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Abstract: Bandwidth choice is crucial in spatial kernel estimation in exploring non-
Gaussian complex spatial data. This paper investigates the choice of adaptive and
non-adaptive bandwidths for density estimation given data on a spatial lattice. An
adaptive bandwidth depends on local data and hence adaptively conforms with local
features of the spatial data. We propose a spatial cross validation (SCV) choice of a
global bandwidth. This is done first with a pilot density involved in the expression
for the adaptive bandwidth. The optimality of the procedure is established, and it is
shown that a non-adaptive bandwidth choice comes out as a special case. Although
the CV idea has been popular for choosing a non-adaptive bandwidth in data-driven
smoothing of independent and time series data, its theory and application have not
been much investigated for spatial data. For the adaptive case, there is little theory
even for independent data. Conditions that ensure asymptotic optimality of the SCV
selected bandwidth are derived, actually, also extending time series and independent
data optimality results. Further, for the adaptive bandwidth with an estimated pilot
density, oracle properties of the resultant density estimator are obtained asymptoti-
cally as if the true pilot were known. Numerical simulations show that finite-sample
performance of the SCV adaptive bandwidth choice works rather well. It outperforms
the existing R-routines such as the ‘rule of thumb’ and the so-called ‘second-generation’
Sheather-Jones bandwidths for moderate and big data. An empirical application to a
set of spatial soil data is further implemented with non-Gaussian features significantly
identified.
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1 Introduction

Nonparametric methods have become increasingly popular in exploring spatially depen-
dent complex data. In particular, voluminous geographic data have been, and continue to
be, collected with modern data acquisition techniques such as global positioning systems
(GPS), high-resolution remote sensing, location-aware services and surveys, and internet-
based volunteered geographic information (Guo and Mennis 2009). Therefore various
data collected over the earth’s surface arise in different disciplines, including environ-
mental science, econometrics, epidemiology, image analysis, oceanography, to list a few.
Important applications and developments in the general area of spatial statistics, under
linear and/or Gaussian assumptions, can be found widely; see, e.g., Cressie (1993), Ba-
sawa (1996a; 1996b), Guyon (1995) and Gelfand et al. (2010) for comprehensive reviews.
On the other hand, it has been recognised in the literature that linear and/or Gaussian
structures may quite often be violated, or only serve as a crude approximation (c.f., Sec-
tion 5.2). Nonparametric smoothing methods have provided a powerful methodology for
circumventing these shortcomings and gaining insights into spatially dependent data; see,
for example, Tran (1990), Hallin et al. (2001, 2004a, 2004b), Gao et al. (2006), Hallin
et al. (2009), Robinson (2008, 2011) and Jenish (2012) and Lu and Tjgstheim (2014),
among others.

Effective use of nonparametric smoothing methods requires choice of a smoothing
parameter (bandwidth) (c.f., Jones et al. 1996). Arguably, it is the most important
aspect of nonparametric density estimation. In this paper, our objective is to develop
an adaptive (i.e., local data dependent) as well as a fixed non-adaptive bandwidth choice
for spatial data density estimation. The advantage of an adaptive bandwidth is that
it is attempting to enhance local, or observation-wise, smoothing, rather than a one-
bandwidth-fits-all type of smoothing. Here our attention is on spatial data observed on
a lattice. Many agricultural experimental data, such as the soil data to be analysed in
Section 5.2 below, and in particular, with modern data acquisition techniques, remotely
sensed data are on a regular grid (c.f., Zhu et al. 2010). For generality, let us consider the
data to be the observations from {X; = (Xi(l), Xi(Q), - Xi(d))}, a d-dimensional stationary
random field with index i = (i1, s, ...,ix) € ZY (N > 1), which is defined on a common
probability space (2,7, ). We denote by f the common density function of X;j to be
estimated, where a point i = (iy, s, ...,iy5) Will be referred to as a site in ZY with Z the
set of all integers. When N = 1, one may think of the time series data case or data on a
line, including independent data, while NV = 2 or 3 correspond to the data observed on a
plane or three-dimensional space.

We will propose generalising the popular cross validation (CV) idea (c.f., Stone 1974)
to the choice of adaptive bandwidth, which includes the fixed non-adaptive one as a
special case, for spatial lattice data. There do exist bandwidth selection methods that
are theoretically justified based on resampling methods for spatial data. Such methods
have targeted spectral density or variance estimation (c.f., Nordman and Lahiri (2004)).



But these developments are concerned with second order moments or linear dependence
properties, whereas we are seeking to give a theoretical justification with accompanying
finite-sample numerical experiments for the adaptive and non-adaptive bandwidth choice
in general density based nonparametric analysis of spatial data.

In the special case of density estimation for independent or time series data, bandwidth
selection is well known to be a key question when applying any nonparametric smoother,
and this question has been addressed in many papers. According to Jones et al. (1996),
these methods can be categorised into two generations.

Cross-validation methods (c.f., Silverman (1986), Fan and Gijbels (1996), Fan and Yao
(2003)) have been classified as ‘first generation’ methods that also include Silverman’s
(1986) rule of thumb bandwidth choice. The non-adaptive CV bandwidth selection has
been extensively studied with independent and time series data; see, e.g., Hall (1983),
Stone (1984), Marron and Hérdle (1986), Marron (1987), Hart and Vieu (1990), Kim and
Cox (1997), and the references therein. In the present paper, we propose extending this
idea to adaptive density estimation for spatial lattice data.

From the perspective of optimal selection of a non-adaptive bandwidth, many so-called
‘second generation’ bandwidth selection methods (e.g., Sheather and Jones (1991) and
Marron (1992)) have been proposed. These methods are basically plug-in or bootstrap
based, which rely on selection of pilot bandwidths (often by rule of thumb) and have
been shown to perform better than the ‘first generation” methods for independent data;
see Sheather and Jones (1991), Cao et al. (1994) and Jones et al. (1996) for excellent
reviews. However, we have not seen any ‘second generation” methods for adaptive density
estimation. This may be due to the fact that the asymptotic mean integrated squared error
(MISE) for the adaptive density estimator is more involved than that for the standard
density estimator. It therefore may appear that cross-validation is more natural than the
alternative second-generation procedures for choosing the adaptive bandwidth. In view of
our use of a pilot density, the spatial CV based adaptive bandwidth choice in this paper
may be seen as a ‘second generation” method.

The main contributions of this paper are summarised: First, we will propose a spatial
bandwidth choice by generalising the cross validation to the dependent lattice data density
estimation. Our proposed method works for an adaptive bandwidth choice, but also
functions for a non-adaptive bandwidth choice as a special case. Second, conditions that
ensure asymptotic optimality of the spatial CV selected bandwidth in terms of various
error measures are derived, actually, also extending time series optimality results. Further,
taking a non-adaptive kernel density estimate as a pilot for an adaptive estimate of spatial
data, oracle properties for the resultant density estimate are obtained as if the pilot density
were known. Third, numerical simulations carried out will demonstrate that finite-sample
performance of the proposed spatial adaptive CV bandwidth choice works rather well. It
outperforms the existing non-adaptive R-routines such as the ‘rule of thumb’ and the
so-called ‘second-generation’ Sheather-Jones (1991) bandwidths both for moderate sizes
of spatial samples and in particular for big spatial data sets. Our empirical application



to a set of spatial soil data will further illustrate that non-Gaussian features of the data
are more significantly identified by spatial adaptive density estimation.

These results require an essentially different theoretical approach with a modified,
albeit quite mild, set of assumptions. Fundamentally, unlike time series data in which
time is uni-directional from the past to the future, space is multi-directional. With spatial
data, the fact that the spatial sites do not have a natural ordering makes the problem
of CV bandwidth selection more challenging. A number of conditions are needed for an
asymptotic theory to be established. These are described in detail in Appendix A in
the Online Supplementary Material, but for the convenience of the reader we summarize
them here. First of all a spatial mixing condition is required. Because of the multi-
directionality the spatial mixing conditions are more elaborate than the time series strong
mixing condition, but by now there are some rather standard spatial mixing conditions as
stated in Appendix A. Further, there is a set of conditions on the spatial kernel function to
be introduced in equation (2.1). This pertains to the symmetry, continuity, boundedness,
differentiability and support (a compact support is assumed) of the kernel function, and
an integrability condition on the convolution kernel. There is also a condition on the
characteristic function of the kernel linking it to the the characteristic function of the d-
dimensional standard normal. The order r of the kernel is related to the differentiability
of the density function. The density function to be estimated is bounded, with a deviation
from the density in the independent case, which is also bounded. Moreover, there is a
boundedness condition on conditional densities. In addition there is a weight function to
be introduced in equation (3.1), this function being bounded and integrable, and having a
compact support with the density function being bounded away from zero on this support.
Finally, the bandwidth is restricted to an interval [aﬁfﬁ, bﬁfﬁ] for some constants
a and b, 0 < a < b < oo, and with n being the total number of observations. All of
these conditions are quite standard. More details and a discussion of the feasibility of the
conditions are given in Appendix A.

The organization of the paper is as follows. The basic idea on spatial adaptive density
estimation for lattice data, using an adaptive bandwidth that involves a global bandwidth
ho and an estimated pilot density fn, will be introduced in Section 2. In Section 3, a spatial
CV (SCV) selection of the global bandwidth hy will be suggested, where it is noted that
a CV selection of the non-adaptive bandwidth h = hy can be seen as a special case. The
conditions to ensure optimality results of the bandwidth selected by the SCV method, in
terms of the integrated squared error (ISE), mean integrated squared error (MISE) and
average squared error (ASE), will be established in Subsection 3.1 with a known pilot f.
The SCV selection for the global bandwidth Ay with an estimated pilot fn and the oracle
properties associated with spatial adaptive kernel density estimation will be presented in
Section 3.2. In Section 4, some further discussions on data involving spatial trends and
a potential extension to bandwidth choice for spatial regression will be provided. The
numerical finite-sample performances of these estimates by using both simulated and real
spatial data sets are examined in Section 5. The technical conditions on spatial mixing



and additional regularity assumptions for the optimality theorems will be collected in
Appendix A. The technical proofs of the main results together with other supplementary
materials are relegated to Appendix B. Here some useful lemmas are given in Appendix
B1, where a moment inequality with lattice random fields established by extending that
in Gao et al (2008) will play an important role in the technical proof of the main theorems
in Appendix B2. Some supplementary figures and table to Subsection 5.1 are collected in
Appendix B3. The code used in the paper is copied in Appendix C in a separate text form
and available on a URL https://sites.google.com/site/zudiluwebsite/ while the used data
set of s0il250 is available from the R package geoR (c.f., Ribeiro Jr and Diggle, 2016).

2 Spatial adaptive density estimation: Basic princi-
ples

Throughout the paper, let the random field {X;,i € Z"} be observed over a rectangular
region defined by Z,, = {i = (1,49, ...,in) € ZV | 1 < iy < ng,k = 1,2,..., N}. Thus,
the total sample size in Z,, is denoted as n = ngl nyg for n = (ny,ne,...,ny) € ZN with
strictly positive integer coordinates nj,na,...,ny. As in Hallin et al. (2004), we write
that n — oo if min; <<y {ny} — oo, without requiring max;<; x<n{n;/ni} < C for some
0 < C < oo given in Tran (1990), allowing for multi-directional convergence in the sample
size.

The idea of adaptive density estimation is popular in application (c.f., Davies and
Hazelton (2010)), where the bandwidth (see Abramson (1982a.b) in the independent
data case) is defined adaptively depending on the sample X; = X;, 4, .. ;,) spatially in
estimating f(z):
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kernel function. Here the bandwidth, being location-dependent and inversely related to
the population density f(-), is taken as (c.f., Abramson, 1982)
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where hg = hgn is a smoothing multiplier referred to as the global bandwidth, and
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In adaptive estimation for independent data, it has been suggested by Abramson (1982)
that 6 = 1/2 is optimal when f is second-order differentiable. For an introductory expo-
sition on the adaptive methods, the reader is referred to, e.g., Silverman (1986), Bowman
and Azzalini (1997), Pagan and Ullah (1999) and Davies and Hazelton (2010). Inclusion
of the geometric mean term 7, in (2.2), as noted in Silverman (1986), is to free the band-
width factors from dependence on the scale of the data, allowing the global bandwidth hg
to be considered on the same scale as in the corresponding fixed non-adaptive bandwidth
estimate of f defined below.

In application of the adaptive density estimator (2.1), we need to have a pilot density
estimator of f required in (2.2) and resulting in a kernel density estimator f, used in (3.13)
below. This pilot estimator will be chosen as the traditional kernel density estimator fn(:v)
of f, with a fixed bandwidth, which can be seen as a special case of (2.1) with § = 0 in
(2.2) and (2.3), defined (c.f., Tran, 1990) as follows:

~ 1 Lk z—X 01,02, 40
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where h = h,, (depending on n) is used to distinguish it from hy above, for a sequence
of fixed bandwidths tending to zero as n — oo. The study of the asymptotic properties
for the spatial nonparametric kernel density estimator f, () is an interesting problem in
statistical inference. With a given bandwidth series, Tran (1990) may be the first paper to
establish the asymptotic normality of multivariate kernel density estimator and Carbon
et al (1996) for the kernel-type estimator with the convergence in L, under stationary
spatial random fields satisfying mixing conditions. See also the similar issues investigated
by Hallin et al (2001, 2004a) under alternative conditions on the spatial processes, and
Lu and Tjgstheim (2014) and Harel et al. (2016) for some more recent developments. In
this paper, we will focus on the spatial mixing processes, which will be introduced with
assumptions in Appendix A.

In order to make the spatial adaptive bandwidth h; defined in (2.2) applicable for
adaptive density estimation in (2.1), we need to select the global bandwidth hg and have
fa in (2.4) with a selected bandwidth h as a pilot estimate for f in (2.2) and (2.3).
Therefore the selection of hg as well as h is what we are concerned with in the next
section, and selection of i in fy (c.f., (2.4)) can be seen as the selection of h = hy
corresponding to § = 0 in (2.2). As commented in Section 1, cross-validation appears to
be more natural than the plug-in procedures for selection of hgy, which will be developed
in the next section. For the pilot bandwidth A, it seems that any ‘second generation’
method such as the Sheather-Jones (1991) can also be alternatively applied, which itself,
however, need a pilot bandwidth again and will be examined in the numerical section
(Section 5).



3 Spatial cross-validation bandwidth choice

In what follows, we are investigating selection of the bandwidths needed in the adap-
tive kernel density estimation f,, in (2.1) by proposing a spatial cross validation (SCV)
method with choice of the adaptive bandwidths given in (2.2) and (2.3), for spatial lattice
processes (N > 1). Although some CV methods for non-adaptive bandwidth that leave
more observations out were suggested for the time series case of N = 1 in the literature
(c.f., Hart and Vieu 1990), leave-one-out CV is often preferred for its simplicity in appli-
cations. Moreover, by our experience with the real spatial data numerical example in Lu
et al.(2014) with the non-adaptive case, the performance of leave-five-out CV seems very
similar to that of the leave-one-out CV. Further, the leave-one-out CV is more popular
with spatial data (c.f., Le Rest et al. 2014), and we are mainly extending the leave-one-out
CV for bandwidth selection below.

3.1 Cross-validation choice for adaptive bandwidth with a given
pilot density

We first consider the choice of the adaptive bandwidth h; by cross-validation with a given
pilot density f in (2.2), where the choice reduces to the selection of the global bandwidth
hg. We can propose a CV bandwidth selection for the global bandwidth hy as defined in
Section 2, by extending the leave-one-out CV criterion from time series to spatial lattice
as follows:

SCVs(ho) = CV(he) = Rdfﬁ(x)w(m)dx—% Z SO (Xw(X), (3.1)
Ykt 2 N

where SC'Vj stands for spatial cross validation for the global bandwidth hy with a given 0
n (2.2), and fr(ll)(x) is the adaptive kernel estimator of f based on Xis,j = (ji,--- ,jn) #
i= (il, s ,iN), i.e.,
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with hy = Ay o jn) = hj(ho; f,0), as defined in (2.2) and (2.3) with j replacing i,
depending on hy (and where f is the assumed pilot density and § is given, e.g., d =
1/2 as explained following (2.3) for an optimal adaptive bandwidth), and w(.) is some
nonnegative weight function. Then, the extended CV optimal smoothing parameter is
defined by

ho(f,8) = ho = arg min SCVj(hy), (3.2)

ho€EHn



where H,, is an interval defined in assumption (H) in Appendix A.

As noted in Section 2, the adaptive bandwidth defined above includes the fixed band-
width as a special case. When § = 0, the adaptive KDE (2.1) reduces to the non-adaptive
(fixed bandwidth) KDE (2.4) with h = hg, which is independent of the pilot f. There-
fore, the bandwidth h of fy(z) in (2.4) can be selected following from (3.1) and (3.2) with
0 =0, i.e., to minimize an estimated Integrated Squared Error defined by

ng
F 2 T
SCVy(h) = CVy(h) = 9 fa(@)w(z)dz — 3 E i ’N)(X(i1,~~,iN))w(X(i1,~~,m))7
=1
Vk=1,2,--- N
(3.3)

where f,ﬁ“‘N)(:c) is the kernel estimator of f based on Xis,j = (j1, -+ ,jn) # i =
(11, ,in), 1€y
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Then, the SCV optimal smoothing parameter for (2.4) is defined by

~

h = arg }{gin SCVy(h), (3.4)

where H,, is as defined in assumption (H) in Appendix A. Note that k = hg (c.f., (3.2))
with 0 = 0.

In the non-adaptive case, it has been argued (c.f., Xia and Li (2002)) that despite the
fact that in the sense of mean integrated squared error (that is data-independent), the
relative error of a CV-bandwidth may be higher than that of, for example, the plug-in
selector and the method of Ruppert et al. (1995), there is a growing body of opinion of
using performance criteria, which are not just mean-integrated squared error (c.f., Mam-
men 1990, Jones 1991, Hardle and Vieu 1992, and Loader 1999), targeting at estimating
the unknown probability density function (in the context of this paper). From this point
of view, the CV-bandwidth performs reasonably well (Hall and Johnstone 1992, page
479). In the time series context, the argument for why cross-validation is an appropriate
bandwidth selection method can be found in Hart and Vieu (1990), Kim and Cox (1997),
Quintela-del-Rio (1996) and Xia and Li (2002), among others. However, for adaptive
kernel density estimation, there has been no plug-in method seen even for independent
data in the literature. The CV-bandwidth looks a more natural and implementable op-
tion for the adaptive KDE. There has been little investigation into the issue even with
non-adaptive KDE for spatial data, except for some spatial spectral density or variance
estimation concerning second order moments properties (c.f., Nordman and Lahiri, 2004).
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We shall concretely measure the optimality of the selected bandwidth by considering
the widely used integrated squared error (ISE), mean integrated squared error (MISE)
and average squared error (ASE), defined, respectively, by

s DY) = ISEW) = [ (falo) — (@) *w(z)da, (3.5)

Rd

dyr(for ) (1) = MISE(h) = E / (Falz) — f(2))Pw(a)ds (3.6)

Rd
and

1 &
- Z a(X G in)) = F(X G i) w(X e in)s (3.7)
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where fy(x) is the adaptive KDE defined in (2.1), with hg = h for ease of notation below,
under a given pilot density f and 9.

We will show that the SCV selected bandwidth kg = ho(f, ) enjoys optimality for the
adaptive kernel density estimator (2.1). Before presenting the main results, we denote

1
R = ﬁ Z f(X(J'l,---JN))w(X(J'l,---,J'N)) - Ef(X(jl,---,jN))w(X(jl,--ij))
Vk:]1k,2:,~1-- N

and

7o /Rd(f(x))Qw(x)dx _9R.

All the technical assumptions are listed in Appendix A below.

First, Theorem 3.1 establishes the convergence rate of the so-called vertical error for
the nonparametric density estimation of lattice data. It demonstrates that the proposed
SCV criterion is asymptotically equivalent to the criterion of integrated squared error in
selection of bandwidth with spatial kernel density estimation, when compared with the
mean integrated squared error. Based on this result, we shall establish the appropriate
conditions under which ho and h are asymptotically optimal not only in terms of the ISE
as in Hart and Vieu (1990), but also in terms of MISE and ASE, respectively, defined in
(3.5)—(3.7), thus also extending the time series results of these authors.

Theorem 3.1 (i) When ¢ = 0, under assumptions (K1)-(K2), (D1)-(D2), (M), (H)
and (W) listed in Appendix A, we have

ISCVs(h) — ISE(h) — T|

——_a_
MISE(h) = Op(n 2, (3:8)




where r is the order of the continuous differentiation of the probability density function
f, defined in assumption (D1) in Appendix A. Further, if assumption (K3) in Appendix
A is satisfied, we have

oy, 1SCVi(h) — ISE(h) — T
g MISE(h)

= op(1) (3.9)

as n — 00.

(i) When ¢ > 0, in addition to the conditions in (i), if assumptions (K4) and (D3) in
Appendix A are satisfied, then the conclusions (3.8) and (3.9) hold true.

Remark: In this theorem, conditions have been derived with spatial lattice data for
the vertical error convergence needed below. (i) Note that even in the special case for
time series with V =1 and § = 0, our derived convergence rate is much faster than that
in the literature. For example, the convergence rate in Kim and Cox (1997, Theorem 1)
corresponding to our (3.8) is Op(nd~1/2+7/1/(d+21)) (in the notation of this paper), where
7 is a positive integer < p/2 with p given in the mixing assumption (M) in Appendix
A. This rate of O(n®~1/2+7/mW/(@+2)) is much slower than our Op(ﬁ_m), the latter
being the same rate as obtained by Marron (1987) for the i.i.d. data. (ii) Moreover, our
derived conditions in the case of 6 = 0 are much weaker than those in the literature. For
instance, Kim and Cox (1997, page 195) commented that one may note that the i.i.d.
convergence rates found in Marron (1987) and Marron and Hardle (1987) correspond to
the case of ;1 = 0o in their Theorem 1. Interestingly, Theorem 3.1 above only requires
w>2Nr(2—-2/q)/(1 —2/q) with ¢ > 2, roughly corresponding to x> 8 under N = 1,
r =2 and g = oo.

Second, the following theorem establishes that both the integrated squared error and
the averaged squared error are asymptotically equivalent to the criterion of mean inte-
grated squared error in selection of bandwidth with spatial kernel density estimation.

Theorem 3.2 (i) When 0 = 0, under assumptions (K1)-(K3), (D1)-(D2), (M), (H)
and (W) listed in Appendix A, we have

ISE(h) — MISE(h)

= 1 3.10
hseu’]-lé)n | MISE(h) | Op( ) < )
and
sup | ASE(h) — MISE(h) — 0.(1) (3.11)
u =o0 .
hetn MISE(h) P
as n — oo.

(ii) When ¢ > 0, in addition to the conditions in (i), if assumptions (K4) and (D3) in
Appendix A are satisfied, then the conclusions (3.10) and (3.11) hold true.

Finally, Theorem 3.3 establishes that the bandwidth h selected by the suggested CV
(see (3.4)) is asymptotically optimal in terms of the criteria involving the integrated
squared error and the averaged squared error as well as the mean integrated squared error
for spatial kernel density estimation.
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Theorem 3.3 (i) When § = 0, under the conditions for Part (i) of Theorem 3.2,

we have < 5
d(fn7 f)v(ho)
infheyn d(fna f)(h)

as n — 0o, where d is any of dj, d4 and d;, and fn(x) = fn(:c) and hy = h as defined in
(3.2) and (3.4), respectively.

(ii) When ¢ > 0, in addition to the conditions in (i), if assumptions (K4) and (D3) in
Appendix A are satisfied, then the conclusion (3.12) holds true.

Remark: In the case of N =1 for time series data with § = 0, Hart and Vieu (1990)
showed that the CV selected bandwidth is asymptotically optimal in term of the ISE.
This theorem above thus extends the time series asymptotic optimality to the ASE and
the MISE.

— 1,in probability (3.12)

3.2 Cross-validation choice for adaptive bandwidth with an es-
timated pilot

In practice, for the adaptive KDE with § > 0, we cannot apply (2.1) directly because
the true unknown density f is involved in the adaptive bandwidth via (2.2) in the above
procedure. It needs to be replaced by a pilot estimator, say fn given in (2.4), where a
pilot fixed-bandwidth can be selected by any reasonable method, e.g., by CV in (3.4) or
others such as Sheather-Jones (1991) plug-in method (Sheather-Jones only considered the
non-adaptive case). Thus the practical adaptive KDE can be defined as follows:

ng
i 1 1 T — Xy ig i
folw) =3 E : i K( L ’N)>,:cele, (3.13)
n . h(i17i2,“-7i1\1) h(ilvi27"'7i1\7)
=1
Vk=1,2,--- N

where Agy iy iy) = h(i17i27...7iN)(h0;fn,§) with f, replacing f in (2.2). Then the SCV
optimal smoothing parameter is defined by

;zo(fn, J) = ho = arg hmin SCVs(ho), (3.14)

0€Hn

where SCV5(ho) = CV5(ho) is as defined in (3.1) with R, 4, . ix) replaced by i ix)
in (2.2), and H, is the same interval as defined in assumption (H) in Appendix A. On
the basis of Theorem 3.2, we will show that Theorem 3.4 below is true with fn replacing
fin (2.2).
We now state the theorem on the selected kg for hg in terms of ISE, ASE and MISE.
Theorem 3.4 Under the conditions for Part (ii) of Theorem 3.3 with sup,cg, | falz)—
f(z)| = 0 in probability, we have

d(fa: f) (o)
infhgeHn d(fna f)(ho)
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as n — oo, where d is any of d;, d4 and dj, defined in (3.5)-(3.7).

This theorem confirms that the global bandwidth hg selected by the suggested CV
(see (3.14)) is also asymptotically optimal in terms of the criteria involving the integrated
squared error and the averaged squared error as well as the mean integrated squared
error for the adaptive spatial kernel density estimation. Notice from Theorem 3.4 that
the CV-bandwidth for the adaptive kernel density estimate by using fn instead of f in
(2.2) is asymptotically optimal as that in Theorem 3.3. We call this property an oracle
property in the sense that the asymptotic optimality is achieved as if f were known. In
the simulation section (Section 5.1), we will call the CV selected hg in (3.2) with the true f
used in (2.2) the oracle CV bandwidth, while the one with f replaced by fn the estimated
adaptive CV bandwidth for hgy, and the corresponding spatial adaptive kernel density

estimates (AKDESs) are called the oracle and the (estimated) AKDEs, respectively.

4 Some further discussion

We here provide some more discussions regarding the application of the proposed band-
width selection.

(1) For real spatial data, there may be spatial trends, which make the data non-
stationary over space (c.f., Harel et al. 2016). For instance, suppose on the plane of
N = 2 that the observed X; has a spatial trend, i.e., X; = g(si) + Xi, where i = (iy,i5)
with 1 <43 < nj; and 1 < iy < ng, s; = (i1/n1,42/n2), g(-) is a smooth trend function and
X; is an unobserved stationary field. In this case, we need to estimate and remove the
spatial trends before applying the methodology given in Sections 2-3. For example, as
done in Hallin et al (2009) and Lu et al. (2014), the R package ‘sm’ can be used to remove
the spatial trends, and it can be proved that the theoretical results for the (estimated)
de-trended data, say X;, replacing the unobservable stationary X; in the above sections
can still hold under some appropriate conditions (c.f., Section 3 of Hallin et al. (2009)).
This is the situation for the real soil data set in Section 5.2 below.

(2) In this paper, we have developed the CV-based adaptive bandwidth selection for
density estimation of lattice data. Similarly, with a more involved regression setting,
the ideas and techniques developed from this paper will be useful in adaptive bandwidth
selection for conditional regression of lattice data (c.f., Hallin et al. 2004). The CV-based
adaptive bandwidth selection can be extended more naturally than other procedures for
spatial regression, which is beyond the scope of this paper and will be left for future
research.

5 Numerical finite-sample performances

In the previous sections, asymptotic optimality for the CV-bandwidth based kernel and
CV-pilot adaptive kernel density estimates was presented for spatial lattice data. In this
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section, we turn to the numerical finite-sample performances of these estimates by using
both simulated and real data sets. To simplify our discussion, we are considering the
lattice data on the plane with N =2 and d = 1, and denote X;, ;, by X, ; for notational
simplicity in this section. We take § = 0 for the usual (non-adaptive) KDE and § = 1/2
for the adaptive KDE as in Abramson (1982) in the following numerical examples.

5.1 Monte Carlo simulation

To evaluate the performance of our CV bandwidth selection procedure with non-Gaussian
spatial data, we need to use a spatial lattice process {X;;} on the plane, where the
theoretical probability density function of X, ; can be computed analytically. Therefore
we are considering a special spatial lattice process, X;;, that is generated through a
mixture of Gaussian spatial moving average processes, in a way similar to Step 2 of
Section 8.1 of Lu and Tjgstheim (2014), as follows:

Step 1 Generate three intermediate processes Yj;1, Yi;2 and Yj;3 from three independent
Gaussian spatial moving averages, with 1 <i<my, 1 <j<mo, k=1,2,3,

Yijk =t + arp Zic1jik + Qo1 Zi j_10 + A3 5 Zijik + Qap Zit1 jik + Ok Li 1k, (5.1)

where Z; ;.;’s are three independent i.i.d. samples from N(O,a%yk) for k = 1,2,3,
respectively. We take i1 = —1, 1o = 0.4 and p3 = 1.5, let a,,1, a2 and a,, 3 be the
mth elements of a1 = (1/5,2/5,3/5,4/5,—4/5), ay = (—1,—4/5 —3/5,—2/5,—1/5)
and ag = (1/5,2/5,3/5,4/5,1), respectively, and 073 = 0.3, 0272 = 0.2 and 0235 =
0.4. Here the marginal distribution of Y;;; is Gaussian N'(p1 = —1, 0% = 0.1656),
Yij2is N(ua = 0.4, 03 = 0.088), and Y;; 5 is N (u3 = 1.5, 05 = 0.352), where N'(p, 0?)
stands for the univariate Gaussian distribution of mean y and variance o2

Step 2 We then generate spatial process by first generating independent R;; = (R;j1, Rij 2,
R;j3) ~ Multinomial(1, (p1,p2,ps) = (0.4,0.3,0.3)), 1 <i <my,, 1 < j < my, and
then defining

Xz'j = Yin X Rij’l -+ }/7;]"2 X Rij72 —+ Yij’g X Rimg, 1 S 7 S mq, 1 S] S ma, (52)
where R;;;’s are independent of Z, ;.1’s and hence of Yj;;’s, with & = 1,2, 3.
Note that the distribution of X;; is a mixture of normal distributions, in the form

flz) = O‘4X¢(H1=—1,a%:0.1656) (l‘)+0'3X¢(#2:0.4,U§:0.088)(x)+0'3X¢(u3=1.5,a§:0.352) (z),
(5.3)
where ¢, ,2)(x) stands for the probability density function of normal distribution

N (1, 0?).

We generate the simulated spatial data by using the values of the parameters in the
above models. Note, as commented by a referee, that the simulated spatial process is m-
dependent and therefore satisfying the a-mixing assumption in Appendix A. This follows
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Table 1: Summary of selected bandwidths for 100 simulations with m; = 25, my = 10
Method | Min. 1st Qu. Median Mean 3rd Qu. Max.
H.CV ]0.0669 0.1471 0.1779 0.1732 0.1980 0.2680
H.SJ | 0.1470 0.1824 0.1958 0.1989 0.2126  0.3008
H.R 0.3105 0.3302 0.3383 0.3381 0.3434 0.3747
HO.CV | 0.0679 0.2104 0.2429 0.2338 0.2685 0.3242
HO.SJ | 0.1055 0.2145 0.2438 0.2399 0.2689 0.3264
HO.orac | 0.1024 0.2246 0.2704 0.2638 0.3052 0.4679

because the Yj;x’s (and R;j;’s too) are m-dependent within k& and independent across k
(with m appropriately defined), following from the simulating models (5.1) and (5.2) and
using the fact that 7 .1, Z; j.2, Z; .3 and R;; are independent .7.d. processes. It is also
easy to see similarly to Section 8.1 of Lu and Tjgstheim (2014) that the resultant marginal
and the joint density functions are mixture of Gaussian distributions, which satisfy the
assumptions in (D1), (D2) and (M) of Appendix A below. We repeat the simulation
100 times, with different sizes of samples of (my,ms) = (25,10), (my,m2) = (20,20),
(my, my) = (50,50) and (mq,mg) = (100, 100), respectively, from smaller to larger sample
sizes.

We are examining the performance of the density estimation with the spatial CV
selection for the global bandwidth hg in (3.2) with pilot densities of different bandwidths,
including the bandwidth A given in (3.4). We are first considering the case of (my, ms) =
(25,10) with total sample size n = mymq = 250. For the CV based bandwidth selection,
after some experiments on the bandwidth interval so that the selected bandwidths are
within the interval, we set the bandwidth interval H,, = [0.02,0.5] in the computations
below, which roughly corresponds to taking a = 0.06, b = 1.51 with r = 2, d = 1 and
n = n = 250 in Assumption (H) for the case of (m;,my) = (25,10). (We also tried
H = [0.001, 1], having the same outcomes.) The spatial CV based global bandwidths for
adaptive density estimates of X;; with different pilot densities, as well as the selected
bandwidths with non-adaptive KDE, for the kernel K taken as a standard normal density
function, are summarised in Table 1 with the no-adaptive case in the upper and adaptive
case in the lower part of the table. Note that the R function ‘density’ with the default
(rule of thumb) and the Sheather-Jones (1991) bandwidths from Package stats (R Core
Team 2015) are also used for comparison. It is interesting to notice from Table 1 that
for the non-adaptive KDE method, the selected bandwidths by CV (H.CV) tend to be
smaller than those by the Sheather-Jones (SJ) method (H.SJ) while the rule of thumb
(rot) bandwidth (H.R) is much larger than both H.CV and H.SJ, which may explain that
the rule of thumb (rot) bandwidths tend to lead to a largely biased KDE (as displayed in
Figure 1 below).

For the adaptive KDEs, the spatial CV based global bandwidths for hg either with
CV or SJ pilot KDEs (simply denoted by HO.CV and HO0.SJ, which may be more clear
by HO.CVCV and HO0.CVSJ, respectively) look quite similar overall in Table 1, which
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Figure 1: Mean of 100 simulated estimates of density for different selected bandwidths
of 100 simulations of sample sizes of n = my xmy: (a) (my, my) = (25,10), (b) (M1, m2) =
(20,20), (c) (my,m2) = (50,50) and (d) (my, mg) = (100, 100).

shows that the adaptive KDEs corresponding to those bandwidths either with CV or SJ
pilot KDEs perform similarly (as again indicated in Figure 1 below). In Table 1, we also
provided the unpractical oracle bandwidths HO.orac (denoted by HO.or in Figure 2 below),
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i.e., the spatial CV based global bandwidths with true pilot density, for the adaptive KDE.
It follows from Table 1 that both HO.CV and HO0.SJ are relatively smaller than the HO.orac.
As a benchmark comparison, we can also calculate the optimal bandwidths that min-
imise the MISEs for the non-adaptive and the adaptive KDEs, respectively, where the
optimality is in terms of the MISE as defined in (3.6). For example, given the sample
size of (my, my) = (25, 10), the obtained optimal bandwidth, H.op=0.1788, is the one that
minimises the MISE of the non-adaptive KDE (2.4) w.r.t. h. Similarly, the optimal band-
width, H0.op=0.2659, is the one that minimises the MISE of the adaptive KDE (2.1) with
oracle (i.e. true) pilot density f in (2.2) and (2.3), w.r.t. the global bandwidth hq. This
leads to the smallest MISE value among all the adaptive KDEs (including those with other
pilot densities, say, the CV-based or SJ-based KDE as pilot; c.f., Figure B.1). Clearly
the MISE-optimal bandwidths are theoretical quantities independent of data (given the
sample size of (mq,msy)). These theoretically MISE-optimal bandwidths, H.op (for the
non-adaptive KDE) and HO.op (for the adaptive KDE), used for benchmark only, together
with boxplots of other bandwidths summarised in Table 1, can be found in Figure 2 with
dotted horizontal lines indicated for ease of comparison of H.op and HO.op with others.
The means of the adaptive KDEs and non-adaptive KDEs corresponding to those
bandwidths in Table 1 for 100 simulations are depicted in Figure 1; see also boxplots
of those bandwidths in Figure 2. Here the true density function (5.3) together with the
upper and lower limits, say, for the mean of the CV based density estimates as an example
(by adding and subtracting respectively the double standard deviation of the CV based
density estimates of 100 simulations) is also provided for comparison. To save space and
make the figure legible, the simulated point-wise confidence interval for the mean density
estimate over 100 simulations is provided for one KDE only. The sampling variability and
simulation error are basically similar for other estimates. Further it can be observed from
Figure 1(a) that the adaptive KDEs using spatial CV based global bandwidths either
with the CV or the SJ pilot KDE (denoted by akde.cvev and akde.cvSJ) are very similar
in the means of the 100 simulations, which are much closer to the true density (f-true)
than other (non-adaptive) KDEs such as the KDEs with the CV, the SJ and the rule of
thumb bandwidths (denoted by kde.cv, kde.SJ and density.r, respectively). Also, we can
clearly see from Panels (a)-(d) of Figure 1 that these facts remain true for the sample
sizes sufficiently large, with the adaptive KDEs outperforming the non-adaptive KDEs.
In particular, for the case of (my, m2) = (100, 100), we cannot distinguish the means of the
akde.cvev and the akde.cvSJ from the f-true in Panel (d). Note in Figure 2 that boxplots
of different bandwidths are provided, where the dotted (red) horizontal lines, standing for
the corresponding values of the benchmark MISE-optimal bandwidths, are plotted for ease
of comparison with other bandwidths. Interestingly, the mean and median of the CV and
the SJ selected bandwidths given in Table 1 and Figure 2 are much closer to the optimal
bandwidth (say H.op=0.1788 in Panel (a) of Figure 2) than the rule of thumb bandwidths
(the CV ones are a bit closer than the SJ’s) for the non-adaptive KDE. As expected, the
optimal bandwidth (say H0.0p=0.2659 in Panel (a) of Figure 2) for the adaptive KDE
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Figure 2: Boxplot of different selected bandwidths of 100 simulations of sample sizes of
n = my *my: (a) (my,me) = (25,10), (b) (my,ms2) = (20,20), (c) (m1,ms) = (50, 50)
and (d) (my,my) = (100,100). Here H.CV, H.SJ and H.R are the CV, SJ and R-default
(rule of thumb) bandwidths for h respectively, and H.op is the optimal bandwidth of h
minimising MISE, in KDE; H0O.CV, H0.SJ and HO.or are the C'V bandwidths for hg in
AKDE with pilot estimates by the CV, the SJ and the oracle true density, respectively.
The (red) dotted horizontal lines are for the MISE-optimal H.op and H0.op of the KDE
and the AKDE with the pilot of oracle (true) density, respectively, provided for ease of
comparison with others.

appears to be quite close to the mean and median of the oracle bandwidths (HO0.or), which
are similar to (only slightly larger than) those for HO.CV and H0.SJ given in Table 1. We
can also see from Figure 2 that with the sample sizes increasing, the medians for HO.CV
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and HO.SJ as well as the oracle bandwidths (HO.or) are becoming similar and close to
HO.op for the adaptive KDEs (c.f., Panel (d)).

We are now further examining the finite-sample optimality of the spatial CV based
adaptive bandwidths compared with other bandwidths in estimation of density in terms
of ISE, ASE and MISE, which are also examined in Theorem 3.3. Here, for a given
density estimator f, with the true density function f specified in (5.3), d;(fu, f)(h) =
ISE(h) and da(fa, f)(h) = ASE(h) are casily calculated as defined in (3.5) and (3.7)
with d = 1 and w(x) = 1 taken in this section. However, for du(fa, f)(h) = MISE(h)
defined in (3.6), because of spatial dependence with the simulated random field (5.2), it
becomes very complex and cannot be calculated as simply as with independent or time
series observations. But fortunately, as a referee suggested, if ISE, as a function of A,
is easily found, then MISE can be approximated through simulation. We do this by
approximation through the average of the resultant ISE values based on 1000 simulations
and we can therefore deal with MISE for the KDE and the AKDE defined in (2.4) and
(2.1), respectively. In order to compare the performance of the estimates, AKDE (2.1)
and KDE (2.4) with different bandwidths, defined in Sections 2-3, we will consider the
AKDEs defined in (2.1) with the adaptive bandwidths given in (3.2) by using different
pilot estimates of f, including the KDE (2.4) with the CV (see (3.4)) and the ‘second
generation’ Sheather-Jones (1991, SJ hereafter) bandwidth and the oracle (true f) taken
as a benchmark, respectively. As a comparison, we have also looked at the KDE in
(2.4) with bandwidths of the CV (see (3.4)) and the Sheather-Jones (1991), respectively
(those bandwidths outperforming the R default (rule of thumb) bandwidth as shown
in Figure 1). We did not consider the ‘second generation’” bandwidth by bootstrap as
bootstrapping the dependent non-Gaussian spatial data is still quite problematic, not as
simple as for independent data (see, e.g., Faraway and Jhun (1990)).

Boxplots of the ISE’s, ASE’s and MISE’s (scaled up by 100, 300 and 150 respectively
for easy presentation) with different bandwidth based density estimates are displayed in
Figure 3 for the 100 simulations of different sample sizes of (mq,msy) as specified above
(to save space, the rule of thumb is not reported here, which performs worse than those
reported in this figure, as indicated in Figure 1 above). We have also provided boxplots
for the minimal values of the ISE’s, ASE’s and MISE’s in Figure B.1 and their corre-
sponding optimal bandwidths (i.e., the bandwidths minimising the ISE, ASE and MISE,
respectively) in Figure B.2 for the AKDEs and the KDEs of the simulated data. Here
in Figures 3, k.cv (k.SJ) is for the KDE with the CV-based (SJ-based) bandwidth, while
a.cv (a.SJ or a.0) is a simple notation for the AKDE using the spatial CV global band-
width with the pilot density being the CV-based KDE (the SJ-based KDE or the oracle
true density) in Section 3. The conclusion of all of these experiments is that in the KDE
case, CV and SJ perform similarly (with the SJ a bit better as is known). This similarity
holds true in the AKDE case as well, when CV and SJ are used in the pilot estimation
stage with the global bandwidth by the spatial CV, but the AKDE pair does significantly
better than the KDE pair.
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Figure 3:  Boxplots of ISE(x100), ASE(x300) and MISE(x150) for density estimates

with 100 simulations of sample sizes of (my,mg): (a) (my, ms) = (25,10), (b) (my,ma) =
(20,20), (¢) (m1,mq) = (50,50) and (d) (my,me) = (100,100). Here k.cv and k.SJ
are for the KDE with CV and SJ-based bandwidths, and a.cv, a.SJ and a.o are for the
AKDE using the SCV global bandwidths with the CV, the SJ based KDE, and the oracle
true, pilot densities. The (red) dotted horizontal lines are for the medians of the 100
simulated ISEs, ASEs and MISEs of the AKDE with a CV-KDE pilot respectively for
ease of comparison, and the two vertical ]infg for separation of ISE, ASE and MISE.



Also, as a referee suggested, we have examined the minimal ISE (ASE or MISE) values
of the KDE and the AKDE together with their corresponding optimal bandwidths, which
are provided, to save space, in Figures B.1 and B.2 in Section B3 of Appendix B. Note
that in Figure B.1, v.k stands for the minimal ISE (ASE or MISE) value of the KDE,
while the corresponding optimal bandwidth, denoted by hik (hak or hmk), minimises
with respect to h the ISE (ASE or MISE) of the KDE (in acronyms), and v.acv for the
minimal ISE (ASE or MISE) value of the AKDE using the corresponding optimal global
bandwidth, denoted by hOicv (hOacv or hOmcv), minimising with respect to hg the ISE
(ASE or MISE) of the AKDE with the CV-based KDE as the pilot density (in acronyms)
in Figure B.2. Here v.asj (v.a0) can be defined similarly to v.acv, and h0isj, hOasj or hOms;j
(hOio, h0ao or hOmo) to hOicv, hOacv or hOmcv, with the SJ-based KDE (the oracle true
density) replacing the CV-based KDE as the pilot.

It is again observed from Figure 3 and Figure B.1 that: (i) Overall the AKDEs by
using the proposed spatial CV adaptive bandwidths either with the CV or the SJ piloted
KDE outperform the KDEs with the CV-based and the SJ-based bandwidths. This
phenomenon is particularly observed in terms of MISE even with the sample sizes as
small as (mq, my) = (25, 10), which is the sample size in the real data below, in Panel (a)
of these figures. (ii) With the sample sizes increasing, the AKDEs are clearly preferred to
the KDEs, even in terms of ISE and ASE, as obviously seen in Panel (d) of these figures.
(iii) For the AKDEs in Panels (a)-(d) of these figures, their performances by using the
proposed spatial CV adaptive bandwidths either with the CV or the SJ KDE for pilot
appear quite similar although using the SJ-KDE for pilot is sometimes slightly preferred.
But for the non-adaptive KDEs, as indicated in the literature mentioned above, the SJ-
based bandwidth is usually preferred. (iv) Note that, as expected, the impractical oracle
AKDE performs best, but with the sample size becoming large as in Panel (d) of these
figures, all the estimates have very small ISE, ASE and MISE (much smaller than those
in Panels (a)—(c)), so the performance of all the practical estimates including the AKDE
and the KDE approaches in these figures looks acceptable for the large sample sizes. Also,
it is interesting to observe from Figure B.2 that as the sample sizes increase, the optimal
global bandwidths for AKDE either with the CV-KDE or the SJ-KDE for a pilot are
approaching to that of the oracle AKDE with true density as a pilot, all of which are
larger than the optimal KDE bandwidths. This phenomenon is seen particularly clearly
under MISE in Figure B.2 (note that the asymptotic MISE is the base of the SJ bandwidth
method, c.f., Jones et al. (1996), in the non-adaptive case).

Now we can define the ratios of the left-hand side of (3.12) for d;, d4 and dy;, respec-
tively, by

di(fa, )B) o daUm ) du(fe ()

= . Rya = , Lldyv = - ;
infren, da(fa, f)(R)

infren, dl(fm f)(h) infpen, dA(fm f)(h)

The histograms of these ratios for 100 simulations with different cases of sample sizes for
the non-adaptive KDE are depicted in Figure 4, while the histograms for the AKDE, to
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(mq, mg) = (50,50) and (d) (mq, mg) = (100, 100).
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save space, in Figure B.3 in Section B3 of Appendix B, both of which do look very similar.
It follows from these figures that these ratios tend to be closer to 1 as the sample size
increases. In particular R4y, tends to converge faster than Ryr, and Ry; faster than Rya,
which seem understandable as R44 is more sample dependent than Ryr, and R4; than
Rgp. Clearly, the proposed spatial CV based adaptive bandwidth selection (the non-
adaptive bandwidth is its special case) works reasonably well in terms of all d;, d4 and
dyr, and it improves with the sample size becoming larger as the asymptotic optimality
is indicated in Theorems 3.3 and 3.4 with the oracle property . In particular, in terms of
the MISE distance dj; in (3.6), the spatial CV selected bandwidth (either with the CV
or SJ as a pilot) can approximate the optimal bandwidth well even for the sample size
as small as m; = 25 and my = 10, the sample size of the real soil data set examined in
Section 5.2.

Before ending this subsection, we here have a simple look at the computational cost
of the approach. As can be seen from (3.1), given a pilot density, the leading order
of the cost of calculating the SC'Vs in (3.1) for AKDE is O(n?), where n = mymy is
the total sample size of an m; x my lattice data set here. Likewise, so is the leading
order for calculating the SCVj, in (3.3) with a non-adaptive KDE. Therefore, in terms
of the leading order in computational costs, the adaptive bandwidth selection by (3.14)
in Section 3.2 either with a CV- or an SJ-pilot density is of the same order O(n?). In
general, the procedure used above appears to run well in practice. The real elapsed time
for a bandwidth selection run in R by a Dell Precision 7520 laptop of COREi7 for the
simulated data sets of different sample sizes is reported in Table B.1 in Appendix B. As
is seen from this table, for the sample size of m; x my = 20 x 20 = 400, the real elapsed
time needed for our proposed spatial CV procedure is about 2.5 seconds, while for the
sample size as large as m; x my = 100 x 100 = 10, 000, the real elapsed time is about 110
seconds, which appears quite acceptable. This indicates that our spatial CV approach
can work fast for the analysis of the real soil data of sample size (my, ma) = (25, 10) given
in the subsection below.

5.2 An application to soil data analysis

We are analysing a spatial soil data set, s0il250, in the R package geoR (c.f., Ribeiro Jr
and Diggle 2016), which consists in uniformity trials with 250 undisturbed soil samples
collected at 25cm soil depth of spacing of 5 meters, resulting in a regular grid of 25 x 10
points. The data consist of 250 observations on 22 variables concerning soil chemistry
properties measured on the grid. In this analysis, we only consider 8 columns of the
data table, involving the columns named Linha (the column for x-coordinate), Coluna
(the column for y-coordinate), pHKCI (soil pH by potassium chloride (KCI) solution),
Ca (calcium content), K (potassio content), H (hydrogen content), C (carbon content),
and CTC (catium exchange capability). Here the pH by KCIl measures the acidity in
the soil solution, plus the reserve acidity in the colloids, and is therefore more acid than
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Figure 5: Soil data: The images of 6 soil properties variables after spatial trend removal by
sm.regression, plotted over space, (Linha, Coluna)

pH (water), although both are neutral at pH 7.0 (c.f., DAIS 2007). Zheng et al. (2010)
recently studied the spatial spectral density for the CTC variable, and Lu et al. (2014)
analysed the impacts of soil chemistry properties of pHKCI, Ca, K and C as well as other
variables on the CTC, an important soil property for soil conservation, of concern in
agriculture science.

In the original data, as shown in Lu et al. (2014), there seem to be some spatial
trends for all variables, so we apply sm.regression in the R package sm (c.f., Bowman
and Azzalini 2014) to remove the spatial trends. The resulting spatial data of these soil
chemical variables, denoted by prefix “res.” standing for residual, are plotted in Figure 5,
and appear to be stationary. We hence analyse the distribution of these variables based on
the residual data; the different density estimates are plotted in Figure 6: (a) res.pHKCI,
(b) res.Ca, (c) res.K, (d) res.H, (e) res.C, (f) res.CTC, where ‘cv.akde’ and ‘cv.akde.SJ’
are for adaptive kernel density estimate (2.1) with adaptive bandwidths combined by the
cv piloted and the Sheather-Jones (SJ) piloted densities, respectively, and ‘cv.kde’ for the
cv-based kernel density estimate (2.4) in Section 3. Here the CV selected bandwidths in
Sections 3.1 and 3.2 are given in Table 2. In addition, as benchmark comparisons, the
R function ‘density’ estimates, denoted by ‘r.density’ and ‘r.SJ’, with the default (rule of
thumb) and the SJ bandwidths, respectively, and the normal density, denoted by ‘normal’,
with the same mean and variance of the sample, are also depicted in Figure 6. It is clear
that the CV-based estimated densities of all these variables indicate that distributions
are basically non-Gaussian, where the densities of res.Ca, res.K, res.H, res.C and res.CTC
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Figure 6: Density estimation by different methods for 6 soil chemistry properties of (a)
pHKCI (b) Ca, (¢) K, (d) H, (e) C and (f) CTC after spatial trends removed.

are skewed and one of them is even multi-modal (e.g., res.C). Also, from Figure 6 it is
interesting to note that the estimated densities by the proposed AKDE given in (2.1)
either with a CV-pilot or an SJ-pilot adaptive bandwidth are similar, which are more
significantly illustrating the non-Gaussianity of these residual data than the KDEs in
(2.4), including the rule of thumb, the CV and the SJ bandwidths, for the six soil variables.
Furthermore, in view of the simulation above with the sample size of m; = 25 and my = 10,
the (estimated) adaptive CV-piloted AKDE strengthens this impression, demonstrating
that nonlinear quantile analysis of res.CTC in relation to other covariates is needed, as
indicated in Lu et al. (2014), for a better understanding of the data. Furthermore, from
the estimated probability densities plotted in Figure 6, we can learn more on the soil
properties. With the possible exception of part (a) of Figure 6, the densities in this figure
are all non-Gaussian. From (a), the soil pH by potassium chloride (KC1) solution (pHKCI)
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Table 2: The CV selected bandwidths for KDE and AKDE with 6 soil variables

(a) res.pHKCl (b) res.Ca (c) res. K (d) res.H (e) res.C (f) res.CTC

h in KDE 0.04256665 0.07467  0.02776  0.12733  0.00969 0.11465
ho in AKDE | 0.06730755 0.09817  0.04451  0.15311  0.01712 0.16290

is basically symmetric around its spatial trend; from (b), relative to the spatial trend, the
calcium content (Ca) density is positively skewed with a thicker right tail; from (c), the
potassio content (K) may be seen to be basically symmetric around its spatial trend
or only slightly positively skewed; from (d), relative to the spatial trend, the hydrogen
content (H) density is obviously negatively skewed with a thicker left tail; from (e), the
property of the carbon content (C) is more complex having at least two peaks with the
negatively located peak higher than the positive one; and finally from (f), the catium
exchange capability (CTC) is basically negatively skewed around its spatial trend. These
properties would be helpful for soil management and conservation.
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Appendix A: Spatial dependence and assumptions

Differently from the time series data, spatial data become much more complex and
involved. Fundamentally, time is only uni-directional from the past to the future, while
space is multi-directional. With spatial data, the fact that the spatial sites do not have a
natural ordering makes the problem of CV bandwidth selection more challenging.

We first introduce the necessary assumptions on the spatial processes. Given the
stationary spatial lattice process { X;} that is d-dimensional with index i = (i1, 43, ...,iy) €
ZN (N > 1), for any set of sites S C Z, denote by %(S) the Borel o-field generated by
{Xj,i € §}. For each couple §,8', let p(S,S’) be the Euclidean distance between S and
S’. We assume that {X;,i € Z} satisfies the following spatial mixing condition: There
exists a function o(t) | 0 as t — oo, such that whenever S, 8’ C Z",

ass (#B(S), B(S")) = sup{|P(AB) — P(A)P(B)|, A € #(5), B € B(S")}
< ¢(Card(S), Card(5"))p(p(S, S)), (A1)

where C'ard(S) denotes the cardinality of S, and ¢ is a symmetric positive function from
N x N — R* nondecreasing in each variable. For the function ¢, we assume that it
satisfies either

¥(n,m) < min{n, m} (A.2)

Y(n,m) < C(n+m+ 1) (A.3)

for some £ > 1 and C' > 0; the same letter C' is used for various positive constants,
which may take different values in different place. Obviously, if » = 1, then random field
{Xj,i € Z"} is called strongly mixing. See Doukhan (1994) for more discussion.

The concept of spatial mixing above concerns the conditions on the spatial data gener-
ating process, which is standard in the context of the problem under study. The a-mixing
condition (A.1) is similar to (A4) of Hallin et al.(2004b). This is a technical assumption
widely used in both nonlinear time series and spatial literature to characterize the data
dependence. In the serial case, many stochastic processes and time series are shown to
be strongly mixing. Withers (1981) has obtained various conditions for linear processes
to be strongly mixing. Under certain weak assumptions, autoregressive and more gen-
eral nonlinear time-series models are strongly mixing with exponential mixing rates; see
Pham and Tran (1985), Pham (1986), Tjgstheim (1990) and Lu (1998). Guyon (1987)
has shown that the results of Withers (1981) under certain conditions can be extended
to linear random fields, of the form X, = Zjez'z GiZn—j, With n € Z?, over gridded space,
where the Z;’s are independent random variables. In addition, either (A.2) or (A.3) is
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OK for our proof; not both are needed (c.f., (B.15) in Appendix B). Here conditions (A.2)
and (A.3) are only some examples on the ¢ part in (A.1), which are the same as the
mixing conditions used by Neaderhouser (1980) and Takahata (1983), respectively, and
are weaker than the uniform strong mixing condition considered by Nakhapetyan (1980).
They are satisfied by many spatial models, as shown by Neaderhouser (1980), Rosenblatt
(1985) and Guyon (1987). See also Lu and Tjgstheim (2014) for more discussion and
some examples.

In what follows, we derive the main results of this paper under some mild assumptions.

(K1) The kernel function K is a bounded function symmetric with respect to zero,
as well as Holder continuous and compactly supported, satisfying fRd K(t)dt = 1.

(K2) For any non-negative components of (i1, iy, ..., 74) with i1 +is+...+ig < r, denote

S(K,il,ig,...,id)—/ i K (t)dt,
R4
which satisfies the properties of rth-order kernels that

S(K, i1, ,iq) =0, when for any j, i; <r, with iy +is+ ...+ 1ig >0,

and
0 <|S(K, iy, ,iq)] < oo, if there is some j such that i; =r,

where 7 is a positive integer given in (D1) below. )
(K3) The convolution of kernel function K with itself, K, is absolutely integrable.

(K4) The kernel function K is differentiable, and its characteristic function, ¥ (t) =
Jpa €K (u)du, with * = —1, satisfies [k (t)] < cxln(t)], where ¥p(t) = e "2 is
the characteristic function of d-dimensional standard normal distribution, cx > 0 is a
constant and ¢ is the transpose of ¢ € R,

(D1) The bounded density function f is Holder continuous with rth order continuous
differentiations.

(D2)(i) The joint probability density function f;;(x,y) of X; and Xj exists and satisfies
| fij(z,y)— f(x) f(y)| < C forall z,y and all i # j. (ii) The conditional probability density
function fi .. ij5, 5. (@15 @slyn, oo, ys) of (Xiy, -+, XG,) given (Xj, = w1, -+, X, =
ys) is bounded for all x;,y, € R? and all iy # jp, k=1,---,s, with 1 < s < 2r.

(W) w(.) is bounded and integrable with a compact support S,, C R%

(D3) The density function f(-) is bounded away from zero on S,,, that is inf,eg, f(z) >
Cw > 0.

(H) he Hn = [aﬁ_ﬁ, bﬁ_ﬁ] for some constants a and b with 0 < a < b < oc.

(M) The mixing coefficient o(t) satisfies

p(t) = O™

A2



with > 2Nr(2—2/q)/(1 —2/q) for some ¢q > 2.

Remarks: The assumptions above are quite mild:

(i) Assumptions (K1), (K2), (K3) and (D1) that are imposed on the kernel function K
and the density function f were used to obtain the bias of the estimator and asymptotical
equivalence of different squared errors, respectively; see, for instance, Vieu (1991), Kim
and Cox (1995, 1997), among others for details, in the non-spatial case. Assumption (K4)
is a technical one needed for the case of adaptive bandwidth choice with ¢ > 0, which is
easily satisfied, say K taken as the normal probability density function itself, or having a
bounded support with the constant cx > 0 being sufficiently large.

(ii) Assumption (D2) is a technical condition with uniform boundedness imposed on
the joint probability density functions to ensure a uniform consistency with respect to the
different spatial sites. It has been similarly adopted, for instance, by Masry (1986) in the
time series case, and by Tran (1990), Hallin et al. (2004b) and Lu et al. (2014) in the
gridded spatial context. Obviously, (D2)(i)(ii) are valid in independent case under (D1).

(iii) Assumption (W) is general and was adopted by Marron (1987), Kim and Cox
(1995), etc. Assumption (D3) is imposed on the lower bound of the density f on S,,
which is a technical condition needed for the proof in the case of § > 0 with an adaptive
KDE.

(iv) Assumption (M) requires the mixing coefficients of the spatial dependent data
tending to zero at a suitable rate, which is mild. For example, if N = 1 and r = 2
with a relatively large ¢ taken, it follows from Assumption (M) that ¢(t) = O(t™*) with
w>2Nr(2—2/q)/(1 —2/q) ~ 8is sufficient, which is much weaker than p > 922 required
in Remark 2.1 of Hart and Vieu (1990, page 877) for the time series data.

Assumption (H) is chosen so that the vertical error (c.f. (3.8) in Theorem 3.1) con-
tracts according to the convergence order of the optimal bandwidth. Assumption (H) is
a technical assumption with Hy,, = [an™"/ @+ pa~1/C+d] for 0 < a < b < oo, similarly
to those used in Marron and Hérdle (1986), Kim and Cox (1997), Vieu (1991) and others
in theory (c.f., Lemma B.4 in Appendix B). In practice, according to our empirical expe-
rience in the simulation and real data examples, as a can be chosen small while b may be
large, it looked that the range H, could well include the optimal bandwidth even for the
adaptive KDE.
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Appendix B: Technical Proofs and Additional Figures and Table

We provide the proof of the theorems in Section 3. We will be mainly focusing on the
case of 9 = 0 for ease of exposition below as the proofs for § = 0 and § > 0 are basically
similar, where for the latter case 0 > 0, assumptions (K4) and (D3) in Appendix A are
additionally needed (see the Proof of Theorem 3.1 in Section B2 below). Some additional
figures and table are given in Section B3.

Bl Some useful lemmas and their proofs

In this section, we collect some necessary lemmas and their proofs, which are needed for
the proof of the main results in the next section. Here Lemmas B.2 — B.3 given below
are only stated for the case of & = 0 for saving of space, but they are easily shown to be
true with slight modifications by taking notice of f in (2.1) (instead of f,) and, without
loss of generality, putting h; = h/[f°(X;)] with hg = h following from (2.2) for the case of
d > 0 (under additional assumptions (K4) and (D3)).

Lemma B.1 (i) Suppose (3.1) holds. Let .Z,(.#) denote the class of .#-measurable
r.v.’s X satisfying || X, = (E|X[")Y7 < o0o. Let X € Z,(%B(S)) and Y € Z(B(S")).
Suppose 1 <7,(,n < oo and vy + ("1 + 7571 =1, then

[EXY — EXEY]| < C||X],|Y]lc x {¢:(Card(S), Card(S))o(p(S, SN}/, (B.1)

(ii) For r.v.’s bounded with probability 1, the right-hand side of (B.1) can be replaced by
Cv(Card(S), Card(S))p(p(S, S')).
Proof. See Tran (1990) and its reference.

Lemma B.2  Suppose the assumptions (K1), (D1) and (D2) hold.
(i) For any i,j € Z,,,1 # j, we have

X; — X;

EK( ) = O(h%). (B.2)

(ii) For any i, jr € Zn,ix # jr and any positive integer v;’s, with k = 1,2,--- | s, we have
X;, — X; X;, — X; X;. — X

EKVl(%)KVQ(%)KVS(STJS) — O(hds) (BB)

Proof. (i) By (K1), (D1) and (D2), we can check that

EKqT(M>:// qu(x_y)fij(x,y)dxdy
h RAd xRd h ’

- / / K7 (u) fi5(y + uh, y)hidudy
RIxR4

B.1



=[] KT @disl+ ahly) @y = 00,

(ii) The proof for this part of (B.3) is similar to that of (i) with f;;(z,y) there replaced by
the joint probability density function fil,jl,--- ioje (T, U1, -, T, Ys) Of (X, Xy, -0 Xy, X))
together with application of assumption (D2). The detail is omitted.

The following lemma plays a key role in the proof of the main results, and is of
independent interest.

Lemma B.3  Suppose that Assumptions (D1), (D2), (H) and (M) hold. Let
&y = &(Xi, Xj, ha) be a measurable function of (Xj, Xj, hy), satisfying E&; = 0 and
Ellizs &gl = O(h (o= Hl)), uniformly with respect to iy # jix € Zy, as n — 0o, where
vy < 2r, for k = {,--- s, are positive integers, with non-negative integers ¢ < s. Then
we have

2r
E( > gu) < O10%h? 4 Cy(A%h)"

1,j€Zn,i#j

+C«g(ﬁth>r(P2thrd+h(%—l)rd Z t2N7'71g0(t>1—§>’ (B4)

t=P+1

with 1 < P < max{nq,ns,...ny}.

Proof. The result together with its proof is an extension of that of Gao et al (2008) in
which the summation is only over i. With the summation over both i and j in this lemma,
the proof details become much lengthier, so we only sketch the proof here. Firstly, we
have the decomposition as follows:

2r—1
Yooa)'= Y EEI+Y. Y Viwer...n):=A+B, (B5)
i,j€In,i#j 1,j€Zn,i#] s=1 vo+v1+...+vs=2r

where >, . . ., _,. is the summation over (v, 1, ..., ) with positive integer compo-
nents satisfying vy + 14 + ... + v = 2r, and

Vi (vo, i, ooy vs) = > B (805,60, -£05.) (B.6)
(i0.Jo)#(i1.d1) - #(1s.ds)

where the summation Z(io o) £ (i) £ (i) 1S OVer sites indexes (ig, i1, ..., is) and (o, gy, -5 Js),

1s,)s
respectively with each index i, and j, taking value in Z" from 1 to n; and satisfying i, # i4
for any ¢ # d, and ji # j,,, for any k #m, 0 < c,d, k,m < s.

Secondly, we treat the first term A in (B.5). By the moment condition specified in the
lemma, it follows that

A= O(n*h%). (B.7)
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Next, we deal with the second term B in (B.5) for 1 < s <r — 1. In fact, by (B.6),

Vi(vo,vi, .y vs) = Z [E(H 51”7:7, Jm H Eﬁlm ]m

(io, jo)#(i1,j1)#--#( is .is) m=0

+ Z H Egm = Va + V. (B.8)

(iOa.iO)?é(ila jl)#---?é(i& Js) m=0
Obviously, by the moment condition specified in the lemma again, it follows that
Vil < C(0*h)". (B.9)

As for the first term V; in (B.8), by extending the derivation of (3.9) of Gao et al (2008),
it follows that

MH

| Va1l S

( 2hd)l' Z Hglm.]m 1l.]lE1 H flm.lm

l (in,j)) . A(s,js)  m=l m=l41

Il
o

s—1
=) (22h") V. (B.10)
=0

Thus, we need to consider that, for some P > 0,

‘/lsl - Z H glm Jm Eg:l,]lE H é'lywtl.]m

0<p({(ir:30) 1 { (e 1:di41),(g2udig2) e (is,ds) PSP m=l m=I+1
+ Z Hglm Jm EglllJlE H 51m .]m
0<p({(i:d0) - { (i 1odig1), (ig2diga) s (is:ds) H>P m=I+1
1511 + Visia. (B.11)

By (B.3), we have

Hame E& B H gmo I < Hamm |+ |E&Y E H gm |

m=I[+1 m=I[+1
_ O(h(s l+1)d) + O(hd)O(h(sfl)d) _ O(hd s— l+1)). <B12)
Henceu if p({<il7jl>}7 {(il+17jl+1)7 (il+27jl+2)7 A3 (i87js)}) < P’ then it follows that

P

Vi < ChUeHD N~ > 1. (B.13)

k=1 kgp({(il7jl)}7{(il+l7jl+1)7(il+27jl+2) 7777 (is7je)}):t<k+l

Note that if p({(ir, i)}, { (i1, Ji+1), (r2, Jira)s - (is,Js) }) = t, then there exists some loca-
tion, say (i1, ji+1) € {1, dirn), (a2, diga)s s (i, Js) b such that p({(ir, o) }, { (41, Ji1) ) =
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t, which leads to

P
Viay < Chd(s—l+1) hQ(s—(l—i—Q)—i—l) Z Z 1
k=1 k<p({(i:j0) }{(i141,d141) =t <k+1
P
< Chds I+1) ~25 1-1) Z 2/{?2N 1 < Chds l+1) (sfl)PZN. <B14)
k=1

If p({ (i, 30) }s { (i1, Jisn) s (uos dig2), s (is,35)}) =t > P, by ¢ > 2, Lemma B.1 and (B.3),

we obtain

vmqr 2r— 2r—yp 1_2
Hflm Jm 1l, ]l H 51m:]m C{Eygll» ]l|qr qT E H ‘glm:]mIQT Vl) - Oé2,2(qs—l)(t)

m=Il+1 m=I[+1
2

< CRT RV < onEAl T
! ! 0‘22( p(t) < A OF

where ;s = v + (s — 1)(2r — ;). Thus, we have

dl’ls 172
Visia < C Z hoar a22(s l)( )

PG AC i 1dir1),(ipey Jig2)(1s.ds) ) =t>P

dﬂls 172
< Char Z Z 042,2((1571)(75)

1—2
< C’h e Z 72(s—(+2)-1) 7,2 Z a, 2((,871)(25)

k=P+1 k<||(ig)||=t<k+1

iy > 2
< Chon2e7) N7 NG (), (B.15)

t=P+1

Note that in the last inequality of (B.15), the assumption of either (A.2) or (A.3) is
needed but they do not really make a difference in the proof. Here we need the v (n,m)
part in the spatial mixing of (A.1) with n = 2 and m = 2(s — 1) < 4r in (A.2) or
(A.3) because 0 < s < 2r — 1 and 0 < [ < s with  being the positive integer given in
assumption (D1). Here ¥(n,m) < min(n,m) < C (generic positive constant) under (A.2)
and ¥(n,m) < C(n +m + 1)k < C (generic positive constant) under (A.3). In any case,
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1 (n,m) is controlled by a positive generic constant C'. Then, it follows that

s—1 s—1
V| < CZ(ﬁzhd)lwsl < CZ(ﬁZhd)l[hd(sfl+1)r~l2(sfl)PQN]
=0 1=0
s—1 .
Aoy L
+C Y (@°hY[h o 20D 3 gl 0
1=0 t=P+1
s—1
< (ﬁth)s+1 Z[Cl (ﬁth)lfsflhd(sfl+1)ﬁ2(sfl)P2N
1=0
oy, s L
+ Cy(R2RY1, ol m2(s—D) Z N1 50 g(m
t=P+1
s—1 0o
S C(ﬁ2hd>8+l Z[ﬁiZPZN =+ ﬁ72h7led Z t2N71gpl-%<t)]
1=0 t=P+1
= O((®*h")™) = O((@*h")), (B.16)

where Qs = —[(l —s— 1)+ 0/(qr)] = [(s = Dr(¢ —2) + qr + (s — 1 —1)]/(qr) > 1 for
0<I<(s—1)and q>2.

Finally, we treat the second term B in (B.5) for r < s < 2r — 1, we only show
the proof for s = 2r — 1 in the case of N = 2, where we denote i, = (i},i2) and
jx = (Ji,j?). The proof is done by extending the argument in Gao et al (2008), but
some details are different. Concretely, let us denote all different (number 2r) pairs of

locations (ig, jo), ---, (iar—1,j2r—1) as So, S1, ...S2,_1, Where we denote s, = (i}, 3,4}, 1) with

i3 := j} and i} = j2 for k = 0,1,2,..2r — 1, and s, # s; for k # [. Arrange each of

the s component index sets, i, ...,i5._;, for £ = 1,2,3,4, in ascending orders, say, as

toe <10 < ... <iigr—1¢. Then write the index increments

Aik,@ - ik,f - ik—l,l; (= 17 27 37 47

for 1 < k < 2r — 1. Also arrange Aty 4, Alay, ..., Alg,—1, in decreasing orders, for ¢ =
1,2, 3,4, respectively as (for notational simplicity, we use the same notation)

Allﬁf Z Allg,é Z Z Ailgrflf’ g - ]_, 2,374,

where (I{,--- .15 ) is a permutation of (1,---,2r — 1) for the /-th component of index
s. Take t, = Ay 4, for £ = 1,2,3,4, and t = max{t,,ts,t3,t4}. Without loss of generality,
assume t = t; > max{ts, t3,t4}, then it follows that
0<dpy—ip_1y <t<my,for k€Si={r+1,.2r—1}
0<dpo—ip19<t<mg for k€Sy={r,..2r—1}

0<ips—ip13<t<my,for ke€Sy={r .. 2r—1}
0<dpy—ip 14 <t<mo for ke€Sy={r .. 2r—1}

B.5



that is
il£—17f S ili’z S t+ ili—l,f7 E == 1,2,3,4, fOT k 6 Sl = {T + ]., ...’2T — 1}

Thus, for the term of (B.6) with s = 2r — 1, we may arrange sy # S; # ... # Sg_1
according to the order of 49y <11 < ... < i1 ;. Note that (ig1,%1,1,...,92,—1,1) is only a
permutation of (ig, 4], ..., i3, ;). For notational convenience, we still denote the re-ordered
si’s by si’s, where if zjl corresponds to iy 1, then the original s; corresponds to the re-
Ordered Sk Set jf - {Zlf [,ilé g, '.'ilgr7176}7 eﬂ[ - {il{,bilé,b Zlfi,Z}’ jgc - jf - rﬂg -

{ie e o0 - big, oty and g, =g, for £ =1,2,3,4. We then obtain that
7“+17 7‘+27 27‘ ’
W = E : ‘E[gio,jo'gh,jl"'£i2r—1, j2r—1”
(i0.jo)#(i1, j1)#...#(i2r—1, j2r—1)
maz{ni,na} ng 11 11t 12 1,271t
S0 2 2 > Z Z Z Z
i1 =1 i=1 =110 42,07 =02 _q 9
0’ €91 — {le 1} kES& 0’ lEﬂQ {’le 2} k?ES{CQ
13 1,31t l4 1att
E : E : ) E E Y B L)l (BAT)
3 3= 13 3= 1371,3 4 AT . , 1471,4
0 zeﬂg {Zl3 3} keSk 0 zeﬂr{zl“} e keS’Z

Taking positive constant P such that 0 < P < max{nj,ny}, then the right-hand-side
of (B.17) can be divided into two parts depending on 1 < ¢ < P and ¢t > P, denoted by
Wy and W, respectively.

For 1 <t < P, by (B.3), we have

11 11+t 12 12+t

OIS ZZZZ

tlz171 =1

11 =1 _qq 42 =L , ] 2TH2 19
0 e —{i 1} k:eS]'i 0 zefzf{zﬂz} i k:eSkg
13 1,31 l4 1,471
E E > E E > B ol
i3 37 3 431 3 G4 4 =iy 4
0’ ZEﬂg {113 3} kESkg 0’ 1674 {Zl4 4} kESﬁ
P
< C(nny tngny1)? g tr IR < C'(nyng) ¥ PR, (B.18)
t=1

[For general N, the bound is C'(ny - - ny)* P2V h2rd, |

For t > P, extending the derivation for (3.19) in Gao et al (2008, page 695), clearly,
if 411 and 42,11 are not in the set of indices .#;, there exist two successive indices,
say ig«1 and igy1 7 in S, or else one of i;; and i9,—1; belongs to #. Let p(-,-) be
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the generic Euclidean distance. Therefore, either p({so, - ,Sg=—1}, {Sk+}) > Nig=
t, p({sk s {Skeg1, -+ yS2r1)) > Adgegrn > t and p({so, -+ ,Ske—1}, {Sk=, - ,S2r-1})
Aigey11 > t, or p({so},{s1,- - ,82,-1}) > Ady1 > t, or p({so, -+ ,S2r—2},{S2r-1})
Adgr 1y >t Set Ag,. | 1= Eso6s1 * Espe 1 By = Espeyy = *Esary- Then for the case of
ig= and ig-41 in #, by (B.3) and noting that E&s,. =0,

VIV IV

EéS()gSl tte 552,,‘,1 — EASk*_lé-Sk* Bsk*+1 — COU(ASk*_l ) gsk* Bsk*+1) + EASk*_lEé-Sk,* Bsk*+1
1-2
< (B(As,)) 1 B(E,. By, )) 0 507 e (1)
1-2
+ EASk*,l (Egsk* )1/q(Eng*+1 )1/qa1 QT‘/qk* 1 (t)

< C(hd{k*/Q+(2T*k*)/Q}¢1*2/q(t) + C<hd{k*+1/q+(27‘ k*— 1)/q}901 2/(1( t) < Ch2rd/q@1f2/q(t);

and for the case of i or is,_1 in &, the same can be got more easily. Note that

max{ni,n2} n ll 1, 1+t 12 1 2+t
=C > X Z > Z Z >
t=P+1 1.,=1 1_ 2_
K3 ie]l*{izh} kkegkl e iej?*{iz%a} k'keé’kz -
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13 1,31t 14 1,att

Z Z Z Z Z Z Bl bor ]|

3 3 4
13 16/3 {Zl33}l 3= zk 13104 Z€j4 {’z44} 447 lk 1,4

keSs keSy
Therefore, we have
W, < C(nan)Qr Z t4r71h2rd/q80172/q(t) _ C<n1n2>2rh2rd/q Z t4r7180172/q(t). (Blg)
t=P+1 t=P+1
[For general N, the bound is C'(ny - - - ny ) R ¥/0 3% 12N =1l =2/4(¢).] Thus, by (B.17),

(B.18) and (B.19), for N = 2, it follows that

1974 < C«(nlnghd)r(P4rhrd+h(%fl)rd Z t4r—1¢<t)17,

t=P+1
Similarly, for general N, we can have
W < C(@2p) (P2 prd 4 pla=1rd Z PN Lo()7). (B.20)
t=P+1

Hence, by (B.7), (B.8), (B.9),(B.16) and (B.20), (B.4) is valid.

B2 Proofs of the main results

In this section, we present the proofs of the main results. We need the following lemma
for the main proofs.

Lemma B.4 (i) In the case of § = 0, if the assumptions (K1)-(K3), (W) and (M)
hold, then we have

MISE(h) = E/(fn(x) — f(2))w(z)dz = h*" /]Rd B (z)w(x)dx + o(h*")

1 1
g | @ | Kol ), (B.21)
where By(x) = Y20, O (K)TE)(a), with CP(K) = & fou tiK (8)dt and T} (@) = %412)

for v = (21,29, ...,xq), t = (tl,tg, wotg)andi=1,2, ... d.
(ii) In the case of § > 0, for hy = h/[f?(X;)] Wlth ho h, in addition to the assumptions
n (i), if Assumptions (K4)) and (D3) hold, then we have

MISE(h) = E/(fn(x) — f(2))w(z)dz = h*" /]Rd B (z)w(x)dx + o(h*")

+ L (f(x))1+d5w(x)dx. K?(u)du + of !

nh? Rd nhd) (B-22)
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where By(x) = (1 —1r68) f(z)™" Zl 1 d;];(z {)(K). Note that under the optimal 6 = 1/r,
Bg(z) = 0.

Proof. (i) First, we note that MISE(h) admits the variance-bias square decomposi-
tion as follows:

MISE(h) = /R ) Var(fa(z))w(z)dz + / (Efa(z) — f(2))2w(z)dz. (B.23)

R4
Second, by stationarity, we have

1
hd

EK(x_T)(l) = /Rd %K(m—;y)f(y)dy = /Rd K(y) f(z —yh)dy.

Then, by (K1), (K2) and (K3), applying Lemma 9.1 of Vieu (1991) to u = f leads to

Bu(z) == Efa(z) — f(x) = h"By(z) + o(h"). (B.24)

Efn(x) =

Hence, together with assumption (W), we obtain

/R (Bfale) ~ @) ule)dz = 0 /R Bw)ulw)de + o) (B.25)

On the other hand, by (M) with ¢(t) = ¢™*, it follows that Y -, N=1(p(t))' "7 < oo for
u> N/(1—-2/q) and ¢ > 2. Applying Lemma 2.2 of Tran (1990), we have

lim 0hVar(fo(z)) = f(z) | K*(u)du,

n—oo Rd
which implies

N 1 1
[ vartia@hetde = =5 [ et [ Kadirolgg). 620
Finally, by (B.23), (B.25) and (B.26), (B.21) is valid.

(ii) For > 0, notice that the only difference between this proof and that of (i) is to
replace b (5% in KDE with (i) by b K (552 ) in ADKE for this part with i =
h(f(X;))~° (without loss of generality). With this in mind, for example, corresponding to
(B.24), by assumptions (K1), (K2), (K3), (W) and (D1) together with assumptions (K4)
and (D3),

EhiK (”“" ;LXi) = Ehi'K <¥) = p /(f(u))d‘sK ((“ - x)h(f(“))é) f(u)du

i

_ / (f(z + b)) K (ufd(@ + hu) du,
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and then we can show that

Bu(z) = EhK (x ;Xi) ~ f(x)

i

= [ [ b)) K (uf o 4 ) = () K (uf?@)] du
— [+ hu)) = Ao Fa) du, (B.27)
where J,(y) = K(y°u)y'*®. Then, note that Jl(tl)(y) = Zle Ki(yPu) 0y~ tugy 9 +

K(y°u)(1 + do)y -1 = y®B[5 57 K (yPu)yu; + (1 + dO)K (y’u)] and by assumption
(D1)

r—1 d d
1
En(u) = f(z + hu) — j— Z Z vy (@)W wg, -y
i=17 =1 Q=1
1 d
—| Z Z iy (T thu)h wy - - - wy, (B.28)
where [t| <1, and K;(z) and f;,..;;(z) stand for the first order partial derivative of K (x)
with respect to z; and the j-order partial derivative of f(z) with respect to z; ,--- , z;,,
respectively. We then have with application of Taylor’s expansion that
Ju(f (@ + hu)) = J,(f(x)) = TP (f (@) + 01 Ba(u)(En(u)), (B.29)

where [t;| < 1. Thus as done in Abramson (1982a, page 1220), by assumption (K2), it
easily follows from (B.27)-(B.29) that

Ba(z) : = / u(f (x4 ) — Ju(f(2))] du
4 o p(g) O .
= (o) @03 aaf—;) Z [ Ktur @i "

T

4 5 p(y
+ (1+0(1)(1+ 5d)f(x)d5 Z 88]; ) /K(uf‘s(x))ugdu %

= (4o Y TS [ ) s s o

O f(x) vl 1 h"
/K( @) @ ™

— (o) f(@) 78> T 1) - @-1) [ Ko 3



+ (14 0(1))(1+dd)f “SZ o /K Yol dv

=(14o0(1))(1—1d)f Yol dv g =:h"B*(z), (B.30)

and hence the bias term (B.24) is still true (and actually of order o(h") when taking the
optimal 0 = 1/r in the context of Section 3.1, which is an extension of Abramson (1982a)
who considered 7 = 2). For the asymptotic variance, similarly to Lemma 2.2 of Tran
(1990), we have

. — X;
lim ahVar(f,(z)) = lim h*Eh; K> < - )

= lim £ / hgdfm( YK (2P () fy)dy = F4 (@) [ K (w)du.

Now (B.22) easily follows as done for Part (i) above.
Proof of Theorem 3.1:  Note that without loss of generality we put h; = h/[f°(X;)]
with hg = h. Define

Uiy = K u) - [ (R feule)ds - f(Xu(x)
- Rdf(:c)2w(x)dx, (B.31)
L L <TXJ'f5<u>>w<Xj>f<u>du
- / / L PR (S P ) (@) f () dad
- f(X /f (B.32)
and
Viji=Uij = Wj (B.33)

for all i,j € Z,, and i # j.
Then, by simple arithmetical calculations, we have

CVah) = ISE(h) = T| = 25| 30 Uil (B.34)

nn-—1) £~
leEIrhl#.]

Hence, by (B.33) and (B.34), it is sufficient to show that the following equalities hold:

1
25T >\i7j612m#j il = Oy(ba) (B:35)
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and
1
— /\4[ E -1 H/- = B

J€In

__d
respectively, where b, = n™ 2@r+d

Verification of (B.35): In the non-spatial case (N = 1), the argument given by Hart
and Vieu (1990, page 885) for a similar result to (B.35) heavily depends on the natural
ordering of i and j of one dimension (c.f., (4.6) of Hart and Vieu (1990)), so their argument
cannot simply apply to our spatial case (N > 1) where i and j lack a natural ordering
between them. Also note that the argument by Marron (1987, page 159) does not work

as E£(Vi;) # 0 and hence E(V;;]|X;) # 0 owing to spatial dependence between X; and Xj
in our case.

First, we deal with EV;;. By Lemma B.2, EV;; = O(1), and also note that

Evij:i// B (u) K (2
’ hd RdXRd

- %//RdXRd F9(u) 1)d /e_Lt/uhwfé(u)’(/}K(t>[fi7j(u,.T) — f(u)f(2)|w(z)dtdzdu
//RdXRd ol / —Lt’(u—x)qu(ht/ﬁ(u))[fi’j(u,x) — f(u) f(2)|w(x)dtdedu
= (27r)d/ cov (e WXig) g (hit),e‘t'xjw(Xj)> dt,

() fig(u, ©) — f(u) f(x)]w(z)dedu

where ¢ (t) = [pq €K (u)du, with 1> = —1 and ¢ is the transpose of ¢ € R
We first look at the case of § =0, i.e., h; = h (fixed). Then by Lemma B.1(ii),

jcov (e Xigppe(st), S5 (X5) ) | = e (ht) cov (7%, e Ssu(Xy) ) |
< Clubwe (ht) ([ — ),

and therefore

3 |Evld|<2 S oom+ Y S celli-il / e (Bt

1,J€EZn,i#] 1,j€Zn k=P+1 1,j€Zn
CrsliYimreh k<=l =t<k+1
o
<C|aPY+an ) k;N_lgp(k)] : (B.37)
k=P

For the case § > 0, by assumptions (D1) and (K4), it follows that h; = h/f%(X;) >
h/c} with ¢; > 0 standing for the upper bound of f due to (D1), and [¢x(hst)] <

cic[n(hit)| = cxe M2 < ci e~MH () — Ui (ht), with Y5 (t) = ce "D by which
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together with Lemma B.1(i) with v — oo, { — oo and n — 1, we easily have

lcov (e Niupne (i), e X (X5) ) | < Clle™ Nupne (i) e 00 (X5) i (i = 1)
< i ()i = ill)-

Thus replacing wK(ht) in (B 37) by ¢ (ht), we easily see that (B.37) still holds true.
Therefore gz MISE™ Y k562 iz EVAil < CIROPY 43702 5 KN 1o(R)] = O(ba),
under PN Zk:p k:N Lo(k) = O(1) as P — oo, where we take P = [bn'/"| and by =
O(h%/?), and |b| stands for the integer part of b.
Now, to verify (B.35), we only need to show

nMISE (h)| > (Vij— EVig)| = Op(bn). (B.38)
1,J€Zn,i#]
Set g = K (X520)w(Xg) - EK (520 w(Xy), m = [ (K(555) = BK(55)) w(@)f(x)de

ms = J (K (G w(Xs) = BE (g w(X;)) fu)du. Then note that &; = Ai(Vi; -

EVis) =g — 1 — 15

We first consider the case 6 = 0, i.e. h; = h. Then by Assumptions (K1) and (D1), it
easily follows that |n;| < Ch¢ and |n;] < Ch%. We now check the moment conditions for &
specified in Lemma B.3. Obviously F¢;; = 0. Further, together with Lemma B.2, for any
postive integers v < 27, 16,4,1" < Cllmg, 1 + " + 5*) < C(1Fs g, + Ch),
fork=4¢,--- s, where K;; = K3 X 1). Then by Lemma B.2, it follows that, as n — oo,

EH [irde | < EH O(| Ky g™ + Chy) = O(hy*~ ). (B.39)
k=t k=t
Similarly, for § > 0 with h; = h/f°(X;), by Assumptions (K1), (D1), (W) and (D3),
it easily follows that [ (K(x;_ixi)) w(@)f(z)de = [ (K () w(X + hiy) f(X; + hiy)hidy =
O(h?) owing to h; < h/c, for X; € S, by assumption (D3). Thus

| < / (K(‘"” ;iXU + EK(- jf)) w(z) f(x)dz < Chy,

and [n;] < Che. With K = K( Xi};Xj)w(Xj) replacing Kj; above, it similarly follows
that (B.39) holds true.
Thus by Lemma B.3 together with (B.39) we have

2r
E( > gi,j> < C1nh? 4+ Cy( n2hd)"

1,j€In, i#]

+ 03( thd)r (PQNThrd 4 h(%—l)rd Z t2NT_1Q0(t)1_§> _ O( h2hd)r7 (B40)

t=P+1
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where P = Lh(%_Q)Td/[“(l_Q/q I for p > 2Nr(2 — 2/q)/(1 —2/q) with ¢ > 2, under which
P2NTprd — O(1) and hla= 1" S py PN To(t)' P = = O(1) with ¢(t) = O(t™") in as-
sumption (M).

To show (B.38), by Chebyschev inequality, Lemma B.4 and (B.40), we have

Z (h™%:) >5bn>

1,j€Tn,i#]
< (eby) TR h M (MISE(h)) ' E ( > gu> < Clebn) "2 7E| Y gJ
1,J€EZn,i#] 1,J€Zn,i#j

< Ceby) 20~ [(B*hY)"] < Cleby) >R — 0 (B.41)

P (ﬁ‘QMISE‘l(h)

as € — 0o, with b, = O(h%?), i.e., by, = h™ 750 under assumption (H). Then, (B.35)
follows from (B.41).
Verification of (B.36): When § = 0, for z € R?, write

Bu(z) = Efa(z) — f(z) = | K(y)f(z+yh) — f(z)ldy

= —hr Z (z + Chy)y!dy = W Bx(x), (B.42)

by application of Taylor’s expansion together with assumptions (K1), (K2) and (D1),
where f1(z) = ffﬁl i—i(z) and fz(f)lj(x) is the j-th order partial differentiation of

f(x) wrt. (z;,,--- @), with 2; the i-th component of z € R and [¢| < 1.
Similarly, when § > 0, it follows from (B.30) that

Bale) = Bfulx) — f(2)
— i [ 0RCTE P @) 0)dy - Fa) = B a),

which is still of a similar form to (B.42).
Then by (B.42) note

Wy = Bu(X)0(X) = [ Bu(o)f(@)u(a)da

= WB (X)) - [ Byo)f(@)u(o)di (B.43)

Rd
with EW; = 0 and |W;| < C by the assumptions (K1), (D1), (W). Similar to the proof of

Lemma B.3, it is easy to show that E(3 .., Wj)* = O(dh*) as n — oo. Then

P(n'MISE™'(h)| > Wj| > eby) < (eba) *(RMISE(h))E(Y  W;)

< (ebn) A% O(RR*) = 0 (B.44)
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as € — oo, with b, = O(h%?) = ™70 under assumption (H). Thus, (B.36) follows
from (B.44).

Finally, we can, by (3.8), have (3.9) converging to zero in probability uniformly with
respect to h € H, by a similar argument to the proof of Theorem 3.2 (as shown for
(B.46)-(B.48)) below, the detail of which is omitted here.

Proof of Theorem 3.2. As seen in the proof of Theorem 3.1 above, the proof in the
case of 0 > 0 is similar to that for 6 = 0 under the additional assumptions (K4) and (D3).
To save space, only the proof for § = 0 in this theorem is provided below. Theorem 3.2
corresponds to Lemma B of Marron (1985, page 1018) under independent data. We only
sketch the proof of this theorem with the difference of spatial dependence highlighted.

Let 67 (z, Xj) = K(5528)—h? f(z) (we shall define & (z, X;) = K (255 f2(X;)) f9(X;)—
hef(z) in the case of § > 0). Then

fal2) = f(z) = nhd > o, X5) = fy (B.45)
J€In
and MISE(h) = dy(f£,0)(h), ISE(h) = d;(f,0)(h). First, notice the decomposition

ISE(h) — MISE(h / {fayw(z)de — / {Fay?u(
= [ (s BlPue +2 [ (fa= BR)Ef (@
E(f: — BEf)*w(z)ds =Ty + Ty + 2T5 — Ty — T,
where

(R /Za*xx _ BS (2, X Pw(z)de,

i€Zy

T, = (ah?)~ / > [0z Xi) — ES; (2, X0)][65 (2, X5) — Eoy (2, X;)w () da,

1,J€Zn,i#]
7, = / (i~ ERBfyw(w)dr = thz 2)(Efala) — [(@)uw(a)dr,
4= (x, “(z, Xi)Pw(z)dz,
T, = ( nh?) /RdEl;a Xy) — B (z, X))Pw(z)d

= (nh?)~ / > (x, Xi) — ES; (x, X;)w(w)da.

1,j€Zn,i#]

We will show that: as n — oo,

sup |

————— | — 0 wn probability, B.46
Sup MISE( )\ p y (B.46)
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et MISE< )

B
e INTrsEm
Similarly to Marron (1985, section 8, page 1019) and Marron and Hérdle (1986), by
the Holder continuity of K and f under assumptions (K1) and (D1), note that it is
straightforward to extend to the supremum over H,, in (B.46) - (B.48) if they hold for the
supremum taken over any finite set (C H,) of h whose cardinality increases algebraically
fast with the sample size, the proof of which is outlined. For this, we can take the finite
set B, C H, consisting of the end points of the sub-intervals by partitioning H,, into
|1% | sub-intervals for some Z > 0, with Card(B,) = O(n=).
Now, for (B.46), it suffices to show that

| = 0 in probability, (B.47)

| = 0 in probability. (B.48)

n= sup MISE(h)™> E|Ty — Ty|*" — 0. (B.49)
hEBn

Note that

Ty - Ty = (b)) Z; (B.50)

icZn

where ZF = [p.Yi(@)w(x)dz, with Yi(z) = (6;(z, X;) — Ed;(x, X;))* — E(6;(x, X;) —
E&;(x, X;))?. Obviously, EZ; = 0, and by the assumptions (K1), (D1) and (W), |Y;(z)| <
K?*((Xi — x)/h) + Ch¢ and hence |Z;| < Ch%. We can deal with the spatial dependence
of Z; by using the similar techniques in the proof of Lemma B.3 above to show that

E(Y_ Z)™ < Ciah® 4 Cy(ahd)"

i€Zn
+ Cs(nhd)” (PN’”h”’ + e Z ¢ (t)l_q> = O((nh)"),
t=P+1
where the last equality holds as shown in (B.40). Thus, by (B.50), it follows that
n=|MISE(h)| E|Ty — Ty[" < Ca=(@h") > E(Y _ Z;)™

iGIn
< A% (h?) "2 (AR = A% (AhY) T = 5(R) "2/ 0 (B.51)

23:? - under assumption (H), and hence (B.49) holds.

Second, for (B.47), it suffices to show that

1= sup MISE(h)?E|T3)* — 0. (B.52)
heBy

In fact, writing T} := [p4 R}(2)Ba(z)w(z)dz, with Ri(x) = 0;(z, X;) — Ed;(z, Xj)
and By(x) = Efu(z) — f() = I"Bi(z) (cf. (B.42)), we have Ts = ;> T} =
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ah" Y ier T3, where T := [L, Ri(x)Bj(x)w(z)dz. Note that ER;(z) = 0. Thus,

nhd JE€In T

2
ETy* = 0and |T7*| < C [pq |R (2)|w(z)dz < Ch?. Further, E (Zjezn TJ**> = T3, +Ts2,
where Ty, = 3.0 E(T7%)* and Ty = 35,450, cov(T7, T7). Note that E(T}7*)* =
Jra Jra ER; (2) R (y) B () B (y)w(z)w(y)dedy = O(h*?), and hence T3, = O(0h*?). Ex-
tending the derivation for the cross terms in the proof of Lemma B.3 and Gao et al.
(2008), we can have Ts 5 = O(nh??). Tt then follows that

2
0 sup MISE(h) 2E|T3* < 0 sup h¥'E (Z TJ>

h€Bn h€Bn =

< Cn= sup h¥ (ah??) < Cns(n)~ ¥+ 0 (B.53)
heBn

asn — oo when 0 < = < 2r‘i - under assumption (H), and hence (B.52) holds.

Finally, for (B.48), it suffices to show that

1= sup MISE(h)?E|Ty — Ts|* — 0. (B.54)
heBy,

Denote

Sij = /Rd(éi(ﬂs,Xi) — Edj(z, X5)) (05, (2, X;) = Eo (2, X;))w(w)dz

where K;i(z) := K(*%) — EK(£%1). Then we have

T, —Ts = (0h)) 2 Y (Siy— ESiy). (B.55)

1j€Tn i#]
2

Set gi,j = Si,j - ESiJ. Then, E (Zi,jezn,i;éj &}j) = ST + S;, where ST = Zi,jEIn,i;éj Eé?,‘]
and 53 = Zi,jeZn,i;éj Zi’,j’ezn,i’;éj’,(i,j);é(i’,j’) E¢; i y. Note that Egiz,j < C(ESiQ,j + (ESi,j)Q)a
ESij = O(h*) and ESf; < O(f [ [ [ K((x = w)/MK((z —v)/M)K((y — u)/h) K ((y -
v)/h) fij(u, v)w(z)w(y)dudvdzdy + O(h*?)) = O(h'?). Hence E¢}; = O(h*) and S =
O(n?h*?). Similarly to the proof of Lemma B.3, it can be shown that S; = O(n2h*).

2
Thus E (Zi,jezmi# fid-) = O(n%h*). Thus it follows together with (B.55) that

ﬁE Sup MISE(h’)72E|T2 — T5’2 S f]_E Sup (ﬁhd)*zO(ﬁthld)
h€Bn hEBn
< CR® sup h? < CRER 2/
heBn

as n — oo, when 0 < Z < 2d/(2r + d), under assumption (H). Therefore (B.54) holds.
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Thus, (B.49), (B.52) and (B.54) hold provided 0 < E < min{ QTid, 5ed
plete the proof of the theorem.

“ . This com-

Proof of Theorem 3.3  As seen in the proof of Theorem 3.1 above, the proof in
the case of > 0 is similar to that for § = 0 under the additional assumptions (K4) and
(D3). To save space, only the proof for 6 = 0 in this theorem is provided below, where
we note that fo(z) = fa().

The proof is easily done by applying Theorems 3.1 and 3.2. We just prove the result
for d(fa, f)(R) = d;(fa, f)(h) (we shall replace fu by fa with hg = h as above in the case
of § > 0). Let h* = arginfuey, di(fa, f)(h), then it is sufficient to show that

(i (fa, £)(h) = di(fu, £)(B")]
di(fu, £) (1)

Since d;(fu, f)(R) = di(fu, f)(h*) and CVs(h*) > CVs(h), then (B.56) will follow from

— 0 in probability. (B.56)

|dr(fa, £)(R) = di(fa, £) (") + CVs(h*) — CV5(h)]
di(fu, £)(h¥)

which, in turn, is implied by

— 0 in probability, (B.57)

(i (fas f)(h) = CVs(h) = T = (di(fu, F)(B*) = CVs(h*) = T)]

— 0 in probability.

(B.58)
Note that

CV3(h)+T = dy(fa, S)B) _ OVih) + T = dy (o () _ CVo(h) +T = dy(fn, S ()
N T Al A dilfa D)

Thus the relation (B.58) follows directly from (3.9) and (3.10). Hence, the proof is com-
pleted.

Proof of Theorem 3.4 The proof of this theorem can be done similarly to that
of Theorem 3.3 with details checked. We only give the proof for the case of distance

dr, which can be verified by showing that sup,cy. lds (o f) () —dr (fn N op(1) and

] MISE(h) )
SUDpen,, %ﬂf(w = 0p(1) as n — oo, together with Theorems 3.1 and 3.2. Here f,

and OV 5(h) with hg = h are defined in Section 3.2 and MISE(h) is in (3.6) for f,.
Here notice that the only difference between this proof and that of Theorem 3.3 is to

replace hy °K (%) in AKDE with h; = h(f(X;))~® in Theorem 3.3 by h 9K (%)

in ADKE for this theorem with h; = h(f(X;))™® and hg = h (without loss of generality).
With this in mind, note from (2.1) and (3.13) that, by Taylor’s expansion together with
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assumption (K4),

falw) = Ja(z) = = hd Z (X h S X)) = FU )R (0 (00)]
- 213 [T = i (F(X0))]
nhd Z [T, e +H(f(X) = F(X) (F(X3) = F(X)), (B.59)
where |t] < 1, ;jj(y) = y® K (uy®), and
T W (y) = doy® 'K (uwy’) + y*® Zd: K (uy’)u;oy’ " = 5y K (uy’), (B.60)

Jj=1

with K;(z) being the partial derivative of K (z) with respect to the j-th component z;
of z € RY and K*(x) = d K(z) + Z;l:l K;(2)z;. Let Di(u;g) = JXV(F(X5) + tg(X;) —
f(X3))) (9(X5) — f(X;i)). Thus, by (B.59) together with (K4) and the assumption that
SUp,es, |f(x) = f(x)] = 0 as n — oo,

[ale) = hnla)Putarao = | {nhdz }2w<x>dx

bl

- Di<Xi,f;f>Dj<X~i,;f";f>}w(x)dx

i€Zn 1,j€Ln,i#j
=[G {Z Dhs Jyui—uh) + 32 Dy PO f>w<Xi—uh>}hddu
@+ or) [ () {Z[Ji(l)(f(Xi))]Q(f(Xl) — F(X0)Pw(Xy)

~2hd Z / Sut X; h(l)(f(Xj))du (f(x3) — f(Xi))(f(Xj) - f(Xj>)w(Xi>}
1,J€Zn,i#]
= (1+0p(1)) {Dn1 + Dna}, (B.61)
where inh = Xj;Xi.
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By the assumption that Y := sup,cg, |f(x) — f(x)] = op(1) as n — oo, it is obvious
by Lemma B.4 that

Dnl 2 1/ Ilhd 1 / «( _
MISE(h) — TnMISE Z [ JPdu w(X;) = op(1), (B.62)

where MISE(h) is given in Lemma B.4 for f,(z), and op holds uniformly with respect
to h € H, by assumption (H).

Also, by the assumption that T, := sup,cg, |f(x) — f(x)| = op(1) together with the
bounded supports for K(-) and w(-) in assumptions (K1) and (W),

Do = > | 5 e O (X5 + h X)) du
lJeIn i#j
X (f(Xi) — FX)(f(X: + hinh) — f(X + hXjin))w(Xi)
—OP Zhd Z /J* u+X h( )(f(X,—i-hXth))du UJ(X1>
1,j€Tn,i#]
1 " "
—or(Ugs 3 [ HOGOx, V) ()
1,J€Zn,i#j
1 * *
o > [ x0Ty ) (X
i € Tm i)
1 1
B
i € Tn i] €T i
= OP(l) {Dn21 + Dngg} s (BGS)

where J: U (y) = sy®1K*(uy?), defined in (B.60), and

Dy = / e D) T D (X))t w0(X5).

Then for Dy, we can easily apply Lemma B.3 with &; = Doji — EDyji to obtain

2 2
1 1 .y 1
EDgy = E {W E ﬁji} = {ﬁth} O@*h’) =0 <ﬁ2hd) ;

1,j€In,i#j

hd/2
Dpo1 = — . B.64
u=0r (55) (B.64)

Now for Dus, letting Jis(u) = J;, x, ;" (f (Xi))w(Xi) and Joj(u) = T3, ., D (F(X))),
we note that

and hence

EDyj = / leov(Jas (1), Jog(w)) + By () E-Jog ()] s
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Hence
1 1
Dpzo = / [W B Z .COV(Jli(U)a Joj(u)) + Eerei Z 'EJ1i<U>EJ2j<U> du
1,j€Tn,i#j 1,j€Zn,i#]
~ [ Duana(w) + Duz(w] du (B.65)
It is easy to show that

Bl ()" < CH(f (=) 00 D), Bly(u)[? < ON(f(—u)) @0

)

and by Lemma B.1, |cov(Jii(w), Jo(w))| < (E|Ji(w)|)/1(E]J5(w)|) /90! =2/4(][j —1]]) for
q > 2, and ICOV(Jh( ), Jos ()| < (E| () ?)/2(E| Jo5(u)[*)'/2. Thus

Dan ()] = () D () gy S O(hY)

1,j€Tn,0<||i—j||<P

1
ds—1)(q— d - .
+ (f(—u))?- Dl 1)/qw”q(—U)f12 =Y omM e (|5 — )

1

= (F (=)@ w () PR O ()
4 (f(_u))2(d5—1)(q—1)/qw1/q(_u>ﬁ21hdﬁ i tN—1¢1—2/q(t)O(h2d/q)
t=P+1
hd/2
= O(—)w'*(—u) + w'/1(~u)], (B.66)

which easily follows by taking P = h~%(2N) together with assumptions (D1) and (D3).
Moreover, by noticing that [ K*(z)dz = 0 and assumptions (W), (D1) and (D3), we have

EJii(u) = EJ*+X/h )(f(Xi))w(Xi)
= E§ f (X)) K ((u+ Xi/h) f2(X5))w(X;)

=6 [ DK (et af0) 1 )le) f o)

= 6h* / FP(@h —u)K* (zf (xh — u))w(ch — u)dz

= (1 o))k [ £ (ah — WK (e (oh — ) ~ 15K (o ()l

= (o u(—u)ah? [ 72 (Fah = w) = J;*(F(-u)lde = w(-w)O(™), - (B67)

the last equality of which follows by a similar argument to (B.30), where J}*(y) =
y® K*(zy°). Similarly to (B.67), EJy(u) = O(h¢*"). Thus together with (B.64), (B.65)
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and (B.66), it follows from Lemma B.4(ii) that Dysi + Daze = O(%2) + O(h¥+?7) =
O(hY2)MISE(h), where MISE(h) is given in Lemma B.4 for f,(x). Hence, by (B.63)
with a similar argument to that in the proof of Theorem 3.2, we have

DnZ
Ssu _—
nern MISE(h)

Finally it follows from (B.61), (B.62) and (B.68) that
[ (Fn(@) = fal)w(x)da

— op(1). (B.68)

hseu}gt)n MISE(h) = op(1). (B.69)
By (B.69) together with Theorem 3.2, it easily follows that
i (Far £)(B) = di(fu, )(B)] _ di (far £)(B) = di(fu, F)(B)] _
nettn MISE(h) =orlt b di(fur F)() =orll)
(B.70)

Now we are showing supjcqy. W = op(1) as n — oo, which, by (B.70), is
equivalent to showing

[CVs(h) — CVs(h) — (ISE(h) — ISE(h))|

Cn := sup

heHn MISE(h)
B |CVs(h) —ISE(h) — T — (CVs(h) — ISE(h) = T)|
= hseuﬁn MISE(h) =op(1), (B.71)

where ISE(h) = d;(fn,f)( h) and ISE(h) = d;(fa, f)(h). By (B.34), in order to have
(B.71), it suffices to show that

|ﬁ(ﬁ2—1) Zi,jeZn,i;éj(Ui,j - Ui,j)|
Cn = sup

Sup MISE() = op(1), (B.72)

where recall we put hy = h/[f?(X;)] with hg = h, and

§ ! Xi— X i) — i Xi—w z)w(x)dr — Dw(X;
Uiy 1= 1K) = [ 2 KD @t — FGu()

+ » f(2)*w(z)dx.

Recalling the definition of U;; in (B.31), it follows that
2

—— Y (Ui — Ui
a(n—1) ivjezn,iyéj( )
o 2 § * £5 ) . 7* 0 i .
- n(a- Uhd §§€ T i) [inng () JXi;Xj U (Xl))} )

e o[ P (P00 = T (P00 w0 (2)de

1,j€Ln,i#]
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= Cnl(h) - Cn2(h) <B73)

It follows from (B.59) together with (3.1) and the assumption sup,cg,_ |f(x)
op(1) that, for some [t| < 1,

— f(a)] =

LS a0 + A — FO) (PO — P w(X)

2
n h = T 7= N1
C 1( ) n<n_ 1)h T -
2 1 . cp
= ST 2 W O0)  HFOG 4 hX) — FOG + X))
1j€Tn j#i

X (f(Xj + hXij) — F(XG + h X)) w(X;)

2 1 «
= 0P(1)nm Ue%ﬁ[u’xijh( M) w(XG),

(B.74)

and similarly,

(B.75)

Then, by (B.74) and (B.75),

Car () = Canl) = 0p(1) =1 {n_l 3 i D) (X;)
i€y JELn j#1

- UL Ou @@ | B

Let Ji = [, " (f(Xi)]w(X;) and J; = f[J%%(l)(f(Xi))]w(x)f(x)dlﬂ Set x-(t) =

Jra €T K*(u)du. Then note that
) ) X — X,
sy =ar o (KR ) uix

_ §do-1 1\ —ot T p8 ()
=arm06) (52 ) [ T S e (e w(x)

_5(217T> Rdf ( ) LtX/hw (t/fa(Xl)) €Lthj/h’w(Xj)dt

1 I * *
s (%> p /R Tlt) Tyt
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where Ji5(t) = f~1(Xi)e ™ Xihge (ht/ f0(X;)) and J3(t) = e Xiw(X;), and similarly

1\¢
=5 —) h? “(t) EJ5(t)dt.
Jl (27T> /Rd Jll( ) J2_]( )
Thus it follows from (B.76) that

cnl(h)—cng(h):op(l)ﬁﬁil ( ) ZY U J5 (1) sz(t)—EJg‘j(t))dt]

i€Ty JEIn j#1

— op(1)26 <%) / [nhdn S () - Bl + Egij@))] i, (BT

i€Ty JEIn j#i

where &;(t) = h®J5(t) (J5(t) — EJ3;(t)). Then, similarly to (B.64), by Lemma B.3, we
can show that

Con) = [ [nhdn_lz > (€l E&-(t))] w-or(52). ®w

i€Zn j€In j#i1

and, similarly to (B.37), we can show

1
Coz(h) = /]Rd [nhdn -1 Z Z Béi(t)

1€Tn jJEIn ,j#i
1
= Ty / cov(J3(t), Ja;(t))dt
1,j€Zn,j#i
d N d N-1 hd/2
C’n—hdn_lh aPY +nh~ ;k: o(k) :op(ﬁ—hcl), (B.79)

by taking PN = O(h~%2). It follows from (B.77), (B.74) and (B.75) that Cy1(h)—Cna(h) =
O(h*?)MI1SE(h), where MISE(h) is given in Lemma B.4 for f,(z). Hence, by a similar
argument to that in the proof of Theorem 3.2, we have

ICa1(h) — Cn2(h)|
o MISE(h) or(1),

by which, together with (B.73), we can easily see that (B.72) and hence (B.71) hold true.
The proof is done.

B3 Supplementary figures and table
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Figure B.1: Boxplots of optimal ISE, ASE and MISE values with kernel and adaptive
kernel density estimates for 100 simulations of different sample sizes of (my,ms): (a)
(my, mg) = (25,10), (b) (mq,mz2) = (20,20), (c) (my,mq) = (50,50) and (d) (mq,ms) =
(100, 100).
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Figure B.2:  Boxplots of optimal bandwidths h or hy under ISE, ASE and MISE, re-
spectively, with kernel and adaptive kernel density estimates for 100 simulations of dif-
ferent sample sizes of (mq,ms): (a) (my,me) = (25,10), (b) (my,my) = (20,20), (c)
(m1,me) = (50,50) and (d) (my, ma) = (100, 100). The horizontal lines are for the MISE-
optimal bandwidths of h and hg for the non-adaptive KDE and the AKDEs with the
pilots of CV- and SJ-based KDEs and oracle (true) density, respectively.
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Histograms of Ryr’s and Rga’s, respectively, for the C'V selected hg in the

adaptive bandwidth of the CV, SJ and oracle pilot estimates with 100 simulations of
different sample sizes of (my,ms): (a) (mq,ms) = (25,10), (b) (mq,m2) = (20,20), (¢)
(mq, mg) = (50,50) and (d) (mq,mg) = (100, 100).
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Table B.1: The real elapsed time for bandwidth selection run in R by a Dell Precision
7520 laptop of COREi7. Note: H0.SJ is a shorthand notation for H0.CVSJ, denoting spatial CV
for hy in the AKDE with a pilot density estimate by a SJ (plug-in) h; HO.CV is a shorthand notation
for HO.CVCYV, denoting spatial CV for hg in the AKDE with a pilot density estimate by a CV h; H.CV

denotes a CV for h in the (non-adaptive) kernel density estimate.

Method sample size elapsed time (in seconds)

HO.SJ m1*m2=20*20=400 2.12
m1*m2=50*50=2500 22.75
m1*m2=100*100=10000 106.39

HO0.CV m1*m2=20*20=400 2.17
m1*m2=50*50=2500 15.69
m1*m2=100*100=10000 108.01

H.CV m1*m2=20*20=400 2.50
m1*m2=50*50=2500 10.96
m1*m2=100*100=10000 50.59
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