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Abstract

The quickest change-point detection problems with sampling right constraints are con-
sidered. Specially, an observer sequentially takes observations from a random sequence,
whose distribution will change at an unknown time. Based on the observation sequence,
the observer wants to identify the change-point as quickly as possible. Unlike the clas-
sical quickest detection problem in which the observer can take an observation at each
time slot, we impose a causal sampling right constraint to the observer. In particular,
sampling rights are consumed when the observer takes an observation and are replen-
ished randomly by a stochastic process. The observer cannot take observations if there
is no sampling right left. The causal sampling right constraint is motivated by several
practical applications. For example, in the application of sensor network for monitoring
the abrupt change of its ambient environment, the sensor can only take observations if it
has energy left in its battery. With this additional constraint, we design and analyze the
optimal detection and sampling right allocation strategies to minimize the detection delay
under various problem setups. As one of our main contributions, a greedy sampling right
allocation strategy, by which the observer spends sampling rights in taking observations
as long as there are sampling rights left, is proposed. This strategy possesses a low com-
plexity structure, and leads to simple but (asymptotically) optimal detection algorithms

for the problems under consideration. Specially, our main results include:

e Non-Bayesian quickest change-point detection: we consider non-Bayesian quickest
detection problem with stochastic sampling right constraint. Two criteria, namely
the algorithm level average run length (ARL) and the system level ARL, are pro-
posed to control the false alarm rate. We show that the greedy sampling right allo-

cation strategy combined with the cumulative sum (CUSUM) algorithm is optimal



for Lorden’s setup with the algorithm level ARL constraint and is asymptotically

optimal for both Lorden’s and Pollak’s setups with the system level ARL constraint.

Bayesian quickest change-point detection: both limited sampling right constraint
and stochastic sampling right constraint are considered in the Bayesian quickest de-
tection problem. The limited sampling right constraint can be viewed as a special
case of the stochastic sampling right constraint with a zero sampling right replen-
ishing rate. The optimal solutions are derived for both sampling right constraints.
However, the structure of the optimal solutions are rather complex. For the problem
with the limited sampling right constraint, we provide asymptotic upper and lower
bounds for the detection delay. For the problem with the stochastic sampling right
constraint, we show that the greedy sampling right allocation strategy combined

with Shiryaev’s detection rule is asymptotically optimal.

Quickest change-point detection with unknown post-change parameters: we extend
previous results to the quickest detection problem with unknown post-change pa-
rameters. Both non-Bayesian and Bayesian setups with stochastic sampling right
constraints are considered. For the non-Bayesian problem, we show that the greedy
sampling right allocation strategy combined with the M-CUSUM algorithm is asymp-
totically optimal. For the Bayesian setups, we show that the greedy sampling right
allocation strategy combined with the proposed M-Shiryaev algorithm is asymptot-

ically optimal.
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Chapter 1

Introduction

Sequential analysis, initiated by Wald in 1940s [1-3], has become a powerful tool for
data analysis in modern science and engineering [4—17]. As an important sub-class of the
sequential analysis, quickest detection has received significant research interest [18-31]
in recent years. This technique has found a broad range of applications from finance [32]
to engineering such as network intrusion detection [33], seismic sensing [34], structural
health monitoring, signal segment, etc. In this chapter, we give a brief review of the
classic setups for quickest detection problems, discuss the motivation of our research and

summarize the main contributions of this thesis.

1.1 Quickest Change-Point Detection

Quickest change-point detection, also known as “quickest change detection” or “quickest
detection”, aims to detect an abrupt change in the probability distribution of a stochastic
process with a minimal detection delay. Let { X,k = 1,2, ...} be a sequence of random
variables whose distribution changes at some unknown time ¢. In the basic setup, before ¢,

X}’s are independent and identically distributed (i.i.d.) with probability density function



(pdf) fo(x); and after ¢, X} s are i.i.d. with pdf fi(x). fo and f;, which are referred to as
pre-change distribution and post-change distribution respectively, are perfectly known by
the observer.

The observer sequentially takes observations from { X} }, and aims to detect the change-
point ¢ as quickly as possible. At each time slot £, the observer has to make one of the
following two decisions: 1) to stop the detection procedure and claim that the change has
happened; or 2) to continue the detection procedure and take another observation in the
next time slot. Let 7 be the time instance that the observer claims that the change has

occurred. 7 is a stopping time with respect to the filtration {Fy, k = 1,2, ...} with

Fr=o{X1,..., X} (1.1)

Detection delay and false alarm are two commonly used performance metrics in
quickest detection problems. If the observer raises an alarm before the change happens,
i.e. {7 < t}, then the observer makes a false alarm. On the other hand, if the observer
raises an alarm after the change occurs, then we use detection delay to measure the dif-
ference between the time when the alarm is raised and the time when the change occurs.
Depending on the assumption of ¢, the quickest change-point detection problem can be
roughly classified into non-Bayesian and Bayesian setups.

The non-Bayesian quickest detection problem [35,36] assumes that the change-point
t is a fixed but unknown constant, and aims to minimize the worst case (over t) detection
delay. We use F; and E; to denote the conditional probability measure and the conditional
expectation when the change happens at ¢, respectively, and use P, and E, to denote the
case t = oo. Depending on how to measure the detection delay, there are two main

problem formulations, namely Lorden’s formulation and Pollak’s formulation, for the



non-Bayesian problem. In particular, Lorden’s problem is formulated as

inf WADD(7) subject to ARL(7) > 7, (1.2)
where
WADD(7) := supesssup E;[(7 — t + 1)"|F,_1] (1.3)
t>1

is the worst case average detection delay (WADD)! 2, and
ARL(7) := Ex[7] (1.4)

is the average run length (ARL) to false alarm. < is a constant that controls the false
alarm rate. Note that the ARL constraint is measured under P., since all the observations
are generated from f, when a false alarm occurs. The intuitive explanation of the ARL
constraint is that: under {t = oo}, the observer raises a false alarm at 7 since he claims
the occurrence of the change. If the observer restarts the detection procedure whenever
he makes a false alarm, then E..[7]| can be viewed as the expected duration between two
consecutive false alarms.

Another important non-Bayesian setup is Pollak’s setup, which is formulated as

inf CADD(7) subject to ARL(7) >+, (1.5)

IThe essential supremum (esssup) of a set X’ of random variables is any extended random variable Z
having the following properties
(HP(Z>X)=1,VX € X;and
Q{PY>X)=1,¥XeX}=PY >2)=1,VX € X.
For more details, one can see, for example, Page 42 in [37] or Page 261 in [38].
2zt := max{z,0}.



where

CADD(7) = sup B[ — t|T > {] (1.6)

t>1

is the conditional average detection delay (CADD). Since {7 > t} € F,_1, Pollak’s setup
is less conservative, and we always have inf, CADD(7) < inf, WADD(7) under the
same ARL constraint.

The Bayesian quickest detection [39,40] usually assumes that the change-point ¢ is
geometrically distributed:

o k=0
Pt = k) = , (1.7)

(=) (1= p)1p k=1,2,...

in which 7 is a constant within [0, 1), and p is a constant that characterizes the geometric

distribution. The problem is formulated as
inf ADD(7) subjectto PFA(7) < a,

where

ADD(7) :=E, [(T — t)*]

is the average detection delay (ADD) , and
PFA(7T) = P(1 < t)

is the probability of false alarm (PFA). « is a constant that controls the false alarm proba-
bility. Here, ADD and PFA are measured under probability P, defined as follows. Let P

denote the conditional probability measure given that the change happens at {t = k}. P,



is the “average” probability measure which is defined as P (F) = >~ | P(F)P(t = k)
for all measurable set £

So far we have reviewed the problem formulations for the classic quickest change-
point detection problems. In the following, we review the optimal solutions for these
problems.

To facilitate the understanding, we first consider a problem closely related to the
change-point detection problem. In this problem, at time slot n, we are interested in
the hypothesis testing between “H, : ¢ > n” and “Hy, : ¢ = k” for some k < n . The

likelihood ratio (LR) is given as

ﬁL . (1.8)

i=k

k=1 . n
L(Xy,....X,) = [l Jio_[(;‘Xi)flo_{l pS1(X H

Two well known statistics, namely the cumulative sum (CUSUM) statistic and the Shiryaev-
Robert (SR) statistic [40,41], used in the quickest detection are constructed from the above

LR. In particular, the CUSUM statistic is defined as the maximum of LRs

= max/[S,_1, 1]L(X,), (1.9

and the SR statistic is defined as the summation of LRs

n

[] LX) =1+ Ruy) L(X,). (1.10)
k=1 i=k
The CUSUM detection procedure [42]

¢ = inf{n >0|S, > B}, (1.11)

in which the threshold B is selected such that ARL(7) = ~, is known to be the optimal



detection procedure for Lorden’s setup [43]. As v — oo, the CUSUM procedure with
B = ~ is also asymptotically optimal for Pollak’s setup. It is known [36,44-46] that as

v — 00

| log 7|
D(fillfo)’

nﬁCADD@ﬁAJCADD@@ywz%%%%j,
T 1 0

inf WADD(7) ~ WADD(7¢) ~

where D( f1]| fo) is the Kullback-Leibler (KL) divergence, and the notation a,, ~ b,, means
lim,, o a,/b, = 1.

The optimal solution of the Bayesian quickest detection is related to the SR procedure.
Taking the geometric distribution of the change-point into consideration, we modify the

SR procedure as

o L | 1
R,, = L(X;)+ —L(X; (1.12)
T ST | Sl
7s = inf{n >O0|R,, > B}. (1.13)

R, is called Shiryeav’s statistic. Similar to (1.10), R, ,, can be computed recursively by

o

1
Ryn=04+R,,1) 1 L(X,), n>1; R,o= (1.14)

—p (L —mo)p’

It is easy to see that R, is limiting form of R,, , when my = 0 and p — 0. It is known
that (1.13) is optimal when B is selected such that PFA(7s) = « [39,40]. Moreover, the
Shiryeav’s procedure with B = (pa)~! is asymptotically optimal as o — 0, it is known

that [47]

_ | log 7|
EADDE) ~ ADPIS) ™ Do) + ost — )]



Ts has an equivalent form in terms of posterior probabilities. Let 7, :== P(t < n|.F,)
be the posterior probability that the change has occurred at time slot n. By Bayes’ rule,

T, can be written recursively as

[7Tn + (1 - Wn)p]fl (Xn+1>

Tyl = . (1.15)
B+ (U= m)pl Ai(Xn) + (1= 1) (1= p) fo(Xpr)
It is easy to verify that
R,
n= 5 - 1.16
" Ryn+1/p ( )

Hence, 7, and R, , have one-to-one relationship, and 75 can be written as a threshold
rule for posterior probabilities.

Besides the papers mentioned above, there are also many other papers that investigated
the (asymptotically) optimal solution for the quickest detection problem. We mention a
few of them here. For example, [44] proved that CUSUM and windowed CUSUM is first
order asymptotically optimal for both Lorden’s and Pollak’s setups with non-i.i.d. ob-
servations. [46] showed that the SR-r procedure, which is a modified version of the SR
procedure, is third order asymptotically optimal for Pollak’s setup. [47] proved that the
Shiryeav’s detection procedure is first order asymptotically optimal for the Bayesian setup
with non-i.1.d. observations. [48] discussed the asymptotic optimality of the CUSUM and
the Shiryaev’s procedures for nonhomogeneous Gaussian process. [49] showed that the
SR procedure is optimal for minimizing the relative integral average detection delay (RI-
ADD). There are also some works that discussed the asymptotic solution for the quick-
est detection problem with unknown pre-change and/or post-change distributions. These
works will be briefly reviewed in Chapter 4. [50] and [51] are recent reviews on the topic

of quickest detection.



1.2 Motivation and Contributions

Wireless sensor networks are commonly deployed to monitor the abnormal changes in
their surrounding environment [52—-68]. Such changes typically imply certain activities
of interest. For example, a sensor network may be built in a bridge to monitor its structural
health condition. In this case, a change may imply that a certain structural problem, such
as an inner crack, has occurred in the bridge. As another example, in the application of
threat detection and defense, a sensor network may be deployed in an area of interest to
monitor a potential chemical or biological attack. In this case, a change may indicate
the occurrence of such attack. In these applications, it is of interest to quickly detect the
presence of a change in order to win valuable time for taking proper actions. Quickest
change-point detection is a suitable mathematical framework to model such applications.

In recent years, the quickest detection problem and its application in the sensor net-
works have attracted considerable attention [22, 25, 33, 52, 54,55, 57,69-75]. However,
in most of the existing works, it is assumed that the sensor can take infinitely many ob-
servations. This assumption is impractical. For sensor networks, taking samples and
computing statistics consume energy. Sensors are typically powered by batteries with
limited capacity or batteries that are charged randomly with renewable energy. Hence in
practice, it is unlikely that the sensor can take observations at all time slots. For example,
for sensors powered by batteries, they can only take a finite number of observations. For
sensors powered by renewable energy, they cannot take observations at every time slot
when the battery charging rate is lower than the energy consumption rate.

On the other hand, as a promising green solution in the wireless communication field,
the study of sensor networks powered by renewable energy has attracted much atten-
tion in recent years [76—-83]. These sensors constantly harvest renewable energy, such as

solar, electromagnetic energy and mechanical vibrational energy, from the ambient envi-



ronment; hence they have an unlimited life span. Most of the existing works mainly focus
on the design of power management schemes to optimize communication related perfor-
mance metrics such as channel capacity [83], transmission delay [79,80,82], transmission
rate or network throughput [76-78,81,82]. However, few works consider the power man-
agement scheme to optimize the signal processing related performance metrics such as
detection delay mentioned above.

Motivated by the importance of minimizing the detection delay and the wide range of
applications of energy harvesting wireless sensor networks, we extend the classic quickest
change-point detection by imposing causal stochastic energy constraints. Specifically, we
relax the assumption in the classic setup that the sensor can observe the underlying signal
at every time slot. Instead, we assume that the energy of a sensor is consumed by taking
and processing observations and is replenished randomly. The sensor cannot store extra
energy if its battery is full, and cannot take observations if its battery is empty. Although
the sensor has the freedom to choose the sampling time, it has to plan its use of energy

carefully due to the energy constraint. The main contributions of this thesis are:

1. In Chapter 2, we investigate the non-Bayesian quickest change detection problem
with stochastic energy constraints. Our goal is to design optimal energy allocation
and detection schemes to minimize WADD in Lorden’s setup and CADD in Pollak’s
setup. Two types of ARL constraints, namely an algorithm level ARL constraint
and a system level ARL constraint, are considered. We propose a low complexity
greedy energy allocation strategy, in which the sensor spends the energy in taking
observations as long as its battery is not empty. We further show that the greedy
energy allocation strategy combined with the CUSUM procedure is optimal for the
formulation with the algorithm level ARL constraint and is asymptotically optimal

for the formulations with the system level ARL constraint.



2. In Chapter 3, we consider Bayesian quickest change detection problems with en-
ergy constraints. Both limited and stochastic energy constraints are considered. The
limited energy constraint can be viewed as a special case of the stochastic energy
constraint with a zero energy replenishing rate. Under the limited energy constraint,
we show that the cost function can be written as a set of iterative functions. The
optimal solution can then be obtained by Markov optimal stopping theory [84, 85].
The optimal stopping rule is shown to be a threshold rule. An asymptotic upper
bound of the average detection delay is derived as the false alarm probability goes
to zero. Under the stochastic energy constraint, we obtain the optimal solution using
dynamic programming technique. However, the obtained solution has a very com-
plex structure. We propose a low complexity algorithm, which adopts the greedy
energy allocation and Shiryeav’s detection procedure, and show that this scheme is

first order asymptotically optimal as the false alarm probability goes to zero.

3. In Chapter 4, we extend both Bayesian and non-Bayesian quickest detection prob-
lems to the case that the post-change distribution is not completely known to the
sensor. This assumption is of practical interest. In particular, we consider the case
that the post-change distribution belongs to a parametric distribution family, and the
unknown post-change parameter is drawn from a finite set. It is well known from
recent research that the M-CUSUM procedure is asymptotically optimal for the
non-Bayesian setup when the unknown parameter is drawn from a finite set [86].
Correspondingly, we propose the M-Shiryaev procedure and show its asymptotic
optimality under the Bayesian setup. Moreover, we impose the stochastic energy
constraint to the quickest detection problems with unknown post-change parameter.
We show that the greedy energy allocation combined with the M-CUSUM proce-
dure is asymptotically optimal for the non-Bayesian setup, and the greedy energy

allocation combined with the M-Shiryeav procedure is asymptotically optimal for

10



the Bayesian setup.

Among extensive works on sequential change-point detection, our work is most rel-
evant to [33, 87-90]. In particular, [87] considers the Bayesian quickest change-point
detection problem with sampling right constraints in the continuous time scenario. [33]
considers a wireless network with multiple sensors monitoring the Bayesian change in the
environment. Based on the observations from sensors at each time slot, the fusion center
decides how many sensors should be activated in the next time slot to save energy. [88]
takes the average number of observations taken before the change-point into considera-
tion, and it provides the optimal solution along with low-complexity but asymptotically
optimal rules. There are also some existing works consider the problem under minmax
setting. For example, [89,90] extend the constraint of the average number of observations
into non-Bayesian setups and sensor networks. [37] is a recent book and [50,51,91] are
recent surveys on the topic of quickest change-point detection.

Although the causal energy constraints are originally motivated by the applications of
sensor networks. However, their applications are not limited to this area. For example,
in clinical trials, it is desirable to quickly and accurately obtain the efficiency of certain
medicine or therapy by conducting several tests. However, it might be very costly and
sometime even health-damaging to conduct such a test. In this scenario, it is of interest
to impose constraint on the number of tests. Hence, when we state the problem, we
use general terms such as “observer” and “sampling right” instead of using application
specific concepts such as “sensor” and “energy”. Correspondingly, we use “sampling
right constraint” instead of “energy constraint” in the rest of this dissertation.

The rest of the dissertation is organized as follows. Chapter 2 and Chapter 3 study
the non-Bayesian and Bayesian quickest change-point detection problems with sampling
right constraints, respectively. Chapter 4 extends the study to the case with unknown

post-change distributions. Finally, Chapter 5 concludes this dissertation with discussions

11



about future research.
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Chapter 2

Non-Bayesian Quickest Detection with

Stochastic Sampling Right Constraint

In this chapter, we extend the classic non-Bayesian quickest detection setting by imposing
stochastic sampling right constraints. We first consider a relatively simple case that the
sampling right arrives to the observer is either 0 or 1. Then, we extend our result to a
more general setting in which there might be more than one sampling right arriving at the

observer at each time slot.

2.1 Problem Formulation

Let { X%,k =1,2,...} be a sequence of random variables whose distribution changes at
a fixed but unknown time ¢. Before ¢, { X} }’s are i.i.d. with pdf fy; after ¢, they are i.i.d.
with pdf f;. The pre-change pdf f; and the post-change pdf f; are perfectly known by the
observer. We use F; and E; to denote the probability measure and the expectation with
the change happening at ¢, respectively, and use P,, and E, to denote the case t = oo.

For the observer, his sampling right is consumed by taking observations and is replen-

13



ished randomly. To facilitate the presentation and set up notations, we present the model
for the case when the sampling right arriving process is a Bernoulli process with param-
eter p in this section. A more general model will be considered in Section 2.4. We use
v ={w,va,...,V,...} todenote the sampling right arriving process with v, € {0, 1},
in which {v, = 1} indicates that one sampling right is collected by the observer at time
slot k& and {v, = 0} means that no sampling right is harvested. We assume that {v}}
is i.i.d. over k. Moreover, we use P” to denote its probability measure (correspond-
ingly, we use E” to denote the expectation with respect to the measure P”), and we have
P (v, =1) = p.

The observer can decide how to use his collected sampling rights. For example, the
sampling right can be spent on taking observation as soon as it is collected; or the sam-
pling right can be stored for future use. Let u = {1, p2, . . ., fi, . . . } be the sampling
right allocation strategy. Let {1, = 1} denote that the observer spends one sampling right
on taking an observation at time slot &, while {z;, = 0} denote that no sampling right is
spent at time &£ and hence no observation is taken.

Let C be the capacity of sampling rights. In practice, C'is always a finite number. The
sampling right replenishing process and the sampling right allocation process will affect
the amount of sampling rights. We use N to denote the amount of sampling rights left at

the end of time slot k. N; evolves according to

Nk = min[C’, Nk—l + v — ,uk].

Let Ny = N be the initial sampling rights. The sampling right allocation strategy has to

satisfy the causality constraint, i.e.,

peU:={uN,>0, k=12 } 2.1)

14



Let {Z,k = 1,2,...} be the observation sequence with

Zy, = . (2.2)

¢ ifp =0
We call an observation Z; a non-trivial observation if y; = 1, i.e., if the observation is
taken from the environment. We note that { Z; } s are not necessarily conditionally (condi-
tioned on the change-point) i.i.d. due to the existence of {4 }. As will be explained in the
sequel, {1} depends causally on {7 }; hence we use P}/ and E! to denote the probability
measure and expectation of the observation sequence {7} with the change happening at
t, respectively. Let {X k=12 .. } be the non-trivial observation sequence. We note
that {f(k} is a conditionally i.i.d. sequence, since X, is either generated by f, or fi,
depending on whether this observation is taken before change-point ¢ or after ¢.
We want to find a stopping time 7, at which the observer will declare that a change
has occurred, and a sampling right allocation rule p that jointly minimize the detection

delay. The stopping time 7 is with respect to the filtration {F}.} with
Fr=0{Z1, -, Zx} (2.3)

The sampling right allocation strategy p; depends causally on the observation process,

the sampling right arriving process and the sampling right allocation process:
e = (2 v ),

in which Z*~! denotes the vector [Z1, ..., Z;_1], v* and put~" are defined similarly, and
g 1s the sampling right allocation function used at time slot £.

In this chapter, we consider following three problem setups.
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Setup I (Lorden’s quickest change detection with an algorithm level ARL constraint).

Let

WADD(N7 s T) ‘= sup dt(N7ILL7T)7 (24)
£>1

d(N, p, 7) = esssupE} [(7 — ¢t + 1) |F4] | (2.5)

ARL, (k) := Ex[k], (2.6)

where 7 is the stopping time and & is the total number of non-trivial observations taken
by the observer before it claims that the change has happened. We consider the following

formulation

min _ WADD(N, u, 1),

neU,reT
subject to ARL, (k) > 7, 2.7)

in which T is the set of all stopping times with EY[7] < oo. Unlike the standard Lorden’s
setup, here the worst case average detection delay WADD(N, i, 7) is a function of obser-
vations {Z, - -+ , Z;_1 } controlled by y; hence the expectation used in (2.5) is E} rather
than E;. The algorithm level ARL constraint ARL, () uses the expectation E, rather
than EY_ because all the observations taken from the environment (non-trivial observa-
tions) are i.i.d. with pdf f, under probability measure P.,. Hence, the distribution law of
 1s independent of the sampling right allocation scheme p, the sampling right arriving
sequence v and the initial sampling right N. As the result, this problem setup is robust
against the variation of the ambient environment.

Setup II (Lorden’s quickest change detection with a system level ARL constraint).

16



The problem is formulated as follows:

min _ WADD(N, u, 7),

neUu,reT
subject to ARL(N, p, 7) > 7, (2.8)
where
ARLy(N, pu, 7) :=EZ [7] (2.9)

is the system level ARL constraint. We note that Setup II and Setup I have the same
objective function, but their constraints are quite different. For the system level constraint,
a lower bound is set on the expected duration to a false alarm. The stopping time T
not only depends on the number of non-trivial observations, but also relies on the time
interval between each two successive observations, hence the system level ARL constraint
depends on the sampling right allocation p, which is further related to the sampling right
arriving process . Hence, we use expectation EZ in the ARL constraint. This setup is
more sensitive to the environment.

Setup III (Pollak’s quickest change detection with a system level ARL constraint).
In some applications, Pollak’s formulation is of interest since its delay metric is less
conservative than that of Lorden’s formulation. Define the conditional average detection

delay as

CADD(N, u,7) :=supEY [t — t|7 > ¢]. (2.10)

t>1
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In our context, Pollak’s formulation can be written as

min CADD(N, u, 1),

neUu,reT

subject to ARL(N, p, 7) > 7, (2.11)

Even without the additional sampling right constraint, the optimal solution for Pollak’s
formulation is still open [50,91]. Therefore, in this chapter, we discuss only the asymp-
totic solution for Pollak’s formulation. In the sequel, we will see that the proposed asymp-
totically optimal solution under the system level ARL constraint is also asymptotically
optimal under the algorithm level ARL constraint. Hence, we discuss only the system

level ARL constraint for Pollak’s formulation in detail.

2.2 Optimal solution for Lorden’s formulation with the
algorithm level ARL constraint

In this section, we study the optimal solution for Setup I under the assumption N = 0. We
use L(-) to denote LR, and use I(-) = log L(-) to denote the log likelihood ratio (LLR).

For the observation sequence {7}, LR is defined as

f1(Zk)
L(Z) =4 P& .
1, ifu,=0

if = 1
i 2.12)

The CUSUM statistic and Page’s stopping time can be written as [35]

Sr = max
1<q<k

= maX[Sk—h 1]L(Zk)7

HL(Z»
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and

for some constant threshold B, respectively.
In order to characterize the sampling right arriving and spending time, for an arbitrary
realization of the sampling right allocation o and sampling right replenishing v, we use

the following notations throughout of this section:

1. {ax,k = 1,2,...} to denote the time instants at which the sampling right is re-

ceived, i.e., v,, = 1;

2. {bg, k =1,2,...} to denote the time instants at which the sensor takes observations,

i.e., Mo, = 1.

If Ny = 0, using above notations, the energy causality constraint indicates the following

inequality:
b >ar, k=1,2,.... (2.13)

Taking the advantage of a; and by, in this section we also use {X ,g“’“’b’“), k=1,2,.. }

)

to denote the non-trivial observation sequence. Specifically, X and X ,Ea’“’b’“ are used

) will be used when we want to emphasize the sampling time.

interchangeably, but X ,Ea’“’b’“
In particular, X ,ga’“’b’“) is the k™" non-trivial observation taken by the observer at time by,
using the sampling right arriving at time ay.

Generally, for a given detection strategy pair (u, 7), the detection delay d; (N, u, 7) in
(2.5) varies from different change-point ¢, hence the worst case delay takes the supreme
over t. If there is an equalizer strategy which makes d;(NN, j, 7) be a constant over ¢,

it might be a good candidate for the optimal strategy for the minmax problem. Similar

to the conclusion that Page’s stopping time is an equalizer rule for the classic Lorden’s
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problem [37], we have following proposition:

Proposition 2.2.1. The sampling right allocation scheme p* = v (or by, = ay) and Page’s
stopping time T¢ together achieve an equalizer rule, i.e., d;(N, p*, 7¢) = dy (N, p*, 7¢), Vt

1.

Proof. Since p1* = v indicates that {y }’s are i.i.d. over k, {Z;}’s are conditionally i.i.d.
given the change-point ¢.

Let Wy = max[Sk, 1]. On the event {7 > t}, 7¢ is a non-increasing function of
W;_y. Since W;_; > 1 and event {W;_; = 1} € F;_;, the worst case of 7 happens at

W,_1 = 1, that is

di(N,p",7¢) = esssupEY [0 — 1 + 1[F1]

= E/[rc —t+1|W,y =1]. (2.14)

Since {Z;}’s are conditionally i.i.d. under p*, {W}} is a homogeneous Markov chain,

then, dt(N, ,LL*, TC) = dl(N7 M*7TC)' .

Remark 2.2.2. The equalizer property plays a critical role in the proof of (asymptotic)
optimality and the performance analysis in the sequel. From this property, we have
WADD(N, u*,7¢) = di(N,pu*,7¢) = EY[1c], which can greatly simplify the analy-
sis. Since the proof of Proposition 2.2.1 holds regardless of the ARL constraint, we can

conclude that (1*, 7¢) is also an equalizer rule for Setup I1.

The optimality of the immediate sampling right allocation scheme along with the

CUSUM detection scheme is described in the following theorem.

Theorem 2.2.3. With zero initial sampling right, i.e., N = 0, the optimal sampling right
allocation strategy for Setup I is *, and the optimal stopping time is T with the threshold

B being a constant such that ARL, (k) = n.

20
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Proof. The proof consists of two steps. The first step is to show that for an arbitrary but
given sampling right allocation strategy u, 7¢ is the optimal stopping time. The second
step is to show that under 7o, p* is the optimal sampling right allocation scheme. A

detailed proof is provided in Appendix A.l. [

Remark 2.2.4. We emphasize that N = 0 is a necessary assumption for proving the
optimality. Technically, the optimality of u* relies on the inequality b, > ay for every
k, which is only true under N = 0. If N # 0, the optimal sampling right allocation
is difficult to find, but p* is still a good strategy since it is asymptotically optimal as
n — oo. As stated in Proposition 2.2.6, the detection delay WADD(N, u*, 7¢) scales
linearly with log n; hence, the contribution of a finite initial sampling right N is negligible

when 1 — o0.

In the following, we analyze the performance of (1*, 7¢) by determining the detection
delay and the algorithm level ARL. We note that the strategy (u*, 7¢) is independent of
N; hence the following propositions hold for any initial sampling right level. Since {7}
is a conditionally i.i.d. sequence under p*, we can apply Wald’s identity in our analysis.

We first have the following proposition:

Proposition 2.2.5. Suppose B > 1, then for any initial sampling right N, we have

ARLQ(K,) = T(Fb), (215)
* _ 1 ]El[L]
WADD(N, u*,7¢) = ST B (] (2.16)

where o is the stopping time
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and Fy denotes the event

(i) <o},

Proof. The proof follows closely that of Theorem 6.2 in [37]. A detailed proof is given
in Appendix A.2. ]

In Proposition 2.2.5, ARL,(x) and WADD (N, u*, 7¢) are given as functions of Py, (Fj)
and P (Fy), whose precise values are difficult to evaluate. The following result, which
is an extension of Lorden’s asymptotic result [35], shows that WADD(NV, u*, 7¢) scales

linearly with log n when n — oc.

Proposition 2.2.6. As 7 — oo, then for any sampling right N, we have

1 |logn|

WADD(N, ILL*, TC) ~ ]—jm

2.17)

Proof. This statement can be shown by discussing the relationship between one-sided
sequential probability ratio test (SPRT) and CUSUM. The discussion is similar to the

proof of Theorem 2.3.2, therefore, we omit this proof. L]

2.3 Asymptotically optimal solution under the system level

ARL constraint

In this section, we consider Setup II and Setup III for any value of N. Inspired by the

previous section, we propose to use the simple detection strategy (u*, 7). We will show

that this simple strategy is asymptotically optimal for Setup II and Setup III as v — oo.
The asymptotic optimality of (u*, 7¢) in the rare false alarm region (y — oo) can be

shown by two steps. In the first step, we derive a lower bound on the detection delay for
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any sampling right allocation and detection scheme. In the second step, we show that
(u*, 7¢) achieves this lower bound, which then implies that (u*, 7¢) is asymptotically
optimal.

The following theorem presents our lower bound on the detection delay.

Theorem 2.3.1. For any initial sampling right N, as v — 00,

inf{fWADD(N, p, 7) : ARL4(N, pu, 7) > 7}

> inf {CADD(N, u, 7) : ARLg(N, p, 7) > 7}

1 [log|
p D(fillfo)

> (14 o(1)). (2.18)

Proof. Please see Appendix A.3. U

This lower bound |log~|(pD(f1||fo)) (1 + o(1)) can be obtained by (u*, 7¢) for

both Setup II and Setup III, which is specified in Theorem 2.3.2 and Theorem 2.3.4.

Theorem 2.3.2. (u*, 7¢) is asymptotically optimal for Setup Il as v — oo. Specifically,

for any initial sampling right N,

1 |log~|

p DAllfo) 19

WADD(N, p*, 7¢) ~

Proof. As discussed in Remark 2.2.2, (u*,7¢) is an equalizer rule for Setup II, i.e.,
WADD(N, u*,7¢) = di(N, u*, 7¢) = EY[1¢].
The statement can be shown by discussing the relationship between CUSUM and one-

sided SPRT. Denote SPRT statistic as

k
Ak =[] 2(20), (2.20)
=1
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and the stopping time as

Ts1 = inf {k 2 1’A1:k 2 B} .

Since the CUSUM statistic

k

> H L(Z;) = Ay,

1<q<k
== 1=1

k
S, = max [H L(Z;)

we always have

EY[ro] < Effrsal.

Let B = ~, by the performance of SPRT (Proposition 4.11 in [37]), we have

| log |

Bl ~ bty

By Theorem 2.3.1, we have

1 |log|

WADD(N, ,U*,TC) ~ 5—D(f1||f0)

Moreover, by (10) in Theorem 2 of [35], the threshold B = v will guarantee
Ellrc] > .

]

Remark 2.3.3. Although (u*, 7¢) is shown to be asymptotically optimal for Setup II, we
were not able to show the optimality of (u*, 7¢). In our setup, the observer can control
the sampling time instants, as long as the sampling right causality constraint is satisfied.
Hence, for a general sampling right allocation |1 # i, the observation sequence {Zy.} is

not necessarily conditionally i.i.d. any more. This is one of the main challenges. In addi-
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tion, the technique used in the proof of Theorem 2.2.3 cannot be applied here. Although
the non-trivial observation sequence {Xk} is relatively easy to handle, it is difficult to
evaluate the detection delay from this non-trivial observation sequences {f( x}. This is
due to the facts that the detection delay is also related to the time intervals between two
successive non-trivial observations, and the time intervals between each two successive
non-trivial observations are not necessarily i.i.d. under a general sampling right alloca-

tion [.

Theorem 2.3.4. (u*, 7¢) is asymptotically optimal for Setup III as v — oo. Specifically,

for any initial sampling right N,

1 [log~|

CADDWN. 4%, 7¢) ~ SRR 7o)

(2.21)

Proof. We consider the one-sided SPRT with the threshold B = ~, which will guarantee

EY [t¢] > 7. Let 75 denote the stopping time of SPRT starting at time instant ¢, i.e.,

Ts = inf {m >1

t+m—1
1=t
then Page’s stopping time can be written as
7o =inf{r, +t -1t =1,2,...}. (2.22)
Note that

{TC <t}: {7—3,1 <t}U...U{T3,t,1 <t} 6.7:,5,1,

therefore,

{TC > t} - ft—l-
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Then, for an arbitrary ¢,

(a)
EY [tc —tlte > t] < EY[r5:— 1l|7c > t]
= ]E:; [Ts,t] — 1

= ]Elll [7'571] — 1.

Here, (a) is due to (2.22), (b) is due to the fact that 7, , is independent of F;_, and (c) is

true because {7 }’s are conditionally i.i.d. under x*, hence 75, has the same distribution

[log |
pD(f1]lfo)

under P} as 7, does under Py. Since EY |7, 1] ~ , combining this with Theorem

2.3.1, we have

1 |log~|
CADD(N, u*,7¢) =supE} |[7¢ — tlte > t] ~ ——F———.
( ) 1 ‘| | | p D(f1[lfo)

O

As we mentioned in Section 2.1, although we consider Pollak’s formulation only un-
der the system level ARL constraint in detail, the proposed strategy (1, 7¢) is also asymp-
totically optimal for the formulation under the algorithm level ARL constraint, which is

stated in the following proposition:

Proposition 2.3.5. For any initial sampling right N, (u*, 7¢) is asymptotically optimal
for Pollak’s formulation under the algorithm level ARL constraint as n — 00, and we

have

11
Sup B [re — t]ree > 1] ~ 211087 (2.23)

1>1 p D(fillfo)
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Proof. Following the similar argument used in (A.5) in Appendix A.2, we have

1
B o] = B [ax] = BY = —Eoo[A].
p

S
k=1

That is, under the immediate sampling right allocation p*, the algorithm level ARL con-
straint E.[k] > 7 can be equivalently converted into a system level ARL constraint
EY [t¢]. Setting v = n/p for a given p, n — oo is equivalent to v — oco. By Theorem
2.34, (u*, 7¢) is asymptotically optimal under the system level ARL constraint, hence it

is asymptotically optimal under the algorithm level ARL constraint. [

2.4 Extension

In this section, we extend the original problem setup by assuming that the observer can
receive more than one sampling right at each time slot. Specifically, we assume that
the sampling right arriving sequence v = {vy,...,v,...} isiid. over k. v, € V =
{0,1,2,...}, in which {v;, = 0} means that the observer collects nothing at time slot
k and {v, = i} means that the observer collects ¢ sampling rights at time k. We use
pi = P”(v, = i) to denote its probability mass function (pmf). Then the sampling right

left at the end of time slot k is updated by

Nk = min{C’, Nk—l + v — ,uk}.

The observer has an initial sampling right Ny = N, and the sampling right causality
constraint indicates N, > 0 for k =0,1,.. ..

Under this setup, we consider Setup I and Setup III. We consider the greedy sampling
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right allocation strategy:

1 ika_l—f—VkZ 1

0 ika,1+Vk:0

That is, the observer keeps taking observations as long as he has sampling rights left.

In the following, we show that the greedy allocation /i* combined with Page’s stopping
time 7¢ is asymptotically optimal for Setup II and Setup III in this random sampling right
arriving case. Corresponding to Theorem 2.3.1, Theorem 2.3.2 and Theorem 2.3.4, we

have Theorem 2.4.1 and Theorem 2.4.2.

Theorem 2.4.1. For any initial sampling right N, as v — 00,

inf {WADD(N, 1, 7) : ARLy(N, 11, 7) > 7}

v

inf {CADD(N, p, 7) : ARLy(N, pu, 7) > 7}

1 |logy|
p D(f1|fo)

A%

(1+0(1)), (2.24)

where p := E”[*].

Proof. We first show that E”[1*] exists, and 0 < E¥[z*] < 1.
We claim that Ny is a regular Markov chain with a finite number of states. At each
time slot, /V;, has only C' + 1 possible states. If at the end of the previous time slot, the

observer has no sampling right left, then the transition probability is given as

PY(Ni+1 = 0|Ng = 0) = po + p1,
P'(Nip1 = j — 1IN, = 0) = p;, for1 < j < C,

P'(Npp1 =CINy=0) = > p;.
j=C+1
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If at the end of the previous time slot, the observer has i(1 < i < ') sampling rights left,

the transition probability is given as

PV(N]C+1 :Z—l‘Nk:Z> = Po,
PV(Nk+1:Z—|—j—1|NkIZ):p], fOI'lSjSC—Z,

PY(Npp1 =C|Ny=i)= > p;.

j=C—i+1

The above transition probability indicates /Vy is a regular Markov chain. We denote the
stationary distribution as W = [, Wy, . . ., Wc]?, where 10; is the stationary probability
for the state N, = ¢. Since /i, = 0 only happens when N;,_; = 0 and v, = 0, then we

have

El) = PY o =1]
— 1-P"[i; =0]
= 1—PV[Vk:O]PV[Nk_1:0]

= 1—p0ﬁ)0 as k — oo.

Hence, E¥[fi}] exists, and 0 < E¥[fi}] < 1.
We denote p = E”[1*]. The rest of the proof follows the one in Appendix A.3 by

replacing p with p. ]

Theorem 2.4.2. (i*, 7¢) is asymptotically optimal for Setup II and Setup III as y — oc.

Specifically, for any initial sampling right N,

1 |log|

WADD(N, i*,7¢) ~ CADD(N, i*,7¢) ~ —=—1———.
( a C) ( s C) pD(lefU)

(2.25)

Proof. Please see Appendix A.4. [
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Remark 2.4.3. The above theorems indicate that N does not affect the asymptotic op-
timality. Since the detection delay goes to infinity as v — o, a finite initial sampling
right N, which only contributes finite observations, does not decrease the detection delay
significantly. However, the sampling right capacity C would affect the detection delay

since the parameter p is a function of C' and v.

2.5 Numerical Simulation

In this section, we give some numerical examples to illustrate the analytical results ob-
tained in this chapter. In these numerical examples, we assume that the pre-change distri-
bution f is zero mean Gaussian with variance o2 and the post-change distribution f; is
zero mean Gaussian with variance P + o In this case, the KL divergence is D(f1|]fo) =
: [log W + £, and the signal-to-noise ratio is defined as SN R = 10log P/c”.

In the first example, we illustrate the equalizer property of (u*, 7) under Lorden’s
formulation. As we mentioned, the equalizer property plays a critical role in the per-
formance analysis, since it allows us to study WADD(N, u*, 7¢) through a relatively
simple expression EY[7¢]. In this example, we compare our optimal strategy with a seem-
ingly reasonable strategy: a save-test sampling right allocation scheme combined with
CUSUM. The save-test allocation p5 is described as follows:

o 0 if N, <cand Si_1 < ¢y
My =
1 otherwise
That is, the 1 is a two-threshold strategy: 1) The observer saves the collected sampling
right for future use if the sampling right is less than a threshold c; and the CUSUM statis-
tic is less than threshold cy; and 2) the observer takes observation when either of these

two thresholds is exceeded. This rule says that if the CUSUM statistic is low (suggesting
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that a change has not happened yet) and the sampling right left for the observer is low, the
observer saves his sampling right. On the other hand, if either the observer has enough
sampling rights, or the CUSUM statistic is high, the observer should take an observation.

In this simulation, we set N = 0, 0> = 1, SNR = 0dB, p = 0.5 and v = 560.
The simulation result is shown in Figure 2.1. In the figure, the blue line with circles
is the performance of (u*,7¢), the green dash line with stars is the performance of
(4, 7¢). This simulation confirms our analysis that (u*, 7¢) is an equalizer rule, i.e.,
di(N, u*,7¢) = di(N, u*, 7¢). However, (1, 7¢) is not an equalizer rule. Actually, in
the save-test sampling right allocation scheme, d; (N, i, 7¢) is larger than others. This is
due to the fact that in the first time slot, both the CUSUM statistic and the initial sampling
right is zero, hence the observer chooses to store his sampling right. The observer will not
take observations until the stored sampling rights exceed cs. The duration of this sampling
right collection period is independent of the change-point. Then, the worst case happens
at t = 1, and the detection delay caused by the sampling right collection period is larger
than that caused by the immediate sampling right allocation. Since Lorden’s performance
metric focuses on the worst case, the save-test allocation is not as good as the immediate

allocation.

100

—6— Greedy sampling right allocation
Save-test sampling right allocation

90r

80r

701

de(p, T)

60

501

30
0

20 40 60 80 100

Figure 2.1: The change-point ¢ vs. d;(N, i, 7)
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In the second example, we illustrate the relationship between the detection delay and
the expected number of observations to false alarm with respect to the sampling right
arriving probability p under Setup I. In this simulation, we set 0 = 1, SNR = 0dB. The
simulation result is shown in Figure 2.2. In this figure, the blue line with circles is the
simulation result for p = 0.2, the green line with stars and the red line with squares are the
results for p = 0.5 and p = 0.8, respectively. The black dash line is the performance of the
classic Lorden’s problem, which serves as a lower bound since in this case the observer
can take observations at every time slot. As we can see, for a given 7, the detection delay
is in inverse proportion to the sampling right arriving probability p. The larger p is, the

closer is the performance to the lower bound.

25

——p=0.2
p=0.5
—8—p=0.8
- = =classical Lorden case

log;on

55 i i i i i
0 100 150 200 250 300 350

detection delay

Figure 2.2: Detection delay vs. the algorithm level ARL

In the third scenario, we examine the asymptotic optimality of (u*, 7¢) for Setup II
and Setup III. In this simulation, we set p = 0.3, 02 = 1 and SNR = 5dB. In this case,
we have D(f1]]fo) = 0.8681. The simulation result is shown in Figure 2.3. In this figure,
the blue line with circles is the performance of Setup II. The red line with squares is
the performance of Setup III, and the black dash is calculated by |log~|(pD(f1]|fo)) -
Along all the scales, the red curve is below the blue one, which indicates that Pollak’s

detection delay is smaller than Lorden’s detection delay. We also note that these three
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Figure 2.3: Detection delay vs. the system level ARL

curves are parallel to each other, which confirms that the proposed strategy, (1, 7¢), is
asymptotically optimal since the difference between them is negligible as v — oo.

In the fourth scenario, we examine the asymptotic optimality of (ii*, 7¢) for Setup
IT and Setup III in the extension case that the sampling right arrives randomly both in
amount and in time. In the simulation, we use C' = 3, and we assume that the amount of
sampling rights that arrives at each time slot takes values in the set V = {0,1,...,4}. In

this case, the probability transition matrix is given as

Do +p1a b2, P3, 2
Do, P1, D2, P3 +p4
P . (2.26)
4
Oa Dbo, D1, Ei:Q Di

Oa 07 Po, Z?:l Di ]

In the simulation, we set py = 0.8, p; = 0.1, po = 0.05, p3 = 0.025, py = 0.025, then
the stationary distribution is w = [0.0182, 0.0545, 0.2000, 0.7273]% and p = 1 — poiy =
0.9964.

In this simulation, we set 0> = 1 and SNR = 5dB. The simulation result is shown

in Figure 2.4. In this figure the blue line with circles is the performance of Setup II. The
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Figure 2.4: Detection delay vs. the system level ARL

red line with squares is the performance of Setup III, and the black dash is calculated by
|log v|(pD(f1]]fo))~'. Similar to the results obtained in the third simulation scenario,
along all the scales, Pollak’s detection delay is smaller than Lorden’s detection delay, and
these three curves are parallel to each other, which confirms that the proposed strategy,
(i*, 7¢), is asymptotically optimal as y — 0.

In the last scenario, we compare our proposed strategy (i*, 7¢) with the seemingly
reasonable strategy (1%, 7¢) discussed in the first simulation. In this simulation, the sam-
pling right arriving process is the same as that in the forth simulation. Moreover, we set
C =170%=1, N = 0. For ¥, we set ¢, = 5 and ¢, = 1. In the simulation, we
consider Lorden’s detection delay, and we adjust the SNR from 0dB to 20dB by keeping
the system level ARL around 1100. The simulation result is shown in Figure 2.5. In this
figure, the blue line with circles is the performance of our proposed strategy (ji*, 7¢), the
red line with squares is the performance of (u*, 7). From the figure, we can see our
proposed strategy has a smaller detection delay than (u*!, 7o) in all parameter range.

Another similar simulation is also conducted under a fixed SNR = 0dB with vary-
ing system level ARL. By keeping the rest of simulation parameters same as before, the

simulation result is listed in Table 2.1. This simulation result also shows that (i*, 7¢)
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Figure 2.5: Performance of (ii*, 7¢) and (u*, 7¢) under same system ARL constraint
outperforms (p*!, 7¢).

Table 2.1: Performance of (i*, 7¢) and (¢*, 7¢) under same SNR

System level ARL | log ARL | Lorden’s detection delay
(a*,7c) | (w 7c)
2.28 x 10? 2.275 41.5 57.8
7.13 x 10? 2.704 72.8 82.9
2.56 x 103 3.375 142.7 148.1
5.01 x 103 3.709 178.1 187.1

2.6 Conclusion

In this chapter, we have studied the non-Bayesian quickest change detection problems
with stochastic sampling right constraints. Three non-Bayesian quickest change detec-
tion problem setups, namely Lorden’s problem under the algorithm level ARL, Lorden’s
problem under the system level ARL and Pollak’s problem under the system level ARL,
have been considered. For the binary sampling right arriving model, we have shown that
the immediate sampling right allocation scheme coupled with the CUSUM detection pro-
cedure is optimal for Setup I, and is asymptotically optimal for Setup II and Setup III

as ARL goes to infinity. For the more general sampling right arriving model, we have
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shown that the proposed greedy sampling right allocation coupled with CUSUM is still

first order asymptotically optimal for Setup II and Setup III.
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Chapter 3

Bayesian Quickest Detection with

Sampling Right Constraints

In this chapter, we consider the Bayesian quickest detection setting with additional sam-
pling right constraints. In Bayesian setting, we assume that the change-point has geomet-
ric prior distribution. In particular, we consider both the limited sampling right constraint
and stochastic sampling right constraint. Both of these two problems are solved by dy-
namic programming, and the optimal solution indicates that the optimal sampling right
allocation is decided by the posterior probability 7. For the setup with stochastic sam-
pling right constraint, we show that the greedy sampling right allocation is first order

optimal as the false alarm probability goes to zero.

3.1 Model

Let { Xy, k =1,2,...} be a sequence of random variables with an unknown change-point
t. {Xx}’s are i.i.d. with pdf fo(x) before the change-point ¢, and i.i.d. with pdf f;(z)

after . The change-point ¢ is modeled as a geometric random variable with parameter p,
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re,for0<p<1,0< 7 <1,

T k=20
P(t=k) = ) 3.1

(1—m)p(l—pFt k=1,2,...
We use P, to denote the probability measure under which ¢ has the above distribution.
We will denote the expectation under this measure by [E,.. Additionally, we will use P
and E,, to denote the probability measure and the expectation under the event {t = k}.

We assume that the observer initially has N sampling rights. Letv = {v1,va, ..., 14, . ..
be the sampling right replenishing procedure, in which v, is the amount of sampling rights
collected by the observer at time slot k. Specially, v, € V = {0,1,2,...}, in which
{vr = 0} implies that he obtains no sampling right at time slot £ and {v; = i} implies
that he collects 7 sampling rights at k. We use p; = P” (v, = 1) to denote its pmf. We
assume that {1} is i.i.d. over k.

The observer can decide when to spend his sampling rights to take observations. Let
w= {1, p2, .-, [, - - - } be the sampling strategy with p;, € {0, 1}, in which {p; = 1}
means that he spends one sampling right on taking observation at time slot £ and {;, = 0}
means that no sampling right is spent at £ and hence no observation is taken.

Let N be the amount of sampling rights at the end of time slot k. IV, evolves accord-

ing to

Nk = HliIl{C, Nk,1 + v — ,uk} (32)

with Ny = N. The observer’s strategy belongs to the following set

U={uN,>0, k=1,2...}. (3.3)
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The observation sequence {Zy, k = 1,2, ...} has the same form as (2.2). In addition,
denote b; as the time instance that the observer makes the i*" observation, and then the
non-trivial observation sequence can be denoted as {X,,, Xj,, ..., Xp,, ...}

The observation sequence { Z } generates the filtration { F, } xen with

kaU(Zl,"' ,Zk,{t:(]}),k'zl,z,....

and Fy contains the sample space €2 and {¢ = 0}.

Ok Iik ik /ikﬂ Okt

+ T + + + + + T + + + + + T +
| Vi Zi N, | Virt ZiiNi | Vit
‘ time slot k ‘ time slot k+1 ‘

Figure 3.1: The observer’s decision flow

Figure 3.1 illustrates the observer’s decision flow. At each time slot &, the observer has
to make two decisions: the sampling decision 1, and the terminal decision d; € {0, 1}.
These two decisions are based on different information. First, the observer needs to decide
whether he should spend a sampling right to take an observation (x;, = 1) or not (p, = 0)
after he obtains the information of 1. After taking each observation Z; (whether it is
a non-trivial observation in the case of p; = 1 or it is a trivial observation in the case
of ux = 0), the observer needs to decide whether he should stop sampling and declare
that a change has occurred (6 = 1), or to continue the sampling procedure (9, = 0).
Therefore, 0;, is a F;, measurable function. We introduce a random variable 7 to denote
the time when the observer decides to stop, i.e., {7 = k} if and only if {6, = 1}, then 7
is a stopping time with respect to the filtration { F}}.

We note that the distribution of Zj is related to both X and py. Unlike the clas-
sic Bayesian setup which only takes the expectation with respect to P, in our setup we

should take the expectation with respect to both P, and P”. Hence, we use the superscript
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v over the probability measure and the expectation to emphasize that we are working with
a probability measure taken the distribution of the process v into consideration. Specif-
ically, we use P? and E” to denote the probability measure and the expectation under ¢,
respectively; and we use P} and E} under the event {t = k}.

Our goal is to design a strategy pair (4, 7) to minimize the detection delay subject to

a false alarm constraint. In particular, the average detection delay (ADD) is defined as

™

ADD(m, N, pu,7) :=EZ [( — t)7],
and the probability of the false alarm (PFA) is defined as
PFA(m, N, p, 1) :== PZ(T < ).

With the initial probability my = 7 and the initial sampling right Ny = N, we want to

solve the following optimization problem:

min _ ADD(mw, N, u,7) subjectto PFA(w, N, pu,7) < a. (3.4)
weU,reT

in which « is the false alarm level. By Lagrangian multiplier, for each « the above

optimization problem can be equivalently written as

N)= inf N .
Jm, N)= inf UlmN,pT), (3.5)
where

U(r,N, 1, 7) =B [e(t — )" + 1<ty (3.6)

for an appropriately chosen constant ¢. We would like to characterize J(m, N) in this
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chapter.

3.2 Problems with the Limited Sampling Right Constraint

We first consider a special case that py = P"(v, = 0) = 1, that is, other than the
initial sampling rights, there will be no additional sampling rights arriving at the observer.
Hence he can take at most Ny = N observations from the sequence { X} } for the detection
purpose. Therefore, we name the sampling right causality constraint as a limited sampling
right constraint in this case.

From (3.2) and (3.3), it is easy to verify that there are at most N nonzero elements in
w. Hence, instead of considering 1 = {yu} with infinite elements, we can describe the
sampling strategy by the sampling time sequence 1 = {by, ..., b}, where b, is the time
instance that the observer takes the last observation, and « is the number of observations
taken by the observer when he stops. Hence, we term ~ as the sample size, and we note
that « 1s a random variable whose realization varies from different trials. The admissible
strategy set (3.3) can be equivalently written as Uy = {u : K < N} in this case.

In addition, as indicated in Section 3.1, in general we need to take the expectation with
respect to both P, and P”. However, in this special case we only need to take expectation
with respect to P since the process v has no randomness. Therefore, EZ and P can be

replaced by E, and P, respectively. In particular, the cost function can be written as

Ur, Nop,7) =E; [e(r — )" + 1preyy] - (3.7)
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3.2.1 Optimal Solution

Let 7 be the posterior probability that a change has occurred at the k" time instance,

namely

Using Bayes’ rule, 7 can be shown to satisfy the recursion

Do (mr_1), if u, =0
S 0( k 1) 203 7 (3.9)

Dy (X, mp—r), if e =1

in which

Po(mp—1) = mp—1 + (1 — 1) p, (3.10)

and

@o(ﬂkq)ﬁ(Xk)
Do (1) f1(Xk) + (1 = Po(mr-1)) fo(Xi)

Oy ( Xy, 1) = (3.11)

It turns out that 7, is a sufficient statistic for this problem, as the next result demon-

strates.

Proposition 3.2.1. For each sampling strategy (. and stopping rule T

U(r,N,u,7)=E,

T—1
1—7TT+CZ7rk]. (3.12)
k=0
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Proof. An outline of the proof is provided as follows:

U(7T7 N: H, T) = Eﬂ' [C<T - t)+ + 1{7’<t}}
E, [C(T - t)l{TZt} + 1{T<t}]

T—1
= E, CZ lo<py + 1{T<t}]
k=0

M -1
= :IE7T CZWk‘i‘(l—ﬂ'T)] .
L k=0

A rigorous proof follows closely to that of Proposition 5.1 of [37] and is omitted in this

dissertation. ]

We first have the following lemma characterizing some properties of the optimal
(1, 7):
Lemma 3.2.2. Let i = {by,...,b.} be an admissible sampling strategy, and T be a
stopping time. If K < N and T > by, then (i, T) is not optimal.

Proof. The proof is provided in Appendix B.1. [

This result implies that if the observer has any sampling rights left, it is not optimal
for him to stop at time slot k£ without taking an observation at k. In other words, the only
scenario in which the observer may stop sometime after an observation is taken occurs
when he has exhausted all his sampling rights. From this lemma, we immediately have

the following result.

Corollary 3.2.3. If u* = {b},...,b%. } is the optimal sampling strategy, then on the event

{k* < N}, we have " = bZ..

The problem can be solved by dynamic programming principle. Similar to the ap-
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proach used in [20], we define a functional operator G as

}, (3.13)

GV (m) = min {1 -, irif1 E,

mZﬂk—i-Vﬂm
k—0

in which

o = T,
k

T = 7T+Z(1_7T)p<1_p>1717 kzlum_17

o m)AG)
" (I)O(Wm—l)fl(Xm) + (1 - (DO(Wm—l))fO(Xm)'

Using this functional operator, we can introduce a set of iteratively defined functions:

m—1
Vo(m) = mi% [c Z e+ 1 — Wm] , (3.14)
Vo(m) = gvn_l(w;, n=1,...,N. (3.15)

The operator G converts the original problem to a Markov stopping problem. Specifi-

cally, we have the following result:

Theorem 3.2.4. Foralln =0,--- N, mp =7 € [0, 1), we have

Furthermore, by letting bj, = 0, the optimal sampling time for (3.5) can be determined by
m—1

by — by = argming,o B (¢ m+ Vo1 (7m) | (3.16)
k=0
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forn=20,1,..., N — 1. The optimal sampling size is given as
k* = inf {OSnSN:mﬁL GSn}, (3.17)

in which S, is the stopping domain defined as

S, = {an 1l—m, < }ngﬁEm’” Zﬂk + VNon—1 Wm)] }a

k=

forn=0,--- N —1, and Sy := [0, 1]. In addition, the optimal stopping time is given

as
T = b:* + m*l{ﬁ*:N}, (3.18)
where
m—1
m* = argmin, Er. |c Z T+ 1 — Wm]
"1 =0
Proof. The proof is provided in Appendix B.2. [

Remark 3.2.5. Theorem 3.2.4 indicates that the observer cannot decide the sampling
time by, until he takes the n'" observation. The conditional expectation on the right
hand side of (3.16) is a function of m,,, which can only be obtained after making the n'"
observation. Hence, the optimal sampling time is characterized by the sampling interval,
which is the time that the observer should wait after he makes the nt" observation, on the

left hand side of (3.16).

Remark 3.2.6. Using Theorem 3.2.4, we now give a heuristic explanation of the operator
G and the iterative function (3.15). In particular, V,(r) is the minimum cost when there

are only n sampling rights left. We could choose either to stop, which costs 1 — m, or to
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continue and take another observation at m that minimizes the expectation of the future
cost. Therefore, the minimizer m in the definition of the operator G is the next sampling

time, and my,’s in G are the posterior probabilities that are consistent with the expressions

(3.8)-(3.11).
Let
T=1-m, =1-p,
it is easy to verify that
m—1 _
T
T = m——(1-—p"), (3.19)
k=0 P
1 —7p™) f1( X
S ( 7p") f1(Xon) (3.20)

(1 =7p™) f1(Xm) + (70™) fo(Xim)

Hence GV (7) can be simplified as

(=) +E VI G2

=

GV (%) = min {1 o inf {c (m _

m>1

and Vj () can be simplified as

Vo(7) = min {c (m — i(1 - pm)> + me} : (3.22)

m>0 P

Based on this form, the optimal stopping time can be further simplified to a threshold rule.

We define
7V =inf{r € [0,1]]1 — 7 = Vy_,(7)},

forn =0,..., N, and the threshold rule is described in the following theorem.

Theorem 3.2.7. For each n < N, V,(m) is a concave function of © and V,(1) = 0.
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Furthermore, the optimal stopping rule for the N sampling right problem can be given as

a threshold rule. Specifically,

k" = min{n|m;: € S,}, (3.23)
where

S, = {m,|m, > ﬂg} (3.24)

forn=0,...,N —1and Sy = [0,1]. Moreover, if k* < N, then 7 = b+, if K* = N,

then

7 =inf {k > by|m, > 7y} (3.25)

Proof. The proof is provided in Appendix B.3. [

Remark 3.2.8. We note that k* is a threshold rule if k* < N, but it is not a threshold rule
if k¥* = N in Theorem 3.2.7. Hence k* = N lis true even if my: < 7§ This is consistent
with our intuition that the observer cannot take more than N observations. However, on
the event {7rb7V < 7¥}, the optimal stopping rule is still a threshold rule due to the fact

that Vy() is concave and Vi(m) is bounded by 1 — .

Although Theorem 3.2.7 simplifies the optimal stopping rule into a threshold rule,
the optimal strategy still has a very complex structure as the optimal sampling rule is
in general difficult to characterize. From (3.16), one can see that the optimal sampling
rule depends on V,,(7). Generally V,,(7) does not have a close form for a general value
of n, and it could only be calculated numerically. For reader’s convenience, Table 3.1
summarizes the numerical procedure for the calculation of the optimal solution. Although

the problem can be solved numerically, numerical calculation provides little insight for the

47



Table 3.1: Optimal Algorithm for /NV sampling right Problem

Offline Procedure:

step 0: Calculate
m—1
Vo(m) = min {c > 7rk+1—7rm].
m201 k=0
Calculate
Wo(m,m) = c (m — %(1 — ﬁm)> + E- [Vo(mm)]-
Calculate
7% = inf{mr € [0,1]]1 — 7 = Vi(n)}.
step n: Given W,,_; (7, m), calculate

Vo(m) = min{1 — 7, inf,, W,,_1 (7, m)}.
Given V,,(7), calculate

Walm,m) = c (m = (1= 7)) + EelVa ().
Calculate

75 =inf{m € [0,1]]1 — 7 = V,,(7)},
forn=1,2,...,N.

Online Procedure:

step 0: If 7o > wg , the observer stops. Otherwise, continues.
Find the sampling interval b; = arg,, W (my, m).
Take observation X;, and calculate m,, by (3.11).

step n: If ,, > w7, the observer stops. Otherwise, continues.
Find the sampling interval b, 1 — b, = arg,, W _,(m,, m).
Take observation X, ., and calculate 7, ,, by (3.11),
forn=1,2,...,N — 1.

step N: If mp,, > W][{;, the observer stops. Otherwise, continues.
Updates the posterior probability by (3.10) at every time slot,
stops when 7§ is exceeded.

optimal solution. This motivates us to conduct asymptotic analysis in the next subsection.

3.2.2 Asymptotic Bounds

In this subsection, we investigate if there are any scenarios under which the performance
of the limited sampling right problem would approach to the performance of the classic
Bayesian detection.

The performance of the classic Bayesian case, in which the observer can take observa-

tions at every time slot, is certainly a lower bound of the performance of the N sampling
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right problem. In this case, the asymptotic performance is given as

1
ADD(7, N, pu*, 7%) > | log o

— D(fil|fo) + |log(1 — p)| (1+0(1)). (3.26)

We consider a uniform sampling strategy with a threshold stopping rule. In particular,
the observer adopts a sampling strategy © = {<,2¢,..., K<}, i.e., he takes observations
every ¢ symbols, and he adopts a stopping rule 7 = inf{n¢ : 7, > 1 — a,n € N}. The
performance of this uniform sampling strategy serves as an upper bound of the perfor-

mance of the /V sampling right problem. In particular, we have the following proposition:

Proposition 3.2.9. (Asymptotic Upper Bound) As o« — 0, if the number of sampling rights

satisfies

|log af

N> ————— (3.27)
| log(1 = p)ls
for some constant ¢ < oo, then
| log as
ADD(m, N, p*, 7%) < 14+ 0(1)). (3.28)
( )= DI + g = s )
Proof. The proof is provided in Appendix B.4. [

Remark 3.2.10. In the conventional asymptotic analysis, one is interested in the average
detection delay when o« — 0. For the limited observation case (0 < N < 00), it is easy

to find that

1
ADD(r, N, ui*, 7*) = %(1 +o(1)). (3.29)

However, this result brings little information since this ADD can be achieved by any

sampling strategy with the threshold rule T = inf{k, 7, > 1 — a}. (3.29) could only
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indicate the order of the average detection delay of the limited sampling right problem.
In order to obtain an informative result, in Proposition 3.2.9, we consider an alternative
condition (3.27). This condition is weaker than the limited sampling rights constraint, but
is stronger than the condition that the observer has infinity many sampling rights, which

is assumed in the classic Bayesian setting.

Remark 3.2.11. One can notice from (3.27) that N — oo when o« — 0 for any given
p. However, this is different from the classic Bayesian quickest detection. In the classic
Bayesian problem, the observer has so many sampling rights that he can take observation
at every time slot. But (3.27) gives no guarantee that observer can achieve the false
alarm constraint at his last sampling right if he takes sample at every time instance. It
guarantees only that one can achieve the false alarm constraint by the uniform sampling

with interval <.

From Proposition 3.2.9, we can identify scenarios under which the performance of
the N sampling right problem is close to that of the classic Bayesian problem. Here we
give two such cases. In the first case, when N satisfies (3.27) with ¢ = 1, from (3.26)
and (3.28), we can see that the upper bound and the lower bound are identical, and hence
the ADD of the N sampling right problem will be close to that of the classic Baysian
problem. For a problem with a finite sampling rights /N, this condition can be achieved
when p — 1. Intuitively, in the large p case, even a few samples can lead to a small false
alarm probability, hence the N sampling right problem is close to the classic Bayesian
problem. In another scenario, if D(f1||fo) close to 0, i.e. fy and f; are very close to
each other, the difference between the ADD of the /N sampling right problem and that
of the classic Bayesian problem is on the order o(log «v). Intuitively, in this scenario,
the information provided by the likelihood ratios of observations is quite limited, and
therefore, the decision making mainly depends on the prior probability of the change-

point ¢.
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3.3 Problems with the Stochastic Sampling Right Con-
straint

In this section, we study the optimal solution for the problem in the general setup when v

is a stochastic process described in Section 3.1.

3.3.1 Optimal Solution

Denote the posterior probability as

Following the similar procedure as in Proportion 3.2.1, for any ; and 7, we can convert

the cost function into the following form:

U(r,N,u,7) =EV

T—1
11—, —i—ch] . (3.30)
k=0

This problem can be solved by the backward induction method. In particular, we first
solve a finite horizon problem, then we extend the solution to the infinite horizon problem
by a limit argument. Hence, we first consider a finite horizon problem with a horizon 7',
that is, we consider the case that the observer must stop at a time no later than 7. We

define
JE (1, Ni) o= inf U(mge, Nig, ik, T
i ( ) WL el e ( Hi41 )

with

U(m,Nk,uZH,T) = E7

T—1
1—m + CZ Wi] ,
i=k
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in which p? = {ug, prs1, - - -, pir} is the strategy adopted by the observer from & to 7T,
Ur = {uf : N; > 0,¥i = k,...,T} is the admissible set of sampling strategies, and
T = {r € T : k < 17 < T} is the set of admissible stopping times. We note that
by setting k = 0, JJ (w0, Ny) is the cost function for the finite horizon problem with a
horizon 7.

We then introduce a set of iteratively defined functions. Let
VQ?<WT7 NT) =1- T,
andfork =T —1,T7 —2,...,0, we define

Wi (T, Ny ven) = min {EY [V (Thgr, Nea) [V, g = 0],
EY Vit (Thsrs Niga) [Vags g = 1]}

VkT(Wk,Nk) = min{l—7Tk,C7Tk—|—EV[W]?+1(7T]€,N;§,I/]€+1)]}.

This set of functions convert the finite horizon problem into a Markov stopping prob-

lem. Specifically, we have the following theorem:

Theorem 3.3.1. Forallk =1,2,...,T, we have
Jg(ﬂ'k, Nk) = VkT(ﬂ'k, Nk)
Furthermore, the optimal sampling strategy is given as

p = argming, o1y By (Vi (e, Nio) [, ]
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The optimal stopping rule is given as

7" = inf {O <kE<TI —m < cemg +E”[W,;‘F+1(7rk, N, Vk+1)]} )

Proof. This proof is provided in Appendix B.5. 0

Remark 3.3.2. Using Theorem 3.3.1, we now give a heuristic explanation of the iterative
functions W, and V,I. In each time slot, as shown in Figure 3.1, the observer needs
to make two decisions: the sampling decision . and the terminal decision 0. Both
decisions affect the cost function, however these two decisions are based on different
information. In particular, the observer decides whether to take an observation or not at
time slot k after he knows how many sampling rights has been collected at time slot k.
Hence, . is a function of vy, mp_1 and Ny_1. When u is decided, the observer could
determine the way that 7, and Ny evolve, and hence the decision dy, is a function of T, and
Ni. Actually, the iterative function VI is the cost function associated with 6y, and W}I
is that associated with ;. At the end of time slot k, the observer could choose either to
stop, which costs 1 — Ty, or to continue. Since i1 is the next decision after Oy, the future
cost in Vil is BV W] 1) On the other hand, since 0y, is the decision after [ 11, hence
the observer chooses |11 based on the rule that the future cost is minimized, that is the

conditional expectation of V,ZH is minimized, which leads to the expression of WL 1

In the following, we use a limit argument to extend the above conclusion to the infinite

horizon problem. Since V,! (74, Ni) > 0 and

VkT+1 (ﬂ—k» Nk:) S VkT<7Tk7 Nk)7

which is true due to the fact that all strategies admissible for horizon 7" are also admissible

for horizon T + 1. As the result, the limit of V" (7x, Ni) as T' — oo exists. Furthermore,
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as m and Ny, are homogenous Markov chains, the form of the limit function is same for

different values of k, which is defined as
V (7, Ni) := lim VI (7, Ny).
T—00
Similarly, we have
W(ﬂ'k, Nk, Vk+1) = lim Wg+1(ﬂk, Nk, Vk+1).
T—o00
By the monotone convergence theorem, the iterative functions can be written as

W (mk, Ny virn) = min {EY [V (mpi1, Nea) [V, g = 0],
EY, [V (Tki1s Nevo) Vg, o = 11}

V(mk, Nk) = min{l — mg, e + EY[W (7, Ny, viy1)]}-

Hence, we have the following conclusion for the infinite horizon problem.

Theorem 3.3.3. The optimal sampling strategy for (3.5) is given as
py = argming, oo 1y B2 [V (0, Ni) v, - (3.31)
The optimal stopping rule is given as

" =1inf{k > 0|1 — 7 < emp + EY[W (7g, Nk, ve11)]} - (3.32)

3.3.2 Asymptotically Optimal Solution

The optimal solution for the stochastic sampling problem has a very complex structure. In

this subsection, we propose a low complexity algorithm and show that it is asymptotically
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optimal when o — 0. The proposed algorithm 1s

s 1 ika_l + vy Z 1
ik = , (3.33)
0 ika,1+VkIO

and

7" =1inf{k > 0|y > 1 — a}. (3.34)

That is, the observer adopts a greedy sampling strategy in which he takes observations as
long as he has sampling rights left, and he declares the change using Shiryaev’s detec-
tion procedure. In the following, we show the asymptotic optimality of this algorithm in
two steps. In the first step, we derive a lower bound on the average detection delay for
any sampling strategy and any stopping rule. In the second step, we show that (g*, 7%)
achieves this lower bound asymptotically, which then implies that (4*, 7*) is asymptoti-

cally optimal. Similar to (2.12), we define the likelihood ratio of the observation sequence

{Zy} as

D) i gy =1
L(Z) = { B0 BT (3.35)

and denote [(Z)) = log L(Z) as LLR. The lower bound on the detection delay is pre-

sented in the following theorem:

Theorem 3.3.4. As o — 0,

. | log o
inf  ADD(mw, N, u,7) > —
serd - ADD( )2 5B + Nog(l —p)]

(1+0(1)), (3.36)

where p := E”[fi*].
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Proof. This proof is provided in Appendix B.6. 0

To study the asymptotic optimality of (i*,7*), we need to impose some additional

assumptions on f; and fj. Specifically, for any € > 0, we define the random variable

>5},

in which the supremum of an empty set is defined as 0. Under the sampling strategy i*,

k+n—1

TF .= sup {n >1 % ; U(Z;) — pD(f1l] fo)

we make additional assumptions that

E} [TF] < oo Ve >0andVk > 1 (3.37)
and
EY [T!] =) By [TF] P(t =k) < oo, Ve>0. (3.38)
k=1

With these assumptions, we have the following result:

Theorem 3.3.5. If (3.37) and (3.38) hold, then (ii*, 7*) is asymptotically optimal as o« —

0. Specifically,

. |log |
ADD(m, N, 5", 7%) = — 140(1)). (3.39)
N T = ST + o = )
Proof. This proof is provided in Appendix B.7. [

Remark 3.3.6. More general assumptions corresponding to (3.37) and (3.38) are termed
as “r-quick convergence” and “average-r-quick convergence” [47], respectively. In par-
ticular, (3.37) and (3.38) are special cases for r = 1. The “r-quick convergence” was
originally introduced in [92 ] and has been used previously in [24,93] to show the asymp-

totic optimality of the sequential multi-hypothesis test. The “average-r-quick conver-
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gence” was introduced in [47] to show asymptotic optimality of the SR procedure in the

Bayesian quickest change-point problem.

Remark 3.3.7. The above theorems indicate that Ny does not affect the asymptotic op-
timality. Since the detection delay goes to infinity as o« — 0, a finite initial Ny, which
could contribute only a finite number of observations, does not reduce the average detec-
tion delay significantly. However, the sampling right capacity C' could affect the average

detection delay since p is a function of C and v.

Remark 3.3.8. Since there is no penalty on the observation cost before the change-point,
one may expect the observer to take observations as early as possible for the quickest
detection purpose, and hence expect the greedy sampling strategy to be exactly optimal.
However, taking observations too aggressively before the change-point will affect how
many sampling rights the observer can use after the change-point, although there is no
penalty on the observations cost before the change-point. Theorem 3.3.3 shows that the
optimal sampling strategy should be a function of 7y, Ny and vy. Intuitively, an observer
will save the sampling rights for future use when he has little energy left (N}, is small) or
when he is pretty sure that the change-point has not occurred yet (7, is small). To use the
greedy sampling at the very beginning may reduce the observer’s sampling rights at the
time when the change occurs, hence increase the detection delay. Therefore, the greedy

sampling strategy is only first order asymptotically optimal but not exactly optimal.

3.4 Numerical Simulation

In this section, we give some numerical examples to illustrate the analytical results of
the previous sections. In these numerical examples, we assume that the pre-change dis-
tribution f, is Gaussian with mean 0 and variance o2. The post-change distribution f; is

Gaussian distribution with mean 0 and variance P+c?2. We denote SNR = 10 log(P/c?).
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The first set of simulations are related to the limited sampling right problem. In the
first scenario, we illustrate the relationship between ADD and PFA with respect to /V.
In this simulation, we take 7y = 0, p = 0.1 and SNR = 0dB, from which we know
that D(f1||fo) ~ 0.15 and |log(1 — p)| ~ 0.11 in this case. The simulation results are
shown in Figure 3.2. In this figure, the blue line with squares is the simulation result for
N = 30, the green line with stars and the red line with circles are the results for N = 15
and N = 8§, respectively. The black dash line is the performance of the classic Bayesian
problem, which serves as a lower bound for the performance of our problem. The black
dot dash line is the performance of the uniform sampling case with sampling interval
¢ = 11 (One can verify this value by putting & = 1075 and N = 8 into (3.27)), which
serves as an upper-bound for the performance of our problem. As we can see, these three
lines lie between the upper bound and the lower bound. Furthermore, the more sampling
rights the observer has, the shorter detection delay the observer can achieve, and the closer

the performance is to the lower bound.

—&— N=30
N=15

—6—N=8
== Classical Bayesian Case{
.| *=+="Uniform Sampling ¢=11

log(o)

Figure 3.2: PFA vs. ADD under SNR = 0dB and p = 0.1

In the second scenario, we discuss the relationship between ADD and PFA with re-
spect to different p. In this simulation, we set 7o = 0, N = 8 and SNR = 0dB. The

simulation results are shown in Figure 3.3. In this figure, the red line with circles is the
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performance with p = 0.2, the green line with stars and the blue line with squares are

the performances with p = 0.5 and p = 0.8, respectively. The three black dash lines

from the top to the bottom are the lower bounds obtained by the classic Bayesian case
with p = 0.2, p = 0.5 and p = 0.8, respectively. From this figure we can see that, as
p increases, the distance between the performance of our scheme and the lower bound is

reduced. For the case p = 0.8, the performance of N = 8 is almost the same as that of the

lower bound, which verifies our analysis that when p is large, the performance of limited
sampling right problem is close to that of the classic one.

—©—p=02
p=05
\ —8—-p=038
_3F
A \

log(a)

1
—45}

Figure 3.3: PFA vs. ADD under SNR = 0dB and N = 8

In the third scenario, we consider the case when fy and f; are close to each other. In
the simulation, we set the SNR = —5dB and p = 0.4. One can verify that D(fi||fo) =
0.02, which is only about 4% of the value |log(1 — p)|. In this simulation, we set N = 15

and ¢ = 2 to achieve a false alarm probability 10~°. The simulation results are shown in

Figure 3.4. As we can see, the distance between the upper bound, which is the black dot
dash line obtained by the uniform sampling with ¢ = 2, and the lower bound, which is

the black dash line obtained by the classic Bayesian case, is quite small, and therefore the

performance of the limited sampling right problem (the blue line with squares) is quite
close to the lower bound.
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—8— N=15
= = = Classical Bayesian Case
————— Uniform Sampling ¢ = 2

-3r

-4.5r

Figure 3.4: PFA vs. ADD under SNR = —5dB and p = 0.4

In the last simulation, we examine the asymptotic optimality of (i*, 7*) for the stochas-
tic sampling right problem. In the simulation, we set C' = 3, and we assume that the
amount of sampling rights is taken from the set V = {0,1,...,4}. In this case, the

probability transition matrix of the Markov chain N;, under * is given as

Po +DP1, P2, D3, D4
Po; D1, D2, P3+Da
0, Po, D1, Z?:z bi
0, 0, po, Z?:l Di |

In the simulation, we set py = 0.85, p; = 0.1, po = 0.03, p3 = 0.01, p, = 0.01, then
the stationary distribution is w = [0.7988,0.0988, 0.0624, 0.0390]” and p = 1 — pyiy =
0.3610. Furthermore, we set 02 = 1 and SNR = 5dB. The simulation result is shown
in Figure 3.5. In this figure the red line with squares is the performance of the proposed
strategy (j1*, 7*), and the black dash line is calculated by | log o|/(pD( f1||fo) + | log(1 —
p)|). As we can see, along all the scales, these two curves are parallel to each other, which
confirms that the proposed strategy, (ii*,7*), is asymptotically optimal as & — 0 since

the constant difference can be ignored when the detection delay goes to infinity.
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Figure 3.5: PFA vs. ADD under strategy (ii*, 7%)

3.5 Conclusion

In this chapter, we have analyzed the Bayesian quickest change detection problem with
sampling right constraints. Two types of constraints have been considered. The first one
is a limited sampling right constraint. We have shown that the cost function of the N
sampling right problem can be characterized by a set of iterative functions, each of them
could be used for determining the next sampling time or the stopping time. The second
constraint is a stochastic sampling right constraint. Under this constraint, we have shown
that the greedy sampling strategy coupled with the Shiryaev detection procedure is first

order asymptotically optimal as o — 0.
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Chapter 4

Quickest Detection with Unknown

Post-Change Parameters

In previous chapters, we examined the quickest change-point detection problems with
stochastic sampling right constraints. In these problems, we assume that both the pre-
change and the post-change distributions are known by the observer. In practice, the pre-
change distribution is likely to be known by the observer as he can collect a large amount
of data to estimate the pre-change distribution when the system or the environment he
monitors behaves normally. However, the post-change distribution is often unknown or
known only to belong to a parametric distribution family. Hence, in this chapter, we
extend our previous studies to the case with unknown post-change distributions. In par-
ticular, we assume that the post-change parameter belongs to a finite set =. With the
unknown post-change parameter, the observer still wants to minimize the detection delay
under a stochastic sampling right constraint. We propose to use the greedy sampling right
allocation strategy coupled with the multi-chart detection strategy to tackle this problem.
We show that the greedy sampling right allocation with the M-CUSUM procedure is first

order asymptotically optimal for the non-Bayesian setup, and the greedy sampling right
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allocation with the M-Shiryaev procedure is first order asymptotically optimal for the

Bayesian setup.

4.1 Non-Bayesian Quickest Detection Problem with Un-

known Post-Change Parameters

4.1.1 Preliminary Results

Let { Xy, k = 1,2,...} be a sequence of random variables whose distribution changes at a
fixed but unknown time ¢. Initially, the random variables are i.i.d. with pdf f¢ (z), which
is known to the observer; after the change-point ¢, the density of X changes to f¢(z), in

which £ is unknown but

565: {51752775]\/[} (41)

= is the post-change parameter space with M possible states. We assume &, ¢ =, and
o < & < ... < &y Besides this assumption, the observer has no other prior information
about = in the non-Bayesian setting.

The non-Bayesian quickest detection problem with unknown post-change parameter
has attracted much attention in recent research [12,29,60,94-98]. As the post-change pa-
rameter is unknown, a reasonable approach is to replace the unknown with its estimate. As
pointed out in [12,35,44,98], the generalized likelihood ratio (GLR) based CUSUM (i.e.,
the unknown parameter is replaced by its maximum likelihood estimate (MLE)) is asymp-
totically optimal over all post-change parameters. [95] proposed an adaptive CUSUM
whose unknown parameter is replaced by its one stage delayed estimate. [97] adopted the

shrinkage estimator for the unknown parameter. [60] extended the previous studies into
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distributed sensor networks. One may refer to a recent book [86] for more detailed results
of this topic. In this subsection, we briefly summarize a few important results from [86]
to lay foundations to the problems that will be investigated in the sequel.

In the classic setting, there is no sampling right constraint, hence { X,k =1,2,...}
itself is the observation sequence. Denote {F}} as the filtration generated by the obser-

vation sequence, i.€.,

kaO'(Xh...,Xk),]{?:1,2,....

The goal is to find a stopping time 7 to minimize the detection delay subjected to the ARL

constraint. In particular, let

WADD?(7) := supesssup E; ¢[(7 — ¢ + 1)F|F,_1], 4.2)
1>1
CADDE(T) =sup Ey¢[T — t|7 > ], (4.3)
t>1
ARL(7) := sup E,[7], (4.4)
t>1

where [, ¢ is the expectation under P, ¢, which is the conditional probability measure
given that the change happens at ¢ with the post-change parameter being £. Note that the
ARL constraint is measured when the change happens at infinity, hence it is not related to

the post-change parameter £. Lorden’s problem is formulated as
min WADD?®(7) subject to ARL(7) > 7, (4.5)
and Pollak’s problem is formulated as

min CADD¢(7) subject to ARL(7) > 7. (4.6)
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In this case, the M-CUSUM procedure to be described below is asymptotically optimal

for above setups. In particular, fori = 1,..., M, let

1 fa())
S, = d 4.7
§ e [H o (@) “n
and
7¢,i = inf{n > 0|S,; > B}, (4.8)
Tve = min7e;. 4.9)

From these definitions, we can see that .5, ; is the CUSUM statistic assuming that the
post-change parameter is &;, and 7¢; is corresponding Page’s stopping time. The whole
detection procedure stops at 7y;¢, i.e., the observer runs M parallel CUSUM detection
procedures, and the observer stops when anyone of these M procedure raises an alarm.

The asymptotic optimality of ;¢ is stated in the following theorem:

Theorem 4.1.1. As v — 00, Ty¢ defined in (4.9) is asymptotically optimal for Lorden’s

and Pollak’s setups with threshold B = M. Moreover,

inf WADDE (7) ~ WADDE (7370:) ~ %,
T 5 0

1
inf CADDE(7) ~ CADDE (ryrc) ~ 12871

D(fellfo)

Proof. The results presented in Lemma 9.2.1 and Theorem 9.2.1 in [86] is stronger than

the result presented in this theorem. One can see [86] for details. ]

Remark 4.1.2. We provide an intuitive explanation of the asymptotic optimality of the M-
CUSUM procedure. We note that Ty;c achieves the asymptotic optimality simultaneously

for all possible post-change parameters. Assuming that &; is the true post-change parame-
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feo)) T (L+0(1)),
and this lower bound is achieved by stopping time 1c; defined by (4.8) with threshold

ter, we know that the detection delay is lower bounded by |log v|(D( fe,

B = ~. Since the M-CUSUM algorithm takes the minimum over M stopping times,
it tends to reduce the average run length to false alarm. Hence, the observer raises
the threshold M times, which is enough to satisfy the ARL constraint. In the mean-
while, increasing the threshold M times only increases the detection delay slightly, as

log M~ =log M + log~y = logv(1 + o(1)) when v — .

4.1.2 Non-Bayesian Quickest Detection with Unknown Post-change

Parameters and Stochastic Sampling Right Constraint

In this subsection, we extend the non-Bayesian quickest detection problems considered in
the previous subsection by introducing stochastic sampling right constraints. In particular,
the sampling right arriving sequence v = {vy,vo,..., Vg, ...} is i.i.d. over k, and v, €
V ={0,1,2,...}. The sampling right allocation strategy p = {1, ii2, ...} is controlled
by the observer, and u; € {0,1}. The sampling right left at the end of time slot k is

updated by
Nk = min{C, Nk—l + Vg — [Lk}

The observation sequence is denoted as {7}, whose definition is the same as (2.2). Lor-

den’s and Pollak’s detection delays are defined as

WADDS (1, 7) := sup esssup By ([(7 — ¢ + 1) 7| F_1], (4.10)

t>1

CADD*(p, 7) := sup Ef [T —t[7 > t]. (4.11)
t>1

66



With a little abuse of notation, we still use WADD¢ and CADD? to denote Lorden’s and
Pollark’s detection delays, respectively. However, different from the classic definition in
(4.2) and (4.3), the stopping time 7 in (4.10) and (4.11) is with respect to the filtration
{Fr} generated by {Z;}. Hence, besides the stopping rule 7, the detection delay also
depends on the sampling right allocation rule . Furthermore, the probability measure is
v related. In this subsection, we only focus on the asymptotic analysis of the detection

delay subjected to the system level ARL constraint, which is defined as

ARLg(p, 7) :=EZ [7]. (4.12)

In general, WADD?® (yz, 7), CADD®(p1, 7) and ARL(p, 7) are also functions of the initial
sampling right level N. However, the impact of NV, which is a finite number, on the detect
delay and ARL can be ignored since WADD, CADD and ARL will approach to infinity
in the asymptotic analysis; therefore, we drop the parameter /V in their expressions.

In the following, we propose a low complexity detection strategy that is first order
asymptotically optimal for both Lorden’s and Pollark’s settings. In particular, we propose

to use the greedy sampling right allocation strategy

1 ika,1 + Vi 2 1

i = (4.13)
0 ika_l + v = 0
combined with the M-CUSUM procedure
Tci = inf{n > 0|S,; > B}, (4.14)
Tve = min 7oy, (4.15)
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where S, ; is defined as

n

Si = max [[ L(Z;:6. ). (4.16)
J=q
fe,(Z;) .
SR AT lfl’b =1
L(Z;;&,6&) = { o) S (4.17)
1, ifp;=0

In addition, we use I(Z;; &;, &) = log L(Z;; &, &o) to denote LLR.

Theorem 4.1.3. As v — oo, (ii*, Tye) is asymptotically optimal for both Lorden’s and

Pollak’s setups with threshold B = M. In particular, we have

inf  WADDS (1, 7) ~ WADDE (fi*, Fsc) ~ _loga]

pell,reT pD(fell feo)’
, . log 7|
inf CADD®(u, 7) ~ CADDS (", Fase) ~ |—
el CAPD 1, 7) U Te) ™ D)
Proof. Please see Appendix C.1. [

4.2 Bayesian Quickest Detection Problem with Unknown

Post-Change Parameters

4.2.1 The M-Shiryaev Procedure and Its Asymptotic Optimality

In this subsection, we consider the classic Bayesian quickest detection problem with un-
known post-change parameters. Corresponding to the M-CUSUM procedure in Subsec-
tion 4.1.1, we propose a detection procedure termed as “M-Shiryaev procedure”, and
show that the proposed procedure is first order asymptotically optimal. The problem
setup in this subsection is similar to that in Subsection 4.1.1. Hence, we only highlight

major differences in the following.
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Let { X, k = 1,2,...} be a sequence of random variables whose distribution changes

at an unknown time ¢. The change-point is geometrically distributed
Plt=k)=p(1l—-p*t k=12,.... (4.18)

Initially, the random variables are i.i.d. with pdf fe (z); after the change-point ¢, the
density of X changes to f¢(z), where £ € =. In the Bayesian setting, we assume that

there is a prior distribution over =, which is given as

w; = P(€ = &). (4.19)

t and ¢ are independent to each other.

Since there is no stochastic sampling right constraint in this subsection, { X}} itself
is the observation sequence. In the following, denote P ¢, as the conditional probability
measure of the observation sequence given {t = k; ¢ = & }. In addition, for a measurable

event I, we define probability measures Py ¢, and P ., as

Pﬂ,fi(F> = Zpk,rfz(F)P(t = k)>
Pre(F) = Y Prg (F)PE = &)

We use Ei¢,, Er¢ and E;  to denote the corresponding expectations. We consider
two performance metrics: the average detection delay and the probability of false alarm,

which are defined as

ADD(7) :=E; » [(7‘ — t)+] ,

PFA(T) := P, (7 < t),
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respectively. The goal is to find a stopping time 7 with respect to {F}}, which is the

minimal filtration generated by the observation sequence, to solve the following problem

To this end, we define the following posterior probabilities

It is easy to see that 7, = {7, ...,

where

00.n(X1, ...

0in(X1, ...

min ADD(7)
TET

subject to

P(t < k,§ =i|Fp),

Tk =

7T07k =
=1

Consider the following statistic

An,i

PFA(T) < «

= P(t>kF)=1-> mu

Tt is @ Markov Process and satisfies

Tim = Qi,n(Xla---an)
oy (X, X))
 X,) )" [ feo X
j=1
n k—1 n
X)) = pm Yy (1= p) T ] feo (X)) T fe (X)-
k=1 j=1 j=k
lOg Oin
00,n
log = Sory (1= ) TS feo (XTI S (X))
(L= p)" IT= feo (X))
log mip 3 (1 — p) 4 1Hf£z
k=0 féo

logw;p + log Ry 1.,
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where

3
3
\/

fomi 1= ¢ H fgo

(4.23)

\_/

is the statistic used in the Shiryaev procedure. We propose the following detection rule

7s; = inf{n > 1|A,; > log B}, (4.24)

Tyms = Min T ;. (4.25)

We term this strategy as M-Shiryaev procedure since it can be viewed as a procedure that
simultaneously runs M Shiryaev procedures. The observer stops when one of these M
parallelled Shiryaev procedures stops. In the following, we show the asymptotic optimal-
ity of this procedure.

We first present a lemma which will be used repeatedly in the sequel.

Lemma 4.2.1. (Changing probability measure) Let 7 be a stopping time with respect to

{Fr}. Let I’ be an F,. measurable event, we have
Pro(FN{7 <t}) = @Erg, [Lragpcrcote ] (4.26)
Proof. This proof is similar to the proof of Lemma 2.3 in [99]. In particular,

P o(FNn{r<t}) = Z P o(FN{r=nn<t}) = Z]Eﬂ,w [1Fm{72n;n<t}]

= Z]Eﬁ,w [1Fﬂ{7:n}En,w[1{n<t}|~Fn]] = ZEW,W []-Fﬁ{’r:n}ﬂ-o,n]

n=0 n=0
> T T
07 09
= Z ]Ew,w |:1Fﬂ{7':n}7ri7n oy n:| Z Eﬂ' w |:1Fﬂ{‘r n,t<mn;é=i} n:|
n=0 LI n=0

To.n o
- WlZEW & |:1Fﬁ{7— ”t<"} - :| = wiEm&' |:1Fﬂ{tST<oo}ﬂ_0f:| .

1,7
n=0 )
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Theorem 4.2.2. As a — 0,

| log o
feo) + [log(1 — p)

inf B¢, [(T—1)"] > (14 0(1)). (4.27)

TET - D(fgl

Proof. This proof is provided in Appendix C.2. [

Theorem 4.2.3. By setting B = é the M-Shiryaev procedure defined in (4.25) satisfies

the false alarm constraint. In addition,

| log o
(fellfer) + [1og(1 = p)

Erg, [(Tus —t)7] < 5 (14 0(1)). (4.28)

Proof. We first consider the detection delay. Assuming &; is the true post-change param-

eter, then it is well known that the detection delay of the i** Shiryaev procedure is

| log cv|

Erg [(7si = feo) + | Tog(L — p)|

)t = DU (1+o(1)). (4.29)

As Tyrs < Ts;, we know that 7,5 has a smaller detection delay.

In the following, we consider the false alarm probability of 75;5. By Lemma 4.2.1,

we have
Pro(tus <t;7=7) = wilg |:]-{T]WS:TZ‘}Q{t§TMS<OO}€_AT1VIS’ij|
1
S wiEW,fi 1{TMS:Ti}m{t§T<OO}E
Wi
< t ” 4.30
< p=ow (4.30)
Hence
M
PFA(Tars) = Y Prw(Tars < s = 75) < . (4.31)

i=1
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]

Remark 4.2.4. Theorem 4.2.2 and Theorem 4.2.3 together demonstrate the asymptotic
optimality of the proposed M-Shiryaev strategy. Note that instead of directly proving
ADD(7ys) ~ inf, ADD(7), we develop the lower bound of detection delay and show

the achievablity for every possible post-change parameter &;.

4.2.2 Bayesian Quickest Detection with Unknown Post-Change Pa-

rameters and Stochastic Sampling Right Constraint

In this subsection, we reconsider the Bayesian quickest detection problem with unknown
post-change parameter by imposing the stochastic sampling right constraint. In this case,
we denote {7y } as the observation sequence, and we use P/, P/, and P/ to denote
the corresponding probability measures for {Z;}. We want to conduct the asymptotic

analysis for the following problem

min  ADD(u,7) subjectto PFA(p,7) < a. (4.32)
HEU,TET

where

ADD(u,7) :=EY | [(7' - t>+} ’

PFA(u,7) = P/ (T <t).

In general, ADD(u, ) and PFA(u,7) are also functions of initial sampling right V.
However, as discussed in Subsection 4.1.2, we drop the parameter NV in their expressions
since the effect of a finite [V is negligible in the asymptotic analysis.

We propose to use the greedy sampling right allocation rule (as specified in (4.13))
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and the following M-Shiryaev procedure for the detection propose:

Tsi = inf{n > 1|A,; > log B}, (4.33)
7~—MS = min 7~—S,i7 (434)
in which
A, =logwp+log R, i, (4.35)
n n 1
Ry = ; g 1TpL(Zj; &, &), (4.36)

where L(Z;;&;, &) is defined in (4.17).
Corresponding to Theorem 4.2.2 and Theorem 4.2.3, we have following two Theo-

rems that establish the asymptotic optimality of the proposed strategy.

Theorem 4.2.5. As o — 0,

| log o

inf E, [(t—t)T] > = 14 0(1)). (4.37)
welter e (=07} 2 SRy Togr = )
Proof. Please see Appendix C.3 [

Theorem 4.2.6. By setting B = é, (fi*, Tars) is asymptotically optimal. In particular,

1
E;& [(%MS . t)+] < | Oga’|

= pD(fellfe) + [log(1 — p)| (1+o(1)). (4.38)

Proof. Please see Appendix C.4 [l
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4.3 Conclusion

In this chapter, we have reviewed the classic non-Bayesian quickest detection problem
with unknown post-change parameters. It is known that the M-CUSUM procedure is
asymptotically optimal for both Lorden’s and Pollak’s setups. Corresponding to the M-
CUSUM procedure, we have proposed the M-Shiryaev detection procedure and have
shown that this procedure is asymptotically optimal for the Bayesian quickest detection
when the post-change parameter is unknown. In addition, we have imposed the stochastic
sampling right constraints to both Bayesian and non-Bayesian setups. We have shown
that the greedy sampling right allocation strategy coupled with the M-CUSUM procedure
is asymptotically optimal for the non-Bayesian setup, and the greedy sampling right allo-
cation strategy coupled with the M-Shiryaev procedure is asymptotically optimal for the

Bayesian setup.
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Chapter 5

Summary and Future Work

5.1 Summary

Motivated by various applications, we have studied quickest detection problems with
stochastic sampling right constraints. We have proposed the greedy sampling right al-
location strategy for the observer, and have shown that, coupled with proper detection
rules, this greedy strategy is asymptotically optimal under various setups. We summarize
our main results as follows:

In Chapter 2, we have discussed the non-Bayesian quickest change-point detection
problem with the stochastic sampling right constraint. In particular, we have considered
three non-Bayesian quickest change detection setups, namely Lorden’s problem with the
algorithm level ARL constraint, Lorden’s problem with the system level ARL constraint
and Pollak’s problem with the system level ARL constraint. For the binary sampling
right arriving model, we have shown that the immediate sampling right allocation scheme
coupled with the CUSUM detection procedure is optimal for the first setup, and is asymp-
totically optimal for the second and the third setup. When the observer can collect more

than one sampling right at each time slot, we have shown that the proposed greedy sam-
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pling right allocation coupled with CUSUM is still asymptotically optimal for the second
and the third setup.

In Chapter 3, we have considered both the limited sampling right constraint and the
stochastic sampling right constraint under the Bayesian setup. For the limited sampling
right constraint, we have shown that the cost function can be expressed by a set of it-
erative functions, each of which can be used to determining the next sampling time or
the stopping time. We have obtained the optimal solution via optimal stopping theory.
For the problem with the stochastic sampling right constraint, we have also solved the
optimal solution via the dynamic programming. Moreover, we have shown that the low
complexity greedy sampling strategy coupled with the Shiryaev procedure is first order
asymptotically optimal as the false alarm probability goes to zero.

In Chapter 4, we have considered the case when the post-change parameter is un-
known to the observer. We have shown that the proposed M-Shiryaev detection procedure
is asymptotically optimal for the Bayesian setup without any sampling right constraints.
By imposing the stochastic sampling right constraint, we have shown that the greedy
sampling strategy coupled with the M-CUSUM procedure is asymptotically optimal for
the non-Bayesian setup, and the greedy sampling strategy coupled with the M-Shiryaev
procedure is asymptotically optimal for the Bayesian setup.

As the final comment, here we provide a high-level explanation why the greedy sam-
pling strategy performs well for both Bayesian and non-Bayesian cases. In the asymp-
totic analysis (either PFA goes to zero or ARL goes to infinity), the detection delay goes
to infinity, hence the observer needs infinitely many sampling rights after the change-
point. These sampling rights mainly come from the replenishing procedure 1. After
the change-point, the greedy sampling strategy is the most efficient way to consume the
sampling rights collected by the observer. Before the change-point, the greedy sampling

might not be the best strategy, but the penalty incurred by this sub-optimality in terms of

77



the detection delay is at most C' (the finite sampling right capacity of the observer), which

is negligible when the detection delay goes to infinity.

5.2 Future Work

There are many possible directions for the future work. So far, we have only considered
the optimal strategy for a single observer (or a single sensor node). It would be of interest
to extend our work to the distributed sensor networks. In the following, we describe
a possible formulation for the case with two sensors. The general multi-sensor case is
similar.

As shown in Figure 5.1, the system consists of two sensors S7, S, and a fusion cen-
ter. The observation sequences of S; and S, are denoted by {Z,E,l), k=1,2,.. } and
{Z,E:Q), k=1,2,.. .}, respectively. We assume that the change occurs at two sensors
simultaneously. Based on the information received from these two sensors, the fusion
center wishes to detect the presence of a change as quickly as possible. In the distributed
sensor network, the communication links between sensors and the fusion center usually
has a limited capacity. Hence each sensor has to quantize its information {Z,Ei)} into
{U k(f)} using function {qﬁ,(j) } For the sensors powered by renewable energy, we assume
that each transmission from sensor to the fusion center consumes c units of energy. Hence,

)

the energy stored in sensor S5;, denoted as N ¥ evolves according to

NG, = min [CONO 4ol — i, —efl], =12
where C'(?) is the energy capacity of sensor S;, ¥, (V) and /(") are energy replenishing
process, energy allocation strategy and communication strategy, respectively.
With this new energy constraint, we can formulate the Bayeisan and the non-Bayesian

quickest detection problems, which are similar to the setups presented in Chapter 2 and
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Fusion Center

Figure 5.1: Two-sensor distributed change detection model

Chapter 3. This setup is more challenging than the single sensor setup since both com-
municating with the fusion center and taking observations from the environment consume
energy. In this problem, we need to reinvestigate three subproblems: 1) what energy allo-
cation strategy and statistics should sensors adopt to perform the local detection; 2) how
to quantize the local information; and 3) how often should sensors communicate with
the fusion center. As the single sensor case, characterizing the optimal solution of this
problem is expected to be challenging. Even if the optimal solution can be obtained, it
will have a very complex structure. Therefore, low complexity but asymptotically optimal
solutions are of interest.

As another extension of our research, it would be of interest to extend the problem
discussed in Chapter 4 to the case that the post-change parameter belongs to a compact

set. In particular, the GRL based CUSUM, which is defined as

TerL—cusum = inf ¢ k>0

1<q<n ¢

max sup [ [ L(Z;:£,%) > B ¢, (5.1)
Jj=q

can be viewed as a generalization of (4.15). It is easy to see that Torr_cusun reduces
to Tpsc when = is a finite set. In Chapter 4, we have shown that 7¢ g cusyas 1S asymp-
totically optimal for the non-Bayesian quickest detection with stochastic sampling right

constraint when = is finite, it is of interest to see whether or not 7gr;_cusun preserves
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the asymptotic optimality when = is compact.

We want to use the same idea to generalize 7,5 for the Bayesian quickest detection
problem with the unknown post-change parameter and the stochastic sampling right con-
straint. This task is more challenging. As specified in (4.35), the proposed statistic is
given as

Ay =logwip +log R, p i

Although LRs in 12, ,, ; can be replaced by GLR as what we did for 7,¢ in (5.1), we note
that co;, which is the prior probability of &;, reduces to zero when = is a compact set;
hence the first item in A, ; is problematic in this generalization approach. In our future
work, we are interested in finding a method to generalize the stopping time 7,5 such that

its asymptotic optimality is preserved under the Bayesian setting.
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Appendix A

Proofs in Section 2

A.1 Proof of Theorem 2.2.3

We first show 7¢ is optimal for any p. For any path of any sampling right utility process

14, the quasi change-point of the non-trivial observation sequence is defined as
A = inf{k|X) ~ fi} = inf{k|b, > t}. (A.1)

This implies that A can be viewed as the change-point happening in the non-trivial obser-

vation sequence {X ,ga’“’b’“)}. Moreover, « can be viewed as a stopping time on the non-

trivial observation sequence. Therefore, a rule minimizing the detection delay (7 — ¢)*
((lk,bk)

among { Zy.} is the same as the one minimizing (x — \)™ among {X h } Specifically,

the stopping rule is decided by

min sup esssup E, (/{—)\+1)+‘)~(l,...,)~(,\_1},
FoA>1

s.t. Ex[k] > 1.
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Since {X ,ga’“’b’“)} is a conditionally i.i.d. (conditioned on \) sequence with pre-change
distribution f, and post-change distribution f; under any path of sampling right utility
process i, the above problem is the classical Lorden’s quickest change detection problem
[35], and CUSUM with threshold B, which is a constant such that E. [] = 7, is optimal.
Since CUSUM is path-wise optimal, it is optimal for any sampling right utility px.

To prove the optimality of ;* under 7, we examine the following problem:

gleig} EY[7c],

s.t. Exlk] = 1. (A.2)
Note that the objective function is the same as d; (IV, , 7¢). Since
®)

(@)
Eilro] = EY[bs] > Effas] = Eilrc],

in which inequality (a) is due to causal sampling right constraint, and equality (b) is true
because 7 = a, under p* = v. Therefore, p* is optimal for the problem (A.2).

Since
IﬁiTndl(N, w, ) =di(N,u*,7¢) = diy(N, u*, 7¢),
in which the last equality is due to Proposition 2.2.1, we have
WADD(N, u*,7¢) = di(N, u*, 7).

Combining this with the fact that

WADD(N7 M, T) Z d1<N7 y 7-)’
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we know that (u*, 7¢) is the optimal solution for Setup 1.

A.2 Proof of Proposition 2.2.5

We first examine the quantity E[x|. Note that the non-trivial observation sequence
{Xk} is i.i.d. under P,,. Hence, k is generated by a renewal process, with renewals
occurring whenever the sum of LLR is less than or equal to zero, and with a termination

when the sum is larger than or equal to the upper threshold, that is,

R = E L,

J=1

where 11, Lo, . .. are i.i.d. repetitions of ¢, and .J is the number of repetitions before the
termination. Let M, denote the indicator of the event that the j* repetition exits at the
upper boundary. That is M; = 1 if the j™ repetition exits at the upper boundary, and
M; = 0 if the j' repetition exits at the lower boundary, then J = inf{j : M; = 1}.

Hence, under P,,, J is a geometric random variable with
Po(J=7)=[1 = Pu(F))] [Puc(F) ", j=1,2,....

Then, we have

1
E = A.
Ul = 15 (A3)
Since E[J] < 0o, and {¢;} is i.i.d., we can apply Wald’s identity:
J
Eoolk] = Eoo [ > 1| = Eao[J/Els]. (A4)
j=1
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Substituting (A.3) into (A.4), we have (2.15).

Following the similar argument as above, we get

E,[]

Ei[k] = 1P (F Pi(Fo)’

Denote I}, = a, — ai_; as the time interval between two successive observations. It is

easy to see [;’s are i.1.d. with geometric distribution. Its pmf is given as
P(I=i)=(1-=p)"p,
and the average of the time interval between two successive observations is

E[1] = ]1?.

For the average detection delay, we have

—
S
=

WADD(N, p*,7¢) = di(N, p*, 7¢)

E{[rc]

Y ax]

)

k=1

O B[ E, [4]

= g (A5)
p

Here, (a) is due to equalizer property, (b) is the Wald’s identity. Then (2.16) follows.
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A.3 Proof of Theorem 2.3.1

This proof relies on several supporting propositions and Theorem 1 of [44].

Proposition A.3.1. For an arbitrary but given sampling right utility ji, we have

t+q

1

1 vy __ ) >
él_rgoesssupﬂ {m e 0(Z;)> (1+¢e)Dy

Zl;“-th—l} — 0

Ve > 0, (A.6)

where D1 = pD(f1||fo)-

Proof. We first show that the inequality
t+m—1

1
— E l(ZZ) < Dl, as m — 00, (A.7)
m

i=t

holds almost surely under P} for any ¢t > 1.
To show this, we first consider the immediate sampling right allocation p*, by the

strong law of large numbers, we have

t+m—1 N
1 m a.s.
— E Wi = — — p, asm — 00,
m — m

where m is the amount of sampling right arrived from ¢ to ¢ + m — 1. In the immediate
allocation p*, m equal to the number of nonzero elements in {uf, e Mt } We also

have
1 A+m—1 _
— > 1K) 3 D(Aillfo), asm = oo,
m
i=\

in which A is the quasi change-point defined in (A.1). Therefore, under p*, as m — oo,
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we have

1 t+m—1 1 A+m—1 ~
— Uz == 37 1(X) S pD(Alfe) = Di. (A8)
i=t =\

For an arbitrary sampling right allocation p with limsup,_, . ux = 1, the amount
of sampling right allocated from ¢ to ¢ + m — 1 is bounded by the amount of sampling
right arrived in this period plus the amount of sampling right left at time ¢. That is, m <
m+ N, < m+C, where m denotes the number of nonzero elements in { i, . . ., fyrm—1}-

Therefore, as m — oo,

| tmot a1 At
w12 = T 3 ()
i=t =X
m+C 1 At 5\ a.s.
< rw o L(X:) =5 pD(A]1 o).

For the sampling right allocation scheme p with lim sup,,_, . ix = 0, we have

t+m—1

Tim S 0(Z) =0 < pD(fLfo)

i=t

Therefore, inequality (A.7) holds for any arbitrary p. Note that 1) (A.7) holds in the
almost sure sense, since (A.8) converges in the almost sure sense; and ii) (A.7) holds for
any realization of Z,..., Z; 4.

For any € > 0, define

£

Tt:sup{m21

Due to (A.7), we have

essinf P/ {T! < c0|Zy,...,Z; 1} =1,
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which indicates

t+q
1
lim esssup P/ {— max (Z;) > (1+¢)D;
m—o0 m 0<g<m p—

le--;Zt—l} — 0.

[l
Note that Proposition A.3.1 holds for every ¢ > 1, therefore
1 t+q
lim sup esssup P} {— max 0Z)> (1 +¢e)D1|Zy,. .., Zt_l} — 0.
m—00 >1 m 0<qg<m —
(A9)

To prove Theorem 2.3.1, we need Theorem 1 in [44] , which is restated as follows:

Theorem A.3.2. ([44]) Let {Z}} be a random variables sequence with a deterministic

but unknown change-point t. Under probability measure F,, the conditional distribution

of Zy is fo(-|Z571) for k < t and is f1(-|Z5~") for k > t. Denote 1(Z},) as

7 Zk—l
1(Z;,) = log &}H)
Jo(Ze|Z77)
If the condition

t+q
lim sup esssup P { max 1(Z;) > Di(1+ 6)m)Z1, e Zt_l} — 0,
M—00 ¢>1 0<g<m p—”

Ve >0 (A.10)
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holds for some constant D1. Then, as 7 — oo,

inf {sup esssup Ey[(7 — t + )| F 1] : Eoo[7] > 7}

t>1

> inf {sup]Et[T —tlr > t] : Eoo[7] > ’y}
>1

> (D;' +o0(1))log 7.

Proof. Please refer to [44]. O

In our case, for any arbitrary but given sampling right allocation x, the pre-change

conditional density of Zj, is given as

Fo(ZHZY™") = fo(Xi)P ({pe = 1HZ37") + 6(0) P ({1 = 0} Z17)

where §(¢) is the Dirac delta function. Similarly, the post-change conditional density is
N(ZHZY™Y) = fuX) P ({p = 1}HZ17") + 0(0) P ({1 = 0}Z77) .

Therefore, the log likelihood ratio in Theorem A.3.2

~ Z0
[(ZZyY) ) log féﬁz’;% if =1

l(Zk> = 10g—_ = )
fo(Zi|Z57Y) 0,  ifu,=0

which is consistent with the definition in (2.12). Moreover, (A.9) indicates that, for any

arbitrary sampling right utility, (A.10) holds for the constant Dy = pD( f1|| fo). Therefore,
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the conclusion in Theorem A.3.2 indicates the result for our case:

inf{WADD(N, y1, 7) : B [r] > ~}
> inf {CADD(N, u, 1) : EZ [7] >~}

> (Dy' +o(1))log .

A.4 Proof of Theorem 2.4.2

We first prove the asymptotic optimality of (1*, 7¢) for problem Setup II. The proof relies

on some supporting propositions and Theorem 4 of [44].

Proposition A.4.1. For the sampling right utility i*, we have

Zl,...,Zk_l}%O

Vo > 0. (A.11)

k+m
lim sup esssup Pt”{ Zl ) < pD(fillfo) —

m—r0o0 thZ 1

Proof. As we have shown in Proposition A.3.1, for any realization of 73, ..., Z;_1, and

Vk > t, under the sampling right utility &, we have

LN W) S DRI, m o
Then

zazl,...,zk_l}%o

Yo > 0,

k+m
lim esssup P/ {' Zl — pD(f1l]fo)

m—r0o0
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for all £ > ¢. Therefore

k+m
lim esssup P/ { Zl ) < pD(fil|fo) — ¢
m—0o0

Zl7"'7Zk3—1} —0

because the above expression holds for every k£ > t. Then the proposition follows. 0

Proposition A.4.2. Under the sampling right utility ji*, Page’s stopping time T¢ satisfies

sup PL(k <10 <k+m,) < a, (A.12)
E>1
where
m
lim inf e pD -1
m m HOgOé’ > (p (f1||f0)) )
but

logm, = o(log ) as a — 0.
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Proof. For any k,

P2 (k<71 <k+myg)

k4+mq—1 .
== Z P:O(TC B k’)
k=k
k4+ma—1 k
< Y Pl L@)=B30<j<k-1
k=k i=k—j
k+maq—1 k'
@ > POO{ II L(Xi/)ZB,Hogj’gk;’—l}
h=k 1=kl —j"
k+maq—1 k"
® > P {HL()NQI) > B30 <K' < k:}
k=k i'=1
() k+mq—1
< Y ew(-lgB)
k=k
= mgexp(—log B). (A.13)

Here, (a) is true because the likelihood ratio of {Z;} and that of {f(l} are the same. Then
we substitute {Z;} with {f( ; }, and change the probability measure correspondingly. i, &’
and j’ are the new indices in {XZ} corresponding to the original ¢, k and jin{Z;}. (b)
holds because under P, {f(l} are i.i.d., then we reverse the sequence. (c) is due to
Doob’s martingale inequality (see, for example, Theorem 3.6 in [100]), since under P,
{L()N(Z)} 1s a martingale with expectation 1.

By (A.13), we can simply choose m,, = |loga|(pD(f1|fo))~* + 4, and choose B,
the threshold of CUSUM, such that m,, exp(—log B) = a. O

To prove Theorem 2.4.2, we need Theorem 4 ii) of [44] , which is restated as follows:

Theorem A.4.3. ( [44]) Let {Z;.} be a random variables sequence with a deterministic

but unknown change-point t. Under probability measure P, the conditional distribution
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of Zy is fo(-|Z571) for k < t and is f1(-|Z¥7") for k > t. Denote 1(Z},) as

h(ZZY7)

(Z) =log ————.
) =8 )

Denote €€ as the threshold used in Page’s stopping time. Then
Eslrc] > €.
IfV6 > 0, the condition

k+m
. 1
lim sup esssup P, {E Z; (Z)<Dy—9§

m—0o0 thZI

Zl,...,Zk_l}—>0

holds for some constant D1, and as o« — 0, there exists some m,, which dependents only

on « such that

Suppoo(k <7c < k+ma) < «,
E>1

where
lim inf |lz7;04| > D;t
but,
logm, = o(loga) as a — 0.
Then,

supesssupE, [(7 —t + 1)7|Zy,..., Zi1] < (D7 +0(1))e  asc— oo.
t>1
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Proof. Please refer to [44]. U]

By Proportion A.4.1 and A.4.2, (i*, 7¢) is a strategy that satisfies the conditions in
Theorem A.4.3. Hence, if we choose ¢ = log~y and D, = pD( f1]|fo) in the theorem, it is
easy to verify that WADD(N, i*, 7¢) < ((pD(f1]|f0))~* + o(1))| log ~| with EZ [r¢] >
7. Therefore, (ji*, 7¢) is asymptotically optimal for Setup IL.

Then we show the asymptotic optimality of (i*, 7¢) for Setup III.

Lemma A.4.4.
1 |log~|
supE! [7¢ —tlte >t ~ =——+————. (A.14)
p B e = e 210~ S p i)
Proof. Follow the similar argument in the proof of Lemma 2.3.4, we have
Ef [t —tlte > t] < EY [+ — l|1c > ]
= Ey[rs: — 1. (A.15)

We claim that

Ety [Ts,t|Nt = Z] S E;/ [Ts,t|Nt = O] 3 fori = 1, ceey C,

that is, at the change-point ¢, if there are any sampling rights left, the average detection
delay tends to be smaller than that of the case with no sampling right left. Hence we have

EY [75.4| Ny = 0] > EY [EY [75.4|Nt]] = EY [75.]. Then we have

EY [tc — t|te > t] < EY [154| Ny = 0] — 1.
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Let B =, we have

Ts¢ = inf {m >1

Uz > IOgv} :

i=t
We define a sequence of stopping times {Ts(?, ceey Ts(fff), ...} in the following manner:

1. Set N, = 0. Define

Ts(’lt) = inf {m >1

t+m
Zl<Zi) 2 10%7} :
i=t

2. Set N _(x-1y = 0. Define

Ts ,t

> U(Z) > logy

7'(11) =inf{m>1

That is, at change-point ¢, we discard all sampling rights and then start a SPRT under
the sampling right allocation *. When the previous SPRT stops, we clean all sampling

rights again, and start a new SPRT immediately. Then, this sequence of stopping time

{75(7?, . ,Ts(ff), ..., } are independent with the same distribution of 7, under V; = 0.

Therefore, by the strong LLN, for an K that large enough, we have

1 2) (K)
T Toif tTsp T+ Ty a.8. 1y
fK =t T o - LB B [ 4| N = 0],

K _() o
where T = >, Ts(lt) . Since we have

t+Tk

> 1(Z) > Klog,
1=t
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as vy — oo, T, — 00, then

t+M

— 1(Z;) > —log%
Z

that is
K T | log 7|
D > —1lo oo —>—
(Allfo) 2 Tk &7 K~ pD(fillfo)
If we ignore the overshoot, we will have
Y ry | B, = 0] ~ — 10801
pD(lefo)

Then, we have

v | log 7|
]Et [TC — tlTC 2 t] S m(l -+ 0(1))
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Appendix B

Proofs in Section 3

B.1 Proof of Lemma 3.2.2

Let 4 = (by,- - ,b.) be a sampling strategy and 7 = b, be a stopping time such by > b,
and k < N. Note that by, --- ,b, are time instances at which observations are taken,
and b, is the time instance at which no sample is taken but the observer announces that a
change has occurred. Since x < /N, meaning that there is at least one sampling right left,
we construct another strategy i = (b, - - - , b, bs) and 7 = bs+m*, in which we will take
another observation at time b, and then claim that a change has occurred at time b; + m*.

Here m* is chosen as
. )
m* = argmin,,,~o H(m,,m),

in which

c 7rk+1—7rm]
0

3

H(m,m) :=E,

i
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with

o = T,

mo= 7wy (1-mp(l—p)
= a+(1-m[1-101-p)*, k=1,...m,

Then, we have

b9+m*—1
U(r,N,a,7) = E, |c Z T+ 1 —7Tbs+m*]
k=0

[ bs—1
= EW CZ?Tk+H(7TbS,m*)]
L k=0

bs—1
CZ Tk + H(T&'bS,O)]
L k=0

IN
&=
3

Hence, by taking one more observation at time b, and then deciding whether a change has
occurred or not can reduce the cost. This implies that if there are sampling rights left, it

is not optimal to claim a change without first taking a sample.

B.2 Proof of Theorem 3.2.4

We show this theorem by induction: it is clear that J(m,0) = V(7). Suppose J(m,n —
1) = V,—1(m), we show that J(m,n) = V(7).
Firstly, we show that J(7,n) > V(7). If the optimal sampling strategy for (3.12) is

b, = 0, then the optimal stopping time is 7 = 0 by Corollary 3.2.3. In this case, it is
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easy to verify that J(m,n) = V,(r) = 1 — m. Hence the conclusion J(m,n) > V, ()
holds trivially. If the optimal strategy b, # 0, then any given strategy p = {by,- - ,b.}
with b; = 0 is not optimal, since it simply reduces the set of admissible strategies without
bringing any benefit. In the following we consider the sampling strategy with b,, # 0 and
by # 0.

Let u = {b1,--- ,b.} be any sampling strategy with b; # 0 in U,,, then we construct

another sampling strategy fi via i = {bo, - -- , b, }, which is in U,,_;. We have

B T—1
Ulm,n,u,7) = E; 1—7@—1—02@]
L k=0

bi1—1 T—1
= E, ch—kl—WT—l—ch]
L k=0 k=b

by—1
= E, cZwk—l—U(ﬂbl,n— 1,/1,7')]

k=0

v

b1—1
Eﬂ- CZW}C—FJ(WbI,n—l)]
L k=0

v

inf E,

m>1

c i T + Vn_l(wm)]

k=0
m—1
> +Vn_1(7rm)] } (B.1)

v

min {1 — 7, inf E,
m>1

Since this is true for any p € U,, with b; # 0, and we also know that the strategy u

with b; = 0 could not be optimal unless b, = 0, then we have
J(m,n) =infU(m,n,pu, 7) > GVyiq () = V().
o

Secondly, we show that J(m,n) < V(7). Assume the optimal sampling strategy
is pu* = {b3,b%,...,b5.} € U, and the optimal stopping time is 7*, another strategy is

denoted as 1 = {by,bs,...,b,} with stopping time 7, where b; is an arbitrary sampling
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time, /i = {b, ..., b, } with 7 is the optimal strategy achieves J (m,,,n — 1) = U(m,, n
1, f1,7). We have
bi—1

J(mn) < E; cZwk+J(7rb1,n—1)

because (u, 7) is not optimal. Since the above inequality holds for every b;, we have

[ m—1
J(m,n) < glr;fOE c kz_o Tk + Vo1 (mm)
- _— Z
< ggfl E: |c kz_o Tk + Voo1(mm)

Moveover, we have

(0)

T—1
1—7TT+CZ7Tk] <1l-—m,
k=0

(a)

J(m,n) < J(m,0) =infE,

in which (a) is true because the admissible strategy set of J(m,n) is larger than that of

J(7,0), and (b) is true because 7 = 0 is not necessarily optimal for J(7,0). Therefore,

we have

c Z_ T + an(ﬂm)] }

k=0

J(myn) < min{l—ﬂ', igfle

= Vu(m).

Then we can conclude that J (7, n) = V(7).

The optimality of (3.16) can be verified by putting it into (B.1), whose inequalities

will then become equalities. Further, we can obtain

-1

VN—n(ﬂ-b;‘L) = min 1— 7Tb* Z Tk + VN n— 1( )
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Note that {m,: } is a Markov chain, hence (3.17) can be immediately obtained by the
Markov optimal stopping theorem. By Corollary 3.2.3, on {x* < N} we have 7% = b’..

On {k* = N}, by (3.14) it is easy to verify that

* * :
7" — by = argmin, Eﬁb?v

m—1
ch +1-— Wm] )
k=0

Let

m* = argmin,,~o Er .
- N

then

7—* = (b:* + m*)l{n*:N} + bj;* 1{H*<N}

= b;:* + m*l{n*:N}-

B.3 Proof of Theorem 3.2.7

It is easy to see that 0 < V,,(7) < 1 forany n < N, and V,,(1) = 0. We next prove the
concavity of V,,(7) by inductive arguments. Clearly Vj(7y) is a concave function of 7y
and V(1) = 0. Suppose V,,_1 () is a concave function of 7, we show that V,,(7) is a
concave function.

We denote
An(ﬂ) =E, [Vn—l(ﬂ-m)L

and we show that A,,(7) is a concave function.
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Let ; € [0,1] and 7 € [0, 1] and 6 € [0, 1], then for any fixed m, we have

0An(TE) + (1= O)AL(TD) = OB [Vai(rb,)]l + (1 — OBV i(n2,,)]
S KCLCRTC SRV e 3
(1= OV r (72 ) f (@l 2, 1)
= [ BVislrd) + (1= Vo (a )
0 (@t m) + (1= 0) (vl m) o
A

[ef(xk—f—m”ﬁl}:? m) + (1 - e)f(xk—i-m”]rl%’ m)]dikarm
in which

ef(xk—i-m ’ﬂ-]}ﬂ m)

U= ;
9f<xk+m’7‘-]17m) + (1 - e)f(xk+m’ﬂ-]37 m)

and (a) is due to the inductive assumption that V,,_;(-) is a concave function. Now, define
T = Omp, + (1 — )77,

we can verify that

L 1= (1= )= "] (Vi)
e 1= 1 =m) @ = p)"LiYiem) + (1 = 7)1 = o)™ fr(Vesm)
= Impem + (1 =77

At the same time, we have

Of (rsm|my,m) + (1= 0)f (@rgm| i, m) = f(@hsm i, ).
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Hence,
0A(my) + (1= 0)An (1) < Eps [Vaoa(miy,)] = An(mi).

Therefore, A,,(7) = E [V,—1(m,)] is a concave function. As the result, inf,,, {E, [V,,—1 ()]}

1s also concave since it is the minimum of concave function. Then,

14 m>1

c <m T ﬁm)> + inf Ex, [Vt (Thom)] (B.2)

is also a concave function of 7. Further, V,,(7;) is a concave function of 7, since it is the
minimum of two concave functions.

By the fact that {V,,(7),n = 1,..., N} is a family of concave functions, {V,,(7),n =
1,..., N} are dominated by 1 — 7 and V,,(1) = 0, we immediately conclude that 7 is a
threshold rule. By Corollary 3.2.3 and Theorem 3.2.4, we can easily obtain (3.23) and
(3.29).

B.4 Proof of Proposition 3.2.9

In the proof, we assume 7y = 0. This assumption will not affect the asymptotic result but
will simplify the mathematical derivation.

We consider a uniform sampling scheme with sample interval . Since it is not optimal
for the observer to take an observation every ¢ time slots, ADD of the uniform sampling

scheme is larger than that of the optimal strategy. Define
A := min{n|ng > t}. (B.3)
The random variable A acts as the change-point when there is uniform sampling, since
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from observing { X, X, ...}, we cannot tell whether the change happens at ¢ or at \g.
In the following, we derive the average detection delay when we use { Xy} to detect A,

and we use the following stopping rule

R =min{n|m,c > 1 — a}. (B.4)

In the first step, we relax the condition (3.27) and consider that N = co. We note that
the problem of detecting \ based on { X} is still under the Bayesian framework. The

distribution of \ is given as

g = PA=k)=(1-p)" 1~ (1-p)].

From (2.6) and (3.1) in [47], we have

—logP(A>k+1)

d= lim - = ¢[log(1 = p)|.
On the event {\ = k}
1 k+n—1
E l(XK) — D(f1||f0) as n — o9,
i—k

where [(X;.) = log f1(X,.)/fo(Xic) is the log-likelihood ratio. Then, by Theorem 3

in [47], we have

| log cv|
(f1llfo) + s[log(1 — p)|

Er—Ar >\ < 5 (14 0(1)). (B.5)

In the second step, we take (3.27) into consideration and we show that P(N > ) — 1
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as a — 0. This result indicates that (3.27) can guarantee that the observer has enough
sampling rights so that she can always stop with some sampling rights left. Therefore,
(B.5) still holds with probability 1 when we take the constraint (3.27) into consideration.

By (3.27), we have

1 \Y_ 1
1—0p «
Therefore,
P(A>N) = Z PA=n)=(1-p™ <a,
n=N+1

and it is clear that P(A > N) — 0 when a — 0.

In the following, we show P(k > N > \) — 0 as @ — 0. Note that

{k >N} & {max{m,...,7"n} <1—a}

s NY{m <1-a}.

Following (3.7) in [51], we can rewrite 7; as

3 (B.7)

in which

3 (3

R,i=> ]I {u_l—p)gL(ng)} : (B.8)

k=1 j=k

where L(X;) = #4329 is the likelihood ratio. One can show (B.7) and (B.8) by inductive
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argument using (3.20) and R,; = (1 + R, ;1) = L(X,). Therefore, we have

Finally, we have

RP,N

Vv

(1-p)s

P(r>N>X) < P(k>N)

(ﬂz‘]\io{ﬂ'ic <1- a})

P
< P(7TN<<1—04)
P

IN

By (3.27) we have N — oo when av — 0, hence

Therefore

Z%HL(X

k=1 j=k

)= S a LX) =B
1 j=k

k=

P(R>N>X)<P(k>N)—0.
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(RP’N< o 1—(1—p)<)

P (quHL(ng) < 1—a> :

11 L(ng)] — 0.

(B.9)



Then

P(N>K) = 1—-PA>N)—PE>N> )\

— 1. (B.10)

As o — 0, we have

B [(R—A)]

S i Ty

—E. [(R—NT].

Let 7 := inf{n¢ : m,c > 1 —a} =Rks. Since 0 < A\¢ — ¢t < ¢ — 1 and ¢ < oo, we obtain

| log ar|s

= D(fillfo) + |log(1 = p)|
_ | log a[s
= D{AIlo) + o1 = s o) (B.11)

E. [(T—1)"] §(1+0(1))+(<—1).

Since the uniform sampling scheme and the stopping time 7 are not optimal, the detection
delay of the optimal strategy (u*, 7*) is less than E, [(7 — ¢)™]. Hence the conclusion of

Proposition 3.2.9 holds.

B.5 Proof of Theorem 3.3.1

We show this theorem by induction: it is easy to see that JI (w7, No) = V[ (7p, Nr).
Suppose that JL, | (441, Nit1) = Vily (Ths1, Nig), we show JE (m, Ni) = Vi (7, Ny).

We immediately obtain that J (7, Ni) < VI (7, Ny) since JF (., Ny,) is defined
as the minimum cost over 7" and U}, ;. In the following, we show that J (m, Ni) >

Vi (7, Ni).
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By the recursive formulaes of V; and W/', ;, we can obtain

Vi (i, Ni)

= min {1 — 7, emy, + B W (e, Nie, viey1)] }

= min {1 — T, CTg + ijWkTH(?Tk, Nk:aj)}

=0
= min {1l — 7,

CT + ij min {E2, [V," 1 (Tet1, Nier) [Vesr = G, pagr = 0],

Jj=0

EY Vil (Thg1s New) Vs = Jopern = 1]} . (B.12)

On the other hand, for J/ (7, N;) we have

T
S (T, Ni)
T—1
= inf K, 1—7rT—|—c§ ;
T T
P Ui mET i—k

T—1
= inf E, |[1-m+c) m| 1oy
“£+1EME+177677CT g ZZ:; ]
T—1
_HE;]C I —m + CZ Wi] 1{T>k‘+1}]
i=k

= inf [(1 - 7Tk) 1{T:k}

Wiy 1 €U TETE
71
1 — T, +cmp + ¢ E 5 1{7'2k+1}
i=k+1

+E7

T-1
= min{l—wk,cwk—i- inf E;’rk 1—7TT—|—CZ7T1~]}

T T
Hp o €U TET

L i=k+1
i T—1
= min< 1 — 7, cm + inf E;k E;k 1= +c E T
ul.  eul  reTl * .
k4+15%k+1 k+1 L i=k+1
. . v T
= min{1—m,em+  inf EY (U (a1, Nis1, T, pthgn)] ¢ - (B.13)
/‘k+1€uk+1776m1
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At the same time, we have

Ey [U(Wk+1, Niia, T, M£+2)]

o0
= Z ijZk
=0
o0
Z p; min {E;k
=0

T
U<7Tk+17 Nk—l—l; T, :uk+2)

Vi1 = j]

IVE

T
U<7Tk+1> Niy1, T, ,Uk+2)

Vg1 = J, Pyl = O] )

v T
Eﬂk U(Wk+1,Nk+177'7/ik+2)

Ukl = Js Byl = 1] } ) (B.14)

in which (a) holds because EZ [U (a1, Npr1, v T Vhy1 = J ] is a linear combination
of B [U(mpt1, Niw1s fif 40> )| Va1 = J, i1 = i for i = 0, 1. Substituting (B.14) into
(B.13), and using inequalities inf(a+b) > inf a+inf b, inf min{a, b} > min{inf a, inf b}

and inf E[-] > E[inf(-)], we obtain

Ji (7, Ni)

: T
T %ﬂnf U(ﬂ-k-‘rla Nk+17 T, Mk+2)
“k+1€uk+17Te7—lgj}—1

Ukl = J, g1 = 0] )

Ukl = Jy Pyl = 1] }

Ukl = J, kg1 = 0] ,

[o.¢]
> min {1 — Mg, CTE + ij min
inf U(Trt1, Nig1, 7, Mgw)

=0
14
T T
M1 €U 7Te7—lgj{—1

00
7=0

v
E7,

v
K7,

Jir1 (Trs 1, Nigi1)

Jie1(Tes1, Nit1)

Vi1 = J; k1 = 1] } - (B.15)

Since we assume that J;' | (g1, Nip1) = Vil i (M1, Nig1), by (B.12) and (B.15) we

can obtain JF (my,, Ni,) > VI (mg, Ny).
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B.6 Proof of Theorem 3.3.4

In this proof, we can consider the case that Ny = C, i.e., the observer has a maximum

amount of sampling rights at the beginning. The lower bound for ADD of this case will

certainly be the lower bound for ADD of the case with Ny < C'. The proof of Theorem

3.3.4 requires several supporting propositions and Theorem 1 in [47], which are presented

as follows.

Proposition B.6.1. Givent = k, we have
1 k+q
lim P/ {— max 1(Z;) > (1 —|—€)D1} —0 Ve>0,

where Dy = pD(fi1||fo) and p = E[f*].

Proof. Follow Lemma 2.4.1, we can show that E[i*] exists and 0 < E[*] < 1.

Following the proof of Lemma 2.3.1, on the event {¢ = k}, we have

1 m+k—1
ooy Z 1(Zi) < pD(f1llfo) =: D1, asm — oo,
i=k

holds almost surely under P for any £ > 1.

For any € > 0, define
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which indicates

k+q
1
: v ) > D —

[
From (2.6) in [47] we have
log P(t > 1
= — qim 0EPEZRHD o a ) (B.18)
k—o0 k

To prove Theorem 3.3.4, we need Theorem 1 in [47] , which is restated as follows:

Lemma B.6.2. ( [47], Theorem 1) Let {Z;} be a sequence of random variables with a
random change-point t. Under {t = k}, the conditional distribution of Z; is fo(-|Z}™")
fori < kand is fi(-|Z") for i > k. Denote Ps, as the probability measure under

{t = o0}. Denote I(Z;) as
h1(Zi|Zy)

U(Z;) = log —————~.
fo(Zi|Z37)
Let
>
J— — lim log P(t > k—l—l)'
k—o0 ]{?

If the condition

m—oo m 0<g<m
i=k

m+q
1
lim P, {— max Y 1(Z;) > (1 +5)D1} — 0, Ve>O0andVk>1 (B.19)
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holds for some constant Dy > 0. Denote q; = D1 + d. Then, forallr > 0 as o — 0,

Bl — kT > 4> (B22) (o)
nfE,[(r — ) |r > ] > (“Oqgo“) (1+ o(1)).
T d
Proof. Please refer to [47]. ]

In our case, for any arbitrary but given sampling strategy p, the conditional density

Fo(Z|ZTY = fo(Xi)P ({ps = 1}) + 6(¢) P ({; = 0}),

AZNZ7TY) = [(X)P (= 1}) + 0(6)P ({p = 0}),

where d(¢) is the Dirac delta function. Therefore, the log likelihood ratio in Theorem

B.6.2is
I(Z;) = log —fl(Z”ZZ;) = log%7 = )
fo(Zi|Z) 0, if ; = 0
which is consistent with the definition in (3.35). Moreover, for any sampling strategy,
(B.19) holds for the constant Dy = pD(f1]|fo). Therefore, by choosing » = 1, and

combining Lemma B.6.2 with Propositions B.6.1, we have:

1
inf EV[r —t|T >t] > | log o

e Do) + Nogd —p - o)

Since

Exlr =0T _ Exlr —8)"]

B [r — t|r > ] =
w7 =t =] 1-Prir<t) = l1-a
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as o — 0, we have

1
inf E[(r—t)*] > | logal

weiller 2 5D(Allfo) + Nog@ =gy - 2

B.7 Proof of Theorem 3.3.5

In this appendix we prove that the proposed strategy (7*, i*) can achieve the lower bound
presented in Theorem 3.3.4. In this proof, we can consider the case that Ny = 0, i.e., the
observer does not have any sampling rights at the beginning. If the lower bound of the
ADD can be achieved by this case, then it must be achievable for the case with Ny > 0.

With a little abuse of notation, let
v

R,; = (B.20)

_1—7@'.

Comparing with (1.16), we note that the statistic defined in (B.20) is the statistic in (1.12)
diminished by the factor of p.

The proposed stopping rule can be expressed in terms of Ry, , as

1—
%*—inf{iZO‘lOngiZlog Oé}'
[0

Let B :=log =%. As o — 0, we have B = |log a|(1 + o(1)).
By (3.9), (3.10), (3.11) and (3.35), it is easy to verify that

1—m_
log Rp,i = log Rp,i—l + Z(Zi) + |10g(1 - P)| + log (1 Tp 7r.7T 1) )

1—1

112



Using this recursive formula repeatedly, we obtain

)

k
1—71"_1
log 1+ p—2=1) . B.21
+§:og(<+p — ) (B.21)

log R,; = Zl ) + 4| log( 1—p)]—|—log(1i

We note that the third item in the above expression is a constant. Since the threshold b in
the proposed stopping rule will go to infinity as o — 0, this constant item can be ignored
in the asymptotic analysis. For simplicity, we assume log( 7%~ s p) = 0 in the rest of this
appendix.

Let

S; _Zz ) +i|log(1 — p)|,

= mf{z > 0|S; > b}. (B.22)

It is easy to see 7° < 7, since log I; , > S;. The following proposition indicates that
7s can achieve the lower bound presented in Theorem 3.3.4, hence 7" is asymptotically

optimal.

Proposition B.7.1. As B — oo,

B
El[rs — t|1s > t] <

= FDUATR) + Tog =y T B2

Proof. On the event {t = k}, we can decompose S,, into two parts if n > k:

S, =St s (B.24)
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where

k—1
SE = 3 U(Z) + (k= Dllog(1 = p)]

Sp = Zl(Zj) + (n — k4 1)|log(1 — p)|.

We first show that as m — oo

1 —1 a.s. ~
— Syt = BD(flfo) + [log(1 = p)]. (B.25)
Let 1 be the number of non-zero elements in { ik, ftg11, - - -, fbkrm—1}» then as m — oo,
we have
" 1 k+m—1
o . a.s E _ 5
= 2}; p ] =p
Let {by,...,bs} be a sequence of time slots in which the observer takes observations

after k. Thatis, £ < b; < ... <b; < k+m —1and i, = 1. By the strong law of large

numbers, as m — 00

Then we have

1 1 k+m—1
=St = - > U(Z;) + mllog(1 — p)]
j=k
w1 &
= —— (X, log(1 —
mm;( b;) + [log(1— p)]
= pD(fillfo) + |log(1 — p)|.
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In the following, we denote q; = pD(f1||fo) + |log(1 — p)|.

By (B.24), we can rewrite 7, as
7o =inf {n > 0|Sp > B—S{'}.
Hence,
SiTt < B —SF L (B.26)
Define the random variable
TF :=sup {n > 1|n 'Sy — q4| > €}

By (B.25), we have Tif < oo almost surely. By (3.37) and (3.38), it is easy to verify that
EY[TF] < oo and BX[T?] < oo.

On the event {7‘5 >TF 4 (k — 1)}, we have
STt > =k +1)(qa—e),

hence

Syt B s

To—k+1< < . (B.27)
qa — € qa — €
Then we have
k-1 -
1
ekl < I T )

B . Sk—l ~

e
qq — €
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Taking the conditional expectation on both sides, since Te’“ < o0o,thenasay — 0 (B — 00)

we have
B EY[S*t|r, > k
E{[rs — klTs > k] < — =) + EY[TF |7, > K]
qq — € qq — €
B Ev Skfl ; > ]{7
— (1+O(1))— k[ 1 |T - ]
qa — € qq — €
Therefore,

1
= BYrs —t;m > ¢
Prr, = gl B 2
= = k)E{[rs — k|7 > K] P (7, >
P Ts>t); (t=k) kls > k)P (s > k)
B E; St ~
< ST 2l | ey >
C]d—€ 4a — €
St >t
= (1+o(1)) — 5] ) (B.28)
qda — € qq — €

In the following, we show that E¥[S!™!|7, > t] is finite. Let 72 be the number of nonzero
elements in {9, ..., pur_1}, and denote {by,..., bz} as the time slots that the observer

takes observation before &k, we have

B [s11) @ B[St

= B Yo UZ)| + (= Dllog(l - p)
~ E. Zz(ij) k= 1[log(1 - p)|

= —mD(follf1) + (k — 1)|log(1 — p),

where (a) is true because P2 and P} are the same for observations taken before k. Since
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m < kand D(fo|[f1) > 0, we have
—kD(follf1) < E{ [SF™'] < k|log(1 — p)].
Since

E/[Si™) =D Ey [SF] Pt =k),
k=1
we have

D(fol f1)

DAy 511 <

| log(1 — p)|
1—p '

L—p

Therefore, E“[S¥7!] is bounded. We note that as & — 0, {r, > t} approaches to an

almost sure event. Then
B[S Y7, > 1] — B2 [S71] asa — 0.
By (B.28) we obtain

EV[rs —t|ms > 1] <

%_Eu+oun. (B.29)

Since the above equation holds for any € > 0, then

Exlrs —tm 2 1] < —(1+o(1)).

L
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Using the above proposition and the fact 7* < 7, we have

B [+~ )]

IN

EY [(TS - t)ﬂ
= EZ[TS - t|7_s > t][l - P(Ts < t)]

< B o)ty
dd

B
= —(1+o(1))
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Appendix C

Proofs in Section 4

C.1 Proof of the Theorem 4.1.3

Given {£ = &}, from Theorem 2.4.1 we know that a lower bound of the detection delay,

feo))H(1 + o(1)). From

for both Lorden’s setup and Pollak’s setups, is | log v|(pD( fe,
Theorem 2.4.2, the detection delay incurred by the greedy sampling right allocation *

and 7¢; defined in (4.14) is

[log M~ |log|
ﬁD(flefﬁo) ﬁD(fleféo)

WADD®% (i, 7¢.;) ~ CADD% (i*, 703) ~ (C.1)

By definition, we have 7);¢ < 7¢,;; Hence, the detection delay of (i*, 7asc) achieves
the lower bound. Therefore, we only need to show that (i*, 7pc) satisfies the ARL
constraint, i.e., EY_[Ta;c] > ~. To this end, we denote /¢ as the sample size of non-
trivial observations taken before 7,;-. Since the interval between two successive non-

trivial observations is no less than 1, we have

ARLS(ﬂ*, 7:071') = EZO [%MC} 2 ]Eoo [HMC]- (C2)
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As trivial observations have no contribution to the CUSUM statistic, ;¢ can be equiva-

lently defined as

n

max max L(X & &) > B} ) (C.3)
i 1<g<n i
j=

kye = inf {n >0

We further define

1nf{n>0

Ky = Inf {n > Km—1

max maXHL Xji&,6) ¢ [LB]} ;

max  max | [ L(X;;&,&) ¢ [1,3]}.

Em—1<q<n 1
Jj=q

Hence k1, ks, ..., Km, ... are i.i.d distributed. Let kx be the first time that B is exceeded,

then we have

kyme = ki > K. (C4

The first inequality holds because the maximum in (C.3) is taken over all observations,

while x consists of K segments and each segment contains a maximum operator. The

second inequality holds because x,,, — k,_1 > 1 form =1,..., K.
Let
Ly =max [[ L(X;:&. &) = max H fa(Xy) (C.5)
‘ j=n—k j=n—~k f&) )
~ n—1
It is easy to verify that {Lk} is a submartigale under the probability measure P...
k=0

Moreover, we have forall1 < k <n

maXHf& ] [ZH;; ]:. (C.6)

]kﬁo 1=1 j=k
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By Doob’s submartingale inequality, we have

P max L,_, >
 \kri<g<n 1T

Note that conditioned on F,, |,

{K = k}. Therefore

POO(K > /{?|f,€k71) =1- Poo(K = k"F/‘Ckfl) >1-

Hence

v

v

B‘]—}M>

IEoo |:[~/’I’L—Hk_1:| M
< — = < —.
- B - B

iPOO(K > k)

Z Eoo[1{x>k41} L{x>H]

k=0
00

Z Eoo [Eoo (1 ar>kr1} [ Frp_r |1 {r>k}]
5—=0

[e.e]

> EulPolK >k + 1 F 1 xon]

>(-5)

P(K >k—1)

the event {maXHk_lqun En_q > B

SE

P ( max Ly > B’]—',%l)
nggn—ﬂk,1

(C.7)

} is equivalent to

(C.8)

Combining (C.2),(C.4) and (C.8), we have ARL,; > ~. Hence (i*, Tyc) satisfies the

ARL constraint.
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C.2 Proof of the Theorem 4.2.2

Lemma C.2.1. For any constants L and B, we have

B
Pre(r—t>L)>Pre(t<r<o0)— Py, ( sup Ap; > B) — S PL(r<t). (C9)
n<t+L 7

Proof. We note that

Pro( =8t <7 <00)=Pro(§=&;t+L <7 <00)
+Pr (=8t ST <t+ LA <B)+ Pro(§ =&t <7 <t+LiAr; > B).

(C.10)

For the last item in the above equality, we have

< Pro(§=&;m<t+L; sup A.; > B)
T<t+L
< Pro(=¢&; sup Ay; > B). (C.11)
n<t+L
In addition, from Lemma 4.2.1 we have
Pﬂ’w(T < t) = wiIEm&. |:]_{t§7-<oo}€_AT’i}

= Ero [Liggitcreoye "]

v

Ew,w [1{£:£i’t37<007/\7,¢<B}€_A”1

v

e_BEﬂ',w [1{£:§i,t§7<oo,AT7i<B}:|

= e PP (6=¢&,t<T<o0,\; <B)

v

e PP (¢=¢6t<T<t+L,A\,;<B), (C.12)
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which provides a bound for the second item in (C.10). Therefore, we have

Prn(=¢&;t <1 <00)

< Prop(E=¢t+ L <7 <00)+ eBme(T <t)+ Prn(§=&; sup A,; > B).

n<t+L

Then, the conclusion can be obtained by rearranging the items in the above inequality. [

By imposing the false alarm constraint to Lemma C.2.1

M
Pro(t<t) =) @iPrg(r<t)=a = Pu(r<t)<
=1

(07

Z

we have

e el
Pre(t—t>L)>1—— — Prg ( sup A,; > B) - —qa.

W; n<t+L T;

Since it holds for all stopping times, we have

a eP
inf Pre(T—t>L)>1—— — Prg < sup A, ; > B) — —a.

(] n<t+L 5

Recall the convergence result of the Shiryaev statistic

. 1 . 1
lim —Ay,; = lim —log R, = D(fe,||fe,) + |1og(1 — p)| =: gig- Prg, -as.

In our context, we make the following selection:

_ 5!10goz|7
qid

B = cLg;q= cd|logal,

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

for constants ¢ > 1 and 0 < § < 1. By the convergence result in (C.16), we can find a
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+

finite random variable K such that sup,, A% = SUP,> k. Ai o (14 (c—1)/ 2)Gi a»

n

P ¢,-a.s. Moreover,

P, ( sup A, ; > B> = FPrg ( sup A, > CLQi,d)

n<t+L n<t+L

n<t+L

+
< A+ An,i
< Prg | sup Ay, + sup n—=>clLgiq
n<K, Ke.<n<t+L n

At
< Pre, | sup Af,+(t+L) sup —=> CL(]i,d)
n<K, Ke<n<t+L T

SUPp<r, Ay | (t+ L) A

—P.. iy sup  —2 > g
“ L L Kc<n£f+L n i
sup,<x. A (t+ L) A
< P.¢ = = sup —= > cg;q | -
S Frg T T n>II<)C - id

Since both K, and t are P;-a.s. finite, we have

lim
L—oo

SUP,< K. AL‘ n (t+ 1) A:{ﬂ.
L L .k n

Ay c—1
=sup — < (1+ 5 ) Gid < Cid;
which implies

Lh_r)lgo Pre ( sup A, > B) =0.

n<t+L

In addition, we have

1—co
. « e’ «a
lim —eP = lim — ol —
L—oo T7; a—0 w; w;

Hence, as longas 1 < ¢ < %, the above limit goes to zero.
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Theorem C.2.2. As o — 0, we have

(140(1))

. . | log o
B [T =) 2 5 T g = )

Proof. Using Markov’s inequality, for any 0 < § < 1, we have

£ [057] 5 ong (0527 50)

= 6P, ((T—t)t >0L)

> inf 5P7r7§l.((7 — t)Jr >4dL). (C.22)
Hence
— )t (a)
infE; ¢, {%} > inf 5Pﬂ,5i((r — t)+ >0L) >0 (C.23)

where (a) follows from (C.15), (C.20) and (C.21). Since 9 is an arbitrary number smaller

than 1, we have
infE, ¢, [(T—1)"] > L(1 4 0o(1)), (C.24)

where L is selected in (C.17). ]

Remark C.2.3. We emphasize that Lemma C.2.1 and (C.15) do not depend on the as-
sumption of the (conditional) independency of the observation sequences { X} }. Hence,
these conclusions will be used again in Appendix C.3 when we provide a lower bound of

the detection delay with the stochastic sampling right constraint.
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C.3 Proof of the Theorem 4.2.5

As mentioned in Remark C.2.3, Lemma C.2.1 and (C.15) do not depend on the indepen-
dency of the observation sequence; hence, by replacing { X;} with {Z;} and updating the

corresponding measures, we obtain a result similar to (C.15):

B
inf P/ (t1—t>L)>1~ - P ( sup A, > B) ~a (C.25)

Z n<t+L Z

A,,; in the above inequality is defined as

A, = log wlp +log Ry i, (C.26)
Ry = ZH—LZ &, &)- (C27)
k=1 j=k

Since {Z;} is not conditionally i.i.d, (C.16) does not hold in this context. Therefore, we

replace (C.16) by a weaker condition:

as L — oo, we have

Proposition C.3.1. Let q; o = pD(fe,

Jeo) + [1og(1 = p)],

1

P (— sup A > (1+€)g; d) —0 (C.28)
L o<n<t

forall e > 0.

Proof. Itis easy to verify that 12, ,, ; has the following recursive formula

1
——L(Z;6,60) (1 + Rpn1,). (C.29)

Rni:
Ps1, 1—
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Hence, we have

log Ry pi = |log(l—p)|+U(Zn;&is60) +1og Ry p—1,i + log (1 +
= n\log(l—p)]—kZl(Zj;{i,&) Zlog( )
j=1 pJ i
Hence

1 1
WO R = llogll =+ S U680 + Zlog(
J:

p,n—1,

)

> . (C.30)

We consider the case when n — oo. As we discussed in (A.8) in Appendix A.3 and

(B.17) in Appendix B.6, we have

t+n
) < v oo
nlglg() - Z U(Zj; &, 60) < pD(fellfe,)  Pre, — almost sure.

Moreover, since ¢ is a finite random variable, we have

lim — Zl 1&i,60) = 0 P/, — almost sure.

n—oo N

Hence, we have

1 n
< Tim - e <5
0< lim — ZIMZ]@, &) < pD(fe,
J:
Therefore, by (C.30) and (C.33) we have

1
108 Ryi > [10g(1 = )]
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fe) Py — almost sure.

(C.31)

(C.32)

(C.33)

(C.34)



which indicates that R, , ; — oo almost surely under P/, as n — co. Therefore

log <1 + ) —0 P/, — almost sure.
0,140
Therefore {log (1 + 5 L > } are Cesaro summable and has Cesaro sum of zero. Thus,
pyJsi j=1

the last item in (C.30) goes to zero almost surely. Using (C.30) and (C.33) again, we have

1 -
- log R, < |log(l — p)| +pD(fellfeo) = gia as n — 0. (C.35)

Note that the above inequality holds P, almost surely. Using the fact that %Am =

Llog R, i, we have

1
Pre (— sup Ap; = (1 +€)Qi,d) — 0. (C.36)

L oy<n<r

In our context, we choose

I - 5!10goz\,
qid

B = cLgq = cd|logal,

for constants ¢ > 1 and 0 < & < 1. Consider the third item in the right hand side of
inequality (C.25), by Proposition C.3.1, we have

P7'r/,§i ( sup An,i > B) = Pfr”& ( sup Am- > chZ-7d>

n<t+L n<t+L

1
= Pl (Z sup Ap; > C(]i,d) — 0. (C.37)

n<t+L
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In addition, we have

alfcé

. « . o
lim —e? = lim —e®logol = — (C.38)
L—oc0 wi a—0 wi ’ZD',L*

Hence, as long as 1 < ¢ < %, we can have above limit goes to zero. Then, the lower

bound of the average detection delay can be proved by the same argument used in the

proof of Theorem C.2.2.

C.4 Proof of the Theorem 4.2.6

We first show that 7,4 satisfies the false alarm constraint. Let

ﬁi,k = P<t S k7€ - S’L|‘Fk>7

M
Fox = Pt >k[F)=1-) i

i=1

where F, is the o-field generated by 7, ..., Z;. Replacing ;, and 7, with 7;, and

To,n» T€spectively, in the proof of Lemma 4.2.1, one can obtain a similar result:
Pl (Fn{r <t}) = @Bl ¢ [1rnfi<r<ocye "] . (C.39)

Then, one can show that 7,,¢ satisfies the false alarm constraint by using the same argu-
ment in (4.30) and (4.31).
In the following, we show that (ii*, 7as5) achieves the lower bound of detection delay.

As Tyrs < Tg; by (4.34), it is sufficient for us to show that

| log a|
feo) + [1og(1 = p)|

EY. [(7—t)"] < (1+o0(1)). (C.40)

N ﬁD(sz
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We first have the following result

Proposition C.4.1.

.1 _
nh_{go EAn’Z > pD(f'fi f&o) + \log(l - P)’

holds Py, almost surely.

Proof. By (4.35), we have
An,i = 1Og wip + IOg Rp,n,i'

Using the recursive relation presented in (C.30), we have

1 1 &
ZlogRyni = [log(1— SN2 log (1
108 Ryns = log(1 =)+ 131026060 + Zog<+

t—1
1

2 Nlog(l=p)l+ 03 176 &) + Zz
J:

(C41)

(C.42)

paz)

i3 &ir o) (C.43)

As t is a finite random variable, we have %Zz;ll U(Z;;&,6) — 0 almost surely. In

addition, we have

— 1
—Zz 16,6) = L n_tHZz 756 60) = 5D (fe,

n

almost surely. Since % log p — 0, then we have

1
lim —IOngnz = pD(fﬁz

n—oo 1

feo) + [1og(1 = p)|.

fo)

(C.44)

]

Since we consider the performance of 7g; under the probability measure P, , then
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the problem is reduced to the case with known post-change parameter. In particular, let

Zz &y €o) + | log(1 = p)l,

= 1nf{n > 0|S,, > log B}. (C.45)

It can be observed that (C.45) and (B.22) are essentially the same. Hence following
the same proof of Proposition B.7.1 along with the arguments afterwards, (C.40) can be

obtained.
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