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KYBERNETIKA — VOLUME 387 (2001), NUMBER 5, PAGES 585-603

A NOTE ON THE RATE OF CONVERGENCE
OF LOCAL POLYNOMIAL ESTIMATORS
IN REGRESSION MODELS

FRIEDRICH LIESE AND INGO STEINKE

Local polynomials are used to construct estimators for the value m(zo) of the regression
function m and the values of the derivatives D,m(zo) in a general class of nonparametric
regression models. The covariables are allowed to be random or non-random. Only asymp-
totic conditions on the average distribution of the covariables are used as smoothness of
the experimental design. This smoothness condition is discussed in detail. The optimal
stochastic rate of convergence of the estimators is established. The results cover the special
cases of regression models with i.i.d. errors and the case of observations at an equidistant
lattice.

1. INTRODUCTION
In many statistical applications one is interested in the influence of a variable X,
the independent variable, on the variable Y. The average effect on Y is given by the
conditional expectation
m(z) =EY|X = z]. ) 1
The aim is to estimate the regression function m using a sample of size n of inde-
pendent vectors (X;,Y;),i =1,...,n, which have the same regression function, i. e.
it holds fori =1,... ,n
m(s) = BY;|X; = 1. ()
As the (X;,Y;) are not necessarily i.i.d. the conditional variance

vi(z) = V[Yi| X; = 2] ©)

of Y; given X; = z will depend on i. When we set €; = Y; — m(X;) we get the
traditional structure of a regression model

Y; = m(X,) + €;. (4)
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It should be noted that in the model (4) the errors €;,... ,€n are not necessarily
identically distributed.

Sometimes the model (4) is specified by the assumption that the regression func-
tion m belongs to a family my, 8 € ©, parametrized by a finite dimensional param-
eter . Then model (4) is a nonlinear regression model. Otherwise, if m belongs to
a class of functions restricted only by some smoothness conditions, the model (4)
is called nonparametric. Up to this moment there are no special conditions on the
joint distribution of X; and Y; in the model (4). But in some situations it is useful
to specify the conditional distribution of Y given X = z. To this end let Qy,0 € R,
be a family of distributions on the real line so that

/ ¥Qo(dy) = 6. (5)

If Qm(z;) is the conditional distribution of Y; given X; = z; then (2) is satisfied
and the conditional variance appearing in (3) is independent of i. Using the family
Q9,0 € R, for constructing the conditional distribution one obtains the regression
model (4) with independent X; and ¢; if Q9 = Q(- — ). The errors have expectation
zero if @) does.

In the literature there exist different approaches for estimating the regression
function m for the nonparametric regression model. Nadaraya [11] and Watson [21]
constructed a kernel estimator which assigns different weights to observations with
the help of a kernel. A different type of kernel estimator was introduced by Gasser
and Miiller [5]. Other types of estimators are based on local polynomials introduced
by Stone [17, 18] and studied by Fan [2, 3], Ruppert and Wand [14] and Fan et al
[4]. Schoenberg [15] used smoothing splines for estimating the regression function
m. This technique was also applied by Wahba [20] and several other authors.

In regular statistical models finite dimensional parameters are estimable with
the rate y/n. In contrast to this situation Stone [17] proved that the optimal rate
of convergence is n” with r < % for estimating the value m(zg) of the regression
function at zo. The exponent r depends on the smoothness of m and the dimension
of the covariables. Fan [3] and Fan et al [4] established bounds for the maximal
mean square error of local linear regression estimators.

In the most papers cited above and the references therein the covariables are
assumed to be identically distributed. This condition is often not fulfilled in appli-
cations. Especially the case of nonrandom covariables, in which the variables X;
have a delta distribution, is studied in relatively few papers, see for example Miiller
[9], Fan (3], Miiller [10] and Park [12].

It is well known that in parametric regression models with nonrandom covariables
beside other conditions the weak convergence of experimental design is enough to
get the consistency and the asymptotic normality of least squares estimators.

The aim of this paper is to introduce and to study conditions on the sequence
of experimental designs for the nonparametric model so that large classes of models
with non-identically distributed covariables and nonrandom covariables are covered
by these assumptions in the sense that the optimal rates of convergence established
for i.i.d. covariables continue to hold. This means that smoothness properties of the
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sequence of experimental designs do not have influence on the rate of convergence.
The crucial point is that in contrast to the parametric situation for nonparametric
models in general the smoothness of experimental designs does have an influence on
the rate of convergence.

The paper is organized as follows. In the first part we introduce and calculate
the local polynomial estimator. The next step is to establish a condition on the
experimental designs and to discuss this condition from different points of view. We
show that this smoothness condition can be understood as a weak convergence at
a special rate. Especially we discuss the case of non-identically distributed random
covariables which have Lebesgue densities and the other extreme case in which the
covariables are nonrandom so that their distributions are delta distributions.

In the next section we use the standard techniques for i.i.d. covariables to evaluate
the expectation and the variance of the local polynomial estimator. This leads to
a lower bound for the rate of convergence. Using a technique due to Hall [6] and a
special class of regression models we construct an upper bound for the rate which
is identical with the rate of the local polynomial estimator and therefore optimal.
In Section 4 there are given several possible extensions of the results presented.
Section 5 contains the proofs of the main results.

2. LOCAL POLYNOMIAL ESTIMATOR

For m from the model (1) we want to estimate the value of m or a higher order partial
derivative of m at £ = zo. To construct the estimator and to formulate the results
we need some notations. Let A<, = {a = (ay,...,04q) € Nt o] =a; +---+aq <
s} be the set of all d-dimensional multi-indices up to order s. Furthermore, for
aeN zeR! weset al =ay!...a4 and z* = 2! ... zJ?. By a kernel K we shall
mean a measurable, nonnegative function K : R — R with compact support. Using
the kernel K we introduce the family Kj,h > 0, by
K@) = K (7). 6)
Denote for s > 0 by C*(Uy,) the set of all real-valued functions m which are
defined in some open neighborhood Uy, of o and have continuous derivatives D,m
up to the order s, i.e. the multi-indices & appearing in the derivative satisfy |a| < s.
C°(U,,) is the space of continuous functions. For m € C*(Uy,,) we use the Taylor
expansion

m@)= 3 Dam(ao) E= 20 4 ol — zolf).
le|<s ’

As m(zo) is the conditional expectation of ¥ given X = zq it is plausible to
estimate m(zo) by an average of ¥; whose covariables belong to a neighborhood of
9. We characterize this average by a quadratic criterion function. More precisely,
set for the sequence of bandwidths h, | 0

n
2
S(zo,b) = Z(Y’ = Y bahyl (o - Xi)“) Kh, (0 — Xi) (M

i=1 la|<s
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where b = (ba)|a|<s and hn, — 0. Define b, = (’I;n,‘,,)|o,|5s by the requirement
b, € argmin S(zo,b). (8)
Then
ifin,(20) = (=1)"h;ytby 9)

is called the local polynomial estimator for D.,m(zo). Note that representation (7)
of the criterion function is a modification of that used in the literature. Our version
simplifies the examination of the asymptotic behavior of the estimator.

Ruppert and Wand [14] and Fan et al [4] considered a bandwidth matrix H,
instead of a universal bandwidth h, for all coordinates. But the corresponding
different weighting of the directions may be included in the d-dimensional kernel K
which is not assumed to be symmetric in our case. To give an explicit representation
of b, we need some notation. Set Y, := (¥1,...,Y,) and introduce the (n x n)
diagonal matrix W, := diag(Ks, (zo — X1), ..., Kh,(zo — X»)). Furthermore, let
Cr = (k'™ (20 — Xi)*)1<icn,ja|<s and denote by B, the (JA<,| x |.A<,|) matrix

n
B, =CTW,C, = (h;lal—lﬂl > (@0 — X:)*HPKp, (z0 — X,-)) :
=1 lal<s,la<s  (10)
As we will see later, under weak assumptions the random matrix %Bn converges in

probability to a regular matrix. Therefore, with a probability tending to one the
random matrix B, is regular. Therefore,

b, = B;'CTW,Y, if B, is regular (11)

and any solution of (8) otherwise. Let e, = (0,...,1,0,...,0) € RM<:| where e, is

1 for the index v and 0 elsewhere and e, , = (=1)"ly!h; I'Vle.,. According to (9) we
introduce the estimator for D.,m(zo) by

M,y (To) = ez:,,ygn =el B;'CIW,Y, if By is regular. (12)

To evaluate the conditional mean as well as the conditional variance of the estimator
Mn,y We have to study the asymptotic behavior of the random matrices %Bn. To
illustrate the technical difficulties with the sequence of experimental designs let us
consider the expectation of %Bn. To this end we denote by Px, the distribution of
X; and set

_ o 1g
wi=Px, fn== ;l‘i- A (13)
If 7Z,, has a Lebesgue density, say fn, then with K}, from (6)

1 1 a _
EE B, = (/ W(xo ) +ﬂKh.. (w0 — x)pn(dz))

( / t*PK () fn(zo — hnt) dt)

la|<s,|B|<s

|| <s,|B]<s
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If in addition fn(zo) = f(z0), as n — oo, and the séquence f,, is equicontinuous at
zo in the sense that
lim im  sup |fu(z) = fn(z0)| =0, (14)

eJ0 n—=o0 ”z_zollse

then

lim Ean = f(zo) ( / t“tPK (1) dt) :
mmee la|<s,1B]<s

This result explains that for getting the stochastic convergence of %Bn we need
conditions which guarantee that the sequence of distributions fz,, behaves locally
around z( as a sequence of distributions which have equicontinuous Lebesgue densi-
ties. To formulate such conditions we need some notations. Let Aq be the Lebesgue

measure on R? and Q be a Borel set with A\4(Q) > 0. Set for any compact set K
CR!

Ba(zo+z+ Q)
An ’K’ - nA\vT v
@K.a)=swp |3 Govz+Q) °

and Q, = (—%,2]%. Now we require that there exists a real number, denoted by
2772

f(zo), so that for every fixed compact set K and every s > 0
lim A, (Qsh,,ha K, f(zo)) = 0. (15)
n—o00

Condition (15) means that uniformly with respect to small shifts from h,K the
values of the two measure fi,, and )4 are proportional on a sequence of shrinking
sets o + h,Q, and the limit of the ratio is scale invariant.

Before giving consequences of property (15) we illustrate this condition by exam-
ples.

Example 1. Suppose that z is fixed and there exists some open neighborhood of
xo, say Ug,, so that distributions ,, have a Lebesgue-density in Uy, . This means that
there are nonnegative measurable functions f,, so that for every Borel set B C Uy,

fin(B) = /B f(z) da.

Suppose limy, 00 fn(Zo) = f(zo) exists. If the sequence f, satisfies (14) then condi-
tion (15) is satisfied.
To verify (15) let n be sufficiently large. Then

An(@har K, f@)) = sp | [ (o +2 1) - f(z0)) di]
z€h, K

Ad(Qsh.) Jo.n,

< sup | !
z€xo+hn K Ad(Qsh,) Qshn

+|fn(z0) — f(z0)|
sup I.fn(z) = fa(@o)| + | fa(zo) — f(l’o)|

llz—zo||<hn(sVd+D)

(fa(z +1) = fn(z0)) dt|

IA



590 F. LIESE AND I. STEINKE

where D is the diameter of the compact set K. By assumption, the right-hand terms
of the last inequality tend to zero.

The next example concerns the case of nonrandom covariables. The distribution
I, is then discrete and concentrated on at most n points.

Example 2. Let [0, 1]¢ be the d-dimensional unit cube and k, < n natural numbers
with k, — 0o as n = co. We decompose the unit cube into k¢ cubes with edge
length 1/k,,. Let X, = {ZT1n,--. ,Zn,n} be a double array of points from [0,1]¢ and
set

We call X, 1/k,—uniformly distributed iff n admits a representation
n= lnkz + T,

with natural numbers [l,, 0 < r, < k¢ and r, = o(n) so that every cube from the
decomposition contains at least I, and at most I,(1 + o(1)) points.
Then for any zo € (0,1)¢ and a sequence h,, > 0 with

lim h,k, = oo,
n—o0

condition (15) is satisfied with f(zo) = 1.

Note that for limpye0ln = 00 we have 2= < Eni < 1—1"— — 0. Ford =1 and
Tin € ("—;l, %] we may take k, = n.

To verify (15) let zo € (0, 1)¢, s > 0, K compact and fixed, and n> ng such
that xo + Qsn,, + hnt C (0,1)¢V ¢t € K. Decompose [0, 1]¢ into cubes of edge length
1/ky. Then any cube of edge length sh, contains at least (shnky — 2)¢ and at most
(shnky + 2)¢ of these cubes. Therefore,

(shnkn — 2)d%" < pin(zo + Qsh, + hnt) < (shnkn + 2)d__l" +n°(1),

d
Consequently, with > — 0 and %‘s = 2=Ta — 1, respectively, as n — oo

( 2 )d ki | o En(Zo+ Qshy +hat)
shnkn n - /\d(ﬂlo + Qsh,. + hnt)
d d
< 1+ 2 In(1+ o(1))k2 1,
shnkn n

and we have the assertion for n — oco.

For any w : RY — R let wp, (z) = 7rw(Z) for hy > 0. Let Coo(R?) the family

of all continuous functions on R? with compact support. Now we show that the
assumption (15) can be applied to integrals in the following sense.
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Proposition 3. If the condition (15) is satisfied then

lim [ wp, (z — z0)E,(dz) = f(xo)/w(t) dt V;u € Coo(R?). (16)

n— 00

Moreover, let X; be independent r.v. with £(X;) = p; and (16) hold. If w € Cgo(R?),
g is continuous at zo, and nh¢ — co then

> 0Xun, (20 = X5) 0 9(a0)f (o) [ w(t)dt. ()

i=1

For the proof see Section 5.

To evaluate the rate of stochastic convergence of the local polynomial estimator
My we study the conditional expectation and the conditional variances of M, 4
given Xi,...,X,. We need additional properties of the regression function m and
the sequence of variance functions v;. Let zo € R? be fixed and U, an open
neighborhood of zo. We set for any function f: Uy, & R

1lly,, = sup 1f(@).
U.

TE z0

For a sequence of distributions p = (1, p2, . .. ) and positive constants L,V > 0 let
Prn(n, L,V,s,m), n € (0,1], be the set of all distributions P, of sequences ((X1,Y1),

., (Xn,Yn)) consisting of independent vectors (Xi,Y1), -.. ,(Xn, Yn) so that the
following conditions are satisfied:

PX.':tu'i’ i=1,...,n, (18)

the regression function m in (2) is independent of 7 and for some open neighborhood
Ug, of zo it holds

m € C7"(Us,) (19)

that is m € C*(U,,) and all derivatives of order s fulfill a Holder condition of order
n:

wup 1Dem(@) = Dam()

z,y€Uzq ”iII —y”'l
z#y

<L, a € A<, |a] =s.

For the conditional variances we suppose that

v; € C°(Us,), lvilly,, <V, i=1,...,n (20)
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Theorem 4. Assume condition (16) is satisfied for f(zo) > 0. If (2) and (18) to

(20) are fulfilled and h,, = con™ 2=+m+ for any co > 0 then for every multi-index +
with |y| < s the estimator 7, , defined in (12) fulfills

(s+n—|v|)
lim sup (lim sup [ sup P(n S [ (z0) — Dym(zo)| > C)]) =0.
C—o00 n—oo PeP, (I‘yLyvls,n)
For the proof see Section 5. The statement of Theorem 4 means that the sequence
s4n—
n S (in,y(20) — Dym(zo))

is stochastically bounded. Consequently, M, (o) tends at least with the stochastic
order Op (n_ e ) to D,m(zo) and this statement holds uniformly within the
classes Pn(p, L, V, s,7).
3. OPTIMAL CONVERGENCE RATE

Now we ask whether the order in Theorem-4 is already the optimal order in the
following sense. Let w : C*"(U,,) — R be a functional and introduce a functional
K: Pﬂ(ﬂv L,Vasﬂl) -+ R by

&(P) = w(m), (21)

where m is from (2).

Definition 5. A sequence of estimators k,, is called optimal for the problem of
estimating the functional x within the classes of distributions P, (u,L,V,s,n) if
there is a sequence ¢, = 0,n — 00, so that

lim sup (lim sup [ sup P(cn|Rn — k(P))| > C)]) =0, (22)

C—o0 n—oo | PEP,(u,L,V,s,n)

and for any sequence d, > 0 with liminf,,_, %:» = oo and any further estimator K,

lim sup (lim sup [ sup P(dp|kn — k(P))| > C)]) > 0. (23)
C—’m n—oo Pe‘Pn(I‘,L,V,Syﬂ)

The sequence ¢, is called the optimal order. If for the sequence c, there are two
positive constants a;, a2 such that for every n

a; <can”" Lo

then r is called the optimal rate.
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In the sense of Definition 5 we can say that the optimal rate of the local poly-

nomial estimator is at most ;J;Z;)l 5. To get a general upper bound for estimating

m(") (zo) we start with ideas from Stone [17], Hall [6] and Donoho [1] and derive for
special distributions P € Pp(u, L,V, s,n) an explicit lower bound for the probability
appearing in (23). As in the papers cited above the key role is played by suitably
constructed tests and the relation of the corresponding error probabilities to the
Hellinger integral of the distributions.

Let (X, %) be a measurable space, P, @ distributions on (X,2) and X be a o-finite
dominating measure. Let f and g be the densities of P and @, respectively, with
respect to A. Then

H(P,Q) := / VTgdx, (24)

is called the affinity or the Hellinger integral of P and Q. H(P, Q) is independent of
the choice of the dominating measure A. The functional H has been used in several
papers, see Le Cam [7], Rényi [13], Liese and Vajda [8]. For many distributions
the Hellinger integral can be explicitly evaluated. Denote by N(a,.) the normal
distribution on the real line with expectation a and variance 1. A simple calculation
shows
_ (a1 —ap)?
H(N(a1,),N(as, ) = exp{ -2}, (25)

We get the Hellinger integral for product measures P; X --- X P, and Q1 X -+ X Qp,
from the definition of H:

H(Py X+ X Pn,Q1 %+ x Qm) = [[ H(P;, Q). (26)

i=1
Furthermore, we get for any A € 2 and B = {f > 0,¢ > 0} from Schwarz’ inequality

H(P,Q) /B JFgdxr = /A  VTTsaa+ / _Valfap

A

I

< VPA)QA) +/P@AQA)
< 2(max{P(4), QAN (27)

Now we study a family Q of distributions Q defined on some measurable space,
say (R,R). Assume k : @ — R is a real-valued functional which is to be estimated.
For any estimator ¥ : R = R we introduce a test ¢ for Hg : Q; versus Hy : Q2 by
setting

{ 0, if [K— k(@) <[& - K(Q2)]
(p:

1, else.
If ¢ =1 then
R-s@) > 3(R-n(@Ql+R-x(@))
> SIs(@) — ~(@2)),
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and for ¢ =0

-~ 1
|k — x(Q2)] > §|K(Q1) ()]
Applying the inequality (27) we get the following Lemma:

Lemma 6. For any real-valued functional « : @ — R, any estimator & : R — R
and any Q1,Q2 € Q it holds for A = |k(Q1) — 5(Q2)|

max{Qz(R - x(Q2)] > A),Qu(If ~ 5(@)] > A)} > TH*(Q1,Q2).

In the following we need a representation of Hellinger integrals of distributions on
product spaces. Let K : B x X — [0, 1] be a stochastic kernel which operates from
the measurable space (X, 2l) into the measurable space (), B). For a distribution P
on (X,A) we denote by K ® P the distribution on (X x Y, 2 ® B)

(K®P)(C’)=/(/Ic(m,y)K(dy,z)) Pdz), CecAe®.

Assume now we have two kernels K;, K>. Then we introduce the kernel K =
(K1 + K>) and note that K; ® P < K ® P, i = 1,2. Furthermore, for every fixed
zekX

Ki('vz) < K()x)

and for a countably generated measurable space (), B) there are functions f, f> :
X x Y — R measurable with respect to 2 ® B so that for every z € X

Ki(A,z) = /A filz,v) K (dy, z).

The last relation yields

dK:®P) .
d(K ® P) = fi

and
H(K; ® P,K;®P) = /\/fl_f2d(K®P)
/ (/ \/mff(dy,x)) P(dg)

/ H(K: (), Ka (-, 7)) P(dz). (28)

Il

Now we fix a function m : R® -+ R, m € C}"(U,,), and denote by N(a,-)
the normal distribution. We set X = RY, Y = R and denote by and B the
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corresponding Borel g-algebras. Now we fix functions my,m2 € C}"(U,). Then
K, (-, z) := N(m;(z),-) are stochastic kernels. We set for any p = (u1, p2,...)

n
Pom, = HK ® j),

and obtain from (25), (26), (28), and Jensen’s inequality

n

H(Pams, Pama) = ]| [/ exp{— (m () —gmz(m))2 }ui(dm)]

i=1

exp{ =% [(mi(a) - ma(a)ma(a0)}

Thus we obtain from Lemma 6 with m; = m, and ms = 0 the following statement
with notation (21)

\Y

o Pan (10,, —w(m)| > %lw(mn) w(O)l) 709 {-% / mg(x)nn(dm)} .

Proposition 7. Let (16) hold. Thereis a constant a > 0 such that for any sequence
of estimators of the functional w : m — D.,m(zo)

s d
lim inf Sup (n ﬂm{?‘i lwn - w(m)l > C) - exp {—aC2s+tz):l } .
n—00 TnGCZ’"(U:O)

Proof. Let K € C}"(R?) with compact support and set for some cq > 0

1
h, = min (l,con_——2('+'v)+d),

e g (”i—;ﬁ) , zeR.

n

mn(T)

Then, for sufficiently large n, mn € C7"(R%). Note that w(m,) = reH=M g (o)
and

1 T -9\ _
o [mi@e) = wiee [ e (T g (aa)
n n

= cg(’+")+df(a:o) / K?*(z)dz (1 +o(1))
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because of (16). If C = 1K )it~ > 0 then
liminf  sup Pom (n 2eimrd |&n — w(m)| > C’)
N0 meC)(Uzyg)

a+n— ~
> liminf sup Ppm (nz('ﬂ)ld |&n — w(m)| > C’)

n—00 mE{O,m,.}

> liminf  sup  Pom (m — w(m)| 2 Sho(ma) —w(O)l)

n—00 mE{O,m,.}

> liminf i exp {—%CS(H"Hd'f(xo) / K*(z)dz(1 + 0(1))}

n—oo

> 1ex —1 L 2'1:2:'1 ( )/Kz( )d
=19P) "1\ k™) o &
which proves the statement. ]

Now we are ready to formulate the main result of this paper.

Theorem 8. If the experimental design satisfies condition (16) then the rate r =
5(1%)%'& is the optimal rate for estimating the functional w : m — D,m(zo) and the
classes of distributions P, (p, L, V, s,7). The sequence of local polynomial estimators
Min,(Zo) is optimal.

Proof. We already know from Theorem 4 that the optimal rate, if there is any, is

larger or equal to 2"(‘;'—;’7]_)% and the local polynomial estimators M, (Zo) has at least

this rate. Therefore, it remains to show that the order of convergence of any further
~ . . A~ . "+"_ J
. estimator K,, possibly different from m, ,(zo), is not larger than ¢, = n2=+D+d,

Let d,, > 0 be any sequence with d, /¢, — oo.

lim inf sup P (dp|kn — k(P)]| > C)
"0 pePn(u,L,V,s,n)

s+n—
>liminf sup Pum (n SEnE |&p —w(m)| > C;—")
n

n—o00 mGCZ'"(Uzo)

> zexp{~a(Ce ¥},

for any positive €. Therefore, for any C > 0

lim inf sup P(dn|Rn — k(P)| > C) >
n—eo PEP"(,‘IL,Vysyﬂ)

N

which proves that ¢, is the optimal convergence order. O
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4. DISCUSSION

Under relatively mild conditions we derived an optimal convergence rate for esti-
mating the yth derivative of the regression function m. Our special emphasis was to
consider general conditions on the covariables. The only conditions on the distribu-
tion of the independent (X;,Y;) are the existence and smoothness of the first second
moments, see (19) and (20), and (15). There are several possibilities to generalize
the results presented here.

Let w : R — R be any function such that w is continuous on S, = {z €

4 w(z) # 0} and S, is bounded. Then (15) implies

lim [ wy, (z — xo)E,(dz) = f(zo) / (¢) dt.

n—o0

This statement is a generalization of Proposition 3 and allows the use of discontin-
uous kernels like K (t) = L_1,1y4 (t) for constructing the local polynomial estimator
in Theorem 4.

Moreover, condition (15) can be considered as some local version of the weak
convergence of distributions. To see this, note that (15) is equivalent to

lim sup’/whn (z — o — hny)B,(dz) — f(zo) /w(t) dt{ =0 (29)

n—o00 yEK

for all w € Coo(R?) and all compact K C R%. On the other hand (15) implies (17)
for any function g which is continuous at zo. Therefore f,, converges locally to a
distribution with a Lebesgue-density f that is continuous at zg. A special case for
this situation was studied in Example 1.

Up to this point we assumed that the Lebesgue-density f of the limit distribu-
tion is continuous at zg. This is not always fulfilled. In Example 2 the sequence
7, converges weakly to the uniform distribution on [0,1]¢ with the corresponding
Lebesgue-Density fo(x) = 1jg,1)4(z). If zo belongs to the boundary of [0, 1]¢ where
fo is discontinuous it can be shown that there is no f(zo) which fulfills condition
(15) for all compact sets K. On the other hand, f, is continuous both on (0,1)¢ and
outside [0, 1]¢. Therefore, to include boundary effects we have to generalize (15) in
the following sense:

Let £ be the system of all Borel sets C € B¢ so that

lim 1,c(z) exists for every z € RY.
) a—o0
For C € L introduce the set I(C) b,
— d 1; —
1(C) = {z € B!, lim 1ac(s) = 1}.
Note that every cone C with vertex 0 belongs to £. In this case we have I[(C) =

On the other hand, let C' be any Borel set such that the origin 0 belongs to the
interior of C. Then holds C € £ and I(C) =



598 F.LIESE AND I. STEINKE

Now we suppose a finite decomposition C of R? into sets C € £. Denote by ac
the vector a¢ = (ac)cec € R¢l. Now we set

Fa@o+ (3 +Q)NC) Mo+ (z+Q)NC)

An(Q K, ac) = iy 2 Ad(zo +z + Q) YT M@+ 2+ Q)

CecC

This expression is identical with our original definition if C = {R?} and ac = (a).
Instead of (15) we now require that there is a vector f¢(zo) such that for the sequence
By, hn = 0, for every s > 0 and for every compact set K C R?

lim An(Qsh,,hnK,fc(z0)) =0 (30)
n—oo .

holds. In Example 1 we studied a situation where the Lebesgue-densities f, of p,
converge locally to a density f that is continuous at zo. (30) corresponds to a local
weak convergence to a limit measure with Lebesgue-density f which is for all C € C
in a neighborhood of o continuous on the interior of z¢ + C and fulfills

folwo) = lim f(z).

z€xg+C

Put 7o = 0 in Example 2. Then (30) can be shown for C; = [0,00)¢, C2 = R? \ C},
I(Ch1) = C1, UC2) = Cq, fc,(0) =1, and fc,(0) = 0.

Condition (16) was crucial in the proof of Theorem 4. Now condition (30) implies
likewise

Jim [ wh, (2 — 20) R, (de) = ch(mo)/ w(t)dt  Vw € Coo(R?).
cec

If Y cec fC(-’Eo)fl(c) K(z)dz > 0 is satisfied then we get under assumption (30)

. . —2tn=lvl
being weaker then (15) the same optimal convergence rate, n tmtd , for the local
. polynomial regression estimator as in Theorem 4.

Finally, it should be mentioned that for » = 1 and v(z) = v;(z) a more explicit

representation for the conditional expected value and variance of M, 4(Zo) can be
derived: Let Bk be defined as in (33),

Byz = ( / y*PK2(y) dy)
aE-ASa,ﬁEASs

and

M) = (3 Domle SO [0k )

€Acs
|Bl=s+1 sl

Then by the same technique as in the proof of Theorem 4 we get
Elffin,y (£0)|X1, - - -, Xn] = m™ (zo) + hiH M (—1)ylel B! My (w0) + 0p (hH)

. 1 v(zo) _ 1
_ N2 I B! 1
Vmn(zo)| X1,..., Xn] = nh',i,“hl (" F(zo) ey By Bk:Bg ey +o (nhfrzhl .




A Note on the Rate of Convergence of Local Polynomial Estimators in Regression Models 599

In this case the optimal bandwidth h, = c¢(zo)n™ 2('+115+d,

e(z0) = (v(zo) ey Bx' Bx2By ' ey )m
0 f(zo) eZB,}lMK(on)MK(xO)TB}_(Ie‘Y

)

minimizes the asymptotic conditional mean square error and is optimal in this sense.

5. PROOFS

Proof of Proposition 3. Denote by S,, the support of w. For any € > 0 choose
d =d(e) € (0,1) so that .

lw(z) —w(y)| <e for |lz-yll < Vdé.

Let Q = (-1, -2-]d For any 6 > 0 we can find the smallest natural number N = N (§)
and t1,... ,txy € R? so that the sets ¢ +6Q, ..., tn +46Q are disjoint and cover S,,.

Note that there is a cube Q C R? so that U 1(t +6Q) C Q for every § € (0,1).
Therefore,

N N
=) Ma(t: +6Q) = Mg (U(ti + JQ)) <SM(Q) =:C (31)

=1 i=1

for any d € (0,1). Introduce the sets
A; =z + hypt; + 0h,Q

which cover the support of wp, (- — Zo). As w is continuous we find u;,v; € A; so
that

N
/wh" (z — zo0)Bn(dz) = Z Wh,, (Ui — To) i, (Ai)

i=1

and
/ wly) dy = / wn, (& — o) Aa(dz) = th (vs — 20)Ma(As).

Note that |ju; — ;|| < Vidh,d. Then
‘/whn (z — To)Fin(dz) — f(zo)/w(t) dt’

Uu; —

N _ r
< Slo) 3 g [~ )
Aa(A; A;

+§_;|w( Z0) 54 | £20) "(5,1,34 ol ]

< f(zo) adh“+llwllmNa"A (6hn@Q, hnSu, f(z0)).



600 F. LIESE AND I. STEINKE

The term on the right-hand side tends to zero by (31), by assumption (15), and for
e —0.
For g is continuous at zo and S,, compact we have

wn = sup |g(z) — g(zo)| — O, n — 0o, (32)
thnSw

and

Z(Q(X — 9(zo))wn, (zo — Xi)| Swn— ZEP |wh,, (€0 — Xi)| = o(1).

1—1

by the first part of Proposition 3. Moreover, we see that

V(3 3 oo = 0) € g 3 oo -0 =0 )

i=1

and therefore
L th (@0 = X0) F 300 £(20) [ w(o) dy.

Hence we have the assertion. ’ O

Proof of Theorem 4. For the fixed kernel K we set

By = ( [v+xw) dy)|a|5s,|ﬂ|<s (33)

and study the sequence of matrices B, introduced in (10). Note that the continuous
function wy g(z) = P K (z) has a compact support. From Proposition 3 we get

1 11 zo — X;
_Bn = (— E v ’wa’ﬂ(—o )) _')fiyoo f(zo)BKa (34)
n n < hg hn

i=1 |a|<s,|B|<s

and

(28)" o Glam™

As the determinant of a matrix is a continuous function of the elements of the matrix
and By is positive definite we get for A, = {det(B,) = 0} the relation

Jim Pn(45) = 0. (35)

As for every P, € Ppn(u, L, V, s,n) the marginal distributions of X, Xo, ... are fixed
by the sequence p1, f12,... we see that the stochastic convergence in (35) is uniform
with respect to the classes Pn(u, L,V,s,n).
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For sufficiently large n the inequality K4, (zo — X;) > 0 implies that X; € U,.
Hence by Taylor expansion of m at zo for X; € Uy,

m(X;) = E D,m(zo) (—z + E (ng(X ) — ng(a:o))

lal<s 1Bl=¢

(Xi — z0)P
g

where X; lies on the straight line between zo and X;. This yields for Y, =
1,...,Y)

]E[Yn |X1, . ,Xn] = (m(Xi))lSiSn = CZ‘Dn + Qn

. lal .
with Cy, from (10), D, = ((— 1)""5—Dam(zo))|a|<s, and Qn = (3,5)=s{Dpm(Xi)—
Dgm(z0)} L;EL)KK,I As the matrix By is regular on A¢, the complement of
A,, we obtain

Ep, [iny(T0)| X1, - .., Xnllas = el By CaWoE[Yn | X1, ..., Xn) 4
= IAc el B l1CuWh (CTD +Qn)
= I4: D, m(z0)+IAce 1C'TW Qn.

n'yn

For the a-component of the vector of the remainder terms we get
T
hs+'r] I(C W, Q")O‘|

- —_ Y.\o+B
= |3 X (@om(X) = Dymlan)) (-1 T K o0~ X))

1Bl=s

_ ||ots+n
1 > pllzo = Xill ™27 K, (0 — Xi)

n Iﬁl:_s a!ﬂ!h[nal‘*’-?'{'"
|ﬁ|/“y||lai+s+"K(y) )

uniformly in P,, € Pn(u, L,V,s,n). From (35) we get that for any sequence of random
variables Z,, it holds Z,I4, = op, (h,’f”"l"l), which leads to the representation

IA

B 00 Lf(20) (
18|=s

Ep, [finy(T0)| X1, . .., Xn]
1 1 _
= Dym(zo) + h3t"el (=Ba)™* (——H—,,C,TW,,Q,,> + op, (RSH7—11)
n nhn
= Dym(z0) + Op, (k5™ (36)

which holds uniformly with respect to P, € Pn(p, L,V,s,n). To deal with the con-
ditional variance we set

Vo = Ve, [YﬂlX‘n] = dia‘g(vl (X1)7 ce ,’Un(Xn))
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and get
I Ve, [Mnql X1, . Xp) = Lnc el B (CTW,Va WX Cr) By en s
Note that by the conditions (3) and (15) it holds for o, 8 € A<s
ha\oT T
7'(011 WnVan Cn)a,ﬁl

V< lol—
< — > bl Pllzg — Xl (K2),, (20 — Xi) = Op, (1)

i=1

and therefore

~ 1
Vp“ [mn,-,|X1,...,Xn] = OP,. (——dm) (37)
nhn

uniformly with respect to P, € P,(u,L,V,s,n). This gives an upper bound for the
conditional mean square

]Epn [(T/T\lnﬁ(.’to) - D7m($0))2 l Xl, ey Xn]

= Op, (W) + Op, (h2(+n=11D).

Choosing hn, = con!/@E+M+d) 0 5 0, and ¢, = hy 77" we have uniformly
with respect to P, € Pn(u, L,V, s,n)

Ep, [ (fin,(z0) — Dym(z0))? | X1,-..,Xn] = Op, (1)

and therefore

lim lim sup Pp(cn|Mn,(zo) — m(zo)| > C) =0
St S (cnlfin,y(T0) — m(zo)|

which completes the proof. 0O
(Received October 2, 2000.)
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