Universidade Federal de Pernambuco
Centro de Ciéncias Exatas e da Natureza
Departamento de Estatistica

Programa de Pés-Graduacao em Estatistica

CRISTIANY DE MOURA BARROS

NEW METHODOLOGIES FOR THE REAL WATSON DISTRIBUTION

Recife
2020



CRISTIANY DE MOURA BARROS

NEW METHODOLOGIES FOR THE REAL WATSON DISTRIBUTION

Doctoral thesis submitted to the Programa de
Pés-Graduacao em Estatistica at Universidade Federal
de Pernambuco as a partial requirement for obtaining

a doctorate in Statistics.

Concentration area: Applied Statistics.

Advisor: Prof. Dr. Gettlio J. A. do Amaral.

Co-advisor: Prof. Dr. Abraao D. C. Nascimento.

Recife
2020



Catalogagéao na fonte
Bibliotecaria Monick Raquel Silvestre da S. Portes, CRB4-1217

B277n

Barros, Cristiany de Moura

New methodologies for the real Watson distribution | Cristiany de Moura
Barros. — 2020.
64 f.

Orientador: Getulio José Amorim do Amaral.

Tese (Doutorado) — Universidade Federal de Pernambuco. CCEN,
Estatistica, Recife, 2020.

Inclui referéncias e apéndices.

1. Estatistica aplicada. 2. Corregao de viés. |. Amaral, Getulio José do
Amorim (orientador). IlI. Titulo.

310 CDD (23. ed.) UFPE- CCEN 2020 - 61




CRISTIANY DE MOURA BARROS

NEW METHODOLOGIES FOR THE REAL WATSON DISTRIBUTION

Tese apresentada ao Programa de POs-
Graduacao em Estatistica da
Universidade Federal de Pernambuco,
como requisito parcial para a obtencéo do
titulo de Doutor em Estatistica.

Aprovada em: 11 de fevereiro de 2020.

BANCA EXAMINADORA

Prof.(°) Getulio Jose Amorim do Amaral
UFPE

Prof.(°) Alex Dias Ramos
UFPE

Prof.(®) Fernanda De Bastiani
UFPE

Prof.(°) Eufrasio de Andrade Lima Neto
UFPB

Prof.(°) Rodrigo Bernardo da Silva
UFPB



I dedicate this thesis first to God, to my parents,
Francisco de Holanda and Maria de Moura,

for unconditional love and Allan, for all his love.



ACKNOWLEDGMENT

I would like to thank God first for giving me the strength needed to be able to complete
this step further.
To my parents, Francisco de Holanda and Maria de Moura, for the unconditional love,
dedication, patience and for teaching me the values and principles that guided the formation
of my personality.
To my husband Allankardec Silva Sabino, for love, understanding and patience.
To the teachers Getilio José Amorim do Amaral and Abraao David do Nascimento Costa,
for the guidance.
To the colleagues of the Suelena doctorate, Victor, Jhonnata, Rafaela, Wanessa, Leon,
Isaac, Bruna, Rodrigo, Aparecida and Carlos for their friendship, affection and shared
moments of joy.
To Valéria Bittencourt, for the affection, patience and friendship with which she always
had she treated me and the other doctoral students.
The Examining Board for its valuable criticism and suggestions.
To CAPES, for the financial support.



ABSTRACT

Spherical data are output in various research lines. These data may be categorized
as directional (when such line is directed) and axial (otherwise). Directional data can
be understood as points on a sphere; while, axial data are pairs of antipodal points
(i.e., opposite points) on a sphere. The Watson (W) model is often used for describing
axial data. The W distribution has two parameters: the mean axis and the concentration
parameter. It is known making inference under lower concentration is a hard task. First, to
outperform this gap, for the W parameters, we provide an improved maximum likelihood-
based estimation procedure for the W concentration parameter. In particular, we present
a closed-form expression for the second-order bias according to the Cox-Snell methodology.
Further, an approximated expression for the Fisher information matrix is derived as well.
To quantify the performance of the our proposal, a Monte Carlo study is made. Results
indicate that our estimation procedure is suitable to obtain more accurate estimates for the
W concentration parameter. Second, aims to study a natural extension of the minimum
distance estimators discussed by Cao et al. (1994).More precisely, under the assumption
of Watson directional distribution, to produce hypotheses and point statistical inference
procedures, as well as goodness, and to propose mathematical antecedents for the statistical
method based on the minimum distance of L? for the Watson model. Third, based on
Renyi divergence, we propose two hypothesis tests to verify whether two samples come
from populations with the same concentration parameter. The results of synthetic and
real data indicate that the proposed tests can produce good performance on Watson data.
The small sample behavior of the proposed estimators is using Monte Carlo simulations.

An application is illustrated with real data sets.

Keywords: Bias correction. Watson distribution. Axial data. Minimum L? distance.

Bootstrap and permutation tests.



RESUMO

Dados esféricos sao produzidos em varias linhas de pesquisa. Esses dados podem ser
categorizado como direcional (quando essa linha é direcionada) e axial (caso contrario).
Dados direcionais podem ser entendidos como pontos em uma esfera; enquanto, dados
axiais sdo pares de pontos antipodais (isto é, pontos opostos) em uma esfera. O modelo
Watson (W) é frequentemente usado para descrever dados axiais. O W distribuigao tem
dois parametros: o eixo médio e a concentracao parametro. Sabe-se que fazer inferéncia
sob menor concentracao é uma tarefa dificil. Primeiro, para superar essa lacuna, para os
parametros W, fornecemos um procedimento melhorado de estimativa baseada em maxima
verossimilhanca para o W parametro de concentracao. Em particular, apresentamos uma
expressao de forma fechada para o viés de segunda ordem, de acordo com a metodologia de
Cox-Snell. Além disso, uma expressao aproximada para a matriz de informacoes de Fisher é
derivado também. Para quantificar o desempenho de nossa proposta, um estudo de Monte
Carlo ¢ feito. Os resultados indicam que nosso procedimento de estimativa é adequado para
obter estimativas mais precisas para o parametro de concentracao W. Second, realizamos
o estudo sobre uma extensao natural dos estimadores de minima distancia discutidos
por Cao et al. (1994). Mais precisamente, sob o pressuposto de distribuigao direcional
Watson, para produzir hipdteses e apontar procedimentos de inferéncia estatisticas, bem
como bondade, e propor antecedentes matematicos para o método estatistico com base
na distancia minima de L? para o modelo de Watson. Terceiro, com base na divergéncia
de Rényi, propomos dois testes de hipotese para verificar se duas amostras provéem de
populacoes com a mesma concentracao parametro. Os resultados de dados sintéticos e
reais indicam que a proposta de testes podem produzir um bom desempenho nos dados da
Watson. O comportamento em pequenas amostras dos estimadores propostos esta usando

simulagoes de Monte Carlo. Uma aplicacao é ilustrada com conjuntos de dados reais.

Palavras-chave: Correcao de viés. Distribuicao Watson. Dados axiais. Distancia minima

L?. Bootstrap e teste de permutacao.
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1 INTRODUCTION

Statistical analysis in the unitary sphere is not easy task, the beauty of the probabilistic
models make it seem simpler than it is pratice. This difficulty usually results from the
complicated normalization of the constants associated with directional distributions.
However, due to their powerful modeling ability, hypersphere distributions continue to
encounter numerous applications, see for example, Mardia and Jupp (2000).

The most well-known directional distribution is the Von-Mises-Fisher distribution
(VMF), which models data concentrated around a mean (direction). But for the data
that has an additional structure it is necessary to define what additional structure is, and
this distribution may not be adequate: in particular for axially symmetric data it is more
convenient to approach the Watson distribution, Watson (1965), which is the focus this
thesis. Three main reasons motivate our study of the multivariate distribution. First it
is fundamental for the direction statistics, second it has not received much attention for
the analysis of modern data involving large data, and it is a procedure for analysis of the
genetic expression Dhillon (2003).

One reason may be that the traditional domains of directional statistics are three-
dimensional and two-dimensional axes, for example, circles or spheres. The Watson
distribution is formed by two parameters: p and k, where  is known as normalization
constant and its density will be defined in (2.1).

A basic set of summary statistics in exploratory data analysis consists of the median of
the sample and the extremes (also known as "hinges"), which are the approximate sample
quantiles. In a two-dimensional plane, the geodesic is the shortest distance that joins two
points such that, for small variations in the shape of the curve. The representation of the
geodesic in a plane represents the projection of a maximum circle on a sphere. Thus, either
on the surface of a sphere or deformed in a plane, the line is a curve, since the shortest
possible distance between two points can only be curved, since a line would necessarily
need to remain always in a plane, to be the shortest distance between points. From the
practical point of view, in most cases, the geodesic is the shortest curve that joins two
points.

In a "flat geometry" (Euclidean space), this curve is a straight segment, but in "curved
geometries' (riemaniana geometry), much used for example in General Relativity Theory,
the shortest distance curve between two points it may not be a straight line. To understand
this, let us take as an example the curvature of the globe and its continents. If we draw
a line connecting two capitals of different continents, we will notice that the line is not

straight, but an arc of the maximum circle, however, if the distance between the two cities
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is small, the line covering the segment of the maximum circle will be really a straight. In
general relativity, geodesics describe the motion of point particles under the influence of
gravity. In particular, the path taken by a falling rock, a satellite orbit, or in the form of a

planetary orbit are all geodetic in curve-time-space.

Thesis Objective

The aim of the thesis is to propose a closed-form expression for the second-order
bias according to the Cox-Snell methodology for the real Watson. Then perform study
a natural extension of the minimum distance estimators discussed by Cao et al.(1994).
More precisely, under the assumption of Watson directional distribution, to produce
hypotheses and point statistical inference procedures, as well as goodness, and to propose
mathematical antecedents for the statistical method based on the minimum distance of L?
for this distribution. Finally, based on Rényi divergence, propose two hypothesis tests to

verify whether two samples come from populations with the same concentration parameter.

Thesis Organization

In addition to the introductory chapter, this thesis consists of four more chapters. In
Chapter 2 we focused on data analysis on the sphere and Watson distribution. We present
a general review on the data in the sphere, on the Watson distribution discussing its main
characteristics and estimation of its parameters, then propose a closed-form expression for
the second-order bias according to the Cox-Snell methodology for the real Watson.

In Chapter 3, aims to study a natural extension of the minimum distance estimators
discussed by Cao et al. (1994), to produce hypotheses and point statistical inference
procedures, as well as goodness, and to propose mathematical properties for the statistical
method based on the minimum distance of L? for this distribution. In this same chapter
we present new properties about the Watson distribution.

In Chapter 4, we propose two-samples divergence-based hypothesis tests involving
concentration parameter of the Watson distribution; i.e., two statistical procedures to
identify if two axial samples are similarly concentrated used permutation and bootstrap
tests for two sample problems of axial data analysis. Finally in Chapter 5, we summarize
the main contributions of this thesis.

The following figures 1, 2 and 3 are examples of axial data sets. They quantified
simple are represented by latitude € and longitude ¢ on three populations, based on
these angles presented vectors on the unit sphere can be obtained by the transformation:

x = sin(0) cos(¢), y = sin(f) sin(¢) and z = cos(f). Figure 1 presents the graph of pole
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positions from the study of paleomagnetic soils of New Caledonia by Fisher, Lewis and
Embleton (1987).

oLe

+

o8l

Figure 1 — Positions of poles from the study of paleomagnetic soils of New Caledonia.
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The second and third samples, both refer to orientations of axial plane cleavage
surfaces of turbidite ordovician folds, composed by the variables: diving and diving
direction, denoted latitude 6 and longitude ¢ , respectively. Figure 2 shows the projection
plot of 72 poles for axial plane cleavage surfaces. Figure 3 shows the projection plot of 75

for axial plane cleavage surfaces.

2710

1BO

180

Figure 3 — Projection of 75 poles for axial plane cleavage surfaces.
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Computational support

As for the computational part, was used R software, which is a language and an
environment for computing statistics and for the preparation of high quality grades. R
offers a wide range of statistical techniques and graphics. The fact that it is a free software
is allowed contributions of new features through the creation of packages. Documentation

and tutorials are available at http://www.r-project.org.
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2 BIAS-CORRECTED ESTIMATION FOR
THE REAL WATSON

2.1 Introduction

Spherical data are commonly represented by a straight line within normed space
Fisher, Embleton and Lewis (1993). They are output in various research lines: theory of
shape Small (1996), equatorial distributions on a sphere Watson (1965) and discordancy
tests for samples on the sphere Best and Fisher (1986). These data may be categorized
as directional (when such line is directed) or axial (otherwise). Directional data can be
understood as points on a sphere; while, axial data are pairs of antipodal points (i.e.,
opposite points) on a sphere. The Watson (W) model is often used for describing axial
data Fisher, Embleton and Lewis (1993).

The W model can be seen as an extension of the well-known Von-Mises-Fisher dis-
tribution Fisher, Embleton and Lewis (1993). While the last supposed that axial data
are concentrated around a mean (direction), the W distribution may also describe axes
dispersed over mean and its variability depend a concentration parameter. The W dis-
tribution has two parameters: the mean axis and the concentration parameter (say r).
The W flexibility lies in x regard to both degree and kind of axial data dispersion. The
concentration is directly proportional to the values of ||. If k is positive, the distribution
is bipolar. If x is negative, the distribution is girdle.

The maximum likelihood (ML) estimation has been widely used mainly due to its good
asymptotic properties, such as consistency and convergence in distribution to the Gaussian
law. In contrast, the ML estimator is often biased with respect to the true parameter
value. The former has bias of order O(N~!), where N is the sample size and O(-) is the
Landau notation to represent order. The fact of the bias value be negligible comparatively
to the standard error (which has order O(N~1/2)) becomes the previous phenomenon
unimportant. However, such biases can be expressive before small or moderate sample
sizes. As a solution, analytic expressions for the ML-estimator bias are required to derive a
more accurate corrected estimator for finite sample sizes see Cordeiro and Cribari (2014).

Several bias-corrected methods for models in directional data have been proposed
in the literature. Some of them are improved ML estimators for the von Mises-Fisher
concentration parameters Best and Fisher (1981) and the parameters of the complex
Bingham distribution Dore et. al. (2016).

In this paper, we propose an improved estimator for x in order to correct the ML bias,

mainly under lower concentration axial data, which impose often a more expressive bias.
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To that end, we follow the methodology proposed by Cox and Snell (1968) in terms of the
second-order bias expression of (ML) estimator. Closed-form approximated expressions for
the Fisher Information Matrix (FIM) and associated bias are derived for the parameters
and a new estimator for k is proposed. Subsequently, a simulation study is made to
quantify the performance of our proposal. Results evidence in favor of the our proposal
like an efficient tool to measure concentration over axial data.

This chapter is organized as follows. In Section 2.2, the Watson distribution is
introduced. Section 2.3 presents an outline on the Cox-Snell correction and the proposal
of an estimator for . In Section 2.4, a performance study is carried out. Finally, Section

2.5 summarizes the main conclusions of this chapter.

2.2 The Watson Distribution

The Watson distribution has support on the unit sphere, say SP~! = {x € RP: '@ =
1}, and probability density function (pdf) given by

flasn) = S (22 ) ot (w7 @)

= DN (5.2 k) expls cos(Ola, 1)) 2.)

for +x,u € SP7! and k € R, where 6(x, p) = arccos[u' x| represents the angle between

the dominant axis and a possible outcome belonging to SP~! and

I'(b) ! _ o .  q)
M b - -\ / zu , a—1 1 — b—a 1d — W~
(a,5,2) C(a)l'(b—a) Jo crut (1w " nz:% b n!
is the Kummer function Abramowitz and Stegun (1994), where a(® = 1 and o™ =

a(a+1)(a+2) --- (a+n—1). This case is denoted as & ~ Wp(, ), where p indicates
the dominant axis and x is the concentration parameter. Moreover, the Watson model
is rotationally symmetric about £u. If x < 0, this distribution has a mode around the
equator at 90° to the axis £ (this situation is classified as girdle form). On the other
hand, for k > 0, the distribution is bipolar with modes at +p (denoted as bipolar form).
When x = 0 the uniform distribution is obtained. Further, this distribution also satisfies

the following properties:

e The Watson density is rotationally symmetric around +pu;

o If x ~ W,(p,x) and A an orthogonal matrix, then y = Ax ~ W,(Ap, k) Mardia
and Jupp (2000),

e The following high concentration approximations Mardia and Jupp (2000) hold for
the W model:
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2r{1 = (p' @)’} ~ xj_y, K — 00,
in the bipolar case, and similarly

2lkl{1 = (k'®)*} ~ X7, K= —o0,
in girdle case.

2.2.1 Maximum likelihood estimation

Let X = (x1, - ,x,) € S’ be a random sample from & ~ Wy (s, ). The log-
likelihood function at 87 = (u", k) is given by

1
00;X) =n muTSu—logM(Q,g,/ﬁ;>+fy}, (2.2)

where X = [x;,...,@,|" is the observed sample and S = n=t 30" | x;x.] is the scattering

matriz of the sample or of sampling orientation matriz and v = log [2%22)] is a constant
term, often suppressed in the inferential process.

The maximum likelihood estimate (MLE) for @ = (x, ") is given by
0 = arg Igleaéqﬁ(e; X),

where © represents the associated parametric space.
Specifically, Sra and Karp (2013) showed the MLE for p, @, is given by

_J s1, if &> 0 (bipolar form),
7N s, it & <0 (girdle form),

where s; and s, represent the normalized eigenvectors associated with the eigenvalues of
S. On the other hand, the MLE for the concentration parameter  is obtained by solving

the following non-linear equation:

1 P 2 _M,<%7§7'%> ~T ~
g<2,2,k’):1}2)—l,l/ SIJ/:T (OSTSl),
where M'(,-,-) is the derivative of M (-,-,) with respect to x given by
M'(a,b, k) = %M(a—i—l,b—i—l,n).

Thus, two conditions need to be satisfied to obtain the MLE for x: (i) Ay > Ay for K > 0
and (ii) Ap—; > A, for k < 0, where Ay, --- , \, are eigenvalues of S. As discussed by Sra
and Karp (2013), the Equation can rewritten as

Lp . Lp .
9(2,2;%’) =A or g<2a2§/<6) = Ap.
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From now on, we assume that MLEs for x are defined as solutions of

M'(a,c, k)

= >a>0 0<r<l1
M/a,c, k) " c-a ’ =>4

g(a,c; k) =

where r is the smallest or largest eigenvalue from the sampling orientation matrix. The
MLE for p is the eigenvector corresponding to the rth eigenvalue.

Even though f is easily obtained, it is hard to compute. So, Sra and Karp (2013) have
derived asymptotic approximations for A4 given by
k(r)==""+ (c—a—1) + WT + O(r?), r—0,
k(r) = (r=2) {75 + S (=8 + 0((r=2))} r— 2 and
k(r)=7¢+1—-a+ %(1 —7) 4+ O((1—=7)?), r — 1. In this case, the observed

information matrix, say J(0), is defined as

o2 0% 0%
0%y Op1dup OOk
o2 9% 9%
20, 20, 20
J(6) = M2' 1 . 20pup #% o (2.3)
Pe . P ou
OKOu1 OkOup 0%k

Based on (2.3), under certain regularity conditions, one can define the FIM, say K (6),
as K(0) = E[—J(0)]. To define K(8), it is necessary two results: (i) obtaining the 2nd
derivative of ¢ with respect to p and x (Barros et. al. 2016) and (ii) determining the
components of E(xzx") in K(0). For x following the real Bingham distribution having
parameter X, it holds that we use an approximation proposed by (Kume and Walker

2014):

oI, >y 21, tr()
Bl )~ T or e+ 3) T G r Pp )

(2.4)

where tr(-) is the trace operator and I, is the identity matrix at the order p. Since the
W model may be rewritten from the Bingham making 3 = (I, — 2kpp ") ~!, Mardia and
Jupp (2000), we use this result to obtain (ii), see appendix A.

2.3  Corrected estimation for the concentration

The methodology proposed by Cox and Snell (1968) is shortly reviewed in this

section. The notation is defined as follows:

U. = 0 00),U;; = (9726(0) U — Lg(g)
a0, Y T 00,00, T T 00,00,00,
fori,5,k =1,2,...,p. Moreover, the cumulants for the log-likelihood derivatives are given

by
kij = E(Uy),  kij =EUU;), ki = E(Uij), Kijr = E(UiUj).
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Consequently, the elements of the FIM at 6 are k;;. It is known, under the regularity
conditions that x; ; = —~k;;. The entries of the inverse of FIM as KY.
Furthermore, the first derivatives of the cumulants x;; with respect to the W parameters

are denoted by:
0 _ 9

i 786% Kg,0;,

fori,j,k=1,2,...,p, in case for p = 3.

2.3.1 Cox-Snell Methodology

Cox and Snell (1968) derived a formula for the second-order bias of the ML estimator
for @ = (61,---,0,)". According to these authors, if 0, is the ML estimator for 6, in 0,

the following expression for the bias of @ is:

B(0,) = E@,) — 0, = > & (,@EQ — 1%) +Y o(mn™), (2.5)

r,s,t 2 =2

A

wherer,s,t = 1,---,p. A corrected ML estimator, say 6, may be given by 0, = 0a—§(éa),
where B(8,) indicates the bias B(0,) evaluated at 8,. It is know E(8,) = 04 + O(n™1),
while E(0,) = 04 + O(n2). Thus, 6, has better asymptotic properties than 6,.

It what follows, the expression (2.5) is applied to correct the ML estimator for the W
concentration parameter. It is known E(x) = 0 and the random number generator for W
variables depends only of x according to Kim-Hung and Carl (1993). From the last note,

we focus only on the improved estimation of x.

2.3.2 Expression for the second-order bias

As first contribution of this chapter, we derive a closed-form expression for W FIM,

given in Corollary 2.1.

Corollary 2.1. The components of the unit (for sample size n=1) FIM are given by

13k — 28k 3 — 28k2u3 — 20K% 12 K2y o
Kia & Ko =~
24(1 — 2kpu5% — 26p02 — 26p12) 31 = 26p52 — 2602 — 26102

K11 ~

e K2 i o 1B = 20k — 20k — 206
BT 8(1 — 2mps? — 26p0% — 2kp2) T T 24(1 — 2kpu5% — 2Kp192 — 26112
13k — 28K% 13 — 20K% 3 — 28212 K2 1o i3

Ko ~ Ro3 = K32 =

24(1 — 2K 3% — 2K 92 — 2Kpu12) 3(1 — 2Ku3% — 2k 22 — 2Kp12)’
13pg — 20Kku3 1o — 20k g3 — 20k 3 13k — 20K% 3 — 28K% 5 — 28K7 17

24(1 — 2K p3? — 2Kkpu9% — 2Kp192) s 24(1 — 2K p32 — 2Kp9% — 2Kp12)

Ro4 = Ry2 =
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13p3 — 20kp3 — 20k s — 20k 5115

fiat 7% a3 24(1 — 2Kku3? — 2K 2% — 2K1112)

0.5%(2.5)M(1.5,2.5, k)% — 0.5(1.5)2M (0.5, 1.5, k) M (2.5, 3.5, )
1.52(2.5)M(0.5, 1.5, k)2 '

K44 =

2 2 2
13k—20k2—28k (Zj# pj)

and K ~ 24[1-26(3"_ 3]
A K/Q“'IJ‘V 1j=
kij =~ 3[17211(23?1;1 “}%)]’ e b

13ui—20nu§’—205ui (Zﬁﬁi p,?)

O

Riqg ~

1,2,3.

An outline of the proof these results is given in appendix A.
Based in Corollary 2.1, the term &;;; of (2.5) for the W model is derived. The expected

value of the third derivatives obtained from the FIM with respect to the W parameters
are expressed by

Klle X K12e N K13e R Kedd N K2le N K22e N K23e N K3le N K32e N K33e N Kied N Kase 2 0,

13 — 28kpu3 — 28k 3 — 20k u?
24(1 — 2ku32 — 2K 92 — 2Kp12)’
K1 2
3(1 — 2kpu3? — 2K 9% — 2Kpy2)’
et
3(1 = 2632 — 2Ku2? — 2K 2)’
13 — 28/-§,u§ — 20/{;@ — 28/{;@
24(1 — 2ku32 — 2K 9% — 2Kp12)’
Ki2/t3
3(1 — 2ku3? — 2k pp? — 2Kp1%)’
n 13 — 20/£,u§ - 28/1/@ — 28/1;@%
24(1 — 2Kku32 — 2Kpe% — 2K112)

K114 = K141 = K411 = N

K124 = K142 = K214 = K241 = K412 = K421 = N

K134 = K143 = K314 = K341 = K413 = K431 = N

K224 = K242 = K422 = N

K234 = K243 = K324 = K342 = K423 = K432 = N

K334 = K343 N K433 =
and

(1.5)M(0.5,1.5, K)M(1.5,2.5, k)M (2.5,3.5, k) — (2.5)M(2.5,3.5, k) M (1.5,2.5, &)

K444 = N 1.52<2,5)M(0.5, 1.5, H)s ‘




Chapter 2. BIAS-CORRECTED ESTIMATION FOR THE REAL WATSON 21

Let & ~ Wp(p, k) and & be the ML estimator for x based on a random sample of n

points from x. Then second-order bias of & is given by

Corollary 2.2. Consider X following the Watson distribution having the concentration

K. An expression for the bias is given

Bias(k) = + {Dil (KM RIUN] + kT RIZNG + kMR Ny + 61262 Ny + k12612 Ny

+ /€42K,23N21 + K43K31N3 + I€43/{32N32/€43K,33N33] + (541 21 + /ﬁj42
N N é
Xlill) 8Ng _|_ (:‘141 22 + ,‘4;42 12)81)17 + (Ii41 23 + Ii41 32 + Ii42:‘i13

+/£42 31 + /€43 12 + 543 21) 8[])\/18 + </€4l 31 + /€43 11)8%;1 + </€41
X,{33 + /{43 13) 8N n 2[K41514+(H41H41+K44511)N15]
D1 2D,

2[H42I€24N22-‘r(542542+I€44522)N28+H43K34N34+f€43H43N37]

2Dy
[1441n14+(n41/{41+n441111)N5+(/@42/424+n42/@22)]

2D1D2 o 2D1D2
[n44fi22N23—|—(543534+n43ﬁ43+/€44n33)N35] n 841 24 N
2D1 Do D1
{8[&42514N9+(n41n34+n43n14)N13+(n42;£34+m43524)N26]}
Dy

{12[(n44512+/444n21)N16+(n41n43+n441413+n44n31)N17]}

Dy
{12 {(5425434-543542*“ 4,23 4 44y 32)N29+n43541N36} }
+
Dy
4[(&41n24+n42ﬁl4+541m42+ﬁ42/@41+n44ﬁ22+n44n21)N10]
Do
4[(/@41/434—&—/@43/4144-/@41n43+n441£13+n44n31+n43n41)N14]
Do
4[(K42K34+K43K24+K42,{43+,{42K42+N44,{23+K44,{32)N27]
Do

+,€43 44 6N38) + /@44 14 6N39) + ,{44,124 <6N40) 43

6N41 44 .44 ( 2Na2—Ny3
x (i) ettt (25N )

42 44 6N30
Dy

where N;, N;; and D; are given in appendix B.

2.4 Numeric Results

The purpose of this section is to quantify the performance of MLE for x comparatively
to its corrected version. A simulation experiment is performed as follows. The number
of Monte Carlo samples is 5000. For each Monte Carlo sample are computed the bias
and the mean square error (MSE). We considered both bipolar (k = 1,3,5,6) and girdle
(k = —6,—5,—3,—1) cases and sample sizes n = 20, 30,50. These cases are illustrated in
Figure 4.

Table 1 shows values for bias and MSE at the bipolar case. The bias and the MSE are

reduced when the sample size increases. It is expected according to the MLE asymptotic
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kappa==86 kappa==5

Figure 4 — Synthetic data from the W distribution over the unit sphere for positive and
negative values of k.

theory. Additionally, the best results were related to the most concentrated (k = 6) events,
concordantly with the Figure 4.

In all cases the bias-corrected estimator outperformed the standard MLE, mainly for
the small values of k. For instance, for n = 20 and xk = 1, the pair (bias, MSE) of MLE
reduced from (—1.084,5.5753) to (—0.6044,2.7702), using the proposed bias expression.
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Table 1 — Values for bias and MSE of standard and corrected ML estimates under the

bipolar cases.

x>

Bias MSE Bias MSE

1 20 1.083767 5.575265 —0.604372 2.770207
30 0.839706 3.633523 —0.538646 2.220319
50 0.589435 2.208639 —0.491987 1.544695
3 20 0.279182 4.582195 —0.092837 2.012087
30 0.185040 2.689280 —0.057160 0.798357
50 0.090915 0.462824 —0.036790 0.329417
5 20 0.225652 1.240230 —0.047078 0.701402
30 0.145837 0.761402 —0.024675 0.442688
50 0.054362 0.366539 —0.012063 0.273039
6 20 0.202915 1.184747 —0.025526 0.652320
30 0.121577 0.678365 —0.011676 0.371082
50 0.043542 0.306849 —0.001939 0.187414

The values of MSE and bias are shown in Table 2. For this case, we expect that as we
reduce the value of k the values of the pairs (bias, MSE) decrease, which in fact occurs.
For example, for k = —1 and sample size n = 20, we have that the pair (bias, MSE)
decreases of (0.482635,5.270421) to (0.269154, 3.739063), which corresponds to a reduction

of almost 50%. The proposed bias expressions deliver good results when the sample are

small and the values of the concentration parameter x are larger.

Table 2 — Values for bias and MSE of standard and corrected ML estimates under the

girdle cases.

>

beon Bias MSE Bias MSE
—1 20 —0.482635 5.270421 0.269154 3.739063
30 —0.461038 3.029898 0.186358 2.852630
50 —0.408045 1.954804 0.138775 1.447265
—3 20 —0.261471 4.650727 0.101254 2.115039
30 —0.205408 2.927740 0.056094 0.824375
50 —0.102762 0.498553 0.035949 0.341519
5 20 —0.226860 1.267251 0.061973 0.820411
30 —0.160697 0.791517 0.045966 0.481658
50 —0.065887 0.402002 0.017992 0.290492
—6 20 —0.199696 1.164198 0.030743 0.686374
30 —0.101212 0.647820 0.026262 0.385643
50 —0.059538 0.281609 0.002294 0.196863
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2.5 Conclusion

This chapter has presented a bias correction estimation method for the concentration
parameter at the W model. It was made according to the Cox-Snell methodology. We have
proposed closed-form expressions the Fisher information matrix and the second-order bias
of ML estimator of concentration parameter. Results from a Monte Carlo study have indi-

cated our proposal outperforms the classical ML estimator for both bipolar and girdle cases.
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3 MATHEMATICAL METHODS BASED
ON THE MINIMUM L? DISTANCE

3.1 Introduction

As already discussed, in terms of observations nature, Directional Statistics refers to the
collection of methodologies to deal with points on the unit circle, sphere, or hypersphere.
These types of data arise naturally in various science problems, such like Neuroscience
Leong et al., (1998), Biology Ferguson, (1967), and Geology Embleton et al., (1998), among
others.

Nonparametric kernel methods for estimating densities of spherical data have been
studied in Hall et al. (1987) and Bai et al. (1988). Kernel density estimation or, in
general, kernel smoothing methods is a classical topic in Nonparametric Statistics. First
papers to tackle this issue (in Euclidean or linear perspective) have been proposed by
Akaike (1954), Rosemblatt (1956), and Parzen (1962). Subsequently, extensions of the
kernel density methodology have been brought for different contexts, as smoothers for
more complex data (censorship, truncation, and dependence) or dynamical models Muller,
(2006). Some comprehensive mathematical treatments have been addressed in books by
Silverman (1986), He (1992), and Ko et al. (1993), among others. Beyond the linear
case (or Euclidean), the kernel density estimation has been also adapted to directional
data. Hall et al. (1987) have defined two types of kernel estimators and given asymptotic
formula for bias, variance, and square loss.

Other paramount concept in Statistics is the robustness. This notion is pretty wide,
but a common motivation for all robustness branches seems to be minor sensibility to the
presence of outliers. The development of robust procedures for directional data has gained
a lot of attention over the last years. The fact that the variables belong to a compact set
requires tailored proposals in ways that are different of those due to the Euclidean space.
A survey about robust methods for circular data can be found in He (1992). Ko et al.
(1993) have extended the classic M-estimators for location and concentration parameters
in distributed von Mises data.

A manner of combining both nonparametric (kernel) estimators and robust methods is
by means of the statistics based on minimum distances, what is called statistical distances
(SDs). There are at least two possible implications for the use of SDs in statistical analysis.
Firstly, SDs have been employed as minimum distance estimation. This class of estimators
has highlighted itself by presenting as robust properties as asymptotic efficiency, see
Beran (1977), Simpson (1989), and Lindsay (1994). Beran (1977) pioneered a robust
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estimation technique, named minimum Hellinger distance estimation. The latter is a
result of minimizing a discrepancy between a parametric density and one of its suitable
nonparametric estimators. Secondly, SDs have also been used as Goodness-of-Fit (GoF)
tests. In this case, the closeness between the empirical distribution and assumed model is
quantified through SDs.

This chapter aims to study a natural extension of the minimum distance estimators
discussed by Cao et al. (1994). More precisely, under the assumption of distributed
Watson directional nature, we derive a mathematical background to produce hypothesis

and point statistical inference procedures as well as GoF techniques.

This chapter is organized as follows. In Section 3.2, a kernel density estimation for
directional data is discussed and illustrated. Section 3.3 approaches the minimum distance
estimation. Section 3.4 exhibits the main results of this chapter. In Section 3.5, some
numerical results about SDs are presented. The main conclusions listed in Section 3.6

ends this chapter.

3.2 Kernel estimator for directional data

According to previous discussion, kernel density estimators has been adapted to different
non-Euclidean spaces, such like directional data or a g-dimensional sphere, having as special
spaces, the circle (¢ = 1) and the sphere (¢ = 2). Let x be a directional random vector

having density f(x). The support of « is denoted by
Q, = {wGRqH : CC% + -+ :lingl = 1} = {wERqH : Hw“2 = 1},

where ||.|| represents the Euclidean norm. The Lebesgue measure over €2, should then

satisfy

/Q Fla) w,(dz) = 1.

q

Remark 1. When there is no possible misunderstanding, w, will also denote the surface

area of €1y

wy = wy(y) = for g > 1,

where I'(p) = [3° 2P~ e *dx represents the Gamma function.
According to Hall et al. (1987) and Bai et al. (1988), a directional kernel density
estimator can be formulated as follows. Let 1, , @, be a n-points random sample over

the unity sphere, a directional kernel density estimator for f(x) is given by

folx) = Ch’q ZL( —® w,)) for xe€Q,, (3.1)
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where T is the transpose operator, L(-) is the directional kernel, h > 0 is the bandwidth
parameter, and Cj, ,(L) is a normalizing constant depending on the form of kernel L(-),
the bandwidth A, and the dimension ¢. The inverse of the normalizing constant at & € €2,
is given by (Bai et al., 1988)

Chg(L)™H = /

Q

1—ax’
L <h2y> wy(dy) = h? A q(L),

where A o(L) = we_y J2" L(r)r$=1(2 — r h?)3~'dr. Figure 5 illustrates the used kernel

function for a set of generated directional data.

Figure 5 — Contour plot of the mixture of von Mises densities.

Various properties of the directional kernel density estimator (3.1) have been proposed
by Bai et al. (1988), e.g., its L;-norm consistency. Additionally, a central limit theorem
for the integrated squared error of the estimator as well as the expression for the bias have

been derived by Zhao et al. (2001), under the following regularity conditions:

1. Extend f(-) from €, to R?™\{0} by defining f(x) = f(z\ |z||) for all z # 0.
T
Assume (i) the gradient vector V [f(x)] = (859(;1”), cee g;: ii)l) and the associated
Hessian matrix H [f(x)] = (M

Ox; x; >1Si,jéq+1
on R4\ {0} and integrable square.

exist and (ii) they are also continuous

2. Assume that the kernel function L : [0,00) — [0,00) is a bounded and Riemann

integrable function such that

0< / Lk(r)r%_ldr <oo, forall g>1, for k=1,2.
0

3. Further, consider that {h,; n =1,2,...} is a sequence of positive numbers such that

h, — 0 and nhi — oo as n — oo.

About the kernel function, have worked with

L(t) = 15 (1 = ) [0 <t < 1).
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The choice of the smoothing parameter is one of major problems in density estimation. In
the linear case, several authors dealt with the problem of providing an automatic procedure
to select the bandwidth. For directional data, a bandwidth was considered in Hall et al.
(1987), while a bandwidth selector was considered in Taylor(2008). In this research, we
choose the bandwidth h € [0.2,1.4].

3.3 Minimum distance estimators

Let 2, C R?"! be the g-dimensional unit sphere of radius one centered at 0. Let
&1, -, T, be observed sample drawn from a random vector x with density f(-) over
the support Q,. Let fy(x) be a family of density functions parametrized with vector of
parameters 8 € ® C RY. Consider then the problem of estimating 6.

Given a distance function in the space of density functions, we define a minimum

distance-based estimator 0, as any value satisfying
D(fus fo,) < it D(fu fo) + u. (3.2)

where 6, — 0 as n — oo and fn is a nonparametric density estimator. Notice that if the

infimum of D( fu, fo) is achieved, then the estimator can be defined as follows:
0 = arg max D(fn, fo). (3.3)

Some standard choices for D are the distances induced from the L? norm or from the

L* norm, i.e.,

Dy(fms fo) = [ [ Fn(@) = fo@) | wa(d) and Doc(frn, f) = supa| frn(@) — fo(@) [ wald),

respectively. The Hellinger distance

Di(funs fo) = [ (Vin() = [ To(@) Pl d)

could be another choice. This distance was studied by Beran (1977), who showed that
robustness and efficiency properties could be obtained using this distance. Another
alternative could be to consider D as discrepancy measures or divergences. This approach
was considered by Agostinelli (2007) for circular data and by Basu et al. (1994) for
Euclidean data.

Garcia et al. (2013) introduced alternatives. One of them assumes that the underlying
distribution is von Mises and the other considers a mixture of von Mises densities. In this
Chapter we give a mathematical background for extension of that problem. We assume the
real Watson distribution. However, as Cao et al. (1995) remarked, it seems reasonable to

take into account the particular features of the problem and consider another alternative.
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We consider an automatic bandwidth as in Cao et al. (1995). The idea is to incorporate
the smoothing parameter h,, as an additional component in the vector 8. Therefore, we

can obtain simultaneously an automatic bandwidth and the estimator of @ as follows:
(6, h,) = arg min D( Fus o). (3.4)

The proposed estimators, defined (3.4), are strongly consistent and asymptotically
normally distributed. These properties follow easily using analogous arguments to those
considered by Cao et al. (1995). The following assumptions are needed in order to obtain

the desired results.

Assumptions:

The nonparametric estimator should satisfy lim,, ., D( fhn? fo) =0 as fo.

For all 8, € © and a sequence 6, C © such that lim,, .. D(fe, fo,.) = D(foe, fo,);

we have that lim,,,_.. 0,, = 0.

The Kernel L : [0,00) — [0,00) is a bounded and integrable function with compact
support. For the following hypotheses, we are considering the extension of f in
R*1N\{0} given by f(x\ ||z||) for all  # 0, where ||z|| denotes the Euclidean norm

of x.

[D] The density function fg is such that (for each 8 € ©)

V|[f(z)] and the Hessian matrix H[f(z)] exist and are continuous in R\ {0}.

-
o 9( ) = (%ge(lm)’ cee 8@"%‘,(:”)) is integrable with respect to the measure generated

from L(-) and f.

U(x,0) af" m) g(afgign)) is differentiable function with respect to 6.

If we denote by @, the true value of the parameter, the matrix A = Ego(

is non singular.

)|9 6o

The sequences nh} — 0 as n — oo and hic(h,) — X as n — oo with
A= 2@ [ )
0
where 7 is the area of S; and 7, = 2n%?I'(d/2) for d > 1.
The asymptotic behavior of estimators is determined by the follow result.
Theorem 3.1. Under assumptions C to G, the estimator defined in (3.3) satisfies
V(0 — 6y) =25 N(0, A" A

where ¥ and A were defined in conditions| E| and| F|, respectively and & = Eq, (U (2, o) U (2, 0,) 7).
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3.4 The proposed distance for the Watson distribution

Now we are in position to derive the theoretical contributions of this chapter. Consider
xi,...,x, denote a observed sample which is obtained from the random vector following
the real Watson model,  ~ W (k, u) with pdf

fwl(@) = ' (w) oxp { k(7))

where c;'(k) is the normalizing constant defined previously, & is the concentration pa-
rameter and p is the mean axis. We opt by studying the expression of the squared

distance

Da(funs ) = [ (@) = ()P w,(de),

where, taking c(h,) = c5 (L), after some algebra,

Fo (@) = W{n(hi— 1) + zn: [2:1:T:1:Z- - (a:Ta:Z)Z}}

=1

The following theorem furnishes the distance expression we use.

Theorem 3.2. Let x4, ..., x, be an observed sample from x ~ W (k, p) with density fw (x)

and fhn a (according to Epanechnikov) kernel estimator for its density, then the expression

T 0 0
holds: Dy(fn,, fw) = & 2(hy) (higl)—%&(hn) ("‘;‘;g—l) Y] 5 T 0| a
0 0 &
i 0 0
—1—(%(8:")) z' |0 i 0 :E—/ﬂ (a_cTa:) (a:TSaz> w3 (dx)
0 0 2 - ~
+ (2 [, (@7Se) wildw) —3e(n) (M) + 423
B

3c(h T - -1 _ -1 T
+ (#g)) i i E(xx ') @y, where x =n~t Y0, x;, S =n"' Y0, e, , from Kurz

et. al. (2016)

E(mwT) = M diag (Dd(n)’ 1 _dl—)dl(ﬁ)’”' : 1 _dl_jdl(’f)> MT’

M is an arbitrary rotation matrix whose first column is u,
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Dy() = M(3/2, (d+ 1)/2,m) g M(3/2, /2, )], A = J1 2 2l sin(8) cos(6) +
Tor sin(0) sin(¢) + Z3r cos(6)]
X [ 81172 sin?(0) cos®(p) + s 1% sin?(0) sin?(P) + s3372 cos?(0)
+ 281272 sin?(0) cos(¢) sin(¢) + 21372 sin() cos(#) cos(o)
+ 2893772 sin(@) cos(f) sin(p)] x r? sin(h) dgdedr
and B = [y [37 [T [s1172 sin?(0) cos?(¢) + sp7? sin?(f) sin?(¢) + ss372 cos?(6)
+ 281972 Slnz(Q) cos(¢) sin(¢) + 2s1372 sin(f) cos(f) cos(¢)
+ 250372 sin(6) cos(f) sin(d)]® x r2sin(d)  dodeodr.

Moreover, the distance Dy (fy., fu) should satisfy the condition

o aD2(.]?hn7fW>

0= - / dz) — E
96 e:a:(;,,:) l o, 11 (@) g wildz) — Eo { =g 0-0
1 n
- Z \Ijh mza
n :
where expressions for ¥, (x;; 0) are given by the following theorem.
Corollary 3.1. The expression for Vy,(x;0) (3.5) if
(i) in terms of k, Uy (x;;0) = (15C(h”)c3 “)) z! Egop (a:ch) x;
- (%) [Z? 1Zk 1:“] :uk N (X] kaw )} €T;
2 K
B nc(Z(n)) |:IJ'TIE‘:'(Q"‘CIJ')(m ) - 03( }
where c3(k) = M(3/2,(q+2)/2,k) [¢ M(1/2,q/2,K)] 7, and
(ii) in terms of py for k—1,2,3, Up(x;0) = — (36(,?74")“) x, [Z?Zl 15 e, ) (Xj szch)} x;

2nc? (k) Kk T T
B ( Zep] ) B (ww ) ex,
where ey, is a null vector with exception of the kth element, which is 1. The terms

derived from this corollary are in Appendix C.

3.5 Descriptive experiments for the validation of Dg(fhn, fw)

This section is an initial discussion about the potentiality of the use of Dg(ﬁln, fw) in
statistical analysis. Note that there are several factors we need to control in order to apply
this tool, e.g., length of bandwidth, estimators to be used and their asymptotic behavior,
sample size, concavity of estimation or GoF criteria, and geometrical properties of data
(for data obtained from statistical manifolds), among others. Here, beyond its canonical
conditions (consequent of definition, Nonegativity, Symmetry, and Idempotent), we want

to verify (for 6; = (k;, ;))

Dy(fu, (), fw(@,61)) < Dslfu, (@), fw(,6,)) (3.5)
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when the n-points observed sample is obtained from @ ~ W (kq, p1). As discussed, the
parameter  indicates concentration and, therefore, if one changes the value of k kipping
p fixed is intuitive that distance does not change once this phenomenon is represented
by two overlapped axes centralized two points clouds with different dispersion. Thus, we
admit that k1 = ko = k and p; # pe in (3.5).

We developed a Monte Carlo simulation framework with one thousand replicas in order

to quantify the performance of the developed SD. To this end, we adopt:

(i) K = 1,5, and 15, represent scenarios from high to low degree of dispersion.

(i) p; = [sin(6;) cos(¢;),sin(6;) sin(e;), cos(6;)] for 6; = ¢; =i = 0.1,0.5,1, 1.5,2, where
p3 is considered the real data reference and the minimum arc lengths over sphere

between pg and p;, d,(ps, i) = arccos(|pg pil), are

Index, i | 1 2 3 4 5
dy(ps, pi) | 0940 0.595 0.000 0.684 1.381

Figure @ illustrates the cases we adopt for £ = 25 (which is known as almost bipolar

phenomena). It seems intuitive the smallest arc length for (ps, p3) and the highest
for (s, ps).

(iii) As, from pilot study, there was not great changes under variation of sample sizes, we

use n = 200.

Figure [7| presents numerical results of values of the median, minimum, maximum
of SDs. With respect to the influence of x, one has that the increasing at value of
k implies more accurate performances, i.e., (i) the descriptive measures at the thruth
scenarios, Da(fn., fw (@, K, u3)), are more disjoint of the remainder ones, (i) the variability
measures (such like amplitude) at the thruth scenarios tend to be smaller, and (iii) the
values of the SD are closer of zero. On the other hand, in terms of u;, it is noticeable
DQ(ﬁln,fw(w,/i,[,l;;g)) < Dg(ﬁln,fw(w,li,[,bl)) < DQ(ﬁLn,fW(w,H,Mg,)) in concordance
with the values of arc lengths, but the effect of x can affect distinctions of scenarios whose

rotation deference is low, as happened with spherical samples indexed by po and puy.
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eeeeee

(a) Sphere (b) p1 (c) p2

(d) ps (€) pa () ps
Figure 6 — Illustration of simulation cases for I =
[0.099334665, 0.009966711, 0.995004165], o =
[0.4207355,0.2298488, 0.8775826], pi = [0.4546487,0.7080734,0.5403023],
I = [0.0705600, 0.9949962, 0.0707372], and wa =

[—0.3784012, 0.8268218, —0.4161468]
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(a) Da(fn,, fw)|rx =1

Figure 7 — Performance of statistical distances, under the lexicographic relation: 1 - data
~ W (K, pug) vs. model ~ W (k, 1), 2 - data ~ W (k, pu3) vs. model ~ W (k, pa),
3 - data ~ W (k, u3) vs. model ~ W(k,us), 4 - data ~ W(k, u3) vs. model

3
Values for 8=¢

(b) Da(fn,, fw)ls =5

1 2 4 5

3
Values for 6=¢

(©) Do(fn,, fw)lx =15

~ W (K, ps), and 5 - data ~ W (k, u3) vs. model ~ W(kx, us).

3.6 Conclusion

This chapter has addressed the derivation of the quadratic statistical distance for
directional data; in particular, following the real Watson distribution. In parallel, various
theoretical properties for this model have been derived and they can be used in other
contexts, such like Asymptotic Theory and Multivariate Analysis. Even though the
numerical part of this chapter is an initial discussion, results pointed out the use of

statistical distances as inference or GoF criteria can be a good alternative in directional

data analysis.
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4 BOOTSTRAP AND PERMUTATION
TESTS FOR AXIAL DATA

4.1 Introduction

The statistical analysis of directional data, represented by points on the surface of the
unit sphere in R?, denoted by S, ; =z € R?: "z = 1 was widely developed by Watson
(1983), Fisher et al. (1987), Fisher (1993), Mardia and Jupp (2000), among other authors.
With recent technological advances, the statistical analysis on the sphere has bee requested
in many fields see Kent (1994), Bingham (1974), Watson (1965) and Fisher, Lewis, and
Embleton (1987).

The sophistication of data mining resources has allowed to study phenomena previously
not explored; however, many of them require specialized probabilistic models and statistical
methods for analyzing resulting data. In particular, this is the case when one wishes to
analyze spherical data, as discussed subsequently.

Spherical data can be easily represented as a straight line on normed space, see Fisher,
Lewis, and Embleton (1987). In this case resulting data are classified as directional, if
such line is directed, and axial in otherwise. Directional data can be represented as points
on a sphere; while, axial data represent pairs of antipodal points (i.e., opposite points)
on a sphere. The Watson model is often used for describing axial data, especially those
defined on the circumference and sphere supports see Watson (1965) and Fisher, Lewis,
and Embleton (1987).

Directional data arise in many scientific areas, such as biology, geology, machine
learning, text mining, bioinformatics, among others. An important problem in directional
statistics and shape analysis, as well in other areas of statistics, is to test the null hypothesis
of a common mean vector or polar axis across several populations. This problem was
already treated for circular data and spherical data by several authors, such as Stephens
(1969), Underwood and Chapman (1985), Anderson and Wu (1995), Harrison et al. (1986),
Jammalamadaka and SenGupta (2001), among others. However, there has been relatively
little discussion of nonparametric bootstrap approaches to this problem.

In this chapter, we assume that such data are well described by the Watson distribu-
tion.This model is equipped by two parameters: dominant axis and concentration. The
last parameter is easily interpretable because it is related to both position and dispersion
of axes over unit sphere or circle for three and bi-dimensional data, respectively. Many
articles employed the Watson distribution as probabilistic assumption. Li and Wong

(1993) proposed a random number generator for the Watson distribution based on the



Chapter 4. BOOTSTRAP AND PERMUTATION TESTS FOR AXIAL DATA 36

acceptance-rejection method.

To detect outlier observations in Watson distributed samples, Figueiredo (2007) pro-
vided some important hypothesis tests in terms of the likelihood ratio. Recently, Sra
and Karp (2013) presented some theoretical aspects of the Watson model. In particular,
asymptotic behavior for the maximum likelihood estimators were investigated.

In this chapter, we propose two-samples divergence-based hypothesis tests involving
the concentration parameter of the Watson distribution; i.e., two statistical procedures to
identify if two axial samples are similarly concentrated. Subsequently, these expressions
are redefined as hypothesis tests within the h-¢ divergence class proposed by Salicru et
al. (1994). By means of a Monte Carlo simulation study, we quantify the performance
of the proposed methods. To that end, their empirical test sizes and powers are used as
assessment criteria.

The remainder of this chapter is organized as follows. Hypothesis test based on
stochastic distances is given Sec. 4.2. A short background about hypothesis tests based on
statistical information theory measures using permutation tests and bootstrap is given in
Sec. 4.3 In Sec. 4.4, numerical results involving the proposed methods are presented and
a application to real data. Finally, main contributions are listed and briefly rediscussed in
Sec. 4.5.

4.2 Hypothesis test based on stochastic distances

This section presents the background for providing new hypothesis tests for the
concentration parameter . In what follows it is adopted that divergence measure, say
d, means any non-negative function between two Watson probability densities which
satisfies the definiteness property (for two densities f(x) and g(z), f(x) = g(x) implies
d(f,g) = 0). Moreover, a symmetrized divergence is understood as a distance measure
Frery, Nascimento, and Cintra (2014).

Assume that x and y are two vectors equipped with densities f(z,6;) and f(z,6s),
respectively, where 0; = (ky,111) " and 0y = (ka, it2) " are parameter vectors. The densities
are assumed to share a common support SP~. The (h, ¢)-divergence dg is defined by
Pardo (2005)

dt=h (/S é (;Z Z;;) flz 92)dz> , (4.1)

where h : (0,00) — [0, 00) is a strictly increasing (or decreasing) function with h(0) =0
and ¢ : (0,00) — [0,00) is a convex (or concave) function such that ¢(1) =0, ¢(0/0) =0
and ¢(x/0) = lim,_,o ¢(x)/x (Salicru et al. 1994, 374). Well-known divergences can be
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obtained from (4.1) through choices of h and ¢; such as (i) Renyi, (ii) Bhattacharyya and
(iii) Hellinger. In this chapter we work with divergence measures which applied to the

Watson distribution specifically divergence distance Renyi given by

Cog [ f2f)

s
dh =
B

Nascimento et al. (2018) proposed new hypothesis tests in order to verify if two
Watson distributed samples are distinct. In particular, they emphasize the situation in
which samples have different degrees of concentration around the same dominant axis. In

addition, the following theorem and corollary were used for this discussion.

Theorem 4.1 (General support for calculating the new divergence). Let & ~ W,(u1, K1)
and Wy,(pe, ko) having densities f(z; 1, k1) and f(z; po, ko), respectively, then the following
identify holds (for p € R, — 1)

Kﬂ(ﬁlaul,ﬁz,ﬂz) = /Sp ) (Z #1%1) (Z Lo, Ko)dz

(2mP/2)7'T ( ) C(Brrpapn " + (1 — B)ropaps ")
Mﬁ(;g )Ml 5(2727ﬁ2) 7

where

p
O(ﬁ'ﬁ,ul,ulT + (1 — 5)'€2M2M2T) = /Sp_1 exp {Z Ai(K1, pn, K2, #2)}d2
i=1
and \;(k1, i1, K2, f12) is the ith eigenvalue of the matrix (1 — B)kopope " — Bripipr . This
theorem is derived in Appendix D. With respect the computation of C(.), Kume and
Wood (2005) have derived saddlepoint approximations to an expression of this kind. In
future studies, other divergence-based hypothesis tests can be deduced from Theorem 4.1.

The next corollary is obtained from the Theorem 4.1 by assuming p, = py = pu.

Corollary 4.1. Let © ~ W,(u, k1) and y ~ Wy(p, ko) having densities f(z;p, k1) and
f(z; p, k2), respectively, then Kg(ki, i, ke, 1) collapses in the identify

5 B+ (1 = B)r) M(},8, )
VB k) MYE(5, 8, k) \/M(%,g,/il)M(%,g,@)

An outline of the proof of this result is given in Appendix E. Now, consider the study
of some properties of Kg(.,.). As discussed before, x > 0 tackles the bipolar case; while
k < 0 the girdle. Combined with the result M (a,b;x) = exp® M (b — a, b; ), we have: Let

K1, k2 <0,
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Figure 8 — Illustration of function Kj(1, k) for several values of 3.
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Similarly, to the bipolar case, we can note Kz in the girdle case is also a sort of
dissimilarity measure between absolute values of concentration degrees. It is noticeable that
Kjs(.,.) € (0,1] such that Kz(k1, ko) = 1 if only if k1 = kg and Kg(.,.) € [1,00) for § > 1.
This last result is formalized in subsequent corollary. The measure Kj(.,.) is illustrated
in Figure 8. Moreover, it follows from the definition that K, (k1, ko) = K1_p, (K2, k1) for
p1 € (0,1/2).

Our objective was to propose a hypothesis test via permutation test and bootstrap
test being the test statistic used based on Renyi distance denoted by Sg.s whose formula
is given by

2N1 N, 1
SR8 = N N BB 1)
1 2

4.3 Permutation Tests and Bootstrap

Bootstrap methods and permutation tests based on pivotal statistics were proposed
by Amaral et al. (2007) in directional statistics and shape analysis. The bootstrap
methodology was proposed by Efron (1979) and was used by Fisher and Hall (1989) and
Fisher et al. (1996) for constructing bootstrap confidence regions based on pivotal statistics
with directional data. The permutation tests, widely used in multi-sample problems were
proposed by Wellner (1979) for directional data.

We considered two Watson populations W, (1, £1) and W (e, K2), where the concen-

tration parameters k1 and ko are known. An extensive simulation study was undertaken
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and we present the results for the dimension of the sphere to test Hy : £uy = s = £p.
This study was carried out for investigating the performance of the test for the statistic
given by (4.2), the bootstrap test and the permutation test. First estimated levels of
significance obtained for a nominal significance level of 5% of the two tests and second, we
determined the empirical power of the tests.

The algorithm for implementing the permutation test can be described in the following

four steps:
1. Compute the observed test statistic (X ,Y) = 0(Z,v).

2. For each replicate, indexed b=1,--- ,B:
(a) Generate a random permutation 7, = 7,.
(b) Compute the statistic 6©) = 6*(Z, m,).

3. If large values of 4 support the alternative, compute the ASL (the empirical p-value)
by

L4+ #{00 >0y 142, 1(0® > 0)
B+1 - B+1 '

=
For a lower-tail or two-tail test p is computed in a similar way.

4. Reject Hy at significance level a if p < a.

The algorithm for the bootstrap test can be implemented in the following steps:

1. Compute the observed test statistic (X ,Y) = 6(Z,v).

2. For each replicate, indexed b=1,--- ,B:
(a) Generate a bootstrap sample m, = 7,,.
(b) Compute the statistic 6®) = §*(Z, m,).

3. If large values of 6 support the alternative, compute the ASL (the empirical p-value)
by

L+ #{00 >0} 1+38,1(0® > 0)
B+1 N B+1 '

p=
For a lower-tail or two-tail test p is computed in a similar way.

4. Reject Hy at significance level « if p < a.
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4.4 Results

4.4.1 Simulation study

We present a simulation study in order to assess the three proposed hypothesis tests for
the Watson distribution concentration parameter . The parameter x is very important in
axial data analysis and its interpretation is directly linked to the dispersion degree of these
data, such as illustrated in Figure 9. It is noticeable that when the value of x increases,

the data becomes more concentrated in poles Kk > 0 or the equator k < 0.

i 3 o =aa I

l'r_:_:_).], J'!Z_].l R = | K = — I "'l:_lr'fl‘_

o
i
Concentration Parameter (/)

Figure 9 — Illustration of the concentration parameter dynamics of the Watson distribution.
(a) Bipolar case and (b) Girdle case.

We considered without loss of generality, that under Hy : £pu1 = +pus = +u, where
pw=(0,0,1)". We generated two samples of sizes nl and n2 of the populations W, (j, 1)
and W, (u, k2), assuming the sample sizes n = 20,30 and 50. The estimated levels of
significance obtained for a nominal significance level of 5% are indicated in Tables 3 and 4
for known and equal concentration parameters (k1 = k2 = k) in bipolar case and girdle
case, respectively.

In these tables the levels of significance between 4.5% and 5.5%, that may be considered
close to the nominal level 5%. Each estimated significance level, i.e., the proportion of
times that Hj is incorrectly rejected, was obtained through a simulation study with 1000
Monte Carlo simulations in the bootstrap and permutation tests. The number of bootstrap
re-samples, B, in each Monte Carlo simulation was B = 500 and the number of permutation
samples was C' = 500. The significance level for the permutation and bootstrap test is
0.05.

The significance levels obtained in the permutation test in the case of equal con-

centration parameters are very close to the nominal significance level 5% in almost all
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cases. Consequently, the permutation test is generally very reliable in what concerns the
type I error. From the estimated significance levels obtained in the bootstrap test, we
conclude that the bootstrap statistic is very reliable in most part of the considered cases.
Additionally, in general, the bootstrap test has similar accuracy to the permutation test,

essentially in the case of equal concentration parameters.

Table 3 — Estimated significance levels (in %) of permutation and bootstrap tests, for
concentration parameter x and several sample sizes nl, n2.

R R R
Ry Ry N So's So's So's

Perm. ABoot. Perm. .Boot. Perm. .Boot.

2 2 20| 46 5.7 3.1 5.3 5.3 5.8
30| 44 4.4 5.6 5.1 5.3 5.3
o0 | 4.6 4.0 4.7 4.7 5.1 4.8

4 4 20| 34 5.5 5.3 5.2 6.0 5.4
30 | 3.7 2.5 5.1 5.3 6.4 5.2
20 | 3.9 0.8 5.8 0.8 2.8 5.6

7T 7 20 5.7 5.2 4.7 4.6 0.2 5.2
30| 5.0 5.1 4.6 4.8 2.5 5.3
o0 | 4.8 4.9 4.9 5.2 5.6 5.3

10 10 20| 5.6 6.3 2.8 5.5 5.1 5.1
30 | 4.3 5.6 5.1 4.0 5.3 5.2
o0 | 4.8 5.4 5.2 5.3 5.3 5.2

Table 4 — Estimated significance levels (in %) of permutation and bootstrap tests , for
concentration parameter x and several sample sizes nl, n2.

R R R
Re Ry M So'3 So's So's

Perm. 'Boot. Perm. ‘Boot. Perm. ‘Boot.

-2 -2 20| 5.3 5.3 3.7 5.8 5.6 4.3
30| 5.3 5.3 3.7 5.2 5.3 4.6
50 | 5.1 4.8 4.0 5.2 4.9 3.8

-4 -4 20| 39 5.8 5.8 5.8 2.8 5.6
30| 3.7 6.4 5.2 5.8 6.3 5.2
50 | 4.7 5.1 4.8 4.3 5.3 4.8

-7 -7 20 5.3 5.1 5.7 5.6 2.2 5.8
30| 5.2 5.1 2.3 5.3 2.3 2.3
50 | 44 5.3 5.2 3.9 5.4 5.2

-10 -10 20| 4.0 5.3 5.2 3.2 5.3 5.3
30| 3.7 5.5 0.2 3.5 7.1 5.2
50 | 3.6 6.3 5.3 29 2.2 5.3
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We determined the empirical power of the tabular, bootstrap and permutation tests for
a nominal significance level of 5%. We supposed the same null hypothesis as before and
in the alternative hypothesis Hy, two directional parameters +; and +us and without
loss of generality, we generated one sample from W, (u, 1) and the other sample from
W (m, k2).

In the bootstrap or permutation test, the empirical power was obtained from 1000
Monte Carlo simulations, where in each simulation, two samples were generated under H;
and 500 bootstrap or permutation re-samples were considered.

We indicate the empirical power of the tests for different and known concentration
parameters in Table 5 and Table 6. In these tables the values of the power, in which the
bootstrap test is more powerful than the permutation tests.

The empirical power of this test not remains close to the significance level for low
values of the concentration parameters. For large values of the concentration parameters,
the permutation test has better performance for equal-sized samples. we also observed
that for samples of equal size, the empirical power of the permutation test increases as the

concentration parameters increase.

Table 5 — Empirical power (in %) permutation and bootstrap tests for distinct values of
the concentration parameter.

R R R
Rz Ry N Sos So's So's

Perm. .Boot. Perm. .Boot. Perm. .Boot.

2 4 20| 158 219 6.5 35.8 129  36.5
30 | 18.3  54.0 10.1  56.0 16.4  56.5
o0 | 22.7  63.7 11.7  66.1 18.6 70

2 6 20 14 19.8 172 457 184  36.2
30| 154 528 18.3  54.8 17.1 56.7
20 | 21.8  80.5 242 822 28.7 829

2 7 20| 162 269 19.6  37.7 183  21.1
30 | 183 281 20 44.2 19.2  55.8
o0 | 21.1 63.3 272 654 28.1 80.0

2 10 20| 173  26.2 16.9 279 19.7  26.0
30| 19.8 336 | 21.1 466 | 21.1  75.7
50 | 22.6  90.2 | 285 86.6 | 29.2  96.7
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Table 6 — Empirical power (in %) permutation and bootstrap tests for distinct values of
the concentration parameter.

R R R
Ry Ry M So's So's So's

Perm. 'Boot. Perm. .Boot. Perm. .Boot.

-2 -4 20| 186 216 234 422 26.5 328
30| 12.6 241 26.0  46.8 29.1 45.4
50 | 224 63.5 27 66.1 28.6 72

-2 -6 20| 184 283 16.3  48.2 28.7  32.2
30 | 154 328 18.3  54.8 28.1 56.7
50 | 275  61.0 27.1 70.8 288 73.1

-2 -7 20| 184 355 21.0  46.2 23.3  959.7
30 | 23.7  56.7 | 242 557 | 262  67.9
50 | 21.1  63.8 | 292 654 | 281 819

-2 -10 20| 199 63.7 | 248 576 | 25.7 771
30| 245 70.8 | 25.8 680 | 269 87.1
50 | 282 909 | 284 965 | 286  97.0

Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure

17 shows the empirical power of the tests for different and known concentration parameters.

Concenters parameters=2,4, beta=0.3

63.7 Permut

Boot

54 —

Empirical power

219

,,,,,,,,,,,,,,,,,,,,,,,,,,,

55

samples

Figure 10 — Empirical power of the tests for estimated different concentrations=2,4 with
beta=0.3.
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Empirical power of tests for estimated different concentrations=2,6 and beta=0.3.
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Figure 11 — Empirical power of the tests for estimated different concentrations=2,6 with
beta=0.3.

Empirical power of tests for estimated different concentrations=-2,-4 and beta=0.5.
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Figure 12 — Empirical power of the tests for estimated different concentrations=-2,-4 with
beta=0.5.
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Empirical power of tests for estimated different concentrations=—2,-10 and beta=0.5.
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Figure 13 — Empirical power of the tests for estimated different concentrations=-2.-10
with beta=0.5.

Empirical power of tests for estimated different concentrations=2,7 and beta=0.8.
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Figure 14 — Empirical power of the tests for estimated different concentrations=2,7 with
beta=0.8.
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Empirical power of tests for estimated different concentrations=-2,-7 and beta=0.5.
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Figure 15 — Empirical power of the tests for estimated different concentrations=-2,-7 with

Empirical power

beta=0.5.

Empirical power of tests for estimated different concentrations=-2,-7 and beta=0.8.
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Figure 16 — Empirical power of the tests for estimated different concentrations=-2,-7 with

beta=0.8.
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Empirical power of tests for estimated different concentrations=—2,-10 and beta=0.3.
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Figure 17 — Empirical power of the tests for estimated different concentrations=-2,-10
with beta=0.3.

4.4.2 Application to real axial data

We perform an application to axes obtained from a sociological study of the attitudes
of 48 individuaus to 16 different occupations , judgments were made according 4 different
criteria (Earnings, Social Sttatus, Reward, Social Usefulness), given rise to 4 samples
(each of 48 multivariate measurements), by Fisher, Lewis, and Embleton (1987). From
so-called external analysis of the occupational judgments, each multivariate measurement
was reduced to a (spherical) unit vector, yielding the 4 samples of unit vectors.

They quantified simple are represented by latitude 6 and longitude ¢ on two populations,
based on these angles presented vectors on the unit sphere can be obtained by the
transformation: = = sin(6) cos(¢), y = sin(f)sin(¢) and z = cos(f). For the study of
real data analysis we use only 2 criteria, in this case earnings and social status both criteria

can be seen in figures 18 and 19.
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Figure 19 — Equal-area projections of occupational judgments according social standing
criteria

Table 7 — Empirical power (in %) of permutation tests and bootstrap, for different concen-
tration and several sample sizes nl,n2.

Criteria Concentration Statistic — p-value(%)
Perm. Boot.
Earnings Equal 1.297 20.7 513
Social Status Equal 2.673 10.8  39.5

Table 7 as well as the p-values obtained for the tabular method, the bootstrap and
permutation versions of Renyi distance statistic. The p-values of the bootstrap and
permutation tests were obtained with B = 1000 bootstrap re-samples and C = 1000
permutation samples. First, the difference between the p-values of the tests for both

statistics is very small. Second, on one hand, the three tests led to the same conclusion for
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tow criteria. More precisely, we can conclude that two is no significant difference between
the systems for earnings criteria. On the other hand, for social status there is no evidence
to conclude that the systems differ using the Renyi distance statistic and bootstrap tests.
Based on the permutation test, we conclude that there is difference between the systems
at a level of 5%.

4.5 Conclusion

We have concluded that the bootstrap and permutation versions of the Renyi distance
statistic for testing a common mean polar axis across several Watson populations defined
on the hypersphere gave reliable estimates of the significance level, in most part of the
simulated cases, and in particular, for small concentrations and small samples. Additionally,
from the two tests, the bootstrap test is in general the most powerful test in the case of
small samples for small concentrations between the Watson populations. So, in these cases,
the bootstrap and permutation tests based on Renyi distance statistic may constitute
useful alternatives to this statistic, that has an asymptotic distribution, valid only for

large concentrations.
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5 CONCLUSION

We summarize the main contributions of this thesis in the following items:

e The chapter 2 has presented a bias correction estimation method for the concentra-
tion parameter at the W model. It was made according to the Cox-Snell methodology.
We have proposed closed-form expressions the Fisher information matrix and the
second-order bias of ML estimator of concentration parameter. We concluded that
in both cases the performance of our estimate for bias correction showed satisfactory

performance and a significant reduction of MSE for the different sample sizes.

e In Chapter 3 we proposed the derivation of the quadratic statistical distance for
directional data; in particular, following the real Watson distribution and various

theoretical properties for this model.

e In Chapter 4, we performed hypothesis testing using permutation and bootstrap
testing for two real Watson distribution samples, based of the Rényi distance statistic.
We conclude that the bootstrap and the permutation test showed estimates very
close to the confidence level considered, but as for the power of the test in all cases
considered the bootstrap presents better performance compared to the permutation
test.

Several lines of research can still be addressed, such as:

e To present a bias correction estimation method for the concentration parameter in
the W model, using the Bartlett methodology.

e Propose a new hypothesis test to verify if two samples from Watson populations
distributed with different dominant axes are equally concentrated, using divergence

function class.

In closing this work, we hope to have made a relevant contribution to the research
that addresses Bias-corrected estimation for the real Watson model, the derivation of the
quadratic statistical distance for directional data with theoretical properties and Bootstrap

and Permutation Tests for two sample problems of axial data analysis.
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APPENDIX A - COMPONENTS OF THE
FISHER INFORMATION MATRIX

Consider to derive the expression (2.4). According to Mardia and Jupp (2000) if
3} is the parameter of the real Bingham model, the W distribution may be obtained the

former from the identity

¥, = (I, - 2xpp’ )t

Thus
1 — 2ku3 — 2K’ 2K 141 fho 2K 41 3
23=(H372qu)‘1=W 2K o 1 —2ku3 — 26p3 2K o i3 Al)
26 i3 2K o3 1 — 2615 — 26413

and, as consequence,

3 —4kps — Akps — dkpd

1 —2Kkp3 — 2ku3 — 2kp2
Replacing the equations (8) and (9) into (6), we have

o 2% 2L, tr(2)
Bl )~ T v D0 3 Gr 3

13—28kpu2 —28ku3 —20ku3

K1 2 K[43
48(1—2Kp32—2kp2—2ku12)  6(1—2Ku32—2ku22—2ku12) 6(1—2Kpu32—2kp2—2Kku12)
_ 2 2_ 2
~ K1 g2 13—28kpuz—20Kku5—28Kku] K23
6(1—2Kku32—2Kp22 —2Kp12) 48(1—2Kp32 —2Kp2% —2kpu12) 6(1—2ku32—2kpa2—2Kku12)
K13 K2 143 13—20ku2 —28ku2 —28ku2

6(1—2Kku32—2Kp22 —2Ku12) 6(1—2kp32—2kp22 —2kp12)  48(1—2kp32—2kp22 —2kKpu12)

Finally, after some algebraic manipulations the FIM components are given by

¢ () =B, =

o E (8;3;2) =E (8;2882,51) = E[k(S12+ Sn)| = 3(1_2H“3§il;1€/;222_2nu12)7

o [ (8;18;53) =K (8;f;ﬁ1) = E[x(S13+ Sa1)] = 3(172,{#35?5,1{/:227%“12)7

o E (8;??;) =E (a;gjfl) = (2811 pt1+So1 pto+S31 113+ S12 0+ S13/43) ~ 13/22(—3);:;;3_—;::;1_#25;3102*’3#?’
* E () = Blensa) ~ SREHETETE,

" (8;28;53) -k <8’:f;’€2) =k <8/:3832£2> = E[r(S32 + Sa23)] = 3(1_2H,¢35f’éiﬁiz_mz>7
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_92 _92 13p2—20ku2 1o — 20k o 2 — 20K u3
o E ( a(z) =K (35?,,2) = E(So1 01 +S12p01+2802 12+ 85213+ So3113) =~ 52(1_2:;3@2_%#2‘?_“5,%2)“2,

-0%¢ '\ _ ., 13k—20K2u2—28k2u2—28k2 12
° E( ) = E(26833) = 24(1—2kpu32—2rpa® —2ku12)

—92 —92 133 —20ku3 —20ku2 ji3—20Kkp2
o ( oL ) =K (8;3;3) = E(S51 001+ S32p10+ 813401+ S2310+2KS33113) ~ 52(1—2:532—2+$2/§3—2nu1%2)#3

o I <7a2g) _ 0.52(2.5)M(1.5,2.5,,@)2—0.5(1.5)2M(o.5,1.5,n)M(2.5,3.5,n)_

OKdK 1.52(2.5) M (0.5,1.5,K)2



APPENDIX B - TERMS USED IN THE

o7

ESTIMATION OF THE BIAS CORRECTION
OF PARAMETER &

® K134 =
1
¢ "v‘§4) =

Nis _
D,

3k2p1 —8k3 11 3 — 8k g po®
6(1—2Kp32—2kp2%—2kp12)? D;/4 = Dy

83 s pa—rpo
6(1—2kp3?—2kpu2?2—2ku12)2 ~ Di/4 = Dy

8r3uuz—r2p3 _ 4N3
6(1—2kp32—2kp2%—2kp12)2 — Di/4 = Dy

24(1—2Kp32—2kp22 —2Kku12)>2

13—28kp2—28ku3—20kp? Ny _ _
24(1-2kp3?—2Kkpu2%—2Kkp12%) D, K141 = Ran1
K2 e —2k3 o ps® —2k3 10?4263 e Ng  _ 8Ng _ /{(1)
3(1—2kp32—2Kp2% —2kpu12)2 ~ Dy/8 Dy 21
R =263 pa? =263 34263 p3 Ny 8Ny 2
3(1—2kpu32 —2Ku22—2ku12)? ~ Dy/8 Dy 21
4% pops _ Ng _8Ng _ (2 (3 _ (1) __ _
3(1_2rpa?—2mma? 222 Dy/8 . Dy M3 = Ror = Rog = K31 = K3
2kp1 p2 =262 pa popa® =262 p2 =262 32 Ng  _ 8Ny __ o
3(1—2ku32—2kp22 —2Ku12)? ~ Dy/8° Dy ~ 21
K1 g2 _ Nip _ 8Nig __ _ _ _ _
3(12rps—2mpa®—2rm2)  Do/8 . Dy  v42 = K214 = Roq1 = Ra12 = K421
KA u3—2k3 033 =263 o3 +26% s Ny _ 8Ny K(l)
3(1—2kp32—2kp22 —2Ku12)?2 ~— D;y/8 D; ~— 31
P =263 p? =263 34263 pd . Ny, _ SNy B
3(1—2ku32—2kp2% —2Kku12)? T Dy/8° Dy ~ M3l
2ep p3—2k2 pa 3 =262 i po® 3 —262pd s Ny3 _ 8Nyg _ /{(
3(1—2kp32—2Kp2% —2ku12)2 ~ Dy/8 Dy '3
K1 g3 _ Nig _ 8Nig __ _ _ _ _
3(12rps2—2rpa® —2rm2)  D2/8 . Dy 1143 = K314 = K341 = k413 = K431

o 13—56/{;132 —56&;@2 —40K 1 2+56n2u34+11252;L22u32+9652u1 2,1122—1—9652;“ 2u32+5652u24+4052u14 —

13—46ku3%2 —46K122 —34r 1 2 +40K2 13t +80k2 122 1132 +80k2 11 2 132 +80K2 11 2 o2 +40k2 o +40K2 11 4 —

24(1—2ku32 —2kp2% —2Ku12)?
(1)

Kq1
KL 42 — Nis — 12N — K(2) — /1(1)
2(1—2ku32—2Kp22 —2ku12)2 D;/12 D; 41 42
KL 3 — Ni7 __ 12Ny _ /1(3) _ /ﬂ(l)
2(1—2kpu32—2Kp22 —2Kku12)2 D./12 D; 41 34
13 +p1 p3 s _ Njg _ 6Nig

4(1—2kp32—2kp2?—2Kku12)2 -~ D1/6 = D

1
H§4)

1
51(13)
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° /{(1) _ 8”‘3#1#3_52#1 _ Nijg9 _ 4Njg
22 7 6(1-2kpa®—2kpp2—2kpu12)2 ~ Di/4 T Dy
PCI . 3k —8r3puapa®—8r3ulus  _ Ngg _ 4Ny
22 7 6(1—2kp32—2ku22—2kp12)2 T D1/4 T Dy
° K/(S) _ 8"53#%#37’{2#3 _ No1 _ 4Noy
22 7 6(1—2ku32—2kpua2—2ku12)2 ~ D/4 T Dy

(4) _ 13—56kp3%—40ku22 —56ku12+96k2 o2 p2+112k2 11 2 32 +96k2 101 2 1o 2 +56 k2 s +56k2 01 144062 gt

¢ Ry = 24(1—2kp32 —2kp22 —2kpu12)? -
22
D,
. _ 13-28kp3—20kpZ—28kpu?  Nog _ _
K224 = D00 2run?2mpa?—2mu?) . D, V242 = K422
o k2 — K23 —2r3ps3 260 Pus 1263308 Noy _ 8Ny _ 2
23 3(1—2kpu32—2Ku22—2kKu12)? D;./8 D; 32
o B3 — K2uo =265 p9® —2k3 2o+ 263 opd _ Nos _ 8Nas _ C)
23 3(1—2kp32—2Kp2% —2ku12)? D;./8 D; 32
o kW — 2kpiaps =262 pop—262 P s —262pTpaps _ Nog _ Naog _ PCY
23 3(1—2kpu32—2Kp22—2ku12)?2 D./8 D, 32
L K243 — N7 __ 8Noy __ R e — o — e
® R234 = 30 ompa? 2mua® 2mn?) | Da/8 . Dy 1243 = R324 = K342 = Ra23 = K432
o (2) _ 13—46kp12 46k 3% —34k 122 +80k2 11 2 2 +40k2 ph+80k2 o2 32 +80k2 1 2 u24+-40k2 11 4 4+40K2 o _ Nas _
24 24(1—2kp32—2Kkpu22 —2Ku12)? D;
(2
Kag
(3) _ KU 43 _ Nog __ 12Ngg __ (3) _ (2) _ (2)
® R4 = 50 2rps®—2mma?—2mp)2  Dy/12 . Dy 2 = R3g = R
o W _ Hip2t+pzps+ud _ Njo _ 6Ny
24 4(1-2kp32 —2Kp22 —2ku12)2 D, /6 D;
° /ﬁ)(l) — 853,‘11/»4%_’{2,“1 — N31 — 4N31
33 6(1—2rp32—2rp22—2kp12)?2 D,/4 D,
° ff(2) — 8K3/1'2N12;7’$2N2 — N3o — 4N32
33 6(1—2kp32—2Kku22—2Ku12)? D, /4 D;
o B — 3rus—8r7u3us 8k s Ny _ 4Na
33 6(1—2rpu32 —2kp2% —2kpu12)2 D,/ D,
o H(4) _ 13—40kus2—56ku2% —56ku12+96K2 1122 2 +40k2 pa+96K2 11 232+ 11262 1 2 p2+56K2 11 2 +56K2 po
33 = 24(1—2kp32—2Kkp2%2 —2Kku12)? -
N34
D
_ 13-20kp3—28kpZ—28kpu?  _ Ngp _ .
® K334 = 24(1—2rps2 —2rpa? —2rm2) . Do R343 = K433
° /ﬁ:(l) — K1 P — Nase _ 12N36 __ /i(l)
34 2(1—2ku32—2kua2 —2k 1 2)2 Di/12 D, 43
° (3) _ 13—34rus?—46ru22—46ku12+80k2 122 2 +40k2 it +80k2 1 2 pg? +80k2 1 22 +40k2 1 4 +40K2 u0* — Ngp
34 — 24(1—2kp32—2Kkp2% —2Ku12)? - D;
(3)
Ka3
° 5(4) — M§+M§+M§ — N3 — 6N3s
34 4(1-2kp32—2kpu22 —2Kp12)?2 D,/6 D,
(4) papd4pa pd4pd N 6N
o \V — 3 ot iy — Nzg __ 39
41 4(1—2Kp32 —2kp22 —2Kku12)? D./6 D;
(4) H2p3 4313 e _ Ny _ 6Ny

® P42 = J0—2kus®—2mpe?—2rmi2)2 . Dy /6 D,
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o kW — 13 +p psti3ps Ny _ 6Ny
43 T 4(1—-2kp32—2kpe2—2kp12)2 T D1/6 ~ Dy
o (4) _ 2a%(a+1)(M(a,b,k))(M(a+1,b+1,k)) (M (a+2,b+2,k))—2a2 (a+1) (M (a+2,b4+2,k)) (M (a+1,b+1,k)) Nyo
Fag = B2(0+ 1) (M (a,b %)) D;
° _ 2a%(a+1)(M(a,b,k)) (M (a+1,b+1,k)) (M (a+2,b+2,k)) —2a2 (b+1) (M (a+2,b+2,k)) (M (a+1,b+1,k)) _ Ny3
Faaa = B2(0+1)(M(a,b %))
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APPENDIX C - TERMS USED TO
CALCULATE Dy(fy, , fir)

_ 5hi
C(h”) ~ 10mhi—10r—2ma?—2maZ—2a32’

fSQ dmz = 4?%7
Joo T da; = [} [T [ [ayr sin 6 cos O + agr sin @ sin ¢ + agr cos 0]r? sin OdOddr = 0,

rsin 6 cos ¢
Joz ] doy = [y JZT ST | rsin@sin ¢ [ rsinfcos¢ rsinfsing rcosf } r? sin 0dOdodr

rcosf

r?sin®?f0cos®’¢  r?sin®fcospsing r?sinb cos ¢ cosf

= [ 77| r?sin?0singcosg  r?sinfsin?¢  r2sinfsin ¢ cosf
r?cosfsinfcos¢ 12 cosfsinfsin ¢ r?cos? 6

r? sin dOdpdr

47
00
=10 F 0|,
2
0 5
o ci(r) = GEEM(1/2,p/2,5) 7,
o ci(2r) = GEIEM(1/2,p/2,25) 7",

° %E
M1 T “
= 2y [ 2012 Clpe™ D dx + 2y [ w1 29Ce™ ™ D da

() = [ 2;2uy21% + 2919 + 2u3x1x3)C’we”(“Tz)2dm =0
+ 2u3 fxixlngwe“(“Tdex =0,
° iE(w) = [ 2;(2p079® + 2u1 7179 + 2u3x2x3)Cwe”(“T$)2dx =0

O
= 2y [ 2292 Cope™ D dx 4 2y [ wia1 290, P P d
+ 2ug [ 2iwow3Cpe 2 dy = 0,

* %E(w) = [ 2:i(2p323® + 2p 11203 + 2u2m2x3)0we”(“Tf”)2dx =0
= 2uz [ 2232 Clpe™ D da 4 21 [ 331230, D da

+ 29 fxixgwnge”(“Tm)de =0.

To simplify the above terms we use the following notation

o aill = 2y [ 2;1:2C,,e" Dz,

o ail2 =2uy fﬂ:ixlxgcwe“(“Tx)de,
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o ail3 = 23 [ zm123C, " D da,
o ai2l =211 [ w;3122C,e" " 2 da,
o i22 = 245 [ ;32 Cpye D du,

o ai23 = 213 [ 205730, e P da,
o i3l =2y [ 2w 25C,e™ 0 ) da,
o i32 = 215 [ w;wow3Chpe™ ) dx,
o ai33 =23 [ 2;232Ce D du.

To find the third moment of the Watson distribution we must solve this system which

is equivalent to solving each of these integrals in the sphere given by

arll ail2 ail3 I
2| a2l ai22 ai23 Lo | =
a3l ai32 ai33 3

Note that aill + ai22 + at33 = 0 and besides that aill = 0, because if y =
(1,0,--+,0)" = E(z;2,%) = 0 for all i = 1,2,3. It follows, therefore, that ai22 = —ai33,

B =
atl2 = =£2q413 and ai23 = —
H2 H3 2
as ail2 = ai21 = 0. Therefore it follows that ai23 = ai32 = 0. Finally a:33 = 0 and
ai22 = 0 as we wanted to demonstrate.
Assume that X ~ W (u, &), M(p, k) := E(zaT), matrix pxp. Like this [y zaTC(k)e# @ do =
M (1, ). Admit simplification (p1, p2, p3) " So

. Then after some algorithms we find a212 = 0,

0 T )2 0
w(p ) -
o /S2 xxTC(k)e dx 5

toi =1,2,3. As (u'x)? = X7, i + 23 1<icj<s Miljzizy, from (14), the following

M(u, k) :== D, (C.1)

7

system is valid

2mE(22xxT) + 2uE (1 x0xx T) 4 2u3E (212322 T) = D1
2B(23xxT) + 2uE(x zoxxT) + 2u3E(202322T) = D2
2u3E(23xxT) + 2 E(x 2322 T) + 20K (292322 T) = D3

In addition to this system, the following assumption is valid: As 37 ; 22 = 1 once

2
T 3

To :ZZL'ZQ:]_

i=1
€3
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then M(uk) = E(zz") = E [( 2 )a::z:T] = E(zizxT) + E(z3zxT) + E(23zxT).
Defined the arrays 3 x 3, Ait = E(z7zxT) and Aij = E(z;z;xxT).

Note that
A12 = a1 A33 + b1,
Al13 = a2A22 + b2,
A23 = a3A11 + b3,
onwhat al = 43> 2 = #2° 3nd q3 = “ We used the notation b1 = “1D1+“2fo“3D3fM(“’”),
P2 m pap w112

b2 — w1 D14+p3D3—poD2— M(u,n) b3 ,u2D2+u3D3 w1 D1—M (p,k)
4pu1p3 dpops ’




63

APPENDIX D - DERIVATION OF THE
THEOREM 4.1

Let © ~ W, (u1, k1) and x ~ Wy,(ue, k2) having densities f(z;u1, x1) and f(z; po, K2),

respectively.

K (1, p, ko, fla) = /SpflfB(Z;,Uh/ﬁ)fl_ﬂ(%/iz,@)dz

(2r7/2)7'T (B)

T MP(LE k) MYE(L, B k) L exp{BrainT2)? + (1 = B)ralpa"2)?}dz.
29 99

2727

Note that the following quadratic form representation holds: For 5 € (0, 1),

By 2)? + (1= B)ra(pe ' 2)* = 2" [Bripaps | + (1 — B)kapiapss ' )2,
A

which is either positive-definite or negative-definite one for kq, k3 > 0 (bipolar forms)
or K1, kg < 0 (girdle forms), respectively. According to Dryden (2005, 1655), the Watson
model is a special case of the Bingham distribution pioneered by Christopher Bingham
(1974) given by

f(z:%) = C (D) exp(—2Xz) (D.1)

for z € SP71. The following result is valid for the normalizing constant C(X) (see Kume
and Wood 2005, Eq. (3)): Setting Ay, --- , A, as eigenvalues of X,

p
o®) = / ~ S N2 de
@ = [, o0 (-Ts) iz
Thus, defining \;(k1, 1, K2, pi2, 5) as ith eigenvalue of —A,

(277/2) 7T (8) g0 exp [ S0y M, i, 1, o, 9)22] dz

KB(M,M,HQ,MQ) = Mg(é)g,m)Mkﬂ(%,g’@)
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APPENDIX E - DERIVATION OF THE
COROLLARY 4.1

According to Dryden (2005, 1655), assuming X1 = T, — 2xpuu’, the Bingham model
collapses in W,(u, k) and, therefore,

(D)

T2 _ o p/2p-1 (P Lp
/Spilexp[/@(,u z)}dz-%rp r <>M<2,2 )

Thus Kg(k1, ke) = Kg(ki, i, ke, 1t) is given by

Kﬁ(’%l? ’%2) =

M(%? %76"11 + (]‘ B /6)K2>
MB(%? 57 K1>M1_5(%7 }227 '%2)'
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