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Preface.

Afterwards one of the interesting things of preparing a thesis is that you go
through stages of different ways of doing scientific research. The first part of the thesis,
concerning bandwidth selection for kernel estimators, took place at a fair distance of the
experts in this particular part of density estimation. One of the consequences is that at
times you worry whether they haven't already written up your results. On the other
hand the research on deconvolution and the Wicksell problem received so much
attention from colleagues nearby, working on related problems, that one of your main
worries is why you haven't already written up your results. For a young statisticians
selfconfidence in my view the second situation is preferable.

I started the research for a thesis while I was working at the Centre for
Mathematics and Computer Science (CWI) in Amsterdam. Later I worked at the
Mathematical Institute of the University of Amsterdam. I thank both institutes for
allowing me to do this research and for the facilities they offered.

Some people I want to mention specially. I want to thank my promotor Piet
Groeneboom for a long period of pleasant cooperation. Although the circumstances
have not always been optimal I feel confident that in the near future we can prolong the
interesting research related to the problems in the last chapter of this thesis.

I am grateful to my co-promotor Paul Janssen for the effort he put into reading
the manuscript in the limited time there was. It has benefitted a lot from his remarks.

With Peter de Jong I had many discussions on some theoretical aspects of this
research, i.e. the asymptotic distribution of statistics appearing in the chapters about
kernel estimation.

I thank Richard Gill and Adriaan Hoogendoorn for suggesting the Wicksell
problem, which inspired the research on the deconvolution problem.

Without Te Yung Fu writing (typing) this thesis would have required even more
effort, since then I could not have avoided reading all those manuals. I thank him for
his technical guidance.

I am grateful to Dick Zwarst and his team for fitting the printing of this
monograph in their tight schedule.

Finally I thank Marian for putting up with someone showing increasing signs of
obsession. Hopefully in the near future these are not replaced by signs of increase by
another obsession.
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1. INTRODUCTION.

If X4,...,Xy are independent observations from a distribution with density f, then one of the
oldest nonparametric estimators of the density is the Parzen-Rosenblatt kernel estimator (Parzen
(1962), Rosenblatt (1956))

(L.1) fanx) = 2 KXo,

where h is a positive real number called the window or the bandwidth and K is a probability density
function called the kernel. This estimator is studied in the first two chapters. Of course many other
nonparametric density estimators have been proposed, for instance the well known histogram
estimator and several refinements of the kernel estimator. For reviews of density estimation we refer
to Prakasa Rao (1983), Devroye & Gyorfi (1985), Silverman (1986) and Devroye (1987).

To compute a kernel estimate we have to choose a kernel and a bandwidth. It is generally
recognized that for most loss functions the choice of the bandwidth is more important than the choice
of the kernel. In chapter 3 we consider so called cross-validation methods to determine a good
bandwidth for a kernel estimator. Least squares cross-validation was introduced and studied by
Rudemo (1982) and Bowman (1984) and has since received considerable attention. Stone (1984)
established an important optimality result with respect to the integrated squared error. It states that a
kernel estimator with a bandwidth computed by least squares cross-validation asymptotically
performs as well as a kernel estimator with the best possible non-random bandwidth. This optimality
holds for all bounded densities. For smooth densities, i.e. essentially densities with a continuous
second derivative, the asymptotic distribution of the computed bandwidths and the corresponding
integrated squared error was derived by Hall & Marron (1987b). Likelihood cross-validation was
introduced earlier by Habbema, Hermans & Van de Broek (1974) and Duin (1976). We establish the
almost sure rates of convergence to zero of bandwidths computed by this method and the asymptotic
distribution theory. It turns out that the asymptotic behavior is similar to the asymptotic behavior of
least squares cross-validation, provided we use a modification proposed by Marron (1985), and
provided we exclude densities with jumps. We show that likelihood cross-validation does not give
asymptotically optimal bandwidths for densities with jumps. For densities without jumps likelihood
cross-validation gives bandwidths which are asymptotically optimal with respect to a weighted
integrated squared error, where the weight is equal to 1/f (Marron (198S5)). For a detailed introduction
to cross-validation methods we refer to section 3.1.

Following Van Eeden (1985) and Cline & Hart (1986) we consider not only estimation of
smooth densities, but also of densities with discontinuity points. We also allow discontinuity points
in the first or second derivative. At those points we require the densities to have left and right Taylor



expansions. Thus we also consider densities with jumps and kinks. In section 2.1 we state the precise
conditions on f. For the moment we suffice with giving two examples.

Example 1.1. Let the density f be given by

0 if x<0
2-x/2)/c. if 0<x<2

Q2<(x-3)2)/0.  if 2<x<3+V2
0 if x23+V2

(1.2) f(x) :=

2 342
where o = 6[ (2--12-x)dx + J (2-(x-3)2)dx = 6.5523. Then f has a jump in the point 0, a kink in the
point 2 and a kink in the point 3+v2.

0.0

20 00 20 40 6.0
Figure 1.1. A non-smooth density.

We use this density repeatedly as an example of a typical non-smooth density.

Example 1.2. A situation where a jump and a kink appear naturally is given by Wicksell’s
corpuscle problem. Let X3, ... , X; denote n radii of spheres of different random size in an opaque
medium, such as drops of oil in a piece of rock. Suppose that we can not observe these spheres
directly. Instead we can observe the radii of the eircular profiles of the spheres obtained by taking a
slice of the medium. Denote the radii of the circular profiles by Yj, ... ; Yn, which we assume to be
independent. Defining f as the sphere radius density and g as the circle radius density, Wicksell
(1925) showed that under suitable regularity conditions the next relations between f and g hold,

8 1 >
(1.3) y==] ==Ye—f(t)dr,0 <y < oo
.46 " rf—_ffr = y
and
2ud ;o
1.4 fip=-£L [ ==L __ .30,
(1.4) « na;yf e (y) dy, =0

where | equals the expectation of the sphere radii: Several parametric and nonparametric methods
have been proposed for estimating the density f or its distribution funetion. For reviews of the



Wicksell problem and related methods see Ripley (1981) and Stoyan, Kendall & Mecke (1987).
Estimators of the density f related to the kernel estimator were proposed by Taylor (1983), Hall &
Smith (1988) and Van Es & Hoogendoorn (1988). All these estimators suffer from a large bias close
to zero, which can be explained from the fact that , no matter how smooth the density f is, the density
g has a kink in zero. This is immediate from relation (1.3). Moreover, Hall & Smith propose an
estimator based on the squared circle radii. It is readily seen that since the density of the squared circle
radii equals g1(r) := (2r'?) g(r'”?) it has a jump in zero.

Kemel estimation of non-smooth densities is studied extensively in chapter 2. In our opinion
kernel estimators can be used for estimating such densities, even though they have a larger error and
thus require larger sample sizes. Moreover, these densities might occur without the statistician being
aware of it. For this reason we have also studied likelihood cross-validation for such non smooth
densities. In fact, in an important special case, treated in corollary 3.6, the density f has jumps. Some
of the results derived in this chapter are also used frequently in chapter 3.

In the last chapter we leave density estimation and consider deconvolution, i.e. estimation of
an unknown distribution function in a situation where we have a sample from a distribution which is
the convolution of the unknown distribution and a known one. Since the Wicksell problem, properly
transformed, also has a convolution structure, estimation of the distribution function of the sphere
radii is one of the examples. We present a minimax theorem which shows that even for estimating a
distribution function at one fixed point different rates of convergence can appear, a phenomenon well
known in density estimation. Also, for three examples, we derive the nonparametric maximum
likelihood estimator of the distribution function. An extended version of this chapter will appear
separately as a joint report with P. Groeneboom.



2. KERNEL ESTIMATION IN NON-SMOOTH CASES.

We examine the performance of the kemel estimator (1.1) with the emphasis on its properties
if Xy, ..., Xn is a sample from adistribution with a density f which does not satisfy the usual
smoothness conditions. Under these conditions f is essentially required to have two continuous
derivatives. While the results for the smooth case date back to Rosenblatt (1956), studies on the
behavior in non-smooth cases, allowing discontinuities in f and its derivative, are fairly recent, see for
example Van Eeden (1985) and Cline & Hart (1986).

The conditions we impose on f and K are given in section 2.1. In section 2.2 we discuss the
basic properties of the kemel estimator iy, evaluated at a fixed point x of the real line. The results
presented in this section are needed to derive global properties of kemel estimators in later sections.
They also have independent interest. The global behavior with respect to the integrated squared error
and the supremum distance is treated in sections 2.3 and 2.4. For the properties of kemel estimators
with respect to the L; norm we refer to Devroye & Gyorfi (1985) and Devroye (1987). The last
section of this chapter contains technical (parts of) proofs of results in the preceding sections.

2.1. Assumptions.

We consider densities satisfying the following conditions. Essentially we allow the densities
to have jumps and kinks. A typical example is given in figure 1.1 in the introduction.

Condition F:

(F.1) The first and second derivatives of f, denoted as t' and £", exist at every point of the
real line, except at a countable set of points which we denote as D. In these points we
give f' and £" arbitrary values . We assume that inf {Id)-dyl : d;,dpe D} is positive,
i.e. the points in D are separated.

(F.2) The functions f, f' and £" have finite left and right limits at the points in D.
(F.3) The function f has finite left and right first and second derivatives at the points in D.
(F.4) The second derivative £" is continuous on the open intervals between the points in D.

The elements of the set D are called singular points. For the density of example 1.1 the set D is equal
to {0,2,3+v2}. The jumpsizes of f, f' and f " in the singular points are denoted by 8¥(d), 5V(d)
and 82(d), so we have

5Od) := f(d+) - f(d-),

30(d) :=£'(d+) - £'(d-),



8P(d) :=£"(d+) - £"(d-).

Condition (F.3) needs some further explanation. By the existence of a finite right derivative of f at
de D we mean that the limit

lim (f(d+e) - (d+))
el0 €

exists and is finite. By Taylor's theorem and (F.2) this limit equals f'(d+). By the existence of the
second right derivative of f at de D we mean that the limit

lim 3(f(d+€) - f(d+) - ef'(d+))
elo €2

exists and is finite. This limit then equals £"(d+). Hence
lim = (6(d+€) - £(d+) - e'(d+) - 2e26"(d+)) = 0.
elo €
The left derivatives are defined similarly. With left limits replacing the right limits the relation above

also holds for f(d-€). This means that we can use left and right Taylor expansions in the singular
points.

Given the fact that we use a probability density, the choice of kemel is relatively unimportant.
Hence we feel free to consider bounded support kernels only. This is further motivated in section
2.3.1. We assume that the kernels satisfy the next condition.

Condition K:

(K.1) K is a probability density function.
(K.2) K has support [-1,1].

(K.3) K is bounded.

(K.4) K is symmetric.

With respect to (K.2) note that
@.1) o 2 K(O-Xm) = = 2 Kel(s-X/o),

where h¢ = ¢-1h and K¢(x) := cK(cx), for all x. This implies that to study the case of kernels with
bounded support we can restrict attention to the support [-1,1], without loss of generality.



2.2. Basic properties of the kernel estimator.
Since fyp(x) is an average of i.i.d. random variables its expectation is given by
22) E fan(x) = E fr K(-X0/)
To compute the variance note that a straightforward computation gives
E fun(x) = i B KX Xo/m) + 20 (B R K(GeX)m)?
and therefore
@3) var (fsn(x0) = 3 E f KAGX /M) - 1 (B - K(-X/m))?

Also note that the expectation (2.2) depends on the bandwidth but not on the sample size . The
variance depends on both the sample size and the bandwidth. A further observation is that for Efyy(x)
to converge to f(x) we have to assume that h tends to zero.

The expectations appearing in (2.2) and (2.3) are of the same form. They can be written as

g(x,h) := E Gn(x-Xy),

where G is a measurable function, not necessarily a density, and Gy, is defined by

Gh(x) 1= pGE).

In (2.3) we take G equal to K2 for the first term and equal to K for the second term. This shows the
necessity of expansions of such quantities for bandwidths h tending to zero. The next lemma consists
of two parts. Suppose that f satisfies condition F and recall that that D denotes the set of singular
points of f. The first part gives an expansion for g(x,h) in terms of the bandwidth with x a fixed point
in Dy, where

(2.4) Dy, := {x: Ix-dI>h for all de D},

i.e. the set of all points of the real line which are at least at distance h of the singular points of f. In
example 1.1 the set D is equal to {0,2,3+V2}. The set Dy, is equal to the following union of intervals,

Dy, = (-e0,-h)U(h,2-h)U(2+h,3+V2-h)U(3+V2+h,00).

For technical reasons we also establish the uniformity of the expansion over the sets Dy N[-M,M] for
arbitrary positive integers M. The second part of the lemma gives an expansion of g(x,h) for x in a
shrinking neighborhood of some fixed point xo. Here we consider points x=xq+th and we let h tend
to zero. The expansion holds uniformly on bounded t-intervals. Furthermore we prove uniformity of



these expansions for the bandwidths h in intervals (0,hy], where (hy) is a fixed sequence of real
numbers satisfying

hp>0 forn = 1,2,... and lim hy = 0.
n—oo

Lemma 2.1. Let G denote a bounded measurable function with support [-1,1] and let X denote a
random variable having a distribution with density f. Suppose that f satisfies condition F.
(a) Then

g(x;h) = E Gn(x-X) =

1 1 i
(2.5) £(x) {G(u)du - hf'(x) { uG(u)du + %hzf"(x) { w?G(u)du + ri(x,h),
where the remainder 11 satisfies

(2.6) lim sup sup h'2r1(x,h) ={),
n—eo O<h<hp xe Dpn[-M,M]

for every positive M.
(b) For xq a fixed point we have

g(xot+th,h) = E Gn(xo+th-X) =

0 )
f(xo-) J G(t-u)du + f(xo+) 0[ G(t-u)du +

0 o
2.7) h(f'(xo-) | uG(t-u)du + f '(x0+)J uG(t-u)du) +

oo

0
(" (x07) [ uPGt-u)du + £ "(x#) fuPG(t-u)du) + ra(th),

where the remainder 1; satisfies

(2.8) im sup sup h2ry(th) =0,
n—co 0<h<hyy -M<i<M

for every positive M. 0
Proof. By a substitution we obtain

g(x+th,h) = E Gp(x+th-X) =



@9 | FeETYay =y

o0

| G(t-u)f(x-+hu)du .

To show (a) we take t equal to zero and we assume that x lies in the set Dp. Relation (2.9) then

becomes
1

gexh) = [ Glwf(x+huydu .

Since xe Dy, the interval [x-h,x+h] contains no points of D and hence by condition F the function f
allows a three term Taylor expansion for f(x+hu) around the point x. We get

1
guh) = [ Gu){(f(x) + huf '(x) + ghu’f "(x))}du + ri(x.h),

where 17 equals

1
(2.10) ri(xh) = %h2_{ w’G(-u){f "((x,hu)) - £ "(x))}du

and &(x,hu) is the point between x and x+hu appearing in Lagranges version of the remainder term in
the Taylor expansion of f(x+hu). In order to complete the proof of part (a) it remains to show (2.6).
Let (hp) be an arbitrary sequence of bandwidths satisfying O<hp<hp for all n, and let (x,) be an
arbitrary sequence of points in Dnn[-M,M], where M is an arbitrary positive number. It suffices to
show

(2.11) lim hp? r1(Xp,hp) = 0.
n-—oo

Under condition F the interval [-M,M] contains a finite number of singular points, -M<d;<d,<...
<dm<M, say. The second derivative f " is uniformly continuous on the intervals [-M,d;), (dm,M],
and (dj,dj+1), i=1,...,m-1. Since for -1<u<1 the points xp and &(xp,hpu) belong to the same interval
we have

nli_{)nw f"(g(xn,hnu)) -f "(Xn) = 07

so the integrand in (2.10) converges pointwise to zero. By the dominated convergence theorem we
then obtain (2.11) and the proof of part (a) is finished.

The proof of part (b) is similar, except that since xg is allowed to belong to D we have to use left and
right Taylor expansions of f(xo+th) . In fact this is an important special case. The details of the proof
of part (b) are given in section (2.5). 0



By (2.2) we can now expand Efyn(x). Since condition K implies that the integral of uK(u)
vanishes, taking G equal to K, part (2) of the lemma gives

E fnn(x) = E Kn(x-X1) =
1 1 1
f(x)_{ K(u)du - hf'(x)_{ uK(u)du + %hZf"(x);{ u?K(u)du + r1(x,h) =

1
£0x) + 302 "(x) [ uK(u)du + ry(x.h).

By (2.6) this expansion is only meaningful for x a non-singular point of f. On the other hand for x a
singular point we can apply part (b) with t=0. We get

E fon(x) =
1 1
3 (£0c) + £0c4)) + h8D00 fuK (u)du + 502(E"(x-) + £"6c+)) fuPK (w)du + 1(0.h),

where rp satisfies

lim sup hr(0h) = 0.

n—o0 O<h<hy

The next two theorems give expansions of the bias b(x,h):=Efyn(x)-f(x) and the variance of fn(x).
Note that the bias, just as the expectation, is independent of the sample size. It only depends on the
bandwidth. Similar to part (b) of lemma 2.1 we give an expansion of b(xg+th,h)=Efyn(xo+th)-
f(xo+th), i.e. for values x=xo+th close to a point xo. However, since by condition F the value of f in
jumping points is arbitrary, we have to exclude t=0. We first introduce some functions which appear
in the expansion of b(xg+th,h).

Definition 2.2. The functions bg, by and b, are defined as

t
Ja-wymK w)du if 1<0

bm® =9 ;
. ‘j (t-uymK(u)du if =0
for m =0,1,2.
The next pictures show the graphs of by, by and b,. We have used the kernel
K(x) = 2(1-x)11,1)(x),

a symmetric bounded support kernel with support {-1,1].
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Figure 2.1. The functions bg,b; and b;.

Theorem 2.3. Assume that the kernel K satisfies condition K and that the density f satisfies

condition F.
(a) Then
1
(2.12) b(x.h) = 2h%f "(x) [w’K(u)du + r3(x,h)

where the remainder 13 satisfies

lim sup sup h‘2r3(x,h) =0,

n—»e O<h<hp xe DpN[-M,M]

for every positive M.
(b) For xg a fixed point we have

(2.13) bxo+th,h) = bo(1)8(xo) + hby(1)8™M(x0) + 7h2b2(1)8P(xo) +

1
2 JuPK(u)du (£ (0o 0)(0) + £" (k01 0.)(D)} +

r4(t,h),
where the remainder 14 satisfies

lim sup sup h'2r4(t,h) =0,

n—o O<h<hp -M<t<M, 0

for every positive M.

0

Proof. Notice that by (2.2) the expansion in part (a) is a direct consequence of the expansion in part

(a) of lemma 2.1 if we choose G equal to K. By the symmetry of K we have

1 1

(2.14) { uG(u)du = { uK(u)du = 0,
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and so, since K integrates to one, the remainder r3 is equal to the remainder 1.

To prove part (b) notice that b(xo+th,h) equals Efyn(xo+th)-f(xo+th). Again by relation (2.2) the
expectation can be expanded using part (b) of lemma 2.1. Together with left and right Taylor
expansions of f(xg+th) around xg the result can be derived. The details are left to section (2.5). [

Theorem 2.4. Assume that the kernel K is a bounded probability density with support equal to
[-1,1] and that the density f satisfies condition F.
(a) Then

1
var(fun(x)) = nl—hf(x)j K2(u)du + r5(x,h),

where the remainder term 15 satisfies

sup sup  r5(x,h) = O(l—), forn — oo,
0O<hsh;, xe Dpn[-M,M] n

for every positive M.
(b) For xg a fixed point we have

1 t
var(fan(xo+th)) = Elﬁ(f(xo-)‘J K*()du + f(xo+) [K*(w)du)+ re(th),

where the remainder 16 satisfies

sup sup Te(th) = 0(1—), forn — oo,
0<h<hy, -M<i<M Iy

for every positive M. 0
Proof. Recall that by (2.3) we have

var (fa1(0) = = E - KA(-X /) - = (B - K((x-Xp)/)2

Both terms can be expanded by lemma 2.1, taking the function G equal to K? to deal with the first
term and equal to K to deal with the second term. It turns out that the second term is negligible. The
leading terms in the expansions of the first term give the leading terms in the expansions of the
variance. 0

Remark 2.5. To get the bias of order h? on the set Dy, in (2.12) we have explicitly used that the
integral of uK(u) is equal to zero. Assuming more smoothness of f, a bias of order h™, with m>2,
can be obtained using kemels satisfying
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1

{ uK(u)du =0 fori=1.2,.,m-1,

and
1

{ u™K (u)du # 0.

Such kemnels, called higher order kernels, clearly take on negative values. As a consequence they
produce density estimates which can be negative. We don't consider higher order kernels here. We
only mention that cross-validation, a technique discussed in the next chapter, can be used to select an
appropriate order for a kernel, see Hall & Marron (1988).

Example 2.6. To illustrate the bias expansions we have computed the bias of a kernel estimator of
the density f in example 1.1. The kernel we have used is

2.15) K(x) = 33(1-%%)°1-1,1)(0).

Figure 2.2.1 shows a graph of f and a graph of Efyn(x) where we have taken the bandwidth h equal
to 5: Figure 2.2.2 shows a graph of the bias b(x.3) of fun(x).

-
o

"
o

-0.3

T T ; P
-2.0 0.0 2.0 4.0 6.0

Figure 2.2.2. The bias of o for h=3:
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Recall that for this density the set D is equal to {0,2,3+¥2} and the set Dy, is equal to the following
union of intervals,

Dy, = (-e0,-h)U(h,2-h)U(2+h,3+V2-h)U(3+V2+h,00).
If (hp) is a sequence of bandwidths converging to zero then for every fixed x¢ D we have
1
b(x.hn) = 503t "(0) [u’K(u)du + o(hi), for n—see,

since xe D, for n large enough. In fact this expansion holds uniformly on D, ,that is in all points of
at least a distance hy, to the singular points of f. In the picture we see that the bias is much larger close
to these points.

Next let us consider the jumping point x=0. Then theorem 2.3 gives the following expansion

b(thy,hn) = be()8X(0) + O(hy) , for n—eo and 0.

This approximation holds uniformly for t in [-1,1], so on [-hp,hy] the bias asymptotically resembles
the function by(t) times the jump size of f in zero. Notice that if K is a symmetric kernel then the
function by is an uneven function.The bias will not converge to zero close to a jumping point if the
distance to the jumping point is measured in terms of h.

For the point x=2 we have the expansion

b(2+thy,hn) = hpby()8P(2) + O(h2), for n—eo and 20,

again uniformly for t in [-1,1]. This expansion shows that on the interval [2-hp 2+hy] the bias
asymptotically resembles hy, times the function b; times the jump size of f' in 2. By the symmetry of
K the function b is an even function. Close to a kink the bias does converge to zero but it is not of
the same order h% as it would have been in the smooth points in Dp . Here the bias is of order h,! The
point x=3+V2 can be treated similarly since f has a kink in this point too.

The consequences of theorem 2.3 for the bias close to a point where f and f' are continuous and f"
has a jump is left to the reader.

All the previous considerations about the bias suggest that very small bandwidths give good
density estimates. This is far from true. Using theorem 2.4 we obtain the next expansion of the
variance of fyp in a point x which does not belong to D

1
var(fon(x)) = Hle(x)_{ K3(u)du + O(3) , for n—se and hd0.

This expansion shows that very small bandwidths cause large variances of the kernel estimator. Part
(b) of the theorem implies that this is also true if x belongs to D. It follows that we should require
nhp—oo, for n—eo, otherwise the variance does not vanish asymptotically. For optimal choices of the
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bandwidth these two effects have to be balanced. Of course what we mean by optimal should be made
precise. Two global optimality concepts are discussed in the next sections.

Here let us briefly discuss estimation of f in a fixed point x. A common loss function when
estimating a real valued parameter is the mean squared error. The mean squared error of fyy(x) is
defined by

MSEn(x,h) := E(fnn(x) - f(x))*
A simple computation shows
MSEy(x,h) = b(x,h)? + var(fan(x)).

Let (hp) denote a sequence of bandwidths converging to zero. By theorems 2.3 and 2.4 for a point
x& D the mean squared error can be expanded as follows

1 1
_Ldcu 2( [.2 2, 1 2 a, 1
MSEn(x,hn) = ha f "(x) (_{ u?K(u)du)” + o f(x)({ K2(u)du + o(htzp).
Minimizing the leading term in this expansion we obtain the asymptotically optimal bandwidth
1 1
hoP* = (£(x) [K2@du / (€00 [w*K(u ydu)2) P n15,

This choice results in a mean squared error of order n"4/5. Since the expansion of the bias in a kink is
different we also have a different expansion of the mean squared error. If x is a point where f has a
kink then we have

1
1 1
MSEn(x.hn) = hiib308 V() + 5=10x) [K2wdu + oz,

which leads to an optimal bandwidth of order n-1/3 and a mean squared error of order n-2/3. It is not
clear what the value of f should be in a jumping point so we don't consider estimation of f in such a
point.

There is one more unexpected lesson to be leamed from example 2.6. Careful examination of
figure 2.2.2 on the interval (1/2,3/2) suggests that the bias is identically equal to zero on this interval.
The next remark shows that this is no coincidence.

Remark 2.7. If a density f is linear on an interval [a,b] then the bias of a kernel estimator is equal to
zero on the set [a+h,b-h], provided h is smaller than b-a. The proof is left to the reader. Now suppose
that we want to estimate f at a point x inside [a,b]. In that case bandwidths hy, which asymptotically
minimize the mean squared error of fyn, (), don't converge to zero. This is immediate from the fact
that the mean squared error for vanishing sequences of bandwidths can always be decreased by taking
larger bandwidths. This follows since the estimator fnn (x) is unbiased and has a variance of order
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1/(nhy). On the other hand the bandwidths hy, can not converge to infinity either, since then, if the
kernel is bounded by K*>0, by

*

fn(X) < -I}f—n- for all x,

the estimate would converge to zero at every point of the real line. The conclusion is that in this case
good choices for the bandwidth are asymptotically bounded away from zero and infinity.

At this point it should be noted that the merit of theorems 2.3 and 2.4 lies not only in the
pointwise properties just discussed, but also in the fact that these theorems give uniform
approximations of the bias and the variance on any bounded interval of the real line. This can be
achieved by considering Dp, and the hy, intervals of around the points of D separately. Thus we can
also expand integrals involving the bias and the variance, provided we integrate over bounded areas.

2.3. The integrated squared error criterion.

In the remainder of this chapter we approach density estimation from a global point of view.
Suppose that we want to estimate the density "well" on some subset E of the real line instead of in a
fixed point. What we mean by "well" could be quantified for instance by requiring that the estimate
minimizes the integrated squared error loss

(2.16) ISEp(h) := é (Fan(¥)-f(x))2W(x)dx,

where w is a nonnegative measurable weight function. Incorporating the indicator function of the set
E in the weight function we can rewrite (2.16) in the more convenient form

0o

ISEn(h) = [ (fan(x)-(x))>w(x)dx.

Since the integrated squared error measures the discrepancy between the random function fyp and the
true density f, it is a random variable itself. The mean integrated squared error, defined as the
expectation of the integrated squared error,

oo

MISEj(h) := E ISEp(th) = E f(fnh(x)-f(x))zw(x)dx,

is a deterministic loss function. We discuss the asymptotic behavior of the mean integrated squared
error in the following section. We also derive the asymptotic distribution of the integrated squared
error about its mean and discuss the relation between the two loss criteria.

2.3.1. The mean integrated squared error.
The mean integrated squared error can be rewritten as follows,

00

MISEn(h) = [ E(fan(x)-f(x))?w(x)dx =
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(2.17) I {b(x,h)? + var(fan(x)) ) w(x)dx.

This shows that MISE(h) is a weighted average of the mean squared error of fyh(x), the estimate at
the point x. We can use the expansions of the bias and the variance in the previous section to derive
an expansion of the mean intgerated squared error.

Assume that f satisfies condition F. The set D of singular points of f contains at most
countably many points dy, da,... . Recall that 8©(d;), §V(d;) and 8®(d;) denote the jump sizes of f,
f' and f" at the point di. We have to impose some extra conditions on the weight function w. We
assume that w has a bounded support, which we denote by supp(w), and we assume that w has finite
left and right limits in the singular points of f. We further assume that these limits are not both equal
to zero in those singular points of f which also belong to supp(w). Define

AW = D(wdi) + wdi#)s(dp’
and ;
AW = Z(w(di) + w(di)s(dp*

It follows from condition (F.1) and the fact that w has bounded support that these sums exist of only
finitely many nonvanishing terms, since there are only finitely many elements of D contained in the
support of w. So A(v?,) and AS,‘I,) are finite nonnegative real numbers. It turns out that the mean

integrated squared error has a different asymptotic expansion in the following three cases:

case | " A(\g) 0
case II 4 A(\S) =0 and A(&,) >0,
case IIT : A(‘g) = A(vlv) =0

The meaning of these cases will become clear after we have proved the next theorem.

Theorem 2.8. Suppose that the density f satisfies condition F and that the kernel K satisfies
condition K. Let w be a bounded measurable nonnegative weight function with bounded support and
finite left and right limits in the singular points of f. We assume that these limits are not both equal to
zero for singular points in supp(w). Then for any sequence of bandwidths (hy) converging to zero
and for n tending to infinity we have

1 oo
(2.18) MISEq(hy) = nl‘lﬁ{ K2)du | fow(x)dx + O(F) +
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1
hnA(\g) J bd(t)dt + o(hy) in case I
1
h2aw [ bt + o(hd) it coase 11
1 oo
i ( JuzK(u)du)2 [ £ "(x)®w(x)dx + o(hd)  in case III. 0

Proof. By (2.17) the mean integrated weighted squared error can be written as the integrated
weighted squared bias plus the integrated weighted squared variance. The basic idea of the proof is
that we split up the integration area in the set Dy and its complement, which in its turn is a countable
union of hy neighborhoods of the elements of D. Starting with the integrated weighted variance we
write

o o dithy

(2.19) | var(fan(x)w(x)dx = DI var(fun(x))w(x)dx + Zi ; { var(fun(x))w(x)dx.
-o0 hn 1=1 dj-hy

The same decomposition is used for the integrated weighted squared bias. Since w has bounded
support theorems 2.3 and 2.4 provide us with asymptotic expansions of the integrands over the

integration areas. Thus part (a) of theorem 2.4 implies that we have,
1

(2.20) [ var(fun(x))w(x)dx = IT [KXu)du [ fx)wx)dx + | rs(x,hp)w(x)dx,
Dhy, nhy g Dhy, Dhy
where 15 satisfies
sup r5(x,hy) = O(IH), for n—eo,
X€ Dhnr\supp(w)

since the support of w is bounded. This implies that the second term of (2.20) is of order O(rll-). To
deal with the first term notice that the Lebesgue measure of supp(w)\Dh, is of order O(hp), so
replacing the integral over Dp, by an integral over supp(w) the difference is of order O(%—) and
therefore (2.19) equals the first term in the expansion (2.18).

By part (b) of theorem 2.4 it follows that for each d; belonging to D we have
dj+hp 1
[ var(fan(x)w(x)dx = O(R),
di-hp

and since there are only finitely many of such integrals which give a non zero contribution to (2.19)
the sum of these terms is also of order O(E)' This deals with the integrated weighted variance term.
Next we concentrate on the integrated weighted squared bias term. By part (a) of theorem 2.3 we
have
[ b(x,hp)?w(x)dx =
Dny,

1
(2.21) o (zht"(x) [ wPK (u)du + r3(x.hn) w(x)dx =
hn =
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l o0
i ([uK(u)du)” | £ "(Pw(x)dx + o(hg).

which follows from similar arguments as above. We proceed with observing that for each d;
belonging to D we have

dj+hy
{b(x,hn)zw(x)dx =
di-hp

1
(2.22) hn { b(dj+thp,hn)?w(di+thy)dt =
0

1
hn_{ b(dj+thg,hn)?w(di+thy)dt +hy J b(dj+thphp)?w(di+thy)dt .

Since cases II and III are similar to case I we only treat case I . By part (b) of theorem 2.3 and the

dominated convergence theorem (2.22) is asymptotically equivalent to,
0 1
hn [ b33 (i w(di-)dt +hn | b3SV’ w(di+)dt + o(hn),

which can be rewritten as
0

hn [ b3t 8O(d)*(w(di-) + w(di+)) + o(hn).

The proof is completed by selecting the leading terms and adding them up. It should be noted that in

cases I and II the terms (2.22) dominate over the term (2.21) while in case III it is the other way

around. We need the condition that for singular points d in supp(w) either w(d-) or w(d+) is positive

to ensure that Ay = 0 implies that all the jump sizes 5°(d) for points d in supp(w) are equal to zero,

and similarly that Ay, = 0 implies that the jump sizes 5(d) are equal to zero for points d in supp(w).
0

Remark 2.9. The expansion for the mean integrated squared error holds uniformly in interval
(0,hp], where (hyp) is a fixed sequence of bandwidths converging to zero. This follows from the proof
above using the fact that the orderbounds on the remainders in theorems 2.3 and 2.4 also hold
uniformly on such intervals.

Theorem 2.8 supplements the results of Van Eeden (1985) and Cline & Hart (1986) for w=1
in the sense that we allow weight functions. In those papers however the kernels are not required to
have a bounded support. Cline & Hart also consider the higher order kemnels mentioned in remark
(2.5).
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In theorem 2.8 the weight function w=1 is not allowed because of its unbounded support. Let us
instead consider the weight function w(x) := Ig(x), -co<x<eo, where E is a bounded interval [a,b],
-co<a<b<eo. With this weight function the mean integrated squared error equals

MISE(h) = E]g (fan(x) - f(x))%dx,

and the constants A(g,)

and A(v:,) are equal to

AW = 22 8Odp? *+ 8Oy + 5O(b)?
(2.23) =
AW = 22 80 +80(@)? *+ 8P,

where dj,...,dm denote the finitely many points of D inside (a,b). Notice that the contribution of the
endpoints a and b is different than that of the points dy,....dm strictly inside E since w(a-) = w(b+) =
0 and w(a+) = w(b-) = 1. For the points d inside E both w(d-) and w(d+) are one. It follows that the
cases we have distinguished in theorem 2.8 correspond to the fact whether f has jumping points in
[a,b], case I, whether f has kinks in [a,b], but no jumps, case II, and whether there are neither kinks
nor jumps in [a,b], which corresponds to case III. Thus the conclusion to be drawn from theorem
2.8 is that the presence of jumps and kinks in E causes a larger mean integrated squared error than in
the smooth case III. Jumps increase the error most since in that case we are estimating a
discontinuous function with a continuous one.

Similar conlusions hold for the error if the weight function is equal to w(x) = f'(x)Ig(x),
where E is an interval as above and the density f is assumed to be bounded away from zero on E. If
f=0 we also set w=0. The mean integrated squared error criterion thus obtained, i.e.

MISE(h) = Ebj<fnh(x) - fx))*(x)dx,

plays an important role in the next chapter. Notice that this mean integrated squared error is the
squared Ly norm over the set E of the random function

fan(x) - f(x)
f2x)

which for each fixed point which is not a jumping point by theorem 2.4 has an asymptotic variance

(1)

independent of x. In this case the values of A(ev) and Ay are given by

AP - Z1 (£(di-) ' +£(di+) H)O(d;)? + f(a+) 16 (a)? + £(b-) 15O (b)?
(2.24) =
AW = Z (i) +1(d#) D) + f(at) 18D (@)? + £(b-y18D(b)2
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This shows that, apart from the constants, jumps and kinks have the same influence on the asymptotic
behavior of the mean integrated squared error as in the case of the previously considered weight
function.

Returning to the expansion of theorem 2.8 we see again that small bandwidths cause a large
integrated variance term and that large bandwidths cause a large integrated squared bias term.
Balancing these effects by minimizing the leading term in the expansion leads us to the following
optimal bandwidths,

a(f,w) 2BK) 2 n2  in case I
(2.25) hP =9 an(f,w) Bu(K) n'*  incase II ,
a(f,w)PBu(K)P 015 in case III

where the constants o, depending on the density f and the weight function w, are given by

oa(fw) = (AW)" JEx)w(x)dx)
on(fw) = (3AY)" [ fx)w(x)dx,

am(fw) = (] £60Pw(dx) " [Ewx)dx,
and the constants 3, depending only on the kernel K, by

1 1
BiK) = { K*(u)du ( J b3dt)”
1 1
Bu(K) = { K*(u)du ( OI bwde)”

1 1
Bm(K) = { K*(u)du ({ u?K(u)du) 2.

Remark 2.10. It is no surprise that theorem 2.8 shows that the presence of jumps of f in the interval
E, case I !, causes a large mean integrated squared error. Even if we use an asymptotically optimal
bandwidth for case I, the mean integrated squared error is still of order n"'2, while in case II and in
case III it would have been of orders n">* and n**/ respectively. If we don't know where the
jumping points are then this large error is unavoidable if we use a kernel estimator. However if a
jumping point is known then the influence of this jumping point can be substantially reduced. For
densities with support [c,d], [c,e) or (-e0,d], -e0 < ¢ < d < o, with jumps at the points ¢ or d which
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are known points, Schuster (1985) shows that the kernel estimator can be improved by a
symmetrization device. The symmetrization has the effect that the error caused by the jump is reduced
to an error caused by a kink. The special case of kernel estimation of decreasing densities on [0,e0)
with a jump at zero is also treated in Devroye (1987) section 8.4. Cline & Hart (1986) generalize this
symmetrization device to be able to deal with known jumping points which are not necessarily
endpoints of the support of the density f.

Until now we have only considered the choice of an optimal bandwidth. For all three cases
there is also an optimal kernel.
First we consider case III. If we substitute the optimal bandwidth for this case in the expansion (2.18)
we get

lim, n* MISE(hg™) = 3 ([ fow()dx) (] £'(x)Pw(x)dx)"

1 1
({ K2(u)du)4/5(_{ uZK(u)du)Z/S.

Under certain regularity conditions this expansion also holds for kernels with unbounded support. It
is shown in Epanechnikov (1969) that the kernel which minimizes this expression over the class of
symmetric kernels is

(2.26) K(x) =2 (1-x)IL1,1)(x),

which is the well known classical optimal kernel. It is less well known that the same procedure can be
carried out in the non-smooth cases. The optimal kernel in case I was derived by Van Eeden (1985), it
equals the Laplace density function

(2.27) K(x) = gexh -cocx<oo,

The optimal kernel in case III, derived by Cline & Hart (1986) and simultaniously by Swanepoel
(1987), is a bounded support density given by

(2.28) K(x) = (2sinh(3)) " (cos(Ixl)coshGIxl) + sin(xl)sinh(FIx1)) I.nz2,m2 (X)),

The last two kernels don't have support [-1,1]. By the scaling property (2.1) we can transfer the
kernel (2.28) to a kernel with support [-1,1], without disturbing the optimality property. This can of
course not be done with the Laplace kernel because of its unbounded support. However, Swanepoel
(1987) gives bounded support kemels which approach the Laplace kemel (2.27) arbitrarily closely in
the sense that the constants in the expansion of the mean squared error for the optimal bandwidth in
case II become close to the optimal constants in this case, attained by the Laplace kernel. This shows
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that our use of bounded support kernels is not restrictive from the point of view of the mean squared
erTor criterion.

2.3.2. Asymptotic normality of the integrated squared error.

The previous section dealt with the expectation of the integrated squared error and the optimal
bandwidths which we derived asymptotically minimize this expectation. However it is more natural to
aim for minimizing the integrated squared error itself. From this point of view it is important that the
variation of the integrated squared error around its mean does not dominate the leading terms in the
asymptotic expansion of the mean integrated squared error, and thus disturb the optimality property of
the optimal bandwidths derived in the previous section. To quantify this variation we give a central
limit theorem for the integrated squared error. We consider all densities satisfying condition F.

Theorem 2.11. Assume that f satisfies condition F and that the kernel K satisfies condition K.
Furthermore assume that w is a bounded almost everywhere continuous nonnegative weight function
with a bounded support and finite left and right limits in the singular points of f. Further we assume
that these left and right limits are not both equal to zero. Let (hy), a sequence of nonnegative
bandwidths, satisfy hy,—0 and nhy—eo. Then

dn (ISEn(hp) - MISEq(hy)) 3

N(0,206%) if dy = nh}/? and ifnh— 0

N(0,26%+Ao7) if dy = nh}/? and ifnh > A ,in casel,
N(0,69) ifda = 02012  and ifnhi > «

N(0,26%) if dy = nhl/? and ifnhi— 0

N(0,26%+AcTy) if dn = nhl/? and ifnhf —> A ,in case II,
N(0,6%) ifdy =n'?h3?  and ifnhf >

N(0,206%) if dy = nh}/? and ifnhj = 0
N(0,26%+Aoty) if dy = nhl/? and if nhy = A , in case IlI,
N(0,6%n) if dy = n12n;2 and if nhy — o

where the variances 62, 0'%, 0%1 and (ﬁu are given by

o ]

o = J( {K(V)K(v+z)dv)2dzfwz(u)fz(u)du,

cf:=4

0 0 1
8Odp)? (f(di-) | (w(di-)_{ K(t+v)bo(t)dt + w(di+) [ K(t+v)bo(0)dt v

T

1
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oo 0 1
+1(di#) (w(di-)_{ K(t+v)bo(t)dt + w(di+) ({ K(t+v)bo(t)dt )dv),

oo ° 0 1
oh:=4 Z_'i f(d;)dM(dy)? | (w(di-)A{ K(t+v)by(t)dt + w(d+) J K(t+v)b1(t)dt)dv,

1 o oo
ofu:= (_{ vy )2 (] £ xPwA)fx)dx - (] £ w)ix)dx)?). 0

Before we prove this theorem we first discuss its implications. Firstly the theorem shows that the

asymptotically optimal bandwidths not only asymptotically minimize the mean integrated squared

error but that they also minimize the order of the variance of the integrated squared error. Secondly it

is readily checked that in all the cases considered we have for n tending to infinity

ISE(hy) - MISEn(hn)
I

En(hn)

(2.29) — 0, in probability,

which implies

%—) 1, in probability.

This theorem shows that the bandwidths which asymptotically minimize the mean integrated
squared error also, in probability, asymptotically minimize the integrated squared error. Property
(2.29) is shown for smooth densities by Hall (1982b). Under regularity conditions Marron & Hirdle
(1986) show that (2.29) holds almost surely uniformly in the bandwidths hy. Furthermore they don't
require smoothness of the density f. The uniformity in the bandwidths is useful for studying kernel
estimation techniques with random bandwidths, in particular the cross-validation techniques
discussed in the next chapter.

Central limit theorems for the integrated squared error for smooth densities have been derived
by Bickel & Rosenblatt (1973) and by Hall (1984). Both theorems correspond to our case III. Bickel
& Rosenblatt consider small bandwidths which satisfy hy = O(n‘2/9), so their theorem is covered by
the first line of the case III part of the theorem above. It should be noted that doing so they excluded
the optimal bandwidths in that case which are of order n’'
proved a central limit theorem for the integrated squared error of multivariate kernel estimators which
is similar to our case III part in the one dimensional case.

. This was recognized by Hall who

Remark 2.12. A nice consequence of our theorem is that the asymptotic variance ofjof the
integrated squared error in case II is equal to zero if the value of the density in all the singular points
where f has a kink is equal to zero. This shows that for sequences of bandwidths with nhj — oo the
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influence of a kink in the density on the variation of the integrated squared error is of smaller order if
this kink is in a point where the density is zero.

Proof of theorem 2.11. We rewrite the integrated squared error ISE,(h) as follows,

ISEq(h) =

J (Fan(x) - f(x))*w(x)dx =

G £ Rexom) - 0) woeix =
1 o x-Xi

-7 2 f K( )K(—h—L)W(X)dx ¥

n“h” i#

k(5 )f(x)w(x)dx =2

M:
8‘—'3

:1
’ﬁ
=

1 ¥ ¢ pax-Xi
=2 | K2CED wxydx +

| x)w(x)dx.

It follows that the integrated squared error is equal to a quadratic form plus a linear term. Statistics of
this type are treated in appendix C, where special attention is paid to this specific case in theorem C.2
and remark C.3. If b(u,h) denotes the bias function of a kernel estimator, i.e. b(u,h)=Efpn(u)-f(u),
theorem C.2 states that if we assume

(2.30) anhy'var( J K (=L Xl)b(u hp)w(u)du) = o2, 0< a2 <o
then the integrated squared error is asymptotically normal and we have

(2.31) nhY2(ISEn(hy) - MISEq(hp)) 2 N(0,26%+ o),

where 62 is defined above. Remark C.3 says that if (2.30) converges to infinity we also have
asymptotic normality because then the linear terms in the proof of theorem C.2 dominate over the
quadratic term. In that case we have by (C.13)

(2.32) 20y, (var ( TK(E X‘)b(u ho)w(w)du) ) Z(ISEn(hy) - MISEn(hn)) -3 N(O,1).
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For a fixed sequence of bandwidths (hy), whether we are actually dealing with situation (2.31) or
with situation (2.32) depends on whether (2.30) converges to a finite number or to infinity. This
means that we have to expand the variance in (2.30). It turns out that the presence of singular points

of f in the support of w influences the order of magnitude of this variance. Distinguishing the cases I,
II and 111, introduced in the previous section, we have

var (| K(‘lﬁ—l)b(u,hn)w(u)du) ~ 7h in case I,
var ( | K(‘%::—‘)b(u,hn)w(u)du) ~ihioh incasel,

var (] K(‘liif—l)b(u,hn)w(u)du) ~+héoty  in case III,

Since the proof of these expansions is rather technical it is postponed to section 2.5.
In case I we have

- 0 if nh3 — 0
anbivar( [ K (52D b(uhnw(w)du) 5 (At ifnhd - A
00 n
=3 if nh,z1 — oo

and

102y (var (] K(‘i}%f—‘)b(u,hn)w(u)du))‘”2 ~0n; 51,

which proves the theorem for case I by (2.31) and (2.32). The other cases are obtained in a similar
way. 0

2.4. Properties with respect to supremum distances.

Let E be a closed bounded interval on the real line. An alternative for the integrated squared
error criterion and the mean integrated squared error criterion is the weighted supremum distance

(2.33) sug Ifan(x) -f(x)I w(x),

where w is a weight function with w(x)>0 for xe E. Since fy, is a continuous function the supremum
distance between fy, and f is always larger than some positive constant if the density f has a jump in
E. Therefore density estimation from the point of view of supremum distance loss functions is only
meaningful for densities f which are continuous on some € neighborhood of E. Consequently only
such densities are considered.
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We discuss two aspects of kernel estimation from the point of view of supremum distances. In
section 2.4.1, using the bias expansions of theorem 2.3, we supplement results of Stute (1982b) on
the almost sure asymptotically optimal bandwidths for the specific supremum loss function

(2.34) sup Ifan(x) - fx) £12(x).
xeE
Note that here w equals f 122 In section 2.4.2 we derive an almost sure order bound for
nh |12
2.35 su; sup Ifph(x) - Efpn(x)!
@35)  sup(fog)  sup an(x) - Efun(x)

Such bounds on the supremum distance between fpn(x) and Efyp(x), uniformly in the bandwidth, are
important tools in studying bandwidth selection methods. Consequently the presented bound is
frequently used in chapter 3.

The first results on strong uniform consistency were obtained by Nadaraya (1965). Other
relevant references are Révész (1978), Silverman (1978b), Kolcinskii (1980), Serfling (1982) and
Stute (1982b).

2.4.1. Almost sure asymptotically optimal bandwidths.

We consider the loss function (2.34). Note that by theorem 2.4 the pointwise asymptotic
variance of (fan(x)-f(x))f (x) is independent of x. We derive asymptotically good bandwidths for
the supremum distance (2.34) by studying the two terms in the right hand side of in the inequality

(2.36) sup Ifan(x) - £ £12(x) < sup Ifan(X) - Efan(x)! £12(x) + sup IEfan(x) - f)I £12(x).

The next theorem of Stute (1982b) gives the exact almost sure rate of the supremum norm of the
error part in (2.36).

Theorem 2.13. (Stute 1982). Let (hy ) be a sequence of positive bandwidths with hp—0, nhy—oo,
log(h',}):o(nh,,) and log(h}})/log(log n)—oo. Assume that f is continuous on E=[ab], with
-co<a<b<eo, and assume O0<m<f(x)<M<eo, for all xe E. Furthermore let K be any kernel function of
bounded variation with K(x) = 0 outside some finite interval [r,s). With probability one we have

i h - ; 12
2.37 lim (e v (x) - Efor () £120x) = ([ K2
( ) n—oo (2 log(h'n)) fg& nhy(X) - Efnnp(X) x) (rj K (u)du) 5
where Eg denotes the interval (a+¢,b-g) for some €>0. O

Since theorem 2.3 gives us uniform expansions of the bias function Efyp(x)-f(x) the next lemma with
expansions of the bias part in the right hand side of (2.36) readily follows (recall b1(0)=L1 uK(u)du).
The proof of this lemma is omitted. Just as in the previous section the presence of singular points in
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the set E plays an important role. We only consider densities satisfying condition F in section 2.1
which are continuous on the interval E = [a,b], -ce<a<b<eo. Let dy,..., dy; denote the singular points
of f in the interval E. Define two special cases,

caseII : all jump sizes 8(0)(di), i=1,...,m, are equal to zero and at least one of the
jump sizes 8(1)(di), i=1,...,m, is unequal to zero,

case Il : all jump sizes 8(0)(di) and 80(dy), i=1,...,m, are equal to zero.
Lemma 2.14. Let £, a density satisfying condition F, be bounded away from zero on the interval

E=[a,b], -co<a<b<eo. Let dy,..., Ay denote the singular points of f in the interval E and let the kernel
K satisfy condition K. We have in case 11

1
(2.38) lim hi sup |E i, (%) - £OIE (%) = ( J uK(u)du)izrlnaxm £(d;) 218D (dy)
and in case IlI
1
(2.39) lim i sup IEfony(x) - (0O 20x) =7 ( [uK(u)du) sup If" GOl 2(x). 0

By balancing the error and bias term in the right hand side of (2.36) we can now derive the
asymptotically optimal bandwidths in the two cases described above. Stute (1982b) accomplished this
for densities with a continuous third derivative. In exactly the same manner the following
asymptotically optimal bandwidths can be derived, we omit the proof. Notice that Stutes result is
covered by case III.

Theorem 2.15. Suppose that for some €>0 f, a density satisfying condition F, is uniformly
continuous on [a-g,b+¢€], -co<a<b<eo, with 0<m<f(x)<M<eo for all x€ [a-g,b+€]. Let K be a kernel
which satisfies condition K and let h3P* denote the bandwidth which minimizes the right hand side of
(2.36), then

1 ) 1/3
JK*(u)du
< g n incase Il

hgPt ~ i
6 ( | uK(u)du)zi max_£(d;)180(d;)?

=1,...,m
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1/5

1
[K2(u)du ,
23 S in case Ill.

hQP! ~

1
10 ( [u2K(u)du)? sup £ "G (x)
-1 Xe 0

The corresponding orders of the supremum loss are almost surely O((log n/n)”3) in case II and
O((log n/n)2/5) in case III.

2.4.2. Uniformity in the bandwidths.

Let I,=[hj,hji] be an interval of bandwidths with hj=n"1*® and hj=n"® for some § with
0<8<1/2. Note that for all bandwidths hy, in I, we have h,—0 and nhp—e0. We derive a uniform
orderbound for (2.35). This bound on the supremum over the set of bandwidths I, is needed for
proofs in later sections. There we also consider kernel functions which are not probability densities.
For a related result see lemma 1 in Hérdle & Marron (1985).

Theorem 2.16. Let f be a bounded density and let E be a bounded interval. Suppose that the kernel
K is a symmetric function with support [-1,1], not necessarily a density, and that K has a bounded
derivative, then

. nh \!72
(2.40) limsup sup (Tog_n) sup ifun(x) - Efan(¥)1 < C, almost surely,
for some constant C>0. 0

Remark 2.17. Notice that for he I, we have dlogn < log(h“) < (1-3)log n so the norming constant
in (2.40) is of the same order as the constant in (2.37). By the conditions on f in theorem 2.13 the
factor f l(x) in (2.37) is bounded on E.

As a step in the proof of theorem 2.16 we need a bound on the oscillations of fun(X)-Efqh(x)
as a function of both h and x. Define for nonnegative real numbers o and B the random variable
Qp(o,f) ;= sup sup  (hyvhy) lfph, (X1)-Efphy (X1)-fahy(X2)+Efnny (x2)1,
(h1,h2)e Ap(e) (x1,x2)e B(B)
where hyvh; denotes the maximum of hy and hy,

An(a) := {(hy,hy) : hy,hge Iy, |y - hol S ),
and
B(B) := {(x1,x2) : x1,x2€ E, Ix; - x5l < B}.

Proposition 2.18. Assume that the conditions of theorem 2.16 hold. Let (o) and (Bp) be two
sequences of real numbers such that
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on = o(hp), Pn = O(1) for n—eo,

and
n(0tn + Bn) (log n)? —ee,
then
(2.41) Qn(on,Bn) = o(on + Bn), almost surely. 0.

Proof. With Vy(x) = n'2(Fy(x) - F(x)), the empirical proces of the sample Xj,...,Xp, we have by
partial integration

fan(x) - Efqn(x) =

F I K(@-u/m)FEF©) =

E‘;_J (Fp-F)(WK'(x-u)/h)du =

1
ﬁ- lj (Fo-F)(x+hv)K'(v)dv

1
n 2! [ v(x+hv)K'(v)dv.
-1

Therefore for all (hy,hz)e An(oy) and all (x1,x2)e B(By) we have

I fany (x1) - Efang (1) - fang(x2) + Efnny(x2) | =

1 1
012 |hy ! [ Vaxp+hv)K'(V)AV - by [ Vi(xa+hov)K'(v)dv] <
-1 -1
1
0 2hy 1 [ (Vn(x#hyv) - Va(xo+hov)K'(v)dvl+
aq

1
n2lhy - by U v(xq+hiv) Ki(v)dvl.
-1

Assuming that IK'l is bounded by the constant ¢>0 by | X + hyv - x3 - hav | < o, + By, the first term is
bounded by

en”hy Ton(on + Br),
with
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(2.42) op(t) := sup | Vn(x+s) - Vn(x) I,
xeEpy x+seEpy 0<s<t

the oscillation modulus of the empirical process Vy, on the interval Epy (the hy neighborhood of E).
Since ‘[llK'(v)dv =0 the second term can be rewritten as

n2(hy - by l(_ll1 (Va(xi+hv) - Vax))K'(v)dvl,
which is bounded by

cn oy (hihy) on(hy).
Thus we have for n sufficiently large

Qn(on,Bn) =

sup sup  (hyvhp) | fon(x1) - Efang(X1) - fahp(x2) + Efnany(x2) 1<
(h1,hp)e Ag(on) (x1,x2)e B(By)

(0n-+ Bo) + e 0, oD hy) <

1p(hivhy)
= - hz 1112
c(1 + an/ha) { (n(on + Bn)) (0 + Br) (0 + Bn)

+ (nh'n)“’zhsup hy™Pan(h) } (on+ Bo) <

1€ly

o(1) Qogn)™ { (ctn + Br) eon(0n + Bn) + sup hy Pwy(hy) } (0n + Bo)-
1€lp

The proof of proposition 2.18 is finished by an application of the next lemma about the oscillation
modulus .

Lemma 2.19. Let the oscillation modulus oy be defined by (2.42) then for any >0, any sequence
of nonnegative real numbers (ty), with ty,—0 and nty—eo, and any constant T>0, we have

< 1 AR
limsu Toon Sup_t “on(t < C, almost surely,
n—»op ogn tnSth' ( ) &

for some constant C>0. 0
The proof of this lemma is given in section 2.5.

Proof of theorem 2.16. Let (en) denote a sequence of nonnegative real numbers converging to
zero. Since Eh'llK((x-Xl)/h)I=J_11|K(u)lf(x+hu)du we have for some constant ¢">0
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sup sup E h lIK((x-X)/h)l < c".
hel, xeE

Consequently the exponential bound (A.4) in appendix A implies for n large enough, for all xe E and
all hel,
P(h'?| fan(x) - Efgn(x) | 2 €q) <

2exp( -nen2/(2K* E hIK((x-X1)/h)l + hPey) ) <
2exp( -c'nep?),

for some constant ¢'>0. Here K* is a constant bounding K, i.e. IK(x)l < K* for all x.
Next define subsets I, and E, of I, and E where I, consists of n2 equidistant points, the endpoints
included, and, similarly, E, consists of n'oA

large enough

equidistant points including the endpoints. Then for n

P( sup _sup h2ifn(x) - Efgn(x)l 2 €n) <
hel, xeE,

heZ) XEZE P(hifan(x) - Efqn(x)l 2 £n) <

2n2n1-8/4exp(-c'ney?2) =
2exp( -c'nep2 + (3-8/4)log n ),
which is summable if we choose &, = 5c*l(logn/n)m. Thus by the Borel-Cantelli theorem we get

limsup sup sup exhifyn(x) - Efqn(x)I < 1, almost surely,

n—eo hel, xeE,
which in its turn implies (2.40) with the sets I and E replaced by 7, and E,,.
We finish the proof by showing that the difference between the supremum over the finite sets and the
supremum over the continuous sets vanishes almost surely. Let (hy,x;1) be a point in IxE, and let

(h2,x2) be the nearest point in /, xE,. Then we have lhy-hal<n? and le-x2I<cn‘1"8/4 for some
constant ¢>0. It suffices to show that
(2.43) I(nh1)"(log n)(fan, (x1) - Efany(x1)) - (nh2)'?(log n)(fany(x2) - Efnny(x2))!

converges to zero, uniformly for all points (h,x1) and (h,x2) as described above. Here proposition
2.18 will be instrumental.

Writing o = n2 and By = cn 1+

we see that (2.43) is bounded by

n'2(hyvhy)(log n) ifan,(x1) - Efany(X1) - fhg(x2) + Efany(xo)l +
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n'2((hyvhy)'2 - (h1ahg)2)(log n) 22K *(hyAhg) ™ =

(2.44) n'2(hyvhy) (log n) 2 (hyvhy)lfan, (X1) - Efany (X1) - fany(X2) + Efany(x2)l +
n'((hyvhy)'? - (h1ahg) 2)(log ny 22K * (h1ahy) ™,

where we have used
Ifan(x) - Efqn(x)| < 2K*/h,

for all x and all h>0.
The first term in (2.44) is bounded by

n'2(hyvhy) Y2(log n) 2(an+Bn) (0n+Bn) ' Qn(0n,Bn) <
n'2n1292(n24cn194) (ot Br) ' Qn(0tn,B) <
2en (otn+Bn) ' Qn(0tn Bn) = o(1), almost surely,

by proposition 2.18. In order to treat the second term in (2.44) notice
(hyvhp) 2 =
(h1ahg)2(1 + ((hyvhy) - (h1ah))/(hiAhg) 2 <
(h1ah2) (1 + an/(hyAhy)) ' <
(h1ah2) (1 + ap/(hyAhp)) =

(h1ah)2 + op(hyAhy) 12,
Therefore
n'((hyvhy)'2 - (h1ahg))(log n) 22K *(hyahy) ™! <

n"20t(hyAhy) 2 (log n) 22K *(h1ahp) ™! <
2K*(n(hyAhy))?(logn) 12 <
2K*n" 372 (logn) 12 = o(1).

Since these bounds don't depend on the h's or the x's we have indeed shown that (2.43) vanishes
uniformly and the proof is completed. 0
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2.5. Proofs.

Proof of lemma 2.1 part (b). Let xo be a fixed point and let M be an arbitrary positive number.
Recall that by (2.9) we have

00

g(xo+th)h) = | G(t-u)f(xo+hu)du .

We omit the proof for xo¢ D since then the same Taylor expansion argument as for part (a) can be

used. So we assume xoe D and write
0 o

g(xo+th,h) = [ G(t-u)f(xo+hu)du + OIG(t-u)f(xo+hu)du .

Next define r3(t,h) by

0
(2.45) rhth) := | G(t-u){f(xo+hu) - f(xo-) - huf '(xo-) - sh%u’f "(xo-)}du
and similarly ri(t,h) by
(2.46) r3(th) == JG(t-u){f(xo+hu) - f(xg+) - huf'(xg+) - %hzuzf"(xo+)}du.

Then ry(t,h) = r%(t,h) + 1j(t,h). Use (F.3) and the dominated convergence theorem, which can be
applied since the integrals in the definition of 15 is in fact an integral over a bounded area, to obtain

lim hs%r}(tn,hn) = 0,
n—oe

for all sequences (hp) with O<hp<hy, for all n, and for all sequences (tp), with -M<tp,<M for all n. A
similar result holds for 15 and therefore for r,. 0

Proof of theorem 2.3 part (b). By (2.2) we have
b(xg+th,h) = E %K((xoﬁh-xl)/h) - f(xo+th).

Part (b) of lemma 2.1 gives us an expansion of the first term in this expression. The second term can
be expanded as follows

f(xotth) = (f(xo) +thf'(x0-) +32h%f "(Xo-) M(wee 0)(1) +
(f(xo+) + thf '(x+) + 3t2h%f "(xo+))(0,00)(t) +
1(t,h),

where the remainder term r has the property we have to prove for the remainder r4 in the theorem. If
X is not a singular point of f this follows from a Taylor expansion argument and if xq is a singular
point it follows from condition (F.3), just as in the preceding proof. Combining these expansions we

get
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0 oo
b(xgtth,h) = f(xo-) | K(t-u)du + f(xo+) d[ K(t-u)du

- [f(x0-)(-c0,0)(1) + f(X0+)(0,00) (D] +

0 oo
hf'(xo-) J uK(t-u)du + hf '(xg+) 0[ uK(t-u)du

- ht{f'(x0-)l(<,0)(®) + £ '(X0+)L(0,00)(1)] +
0 0
" (xo) J w?K(tu)du + 370%F "(xo+)  w?K (t-u)du

- 3022 [f " (xo-)(0,0)() + £ (X0 ) (0,0 ()] +

14(t,h),

where the remainder r4 has the property claimed in the theorem.
First consider the constant term in this expansion. Since K integrates to one this term is for t<0 equal
to

oy t

f(Xo-)!.[ K(u)du + f(xo+) | K(u)du - f(xo-) =

t
(f(xo+) - f(x0-)) | K(u)du =

bo(t)8©(x0).

Next consider the coefficient of h. Using the fact that the integral of uK(u) is equal to zero we see that
for t<0 this term equals

o0 t

hf'(xo-)x_f (t-u)K(u)du + hf '(xg+) | (t-u)K(u)du - htf'(xp-) =

oo

h(f'(xo+) - £'(x0-)) J (t-u)K(u)du +hf '(xo-) | (t-u)K(u)du - htf'(xo-)=

hby (£)3M(xp).

The coefficient of h2 is for t<0 equal to



35
oo t
S (xo-)] (t0)’K()du + 50 "(xo#) [ (t-u)’K(u)du - % “(x0-) =

t oo
Fh2E"(xo#) - £(x0) [ (t-u) K (w)du +50%F "(x0-) J (t-0) K (w)du - 0% " (xo-)=

3

2213 (x0) + 5h* "(x0-) J K (u)du.

For t>0 a similar discussion holds. 0

Proof of theorem 2.11. The proof is completed by checking condition (C.7) of theorem C.2 in
appendix C which means that we have to expand the variance

var ( JK(SEL)bu i w(u)du)

for n tending to infinity. If the set D = {d; dy,...} denotes the set of singular points of f and the set
D, defined in (2.4), denotes the set of points at least at distance h of D, then we write,

E(J K(‘i;]’:—l)b(u,h,,)w(u)du)2 =

dj+hp

E(Jx(tpt Xl)b(u hyw(u)du + i JK(“ Xl)b(u ho)w(u)du)?=
hn

E( D}Jan (“i]’:‘ Yb(u,hg)w(u)du)? +

o dj+hp
2 E (TR bwhnwdn)’ +
=1 “dj-hp

2.47) .
2ZE( JR(EE Xl)b(u how(udu) IK(u Xl)b(u hpw(u)du) +
i= hn

dj+hp d +hp
ZE(, | K(“ X‘)b(u o w(udu) J K(“ Xl)b(u,hn)w(u)du)

Notice that since w has a bounded support the conditions on f imply that there are only finitely many
singular points dj,...,dm say, which are in the support of w. These points are the only singular points
of f which can give a nonzero contribution to the sums above. All the singular points outside the
support of w are at a positive distance from this support which means that their contributions are
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exactly equal to zero if n is larger than some fixed ng. Using the fact that K has support [-1,1] and
using the expansions of b(u,hp) given by theorem 2.3 we derive the following bounds,

d+hp
d_{h K (‘{—n’i)b(u,hn)w(u)du =

1
(2.48) hn | K(t+‘%)b(d+mn,hn)w(d+mn)dt =

I{g-2hy, 428, (%) O(hn8O(d) + HD(d) + h3),
for each de D, and
u-x _
D}{ f( T b@hyw(u)du =

(2.49) e
[ K(F5)buhn)w(u)du = O(h).

DhyN [x-hpx+hp] 70

From (2.48) it is immediately clear that the fourth term of (2.47) vanishes for n large enough. For the
third term (2.48) and (2.49) give

dij+hp
B f(‘%’;fl)b(u,hn)w(mdu)(di_{,f (D) b(u hrw(u)du) =

di+2hp dj+hp

[ (m{,,K ‘i{:x)b("’hn>W<U>d“)(di_{1§ )b hnw(u)du)f(x)dx =

dj-2hp
O(4hsh3(hnd©(di) + h38™M(di) + h3)) =
OM(89(di) + hndV(d)) +hd))

It turns out that this term is also asymptotically negligible compared to the first two terms in (2.47).
Using the expansion of b(u,h,) given by theorem 2.3 we can expand the first term as follows,

Q] f(‘lif:—l)b(u,hn)w(u)du)z =
I( " % ()b hnw(wdu) *f(dx ~

i | o
(2.50) i (| vK(v)dv)? | (Dt{ K(E £ (u)w(u)du ) *f(x)dx =
o n
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1 oo
S ([vRWav)* (| KW "(cthgv)wlxehgv)dv) *f(x)dx~
-1 - (Dhyx)/bn

1 o0
05 ([VKWav)® [ £ w2 teodx,

The last equivalence holds since for each xe D the set (Dp,-x)/hy converges to (-co,00) which, since f"
is continuous outside D and since w is almost surely continuous, implies that for each fixed x¢ D we
have

oo

| KW)f "(x+hpv)w(x+hpv)dv — | K(v)dv f "(x)w(x) = f"(x)w(x),
(Dhy=x)/bn -0

almost surely as a function of x.
Concerning the second term in (2.47), just as in (2.48), for each de D again by theorem 2.3 we get,

d+hp 5 ,
E (d_{‘n K (llih—l)b(u,hn)w(u)du) =

w 1
nJ (] K(t+(-1l%)b(d+thn,hn)w(d+mn)dt )2(x)dx ~

o 1
h3 | (_{ K(t+v)b(d+thp,hn)w(d+thy)dt )*f(d+vhy)dv ~
o 1

ha J ( { K(t+v)3O(d)bo(t)w(d-+thy)dt )*f(d+vhy)dv ~

00

0 0 1
h3 8Q(dy? ( £(d-) | (w(d-)_{ K(t+v)bo(t)dt + w(d+) J K(t+v)bo()dt )dv +

o 0 1
f(d+) J (w(d-)_{ K(t+v)bo()dt + w(d+) J K(t+v)bo(t)dt )*dv).
If 59(d) is equal to zero a similar argument gives

d+hp X
E (d-L, K(ll';m—l)b(u,hn)w(u)du)z "

o 0 1
h3 £(d)sV(d)? | (w(d~)_{ K(t+v)bi(t)dt + w(d+) | K(t+v)b1(t)dt)*dv,

and if both §(d) and 8(”(d) are equal to zero then we have
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d+hp

E (d-l{n K(‘lif:—‘)b(u,h,,)w(u)du)2 = O(hl).

In order to derive expansions for the variance let us successively consider the three cases

. - N (1 1
introduced in section 2.3.1. Recall the definition of the quantities A(W) and A(w),

A = .il(w(di-) + w(diH)8O(d)?
and .
AW = Zw(di) + widt )8’

In case I we have A$)>O which means that there is at least one singular point dj with
(w(dj-)+w(di+))5@(d;)?>0. Since this implies that for such a point either w(d;-)5?(d;)? or
w(di+)8(d;)? is positive we get

E(]J K(llil):—l)b(u,hn)w(u)du)z s

h3 § 80(dy)? (fd-) | (W(di-).{ K(t+v)bo(t)dt + w(di) | K(t+v)bo(t)dt )dv +

f(di+) (w(di-)_{ K(t+v)bo(t)dt + w(dit)] K(t+v)bo(t)dt )dv).

The bounds (2.48) and (2.49) imply that the squared expectation,
MY, 2
(e i K(lllh—l)b(u,hn)w(u)du) i
is asymptotically negligible in this case. Thus we get
O (u-X
var ( i K(llhn—l)b(u,hn)w(u)du) ~ 1o, 2

In case II the situation is similar. Here we have A(‘?V) =0 and A(vlv) >0. By our condition that for points

d; in the support of w either w(d;-) or w(d j+) is positive the fact that A(‘(,).,) =0 implies that all the jumps

8(0)(di) for points in the support of w are equal to zero. Since A(&,) is positive there is at least one

point d; such that (w(d;-)+w(d;+))8)(d;)? is positive. We then have

E(] K(‘l‘ﬁ):—‘)b(u,hn)w(u)du)2 "

I oo 0 1
h3 Ef(di)ﬁ(l)(di)z [ (w(di-)_{ K(t+v)bi(0dt + w(dit) | K(t+v)by(t)dt)*dv
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and since in this case the squared expectation is also negligible we arrive at
Cou-X 1
var (_i K —m—l)b(u,hn)w(u)du) ~ thioy

In case III the situation is different because the squared expectation is no longer negligible. Here both
A(\,(V» and A(‘:,) are equal to zero. Therefore all 89(d;) and 8(1)(di) for points d; in the support of w are
equal to zero. This leads to

E(] K(ll'l,:—])b(u,hn)w(u)du)za.

1 oo
g (_{ VR(v)dv)? | £ "(x)Pw(x)%(x)dx.

Since we have

u-X1)

E (/K (b hmwds) =

! (m{ rf<(‘i;;")b(uJm)w(u)du)f(x)dx =

b ( i K (E00x) b w(au ~
h,,DJ (f(u) + b(u,hy))b(u,hy)w(u)du ~
hn

hnDI f(u)b(u,hy)w(u)du ~

hn

oo

%
st [ VKWdv | £ "(w(u)f(wdu,
we find

var (JK (5o amw(udu) ~

1 oo
s (_{ v2K(v)dv)2_£ £ "(x)2WA(x)f(x)dx -

0o

1
(303 [ vViK()dv [ £ @w(iwde)=
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lh60 2
a0y -
This completes the proof of theorem 2.11. 0

Proof of lemma 2.19. First we use the Bernstein inequality for the binomial distribution, i.e.
inequality (A.3) in appendix A, to derive the following exponential bound. For all xe Ep, all th<t<T
and all 0<s<t such that x+se Ey; we have for any sequence (¢5) tending to infinity and n sufficiently
large

P(t121 Vy(x+s) - Vn(x) 12 €5) <

P( | Ey(x+5) - Fy(x) - (F(x4s) - Fx)) | 201 2g ) <
p(+l l:}nll I x+s](X0) - Px<Xisx+s)| 2 0712 g, ) <
2expl( - en2/2(c+(nt) Pep)) <

2exp(- &n),

where c' is a constant bounding f, i.e. 0<f(x)<c' for all x. We have used 0<P(x<X;<x+s)<c's<c't,
and (nt) 2 <(nty) 250.

Next let J, denote the interval [t,,T]. Since E is bounded and since hy converges to zero the intervals
Epy are uniformly bounded. Hence there exists a positive constant M such that the interval [-M,M]
covers both Ep: and Jy, for all n. Let Gy, denote the grid of 2n> points of [-M,M], given by gi=iMn">,
i=-n>+1,..., n3. Notice that consecutive points have a distance equal to Mn™>. It follows for n
sufficiently large

P( sup  sup sup 121 Vy(x+s) - Vn(x) | 2 en ) €
teJn"Gy xeEpy NGy se[0,tnGp

2 P(t"21Vp(x+s) - Vp(x) | 2 g4 ) <
teJnynGn xeEpznGp se[0,0nGn ( () - Vo)1 2 )

(20°)exp(-€n) =
8exp( -en + 9logn ),

which is summable if we take €, equal to 11logn, which we assume from now on.
Let S, denote the supremum over the discrete sets,

Sp:=eg! sup  sup sup 21 Vp(x+s) - Va(x) |,
teJnNGn xeEprnGyp se[0,]nGp

and S;, the supremum over the continuous sets,
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Sh = en’l sup sup sup 12 Va(x+s) - Va(x) I.
teJ, xe Eh}', se [0,t]
By the Borel-Cantelli theorem we have for S, ,
limsup S, <1, almost surely.
n—oo
It remains to show that the difference between S;, and S, vanishes almost surely, since then
limsup Sp < 1, almost surely.
n—oo

From this result lemma 2.19 is immediate since

1 12
Gain t t) <118
ogn tnséltET (Dn( ) n,

we would have established the result of lemma 2.19. To show that Sy, - §,, vanishes almost surely
define the set A

A := {dy < Mn’>, infinitely often},

where dj denotes the smallest spacing of the sample Xji,...,Xp. It follows from a result of Devroye
(1982) that the probability of A is zero. Actually Devroye condiders uniform spacings but since the
density f is bounded it also follows for the spacings of the sample Xj,...,Xn. On the complement of
A for te I, xe Epyand se [0,t] the value of

en 1012 Vp(x+s) - Vy(x) | =

en 1120172 | Fy(x+s) - Fa(x) - (F(x+s) - F(x)) |
changes for n larger than a certain random index Ny at most

enltn 02301 - 3c¢Mnd) =

ey (nty) 21 + ¢'Mn) = o(1),

if we replace t,x, and s by their nearest points in the interval Jn, Ep; and [0,t] which also lie on the
grid Gyp. Hence on the complement of A we have

Sp £Sp<S,+0(1), n>eo,
and since the complement of A has probability one we have indeed shown
Sn - Sp = 0(1), almost surely,

which completes the proof of lemma 2.19. 0
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3. BANDWIDTH SELECTION BY LIKELIHOOD CROSS-VALIDATION.
3.1. Introduction and results.

Results in the previous chapter show that optimal bandwidths for kernel estimators depend on
the unknown density f. One way to avoid this problem is to design procedures which compute a
bandwidth, Hp = Hp(Xjy,...,Xn), from the sample Xj,...,Xp. For large sample sizes these
bandwidths should be close to the optimal ones. Kernel estimators using these bandwidths are called
automatic or data adaptive. Two such data adaptive bandwidth selection methods are likelihood cross-
validation, which originates from a likelihood approach to the problem, and least squares cross-
validation. Least squares cross-validation is briefly discussed in section 3.1.1. Likelihood cross-
validation has a history of trial and error. A review of its development is given in section 3.1.2. For a
comparison of cross-validation techniques in a more general setting see Marron (1987). Next, in
section 3.1.3, we give a heuristic derivation of our results on the rates of convergence to zero and the
asymptotic distribution of the bandwidths selected by likelihood cross-validation. These results are
proved in the further sections of this chapter.

3.1.1. Least squares cross-validation.

Let us first consider the least squares cross-validation. Suppose that our aim is to find
bandwidths and corresponding density estimates with a small integrated squared error. In order to do
SO write

MISE(h) =

oo

E | (fan(u) - f(u))*w(u)du =

oo oo

E [ f2pu)w(u)du - 2 E [ fon(u)fu)w(u)du + [ f2(u)w(u)du,

where w is a nonnegative weight function. Since the third term is independent of h it suffices to find a
bandwidth which minimizes

(3.1) E | f2n(u)w(u)du - 2 E [ fon(u)f(u)w(u)du,

an expression depending on the unknown density f. The least squares cross-validation method results
in an unbiased estimator of (3.1). So we can estimate (3.1) as a function of h and compute the value
of h which minimizes the estimate.

Define the "leave one out estimator" based on the sample Xj,...,Xp with X left out by
‘) = 1 5 1 (e} 0
(3.2) £ (x) = (n—_lmj%# K((x-X;)/h)), -0 < X < o0,

Then
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EfDx) = %E K((x - X1)/h) = E fyn(x),

and the independence of t(ni})l(x) and Xj implies
23 (O xw(x) =
Ex X fn(Xpw(X)) =
n .
2 E f(Xow(X)) =

2 1 E £Dwwfu)du =

oo

2 [ E fyp(u)w(u)f(u)du =
2 E [ fyn(u)f(u)w(u)du.
Therefore
(3.3) LSy(h) = | E2n(ww(u)du - = 2 f(Xw(Xi), h >0,

is an unbiased estimator of (3.1). For w=1 this reduces to
LSy =L 2 3 L@, - xm) - =23 Lkex; - Xom)
T == =4 nn-T) & B S
where K@ denotes the convolution of K with itself. The factor 2/((n(n-1)) is often replaced by 2/n’.

This method is introduced and studied by Rudemo (1982) and Bowman (1984). Further relevant
references are Hall (1983a, 1983b), Stone (1984), Scott (1985), Burman (1985), Hall & Marron
(1987a, 1987b) and Scott & Terrell (1987). Silverman (1986) also considered computational aspects
of the method.

Hall (1983a) obtained the first asymptotic optimality result for densities f with a finite second
moment and a continuous square integrable second derivative. Generalizing this result Stone (1984)
showed that the optimality property holds for all bounded densities f. In the univariate case and for
kemels satisfying condition K in section 2.1 the theorem states the following.

Theorem 3.1. (Stone 1984). If K is Lipschitz of order B, i. e. for some positive constants B and ¢
IK(y) - K(x)I < cly - xlB,for allreal x andy,

then we have for all bounded densities f on the real line
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(3.4) lim %wﬁ%y =1, almost surely,

n—eo 1{11 n
where Hy, is the bandwidth obtained by least squares cross-validation, i.e. the bandwidth which
minimizes (3.3) and ISEy(h) equals

oo

(3.5) | (fan(u) - f(w)*du,
the integrated squared error of the kernel estimate fnp.

This theorem shows that asymptotically the bandwidths obtained by least squares cross-validation
perform as well as the best possible deterministic ones.

The rate of convergence in (3.4) was investigated by Hall & Marron (1987a, 1987b). If H,"{
denotes the random bandwidth which minimizes the integrated squared error (3.5) then under some
smoothness conditions on K and f, essentially our smooth case III in chapter 2, they show

H,.Hp 4
(3.6) —HF =0 i
and

ISEn(Hp) - ISEn(Hp)
ISEn(Hp)

=0p(n ).

In spite of the nice asymptotic optimality result (3.4), the convergence is very slow. However, Hall
and Marron show that no data adaptive bandwidth selection method can have a faster convergence.

Before we discuss likelihood cross-validation we briefly mention other data adaptive methods.
Silverman (1978a, 1986) gives a graphical method to compute bandwidths with good properties with
respect to the supremum distance loss function, the so called test graph method. Scott & Factor
(1981) and Bowman (1985) compare several other data adaptive methods by means of simulation
studies.

3.1.2. The likelihood approach to bandwidth selection.

Again we consider the problem of selecting a bandwidth for a kernel estimator with a kernel
satisfying condition K. Now we argue as follows. A "good" bandwidth h will give a large value to
the "likelihood" Ly, defined by

Lach) := [T fancX0.

This suggests that we should use the value of h which maximizes Ly over [0,e0). However, we can't
use this value because it is always equal to zero. This can be seen from the inequalities

3.7 fan(Xi) = 5155 K(OGXjm) 2 S
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and
Ln(h) = (K(0)/(nh))™,

which show that Ly(h) tends to infinity if h decreases to zero. Recognizing this phenomenon
Habbema, Hermans & Van de Broek (1974) and Duin (1976) proposed to replace Ly, by

(38) LCVa(h) = q Xy,

where f‘,:l), is the "leave one out" kernel estimator defined by (3.2) in the previous section. The value
of h which maximizes LCVy, is always finite, since for n fixed we have
O<h< max min IX;-Xjl = LCVy(h) =0
i=1,...,n j#i
and
0 < fO(X;) < K*h — 0 for h—seo,

where we assume that the kernel is bounded by K*>0. In this way we lose the i-th term in (3.7),
which is exactly the term which made it converge to infinity for h tending to zero. This technique is
called likelihood cross-validation or Kullback-Leibler cross-validation.

The first undesirable property was reported by Schuster & Gregory (1981). Let Hy, denote the
positive value of h which maximizes LCVy(h), then, since the kernel K has a support equal to [-1,1],
the next inequality holds. We have

Hn 2 Xn:n‘xn-l:n »

where X1:n<X2:n<...€Xn:n denotes the ordered sample. This inequality follows from the fact that
LCVp(h) is equal to zero for all bandwidths h with 0 < h < Xp,.p - Xp-1:n, since for these bandwidths
the term in the product (3.8) corresponding to the largest sample point Xy, is equal to zero. It
follows that the computed bandwidth is always at least equal to the difference between the largest
sample point and the second to largest. For certain densities f however this difference converges
almost surely to infinity. Moreover, these densities are by no means pathalogical. It turns out that
densities with an exponential tail form the border line. For densities with heavier tails the bandwidths
Hj, converge almost surely to infinity and therefore produce inconsistent estimates.

One possibility to avoid the problem discussed above is to restrict attention to densities with a
compact support. If we know that f does not have a compact support we can always disregard all
observations outside some bounded interval E, next estimate the probability of this interval and use
likelihood cross-validation to compute a bandwidth for a kernel estimate of the density, conditional on
being in E. Chow, Geman & Wu (1983) and Devroye & Gyorfi (1985) prove some positive results
concerning the estimation of bounded support densities. An alternative to avoid the tail problems is to
maximize the product
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(3.9) LCVa(h) =TT (X0,

where E is a bounded interval on the real line. Note that this definition coincides with (3.8) if we can
take E equal to the support of f. Here we evaluate the leave one out estimators ff:}), only in the points
X; in the interval E, instead of in all the points as we did in the original definition of LCVy,. It is
important to notice that here f(nl})l is still based on the whole sample Xj,...,Xy minus Xj, contrary to
above where it was based on observations in E only! By maximizing (3.9) we aim at finding a good
bandwidth for estimating f on the interval E rather than on the whole real line as in the original
definition (3.8). Accepting this restriction indeed avoids the tail problems discussed above, but
instead we are faced with the next property reported in Hall (1982). The theorem is reformulated to
hold for kernels satisfying condition K.

Theorem 3.2. (Hall 1982). Let E=[a,b], -e0 < a < b < o0, Assume that f is twice continuously
differentiable on (a-g€,b+€) for some positive €. Furthermore assume that f is bounded and that f is
bounded away from zero on E. Then the bandwidths computed by maximizing LCVy, as defined by
(3.9), are of order n'? if £'(b) < f'(a), and they are much larger if £'(b) > f'(a). In the last case we
might even have inconsistency.

Notice that in neither case the order is n""” which is the optimal one for the integrated squared error
criterion (see (2.25)). Also the dependence on the derivatives in the endpoints of E is very
undesirable. However, Marron (1985) showed that if we maximize a modification LCV§(h), instead
of LCVp(h), this behavior can be avoided. Then we even achieve asymptotic optimality with respect
to a weighted integrated squared error with respect to the weight function f'Ig. We obtain LCV§(h)
by multiplying LCVy, by a correction factor,

LCV§(h) := LCVy(h)exp (-n é[fnh(u)du) = LCVy(h) exp (-i=):.1 }IT é K((u-X;)/h)du).

A heuristic motivation for this correction factor is given in section 3.1.3. The corrected method has
the following optimality property. The theorem is reformulated to hold for kernels satisfying
condition K.

Theorem 3.3. (Marron 1985). Let E=[a,b], -co<a<b<es. Suppose f is bounded away from zero on
E and suppose that £ satisfies a Lipschitz condition,

If(x) - f(y)l < Mix - ylIY, for all x,y,

for some positive constants M and v. If H§, denotes the value of h which maximizes LCV§(h) over the
set In=[hjp,hiy], where hy=n"'*° and hi=n" for some 6>0, then
C
(3.10) —lgE"—(I}s%HF -1 , almost surely,
he[hp,hp]
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and similarly

BT MISE (o)

— 1 , almost surely.
he [hp,hp]

Here the integrated squared error is defined by
ISEq(h) = EI (Ean(0)-£x))F 1 (x)dx,
and MISEy(h) as its expectation.

This theorem was the first asymptotic optimality result for the likelihood cross-validation method.
Just like theorem 3.1 it says that the random bandwidths computed by cross-validation asymptotically
perform just as well as the best deterministic ones except that here we are dealing with a weighted
integrated squared error. In section 3.1.3 we give an heuristic explanation for the appearance of this
particular weighted integrated squared error.

The method studied by Chow, Geman & Wu and Devroye & Gy®orfi differs from the one
studied by Hall and Marron in one important aspect. Apart of course from the correction factor in
Marron's modification, Hall and Marron assume that the interval E = [a,b] is strictly contained in the
support of f in the sense that both the endpoints a and b are strictly inside the support. Chow, Geman
& Wu and Devroye & Gyorfi study the case where E is equal to the support of f. The results
described in the next section show that this causes a quite different behavior.

Theorems 3.1 and 3.3 show that the two cross-validation methods have optimality properties
with respect to appropriate (mean) integrated squared error loss functions. For these loss functions
the choice of the kernel is relatively unimportant. Consequently we consider bounded support kernels
only. It should be noted however that things change considerably if instead we want to minimize the
Kullback-Leibler distance between our estimate and the true density, which can be desirable for
instance in problems of discrimination. Likelihood cross-validation is studied from this point of view
in Hall (1987a,1987b). Actually in Hall (1987a) it is shown that in this context the choice of the
kernel is important and that it is unwise to use kernels with a compact support.

3.1.3. Likelihood cross-validation: heuristics and results.

The original likelihood cross-validation method prescribes that we maximize the function
LCVp(h) given by (3.9). The main ingredients in the proofs in Hall (1982) and Marron (1985) are
expansions of the logarithm of this function. Using such expansions they prove theorem 3.2, Hall's
surprising theorem about the original method, and theorem 3.3, Marron's optimality result. In this
section by heuristics in the same spirit we present our results concerning likelihood cross-validation,
both uncorrected and corrected. Later sections contain rigorous proofs of these results. The basic
theme of these proofs is the analysis of the derivative of the logarithm of LCVp(h). We assume that
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the density f satisfies condition F, so we also consider non-smooth densities. We don't impose the
restriction required by Hall and Marron that the set E is strictly contained in the support of f. On the
other hand we do also have to require that f is bounded away from zero on E.

Let I, denote the interval [hp,hj], where hy=n""*° and hy=n"C for some ¢ > 0. From now on
we assume n—oo, h—0 and nh—eo. Following Hall and Marron we write

Hlog(LCVx(h)) =

L3 log( ) eCx) =

13 18 £R(Xi) - £(X)

i 2 Jog(EXIEX)) + 1 2 log(1 + M= JIE(X)).

Since the first term is independent of h the problem is to maximize

(12) L3 log(l + AuCKibIEK),
where Apj(x,h) is defined by
Ani(xh) = f'(‘i*)‘(x);)f(x), i=1,.n.
Defining
(3.13) g(x) :=log(l +X) - X +3 X2,
we can rewrite (3.12) as
G1a) L3 A - 513 ARGMIED) + L samXi)TECKo.

Now assume that the variation in (3.14) is asymptotically negligible compared to the expectation, in
the sense that, asymptotically, by maximizing LCVy(h) we are maximizing the expectation of (3.14).
We don't give a proof of this assumption. However, proofs of the results coming from this heuristic
approach are given in sections 3.2 to 3.5.

The expectations of the first two terms in (3.14) are easily computed. Since

=1 L
M::

+ E@ni(XiIE(X) | Xj, j=1,...n, j#1) =

i

=1 Ead
™M=

F{(fﬁﬁ(u) - f(u)f u)f(u)du =

-
1l
—

(Zn_.lrjﬁ 2 K((u-Xj)h))du - F{f(u)du =

j=1j#i

M=

1
netd
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(3.15) TTSLZ 2 JR(@-Xpm) du - [ f(u)du =

=1,i#j
1 n
EHE{ JK(@-Xjrm) du - [fu)du =
Jfan(udu - [f(u)du,

the expectation of the first term in (3.14) is
(3.16) E g (fan(u)du - f(u))du = é b(u,h)du,

where b(u,h) is the bias of the kemel estimator fyy, at the point u. Since theorem 2.3 gives uniform
expansions of the bias function we can also derive expansions for (3.16). To obtain the expectation of
the second term in (3.14) note that

1 . .
‘ ;‘H E(AX(Xi,WIE(X) | X, j=1,.., j #1) =

M=

TP

1
nj

L

F{ (£ () - () X(u)f(u)du.

Therefore the expectation is given by

,1—,215 J (Eanw) - ) (u)du =

L

2

(3.17) -1E I (£$0w) - fw)2f (u)du =
-3E J (o) - f)’f ' (w)du.

Expansions of this mean integrated squared error are given by theorem 2.8. From (3.16) and (3.17)
we conclude that by maximizing log(LCVpy(h)) is asymptotically equivalent to maximizing

(3.18) Jb(uh)du - ZE] (o) - ) '@)du + E g(An(X1h)IEX)).

So if the second term dominates the other two terms then we are asymptotically minimizing the
weighted mean integrated suared error

(3.19) E é (fan(u) - f(u))*f(u)du.

However it turns out that this not always true.
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Before we proceed with considering separate cases note that at this stage we can also show the
intuition behind Marron's correction term. From the definition of LCV§(h) we have

+0g(LCVE(M) = 1 Iog(LCVa(h) - | fan(u)du.
By (3.16) and (3.18) maximizing LCV§(h) is asymptotically equivalent to maximizing
- Jfwydu - 3B ] Ean(w) - (@)’ ()du + E gAmXah)EX0).

Note that the first term is independent of h. This means that in those cases where the third term is
negligible compared to the second term, we are minimizing the weighted mean integrated squared
error (3.19).

Let E be a bounded interval [a,b], -co <a < b < e, and let us again consider the three cases
introduced in section 2.3.1. If we take the weight function w equal to f'Ig then these cases were
defined by

casel : A© >0,

case I : A© =0 and AV > 0,
case Il : A® =AM =,

where A? and A® are given by

A0 = 2 (8 +(diH) IO + ) 8O @? + £(b-) '8Ob)?

AP = 2 (1) +A# IO +Ea+) 80?2 + £(b- 15V (b

Here dy,...,dm denote the singular points of f in the open interval (a,b). Further we assume without
proof that for the cases II and III we have

(3.20) _Sup _sup IApi(x,h)l = 0, almost surely.

By Ig(x)I<IxI3, for x small enough, this implies that the third term in (3.18) is negligible. Since cases
II and III correspond to densities which are smooth on E, having at most kinks, condition (3.20) is
not an unreasonable assumption. This condition is not satisfied for case I. In that case there are two
possibilities. If there is at least one jumping point d in (a,b) then

.S
i=1

and if one of the endpoints of E is a jumping point then (3.20) also can't be valid.
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In case III using the expansions given by theorem 2.3 and theorem 2.8 we see that (3.18) is
asymptotically equivalent to

1
;-hz_ { u?K(u)du EI f "(u)du +

1 1
; %.{1- h* (_ | u?K(u)du)’ EJ £ "(u)? (u)du + "E'fll p! Kz(u)du} -

1 1
(3.21) -;-hZ (') - £'@) { u?K(u)du - 5’%_ { K%(u)du.

This is exactly n times the expansion derived by Hall (1982) to prove theorem 3.2. Clearly if
f'(b) - £'(a) > 0 then (3.21) is an increasing function of h which does not have a maximum . It does
have a maximum if f'(b) - f'(a) <0. The point h where the maximum is attained is of order !B,

Next we consider case II. Let dy,...,dm denote the points in (a,b) where f has a kink and recall
that in case II there are no jumping points of f in E. Let Dy, denote the set of points which are at least
at a distance h of the singular points of f. Then theorem 2.3 gives the following expansion for the first
term in (3.18),

b
[b(uh)du = [b(u,h)du =
E a

a+h b m di+h

Ibuhydu + [buh)du + & [buh)du +  [b(uh)du =
a b-h i=1d;-h Dpnla,b]

1 0 1

(3.22) h J b(a+th,h)dt + h [b(b+thh)dt + h 2 { b(di+th,h)dt +  [b(u,h)du =~
-1 =1 - Dpn[a,b]

1 0 m 1
h26D(a) J by(t)dt + k28D (b) { by(t)dt + h2_=216“)(di) { by(t)dt +
1 b
$h% [u’K(u)du | f "(u)du =
-1 a

m 1 1 b
h? (80(a) + 80b) +2 28V(d)) JDrdt +3h? [uK@)du [ £ w)du.
= - a

The terms of order h? in (2.13) don't appear in this expansion because they are integrated over
intervals of length 2h. We have also used

b
£ "(u)du = | f "(u)du.
Dpnla,b] a
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Because f' can be discontinuous on (a,b) this integral is not necessarily equal to f'(b) - f'(a. By
theorem 2.8 it now follows that in this case we are asymptotically maximizing

m 1 1 b
h? {(8(1)(a) +8M(b) + 2,2‘ia<1>(di)) Oj bi(t)dt + 3h? { uwK(u)du [ f "(u)du} +
- . a

1 1
- ;—{h%(‘) Jpfmde+ 22 1 Kz(u)du} ~

m 1 1 b
h? {(8(1)(a) +8M(b) + 2_218(1)(di)) Jpr®de + In? ] u’K(u)du [ f "(u)du} +
i= - a

1
- [K3(u)du,
which leads for the uncorrected method to the same type of behavior as in case III above.

Since in cases II and III the third term in (3.18) is negligible the corrected method indeed
asymptotically minimizes the weighted mean integrated squared error (3.19). This corresponds to
Marron's optimality result given in theorem 3.3. Notice that in cases II and III the density f satisfies a
Lipschitz condition on an e-neighborhood of [a,b] for some € small enough. If the kernel K has a
bounded support then this property can replace the condition in theorem 3.3 that f should be Lipschitz
on the whole real line.

Finally we consider case I. Suppose that dji,..., dm denote the jumping points of f in (a,b)
then we have similarly to (3.22)

I b(u,h)du =
E
1 0 m 1
h8(a) J bo(t)dt + hd©O(b) {bo(t)dt +h §S(O>(di) {bo(t)dt -

1
h (89() - (b)) g bo(t)dt,

since by is odd. Notice that since by is negative on [0,1] the integral above is also negative. For the
third term in (3.18) we have for h small enough

E g(An1(X1.h)IE(Xy) =
E g((fon(X1) - (X)) (X)) E(X 1) =

JE () - fu)f(w))fu)du =
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ath b m di+h
([ + 1+ & J) Ben- ()t w)wd -
a+h m di+h

(J+ J + I DEG: () - fu)f () fu)du =

ath b m di+h

L+ ] %, I ) bt @)iwdu ~

hy(f,K),
where
1
YEK) :=f(a+) Oj g(f(a+) 18 (a)by(t))dt +
0
(3.23) f(b-) { g(f(b-) 18(b)by(t))dt +

E (fdi+) J g(£(di+) "8O(di)bo())dt + f(di-) { g(£(di-)8@(d;)bo(t))dt).

So in case I this term is not negligible. Again by theorem 2.8 we see that in case I we are
asymptotically maximizing

1 1 1
h (8©(a) - 8O(by) 0[ bo(t)dt - ;—{h A© oj bg(t)dt + b—rﬁ‘—} { K2(u)du} +hy(fK) =

1

1 1
(3.24) 1 (89(a) - 8O(b)) [ bo(t)dt - =A@ [bd(t)dt + Y(£.K) | - >3 [ x2m)du.
2 Znh 3

However using the corrected method we are asymptotically maximizing
1 ; ba |
h { 0@ J bg(t)dt + y(f,K)} Tk { K2(u)du.

Since in case I situations the third term in (3.18) is not negligible neither the uncorrected nor the
corrected method asymptotically minimizes the integrated squared error (3.19). So Marron's
optimality result does not hold for densities with jumps in the interval [a,b]. Notice that if neither a
nor b is a jumping point of f then there is no difference in the asymptotic behavior of the uncorrected
and the corrected method because the first term in (3.24) vanishes.

These heuristics lead to the next theorem which gives the rates of convergence of the
bandwidths obtained by likelihood cross-validation.
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Theorem 3.4. Suppose that E is a bounded interval [a,b], -co<a<b<eo, and that the density f
satisfies condition F and is bounded away from zero on E. Let d,,...,dm denote the singular points of
f in (a,b). Further assume that the kernel K satisfies condition K and has a bounded second
derivative. For some 6>0 let I, denote the interval [hphp] with hy=n""*C and hjj=n"C. Let Hy denote
the value of h which maximizes LCVp(h) over I, and let HY denote the value of h which maximizes
LCV$(h) over I,. The next statements hold almost surely.

(a) Case I: If Hp=Cpn’ then
g 12
2(b-a) [K¥(u)du

(3.25) lim Cn= - -
)-8 [ bo(t)dt + 74P [b()dt - Y(£.K)

provided
1 1
(89(b)-6(a)) Jbo(d + 2O | bd(t)dt - Y(£.K) > 0.

IFHS=CSn"'7 then

1 12
(b-a) [K*(u)du
(3.26) lim Cf = — 1 ,
72 [pd(de - v(EK)
provided

1
A [bd(eydt - (EK) > .

(b) Case II : If Hy=CnnPthen

T 1/2+€

hggng (logn) Cuh21
(3.27)

hll;n—gp (log n)l"’E B
provided

m 1 1 b
(8Ma) + 8V (b) + 2 _ths“)(di)) J by(t)dt + 3-h? { wK(u)du | f "(u)du < 0.
i= - a

IFHS=CSn"* then

(3.28) .,h_r,“m CEi= an(f,w)1/4BH(K)1/4‘

(c) Case HI : If Hy=Cp n"Pthen
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liminf (logn)2*€ C; > 1
n—eo

3.29
(3.29) "

n—»op (log n)1+e Gt
provided f'(b) < f'(a).
IFHS=CSn"' then
(3.30) Tim Cf = om(f:w) oK), 0
Here the constants oyy(f,w), oqm(f,w), Br(K) and Bri(K) are the factors in the optimal bandwidths

given in (2.25), where the weight function should be taken equal to f'Ig, and y(f,K) is defined in
(3.23). So the limits (3.28) and (3.30) are the optimal constants in cases II and III respectively.

Remark 3.5. Since by remark 2.9 the expansions of the mean integrated squared error hold
uniformly for h in (0,hy] for any sequence of positive hy converging to zero, for the corrected method
in cases II and III the theorem above implies (3.11) of theorem 3.3. By an argument based on a result
of Marron & Hirdle (1986), similar to the one Cline & Hart (1986) use to prove their theorem 6, it
can be shown that (3.10) also holds.

Next we consider the type of densities studied by Chow, Geman & Wu (1983) and Devroye
& Gyorfi (1985), i.e. we assume that f has bounded support [c,d] and E=[c,d]. This means that we
compute the product (3.9) over all the data points X;. Also assume f continuous and bounded away
from zero on E. This is a case [ situation with

1 1
YEK) = f(c+) J g(f(c+) M(c+Hbo(t))dt + f(d-) J g(-£(d-)M(d-)bo(t))dt =
1
(f(c+) + £(d-)) 0[ g(bo(t))dt <O0.

This constant is negative because g is an increasing function on (-1,ee) with g(0) = 0. So g is negative
on (-1,0) and since by is negative on (0,1) the function g(bp) is also negative. We also have by partial
integration

1
(89()-8%a)) Jboltydt =

i I |
- (f(c+) + £(d-)) J ([J K(u)du)dt =

1
- (f(c+) + f(d-)) J uK(u)du < 0.
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Using the equality AO=f(c+)+£(d-) the next result now follows from theorem 3.4.

Corollary 3.6. Let f satisfy condition F and have bounded support [c,d). Let E=[c,d] and let f be
continuous and bounded away from zero on E. If Hn=Cnn'”2 and Hﬁ:Crc,n'”2 then under the
conditions of theorem 3.4 we have almost surely

172

,

1
1 2
2(d-0) [K (u)du

(3.31) lim Cp =1 1 1 1
| (f(e#) + £(d-))( J uK (u)du + ;—J bi(t)dt - J g(bo(t))dt)
and
- 1 1/2
Hd-¢) [K*(w)du
(3.32) lim C§ = 4 1
1(f(0+) + f(d-))(-;-g b3(t)dt - J g(bo(t))dt) .

Remark 3.7. The asymptotically optimal constant for the weight function f 'Ig in the case I situation
of this corollary is given by (2.25). It equals

1 12

2d-0) [K¥(u)du

Copt =

1
(f(c+) + £(d-)) J b(tH)dt

The corresponding optimal bandwidth h{P* is equal to Copth’ 12 Note that the quotients of the limits in
(3.31) and (3.32) and cop depend only on the kernel function K and not on the density f. This means
that we can obtain almost sure convergence to the asymptotical optimal constant Cop by multiplying
the computed bandwiths Hp and Hf by a known constant. However, even using the optimal
bandwidths, unavoidably we have a large error since we are dealing with a case I situation. It would
be better to use the symmetrization device described by Schuster (1985) combined with cross-
validation to determine a good bandwidth. Cline & Hart (1986) discuss this approach for least
squares cross-validation.

The two previous theorems show that in the cases II and III, i.e. if the density f has no jumps
in the interval [a,b], the bandwidths H§ are asymptotically almost surely equivalent to the
deterministic asymptotically optimal bandwidths with respect to the weighted mean integrated squared

error MISEy(h), where
b
MISEy(h) = E ISEp(h) = Ef (fan(x) - fx)f (x)dx.
a
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Let Hy, denote the positive value of h which minimizes the integrated squared error ISEp(h). Since Hy
is the random bandwidth which we would like to approximate we derive the asymptotic distribution
of Hf - Hy. The next theorem establishes the asymptotic normality of H§ - Hy, in the cases II and IIL
The proof is given in section 3.4.

Theorem 3.8. Suppose that the conditions of theorem 3.4 are satisfied. With L(u):=K(u)+uK'(u)
we define the constants 02, 0?1 and cﬁl by
1

o?:= 4(b-a)_{ L%(u)du,
1 t
o :=a®[ (| (t-u)L(u)du ) dt,

1 b
ofi:=5(] u?K (u)du)*( J£ 0P Godx - (') - £'(a))?),

and the constants 0, 0.1 and 0 by

b )
0= -23-{ K2(u)du,

: b
oy = ;—({ uZK(u)du)zé[ £ "(x)* 1(x)dx

1 t
o := 340 ([ twKde) de

Then we have in case Il

D _ K " B
n*B(HS - H) = N5 oo 0y 0? + g ay oif )

and in case I”
* D 7 = o -
n3/1°(an * }In) - N(0,2—15 (2(1() /S(X.l 3/50'2+ (0 1)) 2/5(11 8/56112 )) 0

The second statement of this theorem is similar to theorem 2.1 in Hall & Marron (1987a), the
asymptotic normality result for the bandwidths computed by least squares cross-validation, the only
difference is in the asymptotic variance. It shows that for smooth densities we also have the slow
convergence demonstrated by (3.6) for least squares cross-validation. Though formally it doesn't
apply here since we use a different weight function, this result is coherent with theorem 2.1 in Hall &
Marron (1987b), which states that we can not expect a faster rate of convergence. This theorem
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assumes the densities to be twice differentiable, essentially our case III situation. It is a nice surprise
that the first statement of our theorem shows a faster rate of convergence. In that case we have

HS - HY i E
M 0, = 0™,

1/10

which is of smaller order than the bound Op(n™™) which holds in the smooth case. Proceeding as in

Hall & Marron (1987a) we would also obtain

ISEq(H$) - ISEqn(Hp)

-1/4y - II
SE(H) =Op(n™"), in case

and
ISEn(HF) - ISEn(Hp)
ISEq(Hp)

= Op(n'1/5), in case III,

which shows that the minimal integrated squared error is also better approximated in case II.
However we should keep in mind that if f has kinks in [a,b] this integrated squared error is of a larger
order than it is for smooth densities.

3.2. The derivative of log(LCVy(h)).

The proofs of theorem 3.4 and theorem 3.8 in the previous section are based on expansions of
the derivative of the function log(LCVy(h)). Before we can derive these expansions we give two
successive decompositions of this derivative in sections 3.2.1 and 3.2.2 . In section 3.3 we then
obtain the expansions which prove theorem 3.4. The proof of theorem 3.8, stating the asymptotic
normality of Hf; - Hy, is given next in section 3.4,

3.2.1. A decomposition.

We first consider the derivative of the kernel estimator fyn with respect to the bandwidth h.
For K differentiable we have

000 = 5 2 g K(OeXom) =
(333 52 CorKexom - SRk expm) =

1 n
- == Z LX)
with
(3.34) L(x) := K(x) + xK'(x), -00 < X < 00,

This function plays an important role in the sequel. For kernels K, satisfying condition K and having
a bounded derivative, L has the following properties,
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(L.1) L has support [-1,1],
(L.2) L is bounded,

(L.3) L is symmetric,
(L.4) {1 L(u)du = 0.

The first three properties are immediate and property (L.4) follows by partial integration.
The next figure shows the graph of the function L for the kernel K, given by

K(x) = 22 (1-x2)311.1,11().

Notice that K' continuous implies L continuous, and that L has a bounded derivative if K has a
bounded second derivative. This last property is required if we want to apply theorem 2.16 to the
derivative (3.33).

T T 1 Lj T

-1.0 0.0 1.0

Figure 3.1. The function L.
Now consider log(LCVpy(h)). Since
1 | )
108(LCV(h) =1 & og(lin(Xy).

and

X0 = 27 fan(X0) - T KO)
we have

L log(Levamy =

L T 108G fun(Xi) - g KO)

i:XjeE

1 1 n
n i:)ge B log(fan(Xi) - 777 K(0)) + log()-
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Next use (3.33) to obtain

4 log(LCVa(h) =

M=

L((Xi-X;)/h) - % K(0)

[0}
ot

1
(3.35) ) o | :
s fan(Xi) - 75 K(0)

M=

L((Xi-Xj)/h) - 2= K(0)

K((Xi-Xj)/h) - 2=K(0)

M=

1
1y W
ﬁ-i:XiEE 1
nh ;S

[0

i
The following decomposition of this derivative is the key tool in our analysis of the behavior of
likelihood cross-validation.

Proposition 3.9. If the kernel K is differentiable and satisfies condition K, and if we define the

function L by (3.34), then

L& logLCV(h) =

Un(h) + Vp(h) + Wy(h) + Yn(h) + Ry(h).

where
1 1 1
Un(h) = n—gguij(h), Va(h) = n—3§ Vij(h) and Wa(h) == 3;1( Wijk(h),
with
Uijh) 1= - SLCKXy)m) £X) ! T (X0,
Vij(h) := ;—3K((X1-Xj)/h) L((Xi-Xj)/h) £Xi) 2 Te(Xi),
Wijk(h) = ;—3K((Xi'xj)/h) L((Xi-Xi)/h) £(Xi) % Ie(Xy),
and where
1v,1v% 1
Yo =- 75 & (G & LOGX)M) - 75KO)
(3.36) (L K@Xpm) - 10 - 1K)
: ﬁjﬂ s U~ nh

( 7 2 KOGX)) - 5 KO) 10X TeCX),
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2K(0)* ¥

):fx. (X 0
(nh) (X)) Ie(Xj).

Rp(h) :=

Proof. Write the denominator in (3.35) as
Fan(XD) - 7 K(0) = £(Xi) + fan(X0) - £X) - 1= K(0) = X)) + Ani(h),

thus defining Apj(h). Next we introduce the function g by

g(x,s) = : =+5s —12- = —QL :
x+s XU x% x%(x+s)
This gives
1 1 Apith)

SRR S =+ (X)), Ani(h)),
fan(Xi) - =5 K(0) T~ 1)

and therefore by (3.35) we have
1 dl LCVp(h)) =
o i 108(LCVn(h)) =

1 1y 1 1 (h)
mgéﬁ{m Z L(X X)) - EHK(O)}{RXJ . f“(‘x) o+ 8(f(X0), Am(h>)}=

- Z IE(Xi) {n 2 L((Xi-Xj)/h) - %K(O)}

i=1 ]=1

7+ e (& KX - K (O) + 860X Anth)|

’317

This can be rewritten as

6
@337 X Znih) + Ya(h),
with
2

Zni(0) i= - o 22 LXiXim) 06) Ta(Xo),

Zna(h) := (—nl—; Z L X LG XMK((XiXio/) £06) TR(XG),

Zn3(h) :=- ﬁK(O) 12‘1121 L((Xi-Xj)/h) £(Xi) *Ie(Xi),
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Zna(h) 1= (—n'fl—)fK(O)i:}:1 £X) MTE(XG),

Zas(h) = - sy KOZ L KX (K0 KD,

Zng(h) 1= K(O) T 2 T 1K),

and
n

Yalh) = o S 3 LX) - KO 2600 A 1K),

j=1
Now note that
Zn1(h) = -Zna(h ) + Un(h),
Znp(h) = -Zn3(h) - Zns(h) + Zne(h) + V(h) + Wy(h),
Zne(h) =3 Rn(h),
which shows that (3.37) equals
Up(h) + Vn(h) + Wp(h) + Yn(h) + Ry(h).
This completes the proof of the proposition. 0
3.2.2. The relation to U-statistic theory: a second decomposition.

The statistics Up(h), Vp(h) and Wp(h) in the preceding section are U-statistics. If ¢ is a
symmetric real valued function defined on the m dimensional Euclidean space then a U-statistic of
degree m with kemel ¢ is defined as

(m) 1m)e Cn,m (P(Xil”"’xim)'

.....

where Cy m is the set of all ordered m-tuples (iy,...,im) of different indices from the set {1,2,...,n}.
Note that, with

Gxy) 1= - SrL-Y M) TEH) Te(y)),

Py xy) = h—l;K«x—y)/h>ux-y)/h)(f(x)'21E<x)+f(y)'21E<y)>,
we have
Un(h) = = Z gl (i X)),
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1
Valh) =~ & 9/ (X, X,

so up to normalizing factors Up(h) and Vy(h) are indeed U-statistics. Also notice

Pp(Xi.X;) = Usj(h)+Uji(h)

and
oy (Xi.Xj) = Vi(h)+Vjich).
Similarly we can write Wp(h) as
_1 Wy, X
Wa() =5 2 0}/ (X:.X;:X),
where

<P¥1V(X1,Xj,Xk) = Wijk(h)+Wikj(h)+Wiii(h)+Wiik(h) +Wiki(h)+Wyij(h),
i.e. the sum over all permutations of the indices. So Wy(h) is a U-statistic of order 3.

The kernel functions (p}lJ 5 (pl‘ll and (p‘;lv depend on the bandwidth. To derive the asymptotic
distribution theory for likelihood cross-validation we need the asymptotic distribution of Uy (hp) for a
sequence of bandwidths (hy) (The terms Vy, (hn) and W, (hy) are negligible). In that case we are
dealing with a statistic of the form

1
Un(h) = Z 9 (Xi-X)),

a U-statistic with a kernel depending on the sample size. The asymptotic distribution theory for this
type of statistics is studied by Hall (1984), Jammalamadaka & Jansson (1986), De Jong (1987,
1988), Nolan & Pollard (1987, 1988).

Although we can not use the theory for U-statistics with fixed kernels, we can employ
Hoeffding's projection technique to derive a decomposition of a U-statistic (Hoeffding (1948),
Serfling (1980)). This results in the following decompositions

-1
Un(h) == EUj(h) +

n n

T (B0 - BU(h) + L1 3 (B(UhIX;) - EU(n) +

n_lfg (Uij(h) - E(Uy(h)IX;) - E(Uj(h)IX;) + EUsjjh)),

which we rewrite as
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Un(h) = % EUjj(h) +

LY (BUmIX) - EUih) + -1 Z (E(Uii()IX;) - EUsi(h)) +
().
where
 — 1 .e
Onthy := 2 Z Oyam,
and

oij(h) := Uij(h) - E(Ujj(h)IXj) - E(Ujj(h)IX;) + EUij(h).
Similarly we decompose Vp(h) as
n-1

Vn(h) = -3 EVij(h) +

n

L o BV 0IX) - EVih) + 2 Z (B(Viih)IX)) - EVii(h) +
Quch,
where
1
batty 1= 2 2 0am,
and

%(h) := Vij(h) - E(Vii(h)IX;) - E(V;j(h)IX;) + EVij(h).
Finally we also decompose the statistic Wy(h). We get

Wi(h) = (“13# EWii(h) +

(n-1 l3(11-2) % Z (E(Wije(m)IX;) - EWiji(h) +

—z—(n'lz("'z) %El (E(Wik(h)IX;) - EWije(h)) +

(n-lz(n-Z) %kgl (BE(Wijk(h)IX) - EWjj(h)) +

Wa(h),

where

Wa(h) := n%-igk Wijk(h)
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and
Wijk(h) = Wijk(h) - E(Wijk(h)IXi) - E(Wijk(h)IXj) - E(Wijk(h)IXy) + 2EWij(h).

An important property of these decompositions is that the conditional expectations of the terms of
On(h) given the X's vanish, i.e. for k=1, ..., n

B0t = D)X = 0.

This implies that ﬁn(h) and the linear terms in the decomposition of Up(h) are uncorrelated, an
inherent property of the Hoeffding decomposition. The other two decompositions have a similar
property.

We obtain a further decomposition of the derivative of n"'log(LCVy(h)) by plugging in the
previous ones of the statistics Up(h), Vy(h) and Wp(h) in the decomposition derived in the previous
section. Then we compute the various conditional expectations appearing above. These conditional
expectations can be expressed in terms of functions b® with G equal to one of K, L, or KL, the
product of the functions K and L. These functions b are generalizations of the bias function b in
section 2.2. We also introduce generalizations of the functions bg, b1 and b, which appeared in the
expansion of the bias.

Definition 3.10. The functions bC, b§, b§ and b3 are defined by

1 o i
bS(x,h) := E Gp(x-X1) - f(x) { G(u)du = %I-IG((x-u)/h)f(u)du - f(x) »{G(u)du

and
t
J (t-u)™ G(u)du if t<0
ba® =" ,
'J (t-u)™G(u)du if 120
for m=0,1,2.

The proof of the next lemma is a direct generalization of the proof of theorem 2.3 and is therefore
omitted.

Lemma 3.11. Assume that G is a bounded symmetric measurable function with support equal to
[-1,1] and that the density f satisfies condition F. Let (hy) be a vanishing sequence of positive real
numbers.

(a) Then

1
bSCxh) = 7% "(x) [ w’Gu)du + r3(x.h)

where the remainder 13 satisfies
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Lim sup sup h%r3(x,h) = 0
n—eo 0<h<hy' xe Dhn[-M,M]

for every positive M.
(b) For xga fixed point we have

bS(xotthh) = bF(E(x0) + hbFBED(xo) + 7h?bF(®)8P(xo) +

1
2h? [ WP G(u)du (£ "(x0 o, (1) +£" (X010, )(0) +

14(t,h),
where the remainder 14 satisfies

lim sup sup  h2ry(th) =0
n—o 0<h<hp' -M<t<M, 120

for every positive M.
We now state the main proposition of this section.

Proposition 3.12. If the kernel K is differentiable and satisfies condition K, and if we define the
function L by (3.34), then we have the following decomposition,

%% log(LCVy(h) =

nn—-l-EUij(h) + I:T_zl—EVij(h) + (Llrén_—z)EWijk(h) +

“n_lg g‘.(ul(x ih) - Bui(Xgh)) +
“Tl.% )::l(uz(x,,h) Eup(Xp,h)) +
"Tl.nlfé(vl(xi,h) - Evi(Xph)) +
“n_ln% gn)(vz(xi,h) - Eva(X;h)) +

@) 3 wi(Xih) - Ewa(Xih) +

(n-lrz(n-Z) %E(WZ(Xi’h) - Ewy(Xj,h)) +
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(n—lrz(ﬂ-z) %g(w3(xi,h) - Ew3(Xj,h)) +

) + Onh) + Fnh) +
Yn(h) + Ry(h),

where the functions uy, Uy, Vi, V2, W1, W2, W3 are defined by

w(ch) = - BhGoh) 0 IgGx),

up(xh) = -h%-JL((u-x)/h)du,

vi(xh) = h%-(f(x)jKL(u)du + bXE(x,h)f(x) IR (x),
(3.38) vaxh) = h—I;]!KL((u-x)/h)f(u)'ldu,

wi(x,h) = }ITbK(x,h)bL(x,h)f(x)'ZIE(x),

wa(xh) = h%-JK((u-x)/h)f(u)-lbL(u,h)du,

wa(x,h) = le-EIL((u-x)/h)f(u)"bK(u,h)du.

To prove this result we only have to compute the conditional expectations in the decompositions of
Un(h), Vn(h) and Wy(h). These conditional expectations are given by the next lemma.

Lemma 3.13. The conditional expectations of Ujj(h), Vij(h) and Wijk(h) are given by

@ E(Ui(h) 1 X)) = - & b(Xih) £X) TE(Xi) = 201(Xih),

E(Ujh) | X;) = - EZTE[L((u-Xj)/h)du = 2up(Xj,h),

1
(b) E(Vij(h) | Xj) = h-lf(f(xi) [KL(u)du + DM X3, h) i) PTR(X:) = vi(Xih),

BV 1X) = =3 [KL(-X)ME@)du = va(Xih),

() E(Wijk(h) | X;) = - 7E (Ue(h) 1 X;) + };b"(xi,h)bL(xi,mf(Xi)'ZIE(xi) =
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- ul(xi7h) + Wl(xi,h),

E(Wij(h) | X)) = h%-é[ K((u-X;j)/M)f(u) b “(uh)du = wa(X;h),
E(Wijk(h) | Xi) = - 7E (Ui(h) | Xio) + hl; hjL«u-xk)/h)f(u)‘1b"(u,h)du =

- up(Xi,h) + w3(Xi,h).

Proof. We only derive the expressions for E(Wjjk(h)IXj) and E(Wijk(h)IXk). The other expressions
are obtained similarly. We get the conditional expextation of Wijk(h) given Xj and X by integrating
out Xj,

E(Wijk(h)IX;,Xk) =

'8‘—~g

hi;K((Xi'V)/h)L((Xi'xk)/h)f(xi)'ZIE(Xi)f(V)dV =

LK XiMECK) T + [ Ky - £X0)) =

LU + h—‘; L((Xi-XiM)EXi) TE(X)bK (X h).

Next we obtain E(Wjjk(h)IXj) = E(E(Wjjk(h)IX;,Xk)IXj) by integrating out X, This gives

E(Wig(h)IX;) =
LEUxM)IX) + ;‘;L«xi-wyh)f(xi)'zla(xi)bK(xi,h)ﬂw)dw =

LEURM)IX) + = BRKGhBLX; K 2E(XG).

Similarly we compute E(Wijk(h)IX) by integrating out X;. This gives

E(Wijk(h)IXy) =

FEURIXO + | 2r LX) )bk by =
SRV + 7] LX) bR mwda
E

which is the correct expression. 0
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Proposition 3.12 gives us a basis for deriving both the rates of convergence to zero as well as the
asymptotic distributions of the bandwidths computed by likelihood cross-validation. In the following
section we obtain results on the rates of convergence to zero. Distributional properties are studied in
section 3.4.

3.3. Rates of convergence: proof of theorem 3.4.

Recall that the random bandwidth H, computed by the uncorrected likelihood cross-validation
method is equal to the value of h which maximizes the random function LCVy, defined in (3.9), over
the interval In=[hp,hp], where h},:n'”" and hj=n"° for some 6>0. The random bandwidth H§
computed by the corrected likelihood cross-validation method is equal to the value of h which
maximizes the random function LCV§, over the interval I,. The function LCVY is obtained from LCVy,
by n

- )| .
(3.39) LCV§(h) = LCVy(h) exp (-__1 7 K((u-X;)/h)du).

In this section we prove theorem 3.4 concemning the rates of convergence to zero of the random
bandwidths Hy, and H§. We consider the root and the sign of the derivative of the random functions
log(LCVy(.)) and log(LCV$(.)).

Throughout this section we assume that the conditions of theorem 3.4 are satisfied, i.e. we
assume that E=[a,b] and that the density f satisfies condition F and is bounded away from zero on E.
Further we assume that K satisfies condition K and has a bounded second derivative. By di,..., dm
we denote the singular points of f in the open interval (a,b). We treat the points a and b separately.

The decomposition given in proposition 3.12 gives the next expansion of the derivative of
log(LCVy(.)). The proof of this expansion is given at the end of the section.

Proposition 3.14. If we write

& 4 0B(LCV(h) =

n

rlT,gi h-17 JL((u—Xj)/h)du +

1
b-a 2
m -JK (u)du +

}l;l!b‘-(u,h)b‘((u,h)f(u)'ldu +

Yn(h) +
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Rnl(h),
where Yy(h) is defined by (3.36), then the remainder term Ry satisfies

su{) an(h) Rpi(h) = o(1), almost surely,
help

with og(h) equal to

(Elf+ 1).1 in case I
an(h) = (nh%-+ hz)-1 in case 11
(-n%f+ hg')-1 in case I11. 0

Now we also automatically obtain an expansion for the derivative of log(LCV$(.)) since by (3.39)
and (3.33) we have

L& logevm) =

n

(40)  losLCVM) - ;g (X [K(@-Xom)du) =

ot
—

L logLCV(m) + - X h“lf TL(@Xomydu .

i=1

It follows that the correction factor removes the first term in the expansion of % a(-ih—log(LCVn(h))
given by proposition 3.14. Using the expansions of the bias functions bX and bY, provided by lemma
3.11, next we expand the deterministic third term.

Lemma 3.15. We have
1 g
F F{ bL(u,h)bK(u,h)f(u) 'du =

1

- 7A@ [o§ @7t + ri(h) in case I
1
(3.41) - 2n2A® J bX(1)%dt + h’ry(h) incasell >
1
= ;_h3(_ { u?K(u)du)? EJ f "(u)’f Y(u)du + h3r3(h) in case Il

where 11(h), r2(h) and r3(h) converge to zero uniformly for he I,. 0
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Proof. Let Dy denote the set of points on the real line which are at least at a distance h from the
singular points of f. For n large enough and he I, write

}1; [ bMu,h)bX(u,h)f Yu)du =
E

a+h b di+h

1 3 L K 1
H(Em{) h+ J + b_Jh 3+ Ei di{h) bY(u,h)bX(u,h)f (u)du.

First consider case III. Then the interval E = [a,b] contains no singular points. By lemma 3.11 we
have for n large enough

£ [ bh bR )t (u)du =
E

1 1
11; é (3h% "(u)(_{ v2L(v)dv)h%f "(u)(_{ vZK(v)dv)fi(u)du) + h3ry(h),

where the remainder term r1(h) vanishes uniformly for he I, for n tending to infinity. Since by partial
integration we have

1 1
{ v2L(v)dv = -2_{ vZK(v)dv

this proves (3.41) for case III. In the cases I and II this term is asymptotically negligible and the term

m di+h
(3.42) E Z | b uriwde

dominates. Let d; be a singular point of f in the open interval (a,b). The term corresponding to dj in
the sum (3.42) is equal to

1 di+h
(3.43) PARCEILECR YR O

By lemma 3.11 this term is equal to

1

1[5(0)(di)b(l)-(t)s(o)(di)blo((t)fl(di+th)dt +0o(l) =

1
5©d,)? { by (Of I(di+th)dt + o(1) =

1 0
8O )*(f1(di+) J b @bdt + £(di-) ] b®bE®A) +0(1) =
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1
8O (E i) + £1(din) [ b@DE e + o(D),
since blé and b% are odd functions. If 8(0)(di) is equal to zero then the expansion of (3.43) becomes

1
{8(1)(di)b11‘(t)8(1)(di)b11((t)fl(di'”h)dt +o(h?) =

1
h28D(d)2(£(di+) + £1(di-)) 0[ brob¥(mdt + oh?).

Similar expansions hold for the points a and b. The uniformity of these expansions is readily verified
so it remains to show the equalities

1 1
(3.44) | b&®b Mt =-> )| b6(n’dt
and 1 1
(3.45) Jpropfode=-3 [bfo’d
The proof of these equalities is postponed to the end of section 3.5. 0

We also need a bound on the term Yp(h). For cases II and III it is given by lemma 3.16.
Lemma 3.17 provides information on Yy(h) for case I. Both lemmas are proved in section 3.5.

Lemma 3.16. For some constant ¢ >0
limsup su{) on(h) IYn(h)l < ¢, almost surely,
n—ee hely
where
312 -1
(}17(!%5‘1) + h3) in case Il

on(h) = 32 <1 .
G 1%)  incaseln 0

First consider the corrected method in the smooth case III. Proposition 3.14, (3.40), lemma 3.15 and
lemma 3.16 imply

1d 1 1
(3.46) v @ 108(LCVA(h) = olo— - oh®+ Rpa(h) (R’L n®),

where for some sequence of almost surely vanishing random variables S, we have for all he I,
(3.47) IRpa(h)l € Sp,

and the constants o and o are defined in theorem 3.8. Substituting h = cn''? in relation (3.46) and

3/5

multiplying by n™> we get
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1 A
(3.48) %7 ouc*+ Ryp(en) (ET+ ).

Let co be equal to (00/(11)1/5 then cp is equal to the optimal constant for the mean integrated squared
error in case III for the weight function w = f° g (see (2.25)). Next we rewrite (3.48) as

3

i ;2-+ C
3 -1/5
(3.49) (‘10;2" a1¢®) (1 + Rpo(en ™) a_1—3)'
0;5-- ocC

We see by (3.47) that for any 0 < € < cp and for all n larger than a random integer N(g) the expression
(3.49) is positive for all ¢ in (0,co-€)~n" I, and negative for all ¢ in (co+€,ee)n"I. So if we write
HS = C§ n"'/3 then for all € in (0,co)

co-€ < C§ < cote, for all n 2 N(e).
Thus we have shown
nh_r)nm C§ = co, almost surely,
which proves (3.30), i.e. the almost sure convergence to the optimal constant for case III.

The proof of statement (3.28) of theorem 3.4 for the case II is exactly the same except that the
second term in (3.46) is of order h? instead of h>. In case II we have

1d 1 1
(3.50) & @ 10BLCVE() = dg—or - agh®™ Ras(h) (= + 1),
where 0y is given in theorem 3.8, and Rp3(h) satisfies a condition similar to (3.47).

In case I the situation is different since then the term Yp(h) in the expansion of proposition
3.14 is no longer negligible. The next lemma deals with this term. The proof is given in section 3.5.

Lemma 3.17. Let dy,..., dy, denote the jumping points of f in (a,b). Then
Yn(h) = Y(£,K) + Rna(h),
where Y(f,K) is defined in (3.23) and Rp4(h) satisfies

su gﬂl\ - 1)-1R 4(h) = o(1), almost surely 0
hEE)n nh? " ’ .

We now get the following expansion of the derivative of log(LCV$(.)),

1d 1 1
(3.51) 7 aF 0gLCVi(h) = do—r - 03+ AEK) + Ras(h) (nh7+ 1),
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where for some almost surely vanishing sequence of random variables Sy, we have for all he I,
IRps(h)l < Sp.

Here oy is the same as above and o3 is given by
o3:= A0 glblé(t)zdt.

Contrary to the previous cases here the leading term of (3.51) does not always have a root in (0,e). If
a3 - W K) <0 then by the same argument as above the derivative is positive for all he I, for n larger
than some random integer N. This means that we get find large values of Hf. On the other hand if
a3 - Y(£,K) > 0, defining C§ by H§ = C$n"', we get (3.26) of theorem 3.4.

Having dealt with the part of theorem 3.4 about the corrected method we proceed with proving
the results concerning the uncorrected method. The next lemma gives expansions of the expectation of

the correction term

=

1y 1
7 & 77 L(@-X/mydu .

[0}

Since the proof is a straigthforward application of lemma 3.11 it is omitted.

Lemma 3.18. We have

b
1 . —
By g L((u-Xj)/h)du =

e 1
(89(a) - 8O(b)) J b&(t)dt + r(h) in case I

m 1
h(8D(a) + 8V (b) + 2§8(1)(di)) J bldt +
1
%h(f’(b) - f ‘(a))_{ u2L(u)du + hrp(h)  in case Il
1
\%h(f'(b) - f '(a))_{ u?L(u)du + hr3(h) in case 111,

where the functions t1(h), ra(h) and r3(h) converge to zero uniformly for he I,. 0
By the statement concerning uj in lemma 3.19 below we also have almost surely

n b b
1 1 I
ATog S, )21 Z (5 [ L@-Xim)du - E o [ Li-Xpmdu)l = o),

so the correction term is equal to
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b

1 logn
(3.52) Eir J L((u-X;)/h)du + Rpe(h) &% ,

where Rpg(h) for all he I, satisfies
IRpe(h)! < Spy

for some almost surely vanishing sequence of random variables Sp. It is not hard to show that the
asymptotic standard deviation of the correction term is of the order (nh)””z, so apart from the factor
logn the bound in (3.52) is sharp.

First consider the uncorrected method in case III. Substracting expansions (3.46) and (3.52)
we get
1d
= a5 10g(LCVn(h) =

L L log(LCVE()) - = 2 ;1; JL-Xi/mydu =

i=1

logn

b
aoEl;_-- 0gh®+ Ryp(h) (Elf‘* h’) - E h,lz. JL(u-Xm)du - Rug(h) ah) 2’

which by lemma 3.18 equals

1 1 logn
Olo—7 - ouh3+ agh + hra(h) + Rp(h) (E{‘* h*) - Rne(h) (;_%1,—2=
1 1 3 logn
3.53 h + hrz(h) + Rpa(h +h’) - Rpg(h s
(3.53) o=y + ash + hrs(h) + Rua(h) (=7+ 1) - Rug(h) =T
where 04 is given by

1 d
ay=- %(f'(b) - f'(a))_{ w’L(u)du = (f'(b) - f‘(a))_{ u’K(u)du

and r4(h) converges to zero uniformly for he I,. Next notice

1
¢ i (nh3)1/2

= 1 nh ,
(nh) 2 S
(nh”) "

so if nh® converges to zero or infinity fast enough the term (nh)?logn is negligible compared to the
leading terms in (3.53), uniformly for he I,. However if nh? remains bounded away from zero and
infinity then this term is not negligible. Writing h = cn"' and multiplying (3.53) by n'® we rewrite
(3.53) as
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aozl2-+ e - Ryg(enP) log n + cra(en™P) + Rpp(en') (Eli'*' SAn2h).

Now assume that a4 is negative then aoc‘2+ 04 has a root in (0,e0). By a similar argument as we
used for the corrected method we then find that for n larger than a random integer N we have for all

e>0
1 14€
——— =< Cp<(logn)
a og n)le+E
which gives
liminf (log n)/2*€C > 1,  almost surely,
and

1

msup mc,, <1, almost surely,

thus proving (3.29).
For case II the proof of (3.27) is exactly the same except that the constant oy is different since
lemma 3.18 gives a different constant. Here oy is equal to
m 1 1
-h (3M(a) + 8D(b) + 2§s<1>(di)) J bH(t)dt - %h(f'(b) - f'(a)) { wL(u)du =
1= -

m 1 1
2h (8V(a) + 8V(b) + 2 ;8‘”@)) J b¥()dt +h(f'(b) - f'(a))_{ w?K(u)du ,

where we use (see the end of section 3.5 for the proof)
1 1
(3.54) J bldt=-2 o[ b¥()dt.

Statement (3.25) for case I can be proved in the same way as we proved (3.26) because in this case

the variation of the correction term is negligible since uniformly for all he I, we have logn (nh) /2 =

o(1). Here we need the relation

(3.55) Jlb&(t)dt =- Jlblé(t)dt,

the proof of which is also postponed to section 3.5.

To complete the proof of theorem 3.4 we now prove proposition 3.14.

Proof of proposition 3.14. The proof is based on the decomposition given by proposition 3.12.
Combining some of the terms of the decomposition we write
(n-1)(n-2) 3

-1 -1 -11
"5 EUj(h) + S EVih) + S22 EWije(h) + =5 2 (ua(Xih) - Bug(Xih) =



%—;l—(E(EUij(h)IXj) - Eup(Xh)) + ‘-‘;‘,‘-E(Evij(h)lxi) PR 1:(“‘2) E(EWiji(h)IX;) +

111
T A ] U@-Xi/mdu.

i=1
By lemma 3.13 this is equal to

=1 -1
"o (2Bun(Xph) - Bun(Xyh) + S Bvi(Xph) +

M=

@02 (Buy(Xph) + Ewi(Xph) - 21
n

I

b
1 . —
4 J L((u-Xj)yh)du =

I
—

Er:il-Euz(Xl,h) - (n-—lr)l(;ﬂ Eu(Xy,h) +

r:l—'zl—Evl(Xl,h) + (’"—ll)l(zﬂEm(Xl,h) +

§.bY HIT JL((u-Xiy/)du.
Notice that by lemma 3.11 we have
1 oo
1 1 [£1! ) =
7 Evi(Xp.h) = ({ KL(u)du_wf (X)IE(x)f(x)dx + hrg(h)) =

1
(3.56) E%h%{ K2(u)du + nh-’lfu(h),

where 14(h) converges to zero uniformly for he I;. Here we use the equality
1 1 1

JKL@du = [ (K@) + uk'@KW)du = 5[ K2(u)du.

Furthermore we have
Ewi(Xph) = F l=jblt(u,h)bl((u,h)f(u)"du
and since Euj(Xy,h) = Eup(Xy,h) = EUij(h) we also get

n—r_ll—Euz(Xl,h) - (n—-lr)?(lﬁ)'Eul(Xl,h) =

(3.57) 2 “?1- Euy(X1,h).
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It follows from lemma 3.18 that (3.57) is asymptotically negligible and from lemma 3.15, lemma
3.18, (3.52) and (3.56) that the factors (n-1)/n and (n-1)(n-2)/n2 can be replaced by one.

Since the term Ry (h) is readily dealt with it remains to show that the linear terms corresponding to the
functions uy, vy, v2, Wi, wz and w3 and the quadratic terms ﬁn(h), On(h) and Wn(h) are
asymptotically negligible. This is achieved by the next two lemmas which are proved in section 3.5.

Lemma 3.19. Let ¢ be one of the functions uy, uy, vi, v, Wi, Wp and w3 and let (0n(.)) be
sequence of positive functions on (0,00). The statement

(3.58) malg—ﬁ =p an(h) IE{ (9(Xi.h) - Eo(Xi,h))| = o(1), almost surely,

is valid for ¢ =uy, 9 = wpand @ = w3 if

n'2n1”2 in case |
on(h) = {n'2h12 in case 11
nl2p! in case 111

It is valid for @ = u, if we take on(h) equal to n'?h'”

to n'”h? and for o=wyif

,for @ = vy and ¢ = v, if we take on(h) equal

nl/2p172 in case |
on(h) = {n!/2n 32 in case Il
n!2p3 in case 111 0

Lemma 3.20. For any o>0 we have

o(1), almost surely,

sup n%nh2) 10,(h)l
he n

(3.59) gu? n%(n’h>?) Ion(h)l o(1), almost surely,
€ ln

sup n%n*2h2) [Wp(h)l

hGn

o(1), almost surely. 1]

The proof of proposition 3.14 is completed by checking that the bounds provided by these two
lemmas are small enough. For instance for the term corresponding to the function u; we use

1 20172 1,172
(nh*)* h
n-l/zh-lfl_ ;l;f
- 1 12
1 —
(nh®)

which shows by distinguishing the cases nh®>1 and nh?<1 that we have

o122 o (nh—lT+ 1),
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for n large enough. So in case I the linear term corresponding to the function u; is indeed small
enough. The other linear terms can be treated similarly. For the quadratic term ﬁn(h) we write

10,(h)l = #hmnhmlﬁn(h)l < #(n'“ﬂnhwlﬁn(h)l),

so by lemma 3.20 that this term is also asymptotically negligible. By similar bounds the other two
quadratic terms are also negligible and the proof of proposition 3.14 is completed. 0

3.4. Asymptotic distribution theory: proof of theorem 3.8.

Before we study the asymptotic distribution of the bandwidths obtained by likelihood cross-
validation we first derive some properties of Hy, the value of h in the interval I, which minimizes the
integrated squared error ISEp(h), given by
(3.60) ISEp(h) = F{ (Fan(x) - £(x))*F 1 (x)dx.

In the proof of theorem 2.11 we already noticed that
ISEq(h) =
1 x-Xj X-Xi\ o1
ng F{ K(FORED) xdx +
25 x-Xj
4N
- ﬁi:l I::[ K(—H—)dx &
1 n
n’hZ i=

) KDt (o +

Ié[ f(x)dx.
Since with L asin (3.34),
EEKE = 5L

we have

L ISEq(h) =

2 x-Xiy, (%X
}?HTE' F{ K(FHOLEDE  xdx +
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2 [ KEEOLED .

Therefore
4 ISEn(h) =

2
- 7 2 EWin(WIX;Xi +

. rl_\=21 E(Uij(h)IX;) +

—.

n

,=21 E(Vij(h)IX;),

="’I [

with Uij(h), Vij(h) and Wijk(h) as in proposition 3.9. Just as in section 3.2.2. we use the Hoeffding
projection technique and lemma 3.13 to obtain the decomposition

4 ISEn(h) =
B 1+——2-)EU,J(h) 2 BVijth) - 2 L EWie(h) +

-1

=“|:
i

-
Il

-2 (w2(Xih) - Ewp(Xj,h)) +

(3.61) -2 (w3(Xj,h) - Ew3(Xj,h)) +

::42
M:

o
I
—

(v2(Xi,h) - Eva(Xih)) +

NS
3]~
iM=

i

>:l (u2(Xi,h) - Eup(Xih)) +

:JNI»—A

-2 Wy(h),

where the functions wy, w3 and v; are defined by (3.38) and

Wi(h) := n%')% (E(Wijk(h)IX;j,Xx) - E(Wijk(h)IXj) - E(Wij(h)IXx) + EWjjk(h)).

By the same arguments we used to prove the bound on ﬁn(h) in lemma 3.20 we have for any 0:>0

(3.62) gug n'“(nhm) Wa(h) = 0o(1), almost surely.
€ In



81

Next notice the similarity of (3.61) and the decomposition given by proposition 3.12, and also notice
that the linear term corresponding to the function up, which dominated the behavior in case of the
uncorrected likelihood cross-validation method, is of lower order in (3.61). Proceeding in the same
way as in section 3.3 we obtain the next result which states that in the three cases I, IT and III the
random bandwidths Hy are asymptotically almost surely equivalent to the deterministic optimal
bandwidths for the mean integrated suared error, which is no surprise since we are directly
minimizing ISE,(h). The proof of the theorem is omitted.

Proposition 3.21. Suppose that E is a bounded interval [a,b], -co<a<b<eo, and that the density f
satisfies condition F and is bounded away from zero on E. Let dy, ..., dm denote the singular points
of f in (a,b). Further assume that the kernel K satisfies condition K and has a bounded first
derivative. For some >0 let I denote the interval [tiphy], with hy=n"'*° and hj=n"® . Let Hy denote
the value of h which minimizes ISEp(h), given by (3.60), over I,. The next statements hold almost
surely.

a)Case I: If H;=C:{n'mthen
lim Ch = oy(f,w)2By(K)"2.
n—eo

(a) Case II: If Ha=CpnYthen
lim Ch = ouy(f,w)*B(K).
n—oo

(b) Case III: If Hy=Can Vthen
lim Ch = oup(f,w)Bru(K) .
n—oo

Here the factors o, oy, our, Br, Bu and Byyy are the factors in the optimal bandwidths for the mean
integrated squared error given in (2.25).

Another important property of Hy which we need is the fact that since the derivative of ISE, is
equal to zero in the point Hy; we have by (3.61)

{& +—2-)EU,J(h)+ ZEVii(h) + 2 EWuk(h)+

1

="'|=
M=

o
1l

2 (W2(Xih) - Ewa(Xj,h)) +

()
=’N|:
M:

-
n
—

(3.63) (w3(Xjh) - Ew3(Xj,h)) +

n
223 % (va(Kih) - Eva(Xi) +
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™M=

23 2 (uaXi) - EuaXid) Yy =

i

-2 Wn(Hp).

In order to derive the asymptotic distribution of Hf - H{f we assume that the conditions of
theorem 3.4 are satisfied. Define the two random functions D,(,l)(.) and D,(lz)(.) by

D{ (h) := adh-log(LCV?,(h)), h>0
and
d2
D{?(h) := d—hflog(LCVﬁ(h)), h>0.

By the mean value theorem we have
DYPHS) - D{P(Hy) = - DP(HR) = D{2(Fy) (HS - Hp),

for some random variable i, between H§ and H,"{ Thus we have the equality

(Depp*
3.64 HE - 1Y) = Bo(Hn)
(3.64) (HE - ) =065

First consider the denominator. In cases II and III it follows from theorem 3.4 and proposition 3.21
that H§ and Hy are asymptotically almost surely equivalent to the deterministic optimal bandwidths
given by (2.25). The same is clearly true for fi,,. By examining the derivative of the decomposition
given by proposition 3.9, using the same techniques which led to (3.50) in case II, and to (3.46) in
case III, it can be shown that we have

2007 2050 + Ry (h) (= + h?) in case II
tD@Pm=q " i :
n '2"0@'3“1}‘ + Rng(h)(nh—;+ h2) in case IIT

with oy, o and o as in theorem 3.8 and where we have almost surely

su¥ IRp7(h)l = 0(1) and su? IRpg(h)l = o(1).

hel, hel,
Since the optimal constants in the cases II and III are (ot()/ozz)”4 and (ovdal)l/s, respectively, we
have almost surely

4o o 1A in case II

1
3.65 ~DP(H ~{ ’
(3.65) = Dn”(Hn) 500250,3n?5  in case III

Next we examine the nominator of (3.64). Recall that by proposition 3.12 and (3.74) we have
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L D) = g log(LCVi(h) - 3 X ua(Xish).

Use proposition 3.12, (3.40) and (3.63) to show that

i
(3.66) =D{P(Hp) = TS (Hz) + THO(Hz),
where =
TEOm) o= Onth) + 1 R (Xih) - Bur(Xsh)

and
n-l11 v
TR = -~ Z(i(Xih) - Bvi(Xih) +

(n-lz(n-2) %E}(Wl(xi’h) - Ewi(X;,h)) +

Qath) + Win(h) - Wn(h) + Yn(h) + Ry(h) +

2 (uz(X;,h) - Bup(Xiph)) +

i=1

'S:_l w

1
- EUjj(h) - TEvu(h) 25 EWije(h).

[\®]
",—_?:1
i

It turns out that T§?(Hy) is negligible compared to T{P(Hy}). By the next two lemma's we derive the
asymptotic normality of

(3.67) TEOE = Onri) + (X1 Z(ul(x,,h) B i) } g

Lemma 3.22.
(a) In case 1l we have

o (TEOHD) - T8 (copn ) 5 0,
Wwhere Cop denotes the asymptotically optimal constant for case Il given by (2.25).
(b) In case Il we have
0" (T50(H2) - T (copn™) 3 0,
where Copy denotes the asymptotically optimal constant for case I1I given by (2.25). 0

Lemma 3.23.
(a) In case Il we have for any c¢>0

BT Den ) B N0, 20%+ctoR)),
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with 1
o?:= 4(b-a)_,lf L% (v)dv

1
ofi := AV J bl(v)%de.
(b) In case Il we have for any c>0

70T O(en 5y B N0,c32024c5a)),
with 1 b
ofi=7 ({ uzK(u)dU)Z(g £ "0’ (0)dx - (£'(b) - £'())%)- ’

A sketch of the proof of lemma 3.22 and the proof of lemma 3.23 are postponed to section 3.5.

Lemma 3.22 shows that to obtain asymptotic normality of (3.67) Hy can be replaced by the
deterministic asymptotically optimal bandwidth ((xolag)l’4n'1/4 in case II, and by (oq;/ocl)llsn'l/5 in
case III. Provided the other terms in (3.66) are negligible by (3.64) we see from (3.64), (3.65) and
the two previous lemmas that in case II
1
’.11_
=D 2(fp)

D{V(Hy)

is asymptotically normally distributed with zero mean and variance

(0/0) (262 + (au/0p)or?)
16 a01/2a23/2

1 -5/4_, -3/4 -1/4 ., -7/4 . 2
= E(Zao /(12 /02+(!0 /a2 /O'm).

In case III n¥/ 10(Hf1 -HY)is asymptotically normally distributed with zero mean and variance

(o/01)>P (262 + (ag/a)onf) 1 5. -3/ 25, -8/5.2
250L04/50L16/5 = 5;(20!0 o o2 + oo “ParPorf).

To complete the proof of theorem 3.8 it remains to show that T,@(H;‘{) is indeed negligible.
In order to deal with the term Wy(HY) - Wn(H) we write

Wa(h) - Wn(h) =

n_lg'i;‘jz;gk(wijk(h) - E(Wiji(h)IX5) - E(Wij(h)IXj) - E(Wijk(h)IX) + 2EWiji(h)) -

I'll’[j%:((ﬁ(wijk(h)lxj,xk) - E(Wi(h)IXj) - E(Wjjk(h)IXk) + EWijj(h)) =
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n-lg-i glk(wijk(h) - E(Wijk(h)IX;) - E(Wijk(h)IX;,Xy) + EWijk(h)) -
n%jE(E(Wijk(h)lxj,Xk) - E(Wi(h)IX;) - E(Wijk(h)IXy) + EWj(h)) =

Wath) - 2 W),
with
G68) Rt = 2 (Windh) - VMK - EOWigeh)X; X5 + EWie(h).

Similarly to the proof of the statement conceming Wn(h) in lemma 3.20 it can be shown that we have
for any >0

(3.69) sup n%(n*?h?) la/n(h)|=o(1), almost surely.
he n
In case III we now have
InO(W(HE) - Wn(H)! <
700 Y2132 32 R ) +
In?/10 %%(H,’:)’m n(Hp) Wy (Hp)l <
g sup (n*?h?) I&’n(h)l +
he n
240CRy 2y sup (nh>?) Wy (h)),
he n

which almost surely vanishes by statements (3.62) and (3.69) and theorem 3.21. Thus we have
shown that the term Wn(H;'{ )—Wn(H: ) is indeed negligible in case III. Case II can be treated similarly.
The terms

11 %
Tz Zi(Xih) - Bvi(Xih) s

(DD w3 - Bwa X}
and
(222 @t - B .
2n? i=1 h=Hj
can be dealt with using lemma 3.19 and the term On(H:) using lemma 3.20.
The three expectations appearing in (3.66) can be treated in the same way as in the proof of

proposition 3.14. Lemmas 3.15 and 3.18 can then be used to show that they are also asymptotically
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negligible. The fact that the term Yn(H;) is negligible follows from lemma 3.16. Since this is obvious
for Ry(H;) the proof of theorem 3.8 is completed. 0

3.5. Proofs.

Before we give the remaining proofs we derive the next bound on the number of points Xj in
intervals of length h.
Lemma 3.24. Let f be a bounded density then we have for any point d for some positive constant ¢

d+h
i t I< I 0
limsup sup h |d_,L dFpl <c, almost surely.

Proof. By a discretization argument and the Bernstein inequality for the binomial distribution, i.e.
inequality (A.3) in appendix A, we can show for any £>0
12 d+h

n
3.70 Qg = | | d(Fp-F)l = o1 , almost surely.
(3.70) SR P (log m P (Fn-F)I = o(1) y

Since f is bounded we also have for some positive constant c'

d+h
| | dFl < ch,
d-h

for all he I,. Together these bounds complete the proof by the triangle inequality. 0

Proof of lemma 3.16. First we introduce some notation. Define f,ﬁl and f,’ifl by

tR(x) := Hlﬁ,gi K((x - Xj)/h)

and

500 = gy 2 LGx - X/,

SO f,l,il(x) is the usual kernel estimator and f,}},(x) is of the same form except for the fact that L is not a
probability density. Specifically it integrates to zero instead of to one (see (L.1) - (L.4) in section
3.2.1). Next define the random variables SX and S§ by

(3.71) S = sup sup (T(-)’%)”2 1£5.0x) - BE§, 00l

and

L._ nh \12
(3.72) Siv:= gup sup Qm) If R (x) - EER()1.

Notice that by theorem 2.16 we have with probability one for some constant ¢ >0
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. K
(3.73) hnmjgp Sn<c
and

: L
(3.749) h'r‘n_fgp Si<ce,

It follows that for any subset E' of E for all xe E' and all he I,, we have

1 5,x) - f(x) 1 <

(3.75) | £51(x) - B 0) 1+ 1 EER(x) - £(x) | <
("5 gy

and similarly for fap,

(3.76) EOTE

1
(fogmy'2sL, sup, Ib1(xh).
X€e
Here the functions bX and b" are defined in definition 3.10.

Let dy, ..., dm denote the singular points of f in the open interval (a,b) and let Dy, as usual
denote the set of points on the real line which are at least at a distance h of all the singular points of f.
Notice that Yy(h), defined by (3.36), can be written as

Yoy =- £ % fexp) - L) ixn - fxp) - Lxo))
n = ﬁrl-j:l i nh i i nh

q
felxo) - RO} 066060 =

YR0) + YR,
with
B 2
YR =- 7 & {6l (X0) - KO Hx) - 1X0) - KO
1 -1 9
[fx0) - RO} 1060 2y %)
and

2
YR =- 5 2 {#hx0) - KON - 10 - frKO)

n
=1

fefixo - %K«))}'lf(xo‘2



88

m
{IEn[a,a+h](xi) + IEA[b-h,b)(X)) + 15'1 IEn[dk-n,dkm](Xi)}-

For Y(¥(h) we have by (3.75) and (3.76)
1 ((logn\12 L L 1
IY(}I)(h)ISH{(—ngr) sL + S IbL(x,h)l + I—lh-K(O)}

(805K 4 sup  1BK(uh)l + -K(0) y
{ n n XGE(I:Dh ’ nh }

inf f(x) - (1282)'sK b - K@) finf 0}
fint f00 - (SED)"S¥ - sup 1¥um)- K] {ing 00}

for all he I,,. By lemma 3.11 we have for some positive constant c¢' and for n large enough uniformly
forhel,

sup  Ib¥(x,h)l < c'h?
xe ENDp
and

sup  Ibl(xh)l < ch?,
xe EnDp

Since for n large enough uniformly for he /,, we have
1 log n\172
<G -0

the term HIH K(0) is asymptotically negligible. A combination of these bounds then gives

. log n\ 172 2 -3 1)
limsup sup h +h 1Y 'y (h)l < ¢, almost surely.
msup sup h (555 + 1) 1Y R y
Using (x + y)® < 23(x> + y?) for all x,y>0 we obtain

. 1/ogmy? syt ) 3
(3.77) limsup smp (H(_th +h°) 1Y Qh)l < 23¢, almost surely.

Since in case III the term Y(%)(h) is equal to zero for all he I, for n large enough we also have (3.77)
for Yy(h) which proves the case III part of the lemma. Next assume that we are dealing with a case II
situaution and consider the term Y(%)(h). If Np(h) denotes the number of points Xj in the set

(3.78) E\Dy, = [a,a+h] U [b-h,b] U Q [di-h,di+h],

then by lemma 3.24 we have for some positive constant ¢

» Nn(h) &
11'r11_1§£p }?2?,, nh < €, almost surely.
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By lemma 3.11 we have for any point d where f has a kink, for some positive constant ¢' and for n
large enough uniformly for he

su Ib¥(x,h)l < c'h,
x€ En[d-h,d+h]
and

su IbL(x,h)l < c'h.
xe En[d-h,d+h]

By a similar argument as above, taking into account the number of points X; in the set (3.78), we find
for some positive constant c"

32 -1
; log n 3
3.79 limsup su +h°) 1Y @(h)l < c", almost surely.
(3.79) msup sup ((TF) +1) YR y
From (3.77) and (3.79) the lemma follows for case II. 0

Proof of lemma 3.17. We use the same notation as in the previous proof. Since

K(_Qi_rl) h < 7+1

for all he I, for n large enough (3.77) implies

1 1
su +1) YD) = o(1), almost surely.
sup G+ 1) YR = o(1) y
Now consider Y&(h). We can write Y®(h) as the sum of m+2 terms

(3.80) ,21 {fr{h(xx) - ml;K(O)} {f.’ﬁ,(xi) - £(X;) - %K(O)}Z

A
{#x0) - FF KO 106 Xenionasm.

where d is one of the points a, b, dy,..., dm. We can write (3.80) as

38) - | Gm()dFyx),

En[d-h,d+h]

where Fy, is the empirical distribution function based on the sample Xj,..., X, and

Gun(x) := {f'k‘(") i HIHK(O)} {f.’&,(x) « f{x) > %K(O)}Z )
nh(X) = {f,‘&l(x) e HIHK(O)} tx)? =
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2
foroumy + edo) - Bdioo) - SR | {pFouh) + oo - Eedhoo - SR

{f(x) +bX(x,h) + £H(x) - Effi(x) - %(1?_)} f(x)?

Recall that in case I lemma 3.11 implies that for some constant ¢ > 0 and for n large enough we have
forallhe I

sup IbX(x,h) <c and sup IbL(x,h)l <c.
Xe Xe

Further, defining SX and S§ as in (3.71) and (3.72), notice that we have

1£5(x) - EES(x)I < L?lii)lﬂsﬁ
and

IE5(x) - Bl < l—‘;lshﬂ)ms,%.

By (3.73) and (3.74) and the fact that logn/nh vanishes uniformly on I, we see that with probability
one for n large enough

1/2
IGan(x) - ganCol < (D)™,

for all x € E and h € I, where we define gnn(x) by

B = BT
Then, with

Rno(h) = %w_{h 1615) 8] 45,
it follows that

IRpo(h)l < c'%(lﬁngh—“) it IEﬁ[d {1’ (cileﬁ(x)l.
-h,d+

Hence by lemma 3.24 we have now shown

su? IRpo(h)l = 0(1), almost surely.
he n

Next we consider the term
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(3.82) }1; | gnn(x) dFp(x).
En[d-h,d+h]

By lemma 3.11 we have for n large enough for some constant c">0

8©(d)bl((x-d)/Mh)5(d)*bk (x-dyh)?
f(x) + 8O(d)bS((x-dyh)

gnn(®) - (- f(x)?) IEA[d-h,d+h)(X) < c"h,

for all xe E and all he I,. Then, with

8O(d)>bd((x-d)/h)bs (x-d)m)?

1 22
Rnioth) = J (x) + £(x)?)dFp(x),
e Hwa-wgg““ £(x) + 8O(d)bK((x-dyh) I
we have .
R < Fhl  JdF)l,
En[d-h,d+h]
and by lemma 3.24

su¥ IRp10(h)! = o(1), almost surely.
he n

‘We continue with

1 bi((x-dymb(x-d)ym)?® . 5
3.83 -=80@? £(x)2 dFp(x).
B R ()Fn[d-h,d+h] f) + 8Osy .

Since the integrand in (3.83) is a bounded function, by a discretization argument and the Bernstein
inequality, (A.2) in appendix A, with

5 2
Rn1i(h) :=- }1; 80w@? | bh((x-d)h)b((x-d)/h)

£(x)2 d(Fy-
Enjd-hd+h] £(x) + 8Q(d)bE((x-d)/h) (x)* d(Fp-F)(x)

we have almost surely

su? IRp11(h)l = o(1).
help

Finally, assuming that d is not equal to a or b, notice that

sO@pl  p Bhdmblx-dym)?

f(x)2dF(x) =
Endngsn] 10 + 5O@BEeay) 0 )

-89y} jl L 0L O f(d+thy 'dt
-1 f(d+th) + 89d)bK )
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converges uniformly for he I, to

1 L 2
B 8(0)(d)3f(d+)-1 J bO(t)blé(t)
f(d+) + 8O d)bk
(3.84) i ok
_ 8(0)(d)3f(d-)‘1 J’ b (D)bg (1)
1 f(d-) + 8Od)bs)

Using
bb(®) = tK(®) = t 650

and
g(x) = x*/(1+x)

by partial integration (3.84) equals

1
1) | ¢ atian 8O@bl o)+
1
(@) | ¢ ey SO@bE )t =
b
fd+) | g(f(d+)"8dbBw)dr +

0
fd-) [ g(f(d-)"8%dpEm)dt.

If d equals a or b then one of the terms of (3.84) vanishes. By adding up these expansions for all the
m+2 terms in (3.80) the lemma is proved. 1l

Proof of lemma 3.19. First notice that the conditions we have imposed on the kernel function K
imply that K and L are Lipschitz functions. Using this property it can be shown thar it suffices to
prove the lemma for suprema over discrete subsets I, of I, with an at most algebraically fastly
increasing number of elements, i.e. we assume #I,, < n?, for some integer a. If (0,(.)) is a sequence
of positive functions on (0,e) then by the Bernstein inequality, i.e. inequality (A.2) in appendix A,
we have for any € >0

P( I§ (@(Xih) - Ep(Xih)) | > nlog n oz'(h) e ) <

( -n (log n ag;'(h)e)? ]
2ex > = 5
2var(@(Xy,h)) + gm(h)log n og (h)e
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where m(h) is a constant such that l¢(X;,h) - E@(X;,h)l < m(h) with probability one. For € < 1 this
bound is dominated by

- £ nazX(h)(log n)%?
2 exp 5 :
E¢“(X1,h) + m(h)oy (h)log n

Assume that the functions oy, can be chosen such that for some constant ¢>0 and for n large enough

nan’(h) "

(3.85) - - 2c>
EQ*(X1,h) + m(h)a; '(h)log n

for allh € I, If #1,<n?, for some integer a, then

P( rogmsup a1 (o0ki) - EoCxim) |> ¢ ) <

n
Z P(IZ (o(Xih) - BoXih) | > nlog n o' (h) e ) <
n 1=
2 #1, exp(- %cez(log n)?) =
1.2 2
2 exp(- ce*(logn)” + alog n),
which is summable. Hence by the Borel-Cantelli theorem
1 n
ATogm SUp () | 1_2'1 ((Xi,h) - E(X;,h))| = o(1), almost surely.
o =
First we take ¢ equal to u;. Recall that the set E is equal to the bounded interval [a,b]. We

shall choose a suitable sequence of functions (0n(.)) and then check (3.85). Write

Eui(X1,h) =

oo

1} I (08(x ) f(x) M E(x))2E(x)dx.

b
h—lfj bl(x,h)2(x)dx.

a

Since the order of magnitude of bl is different in the three cases I, II and III we also get three
different bounds for this expectation. By lemma 3.11 we have for some constant ¢' > 0
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c in case I
(3.86) Euf(Xph) €9\ ¢h incase II >
¢h?  in case III

for n large enough uniformly for h € I, . Lemma 3.11 also provides us with suitable choices for
m(h). We can use

¢ . in case I
(3.87) m(h) := sup lu1(x,h) - Euy(Xp,h)l < 4 ¢n in case IT >
c"h  in case III

for n large enough uniformly for h € 7,,. Here c" is a positive constant. The inequalities (3.86) and
(3.87) imply that the condition (3.85), i.e. for n large enough

no;2

Euf(X1,h) + m(h)a '(h)log(n)

2c¢ >0, for all he I,

is satisfied for the choices

nl2p172 in case I
an(h) = {n'?h''2  in case II
a2t in case III

Notice that we have taken op(h) equal to n'? times the inverse of the root of the bounds in (3.86).
‘We have now shown that (3.58) is valid for the function uj.

Next consider the function u;. For this function we have for n large enough

Eu3(X1,h) =

®© b
I (JLu-x)/M)du)*fx)dx <
a

—00

:!;I,_.

I( [ Lu-x)h)du)*f(x)dx <
—o  [x-h,x+h]N[a,b]

A

ath b

1 2
5 ( J + b_Jh) ( . }{]m[a'%fu-x)m)du) f(x)dx ,

1
since { L(u)du is equal to zero. It follows that for some constant ¢' > 0 we have

11 I1
Eu}(X1,h) < chTh h?=c¢ Fo
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uniformly for h € I, and n large enough. We also have for some constant c" > 0

" 1 " 1
m(h) := sup lup(x,h) - Eup(Xy,h)l <¢ P-h =€ g

It is readily verified that with the choice ou(h) = n2h!/2 condition (3.85) is satisfied which proves
statement (3.58) for the function u;. For the other functions this statement can be proved in the same
manner. 0

Proof of lemma 3.20. Using the fact that the functions K and L are Lipschitz functions it can be
shown that it suffices to prove (3.59) for finite subsets I, of I instead of for the intervals I
themselves. We choose 7, such that the number of its points increases sufficiently rapidly but still at
most algebraically fast in n. The Lipschitz property can be used to show that sufficiently small
changes in h result in negligible changes in Un(h), ¥x(h) and Wy(h).

We start with {1(h). Write

Z P(SUP nh*%n 0‘I(}n(h)l >g)<

D) P@h*n 0, >¢) <

n=1 hel,

Z #1, sop P(h*2n* 10 ,(h)l > €) <
> #Ip sup (en”1h2n®)P E((h))P =
n=1 hel,

e'Pg #1, n'“pguy (nh32)P E(0p(h))P,

for every even positive integer p. Here #/,, denotes the number of elements of /,, . In order to show
that this sum is finite, which would enable us to apply the Borel-Cantelli theorem, we derive a bound
for the p-th moment of ﬁn(h). Recall

Ontny =% Oy,
where ﬁij(h) is defined above. Since
E(ﬁij(h)lxk) = E(ﬁij(h)|Xk) =0, for k=1,...,n,

any product of ﬁij’s, such as ﬁim(h)..ﬁ ipjp(h), with at least one index i or j appearing only once in
il,jl,...,ip,jp, has zero expectation. Therefore
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P
EQ,m)P=n? X ESy,
m=2
where S, is the sum of all products ﬁim(h)...ﬁipjp(h), with iy j;,....ip,j, Containing exactly m

different indices, every index appearing at least twice. Since Xj,...,Xy, are identically distributed we
can rewrite ESp, as

ESm= () ESm,

with S, equal to the sum of all possible terms of Sy, with indices in {1,2,...,m}. Since m<p the
number of such terms is bounded by a constant depending only on p, ¢p, say. From corollary B.3
( appendix B) it follows that the expectation of the absolute value of each of the terms appearing in Sp,
is bounded by a constant times h™?2P, Therefore

P
2 n m/2-2
EGumP< n?® T (7)) e h™> <
P
e P 3, nPhR <
m=2
P
Ep(n-Zh-Z)p Z (nhlﬂ)m -
m=2
e 2)P((ah 2P (h')?)(nh-1) <
28p(nh32)P,
for n large enough. Here T} denotes a constant independent of h and n. We have used that for large n
and he I, we have nhm>nh2nhn’—)oo.
Combining these bounds and assuming #I, < n2for some positive integer a, we have for every

positive integer p, even and large enough, and for every >0

2 P(sup nh*n 10 h)l>€) <
n=1 he?,,

2peP X nn P s (nh*2)P(nh>?2)P =

2Ep£'pn§1 n? P < oo,

which proves the statement of this lemma for ﬁn(h) by the Borel-Cantelli lemma.
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The argument for On(h) is similar. Since by corollary B.3 the bound on the expectation of the
absolute values of the terms appearing in S, is of order h™?3P, here it leads to

E(Un(h))P < 2657 h3Pmh )P = 26 (02 S2)P,
for n large enough.

For Wn(h) the argument is similar too. In this case by corollary B.3 the bound on the
expectation of the absolute values of the terms appearing in Sy, is of order h2™/3-3P_ Hence the bound
for the p-th moment becomes

epl
BumP< %P 2 () gh2mP<
2 (0 3h3P(nh 312 =

288 (PP,

for n large enough. Just as before cp and € are constants depending only on p. To derive these
inequalities we have used 2m<3p and that for large n and he I;, we have nh?3>nh>nhy'—eo. [

Proof of lemma 3.22. Since the proof of this lemma is tedious and very similar to the proofs of
lemma 3.2 and lemma 3.3 in Hall & Marron (1987a) we only mention the basic steps. For case IIT it
suffices to show that for some £;>0 we have

(3.88) IH - Copln-1/5I - Op(n-I/S»el)’

and that for all £,>0 we have

sup__ n”10{ 18 10" - Op(copm 1/5)I+I Z(ul(Xl,tn 15) - Buy(X;, %))
".'Coplgn'sl

(3.89)

n-1

n
_ ¥ P
- ;;—Z(ul(xi,comn 1Sy . Buy(Xi,copn ™)1} > 0,

i=1

For case II we have to prove two similar properties, i.e. (3.88) with n"'> replaced by
14 and (3.89) with n"' replaced by n""* and n”/° replaced by n°". 0

Proof of lemma 3.23. For any sequence of bandwidths (hy) we define Tp(hy) by
l n
Ta(hn) := (nhn) T (h) = (aha)*( Ontho) + 51 & (i(Xishn) - Bun(Xihn))).

Then the expectation of Tp(hy) is equal to zero and by the definition of On(h) we see that Tp(hy)
equals
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(nhp)*( nﬂlzg;f (Uij(hn) - E(Uij(hn)IXi) - E(Uij(hn)/X;) + EUij(hn)) +

'111;1%1:21 (u1(Xj,hp) - Eul(xi,hn))) =

n
ZhiEUjj(hn) - (@-Dhd X Bur(Xisha) + Z hiUj(ha) +
i#j i= i

2 (--Dh3E(Usiha)X) + EUj(hn)X)) + (-Dhid u1(Xihn)).

Next we write

ghﬁﬁuijam) =- ij 2L((Xi-Xj)/hn) X)) TR(X;) =
- g]}L«xi-X,-)/hn) (FCX0) MTe(Xi) + £(X)) (X)) =

Z:] G((Xi-Xj)/hn)w(X;.Xj),

where G is equal to -L and w is the function given by

w(x,y) := fx) g(x) + f(y) ' g(y).

Thus Ty(hy) equals

n
};jh%EU-.jmn) - (n-1)h? Zl Euj(Xihp) +
bt 1=

2 G Xma)wXiX)) + 2 ga(X0,

with gn(X;) equal to -(n-l)h&(E(Uij(hn)IXi) + E(Uji(hp)IX;3)) + (n-l)hn2 u;(Xj,hp). Asymptotic
normality of this type of statistic is treated in appendix C. In order to apply theorem C.1 notice that
the function gi(x) which appears in the conditions of this theorem is here given by

gh(x) = (n-DhF ui(xh) = - (n-Dha b COTEC).
Condition (i) of theorem C.1 then requires

(nhy?)" sup | gix) - Egi(X1) 1 - 0,
which is clearly satisfied here.To check condition (ii) we consider

(nhp) 'var(gh(Xy)) =
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(3.90) (nhy) '((n-1)*h? hj bL(x,h)2E2(x)f(x)dx - (n-1)?h2 ( EI bh(x,h)dx)?) =

(n-1)?
n

hy ( é bl(x,h)2 (x)dx - ( F{ b(x,h)dx)).

It follows from theorem C.1 that if this quantity converges to a constant o then

1 1 D
W(Tn(hn) - ETn(hy)) =n—mi177Tn(hn) = N(0,26%+02),

with o &
o?:= | GHv)dv | wi(x)fX(x)dx.

In our case o2 equals
1

3 oo
{ LA(v)dv | (Fx) Tg(x) + £(x) Tg(x))*4(x)dx = 4(b-a) { L%(v)dv.
So if (3.90) indeed converges to o then we have shown
n-11v 1 D
(3.91) b (Onh) + 57 25 (1K) - Bur(Xisha)) = —p7r Ta(hn) > N(0.20%+a?).
L n

We proceed with computing o2 in the two cases considered in this lemma. By lemma 3.11 in case II

we have the following expansion for hy=cn™/*

(n-1)
n

ha ( I bL(xh)2E i (x)dx - ( I bh(x,h)dx)?) ~
1
nhgh3 AW J b(t)xdt =
(|
ctA® J b H(t)dt
and in case III for hy=cn™V/ 5 we have

(n-1)*
n

ha ( | bL(x,h)? (x)dx - ( ] bH(x,h)dx)?) ~
1 1
nhy (5hi (_{ u?L(u)du)? EJ £ (%)% (x)dx - (;—h%,_{ u?L(u)du EI £ "(x)dx)?) =
1 b
Tn'hd (_{ v?L(u)du)*( a{ f ()’ (x)dx - (£'(b) - £'(a))?) =

1 b
¢ 5 (JwLean)’ (£ 0P edx - (') - £'@)?).
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These two expansions can be derived by the same method we have used in the proof of theorem 2.8.

The proof of the lemma is completed by observing that the norming factor nh3? in (3.91) is equal to

-1/4 /5

¢PnB if hy is equal to cn™4, and that it is equal to >0 i hy, is equal to cn”'. 0

Proof of relations (3.44), (3.45), (3.54) and (3.55). To prove the relations it suffices to

consider any particular density f. Define f by

0 if x<0
f(x) = { 1+x  if 0Sx<V3-1
0 if x>v3-1

Computing the bias of a kernel estimator of f at the point th for O<t<1 and 0<h<@ we get

bK(th,h) = }l;i K(‘l‘l;l)f(u)du - f(th) =

[ K(t-v)f(vh)dv - f(th) =

oo

JK(t-v)(1+vh)dv - (1+th) =

bl (t) + hof ().
. V3-1 ; . .
Similarly for O<t<1 and 0<h<T the bias function for L is equal to
b(th,h) = bli(t) + hbl(t).
Next recall that by the definition of b¥(x,h) and bl“(x,h), and by (3.33) we have
adeK(x,h) = - FBH(h).
In order to prove relations (3.54) and (3.55) consider the equation

ar ¥4 {7
& J b¥(x,h)dx = ({ aﬁbx(x,h)dx + bX(h,h) = - E J bL(x,h)dx,

which follows from Leibnitz's theorem for differentiation of integrals, i.e. formula 3.3.7 in
Abramowitz & Stegun (1965). By the substitution t=x/h we get

1 1
45 (0K + hb)de = -] (b + bk,

which proves formulas (3.54) and (3.55) by comparing the constant term and the coefficient of h in
the left and right hand side of this equality.

Relations (3.44) and (3.44) can be proved similarly by considering the equation

g7 " d 2 D
I J b¥(x,h)%dx = J aHbK(x,h)zdx +b¥Mh,h)? =- E J bX(x,h)bL(x,h)dx,

and comparing the constant terms and the coefficients of h2. 1]
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4. RECOVERING A DISTRIBUTION FUNCTION FROM A CONVOLUTION.
4.1. Introduction and results.

Suppose that we have a sample Xj,...,Xn of observations with a distribution function G
which is the convolution of two other distribution functions K and F, i.e. for all x we have

oo

G(x) = _f K(x-y)dF(y).

Assuming that the function K is known we consider the problem of estimating F at a fixed point xg, in
cases where the distribution function F is uniquely determined by G and K (if, for example, K is a
distribution function with a characteristic function with compact support, this need not be true). Our
main theorem gives lower bounds for a local minimax risk for estimation of F(xo) in two cases. It
turns out that the rate of convergence to zero of the minimax risk depends on the smoothess properties
of K. Theorem 4.1 states that if K has a density k with jumps then the rate of the lower bound is
equal to n"'3, but, on the other hand, if the density k is smooth enough, then the lower bound has the
larger rate n”*1 Supplementary to this result we show that two other minimax risks do not converge
to zero.

We give three examples. In the first example we derive the nonparametric maximum likelihood
estimator, NPMLE, of F in one particular case, where K is the uniform distribution function and the
support of F is contained in the interval [0,1]. We show that this estimator converges with a rate
n"13. This suggests that the rate of the minimax lower bound in this case is sharp. However, a
rigorous proof would require an additional uniformity argument. In the second example we propose
an algorithm for computing the NPMLE of F for a different K. In the third example we use the
convolution structure in the Wicksell problem, example 1.2, to derive the NPMLE of the distribution
function of the sphere radii.

Let xo be a fixed point in the support of F and let (y,) be a vanishing sequence of positive
numbers to be specified later. To define the local minimax risk for ne IN and 6< (0,1), we introduce
the functions hp(.) and Fy(.;0), given by

hp(u) := f(XO){I(xo-cyn,xo)(U) N I[xo,xo+cyn)(u)}

and
X

Fu(x;0) := F(x) + 0 J hp(u)du,

assuming that f(xo),the derivative of F at xq, exists and is positive. Note that for n sufficiently large
Fn(.;0) is a distribution function.
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We define the minimax risk MR(n;0,8) by

MR(n;0,8) :=inf max Eg Uy - Fy(x0;0)l,
Uy €0,

where the infimum is taken over the set of all possible estimators Uy of F(xo) based on the

observations Xj,...,Xn from the distribution K«F. Thus MR(n;0,8) is the best possible maximal

expected error for estimating the two values F(x)=Fn(x0;0) and Fy(x0;d).

We restrict ourselves to absolutely continuous distribution functions K with densities k. In theorem
4.1 we consider densities k which satisfy one of the next two conditions. Notice that by condition (A)
we can use left and right one term Taylor expansions of k in the points aj,...,am.

Conditions on k.

(A) The density k is differentiable except in m points aj,...,a;m where k has a jump. In these points
the left and right limits of k exist and are finite, as well as the left and right derivatives of k.
We further assume that, for i = 1,...,m — 1, the restriction of k' to the interval (aj,aj+1) can be
extended to a continuous function on [aj,aj+1], such that the values at the endpoints coincide
with the corresponding one-sided derivatives. We use similar assumptions on the intervals
(-o0,a1] and [am,e°) for the right and left endpoint, respectively.

(B)  The density k is continuously differentiable on R.

Let = denote convolution, i.e. K«F is the convolution of the distribution functions K and F, and k«F
denotes its density.

Theorem 4.1. Assume that both K and F have a bounded support.
(a) If k satisfies condition (A) and yo=n""" then

o 53 34/3
sup liminfn'’” MR(n;0,5) = 1

3€(0,1),c>0 n—o

m 2
(k(ai+) - k(aj-))7y13
0" (X “Ebmoar) -

(b) If k satisfies condition (B) and yp=n" 4 then

. _ “l'(x-xg),_y-1/4
sup _ liminf n'* MR(:03) 2 29455 f(xo)! (| n((—fp%dx) .

8e€(0,1),c>0 n—eo

The theorem suggests that the lower bounds for the minimax risk in the case of a nice smooth density
k have a slower rate of convergence to zero than in the case of certain densities k with jump
discontinuities. This is further illustrated in the next remark.
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Remark 4.2. Suppose that F has a bounded density. If K(x) = x“I[o,w) for all x<e for some £>0, if
K satisfies the conditions of theorem 1.1(b) on the interval [%,oo) and if y,=n"V%D then we have

for 05a<-;—

sup  liminf n"**D MR(n;0,8) > f(x0)?* VC*Dm(a) > 0,
8e(0,1),c>0 n—oo
where m(c) depends on o only. We need the assumption that F has a bounded density to ensure that
k«F is continuous. This bound can be proved by the same arguments we have used for the proof of
part (a) of theorem 4.1. An interesting feature of this bound is that for a=1/2 the rate becomes n'?,
However, it is still an open question whether this rate can actually be achieved by some particular
estimator. Clearly for 0<o<1/2 the rate is not sharp, since in that case it is smaller than n'Z,

We assumed above that the derivative of the distribution function F at x¢ exists and is positive.
The next theorem deals with a situation where this condition is not fulfilled. It states that the minimax
risk for estimating the value of two degenerate distribution functions at a fixed point xo does not
converge to zero.

Theorem 4.3. Let , for 6 2 0, the distribution function F(.;0) be defined by F(x;0) := I[x(+6,0)(X).
Then we have

liminfinf max EgIUp - F(x0:0)l 2 7,
n—-= U, 0e(0,8,)

provided 0y, decreases to zero sufficiently fast. 0

Although our main interest in this chapter is estimation of the distribution function F we
mention one result on estimation of the density f of F, assuming that F is absolutely continuous.

Theorem 4.4. For any density k we have

iaf ggﬁf i Ifa(x) - f(x)ldx > 1,

where F denotes the class of all densities on the real line and the infimum is taken over the set of

estimators fy, of the density f based on samples of size n from the distribution K«F. 0

In other words, the theorem states that for any €>0 and any estimator f;, there exists a density f such
that the expected L;-distance between f;, and f is larger than 1-€. The proof of this result is based on a
theorem in Devroye (1987) for estimation of a density within a convolution family. It should be noted
that this proof requires that the supports of the densities f €  are not uniformly bounded. It is not
clear if the minimax risk converges to zero if we consider densities with uniformly bounded supports.
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We close this section with some examples of situations where the nonparametric maximum
likelihood estimator of F can actually be computed.

Example 4.5. For the special case that K is the uniform distribution function, the lower bound
given by part (a) of theorem 1.1 becomes

1/3

Tf(xo) B( Flxo) - F(Xo 1) (F(xo+1) F(Xo)))

and if we assume that F is concentrated on the interval [0,1] this bound reduces to

13 1/3
T 100 ( oo TFo) =
1/3

T 160" (e rzy)

Now, let X;,...,X, be a sample, generated by the density g, defined by
(4.1) gx) = | k(x-y)dF(y), x € R,

where k is the uniform density on [0,1]. We want to find the nonparametric maximum likelihood

estimator (NPMLE) of F. Defining §, = 1 (X <1y the log likelihood, based on X,,...,X , can be
2 1=

written

n %o he¥
2 log | K(Xi - y)dF(y) = Z log({F(X;) ~ F(X; — 1)} =

n
= Z (8ilog F(X)) + (1 - 8))log {1 - F(X; ~ 1)} ).
Now let Y;, 1 <i<n, be defined by

1

X; ,ifX; <1,
Y .
{Xi—l,lei> 1.
Then Y,...,Y, are distributed as a sample from a uniform distribution on [0,1]. Let Z,25.27,
denote the order statistics of the set Y,...,Y, and let Ai=1, if the X, , corresponding to Z is<1,
and let A = 0, otherwise. Then the NPMLE Fn(Z) of F at Z, is given by the left- contmuous
denvanve at the point i of the convex minorant of the function H : [0,n] — R, defined by

Hy@):= X 4,

i<i?



105

at points i, and by linear interpolation at other points of [0,n] (see Barlow et al. (1972)). Moreover,
we have the following result.

Theorem 4.5. Let t, be such that /9 <F(ty) <1, and let F be differentiable at v, with strictly positive
derivative f(t;). Furthermore, letF be the NPMLE of F, based on the order statistics X,....X,, of
the sample, generated by the (convolution) density g, defined by (4.1). Then we have, asn — oo,

4.4) nIB(E, (1) - Ftg)/ (- Fto)1 - Ft)f) P 3 2.2,

where — denotes convergence in distribution, and Z is the last time that two-sided Brownian motion
minus the parabola y(t) = t2 reaches its maximum. 0

The proof of theorem 4.5 proceeds along the lines of the proof of theorem 1.1 in Groeneboom (1987)
and is omitted here. The next three pictures show the NPMLE for the three distribution functions,
F(x) = x, F(x) = x2, and F(x) = VX, 0 < x < 1, and simulated samples of size 1000, generated using
the uniform random number generator from the IMSL library.

1.0
1.0

0.0
0.0

0.0 1.0 0.0 1.0

o
S

0.0 1.0

Figure 4.1. The NPMLE computed for samples of size 1000.
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The next two examples are of the same type as the previous one. However, the algorithm for
computing the NPMLE is much more complicated. For more details see Van Es & Groeneboom
(1988).

Example 4.6. Let k be the probability density defined by

=42(1 —x), x € (0,1),
k) { 0, elsewhere,

and let X,,...,.X,, be an ordered sample, generated by the density g, defined by

oo

g(x) == | k(x—y)dF(y), x € R.

— 00

Notice that the density k satisfies condition (A), so in this case part (a) of theorem 4.1 holds and we
have a minimax lower bound of order n-1/3. The specific choice for the function 2(1-x) is not
essential. The same method can be used for other decreasing functions as well.

The NPMLE is a discrete distribution function, with masses o at the points X;, where the o

maximize the function:
n i-1

(4.2) Eé 1og(,2‘i k(Xi - Xj)oy)),
1= =

n
under the restrictions ¥ o; =1, &; 20, 1 <i<n-1 and ap = 0. We can write (4.2) in the form

i=1
% 10g(Z,
& og(j=1 wijos),

where Wi = k(X; - Xj). Letting o = (0q,...,0,), for k = 1, ..., n-1 we define the derivative with
respect to oy by

n i-1
43) d(e) = X wi/ (X wijay).

A maximum can be found using the gradient projection algorithm (Luenberger (1973)), an algorithm
for maximizing a concave function subject to a number of linear constraints.
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Example 4.7 (The Wicksell problem). Let X, <..< X, be the order statistics of a sample of
squared radii of sections of spheres. We assume that the support of the distribution of the radii of the
spheres is a finite interval, which we take to be [0,1]. For a review of this estimation problem and
related problems we refer to Stoyan, Kendall and Mecke (1987). As observed by Hall and Smith
(1988), the distribution function of the squared section radii can be written as a convolution of the
unknown distribution function of the squared sphere radii with a known function. Therefore a
technique similar to the one in the previous example can be used.

The log likelihood L(X ,...,X},) of the sample can be written in the following form:

(4.4) L(XpeXp) = | 21 g {Lf dF(x)}

Y Xjpll V

where F is the distribution function of the squared sphere radii, and vy is given by
1

1
=/d
Y (; xj(x,l]\]y—x

dF(y).

The nonparametric maximum likelihood estimator of F is a discrete distribution function, with mass at
the points X,,....X . So we can write:

L(X 0 Xp) = Zlog{ J>l\/Tai77}
j i

where 0,...,0., are the masses of F at the points X,,...,.X , and where y can be written

n n n
y=i)=:ij)=:izaj{\/xj_xi.1—«lxj-xi } =2j=22a,~x/x_j,

defining X, = 0 and 0,;=0. Note that this example does not exactly fit into our previous set-up for
two reasons: we look at the convolution with a function which is not a probability density and we
have the extra parameter Y. It is possible to reformulate the problem in such a way that we would deal
with the convolution with a probability density (looking at the logarithms of the observations), but we
would not get rid of the extra parameter in this way. There does not seem to be a real advantage in this
reformulation, so we keep to the above statement of the maximization problem.

Since L(Xj,...,Xn) is not a concave function of (a,...,0n), using the gradient pojection
algorithm as in the previous example we might find local maxima. However, for fixed 7y the log
likelihood L(Xj,...,Xn) is concave. So by the gradient projection algorithm we can maximize
L(X1,...,Xp) subject to o; 2 0, for i = 2,...,n, and the two linear constraints

n n
fiai=l and 2_22ai\/Xi=y.
1= 1=
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Next we can vary v to find values of oy, ..., iy and a corresponding y which maximize the log
likelihood L(Xj,...,Xp). Notice that this procedure also yields a maximum likelihood estimate of 7.
Theory for this NPMLE seems to be absent, but should be related to the theory for the estimator of
example 4.5. In fact, because of the peakedness of the weight function 1 /+/x — X; in (4.4), we
expect a faster rate of convergence of the NPMLE.

To illustrate this procedure we have simulated three samples of circle radii of size 100, for F
equal to the three distribution functions in example 4.5. Since the computation for a fixed vy is already
timeconsuming we have only computed the maximizing F for the three true values of v, and for three
estimated values of y. We have used the estimator

n
- 1
9“"""/'1:21\/71’

which is based on an estimator of pu = y/2 in example 1.2 (see Hall & Smith (1988)). The log
likelihoods of the estimates are given in a table following the next figures.

0.0 1.0 0.0 1.0

o

0.0 1.0

Figure 4.2. The maximizing F for the true values of vy for three samples of size 100.
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0
0

0.0
0.0

0.0 1.0 0.0 1.0

e.0

0.0 1.0

Figure 4.3. The maximizing F for the estimated values of ‘y for the same samples as in figure 4.3.

The next table gives the values of the true and estimated values of y and the log likelihoods of the
corresponding estimates of F.

F Y n log lik. with true y  log lik. with est. y

X 1 1.07 29.71 29.57
x2 453 1.41 21.95 20.57
Nx 23 0.5 36.29 37.32

Roughly speaking the estimates in figure 4.2 for samples of size 100 have about the same error as the
estimates in figure 4.1, which were based on samples of size 1000. This suggests that the NPMLE in
the Wicksell problem indeed has a faster rate than n-1/3, and perhaps even a rate close to n-1/2,
Because of limited computing time we have not been able to compute the true NPMLE, i.e. the
estimate with a value of y which maximizes L(X....,Xn). However we expect that for this value of y
the estimates would have a better fit than the estimates for the estimated vy in figure 4.3.
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4.2. Proofs.

Proof of theorem 4.1. We use the same arguments as in the alternative proof of theorem 1.2 by
Assouad's lemma in Groeneboom (1987). Notice that for n large enough we have

X0
IFn(x0;0) - Fn(x;:0)l = [ 0f(x0)du = Ocynf(xo).
X0-C¥n

A combination of Assouad's lemma (Le Cam (1986), p.524) and Le Cam's inequality (Le Cam
(1973)) now gives

max Eg|Up - Fp(x¢;0)l =
0e{0,5}

2 Scyaf(xo)IPJAPYI 2
T 8ctf(xo) (1 - HA(PG,PP) =
T 3caf(x0){1 - nH(Po,Pp)),

where Pg is the measure corresponding to (K«Fy)(.;0).

We proceed with examining the term nHz(Po,Ps). By the definition of the Hellinger distance we have

nH3(Py,Pg) = n 3 J ((keF)2(x) - (k+Fn(:8))(x))%dx.

The convolution of k and Fp(.;8) can be written as

oo oo

[ k(x-y)dF(y) + | k(x-y)8f(x)hn(y)dy =

(k+F)(x) + 8f(x0) | k(x-y)hn(y)dy =

(k«F)(x) + 8f(x0)D5 (x-X0,cYn),
where D'z( denotes the second difference of the function K, i.e.
DX(x,2) := K(x-z) - 2K(x) + K(x+2z).

Since both K and F have bounded support the integrals are actually over a bounded area. By a Taylor
expansion argument we then get for y,—0



111

[ (RExxocrn) (DY (x-xo 1)
nH2(P(,Pg) ~ 0 8(xo )2 ( T F)(x“ ) dx = +n 8*f(xo )2 f W

To deal with the second difference D’z( in case (a) we need the following lemma.

Lemma 4.8. For any point acR we have
atz
| DX(x,2)%dx = £2%(k(a+) - k(a-))* + o(z%), 0. 0
az
Proof. By Taylor expansion and a substitution t=(x-a)/z we get
at+z

| DX(x,2)%dx =
az

atz a
J(K(x-2) - 2K(x) + K(x+2))%dx + | (K(x-2z) - 2K(x) + K(x+2))%dx =
a az

at+z

| (K(x-z) - K(a) - 2(K(x) - K(a)) + K(x+z) - K(a))*dx +
a

a
J (K(x-z) - K(a) - 2(K(x) - K(a)) + K(x+2) - K(a))zdx =
az

a+z

[ (x-z-2)k(a-) - 2(x-a)k(a+) + (x+z-a)k(a+))%dx +
a

a
| ((x-z-a)k(a-) - 2(x-a)k(a-) + (x+z-a)k(a+))%dx + o(z>) =
az

1
223(k(a+) - k(a-))? J (1-)2dt + o(2}) =

2 22k(a+) - k(@)+ o(2%) ,

which proves the lemma. 0

Notice that the leading term is only nonzero if a is a jumppoint of k. By a Taylor expansion argument
we see that for z—0 we have DS(x,z) ~ z2%k'(x), uniformly for x at distance z of the jump points of k.
Since under our conditions the density k is bounded the convolution k*F is continuous. This gives
for case (a)
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2
ID%‘(x xo,cyn) dit e csyszz(k(aﬁ) k(ai-))

, N—o0,
Xo+3aj

We can now finish the proof of part (a) by observing that taking y, equal to n"'3 we get

sup  liminf n'> MR(n;0,8) >
8e€(0,1),c>0 n—oo

m
sup cf(xo) { 1- 15 fxo’c’ X () ki 0y _

2, -1/3
Tf(xO)xls(Z (k(a1+) xl(()-(:: ))) )

For the last equality observe that the supremum is attained for ¢ equal to

14} Yoo klas N2 xx 18
(073, CGR K"y

For part (b) of the theorem the argument is similar, except that now we have

J’ (DE(x-xo.c)?

(TN dx ~cy; Jk(XXO) dx , n—eo.

TP ()

1/4

The term v} causes the n"'/* lower bound. 0

Proof of theorem 4.3. Just as in the previous proof we use Assouad's lemma and Le Cam's
inequality. Notice that for all 8>0 we have IF(xo;0) - F(x0;0)I=1, so in this case we get

max Eg U - F(x0;0)l 2 5 IPAPG Il 2 (1 - nH(P,,P ).
0e{0,6p}

Since the densities of the measures P, and Pen are given by k(x-x¢) and k(x-xo-6yp) respectively, we

get
nH2(Py,Pg ) = n 7 | (K"A(x-x0) - K/(x-Xo-0n))?dx,
which converges to zero if 6, decreases to zero fast enough and the proof is completed. 0

Proof of theorem 4.4. Consider the family of densities G defined by

oo

G =ksF:=(g:g(x) = [ k(x-y)f(y)dy, fe 7}.
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Such a family of densities is called a convolution family. Notice that, contrary to Devroye (1987,
section 5.8), who considers convolutions of k with an arbitrary measure, we only allow convolutions
of k with another density f. A minor adaptation of the proof of theorem 5.6 in Devroye (1987) gives
the following minimax bound for estimating members of G,

inf sup Eg [Ign(x) - g(x)ldx > 1.
gngeG =

Next notice that if g=kxf and gn=k«f;, then by gn-g=k«(f,-f) and Young's inequality we have

oo oo oo oo

Jgn(x) - gldx < [ Ik(x)ldx J Ifn(x) - f(x)ldx = [ Ifp(x) - f(x)ldx,

i.e. convolution with a probabilty density is a contraction operator for the L; norm. This gives

oo

inf I (x) - f(x)ldx =
e Es i n(x) - f(x)ldx

iglf ?25}3{ i I(k*fp)(x) - (k+f)(x)ldx >

o

inf sup Ef [lgn(x) - g(x)ldx > 1,
gn geG =

which shows that the minimax bound also holds for estimation of f. 0
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APPENDIX A. EXPONENTIAL BOUNDS.

In our proofs frequently we need an almost sure order bound for the supremum of some
stochastic process. A standard way to derive such bounds is to consider finite subsets of the set
where the supremum is taken over, and to derive a bound for the supremum over these finite subsets
first. This is then usually followed by an argument showing that the difference between the
supremum over the finite sets and the supremum over the original sets is asymptotically negligible. A
useful tool to derive a bound for the supremum over a finite set is the next exponential inequality
attributed to S.N.Bemnstein. See Serfling (1980) who for the proof refers to Uspenski (1937). We
omit the proof here.

Lemma A.l. Let Y1,...,.Yn be independent random variables satisfying P(IYj - EYjl <m) = 1, for
each i, where m<eo, Then for t>0 we have

(A1) p(| §Yi . §EYi I 2nt ) < 2exp( - n%%/(Xi-1var(Y;) + 2mnt)),
forn=12,....

If we impose the extra condition that the random variables are identically distributed then the bound
becomes

(A.2) p(| ;1 Y; - ;1 EY; |2 nt ) <2exp( - nt?/(2var(Yy) +2mn)),

which gives the next bound in the even more special case that Y; is binomial (1,p), and ZiniY iis
consequently binomial (n,p), distributed,

a3 P(IZvi- ZEYil2n) < 2exp( - dnfp + ).

Recall that the kernel estimator is a sum of i.i.d. random variables. Lemma A.1 then gives us the next
exponential bound, which is a minor adaptation of lemma 5 in chapter 6 of Devroye and Gyorfi
(1985). We prove this bound for bounded measurable kernel functions K, so we don't require that K
is a density function.

Theorem A.2. Let K be a bounded measurable function then for arbitrary t>0 and h>0 we have for
any point X on the real line

(A.4) P(Ifan(x) - Efan(x) 12 t) < 2exp( - nht?/(2K*Eh K (x-X1)/h)l + 1))).
Here X is bounded by K*, i.e. IK(x)I<K*, for all x.
Proof. First we estimate the variance of h'lK((x-Xi)/h). We have

var(h"'K((x-Xi)/h)) < E(h 'K((x-X;)/h))* <



hIK*Eh UK ((x-X1)/h).

A direct application of lemma A.1 gives,
P(lfn(x) - Efgn(x)121) =
p( | F}:l% K((x-Xp)/h) - é]«% K(x-Xpm)l = nt ) <
2exp( - nt¥/(2h 'K*EhIK((x-X /)l + 301K D) <
2exp( - nht?/(2K*(Eh IK((x-X1)/h)l +1))),

which proves the theorem.

115
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APPENDIX B. MOMENT BOUNDS.

Investigating the performance of kernel estimators and cross-validation techniques the
following type of statistic is often encountered. If Xj,...,Xp is an i.i.d. sample from a distribution
with a bounded density f then for h>0 we consider statistics Tn(h),

n
®B.1) T = T 6D wxiXp) + 2 gn(Xi).

Here G, w and gy are bounded measurable functions for which we additionally require that G is
symmetric around zero, that G is integrable and that w is symmetric in its two arguments. The first
term of Tp(h), Gp(h) say, is a U-statistic of degree two. We have

Gn(h) = 2 ¢n(Xi.Xj),
. 1#)
with
(B.2) on(x.y) = G(FFD) wxy).

Tp(h) is the sum of a U-statistic of degree two and a sum of i.i.d. random variables. Examples of
these statistics are (nh)?Up(h) and (nh)>Vy(h), where Up(h) and Vp(h) are defined in proposition 3.9.
In the notation of chapter 3 we have

(nh)2Un(h) = - T LR (0K (X0 + £ X))
and
(Vo) = T KLEFEDIEK) X0 + £ (X))

In chapter 3 we need bounds on the moments of terms in the Hoeffding decomposition of
these statistics. First consider the moments of the statistic Gn(h). Writing Gij(h) := on(X;,X;) we
have

Ga(h) = X Gij(h).

i#

For any positive integer k we compute the k-th absolute moment of Gp(h),

E IGy()* = E |Z Gm)l* =

1#)

B.3 b E IGiyj,(h)... Gigjp (),
(B:3) (10 CartiiigeCy - 01131 - Gii(h)
where Cp denotes the set {(i,j) : i=1,...,n, j=1,...n, i#j}. Each of the terms E IGj,j;(h)... Gjyj (h)!
can be represented as a graph I" with vertices corresponding to to the indices 1,2,...,n and with an
undirected edge between two vertices i and j, i#j, for each time the term Gjj(h) appears in the product
Giyji(h)... Gikjk(h)- Let ejj denote the number of edges between the vertices i and j and let v(T")

denote the number of vertices reached by at least one edge, which is equal to the number of different
indices in iy,]j1,...,ik,jk. For example the term E IG12(h)G23(h)G24(h)3G56(h)2l is represented by the
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graph
1 2
AN |
5 4

Figure B.1. The graph corresponding to E IG12(h)G23(h)G24(h)3GS6(h)2|.

We need some notions from graph theory which can be found for instance in Wilson (1975). A graph
T is called connected if, going through consecutive edges, each vertex of I" can be reached from any
other vertex. If I" is not connected then I is the union of finitely many disjoint connected subgraphs
called the components of T'. Let y(I") denote the number of such components. If for each pair of
vertices of a graph there exists one and only one way to reach one vertex from the other then such a
graph is called a tree. If " is an arbitrary connected graph and if "' is a subgraph of I" with the same
vertices, such that "' is a tree, then I"'is called a spanning tree of I'. The number of edges of any
spanning tree of I" is equal to v(T))-1.

Now consider E IGj;j;(h)... Gij, (h)l more closely. This expectation can be written as
» c“’| Xii-Xj1 XigXjk |
[ () wixipxip). G wixiy xj)l £(x1)...£(xn) dxi...dxq.
If T is connected we have
(B.4) E IGiyjy(h)... Gipjp(h)! < ch¥(1,

for some constant c>0 not depending on h. The fact that this inequality holds can be seen as follows.
Let "' denote a spanning tree of I'. We can rewrite the integral above by performing a series of
substitutions which correspond to consecutive edges of I"'. Each of these substitutions yields a factor
h and the final integral is bounded because all integer powers of |Gl are integrable and because w and
f are bounded. The argument is completed by the observation that the number of edges of any
spanning tree is equal to v(I')-1. If " is not connected then it has y(I')>1 disjoint connected
components Ci,...,Cyn). For each of these components the bound (B.4) holds. By the independence
of the X's the expectation E IGj,j;(h)... Gjj (h)l is equal to a product of expectations, each
concerning terms of one component only, so we have for general T,

(B.5) E IGiyj,(h)... Gipjp ()] < YDRMVED-D +ot MCyry)-1) - XDpvD-AD),

which gives the next result.
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Lemma B.1. Let Xj,...,Xqn denote a sample from a distribution with a bounded density. Under the
conditions imposed on the functions G and w we have for any positive integer k and for any positive
h

(B.6) E IGiyj;(h)... Gijp(h)! < chVDAD),

for some constant ¢c>0 independent of h, where T is the graph corresponding to the indices

considered. 0

Next we decompose the statistic Gp(h) by Hoeffding's projection method (Hoeffding (1984),
Serfling (1980)). Writing the conditional expectations of Gjj(h) as

E(G;j(h)X;) = gh(Xi),
E(Gjj(h)X;) = gh(Xj),
with o
ghx) = Jon(x,y)f(y)dy,
we define Gij(h) and Gin(h) by
éij(h) = Gij(h) - gh(Xy) - gh(X;) + EGij(h)
and
Buch) = = Gij(h).
This gives the next decomposition of Gu(h),

n
(B.7) Ga(h) = Gn(h) + Z(H-I)Ei gh(Xi) - EGn(h).

Since E(ﬁij(h)IXi) = E(e}ij(h)IXj) = 0 it follows that the terms are uncorrelated. Plugging (B.7) into
(B.1) we get a similar decomposition for Ty(h),

(B.8) Ta(h) = Gn(h) + E{ 2(n-1gh(X;) + gn(Xi)) - EGn(h).

Notice that the terms of this decomposition are also uncorrelated. It turns out that &ij(h) also satisfies
(B.6).

Lemma B.2. Let X;,...,.Xp, denote a sample from a distribution with a bounded density. Under the
conditions imposed on the functions G and w we have for any positive integer k and for any O<h<1,

(B.9) E Giyjy (0)... Gigye(h)l < ch¥@-1D,

for some constant c>0 independent of h, where T is the graph corresponding to the indices
considered. 0
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Proof. By a simple substitution v = (y-x)/h we get
gh(x) = E on(x.y)(y)dy =
f G(Fwxyfy)dy =
h FG(v)w(x,x+hv)f(x+hv)dv,

and by repeated integration
EGij(h) = f f On(x,y)f(X)f(y)dxdy =
_fg?l(x)f(x)dx.

It follows that for some constant o>0 we have

(B.10) Igh(x)l < ah, for all x,
and consequently
(B.11) [EG;j(h)! < ah.

Recall that Gij(h) is equal to Gij(h) - gf(X;) - g8(X;) + EGyj(h). Returning to E Gy j;(h)... G (h)
we see that this expectation is equal to the sum of 4¥ terms of the form E 1Bizji(h)... Biyjy () where
Bij(h) equals either Gij(h), gﬁ(Xi), g‘f}(Xj) or EGij(h). The proof is now completed by the same
spanning tree argument as above for each of the terms E IBiljl(h)... Bikjk(h)l, with this exception that
each edge of the spanning tree, between i and j say, now corresponds to a term

Gij(h)eij1gfl(Xi)eijzgﬁ(X‘i)eiﬁEGij(h)eij4,

where eij1,....€ij4 are nonegative integers with ejj1+...+€ij4 = ejj. If ejji=e;; this term yields a factor h
by substitution just as above, and by (B10) and (B.11) since O<h<1 it yields a factor smaller than a
constant times h otherwise. 0

Corollary B.3. Let f be bounded density which is bounded away from zero on the set E. For the
statistics ﬁn(h), On(h) and Wn(h) defined in proposition 3.9 we have for some constant ¢>0 and for
O<h<1

E 0,5, (h)... O j ()1 < ch™/22,

ipip

E|011j1(h)... \ (h)l < ch™/2-3p,

ipip
provided there are exactly m different numbers in the sequence iy, j1,..., ip, jp, €ach index appearing

at least twice.
Similarly we have

E Wiypicy (0)... Wigjpk(h)l < ch?™3-%,
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provided there are exactly m different numbers in the sequence iy, j1, K1,..., ip, jp, Kp, each index
appearing at least twice. 0

Proof. Taking G equal to the function L defined by (3.34) and w equal to
w(x,y) = - (£ 'TE(x) + £(y) 'TE(Y))
we see that ﬁij(h) equals h'zéij(h). By lemma B.2 we have
E103,5,)... Oyt =
h2P E 1G5y h)... Gigjp(h)i<
chv(D-vD)-2p.

The conditions of the lemma imply v(I')=m and y(I')<Sm/2. So by O<h<1 the bound above is smaller
than ch™™22P_ This proves the first statement. The proof of the second statement is completely
analogous, except that the factor h™2 should be replaced by h™3. We cannot use lemma B.2 to derive
the third statement . However, the expectation E IWil jikq(h)... Wipjpkp(h)l can also be represented as
a graph I'. In this case the conditions of the lemma imply that the number of components of I', y(T'),
does not exceed m/3. By the same method as above we can then derive a bound ch™™3-3P
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APPENDIX C. ASYMPTOTIC NORMALITY.

We consider the asymptotic distribution of the statistics Ty(hy) defined by (B.1) for sequences
of positive bandwidths (hp) tending to zero. In that case the kernel function of the U-statistic Gp(hy)
depends on the sample size and we can not use standard U-statistic theory to derive asymptotic
normality of Tp(hp). Instead we use a limit theorem of Jammalamadaka and Janson (1986). An
alternative approach would be to use central limit theorems for degenerate U-statistics which can be
found for example in Hall (1984), De Jong (1987, 1988), Nolan & Pollard (1987, 1988).

By decomposition (B.8) we have

n
(C.1)) Ta(hy) = Gn(h) + 21 gn(X;) - EGn(h),
with
(C2) gn(x) := 2(n-1)g (x) + gn(X).

Since the terms in this decomposition are uncorrelated and since Eé,,(hn)=o the variance of Ty(hy)
equals
E(Gn(hn))* + n var(gi (X)),

Next we use the fact that E(Gyj(h)IXx) and E(G;j(h)/Xy) are both equal to zero for k=1,...,n. We get

EGn(hn))” = EQZ Gij(h)? = 2n(n-1) EGr2(hn))?,
and ¢
var(Ty(hy)) = 2n(n-1) EG1a(hy))? + n var(gh(X1)).

Assume that w and f are almost everywhere continuous. Then by (B.10), (B.11) in appendix B and
the dominated convergence theorem

EGa(hn))? =
E(Gia(hy) - g5 (Xi) - g5 (X;) + EGia(hp))* ~

E(G12(hn))? =

| 6> (D) w1 xa)f(en)f(x2)dx 1dxz =

I8‘—~g

(C.3) - -
hn | ] GHv)W2(x, x+hav)f(x)f(x+hpv)dxdy ~

oo 00

ha | [ G2v)wWA(x,x)f2(x)dxdv =
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oo 0o

hy | G3(v)dv [ w2(x,x)f2(x)dx .

To examine the variance of the second term we compute E(gﬁn(Xl))z. By the dominated convergence

theorem we have

E(gf (X1)* =

[ (hy | GOV)W(x,x+hav)f(x-+hpv)dv) 2(x)dx ~
h2 [ (] Gv)w(x,x)f(x)dv)2f(x)dx =

h2 ([ G(v)dv)2( ] wix,x)F(x)dx).

This implies that the variance of 2(n—1)gh°n(X1) is typically of order (nhn)z, Thus if gy, is identically
equal to zero and if nhy—ee, as in our applications, then ﬁn(hn) is asymptotically negligible compared
to the linear term. For an example of this situation see Veraverbeke (1985). Actually in the standard
U-statistic theory where the kernels are fixed functions the linear term dominates too. In our
applications however g, is not identically equal to zero. It turns out that in those cases gn(Xj)
compensates the terms 2(n-1)gh°n(Xi) in such a way that the variances of both terms in (C.1) are of the
same order, or that the variance of the second term is even of smaller order than the first term. We use
a theorem of Jammalamadaka and Janson (1986) to prove the next theorem which establishes
asymptotic normality of Tp(hp) in the case that ﬁn(hn) is not asymptotically negligible.

Theorem C.1. Let f be a bounded almost everywhere continuous density and let the functions G, w
and gy also be bounded. Further assume that G is symmetric and integrable, that w is symmetric in its
two arguments and that w is almost everywhere continuous. Let the statistic Tp(h) be defined by
(B.1) and let (hy) be a sequence of positive bandwidths converging to zero such that nhy—oo. Let the
function g:{ be defined by (C.2) and suppose that this function satisfies

@ (@hy)sup lga(x) - Ega(Xp)l = 0,
(i)  (nhy)'var(gh(Xy)) = o, 0< a2 < oo,
Then
(C4) nh—l,;(Tn(hn) - ETp(hy)) = N(0,20%+a%),
n

with
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(C.5) o= [ G3v)xdv [ wi(x,x)f4(x)dx. 0

Proof. To apply theorem 2.2 of Jammalamadaka and Janson (1986) we rewrite and renormalize
Tn(hp) as follows,

Th(h) = — 7 (Ta(h) - ETaho)) =
n

3 2 B + X —r (80X - BgHX0) =

i<j n

n
2 2 Oy (X X)) + 2 iy (1060) - Egh(X0),
n i=lnhy

i<j n
with
(C.6) O, (x,y) = Pnp(x,y) - 85,(X) - 85.(¥) + Eny(X1.X2).

Suppose that we have checked the conditions. Then this theorem gives

E 1 L. i 1 donr * S D 202 O
(B 2= ng(XiX)) . & —r (85X - g (X)) = N{0.0, L
1 i= nhn 0 o

i<j n

and consequently
1 D
—177 (Ta(hn) - ETa(hn) = Ta(ha) = N(0.20+0%),
n
which proves (C.4). All we have to do is to check
2 1 1
() E—pz(EX1) - Ega(X1) = E 2—77 {ny(x.X2) = 0,
nhy nhy
.. 1
()  sup—pzrlgn(x) - Ega(X))l > 0,
x nhy
1
i) 0 E(—pr@(Xn) -Egh(X1))* - o 0 o’ < oo,
n
(iv) n’E (ﬁ%n(xl,xz))z - B%0< <o,
n
1
W gup kel > 0,
(vij nsupE |—1m-€bhn(x,X2)| - 0.
x nhy

The first three conditions are clearly fulfilled by the fact that ﬁlg(hn) = (bhn(Xl,Xz) has vanishing
conditional expectations, and by conditions (i) and (ii) of our theorem. Condition (iv) with B2 equal to
2062 follows from (C.3). In order to show (v) and (vi) notice that for n large enough we have
nhl,I/ZZnhn-—)oo, which together with (B.10) and (B.11) implies (v). Property (vi) follows by the
same arguments as in the derivation of (B.10) and (B.11). 0
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This theorem is used in section 3.4 to prove the asymptotic normality of the statistic Un(hy),
thus serving as an important tool in the asymptotic distribution theory for likelihood cross-validation.
Another place where it is used is in the derivation of the asymptotic distribution of the integrated
squared error of kemel estimators in section 2.3.2. There the theorem can be directly applied only for
w=1. However, for other weight functions, modifying the proof above we can also prove asymptotic
normality.

Assume that the function K satisfies condition K and that w is a bounded nonnegative
measurable weigth function with a bounded support. In section 2.3.2 we have shown that the
integrated squared error of a kernel estimator fy,, can be written as

ISEn(h) =

nﬂlp'z FK(U—},&)K(U—-h—-LX)W(u)du+

1] oo

n

%F):i ] K(“'Txi)f(u)w(u)du &

2/u-Xj

. - IK —h—)w(u)du+

nzhz i

i=1

| fz(u)w(u)du.

For w=1 the first term equals
1
1 ) Xi-Xj
K@K (u+=2=)du.
e .1[ (u) (u h ) u

The terms of this sum are symmetric functions of (X;-Xj)/h so we can directly apply the previous
theorem. However, if w is not identically equal to one we get

1
1 X;-X;
EEJ { K(u)K(u + 'TL)W(Xi+hu)du,

which is not of the form considered above. A modification of the proof of theorem C.1 gives the next
limit theorem for the integrated squared error.

Theorem C.2. Let f be a bounded almost everywhere continuous density and let w be a bounded
almost everywhere continuous weight function with a bounded support. Furthermore assume that the
kernel K satisfies condition K in section 2.1 and that (hy) is a sequence of nonnegative bandwidths
converging to zero such that nhp—eo. Let b(u,h) denote the bias function Efyn(u) - f(u) of the kernel
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estimator. If

(C.7) 4nhylvar ( j K (u;l)jl)b(u,hn)w(u)du) > a2 0<al<oo,
then

(C.8) nhy/2 (ISEq(hy) - MISEn(hy)) 3 N(0,262 + o),

with

(C.9) o?:= f ( {1 K(v)K(v+z)dv)?dz E w2(u)f2(u)du.

Proof. We use the same notation as above. Define the statistic Tn(h) by
31 o qu- -X u-Xj
Tn(h) := E]l K o{ K( )K(—h—-l-)w(u)du 2n Z J K(FDfw(u)du .
We decompose this statistic using Hoeffding's projection technique. Write

mexy) =/ [ KERKEDwda

and

ghx) = [on(x,y)f(y)dy =
I (;;J K(FOK(FD)w(u)du)f(y)dy =
KC (] KCRDt)dy)wiudu =

j K( SX) ftu)w(u)du + J K(“ 75) b(u,h)w(u)du.

We obtain the decomposition

Tn(hy) = izj;fbhn(xi,xj) * l:il gn(Xi) - n(n-1)E@n,(X1,X2),
where @y, is defined by (C.6) and the function g; is given by

gn(x) = 20-g - 20 F K(F@wdu =

2(n-1) J K(% )b(u h)w(u)du - 2 JK(“ x)f(u)w(u)du

Using the fact that b(u,h) is bounded by a fixed constant for all real x and all positive h it is readily
shown that thn and g; satisfy conditions (i),...,(vi) in the proof of the previous theorem. Therefore

(C.10) ﬁm(hn) - ETy(hn) ) 3 N(0.20% + o).
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Retumning to the integrated squared error notice

nh¥2(ISEn(hy) - MISEq(hp)) =
(C.11) n = s * _X:
n—hlgf(Tn(hn)-ETn(hn))+Elg77 x( J Kz(l-l-%'-)w(u)du-E_ / Kz(%)w(u)du).

The variance of the second term can be bounded as follows,

var (nTxl,%ngi ( Kz(uh'—i(i)w(u)du -EJ Kz(‘%)w(u)du» <

;—l;[-lg-n E(J Kz(g‘_;(—l)w(u)du)2 =

nl—h{i(_i K () w(wdu) f(v)dv =

o 1
nl—m_ I (. { K3(w)w(v+haw)dw ) *(v)dv = 0(5:),

which shows that this term vanishes in probability. By (C.10) and (C.11) the proof is completed.
0

Remark C.3. If condition (C.7) of the previous theorem holds with o equal to infinity then the
linear term et gr*,(Xi) dominates over the quadratic term Ziatj '(}rhn(xi,Xj). Considering

T
€12) X (gX) - Ega(X))/(ntg?)
we recall
(nhi{?)'sup lgi(x) - Egn(Xn)l — 0,

i.e. the terms of the sum (C.12) vanish uniformly in i for n tending to infinity. We also have

var( X (ga(X) - Egn(X)/(nf?)) ~

u-X1
n

n——4 -1 var ( | K(EZD) b(uhnwiuydu) ~
n’hy -

anhy! var ( J K(‘%)b(u,hn)w(u)du) e,
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This implies asymptotic normality of the linear term by the Lindeberg Feller central limit theorem, so
in case condition (C.7) is fulfilled with o equal to infinity the integrated squared error is still
asymptotically normal. The proof of theorem C.2 now implies

(C.13) 0y (var (] K(E-L—)j—l)b(u,hn)w(u)du))‘m(ISEn(hn) - MISEq(hy)) -3 N(O,1),

which gives the proper normalizing constant in this case.
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SAMENVATTING.

Het grootste deel van dit proefschrift is gewijd aan de Parzen-Rosenblatt kernschatter,
gedefinieerd door formule (1.1). Dit is een schatter van de kansdichtheidsfunktie, zeg f, van n
onafhankelijke identiek verdeelde stochastische variabelen Xj, ..., Xp. In het laatste hoofstuk beste-
den we aandacht aan het deconvolutie probleem.

Na een korte introductie bestuderen we in hoofdstuk 2 eigenschappen van kernschatters met
de nadruk op het gedrag in gevallen waarin de dichtheid f niet glad is, d.w.z. we laten toe dat f
sprongen en knikken heeft. We beginnen met het afleiden van ontwikkelingen van de bias en variantie
van een kernschatter in een vast punt. Daarna bestuderen we eigenschappen met betrekking tot een
bekende verliesfunktie, de geintegreerde gekwadrateerde fout. We behandelen het asymptotische
gedrag van de verwachting van deze verliesfunktie en het daarmee verbandhoudende probleem van
optimale bandgrootten. Eveneens bewijzen we een centrale limietstelling voor deze verliesfunktie. In
het laatste deel van het hoofdstuk geven we enige resultaten met betrekking tot de supremum afstand.
Een aantal resultaten in dit hoofdstuk, met name de ontwikkelingen van de bias en een ordegrens voor
het supremum van de fout van een kernschatter, zijn belangrijke technische hulpmiddelen in het
volgende hoofdstuk.

Om een kernschatter te kunnen uitrekenen moeten we eerst een kernfunctie K en een
bandgrootte h>0 kiezen. Het is bekend dat de keuze van de kernfunktie voor de meeste verliesfunkties
minder belangrijk is dan de keuze van de bandgrootte h. Uit resultaten in hoofdstuk 2 blijkt dat
asymptotisch optimale bandgrootten afthangen van de onbekende dichtheid f. We kunnen deze
bandgrootten dus niet zomaar uitrekenen. Om die reden zijn er methoden voorgesteld om goede
bandgrootten te schatten, d.w.z. om bandgrootten te berekenen op grond van de steekproef. We
beperken ons tot de zogenaamde cross-validation methoden. Na een inleiding over least squares
cross-validation, een methode waarover reeds vrij veel bekend is, richten we ons op likelihood cross-
validation. We laten zien dat de bijna zekere orde van convergentie naar nul van de met deze methode
berekende bandgrootten afhangt van de aanwezigheid van sprongen en knikken in de dichtheid f. Het
blijkt dat, als f geen sprongen heeft, de berekende bandgrootten bijna zeker asymptotisch equivalent
zijn met de deterministiche asymptotisch optimale bandgrootten met betrekking tot een speciale
verwachtte geintegreerde gekwadrateerde fout. Als f echter wel sprongen heeft dan is dit niet meer het
geval. Dan heeft de berekende bandgrootte wel bijna zeker de optimale orde van convergentie naar
nul, n.L. n"2, maar niet de juiste constante. Vervolgens veronderstellen we dat f geen sprongen heeft
en bewijzen we asymptotische normaliteit van de berekende bandgrootten.
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In het laatste hoofdstuk behandelen we deconvolutie, met als belangrijkste voorbeeld het
Wicksell probleem. Bij het deconvolutie probleem hebben we de beschikking over een steekproef X1,
..., Xp uit een verdeling die de convolutie is van een bekende verdeling en een onbekende verdeling
die we willen schatten. We beperken ons tot het schatten van de onbekende verdelingsfunktie in een
vast punt. Uit de resultaten blijkt dat, hoe gladder de bekende verdeling, des te moeilijker is het om de
onbekende verdeling te schatten. We geven drie voorbeelden van problemen waarin de niet
parametrische maximum likelihood schatter van de onbekende verdelingsfunktie uitgerekend kan
worden. Voor het eerste voorbeeld en het Wicksell probleem zijn een aantal schattingen berekend op
grond van gesimuleerde steekproeven.
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