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OPTIMAL CHANGE-POINT ESTIMATION IN INVERSE PROBLEMS

Michael H. Neumann
Weierstrass Institute for Applied Analysis and Stochastics, Berlin

ABSTRACT. We develop a method of estimating change—points of a function in the
case of indirect noisy observations. As two paradigmatic problems we consider de-
convolution and errors-in-variables regression. We estimate the scalar products of
our indirectly observed function with appropriate test functions, which are shifted
over the interval of interest. An estimator of the change point is obtained by the
extremal point of this quantity. We derive rates of convergence for this estimator.
They depend on the degree of ill-posedness of the problem, which derives from the
smoothness of the error density. Analyzing the Hellinger modulus of continuity of
the problem we show that these rates are minimax.
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1. INTRODUCTION

" Change-point estimation has often been studied in the regression context. There are
many practical motivations why one is interested in knowing such points of rapid
change. Sometimes there is real scientific interest in these point, but one can also
exploit knowledge about them for estimation purposes themselves.

The simplest case is that of a single jump of an otherwise smooth function. The
optimal rate at which then a change-point can be estimated is known to be n~!.
Korostelev (1987) derives an optimal method in the Gaussian white noise model,
which can also be applied in the usual nonparametric regression setting. Another
popular approach is based on the analysis of differences of certain kernel estimators;
see, e.g., Yin (1988), Miller (1992), Hall and Titterington (1992) and Wu and Chu
(1993). Wang (1995) considers a closely related method based on wavelets. It can be
shown that one can achieve the optimal rate of convergence also by the kernel-based
method, provided one uses an appropriate, necessarily discontinuous kernel.

In the present paper we study this problem in the context of ill-posed inverse pro-
blems. Such problems arise when we can observe an object of interest only indi-
rectly. Typical settings are deconvolution, errors-in-variables regression, estimation
of mixing densities, image blur models and image reconstruction in computerized
tomography. The quality at which a function can be estimated from such indirect,
noisy observations depends on the degree of ill-posedness of the problem. For exam-
ple, deconvolution becomes harder as smoothness of the error distribution increases.

Most of the available results focus on the estimation of functions with homogeneous
smoothness; see Hall (1990), Zhang (1990), Fan (1991) and Fan and Truong (1993).

However, in practical applications one is often confronted with functions that have
quite 1nhomogeneous smoothness characteristics: they are quite smooth on one part
of the domain, but much less regular on another part. In such situations usual linear
smoothing methods, which apply a global degree of smoothing, are no longer appro-
priate. Locally adaptive methods for estimating a function in the setting of indirect
observations are developed by Donoho (1992) on the basis of Wavelet-Vaguelette
Decompositions. However, the author is not aware of any work on change-point
estimation in this context.

-Here we focus on change-point estimation in one-dimensional inverse problems, as

opposed to the more complex problem of edge estimation in higher dimensions. We
study a quite general method and show its a.pphcablhty for two pa.rad1gmat1c pro-
blems, deconvolution and errors-in-variables regression.
Our motlvatlon is at least twofold: First, knowledge of the location of a jump is helpful
when one intends to estimate the function itself. One can then use this information
and apply one-sided estimation techniques around this point. Second, one might be
interested in estlmatmg the support of a density, which amounts to the estimation of
change-points in the case of a sharp boundary. Finally, there exist many interesting
higher-dimensional inverse problems like image deblurring or density estimation from
computer tomography data.. We hope that the methodology developed in this article
can be carried over to edge detection in these important problems.
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We propose a method which is similar to well-established kernel methods for direct
observations. Starting from an appropriate compactly supported function ¢ we define
test functions @g(.) = @((.—9)/hn) , where ¥ varies in the interval of interest and the
bandwidth h, tends to zero at a certain rate. Our method is based on the idea that
the scalar products of ps and a discontinuous function attain their maximum value in
modulus at some ¥ close to the change-point 4. We define empirical versions of these
scalar products and take that value of ¥, which maximizes them in absolute value, as
an estimator of ¥o. We show that this estimator converges with the rate n=1/(+3/2)
to ¥, where « is the degree of ill-posedness of the inverse problem. Analyzing the
Hellinger modulus of continuity of the problem we show that this is actually the
optimal rate of convergence.

2. CHANGE-POINT ESTIMATION IN THE DECONVOLUTION PROBLEM

Suppose we have n i.i.d. random variables Xj,---,X, distributed according to a
density fx. However, we do not observe the X;’s directly, but
Yi=X,+¢e&, 1=1,...,n, (2.1)

where the ¢;’s are i.i.d. with density f., also independent of the X;’s.

There already exists a considerable body of literature on estimating the density fx
in model (2.1); e.g. Carroll and Hall (1988) and Fan (1991). The first of these papers
also describes some practical applications. It turns out that fx can be more or less
successfully estimated on the basis of observations {Y;}, where the rate at which an
optimal estimator converges to fx depends on the smoothness of both fx and f,.
Here, a smooth fx and a rough f, are most favorable.

In ordinary change-point estimation problems, i.e. in the presence of direct obser-
vations, a widely used method is to take just that point, where the difference of
two-sided kernel estimators attains its maximum in absolute value; cf. Yin (1988),
Miiller (1992) , Wu and Chu (1993) and Wang (1995). (Strictly speaking, Wang uses
wavelets rather than the difference of two kernels; however he did not actually exploit
their special properties like orthonormality, which distinguish them from the kernel
difference approach.) ‘ '

For the sake of a clear presentation of the main idea we consider the simplest case of
a single jump, whose height is bounded away from zero. It will become clear how this
method can also be used for the detection of an unknown number of jumps, which
are separated from each other by at least an arbitrarily small, but fixed constant.
We will assume that the density fx is a member of the class F, where, for a < b,

+ F = {fl If(z)]<Ci Vz, and for some 9, € [a,}] :
|f(Fo—) — f(Do+)| 2 C2 and |f(z) — f(¥)| < Cslz —yl, if do ¢ [z,y]}-
Here and in the following C, C;, C3, ... denote generic constants. Qur basic as-

sumption on the error density f, is, for some 0 < 04y < Cs < o0 and a > 1,
that ‘

(Al)  Cal + o)™ < || < Cs(1 + )™ VweR,
where §(w) = fg(z)exp(izw)dz denotes the Fourier transform of a function g €

L;(R) . This assumption basically means that that f. has about a derivatives. It
turns out that (A1) with an appropriate value of o is satisfied for gamma distributiens
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- with shape parameter o, which contain for « = 1 the exponential and for a =
¥/2 the chi-square distribution with ¥ degrees of freedom as special cases. Another
example, which satisfies (Al) with o = 2, is the Laplace (double exponential)
distribution.

The basic idea of our method is as follows. Assume for definiteness that fx(d#o—) >
fx(¥o+) + C, . Then fx can be written as

fx=1f+h, (2.2)

where h(do—) > h(do+)+ Ca, h(z) 20 for z <y, h(z) <0 for =z > ¥,
and f and A are Lipschitz continuous on R and R\ {¥o}, respectively. Let ¢ be some
nonzero function with ¢(z) > 0,if z<0,and ¢(z) <0,if z > 0. The functions
ws(.) = o((. — F)/h,) with o € [a, b] and hn — 0 can be used for “scanning”
fx for a discontinuity. In particular, (pg,h) will attain its maximum at ¥4 = %,
whereas (g, f) 1is of smaller order because of the Lipschitz continuity of f and
hn, — 0. Our method amounts to estimating the scalar products (s, fx) . An ideal
choice of ¢ is such, that the ratio of the contrast (ys,, fx)— (s, fx) and the noise

— —— ———
\/;a,r((gago, fx) — (ws, fx)) , where (3, fx) is an appropriate estimate of (s, fx), is
maximized. In ordinary change-point estimation, i.e. with direct noisy observations,

this goal is achieved by a function ¢ with a discontinuity at zero. However, the
situation changes in the context of indirect observations. To embed the deconvolution

problem in the general frame of ill-posed inverse problems, define the bounded linear
operator K : L;(R)— L;(R) with

(Kg)(=) = [ g(z - )fuly)dy.

Deconvolution is ill-posed, since K does not have a bounded inverse. Since we are only
given observations in the image of K, estimation of (¢g, fx) amounts to estimating
(vs, K fx) for some function 5. Now it turns out that a discontinuous function ¢y
leads to a function s with an unbounded L;-norm. Since this makes the following
statistical analysis impossible, we have to look for better alternatives.

For the function ¢ we will require that

(A2) (i) ¢ has compact support,
i) ¢ is an odd function with ¢(z) > 0,if z<0,
(i) |e(w)(1 + |w)**?|; < oo for i=1,2,
i) @(0) #0.
Note that (iv) of (A2) is essential. It takes the role of the discontinuity of ¢ in the
case of direct observations, and provides the optimal ratlo between contrast and noise

in our case.
Let @s(z) = ¢((z —¥)/ha) . The sequence of equalities

(¢s,9) = (m)7" [Re(@aw)g))dw = (2m)™ [ Re(@olw)/fulw) F(w)fu(w)) du

= Re(FN@s/fe)9xf.) = (Re(F (o] )9 % £.), (2:3)
which is valid for all g € L;(R), motivates us to define :

1o = Re (F(@s/F)), (24)
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where F~(g)(z) = (27)7! [ g(w) exp(—iwz)dw denotes the inverse Fourier trans-
form.
We consider

G0 = 07 Y 20(X0), (2.5)

i=1
which is an unbiased estimator of (s, fx). Let

as = Bay = (ps, fx). (2.6)
A first insight into the essential properties of the &4’s is given by the following lemma.
Lemma 2.1. Assume (A1), (A2) and h, — 0. Then, for n large enough,

, Csldo — 31> /hn — Crhalo =,  if |[Fo— V| < hn,
6 loal —laol > { GI 9o b

(@) \var(@s, — Gs) = O (n72|0o —I[h7>72), if [0 — 9] < ha

(4) \/zzzr(_&g—) =0 (n-llzh;-aﬂ/z)

hold uniformly in ¥ € [a,b] and fx € F.

First, observe that, according to (i) and (iii) of the above lemma, the noise is of smaller
order of magnitude than the contrast in the case of |§—o| > hy , if A, > n~1/(2a+1)
This will imply that such values of ¥ can be excluded with very high probability as
values for 9o. Further we infer from (1), that some positive contrast is guaranteed,
if |99 —¥| > (Cs/Cs)h% . Furthermore, the noise increases linearly in |do — 9| ,
whereas the contrast grows quadratically. Both quantities are equated (in order) at
|90 —¥| x n~Y/2ho+1/2 | This already gives some hint that 9 can be estimated with
the rate A2 4+ n~Y/2p72+1/2  which is optimized for A, < n~1/(22+3)
Let

Jo € arg max{|ay|}. (2.7)
The following theorem states that A, = n~/(2+3/2) ig actually the rate of conver-
gence for this estimator.

- Theorem 2.1. Assume (A1), (A2) and h, < n~2/(2%3)  Then

E;, (D75 - 0 2}<(J.
filjé%-'{ 1 (D71 B0 — %)) | <

Remark 1.

1) As can be seen in the proof of this theorem, we have to choose the bandwidth
hn exactly of this order. If we increase h,, then we blur the information about ¥,
too much. On the other hand, recognition of a signal becomes more difficult as the
amount of localization increases. Hence, if we choose h, smaller we would increase
the magnitude of noise in &g, which would also lead to a worse rate.
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However, in sharp contrast to bandwidth selection in curve estimation, the optimal
rate for h,, does not depend on any unknown smoothness parameters of the function
to be investigated. It depends only on the degree of ill-posedness a of the problem,
which we know exactly since we know f,.

2) For simplicity of presentation we have only considered the simplest case of a single
discontinuity. Proceeding as in Wu and Chu (1993) one can easily extend this method
to the case of multiple jumps, also to the case of an unknown number of them.

3. CHANGE-POINT ESTIMATION IN ERRORS-IN-VARIABLES REGRESSION

Nonparametric regression with errors in the independent variables forms another
instance of an ill-posed inverse problem. It is well-known that then the estimation of
the regression function is harder than in the case of exactly known regressors. This
fact is underlined by results in Fan and Truong (1993), who derived minimax rates
in errors-in-variables regression.

Let (X, Z) be a pair of random variables and let m(z) = E(Z | X = ) . However, we
do not observe X directly, but ¥ = X + ¢, where ¢ is some stochastic measurement
error. Suppose, we are given a sample of n observations (Y;, Z;), we arrive at the
following basic model:

Z; = m(X;) + m, (3.1)

Y. = X; + e (3:2)

Let fx denote the density of X. To make the estimation problem identifiable, we
assume to know the density f. of the i.i.d. errors g;, which are independent of the
(X,;, Z,')’S. )

Now we assume that the function m has a single jump at ¥ € [a, b] , and is smooth
otherwise. Again we intend to estimate ¥ as accurate as possible.

As a functional, which is aimed at drawing the essential information about ¥ from
the sample {(Y;,Z;)} we consider the quantity

Bs = n—li’)‘a(Yi)Zi, | . (3.3)
=1

where s was defined by (2.4).
Now we have

Bs = EBs

= [ [s(e +em(a)fx(a)f.le) dode

= [w(@) [m(e—e)fx(a - e)fle)de de

= (719, (mfx)* fe)
= (p9,mfx). (3.4)

Hence, (85 primarily aims at detecting a jump in m(z)fx(z) at 9. However, it can
also serve for the detection of change points in m, if

Il



(A3)  fx is uniformly Lipschitz, fx(z) > C for z € [a —6,b+ 6] and some
§>0.

Now, (s shows a similar behaviour as &y in the previous section.

Lemma 3.1. Assume (A1), (A2), (AS), hn — 0 and sup {E(Z?|Y =y)} < co.
Then, for n large enough,

; Co|9o — 312 /hn — Crhnldo — 9|,  if [$o—F| < ko,
W el 2 { Cahn, if 90— 9] > hn

()  Vvar(Bs, — Bs) = O (n7/2190 — 9RZ22), if [Bo— | < b
(i) fvar(Bs) = O (n~Y/2h7t112)

hold uniformly in ¥ € [a,b] and m € F .

This lemma indicates that we can again estimate the location of the jump with a rate
A, = n~/(@+3/2) which can actually be proved under the additional assumption

(A4) sup {E(]Z|M|Y =y)} <oo for M large enough.

Let, analogously to the definition of the change point estimator in the previous sec-
~ tion,

Yo € arg max {|6s]}. | (3.5)
This estimator converges again with the rate A, to J.

Theorem 3.1. Assume (A1) through (A4) and h, x n~/(22+3) | Then

sup {Em (A;l('@o - 190))2} <C.

meF

4. LOWER BOUNDS FOR CHANGE-POINT ESTIMATION

In “ordinary” change-point estimation it is known that the location of a jump can
be estimated with the rate n™! (or €® in the closely related Gaussian white noise
model); cf. Korostelev (1987). It can be shown that one can achieve this rate by a
kernel-based method similar to that considered here. However, a special kernel has
to be employed.

In view of these facts it is not obvious if the proposed method is optimal. To have an
appropriate frame for such considerations, we consider minimax rates of convergence.
Similarly to work of Fan (1991) and Fan and Truong (1993), who derived minimax
rates for estimating the function itself in deconvolution and errors-in-variables re-
gression, respectively, we obtain this minimax rate analyzing the Hellinger modulus
of continuity at n='/2. As shown in Donoho and Liu (1987), this will immediately
provide the desired lower bound for the rate of convergence.
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4.1. A lower bound in the deconvolution problem. Our method consists in
finding a sequence of two densities fx,1, fx,2n € F and some f, satisfying (A1),
such that

H(fxin* fo, fxom* fo) = O(n™/?) (4.1)

and

l"’l,n - 192,71' 2 Any (4:2)

where H(f,g) = ( JWF - \/§)2) 12 is the Hellinger distance and ¥; , are the change-

points of fx:n . From (4.1) and (4.2) we will infer that A, is a lower bound for the
minimax rate of convergence.

Now we consider two possible sets of conditions on fx;n and f,, which allow to derive
(4.1) and (4.2). We try to assume as few as possible beyond (A1) for f, and choose
the fx,in’s appropriately.
(A5) (i) f. satisfies (Al), and additionally Ja\[ea |f®)(z)|dz < C for any
integer B > 2a+ 1 and any compact interval [c, d],
(i1)  fxan= fx1 € F with fxi(z)>0 forall z,
(iii)  fx2m = fxin+ bn , where the construction of b, is exactly described
in the proof of Lemma 4.1.

The essential features of b, will be that [z*b,(z)dz =0 for k=0,1,...,8 -1
and [ |ba(z)|dz = O(AY?).

To accommodate also the important problem of estimating the endpoint of the sup-
port of a density, we consider also the following restrictions on fx;, and f,.

(A5) (i) fe satisfies (Al), and additionally [\iq |f®)(z)|]dz < C for any
integer B > 2a+1 and any compact interval [¢,d], and P(e > d) >0,

(i)  fxan=fxi1 €F with fxi(z)>0 for all z < ¥, ,
(i)  fx.2m = fx1,n+bn , where b, is again defined in the proof of Lemma4.1.

Now we obtain the following lemma.

Lemma 4.1. Assume (A5) or (A5’). Then (4.1) and (4.2) are fulfilled.

~ The final step towards the lower bound can be described as follows; cf. also Donoho
and Liu (1987). Define for two densities p and q the Hellinger affinity p(p,q) =
[ +/P+/q - Further, let pi™ denote the n-dimensional product measure of p. Then

p ((Fram* £, (Fxm £o))
= Pn (fX,l,n * fc) fX,2,n * fa)

= (1 - %Hz(fX,l,n*fz;fx.zyﬂ*f‘))n
> (1-C/afr2C >0
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On the other hand, we have for any estimator Jo that

p ((fX,l,n * fe)["], (fxam* fe)["])
< /W\/(fx,l,n* f=)["](y)\/(fx,2,n x £ (y) dy

+ | %ZL“W (Fxan* LYW (Fxan* F)F(y) dy

< VBreun (870 — 91.))" + {/Eran (051F6 = 92)),

which immediately leads to the following theorem.

Theorem 4.1. Assume (A5) or (A5°). Then

inf  max {Efx (8713 - 190))2} >C > 0.

30 fXG{fX,I,nth,2,n}

4.2. A lower bound for errors-in-variables regression. We will obtain the de-
sired lower bound for the accuracy in estimating 1% again analyzing the Hellinger mo-
dulus of continuity of the problem. In the construction of the two densities f(x,z),1,n
and f(x,z),2,» We adapt a nice idea of Fan and Truong (1993), which allows us to use
the result about the Hellinger distance of the two densities fx 1, * f. and fx2n * fc
from the previous section. ‘

To facilitate proofs, we choose f, and fx;n according to (A5). Further, we choose
densities fy, go and a function ho with the following properties:

(A6) (i) fo(z) > Cfxa(z) Vz, fo(z)=fo>0 for z € % —§,%1 + 6] and
any 6§ >0,

(i)  [2g0(2)dz=0,
(i) [ho(z)dz =0, [zho(z)dz=1,

(iv)  go(2) 2 2sup{fx.(z)}Hho(2)| Vz.

Now we define our two densities f(x,z)1,» and f(x,2)2n as

fixzyin(@,2) = fo(2)[90(2) + fxin(2)ho(2)]- (4.3)

Because of (A5)(ii), the marginal density of X turns out to be equal to fo, which
provides that

Ef(x,Z),i,n(Z | X = m) = /z[go(Z) + fx,,',n(:l:)ho(z)] dz = fX,i,n(m)- (4‘4)
Hence, the regression function m(z) has exactly the same change-points as the den-

sities fx in from the previous section. Finally, we can estimate the Hellinger distance
between f(v,z)1,» and f(v,z)2,n, where

f(KZ),i,n(yaz) = /f(X,Z),i,n(y - :z:,z)f,(a;) d:l:,



H2 (f(Y,Z),l,n) f(Y,Z),Z,")
//01+d+6 (f(y,z),l,n(yaz) - f(Y,Z),Z,n(y’z))z dy dz
By +c—6 foz)1a(9, 2)

* / ./m\[al+c—s,al+d+6] fermrn(y,2) = f (v2).2n(y, 2)| dy d2

; / /"”"‘*‘ (ho(2) [ foly — ©)ba(y — @) fo(z) dz)?
Si+e§ J fx,2)1m(y — 2,2)fe(z) dz

+ [Iho(2) 2 [ S [ #oly = 2ouly — 2)fo() do

fo [2ke(2)) [ (oaly — 2)f(2) o)’
Ao [ Fralu—2)f(z)dz

O ([ sovaal By - i@ ). (29

Here the essence of the idea of Fan and Truong becomes again apparent: we could
separate the part involving integration over z from that which depends on y.. The
_ integrals over y on the right-hand side of (4.5) are just the same as I; and I, from
the proof of Lemma 4.1.

Now we can derive, in analogy to Lemma 4.1, the following assertion.

dy dz

dy

IA

Lemma 4.2. Assume (A5) and (A6). Then

H (f(Y,Z),l,n,f(y’z),z’n) = O(n~1?).

Hence, we have again the fact that the two experiments according to f(v,z)1,» and
fv,2)2, are statistically not distinguishable. Arguing as above we get the desired
lower bound for the accuracy in estimating J,.

Theorem 4.2. Assume (A5) and (A6). Then

-~ 2
{Ef(m (A7 (3 - 4)) } >C >0

n m
3o fiv.p)€lfiv,z)1mfiv.2)2,n}

5. ProoFs
Lemma 5.1. Assume (A2). Then
Q) [l = O(hza k2,

() 1l = O(hzo*)
for £=0,1,2.
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Proof. We have that

Pl = (@) lw T (w)Il;

= 0 (llwF@a(@)(d + )
O (|an@(hnw)(1 + o)l ¥]12)

= O (hall@(@)(1 + ]/ Bn)X(|0]/ R} 12)
o

—2a—2k+1
ke )

s

and, analogously,

k
157 o

IN

(2m) | |wl*Fa(w)]lx
O (1hn@(haw)(1 + w])*w[¥]1)
= 0 (A" ¥ (@)@ + lw)*(lw])¥]l)
= 0 (k™).
O

Proof of Lemma 2.1.
(i) Let, w.lo.g., fx(ﬂo ) = fx(190+) + A for some A > 0. Note that fx can be

ertten as

fx(2) = f(z) + h(z), - (5.1)

where f and h are uniformly Lipschitz on R and R\ {¥}, respectively. Moreover,
we choose h such that A(do—) = A/2, h(Fo+)=-A/2, h(z)>0,if z<0,and
h(z) <0,if >0 are satisfied.

Since ¢y satisfies [@g(z)dz =0 and has a length of support of O(h,), we get

(030 =9, 1) = O (n [ Ipas(2) — wo(2)|dz) = O ((haldo —9) A B2) . (5.2)

Here the last equality holds, because ¢ has bounded total variation.
For ¥, € supp(ps) we obtain that

(0o = 00k) = A2 [ (pn(e) = pale))de = A/2 [ (pan(e) = pale) do

+0( [ 12 = 9ollpan(a) - wolz) o),
> Cs|¥o — F|*/hn — Crhaldo — 9, (5.3)
whereas we get for ¥ ¢ supp(ps) that
(p3, = 9a,1) 2 Cohn — O ( [ pa(@)b(@)dz) 2 Cohn — Crl. (5.4

(i) follows from (5.2), (5.3) and (5.4).
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(ii) Since fx * f. is bounded, we obtain that

var(&s, — &) < 1B (10,(Y) = (V) = O (0™ [(70,(2) ~ 70(s))?da) .

Now we have by Lemma 5.1 that

o 2
lvso = vollz = /(/ﬁ 73(m+z)dz) dz < |90 — SPI|5l2 = O(|%o — 9°R7%1),

which implies (ii).
(iii) follows from

var(as) = O(n7'||wll3) = O(n ™" A7),
O

Proof of Theorem 2.1. The proof of this theorem is mainly based on a repeated appli-
cation of Bernstein’s inequality, which we quote for reader’s convenience from Shorack
and Wellner (1986, p. 855):

Let Zi,...,Z, beiid. random variables with EFZ; =0 and |Z;] < K almost
surely. Then, for Z=n"1Y} Z;,

P(Z>c) < exp (_ ne’/2 )

var(Z,) + (Kc)/3

< exp (—Z;:—:@) + exp (—%) (5.5)

holds for arbitrary ¢> 0.
(1) Let f.,g = 5!,9 — Oy .

First we estimate the probability of the event @ = {w | |és] > |e,|/3 for any ¢ €
[a, b]}. For that we approximate &3 on the grid

T, = {kd,| k€ Z}n[a,b,

where d, = o(h2+?), d;! = O(n’) forany § < oo.
Since |as,| X hn , we obtain by Lemma 2.1, Lemma 5.1 and (5.5) for fixed ¥ that

. P (|{s]| > |ag,|/6) < 2exp (—%) + 2exp (_8IIT::|||1;)

h2 ' hnn
< 2exp (—CW) + 2exp (—Ch—;;)
= O (exp(—CnM/(=+32) 4 exp(—Cn(=D/@=+3)) = (5.6)

Further, let #* = ¥*(¥) € ['» be that element of T, which is closest to 4. Then we
have with probability one that

s — £ae] < 210 = Yorlloo < 2nl[Vpelloo = 0o(hn) < laaol/6  (5.T)
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for all ¥ € [a,d], if n is large enough. This yields

P(Q) < P(lfs—éoe|> |aa|/6 forany S€la,8) + Y P(lés]> |as,|/6)
) 9*€ln

= 0 (nf exp(—-Cnl/("‘+3/2))) . (5.8)

(ii) It is obvious that w ¢ ) implies that
Fo€O®={9€a,b]| |as|> |asl/3}
We decompose O into the subsets
I, ={3€0| d9p<3< %1}, m=-M,...,0,1,... , M,
where ¥,, = ¥9+mA, and M is the smallest possible integer such that © is covered

by U]m]SM I, .
Provided n is large enough, we have by Lemma 2.1 that

© C [0 — hn, Po + hn-

Moreover, since the “essential part” of ay, which is equal to

A/Z/:: ws(z)dz — A/Z/t: ws(z) dz

(see the proof of Lemma 2.1 for details), is nonnegative for all ¥, we get immediately
that .

los] = O(hz), if sgn(aw) # sgn(cs,).
Let, w.l.o.g., ag, > 0. Then, again for n large enough,

ag >0 forall ¥€0O. | | (5.9)
Hence, we obtain that
Om = {Fo€ I} C{Q]| & —¢s, > cm forany d€l,},  (510)
. where ¢ = ayg, — supyey, {aw} . From Lemma 2.1 we have that
em > C(mAL)Y /b, for mp < |m| < M, (5.11)
and appropriately fixed mg. Let Ump = Om + (k/Ln)An, Bk =0,...,Ln—1,

where L,, will be chosen below. For ¢ € [$m i, Fmrt1) C [Fm,Pm,1) we consider the
decomposition

o —or = (6o —Ea0) + Oms = O, + [ (6~ &0 )dz + (b0 — o).
' om (5.12)
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By Bonferroni’s inequa,lity. we obtain tha.t
P(Qn) < P(és, — &80 2 cm/4)
+ P (A, > cm/4)
+ P (fﬁm,,. —éom — (Fmpe —Im)és,, 2 cm/4 forany k€0,...,L, — 1)
+ P (& = bopp 2 cm/s forany K€0,...,Ln—1, §€ [PImp,Pmesn))
= Dmi + ... + Pma (5.13)

It will turn out that this somewhat involved decomposition (5.12) is really necessary
for proving that P((Q,,) decreases fast enough as |m| grows. To get a valid result
for a continuum of points, we have to approximate &3 — €5, on a sufficiently fine
grid, with spacings that are of smaller order of magnitude than A,. Hence, even on
a fixed interval I, = [¥m,Pm+1) we have to consider an increasing number of grid
points. The stochastic fluctuations of the first two terms on the right-hand side of
(5.13) will be of about the same order of magnitude as ¢, for small |m|; hence we
consider only a single term of these kinds for every m. The third term is of smaller
order of magnitude than c¢,,; therefore we can include an increasing number of them
(namely L, for every m). Finally, provided we choose L, large enough, we find a
non-stochastic upper estimate for the forth term, which is of smaller order than c,,.
Now we turn to the estimation of p,; through pn,4. Using

var(bs,, —és,) = O (7 8m — SoPh7*) = O((mA,Yh2),

”’Yﬂm - ’Yﬂo“oo = O (I'ﬂm - 190!h;a—1) = O(mAnh;a—l),
and (5.11) we obtain due to (5.5) that

(em/4)? ) ( 3ncn /4 )
P e"p( tvar(Es, —€a)) T\ 4an — 0l
< exp(—Cm?) + exp(—Cmn(a+1)/(2e+3)) (5.14)
By .
var(8,85,) = O (n7' A%y |I2) = O(AZR2)
and

Anll¥s, Nl = O (Anh727") = O(Ank7*7?),
we get analogously to (5.14) that
Pmz < exp(—Cm?) + exp(—Cm2n(otD)/(2a+3)), (5.15)

Further, we obtain from

var( [ " (€1-8,)dz) = O (n

and

2

Oom ' I
(7: - 719".,) dz

2

) = 0 (n'A4513) = 0(af)

= 0 (Bilslle) = O (AZRZ7?)

/m (Ve — Y5,,) 92

oo
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that

mA,)*/h2 n(mA)?/h,
pm3 < Lpexp (—C%) + Lhexp (‘Cim%_>

< Lpexp(—Cm*n?/(*+3) L [ exp(—Cm2n(a+2)/(2e+3)), (5.16)

Finally, we get for | — dmx| = O(L;') that & — &, = O(L; |18llee) = 0(Cm),
if L7' = o(h2t*) = o(n~(2+4)/(2243)) _ Provided we choose L, in such a way, we
obtain

Pma = 0. (5.17)

Now we conclude from (5.8) and (5.14) through (5.17) that

E (87 (Fo—%0) < O(A)P(S)
+ (Imol| + 1)

+ 3 (Im] +1)2P(Qm)

Im|=mo

= 0(1).
O

Proof of Theorem 3.1. This theorem can be proved in complete analogy to Theo-
rem 2.1. The only modification will concern the exponential decay of the probability
bounds in (5.8) and (5.14) through (5.16). Since we assume only that a certain finite
number of moments of Z are finite, we will get an additional term of order O(n~*) in
these bounds, where A can be chosen arbitrarily large in dependence on a sufficiently
large choice of M in (A4). Instead of Bernstein’s inequality we can then apply results
of Nagaev (1965). O '

Proof of Lemma 4.1.
(1) Construction of b,
Let p; be Lipschitz continuous functions supported on [—1,0] such that

/:cjp;(m)dm = —8;;/(1+1) forj=0,1,...,8—-1.

Now we define

ba(z) = Aﬂf A 2, E = Y
n pord n 1 /‘—"“An

It is easy to see that b, is supported on [#; — /Apn, ¥+ Ay] , satisfies [ |by(z)|dz =
O(A,) , and fz?b,(z)dz =0 for 7 =0,1,...,8—1.
(i1) Proof of (4.1) under (A5)
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We have

H2 (fX,l *an fX,Z,n * fe)

Outats ((bn * fe)())*
= ‘[91+c-5 (fxa* fe)(z) & A\[191+c~6,191+d+6] Kbn *fe)(@)|do

= L + I (5.19)
Since fxai(z) > 0 Vz we have that (fx1* f:)(z) > 0 Vz , which means that

fx,1 % fe is bounded away from zero on the compact interval [¢; +c— 6,9 +d+ 6] .
Hence, we obtain that

L < O [((bux (o)) da
= C [ [oaw)felw)l? du

Cn [ [oul 1/ D)D) ]
— oA / ’anA_n)(w)lwl‘“

< oAzt | [ o)y /B da + [ 1P o)y /B0)1 da]
= 0(Az) = O(n™). (5.20)

2
dw

IA

2
dw

From a Taylor expansion with integral remainder we get that

(bn * fe)(2)

J b @)ie—v)dy
- o (a6 [In(u)an

holds for z € R\ [¢; + ¢ — 6,9, + d + §] , which implies that

O )] dy)

€supp(bn)

I, < CA(/S+1)/2/ / O (g — o\ dv d
T i R\[91+c—6,01 +d+] Jy€supp(bn) /% (2 —y)| dy do

= 0(AF) = o(n™). (5.21)
This completes the proof of (4.1). The proof under (A5’) is similar, since (fx, *
fe)() 2 C > 0 can also be shown for z € [¥; + ¢ — 6,9, + d+ 6] and sufficiently

small 6§ >0.
(4.2) follows directly from the construction of fx .. O
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