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DENSITY ESTIMATION FOR NONNEGATIVE RANDOM VARIABLES
F. COMTE®™* AND V. GENON-CATALOT®

ABSTRACT. We propose a new type of non parametric density estimators fitted to nonnegative
random variables. The estimators are constructed using kernels which are densities of empirical
means of m ii.d. nonnegative random variables with expectation 1. The value m~1/? plays
the role of the bandwidth. We study the pointwise Mean Square Error and a weighted global
Mean Integrated Square Error and propose adaptive estimators for both local and global points
of view. The risks of the adaptive estimators satisfy oracle inequalities. A noteworthy result is
that the adaptive rates are in correspondence with the smoothness properties of the unknown
density as a function on (0,+oc0). Pointwise adaptive esimators are illustrated on simulated
data.

Keywords. Adaptive estimators. Density estimation. Infinitely divisible distributions. Kernel estima-
tors. Nonnegative random variables.

1. INTRODUCTION

Let Xy,...,X, be n i.id nonnegative random variables, with unknown density f. The
problem of estimating f as a function on R by a non-parametric approach has received a lot of
attention in the past decades. A huge variety of methods have been investigated and powerful
techniques allow to build concrete estimators having optimality properties in the sense that
their L2-risk reaches automatically the best possible rate associated with the unknown smooth-
ness of the unknown density. Among many authors, we can quote Stone (1980), Devroye and
Lugosi (1996), Donoho et al. (1996), Kerkyacharian et al. (1996), Birgé and Massart (1997),
Juditsky (1997), Barron et al. (1999). See also Butucea (2001) for a detailed discussion.

In the case of nonnegative observations, f = 0 on (—o00,0). Hence, even if f is very smooth as
a function on (0,+00), f may be not even continuous as a function on (—oo, +00). Therefore, it
is not wise to use blindly estimators fitted with functions on the whole real line. One should at
least use a transformation of the data (such as taking logarithms) and estimate the density of
the transformed variables. Thus, there is a need to find specific methods to estimate densities for
nonnegative or lower bounded random variables. Nonnegative random variables are commonly
used for models in survival analysis or reliability, for waiting times in renewal processes ...

In this paper, our aim is to propose a new type of estimators fitted to nonnegative random
variables which can be used directly without transforming data. The basic idea of their construc-
tion is the following. Consider a density K on (0, +00), with expectation 1, and let Uy, ..., U,
be m i.i.d. random variables with distribution K(u)du (K = 0 on (—00,0)). The empirical
mean Uy, = (Uy + ...+ Upy)/m has distribution K,,(u)du with

(1) K (u) = mK*™(mu)
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2 F. COMTE(M* AND V. GENON-CATALOT®)

where K* = K % --- % K, m times and * denotes the convolution product. The distribution

K, (u)du converges weakly to 1 as m grows to infinity. For given x > 0, we propose to estimate
the value f(z) by

n

8 Fule) = = 30 1
k=1
The noteworthy property of the above estimator is that, by an elementary change of variable,

which is close to f(x) for large m e.g. when f is continuous at x and bounded. If f is smoother,
we can use a Taylor expansion of the difference f(xU,,) — f(z) and integrate it. Note that, by
the assumption on K, the first term (U, — 1)z f'(z) is centered. In the standard case where K
has finite variance v, the second term in the Taylor expansion being (22/2)(U,, — 1)2f”(z) has
expectation of order 1. Below, we prove that Varf,,(z) is of order y/m/n. Choosing m such
that m~2 = \/m/n (the usual square bias-variance compromise) yields the standard rate n~*/°
for the estimation of a C? function at .

These preliminary remarks motivate a more thorough study and raise the following question:
is it possible to prove that estimators such as (2) to estimate functions on R™ fulfill all properties
of non-parametric kernel estimators of functions on R. This is the topic of the present paper and
the answer is yes. First, we extend the definition of the estimator to obtain the best possible rate
for the bias term fitted with the smoothness of the unknown density (as a function on (0, +00)).
For this, we define a new notion of kernel of order ¢ and study the pointwise estimation. Then, we
study the global properties by introducing a weighted Mean Integrated squared Error (MISE).
The value m~Y2 plays the role of the bandwidth and we study in both cases (pointwise and
global) adaptive bandwidth selection. For this, we prove that the method of Goldenshluger and
Lepski (2010) can be adapted to our estimators.

In Section 2, we precise the assumptions on the densities K used to build estimators, extend
the definition of (2) and prove a key preliminary result (Lemma 2.1) on the Fourier transform
of K,,, which enables us to obtain the variance rate of our estimators. We give examples of
densities K for which K, is explicit. The case of K an infinitely divisible density is especially
interesting, as it allows to give an explicit construction of kernels of order ¢. It also allows to
extend the definition of K, to the case of non integer m. This construction is closely related to
the construction of Kerkyacharian et al. (2001). Section 3 is devoted to pointwise estimation.
We study the pointwise Mean Square Error and build an adaptive estimator fitted to local
Holder regularity. For adaptive bandwidth selection, we introduce iterated kernels built using
densities of the form K,, ® K,y where K1 ® K5 denotes the density of the product UV where
U,V are independent nonnegative variables, U has density K1 and V has density Ko. We prove
in Theorem 3.1 that the estimator reaches the same optimal adaptive rate as the one obtained
by Butucea (2001) on Sobolev classes. In Section 4, we study a global weighted Mean Integrated
Square Error (MISE). This requires the introduction of a new type of Nikol’skii class of functions
on (0,+00). Classical examples of densities are shown to belong to this class. We propose a
global adaptive estimator still based on iterated kernels. Theorem 4.2 gives an oracle inequality
for the weighted MISE of this estimator. In Section 5, numerical simulation results are provided
for local adaptive selection of m. Moreover, we consider the kernel estimators described in
Goldenschluger and Lepski (2010b) and implement a local adaptive bandwidth selection which
is new. Both methods are convincing and we discuss their respective advantages and drawbacks.
Section 6 contains concluding remarks. Proofs are gathered in Section 7.
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2. DEFINITION OF ESTIMATORS AND KERNELS.

2.1. Assumptions and preliminaries. For K a density on R™, we consider the following
assumptions:
e (H1) For u >0, K(u) >0, for u < 0, K(u) = 0 and

“+00 —+00

+o0 +oo
K(u)du = 1,/ uK (u)du = 1,/ (w —1)*K (u)du = v, K?(u)du < +oo0.
0 0 0 0

e (H2) Let Ky, be defined by (1). For m large enough, I, := [ K (u)% =1+ O(2).
e (H3) Let vy = [ |u — 1|7K (u)du. There exists v > 4 such that v, < +oc.
A density K satisfying (H1) has expectation equal to 1, finite variance v(K) = v and belongs to

IL2. The function K,, defined by (1) is the density of the empirical mean U,,, = (U1 +...+U,)/m
of m i.i.d. random variables Uy, ..., U,, with distribution K (u)du. The Fourier transform of K:

+oo
K*(t) = /0 e K (u)du

belongs to L?(R). The Fourier transform of K,, is K}, (t) = K*(t/m)™. As K* is a characteristic
function, |[K*(t)| < 1 for all t € R. Thus, for all m > 2, K (t) belongs to L'(R) and for all
m > 1, K, (t) belongs to L?(R). The rate of the variance term in the risk of our estimator relies
on the following lemma.

Lemma 2.1. e Let K be a density satisfying (H1). For a > 1, we have

V)™ |01t = /20,
Consequently, as m tends to infinity,
1 Kmlloo < Vm(1/vV2m0)(1+0(1)) and ||Kpnl[3 = vVim(1/2v/m0)(1 + (1)),
where || Kp||oo = supyso Km(u) and ||Kp|3 = [;7°° K2 (u)du.
o Let KW K@ be two densities satisfying (H1) with variances vi,ve respectively. As m

tends to infinity,
+oo

<KW K? ~— KW (@)K (w)du = vVm(1/y/27(v1 + v2))(1 + o(1)).
0
Integrating formula (2) on RT, we get:
too o +eo du 1
 (x)dr = K ()2 = B(—) = I,,.
[ @i = [ K =B

Thus, we have to impose that this expectation be finite at least for m large enough (Assumption
(H2)). This is not a problem as we choose the kernel. In such a case, as EU,, = 1, we have

)_1:lE(mﬂ)

E(
m Un

-

IARY
Knowing that m(lULm) converges in distribution to vZ? with Z a standard Gaussian variable,

we can easily choose the kernel K such that E(m(l_ﬁﬂ) = O(1), so that I, = 1 + O(1/m)

(see below the examples). Thus, I;! f,,(z) is a density.
The moment assumption (H3) is used to evaluate the rate of the absolute moments

Vo = / = 1] K (),
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(see below Lemma 7.1).

Remark 2.1. Note that we can link formula (2) with a more usual kernel type estimator as

follows. Let ky,(z) denote the density of \/m/v(U,, —1). The following relations holds:

() = %Kmu ]

and setting hm(w) = \ox /T, fn(@) = (hon (@) S5 b (X = )/ () . Hence, (@)

looks like a kernel estimator with kernel k,, and bandwidth h,(x).

2.2. Extension of the definition of estimators. In order to have adequate properties of the
bias term, we must consider a more general class of estimators than the one defined by (2) and
introduce kernels that can be real-valued. Let «q,...,ar be real numbers such that

L
(3) ZO[J' =1
j=1

and consider the extended kernel K = 2]1';1 a; K ) and set, for m > 1,

L
o = Y k)
j=1

where K) is a density on R satisfying assumptions (H1)-(H3) with variance denoted by v;,
and K (u) = m(K@)*™(mu) is the density of (U] +...U)/m with Ul k = 1,...,m iid.
with density KU) (for m = 1, K; = K, Kfj ) = K (7)), The functions K, are not necessarily
positive. We define

() Z Qj fm (@) = — Z Km

where f,, j(x) is given by formula (2) using the density K. By Assumption (H2) and (3),
*® fn(x)dz =1+ O(1/m).

2.3. Examples of kernels yielding explicit formulae. The method proposed here leads to
explicit formulae when the m-th convolution of a density K satisfying (H1)-(H3) can be explicitly
computed. We can note below that m need not be integer.

2.3.1. Gamma kernels. For K the Gamma density G(a,a) for any positive a, (H1)-(H3) hold
and:

Km(u) — (1??;2::; amflefmau1u>0'
For m > 1/a, I, 0+°° u Ky (u)du = (am)/(am — 1) = 1+ O(1/m).

In particular, for K(u) = e "1,>0 (exponential density with parameter 1), the estimator (2)
is given by

(6) fm(x) - % (m)m (m i 1)! kz_leTle_%Xk'

X
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Introducing the Laplace transform of X, Lx(\) = 0+°° e M f(t)dt, for A > 0, and its successive
derivatives Lg?)()\) = (—1)/ f0+oo tie= M f(t)dt, we have, for z > 0:

) Bfn(o) = (2)" Eprn (),

x (m— 1) % x

This is a very well known inversion formula for Laplace transforms to get an approximation of
f(z) (see e.g. Feller, 1971).

2.3.2. Inverse Gaussian kernels. The inverse Gaussian distribution IG(a,6) a > 0,0 > 0, is
defined as the distribution of the hitting time 7, = inf{t > 0, 6t + B; = a} where (B,) is a
Wiener process. This parametrization is the one used in Barndorff-Nielsen (1998). The density
of an IG(a,0) is
2

a 69%7%(92#“7).

273
Its Laplace transform is given by

E(e*Te) = exp (a(a Vo2 + 2)\)) CA > —62/2.

Thus for a = 6, the expectation is 1 and the variance is v = 1/a?.
For K the inverse Gaussian density IG(a,a), (H1)-(H3) hold and K, is the density of the

law 1G(av/m,ay/m):
ay/m 2(1_1(1
(1) = VT oma (1 2(u+u))1u )
Konl) = 2 .

Using properties of the Generalized Inverse distributions (see Barndorff-Nielsen and Shephard (2001),
p.173), we can compute:

WV gna? 2K _35(a’m),
Y

V2r

where K, is the modified Bessel function of second kind (see Abramowitz and Stegun (1964),
9.6.23 p.376)

+oo
I, = / u K, (u)du =
0

~ _ (2 v +oo ]
(8) K,(u)=K_,(u) = % /O e~ <0 (sinh ) dt.

We use the notation K, » for the Bessel function to avoid confusion with the density K,,.
After the successive changes of variables e/ = u and s = v+ u~! — 2, we obtain

e m, 1 1
e*K3/a(z) = \/;(ﬁ + W)'
We thus find I, = 1+ 1/(a?m).

3. POINTWISE ESTIMATION.

In this section, we study the properties of (5) as an estimator of the value f(x) for a given
positive .
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3.1. Pointwise MSE. The pointwise Mean Squared Error (MSE) is given by E(f,(z) — f(z))>2
and is split into the usual sum of the variance and squared bias terms.
First, we give the variance bound.

Proposition 3.1. Assume that f is bounded and let fu,(x) be defined by (5) with (3)-(4) .

Then, for all n, as m tends to infinity,

; Vm|[fllee 1 ;i
Varfm(z) < —————— ——— | (1 +0(1)),
nr /2w 1§§’§L Vi Ty

where o(1) is uniform in x (v; denotes the variance of the density KW)). If L =1 the constant
in parenthesis is just 1/+/2v.

To study the bias term, the notion of kernel of order £ can be here defined as follows.

Definition 3.1. We say that K = ijle ajK(j) defines a kernel of order € if, for j=1,...,L,
the kernel KU) satisfies Assumptions (H1)-(H3) (with variance vj), admits moments up to order

¢ and the coefficients oj,j = 1,...,L are such that 2]1';1 aj =1 and for 1 <k < ¢ and all m
(at least large enough)

/0+Oo(u—1 du—Za]/+oou—1 K9 (w)du = 0.

These relations allow to compute the a;’s as functions of the moments of the K @)s. Below,
we show how to compute kernels of order ¢ in the above sense.
The Hélder-type class on (0, 00) with constant C' and regularity 3 is defined in its usual sense:

%(B,C) = {f:(0,4+00) =R,
fWexists for £ = | Bland |fO)(z) — fO ()] < Clz — /|, for all 2,2’ > 0}.
We obtain the following bias bound.

Proposition 3.2. Assume that f belongs to the class X(03,C). Assume that, for j =1,...,L,

Vg) = [|u—11PKY) (u)du < +o00 and that K is a kernel of order £ = | 3] in the sense of 3.1.
Then,
5 ccB® 1

where C(B) depends on the coefficients aj and the moments of the KU)’s

Remark 3.1. The assumption that the K9 ’s are square integrable is not required in this result.
Finally, for the pointwise quadratic risk, we can state:

Proposition 3.3. Assume that f is bounded and belongs to the class X(3,C). Assume that, for

j=1,...,L, yéj) = [|u—1°KY(u)du < +oo and that K is a kernel of order £ = |3] in the

sense of 8.1. For all n and all positive x, as m tends to infinity,

E (fule) — f(@)" < S

nx

2 2P

+ (G,

where

(1+o0n(1 )) _ Quay
i =——"F7+ 0 ,
) U D =

c(B)

C2(B)=C ]
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where o (1) does not depend on x and C(f) is the constant appearing in the bias bound in
Proposition 3.2.

Note that

ooy |ovi
DGR D o

1<4,5<L

The choice of m leading to the optimal bias-variance compromise is obtained for z2#m =" =
(nx)~ m'/2, i.e. m = x>n?/(28+1) and the rate of the pointwise risk is n~2%/(2#+1) and does not
depend on x. This rate is the standard optimal rate for estimating a density in the class (3, C)
(see Tsybakov (2009) and the references therein).

3.2. Kernels of order /. In this paragraph, we show how to build a kernel of order ¢ as defined
in 3.1. Let K be a density on R satisfying (H1) and which is infinitely divisible with Lévy
density n(.) on R*. The characteristic function of K is given by:

+oo
(10) K*(t) = exp </0 (e —1) n(m)dw) = exp (it + ¢¥(t)),
with .
P(t) = /0 (e — 1 —itx) n(v)dz,

see e.g. Sato (1999). By the assumption on K, we have, by twice derivating K*,

1= /Om wK (u)du = /Om en(z)de, v= /Om(u — 12K (u)du = /Om zn(z)de.

The distribution with density K has moment up to order k if and only if f0+oo zkn(z)dr < +oo.
Moreover, the j-th order cumulant of K obtained by developping it + ¢ (t) around 0 is simply

given using the Lévy density by
+oo
K :/ x'n(z)dz.
0

Proposition 3.4. Assume that K is a density satisfying (H1), admitting moments up to order
n, with characteristic function given by (10). For a > 0, define the distribution P,(du) on R
by the characteristic function

(1) K3(t) = <K<E>> =y,
where
+oo
Ya(t) = / (e — 1 —itz) ng(z)dz, with ny(z) = a®n(az).
0

For a > 2, the distribution P, has a density K, satisfying (H1) and admitting moments up to
order n. Let i, = E(VZ) be the j-th moment of V, = U, — 1 where U, has density K,. Then,

{=k(n) a

where ¢(n—1) = Ky, is the n-th cumulant of K, the other constants c(¢) depend on the cumulants
ke, 2 <l <n-—1of K and k(n) =n/2 for n even, k(n) = (n+1)/2 for n odd.
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It is worth noting that, for all integer m,
t

Kot = (K°G1))

am

is the characteristic function of the density mK}"™(u).

Remark 3.2. e Using the density K,, we can extend the definition of the estimator by
changing K,, into K, for any positive a by setting:
. 1 « X
(12) fa(x) = E I;Ka(?)

If U, has distribution K,(u)du, U, — 1 and \/a(U, — 1) tends in distribution to N'(0,v).
e The examples given above fit in this framework. The density Gamma G(ag,ag) has Lévy
density n(x) = r lage %1 ,~o. The Inverse Gaussian density IG(ap,ag) has Lévy
density n(x) = ag(2ra®) "/ 2e=07/21 .
We use the previous moments properties to build a kernel of order £. The construction of
Kerkyacharian et al. (2001) can be adapted to our kernels as follows.

Proposition 3.5. Let K be a density satisfying (H1)-(H3), admitting moments up to order
¢ > 2, with characteristic function of the form (10). Let a > 2¢ and consider the density K,
specified by (11). For 1 < j < { integer, set

KY =K,

(see (11)) so that KY = Kymj—1. The function

¢
/ . .
K = (=1 J+1 ()
> (5)e
ji
1s a kernel of order € in the sense of definition 3.1.

3.3. Local bandwidth selection. We assume that f belongs to the class (5, C) where
the true value By is unknown, and By < Biee With known (,,4,. We consider kernels K =
25:1 a; K@ of order | > Bnas. Recall the notations (9) and set
B= sup C(f).
B<Bmaz
The function § — C() is upper bounded on [0, 3;q.], see also Proposition 7.1.
For zg > 0 and m = mept(z0) = x%nQ/(zﬁOH), the estimator fmopt(xo)(%) satisfies:

~ 2
E (fmopt(mo)(xo) - f($0)> <(Ci+ B2)n_2ﬁo/(2ﬂ0+1)'

Our aim is to define a data driven choice of m for the estimation of f(z), leading to an estimator
whose rate is as near as possible of the optimal one. This requires that xy > Zm > 0.

For two functions s and t on (0, +00), let us define, each time it exists, the function defined
on (0,400) by

400
u—sOt(u) = /0 s(u/v)t(v)dv/v.

Consider Uy, Uy two nonnegative independent random variables with densities K, Ko respec-
tively. Then, the density of the product UiU; is equal to K7 ® Ka(u).
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In view of mpt (7o), we could select m among values of the form m = k?z2. This is possible
from the theoretical point of view. In practice, the drawback is that the proposed choices for m
can be very small if zg is small, which yields numerical problems. This is why we set

(13) My = {m =k, log(n) < k < n/log(n)}
as the set of possible indexes m and consider K,, = 25:1 KY(,JL') an extended kernel as defined in
(3)-(4) where the densities KU) satisfy (H1)-(H3). Set

s 1 < X, s

n £~ T
As obviously K,,, ® K,y = K,y ® K,,, we have fmm/(x) = fm/m(x) Note that
L n
(15) Fonar(@) = 3 iy 3K 0 KJ(7E).
ij=1 k=1

For m,m’ integers, K @Kfrz) is the density of the product (Ul(i) +...+ Ué?)/m X (Vl(j) +...+
Vrﬁf/)) /m’ where Ul(l), ce 7(,?, Vl(] ), ce Vn(j,) are independent random variables, the UE(Z)’S have

density K® and the Vg(j )’s have density KU). So, as m, m’ tend to infinity, K,gi) ® Kr(rjl/) (u)du
tends to 1.

Now, define

(16) V(m, zo) = kC(K) max([| flloo, 1) log(n) ~—

53

where k is a numerical constant and
L L

(17) C(E) =20)_lai)* O loul/v/2mvs).
i=1 i=1

Note that, as 3% oy =1, 2% | |oy| > 1. In C(K), the value 2 replaces (1 4 0,,(1)) in formula
(9). This is justified by the fact that we choose m > log?(n), n large enough.
The following quantity must be understood as an approximation of the squared bias term:

(18) A(m,wo) = s ((fn(@0) = fonur(20))? = V(' 20))
m'eEMy, +

The adaptive estimator is then

(19) F(@0) = Fru(ao)(z0) with 1ia(wg) = arg m%l& (A(m, o) + V(m, z0)) -

We can prove the following result.

Theorem 3.1. Assume that f belongs to the class (B, C) with By unknown, 0 < By < Bmaz,
with known Bpa.. Let K be a kernel of order £ in the sense of Definition 3.1 with £ > Bpaz-
Consider the estimator f(xo) = fm(xo)(.%'()) with ©o > Tomin > 0. Then, there exists a constant x
in (16) such that, for n large enough,

_ n \ ~200/(200+1)
1%ﬂm%¢@ﬂﬂ§< ) ,

logn

where x, < yn, means t, < Cy, for some constant C.
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As we can see, the rate is optimal up to a log(n) factor, but this is expected (see Bu-
tucea (2001)). The method is illustrated in Section 5. We also rewrite a local version of the
method of Goldenschluger and Lepski (2010), and compare both methods.

3.4. Iterated kernels. The estimators fm can easily be implemented for instance when choos-
ing the densities K(*) among Gamma densities G(a;,a;) or among Inverse Gaussian densities
IG(a;,a;). As seen above, it is important to note that the value m need not be an integer as the
densities K, in the two previous cases, are respectively G(a;m,a;m) and IG(a;/m,a;/m).
In particular, when dealing with local bandwidth selection at xg, the value of m may be pro-
portional to :cg.

)

For implementing the adaptive selection method, one must compute KY(,ZL) oK g,. In case of
K® = G(a;, a;), we must compute the density of a product of independent Gamma variables.
Some relatively explicit formulae can be obtained, involving Bessel functions of high index. The
case of K = IG(a;,a;) is simpler.

Proposition 3.6. Let K = IG(a;\/m,ai/m). We have:

a;a;vVmm’

KT(,? ® Kr(,jl,)(u) = 372
™

exp (ma? + m’a?)f(o(cij (u)),

where Ky is the modified Bessel function of second kind with index 0 and

1/2
cij(u) = (afm2 + a?(m')2 + a?a?mm’(u + E))

Proof of Proposition 3.6 Recall that

) . +0c0 ) . d
KR oKD = [ KDEKD )=
0 v v
Thus, we must compute
+oo 1 dv
Ty = [ e -5 8% +md)I T
where
m
5i2j = a?mu + —|—a§m’, %,2], = a?; + —i—a?m’.

The integral I;;(u) can be computed using the norming constant of Generalized Inverse Gaussian
densities (see Barndorff-Nielsen and Shephard (2001)):

I (u) = 2Ko(8;57ij),

where K is the modified Bessel function of second kind with index 0. This gives the result.0
The Bessel function K is available in Matlab. Various expressions are given in Abramowitz and
Stegun (1964).

4. WEIGHTED MISE.

We study a weighted mean integrated squared error with weight function w(z) =z A1 as we
need the weight wy(x) = x for the variance term and the weight wy(z) = 1 for the bias term.
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4.1. Risk bound.

Proposition 4.1. (Variance bound) Assume that K,, = Zle a; K where ZZ‘L:1 a; =1, for
i=1,...,L, the density K satifies Assumptions (H1) and (H2) (with variance denoted by v;).
Then,

+o0 R
/ Varfm(z)x de < C@,
0 n
where the constant C' only depends on the kernel K and not on the unknown density f.

(C = ZZ‘L:1 |y | 25:1 lai|/v/2m0;(1 4 0,(1))). As the problem here only deals with densities
on RT, the usual Nikol’skii class as defined in Tsybakov (2009) (see also Goldenschluger and
Lepski (2010)) is not adequate. We need define a new class fitted with the bias term.

Definition 4.1. For 3 > 0 and ¢ a nonnegative convez function on (0,+00) such that ¢(1) # 0,
consider the class of functions f defined on R having a derivative on (0,400) f© with £ = | 3|
satisfying, for all positive u,

1/2

+00 , )
[/O (u )% (f(é)(um) - f(é)(x)) u dm} < p(u)|u — 1P~

We denote this class by Hi (5, ).

Proposition 4.2. (Bias bound) Assume that K, = Y2 K where SE o =1, for

i =1,...,L, KW satisfies Assumptions (H1)-(H3) (with variance denoted by v;) and [ |u —
1P KW (u)du < +o00. Assume that the density f belongs to the class H(3,¢). Assume that the
kernel K is of order ¢ = |3| (see (3.1)) and satisfies: there exists mqo such that

(20) sup mﬁ/z/w(u)]u — 18| K (u)|du = C < +o0,
m>mg
with ¥(u) = (6(1) + ¢(u))(1 + M) Then, for m > my,
C~r2

/OJFOO (Efm(x) - f(x))2dx < B

Let us make some comments on the class H4 (5, ¢) and the assumption (20). The new class
requires an enveloppe function ¢ (see the examples below). As ¢(1) = ¥(1) # 0, and ¢ is
continuous by the convexity, we know that, for all 7, as m tends to infinity, with U,,; having

density Ky(,?,
- - 2
2| = 17(Om) = 01217 6(0).
where Z is a standard Gaussian variable. Condition (20) requires that this convergence in
distribution implies the convergence of the expectation

EmP/| Ui — 154 (Upm.)

to the corresponding expectation viﬁ / 2gb(l)IET|Z |%. Hence, the condition is not stringent.
Finally, we can state:

Theorem 4.1. Under the assumptions of Propositions 4.1 and 4.2, the weighted MISE satifies

02mp

E/O+°o (fm(x) - f(x))Qw(x)dx < C@ " K
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4.2. Examples.
(1) Consider the density f(z) = e *1g+(z). As a function on R, it is not derivable. We have

/ (f(x+1) — f(@)2de = (1— e ) < Jt].

Hence, it belongs to the usual Nikol’skii class H(3, L) with § = 1/2,L = 1 (see e.g.
Tsybakov, 2009). Thus, if we estimate f using a standard kernel estimator, the better
rate of convergence of the risk is n=2/3 (for the optimal bandwidth h = n~1/ 3). As a
function on (0, 400), f is infinitely derivable with f()(x) = (=1)%e~*. We have, for all
integer £

oo 2 r(20+1
A (u IE)% (f(f)(ux) _ f(f)(x)> udr = 22Z+1((1 - u))Qngl P(u),
where the polynomial
P(u) — (1 + u%—l—l)(l + u)2€+1 o 2(2u)2€+1

satisfies P(1) = P'(1) = 0, P"(1) # 0. Hence, P(u) = (u — 1)2Q(u) where Q(u) is a
polynomial of degree 4¢ such that Q(1) # 0. Thus f belongs to H (0, Ql/z) for all 8.
The optimal rate of convergence of the risk for the estimation of f can be n~=28/(26+1)
for all positive § (for m = n=2/(F+1)),

(2) For f(x) = xze *1g+(x), we have £ = 0 and § = 1 for the usual Nikol’skii class as:

[+ 0 - f@)de = 50— = e ) < 2

On (0, +00), f is infinitely derivable with f©)(z) = (=1)¢(z — £)e™1(0,400)(x). For all

integer £
oo 2 C+1DT(20+ 1
[ e (50 - 10 @) e = LI D g,
where
R(u) = 5Tz (14w (14 )23 — 20240 (20 4 2)u + (1 + u?))

satisfies R(1) = R'(1) = 0, R"(1) # 0. Here again, R(u) = (u — 1)2L(u) where L(u) is a
polynomial of degree 4¢ + 2 such that L(1) # 0. Thus f belongs to H, (8, L'/?) for all

B.
(3) For f(x) = 1jg4)(w), we have £ = 0 and

[+ 0~ f@)Pds =2 a1,

+00 9
/0 (f(uz) — f(@)u de = |u— 1]

Hence, 5 = 1/2 for both criteria.

So far, in the above examples, computations rely on the explicit expression of the density f. We
can give a general property.

Proposition 4.3. Assume that the density f is C* on (0,+00) and compactly supported. Then,
for all integer ¢, such that f+1 £0

F(u) = [/OJFOO(U )% <f(€)(ux) — f(ﬁ)(x))zu dx} v < e(1 4wt 2)y — 1],
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4.3. Global bandwidth selection. Let M, be defined by (13) and consider again K,, =
Zle KY) an extended kernel as defined in (3)-(4) where the densities K) satisfy (H1)-(H3).
We still consider fy, ., defined by (14).

Now, define

V(m) = KZC(K)@

where k is a numerical constant and C'(K) defined by (17),

(21) Am) = sup (Ifwr = e[ = V)

m’GMn +

The adaptive estimator is then f' = fm with

m = arg mrél}\r/tln (A(m) +V(m)).

We can prove the following result

Theorem 4.2. Assume that f belongs to 1.2((0,+00)). Under the assumptions of Proposition
4.1, we have

- +00 R 1
B =712 < C inf, (| (Bfnle) = F@) o+ Vi) + -

Corollary 4.1. Assume that f belongs to L2((0,+00)). Under the assumptions of Propositions
4.1 and 4.2, with M,, defined in (13),

E([f - fl2) < O(n=2%/5H0),

The corollary follows immediately from Theorem 4.2 and Proposition 4.2. It is worth noticing
that the optimal rate of convergence is automatically reached by the adaptive estimator.

5. PRACTICAL IMPLEMENTATION.

5.1. The benchmark: standard kernel estimators with local adaptive bandwidth
selection. We compare our method with the one, based on iterated kernels, described in Gold-
enschluger and Lepski (2010), transposed in a pointwise version. Note that the idea to use
several kernels was introduced by Devroye (1989). To be more precise, let

fule) = -3 Kn(Xi ), Kn(u) = 1K (D)
i=1

where K is a symmetric kernel on R, [, |K (u)|du < +o0, [ K(u)du =1 and [ K*(u)du < +o0.
Assume that f is bounded and belongs to a Holder class (3, C). Let K be a square integrable
kernel of order 3 in the usual sense (i.e. [, uFK (u)du = 0 for k = 1,...,¢, where £ = |3] and
Je [ul?| K (u)|du < 4+00). Then a classical squared bias-variance decomposition of the pointwise
risk gives a bound Cgh?® + (||f]le [ K?)/(nh) and a rate of order n=2%(8+1) if h is chosen
proportional to n~ /(1 see Tsybakov (2009).

In Goldenschluger and Lespki (2010), only the global bandwidth selection is studied. Let us
describe how local automatic bandwidth selection can be performed. We define

Frn(®) = K x fr(z) = %Z Ky x Kp(X; — x) = fo ()
i1
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1 T T T T T T 15

FIGURE 1. Exponential £(1) density. True function (bold) and estimation for
one path (dotted) with n = 1000, Lepski method (up left), our method (up right),
selected h (middle left) or m (middle right), true function (bold) and set of all
the estimators proposed to the selection algorithm (bottom).

and for H,, = {hg,k=1,..., My}, M, <n, we set

s = ([ 1K1 / K2 B Bloh) = sup ((Fuele) = fule) = S0))
and

h(z) = arg hrél?l? (B(z,h) + S(h)) .

If f is bounded and in a Holder class ¥(5,C) and K is a square integrable kernel of order
¢ > [3, we can prove that, for n large enough, E[(fﬁ(z) (z) — f(x))?] = O((log(n)/n)?P/(28+1)),

As the steps are analogous to the ones used to prove Theorem 3.1, we omit the proof. In
practice, Gaussian kernels are used to ease the computation of Kj x Kj;.

5.2. Results. We provide in this section results of simulation experiments. Concretely, the
penalty is computed using the true value of ||f|lo, # = 5.107% and & = 0.1. We choose
Hn = {hy = k/M,k = 1,...,M} and M, = {my, = k>, k = 1,..., M} with M = 25. The
function is estimated on [a,b] with ¢ = max(min(X),0.0l max(X)) and b = max(X) where
X = (Xy,...,X,) is the vector of observations. Estimators are plotted for 40 equispaced points
of [a,b]. We take one Inverse Gaussian kernel for K, with @ = 1 (L = 1) and one standard
Gaussian kernel for K. Then, we know in all cases the convoluted functions and the terms
[|K|or [ K2

We show in Figures 1-2 the variability of the choices of h or m depending on the point of
estimation. The upper plots give the true function and one estimation and the middle ones give
the selected m or h at the corresponding points. It is clear that both methods adapt very well
to the form of the function. The bottom plots give the curves for all values of h and m. Figure
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FIGURE 2. Beta (3(3,3) density. True function (bold) and estimation for one
path (dotted) with n = 1000, Lepski method (up left), our method (up right),
selected h (middle left) or m (middle right), true function (bold) and set of all
the estimators proposed to the selection algorithm (bottom).

1 shows that, near 0, the two methods react differently. For all proposals, the usual kernel
estimators are too low. On the contrary, for our kernels which are fitted to nonnegative data,
the proposed estimators take larger values.

We study then the compared variability of the methods in Figure 3 for four different functions:
an exponential £(1), a beta 3(1,3), a beta 5(3,3) and a lognormal with © = —1 and o = 0.25.
We also considered two different samples sizes n = 400 and n = 1000 for the exponential and
the lognormal. We observe the same difference of behaviours near 0 as previously noticed for
the exponential £(1) and the beta (3(1,3). This confirms the fact that our method performs
better from this point of view.

6. DISCUSSION AND CONCLUDING REMARKS.

In this paper, we propose a new type of kernel estimators fitted to nonnegative data, based
on kernels which are approximations of §;. In usual kernel methods, the intuition is that the
estimation at x counts the number of observations X such that X — z is close to 0. In our
strategy, the intuition is that the estimator at x counts the number of observations X such that
X /z is close to 1.

We prove that we can develop the complete theory of nonparametric density estimation for
nonnegative data, from both the pointwise and the global point of view: bias-variance decom-
position, higher order kernels for fitting functional regularities, adaptive bandwidth selection.

As noted above, f0+oo fm(z)dz =1+ O(1/m). If we consider:

y 1 «— X X
o) = 32 50 ()

k=1
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FIGURE 3. True density (bold) and 50 estimated densites (dotted), Lepski
method (left), our method (right).
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then f0+oo fm(:c)d:c = 1. The theoretical study and the numerical performances are analogous

to those of fm But, proofs for the adaptive procedure are much more difficult, especially for
what concerns the Bernstein and the Talagrand inequalities (unbounded empirical processes).

In our numerical simulations, we have implemented only the pointwise adaptive method as
the results are really convincing. To compare our estimators to more standard kernel estimators,
we have described how the adaptive method of Goldenschluger and Lespki (2010) can be done
locally. The numerical results show that both methods perform well, with a slight advantage
for our method near 0 when f(0) > 0.

It is worth stressing that we have at disposal explicit formulae for the iterated kernel K, ® K,
with K = IG(1,1), involving a Bessel function available in Matlab. Note that some numerical
problems may appear in this computation due to the very small values of the Bessel function
Ky(z) for large z. An interesting alternative is to use the formula

- +o0 d
ezK()(Z) _ / e—zs/2787
0 s(s+4)

which is obtained from (8) and numerically more stable.

7. PROOFS

7.1. Proof of Lemma 2.1. Recall that the Fourier transform of K,, is K}, (t) = (K*(t/m))™.
Thus, by the change of variables t = s\/m, we get:

[z = v [ 15 s/l
R R

We now prove that, for a > 1, as m tends to infinity:
(22) D= [ 1K svmlrds = [ o 2as — o
R R

where [ e~vs*/2ds — | /27 Jaw. First, note that ¢(t) = K*(t)e~ is the characteristic function
of a distribution which is centered, has the same variance v as K and satisfies |¢(t)| = |K*(t)|
for all ¢. Hence, we can replace K* by ¢ in (22) to study D,,. Now, we can follow closely the
proof given in Feller (1971, p.516). We have

— +o(t?).
Using that
(s/v/m) =1~ 2= 4 o(1/m)
s/vym)=1—— +o(1/m
¥ om )
we standardly deduce that, uniformly on compact sets,

vm(8) = |p(s/v/m)|o™ — e7 /2 — 0,

Moreover, we can choose § > 0 such that, for [¢t| < 0,
(b)) < e

Therefore, we split the integral into three terms:

(23) /|vm(s)|ds:/ +/ —|—/
R ls|<a a<|s|<dy/m |s|>dv/m
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For the second term, we use:

/ [vm (8)]ds < 2/ e~ /2 g,

a<|s|<dv/m a<|s|<dy/m

For all ¢ > 0, this term can be made smaller than € by choosing a large enough. The first term
in (23) tends to 0. For the third term, we know that, for t # 0, |¢(¢)| < 1 and ¢(t) tends to 0
as t tends to infinity. Therefore, n = supy >4 [¢(t)| < 1. Hence, we can write for m > 2/a,

[ tomlds <o [lpspvmPas+ [ eelas

|s|>dv/m |s|>8+/m

As [o(s/vm)|?ds = /m [ |p(t)2dt, and [ |o(t)|*dt < oo by the assumption that K is in L?,
we get (22) and the result follows.

Using Fourier inversion and the Parseval equality yield:

1 1
Konlw) < 5= [ 10l and 15,15 = o= [ |1 o)t
Thus, the first point.

For the second point, we use analogously that

< (KM (K@) > .

m

kO @ o L
meem 2

Then, we prove in the same way
1 2
— < (KDY (K@) > —/ ~(te2)s™/2 g 0.
\/m ( m ) 7( ) ]Re s —

7.2. Proof of Proposition 3.1. We have:

o0 o0 2 (oe)
iy 1 oo ([ flloo [T 2
Var fm(z) = —5 Ky, (t/z)f(t)dt Kp(t/z)f(t)dt ) | < K, (u)du.
nr 0 0 nx 0
We develop K,%l By Lemma 2.1, as m tends to infinity, for 1 <4,57 < L,
+oo ) . 1 1
KD KY (w)du = Vm——e ——— (1 + o(1)).
K wE ) 7= e o)

The result follows. O

7.3. Proof of Lemma 7.1. For the proof, we omit the superscript (j) and assume that KU) =
K is a density satisfying the assumptions. Consider first the case 0 < a < 2. Then, by the
Holder inequality, as 4/a > 1,

Vo = E|Um — 11 < (E(T,, — "),

Some elementary computations lead to

5 4 _ M4 om —1
EUn—-1)"=-—F5+6 3
As /4 <1/2 < 1,
a4
3 4\ /4 2\ /4 My
(E(Un — 1)) < (607) ma/2 | mBal4
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For a@ > 2, we can use the Rosenthal inequality (see e.g. Hall and Heyde, 1980, p.23). For
some constant c(a),
e Ve,
vom < o10) 17+ )

where o — 1 > /2. O

7.4. Proof of Proposition 3.2. Before proving the result, we evaluate the rate of absolute

centered moments of a density K when K satisfies (H1)-(H3). Let us set, for ¢ integer,
v>0,m > 2,

. +o0 ) . +oo )
(24) ) = / (u =) KD (u)du, pf) = / (u—1)" K (u)du,
0 ’ 0
i = i), = 0,1 = vj ), = v /m),

, +o0 , . +o0 ,
(25) i) = / lu— 1 KD (w)du, v§) = / lu — 1" KW (u)du.
0 0
Lemma 7.1. Assume that the density KU) satisfies (H1) and (H3). Then, for all o < 7,
0 - ¢la)
Vozj,zn < ma/2’

where the constant c;(a) depends on a,vj,uflj) and V&j).

The moments ,uggl for ¢ integer can be computed and expressed as explicit functions of the

,ug), k < {. In particular, if ,u(zjz) < 400 for some integer ¢, then, N(zjz)m < m*ZC(uéjk), kE<?).
Now we prove Prosposition 3.2. By the Taylor formula, and the assumption on K,,,

Sﬁ—l

. +o00 1
Bfu() = @) =’ [ dutu=1/Kow) | sy (£ + szl 1) - /Ow)) ds.

The result follows using the assumption on f and Lemma 7.1 (see Tsybakov (2009)).0

7.5. Proof of Proposition 3.4. Define
olt) = K*(t)e i = b0,

which is the characteristic function of V= U — 1 for U a random variable with density K. The
following relations hold:

/ 1"

ikt =¢ (0) =1 (0)=0, —kx=¢p (0)=1 (0)=—v,
and for j > 3,
e (0) = i p; = PEWVT), U (0) = / win(z)dz.
0
Thus, the first cumulant of V' is k1 = 0 and for j > 2, the j-th cumulant of V is

+oo
Kj = / x/n(x)dz,
0

(kg = v). As K* is a characteristic function, and K belongs to L?(R*), we have, for a > 2:

[Ka@)] < [K* () and [KG(H]* < [K7(-)]
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which implies that the distribution P, has a density K, belonging to L?(R*).
Let us now establish the links between the moments p;, = E(Va] ) of V, = U, — 1 where U, has
density K, and the moments p; of V' = U — 1 where U has density K = K. We denote by r;,
the j-th cumulant of V, and set

@a(t) — ewa(t).

We have
(26) 1 (0) = 0= ¢;,(0).
For j > 2,
0 y T 1
(27) 7 (0) = kjq =7 /0 'ng(x)dr =&/ L

Using (26) and tedious computations, we obtain:

/

©a(0) = 1,(0),  ¢(0) = ¢ (0),
§£(0) = ¥0(0) + 34 (0))%, 7 (0) = ¥ (0) + 945 ()2 (0).
This implies:
. _ 2 _ 3 2/ 2 _ 4 3
[2.q = Vg = U/, 13,0 = K3/0%, fla.q = Ka/a” + 3v°/a”, s o = K5/a” + Yvkg/a”.

More generally, cumulants and (centered) moments are linked by the induction formula (see e.g.
Abramowitz and Stegun(1964)) (using that k1 = 0, see (27)):

n—2 n—1
Rn,a = Hn,a — Z (k) _ 1>/€k,a,u'nk,a-

k=2
We deduce, by a tedious but elementary induction:

n—1
c(9)
na = D f
{=k(n)
where ¢(n — 1) = Kk, the other constants ¢(¢) depend on the cumulants ky,2 < ¢ <n—1of K
and k(n) = n/2 for n even, k(n) = (n+1)/2 for n odd. O

7.6. Proof of Proposition 3.5. By Proposition (3.4), for a > 2/, the distributions P,;-1 with
characteristic functions specified by the relation (11) have a density satisfying (H1) and admit
moments up to order £. Hence the functions K are well-defined.

First, we have:

1
> (§) v = ==,
=1

Then, we have to check that, for k =1,...,¢, f+oo (u — 1)*K,,(u)du = 0. By Proposition (3.4),

4

/W(u—n’% A= Y (i)
; o famy

i<k—1

where c(i) = 0 for i < k/2 for even k, and c(i) = 0, for i < (k + 1)/2 when k is odd. Hence, it
is enough to prove that, for k=1,...,/—1

S (§) vt o

J=1
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which, in turn, holds, as, for k=1,...,¢ — 1,
l

O (=i - j— = ~ [ NIl -
;Q)( )G —1)...(j —k+1) ;()( DTG —1)...(G—k+1)

O
7.7. Proof of Theorem 3.1.

7.7.1. Three useful Lemmas. Let us set, for m,m’ > 0,

(28) By f(x) = Efm(z) = (), B f(2) = Efynm(2) = ().
The following relation between bias terms holds.

Lemma 7.2.
—+o00

By f(x) = By f(x) + Ky (u) By, f (xu)du.
0

Proof. Let

n

. 1 LX . 1 < NX
. - (i) ( 2k ;e - (@) (J)_k
fmi(z) — gle( " )y i (%) — gle ® K7 " ),

Bm,zf(x) = Efm,z(x) - f(.%'), Bm,m’,i,jf(x) = E.]Em,m’,i,j(x) - f(.%')
[ [ Efemrlwn ™

Ty

/ KY) W)Y / ay K (v) f (zyv)dv

zy
[ KO WIE nitow) - Gy + [ K@) )y,

‘We have:

E fonme,i.j ()

Using ZiLzl a; = 1 yields,

ZazEfmm (@) = [ KOWBn i@y + Buesf2) + f(a).

And

Bmm’f /Za] mf Ty dy+zaj mjf )

7j=1
which is the result.0

Lemma 7.3. Let K,,, = Z@'L:1 aiK,(ﬁ) with Z@'L:1 «a; = 1 be an extended kernel where the densities
KU) satisfy (H1)-(H3). Then,
L

|cvi
29 K K, <vm

)(1+o0(1)).
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Proof. Consider U,ii),k: =1,...,m, Vg(j),ﬁ = 1,...,m independent random variables where
the Uk(f) s have density K and the Ve(] )’s have density KU). Recall that KY(,ZL) is the density
of U = (U() .+ Ur(é))/m and I\ = E(l/Uq(ﬁ)) =1+ O(1/m). Analogously, Kr(i,) is the
density of Vn(f,) = (Vl(j) +...+ Vn(f,))/m’ and C(]) = 1/‘7(])) =1+ 0(1/m). We have
1 .
K © Ky (u) = _/e‘““*(Km ® Ky = > %0%/ K © Ky (ft,
2 R
1<] (<L
and

’

()
(K@ oKW () =E ((K%*(w’? >>

m

Setting t = sV m'/U,S{'), we get

m/

Using that E( ,b)) =1+ 0(1/m), and Lemma 2.1, we get

1KY @ K ()]leo < V(14 0(1/m))(2700) =2 (1 4 0(1))
which yields the result by symmetry in m, m’. O

Lemma 7.4. We have:
. C(K 0o
Varfm m () < Vm A m’M(l + o(1)).
where the constant C(K) (see (17)) does not depend on the density f.

Proof. We have: N
N 1 o0
Varfm,m/(x) < — / f(ux) (Km O] Km’(u))2 du.
0

nx

we conclude using Lemma 7.3 and the fact that kYo Kr(i,) (u) are densities. O

7.7.2. Proof of Theorem 3.1. First note that the definition of 7 (o) given in (19) implies that
A(m(zo), z0) + V(m(xo), z0) < A(m, o) + V(m,xg) for all m € M,,. Hence, for m any element
of M,,, we can write the decomposition

PN

(f(:t?o) - f(CC(]))Q < 3[(frh(mo)(x0) fm m(zo)(‘rO))2 + ( m,m(zo) (:CO) Im ( )) (f ( ) ( ))2]
< 3(A(m, zo) + V(m(zo), z )) +3(A(m(20), 20) +V(m, 20)) + +3(fm(w0) = f(20))?
< 6(A(m, o) + V(m, x0)) + 3(fm(wo) — f(0))?.

Therefore,

E[(f(z0) — f(20))?] < 3E[(fin(wo) — f(x0))?] + 6V (m, x0) + 6E(A(m, z0)).
Let us study A(m,zq) (see (18)). Let E(fn(z)) = fin(z) and E(fmm/(x)) = fm,m/(x). Then
(fm’(xo)_fm,m/(xo))Q < 3(fm’ (wO)_fm/ (xO))2+3(ﬁn,m/ (xO)_fm,m/ (xO))2+3(fm/ (xO)_fm,m’(xO))2'
By Lemma 7.2, for all m,m’ € M,

+oo
o (20) — Fonmt (20)] = | / B f () Ko () .
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Therefore, using that each K ("2 is a density, Proposition 7.1 and Proposition 3.2, we obtain:

o (€0) = Fonmt (20)] < |az| / (B f) (20) | K0 ()l

L
CC(fh) 50,
| Bo ! mﬂo/22| Z|/ Ko

<
< Cmﬂﬁw%ggﬂiij/}( wydu+ 9 )
fgcﬁﬂﬂmgaLWH+Q%ﬂ)%@50%,)i$7
where
C'(B,a) = CCL;OJ, Z\aly 1+ ¢;(5o)).
Thus,
(f (20) = Fanr(20))” < [cmo,a)p%
We can write:
A(m,zo) < 3sup (( For (0) = for (20))? — M)
Kﬁﬁzﬁ zg +1

+3 SHP ((fm,m’ (1‘0) - fmvm/(xo))z N 6

6 C/ 20
) oo
Now, we can prove the following Lemmas:

Lemma 7.5. Under the assumptions of Theorem 3.1, we have

B (sup ((etoo) = st = g2 ) )<

Lemma 7.6. Under the assumptions of Theorem 3.1, we have

2 (s (e ot - =22 ) <55

This yields that, Ym € M.,

; ) 220 +1 60"

B((F(w0) — [ (20))?) < BB((fm(0) — £(20))?) + 6V (m, 20) + 6(C" (o, 0))? 0 2 1 O
. 25

As E((fm(z0) — f(20))?) S V(m,x0) + Cgfr(;—ﬂs, the proof of Theorem 3.1 is complete. O

7.7.3. Proof of Lemma 7.5. First we write,

(30)

# (sup (Gorton) = Ftoo)? = ) ) < 5 (o) = ol = E522) ).

/
m mEMn
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Then
(o)~ o =L)< [T (rfm<xo> — i) =y L20) +u> du.

Now we apply the Bernstein inequality (see Birgé and Massart (1998), p.366).

Lemma 7.7. Let Ty, ..., T, be independent random variables and S, (T) = Y i [T; — E(T;)].
Then, forn > 0,

-n 2
P(ISu(T) — E(So(T))| = nn) < 2exp< ””)

2
. nn nn
(31) < 2min <exp (—m> , €Xp (_E)> )

where

Var(Ty) < v? and |Ty| < b <07’ = ZE (5™ < Qbm 2 Vm > 2)

For our purpose, we have:

1 X; Vim,z
T'i = _Km(_l)v n= ( 0) + u,
i) Zo 6

and we need compute v? and b. We have |K,,| < 25:1 |ai|K7(,? where, for all u,

K < P2 [ KDYV <20

by Lemma 2.1. Hence,

L
1 X; vm 1
— K (ZH] < 2 g =
mo G = 2y 2l
Using the variance bound, we choose, for C(K) given by (17)

= CR) (1 oo v DY

We find,

nn? K nuxg

- My 0
w? = a1t e
Now, we use va+ b > \/a/2 + \/b/2, and denoting by A = 225:1 a;/\/2mv;, we get

\/ \/W nxo
> 8fA Viee(n) T + T ama Y "

Thus, as m < (n/ log(n)) )

with €7 = C(E)([[flloc V 1).

VkC| o Vu

534 log(n)+log(n)x04\/§A.

ni)/(4b) >
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Hence, as xqg > Tpmin,

+oo ; m, T
J <|fm<xo> ~ fnlao)] > /L) +u> du
0

+00 +o0
< 2min(n‘“/24/ exp(— 114%o )du,n_\/“clmo/(s‘/gA)/ exp(— log(n)xzg v )du)
0 0

4C1/m 12 A
' /m 2
< omin(XAV e O svEA)
NTmin 22, log*(n)
< Cn™®

if £/24 > w, \/KC|Tmin/(8v/3A) > w. Then, we can choose k large enough such that card(M,,)n™* <
nl=w < C/n, that is k > max(2 x 24,12 x 6442 /(C}Zmin)-
Hence, the result is complete. O

7.7.4. Proof of Lemma 7.6. The proof follows the same line. The new elements are to be taken
from (29) in Lemma 7.3 and from Lemma 7.4.

7.8. Proof of Proposition 4.1. We have

N 1 +o0 +o00 2
Varfu(e) = — [ rE o~ ([ Kntt/oso) ]
0 0
<L [T R e
— w) f(zu)du.
~ nx Jy m
Thus,
+00 . 1 +oo  ptoo 9 1 +00 9 du
xVar(fp,(z))dx < — deduK;, (u) f(zu) = — K (u)—.
0 nJo 0 nJo U

For i =1,..., L, we have the following uniform bound, using Lemma 2.1:

L L

(Ko ()] < e[ K (w) < v/m Y el /v/270i(1 + 0m(1)),

i=1 i=1

Using that
Ky (u)— =14+ 0(1/m),
0 u
yields:
+o0 .
/ xVar(fp(z))dx < C@,
0 mn

O

7.9. Proof of Proposition 4.2. We recall the generalized Minkovski inequality. The proof of
the following inequality can be found in e.g. Tsybakov (2004, p. 161). For all Borel function g

on R x R, we have
2
/]R (/R g(u,x)du>2dx < </R (/R gQ(u,x)dx) v du)

As in Proposition 3.2, we start with

Sﬁ—l

R ~+o00 1
Efo(x) — f(2) = xf/o du(u — 1)£Km(u)/0 o= (1O + so(u—1)) = fO()) ds.
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Then, as in Tsybakov (2004, Proposition 1.8, p.20), we can apply twice the generalized Minkowski
inequality and the assumptions to get the result. For the first application, we set:

g(u, .%') - 1(m>0)1(u>0)xé(u - 1)£Km(u)1(u7 .%')
with L e
I(u,z) = /O (;_71)' (F O + sa(u— 1))~ FO()) ds.
We obtain:

[ B s ar s [ [ a1t ([ i) 1/2] |

For the second application, we set

8671

A, 2,0) = ez oy (8)2" o7y (10 + s = 1) = £O@))

Thus,

/OJFOO (/01 h(s,x,u)ds) dr < [/01 % </O+Oo dx 22 (f(g)(fﬂ +sz(u—1))) — f(f)(;g))2> 1/2] 2.

By definition of the class H (5, ¢), setting v =1+ s(u —1) =1 — s + us,

+o00 2 1/2
( | e (f“)(vw)—f“)(w))> < ) o =1 < Yl — 17

Consequently,

2

/O+°° (/01 h(s,x,u)ds)de < p(u)u —1°~¢/0.

Finally,
C?*m=P

/ T (Bhte)  1@) o < ( O+°°w<u>ru - uﬁer(u)\du)z I

7.10. Proof of Proposition 4.3. Set D(u) = F?(u). Then,

D(u) = (14 u?*h) /+<>0(f(£) (2))2x?dx — 20>+ /+OO 7O (uz) fO (z)a* da.
0 0

By the assumption, D is C*° and:

D'(u) = (20+ 1)u? /Jroo(f(z) ()22 dx — 2(20 + 1)u? /+<>0 O (uz) fO (z)a* da
0 0

—+o0
_2u2£+1 / f(é—l—l) (ux)f(ﬁ) (x)x2€+1dx
0
satisfies:

“+o0o “+00
D'(1) = —(20+1) / (fO(x)) 22 dx — 2 / FED (@) fO ()2 da
0 0
400

_ [azﬂﬂ(f(g)(x))ﬂ —0.

0
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Next,

+00 +o0
D'"(u) = 20(20+ 1)u?! / (fO ()22 dax — 2(20)(20 + 1)u? ! / O (uz) fO (z) ¥ da

0 0
+oo “+o0o
420 + 1)u21z/ FED () £ ()2 s — 2u2z+1/ FE) () O ()22 da
0 0
satisfies
+00 +oo
D'(1) = —20(20+41) / (FO(2)) 202 dz — 4(20 + 1) / FED () 7O ()22 g
0 0

+oo
_2/ FER) () 1O (2)22 .

0
Using F’(1) = 0 and another integration by parts yields

OO () 2, 2042
D"(1) :2/0 (FD ()2 2dx £ 0.

Using a Taylor expansion,

1
Flu) = %(u - 1)2/0 F'(1+ s(u—1)ds,

where |F"(u)| < ¢(1 +u?*+1). Hence, the result.O

7.11. Checking Assumption (20) on examples. It is enough to check it when K, is the
density of Uy, = (Ui + ...+ Up)/m with Uy, ..., Uy, i.i.d. with density K satisfying (H1)-(H3).
To get (20), we can prove that the sequence

(32) (m”2(U))| U — 117)

is uniformly integrable. This holds if, for some ¢ > 1,

_ _ 0
supE [mﬁ/Qw(Um))]Um —15] .

For f(z) = 1p,1)(z), we have ¢(u) =1, £ = 0,3 = 1/2. Thus, we must check that

3 1/2
m1/4’Um__1/y /-,m >1,
m

is uniformly integrable. For this, we compute, for K equal to the density G(a,a) with m > 2/a
and 0 = 4: B
Up — 1) m(2 + am)

U2,
Hence, condition (20) holds.
For fO(z) = (=1)fe 1,50, we have 8 = 1 + 1, ¢(u) < ¢(1 + u*). We take § = 2 and check
that there exists mg such that

L1400,

( _ 2
mkE ~ (am —1)(am —2) a(

1
Uﬁ;r(l/?)

(33) sup m‘HE(

m>mg

+ Url;;(l/Q))(Um o 1)2€+2 < +00.

Using the property of moments (see Lemma 7.1) and the Cauchy-Schwarz inequality, it is enough

to check that )

(Gamy) = 1+ 01/m).
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For K equal to the density G(a,a), this holds for am > 2(2¢ + 1).
7.12. Proof of Theorem 4.2.

7.12.1. A preliminary Lemma. The Lemmas of Section 7.7.1 are also used here, and must be
completed by the following one.

Lemma 7.8.

[ Vet e < Y 000) 04 01),
0

where the constant C(K) (see (17)) does not depend on the density f.

Proof. For the second bound, by integrating, we get:

“+00

o 1 [to°
Var fr ()  dv < — / (K © Ky (0))? du/u.
0 nJo

To conclude, we use Lemma 7.3 again and the fact that:
+o0 . vy
(34) / | K © Koy (u)|duju <) iy [E(L/TE1/VD) = 14+ 0(1/m) + O(1/m).
0 —
i,J
O

7.12.2. Proof of Theorem 4.2. Recall that w(z) = = A 1 and that we have set < f,g >,=

0+°° flz)f(x)w(z)dz, ||fllo =< f, f >4/2 First note that the definition of 17 implies that

A(m) 4+ V(m) < A(m)+ V(m) for all m € M,,. Hence, for m any element of M,,, we can write
the decomposition

IF=fl2 < 3(fm = famnlia + | fonan = Frnllis + 1 fn = £112)
< 3(A(m) + V() + 3(A() + V(m)) + 3|l fn — fII2,
< 6(A(m) +V(m)) + 3| fm — I3
Therefore,
E(|f = f112) < 3E(|[ fm — fII2) + 6V (m) + 6E(A(m)).
Let us study A(m) (see (21)). Let E(fm(x)) = fm(z) and E(fmm/ () = fmm(x). Then
Hfm’ - fm,m/H?u < 3Hfm’ - fm’H12u + 3Hfm,m’ - fm,m’H?u + 3Hfm’ - fm,m’H?u
By Lemma 7.2, for all m,m’ € M,,,

+o00 2
=l = [ ([ Bustentarin) wioe

Therefore, as w(z) < 1, setting ¢ = 32X | |a;|, and using that each Kf;? is a density, we obtain:

e = Frls < € /+°°i|az|( [ mf><xu>Kg§2<u>du)2dx
CZ‘%’// B f)?(zu) K ()dudm

Z

+oo +oo K
o[ sy de\azi/ "
0

IN

IN
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havmg used Fubini and the change of variable v = zu. Now, [ K (w)/u du = C(Z =1+
O(1/m’) < 2. Therefore

R Vim' A Vim'
A(m) < 3sup <||fm’ - fm’H%u - (6 )> + 3sup <||fm,m’ - fm,m’HzQu - (6 )>
m/ + m/ +

+35up || font = Fonm 12
m/

A V(im/ A V(im/
< 3sup <||fm/ - fm’H12u - (6 )> + 3sup <||fm,m/ - fm,m’“i; - (6 )>
m/ + m’ +

+6¢2 /(Bmf)2(v)dv
Now, we can prove the following Lemmas:

Lemma 7.9. Under the assumptions of Theorem 4.2, we have

E <sup (Hfm/ — furll? — M) ) <<
m/ 6 + n

Lemma 7.10. Under the assumptions of Theorem 4.2, we have

(Sup <Hfmm fm,m/Hij - M) ) < g
6 n n

This yields that, Vm € M,
E(IF = £I2) < 3E(|f — FI2) + 6V (m) + 6¢° / (B f P (w)dv + 2.

As E(||fm — fII2) < )+ [(B dv), the proof of Theorem 4.2 is complete. O
7.12.3. Proof of Lemma 7.9. First we write,

@) 5 (s (nfm/ ~ ol @)) < 3 w((Mn- i - 1g") ).

Next, we note that || fo — fmll? = SUPt,||t||w:1<fm fm,t)2, and the supremum can be taken

over a dense countable family of functions ¢ such that ||¢|l, = 1; we denote by B(1) this set.
Thus,

Va(t) = (fmn = fin, 1) Z / [ — EK. ()i)t(x)w(x)dx

is a centered empirical process, and we can apply the Talagrand inequality (see Talagrand
(1996)):

(36) E | sup (va(t) —4H?),

teB(1) n

n 2 2 nH
< [96_02% + %e_c3m}
where C1, Cy, C3 are three numerical constants and H, b, M are defined by

E( sup v2(t)) < H?, sup Var (/ K, Xl )w(m)dm) <b
teB(1) teB(1

/ L ko () () da

and

sup sup < M.

teB(1)
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It follows from the definition of v, that
E( sup v2(t)) < E(||fm — fml?) < 20(K)Vm/n = H*

teB(1)

where C(K) is defined in (17).
Next, for ||t||, = 1, we have

[ 3 EnCita)u(a)d

and by noting that w(x)/x = w(l/x); 1,(We get
[ R < ( <Km<v>>2f)—“)1/2 < L2 [ 1) o)

Again, I, = [7°° |Kn(v)|/vdv < 237 |oy| and || Kolloo < 2¢/m 31, |os]//2m0;. Hence, we
can take M = C(K)m!'/*. Now, we study

Vo (/ 1k, X1 . d><E</O+OO (1/2) Ko (X1 /)t )(x)dx)
< /(0+OO)3 FUO ) Ko (62t ) (1) o (€ )y .

First, [ f(§)Km(§/x)Kn(E/y)dE =z [ Kp(u)Kp(zu/y) f(zu)du. Hence,
+oo

+oo +oo
) v [ Kn(ude ( | et s | t(y)w(y)Km<xu/y><1/y>dy>dx).

0

2

Next,

+00 1/2

+00 +o0
/ t(y)w(y) K (zu/y)(1/y)dy < U tQ(y)w(y)dy/ (Km(wU/y)(l/y))Qw(y)dy]
0 0 0
and (with v = zu/y),
+o0
| EateumamrPumay < - [ K@< v
This yields:

V< /0 T Ko (1) = ( /0 ™ () f(xu)%dx) V24,

Vu x
Then, using again w(z)/z = w(l/x) <1,
y/m F(au) de\ < UR( dm/f2 ) dm]l/Q LTI
VT Vu
Finally,

400 1
V< 01/2m1/4/0 Ko () —dul[t][w[[f1] < CPm! A Fll(1+ O(1)).
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Thus, we can take b = C’'m!/%. Lastly,

M Ty o
This yields
/4 /
E | sup (v2(t) — 4H?), | < ) | B—emCom'* 4 \/72n6 O/
teB(1) n n

As m < n?in M,
E | sup (v2(t) — 4H?), | <
teB(1)
Now, reminding of (35), we get

!/
<Sup (Hfm, — |2 - (gb)> > <G S e Comtt Ce
+ n n

m/

This ends the proof of Lemma 7.9. O.

7.12.4. Proof of Lemma 7.10. The proof of Lemma (7.10) follows the same line as previously
with K,, replaced by K,, ® K,,/, where m is fixed and the sum is now taken over m’ in M,,.

(38)
38 (Szp (Hfmm e @)) < > E ((nfm,m/ = fnamt e = @)) :

m'eMy
Thus, we apply Inequality (36) to the empirical process

Vi (t) = (Fonan — Frmamrs )2 Z/ [ K © Ky ()i) EK,, ® K, i)t(x)w(x)dx

where we have to find

E( sup (v)%(1) < HZ, sup v(/ K ® Koe (St (o) ) < b

teB(1) teB(1

and

sup sup/ Ky, © Ky )() (x)dx| < M.

teB(1)
For the first term, we can apply Lemma 7.4 to get

. - mAm/ vm/
E( sup (Vn)Q(t)) S E([| fnm — fm,m/H%u <C(K)—— < O(K) = Hf
teB(1) n n

Next, by analogy with the proof of Lemma 7.9, we have

/ iKm ® Km/(%)t(x)w(x)dx

This gives, by using Lemma 7.3 and inequality (34)

' / K © ()t u)

Imi/4

< N © K[| oo / | Ko © Ky ()] /vdv.

< C(m/\m/)l/4 < C( )1/4 M*

In the same way, we get b* = C The bounds being the same as for Lemma 7.9, the

conclusion is also analogous. O
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