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Resumo Expandido

DISTRIBUICOES ASSIMETRICAS MULTIVARIADAS SOBRE O HIPERCUBO
UNITARIO: PROPRIEDADE E APLICACOES.

A simetria € crucial na modelagem de dados, pois muitas técnicas estatisticas, como
testes de hipoteses e intervalos de confiancga, assumem a normalidade ou simetria dos dados.
Distribuicdes simétricas simplificam a anélise e a interpretacdo. Em contextos multivariados, a
simetria € avaliada através de momentos de ordem superior, matrizes de covariancia e fungdes
de densidade de probabilidade, por exemplo.

No contexto multivariado, onde a simetria estd presente, algumas distribui¢cdes podem ser
utilizadas para modelar os dados, como, por exemplo, distribuicdes esféricas e distribuicdes
elipticas, ambas multivariadas. Porém, quando os dados apresentam algum grau de assimetria,
que pode ser observado através de uma representacdo grifica, por exemplo, funcdes classifi-
cadas de acordo com essas denominac¢des podem ndo modelar de forma otimizada o conjunto
de dados em estudo. Portanto, alguns erros podem ocorrer na andlise decorrente do ajuste dessas
distribui¢des.

Em geral, a assimetria estd frequentemente presente em contextos multivariados, mas mode-
lar dados multivariados que apresentam assimetria ndo € uma tarefa trivial. Para lidar com essas
caracteristicas, métodos especificos foram desenvolvidos. Alguns destes métodos baseiam-se
em abordagens originalmente criadas para dados simétricos, generalizando assim modelos pro-
postos anteriormente. Esses modelos sdo conhecidos por incorporarem certo grau de assimetria
em modelos simétricos, o que facilita a descri¢do e ajuste de dados que possuem essa carac-
teristica.

O primeiro capitulo do presente trabalho apresentard ferramentas bésicas e consecutiva-

mente mais sofisticadas relacionadas a modelagem de dados multivariados, com e sem simetria.
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Serdo definidas distribui¢des mais complexas, como a distribui¢do eliptica, e serdo apresentados
exemplos e resultados importantes relacionados a essas distribui¢cdes. Por fim, sdo discutidas
distribui¢des que generalizam distribui¢des elipticas, incorporando a propriedade de modelar
dados assimétricos. Estas distribuicdes assimétricas serdo definidas e alguns exemplos serdo
apresentados.

No capitulo seguinte, uma nova familia de distribuicdes assimétricas € apresentada. Inicial-
mente € apresentado o modelo do qual deriva esta familia de distribui¢des. Este modelo consiste
em uma relacdo condicional entre varidveis aleatdrias, onde sdo incorporados parametros de lo-
cacdo, escala, assimetria e um parametro adicional que pode ser utilizado para refinar o ajuste
do modelo ao conjunto de dados. Nessa fase do trabalho sao discutidos aspectos importantes,
como a defini¢do da fun¢do densidade de probabilidade que pode ser derivada do modelo apre-
sentado. Também sdo discutidas as possiveis configuracdes dessas fungdes, destacando como
elas podem, dependendo dos intervalos, assumir a forma de uma funcao de densidade de prob-
abilidade ja conhecida, destacando o cariter generalista do modelo. Serdao exploradas outras
propriedades, incluindo os critérios de escolha das fungdes a utilizar no modelo, alguns casos
especiais da fun¢do densidade de probabilidade, a sua representagdo grafica, a nao identificabil-
idade do modelo, em determinadas condicdes; os quantis marginais, entre outras caracteristicas
relevantes. Além disso, sdo apresentadas justificativas matemadticas para alguns fatos discutidos
ao longo do texto. Por fim, € apresentada a fun¢do de méxima verossimilhanga, com a caracteri-
zacdo explicita desta fun¢ao e suas respectivas derivadas parciais, destacando a impossibilidade
de descrever explicitamente os estimadores dos parametros em termos de expressdes analiti-
cas. Como consequéncia direta, as estimativas dos parametros precisardo ser obtidas utilizando
métodos computacionais, que serdo discutidos e detalhados no capitulo seguinte.

Na parte final do presente trabalho, sdo empregados estudos de simula¢do, bem como a
aplicagdo de duas familias de distribui¢es apresentadas no capitulo 3 em dados reais. O estudo
de simulagdo foi realizado com versdes da fun¢do de densidade de probabilidade representando
a distribui¢do dos dados do modelo. A estimativa de mdxima verossimilhanca foi utilizada em
conjunto com o algoritmo de Monte Carlo. As andlises utilizadas para avaliar as estimativas dos
parametros foram o viés relativo e o erro quadritico médio. Para melhor ilustrar os resultados,
sdo apresentados graficos que mostram o comportamento dessas duas métricas para cada um
dos parametros. Além disso, diversas fun¢des foram empregadas para realizar o estudo de
simulagc@o. Uma pequena selecdo representativa dessas funcdes € apresentada no corpo principal

do texto, enquanto as demais podem ser encontradas no apéndice deste trabalho.




A aplicacdo aos dados reais foi realizada com um conjunto de dados reais do software R.
A estatistica descritiva dos dados foi apresentada e comentada. Duas funcdes de densidade
derivadas do modelo foram entdo ajustadas e o ajuste € avaliado usando algumas métricas,
que sao brevemente apresentadas e discutidas. Ap6s a discussdo dos dados, indica-se qual
distribuicdo melhor se ajusta ao conjunto de dados com base nos critérios considerados e nas
fun¢des G escolhidas para o modelo. Por fim, sdo apresentadas conclusdes quanto a aplicag@o
dos dados e a estimac@o dos parametros dentro de uma perspectiva geral do trabalho desen-
volvido.

Palavras-chave: Distribuicdo Multivariada G-eliptica-assimétrica; Distribui¢do Multivari-

ada G-eliptica-assimétrica normal; Distribuicdo Multivariada G-eliptica-assimétrica t-Student.




Abstract

In this work, a family of multivariate asymmetric distributions over the unitary hypercube
defined in terms of well-known symmetric elliptical distributions is proposed. Here we seek to
study fundamental properties, such as the characterization of the density function for some types
of distributions, as well as other properties, such as loss of identifiability, quantiles, conditional
and marginal distributions, and moments. Furthermore, simulation studies were carried out to
verify the asymptotic behavior of the estimated parameter values as the sample size increased.
Finally, the developed model was used on real data where, using convenient metrics, the degree
of quality of the model’s adjustment to real data was verified.

Keywords: Multivariate extended G-skew-elliptical distribution; Multivariate extended G-

skew-normal; Multivariate extended G-skew Student-t.
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Chapter 1
Introduction

The formal properties of the normal distribution are fundamental to statistical theory. How-
ever, real-world data often exhibit characteristics such as skewness, multimodality, or censor-
ship (Hill and Dixon, ). When extending the normal distribution to address these non-
normal features, it becomes crucial to preserve its essential properties. One approach to model-
ing skewness is through the multivariate skew-normal distribution introduced by Azzalini and
Dalla Valle, , striking a balance between mathematical tractability and shape flexibility.
Nevertheless, the skewness and kurtosis coefficients of the skew-normal distribution have limi-
tations Azzalini, , and it does not accommodate multimodality.

To address these challenges, Genton and Loperfido, introduced the generalized skew-
elliptical (GSE) distributions. These GSE distributions serve as generalizations not only for
skew-elliptical distributions (Azzalini and Capitanio, ; Branco and Dey, ) but also
for other skewed extensions of normal distributions, including multivariate skew-t (Branco and
Dey, ) and multivariate skew-Cauchy (Barry and Robert, ). Azzalini and Capitanio,

proposed skew-elliptical densities as alternatives to skew-normal distributions, and Branco
and Dey, provided a comprehensive discussion of such densities.

In general, skew-elliptical distributions, distinguished by their elliptical structure, define
probability density functions within ellipsoids in a p-dimensional space. The introduction of
asymmetry in skew-elliptical distributions is achieved through an asymmetry parameter.

In addition to introducing a multidimensional parameter that incorporates information about
asymmetry, it is possible to treat this concept in a multidimensional way, also considering linear
transformations represented by orthogonal matrices. These concepts can be synthesized through
distributions that assimilate this information mathematically, known as spherical distributions.

Generalizations of these distributions, which present broader characteristics and allow more
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cap. 1. Introduction §1.0.

flexible modeling of the data, are elliptical distributions. Finally, the association of a param-
eter that captures asymmetry with the concepts of spherical and elliptical distributions makes
it possible to define asymmetric distributions. This work will seek to present a new family of
asymmetric distributions that have a high degree of generality where, depending on the config-
uration of parameters belonging to their density function, it is possible to obtain already known
asymmetric models and their respective properties.

In Chapter 3 , we will introduce a new family of multivariate asymmetric distributions over
the unit hypercube, defined in terms of well-known elliptically symmetric distributions. To
facilitate understanding, in Chapter 2, we will first present fundamental concepts before delving
into the model that yields a family of skew-elliptical distributions and their respective properties.

Furthermore, the present work sought to computationally implement the functions derived
from the developed model so that it was possible to establish a simulation study related to the
evaluation of the parameters of its convergence to the real models as the sample size and the
number of simulations increased (Monte Carlo method). Therefore, we sought to carry out
the above study in principle for the unit-G-skew-normal extended density function and subse-
quently for the unit-G-skew-t-student extended density function. Once the simulation phase and
its respective analyzes were completed, we sought to analyze the application of density func-
tions to real data and the results arising from this application in terms of distribution function
adjustments. In this sense, the data were used (enter the data) and the results are presented in
Chapter 4.

16



Chapter 2
Preliminary Concepts

Symmetry is crucial in data modeling, as many statistical techniques, like hypothesis testing
and confidence intervals, assume data normality or symmetry. Symmetric distributions simplify
analysis and interpretation. In multivariate contexts, symmetry is assessed through higher-order
moments, covariance matrices, and probability density functions.

In the multivariate context, where symmetry is present, some distributions can be used to
model the data, such as, for example, spherical distributions and elliptical distributions, both
multivariate. However, when the data presents some degree of asymmetry, which can be ob-
served through a graphical representation, for example, functions classified according to these
denominations may not optimally model the data set under study. Therefore, some mistakes
may occur in an analysis arising from the adjustment of these distributions.

In general, asymmetry is often present in multivariate contexts. Modeling multivariate data
that presents asymmetry is not a trivial task. To deal with these characteristics, specific meth-
ods have been developed. Some of these methods are based on approaches originally created
for symmetric data, thus generalizing previously proposed models. These models are known
for incorporating a certain degree of asymmetry into symmetric models, which facilitates the
description and adjustment of data that have this characteristic.

This chapter will present both basic and more sophisticated tools related to modeling mul-
tivariate data, with and without symmetry. More complex distributions will be defined, such
as the elliptical distribution, and examples and important results related to these distributions
will be presented. Finally, distributions that generalize elliptical distributions will be discussed,
incorporating the ability to model asymmetric data. These asymmetric distributions will be

defined, and some examples will be presented.
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cap. 2. Preliminary Concepts §2.1. Spherically and elliptically symmetric distribution

2.1 Spherically and elliptically symmetric distribution

Definition 2.1.1. An n x 1 random vector X = (X1,...,X,)" is said to have a spherically
symmetric distribution (or simply spherical distribution) if for every A € O(n),

AX L x. 2.1.1)

Here = means that the two sides have the same distribution (Section 1.2 of Fang, Kotz,
and Ng, ), and O(n) denotes the set of n x n orthogonal matrices. The set O(n) is a
group, called the orthogonal group, with the group operation being the ordinary matrix multi-
plication. In general, a spherical distribution is a probability distribution that is symmetrically
distributed in all directions from a central point in a multidimensional space. Another way to
define this family of distributions is as follows: A random variate W is spherically distributed
if its distribution is invariant under rotations of R", which is equivalent to having the stochastic
representation

W = RU,

where R is a non-negative random variable, U is uniform on sphere S,,_1, and R and U are in-
dependent. Random variable R is called the generating variate, with the generating distribution
F, and vector random variable U is the uniform base of the spherical distribution.

The characteristic function can be written in the form
Uy (A) = g(ATX),

where g is a scalar function called characteristic generator.

Theorem 2.1.1. An n-dimensional random vector X has a spherical distribution if and only if

its characteristic function V(t) satisfies one of the following equivalent conditions:
1) U(ATt) = U(t), forany A € O(n) and t € R™;
2) There exists a function ¢(-) of a scalar variable such that V(t) = ¢(t'¢).

Proof. Note that for any square matrix A, the characteristic function of AX equals W(A't),
that is,
Elexp(it' AX)] = Elexp(i(ATt) " X)] = U(A"t).

Thus Item 1) is equivalent to Definition (2.1.1). Now Item 2) implies 1), because

UATE) = o((ATE)T(ATH) = o(tT AAL) = G(¢TE) = W(t).

18



§2.1. Spherically and elliptically symmetric distribution

Conversely, Item 1) implies that W(¢) is an invariant function with respect to the group
O(n) which has the maximal invariant ¢(¢'¢). Thus ¢(¢) must be a function of ¢ "¢, implying
the statement in Item 2). L]

From now on, we will use the notation X ~ S,(¢) to indicate that X has a character-
istic function of the form ¢(t't), where ¢(-) is a function of a scalar variable known as the

characteristic generator of the spherical distribution.

Example 2.1.1. Let U™ = (Uy, ..., U,)" be a random vector uniformly distributed on the unit
sphere S7' = {u € R" : |lu|| = 1} in R™, where || - || is the Euclidean norm. For simplicity,
we denote this fact by U™ ~ U(S}™1). It follows that for any orthogonal matrix A € O(n),
the vectors AU™ and U™ are equal in distribution.

Proof. Tt is well-known that U™ ~ 2/(S7!) has density given by fr ;) (u) = 1/Vol(S7™1),
Yu € S?7!. By denoting Y = AU™, we want to show that Y’ < U™, for any orthogonal
matrix A. Indeed, if y = (y1,...,%,)" and w = (uy,...,u,)" are the corresponding values of
Y =(V,....Y,)TandU™ = (Uy,...,U,)7, respectively, we can write

(
Y1 = a11U1 + -+ + G1pUy

Yo = A1U1 + * -+ + GapUy

kyn = Qp1Uy + -0 F QppUn.

Moreover, note that
lylI> =y"'y = (Auw) ' Au=u' (ATA)u=u"u = |Jul* =1,

where we have used the fact that AT = A~!. In simple terms, y € ST .

If J, is the inverse of the Jacobian matrix of y = (1, . .. ,yn)T, then, we have
ay;y ... QAip
det(J)=|: . i |=]|A] =1,
Ap1 - Qpp

where in the last equality above we have used the fact that every orthogonal matrix has a deter-

minant equal to £1.
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cap. 2. Preliminary Concepts §2.1. Spherically and elliptically symmetric distribution

Jacobian method gives

1
= Ju a7y - Jun =—— VYyeSt
fY(y) fU( )<U’) |det(J*)| fU( )(’u’) Vol(Sn—l) Yy 1
Therefore, we have proven that
fr(y) = fuw(y), Yye Sy
The required result then follows readily. [

Following the same reasoning as the proof in Example 2.1.1, the following example can be

verified.

Example 2.1.2. Let X denote a random vector distributed uniformly inside the unit sphere in

R™. The random vector X has a spherical distribution.

Example 2.1.3. Let X = (X4, ..., X,,)" be a random vector distributed according to N,,(0, I).
Since the characteristic function of Xy, is exp(—t3/2), then the characteristic function of X,
denoted by U (t), is

U(t) = exp <—% tTt> = o(t't), t=(t1,....t,)" €R,

where we have defined ¢(u) = exp(—u/2), u € R. Hence, from Item (2) of Theorem 2.1.1, X

has a spherical distribution S,,(¢) with characteristic generator ¢(u) = exp(—u/2).

Definition 2.1.2. Annx1 random vector X is said to have an elliptically symmetric distribution

(or simply elliptical distribution) with parameters i, 1 and 3, if
XZpu+A'Y, Y ~Sio), (2.1.2)
where A is a k x n matrix such that AT A = X with rank(X) = k. We shall write X ~

EC,(pn,X, 9).

Example 2.1.4. (The multinormal distribution). If a random vector X has the following de-
composition:

XZpu+A'Y,

where p € R", A is a m X n matrix and Y ~ N,,(0,I), then we say that X follows a
multinormal distribution N,,(p,X) with ¥ = AT A. From Example 2.1.3, Y ~ Si(¢) with

20



§2.1. Spherically and elliptically symmetric distribution

o(u) = exp(—u/2), and we have that X ~ EC,(u, X, ¢). Equivalently,
XLpu+rATUW,

where r < \lyl| ~ X2 (chi-squared distribution with n degrees of freedom) and U™* is dis-
tributed uniformly on the unit sphere surface in R

Example 2.1.5. Let Z ~ N,(0,I) and S ~ x?, be independent. Let

A
Y =m: =
m2S

(2.1.3)

We say that Y has a multivariate t-distribution with m degrees of freedom and write Y ~
Mt,,(m,0,I). Evidently, we can write (2.1.3) as follows:

. RU™
Y L me R(é - R'U™,

where R ~ x,, S and U ) are independent, and R* = mt/ 2R/ S (R*/n has an F-distribution
with n and m degrees of freedom). Thus, Y has a spherical distribution. Let

X=p+A'Y,

where A is an x n matrix and p € R".

We say that X has a multivariate t-distribution with parameters u, > = AT A, and m
degrees of freedom, and write X ~ Mt,(m, p,X). Clearly, Mt,(m,u,¥) = EC,(pn, 3, ¢)
with a special ¢.

The following result shows the structure of any elliptically distributed random vector. The
proof is adapted from (Armerin,

) and can be found in detail in that same reference.

Theorem 2.1.2. Let pu € R™ and let 32 be an n X n symmetric and positive semidefinite matrix.
For an n-dimensional random vector X the following statements are equivalent.

I X ~ ECy(p, 2, D).

2. We have

KX 2R u+VhTShZ, YheR",
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where Z is a symmetric random variable with

Elexp(itZ)] = W(t?).

Proof. [1 = 2] If X ~ EC,(u, %, V), then for every h € R"™ and some matrix A such that
AAT =3, we have

RXLh p+h"AY =h " p+ (ATR) Y L h pu+||ATH||Y
Lh'u+VhTAAThY

L hTp+ VRTShY.

Since Y exhibits a spherical distribution, it follows that Yisa symmetric random variable

with a characteristic function:
Elexp(itY)] = ¥(t?).
[2 = 1] If X has the property that
KX 2h"u+VhTShZ, YheR",
where Elexp(itZ)] = ¥(t?), then
Elexp(ih " X)] = exp(ih " p)Elexp(iVhTSh)Z] = exp(ih p)¥(h'Sh),

Thatis, X ~ EC,,(p, X, V). O

2.2 Properties of elliptically symmetric distribution

2.2.1 Moments

The mean vector of a n-dimensional elliptical random vector x, where AAT = X corre-

sponds to
E(X)=E[p+PAUW] = p+ AE(P)E [UW],

where P represents a vector that adjusts the magnitude of U™ . Here P and U™ are supposed
to be independent. Here we assume that E(7P) is finite. Since E [U™] = 0, we obtain E(X ) =
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.
The covariance matrix of X is

Var(X) = E | (PAUY) (PAUW)'| = E (P?) AE [UW (W) T] AT,

provided E (P?) is finite. Since \/x?U®) ~ Ny (0, I;) and

() ()

therefore E [U®)(U®)T] = I, /k and thus

I, =E =E(})E [U(k)(U(k))T] — IE [U(k)(U(k))T] 7

E (P?)

Var(X) = k:

3.

Note that k refers to the number of components in U ¥), not necessarily the rank of X or the
dimension of X. Additionally, the dispersion matrix usually differs from the covariance matrix.
The normal distribution is an exception: in this case, E (’PZ) = E (x2) = k, which implies that
Var(X') = X. However, by scaling P with y/k/E (P?), we can always obtain a representation
where Var(X ) = ¥ (see Bingham and Kiesel, ).

Consider a spherical random vector underlying a location-scale family with the stochastic

representation:
X 2PWU™, vneN,

where U™ is uniformly distributed on the unit sphere 8" ', and P isa scaling factor such
that X always has the characteristic function ¢t — ¢ (tTt). This implies that the characteristic
generator ¢ is independent of n. Consequently, the characteristic function of the marginal
cumulative distribution function (c.d.f.) of any component of X is given by s — ¢ (s?), for
s € R, irrespective of n. Therefore, the marginal distribution functions and their moments do
not depend on the dimension n. As a result, if the second moment of P s finite, it must be

proportional to n.

Example 2.2.1. (The 2nd moment of P for the normal distribution) Since the generating
variate of X ~ N, (0, I) corresponds to \/x?2, we obtain

E [(Pwﬂ _E() =n.
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The following theorem proves to be highly valuable for determining the asymptotic covari-

ances of covariance matrix estimators for (generalized) elliptical distributions.

Theorem 2.2.1. (Dickey and Chen, ). Let X = (Xq,..., Xn)T be a spherically distributed
random vector with stochastic representation PU™. Its mixed moment of order (my, ..., m,)

corresponds to

l
my
'L 2

E(HXZ”Z') = m/Q ]j[Qm

wherem =Y m;and everymy, ..., my is supposed to be an even nonnegative integer Here
() is the ’rising factorial’, i.e. (v)*®) = x(x +1)---(z +k — 1) for k € Nand (z)® = 1.
If at least one of the m; ’s is odd then the mixed moment vanishes. The proof can be seen in
(Fang, Kotz, and Ng, ).

Theorem 2.2.2. Denote the family of all possible characteristic generators for an n x 1 random
vector by @, = {¢(-) : ¢(t? + ... + t2)} is an n-dimensional characteristic function. Note that
O, C D yq, where 1 < i < n. A scalar function ¢(-) can determine an elliptically symmetric
distributions EC,(pu, X, ¢) for every p € R™ and ¥ > 0 with rank(X) = k if and only if
¢ € ®y. The proof can be seen in (Fang, Kotz, and Ng, ).

Corollary 2.2.3. The following statements are equivalent
1. X ~ EC,(p, %, ¢) with rank(X) = k,
2. XL p4+rATU®,
where > 0 is independent of U®), and A is a k x n matrix such that ATA = 3.

Corollary 2.2.4. Assume that X ~ EC,(u, X, ¢) with rank(X) = k, then
d _
(X —p) =X - ),

where X71 is the generalized inverse of 3.

Theorem 2.2.5. Assume that X is nondegenerate.

1. If X ~ EC,(pn,X,9) and X ~ EC,(u*,X*, ¢*), then there exists a constant ¢ > 0,
such that

pr=p, X =cX, () =olc).
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2. If X 4 A+ rATU® 4 w+ r*A*TUWY) | where | > [*, then there exists a constant
¢ > 0 such that
pw=p ATA*=cATA 4 cV2rp,

where b > 0 is independent of v and b* ~ Beta (I*/2, (1 — 1*)/2) if | > I* and b = 1 if | = I*.

This theorem shows that 3 ¢, r, A are not unique unless we impose the condition that
|| = 1 or that |[AT A| = 1. The next theorem points out that any linear combination of

elliptically distributed variates is still elliptical.

Theorem 2.2.6. Assume that X ~ EC,(u,X, ¢) with rank(X) = k, B is an n X m matrix

and v is an m X 1 vector, then
v+ B'X ~ FEC,,(v+B"'u, B'EB, ¢).
Proof. The proof of theorem follows directly from relation

v+B X< (v+B p)+r(AB) U,

Theorem 2.2.7. Assume that X ~ EC,(u, X, ¢) and E (r?) < oo. Then

E(X)=p, Cov(X)= %2 = 24 (0)X,

MX)=E(XX")=pp" —2¢(0)%,

where ¢'(0) is the derivative of ¢ at the origin and

_1 99(1)
_ -1
Iy(x) =1 ot |,
D*o(t
_ -2
Fo(x) =i It |,

Proof. Denoting k = rank(X), we have

x < pw+rATU®.
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As E(U™) = 0 and Cov(U™) = I,,/n (Fang, Kotz, and Ng, ), it follows that
E(X)=p+Er)AE(UR) = p,
and

Cov(X) = Cov (T’ATU(k)) =E(r*) AT Cov (U(k)) A
E

=E (r?) LaTra-

1 2

In general, a given variable X ~ EC,(u, X, ¢) does not necessarily possess a density (cf.

Section 2.3, Fang, Kotz, and Ng, ). We shall now consider two cases:
1. X has a probability density function;
2.¥>0and P(X = pu) =0.

A necessary condition that X ~ EC(u, X, ¢) possesses a probability density function is

that rank(X) = n. In this case, the stochastic representation becomes
XZput+A'y,

where A is a nonsingular matrix with ATA = Y and Y ~ Sn(®) (cf. 2.10, Fang, Kotz, and
Ng, ).

The probability density function of Y is of the form g (yTy) , where ¢(+) is the probability
density function generator. Since X = p + A Y, the probability density function of X is of

the form
=[P (2 —p)' 2@ — ).

In this case we shall sometimes use the notation EC,, (i, 3, g) instead of EC,, (i, 3, ¢). If
X does not possess a probability density function, P(r = 0) = 0 (cf. 2.33, Fang, Kotz, and
Ng, ) and |¥| > 0, carrying out the same transformation X = pu + ATY, we obtain
that P(Y = 0) = 0 and Y has all the marginal probability density functions and so does
X. In this case, the marginal density of X ) = (X,... ,Xk)T — Wiy, 1 < k < n, where
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§2.3. Multivariate skew-elliptical distributions

My = (ps - - ,uk)T, is given by

F(n/2) [S4]" /°° ) (2 T 1 (k2
2" " (e R0 P k dF(T), (221)
T(0n— 0277 J(ar, 5taq)” (r* = 2y Sy w )

(k)

where 3 is the first principal minor of 3 of dimension & (cf. 2.44, Fang, Kotz, and Ng,

).
Any function g(-) satisfying

/ y"*g(y)dy < oo,
0

defines a probability density functions (2.2.1) of an elliptically symmetric distribution with a

normalizing constant C,,, where

_ I'(n/2)
- 2qn/2 fooo rn=lg (r2)dr

Example 2.2.2. Forr,s > 0,2N +n > 2, let

Ch (2.2.2)

g(t) =tV "lexp (—rt?).

From Equation (2.2.2),
Sﬂ_—n/Qr(QN—i—n—Q)/(Qs)F(%)

F (2N—|—n—2)

2s

Cn=

The multivariate normal distribution is the special case n = 1,s = 1, r = 1/2. The case

s = 1 was introduced and studied by (Kotz, ).

2.3 Multivariate skew-elliptical distributions

According (Branco and Dey, ) the multivariate skew-elliptical distribution is defined as

follows:

Definition 2.3.1. Consider X = (X;, ... ,Xk)T a random vector. Let X* = (XQ, XT)T be a
(k+1)-dimensional random vector, such that X* ~ ECy.1 (u*, X5 ¢), where p* = (0, ), pp =

(1, -, uk)T , ¢ is the characteristic function, and the scale parameter matrix 3 has the form

.
2:<1 P )
5 Q
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with § = (0, . .. ,(5k)T. Here ) is the scale matrix associated to the vector X. We say that
the random vector Y = X |X, > 0 has a skew-elliptical distribution and denote for Y ~
SE(p, 2, 8; @), where d is the skewness parameter.

If the probability density function of the random vector X* exists and P (X* =0) = 0,
then the p.d.f. of Y will be of the form

fr(y) =2f,0(¥)Fy,,, N (¥ —p)), (2.1)

where f,o) (-) is the p.d.f. of ECy (,Q2; g*)) and F,,__ is the c.d.f. of Ely (0, 1; gg(z)), With

PR L 22
“ oo 22
k/2
g® (u) = 27;/2 / FHD (2 )by, w >0, (2.3)
k+1 u_|_q

and q(y) = (y — )" Q (y — p). In this case, we denote Y ~ SEj(u, 2, 6; g*+V ), where
(k+1)
g

k-dimensional random vector, elliptically distributed with location vector p € R¥ and a k x k

is the density generator function. The notation X ~ El;.(u, 3; ¢) to indicate that X is a

(positive definite) dispersion matrix 3 and characteristic function (c.f.) ¢.

2.3.1 Examples of Skew-Elliptical Distributions

A mixed distribution can be created by combining two or more probability distributions.
This involves extracting random variables from multiple populations to compose a new com-
posite distribution. The original distributions (which are created to create the new distribution)
can be univariate or multivariate, but the mixed distribution must maintain consistent dimen-
sionality across all components. Furthermore, the constituent distributions must be of the same
type, that is, all discrete or all continuous. Several examples of distorted elliptical distributions

will be presented below.
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Skew-Scale Mixture of Normal Distribution

In (Liu and Dey, ) the Skew-Scale Mixture of Normal Distribution density function is

presented. It has the following configuration.

al (y—mp) 2 o Ty —1 _
n

—9 /OOO 127220 K ()] %% exp (— (y _“’)2?(;71)@_ “)><I><a[((g7)_l/f)>dli(n).

Thus the probability density function reduces to

One particular case of this distribution is the skew-normal distribution, for which H is de-

generate, with K () = 1. In this case the corresponding probability density function is given
by
200(y; 1, Z)0(e (y — p)).

Thus, if g**1)(-) serves as the density generating function for a scale mixture of normal
distributions, it follows that fy-(-) is once again a scale mixture of skew-normal distributions.
The subsequent examples illustrate particular instances of the skew-scale mixture of normal

distributions.

Skew-Finite Mixture of Normal

If the density generator function is
g"( sz 27K (mi)] Y2 exp(—u/2K (1)), u >0,

with0 < p; <land) !  p;, = 1, then the distribution H is a discrete measure on {1y, ..., 7n,}
with probabilities py, . . . , p,, respectively (Liu and Dey, ). The probability density function

of the skew-finite mixture of normal is given by

N~ | o' (y—p)
y) = 2;19@% (y; p, K () ) q)(—K N )
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which is again a finite mixture of skew-normal distributions. In this case, for simplicity, often
take K (n;) =1,i=1,...,n.

Skew-Logistic Distribution

The density generator function is

gy ep-u)
(Choy, ) highlighted that the logistic distribution represents a specific instance of the

scale mixture of normal distributions, when K(n) = 4n* and 7 follows an asymptotic Kol-

mogorov distribution with a probability density function.

f(n) =38 Z(—l)kaZn exp(—2k°n?).

oo
k=1

2.4 Parameter estimation

2.4.1 The Maximum Likelihood Method

There are several ways to estimate distribution parameters. These forms depend on some
circumstances, such as the approach you want to apply. In the case of frequentist approaches,
one of the most traditional ways to estimate parameters is through the optimization of the max-
imum likelihood function. This section will seek to detail this method, which will be used in
future computational analyses. The examples provided, along with additional intriguing cases,

can be found in (Bolfarine and Sandoval, ).

Definition 2.4.1. Let X, ..., X, be a random sample of size n of the random variable X with
probability density function f(x|0), with @ € ©, where © is the parameter space. The likelihood

function for 0 corresponding to the observed random sample is given by

n

L(O;x) = [ ] f (x:l6). (2.4.1)

i=1

Definition 2.4.2. The maximum likelihood estimator of 0 (case exists) is the value 0 € O that

maximizes the likelihood function L(0; x).

30



§2.4. Parameter estimation

The natural logarithm of the likelihood function of 6 is denoted by
[(0;x) =log L(6; x). (24.2)

It is not difficult to verify that the value of § that maximizes the likelihood function L(6; x)
also maximizes [(0; x) given by (2.4.2). Furthermore, in the uniparametric case where O is an
interval of the line and /(f; «) is derivable, the maximum likelihood estimator can be found as

the root of the likelihood equation

= 0. (2.4.3)

In certain straightforward cases, the solution to the likelihood equation can be determined
explicitly. However, in more complex scenarios, the solution to equation (2.4.3) typically re-
quires numerical methods. To verify that the solution to equation (2.4.3) corresponds to a max-

imum, it is essential to confirm whether

~ _ 0%log L(¢; )

(0 ) = 02 <. (2.4.4)
0=0

In cases where O is discrete or where the maximum of [(; x) occurs at the boundary of O,
the maximum likelihood estimator cannot be derived from the solution of (2.4.3). In these

instances, the maximum is determined by directly examining the likelihood function (2.4.1).

Example 2.4.1. Let X1, ..., X, be a random sample from the distribution of the random vari-
able X ~ N (u,1). In this case, the likelihood function is given by

L(p;x) = (\/%_W)nexp [—%i (@ — M)2] :

with© = {1 —0o0 < pu < 0o}. As
1 :
lp;2) = —nlog v2m — 3 ;1 (2 — )7,

it follows from (2.4.3) that the likelihood equation is given by

n

> (x—fi) = 0.

i=1
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Then the maximum likelihood estimator of | is given by

ﬁ:lZXi:Y.

3

It is not difficult to verify in this case that (2.4.4) is satisfied.

In certain instances, particularly when the likelihood is linked to more intricate models,
the likelihood function may not have a clear analytical solution. In these situations, maximum
likelihood estimators are typically obtained through numerical methods. Let U () represent the

score function, defined as

_ Olog L(#; )
N a0

we have that, for the maximum likelihood estimator </9\,

U(o)

U(6) =0,
so that, by expanding U (¢/9\) in Taylor series around a point ¢, we obtain

0=U(0) = U (6) + (6 — 0o)U" (6) -

That is, we arrive at the equation

5 U (6o)
0=6,— . 2.4.5
O T (6o) (2.4.5)
From the equation (2.4.5), we obtain the iterative procedure (Newton-Raphson)
U (0,)
0,ii1=0;,— J 2.4.6
7+1 7 U (9]) ) ( )

which begins with the value 6, followed by a new value ¢, obtained from (2.4.6), and continues
iteratively until the process stabilizes. This occurs when, for a given small ¢, the condition
|6,+1 — 0;] < e is satisfied. In this scenario, the point 0 at which the process stabilizes is
considered the maximum likelihood estimator of §. In some cases, substituting U’ (6;) in (2.4.5)
with E [U’ (6;)], which represents the Fisher information at 6; corresponding to the observed
sample, multiplied by —1, can significantly simplify the procedure. This approach is known as

the score method.
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2.4.2 Multiparametric case

In the previous sections, we explored how to derive maximum likelihood estimators and
examined their properties when the likelihood function depends on a single parameter. In this
section, we will address scenarios where 6 = (64, ..., 8,.)T, r € N, meaning that the likelihood
function involves two or more parameters. The parameter space will be denoted by ©. When the
regularity conditions are met, the maximum likelihood estimators of 61, . . . , 6, can be obtained

by solving the following equations.

0log L(6; x)

a0, =0, 2=1,...,m.

In cases where the support of the distribution of X depends on 8 or the maximum occurs
at the boundary of ©, the maximum likelihood estimator is generally obtained by inspecting
the graph of the likelihood function, as in the case uniparametric. In cases where the likelihood

function depends on two parameters, #; and 5, by using the equation

Olog L (61, 05; x)
06,

:O,

we obtain a solution for 6; as a function of 6y, which we can denote by 51 (62). Substituting the

solution for 6, into the joint likelihood, we now have a function of just -, that is,
g (052) = 101 (62) , bo; ),

referred to as the profiled likelihood of A5, which can be utilized to obtain the maximum
likelihood estimator of ¢,. The optimization of g (f5; ) can then be performed in the standard

manner, that is, by differentiation, when feasible.

Example 2.4.2. Let X1, ..., X, be a random sample of the random variable X ~ N (u,c?),

where . and o* are unknown. We then have that @ = (i, 0?), with

so that
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Consequently,
ol(0:x) I~ (vi— )
— =2 ———=0
o ; 202 ’

which leads to the estimator i = X. Therefore, the logarithm of the profiled likelihood of o is
given by

g(c%z) = —g log(2m0?) — — Z (z; — @),

Then the maximum likelihood estimator of o2 is obtained as a solution to the equation

dg (0% x) nox= (v —7)

0o? : 204
=1

which leads to the estimator

1 & —\2
~2
7= ; (Xi = X)
Therefore, the maximum likelihood estimators of |1 and o are given, respectively, by

BRI IR JUR I —\2
M:X:E;Xi and aQZEE(Xi—X).

In the multiparametric scenario, properties such as invariance, sufficient statistics, and oth-
ers remain applicable. The same holds true for the situation involving multiple independent

samples, as demonstrated in the following example.

Example 2.4.3. Let Xy,..., X, and Y1, ...,Y,, be random samples of X ~ N (ux,o?) and
Y ~ N (uy,o?), respectively. In this case, @ = (ux, py, c?). Therefore, the likelihood corre-

sponding to the observed sample is given by

Lo = () () e |- S ) S )
() () == .

2ro 2ro — —
Hence,
) (n+m) (m+mn) ) "z — ux)2 =~ (yi —,UY)2
l(&%@):—Tlog(Qﬂ)—Tlog(a ) — T_ZT'

i=1 =1

34



§2.4. Parameter estimation

By deriving 1(0; x,y) with respect to ux, jiy and o*, we arrive at the equations

oO;7,y) ~
L) 5™ (— fix) =0,
Biix Z (zi — ix)

8,uy =
and
ol(0;x,y) (m+n) 1 1< e 2
= — - — i ;o = O,
o2 2 52 + 954 - (SC :uX) + ;:1: (yj MY)

whose solution presents the estimators

and

2.4.3 Multivariate case

Let X = (X4,...,X,) be a multivariate random sample (independently and identically
distributed) of size n, where X, € R? is a random vector of dimension d with observed value
X;, ¢ = 1,...,n. Suppose X has a joint density f(x;8), where 0 is the vector of unknown

parameters.

The likelihood function is defined as:

L(0;x) = [ [ f(x:;6).

=1

The corresponding log-likelihood function is:
0(0;x) =log L(6;x) = Zlog f(x:;0).
i=1

This is the general format for an arbitrary multivariate distribution, where the joint density

f(x; 0) is replaced by the specific density of the distribution in question.
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Example 2.4.4. For a bivariate normal distribution with mean vector p = (pi1, j12)' and co-

variance matrix X3, the joint density is given put:

fosp, %) = 2|;|1/2 <—%(X—M)TE_1(X—N)),

where x = (x1,22) " is the vector of observations, p = (1, ti2) " is the vector of means and %

2
0'1 0192
Y= 5 |-
012 0'2

In the above, a% and o% are the variances and o019 is the covariance between X, and Xo.

is the covariance matrix, defined as:

The log-likelihood function for (p, )" is given by

n

n n 1 _
(p, 35 x) = —§log(27r) — §log AR 3 Z(X@ —p) E7N(x — p),

=1

is the determinant of the covariance matrix and

where the term —3 log(2m) i
(x; — p) X7 (x; — ) is the quadratic term that measures the Mahalanobis distance between

x; and p.

To obtain parameter estimates from the maximum likelihood function in the multivariate
case, we follow the standard procedure of maximizing the log-likelihood function as presented
in Section 2.4.1. This process involves finding the parameters that maximize this function,

deriving it with respect to the parameters, and solving the resulting system of equations.

Example 2.4.5. To illustrate this process, consider the specific case of multivariate normal
distribution with mean vector p and covariance matrix ¥. The log-likelihood function for

(u, X)7 is written as

n

nd n 1 B
Up, X5 x) = ——-log(27) — 7 log 2| - 5 D xi— ) I (xi — ).

i=1
Average estimate . Deriving the log-likelihood function with respect to p:
0l(p, 35 x)
=3
o Z

Equating the derivative to zero for maximization:
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f=

S|

n
E X;.
i=1

The maximum likelihood estimate for the mean p is the sample mean f1. Deriving the log-

likelihood function with respect to 3:

ol (p, ;%)

_ Iy 1 -1 3 L Tl

Equating the derivative to zero:

n

D (xi—p)(xi—p)" =n3.

i=1

Solving for 3.:

3=

S|

Z(Xi —p)x— )"

The maximum likelihood estimate for the covariance matrix X is the sample covariance
matrix 3.

For multivariate normal distributions, maximum likelihood parameter estimates are

These are the maximum likelihood estimates (MLEs) for a multivariate normal distribution.

For other types of distributions, the process will be similar, but with different forms for f(x; ).

It is important to note that it is not always possible to estimate parameters analytically. It is
often necessary to use computational resources to make this estimate, especially when applying
the maximum likelihood function. In this context, the optimization problem can be converted

into other well-known questions, such as the search for roots of polynomials, among others.
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Chapter 3
The multivariate unit-asymmetric model

In this chapter, a new family of asymmetric distributions is presented. Initially, the model
from which this family of distributions is derived is presented. This model consists of a condi-
tional relationship between researched variables, where parameters of location, scale, asymme-
try and an additional parameter that can be used to refine the model’s adjustment to the data set

are incorporated.

Important aspects will be discussed, such as the definition of probability density function
that can be derived from the presented model. The possible configurations of these functions
will also be discussed, highlighting how they can, depending on the intervals, take the form of
an already known probability density function, highlighting the generalist nature of the model.
Other properties will be explored, including criteria for choosing the functions to be used in
the model, the special cases of probability density function, their graphical representation, the
non-identifiability of the model, the marginal quantiles, among other relevant characteristics. In
addition, mathematical justifications will be presented for some facts discussed throughout the
text. For example, it will be demonstrated that the finiteness of moments is directly determined
by the choice of functions initially defined in the model, and that a change in the configuration of

the domain of these functions can result in fundamental changes in properties such as moments.

Finally, the maximum likelihood function will be presented, with the explicit characteri-
zation of this function and its respective partial derivatives, highlighting the impossibility of
explicitly describing the parameter estimators in terms of the samples. As a direct consequence,
parameter estimates will need to be obtained using computational methods, which will be dis-

cussed and detailed in the following chapter.
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3.1 The multivariate unit-asymmetric model

LetGy,...,G, : (0,1) = R, n € N, be monotonically and strictly increasing functions, and
let X = (X1,...,X,)" and Z denote a n-dimensional (absolutely) continuous random vector,
with support R”, and a continuous random variable, respectively. Based on G;', ..., G ! (the
inverse functions of G, ..., G,,), X and Z, we define a new random vector Y = (Y7,...,Y,)T,

with support (0, 1)™ (the unit hypercube), as follows
Y=T|AN(X—-p)+7>7, (3.1.1)

where T = (G7Y(X1),...,G;%(X,)", 7 € R is the extension parameter, A =

n

(A1,...,\)" € R™ is the skewness parameter vector and gt = (pi1,...,1,) € R"is a
constant vector. That is, Y is the conditional random vector for T given A" (X — ) +7 > Z.

Let fy denote the joint probability density function (PDF) of Y. Bayes’ rule provides

/ fT,)\T(X—u)—Z+T(y> S)dS
= =8 : y=(y1,-
PA(X —p)+7>7)

/ IAT(X =)= 247 | T=y(5)ds
0
P(Z —AT(X —p) <71)

FrAN (ye — )+ 7] X = ye)
FZ7>\T(X7;L)(T)

fY(y) : vyn)T S (07 1)n7

= fr(y)

= fr(y)

. Yo = (Gi(y), ..., Ga(yn)) T € R™

(3.1.2)
Chain rule gives fr(y) = fx(ye) [11; G(yi). So, from (3.1.2) we have

Fr AN (yo —p) + 7| X =ye)
Fyoxam(x—p)(7)

[1Giw), yen (3.1.3)

i=1

fr(y) = fx(ye)

where Yy is as given in (3.1.2).

Table 3.1 presents some examples of functions G;’s for use in (3.1.3).
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Table 3.1: Some functions G;’s with its respective inverses and derivatives.

Gi(z) G () Gi(z)
tan((m - %)ﬂ-) ; + arCtjrn(x) sin;zmn)
1
log(1%35) [y ]"’ T
ex 5
log(l acJ) |:1+e§)(p(:v)] z(1—xb)

1

log(—log(l —z)) 1 —exp(—exp(®)) Foyiar)

Determining functions with the initially presented characteristics can follow a specific rule.
One suggestion is to consider the inverse functions as cumulative distribution functions. It is
important to note that the range of these functions is restricted to the interval (0, 1). By impos-
ing constraints on (G;, we can achieve the desired domains. Consider the following examples

presented in Table 3.2.

Table 3.2: Some functions G;’s and their inverses are obtained from cumulative distribution
functions.

Distribution Gi(z) G (x) Gi(z)
Hyperbolic secant distribution 2 log(tan Zx)) 2 arctan(exp(3x)) taj((%gj))
Gumbel (1= =1) 1 —log(—log(z)) exp(—exp(—z+1)) 5
Gompertz (n = =1) log(log(ﬂlﬂ) +1) 1 —exp(—exp(z) +1) %
Logistic (h = L =1, 7o =0) log(-%) 2 i

In what follows we present some two-dimensional illustrations of the outputs from the
model with some variations in the parameters values and functions, where the distribution is
bivariate normal. In the first column G;*(z) = (x — 2)/(2z) 4+ V2% + 4/(2x) and the second
column G *(z) = (1/2)+arctan(z) /7. Note that the graphs appear to exhibit an elliptical con-
figuration with a certain degree of asymmetry. This data distribution model will be fundamental
for the development of this work. In Chapter 2, we used the notation EC,, a for symmetric

elliptic distributions. From now on, we will use the notation ELL,, for these distributions.

40



§3.1. The multivariate unit-asymmetric model

5]

p o= (1,2, = (50,20)7;7 = p o= (1.5,1.8)T; X = (40,30)7;7 =
—10. —8.

Figure 3.1: Scatterplots for data with elliptical distribution.

So far we have not established any probabilistic dependency relationship between Z and X.
From now on we assume that the (n + 1)-dimensional vector X*, defined as X* = (Z, X)T,
has a multivariate elliptical (symmetric) (ELL,,; ) distribution (Fang, Kotz, and Ng, ) with
location vector p* = (0, )", for = (pu1, ..., un)" € R", positive definite (n + 1) x (n + 1)
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dispersion matrix

1 of
E* — (0 E) 5 E = (Ei,j)ana E’L,j = COV(X“X])’ Z’j — 1’ L ’n’

and density function generator ¢"*!'.  For simplicity we use the notation X* ~
ELL, (", X% ¢g™*).  The PDF of X* ~ ELL,(pu*, 3% ¢") at ¥ =

(71,...,00e1)" € R is given by

fX*(w*) _ fX*<w*;u*’2*’g(n+1))
1

— (n+1) w* o *\ T Z* —1 w* o * 3.14
=T Zm (& —p*) [Z]7 (2" — pY)), (3.1.4)
where
7T.(n+1)/2 oo
Zo LD/2=1 () () du
0 = 75 7

is a normalization constant.

Table 3.3 presents some examples of densities generators for use in (3.1.4).

Table 3.3: Normalization functions (Z, ) and density generators (g™).

Multivariate distribution Z y(n) g™ () Parameter
Extended unit-G-skew-Student- % (14 2)y=tHm/2 >
Extended unit-G-skew-Cauchy F?((:E))//Z) a +x)(1" 73 —
Extended unit-G-skew-normal ~ (27)™/? exp(—/2) —

It is well-known that all elliptic distributions are invariant to linear transformations (see
Fang, Kotz, and Ng, ), that is, if § ~ ELL,(u, X, ¢g™) then ¢ + AS ~ ELL,(c +
Ap, AX AT, ¢g™), where A is a square matrix and ¢ € R" is a constant vector. In particular,
this implies that a linear combination of the components of X is again elliptically distributed.

More precisely, we have
Z—AT(X —p) ~ELL; (0,1 +ATZX, gW). (3.1.5)

As a consequence of the last statement, we have that marginals of an elliptic distribution are
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elliptic. Hence,
X ~ ELL,(u, %, g™). (3.1.6)

On the other hand, it is well-known that conditionals of an elliptic distribution are again

elliptic (see Theorem 2.18 of Fang, Kotz, and Ng, ). This provides that
Z| X =ax ~ ELL(0, 1, gg(a)) (3.1.7)

where

Te1 ©)(s + g(=))
q(z) = (@ —p)"S (@ —p) and gq@)(s):w. (3.18)

Let Frrr, (+; 0,1, ¢g) be the CDF of ELL;(0, 1, g) with density generator function g, where g
can be gy(s) Or g(l). So, from (3.1.5), (3.1.6) and (3.1.7), the identity in (3.1.3) can be written as

FELLl(AT(yG’ —p)+7;0,1, gq(ye))

Fr(y) = Ix(a) = = T AT )

H Gi(%)? yE (07 1)n7
=1

with y being as in (3.1.2) and X ~ ELL, (u, X, g™).
Note that Firp, (7 = 0; 0,1+ ATEX, gM)) = 1/2 because Z — AT (X — p) is symmetric
about 0.

Definition 3.1.1. We say that a random vector Y = (Y1,...,Y,)" has a multivariate extended
unit-G-skew-elliptical (EUGSE,,) distribution if Y has the probability density function

FELLl()\T(yG - H) +7;0,1, gq(yc))
FELL1 (7', 0, 1 + ATEA, g(l))

fr(y) = fx(ye) [IG:w). yeon" (319
i=1
where X ~ ELL,(u,%,g™). For simplicity, we write Y ~ EUGSE,(u, %, X, 7, ¢™) and

we commonly say that Y is an EUGSE,, random vector.

Explicit formulas for the PDF of Y ~ EUGSE, (u, 3, A, 7, g(”)) corresponding to multi-
variate extended unit-GG-skew-Student-, multivariate extended unit-G-skew-Cauchy and multi-
variate extended unit-G-skew-normal models (see Table 3.3), are provided in Subsection 3.2.1.

The EUGSE,, distribution provides a very flexible class of statistical models. Depending on
the choice of the functions G4, ..., GG,, we have a family of multivariate extended unit distribu-

tions with presence of asymmetry. For A = 0, 7 = 0, G1(z) = Ga(x) = log(—log(1l — z)),
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0 < x < 1, and n = 2, we obtain the bivariate unit model studied in reference (Vila et al.,

). In general, for the EUGSE,, model, it is not necessary to consider all GG;’s equal as
in (Vila et al., ). For ¢ (z) = (1 + x/v)~W+™/2 1 > 0, we get the multivariate ex-
tended unit-G-skew-Student-¢, which reduces to the multivariate extended G-skew-Cauchy and

multivariate extended G-skew-normal distributions by letting » = 1 and v — o0, respectively.

3.2 Some structural properties

3.2.1 Special cases

In this subsection we develop some examples of multivariate EUGSE,, distributions as spe-

cial cases.

Proposition 3.2.1 (Multivariate extended unit-G-skew-Student-t). Let Y ~
EUGSE,(p, X, X\, 7,g™), where ¢/ (z) = (1 + z/v)~W+V/2 ¢ ¢ R, is the PDF gen-
erator of the multivariate Student-t distribution with v > O degrees of freedom. Then, the PDF

of Y aty € (0,1)" is given by
Foa ([AT(yG — )+ 7]/ V+’;g;g) > o
fr () = tu(ya; 1, 3, v) Gl(ys), (3.2.1)
o) 1

"\V1HATEA
where yc and q(yg) are as given in (3.1.2) and (3.1.8), respectively.  Moreover,

tn(ye; w2, v) = g™ (q(ya)) /(1212 Z,wm), with Z ) being as in Table 3.3, denotes the PDF

of the usual n-dimensional Student-t distribution with location p € R", positive definite n X n

dispersion matrix 3, and degrees of freedom v > 0, and F,, denotes the univariate standard
Student-t CDF with degrees of freedom v > (.

Proof. By using formula (3.1.9), it is enough to verify that

v+1
FELLI()\T('!/G - ,U) +7; 0, qu(yg)) =F, ([)\T(QG - ,u) + T] m) (3.2.2)

and

For (7: 0,1+ AT, ¢V) = F, <;) 3.2.3
ELLl( g ) SN} ( )

The identity (3.2.3) follows directly when standardizing the corresponding random vari-
able of Firr, (0,1 + ATEX, gV). Therefore, it remains to verify (3.2.2). Indeed, as
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Ferr, (55 0,1, gg(ye)) is the CDF of ELL (0,1, g4(y.)) With density generator function gg(y.)

as given in (3.1.8), we have

1 AT (yg—p)+7 g(s? + q(y
FELLl()\T(’yG — )+ 70,1, gyrye)) = / ( ( G>)ds

Zyo | Z gy 9D (a(ye))
(2.2.4)

which, by simple algebraic manipulations, can be written as

ds

1 /AT(yc—u)Jrr (1+ 52+Q(yc))—(u+2)/2

Z @) /Z ) (1 + 4wed)~(+1)/2

ds.

1 o\ 022
v+
1 /AT(yc—u)JrT (1 oA [8 V+q(yc)] )
Zyo [ Zyy 14 atve)

By making the change of variable ¢t = s1/(v + 1)/(v + q(yc)), the last integral is

Tyo—m) +T V+q(yc;) t? 7(V+2)/2d 324
\/ 1 t. 2.
g(z/Z(l) V—l—l/ ( +V—|—1) ( )

A simple observation shows that

1 /—u [+ )P+ 1)/2)]
Zyo [ Zyy N v+1 { I'((v +2)/2) } .

So, the integral in (3.2.4) is written as

_ {((V+1)7r)1/2f‘((/2) )/2)] /myc W\ e (1+ 2 ><y+2)/2dt

L((v +2) v+1

o0

=F, (P\T(ya—u)ﬂLT] V—“)

v+q(ye)

Then, the required formula in (3.2.2) follows. ]
By letting v = 1 in Proposition 3.2.1, we have the following result.

Proposition 3.2.2  (Multivariate extended unit-G-skew-Cauchy). Let Y ~
EUGSE,(p, X, X\, 7,g™), where ¢ (x) = 1/(14+2)"*V/2 ¢ € R, is the PDF gener-
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ator of the multivariate Cauchy distribution. Then, the PDF of Y aty € (0,1)" is given
by

F, <[)\T(yc —H)+ T]\/?(yc)) ﬁ Gl(y:) (3.2.5)
i=1

fr(y) =y p, X) < - )
Vi

where yi and q(yc) are as given in (3.1.2) and (3.1.8), respectively. Moreover, ¢,,(yca; p,3) =
g(”)(q(yg))/(|2|1/2Zg<n>), with Zw) being as in Table 3.3, denotes the PDF of the usual n-
dimensional Cauchy distribution with location p € R" and positive definite n X n dispersion

matrix 3, and F, denotes the univariate standard Student-t CDF with degrees of freedom v €
{1,2}.

By letting v — oo in Proposition 3.2.1, the following result follows.
Proposition 3.2.3 (Multivariate extended  unit-G-skew-normal). Let Y ~

EUGSE,(p, X, X\, 7,g"™), where ¢/ (x) = exp(—z/2), + € R, is the PDF generator
of the multivariate Gaussian distribution. Then, the PDF of Y aty € (0, 1)" is given by

d AN (yg —p) +7)

fy(y) = on(ye; 1, %) ((1) - ) 16w, (3.2.6)
<\/1+>\T2>\> =l

where yq is as given in (3.1.2). Here, ¢,(ya; 1, 2,v) = ¢ ((ya — pn)" = Yyg —

;1,))/(|E|1/ng(n) ), With Z ) being as in Table 3.3, denotes the PDF of the usual n-dimensional

Gaussian distribution with location p € R™ and positive definite n X n dispersion matrix 3,

and ® denotes the univariate standard Gaussian CDFE.

Table 3.4 summarizes the results found in Propositions 3.2.1, 3.2.2 and 3.2.3.

Table 3.4: Probability density functions fy of the EUGSE,, distributions of Table 3.3.

Multivariate distribution fr(y)
i Fuo (AT (yo—m)+7]/ 755 n
Extended unit-G-skew-Student-t  t,,(yg; p, 3, v) (o “T v five ) 1T, Gi(yi)
Fy(\/1+,\T>:>\
B(A (yag—p)+7)y /2
Extended unit-G-skew-Cauchy ¢, (yg; p, 2) (P (o - v ) T, Giy:)
Fl(\/1+>\T>:>\)

T -~ - N

Extended unit-G-skew-normal ¢, (yg; @, 2) M T, Gi(v:)
CI>(\/1+)\TEA)
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Below, in Figure 3.2, are some graphs that represent the Extended unit-G-skew-normal

distribution where the transformation G~'(x) = (1/2) + arctan(z)/m where the parameters
used were: p = (2,3)"; A =(0.5,0.6)";0, =1;00=1;p=0.5; 7 = 0.

Aisuad

Ausuad

Aisuad

Figure 3.2: Extended unit-G-skew-normal density function with G~'(z) = (1/2) +
arctan(zx)/m.

Based on the presented graphs, a clear asymmetry in the data distribution can be observed.

Additionally, it is worth noting that the graphical representation was constructed using 45 sam-
ples generated through computational simulations.
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3.2.2 Stochastic representation

Let X = (X1,...,X,)" be a n-dimensional random vector and Z be a real-valued random
variable. Assume that the (n + 1)-dimensional vector (Z, X)' has a multivariate elliptical
(symmetric) (ELL, ) distribution (Fang, Kotz, and Ng, ) with location vector (0, )",
positive definite (n + 1) x (n + 1) dispersion matrix

1 0
(0 2) R Y= (Ei,j)nxrm Ei,j = COV(XZ‘,X]'), Z,j = 1, oy,

and density generator g("*1). For simplicity, we write

069 )

Well-known results by Fang, Kotz, and Ng ( ) on marginals and conditionals of multivariate

elliptic distributions provide the following statements:

Z—A"(X —p) ~ELL; (0,1 +ATEX, gV, (3.2.7)
X ~ ELL,(p, %, g™), (3.2.8)
Z ~ ELL{(0,1, "), (3.2.9)
Z|X =x ~ELL(0,1,0y)), = (21,...,7,) €R", (3.2.10)

where ¢(x) and Jq(x) are as in (3.1.8). From (3.1.6), X is multivariate elliptic, then its corre-

sponding PDF is

1

S () R™
|E|1/ng<n)g (q(x)), = ecR"

fx(x)

Setting T = (G *(X1),...,G; (X)) T, by chain rule it is clear that

n

n

fry) = fx(e) [ [ Gi(w)-

i=1

48



§3.2. Some structural properties

Hence, from (3.2.7), (3.2.8) and (3.2.10), the PDF (3.1.9) of Y ~ EUGSE,, (i, X, A\, 7, g(”)) is

written as

FyA (yog —p) + 7| X = yg)
Fr amx—p (1)

fr(y) = fr(y) . Y=Y, yn) €(0,1)"

By using the above expression of fy (y) and then Bayes’ rule, we get

/0°° f)\T(X—u)—Z+T|T=y(S)dS
fY(y):fT(y> P(Z—AT(X—M)<T)

/ fT,AT(Xfp,)fZﬁ-(y? s)ds
=20 = leAT(X— )+ >z(Y).
PA(X —p)+7>2Z) wrT

This shows that Y ~ EUGSE,, (i, 3, A, 7, ¢'™) admits the stochastic representation:
Y=T|A\N'(X—p)+7>7, (3.2.11)

where T = (G7'(X1),...,G;Y(X,))", and X and Z are distributionally related by Items
(3.2.7)-(3.2.10).

3.2.3 Reparameterization for to enforce identifiability

In general, identifiability is lost when a multivariate normal distribution is reduced by con-
ditioning (Florens, Mouchart, and Rolin, ). This leads us to believe that for any choices
of density generators (g(”)) the EUGSE,, model (3.1.3) loses identifiability. In this subsection
we will prove the non-identifiability of the EUGSE,, model. To this end, by considering the

notations A, = w,

1 %12 ... _9in
V011022 V0110nn
2* = wilzwil = V022011 V0220nn ,
Onl On2 . 1

\/Unno'll \/O'nn0'22
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o 0 -+ 0
w = y/diag(X) = 0 o -+ 0 )
0 0 - Jom

It is natural to ask whether through reparameterization the model gains the property of
identifiability. At least for the extended GG-skew-normal distribution (see Table 3.4) the answer
is positive. To verify this statement we consider the reparameterization (p, X, A, 7)7 +— 1) =

(pn, 2,0, 'y)T, where ¥, = w '3w! is the correlation matrix defined in above section, and

YA _ T
VITNSA T VIS
In what remains of this subsection we will prove that the parametrization 1) is identifiable.
Indeed, note that

AT 1
= — I+ ATE A= . 3.2.13
VIFATS A V1-6TE1 ( .

) (3.2.12)

By using (3.2.13), we obtain

Tz—l
AT=60"S 14+ ATZ A = 9 % (3.2.14)

V1—67516
8
V1-6T%16
Hence, by (3.2.12), (3.2.14) and (3.2.15), the extended GG-skew-normal PDF (see Table 3.4)

can be written as a function of ¢/ as follows:

T=7/1+ATS A= (3.2.15)

P (5TE* (yo— u)ﬂ
3.)

fr (Y %) = ¢ (yai 1, Al ) HG’ yi) = fox (Ya:; 9 HG’ Yi)

where fsn(+;1) is the skew-normal distribution defined as see (Castro, San Martin, and
Arellano-Valle, )

d (JTE*_ (Z—N)""V)
\V1-6Tx 16
> 0 = z e R

, 3.2.16
*() oo

fsn(z;9) = 6, (25 1,

By using the 7 th cumulants of random vector corresponding to PDF' fsx(; 1)), in Section 2
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(Castro, San Martin, and Arellano-Valle, ), it was proven that the skew-normal distribution
(3.2.16) is identifiable. In other words, it was shown that

fon(z:9) = fon (2:9) V2 e R = ¢ =4

As an immediate consequence of the above result, we obtain

fr(yd)=fsn (ya: ¥ HG/ (i) = fsn (Ya; HG/ (yi)

=fy(y;¢) Vye D" = =1

This shows the identifiability of the extended GG-skew-normal distribution model when con-

sidering reparameterization 1) = (pu, 3, 4, 'y)T.

3.2.4 Marginal Quantiles

We can rewrite Y; = T \T(X —p) +7> Z;i=1,..,n. Where T; = G; (X;),i = 1,...,n
Let p € (0,1). The p-quantile for Y; (which we call marginal quantile for Y =
(Y1,...,Y,) "), denoted by Qy;, (p), is a real number such that:

P(Y; < Qy,(p)) =p, i=1,...,n.

We can define the (conditional) random variable W; = X;IAN(X —p)+7> Z,i=1,...,n
Since G; is monotone, we can rewarite the above relation, hence:
p="PY; < Qy(p) =P(T; < Qv,(p) N (X —p) +7 > 2)
= P(X; < Gi(Qv,(p)N(X = p) +7 > Z)
=P(W; < Gi(Qy;(p)))-
Equivalently,
Qv,(p) = G (Qw:(p)), i=1,...,n.

In other words, the p-quantile for Y; is determined by the p-quantile for 1V;, and vice-versa.
Therefore, is suficient find the distribuition of the IV, to determinate the p-quantile for Y;. The
distribuition of W;, for the cases considered in this work, are known (see Subsection 3.2.5).
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3.2.5 Conditional distributions

In the context of multivariate sample selection models (Heckman, ), the interest lies
in finding the PDF of V;|Y; > K, i # j € {1,...,n}, given that Y = (Y7,...,Y,)" ~
EUGSE, (u, 3, X, 7, ¢g™), with € (0,1). For this purpose, let W = (Wy,..., W,)"T =

X |ATX + 7 > Z be a multivariate extended skew-elliptical random vector.

Analogously to the steps developed in (3.1.2), Bayes’ rule provides

/ Ty 1 vi=y(

Y>/{) ’

sz|Y]>f€(y) € (07 1)7 K€ (07 1) (3217)

If Y; = y then W; = G,(y). So, the distribution of Y; | Y; = y is the same as the distribution of
G; ' (W;) | Wi = Gi(y). Consequently, the PDF of Y; given Y; = y is given by

fr; 1=y (8) = fw, 1 wimci (G (s)) G (s). (3.2.18)

Since fy;(y) = fw;(Gi(y))Gi(y) and fy,(s) = fw,(G;(s))G(s), from (3.2.17) and (3.2.18)
we get

/ fW | Wi=Gi(y) (G (s ))G;'(5>d5

/ Fu, (G5(5)) G (5)ds

SW\W —ai(y)(Gj(K))
Sw; ( J(fi)) ’

where Sy denotes the survival function (SF) of X. In other words, to determine the distribution

Tvivse(¥) = fwi(Gi(y))Gi(y)

Equivalently,

in‘Yj>I€(y) = fWi(Gi(y))G’/i( )

€ (0,1), k€ (0,1), (3.2.19)
of Y;|Y; > & it is sufficient to know the unconditional and conditional distributions of the
multivariate extended skew-elliptical random vector W'.

In what remains of this subsection we present closed-forms for the PDF (3.2.19) of Y; | Y; >
k by considering the Student-¢, Cauchy and Gaussian generator densities.
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Student-¢ density generator

Let ¢/ (z) = (14 x/v)~@*+"/2 2 € R (see Table 3.3), be the Student-¢ density generator
of the EUGSE,, (multivariate extended unit-GG-skew-Student-¢) distribution.

Definition 3.2.1. A random variable X follows a univariate extended skew-Student-t (EST)
distribution, denoted by X ~ EST(j, 02, \,v,T), if its PDF is given by (Arellano-Valle and

Genton, )
F, ( Az +7) 4/ V”jzg )

1
fEsT, (x;,u,02, A\, T) = p fu(2) , R, u,\,7TER, o,v >0,

where z = (x — p)/o, and f, and F, denote the PDF and CDF of the standard Student-t
distribution with v > 0 degrees of freedom, respectively. Let Sgsn, (z; 1, 0%, \,7) be the SF
corresponding to EST, PDF.

Let W = (Wy,...,W,)T = X|A"X + 7 > Z. From Arellano-Valle and Genton, ,

the unconditional and conditional distributions of W are respectively given by

AiTi + N\jojpij

Wi ~ ESTl Hiy O, s (3220)
\/1+)\221—ij \/1+X22 —p2)
W, ~ EST, ( 1y, 02, A7 + Xigipis . (322D
o3\ [1+ N (1= 7). \/1+/\221—pij)
and
W,|W; =y ~ EST, (uy, o2, Ao /1= p2, v+ 1, Ty;,,) , (3.2.22)
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where we are adopting the following notation:

Y~ i
My:Mj+Ujﬂij< o );

2

v + (y—ltli>2
_ i 2(

2 23, 3.2.23
Oy =— 1 o= Py ( :
Ty;,, = |:()\le + )\jo'jpij) <y—;&) + T] %
v (452)
Hence, by combining (3.2.19) with (3.2.21), (3.2.22) and (3.2.23), we obtain
AT + Njojpij
in|Yj>H<y) = fesT, Gl = G;(ZJ)

Mlv ia
\/1 + X20%(1— p2) \/1 + X3 (1 - p)

SEST, (Gj(/f); Fog s Uji(y)w Ao 1= ph, v+ 1, 7, <y>u>
Ajoj + Nioipij
) s 5 o1+ N2 (1= p3) 14+ X021 - )
(3.2.24)

Sest, | Gy(

fory € (0,1) and k € (0, 1).

Example 3.2.1. By taking G;(z) = log(—log(1—x)), 0 <z < 1,i=1,...,n (see Table 3.3),
we get the multivariate asymmetric version of the unit-Student-t model addressed in (Vila et al.,
). So, from (3.2.24) and Table 3.1, we have

Xioi + Njojpij 1

fi £ N(y):fESTl log(_log(l 5 Mis O 17
Y |Y;> \/1+)\2 gl_p” \/1+)\2 o2(1—p ) (1—y)log(ﬁ)

. 2 . _
SEST, (log(—log(l = 8))5 oy roga ) T e tos1 -y N4 Y L= p% v+ 1 Ty gy, u)

Aj AiOip;
SEsT, (10g(— log(1 — k)); o2 395 T AiTipij

Hj> 05,
JJ\/l—i—)\ (1—p2) \/1+)\ 1—p”))

fory € (0,1), k € (0,1), and p,, ayz;,/ and T,,, being as in (3.2.23).

X
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Cauchy density generator

Let g™ (z) = 1/(1 + 2)"™/2, 1 € R (see Table 3.3), be the Cauchy density generator of
the EUGSE,, (multivariate extended unit-G-skew-Cauchy) distribution.
By taking v = 1 in formula (3.2.24), we have

Xioi + Njojpij

sz‘|Yj>f€(y):fEST1 GZ  Hiy O i’ 5 2 2 2 G;(y)
\/1+)\ (1—p2) \/1+)\ (1-p%)
SEST1 <G](/€)> I’I’Gi(y)’ O-Ci(y);l’ )\jaj \/ 1 - p?j? 2 Ta. ()5 1)
X ;
Ajoj + Nioip;
SEST, G /Jg; 'a = Py
0]\/1 +X202(1— p2) \/1 + 202 1—p3j)
(3.2.25)

fory € (0,1) and k € (0,1).

Example 3.2.2. By taking G;(z) = 2z —1)/(z(1—2)), 0 < z < 1,4 = 1,...,n, from
(3.2.25) and Table 3.1, we have

2y—1 )\O'Z—i-)\O']pZ] L1
2

1 1
y iy O |: P) :|
y(l — \/1+)\2 o2 pw \/1+)\2 o2 ng)) (x—1) x
SESTl (}3(/1{_11)’ 2 2(y—1)7 0-22y—1 L )\jO']\/ 1-— p12‘77 2, T 2y—1 A1>
y(l—y 5

y(1-y)’ y(1—y)

fyvi1v;>s(y) = fesm, (

X

I

Ai i + A O'Z,Oij

SEST P K7,u’]7 '7
' (1 ) oj/1+N0o2(1— 1+>\221—p~
J ng 1)

fory € (0,1), k € (0,1), and p,, o, and Ty, being as in (3.2.23).

Gaussian density generator

Let ¢/ (z) = exp(—z/2), € R (see Table 3.3), be the Gaussian density generator of the
EUGSE,, (multivariate extended unit-(G-skew-normal) distribution.

Definition 3.2.2. A random variable X follows a univariate extended skew-normal (ESN) dis-
tribution, denoted by X ~ ESN(u,c% )\, 7), if its PDF is given by (Vernic, ; Arellano-
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Valle and Genton, )

1
fESNl('x;MaOQ;)\yT) = ;¢(2) Z GR, [L,)\,T GR, g > O,

where z = (x — p) /o, and ¢ and ® denote the PDF and CDF of the standard normal distribu-
tion, respectively. Let Sgsn, (T; 11, 0%, X\, T) denote the SF corresponding to ESN, PDF.

Since

lim ayQ = 0]2-(1 — p?j), lim 7, = (Noi + A\jo;pij) (y _ Mi) + T,

V—00 V—00 o;

and lim, o frst, (75 1, 0%, A\, v, 7) = fesn, (T3 1, 0%, X\, 7), by letting v — 0o in (3.2.24), we
obtain

' Xioi + Njojpij Gly)
“ \/1+)\221—pw \/1+)\221—pij) Z

SESN, (G (K); 1y + 0jpij (%) , a?(l — p%j), Ajojy /1 — P%w (Nigi + Ajojpij) (Gi(z_“i) + T>

fYZ\YJ>/€(y) = fESN1 (G 3 Mg

X

)

A O + i 10iPij

SESN1 G /“Lju ‘7
( O'j\/l + Mo2( \/1 + Mo ( p?j)

(3.2.26)

fory € (0,1) and k € (0,1).

Example 3.2.3. By taking G;(z) = tan((x — 1/2)7), 0 <z < 1, i = 1,...,n, from (3.2.26)
and Table 3.1, we have

1 Aig; + Njojpij T
fyvi1v;>s (W) = fESN, (tan(<y—) ) TN 2

-
\/1+)\2 o2( p” \/1+/\2 o2(1—p ) sin2(7ry)

tan((y=H)m) —pi tan((y—$)m)—ns
SESN, <tan((n — %)ﬂ'); Wi+ 0ipij <W) , 0—32_(1 — p?j), Ajo’j\/@’ (Nioi + Ajojipiz) (a“((ya%) +T>

0']+>\10'1sz T
b 1/7
JJ\/l"‘)‘ (1_pij) \/1+)‘?‘7%(1_P?j)

X

SESN, (tan((nz)fr Wy, O j,

fory e (0,1)and k € (0,1).

56



§3.2. Some structural properties

3.2.6 Expected value of a function of an EUGSE,, random vector

LetY = (Yi,...,Y,)" ~ EUGSE, (i, X, X\, 7,9"™). If ¢ : (0,1)" — R is a real-valued
measurable-analytic function, from stochastic representation in Subsection 3.2.2 it follows that

p(Y) £ o(GTHW), ..., G H (W),

n

where W ~ EUGSE,, (i, 2, A, 7,g™). Let ¢ = 9o (Gy' omy,...,G; ' om,) denote the
composition function of o with (G;' o7y, ..., G' o m,), where 7, denotes the kth projection

function. The above representation is written as

P(Y) £ (W),
which implies that
Elp(Y)] = E[y(W)] = . (w) fw (w)dw. (3.2.27)
Consider v = (v1,...,v,)" € R" an n-dimensional vector. Upon using the multivariate Tay-

lor expansion of function w —— 1 (w) around the point v, that is (committing an abuse of

notation),

Y(w +v) = (Z% Z Wiy = - Wi, &}8—%) ¥(v)

(1 o v, (22
= (Zy(w V'u) >¢(U)a with V’U - (avlv"'7avn> )

=exp(w' V) (v), (3.2.28)

= Mw (V)Y (v)],_,, (3.2.29)
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where
Y(v) = (G Hvy), ..., G (v)) (3.2.30)

and My (s) is the moment generating function (MGF) of the multivariate random vector W,

whenever it exists.

In the case that Y has a multivariate extended unit-(G-skew-normal distribution (see Table
3.3) case, W follows an multivariate extended skew-normal distribution (see Table 3.4) with

parameter vector (g, X, X, 7). So, by using the definition of PDF fy given in (3.4), we have

My (s) = / exp(sTw) fuy ()

= [ (s won s 3 22(“’ 0 ;T) o,

V1IFATZA

A simple observation shows that

1
exp(s’ w)¢,(w; p, ) = exp (STM +3 sts) Gn(w; p*, X)), p*=p+ s

Then, upon using the above identity, the MGF of W is

) q)(\h:{;i) On(w; p*, %) P o) b,
P () *(Ji)

with 7% = ATXs + 7. Let W* be a random vector following a multivariate extended skew-

1
My (8) = exp (sTp, + 5 s'3s

normal distribution (see Table 3.3) with parameter vector (pu*, 3, A, 7*). Using this notation,
the MGF of W is expressed as

(5
Mw (8) = exp (sTu + % STES) q’(;jzx)/u@ fw(w)dw
VI+ATEA !

1 A Ss+7 )

1
= <I>—T exp (STIJI + 5 STES) ) <—_|_
(\/ﬁ) VI+ATEAX
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Replacing the above formula in (3.2.29), we have

® ()\TEVv+T)
] VIHATEA ¢(U)
v=0

T J R
E[(Y)] = [exp(V )2 (v)] o ] lexp (39i=v.) o) || p—

v=0

By using the multivariate Taylor expansion (3.2.28), exp(V] u)1(v) = ¥ (p + v). Then, we

obtain the following closed formula for the expected value of a function of Y:

(D()\TEVv—i—T)
] (I)(V”TAT”) o) |, (3231
v=0

V1IFATZA

exp ijzvv) Y(v)

with 1 being as in (3.2.30).

Remark 3.2.4. (i) When the extension parameter is absent, that is, T = 0, we have

Bl(Y)] = 26(4) ] [cb () w<v>| ] .

exp (%VIEVU) (v)

(ii) When the skewness parameter is absent, that is, A = 0, we have

] ?
v=0

Remark 3.2.5. (i) The exponential operator exp (VIEVv / 2) that appears in (3.2.31) can

(

1 n a?k

—_— O' l PR O' l .
k § : Jita Jklk . . .

2 Ovj, Ovy, - - - Ov;, Ovy,

Il ok le=1

E[p(Y)] = ¢(p)

exp (%VIEVO Y(v)

be written as

k
v, zvv>

==
N | —

1
exp (5 VIZVv>

M 10

| =

>
Il
o

(3.2.32)
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(ii) By using the series representation of the Gaussian CDF:

o) = Ly Ly DT,

1+2kk' T

M

k:

the operator ®(NTXV, + 7)/V1 + ATXX) that appears in (3.2.31) can be written as

+

<>\TEV +7') 1 Li( 1)3k2-2~ (ATEV +r)
VIHATEN) 20 Vi (T+H20)R \VI+ATEX

_l e (~1)%23+ i <2k> ( r )Q’H
2 Vrie (L+20k 2= \r ) \V1I+ATEX
n ar
Z Olijy = Ol Al /\lrm
J1 Ir

% j17ll7"'7j’7‘717‘:1

3.2.33
VITAsA)y o B

where in the last equality a binomial expansion was used.

Remark 3.2.6. Since E[p(Y)] in (3.2.31) depends on the operator formulas in (3.2.32) and
(3.2.33), these can be used to facilitate its calculation.

Mixed-moments

Let p(y) = [, 77" (y) = [ =, vi"*, where 7, is the ith projection function. From (3.2.29)
we have the next formula for the mixed-moments of Y:

E (H ym) — Mw (Vo) []165 i)™

=1

In the case that Y has a multivariate extended unit-G-skew-normal distribution (see Table
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3.3) case, from (3.2.31) we have

B (H Y’”) = [ie (u [exp (gvz zvv) [1iG: @

i=1 i=1

(3.2.34)

It is clear that the above formula is extremely complicated for functions G;s as chosen in
Table 3.1. For illustration purposes, let us consider G;(z) = log(x), x > 0. So, by using
formula in (3.2.32), we have

1 - 1
exp <§ VIEV,,) H[G;l(vz)]ml = exp <2 m'Ym + mTv) :
i1

On the other hand, by using formula in (3.2.33), we obtain

(D(ATEV +r)ﬁ (o)™ qD(AszJrT)e (m™v)
i = py—————— X .
Vitasa) 1l Vitasa) P

Replacing the last two expressions in (3.2.34), we obtain

n P < AT Em+4r >
1 1T
E <H Yzm> = exp (mT/J, + 3 mTEm) eV
= <I> <\/1 ;TEA>
+

The above formula has appeared in (Marchenko and Genton, ) for the special case 7 = 0.

In particular,

oY > o1 AORi+T
o, ) VIFATEA
@ T
(\/1+)\T§:)\)
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Marginal moments

By letting ¢ as the kth power of the ith projection function, that is, p(y) = 7F(y) = yF,

1 =1,...,n, from (3.2.29) we have the next formula for the marginal moments:

E(Y}) = Mr(Vy)mf(v)H(v)], .-

Note that the moments are finite. Indeed, since G™' : R — (0, 1)

(Y, ... Y,) L (G WL, ..., GH (W),

n
and

osf[Y;’“ <1,
=1

we have

Therefore the moments are finite.

Let ¢ be the ith projection function raised to the mth power, that is, p(y) = 7/*(y) = yI",

¢t =1,...,n. From (3.2.29) we have the next formula for the marginal moments of Y:

E(Y;™) = MW(Vv)[Gi_l(Ui)]m}fui:O'

In the case that Y has a multivariate extended unit-(G-skew-normal distribution (see Table
3.3) case, from (3.2.31) we have

E(Y™) =[G (ua)]™ [eXP (%VIEVU) G (o)™

] (3.2.35)
v;=0

o A EV,+T1
VIFATZSA

X 3 — (G (o)™ , t=1,...,n. (3.2.36)
(\/1+>\T2,\) ;=0
By using formula in (3.2.32), we have
1 T -1 m 0-1'21 82 -1 m
exp EV” XV, | G (v)]™ = exp > B (G (v)]™. (3.2.37)
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On the other hand, by using formula in (3.2.33), we obtain

NSV, +7Y (i ouid)ge +7Y
o | = )" =9 o )™ 2.
(e )ie ) ( BT G 3239

Replacing the expressions (3.2.37) and (3.2.38) in (3.2.35), we obtain the following simple
closed formula for the marginal moments of the multivariate extended unit-skew-normal ran-

dom vector Y:

E(Y™) = [G7H (ua)]™ lexp (% w) (G (wa)]™

& ((Z?_lazimaiiw)
VI+ATEA G

@(m)

X

(3.2.39)

Correlation function

By considering ¢(y) = mi(y)7;(y), i,j = 1,...,n, where 7, denotes the kth projection

function, from (3.2.29) we have the following formula for the cross-moments:

E(Y;Y;) = Mp(Vo)mi(v)m;(v) H(v))|

v=01"

Consequently, from the above identity and from Subsubsection 3.2.6, the correlation func-

tion between Y; and Y}, denoted by py; v;, is written as

Mz (Vo) [mi(v)m;(v) — mi(v)m;(v) | H(v) '
[1—i; VMr(Vo)m2(0)H(v) — [Mr(Vo)m(v) H(v)]? | _ .

pK7Y7 -

3.3 Maximum likelihood estimation

Let {Yy = (Yir,Yor,...,Ynr)' © k = 1,...,m} be a multivariate random sample of
size m from Y ~ EUGSE,(u, X, X, 7, g™) with joint PDF as given in (3.1.9), and let y;, =
(Y1ks Y2k - - ynk)T be arealization of Y},.. To obtain the maximum likelihood estimates (MLESs)

of the model parameters with parameter vector @ = (u, 3, X, 7) ", we maximize the following
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log-likelihood function

= Z log(fX (yG,k)) + Z log(FELLl ()‘T(yG,k - :U“) +T; 07 17 QQ(yG,k)))
k=1 k=1

— mlog(Fer, (75 0,1+ AT2X, gV)) + Z Z log (G (yir))

k=1 =1

where Yok = (Gl(ylk)7‘ . 7Gn(ynk>>T As X ~ ELLTL(IJ’?Euq(n)), by (313)’ the log_

likelihood function (without the additive constant) is written as

€6) = 5 log(|=7)) + > 1og(g" (g — 1) =7 (yar — )

k=1

A (ya p—p)+7 2 o e
+Zlog / 99 (5* + (Yar — 1) "= (Yor — w)ds

_ Zlog(g(l)((yc,k — )" yan — w))

T 2
m TSIA) — m(__5
+ 5 log(14+ X" XX) —mlog (/ g (1+)\T2/\) ds).

The likelihood equations are given by

20(8)
op

0
- Onxla % - Onxm

0x—1

00(6) 0(6)

a0 T T

In what follows we determine 9¢(0) /0w, 94(0) /0%, 94(0)/OX and 94(0)/I7. Indeed, by

using the identities

da'x + OzTAx oz Az T
5 % o = 2Aw, A T
ox' A 'z 1 1,1 Olog(|A]) -7
8—A — _A 9 A 9 a—A —_— A 3

with A being a n X n invertible matrix and « an n-dimensional vector, we have
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(1)
9l0) _ - Z (e — [ "] (yor — 1) E Yok — 1))
O 9" (Yo — 1) T2 Hyer — 1))
e 9P (AN (o — 1) + 72+ (Yo — 1) 'S yar — 1))
T — T
= eI g2 (2 4 (yoy — ) TSy — p))ds
T T —
231 Z Y ff Wer=3T (@) (52 + (yau — ) TS (Yax — p))ds
- Gk — T o
ffw(yG FTRET 0@ (82 4+ (yak — ) TS Yok — p)ds
e [9D) (ya — 1) "S (yo, — 1))
+2271 Y (yor —p : : :
;( o =1 9D ((Yere — B) T2 (Yo, — 1))
(i1)
o0e) _my, + [0V (yar — )" E Hyer — 1))
a5t~ 2 P e T ) (g S Ty )
T — T _
T i(yc 1) (yor —p)’ JA BRI (2 4 (yap — ) TS Yok — p))ds
V. ko o
1 JA BRI 0@ (2 4 (yop — ) T (e — p))ds
m (1)1  \Ty -1 _
3 3 T Y ((Yer — p) 2 (Yer — 1)
;(yG,k H’)(yG,k I'l') 9(1)<(yG,k _ I«L)Tzil(yG,k _ “))
_m BN SATE J oo 8% 9N (rirsx ) ds
2 1T+ ATEX (L+ATEA)? [T gl (1+>\T2>\)d8 ’
(iii)
i (Yo — (2)([>‘T(yG,k — ) + 7+ (Yor — ) "E (yor — 1)
T — T
P ffoo(yc"“ M 0@ (52 + (Yo, — w) TS (Yor — p))ds
DA SA [T.s 2[9(1)]/(H;—Tm)ds
1+ATEA L+ATBA2 [T gl (1+>\T2)\)d3
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(iv)

(% B i IP(AN (yor — ) + 72+ (Yor — 1) " W ycr — p))
— f)\ ’!/Gk H —+7 9(2)(52 + (ka _ M)Tz_l(yG,k _ [J,))dS

. 9(1)(@)

J 7o 09 (arsn)ds

No closed-form solution to the maximization problem is available. As such, the maximum
likelihood (ML) estimator of 6, denoted by 5, can only be obtained via numerical optimiza-
tion. If 7(6,) denotes the expected Fisher information matrix, where 6y is the true value of the
population parameter vector, then, under well-known regularity conditions (Davison, ), it
follows that

~ d
\/E[I(Oo)}lm(e -0, — N(O(n+1)2><17 [(n+1)2><(n+1)2)7 asm — o9,

where 0,1 1)2x1 is the (n + 1)®x zero vector, and (4 1)2x(n+1)2 18 the (n +1)* X (n +1)?
identity matrix. Since the expected Fisher information can be approximated by its observed
version (obtained from the Hessian matrix), we can use the diagonal elements of this observed
version to approximate the standard errors of the ML estimates.

No closed-form solution to the maximization problem is available. As such, the maximum

likelihood (ML) estimator of 8, denoted by 0, can only be obtained via numerical optimization.
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Chapter 4
Simulation study and Applications

This chapter deals with simulation and application aspects of the family of distributions
presented in the previous chapter. Simulation studies and the application of the model to real
data are proposed. The simulation study was performed with versions of the probability density
function representing the distribution of the data from the model. Maximum likelihood estima-
tion was used in conjunction with the Monte Carlo algorithm. The analyzes used to evaluate
the parameter estimates were relative bias and mean square error. To better illustrate the results,
plots showing the behavior of these two metrics for each of the parameters are presented. In ad-
dition, several functions were provided to perform the simulation study. A small representative
selection of these functions is presented in the main body of the text, while the others can be
found in the appendix of this work.

The application to real data was performed with a real data set from the R software. The
descriptive statistics of the data is presented and commented on. Two density functions derived
from the model are then fitted and the fit is evaluated using some metrics, which are briefly
presented and discussed. After discussing the data, it is indicated which distribution best fits the
data set based on the criteria considered and the G functions chosen for the model. Finally, con-
clusions regarding the application of the data and the estimation of the parameters are presented

within a general perspective of the developed work.

4.1 Monte Carlo simulation

In this section, a simulation study is conducted for evaluating the performance of the maxi-
mum likelihood estimators. The simulation study considers the estimation of model parameters

in the bivariate case. Different sample sizes and parameter settings using the extended unit-G-
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skew-normal distribution were evaluated.

The performance and recovery of the maximum likelihood estimators are evaluated by

means of the relative bias (RB) and the root mean square error (RMSE), given by

N
— 1 -~

=1

— ~ () _
RB() = %Z ! 0 :

=1

where 0 and 6 are the true parameter value and its -th estimate. The simulation scenario was
configured as follows: the sample size varies between n € {200, 500, 1000, 2000}, with the true

parameters defined as
(,ul, M2, )\1, )\2, T,01, O'Q)T = (1, 1, 05, 06, 05, 1, 1)T,

and p assuming values {0.10, 0.25,0.50,0.75,0.90}. In all cases 100 Monte Carlo replications
were performed for each configuration. In the simulation study, two specific functions were
used, as detailed in Table 3.1: G;(z) = tan ((z — 1/2)7); Gi(x) = log (23 /(1 — 23)); G;(z) =
log (¢%/(1 — 2)).

The numerical methods used to estimate the parameters were the Nelder-Mead and BFGS
optimization methods. The Nelder-Mead method is a widely used technique for numerical
optimization, especially effective in minimizing unconstrained nonlinear functions. Its main
advantage is that it does not require the calculation of derivatives, making it ideal for situa-
tions in which these are unknown or difficult to obtain. Belonging to the class of direct search

methods, Nelder-Mead is based exclusively on evaluations of the function to be minimized.

The method operates with the concept of simplex, which can be understood graphically as
a geometric figure formed by n + 1 vertices in a space of n dimensions. In two dimensions, the
simplex is a triangle; in three, a tetrahedron; and, in higher dimensions, it follows the same logic.
The core of the algorithm consists of iteratively adjusting the shape and position of this simplex
to locate the minimum point of the function. At each iteration, the function is evaluated at the
vertices of the simplex, and geometric operations such as reflection, expansion, and contraction

are applied to guide the simplex toward the minimum (Mathews and Fink, ).

The BFGS (Broyden-Fletcher-Goldfarb-Shanno) method is a widely used numerical opti-
mization technique for minimizing nonlinear differentiable functions. It belongs to the class
of quasi-Newton methods, which seek to approximate the solution of equations derived from

gradient-based methods. Its main objective is to find the minimum of a function without having
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to directly calculate the Hessian matrix, which contains the second derivatives of the objective
function. BFGS uses objective function gradient information to iteratively construct an approxi-
mation of the inverse Hessian matrix, which is crucial for determining the most efficient descent
direction. The traditional Newton method requires the exact inverse of the Hessian, which can
be computationally expensive or even infeasible for high-dimensional functions. BFGS, in turn,
builds an updated approximation of the inverse of the Hessian at each iteration, based on the
differences between the gradients of consecutive points (Nocedal and Wright, ).

Figures 4.1-4.6 show maximum likelihood estimation results considering the BFGS
method. In general, for both optimization methods it was possible to observe the same patterns,
with little or almost no difference in the results observed. From this figures, it is possible to
observe a clear convergence of the RB towards zero for all parameters as sample sizes increase.
This pattern is also evident when analyzing the RMSE, indicating a decrease in the correspond-
ing variance as the sample size increases. From Figure 4.4, it is observed that the RMSE of Xl
does not consistently decrease across all possibilities for p. Several factors may influence this
behavior, such as the sample size, the number of iterations, or the inverse transformation G 1

used.
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It is important to note that, when 7 = 0 the model is simplified, allowing estimates to be
obtained that characterize a particular case. This simplified model can be useful in situations
where the generalization parameter does not need to be considered. Simulation studies were
also carried out to evaluate the quality of parameter estimation in this context. The results of

these simulations are attached to this work.
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4.2 Application to real data

In this section, we illustrate the proposed model and the inferential method using real data on
fertility and socioeconomic indicators for each of Switzerland’s 47 French-speaking provinces
in 1888. This data set is called swiss and is available in the R software. The aim of the study
was to explore the relationships between fertility (measured as the birth rate) and several other

socioeconomic variables in 47 districts. The variables contained in the dataset are:

Fertility: Fertility rate (average number of births per 1000 women).

Agriculture: Percentage of men involved in agricultural activities.

» Examination: Percentage of military draftees draftees who received a high score on apti-

tude exams.

Education: Percentage of men with education beyond primary education.

Catholic: Percentage of Catholics (as a measure of religion and tradition).

Infant.Mortality: Infant mortality rate (number of baby deaths per 1000 live births).

For the application presented here, the variables Education and Agriculture were considered.
The data can be found at Swiss Fertility and Socioeconomic Indicators (1888).

Table 4.1 presents the descriptive statistics of the two variables: Education and Agriculture,
both with a set of 47 observations. For the Education variable, it is observed that the minimum
value recorded is 0.010, while the maximum reaches 0.530, with a median of 0.080 and an
average of 0.1098. The dispersion of the Education data is reflected by the standard deviation
(SD) of 0.0962, which suggests considerable variation in relation to the mean. This is further
evidenced by the coefficient of variation (CV) of 87.5822, indicating a high relative variability
of the data. Positive skewness, with a skewness coefficient (CS) of 2.3428, suggests that the data
distribution is skewed to the right, which is reinforced by the kurtosis coefficient (CK) of 6.5414,
indicating a more elongated distribution with heavy tails. Considering the Agriculture variable,
the minimum value is 0.012 and the maximum is 0.897, with a median of 0.541, very close
to the average of 0.5066, which suggests a more balanced distribution. The standard deviation
is higher, 0.2271, reflecting greater data dispersion compared to Education. The coefficient of
variation is 44.8311, less high than that of Education, suggesting less relative variability. The
Agriculture distribution presents negative skewness, with an asymmetry coefficient of -0.3309,
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Variables n Minimum Median Mean Maximum SD Cv CS CK
Education 47 0.010 0.08 0.11 0.53 0.096 87.58 233 6.54
Agriculture 47 0.012 0.54 0.51 0.90 0.230 44.83 -0.33 -0.79

Table 4.1: Summary statistics.

indicating a slight leftward bias. The negative kurtosis coefficient (-0.7926) suggests a flatter
distribution with lighter tails, in contrast to the more elongated distribution of Education.

The extended unit-G-skew-normal and extended unit-G-skew-Student-¢ distributions were
used to fit the data. The model parameters were estimated according to the methodology pre-
sented in Section 3.3 — for simplification purposes 7 was set to zero. The estimation of the v
parameter of the extended unit-G-skew-Student-t distribution was carried out by using the pro-
file likelihood method. First, an initial grid of values was defined for v € {1,2,...,50}, then
for each fixed value of v it is computed the maximum likelihood estimates of the remaining pa-
rameters and also the log-likelihood function. The final estimate of v is the one that maximizes
the log-likelihood function and the associated estimates of the remaining parameters are then
the final ones (see Saulo et al., ).

Tables 4.2-4.5 report the Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests, the
maximum likelihood estimates, and the standard errors for the extended unit-G-skew-normal
and extended unit-G-skew-Student-¢ distributions. Moreover, Figures 4.7-4.22 display the
quantile versus quantile (QQ) plots of the randomized quantile (Saulo et al., ) residu-
als for these models. From these results, we observe that the extended unit-G-skew-normal
model provides better adjustment compared to the unit-G-skew-Student-¢ model. Note that the
results of the QQ plots indicate that G;(x) = log(;%=) shows better agreement with the ex-
pected standard normal distribution; note also that the p-values of the KS and AD tests favor

the extended unit-G-skew-normal with G;(x) = log(%).
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Table 4.2: KS and AD test results.

Extended unit-G-skew-Student-¢

Gi(z) p-value.KS p-value.AD
tan (7 (= - 1)) 0.18 0.08
log (j; ) 0.18 0.07
log (255 ) 0.18 0.02
log(—log(1 — x)) 0.17 0.03
21 (tan(gx)) 0.18 0.03
1 —log(—log(z)) 0.18 0.04
log (1og (X ) +1) 0.0 0.00
log (%) 0.16 0.03

Table 4.3: KS and AD test results.

Extended unit-G-skew-normal

Gi(x) p-value.KS p-value.AD
tan (7 (v~ 1)) 0.03 0.01
log (255 ) 0.23 0.03
log (255 ) 0.23 0.04
log(— log(1 — z)) 0.35 0.03
21 (tan(gx)) 0.35 0.06
1 —log(—log(z)) 0.35 0.06
log <1og (%1“) v 1) 0.00 0.00
log(2) 0.35 0.05
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Table 4.4:
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Parameters estimates (with standard errors in parentheses).

Extended unit-G-skew-Student-¢

~

M

Ao

Gi(z) f f2 01 02 P v
tan(r(z — 1)) 163 -006 -223 272 377 085 -031 2
041) (027) (0.94) (1.57) (0.87) (0.14) (0.30) -
log (gjc ) 468 410 -065 -0.10 453 401 -0.88 31
(1.04) (1.67) (029) (0.28) (1.96) (2.31) (0.13) -
log (122 5> 521 -819 -092 -020 1045 689 -092 16
(156) (1.85) (0.87) (0.20) (3.28) (2.84) (0.06) -
log(—log(1 —z)) -146 -0.61 -551 -322 134 090 -049 46
022) (0.39) (3.05 (1.61) (0.11) (0.05) (0.28) -
2 In(tan £1)) 114 041 745 -727 048 068 -038 11
023) (0.27) (542) (437) (0.04) (0.14) (0.13) -
1 —log(—log(z)) 008 152 039 -008 032 071 -0.67 15
025) (0.51) (3.46) (1.91) (0.03) (0.08) (0.10) -
log(log(—45) +1) 004 093 073 019 -010 046 076 23
0.02) (0.06) (225) (0.32) (0.01) (0.01) (0.03) -
log(-Z) 312 120 026 -1.06 1.18 172 -084 24
0.40) (0.34) (1.15) (0.91) (0.34) (0.37) (0.10) -
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Table 4.5: Parameters estimates (with standard errors in parentheses).

Extended unit-G'-skew-normal

~

A

M

Ao

Gz(l’) M1 2 01 o) P
tan(r(z — 1)) 126 032 275 -3.02 667 375 -0.14
039) (0.51) (2.41) (3.80) (0.63) (035) (0.14)
log (131 ) 388 436 -1.12 -042 618 490 -0.91
0.12) (0.69) (0.44) (0.27) (1.47) (1.57) (0.06)
log (1225 ) 540 -697 202 -043 966 476 -0.78
052) (0.96) (1.75) (0.33) (1.51) (0.78) (0.10)
log(—log(1 —z)) 259 014 -0.62 -1.57 079 1.08 -0.58
(0.70) (127) (0.90) (3.60) (0.07) (0.65) (0.06)
2 I (tan £1)) 152 064 -193 -345 057 095 -0.75
020) (0.14) (2.58) (2.07) (0.10) (0.14) (0.14)
1 —log(—log(x)) 034 101 -075 058 042 091 -0.78
0.12) (049) (1.57) (1.61) (0.07) (0.23) (0.02)
log(log(=L5)+1) 006 093 -023 030 -0.17 087 088
0.15) (0.79) (1.72) (5.11) (0.52) (3.58) (0.80)
log(-Z) 236 002 -0.14 -0.12 089 121 -071
(1.05) (1.02) (3.02) (1.89) (0.09) (0.12) (0.02)
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Considering that the function G;(z) = log(;*;) based on the normal model presented the
best results in terms of fit, one now can compute the estimated CDF given the observed data:
see Table 4.6. From this table, it is observed an inverse relationship between the percentage of
men with education beyond primary level and involvement in agriculture. Regions with a high
percentage of men involved in agriculture tend to have a low percentage of education and vice
versa. This is evident in the high values of Agriculture, which generally correspond to low
values of Education (Line 7: 7% education, 70.2% agriculture; Line 45: 53% education, 1.2%
agriculture). There are some cases in the data that have a high percentage of education, such as
row 45, which has 53% education and one of the lowest values of men in agriculture (1.2%).
These cases may be related to more urbanized regions or with broader access to education.
Several observations have the percentage of agriculture above 60%, suggesting that a significant
portion of the population still depends on the agricultural sector, despite there being variations

in education rates.

Table 4.6: Estimated probabilities.

Education Agriculture CDF_values

0.12 0.17 0.01
0.09 0.45 0.11
0.05 0.40 0.02
0.07 0.36 0.03
0.15 0.43 0.23
0.07 0.35 0.03
0.07 0.70 0.22
0.08 0.68 0.25
0.07 0.53 0.10
0.13 0.45 0.21
0.06 0.64 0.13
0.12 0.62 0.35
0.07 0.68 0.20
0.12 0.61 0.34
0.05 0.69 0.11
0.02 0.73 0.01
0.08 0.34 0.04
0.28 0.19 0.09
0.20 0.15 0.03
0.09 0.73 0.34
0.10 0.60 0.26
0.03 0.55 0.01
0.12 0.51 0.24
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Education Agriculture CDEF_values

0.06
0.01
0.08
0.03
0.10
0.19
0.08
0.02
0.06
0.02
0.06
0.03
0.09
0.03
0.13
0.12
0.11
0.13
0.32
0.07
0.07
0.53
0.29
0.29

0.54
0.71
0.58
0.64
0.61
0.27
0.49
0.86
0.85
0.90
0.78
0.65
0.76
0.85
0.63
0.38
0.08
0.17
0.18
0.38
0.19
0.01
0.47
0.28

0.08
0.00
0.17
0.02
0.27
0.11
0.11
0.02
0.27
0.03
0.22
0.02
0.37
0.07
0.40
0.13
0.00
0.02
0.08
0.04
0.00
0.00
0.42
0.18
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Concluding Remarks

Based on the studies developed in this work, it was possible to observe that the model,
despite having a considerable level of complexity, also presents a high degree of versatility.
Depending on the configuration of its parameters, the model can take other forms, which have
already been discussed in previous publications. The model introduces innovations by con-
sidering transformations or generic functions in the density function, in addition to adding a
generalization parameter, which can significantly influence the data fit.

Invertible and differentiable functions with domains in the open interval (0, 1) proved to be
fundamental for defining relevant properties, such as marginal quantiles and moments. Through
these functions, it was possible to observe, for example, that the moments established for the
density function are necessarily finite, which could be different when considering functions with
different domains. It is important to highlight that a way of defining the functions that can be
used was presented, which is based on the consideration of functions such as the accumulated
functions of continuous probability distributions, where the corresponding derivative is a known
density function and its inverse can be obtained through algebraic manipulations. Furthermore,
from the deduction of relevant mathematical properties, it was possible to observe that the model
contributes significantly to the theory of probability distributions, and can be fundamentally
used in the treatment of asymmetric data. Now considering the computational aspects, it was
possible to estimate parameters using the maximum likelihood function, jointly employing the
Monte Carlo algorithm, through which all model parameters were estimated. From the model
presented in this work, it was also possible, through computational implementation, to observe
that, as the sample size increased and the interactions in the Monte Carlo algorithm were carried
out, the relative bias and the mean squared error decreased. significantly, showing convergence
towards zero. This indicates a reliable fit of the estimated parameters with respect to the original
parameter values. Still through computation, it was possible to apply the model to real data, in
which the data set was used in two distribution functions. The application has favored the use

of the extended unit-G-skew-normal model over the unit-G-skew-Student-¢t model.
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Appendix A

Shape of distribuitions

Next, we will present the graphs of the density functions for the distributions of Extended
unit-G-skew-Cauchy and Extended unit-G-skew-Student-¢. For both graphs, we used the same
parameters in data simulation, with a degree of freedom value » = 10 in Extended unit-G-
skew-Student-t. The values of the reinforced partnerships were: g = (2,3)"; A = (0.5,0.6)T;
op=1;0,=1;p=0.5;7 =10
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§A.0.

Ausuad

Figure A.1: Extended unit-G-skew-Cauchy density function with G;'(z) = (1/2) +
arctan(zx)/m.
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Figure A.2: Extended unit-G-skew-Student-t density function with G;'(z) = (1/2) +
arctan(zx)/m.
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Appendix B

Monte Carlo simulation

This appendix presents the results of parameter estimation considering 7 = 0. When the
parameter 7 takes this value, the configuration of the density function of the Extended unit-G-
skew distribution is simplified, resulting in a more direct expression. Depending on the choice
of the GG; function, this density function may coincide with an already known expression. A
specific example occurs when A = 0,7 = 0, G1(x) = Ga(z) = log(—log(l — z)),0 <z < 1,
and n = 2, we obtain the bivariate unit model studied in reference (Vila et al., ). For
this case, we only consider the fixed parameter 7, and perform iterations varying the number of

samples in a range of 100 to 1000.
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