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ON METHODS OF SIEVES AND PENALIZATION!

BY XIAOTONG SHEN
Ohio State University

We develop a general theory which provides a unified treatment for
the asymptotic normality and efficiency of the maximum likelihood esti-
mates (MLE’s) in parametric, semiparametric and nonparametric models.
We find that the asymptotic behavior of substitution estimates for esti-
mating smooth functionals are essentially governed by two indices: the
degree of smoothness of the functional and the local size of the underly-
ing parameter space. We show that when the local size of the parameter
space is not very large, the substitution standard (nonsieve), substitution
sieve and substitution penalized MLE’s are asymptotically efficient in the
Fisher sense, under certain stochastic equicontinuity conditions of the log-
likelihood. Moreover, when the convergence rate of the estimate is slow,
the degree of smoothness of the functional needs to compensate for the
slowness of the rate in order to achieve efficiency. When the size of the
parameter space is very large, the standard and penalized maximum like-
lihood procedures may be inefficient, whereas the method of sieves may
be able to overcome this difficulty. This phenomenon is particularly man-
ifested when the functional of interest is very smooth, especially in the
semiparametric case.

1. Introduction. Let Y,,...,Y, be independently and identically dis-
tributed according to density py(y) = p(6y, ¥), where 6, is the true parameter
value in O, the space of all possible parameters 6. We estimate a real func-
tional of 6, denoted as f(#). Such functionals characterize many interesting
problems. In semiparametric models in which the interest is in estimation
of the parametric component, f(0) takes the form B, which is the parametric
component, where the parameter 6 = (B, n) and 7 is a nonparametric nuisance
parameter. In a nonparametric model in which the interest is in estimation
of the Shannon information entropy, /() can take the form of —2 [ 6?log 6,
where 6 is the square root of the density.

In this paper, we are interested in efficient estimation of functionals f(6).
The asymptotic normality and the efficiency of the variants of maximum likeli-
hood estimates (MLE’s) is established in general parameter spaces that permit
treatment of nonparametric and semiparametric situations.

To estimate f(6), first consider standard maximum likelihood type of esti-
mation. Let the empirical criterion L, (6) be n=1 Y 1(6, Y;), where I(0, y) is
the criterion based on a single observation. Here /(6, y) may be chosen as a
log-likelihood (ML estimation) or some criterion other than the log-likelihood,
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such as —(y — 0)? in the least-squares regression. A maximizer of L, () over
6 € O, denoted by 6,, is called a MLE type of estimate. With 6, as defined,
f(0) is estimated by a substitution estimate f£(,,).

In parametric models, it is well known [e.g., Bahadur (1967)] that under
general conditions n'/2(f(6,)— f(6,)) converges to a normal distribution with
mean zero and variance (f(6,))71(6,)"'f'(6,) and the MLE f(6,) is asymp-
totically efficient in the Fisher sense, where f'(6,) is the usual derivative at 6,
and I(6,) is the Fisher information matrix. Cramér (1946) and Pollard (1984)
gave fairly general results for asymptotic normality based, respectively, on
score equations and log-likelihood ratios. In the infinite-dimensional case, es-
tablishing such a theory, however, is difficult [see Wong and Severini (1991)].
Little is known about the properties of the MLE and related estimates even
though various generalizations of the information lower bounds evaluating
the performance of estimates are available. The issues that govern the finite-
dimensional case do not readily extend to the infinite-dimensional case. The
difficulties are that, unlike the parametric case, (1) the corresponding score
equation evaluated at the maximizer §, may not even be close to zero, es-
pecially in sieve estimation problems, (2) §, is often on the boundary of the
parameter space and (3) 6, is constrained, such as in density estimation prob-
lems. Furthermore, the remainders in local expansions depend on the conver-
gence rate of the estimate, which may be much slower than n~1/2 when the
parameter space is large.

Estimating functionals in general parameter spaces clearly is important. In
the semiparametric setting, the efficient score method leads to an efficient esti-
mate for the parametric component [see Bickel (1982), Ritov and Bickel (1990)
and the monograph by Bickel, Klassen, Ritov and Wellner (1994) for a compre-
hensive survey]. This method requires constructing a n~/2-consistent estimate
and estimating the efficient score function. In the nonparametric setting, von
Mises (1947) considered the problem of estimating a functional based on a
class of distribution functions. For smooth functionals, Pfanzagl (1982) and
Ibragimov and Has’minskii (1981, 1991) constructed n~'/2-optimal estimates
in the minimax sense for specific models. Unfortunately, a general theory is
lacking. There is also an enormous amount of literature on the related topics
of convergence rates for general functions [see, e.g., Bickel and Ritov (1988)
for more details]. Wong and Severini (1991) showed that the standard MLE
is asymptotically efficient in a compact space where the size of the parame-
ter space is not large. Severini and Wong (1992) studied the efficiency of the
profile MLE in semiparametric models. In many situations, especially when
the parameter space O is large, variants of the MLE type of estimates such as
sieve and penalized estimates are often used to overcome the difficulty of opti-
mization and certain undesirable properties of the standard MLE; see Sections
2 and 3 for detailed discussions. Unfortunately, a general theory of asymptotic
normality for the sieve and penalized estimates has not been available.

The fundamental questions are, of course, in general parameter spaces
(1) whether there exists any estimate which can achieve the Fisher infor-
mation lower bound typically used to evaluate the asymptotic performance of
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estimates and (2) whether the variants of MLE’s such as the standard, sieve
and penalized MLE’s can achieve the information lower bound in general,
especially when the parameter space is very large and if so, to what extent.

In this paper, we introduce a general theory for establishing the asymptotic
normality and efficiency for £ (6, ). We (1) explore the relationship between the
size of the parameter space and the performance of the substitution estimates,
(2) try to understand the extent to which the variants of MLE’s are efficient in
the Fisher sense, (3) give a unified framework to the asymptotic normality for
the finite- and the infinite-dimensional problems and (4) provide some insight
into the structure of estimation problems.

We will show for the sieve, the standard (nonsieve) and the penalized esti-
mates that n%/2(£(8,) — f(6,)) has an asymptotic normal distribution under
general conditions: (1) the degree of smoothness of f can compensate for the
slowness of the convergence rate of the estimate; (2) the empirical criterion
satisfies certain stochastic equicontinuity conditions. See Section 4 for formal
definitions. On this basis, we show that the standard (nonsieve), sieve and pe-
nalized MLE’s are asymptotically efficient in the Fisher sense. Furthermore,
there indeed is a cutoff point at a certain stage corresponding to the local
metric entropy index (used to measure the size of the parameter space, as
defined in Section 4) being equal to 2. When the local metric entropy index of
the parameter space is less than 2, the above results are expected to hold for
the standard, sieve and penalized MLE’s. However, as shown in Example 3,
when the local metric entropy index of the parameter space is at least 2, the
above results may not hold for the standard and penalized MLE’s. In contrast,
the sieve with an orthogonality property to be specified in Section 4 may not
have this difficulty when the functional of interest is very smooth [w in (4.1) or
(4.4) is large]. This phenomenon is illustrated in Examples 2 and 3. Moreover,
as illustrated in Example 3, if f is not smooth enough, then the above result
does not hold. This is because the behavior of f(8,) — f(6,) is determined by
that of ||, — 6. This aspect of the theory offers additional insights into the
structure of the problem.

The theory developed here is general, allowing for a general criterion func-
tion (with a penalty) with constrained optimization over a general sieve. The
present theory encompasses, for instance, the existing results for the standard
MLE in a compact space when the size of parameter space is not large, and
the classical results on the asymptotic normality and efficiency of the standard
MLE in the finite-dimensional case. Thus, it provides a unified treatment for
most problems of estimation of a smooth functional using the ML method with
independent observations. Moreover, the theory can also apply to the situa-
tion in which the functional of interest is multivariate; see Example 4 for an
illustration.

The present theory is formulated based on stochastic equicontinuity related
to log-likelihood ratios and convergence rates. Here the convergence rate of
the estimate plays an important role. In conjunction with the convergence rate
results on the sieve estimates [e.g., Shen and Wong (1994), Wong and Shen
(1995) and Birgé and Massart (1994)] and on the penalized estimates [e.g.,
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Shen (1997)], we make the verification of regularity conditions easier. In the
semiparametric case, the present theory provides an alternative approach for
constructing efficient estimates using the variants of MLE’s. In this way, one
bypasses the requirements of the efficient score method, that is, constructing
an n~!/2-consistent estimate and obtaining a suitable estimate for the score
function are not necessary. The theory also provides some insight into the
phenomenon that, in semiparametric models, the parametric component can
be estimated efficiently in the Fisher sense at exactly the rate of n~1/2, even
if the estimated nonparametric nuisance component converges to the true
parameter at a rate much slower than n=1/2,

The organization of the paper is as follows. In Sections 2.1 and 2.2, we dis-
cuss the methods of sieves and penalization. In Section 3, we provide some
examples and illustrative conclusions from the general theory. In Section 4,
we develop the general theory on the asymptotic normality for the correspond-
ing substitution sieve and penalized estimates. In Section 5, we address the
issue of asymptotic efficiency in the Fisher sense. In Section 6, we obtain some
results on constrained estimation. In Section 7, we illustrate the main results
by several examples, including nonparametric regression, semiparametric re-
gression, the proportional odds model and the density estimation problem. As
particular applications of the general theory, we obtain the asymptotic nor-
mality and efficiency of the variants of MLE’s in estimating moments of the
regression function, the parametric component in a semiparametric model and
the Shannon information entropy. In Section 8, we compare various estima-
tion procedures and discuss implications of the present theory. In Section 9,
we provide the technical proofs.

2. Estimation methods.

2.1. The method of sieves. Often, optimization over a large parameter
space leads to undesirable properties of the estimates, such as inconsistency
and roughness. Moreover, such an optimization procedure is difficult to im-
plement and certain approximations need to be made in order to carry out
computation in practice. For the above reasons, the optimization is usually
carried out within a subset which is dense in the original parameter space,
and the size of the subset grows as the sample size increases. More specifically,
let ®,, be a sequence of approximating spaces to the parameter space 0 (not
necessarily a subset of ©), denoted as a sieve, in the sense that for any 0 € ©®
there exists 7,0 € ©, such that ||7,0 — 6] — 0 as n — co. An approximate
sieve estimate, denoted by 6,, is defined as an approximate maximizer of
L,(6) over O, that is,

0€0,
where &, — 0 as n — oo. For the exact estimate, &, = 0. The substitution
sieve estimate for f(0), by definition, is f(6,). The above procedure is called
the method of sieves [Grenander (1981)], which may be regarded as a gener-
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alization of the standard ML estimation based on optimization over the whole
parameter space O since 0, can be taken to be O for all n.

2.2. The method of penalization. In some cases, to overcome the difficul-
ties in optimization and the undesirable properties associated with estimates
based on a large parameter space, a penalty assessing the physical plausibility
of each parameter value is attached to the empirical criterion to be optimized.
To be more specific, let 1(6, y) be (6, y)— A, J(0) and L,(6) = L,(6)— A, J(6),
where J(6) is a nonnegative penalty function and A, is the penalization co-
efficient. An approximate penalized estimate is defined as an approximate
maximizer 6, of L,(6) over O, that is,

(2.2) L,(6,) = sup L, (6) — O(e}),
0O

where ¢, — 0 as n — oco. The approximate substitution penalized estimate
then is £(8,). This procedure is called the method of penalization.

The use of penalty has a long history, which may trace back to Whittaker
(1923) and Tikhonov (1963); see Wahba (1990) for a review. In a regression
context, the penalty J(-) is often chosen to penalize the undesired properties
such as “roughness.” In this situation, the method of penalization leads to
splines. Actually, the penalty plays a role of forcing the optimization in (2.2)
to be carried out within compact sets depending on the sample size. Indeed,
the optimization is done within a finite-dimensional space. Essentially, the
penalty J(6) which controls the global properties of the estimates plays no role
in the local approximation of the criterion difference within a neighborhood
of 6,. However, to control the local behavior of the linear approximation of
the criterion function with penalty, certain assumptions on J(6) and A, are
required.

3. Some examples and illustrative conclusions. In this section, we
provide some examples and illustrative conclusions. See Section 5 for a formal
discussion of asymptotic efficiency.

ExaMPLE 1 (Nonparametric regression). Suppose
(31) YiZO(Xi)+ei, i:l,...,n,

where X; and e; are independent, and {e;}!; are independently and iden-
tically distributed with Ee? = o%. Assume that {X;}”, are random and
the distribution of X; does not depend on 6. The functional of interest is
f(6) = E¢* = ka dP, for some integer £ > 1, where 6 is the regression
function and P, is the distribution of X;.

In this example, we examine three estimation procedures in terms of the
efficiency in the Fisher sense and illustrate the phenomena mentioned in
the Introduction. Here the criterion is 1(0, v, x) = —(1/(202))(y — 6(x))?. The
empirical criterion to be maximized then is —(1/(20%n)) Y7 (Y, — 0(X,))>.
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In the following certain moment conditions on e; are imposed depending on
the case. For simplicity, assume that o2 is fixed.
(a) Estimation without sieve. Let
100 (xc1) — 6™ (x5)|
|21 — xg]7

m+1>

0= {0 € C™a.b]: 09wy < L.

j:O,...,m+1},
where p=m+vy > 1/2, {L J-}Zfol, and a and b are known constants. Assume
that Ele}| < oo for any real I > 2. In the present case, the maximization is
done over the whole parameter space ®, which is compact.

(b) Sieve estimation. Let ® = {6 € C™[a, b]: |07 (x1)—07)(x5)|/|x1—x5|” <
L, .1(0)}, where p = m+vy > 1/2. Here the parameter space O is not compact
since L,,,1(0) is unknown. For simplicity, assume that E exp (¢y|e;|) < oo, for
some £, > 0. Also see Shen and Wong (1994) for the required condition based
on moments.

(1) Finite-dimensional sieve. Consider the following truncated series ex-
pansion. Let

0, = {0 €0: 0(x)=0ay+ Zn(aj cos(2m jx) + B sin(27 jx)),
j=1

rn
@+ P < 2.
j=1
where p’ is a constant arbitrarily close to p, [, < n2P~D/@P'Cr+D) and r, = n"
with 1/(4p) < 7 < 1/2. A natural choice of 7 is 1/(2p + 1). The resulting rate
is O ,(n~?/ (2p+1)) which is the optimal convergence rate of the estimate under
-1

The above sieve is based on the trigonometric basis functions. Other bases
could be used in the same context. Now consider a sieve based on a local basis.
Let

r,+[pl+1
0, =10= a;p; €0, max a;|<l,¢,
n { L:Zi ld)L =1 rn+[p]+1| zl — n}

where (&1, ..., ¢, i (pj+1)) are B-splines of order [p]+1 on [a, b] with ¢; sup-
ported on [x;, x;,[11], @and (@ = %1, ..., %, 4[p}41 = b) is the uniform partition
of [a, b] that supports the basis.

(2) Infinite-dimensional sieve. Let ® be the same as in (1) above. Let
J(O):(ff |6(P)(x)|9 dx)'/9 for some real number p > 1/2 and g > 1. The de-
rivative with a fractional power is defined in terms of Fourier series, that is,

6%(x) =) k“[(ak cos ga + b, sin ga> cos kx
k=1

+(b cosﬂ- in 2 in &
s 2a aksmza sin kx |,
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for 6(x) = Y5 (arcoskx + b, sinkx) and any 0 < a < p. In the penaliza-
tion estimation, the empirical criterion with penalty often leads to various
splines for different integer values of q. The popular choices of ¢ are 2 in the
non-parametric regression, and 1 or oo in the conditional quantile regression
[Koenker and Bassett (1978)].

Let the sieve 0, be {6 € O: J(0) < b,} with b, — oo as n — oo arbi-
trarily slowly. The sieve estimate is obtained by maximizing the log-likelihood
over ©,. The relationship between the sieve defined here and the penalized
estimation in part (c) can be found in Schoenberg (1964).

(¢) Penalization. Let

e(m)(xl) - ‘9(m)(xz)|
|21 — xa]7

0= {GeCm[a,b]: 6(a) = 6(b) =0, | <Lm+1(6)},
where p =m + vy > 1/2, L, 1(6) is unknown and the design points {X;}! ;
are deterministic and equally spaced. In the case of p > 1, J(8) = |6  t
[/ /(16 (x) — 6™ ()|/|x — y|")? dx dy]"/9, where | - ||, is the usual L, -norm
and g > 2. In the case of p < 1, J(0) = sup, , [6(x) — 0(y)|/[x — y|”. Assume
that E exp(£y|e;|) < oo, for some ¢, > 0.

PROPOSITION 1. Under the assumptions of Example 1, the approximate sub-
stitution sieve and penalized estimates are asymptotically normal with vari-
ance k2a?Ey(0k71)?,

n'2(f(8,) = f(60)) =, N(O, k*oEq(65)%),

where 0, is either the sieve or penalized estimates in Example 1(a)—(c). In
addition, if the error e; is distributed as N(0, 0?), then the above estimates are
asymptotically efficient in the Fisher sense.

As already seen, the standard ML method, and the methods of sieves and
penalization lead to efficient estimates for the case of p > 1/2. Note that dif-
ferent bases may yield different efficient estimates. Here the results for the
case of p < 1/2 are not expected since f is not smooth enough (the degree of
smoothness w is 2 in this case). When f is smooth enough, as illustrated in
Examples 2 and 3, the method of sieves leads to efficient estimates, whereas
in the same setting the standard and penalized MLE’s are inefficient. It is
also interesting to note that the requirement on the size of the approximating
spaces (1/(4p) < logr,/logn < %) is not stringent. Therefore, it is possi-
ble to choose r, = n/(2P*1) g0 that the sieve estimate 6, achieves the effi-
ciency for £(6) and the optimal convergence rate (|6, — 6, = Op(n*p/(zl’*l)))
[Stone (1982)], which corresponds to the best trade-off phenomenon between
the approximation error and the estimation error, as discussed in Shen and
Wong (1994). As to be seen from Examples 2 and 3, this cannot be done when
p < 1/2, that is, the optimal choice of the size r, which leads to the best
convergence rate for the sieve MLE under || - | may not yield an efficient esti-
mate for £(6). A similar phenomenon also occurs in penalized estimation; that
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is, if the penalization coefficient A, is chosen to be of order of n=27/2r+1) for
p > 1/2, the penalized estimate 6, achieves the same optimal rate as above
[see Shen (1997a)].

EXAMPLE 2 (Semiparametric model). Instead of modeling the regression
function completely nonparametrically in (3.1), we specify 0 as BZ + n(X),
where B is the parameter of interest, n is the infinite dimensional nuisance
parameter, and Z is the covariate of interest. Let ® = A x B, where A Cc #!
is a bounded open set, and let B be the same as the parameter space in Ex-
ample 1(b). Assume that E Z| X is smooth enough in X, for example, (X, Z)
are normally distributed (not necessarily independent). Next we consider the
methods of sieves and penalization.

(a) Sieve estimation. First consider the case of p=m + vy > 1/2. Let 0, =
A x B, where

B, = {0 € B: 0(x) = ag+ i(aj cos(2m jx) + B sin(27 jx)),
j=1

@+ X P < )
j=1

Here r, = n", with 1/4p < 7 < 1/2. A natural choice of 7is 1/(2p + 1). And,
p’ and [,, are the same as in Example 1. In this case, the empirical criterion
to be maximized is —(1/(20%n)) X" (Y, — (BZ; + n(X;)))%.

Next consider the case of p = m + vy < 1/2. Let {¢;};2; be an orthonormal
basis (Gram—Schmidt orthogonalization based on the trigonometric basis) with
respect to (-, -). Let

B, — {o € B o(x)= Y a;6,(x), 3 a < z,%},
j=1 j=1

where r, = n”. Here 0 < 7 <1 —d for some d > 1/2.

(b) Penalization. Let J(-) be the same as defined in Example 1(c). Consider
the penalized estimation with penalty J(7) for p = m+vy > 1/2. The penalized
empirical criterion to be maximized is

1 n

202 SY, —(BZ; + n(X;))* + A, I (n).
i=1

PROPOSITION 2. Under the assumptions of Example 2, the approximate sieve
and penalized estimates are asymptotically efficient with variance o®/E(Z —
EZ|X),

nl/z(Bn - BO) _>p(,0 N(O> ”U*HZ)’

where |v*||? = 02/E(Z —E Z|X)?, and 6, is either the sieve estimate in Exam-
ple 2(a) or the penalized estimate in Example 2(b).
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It is interesting to note that the convergence rate of the sieve estimate in
the first case of Example 2(a) is O p(n*P/ (2p+1)) (optimal), whereas that in the
second case of Example 2(a) is O,(n~"?), which is close to n~P/?2 when 7 is
close to 1/2. This suboptimal rate is actually the rate of the standard MLE
based on the parameter space ® in Example 1(a) for p < 1/2 [see Shen and
Wong (1994), part (b) of Example 3, for discussions of this suboptimality].

Compared with the results in Example 2(a) and (b), we found that the sieve
estimate is asymptotically efficient when p = m++y > 0, whereas as illustrated
in Example 3, the same result is only expected for the standard and penalized
MLE’s when p = m + vy > 1/2. Note that the case of p = m + vy > 1/2
corresponds to the local metric entropy index being less than 2.

ExaMPLE 3 (Inefficiency, the degree of smoothness and the size of the pa-
rameter space). The purpose of this example is to show that (1) the standard
and penalized ML procedures may not yield efficient estimates even for a
very smooth functional f(#) when the parameter space is very large, which
corresponds to the case where the local metric entropy index is larger than 2
(m + v < 1/2 in Example 2), and (2) the substitution estimates may not be
efficient when the functional f(6) is not smooth enough.

To illustrate (1), consider a semiparametric model in which f(0) is linear
(very smooth). Let (Y;, X;, Z;) and A = BZ +n(X) be the same as in Example
2. Let X; €[0,1/2] and Z; € [0, 1] be uniformly distributed, and let e; be as
in (3.1). In addition, X; and Z,; are independent. First consider the standard
ML estimation with ® = A x B%, where

1
B = { i In(en) = ()] < gl — ol

for0 <a<1/2,and A =(-1,1).
Next we provide a concrete B®. To define the elements in B“, consider the
following basic functions. For 0 < « < 1/2 and any 0 < h < 1/2, let

B,(x) = { he((1/2)" — Jx/h = 1/2]°],  on (0, A],
h 0, otherwise,
and
([Eey sgn(ey)]/2%2) /2 ?x, on (0, h/4],
Gu(x) = | ([Eey sgn(ey)]/2°7*) 2 h*?(h/2 — x), on [h/4, h/2],
0, otherwise.

Let {c;}7_; C [0, 1] satisfy the property that {(c; — &, c; + h)}]_; are disjoint
and are contained in [1/8, 3/8]. Now B* = {no + > 5;Bj(c; — x) + Gj(c; —
x): 0 < h < 1/8}is a class of functions indexed by & with Holderian exponent «,
where s; = +1. Here B,,(-) satisfies (1) [(B,(x)+ G(x))' dx = d;h"*/DH1(1+
o(h*/?)), (d; > 0), i = 1,2, and (2) B,(c; — x) are asymmetric and disjoint.
Now consider penalized estimation. Let B* be the same as above except
that & € [0, o0) and the design points {X;}! ; are deterministic and equally
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spaced. Let J(n) = [ /(In(x) — n(¥)|/|x — ¥|*)? dx dy]"/P. The penalty J(n)
is natural in this case since it penalizes nonsmoothness of 7. The penalized

likelihood (6, y) is 1(6, y) — A,JJ(n). Without loss of generality, assume that
J(ng) > 0. The conclusion for the standard MLE continues to hold for the
penalized MLE in this case.

PROPOSITION 3. For the standard and penalized MLE’s 6, = (B,,1,)
(based on B?*) in this example, we have, with a nonzero probability,

Eo(fln — mo)| = e1n™*/%,

for (¢; > 0). Additionally, with a nonzero probability,

|£(6,) = F(60)| = 1B — Bol = cn ™.

See Section 9 for the proof.

The conclusion that |Eq(7,, — ny)| = c1n in Proposition 3 is important
because the standard MLE is efficient if Eq(), —n,) = 0,(n"/?), which means
that the nonparametric and the parametric components are not closely related
even if the convergence rate (Eo(7, — 19)*)"/? = 0,(n"*/?) is slow.

To illustrate (2), consider f(0) = E,6% = [ 6> dP, as in Example 1 with @ =
B*. Note that £(6,)—f(6y) = f,[6,— 001+, — 6. Hence, f(8,)—f(6,) does
-1/2

—a/2

not converge at the rate n when p = m+vy < 1/2 since ||6,,—6, % ~ 0,(n™)
is slower than n~1/2 which is dominating.

ExXAMPLE 4 [The proportional odds model (right censoring)]. The propor-
tional odds model is

(3.2) log(F(¢]x)/(1 - F(t|x))) = =B x +1og I'(2),

where F(t|x) = P(T < t|x) is the conditional failure time distribution
given covariate values x and I'(¢) is a baseline function. Based on the sample
{(Y;, 8;, X;)}i_;, we estimate the regression parameter 8 = (8, ..., 8,) while
I'(¢) is a nuisance parameter. Here Y, = min(7T;,C;) and 6, = I(T; < C;),
where I(-) is an indicator and X = (Xl,...,Xp)T is p x 1. The following
assumptions are made.

(i) Given covariates X, the censoring times {C,;} taking values in [0, U],
0 < U < o0, are independent of the failure times {7';}. In addition, given co-
variates X, the conditional density of the censoring time p(u|x) is differen-
tiable in u with [(py(u|x))?du < M < occ. In order for the Fisher information
to exist, we need to assume that the covariates X are not functions of Y, and
the covariance matrix of X is nondegenerate. In addition, X are bounded.

(i) Let 6 = (B,I'(¢)) € ® = E x H, where E C #? is a bounded open set
and H = {logI"(¢) € B}, ,(C)[0,U]: T'(0) = 0,I"(¢) > d,}, where d; > 0 is a
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constant. Here the Besov ball is defined as

I 1
B, (O)[0,U] = {n € L,[0,UF Vallsy, = lInll, + | (™" (1, 0),)¢

where C > 0 is unknown, 2 < p,q <00, s > 1/2, || - ||, is the usual L -norm
and the modulus of smoothness of order r of n at ¢, w.(n, t),, is defined as
supjy < A, (m, )|l p, with A} being the rth-order difference with step h. See
Triebel (1983) for more about Besov spaces.

We now construct a sieve based on splines. Let I = (0 < x; < --- < x; < U)
be the uniformly spaced knots, and let s(x) = Zle Z;»:O njile(xi < x <
x;,1) be the spline with a boundary constraint Gn = 0 for the coefficients
n = (7n,) such that, on each boundary of subinterval [x;, x; ], the spline has
r — 1 derivatives. Let the sieve ®, = B x H,, where H, = {I' € H: T'(¢t) =
fot exp(s(x)) dx} be a collection of monotone splines, where the number of knots
r, is chosen to be of order of n'/(2s+1), See also Parzen and Harrington (1993)
and Shen (1997b) for related sieve constructions in this model.

From (3.2),

exp(—BTx)I'(¢)
1+ exp(—BTx)I(t)’

F(t|x) =

and the hazard rate

dlog(1— F(tlx))  exp(=B"x)'(2)
B at " 1+ exp(—BTx)I(t)

A2) =
The log-likelihood (8, 6, y, x) is

y

Slog A(B(y), ) — [ M(O(w), x) du +log px(x)

= 8(log I"(y) — B"x) — (1 + &) log(1 + exp(—B"x)I'(y)) + log px (),
where px(x) is the density of X which is independent of 6. The log-likelihood
to be maximized is
-1 - / T T
n=t Y [8;(logT"(Y;) — B X;) — (1 + 8;)log(1 + exp(—B" X;)I'(Y;))].
i=1
To define the Fisher information for g, let
[o(Y)exp(-B" X) }

1+ o(Y) exp(—B7X) |

exp(~gEX)
(1+To(Y) exp(=Bf X))

A= _X<f'>[—6 +(1+9)

j Jj=1,...,p,

- ) ~
B=iyy C=-0+9
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Let {;}72; be an orthonormal basis in %4, for example, the trigonometric
basis. Let I, be I1;—115(s,)I55(s,)I%(s,), where I, is the p x p matrix whose
ijth element is E,A; A j» I12(s,) is the p x s, matrix whose ijth element is
EOAL»(BWJ-(Y)+C~'¢]-(Y)) and Iys(s,) is the s, x s, matrix whose ijth element
is Eo(BW/(Y) + Cypi(Y))(BY/,(Y) + Cy ().

PROPOSITION 4. Under the assumptions of Example 4, the sieve estimate 3,
defined here is asymptotically efficient for estimating B with covariance matrix
I, where I is the Fisher information defined as I =lim,,_, . I,. The existence
of lim,,_, I, is shown in Section 8.

EXAMPLE 5 (Density estimation). Let Y,,...,Y, be a random sample in-
dependently and identically distributed according to a density g(y) on [a, b].
Let 6 = g'/2 be the parameter of interest. We estimate the information entropy
of the density f(6) = —2 [ 62log 6. In this case, the log-likelihood (9, y) is
log 6%(y). The standard MLE §,, is obtained by maximizing n~* Y7, 21log 6(Y;)
over 0. For simplicity, assume that 6, > ¢, for some constant ¢, > 0.

The classical theory on ML estimation cannot directly handle the con-
strained case in the infinite-dimensional case because Eylj, [0 — 6y, Y] # 0. See
Remark 4 after Corollary 1. Here the nonlinear constraints are [ 6%(x)dx = 1
and 6 > 0. We will examine two cases related to the standard ML estima-
tion. Note that the corresponding results for the sieve and penalized MLE’s
can also be obtained by arguments similar to those presented here and in
Example 1.

(a) Functions with finite amount of smoothness. Let ® = {6 € C™[a, b]: 0 >
0, 0((1) = H(b) =0, /‘: Oz(x) dx =1, ||0(j)(x)||sup < Lj> ||0(m)(x1) - 0(m>(x2)”sup <
L, q1]x;1 —x5]Y, j=0,1,...,m}, where p=m +vy > 1/2, and {LJ-}?;{1 are
known constants.

(b) Functions with infinite amount of smoothness. Among infinite-
dimensional sets of least massiveness, the class of totally bounded ana-
Iytic functions is important in the sense that the behavior of the MLE based
on such a parameter space is similar to that in the finite-dimensional case.

We now introduce some notation. Let z = (24, ..., 2,) € C* (C* is a complex
domain), k = (ky,..., k), ¢ = cj ., K ={(k1, ..., ko)), I, = {z;: [Im z;| <
h} (0 < h <o0)and f(2) = Y g CrPr, Where ¢, k € K, are some basis func-
tions such as the trigonometric basis, that is, ¢, = e/*? [(k, z) = Y5_; k;2;].
Let A, = {f(2): |f(2)| < L, z € II; x --- x II;} for some constant L > O.
Indeed, A, is a class of analytic functions. Take ©® as {6(z) = f(z) € A,: z €
[0,27]%, 6>0, [6*=1, |6y| <L} for some L > 0.

PROPOSITION 5. The standard MLE f(8,) in either Example 5(a) or (b) is
asymptotically efficient for estimating f(0) with variance 4 Vary(log 0,), that is,

n'*(f(6,) — f(60)) =, N(0,4Vary(log 6p)).
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Actually, the approximate substitution standard MLE in Example 5(b) is
asymptotically efficient for any smooth functional with @ > 1 since the con-
vergence rate of 6, under | - || is fast. This aspect is the same as that in the
finite-dimensional case.

4. General theory on asymptotic normality.

4.1. The method of sieves. To study the asymptotic distribution of the sub-
stitution estimates, we discuss linear approximations of the criterion differ-
ence by the corresponding derivatives, and the degree of smoothness of /. In
the following, all probability calculations are under p(6,, y).

Suppose, for all 6 € ©® and all y, there exists ZQ,O[O — 6y, y] such that the
remainder in the linear approximation can be written as

(4.1) r[6 — 6o, y] =16, y) — 1(60, y) = L, [0 — 6o, ¥],

where I [0— 0, y]is defined as lim,_,([Z(8(6y, ¢), ) —{(6o, ¥)/t], and (6, t) €
O is a path in ¢ connecting 6, and 6 such that 6(6,,0) = 6, and 6(6,,1) =
6. Usually, 6(6,,t) is chosen as 6 + [0 — 6], which is linear in ¢. In this
case, [y [0 — 6y, y] becomes the directional derivative of [ at 6. Sometimes,
6(6y, t) is nonlinear, which is useful in the constrained problems. Assume that
9,0 — 00, ] — Eolp [0 — 6, y] is required to be linear in 6 — 6,. Note that
9,[0 — 0o, y] may not be linear in 6 — 6, as in the constrained problems. See
Example 5 for density estimation.

Suppose the functional f has the following smoothness property: for any
0e0,,

(4.2) 1£(6) = f(60) — [,[0 — Ooll < u,]|6— 6] as[6— 6] — 0,

where f7 [0 — 0,] is defined as lim, o[£ (6(0y, t), ¥) — [ (6o, ¥)]/¢. Here > 0
is the degree of smoothness of f at 6, 9 [0 — 6] is linear in (6 — 6,) and

, |£6,10 — 6ol
75,1l = sup T e
{0c0: [0—0,>0y 110 — Ooll

Let V be the space spanned by ® — 6,. Assume that || - | induces an inner
product (-, -) on the completion of V, denoted as V. By the Riesz representation
theorem, there exists v* € V such that, for any 6 € 0, fo,[0—00] = (60— 10, v*).

Let K(6y,0) = n 1Y% Eo(l(6,Y;) — 1(6,Y;)), which is the Kullback-
Leibler information number based on n observations when the criterion is
a log-likelihood. Let v,(g) = n 12" (g(Y;) — Eog(Y;)) be the empirical
process induced by g. Let the convergence rate of the sieve estimate under
|- || be 0,(8,) and let &, = o(n~1/?).

For0ec{0c0,:|0—6,| <38,}, consider a local alternative value 6*(0, ¢,)) =
(1—¢,)0+¢,(u*+6,). Denote P,(0) by a projection of 6 to ©,,, where u* = +v*.
(The projection does not have to be linear.) Then P, (6) can be chosen as ,,(0)
when 6 € 0. Some regularity conditions will be formulated under which the
asymptotic distribution of f (én) can be derived.
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CONDITION A (Stochastic equicontinuity). For r[-, -] defined in (4.1),

sup  n 20, (r[0— B, Y] - r[P,(6°(6, &,)) — 0y, Y1) = O, (c2).
{0€0,:[0—0,]<5,}

CoNDITION B (Expectation of criterion difference). We have

sup [K (6, Pr6"(6, £,)) — K(6, 0)]
{0€®7z:O<H0700H55n}

— 2[16°(6, &,) — 6ol1* — 1|6 — 66]1*] = O(e2).

CONDITION C (Approximation error). We have

sup 166, £,) — P (6°(6, &,))ll = O(5,,"&7).
{6€0,,:0<[ 66,5, }

In addition,

sup  n V2, (1, [6°(0, 8,) — Po(67(6, 2,)). Y1) = 0,,(e2).
{0€0,:[6—0,]<5,}

CONDITION D (Gradient). We have

sup n 2y, (15 [0 — 00, Y]) = O,(z,).
{6<0,:10—0o]1<5,}

Conditions A, B and D can be verified by calculating the corresponding
metric entropy [Shen and Wong (1994), Lemma 4], which makes verifications
easier. Here the Ly-metric with bracketing HZ(u, G) is defined as the log-
arithm of the minimal cardinality of the u-covering of the space G in the
Ly-metric with bracketing [see, e.g., Pollard (1984) and Example 1 for more
details].

Condition A, formulated on stochastic approximations of n=1 Yy , l’(,O[B —
09,Y;] to L,(0) — L,(6,), is a condition related to stochastic equicontinuity.
Basically, this condition specifies linear approximations of the empirical crite-
rion by its derivative within a small neighborhood of 6,. Condition B says that
K(-, ) is locally equivalent to | - |2, which characterizes the local quadratic
behavior of the criterion difference. It is worth noticing that in the infinite-
dimensional case, én is often on the boundary of ®. For instance, in the den-
sity estimation without restriction on the underlying densities, the MLE may
wildly oscillate depending on the data points. In the worst case, the MLE
will not even be consistent. If certain smoothness such as the derivatives
of the density is assumed, the local oscillation then depends on the bounds
of the derivatives. See Example 1 for such a phenomenon in the context of
nonparametric regression. This implies that the corresponding score function
specified by the directional derivative evaluated at 6, may not even be close
to zero when the parameter space is very large. In addition, interior points
of ® with respect to | - | may not exist (see Example 1). Conditions C and D,
which can be viewed as a natural generalization of the usual assumption that
6, is an interior point of O in the finite-dimensional case, are used to deal with
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such issues. Condition C, which is always satisfied in the standard ML esti-
mation with ®, = 0, mainly controls the approximation error of P,(6*(0, ¢,,))
to 6%(6, ¢,). Condition D controls the gradient of the criterion function in some
sense.

THEOREM 1 (Normality). In addition to Conditions A-D, let f satisfy (4.2)
with u,8¢ = O(n~12) and Vary(ly,[v*, Y]) < oo. Then, for the approximate
substitution sieve estimate f(0,) defined in (2.1),

n'2(f(6,) = £(60)) =, N(0,Varg(ly [v*, Y])).

COROLLARY 1. If Conditions A-D hold, then for the approximate sieve esti-
mate defined in (2.1),

n'2(6, — 0y, s) >,

, N(0, Var,(Zy [s, Y1),

where s € O — 6,,.
Typically, Varo(Zj, [s, Y1)) = [|£5, I

REMARK 1. The stochastic approximation specified in Condition A follows
from the often used condition that (6, y) is differentiable in quadratic mean.
The knowledge of 5, may not be necessary in the verification of Condition A.
Typically, Condition A holds even with §, = O(1) in the finite-dimensional
case. When the size of 0 is not large, Condition A is implied by a stronger but
simpler one:

sup  n Y2, (r[0—6,,Y;]) = op(nfl).
{16—6o/1=5,}

Similarly, Condition B is implied by the following condition:

sup K (6o, 0) = 3160 — 6||* + o(n™).
{0€6,:0<]10—0,] <5, }

REMARK 2. In the finite-dimensional case, Conditions A and B are implied
by the condition on moments of the second derivative of the criterion function
since the convergence rate of the supremum of the empirical processes is often
n~Y2, Condition C is always satisfied if 6, is an interior point of ®. Hence,
Theorem 1 recovers the classical results in the finite-dimensional case.

REMARK 3. The symbol (-, -} can be any inner product as long as it satisfies
the stated regularity conditions, for example, the Fisher inner and the L,-
inner product (see Examples 1, 2 and 5).

REMARK 4. The constraints on the approximating spaces as in Example 1
and the true parameter 6, as in Example 5 are allowed in the above formu-
lations. Consequently, Theorem 1 applies directly to the case with constraints
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such as density estimation. We emphasize that the classical theory of the ML
estimation cannot handle the constraints directly because Eylj [0 — 6y, Y] # 0
(see Example 5).

REMARK 5. Theorems 1 and 2 continue to hold for independent but non-
identically distributed observations if the corresponding quantities are re-
placed by the average quantities on each observation, and these average quan-
tities are stable in probability law.

The phenomenon of compensation between the degree of smoothness of the
functional and the convergence rate of the estimate, as mentioned in the Intro-
duction, can be seen directly from Theorem 1, that is, 62 = O(n~/?). Here the
trade-off phenomenon between the approximation errors specified in Condition
C and the size of the sieve which determines the stochastic approximations
in Conditions A, C and D occurs. The result in Theorem 1 may not hold when
the approximation errors related to the sieve approximation are not small
due to the size of the space. However, if the related approximation errors are
substantially smaller when the special structures such as orthogonality are
exploited, then the above result continues to hold even for a larger parameter
space. Consequently, the result in Theorem 1 can be sharpened. Some modi-
fied regularity conditions are formulated below. A more detailed discussion is
deferred to Section 7.

We now focus on the case in which P, = , is linear, P,(0%*(0, ¢,)) =
(1—-¢,)0+ &,(mu*+ 7,60, for 6 € {0 € O,: |0 — 0y|| < ,}, although the cor-
responding results for the nonlinear case can be established in the same way
as the constrained case in Section 6. Suppose the sieve O, has the following
orthogonality property:

(4.3) (v1,09) =0 for any v, € O, — 7,0y, vy € O\ O, — 7, 0,.

CONDITION B’ (Expectation of criterion difference). For some positive se-
quence {h,} — 0 as n — oo,

sup K(89, 0) = 3110 — 0p[*(1 + o(%,)).-
{9€®n10<”0—90H§8n}

CoNDITION C’ (Approximation error). We have | m,v*—v*|| = O(5;'e,) and
|lo(R)ll 7,00 — 651 = OCey).

COROLLARY 2. Under (4.3), Theorem 1 continues to hold if Conditions B
and C are replaced by Conditions B’ and C’, respectively.

REMARK 6. Condition C’ can be easily satisfied since the approximation
error of v* is often smaller than that of 6,. See Example 2 for an illustration.
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4.2. The method of penalization. We now formulate the modified regular-
ity conditions. Let u* be the same as defined in Section 4.1, and the con-
vergence rate of the penalized estimate under || - || and | - [|; be 0,(5,) and
0,(8;,), respectively, where | - || < d| - [|5 (|| - || is often chosen as the Sobolev
norm when the parameter space O is related to a Sobolev space). Further-
more, let &, = o(n""2) and #*%(6, ¢,) = (1 — ,)0 + £,(u* + 6,) € O for any
0e{0e€O:|0— 06y, <65}

Suppose f has the following smoothness property: for all 6 € {0 € O: |0 —
00”3 = 5;91}:

(4.4) 1£(6) = f(60) — [,[0 — 6oll = O(I6 — 6[”) as 6 — 6] — O,
where @ > 0 is the degree of smoothness of f at 6, and 7 [0 — 6,] is linear
in (6 — 6y) and || £ || < oc.

CONDITION A” (Stochastic equicontinuity). For r[-, -] defined in (4.1), the
following hold:

@) sup n_l/zyn(r[e - 009 Y] - 7‘[9**(9, 8n) - 007 Y]) = OP(“’%)’
{0€0:[16—06o <53}

(ii) sup n 12, (r[6 — 6,, Y]) = 0,(&y).
{6€0:[6—6,=5}

CONDITION B” (Expectation of criterion difference). We have

sup [K (60, 676, £,)) — K(6y, 0)]
{6€0:0<[|9—0, ||, <55}

= 3[16°(8, £,) = 6o1* — 116 — 6,]1*] = O(e7).

CONDITION C” (Penalty). For some constantc > 0 and any 6; € {6 € O: ||6—
Ools =03} i=1,2,

J(01 + 0;) < c(J(01) + J(0)).

In addition, A,, = O(¢,) and J(v*) < oc.

CONDITION D” (Gradient). We have

sup n_l/zvn(l/oo[e — by, Y]) = Op(an)'
{0€0: [6—0 ;=55 }

THEOREM 2 (Normality). In addition to Conditions A"-D", let f satisfy
(4.4) with &y = O(n~'?) and Vary(ly [v*, Y]) < co. Then, for the approximate
substitution penalized estimate f(0,) defined in (2.2),

n(f(6,) — £(60)) =, N(0, Varg(ly [v*, Y])).
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COROLLARY 3. If Conditions A”-D" hold, then for the approximate penal-
ized estimate defined in (2.2),

nY2(6, — 6,,s) —> . N(0, Vary(Zy [s, Y1),

p

where s € O — 6,.

REMARK 7. Conditions A”, B” and D” are similar to Conditions A, B and
D. Often, when the size of the parameter space, measured by the metric en-
tropy, is not large, the supremum of [0 — 6,, Y] over a §,,-neighborhood of 6,
is of order O ,(s2), then the verification of Condition A”(i) is not necessary.

Condition C” and Condition A”(ii) are used to control the behavior of J(8,).
5. Efficiency.

5.1. Lower bound and LAN. In this section, we restrict our attention to the
ML estimation in which the criterion is a log-likelihood. It can be seen from
the finite-dimensional case that the notion of locally asymptotic normality
(LAN) plays an important role in establishing the lower bounds for evaluating
asymptotic performance of estimates.

We begin with a discussion on the LAN. We say a family (P,, 6 € 0) is
locally asymptotically normal at 6, if there exists a normalized factor A, such
that (1) A,, > 0 as n — oo, (2) for any h € V, 6, + tA,h € O if ¢t is small
and (3)

APy, a,h
dP,,

where 3, (h) is linear in &, 3, (k) by N(0, |~||?) and R, (6,, k) — by, 0. The
above LAN is a version of “locally asymptotic normality” in general parameter
spaces, which is an extension of the LAN in the parametric case [see Le Cam
(1960) and Ibragimov and Has'minskii (1991)].

To avoid the “superefficiency” phenomenon, certain conditions on estimates
are required. The Fisher information lower bound can then be established
for a class of “regular estimates” in which the superefficiency phenomenon
does not occur. In the finite-dimensional case, Bahadur (1964) established the
Fisher information lower bound for the class of “regular estimates” consist-
ing of “asymptotic median unbiased” estimates. Hajek (1970) developed the
convolution result for the class of estimates with asymptotic distribution rep-
resentations. In estimating a smooth functional in the infinite-dimensional
case, Wong (1992) established the Fisher information lower bound in terms
of probability concentration. Ibragimov and Has’'minskii (1991) also obtained
Hajek’s representation theorem. Related works can be found in Levit (1974,
1978), Begun, Hall, Huang and Wellner (1983) and Ibragimov and Has’'minskii
(1981).

We now define the class of pathwise regular estimates in the sense of Ba-
hadur (1964) and Wong (1992). Intuitively, the class of pathwise regular es-
timates should be as large as possible so that an attainment of the Fisher

1
(Ve ¥) = exp(S() = G IRIE + B0, 1))
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lower bound becomes a strong property. We say an estimate 7,(Y;,...,Y,)
is a pathwise regular estimate of [ at 6, if for any real number p > 0 and any
h € V we have

limsupP,,M(Tn < f(0,,,)) < limian(,mip(Tn < f(0,,_,)),

where 6, , = 0, + A, ph. This is an extension of the notion of asymptotic me-
dian unbiasedness. The following optimality result is a variant of Proposition
4 in Wong (1992) under the above LAN condition which is slightly weaker

than Condition L’ used in Proposition 4 of that paper.

THEOREM 3 (Lower bound). In addition to the LAN, suppose [ is Frechet-
differentiable at 0, with 0 < | f9, || < co. Then, for any pathwise regular esti-
mate of [ at 6, T, and any real number p > 0,

(5.1) 1imS£PPo(A;1|Tn — f(80)] = p) = Po(IN(O, || /4, 1*)] < p),
where N(O, || f%, |2) is a normal distribution with variance 115, 2.

REMARK 8. The requirement on the degree of smoothness of the functional
for this lower bound is weaker than that used for establishing asymptotic
normality. In fact, the Frechet-differentiability corresponds to the case of w > 1
in (4.2) and (4.4). Typically, A, = n~1/2.

5.2. Asymptotic efficiency of maximum likelihood estimation. The follow-
ing result is a trivial consequence of Theorems 1 and 2. It says that (1) the
MLE belongs to the class of the pathwise regular estimates and (2) the MLE
attains the lower bound in (5.1).

THEOREM 4 (Efficiency). In addition to the conditions in Theorem 1 (The-
orem 2), if the LAN holds, then for the approximate substitution sieve and
penalized estimates of f(6), any real number p > 0 and any h € V,

n'2(£(8,) = (6,)) >y, N(O,Var(lj, [v*, Y])),

where 0, = 0y +n"12ph.

6. Constrained estimation. In this section, we discuss the estimation in
the constrained case in which the true parameter 6, is under some restrictions
and such restrictions may not be linear. For instance, [ 6, = 1if 6, is a density.
The situation is slightly complicated since Ey/; [6—6,, Y] may not be zero (see
Example 5). Note that Eylj, [0 — 6y, Y] = 0 is a requirement for establishing
asymptotic normality for the MLE in the finite-dimensional case. The previous
results for the information lower bound are expected to hold if the restrictions
are linear only infinitesimally. We now modify the LAN condition in Section
5.1 to take care of the restrictions.
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We say a family (P,, 6 € 0) is locally asymptotically normal at 6, if there
exists a normalized factor A, such that (1) A, — 0 as n — oo and (2)

1
(Voo ¥) = exp( 5,0 = 1B + Raon, )

where m(6y + A, h) is the closest point in ® to 6, + A,h, 2,(h) is linear in
heV, 3, (h) by, N(0, ||2]|?) and R,(6,, k) by, 0.

We say an estimate T',(Y,...,7Y,) is a pathwise regular estimate of f at
0, if, for any real number p > 0 and any & € V, we have

limsup Py, (T, < f(m(6,,) <Hminf P, (T, < f(m(6, _,).

n—oo

where 0, , = 0, + A, ph.

THEOREM 5 (Lower bound). In addition to the LAN in the constrained case,
[ is Frechet-differentiable at 0, with

om0, ,)—6
0 < 1, = limsup sup 0 ")~ Lol
0 n—>00  h#£0 ||0n,p - 00”
Then, for any pathwise regular estimate of f at 6, T,, and any real number
p>0,
lim sup Po(A, ' T, — f(6o)] < p) < Po(IN(O, [I£5,17)] < p)-

n—oo

THEOREM 6 (Efficiency). In addition to the conditions in Theorem 1, if the
LAN specified here holds, then for the approximate substitution constrained
MLE, any real number p > 0 and any h €V,

n'*(f(6,) = £(8,)) =y, N(O, Varg(ly [v*, Y])),

where 0, = 0, +n"12ph.
Often, | 1 |2, = Vary(Z [v*, Y]) in application.

7. Discussion. In estimating a functional, two aspects are essential: (1)
the errors in local approximations and (2) the degree of smoothness of the
functional. Let G; = {6 € 0,: |6 -6, < 6,} and G, = {0 € O: |0 — 6], < 65},
as specified in Section 4. The stochastic approximations specified in Conditions
A, C and D (A", C” and D”) are expected to hold when the local size of the
underlying space r; = log(1/H®(u, G;)), i = 1,2 (for any small u > 0) is
less than 2. This is because supg.g, v,(g) — 0 when f(f HB(u,G;)du < oo
[Ossiander (1987)]. Consequently, Theorems 1 and 2 hold in such cases. On
the other hand, as known in empirical process theory, the empirical processes
specified in the corresponding conditions may converge to zero very slowly
when the size of the underlying space is very large. As a result, as illustrated
in Example 3, the asymptotic normality result does not hold.
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As discussed in Section 4.1, when the parameter space is very large, certain
orthogonality properties are useful in reducing the approximation errors. This
suggests the following construction scheme using the method of sieves. Let
0, ={0=3.",a;4; € O} (possibly with some restrictions on the sieve), where
{¢;}32; is an orthonormal basis with respect to (-,-). The existence of such
an orthonormal basis is guaranteed by the Gram—Schmidt orthogonalization
procedure. However, a certain initial estimate of (-, -) is required when (-, -)
depends on unknown 6. Let ({-, -)) be an estimate of (-, -) such that [(v{, vs) —
((v1, v9))| = O,(n~*?) for any v, € ®, — 7,0, and any vy € O\ O, — 7, 6,. As
illustrated in Example 2, such an estimate for (-, -) is not necessary when (-, -)
does not depend on 6. In this setting, the size of this constructed sieve r, needs
to be chosen so that the required conditions for the stochastic approximations
are satisfied. Note that when the approximation error of the sieve is reduced by
orthogonality, the trade-off phenomenon as discussed in the paragraph before
(4.3) no longer exists. The constructed substitution sieve estimate is therefore
efficient in the Fisher sense. In contrast, as illustrated in Examples 2 and 3,
the standard ML and penalized procedures do not have this flexibility. This
phenomenon is particularly manifested when o is large, such as in linear
functional and semiparametric estimations.

We need to point out that the phenomenon that the sieve MLE is asymp-
totically optimal and the standard and penalized MLE’s may not be, as shown
in Examples 2 and 3, also occurs in the context of convergence rate. See Birgé
and Massart (1993) and Shen and Wong (1994) for the suboptimality of the
standard MLE’s and the construction of the optimal sieve which achieves the
best convergence rate. As shown in Shen and Wong (1994), the size of the sieve
should be balanced in order to achieve the best convergence rate. In the effi-
ciency context, the optimal size of the sieve for the convergence rate ||, — 6,||
also leads to an efficient estimate f(6,) when the index r% is less than 2,
whereas there may not exist such a choice when rj is at least 2; that is, the
best possible choice of the size of sieve for £(6,) may only yield a rate which is
close to the suboptimal rate of the corresponding MLE. A similar phenomenon
also occurs in penalized estimation, as shown in Examples 2 and 3.

8. Applications. We now apply the general theory to obtain the results
(Propositions 1-5) presented in Section 2.

ExXAMPLE 1 (Nonparametric regression, continued).

(a) Estimation without sieve. The convergence rate of this regression es-
timate [0, — 6| is O,(n=P/?P+D) when E|e}| < oo for [ > 2, which can be
found in part (b) of Example 3 of Shen and Wong (1994). It can be verified by
a Taylor expansion that

£(60) = f(6) — k/OIS‘_l(x)(@ — 00)(x) dPo(x)| = O([|0 — 6|1*)-

Then (4.2) follows with w = 2 and the representer v* = ko201 e V.
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We now verify Conditions A—D. Note that P(6*(0, ¢,)) = 6*(0, ¢,) for u* €
V, where P is the projection specified in Condition A. In addition,

[0 — 0o, Y] =10, y) — (69, y) — Ly, [0 — 69, y] = —(6 — 6p)°
and
r[0— 6y, y] — r[07(0, &,) — 6y, ¥]
= —£,(2 = £,)[(6 — 69)* +2(6 — 6p)u*] + &2 (u")>.

For Condition A, it is sufficient to calculate the convergence rates of supre-
mums of the empirical processes

(8.1) sup n~2u (6 — 6y)u*)
{6<0:10-6,1<5,}

and

(8.2) sup n" 120, ((6 — 6,)2).
{6€0:[6—6,[<5,}

Let S, ={(6—6y)u*: ||0— 0| < 6,,, 6 € O}. It follows from Kolmogorov and Ti-
homirov (1959) that HZ(u, S,) < H(u, ®, || - lsup) < cu™/P for some constant
¢ > 0, where H(, -, || - [|syp) is the metric entropy under the supremum norm,
defined as the logarithm of the minimal cardinality of the u-covering of S,, in
the L_-metric [see, e.g., Ossiander (1987)]. Therefore, by Lemma 4 of Shen
and Wong (1994), the convergence rate of the empirical process in (8.1) is of or-
der O,(n=2P/r*+1)). Similarly, the empirical process in (8.2) is also bounded by
0 ,(n2p/P+1) Hence Condition A holds for 2p/(2p + 1) > d > 1/2. We need
to point out that the rate n=2P/(2P+1) for the empirical processes in (8.1) and
(8.2) cannot be improved in general, even if the knowledge of §,, is available.
Moreover, Condition B is fulfilled because K(8,, ) = %[|6 — 6[%>. Condition
C is satisfied with P(6*(0, ¢,))) = 0*(90, ¢,,). Condition D follows from the fact
that SUP{geo: | 6—6,)<5,} n’il/zyn(l/()o[g — 6o, Y]) = Op(n72p/(2p+1)) = Op(sn)' By
Theorem 1, we conclude that the approximate substitution regression esti-
mate f(6,) is asymptotically normal with variance Var,(lp [v*, Y]) = [v*]|2 =
k202Eg(0k1)2 for p=m +y > 1/2.

To discuss the efficiency issue, we need to specify the distribution of the
error term e;. Under the assumption that e; is distributed as N(0, o), we
have

dPg a,n
T%((Yle)"”’(Yn’Xn))

12 1 2 9
=exp\ — Z(Yi — 0o(X,))Ah(X;) - 52 ZAnh (X))
0" i1 20%

The LAN holds with A, = n712, 3(h) = n~ Y237 (Y, — 0o(X;))A(X;), and
R, (69, h) = n7t Y (h%(X;) — Egh%(X;)). By Theorem 4, the standard MLE
f( én) is asymptotically efficient for f(6).
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(b) Sieve estimation.

(1) Finite-dimensional sieve. In the following, only the case when p >
(2 ++/5)/4 will be discussed. The result for the case when 1/2 < p <
(2 ++/5)/4 is exactly the same except for the rate calculation [see Shen and
Wong (1994), Example 3]. The detailed calculations will not be repeated here.
The approximation error of this sieve is well known [see, e.g., Lorentz (1966)].
For any 6 € O, there exists 7,0 € 0, such that

l7,0 — 0] < sup |m,6(x) — 0(x)| < c(6)r,”,
X

for ¢(0) > 0 depending on 0. The convergence rate of the sieve estimate is
(8.3) O, (max(n~1=7/2 n=7P)),

as given in part (a) of Example 3 of Shen and Wong (1994). The best possible
convergence rate for the sieve estimate under || - | can be obtained from (8.3).
Note that P,(6*(0, ¢,)) = (1 — ¢&,)0 + &, (7, u* + 7,0,) for u* € O, and

r[6 — 69, y] — r[P,(6"(6, &,)) — 6o, y]
= —(2— £,)e4(0 — 60)* + 2(1 — £,)£,(6 — 6p)(m,u" + 7,60 — )
+ e[ mu’ + m, 00 — 6o)’;
it is then sufficient to calculate

(8.4) oo Hsau%) o }n*l/zun((e — 11, 00) (T u* + 7,00 — 6,))
[SVH —0p||<0,

and

(8.5) sup  nV20,((6 - 6p)%)
{0€0: | 0—05|<5,}

in the verification of Condition A. Let S,, = {(6 — 0y) (7, u* + (7,00 — 0,)): 0 €
0,, 10 — 6ol < 8,}. Applying an argument similar to that in part (a) of Ex-
ample 3 of Shen and Wong (1994), we obtain after some calculations that
HBw,S,) < Hu,0,,| lswp) < cr,log(s,/u) for some constant ¢ > 0.
By Lemma 4 of Shen and Wong (1994), the empirical process in (8.4) is
bounded by O p(n*(lfT)). Similarly, the empirical process in (8.5) is also of order
Op(n‘(l‘f)). Thus Condition A is fulfilled if (1—7) > d > 1/2. Conditions B and
D can be verified easily. It remains to verify Condition C. The second condition
in Condition C can be checked easily. Note that || P,(0*(0, ,)) — 6%(6, &,)| =
epllm, (uw* + 6y) — (u* + 6y)|. Thus Condition C holds if

(8.6) n P =g,

Then 7 can be determined by (8.3) and (8.6). The solution is 1/(4p) < 7 < 1/2.
A natural choice of 7is 1/(2p + 1) when p > 1/2.

By Theorems 3 and 4, the approximate substitution sieve estimate is asymp-
totically efficient for p > 1/2 (r = 1/(2p + 1) and [, < nP~D/@P'2p+1),

(2) Infinite-dimensional sieve. We now calculate the convergence rate of
this sieve estimate. By the Sobolev embedding theorem [Zeidler (1990)] and a
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result from Kolmogorov and Tihomirov (1959), H(u, 0, | - [lsp) < c(b,/u)Y/?
for any small £ > 0 and some constant ¢ > 0. It now follows from Theorem 2

of Shen and Wong (1994) with r;, = (log b,ll/p)/2 and Ele; |’ < 0o, I > 2, that the

convergence rate of the sieve estimate under | - || is O ,(n=#/ @p+1)p, /P for

p>1/2.

Note that P6*(6, ¢,) = 6%(0, ¢,) for any large n. Conditions A-D can be
verified easily by arguments similar to those in parts (a) and (b). Therefore, by
Theorems 2 and 3, the approximate substitution sieve MLE is asymptotically
efficient.

(¢) Penalization. Under the assumption that Eexp(¢yle;|) < oo for some
to > 0, the convergence rate of the penalized estimate under || - || and || - || are
0,(n=P/@PtD) and O ,(n~(P~9)/P+D)  respectively, with penalization coeffi-
cient A, = n=2P/(2P+1) [see, e.g., Shen (1997a), Example 3]. Clearly, Conditions
A”, B” and D” can be verified as in part (b). Furthermore, Condition C” follows
from Minkowski’s inequality and (4.4) is implied by a Taylor expansion and
the Sobolev embedding theorem [Zeidler (1990)]. Therefore, the approximate
substitution penalized MLE is asymptotically efficient for p > 1/2.

EXAMPLE 2 (Semiparametric model, continued).

(a) Sieve estimation. Let 6§ = (B8,m) and 6, = (Bg, no). Let |6 — 6% =
Eo(A — X9)%/0? = Eo[(B — Bo)Z + (n(X) — 1o(X))]?/02. To determine the
representer v*, note that f(0) = B is linear. It is easy to see that (4.2) is
satisfied with w = co and f ’90[9— 09] = B— By since f(6) is linear. By definition,

(0—60:10-0,1=03 10 = Ool>  tn:yz+n)=0y |1 Z + R|2

It suffices to find the minimizer h* of | Z + h||? = E(Z + h(X))2/0? (h* is often
called the least favorable direction). By a conditional argument, we obtain
h* = -E Z|X. Thus, |[v*|2=E(Z - E Z|X)?/0? and v* = ||v*|?(1, —E Z|X),
which agrees with the usual definition of the minimal Fisher information for
B [see Lindsay (1980)]. Here v* € V because the conditional density of Z|X is
smooth enough.

Consider the first case when p = m + vy > 1/2. Note that

1 S
H3w,0,) < HE(u, A)+ HE(u, B,) < log<u) +cr, 10g<”>,
u

2
™" =

then Conditions A-D and the LAN can be verified as in Example 1 with re-
placement of 6 in Example 1 by A here. By Theorems 3 and 4, the approximate
sieve MLE B, is asymptotically efficient.

Now consider the case when p = m + y < 1/2. Conditions A, B’, C’' and
D and (4.3) are satisfied with d > (1 — 7) > 1/2. In the above verification,
|7, v* — v*|| is required to be O(n~?). This is so because E Z|X is smooth
enough. By Corollary 2, the sieve MLE B, is asymptotically efficient.

It is interesting to note that the convergence rate of the sieve estimate under
[ is O ,(n~7P), which is close to n~P/2 when 7 is close to 1/2. This suboptimal
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rate is actually the rate of the standard MLE based on the parameter space
0 in Example 1(a) for p < 1/2 [see part (b) of Example 3 of Shen and Wong
(1994) for discussions of this suboptimality].

(b) Penalization. Conditions A"-D”, (4.4) and the LAN can be verified. In
addition, J(v*) < oo because v* € O. By Theorems 3 and 4, we conclude that
the approximate penalized MLE 3, is asymptotically efficient.

EXAMPLE 4 [The proportional odds model (right censoring), continued]. Let
6 be (Bo,To) = ((BY ..., BY),To), X = (XD, ..., XP). After some calcula-

tions, we obtain that [}, [0 — 6y,6,Y, X] = §=1 AJ-(B]- - ,8(}) + BI(Y) -
Ty(Y)) + C(T(Y) —Ty(Y)), where AJ-, B and C are given in Section 3. Define

o=l = B[ 32 4,06, — B+ B"(Y) = 37 + €(Y) ~ ry)
By Theorem 8.2 of Devore and Lorentz (1991),
00 = 6ol < OCIF = Toll + I = Tyl
< 0(| [ lexptiog () ~ exp(s(2)
< O log () = ()l

< O(r,"|| log 'y :

(s+1/q)~ L (s+1/p)~L

)

)
< 0(r;°C).

Similarly, by Theorem 8.2 of Devore and Lorentz (1991) (the case of p = oo
follows by passing the limit p — oo and by the fact that log I'; is continuous),
we have

1780 = Bollsup < O(r7,° [l log FE)”B;LSJ)
< O(r;°C).
Furthermore, for 6, = (8, T;),i=1,2,

|l(615 8’ Y Z) - 1(02’ 8’ Y Z)| = Cl logr/l(y) - logF’z(y)|

P
+ 2 1B = B+ Ty (y) — Ta(y).
j=1
By Theorem 2 of Shen and Wong (1994), the convergence rate of this sieve
estimate under || - || is O,(8,) with 5, = max(n~Y2ry/?, r7%) = n=/(2s+1) with
r, = nY@s+D_For more details about this type of rate calculation, see part (c)
of Example 3 of Shen and Wong (1994).

By the assumptions, we know that |I'; —T's|lg+ [T} =I5 ll2 < ¢1]1601 — 65| and
1B —B®|g < c5l|61— 65, where | -|; is the usual Ly-norm and || B —g®| 5 =



2580 X. SHEN

(XP (8" — BP)2)112 is the usual Euclidean norm. These facts will be used
in rate calculations and verifications of Conditions A-D.

Let £(0) = BT¢t, where tT = (¢,...,¢;) is an arbitrary vector. Then (4.2)
is satisfied with @ = co. We now calculate v* and the corresponding Fisher
information for f(6). By definition,

— BT
||U*||2 = sup M
{0-0y: [0—6,]>0r 10 — B
(s"t)?

= Sup )
{(715e05 Tpih)} || Zf”:l Ti(ei’ O) + (09 s 07 h)”z

where s = (74,...,7,) and e; is the p-dimensional vector with a one in the
ith location and zero elsewhere. Here the minimizer v* exists with ||[v*|| < oo
because there does not exist a A(Y) which is independent of X such that
>0 7i(e;;0) + (0,...,0, k)| = 0 for a nonzero s = (7y,...,7,) € #P. It
follows from the relationship between the Ly-norm and the ||-|| that |2*|y < oo
and ||[(h*)|s < oo. Unfortunately, the above infinite-dimensional optimization
problem does not appear to have an explicit solution even for p = 1. When
p = 1, the above optimization problem is equivalent to inf}, [|(1,0)+ (0, h)||? =
inf, Eg(A; + BR(Y)+ Ch(Y))>2.

To characterize v*, we use finite-dimensional approximations. Let u =
J(p(¥)/To(y)) dy, where p(y) is the density of Y. Let h = X7, w ;¥ ;(x),
where {¢ ;} is an orthonormal basis (Gram—Schmidt orthogonalization based
on the trigonometric basis in .#4[0, U]) with respect to the Ly-norm induced
by w, denoted by || - [ ,. Let 2, = Z‘;":l w ji j(x). Consider the following
finite-dimensional approximations:

lopl* = su (e
nll = up P D @2
{(s;w)eRPxFn} ” Zi:l Ti€; + Zi:l w;e; ||
(sTt)?

= sup
(swyearsany STI118 + 28T I15(s, )b + wT Igy(s,)w

= sup ((670°[" (T ~ Tualonad (o) Ty(0))s

(w0t T () (509 Too(s,)w + T3 (s, Th(s,)9)] )
= tT(Ill - IIZ(Sn)Iz_Zl(Sn)ITZ(Sn))_lta

where egl) and e(jz) are the (p + s,)-dimensional vectors with a one in the ith

location and zero elsewhere and with  ;(Y) in the (p + j)th location and

zero elsewhere, respectively. Here w = (wy, ..., wy ), I11, I12(s,) = Is(s,),
Iy9(s,) and I, = I, — I19(s,)I53(s,)I%,(s,) are defined in Section 3. The op-
timizer 0% = (I;'¢, h}), where h} = Z‘;":l whi ; with w*(s,) = (wy, ..., w; ) =

— I3 (s,)ITy(s,)(I,M0).
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Under the assumption on the censoring distribution, we know that g;,(y) =
Ey(A;8]Y = y) and g;5(y) = E((A,C]Y = y) have the same amount of
smoothness as I'y(y) with fglzj(y) dy <oofori=1,...,pand j=1,2. This
implies that, for any &, [[I;2(k)[3 <= C(ZI; X5_1() g (0¥ (y) du(v))* +

(/ 8ia(y)¥j(y)du())?) is bounded by 7 (l|g;yll5 . + 8i2]3,) < oo, where
| - || is the corresponding matrix (vector) norm. Note here that

uTI22(k)u_
U=ty uwTu

M

where u” = (uq,...,u;) is an arbitrary vector and A is the smallest eigen-
value of Iy(k). Hence, for any integer k, A > infy, -1 uTIo(R)u >
inf{Hh”M:l} E(BR(Y) + Ch(Y))?, which is bounded from below by an ar-
gument similar to that for the existence of ||v*|. This implies that, for any

integer k, | I3 (k)| < 1/A is bounded. To show that A’ converges in L, note
that

lwil3e < Moz (O3 N T2 (R, 5 s

The convergence of A} in L, then follows from the fact that | I,,|;; is bounded.

Note that ||[v%||? — ||v*|?. This implies that lim,_ . I, exists. Let h* =
YL wiy; and 0 = (I, h*), where I = lim,_ I,. Applying a similar
argument to that above, we know that h* has the same amount of smoothness
as I'y. This implies that A* belongs to the completion of the space spanned by
I'—T,. Write v* as (s*, h*), where h* = 3% a ;i ;. Define v}, = (s*, h},), where
hy = X7, a i ;. By definition, for any s,, [lv;|* > [|5;]%, which implies that
[v*||? = ||5*||%. By the uniqueness of the Riesz representer, v* = §*. The above
construction of v* is based on {i ;}. Because |- |5, , is equivalent to |- ||, the A}
based on the trigonometric basis also leads to an approximated information
% |2 that converges to ||v*||%.

For any 6 € ©,, let P60 = (B, P,I'), where

P,0%(0,¢e,) = (B+e,7", P,I'(0, &,)),
PO, ,)(0) = [ exp(s(x) + e, mlexp(~s(2)(A*(2)) ] d

and I'(¢) = fot exp(s(x))dx. Applying Theorem 8.2 of Devore and Lorentz
(1991), after some calculations, we have

sup 1P, 67(6, &,) — 6°(6, ,)|| = O(e,7,,°) + O(e3) = 0,8, e7).
(60, 16—l <5,}

Thus (i) of Condition C is satisfied for any s > 1/2.
Applying a Taylor expansion up to order 5 and Lemma 4 of Shen and Wong

(1994), the rate of convergence of the empirical process in Condition A is
O0,((&2 + &,r,° + &,)n71r,) + 0,(55) = O,(£2). Thus Condition A is satisfied
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for any s > 1/2. Applying the same argument, we have
[K (60, 6) = K (00, P,67(6, 2,))] = 316 = 60l = 1P,67(6, 2,) — 6]
= O((&2 + eary” + £,)(82 + 8)) + O(8%) = O(&2).

Condition B is satisfied for any s > 1/2. For (ii) of Condition C, applying
Lemma 4 of Shen and Wong (1994) as in the verification of Condition A and
using the relationship between | - || and the Ly-norm, we know that the rate of
convergence of the empirical process there is O ,((¢2 + &,r,*)n"'r,) = O(£2).
Therefore, (ii) of Condition C is fulfilled for any s > 1/2. Condition D can be
verified using the same argument. Finally, the LAN is satisfied with A, =
n~12and 3(h) =n"V2Y L 1 [h, 8, Y, X;].

By Theorems 3 and 4, B¢ is asymptotically efficient for estimating B”¢
with variance ¢7I-'¢. Therefore, the sieve MLE S, is asymptotically efficient
for B with covariance matrix I-1.

EXAMPLE 5 (Density estimation, continued). As mentioned in Section 4,
the Fisher norm cannot be directly used. We therefore consider the Hellinger
distance instead. Let

1 1/2
1= o0l =2( [ (0) - bo()P ) and o, =n",

where d will be specified later.

(a) Functions with finite amount of smoothness. The convergence rate of
the standard MLE under | - || is O,(n"P/2P*D) for p > 1/2 [see Wong and
Shen (1995), Example 1]. It is easy to see that (4.2) is satisfied with o = 2
and v* = —6y(log 6y — [ 0% log 6,) following from a Taylor expansion and the
facts that [ 6y(6 — 6y) =0, and

|f<a> — F(8) = [ 4(0 = 05)60(log 6, — [ 6310g 60)| < O(16 — 6o]2).

We now proceed to verify Conditions A-D. Consider the path 6(6,, ¢) = (6,+
HO—0)/(L+(t2=1)|0—60|>)2cO@forO<t<1land e {fecO®:|0—06| <
8,}. Then P(6%(0, &,)) = 0%(0, &,)/[[ 0"(, £,)?1/% = 0%(0, &,,)/[1+2¢, [u*(0—
0o) + &2||u*||?]¥/2 for u* € V, where P is the projection specified in Condition
A. Note that [j [0 — 6] = 2(8 — 6,)/0 + || — 6,12 and v, (r[0 — 6y, y]) =
2v, ([log(14+(6—064)/609)—(6—6,)/60])- Applying a Taylor expansion, we obtain,
for 6 € {0€0:]0—6y| <6,},

r[H - 009 y] - r[PH*(f), sn) - 907 y]
= [(PO"(0, &,) — 0)/8,][(0 — 0,)/0] + r'D(y)
< &,(0— 09)/0p + u*(0— 05)/00 + r'(y),
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where () is the remainder in the expansion. To bound r1), note that [ 6yu* =
0. It follows that

sup |r<1>|:0( sup ||Po*(a,sn)—o||3)=0(si).
{6€0:]|6—0,]<5,} {6€0:]|6—6,]<5,}

By Proposition 6, || — 0p||sup < O(B?LP /@p H)) implies that the likelihood ratios
0/6, are uniformly bounded above and below for # within a §,-neighborhood
of 6y. Condition A then follows from the fact that

sup  n Y2 max(v,((0—0p)/00), va(u*(0—05)/(050))) = O ,(n~2P/2P+D)
{00 [ 0—6o]<5,}

with 2p/(2p + 1) > d > 1/2. To verify Condition B, note that
K(Oo, 0) = _2 EO ].Og(l + (0 - 00)/00)
= =2 [(6 - 0)(x)80(x) dx + 0 = 62 + r[6 — 6]

= 210 — 65112 + r®[6 — 6],

where r®[6—00] = Eo(X5_1(—1)7((6—0,)/00)7/ j+r®P[6—0]) is the remainder
in the above expansion. Condition B then follows from the fact that, for any
0; € {6 €O:|6—6y| <8,} and some constant ¢ > 0,

Ir®@[6°(6, &,) — 0] — r@[6 — 6]
< c[én sup |PO*(0, £,) — 0] + sup 2|6 — 90]|]
{6<0: |00, <5, } {6€0: [|9—0]<5,}

2+10p/(2
< 08n5% +05n+ O0p/(2p+1)

= O(2).

In the above calculations, Proposition 6 has been used for bounding . For
Condition C, note that, for any 6 € {6 € 0,: |0 — 6,|| < 5,}, |P(0*(0, ¢,,)) —
0°(0, &,)|| = O(&,8,) = O(8;'2). The first statement in Condition C is sat-
isfied. Using the expression for P(6*(0, ¢,,)) and Chebyshev’s inequality, we
have

sup n= 2, (15,16%(6, &,) — P(6°(6, &,)), Y1)
{00, 106, <5,}

< Ce,8, sup  n V20, (6°(6, &,))
{6€0,,: 6—6,]|<5,}

= Op(sgz)

Condition C is therefore fulfilled. Condition D can be verified similarly.
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As for the LAN specified in Section 5, we have

dP " h(X;) |2
m(Bo+A, ) _ i
7dP90 (Yl,...,Yn)_eXp( > 210g|:1+2n1/200(Xi) +0< P )})

i=1

- exp(z(m — S IR + R, (6 h)).

Then the LAN holds with 3(2) = n=Y2¥ " | h(X;)/0(X;), A, = (2n1/%)!
and R, (6, h) > big 0.

We conclude by Theorems 5 and 6 that f(6,) is asymptotically efficient for
estimating () with variance Var,(l; [0 -6, Y]) = 4 Vary(log 6,) for p > 1/2.

(b) Functions with infinite amount of smoothness. We now calculate the
convergence rate of the MLE. It follows from Section 7 of Kolmogorov and
Tihomirov (1959) that

23+1 1 s+1 1 s+1 1
H(u, 0, | - [lsup) < (s + 1)l(log )" <log u) + O<<log u) log log u)

for all u > 0. Applying Theorem 2 of Wong and Shen (1995), we obtain that
the convergence rate of the standard MLE is O ,(n~'/?(log n)**1/2). The extra
log n factor may be eliminated or the power of the log n term may be reduced
if the local metric entropy is calculated [Wong and Shen (1995), Theorem 2],
but the above rate is enough for the application in this case. Conditions A-D
and the LAN can be verified by applying arguments similar to those above
and by the Sobolev interpolation inequality [Zeidler (1990), Example 21.66].
By Theorems 5 and 6, we conclude that f(6,) is asymptotically efficient for
estimating f(0) with variance 4 Var,(log 6,).

9. Technical proofs.

PROOF OF THEOREM 1. The key idea is to use a linear approximation of
n~tyr, Ly, [0 — 60,] to approximate L,(0) — L, (6,) characterized by stochas-
tic equicontinuity. Such an approximation is crucial since a poor approxima-
tion in a large parameter space cannot yield an asymptotic distribution with
the rate of n=/2. Here f(6,) — f(6,) is approximated by (6, — 6, v*), which
builds a bridge between f(6,) and L/,(-). After careful comparisons between
L,(8,) and L,(6*(6,,s,)), we obtain that (6, — 6,, v*) is approximated by
n~t Y Iy [v*, Y;] with the desired precision.

The following local linear approximation of the empirical criterion can be
established from (4.1). For any P, 0, € {P,0, € O,: | P,6, — 6yl <3,},

Ln(Pnen) = Ln(eo) - K(HO’ Pnen) + n_1/2vn(l/00[Pn0n - 00’ Y])

(9.1)
+n72y (r[P,6, — 6,,Y]).
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Substituting P, 6, by 6, in (9.1), we obtain that

Ln(én) = Ln(HO) - K(007 én) + n_1/2vn(l/00[én - 00! Y])

(92) e
+n V2 (6, — 6, Y)).

Note that [|6*(6,, £,) — 6] = (1 — &,)(8, — 6) + &,u*|| < 8, with probability
tending to 1. Subtracting (9.2) from (9.1) and substituting 6, by 6*(6,, ¢,,) in
(9.2), we have, by Conditions A and B,

L,(6,) = L,(P,0"(6,, £,)) — [K (6o, 6,) — K (69, Pp6" (8, ,))]
+ 020, (1, [0, — P67 (0,, 8,), Y1)
+n V2, (r[6, — Pp6%(8,, £,), Y1)
= Ly(P,0"(0,, £,)) = 5116, — 601> = [ P, 0"(6,, £4) — 65]°]
+n V20, (1, [0, — P07 (0,, 8,), Y1)
+ Op(si)-
By Condition C and (2.1), we get

~0(e3) < 5116, — 60l* = 1P, 6*(6,, £,) — 6,]°]

(9.3) ) R
+ n_l/zyn(l/oo[en - 0*(0717 8n)’ Y]) + Op(grzt)

By (9.3) and Conditions C and D, we have
—0(&) < —5[1 = (1= &,)°116, — 6>
+ (1 - gn)”én - 90””Pn9*(9n9 sn) - 0*(én’ gn)”
+ (1 - 8n)<én - 00’ 8nu*> - n_l/zvn(l:‘)o[gn(U* - (én - 60))7 Y])
+0,(h)
= _gn”én - 00”2 + ”én - 00””Pn0*(én’ sn) - 0*(én7 8n)”
+ (1 - 8n)<én - 00’ gnu*> - nil/zyn(l/eo[gnut Y]) + Op(é‘i)
= (1 - 8n)<én - 009 snu*> - n_l/zyn(l/eo[snu*’ Y]) + Op(ai)
Hence,
(94) —(1=£,)(8,—00, u*)+n"u, (I [u*, Y]) = O(,)+0,(s,) = 0,(n"1/?).
This gives, together with the inequality in (9.4) with u* being replaced by —u*,

(6, = 60, u*) = n™ 2w, (I [u®, Y| = 0,(n 1),
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whence (6, — 0y, v*) = n~2v,(j [v*, Y]) + 0,(n"/?). Hence, by (4.2),

£(8,) = £(60) = f,[0, — o] + 0,(w, 6, — 60]*)
= <én — 6o, U*> + Op(n_1/2)

=n1 > l/oo[v*, Y]+ op(n_1/2).
i=1

The result then follows from the classical central limit theorem. O

PRrROOF OF COROLLARY 1. The result follows from the same argument as in
the proof of Theorem 1 with v* being replaced by s. O

PROOF OF COROLLARY 2. The main body of the proof is as shown in Theo-

rem 1. Due to the possible poor approximations by the sieve, we need to bound
the related error terms precisely. Note that

Pne*(én’ sn) - 9*(én’ sn) = En(ﬂ-n(U* + 90) - (U* + 00))
By (4.3), Conditions B’ and C’ and the Cauchy—Schwarz inequality, we have,
after some calculations, that

N Il /A *( N
=316, = 0011 = Jo(h)]) + 3 | (P 6" (D, £,) — 6%(Dy &)

(0 (D)~ 00)| (14 [o(R,))
< —e,(1  [o(h, )], — bl
(L 0k, )0, — B, 7, + ) — (u” + 80))
F (L= 8,)(L+ o)) ey, B, — 60} + 0, (s2) + O(e2)
< —e,(1  o(h,)DIIB, — 7,00l + |, 80 — 0]7]
+ ealllmb — 60l + (B, — 6. 7y — u')]
(1= 6)(LF o)) e, B, — 00) + O, (e2)
< 26,10, (h 7,80 — Boll* + £,(1 + [0, (kDI — ol myte” — ]
£ (L= 8,)(L+ o)) et B, — 60) + O, (52)
< (1= 8,)(L+ lo(h, ) et B, — 60) + O, (52,

The result then follows from the same arguments as in (9.3) and (9.4). O

PROOF OF THEOREM 2. The basic idea is the same as that presented in
Theorem 1. However, we need to control the penalty J(6,). Similarly, by (2.2),
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Condition D” and (ii) of Condition A”, we obtain
—0(s7) = L, (8,) — L,(65)
< =316, — 60> +n~ 2w, (15 [6, — 65, Y1) + ™20, (r[6, — 60, Y1)
— M(J(0,) = J(6)) + O (&)
< =M (J(8,) = I(6o)) + O (&)

Thus, A,[J(6,) — J(6,)] < 0,(e,). By Condition C” and the fact that J(u*) <
oo, we have

/\n(J(O**(érw gn)) - J(én)) = C)‘nJ(sn[_én + 00 + U*])
= C)\nsn(J(én - 00) + J(u*))
= 0,(&h),

for some constant ¢ > 0. Comparing L, (6,) with L,(6**(,, ¢,)) as in (9.3)—
(9.4), we obtain the desired result. O

PROOF OF COROLLARY 3. Use the same arguments as in Corollary 1. O

PROOF OF THEOREM 3. Applying testing arguments similar to those in Ba-
hadur (1964) and Wong (1992) on H,: P, , versus H,: P, , we obtain the
desired result. See the proof of Proposition 4 in Wong (1992). O

PROOF OF THEOREM 4. Note that

(£(6,) = F(6,)) = (£(8,) — £(80)) — (f(6,) — (o))
= (6, — 0y, v*) — (n%ph, v*) + 0,(n"V/?)

=n"t Y1 [V, Y] = (7 Pph, vt) + 0,(1).
i=1

The desired result follows from the LAN condition and Le Cam’s third
lemma. O

PROOF OF THEOREM 5. The proof is straightforward and thus omitted. O

PROOF OF PROPOSITION 3. First consider the standard MLE. By Lemma 4
of Shen and Wong (1994), we have sup, p. n"?v,(n — n9) = 0,(n™*). We

then obtain after some calculations that max(|3, — Bol, (Eo(7,, — m0)%)"/?) <
0((2/a))18, — 6,l) = O,(n~*/2). Hence, we restrict our attention to an n=/2-
neighborhood of 6, that includes the standard MLE.

Let S={X.,..., Xan} be the maximal subset of {X{, ..., X, } such that

J1’
S satisfies (1) {(X; —0.2/(n + 1), X; +0.2/(n + 1))}5-\2’1 are disjoint and



2588 X. SHEN

contained in [1/8, 3/8] and (2) forany X; € Sand X ; ¢ S, |X;—- X ;| > 0.2/(n+
1). Let 7i(x) = mo+ Xy [sgn(e; )By(X ; +h/2—x)+G (X ; +h/2—x)] and 6 =
(B, ), where sgn(-) is the sign function, 8 = By—(E( Z,/E¢ Z2)Y2Ey(77—n) ]2
By Lemma 2 of Birgé and Massart (1993), N, > n/16 with probability 1.
Using the property of S, we obtain that B,(X; + /2 - X ;) = 0 for j # J;
and Bj,(h/2) = (1/2%)h*. Note that 0 < G(x) < ([Ee; sgn(e;)]/2%+2)Y/2pv/2,
For any 0.2/(n+1)<h <é/(n+1),02<c¢<1,

. le [2e,(7 — 10)(X ;) — (71— m0)(X )]

+ (B Z1)*[Eo( — mo)* + 0,(n"%)

1 2 1 h
726‘] ngn(e]l)Bh le+§_X]

2
oen i=1

j=1
20X, 5 x)) Jroor

i=1

Ln(é) - Ln(OO) =

v

1 1., [Ee;sgn(e)],, e
za_znZej[sgn(ej)Qah —712%1 Vi +o0,(n"%)
jes
Ee, sgn(e N “a
> 1B S8 e eyn 4 1),

with a nonzero probability, where ¢, > 0 is a constant. On the other hand,
using an empirical process inequality [see, e.g., Shen and Wong (1994), Lemma
4], we have, for any 6 € O,

Ln(e) - Ln(00) = CBha + Op(n_a)’

which implies that an approximate maximizer %, = ¢,n~! for some constant
¢y > 0, where c¢g > ¢y is a constant. Thus, Eo(7,, — ng) = ﬁ/z(l +0(1)) with a
nonzero probability.

For any 6 in the neighborhood,

n

La(0) = L(00) = g 3 [20,(MZ,, X))~ MolZ,, X )

j=1
—(MZ;, X;)— (2}, XJ))2]
_ ﬁ Xn:[2e S0 =o)X ;) = (0 — m)A(X )]
Jj=1

+ (EgZ1)*[Eg(n — mo)?

E, Z
- E, Z%[(B_BO)‘F (EZ Z%

)1/2 By(n - 770)]2 +0,(n7)
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- _ﬁ Yle; = (n =o)X NI+ (BgZ1)*[Eg(n — o)
j=1

2 Eo Z,\"* ?

- @2 (B P+ (5 g3) EoCn—10)] 40,07,
Eo Z3

In order to maximize L,(6) — L,(6,) in the above expression, it is necessary

to minimize the second negative term. Hence,

(B, — Bo) + (By Z1/Eg Z})* Eg(, — mo)| = Op(n’_a/Z)-

The result in Proposition 3 then follows.

Now consider the penalized MLE. The convergence rate for the penalized
MLE is Op(n_“/z) when A, is chosen to be of order n~* [Shen (1997a), The-
orem 3]. Furthermore, by Theorem 4 of Shen (1997a), we know that, for any
small 6 > 0, J(71,,) < (1+ 8)J(ny) with probability tending to 1. We therefore
restrict our attention to the set {n € B*: J(7n) < (1 + 6)J(7n,)}. Note that

L,,(6) = L, (8p) = Ly(6) — L,,(80) = A (J (1) = J (o).

The conclusion for the standard MLE continues to hold for the penalized MLE
since the contribution of A,(J (1) — J(ng)) [=J(ng)n™* < A, (J(n) — J(ng)) <
8J(my)A,, = 8J(ng)n~*] is negligible. O

PROPOSITION 6. Let f € C"™[a,b] = {f € C"[a,b]: f(a) = f(b) =
0, 1Ff D) lsup < Ljs If ™y < Ly} for j = 0,...,m, where the Holder
norm is defined as

(m) — £(m)
xela, b] lx — y|7

Then

1F llsup < IFISZE,

where a = 2(m + v)/(2(m + y) + 1) and L is a positive constant independent
of f.

PROOF. The above result can be obtained by applying an argument similar
to that in Theorem 1 of Gabushin (1967). The detailed proof for the case of
m = 0 is given in Lemma 7 of Shen and Wong (1994). O

Acknowledgments. The author would like to thank the Associate Ed-
itors and an anonymous referee for helpful comments and suggestions. The
author would also like to thank Professors John Rice and Andrew Barron for
expediting the review process.



2590 X. SHEN

REFERENCES

BAHADUR, R. R. (1964). On Fisher’s bound for asymptotic variances. Ann. Math. Statist. 35 1545—
1552.

BAHADUR, R. R. (1967). Rate of convergence of estimates and test statistics. Ann. Math. Statist.
38 303-324.

BEGUN, J., HALL, W., HUANG, W. and WELLNER, J. (1983). Information and asymptotic efficiency
in parametric-nonparametric models. Ann. Statist. 11 432-452.

BICKEL, P. J. (1982). On adaptive estimation. Ann. Statist. 10 647-671.

BICKEL, P. J., KLASSEN, C. A. J., Ritov, Y. and WELLNER, J. A. (1994). Efficient and Adaptive
Inference in Semi-parametric Models. Johns Hopkins Univ.

BICKEL, P. J. and RiTOV, Y. (1988). Estimating integrated squared density derivatives: sharp best
order of convergence estimates. Sankhya Ser. A 50 381-393.

BIRGE, L. and MASSART, P. (1993). Rates of convergence for minimum contrast estimators. Probab.
Theory Related Fields 97 113-150.

BIRGE, L. and MASSART, P. (1994). Minimum contrast estimators on sieves. Unpublished manu-
script.

CRAMER, H. (1946). Mathematical Methods of Statistics. Princeton Univ. Press.

DEVORE, R. and LORENTZ, G. (1991). Constructive Approximation. Springer, New York.

GABUSHIN, V. N. (1967). Inequalities for norms of functions and their derivatives in the L , metric.
Mat. Zametki 1 291-298.

GRENANDER, U. (1981). Abstract Inference. Wiley, New York.

HAJEK, J. (1970). A characterisation of limiting distributions of regular estimates. Z. Wahrsch.
Verw. Gebiete 14 323-330.

IBRAGIMOV, I. A. and HAS’'MINSKIL, R. Z. (1981). Statistical Estimation. Springer, New York.

IBRAGIMOV, I. A. and HAS’MINSKII, R. Z. (1991). Asymptotically normal families of distributions
and efficient estimation. Ann. Statist. 19 1681-1724.

KOENKER, R. and BASSETT, F. (1978). Regression quantiles. Econometrica 46 33-50.

KoLMOGOROV, A. N. and TIHOMIROV, V. M. (1961). e-entropy and e-capacity of sets in function
spaces. Amer. Math. Soc. Transl. 2 227-304.

LE CawMm, L. (1960). Local asymptotically normal families of distributions. Univ. California Publ.
Statist. 3 37-98.

LEVIT, B. (1974). On optimality of some statistical estimates. In Proceedings of the Prague Sym-
posium on Asymptotic Statistics (J. Hajek, ed.) 2 215-238. Univ. Karlova, Prague.

LEVIT, B. (1978). Infinite dimensional informational inequalities. Theory Probab. Appl. 23 371—
3717.

LiNDsAY, B. G. (1980). Nuisance parameters, mixture models and the efficiency of partial likeli-
hood estimators. Philos. Trans. Roy. Soc. London Ser. A 296 639-665.

LORENTZ, G. (1966). Approximation of Functions. Holt, Reinehart and Winston, New York.

OSSIANDER, M. (1987). A central limit theorem under metric entropy with Ly bracketing. Ann.
Probab. 15 897-919.

PARZEN, M. and HARRINGTON, D. (1993). Proportional odds regression with right-censored data
using adaptive integrated splines. Technical report, Dept. Biostatistics, Harvard Univ.

PFANZAGL, J. (1982). Contribution to a General Asymptotic Statistical Theory. Springer, New York.

POLLARD, D. (1984). Convergence of Stochastic Processes. Springer, New York.

RriTov, Y. and BICKEL, P. J. (1990). Achieving information bounds in non and semiparametric
models. Ann. Statist. 18 925-938.

SCHOENBERG, 1. J. (1964). Spline functions and the problem of graduation. Proc. Nat. Acad. Sci.
US.A. 52 947-950.

SEVERINI, T. A. and WONG, W. H. (1992). Profile likelihood and conditionally parametric models.
Ann. Statist. 20 1768-1862.

SHEN, X. (1997a). On the method of penalization. Statist. Sinica. To appear.

SHEN, X. (1997b). Proportional odds regression and sieve maximum likelihood estimation.
Biometrika. To appear.

SHEN, X. and WoONG, W. H. (1994). Convergence rate of sieve estimates. Ann. Statist. 22 580-615.



ON METHODS OF SIEVES AND PENALIZATION 2591

STONE, C. (1982). Optimal global rates of convergence for nonparametric regression. Ann. Statist.
10 1040-1053.

TIKHONOV, A. (1963). Solution of incorrectly formulated problems and the regularization method.
Soviet. Math. Dokl. 5 1035-1038.

TRIEBEL, H. (1983). Theory of Function Spaces. Birkh&user, Boston.

VON MISES, R. (1947). On the asymptotic distribution of differentiable statistical functions. Ann.
Math. Statist. 18 309-348.

WAHBA, G. (1990). Spline Models for Observational Data. IMS, Hayward, CA.

WHITTAKER, E. (1923). On new method of graduation. Proc. Edinburgh Math. Soc. 2 41.

WonNG, W. H. (1992). On asymptotic efficiency in estimation theory. Statist. Sinica 2 47-68.

WoNG, W. H. and SEVERINI, T. A. (1991). On maximum likelihood estimation in infinite dimen-
sional parameter space. Ann. Statist. 19 603-632.

WONG, W. H. and SHEN, X. (1995). A probability inequality for the likelihood surface and conver-
gence rate of the maximum likelihood estimate. Ann. Statist. 23 339-362.

ZEIDLER, E. (1990). Nonlinear Functional Analysis and Its Applications II/A. Springer, New York.

DEPARTMENT OF STATISTICS

OHIO STATE UNIVERSITY

1958 NEIL AVE.

CoLUMBUS, OHIO 43210-1247

E-MAIL: xshen@mle.mps.ohio-state.edu



