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Kernel density estimation for directional-linear data

Eduardo Garcia—Portugués'?, Rosa M. Crujeiras’ and Wenceslao Gonzalez—Manteiga'

Abstract

A nonparametric kernel density estimator for directional-linear data is introduced. The
proposal is based on a product kernel accounting for the different nature of both (directional
and linear) components of the random vector. Expressions for bias, variance and mean integrated
square error (MISE) are derived, jointly with an asymptotic normality result for the proposed
estimator. For some particular distributions, an explicit formula for the MISE is obtained and
compared with its asymptotic version, both for directional and directional-linear kernel density
estimators. In this same setting a closed expression for the bootstrap MISE is also derived.

Keywords: Directional-linear data; Kernel density estimator; Nonparametric statistics.

1 Introduction

Kernel density estimation, and kernel smoothing methods in general, is a classical topic in non-
parametric statistics. Starting from the first papers by Rosenblatt (1956) and Parzen (1962), ex-
tensions of the kernel density methodology have been brought up in different contexts, dealing with
other smoothers, more complex data (censorship, truncation, dependence) or dynamical models
(see Miiller (2006) for a review). Some comprehensive references in this topic include the books by
Silverman (1986), Scott (1992) and Wand and Jones (1995), among others.

Beyond the linear case, kernel density estimation has been also adapted to directional data, that
is, data in the g—dimensional sphere. Hall et al. (1987) define two type of kernel estimators and
give asymptotic formulae of bias, variance and square loss. Almost simultaneously, Bai et al. (1988)
established the pointwise and uniformly strong consistency, and £; consistency of a quite similar
estimator in the same context. Later, Zhao and Wu (2001) stated a central limit theorem for the
integrated square error of the previous kernel density estimator based on the U—statistic martingale
ideas developed by Hall (1984). Some of the results by Hall et al. (1987) were extended by Klemela
(2000), who studied the estimation of the Laplacian of the density and other types of derivatives.
All these references consider the data lying on a general g—sphere of arbitrary dimension ¢, which
comprises as particular cases circular data (¢ = 1) and spherical data (¢ = 2). For the partic-
ular case of circular data, there exist more recent works dealing with the problem of smoothing
parameter selection in kernel density estimation, such as Taylor (2008) and Oliveira et al. (2012).
Di Marzio et al. (2011) study the kernel density estimator on the g—dimensional torus, and pro-
pose some bandwidth selection methods. Recently, a more general approach has been followed by
Pelletier (2005) and Henry and Rodriguez (2009), who present a wider but more complex setting
considering data in generic Riemannian manifolds. Nevertheless, the original approach seems to
present a good balance between generality and complexity.

The aim of this work is to introduce and derive some basic properties of a joint kernel density
estimator for directional-linear data, i.e. data with a directional and a linear component. This type
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of data arise in a variety of applied fields such as meteorology (wind direction and wind speed),
oceanography (in the study of sea currents) and environmental sciences, among others. As an
example, such an estimator has been used by Garcia-Portugués et al. (2012) for studying the rela-
tion between pollutants and wind direction in the presence of an emission source. Specifically the
asymptotic properties of the directional-linear kernel density estimator derived in this work include
the bias, variance and asymptotic normality. As a by-product, the Mean Squared Error (MSE)
and Mean Integrated Squared Error (MISE) follow, as well as the expression for optimal AMISE
bandwidths. In addition, for a particular class of densities consisting of mixtures of directional von
Mises and normals, it is possible to compare the AMISE with the exact MISE. These results have
been also obtained for the purely directional case, considering mixtures of von Mises distributions
in the g—dimensional sphere.

This paper is organized as follows. Section 2 presents some background on kernel density estimation
for linear data, directional data (Subsection 2.1) and the proposed estimator in the directional-linear
context (Subsection 2.2). The main results of this paper are included in Section 3, where the bias,
variance and asymptotic normality for the proposed kernel estimator are derived. Section 4 is
focused in the issue of error measurement and expressions for the AMISE of the estimator and the
exact MISE for particular cases of mixtures are obtained, both in the directional and directional—
linear contexts. Conclusions and final comments are given in Section 5. The proof of the results
and some technical lemmas are given in the Appendix.

2 Background

This section is devoted to a brief introduction on kernel density estimation for linear and directional
data. For the sake of simplicity, f will denote the target density along the paper, which may be
linear, directional, or directional-linear, depending on the context.

Let Z denote a linear random variable with support Supp(Z) C R and density f. Consider

Z1, ..., 2, a random sample of Z, with size n. The linear kernel density estimator introduced
by Rosenblatt (1956) and Parzen (1962) is defined as

fg(z)zliK<z_Zi>, Z€R, (1)

9

where K denotes the kernel, usually a symmetric density about the origin, and g > 0 is the band-
width parameter, which controls the smoothness of the estimator. Specifically, large values of the
bandwidth parameter will produce oversmoothed estimates of f, whereas small values will provide
undersmoothed curves. The asymptotic properties of this estimator and its adaptation to different
contexts yielded a remarkably prolific field within the statistical literature, as noted in the intro-
duction.

It is well known that under some regularity conditions on the kernel and the target density, the
bias of the estimator (1) is of order O(g?), whereas the variance is O((ng)~!), clearly showing the
need of accounting for a trade-off between bias and variance in any bandwidth selection procedure.
Specifically, the expected value of the linear kernel estimator at z € R is:

E [f,(2)] = £(2) + Grma(K) " (2)g* + o (e?)

where p,(K) = [ 2PK(z) dz represents the p-th moment of the kernel K. Similarly, the variance
of (1) at z € R is given by:

Var | fy(2)] = (ng) " RIK)f(2) + 0 (ng) ™) ,



where R(K fR K?(z)dz. Further details on computations for the linear kernel density estimator
can be found in Sectlon 2.5 of Wand and Jones (1995).

As previously mentioned, kernel density estimation has been adapted to different context such as
directional data, that is, data on a g—dimensional sphere, being circular data (¢ = 1) and spherical
data (¢ = 2) as particular cases. In the next sections, the directional kernel density estimator will
be revised, and a directional-linear estimator will be introduced.

2.1 Kernel density estimation for directional data

Let X denote a directional random variable with density f. The support of such a variable is the
g-dimensional sphere, denoted by (), = {x e R+ . a:% + -+ mg 1= 1}. The Lebesgue measure
in 4 will be denoted by w, and, therefore, a directional density satisfies

f(x)wq(dx) = 1.
Qq

Remark 1. When there is no possible misunderstanding, wq, will also denote the surface area of )q:

271'%
wq:wq(Qq):F<q+l>’ QZL
2
where T represents the Gamma function defined as T'(p f 2P~ te=%dx, forp > —1.

The directional kernel density estimator was proposed by Hall et al. (1987) and Bai et al. (1988),
following two different perspectives in the treatment of directional data. In this paper, the definition
in Bai et al. (1988) will be considered, although it can also be related with one of the proposals in
Hall et al. (1987). Given a random sample Xy, ..., X, of a directional variable X with density f,
the directional kernel density estimator is given by:

fh o Ch,q Z (1 —XTX > . xe Qq, (2)

i=1

where L is the directional kernel, h > 0 is the bandwidth parameter and cj 4(L) is a normalizing
constant depending on the kernel L, the bandwidth h and the dimension q. The scalar product of
two vectors, x and y, is denoted by x”y, where T is the transpose operator.

In this setting, directional kernels are not directional densities but functions of rapid decay. There-
fore, to ensure that the resulting estimator is indeed a directional density, the normalizing constant
ch,q(L) is needed. Specifically (see Bai et al. (1988)), the inverse of this normalizing constant for
any x € (), is given by

-1 1-x"y q q

Chg(L)™" = ; L 2 we(dy) = hIXpq(L) ~ hIXN (L), (3)
q

with Ay g(L) = wo1 [2* Lr)ré=2(2 — rh2)Ldr and A(L) = 28w,y [ L(r)r$~1dr. The

asymptotic behaviour of Aj, 4(L) is established in Lemma 1 and the notation a, ~ b, indicates that

3> — L asn — oo (see also Bai et al. (1988) and Zhao and Wu (2001)).

Properties of the directional kernel density estimator (2) have been analyzed by Bai et al. (1988),
who proved pointwise, uniform and £;—norm consistency. A central limit theorem for the integrated
squared error of the estimator has been established by Zhao and Wu (2001), as well as the expression
for the bias under some regularity conditions, stated below:



Conditions:

D1. Extend f from €, to R7™1\ {0} by defining f(x) = f (ﬁ) for all x # 0, where ||-|| denotes

T
the Euclidean norm. Assume that the gradient vector V f(x) = (agil), - g’i}%) and the
Hessian matrix Hf(x) = ( gx{ ‘fg;i)lgi,quﬂ exist, are continuous on RY™H\ {0} and square

integrable.

D2. Assume that L : [0,00) — [0,00) is a bounded and Riemann integrable function such that

oo
0</ Lk(r)r%_ldr<oo, Yg>1, fork=1,2.
0

D3. Assume that h = h,, is a sequence of positive numbers such that h, — 0 and nhi — oo as
n — oo.

Remark 2. L must be a rapidly decreasing function, quite different from the bell-shaped kernels K
involved in the linear estimator (1). To verify D2, L must decrease faster than any power function,
since [y° rer:~ldr = 0o, YVa € R, Vg > 1.

Lemma 2 in Zhao and Wu (2001) states that, under the previous conditions D1-D3, the expected

value of the directional kernel density estimator in a point x € €}, is

E | fa(x)| = F(x) + b (L)W (£, x)h + 0 (h?),
where

U(f,x) ==x"Vf(x)+q " (V2f(x) - x"Hf(x)x), (4)

by(L) :/OOOL(r)rgdr//Ooo Loyt —tr, (5)

being V2f(x) = Z'Hl o f(x the Laplacian of f. Note that the bias is of order O(h?), but in (4),

apart from the curvature of the target density which is captured by the Hessian matrix, a gradient
vector also appears. On the other hand, the scaling constant by(L) can be interpreted as a kind
of moment of the directional kernel L. Note that, condition D2 with £ = 1 is needed for the bias
computation. The same condition with & = 2 is required for deriving the pointwise variance of the
estimator (2), stated in the following result.

Proposition 1. Under conditions D1-D3, the variance of fh(x) at x € €y 15 given by

Ch,q(L)
n

dy(L) = /0 L2yt tar / /0 Lyrd!

Regarding the normalizing constant expression (3), the order of the variance is O ((nhq)*l), where
q is the dimension of the sphere. This order coincides with the corresponding one for a multivariate
kernel density estimator in R? (see Scott (1992)).

Var [fh(x)} = de(L)f(x)+ 0 ((”hq)il) ’

where



A popular choice for the directional kernel is L(r) = e™", r > 0, also known as the von Mises kernel
due to its relation with the von Mises—Fisher distribution (see Watson (1983)). In a g—dimensional
sphere, the von Mises model vM (u, k) has density

q—1

Forr(x: 1, 5) = Colr) exp {wx"p},  Cylk) = —p—, (6)
M (X5 p {rx' p} o T Tua ()

being p € Q, the directional mean and x > 0 the concentration parameter around the mean. In
Figure 1 (left plot), the contour plot of a spherical von Mises is shown. Z, is the modified Bessel
function of order v,

(%)V /1 2\w—1 2t
Z,(z) = 1 —t*)""2e* dt.
() ml/2T (l/ + %) —1( )i

For the particular case of the target density being a g—dimensional von Mises vM (u, k), the term
(4) in the bias computation becomes:

W (furr (5 1, 1), %) = KCy(R)E™ H (—x kg (1= (")) -

As k — 0, which means that the distribution is approaching a uniform model in the sphere, the
previous term also goes to zero.

Considering the von Mises kernel in the directional estimator (2) allows for its interpretation as a
mixture of g—von Mises—Fisher densities
. 1 &
Fn() == forr (x:X3,1/0%) (7)
i=1

where, for each von Mises component, the mean value is i—th observation X; and the concentration
is given by #, involving the smoothing parameter.

Figure 1: Left: contour plot of a von Mises density vM (u, k), with g = (0,0,1) and x = 1. Right: contour
plot of a mixture of von Mises densities (14).

In addition, the normalizing constant (3) appearing in the construction of the directional kernel
estimator (2) has a simple expression for a von Mises kernel, given by:

ors (! -1
)™ = 2 [ e { Tt fammta= oy ), ®)
0



with Cy given in (6).

For a general kernel, the asymptotic behaviour of ¢ 4(L)™! was remarked in (3) and it can be
specified for the von Mises kernel. In this case, (8) depends on Cy(x), which involves a Bessel
function of order (¢ — 1)/2. Applying a Taylor expansion for Z,, it can be seen that Z,(z) =

_1
e? (‘i/% +0 (z_%) , 2> 0and c4(L)~! presents also a simple form:

chg(L)™ = (2m) T e R pILenz (\/}L o (h3)> = (2m)? b1+ O (hT+2)

s

Finally, the other terms involved in bias and variance, namely by(L) and d4(L), become

by(L) = 5, dg(L) =272, Vg >1

4
2
for the von Mises kernel. The proofs of these results are collected in Lemma 3.

2.2 Kernel density estimation for directional-linear data

Consider a directional-linear random variable, (X, Z) with support Supp(X, Z) C Q4 x R and joint
density f. For the simple case of circular data (¢ = 1), the support of the variable is the cylinder.
Following the ideas in the previous sections for the linear and directional cases, given a random

sample (X1,71),...,(X,, Z,), the directional-linear kernel density estimator can be defined as:
A B Ch7q(L) - 1-— XTXl' z — Zi
Sng(x:2) = =7 = ;LK ) ®D)EQUxER, (9)

where LK is a directional-linear kernel, g is the bandwidth parameter for the linear component, h
the bandwidth parameter for the directional component and ¢y, 4(L) is the normalizing constant for
the directional part, defined in (3). For the sake of simplicity, a product kernel LK (-,-) = L(-) x K (+)
will be considered along this paper. Although a product kernel formulation has been adopted, the
results could be generalized for a directional-linear kernel, with the suitable modifications in the
required conditions.

In the next section, expressions for the bias, variance and asymptotic normality of the estimator in
(9) will be given. The proofs of these results can be seen in the Appendix.
3 Main results

Before stating the main results, some notation will be introduced. The target directional-linear
density will be denoted by f. The gradient vector and Hessian matrix of f, with respect to both
components (directional and linear) are defined in this setting as:

of(x, z) of(x,z) Of(x,z

Vix,2) = ( ))T (Vi (%,2), Vo f(x,2))" .

dxy 7 Oxgy T 0z
*f(x,2) Pf(x2) | 9%f(x.2)

0x? T 9110z441 0210z

: g : : Haf (x,2) | Hxof(%,2))
HI(x2) = | o : | = Bjes
) f(x,2) 0% f(x,2) | 0°f(x,2) T ’

8%q+18§c1 8x(21+1z 8xq+1gz \HX’Zf(X’ 2) ‘ H.f(x,2) /
Pfxz) . 9Pf(x2) azf(xz)/

02011 020xq+1 022



where subscripts x and z are used to denote the derivatives with respect to the directional and linear
components, respectively The Laplacian of f restricted to the directional component is denoted by

V2 flx,z) = Zq+1 92 f XZ )
The following conditions will be required along this section.

Conditions:
DL1. Extend f from Q, x R to RI"2\A, A = {(x, z) ERIT2: x = 0}, by defining f(x,z) =
f (ﬁ,z) for all x # 0 and z € R, where ||-|| denotes the Euclidean norm. Assume that

Vf(x,z) and Hf(x,z) exist, are continuous and square integrable.

DL2. Assume that the directional kernel L satisfies condition D2 and the linear kernel K is a
symmetric around zero and bounded linear density function with finite second order moment.

DL3. Assume that h = h,, and g = g, are sequences of positive numbers such that h,, — 0, g, — 0
and nhg, — oo as n — oo.

The next two results provide the expressions for the bias and the variance of the kernel density
estimator (9).

Proposition 2. Under conditions DL1-DL3, the expected value of the directional-linear kernel
density estimator (9) in a point (x,z) € Q4 x R is given by

E | fng(%,2)] = F(%2) + bo(L)Ux(f, %, 2) + %ug(K)HZf(x, 2%+ 0 (h2) + 0 (¢%)

where

\I/x(fa X, Z) = _XTvxf(Xa Z) + qil (Vif(x, Z) - XTHXf(X7 Z)X) :
Proposition 3. Under conditions DL1-DL3, the variance for the directional-linear kernel density
estimator (9) in a point (x,z) € Q4 x R is given by

Var [fh,g(x, z)} = Ch’TqL;L)

In view of the previous results, some comments must be done. Firstly, the effects of the directional
and linear part can be clearly identified. For the bias, marginal contributions appear as two ad-
dends and also the remaining orders from each part are separated. For the variance, the terms
corresponding to both parts can be also identified, although turning up in a product form. In
addition, the respective orders for bias and variance are analogous to those ones obtained with a
(g + 1)-multivariate estimator in R4 (see Scott (1992)).

R(K)dy(L)f(x,2) + o ((nhig)™").

It can be also proved that the directional-linear kernel density estimator (9) is asymptotically
normal, under the same conditions as those ones used for deriving the expected value and the
variance, and a further smoothness property on the product kernel.

Theorem 1. Under conditions DL1-DLS3, z'f/ / LEK?%0 (r,v) r3 Y dvdr < oo for some § > 0,
o JRr

then the directional-linear kernel density estimator (9) is asymptotically normal:
p . P d
Vg (frg(x,2) = (%, 2) = ABias [ fag(x, 2)] ) =5 N (0, RUK)dy(L)f(x. ),

pointwise in (x,z) € Qq x R, where ABias {fh,g(x, z)} = by(L)Ux(f,x,2)h? + Lo (K)H. f(x,2)g°

The smoothness condition on the directional-linear kernel is required in order to ensure Lyapunov’s
condition and obtain the asymptotic normal distribution. Again, the effect of the two parts can be
identified in the previous equation, as well as in the rate of convergence of the estimator.



4 Error measurement and optimal bandwidth

The analysis of the performance of the kernel density estimator requires the specification of appro-
priate error criteria. Consider a generic kernel density estimator f , which can be linear, directional
or directional-linear. A global error measurement for quantifying the overall performance of such
estimator is given by the Mean Integrated Squared Error (MISE):

MISE ()] = [ B[(F0) - £()?] du.

The MISE can be interpreted as a function of the bandwidth and its minimization yields an optimal
bandwidth in the sense of the quadratic loss.

For the linear kernel density estimator (1) and under some regularity conditions (see Wand and
Jones (1995)), the MISE is given by:

MISE [,()] = a(K)? R(7)g" + (ng) ™ RUK) + 0 (ng) ™) .

The asymptotic version of the MISE, namely the AMISE, can be used to derive an optimal band-
width that minimizes this error. This optimal bandwidth is given by

[ ORK) F
gaNIsE = [M(K)?R(f”)n]

Although the previous expression does not provide a bandwidth value in practice, given that it
depends on the curvature of the target density R(f”), some interesting issues should be noticed.
For instance, the order of the asymptotic optimal bandwidth is O(n~1/%). Also, this result is the
starting point of more sophisticated bandwidth selectors such as the ones given by Sheather and
Jones (1991) and Cao (1993). A comparison of the performance of different bandwidth selectors can
be found in Cao et al. (1994), whereas Jones et al. (1996) povide a review on bandwidth selection
methods.

In the previous sections, the bias and variance for the directional kernel estimator (see Zhao and
Wu (2001) for the bias and Proposition 1 for the variance) and for the directional-linear kernel
estimator (Propositions 2 and 3) were obtained. Hence, it is straightforward to get the MSE and
MISE for these estimators.

Proposition 4. Under conditions D1-D3, the MISE for the directional kernel density estimator
(2) is given by

MISE [£10)] =bu(E? [ 050 nt + P2 1) 4o (o) ).

q

Following Wand and Jones (1995), MISE {fh()] = AMISE {fh()} + o ((nh?)~'), providing

AMISE [ fh()] a suitable large sample approximation that allows for the computation of an optimal

bandwidth with closed expression, minimizing this asymptotic error criterion.
Corollary 1. The AMISE optimal bandwidth for the directional kernel density estimator (2) is
given by

) _ qdq(L) o
AMISE 4bg(L)2Xg(L)R(Y(f,-))n 7

where R(W fQ x)2wy(dx) and A\g(L) = 2%71wq_1 I L(r)yrstdr.



Expressions for MISE and AMISE can be also derived for the directional-linear estimator. In
order to simplify the notation, in general, I [¢(-,-)] = quxR (%, 2) wg(dx) dz, for a function ¢ :
Qg xR —R.

Proposition 5. Under conditions DL1-DL3, the MISE for the directional-linear kernel density
estimator (9) is given by

MISE [ g ()] =ba(LT [Wx(f,o, ] o (KL [ o
T by (D) paa(B)T [ (f -, YH T (N W20 + %;’Lf)dq@m(m T o((nhig) ™).

Unfortunately, it is not straightforward to derive a full closed expression for the optimal pair of
bandwidths (h, g)amisg, although it is possible to compute them by numerical optimization. How-
ever, such a closed expression can be obtained for the particular case ¢ = 1, where the circular and
linear bandwidths can be considered as proportional.

Corollary 2. Consider the parametrization g = fh. The optimal AMISE pair of bandwidths
(h, g)amise = (hamise, Bhamise) can be obtained from

1

(q +1)dg(L)R(K) ] T
ABNG(L)R(bg(L) U (f, ) + B pa(K)VHf(,))n|

haMISE = [

2 2 2
where R(bq(L)\IIX(f7 ) ) + %MQ(K)HZf(’ )) = qux]R (b‘Z(L>\IjX(fa X, Z) + %MQ(K)HZf(Xﬂ Z))
wq(dx) dz and \g(L) is defined as in the previous corollary. For the circular—linear data case (¢ = 1),
the parameter B is given by:

1
ﬁ = iuQ(K>ZI [Hzf(; )2] ‘
bq(L)QI [qu(fa "y )2]
Despite a formal way for deriving the orders of the AMISE bandwidths has not been derived, a quite
plausible conjecture is that for ¢ > 1, (h,g)amisE = ((’) (nil/(“q)) ,O (n*1/5)) or, equivalently,
that B =6, =0 (n_(q_l)/(5(4+q»). Indeed, this is satisfied for ¢ = 1.

Finally, it is interesting to note that considering g = h, a single bandwidth for the kernel estimator
(9) is required, having the optimal bandwidth under this formulation order O (nil/ (5+q)). This
coincides with the order of the kernel linear estimator in R?, with p = dimQ, x R = ¢ + 1.

4.1 Some exact MISE calculations

Closed expressions for the MISE for the directional and directional-linear estimators can be obtained
for some particular distribution models, and they will be derived in this section. In the linear setting,
Marron and Wand (1992) obtained a closed expression for the MISE of (1) if the kernel K is a normal
density and the underlying model is a mixture of normal distributions. Specifically, the density of
an r—mixture of normal distributions with respective means m; and variances O'j2~, forj=1,...,r
is given by

T T
Fo(2) =) pido; (z—my), > pi=1, p; >0,
j=1 j=1



where pj, j = 1,...,r denote the mixture weights and ¢, is the density of a normal with zero mean

22
and variance o2, i.e., ¢, (2) = —A—e 202. Marron and Wand (1992) showed that the exact MISE

2o
of the linear kernel estimator is

MISE [,()] = (2¥gn) " +B7 [(1 - n~)922(9) ~ 221(9) + R0(9)] p. (10)

where p = (p1,...,p,)" and Q,(g) are matrices with entries Q,(9) = (g, (mi — m;))is Oa =

1

(a92+a§+0]2~>§, fora=0,1,2.

Similar results can be obtained for the directional and directional-linear estimators, when consid-
ering mixtures of von Mises for the directional case, and mixtures of von Mises and normals for
the directional-linear scenario (see Figure 2 for some examples). For the directional setting, an

r—mixture of von Mises with means p; and concentration parameters r;, for j = 1,...,r is given by
Zp]va X I‘L])K/] Zp] =1, Dj > 0. (11)
7j=1

Consider a random sample Xy,...,X,, of a directional variable X with density f, (see Figure 1,

right panel). The following result gives a closed expression for the MISE of the directional kernel
estimator.

Proposition 6. Let f, be the density of an r—mizture of directional von Mises (11). The exact
MISE of the directional kernel estimator (2), obtained from a random sample of size n, with von
Mises kernel L(r) =e™" is

MISE [ ()] = (Dy(h)n) ™" + BT [(1 = n~")@a(h) — 281(1) + To(h)] p. (12)

where p = (p1,...,py)" and Dy(h) =C, (1/h2)2 Cy (2/h2)_1. The matrices ¥a(h), a =0,1,2 have
entries:

‘I’O(h) — ( C‘I(K]i)CQ(Hj) ) ,

Cy (||wie; + rjm;]])

/{Jpr,]-
Wl(h)zcg(l/h2)< e ””/ Cq (Ie/12 + rapui] ] Q(dx)).’

Wy(h) =C, (1/)° (qu(m)cq(ffj)/Q

q

(G (/8 + gl ) Co (/8 + s [)] wq<dx>) |
i

where Cy is defined in equation (6).

The matrices involved in (12) are not as simple as the ones for the linear case, due to the convolution
properties of the von Mises density. For practical implementation of the exact MISE, it should be
noticed that matrices Wo(h) and ¥ (h) can be evaluated using numerical integration in g—spherical
coordinates. For clarity purposes, constants Cy(k;) are included inside matrices Wa(h), ¥1(h) and
Wo(h) but it is computationally more efficient to consider them within the weights, that is, take

P = (P1Cqy(K1), -, prCy(kr)).

From Proposition 6, it is easy to derive an analogous result for the case of a r—mixture of directional—-
linear independent von Mises and normals:

fr(x ijva X; pbj, Kj)bo, (2 ij =1, p;>0. (13)

7j=1

10
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Figure 2: From left to right: circular-linear mixture (15) and corresponding circular and linear marginal
densities, respectively. Random samples of size n = 200 are drawn.

Proposition 7. Let f,. be the density of an r—mixzture of directional-linear independent von Mises
and normals densities given in (13). For a random sample of size n, the exact MISE of the

directional-linear kernel density estimator (9) with von Mises—normal kernel LK (r,t) = e " X

¢1 (t) 18

MISE [fh,g('a )} = (Dq(h)%%gn)*l

+p" [(1—n ") Wa(h) 0 Qa(g) — 2¥1(h) 0 Q1 (g) + To(h) 0 Qo (9)] P,

where o denotes the Hadamard product between matrices and the involved terms are defined as in
Proposition 6 and equation (10).

Once the exact MISE and the AMISE for mixtures of von Mises and normals are derived, it is
possible to compare these two error criteria. To that end, let consider the following directional
mixture

%vM ((1,09)),2) + %vM ((04,1),10) + %UM ((=1,04),2), (14)

where 0, represents a vector of ¢ zeros, and the directional-linear mixture
2 1 2 1
5-/\[ (Oa 4> x oM ((17 OQ))7 2) + gN(l, 1) x oM ((0(17 1)7 10) + gN (27 1) x oM ((_170(1)7 2) : (15)

Figure 3 shows the comparison between the exact and asymptotic MISE for the linear, circular and
spherical case. As first noted by Marron and Wand (1992) for the linear estimator, there exists
significative differences between these two errors, being the most remarkable one the rapid growth
of the AMISE with respect to the MISE for larger values of the bandwidth. This effect is due to the
fact that, for a general bandwidth h, limj_,.o AMISE(h) = oo since AMISE(h) is proportional to
h?*, whereas the MISE level offs at limy_,oo MISE(R) = [ f(u)? du. Besides, for the directional case,
this effect seems to be augmented probably because of a scale effect in the bandwidths, in the sense
that the support of the directional variables is bounded, which is not the case for the linear ones
considered. However, although the AMISE and MISE curves differ significantly, the corresponding
optimal bandwidths get closer for increasing sample sizes.

Figure 4 contains the contourplots of the exact and asymptotic MISE for the circular-linear and

spherical-linear cases. The conclusions are more or less the same as for Figure 3: the asymptotic
MISE grows rather quickly than the exact MISE for large values of h or g. On the other hand, the

11



contour lines of both surfaces are quite close for small values of the bandwidths and the optimal
bandwidths also get closer for larger sample sizes.

015
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I
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Figure 3: From left to right: exact MISE and AMISE for the linear mixture 2\ (0, )+ 2N (1,1)+ 1N (2,1)
and the circular and spherical mixtures (14), for a range of bandwidths between 0 and 1. The black curves
are for the MISE, whereas the red ones are for the AMISE. Solid curves correspond to n = 100 and dotted
to n = 1000. Vertical lines represent the bandwidth values minimizing each curve.

As an inmediate application of Propositions 6 and 7, a bootstrap version of the MISE for the
directional and directional-linear estimators can be derived. The bootstrap MISE is an estimator
of the true MISE obtained by considering a smooth bootstrap resampling scheme, which will be
briefly detailed. In the linear case, the bootstrap MISE is given by

MISE;,, [fg(.)} — R UR (f;(z) _ fgp(z))2 dz] :

where fg*(z) = nig i K (ngZi*), being the sample Z7,..., Z* distributed as ng. In this case,

gp is a pilot bandwidth and the expectation E* is taken with respect to the density estimator fgp.
For the linear case, Cao (1993) derived an exact closed expression for MISEy , [ fg()} that actually

avoids the needing of resampling and derived a bandwidth that minimizes the bootstrap MISE by
previously computing a suitable pilot bandwidth gp.

The following two results show the bootstrap MISE expressions for the estimators (2) and (9) in the
case where the kernels are von Mises and normals. As in the linear case, no resampling is needed for
computing the bootstrap MISE. These bootstrap versions of the error provide an overall summary
of the estimator behaviour, with no restriction on the underlying densities, as long as von Mises
and normal kernels are considered. In addition, the following results could be used to derived a
bandwidth selector, but it will depend on the selection of pilot bandwidths for both components,
which is not an easy problem.

Corollary 3. The bootstrap MISE for directional data, given a sample of length n, the von Mises
kernel L(r) = e™" and a pilot bandwidth hp, is:

MISE;, [£u()] = (Dy()n) ™ 4+ 07217 [(1 = n~)5(h) — 295 (h) + w5(h)] 1,

where the matrices Wi(h), a = 0,1,2 have the same entries as Wu(h) but with x; = 1/h% and
w,=X; fori=1,...,n.
Remark 3. The particular case where g =1 and hp = h, Corollary 8 corresponds to the expression

of the bootstrap MISE given in Di Marzio et al. (2011).
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Figure 4: Upper panel, from left to right: exact MISE versus AMISE for the circular-linear mixture (15)
for n = 100 and n = 1000. Lower panel, from left to right: spherical-linear mixture (15) for n = 100 and
n = 1000. The black curves are for the MISE, where the red ones are for the AMISE. The pairs of bandwidths
that minimizes each surface error are denoted by (h, g)mise and by (h, g)amisk.

Corollary 4. The bootstrap MISE for directional-linear data, given a sample of length n, von
Mises—normal kernel LK (r,t) = e™" x ¢1(t) and a pair of pilot bandwidths (hp,gp), is:

* r 1 —
MISEhp,gp |:fh,g('a ):| = (Dq(h)Qﬂ-QgTL)

+ 121 [(1 =0 )5 (h) 0 Q3(g) — 25 (R) 0 Qi (g) + TG (h) 0 (9] 1,
where the matrices ¥ (h) and %(g), a = 0,1,2 have the same entries as Wao(h) and Qa(g) but
with ki = 1/hp, p; = Xi, mi = Z; and 0y = gp fori=1,...,n.

5 Conclusions

A kernel density estimator for directional-linear data is proposed. Bias, variance and asymptotic
normality of the estimator are derived, as well as expressions for the MISE and AMISE. For the
particular case of mixtures of von Mises, for directional data, and mixtures of von Mises and nor-
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mals, in the directional-linear case, the exact expression for the MISE are obtained, which enables
the comparison with their asymptotic versions.

Undoubtedly, one of the main issues in kernel estimation is the appropriate selection of the band-
width parameter. Although an optimal pair of bandwidths in the AMISE sense has been derived,
further research must be done in order to obtain a bandwidth selection method that could be ap-
plied in practice. This problem extends somehow to the directional setting, where (likelihood and
least squares) cross—validation methods seem to be the available procedures. However, the exact
MISE computations open a route to develop bandwidth selectors, for instance, following the ideas in
Oliveira et al. (2012). In fact, a bootstrap version for the MISE when assuming that the underlying
mode is a mixture allows for the derivation of bootstrap bandwidths, as in Cao (1993) for the linear
case.

A straightforward extension of the proposed estimator can be found in the directional-multidimen-
sional setting, considering a multidimensional random variable. In this case, the linear part of the
estimator should be properly adapted including a multidimensional kernel and possibly a bandwidth
matrix.
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A Some technical lemmas

Some technical lemmas that will be used along the proofs of the main results are introduced in this
section. To begin with, Lemma 1 establishes the asymptotic behaviour of Ay 4(L) in (3). With the
aim of clarifying the computation of the integrals in the proofs of the main results, Lemma 2 details
a change of variables in (), whereas Lemma 3 is used to simplify integrals in €2,. Lemma 4 shows
some of the constants introduced along the work for the case where the kernel is von Mises and,
finally, Lemma 5 states the Lemma 2 of Zhao and Wu (2001).

Detailed proofs of these lemmas can be found in Appendix C. This appendix also includes a rebuild
of the proof of the Lemma 5, using the same techniques as for the other results, which presents
some differences from the original proof.

Lemma 1. The limit of Ay q(L) = wg—1 fzh ’ % L2 - rhz)%_l dr, when h — 0, is
lim A 4(L) = A(L) = 23—1wq_1/ L(r)yrz="dr, (16)
h— 0

where wy s the surface area of (g, for ¢ > 1.

Lemma 2 (A change of variables in ). Let f be a function defined in 0y and y € Q4 a fized
point. The integral qu f(x)wq(dx) can be expressed in one of the following equivalent integrals:

/f X) we(dx) // 1—t2)%£)(1—t2)%_1wq_1(d£)dt (17)
/ / (ty + (= 2)3B,) (1~ )8 oy (d) (18)

where By = (bl,...,bq)(qﬂ)xq is the semi-orthonormal matriz (BI B, = I, and ByBl = I,41)
resulting from the completion of y to the orthonormal basis {y,b1,...,bg}.
Lemma 3. Consider x € Q, a point in the q-dimensional sphere with entries (x1,...,2q41). For

alli,j=1,...,q+ 1, it holds that

0, L,
/ x; wge(dx) =0, / i j we(dx) = { wq z i‘]
Qq Q g+1° I

q

where wy s the surface area of g, for ¢ > 1.

Lemma 4. For the von Mises kernel, i.e., L(r) =e™", r > 0,

na(L) = H 2m) S T (), M(1) = @3, b0 =1, dm)=27t
2

Lemma 5 (Lemma 2 in Zhao and Wu (2001)). Under the conditions D1-D3, the expected value
of the directional kernel density estimator in a point x € Qy, s

E [ fa(x)] = £(0) + b(D)W(f, 3002 + 0 (1),

where V(f,x) and by(L) are given in (4) and (5), respectively.
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B Proofs of the main results

Proof of Proposition 1. The variance can be decomposed in two terms as follows:

Var [fu)] =22t g 15 (l‘h"TX)} B 0], (19)

where the calculus of the first term is quite similar to the calculus of the bias given in Lemma 5
and the second is given by the same result.

Therefore, analogously to the equation (47) of Lemma 5, the first addend can be expressed as

h q(L)th /%_L?(r)rgl@ — hQT)%*l / f(x+ axe) wg—1(d€) dr, (20)
0 Q-1

n

1
just replacing the kernel L by the squared kernel L? and where ax ¢ = —rh*x+h [7’(2 - h27“)] 2B €
},. By condition D1, the Taylor expansion of f at x,

F(x 4 axg) = f(x) =ag ¢V f(x) + %az,ng(X)ax,ﬁ +0 (g eaxe) -

n

(20) =2 eralL) g /2h£2(r)r3_1(2 — hQT)g_l{f(x) — rhPw,1x" Vf(x)
0

214 2p(2 — B2
+ Ty e TR L (9260 5 0%) + 0 (1) }dr
h—2
_Cnall) {qu l/ U D) 2 - dr] /&)
n 0

e /%_2 ar2(mpdio_ p2i-1 T
g—1 Chg(L)RILA(r)r2(2 — h*r)2™ " dr | x* V f(x)

2h2
wq 1

chq(L)RIL*(r)r2 3HL(2 — p2p)3 ! dr] xTH f(x)x
chg(LYRILA(r)r 3(2 — h2r)3 dr] g (V2 f(x) — xTHf(x)x)

wq ) [ 2h 2

2h~
+wg—1 /
0

The integrals in (21) can be simplified. For that purpose, define for A > 0 and indices i = —1,0, 1,
j = 0,1 the following function:

2

chg(L)RIL2(r)r3 (2 — h2r)3 71 dr] o (h?) } . (21)

Gnij(r) = Ch,q(L)thQ(T)T%H(Q - hz?")%_j]l[o,zh—Z)(T)a r € [0,00).

As n — oo, the bandwidth h — 0 and the limit of ¢y, ; ; is given by

6i3(r) = lim én,i;(r) = Ag(L) T L2 (r)r2 22 I o (r).
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Applying the Dominated Convergence Theorem (DCT) and the same techniques of the proof of
Lemma 1 (see Remark 5), it can be seen that:

21—j .
o o 16 P (o) Z — b
gt / Onij(r) dr = A(L) 7237 / eyritiar 2 Gl =0,
h—0 Jg 0 o1—i [° L2(r)r%+1 dr

i=1,

“o—1 [>° L(T‘)T%71 dr’
where eq(L) = [ L2(r)r3 dr /fooo L(r)r2~'dr. Then, taking into account that 1o enig(r)dr =

Jo~ @ij(r)dr- (1 + o0(1)) the integrals in brackets of (21) can be replaced, obtaining that

(21) :M [dq(L)f(x) + eq(L)h2\IJ(f, X)] + o0 ((nhq)_l) , (22)

n

The second term in (19) is given by:

.92 2
E[fa(x)]" = [/() + by (L)W (f,%) + 0 (h2)]
— [F (%) + bg(L)R2U(f,x)]* + 0 (h?). (23)
The result holds from (22) and (23):

Ch,q(L)

Var [ fu(x)] = [y (L) f (%) + eq(L)h2W(f, )]
1

160 + by (DRPU(fx)]” + 0 (k1) 7).

which can be simplified into

:Ch,q(L)
n

Var [ fh(x)} dy(L) f(x) + 0 (nh?) 1) .

O]

Proof of Proposition 2. Denote the bias of the kernel estimator by Bias {fhy(x, z)} =K {fhhq(x, z)} -

f(x,z). Applying the change of variables stated in Lemma 2 and then an ordinary variable change
given by r = tht, the bias results in:

Bias [ Frg(x, z)} :L(L)IE [LK (1 h’;TX, z ; Z >] — f(x,2)

LK(l Xy H) (Fly1) = F(x,2)) dtwy(dy)

—eng(L /Q / LK(“” ><f<y,z—gv> F(x,2)) dvwq(dy)

=cp,q(L / / /LK< 2 ,U> <f (ux+(1 —uQ)%BqE,z—gv) —f(x,z))
) du

q

1—u 27 1deq 1(d€
2h2
=cp,q(L hq/ / /LK r,v) (f (%,2) + 0x . ¢) — f(%,2)) dvwg—1(dE)
p3l (2 — ) 1d7“

2h—2 .
g (L)h L(r)r$='(2 = hr) / K (v

S—
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~ /Q (F (3%, 2) + @tn) — F(x2)) wqr (dE) du dr. (24)

q—1

1
where oy ;¢ = (—’I“hQX +h [r(2 — hQT)] 2 By, —gv) € Q, xR. The computation of the last integral

in (24) is achieved using the multivariate Taylor expansion of f at (x, 2z), in virtue of condition DL1:
1
f(x,2) +ax.¢) — f(x,2) = a£27£Vf(x, z) + §a£7z7£7-[f(x, Z)ox ¢+ 0 (aizéax7275) .

1
Let denote by vy¢ = —rh*x 4+ h [r(2 — h?r)]? B,€. Bearing in mind the directional and linear
components of the gradient V f(x, z) and the Hessian matrix H f(x, z), it follows

F(%,2) + axze) — f(x,2) = [Vae VxS (x,2) — goV. f(x, 2)]
1
+ 3 [’Yz,g%xf(& Z)Vxe — 2gv'y£§7-lx,zf(x, 2) + PP H. f (%, 2)]
+o (aZ,Zéax,z,g) )

Then, the calculus of the integral fﬂqq (f((x,2) + axz¢) — f(x,2)) wg—1(d€) can be split into six
addends. Second and sixth terms are computed straightforward:

/ —gvVZf(X, Z) wq—l(dg) = —Wqg—-1 gvvzf(x, Z)a (25)
Q1
/ 92U2Hzf(xa Z) qul(dé) = Wg—1 921)2/Hzf(xa Z)' (26)
Qqg—1
For the first and fourth addends, by Lemma 3, the integration of & with respect to £ is zero:
T v de) = — hrxTy 27
0 Yex xf(x’ Z) wq—l( E) =~ Wg-1N'TX xf(x) Z)) ( )
q—1
/ —2g0vx g Hx 2 [ (X, 2) wg—1(d§) =2gvwy_1h*rxt Hy L (%, 2). (28)
Q

q—1

Finally, in the fifth term, the integrand can be decomposed as follows:

q
Vo Hof (%, 2) ¥ e =h'r°X Hof (%, 2)x + BPr(2 = hPr) > &) Hy f (x, 2)b;
i,j=1

q
— 2h3r%(2 - hQ’I“)% : Z ExT My f(x, 2)by.
i=1
In virtue of Lemma 3, the third addend vanishes as well as the second, except for the diagonal
terms. Next, as {x,b1,...,b,} is an orthonormal basis in R?*!, the sum of the diagonal terms can
be computed by simple algebra:

q

q
Z bl My f(x,2)b; = tr [fo(x, 2) Z bibiT] = tr [Hxf(x,2) (Ig+1 — XXT)]
i=1 i=1

= Vif(x, Z) - XTfo(Xa Z)X,

where V2 f(x, z) is the Laplacian of f restricted to the directional component x, I,+1 denoting the
identity matrix of order ¢ 4+ 1 and tr is the trace operator. By Lemma 3 and the previous calculus,
the fifth term is

/ 7£zHXf(Xa Z)’Y.ﬁ,z wqfl(dg) :wq71h4r2XT7_le(X7 Z)X
Q

q—1
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+we1h?r(2 = B2r)g V2 F(x,2) — xTH f(x,2)x] . (29)
Note also that the order of az 2£0x,28 18 easily computed:
aiz,gax,z,g =ro (hz) + %0 (92) . (30)

Combining (25)—(30), and using condition DL2 on the kernel K:

2n2
(24) :ch7q(L)hq/0 L(r) r%’1(2 — hzr)%fl /]R K (v) { /Q [7£7xvxf(x, z) — gV, f(x, z)]

1
+ 5 [’YEXfo(X7 Z)Vﬁ,x - 2gv7£xHx,zf(Xa Z) + QQUZHZf(Xv Z)]

+ 710 (h?) +v%0 (g?) wq_l(dg)} dv dr
2h~2
:wq_lch’q(L)hq/o L(r)yrz=Y(2 = nr) /K { — W2rxTVf(x,2)
— QUL F62) + 3 [T M (6, 2) (2 B (VA G 2) = X o (x,2)%) |

2,2
+ guhrx Hy , f(x, 2) + %Hzf(x, z) +ro(h?) + 0 (g% } dv dr

oy 1cng ()R /O M L) 2 )3—1{ 2TV f(x, 2)
+ % [h4r2XT7-le(x, 2) + h2r(2 — h?r)g ! (Vif(x, 2) — xTHy f (%, 2)x)
+ ¢*H. f(x, z)uz(K)] + 70 (h?) + p2(K)o (g°) } dr. (31)
For h > 0,4i=—1,0,1, j = 0,1, consider the following functions
g (1) = ng(DRL(r)r3 (2 = hPr)2 71 gp-2)(r), 7 € [0,00).

When n — oo, h — 0 and the limit of ¢y, ; ; is given by

i (r) = lim on15(r) = Ag(L) ™' L(r)r3 28 T 00)(r).

Applying Remark 5 of Lemma 1,

2= i=-1

o qa_. [ a4 (16) L;f:]l;) L ; : ’
lim i jn(r)dr = )\q(L)71257] / L(r)yrzttdr = wg_1 q(L), i=0,
h=0Jo 0 9l=i [ L(r)r2ttdr P

“o—1 [0 L('r)r%71 dr’

Then, the six integrals in (31) can be written using [ ;i n(r)dr =[5 ij(r)dr - (14 0(1)).
Replacing this in (31) leads to

lz(i) + 0(1)} xT Vi f(x,2)

be(L) OOO L(T)T%H dr

wg—1 [ L(r)r dr

wnz—M%A[

h4wq_1
2

x My f (x, 2)x




+ h2wq,1 |:bq(L)
wq_1

T o(l)} T (V25 (% 2) — xTHaf (x, 2)%)

+“q1[ 1 +o<1>] 9P H- (%, 2)pa(K)

=12by(L) [~x" Ve (3, 2) g7 (V3F (%) = X" Hocf (5, 2)%)] + 9*Hef (. 2) 1o ()

=12, (L)W (f, %, 2) + TH (%, 2)pa(K) + 0 (%) + 0 (5°) -

O
Proof of Proposition 3. The variance can be decomposed as
s chq(L)? 5 (1-xIX z2—-Z T 2
Var [fhy(x,z)} :ngE [LK ( g )] —n E [fh’g(x, z)] ) (32)

where the calculus of the first term is quite similar to the calculus of the bias and the second is
given in the previous result.

Analogous to (24),
2
nalll g [LK2 <1_h}§TX,Z_Z>} _onalL) /% LA(r)r# (2 — h2r) —1/K2
ng g ng 0
[ Hx) + s (de) dudr, (33)
Q

q—1

just replacing LK by LK?. Then, using that K? is a symmetric function around zero

/KQ(v)dv:R(K),/vK2(v)dv:O,/U2K2(v)dv:u2 (K?), (34)
R R R

Applying the multivariate Taylor expansion of f at (x,z) and (34), equation (33) results in

(33) =wq fth(g”?hq / N e ) Rt { 2) = KT f(x, 2)
n 0

—guV,f(x,2) + % {h4r2xT’fo(x, 2) + h%r(2 — hr)g! (Vif(x, 2) — xTHy f(x, 2)x) }

2,2
+ guhrxT Hy (%, 2) + %’Hzf(x, z) +ro(h?) + 0 (g% } dvdr

.Q

(ﬁbq_lch‘ifj Ly /0% LA(r)rd 12— b2 >%-1{R<K>f<x,z>—R(K)h%xTvxﬂx,z)

+ R(2K) [h4T2XTHXf(X’ 2)+ hPr(2 = hPr)g "t (Vif(x,2) — x My f(x, 2)x) ]

+ po (K2) g;HZf(X, z)+ro (h2) +o0 (92) } dr. (35)
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Define the following functions, for h > 0,7 = —1,0,1 and 7 =0, 1:
Bhij (1) = cng(LYRIL? (r)ra (2 = h2r)2 0T pp2y(r), 7 € [0, 00).
When n — oo, h — 0 and the limit of ¢y, ; ; is given by
. — Q4594
G14(r) = lim 6n55(r) = Ag(L) " L2 (r)rd 7728 T g o) (r).

Applying the same techniques of the proof of Lemma 1 to the functions ¢ ;; with the different
values of 4,j and L? instead of L, and using the relation (3), it follows:

21—J .
- - o) L)
fim [ onag(r)dr = 0(D)7128 [T p2Gpedtia @ SheD: i
h=0Jo 0 ol—j fOOOLZ(T)r§+1dr

i=1,

“o—1 [ L(r)r%71 dr’

where e,(L) = [3° L2(r)r3 dr /fooo L(r)rz='dr. So, for the terms between square brackets of (35),
Jo" @nij(r)dr = [ ¢ij(r)dr- (14 0(1)). Replacing this leads to:
q—1

(33) =c”;j<L){R<K>wq1 [‘ff” - o(1>} f(x,2)

— R(K)hw,—1 [(jj(L) +o (1)] xTVy f(x, 2)

q—1

R(K)hwey | 1 [ L2(r)ré+idr TH Flx »
+ 9 [wa Ooo L(T‘)T%_l dr +0(1) fo( ) )
i R 1200 )] 4 (92 0,2) — X M ,2)%)
12 (K%) g D)o )] s
2 We—1

ra [T o) o)
wq_l
=) ), (1)1 2) + RO g (D052 i (K7) 1) 5 T 2
+0(1)+ O (k') + o (h?) + 0(92)]
Chq(L) 2 2 g9
g R(K)dy(L) f(x,2) + R(K)eq(L)h* Wy f(x, 2) + p2 (K7) dg(L) T H=f (%, Z)]
+ o ((nhig)™'). (36)
The second term of (32) is
2 2
E | fg(x, z)]2 = [f(x, 2) + by (DR Ux(fx,2) + T pa(K)Hf (%, 2) + 0 () + 0 (92)]

9 2
—[f(x,z)+bq(L)h2\Ifx(f,x,z>+92uz(K)Hzﬂx,z) +o(h*)+0(g%). (37
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Joining (36) and (37),

chq(L)
ng

Var [ fug(x,2)| = [ R(K)dy(L)(x,2) + R(K)ey(L)h?W, (x, 2)

2

1z (K2) dy(L) 5 H (3. 2)|

2 2
o ) B 2) + B,
+ o ((nhig)™ ') + o (h?) + 0(g?) ,

which can be simplified into
A Chq(L _
ar [fugfx,2)] = 245 R ), () 0x,2) + 0 (i) )
O

Proof of Theorem 1. Let {(X;,Z;)};—; be a random sample from the directional-linear random
variable (X, Z), whose support is contained in €, x R. The directional kernel estimator in a fixed
point (x,2) € Q4 x R can be written as

ch.o(L 1-xI'X;, 2—2;
Frsgn (%, 2) = va, Vi = hal )LK( —, )
g h‘n gn

where notation h, and g, for the bandwidths remarks the dependence on the sample size n given
by condition DL3.

As {(X;, Z;)}-, is a collection of independent and identically distributed (iid) copies of (X, Z),

then {V},;};_, is also an iid collection of copies of the random variable V;, = LK L-x'X z-7 )

h% ’ gn
Then, the Lyapunov’s condition ensures that, if for some § > 0 the next condition holds

E ||Va — E[Va]*"]
lim 5 5
n=e0 paVar [V,]M 2

=0,

then the following Central Limit Theorem is valid

Vo, —E[V,]
n———

—L5 N(0, 1),
Var [V,,]

where V,, = 1 + > i1 Vii. This condition will be proved for V;, = LK <1 XTX, Zg_nZ )

First of all, the order of E [|Vn|2+5} is:

E [|Vn’2+6} :/ Cha(L) p e <1 —xy 2= t)
Qg xR In h2 7 gn

)\ 240 _xT —
= (B[ e (R fyan(ay) a
QxR hi 9

9n n

c L)) 2+ 2hy 2
:<’M()) g”h%/o /szq_l/RLK2+6 (r,0) f((x,2) + ox 2 ¢) dv wg—1(dE)

249
f(y,t) w(dy) dt

9n
r3-t (2- hir)%il dr
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In
[fx2) + 0 (B2 + g2)]

246
<Chn,q(L)) hq227lwq 1/ / LE*Y (r,0)ri Vdvodr - f(x, 2)

9n

Ag(L) 1 hy*
N(q( ) ) guh22 1/ / LEK*" (r,v)r2 Vdodr - f(x, 2)

9n
fo [ LK (r,0) r3~ Y dvdr - f(x, 2)

R B (O ™
=0 ((hga) 7).

On the other hand, by Proposition 3, the variance of V,, has order:

L)\ 29 2h;,2 a
= (ch"’q( )> gnh%/ / /LK2+5 (r,v) dvwy—1(d€) 3" (2= h2r) " dr
0 Q-1 JR

Var V] =95 Ry (L) £ (x, 2) + 0 (hgn) ™)

9n
RU),(D)f(x,2) 1
)‘Q(L) h%gn

=0 ((nga)™").-

Using that E [Wn —E[V,) |2+6} =0 (E [|Vn|2+5D (see Remark 4) and by condition DL3, it follows
that the Lyapunov’s condition is satisfied:

E (Vo — E[Vall**] o ( (hhga) "+ )) =0 ((nhign)”

n%Var [Vn]H% n’ (h%gn)f(H%

[S][S9)

)—>O,

as n — oo. Therefore,
fn7 n(X7Z) 7]E fn, n(X7z)
e s }iwwo,l),
\/Va‘r |:fhnvgn (X’ Z):|

pointwise for every (x,z) € Q4 x R (note that \/n is included in the variance term). Plugging-in
the asymptotic expressions for the bias and the variance results

Vnhian ( g (x,2) — f(x,2) — ABias [ g (%, z)D s N (0, R(K)dg(L) f(x, 2)) .

Remark 4. The proof of E []Vn —-E [Vn”2+6} =0 (E []V \2+6]> is simple. For example, using the
Newton Binomial: for anyr € R, (z+y)" = > oo (1) Fy*, with (}) := T(Tfl)kw

As 246 > 1, by the triangular inequality and the Newton Binomial:

E|[Va - EVII*| <E |(Val - [E[VI)*]

(2
(10wt
k=0
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=3 (e [l mw

k=0

Now, as E[V,] = f(x,2) + O (hZ + g2) = O (1) by Proposition 2 and by condition DL3, the terms
E [V,] are constants asymptotically. Also, as E[|V,|"] <E[|V,|*] for 0 <r <s, it follows

e v -2l =0 (3 (* £ )e ] ) o (2me)).

k=0
O

Proof of Proposition 4. It is straightforward from Proposition 1 and Lemma 5. For a point x in {2,:
MSE [,09)] = [ [fux)] - £60] "+ Var [ fu0)
— [bg(L)T(f, %)% + 0 (h?)]* + Ch";(L)dq(L)f(x) + o0 ((nh9)™h)
=by(L)*U(f,x)*h* + Cll’jl(L)dq(L)f(x) + o ((nh?) 1) .

Integrating over €); in the previous equation,

MISE ()] <ba()? | (0P wy(axnt + 24 g

q

o(L) + o ((nh?) 7).

O]

Proof of Corollary 1. To obtain the bandwidth that minimizes AMISE, consider that by (3), cp q(L) ~
/\q(L)*lh*q in the previous equation and derive it with respect to h:

L AMISE [ ()] =4by(L)?R ((7, ) B — ay (L)~ =@y (Lyn~ = 0

The solution of this equation results in

1

[ qdq(L) ] ta
4bg(L)2Ag(L)R(¥(f,))n]

hamise =

Proof of Proposition 5. It is straightforward from Propositions 2 and 3:
A ~ 2 A
MSE |:fh,g(xa z)} = [E {fh,g(x, z)} — f(x, z)} + Var [fhyg(x, z)}

[t %2+ Lt ) 0 02) (s8]
cna(L)
gn
0 (L2 %, 2+ i (KPP (3, 2)?

2P, (La (K- 2, 2) ..

A
n g( DRV, (L)f(x,2) + o (nhg) )

+ R(K)dg(L)f(x,2) + o ((nhg)™")



Integrating the previous equation and denoting by I [¢(-,-)] = fﬂqu #(x, 2) wy(dx) dz for a function
¢: Qg xR—=R,

4
MISE | fig ()| =ba(L)T [Wx(f, )] Bt + Lo (BT [ £, )]

4
ch,q(L) d

+ 12920y (L)pa (KT [Wx(f, -, Y Hof ()] + on J(L)R(K) + o ((nhig)™").

O

Proof of Corollary 2. Suppose that g = Sh in the previous equation. Again, use that cp4(L) ~
Ag(L)71h=% and derive with respect to h to obtain

%AMISE [fh,ﬂh('a ‘)} = derh® + deah® + desh® — (g + 1)esh™ (2 = 0,
where
er =by (LT [W(f ), 2= ua(K)T [ ()] 6°
e =bg(L)a (K (Wl .- YH- )] %, ea = (L<)L]>%$)

It follows immediately that

(¢+ 1) )]+

h =T
AMISE |:4(Cl Tyt

Given that R(bg(L)Ux(f, ")+ 5 ,ug( YH.f(-,+)) = 1+ c2 + c3, the desired expression is obtained.
In the case where ¢ = 1 it is possible to derive the form of 3 by solving 3 9 - AMISE [fhy(-, )} =0

and a%AMISE [fhg(-, )} = 0. For this case, 8 has the closed form

. (MKW [Haf () )‘1‘
7)o

bq(L)QI [\I]X(.ﬂ Yy
O

Proof of Proposition 6. Consider the r—mixture of directional von Mises densities given in (11).
Then:

MISE [fh(')} =)

/ (Fu () — £1(x))? wq(dx)
Qq

—E / Fa(x)? = 2/0(3) /(%) + fr(x)? wq<dx>]

Cth /Qq /Qq L2 ( > r(y) wq(dx) we(dy)
L e

(dx) wq(dy) wy(dz)

] [0

) fr(%) fr(y) we(dx) wy(dy)

25



2
" /Q a0

=(38) + (39) — (40) + (41).

The four terms of the previous equation will be computed separately. The first one is

0 =2 /Qq/g (5

—Z ach’q // 255 0 )R I o (dx) w, (dy)

)ﬂ( ) g () ()

_Z ]Cth / / wq(dx)Cy( ])emijuj wq(dy)
] 1 Qq Qq

=27 —call) / Cyls)e"¥ " 11 wq(dy)
j=1 Ch/fq
j=1 Ch/fq )

= (Dy(h)n)™!

The second one is:

oy <l [ ] (P y)L<1‘h§TZ)ﬁ(y)ﬁ(z)wq(dx)wq<dy>wq<dz>

Cp, n — 1 Ty xTs T, . T
:—’q / / / e h2 e 2 e “h2 g g pjplc K‘/] ) RiY™ Hj eﬁlz 1224
n 0y Qg

7j=11=1
- wy(dx) we(dy) wy(dz)
Chq(L n—l
_ h,q( ) —2h~ 2zzpjplc K] )
=1 1=1
/ / / Y T g o (dx) oy (dy ) w (d)
Qq Qq Qq
(n—1)
=2 (2 R T ) ZZp]plC ) Cq(r1)
7j=11=1
/ [/ el x Ty Ry wq(dy)/ e e T wq(dz)] wq(dx)
Qq Qq Qq
2
||x/h2+m'u"|yT<x/h ik )
=(1-nt 1/h2 ZZpJplC k;)C, )/ [/ e " |[x/n2+r 55| wy(dy)
j=11=1 Qq | /g

2
|rx/h2+wuzT(*/ﬁ**zl”)
/Q ¢ I sill) o, (dg) | wq(d)
q

o 2 Cq(Kj)C (K1) X
=(1 o (1/h ;;pﬂ”/ CollIx/R & 15 ) oI/ + s} “2 )

=(1—n""Hp Wy (h)p,
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. . . .. Cq(k;)C
where Wa(h),x, is the matrix with ij-th entry Cy (1/h?) qu Cq(\|x/h2+nj;(:|J|))CZ((ﬁl>2/h2+mm||) wq(dx).

The third one results in:

(10) ey (I /Q/Q (1"‘ y) 1o (3) o () () i, (dy)

DS [ ) ey ) )

7j=11=1

/h ‘i
_ 1 ror |y/h +K]MJHX < y _ Y/hTHRgpg )
—eng(D)e 2 3 pimCylry)Colry / / v /e g5]]
Qq

j=11=1
waldx)emy " 1 oy (dy)

HlyTﬂl
=Cy 1 h2 pipiCq(kj)Cq(K ¢ wq(dy
1/ ZIZ’ N Jo S+ ) o)
=p’ ¥y (h)p,

K T .
where the matrix Wq(h)yx, has ij-th entry Cq (1/h?) Cq(r;)Cq(r1) qu Wqu(dy). Fi-

nally, the fourth term is:

an= [ (ijvaxu],m)qu(dx)

q

/ ZZpgplva X; uj,mj)fUM(x s K1) wg(dx)

‘1] 11=1
ZZijpoq(Hj)Cq(Kl)/ e M R I (dx)
j=11=1 {2
U, "H,iﬂj+fillll"xT<Hj“j+nlul )
=3 > s Cati) [ e Tromitraml) o, (dx)
j—l =1 q
C K]
S DT
j=11=1 H"W% + iy |)
:pTlIlo(h)p7

where W (h),«, represents the matrix with ij-th entry equal to C, (1/h2) qu % wq(dy).
I

Note that if rju; + ripey = 0, then fﬂq wq(dx) = % = wy so the result is consistent in this situa-

tion. O

Proof of Proposition 7. Consider the r—mixture of directional-linear independent von Mises and
normals f(x,2) = > " pjfom (X5, 55)bo; (2 —my), D25 pj = 1. Hence:

MISE | fa(-,)| =E

/ (g6, 2) — fo (%, 2))2 wo(dx) d
Qg xR

=E

/ fhg(x Z) - thg(x Z)fr(x z) +fr(Xa z)qu(dX) dZ]

—t
Chq / / LK2< - y z )fr(y,t) wq(dx) dzwq(dy) dt
Qg xR J QxR h? g
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chq n—l/ / / LK<1_X y’z—2t>
Qg xR JQgxR J Qg xR

LK <X“ Zg )fr(y, 1) £, (1, 8) wq(dx) dz wy(dy) dt wy(du) ds

h?

o Cnq(L) LK (1 —x'y H)
2 P /QqXR/QqXR 2 ) g fT(X,Z)fr(Y7t)
- wy(dx) dz wg(dy) dt

2
+/§2qu fr(x,2)" wq(dx) dz. (42)

As the directional-kernel is a product kernel and the mixtures are independent the directional and
linear parts can be easily disentangled:

(42) =n 12]7] [chq / / L2< = y) Jor (y; ,u],,g])wq(dx)wq(dy)]

{//(

(1+n" ZZPJM

7j=11=1

> o, (t —m;) dz dt}

ot [, e (5 ()

- fom (Y3 s, K3) fonr (W5 gy, K1) wy(dx) we(dy) wq(du)]

.[1///K<Z_t)K<Z;S) gbgj(t—mj)gbgl(s—ml)dzdtds]

— 2Zijpl [chyq / / (1 i y> Jora (%5 5, 55) fora (Y5 15 K1)

7j=11=1

wsor] [ 55

n

+ Zipjpl [/R bo; (2 —mj) doy (2 — ml)dz} [/ﬂq Jor (x5 pj, k)

j=1 I=1

) 6z = )z — ) =

- Fonr (o6 g1, 1) wq<dx>} | (13)

The directional parts were calculated in the previous theorem and the linear ones were studied in
Marron and Wand (1992) (see also Wand and Jones (1995), page 26). The combination of these
two results yields
1 -1
(43) = (Dy(m)2ming) -+ (1+n~)pT [Wa(h) 0 Da(g)] P+ B” [¥1(h) 0 R (9)] P
T [Wo(h) o Ro(9)] p

1
where the r x r matrices £,(g) have the ij—th entry equal to ¢g, (m; —m;), 0, = (a92 + 02 + a?) :

for a = 0,1,2 and W,(h) are the matrices of Proposition 6. The notation o denotes the Hadamard

product between matrices, i.e., if (A);; = a;j, (B)ij = bi;, then (A o B);; = a;;b;;. O
Proof of Corollary 3. In virtue of equation (7), if the kernel of the density estimator (2) is L(r) =
e~ ", r > 0, then the kernel estimator is the n—mixture of von Mises with means X;, i = 1,...,n
and common concentrations 1/h% given by (7), where hp is the pilot bandwidth parameter O
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Proof of Corollary 4. It follows immediately from the previous proposition and corollary. O

C Proofs of the technical lemmas

Proof of Lemma 1. Consider the functions

on(r) = L(r)r2 =12 — h2r) 3 g g2 (),
p(r) = lim i (r) = L(r)r2 1257 g 00) ().

Then, prove limy_o Apq(L) = Ag(L) is equivalent to prove limy,o [;° @n(r) dr = [7° ¢(r) dr.

Consider first the case ¢ > 2. As 2 —1 > 0, then (2 — h2r)%_1 <251 Vh>0,Vre [0,2h72).
Then:

lon(r)| < L(r)r2 =128 g 02y (r) < @(r),  Vr € [0,00),Vh > 0.

Because [~ ¢(r)dr < oo by condition D2 on the kernel L, then by the DCT it follows that
. o0 oo
limy, 0 fo op(r)dr = fo o(r)dr.

For the case ¢ = 1, pp(r) = L(r)r_%(Z - hzr)_%. Consider now the following decomposition:
/ op(r)dr = / L(r)r_%(Q — hQT)_%H[O,h*%(T) dr + / L(r)r_%(2 — hgr)_%]l[hq’%fz)(r) dr.
0 0 0

The limit of the first integral can be derived analogously with the DCT. As (2 — hzr)_% is monotone
increasing, then (2 — hzr)fé <1, Vr € [0,h72),Vh > 0. Therefore:

(L(r)r*%(z — ) L2y (r)| < L(r)r 3L o2y (r) < (), Vr € [0,00), VA > 0.

Then, as limy_,o L(T)’l“_%(2 - hzr)_%]lm’hfz)(r) = ¢(r) and [~ ¢(r)dr < oo by condition D2, DCT
guarantees that limy,_o [;° L(r)r_% (2— hQT)_% i p-2)(r) dr = [5% @(r) dr.
For the second integral, as a consequence of D2 and Remark 2, L must decrease faster than any

power function. In particular, for some fixed hg > 0, L(r) < r=1, vr € [h=2,2h72), Vh € (0, ho).
Using this results in:

2h—2 2h—2

lim L(r)r~2(2 — h2r) "2 dr < lim rm2(2 = k%) "2 dr = lim h = 0.
h—0 Jp—2 h—0 Jp—2 h—0

This completes the proof.

Remark 5. It is possible to apply the same techniques to prove the result with the functions

Phije(r) = LE(r)rs (2 — h2r) 5701y g2y (1),
Pige(r) = lim on i jr(r) = LE(r)rs 12801 o) (r),
with i = —1,0,1, j = 0,1 and k = 1,2. For the cases where § — j > 0, use DCT. For the other
cases, subdivide the integral over [0,2h™2) into the intervals [0,h™2) and [h=2,2h=2). Then apply

DCT in the former and use a suitable power function to make the latter tend to zero in the same
way as described previously.

O

29



Proof of Lemma 2. Following Blumenson (1960), if x is a vector of norm r with components z;, j =
1,...,n, with respect to an orthonormal basis in R", then the n—dimensional spherical coordinates
of x are given by

T1 = 7 COS ¢1,
j—1
:L"j:rcosgijsinqbk, j=2,....,n—2,
k=1 n—2
n—2 _ .
, . J=r"" ] sin® épo1-. (44)
Tp_1 =7sind H sin ¢y, P
k=1 B
n—2
T, = 1 cosf H sin ¢y,
k=1

where 0 < ¢; <7, j=1,...,n—2,0<60 <27 and 0 < r < oo. J denotes the Jacobian of the
transformation. Special cases of this parametrization are the polar coordinates (n = 2),

r1 =1 cosb,
. J=nr,
To =rsinb,
and the spherical coordinates (n = 3),
T1 = 7 COS @,
29 = rsinfsin ¢, J = r%sin ¢.
x3 = 1 cos f sin ¢,

Note that sometimes this parametrization appears with the roles of x1 and x3 swapped.

To continue with the previous notation, let denote ¢ = n — 1. Use the spherical coordinates (r = 1,
as the integration is on €2,,_1) and then apply the variable change

t =cos¢y, dpp = —(1—752)_% dt. (45)

/Sln_lf(")wn—l(dX)—/ Flxn, . an) (e, .. )

Qp—

n—2

1
2w T (p— Q
(4:4)/ / (...2)/ f<cos¢1,COS¢QSiH¢1,--~aCOSGHSin¢k)
0 0 0 k=1

2

I sin* 61k ddns--- doy db

k=1
21 1 T (e s n—2
(g)/ / / (~-1)/ f<t,cos¢2(1—t2)5,...,cosﬁl_‘[sin¢k(1—t2)§>
o J-1Jo 0 Pl
n—3

T sin* noru(1 =32 (1= 1372 dipz -+~ doo dt df

k=1
1 2T pm (n—1) ™ 1 n-2 1
:/ / / / f<t,cos¢2(1—t2)2,...,cosﬁnsin¢k(1—t2)2>
-1Jo Jo 0 k=2
n—3

T sin* n1k(1 = 3% dgpn- - ddpdodt
k=1
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(// L) (- P ) (1)

51)"'5571 1)

/ / B l‘tzﬁf) (1) wu_o(d€) dt

So, for the g—dimensional sphere €2, equation (17) follows. Note that as the parametrization (44)
is invariant to coordinates permutations permutations and ¢ can be placed in any argument of the
function. The rest of the arguments will remain having the entries (1 — t2) £ .

This expression can be improved using an adequate basis representation. From a fixed point y € €2y,
it is possible to complete an orthonormal basis of R4, say {y, by, ..., b,}. So an element x €
will be expressed as:

q
x = (x,y)y + > _(x,bi)b; =ty + (1 - t?)2¢,

i=1

where t = (x,y) € [-1,1] and £ € Ty, = {n € Q,:n L y}. Related to the basis {y,b1,...,by},
there are the orthogonal matrix B = (y,b,... ,bq)(q+1)x(q+1) and the semi-orthogonal matrix
B, = (by,... ’bq)(q-i-l))(q' Using the fact that B is an orthonormal matrix, is possible to make the

change x = Bz, with det B = 1 and B~!Q, = BTQ, = Q, (as B preserves distances). Then, the
relation (18) holds:

/ f(x) wg(dx) :/_ f(Bz) det Bwgy(dz)
Q B-1Q,
— [ 1B, ia)
Qq
o [ (pea-@ign)a -t e
/ / ty+ 1—t2)qu5> (1—12)2"  w, 1 (d€) dt

O]

Proof of Lemma 3. Without loss of generality, assume that, by the g—spherical coordinates (44),
x; = cos ¢1 and x; = cos ¢2sin ¢1. Using this, the calculus are straightforward for the integrands z;

and x;x;:

2 o T q—2
/ T wq(dx) = / / S / cos ¢1 | [ sin® ¢k sin?! ¢y dpg_1 -+ depy df)
Qq 0o Jo 0 el
2 pm (¢-2) [T q—2 ™
:/ / / [ sin* ég—r dpg1 - dnggdG-/ cos ¢y sin? ! ¢y dgpy
0 0 0 k=1 0

=Wg—1 - 0= 0,

2r o9 T q-3
/ ;7§ we(dx) :/ / (@) / COS (b1 COS (2 Sin @1 H sin® Gg—k sin?™2 ¢y sin? ! ¢y
Qq o Jo 0 Pl
- dpg1--- dpy do
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2 q 3 743
/ / /0 [ sin* 6g—rdpg1--- dpsdo

k=1

. / cos ¢ sin? ¢1 doq / 08 ¢ sin?~2 g depo

0 0
=wg—2-0-0=0.
The integrand x? is even simpler, using the fact that the integration is over Qg

q+1 q+1

/gquQWde q+12/ T3 wy(dx) = /Zkaqu q—i—l'

qk 1

O]

Proof of Lemma 4. For a = 1,2, p=0,1 and ¢ > 1, the properties of the Gamma function ensure
that

00 oS q _
/ L(r)yré—Pdr = / eorpdr gy — L2 —PH 1) (B—p+ 1).
0 0

A
Therefore:
Ag(L) =2%11?7(rf)r (g) (2m)%, by(L)=T (g) g/r (g) =3 dy(D) = F2(5)/r (g) — 2%,
2
The expression for ¢ 4(L) arises from the fact that ¢y (L) = Cy (1/h2) " /M. 0

Proof of Lemma 5. This proof is a rebuild of the one given in Zhao and Wu (2001) and is included
for the aim of completeness of this work. Furthermore, many techniques used in this proof are also
helpful for the proofs of other results in this paper.

Let denote Bias [fh(x)} =E [fh(x)} — f(x). To compute the bias, use Lemma 2 for the change

of variables with the orthonormal and semi-orthonormal matrices B = (x,b1,...,by) and B, =
(b1,...,bg), and then apply the ordinary change of variables

1—-1¢
h? '’

dr = —h™2dt. (46)

r =

This results in:
Bias [109] =en0)2 2 (25| - s
—aa(®) [ (P52 i0etity) —en®) [ 1 (L3 watan) 0

q

~aa() [ £ (15 (56— 160wl
—cng(L) _11/Q 1L<1h_2t> (f (Bc+ (1= )2B,8) - f(x)
(1 —t*)2" w1 (d€) dt

2h—2
49, (L) hq/ / (F (x + ee) — F(x)) rE1(2 — h2r)E1

- Wg—1(d€) dr
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- wg—1(d€) dr, (47)
1
where ax e = —rh*x+h [r(2 - hQT‘)] 2 B4£ € Q. By condition D1, the Taylor expansion of f at x,
1
fx+oxe) = f(x) =a§,gi(x) + §a§,ng(X)ax,e +o (az,gax,ﬁ)

and split the calculus of fﬂq_l (f (x4 axe) — f(x)) wg—1(d§) in two parts. For the first use that
the integration of &, ¢ =1, ..., q vanishes by Lemma 3:

J

oLV ()1 (d8) == i | XV Flox) 1 (d)

q—1 Qg1

+h[r2- h%«)]% /Q ¢ BIV f(x) wg—1(d€)

q—1

= — rh?w, 1xT V. f(x) (48)
In the second, by the results of Lemma 3,

/ Ot M f (%) 0t g wg -1 (dE) :7“2h4/ x"H f (x)x wq—1(d€)

Q1 Q1

—2rh? [r(2 - hQT)]% / xTH f(x) By wy—1(d€)

Q1

+ h2r(2 — hPr) / €7 BIH (%) By w,1 (d€)

Q1
=r?hiw, 1 xTHF(x)x

q
+h?r(2 - h?r) /Q Z b Hij f(x)b;&i&; we—1(d€)

a1 i =1
=r?htw, 1 xTHf(x)x
q

+B2r(2 = 1) Y bl Huf(x)b; / €2 wy_1(d€)

i=1 g
=r?hiw, 1 xTHF(x)x

+ 1?1 (2 — hPr)wg_1q [V F(x) — xT Hf(x)x] . (49)
In the last step it is used that by > 7 , b;b! +xxT = BBT = 1,4,

Z bl Hf(x)b; = tr [’Hf(x) Z bib?] =tr [Hf(x) (Ig41 — xxT)} = V2f(x) — xTHf(x)x,
i=1 i=1

with I;41 being the identity matrix of order ¢ + 1 and tr the trace operator.

Apart from this, the order of the Taylor expansion is

0 (ayeae) = o (A + 1r(2 = h%r)) = o (r*h" + 20%r — b'r?) = ro (h?) . (50)
Adding (48)(50),

2h=2 q q 7‘2h4
(47) :wq_lcth(L)hq/O L(T)T§_1(2 — h21“)2_1{ — Th2XTVf(X) + ?XT/Hf(X)X
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(VQf(x) — xTHf(x)x) +7ro (hz) } dr

= _}2 e q L9 _ p2,0%-1 T
h*wq—1 ; Chg(L)RIL(r)r2(2 — h*r)2™ " dr| x" V f(x)

i h4wq—1 [/Qh_ chqg(D)ROL(r)r3 1(2 — h%)%*l dr] xTHf(x)x
0
2, 2h—2 v
L e [ /0 ehg(LYRIL(r)rs (2 — h2r)$ dr] NV f(x) = xTHf(x)x)

2h=2
+ Wy 1 [ / Chg(L)RIL(r)r2 (2 — h2r)3—" dr] o (h?). (51)
0
Consider the following functions for h > 0 and ¢,5 = 0, 1:
Pnig(r) = eng(LBL(r)re T (2 = h2r)2 I Lg g2y (r), 7 € [0, 00).
When n — oo, h — 0 and the limit of ¢y, ; ; is given by
. — L
wi(r) = I opii(r) = Ag(L) "L(r)r2 2201 o) (r).

Then, by Remark 5 and Lemma 1:

- o 22 (L), i=0,
lim () dr = A(D) 1237 [ Leryrd—iar D T e g
=0 J, Ph — \q 0 - o1=i [o° L(r)r2™ dr i—1.

Wo—1 foe L(7‘)r%_1 dr’

So, for the terms between square brackets of (51), [~ ¢n(r)dr = [7° ¢(r)dr- (14 0(1)). Replacing
this in (51) leads to

(51) = — h%w, 1 [lzjji) +o(1 )] X!V f(x)
i, L (r)r3tl dr
- 2q : l::]q(LB ff ((1)")7‘2 df + o) xTHF )
+h2u;q_1[ 51)+ ]q — x"Hf(x)x)
(L)

[ q—1
=h?by(L) [-x'Vf(x) + ¢ (V2 f(x) — x"Hf(x)x)] + O (h*) + o (h?)
=h*bg(L)¥(f,x) + o (h?).
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