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Abstract. We use a Bayesian version of the Cramér-Rao lower bound due to van Trees
to give an elementary proof that the limiting distibution of any regular estimator cannot
have a variance less than the classical information bound, under minimal regularity con-
ditions. We also show how minimax convergence rates can be derived in various non- and
semi-parametric problems from the van Trees inequality. Finally we develop multivariate
versions of the inequality and give applications.

Résumé. Nous utilisons une version Bayesienne de I'inégalité de Cramér-Rao due a van
Trees pour établir que la loi limite d’un estimateur regulier ne peut pas avoir une variance
moindre que la borne d’information classique, sous les conditions de régularité minimale.
Nous démontrons aussi qu’avec I'inégalité de van Trees on peut établir la vitesse de con-
vergence minimax dans plusieurs problemes non- et sémi-paramétriques. Finalement, nous
dévelopons les versions multivarieés de cet inégalité en nous en donnons des applications.

Key words: parameter estimation, non-parametric estimation, semi-parametric models,
quaratic risk, lower bounds.

1. Introduction

Basic statistics textbooks like to present the Cramér-Rao lower bound together with an
informal description of large sample distributional properties of maximum likelihood esti-
mators as demonstrating some kind of asymptotic optimality of the MLE. This approach
is very unconvincing on several counts. Firstly, the Cramér-Rao bound only says some-
thing nice about unbiased estimators whereas most estimators in practice are biased, and
the arguments for prefering unbiased estimators are rather weak. Also, traditionally the
Cramér-Rao bound makes a number of regularity conditions which are difficult to check
and the result only compares estimators satisfying these conditions (though see Borovkov,
1984, for a more satisfactory version). Finally, the fact that a limiting variance may
not coincide with the variance of a limiting distribution produces another unpleasant gap
between the bound and the limit theory (many interesting estimators even have infinite
variance).
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Of course the beautiful theory of Héjek and Le Cam (local asymptotic minimax theo-
rem, the convolution theorem for regular estimators) solves all these problems in a mathe-
matical sense. However the techniques used are very sophisticated and the notions involved
are very delicate.

On the other hand, there is a theory of ‘Best Asymptotically Normal’ estimators due
to Rao (1963) and others, but this is very restrictive in its applications and somewhat
neglected nowadays.

Here we show that a simple variation on the Cramér-Rao theme due to van Trees
(1968) provides the key-stone of a short and elementary proof that the variance of the
limiting distribution of uniformly convergent-in-distribution estimators exceeds or equals
the Cramér-Rao information bound. ‘Uniformity’ of some kind is of course needed to
rule out super-efficiency (actually just Hajek regularity will do). The further regularity
conditions involved are minimal.

We also give some other applications of van Trees’ inequality, demonstrating its power
and versatility, in particular as a tool for obtaining optimal convergence rates in non-
regular (and non-parametric) problems, and for obtaining global bounds for estimating
infinite dimensional parameters. In fact this is just the tip of the iceberg. The bound can
also be used to investigate asymptotic admissibility and second order optimality (Levit
and Oudshoorn, 1992; Schipper, 1992) and we believe it will find many other applications.

Previous applications of the van Trees inequality have been given by Bobrovsky,
Mayer-Wolf and Zakai (1987) and Brown and Gajek (1990). A stronger type of inequality
is given by Klaassen (1989); the right hand side of his (5.21) is the lower bound coming
from the van Trees inequality.

2. van Trees’ inequality.

Let (X,F,Py : 6 € ©) be a dominated family of distributions on some sample space
X; denote the dominating measure by u. Take the parameter space © to be a closed
interval on the real line. Let f(z]|f) denote the density of Py with respect to p. Let
7w be some probability distribution on © with a density A(f) with respect to Lebesgue
measure. Suppose that A and f(x|-) are both absolutely continuous (u-almost surely), and
that A converges to zero at the endpoints of the interval ©. A prime will denote a partial
derivative with respect to 6.

Let 0 = (X)) denote any estimator of 8, X ~ Py. We write Ey for expectation with
respect to 8. When 6 is drawn from the distribution 7, and conditional on @ = 6, X from
Py, we write E for expectation with respect to the ensuing joint distribution of X and 6.

Apart from the absolute continuity of f as function of 6, our last assumption is just

the usual
Eq (log f(X10))" = 0. (1)

Define further
Z(9) = Eq (log f(X160)) 2,

Z(\) = E(log A(8))"?,

the Fisher information for # and for a location parameter in A respectively. We also often
write Z(m) for the latter quantity. A well known result of Hajek is that (1) follows from
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continuity of Z(0); in fact (1) holds almost everywhere if \/Z(6) is just locally integrable
in 6, which is enough for our purposes. For full details on both these results, also in the
multivariate case, see Borovkov (1984, §16 and §20); see also Borovkov and Sakhanenko,
1980). For our asymptotic bound in the next section we will need that Z(#) is continuous
in 6.

Now

/G@WM@W%={ﬂM®M®]:o

by the convergence of A to zero at the endpoints of ©, while by partial integration and the
same fact again

[ otsioe)yas {wa ] [ rwlor@an =~ [ relomao. @

Using both these equalities,

[ [ @@ - o)sloney utas) = [ [ reomaspus) -1

Cauchy-Schwarz now gives

// ) = 0)%f (@l0)m(df)u(d) //log (z|0)A(9))" f (|0)m(d0)p(dz) > 1.

But by our assumption (1) the ‘information’ part of this expression i.e., the second term
in the product on the left hand side, reduces just to [ Z(#)w(d) +Z(A). Dividing out and
abbreviating the notation gives the final inequality (van Trees 1968 ; p. 72)

~

9 1
E(0(X) -0)" = AOESE (3)

We emphasize that the only assumptions made here were (1) and the regularity conditions
in the first paragraph of the Section.

A more general inequality for estimating an absolutely continuous function v of 6 is
easily obtained in exactly the same way. Replacing € by (0), the equality (2) becomes

[ woxsaion >ww=@w> ] [ @slonwa
/w F(x16)m(d6).

Replacing now also 5(3:) by 12(93) in the subsequent development gives

> 2 (Ey'(8))
E()(X) —¢(0))” = BT+ 10V (4)
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Example. Estimation of 6% from a sample from the N'(0,1) distribution. Let X1,..., X,
be a random sample from the A(6,1) distribution, define ¥ () = 0%, where § > 0 and
0 < a < 1. We show that the optimal rate of convergence for estimators of v is only
n~%/2 when 6 can be arbitrarily close to zero. We apply (4) with X1, ..., X, replacing X.
The information for # based on n independent and identically distributed observations is
n times the information for one observation. By (4), for an arbitrary estimator v,,,

(o [ 6>71N(0)d0)?
n+Z(\) ’

St;pEe(tbn —(0))* = E(¥n —9(8))* = (5)

where A is a prior density on a closed bounded interval of [0, 00), satisfying the conditions
stated above. Setting A(f) = a=*Xg(a~10) and denoting

A= </uo‘_1)\0(u)du)2

Ag2la—1) 2
n+Z(Xo)a=2’

we obtain from (5)

sup Ho (Yn - »(0))* =

Choosing a = (Z(Xo)a/((1 — a)n))*/? so that for large n the prior A concentrates more
and more mass close to 0, we obtain

(1—a)l=@a?teA
nal’()\o)l—a

sup Eo(vn — »(0))* =

This inequality shows that no estimator can have a convergence rate (uniformly) better
than n~%/2. Fortunately a natural choice for v, | X |* where X,, is the sample mean,
achieves this bound. This follows by applying the c,-inequality (see Loéve (1963), p. 155):

[ Xn|™ =017 < | X0 — 0], 0<a<l,
from which follows

2°T(a + 1)

- 2 -
Eo(IX,|* — 168|%)° < E|[X,, — 0]?>¢ =
sgp o(|Xn|*—10|*)" <E]| | Jne

by straightforward calculation.

Despite our lower bound on the (maximal) mean square error, the estimator ,, ac-
tually converges in distribution at the faster (usual) rate of n~/2, provided we keep away
from 6 = 0. This case is covered by our asymptotic results in the next section. O



Gill & Levit van trees.b 5th March, 2001

3. An asymptotic Cramér-Rao bound.

Suppose in the previous section, Py is replaced by its n-fold product, and X by X n
i.i.d. copies of X. The information for 6 then gets multiplied by n. Let w1 be a fixed
distribution on [—1, 1] with absolutely continuous density, zero at the end-points. Let 6
be a fixed point in the interior of © and let m = w(H,n) be the rescaling of w1 to the
interval A = [y —n~2 H, 0y +n~2 H] for given H > 0. The information for 7(H,n) is that
for 71 times n/H?. If o) is any estimator for 6 based on X (™ the inequality (3) becomes

1
E(0™ —6)? >
( ) - nEW(H’n)I(g) +TLI(7T1)/H2

or

1

E(“m{") ‘0)) 2 B Z(0) + I(m) I ©)

We assume that Z(#) is continuous at 6y. Then letting first n — oco and then H — oo the
right hand side converges to 1/Z(fp), the usual asymptotic information bound.

Now suppose \/ﬁ(g(”) —0) converges in distribution, as n — oo, uniformly in #; suppose
the limiting distribution is also continuous in 6 at 6p. Then \/ﬁ(g(”) — 0,,) converges in
distribution under Py _, to a fixed distribution Z say, for all sequences 6,, of the form
0o + n_%h, h € (—H,H). (Alternatively one can just make this, weaker, assumption of
H&jek regularity). This is the limiting distribution of \/ﬁ(@\(") — 6p) under Pg,, in which
we are interested. R

Truncate A to the interval A. This is the same as truncating /n(6") — 6,,) to the
interval [-H — h, H — h]. The resulting random variable converges in distribution under
Py, to Z truncated to the same interval, call this Zj, . Since both are bounded, the mean
square converges too. Moreover, we have EZ,QL’ g < EZ2 Applying (6) to the truncated
estimator and letting n — oo, together this gives

H
1
EZ? > EZ? >
- /_H nari(dh) 2 Z(0) +Z(m1)/H?

where 7 is the rescaling of m; to the interval [—-H, H|. Now let H — oo, and we obtain
EZ? > 1/Z(6y); in words, the mean square of the limiting distribution of \/ﬁ(g(”) —6p) is
at least 1/Z(6y). (More general version of this elementary result is known as the Hajek’s
convolution theorem; see Héjek (1970). For a different approach see Klaassen (1989 ;
Theorem 4.1) ).

We can improve this bound on the mean square error of the asymptotic distribution to
the same bound on the variance of the asymptotic distribution. If the limiting distribution
of /n(6™ — @) has mean a(#), simply apply the above to the new ‘estimator’ (™) —
n_%a(eo). Its asymptotic distribution under Py has mean zero but the same variance as
before.

Obviously we can also obtain analogous results for estimating a function of 6.

In the next section we will derive genuine multidimensional versions of the van Trees
inequalities (3) and (4). For the moment notice that one can obtain a multidimensional
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version of the just obtained asymptotic bound by considering certain one-dimensional
submodels, satisfying (by assumption) the regularity conditions given above. Suppose 6 is
now a (column) vector and the matrix Z(6) exists and is non-singular. Write Zp = Z(6y).
Apply the preceding to estimation of the linear combination ¢ '@ in the one-dimensional
submodel 6 = 0y + n(c' I, *¢) "I, *c where 7 is a real parameter. The information for
n=c'(0—0)atn=0is (c'Z;'c)~!. The resulting bound ¢'Z; *¢, holding for all ¢, on
the variance of the asymptotic distribution of cT\/ﬁ@(") — 6), implies the bound Z; * on
the covariance matrix of the asymptotic distribution of \/ﬁ(g(”) — ).

4. Multivariate extensions.

Curiously there are many ways to extend the van Trees inequality to higher dimensional
parameters (cf. van Trees ( 1968, p. 84) ; Bobrovsky, Mayer-Wolf and Zakai (1987)).
Here we present a very general version involving arbitrary choices of certain matrix weight
functions. The inequality allows several interesting special cases.

We consider immediately the case of estimating a possibly vector valued function
of a vector parameter 6, respectively p and s dimensional. Suppose also from the start
that we have n independent and identically distributed observations X; from a common
distribution Py with density f(x,0) with respect to some measure p (all on an arbitrary
measure space X'). Suppose § € © C IR*. Write X for a generic observation Xj.

We choose next a prior density (with respect to Lebesgue measure) A(f), a symmetric
p X p matrix function B(f), and a p X s matrix function C'(6). We need a number of
regularity conditions on f, A\, B and C.

We will say that a real function g(6), 8 € O, is nice if, for each j, it is absolutely
continuous in ¢; for almost all values of the other components of § and its partial derivatives
0g/00; are measurable in §. We will treat § and v as column vectors; partial derivatives
with respect to the components of 6 are set out in rows so 0v¢/96 is a p x s matrix. The
symbol T denotes transpose of a matrix. The operation ‘diag’ of a square matrix replaces
its off-diagonal elements by zeros.

Assumptions:
1) fisnice in 0 for almost all x and its partial derivatives with respect to 6 are measurable
in x, 6.
2) The Fisher information matrix

B dlog f(X,0), T Olog f(X,0)
1(9)_139(( o) 90 )

exists and diag(Z(6))'/? is locally integrable in 6.

3) The components of ¢ and C' are nice.

4) B is positive definite; suppose B(f) = A(0) " A(#) for a p x p matrix A(f).

5) M is nice; © is compact with boundary which is piecewise C'-smooth; \ is positive on
the interior of © and zero on its boundary.
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Assumptions 1) and 2) imply (Borovkov, 1984, Borovkov and Sakhanenko, 1980) that the
expected score vector is zero for almost all 6:

g, 9log [(X,0)

0 o0 =0

Theorem 1. (multivariate van Trees inequality). Under conditions 1)-5), for any esti-
mator Y,

R(n, \) = /@ Eo (6 — 0(0)) T BO)~ (thn — $(0))A(6)d0

(Jo trace(C(0)(@0:/00)T)A(0)a6) (7)

" [ trace(B(6)TC()Z(0)C(0)T)A(0)d0 + I (N)

where

N = (3 Bu0) 35 (Calor©) gy (CoONO) ) st 9

2,5,k

Proof. For random p-vectors X, Y, we define the scalar product
(X,Y)=EX'Y.

This makes the space of square-integrable random vectors a Hilbert space and we have the
Cauchy-Schwarz inequality
(X,Y)? < (X, X){Y,Y).

Since B = AT A for non-singular A we can also apply this to U = (A71)TX and V = AY
getting

(EXTY)? =(EU'V)?2 < (EUTU)EV'V)=(EX"B ' X)(EY "BY). (9)

Essentially without loss of generality we prove the required result in the case n =1 (after
that simply apply it to the joint density of the n observations, by which Z(#) becomes
nZ(0) thanks to the fact that the expected score is zero).

As before the proof goes by Cauchy-Schwarz, in the form (9), and integration by parts.
Take for X and Y

X :% —¢(9)7
y 9 c

V=3 g5 (Col0 IO 175

Jj=1

where f(0) = f(-,0) is the likelihood for 6. In (9) we find

EXT"B71X = R4, \),
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and, using integration by parts,
ey [ f Z(%(@—W)» oo (Cua(0) (2, M) 0 (ko)
-/ /[ Z&g;k Con(6)f(, ) (B)u(da)lf

:/@trace(C(Q)(g—qg) )A(Q)d@.

Finally
0 ik A 0 A
T C”“Aaei t (60: ¢, Aag 7 (aéi |
>, O -
15kl
10 9 19
= EUZk;BU < lng + X%(Cﬂg)\)> <lea—0l log f + Xa—el(oﬂ)\)>

:/trace(B(@)TC(Q)I(Q)C(Q)T))\(e)de +Z(\)
©

using ‘expected score is zero’ to get rid of the cross products. O

Various natural choices of B and C' lead to versions of (7) useful for different purposes.
The simplest choice, when p = s so that ¢ has the same dimension as 6, is to take both
matrix functions equal to the identity. Using |-| to stand for the Euclidean norm of vectors
and writing divy = ), 01;/06; = trace 0y /06, we obtain

( [ diw(en(e)de) :

n [ trace Z(9)A(0)df + trace Z(N)

/@ Eoltn — (0)2A(0)d0 > (10)

where Z(\) is the matrix information for \. We call (10) an Lo-norm type inequality. The
one-dimensional case with ¢ the identity is our first version of the van Trees inequality.

In some respects more natural, and also available when p # s, is still to take B the
identity but to choose

0
c6) = 2LT0),
Z(0) supposed invertible. Define also
0 0
7.0) = Lz0) 20
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the inverse of which one could call the information for ©. We now find from (7)

(f tracejﬂ@)A(@)d@)
n [ traceJy, (0)A(0)d0 + Z(\) (11)
1 1 ~
> - /tracejﬂ@)A(@)d@ - EI()\)

/Eewn P(0)2A(0)d6
©

where /Z i (69k (Q)W)) (6%01.[(9»(9)) dé. (12)

For s = 1 this contains the so called Borovkov-Sakhanenko inequality; see Borovkov and
Sakhanenko (1980), Theorem 3. We call (11) the natural multivariate van Trees inequality.

Apart from the identity an alternative natural choice for B is the inverse information
for v itself, B(8) = Jy(0). Generalising the choice of C for our natural inequality (11),
ie.,

C0) = BO 21(0) ",
we find the normalized risk inequality
T —1 _ p? b ()
J B0 =0 T O )N 2 o= Ty

where Z(\) is as in (12).
Finally, the weighted quadmtz’c risk inequality is obtained when B(#) = diag(Jy(0))
and C(0) = B(0) "1 (0v/00)I(0)~1, resulting in

¢nz i )) p2 p i()‘)
/ Z o) A(6)do > — > =5 (14)

where Z()) is given by (12) for the present choice of B and C.

Inequality (10) is sufficent for first and second order, local investigations; see Section
6 and Schipper (1992). Inequalities (11)—(14) can be used for first and second order global
considerations; see, e.g., Levit and Oudshoorn (1992).
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5. Semiparametric models: rates of convergence

First we consider some non- or semi-parametric problems where the optimal rate of conver-
gence is not the square root of n but something smaller. In each case we use the univariate
van Trees inequality to derive an asymptotic lower bound to the maximum mean square
error of an estimator over a small neighbourhood of the parameter. The proof works by
guessing a most difficult parametric submodel for estimating the functional of interest. The
procedure sometimes suggests ad hoc estimators which achieve the lower bound, thereby
demonstrating its optimality (at least as far as the rate is concerned). The proof can also
be adapted to give a lower bound to the variance of the asymptotic distribution of a uni-
formly convergent-in-distribution estimator, just as in the regular parametric case studied
in the previous example.

The examples studied here have been considered by Bakker (1988), Weits (1992),
and Groeneboom and Wellner (1992), using other methods. They compare the constants
appearing in their lower bounds to those obtainable by the estimators under consideration.

The first example, ‘completely censored data’, occurs in biostatistical applications
(carcinogenicity experiments) in which one is interested in the distribution of the time of
a certain event. At another random ‘observation time’ one can see whether or not the
event has already occurred (e.g., animal sacrifice to determine whether or not a tumour is
already present).

So, let X7...,X,, beii.d. with unknown d.f. F' and let Y7,...,Y, be independent of
the X;’s and i.i.d. with density g. The data consists of the pairs Z; = (A;1,Y;), i =1,...,n,
where

A =X <Y};

define also
Nip=1—-A;; = 1{X1 > Y;}

The target functional of F' to be estimated is
Y(F) = F(xo),

xo fixed. We consider ¢ also fixed; whether it is known or not is irrevelant. Let T, =
T,.(Z1,...,Zy,) denote an estimator of F(zg). We make the following two

Assumptions:

1) Fe F= {F: 0< F(xp) <1and 3y (F), v2(F), v3(F) > 0 such that

F(x1) — F(x2)

1 — X2

1 (F) < < 72(F)

for all zg —’)/3(F) <x1 <z < X9 +’Y3(F)}.

2) g(xg) > 0, g is continuous at xg.
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On F we introduce a topology 7 generated by the neighbourhoods
‘/;”5(F) = {G €F: ||G - FH(Io—&Io-i-s) < 5}

where

F(x,) - F
|F|lc = sup |F(x)] + sup | F'(21) (x2)]
zeC z1,x2€C |{L’1 — x2|

Theorem 2. Let Fy € F and V = V_5(Fp) be fized. Then there exists C(V) > 0 and
ng < oo such that:

(V) = inf sup Ep(T,, — F(z0))* > c(V)

n>n0
2/37 -

where the infimum is taken over all possible estimators T,,.

Proof. Let v satisty:
P(x) =0, [z[=1

$(0) =1
[Pl —1,1) < L.
Choose B > 0 fixed and let, for given h > 0, {F.(-)} denote the family

Fo(x) = Fo(z) + cyp (:)3 —hxo) , |e| < Bh. (15)
B can be chosen so that for small enough h,
{F.:|c| < Bh} CV CF; (16)

and of course we have
FC(LU()) = F()(LU()) + c.

For use in the proof of Theorem 3 below, note that if moreover B < 71 (Fy) then ~;(F,) is
uniformly bounded away from zero (in ¢ and h, for sufficiently small k).

Let v be counting measure on {0, 1} and let f.(d1,d2,y) be the density of (A;1,, A2, Y;)
with respect to v x vx Lebesgue measure;

fo(81,82,y) = Fu(y)® (1 - Fe(y)” g(y)

for 6o =1 — 61 € {0,1}; zero otherwise. The score I, is given by

_ Ologfe _ 0y (5) oy ("5
Jc Fe(y) 1—F.(y)

l/
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and the conditional information given Y; is
V) V)
Fe(y)  1-Fu(y)
)
- F(y)(1 - Fely))
VA5

= Fow) 0= Fo() (14+o0(1)) as h— 0, uniformlyin y.

The unconditional information is therefore

B¢ |Yi=y) =

GRaC D

T = B2 = (1+o(1) [ gl dy
. 9(970 2
= Fo(wo) (1 — Folen)) /‘” fydi-h-{1+0(1))
— AR (1+o(1)).

say, using assumptions 1) and 2).
Let Ao be a prior density on (—1, 1) satisfying the conditions of the van Trees inequality

and let 1 9
o(c)
To = 0 de,
0 /_1 Ao(c)
1 c
20 = g (37
Then
rn(V) > mf sup Ep (Tn—Fc(ﬂfo))2
" |c|<Bh
:mf sup Ep, (T, — Fo(xo)) — ¢)?
" |c|<Bh

Bh
> 1nf/ Er, (T — ¢)*X(c)dc
T, J-Bh

Bh Bh /()2 -
N (c)
> n Z(e)\(c dc+/ de
< /—Bh (X e) —Bnr ) )
by van Trees’ inequality

= (nAh(1+o(1)) + Io/(B2h?)) "
=02 (A+20/B%) " (1+0(1))

if we take h =n~1/3. O

The rate n~'/3 is known to be achieved in this problem by the non-parametric max-
imum likelihood estimator (NPMLE) of F'; see Groeneboom and Wellner (1992). They
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make slightly stronger assumptions than ours, but on the other hand derive the limiting
distribution of the NPMLE. The lower bound is given in Groeneboom (1987) using a dif-
ferent approach. The problem is very similar to that of estimating a density, known to be
monotone, for which the rate n~1/% also applies; see Groeneboom (1985).

A simple ad hoc estimator of F(zo) achieving this rate is given by the following
modification of a histogram estimator; in fact a histogram with appropriate bin-width is
also an optimal rate density estimator under weak smoothness conditions.

Let

fi = 1{1/1 € (LU() — h,xo + h)},
i = 1{1/7, € (CU() - haxo + h)7X1 < }/7,}7

Z?:l i
Zi:l &

Fo(z0) =
where h = h,, > 0,
h, — 0 and nh?f‘s — 00

as n — oo for some 6 > 0. We show that under our assumptions 1) and 2), uniformly on
any neighbourhood V_.5(Fy) with Fy € F,

F(z0)(1 — F(zo))
2g(xo)hn

B (Fu(w0) — F(z0))* < ( + (2(F))?) (1 + o(1)

~1/3

as n — 0o. From this, choosing h < n results in the optimal rate

Ep(F,(zo) — F(xo)) =< n~2/3.

To demonstrate this, let
a=Epé& =Ep§}
8 =Erm = Epni.

One obtains then

zo+h
o= / B g(y)dy = 2g(xo)h(1 + o(1)),

zro+h
= Pty = (Flao) +)a,
ro—h
say, where for sufficiently large n (and hence small enough h) we have o > 0 and

Y] < v2(F)h.

All these arguments carry through uniformly on the given neighbourhood V.5. Denoting
further

n

n — % i_l(gi —Oé)
1
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a simple calculation gives

ﬁn B F(xO)gn
F,(xg) — F(xg) = —
(zo) — F(z0) I+E
Let p = p, = (nh?)~'/* and define the event A = A,, = {|{,,| < pn}. Thus p, — 0,
and by Hoeffding’s inequality (see, e.g., Pollard, 1984, p. 192)

P(AS) < 2exp (—”O‘ij) - 0((nh2)-<1+6>/6) = o((nh)™Y)

for n — oo, by our assumptions on h,, and p,,. Notice also that
Er|(7, — F(20)&,)71ag < 207 [1|P(A7) = o((nf) 7).

Therefore for n — oo

Ep(Fyu(x0) — F(20))? = Ep(Fy(20) — F(20))*14, + o((nh)™")
= (Er(, — F(0)$,)%1a, + 7)1+ O(pn)) 4 o((nh)~1)
< (Er(7, — F(20)€,)* +7°)(1 +0(1)) + o((nh) ™)
< (n"'aT?Ep(m — F(z0)61)? +7°)(1 + o(1)) + o((nh™"))
= (n"'a 2 Ep (1} — 2F (zo)mé1 + F(20)%}) +7%)(1 + o(1)) + o((nh) ™)
= (n"ta T (F(x0)(1 — F(x0)) + (1 = 2F(20))7) +7°))(1 + o(1)) + o((nh™"))
- (R )ty

which is the required result.

This estimator does have two disadvantages compared to the NPMLE: one must make
an arbitrary choice of the constant in the bin-width; and the estimator of F'(z() is not a
monotone function of xg .

Our next example is a modification of the first one: now there are two ‘observation
times’ instead of one. Most of the information for estimating F'(xp) comes from those
observations for which the two observation times are close to each other and on each side
of xp, and when the event of interest occurs between these two times. This leads to a
different (higher) optimal rate of convergence provided the joint density of the observation
times is positive at (xg, xo).

Let X1,..,X, beii.d. with d.f. F' as in Example 1; let ¥(F'), F and 7 be as in that
example. Let (Y;1,Yi2), i« = 1,...,n, be i.i.d. pairs independent of the X;’s with joint
density g and with Y;; < Y;s. The data consists of 71, ..., Z, with

Z; = (Ai1, N2, Yi1, Yio),
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where
Ap=UHX; <Y},

Ao = H{Yi1 < X; <Yia},
define also
Aiz = 1{Yi2 < X;}.
Assumption 2) is replaced by:
2") g(y1,y2) is positive and continuous at (xg, xo); its marginals g; and g, are also positive

and continous at xg.

Theorem 3. For all V =V 5(Fy) there exists ¢(V) > 0 and ng such that

(V) = inf sup Ex(T, — F(z))? c(V)

A > .
Tn Fev ~ (nlogn)?/3 0

Proof. We define the family {F.(-) : |¢| < Bh} asin (15)—(16). B is taken so that the pos-
itive constants 1 (F.), v2(F.) and v3(F.) can be chosen uniformly in ¢ for sufficiently small
h, as we mentioned in the proof of theorem 2. The joint density of (A1, A2, Ass, Yi1, Yio)
is now

fo=Fo(y)” (Fu(yo) — Fe(w1))* (1 = Fu(y2))™ g1, 92)

and the score is

p oo 0w () e (e () — e (M) | dsY ()
¢ Fe(y1) Fe(y2) — Fe(y1) 1= Fe(y2)

The conditional information for ¢ given (Y;1,Yi2) = (y1,y2) is

) I ) B ) Il )
Fe(y1) Fe(y2) — Fe(yr) 1= Fe(y2)

The unconditional information Z(c) can be correspondingly split into three terms, I(c) =
Il(C) + IQ(C) + I3(C).
By the same calculations as in Theorem 2,

)+ 1) = (L0004 200 Y[ a1 4ot

Now I2(c) is an integral over the set

{(yhyz) © oy <y, min(|y — ol Jy2 — xo|) < h}

We further split the integral I2(c) as

IQ(C) =J1i+Jo+ I3+ Jy+ J5,
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according to

zo—0 ro—h zro+h
( / dy: + / dyl) / dyz+
—00 zo—0 ro—h
zo+h zo+h zo+48 00
+ / diyy / dys + / dys + / dys | .
zo—h Y1 xo+h xo+6

Here, 6 — 0 as h — 0, in such a way that J|logh| — oo (so h — 0 much faster than ¢);
the interesting terms will come from Js and Jy.

Figure 1. IQ(C) =Ji+Jo+J3+J4 + J5.
From the assumptions on F', g and {F.} (using the fact that v, (F.) is bounded away
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from zero uniformly in ¢ and h, for small enough h)

const [Toth h
< = R —
J1+J5_5—h/xo—h (91(8) + g2(t)) dt O(é—h)

2

zo+h Jco-i-h Y1—y2 yz
J3 < COHS’D/ / y ) g(ylay2)d92dyl = O(h)
To 2 — Y1

zo+h zo—h wQ Y2 — 1‘0)
Jo+ Jy = / / i L 9(y1, y2) dyrdy:
To To—0 y2 (yl)

ro+h pxo+d 'QDQ <y1 1’0)
9(y1,y2) dyadin
/m /+ Foly) = Fuolgn) ) 4o

xo+h pxo—h ¢2 Y2 — Io)
< const. (1 + o(1)) g(xog, o) / / dy1dys
To Y2 — Y1

zro+h To+0 ¢2 Y1 —xo 1‘0
/ / ) dyadys
xo zro+h Y2 — yl

= const.g(xg, zo) ( / P2(t) Zfii)dt

= const.g(xo, xo) h | log k| / Y2(t)dt (1 4 o(1))
~1
= A h|logh|(1+ o(1)), say.

Now van Trees’ inequality, just as in Theorem 2, gives

T —1
rn(V) > (nA1h| log h|(1 + 0(1)) + BQ(;LQ)

_ (él + éoz) (nlogn)*/3(1+o(1))

if we take h = (nlogn)~3. O

This optimal rate has been found by Bakker (1988) and is shown in Groeneboom and
Wellner (1992) also to be achieved by the NPMLE. A reasonably simple ad hoc estimator
achieving this rate has been constructed by L. Birgé, in fact a kind of weighted histogram
estimator. The NPMLE itself can only be computed by an iterative procedure, unlike in
the first example where a simple calculation is available.
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6. Semiparametric models: asymptotic global bounds

We now use the multivariate van Trees inequality to derive asymptotic bounds for an
infinite dimensional estimator in a semiparametric model, i.e., we consider the estimator
in its entirity instead of at a single point. For simplicity we consider the simple and
familiar example of estimating an unknown distribution function based on a random sample
from the distribution itself. We show that the ordinary empirical distribution function
achieves a local asymptotic minimax lower bound for the integrated mean square error
of an arbitrary estimator. Such results have been established earlier by Levit (1978) and
Millar (1979), using the theory of Local Asymptotic Normality. The approach here, based
on the elementary inequalities obtained above, can also be applied to more elaborate
examples. The difficulty will be rather to show that certain estimators achieve the bounds
than to obtain the bounds themselves.

Truncation arguments as in Section 3 can be used to turn the results into bounds on
the integrated risk of an asymptotic distribution of an estimator sequence, under uniformity
and continuity conditions (or under Héjek regularity).

Let X1, ..., X,, be independent vector observations in IR® with unknown distribution
function F'; write X for a generic observation. Let Fj, denote an arbitrary estimator of F'.
We study the integrated mean square error

Ro(Fn,F) = nEp / (Fu(z) — F(x))*p(dx)

s

where p is a fixed finite measure on IR”.

For x and y in R® we denote by x Ay the vector containing the coordinatewise minima
of the components of z and y, while x(x) is the indicator function of the closed positive
orthant in IR®:

(x ANy)i =i Ny,
x(x) = H{xz; > 0Vi}

Let F,(z) = 13" x(z — X;) be the empirical distribution function. We have

RMﬁJU=/F@O—FwMM@:RND, (7)

say.

We do not necessarily assume that F' is completely unkown. However the class of
possible F' must be rich enough if Ry (F') is to figure as a lower bound for R, (F,, F). In
order to specify exactly what is a rich enough class, introduce a complete orthonormal
system of functions {¢;(x)} in L?(IR®). Define functions g; by

gmn=/xm—w@mmmm. (18)

Let F be a set of distribution functions on IR* endowed with the topology 7 induced
by total variation distance. The following assumption is now essential (Levit, 1978, Millar,
1979): we say that F is rich enough if for each Fy € F and any k = 1,2,... there exists
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a sequence of functions g;;(y), ¢ = 1,...,k, j = 1,..., and neighbourhoods C; of zero in
]Rk, such that
. 2 .

and for each j = 1,2,... the family of distributions F; = {F, : ¢ € C;} on R* defined by

k
311::2 (v) = exp(; cigij(y) — b(c)) (20)

belongs to F.
Now we can state our main result:

Theorem 4. If F is rich enough, then

lim lim inf sup R,(F,, F) = Ro(F 21
VI{Fo} n—oo Fn Fe\g ( ) o(£0) (21)

where the infimum is taken over all possible estimators Fy, and V' | {Fy} denotes the limit
in the net of shrinking neighbourhoods (with respect to the variation distance) of Fy.

Proof. Since R, (F),,F) = Ro(F) and this quantity is continuous in the variation distance
topology, Ro(Fp) is certainly an upper bound to the left hand side of (21). We must show
that the later also cannot be less than Ry (Fp). Suppose Ro(Fy) > 0 since otherwise the
result is trivial. Now, let us define

6i(F) = / F(2)g(x)u(dz) = / 4:(4)dF (y),

and for a given estimator F,, we let

bui = / Fo(@)ds(@)u(de), and ¢ = (b1 duzs ...

Note that by Parseval’s identity

Ru(Fu, F) =Ep nY_ (¢ni — 6i(F)).

=1

The reader may also verify that for given Fj, and k, j, the family of distributions F_,
ce(C; C R” is continuous in ¢ with respect to the topology 7.

Now let V' be any neighbourhood of F' = Fj, and for any given k,j let C; be a
neighbourhood of 0 € IR¥ such that F, € V for all ¢ € C;. Choose a prior density A(c)
with C, the support of A, contained in C}, together satisfying the assumptions of the
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multivariate van Trees inequality. Then by the L, norm version (10) of the van Trees
inequality
r(V) = lminf sup Ry (Fy, F) > liminf sup Ry (Fy, Fe)

n Fn Fev n Fn cel}
> llml}glf R, (F,,F.)\(c)de

\Q\

k
Zcbm $i(F.))* Me)de

’ (22)
n<czfﬂ%fumd>
> lim —
nonf, ZZ L Varg, gi; (X)A(e)de + Z(N)
<C2fﬂ%fumd>

- fc 2511 Varg, g;j (X))\(C)dc’

provided the denominator of the final term is non-zero. We have used here the fact from
exponential family theory that the b(c) in (20) satisfy the relations

AV
=E

ob .
5o (@ = Brgy(X), i=1,...k

Observe next that the functions g;(y) in (18) are uniformly bounded (by (u(IR*))'/?),

and
6%(01;6) - /gi(y) (915 (y) — Er.gij(X))dFe

= Covr, (gi(X), 9i; (X))
and hence according to (19)—(20)

lim lim 0¢i(Fe)

j—o0 c—0 601-
lim lim Varg,g¢;;(X) = Varg, ¢;(X).

j—o0 c—0

= VarFogi(X)a

Thus letting C' | {0} in (22) and then j — oo we find

k
V) > Z Varg, gi(X
i=1
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and, since k is arbitrary, using again Parseval’s identity

oo

) > iVaTFogz /Zgz )2dFy(y Z(/ gi(y)dFo(y))z

=1

// (x — y)dp(z)dFy(y Z@ (Fo)?
:/Fo(x)d,u(a:) —/Fo(x)zd,u(x) = Ro(Fo),

concluding the proof of the theorem. 0O

The approach we have just given works, without any changes being needed at all,
for well-behaved semiparametric models. Suppose for instance we still want to estimate
a distribution function, now not the distribution of the data but an infinite dimensional
parameter of its distribution. Considering integrated mean square error, the problem is
converted into estimating a sequence of real functionals of F' and then by truncation into
estimating just a finite number of real functionals. We next consider the finite dimensional
submodel whose score functions are exactly the optimal influence functions for these func-
tionals (the projections into the tangent space of the gradients of the functionals). As in
our calculations above, the denominator in the final line of (22) is the same, when squared,
as the numerator, giving as lower bound the sum of the lower bounds for each functional
separately. This lower bound corresponds to the integrated mean square error of the opti-
mal limiting distribution found in the convolution or local asymptotic minimax theorems.
Indeed, denoting the projected or canonical gradients by g;(z), i = 1,...,k, the general
theory says that provided F is rich enough Zle Varg, gi(X) is the required lower bound
for estimating the finite number of functionals with respect to sum of squared error losses.

One could apply this to the usual random censorship model. Weits (1991) shows that
n times the mean square error of the Kaplan-Meier estimator is equal to the mean square
error of its limiting distribution, up to an error of order 1/n, provided one stays away
from the right tail of the distribution of the data; this limiting distribution is known to be
optimal in the sense just mentioned. Therefore the estimator has asymptotically optimal
integrated mean square error with respect to measures p with support strictly inside the
support of the observations. It would be nice to extend this to a result on the whole line
under appropriate integrability conditions. We believe Weits’ striking results on second
order properties of the Kaplan-Meier estimator could possibly have been obtained more
easily by exploiting the van Trees inequality.
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