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QUICKEST DETECTION IN COUPLED SYSTEMS*

HONGZHONG ZHANG T, OLYMPIA HADJILIADIS ¥, TOBIAS SCHAFER §, AND
H. VINCENT POOR ¥

Abstract. This work considers the problem of quickest detection of signals in a coupled system
of N sensors, which receive continuous sequential observations from the environment. It is assumed
that the signals, which are modeled by general Itd processes, are coupled across sensors, but that
their onset times may differ from sensor to sensor. Two main cases are considered; in the first
one signal strengths are the same across sensors while in the second one they differ by a constant.
The objective is the optimal detection of the first time at which any sensor in the system receives a
signal. The problem is formulated as a stochastic optimization problem in which an extended minimal
Kullback-Leibler divergence criterion is used as a measure of detection delay, with a constraint on the
mean time to the first false alarm. The case in which the sensors employ cumulative sum (CUSUM)
strategies is considered, and it is proved that the minimum of N CUSUMs is asymptotically optimal
as the mean time to the first false alarm increases without bound. In particular, in the case of equal
signal strengths across sensors, it is seen that the difference in detection delay of the N-CUSUM
stopping rule and the unknown optimal stopping scheme tends to a constant related to the number
of sensors as the mean time to the first false alarm increases without bound. Alternatively, in the
case of unequal signal strengths, it is seen that this difference tends to zero.
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1. Introduction. We are interested in the problem of quickest detection of the
onset of a signal in a system of N sensors. We consider the situation in which,
although the observations in one sensor can affect the observations in another, the
onset of a signal can occur at different times (i.e., change points) in each of the N
sensors; that is, the change points differ from sensor to sensor. As an example in which
this situation arises consider a system of sensors monitoring the health of a physical
structure in which fault conditions are manifested by vibrations in the structure.
Before a change affects a given sensor, we have only noise in that sensor. Then, after
a change, the system is vibrating and thus the signal received in any location reflects
a vibrating system. Thus, observations at any given sensor are coupled with those
received in other locations. The change points observed at different sensors can occur
at different times because the source of the vibrations (i.e., the excitation) may arrive
at different structural elements at different times. Relevant literature related to such
models includes, for example, [1, 2, 3, 7, 14, 15, 24].
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2 Quickest detection

We assume that, after re-scaling by a constant factor, the probability law of
the observations is the same across sensors. This assumption, although seemingly
restrictive, is realistic in view of the fact that the system of sensors is coupled. The
constant then reflects the fact that signal strength can differ in different locations in
the system of sensors. We model the signals through continuous-time Itd processes.
The advantage of such models is the fact that they can capture complex dependencies
in the observations. For example, an autoregressive process is a special case of the
discrete-time equivalent of an Ornstein-Uhlenbeck process, which in turn, is a special
case of an Itd process. Other special cases of this model include Markovian models,
and linear state-space systems commonly used in vibration-based structural analysis
and health monitoring problems [1, 2, 3, 7, 14, 15, 24]. It is important to stress that
the fact that the system of N sensors is coupled makes the probabilistic treatment of
the problem equivalent to the one in which all observations become available in one
location. The reason is that one integrated information flow is sufficient for describing
such a system.

Our objective is to detect the first onset of a signal in such a system. In other
words, we wish to detect the first change point in the system of sensors described
above. Our problem is thus concerned with on-line change detection. We assume
that the change points are unknown constants and adopt a min-max approach to the
detection of the minimal one. We set up the problem as a stochastic optimization
problem in which the objective is to minimize an extended Kullback-Leibler distance
which serves as a detection delay subject to a lower bound in the mean time to the
first false alarm. So far, of the min-max type of a set-up only the case of an uncoupled
system of observations has been considered and only in the case that the signals across
sensors are modeled as independent Brownian motions with constant drifts [13].> Our
problem is also similar to the one discussed in [5] which is concerned with the detection
of the minimum of two Poisson disorder times, but in which a Bayesian approach to
modeling the change points is taken. Another interesting filtering approach to change-
point detection is developed in a Bayesian framework in [30]. Recently the case was
also considered of change points that propagate in a sensor array [26]. However,
in this configuration the propagation of the change points depends on the unknown
identity of the first sensor affected and considers a restricted Markovian mechanism of
propagation of the change. For a summary of the latest work on the topic of quickest
detection, please consult [25].

In this paper we consider the case in which the change points can be different and
do not propagate in any specific configuration. The objective is to detect the minimum
(i.e., the first) of the change points. We demonstrate that, in the situation described
above, at least asymptotically, the minimum of N cumulative sums (CUSUMs) [22,
29], is asymptotically optimal in detecting the minimum of the N different change
points, as the mean time to the first false alarm tends to infinity, with respect to an
appropriately extended Kullback-Leibler divergence criterion [21] that incorporates
the possibility of N different change points. The results in this paper generalize those
of [13] in that the minimum of N CUSUMs is asymptotically optimal not only in the
case in which the observations across sensors are independent but also in the case in
which they are coupled. In fact in this paper we not only generalize the asymptotic
optimality of the N-CUSUM stopping rule to a coupled system of observations but
also to more general Itdo dynamics rather than the restricted Brownian motion model
of observations.

1The situation with correlated Brownian motions is studied in [31, 32].
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In the next section we formulate the problem and identify the quantities of inter-
est. In §3 we analyze the properties of the proposed N-CUSUM stopping rule. In §4,
we provide asymptotic expansions of the quantities of interest as the threshold pa-
rameters of the N-CUSUM stopping rule tend to infinity. In §5, we demonstrate that
the minimum of N CUSUM stopping rules is asymptotically optimal in an extended
Kullback-Leibler sense both in the case of equal and in the case of unequal signal
strengths. The proofs of lemmas and propositions that are omitted can be found in
appendices. Throughout the paper, we denote by R = (—o0, ), Ry = [0,00) and
EJ’_ = [O, OO]

2. Mathematical formulation. We sequentially observe the processes {Zt(i)}tzo

for all 4 € {1,..., N}. In order to formalize this problem we consider filtered proba-
bility space (Q,F,P) with filtration F = {F; },>¢ and F;, = 0{(Z5(1), ce S(N)); s < t}.

The processes {Zt(i)}tzo for all i € {1,..., N} are It6 processes satisfying:

(2.1) az = | v’ t=m
! aﬁ” dt + dwgl) t >,

where {wgi)}tzo’s are independent standard Brownian motions, and 7/s € R, denote
the times of change-points, which are assumed to be deterministic constants but
otherwise unknown. Throughout, we will denote the minimum of 7;’s by,?

T = lglgnN{n}.

Finally, we assume that ozti) = wy(t; Z.(l), cee Z.(N)) for some predictable real-valued
function a; on Ry x (C(R4))Y, satisfying the Lipschitz condition and linear growth
condition (see for example, Theorem 2.9 on page 289 of [16], or Theorem 2.1 on page
375 of [28]).

The case considered in this paper is that in which there exist constants {¢; }1<i<n
such that the drift processes after 7;’s are proportional to one another. More specifi-
cally, without loss of generality, we assume that:

ASSUMPTION 1. There exist 1 = ¢1 < |e2| < ... < |en| such that the processes
|a§1)|, |02a§2)|, e |cNo<§N)| are modifications of one another under P.

In particular, we examine two cases that are treated separately in the sequel; the
first one corresponds to signal-strength symmetry across sensors and the second one
corresponds to across sensors. The former is described mathematically by assuming
le;] = 1 for all i € {1,...,N} and the latter, can be captured mathematically by
assuming maxs<;<n |¢;| > 1.

Although Assumption 1 is mathematically necessary for the main results of this
paper, in most applications the nature of agl)’s is the same across ¢. In fact, in
most applications the signal observed across all sensors 7 is the same but can be felt
at different strengths (the constants ¢; represent the different strengths) in different
sensors. Our formulation treats the general case in which the signal can arrive at
different points in time in different sensors.

In what follows we describe an example of two sensors each meant to capture two
coupled waves that are emitted as one seismic signal after the onset of an earthquake,
namely the S wave and the T-wave (see, for instance, the discussion following page

2As a convention, if 7, = oo for all i € {1,..., N}, we let ¥ = oo.
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392 in [4]). These waves are not only buried in noise but have the tendency to interact
with each other making the detection of their onset particularly difficult and giving
obvious rise to a coupled system. These waves in practice may actually have different
onsets as discussed in [4]. Let us now represent by Zt(l) and Zt(2) the observations
received in the sensors meant to detect the onset of the earthquake. Before the
onset of the earthquake both observations are simply noise. After the onset of the
earthquake a signal will be emitted but may be received at different points in time
in the different sensors. The models used to capture signals are often autoregressive

[4] whose continuous-time equivalents are Ornstein-Uhlenbeck processes. Thus we

need to allow for agi) to depend on Zt(i). Of course more general models would be

necessary in order to capture dependence on past oservations as well. This is the

reason that in our model (2.1), agl) are generalized to depend on the whole of the

path of the observations Zt(i) up to time t. Moreover, a stronger intensity in one of the
two waves is known to result in a stronger intensity in the other [4]. This could then

(1) (
t

be modeled by allowing both oy’ and at2) to have a positive dependence on Zt(Q) and

Zt(l) respectively (note that this dependence does not have to be linear and could in
general cases depend on prior observations too-not just the ones at the current time).
Even though the two waves are different, they do give rise to the same signal which
may be felt with a different strength in each of the sensors and thus the restriction
02a§2) = agl) with ¢ > 0, although may appear restrictive, is in fact not far from
modeling reality. We notice of course that in this example we do not have to impose

(1) ()
t

the absolute value condition as both a, ’ and «;”" will have the same sign.

Another application is that of a vibrating mechanical system where each sensor
may be monitoring a different location on the structure. The signal causing the
vibration can be felt at different times in different locations and also with different
strengths c;. Let Zt(z) represent the observations at sensor 7. At first there is no signal
and the sensors only observe noise. After the onset of the signal, which may be felt at
different times in different sensors, a signal arrives. A signal causing a vibration in one
location may also affect the observations received in another. This leads to feedback
[1]-[3], which can then be modeled by allowing agl) to depend on the observations
received at all sensors. Also the signal may be more pronounced in one sensor than
in another depending on the location of the sensor. This can be captured by allowing
the ¢;’s to be different across sensors. In fact, by allowing the ¢;’s to have different
signs we are able to capture the situation in which the sensors are hit by the signal
from opposite directions.

The filtration F is the filtration generated by the observations received by all
sensors. Thus by requiring that oztz) be Fi-measurable for all ¢ , we have managed to
capture the coupled nature of the system. In particular, in the special case in which,

say, agl) =—r Zﬁl Zt(i), (2.1) describes a process that displays an autoregressive (or

its continuous equivalent [23]) behavior in {Zt(l)}tzo, while still being coupled with
the observations received by the other sensors. More specifically, the magnitude of
each increment of the process {Zt(l)}tzo at each instant ¢ is not only affected by Zt(l)
but also by Zt(z), i = 2,...,N, the observations at sensors 2,..., N. This couples
the observations received in sensor 1 with those received in sensors 2,..., N at each
instant ¢ and results in a system of interdependent sensors. We notice that the special
case described above can also be written in the form of a linear state-space model as
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follows:
(2.2) Az = —rlpsny <Z Zt(])) dt +dw”, ie{1,...,N}.
j=1

Autoregressive models and, more generally, linear state space models have been used
to capture seismic signals, navigation systems, vibrating mechanical systems, etc [4].
The generality of (2.1) however is much greater than the special case described above.
This is seen in the fact that agl) at each instant ¢ can depend on the totality of the
observed paths of each of the signals received up to time ¢. Notice that this linear
model clearly satisfies both the Lipschitz condition and the linear growth condition.
To incorporate the different signal strength in each of the sensor observations, we
could update the present model in (2.2) by having different constants in each row of
the second N x N matrix appearing in the equation of the linear system above.

To formulate our problem mathematically, we will work with the canonical space
(C(R4))N endowed with the filtration B = {B;}:>0, where B; = o(w(s);s < t) is the
Borel o-algebra generated by the the joint coordinate mapping w = (w1, . ..,wy): for
28 (W) = wi(s), s >0,i€{l,...,N}.

We introduce a family of probability measures on ((C(Ry))N,B): {Pelie@, v
where P; for a fixed t = (71,...,7n) € (Ry)" corresponds to the measure generated
on (C(R4))" by the N-dimensional process {(Zt(l), e Zt(N))}tzo when the change in
Z% oceurs at time point 7;, for all¢ € {1,..., N}. In particular, the case that 7, = oo
for all 4 € {1,..., N} corresponds to no change regime, where (Zt(l), e Zt(N))tzo is
a N-dimensional Brownian motion; and the measure generated on (C(R.))" is the
the N-dimensional Wiener measure, which we denote by P;__ for to := (00,...,00).
Now we can restate Assumption 1 as the following:

ASSUMPTION 2. There exist 1 = ¢1 < |ca| < ... < |en| such that the processes
laq (t; w)|, |ecaca(t;w)l, ..., lenan (t;w)| are modifications of one another under Py for
We will also assume the drift functions a;(+; ) satisfy the Novikov condition:

ASSUMPTION 3. For allt € Ry, we have

(2.3) Ex.. { exp (% /Ot i(ai(s;w))2d5>} < oo.

By Theorem 1.10 on page 371 of [28], we know that, if the change-points satisfy
0 <7 <7 <minge;<n{7}, we have

dP(T1,7'27~~~,TN) dP(Tl,oo,...,oo)
AP ~dP =exp(ui(t) —ui(t Am)), Vte€[0,7], and
(00,00,...,00) By (00,00,...,00) B
dP(TlvT2;7'37~~~,TN) dP(Tl,‘rg,oo,...,oo) .
dP(Thoo 00,..., 00) B, _dP(Tl 00,00, ..., 00) By B eXP(UQ(t) B UQ(T2)), vie [7—27 2I<I%1§nN{TZ}]7

and so on, where, for alli € {1,..., N},

(2.4) u;(t) :2/0 ai(s;w)dwi(s)—/o %(ai(s;w))st.
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In general, for all t = (71,...,7n) € (Ry)Y we have that,

P,
P | 5

(2.5)

t = exp (Zi_v;(ui(t) —ui(t A 7-1-))>, Vi €R,.

Our objective is to find an B-stopping rule T that balances the trade-off between
a small detection delay subject to a lower bound on the mean-time to the first false
alarm and will ultimately detect 7.

To this effect, we propose a generalization of the Jx, of [21], namely

T
1
(2.6) JI(?Q(T) = sup essup Et{l{T>;}/ —(al(s;w))2d5|[j’7~.},
b= (71,0 m) (R4 )N 7 2
T<00
where the supremum over t = (71,...,7n) is taken over the set in which 7 < oo.

That is, we consider the worst detection delay over all possible realizations of paths of
the N-tuple of stochastic processes {(Zt(l)7 ce Zt(N))}tZO up to 7 and then consider
the worst detection delay over all possible N-tuples t = (71,...,7n) over a set in
which at least one of them is forced to take a finite value. This is because T is a
stopping rule meant to detect the minimum of the N change points and therefore
if one of the N processes undergoes a regime change, any unit of time by which 7'
delays in reacting, should be counted towards the detection delay. This gives rise to
the following stochastic optimization problem:

infTe[BgW J%\Q (T)

(2.7) . . 1 )
with B, = {B-stopping rule T' : FE¢__ {fo eyt ar(s;w))?dst >4}

The constraint in the above optimization problem is a measure on the first time to
the first false alarm. To see this, one can recognize the functional fot %(agl))QdS as
a measure of accumulation of energy of the signal [18] up to time ¢. The above
constraint involves the expected value of this functional under the regime of no signal
up to the time of stopping and is thus a measure of a mean time to the first false
alarm [18, 21, 25]. Similarly, the criterion (2.6) captures the accumulation of energy
of the signal after the first instance at which a signal becomes available. It is possible
to motivate this criterion through a Kullback-Leibler distance. To be more specific,

for any bounded stopping rule 7" such that

T T
cf/ ai(s;w)?ds = / a1(s;w)?ds < 0o, Pi-as., Yt = (11,...,7n) € (R4,
0 0

we can apply (2.5) to obtain that

S R
: ia{l{m}( ol e)da(s) - | T 3 (s s ) - |

N
= ZEt{l{T>n} 2(%(3 w))2ds|8;},
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giving rise to the criterion

N

T
1
J@)= e B{ 1 [ oo, |
t=(r1,..,Tn)ER N 1 2

T<oo

which can be upper bounded by the criterion in (2.6) as follows:

N T
1
(2.8) J(T) < sup ZessupEt{l{T>n}/ —(Oci(s;w))2d8|8%}
t=(71,..,7n)ERDN =1 m 2
T<0o0

N T
_ 1
= s Yt @) ? [ gl ol

t=(71,...,TN)ERLN =1

T<0o0
1
<N sup essupEt{l{T>n}/ _(0‘1(5§w))2ds|3;}
t=(71,....,7n)E(R4)N Ti 2
T<o00
<NJN(T).

Similarly, for the false alarms we notice that

(2.9) Ew{i / ' jlestss)dsh =N win B ' (i) s
v [ ' (e .

Dividing the upper bound in (2.8) and the lower bound in (2.9) by the number of
sensors N results in the optimization problem given in (2.7).

Inspired by the optimality of equalizer rules as seen in [13, 31], we will examine
the performance under (2.6), of an (almost) equalizer rule 7' which reacts at exactly
the same time regardless of which change takes place first. To be more specific, let us
define

T
1
(210) J_](N) (T) = sup QSSLlpEt{].{T>T].} / 5(0(1 (s;w))2d8|87j},
t:(Tlv"')TN)e(E+)N .
T;=T<00

J

for all j € {1,...,N}. That is, J;N) (T) is the detection delay of the stopping rule T’
when 7; = 7 is the first change-point. Then for all stopping rules 7" € B,,,

(2.11) TN (1) = maX{Jl(N)(T), I, . J§VN>(T)} .

We will restrict our attention to stopping rules 7" € B, that achieve the false alarm
constraint with equality [20, 21]:

(2.12) g [ ) (e ans)Pds =
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and the “equalizer rule” condition:

(2.13) JIN(TY = JN(T) 4+ 0(1), Vje{1,2,...,N},

J

as 7 — 00. Clearly, from (2.11) we know that, for such stopping rules we may simplify
: (N)
the performance index Jy,/ (T') as

T (@) = IN(T) + o(1),

as v — oo. While, given the complexity due to the dimensionality of the problem,
it seems a formidable task to determine the exactly optimal stopping rule for (2.7),
asymptotic expansions like (2.13) will make it possible to find an asymptotically op-
timal stopping rule for our problem (2.7).

To construct such a candidate stopping for problem (2.7), recall that in the case
of N =1, the drift, a(t;w1), is measurable with respect to the filtration generated by
the coordinate mapping Zt(l)(w) = wy(t), t > 0, which we denote by G(*) = {gt(”}tzo.
Then it is known from [21] that the problem in (2.7), when N = 1, is solved by the
so-called CUSUM stopping rule:

dP;
(2.14) SM —inf{t>0 : y(t) = v}, with y(t) = sup log .
o<s<t dPeo g

where Ps is the measures generated by {Z}}:>¢ on C(R;), when the change-point
71 = s; and Ps is the Wiener measure on C(Ry). The threshold v» > 0 in (2.14) is

(1)
chosen so that Eoo{fos"1 3(a(s;wr))?ds} = . Furthermore, with
(2.15) glv) =e" —v—1,

the threshold v is the unique positive solution to g(v) = ~, and the optimal detection
delay is given by

s
Jin (8 = Eo{/o %(al(s;w1))2d5} =g(-v).

In the proof in [21] that proves the optimality of the CUSUM stopping rule
(2.14) to the one-dimensional equivalent of (2.7), one vital assumption is necessary
for the finiteness (see Theorem 1 of [21]) of the CUSUM stopping rule (2.14) and the
martingale properties of stochastic integrals, i.e., for 71 € {0,00}, and any ¢t € R,

P, ( | glontsienas = oo) P, ( / Larson)as < oo) —1

Intuitively, a physical interpretation of the above assumption is that the signal over
the whole positive real line has infinite energy, and thus the CUSUM stopping rule
SV in (2.14) will goes off in finite time with probability 1.

In this work, we will thus assume analogous conditions:

ASSUMPTION 4. For all 7; € {0,00}, 4 € {1,...,N}, and any t € Ry,

(2.16) - ( | gtontsiras = oo) —1
(2.17) Py o) </Ot %(al(s;w))st < oo) =1.
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We comment that (2.17) is implied by (2.3), since the measures Pr,
equivalent under (2.3).

A class of functions «;(+;-)’s that satisfy (2.3), (2.16) and (2.17) are the uniformly
bounded Lipschitz continuous functions that are also uniformly bounded away from
0. It can be easily shown that linear state space models of the form (2.2) also satisfy
(2.3), (2.16) and (2.17).

LEMMA 2.1. If oy (t;w) = Eﬁl Biwi(t), and a;(t;w) = cjon(t;w) for some real
constants i, c; such that Zi\;l B? >0 and |cn| > ... > |ea| > 1 = 1, then (2.3),
(2.16) and (2.17) hold.

The optimality of the CUSUM stopping rule in the presence of only one obser-
vation process suggests that a CUSUM type of stopping rule might display similar
optimality properties in the case of multiple observation processes. In particular, an
intuitively appealing rule, when the detection of ¥ = min;{7;} is of interest, is the
N-dimensional variant of the CUSUM stopping rule Ty = mini{T,S)}, where T}E:) is

the CUSUM stopping rule for the process {Zt(i)}tzo for i € {1,...,N}. That is, we
use what is known as a multi-chart CUSUM stopping rule [22], which can be written
as

(2.18) Th_inf{tZO : max{yz(lt),...,y]}\;—s)}zl}.

v |8, are all

.....

Here for any ¢ € {1,...,N}, h;y > 0 is the threshold for process {y;(t)}+>0, and
{yi(t)}1>0 is defined as (see (2.4)-(2.5)):

dP(oo §y0..,00)
2.19 i(t) == sup log ———=———
(2.19)  wi(t) Sup log —=

= sup {wi(t) —ui(s)} = wi(t) — mi(t)
B, 0<s<t

= [ astsentints) — 5 [ autsran?as i)

where P, . ... 0) I8 corresponding to the change-points 7; = oo for all j # i and
Ti = s, u;(t) is given in (2.4) and m;(t) := infp<s<; ui(s). For any fixed large v > 0,
the N-dimensional threshold vector i = (hy,...,hx) € (R4 )Y is to be determined so
that both (2.12) and (2.13) hold.

We will give an analytical characterization of the stopping rule T3 in the next
section.

3. Multi-chart CUSUM stopping rule 7j. In this section, we study several
property of the multi-chart CUSUM stopping rule T} defined in (2.18). First, we
show its a.s. finiteness, and compute the Kulback-Leibler detection and false-alarm
divergence of T. We then establish an upper bound for infrep, JI((J\Q (T'), which will
be used in Section 5 for asymptotic analysis. Throughout this section, we will denote
by Y (t) := (y1(¢),...,yn(t)) for y;(t)’s defined in (2.19).

Let us begin by introducing a class of functions that will be used in the main
results. For any fixed vectors S = (S1,...,Sy) € {£1}¥ and h € (R})", we define
fs.n(-) as a C? function on Dy, := [0, h1] x ... x [0, hy], satisfying the following PDE:

19 fs h Si Ofs.n
(313) izgl —,L2 + E C,LZ ayl = —17 V(yl,,yN) S Dha
Ofs.n
(3.1b) i | o I8 lyi=n; =0
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Using Feynman-Kac representation of fs 5, we obtain the following useful mono-
tonicity properties:

LEMMA 3.1. For any 8 = (S1,...,8n) € {£1}V, the function fsp defined in
(3.1a)-(3.1b) are decreasing in y; for each i. If ' = (S},...Sk) € {£1}N such that
S <S8, foranyi=1,...,N, then for all (yi1,...,yn) € Ds,

(3.2) 0< fsayr, - yn) < fsrn(yr, - un) < fsru(0,...,0) < oo.

Moreover, fsn(0,...,0) is strictly increasing in h; for each i.
The following technical lemma will also be useful for localization argument later.
LEMMA 3.2. For any fized 7,7 € Ry, and a fized t = (11,...,75) € (RL)N, we

have
oo 1 9
Py §(a1(s;w)) ds = oo|B; | = 1.

THEOREM 3.3. For any fized vector h € RY ¢ = (r1,...,7n) € Ef such that
7 =min;{r;} < 00, the multi-chart CUSUM stopping rule Ty, is a.s. finite:
(33) Pt(Th < OO|B;-) = 1, Pi-a.s.
Define S(t; s) := (p(11,5),...,0(Tn,5)) € {£1} with o(1,8) := lircsy — 1>y for
T € Ry and s € Ry. Let us relabel (without repetition) the change-points i, ..., TN
in increasing order: for somel € {1,...,N — 1},

T = T(1) < T(2) < ... < () < o0 = T(1+1)-

Then we have

(34) Et{]-{Th>7-} /

1
= 1¢p,>7) Z Ee{[fsir)n(Y (1) ANTh)) = fseirgy)n(Y (TG41) A Th)|1Bz}

Jj=1

T,

§<a1<s;w>>2ds|6;}

Similarly, for a fired t € Ry, we have
(3.5) P _(Th < |By) =1, P;_-a.s.

Tﬁ, 1
36 B {Lmon [ 3lan(sie) 2518, b = fowsg 0o (010
t

Proof. From Lemma 3.2, the stopping rules defined as

t
1
tn ::inf{tZ? :/ i(al(S;W))2d82n}7 n>1,

are Pi-a.s. finite, and so is T} := Th A ty,.
Let us apply 1t6’s lemma to {fs(t:r).n(Y (£)) Y7 ATy <t<ripoyarp for any j €
{1,...,1}. Using (3.1a) we have that,

(3.7)

Et{fS(t;T(j)),h(Y(T(jJrl) ANT})) — fs(t;r(j)),h(Y(T(j) A Tg)”B?}l{Tg‘Zf}

a0 TR XL D fs (e ) 12 fs(tim)).n
ZEt{ ‘/7- Z[T;”dyz(s) + ETZ(N(ai(S;w))QdS]|B;—}1{T;lz>7:}.

AT i=1
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From (2.1), (2.4) and (2.19) we know that, for all ¢ € {1,..., N}, dy;(t) = du;(t) —
dm;(t) and

dus(s) = (s @Bi(s) + 5p(ri, ) (55 ) s,

where B;(t) = wi(t) — 17y f: a;(s;w)ds, t > 0, is a B-standard Brownian motion
under P;. On the other hand, from Assumption 2, we have for all i € {1,..., N} that

du;(s) = ai(s;w)dB;(s) + %cp(ﬁ-, s)(ci_lal(s;w))zds.

By substituting the above formula into (3.7), we obtain

TG+ ATy 1 N i Te 6f o 1 82f .
(3'8) Et{/ [_ (90( (])) S(t» (])),h + - S(t, (J)),FL

(e (s3w))?ds

HNTR 2 i=1 012 Ay sz 8yi2
N
8f$(t;7'(j)),ﬁ 8f$(t;7'(j)),ﬁ
+ ;(TQZ(S,W)dBl(S) — Tdml(s))]|8;}l{]’g>;}
TG+ AT )
[ Gt
UOU

N
afs(tﬂ'j ).k afS(t;Tj ),h
i=1

where we used (3.1a) in the equality. Notice that on the event {T}' < 7(;}, the
integral inside the above expectation is 0; and on the event {T}" > 7} N{T}' > 7(j)} =
{T} > 1(;)}, we have

TG+ ATE Ofsttor . 2
5 | <%www(i%%@f>@w%
T(5) /\Tg Yi

TG+ AT OfS(tire)oh 2

-2 2 T(5) ) -2 2

=c; Et{/ (1(s;w)) (7) ds|B;—} < ¢;"n max || fs.rk)).nlls
THATR Py rhet ST

which is finite. Here || f|| := maxi<i<n sup,ep, |%| for any f € C*(Dp). We have
that the conditional expectation of the stochastic integral in (3.8) is 0. Moreover, since
fs(t;r;).n(+) satisfies the Neumann condition (3.1b), and the measure dm;(s) = 0 off

_ 0 Ofseir ).
the random set {s : y;(s) = 0}, we have that fTU“)ATﬁ TG mi(s) = 0, Pe-a.s.

HOUYYS Oy

d

for any ¢ € {1,..., N}. Therefore, from (3.7) and (3.8) we have
(3.9)  Ee{fsttiri))n(Y (7601 ANTE)) = fs(er) n(Y (76G) ATR)) 1Bz} rp>7

TG+ ATy 5
= —Et{/ 5(041(5;“)) d5|Bf}1{T;;Z%}-
i) AT

From Lemma 3.1 we know that 0 < fs;, ))ﬁ(yl, ...,yn)’s are decreasing in y; and

Is(tr ;) mlyi=n; = 0 for each i € {1,..., Nﬁf, we have that
TG+ ATE )
Et{/ 5( 1(5;&))) dS|B7~'}1{TgTZ7~'}
7)) NTh

= Et{fS(t;nj)),h(Y(T(j) A Tf?)) - fS(t;T(j)),h(Y(T(j-i'l) A Tg)”Bf}]—{TgZ%}
< Et{fs(t;r(j)),h(Y(T(j) A Tg))|8;—} < fg(t;,,.(j))ﬁ(o, ey 0) < 0.
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Asn — oo, t, tends to oo and T} tends to T}, Pe-a.s. Using the bounded convergence
theorem we have that

Th

1
00 > fs(tiry).n(0; - -, 0) 2Et{ / —(al(S;w))2d8|3%}1{Tﬁ,>f}

WATh

<1
ZEt{l{Th—oo} / 5(0&1(57w))2d5|87-}

(1)

We now claim that Py (T} = oo|Bz) = 0. This is because, otherwise, from the above
inequality we would have

/ (al (S,W))2d5 - O, Pt—a.S. on {Th = OO},

()

which contradicts Lemma 3.2. This proves (3.3).

Finally, using the bounded convergence theorem and (3.3), we can obtain (3.4)
from (3.9).

Using similar arguments we can prove (3.5) and (3.6). 0

Using Lemma 3.1 and Theorem 3.3, we can explicitly compute the J I((]\Q index
for the multi-chart CUSUM stopping rule Th. To this end, we introduce SU) =
SV, 80y with 89 = 14,_jy — 1(izjy, for any i = 1,...,N and j = 0,1,..., N.
We then have

PROPOSITION 3.4. For the multi-chart stopping rule Ty, we have that

(3.10) IM(Th) = fs0 p(0,...,0), j€{1,...,N},

where J;N) is defined in (2.10).
Proof. First recall from (2.10) that, for all j € {1,..., N},

Th

J

1
JJ(N) (Ty) = sup essup Et{l{Thzrj}/ §(a1(s;w))2ds|3ﬁ- }

t=(r1,..,7w) €@ )N
T;=T7<00

Without loss of generality, we give the proof for the case N = 2. The argument can
be easily generalized to treat a general N. Notice that for NV = 2, we have for j = 1,2
that,

(3.11) JJ@)(TH): sup essupEt{l{ThZTj}/ g(al(s;w))zdswfj}.
t=(71,72)€(Ry)? 7
T;=T<00

We assume without loss of generality that 7, = 7. To prove the claim in the proposi-
tion, we first show that, for any fixed t = (71, 72) such that € Ry and 7 = 7, we
have that

Th 1

(3.12) Et{]-{Tn>7-1}/ §(a1(3;w))2d3|8ﬁ} < f(ly,l)ﬁh(0,0), P;-a.s.
1
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To show this, we use Theorem 3.3 to obtain

T 1
Et{/ 5(041(5;w))QdSIBn}l{Thzfl}

T1

Tr NTo 1 9 Th 1 9
—Et{/ 5(@i(s;w) ds+/ laa(sw) dSIBn}l{Thle}

T1 ThNAT2

=11, 5m} (B o0 {Lmnsmy [Fa,—1),0 (Y (11)) = fa1,-1),5(Y (72))]|1B-, }
+ Elry o) {12 my f 0,8 (Y (72)) 1B } + Ery ooy {111, <o} f1,-1),0 (Y (7)) |B7, }) -

Using Lemma 3.1, we have that

Jana(Y () lin>rny < fa,-10)aY () Ln>mny < fa,-1),5(0,0) 111,53, Piry,o0)-2.8.

from which we obtain (3.12). On the other hand, apply Theorem 3.3 to (71,72) =
(0,00), we have

I )
EO’°°{§/ (a1 (s5w)) ds} = f(1,-1),1(0,0).
0
This suggests that (from (3.11)),

T2(Th) = fa.-1y.4(0,0).

Therefore, (3.10) holds for j =1 and and N = 2. O

We now establish a upper bound for infrep, JI((]\? (T') using the N-CUSUM rule.
First, let us define

H(y)={he ®R)™ : fs p(0,...,0) > (en)*v}.

The asymptotic analysis in the next section will show that H(y) # 0. From (3.6) in
Theorem 3.3, we know that for any i € H(y),

Tr 1 1
Et,,o{/o Q(CNlal(s;w))%s} = ng(o)ﬁ(o,...,()) > .

Hence, T} € B, for any i € H(7), and we trivially have

(3.13) it (Th) = inf Ji(T), Vhe H(y).

From (2.13) and Proposition 3.4, we will look for a vector h € H () for the multi-chart
CUSUM stopping rule (18) so that

(3.14) Fs 1 (0,...,0) = fsi 4(0,...,0) +o(1), ¥je{1,2,...,N},

as y — o0.

While it is not clear whether or not there is a i € H() such that (3.14) holds and
fso #(0,...,0) = (cn)?y, we will give an explicit linear constraint on all coordinates
of i, namely, (5.13), under which (3.14) holds asymptotically as i — co. The stopping
rule chosen in this way gives us an easily computable upper bound for infrep JI((J\Q (T).
We will also prove in later sections that this stopping rule is asymptotically optimal

as y — o0.
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4. Asymptotic analysis. In this section we will analyze the asymptotic behav-
ior of fsu p(0,...,0), as all h;’s tend to co. As a byproduct, we show that the set
H(v) # 0. The key analysis is based on the following integral representation of fsu) p.

LEMMA 4.1. For any h € (0,00)Y, and any y; € [0,h;] for alli € {1,...,N}, we
have

et Yy
fs,h(yl,---,yN):/ HKS 51< ,y_> dt,
0

where €; := h— and Ks, ¢, (t,2) is the C? function on [0,1] satisfying the following
PDE: for any z € [0, 1),

0Ks, .. 9?Ks. .. 0Ks. ..
4'1 1“1 — i 1“1 Si 79 17
(4.12) ot ¢ 022 + 0z
0Ks, .,
4.1b Kg oo = 22808 _ Ko | =0
(4.10) e

Moreover, for any c,e > 0, Ki1(t,0) is a decreasing function, bounded between 0
and 1, and satisfies

(4.2) / Ki1.c(c %et, 0)dt = (1—1+ ”é).

To examine the asymptotic behavior of K, ., (c; 2€;t,0) as h; = + — oo or €; | 0,
we transform (4.1a) to a heat equation and then obtain an expansmn of Ks, , (t, O)
using the eigenfunctions of the associated Sturm-Liouville problem. Details of this
expansion are given in the appendix. Using the asymptotic expansion, we obtain an
estimate for fgw ,(0,...,0) as the h;’s tend to oo.

PROPOSITION 4.2. As h; = el — 00, we have

1
fs(o))h(o, ey O) - N O(l/emax)u

—| <
dim1 c; 2ehi

where emax = max;{e;}. Clearly, the estimate in (4.3) tends to oo as the h;’s tend
to oo, hence we have H(y) # 0.
Similarly, using Lemma 4.1 for S =S, j =1,..., N, we have

fS(J) h / K+1 € ] Ejt 0 (HKl € 61t70)>dt

i#]

(4.3)

In the limit for e; =+ 0,¢; — 0, the value of the integral is governed by the integral of
the function K1, (Cj_2€jt, 0) in the sense that

fs(j)ﬁ(o, ey 0) = / K+1)€j (C;er‘t, O)dt + 0(1) = C?(hj — 1) + 0(1)
0

More precisely, we have the following result.
PROPOSITION 4.3. As h; = 1 — oo, we have

N
1 )
(4.4) s 70,0, 0) = A(hy; — 1) |<O(€—2Ze 1/51>.
J i=1
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5. Asymptotic optimality of the N-CUSUM rule. In this section we prove
the asymptotic optimality of the N-CUSUM rule as v — oco. This is accomplished by

establishing a lower bound for infrep, JI(?Q (T'), and then showing that the difference
between this lower bound and the upper bound in (3.13) is bounded as v — oco.

PROPOSITION 5.1. For any stopping rule T € B, we have Jl(é\z) (T) > g(—v*),
where v* is the unique positive solution to g(v*) = (cn)*y and the function g is as
defined in equation (2.15).

Proof. We begin by defining an auxiliary performance measure

T
1
1) T = s s Broe o {Lirsmy [ glentsi)Pasis, .

T<00 -

where 7' is an arbitrary B-stopping rule. Notice that, for any F-stopping rule 7" € B,,,
by construction, we have that

T (1) = ().
Now let T,Sl) be the first passage time of y; to some threshold v > 0
TM = inf{t >0 : 41 (t) > v}
Then trivially, we have T, := T A TS" < T, and that
T () 2 I (L),

To finish the proof, we will show that for any fixed € > 0, there exists a v > 0 such
that

(5.2) T, = g(—v*) — .

To that end, we use similar arguments as in Theorem 3.3, for 74 = 7 < o0 =
T2,..., TN, by applying It6’s lemma to {g(—y1(¢))}ra1, <i<7, to obtain that T, < oo,
Pir.oc,....00)-2-5., and on the event {T,, > 7},

(5.3)

T,
v 1
Booeror{ [ 505002 dlBr b = Br ey (L)) = g )IB:
Using Girsanov’s theorem at the finite stopping rule 7),, A n for some n > 7, we have
that,

(5.4) l{TuZT} = l{TuZT}Etco {eul(T,//\n)*ul(T) 1B,

and

(5.5)  1i1,>m1 E(rioo,....0019(—y1 (T A1) — g(—y1(7))|B: }
= 11,50 B {e T =0 O g(—yy (T, An)) — g(—y1(7))]|B-}-

Notice that g(—y) is increasing, y1(t AT,) € [0,v] and u1 (T, An) —ui (1) < ur (T, A
n) —my(T, An) =y1(T, An) < v, we have that

eul(Ty/\n)ful(T) < v < 0,

lg(—=y1(T, An)) — g(=y1(7))] < 2g9(~v) < .
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Using the bounded convergence theorem to (5.4)-(5.5) as n — oo, we obtain that, on
the event {7, > 7},

1=F,_{enT)=u|B Y} and
Er00,...00{9(=y1(T0)) =g (=y1(7))| B }
=E, {e" T Og(—yy(T,)) — g(—u1(7))]|B }.

In view of (5.1) and (5.3), we have that (by substituting s = 7)

(5:6) Jir (0B {e T~ OB} g, )
> Fe. {1 T g(—yi(T,)) — g~ (5))]IBs} (1,54

Following the same arguments as in Theorem 2 of [21], we integrate both sides of
the above inequality with respect to (—dmq(s)) for all s € [0,7,], then take the
expectation under P;__. We obtain that

T,
AP @E {en® [T e s}
0

T,
eul(Ty) eiul(s) —y1{Ly)) — gl—yi(s —ami(s
> Etm{ /0 [9(=y1(T0)) = g(—=y1(s))](=dm( ))}

Using the fact that dmy(s) = 0 off {s : y1(s) = 0} = {s : ui(s) = mi(s)}, and
g(0) = 0, we obtain that

i (@) B e ) — @) > By {[en ) — e T)g(—y(T,)))}.
On the other hand, let s = 0 in (5.6) we have that
Tier () Be e} > By {e" ™g(-n(T)))}.
Combining the above two inequalities, we have
(5.7) it () B e ™} > Be (e g(—n(T,))}.

Similarly, by applying It6’s lemma to {g(y1(t)) }o<t<T,, we obtain that Py__ (T, <
oo|Bs) =1 for any fixed s € Ry, and

B [ ontere)ash = B ot ()

On the other hand, using monotone convergence theorem, as v — oo, we have T, T T,

and
i 5 { [ " sentspas = m{ | ) len(si)Pds b > (ex )

As a result, there exists a v large enough, such that

T,
Be{on(@)) = B { [ Jalsofas) = exfr -
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Now let us consider the non-negative function p(y) := e¥[g(—y)—g(—v*)]—g(y)+
g(v*). We trivially have that Fy__{p(y1(T,))} > 0, which implies that

Ey {e" ™ g(=y1(T))} 2 Ee e ™y g(—v*) + Ee {91 (1)} — 9(v")
=B AT g(—v") + Ee {g(1(1))} = (en)*y = By fe? T} g(—1*) — ¢
>Ee {e" T} g(—v*) — ¢,

since Fy__{e¥*(T")} > 1. The above inequality and (5.7) together imply (5.2). This
completes the proof. d
In view of (2.11), (3.13), Proposition 3.4 and Proposition 5.1, we have the follow-
ing inequalities:
(5.8)
max{fsw 40, 0).. . fsn p(0,- 00} = T (Ta) = inf Tier(T) = g(—),

~

where £ satisfies (5.13) and

(59) fS(o),h(Ov s 70) = (CN)2'77
and v* solves
(5.10) g(v) = (en ).

In the sequel we will establish asymptotic optimality of Tj by examining the rate at
which the lower and upper bounds in (5.8) approach each other as v — oo [10, 13, 12].
To this end, we will need to derive the asymptotic behavior of the quantity in (5.8)
and (5.9). This is done in the following section.

We will distinguish two cases; the first case is the one of signal-strength symmetry
and the second one is the one of signal-strength asymmetry.

5.1. Signal-strength symmetry. We capture the signal strength symmetric
case by assuming that |¢;| = 1 for all ¢ € {1,...,N}. In this case, it is natural to
consider a simplification of (2.18), namely the one in which h; = ... = hy, since
such a choice satisfies (3.14). For a large fixed ~, let us denote by k() the common
threshold determined by (5.9). The asymptotic analysis in the last section ensures the
existence of h(y). The uniqueness of this h(y) follows from Lemma 3.1. Throughout
this subsection, we will slightly abuse our notation to use h(7y) to denote the vector
(h(7),...,h(7)) in this subsection.

First we notice that (5.9) simplifies to

(5.11) fs© n(0,...,0) =17,

and (5.8) simplifies to

. N *
(5.12) fs n(0,...,0) > :ﬁ?x& JI((L)(T) >g(=v").

We will demonstrate that the difference between the upper and lower bounds in
(5.12) is bounded by a constant as v — oo, with h(y) and v* satisfying (5.11) and
(5.10), respectively.

PROPOSITION 5.2. As vy — oo,

fs@ ny)(0,...,0) =logy +1log N — 1 +0o(1).
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Proof. Using (4.3) and (4.4), the result follows. O

As a result, we have the following result.

THEOREM 5.3. The difference in the optimal detection delay infrep, JI((]\? (T)
and the detection delay of T~y of (2.18) with h(v) satisfying (5.11) is bounded above
by log N, as v — 0.

Proof. From g(v*) = v it is easily seen that

g(=v") =logy — 1+ o(1).

The result follows from (5.12) and Proposition 5.2. O

REMARK 1. The asymptotic optimality of the N-CUSUM stopping rule in The-
orem 5.3 is of the same strength as the one of Theorem 1 in [13]. In other words,
the difference in the performance of the unknown optimal stopping rule and the N -
CUSUM stopping rule is bounded above by a constant as v — 0.

5.2. Signal-strength asymmetry. In this section we treat the general case
max;>2 |¢;| > 1. Without loss of generality we can assume that 1 =c¢; = |c2| = ... =
lek| for some K < N and ming<;<n |¢;| > 1.

Recall that the optimal multi-chart CUSUM thresholds must satisfy (3.14). While
it seems a formidable task to solve for i = (hq,. .., hy) explicitly from this constraint
and (5.9), thanks to the asymptotic analysis in Section 4, we can give a simple explicit
linear constraint on h;’s, which will lead to (3.14) asymptotically as h;’s tend to co.

PROPOSITION 5.4. For h = (hy,...,hy) such that

(5.13) ci(hi —1)=ci(ha —1)=... =& (hy — 1),

the condition (3.14) holds asymptotically as hy — oo. Moreover,

(5.14) JINTh) = hy — 1+ 0(1),
as hq1 — oo.
Proof. This is a mere consequence of (4.4). O

REMARK 2. Proposition 5.4 is similar to the result obtained in Lemma 2 of [13].
More specifically, the result in (5.13) is similar to the one obtained in Lemma 2 of
[18] with ¢? = M—QQ fori=1,2,...,N and that of (27) in [13] is the same as that of

(5.14) for ¢3 = % and c; = 1. Please notice that the detection delay criterion J}?p
1

of (2.6) incorporates the different signal strengths by including a maximization over
allie{l,...,N}.

It now follows that we have the following result.

PROPOSITION 5.5. For h satisfying (5.9) and (5.13), we have
(5.15) IS8T, = logy + 2log e | + log K — 1+ o(1),
as y — 00.

Proof. The existence and uniqueness of the h determined by (5.9) and (5.13) can
be seem from Lemma 3.1 and (4.3). We can obtain (5.15) from Proposition 5.4 and
(4.3). O

We notice that in the special case in which K = 1, Proposition 5.5 implies that

(5.16) J8NT,) = logy + 2log|en| — 1+ o(1).
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As a result of Proposition 5.5, we obtain the following two theorems that assert
the asymptotic optimality of T}, of (2.18).

THEOREM 5.6. Suppose that mins<;<n |¢;| > 1 and that h satisfies (5.9) and
(5.13). Then the optimal detection delay infrcp, JI((]\Q (T') and the detection delay of
Th, JI((]\?(T;&L) of (2.18) converges to 0 as v — oo.

Proof. The asymptotic lower bound in (5.8) is g(—v*) with g(v*) = (cx)?~, which
implies that

(5.17) g(—v*) =logy + 2log|en| — 1 + o(1).

From (5.8) and (5.16) we obtain

Ny s 7)oy <
Jicr (Th) Tlglgw Jicr (T) < o(1),
as y — o0. g
THEOREM 5.7. Suppose that ming <<y |ci| > |e1| = ... = |cx| = 1 and that h

satisfies (5.9) and (5.13). Then the optimal detection delay infrcp, JI((]\? (T) and the

detection delay of T, JI((]\? (Tr) of (2.18) are bounded above by log K, as v — o0.
Proof. The asymptotic lower bound in (5.8) is g(—v*). From (5.8), (5.17) and
Proposition 5.5 we obtain

Ji) (Tn) = inf ST < log K +o(1),
vy

as y — 00. ]

REMARK 3. The results of Theorems 5.6 and 5.7 show the same strength in
asymptotic optimality of the N-CUSUM rule (2.18) for ¢? = u_2§ and ¢y =1 as that of
the proposed rule in [15].

6. Conclusion. In this paper we have established asymptotic optimality of the
N-CUSUM stopping rule (2.18) as the solution to the stochastic optimization problem
of (2.7). This asymptotic optimality is summarized in Theorems 5.3, 5.6 and 5.7. The
resemblance of these results to the results of [13] are mathematically not surprising
since the Kullback-Leibler information number is included in the criterion and thus
does not appear in the formulas for the detection delay of Tj. Yet, the problem in
this paper is strikingly more general than the one treated in [13]. In particular, the
processes that are treated in this paper are general It6 processes which can capture
signals of general dependencies. More importantly however, in this set-up the pro-
cesses are allowed to be coupled with each other, which provides a natural way in
which to capture most systems since it is the case that signals received in one sensor
can affect what is seen by another. The results in this work are yet another case
[8, 9, 10, 11], which captures the robustness of the N-CUSUM stopping rule in the
problem of quickest detection.

Appendix A. Proof of Lemma 2.1. Since agi) ’s are linear functions of Zt(j)’s,

we know that ati)

234 of [17).
(

To show that (2.16) holds, we introduce a new process Y; := atl). An important
observation is that {Y;},;>¢ is a Ornstein-Uhlenbeck process under under any fixed

’s satisfy the Novikov condition (2.3) from the discussion on page
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s Ti € {0,00}:

.....

N
(A1)  dY,=X\Yidt+odWy, A= <Z 1{n—o}Ciﬁi) eER, o=

=1

where {W, };>0 is a standard Brownian motion under P:

Wy =

Zﬁzwz).
\/ZZ 1[‘3 =1 '

To facilitate later calculation, let us denote by Q™) the law of Y; in (A.1), by g™
the expectation under QW and FY = o(Yy; s < t). It is then sufficient to obtain
(2.16) from

t [e%e}
(A.2) Q(A)</ YZds < oo) =1= QW(/ YZds = oo>, Vt € Ry,
0 0

In the sequel we prove that (A.2) holds.
Using Girsanov theorem, for any ¢ € Ry and g >

(A.3) g% { exp ( Y2ds) }
t
Y2ds 42 YSdYS> }
0

—gQ” { exp ( Y2ds)
0 o?

- o
2
—er? Yo M pR® exp| — (¢ LA /de + /\YQ
202
1

Y@ 1 — 22 coth(bt)
exp ( = o 5t | < oo,
\/cosh(bt) 22 sinh(bt) o* coth(bt) — 5

20.25

1)

S|
<
—N
@
»
o]
7N\
|
N
()
_l’_
M| =
|>/
M)
N————
\ &

_|_

where b := /2qo? + \2. Here we used (2.1) on page 18 of [19]. Therefore, the first
equality of (A.2) holds. Moreover, let t — oo in (A.3) and apply bounded convergence

theorem, we have that
EQW{exp <— q/ des)} =0
0

Hence, the second equality in (A.2) also holds.

Appendix B. Proof of Lemma 3.1. To prove Lemma 3.1, the following result
will be useful.

LEMMA B.1. Suppose X and Y are two independent random variables, and
Supp(X) =R4. Then P(X <Y) <1



Quickest detection 21

Proof. Since Supp(X) = Ry, for any ¢ € Ry, we have P(X < ¢) < 1. Let us
denote by Fy (y) = P(Y <y), then

o0

P(X<Y)= /0+ P(X <y)dFy(y)

c—

=/ P(X < y)dFy(y) + / h P(X <y)dFy(y)

<PX<c)PY <)+ PY >¢) < 1.

This completes the proof. a

We are ready to give the proof of Lemma 3.1. Without loss of generality, we prove
the lemma for N = 2.

The main tool we will use in this proof is Feynman-Kac representation of the so-
lution to an elliptic PDE. In particular, fix a filtered probability space (€2, (F;)i>0, P)

with two independent standard Brownian motions {Bt(l)}tzo and {Bt@)}tzo- For any
S =(81,8) € {£1}2, ¢2 # 0, consider two independent reflected Brownian motions
defined as

X5 = Xo + Syt + V2B — Jinf {(Xo+Sus + V2B{Y) A0},

Y2 = Yo + Socy 2t + \/§|C2|71B£2) - Oinfq{(yo + 82¢5%s + V2|ea| TP BP) A 0},

We denote their first passage times by
TX% —inf{t >0 : X5 >a}, VaeR
TY? =inf{t>0: V% > b}, VbeR.
For convenience, we will also denote by
Pm() :p(.|X0 ::v), py() :p(.|y0 zx), pwy() :p(.|X0 =z,Y :y).
Then by Feynman-Kac theorem, for any (x,y) € [0, h1] x [0, ha],
0 < BT AT} = fs (e, y),
where fs 5 solves (3.1a)-(3.1b). So it suffices to prove that, for (z/,y’) € [0, 2] x [0, y],
0<hi<hi,0<hly<hg,and S, <S;,i=1,2,
(B1)  E{TX ATV} < BY 9 {TX ATY Y A Br {TX A TY
(B2) BT ATYT} > BOTET ATYT v ECTET AT

In the sequel we will prove (B.1) and (B.2) hold.
Using continuity of the sample path and Markov shifting operator, we have

X% =157 1157 0 g(mX™) > X7 001X, Pas.

T}ZZ% _ T;$2 + T}ZS2 o 9(T3/32) 2 Tgfl$2 o 9(T;S2)7 P"y/_a,_s_

Hence we have the first inequality in (B.1). Similarly, for any y” € [0, ha),

X 51 y S2 XSt yS2 _ Ry y"
Ty, Ny, >T/1 NT,, =0, P"Y -as.



22 Quickest detection
Thus,
h/ " Xsl Y82
E"Y {Th1 Ny, > 0.
Using Lemma B.1 we know that P()’O(T,fgs1 < T,%;Sz) > 0. It follows that
S S
EXUTXT AT )

ha
S S S S / " S S
=BTy ATy, ) +/O POUTT < Ty, " Y2, €dy”) BV AT AT )
it
0,0 frn XSt Yy S2
>EC{TE™ AT,
This proves (B.2).
Finally, using Lemma 3 of [10], we have,

S5

XI < x5, v <V vt >0, Pas.

Hence,
X51 XS1 ySe Y52
Ty, <1y, Ty,  <T,, , P-as.

which implies the second inequality in (B.1). The finiteness of fs (0, 0) follows from

that of EO*'{T,ﬁSI}. The latter can be easily shown to be equal to g(—S1h1) < o0
(see for example, [21]).

Appendix C. Proof of Lemma 3.2. From (2.16) we have that, for any fixed

T <ooand t = (71,...,7n) € {0,00}, [ (a1 (s;w))ds = o0,
o0 1 9
P g(al(s;w)) ds=o00) =1
Now without loss of generality, assume that 0 < 7y,...,7. < oo and 7,41 = ... =

TN = o0, we have from (2.5) that

dPTl ----- TryTr+1,---TN

=ex - wi(t A7) | >0, Vt € R,
dPO,...,O,oo,...,oo P ( ; ( >> ’

By

Hence, Py ([ L(a1(s;w))?ds = 00) = 1 for any t = (11,...,7n5) € (R})Y. Moreover,
for any fixed 7/ < oo,

([ ot ) =)}

there must be that P ([, & (o1 (s;w))?ds = oo|B-/) = 1.

Appendix D. Proof of Lemma 4.1. Without loss of generality, we prove the
lemma for N = 2.

Using notations in the proof of Lemma 3.1, we have that

fsnlwy) = E2H{TET ATY) :/ PoY(TET >, TV > by dt
0

:/ PTE™ > ) - PY(TY™ > t) dt.
0
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Hence, it suffices to show that

However, it is easily seen that both sides of the above equations satisfy the backward
Kolmogorov equation (4.1a) and boundary condition (4.1b). The assertion now follows
from uniqueness theorem for partial differential equations.

Finally,

o) —2 o)
t
K., 2 (2L 0)at= PO(TX > t)dt = B (TN} = g(—hy).
o L] hy o 1 1

Hence, (4.2) holds for i = 1. The general case can be similarly proven.

Appendix E. Proofs of Propositions 4.2 and 4.3. We now prove the asymp-
totic results in Propositions 4.2 and 4.3. To this end, we transform the function
Ky (t,z) defined in (4.1a)-(4.1b)

to the solution of a heat equation. Using Sturm-Liouville theory, we are able to
express K11 (t,2) as series. From these series, all necessary asymptotic expansions
can be derived directly.

THEOREM E.1. Let 0 < € < 1/2 and let K_1 . be the solution to (4.1a)-(4.1b)
for S; = —1 and ¢, =€ > 0. Then, fort >0,

(E.1) K_16(t,0) = K2 (1) + He(t), He(t) = i K2y (1),
n=1

and the functions K91,57 Kilyé, ..., are explicitly given by

(E.2) KO (1) = A el ema0)t,

(B.3) A0 = 1—%—1_%% (1— e 2)? ﬁ ew=1/(26)

K", (t) = At e /(29 sihwn e~ (Wheta)t =12 ..
: n

2,2
n 8e“wy;

Al = ————1
4w 4+ 1 — 2
where w and wy,’s are respectively the positive solutions to the transcendental equations

(E4) tanh w = 2ew,
(E.5) tan w, = 2ew,.

Proof. We begin by transforming (4.1a) to the heat equation: direct calculation
shows that the solution K_; . can be written as

K_1.(t,z) = eTlez_Tletu(t, z),
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where w is the solution of

ou 0%u
(EG&) E = 6@,
_1, 1 6’11, o o
(E.6b) u(0,z) = e 2%, (iu + &) L ul,—1 = 0.

The problem (E.6a)-(E.6b) can be solved using Sturm-Liouville theory [6, 27]. More
specifically, consider the ordinary differential equation —6% = A\, supplemented
with the separated boundary conditions (1) = 0 and 4(0)/(2¢) + @/(0) = 0. Clearly,
the problem is a regular Sturm-Liouville problem, such that the corresponding nor-
malized eigenfunctions form an orthonormal basis of the Hilbert space £2([0, 1]) (see
for example, Theorem 12 on page 204 of [27]). Hence, u defined in (E.6a)-(E.6b) can

be written as
(E.7) u(t,z) = ane oy, (2),
n=0

where the ¢,,’s are the orthonormal eigenfunctions of the operator L := d?/dx? with
the specified boundary conditions on £2([0,1]) and the a,,’s are given as projections
of the initial conditions via

1
(E.8) an:/0 bn(2)e ) dz,

It will be shown below that L has exactly one positive eigenvalue w? given by the
transcendental equation (E.4) and negative eigenvalues —w? given by the correspond-
ing equations (E.5). After computing the eigenfunctions explicitly, the a,’s can be
obtained directly.

We now proceed to compute the positive eigenvalue. To this end, we solve
d%¢o/dz? = w?¢pg with the Dirichlet boundary condition at z = 1 and the mixed
boundary condition ¢o/(2¢) + (d¢o/dz) = 0 at z = 0. Clearly, we can write the
solution of ¢y as

¢o(z) = Ae“* 4+ Be %,

and then use the boundary conditions to find the constants A, B and w. This yields
the relations

(E.9) A= —Be ), tanhw = 2ew.

It can be easily seen that, for € < 1/2, we have

d

— (tanhw — 2ew) = 2¢
d

w

cosh?w

which monotonically decreases from 1 — 2¢ > 0 to —2¢ as w increases from 0 to co.
Hence, the transcendental equation in (E.9) has a unique positive solution, which is
also the unique positive eigenvalue of L. The corresponding eigenfunction ¢ is then
given by

(ElO) ¢O(Z) —A (e—wz _ e—2wewz) ,
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and the constant A is fixed by the normalization requirement

1
/ bo(2)?dz =1
0

yielding after straightforward algebra

1
l—e—4v —2w '
so— — 2e

(E.11) A=

Using (E.7), (E.8), (E.10) and (E.11), the formulas for K, . and A? in (E.2) and
(E.3) follow directly. The calculations for the eigenfunctions corresponding to the
negative eigenvalues are similar, and we omit it. O

Using a similar argument as in the proof of Theorem E.1, we can obtain the
following result.

THEOREM E.2. Let 0 < € < 1/2 and let K11, be the solution to (4.1a)-(4.1b).
Then, fort >0,

(E12) K+1 e(t 0)—6 46 ZK+1E )

n=1

and the functions K, . are explicitly given by

K7y (t) = /(9 sinwy, 8¢ (wp)? o (@)%t
e wh o 4e2(wh)? + 1+ 2 ’

where the w!, are the positive solutions of the transcendental equation

r /
tanw,, = —2ew,,.

Using Theorem E.1, it can be shown that the leading term of the asymptotic
expansion of the function K_; . for small € is given by K 9175. In fact, we have:
COROLLARY E.3. Under the assumptions of Theorem E.1 we have

| ( —1/(25) Z nﬂ— —en?m t /O | ( )|dt < 2 67T3 —1/ 26)(( )

where ((3) is Apéry’s constant.
Proof. We verify this inequality by direct calculation. Using the explicit expansion
for H.(t) in (E.1), we find that

| ( )| < efl/(2e ZAn e —(L+ew?) 71/ 2¢) Z 7en T t
’I’Lﬂ'

where we have made use of the fact that w,, € [nm, nw + 7/2]. It follows that

> 1 [ 2e1/(20) 2 1 9¢-1/(2¢)
H(t dt<2*1/(2€)§:_/ mettg = TN =T ((3).
/O |He(t)] dt < 2e Zx ), e o3 3 e ¢(3)

n=1

|



26 Quickest detection

Similarly, the tail of the integral of K; (¢,0) is exponentially small as € — 0+.
COROLLARY E.4. Under assumption of Theorem E.2, we have

> 14
/ Koy,(t,0)dt < — e 1/<((3).
6 ETT

Proof. Using the explicit expansion for K11 .(¢,0) in (E.12), we find that

s 86 ( ) ° _ (1 7\2
Ki1.(t,0)d /(20) ST / (e +(wn)7at gy
/ +1, z:: o | d@ e 12 )y O
<N "ot/ L Le (£+6(w),)20)
et wh 1+ 4e2(w!)?
o 2 -1/ 1 71/ 14 -1/ 1
Z € I3 . €< (3
<n:1 e’ (wjl)3 g 2n—1 P 7r3<( )
where we have made use of the fact that w], € [nm — 7/2, nx]. O

LEMMA E.5. Let w be the unique positive solution to tanhw = 2ew for 0 < w < %
Then there exits a constant C > 0 such that
' ! 1efl/€ < g672/5.

=2

Proof. We begin by rewriting the equation that w satisfies as

f(w) =0, where f(z):=z— % + (w—i— i)e%'

We then employ a Newton-Raphson iteration with an initial value x¢ = i, and define
{zy} recursively using

- f(xn) 7
xn+1—xn—fl($n), n=0,1,....

The result now follows from the fact that |f”(x)/f’(z)| is uniformly bounded on R .
|

Proof of Proposition 4.2. We now use Theorem E.1 to prove Proposition 4.2.
To this end, let us introduce

(E.13) fson ::/ HKOM (¢; %eit) dt.

Using Corollary E.3, it can be shown that the leading term in the asymptotic expan-
sion of fsw 4(0,...,0) is fsw) p, which can be computed using explicit formulas in
Theorem E.1.

Without lose of generality, we prove the results for the case N = 2.
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Using the fact that 0 < K_; ((£,0) < 1 for all ¢,e > 0, and that [ |a(t)b(t)|dt <
S la(®)|dt - [ |b(t)|dt for any integrable functions a(t) and b(t), we have

(E.14)
|fs© 1(0,0) = fso 4l

< /OOO |K 1., (c; %e1t,0) - He,(cy % ext)|dt + /OOO |K_1.c,(c5 %eat,0) - He, (cy %ert)|dt
- /OOO |H,, (c;%ert) - He,(cy % eat)|dt

g/ooo |HE2(02_262t)|dt+/000|H€1(cl_261t)|dt+/000|H€1(cl_261t)~H€2(c;262t)|dt

g/ooo |H62(c;262t)|dt+/000|H€1(c;261t)|dt+/0

2¢3 _a2¢ . 4(c1e2)? 5,0 11 1 1
St T b o) e (B e =0 e )

oo

Ho (e atldt [ [He (G a0l
0

where, we used Corollary E.3 in the last inequality.

On the other hand, let us denote by w(® the unique positive solution to transcen-
dental equation tanhw = 2¢;w® for a fixed ¢; € (0, %) Using Newton-Raphson
iteration and Lemma E.5, we can write

, 1 1 C;
(E.15) w® = — — —e V% 4 r;, where |r;| < e %/,
2¢; € €;
for some constant C; > 0. Using (E.15), straightforward algebra shows that the
coefficient A? defined in (E.3) is exponentially close to 1: there exists a constant

C; > 0 such that

42 1| < G
i o
Similarly, using (E.15) we obtain the decay rate of function K, .(t) defined in (E.2),
as €¢; — 0+,

A2 1 1
€ (w(z)> - =——e Ve pp 4207 Ve 4 er; < 0.
461’ €;
Using (E.2) and the last equation, we obtain
KOy (e %eit) = A2 exp (—CZ Ze Mot 4 (ri + 27Vt erd)e; 2eit) :

With this representation, it follows directly that

(E.16)
Fson _/0 K% (e ?at) KO (3 Peot)dt
A .40 |
=— S 1 271/ . e = == -y + O(1/€emax)-
Yoiqlei e Ve — (ri 4+ 2e7 Ve ferd)e; Ce] D¢ e t/e

This result now follows from (E.14) and (E.16).
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Proof of Proposition 4.3. Below we use Theorems E.1 and E.2 to prove Propo-
sition 4.3.
Using Lemma 4.1, we have

(E.17)
|f$(j) 5(0 0) — 02(h -1 +67hj)|

'/ Ki1.,(c; %et,0) - <HK1 elt())dt—/ Ki1.,(c; %ejt, O)dt‘

i#1
GCjEj 00
g/ Koy (c;?eit, 0)| [ K-1.c.(c; *eit, 0) — 1‘dt+2/ Ky1,e,(c; et, 0)dt
0 by 6c2e; !
6026;1 1
S/ K+1)€j (C;er‘t, 0) (1 — HK—lei (C;QEit, 0)) dt + 0(6_2 _l/ej)
0 J

i#]

6c? 6c 2e; 1
S_J(l — HK_LQ( 0_12 ‘ ,0)) + @<_2€—1/6j),
“ i € B

where we used Corollary E.4 in the second inequality. The third inequality follows
from the fact that K_ ,(t,0) is bounded between 0 and 1, and it is decreasing in ¢.
To bound the first term in (E.17), we use Theorem E.1, Corollary E.3, (E.16) and the
inequality 1 — e~ 1l < |z| to obtain that

60-7261' 6c72 —1/e /e
1Tl (o) | < X o) -0 2 e e ),
i#] J i#] J T ity
The result now follows.
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