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1. Introduction

It is well known that the maximum likelihood estimates of the parameters of a rec-
tangular distribution are extremely efficient. In fact, these estimates differ from the
parameter by an amount which is of the order of magnitude of 1/~ where # is the sample
size. In this paper a similar result is obtained for the maximum likelihood estimate of
o where a is one of a set of parameters determining the family of distributions and a is
the location of a point of discontinuity of the density of the random variable observed.
The estimate 4 is approximately one of the observations in the neighborhood of a.

The limiting distribution of #(4 — a) is related to a random walk problem. One part

R
of this random walk problem involves the distribution of Z 2; where R is the value of r

=1

which minimizes z (2; — w) , the 2; are independent and have the exponential distri-
=1

bution with mean 1 and 0 < w < 1. The limiting distribution depends only on 8 and ¥

where these are the one-sided limits of the density at a.

This type of problem arises naturally whenever one considers a population which has
two subpopulations and one of these is truncated. For example, a teacher may have stu-
dents who can afford to pay tuition or those who cannot pay but have obtained a scholar-
ship on the basis of a mark in a competitive examination. If he does not know the passing
mark or which students have scholarships, the problem of estimating the passing mark
is of the above type.

Consider the family of distributions given by the density

) f(%,a,8,7) =8, 0<z=a,
f (% a,8,7) =7, a<1=1

where

&) Baty(l—a) =1,

cand 0<a <1,
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20 THIRD BERKELEY SYMPOSIUM: CHERNOFF AND RUBIN

The likelihood based on # independent observations is
(3) [BFa@yl=Fn@ ]

where F,(x) is the sample cumulative distribution function. Maximizing with respect to
B and v, we find that the maximum likelihood estimate d of a maximizes

F, (a) —F, (a)

(4) F,(a)log—=-—--+4[1—F,(a )]log._.l_?__

It is easy to see that the above expression attains its maximum at a = 0, a = 1 or
at one of the » observations. In this section we shall proceed heuristically, replacing the
above expression by a first-order expansion in a and F,(a) about ag and F,(ae) = Boao
where ag, Bo and v, are the true values of the parameters. We obtain

F (ao) F (0-0)

— Qo

+ (a = a) (o= o) + [Fa(a) —Fa(ao)] log %

(5) F,(ap) log———=+[1—F, (ao)]log

Now let us assume that By > 7o > 0. One might then expect that the maximum likeli-
hood estimate would maximize

(6) M (a) =F,(a) — Fy(as) — co(a— ao)
where
(7) Co= Bo—

log Bo— log Yo
and it is easy to see that!
(8) Bo> ca>70.

This expression decreases between observations but has a positive jump at each ob-
servation. Let us order the observations and label them

(9) ) x(_";, x(_n)l’ x{")i x2(n>""
so that?
(10) g0 <x0) <gM =g <zxM <M <---
Then

M (2() =2 — ¢, (2 = 2(") , r>0,
(11

r+1
M(xm) = — % (2™ — zM), r <0,

We shall study the behavior of & by studying that of 2§’ — x{® where R is the value of
r which maximizes M (x{™). It is convenient to introduce

(12) Y0 = n (0 — 20))

1Tt is of interest to note that an estimate proposed by Karlin has a similar behavior except that ¢, is re-
placed by one. In fact Karlin’s estimate is the simple one of finding that « which maximizes | Fn(a) — a|.
2 We may use strict inequalities since the observation will differ with probability 1. Furthermore, no

observation will correspond to x¢ = aq.
*



ESTIMATION OF A DISCONTINUITY 21

since the y{™ have asymptotically independent exponential distributions. In fact, if we
define E(w) as the exponential distribution with density e~#/“/w for y > 0

L™ —L(y,)=E (%) for r >0
(13)

L™ —L(y) =E (%) for r<0.

Then, asymptotically, the distribution of #(d — ao) behaves like that of Az where R
minimizes B, and

(14) d,=n+y.+-+y, for r >0
Ar= = [Yrr1F Y2+ + 30l for r <0.
1 1 1
Bf=(yl—?0)+(y2_‘c';)+'"+(yr——c;> for r >0
(15)

B,=— [yo+(y—1——:—o>+(y-z—-:—(;)+'"+(’y(r+1)—%o)] for r <O,

Detailed proofs will be presented for the above assertions which reduce the asymptotic
distribution of #(4 — a¢) to the solution of the above random walk problem. The ran-
dom walk problem will also be studied.

Now suppose that our problems were modified so that the densities in the neighbor-
hood of ao were allowed to vary but had a right-hand limit v, > 0 and a left-hand limit
Bo > vo > 0. If there were available a consistent estimate of ag, one should be able to
obtain an interval whose length approaches zero but which contains a¢ and many ob-
servations with large probability. The density in this interval is very similar to that in
the original problem. We may transform our small interval to (0, 1), forget all observa-
tions not in this interval and apply the estimate & which is maximum likelihood for the
original problem. It is reasonable to expect this “quasi-maximum likelihood estimate”
to have the asymptotic distribution discussed above.

One may now ask whether the “true” maximum likelihood estimate would have a
better distribution. We shall show that under certain regularity conditions, this is not so.
In fact, the two estimates differ by a quantity which is small compared to 1/x.

In the general problem the case where v = 0 introduces technical difficulties and has
not been treated.

2. Consistency for the special problem

We shall later treat the generalized version of the problem introduced above under
certain regularity conditions. One of these conditions will be the consistency of the
maximum likelihood estimate. In this section we shall prove that the maximum likeli-
hood estimate is consistent for the special problem of the introduction. In doing so we
shall make use of the O, and o, notation of Mann and Wald [1] and a paraphrase due to
Pratt of a section of one of their theorems [2]. Roughly speaking, this theorem states
that the calculus of O, and o, is the same as that of O and o. In later sections we shall
make use of a slight extension of another of their theorems which states that £[g(y.)] —
Llg] if L(¥™) — L(y) and the set of discontinuities of g is of probability measure
zero with respect to the limiting distribution _A2(y).
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Since & maximizes (2) we may treat d as a function of the sample c.d.f. F,.
(16) a=9%(F,).

Let F, denote the “true” c.d.f. That is,
Fo(x) =ﬂox for0§x§ao

(17)
Fo(x) =1—v(1—x) forag<x=<1.

The function

(18) Ho (%) =Fy (%) log F“(x)

— Fo (%)
1—x

+(1- Fo(x)]log 0<z=<1,

1
reaches a positive peak at ¥ = ao. Both right-hand and left-hand derivatives exist at
Z = ag, but they are not in general equal to zero. It can be shown that for a sequence
of nonrandom c.d.f.’s G,(x) such that

(19) sup | &) [ —o(1),
0<2<1 x
(20) sup ————E——(ﬁ)—l =0(1),
0<z<1
and
21 sup [G.(2) —Fo(2) | =0(1),
0<2<1

it follows that
®(Ga) =ao+o0(1).

Furthermore, we shall show that for the sample c.d.f.’s (which are random)

F,(x)| _
(22) Sup Tl =0,(1),
(23) |1___Ii_(_’i)_l =0,(1),
0<z<l
and
(24) sup |Fa(x) —Fo(x) | = 0,(1).
0<z<1

Hence, it follows by the above-mentioned result of Mann and Wald that
(25) a=®& (F,) =at0,(1),

that is, & is a consistent estimate.

The left-hand side of (24) is the Kolmogorov-Smirnov statistic. It is well known that
this statistic is 0,(1/Vn) see [3]. To prove (22) and (23), it suffices to establish (22) for
the uniform distribution. In fact we shall find it slightly more convenient to show that
oiugl | Fa(x)/x — 1| = O,(1) for the uniform distribution. Select an ¢ > 0. Since the

z

reciprocal of the smallest observation is O,(n), there is an @ such that

26) PiF.(2)=0}->p B® 1ot frrsi>1-f
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By Chebyshev’s inequality

e

(27) F,(2%a/n) 2 _e

1 1
P%?‘é%’ 2%a/n _II>M}§W‘E_“F=M%<7
for M large enough. But if

(28) F";x) ~1] <M and F";Zxx) -1| <u,
then for x < y < 2,
(29) 1-?%)——1] <2M+1.
Hence, £ (3)
a X
50 Plam P51 > @renf<e

which is the desired result.

3. The general problem

In section 1, we discussed the special problem and heuristically indicated that we ex-
pected our maximum likelihood estimate to be close to the value of a which maximizes
M(a). In this section we shall obtain a similar result for the general problem.

Several regularity conditions will be used. A brief discussion of them is presented in
the appendix.

Let a family of distributions be specified by the parameters 6 and a where 6 may be
multidimensional and the density f(x, 6, a) satisfies

31 lim f (%, 8, a) =B (4, a)
z—da—
(32) lim f(x, 9, a) =v(0,a).

We shall assume that the regularity conditions of the appendix hold. We also assume
that if (6o, ao) is the “true value” of the parameter, then the maximum likelihood esti-
mate (4, &) based on 7 independent observations converges in probability to (s, ao).
Let X = (X3, Xs, - -, X,) represent n# independent observations with density given by
f(x, 60, a). The logarithm of the likelihood function is given by

(33) L(X, 0,) =23 log (X, 0, a0) +2 > llog / (X, 6, o)

=1 =t —log (X, 6, an) ].
Let
(34) S = S1+32
where
(35) Si=2 > llog f (X 6, ) —log / (Xs, 6, a0)]
X;€ B(a, ay)
(36) Si=2 > llog £ (Xir 6, @) —log / (Xs, 0, ao)]

Xi¢ B(a, a)
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and B(a, ao) is the set of points between a and a,. We now apply condition R, to Sy (see
appendix)
(37) S1= [log B (8, ag) —log v (6, a¢) + 0 (1)][Fa(a) —Fa(ao)].

[Hereafter and in equation (37), the o0 and O will be understood to hold uniformly in 4 in
some interval about 8. In almost all cases 0 and O refer to a — ao while 0, and O,, refer
to — . We shall point out any nontrivial situations where this is not the case.] Con-
dition R; gives us

3 log £ (X:, 0, ao)

38) =1 > (a—ap B

Xi¢ B(a, a)

=.:;Z (a—ao)al(’gf(ax;i’ 6, ao) +o(la—ag])0,(1)
+0(la—a|) [Fa(a) — Fa(ag)].

+0,(1) 0 (1)O(|a—aol)

=1

Let
(39) 5(0) =E {

alog f(X) o; aO) ;
da

where the above expectation is relative to the “true” distribution. Applying Rs
(40) S;=43(0)(a—ag) + (a—ar) 0, (1) +0(|a—as|)0,(1)
+0(la—ao|)[Fa(a) —Fy(ao)l
(41) S5(6, a) =81+ S:= [log B (0, ag) —log v (6, ag) + 0 (1)1 M (6, a)
+ (a—ag)[0, (1) +o(1)]+0([a—ao])0,(1)

where

(42) M (6, a) = [Fa(a) —Fy(ao0)] — ¢(8) (a — ao),
and

(43) c(0) = —8(0)

log B (0, ag) —log v (6, ao) ~

We remark that
B (0o, ag) — v (6, ao)

(44) ¢ (80) =10 B (8o, a0) —Tog 7 (G0, 4"
and
(45) B (8o, ao) > c(0y) > (8o, ap) >0.

Since & is consistent, there is a sequence {a,} of positive real numbers which con-
verges to zero such that &4 — ao = 0,(a,). Let a be that value of a in the closed interval
[ao — @n, a0 + a,] which maximizes M (6, a). This function is the analogue of M(a) in
the introduction and is maximized at an observation or at an end point of the interval.
This section will be concluded when we prove that & = & + 0,(1/7) so that our study
of 4 is essentially reduced to that of a.

Lemma 1.

(46)  i— =0, (%)

Proor. Since M (6o, ao) = 0, we need only show that M (8, a) is negative for #(a — ao)
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large enough. More specifically, we shall show that for each ¢ > 0 there isa K and 4 >0
such that

M(GOy a) _ _
(47) {K/Mgm%—a——_ <> 1-e
For a > ayo,
(48) F(a) —F (a0) = [ (00, a0) +0(1)](a—ao).

If we can show that with large probability [F,.(a) — Fn(ao)]/[F(a) — F(ao)] is arbitrarily
close to one for #(a — ao) large enough, we would then have M (8, a)/|a — ao| is ar-
bitrarily close to (6, as) — c(8) + o(1). Since y(6o, ao) — ¢(6o) < O, there would be
an 5 > 0 such that
( 49) M ( 007 a)

la—aol <-m,

for n(a — a) large enough but also less than #a,. A similar argument applies for a < ag
since B(6o, ao) — c(fo) > 0. Hence it suffices to prove

LeMMA 2. For the uniform distribution, for each € > 0 and v, > 0, there is a K such
that

(50) P ;

sup. —1l<m§>1—e.

ProOF. The proof of this lemma is similar to that of (22). For b > 1,

B 1| uf s e Eoe

1 P s | S N LS VDK

0SiSo

If
(52)

—1l<112 and

el 1|<2

thenforx £ y < bx
1 1
(59 —gm+(3-1)<

We may select nzand b > 1 such that bne+ (0 — 1) < myand — 72/04+ (1/— 1) >
—n1. Then select K such that n2K(1 — 1/b) > 1/¢ and the lemma follows.

If (4, &) is the maximum likelihood estimate of (8, a) we have upon substituting in
(41) and using M (4, &) = O,(1/n)

(54) 0=5S5(4,4) —S(4, a)
= [log B (8, ao) —log ¥ (8, ao) + 0, (1)][M (8, &) —M (6, &)]
+(6=8) 0 (1) +0, ().

F, (%)

_1<F,.;y)_1<F»(;’x)—1<bnz+ (-1,

If we can show that for a # &, M(6, a) — M (6, &) must be negative and not of smaller
order of magnitude than |a — &|, it would follow that & — & = 0,(1/#). To do this we
first treat M(OO, a) - M(oo, &).

LeMuma 3.

_ la—al
(55) Vo= sup T =3 s

la—ag| Say,

t=0,1).
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We divide the interval |a — ao| < @, into |a — ao| < K/n and K/n < |a — ao|
< a, where K is selected so that (47) holds. Then, since M (6o, &) > 0, the supremum
over the second set is less than 1/9 with probability greater than 1 — ¢. We now treat
the supremum over |a — ao] < K/n while & coincides with one of the observations in
this interval. There is an R such that with probability greater than 1 — ¢, (% < ap —
K/nand ap 4+ K/n < . Then the supremum over |a — ao| < K/n is dominated by

W _ W
56 Z,= Xis — %j, I
(56) —ass}l,’?j,sn M6, x) —M (8, x)

Js
D

i=7,+1

s
(=3B +c(8) D

i=7,+1

1
-nS;lgj,Sn

where y{" = n(z{" — x{®),j*=jifj > 0and j* = j+ 1 if j < 0. It suffices to prove
that Z, = O,(1). Now Z, can be expressed as a function ¥ of y{¥, —R < i < R, where
¥ is continuous except on a set of measure zero. The 3™ have a joint continuous limit-
ing distribution. This distribution is that of the independent exponentially distributed
variables y;, —R < ¢ £ R. With respect to the limiting distribution the set of discon-
tinuities have probability zero and Z = ¥(y;,, —R < 7 £ R) is a random variable. A
slight extension of a theorem due to Mann and Wald tells us that _2(Z,) — £(Z) and
hence Z, = 0,(1).

We shall now extend lemma 3 to obtain the same property uniformly in ¢ for some in-
terval about 6.

LEMMA 4. There is a 6 > 0 such that

7 Y= sup @ i)a:;fl(o, 51 =0 ®
s
and
(58) P{M(8,d) —M (0, a) >O0forasa,|a—aol <am| (6—0) | Ss}—1
asn—» o,
Proor.

(59) M (6,a) —M(0,a) =[M (80,8 —M(8p,a)]+1[c(8) —c(6)](@a—a).
For ¢ > 0, there is a § > 0 such that

(60). P{2V,|c(6) —c(0) |=1}>1—¢ for |Gp— 0| =46,

But then

(61) Y¥sav,

and I |
- a—a

(62) M (0,8 —M (6, 0) > g

and lemma 4 follows.
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The remark following equation (54) now furnishes a proof of the desired result.
LeEMmMA 3.

(63) é—&=o,(%).

It might be remarked that lemma 4 practically implies that with large probability &
simultaneously maximizes M (0, a) for all 6 in some interval about . [In fact a com-
plete proof would require a slight extension of the proof of lemma 1 to show that there is
a K independent of 9 such that (47) holds with 6, replaced by 6.]

4. Reduction to the random walk problem

In this section we shall prove that the asymptotic distribution of #(é — ao) is related
to a random walk problem. Because of lemma 5 it will suffice to treat the distribution

ofn(&.-— ao).
Let
(64) Ar(y) =y1+y2+”'+yr for f>0,
A, () = — [Yr1F Y2t + 30l for r<O0,

B =(n-)++(n-3)=4m L for  r>0

65
©3 r+1

Co

B, (y) = — [yo+(y—1——g;>+-~+(yr+1—cio)] =4,0) -

for r < 0, where
_ _ B (8o, ag) — 7 (8o, ao)
(66) 0= ¢ (00 = 1oe (o a0) —log 7 (Bo, 40

Let R(y, b) be that value of 7 which minimizes B,(y) subject to |7| < b,

(67) S (y; b) =Ba(v, b) (y)
and
(68) T(y, b =Art,» (.

1t should be remarked that R(y, b) and T'(y, b) may fail to be uniquely defined. This may
be remedied by a suitable convention but we shall see that it is of little importance to
do so.

Suppose that the componentsof y = (- - *,¥_1, ¥, y1,* * ) are independently distributed
random variables where

1 .
.ﬂ(yl) =E[-mo,—a'5] fori>0
(69) .
L () =E[B—(m‘] fori<0

and E(y) is the exponential distribution with mean p and density exp (—x/u)/p for
x> 0.

In section 7 we shall discuss the distribution of R(y, <), S(y, ) and T'(y, «). For
the time being we shall merely use the fact that these are well defined random variables,
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that is, they are measurable functions and except on a set of probability measure zero
they are uniquely defined and finite. The object of this section is to prove that

(70) Lin(a—a)] =LIT(y,»)].

Let y{ = n(x{™ —x{",) wherever this definition makes sense, that is, for —#Fn(ao)<
i £ n[1 — Fa(ao)]. Let ¥ = 1/c, otherwise. We first prove
LEMMA 6. Given any € > 0, there is a K’ such that

(71) P{n(a—ap) =T (y™, b } >1—2¢ for b>K'.

PRrOOF. A comparison of M (6, a) with B.(y™) clearly establishes the desired result
once it is shown that there is a K’ such that

(12) P{F,,(ao+%)—m(ao—§)§%'§ >1—e

where K is the constant in the proof of lemma 1. [There we proved that n(a — ao) < K
with large probability.] The above inequality follows immediately upon applying
Chebyshev’s inequality.
LeMMA 7. Asn—
(73) LRGH®™,5),SH™,8),Ty™, )]1>LRG, 5,5, 0,TH,d].
Proor. It is easily shown that
(74 LM, S0 —L (Y, liSD), b< .

R(y, b), S(y, b) and T(y, b) are continuous functions of y;, |{| < b, except possibly at
those y where R(y, b) is not uniquely defined. This set clearly has probability zero with
respect to the limiting distribution. The lemma follows.

Lemwma 8.

(75) Lin(a—a)] —=LIT(y, =) ].
ProoF. In view of lemmas 6 and 7 it suffices to prove that
(76) LITG,)I-LT(, )] asbow.

Since R(y, =), S(y, «) and T(y, «) are random variables, there is for each ¢ > 0a K"’
such that

n P{|R(y,®) | £EK"}>1—¢.
But then for b = K’
(78) P{T(y,b) =T (y,») } >1—¢

which implies the desired result. [In fact, T(y, ) — T(y, =) with probability one as
b— =]

Applying lemmas 5 and 8 we have

THEOREM 1. If the maximum likelihood estimates (8, &) converge to (8o, ao) when these
are the true values of the parameters and conditions Ry, R; and R; are satisfied and B(6o, ao) >
v(6o, ag) > 0, then

(79) Line—a)] >LIT(y,»)].
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Remarks. .

1. Essentially we have also proved that & is close to «{™ with probability almost
equal to P{R(y, =) = r}.

2. The case where v(6o, ao) > B(0o, ao) > 0 is trivially related to the one we treated.

3. Except for a scale factor, the distribution of 7T'(y, ) depends only on
B(8o, o)/ (80, ao)-

4. Tt is clear that the special problem discussed in section 2 satisfies the regularity
condition with # = B. Since consistency was established in section 3, it follows that theo-
rem 1 applies to this example.

5. Because of technical difficulties, it was decided not to treat the case where
v(80, @o) = 0. One would expect that in this case 4 tends to be very close to the largest
observation to the left of a,.

6. A variation of this problem arises when several related points are discontinuity
points of the density. For example, we may be interested in the parameters of a rec-
tangular distribution of known range. In general suppose that ¥i(a), ¥2(a), ", ¥m(a)
are the location of # discontinuities. Then a reasonable modification of condition R3
would require that

CONNY AL TR S A OP ST A )
—® i=1

where B; and v represent the left-hand and right-hand limits at the sth discontinuity
point. Then M (6, a;) would be naturally replaced by

(81) 3" llog B: (0, a0) —1log v: (6, an) | {F s (a0) + (a — a0 ¥4 (a0
—F,[¢:(a0) 1 } —¢¥i(ao) [B: (8, ap) — i (8, ao) I (a— ao) .

The value of a which is close to ag and maximizes this expression has an asymptotic dis-
tribution which is determined by the natural extension of the random walk problem we
treated in this section.

5. Quasi-maximum likelihood estimates

In this section we shall define the quasi-maximum likelihood estimate and examine its
properties. This estimate tends to be insensitive to irregularities in the distribution
function and its properties can be shown to be the expected ones without the applica-
tion of involved regularity conditions.

Suppose that a* is a consistent estimate of a. Then there is a sequence {a,} —0
such that na,— ® and a* — ao = 0,(a2). Map the interval [a* — a,, a* - a,] into
[0, 1] by a linear transformation. If m observations fall in [a* — a,, a* + a,], they give
rise to a sample c.d.f. F}; on [0, 1] under the above transformation. It would seem natu-
ral to define the quasi-maximum likelihood estimate with respect to «* and {a.} by

(82) a* +a,[2 9 (Fy) —1]

where & is defined in equation (16). [®(F,) is the true maximum likelihood estimate of a
for the special problem of section 2.] However, this estimate has the following short-
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coming. Suppose a* is selected so that there is some observation within a* — @, and
a* — a, + n. Then ®(F},) is likely to be close to 0 instead of 1/2. To avoid this pos-
sibility we define *(Fy,) to be that value of r in |+ — 1/2| < @, which maximizes

Fr ('r)

83) S (7) =F% (7 log ——— —Fn :1’)

=4 [1- F*(r)]lg =

Let our quasi-maximum likelihood estimate be
(84) o**=0a*+a,[28% (Fr) —1].

THEOREM 2. If a* converges in probability to aq and
lim f (%, 80, a0) = B (8o, a0

(85) TR

lﬂn J (%, 60, a0) = (8o, aq)
where
(86) B (80 @0) > (6o, a0) >0,
then
(87) Lin(a**—a) ] LT (5, =) ].

PrOOF. Let 7, be that value in (0, 1] which corresponds to ay, thatis, ap — a* + @, =
2a,70. Then 79 — 1/2 = 0,(a,). Expanding S(r) about r = 7o and Fi(r) = Fa(ro) we
have for |7 — 1/2| < a,

(88) S (r) =S (7o) + [log &o—log mo+ 0, (1) 1[{Fm (1) —Fn (70 ]
— [&o— no+ 0p 1) 1(r—79)

where

(89 =3 (00,2:) (jf,'va(())ﬂo, @)

©0 "= T 2 B (e w0

(91) Fi (1) =Fa(n0) =~ {Falao+ 20, (r= 19 ] =Fa (o) }.
Let

(92) a=ap+ 28, (r— 7).

Then

93) 2= 0u[B (8, a0 +7 (8, a0 11140, (D 1,

and

log &0 — log 7mo
98 S() =5 (m) + 5 {g Bt It (140, (1) ] U* ()
+ (a—a) (D},
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where
95 M* (1) = [Fa(a) —Fa(a) ] — co(a— a9
(96) ¢o B (89, ag) — 7 (8¢, ag)

=log B (8o, ag) —log v (6o, ag)

Now a** corresponds to that value of a which maximizes S(r) subject to |7 — 1/2| <
a.. Let @ be that value of a which maximizes M*(7) subject to |7 — 1/2| < a,. The
proofs of lemmas 1, 3, 5 and 8 (lemma 4 can be bypassed in this case) apply giving the
desired result.

6. The random walk problem

In this section we shall discuss the distribution corresponding to the random walk
problem. In doing so, we shall consider two associated problems. These problems may be
attacked from a general point of view which does not essentially involve the fact that
the distributions are exponential. However, the process of getting reasonable expressions
for the solution involves a certain amount of ingenuity and makes heavy use of the ex-
ponential distribution. In particular, we may, at one point, apply the fundamental iden-
tity of sequential analysis because of the special properties of the exponential distribu-
tion.

The results in this section are closely related to some as yet unpublished work by J. V.
Breakwell and Lionel Weiss who independently of us and each other treated the O.C.
curve for the sequential probability ratio test with exponential variables.

Let Xy, Xs, -, Xy - <+, 21, Zs, * * *y Zy, * - - be independently and exponentially distrib-
uted with mean 1, that is, 2(X;) = £(Z:) = E(1). Let R, be that value of # for which

r

2 (X:— w)) attains its minimum where 0 < w; < 1. We shall later show that R, is

fu=]

R,
uniquely defined with probability one. Let .S, = Z (X;— w1). Now let R; be that value

t=1

r R,
of rforwhich > (Z;—ws) attainsits maximum where w, > 1.Let Sp= 3 (Z; — wa).
i=1 =1
LeMMma 9. The vectors (Ri, S1) and (R, Ss) are random variables and the conditional
distributions of S given Ry and S given R, are continuous.
By

PrOOF. Let Ry minimize D (X; — w) for1 < 7 < M andlet Suc = Y, (X — w1).

=1 =1

Since the joint distribution of i E X;—w),157r=M 2 is continuous and non-
=]
degenerate, Ry is uniquely determined with probability one, (Ria, Sia) is a random
variable and the conditional distribution of Sia given Ry is continuous.
Given any ¢ > 0, there is, by the law of large numbers, an M such that

P;i (X;=—w) >0for allr>M§ >1—¢. Hence

]

()] 1 —e<P{R, =Ry and R, is unique} = P{R, is unique}.
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Since e is arbitrary, P{R; is unique} = 1. Furthermore, for M = r;, P{S: < s1|R, = n}
= P{Sixr £ 51|Rux = n}. The proof for (R,, Sy) is similar.

Examining equation (65), it becomes evident that we are interested in (R, S, T)
where w; = ’)’o/Co, we = ﬂo/Co

1 R . Sio—S 1

8 R=R = , = Pt _.é —_——
©8) 1 S Yo S T=5+ Co if Yo Bo Co
— S R+1 . Si_—95 1

99 =—R,, S= -——,T=S f —> -
( ) ? Bo + Co ! Yoo Bo o

Suppose that the densities of (Ry, S1), (R, S2) and (R, S) are given by f,(s), g.(s) and
k.(s), respectively. Suppose also that the cumulative distribution functions of S; and S
are F(s) and G(s). We express %.(s) in terms of the other quantities.

Lemma 10. Forr > 0

(100) &, (s) =v0fr (v05) G(— Bos — w2)
and
(101) A, (s) =Bog—r[— (Bos—w2) 1[1—F (y09) ] for r<O0.
The density of (R, T) is given by
RO =k (1-1), r>0,

(102)
k,(t)=h,(t—_—— , r <o,

and the density of T is

k) =S, (--2), >0,

r=1

k(t)—zh(t—'+1 1<0.

r=—00

(103)

To obtain expressions for f,(s) and g.(s) we shall establish recursion relations, Suppose
X, and Z, are also exponentially distributed with mean one. Let

(104) R¥=1 and Sf = (Xo—wy) if S =0
=Ri+1 and Sf = (Xo—w) +8 i <O
(105) Rf=1 and S5 = (Xo— we) if  S.Z0

R =R,+1 and S7 = (Xo—w) +S: if S5;>0.

It is clear that (RY, ST) and (R}, S3) have the same distributions as (Ry, S1) and (Rg, Ss).
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Hence we have
LEmMa 11.

f1(s¥*) =me for s*¥> —w
(1 06) min (0, #*+w,)
fra(s® = [ et g () ds  for  s*> = (r+ 1)
-

(107) m=P{R,=1} =P{S5, 20}
(108) g1(s¥%) =me*w for s*> —w,
¥ Hw,
(109) g1 (s®) =f et g (s)ds  for  s*> —w
0
(110) 7 =P{R;=1} =P{S,=0}.
We shall transform the above recursion relationships to a slightly more suitable form.

Let
_fralo(w—r—1)] e

(111) 7. (4) = o, ;
then

no(u) =1 for #>0
(112)

min (r+1, u¥)
M4 (u*) =£ 7, (w) du  for u*>0,

Since n.(%) is an r — ¢ fold integral for 0 < ¥ < i+4- 1, ¢ < r, it must have r — ¢ con-
tinuous derivatives on this interval. On the other hand, n,(%) is clearly a polynomial of
degreer — i fori < # < ¢+ 1,1 £ r. We use the fact that

r

(113) n,(u)=% for 0<u<i

together with the relatively easily established identity (a special case of an identity due
to Abel [4])

r — r — r—1 —
(114) %= = r!l) o (1(‘7—2;)! Tt o (“1!") +a,
where G 1)
1 4+
(115) a.‘—m.
It is clear then that fori < # <14 1,i = »,
_ur (,u_l)r (.u_z)r—l—”.— . (u_i)r-—i'f-l
(116) 7 (W) == ———a (r—1)1 S TSGR D]
(u—1r) (u—i41)r—
=0,+a, 11 +"'+ao‘—'—(—;T"
and

(117 7.(u) =a, for u>r.
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Furthermore,
(118) =, =P{S,>0} = Ef f, (s)ds—er n, (4) e w1y
o]
(119) Ea (e w) 1= f!
1mg =0
and
(120) 1—x =P{S5,<0} —112f n, (4) e wrtidy
r=0
3 N\ — a; i+1 . -
‘—;Z;—(r_i)[fo (u—i— 1) e~ ortidu
= D6 (@) 1 (i+1)
]
'r—l
;l—'(wlﬂ—"") = (w e )m:;l—)—iz (wle_"l)'E
(123) 1 d(wl) _ w1

1
= ew =
G T re™) 1—a

(124) m=1—w;.
Now we observe that the density of S, is given by

(129) 1) = 3 frn() =2 a[24 (14D ] et e

r=0 1rmmp

(126) f(s) =me?® for $> —wy

(127) 1(9) =T {za,mlew-)fﬂ

=0 .
at) ati)
+Zm4mwmﬂ‘ +-- +Zm%mﬂwﬂm

=1 e o .7!

for ~ (j+1Dwi1<s<—jw

+1) ith}

(128) f(s) =1rle"{1+(wxe“") +ooot (me™) i
for — (j4+1Dw<s<—jo,.
The densities g, are easily obtained from the recursion relationships. However, to

obtain the over-all density g = E g from g, seems to involve considerable work. On the

r=1
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other hand, we shall find that the fundamental identity of sequential analysis is appli-
cable here and furnishes a simple derivation that S, has an exponential distribution.
Consider the truncated process where

(129) W= i (Z: = wy)

=1

if # is the first index r less than N for which E (Zi— wy) =5 If E (Zi— wy)) £ 5

=1 1=1

for1 <7 £ N — 1, let n = N. Then the fundamental identity is

(130) E{e¥" ()™} =1
where
(131) e (t) =E(e!Zw)) = [er (1 —0)]1.

Note that because Z; has an exponential distribution, the conditional distribution of Z;
given Z; > a is exponential. Hence

(132) E(e"in=r<N)=e*(1—10)1, §> —ws,
N-1
{ £ (Z—wy) }
(133) E(e™|n=N) =E le*=! [n=N) (1—-08)"1,
N—1

But under the conditionn = N, 0 < E Z; < (N — 1)ws + s. Hence
t=]1

Elexp(iW)e(t) ™|n = N]—>0as N — o for ¢ > 0 and exp(w:)(1 — ¢) < 1. Then

(134) ip,(s)[e‘“:(l—t)]’e"(l—t)—1=1 for ¢t>0,e«(1-1 <1,

r=1

where

. J
(135)  £,(s) =P} D" (Zi—w) exceeds s for the first time at j=r} .

i=1

Let ¢t — {; + where £ is uniquely defined by

(136) eto (1—8) =1, 0<H<1,
Then
(137 1-G(s) =P{SH:Zs}= D p. () =(1—t) e, s> —u,

r=1
which means that S; has an exponential distribution. In particular
(1 3 8) T = t‘l .

To obtain the densities g,(s), one may use equation (134) but we shall do so by the

recursion formulas.
Let

(139) $r(u) =

gr+1 (Uwg) eltrihe,

T
Wy,
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Then

(140) o) =1 for u>-—1
and
u*+1
(141) Corr (%) =fo t () du  for w*>—1.

It is easy to check that
142) ¢, () = BFD@HrE D @+ D wtr+

r! r! (r—11! 7
a+t)Grr)”
(r—1)! !

The closed form expression for k(f), ¢ < 0, seems to be difficult to obtain. The authors
hope that the difficulty may be resolved in the near future so that the moments of the
asymptotic distribution can be conveniently computed. It may be remarked, however,
that replacing ¢, by one (as Karlin’s method does for the special problem) may lead to a
relatively poor asymptotic distribution in the case where 8o/, is large.

u>—1,

(143) g (s) =w%(w2e"-’:)'e—’ $> —wy.

APPENDIX. REGULARITY CONDITIONS
CoNDITION R;. The following limits
(149) lim f (x,0,a) = B(6,a0) >0

z—a,
a—a,

z<a.°

and
(145) lim f (x,6,0) =v (8,00) >0

a—a,
z>a

hold uniformly in @ for 8 in some neighborhood about 8,. Also B(8, ao) and (8, ao) are
continuous in § at 6,. We may assume without loss of generality that B8(6y, ao) >
¥(o, @o)-

ConNDITION R;. For x € B(a, ao) (x not between a and ay)

(146) '8/, 0,0) —log f(=, 0,00 _9log f(x,0,a0)
a— ag da

+H (%) o (1)

where E{|H(X)| |80, as} < .
For x and 6 in some intervals about ao and 6y, 9 log f(%, 9, a¢)/da is bounded.
CoNbDITION R;. For some interval about 6,

147 lilog f (X, 0,a0)

n 4= da

converges uniformly in probability to

(148) 5 (0) =E361°g f;f, 0, a)

0o, aoz

where 8(6) is continuous at 8, and 5(6) = ¥(6o, ao) — B(6o, ao)-
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The last part of R; is related to some simple interchange of derivative and integral
conditions which are apparent from the following argument.

(149) [oimbe 2T @) 4y g,

—00 a— Qo

Suppose a > ag. Consider the intervals (— ®, ao), (ao, a), (a, ®). Then

150 [ 20,00 dzto) + [ 9L (20,00 a2

— 0a

+o(1)+(B(6,a0) —7(8,a0) ] +0(1) =0

A5 v (0,00 —B(0a) = L (2, 0,00 dz=p{P1BIE0eD 14 o}

It is clear that the special problem treated in section 2 satisfies the regularity conditions.
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