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Abstract

U-statistics represent a fundamental class of statistics from modelling quan-
tities of interest defined by multi-subject responses. U-statistics generalize
the empirical mean of a random variable X to sums over every m-tuple of
distinct observations of Stute (Ann. Probab. 19, 812-825 1991) introduced
a class of so-called conditional U-statistics, which may be viewed as a gener-
alization of the Nadaraya-Watson estimates of a regression function. Stute
proved their strong pointwise consistency to:

r(t) ;== Elo(Yi,...,Yu)(X1,..., Xm) =t], for teR™.

We apply the methods developed in Dony and Mason (Bernoulli 14(4), 1108—
1133 2008) to establish uniform in t and in bandwidth consistency (i.e., h,
h € [an,bn] where 0 < a, < b, — 0 at some specific rate) to r(t) of the
estimator proposed by Stute when Y, under weaker conditions on the kernel
than previously used in the literature. We extend existing uniform bounds
on the kernel conditional U-statistic estimator and make it adaptive to the
intrinsic dimension of the underlying distribution of X which the so-called
intrinsic dimension will characterize. In addition, uniform consistency is
also established over ¢ € .Z for a suitably restricted class %, in both cases
bounded and unbounded, satisfying some moment conditions. Our theorems
allow data-driven local bandwidths for these statistics. Moreover, in the
same context, we show the uniform bandwidth consistency for the nonpara-
metric inverse probability of censoring weighted (I.P.C.W.) estimators of the
regression function under random censorship, which is of its own interest.
The theoretical uniform consistency results established in this paper are (or
will be) key tools for many further developments in regression analysis.
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empirical processes, conditional U-processes, kernel estimation, functional
estimation, VC-classes.

1 Introduction

Motivated by numerous applications, the theory of U-statistics (intro-
duced in the seminal work by Hoeffding (1948)) and U-processes have re-
ceived considerable attention in the past decades. U-processes are useful
for solving complex statistical problems. Examples are density estimation,
nonparametric regression tests and goodness-of-fit tests. More precisely, U-
processes appear in statistics in many instances, e.g., as the components of
higher order terms in von Mises expansions. In particular, U-statistics play
arole in the analysis of estimators (including function estimators) with vary-
ing degrees of smoothness. For example, Stute (1993) applies a.s. uniform
bounds for P-canonical U-processes to the analysis of the product limit esti-
mator for truncated data. Arcones and Wang (2006) present two new tests
for normality based on U-processes. Making use of the results of Giné and
Mason (2007a), Giné and Mason (2007b), Schick et al. (2011) introduced
new tests for normality which used as test statistics weighted Li-distances
between the standard normal density and local U-statistics based on stan-
dardized observations. Joly and Lugosi (2016) discussed the estimation of
the mean of multivariate functions in case of possibly heavy-tailed distribu-
tions and introduced the median-of-means, which is based on U-statistics.
U-processes are important tools for a broad range of statistical applications
such as testing for qualitative features of functions in nonparametric statis-
tics (Lee et al., 2009; Ghosal et al., 2000; Abrevaya and Jiang, 2005) and
establishing limiting distributions of M-estimators (see, e.g., Arcones and
Giné 1993; Sherman 1993; Sherman 1994; de la Penia and Giné 1999). Hal-
mos (1946), von Mises (1947) and Hoeffding (1948), who provided (amongst
others) the first asymptotic results for the case that the underlying random
variables are independent and identically distributed. Under weak depen-
dency assumptions asymptotic results are for instance shown in Borovkova
et al. (2001), in Denker and Keller (1983) or more recently in Leucht (2012)
and in more general setting in Leucht and Neumann (2013), Bouzebda and
Nemouchi (2019), Bouzebda and Nemouchi (2022). For excellent resource
of references on the U-statistics and U-processes, the interested reader may
refer to Borovskikh (1996), Koroljuk and Borovskich (1994), Lee (1990), Ar-
cones and Giné (1995), Arcones et al. (1994) and Arcones and Giné (1993).
A profound insight into the theory of U-processes is given by de la Pefia and
Giné (1999). In this paper, we consider the so-called conditional U-statistics
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introduced by Stute (1991). These statistics may be viewed as generaliza-
tions of the Nadaraya-Watson (Nadaraja, 1964; Watson, 1964) estimates of
a regression function.

To be more precise, let us consider a sequence of independent and iden-
tically distributed random vectors {(X;,Y;),i € N*} with X; € R? and
Y; € R4 d,q > 1. Let Px = P be an unknown marginal Borel probability
distribution in R%. Let ¢ : R?™ — R be a measurable function. In this paper,
we are primarily concerned with the estimation of the conditional expecta-
tion, or regression function of ©(Y7,...,Y,,) evaluated at (Xq,...,X;,) = t,
given by

P (o 1) = E(o(Y1,....Ym) | (X1,....,X,n)=t), forte R (1.1
()07 ()0 ) ) ) ) b )

whenever it exists, i.e., E(Jo(Y1,...,Yy)|) < co. We now introduce a
kernel function K : R¥™ — R. Stute (1991) presented a class of estimators
for r(m)(go,t), called the conditional U-statistics, which is defined for each
t € RY™ to be :

t1 - X, tn— X,
Z @(Ytilv"'ai/im)K(h>”'K<h>

(i1,0enrim ) €1 (my0) " "

t1 — X, t, — X, ’
) ()

(i1,e--yim ) EI(m,n)
(1.2)

IRV

where:
Itm,n)={i=(i1,...,im):1<i; <n and i;#i if j#r}, (1.3)

is the set of all m-tuples of different integers between 1 and n and {hy, }n>1
denotes a sequence of positive constants converging to zero and nh;' — oo.
For notational simplicity, we let h = h,,. In the particular case m = 1, the
M (g, t) is reduced to 7™M (p,t) = E(p(Y)|X = t) and Stute’s estimator
becomes the Nadaraya-Watson estimator of r(l)(cp, t) given by:

Dt 1) = ng (X t) §K<X_t>‘

The work of Sen (1994) was devoted to estimate the rate of the uniform

convergence in t of ?(nm)(go, t;h) to r(™)(p,t). In the paper of Prakasa Rao

and Sen (1995), the limit distributions of ?glm)(go, t; h) are discussed and com-
pared with those obtained by Stute. Harel and Puri (1996) extend the results
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of Stute (1991), under appropriate mixing conditions, to weakly dependent
data and have applied their findings to verify the Bayes risk consistency of
the corresponding discrimination rules. Stute (1996) proposed symmetrized
nearest neighbour conditional U-statistics as alternatives to the usual kernel-
type estimators. An important contribution is given in the paper Dony and
Mason (2008) where a much stronger form of consistency holds, namely, uni-
form in t and in bandwidth consistency (i.e., h € [ay, by] where a,, < b, — 0

N

at some specific rate) of rnm)(go,t; h). In addition, uniform consistency is
also established over ¢ € % for a suitably restricted class .%. The main tool
in their result is the use of the local conditional U-process investigated in
Giné and Mason (2007a). In the last decades, empirical process theory has
provided very useful and powerful tools to analyze the large sample prop-
erties of several nonparametric estimators of functionals of the distribution,
such as the regression function and the density function, refer to, van der
Vaart and Wellner (1996) and Kosorok (2008). Nolan and Pollard (1987)
were the first to introduce the notion of uniform in bandwidth consistency
for kernel density estimators and they applied empirical process methods in
their study. In the series of papers, Deheuvels (2000), Deheuvels and Ma-
son (2004), Einmahl and Mason (2005), Dony and Mason (2008), Maillot
and Viallon (2009), Mason and Swanepoel (2011), Bouzebda and Elhattab
(2009, 2010), Bouzebda (2012), Bouzebda et al. (2018, 2021), Bouzebda and
Nemouchi (2020), Bouzebda and El-hadjali (2020), Bouzebda and Nezzal
(2022) the authors established uniform consistency results for such kernel
estimators, where h varies within suitably chosen intervals indexed by n.
More precisely, we will consider one of the most commonly used classes of
estimators that is formed by the so-called kernel-type estimators. There are
basically no restrictions on the choice of the kernel function in our setup,
apart from satisfying some mild conditions that we will give after. The se-
lection of the bandwidth, however, is more problematic. It is worth noticing
that the choice of the bandwidth is crucial to obtain a good rate of consis-
tency, for example, it has a big influence on the size of the estimate’s bias.
In general, we are interested in the selection of bandwidth that produces
an estimator which has a good balance between the bias and the variance
of the considered estimators. It is then more appropriate to consider the
bandwidth varying according to the criteria applied and the available data
and location, which cannot be achieved by using classical methods. The
interested reader may refer to Mason (2012) for more details and discussion
on the subject. In the present paper, we develop methods that permit the
study of the kernel-type under nonrestrictive conditions. It is worth notic-
ing that the high-dimensional data sets have several unfortunate properties
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that make them hard to analyze. The phenomenon that the computational
and statistical efficiency of statistical techniques degrade rapidly with the
dimension is often referred to as the “curse of dimensionality”. Density and
regression estimation on manifolds has received much less attention than
the “full-dimensional” counterpart. However, understanding density esti-
mation in situations where the intrinsic dimension can be much lower than
the ambient dimension is becoming ever more important: modern systems
can capture data at an increasing resolution while the number of degrees
of freedom stays relatively constant. One of the limiting aspects of density
(regression)-based approaches is their performance in high dimensions.

We know that the notion of the intrinsic dimension, say djs, has been
studied in the statistical machine learning literature so as to establish fast
estimation rates in high-dimensional kernel regression settings. There are nu-
merous known techniques for doing so e.g. Kégl (2002), Levina and Bickel
(2004), Hein and Audibert (2005), Farahmand et al. (2007). We first intro-
duce a concept proposed by Kim et al. (2018, 2019), the so-called volume
dimension, to characterize the intrinsic dimension of the underlying distri-
bution. More specifically, the volume dimension d,, is the decay rate of the
probability of vanishing Euclidean balls. Let || - || be the Euclidean 2-norm.
For x € R? and r > 0, we use the notation Bga(x,7) for the open Euclidean
ball centered at x and radius r, i.e.,

Bpra(x,7) = {y cR%: lly — x| < r}.

When a probability distribution P has a bounded density fx(-) supported
on a well-behaved manifold M of dimension djs, it is known that, for any
point x € M, the measure on the ball Bra(x,7) centered at x and radius r
decays as

P (Bga(x, 7)) ~ 7™,

when r is small enough. From this, Kim et al. (2018) define the volume
dimension of a probability distribution P to be the maximum possible expo-
nent rate that can dominate the probability volume decay on balls, i.e., fix
a subset X C RY, then

P(Bga(x
dyo1 (P) := sup {1/ >0 : limsup sup P(Bga(x, 1)) < oo} . (1.4)
r—0 xeX rY
The primary purpose of the present work is to extend the work of Kim et al.
(2018) to the more general estimators, including the kernel density estimator
as a particular case (studied in Kim et al. 2018), this generalization is far
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from being trivial and harder to control some complex classes of functions,
which form a basically unsolved open problem in the literature. We aim to
fill this gap in the literature by combining results Kim et al. (2018) with
techniques developed in Einmahl and Mason (2005) and Dony and Mason
(2008). The present extends our previous work in Bouzebda and El-hadjali
(2020) in several directions; the main one is that the present paper consid-
ers the conditional U-statistics, including the regression treated in the last
mentioned paper. More precisely, a uniform in bandwidth consistency re-
sults for some general kernel-type estimators are established. However, as
will be seen later, the problem requires much more than “simply” combin-
ing ideas from the existing results. Delicate mathematical derivations will
be required to cope with the empirical processes that we consider in this
extended setting. In addition, we will consider the nonparametric Inverse
Probability of Censoring Weighted (I.P.C.W.) estimators of the multivariate
regression function under random censorship and obtain uniform in band-
width consistency results that are of independent interest.

An outline of the remainder of our paper is as follows. In the forthcom-
ing section, we introduce the mathematical framework and provide our main
results concerning the uniform in bandwidth consistency of conditional U-
statistics adaptive to intrinsic dimension extending the setting of the work
of Dony and Mason (2008). In Section 3, we consider the conditional U-
statistics in the right censored data framework. Examples of U-statistics
kernel are provided in Section 3.1. In Section 4, we present how to select
the bandwidth through the cross-validation procedures. An application to
the nonparametric discrimination problem is discussed in Section 4.1. Some
concluding remarks are given in Section 5. To prevent interrupting the pre-
sentation flow, all proofs are gathered in Section 6. A few relevant technical
results are given in the Appendix for easy reference.

2 Main Results

For a fixed integer m < n, consider a class .%#, of measurable functions
g : R? — R defined on RY", such that E¢g?(Y71,...,Y,,) < oo, which sat-
isfies the conditions, (F.i)—(F.iii) given below. First, to avoid measurability
problems, we assume that

F4 is a pointwise measurable class, (F.i)

that is, there exists a countable subclass %, of .%; such that we can find,
for any function g € .%#,, a sequence of functions g,, € % for which

gm(2) = g(z), ze€RI™,
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This condition is discussed in van der Vaart and Wellner (1996). We also
assume that .#; has a measurable envelope function

F(y) > sup |g(y)| for y e RI™. (F.ii)
gEF,

Notice that condition (F.i) implies that the supremum in Eq. F.ii is measur-
able. Finally, we assume that .%, is of VC-type, with characteristics A and
v (“VC” for Vapnik and Cervonenkis), meaning that for some A > 3 and
(L 17

AllF| Ly @)

U1
> , for 0<e<2|F|Lyq), (F.iii)
3

N(gmLQ(Q)?E) S <
where ) is any probability measure on (R?™, B), where B represents the
o-field of Borel sets of R?", such that [|F|[1,(q) < oo, and where for & > 0,
N (Zq, L2(Q),¢) is defined as the smallest number of Lo(Q)-open balls of
radius ¢ required to cover .%#,. (If Eq. F.iii holds for .%#,, then we say that
the VC-type class .%, admits the characteristics A and v;). In this section,
we follow Kim et al. (2018) for weakening the conditions on the kernel and
making it adaptive to the intrinsic dimension of the underlying distribution
and without assumptions on the distribution. It is worth noticing that for
general distributions such as the one with support is a lower-dimensional
manifold, the usual change of variables argument is no longer directly ap-
plicable. However, we can provide a bound based on the volume dimension
under an integrability condition on the kernel, given below. Let K(-) be a
kernel function defined on R%™, that is a measurable function satisfying

K(t)dt = 1.
Rd
ASSUMPTION 1. (Integrability condition) Let || K || oo = supyepa | K (x)| =:
Kk < oo, and fir k > 0. We have: either d,, =0 or

oo

/ bt sup |K|*(t)dz < oo. (K.ii)
0 It ==

REMARK 2.1. (Kim et al., 2018) It is important to emphasize that As-

sumption 1 is weak, as it is satisfied by commonly used kernels. For instance,

if the kernel function K (x) decays at a polynomial rate strictly faster than
dyo1/k (which is at most d/k) as x — oo, that is, if

lim sup ||x|| 4V ¢ K (2) < oo
X—00
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for any € > 0, the integrability condition Eq. K.ii is satisfied. Also, if the
kernel function K(x) is spherically symmetric, that is, if there exists K :
[0,00) — R with K(x) = IN((HXHQ), then the integrability condition Eq. K.ii
is satisfied provided || K||, < co. Kernels with bounded support also satisfy
the condition Eq. K.ii. Thus, most of the commonly used kernels including
Uniform, Epanechnikov, and Gaussian kernels satisfy the above integrability
condition.

Now, we consider the class of functions

s {(t,h)»—>K(th_'> :teX,h>ln},

with || K2 < co.
ASSUMPTION 2. Assume that £ is bounded VC-class with envelope k
and dimension v, i.e., there exists positive number Ay > 1 and vy > 1 such

that, for every probability measure Q on RY and for every e € (0, || K||s0),
the covering numbers N'(KC, Lo(Q), e) satisfies

N (K, T2(Q), ) < (A”K”°°> y (K. i)
Furthermore, let
K(t) = [[K(t;), t=(tr,....tm) (K.iv)
j=1

denote the product kernel. Next, if (S,S) is a measurable space, define
the general U-statistic with kernel H : S¥ — R based on S-valued random
variables Zy,--- ,Z, as

(n—k)!
UW (H) = > H(Zi,.... %), 1<k<n, (2.1)
i€l(k,n)
where I(k,n) is defined as in Eq. 1.3 with m = k. Note that we do not

require H to be symmetric here. For a bandwidth 0 < h and g € %,
consider the U-kernel

Ggnt(x,y) = Q(Y)Rh(t - X) x,t € R and yeR™,

where, as usual, K;(2) = h=?K(z/h), z € R, and for the sample (Xy,Y7),
ooy (X, Yy), define
n—m)!
(n!) D Gont(Xi, Y0),

ielm

Un(ga h7t) = U(m) (Gg,h,t) =

n
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where, throughout this paper, we shall use the notation

X=(X,...,Xp) €ERM™ and  X;=(Xyy,...,X;,) €ER*® eI,
Y=(Y1,...,Y) €R™ and  Y;=(Yy,...,Y;, ) eR¥* icIk

Now, introduce the U-statistic process
un(g, h,t) := /n{U,(g,h,t) — EU,(g, h,t)}. (2.2)

We denote by I and J two fixed subsets of R¢ such that

d d
d
=[] la;. )] Hcg, ] CRY,
J=1 J=1
where
—00<¢j<a; <bj<dj<ooforj=1,...,d.

Introduce the class of functions defined on the compact subset J™ of R%™,
M = {T(m)(so, V() pe fq} 7

where (™) (g, -) is defined in Eq. 1.1 and the function f:RIm 5 R is defined
as

ft) = o Ly f (b ym)dyt - dym = fx (t1) - fx (t)

where f (-,-) denote the joint density of (X,Y). We fix a subset X C R? on
which we are considering the uniform convergence of the kernel regression
estimator. We first characterize the intrinsic dimension of the distribution
P, proposed by Kim et al. (2018), by its rate of the probability volume
growth on balls. If a probability distribution has a positive measure on a
manifold with a positive reach, then the volume dimension is always between
0 and the manifold’s dimension. In particular, the volume dimension of any
probability distribution is between 0 and the ambient dimension d.

LeEMmMA 2.2, (Kim et al., 2018) Let P be a probability distribution on RY,
and d,o; be its volume dimension. Then for any v € [0,d,.), there exists a
constant C,p depending only on P and v such that for all x € X and r > 0,

P(Bga(x,7))

,,41/

< CV,IP’- (23)
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For the exact optimal rate, we impose conditions on how the probability
volume decay in Eq. 2.3.

ASSUMPTION 3. Let P be a probability distribution on R?, and dyg; be its
volume dimension. For v € [0,dy,), we assume that

P(B
lim sup sup P(Bga(x, 1)) < 00. (2.4)
r—0 xeX L

ASSUMPTION 4. Let P be a probability distribution on R%, and de; be its
volume dimension. For v € [0,d,,;), we assume that

sup lim inf P(Bga(x,7))
xex r—0 rv

> 0. (2.5)

These assumptions are in fact weak and hold for common probability
distributions. In particular, Assumptions 3 and 4 hold when the probabil-
ity distribution has a bounded density with respect to the d-dimensional
Lebesgue measure. By combining Assumption 1 and Lemma (2.0.2) of Kim
et al. (2018), we can bound Ep [K 2] in terms of the volume dimension d.

LEMMA 2.3. Let (R% P) be a probability space and let X ~ P. For any
kernel K(-) satisfying Assumption 1 with k > 0, the expectation of the k-
moment of the kernel is upper bounded as

t—X
Ep ||K| ——
for any € € (0,dyo1), where Cyp i is a constant depending only on k,P, K

and €. Further, if dyo; = 0 or under Assumption 1 in Kim et al. (2018), ¢
can be 0 in Eq. 2.6.

We give an example from Kim et al. (2018) of an unbounded density. In
this case, the volume dimension is strictly smaller than the dimension of the
support, which illustrates why the dimension of the support is not enough
to characterize the dimensionality of a distribution.

EXAMPLE 2.4. (Kim et al., 2018) Let P be a distribution on R? having
a density p with respect to the d-dimensional Lebesgue measure. Fix 8 < d,
and suppose p : R? — R is defined as

k
< Ck’lp’K’Ehd”"FE (2.6)

_ d
p(x) = w Ix[l77 (], < 1).

22
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Then, for each fixed r > 0,

sup P(Bga(x,7)) = P(Bga(0,7)) = r?=F,
xeRd

Hence from definition in Eq. 1.4, the volume dimension is
dyol(P) = d — .
In our setting, we will use

P (0, b5 )

t1 — X tm — X,
()0( 17 ) m) < h > < h )

(i1,e.sim ) €I (m,n)
t - X; T ’
- ( h > . ( h >
(i1, yim) €I (m,m)

_ )it Z K<t1_hX“>K(tm_hX’m)7go,

(31,-y%m ) €I (M)

(n—m)! Y eV V)

n!
(i1--sim ) €I (m,n)

if Z K<tl—th>K<tm—thm>:0

(%15 y8m )EI(M,M)

It is clear that ?Anm)(gp, t; h) can be rewritten, for all ¢ € .F, as

7 (ot h) = 2iery P(Y3) Kn(t — X;)  Un(p,t:h)
n 2% - ZiEIZL” -[?h(t — Xl) - Un(l,t, h) )

where we denote by U, (1,t;h) the U-statistic U, (p,t;h) with ¢ = 1. To

) (¢, t; h) to (™) (¢, t), we shall consider an-

other, more appropriate, centering factor than the expectation E?(nm) (p,t;h),

which may not exist or may be difficult to compute. Define the centring

_ EUn(p,t5h)
~ EUL(1,t;h)

prove the uniform consistency of

Er{™ (0, t; h) - (2.7)
This centering permits us to derive results on the convergence rates of the
process R

P (ot h) — ERT (0, 15 7)

A(

to zero and the consistency of rnm)(cp,t; h) uniform in t and in bandwidth.
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THEOREM 2.5. Let L, = c(logn/n)"/¥ forc > 0. If the class of functions
Fq is bounded, in the sense that for some 0 < M < oo,

F(y) < M, for yeRI™, (2.8)
Fiz e € (0,dyo). Further, if dyoy = 0 or under Assumption 3, € can be 0.
Suppose
1 2
(o (3:)) s )
. n —+
lim nsup > gvora < 00

Then we can infer, under the above mentioned assumptions on F, and As-
sumptions 1, 2 and 4, that for all § > 0, there exists a constant 0 < €1 < 0o
such that we have with probability at least 1 — §

nly G (9.4 0) — BUL(g, £ h)|
sup sup sup <. (29
B>l gE.Fy teRAm Vg 1,] v 10g(2/9)

THEOREM 2.6. Let a,, = c((logn/n)'=2/P)V/dm for ¢ > 0. If F, is un-
bounded, but satisfies, for some p > 2,

pp = sup E(FP(Y)| X =x) < oo, (2.10)
x€ERdm

then we can infer, under the above mentioned assumptions on %, and and
Assumptions 1, 2 and 4, that for all ¢ > 0 and 0 < bg < 1, there exists a
constant 0 < €y < 0o such that

: VnhmPa-dvot9)|U, (g, t; h) — EUn(g, t; h)|
limsup sup sup sup
n—00  an<h<by g€ Fq tcRIm V/|log h| V loglogn

S 627

for any e € (0,dyo)-

We mention that Kim et al. (2018) do not need continuity of the density
for their results. (Of course, continuity of the density is crucial for controlling
the bias.) Some related results on uniform convergence over compact subsets
have been obtained by Bouzebda and El-hadjali (2020) for a much larger
class of estimators including kernel estimators for regression functions among
others. In this general setting, however, it is often not possible to obtain
the convergence uniformly over R?. Density estimators are in that sense
somewhat exceptional.
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THEOREM 2.7. Besides being bounded, suppose that the marginal density
function fx of X is continuous and strictly positive on the interval I. Assume
that the class of functions M is uniformly equicontinuous. It then follows
that for all sequences 0 < b, < 1 with b, — 0,

sup sup sup |EFU™ (o, t:h) — 1™ (0, 8)| = o(1),
0<h<by, p€Fy tel™

where I =1 x ... x 1.

COROLLARY 2.8. Besides being bounded, suppose that the marginal den-
sity function fx of X is continuous and strictly positive on the interval 1.
It then follows, under the above mentioned assumptions on .F, and and As-
sumptions 1, 2 and 4, that for all ¢ > 0 and all sequences 0 < b, < 1 with
al, < b, — 0, there exists a constant 0 < €3 < oo such that

nly G E (o 6 1) — B (0, 6 1))
S 0:37

limsup sup sup sup
n—oo al, <h<by peFy telm V/|log h| V loglogn

where for any € € (0,dy) and a,, is either a, or l,, depending on whether
the class Z, is bounded or not.

We can now state the main result of this section which follows easily
from Theorems 2.5 and 2.6.

COROLLARY 2.9. Under the conditions of Theorems 2.5 and 2.6 on fx
and the class of functions F#, and Assumptions 1, 2 and 4, it follows that for
all sequences 0 < al, < a, < b, < 1 satisfying b, — 0 and na,/logn — oo,

sup sup sup an)(go,t;h) - r(m)(go,t)| — 0, a.s.
G <h<by pEF4 telm

REMARK 2.10. Under additional, weak regularity conditions on P, the
value of € can be taken equal to 0 (2.9). Under the assumption that the
distribution has a bounded Lebesgue density, d,, = d so our result recovers
existing results in literature in terms of rates of convergence, in particular the
results presented in Dony and Mason (2008). Our results complement those
Dony and Mason (2008) by relaxing the condition on the kernel functions as
it was done by Kim et al. (2018). At this point, we mention that our results
are stated in the multivariate setting and more importantly are adaptative to
the dimension volume. This alleviates the problem of the curse of dimension.
To be more precise, it is well known that the estimation problems of a
regression function are especially hard in the case when the dimension of
the explanatory X is large. It is worth noticing that one consequence of
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this is that the optimal minimax rate of convergence n~2k/(2k+d) for the
estimation of a k times differentiable regression function converges to zero
rather slowly if the dimension d of X is large compared to k. To circumvent
the so-called curse of dimensionality, the only way is to impose additional
assumptions on the regression functions. The simplest way is to consider
the linear models but this rather restrictive parametric assumption can be
extended in several ways. An idea is to consider the additive models to
simplify the problem of regression estimation by fitting only functions to
the data which have the same additive structure. In projection pursuit
one generalizes this further by assuming that the regression function is a
sum of univariate functions applied to projections of x in various directions,
we note that this includes the single index models as particular cases, the
interested reader may refer to Gyorfi et al. (2002, Chapter 22) for more
rigorous developments of such techniques. Other ways to be investigated are
the semi-parametric models, considered intermediary models between linear
and nonparametric ones, aiming to combine the flexibility of nonparametric
approaches with the interpretability of the parametric ones, for details on
these methods for functional data, one can refer to Ling and Vieu (2018,
Section 4.2) and the reference therein.

REMARK 2.11. We note that the main problem in using an estimator
such as in Eq. 1.2 is to choose properly the smoothing parameter h. The
uniform in bandwidth consistency results given in Corollary 2.9 shows that
any choice of h between a, and b, ensures the consistency of ﬁnm) (p,t; h).
Namely, the fluctuation of the bandwidth in a small interval does not affect

A (0,8 1) of (™) (g, ).

REMARK 2.12. For notational convenience, we have chosen the same
bandwidth sequence for each margins. This assumption can be dropped
easily. If one wants to make use of the vector bandwidths (see, in partic-
ular, Chapter 12 of Devroye and Lugosi (2001)). With obvious changes of
notation, our results and their proofs remain true when h is replaced by a
vector bandwidth h,, = (h%l), e ,hgd)), where min hg ) > 0. In this situation
we set h = Hle h(® | and for any vector v = (vy,...,vq) we replace v/h by
(v1 /b, .. v /b D). For ease of presentation, we chose to use real-valued
bandwidths throughout.

REMARK 2.13. In the sequel, we will need to symmetrize the functions
Gy nt(x,y). To do this, we have

the consistency of the nonparametric estimator

1 1 -
Gg,h,t(XJ’) = ml Z Gg,h,t(xavya) = ml Z 9(yo ) Kn(t —x,),

" oeln " oeln
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where X, 1= (Zoyy- -+, To,,) €6 Yo := (Yous---3Yo,,). Obviously, after sym-
metrization we have

E(Gynt(x.y) = E(Goni(x,y)) and  UY(Gyns(-,-)) = Unlg, t:h)
So the U-statistic process in Eq. 2.2 may be redefined using the symmetrized
kernels, hence we consider

ul™ (g, 7y t) i= Vr{U™ (Gg ) = BUT (G o) }- (2.11)

For more details, consult for instance the book of de la Pena and Giné (1999).

3 Extension to the Censored Case

Consider a triple (Y, C, X) of random variables defined in RxRxR¢. Here
Y is the variable of interest, C'is a censoring variable and X is a concomitant
variable. Throughout, we will use Maillot and Viallon (2009) notation and
we work with a sample {(Y;, Ci, X;)1<i<n} of independent and identically
distributed replication of (Y, C,X), n > 1. Actually, in the right censorship
model, the pairs (Y;, C;), 1 <1i < n, are not directly observed and the corre-
sponding information is given by Z; := min{Y;, C;} and 6 = L{Y; < Ci} ,
1 <4 < n. Accordingly, the observed sample is

D” = {(Zlaézaxz),l = 1, .. -,TL}.

Survival data in clinical trials or failure time data in reliability studies, for
example, are often subject to such censoring. To be more specific, many sta-
tistical experiments result in incomplete samples, even under well-controlled
conditions. For example, clinical data for surviving most types of disease
are usually censored by other competing risks to life which result in death.
In the sequel, we impose the following assumptions upon the distribution of
(X,Y). Denote by Z a given compact set in R? with nonempty interior and

set, for any a > 0,
To = {x: inf ||x — ul| <a}.
uel

We will assume that, for a given @ > 0, (X,Y) [resp. X] has a density
function fx y [resp. fx] with respect to the Lebesgue measure on Z, x R
[resp. Z,]. For —oco <t < 00, set

Fr(t)=B(Y <t), G(t)=P(C<t), and H(t)=P(Z <?),

the right-continuous distribution functions of Y, C' and Z respectively. For
any right-continuous distribution function L defined on R, denote by

T, =sup{t e R: L(t) < 1}
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the upper point of the corresponding distribution. Now consider a pointwise
measurable class % of real measurable functions defined on R, and assume
that Z# is of VC-type. We recall the regression function of ¢(Y") evaluated
at X = x, for ¢ € F and x € Z,, given by

rW(,x) = E((Y) | X = x),

when Y is right-censored. To estimate r(l)(w, -), we make use of the In-
verse Probability of Censoring Weighted (I.P.C.W.) estimators have recently
gained popularity in the censored data literature (see Kohler et al. (2002),
Carbonez et al. (1995), Brunel and Comte (2006)). The key idea of .P.C.W.
estimators is as follows. Introduce the real-valued function ®(-,-) defined
on R? by
By(y.c) = Uy < c}yly ne)

1-G(yAc) (3.1)

Assuming the function G(-) to be known, first note that ®,(Y;, C;) = ;4
(Zi)/(1 — G(Z;)) is observed for every 1 < ¢ < m. Moreover, under the
Assumption (.¢) below,

(#) C and (Y,X) are independent.

We have
r(@,,x) = E(0u(Y,C) | X =x)
B HY <Cl(2)  «
= E{ 1—G(2) X_X}

E{%E(n{y <C}|X,Y)] X:x}

= rO(p,x). (3.2)

Therefore, any estimate of ’r‘(l)(q)w, -), which can be built on fully observed
data, turns out to be an estimate for r(l)(w, -) too. Thanks to this property,
most statistical procedures known to provide estimates of the regression
function in the uncensored case can be naturally extended to the censored
case. For instance, kernel-type estimates are particularly easy to construct.
Set, forx € Z, h >1,,1<i<n,

B i) = K (X _,IXZ) / 2; K (X_hx’) . (3.3)
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We assume that h satisfies (H.1). In view of Egs. 3.1, 3.2, and 3.3, whenever
G(-) is known, a kernel estimator of (1) (1, -) is given by

y ~_ 6ip(Zi)
#0 (4, x; h) = ; wi{kﬁh,i(x)%. (3.4)

The function G(-) is generally unknown and has to be estimated. We will
denote by G () the Kaplan-Meier estimator of the function G(-) (Kaplan
and Meier, 1958). Namely, adopting the conventions

II=1

0

and 0° = 1 and setting
n
No(u) =Y 1{Z; > u},
i=1

we have

i B Nn(Zz) 1 (1-6:)

Given this notation, we will investigate the following estimator of (1) (1, -)

(1) ~_ o (Zi
ki) = 2wl e 00T g (35)
i=1 nATe

refer to Kohler et al. (2002) and Maillot and Viallon (2009). Adopting the
convention 0/0 = 0, this quantity is well defined, since G};(Z;) = 1 if and only
it Z; = Z(,) and 4,y = 0, where Z3, is the kth ordered statistic associated
with the sample (Z1,...,2,) for k =1,...,n and d(y) is the J; corresponding
to Z = Z;. When the variable of interest is right-censored, functional of the
(conditional) law can generally not be estimated on the complete support
(see Brunel and Comte 2006). To obtain our results, we will work under the
following assumptions.

(A.1) F ={¢ =1 1{(—00, 7)"}, 1 € gzl}’ where 7 < Ty and # is a
pointwise measurable class of real measurable functions defined on R
and of type VC.



UNIFORM IN BANDWIDTH CONSISTENCY... 1565

(A.2) The class of functions .# has a measurable and uniformly bounded
envelope function T with,

T(y1,---Ym) Zjup |V (Y, - Ym) | v < TH.
cF

(A.3) The class of functions M is relatively compact concerning the sup-
norm topology on Z".

In what follows, we will study the uniform convergence of my, , ,(x) centred
by the following centring factor

=(vox (557))
EF{V* (4, x; h) = :
" Y x—X
ElK
(e (35%))

This choice is justified by the fact that, under hypothesis (.#) we have

x—X B HY <CHy(Z2) x—-X
e R = i

BYV)K (%

1-G(Y)

oo (59}

Let us assume the following conditions.

= E

)E[]I{Y§C} | X, Y]

(3.6)

(H.1) 21 0,0 < h <1, and nh? 1 oo;
(H.2) nh?/logn — oo as n — oc;
(H.3) log(1/h) /loglogn — oo as n — oo;

We now have all the ingredients to state the result corresponding to
the censored case. Let {h;},~; and {hy}, 5, be two sequences of positive
constants fulfilling Assumptions (H.1-H.3) with

0<h, <h!<1.
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Bouzebda and El-hadjali (2020) showed under assumptions (A.1-3), for
m = 1, (I), Assumption 3, for any kernel K (-) satisfying Assumptions 1 and
2, with probability at least 1 — ¢,

(1) &) log (1/1,)., +log (2/9)

sup  sup [#{1* (0, x; ) — B (0,35 1))| < €& T
hln Shgh% xel nln vol

(3.7)

for some positive constant €4. A right-censored version of an unconditional
U-statistic with a kernel of degree m > 1 is introduced by the principle of a
mean preserving reweighting scheme in Datta et al. (2010). Stute and Wang
(1993) have proved almost sure convergence of multi-sample U-statistics un-
der random censorship and provided application by considering the consis-
tency of a new class of tests designed for testing equality in distribution.
To overcome potential biases arising from right-censoring of the outcomes
and the presence of confounding covariates, Chen and Datta (2019) pro-
posed adjustments to the classical U-statistics. Yuan et al. (2017) proposed
a different way in the estimation procedure of the U-statistic by using a sub-
stitution estimator of the conditional kernel given the observed data. To our
best knowledge, the problem of the estimation of the conditional U-statistics
was opened up to the present, and it gives and main motivation to the study
of this section. A natural extension of the function defined in Eq. 3.1 is
given by

Ay < ¢ ACly. oy Ym A Cm
@w(yl,...,ym’ch___’Cm): Hzfl{ {y — }1,[1(3/1 ‘1 ‘ Y )
Hi:l{l - G(yz A Cz)}

From this, we have an analogous relation to Eq. 3.2 given by
E(®y(Y1,..., Y, C1, ., Cn) | (X, X)) = t)

[[2 {1 - GYinCi)}

|(X1,...,Xm):t>

B (Y1, V) a“ ‘ ‘
- E (H?il{l _Gm)}m: (E{n{y; <O} | (Yl,Xl),...(Ym,Xm)> |

(X1, Xom) —t)
= E@M,....Yn) | (Xq,...,Xy) =t) = my(t).
An analogue estimator to Eq. 1.2 in the censored case is given by

(51'1'-'51‘7” Z’il»---aZim _(m
R = Y e ) 55)

(i1,-im )EL(M,N)
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where, for i = (i1,...,iy,) € I(m,n),

_m) h h

(4) = . 3.9

Pnsinil) Y ok <t1—X1> K (tm—Xm> .
h h

(31, sim )EI(M,N)

The estimator that we will investigate is given by

(m)* . _ 1 m 19 ) m (m) .
RSP DR e A A BRI R
(i1yeeeyim ) EI(M,M) ( )
3.10

THEOREM 3.1. Let a, = c((logn/n)'=2/P)1/4™ for ¢ > 0. If the class of
functions .F is bounded, in the sense (A.2). Fix e € (0,dye). Further, if
dyol = 0 or under Assumption 3, € can be 0. Suppose that

1 2
og [ — +log | =
1 1
lim sup

n nlgvol_f

< 00

Then we can infer, under the above mentioned assumptions on %, (A.1-2)
(7 ), that for all ¢ > 0 and 0 < by < 1, there exists a constant 0 < €5 < 0o
such that

< Cs.

il 24 ot em L g hy — Br™M* (0, 65 1))
sSup sup sup
h>ln o€ F teT™ V| logl,| V1og(2/6)

PROPOSITION 3.2. Under assumptions (A.1-3), () and for any kernel
K () satisfying Assumptions 1, 2 and 3. Let {h},}, >, and {h;},~, be two
sequences of positive constants fulfilling Assumptions (H.1-H.3) with

0<h, <h!<1.
With probability at least 1 — 0, there exists a constant 0 < €5 < 0o such that

(4, 65 h) = BRI (4, 8 7)

sup  sup sup
h!, <h<h!/ x€I™ pe.F

. CG\/log(l/ln)+ + log (2/5>.

nl7(12d—dv01+s)m

(3.11)
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3.1. Exzamples of U-statistics

ExAMPLE 3.3. Let 371?2 denote the oriented angle between Yi1,Ys € T,
T is the circle of radius 1 and center 0 in R2. Let:

(Y1, Ys) = 1{Y Y5 < t} —t/m, for te[0,m).

Silverman (1978) has used this kernel to propose a U-process to test unifor-
mity on the circle.

EXAMPLE 3.4. Hoeffding (1948) introduced the parameter

A= / / D?(y1,y2)dF (y1,v2),

where D(y1,y2) = F(y1,y2)—F(y1,00)F(00,y2) and F(-,-) is the distribution
function of Y7 and Y5. The parameter A has the property that A = 0 if
and only if Y7 and Y5 are independent. From Lee (1990), an alternative
expression for A can be developed by introducing the functions

1 ifyo <y1 <3
Y (y1,y2,y3) =4 0 ifyr <yo,y3 or y1 > y2,u3
-1 ifys <y <o

and

1
0 (WL, Y12, -, Y51, Y52) = Zlb (1,1, ¥1,2:¥1,3) ¥ (W1,1, 1,4, Y1,5)
Y (y1,2,Y2,2,Y3.2) ¥ (Y1,2, Y42, Y5,2) -

We have

A:/-.-/SO(yl,l,yl,za-‘-7y5,1,y5,2)dF (Y1,1,91.2) - - - dF (Y15, 92,5) -
We have

r®) (o, t1,ta, 3, ta, t5)
= E((P((YI,I,YI,2), ey (}/5’1,5/572)) ’ X1 = X2 = X3 = X4 = X5 = t) .

The corresponding U-statistics may be used to test the conditional indepen-
dence.

EXAMPLE 3.5. For m = 3, let ¢(¥1,Y2,¥3) = {1 — Y5 — Y3 > 0},
the corresponding U-Statistic corresponds to the Hollander-Proschan test-
statistic (Hollander and Proschan, 1972).
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ExaAMPLE 3.6. For:

1
o(Y1,Ys) = §(Y1 — Y3)?,

we obtain the variance of Y.

ExaMPLE 3.7. For:

o(Y1,Ys) = —(V1 — Ya)?,

1
2
we obtain:

r®(p(Y1,Ya) | tr,t2) = Var(Yi | X1 = t1).

EXAMPLE 3.8. Let Y = (Y1,Y2) such that Y5 is a smooth curve, Y5 €
L5([0,1]) and Y7 € R has a continuous distribution. For

e(Y1,Ys) =1{(Y11 — Y21)(Y12() — Y22(¢)) > 0} — 0.5,

which can be used to treat the problem of testing for conditional association
between a functional variable belonging to Hilbert space and a scalar vari-
able. More precisely, this gives the conditional Kendall’s Tau type statistics.

4 The Bandwidth Selection Criterion

Many methods have been established and developed to construct, in
asymptotically optimal ways, bandwidth selection rules for nonparametric
kernel estimators especially for Nadaraya-Watson regression estimator we
quote among them Hall (1984), Hardle and Marron (1985). This param-
eter has to be selected suitably, either in the standard finite-dimensional
case, or in the infinite dimensional framework for ensuring good practi-
cal performances. Following Dony and Mason (2008), the leave-one-out
cross-validation procedure allows to define, for any fixed i = (i1,...,%y) €
I(m,n):

HUCRED
t1—X; ty—X,,,
Z oYy, Y, ) K <1h]1) K<hj>

_ (j17._.7jm)€f(m,n)(i) (4 ]_)

SETCRIeD

(i1,..-,3m)EI(m,n)

where
I(m,n)(d):={j € I(m,n) and j # i} = I(m,n)\{i}.
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In order to minimize the quadratic loss function, we introduce the following
criterion, we have for some (known) non-negative weight function W(-) :

(n—k)!

CV (p,h) = "

S (v — e X)) WK, (42)

iel(m,n)

where .
t) = H W(t:)
i=1

A natural way for choosing the bandwidth is to minimize the precedent
criterion, so let’s choose h,, € [ay, by] minimizing among h € [ay, by] :

sup CV (¢, h),
pEF

we can conclude, by Corollary 2.9, that :

sup sup |7 A( )(gp,t,h ) — (m)(go,t) — 0 p.s.
peZ tel

The main interest of our results is the possibility to derive the asymptotic
properties of our estimate even if the bandwidth parameter is a random
variable, like in the last equation. One can replace (4.2) by

(n—k)!

n!

OV (ph) = S (e - #P e X k) W (Xit), (43)

ieI(m,n)

where

m
H 52>tz

In practice, one takes for i € I(m,n), the uniform global weights w (X;) =1,
and the local weights

_ (1 Xi—t] <h,
WX, t) = { 0 otherwise.

For sake of brevity, we have just considered the most popular method, that
is, the cross-validated selected bandwidth. This may be extended to any
other bandwidth selector such as the bandwidth based on Bayesian ideas
(Shang, 2014).
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4.1.  Discrimination Now, we apply the results to the problem of dis-
crimination described in Section 3 of Stute (1994b), refer to also to Stute
(1994a). We will use a similar notation and setting. Let ¢(-) be any function
taking at most finitely many values, say 1,..., M. The sets

A]:{(yl)7ym)sp(ylu7yk):j}) 1SJSM

then yield a partition of the feature space. Predicting the value of p(Y1,...,
Y,,) is tantamount to predicting the set in the partition to which (Y1, ...,Y:)
belongs. For any discrimination rule g, we have

P(g(X) Z/ max m/ (x)dP(x),
j=1 7 {xg(x)=5}
where '
m!(x) =P(p(Y) =j| X =x), xeR"
The above inequality becomes equality if

_ J
go(x) = arg max m’(x).

go(+) is called the Bayes rule, and the pertaining probability of error
L = 1~ Plon(X) = o(¥)) = 1 - B { max i)}

is called the Bayes risk. Each of the above unknown function m?’s can be
consistently estimated by one of the methods discussed in the preceding
sections. Let, for 1 < j < M,

Z ]l{w(}/iu-..,yvim):j}K< 1 h 1)K<T>
(il ----- im)EI(m,n)
t1-X; tn—X;
> () ()

(i1,-im )€l (m,n)

m’

h(x)=

(4.4)
Set

g0 (x) = arg max m, (x).

Let us introduce

L, = P(gon(X) # ¢(Y)).

Then, one can show that the discrimination rule go,(-) is asymptotically
Bayes’ risk consistent
L, — L".
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5 Concluding Remarks and Future Works

In the present work, we have used general methods based upon empirical
process techniques to prove uniform in bandwidth consistency for kernel-type
estimators of the conditional U-statistics. We have considered an extended
setting when the dimension can be lower than the ambient dimension. In
addition, our work complements the paper Kim et al. (2018) by considering
other examples of kernel estimates. Our proof relies on the work of Dony and
Mason (2008). Our results extend and complement the last cited reference
by establishing the convergence rate adaptive to the volume dimension. Our
results are especially useful to establish uniform consistency of data-driven
bandwidth kernel-type function estimators. The interest in doing so would
be to extend our work to k-nearest neighbours estimators. Presently it
is beyond reasonable hope to achieve this program without new technical
arguments. We will not treat the uniform consistency of such estimators in
the present paper, and leave this for future investigation.

6 Mathematical Developments

This section is devoted to the proof of our results. The previously defined
notation continues to be used in what follows.

Our main tool to analyze uglm) (g, h,t) will be the Hoeffding decomposi-
tion, which we recall here for the reader’s convenience.

6.1. Hoeffding Decomposition The Hoeffding decomposition, Hoeffding
(1948), states the following, which is easy to check,

™(g, h, 1) = WZ( U EBnel), (6.1)

where the kth Hoeffding projection for a (symmetric) function L : S™ X
S™ — R with respect to P is defined for x; = (z1,...,7;) € S* and
Vi =1, .., yk) € S¥ as

ka(xk,yk) = ((5(11’%) — P) X ... X (5(3%’%) — ]P)) X ]ij*k(L),

where P is any probability measure on (S,S) and for measures Q; on S we
have

1 --th—/.../h(ml,...,mm)d(@1(w1)---de(:nm).

Considering (X;,Y;),7 > 1, i.i.d.-P and assuming L € Lo(P"™), this is an
orthogonal decomposition and

E[TrkL(Xk,Yk) ’ (XQ,YQ)), ceey (Xk,Yk)] =0,k >1,
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where we denote Xy, and Yy, for (X1,...,Xx) and (Y1,...,Y%), respectively.
Thus the kernels m; L are canonical for P. Also, m, k > 1, are nested pro-
jections, that is, mp o m; = 7 if k <[, and

El(meL)2 (X, Y < E[(L - ELX(X,Y)| <EIAX.Y).  (6.2)

For more details, consult de la Pena and Giné (1999). The proofs of our
results are largely inspired from Dony and Mason (2008), Kim et al. (2018)
and Bouzebda and El-hadjali (2020).

6.2.  Proof of Theorem 2.5: the Bounded Case

6.3. Linear Term To establish the relation (2.9), we need to study the
linear term (the first term) of Eq. 6.1, given by

_ m n _
my/nUM (m1Gg (7)) = NG D mGene(Xi,Y5).
=1

Keeping in mind the fact that the class .%#, is a VC-type class of func-
tions with an envelope function F and the class £ is a VC-type with en-
velope &, which implies that the class of functions on R?™ x R¥™ given by
{RI"Gyp1 () 1 g € Fy, t € RI™} s of VC-type (via Lemma A.1 in Einmahl
and Mason (2000)), as well as the class

G =1{h""Gyns(-,-) 1 g € Fyh > 1y, t € R} (6.3)

for which we denote the VC-type characteristics by A and v, and the envelope
function by

F(y)=F(x,y)=r™ Y Fl(y,), y€cR™ (6.4)

oclm
By considering the following class of functions on R¥* xR fork =1,...,m,
GW = (W Gy pi(-) g € Fyrh = It € R, (6.5)

and following Giné and Mason (2007a) one can show that each class G*) is
of VC-type with characteristics A and v and envelope function

Fj. < 2°|F| . (6.6)

Recall that the sample (X;,Y;),1 <i < nisii.d. and from the definition of
the Hoeffding projections, for all (z,y) € R? x RY, we get

Wlég,h,t(;v? y) =E (égﬁ,t((xa Xo,. .. aXm)7 (ya Yo, ... 7Ym)))
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—E (ég,h,t (X, Y))
=K (ag,h,t(XﬂY) ’ (XlaYl) = (w,y)) —E (ég,h,t(X,Y)) .

Introduce the following function on R% x RY:

Synt :RIxRI — R
(z,y) = mh™E (Gype(X,Y) | (X1,Y1) = (2,9)) -

Making use of this notation, we can write
M1 Gyt (2.9) = Sy (.9) — E(Sqne(X1, Y1),

Forall g€ %#,, h > 1, and t € R the linear term of the decomposition in
Eq. 6.1 times h%™ is given by

_ 1 &
my/nh®™UND (11Gype) = 7n > {Sgnt(Xi, Yi) = B(Sgne(X:, Y2))}
i=1
= an(Sgnt),

where we recall that the last expression is the empirical process ay,(+) based
on the sample (X1,Y1),...,(X,,Y,) and we set for t € I C X, g € %, and
h > 1,, the class of normalised functions on R4™ x RI™,

Sn={Sgnt(-s:):9€ Fg,h > 1t eI CX}. (6.7)
Now, we have to bound S, . From Eq. 2.8, we get
|Sg.nt(@,y)| < mhTM || K|

In order to bound the VC dimension of S,,, we remark that S, = mg 1) is
VC-type with characteristics A and v as defined in Eq. 6.5 for k = 1. For
reader convenience, we give more details. Let us give the bound for the VC
dimension of S,. Fix n < I;9||Sy ¢/l and a probability measure Q on

R?. Suppose
—1/dm
. (77)
[ 2 Syl

is covered by balls of the form

ldm+1 ldm-i—l
((h g Y ),
3dm || Sy nill 3dm || Sgntll o
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and (Sp,L2(Q)) is covered by

ldm,’,, ]
{BLQ(Q) (Kj, 317;1M> UBrL,(q) (9%,6), 1 <J < Np, 1 <k < Ns} ,

where p
m
Fe
3mM || K|
For1<i< Npj,1<j<Nyand1l<k< N3, welet

B (a0F; (57) 1003 = )

1 m

—1/dm
Also, choose by > _ Vo ,to €1,g90 € #, and let
2[[Sg,n.8]

1
So = msgo,bo,to :

We will show that

{B]LQ(Q) (S’i,j,kvn) 01 § ) S Nl, 1 §] § N2 and
1 <k < N3} U{By,q) (So,n)} covers S,. (6.8)

—1/dm
For the first case when h < <2\S\/MH> , find h;, K; and g; with
g,ht || 5o

dm+1
hoe (hi Vil h; +

- 3dm Syl

g € BLQ(Q) (gk, g) )

"

AL i
3dm HS ot 0o ’

Then the distance between ng’h’t and WSM is upper bounded as

follows

|

1 1
N T

L2(Q)

! mE(Ggpt(X,Y) | (X1,Y1) = (z,9)) —

hdim S],k(Xh}/l)

1
Vvnhm

L2(Q)
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< ‘ hdﬂmﬂz (g(Y)f( <t_hX> | (X1,Y7) = (ﬂfuy))
S (6007 (S55) 100vi) = )

L>(Q)
hde ( (Y)K <t_hX> | (X1,Y1) = (x7y)> _ \/;Llhmsk

1
< H\/ng’h’t - ng,h,t
n Vil Ly(Q)

] m _ t-X
+ H\/Wnsg,h,t - WE <g(Y)KJ <h> ’ (X17Y1):(‘T7y)>

+|
L2(Q)

L2(Q)

hde< (Y)EK; <t_hX> | (X1, Y1) = (x,y)) N

hdﬂmﬂz <gk(Y)f?j (t_hx> | (X1, 1) = (%y)>

)

i

(6.9)

L2(Q)
Now the first term of Eq. 6.9 is upper bounded as

1
Hfhdm T

1 || g,h,t ”LQ(Q)
hdm h;jm \/ﬁ
dm—1

HSg,h,tHL (Q)
= |h; — A ph—dmp ==k __Z 28
> i

a4 1
< | — hdml, "™ 1% [Sg.ntll <
Also, the second term of Eq. 6.9 is upper bounded as

1 m -~ (t-X
H\/ng’h’t g <9(Y)Kﬂ' <h> | (X1,Y1) = (x,y))

e ()
= (o0 (S5F) 1) = )

< fe |2 (R (555) 1wy = @)

L2(Q)

g. (6.10)

L2(Q)

L2(Q)
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-E (f(j (t_hx> | (X1, 71) = (x,y>>

L2(Q)
n
< -. 6.11
<1 (6.11)
The last term of Eq. 6.9 is upper bounded as
m ~ ([t—X
e (o0 (5F) 1601 = @)
m ~ ([t—X
i (00 (55 1007 = (@)
i L2(Q)
< KN g — el
< mi;4|K|mE < g (6.12)

By combining the Eqgs. 6.10, 6.11 and 6.12 to 6.9, we readily obtain the
following bound

<.
L2(Q)

1 1
- g S <
H \/ﬁhdm g:hzt \/ﬁhfm ]7k
—1/dm
For the second case when h > | ——Y™1 , we have
QHSQ’h7tH00

<

)

N3

1 S < $S
Jrhdm 2ot L@ Ilv/ahdm 9.t

oo

holds, and hence

—So + 150l @) < -

L2(Q)

- H L g
<||l—===Sg.ht
Log) Il Vnhdm e

Therefore Eq. 6.8 is shown. Hence by combining Egs. F.ii, F.iii and 2.8 with
Lemma 9.9, p.160 of Kosorok (2008), gives that every probability measure
Q on R? and for every n € (0,/nh=%"|[Sypnell, ), the covering number
N (S,,n) is upper bounded as

s%p N (S, L2(Q),n)

—1/dm dm+1
n Vvl
< N ln, | =———— 7.7—n
: ([ <2Hs,h,tuoo) ] | ’3dmusg,h,tuoo>

1
\/ﬁhdm Sg7h7t
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sup N (m.Fq, L(Q), €)

Q
sup (™ Lo(@), 1)) 4 1
QP 2 3mM
3dm ||Sgntllo (2119gmt o Hdm 3AmM || K|m\ >
- nlgm+1 n nldm
muvo
nidm

3Adm || S ,h,tHoo 2v1+mre—1 3221 —mre IS Al
nlgllm nlngrl

2Synellog )1 (BAdm Syl ) T

3Adm || Sy el )T
nigm ’

(6.13)

for some finite constant 0 < A < co. For p > 2, note that assumption (2.8)
implies that

supE(FP(Y) | X =x) < MP < 0.
xel

From Lemma 2.3 and using Jensen’s inequality, we observe that, for p > k

E[Syne(X,Y)F < nzhkde(Gght(X Y))
< ot (1 (53) (/0 5.

E(g"(¥)) | X =) < supE(FH(Y) | X = x).

where

Then, we have

2 2 “ 2 tj -X
E [Sy,n4(X, Y] < MPm’E HK (h
j:

By Holder inequality and using once more Lemma 2.3 we obtain

e () =Bk (5]
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where
m

1
Y —=1, 0<pj<o0,j=1,...,m.
=1 P

Hence, from Lemma 2.3, we have

- t; — X ~
E H K2 (Jh) < Cpy hm et —2), (6.14)
7=1
where B
Crie= max Cop, P K-
Then, we readily obtain
E[Syne(X, V)] < Cpy MPm?hm(he=2), (6.15)

Now from Eq. 6.15, applying Theorem 7.1 to the class &, defined in Eq. 6.7
gives that

sup
Sg,h,tesn

1 n
- > Sna(Xi, Yi) = E(Syns(X1, Yl))‘
=1

is upper bounded with probability at least 1 — § as

1 n
Sup n Z Sg,h,t(Xiy }/;) - ]E(Sg’h’t(Xl’ )/1)) S CA»“f‘“wyyzdvolvaﬂp K,e,T,E
Sgyh,tESn n i=1 Y
1 1
(s (7)), 7 (s (5))
n)). h)),
n n

m(dyol— 2
pdve1 =) Jog <6> N log (%)

n n

Using the condition

1 2
og | — +log | <
1 1
. n)), 4
lim sup

< 00,
n r,«lll”‘ivol_6
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we conclude that

m nl?(?d—dvoﬁ-a)‘Ur(ll)(ﬂ,lég’hjt))‘
sup sup sup < (.
h>l, geF, tel V/logl,| V1og(2/6)
6.4. The Other Terms of Eq. 6.1 We will follow the steps of the proof of
Dony and Mason (2008). Now we consider the other terms of the Hoeffding

decomposition (6.1) and show that is almost surely upper bounded, that is,
for each k=2,...,m,

m m(2d_dvol+5) (k) Y2l
SHD Sup Sub (%) v | (meGgnt))l < Gy, (6.16)

h>lp geF 4 teRIm \/| log ln’ \% log(2/5) B

By the fact that nl%™ = ¢?™logn, this will be established if we can obtain
that for each k =2,...,m,

a ldmpk=1 | °

(6.17)
To establish the uniform in bandwidth convergence rates, we have to use a
blocking argument and a decomposition of the interval [l,,, by, for by large
enough, into smaller intervals. For this, set ny = 2¢,¢ > 0 and consider the
intervals Hy j := [he j—1, he ;] where the boundaries are given by hy == 2”;’2.
By setting

sup Sup sup
h>l,, g€ Fq teRIm (v/[Tog 1] v 1og(2/4))k

L(¢) =max{j : h,; <2bo},
remark that

L(0)

b

[Inybo] € | J Hey and L(€)~10g< ”fgo )/log2, (6.18)

4
/=1

implying, in particular, that L(¢) < 2logn,. This fact will be used tacitly to
conclude some crucial steps of the proofs. Next, for 1 < j < L({), consider
the class of functions on R¥" x RI™,

Grj = {h"Gypt() 1 g € Fgoh € Hyj, t € R,
as well the class on R4™ x RI™,

(k) ._ {hdmﬂ’“@g,h,t(-, )
Gy = o
k

19 € Fgh € Hejyt eRdm},
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where M, = 2Fk™M. Clearly, each class Gy,j is of VC-type with the same
characteristics as G¥ (and thus as G) with envelope function M, Ny 1Fk, where
Fj, is the envelope function of G*. Notice that from Eqs. 2.8 and 6.6,

My, > sup {|7Tkég,h,t(x,y)‘ 1g € ]-“q,O <h<l,te Rdm}
x,yERF

and hence each function in gy;) is bounded by 1. Define now for ny_; < n <
ne,t=12,...,

Un(G k. 0) =, "% sup |3 H(X;, Yq)) (6.19)
HeG") |ierk
From Theorem 4 of Giné and Mason (2007b) as in Dony and Mason (2008),
we get for c =1/2,r = 2 and all > 0 that for any ¢ > 1,

IP{ max Uy, (j,k,0) > x} < %P{um(j,k,é) > x/2}1/2E[ugz(j,k,£)]1/2.

np_1<n<ny
(6.20)
We shall apply an exponential inequality and a moment bound for U-statistics,
due to, respectively, de la Pena and Giné (1999) and Giné and Mason
(2007b), on the class G, j(k) to bound (6.20). To use these results, we must
first derive some bounds. First, it is readily checked that

Un(j.k,0) = 0" sup [N H(X;,Yy)
HeG") |ierk

-1
= <n> <n> sup | H(X;,Y7)
RINR) heg® |icr

—k n
= n, /2<k> HU,Sk)(”kG)Hgg’?

< ny? U (mG) (6.21)

HQEZM

for all ny_1 < n < mny. Second, notice that in Assumption 2, the kernel K (-) is
assumed to be bounded by k and, for notational convenience in the proofs, to
have support in [—~1/2,1/2], so that by assumption (2.8) and M}, = 2¥x™ M,
for H € gé?, we have by Eqgs. 6.2 and 6.14,

EH*(X,Y) < M ?h*"EG}, (X,Y)
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)
< Ot et PR 2mpmdvo=e)
For D, j, = 5’,2’}[[,, KE4_k/<a_2m, this gives us that
sup ]EH2(X Y) < Dy ™07 = 02 (6.22)
HEQ

Since mpmp L = 7 L for all £ < 1, we can now apply Corollary 1 of Giné and
Mason (2007b) to the class gé];) with o2 as in Eq. 6.22 and easily obtain that
for some constant A,

By, (j.k,6) < nf|US (WkG)H2<k> < 2 A log(he )|

< 25 A log (1) [ (6.23)

To control the probability term in Eq. 6.20, we shall apply an exponential
inequality to the same class Qé? recall that each H € Qé];) is bounded by 1.

Setting
y* = C1 x(|logl,| V loglog(2/6))*/? =: C1 p Ak, (6.24)

where C} < oo, Theorem 5.3.14 of de la Pena and Giné (1999) gives us
constants Cy i, C3 i, and Cy , such that for j =1,..., L(¢) and for any p > 1,

P{th (ko 0) > P27} < Copexp{—Capy™*)
< exp{—Cyrploglog(2/6)},  (6.25)

plugging the bounds Egs. 6.23 and 6.25 into Eq. 6.20, we then get for some
Cs >0, and p > 2 and ¢ large enough,

P{ max  Uy(j, k,0) > 2pk/2y*}
ng_1<n<ng

(log2/8)~rCa/2 2k Ay =) log(1, )|
N Crp/ Pk ([ og | Vlog(2/5 )k

\/Wloge/(;)fpcm' (6.26)

Finally, note also that

IN

~1
k/2 n —k/2
w0 G0 = () o s (3 HGY)
HGQZJ IEIk
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= n;f(Z)lun(j,k,E)
< mH( ) taliih 0

for some Cy > 0. Therefore, by Eq. 6.18, for each k = 2,...,m and /¢ large
enough,

max A,k
np_1<n<ny ’

nlnm(Qd*dvol+€) |U7(7,k) (Wkég,h,t)) |

= max sup ~ sup sup

ne_1<n<ng |, <h<by geF, tel \/(] log ,,| V1og(2/8))k

[m(2d—dvor-+e) ’Uék) (mkGgns))l

< max max ~ sup sup sup

ne1<n<ng 1<GSL0) her, ; ge 7, tel Vv ([Tog | v log(2/6))k
LU
- F ne—1 <7’LSn[ ISJSL(E) An k

ny 7

« _GOMe e e YulRO

ldmnlz 1ng1<n<ng1<j<L(C)  Apk

where A, was defined as in Eq. 6.24. Now, recall that L(¢) < 2log(ng).
Then Eq. 6.26 applied with p > (24)/C5 , v > 0 and in combination with
the above inequality and the obvious bound

A/ lgmnk—lAn,k <4/ l%nn’g_lAn,k,

valid for all n,_; < n < ny, implies for Cp;, > 2pk/20kMkCl7k and for the
choice § = 2~ “1that for k =2,...,m,

[ 1dm g, k—1 < m(dvol €) —pCs.k
P{ngrlgafgng [dmn, An7k>067k} < Z log(2/4)

< L(£)log(2/8) P

< 2(Llog2)~ ), (6.28)

This proves, via Borel-Cantelli, that Eq. 6.17 holds, which obviously implies
Eq. 6.16 and hence complete the proof of Theorem 2.5.
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6.5.  Proof of Theorem 2.6: the Unbounded Case To prove this theorem,
we will need to truncate the conditional U-statistic u, (g, h,t). If condition
(2.8) is not satisfied, we consider bandwidths lying in the smaller interval
Hy, = lap,, bo], that may be divided into subintervals as follows

Hyj = hij1. ] (6.29)

where the boundaries are given by h d]m = 2a, dm Note that it is straight-
forward to show that Eq. 6.18 remains valid 1f we replace hyj by hj .. - In
particular, we still have L(¢) < 2logny, where L({) is now defined as

L(€) := max{j : hy ; < 2bo}.
Recall that ny = 2¢,¢ > 0, and set for, £ > 1,

Yo = ’rlg/ log Ny. (630)

For an arbitrary ¢ > 0, we truncate each function G, either the envelope
function as follows

Gont(%y) = Goni(xY)I{F(y) < )P} 4Gy ne(x,y)I{F(y) > e7,/"}
= G xy) + G (xy),

where F is the symmetric envelope function of the class G as defined in
Eq. 6.4. u,(g,h,t) can then also be decomposed for any ny_1 < n < ny
since, from Eq. 2.11,

un(g,ht) = V(UG )~ EUT(GY) OY + va{uim@l) )

= ul9(g,h,t) + @ (g, h,t).

The term u%)(g, h,t) will be called the truncated part and u$1>( ,h,t) the
remainder part. To prove Theorem (2.6), we shall apply the Hoeffding de-
composition to the truncated part and analyze each of the terms separately,
while the remaining part can be treated directly using simple arguments
based on standard inequalities. Note, for further use, that

adm = Ama2irml >, (6.31)

ne
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6.5.1. Truncated Part. First, note that by Hoeffding decomposition
(6.1), we need to consider the terms of

m m (s
I WELL

k=1

We shall start with the linear term in this decomposition. Following the
same reasoning as in the previous section, we can show that méé%t is a
centered conditional expectation and that the first term of Eq. 6.1 can be
written as an empirical process based on the sample (X1,Y7),...,(X,,Y,)
and indexed by the class of functions

Spi={S04() 19 € Fph €M, b €TC XY,
where h € H), , was defined at the beginning of this section and where
14 m (70
S50 4. y) = mhE (G (X, Y) | (X1, 1) = (@,9)

To show that Sy is a VC-class, introduce the class of functions of (x,y) €
RIm x RI™,

C:= {hdmég,h7t(x, Y)I{F(y)<cl:g€ Z,0<h<1,telcC X}.

Since both G’ as defined below

G ={h"Gyps(-,-) 1 g€ Fy,0< h <1t € R}, (6.32)

and the class of functions of y € R?" given by Z = {H{F(y) < c}:c>0}
are of VC-type (and note that Z has a bounded envelope function), we
can apply Lemma A.l in Einmahl and Mason (2000) to conclude that C
is also of VC-type. Therefore, so is the class of functions mC®) on R4*9,
where C(V) consists of the 71 -projections of the functions in the class C.
Thus, we see that S, C mCW) and hence Sy is of VC -type with the same
characteristics as mC"). Now, to find an envelope function for Sy, set t; ==
(tl, ey tio, i, e ,tm) S R4m=1) and Z](u) = (Zl, ceey Zj_l, u, Zj+17 ceey
Zm) € R for u € R? and Z € R?". We can then rewrite the function
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S;K,)Lt(x,y) €S, as

¢ t1 —x
o - x5

i (5)
) <ot ~H
'}

X

o

v
)E {g ) & (2 5)
1 {ﬁ( () < }

bt K <t’"h_”“°)ﬂ-«: [g(Ym(y))f( <#>
<L{F (Yn(y) </}

where X* = (Xo,...,X,,) € R and where (with a little abuse of
notation here) the product kernel in (K.iii) is now defined for d(m — 1) -
dimensional vectors, that is, K (u) = | YK (u;), u € RU™=1_ Hence, we

can bound Sg,)%t(a;, y) € S; simply as

K<t1;x>E [F(y,Yg,...,Ym)f( (tl _hx>]

+K <t2;””>E {F(b,y,%,...,Ym)ﬁCQ;X )}

w8 (B [P Y B (255
= Gn(z,y).

14F
tg—.%‘
h

IN

’Sﬂ,t(% 3/)‘

We shall now apply the moment bound in Theorem 7.3 to the subclasses
Sé,]' {S;el)zt( ):gE]:lIahE,Hz,j?teRdm}) 1§]§L(£)7

where H; ; was defined in Eq. 6.29. Since Sp; C § for j = 1,..., L({),
all of these subclasses are of VC-type, with the same envelope functlon and
characteristics as the class mC(!) (which is independent of £), verifying (ii)
in Theorem 7.3. For (i), recall that although all of the terms of the envelope
function Gy, (z,y) are different, their expectations are the same. Therefore,
writing Y* for (Y, ...,Y,,) and applying Minkowski’s inequality followed by
Jensen’s inequality, we obtain from assumption (2.10) the following upper
bound for the second moment of the envelope function:

EG(X,Y) = #""Ey {Ey+ [F (Y, Y2,..., )]



UNIFORM IN BANDWIDTH CONSISTENCY... 1587

+Evy- [F (Y2,Y,Ys, ...,V )] + - + By [F (Ya,..., Y, Y)]}?
<m*PEF? (Y1,...,Y)

< m2/<52m,u12/p.
Note, further, that by the symmetry of 15,

56, (X Y) = e [y0) & (X ) 1{Fv) <17},

so that Jensen’s inequality, the change of variable u = (t — x)/h and the as-
sumption in Eq. 2.10 give the following upper bound for the second moment
of any function in Sy:

E(s9, X)) < mE [g%Y)fo (%) 1{F(y) < m;/PH

m?E {f(? (%) E[FX(Y)|X = x]}

IN

~5 ([t =X _
m? 2/ [KQ (_h ﬂ =m2p2/PCy p e e 2,
(6.33)
Therefore, with g = m,ullj/ P (/im Vv 021%2 K E), our previous calculations give
us that

IN

EG2(X,Y)< 6% and  sup ES*(X,Y) < g2h)" (% = 62,
Ses; ’ ’

verifying condition (iii) as well. Finally, recall from Eq. 6.4 that since G has
envelope function F(y), it holds for all =,y € R4+ that

[0 c(a)| < mE [FOOL{F(Y) <0} | (X1, 11) = (,9)] < men ™,

so that by taking € > 0 small enough, Theorem 7.3 is now applicable. Thus,
for an absolute constant A; < oo, we have

ng
E Z €S (X“YZ) < A \/’néhgz(dvolE) log hl[,j‘
=1

’
Sf;j

IN

Al\/ nghy e (}bg H,;

V loglog ng>
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= A0, (6.34)

where €1,...,€,, are independent Rademacher variables, independent of
(X;,Y;),1 < i < ny. Consequently, applying the exponential inequality
of Talagrand (1994) to the class S ; (see Theorem 7.5 in the Appendix)

with M = msyl/p US’ = ﬁzh/m(d‘"’l_s) and the moment bound in Eq. 6.34,

we get, for an absolute constant Ao < oo and all £ > 0, that

IP’{ max_ ||v/n

np_1<n<ny

> 01 Al)\/ (f) )}

Aqt? Aot
< 2 exp —m + exp <— 1/p . (635)
nef h&j mevy,

Regarding the application of this inequality with ¢t = pX (¢), p > 1, note that
it clearly follows from Eq. 6.31 and the definitions of h’ - as in Eq. 6.29, ~,
as in Eq. 6.31 and \)({) as in Eq. 6.34 that for all j > 0

N2(0)

W = }log h27j| V loglogny > loglog ny,
éhj

= 2jcdmhlgt’;(dv°lfd7€) log ny (‘log h@ﬂ V log log ng) > ™ (loglog ng)2 .

Consequently, Eq. 6.35, when applied with ¢ = p)\;-(ﬁ) and any p > 1 with £
large enough, yields, for suitable constants A}, A) and As, the inequality

]P’{ max

ne_1<n<nyg

> Cy (A1 +p) N (5)}

< 2 [exp (—AQp log log ng) + exp (—A’Z'p log log ng)]

< 4 (logng) . (6.36)
Keeping in mind that mhdm\/ﬁUél) ( G;Z;L t) is the empirical process oy,

(ng)z,t) indexed by the class S; and recalling Eq. 6.18, since dyo — € < d,
we obtain, for £ > 1, that

/
max nt = max sup Sup sup
ng_1<n<ng ’ ng_1<n<ny a’ <h<bg geF tcRdm

m/nhmCd=dvate) | i (Wlég;z,t) ‘
\/] log h| V loglogn
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< max max sup sup sup
ne—1<nsne SGL) e, g€ F teRdm

22" | i, (59,

\/nghzr;(d“’l_s) (‘bg h’g,j‘ V loglog ’I’Lg)
. 3o (H)|

max  max sup
np_1<n<ng <j<L(¥) HESE i )\; (6)

Consequently, recalling once again that L(¢) < 2logng, we can infer from
Eq. 6.36 that for some constant C5(p) > 3C1 (A1 + p),

]P’{ max A;M>C’5(p)}

ng_1<n<ng

L(6)
< Z]P’{ max H
j=1

> Ch (A +p))\l(€)}

ne—1<n<ny
< 8(logng)t .

The Borel-Cantelli lemma, when combined with this inequality for p > (2 +
§)/As,6 > 0 and with the choice n, = 2¢, establishes, for some C’ < oo and
with probability 1, that

v (mG.) \ o

myVnhm2d—dyo+e)
limsup max sup sup sup

l—o0 -1<n<Ng gf <h<by geF teRIm \/‘ log h| V loglogn
(6.37)
this achieves the control of the first term in Eq. 6.1. We now treat the
nonlinear terms. The purpose is to prove that, for £k = 2,...,m and with
probability 1, all of the other terms of Eq. 6.1 are asymptotically bounded
or go to zero at the proper rate, that is

nhm(2d7dvol +€)

0w

g,h, t)’ —0 (’Yel_kﬂ) _

max sup Sup sup
ng—1<n<ng o) <h<by gEF tcRIm \/| log h| V loglogn

(6.38)
By following the same reasoning as in the bounded case, we define some
classes of functions on R%™ x R¥™ and R% x R

G j = {hm@ﬁ,t(-, )igEF heM te Rdm} :
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géff) = {hm (Wkéélgm) (-,)/ (2’“5%”) rgeF,he ’szj,t € Rdm} .
It is then easily verified that these classes are of VC-type with characteristics
- -1
that are independent of £ and with envelope functions F' and (2"35%} /p ) Fy,

respectively. The function F is defined as in Eq. 6.4 and F}, is determined
just as in the proof of Theorem 1 of Giné and Mason (2007a). Note that
just as in Eqgs. 6.19 and 6.21, by setting

. 1
U;L<j7k7€) ‘= sup T/Q Z H (XiaYi) , o g1 <n < ny,
Heg " | My ek

we see that for all k =2,...,m and ny_1 < n < ny,

Us sk 0) < g2 ||UD ()

g’

€,

Consequently, applying Theorem 7.2 with ¢ = 1/2 and r = 2 gives us
precisely (6.20) with U,(j,k,¢) and Uy, (j, k, £) replaced by U], (j, k,£) and
u, , (4, k,£), respectively. Therefore, the same methodology as in the bounded

case will be applied. Note also that, as held for all the functions in gﬁ, the

functions in Qé(f) are bounded by 1 and have second moments that can be
bounded by hm(dvol_a)Dmyk for a suitable D,,, (by arguing as in Egs. 6.33
and 6.22). Hence, the expression in Eq. 6.22 is also satisfied for functions in
g’(’“) that is
57]' ) ’
sup EH*(X,Y) < Dy ihy 49 = 02,
Heg,

Thus, all the conditions for Theorems 7.4 and 7.6 are satisfied so that, after
some obvious identifications and modifications, the second part of the proof
of Theorem 2.5 (and Eq. 6.26 in particular) gives us, for some C7j > 0, all
j=1,...,L(¢) and any p > 2,

1 k/2, 1% 1m(dyo1—¢) —pCr,
P{W_rlngi(gne Uy, (4, k, 0) > 2p "y } <\ (logng)~P=™k . (6.39)

with y™ = C] ;N (€) for some C7; > 0 and where X, (¢) is defined as in
Eq. 6.24 with hy; replaced by hj ;, that is,

;k(é) = (‘loghgd‘ \/loglogng)k/z.



UNIFORM IN BANDWIDTH CONSISTENCY... 1591

Now, to finish the proof of Eq. 6.38, note that, similarly to Eq. 6.27, for
some C, > 0, for ny_1 <n <ny

o ma)|, < 2ok,

2,3
This gives that for some c; > 0,
A/
nefigag(ﬁne bk
nh Bt (U (G0, )|

= max sup sup sup

ne-1<N<Ne qf <h<bg geF teRdm v/ ([Tog h| V loglog n)*

2k cper, P U, (j, k, ¢
< kEYy max max n(]a ) )

- !
kT e 2o "X,

2k 1/p ul ikl
CLEYy max max n(]v ’ )

S - - £
/a;y;dn’g—l ng_1<n<ng <j<L(f) A},k(@
From Eq. 6.31, we now see that

2/p  rmd, k—1 —m, 2—k
Yo' ame g T = ¢ My log ny.

By the fact that logn/n?~* is monotone increasing in n > 2 whenever k > 2,
so that for some constant Cg; > 0, we infer that

/logn
P max — A > C
{nel <n<ng n2_k mbk 8k

< p UGk t) _ Csk i apgmy™
~ max [ )\/ f 1/p l
ng_1<n<ng 1<j<L(¢) j,k( ) QkaE’Yg ogny

L(f) Cg ka/Q
! (- s /
S ]:E 1]P>{ max Z/{n(j,k,€> > WA]’k(E)} .

ne—1<n<ng

Therefore, by choosing Cgj > 2k+lc_m/2€ckC{7k ((2+ 5)/07};6)]“/2 and not-
ing that by definition L(¢) < 2logn, and hz,j <2forall j=1,...,L¥), we
can infer from Eq. 6.39 with

p = (2 + 5)/07,k7
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logn ,
’ {nz_rln<a7§<n,Z \/;A ok > O3 k}

that

X 24 6\ */?

< ]P u/ -’ k7€ > 2 v C/ )\ £

< ; {W_Iln<a5<<m n(J ) < C7,k > 1,k ]k( )}
L) o2

- Y P max u;(j,k,£)>2(2+5> -
o emasnsme Cr i

<

L(0) /R (log mg) ~PCT

< 2v2m (logng)~ (1+9)

This immediately implies, via Borel-Cantelli, that for all kK = 2,...,m and
{>1,

nhm(Qdfdvol‘i’E)

U (mGi)|

max sup sup sup

ne—1<N<Ne qf <h<by gEF teRIM V/([log h| V loglog n)*
o[ [

N log ny

a.s., which obviously implies Eq. 6.38. Finally, recalling the Hoeffding de-
composition (6.1), this implies, together with Eq. 6.37, that for some C” > 0
with probability 1,

limsup max sup sup sup
l—oo MU—1<NZNg gt <p<by gEF teRIm

U™ (fo}lt) —EU™ (@ﬁt
V/|log h| Vloglogn

nhm(zd_dvol +8)

>‘ <C". (6.40)

~(0)

6.6. Remainder Part Consider now the remainder process uy,’(g, h,t)
based on the unbounded (symmetric) U -kernel given by

G000 y) = Gonelx )1 { F(y) > e}
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where we defined vy as in Eq. 6.30. We shall show that this U-process is
asymptotically negligible at the rate given in Theorem 2.6. More precisely,
we shall prove that as £ — oo,

sy a0 (G ) B (G )

g1 <n<ng,o/ <h<bo ge F tcrdm \/| log h| V loglogn
=o(1) a.s. (6.41)

Recall that for all g € F, h € [a,, b and t,x € R™, F(y) > h™ |Gyt (x, )],
so from the symmetry of F', it holds that

Ui (G0.0)| < nrtmogm (B {F > epP})

Ul (ﬁ -1 {ﬁ > 5%}/1’

where }) is a U -statistic based on the positive and

o i 1/p
symmetric kernel y = Ft { (v) > &% . Recalling that a/m? = ¢4
(logn/n)'=2/P we obtain easily that for all g € F,h € [a},,bo],t € R™ and

some C' >0

Vnhm2d=dyorte) | (m) <G_5723Lt>‘ \/n[azl;*dvoﬁrf)lf:ﬂg ) (F -1 { F > E,ygl/p}>
- < log h| V log L | <
n <n<n
0—1 4 \/| og h| Vloglogn \/(‘1 ;e

Cvjfl/panz(*dvoﬁrf)[]f:;) (ﬁn {ﬁ>£,yl}/p}> )

V log log ng)

IN

Arguing in the same way, since a U -statistic is an unbiased estimator of its
kernel, we get that, uniformly in g € F,h € [a,,,bo] and t € R™,

nhm(dedvol +5)

(m) (A0
EUn (vah:tﬂ
max
ng_1<n<ng V/|log h| V loglogn
S Cryl}fl/pa’r%(fdvol‘i'E)]EUTgren) (ﬁ . ]l {ﬁ > E,Yé/p}>

< CE [ﬁp(Y)ﬂ {F(Y) > j/pH .

(6.42)
From Eq. 6.42, we see that as £ — oo,
Vahm@hate) [EUM (63|
max sup Sup sup =o(1). (6.43)

1<n<n, al,<h<bg gEF tcRdm \/| log h| V log log n
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Thus, to finish the proof of Eq. 6.41, it suffices to show that
USZL) (ﬁ -1 {ﬁ > 8’)/31/12}) =0 (761/13—1) a.s.

First, note that from Chebyshev’s inequality and a well-known inequality for
the variance of a U-statistic (see Theorem 5.2 of Hoeffding (1948)), we get,
for any § > 0,

{|vim (F-1{F > ey }) —mUG) (F1{F > eq7}))|
= 5,},;(1*1/10)}

< 67292727 ar (US;) (ﬁ 1 {F > ay}“’}))

ni=2/p _ _ .
WI@ [FQ(Y)IL {F(Y) > sfy/pH .

(6.44)

<mdé?
(6.45)

Next, in order to establish the finite convergence of the series of the above

o 1/p
probabilities, we split the indicator function L {F(Y) o } into two dis-
tinct parts determined by whether F(Y) > né/ P or 5%} P < F (Y) < n;/ P
and consider the corresponding second moments in Eq. 6.45 separately. In
the first case, note that, from Eqs. 2.10 and 6.4, EFP(Y) < P (m!)P and
observe that since p > 2 and ny = 2¢,

P F o 1/ -
(=1 (log:;e)Q*Q/”E [FQ(Y)]I {F(Y) >y pH =k [FP(Y)}
X i (logne)~ @27 < 0.
=1

To handle the second case, we shall need the following fact from Einmahl
and Mason (2000).

FAcT 6.1. Let (¢p),,~, be a sequence of positive constants such that Cn/nM*
oo for some s > 0 and let Z be a random variable satisfying

o
ZIP{|Z| > cp} < 00.
n=1

We then have, for any q > s,

SCE (1201 {12] < e }] / (e)? < .
k=1
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Notice that for any p < r < 2p,

1-2
o n, /p

1—1 (logny

)2_2/pIE [ﬁQ(Y)]l {8%}/1) < ﬁ(Y) < n;/pH

BRI neE [ﬁT(Y)]l {ﬁ(Y) < ni/pH

- = (log ne)*~"/Pmy/?

= E [ﬁT(Y)]l {ﬁ(Y) < n;/pH

- r/p
(=1 Ty

Now, set Z = ﬁ(Y), ¢n = n'/P and ¢ = r in Fact 6.1 and note that ¢, /n'/* 7
oo for any s such that ¢ =7 > s > p. Since ¢ = r > s, we can conclude from
Fact 6.1 that this last bound is finite. Finally, note that the bound leading
to Eq. 6.45 implies that

7;_1/pIEUT($) (FV -1 {FV > 67;/10}) =o(1).

Consequently, the above results, together with Eq. 6.45, imply via Borel-
Cantelli and the arbitrary choice of § > 0 that Eq. 6.44 holds, which, when
combined with Eqgs. 6.43 and 6.45, completes the proof of Eq. 6.41. This
also completes the proof of Theorem 2.6 since we have already established
the result in Eq. 6.40.

6.7. Proof of Theorem 2.7 Theorem 2.7 is essentially a consequence of
Theorem 7.7, details are similar to the proof of Dony and Mason (2008) and
therefore omitted.

6.8.  Proof of Corollary 2.8 We now turn to the proof of Corollary 2.8.
We observe the following standard inequalities

Un(@,h,t) _ EUR((pu h7t)
Un(1,h,t) EU,(1,h,t)
|Un((10a ha t) B EUn(SO, ha t)’
N |Un(1ah7t)|
|EUH(903 hvt)| i |Un(]—’ hat) - EUn(la hvt)|
|Un(1,h,t)| - [EU,(1, h,t)|
=:(I) 4+ (I).

We can infer from Theorem 7.7 that

[P0 (p, 65 1) — BT (g, 65 1)] =

sup  sup [EU,(1, h,t) — f(t)| = 0. (6.46)

an<h<b, teIl™m
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Then, from Theorem 2.5, Eq. 6.46 and fx(-) bounded away from zero on J,
we get, for some xiy, xiy > 0 and ¢ large enough in a, = c(logn/n)Y/ 4™,

liminf sup sup |U,(1,h,t)|=xi; >0 as.,
N0 g, <h<bn tel™

and, for n large enough,

sup sup |[EU,(1,h,t)| = xiz > 0.
an<h<by teIm

Further, for a!, equalling either ¢,, or a,, we readily obtain from the assump-
tions (2.8) or (2.10) on the envelope function that

sup sup sup |EU, (g, h,t)| = O(1).
ap, <h<b, p€Fq tel™

Hence, we can now use Theorem 2.5 to handle (I), while for (I), depending
on whether the class .%, satisfies Eq. 2.8 or 2.10, we apply Theorem 2.5 or
Theorem 2.6, respectively. Taking everything together, we conclude that for
c large enough and some €3 > 0, with probability 1,

:Ln(Qd*dvolJrE) ?gm) (('07 t, h) - ]E’F(nm) (907 t” h)

nl

limsup sup sup sup
n—00  af, <h<byp p€F4 teIm V/|log h| v (log(2/5) V loglogn)

nhm(Qd_dvol+€) (I)

<limsup sup sup sup
n—00  al, <h<bn p€Fq tEI™ \/\ log h| V loglogn

' A/ nl;n(Qd_dvol+5) (]:[)
+limsup sup sup sup

n—soo al,<h<b, p€Fq telm \/[logl,| V log(2/)

< 3.

We readily obtain the assertion of the theorem by choosing appropriately 4.
O
6.9. Proof of Proposition 3.2 Recalling the Definition 3.1 of

™Ay < ¢ Act,. .. A
(I)’l/}(y17~~~aym,cl,~~~acm) = HZ:l{ {yl ECl}d}(yl L Im Cm)’
I[LEZ {1 -Gy Aei)}

it is obvious that ®,, is uniformly bounded, in (y1,...,¥m,c1,...,cm) € R2™
and ¢ € Z, since % is uniformly bounded, v (t) = 0 for all ¢ > 7 and
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G(1) < 1. This property, when combined with the VC property of .7,
ensures that the class of function

Fo ={P®y: e F}

verifies Eqs. F.ii, F.iii. Similarly, it can be shown that % is a pointwise
measurable class of functions (F.i). Moreover, by (A.3) and Eq. 3.2, the
class

M@ ::{mqwfxtlbég}

is almost surely relatively compact concerning the sup- norm topology on
Z,. So we can apply Theorem 2.8 with Y = (Y, C) and ¥ = ®,,. The result
of Proposition 3.2 is straightforward. O

LEMMA 6.2. Under assumptions of Theorem 3.1, we have with probability
one,

sup sup sup m)*(w,t,h) m)(z/),t h)‘ ( log(l/h)) as n — oo.

h>lp teI™ YEF nhd
(6.47)
6.10. Proof of Lemma 6.2 Recall the following useful lemma.
LEMMA 6.3. Leta;, i =1,...,k, b; i =1,...,k be real number
i—1 k
Hal Hb _Z ai —b) [[o; T an
i=1 j=1  h=1+i

An application of the preceding lemma gives

sup sup
h>l, teI™ heF

(¢,t,h)*7‘ (wvt h)‘

= Sup sup sup Z Oiy = O V(Ziys - - s Ziy, )W Snf)(h (t)
h2in CELVET iy i) €1 (m.n)

1 1
((1 ~G(Z)---(1-G(Z,) (1-G(Zy)--(1- G*(Zim))>

< sup sup Z!wnml(t)! sup sup [y(t)]
h>ln t€T™ te(0,7)™ pEF,

X,;<1—G%(Zin) l—G* >1;I<1—G*( ))
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11 (=)

k=n+1

< sup sup Zwml(tﬂ sup  sup [4(t)]
h>ln teZm tel[0,7)™ PEFy
. sup|G:;<:c>—G<x>r

: [1xiTG:(T>H1—G(T>]E(%)kﬁ (1—Gl<2>>

=1 —n+1
sup |G}, (z) — G(2)|
< C sup sup Z |wnKhl(t)| sup sup [¢(t)] = " .
h>ln t€T™ te[0,7)™ YeF [1 =Gl - G(7)]
(6.48)

Since

sup [¢(t)] < oo,
veF

the kernel K (-) is uniformly bounded and
T<Tyg=1Tr <1Tg,

the law of iterated logarithm for G (-) established in Foldes and Rejté (1981)
ensures that

log 1
igp |Gy — G(t)] =0 (W) almost surely as n — oo.
ST

By combining the results of Proposition 3.2 and Lemma 6.2, the result of
the Theorem 3.1 is immediate by noting that, under the conditions (H.1-3),
we have, for n sufficiently large,

sup |G, — G(t)| =0 ( log(l/h)) almost surely as n — oo.
t<r nhd
Hence the proof is complete.
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Appendix

THEOREM 7.1. (Kim et al., 2018) Let (R% P) be a probability space and
let X1,...,X, be i.i.d. from P. Let F be a class of functions from R® to
R that is uniformly bounded VC-class with dimension v, i.e., there exists
positive numbers A, B such that, for all f € F, ||f|l < B, and for every
probability measure Q on R and for every e € (0, B), the covering number

N(F,L2(Q), €) satisfies

N(F, L>(@),6) < (AB>

€

Let o > 0 with Epf? < 0% for all f € F. Then there exists a universal
constant C not depending on any parameters such that

Zf (X)]

is upper bounded with probability at least 1 — 9,

Zf )]‘
N (MB)W% (248 o105 (3) | Blog (})
n g n g

n n

sup
fer|n

THEOREM 7.2 (Theorem 4 of Giné and Mason (2007a)). Let X1, Xa,. ..
be i.i.d. S -valued with probability law P. Let H be a P -separable collection
of measurable functions f : S* — R and assume that H is P-canonical (which
means that every f in H is P -canonical). Further, assume that

E[lf (X1,..., X[} < o0

for some r > 1 and let s be the conjugate of r. Then, with S, Uniform in
bandwidth consistency of conditional U -statistics 1131 defined as

n_Sup Zf 117"'7 )7 n2k>
fen ielk

we have, for allx >0 and 0 < c < 1,

1/s r\1/7
IP’{ max S, > .TU} < P{Sn > cx} ™ (ESy) .

k<m<n x(l — C)
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THEOREM 7.3 (Proposition 1 of Einmahl and Mason (2005)). Let G be
a pointwise measurable class of bounded functions with envelope function
G such that for some constants C,v > 1 and 0 < o < 3, the following
conditions hold:

(i) EG*(X) < %
(1)) N(e,G) <Ce ¥, 0<e<l;

(iii) of = SUDgeg Eg?(X) < o?

(iv) supgeg ll9lloc < g \/no?/1og (C15/0), where Cy = C/¥ Ve.

We then have, for some absolute constant A,

> eig (Xi)
=1

where €1, ..., &, are i.i.d. Rademacher variables, independent of X1, ..., Xp.

THEOREM 7.4 (Corollary 1 of Giné and Mason (2007a)). Let F be a
collection of measurable functions f : 8™ — R, symmetric in their entries,
with absolute values bounded by M > 0, and let P be any probability measure
on (S,S) (with X; i.i.d.- P). Assume that F is of VC -type with envelope
function F = M and with characteristics A and v. Then, for every m €
N,A > e™ v > 1, there exist constants Cy := Ci(m, A,v, M) and Cy =
Co(m, A,v, M) such that for k=1,...,m

< Ay/vno?log (C15/0),
g

E

nFE HUg’ﬂ (wkf)Hi < 29k <logf>k,

assuming
no® > Cylog(A/0),

2 is any number satisfying

where o
[P, <ot < a2

THEOREM 7.5. (Talagrand, 1994) Let G be a pointwise measurable class
of functions satisfying

glloc <M <00, g€G.



UNIFORM IN BANDWIDTH CONSISTENCY... 1605

We then have, for allt > 0,

P 123%{71“\/%&”1“92141 E z;aig(Xi)

2
<2 {exp <_142t2> + exp (—ﬁ) } ,

aé = sup Var(g(X))
geG

+1
g

where

and Ay, As are universal constants.

We now state the exponential inequality that will permit us to control
the probability term in (4.6) and which is stated as Theorem 5.3.14 in de la
Pena and Giné (1999).

THEOREM 7.6 (Theorem 5.3.14 of de la Pena and Giné (1999))). Let H
be a VC -subgraph class of uniformly bounded measurable real-valued kernels
H on (8™ ,8™), symmetric in their entries. Then, for each 1 < k < m,

there exist constants cy,dy €]0,00[ such that, for alln > m and t > 0,,

{an/QUka) (ﬂkH)HH > t} < ¢ exp {—dth/k} .

THEOREM 7.7. (Dony and Mason, 2008) Let I = [a,b] be a compact
interval. Suppose that H is a uniformly equicontinuous family of real-valued
functions p on J = [a—n,b+n]¢ for some d > 1 andn > 0. Further assume
that K is an Ly-kernel with support in [—B,B]?, with B > 0 satisfying
fRd K(u)du = 1. Then, uniformly in ¢ € H and for any sequence of positive
constants b, — 0,

sup  sup|px Kp(z) —p(z)] — 0 asn — oo
0<h<bpzeld

where Ky,(z) = h~%K(z/h) and

et = [ oo (%) ax
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