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Sequential Decision Making in Two-Dimensional Hypothesis Testing

Michael Carlisle, Olympia Hadjiliadis

Abstract— In this work, we consider the problem of sequen-
tial decision making on the state of a two-sensor system with
correlated noise. Each of the sensors is either receiving or not
receiving a signal obstructed by noise, which gives rise to four
possibilities: (noise, noise), (signal, noise), (noise, signal), (signal,
signal). We set up the problem as a min-max optimization in
which we devise a decision rule that minimizes the length of
continuous observation time required to make a decision about
the state of the system subject to error probabilities.

We first assume that the noise in the two sources of ob-
servations is uncorrelated, and propose running in parallel two
sequential probability ratio tests, each involving two thresholds.
We compute these thresholds in terms of the error probabilities
of the system. We demonstrate asymptotic optimality of the
proposed rule as the error probabilities decrease without bound.
We then analyze the performance of the proposed rule in the
presence of correlation and discuss the degenerate cases of
perfect positive or negative correlation. Finally, we purport the
benefits of our proposed rule in a decentralized sensor system
versus one in constant communication with a fusion center.

I. INTRODUCTION

Sequential hypothesis testing is one of the most classical
problems arising in statistical sequential analysis and dating
as far back as the work of Wald [19]. In the classical
setup the problem is that of receiving a stream of sequential
observations whose law follows one of two hypotheses, the
null Hy or the alternative H;. The objective is then to
minimize the number of observations required to make a
decision subject to a pre-set error tolerance described as Type
I and Type II errors (see, for instance, [17]). There are two
main approaches to this problem: the Bayesian, in which
each hypothesis is assigned an a priori probability of being
true, and the min-max, in which no such assumption is made.
The optimal solution to this problem is known to be given by
the sequential probability ratio test (see, for instance, Chow,
Robbins, and Siegmund [3]; Shiryaev [18]).

In the later years, the optimality of the sequential probabil-
ity ratio test was examined and extended to various models
(see, for instance, Liptser and Shiryaev [14], Irle [12]).
Moreover, much work was done along the lines of extending
two hypotheses regarding a stream of observations to the
problem of distinguishing between many hypotheses both in
the Bayesian (Baum and Veeravalli [1] , Dayanik, Poor, and
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Sezer [4], Dayanik and Goulding [5], Dragalin, Tartakovsky,
and Veeravalli [6], Golubev and Khasminski [8]) and the
min-max set up (Brodsky and Darkhovsky [2]). However,
none of the above works consider the case of making an
inference along multiple streams of observations.

In this paper, we examine the problem of testing four
hypotheses on two streams of observations. Each of the
hypotheses represents a physical state of the presence versus
the absence of a signal obstructed by noise. In particular,
we capture data and attempt to distinguish the presence of
a signal, represented by a drift, in each of the two sensors,
from Brownian noise (see, for example, [16], [18]). In other
words, our problem is that of sequentially distinguishing a
standard vs a drifted two-dimensional Brownian motion, and
the objective is to minimize sampling time subject to error
probabilities.

To address this problem we devise a sequential decision
rule consisting of a stopping rule that declares the optimal
time to stop sampling and a decision variable that declares a
decision of the state of our system. Our proposed rule is the
maximum of two sequential probability ratio tests, each with
distinct thresholds, and our decision variable is determined
from the exit location of the two sequential probability ratio
statistics. Our first contribution is the explicit computation of
the thresholds of the proposed rule in terms of the error prob-
abilities. The novelty of our approach is in the construction
of a test using a purely two-dimensional structure, allowing
detection of a signal in each coordinate rather than merely the
detection of a signal somewhere in the system (i.e. we are
able to distinguish in which coordinate(s) a signal exists),
subject to error probabilities for every possible case. We
then proceed to show asymptotic optimality of the proposed
rule in the absence of across-sensor correlation (i.e. the
independent case) as the error probabilities decrease without
bound (see [7]). We then proceed to examine the relationship
of the error probabilities and sampling times in the presence
of correlation to the error probabilities and sampling times
of the proposed rule in the independent case.

A very important property of our proposed rule is that it
can be implemented in a decentralized setup and still enjoy
the same asymptotic optimality properties. In other words,
each of the individual sequential probability ratio tests can
be devised by each of the sensors separately, which can then
communicate a binary bit of information to a central fusion
center consisting of the alarm by the sequential probability
ratio test and its exit side. The central fusion center can then
make a decision once it receives a communication from both
sensors and is thus not required to have access to the two-
dimensional stream of sequential observations. This property
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makes the system very powerful because an optimal outcome
can be achieved with a rather limited level of communication.

In Section II we set up the problem mathematically and
present our proposed rule. In Section III, we investigate the
properties of the rule in the absence of correlation (i.e. the
independent case). In the first part of the section we show
the relationship between the threshold selection and the error
probabilities, while in the second part of the section we
demonstrate asymptotic optimality of the proposed rule. In
the third part of this section, we conduct a performance
analysis of the expected sampling time in terms of the
signal-to-noise ratio. In Section IV, we consider the case of
non-zero correlation, establish inequalities relating the error
probabilities and expected sampling times to those of the
independent case, and discuss the perfect-correlation cases.
In Section V we discuss the ability of our proposed rule to be
implemented in a decentralized sensor system. We conclude
with a discussion on future work.

II. MATHEMATICAL SETUP

Consider a two-dimensional stochastic process,
Az = o dW® + pdt, k=1,2

where Wt(k) are correlated Brownian motions with corre-
lation —1 < p < 1, ie., dWVdW? = pdt. (We will
also consider the limiting cases p = £1 in Section IV.) We
sequentially observe the 2-dimensional process (Zt(l), Zt(2)),
t > 0, and wish to test the following hypotheses:

Hip: p1=mq, p2 =0
Hyy:opy=my, po=mo (1)

Hyp: 1 =0, u2 =0
Hop : 1 =0, po = mgo

where m1, ms # 0 and are not necessarily equal.

The filtration generated by the vector (Zt(l),Zt@)) is
denoted F; = 0((Z§1),Z§2)) : 0 < s < t). We distinguish
this filtration from the marginal filtrations ]—'t(k) =o0(Z b(»k) :
0 < s < t), k € {1,2}. The hypotheses H;; and the
correlation p induce the joint normal probability measures
Pi; ,. We distinguish P;; , from their marginal probability
measures Pz-(k), which are the measures generated by the
one-dimensional processes Zt(k) on coordinate k € {1,2};
P;; , has as its marginal measures Pi(l) and Pj(Q), under the
associated one-dimensional hypotheses

HP =0 HY ¢ g = my, )

for k € {1,2}. We are interested in developing a decision
rule (7, d,) for this problem, where 7 is a stopping rule with
respect to Fy, and 4, is an JF,-measurable decision variable
taking values in the index set {00,01,10,11}. Optimality
of our rule will be assessed in terms of minimizing the
expected sampling time under each measure F;; , subject
to probabilities of error

Qijp 1= Pijp(6r # 1]) 3)

where a;; , < 0.5. (The reason for these upper bounds will
be given in Section III-A.) We will test the hypotheses (1)

by tracking the two-dimensional process (ugl), u§2)), where
u,(fk) is the log-likelihood ratio of the marginal density in

coordinate k = 1, 2. That is,

(k) _ P my, ( k) 1 )
Uy z + log dPO(k) p Z, 2mkt
=i+ %f oW+ (s %) { )
where u(()k) =z, i = 0 on Pék), and pp = my on Pl(k).
Finally, as a notational convenience, we define R(pry) and
EY) as the probability and associated expectation given

ijp
the starting point (uél),uéz)) = (z1,22) = (7,y), and

P and E*)™ a5 the one-dimensional probability and
expectation for measure Pi(k) given the starting point zj, in
coordinate £. Wherever this notation is omitted, it is assumed
that (z1,z2) = (z,y) = (0,0).

We wish to find an optimal decision rule of the threshold
type

r=inf{t > 0: (u!",u!?) ¢ A} (5)

where A is an appropriate set. The optimal decision rule
(7, d7) has the property

Eijp(T) < Eij (1), 1,5 € {0, 1}. (6)
As in the one-dimensional case, we begin at
(s, ul’) = (0,0) € [a1,b1] % [az,ba] = A (7)

and determine the values of a1 < 0 < by, a2 < 0 < by based
on the error probabilities «;; , defined in (3).

Our decision rule (7, d,) in one dimension (see, for exam-
ple, [18]) is based on the first escape time of the interval [a, b]
where a and b are determined by the error probabilities under
question. For the two-dimensional case, we are escaping a
rectangle. When the noises are uncorrelated, our proposed
rule runs two independent one-dimensional decision rule
(T, (55’,:)), where 65? € {0,1}, and

T = inf{t > 0: ugk) & lak, br]}
68 = 0 if ulM = ag, W =1 if ulP) = b, (®)

We thus devise the two-dimensional decision rule (7,d;),
where

T=T VT, 0= 55})&3). 9

Next, we calculate the generator L;;, of the two-

: : 1 @2 .
dimensional process (u; ’,u; ) on the measure Pj; ,:

Lijp =51 (axz + (—1)“‘181) + Sy (ayy + (—1)j+18y)
+201/51 520, (10)

2
where Si := 2%, k € {1,2}. Note that, for correlations
k
/
p.p,

Eij’p = Eij7pl + 2(p — p/)\/ SlSQGW. (11D
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ITII. INDEPENDENCE: p =0

In this section, we consider the case p = 0. We relate the
thresholds of our proposed rule (9) to the error probabilities
5,0 and prove asymptotic optimality of (9) as «;,o decrease
without bound.

A. Error Probabilities and Thresholds

In this subsection we calculate the error probabilities
and relate them to the thresholds of our two-dimensional
proposed decision rule (9). Define

%]}P<xvy) Pz(j P )(67 = ’L]) (12)

as the probability of correct decision in world 7j. Then

i3,0(0,0) = Pij p(0r = ij) = 1 = ijp. (13)
Moreover, v;;,,(x,y) satisfies
Eij,p%‘j,p(fl?yy) =0 (14)

subject to 0 < 7;5,(z,y) < 1 for all (z,y) € A, and the
boundary conditions

Y00,p(a1,a2) = Yo1,p(a1,b2) =1 (15)
Y00,p(b1,4) =0 Vy € [az,b2]  Y01,p(b1,y) =0 Vy € [az, by]
Y00,p (T, b2 )—OVxE [a1,b1] o1 p(ac,ag)—OVxE [a1,b1]
Y10,p(b1,0a2) = Y11,p(b1,b2) =

Y10,p(a1, )—OVyG[ ; ba 711,p(a1a3/)—0v3/€[ ; b
Y10,p(@, b2) =0V € [a1,b1] 711,,(x,a2) =0V € [a1,by].

For p = 0, (14) reduces by separation of variables to

(Yij,0)ez (2, ) + (1) (3350)z (2,y) = (16)

Si

Sa

with A\ a constant. Solving the differential equations (16) and
(17), we obtain A = 0, and have the solutions

(Yi3.0)yy (@, ) + (=1)7 T (vij0)y (2, ) = (17)

Yijo(z,y) = fi(2)g;(y), (z,y) € la1,b1] x [az,bo] (18)
where f;(z) and g;(y) are
fo(z) = % 19)
Al = S = E T b )
9o(y) = %
o) = oo T b =),

The fact that the differential equations above result in A = 0
means that the choices of m; and o, (and hence Si) do
not affect these probabilities in the independent case. The
only parameters determining these thresholds are the error
probabilities «;; 0 in (3).

We next give the oy; ¢ in terms of the four thresholds
a1, a2,b1,bs. Set X = ¢*, Y = e¥, and Aj, = e, By, = e
for £k =1,2. Then

X—-—B; Y-—DBy
e e . 2
Y00,0(2; ) = fo()go(y) 4B, A4, B (20)
X~ B, By(As—Y)
z,y) = fo(z = .
Yo1,0(2,y) = fo(z)g1(y) A =B, V(4 — By
B B4 —-X) Y- B,
710,0(1:7y) - fl(x)go(y) - X(A1 _ Bl) A2 _ 32
Bi(A; — X) Ba(As—Y)
z,y) = fi(z = . )
Setting (z,y) = (0,0) and applying (13) yields
(A — B1)(As — Bs) — (1 — By)(1 — Bo)
Q = 21
00,0 (A, = B1) (4> — By) 21
S (A1 — B1)(As — B2) — (1 — B1)Ba(As — 1)
oL (A1 — B1)(A2 — Ba)
o (A; — B1)(As — By) — Bi(A; — 1)(1 — By)
100 (A1 — B1)(A2 — B2)
- (A1 — B1)(As — Bg) — B1(A; —1)Ba(A42 — 1)
* (A1 — B1)(Az — Bo) ’
We can relate all four a;;9. From the equalities
Oy = Y10,0(0,0) _ -0 _ f1(0)
. 'YOO,O(Oa 0) 1 —apoo fo(0)
_ 711,0(0,0) _ 1—ai1p 22)
Y01,0(0,0) 1 —ap10
Ch 701,0(0,0) 1T —api0  91(0)
g 1= = =
’VOO,O(Oa 0) 1 —apoo 90(0)
_ 711,0(0,0) _ 1—ai1p 23)
710,0(0,0) 1 —aqgp
we obtain
(1 = @00,0)(1 — a11,0) = (1 — ap1,0)(1 — a100)  (24)

which restricts the choice of error probabilities. In fact, we
can use (21), (22), and (23) to relate Ay to By, k =1,2:

Ch Ci(1 — By)
B,=————— A =14+ —"———~. 2
k Ck—‘rAk—l’ k + By, (25)
Therefore,
L—e™ —b
by=—In(1- ,ak:n(1+C;€(e "—1)).
Ck
(26)

We can relate our thresholds further if we have more infor-
mation about the system:

Proposition 3.1: If p = 0, then any two of the following
equalities imply the third: ay = a2, b1 = b, ap1,0 = 10,0
Proof These follow directly from (26). B

Furthermore, under p = 0, we can relate B to By. From
(25),
(Ck + Bk)(l — Bk)

Ak—Bk: Bk

27)
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From (21), we obtain

(Al — Bl)(AQ — B2)(1 — Ck()()y()) = (1 — Bl)(]. — Bz)

(28)
Combining (27) and (28) yields
C
B, = e . (29)
(I=a00,0)(C2+B2)
which after taking logarithms results in
C
by =1In — : (30)

(1*a00,:)(C2+6b2) -1

Switching coordinates 1 and 2 in (29) and (30) holds by the
symmetry of (28). We can now determine a lower bound for
by since by > 0, then using (29) and (30), we have

1— 1—
by > In (O”(“J) by >1In (‘“’“’) G1)
Q0,0

Q00,0
which gives the reasoning for the error probability bounds
given in Section II.

Applying (31) to (26) yields upper bounds for aj. The
fact that By, > 1 implies that the denominator in the left
equation of (25) is positive. This yields lower bounds for
the a;. Combined, these are, if 0 < O, < 1,

In(l1-Cy) <ar <lIn (1 —Ck+ow> (32)
1 —apoo

which can be written as
o -« «
1n< 10,0 oo,o) <a <1n< 10,0 )
1—ago0 1 —ago,0
« -« «
1n< 01,0 oo,o) < ay <1n< 01,0 )
1—apo,0 1—ago,0
In the case that (), > 1, the lower bound on a; does not
apply. In fact, the case C; > 1 induces upper bounds on

the by: by applying the fact that 0 < A < 1 to the right
equation of (25), we have

Ck
bk<ln<ck_1>.

Equations (31) and (34) can be combined, if C}, > 1, as
1— 1—
In <o¢1070) <by <ln (0410,0 >
Q0,0 Q00,0 — ¢10,0
1— 1—
In <OM) <by<n (OM>
Q00,0 Q00,0 — Q01,0
A user setting three of the four error probabilities a;; 0 will
automatically determine the fourth by (24). Then, setting a;

(subject to (33)) will determine by by (26), bs by switching
coordinates in (30), and finally a5 by (26) again.

(33)

(34)

(35)

B. Asymptotic Optimality

In this subsection we demonstrate asymptotic optimality
of 7 =7 V 1o of order-3, as per Fellouris and Moustakides
[7]. That is, we prove, using the stopping times (8) with the
error probabilities (21),

Eij,O(Tl \Y TQ) - Eijp(’rl) = 0(1)

as the error probabilities a0 | 0. In establishing our result,
we use the exponential killing trick: for any nonnegative
random variable Y with no point mass at zero, its Laplace
transform E(e~*Y) is its cumulative distribution function
(CDF) Fy (t) killed at an exponential random variable with
parameter A. For X ~ exp(\) independent of Y, we have

E(e ) = /000 e MdFy (t)

(36)

= [e"MFy (1)]5° + /OOO e MEy (t)dt

= E(Fy (X)) 37

We use this approach on 7; and 77 V 79, noting that, in
the case that p = 0, 7y and 7» are independent. Hence,
implicitly under measure P;; o for our CDFs, F; v, (t) =
F, (t)F.,(t), yielding
Eijo(e ™) = Bijo(Fr, (Xx))
Eijo(e” M) = By o(Fr, (X2) Fry (X))

(38)
(39)
Since the stopping time 77 is an escape time, the tail
probability P;j (71 > t) = 1— F; (¢) is the probability that
our process u; ' has not yet escaped the interval [aq,b;].
Using Laplace transforms, we rewrite (36) as

Eijo(m1V 12) — Eijo(m1)
1 — Ejjo(e MmV™)) 1 — Eyjo(e )

= 1.
s ) )
— lim Eijo(e™*™) = Bijo(e V™)) (40)
A—0 A ’
Our numerator is, using exponential killing,
Eijo(e ™) = Ejjo(e V™))
= Ejjo[Fr (X2)(1 — Fr, (X)) (41)
turning (40) into
Eijo(mi V 12) — Ejjo(m)
EiiolFr (X))l — Fry(X
= lim /],0[ 1( A)( ( A))} (42)
A—=0 A

By the standard literature on Brownian motion with drift (for
example, [15]), the difference on the left hand side of (42) is
finite. Note that 75.’s boundaries ag, b, are functions of the
«ij,0 (once the initial a is selected within the bounds (33)).
Sending the ;0 — 0 at the same rate, and noting

0<Ap=e% <1< By=e" <o 43)
then by (26) we see that we get
lim Ck =1 = lim ap = —byg. 44)
Otj,jy()—)O 047‘,_7’,0—>0
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Rewriting (29) gives us

Cl"‘Bl.CQ—'—BQ_ 1
By By -

which, by sending o0 — 0 at the same rate on both sides,
yields via C, — 1

. Ci+B; O+ By 1+B1 1+ B
lim . =

a;j,0—0 B1 BQ Bl . BQ
Since By > 1, (45) implies that B; = By = o0, and so
b1 = ba = oo in the limit. Thus, by (44), in the limit, a; —
—o0. Hence, as a;j0 — 0, 7, — oo a.s. and so F,, (-) — 0.
Since CDFs are bounded by 1, we can use the dominated
convergence theorem to obtain

lim EijolFr, (X2)(1 = Fr, (X)))]

a;j0—0 A

1 — apo,0

= 1. (45)

=0. (46)

By continuity of the thresholds in the «;; o, the finiteness
of the left-hand side of (42), and again by the dominated
convergence theorem (this time under \),

EijolFr (X2)(A — Fr, (X)))]

lim lim

a;j,0—+0A—0 A
EiiolFr (Xa)(1 = Fr(X
i L Bl (XN)( AC.9V)) BT
A—0 aij,0_>0 A
which yields the asymptotic optimality limit
hm E” 0(7’1 Vv TQ) Eij’o(’rl) = 0 (48)

Qijj,0—>
C. Performance Analysis

In this section we conduct a performance analysis of the
expected sampling time of the proposed rule in terms of the
signal-to-noise ratio of the first component, S = while
fixing all other parameters.

In conducting this performance analysis, we set the pa-
rameters of the system as follows: the error probabilities
a0 = 0.01 for 4,5 = 0,1, and setting the free threshold
a1 = —5.29078 yields the remaining thresholds, by (26) and
(30), of ap = —5.29078, by = by = 5.29078 Thls is a
symmetric system, in which our starting point (uo ,uéQ))
(0,0) is in the center of a square.

We use Monte Carlo simulation to approximate, with small
A >0, E;;o(m1 V 72), using exponential killing as seen in
(39) and (40); that is,

227

1— E1 ef)\(’rl\/rg)
Eijo(mi V)~ 50l )

)
_ 1= Eijo[Fr (X0) Fr, (X))

- 0 \ . (49)
r (my

T(my, mg) :=

Figure 1 plots T'(my,ms) fo ) (0.1,1.3)% with
the above thresholds, and oy 0o = 1. Note that, with
symmetric signal strengths, error probabilities, and thresh-
olds, Figure 1 is symmetric on m; = mg, and predictably
decreases as signal strength increases. Note that the symmet-
ric example used results in the same values for E;; (71 V72)
for any ¢,j € {0,1}.

T(ml,mz)

12762

% m:
0.10 o 0.10

0.70 g 0.0

1.30 1.30

Fig. 1. Expected sampling time, Monte Carlo

IV. CORRELATION: p # 0
In this section we generalize to the correlated case p #£ 0
by relating it to the independent case.
A. Error Probabilities and Expected Sampling Times
Recall that

Yijp(@,y) = PV (8, = ij)

is the probability of making the correct decision under
measure P;; , with the p-correlation regime. We now relate
these p-correlated probabilities to the independent case via
the generator L;; .

Define Avij,p(2,y) := Yij,p(2,y) — Yij0(x,y). By (11),
L. 0(A%i5.5(0,0)) = —2p+/51520247i5,0(0,0).  (50)
The signs of p # 0 and O;yvij0 determine
whether A%Lp(u&g,uﬁg) is a supermartingale
Gf Lijp(Avijp(x,y)) < 0) or a submartingale (if
Lijo(Avijp(x,y)) > 0) (see, for example, [15]). If

Avy,j, p(ut}w1 , utim) is a supermartingale, then by the
optional stopping theorem at the absorption time 7 = 7,V Tg,

Avijp(,y) > BSY (Ayig ol ul2,)) =0 (51
which implies

Yig,p (T, Y) = Yijo(2,y). (52)

The ine uahtles in (51) and (52) flip in the case that

AF p(ut,\T1 , ugi)m) is a submartingale.
By (18) and (19),

B . } A >0 ije{00,11}
Onpinalen) = @O0 { 29 €OV
Hence, by (50), for the cases p > 0,75 € {00,11} and p <
0,ij € {01, 10}, A'yij,p(ug\)ﬁ,ugi)m) is a supermartingale,
and for the cases p < 0,ij € {00,11} and p > 0,ij €
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{01, 10}, A%jy,)(uﬁi)ﬁ , ugi)h) is a submartingale. Therefore,
by (50), (51), and (52), for p < 0 < 0/,

Yi5,p(0,0) < 7i5,0(0,0) < 5, (0,0), ij € {00,11}
Yij,p(0,0) > 7i5,0(0,0) > 745,,,(0,0), ij € {01,10}. (53)

As we send |pl, |p’| — 1, we have upper bounds on these
probabilities. This will be explained in Section IV-B.

Next, we establish inequalities relating FE;; ,(7) to
E;;o(7) for p # 0. Set, on coordinate k = 1,2,

(;Ek)( t) = })(m)(k)(Tk > 1)
Gijp(m,y,t) = Pl(f;f) (1 >1) (54)
and define the functions g;; , by
gij,p(x7y) Ez(]r;)y) / G’Lj p\Z, Y, )d . (55)

The function g;; ,(x,y) satisfies (see, for example, [15]),

Lij p9ij.p(x,y) = —1. (56)

Our boundary conditions on [aj,as] X [by,bo] state that
starting at any corner of the rectangle means no motion, and
starting on a wall (where z = ay or y = by) reduces to the
associated one-dimensional problem:

gijplai,az) = gij p(a1,b2) (57)
= 9ij.p(b1, a2) = gijp(b1,b2) =0

Gij,p(@,a2) = gijp(x,b2) = E(w (1)( 1) Vo € [ay, b1]

9i1.p(a1,9) = g3 p(b1,y) = By (r2) Yy € [aa, ba].

From [18, (4.94)-(4.95)], the one-dimensional cases are, on
coordinate k =1, 2,

(oo}
Eéx)(k)(m) = / Po(z)(k) (1) > t)dt

0

202 [ ebr —e”
_ 75 (ebk e ) — (b a:))

= 5 (fo(z)(br —ar) —

?
0
e(lk +br—x

2/ by -
_ 20% (e
ebk — eak

o (@) - ar) -

(b, — )) (58)

POW (> 1) dt
(bk — ak) — (l’ — ak))
(x —a)).

N

(59)

Define Agij p(2,Y) == ij,p(%,y) — gijo(x,y). Then, as in

(50),

= —2py/ SlsQaTyg’Lj o\x y

As in the argument in (50)-(52), we need the signs of p # 0
and 0.y gij,0(x,y) to determine inequalities about g;; ,(x, y).
Note that, since

‘C’Lj,p(Ag’Lj p\ L y (60)

T=TiVTo=T1+To—T1 \NTo 61)

we can rewrite Jgy¢ij.0(x,y) in terms of 7 A To:

Oxy9ijo(T,y) = O Ez(;by)( )
= 0y BV (1) + Ouy BS Y (12) — 00y ECY (11 A o)

13,0 13,0 7,0
= 0,0, B (11) + 0,0, EY (2) — 0uy B (11 A 7o)
= —0uy B (i A 7). (62)

We further decompose this into its integral form:

o, E("”’ )(Tl ATy) = awy/ Pijo(ri A2 > t)dt
0

17,0
- / 0, PPV (7, > 1) 9, PV (r, > 1) dt
0

> 1 2
:A 0,G0(2,0)0,GP (g ydt.  (63)
It is easily shown that the one-dimensional hitting times are
concave for x € [ag, b]; the maxima are achieved at

br _
BN M (1) =0 = 2=2," :=In (H>
by, — ag

Ox E(I)(k)( ) =0 < x= :z:l(k) =ar + by — zg(k).
(64)
ng)(x, t) is a strictly decreasing function in ¢. Since x:(k)
yields the maximum of

E@0) / G® (@ tydt, k=1,2; i =0,1 (65)

it therefore also yields the maximum of Gik (z,t) in z for

every t. Hence, we have that &CGEM (x:(k), t) = 0 for every
t.

This allows wus to calculate the sign of
80(1)(35 t)8yG§2)(y,t), and hence the sign of

O Effgf)(ﬁ A7), at (z,y) = (0,0). By the
above argument, the point (xi(l),y]( )) yields the
maximum  of Gl(-l)(x,t) Ggg)(y7 t) in A,
8xG§1)(x,t)8 G(»Q)(y,) = 0 for the line segments
r = x:(l) and y = y*() The position of (z ;(1),yj( ))
relative to (0,0) determmes the sign of each first partial,
which determines the sign of the product, and therefore the

sign of the integral (63). For 2/ < x; W < g

and so

0,GM (2 1) > 0,G M (1™ 1) = 0
> 0,6 (a", 1)

and likewise for 3/ < y’f(z) < y" and ayG<.2) (y,t). We have

(66)

2D <0<l g <0< @, (67)

Thus, by the same optional stopping theorem argument
as in (51)-(52) with starting point (z,y) = (0,0), for
the cases p > 0, ij € {00,11} and p < 0, ij €
{01,10}, Agij}p(u&)n,ugi)m) is a submartingale, and for

the cases p < 0,ij € {00,11} and p > 0,45 € {01,10},
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Agij, p(ugi)ﬁ , ug\)h) is a supermartingale. Therefore, by
(60), (51), and (52), for p < 0 < p,

9i3.0(0,0) > g45,0(0,0) > g45,,,(0,0), ij € {00,11}
9i,p(0,0) < g45,0(0,0) < g45,,,(0,0), ij € {01,10}. (68)

As we send |p|,|p’| — 1, we have bounds on these
sampling times. This will be explained in Section IV-B.

B. The Degenerate Case: p = %1

In the extreme cases p = =1, complete correlation
between the Brownian components degenerates the problem
into a one-dimensional test. However, the choice of hypothe-
ses “in play” depends on the sign of p, and the issue of
decentralization vs. centralization becomes a consideration.
This will be discussed in Section V.

We first examine p = 1: under perfect positive noise
correlation, i.e., Wt(1 = Wt@), our one-dimensional case
exhibits an intriguing level of immediacy. If, in this case,
S1 = S, then the hypotheses Hyy and Hi; effectively
run the one-dimensional test against each other, while the
hypotheses Hy; and Hjg are immediately decidable. This is

explained by examining ug2 as a linear combination of ugl)
and drift:
(2) *, (1)

Wt(l) = Wt(z) = u, =miuy

. Moo /S
m* = =4/ —= and
mi102 Sl
oo_my (P2 — TR~ G
Yij = o9 o9 o1
—2./5, [(—1)i\/sl+(—1)j+1 52}.

In the case S1 = S2, y50 = yi; = 0 and so these two
hypotheses are tested on the one-dimensional case for the
two-dimensional point (ugl)7 m*ugl)) moving along the line
segment y = m*x between (a1, m*ai) and (b1, m*by). If,
for any ¢ > 0, it is found that m*ugl) > u£2), then it is clear
that (—1)v/ST > (=1)7+1/S5, ie., ij = 01; if m*u{") <
u?| then (—1)iy/S] < (—1)i+1y/S; implies ij = 10. For
S1 # So, all four hypotheses are immediately decidable, as
the four possible values for y; are distinct and nonzero.

+y;;t, where

The case p = —1 operates similarly: if Wt(2) = —Wt(l),
then uiz) is a linear combination of ugl) and drift. That is,

Wt(l) — _Wt(2) . u§2) = —m*ugl) + y:*t, where

ij

mso mq

kx mo /1’2 2 'ul 2

Yij = — +
02 g2 01

—92./5, {(71)i+1\/571+ (71)j+1\/§2] :

which results in y57 = yj5. Therefore, the hypotheses Ho;
and Hyg play the one-dimensional test in the setting S; = So
along the line segment y = —m™*z between (a1, —m*a;) and
(b1, —m*by). If, for any ¢t > 0, it is found that —m*ugl) >
u§2), then 75 = 00, and —m*ugl) < u,EQ) implies ¢j = 11. In
the case S1 # Ss, again all four hypotheses are immediately
decidable at any time ¢ > 0.

As our decisions on certain cases are perfect, we have the
following results on the correct-decision probabilities 7;;. ,
for p = £1: upper bounds on (53) are

700,1(0,0) = 711,1(0,0) = 701,-1(0,0) = v10,-1(0,0) = 1.

It immediately follows that we cannot specify certain error
probabilities under p = +1:

@00,1(0,0) = a11,1(0,0) = ap1,-1(0,0) = a10,—1(0,0) = 0.

In addition, we have lower bounds on (68) (decisions are
instant):

900,—1(070) = 911,—1(070) = 901,1(070) = 910,1((); 0) = 0.

Upper bounds under perfect correlation are one-dimensional
sampling times: by

900,1(0,0) = go1,-1(0,0) = E(()wzo)(l)(ﬁ),
911,1(0,0) = g10,-1(0,0) = Egz:o)(l)(ﬁ)'

There is a geometric intuition that goes nicely with this
problem: under perfect positive noise correlation, one expects
data to fall on a line with positive drift. In our hypothesis
test, the endpoints of this positive drift line are precisely the
decision boundaries for hypotheses Hyo and H;;. Likewise
for perfect negative correlation; the endpoints of the line with
negative slope are the decision boundaries for Hy; and Hig.
This hints that there may be a formulation for this problem
which deforms the shape of the boundary in exchange for
fixing the expected sampling time.

V. DECENTRALIZATION

Our proposed rule (9) is implementable in a decentralized
setup (see [7],[10]): 7, k = 1,2, are stopping times of
the log-likelihood ratios utk) of the marginal probability
measures Pi(k) instead of the joint measures F;; ,. Thus, the
stopping time 7 only requires access to the information from
the filtration ffk) = U(Zék) : 0 < s < t) instead of the much
larger filtration of the joint process F; = a((Zgl), Zs(z)) :
0 < s < t). We can thus build a system of sensors in
the following fashion: sensor k receives signal Zt(k) and
makes a decision on (2) with rule (8). It then communicates
this decision to a fusion center with the single bit 655). At
time 7 = 71 V 7o, the fusion center makes the decision
5. =046

The asymptotic optimality result (36) implies that there
is no loss in performance between the centralized case,
in which the fusion center receives the continuous raw
data {(Zt(l), Zt@))}tzo, and the decentralized case described
above. This greatly increases the usefulness of this model in
sensor network analysis.

The results of Section IV-B imply that the level of corre-
lation gives a measure to how useful decentralization is for
such a sensor setup: the more closely correlated the noise,
the less useful decentralization is in reducing the sampling
time to decision. In fact, a single communication to the
fusion center can make a decision under perfect correlation
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(p = £1) if the signal-to-noise ratios of the sensors do not
match (S7 # S2), and even in certain cases where they do.

VI. CONCLUSIONS, FUTURE WORK

We have shown that, for —1 < p < 1, the threshold bound-
aries of this test are the corners of a rectangle whose one-
dimensional absorption sides reduce the two-dimensional
problem to the related one-dimensional problem. A related
question worthy of investigation is, given p # 0 and fixed
error probabilities «;; ,, how would we change the shape of
the boundary of A (call it A,) and the rule (9) to achieve
asymptotic optimality of this test? In general, this boundary
need not be rectangular.

For example, in the range 0 < p < 1, should the
domain ‘“squeeze shut” continuously from the rectangle to
the diagonal {(z,y) € [a1,b1] X [m*ay, m*by]} at p = 1?
This would seem to imply that the time it takes to reach
the boundary would reduce, i.e., E;;,(7) < Ejjo(r) for
p >0, 15 € {01,10}. Likewise, should it “flip and squeeze
shut” for —1 < p < 0, ending in the diagonal {(x,y) €
[a1,b1] X [-m*a;, —m*by]} at p = —1? Finally, the case of
nonconstant correlation, i.e. p = p(t), should be examined.

The analysis here is done under a continuous-monitoring
scenario. While this is a good approximation to random walk
/ discrete models of the same type, a more thorough analysis
can be undertaken to examine the issue of discretized data
collection, such as in batch or sliding-window processing.
Just as in the one-dimensional discrete time paradigm of
Shiryaev [18], we expect that the results are valid in dis-
cretized data collection.
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