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ON THE BEST 2-CUSUM STOPPING RULE FOR QUICKEST
DETECTION OF TWO-SIDED ALTERNATIVES IN A BROWNIAN
MOTION MODEL*
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Abstract. This work examines the problem of sequential detection of a change in the drift of
a Brownian motion in the case of two-sided alternatives. Traditionally, 2-CUSUM stopping rules
have been used for this problem due to their asymptotically optimal character as the mean time
between false alarms tends to co. In particular, attention has focused on 2-CUSUM harmonic mean
rules due to the simplicity of calculating their first moments. In this paper, expressions for the first
moment of a general 2-CUSUM stopping rule and its rate of change are derived. These expressions
are used to obtain explicit upper and lower bounds for it and its rate of change as one of the threshold
parameters changes. Using these expressions we prove not only the existence but also the uniqueness
of the best classical 2-CUSUM stopping rule with respect to the extended Lorden criterion suggested
in [O. Hadjiliadis and G. V. Moustakides, Theory Probab. Appl., 50 (2006), pp. 75-85]. In particular,
in both the symmetric and the nonsymmetric case we identify the class of the best 2-CUSUM stopping
rule.
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1. Mathematical formulation. We sequentially observe a process {{;} with
the following dynamics:

&, — dwy, t <9,
7 mdt+dw, or  — pgdt + dwy, t=>0,

where 6, the time of change, is assumed to be deterministic but unknown; w; is a
standard Brownian motion process; j;, the possible drifts to which the process can
change, are assumed to be known, but the specific drift to which the process changes
is unknown. Both py and po are assumed to be positive.

The probability triplet consists of (C[0, oc], |J ,5Ft), With 7y = 0{&,, 0 < s < t},
and the families of probability measures {P}}, 6 € [0, 00), whenever the change is y;,
i =1,2, at time 6, and P, the Wiener measure.

Our goal is to detect a change by means of a stopping rule 7 adapted to the filtra-
tion (F;). As a performance measure for this stopping rule we propose an extended
Lorden criterion (see [5])

(1) JL(T):maX{Jl(T)7J2(T)}7

where J; (1) = sup, esssup E)[(1 — 0) " | Fy], i = 1,2. This gives rise to the following
min-max constrained optimization problem:

(2) inf Jr(7) subject to Ex[r] 2T,
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538 O. HADJILIADIS AND H. V. POOR

where the constraint specifies the minimum allowable mean time between false alarms.
As discussed in [7], in seeking solutions to the above problem, we can restrict our
attention to stopping times that achieve the false alarm constraint with equality.

In the case of a one-sided change in this setting, it has been shown that the one-
sided CUSUM stopping rule is optimal (see [8] and [2]). The problem of detecting a
change in the drift of a Brownian motion with two-sided alternatives is considerably
more difficult than that with one-sided alternatives. This paper is a continuation of
the work started in [5] and [4]. In the former it is conjectured, but not proved, that
equalizer rules are best and two strong asymptotic optimality results as the mean time
between false alarms tends to oo are presented both in the symmetric case, where a
classical 2-CUSUM harmonic mean rule is proposed, and in the nonsymmetric case,
where a modified drift 2-CUSUM harmonic mean equalizer rule is proposed. These
asymptotic results enhance the 2-CUSUM asymptotic optimality results of [10]. In [4],
it is seen that within the class of modified drift 2-CUSUM harmonic mean rules, the
best rules occur when the drift parameters of the modified drift 2-CUSUM harmonic
mean stopping rules A\; and Ay are chosen so that As — A1 = 2(u2 — p1) (a relationship
that results in an equalizer rule) for any value of the mean time between false alarms.

In this paper, we begin by a simple argument that demonstrates that the optimal
stopping rule for problem (2) must satisfy Ji(7) = Ja2(7) and thus be an equalizer
rule. This argument is summarized in the following two remarks.

Remark 1. Consider a stopping rule 7y such that Jy (7)) > Ja(7r7) and let 7y be a
new stopping rule that declares an alarm at exactly the same instant as 7y if and only
if at each instant ¢ it receives the observations {—¢s, s < t}. Then Jo(1v) > Ji(1v)
with Ji (1) = J2(7v) and J2(7v) = Ji(7v). Now construct 7 = £ 7+ 7v. It is clear
that for this stopping rule, Ji(7) < Ji(1v) = Jr(7v) and Eo [7] = Exo[1r] = Eco[v],
while J1(7) = Ja(7). That is, we have found another stopping rule 7 that, for the
same mean time between false alarms, has achieved a lesser detection delay.

Remark 2. Tt is important to point out that 7 of Remark 1 is not technically a
stopping rule with respect to F;, since randomization is involved in its construction.
In other words, we flip a fair coin and if it comes up Heads, then we stop according
to the stopping rule 7y, while if it comes up Tuils, we stop according to the stopping
rule 7,. Hence 7 is a stopping rule with respect to the enlarged filtration F, that
consists of everything in F; plus the two possible outcomes of the random experiment
of tossing the fair coin. That is, F; = F; U {{Heads}, {Tails}}.

We then find the best classical 2-CUSUM stopping rule for any given value of the
mean time between false alarms. This is achieved through showing the existence and
uniqueness of a rule in the class of classical 2-CUSUM stopping rules that is adapted to
the original filtration F; and satisfies J; (1) = J2(7). In particular, we point out that
in the symmetric case any harmonic mean classical 2-CUSUM stopping rule satisfies
J1(7) = J2(7) and is thus the best in the classical 2-CUSUM class (and it is unique
for any given mean rate between false alarms T'), while in the nonsymmetric case, it
is seen that there exists a unique (for any given mean rate between false alarms T')
nonharmonic mean classical 2-CUSUM stopping rule that satisfies J;(7) = Ja(7) and
is thus the best in the classical 2-CUSUM stopping rule class. Moreover, the class
of optimal classical 2-CUSUM stopping rules is specified. This is achieved through
the derivation of an expression for the first moment of a general nonharmonic mean
2-CUSUM stopping rule and its rate of change as the threshold parameter of one of its
one-sided CUSUM stopping branches changes. We also derive upper and lower bounds
to the aforementioned moment that enhance the existing bounds of [3]. It is important
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ON THE BEST 2-CUSUM STOPPING RULE 539

to point out here that, although for any harmonic mean 2-CUSUM stopping rule the
Laplace transform of its probability density function has been computed (see [12]),
only a bound on the first moment of a general 2-CUSUM stopping rule is known
(see [3]). We proceed with some definitions.

DEFINITION 1. Let v; > 0 and vy > 0. Define
dP} .
1) uf = (log g5 | Fo) /i = & — 5ty mf = inf <, uls v = w —ms m(n) =
inf{t > 0; y,” = 11}; and

2) vy = 10g(%lﬂ)/uz = =& — gpat; my = infgugs Yy = up —myg;
To(ve) = inf{t > 0; y; = va}.

The classical 2-CUSUM stopping rules are then of the form 7(v1,v2) = 71 (v1) A
’7'2(1/2).

We now classify 2-CUSUM rules according to the class G = {7(v1,12); v1 = v2}
of harmonic mean rules and the classes C; = {r(v;,v;)|vi > v; > 0, i # j} of
nonharmonic mean rules. We also define the following quantities, the use of which
will become apparent later.

DEFINITION 2. Fora >0 and b > 0, we define

1) Ut (a) = inf{t > 0; uf = a}, U~ (b) = inf{t > 0; —u; < —b}, and l(a,b) =
P(U* (a) < U (b));

2) Uy (a) = inf{t > 0; uf + 1 (u1 +p2)t 2 a}, Uy (b) = inf{t > 0; —u; — 5 (1 +
p2)t = —bj;

) up =uy + 5+ p2)ts mp =inficiug sy = —m and 7y (1) =
inf{t > 0; y,_ = va}.

In what follows we will repeatedly use the indices i, 5 € {1,2}.

DEFINITION 3. Let 7 € C;. Define

1) m = min{vy,va} and M = max{vy,v2};

2) Cn(2,y) = fm(2)?/(fm(2) + fn (), Xa(v) = (fz(y) + )77, and foly) =
(e¥* —yz —1)/y*;

3) R, = dEx[7]/dM, R} = dEj[r]/dM.

According to [5] and [9], we also have

(3) Eo [Ti(V’i)] = 2fl/7 (M’i)a i=1,2,
(4) E6 [Ti(l/i)] = 2f1/i(_,u'i)a 1=1,2,
(5) E%[Tj(yj)] :2fllj(l-j’j+2)u’1)) 17&]7 1736{172}

For any 2-CUSUM stopping rule 7 it is true (see [5]) that J,(7) = max{E}[r], E3[r]}.

In section 2, we derive two expressions for the first moment of a general 2-CUSUM
stopping rule and an expression for the rate of change of this first moment with respect
to one of the threshold parameters. In section 3, we establish explicit upper and lower
bounds on the expected value of a general 2-CUSUM stopping rule and on its rate
of change with respect to one of the threshold parameters. In section 4, we prove
the uniqueness of the best 2-CUSUM stopping rule, both in the case of a symmetric
change and in the case of a nonsymmetric change, and specify its class. Finally, in
section 5, we conclude with some closing remarks.

2. The first moment of a general 2-CUSUM rule. We begin with our
main expression for the first moment of a general 2-CUSUM stopping rule.
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540 O. HADJILIADIS AND H. V. POOR

THEOREM 1. Let 7(v1,v2) = 11 (1) AT2(v2) be any 2-CUSUM stopping rule and
denote T(v1,v2) by 7. Then, under any of the measures P, P, and P3, we have

6) 7 €C = E[r] = E[rny(m)] {1_ B (n]f)[]TjL(E)[] — nlLH;OH<M;m7m) }
E[r1(m)]
]

7€C, — E[r] = E[n(m)] {1_ E[ry(m)] + E[r1(m)]

(7) X Tim [1 - H(m, @)H

We notice that for any 7g, (6) and (7) reduce to the well-known harmonic mean
rule. In the following corollary we provide an alternative expression for the expected
value of a general 2-CUSUM stopping rule 7 through which it can be seen to be an
infinitely continuously differentiable function of the thresholds v; and vy as well as
the parameters p; and po.

We point out that the probability II(a,b), involved in the above theorem, is given
in closed form in [1]. However, in our paper we focus on the derivation of easy-to-
handle explicit expressions that lead us to the proof of the existence and uniqueness
of the best 2-CUSUM stopping rule as well as the specification of its class in both the
symmetric and the nonsymmetric case.

COROLLARY 1. Let T(l/l, 1/2) = Tl(Vl)/\TQ(Z/Q) be any 2-CUSUM stopping rule and
denote T(v1,12) by 7. Let i, o1, and x5 be some constants such that xt, € (—pi, pj),

ah € (pis iy + 2m), % € (= (uz+2u;) —H;j) fori# j. Then, for all 7 € Ciy i # j, we
have

_ Cm(ﬂjvﬂi) — A (2t )(Mm):|
Boolr] = 2fm (1) |1 — 2l i) ~ :
© ] = 245) |1 — bt
ir] _ Ay COmy 4200 =) 5, (ah) (0 —m)
O bl = 2y 2 |1 - ST ot
: Con (=15, i + 2185) . (a Mm]
El[r] = 2fm(—p;) |1 - I 1) g=Am(@)(M=m) |
(10) Bl =2y |1 - I

The proof of this corollary will be completed in the following section after the
proof of Theorem 1 and the display of all auxiliary lemmas. We now proceed to
express the rate of change of the first moment of a general 2-CUSUM stopping rule
with respect to M = max{vy,va}.

COROLLARY 2. Let 7(v1,1v2) = T1(v1) A 72(v2) be any 2-CUSUM stopping rule
and denote T(v1,v2) by . Then, for all 7 € C;, i # 7,

(12) R = Con (5 + 2085, — 1) A (a}) e (0 )(M m),
(13) RY = Con (=g, i + 2415) A () 6_’\”(%)(1‘/1_’”),

with xt_, xt, :v; as in Corollary 1.
Proof of Corollary 2. The result follows by considering the ratio

lim e ! (E [7(1 +e,10)] — E[r(11, V2)D

e—0

under each of the measures P, P}, and P2 and using Corollary 1.
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In order to prove Theorem 1 we will need to make use of two preliminary results
that are summarized in the following two lemmas (see [5]).
LEMMA 1. We have

sup(y,” +y, ) = max { supy, supy; }
s<t s<t s<t

Proof. Observe that y;” +y; = —3 (u1 + p2)t — m;” —m; . We notice that the
process y; +y; can increase only when either u;” = m;” or u; = m; , both of which
cannot happen at the same time, since that would imply that yt+ +y; is 0. Therefore,
yi + vy, is a strictly decreasing function of time unless either y;” = 0 or y; = 0, at
which instant max{y;", y; } = sup, (o o {max{y?, y; }}-

As a consequence of Lemma 1, we have that

(14) 1/221/1 — {72<T1}§{y;; :0},
(15) v 2y = {11 <7} C{y, =0}

LEMMA 2. Let 7y and 1o be the one-sided CUSUM stopping branches of ¢ € G
having the same threshold parameter v. We then have
__EBln]
E[r] + E[r]

E[r]

Pl = B + Bl

and P(m <m) =

Proof. For simplicity in this proof we will use 7 to denote 7g. We have 7 = 7 A7s.
Hence, 71 = 7+ (11 — 1), 72 = 7+ (72 — 7)". Conditioning on {7 = 72}, and
subsequently on its complement, and taking expectations, we have

(16) E[n]
(17) E[r]

E[r]|+ E[n — 1o | 72 < 71| P(12 < 1),
E[r]|+ E[rn — 711 | 1 < 72| P(11 < 72).

Since 71 and 72 have the same threshold v, using (14) and (15), we obtain
{rp<n}C{y, =0} and {m <mn}C{y, =0}
Therefore, (16) and (17) become
E[n] =E[f]+E[n|P(r<71) and E[r]=E[r]+E[R]P(r1 < n),

from which, by eliminating E[7], the result follows.
Proof of Theorem 1. Suppose that 11 > vo. Then, using (15) and (17), we have
that E[2(v2)] = E[7] + E[1r2(v2)] P(71(v1) < 72(r2)). Hence,

(18) E[r] = E[Tl(l/l)} P(TQ(I/Q) < 7'1(1/1)).

We now proceed to express P(12(12) < 71(v1)) in terms of II(a,b) as it appears in
Definition 2. Notice that we can rewrite P(7 (v1) < 72(12)) as

(19) P(Tl(lll) < TQ(VQ)) = P(Tl(lll) < 12(12) | T(r2) < TQ(VQ)) P(Tl(VQ) < 7'2(1/2)).
Using Lemma 2, however, with v = v,, we obtain

E[n(12)]
E(11(v2)] + E[r2(v2)]

(20) P(’Tl(llg) < 7'2(1/2)) =
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542 O. HADJILIADIS AND H. V. POOR

TABLE 1
The dynamics of uzr and —u, under the different regimes.

No change (Po) | Change is p1 (P}) | Change is —u2 (P3)

uy wy — 1t we+ Lt wy — 1 (1 + 2p2)t

—uy | we+ % pot we + L (p2 4+ 201)t | we — % pot

To get an expression for P(71(v1) < m2(v2) | 71(v2) < 72(v2)), we first consider the
dynamics of y;” and y, under all relevant measures. Using Definition 1, we can write
y =u —m; and y; = u; —m;; the dynamics of u;” and —u; are summarized in
Table 1.

Therefore, if we were to divide the interval [0, 1 — 1] into n equal length intervals,
then

(21) P(Tl(lll) < TQ(VQ) | Tl(VQ) < TQ(VQ)) = lim P(ﬂ A; )

n— o0
i=1

where A; is the event that {sup,c;, y; < v2} conditioned upon the initial value of

y; at the left endpoint of each interval I; being equal to 0, with {I;} denoting the
random intervals

V1 — U V1 — U
Ii:|:7'1(l/2+(i—1) 171 2),7‘1(V2+i 171 2>:|

Due to the strong Markov property of Brownian motion the events {4;} are indepen-
dent and equiprobable and they have the same probability as the following event:

(22) { The process uzr increases by at least n_l(ul — V) units }

before the process —u; falls by vo (or more) units

Therefore, in view of Definition 2 and (22), identity (21) becomes

(23) P(’Tl(l/l) < 7'2(1/2) | 7'1(1/2) < ’7'2(1/2))
- nh—{réo [P(Al)}n - nli»n;on(yl ; VQ, VQ) .

Using equations (18)—(20) and (23) the result follows.

3. Upper and lower bounds. In this section we establish upper and lower
bounds on the first moment of a general 2-CUSUM stopping rule and on its rate of
change with respect to M = max{vy, v2}.

COROLLARY 3. Let AM(z,y,2) = 2fm(2) [1 — (Con(2,9)/fm(2)) e *M=")] and
let 7(v1,v2) = 11(v1) A 12(12) be any 2-CUSUM stopping rule. Denote 7(vy,v2) by T.
Then, for oll T € C;, i # j, we have

(24) AN (15, 11y Am (115)) S Boo[7] £ AN (15, sy Am(—112)),
(25) AN (pj + 2pi, —pui, Am(uj +2u;)) S Ei[r] < A%(uy + 205, — iy Am(t)),
AYI\r/LI(_Mﬁ Mi+2:uja )‘m/(_:uj))

(26) < E%[T] < A%(—ﬂj; i + 2p5, >\m(_ (M+2ﬂj)))~
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ON THE BEST 2-CUSUM STOPPING RULE 543

Proof. We will prove the result for the case in which 7 € Cy, since the proof is

similar in the case in which 7 € Co. We begin by summarizing the dynamics of the

processes u;” + % (1 + p2) t and —u; — % (11 + p2)t, as they appear in Definition 1,

in Table 2.

TABLE 2
The dynamics of u?’ + % (n1 + p2)t and —uy — % (p1 + p2) t under the different regimes.

No change (Po) | Change is p1 (P}) | Change is —p2 (P2)
uf + 1+ p2)t w + & pot we + & (p2 +2p1)t | we — & pot

—uy — & (u1+p2)t | we— 5t we + &t we — & (1 + 2p2)t

From Definition 2 it is evident that under any of the measures Py, P}, and P32,
the following relationships hold:

(27) P(U"(a) < Uy (b)) <P(U(a) <U (b)) <P(Uy (a) <U(b)).

Using Theorem 1 and inequalities (27), we can obtain the following upper and lower
bounds on E[7]:

E[T] § :_E [TQ (VQ)}

@ [ g e P (0 () <ve) |
Bfr] 2 B[r(vs)
@ [ g ey P (0 () <ve) |
However,
(30) nler;OP<U+ <”1 - ”2> < Uo(y2)>n - P<8S21%2) uf > v — y2>,
n{n;oP(U; (%) < U—(y2)>n
(1) =P( s (v 450t ms) >

where 74 is as it appears in Definition 1 and 7, as it appears in Definition 2. According
to [11] and [6], it follows that

(32) sup ul ~ Exponential(),,(2z)),

557y (v2)
+ 1 . 1
sup | uy + 5 (11 + p2) s | ~ Exponential{ A, [ 2| = + 5 (11 + p2) ,
5572 (v2)
(33)
where x is the drift of the drifting Brownian motion process u;", summarized in
Table 3.

Using (32) and (33) to evaluate (30) and (31), and inequalities (27) to express (28)
and (29), the upper and lower bound inequalities (24), (25), and (26) follow.
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544 O. HADJILIADIS AND H. V. POOR

TABLE 3
The drift of the uzr process under the different regimes.

No change (Poo) | Change is 1 (P}) | Change is —u2 (P3)

x -3 m 3 —5 (11 +2p2)

Using the proof of Corollary 3, it is now easy to prove Corollary 1.

Proof of Corollary 1. Again it suffices to show the result for the case in which
7 € C1. Of course, it also suffices to prove the result for any one of the measures P,
P}, or P2, since the proof is similar for any other measure. To this effect, consider
the function
(34)  F(z) = e Ma@01=v2) _ Jipy {Pm <U+<M> < U(VQ)H .

n— oo n

Using (24), it follows that F'(us) > 0, while F'(—pu1) < 0. Therefore, by the conti-

nuity of F(-), it follows that there exists an xl_ in the interval (—p1, u2) such that
F(zl) = 0. That is,

(35)  lim [Poo <U+ (%) < U—(u2)>r = exp { — A,y (&) (1 — 1)}

n—00

for some xl, € (—pu1, pu2). Substituting the above expression into the expression for

E[7] given in Theorem 1, the result follows.

Remark 3. By looking at Table 1, we notice that

1) uf (Pg) = uf (Poo) = —uy (Pg) + u; (Pog) = puat, and

2) uf (Poo) — uf (P3) = —u; (Pov) +uj (P3) = piat.
Therefore, the effect of changing the measure from Py, to P} is to add the drift 4
to both processes u;” and —u; . The effect of changing the measure from P2 to Po,
is to add the drift pe to both of the above processes. Finally, the effect of changing
the measure from P2 to P} is to add the drift p; + po to the same processes. This
is reflected in the argument of the function A,, (). From (32) and (33), we notice
that this change of measure results in a shift in the argument of the function A, (-)
by 21, 2u2, and 2(us2 + u1), respectively. Comparing this to expression (35) and the
equivalent expressions

(36)  lim [P@(W (%) < U—(y2)>r = exp { =M, (@) (1 — 1)},

i =1,2, we deduce that

(37) i —xl =2u, xl, —a)=2us, and 2l —ad =2(u + pa).

(More generally, z¢ — 2t = 2pu;, z¢ — x; = 2u;, and x! — x; = 2(p; + py) for i # j.)
We conclude this section with upper and lower bounds on the rates of change of
Definition 3.
COROLLARY 4. Let 7(v1,1v2) = 11(v1) A 72(v2) be any 2-CUSUM stopping rule
and denote T(v1,v2) by 7. For all T € C;, let v; =v; +¢. Then, ase — 0

(38) C’/j (/Jja /Ji) )\’/j (:uj) § Rloo |V1=V2 § CVJ‘ (/Jja /Ji) /\Vj (_:ui)a

(39) Cuj (Nj + 24, —Hi) )\’/j (Nj + 2#%’) < Ri |V1=l/2 < C’/j (Nj + 24, _Ni) )\’/j (Ni)7
CV] (_ij i + Q,U'j) )\Vj (_Mj) g R; |V1:V2

(40) g CV] (_ij wi + Q,U'j) >‘Vj ( - (Mi + 2“]))
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Proof. This corollary is an immediate consequence of Corollary 2 and the fact
that the function A\ (y) is strictly decreasing in y.

4. The best 2-CUSUM stopping rule.
LEMMA 3. With R: and R;-, i # j, as in Definition 3, we have that p; < pj =

R, > R’.

Proof. Let i = 1. Using Corollary 2, we have that
(41) R% = CVz (:LLQ + 2p1, _:Ll‘l) >‘V2 (1‘%) exp{_)‘lfz (1‘1)(1/1 - VQ)}a
(42) Ry = Cuy (12, 1) My (23) exp { = Auy (23) (1 — 12) .

Since z1 > 23, it follows that exp{—M\,, (z1)(v1 — v2)} > exp{—A,,(z3) x (11 — 1)}
Hence to establish the desired inequality it suffices to show that

A, (21) Cu, (p2, 111)

>‘V2 ({E%) CV2 (M2 +2p1, _Ml) .

Using the fact that the function h(z) = [z/(e® — 1)][(z — a)/(e®*~® — 1)]! for any
a >0 (and in particular for a = 2(p1 + ) = 1 — xb; see (37)) is strictly decreasing
for all z, we obtain A, (z1)/A\u, (@3) > Ao, (2 + 201) /A, (—p2). Therefore, to prove
inequality (43) it suffices to show that

(43)

(44) Cuy (k2 + 201, —p11) Avy (B2 +2p1) > Cuy (—p2, 1+ 2p2) Au,y (—p12).-
But by the convexity of the function f,(y) in y, it follows that for p1 < ua,

(45) sz (Ml + 2,“’2) + fV2 (_:LLQ) > fllz (M2 + 2;“'1) + fllz (_:Ll‘l)a
so that

[fl/z (p1 +2p2) + fVQ(_lu’Qﬂ - < [fl/2 (p2 +2p1) + fVQ(_lu’l)} _1-

Substituting for C,,(-,-) and for A,,(-) and multiplying through by ve, it becomes
obvious that to show (44), it suffices to show that the function [1 — 1/g(x)]%g(x)/2?,
with g(z) = (e® — 1)/x, is strictly increasing for all x, which is true. Lemma 3 is
proved.

LEMMA 4. Let 7g be a 2-CUSUM harmonic mean rule with threshold parame-
ter v. Then for i # j,

(46) pi < pj <= Ejlrg] > Ef[rg],
(47) p2 = 1 <= Ej[rg] = Eqlrg).

Proof. Let us begin with the case that ¢ = 1. In view of expressions (4) and (5)
and the fact that, since 7g is a 2-CUSUM harmonic mean rule, its expected value is the

harmonic mean of the expected values of its respective one-sided CUSUM branches
and 72, (47) is trivial. Inequality (46) follows by the harmonic mean rule which implies

1 1 1

(48) ]~ 2.0~ | 25’

1 1 1
= +
Eflrg]  2fu(mn +2p2)  2fu(—p2)
by the convexity of the function 1/f,(y) in y and by the facts that 2us + pu; >

p2 +2p1 > —p1 > —p, while (2p2 + p1) = (p2 + 2p1) = (—pa) — (—p2) = p2 — p;
similarly for ¢ = 2. Lemma 4 is proved.

(49)
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As a consequence of Remark 1, the best 2-CUSUM stopping rule 7* will be a
member of the class of equalizer 2-CUSUM stopping rules £ = {7 € 2-CUSUM class;
E}[r] = E&[r]}. We proceed in this section with the main theorem that establishes
not only that the class £ is nonempty, but that in fact it has one element.

THEOREM 2. The best 2-CUSUM stopping rule 7 exists and is unique, and we
have

(50) pi < pj=T1"€Cj,  iF],
(51) p = pe = 7 €G.

Proof. Let us begin with i = 1. Using Lemma 4, we see that E}[rg] > E3[r¢].
Lemma 4 is proved. But if we start increasing v above vq, of course, as can readily
be seen from the expression for E[r] appearing in Theorem 1, both the left-hand
side and the right-hand side of the above inequality will increase continuously (see
Corollary 1), but the left-hand side will increase at the rate R?, while the right-hand
side will increase at the rate R2. According to Lemma 3, R? < R%. Therefore, there
exists a unique vo > vy such that E}[r] = E2[7].

For the second case i = 2, again using Lemma 4, we see that E}[rg] < E2[rg].
But if we start increasing v above vo, both the left-hand side and the right-hand side
of the above inequality will increase continuously (see Corollary 1), but the left-hand
side will increase at the rate R}, while the right-hand side will increase at rate R3.
According to Lemma 3, R} > R.. Therefore, there exists a unique v; > v, such that
Ei[r] = E3[r].

In the third and final case we see that any 7 € G is also a member of &, that is,
El[rg] = E3[rg]. If we start increasing 1 above vy, since R} > Ri, although both
the left-hand side and the right-hand side of this equality will increase, the right-hand
side will increase faster than the left-hand side, resulting in E}[r] > EZ[r]. Similarly,
if we start increasing vo above vy, since R? < R32, although both the left-hand side
and the right-hand side of this equality will increase, the right-hand side will increase
faster than the left-hand side, resulting in E}[r] < E3[r]. Therefore, 11 = vy is the
unique case for which equality will hold. This completes the proof of Theorem 2.

5. Discussion and concluding remarks. In this paper, we have proved ex-
istence and uniqueness of the best 2-CUSUM stopping rule for any given level of the
mean time between false alarms. In particular, we have shown that the best 2-CUSUM
stopping rule lies in the class C; in the case in which p; > po and in the class Cs in the
opposite case, while it is a harmonic mean rule in the case in which u; = pe. We have
been able to prove this result by deriving and using useful expressions for the first
moment of a general 2-CUSUM stopping rule and its rate of change as the largest of
the two thresholds changes. In fact the final proof is based on the comparison of this
rate of change under the different regimes P} and P32. It is these same expressions
that also have helped us derive upper and lower bounds on the first moment and its
rate of change of a general 2-CUSUM stopping rule.

A very interesting problem is to find the best 2-CUSUM stopping rule for the case
in which the magnitude of the drift x4 of the Brownian motion after the change point
is unknown but satisfies either 1 2 p1 or g < puo. Another interesting problem is to
compare the performance of the best classical 2-CUSUM stopping rule 7 that lies in the
class £ to the performance of the modified 2-CUSUM harmonic mean drift equalizer
rules in the case of a nonsymmetric change in the drift of Brownian motion (see [4]).
The difficulty in successfully carrying out this comparison lies in the fact that the
closed form expression for the first moment of a general 2-CUSUM nonharmonic mean
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rule appearing in Theorem 1 involves the computation of a limit of the probability
that Brownian motion hits two linear nonintersecting boundaries of different slopes
(see [1]). This expression is quite involved and as such, this comparison could only
be carried out numerically. The ultimate problem is to find the optimal solution
to (2) in both the symmetric and the nonsymmetric cases. Of course, the classical
2-CUSUM stopping rules, although not optimal, have been shown to have very strong
asymptotic optimality properties as the mean time between false alarms tends to oo,
not only under the proposed extended Lorden performance measure (see [5]) but also
under the performance measure sup, E[7 — 8|7 > 6] (see [10]). Therefore, specifying
the best in this class is a useful contribution to a field with 50-year-old open problems
such as the one described above.
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