlgﬁt

Zfl: b ifﬁt<’ﬂ'g<6t
0 ifd <n}f <0
b if7Ttl>9t

WhereOSatSBtS&gSGtSl.

Proof: Because of the above Lemma, we conclude that
V> (yi,) depends only on the realization 7} of the belief
(7t = P(H = 0O|yi,)). It is, moreover, a concave function
of 7}. The result of the theorem follows by using arguments
similar to those in the proof of Lemma 1. ]

Theorem 9: There exist globally e-optimal policies G, G2
for observers 1 and 2 respectively, such that, G! is character-
ized by 4 time-varying thresholds.

Proof: Consider any ¢/2-optimal pair of policies I'!, "2,
Then, by arguments used in Lemma 5, we know that there exist
a finite horizon policy I'2., such that the pair I'*, I'Z., is at most
€/2 worse than I'', T2, Since I'Z, is a finite horizon policy,
by theorem 8, we conclude that O1 can use a 4-threshold rule
without losing any performance with respect to the policies
I'',T2,. Thus, we have an e optimal pair of policies where
O1’s policy is characterized by 4 time-varying thresholds. M

B. Problem P1 with Infinite Horizon

The above analysis for infinite horizon version of Problem
P2 can be easily specialized to the case of Problem P1. In
particular, observer 2’s problem is now the classical Wald
problem with infinite horizon; thus its optimal policy is charac-
terized by two stationary thresholds. Moreover, the arguments
of Lemma 6 and Theorems 8 and 9 can be repeated without
any modification to obtain the same qualitative properties for
observer 1 in Problem P1.

C. Sub-optimality of Time-invariant Policies of Ol

In the classical sequential detection problem with a single
observer with infinite time horizon and a stationary observa-
tion model, it is known that there are time-invariant optimal
policies. Are time-invariant policies optimal for observer Ol
with infinite time horizon and a stationary observation model?
The following example shows that the answer is negative.

Example 3

Consider the instance of Problem 1 described in Example
1 of Section III-B with infinite time horizon and a stationary
observation model for Ol that is same as the model at time
t = 1 in Example 1:

Observation | P(-|(H =0) | P(:-|]H =1)
1 0 (1—p)
2 p p
3 (1—p) 0

where 0 < p < 1. The observation model of O2 is also
stationary and noiseless. As in Example 1, we assume that

J(U,H) =0 if U = H, and that the cost of a mistake (U #
H), is sufficiently high so that unless O2 is certain from O1’s
messages what the true hypothesis is, it will prefer taking a
measurement at a cost ¢? rather than making a guess. Also,
recall that the prior probability of H = 0 is 1/2.

We start by making the following simple observations:

(i) Forall t > 1, m} € {0,1,1/2}.
(i) If 7} =0 (or 1), then m} ; =0 (or 1).
(iii) The probability that 7} = 1/2 is p.

Now consider any stationary rule of the form Z} = v(r}),

with 7} € {0,1,1/2}. We have 3 possible cases:

1) If v(0) = b or (1) = b: Suppose v(0) = b. With
probability (1 — p)/2, the posterior at time ¢t = 1 will
be 0, which implies that posterior at all subsequent times
will be 0. Thus, under the given stationary rule, with
probability (1—p)/2, O1 will never stop and incur infinite
costs. Clearly, such rules cannot be optimal. Similar
argument holds for (1) = b.

2) If v(1/2) = b: We will lower-bound the cost in this case.
At any time ¢, observer 1 will not stop with probability pt.
Hence, the total cost is at least (cH—Z pt-ct) =ct/1-p.

t>1
3) If y(n) # b for any m: In this case, Ol always stops a

time ¢ = 1. It is easy to see that the best rule of this kind
is the one for which v(0) = 1 and (1/2) = (1) = 0.
The expected cost of this rule is: ¢t + ¢2/2 + pc? /2.

Now consider the non-stationary rule described by equations
(13) and (14) in Example 1. The cost of this rule, as evaluated
in Example 1, is ¢! + pc? + (1 — p)c'/2. A little algebra
shows that for ¢ = 2¢! and p > 11/3, the non-stationary rule
outperforms any stationary rule described above.

VII. COMMUNICATION WITH M-ARY ALPHABET

Consider models of Problem P1 or P2 with the following
modification: when observer 1 chooses to stop taking mea-
surements and send a message to observer 2, it can choose to
send one of M possible choices from the set: {0, 1, ..., M —1}.
Thus, observer 1’s message at time ¢ to observer 2, which is
a function of all its observations,

Z} = (Yiy), (36)
belongs to the set {0, 1, ..., M —1,b}, where we use b for blank
message, that is, no transmission. The sequence of functions
it = 1,2,..., constitute the policy of observer 1. Let 7!
be the stopping time when observer sends a final message to
observer 2, that is,

™t =min{t: Z} €{0,1,...M —1}} (37)
Observer 2’s operation and the overall system objective are the
same as in problem P1 or P2. Then, we have the following
result:

Theorem 10: In Problems P1 or P2 where observer 1 can
send one of M possible final messages, there is no loss of
optimality in restricting attention to policies for observer 1



that are of the form:

M—1 ifrk, <afl™!

M =2 if api™! <mh <afli™?
Zh =
Tl .....
e 2 1 1
1 ¥f ozif1 < 71'?1 < apm
0 if T > ag

where 0 < a%il < a%*Q <. <afy <lareM-1
thresholds and for k = 1,2,..,7" — 1,

b if 7} < a7t

M~-1 ifa) ! <7l <py!

b if Bt <) < )R

M~-2 ifa) 2 <7l <pM?
Zy =

1 ifoz,lcgﬂ,igﬂi

b if B} <7 <al

0 if o <7f <Y

b if 7 > B9

where 0 < aivj*l < ﬂ,i”*l < 04£472 < ..
a < B2 <1 are 2M thresholds.

Proof: 1t is straightforward to extend the arguments of
Theorem 1 to show that for a fixed policy of observer 2
optimal policies of observer 1 are functions of its posterior
belief 7}. Similarly, the proof of Lemma 1 can be extended to
show that the value function for observer 1 is minimum of M
affine functions of the belief, that represent the expected cost
of stopping and sending one of the M symbols, and 1 concave
function of the belief that represents the expected cost of
continuing. Taking minimum of affine and concave functions
will result in M intervals of the belief space [0,1] where
it is optimal to stop and send one of the M symbols. If at
some time ¢, the symbols are not ordered in the monotonically
decreasing way as specified in the result above, one can
permute the symbols in policies of Ol and O2 at time ¢ to
get the desired ordering without losing performance. ]

<ap < B <

VIII. EXTENSION TO MULTIPLE SENSORS

In this section, we extend our results to the case when
several peripheral sensors similar to observer 1 in Problems
P1 and P2 are required to send a single final message to a co-
ordinating sensor (similar to O2) which may be taking its own
measurements from ¢ = 1 or may start taking measurements
after receiving final messages from all the peripheral sensors.
We show that the peripheral sensors have similar parametric
characterizations of their optimal policies as observer Ol
in Problems P1 and P2. We obtain a characterization of
coordinator’s strategy that is similar to that of O2.

A. Problem P2 with Multiple Peripheral Sensors

Consider a group of N peripheral sensors: S1,S2,...,.SN and
a coordinating sensor SO (see Figure 1). Each sensor can make
repeated observations on the random variable H. As before,
we assume that conditioned on H, the observations at different
sensors are independent, and the observations made at different

time instants at any sensor are also independent conditioned
on H.

Each of the peripheral sensors observes its own measure-
ment process Y;',i = 1,2...,N and t = 1,2,.... At any time
t, the i'" peripheral sensor can decide either to stop and
send a binary message 0 or 1 to the coordinating sensor or
to continue taking measurements. Each time the i*" sensor
decides to continue taking measurements, a cost ¢* is incurred.
Each peripheral sensor sends only a single final message to
the coordinator. The policy I'" := (vi,~4,...) of i*" sensor is
of the form:

Zi =7 (Yiy) (38)

where Z} is i*" sensor’s message at time # to the coordinating

sensor. Z} belongs to the set {0,1,b}, where we use b for
blank message, that is, no transmission. The time 7° is the
stopping time when ‘" sensor sends a final message to the

coordinating sensor, that is,

7t = min{t : Zf € {0,1}} (39)

The coordinating sensor observes its own measurement pro-
cess, V', t = 1,2, .... In addition, it receives messages from all
the peripheral sensors (we assume that when the coordinating
sensor receives a message it knows which peripheral sensor
sent that message). At any time ¢, SO can decide to stop
and declare a final decision on the hypothesis or take a new
measurement and wait for more messages from the peripheral
sensors. Each time SO postpones its decision on the hypothesis,
it incurs a cost c’. When SO announces a final decision U on
the hypothesis, it incurs a cost given as J(U, H). Thus, the
coordinator’s decision at time ¢ is given as:

Ut :Vg(yl(?tvzll:tvz%:tv"'12{\:]15) (40)

U belongs to the set {0,1, N}, where we use N for a null
decision, that is, a decision to continue waiting for more
messages and taking more measurements. The sequence of
functions T = (79,49, ...) is the policy of the coordinating
sensor. The time 70 is the stopping time when SO announces
its final decision on the hypothesis, that is,

70 = min{t : U; € {0,1}} 41

We consider the following problem.

Problem P3: Consider a finite horizon T for the peripheral
sensors (that is, we require that 7¢ < T7) and a finite
horizon T for the coordinating sensor, that is, 70 < T, The
optimization problem is to select polices I'°, T, .., .I'N of all
the sensors to minimize

N
E{) c'.r'+ J(Upo, H)} (42)
i=0
We now obtain a characterization of the peripheral sensors’

optimal policies. For the i peripheral sensor, we define
m = P(H = 0[Y},) 43)

Theorem 11: For any peripheral sensor ¢ and any fixed
choice of strategies I, for j = 0,1,...,N,j # i, there is



an optimal policy of the peripheral sensor 7 of the form:

; 1
ZTi{O

where 0 < o, <1, and for k =1,2,.., 7" — 1,

if 7TT1 < aTl
if 7TT1 > ozTL

boif m < ol

1 ifod <7l <pi
Zl =X b if By <7l <

0 if 6 <mi <08

b oif 7l > 6

where 0 < af < 8] <65 <0i <1.

Proof: The main idea of the proof is that once the policies
of all sensors except ¢ are fixed, the optimization problem for
the i*" sensor is similar to the problem for O1 in Problem P2.
The i*" sensor plays the role of Ol in Problem P2 and the
coordinating sensor plays the role of O2. The observations of
the coordinating sensor at time ¢ can be defined as:

V) =2, 2],j=1,2,...N,j #1)

Note that conditioned on H, the observations 37;0 are indepen-
dent of the i*" sensor’s observations. We can now follow the
arguments of Theorem 1 and 2 to conclude the result for the
h peripheral sensor. [ ]
To find a characterization of the coordinating sensor’s
policy, we fix the policies of all peripheral sensors and define

71-1(5) = P(H = Olylo:t’le:tvzlz:ﬂ "'7211\:[1&) (44)

Theorem 12: For any fixed choice of policies of the pe-
ripheral sensors, the policy of the coordinating sensor is given

as
B 1 if 71'%0 < ago
Uro = { 0 if 700 > argo
1 ifnd < ow(ZL,, 22, ..., ZN,)
U N if ak(Zl:k7ZIQ:k7" Z{Vk) <mp <
k, =
ﬂk(Zl k’Zlkv Zlk:)
0 if 70> Bu(Zly, Z2p, s ZN0)
where 0 < (2L, Z2 sy ZN)<

Be(Zt 4y Z24s s ZN,) < 1 are thresholds that depend
on sequence of messages received from the peripheral
Sensors.

Proof: The proof follows the arguments of Theorem 3
and Theorem 4. ]

B. Problem P1 with Multiple Peripheral Sensors

In the multiple sensor analogue of Problem P1, the fusion
center waits to receive final messages from all sensors before it
starts its operation. The qualitative properties of O2 established
in Section IV-A hold here as well. That is, after receiving all
the messages, the fusion center’s problem is a classical Wald
problem with the initial belief

71—(2)::P( *O|Z1‘rl7 17'2"' Zl'rN)

Moreover, the characterization of the optimal policies of pe-
ripheral sensors obtained in Theorem 11 can be established in
this case as well by employing essentially the same arguments
as in the proof of Theorem 11.

IX. CONCLUSION

We presented two new models for sequential problems in
decentralized detection where peripheral sensors send only
their final message to a fusion center/coordinating sensor.
In the first model, the fusion center waits to receive the
final message from each of the peripheral sensors and then
starts taking measurements of its own. In the second model,
the coordinating sensor starts taking measurements from the
beginning, without waiting for the final messages from the
peripheral sensors. We first addressed simple two sensors
(observers) version of the problems. We derived structural
properties of optimal policies for the two observers with a
single, terminal communication from observer 1 to observer
2. We showed that classical two threshold rules no longer
hold for observer 1. However, since observer 1’s problem is a
stopping time problem, a finite parametric characterization of
optimal policies is still possible and is described by at most
4 thresholds. We obtained a characterization of observer 2’s
optimal policy as well. We presented a methodology to find
the optimal policies in a sequential manner. We also looked
at an infinite horizon version of the problem with stationary
observation statistics. We showed that while a 4 parameter
characterization of policies is almost optimal for observer 1,
these parameters may not be stationary. We then extended
the qualitative results to the general scenario with multiple
peripheral sensors sending their final messages to a fusion
center/coordinating sensor.

APPENDIX A
PROOF OF THEOREM 1

Consider an arbitrary choice I'? = (77,73, ..., 72, for 02’s
policy. O2’s policy is assumed to be fixed to I'? throughout
this proof. Note that for a fixed I'2, 72 and UTQ2 are functions
of 02’s observation sequence (Y2,YZ,...,Y2,) and messages
received from O1 (Z1, ..., Z1,). In other words, a policy of O2
induces a stopping time functlon S r? and an estimate function
R™ defined for all possible realizations of the observations of
02 and messages from Ol such that

72 = ST (Y20, 71 1) (45)

U% =R (Y2, Z1 1) (46)

Also, by a simple application of Bayes’ rule, we know that
T4, can be updated from 7} and Y} .

H= 0|Y11:k+1)
_ PV, |H = 0)r

PV |H = 0)mf + PV, [H = 1)(1 — )
(47)

7T}c+1 =P(

Thus, we have that

Thy1 = Te(mp, Vi) (48)

where T}, is defined by (47).

We will now show that under any policy for Ol, the
expected future cost at time k for Ol is lower bounded by
the functions V}, defined in Theorem 1. Consider any policy
I'! for O1. Under the policies I'* and I'2, and for a realization



y1.., of O1’s observations till time k, let Wy (yi.,) be observer
1I’s expected future cost at time instant % if it has not sent its
final message before time k. That is,

1 p2
Wi(yie) =BT [ (7 = k) + P72 + T(UZ, H)lypg,
Zigr = brn-1] (49)

First consider time 7"'. We have
Vi () := min{

EF2 |:C27'2 + J(U22 H)’ ﬂ—%ﬂl = lele—l = b11T1—17 :|

Z3. =0
1 1 .
E [027'2 + J(Ufz,H)’ 2?11 ;7{’ Ly =brriog, }}
(50)

If observer 1 has not sent a final decision before time 7!,
then under policy T't, O1 will either send 0 or 1 at time 7.
O1’s expected cost to go at T, if it sends a 0 at time T is

VVT1 (y%:Tl) = w(y%:Tl,O)
1 1 .
. [627'2 + J(U%, H) ?iTlLZOLTLl =brri-1, }
T1 =
(51

Similarly, if O1 sends a 1 at T, its expected cost to go is

I/VT1 (yi:Tl) = w(y%:Tl ’ 1)

1 1 —
yl:Tl’Zl:Tl—l = bl:Tl—h :|

— ET [027'2 +J(U%, H) 7

(52)
Consider the expectation in (51). We can write it as

y%:Tl ) le:Tl—l = bl:Tlfla i|

Zh =0

=B (ST (Yiga, ZL) + J(RY (Y, Z3 ), H) |yl o,
Zigi = b1, Zi = 0] (53)

—E [c2sF2 (Y270, brri 1, 0)+

E™ [027'2 + J(U%, H)

1 1 —
J(RF2 (}qu?abl:Tl—laO);H) yll:Tla Zl:Tl—l = bl:T1—17 ]
: ZL, =0
(54)

where we used (45) and (46) in (53) and substituted Z11:T1
in (54) with the values specified in the conditioning term
of the expectation. Since the only random variables left in
the expectation in (54) are Y12:T2 and H, we can write this
expectation as

1' 721- L = by ;
S [P H = | P50 S T
h=0,1 T
yf:T2ey12;T2
2 2
X {CQSF (y%:T%bl:Tlfh 0) + J(RF (y%:T%bl:Tlflv 0)7 h)}}
(55)

Consider first the term for A = 0 in (55). Because of
the conditional independence of the observations at the two

observers, we can write this term as follows:

>

Y2 2 €YVE o
Zi_y = buri—1, Zk = 0) x ST (420, i1, 0)+
J(R" (4232, b171-1,0),0)}]

= Y [Pige|H =0)75 (Y1)

2 2
Y112 E)}1;T2

2
x {2SY (yL.p2, b —1,0)

[P(y%T2|H = O)P(H = 0|y%:T1a

+ J(B” (472, b -1, 0),0)}] (56)
Similarly, the term for h = 1 in (55) can be written as,
Z [P(yf:T2 ‘H = 1)<1 - ﬂ'}"l (y%:Tl))
yf:TQEylzsz
x {c2ST (o, brrr—1,0) + J(RY (4o, b —1,0), 1)}
(57)

Combining equations (56) and (57), we see that the expectation
in (55) depends on ’7'(%11 (y%:Tl) and not on the entire sequence
yi.1. Hence, we can replace yi. . by mhi (yi.,1) in the
conditioning in (51). Therefore,

le(y%;TpO)
=g [0272 + J(UTQ% H)|y%:T17211:T1—1 =brr_1, Z%l = 0]
=B (7 + J(UR, Bl (hir, ). Zhags 3 = bupsoas
Zy1 = 0]
>V (mps (Y1, )
where we used the definition of V1 in (58). Exactly same

arguments can be used if Ol sends a 1 at time T to show
that

(58)

wri (Y, 1) == BT (202 + J (U2, H) |y,
Zimi_q =biri1, Zp = 1]
> Vi (mha (91.1,))

Hence, we conclude that the following inequality always holds
for policy I'':

(59)

VVT1 (y%:Tl ) > ‘/T1 (77%—4 (y%:Tl ))
Now consider time k. Assume that

Wk+1(y%:k+1) > Vk+1<7rli+1(y%:k:+1))

If observer 1 has not sent a final decision before time &, then it
will send either a 0,1 or b at time k. Therefore, O1’s expected
cost to go at k, Wy (yi ), is either

2
wk(y%:lm O) = EF [627—2 + '](U32a H)|y%:k7 le:k—l = bl:k—la
Zj, = 0] (60)
if Z} =0; or

2
wk(y%:kv 1) = E" [027_2 —+ J(UEQ’ H)ly%:kv le:kfl = b1:k—1,
Zj, =1] 61)



if ZL =1; or

wk(yik’ b) = ¢+ EF2 [Wk-‘rl(y%:kv Yk1+1)|yi:k» lezk = by.]
(62)

if Z,i =b.

By arguments similar to those used at time T, we can show

that V}, is a lower bound to expressions in (60) and (61). That

is,

Wk (y%:ka Zli)
= B (P77 + T (U2, H)lyls: Zix = brs-1, 2} = 2]
> Vi(mk (yi4) (63)
for 2} € {0,1}.
Consider equation (62). From the induction hypothesis at time
k + 1, we have that
Wk+1(yi:k+1) > Vk+1(7rli+1(y%:k+1))

which implies

2
E" [Wk+1(y%:kvyk1+1)‘y%:kﬂ Z11:k = bl:k]
2
> E" [Vk+1(7rli+1(yi:kvYk,1+1))|y%:ka le:k = bl:k]
2
=E" [Vk+1(Tk(7Ti(ZU%:k)»Yk1+1)>|y%:ka Z11:1<: =brix] (64)

The above expectation is a function of =}(yi,) and the
conditional probability:

P(Yk1+1|y%:kv Zi, = bix)
which can be expressed as:
P(Yia[H = 0).mp(y1g) + P(Vea [H = 1).(1 = 73, (y1.1.))

Thus the expectation in (64) depends only on 7}.(yi.,) and
not the entire sequence y;.,; Hence, it can be written as:

2
E" [Vk+1(Tk(7Tli(y%;k),Yk-hl))hﬁi(?/%;k)a Z11:k = b]

Equations (62) and (64) then imply that

wk(y%:kaw

= +ET [Wk+1(y}:k,ykl+1, Zz+1)|y%:ka Z1 4, = b
e+ BT Vit (T (mh (). Vi )Tk (), Zhge = bl
= !+ BT [Viga (mh 1) 7k (), Z1g, = brsl
> Vi(mh (yha))

where we used the definition of Vj in (65). From equations
(63) and (65), we conclude that the inequality Wy (yi ) >
Vi(m}(yi.,)) is true. Hence, by induction it holds for all k =
T',T' —1,...,2,1. Since I'! was arbitrary, we conclude that
V} are lower bounds on the expected cost to go for Ol under
any policy for O1 (with O2’s policy fixed at I'2).

A policy T'* that always selects the minimizing option
in the definition of V) for each w will achieve the lower
bounds Vi on W} with equality for all k. Note that the total
expected cost of policy I'! for O1 is ¢! + E[W;(Y{')] which
is greater that ¢! + E[Vi (71 (yi))] (since we have shown that
Wi(yi) > Vi(mi(yl))). Thus, we have that T'* also achieves
the lower bound on total expected cost for any policy. Hence,
it is optimal.

v

(65)

Thus, an optimal policy is given by selecting the minimizing
option in the definition of Vj, at each 7. This establishes the
dynamic program of Theorem 1 and shows that there is an
optimal policy of the form:

Zp =~ (n})

APPENDIX B
PROOF OF LEMMA 1

gonsider 2the first term in definition of V1. Using functions
ST and R from equations (45) and (46) in first term of (50),
we get

E™ (72 + J(UZ%, H)|m30 =7, Ztgn_y = bropi 1,

Zp = 0]
=B (A8 (Viga, ZL00) + TR (Yiga, Z).0). H)

71 =7, Zipn oy = b 1, Zips = 0]

2 2 2

=E" [2ST (Vi 2, bt —1,0) + J(RY (Y2, bipi_1,0), H)

|’/T%«1 =T, Z11:T171 = bl:Tl—la Z%—q = O] (66)

where we substituted le:Tl in (66) with the values specified
in the conditioning term of the expectation. Since the only
random variables left in the expectation in (66) are Yf:T2 and
H, we can write this expectation as

2 X

_ 2 2
{h=0,1} Y12 €y1:T2

P(y%:T’“H = h|7T;1 = 7T7Z11:T171 =b, Z%l =0)

{2 (Y2, brr -1, 0)

+ (B (4, brrs 1,00, )] (67)
Consider first the term for o = 0 in (67). Because of

the conditional independence of the observations at the two
observers, we can write this term as follows:

Z [P(y}.72|H = 0).7.

2 2
yl:T2€y1:T2

{287 (42 g2, b1 1,0) + J(RT (4272, b 1, 0),0)}]
=X

L2

2
P(y%:T2|H = O)'{C2SF (y%:T%bl:Tl—l:O)

Y2 2 €VE
+ J(RF2 (Y372, b1.71-1,0),0)}] (68)
—r x AL (69)

where A;ﬁ is the factor multiplying 7 in (68). Note that this
factor depends only on the choice of O2’s policy. Similar
arguments for the term corresponding to h = 1 in (67) show
that it can be expressed as

(1—m) x B, (70)

Equations (69) and (70) imply that first term of (50) is an
affine function of m, given as A;ﬁ o+ Bgi (1 — 7). Similar
arguments hold for the second term of (50). Hence, we have
that

V() i= min{ L. (7), L1 (7)}



Since Vi is minimum of two affine functions, it is a concave
function of 7.

We now proceed inductively. Assume that Vj; is a concave
function of 7 and consider V%,

Vie () := min{
EY (22 + J(U2, H)|rl =, 2L = br_1, ZL = 0],
ET (272 + J(UZ%, H)|x} =7, Zy 1 = brg—, Z} = 1],

et + E[Vis1 (Tio(my, Yiy))lmy = 7, Ziy = b]}

Repeating the arguments used for V1, it can be shown that
first two terms in (71) are affine functions of 7. These are the
functions LY and L}, in Lemma 1. To prove that the third term
is concave function of 7, we use the induction hypothesis that
Vi+1 is a concave function of 7. Then, Vi1 can be written
as an infimum of affine functions

(71)

Vi1 (m) = irilf{)\iﬂ' + i} (72)
Furthermore, last term in (71) can be written as:
!+ B[Vie (T (7, Vi) |my = 7, 21, = bu]
=t + Y [Pl =, 21 = bik)
Yhyp1 EV!
Vi1 (T, Yisr)] (73)

Using the definition of T} from equation (47), each term in
the above summation can be written as
P(ylﬁ+1|ﬂ.]}: =, lek, = bl:k)
Vi ( P(yy1lH = 0).m )
Vi+1
P(y,i+1|H =0).7+ P(y,ﬁ+1|H =1).(1-m)
= {P(ys1[H = 0).7 + P(yp |[H = 1).(1 - m)}
Vius ( P(y,i+1|H =0).7 )
Vi+
P(yllé+1|H =0).7+ P(y;+1|H =1).(1-mn)
(74
Now using the characterization of V1 in terms of the affine
functions (from equation 72) in the equation (74), we obtain

inf{\;.P(yp1|H = 0).7+

(P(Yya[H = 0).m + Py |[H =1).(1 = m).pi}  (75)
Substituting this expression in (73), we obtain
o Z [irl_lf{)\l-.P(y,iH\H =0).7+
Ypyr EVY
(P(Yig1[H = 0).7 + P(yj|H = 1).(1 = m).pii}]  (76)

Observe that the expression under the infimum is an affine
function of 7. Hence, taking the infimum over ¢ gives a
concave function of  for each y;,, ;. Since the sum of concave
functions is concave, the expression in (76) is a concave
function of w. We will call this function G (7). Thus, the
value function at time k given by (71) can be expressed as:

V() := min{LY(7), L} (), Gr(m)} 77)

Since V} is minimum of a concave and two affine functions,
it itself is a concave function. This completes the argument
for the induction step and (77) now holds for all k = (T —
1),..5,2,1.

APPENDIX C
PROOF OF THEOREM 3

Proof: Let I'' = (7,73, ...,7}1) be the fixed policy of
Ol. By definition of 77, we have

7Tk+1(Y1 k+1s Z1 k+1) = PF (H = 0|Y12:k+17211:k+1)
P(H=0,Y2, Zp Y, Z1y)

_thm P(H = hYk2+1a %+1|Y12:k’Z11:k)

(although we omit the superscript I'! for ease of notation, it
should be understood that these probabilities are defined with
a fixed T'1)

Consider the numerator in (78). It can be written as:

(78)

P(Y,€2+1|H = 07Y12:k7211:k+1)'P
P(H - O|Y12:kazllzk)
=P(Y?,|H =0).P

(Zli+1 |H =0, Y12:k:7 lezk)'

(Z%+1|H =0, Z%;k)-”i(yﬁmzik)
(79)

where we used conditional independence of the observations
in (79). Under a fixed policy of Ol, Zés are well-defined
random variables and hence the second term in (79) is well-
defined. Similar expressions can be obtained for the terms in
the denominator of (78). Thus, we have that wi 41 is a function
of m, Y2, and Z{, . That is,

Tyl = Ty (7, Y21, Zies) (80)
In the statement of Theorem 3, we defined VTz as
V2 (2l ) i= min{E" [J(0, H)|x2> = ],
EV[J(1, H)x2 =7} (8

If O2 has not declared a final decision on the hypothesis
till 72 — 1, and selects U%z = 0, then his future cost at time
T? is

1
WT2 (yl T2721 T ) =E"[J [ (Ov H)|y%:T2vZ%:T1]
*77%2 (yl T25 ?1: Tl) J(0,0) + (1 77%2 (y%:TZazi:Tl))"](Ov 1)
=E" [J(0, H) |7TT2 y%:T"”Zl:Tl)} (82)

which corresponds to the first term in definition of Vi at
725 (Y22, 21.71). A similar expression is true if U2, = 1.
In either case, we have from the definition of VTz that for
u € {0,1},

- 1
WT2 (y%:T% Z%:Tl ’ ’LL) = ]EF [J(u7 H) |y%:T2 ) Z}:Tl]

> VT2 (Z%;Tla 7(%2 (y%:T% Z%:Tl)) (83)

thus, the optimal action at time T2 is to select the minimizing
option in the definition of Vi and the optimal future cost is
the value of VTz.

We will employ backward induction on the functions V}
defined in Theorem 3 to show that they represent the optimal
value functions for O2. Consider time instant k. Assume Vk+1
gives the optimal cost to go (future cost) function at time k1.



We have, by definition,
Vie(21 4, ) 1= min{
BT [J(0, H)|n} = 7,
B [J(1, H)|n} = 7,
A+ B Via (Zh g mi)lmf = m2lyl (84

At time k, for a realization y?,,, 21, of O2’s observations and
O1’s messages, the cost of stopping and declaring a decision
on the hypothesis at time k is either

Wk (y%kv Z%:ka 0) = EF [‘](O’ H)|y%k7 Z%k] (85)

or

Wk (y%:lm Z%:ka 1) = EF [‘](1’ H)|y%:k7 Z%:k] (86)

By arguments similar to those at time T2, the above terms are
the same as the first two terms of Vj (21, 72(y?.1., 21.5))- The
cost of continuing at time k is
pe 2 1 2 Iy 1 2 2 1
Wi Wik 2100 N) = ¢ + B Vi1 (Z1pg1s Teg 1) W1k 214
= CQ+
o 1 72 y2 1 2 1

EY Ver1 (Z1gp1 Tr(mic, Vi 15 Z1ep1) Wik 21
= 02—|—

1~ -
E" [Vk+1('z%:ka ZliJrlv Ty, (771%’ ch2+1’ Z%:kﬂ Zé+1))|y%:k’ z%:k}
(83)

87)

The expectation in (88) depends on 77, z{, and
P (Y21, Z} 1|3y 21.,). This probability can be written
as:

P(Yi|H = 0).P(Zjy|H = 0, 21) mi+

P(Y2|H =1).P(Zy|H = 1,214).(1 - 7)) (89)

which depends only on 2], and 7Z. Thus, the cost of contin-
uing is the same as

1~
CQ + ]EF [Vk'i‘l (le:k-‘,-l? 7T2+1)|7T’% (y%:kv Z%:k)’ Z%k]

which corresponds to the last term in the definition of Vj.
Consequently, the optimal action at time k is to select the
minimizing option in definition of Vj and the value of V}, is
the optimal expected cost to go at time k. This completes the
proof of the assertion of Theorem 3. ]

APPENDIX D
PROOF OF LEMMA 2

Proof: The result of Lemma 2 for time T? follows from
the definition of V2 since

E" [J(0, H)|n2, = 7] = 7.J(0,0) + (1 — 7)..J(0,1)
This corresponds to the line {°(). Similarly,
E' [J(1, H)|n2s = 7] = 7.J(1,0) + (1 — 7).J(1,1)

which corresponds to line {!(). Since, for any realization
of Z%:Tl’ Vr2 is minimum of two affine functions of , it is
concave in 7 for each z] ;..

g 1 . .
Assume now that Vj1(21,,11,7) is concave in 7 for each
Z%:k-{-l' Then, we can write Vi1 as:

Vi1 (2lpyr, ™) = nf{i (2lgga)-m + a0} 90)

where X (21, ;) and p;(z],,, ) are real numbers that depend
on z{, . ;. Consider the value-function at time k.

Vi(2ho m) = mind B [J(0, H)|nf = 7],
E" [J(1, H)|n? = 7],
C2+EF1 [f/k—_;’_l (le:k+1,7r,%+1) 7T2 =T, Z%:k]}
oD

The first two terms in (91) correspond to the affine terms [°
and ['. The last term in (91) can be written as:

1~
E+E" Vi1 (Zlgi1, oy )7 = 75 214]}
=+ E" [Vk+1(Z11;k+1a Tk(mi Yk2+17 le:k+1))\7T1§ =, Z%:k]}

ey Y

Y3 €2 2L, (0,10}

[Pr(yiﬂ,zliﬂlﬂi = szi:k)

Vk+1(z%:k+17Tk(7T>yl%+1vz%:k+1))} 92)
We now use the fact that Ty, (m,y2_ 1, 21.,,,,) is given as
P(y? |H =0).P(z 4 |H =0,z2{,,).7 ©3)

P(yiwzéﬂhi = 71',2’%:,9)

(see equations (78) and (79)).
Focusing on one term of the summation in (92) and using
(90), we can write it as

P(yi-s-la Zli+1|ﬂ';i =T, Z%:k)x

inf{; (21.511) P(yi1|H = 0).P(zj 4 |[H = 0,21,).7
A (21 g1)- PR 1, 2|7 =7, 210)
+,ui(2%;k+1)}

Note that the expression outside the infimum in (94) is the
same as the denominator in the term multiplying X; (21, ;)
in (94). The expression (94) can now be written as

(94)

inf{i (1.4 11) - PWi i [ H = 0).P(zp 41 [H = 0, 21,) 7

J'_N’i(ziszrl)'P(yl%Jrh ZliJrl |7TI% =T, z%:k:) (95)

Expanding the probability multiplying p;, we can write (95)
as

ir}f{)\i(z%:k+1).P(y,§+l\H = O).P(z,i+1|H = Oaz%:k)ﬂ'

i (21 1)-(PYipa [H = 0).P (241 |[H = 0, 204) 7+
P(yip[H = 1).P(zy [H = 1,214).(L— 1)} (96)

For the given z%: ka1 and y,% T1s the term in the infimum in
(96) is affine in 7. Therefore, the expression in (96) is concave
in m. Thus, for the given realization of z%: &> €ach term in the
summation in (92) is concave in 7. Hence, the sum is concave
in 7 as well. This establishes the structure of f/k in Lemma 2.
To complete the induction argument, we only have to note that
since Vk is the minimum of 2 affine and one concave function
of 7 , it is concave in 7 (for each 21 ,,). u



APPENDIX E
PROOF OF LEMMA 4

Proof: We first prove the second part of the lemma.

By definition, we have

wt+1(h7ﬂ-1aﬂ—271)
=P(H = h,m}, =7, 77 = 7%, Dyy1 = 1| Z1,, = b1)
= P(H = haTt(th7Y2|—1) = 7T1a7rt2 = 7T27

Dyy1 = 1121, = b1y) 97)

where we used the fact that O1’s belief at time t 4+ 1 is a
function of its belief at time ¢ and the observation at time
t+ 1, that is, mf, = Ty(m}, Y4 ,) (see Appendix A, (48).
The right hand side (RHS) of (97) can further be written as:

/ 1Tt(ﬂ/7y):ﬂl.P(H = h7 ﬂ—tl = 71—/7 Yg‘rl =Y, ﬂ—f = 7727
y,m’
Dt+1 = 1|let = bl:t)

= / 17, (n yy=mt -P(Yiy = y|H = h).P(H = h,m; =7,
y,m’

s

77 =7, Digr = 121, = bi)
= / ]th(Tr,7y):7,1.P(§Ql+1 =y|H =h).P(H = h, ﬂ'tl =7,
y,’

77 =7, Diloecnrcpr = 1Z1, = biyy) (98)

where we used the fact that if Z{, = by, then the event
{2 > t+ 1} is same as {r? > t} N {a? < m < BZ} and

hence Dyy; = Dt.]la§<ﬂtg<ﬁtg. The RHS of (98) can be written
as:

= / ]th(,r,7y):7,1.P(Y;i_1 =y|H =h).P(H = h,n} =7/,
Y7’

7Tt2 = 7T2aDt - 1|le:t - bltt)']]-af<ﬂ2<ﬂt2

— [t PO = ylH = Dlb) 75 )
Y7’

']]-a?<7r2<5t2

99)

The expression given by (99) depends on ¢.[b], the thresholds
a?, B? specified by 77 and the observation statistics that are
known a priori. Thus ;1 (h, 7', 72, Dy 1 = 1) is a function
of ¢4[b] and ~2.
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Similarly, ;11 (h, 7', 7%, D;11 = 0) can be written as:
wt-i—l (hv 7Tla 71—27 Dt+1 = 0)
= / ]]‘Tt(ﬂ",y)Zﬂ'l‘P(}/t{i-l = y‘H = h)P(H = h,,’ﬂ'tl = 71'/,
Y,

2_ 2 _ 1 _
T =7, Delazcrrcpr = 0[Z1. = b1:t)

= / ]th(ﬂ,7y):W1.P()/th_1 =y|H =h).P(H = h,ﬂ'tl =7,
y, 7’
7Tt2 = 7T2a D, = 0|Z11:t = b1.)

+/ ]]‘Tt,(‘ﬂ'/,y):Tl'l'P(Y;il = y|H = h)P(H = h,’/T)él = ’/TI,
y,m’

7T152 = 7T2,Dt = 1|lezt = bl?t)']l(ﬂ'QSa?)U(ﬂ'QEBf)

- / ]]'Tt(ﬂ'/vy):ﬂ'l'P(YgFl = y‘H = h)(bt[b}(}% 7T,, 7-(-23 O)
Y,

[ A PO = 3l = W0 71
y,7’

Lme<at)ure=p) (100)

The RHS of (100) depends only on ¢;[b] and the thresholds
o?, B2 specified by 72. This concludes the proof of the second
part of the lemma.

For the first part of the lemma, consider

G¢[b](h, 7wt 72, 1)
=P(H =h,m} =7', 7 =7% Dy = 1|Z}, = br) (101)
To simplify this term, first note that
W?(y%:tv Z%:t) = P(H = O|y%:t? Z%:t)
_ P(H = O7yt272151|y%:t—17Z%:t—1)
Zh:m P(H = h,y, 2 Y241, 214-1)
The numerator in (102) can be written as:
P(yt2|H = 0’ y%:tfl’ Z%t)P(ZHH = O’ y%:tfh le.:tfl)‘
P(H = Oly%:tfluz%:tfl)
= P(ytZ‘H = O)P(Zt1|H =0, Z%:t—l)'ﬂ—f—l(y%:t—la Z%:t—l)
(103)

where we used the conditional independence of observations
given H. Thus the numerator in (102) can be evaluated from
y2,m2_, and P(z}|H = 0,21, ;). Similar expression can be
obtained for the terms in the denominator of (102). Therefore,
we have

71—tz(y%:tv Z%:t) = thl(ﬂgflv yt27 P(Zt1|H’ Z%:tfl))
For 21, = by.;, we have
Trtz(y%:ta bl:t) = Tt—l(ﬁtz—hyf?P(Ztl = b|H7 le:t—l = blit—l))
= th(ﬂf,hyf, P(T‘—tl € Ct|H7 leztfl = blitfl))
(105)

where C; := [0,af) U (8},0;) U (6;,1]. The conditional
probability in the argument of 7;_; is a function of ¢, and

the thresholds specified by ~;. Thus, when z{., = by.,
77752 - Tt—l(ﬂ-?—la }/th wh fYtl)

(since the function ~} is completely characterized by a set of
thresholds, we use 7,51 to denote the set of thresholds).

(102)

(104)

(106)



Because of (106), the expression in (101) can now be
expressed as:

P(H = h’ﬂ-tl = Wl’thl(ﬂtZ—hY?/(/)tv%l) = 71'27

Dy = ]'|Z11t = bl:t) (107)
This can further be expressed as
P(H = h” ﬂ—i} = ﬂ—lathl(ﬂ-?flﬂ 1/;27¢t7’7t1) = 7T2,
D; = 17Ztl = b‘le:tfl = bl:tfl)
P(Ztl = b|Z11:t—1 =b1-1)

P(H = h" 7T751 = ﬂ-l’Tt*l(ﬂthlﬂ }/;527’(/}157’7;) = 71-23
Dy =1,7Z} =b|Z}, | = by

t t ‘ 1:t—1 1:t 1) (108)

P(r} € ClZi, | =b14-1)

where C; = [0,}) U (B},81) U (64, 1]. The denominator is
a function of a marginal distribution of ;. To simplify the
numerator, first note that ¢; is fixed already by the choice of
decision functions till time ¢ — 1. The numerator in (108) can
therefore be written as:

P H — 1 1 2

/y , ]lft—l(ﬂ’-,y,wtxytl):wz- ( = h,ﬂ't =7n,Y" =y,
Y, Y

7Tt2_1 = 7T’,Dt =1, Ztl = b|Z%:t_1 _ bl:t—l)

= / ]l’f'tfl(ﬂ/:y,l/)t,'yg):ﬂ'z'P(}/t2 — y|H = h)
y,m’

P(Z} =bjn} =a").P(H = h,n} =n' 72, =7,
Dy = 1|lezt—1 =1b)

- /yw L7y (g penty=n2 P = y[H =) Loice,.

P(H = haﬂ—tl = 7T177rt2—1 = ﬂlth = 1|Z11:1£—1 = bllt—l)
N / ]liﬂt71(77’,1171/)1:,7}):7r2'P(Y;t2 =ylH =h).1qec,.
Y,

Yy(h, 't 7 1) (109)

The expression in (109) is a function of v; and the thresholds
specified by /. Since (109) is equal to the numerator of
(108), it follows from (108) and (109), and the fact that the
denomination of (108) is a marginal distribution of v,

G [b] (R, ', 72, 1) = Qf (Yhr, 7, b)

Similar analysis holds for D, = 0 and also for ¢;[0] and ¢, [1].
|

APPENDIX F
PROOF OF THEOREM 6

Proof: With the appropriate definitions of the information
states vy and ¢, the proof of Theorem 6 is similar to that
of Theorem 5. As in the proof of Theorem 5, we proceed
backward in time.

Consider first the final horizon for O1: T!. Assume that
the designer has already specified functions 7,73, ..., Y71 _;
for Ol and +7,73,...,7%,_, for O2. The designer has to
select a function to be used by O1 at time 7" in case Ol’s
final message has not been already sent. By Theorem 2,
this function is characterized by a single threshold alTl. The

21

expected future cost for the designer is the cost of a Wald
problem with horizon T2 — T, if observer 2 has not already
declared its final decision. Thus, the expected cost for the
designer is:.

E[{c*(r?2 =T + J(Uy2, H)}. 1o | Zi g = bron 1]
2 1

=E[KT T (131).Lresm| Ziga g = b ]

— BIE" T (722).D1 | ZLpa_y = brm 4] (110)

where K7°~T'(.) is the cost of using the optimal Wald
thresholds from 7' onwards with an available time horizon
of T? — T, This cost can be expressed as:

2l
=E[K" ™" (n32).Dr2 | Zy g0y = b1, 2 = 1]
P(Zpy = UZipn g = buria)

+ BKT T (122). D | ZLn g = b1, Z4a = 0]
: P(Z%ﬂ = 0|lezT171 = bl:Tl—l)

:/ (KT =T (22).P(r2: = 7%, D1 = 1| Z pn_| = bypa_y,
ﬂ-2

Zpr = D].P(rp1 < apa|Zipn_y = b 1)
+/ (KT =T (22).P(r2y = 7%, D1 = 1| Zpn_| = bypa_y,

Z%—q = 0)]P(7Tr}11 > Ol%q |Z11:T1—1 = bl:Tl—l)

=: Ly1 (¢71[0], 71 [1], o1, aga) (11D
where we used the fact that the probabilities in the integrals are
marginals of ¢71[1] ¢71]0] respectively and the probabilities
multiplying the integrals are marginals of i)p1. Using Lemma
4, we can write (111) as

= ETl (Q’;l (7?71“1 ) O":%[“l ) 0)7 Q’}l (w’}“l ) a%’la 1)) le ) O"}l ))
=: Fpr (Y1, o) (112)

Thus the optimization problem for the designer is to select
alTl to minimize Fr1 (1, alTl). Define

Firi(p1) = mf Fri(dr, ag)

T

For a given v, the function 7, describes the optimal future
cost for the designer and the optimizing a1T1 gives the best
threshold.

Proceeding backwards, assume F, ; describes the designer’s
future cost from time ¢ 4+ 1. We now consider the designer’s
problem of selecting thresholds o, 3? to be used by 02 if it
received all blank messages from Ol, that is, Z;., = by.;. The
cost at time ¢ is J(0, H) if observer 2 stops and declares 0,
J(1, H) if observer 2 declares 1. In case, observer 2 does not
make a final decision at this point, a cost of ¢? is incurred.
The future cost for the designer will be the optimal cost at
time ¢ + 1 which is given by F}, | (1141). Thus the expected



cost is given as:

Elct(t! = (t+ 1)) + {2 (? —t) + J(U2, H)} - D;
‘Z%:t = bllt]

= E[{J(L,H) Lpce + J(0, H). Lz g+

A Lreraz g2 1 Dil Z1y = bradd + Fiy (Ye41)

=E[{J(1, H)-]lwfga,? + J(0, H).lﬂt225t2+
e lwfe[af,ﬁf]}'Dt‘lezt = bl:t] + :+1(Q?(¢t[b]7afaﬁt2))
(113)

=: Gi(¢u[b], 07, B7) (114)

where we used the fact that the expectation in (113) depends
on the thresholds o7, 32 , and the conditional belief on H, D,
and 77 given Zi,, = b},,- which is a marginal of ¢[b]. Thus
the optimization problem for the designer is to select a?, 57
to minimize G;(¢¢[b], a?, 3?). Define

Gt (¢ul6]) = inf, Ge(6, 07, 5)

Now consider the designer’s problem of selecting thresholds
at, BE, 64,04 to be used by O1 at time ¢. The expected future
2

cost is KT~ ~t(n?) if a final message is sent at time ¢ and if
02 had not already stopped (that is, Dy = 1). In case a blank
message is sent, the designer will need to choose thresholds
at time ¢ for O2 and the optimal future cost would be given
by ¢! + G; (¢+[b]). The total expected future cost is therefore,

Elc! (! —t) + {c*(r* = t) + J(U,2, H)} Dy

|le:t—1 = bl:t—l]

= BK" ! (x}).Di| 2} = 0,2}y = bre]

- P(Z} = 0|Z}4_1 = brs—1)

+E[KT (). Di| 2] = 1. 2L,y = be]

'P(Ztl = 1|lezt71 =b1.t-1)

+ et + G (eeb)] - P(Zy = 0| Z1, = bre—n)

:E[KTLt(W?)-Dt‘Ztl =0, lezt—l = biy—1]
P68} <7l < 0HZ1, | =b1y_1)
FEBIKT H(72).Dy|ZE =1, 7L, = biyp1]
-Plof <7} < BHZiy 1 =bru_1)
+ [Cl + Gy 1(0¢[b]).Dy] ’P(th € Ci|Zi,y_1 = bre-1)

(115)
= Et(¢t[0]7¢t[1]>¢t[b]awtaatlaﬁt176tl79tl) (116)
= ft(¢t7a%75tl7§tl79tl) (117)

where, to write (116), we used the fact that the two expec-
tations in (115) are functions of ¢:[0] and ¢[1] (this can be
established using analysis similar to that leading to (111)) and
the probabilities multiplying the three terms are marginals of
¢ . Further, since ¢.[0] and ¢¢[1] are functions of 1;, we can
write (116) as (117). The analysis for time ¢ can be inductively
repeated for all times. ]
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APPENDIX G
PROOF OF LEMMA 5

R T2he first part of the lemma follows directly from the fact that

V" is defined as infimum over a monotonically increasing
2

sequence of sets AT .

We will now prove the second part of the lemma. V,>° is
defined as infimum of tzhe objective over the set of policies
A which contains AT, VT2, hence we conclude that

VR(elowds) < lim V(2L 7)) (18)
’ : T2 00 ’
Assume that the inequality in (118) is strict. Then, there exists

a policy G € A for observer 2 such that the expected cost
under G,

Wi(G) =B Clelr! + 22 4+ J(UZ, H) |yl 21,

is strictly less than limp2_,o V7~ (21, #2). Therefore, the
policy G is better than any finite horizon policy. We will
now construct a sequence of finite horizon policies G2, T? =
t,t+1,t+2, ... such that the expected cost of G2 approaches
the expected cost of policy G as T? — oo. This will contradict
the fact that W(G) < limpa_,o0 V7~ (21, 72). Let 7€ and
U.c be the stopping time and the decision at the stopping
time induced under policy G. The policy G2 is characterized
by the stopping time 7’ and the decision at stopping time U,/
it induces as follows:

;¢ ¢ <T?

TTY 12 if G > T2
and

U., — U,a if 7¢ < T2

710 if 76 > T2

Note that G7= is finite horizon policy since it always stops no
later than the horizon 7. Define

Wi(Gy2) i= EF Cr2[elrt 272 4 J(U%, H) g2y, 21)

By assumption, the cost under policy G is better than the
cost under any finite horizon policy. Therefore, W;(Grz) >
Wi(G). Moreover,

Wi (Gr2) = Wi(G)

= B0 (7! + P72+ T(UR, By, 2]

- IEFI’G[clr1 + A%+ J(UZ, H) |34, 214
=Ble*(r =79 + J(Ur, H) = J(Ure, H)lyi.s, 21,
=E[{(r -9+

J(U‘F' ) H) - J(UTG ’ H)}'HTGST2 |y%:t7 z%:t]
+B{c*(r' = %)+

J(Up H) — J(Use, H)}. 1o sr2 [yl 21 (119)

The first expectation in equation (119) is 0 since for 7¢ <
T2, the policy G2 has the same stopping time and the final



decision as policy G. Thus, we get:

Wt(GT2) - Wi(G)
=E[{*(r' = 79)+

J(UT’ H) J(Uze,H)}.1, G>T2|y1tazlt]
=E[{c*(T? - 1)
+J(0, ) J(Ure, H)}. IL'rG>T2|y1 tvzl /]
<E[{J(0,H) — ‘](U‘rcvH)}'17G>T2‘y1:tazlzt] (120)
§L~E[170>T2|y1:ta2%:t]
=L.P(t% > T?|y2,, 21.,), (121)

where L is the finite positive constant that upper-bounds
J(U, H). Since the stopping time under policy G is almost
surely finite (otherwise cost of policy would be infinite), we
have that P(7¢ > T?|y?,,21,) — 0, as T? — oc. Thus, for
any € > 0, there exists a horizon T2 large enough for which
Wi (Grz2) — Wi(G) < €. Therefore,

lim Wt(GTz) =

T2—c0

Wi (G)

Hence, we conclude that there does Qot exist any policy G €
A for which Wy(G) < limpe_, o VT~ (21, 72). Therefore,
~ . ~ 2

Ve (24, Y1) = limre oo Vi (214, 7).

APPENDIX H
PROOF OF LEMMA 6

The fist part of the lemma follows directly from the fact that
VT is defined as infimum over a monotonically increasing
sequence of sets BT,

We will now prove the second part of the lemma. Since
B> contains B ,VT', we conclude that Vee(yt,) <
limp1 o VtT (7}). Assume that the inequality is strict. Then,
there exists a policy A € B for observer 1 such that the
expected cost under A,

Wi(A) := BV ! + 272+ J(UZ, H)yl.),

is strictly less than limg1 o Vi (7}). Therefore, the policy A
is better than any finite horizon policy. We will now construct
a sequence of finite horizon policies Ap1, Tt = ¢, + 1, +
2, ... such that the expected cost of A1 approaches the cost
of policy A as T' — oco. This will contradict the fact that
Wi(A) < limpi_o0 VI (71).

Let 7% and ZiA be the stopping time and the decision at
the stopping time induced under policy A. The policy Ap:
is characterized by the stopping time 7" and the decision at
stopping time Z1. it induces as follows:

L [T AT
Ty T A ST
and
g _{ 2 it T
™ 0 if 74 > Tt

Note that A1 is finite horizon policy since it always stops no
later than the horizon T''. Define

Wi(Ar) = EAr T [cr! !

+ P+ J(UZ, [yl 21,
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By assumption, the cost under policy A is better than cost
under any finite horizon policy. Therefore, Wi (Ar1) > Wi (A).
Moreover,

Wt(ATl) - Wt(A)
— A2 [cl Y42+ J(UZ, H)|yt)
_EAT? [c'rt + A%+ J(U%, H) |yt )
= Bl (7" — ) ha] + BA T (B 4 (U2, )k
— AT [®T2 + J(U227 H)lyi.] (122)
< EATT? [c 2+ J(UZ, H)lyt ]
BN 4 J(UZ, H) k) (123)

where we used the fact that since 7* < 7%, the first term in
(122) is less than or equal to 0. Further, (123) can be written
as:
EM T ({P 72 4+ J(UR, H) . Loacr [y
—EMTCT 4 (U2 H) L acr [yt
+ BN (P 4 T(U2, H) Y Lyl
—EMTCT 4 (U2 H) L as Jyt)
For all realizations where 7 < T, the policy Ar1 has
the same stopping time and the final decision as policy A and
hence they both will send the same realization of messages
to 02 and hence 02’s policy I'? will produce the same
realizations of 72 and U 32. This implies that the first two terms
in (124) are equal. Thus, (124) becomes
EM T ({72 4 (U2, H) L oas o [y )
—EMTST + T(U2 H) L asy [yl
< (02~T2 + L).E[1 a5 ‘y%:t]
— (AT + L).P(r* > Tyl

(124)

(125)

where we used the fact that 72 is bounded by 7 under policy
I'? by assumption. Since the stopping time under policy A
is almost surely finite (otherwise cost of policy would be
infinite), we have that P(7% > Tl|yl,) — 0, as T' — oo.
Thus, from equations (122)-(125), we conclude that for any
€ > 0, there exists a horizon T large enough such that
Wi(Ap1) — Wi(A) < e. Therefore,
lim Wt(ATl) = Wt(A)
T'—co

Hence, we conclude that there does not exist any policy
A € B for which VV,g(A)1 < limpi_yo0 VT (71). Therefore,

V;foo(y%:t) = lim71 00 V;T (ﬁtl)
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