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1. Introduction

The purpose of the present paper is to develop a systematic method of reduction of
problems of estimation and testing hypotheses to similar problems on normal distribu-
tions. The method proposed is only valid asymptotically and but little is known about
its performance for samples of finite size.

To describe more precisely the questions investigated it would be necessary to proceed
to an historical review of large sample theory. For brevity and simplicity we shall re-
strict ourselves to the key papers of J. Neyman and A. Wald. The first of these authors
introduced in [t] what are called best asymptotically normal regular estimates (B.A.N.
for short). The situation considered by Neyman is one in which the distributions are of
a multinomial nature, but the same techniques apply to families of the Koopman-Dar-
mois type (see [2]). Part of the motivation for the introduction of B.A.N. estimates is
that the maximum likelihood estimates are, even in such a “simple” case, very often
difficult to obtain. Furthermore, the B.A.N. estimates behave asymptotically very much
like the maximum likelihood estimates.

In sharp contrast with the preceding, Wald [3] considers classes of densities restricted
only by regularity conditions. In such a case, sufficient statistics of fixed dimensionality
do not usually exist, so that the methods used by Wald are by necessity different from
those of Neyman. Wald confines his attention to maximum likelihood estimates and tests
based on these estimates. A fundamental result of Wald is that, under certain conditions,
the maximum likelihood estimates are ‘‘asymptotically sufficient.” Further, by means of
suitable set transformations it is possible to associate to each test problem on the original
distributions a closely related, though not equivalent, problem on normal distributions.
The asymptotic sufficiency of the maximum likelihood estimates would make Neyman’s
techniques available to the statistician if only he could obtain the values of the estimates.
Since Wald’s reasoning relies heavily on the fact that maximum likelihood estimates are
roots of the corresponding equations, it is not at all clear that the same results would re-
main valid for approximate maximum likelihood estimates. It is even less clear that the
results would hold when the maximum likelihood estimates are not solutions of the rele-
vant equations, a circumstance which occurs often on boundaries of the parameter
space.
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In the present paper the author has attempted to describe a method by which results
similar to those of Wald’s can be obtained, still retaining a large amount of freedom in
the choice of the estimates. It will be seen that even though maximum likelihood esti-
mates might not be consistent or even might not exist, it is possible under certain condi-
tions to obtain estimates which are consistent, asymptotically normal and asymptotically
sufficient by using the averages of the logarithmic derivatives of the densities. Although
the existence of such estimates is proved by a procedure which provides a particular
estimate, it is clear that in most cases a whole class of such estimates is readily available.

Finally, the method presented here leads to proofs of asymptotic optimality of cer-
tain tests proposed by Neyman in [4].

2. Notation and assumptions

Although the following assumptions are rather stringent, they seem to cover a large
variety of problems. They will be referred to as assumptions (4) and used throughout
unless the contrary is explicitly specified.

Let © be a parameter set indexing the states of nature. Let } be the space where the
observable variables take their values. It is assumed that a o-field /4 of subsets of X has
been chosen and that to each 8 € © there corresponds a probability measure Pg on 4.

AssumpTION 1. X'is a Euclidean space and /4 is the field of Borel subsets of X . The space
O is a locally compact subset of an r-dimensional Euclidean space £.

AsSuMPTION 2. Observations can be made on a sequence of independent random variables
{X;},=1,2, -, taking their values in X . The distribution of the sequence { X ;} is the
product measure corresponding to one of the measures Py, 6 € ©.

ASSUMPTION 3. Py, = Ps, implies 6, = 0s.

AssuMPTION 4. There exists on £ a measure v, finite on compacts and such that for every
0 € O the measure Py admils a density with respect fo v.

It will be assumed that for each 8 € © a particular value p(z, 6) of the density d Ps/dv
has been selected.

AsSUMPTION 5. The function (x, 6) = log p(x, 0) is for each x € X a finite continuous
Sfunction of 6.

We pass now to assumptions relative to the differentiability of ®. It happens to be
particularly convenient to make use of a rather specific form of the remainder term in
Taylor’s formula, and the assumptions are stated with due consideration of this. It is
often convenient and sometimes necessary to make use of local coordinate systems in-
stead of a fixed Cartesian system as assumed here. The modifications necessary for such
considerations would complicate the arguments without bringing in essentially new
features. Furthermore, the necessary modifications are rather obvious so that we shall
limit ourselves to the simplest case.

It will be assumed that © does not have any isolated points and further that there is a
set Q containing O such that each point of © possesses in @ a convex neighborhood.

Furthermore, it will be assumed that to each couple (x, #) with x € Y and t € Q
there corresponds a 1 X 7 matrix A(x, #) and an r X r symmetric matrix B(x, f) in such
a way that the following properties hold.

ASSUMPTION 6. For each x € X the functions t — A(x, t) and t — B(x, t) are continuous
functions of t on Q. For each t € Q the functions x— A(x, t) and x — B(x, 1) are Borel
measurable in x.
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AsSUMPTION 7. For every 0 € © there is a neighborkood Ve of 0 in Q and a numerical
Sfunction Ho(x) such that
(a) For a given 6 € O the integrals
(1) SHo(x)p (,¢) dv

are uniformly convergent for t € Vo n 0.
(b) If t € V4 every element of B(x, ) is bounded in absolute value by Hy(x).
(c) If t and 7 are two elements of Vo 0 O then

(2) ®(x,t) —®(x, 1) =A(x, VU—7) —3U—7)'B(x; r, ) (¢E— 7)
with

3 Bz 70) =2 A=NBls r+r (=Dl dx,
AssuMPTION 8. For every 0 € © we have

(4 E{A(X,0)]|6}=0

(5) E(B(X,0) |8} =E{4'(X, 0) A(X, 0) |0} =T(0),

say. Furthermore, T'(6) is positive definite.

A point {x1, %2, * -, ,} in the product of # copies of ¥ will be denoted by z, and the
corresponding random variable by Z,. If the distribution of Z, is the product measure
Pj the corresponding density with respect to the product measure »" will be denoted by

ﬁ P(xi: 0) = Pn(zn, 9).

i=1

To simplify formulas we shall denote by A,.(f) the row matrix A4,() =
(1/n) E A(x;, t) and by B,(#) the square matrix B,(f) = (1/x) E B(xj, t). Similarly

=1 i=1

®,(2,, t) will be used to represent 2 &(x;, £). It will often be convenient to consider
i=1

A.(t) and B,(¥) as random variables and this without changing the notation. The inter-

pretation will always be clear from the context. Norms of vectors or matrices will be

denoted by double bars.

Let S be a Euclidean space and let #f be the space of bounded signed measures on S.
On A we shall consider a norm defined by ||u|| = ut(S) + u=(S) = sup {u(4) + u(49);
A € A4}, Furthermore, we shall use on #f the topology <7. and the associated uniform
structure defined by neighborhoods of the origin of the generic type

(6) V={I‘:|f“id#|§1; j=1,2,--, k},

where the functions #; are continuous and bounded on S. The corresponding structures
obtained by restricting the #;’s to be continuous and to vanish outside a compact will be
called the vague topology and the vague uniform structure.

For subsets of a vector space the symbols 4 4- B and e4 with e real will be given the
usual meaning.

If X is the product of & copies of ¥, an estimate depending on 2 is a function T’ from
X to the Euclidean space £ containing 6. Such estimates will be called strict if their
range is a subset of ©. ’
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We shall not assume that estimates are necessarily measurable functions, the reason
for this being that the measurability of estimates obtained by the usual procedures is
often awkward to check. If measurability is used or needed we shall explicitly mention
the fact.

The reader should beware of the fact that lack of measurability entails some complica-
tions. Thus, almost sure convergence does not imply convergence in probability. Further,
the theorems due to Slutsky [5] and Cramér [6] have to be reinterpreted since nonmeasur-
able functions do not have distributions. The necessary modifications being evident, we
shall not dwell on this at any length. Upper and lower asterisks will be used occasionally
for upper integrals, outer measures, etc.

The assumptions (4) given above being somewhat stringent, it is useful to keep in
mind examples where they are satisfied. Note that the assumptions (4) do not imply
that © has any interior point in £. In fact, © could be nowhere dense in £.

Some extreme examples satisfying assumptions (4) have been used by C. Kraft and
the author [7] to show that assumptions (4) do not imply the consistency of maximum
likelihood estimates, or when the method applies, the consistency of minimum x2 esti-
mates.

More specifically, assumptions (4) do not imply the existence of the maximum likeli-
hood estimates. Even if the maximum likelihood estimates exist and are uniquely defined,

“assumptions (4) do not imply their consistency. Examples of a very regular nature satis-
fying assumptions (A4) are the exponential families constructed as follows. Let u be an
arbitrary measure on a Euclidean space { ¥, 4}. The set S of values of s € ¥ for which
the integral K—1(s) = [ exp(s’x)du is finite is always a convex subset of ¥. If the linear
dimension of S is smaller than the dimension of Y%, it is possible to reduce the dimen-
sionality of the variable X by the same amount; hence we shall assume that ) and
S have both been reduced to their minimum dimension. Let sq be a point interior

to S in X and let » be the measure defined by »(4) = f exp(sox)du. Let p(x, s)
4

= K(s) exp [x'(s — 50)] be considered as a density with respect to ». If © is an arbitrary
open subset of S the family {p(x, s), s € ©} satisfies assumptions (4). More gen-
erally, let 6 be an arbitrary open subset of a Euclidean space. Let 8 — s(8) be a
twice continuously differentiable map from 6 to the interior of S such that 6, # 0,
implies s(6;) > s(6s). The resulting family {p[x, s(8)]; 8 € 8} satisfies assumptions
(4). The same assumptions (A4) are still satisfied if ® and s(6) being as above,
one considers only the family {[x, s(6)]; 8 € ©} where © is a subset of 8, locally com-
pact and without isolated points. As an extreme example of circumstances where as-
sumptions (A) are satisfied consider the following: Let 2 be an open subset of the real
line subject only to the restriction that its connected components have finite length.
For instance, 2 might be the complement in (— 1, 42) of the Cantor set, or Q might be
the real line deprived of the integers. Order the intervals composing @ in a sequence
{7}, k=1, 2,---, and order the rationals of the open interval (1, 2) in a sequence
{ar}, k= 1,2,---. For 6 € Jilet p(6) = ayx, let A(6) be the reciprocal of the length of J;
and let 8(8) be the lower bound of the interval J;.

Let X be a two-dimensional random vector having a normal distribution with the
identity as covariance matrix. Suppose that for € Q the expectation of the coordinates
of X are, respectively, p(6) cos {27N(6)[6 — B(0)]} and p(6) sin {2aA(6)[0 — B(6)]}. One
verifies immediately that one can satisfy assumptions (4) by taking a sequence of in-
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dependent random vectors having the above characteristics, choosing © to be either Q
itself or any locally compact subset of @ without isolated points.

3. Preliminary lemmas

In order to make the proofs of the main theorems more understandable and yet
reasonably complete, some of the relevant lemmas have been collected in this section.

Let B.(t) = (1/n) > B(X;, #) and let C(¢, 7) = E{B(X, §)|r}.
i=1
LeMmMA 1. Let assumptions (A) be satisfied. Every 6 € © possesses a neighborhood U in Q
such that for every positive € one can find an integer N depending on ¢ and 6 only for which
7 * B,(t) —C(, <e.
@ o TR SRIB (B —C U D Zel r) <
Proor. Let V, be the neighborhood described in assumption 7 and let H(x) be the
corresponding function. Let U be a compact neighborhood of 8 contained in Vg and such
that U n O be compact. Let 4 be a positive number. Denote by C the space of all con-
tinuous numerical functions on U considered as a Banach space for the norm |jg|| =
sup {|g(®)|; ¢t € U}. Let f(x, £) be an element of the matrix B(x, ) and let {g:} be a de-
numerable dense set in C.
For every integer % let Si be the set of values of x such that ||g.(t) — f(x, ¢)|| < 8.
Clearly Si is measurable. The sequence {Si} can be disjointed, giving a sequence {Si}
defined by S = 5] and Sesr = Sinr 0 (455"

Let
(8) h(xt) = D Is (%) g (0).
k=i
By construction
9 sup sup|h(x,8) — f(x, 8 |= 8
z ¢
and
(10) |k (x,8) | S H(x) +5.

Let E; be the set E;, = L>Jk S;. The compactness of U n © and the continuity of the
)
map 7— p(x, ) implies that as & tends to infinity the integrals

(11) SIg, (2)[H (x) +61p(x, 7)dr

tend to zero uniformly for 7 € U n ©. Hence there exists m so large that
(12) [ Lo (5 (H (2) + 819 (5, 1) dv <
forevery 7€ U n 6.

Let

W) =3 s, () g ()
(13) _ =

B (2, 8) = D Is; (%) g5 (8) .

S i>m
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Clearly
(14) sup| ¥ (2, 8) | =K () < H (x) +3 .
Hence

de
(15) L& fK(x)p(x,r)dvé—z-.

Let M be a bound for the norms llgsll,7 = 1,2, - -, m. Then according to the martingale
inequalities

(16) P{sw sup‘ ;zs,(X)g,(t) —E[Is;(X) g; () | 7] >a}sm,
From this one concludes that
M2
* ! —_
(A7  sup P} {sggtsggl th (X ) —ElW' (X, 0 |71 | > s} <2
Furthermore,
* <$
(18) P{sup zK(X)25§=2,
thus choosing 6 = ¢/3 and then N = 18m3*M?/¢* gives
(19) , Sup P*gsz% sup‘ Ef(Xn ) —E[f(Xyt) | 1] >€§
n =1

Repeating the argument for each element of B(x, ) gives the desired result.
LeMMA 2. Let assumptions (A) be satisfied. Then the integrals

(20) : JA (x, 8) A(x, 0)p(x, 0)dv

are uniformly convergent on compact subsets of ©. Consequently

(21) L33 4 x 0 16} - p10,1 ()]

i=1

in the ordinary (7.) sense uniformly on the compacts of ©.
ProOOF. Let K be a compact of © and let 6, be a point of K. Slutsky’s theorems and
the continuity of p(x, 6) with respect to 6 imply that

(22) [L{A' (X, 60 | 6.} — L{A' (X, 60) | 6o}

tends to zero if 8, tends to 6.

Since A'(x, 6,) = A’'(x, 6) — M(x; 6o, 0,)(6, — 8) for some average M(x; 6o, 6,)
of B(x, ) between 8 and 6,, Slutsky’s theorems also imply that
(23) LA (X, 0,) |6} > LA (X, 60) | 66}

in the <7, sense. Furthermore, I'(6) = E{ A’(X, 6)A(X, 6)|6} is a continuous function
of 6. Let a be an arbitrary fixed vector. Let Yo = A(X, 6)a and let Fy = 2{¥,|6}.

Let us be the measure defined by pe(S) = f y?dFs. We have just seen that if 6, — 6,
8
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then Fo, — Fg, and [y* dFs, — [¥* dFs,. Therefore, ps, — ps, for <7.. Hence for every
¢ > 0 there is a number & such that

(24) A oY, <e

for every integer #. This, repeated for an orthonormal system of values of a, implies the
desired result. Indeed if the integrals were not uniformly convergent on K there would
exist a sequence {,} tending to a 6, € K for which the above would not hold.
The statement on the convergence to normal distributions follows immediately {8].
Our next lemma is relative to modifications of normal densities. Let the set 6 and the

matrix I'(f) be as in the assumptions (4). Let A denote the Lebesgue measure on the
Euclidean space £. Further, let

1/
@9 gm0 =L SO ey u- T @0- 0},

for every 6 € 6 and every couple of points £ and 7 of £. Let f be a not necessarily meas-
urable function from £ to £. Let § be the function obtained by substituting f(¢) for ¢ in
gt; 7, 6).
LemMA 3. For every compact C € © and every € > 0 there exists a & > O such that if
sup|f(t) — t| < & then
g *
(26) Sl 0 — gt 1, 0) |ar<e

for every € £ and every 0 € C.
Proor. Since g is always positive we can write

@n [Tla-glan=[Tg|Z-1|an

= [Telespl =415 () — ' TO 1B — 7]

+3@¢-7'TOC—7)}~1]dN.
Letting ¢(t) = f(¥) — ¢, this becomes

28 [Tla—glar= [ glexpl — W TY—¥'T (U~} —1]dx;
therefore,
29 f"15-glax

.S_f*glexr){ +3/ TY+ WTYI2[(t— )T (¢~ 1)) 2} —1]dN.

Let 8* be a bound for ¢'T'y when ¢ runs through & and 6 through C, let t — 7 = [T'(0)}-/%¢
and let g,(£) be the density of an A/(0, I) variable. This gives

(30) f*lﬁ—gld)\gfgl(g)[ea*/wuen_1],1)\

and implies the desired result.
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4. Existence of consistent estimates

In the next sections frequent use will be made of estimates 7', which not only are
consistent but are such that V/7|| T, — 6] is “bounded in probability.” We have already
mentioned that under assumptions (4) maximum likelihood estimates need not be con-
sistent. Thus, the question arises whether there exist consistent estimates of any nature.
This is implied by the following general lemma.

LemMA 4. Let assumptions (1), (2), and (3) be satisfied. Furthermore, assume that the
map 0 — Py is continuous in the sense that if 0, tends to 0 then P, tends to Py, in the ordi-
nary <J. sense.

Then there exists a sequence {T.} of measurable strict estimates such that for every posi-
tive ¢ and every compact subset K of © the quantity

(31) sup P{||T.— 8] >¢| 6}
0EK

tends lo zero as n tends to infinily.

Proor. In the space #f of bounded signed measures on {X, 4} let V =
{u:|fudu| < 1forj=1,2,---, k} be a typical neighborhood of the origin. Let
be the subset of f constituted by probability measures. Let F be an arbitrary element
of #f1and for a sample point z = {x, x2," - *, %a} let F(#, 2) be the corresponding empiri-
cal distribution. If M is a bound for the functions #;, one can write
(32) P{F(n,Z)EF+V forevey n=N|F}2 l—kTm.

Let {K;},7 =1, 2,---, be a sequence of compact subsets of © such that K;, is the
closure of a set open in O and containing K; and such that \;J K;j=6.LetS; = {Py;

6 € K;}. Since the map § — P, is assumed to be 7. continuous and one to one, the in-
verse map F — 6(F) defined on S = l;J S; is also continuous when restricted to S;.

Therefore, given e and j there exists a symmetric 7. neighborhood of zero, say V (e, 7)
such that if F and G belong to S; and F — G € V(e 7), then [|6(G) — 6(F)|| < e. Let
N(e, 7) be so large that for n = N(e, 5) one has

(33) P{F(n,Z)EF+}V (e, j) |F} >1—¢

for every F € S. Let F(n, 3, ¢, 7) be an arbitrary point of S; n [F(n, 2) + V(e, j)/4] if
this set is not empty, and some arbitrary point of S; otherwise. Then

(34) P*{[|0(F) — 6 (F) || >¢|F} <e

ifn= N(e,j)and F € S;.

Let now M; = N(1/7,7), definev, = j if M; < n £ M;;; and let 3, = 1/v,. Define
an estimate T, by

(35) To=0[F (n, 3, 6aw)].
Then for every # and every 6 € K, we have
(36) P*{[|ITa— 0|2 8.| 0} = 5a.

This completes the proof of the lemma except for the fact that T, need not be meas-
urable.
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One can achieve measurability by giving a definite rule of selection for F. Although
this is not difficult it is rather long and uninteresting and will be omitted.

Instead of proceeding as above, one could try to show that maximum likelihood esti-
mates taken over a compact K ; are uniformly consistent for points of K; and then apply
a diagonal process. This results rather easily from lemmas 1 and 2 of the preceding sec-
tion, at least when assumptions (4) are satisfied. The preceding lemma is however of a
more general applicability.

The sequence {K;} of compacts used in the proof of lemma 4 will be used again in the
sequel. In this respect we shall use the following notation. Let 8; be a decreasing sequence
of numbers such that &} is smaller than the distance between K;jand K¢,;. Furthermore,
choose the spheres V), of assumption 7 in such a way that their radii stay bounded from
below when 6 belongs to K. This is possible because of the compactness of K;. Let §;"
be the lower bound of the radius of the spheres Vs when 6 belongs to K; and let §; =
min (3/41, 8;41). Under nice circumstances {4} does not necessarily tend to zero as j in-
creases. Furthermore, for every ¢ € O, let »(!) be the smallest integer j for which ¢ be-
longs to K ;.

LEMMA 5. Let assumptions (A) be satisfied. Then, there exists a sequence {T,} of meas-
urable sirict estimates having the following property. For every compact K c O and every
e > 0 there exists a number b such that

37 sup sup P{Vn|T,— 0]|= b| 0} <e.
n K

ProoF. Let U; be the sphere of radius §,;/4 centered at the origin. Let {£,} be a se-
quence of strict estimates, uniformly consistent on the compacts of 6. If »(£,) = j, let
S(&,) = &+ U; n 6. Clearly S(£,) € K, ¢a)+1. Take for T, any value ¢ € S(£,) such that

(38) B (50, ) Z sUp (@0 (20 1) 7€ S (8 ] =3

If T, is measurable, it has the desired property. To prove this, let 8 be a particular point
of ©. Assume »(6) = 4. Then for r € 8 4 4U; we have

(39) ®a(2n 7) =Pu(2m 0) + 1 A (6) (+— 6) —g(f— 0)'M,(6)(+—0),
where M ,(0) is an average of B,(¢) between 6 and 7. This can also be written as

(40) & (2 7) =4 (2 0) +3 VM (D) 7,

—Flr=0—M71(0) V,1'M, () [r— 6= M* (D) V,],

with ¥, = 4.(0).
Now for every 8 € S; we have

(41) Puflléa— 0l <3dil 8} >1—an(4).
(42) P,{foreveryt € 0+ 4U, the
inequalities B.(?) 2 $I(0) and ||B, (#) || < 2||T'(6) ||hold| 8} > 1 —a_ (4),

with a, and a, tending to zero as # tends to infinity. Neglecting cases of “small” proba-
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bility we can assume that the relations in braces are satisfied. In such a case £, € 6 4
U;/4and S(¢,) ¢ 6 + 5U;/4. Consequently, writing ¢ instead of T, to simplify, we have

43) —Z VMOV, +5 (1= 0— M (D]'M, (D [1= 0~ M () V)

S_—ZI VTN T+ inf Zlr—0—M71(r) V1M, (7)

T € 8t

W =

r
2

R =

clr—0—-M71(7n)Y,].
Since S(¢,) contains 6 this implies

(44) JU—0—M ) VI T (O~ 0—M () ,]

<SZU—0-M1() V)M 0)[i—6—M1() Y,]

§%+ 20|T-1(0) || Y.V, — % VT (0) ¥, +5 VM2 () 7,

According to Markov’s inequality we have

trace I (8)

(45) P(nY)¥,>a|0) S5

and similar bounds for the other terms in the last expression. Therefore, there exist num-
bers b, and N such that

(46) PH*{Vn|T.— 06— M, ' (T;) V| > b:] 6} <e

for every n = N. The numbers 4; and N can be chosen independent of 6 if 6 is restricted
to K;. Therefore, by Minkowski’s inequality there exist numbers ; and N; such that
P*{/n||T.— 0|| > 5|0} < eifn= N;and § € K.

If T, is measurable one can choose b; such that P{+/z||T, — 6| > b;|6} < eforevery
n < N; and every 6 € K;. This follows from the fact that the map Py— £(T,]0) is
then continuous in the sense of the norm so that the set { £(T',|6); 8 € K} is compact
in the sense of the norm and further T, takes its values in a locally compact space 0.

To show that T, can be chosen measurable, assume that £, itself is measurable. It is
then possible to give a specific rule for the choice of T, and show that this leads to
measurable estimates. For the same reasons as in lemma 4 we will omit the details of this
selection.

LeMMA 6. If the assumptions (A) are satisfied, there exists a sequence {Tn} of measur-
able estimates (not necessarily sirict) such that for every positive e the probabilities

(47) P*{V/n||T,— 6—T7"(8) A4(0) || >¢| 6}

tend to zero uniformly on the compacts of © as n lends to infinity.
Proor. According to lemma 5 there exists a sequence {£,} of measurable strict esti-

mates such that for every positive ¢ and every compact K one can find a number b
such that

(48) sup P{ Vn| t.— 6| >8] 0} <e.
PER
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Let T, = &, + TY(¢,) 4.(¢,). Then, if £, differs little from 8 we have

(49) Va(T,—0) =T7 (&) VAl (0) + Va I —T7 (£2) My) (£a— 0)
with M, an average of B,(f) between &, and 6. Therefore,
(50) || Vn(Tn—0) —T71(8) VnAL(o) ||
= Val 4@ [IT77(0) —T7 (&) |+ 1T =T 7" (&) Ma|| Vi (£, 6) .

By lemma 1, I'"}(£,)M, tends to I in probability, uniformly on the compacts of 6. To
obtain the desired result it is sufficient to show that T, is measurable. This however isa
consequence of the fact that A (x, ¢), being continuous in ¢ and measurable in «, is jointly
measurable in (z, £).

The preceding lemma has an important consequence concerning the limiting distribu-
tion of v/# (T'» — 6). By lemma 2 the quantity /% A,(6) is asymptotically normal and
according to Slutsky’s theorems the same is true of vz (T, — 8) = v/# (&, — 6) +
T-Y(£,)v/7 A, (£,). More precisely, according to the uniform versions of Slutsky’s theo-
rem L{+/n (T, — 6)|6} converges to /[0, I1(6)] in the 7. sense and this uniformly
on the compact subsets of 6. This implies that f being a bounded real-valued function
defined on the Euclidean space £ and having a set of discontinuities of Lebesgue meas-
ure zero, the expectations E{ f[/#(T. — 0)]|6} tend to [ f(x) dH[0, T—1(6)] and this
uniformly on the compact subsets of 0.

5. Asymptotically sufficient estimates

In many respects the construction given for the estimates of the preceding section is
not very appealing. In most practical cases other estimates occur in natural manner, for
instance, by using the method of moments or other methods. For this reason we shall use
not only the estimates defined in the preceding section, but any sequence {¢,} of esti-
mates belonging to the class (@ defined below.

DEFINITION. 4 sequence {t,} of estimates will be said to belong to the class @ if it satisfies
the following conditions:

(1) For each n, the estimate t, is a measurable strict estimate.

(2) For every positive € and every compact K € © there is a number ¢ such that

(51) sup osgpP{\/ﬁlltn~0[]gc|0}<e.
n K

From an estimate £, it is possible to obtain other estimates T, and 7, defined as
follows.

Let Y.(¢) = I(£)4.(%). Define T, by T, = {, + V.(t,), and let 7, be a function
of T, such that 7,(7,) € © and

(52) ITa— mll s 2inf {IT.—&]; €0} 4,

Note that when ¢, is measurable, the same is true of 7', and then , can be chosen to be
measurable.

The class of sequences {7} of estimates of the form T, = 4, + V.({,) with {£,} € @
will be denoted by .

For further use note that if {7} € $ and 7, is measurable so is the quantity A, =
7o+ Yal(rp) — T
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THEOREM 1. Let assumptions (A) be satisfied and let {T,} be a sequence of estimales be-
longing to the class Sy. Then the sequence {T,} is asymptotically sufficient in the sense that
there exist nommegative functions qn(2a, 6), each the product of a function of 2, only by a
function of T, and 8 only such that

(53) S 1ba im0 = gu (20 0) |

tends to zero uniformly on the compacts of © as n lends to infinity.

Note. The assumptions of measurability of /,, T, and 7, are irrelevant to the present
theorem.

ProoF. According to assumptions (4), for every 8 such that || — .| S 8,(,) One
can write

(54) @n (2ny 0) =@y (2ny 7a) + 740 (72) (6 — 7,) —g(r,— 0) 'My (7ny 6) (1a— 0)

where M (7., 6) denotes the usual average of B,(¢) between 7, and 6. Simple rearrange-
ments show that this can also be written as

(55) @ (2w 0) =¥ () =7 (Ta= 6)'T (6) Ta— 6) +Ru[2Tss 7a 0]
with

(56)  Wa(3) = (5 ) +5 Va(r) T (1) Valm) =3 AT (1) A
and

(S7) Ralm Ty 7wy 0] = =5 (ra= )" (Mo (7ay 0) =T ()] (ra— 0)

— % @u=0)'[T (r) =T (8)](Tn= 6) = AT () (T 6).

Our purpose is to show that this residual is eventually small and then remove it from
further considerations. The property assumed for {¢,} implies that for each integer j there
is a sequence {c,, ;} of real numbers such that 4 c,, ; £ 851 #/* and such that

(58) sup P*{Vn|t.— 6| 2 ci, ;| 6}

€ Ky,

tends to zero as n tends to infinity.
Let

, e . _ Cy ¥ (In)
Di=sup {1 -1 (W) Ba(®) ;s |1 — 4]l s 220

(59) :
Dy =sup {I1-T- T (8) [ 1 — ]| s 2L

D,=max[D;, D).

According to lemma 1, for each j there exists a sequence {a,, ;} tending to zero and such
that sup [P*{D, = a,, ;|0}; 0 € K;.1] tends to zero as # tends to infinity. Let ¢,, ; =

min {c,, ;, a;/?}. Clearly

(60) , S P*{Valt— 6]z c. ;] 0}

€ Kjp
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also tends to zero as # tends to infinity. From this we can deduce that ¢,, T, and 7, are
reasonably close to each other. By definition T, — ¢, = I'(¢,) 4.(t,). Let j be an arbi-
trary integer and let 8 be a point of K ; considered as “true value.” If v/7|ta — 0| < cn, j,
Taylor’s formula can be applied to 4.(#,) giving

(61) Al (t) = An(8) — M, (4, 6) (ta— 0)
with M,(t,, 6) an average of B,(£) between £, and . Therefore,
(62) IT.—4| ST} )T ()T (8) 4:(0) ||
+ | (17" (8) Mo by ) = I1 (8= 0) || + [|ta— 6]
(63) 17— t|l = DW||T (6) 42 (8) ||+ (Dat+1) |2 — 6] .
Let B; be a bound for || T'(6)[|*/? over K ;1. According to Chebyshev’s inequality

4

—
G, i

(64) P{Vn|TV*(0) 4,(0) || Z an, ;] 0} <

Consequently, if {a,, ;} is any sequence of numbers tending to infinity we have

(65) V|| Ta—to]| £ Bjan, j Gn, i+ (an, i+ 1) Cn, 5

except for cases of probability tending to zero uniformly on K;. Take for a,, ; the
value a,, ; = min [a;Y/?, (1/4);1m"?] and let v,, ; be the quantity obtained by sub-
stituting this value in

(66) min { [B; an, j@a, j+ (an, ;+1) Cu,j],'}sjﬂ\/;}-

Note that v,, ; #~1/2 tends to zero as # tends to infinity. The preceding inequalities imply
that the following three quantities

(67) sup [P*{ V|| T.—t|| Z 7a. ;1 8}; 0 € K]
(68) sup [P*{ Va||Ta— 7| 2 27a, ;1 0}; 6 € K]
(69) sup [P*{ Vn|/t,— |l 2 37, ;| 8}; 6 € K;]

tend to zero as # tends to infinity.
A similar computation can be applied to the quantity A,. Using a Taylor expansion
around r, one obtains

(70) —An= [T =T7"(t) M (7o, t)1 (b= 1) + [T (8) =T (ra)] s (7a).

It is clear from this formula that v/#A, tends to zero in probability as # tends to infinity.
By arguments similar to the ones used above one can show that for each j there exists a
sequence {{,, ;} tending to zero as # increases and such that

71 sup [P*{ V|| TV2 (1a) Aul| 2 ta ;] 0); 6 € Kjsil

tends to zero as n tends to infinity.

For each integer 7 let {b,, ;} be a sequence such that b;, j ¢, ; < 1 and such that b, ;
tends to infinity as n increases. Let {n(7) = {n, ») and b,(r) = b, ,(-). Assume also
that || /2(7)||ba() < (1/4)8,-)v/n and that b,(v)n~'/2 tends to zero as # tends to in-
finity.
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Let

D—,((Z,‘) =Slelp{”r.—l(7n)Bn(£) —I“; “E— Tu" = "I‘llz(fn) “ bv’:('rn) ”—1/2}
(72) D (2 =sup ([T () T = Ill; [ £ = 7l S [0 (7) [| 2 (7) n272)

D,=max { D, (2.), Di (2.) }.

For each integer 7, there exists a sequence {a,, ;} tending to zero and such that

(73) | sup (P*{ Dp= dn, ;| 0}; 0 € Kj4al
tends to zero as » tends to infinity. Let
(74) by (r) =min { ] (1), [dn, ] 74},

The conditions
V|| T2 (7,) (Ta— 0) || S ba (7a)

(75)
Va|| T2 (1,) (1o — 6) || £ ba (1)
imply
(76) I-Rn (zn) Tn’ Tn) 0) | .S_ 2 D—ﬂb: ('Tn) + bfl (Tﬂ) “ P1/2 (Tn) An \/;” .
Finally, for every positive e and every integer j the quantity
(77 SR P*{2D83 () + ba () [T (1) A V]| 2] 6)
Kj

tends to zero as # tends to infinity. Using the diagonal process, we can find a sequence
{ea} tending to zero and such that

(78) S P{2D,8 (7a) + ba () T2 () A V7| Zea| 6}
K
tends to zero for every integer 7.
Let x, be the indicator of the set S, defined by
(79) Sa= {2t 20,02 (1a) + ba (1) [ITY* (1) Aa V71|| Sen}

and let 7,(T., 6) be equal to unity if both /7| TV(7,)(Tn — 6)| < ba(7s) and
V1| TV%(7,) (10 — 8)|| S ba(7s) and let 2,(T, 6) be equal to zero otherwise. Let

(80) gn (2 0) = xn(3n) 0 (T, 0) exp {¥,(2,) —%(Tn_ )’ T (8)(Tn—0)}.
Let 2.(6) be the subset of X» where xn(2,)va(Ty, 8) = 1. Then

(81) S| gn(2ny 6) — Pa(3a, 6) | d" < P* {Q5(6) Ili}+fn (o)l e — 1| pn(2a, 0) "

SP*{02(0) |8} 4 e~ 1.

This quantity tends to zero uniformly on the compacts of © as # tends to infinity.

By construction, the function g,(z., 8) is the product of two functions, the first de-
pending on 2, only and the other depending on T, and 6 only. Therefore, the estimate T,
is a sufficient statistic for the family {ga(z., ), 8 € 6}. Of course, ga(2, 8) is not neces-
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sarily a probability density since its norm might differ from unity. However, the dif-
ference tends to zero uniformly on the compacts of 6, so that if necessary g, could be
normalized.

For further use, note that in Q,(6) we have taken log qu.(z., 8) = ¥.(2.) — (n/2)
(T» — 6)'T(6)(T, — 6). For problems involving a posteriori probabilities it is often more
convenient to take a g, defined by

(82) log g4 (s 0) =¥ (2) =3 (Ta= 0)" T (7a) (T 6)

for values of 2, in Q,(6). The preceding argument shows also that, as # tends to infinity,
(83) S 120 5 0) = g2 (20 0) 13

tends to zero uniformly on the compacts of ©.

6. Asymptotic normality

It has been shown in section 4 that the estimates {7} of the class 9 are asymptoti-
cally normally distributed. Such a result is, however, much too weak to be of general use
in finding asymptotically optimal test or decision functions. It is possible to get more
precise results by using the results of section 5 to form approximations to the distribu-
tion of T,. It will be convenient to use instead of T, the random vector X, = /7 T,.
To achieve an equivalent modification of the parameter space let 8, denote the value
6, = 6+/n. The associated estimate 7, will be considered as a function of x € £. In-
stead of using the function ¢, of section 5 in the form given there it will be convenient
to multiply it by [det T'(6)]*/2 [det I'(7,)]/%. This modification is of no importance asymp-
totically.

Let w,(x, 6) be equal to unity if [T¥%(7,)(x — 8,)|| S ba(7a) and ||TV2(r )/ Rlra(x) —
6)|| = ba(7s) and let w, be equal to zero otherwise.

Let g.(x, 6) be the normal density

88 gu(n ) =E IO e (3 - B TO - B ).

Let Py, , be the actual distribution of X, given 6 calculated using the original product
measures P{™. The approximate densities g, and g, defined in section 5 give approxi-
mations to P, » to be denoted by Qp, » and Qj, .. The form of g, implies that

(85) Os »(S) =fsg»<x, 6) wn (2, 6) d\,

where \, is some measure on the Euclidean space £ in which X, takes its values, It is
easily seen that M, is finite on the compacts of £.
The approximation g, gives a measure Qj, , defined by

(86) 05, (8) = fga(x, O)wa(x, 0) du,
with

: det T ()2 iy i
87 g 6) =1 e — 3 = B T () = B )

and p, some measure on the space £.
Let X be the Lebesgue measure on &.
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THEOREM 2. Let assumptions (A) be satisfied. Let {T,} be a sequence of estimates of the
cass . Then, the notation being as above, there exisis a sequence {pa} of measurable
Sunctions from £ to & such that

(1) sup||l@a(x) — x|| tends to zero as n tends to infinity.

x

(2) Let un be the measure defined by pa(S) = Nenl(S)], and let Qo, » be the measure
defined by

(88) Qo n(S) = fs gn (%, 0) dun

then for every compact K c O the quantity
(89) sup “PO, u_QB, nu
bcx

tends to zero as n lends to infinity.

Proor. It has been shown in section 5 that || Ps, » — Q, »|| tends to zero uniformly
on the compacts of © when 7 tends to infinity. Also the actual distribution £2{X, —
0.|0} of X, — 6, for the measure Py, , tends to the measure A[0, I'"2(6)] uniformly
in the <7, sense on the compacts of ©. This implies that, in a certain sense, A, tends to
the Lebesgue measure N on &£. More precisely, let N, » be the measure defined by
M, 1(B) = (8. + B). For every bounded continuous function vy defined on &, the
difference

(90) fy(x—a-n)do‘.n—f'y(x—En)dpo.a

tends to zero uniformly on the compacts of ©. This and the structure of the function
w,(x, 0) entering in the definition of Qy, » implies that A, , converges to the Lebesgue
measure A uniformly in the vague sense on the compacts of ©.

For every integer m, there exists an integer #,, such that # = n,, implies || Py, o —
Os, »l| < 1/2m for every 6 € Kpya.

Let @ be a number so large that if U is normal with mean zero and covariance I'*(6)
then

(91) sup [P{[| X Z 0| 0}; 6€ Kois] S 5.

Let n,, = n,, be so large that # = n,, implies
~ 1
(92) sup{QO.n”an_'an"gam]; (XS Kn+l} <';l'~

Furthermore, assume \/17_,:,' = 44m/bm.

Let K{™ be the image /% K; of the set K; in £. Assume without loss of generality
that the origin is a point of K;. Finally let S be a bound for 1 + 2(2x)~"/2[det I'(6)}/*
for 8 € Kppa.

Let {7} be a sequence of positive numbers decreasing to zero as m tends to infinity.
Starting from the origin, pave the space £ with cubes having sides equal to 7. Let W&
be the part of £ covered by cubes whose centers are at distance less than a,, from K.
Note that 6 being any point of © the number of cubes at distance less than a, from 4,
is a bounded function of %.

Since the measures My, , converge to A uniformly in the vague sense for 6 € Kp4,
there exists a number 7, = 7, such that

1
(93) M (C) [l—m—ﬂ- gx(C)§[1+

o

mpB
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for any # = n. and every cube C element of the pavement giving W{». For every such
cube M (C) is positive and there exists a measurable function ¢,, m, ¢ from C to C such

that
- O
(94) A [(Ou. m, C (B)] —m A (B)

for every Borel set B ¢ C. For every x € W let ¢,, m be defined by juxtaposition of
the @a, m, ¢ and for x not in W define ¢n, m to be the identity map. Let uy, m(B) =
Mea1m(B)). For every Borel set B € W we have

(95) tn, mB) = D Mga'mB0O)]
[+

the summation being over the cubes C € W, From this it follows that
A (C)

(96) tn m(B) =2mc—)-x"(3n0)
and finally )
1
(97 [1—mgz "B S o BV = [1 4B
Define a measure Qo, n, m DYy
(98) Go,n, m(S) = fs 8 (%, 0) ditn, m.
1t follows from the above inequalities that
(99) 1Go.n. () = 0nn(9) |5

for every 0 € K., every Borel set S and every # = #.. Let {p,.} be the sequence of
functions defined by ¢n = ¢n, m if #2m < % =< %,y and similarly for the measures pu,
and @, .. Then

(100) 1Ge = 0ol S
hence
(101) 1@, n =Pl S —

provided #n < % = #3sy1 and 0 € K,.. This and the fact that {7,} tends to zero com-
pletes the proof of the theorem.

The construction of {¢,} given in the above proof has another consequence of some
interest. Let g(x, £, 6) be the density with respect to A of the normal distribution A/[£,
r-1(9)], that is,

_[detT(6)]12

(102)  g(m & 0) =—prpor—exp [~} (== H'T(HE-H .

Let ¢ be a function from &£ to € and let §(x, £, 6) be defined by gle(x), £, 6] = §(x, &, 6).
According to lemma 6 for every integer m there exists a positive number 7, such that
le(x) — || < rns, implies

. 1
(103) S i & 0 =gz & 0) |ar<_

for every § € Kun+1 and every &.
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Suppose then that the sequence {7.} used in the construction of {¢.} is such that
Tm S e
Let Gy, » be the normal measure

(104) Go. n(S) =fsgﬂ(x, 0) dX.

Assuming that # verifies the inequality #, < #- £ #pn4 let
- 6) 12 ~ -
(108) Go, o8 = [ LTI exp {— 3 lou(2) =81 T (O lea () = Bl J M.

For every 6 € K one has also_Héa, n — Gs, o|| < 1/m. Owing to the definition of Qs, »
the measure Gy, , is related to @y, » by the equality

(106) Qo, 2 (S) =Go, nlen '(9].
Therefore, if Fo, » is defined by
(107) Fo, 1 (S) =Go, nlen (5]
we have also
(108) "F0 n_Q-O, n“ <71”'.
From this one concludes
’ 7
—_ <t
(109) “Qo, n F0 n” = m
and
8
(110) “PO.n_Fo,n”éﬁ

for every 8 € K, and n such that #s < # £ #,41. This gives the following corollary.

COROLLARY. Let X, be \/n T, as before and let U, have a normal distribution with ex-
pectation 8, = \/n8 and covariance mairix T'(0). Let {pa} be as above. Then for every
compact K © © the quantity

(111) sup || £2(Xa]0) — Llea(Un) | 0}
0CK

tends to zero as n lends to infinity.

This corollary is weaker than the corresponding result of Wald [3], lemma 2, in the
sense that Wald obtains uniform convergence on the whole of © where we obtain only
uniform convergence on the compacts of 6. Nothing more can be expected under assump-
tions (4). However, this corollary is stronger than Wald’s lemma 2 in the sense that
where Wald obtains only a set transformation we have obtained a point transformation.
The difference is of great importance when problems of estimation are considered.

7. Some consequences of a general nature

The general implications of the results of the preceding sections can best be described
in the framework of decision theory. To be able to apply theorems 1 and 2 directly, we
shall restrict our attention to situations where for each # the space D, of available de-
cisions is a Borel subset of a Euclidean space. Furthermore, it will be assumed through-
out that, for each #, the loss function W, defined on D, X © is jointly measurable in its
arguments and that there exists a finite number M such that |W.(d, 6)| < M for every
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triplet (n,%, 6). Only measurable decision functions will be considered, but no restriction
will be placed on the extent to which decision functions are randomized. To be precise, a
decision function depending on » observations is a function 2, — F,, from the product
space ¥ to the space of probability measures on the Borel subsets of D,. Such a decision
function is called measurable if for every closed set .S of D, the function 2z, — F,,(S) is
a measurable function of z,. .

Let f, be a decision function depending on z,. It will be convenient to denote by
Walfa 6) the integral

(112) Wn(fm 0)=-/;Wn(£7 o)dfn(E)

and by R.(fa, 8) the corresponding risk function
(113) Ra(fr 0) =E{W.(fn 0) | 8}.

Let {T,} be a sequence of estimates of the class 8. According to theorem 1, for
every sequence {f,} of decision functions depending on 3,, there is a sequence {f,} of
decision functions depending on {T',} only such that R,(f, ) — Ra(f, 6) tends to zero
as n tends to infinity, and this uniformly on the compacts of ©.

More precisely, let M be a bound for the sequence {W,} and let a,(6) be the integral

(114) @ (8) = [ | pn(2nr 8) — gu (2w, 8) | ™.
To every f, one can associate f, depending on T, only in such a way that
(1135) |Rn(far 6) —Ra(fas 6) | < Man(6),

for every 6 € ©.
Let A/ be the space of bounded signed measures on 6. The above inequality implies
that

(116) sup [ fRa (fny 8) do— JR,(fuy 6) do|

tends to zero as » tends to infinity, uniformly for ¢ in the <7, compact subsets of /.

When considering decision procedures f, which depend on {7’} only, it is possible to
define several risk functions. The exact distribution Py, , of X, = /nT, leads to the
risk denoted by R,( f,, 6). The approximations Qs, » and 05, » lead to risks to be denoted
by Ra(far 6) and R,( f, 6), respectively. Clearly, the quantity

(117) sup |Ra(fa» 0) —Rn(fn» 0) |

tends to zero as # tends to infinity, uniformly on the compacts of 6, and similarly for R,.
Let {04} be a sequence of a priori distributions on 6. By definition a sequence {f,} of
decision procedures is asymptotically Bayes with respect to {¢,} if the difference

(118) fRn(fm 0) d o, — inf fRn(gn: 0)don

tends to zero as # tends to infinity.

In this definition f, and g, denote measurable decision procedures depending on the
sample point 2,.

To simplify the statement of the next proposition, let us say that a set .S of bounded
signed measures on O is “tight” if the norms [|¢||, ¢ € S, form a bounded set and if for
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every ¢ > 0 there is a compact K € O such that |¢|(K®) < ¢ for every o € S. It is
equivalent to say that S is <7, relatively compact in Af.

Assuming, as always, that {W,} is a bounded measurable sequence one obtains the
following result.

ProPOSITION 1. Let assumptions (A) be satisfied. Let {T.} be a sequence of estimates
of the class . Let { 0.} be a tight sequence of measures on © and let {f,} be a sequence of
decision functions depending on {T,} only.

A necessary and sufficient condition that { f,} be asymptotically Bayes withrespectto { on},
when the distributions considered are the original product measures Py™ on X, is that {f,} be
asymptotically Bayes with respect to { a.} when the distribution of v/n T is given by Qb, .
The statement is also valid if Qs, . is replaced by Qj, .

Let o, be an arbitrary probability measure on © and let g.(x, 8) be the density

[det T'(6)]1/2
(119) gu(x, 0) =—W

exp { —3(x—0vVn)'T(0)(x— 0vn)}.
It follows from Fubini’s theorem that, except perhaps for a set of values of x of A\ -+ pa
measure zero, the integral

0 n = n\ %, n
(120) Ta(2) feg (%, 0)do
is finite and positive. For every x for which J,(x) < « define a measure ,, ; by

(121) Gn, +(B) = wx)]—lfxgn(x, 8) do,.

These measures can be used as a posterior: distributions of 6 given X, = x for the meas-
ures Qs ». Obviously, #,, - can also be considered as an g posteriori distribution of 6 given
X, = x for the normal distributions Gs, » = N {0+/n, T-1(8)}. This implies that the
two families {Qs, »} and {Gs, »} have in common a large class of asymptotic Bayes solu-
tions. Let us say that a sequence {f,} of measurable decision functions is regularly asymp-
totically Bayes for the particular choice {&,, .} if for some sequence {e,} tending to zero

(122) SW (fuy 0 da,..,—i;xf SW(Ji, 0)dé,, .Sen.

Obviously regularly asymptotically Bayes sequences are asymptotically Bayes but not
conversely. The above argument shows that regularly asymptotically Bayes sequences
are asymptotically Bayes for the two families {Q, »} and {Gs, »} simultaneously.

The a posteriori distribution &,, . are sometimes difficult to use, because along certain
sequences {0.} the eigen values of the matrices I'(6m) might become unreasonably dif-
ferent. To avoid this, it is often simpler to use the measures Qy, » and the @ posteriori
distributions o,, ; defined by

(123) ol (B) =§ [ Owalx, 0)da} [ gi(z, Oyua(z, 0)dan.

For these distributions no such difficulty can occur.

The interest of asymptotic Bayes solutions lies in the fact that they possess remark-
able optimal asymptotic properties. Let assumptions (4) be satisfied and let {W,} be a
bounded sequence of measurable loss functions. Let {s.} be a sequence of @ priori dis-
tributions tending to a distribution ¢ in the sense that ||o, — o|| tends to zero. It can
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be shown that a sequence {f,} is asymptotically Bayes with respect to {s,} if and only
if it is asymptotically Bayes with respect to every sequence {p,} tending for the norm to
a positive measure p absolutely continuous with respect to o.

This implies as a particular case the following: Let {f.} be asymptotically Bayes with
respect to the sequence { ¢,,} tending for the norm to ¢. Let {f,} be an arbitrary sequence
of decision functions. If the difference R,(f;, ) — R.(f», 8) converges pointwise to a limit
2(6) then v(6) is nonnegative except maybe on a set of values of 8 of o measure zero.

The above propositions have been proved in [9] under conditions considerably weaker
than assumptions (4).

For these general conditions to be satisfied, it is sufficient but by no means necessary
that assumptions (1), (2), (3) of (4) hold and that for each Borel set B € X the map
6 — Ps(B) be Borel measurable in 6.

It might seem plausible that under the stronger assumptions (A4), results much
stronger than the above propositions would be available. Unfortunately, this does not
seem to be the case in general as can be judged from the results available if the family
{ Py, 6 € O} is the family of normal distributions with covariance matrix the identity
and expectation 6 a point of, say, the unit sphere in r dimensions.

By combining the results of [9] with those of the present paper one sees easily that the
Bernstein-von Mises phenomenon still takes place to a certain extent. Let © be an open
set and let ¢ be a measure having a positive continuous density with respect to the
Lebesgue measure. Let oy, -, be the @ posteriori distribution of v/n(8 — T) given z,and
let G,.(r,) be a normal distribution G,(7,) = #{0, T~'(7,)}. Then for every e¢ > O the
quantity

(124) P{“o'n.z”_Gn(Tn)“>€|0}

tends to zero as % tends to infinity and this for every 8 € O except maybe for a set of
values of § of Lebesgue measure zero. Therefore, the results of [10] apply, mutatis mu-
tandis, to the present situation. The same results can naturally be obtained by con-
sidering the @ posteriori distributions &,, . defined by means of the measures Qs, n.

In the introduction it has been mentioned that when an estimate {7’} of the class
is known, the methods used by Neyman in the study of B.A.N. estimates yield a variety
of other estimates or tests with asymptotically desirable properties. Before we pass to
an application of a much more specific character let us mention examples of results ob-
tainable in this manner.

Suppose that at some stage in building a model of a natural phenomenon, it has been
found adequate to assume that the class of probability measures under consideration is
{ Ps, 6 € O} satisfying assumptions (4). It might happen that, at some further stage,
one believes that the class corresponding to a subset 6, of © is adequate. One might then
want to test the hypothesis that 6 belongs to O, against the alternative that 6 belongs
to 6 n 65. Even more, one might desire to test the hypothesis that § belongs to a sub-
set O, of ©; against the alternative § € 6, n 6j. Also, one might wish to obtain estimates
of @ taking their values in ©, or confidence intervals for 6.

If an estimate {T,} of the class 3 is available, such problems can be attacked by
the methods of [1]. Of course, for the B.A.N. methods to be useful, 84, or eventually O,
must satisfy certain regularity conditions. Limiting ourselves to the case where only 6,
is involved, we will assume that the following conditions are satisfied.

(1) At each of its points, the set 6, admits a tangent linear space. More precisely, let £
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be an arbitrary element of ©;. Then there exists a linear affine subspace L; of £ of di-
mension s < r such that if IT is a projection of £ onto L; there is a function 7(x) tending
to zero with % such that

(125) N(I-m—-&)[[=afllo—&ll}]o— &l

for every 6 € O,.

(2) The projection II being as above, for every sequence {#,} in £ tending to £ there
exists a sequence {v,} in ©; such that /z|[II(%, — v,)|| tends to zero as » tends to
infinity.

Let then {T,} be of the class $ and let {r,} be the associated estimate of section 5.
Let {£,} be a sequence of estimates taking their values in 6, and such that

(126) vV (To— £)' T(r) Va(Ta— &) —eieng n(Ta— £)' T (7)) (Tn— §) <e

for some sequence {e,} tending to zero as # tends to infinity. Assume that £ € 6, is the
true value of the parameter and let II; be the projection on L; orthogonally with re-
spect to I'(¢). It is easily seen that as » tends to infinity the difference v/#IIT, — \/né,
tends to zero in probability. The convergence is uniform on the compacts of 6;. From
this and the theorems of Slutsky, one concludes that

(127) LiVa(b—8) | £} > H{0, Te T (£)IE}

uniformly in the <7, sense in the compacts of ©,. Similar results apply if ¢ € 6, is con-
sidered to be a function of some other parameter w € @ provided that the function w —
#(w) be sufficiently regular. Another result of interest for tests of hypotheses is the follow-
ing. Let x*(\) denote a noncentral x? with » — s degrees of freedom and noncentrality
parameter \.

The set 0, being as above, let

(128) Q.(8) = Va(To— 0)' T (7.) Vu(T,— 8)
_Eienfe ‘\/;(Tn— S),I‘(Tn) \/;(Tu— E)’

(129) ""(0)=eien£ Vu(8—§)'T(6) Vn(0—§).

Assume that for each # the distribution of T, corresponds to a value 8, of the parameter
and that the sequence {0,} stays in a compact of 6. Then if \,(6») tends to infinity with
n the random variables Q,(6,) tend in probability to infinity. If on the contrary for some
£ € 6, the sequence {+/%(0, — £)} stays in a compact of £ then

(130) L{0.(6) | 0.} — L{x* [\ (6)]}

tends to zero in the 7. sense as » tends to infinity.
In this case let v, = v/7(I — T¢)(0, — £). Then one can also say that

(131) L10.(0) | 0.} — L{X [¥a T (E) val }

tends to zero as » tends to infinity.
The foregoing discussion should be sufficient to indicate some of the methods available.
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We shall only make the further remark that the matrix I'(r,) could be replaced by any
one of a variety of matrices without affecting the results. Note however that it cannot al-
ways be replaced by I'(£), since estimates minimizing /(T — £)’ T(§)(T» — £) for
£ € 6, need not be consistent.

8. An application to asymptotically similar tests

The investigation presented in this paper arose naturally from a variety of motives,
such as the desire to escape the stringency of Wald’s conditions, a need for a link between
the B.A.N. estimates and maximum likelihood estimates, etc. However, the decisive fac-
tor leading to this study was a desire to encompass in a general body of theory certain
results recently published by Neyman in [4]. The situation considered by this author is
the following. The parameter space O is a two-dimensional half plane, and to each
0 € O corresponds a density p(x, 6). Denote by &Y and &2, respectively, the first and
second coordinates of the vector 6. The problem is to test the hypothesis H = {§: & =
0} against the alternative H° = {8: 6® > 0}. Let ¢[x, 6V, 6?] be the partial deriva-
tive of log p(x, 6) with respect to &V and let ps[u, 6V, 6] be the corresponding deriva-
tive with respect to 6, both evaluated at 8 = [V, 6],

Let f(x, 6V) be a function such that

(132) E{f[X, 0m]|0= [0“%0.1 }=0.

Let p[6(V] be the regression coefficient of f[X, #V] on ¢ [X, &V, 0] when 6 = [V, 0] is
the true value and let s{f"] be the standard deviation of F[X, 6] = f[X, 6] —
pl0M]en[X, 6, 0] under the same hypothesis on 6.

Under suitable conditions all the preceding quantities exist and furthermore

(133) E{F[X, 6] |6=[60,0]}=0.

If 6 is known a test of the hypothesis &% = 0 against &% > 0 can be obtained by re-
jecting the hypothesis if

(134) %il"[x,, o] = ks[6M] .

=1

If 6V is not known, suppose that a sequence {d,} of estimates of &9 is available and
that {v/z| 8, — &Y |} is bounded in probability. Then one might think of replacing &V
by its estimated value #,(x1," - *, %) in the function F{x, #] and in p(&V) and s[#Y].
Neyman shows that under suitable regularity conditions the test so obtained is asymp-
totically similar in 6,

The conditions given in [4] being somewhat too stringent, it might not be useless to
indicate alternative hypotheses under which theorem 5 of [4] is still valid. One such set
of hypotheses is the following.

(a) log p[x, 6™, 0] is twice continuously differentiable in &V and f[x, &Y] is continu-
ously differentiable in &Y.

(b) E{f?[X, 6]|6 = [6™, 0]} and E{}[X, 6V, 0]|6 = [6V, O]} are finite and the
second of these expectations is positive.

(c) The integrals

(135) ferlw, 60,0l p[x, 60,0]dx and  [f[x, 6] p[x, 60, 0] dx

are equal to zero and can be differentiated once under the integral sign.
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(d) The functions p[6V] and s[6(V] are continuous in &Y and s[6(V] is positive for
every 69,

(e) Let f'[x, &Y], ¢1[x, 69, 0] be the derivatives of f[x, &] and ¢[x, &Y, 0] with re-
spect to 8V, For every &Y there is an open interval V[V] centered at &V and a func-
tion Hlx, 6] such that

(136) i) JSH[z, 60)p[x, 60,0]dx<o .

(ii) For every ¢ € V[6("] and every x the following inequalities hold:
lel (%, 8 0) | H[x, 60]

| /' (%, 8) | < H[x, 60],

It seems reasonable to expect that the ‘“‘best” test of the family described above is
obtainable by taking f[x, 6] = gqfx, 6V, 0]. That such is the case has been shown by
Neyman [11].

To apply the results of the preceding section to the present case suppose that as-
sumptions (4) are satisfied and that {7} is a sequence of estimates of class $ con-
structed from parent estimates {1,} of class @ and having associated estimates {r,}.
Let H be a subset of O to be tested against H*. For any sequence of tests {y,} let Ba(¥s, 6)
be the power of the test ¥, at 6. It will be convenient to say that a sequence {¢a} is
asymptotically similar of size a uniformly on compacts if 8,(¥, 6) tends to a uniformly
on the compacts of H. To simplify we will abridge “asymptotically similar uniformly on
compacts” to K.S. Among K.S. sequences of size a there might exist sequences {w,} such
that for any other K.S. sequence {y,} of the same size

(138) lim sup sup {Ba(¥n 0) — Bulwn, 0); 6E K0 H} =0

(137)

for every compact K < O. Such a sequence would be called asymptotically uniformly
most powerful on compacts among K.S. sequences and, for short, K.U.M.P.S.

To find such a sequence it is most convenient to consider first a simpler problem.

Let {6,} and {6}} be two arbitrary sequences in © converging to the same point
0o € ©. Let £, = v/n(0, — 6o) and &, = v/n(6% — 6o) and finally X, = v/n(T. — 6o).
Furthermore, let f,(x, £,) and g.(x, &) be defined by

_ [det T'(80)]2

(139)  fa(x, &) =—(myE P {—3(x— &) ' T(0)(x— &)}
and )

1/2
(140)  gu(x, E»)=%]——exp{—%(x-—E,.)'I‘(O,.)(x—E,.)}.

It is easily seen that, u, being the measure defined in theorem 2, section 6, the quantity
(141) S8 (%5 £a) = fa (%, £a) | dpa

tends to zero as # tends to infinity. Therefore, for a sequence {6,} tending to 6, one can
approximate the measures Qs,, » of theorem 2 by the simpler measures Qgﬁ, » defined by

(142) Q.. »(S) =£fn(x, £n) ditn.

The same proposition holds true mutatis mutandis for the sequence {63}.
Instead of trying to find a test of P{" against P} one may as well try to find a
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test of Q;n,,, against Qe’-‘, s, the results so obtained being asymptotically equivalent
according to theorems 1 and 2.

According to the fundamental lemma of the Neyman-Pearson theory, for any level
of significance a there is a constant k,(a, £, £%) such that the best test at level a of the
hypothesis an, » against Qg;,  is given by

*
) 0 it & -g T (x-ETE)>,
(143)  du(Xa) =

*
1o =g T (x— )<y,

and some number between zero and unity if

* ’ En+ E: —
(144) (6 — &)/ 1080 [ XY= (BT )] = 1.
Let % be a number such that
(145) 2—1“__/’:009—"/2dt= a

and let 5, be the difference £§ — &.. Simple algebra shows that, since

(146) .ﬂ{Xn'-Enléﬂ}_')ﬂlo)r_l(oo)h

the tests {y,} obtained by rejecting £, if
(147) 5, T(8)(x—£)Z hVEIT(6) 3,

are most powerful for testing £, against £ and have levels of significance tending to a.

To come back to the problem of finding asymptotically similar tests, assume that the
hypothesis specifies that 8 lies in a hyperplane H of £ and that 6 is the part of £ on one
side of this hyperplane. Take 6, € H as origin of coordinates and let e be an arbitrary
vector not contained in H. Every element x of £ can be written in a unique manner as
x = 4+ ve,withu € H. It will beassumed that forx € H°the number vis positive. Let
II, be the projection on H orthogonally with respect to I'(6,). Then every x € £ can also
be written

(148) sx=Iyx+ (I =) x=u+ e+ v(I —1ILI) e .
Let eo = (I — Ig)eand z = u + vllee. Let {6%} be a sequence of elements of © tending
to 6o. Let &5 = v/n(0% — 6o) and let £ = £, + naeo with £, = I

For testing the hypothesis £ = £, against £ = £ the test derived above reduces to
the test ¥, obtained by rejecting the hypothesis if

that is, since‘y, is positive
(150) v= ket T (0y) o] ~2/2,

Such a test depends on the particular sequence {8%} only by the occurrence of the limit
point 6 in I'(6,) and consequently e,. However, for any sequence {63} tending to 6o the
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matrix I'(r,) tends in probability to I'(f,) so that by Slutsky’s theorem the tests {w,}
obtained by rejecting H if

(151) 22 ke (I ~10)" T (n) (I —IL,) ¢] ~12

are asymptotically equivalent to {y,} for every sequence {6%} tending to 6,.

The above argument applies to {w,} whatever may be the limit point 8, € H. There-
fore, {wn} is a K.S. sequence of size a for testing H against H°.

It remains to show that this sequence is K.U.M.P.S. If this were not true, there would
exist a sequence {6%] contained in a compact, an ¢ > 0 and a K.S. sequence {{.} of
size a such that

(152) limsupﬂn(‘l’m 0:)_Bn(wm 0:)g5>0-

By extracting a subsequence, if necessary, one can assume that {0:} converges to
some point 8, € 6. However, if 6, € H or if /n(6% — 680) = £n = £, + naeo With
8o € H and {7,} unbounded then lim sup B,(wn, %) = 1 so that the preceding inequality
is impossible. Hence {7,} must stay bounded. But then {{,} is asymptotically of size a
for testing &, against £ and therefore cannot be asymptotically more powerful than
{wa}. This completes the proof of the proposition: {w,} is K.U.M.P.S. of size a for test-
ing H against He,

For the situation considered earlier where © is a two-dimensional half plane 6 =
{6:6® = 0} and H is the line H = {: 6 = 0}, the sequence of tests {w,} takesa par-
ticularly simple form. Let () be the elements of the matrix I'(¢) and let A(f) be the
determinant of I(¢), that is, A(f) = yu(f)v22(t) — v32()). Let T(? be the second coordi-
nate of the vector T',. The critical region of the test w, is given by the inequality

( 1 53) \/— T(2) Z h "21((1:7'13)

For any vector ¢ = [KV, 7] let

Un(t) = \/—Emlx, 1, 1]

=1

(154)
Va(t) = \/—Zmlx, 1o, (@]

=1

By definition T, is derived from a parent estimate ¢, by the formula

(155) To= bt T () 4() = b= T ) (5 ()
giving .
(156)  Ta =t 4 [y () Va () = 1) U i) .

If #£? is large the formula giving the test w, differs noticeably from the ones proposed by
Neyman. However, if #2 is small the situation is quite different. Let s, be the vector of
coordinates stV = #£ and s{?) = 0. According to assumptions (4)

(157) A,"(t,‘) = A:s( sn) —B,,(S,., tu) (tn — Sn)
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where B,(s», #x) is an average of B,() between s, and #,. Denote the elements of B,(sn, f»)
by :i(n). Expanding U, and V, by Taylor’s formula one obtains

(158) VAT =i brm () Vals) = v ) Un (s 1+ R,
with ( ( ( (

_ @§ e Y1(ta) F22 (1) — 712 (da) Y12 (1)
(159) Ro= vV i {1 O }

Consequently, if {6,} is a sequence of values of 6 such that for some 6, € H the vec-
tors /n(6, — o) stay bounded, then for every ¢ > 0 the quantity P{R, > ¢|6,} tends
to zero as # tends to infinity. Consider then a sequence {ya.} of tests defined by the
critical regions

(160) g TruCon) VaCon) —via(sn) Un(s)] 2 LS.

Slutsky’s theorem implies again that if for some 8 € H the vectors v/#(8, — 6o) stay
bounded then

(161) lim B, (‘hu 6,) — Bn (wns 6,) =0.

One can also verify easily that when {6,} tends to 6, € H but /%82 tends to infinity,
the power 8,(¥x, 0,) tends to unity. Consequently, one can say that for every sequence
{6,} converging to a point of H

(162) lim Bn('l’m on) —Bs (wm 011) =0.

The sequence of tests {,} is a member of the class proposed by Neyman. More pre-
cisely {¢,} is exactly the sequence of tests that Neyman has shown to be the “best” of
the proposed class. The following proposition summarizes the situation.

Let assumptions (4) be satisfied and let © be the half plane 6 = {6: 6 = 0}. Let
H be the hypothesis H = {6: 6® = 0}. Let {T,} be a sequence of estimates of the class
S with parent estimates {#,}. Let s, be the vector of coordinates s’ = #! and s{ = 0.
Let w, be the test whose critical region is given by

(2) Y11 (2s)
(163) VeT,22 h AG)

Let ¢, be the test whose critical region is given by

oy _ v12(sn) §® A(s,)
(166 7737 foston 0 =205 o 2 0 f 2 L

=1

PROPOSITION 2. Both sequences {wn} and {y,} are K.S. sequences of size a. The sequence
{wa} is K.U.M.P.S. For every sequence 0, tending to a point of H

(165) lin:o Bn (¥ns 0a) — Bnlwn; 6,) =0

A necessary and sufficient condition that {,} be K.U.M.P.S. is that Bn(¥s, 6) converge
to unity uniformly on the compacts of He.

Since the tests ¥, are very much simpler to use than the tests w, one might try to re-
place w, by ¥» whenever possible. Note that according to the preceding propositions
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there is no substantial difference in their performance close to the hypothesis H. How-
ever, to obtain this proposition we have assumed that the estimate available {#,}
possesses the strong properties of consistency of the class ¢ not only under the hy-
pothesis but under the alternatives as well, It is easily seen that an estimate {t,} which
is of the class @ only for the hypothesis H will lead to K.S. tests but not necessarily to
K.U.M.P.S. tests. Even if the sequence {#,} is of the class @ for the whole of ©, the tests
w, and ¥, might differ essentially for values of § remote from H.

To the author’s knowledge, no simple condition to insure that 8.(¥s, 6) converges to
unity uniformly on the compacts of H* has yet been found.
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