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Abstract

We consider the problem of nonparametric estimation of the kernel type estimators for the
conditional cumulative distribution function and the successive derivatives of the conditional
density for spatial data. More precisely, given a strictly stationary random field Z = (X,Y), we
investigate a kernel estimate of the conditional hazard function of univariate response variable
Y given the functional variable X. The principal aim of this paper is to give the mean squared
convergence rate of the proposed estimator. Finally, we apply these theoretical results to the
estimation of the conditional hazard function where we give the mean squared convergence rate
of the proposed estimator.
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1. Introduction

The statistical problems involved in the modelization of spatial data have received an increasing
interest in the literature. The infatuation for this topic is linked with many fields of applications
in which the data are collected in the spatial order. Key references on spatial statistic are Ripley
(1981) or Cressie (1991). The nonparametric treatment of such data is relatively recent. The first
results have been obtained by Tran (1990). For relevant works on the nonparametric modelization
of spatial data, see Lu and Chen (2004), Biau and Cadre (2004), Carbon et al. (2007), or Li et al.
(2009) (for a list of references). In this paper, we are interested in the nonparametric estimation
of the conditional hazard function when the covariates are of functional nature.

The nonparametric estimation of the hazard and/or the conditional hazard function is quite
important in a variety of fields including medicine, reliability, survival analysis, or in seismology.
The literature on this model in multivariate statistics is abundant. Historically, the hazard estimate
was introduced by Watson and Leadbetter (1964). Since then, several results have been added; for
example, see Roussas (1989) for previous works, and see Li and Tran (2007) for recent advances
and references.

The literature is strictly limited in the case where the data is of functional nature (a curve).
The first result in this context was given by Ferraty et al. (2008). They established the almost
complete convergence of the kernel estimate of the conditional hazard function in the i.i.d. case.
Their results have been extended to the dependent case by Quintetla (2008). The latter has stated,
under a-mixing condition, the almost couplet convergence, the mean quadratic convergence,
and the asymptotic normality of this estimate. Recently, Laksaci and Mechab (2010) consider
the spatial case. They studied the almost complete convergence of an adapted estimate of this
model. More recently Bouchentouf et al. (2014) give the uniform version of the almost complete
convergence rate in the i.i.d. case from a model to a single-index functional. Djebouri et al. (2015)
studied the mean quadratic convergence and asymptotic normality under a-mixing condition of
this estimate. In practice, the interest of our study comes mainly from the fact that the main fields
of application of functional statistical methods related to the analysis of continuously indexed
spatial processes. It should be noted that the modelization of the functional spatial data has been
selected by Ramsay (2008). Among the recent papers on the functional statistic of spatial data,
we refer to Dabo-Niang et al. (2011).

The main aim of this paper is to study, under general conditions, the asymptotic proprieties of the
functional spatial kernel estimate of the conditional hazard function introduced by Laksaci and
Mechab (2010). More precisely, we treat the L?-convergence rate by giving the exact expression
involved in the leading terms of the quadratic error of the construct estimator. We point out that
our asymptotic results are useful in some statistical problems such as in risk analysis. The present
work extends to the spatial case the result of Quintela (2008), given in the functional time series
case. We note that one of the main difficulties that arise in the analysis of spatial data comes
from the fact that points in the /N-dimensional space do not have a linear order. Thus, extending
classical nonparametric statistic results for functional random fields is far from being trivial.
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2. The Model

Consider Z; = (X;,Y;), 1 € N¥ N > 1, a F x R-valued measurable strictly stationary process,
defined on a probability space (€2, .4, P), where, (F,d) is a semi-metric space. A point i denotes

an element of N%, and we shall use the notation i = (i1, ..., iy). We define the rectangular region
I, by I, = {iGNN, 1<ipr<ng k=1,...,N}, forn = (ny,...,ny) € NY. We assume
that the process under study Z; is observed on I,,. We set 1 = (1,...,1), n =n;...ny, and we

write n — oo if min{n;} — oo and |Z—2| < C for a constant 0 < C' < oo forall 1 < j k < N.

In the following, x will be a fixed point in F and N, will denote a fixed neighborhood of z. We
assume that the regular version of the conditional probability of Y given X exists. Moreover, we
suppose that for all z € N, the conditional distribution function of Y given X = z, F*(+), is j-
times continuously differentiable with respect to y on Sg and we denote by f(-|z) = F(1)(-|z) its
conditional density with respect to (w.r.t.) Lebesgue’s measure over R. In this paper, we consider
the problem of the nonparametric estimation of the successive derivatives of the conditional
distribution and the conditional hazard function. Our aim is to build nonparametric estimates of
several functions related with the conditional probability distribution (cond-cdf) of Y given X.
For z € F, we will denote the cond-cdf of Y given X = x by

Vy € R, F(ylz) =P(Y <y|X =2).

If this distribution is absolutely continuous with respect to the Lebesgues measure on R, then
we will denote by f(:|z) = F(-|2)" (resp. f(-]2)") = F(-|z)¥"™) the conditional density (resp.
its j'" order derivative) of Y given X = x. In the following, any real function with an integer
in brackets as exponent denotes its derivative with the corresponding order. In Section 3, we
will give almost complete convergence results (with rates) for nonparametric estimates of both
functions F'* and f””(j). Since f* = f“(o), we will deduce immediately the convergence of the
conditional density estimate from the general results concerning fel),

In this work, we will assume that the function random field (Z;,i € N) satisfies the following
mixing condition:

There exists a function ¢ (¢) | 0 as t — oo, such that
VE, E subsets of NV with finite cardinals
a(B(E),B(E)) = sup P (BNC)—1P(B)IP(O)| (1
BeB(E),CeB(E")
< ¢ (Card (E),Card (E")) ¢ (dist (E, E)) ,

where, B (E) (resp. B (E')) denotes the Borel o-field generated by (Z;, i € E) (resp. (Z;, i € E')),
Card(E) (resp. Card(E')) the cardinality of E (resp. E'), dist(E, E') the Euclidean distance
between £ and E', and ¢ : Z*> — R* is a symmetric positive function nondecreasing in each
variable such that
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Y (n,m) < Cmin (n,m), VYn,méeN, 2)

for some C' > 0,. We assume also that the process satisfies the following mixing condition

Zi‘;go(i) <00, §>0. (3)

=1

Note that condition (2) and (3) are the same as the mixing conditions used by Tran (1990)
and Carbon et al. (1996) and are satisfied by many spatial models (see Guyon (1987) for some
examples). It should be noted that if ¢) = 1, then Z; is called strongly mixing (see Doukhan et
al. (1994) for discussion on mixing and examples).

In the following x will be a fixed point in F, N, will denote a fixed neighborhood of x. Assume
that the Z;’s have the same distribution as (X,Y’) and there exists a regular version of the
conditional probability of Y given X. Let F'(-|x) be the conditional distribution of the variable
Y given X = z and we assume that there is some compact subset Sg := [, 3]

The purpose is to estimate the cond-cdf F(-|z). We introduce a kernel type estimator F(-|z) of
F(-]z) as follows:

D ier, K(h'd(z, X)) H (hy' (y — Y3))
Zie[n K(hf}ld@@ X)) ’

where K is a kernel, H is a cdf, and hg = hg,, (resp. hg = hpy,) is a sequence of positive real
numbers. Note that if NV = 1, the same estimators are obtained by Ferraty et al. (2005).

F(ylz) = Vy € R, )

A natural and usual estimator of the j* (resp. (j — 1) order derivative of the conditional
distribution F9)(-|x) (resp. conditional density fU~Y(-|z)) of Y given X = x. We propose to
define the estimator F'(-|z)V) of FU)(-|z) (resp. fU=V(-|x) of fU=V(-|z)) as follows for j > 1:

hif Sier, K (hi'd(z, X)) HY (hig' (y — Y3))

FU D (ylz) = F9) (yla) = S e, K(hytd(z, X3)) |
i€y K T

Yy eR. (5

3. Main Results

All along the paper, when no confusion is possible, we will denote by C' and C’ some strictly
positive generic constants, and we will denote for all i € I,,, K; = K (hy/'d(z, X;)), Hi(y) =
H (h'(y = YD), HP(y) = HY (h'(y — Y)) and B, h) = {a’ € F: [d(2,a) < h}.

In order to establish our asymptotic results we need the following hypotheses:

(H1) Vr > 0,IP(X € B(z,1)) =: ¢(r) > 0.

https://digitalcommons.pvamu.edu/aam/vol11/iss2/3
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(H2) Vi#},

0 <supP[(X;, Xj) € B(x, hi) x B(w, hi)] < C(¢n(hg)) ™/ for some 1 < a < SN~
i#j
(H3) The successive derivatives of the conditional cumulative distribution function F')(y|z)
satisfies the Holder condition, that is: V(xq,z2) € Ny x Ny, V(y1,y2) € S3,

|FD (yy|21) — FO (yo|o)| < O (d" (w1, 2) + |1 — 42|"), b1 >0, by > 0,

0'F (ylz)
oy

(H4) K is a function with compact support (0,1) such that 0 < C' < K(t) < C' < 0.

(H5) H is a bounded continuous Lipschitz function, such that the first derivative H(") verifies

).

Y=z

where, for any positive integer [, F(l)(z|x) denotes its [ — th derivative (i.e.,

/|t|b2H(1>(t)dt < 0.

(H6) The support of H" is compact and VI > j, H® exists and is bounded with Lipschitz’s
condition.
(H7) There exists 0 < a < (§ —5N)/3N and ny > 0, such that

P . (G30)N=5 R
nh_)m n“hg =00 and Cn s ™ < hyo,(h), where, n=n;...ny.
o

Our assumptions are fairly standard, since the conditions H1-H7 are very similar to those used
by Ferraty et al. (2005).

Theorem 3.1.
Under the hypotheses (H1)-(H7), we have

. . log i 3
sup |FU (y|z) — FD(y|z)| = O (A% + h%2) + O, co. (A — ) . (6)
Proof:
Let, F2(y) (resp. F2) be defined as
Fp(z) = K(hild(z, Xy)), Ki(x) = K(hid(z, X
b(&) = e (o Z R, X0), Fa(e) = K(hid(e, X))
50) .: 1 )
FY ole) = =2l () 3 Ky, X0) HO g (y = 1),

leln

This proof is based on the decomposition

Published by Digital Commons @PVAMU, 2016
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AW R I)

~ (FOWl) ~EFY (4l)) }

JFOG) (g
0 {EFD(x) FD(x)}, 7

FO(yle) = FO(ylr) =

Gl

and on the following intermediate results.
Lemma 3.2.

Under the hypotheses (H1)-(H2), (H4) and (H7), we have

NI

Fo(z) = EFp(2) = Oues ((ﬁﬁ?&))

> and ZIP’<FD <1/2) )

neNN

Lemma 3.3.

Under the hypotheses (H1), (H3)-(H7), we have
sup [FO(y]2) — EFY (y]2)] = O (hi2) + O (1) ©)
YCor

Lemma 3.4.

Under the hypotheses of Theorem 3.1, we have

~(i P logn

(4) (4) g
sup |F r)—EF )| = Og.co — ) 10
y@%‘ N (ylr) N (ylo)] (\/nh?} 1¢x(h )> (10)

The proofs of Lemma 3.3 and Lemma 3.4 are postponed to Section 5.

Now, let F(-|z) = FO(:|z) and f ( |z) = ( |); it is obvious that the previous theorem allows
us to get the two following corollaries.

Corollary 3.5.

Suppose that hypothesis (H3) are verified for j = 0 and under the assumptions (H1)-(H2), (H4)-
(HS5) and (H7), we have

~ logn 2
sup |F(y|z) — F(ylz)| = O (h} + 1) + Op.co, ((AL) (11)

YyESR n ¢x (hK)

N——

https://digitalcommons.pvamu.edu/aam/vol11/iss2/3
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Corollary 3.6

Suppose that hypothesis (H3) is verified for ;7 = 1. Then, if the hypotheses of Corollary 3.1. are
satisfied, we have

yESR ﬁ hH¢x (hK

sup | F(yle) — f(yla)| = O (Al + h%E) + Oueo ((LHQ > : (12)

Remark 3.7.

In this section, we have obtained a rate of convergence of the form

logn >
O hb1+hb2 +Oa.co. <A — ) s
(i ) i hif b (i)

where O (hl}é + hl}f,) is the rate of the bias of the estimator which only depends on the regularity
of F9). Note that, by using the same approach as in this paper, one can easily show that if F'¢)
satisfies a Lipschitz condition:

V(z1,22) € N X N, V(y1,y2) € R?,

IFO) (y1|21) — F9 (yalzs)| < C (d(z1,22) + |y1 — v2|)

for some C' > 0, then the rate of convergence is the following:

logn 2
O h +h +Oa.co. : .
(hic + ha) ((ﬁhijlcbz(hK)) )

A. Mean squared convergence

The first result concerns the L2-consistency of F'¥)(y|z) and E’x(y) In order to establish our
asymptotic results we need the following hypotheses.

(H8) For [ € {0,2}, the functions

Wi(s) =B (2540 — 2549 (e, X) = 5), and

oyt
11 11 T
@(s) = B (2482 — 20009 |a(z, X) = s,
are derivable at s = 0.
(H9) The bandwidth hx satisfies:
¢I (thK)

hi L0, Vte[0,1] lim

hie—0 u(hi) B(t) and nhpe,(hx) — 00 asn — oo.

Published by Digital Commons @PVAMU, 2016
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(H10) The kernel K from R into R™ is a differentiable function supported on [0, 1]. Its derivative K’
exists and is such that there exist two constants C' and C’ with —oco < C' < K'(t) < C' <0
for 0 <t < 1.

These conditions are very standard in this context. Indeed, assumptions (H8) are a regularity
condition which characterize the functional space of our model and are needed to evaluate the
bias. The hypotheses (H9) and (H10) are technical conditions and are also similar to those
considered in Ferraty and Vieu (2006) for the regression case.

Theorem 3.8.
Under the hypotheses (H1)-(H2), (HS) and (H8)-(H10), we have

B (FO0le) = FOGin) " = B EO + B P+
4 0 2 0 ;
+o(hy) + o(hy) + (ﬁh?j_lqﬁ(h;())’ (13)
with
B(H,FY)) = %%;W/RH'@W,
(K1) = 3 (sK (5))Ba(s)ds)
B(K. F) = hx¥}(0) 1 ,
(K(l) s K’(s)@t(s)ds)
and
_BFO) (= FOln)
Vink(a.y) = P e O (it 3y = K1) [ (R0 () (5)ds. for j = 1.2),
Proof:

By using the same decomposition used in Theorem 3.1 and Theorem 3.2 in Rabhi et al. (2013),
pp. 409, we show that the proof of Theorem 3.8 can be deduced from the following intermediate
results:

Lemma 3.9.

Under the hypotheses of Theorem 3.8, we have

E(FY (le)) = FO (yle) = B(H, FO)E + B, FO)hye + o(h) + o(hc).

https://digitalcommons.pvamu.edu/aam/vol11/iss2/3
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Remark 3.10.

Observe that the result of this lemma permits to write

(BED (gl2) = FO(ylx)) = O(h%) + Olhc).

Lemma 3.11.

Under the hypotheses of Theorem 3.8, we have
oy o2 (z,y) 1
Var (R o)) = 0y (L),
N nhy o, (hi) 0h2 6, (hi)

and

Var (Fo(z)) = o (m) 7

where o2, (z,y) = FU(y|lz)(1 — F9) (y|z)) [ H"(t)dt.
Lemma 3.12.

Under the hypotheses of Theorem 3.8, we have
Coo (B 01, Fo(w)) = o (=)
nhy ¢u(hi)
Remark 3.13.

It is clear that the results of Lemma 3.9 and Lemma 3.12 allow us to write

Var [F\D(a:) — F\](\;)(y\x)} =o0 (W) :
O

Now, let F(-|z) = F©(-|z) and J?(|x) — FO(-|z). It is obvious that the previous theorem allows
us to get the two following corollaries.

Corollary 3.14.

Under the hypotheses of Theorem 3.8, we have

E (Fx(yle)) = (ko) = Bl (e, )l + Blelw,p)huc + o(hdy) + olhuc),

and

Published by Digital Commons @PVAMU, 2016
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E (ﬁN(ylx)) — F(ylz) = Bjj(z,y)hy; + Bic(z,y)hi + o(hi;) + o(hx).

Remark 3.15.

Observe that the result of this lemma permits us to write

(EFw(yl2) — F(yla)) = O(h3) + Olhc),

and

(Bfx i) = Fyl)) = O(h) + Oliuc).

Corollary 3.16.

Under the hypotheses of Theorem 3.8, we have
N o3(z,y) 1
VCLT( iE)Z,\f—"FO(A—)?
Inlyl) nhyd.(hr) nhyd.(hr)

where o%(z,y) == f(ylz) [ H” (t)dt.
Corollary 3.17.

Under the hypotheses of Theorem 3.8, we have
Cov (Fu(ule). Fo(x)) :
ov x r)) =0l =——F—7—~ )
Ny P nhH¢m(hK)

and

Cov (J?N(?/|$>> F\N(y\x)) =0 (m) '

Remark 3.18.

It is clear that the results of Corollary 3.16 and Corollary 3.17 allow us to write

Var (ﬁp(w) - ﬁN@'x)) —° (m> '

Theorem 3.19.
Under assumptions (H1)-(H2), (HS) and (H8)-(H10) we have

https://digitalcommons.pvamu.edu/aam/vol11/iss2/3
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~T ’ 2 2, , ].
E|n" (y) —h*(y)| = Ba(z,y)+ _owl,y) +o(hY, + hg) +o0 <—) :

o) R 00 ()
where
_ (B}-c]l - hlm(y)BIF{)hfq + (B{(/ _ hlw(wB}Ig)h}(
e 1= Fe(y) ’
with
B @) = %ai;;y) JRRULE
B (2, y) = hie®}(0) (K<1) - fol(SK’(S))’Bm(s)ds)
K\, Y) = ngP, . 7
(K1) = Jy K"s)u(s)ds)
Bu(e,y) = 3825—1,(” [ enw
BE(z,y) = hx¥)(0) (K(l) - fol(SK(S))lﬁx(S)ds>
K\L,Y) = NKg¥, .
(K<1> — Iy K'(S)ﬁx(S)ds)
and
) = s [ (5= K1) = [ (K$).(5)ds, for, = 1.2)
Proof:

By using the same decomposition used in (Theorem 3.1 Rabhi et al. (2013); pp. 408), we show
that the proof of Theorem 3.19 can be deduced from the following intermediate results:

Lemma 3.20.

Under the hypotheses of Theorem 3.19, we have

E | Fa®)] = £7w) = Bl @,y + BL (2, y)hic + olhdy) + ohic),

and

E|Fi)| - F*(y) = Bfy(w, )% + B (2, )i + o(hy) + o(hr).

Published by Digital Commons @PVAMU, 2016 11
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Remark 3.21.

Observe that, the result of this lemma permits to write

/

EFx() = £()| = Ok + o).

Lemma 3.22.

Under the hypotheses of Theorem 3.19, we have

S B o7 (x,y) 1
Var [f N(y)} = o) (ﬁhzd)m(m{)) !

and

where 0%, (z,y) := f*(y) [(H" (t))%dt.
Lemma 3.23.
Under the hypotheses of Theorem 3.19, we have

i [ !
Cov(f'n(y), Fp)o (m) ’

Cov(f'y(y), F(y)) =0 (m) ’

and

Cou(Fp. Fi(0) = (525 )

Remark 3.24.

1. Notes on non-parametric model. In this paper, we chose a condition of derivability as our
goal is to find an expression for the rate of convergence explicitly, asymptotically exact and keeps
the usual form of the squared error (see Vieu (1991)). However, if one proceeds by a Lipschitz
condition for example the conditional density of type:

https://digitalcommons.pvamu.edu/aam/vol11/iss2/3
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V(yl,y2> € Ny X Ny,V(l'l,l'Q) c Nz X Nx;

7 (1) = 72 (12)] < Au((d(1,22)%) + [ — g2*),

which is less restrictive, we obtain a result for the conditional distribution and conditional density
respectively for example of type

B (R e.0) ~ RG] = Okl + ) +.0 ().

B () - ()] =0+ 1+ 0 ().

But for such an expression (implicitly) the rate of convergence will not allow us to properly
determine the smoothing parameter. In other words, this condition of differentiability is a good
compromise to obtain an explicit expression for the rate of convergence. Note that this condition
is often taken in the case of finite dimension.

2. Notes on the squared error. The “dimensionality” of the observations (resp. model) is used
in the expression of the rate of convergence (13). We find the “dimensionality” of the model in
the way, while the “dimensionality” of the variable in the functional dispersion bias the property
of concentration of the probability measure of the functional variable which is closely related
to the topological structure of the functional space of the explanatory variable. Our asymptotic
results highlight the importance of the concentration properties on small balls of the probability
measure of the underlying functional variable. This highlights the role of semi-metric the quality
of our estimate. A suitable choice of this parameter allows us to an interesting solution to the
problem of the curse of dimensionality (see Rabhi et al. (2013). Another argument has a dramatic
effect in our estimation. This is the smoothing parameter hy (resp. hy). The term of our rate of
convergence, decomposed into two main parts, part bias proportional to hx (resp. hy), and part
dispersion inversely proportional to hy (resp. hy)(¢ is an increasing function depending on the
hr), makes this relatively easy choice minimizing the main part of this expression to determine
this parameter.

4. Applications

In this section we emphasize the potential impact of our work by studying its practical interest in
some important statistical problems. Moreover, in order to show the easy implementation of our
approach on a concrete case, we discuss in the second part of this section the practical utilization
of our model in risk analysis.

The choice of the smoothing parameter has paramount importance in estimating the kernel
method. The rate of convergence given in the previous theorem allows us to make an optimal
choice of this parameter. Indeed, just choose a smoothing parameter that minimizes the error
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mean square given by the above theorem (see Youndjé (1993) for the real case in mean of order
p). We can also use another method of selection such as cross-validation.

Remember that the choice of the smoothing parameter for estimating the hazard function in
the functional framework remains an open question, thus the use of optimal parameters of the
conditional density and without theoretical validity, but it is justified by the close relationship
between the conditional density, conditional distribution function and the conditional hazard
function. Contrary to the statistical vector, the performance of estimation of the hazard function
in functional statistics also depends on another additional argument that is the metric of the
functional space of the explanatory variable. In practice the appropriate choice of this object plays
a crucial role for the effectiveness of the model. Of the same as the smoothing parameter, the
optimal choice of this factor is still an open question in this context of the statistic nonparametric
functional. However, the choice from the family of semi-metric are used to sense if the curves
are very smooth. The semi-metrics defined by the derivatives can be used. On the other hand,
if the curves present a discontinuity, we make a call to the metric of the functional ACP. We
refer to the package NFDA in R for codes of these semi-metrics. In our case, it is clear that the
second family from the semi-metric is the most appropriate.

The bounds obtained here allow us to derive the same optimal rates of convergence as in the
i.i.d case only if the space F is of finite dimension (for example R? ). In the case of infinite
dimensional space, as in the spatial case, finding an optimal rate is far from being proved (we
refer for example Ferraty and Vieu (2006) for more discussion about this question).

A. Some derivatives

e On the choices of the bandwidths parameters. As all smoothing by a kernel method, the choice
of bandwidths parameters has a crucial role in determining the performance of the estimators. The
mean quadratic error given in Theorem 3.19 is a basic ingredient to solve this problem. Usually,
the ideal theoretical choices are obtained by minimizing this error. Here, we have explicated its
leading term which is

o2 (z,y)

B2(z,y) + —wT:Y)
)+ 8 62 ()

Then the smoothing parameters minimizing this leading term are asymptotically optimal with
respect the L2-error. However the practical utilization of this criterium requires some additional
computational efforts. More precisely, it requires the estimation of the unknown quantities ¥y, g,
f’x(y) and F*(y). Clearly, all these estimations can be obtained by using pilots estimators of the
conditional distribution function F*(y) and of the conditional density f*(y). Such estimations
are possible by using the kernel methods, with a separate choice of the bandwidths parameters
between both models. More preciously, for the conditional density, we propose to adopt, to the
functional case, the bandwidths selectors studied by Bouraine et al. (2010) by considering the
following criterion
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2

CVPDF = = S (X) / P Wy — 2 SO F M m(), a4

iely ieln

while for the the conditional distribution function we can use the cross-validation rule proposed
by De Gooijer and Gannoun (2000) (in vectorial case)

1 o~ 2
CVCDF - ﬁk§ |:]IYkSY1 — Fka(}/i) W(Xk),

where Wy, W5 and W are some suitable trimming functions and

P gy = Doty KR A X)) H (015! (4 - )
Dien K(h'd(Xi, Xi)) ’

and

75 ) = hi' Ygen, . K(hi'd(Xa, Xp) H (hi' (y — Y5))
Yien . K (hy (X5, X;)) ’

with

k1l _ - . . i s . .
Iy, = {isuch that [[i—k| >¢, and [[i—1|| >} and I}, = {jsuch that [|j —i| > ¢, }.

Of course, we can also adopt another selection method such that the parametric bootstrap method,
proposed by Hall et al. (1999) and Hyndman et al. (1996), respectively, for the conditional cumu-
lative distribution function and the conditional density in the finite dimensional case. Nevertheless,
a data-driven method allows to overcome this additional computation is very important in practice
and is one of the natural prospects of the present work.

e Confidence intervals. The main application from the result of asymptotic normality is to build
confidence band for the true value of h'*(y).

Similar to the previous application, the practical utilization of our result in this topic requires
the estimation of the quantity o7, (,y). A plug-in estimate for the asymptotic standard deviation
o(z,y) can be obtained by using the estimators J?z(y) and F*(y) of f*(y) and F*(y). Then
we get
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where

he WZK e Xo)

and f3, = ZKZ hitd(z, X;)).

Il¢x IEI

Clearly the function ¢,(-) does not appear in the calculation of the confidence interval by
simplification. More precisely, we obtain the following approximate (1 — () confidence band
for h'*(y)

o~ 1/2
52(z,y) \"
) )

ne y) £t1_¢/o X (,\
( ) 1-¢/2 nh?j{gzﬁx(hK

where t;_./, denotes the 1 — (/2 quantile of the standard normal distribution.
B. Application to continuously indexed random fields

Clearly, a continuously indexed random filed (Z;,t € RY) is one of the important examples of
functional spatial data.

Indeed, let (Z;,t € RY) be a R-valued strictly stationary random spatial process assumed to be
bounded and observed over some subset / C RY . Then our approach can be used to predict
the value Z;, at an unobserved location s, € [ by taking into account the observed part of
the process (Z;,t € RY) in its continuous form. For this, we suppose that the value of Z,,
depends only on the values of the process (Z;) in a bounded neighborhood V,, C I of sq.
From Z; we may construct m functional spatial random variables as follows: Consider some grid

Gn={ti=(tix,....tin) €1, 1<t;;<mj, j=1,...,N, i=1,...,m} such that
Vi=1,...,m, min (¢ ;41 —t;;)>C >0 for some constant C,
1<j<N-1

and we define

\V/Z: 1,...,m, th. = (Zt7 tthl),

where V,, =V +1,,, V =V, — 5o, which does not contain 0. So the predictor that we proposed
(see Biau and Cadre (2004) and Dabo-Niang and Yao (2007) for the finite dimension mean
regression case) aims to evaluate a real characteristic denoted Y, = Z,,, at a site s, given
Xso = (Zt, t €Vy,).
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5. Proofs of Technical Lemmas

In the following, we will denote Vi

Ki = K(hy'd(z,X3)), Hi=H(hg'(y-Yi), H=H'(hg'(y=Yi) and H; =H (hj'(y—Yi).

First of all, we state the following lemmas which are due to Carbon et al. (1997). They are
needed for the convergence of our estimates. There proofs will then be omitted.

Lemma 6.1.

Suppose Ej,..., E, are sets containing m sites each with dist(E;, E;) > v for all i # j where
1<i:<rand1 < j <r. Suppose Z1,...,Z, is a sequence of real-valued r.v.’s measurable
with respect to B(E,), ..., B(E,), respectively, and Z; takes values in [a, b]. Then there exists a
sequence of independent r.v.’s Z7, ..., Z" independent of Zi,...,Z, such that Z has the same
distribution as Z; and satisfies

Z E|Zi = 27| < 2r(b— a)y((r — 1)m,m)p(7).

Lemma 6.2.

(i) Suppose that (1) holds. Denote by L,.(F) the class of F—measurable r.v.s X satisfying
|1 X, = (E|X|")Y" < oco. Suppose X € L.(B(E)) and Y € L, (B(E')). Assume also that
1<r, s t<ooand r !+ s ! +¢t1 =1 Then,

EXY — EXEY] < O|| X, |V [l.{¢(Card(E), Card(E)p(dist(E, ED}/.  (15)

(i1) For r.v.’s bounded with probability 1, the right-hand side of (15) can be replaced by

CY(Card(E),Card(E"))p(dist(E, E)).

We also need the following lemma due to Nakhapeytyan (1987).
Lemma 6.3.

—

s=1

Let, Z,...Z, be a random vector such that < o0, i =1,....,n—1, |Z] < C,

i1=1,...,n. Then,

Y

i=1 j=i+1

']E ﬁ Zs — ﬁ EZ
s=1 s=1

s=j+1 s=j+1
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Proof of Lemma 3.3:
Let Hi(j) (y) = HY (hyy'(y — Y;)) and V y € Sg, we have

EFY (y|z) — F(j>(y|x)‘ _ ‘MZ—EIZSB))E{K(}L;d(x,Xl))]E(H(J’) (hit(y — Y1)|X1))}
—F(j)(y]x)‘
_ W‘E{Kl(x)ﬂB(x,hK)(X)<E <Hfj)(y)|X>
—FU)(yyx))H. (16)

Moreover, we have

B (B 0)1X) = [ B (15 =) felX0) o

and integrating by parts, we obtain that

E(HY () X:) = - Zhl [H9D (b (y = ) FO(0]X2)] 7
- hfgl/H(l) (hg'(y = v)) F9(v|X1)do. (17)

Condition (H6) allows us to cancel the first term in the right side of (17) and considering the
usual change of variable ¢ =

B (1Y 0)1X2) = Wy FOle)| <y [ HOW POy~ hatX0) = PO glo)] b

Finally, (H3) allows to write Vy € Sg

Tp(en) (X ‘E( ()|X) W, FO) (y|x)‘ < Ch]/H (£) (Wl + [t|2h%2) dt.  (18)

The use of (HS), (16) and Lemma 3.2 achieve the proof of Lemma 3.3. O
Proof of Lemma 3.4:

Using the compactness of Sg, we can write that Sg C U(tk — ln, tg + o). Take k(y) =
k=1

2043, Thus, we obtain this decomposition

arg  min |y — tg|, zn < M2
ke{1,2,....zn}
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FOle) - BEQ (lo)| < |FY l2) = B (e )| + | B (taiy 2) — B (tag o)

-~ -~

Ty 1>
+ [EFQ iy le) ~EF wla) . (19)
Ty
e Concerning (7}):
Vol = A tln)| < ey SR \H“ ~ H{" (14
< Ki(z ‘H — HY¢ ’
< CRE @) K1 GZI (trw)
Ch J|y
< K;
< . ]EZI
Bl ~
hi
hl,
< 2= (20)
Iy

The second inequality is obtained by considering a Lipschitz argument whereas the last one
comes from the definition of Fpp(x).

~_3a In logn
Take now [, fi- %2 and note that, because of (H7), we have —+ = o M# :
Wy nhy  o(hx)
Thus the almost complete convergence of ﬁD(x), we can write
20) 20) logn
FO(y|z) — F9 (¢ x‘:om __oen ) 21
Dle) = Bty ) ( nhg_1¢(hK)> en

e Concerning (/5): The proof is based on ideas similar to those used by Carbon et al. (1997).
We have Vn > 0
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~(i ~(i logn
F(j)t €T —EF(])t x‘> —_—
N (try)|T) N (telz)| > 1 LI

. Iy logn
F(J)t x —EF(j)t x ‘> _
N (tkl7e) N (tkloe)| >n S ()

Ny s logn
max IP’(‘F](\?)(tﬂxk)—IEF](\?)(tﬂwk)‘ > >
ke{1,2,....zn}

n " é(hi)
Let, IV (2, 1,) = Ki(2)HY (1) — E [Ki(x)HiU’(tk)}, then
FO (tp|z) — EFY (1)) = ZFO (z, ).

HE Kl

1€In

Consider, the spatial block decomposition on the random variables I ')(:c tr)

i = Ki(w) H{ (0) -
E Kl(x)Hi(] )(tk)] for fixed integer py,, (depending on n) as follows
UL n,, t,m) = Y000, T (2, 1)
k=1,...,N
2mgpn+pn 2(mN+1)pn .
U@2mnzt,m)= > > (),
ig=2mgpn+l IN=2MNPn+pn+l
k=1,.,N—1
2mppn+pn 2(my-1+1)pn 2mNpn+pn '
U(3,n,z,t;, m) = Z Z Z Y (x, ),
ig=2mEpn+1l IN_1=2mN_1Pn+tpn+l iIN=2myNpn+l
k=1,...,.N—2
2mgpn 2(mn—_1+1)pn 2(mn+1)pn '
Ud,n,z,tp,m)= > > oo (),
tp=2mpgpn+1

IN—1=2mN-1Pnt+Pnt+l  iN=2mpNpnt+pnt+l
k=1,...N—2

and so an. Finally,

2(mg+1)pn 2m N Pn+Pn

UV n o tem)= > > (@),

t=2mgpn+pn+1 iN=2myNpn+1
k 1

2(mp+1)pn

S 19,1,

1g=2mgpn+pn+1

T,

U(QN,n,w,tk,m) =

This blocking scheme is similar to that used in Tran (1990)
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Now, for M ={0,...,r —1} x ... x{0,...,ry — 1} where, r; =27 n;p;t i =1,..., N, we
define

T(na‘ratk7i) - Z U<i7n7x7tk7j)7
meM

and we write,

. . Bl 2"
FO (¢ _EEW (¢ ___"H  NTp te.4). 22
N (tkl7e) N (tkl7e) AR [, (7] ; (n, z, tg, 1) (22)

Note that, as raised by Biau and Cadre (2004), if one does not have the equalities n; = 27;py,
the term, say T'(n, z,t;,2" + 1) (which contains the Fi(] )(x, t;)’s at the ends not included in the
blocks above) can be added. This will not change the proof a lot.

Now, under the last equation (22), we can say that, for all n > 0
P <‘]3](Vj)(tk|a:k) - Eﬁ](vj)(mxk)) > 77) < 2N max P (T(n, v, t,1) > nihj,E [Ky (2)])
Finally, the desired result follows from the evaluation of the following quantities:

P (T (n,z,ty, ) > mahjE [Ki(2)]), foralli=1,...,2".

Without loss of generality, we will only consider the case ¢ = 1. For this case, we enumerate
the variable (U(1,n,z,t;, m); m € M) and we apply Lemma 4.5 of Carbon et al. (1997) on
variables enumerated. The variables with the new enumeration will be noted 71, ... 7, where
L =TI, m = 2 V¥np, N < nip, V. Thus for each Z, there exists a certain m,, in M such that

Zi= Y. TP)

iel(1,n,z,m.,)

where I(1,n,z,m,,) = {i:2my, pn + 1 < i <2my, pn+pn ;k=1,...,N}. Clearly the sets
I(1,n,z,m,,) contain p) sites and are separated by a distance of at least p,. So, according to
Lemma 4.5 of Carbon et al. (1997), one can find independent random variables Z7, ... Z] having
the same law as (Z4)4=1,.. 1, such that

L
> ElZa— Z3) < 20Lpiw (L= Vpy,pY ) (pw).

d=1

Therefore, by the Bernstein and Markov inequalities we have:
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P (T(n, i) > nih}E [K1(2)]) < By + Bs,

where
L nh’ ~1j 2
B=p(|> 7| > Lynhy B [K1(x)] <2exp [ - (niihl,E [KIA(;C])}) |
— 2L LVar[Z;] + CpNnnh’,E [Ky(2)]
and

L ~17
AR E [Ka(o
B, = P<Z\Zd—zgg\2" = 2[ 3 ”)

d=1
T S

< 2LpN (nnhj E[ ( N~ (L= 1)pY, pl) ¢ (pw)-

logn
nhyl . (hy)

Since, 1 = 2" Lp) and ¢ ((L — 1)pX,pX) < pl we get for n = r]o\/

—-1/2

B, < np¥ (log ﬁ)_l/Q (ﬁhﬁfl%(hff)) ©(Pn),

fhy g (hi)

1/2N
oz a ) , We can write
ogn

with, py = C (

B, < (logn) ' fig(py). (23)

Consequently, from (H7), we have

Z n(pn) < 00.

IlGIn

Let us focus now on B;. For this, let us evaluate asymptotically Var [Z]]. Indeed,

Var|Z{] = Var Z F(j)( )| = Z ’Cov(Fi(j)(x),Fg,j)(x))’.

iel(1,n,z,1) iLi’el(1,n,z,1)

Let, Q, = Z Var [Fi(j)(a:)] and R, = Z ‘Cov(Fi(j)(x),Fi(f)(x))‘.

i€el(1,n,z,1) i#i’el(1,n,z,1)
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It is clear that under assumption (H6), we have

Var[T9 (z)] < b, Var[Ay(z)).

As well as by assumptions (H1) and (H2), we have

Var[Fl(J( )] = ( H%(hK));

therefore,

Qn = O (p 1y6.(hK)) -

Concerning R,,, we introduce the followings sets:

Si={i,jellnz1):0<[i—j|l<ec}, Se={i,jel(l,nz1):|i—j|>cal,

where ¢, is a real sequence that converges to +o0o and will be made precise later. Split R, into
two separate summations over sites in 57 and So:

R, = Z ‘Cov (Fim( ), F(] >‘ Z ‘C’ov (FJ ),F”(m))‘
(ii)es: (1,5)€S2
R, + R2.

Note that (H6) and for j = 1 the conditional density of (Y, Yi) given (Xj, Xi/) is continuous at
(t,tx) allow to show that

E (HO (hy! (b — Ya) HO (g (b — Y)) (X3, X)) = O(h3y),

while (H1) and (H3) imply that

E (HD(hi (ty — Y2)|X:) = O(hp).

Moreover, on one hand, we have:

R. = Z ‘E [K G)(¢ )Kj/(x)Hi(,j)(tk)] —E[Ki(x)Hf”(tk)]E[Ki,(:c)Hi(,j)(tk)”
< OpN 203100 hac) ((6a(hi0)) 7" + haruhrc)
< CpY el hiu(hic) "t/
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On the other hand, as the random variables K; and (IL’)Hi(j ) are bounded, from Lemma 2.1(ii) of
Tran (1990), we deduce

|Cov (Ai(x), Av(2))] < Co ([i=T11)),

then,

R, < C Y e(i-t<cp D el
(i,i")eSs i:||i]|>cn
a <1 Na o
< Cpea™ > M e (il -
i:]lil|>cn

Let ¢, = (hHgbx(hK))fl/Na, then, we have

Ry < Opdeg™ Y IiIM e (i)

i:[|il|>cn

Cp hada(hie) D Nill™ o (Il -

izl >ca

IN

Because of (3) and (H2), we get R2 < CpNhy¢,(hk). Furthermore, under this choice of ¢, we
have R. < CpNhy,(hk). Hence

Var [Z] = O (pn hir¢a (i) -

By using this last result, together with the definitions of p,, L and 7, we get

By < exp (=Ciplogn).

Consequently, an appropriate choice of 7, completes the proof of the first part of this lemma.

e Concerning (73): because of (20) we have:

s iy L,
sup ]EFJ(\?)(ykc) —EF](\?)(tk(yﬂx)‘ <C—7
yESR hH

Using analogous arguments as for 7}, we can show for n large enough:

s o~ logn
EFY (yl) — EFY (taiy )| > n\/ L) = 0. (24)

P | sup
(yGSJR nh?} 1¢w(hK)
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Proof of Lemma 3.20:

First, for E[J?’fv(y)], we start by writing

E(F (y)] = E[KlEIé[Kl] 1]

with, hj, 2E H| |X /H X(y — hygt)dt.

The latter can be rewritten, by using a Taylor expansion under (HS8), as follows

Rl = )+ 2 ([ en i) CEO o)

Thus we get

B[] = g (B[ 20 [em wa)

(E [K1f* ()] + o(hF)) -

B[]

Let, ¢y(-,y) := o f (y for [ € {0,2}. Since ®;(0) = 0, we have

E[K19(X,y)] = ¢z, y) E[K1] + E[Ky (Vi( X, y) — iz, y))]
= iz, y) E[K1] + E [Ky (Py(d(z, X))]
= tu(z, y) B[] + €(0)E [d(z, X) K1] + o(E [d(z, X) Ki]).

So,
E [}:’f\,(y)} = f (y)+%62§§ )/tQH,,(t)dt—i—o(h%JW

Eld(z, X) K] (]E [d(a:,X)Kl])

PO =g E[K,

Similarly to Ferraty et al. (2007); we show that

1
¢$<hK)

B ld(e, X)) = e (K = [ RO 6005 + o).

and

1

Salhy ] = Q) —/0 K'(s)fa(s)ds + o(1).
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Hence,

B[] = s+ 2L [ e o

(K(l) — fOI(SK(S))'ﬁx(s)ds>
(K(1> - fol K'@)&(S)ds)

+h®;(0) + o(hi;) + o(hk).

Second, concerning E[ﬁﬁ(y)], we write by an integration by parts

EFS W) = g7

E[K,E[H,|X]] with E[H,|X] = / H' () FX (y — hyt)dt.
R
The same steps used to study E[f% (y)] can be followed to prove that

]E[ﬁ]i‘,(y)] - Fm(y)+%82g—;(y) / 21 (t)dt
(K1) = 5 (sK(5))Bu(s)ds)
(K1) = f; K'()8u(s)ds)

+hW(0) + o(h3) + o(hg).

Proof of Lemma 3.22:

For the first quantity Var []?’fv(y)], we have

2 = Var[f = L ar ilx
s = Varli's ) = wrem e %FI( >],
where
Ni(e) = Ki(@)Hy (y) — B | Ki(w) B (y)]
Thus,

vmﬂmwzﬁgﬁ@pgammmMW+Zwmmm

7 A\ >
cov var
Sn Sn

B Var[I'4] 1 (T T
" mmEE) e & O
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Let us calculate the quantity Var [['1(z)]. We have

1"

Var (o) = B [K3@)H? ()] - (B [Kl(x)Hl(y)bg
E [K3(@)H ()]
= Elfi@ T

So, by using the same arguments as those used in previous lemma, we get

1 ! = K*(1) - 1 2(5))' By(s)ds + o
(hK) E[Ki(x)] = K*(1) /O (K?(5)) Ba(s)ds + o(1)
E[Kl( )}
B (OB )] o o L

Bk )] el W)+ olhi),

which implies that

Var )] = Wyoulu) () [ B 0 (K2<1>— / (KQ(S))’Bx(S))dS)
+o (K¢ (hi)) - (25)

Now let us focus on the covariance term. To do that, we define

Ei={i,jeZ,:0<|i—jl| <cn} and Ey ={i,j €Z,: |li —j|| > cn}

For all (i,j) € E?, we write

Cov (T4(a), Ty(x)) = B [Ka() Ky() () ()] — (B [Kato) B )] )

and we use the fact that
E [H; (y)H; (y)|(X;,X5)] = O(hy): Vi # j, E [H; (y)|Xi] = O(hF), Vi.
Under (H2) and (H10), we get

E [KinH;/Hj”} < CR4P[(Xi, X;) € Bz, hie) x Bz, hi)],
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and
E | Ki(2)H; (4)] < ChEP (Xi € B(a, hic)).

It follows that the hypotheses (H1), (H2), and (H10) imply that

Cov (Ny(@),Ty(@)) < Chalhuc) (62(hic) + (62(hic))'*)

So,
>~ Cou (Ti(a), Tj(2)) < C (Rep by (6:(h1)) 7).
Eq
On the other hand, Lemma 6.2 and |T';| < C' permit us to write that (i,j) € F3

|Cov (Ti(x), Tj(2))] < Co ([li = ll)

and

Y Cov(li(x) Ii(x)) < CY e (li-il)
E2 E2
< on )y el
l||l||>Cn
< one™ Y M (i)
i:]|i||>cn

Finally, we have:

Y Cov(Dy, Dy) < | Cic)hyyés"  (hig) + Cric, pOREUREEH

i#j i:||i]|>cn

Let cn = (R3] "V s/*(hi))~/~. Then we obtain that

> Cov (Ti(x),Ty(x)) = o (Ahf ¢ (hx)) -

In conclusion, we have
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x K21—1K28/$8d8
Vo] = g ([ " 0a) (20 = 000
i) (K1) = Jy K/(5)8.(s)ds)
1
i (ﬁhm(hm) | .

Now, for F2(y), (resp. F%) we replace H; (y) by Hi(y) (resp. by 1) and we follow the same
ideas, under the fact that H <1

(2(1) — [ (%)) Bu(5)ds)
(K(1> - fol K'(S)ﬁm(S)ds>2

Varlfs) = oo ([ i)

and

Var[F5] = — >
¢, (hi) (K<1) N K’(s)ﬂx(s)ds)

L[ (B2 - (3 5) Buls)ds) ( i
e ﬁ@(hm)'

This yields the proof. O
Proof of Lemma 3.23:

The proof of this lemma follows the same steps as the previous Lemma. For this, we keep the
same notation and we write

Cou(fiy(y). Fi(y)) = S E [1Kl Gl (T1(@), Aa(@))
R E R @) 2 O i), &)

where,

For the first term, we have under (H9)
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1"

Cov (T1(z), Aa(x)) = E[K;(2)Ha(y)H, (y)] — E[K1 () Ha(y)[E[Kq1(2) Hy (y)]
= O(hfo.(hi)) + O(h 0 (hic))

Therefore,

1 1
S E @ () Aal) = 0 (ﬁqsz(hm)

1
- (ﬁh%fcz»x(h;()) | @D

Furthermore, for the covariance term we split the sum over the two subsets F; and F, defined
with, ¢, = (h%(aﬂ)gb}/ “(hg))~ "N and we use once again the boundedness of K and H, and
the fact that (1) and (H5) imply that E (H; (y)|X;) = O(h%), Vi to get over Vi, j € E; that

Cov (Ds, A;) < Ch¥ou(hie)(pu(hi) + Cb:%(hK))'

While over E, we apply Lemma 6.2 to write that

|Cov (Ti(z), Aj(x)| < Co([li = jll) -

Consequently, because of the definition of ¢,, we have

> Cov(Ti(x), Aj(x)) =Y Cov (Ti(x), Aj(x)) + Y Cov (Ti(x), Aj(x)) = o gy (hi)) -
i#]j E1q FEs (28)
From (27) and (28), we deduce that

Cou(Fy(y), Fy(y)) = o (W) |

The same arguments can be used to shows that

N S
Cov(f'n(y): Fp) =0 (ﬁh%[%(hi()) ’

and
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