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1. Introduction

The purpose of the present paper is to generalize the results obtained by
Chernoff and Savage [5] on the asymptotic normality of a large class of two-
sample nonparametric test statistics.

The assumptions made in [5] involve a certain function J which is assumed to
possess two derivatives satisfying boundedness restrictions. However, certain
test statistics, for instance those proposed by Ansari and Bradley [1] and Siegel
and Tukey [15], do not satisfy the regularity conditions imposed by Chernoff
and Savage. In particular, the first derivative of the appropriate function J fails
to exist at certain points, so that the arguments of Chernoff and Savage are no
longer directly applicable.

It will be shown here that the basic asymptotic normality result of [5] remains
valid without any assumptions whatsoever or the existence of second derivatives.
The assumption of existence of the first derivative is replaced by an assumption
of absolute continuity. It should be noted that even this assumption is somewhat
too stringent if one is willing to impose restrictions on the couple (¥, G). How-
ever, the discussion of such possibilities remains beyond the purview of the
present paper.

Section 2 of the paper gives a number of definitions which will be used through-
out. Section 3 summarizes some properties of the set of functions J which will be
used later. The main results are a lemma (lemma 2) on uniform square inte-
grability and a continuity theorem (lemma 3) for the variances of the normal
approximations to the distributions of the Chernoff-Savage statistics. Section 4
gives an account of convergence properties of empirical cumulative distributions
and of their inverse functions.

The tails of the Chernoff-Savage statistics are bounded in section 5, and the
main asymptotic normality theorem appears in section 6. Finally, natural exten-
sions to the c-sample situation are provided in section 7.
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2. Standing assumptions and notations

Let X1, X5, --- , Xnand Yy, Yy, - -+, Y, be random samples of sizes m and n
drawn from populations with cumulative distribution functions (= c.d.f.) F and
@ respectively. Let N = m + n and let NA\y = m. It will be assumed throughout
that there is a N > O such that 0 < N < Ay < 1 — ¢ and that the distribution
functions F and G have no common discontinutties.

The function H = AF 4+ (1 — \v)G will be called the combined population
cumulative distribution function. Let F, and G, be the empirical ¢.d.f.’s of the
X’s and Y’s respectively. The function Hy = AxyFn + (1 — Ay)G, is called the
combined empirical ¢.d.f. It will be assumed that (F, G) and Ay vary with m and
n. However, to avoid an excess of indices the notation suppresses this fact.
Another reason for this simplified notation is that the following theorems are
‘uniform’ and are valid whether the distributions are constant, tend to a limit,
or vary rather arbitrarily with N.

Define

1 if the 7-th smallest in the
@2.1) Zy;= combined sample is an X,
0 otherwise.

Then, we will be concerned with statistics of the form
N

(2.2) mTN = Z EN,,’ZN,,',
i=1

where the Ey,; are given constants. Many statistics occurring in nonparametric
statistical inference can be reduced to the form (2.2). For examples the reader is
referred to Chernoff and Savage [5]. We will, as Chernoff and Savage did, use
the following representation:

2.3) Ty = f "Iy (N s HN) dF(z).

The representations (2.2) and (2.3) are equivalent when Ey ; = Jx(Z/(NV + 1)).
Although Jy need be defined at 1/(N + 1), 2/(N +1),--- ,N/(N + 1), we
can conveniently extend its domain of definition to (0, 1) by letting Jx be con-
stanton (3/(N + 1), ¢ + 1)/(N + 1)), (¢ =0,1,2, - - , N). Our J is slightly
different from that used by Chernoff and Savage [5]. In (2.3) they use Jx(Hy).
Consequently, their Jy need be defined at 1/N,2/N, --- , N/N, that is, in (0, 1].
Our main purpose in slightly changing the Jx function is to avoid asymmetry and
eliminate the possibility that F,, gives mass at points where the argument of Jx
is unity. The implication of this symmetry will be clear in the statements of
the main theorems, in which one of the assumptions of [5] can be dispensed with.
The problem of asymmetry had also been recognized by J. Pratt and I. R. Savage
who informed one of the authors via personal communication.

It is easily verified that one could replace the assumption that F and G have
no common discontinuities by the apparently stronger requirement that both ¥
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and @ be continuous. However, the more general case reduces immediately to
the continuous one as we shall now show.

If F has a jump of size « at a point ¢, remove the point ¢ from the real line and
insert in its place a closed interval of length «. Distribute the probability mass a
uniformly over this interval. The cumulative distribution G is kept constant
over the inserted interval. Proceed similarly for the jumps of G. The new cumu-
lative distributions F* and G* so obtained are continuous. For samples obtained
from F* and G* the relative order relations between X’s and Y’s have the same
probability distribution as if the samples were obtained from F and G.

If F and G had common discontinuities, ties would occur with positive prob-
ability. The definition of the variables Zy,; would no longer be complete. Thus,
taking into account the possibility of “continuization’ as performed above, the
assumption of continuity of both F and @ is equivalent to the assumption that
ties between X’s and Y’s occur with probability equal to zero.

As a further reduction, let us show that there is in fact no loss of generality .
in assuming that the following assumption holds.

AssumprioN (A). For each integer N the cumulative distributions (F, G) and the
number Ay are such that H = \yF + (1 — Ay) G s the cumulative H(z) = =,
z € [0, 1], of the uniform distribution and 0 < Ao < Ay <1 — Ap.

To show this, note that if after removal of discontinuities, the function H*
remains constant over certain intervals, no observations will occur in these in-
tervals. Thus, these intervals can be deleted from the line without affecting the
order of the observations. This will leave us with a continuous strictly increasing
cumulative distribution which can now be transformed to the uniform cumulative
H(z) = z by a strictly inereasing continuous transformation.

In view of this we shall assume throughout that assumption A holds and, if
necessary, indicate the original distributions before transformation by (¥, G)
instead of (F, @).

When assumption A is satisfied the measure dF induced by F possesses a
density ¢ with respect to the Lebesgue measure dH on [0, 1]. The inequality
0 < ¢ < M will play an important role in the sequel.

To describe a class of functions to which our asymptotic normality results will
apply, it is convenient to introduce the following definition.

DEeriniTiON 1. A function f, f > 1 defined on the interval (0, 1) will be said to
belong to the class W, (respectively WUs) if it is integrable (respectively square inte-
grable) for the Lebesgue measure and if in addition there is some o € (0, 1) such
that f is monotone decreasing in (0, a] and monotone increasing in [a, 1).

Let b denote a constant 0 < b < =. Let f, f, and g be three nonnegative
functions defined on (0, 1). Assume that f, is Lebesgue integrable, and that f € U,
and that g € U,.

Consider functions J defined by integrals of the type J(z) = [%. J'(¢) dt.
We shall say that J belongs to the class Sy if |J'| < fg, that J € 8if |J'| < fo + fg
and that J € 8, if J' = J1 + Jz with |J3] < fg and [ |Ji(z)| dz < b.

One could also introduce functions J which differ from the integrals
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{2 J'(£) d¢ by a constant. However, this will not change the difference studied
below. Thus the consideration of functions of the type a 4+ [%/,2 J'(§) dt is left
to the care of the reader.

In the sequel the product fg will play essentially the same role as the function
f@)glx) = K[z(l — 2)]" Pzl — 2)]~PH = K[z(1 — z)]~@/»+% of Chernoff
and Savage. For this special choice of product fg one can also prove the following
result. Let £ be the k-th order statistic in a sample of size N from the uniform
distribution on [0, 1]. For any function J let Jy be the function defined on (0, 1)
as follows. If y = (N4 1)k, k= 1,2,--- N, let

2.4) Tn) = BJ(ews) = [ J@B(z, k) da
where
2.5) Bz ) = = o D) g s

TEWTN +1— k)
is the density of &y .

Complete the definition of J» by interpolating linearly between successive
values {k/(N + 1), (k + 1)/(N + 1)} and leaving Jy constant below 1/(N + 1)
and above N/(N + 1).

Lemma 1. Assume that there exists a constant K and a 8,0 < § < %, such that
W' (x)] < K[2(1 — x)]~%/245, Then, there exists a constant K; and an N, such that
N > N, implies

(2.6) |Tn(z)| < Ki[z(1 — z)]-@/o+s,

Furthermore, if {J,} is a sequence such that J, converges to J' in Lebesgue measure
and |J)| < K[z(1 — x)]-®/2+ for all v, then J, x — J, converges to zero in Lebesgue
measure as N — o uniformly in the index v.

Proor. Decompose J’ into its positive and negative parts and then separate
each of these into two pieces, one of which vanishes on (0, 3] and the other on
(%, 1). If the results hold for each of these four parts separately, they will hold
for J' itself. Owing to the symmetry of the situation, it will be sufficient to prove
the result for a function J’ such that J’ < 0 and J'(z) = 0 for z > % with the
additional restriction |J'| < z~G/@+5 Let J(z) = [; |J'(u)| du. The slope of the
function Jy between two successive points k/(N + 1) and (k + 1)/(N + 1) is
given by the expression

1
@7  swk)=NW+1) [] J (@) [Bn(x, k) — Bu(z, k + 1)] dz,

~w+0 [ [0 -7 (E)] tuta k) — aute k + D] e

In this expression the integrand is nonnegative, since J is decreasing. This im-
plies in particular that the slope sy(k) is smaller than the slope obtainable from
the funetion J'(x) = —a~®/2+, Thus

ﬂN+1)1x
V]

@8 ) < T

—2H[gy(x, k) — Bu(x, k + 1)] du.
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This last expression is easily expressible in terms of gamma functions and the
first result follows by direct computation for £ = 1 and by application of
Stirling’s formula for & > 1.

To prove the second result note that the slope sy(k) can also be written in the
form

29) ity = [ V@ =TGN g 3y
with By(z, k) equal to the probability density
(2.10) Bu(z, k) = Nt 1|6 = Nel*

N RA =) @R
For every ¢ > 0 and every y e (0 1), if (k/N) — y, then

@.11) [ s NI (’;c) = Z{,i"/ M) B, k) da

—(1/2)4+8 _ 5—(1/2)+8
< / E: Y B(a, k) da.
lz—y) >e y—z

This quantity tends to zero as N — . Thus it is sufficient to consider the be-
havior of the integral taken for |z — y| < e. For this purpose note first that when
y is fixed, y € (0,1) and 0 < y — ¢, then the ratio N[J(z) — J()1[y — =]
remains bounded, independently of the choice of J, in the interval [y — ¢,y + €.
Therefore, taking for ky the integer part of (N + 1)y, one can select a number
¢ < « and an N, such that

@.12) / VNlz =yl Se N[J(xk)n_——J]fflsch/N)] By(z, k) dz < ¢

for every J and every N > N,.

Suppose then that the sequence {J,} converges in measure to a limit J'. Taking
a subsequence, if necessary, one can assume that J, — J’ almost everywhere.
In this case, for every a > 0 there exist a compact subset S of the interval (0, 1)
such that S° has a Lebesgue measure inferior to « and such that the J; are con-
tinuous when restricted to S and such that J;(x) converges to J'(x) uniformly for
z € S. Suppose that y is a point of density of the set S and consider the integrals

@13) Iy, = ] (M0 = L/ )] Bt k),

kN—NIIJ

taken over the set Sy = {z: z €S and VN|z — y| < ¢}. A simple change of
variable z = y 4+ £/V'N will show immediately that Iy, converges to zero uni-
formly in ». Furthermore, an analogous integral taken over the set {z: z € S°
and V'N|z — y| < ¢} must tend to zero, since the point y is assumed to be a
point of density of S. Taking into account the fact that almost all points of S
are points of density, the result follows.
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One could also apply the same argument to functions J% obtained by the
formula

(2.14) 38 = [ In@pulz, V + 1E] da,
for all values of £ such that 1 < (N + 1)¢ < N.

3. Properties of functions which belong to §

In this section we shall assume that the functions fo, f and g are fixed and derive
certain boundedness and integrability properties for the elements of the corre-
sponding set 8§ of functions.

LEmMMA 2. There is a number by such that sup {f J2(u) du; J € 8} < by. Fur-
thermore, for every ¢ > 0 there is a number b such that

3.1) fw)l ) du < e

for every J € 8.

Proor. If J' € 8, so are its positive and negative parts. Thus, it is sufficient
to prove the result assuming J’ > 0. In addition, the part J; = min [ f,, J’] con-
tributes a bounded term to the indefinite integral J. Therefore, it is sufficient to
prove the lemma assuming 0 < J' < fg. Take « so small that both f and g are
monotone decreasing in (0, «]. For every £ € (0, a] one can write £f(§) <

ﬁ) \ f(u) du and £g2(¢) < ﬁ) ¢ g*(u) du. Let ¢®(a) be the number

(3.2) c¢(a@) = max { L * g*(u) du, [ L * Flw) du]z}.

Let o(u) = ‘/; ® J'(£) dt. One can write

(3.3) [ et du < [ [ 1090 @)g() min (& v) de dy
=2 [7{ [ 1000t e} 10w ay

<2 ]Oa () {ﬁyvl—gds}f(y)g(y) dy

< 4o [ 10) dy < de4(a).

A similar argument applies to the interval [1 — «, 1) for « sufficiently small. If
a is the maximum of f(x)g(x) for x € [a, 1 — a], the term [, *J'(£) d¢ remains
bounded by [ fu(¢) df + a. Hence the result.

Assuming as usual that H is the cumulative distribution of the Lebesgue meas-
ure on [0, 1], let ¢ be the density ¢ = [dF/dH]and lety = [dG/dH]. By assump-
tion, Avg + [1 — Ay]¢ is identically unity on [0, 1].
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Let L and M be the functions defined by the equalities

(3.4) L@ = [, 7@ dF@) = [ @) ds,
and
(3.5) M@E) = [0, 7@ e = [0, 7@ de

If the function J belongs to 8, then both L and M belong to the set A\;''S =
{v: N € 8}. Therefore, the preceding lemma applies to L and M as well as to J.

The remainder of the present section is devoted to continuity theorems which
are easily proved under the assumption H(z) = z for = € [0, 1]. However, to
make them more directly applicable they will be stated for distributions on the
line. For this purpose let D be the set of pairs (¥, G) of distributions on the real
line subject to the only restriction that ¥ and G have no common discontinuities.
One could topologize D as usual by the requirement that (¥,, G,) — (F, @) if
F,(x) — F(z) and G,(x) — G(z) at every point of continuity. This topology can
also be induced by the BL-norm (for Bounded Lipschitz) defined as follows (see
[8]). If P and Q are two finite signed measures on the line, then

(3.6) 1P = Qllsz = sgplfth - [ th|

where the supremum is taken over all functions A such that |h| <1 and
lh(z) — R(y)| < |z — yl.

The space 8’ = {J': |J'| < fo + fg} will be topologized by the topology of
convergence in Lebesgue measure. This topology can be induced by the metric

o (g g < [ i) — Ji@)]
3.7 dist (J1, J3) —/; T+ i@ = /1) dz.

To each pair (F, &) € ® and J’ € 8’ and each A € [\, 1 — o] corresponds a
pair (L, M) of functions defined on the interval [0, 1]. This pair is obtained by
first reducing H = AF 4 (1 — MG to be uniform on [0, 1] as explained in the
introduction and then defining L(z) = [{,. J'(§) dF (%), and so forth.

Let us say that L, — L if [|L,() — L(z)|? dz — 0 and if sup {|L,(z) — L(z)|;
z € 8} — 0 for every compact subset S of the open interval (0, 1) and similarly
for M.

LemMma 3. The map which makes correspond to [(F,@),J',\] € D X 8 X
[N, 1 — No] the pair (L, M) is jointly continuous for the topologies defined above.

Proor. Since the topologies in question are all metrizable, it is sufficient to
show that whenever a sequence {((Fi, Gi), Ji, M)} converges to a limit
((F, @), J', \), then the corresponding pairs (Lx, M3) converge to the appropriate
pair (L, M).

Let Hip = My + (1 — M)Gi and let (Fi, Gi) be the pair obtained by the
process described in the introduction. Let ¢ be a number £ € (0, 1). Consider the
graph T of H; augmented by inserting vertical lines at jumps. If the horizontal
line at the ordinate £ meets T'; at a point which is not a jump of F, then Fi(¢) =
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F\[H,(z)] for any point z such that Hy(z — 0) < £ < Hu(z + 0). It follows that
F converges to F and that G, converges to G. Thus we can assume that (F, Gi)
has been replaced by (Fx, Gi). However, in this case ¢x = dFy/dH, is a bounded
measurable function, 0 < ¢, < Ag'. Therefore, convergence of F; to F implies
that

(3.8) [ ex@(@) dx— [ oln(z) dz

for every integrable function v». This, in turn, implies that [ ox(x)ve(z) dz —
[ o(@)v(z) dz whenever [ |vu(x) — v(x)| dr — 0. Therefore, Li(x) converges to
L(x) uniformly on every interval of values of x which is bounded away from
zero and unity. The convergence in quadratic mean follows from this and from
the uniform integrability asserted by lemma 2. This proves the desired result.

A simple consequence of lemmas 2 and 3 which will be used in section 6 is the
following. Let By be the random variable

(39) By = [J@ dFn— P — [ L@) dHy@) — H@)

=1 - { f M(z) d(Fp — F) — f L(z) d[Ga(z) — G(x)]}.
This expression is equivalent to the formula
1—xn 1

. \/_ N = —_—— —= - i) — D j
(3.10) NBy = == o= 3 M(X,) — EM(X))]

Y \_} > [L(Y,) — EL(Y)),
ni=1

where the variables X; and Y; are all independent, and each X; has distribution

F, whereas each Y; has distribution G. The variance of V' NBy is given by
—_ 2

(3.11) ALF, G, J, ] = (L5 20
N

4+ (1 — A\y) variance L(Y,).

variance M (X))

ProrosirioN 1. Let Py be the distribution of V' NBy and let Qx be the normal
distribution which has variance o%[F, G, J, \v] and expectation zero. For every
€ > 0 there exists an N (e) such that N > N(e) implies || Py — Qullsr < € for every
J €8, and every triple [(F, @), \v].

In addition, there is an N e, a) such that N > N (e, a) and o%[F, G, J,\v] > a
tmplies sup, |Pv{(—x, 2]} — Qn{(—x,z]}| < € for all J ¢$ and all triples
[(F, @), \].

Proor. The first statement follows immediately from the usual central limit
theorem and the uniform integrability asserted by lemma 2. The second state-
ment follows from the first by the simple procedure of considering V' NBy/ox

instead of V' NBy. Hence the result.
In this connection the following lemma is of some interest.



CHERNOFF-SAVAGE THEOREMS 617

LemMA 4. The equality o%[F, G, J, \v] = 0 implies that J'(x)e(x)¢(z) = 0
almost everywhere on the interval (0, 1). However the identity J'¢p = 0 is not suffi-
cient to tmply o% = 0.

Proor. If, for instance, variance M(X) = 0, then M is almost everywhere
constant on the set E = {z: ¢(z) > 0}. Therefore, the derivative M'(z) =
J'(z)¢(x) must be equal to zero at all points of density of the set E. This implies
the stated result.

Let © X 8 X [M, 1 — Ao} be topologized by the product topology used in
lemma 3. For every a > 0 the set of triples ((F, G), J’, \) such that ¢% > aisan
open subset of D X 8 X [N, 1 — Ao]. This implies the following corollary.

COROLLARY. Assume that J is not constant. If (Fo, Go) € D is a pair such that
oo(@)o(x) > 0 almost everywhere for some A € [Ny, 1 — No), then there isan a > 0
and an open neighborhood of (Fy, Go) such that o% > a for every pair (F, @) in this
neighborhood.

Proor. The condition ¢y(x)¥s(x) > 0 almost everywhere with respect to the
Lebesgue measure is equivalent to the condition that the measures induced by
Fy and G, are mutually absolutely continuous. Thus it is independent of the
choice of A. Since ¢% is continuous in A, the values ¢ [(Fo, Go), J, A] attain their
minimum as A varies in [Ag, 1 — A¢]. According to lemma 4, this minimum value
is a positive number, say, 2a > 0. For each A € [Ay, 1 — Ao] let ¥, be a neighbor-
hood of (Fy, Gy) and let Wy be a neighborhood of A such that o3 > a for (F, G) €
Vi and £ € W,. There is a finite system {W,} which covers [Ny, 1 — Ao]. If
(F,G) € N; V», one has 6% > a for every A € [\, 1 — Ao). Hence the result.

More specifically, the following lemma holds.

LemMa 5. Assume that J is not constant. Let {J.} be a sequence such that
Ji € 8 and such that J; — J' in Lebesgue measure. Let {(F, Gi)} be a sequence of
pairs converging to a pair (F, G) at all points of continuity of the pair (F, G). Then
if F =G,

Av
(3.12) T—nC
converges uniformly in N to [§ J2(u) du — [J§ J(u) du]? > 0.

Proor. It is sufficient to apply lemma 3 and compute the limiting value of

o%. This limit is equal to

%[F%, Gi, i, Av]

(1 — Ay)? . .
(3.13) gy  Variance M(X,) + (1 — \y) variance L(Y,)

- [(1;—“’)2 +@1- )\N):l variance J(Xy),
N

since L = M, and since X; and ¥, have the same distribution. The result follows.

4. Certain properties of empirical distribution functions

For this section we shall derive several inequalities and limit theorems which
can be used to show that the higher order random terms occurring in theorem 4.1
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tend to zero as N tends to infinity. The first results are inequalities on the tails
of empirical distribution functions and a sharpened form of a theorem of Donsker
[7]. For simplicity of notation the results are given for the uniform distribution
[0, 1]. There is no difficulty in rewording them to apply to arbitrary continuous
distributions.

A convenient tool in the derivation of these results is a replacement of binomial
variables by Poisson variables which can be described as follows.

Let e € (0,1). Let {u;,7 =1,2,---} be a sequence of independent random
variables which are uniformly distributed on (0, €). Let (r, s) be a pair of integer-
valued random variables independent of the u;. Assume that the joint distribu-
tion of (r, s) is such that marginally r has a binomial distribution, B(m, €), corre-
sponding to m trials with probability of success e. Assume also that s has a
Poisson distribution with expectation me. Let U, and V., be the processes defined
for t € (0, ¢) by taking mU.(f) equal to the number of u;s such that u; < ¢ and
j < r and taking mV,(f) equal to the number of u;s such that »; < ¢ and
Jj<s

LeMMmaA 6. There is a joint distribution for the pair (r, s) such that

@.1) P{Un(t) = Va@®) allt € (0, 0} > 1 — 2.

Proor. It is sufficient to select a joint distribution for (r, sk such that
P[r # s] < 2¢. The possibility of such a selection results from a theorem of
Prohorov [12].

Note that if F,, is the empirical cumulative obtained from m uniformly dis-
tributed independent variables on [0, 1], then the two processes {Fn(t); t €
0, &)} and {Ua.(t);t € (0, €)} have identical distributions.

LemMA 7. Let g be a positive nonincreasing function defined on (0, €). Then

“.2) P{sup Vmg)|Un(t) — t| > 1} < 2¢ + f * 9*(w) du.
0<t<e 0
Proor. According to lemma, 6, it is sufficient to show that
4.3) P{sup Vmg@)|Va®) — 8 > 1} < [["g°() du.
0<t<e 0

This follows immediately from the remark that V,, has independent increments
such that EV,(t) = tand Em[V.(t) — t]? = t. The process Z(f) = m|Vn(t) — t|?
is a semimartingale to which the Hajek-Rényi inequalities [10], or their generali-
zation by Birnbaum and Marshall [3], can be applied. This gives the stated
result.

After this was written, we became aware of results of B. Rosen [14] which give
similar inequalities without using the Poisson approximation. Also, certain deeper
results of D. M. Cibisov [6] could be used to obtain sharper inequalities.

Another result needed in the sequel is the following lemma. -

LemMa 8. Let U, be the empirical cumulative distribution obtained from m
independent observations on the uniform distribution on [0, 1]. For every ¢ > 0 there
exists a B > 0 such that
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(4.4) p {sup Un(t) > l} <e
PR B
and
(4.5) P{U..(t) > Bt for every ¢ such that U,({) >0} > 1 — e

Proor. For ¢ > 6 > 0 this follows, for instance, from Donsker’s theorem,
or from the Kolmogorov-Smirnov theorems. For ¢ small one can again reduce
the problem to an equivalent one concerning the standard Poisson processes.
For the standard Poisson process the result is well known and easily verifiable.

Consider now two cumulative distribution functions F and G and two integers
mandn. Let N =m 4 nandlet Ay = m/N. Assume ) < Ay <Ay <1 — A < 1.
Assume also that H(t) = AwF(t) + (1 — Av)G(t) is identical to ¢ for ¢t € [0, 1].
If Hy = \wF + (1 — Ax)G,. is the combined sample cumulative obtainable
from m observations with distribution F and n observations with distribution
G, one can obtain bounds on Hy from the bounds on the component cumulative
distributions F,, and G,. Further information can also be obtained as follows.

Let ¢ = dF/dH be the density of F with respect to the Lebesgue measure on
[0,1]. Let S be the set 8§ = (0,8] U [1 — §,1) with 0 < 26 < 1. Classify
points to be placed on the interval (0, 1) in four categories, according to whether
they are in S or S¢ and according to whether they are labeled X or Y. For the
pair (Fp,, G,) this gives a matrix v = {(v;;);2 = 1,2;5 = 1,2} withy; 1 + v, =
mand »1,2 + v2,2 = n. Let p be the probability S for F and let ¢ be the probability
of S for G. One can form another matrix »* such that »%, and »} . are independent
Poisson variables with expectations Evi; = Ev, = mp and Eviz = Ev; 2 = ng.
Taking v3;1 = ve; and v2 = »a 5, Prohorov’s theorem insures the existence of a
joint distribution such that P[y # »*] < 2(p + ¢).

Consider also another matrix # whose distribution is given by a multinomial
distribution with N trials and probabilities p1,, = Avp and p12 = (1 — Ax)g and
P21 = Av(1 — p), and finally .2 = (1 — Ax)(1 — ¢). One could find a joint dis-
‘tribution such that P{(vi., vt2) # (71,1, 51.2)} < 2(p + ¢). Therefore, one can
find a joint distribution such that P{(V],l, V1,2) # (171,1, 171,2)} < 4(p + Q)
For such a joint distribution, one can construct the second row of the matrix 7
by selecting #,; from a binomial distribution with probability of sueccess
w1 = p)] vl —p) + 1 — An)A — @] ' and [N — (51,1 + #1,9)] trials.

Another matrix »" can be constructed with (v11, v1.2) = (91,1, 71,2) and »1,; +
ve1 = m and viz + v32 = n. Then P[v # '] < 4(p + ¢). Given the matrix 7
one can place independently #,; points in S and #,,; points in S¢, according to the
distribution F. One can also place independently 7, . points in S and 7, points
in 8¢, according to the distribution G. It is easily verified that the system so ob-
tained has exactly the same distribution as the system of points obtainable by
the following procedure. First select points {¢;,7 = 1,2, --- , N} independently
according to the Lebesgue measure on [0, 1]. Then, for each £; and independently
of the rest, with probability Ax¢(£;) label it X, and with probability 1 — Aye(£)),
label it Y.
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Since the combined cumulative Hy ignores the distinction between X and Y,
the above argument shows that, except for cases having total probability at
most 4(p + q), the behavior of Hy on S will be the same as that of a sample
cumulative from N independent uniformly distributed observations. To apply
the preceding lemmas to the study of Hy, let us introduce the following notation.
If v is a numerical function defined on (0, 1) and g is an element of U., the g-norm
of v is the number

(4.6) llollo = sup {lv@®g®)]; t € (0, 1)}.

Let B(g) be the set of functions » which are defined on (0, 1) and have a finite
gnorm. Let 8 = {s;;7=0,1,2, ---, h} be a finite subset of the interval [0, 1]
such that 0 = 55 < 81 < 8 < -+ < 8,1 < 8, = 1. To such a set S associate a
projection IIg of B(g) into itself by the requirements that (Ilsv)(s;) = v(s;) for
every s; € S and that

@4.7) {([ev](s) — (Tsv)s;} = s—s% [o(s41) — v(sy)]

for s € (sj, Sjt+1)-
Let {Wx(t);t € [0, 1]} be the process Wx(t) = VN[Hy(t) — ¢].
ProrosiTiON 2. Let g be an element of Us. For every € > 0 there is a § > 0
and an integer Ny depending on e and g only such that N > N, implies
(4.8) P{|Wy —TIs Wl > ¢ <
for every pair (F, Q) of continuous distribution functions and every set S =
{87 =0,1,2,--- [ k}; 0 =g <81 < -+ <81 < 8 = 1, such that sjp —
s; < dforeveryj =0,1,--- , k—1.
Proor. Let o be a number so small that g becomes monotone in (0, o] and
[1 — o, 1) and that

4.9) 16 a+1—fagz(s) dt + 1—/1 g%(9) d£}< ¢
) e Jo € Ji-a )

Since #g2(f) < ﬁ] “or(8) di < ﬁ) “g2(£) dt for t < a, it follows from lemma, 7 tha;

(4.10) P{S}lp [g®OIWN(@) — tWa(a)l;t € 0, 0]] > ¢ < 22+ f—zﬁa g*(§) d&.

A similar inequality holds for values of ¢ belonging to [1 — «, 1). Therefore, it
will be sufficient to prove the assertion for the process {Wx(t);t € (o, 1 — @)}
and a function g which is bounded. The process Wy can be written

(4.11) Wy = \/%- Vm[Fn(t) — F(8)] + \/% Va[G.(t) — G@)].

According to the argument of Donsker [5], there exist an No and a § > 0 such
that m > NN, and sup; [F(s;) — F(s;—1)] < & implies that if ©; is the oscillation
of Vm[Fn(t) — F(¢)] in the interval [s;_s, s;], then
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, € €
@12 £P[9> ] <5
The same result can be applied to Va[G. (&) — G(t)]. Thus, if [s; — s;—1] < 8\o
and N > N,, and if Q; is the oscillation of Wy in the interval [s;_;, s;], one can
write X_; P[Q; > ¢/||gl]] < ¢/2. This implies the desired result.
CoroLLARY. For every g € WU; and every € > 0 there is an Ny < © and a finite
set {vj;7 = 1,2, --- , k} of continuous functions defined on [0, 1] such that

(4.13) P{ir}f |Wx —villo > ¢ <ce
2

for every N > N, and every pair (F, Q) of distributions having no common dis-
continuzties. .

Consider the process Z, defined by Z.(f) = Vm{Fa(f) — F(t)}, where Fn, is
the empirical cumulative from a sample of size m drawn from the distribution F.
Assume as usual that AwF + (1 — Ay)G = H is the uniform distribution on
[0,1]and that 0 < A <A <1 —XN < 1.

LeMMA 9. For each integer m let K,, be a random process defined on the interval
[0,1]. Let Z(x) = Zu[Kn(x)]. If P{sup: |Kn(t) — t| > & — 0 for every e > 0,
then

(4.14) P*{sup |Z4(x) — Zn(x)| > €

tends to zero for every e > 0.

Proor. According to proposition 2, or according to Donsker’s theorem, for
every € > 0 there exists an N(¢) < « and a finite set of continuous functions
{v;:5=1,2, .-+, k} such that

(4.15) P{inf ||Zn — vif| > ¢/3} <ee

for every m > N(e). Let v;(z) = 1 if the first index 7 such that [z — v:l| < ¢/3
is precisely equal to j. Let v;(z) = 0 otherwise. According to the above inequality,
if Zm = X 77i(Zm)v;, then P{|[Zm — Zn|| > €¢/3} < e. Therefore, eliminating cases
having probability at most ¢, one can also write sup; |Za[Kn(z)] — Zn[Kn(2)]| <
/3.

Furthermore, there exists a 8 such that |s — ¢| < & implies |v;({) — v;(s)] < ¢/3
for every j = 1,2, --- , k. Therefore, if P{sup:|Kn(t) — ¢| = 8} < ¢, one can
write | Za[Kn] — Zn|| < ¢/3, except in cases having probability at most 2¢. The
result follows.

The preceding lemma 9 can be used under the following circumstances. Let
Hy be the combined empirical cumulative. Let Ky be the function defined by
Kn(z) = inf {{: Hy(t) > z}. Assume as usual that H(u) = u for u € [0, 1].
Since |Hy — H|| — 0 in probability, the difference sup. |Ky(x) — z| must also
tend to zero in probability. It follows that ||Z.[Kx] — Z.|| tends to zero in
probability.

For values of z of the type z = j/N, the variable Z.[Kx(z)] is simply equal
to V- E[F,,.(E,-) — F(&)] where §&; is the order statistic of rank j in the combined
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sample. In other words, the number mF,,[Ky(j/N)] is the number of X;’s whose
rank is inferior or equal to j.

For the next proposition, it is convenient to introduce the space 9 of all finite
signed measures on the interval (0, 1) and their indefinite integrals. If u € 9N,
let Ju(z) = p{(0, ]} and let ||u| be the total mass of u. The functions J, are
simply those functions of bounded variation on [0, 1] which are right continuous
and vanish at zero.

ProrosirioN 3. For every € > 0 there exists an N(e) such that N > N(e)
implies

@16)  P{VA|[ Ul — ] dFn — F) > elull} <

Jor every p € £ and every pair (F, Q) of distribution functions having no common
discontinutties.

ReMark. In the above proposition one could replace Hy by (N/(N + 1))Hy,
since VN [ [J((N/(N + 1))H) — J,(H)] dF is of order 1/V'N.

Proor. The integral

(4.17) In=vm / Ju(Hy) d(Fm — F) = f J.[Hy(@)] dZn(@)
can also be written

(4.18) In = [ {Za(1) = Za[Kx(®) — 0]}u(d®),
Therefore,

@19) |V [ [u(Hy) = J(H)] d(Fn — F)

=|[ 2nte = 0) — ZulKn(®) — O} u(a®)
< [l SUp |Zn(@) = Zn[Kn(@)).

This implies the desired result by application of lemma 9. Another result which
may be useful in the investigation of the Chernoff-Savage statistics (but will
not be needed for our purposes) is a theorem relative to the behavior of the
quantile function Ky defined on the interval [0, 1] by the formula

(4.20) Ky(uw) = inf {z: Hy(zx) > u}.
For the present purposes the assumptions that H(z) = z for z € (0, 1) and that
H = M\F + (1 — MAy)Gwith0 < A\ < My <1 — Nparerather important. Consider,
under these conditions, the process Zy defined by Zy(u) = VN[Kn(u) — ul,
u € [0, 1].

Since the process VN (Hy — H) is asymptotically Gaussian, it follows from
the equivalence {Ky(u) > z} © {Hy(x) < u} that for any finite set 0 = uy <

U < -+ < Uy < u, = 1 the distribution of the vector {Zn(u;);j =1,2, -+, 7}
is also asymptotically normal, with the same covariance function
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(4.21) Cy(w,0) = TF@IL — FO)] + 5 W1 — G0)]

for u < v as the process VN (Hy — H) itself.

The following proposition strengthens this result. Let S be a finite set S =
{ui;7=0,1,2,--- |7}, with 0 =uy <u; < -+ <u, =1. Let Zy s(u) be
defined by Zy s(u) = Zy(u) if w € S. If u is between two consecutive points
u; and w;4 of S, define Zy,s(u) by linear interpolation.

ProrosiTioN 4.  For every € > 0 there exists a finite set S and an integer N (e)
such that N > N (¢) implies

(4.22) P{l|Zy.s — Zn|| > ¢ <
for every pair (F, Q).
Proor. Let ¢ be a positive number 0 < ¢ < 1 and let b and r be positive

integers. Select b such that 2P{V'N||Hy — H|| > b} < e. For any function h
defined on [0, 1] let ITh be the function obtained by taking (IIR)(j/r) = h(j/r)
for j =0,1,2, ---,r and interpolating linearly between successive values.
One can find a number r and an integer N, such that N > N, implies

2P{VN|IHy — Hy| > ¢(1 — ¢)} < e and 2r[b(e) + 1]2 < eVN.
Let HY = Hy if VN||Hy — H|| < b and VN|IHy — Hy|| < ¢(1 — ¢). Let
% = H otherwise. It follows that N > N, implies P{H% # Hx} < e. Further-
more, VN||IIHY — H%| < (1 — ¢) and VN||HY% — H| < b without exception.
The second inequality implies that the segments of lines which compose IIH}

have slopes which differ from unity by no more than a < [2rb(e)]/VN < e
This implies in particular that IIHY is increasing. Further, let K% be the function
related to H% by the equation K% (u) = inf {z: H%(x) > u} and let Ky be the
corresponding function relative to Hy = IIHY%.

Since the slope of IIHY is always larger than 1 — ¢ the inequality
VN||TOH} — H%|| < (1 — ¢) implies VN||Ry — B%|| < e. Thus, it will be
sufficient to prove the result for Ky, instead of K% or Ky. Interpolate Ky just
as before. That is, let Ky(u) = Ky(u) if ru =4, =0,1,2, ---, r and inter-
polate linearly between these values. Suppose that VN [Hx(i/r) — H(j/r)] =
21 > 0 and that VN [Hy((j + l)/r) H((j + 1)/r)] = 2z < 0. Since the slopes
of the segments composing Hy are between 1 — o and 1 + a, this implies
Ry(j/r) 2 j/r — (1 — @)z1/VN and R ((j + 1)/N) < (G + 1)/r + (1 + a)lasl/
V'N. It follows from this that

w En{i -

<r{(1+ 2) L ~+a-

<afat (+ar [%r%]}.

Zl 1

}21 -1 -z
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Since [2z;] < b and since 2rb? < ¢V'N, this is smaller than ba + (1 + a)e < 3e
The desired result is an immediate consequence of these inequalities.

Remark. The result of proposition (4) is well known for the case where
F = G. In fact, one can reverse the chain of arguments leading to the proof of
proposition (4) to obtain a simple and rather elementary proof of Donsker’s
theorem. For the case where H is not the uniform distribution and for applica-
tions, see [2] and [9].

A consequence of proposition (4) is the following result.

CoroLLARY. There exist joint distributions for pairs of processes (Zx, Wx)
such that

(i) the distribution of Zy is the same as that of VN[Ky — K]J;
(i) the process Wy is Gaussian, with mean zero and covariance

(4.24) EWx()Wa()) = 5 FOL — F@)]

+ F 6@ — GO

for s < t;

(iii) for every € > O there is an N(e) such that P{|Zy — Wyl > ¢ < e of
N > N(e).

This follows immediately from proposition (4) and a theorem of V. Strassen
[16].

Propositions (3) and (4) can be used to investigate the asymptotic properties
of statistics of the Chernoff-Savage type as follows.

Let 91 be the space of finite signed measures on the interval [0, 1]. For each
weM let J, = u{(0, z]}. Let Tx be the expression

(4.25) Ty = VN { [ J(Hy) dF — [ J.(H) dF}.
Introduce the pair of stochastic processes (Zy, Z%) by the equalities

(426) Zy=VN[Ky — K], Z%(%) = Vm[Fa(E — 0) — F(§)].
Let T% be the expression

(4.27) t = VN f [J.(Hy) — J.(H)]dF + VN f J.(H) d(Fn — F)

VW / [F(g) —F [s + ;/Lﬁzzv(a]] u(dg) — \/g f 2Ol

According to proposition 3, the difference 7% — T converges to zero in prob-
ability, uniformly for ||u|| bounded.

According to propositions 2 and 4, for e > 0, both Zy and Z% admit linear
interpolations of bounded rank which differ from them by less than ¢, except in
cases of probability e. Therefore, one could find a suitable probability space and
pairs (Wy, W%) of Gaussian processes with appropriate covariances such that
for every ¢ > 0,
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(4.28) P{llZy — Wull + 1Z% — Wi > ¢ <
for N > N{e) and for every pair (F, G). The functions

420)  THW,W* = VN f [F(&) ~F (z + @)] u(de)

VN
- \/],":\I / W*(&)u(dt)

satisfies a Lipschitz condition
% % 1
430)  |T8(u, w*) = Tx(, v")| < [lw — oll + [luw* — o] 5 ]

since AxF has a derivative bounded by unity and since Ay < Ay. As a consequence,
one can state the following corollary.

PropositioN 5. Let Ty, Wy, and W3 be the objects defined above. Let Py be
the distribution of Tx and let Qx be the distribution of

431) VN / {F(g) — F[£+ Z—NN]} p(dg) — \/Z f Wi (E)u(dE).

For every e > 0 there exists an N (¢) such that N > N (e) implies |Px — Qullsz <
e||u|| for every p € M and every pair (F, G).

Remark. The above proposition remains valid if T is modified by replacing
Hy by (N/(N + 1))Hy. It is easily checked that such a replacement amounts
to a slight modification of the measure p and the introduction of terms which

are at most of order [|ju]/VN].

5. Bounds for the tails of the Chernoff-Savage statistics

For the purposes of the present section, let f and g be the functions defining
the set $ and let 8, be the set of indefinite integrals of the type J(z) = [{,2J'(£) d¢
with [J’| < fg. If 7 is a number such that 0 < 27 < 1, let

(5.1) «(J,7) = VN /A {J <N% HN> _ J(H)} dF.,

where the integral is taken over the set A = (0, 7] U [1 — 7, 1).
ProrosiTiON 6. For every € > 0 there exists a number 7o such that

(5.2) P{sup [[A%(J, )];0 <7< 10, J €8] > ¢} < e

for every N and every pair (F, G).

ProoF. If one reverses the order of the observations by changing z to
1 — z, the part of A%(J, r) arising from the integral over [1 — 7, 1) is trans-
formed into a similar integral, for a different function J, over the interval (0, 7).
Thus, it will be sufficient to bound the part relative to (0, 7]. Let 6 be a number
0 < 85 < A e such that both f and g are monotone decreasing in the interval



626 FIFTH BERKELEY SYMPOSIUM: GOVINDARAJULU, ETC.

(0, 8]. One can assume throughout that + < é. In this case, replacing binomial
distributions by Poisson distributions as explained in section 4, one can bound
instead of A} the simpler expression

vN
(5.3) v, ) = e 2

<7

A

where the £; are the order statistics from a sample of size N taken from the
uniform distribution. The Zy,; are independently selected with conditional
probability of being equal to unity given by

(5.4) PlZy,:=1lt,&, -+ ,&v] = 1 — P[Zy,: = 0l&, - -+, &v] = Mve(£:).
Instead of using the above representation, one can also introduce independent
random variables {U;}, j =1,2, -+, N which are uniformly distributed on
[0, 1] and their ranks R;. The whole system {(U;, R;);j = 1,2, ---, N} will
be denoted by the letter W. Taking this possibility into account and the fact
that Ay > X, it will be sufficient to bound

R;
(5.5) Su(J, 7) = \/_U% J (N " 1)
According to lemama 8, there is a number 8 > 0 such that
R; 1 .
(56) P{ﬂU, S NTi S E U" for all 'L} >1-— 5/4

Let fs be the function fs(x) = f(8z) defined for = € (0, §]. Define g similarly.
Once B is chosen, lemma, 7 implies the existence of a number ¢; such that

61 Pl [VER@E - vfvi<o] 20} <o

In addition, if B(N + 1)U; £ R; < YN + 1)U, one can write
1 R 1 .

(5.8) miax {\/—N gs(U.) oA 1} < VN max U.gs(U,).

If the maximum is restricted to those values 7 such that U; < 7, this last term
is not larger than

1 1

59 G/ SIp =0el) = o7 sup g (Be).
Since zg(z) — 0 as x — 0, there is a 7 and a ¢ such that P[W € ®] >1—¢
if ® is the set of systems W = {(U;, R,)} which satisfy

@ W+ 1)U, <R; < (N+ 1)B'U;s
and

(ii) sup {x/zTrg Wy Eie

: PEYIN+1

However, if :W € &, then |J'(u)| < fs(U.)gs(U.) for every point u belonging
to the interval between U; and R;/(N + 1).

_Ui;UiSTl}SC-
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It follows that

(.10)  Sy(J,7) =

R;
7= E (7o) - Iwi| < 5 £ 500,

The integral [ fs(w) du is equal to (1/8) [§® f(v) dv. Therefore there exists a
1o £ 71 such that ¢ [§ fs(u) du < €. The desired result follows by application
of Markov’s inequality.

The quantity which appears in the study of Chernoff-Savage statistics is not
exactly equal to A} (J, 7) but to

5.11 An(J, \/N{ / ) ' — / }
(5.11) v/, 7) = N+1 Hy )dF JJHE)dF |,
where A is again equal to (0, 7] U [1 — 7, 1). Clearly,

(5.12) Ay = A% + VN /A J(H) d(F,, — F).

The difference term A% — Ay is a normalized sum with expectation zero and a
variance bounded by expressions of the type 4\ 'c*(r) where c(s) is a function
described in the proof of lemma 2. Thus for every ¢ > 0 there is a 7o such that
P{lA% — An| > ¢} < e for J €8 and = < 7o. In other words, the following
corollary holds. '

CoROLLARY. Let A betheset A = (0,7] U [1 — 7, 1) and let

/J(N]X_Isz)dF /J(H)dF‘

For every € > 0 there is a number 1o > 0 such that 7 < 7o and J € 8 tmplies
(5.14) P{an(J,7)| > ¢ <e

for every N and every pair (F, G).

For some purposes it is convenient to eliminate a few terms in the tails of
the Chernoff-Savage statistics. In this connection, let us mention the following
easy result. Suppose that |J| is monotone decreasing in the interval (0, 6]. Let
k be an integer and let y = k/(N 4+ 1). Then

>’<£(N+ 1)/ I (@)| de

< pon N+1 0J2(1:)dx

Therefore, whenever J stays in a family of monotone functions which are

" uniformly square integrable the sum (VN/m) T*_, |[J(@/(N + 1))] tends to zero
for each fixed &k as N — . It follows that for each fixed y € (0, ) the terms

(5.13) Av(J,7) = VN

V/_ZJ

(5.15) z (N s

(5.16) VN 7 ( N]i . HN(x))idF,,.(x)

Nz <y

tend to zero in probability as N — «.
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6. The asymptotic behavior of the Chernoff-Savage statistics

For the purposes of the present section it is convenient to consider the set
8; D 8 of functions J which are indefinite integrals of functions J’ such that
J' = Ji + J; with |J3] < fg and [ |J1(z)| dz < b. The set 8; will be topologized
as follows. A sequence {Jx} converges to J if [4 |Jix(x) — J'(x)| dz — O for
every interval A = [r,1 — 7] with 0 < 27 < 1. A subset S of §; is called
relatively compact if every sequence {Jx} C S admits a convergent subsequence.

Triples {F, G, \} such that H = AF + (1 — \)@ is the uniform distribution
on [0, 1] will be topologized by requiring that when [F,, G,, \,] = {F, G, \], the
densities \,¢, = A\ (dF,)/dH converges in measure. Of course, it is still assumed
that 0 <M <A1 —

Consider the functions L and M defined in section 3 by L(z) = [= J'(¢) dF(§)
and M(z) = [=J'(£) dG(£). Let o% be the variance o [(F, @), J, \y] introduced
in section 3.

THEOREM 1. Let J be an element of 8, and let

(6.1) Ty = \/ﬁ{ f J []%1 HN] dF,, — / J(H) dF}-

Let Py be the distribution of Tx and let Qn be the normal distribution which has
expectation zero and variance ox[(F, G), J, A\v)]. If S is a relatively compact subset
of 8, then for every e > O there is an N(e) such that N > N(e) implies
[Py — Qnllaz < € for every J € S and every triple {(F, G), \n}. Similarly, if & is
a relatively compact set of triples [(F, G), N, then for every ¢ > 0 there exists an
N(e) such that N > N(e) implies |Px — Qullsz < € for every J € 8 and every
triple {(F, G), \} € §.

On sets such that o% stays bounded away from zero the bounded Lipschitz norm
|Py — QnllsL may be replaced by the Kolmogorov vertical distance.

Proor. Suppose J' = Ji + J; with |J3| < fg. According to proposition 6,
for any given ¢ > 0 there is a number r > 0 and an Ny(e) such that if A is the
set (0, 7] U [1 — 7, 1) and if T is the expression

6.2) T3 = VN { L A [ﬁ—l HN] dF — ]A Jo(H) dp},

then P{|T%| > ¢} < efor every J; and every triple {(¥, G), \}. Since the func-
tion |J3| is integrable and bounded by sup {f(z)g(z),r <z <1 — 7} on the
interval [r, 1 — 7], it will be sufficient to prove the theorem for integrable func-
tions J’ such that [ [J'(z)| dz < b.

In this case, according to proposition 3 or proposition 5, one can replace the

variable Ty by T% = VNBy + Ry with
6.3) VNBy=VN f J(H) d(F. — F) + VN [ [Hy — H)J'(H) dF,

(6.4) Ry = VN f [J(Hy) — J(H) — (Hy — H)J'(H)] dF.



CHERNOFF-SAVAGE THEOREMS 629

For every e > 0 there is an N1(¢) such that N > N(e) implies P{|T% — Tn| > ¢
< ¢, whatever may be J and whatever may be F, G, and \y. Since V' NBy is pre-
cisely the term introduced in section 3, the results claimed in the statement of the
theorem will depend on the evaluation of appropriate bounds for Ry.

First note that given e > 0 thereisac < « such that P{VN|Hy—H| >¢} < e
Let Hy = Hy if VN|Hy — H|| < c and let Hy = H otherwise. Let

(6.5) By,=VN [ [J(Ay) — J(H)] dF
and let
(6.6) Bys= [ VN[Hxy — H)J'(H) dF.

If ¢ = dF/dH and if Ry(z) = inf {t: Hy(f) > z}, one can also write By, and
Ry 2 in the form

©67) By.= VN [ (F® - FIRvODJI () ds
(6.8) Bya= [ VNIE® — HOW 0@ dt.

Since 0 < Mg < 1 and since VN||Hy — H|| < ¢ implies VN|Rx(¥) — &| < ¢,
both Ry, and Ry, satisfy Lipschitz conditions in J’ for the norm [|J'|| =
[ |J'(s)| dz. If Ry[F,J’] = Ry1 — Ry, this implies |Bx(F, J')| < 2e/N)||I'|.
Therefore, the first statement of the theorem, with uniformity of the convergence
on compact subsets of 8; will follow if we show that for a fixed J’ the term
Ry[F, J'] converges to zero uniformly in F.

Let py(z) be the ratio

_ T g £
©9) (@) = sup ~/sz|J [x+ \/N] I@) — =@

By definition of the derivative, this converges to zero for almost every z. In
addition, [ px(x) dxr converges to zero. However,

(6.10) By, J7)| < f o) dF@) < - f (@) de.

The first statement follows. '

For the second statement, note that if J € § and if the part of J’ carried by
the set (0, 7] U [1 — 7, 1) has been removed, the remaining part of J’ is smaller
than a certain integrable function w = a + f,, with a equal to sup {f(r)g(z);
r <z <1 — 7}. The term By, can be written

610 Bvao) = [ VAU - 201 [2E] 0w e

This satisfies a Lipschitz condition,
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(6.12) By 2(0)| < cllell,
for the norm ||¢|| = [ w(§)|¢(¢)| dt. Similarly,
(6.13) Byale) = [ VNI Hy) — JE)Jo(®) ds
satisfies the condition
(6.14) Byao) < [ widle®] s
with

. = v'N R
(6.15) n(£) sup Ni@Q [E + \/N:l Q|
(6.16) 2) = [ (@) dt.
Suppose then that ¢, — ¢ in measure; then
(6.17) [ o@le® — o(®)] dg—o0.
Furthermore,
(6.18) [ w®le® — ¢®) dg—0

uniformly in N since the functions vy are uniformly integrable. The result
follows by the usual argument. This completes the proof of the theorem.
REeMARK 1. The convergence is not uniform on the set of systems {(F, G), J, \}
such that J € 8. In fact, suppose that Jy(z) is equal to —1 for 2k/2¥ < z <
(2k + 1)/2¥ and to +1for 2k + 1)/2" <z < 2k + 2)/2Y,k =0,1,2, - -+, 2V
Then |Jy| < 27¥. Suppose that 2\y = 1 and that Fy has a density ¢» equal to
2 for 2k/2¥ < x < (2k + 1)/2" and to zero otherwise. Then the function Ly
differs little from L(x) = —zx and My differs little from M (z) = +z. The expres-

sion |Ty]| is smaller than 2-¥ VN, but 4¢? is approximately equal to unity.

In the paper of Chernoff and Savage, it is assumed that the second derivative
J'' satisfies a restriction of the type |J”(z)| < K[z(1 — z)]~ 6/2+8 This implies
in particular that the available family {J'} is relatively compact for uniform
convergence on the compact intervals of (0, 1). Thus theorem 1 asserts uniform-
ity of the convergence on that class.

REMARK 2. One particular case in which the uniformity asserted in the
theorem may be of interest is the following.

Suppose that for each N the distribution ¥ of the original observations
labeled X is given by a distribution function ¥ which admits a density. Suppose
also that the distribution G of the variables Y is given by ¥{(z — 6)/8} with
B > 0. In this case if 6, — 6, and 8, — By > 0, the density of ¥[(x — 6,)/8.]
converges in measure to that of ¥[(z — 8,)/80]. It follows that the corresponding
distributions (F, G) reduced to the interval [0, 1] converge in the same sense.
The convergence |Py — Qvl|zz — 0 asserted in the theorem is therefore uniform
for J €8, A\ € [N\, 1 — A¢] and every bounded set of values [6,logg]. In
addition, if for the integer N the value of (6, 8) is (fx, B~) and 6y — 0 and 8y — 1,
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then the Kolmogorov distance [Py — Qx| also tends to zero uniformly for any
set S C 8 such that J € S implies [ J%(u)du — [[ J(u) du]? > « > 0. This
follows immediately from lemma 5.

In many cases the functions J are obtained using expectations of suitable
order statistics. In this connection the following theorem may be of interest.

For each integer N let Ji be a nonnegative function such that 0 < Jy(z) <
K[z(1 — z)]~®/2+3 for some fixed K < « and some fixed 8, 0 < 25 < 1. Let
Jy be an integral of J} and let Jy(¢/(N + 1)) be the expected value E[Jx(£w,s)]
where £y ; is the 7-th smallest order statistic in a sample of size N from the
uniform distribution on [0, 1]. Complete the definition of Jy by linear interpola-
tion between successive integers ¢ and by leaving Jy constant below (1/(N + 1))
and above (N/(N + 1)).

THEOREM 2. Suppose that the relation |Jy(x)| < K[x(1 — z)]~®/2+5 45 sat-
isfied and that J 5 converges in Lebesgue measure to a limit J'. Let Tx be the expres-
sion

619) Tyv=VN { / Ty (]VI_% HN) dFn — / Jw(H) dF}-

Let Py be the distribution of Tx and let Qx be the normal approximation of theorem 1.
Then ||Py — Qu||sL converges to zero, uniformly in [(F, G), \] as N — .

Proor. Let T4 = VN{f In(N/(N + 1)Hy) dFn, — [ Tn(H) dF}. According
to lemma 1, the function Jj satisfies the conditions of theorem 1, with f =
K[z(1 — 2)]71+6/2 and g% = [z(1 — 2)]-@®, In addition, Jy converges in
measure to a limit J'; hence, J} converges to J’ according to lemma 1. It follows
from this that theorem 2 would be proved if Ty was replaced by T%. To com-
plete the proof, it will be sufficient to bound the difference Tw — T% =
VN{J [Twv(H) — Jy(H)] dF. However, this is smaller than A3 [ VN[Tx(z) —
J N(x)l dzx.

Since, in this last integral, the terms in the absolute value sign are linear
functions of Jy and since Jy can be split into positive and negative parts and
each of these into parts supported by [0, 3] and [3, 1] respectively, it will be
sufficient to prove the result under the assumption Jy(z) = [} hn(§) df, 0 <
hy(z) < = 6/2+8 pu(x) = 0 for 2 > 1. The parts relative to the interval [3, 1]
are handled by changing z into 1 — .

With this definition, note that

(6.20) VN [ In() dt < KVNo-ams,

and that a similar inequality holds for Jy. Thus it will be sufficient to prove
that VN [L [Tn(z) — Jx(z)| dz tends to zero for Ney = N*2,
We shall proceed by showing that VN|Tx(z) — Jx(z)| stays bounded by an

integrable function and that \/Z_\_’IjN(x) — Jx(x)| — 0 in measure. For the first
part it is convenient to divide the range [ev, 1] into two parts [ev, 7] and (7, 1]
with 7 fixed but » < 1.
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Consider first the part relative to the interval (ev, r). Let 8y(z, k) be the
density of the k-th order statistics from a uniform sample of size N, and let

I(N + 1)
TEWITWNV + 1 — k)

even for noninteger values of the symbols N and k. Let £ = (k/(N 4 1)) and
let I,(¢) be the integral

(6.22) L@ = [ In@8u(a, k) dz.
Since 0 < Jy(x) < 7, @ = 3 — §, one can bound 7,{¢) by the integral

(6.21) By(z, k) = 211 — g)v—*

YADN + DIk — o
(623) 12(5) = j; F(k)F[N +1— a] BN—a[x) k— a] dz.
Consider also the function
(6.24) (b — a) = W = o) 1 N—a
) Rhaks Tk — a) ’

A simple application of Stirling’s formula shows that

(6.25) mmk—ﬂscb—%Tq}—§memk—d

for a certain constant ¢ and for all values of N and &k such that N — k — o > 1.
In addition, [§* v~[z, K — a] dz can be bounded by Markov’s inequality as
follows. If p = (k — a)/(N — @), then, for s > 0,

8 k—a
(6.26) / e~ 2W—all—/Ayy g |k — o] do = I:l j_ 28] .

Therefore, [4% yy[z, k — o] dx < p*2, with p = inf {(e?/(1 + 25)),s > 0} < 1.
Since £/4 < u/2 for N > Ny and k > N§/?, this implies

627) L) < et (1 - 2)"2 (1 _ E)“” IV + DIk — a)

N N TETWN +1 — a)
N —a \*
NN .
scp (k —a— 1)
Therefore, given e > 0, there exists an Ni(e) such that N > N, and &k > N?%/2
implies \/N'Iz(s) < VD% for ey < £ < 7. Thus this term will become neg-
ligible. Consider the term

©28) L) = VN f: ; (&) — Jn(©Br(z k) d

_ / L I@) = Iv® R gL, 3V + 1)) da
/4 |z — &

Note that
620) VN / e — Hvlz, (V + DEl do < |y VET = B.
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Furthermore, in I; the differential ratio involving Jy is, by assumption, smaller
than the same ratio involving the function @(x) = z~V/2*, For the latter func-
tion, the maximum value of the ratio is obtained at x = £/4 giving

(6.30) L5 < GO GHVEL — §) = V1 — §WDH,

This is an integrable function.

To show that I3(£) does in fact tend to zero for almost all &, if J4 converges
to a function J, it is sufficient to repeat an argument similar to the argument
of lemma 1. Note also that J%(£) = [ Jx(x)Bx[z, (N + 1)£] dz provides a
decreasing interpolation of the function Jy. From this one concludes that
VN|J%(&) — Jw(£)| — 0 for almost every £, and therefore VN |[Ty(£) — Jx(£)| — 0
for almost every £ Furthermore, for N > N, one has VN[Tx(¥) — Jx(®)| <
G~ 12 for every £ > ey. The result follows.

ReMARK. The preceding theorem 2 corresponds to theorem 2 of Chernoff
and Savage. As a particular application, let us mention the following corollary.

CoroLLARY. Let k be a fixed integer and let a;, 7 = 1,2, --- , k be bounded
constants. Let

(6.31) Iy (51) = 2, 0B

where £y 4 18 the i-th order statistic in a sample of size N from a population whose
cumulative distribution s the inverse of a function S;.

If |(dSi(z)/dz)| < K[z(1l — x)]~G/D+ for j = 1,2, --- | k, then the functions
Jn satisfy the conditions of theorem 1.

Proor. This follows from the linearity of the transformation J ..» Jy used
to define the functions which occur in theorem 2.

For the case where a; =0, a2 = 1, k = 2, and S = &! the resultant test
statistic is the one considered by Capon [4] and Klotz [11].

7. The c-sample case

In this section we shall extend the results of section 6 to c-sample situations
Without additional assumptions Puri [13] had extended the Chernoff-Savage
results to c-sample cases. Our theorems 3 and 4 are direct extensions of Puri’s
lemma 5.1 and theorem 6.1.

Let X;i k= 1,2, .-+, n; be a random sample from a population having a
continuous cumulative distribution function F@. Assume that the c-samples
obtained forj = 1,2, -- -, c are independent. Let N = }_ n; and let \; = n,;/N.

Assume that there is a Ay > 0 such that Ay < \; <1 — ) forevery 7 = 1,2,
--,cand every N. Let H = 3_; \;F and Hy = X_; \;F{ be respectively the
combined cumulative and the combined empirical cumulative based on the
samples {X;:}.
Let TN,,’ = nf‘ va.l EN',;_,‘ZN,,‘,]‘, ] = 1, 2, crr, G where ZN,,',,‘ = 1 if the i-th
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smallest observation from the combined sample of size N belongs to j-th sample
and where Zy ;,; is equal to zero otherwise.

The Ey,.,; are given constants. Following the notation of section 2, one can
represent T’y ; in an integral form

+
(71) TN,,' = / JN,, [N + 1 HN] de,f’(x)

For simplicity we have assumed that the functions F are continuous and
state a result analogous to theorem 1 in a form similar to the form of theorem 1
of Chernoff and Savage, for the original distribution functions.

THEOREM 3. Assume that forallj = 1,2, - -+, ¢ the following conditions hold:

(1) J;(H) = lim Ju,;(H) exists for 0 < H < 1, and this limit is not a constant
and it 7s absolutely continuous on (0, 1);

O [ o e ) oy o =

o[

< K[z(l — 2)]-0/+ with 0 < 25 < 1.

Let u; = [ JilH(2)] dF9(z) and

(72) oy = gﬁ],?)\e Jf-o<z<y<te FO@)[1 — FO(y)]J;[H(x)]JH ()]
dF O (z)dFD (y)

+ 2 [foey FO@L - FOQWH@WIH)]

- d{H(z) — NFD(2)] d[H(y) — NFD(y)].
Then, if lim infy_,» o%,; > 0, one has

— t
(7.3) lim P{VN[Ty;— mv.i] < tU’N,j} = L—/ e=%/2 dz.
N-—reo ‘\/27|- —®

Proor. Conditions (1) and (2) of the theorem imply that one may consider
instead of (Ty,; — pN,,-)\/]TI the expression

74) Ty, = \/N{ f J; [NLH HN] dFy — / T (H) dF<f>},

which is similar to the expression covered by theorem 1. One can proceed exactly
as in theorem 1, along the following sequence of steps. First one can show that
an integral of the type

75 Avllyr] = { ] N T IHN] dFy — /A Ji(H) dF(n}

with A = (0, 7] U [1 — 7, 1) can be made small by selecting 7 small enough.
Second, removing an appropriate term from Jj (on the set A), one is left with



CHERNOFF-SAVAGE THEOREMS 635

functions J} which are bounded, and one shows, by an argument similar to that
of proposition 3, that terms of the type

N
(7.6) VN / [J,- [m HN] - J,—(H):I d[FP — F]
can also be neglected. This replaces our T ; by a term of the type
(7.7) %s= VNBy,;+ Rv,;
with
(7.8) VNBy; = VN f Ji(H) d(FD — Fi)

+ VN [ [Hy — H]J/(H) dF®,
and

(7.9) Ry, = VN [ U(Hy) = JyH) — (Hy — H)J}(H)] dF.

An argument similar to that of theorem 1 shows that Ry.; also tends to zero.
Thus, the only nonnegligible term left is the term VN By ;, which can be written
as sums of independent variables. The result is then obtainable by appropriate
algebra and the central limit theorem.

To proceed through these steps, the necessary tools are the appropriate
versions of lemmas 8 and 9 and propositions 2 and 3. Both lemmas 8 and 9 are
proved there by substituting to binomial variables appropriate Poisson variables.
This is still possible here. The difference in probabilities will be less than 2 3"5_, p;
where p; is the probability attached to a set (0, ¢] U [1 — ¢, 1) by the measure
F& (reduced to the interval (0, 1) as before). Thus, in the tails, VN [Hy — H]
and Hy will still behave essentially as if they were obtained by taking N obser-
vations from the uniform distribution. Proposition 2 involves an interpolation
which is feasible simply because none of the VN[F — F] oscillates much on
intervals which have small probability for the parent distribution. Since the
derivatives [dF@/dH] = ¢; are still bounded, this is possible. Proposition 3 de-
pends only on the behavior of VN ||[Hy — H| and VN ||[F$ — F®||. Hence it is
still valid here. One could also extend proposition 4 to the present case, since its
proof depends only on the validity of proposition 2 and on the fact that the
interpolation formula of proposition 2, when applied to Hy itself, gives functions
whose slope is arbitrarily close to unity. However, proposition 4 is not even
needed for the proof of theorem 1.

Since in the present case one may have to consider the joint distribution of

the statistics Tv,;,j = 1,2, - - - , ¢, it appears proper to mention that the random
vector
(7.10) Ty = VN{(Ty1 — pva), (Twe — ung), =+ 5 (Twe — nv.o)}

has a joint limiting normal distribution, provided that the relevant covariances
converge. This is the purpose of the following theorem.
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THEOREM 4. Let assumptions (1), (2), and (3) of theorem 3 be satisfied, and
let Ty be the random vector Ty = {VN(Tw;— wn.j);j=1,2, -+, c}. Let Py
be the distribution of T'w and let Qx be the normal distribution which has expectation
zero and covariance matrix Ty. Then |Py — Qnllsz — O provided Tx be given by
Ty = ((on i) with o%; equal to the quantity used in theorem 3 and

@1 owis= 3 [[ FO@I — FO@WIHE)TH)
k=1

T - dFO (@) dF9 )
+ [[ FO@01 — FO@)H@)HE)
= - dFO(y) dF(z)

— [[ Fo@1 = FOQHEM)THE)
i - dF9 (z) d[H(y) — NFO(y)]
— [[ Fo@ — FOQVHE)IHE)
o . dFO () d[H(z) — \FO@)]
— [[ Fo@1 — FOAHE)THE)
T . dF9 () d[H(y) — MFO ()]
— [[ Fo@1 — Fo@)WiHE)IHE)
o L dFO @) d[H() — MFO@)].
Proor. The argument of theorem 3 shgws that each term VN [Tw.; — wn.i]
is asymptotically equivalent to a term V' NBy,; defined by
(7.12) VNBy,;=+VN [ Ji(H) d(Fn, — F) + VN [ (Hy — H)J/(H) dF.

Let L; be the funetion Lj(x) = [{,2 J}(§) dFi(£). Integrate by parts and separate
the components of [Hy — H]. This gives

(7.13) VNBy; = VN / [J; — L] d[FD — FO)

= VN T [ ML dFD).
E%j
This can also be written in the form

(7.14) VNBy; = —— \/L— 3 51X — EJi(X50)]
)\j n; v

- = Vi ¥ (LX) - BLIXD

The central limit theorem applies to the sums, giving the result of theorem 4
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upon evaluation of the covariance matrix. The explicit form given in the state-
ment of the theorem is obtained by writing V' NBy ; in still another form as
follows.

Let Wy.; be the process Wy,; = Vn; [FY — F@] which has expectation zero
and a covariance function

(7.15) Ci(s, t) = FO(s)[1 — FO(t)]
for s < t. Then, the expression V' IVBN,,- becomes
(7.16) VNBy; = £V [ Waa@)JJIH@)] dH ()

1
—;;fwwwﬁwwwmn

The formula is obtained by taking the expectation of the product
\/NBN,,-\/ﬁBN,,- in this form and using the fact that EWy x(x)Wy.(y) = 0
for k 5 v, since then the processes Wy and Wy, are independent.

Let us also note the following result.

THEOREM 5. The conclusion of theorems 3 and 4 s still valid if the assumption
(3) of theorem 3 s replaced by the condition that for each value of j = 1,2, -+« , ¢
the function J; is of the form J;1 + Jjz2 with [ |J;1(x)| dx < © and |Jj2| < fg with
f€ U and g € Us. The uniformity statements of theorem 1 extend to this case.

Proor. The proof is the same as that of theorem 3, with uniformity of the
convergence depending on Lipschitz-type conditions as detailed in the proof of
theorem 1. ;

Finally, let us note that the remark concerning location and scale families
which follows theorem 1 is still applicable here and that theorem 2 provides a
class of functions Jy which satisfy the assumptions (1) and (2) of theorem 3.
The arguments which lead to this last statement do not in any way depend on
the observations but only on properties of order statistics of the uniform distri-

bution.
RO O R,
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