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Abstract

The thesis is structured into two main parts. The first and major part is
concerned with the skew-normal distribution, introduced by Azzalini (1985)
[6], while the second one is connected with the scoring rules. In part one
the problem of finding confidence intervals for the skewness parameter of the
skew-normal distribution is addressed. Two new five-parameter continuous
distributions which generalize the skew-normal distribution as well as some
other well-known distributions are proposed and studied. Some mathematical
properties of both distributions are derived. Part two is focused on the
extension of the theorem of characterization of scoring rules, due to McCarthy
(1956) ([16] of part 2), in two directions: for countable infinite sample spaces,
but with bounded score and for finite sample spaces, but with unbounded

score.
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Introduction

This thesis focuses on two important topics of the mathematical statis-
tics: the first one is related to the skew-normal distribution, the second one
concerns the fundamental characterization of proper scoring rules, given by
McCarthy (1956) [16].

The study of the first issue has led to the writing of two articles [45], [48]
and two manuscripts [46], [47] on which the first part of this thesis is based.
Part I (chapters from 1 to 4) deals with the skew-normal distribution (SN),
introduced by Azzalini (1985) [6], which has been studied and generalized
extensively. This model is a class of distributions that extends the Gaussian
family by including a skewness parameter (A). Despite its nice properties,
this family presents some inferential problems linked to the estimation of the
skewness parameter. In particular, its maximum likelihood estimate can be
infinite especially for moderate sample sizes and is not clear how to calculate
confidence intervals for this parameter. The objective of the first part of the
thesis is twofold. Firstly, it aims to present how these inferential problems
can be solved in a particular situation. More specifically, we are interested in
the distribution of the maximum or minimum of two random variables which
have a bivariate normal distribution. Order statistics of correlated normal
variables appear in statistical applications. In a number of situations, es-

pecially in medical and the environmental contexts, even if observations are
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taken in pairs, interest centres on the maximum or minimum value of the
observations. Loperfido (2002) [43] shows that the minimum or maximum
of two random variables with same mean and variance, whose distribution
is jointly normal, is skew-normal with skewness parameter that can be ex-
pressed as a function of the correlation coefficient between the two initial
variables. In this specific case we use the MLE of the correlation coefficient
between the two initial variables to find the MLE of the corresponding skew-
ness parameter of the skew-normal. Using the Fisher transformation ([37],
[38]) we approximate the distribution of the skewness parameter A and we
are able to test hypotheses and to compute confidence intervals for A. These
theoretical intervals are then compared with parametric bootstrap intervals
by means of a simulation study.

Secondly, it presents two new families of distributions which generalize the
skew-normal one: the Beta skew-normal (BSN) and the Kumaraswamy skew-
normal (KwSN) distributions. The BSN, which is flexible enough to support
both unimodal and bimodal shape, arises naturally when we consider the
distributions of order statistics of the skew-normal distribution. The Beta
skew-normal can also be obtained as a special case of the Beta-generated
distribution introduced by Jones (2004) [35]. The idea of Beta-generated
family of distributions stemmed from the paper of Eugene et al. (2002) [23],
wherein the Beta-normal distribution was introduced and its properties were
studied. Some other Beta-generated families of distributions have also been
discussed in the literature. For example, the Beta half-normal distribution
has been defined and studied by Pescim et al. (2010) [52]. Kong et al. (2007)
[39] presented results on the Beta-gamma distribution. All these works lead
to some mathematical difficulties because the Beta distribution is not fairly

tractable and, in particular, its cumulative distribution function involves the
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incomplete Beta ratio. Following the idea of the class of Beta-generated dis-
tributions [35], Cordeiro and de Castro (2011) [17] proposed a new family of
generalized distributions, called Kumaraswamy generalized family, by means
of the Kumaraswamy distribution [40]. Some mathematical properties of the
Kumaraswamy generalized family, derived by Cordeiro and de Castro (2011)
[17], are usually much simpler than those properties of the Beta-generated
class. In the same paper, they introduced some generalized distributions
among these the Kumaraswamy-normal and the Kumaraswamy-gamma dis-
tributions. The Kumaraswamy generalized half-normal distribution has been
defined and studied by Cordeiro et al. (2012) [19].

We use the cited generator approach suggested by Cordeiro and de Castro
(2011) [17] to define a new model, called the Kumaraswamy skew-normal
distribution, which extends the skew-normal one. We provide a comprehen-
sive mathematical treatment of the new distribution and provide expansions
for its distribution and density functions. Further we pay attention to three
other generalizations of the skew-normal distribution: the Balakrishnan skew-
normal (SNB) (Balakrishnan (2002) [10] as discussant of Arnold and Beaver
(2002) [5], Gupta and Gupta (2004) [31], Sharafi and Behboodian (2008)
[57]), the generalized Balakrishnan skew-normal (GBSN) (Yadegari et al.
(2008) [59]) and a two-parameter generalization of the Balakrishnan skew-
normal (TBSN) (Bahrami et al. (2009) [9]). The above three extensions are
related to the Beta skew-normal and the Kumaraswamy skew-normal distri-
butions for particular values of the parameters.

Given a random sample Xj,---,X, from a distribution F(x), in general the
distribution of the related order statistics does not belong to the family of
F(x). In this thesis we show that the maximum between the X;’s from a Bal-

akrishnan skew-normal with parameters m and 1, denoted by X; ~ SNBy,(1),



is still a Balakrishnan skew-normal with parameters k and 1, where k is a
function of m and n. Motivated by the well-known bounds for the moments
[30], [33], and the variance of the order statistics [51], we study the problem
of finding bounds for the moments and the variance of the Beta-generated
family.

We obtain, inspired by the paper of Gupta and Nadarajah (2005) [32], general
expressions for the moments of the Beta skew-normal and the Kumaraswamy
skew-normal distributions. We introduce a bivariate Kumaraswamy skew-
normal distribution (BKwSN) whose marginals are Kumaraswamy skew-
normal distributions. This new distribution has been obtained from Frank’s
copula. The open-source software R is used extensively in implementing our
results.

Part II (chapter 5) is dedicated to the scoring rules, which have been stud-
ied widely in statistical decision theory. They provide summary measures
for the evaluation of probabilistic forecasts, by assigning a numerical score
based on the forecast and on the event or value that materializes. More
formally, a scoring rule S(x,Q) is a loss function measuring the quality of a
quoted distribution Q, for an uncertain quantity X, when the realized value
of X is x. It is proper if it encourages honesty in the sense that the expected
score Ex..pS(x,Q), where X has distribution P, is minimized by the choice
Q = P. McCarthy (1956) [16] fully characterizes the proper scoring rules, on
finite sample spaces, as super-gradient of concave functions. This is formally
proved in Hendrickson and Buehler (1971) [13].

Our main purpose is to generalize McCarthy’s theorem for infinite countable
spaces with bounded score and for finite spaces with infinite score. There
are several other works generalizing, in one way or other, the classical Mc-

Carthy’s theorem, as for instance Fang et al. (2010) [7], Hendrickson and
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Buehler (1971) [13], Gneiting and Raftery (2007) [10].

The thesis is divided into six chapters and one appendix. The organization is
as follows. In chapter 1 we remind several theoretical concepts used through-
out the first part of the thesis. Note that only the most important definitions
and properties are stated. In the first section of chapter 1 we describe briefly
the skew-normal distribution and we list their most important properties.
In the second one some generalizations of the skew-normal distribution are
given. In the third one we remember the family of the Beta-generated distri-
butions and also some particular cases of this family. In section 4 we present
the Kumaraswamy generalized family and some special distributions of this
class. Finally, the family of generalized Beta-generated distributions is illus-
trated and some examples are provided in the last section.

In chapter 2 the problem of finding the confidence intervals for the skew-
ness parameter is addressed. In section 1 we utilize Fisher’s transformation
to construct test and confidence intervals for the skewness parameter. Sec-
tion 2 is devoted to the construction of confidence intervals for the skewness
parameter using the parametric bootstrap. In section 3 the results of a sim-
ulation study, which we conducted to compare confidence intervals obtained
using both methods, are summarized. In section 4 we apply the proposed
methodology to find approximate and bootstrap confidence intervals for the
skewness parameter using data from a monitoring survey in Cagliari (Italy)
and from a follow-up dataset of patients operated for a renal cancer in Stras-
bourg (France).

In the first section of chapter 3 we define the Beta skew-normal distribution,
we present its properties and some special cases. In particular, the BSN con-
tains the Beta half-normal distribution (Pescim et al. (2010) [52]) as limiting

case. Besides, we investigate its shape properties. We give miscellaneous
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results about bimodality properties of the Beta skew-normal distribution.
We derive its moment generating function and we also compute numerically
the first moment, the variance, the skewness and the kurtosis. We present
two different methods which allow to simulate a BSN distribution. We show
that the distributions of order statistics from the skew-normal distribution
are Beta skew-normal and are log-concave. Furthermore, in the second sec-
tion of this chapter we give some results concerning the SNB distribution.
In particular, we derive the exact distributions of the largest order statistic
from SNB,,(1) and the shortest order statistic from SNB,,(—1). Moreover, we
explore the relationships between the BSN distribution and the other gener-
alizations of the skew-normal. In section 4 we find bounds for the moments
and the variance of the Beta-generated family. The special case of the Beta
skew-normal distribution is treated in more detail. A maximum likelihood
estimation is addressed in the last section.

Chapter 4 deals with the Kumaraswamy skew-normal distribution. In sec-
tion 1 its properties and some special cases are presented. The first moment,
the variance, the skewness and the kurtosis are numerically computed. Two
different methods to simulate a KwSN distribution are given. The second sec-
tion is devoted to miscellaneous results on the Kumaraswamy skew-normal,
among these an interesting theorem which relates the KwSN and the normal
distributions. The parameters of the new model are estimated by maximum
likelihood in the third section. In the fourth section we considered the bi-
variate Kumaraswamy skew-normal distribution BKwSN whose marginals are
Kumaraswamy skew-normal distributions. We have established several prop-
erties of the proposed bivariate distribution using the properties of Frank’s
copula. In the last section we propose a generalization which nests both the

Beta skew-normal and the Kumaraswamy skew-normal distributions.
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The first section of chapter 5 is devoted to important definitions, properties
and theorems issued from convex analysis, which are intensively used in the
rest of the thesis. In the second section the most valuable and interesting
features of scoring rules are mentioned. The concept of entropy related to a
specific decision problem and the discrepancy function are introduced. Fur-
thermore, we state McCarthy’s theorem [16] as presented by Dawid et al.
(2011) [4]. In the third section we remind two important characterization
theorems, due to Griinwald and Dawid [11], the first one deals with bounded
loss functions, while the second one is referred to unbounded loss. Finally,
the last section focuses on two variants of McCarthy’s theorem. In the final
chapter our most important findings are summarized. Appendix contains a
short description of the Lambert W function. The Bibliography appears at
the end of each part.
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Chapter 1

Literature Review

In this chapter we present some definitions and results known in the liter-
ature that will be useful later. In section 1 we introduce the definition and the
main features of the skew-normal distribution. In section 2 we present some
generalizations of the skew-normal distribution and list their key properties.
The family of the Beta-generated distributions is introduced in section 3.
Furthermore, in this section some models of this family are treated in detail.
Section 4 presents the Kumaraswamy generalized family and provides some
special models. Finally, in the last section we describe the class of the gen-
eralized Beta-generated distributions and include some examples.

Since most of the results are well-known in literature on this subject, we will
not provide proofs. Throughout the thesis the notation ~ means “follows” or
“has the distribution”, the notation 2 indicates “equivalent in distribution”.
Let us denote by pdf and cdf the density and the distribution function, re-

spectively. The notation N(0,1) is used to denote the normal distribution.

3



1. Literature Review

1.1 The skew-normal density

The skew-normal distribution refers to a parametric class of probability
distributions which includes the standard normal as a special case. A random
variable Z is said to be skew-normal with parameter A, if its density function
is

O(z:A) =2¢(2)P(Az), with A, z€R, (1.1)

where ¢(-) and ®(-) are the standard normal density and distribution, respec-
tively. We denote a random variable Z with the above density by Z ~ SN(1).
The parameter A controls skewness. The standard normal distribution is a
skew-normal distribution with A = 0.

We remind some properties of the SN distribution.

Properties of SN(A):
a. As A — oo, @(z;A) tends to the half-normal density.
b. If Z is a SN(A) random variable, then —Z is a SN(—A) random variable.
c. If Z~SN(A), then Z% ~ x%(1).

d. The density (1.1) is strongly unimodal, i.e. log@(z;A) is a concave

function of z.
The corresponding distribution function is
z At
B(z: 1) :2/ / 0(0)0 (u)dudt = D(z) —2T(z: 1), (1.2)
where T(z;4) is Owen’s function. The properties of this function are:
1. —T(zA) =T(z;—A);

2. T(—zA)=T(z:A);
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3. 2T (z:1) = ®(z2)P(—2);
4. T(0;A) = 5-arctan (A).

Using the properties of Owen’s function, we have immediately the following

ones:
Property 1. 1 —®(—z;1) = P(z;—A1).
Property 2. ®(z;1) = ®(z)°.

Property 3. ®(z;4) +D(z;—A) =2P(z).
Property 4. ®(0;A) = & — Larctan (A).

The moment generating function of a random variable Z with skew-normal

distribution is

12 A
M(t) =2expq — ¢ P(6t), where 6= . 1.3
0 =2exp{ 5 pa(n) L
After some algebra, it is easy to obtain the following expressions:
E(Z)=dsé, var(Z) =1—(d§)?,
3 2
, E(Z)*\? E(Z)?
Z)==(4—- A Z)=2(r-3
n(2) = - msien) (22L) . iz =23 (22
where d = %, and 71, % denote the third and fourth standardized cumu-

lants, respectively.

The maximum value of y; is about 0.995, while for 9 it is 0.869.
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The following proposition, due to Chiogna (1998) [14], generalizes the

well known lemma:

Lemma 1. If W is a normal random variable, then E(®(hW +k)) = P <\/1];7>’

for any real h, k.
Proposition 1.

1. If Z has distribution SN(A), then the random variable
Y = ®(hZ+k) has first moment:

k
Ez (®(hZ+k)) =P (WW(MM) ;
where ﬂ(l’l,l) = —%

2. Analogously, if W has distribution N(0,1), then the random variable
Y =®(hW +k;A) has first moment:

k
where w(h,A) = m

Remark 1. Lemma 1 can be used to prove that the skew-normal density
function is a proper density and to derive the moment generating function

(1.3).

The class of skew-normal distributions can be generalized by the inclusion
of the location and scale parameters which we identify as & and y > 0. Thus
if X ~SN(A), then ¥ = & + yX is a skew-normal variable with parameters
&, yand A. We denote Y by ¥ ~SN(E,y, ).

Plots of the skew-normal density function are illustrated in figure 1.1 for se-

lected values of A.



1.1 The skew-normal density

— A=10

Density
0.4

0.2

0.0
\

\
\

Figure 1.1: The SN(A) for different values of A

Let us remind a result obtained by Loperfido (2008) [44], which will be
useful in the second chapter. In [44] he has shown that any weighted average
of the extremes of an exchangeable and bivariate normal random vector is

skew-normal. More specifically, the following result holds:

Theorem 1. Let X and Y be two random variables whose joint distribution
is bivariate normal with px = py = &, 6% = o = y? and Cov(X,Y) = py>.

Then for any two constants h and k # —h the distribution of
hmin(X,Y)+kmax(X,Y)

18

E(h+k), wy/ (2 + K2+ 2phk), A kzh [1=p

SN =
lk+hl\ 14+p
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In particular, for the choice k =0 and & =1, we find that the distribution
of min(X,Y) is

, (1.4)

1-p
SN A=—,—F
lé,w, o

while, for h =0 and k = 1, we have that the distribution of max(X,Y) is

SN [5, P R el (1.5)

A proof of theorem 1 can be found in Loperfido (2002) [43] for & =0 and
y =1, and in the more general case in Loperfido (2008) [44].

Despite the nice properties of the SN, inferential problems arise in the esti-
mation of the skewness parameter. More specifically, its maximum likelihood
estimator (MLE) can take infinite values with positive probability, especially
for small or moderate sample sizes. In addition, it is not clear how to cal-
culate confidence intervals for this parameter. Furthermore, the method of
moments can give even worse results. Several solutions have been proposed to
solve these problems, using numerical approximation methods, in both a clas-
sical and a Bayesian approach. Azzalini and Capitanio (1999) [7] suggested
stopping the log-likelihood maximization procedure when the log-likelihood
function reaches a value not significantly lower than the maximum. Another
solution was proposed by Sartori (2005) [54], who developed a method based
on a second-order modification of the likelihood equation that never produces
boundary estimates. Liseo and Loperfido (2006) [42] use a Bayesian approach
which modifies the likelihood function with a Jeffreys prior for the skewness

parameter. They also prove that such prior is proper.



1.2 Skew-normal generalizations

1.2 Skew-normal generalizations

Several modifications of the original skew-normal density have been de-
veloped in literature. Among these we mention the Balakrishnan skew-
normal (SNB), the generalized Balakrishnan skew-normal (GBSN) and the
two-parameter Balakrishnan skew-normal (TBSN). These generalizations are
briefly presented in this section.

Balakrishnan (2002) [10] proposed a generalization of the standard skew-

normal distribution as follows:

Definition 1. A random wvariable X has Balakrishnan skew-normal distri-
bution, denoted by SNB,(A), if it has the following density function, with
neN,
fa(A) =cp(A)Pp(x)P(Ax)", xeR, A €R. (1.6)
The coefficient c¢,(A), which is a function of n and the parameter A, is given
by
1 1

) = e~ E@AUT)

(1.7)

where U ~ N(0,1).

For n =0 and n = 1, the above density reduces to the standard normal
and the skew-normal distributions, respectively.
We denote a random variable X with density (1.6) in the special case n =2
by X ~ NSN(A) (Sharafi and Behboodian (2006) [56]).
Sharafi et al. (2008) [57] give the following theorems.

Theorem 2. IfU,U;,U,,--- U, are i.i.d. N(0,1), then
Ul|(max (Uy,Uy,--- ,U,) < AU) ~ SNB,(A). (1.8)

Theorem 3. IfY ~N(0,1) and W ~ SNB,_1(A) are independent, then con-
ditionally W|(AW >Y) ~ SNB,(A).
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Theorem 4. The moment generating function of X ~ SNB,(1) is
2

Mx(t) = ca(A)eTan(t, 1), (1.9)

where

an(t,A) = E(®"(AV)), V ~N(t,1). (1.10)

From the previous theorem it is easy to find the following recursion for-

mula:

n A cn(A)
A

ky _ . k—2
E(X*) = (k- 1)E (X )+m(1+12)

EWEY, (1.11)

D=
S
7
—_
VRS
—_
+
~
(5]
N——

where W ~ SNB,,_ (#)

The following formulae are useful in the sequel:

1 _ 1,3 - :
* L= 3 T z-arcsin(p);
2
where p = 117

For n > 4, there is no closed form for ¢,(1).

The class of Balakrishnan skew-normal distributions can be generalized by
the inclusion of the location and scale parameters which we identify as g and
0 >0. Thusif X ~SNB,(A), then Y = u+0X is a Balakrishnan skew-normal
variable with parameters u, ¢ and A. We denote Y by Y ~ SNB,(u,0,1).

Remark 2. Sharafi and Behboodian (2008) [57] have shown that for A =1,
(1.6) is the density function of the (n+1) —th order statistic X(,41) in a
sample of size n+1 from N(0,1). Moreover, for A = —1, (1.6) is the density
Junction of the first order statistic X(1y in a sample of size n+1 from N(0,1).
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Graphical illustrations of (1.6) are shown in figure 1.2.

'\ —
o
o | | — (n=1r=1) N
- - (n:2,)\:1) 'I"" .\
o (n=3,A=1) /.xl'.\\ .. .
S - (n:4,)\:1) \ -.‘.‘
< .
2 o 7
[2]
c
8 o
o
N
S
‘_| —
o
o
S
I I I I I I I
-3 -2 -1 0 1 2 3
X

Figure 1.2: The SNB,(A) for different values of n and A =1

Recently, Yadegari et al. (2008) [59] introduced the following general-
ization of the Balakrishnan skew-normal distribution and explained some

important properties of this distribution.

Definition 2. A random wvariable X is said to have a generalized Balakr-
ishnan skew-normal distribution, denoted by GBSN, (1), with parameters

n,meN and A € R, if its density function has the following form:

fam(x:A) = 0 (x)@(Ax)" (1 — d(Ax))", x€R, (1.12)

Com(A)
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where

m (=)
Com(A) =Y, ("7)(—1)1/ o (x)P(Ax)"dx. (1.13)
i=0 \'! oo
For m = 0, this density reduces to the Balakrishnan skew-normal.

Remark 3. Let Xy,---,X, be a random sample from a N(0,1). Then the
J—th order statistic is a« GBSN;_1 ,—j(1), with j=1,---,n. In this case we
have that

We recall some properties of this distribution, which have been studied

by Yadegari et al. (2008) [59].
Property 5. GBSN, (1)< GBSNyn(—1) and GBSNy m(—A) £ GBSNyyn(A).

Property 6. If X ~ GBSN, (1), then —X ~ GBSNy (—A). Moreover, for
any A # 0, x4 x if and only if n=m.

Property 7. Let X ~ GBSN, (L) be independent of a random sample Y,
Y2, -+, Y from a normal distribution. Then (Y < AX) ~ GBSNyyfm(A)
and X|(Y(1) > X) ~ GBSN, 1 1(A), where Yy and Y1y are the largest and the

smallest order statistics, respectively.

Several generalized Balakrishnan skew-normal densities are illustrated in

figure 1.3.



1.2 Skew-normal generalizations

13

0.7

— (n=1,A=1,m=1) -
- - (n=1,A=1,m=2) 1 N
(n=2,A=1,m=1) ] \.

Density
04 05

0.3

0.1

Figure 1.3: The GBSN, (L) for different values of n, m and A =1

Bahrami et al. (2009) [9] discussed a two-parameter generalized skew-
normal distribution which includes the skew-normal, the Balakrishnan skew-

normal and the generalized Balakrishnan skew-normal as special cases.

Definition 3. A random variable Z has a two-parameter Balakrishnan skew-

normal distribution with parameters A1, Ay € R, denoted by T, (A1, A2), if its
pdf is

1

Jam(Zh,) = S

O(2)®P(L12)"®(A2)", z€R, (1.15)

and n, m are non-negative integer numbers. The coefficient cpm(A1,A2), which
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is a function of the parameters n, m, Ay and Ay, is given by
cnm(M,A2) = E(P(MX)"P(AX)"), where X ~N(0,1). (1.16)

The following properties are direct consequences of definition 3.

Properties of T, ,(A1,12):
1. TBSN;1(A1,0) =SN(A;) and TBSN;1(0,42) = SN(A2);
2. TBSNpm(A,A) = SNBym(2);
3. TBSNym(A1,0) = SNB,(A1) and TBSN;m(0,2) = SNByu(A2);
4. TBSNym(A,—A) = GBSNym(A) and TBSNym(—A, 1) = GBSNyn(A);
5. TBSN,; ;m(0,0) = TBSNy o(A1,A2) =N(0,1).

Remark 4. Let Zl, ce ,Zn be i.1.d. N(O, 1) and Z(l) < Z(z) <... < Z(n) be the
corresponding order statistics, then Z; ~ TBSN;_1 p—i(1,—1).

Theorem 5. (Representation theorem) If X, Vy,--- Vy,Uy,--- Uy, are i.i.d.
N(0,1) and let Vi) = max(Vy,---,Vy) and U,y = max(Uy, -+ ,Up), then

X|(V(n) < AlX, U(m) < AQX) ~ TBSNmm()q,)LQ).

Theorem 6. If Z ~ TBSN,_1m—1(A1,A2) and Y1, Y» i.i.d. N(0,1) are inde-
pendent, then Z|(Y1 <MZY, < ).QZ) ~ TBSNmm(Al,)Lz).

The location-scale two-parameter Balakrishnan skew-normal distribution is
defined as the distribution of ¥ = u+0X, where X ~ TBSN,, ,(A1,A2). Hence,
U € R and o > 0 are the location and scale parameters, respectively. We
denote Y by Y ~ TBSN,, (1, 0,A1,42).

Figure 1.4 illustrates some of the possible shapes of TBSN,, u(A1,A2) density

function.



1.3 The class of the Beta-generated distributions

15

0.6
|

0.5

Density
0.2 0.3 0.4
|

0.1

Figure 1.4: The TBSN,m(A1,A2) for different values of n, m, Ay =1 and
A =-—1

In the rest of the thesis we denote by @¢(-;A) and ®P(-;A) the density
and the distribution functions of the SN(A) distribution, respectively. The
density function of TBSN,, ,(A1,A2) will be indicated by fim(-;A1,42).

1.3 The class of the Beta-generated distribu-

tions

In this section the class of the Beta-generated distributions is described.
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1.3.1 Definition of the family

The Beta distribution in its standard form (Beta(a,b)) is specified by its
density function

xafl(l _x)bfl

Bla.b) , for0<x<1, a>0andb>D0. (1.17)

f(x;a,b) =

Starting from the Beta distribution, Jones (2004) [35] defined a new class
of probability distributions, called Beta-generated family. Following the no-
tation of Jones, the class of the Beta-generated distributions is defined as

follows.

Definition 4. Let F(-) be a continuous distribution function with density
function f(-). The univariate family of distributions generated by F(+), called
Beta-generated family (Beta-F), with parameters a >0 and b > 0, has pdf

1 . B
8w (:a,b) = W(F(X)) "(1-F@)" ' f(x), xeR, (1.18)
where B(a,b) is the complete Beta function.

Thus, this family of distributions has distribution function given by:
Gy (x:a,b) = Ipy(a,b), a, b>0, (1.19)

where the function Ir(y) denotes the incomplete Beta ratio defined by

By(a,b)
L(a,b)=—-21""2 1.20
Y(a7 ) B((l,b>’ ( )
where
y
By(a,b):/ 27N 1 =2 d, 0<y<1, (1.21)
0

is the incomplete Beta function. Replacing (1.20) and (1.21) in (1.19), we

get that this family of distributions has distribution function

1 [F)
Gﬁ(x)(x;a,b)zm /O 271 —2)b dz (1.22)
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Remark 5. Let f(-) be unimodal and continuously differentiable, if a > 1
and b > 1 then gf_(_)(-;a,b) 1s also unimodal. The strong unimodality, i.e.

log-concavity, of f(-) implies strong unimodality of gf;(.)(-;a,b).

The density gfé(.)(ga,b) will be more tractable when both functions F(-)

and f(-) have simple analytic expressions.

1.3.2 Expansion for the density function

Cordeiro and Lemonte (2011) [18] derived some properties of the Beta— F
family using an important expansion for the density (1.18).

For b > 0 real non-integer,

(1—z)"! :i()%zi (1.23)

is defined for |z] < 1. Replacing the above expansion into equation (1.22) if

b is real non-integer, we have

G,IEi (x;a,b) =

L(b) [FO (=1) .
B(avb)/o mz+ ldz =
['(b) (—l)i F(x)“+i:
B(a,b)ilT(b—i) a+i

™

Il
o

I
™

Il
o

(1.24)

I
aok
=
D
S
N—
3
&
IN)
S

Il
o

L) (=" 1
B(a,p) T (b—i) a+i’

where wj(a,b) =

If b is an integer, the index i in the previous sum stops at b— 1. If a is a real
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non-integer, using (1.23) twice, F(x)*™ can be expressed as

o ( 1\k a-+i
F( >a+z (1—(1—F(X>))a+i: ZM(]—F(}Q)’C:

& T(ati—k)k!
_kg)r(“+i—k)k! ];)( 1) (J.)F( ) =
_ vy D) (kY g
_J;)kg} T(a+i—k)k! (j>F( ) =
= ¥ sat )P’ (1.25)
=0
j:

k
where s;(a+1i) = Y J%W(k.). Consequently, the distribution func-

J
tion (1.24) becomes

GB xab Zw,ab Zsja—i—

= Z sz a,b)sj(a+i)F(x) = thj(a,b)F(x)j, (1.26)
=

j=0i=
where tj(a,b) = Y2 ywi(a,b)s;j(a+1i).
Expansions for the Beta-generated density function can be obtained by simple

differentiation of (1.24) for a integer and of (1.26) for a real non-integer.

1.3.3 Some special cases

We now present some special cases of the class of the Beta-generated

distributions.

The Beta-normal distribution

When in (1.18) F(x) is the normal distribution function with parameters
U and o, we have the Beta-normal family, introduced by Eugene et al. [23],

whose distribution function is given by

1 5 b1
>/ 7 (1-2)""dz, xeR, (1.27)

B . _
Cp(zp)(ia:bs1,0) = grgs |



1.3 The class of the Beta-generated distributions

19

and the corresponding probability density function is

gi(«“—#)(X;a7

(e}

gl (o)) (o) e ).

(1.28)

o

where 6~ 1¢ (x_“ > and ® (%) are the normal density and distribution

with parameters @ and o, respectively.

A random variable X with Beta-normal distribution with vector of parame-

ters & = (0,1,a,b) is denoted by X ~ BN(a,b).

The following figures plot the density function of the BN distribution for

some values of a and b.

Density

N |
e — (a=1b=1)
- - (a=0.25,p=0.25)

(a=1,b=0.5)

@ _]

o

N

o

]

o

o _|

o

Figure 1.5: The BN(a,b) for different values of a and b
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— (a=0.1,b=0.1)
- - (a=0.05,b=0.1)
(a=0.1,b=0.05)

0.10
|

0.08
|

Density
0.06
|
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|
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|

0.00
|

Figure 1.6: The BN(a,b) for different values of a and b

Eugene et al. [23] showed that the Beta-normal distribution is symmetric
about u when a = b. Furthermore, they noted that this distribution can
model both unimodal and bimodal data. Numerically, they found that when
a and b are less than 0.214 the Beta-normal distribution is bimodal.
However if a and b are both larger than 0.214 the distribution is always
unimodal.

Famoye et al. (2004) [24] studied the bimodality properties of the Beta-
normal distribution.

In particular, they proved the following results.
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Proposition 2. A mode of the BN(a,b,l,0) is any point xo = xo(a,b) that

satisfies

xozc{(a—l)m—(b—l)

o

¢(*5%)
WXOT[J)}—F‘LL. (1.29)

Corollary 1. Ifa=b and one mode of BN (a,b,lL,0) is at xq, then the other

mode is at the point 2 — Xg.

Corollary 2. If BN(a,b,u,0) has a mode at xg, then BN(b,a,|t,0) has a

mode at 2L — Xxg.

Corollary 3. The modal point xo(a,b) is an increasing function of a and a

decreasing function of b.

Corollary 4. The bimodal property of BN(a,b,lL,0) is independent of the

parameters L and .

The Beta half-normal distribution

The cdf of the half-normal distribution is F(x) =2®(x) — 1, with x > 0.

By inserting F(x) in (1.18), we obtain the Beta half-normal density function

S 1 (X:0,b) = Bla.b) 2P(x) - D) (1 —-®(x)" To(x), x>0, (1.30)

and the relative distribution function

GB ap = [ e ey 0 1.31
zq,(x)_](x,a, )—/0 mt (1—1) t, x>0. (1.31)

When X is a random variable following the BHN distribution, it is denoted

by X ~ BHN(a,b).

Remark 6. The Beta half-normal distribution arises as a special case of the

Beta generalized half-normal one studied by Pescim et al. (2010) [52].
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Figure 1.7 plots some shapes of the BHN distribution for some values of

a and b.

O_ _ .
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Figure 1.7: The BHN(a,b) for different values of a and b

The Beta-gamma distribution

Let X be a gamma random variable with distribution function

F(x;oc,ﬁ):yl[i)z—(;;), x>0, @ B>0, (1.32)

where ¥,(s) = [5t~le'dt is the incomplete gamma function and I'(+) is the
gamma function.
The Beta-gamma cumulative distribution function is defined by substituting

(1.32) into equation (1.19). Hence, the associated density function with four



1.3 The class of the Beta-generated distributions

23

positive parameters a, b, @ and 8 has the form
Baxa—le—ﬁx B b1
gBI;(x;a,[})(X;a7b7 aaﬁ) = B(a b)l"(oc)ﬂ”rb—l Yﬁx(a)a ! (F((X) - ’}/ﬁx(a)) )
(1.33)
with x > 0. A random variable ¥ with density function (1.33) is denoted by

Y ~ BG(a,b,a, B).

Some properties of the Beta-gamma distribution are discussed in Kong et
al. (2007) [39]. For a =% and B = 3, the random variable ¥ has a Beta
chi-square distribution that we will indicate by By?(a,b, V).

Figure 1.8 illustrates several of the possible shapes obtained from (1.33) under

various choices of a, b, o and fB.

«Q _|
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" (a=2,b=4,0=2,p=1)
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T T T T T T
0 1 2 3 4 5

Figure 1.8: The BG(a,b,a,B) for different values of a, b, @ and B
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1.4 The class of Kumaraswamy generalized
distributions

The Kumaraswamy distribution is not very common among statisticians
and has been little studied in the literature. However, in a very recent paper,
Jones (2009) [36] explored it, and he highlighted several advantages of this
distribution over the Beta one. We can remember among them that the Ku-
maraswamy distribution (Kw(a,b)) has very easy cdf and quantile function,
which do not involve any special functions, and imply a simple formula for

random variate generation. Its cumulative distribution function is defined by
F(xia,b)=1—(1—-x"", 0<x<I, (1.34)

where a, b > 0 are two additional parameters whose role is to introduce
asymmetry and produce distributions with heavier tails. The probability
density function is

f(x;a,b) = abx® 1 (1 —x®)P~ 1. (1.35)
Cordeiro and de Castro (2011) [17] combined the works of Eugene et al.
(2002) [23] and Jones (2004) [35] to construct a new class of distributions,
called the Kumaraswamy generalized family (Kw — F).
From an arbitrary distribution function F(x), the cdf of the Kw — F is defined
by

Gf(x) (x;a,b) = 1— (1 —F(x)%)?, (1.36)

where a, b > 0 are two additional parameters. Correspondingly, the density

function of this family of distributions has a very simple form
gy (xa,b) = abf(x)F (x)* ' (1-F(x)*)"". (1.37)

Some structural properties of the Kw — F distribution derived by Cordeiro and

de Castro (2011) [17] are usually simpler than the corresponding properties of
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the Beta — F distribution. They introduced some of these generalized forms

but not discussed them in detail.

Remark 7. If f(-) is a symmetric density function around 0, then g’lg(_)(ﬁa,b)

will not be a symmetric even when a =b.

1.4.1 Expansion of the density function

Using the expansion (1.23), the density function gf(x) (x;a,b), for b >0

real non-integer, can be expanded as
- b—1
hywian) = L -1an(" )P ) Fow(ab)F (1)
i=0
(1 38)
where w;(a,b) = (—1)'ab (b7]). If b is an integer, the index i in the previous

sum stops at b— 1. If a is real non-integer, F(x)*+D=1 can be expanded as

follows
F)@ D=1 = [1 - (1 - F(x))] D1 = i(—l)f(““* - 1) (- F),
j=0 J
(1.39)
and then
xa(i—|—l)—l: > _ANJ+r a(l+1)_1 ] )"
Fx) LY ( j )(,,)F< Y. (1.40)

Hence, the density gﬁ(x) (x;a,b) can be rewritten in the form

=10 v o) (000 O

i,j=0r=0 J
(1.41)

1.4.2 Some special cases

Two examples, which are highlighted in [17], are the Kumaraswamy-

normal and the Kumaraswamy-gamma distributions.
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The Kumaraswamy-normal distribution

Replacing f(-) and F(+) into (1.37) by the pdf and the cdf of the normal
distribution with parameters g and o, we obtain the Kumaraswamy-normal

distribution (KwN) with density function given by

a-l b—1
Gygtennner-on() () (o ()

where x € R, a, b, 6 >0, p € R, and ¢(-) and ®(-) are the density and

the distribution functions of the standard normal distribution, respectively.
For later reference, we denote a random variable X with the above pdf by
KwN(a,b,lu,0).

The KwN distribution with a =2 and b = 1 reduces to the skew-normal
distribution with shape parameter equal to one.

Different densities with 4 =0 and o =1 are plotted in figure 1.9.
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Figure 1.9: The KwN(a,b) for different values of a and b
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The Kumaraswamy-gamma distribution

Let F(x) be the gamma distribution function with parameters a and
B. The general form for the density of a random variable X following a
Kumaraswamy-gamma distribution, say X ~ KwGa(a,b,a,), can be ex-

pressed as

& (X:a,b, 0, B) = ab (rllz)(cg))‘)yl <1 - <F1§’(Cg);)>a> - W, x> 0.

The Kumaraswamy-exponential distribution is obtained setting @ = 1. The
KwGa(1,b,1,) simplifies to the exponential distribution with parameter bf3.
We will denote the KwGa (a,b, ¥, %) by Kwx?(a,b, V).

Figure 1.10 illustrates some of the possible shapes of the KwGa(a,b, o, )

density for selected values of a, b, o and .
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Figure 1.10: The KwGa(a,b, o, ) for different values of a, b, o and B
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The Kumaraswamy half-normal distribution

Let F(x) be the standard half-normal distribution function. The density
of a random variable X having a Kumaraswamy half-normal distribution with

parameters a and b, denoted by KwHN (a,b), is
8o (a,b) = 2abg (x) (2@ () — )" (1 - 2@ ()~ 1)), x>0,

where ¢(-) and ®(-) represent the density and distribution functions of the
standard normal distribution, respectively.

The half-normal distribution arises as the particular case a =b = 1.

Figure 1.11 plots some densities of the KwHN(a,b,t,0) distribution with
u=0and oc=1.
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Figure 1.11: The KwHN(a,b) for different values of a and b
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Remark 8. We remind that the Kumaraswamy half-normal distribution is

a special case of the Kumaraswamy generalized half-normal distribution, de-

fined by Cordeiro et al. (2012) [19].

1.5 The class of the generalized Beta-generated
distributions

The generalized Beta-generated distribution of the first kind was intro-

duced by McDonald (1984) [49].

Definition 5. A variable X is said to have a generalized Beta-generated dis-
tribution of the first kind with positive parameters a, b and ¢, say GB(a,b,c),
iof its density is given by

exae=1 (1 —x¢)P~ !
B(a,b)

g(x;a,b,c) = , with 0 <x < 1. (1.42)

If ¢ =1 the variable X is a Beta of the first kind with parameters a and
b.
In the special case a = 1, equation (1.42) reduces to the Kumaraswamy dis-
tribution with parameters b and c.
Recently, Alexander et al. (2011) [3] proposed the class of the generalized
Beta-generated distributions which is defined as follows.
For a continuous distribution function F(x) with density f(x), the family of
the generalized Beta-generated distributions (4%% — F) is characterized by
its density:

= S/ WIF@“ =P (14

Two important special cases are the Beta-generated distribution (¢ = 1), and

the Kumaraswamy generalized distribution (a =1).
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Remark 9. The 9HBY distribution obtained from F(x) is a standard Beta-

generated distribution generated by F(x)C.

1.5.1 Some special cases

We include two examples of the class of the generalized Beta-generated
distributions given by Alexander et al. (2011) [3]: the generalized Beta-
normal and the generalized Beta-gamma distributions.

Furthermore, we define a new distribution of this family useful for our pur-

poses, called the generalized Beta half-normal distribution.

Generalized Beta-normal distribution

Replacing F(-) and f(-) into (1.43) by the cdf and the pdf of the normal
distribution with parameters 4 and o, we obtain the generalized Beta-normal

distribution (GBN) with density function given by

ac—1 b—1
959 .. __¢ x—H it (2E
gé(xtf‘)(x’a’b’c’u’a)_B(a,b)¢< o > (‘b( () )) <1_q) ( o >> ’

(1.44)
where x R, a, b, ¢, 6 >0, p € R and ¢(-) and ®(+) are the pdf and the cdf

of the standard normal distribution, respectively.

A random variable X following the GBN distribution is denoted by

X ~ GBN(a,b,c,lu,0).

Setting ¢ = 1, (1.44) reduces to the Beta-normal distribution proposed by
Eugene et al. (2002) [23].

When a = 1 the Kumaraswamy-normal is obtained. The GBN distribution
with 4 =0, 60 =1, b =1 and ac =2 coincides with the skew-normal distri-

bution with shape parameter equal to one.
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Plots of the GBN density function for selected parameter values are given

in figure 1.12.
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Figure 1.12: The GBN density function for selected parameter values with
u=0ando=1

Generalized Beta-gamma distribution

By inserting (1.32) in (1.43), we obtain the generalized Beta-gamma dis-
tribution with five positive parameters a, b, ¢, a and B, whose density func-

tion is given by

ac— cy b
cB* 1 g [1Bx(@) ! Vpx(@)
g%£i7ﬁ)(x;aybycaa7ﬁ) = B(a,b+ I)F(Oc)xa e’ { - ’
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where x > 0.

When Y is a random variable following the ¥ %#%a distribution, it will be
denoted by Y ~ Y %BYa(a,b,c,a, ).

Figure 1.13 illustrates some possible shapes of the ¥ %#%a density function.
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Figure 1.13: The Y %% a density function for selected parameter values with
c=25and B=1.5

Generalized Beta half-normal distribution

We now introduce the three-parameter generalized Beta half-normal (GBHN)
distribution by taking F(x) in (1.43) to be the cdf of the standard half-normal
distribution. Hence, the density function of GBHN distribution with three
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parameters a, b and ¢ has the form

0 (x) 2 (x) — 1)* ' [1 = 2®(x) - 1), x> 0.
(1.46)
If X is a random variable with density (1.46), we write X ~ GBHN(a,b,c).

G RBYG . _
gZCI)(x)—l(x’a?b?C) - B(a,b)

Plots of the density function (1.46) are illustrated in figure 1.14.
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Figure 1.14: The GBHN density function for selected parameter values with
c=2.5
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Chapter 2

Large sample confidence
intervals for the skewness

parameter

As evidenced in section 1 of chapter 1, the skew-normal model presents
some inferential problems linked to the estimation of the skewness parame-
ter. In particular, its maximum likelihood estimate can be infinite especially
for moderate sample size and is not clear how to calculate confidence in-
tervals for this parameter. In this chapter we show how these inferential
problems of the skew-normal distribution can be solved if we are interested
in the distribution of extreme statistics of two random variables with joint
normal distribution. Loperfido proved (see theorem 1) that such extreme
statistics have a skew-normal distribution with skewness parameter that can
be expressed as a function of the correlation coefficient between the two ini-
tial variables. It is then possible, using some theoretical results involving
the correlation coefficient, to find approximate confidence intervals for the

parameter of skewness. These theoretical intervals are then compared with

35
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parametric bootstrap intervals by means of a simulation study. Two appli-

cations are given using real data. These results are new and can be found in

[48].

2.1 Approximate Confidence Intervals (ACI)
for skewness parameter

We denote a random vector (X,Y) having a bivariate normal distribution
by (X,Y) ~ Na(ux, Uy, 0z,02,p), where p is the correlation coefficient. Its
density is then

f(x,y)

1—p?) o2 0,0y o;

= ex
210, 0y/1 — p?

As pointed out in the first section of chapter 1, Loperfido (2008) [44] has

shown that any weighted average of the extremes of an exchangeable and

bivariate normal random vector is skew-normal.

In particular, the distribution of min(X,Y) is

1-p
SN|E, v, A =— | ——]|, 2.1
E v 7o (2.1)
and the distribution of max(X,Y) is
SN |&, y, A= I=p (2.2)
? lljﬂ - 1+p Y *
where & = uy = gy and y? = 63 = o7.
Suppose now to be interested in constructing a confidence intervals for A =

on the basis of a random sample of n pairs (X,Y).
When all five parameters in 6 = (,ux,;,ty,a)%,cl%,p) are assumed to be un-

known, the MLE of the coefficient of correlation p is the sample correlation

1 p{_z( 1 [(x—ux>2_2p<x—ux><y—uy> L)

I}

1—p

T+p
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coefficient . )
i (Xi—X) (YY)

VI (X =X)2 /e, (Y =T)
. . . C N 1—R
Using the invariance property of MLE, we know that the statistic A=4/17%
is the MLE of A.

It is customary to base tests concerning p on the statistic zln(HR ) This
is the Fisher transformation of R (see for instance Kendall and Stuart [37],
[38]). It can be shown (see for instance [37], [38]) that the distribution of
this statistic, for n > 50, is approximately normal with mean 4 5 1n (1+p > and

o
variance —=. Then the variable

i (1)~ $in (122)
Z:

he)

(2.3)

has approximately standard normal distribution. Using the above approxi-

mation we can calculate 1 — o confidence intervals for the parameter A = %:L—g.
We have:

1+R

B —
—
=}
—~
—_
~—
|
D=
—_
=
/N
o )
|x
E=liel
N——

P <

M\Q

which is equivalent to

—ze 1 [1+R ze 1. (1+R
P 2 __In(—=))<a< 2 _In(—= ~l—a.
(oG55 an(TR) == (G5 (753))) =

Then the random set
—Za 1 1+R iz 1 1+R
R) = ——1n i _ — —_In(——
cw=[en (5 m(157)) o (s 2m (1))
2

is an approximate 1 — a confidence interval for A.

—p

This approximation can also be used to test hypotheses concerning A = -

If we are interested in testing

Hy:A=AX versus Hj:A# Ao, (2.5)
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we find that an appropriate critical region of size & for testing the null hy-
pothesis against the alternative, is |Z| > zg, where Z is defined as in (2.3)

and 2g is defined by P (Z > zg) = &. Then we can write the rejection region

{ } 26

The same procedure can be applied to compute the confidence intervals of

level 1 — o and the critical region for the hypothesis (2.5) for A = —, /%_—g.

as ] ]
2In (1) +1n ()
l
n—3

>z

IR

For instance, an approximate confidence interval is

- oy n(128) o (22 (128)]

Using theorem 1 of chapter 1 and these procedures, we can compute confi-

dence intervals and critical regions for the unknown skewness parameter A
when the others unknown parameters (means and variances) of the random
variables X and Y are estimated by the corresponding MLEs.

Note that the length of the 1 — @ confidence interval (2.4)

L(R,”):eXp<_%ln<i_—§>> {exp<\/:lgf3>—exp< ;Z_g3>]

is a decreasing function of R for fixed n and a decreasing function of n for

fixed values of R. We expect to have shorter intervals for R close to 1 and for

large samples.

2.2 Parametric Bootstrap Confidence Inter-

vals (BCI)

In this section we use the parametric bootstrap method for construct-

ing confidence intervals (see Efron and Tibshirani (1993) [22]). This method
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relies on resampling with replacement from an estimated parametric model
and calculating the required statistic from these repeated samples. The val-
ues of the statistic from the repeated sampling can then be used to generate
standard errors and confidence intervals for the statistic of interest.

In our specific case, we consider a random sample of n pairs Z = (X,Y), where
(X,Y) ~ Na(pux, ly, O, O3, p).

For the parametric bootstrap, instead of estimating the theoretical distribu-
tion function F by the empirical distribution function, we estimate the five
parameters of the bivariate normal by the corresponding MLEs. We denote

the bivariate normal distribution with these values for the parameters by

A

Fuorm-

Suppose that our functional of interest is ® = @(F ), which we estimate by the
statistic: @ = @(Z,,---,Z,). In order to construct a confidence interval for @
we introduce the bootstrap random variables Z, Z3, ---, Z i.i.d. with dis-
tribution Fjpmm. Then we generate B bootstrap samples from Zi, 725, -, Zy,

denoted by z*!, z*2, .-, z*B, and for each we compute the bootstrap repli-

cation @*(b) = O(z*?), b=1,---,B. Let (:)l(ga) be the 100 a —th empirical
percentile of the @*(b) values, that is the B- a — th value in the ordered list
of the B replications of ®*. Likewise, let @l(gl—a) be the 100- (1 — a) —th

empirical percentile. The approximate 1 —2a percentile interval is

[®% 107®% up} [@;((X) (:);(1—05)i| . (27)

In our case @ = A = i,/ and@ A= ﬂ_ﬂ/

2.3 Simulation study

Typically, studies of the comparative performance of confidence intervals

rely on simulations.
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In this section we have performed a simulation study to compare coverage
probability and expected length of the ACI and BCI methods, for construct-

ing confidence intervals for A = 1P (of course a similar study can be

T+p
provided for A = —\/g)
Samples of size n = 15, 30, 40, 50, 80, 100, 500, 1000 were simulated from
the bivariate normal distribution N»(0,0,1,1, p) for the values p =—0.9, —0.8,
—0.5, —0.2, 0, 0.2, 0.5, 0.8, 0.9 of the correlation coefficient.
For each sample size n and each value of p, we generate 1000 ACI and BCI
intervals for the parameter A and then we compute AVL and AVU, the aver-
age lower and upper confidence bounds, CP, the actual coverage probability
of the two-sided confidence intervals (obtained as the ratio of the number of
intervals containing the true values over the total number of simulations) and
EL, the estimate of the expected length. Then, for these values of n and p,
the bootstrap distribution of @ = % was calculated, based on B = 1000
bootstrap replications.

Partial results of the simulation study are summarized in figure 2.1 and are

reported in tables 2.1 and 2.2.
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Figure 2.1: Results of the simulation study



2. Large sample confidence intervals for the skewness parameter

p=05 A=05774

n Method AVL AVU EL Ccp
15 ACI  0.3337 1.0347 0.7010  0.9390
BCI  0.3267 1.0322 0.7055  0.9180
30 ACI  0.3963 0.8427  0.4464 0.944
BCI  0.3965 0.8293  0.4328 0.923
40 ACI  0.4196 0.7992  0.3797 0.952
BCI  0.4176 0.7934 0.3758 0.923
50 ACI  0.4339 0.7687 0.3347  0.9470
BCI  0.4335 0.7619  0.3283  0.9380
80 ACI  0.4646 0.7263  0.2617 0.95
BCI  0.4639 0.7234  0.2595 0.948
100 ACI  0.4732 0.7045 0.2313 0.9540
BCI  0.4725 0.7017 0.2292  0.9410
500 ACI  0.5286 0.6302 0.1016  0.9470
BCI  0.5282 0.6298  0.1017  0.9500
1000 ACI  0.5424 0.6141  0.0717  0.9480
BCI  0.5422 0.6140 0.0718  0.9470

Table 2.1: Results of the simulations with p = 0.5

p=-05 2A=17321

n Method AVL AVU EL CP
15 ACI 1.0574 3.2786  2.2212  0.9490
BCI 1.1078 3.4013  2.2935 0.9150
30 ACI 1.2247 2.6041 1.3794 0.947
BCI 1.2495 2.6192  1.3697 0.922
40 ACI 1.2877 2.4530 1.1653 0.947
BCI 1.3036 2.4604 1.1567 0.929
50 ACI 1.3202 2.3386  1.0184 0.9570
BCI 1.3360 2.3421 1.0061  0.9370
80 ACI 1.4027 2.1927  0.7899 0.955
BCI 1.4115 2.1967  0.7852 0.941
100 ACI 1.4265 2.1238 0.6973  0.9480
BCI 1.4332 2.1260 0.6928  0.9440
500 ACI 1.5850 1.8897  0.3047  0.9560
BCI 1.5855 1.8912  0.3058  0.9560
1000 ACI 1.6299 1.8453 0.2154  0.9530
BCI 1.6301 1.8463 0.2161  0.9540

Table 2.2: Results of the simulations with p = —0.5
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A confidence interval with a narrower expected length implies a more ac-
curate estimate of the parameter and thus is always preferred to a longer one.
The actual coverage probability should be near to the nominal coverage 0.95.
Table 2.1, table 2.2 and other data not presented indicate that, for n > 50, the
simulation study gives similar results for the two methods and for different
values of p, both in terms of coverage probability and expected length. For
small and moderate sample sizes the ACI has actual coverage probabilities
reasonably close to the nominal value of 0.95. In contrast, the intervals based
on the BCI method have poor coverage when n is small or moderate. We
notice that, in general, the bootstrap method has a coverage rate slightly
less than 95%. As expected, with larger sample sizes the confidence intervals
become narrower. For both methods, the expected length becomes larger for
negative values of p. This behaviour is particularly evident when p is close
to -1 and n is small or moderate. This is not surprising and it is in agreement
with other results in literature. In fact, as p — —1, A — oo and estimation
problems can arise. As expected, the simulation study confirms that, for all

sample sizes, the length of the interval decreases as p increases.

2.4 Examples

To highlight the applicability of the method presented in section 1 of this

chapter we consider two situations of different nature.

2.4.1 PM,y concentrations

In environmental or epidemiological studies it is relevant to estimate the
distribution of extreme statistics. If you are monitoring the pollution in dif-

ferent areas of a region or a town it is important to model appropriately
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the order statistic maximum and/or minimum or the range. In this example
we analyse data from PMjg concentrations recorded daily between the 1st
of December 2003 and the 1st of February 2005 in two different stations in
Cagliari, Italy. After removing missing values, from each station we have 111
observations. Our interest rests on the natural logarithm of the maximum
value of PM g concentrations in the two stations. We assume that their joint
distribution is bivariate normal. We standardized the variables using the
MLEs of the unknown means and standard deviations. We are interested
in the distribution of the maximum of such standardized random variables.
The conditions of theorem 1 are satisfied. Then we know that our extreme
statistic has a skew-normal distribution with location parameter equal to 0,
scale parameter equal to 1 and skewness parameter A equal to —\/% :

To evaluate a confidence interval for A we apply the procedure described in
section 2.1. In order to check the fit of the bivariate normal distribution to
the data we use the Shapiro-Wilk Multivariate Normality Test (see Shapiro
and Wilk (1965) [55]). This is based on the Shapiro-Wilk statistic defined as
the ratio of two estimates of the variance of a normal distribution based on
a random sample of ordered n observations y; < y, < --- < y,. Analytically,
W= %v where a = (ay,--- ,a,,)T is such that v/n— 1Y a;y; is the best
unbiased estimate of the standard deviation of the y; assuming normality.
The observed value is W = 0.9823 and the corresponding p-value is 0.1474.
The estimated value for R is 0.5145. In table 2.3 (left size) are reported the
estimated value of A together with an approximate 95% confidence interval.
This confidence interval is then compared with the bootstrap interval con-

structed as described in section 2. ACI provides slightly better results than
BCL.
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2.4.2 Creatinine clearance

In our second example we consider a dataset concerning the follow-up of
145 patients who had an operation for a renal cancer in the University hos-
pital of Strasbourg. The follow-up consists of several medical examinations
(1, 3, 6, 12 and 24 months after the operation) with blood tests and further
investigations. Glomerular filtration rate is a measure of renal function using
the flow rate of filtered fluid through the kidney. Creatinine clearance rate is
the volume of blood plasma that is cleared of creatinine per unit time and is
a common measure for approximating the glomerular filtration rate. When
the patient has his medical consultation six months after operation, the max-
imum of the creatinine clearance rate between the value at 1 month and the
value at 3 months can be considered as the value of his new renal function
after recovery. Statistical tests confirm that the two measures (creatinine
clearance at 1 month and at 3 months) have the same mean and the same
variance. The Shapiro-Wilk test can not reject the hypothesis that the dis-
tribution is joint normal (W = 0.9893 and p-value is 0.3302). The estimated
correlation coefficient is R = 0.9266. Table 2.3 (right side) summarizes the
point estimate of A and its confidence interval at the 95% level using Fisher’s
transformation and the bootstrap technique. As previously, the length of this

interval is narrower with the theoretical approximate method than with the

bootstrap.
Example 1: 1 =0.5661 Example 2: 1 =0.1951
Method CI Length CI Length
ACI (0.4688,0.6836) 0.2148 (0.1655,0.2300) 0.0645
BCI (0.4401,0.6701) 0.23 (0.1607,0.2352) 0.07454

Table 2.3: ACI and BCI of level 0.95 for A using data from example 1 and 2






Chapter 3

The Beta skew-normal

distribution

The main task of this chapter is to introduce a new class of distributions,
which we call Beta skew-normal since it is a special case of the Beta-generated
distribution. The moment generating function and some important theorems
about the moments of this distribution are derived in section 1. Furthermore,
we give some bimodality properties. In section 2 we link the distributions
introduced in section 1.2 with the Beta skew-normal. In section 3 we provide
bounds for the moments and the variance of the Beta-generated distribution.
In the last section the estimation of the parameters is investigated by max-
imum likelihood method. The results presented in this chapter are new and

some of these can be found in [45].

49
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3.1 The Beta skew-normal

3.1.1 Definition and simple properties
Replacing in (1.18) F(x) by ®(x;A), we obtain the Beta skew-normal
distribution, with distribution function given by

GB . (e b)—L/éw 11—z ldz, xeR,  (3.1)
‘D()C;)L) X3 7a? - B(a,b) 0 Z < Z7 X 9 .

and probability density function

(@(x:2) (1 -@(x:2))" 19 (x)@(Ax).  (3.2)

B . —
gcb(x;l)(x,l,a,b) - B(a,b)

Throughout this thesis, we denote the Beta skew-normal distribution with
vector of parameters € = (1, a, b) by BSN(A, a, b).

The class of the Beta skew-normal can be generalized by the inclusion of
the location and scale parameters which we identify as g and o > 0. Thus
if X ~BSN(A, a, b) then Y = u+ oX is a Beta skew-normal with vector of
parameters & = (u,0,A,a,b). We denote Y by Y ~ BSN(u,0,4,a,b).

We now present some properties concerning the BSN(A,a,b).

Properties of BSN(A,a,b):
a. gg(x;l)(x;l, 1,1) =¢(x;A), for all x e R, i.e. BSN(A,1,1) =SN(A).
b. gg(x;o) (x;0,a,b) = gg(x) (x;a,b), for allx € R, i.e. BSN(0,a,b) =BN(a,b).
c. gg)(x;o)(x;o, 1,1)=¢(x), for all x e R, i.e. BSN(0,1,1) =N(0,1).
d. gy (1 3,1)=¢(x), for all x € R, i.e. BSN (1,1,1) =N(0,1).
e gg)(x;il)(x;—l, 1,3) =¢(x), for all x € R, i.e. BSN (—1,1,1) =N(0,1).

f. If X ~BSN(A,a,b), then —X ~ BSN(—A,b,a).
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g. If X ~BSN(A,a,b), then Y = ®(X;1) is a Beta(a,b).
h. If X ~BSN(A,a,b), then Y =1—-®(X;A) is a Beta(b,a).
i. As A — Hoo, gg(x;l)(x;l,a,b) tends to the Beta half-normal density.

Remark 10. Properties from a to e establish that the family of BSN(A,a,b)
contains the standard normal distribution, the skew-normal distribution and

the Beta-normal distribution as special cases.

Proof. Points from a to h follow directly from (3.2) and from elementary

properties of the skew-normal distribution.

We now show point i. From property a of section 1.1 we have ¢ (x; 1) e 2¢(x),

with x > 0. Then

D(x;1) = /wgb(t;ﬂt)dt _ /ZH(x—rm(t;x)dr 20001, with x>0,
(3.3)

X

This is the distribution function of a variable with half-normal distribution.

Here H is Heaviside’s function defined as

0 ifx<O
H(x) =

1 ifx>0.

Then we have

(20(x) ~ )21 - (x))) o (x).  (3.4)

: B . —
llgr:ogfb(x;l)(x’A?a?b) - B(Cl,b)

The right side of (3.4) is the density function of a variable with Beta half-

normal distribution. OJ

The BSN distribution is easily simulated using property g as follows: if ¥ has
a Beta distribution with parameters a and b, then the variable X = ®~1(Y;1)
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has BSN(A,a,b) distribution, where ®~!(:;1) is the quantile function of the
skew-normal distribution.

In figure 3.1 are plotted random samples generated by the BSN distribution
for some a, b and A with the respective curve of the density function obtained
using the R-package “sn” (see Azzalini (2010) [8]).

From this plot we can observe that, for values of a and b close to zero, the
distribution can be bimodal.

From remark 5, we know that, if @ > 1 and b > 1, the density (3.2) is strongly
unimodal, i.e. loggg(x;m(x;l,a,b) is a concave function of x (see figure 3.2).
We do not have general results for a < 1 and/or b < 1.

A numerical study has shown that, when at least one of the two parameters a

and b is close to zero (0.10,0.20), the density can be bimodal (see figure 3.3).
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Figure 3.1: Generated samples of the BSN distribution for some values of A,

a and b
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3.1.2 Moment generating function and moments
Now we find the moment generating function of X which has density (3.2).

Property 8. The moment generating function of X ~ BSN(A,a,b) is given
by

2
~ B(a,b)

My (1) 7 E, ((CI)(Z;QL))“_l(l —q>(z;/1))b—1q>(;Lz)) . (3.5)

where Z ~ N(t,1).

Proof. Using integration by parts, it follows that

1
B(a,b)
2

= Bla.b) /_wetx(])(x)‘b(ﬂ,x)(cb(x;/l))a—l(1 —CD(X;QL))b_ldX _

2e% oo N )
B(a)b) /_M‘P(X—l)q)()t,x)(c[)(x;k)) 1(1—q)(x;l))b 1dx,

My (t) = /_Zefx (GA) (@A) (1 — D 4))P dx =

and the proof is complete. ]
We have the following recursion formula:

Property 9. Let ke N andk>1. If X ~BSN(A,a,b), witha>1 and b > 1,
then

Ex(X¥) = (k— 1)Ex(X*"2) + AEx <X“%) i

+(a+b—1)Ey (U"*1¢>(U;7L)> —(a+b—1)Ey (kalq)(v;x)) ,

where U ~ BSN(A,a—1,b) and V ~ BSN(A,a,b—1) are independent random

variables.

Proof. The proof follows easily from application of the formula for integration
by parts and by using the well note relation % = —x¢(x) (see Arnold et
al. (1992) [4]). O
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By property f of BSN we can deduce the following proposition.

Proposition 3. Let X ~ BSN(A,a,b) and Y ~ BSN(—A,b,a). We have the

following statements:
e Ex(X)=—Ey(Y);
e varx(X) =vary(Y);
e n(X)=—-n()
o n(X)=n)
with Y1 and y» we indicate the skewness and the kurtosis, respectively.

The following lemma is an application to the BSN distribution of lemma

4 of Zografos and Balakrishnan (2009) [60].
Lemma 2. Let X ~ BSN(A,a,b). Then the following sentences hold.

1. Ex(®(X51)) = ;45

2. Ex(In®(X; 1)) = w(a) — w(a+b);

3. Ex(1-®(X;1)) = ﬁ;

4. Ex(In(1-®(X;1))) = y(b) — y(b+a);

where Y(t) = dln(dl;(t)) is the di-gamma function (called also the logarithmic

derivative of the gamma function).

We refer to [1] for details concerning on the di-gamma function.
The Beta skew-normal density is in general asymmetric (see figures 3.2 and

3.3). We have a partial result concerning symmetry:

Proposition 4. If a=b and BSN(A,a,b) is symmetric about 0 then A = 0.
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Proof. We consider the density of a random variable X ~ BSN(A,a,a):

SB35 2,0,0) = = ()D(—20) (1 - B(x;—A)) " (B(x;~A))*",

B(a,a)

this is equal to gg(x,l)(x;l,a,a) if ®(Ax) =P(—Ax) and P(x;1) = P(x;—A).
However for property 3 we find that ®(x; A1) = ®(x) which implies that A = 0.
[

Remark 11. FEugene et al. (2002) [23] have shown that the BN (a,b) = BSN(0,a,b)

1s symmetric about 0 when a =>b.

N
- — (a=Lb=1)=1)
- - (a=1,b=2=-1
o - (a=2,b=1,\=5)
o 1 | --- (@=2,b=2)=-5 "
' \
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Figure 3.2: The BSN(A,a,b) for values of a>1 and b > 1
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Figure 3.3: The BSN(A,a,b) for values ofa<1 and b < 1

Moments of the BSN can not be evaluated exactly in closed form. We
have computed them numerically using the software R.
In table 3.1 we have reported the values of the mean gy, standard deviation
opsy, skewness 1 and kurtosis 9 for different values of the parameters a, b

and A. From this numerical study we have noted that:

e for fixed values of a and b the mean ugsy and skewness y; are both

increasing function of A;
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e for fixed values of b and A the mean uggy and skewness y; are both

increasing function of a;

e for fixed values of a and A the mean pggy is a decreasing function of b.

(a) (b)

a b A Usn OBsN N b2 a b A Upsn OBSN " 7]
025 025 —10 —1.1579 1.4029 —1.1329 3.7648 05 10 —10 -2.3678 0.7314 —0.7505 3.7967
—1  —=0.6501 1.9679 —0.2378 2.7777 —1  =2.3617 0.7389 —0.7188 3.7849
0 0 2.3382 —0.0004 2.6217 0 —2.0809 0.8033 —0.6173 3.5736
1 0.6484 1.9649 0.2306 2.1362 1 —1.0893 0.6117 —-0.5642 3.4799
10 1.1580 1.4027 1.1329 3.7632 10 —0.0182 0.1429 0.3706 3.8635
025 05 —10 —1.5906 1.3469 —0.7185 2.7580 1 05 —10 —-0.4873 0.5777 —1.3200 4.8570
—1 —1.4424 1.6716 —0.3284 3.0202 -1 0 1 0 3
0 —0.9631 1.9061 —0.0849 2.8029 0 0.7043  1.2479 0.1372 2.9831
1 —0.1772 1.5265 0.0938 2.8543 1 1.1664 1.0704 0.3086 3.1161
10 0.5446  0.8728 1.5054 5.1988 10 1.3018 0.9148 0.8262 3.4814
0.5 025 —10 -0.5447 0.8727 —1.5061 5.2003 1 1 —10 -0.7939 0.6080 —0.9556 3.8232
-1 0.1773  1.5265 —0.0938 2.8541 —1  —-0.5642 0.8256 —0.1369 3.0617
0 0.9625 1.9051 0.0819 2.7927 0 0 1 0 3
1 1.4411 1.6694 0.3203 2.9849 1 0.5642 0.8256 0.1369 3.0617
10 1.6339  1.3974 0.8434 3.2655 10 0.7939  0.6080 0.9556 3.8232
05 05 —-10 —0.8979 0.8874 —0.9703 3.3176 10 1 —10 —-0.0839 0.1364 —0.7082 4.2018
—1 —0.5882 1.2659 —0.1811 29514 -1 0.6744 0.4536 0.3597 3.2722
0 0 1.5253 0 2.8615 0 1.5388 0.5868 0.4099 3.3314
1 0.5882 1.2659 0.1811 29514 1 1.8675 0.5251 0.5005 3.4685
10 09179 09153 1.0703 3.7747 10 1.8807 0.5124 0.5744 3.5243
0.5 1 —10 —1.3018 0.9148 —0.8262 3.4815 1 10 —10 —1.8807 0.5124 —0.5744 3.5243
—1 —1.1664 1.0704 —0.3085 3.1159 —1 —1.8675 0.5251 —0.5005 3.4685
0 —0.7043 1.2479 —0.1372 2.9831 0 —1.5388 0.5868 —0.4099 3.3314
1 0 0.9999 0 2.9999 1 —0.6744 0.4536 —0.3597 3.2722
10 0.4873 0.5778 1.3199 4.8561 10 0.0839 0.1364 0.7082 4.2018

Table 3.1: The first moment, the standard deviation, the skewness and the
kurtosis of BSN(A,a,b) for different values of a, b and 4
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3.1.3 Order statistics from the skew-normal distribu-
tion

We now give some results concerning the distribution of order statistics

from a skew-normal distribution:

Proposition 5. Let X1, --,X, be a random sample from a SN(A). Then the
J—th order statistic is a BSN(A, j,n— j+1), where j=1,--- ,n.

Proof. The proof follows easily using the standard formula of the density of
X(i), the i—th order statistic of a random sample of size n from the distribution

SN(R). O

From proposition 5 follows immediately that the family of BSN contains
the distributions of the order statistics of the skew-normal distribution.

In particular, we have the following corollaries:

Corollary 5. Let Xy,---,X, be a random sample from a SN(1). Then
X(ny = max{X, -, X, }

is a BSN(1,n,1).

Corollary 6. Let X;,---,X, be a random sample from a SN(—1). Then
X1y =min{Xy, -, Xy}

is a BSN(—1,1,n).

Corollary 7. Let X(1) <Xy <--- <X, be the order statistics from a sample
of size n from a SN(A) distribution. Then X(;), i =1,---,n, has log-concave

density.



3. The Beta skew-normal distribution

Proof. From property d of section 1.1 we know that X; has a log-concave
density. We conclude the proof using the following result due to Gupta
(2004) [31]: Suppose X(1) < X(2) < -+ < X,y be the order statistics from a
sample of size n from a distribution having a log-concave density function.

Then Xy, i=1,--+,n, has log-concave density. O

3.1.4 Some interesting properties

Here, we present some properties of the BSN distribution of general in-

terest.

Theorem 7. Let X ~BSN(A,a,b) be independent of a random sample (Y1,---,Y,)
from SN(A), then

i. X|(Y) <X)~BSN(A,a+n,b),
ii. X[(Y)>X)~BSN(A,a,b+n),

where Y,y and Yy are the largest and the smallest order statistics, respec-

tively.

Proof. We shall prove point i. If W =X| (Y(n) < X), then we have

S (@(62))" 2559 () D(Ax) (D(x:2) ™ (1 - @(x52)) "~ dx

PW<w)=
(3.6)
Also

P(Y(n) SX) :P(Yl <X, ,Yngx) —

= [ (@) 5o

B(a+n,b)
B(a,b)

9 (x)@(Ax) (D(x: 1)V (1 - D(x;2)) PV dx =
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Taking derivative from (3.6) with respect to w, we obtain the BSN(A,a+n,b)
density function.

The proof of point ii is similar. ]
The following theorem is a generalization of the above one.

Theorem 8. Let X ~ BSN(A,a,b) be independent of Y ~ BSN(A,c,1) and of
Z ~BSN(A,1,d). Then

i. X|(Y <X)~BSN(A,a+c,b),
ii. X|(Z>X) ~BSN(A,a,b+d),
where ¢ and d are positive real numbers.

Theorem 9. If X ~BSN(A,a,b) is independent of Uy, Uy, Vi, Vi d.i.d.

random variables having SN(A) distribution, then

X| (U <X,Vi1y > X) ~BSN(A,a+n,b+m), (3.7)
where U,y = max{Uy,---, Uy} and Vi) =min{Vy,--- ,Vy}.
Proof. The proof is quite similar to the one of theorem 7. ]

We can generalize the above theorems for the family of the Beta-generated

distributions in the following way.

Theorem 10. Let X ~ Beta— F(a,b) be independent of a random sample
(Y1,---,Y,) from F(-) with density function f(-) =F'(-), then
X| (Y <X) ~Beta—F(a+n,b) and X| (Y1) > X) ~ Beta—F (a,b+n), where

Yy and Y1y are the largest and the smallest order statistics, respectively.
Theorem 11. Let X ~ Beta— F(a,b) be independent of Y ~ Beta— F(c,1)

and of Z ~ Beta—F(1,d). Then X|(Y <X) ~ Beta—F(a+c,b) and
X|(Z > X) ~ Beta—F(a,b+d), where ¢ and d are positive real numbers.
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Theorem 12. If X ~ Beta— F(a,b) is independent of Uy, - Uy, Vi, , Vi
i.i.d. random variables with pdf f(-) = F'(-), then

X| (U <X,V(1y > X) ~ Beta—F(a+n,b+m), (3.8)
where U,y = max{Uy, - ,Un} and Vi) =min{Vy,--- ,V;}.

Theorem 7 can be used to generate X ~ BSN(A,n,1) by extending the
acceptance-rejection technique, due to Azzalini, as follows (see Azzalini (1985)
[6] and Sharafi and Behboodian (2008) [57]): first we generate a random
sample T, Uy, Uy, -+, U,—1 from SN(A), if max(Uy, Us, -+, U,—1) < T we
put X =T. Otherwise, we generate a new random sample, until the above
inequality is satisfied.

The same procedure can be used to generate X ~ Beta— F(n,1).

3.1.5 Bimodal properties

Motivated by the work of Famoye et al. (2004) [24], we prove, in this

section, bimodality properties of the Beta skew-normal.

Theorem 13. The mode(s) of BSN(u,0,A,a,b) is any point xo = xo(A,a,b)
that satisfies (satisfy)

o (*5t 5t 5
0ee lﬁJﬂal)@E%;lg(bl)li(x%u,)l) i
(3.9)

Proof. Differentiating the density of a random variable with BSN(u,o,A,a,b)
distribution with respect to x and setting this derivative equal to zero, and

solving it for x, we obtain the stated result. O]

Corollary 8. If BSN(u,0,A,a,b) has a mode at xg, then BSN(u,0,—A,b,a)

has a mode at the point 21 — xq.
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Proof. 1t is sufficient to show that equation (3.9) remains the same if xp is re-

placed with 2 —xq, a with b and A with —A. By making these substitutions,

¢ */l(l(l;xo) ¢ (ﬂcxo) (m x(’)'—l
Mxoc{lq)éw))-ﬂbl)cp%(“ =) % (a—1) <((u =y )l)}’
and, using ¢ (—x;1) = ¢ (x;—A4) and 1 —P(x;4) = D(—x; ), we get the result
n (3.9). O

it follows that

Corollary 9. The modal point xo is an increasing function of a and a de-

creasing function of b.

Proof. Differentiating the result in (3.9) with respect to a and b, we get

respectively:
o) XO—IJ;A’
% —c <¢(XOG—”)) > 0; (3.10)
a D(F5754)
P ol
% - _o< o < ) > <0. (3.11)
1 —®(2551)
Hence xp is an increasing function of @ and a decreasing function of b. ]

Corollary 10. The bimodal property of BSN(W,0,A,a,b) is independent of

the parameters L and .

Proof. The mode(s) of BSN(u,0,A,a,b) is at the point xg = xo(A4,a,b) that

)

satisfies equation (3.9) and can be rewritten in the following way:

Alxo—p1) _— .
now [00) ), ) o0

+(a—1

c ® /l(x(;—ll) CI)(’%;A) d XO;M’ ’
( ) ( (2%.12)
so we replace )% by zo and we obtain
[, 0(Az) o 0GoA) o 9(2034)
= {%(AZO) @)y T e } (3.13)

which is independent of parameters y and o©. [
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3.1.6 Expansion for the density function

Here, we give a simple expansion for the BSN density function.

Application of (1.23) to equation (3.1), if b is real non-integer, gives

GB (x;a,b) Zwl a,b)®(x; 1)1, (3.14)
where wj(a,b) = %(—1)’(2’;1)#. Correspondingly, the density function

(3.2) can be written as

gg)(x;l)(x;l,CI’b) = Z Wi(a,b)gg)(x;l)(x;k,a‘f— i, 1), (315)
i=0

where the weights w;(a,b) are such that Y2 ywi(a,b) = 1.

However, it is clear from the last equation that gg(x;m(x;;ha,b) can be
expressed as an infinite mixture of BSN(A,a+1i,1) densities with constant
weights w;(a,b). For b integer, the previous sums stop at b— 1. If a is real

non-integer the distribution function takes the following expression

o)

Gep() (X:0,b) = i Y sila+i)®(x;A) =

i=0j=0
:ZZwi(a,b)sj(a :Z ), (3.16)
j=0i=0 =0
where
ol l_:°°_ ifat+ri—1\ [k
=2 (7))
and

b) = iwi(a,b)sj(a—l—i).

i=0
The density for a real non-integer can be easily obtained from the above

equation by differentiation.
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Remark 12. The density function (1.1) of model SN(A) can be represented

in the following way:

O(zA) =20(2)P(Az) =20 (2)P(A2) (1 — (3 A) + (53 4)) =
=20(2)D(Az) (1 —P(z;1)) + 20 (2)P(A2)D(z;A) =

1
=3 () (@2 1,2) + 8 (4,2,1)). (3.17)

In other words the density function of the skew-normal with parameter A is
a mizture between a Beta skew-normal density with parameters A, a=1 and
b =2 and a Beta skew-normal density with parameters A, a=2 and b =1,
which are the density function of the smallest and the largest statistic from a
sample of size 2 of a skew-normal distribution with parameter A, respectively.
In general, we can see the density function of the skew-normal with parameter
A as mizture of Beta skew-normal distributions with the same parameter A

in the following way:

P(x:A) = lgq,(M (A 1,b)— Y (—1 < 1) %Hgg(x;m(x;l,ﬂri,l).
- (3.18)
The above formula is obtained setting a =1 in (3.15) and using the property
a of the BSN.

We use the preceding expansion (3.15) to present a formula for the mo-

ments of the BSN when a and b are integers values.

Theorem 14. Let X ~ BSN(u,0,A,a,b) for integers values of a and b, then
roey s 2T (TR (1) () -
B(a»b) =0 J i1 I u

] a+j—1 :
J i
*{ Y (—l)k( I )Ji7k,l+(_1)-]i,a+j1,)t}a (3.19)
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where
Jipn = /0 29 (2)®(A2)(1 - D A))dz. (3.20)

Proof. The proof follows the same lines of that of theorem 1 in [32]. The

density of the random variable X can be written as:

8 (xl)()C H,0, A’ a, b a b ; ( j 1)h](x)7 (3'21>

where

hj<x):¢(x—u)q)(l(x—u)>cp(x;“;,1>a+j_l. (3.22)

It follows that

b1 _ oo
E(X") = ﬁ;ﬂ(—w(bj 1) | onya (3.23)

Substituting z = % and using the binomial expansion for (oz+ u)", we find

that the above integral can be written in this way:

/_anhf@)d’c: "“"; (7) (%)i/_izifb(Z)¢(7LZ)<I>(z;7L)“+f‘1dz. (3.24)

The integral term in the above equation can be expressed as
/ Zo(2)P(A2)D(5A)" Nz = / 70 (2)D(A2)P(z: 1) dz+
) [ H0E@(-A) (1 -0 -2))" I dz =
a+j—1 a+i—1 .
J
= (T e a1

(3.25)

On substituting (3.24) and (3.25) into (3.23) and rearranging, we obtain

= £ (1)) 0)
: {af(—l)k (" Yo+ <—1>fJ,~7a+,-1,x} SNCED
£
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where J;; 3 is given by formula (3.20).
At this point, we shall confine attention to the term corresponding to i =0

and we shall show that it equals u”. Employing (3.1) and (3.2), one obtains

(1—@(0;4))!
2(k+1)

hia = 3y G D9EA(1 — @0z =

So the term inside the brackets in (3.26) for i = 0 reduces to

a+j—1 ati—1 a+j—1 i1 _ . k+1
J a+j (1-2(0;4))
Y (—1)k( I )Jo,k,x +Joatj1-A= Y, (—1)k( ) +

k=0 =0 k 2(k+1)
N (1—-®(0;—A)) 1
2(a+ j) - 2(a+j)’
(3.27)

where the last equality follows from lemma 1 of Gupta and Nadarajah (2005)
[32]. On applying lemma 2 in [32], the term corresponding to i =0 of (3.26)

reduces to
2ut o] -(b— 1) { 1 } 2u”™ B(a,b)
—1)/ . — b= = u". 3.28
B(a,b) J;O( ) J 2(a+j) B(a,b) 2 (3.28)
The theorem is proved. O

Remark 13. Clearly, this theorem when A =0 reduces to theorem 1 in [32].

Furthermore, we can note that the authors, in the cited theorem, defined the

function
L= [ #0()(1-@() (3.29)
which is related to the function Jiy ., when A =0, by the following relation:
Jiko = Sl (3.30)

2
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3.1.7 The BSN(1,n,b)

As previously noted, general expansions for the moment generating func-
tion and the k —th moment of a variable with Beta skew-normal distribution
are difficult to find. Exact closed form expressions for the moments can be
obtained in certain special cases. One of these cases is discussed in this

section.

Theorem 15. The moment generating function of X ~ B(1,n,b) is

My (1) = i(—l)f(b‘.l)efE@ﬂ“*ﬂ1<v>>, (3.31)

B(n,b) j=0 J

where V.~ N(t,1).

Proof. By applying the binomial expansion and property 2 in section 1.1 it

follows that, for € R, the moment generating function (m.g.f.) of X is

)= gy L0 () [ rowatoete s vas =

J

) e
= Bl >Z( BTy

b
= 50y <(n+)J)MY(”’

/ 2(n+ j)e o (1)@ (x)* ") dx =

(3.32)

where Y is a Balakrishnan skew-normal with parameters 1 and 2(n+ j) — 1.
The result in (3.31) then follows by the use of the m.g.f. of the Balakrishnan

skew-normal. ]

We can obtain the moments of X ~ B(1,n,b) readily from the derivatives

of Mx(t) in (3.32). For example, we get the first moment as

L (") e -

> ( 1) I 2n+j)—1)(n+J) 1 ‘
L/t vE camii-2 (35)

E(X
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Remark 14. Note that in the special case b=1 and n =2, we have

E(X)= % [arctan (\@)] , (3.33)

which is exactly the mean of the maximum from a sample of size 2 from a

SN(1) obtained by Chiogna (1998) [14].

The following theorem provides a recursion formula for the moments of

the BSN(1,n,b).
Theorem 16. Let X ~ BSN(1,n,b). Then
2m+2j—1  2n+j)

2EVE i)

2

E(XM) = (k—1DE[Y*2)+ EWK1 L

where W ~ SNB(Z(n—i—j)—Z) (%) and Y ~ SNB(Z(n—i—j)—l)(])-
Proof. The proof follows by combining (1.11) with

) i ' (b;l)
B(n,b) E,(‘”’z(nﬂ)

E(X*) = E(Y"Y),

where Y NSNB(Z(n+j)_1)(1). O]

Remark 15. It should be noted that similar results can be provided for the
BSN(—1,b,n) distribution. This is due to the fact that, as previously noted,
if X ~BSN(1,n,b) then —X ~ BSN(—1,b,n).

3.2 Further results

In this section we present some results concerning the SNB distribution
and link the distributions introduced in section 1.2 with the Beta skew-

normal. First we consider two results about the Balakrishnan skew-normal.
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We study the distribution of the largest order statistic from SNB,,(1) and
subsequently the distribution of the smallest order statistic from SNB,,(—1).
We found that these distributions belong to the family of SNB.

Proposition 6. Let Xi,---,X, be a random sample from a SNB,,(1). Then
X(n) = max {X] yr ,Xn}
is a SNBy(1), where k =n(m+1) —1.

Proof. The proof follows easily using the standard formula for the density
of X(,), the largest order statistic of a random sample of size n from the

distribution SNBy,(1). O
In particular, the following corollary holds:
Corollary 11. Let Xy,---,X, be a random sample from a SN(1). Then
X(n) = max{Xy,- -+, X, }
is a SNBa_1(1).

Proof. The skew-normal distribution with parameter A = 1 is a Balakrishnan
skew-normal with parameters A =1 and m = 1.

The same result can be established making use of the well-known result for
the density of the largest order statistic from the distribution SN(1) and
property 2. If X ~ SN(1) then its density function is ¢(x;1) = 2¢(x)P(x)
and its distribution function is ®(x;1) = ®(x)?, for the property 2. The

distribution of X, is
Fx,, (x) = (@(x:1))" = (P(x)™"), (3.34)
and the relative density function is

Sy () =1 (x; ) @(x;1)" " = 2n¢ (x)P(x)™ ", (3.35)
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which is the density function of a variable with Balakrishnan skew-normal

distribution with parameters 2n—1 and A = 1. [

Corollary 12. Let X, -+, X, be a random sample from a SNB,,(—1). Then
X(]) = min{Xl gt ,Xn}
is a SNBy(—1), where k=n(m+1)—1.

It follows immediately from corollaries 5, 6, 11 and 12 that the BSN distri-
bution is related to the skew-normal generalizations introduced in section 1.2.
In fact, its density simplifies to the Balakrishnan skew-normal when b =1,
A =1 and a > 1 integer (or a=1, A = —1 and b > 1 integer). Further, if
A =0 the BSN density reduces to the generalized Balakrishnan skew-normal
when a and b are both integers. These consideration have been summarized

in the following proposition.
Proposition 7. The BSN distribution satisfies the following properties:

° gg)(x;l)(x;l,n, 1) = fon—1,m(x:1,0), for allx e R, i.e.
BSN(1,n,1) = TBSNay_1 m(1,0);

° gg)(x;_l)(x;—l,l,m) = fuom—1(x;0,—1), for all x e R, i.e.
BSN(—1,1,m) = TBSN,am—1(0,—1);

. gg(x;o)(x;o,n,m) = fu—tm—1(x;1,=1), for all x e R, i.e.
BSN(0,n,m) = TBSN_y m—1(1,—1);

where n and m are positive integer numbers.

Given a random variable X ~ BSN(A,a,b) we are interested in construct-
ing a random variable Y with Kumaraswamy distribution. This goal can be
achieved using the below properties which follow easily from properties g and

h of the BSN, respectively.
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Property 10. If X ~ BSN(A,1,b) then Y = (®(X; 1))« is a Kum(a,b). In
1

particular, if X ~ SNByp_1(—1) then Y = (1 —dD(—X)Z)E is a Kum(a,b).

=

Property 11. If X ~ BSN(A,a,1) then Y = (1 —®(X;1))? is a Kum(b,a).
1
In particular, if X ~ SNBa_1(1) then Y = (1—®(X)?)" is a Kum(b,a).

We now present a theorem about the BSN(A,a,b) distribution.

Theorem 17. If X ~BSN(A,a,b), then X? i>B}(2(1,a,b), as A — oo, where

Bx?(1,a,b) is a Beta chi-square random variable with parameters 1, a and b,

Proof. Let Y = X?. We can easily check that the density of the random

variable Y is

70) = = {(05) (@5 (1= (5o +

+O(—Ayy) (D(—y3:4)) ' (1 —CP(—\/i;?L))b_]} =

1

= mfﬁ(l)()’)h(y;)na,b), y >0,

with

h:2,0.6) = { @A) (@(v5:2)) " (1= @(y5:2)" " +
+ O AF) (@(—yF A (1= (=)

and f2(1)(+) is the chi-square density function. We can note that

A—

h(yiA,a.b) =5 20(yy) — 1) 2(1-@(3))" ' =
a1l b—1
—Foh 0) (1= Fpy ) (3.36)
where sz(l)(-) is the chi-square distribution function. Consequently, the

density fy(-) converges to the density of a Beta chi-square random variable

with parameters 1, a and b as A — oo. H
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3.2.1 Skewing mechanism

Recently, Ferreira and Steel (2006) [26] have presented a general approach
which allows to generate skew distributions. They show that every univariate
continuous skew distribution can be obtained from a “perturbation” of a

symmetric one as it explained in the following definition:

Definition 6. A distribution S is said to be a skewed version of the symmetric
distribution F(-), generated by the skewing mechanism P, if its pdf is of the

form

s P) = fp(F()), yeR, (3.37)
where f(-) and F(-) are the pdf and cdf of a symmetric distribution on the
real line, respectively, and p(-) (P(-)) is the pdf (cdf) of a distribution on
(0,1).

Note that, if F(-) is the standard normal distribution and p(-) on (0,1)
is given by

B(ib)q)(ml(”» (@@ (w):A)" " (1= (@ (u):2))" ",

(3.38)

p(usA,a,b) =

formula (3.37) reduces to a Beta skew-normal with parameters A, a and b.
Then the pdf of a Beta skew-normal with parameters A, a and b can be seen
as a weighted version of @(y), with weight function given by p (®(y);A,a,b).
Abtahi et al. (2011) [2] give the following definition:

Definition 7. A random variable Xy, is said to have a unified skewed dis-

tribution with functional parameters f and p, if its pdf is of the form (3.37).

We denote a random variable with this unified skewed distribution by
X¢p ~USD(f,p).
Here, we recall a proposition given by Abtahi et al. (2011) [2].
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Proposition 8. Let U and V be two independent random variables with pdfs
(cdf) f (F) on the real line and p on (0,1), respectively.

o When W =V —F(U), the conditional distribution of U given (W = 0)
is USD(f,p).

o F(Xs,) 4 V,i.e. F(Xy,) and V have the same distribution p.
The following corollary arises naturally from the above proposition.

Corollary 13. Let U and V be two independent random variables with pdfs
(cdf) @ (@) on the real line and p on (0,1) given by equation (3.38), respec-
tively.

o When W =V —®(U), the conditional distribution of U given (W = 0)
is BSN(A,a,b).

4

o Let X ~BSN(A,a,b). Then ®(X)=V.

3.3 Bounds of the moments and the variance

of the Beta-generated distribution

Several authors have given methods of finding bounds for the moments of
order statistics. One of the earliest result is that derived by Gumbel (1954)
[30] and Hartley and David (1954) [33]. Different methods are required for
the variance of the order statistics. Following the idea of these works, we
apply Holder’s inequalities and Hoeddfing’s identity to find inequalities for

the moments and the variance of the Beta-generated distribution.
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3.3.1 Bounds of the moments

In this section we assume that X and Y have distributions Gf;(_) and F(-),

respectively.

Theorem 18. Let k>0, p>1 and E (Ykp) < oo. Then we have

() < (£07) (5 5)) o

Proof. Proof is based on Holder’s inequality. For an arbitrary distribution

function F(-) the k —rh moment of the Beta-generated distribution is given

by the following formula:

E(x)= [ i (;,b)xk (F)* (1= F ()’ dx. (3.40)

The latter integral, after the change of variable y = F(x), can be rewritten as

E (Xk> - /01 B(ci b) (F7' )y~ (1 =y)" " ay. (3.41)

Now we apply Holder’s inequality to last formula and obtain the following

expression:

E (Xk> < B(;b) (/01 (F_l(y))kpdy); (/Olyfﬁ‘(“_l)(l—y)pfl(b—l))1_’1’ -

3.3.2 Bounds of the variance of the Beta-generated dis-

tribution

Let X ~ Gg(_)(-,a,b), with a > 1 and b > 1. We are interested in finding

a bound for the variance of X in function of the variance of ¥ ~ F(-).
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Let us introduce the notations:

G(x) = Li(a,b), g(x) = G'(x),
h(x) = G)(:o, n(y) = 1 I_Giy),
t(x,y) = 11 (x)12(y), 1(x) = 1(x,x),

with 0 <x<y< 1.

We will need the following lemma which is n trivial extension of lemma 2.1

of Papadatos (1995) [51].

Lemma 3. Leta>1 andb> 1. Then there exist unique numbers p; = pi(a,b),

p2 = pa(a,b) satisfying

0<p1 < - <py <1, (3.42)
a

+b-2
such that, for 0 <x <y <1:

1. t1(x) strictly increases in (0,p2) and strictly decreases in (p2,1) and

similarly t(y) strictly increases in (0,p1) and strictly decreases in (py,1).
2. If x> py ory < pa, then t(x,y) < max {r(x),t(y)}.
3. If x<p1 and y> ps, then t(x,y) <t(p1,p2) < max{pi,p2}.

4. There ezists a unique xo = xo(a,b) € (p1,p2) such that the function t(x)

strictly increases in (0,x9) and strictly decreases in (xg,1).

Proof. The proof follows the same lines of that given by Papadatos (1995)
[51].

1. The derivative of the function #;(x) is ] (x) = M. The numerator

of #(x) has derivative xg’(x) which attains its maximum at the unique
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point x = 5 and by taking account that lim, o+ xg(x) — G(x) =0,

+b
and lim,_,;- xg(x) — G(x) = —1, we readily see that xg(x) —G(x) =0 has
a unique root pp = pa(a,b) which lies in (%, 1).

Then xg(x) — G(x) >0 for x € (0,pz), and xg(x) — G(x) < Oforx € (py,1).
Similar arguments show that #, strictly increases in (0,p;) and strictly

decreases in (py,1). In fact, the derivative of 1 (y) is 5 (y) = I_G(y()_g()yz)(l_y).

The function 1— G(y) —g(y)(1 —y) has derivative —g’(y)(1 —y) which

is positive if y < a+b 5
lim 1-G(y)—g(y)(1-y)=1and lim 1-G(y)—g(y)(1-y) =0,
y—07F y—1

we deduce that 1 —G(y) —g(y)(1 —y) =0 has a unique root p; = pi(a,b)

24553 ) - Hence, 1-G(y) —g(y)(1—y) >0 for
y€ (0,p1) and 1 —G(y) —g(y)(1—y) <0if y € (p1,1).

that is on the interval (0

2. Let x <y. If p; <x, then 1(x,y) =11 (x)t2(y) < t1(x)t2(x) = t(x).
Similarly, if y < py, it follows that 7(x,y) =11 (x)t2(y) < t1(y)2(y) =1(y).

3. Ifx<prandy <py, we have r(x,y) =11 (x)2(y) <t1(p1)2(p2) =1(p1, P2)-

4. Clearly, lim,_,o+#(x) =lim,_,;- #(x) = 0. Furthermore, the function #(x)
strictly increases in (0,p1] and strictly decreases in [p,1). Hence, we
have only to study #(x) in (p;,p2). To do that we verify the log-
concavity of #; and #, in the intervals (0,p,2) and (pj,1), respectively.

We observe that
G\’ 1 2 N2 2 2
(log( . >) = Gz(x) [ g(x)*—G*(x) —x°g (x)G(x)}. (3.43)
Furthermore, the function x>g(x)? — G*(x) —x?g’(x)G(x), for x € (0, p,),
majorizes the function x?>g?(x) — xg(x)G(x) — x*g’(x)G(x), which can be

rewritten as

2e(0) 1160 ¢ (WG = (1 ()~ [a—(a+b - 13]G}
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The function r(x) = x(1 —x)g(x) — [a — (a+b—1)x] G(x) is positive for
all x. In fact, it increases because its derivative is (a+b—1)G(x) —xg(x),

which is a positive and an increasing function for all x, and moreover,

x(1=x)g(x)—(a—(a+b—1)x)G(x) > Xl_i)r(r)l+x(1 —x)g(x)—(a—(a+b—1)x)G(x) =0.
(3.45)

"
Hence, <10g (GTX))) <0, for 0 <x < pp, i.e. 11(x) is strictly log-

concave in (0,p2).

In a similar way one can show that 7, is log-concave in (pj,1).

First we note that

1- " —1
(et (555)) = s e (0P 4
—(1-Gy)*+ (1= (1-GW))],

hence, we observe that, for p; <y < 1, the function inside the brackets

majorizes the function

g1 =)+ (1 =GH)(1—y)*—(1-y)(1-G»)g(). (3.46)

The following relation holds:

(1= +¢(0)(1-G))(1 )~ (1-y)(1-G(y)g(y) = g(y)(yl_y)

«{y(1=y)g()+(1-G(y))[a—1—(a+b—1)]}.
It is immediate to verify that the function
FO)=yA=y)g)+(1-Gy))[a—1-(a+b-1)y]

decreases because its derivative is g(y)(1 —y) — (a+b —1)G(y), which

is negative for all y. Obviously,

f(y) > lim f(y) =0,

y—=1-
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and consequently, f(y) is positive for all y.

"
Then (log (1_1—(_;9))) <0, p; <x <1, that is, n(x) is strictly log-
concave in (p1,1). Hence, t(x) = t;(x)tz(x) is a strictly log-concave

function in (p1,p2), and the lemma is proved.
]

Definition 8. The maximum variance function sz(a) is defined by the fol-

lowing relation

of(a) = sup <G<x))68 :g(x))) , a>1andb>1. (3.47)

O<x<1

Remark 16. It is of interest to point out that of(a), as o(k) defined in
[51], does not have a closed form. However, it is possible to identified the

following behaviour of Gg(a) :
e ifa=1, then 6}(a) =b;
e ifb=1, then 6}(a) =a;
e ifa=b=1, then 67(a) =1.

Theorem 19. Let X ~ G5 \(a,b), Y ~F(-), a>1 and b>1. Then

)

Var(X) < o (a)Var(Y). (3.48)
Proof. The proof proceeds along the same lines as that of theorem 3.1 of
Papadatos at page 189 (see [51]), which is based on Hoeffding’s identity for

the covariance. We remind Hoeffding’s identity for the covariance of two

random variable X and Y:

Cov(X,Y) < / i / Z (H(x,y)— H(x,o)H(oo,y))dydx,  (3.49)

where H is the bivariate distribution function of the random vector (X,Y). O
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We have carried out a numerical study in order to compare GI%SN, the
variance of the variable X ~ BSN(2,a,b), and o (a)Var(Y).
The results found are reported in table 3.2. We observe that if the parameter
a takes the value 1 and if b is large then o7 (a)Var(Y) is not close to Gagy-
The same situation occurs when b =1 and a is large.
Moreover, if A =0 then var(Y) =1 and the maximum variance coincides with
o2(a).

All computations have been done using the software R.

a b A Ohsy o;(a)Var(Y)
I 1 —10 0.3696834  0.3696834
1 1 0 1 1

1 1 10 0.3696834  0.3696834
1 10 —10 0.2625293 3.696335
1 10 O 0.3443438 9.99865

1 10 10 0.01859684 3.696335
2 10 —10 0.139195 0.8695345
2 10 O 0.2051976 2.352106
2 10 10 0.02108108  0.8695345
10 1 —10 0.01859684 3.696335
10 1 0 0.3443438 9.99865
10 1 10 0.2625293 3.696335
10 10 —10 0.03145790 0.3696834
10 10 0  0.08079098 1

10 10 10 0.03145790  0.3696834

Table 3.2: The variance of the BSN(A,a,b) and of(a)Var(Y) for different

values of a, b and A
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3.4 Maximum likelihood estimation

We now determine the maximum likelihood estimates (MLEs) of the pa-
rameters of the BSN distribution. Let x1,---,xy be a random sample of size
N from a BSN(u,0,A,a,b) distribution. The log-likelihood function /(&) for

the vector of parameters & = (u,0,A,a,b) can be written as

I(E) = Nlog2 — Nlog(c) — Nlog B(a,b) + ilog (q, <xz;u))+

u Xi—H Xi—H
+lzilog<cl><7t( S )))—F(a—l);log(cb( p ;7L>>+
—|—(b—1)§lo (Y Y| (3.50)

i=1 ® c ' '
The components of the score vector U (5) are given by

U§) = P 2) = N (wla) ~wla+5) + L logs

N
U3 (§) = 2520 = N (w(6) ~wia=+)+ L tog (1~

CdlE) 1 1Y a—1Y b—1&
Uld(é)_ ou _El‘Z]Zl_EiZ]yl_ pe ;Wl+—6 ,'Z{tl’
o) N 1Y, Ay a1y -1y
Uo(&)—w— E+Ei§2i Ei_zizzy: p ;Zzwﬂr p i_zizlfl,
_oug) ¢ v 5 v 5
Ul(é)_W—Zzz}’l"f‘(a_l)Z{ Vi (b I)Z 1—v

where y(r) = dlogcs—f(t)) is the di-gamma function and

_Xxi— U vi:CD(xi;‘u;l); , ¢<l<xi0“>).
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We can find the estimates of the unknown parameters by maximum likelihood
method by setting the above expressions equal to zero and solving them

simultaneously.

The elements of the observed information matrix for the vector of parameters

&= (u,0,A,a,b) are

N
Il
—_

£
o
Il
Q=
M=

~.

M=z "=
=
o

1
Uic(§) = ——
61:1
1 N
Ups(§) —gzlizz,
i=1
N i
Ual(é) = Zﬂ’
=1 Vi
N _9vi
Upp (&)=Y 1_81}
/ l

p LY A dy, a—1 a—1 ow;
Uno(§) = =5 X stz Y yi— s L 5o+ —5 LW Yoo
i=1 i=1 i=1 i=1 i=1
-1 -1 9y
o2 ;ti+ o ;%’
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A . ALY dy; 2a—-1) ¥
U - _3 . 2= v Al -
GG(&) o2 iZ{(Zl) + o2 ,'ZiZlyl p= ;{Zzac + o2 iZIZlWl+
(a—1) ¥ aw, 2(b—1) ¥ (b—1) Y 9y
iy ZZiti+ ZZi—;
i=1 o> 5 5 do
N AL 9y (a-1DE ow; b-1Y oy
5)2——Zzl'yi—— G la=Dy ow (b1 v o,
o= o= dA c 4= oJA c = JA
N Bzv,- (ﬂ)z N (92\1,' (%)2
=2 A 2 R
U — 1 A2\t | _ b—1 oL
(€ Z 8 (a ,; v 2 ( )l; 1—w+ (1—v)2

where y/(+) is the derivative of the di-gamma function, which is called tri-

gamma function.
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Chapter 4

The Kumaraswamy

skew-normal distribution

In this chapter we propose another generalization of the skew-normal
distribution, referred to as the Kumaraswamy skew-normal, which is a special
case of the Kumaraswamy generalized distribution. There is some parallelism
between this chapter and chapter 3. In fact, the Kumaraswamy skew-normal
and the Beta skew-normal fulfil similar properties. A range of mathematical
properties of the Kumaraswamy skew-normal distribution is considered in
sections 1 to 2. In section 3 the parameters of the new model are estimated
by maximum likelihood and the observed information matrix is derived. The
bivariate Kumaraswamy skew-normal distribution is introduced and studied
in section 4. In the last section we present the generalized Beta skew-normal

distribution.

85
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4.1 The Kumaraswamy skew-normal distri-
bution

We start by defining the Kumaraswamy skew-normal distribution and

presenting some of its properties.

4.1.1 Definition and simple properties

Following the procedure of Cordeiro and de Castro (2011) [17] described
in section 1.4, we define a generalization of the skew-normal distribution
which satisfies some of the properties of the Beta skew-normal one.
Replacing in (1.36) F(x) by ®(x;4), we obtain the Kumaraswamy skew-

normal distribution, with distribution function given by
GE oy (6 b) = 1= (1~ D)1, (1)
and probability density function
68 oy (5@ b) = abg(x: A) (@A) (1~ BB AP (42)

Throughout the chapter, we shall denote the Kumaraswamy skew-normal
distribution with vector of parameters & = (A,a,b) by KwSN(A,a,b).

This family can be easily generalized by means of linear transformations to
introduce a location parameter g and a scale parameter ¢ > 0. Thus if

X ~ KwSN(A,a,b), then Y = p+ oX is a Kumaraswamy skew-normal with
vector of parameters & = (1, 0,4,a,b). We indicate Y by ¥ ~ KwSN(u,0,A,a,b).
However, in the following sections we will concentrate on the standard form

of the distribution.

The properties derived for the KwSN distribution can be easily extended to

the transformed distribution.
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We now mention some simple properties of KwSN(A,a,b) density in (4.2):
Properties of KwSN(A,a,b):

a. gg(x;l)(x;l,l,l) =¢(x;A), for all x e R, i.e. KwSN(A,1,1) =SN(L).

b. gg(x;o) (x;0,a,b) :gg(x) (x;a,b), for allx e R, i.e. KwSN(0,a,b) = KwN(a,b).
c. gg(x;o)(x;O,l,l) = ¢(x), for all x e R, i.e. KwSN(0,1,1) =N(0,1).

d. gg(x;])(x;l,%,l) = @(x), for all x e R, i.e. KwSN(l,%,l) =N(0,1).

e. gg(x;fl)(x;—l,l,%) =¢(x), for all x e R, i.e. KWSN(—l,l,%) =N(0,1).

f. If X ~ KwSN(A,a,b), then Y = ®(X;A) is a Kw(a,b).

f. If X ~ KwSN(A,a,b), then ¥ = ®(X;1)% is a Kw(1,D).

h. If X ~ KwSN(A,a,b), then Y =1—-®(X;A) is a Kw(b, 1).

i. As A — +oo, gg(x;l)(x;l,a,b) tends to the Kumaraswamy half-normal

density.

Remark 17. We note here that the standard normal, the skew-normal and
the Kumaraswamy-normal laws are included in this class as special cases.
We also observe that item i indicates that as A — o the KwSN density tends

to the Kumaraswamy half-normal one.

Proof. The results follow immediately taking into account expression (4.2)

and the basic properties of the skew-normal distribution. O

The KwSN distribution can be easily simulated in two ways:

e because its distribution function has closed form and does not involve
any special functions we can use the transformation integral: if ¥ h]as an
uniform distribution then the variable X = &~! ((1 —(1- Y)%> ‘ ;7L)
has KwSN(A,a,b) distribution;
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e if Y has a Kumaraswamy distribution with parameters a and b, then

the variable X = ®~!(Y; 1) has KwSN(A,a,b) distribution;

where @~ '(-;1) is the quantile function of the skew-normal distribution.

Plots of the density function (4.2) are illustrated in figure 4.1.

N
- — (a=0.5,b=0.5=1)
- - (a=3,b=2,\=-1)
-+ (a=2,b=0.5\=5) .
o .
S 1 | --- (@a=2b=2,\=-5) A
-
0 [ "
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o !
|
~ !
o \
o _|
o

Figure 4.1: The KwSN(A,a,b) for different values of A, a and b

Numerically, we have noted that the BSN and the KwSN have different
shapes. In fact, those values of the parameters a, b and A, for which the BSN

is bimodal, make the KwSN unimodal.

4.1.2 Moment generating function and moments

Let us find the moment generating function of KwSN(A,a,b).
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Property 12. The moment generating function of X ~ KwSN(A,a,b) is
given by

2
My (t) = 2abe’ E; (((I)(Z;/l))“*l(l - @(z;z)a)b*cp(/xz)) , (4.3)
where Z ~ N(t,1).
We also get a recursive formula for the k —th moment.

Property 13. Let k€ N and k > 1. If X ~ KwSN(A,a,b), with a > 1 and
b>1 then

Ex(X*) = (k—1)Ex(X*"2) 4+ AEx (Xk_l i((g( ;) 4

ba*
2a—1

T aEy (Uk_1¢(U;/1)> — Ey (V"‘1¢(V;7L)> :

where U ~ KwSN(A,a—1,b) andV ~ KwSN(A,2a—1,b—1) are independent

random variables.

Proof. The statement follows by applying integration by parts and noting
that ag—ix) = —x¢(x) (see Arnold et al. (1992) [4]). O

The following proposition follows by simple changes of variables and by

the properties of the Kumaraswamy distribution.
Proposition 9. Let X ~ KwSN(A,a,b). Then the following statements hold.

1. Ex(1-®(X;1)%) = 125;

2. Ex(In(1—®(X;1)%) = —;

3. Ex (®(X:1)) = bB(1+ 1.b);

4. Ex (In(®(X;1))) = -1 (y+w(b)+1);

where v is the Euler-Mascheroni constant and y(-) is the di-gamma function.
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We refer to [1] for details on the Euler-Mascheroni constant.

(a) (b)
a b A HKwSN  OKwSN N 47! a b A UkwsN  OKwsN b7 )
0.25 025 —-10 —-0.75703 1.1661 —1.6750 5.9148 0.5 10 —10 —-2.9068 0.7271 —0.5398 3.48441
—1 —0.0934 1.7790 —-0.433 3.2765 —1 —29058 0.7297 -—0.5421 3.504
0 0.6542  2.1563 —0.1813 2.9391 0 —2.6716 0.7786 —0.4525 3.3854
1 1.1915 1.8483  0.0836 2.9637 1 —1.5388 0.5868 —0.4098 3.3310
10 1.4990 1.4278  0.8594 3.2475 10 —0.1181 0.1143  0.1497 3.6289
025 05 =10 —1.3451 1.2995 —1.1236 4.04358 1 05 —10 —0.4873 0.5778 —1.3200 4.857
-1 —1.0909 1.6032 —0.4829 3.2765 —1 0 1 0 3
0 —0.5631 1.8511 —0.2330 2.9385 0 0.7043  1.2479 0.1372 2.9831
1 0.1421 1.4962 —0.0435 2.9128 1 1.1665 1.0703 0.3086 3.1161
10 0.709 0.9207  1.2445 4.3209 10 1.3018 09148 0.8262 3.4814
0.5 025 —10 —-0.4352 0.7881 —1.7257 6.3172 1 1 =10 —-0.7939 0.6080 —0.9556 3.8232
—1 0.3528 1.4585 —0.1240 3.0016 —1 —0.5642 0.8256 —0.1369 3.0617
0 1.1775 1.8327  0.0502 2.9051 0 0 1 0 3
1 1.624 1.6193  0.2962 3.075 1 0.5642 0.8256 0.1369 3.0617
10 1.7707 1.3893  0.7667 3.1913 10 0.7939  0.6080 0.9556  3.8232
05 05 —10 —-0.8324 0.8769 —1.2265 4.3886 10 1 —10 —0.084 0.1364 —0.7082 4.2018
—1  —0.4696 1.2367 —0.2293 3.0442 -1 0.6744  0.4536  0.3597 3.2722
0 0.1417 1.4969 —0.0472 2.9225 0 1.5388  0.5868  0.4099 3.3314
1 0.7044 1.248  0.1378 2.9856 1 1.8675 0.5251  0.5005 3.4685
10 0.9961 0.9305 1.0123 3.752 10 1.8807 0.5124 0.5744 3.5243
0.5 1 —10 —1.3018 0.9148 —0.8263 3.4815 1 10 —10 —1.8807 0.5124 —0.5744 3.5243
—1 —1.1665 1.0704 —0.3086 3.1067 -1 —1.8675 0.5251 —0.5005 3.4685
0 —0.7043  1.2479 —0.1372 2.9831 0 —1.5388 0.5868 —0.4099 3.3314
1 0 1 0 3 1 —0.6744 0.4536 —0.3597 3.2722
10 0.4873 0.5777 1.3200 4.8570 10 0.084 0.1364 0.7082  4.2018

Table 4.1: The first moment, the standard deviation, the skewness and the
kurtosis of KwSN(A,a,b) for different values of a, b and 4

As noted for moments of the BSN, moments of the KwSN involve inte-
grals that can not be solved explicitly. For this reason we have performed
a numerical study to compute them numerically using the software R. In
table 4.1 we have reported the values of the mean ug,,sy, standard deviation

OkwsN, skewness 71 and kurtosis 9 for different values of the parameters a,

b and A. It should be noted that:
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e for fixed values of a and b the mean ug,,sy is an increasing function of

A;

e for fixed values of a and A the mean pg,sy and the skewness y; are a

decreasing and an increasing function of b, respectively.

4.1.3 Some interesting properties

In this subsection, we now derive the main properties of the KwSN dis-
tribution.

First we prove the following theorem:

Theorem 20. Let X ~ KwSN(A,a,b), Y ~KwSN(A,a,d) be independent then
X| (Y >X)~KwSN(A,a,b+d).

Proof. Let W =X|(Y > X). The cdf of W is then

[Mab(1=@(:2)) § (:2) (@0 A) ™ (1 - @A)V da

PW<w)= PY > X)

(4.4)
Also

(o)

myzx):/"am1—¢@Jvﬂ¢@xﬂ¢@J»@*M1—@@JVWF%n:

—00

b
 b+d’

By taking derivative from the above expression with respect to w, we have
firw) = alb+d)g(wiA) (@(w:2)) "V (1= D(w; 1))V (45)
and the proof is complete. ]

Hence, we can easily derive the following corollary.
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Corollary 14. Let X, Y ~ KwSN(A,a,b) be independent then
X| (Y < X) ~ KwSN(A,a,2b).

The proofs of the following theorems are quite similar to that of theorem

(20) and are therefore omitted.

Theorem 21. Let X ~ KwSN(A,a,1) be independent of Y ~ KwSN(A,c,1).
Then X|(Y <X)~KwSN(A,a+c,1), where a and ¢ are positive real numbers.

As a special case of this theorem, we have the following one.

Theorem 22. Let X ~ KwSN(A,a,1) be independent of a random sample
(Y1, -+ ,Y,) from SN(A), then X| (Y(n) SX) ~ KwSN(A,a+n,1), where Yiu) is

the largest order statistic.
We immediately get the following theorem.

Theorem 23. Let X ~ KwSN(A,1,b) be independent of a random sample
(Y1,---,Y,) from SN(A), then X| (X < Y(l)) ~ KwSN(A,1,b+n), where Yy is

the smallest order statistic.
We give a generalization of the above theorem as follows:

Theorem 24. Let X ~ KwSN(A,1,b) be independent of Y ~ KwSN(A,1,d).
Then X|(X <Y)~KwSN(A,1,b+d), where b and d are positive real numbers.

Next we extend the previous theorems for the family of the Kumaraswamy

generalized distributions.
Theorem 25. Let X ~ Kw—F(a,b), Y ~ Kw—F(a,d) be independent then

X|(Y <X)~Kw—F(a,b+d).
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We have in particular the following corollary corresponding to the case

d=hb.
Corollary 15. Let X, Y ~ Kw — F(a,b) be independent then
X| (Y <X)~Kw—F(a,2b).

Theorem 26. Let X ~ Kw — F(a,1) be independent of a random sample
(Y1,---,Y,) from f(-), then X| (Y() <X) ~Kw—F(a+n,1), where Y, is the

largest order statistic.
The next result is an extension of the theorem 26.

Theorem 27. Let X ~ Kw— F(a,1) be independent of Y ~ Kw — F(c,1).

Then X|(Y <X)~Kw—F(a+c,1), where a and ¢ are positive real numbers.

Theorem 28. Let X ~ Kw— F(1,b) be independent of a random sample
(Y1,--+,Yy) from f(-), then X| (X < Y(l)) ~Kw—F(1,b+n), where Yy) is the

smallest order statistic.
Theorem 28 can be generalized as follows:

Theorem 29. Let X ~ Kw—F(1,b) be independent of Y ~ Kw — F(1,d).
Then X|(X <Y)~Kw—F(1,b+d), where b and d are positive real numbers.

4.1.4 Expansion for the density function

Here, we give a simple expansion for the KwSN density function.

Application of (1.23) to equation (4.1), if b is real non-integer, gives

Gy (WA a,b) =Y (=1)'ab (b 7 1) D (x; A) DT (4.6)
i=0



94

4. The Kumaraswamy skew-normal distribution

Correspondingly, the density function (4.2) can be written as

= . ab [(b—1 _
gg)(x,l)(x,l;agb):%(—l)m( ; )gg(x,l)(x,l,a(l—i—l)—l,l)

(4.7)
The density gg(x, ;L)(x;l,a,b) can be seen as an infinite mixture of

KwSN(A,a(1+1i)—1,1) densities with constant weights (—l)i#.

For b integer, the previous sums stop at b — 1. If a is real integer we can

expand ®(x; )1+~ a5 follows

q)<x;l)a(l+i)fl — i(_l)j (a(l ‘|‘l) - 1) (1 _(I)(x;l))j =

J=0 J

worio(lyﬂ (a(l +f) - 1) (i) @A),

J

J
and the distribution function takes the following expression
22 i+j4r b—1 a(1+l)_1 .] r
Gl ) (r:0,0) = Z Z Y (—1)tt ab( ; > < j L) (@s))"
i=0j=0r=0
(4.8)
The density for a real non-integer can be easily obtained from the above

equation by differentiation.

Remark 18. The density function (1.1) of model SN(A), can be represented

in the following way:

#(z:4) =20 (2)P(Az2) =2¢(2)P(Az) (1 = P(z4) + P(z:4)) =

=2¢(2)P(Az) (1 = P(z31)) +2¢(2)P(A2)P(z:4) =

1

= z <gg(z;ﬂ,)(z;la 152) +g§)(z;},)(z;1727 1)> . (49)

In other words the density function of the skew-normal with parameter A is
a mixture between a Kumaraswamy skew-normal density with parameters A,

a=1 and b =2 and a Kumaraswamy skew-normal density with parameters
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A,a=2 and b=1. The density function of the skew-normal with parameter
A can be seen as mizture of Kumaraswamy skew-normal distributions with
the same parameter A in the following way:
1 g - i(b—1\ k .
(P(X;/l):Eglb(x;l)oalvlab)_;(_l) i g‘b(x;l)(X;)“vl"i_l?l)' (410)
The above formula is obtained settinga=1 in (4.7) and using the property a
of the KwSN.
The following theorem is nearly identical to the result obtained for the
moments of the BSN.
Theorem 30. Let X ~ KwSN(U,0,A,a,b) for integers values of a and b,
then
b—1 n i
(b—1 o
sy SO ()£ (7) (9)
j=0 J o Jisi\t/ \H
a(j+])—1 a( . o
Jj+1)—1 ;
* { sz) (—1)k( ' Liga+(=D)'Ligjsn—1,-2 ¢ (4.11)
where
hia= [ 290221 - B2 dz (4.12)
Proof. The proof is again analogous to the one given by Gupta and Nadarajah
(2005) [32] for theorem 1. If X has the pdf (4.2), then its n —th moment can
be written as
b1 I w0 B _ B a(j+1)—1
E(X")zzabZ(—1)J<b _ 1)/ Lo <x“> @ <7L (x “)> [d) <x “,A)} dx
= J = O o c c

The change of variable x = 6z+ y immediately yields

E(X") = 2abu"l§<—1>f(”; 1) zo () (Z) | do@(a @) s

(4.14)
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In order to obtain (4.11) we split the above integral into two integrals, i.e.
/ F(D(:A)) Uz = / Z9()P(A2)(@(5:2)) V) det
—oo 0

HE [ EP(-22)(1 = Pl -2)) Uz
(4.15)

The first integral in expression (4.15), on using the series representation

a(j+1)— ;
@ =y 1(—1)k(a(]+k1)_1) (1-@EA)", (416
k=0

becomes

a(j+1)—1 al i o o
Y (—1)"( <J+kl) 1)/0 29 (2)D(Az2)(1 —D(z;1))kdz. (4.17)

k=0
By putting together expressions (4.14), (4.15) and (4.17) we conclude that

wo-saw B )5 2) )

J i—0 ﬁ
a(j+1)—1 ali+1)—1 .
*{ Y (—l)k((] k) )Ii,k,/l+(_l)lli,a(j+l)—l.,—/1 . (4.18)
§=0

Hence, it follows from lemma 1 of Gupta and Nadarajah (2005) [32] that the

term in the brackets in (4.18) for i = 0 reduces to

a+j—1 ali _
Zj: (—1)k< (JJFkl) 1)10,k,x +loarj-1,-2=
=0
a(j+1)-1 ; ERNEE! . a+j
a(j+1)—1\ (1-D(0;1)) (1 —®(0;—A))**/
)3 (_1)k< k ) 2+1) T 2ty

k=0

1
= ST (4.19)

Finally, from lemma 2 in [32] we conclude that the term for i =0 in (4.18) is

equal to u". The proof is complete. n
u

Remark 19. The function Iy ; is the same defined in equation (3.20) in
chapter 3.
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4.1.5 The KwSN(1,n,b)

In this section, we will discuss the moment generating function and the
moments of the KwSN(1,n,b) distribution.
Proceeding as in section 3.1.7, we can find the moment generating function of
a skew-normal with parameters A = 1, a integer and b real using the moment

generating function of a Balakrishnan skew-normal.

Theorem 31. The moment generating function of X ~ KwSN(1,n,b) is
T A .
My (1) :2an(—1)J( _ )ezE(q>2"<1+f>—1(V)), (4.20)
Jj=0 J
where V.~ N(t,1).

Proof. Proceeding as in theorem 15, it follows that

%}

My (t) = 2nb i‘b(—l)f (b ;1> / ¢ (X)D(x)D(x) "1+ 2 gy =

- ;) .
— AV
=2 bjzo( 1)]2n(j+1)
(";)

2n(1+j)

/ 21+ j)e (1) ()22 gy —

= 2nb i(—l)f My (1), (4.21)
j=0

where Y is a Balakrishnan skew-normal with parameters 1 and 2n(1+ j) — 1.
Now, the result in (4.20) follows from the moment generating function of the

Balakrishnan skew-normal. ]

By taking the first derivative of the moment generating function, it can
be easily proven that the mean is given by the following expression
— (b—1\ 1
E(X)=b —1J( _)—_EY:

0 =s B (7 ) )

- (b—1\ 1 (2n(1+j)—1 1+ 1
:bZ(_l)J( ' )1+ ( n( +])ﬁ)(”( +J)) .
J J C2n(1+j)-2) <\ﬁ>

The general moments are given by the following recursion formula.

j=0
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Theorem 32. Let X ~ KwSN(1,n,b), then

7"

E (Xk> — 19].;0(—1)1'm

2n(1+J)1 E<W;H>
c(2n(l+j)—2)<%)

Y

where W ~ SNB(Zn(LI»j)*Z) (%) .

Proof. The proof follows the same lines as that of theorem 16 given in section

3.1.7. =

4.2 Further results

The Kumaraswamy skew-normal density reduces to the Balakrishnan
skew-normal when b =1, A =1 and a > 1 integer (or a =1, A = —1 and

b > 1 integer). These considerations lead to the following proposition:
Proposition 10. The KwSN distribution satisfies the following properties:

o gg(x;l)(x;l,n, 1) = fon—1.m(x;1,0), for all x €R, i.e.
KwSN(1,1,1) = TBSNau_1.m(1,0);

. gg(x;_l)(x;—l, 1,m) = fuom—1(x;0,—1), for all x € R, i.e.
KwSN(—1,1,m) = TBSN 21 (0, —1);

where n and m are positive integer numbers.

Following the notations of Ferreira and Steel (2006) [26] given in section
3.2.1, we can notice that the density function of a Kumaraswamy skew-normal
with parameters A, a and b may be expressed as a weighted version of the

normal density function, with p(-) on (0,1) given by

p(u; A,a,b) = ab®(AD ! (u)) (cp(cb—‘(u);in))"’1 (1 —q>(q>—‘(u);z)“)b’1.

(4.22)
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Moreover, the following corollary of proposition 8 holds.

Corollary 16. Let U and V be two independent random variables with pdfs
(cdf) ¢ (®) on the real line and p on (0,1) given by equation (4.22), respec-
tively.

o When W =V —®(U), the conditional distribution of U given (W = 0)
is KwSN(A,a,b).

4

o Let X ~ KwSN(A,a,b). Then ®(X)=V.

Now we present a theorem about the KwSN(A,a,b) distribution.

Theorem 33. IfX ~ KwSN(A,a,b), then X? i>Kw)(2(1,a,b), A — oo, where
Kw)(z(l,a,b) 15 a Kumaraswamy chi-square random variable with parameters
1, a and b.
Proof. Let Y = X?. The density of Y is

1

vy {q)(l\/y) (q)(\/—;l))a—l (1— CI)(\/&;)L)a)b—l i
AR BT (-5

zabf%z(l)(y)h(y;l,a,b), y>07

Jr(y) =abo(\/y)

with
hy:2,a.b) = { @A) (@(vF: ) (1= @(y32)") " +
B Ay (B(—5: ) (1= (=5 1)) ],

and fy2(1y(+) is the density function of a chi-square density function. We can

note that

h(y;A,a,b) 225 20(y) - 1) (1 - 20(5) - 1)) = (4.23)

a—1 a b=1
=Fo 0) (1= Fpy ) (4.24)
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where sz(l)(-) is the chi-square distribution function. Therefore, the density
fr(+) converges to the density of a Kumaraswamy chi-square random variable

with parameters 1, a and b as A — . O

4.2.1 An interesting theorem

Theorem 34. Let X ~ KwSN(A,a,b) and & = (A,a,b).
The distribution of X reduces to a normal distribution if and only if one of

the following conditions holds:
1. £=(0,1,1);

2. £=(1,1,1);

Proof. 1t easy to see that if one of the conditions from 1 to 3 is verified then
X is a normal random variable, as mentioned in the properties from c to e of
the Kumaraswamy skew-normal in the first section of this chapter.

Conversely, since gg(x; M(x;/l,a,b) is a normal density for fixed A, a and b it

follows that gg(x;/l)(x;k,a,b) = ¢ (x), for all x. This implies that
2ab®(Ax) (P(x; 1) (1 —D(x; 1)) =1, for all x. (4.25)
We can without loss of generality take x =0
ab (®(0; 1)) (1 —@(0; 1)) =1. (4.26)

Now we impose that the distribution function of the Kumaraswamy skew-

normal is equal to the distribution function of the normal distribution:

1—[1—(®(x: 1)) = d(x), for all x. (4.27)
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For the special case x =0, it becomes

(1 (@(0:2)))" = 3. (4.28)

The first derivative of gg(x, l)(x;l,a,b) with respect to x is

988 ) (x:A,a,b) 2 A )b (x: A)e !
P = ek { et AT g -0 v G

now we impose that
3gg(x;l)(x;7t,a,b)

dx
= —x, (4.29)
gg(x;g) (x;A,a,b)

and we obtain the following condition:

¢ (Ax) L emA) o pmA)RmA)
;LCI)(M) + (a 1><P(x;7t) a(b—1) oA =0, (4.30)
which holds for all x. In particular, for x =0 we obtain
— _ . a—1
P L a(b-1H)@0:A)"" 0 s

D(0;1) 1 —®(0;14)4
Let us denote by y the distribution function of the skew-normal distribution
evaluated at x =0, i.e. ®(0;A) (see property 4 in section 1.1). Therefore
equations (4.26), (4.28) and (4.31) can be rewritten as follows:

/

abyafl (1 _ya)b—l — 1’

(1-y" = %; (4.32)

1 a—1 ab—1)y*!
2tan (ﬂ: (——y>>+ — =0.
N 2 y 1=y

From the second equation of (4.32) we get

y= (1 - G);) a. (4.33)

Replacing expression (4.33) in the first equation of (4.32) it follows that

a—1

(-()) ()=
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which, after some straightforward algebraical manipulations, one can write

as

e (1 (3) ) ) (1 () () (1 (3)')
o(1-(3) ) (3) e (- (3) ) (430

is defined only for positive values of b. The figure 4.2 shows that the above

=

function is always negative. Numerically, we have noticed that this func-
tion assumes values on the interval [—%,O) when b belongs to the interval
(0,1.103724877]. Consequently, two explicit expressions for a in terms of b,

using the Lambert W function (see appendix A), are obtained:

log (1 _ (%)i)

~_
—
D=
N—
S
o
=}
V]
VRS
—
|
—
=
SN—"
S =
~__
~

(4.36)

a =

Numerically, we have noted that the functions

wi(o(1- ) 1)

numbers when b lies in the interval (0,1.103724877] (see figures 4.3 and 4.4).

1
log|(1— (%)”)), for i = —1, 0, are negative real

Now we divide the proof into two steps.

The first step consists in replacing (4.35) in the third equation of (4.32). The
resulting equation, which depends only on the variable b, has two real zeros:
b=1and b= (sce figure 4.5).

Substituting b = 1 in the second equation of (4.32), we get

yo (%) " (4.37)
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which replaced in the first equation of (4.32) gives
ay ' =1. (4.38)

The solutions of the above equation, obtained using the Lambert W function,

areaz—%zlanda:—%:%.

2 2

Taking successively a =1 and a =} on (4.37) we obtain that A =0 and A =1,
respectively. Replacing b = % in the second equation of (4.32) it follows that

- (G) (139

and consequently, the first equation of (4.32) becomes

o(3) (110

which has two solutions: a = i =]land a= % ~0.12. Set-
ST Wo(sin(3)) Cowa(ain(y) T
ting a =1 in (4.39) we obtain
3
V=g (4.41)

which implies A = —1.

Replacing a ~ 0.12 in (4.39) we get the value A ~ 3.403728.

We note that the last values (l ~3.403728, a=0.12 and b = %) satisfy the
system but the correspondent density function gg(x; M(x;l,a,b) is not a nor-
mal density.

The second step consists in replacing (4.36) in the third equation of (4.32).
The equation obtained, which depends only on the variable b, has a real zero:
b =1 (see figure 4.6). Consequently, as before we get the same solutions a = 1

and A =0, anda:%andlzl.
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0=

02+

N3F

-lie

i L 1 1
1] 0.4 0. 1103724877

1 i
] 045 1 1103724877 15

Figure 4.3: The function Wy (b (1 — (%)’i) (%)%log (1 - (%);>)
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. 1 1 l
?D 0s 1 1103724877 1.5

)7 e (1))

=
D=

Figure 4.4: The function W_ (b (1 — (%)

1
o 0.4& 1 1103724577 1.5

Figure 4.5: The univariate function of b obtained replacing (4.35)
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05t : -

05f g

25t : : 4

0 0.4 1 1103724877 1.5

Figure 4.6: The univariate function of b obtained replacing (4.36)

4.3 Maximum likelihood estimation

Differentiating (4.2) with respect to the five parameters a, b, A, y and o,
a set of five equations is obtained which has to be solved using a numerical
root finding algorithm in order to obtain the maximum likelihood estimates
of the model parameters. The log-likelihood function [(§) for the vector of

parameters & = (u,0,A,a,b) can be written as

1(&) =Nlog(2) —Nlog(c)+N10g(a)+N10g(b)+i10g <¢ (Xi;“>>+
i=1

+§ilog <<1> <7L <x’;“>>> +(a—1)§110g <c1> <xf;“;7t>>+
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The components of the score vector U (&) are given by

_dl(¢) N ¥ N vi'log (vi)
Ua(8) = 57 = g Llow ()~ (=) Y HPELE
_dlg) N ay.
Ub(ﬁ)—w—z—ki;log(l—vi),
ouE) Y o P
=—>-=) wita-1)) = —-(b-1 i ;
U(8) =733 ;” *la ),.; S )ai;v’ v
L oUE) 1 AL @-DE  p-Dad
Uﬂ(é)_W—g;ZI_gl_Zlyl_ o I_ZIW1+ o l_Zlvl 1
o) N 1, AY v (1) & (b—Dags_ .1
Ud(g)_W__E+Gl:] ! c c ;Z’W’Jr c I.Z;Zlv’ ks
where
Xi—H
_Ni—H EET Y oA (%)
Zl_ o s Vl_(b o 72‘ B }71— X‘*ﬂ s
@ (2 (%))
‘P (Xi;#;)t> (P (M‘;I»ﬂk)
wi=——--—% i = .
® (H7:1) - @ (45:A)
The elements of the observed information matrix for the parameters a, b, A,
u and o are
N N vlog(v;)  v¥log(v;)
Uaa(§) = —— —(b—1) }_log(vi){ ~ +- ;
a> L (=) (1-v)°
N
Ubb(€>—_l7;
vilog (vi)
i= 1 i
Uab(&>_ I_V? ;
1 N -1 N 'Zafll D
Uap(§) = —= Wi+(b )ZV?_I(alog(Vi)+1)li+av' Oga(v) ;
Giil (o3 i=1 l_vi
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1 ¥ b—1
UaG(g):_E;Ziwi—F( p ) -
= i

v~ og (v;)zit; }

{ (azivf ™ log (vi)ti + v~ zity) (1 —v)
i=1

+a-

- or Al V?_lavl dv; | log (vi)v¢!
Ual(g)zg%—(b—l); dA _a(b_l);_/l 1(_)‘,4;
+10g(v,-)vi2“21 ’
(1)
qu—lgv,
U (8) = —a Y 122,
i=1 i
Noaday (a-1)daw
Uuu(‘g)— g—glziﬁ— p l:z‘i—‘u-l-
alb—1) _(a—l) a1 a—l%
o ;{ GG
yi A dy;i (a—1) ow;
U&=~ LG Gl o Eait

N 3 1Y Ll dy; 1
Uso(§)= 5 — 5 )+ 3 ) @i~ — {Zi_ - _ini} +
o2 62; i 62; GIZZI Jo o

(a—1) y (@a=1) & owi 1 ab—1) &
T2 Zziwi_ p- Z ey Zvi

° =1 i=1 i=1
b—1) & ot; 1 |
+a( ) Z {—tZz ,a_l —z,'tiv?_l (a )vf'_lw,zlzt,} :
c /Sldo c o
2 X A& v v (@=L aw w
B !

_|_
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1 ¥ AY 9y (a—1) Y 9w
Unn(§) = —g Lavi= g Ligs =5 Ligy+

a(b—1) ¥
o =

1

+

ot; dv;
a—1_ Y . a=2_ ., 2"t L.
{vi G5y + (a—1)v thl&/l } :

i=1

4.4 Copulas

The Kumaraswamy skew-normal distribution can be generalized to the
bivariate case using copulas.
Copula functions are a useful tool to construct bivariate distributions as well
as multivariate ones. In fact, their importance in Statistics is described in
Sklar’s theorem [58], which states that any multivariate distribution function
can be represented as a copula function of its marginals. Inspired by the
work of Gupta and Kundu (2012) [41], who used the Clayton copula [15]
to introduce a bivariate power normal distribution, we derive a bivariate

Kumaraswamy skew-normal distribution (BKwSN) using Frank’s copula [27].

4.4.1 Definitions and basic properties

In this section we refer to [12], [13] and [50] for notations and background
on copulas.

First we remind the definition of the copula function.

Definition 9. A two-dimensional copula C is a real function defined on

[0,1] x [0,1] with range [0,1]. Furthermore, for every element (u,v) in the
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domain,

C(u,0)=C(0,v)=0, C(u,1)=u, C(1,v)=nw

For every rectangle [uy,up] X [vi,va] in the domain such that uy < upy and
V1 < V2,

C(uz,V2) —C(ug,vl) —C(ul,vz) —I—C(ul,ul) >0

In other words, a bivariate copula is a bivariate distribution function
with univariate margins. Therefore, properties of copulas are analogous to
properties of joint distributions.

The following theorem is due to Sklar and describes the relationship between

copula and joint distribution function.

Theorem 35. Let F(x,y) be a joint cumulative distribution function with
marginal cumulative distributions Fi(x) and Fy(y). There exists a copula C

such that, for all real (x,y),
F(X,y):C(Fl(X),Fz(y)). (442>

If both F\ and F, are continuous, then the copula is unique; otherwise is
uniquely determined on range(Fy) x range(F,). Conversely, if C is a copula
and Fy and F> are cumulative distribution functions, then F(x,y), as defined

above, is a joint cumulative distribution function with margins Fy and F,.

This theorem allows to construct a bivariate distribution function having
the desired marginal distributions and a given copula.
Let us consider the Frank copula

(efocu _ 1)(6706\/_ 1)

e % —1

1
C(u,v;a):—aln{1+ }, where ot € R\ {0}, O0<u, v< 1.
(4.43)

The following result is consequence of (4.43).
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Theorem 36. If (U,V) has the joint cdf (4.43), then
1. U, V are uniform random variable in the unit interval.

2. The joint pdf of (U,V), for 0<u, v<1, is

aefaﬁﬁw)

(e7®—1) (1 + (e“”(;l‘)x(flsw_l)>2'

fov(@u,vio) = — (4.44)

3. The joint survival function of (U,V), for 0<u, v<1, is

S(u,v;oc):1—u—v—éln{l—i—(e_au_l)(e_av_l)}. (4.45)

e % —1

4. The conditional cdf of U given V =v is

e—av(e—au _ 1)

(e=*—1) {1 + (e @u—1)(e®v—1) } .

e 0—1

PU <ulV=v)= (4.46)

Now we remind some dependence measures related to copulas: the Kendall’s
T and the Spearman’s p indexes and the coefficients of upper and lower tail

dependence.

Definition 10. If (X1,X») forms a continuous, 2-dimensional random vari-

able with copula C, then
1 rl
Kendall’s © = 4/ / C(u,v)d(C(u,v)) —1, (4.47)
0 JO
1l
Spearman’s p = 12/ / C(u,v)dudv —3, (4.48)
0 JO
where u=F; ' (x1) and v=F; '(x2).

Definition 11. Let (X1,X5) be a vector of continuous random variables with

marginals distribution function Fi(-) and F(-), respectively. Let u = Fj(x;)
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and v = F,(x2). The coefficient of upper tail dependence of (X1,X») is defined

as

lim P(Xy > F, ' (w)|X; > F{ ' (u) = Ay, (4.49)

u—1-
provided that the limit Ay € [0,1] exists. If Ay € (0,1], X; and X, are said to
be asymptotically dependent in the upper tail; if Ay =0, X1 and X, are said
to be asymptotically independent in the upper tail.
In the same way, the coefficient of lower tail dependence of (X1,X2) is defined

as

lim P(Xo < Fy, '(u)|X) < F{ ' (u)) = A, (4.50)

u—0t

provided that the limit Ay € [0,1] exists. If Ap € (0,1], X1 and X, are said to
be asymptotically dependent in the lower tail; if AL =0, X1 and Xp are said

to be asymptotically independent in the lower tail.

The coefficients of upper and lower tail dependence can be expressed in

terms of the copula C between X; and X, as follows:

Definition 12. Let (X1,X2) be a continuous random vector with copula C.
Then the coefficients of upper and lower tail dependence are given by the

following expressions:

1 —2u+C
hy = lim 12t Cw) (4.51)
u—1- 1—u
A= tim S84 (4.52)
u—0t u

where u= F; ' (x1).

All these measures are completely determined by the copula C.
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4.4.2 The bivariate Kumaraswamy skew-normal

Using the Frank copula we define a bivariate Kumaraswamy skew-normal
so that the marginals are univariate Kumaraswamy skew-normal distribu-
tions.

Let (U,V) be random vector with copula C given in formula (4.43).

Consider the following random variables

XI:CD_I([(I—(l—U)%)ﬂ;)L), x2=q>—1([(1—(1—vﬁ)%};x).
(4.53)
Then the joint cdf of X; and X, becomes:

Fx, x,(x1,%2) = P(X) <x1,X2 <o) =
=P <U < Gg(xl;l)(xl;l,a,b),v < Gg(mk)(xz;l,c,d)) =
= C(Ggyp)(61:4,a,0), G ) (2314, 0,d)) =
[e_aGg(n;l)(x‘ Aab) 1} [e—aGg(ngl)(xz;/Lc,d) B 1]

1
=——In{1
(Xn + e % —1

(4.54)

We give the following definition:

Definition 13. A random vector (Xi,X2) with joint distribution function
(4.54) is said to have a bivariate Kumaraswamy skew-normal distribution

derived from the Frank copula.

Remark 20. It should point out that for any copula C it is possible to define
a bivariate Kumaraswamy skew-normal. For this reason, we will denote our
bivariate Kumaraswamy skew-normal by BKwSN(a,A,a,b,c,d,Fr), where Fr

indicates the copula which has been used.

Using theorem 36 we get the following result.
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Corollary 17. If (X1,X3) follows the BRWSN (o, A,a,b, Fr) distribution, then

1. X1 ~ KwSN(A,a,b) and X, ~ KwSN(A,c,d).

2. The joint pdf of (X1,X7) is

—a|GK xi:Aab)+GK o (xasdeid
agg(xul)(xl§laaab)gg(xz;l)(xﬂll,&d)e a[ ‘I’("l;’l)(1 ab)+ q’('XZ’M( 2 )}
efaGg(xl ) rad) 1}

(e‘o‘—l) 1+ —0_|

e

Jx.x, (x1,20) = — GK Aed 2
e Bxyin) 24 )_1}

3. The joint survival function of (X1,X2) is

Sx,.% (¥1,%2) = 1= Gy 2y (¥134,0,0) = Gy p) (423 4, ¢, d)+
. e—aGg(xl;M(xl;?L,a,b) _ 1i| [e—aGg(xz;M(xz;qu) _ 1]

——In{1
o f * e %—1

4. The conditional cdf of X1 given X, = xp is

K . K .
e—an)(Xz;k)(xz,l,L,d) (e—acq)(xl;M(xl,l,a,b)_l)

e %—1
K . K . .
eiaGfb(xl ) (x1:4,a,b) _ 1:| eiaG<I>(x2 ) (x9:4,c,d) _ 1:|

1+ e 21

P(X] <X ’Xz ZXZ) =

Proof. The proof of point 1 follows directly from elementary probability the-
ory. In fact, from equation (4.53) it follows that U = Gex,.2)(X1:4,a,b) = Fi(X1)
and V = Gg(x,.1)(X2;4,¢,d) = F2(X2), so the variables X = F ' (U) and

X, = F; ' (V) are distributed according to F;, for i = 1,2.

To show point 2 we use the following result:

Fel - 82Fx17xz(x1,x2) ~ du iQZC(u,v) B ﬂﬂ
%1.% X1 X2) = dx10xp ~ dx;dxy Jdudv  9x| 9xy

foy(u,v),
(4.55)
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and u = F(x1), v=F>(x;) and equation (4.44).
Point 3 follows from
Sx, x, (x1,%2) = P(X1 > x1,X2 > x) =
=P <U Z Gg(xl;l)()(fl;l,a,b),v Z Gg(xz;l)(xz;/’t,c,d» =
— SU’V(Gg(xl;l)(Xl;l,a,b),Gg(x%l)(.xa;l,c,d)),

and relation (4.45).

The statement of point 4 is established using the following relation
P(Xi <xi1|X2 =x2) = P(U < Gy [V = Glpin))s
and equation (4.46). O

The cdf and pdf of the maximum and minimum of the bivariate Ku-

maraswamy skew-normal distribution are given in the following theorem.
Theorem 37. If (X,X,) ~ BKWSN(A,a,b,c,d,Fr), then

1. the cdf and pdf of max (X1,X>) are

K . K .
| e—an)(x;M(x,l,a,b) _ 1} [e—aGCD(X;M(x,l,c,d) . 1]

Fmax(X] ,Xz) ('x) = —aln 1 + e_a _ 1 )

xlab xlcd) 1)

gg( )(xl a,b)e .
2

—aG (xlab —aG xlcd
(e )( )
(e *—1)<¢ 1+ -

e %—1

fmax (X1,X7) (X) =

x/lcd e xl,a,b)_1>

27
xlab 1)( <I>(x7L)X)LCd 1)
-

-1

g (xx)(x A,c,d)e

(e 1) 1+(e

e

respectively;
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2. the cdf and pdf of min(X;,X>) are

Froin (x,.%)(x) = Gg(x;,l)(xul,a,b) - Gg(x;,l)(x;it,c,d)Jr
[ef(ng(X;M(x;l,a,b) o 1] [efaGg(x;M(x;l,c,d) 1

e % —1

+ ! Inq 1+
(04
and
fn’lil’l(Xl Xo) (x) = gg(x;ﬂ,)(x;aﬂa? b) + gg(x’l) (X;A,,C,d) - fmax (X1,X2) (‘x>7

respectively.

Proof. The cdf of the maximum between X; and X, can be easily obtained

using
Fmax(Xl,Xz)(x) :P(Xl <x,Xp < x) =Fx, 7X2(X,)C) = C(Fl (X),Fz(x)) =
—C (G oy 4,0,b), Gl (52,,) ). (4.56)

While the distribution function of the minimum between X; and X, can be

found by noting that
Frin(x, x,)(X) =1 =P(X1 > x,X3 > x) = 1 = 8x, x, (F1 (x), F2(x)) =
—1 =Sy (Gl (6:2,0,0), Gl (2, c.d)) . (457)
]

For the bivariate Kumaraswamy skew-normal distribution we get the fol-

lowing results:

Property 14. Let (X;,X5) ~ BKwSN(a,A,a,b,c,d,Fr), then Kendall’s T in-
dex is given by %(1 —Di(—a)) — 1, where the function Dy is defined as

1 j* ¢
Dl(oc):a/o L (4.58)

and is called the first Debye function (see for example [1]).
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Proof. If (U,V) is a random vector with Frank’s copula then Kendall’s ©
index is exactly % (1—=Dj(—a))—1 (see for instance [13]). Since Kendall’s 7

index is independent of the margins the result follows. ]

Property 15. Let (X1,Xp) ~ BKWSN(@,A,a,b,c,d,Fr), then Spearman’s p
index is given by % [Dy(—0t) — D (—o)] — 1, where Dy is the first Debye func-

tion and the function D, is defined as

2 e 2

and is known as the second Debye function (see for example [1]).

Proof. Spearman’s p index of a random vector (U,V) with Frank’s copula
is % [Dy(—a) —Di(—a)] — 1 (see for instance [13]). As the Kendall index,

Spearman’s p one is completely determined by the copula. ]

Property 16. Let (X,X,) ~ BKWSN(a,A,a,b,c,d,Fr), then the coefficients
of upper and lower tail dependence of (X1,Xa2) are null, i.e. X; and X are

asymptotically independent in both upper and lower tails.

Proof. The Frank copula has neither lower nor upper tail dependency. These
two measures, as the previous ones, do not depend on the marginal proba-

bility distributions. [

In figure 4.7 and 4.8 are given the surface plots of the joint pdf of (X;,X>)

for different values of the parameters.
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Density

Figure 4.7:

The BKwSN(1,1,1,1,1,1) density function
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Figure 4.8: The BKwSN(—1,1,2,4,1,2) density function
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4.5 The generalized Beta skew-normal distri-
bution

We present a new family of distributions that contains the KwSN and

the BSN as special cases. This new distribution is obtained following the
procedure described in the last section of chapter 1.
For the sake of completeness, we briefly discuss results concerning this new
family which are generalizations of the ones given for the KwSN and the BSN.
We now introduce the four-parameter generalized Beta skew-normal density
with parameters A € R, a >0, b >0 and ¢ > 0, say GBSN(A,a,b,c), by taking
F(x) in (1.43) to be the cdf of the skew-normal. The GBSN density function
can be expressed as

Salin (2 bc) = s (s ) (@Ls A (1= @(:2))" " (4.60)

The corresponding cumulative distribution function is given by
G BG
Gz‘(?;j{)(x;l,a,b,c) = Iq)(x;l)c(a,b). (4.61)

A random variable X having density (4.60) will be indicated by X ~ GBSN(A,a,b,c).
Location and scale parameters may naturally be introduced by settingY = X + u,
where g € R and o > 0.

Thus, we denote the random variable Y by Y ~ GBSN(u,0,A,a,b,c).

We begin by collecting together some easy results.

Properties of GBSN(A,a,b,c):

a gg’,fjj)(x;/’t, 1,1,1)=¢(x;1), for all x R, i.e. GBSN(A,1,1,1)=SN(A).
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GRBY

) (ch)()C;)L)()c;ﬂt,cz,ly7 1) = gg(x;l)(x;l,a,b), for all x € R, i.e.

GBSN(A,a,b,1) = BSN(1,a,b).

- ) (B4, 1,5,0) = gg0p) (64, ,b), for all x R, e

GBSN(A,1,b,c) = KwSN(A,c,b).

. gg(x;o) (x;0,a,b,c) = gg(x) (x;a,b,c), for all x € R, i.e.

GBSN(0,a,b,c) = GBN(a,b,c).

. gg(x;o) (x;0,1,1,1) = ¢(x), for all x e R, i.e.

GBSN(0,1,1,1) = N(0, 1).

) gg(x;l) ('X;lv%al 1) = (P(X), for all x € R, i.e.
1

: 8§>(x;71) (x;—l,l,%,l) = @(x), for all x € R, i.e.

GBSN (—1,1,3,1) =N(0,1).

. If X ~GBSN(A,a,b,c), then Y = ®(X;A) is a GB(a,b,c).
i. If X ~GBSN(A,a,b,c), then Y = ®(X;A)¢ is a Beta(a,b).
j. If X ~GBSN(A,a,b,c), then Y =1—®(X;1)¢ is a Beta(b,a).

. As A — +oo, gg(x;l)(x;l,a,b,c) tends to the generalized Beta half-

normal density.

Graphical illustrations of (4.60) are shown in figure 4.9 and 4.10.
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Figure 4.9: The GBSN density for different values of a, b, c and A =1

0.08 0.10 0.12
| | |

Density
0.06
|

0.04
|

—— (A=-0.25,a=0.15,b=0.15,c=1.2)
- -- (A=0.1,a=0.1,b=0.1,c=1.1)
----- (\=0.26,a=0.16,b=0.16,c=1.3)

0.02
|

0.00
|

Figure 4.10: The GBSN density for different values of ¢, A, a <1 and b < 1
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The following result is a generalization of theorems 17 and 33.

Theorem 38. IfX ~ GBSN(A,a,b,c), then X? N GBx*(1,a,b,c) as A — oo,
where Gsz(l,aJ?,c) 15 a generalized Beta chi-square random variable with

parameters 1, a, b and c.

Proof. Let Y = X?. We can easily check that the density of Y is

c 1

0 = g0/ { B3 @5 (1 -5y '+
PR (@B (1)) =

c

= mfxz(l)(ﬁh(y;%a,b,c% y>0,

where fxz(l)(') is the density function of a chi-square density function. We

note that

hyiAasbic) 2 0(y5) 1) (1- (5 - ) = (162)
c\ b—1
=P 0) (1= (Fe)) ) (4.63)
where Fyo(py(+) is the chi-square distribution function. The density fy(-)

converges to the density of a generalized Beta chi-square with parameters 1,

a,band c as A — . H

4.5.1 Moment generating function and moments
Let us find the moment generating function of GBSN(A,a,b,c).

Property 17. The moment generating function of X ~ GBSN(A,a,b,c) is
given by

Mx (1) = (icb)e’zzEZ ((cp(z;x))ac—lu —CD(Z;A)C)b‘ld)(?LZ)) ,(4.64)

where Z ~ N(t,1).
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A recursive formula for the k —th moment is obtained using integration

by parts.

Property 18. Let k€ N and k> 1. If X ~ GBSN(A,a,b,c), with a > % and
b>1, then

(ac—1)B(a—1

c(b— at+1-1
=D ) - Ll D

B(a,b)

Ey (vk*(p(v;z)) :

where U NGBSN(l,a—%,b,c) and V ~ GBSN(?L,LH—l—%,b—l,c) are in-

dependent random variables.

4.5.2 New properties of the ¥ #% distribution

We now turn our attention to the ¥ #9¢ — F model and we extend some
of the results, given in section 3.1.4 for the Beta — F and in section 4.1.3 for
the Kw — F distributions.

Definition (1.43) immediately leads to the following theorems, whose proofs

are similar to that of theorem (20) and are therefore omitted.

Theorem 39. Let X ~ G PBYG — F(a,b,n) independent of a random sample
Y, Y2,--- Y, from F. Then X|(Y() > X) ~9 %Y —F(a,b+1,n).

The following theorem is a generalization of the above one.

Theorem 40. Let X ~ G H$Y — F(a,b,c) independent of a random variable
Y ~Beta—F(c,1). Then X|(Y >X) ~9 A4 —F(a,b+1,c).

Theorem 41. Let X ~ Kw—F(a,b) independent of a random sample Yy,Y2,--- .Y,
from F. Then X|(Y,) <X) ~9BY —F (“*2.b,a).

The above result has been improved as follows.
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Theorem 42. Let X ~ Kw—F(a,b) independent of Y ~ Beta— F(c,1). Then
X|(Y <X)~9BG—F (“<.b,a).

Theorem 43. Let X ~ G PBY — F(a,b,c) independent of a random sample
Y1,Ya,--+ .Y, from Beta—F(c,1). Then X|(Y(1) > X) ~9 %Y —F(a,b+n,c).

Theorem 44. Let X ~ 9 PY — F(a,b,c) independent of a random variable
Y ~Kw—F(a,c). Then X|(Y >X)~9PBY —F(a,b+a,c).

Theorem (44) includes theorem (43) as a special case.
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Chapter 5

Scoring rules

The organization of this chapter is as follows. Section 1 describes the ba-
sics of convex analysis, as well as notions of sub-gradient vectors and Gateaux
differentiability. Furthermore, we review briefly basic notions that we will
borrow from the theory of normed spaces. Section 2 is devoted to the most
important features of the theory of scoring rules, special attention is given
to McCarthy’s characterization theorem. In section 3 we explore two the-
orems, one relative to bounded loss functions, the other one to unbounded
loss functions. In section 4 new generalizations of McCarthy’s theorem, for

unbounded scores and countable infinite sample spaces, are given.

5.1 Basic concepts

The concepts presented in this section are of fundamental importance and

all the subsequent material is based on them.
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5.1.1 Concave functions

We refer to Rockafellar (1970) [17] for notations and background on con-
vex analysis. We shall permit functions to take values on the extended real
line R = [—oo, +-o0]. Since arithmetic calculations involving oo and —eo must
be performed, we adopt the following conventions, used in [17]:

O +oo=oco4 =00, where —oo< Q< oo

O —o0o=—oco4 (¢ = —oo, where —oo< @ < oo

0(o0) = (o) =00, (t(—00) = (—o0)a = —co, where 0 < o< oo;

O(00) = (00)t = —oo, (¢(—00) = (—oo)a =00, where —oo< 0 <O0;

0(ee) = ()0 =20, 0(=) = (~2)0 = —on, —(~e) = en

infQ =c0 and sup@= —oo;

—+ 00 — 00 = oo,

Let 2 be a vector space and f:.2 — R be a function. The hypograph of a
function f, denoted by hyp(f), consists of all points in 2" x R that lie below

the function, i.e.

hyp(f) :=={(x,c) e ZZxR:c < f(x)}. (5.1)

Definition 14. A subset C of 2 is said to be convez if (1—A)x+AyeC
whenever x, y € C and 0 <A < 1.

Let us recall the definition of concave function.
Definition 15. The function f is called concave if hyp(f) is a conver set.

A function f is convex if —f is concave.

The effective domain of a convex function f:.2" — R is the set

dom(f) ={xe Z : f(x) <eo}. (5.2)
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Definition 16. A subset A of 2 is said to be affine if (1—A)x+Ay €A for
X,yEA and A € Z#.

Definition 17. A function f:X — R on a vector space is affine if it is of

the form f(v) =1(v)+ o for some linear function l € Z™* and some real o.

All affine sets are convex. Convex sets have a lot of important theoretical

properties.

Definition 18. A convex function f is called closed if its epigraph, i.e.,

epi(f):={(x,c) e ZxR:c> f(x)}, (5.3)
18 a closed convex set.

Let us now focus on a few operations that preserve convexity of functions.
Using these rules and several elementary convex functions, it is possible to

build more complex convex functions or prove convexity of a given function.

e Let A >0 and f be a closed convex function. Then the function

f1(x) = A f(x) is closed and convex.

e Let f; and f» be closed and convex functions. Then the function

f(x) = fi(x)+ f2(x) is closed and convex.

e A weighted combination with positive weights of convex functions is

convex. If w; >0 and fi,---, f, are convex then Y, w;f; is convex.

o Let the functions {fi(x)},c; be closed and convex. Then the function f
defined by f(x) = sup{fi(x),i € I} is closed and convex, i.e. the point-

wise supremum of an arbitrary collection of convex functions is convex.

Definition 19. A conver function f: 2 — R is said to be proper if dom(f) # 0,
and f(x) > —co, for allx € Z .
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Now, an important theorem may be presented (see for instance [17]).

Theorem 45. A proper closed convex function f is the pointwise supremum

of the collection of all affine functions h such that h < f.

Definition 20. Let f: 2 — R be a concave proper function. The closure of
f is defined as the function f: 2 — R such that hyp(f) = hyp(f).

Remark 21. The closure of a concave proper function exists and is unique.

The closure f of f is closed and concave and is a majorant of f, i.e.,

f(x) < f(x), for all x € . The function f is the smallest closed concave

magorant of f: if ¢ is any closed concave majorant of f then ¢ also majorizes
7

We denote by 27" the space of linear functionals on 2 .

Now we introduce the concept of sub-gradient.

Definition 21. A vector x* € 2™ is called a sub-gradient of f at x € X if
) = fx0) +x"(y—x), (5:4)

forallye Z .

The set of all sub-gradients of f at x is denoted by d f(x). If df(x) is not
empty, f is said to be sub-differentiable at x.

Theorem 46. Let 2 be a linear normed space and f: 2 — R be a convex
function finite and continuous at xyg € . Then df(xo) # 0, i.e., f is sub-

differentiable at xg.

The following three well known theorems play a key role to prove one of

the main results of this chapter.
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Theorem 47. Let 2 be a real linear normed space and f: Z — R be a
proper functional having at each point of 2 a sub-gradient. Then f is convex

and weak-lower semi-continuous (over the whole Z).
In particular, Hendrickson and Buehler [13] have proved that

Theorem 48. If f has sub-gradient x* at each point x in a convex set D,

then f is convex in D.

Theorem 49. If a convex function f: Z — R, with Z a normed space
(more general locally convex space), has a neighbourhood of a point x € 2",

where f is bounded above by a finite constant, then f is continuous at x.
Let us remind the definition of Gateaux differentiability.

Definition 22. The Gateaux directional derivative of the function f at x in

the direction of y is defined as

v —
foley) = lim, flt X) 1),

(5.5)

if it exists. The function f is Gateaux differentiable at x if it has a Gateaux

derivative at x for all y, and f((x;y) is a linear continuous function of y.

We finish this subsection with some useful definitions, referring to [14] for

an overview of this topic.

Definition 23. A subset A of a metric space X is said to be dense if its

closure A coincides with Z .

Definition 24. A subset A of a metric space 2 is said to be nowhere dense

if its closure A has empty interior.

Definition 25. A subset A of a space is said to be of first category in Z
if there exist nowhere dense subsets Fy,Fp, -+ ,Fy,--- such that A = U2 | F,.

Otherwise, A is said to be of second category in 2.
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Definition 26. A space is said to be separable if it contains a countable

dense subset.

5.1.2 Banach spaces

In this subsection we introduce basics notions and concepts in Banach

space theory. Let us first recall the formal definition of a Banach space.

Definition 27. A Banach space is a normed linear space that is a complete

metric space with respect to the metric derived from its norm.

Definition 28. A basis (or Schauder basis) for a Banach space X is a
sequence (ey :n> 1) of members of & which has the property that, for each
x in X, there is exactly one sequence of scalars (x;) for which x =Y | x;e

in the sense that lim, e ||x — Y | xie;|| = 0.

An important class of Banach spaces is given by the spaces [, for 1 < p < oo,
which is the space of all sequences x = {x;};-; for which Y7 | [x;|? is conver-
gent and the norm ||x||, is defined as (¥X;; ]xi]p)%. Let e; be an element of /,
that consists of zeros except for 1 in position i. It easy to show that (e;)7,

is a basis for /,. In fact,

1

=Y el = < 3 !xil”>p, (5:6)

i=n+1
50 limy e [|x — X7 xi€il|, = 0.
To end this section we remind the theorem proved by Mazur (1933) [15],

which is useful to obtain one of the most important results of this chapter.

Theorem 50. Let 2 be a separable real Banach space. Let f be a real-
valued convex continuous function defined on an open convex subset Q C 2.
Then there is a subset A C Q of the first category such that f is Gateaux
differentiable on Q\ A.
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All of the theory developed up until this point can be analogously applied

to concave functions, with obvious modifications.

5.2 Scoring rules

In this section, we describe briefly relevant concepts from the literature
on scoring rules and state some of the notations that will be used throughout

the chapter. For notations and background on this subject we refer to [2]

and [12].

5.2.1 Decision problems

Consider a statistical decision problem (2, 47,L), defined in terms of an
outcome space 2", an action space &/ and a loss function L.
Let the loss function be given by L: 2" x & — (—eo,00]. Let & be a convex
class of distributions over 2" such that L(P,a) := Ex.pL(X,a) exists for all
ac o, and P € . The combination ¢ = (2", 47,L) is called a basic game.
Consider a Decision Maker (DM) who has to make a decision whose conse-
quences will depend on the outcome of a random variable X defined on 2.
More formally, a DM has to take some actions a selected from a given action
space 7, after which Nature will reveal the value x € 2" of a quantity X and
DM will then suffer a loss L(x,a) in (—oo, o).
An act ap € & will be optimal if it minimizes L(P,a) over all a € 7. If a
such act ap exists, it will be called a Bayes act against P.

The Bayes loss H(P) € [—oo,00] of a distribution P € & is defined by

H(P) := aigni{L(Ra). (5.7)

A scoring rule is a loss function measuring the quality of a quoted probability

distribution Q for a random variable X, in the light of the realised outcome
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x of X; specifically, if the forecaster quotes the predictive distribution Q and
the event x materializes, the loss suffered is S(x, Q).

The function S(x, Q) takes values in (—oo,00] and the expected value of S(x, Q)
under P is denoted by S(P,Q).

Definition 29. The scoring rule S is proper relative to the class & if
S(P,Q) > S(P,P), for all Q€ 2. (5.8)

It is strictly proper relative to &2 if S(P,Q) > S(P,P) with equality if and only
if Q=P.

An arbitrary statistical decision problem can be reduced to one based on
a proper scoring rule.
Let L: 2 x .o/ — R be a loss function, defined for an outcome space 2,
and an action space 7. Let & be a class of distributions over 2~ such that
L(P,a) := Ex~pL(X,a) exists for all a € &/, and P € &, define for P, Q € &,
and x € &
S(x,Q0) :=L(x,aq), (5.9)

where ap := arginf,c s L(P,a) is a Bayes act with respect to P. It is not
difficult to see that S is a proper scoring rule, and the associated entropy
function is the Bayes loss H(P) = inf,c v L(P,a).

If S is proper, the function d on & x & defined as d(P,Q) := S(P,Q) — S(P,P),
for P, Q € &, is called divergence function. This function is non negative,

and if S is strictly proper then d(P,Q) is strictly positive unless P = Q.

5.2.2 Finite outcomes

In this subsection we restrict our treatment of the score to the case of

a finite sample space 2" = {x1,x2,---,xy}. Let £ be the set of real vectors
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o= (0:xe2), with each ay >0, and & ={p € B : Y, p.= 1} the set of
such vectors corresponding to strictly positive probability distributions on

Z . A distribution P over 2" can be represented by its probability vector

p = (p1,p2,++,PN), so we will use P for the distribution determined by p
(similarly Q for q), and generally not distinguish between them.

Consider a game between Forecaster and Nature, where Forecaster quotes a
distribution Q € & as representing his uncertainty about a quantity X taking
values in 2", and Nature then reveals X =x. For P€ &, let S(P,Q) := ¥, p+S(x,q)
be the expected score when Forecaster quotes Q, and Nature generates X from

P. The generalized entropy function, or uncertainty function, H : & — R,

associated with a proper scoring rule S is given by

H(p):=S(p,p) pr X,p), (5.10)

and the corresponding divergence function is defined as

d(p,q) :=S(p,q) — pr x,q) = Y peS(x,p). (5.11)

5.2.3 Examples of proper scoring rules

A wide variety of proper scoring rules has been proposed. Here we present
two special examples of particular interest, on which the literature has fo-

cused mainly.

e The quadratic score or Brier score is defined by

m

j=1 j=1

where §;; = 1 if i = j, and §;; = 0, otherwise.
Then S(p,q) = quj — 2Y¥;pjq; + 1, which is uniquely minimized

for q = p, so that is a strictly proper scoring rule. The corresponding
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entropy function and divergence function are H(p) =1-Y"_, p? and
dip,a)=Y(pj—q )%, respectively. This well-known scoring rule was
proposed by Brier (1950) [1].

e The logarithmic scoring rule is S(i,p) = —log(p;). Correspondingly,
the entropy function is H(p) = —Y; pjlogpj, called Shannon entropy,
and the divergence function, called the Kullback-Leibler divergence, is
d(p,q) =Y ;pjlog (Z—j) This is one of the most interesting example of
unbounded scoring rules and was proposed by Good (1952) [8].

From these strictly proper scoring rules, it is possible to create infinitely many
more strictly proper scoring rules by taking positive affine transformation of
the said rules.

For the simple case 2" = {0,1}, the Brier and the Shannon entropies are
depicted in figure 5.1 and 5.2, respectively.

0.5

0" 02 04 o6 08 1
P(X=1)

Figure 5.1: The Brier entropy
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0.5

Figure 5.2: The Shannon entropy

5.2.4 Homogeneous scoring rules

In this section we recall the most important features of homogeneous
functions which will be used in the characterization theorem for scoring rules,

provided by Dawid et al. (2011) [4].

Definition 30. A function f: .o/ — R is called (positive) homogeneous of

order h, or h-homogeneous, if
f(Aa)=A"f(a), for all A >0. (5.13)

If f is differentiable, the above equation will hold if and only if f satisfies
Euler’s equation:

d
Zax£ = hf. (5.14)

When f is differentiable at o the super-gradient Vf(a) at a coincides with
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the gradient vector <8a_o]; xeZ ) The following lemma extends Euler’s

equation (5.14) to homogeneous functions with a super-gradient.

Lemma 4. Suppose f is h-homogeneous, and has a super-gradient Vf(at) at
a. Then
a’Vi(a)=hf(a). (5.15)

Corollary 18. Suppose f is 1-homogeneous. Then S is a super-gradient of
f at & if and only if

B's > f(B), (5.16)

for all B € o, with equality when B = .

McCarthy (1956) [16] states that a scoring rule S is proper if and only
if it can be expressed as the super-gradient of a concave function which is
homogeneous of degree 1. This theorem was proved by Hendrickson and
Buehler (1971) [13].

In order to conclude this section, we state McCarthy’s theorem in terms of

homogeneous functions as given in Dawid et al. (2011) [4].

Theorem 51. Suppose H : of — R is concave and 1-homogeneous. Let VH
be a super-gradient of H, and for x € &', p € &, define S(x,p) to be the
x-component of the vector S(p) := VH(p). Then S is a proper scoring rule,
and the associated entropy at p is H(p).

Theorem 52. Suppose that S(x, &) is a 0-homogeneous proper scoring rule.
Define H(at) := &’ S(a). Then H is 1-homogeneous and concave, and S(¢t)

is a super-gradient of H at Q.

However, this characterization is limited because it deals only with a
certain subset of scoring rules. In fact, in the simple form stated here the

precedent theorems can not be applied when 2" is infinite or S assumes
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values not finite. Our purpose is to provide a generalization of these theorems.
Broadly, we show that, under appropriate regularity conditions on the scoring
rules, the previous theorems continue to hold for infinite countable sample

spaces and unbounded scoring rules.

5.3 Conjugacy

In the following we intend to recall the Fenchel conjugate function, our
treatment is based on Rockafellar (1970) [17].
In this section we suppose that the space 2 is finite.
We indicate by & the set of all probability distributions over X, then & is
in one-to-one correspondence with the unit simplex in R", and inherits its
algebraic and topological structure.
We denote by . the set of all bounded functions from 2 to R, by £
the set of all functions from 2" to R™. The expected value of [(-) under P
is denoted by I(P), i.e., I(P) = Ex~p(I(X)) = ¥Yxc2- Pxl(x). The support of
l € £ is the set S(I) := {x:1(x) <}. By the support of a we shall mean
the support of L(-,a), i.e. S(a) = {x|L(x,a) < oo}.

Definition 31. Let H: & — R be concave and closed. The conjugate (or
Legendre transform, or Legendre-Fenchel transform or Fenchel conjugate) of
H is the function H* : & — R given by

H*(1) = inf {I(P)~H(P)}. (5.17)

Geometrically, H*(I) is the minimum height, over &, of the function /
above the function H.
The conjugate function H* is always concave and closed. H* is proper if and

only if H is proper.
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In a parallel relationship, H may be defined as

H(P):= inf {I(P)~H*(1)}. (5.18)

By definition, for any P € & and | € .£ we have
H(P)+H*(I) <I(P). (5.19)
Griinwald and Dawid (2003) [11] introduce the function D¥ on & x £ by
D" (P1):=1(P)—H(P)—H*(l), (5.20)
the inequality (5.19) can be rewritten in this way
D*(P1) >0, (5.21)

forall Pe &, and € L. P & and | € £ are called conjugate relative to
H if D¥(P,l) =0, and it will be denoted by P <sy [. In this case both H(P)
and H*(I) are finite.

Since the simplex & is bounded, it follows from Theorem 27.3 in [17] that
for all I € .Z there exists a conjugate P € &. It further follows from Theorem
23.4 in [17] that whenever P lies in the relative interior of the effective domain
of H there will exist a conjugate [ € .Z.

For any I € .Z, ¢ € R, define I € £ by I°(x) =1(x) — ¢, all x € Z  and
M= ") ¢ is called a translate of . Since H*(I) = H*(I) — ¢, it fol-

lows immediately that H*(I') =0, hence, for any ¢ € R,

D (P,1°) = I°(P) —H(P)—H*(I°) = 1(P) —H*(I) — H(P) = 1" (P) — H(P).
(5.22)
In particular, P>yl < Py l€ e P oyl

From (5.21) and (5.22), we see that

"(P)>H(P), (5.23)
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while 7 (P) = H(P) if and only if P <>y [. Geometrically, the last two equa-
tions say that /! is a super-gradient or (upper) supporting hyperplane, for
the concave function H on &, and any such super-gradient has the form /7.
In general, DX (PD) can be interpreted geometrically as the vertical distance,
at P € &, of the function H below its unique super-gradient that is a trans-
late of .

As in Griinwald and Dawid (2004) [12], the generalized entropy function
HY . P — R associated with the game ¢ is defined by

A (P) = inf L(P,a). (5.24)

Since this definition displays £ (P) as the infimum of a collection of concave
functions on 2, it follows easily that % (P) is itself a concave function

on . The discrepancy function DY associated with a decision problem

G = (2, L) is defined by
D?(P,a) := L(P,a) —H? (P). (5.25)

Then DY (P,a) > 0, with equality if and only if a is a Bayes act against P in
9.
We define Z# ={le ¥ :H*(I) >0}, ¥ ={le ¥ :H*(I) >0}, and
LH={le £ :H*()=0}.
For any of the games having & C .Z¥ . and (ZbH C o/, we have Hy = H, and
setting a =1¢€ £, L(P,a) = I(P), we get

DY (P,1)=D"(P,1)+H*(I), (5.26)

D" (p1)=D?(PIM). (5.27)

Then DY (P,1) > DH(P,1), for all | € £H. Further, DY (P,1) = D (P,1), for all
P e 2, if and only if [ is a Bayes act and Dg(P,l) =0 if and only if [ is

Bayes against P (in which case also D (P,I) = 0). In particular, D¥ and D

coincide for the game ¢ = %f{ , for which all acts are Bayes.



150 5. Scoring rules

5.3.1 Finite Loss

The results were obtained in [11], and due to its importance for the thesis
we shall present them with its proofs. Here we treat the simple case of finite

loss, and we give the generalization subsequently in the next subsection.

Theorem 53. A function H: P — R is the generalized entropy function
HY arising from a decision problem 9 with everywhere finite loss if and

only if H is a closed concave function on .

Proof. First suppose that H is the generalized entropy function #¥ associ-
ated with some game ¢ = (2", «7,L) having L everywhere finite. If &/ =0,
then by definition of infimum .#¥ = co, which is the unique improper concave
closed function. Otherwise, as a pointwise infimum of a non empty family of
upper-bounded closed concave functions on &, H is itself an upper-bounded
closed concave function. Conversely, suppose that H is a closed concave
function on &. From theorem 45, H(P) is the pointwise infimum of the col-
lection £ of finite affine functions majorizing H. Let o = 2 be the action
space, with loss function L(x,a) := a(x). Then inf,c L(P,a) = H(P), and H
is the generalized entropy function 9 of the statistical decision problem

G = (2,4 ,L), which has everywhere finite loss. O

5.3.2 Infinite Loss

In this subsection we consider the case when the loss function L is un-
bounded. For any subset % C 2, letting %5 the set of P € & having
support . (P) = % . This is a relatively open convex subset of the simplex
2, and its closure P2y is the set of P € 2, which put probability 1 on &,
i.e., with support #(P) C %. It is clear that & is the disjoint union of
the collection { Py : % C Z°}. Indeed, P4 being a face of the simplex 22,
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which is the standard representation of a convex set as the disjoint union of
its open faces.
Let H: 2 — R be concave. For any % C 2, let Hy : P4 — R be the

closure of the function H when its full domain is restricted to the face Py .

Definition 32. A function H is said to be internally closed if, for each
9w CE:
H(P)=Hy (P), forall Pe Py. (5.28)

A closed concave function is internally closed.

Theorem 54. A function H : & — R is the generalized entropy function
from a decision problem ¢ with loss in R if and only if H is concave and

internally closed.

Proof. First suppose that H is the generalized entropy function H? of some
game ¥ = (X2, o/, L). Then H is concave. For any % C 2", define

A (Y) ={acd:% C.S(a)}, ie., the set of actions a such that the loss
L(x,a) is finite, for x € %. Define a function H? : & — R by

H” (P) := ag%L(a a). (5.29)

Then by definition of infimum
H(P)<H” (P). (5.30)

If its full domain is restricted to the family P4 of distribution on &', H is
the generalized entropy function for the restricted game ¥y = (2", 7/ (¥'),L),
which has everywhere finite loss. From theorem 53, it follows that H? | so
restricted, is a closed concave function; and so for (5.30), H? majorize H.

Hence, if Hy denotes the closure of the function H relative to Y, we have:

H(P)<Hy(P)<H”(P), with Pc Py. (5.31)
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From inequalities (5.30) and (5.31), we deduce that

H(P) = Hy, for P € P4, and it follows that H is internally closed. Con-
versely, let H : & — [—oo,00| be an internally closed concave function. For
any % C 2, define Hy to be the closure of H when its full domain is re-

stricted to P . In particular,

H(P)<Hgy(P), it S(P)C¥. (5.32)
By definition of function internally closed

H(P) <Hgy(P), if S (P)=%. (5.33)

From theorem 53, it is possible to find an action space 7z, and a loss function

Loy : % X ooy — (—o0,00) such that, for all P € Py,
Hy (P)=inf{L(P,a):a € oy} . (5.34)

Let .o/ be the disjoint union |J{e%y : % C 2} and consider the decision
problem (£, L) with loss function given by:
Loy(x,a) if x€?

L(x,a) = { (5.35)

oo otherwise,
where % is the unique subset of 2~ such that a € o/ . We shall then have
S (a) =%,, and for any P € &, the following equalities hold

inf L(P,a) = inf L(Pa) =
acd acdl ./ (P)C.Y (a)

= min ( inf L(P,a)):

Y.L (P \acd: S (a)=%

= i Hy (P). 5.36
scaPincs ™) (536)
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5.4 New results

We are now in the right position to proceed to our generalisation of the

previous theorems.

5.4.1 Infinite countable sample space

We will now consider the case of an infinite countable sample space, iden-
tified with the positive integers. We use e; to denote the standard basis of
[1. The space [; is a separable Banach space.

We indicate by & the set of all probability on 2. This set is an affine subset
of the space I, the space of all infinite sequences a = (aj,az,- - ,a;,---) such

that Y72 | |a;| < ee.

Theorem 55. Let 2 an open convex subset of I} contained in 2.

Let S(i,p) : & x 2 — R be a proper scoring rule, 0—homogeneous with respect
to pe 2. Suppose that the function S(p,q) := Y, piS(i,q) is a bounded
function for all p and q. Then H(p) :=S(p,p) is a 1—homogeneous, concave
function and is Gateauz differentiable on 2\ A, where A is a subset of first

category.

Proof. First, we easily check that H(p) is a 1—homogeneous function, using
the 0—homogeneity and the linearity of S. By straightforward computation,

we obtain
H(Ap) =AY piS(i,Ap) =AY piS(i,p) = AH(p).
i=1 i—1
By the definition of proper scoring rule, for any q € 2, we have that

S(p,q) > S(p,p)- (5.37)
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Adding the quantity —H(q) side by side in the above relation we get

Y piS(i,) — 4iS(i,q) > H(p) — H(q), (5.38)
i=1
or, equivalently,
Y (pi—q:)S(i,q) > H(p) —H(q). (5.39)

i=1
The last equation shows that S(i,q) is a super-gradient of H at q. Then by
theorems 48 and 49, H is concave and continuous at p. Moreover, by Mazur’s
theorem, there exists a subset of first category A C 2 such that H is Gateaux
differentiable in 2\ A. O

Another important result is the following.

Theorem 56. Let 2 an open convex subset of | contained in .
Let H: 2 — R be 1—homogeneous, concave, Gateaux differentiable function,
bounded for all p € 2. Then S(i,p) = H(;(p;e;) is a 0—homogeneous proper

scoring rule.

Proof. Firstly, we shall show that § is 0—homogeneous. Further computa-

tions, involving the 1—homogeneity of H, lead to

H(Ap+ pe;) —H(Ap)

S(i,Ap) = li =1 =S(i,p).
(i, Ap) Jim, m Jim, B (i, p)
Let us prove that S is a proper scoring rule.
It follows from the concavity of H that

H(A(qa—p)+p)—H(p) > A(H(q) - H(p)). (5.40)

Diving by A > 0, and letting A — 0", we obtain that

Hg(p;a—p) > H(q) — H(p). (5.41)
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The 1—homogeneity of H immediately yields

. Hp+Ap)—H(p
Hg(p;p) = lim, ( 73 2

= H(p), (5:42)
which together with (5.41) and the linearity of Hj(p;-) gives
Hg(p;q) > H(q). (5.43)

Moreover, by the continuity of Hg(p;-)

oo n
H(p;a) = Hg (p; Qiei> = Hg (P; ,}E&Z%q) =
i=0

i=0
n (oo}
= ,}gI;Hé; P Y qiei | = Y qiHg(psei) =
i=0 i=0
=Y 4iS(i,p) =S(p.q). (5.44)
i=0

Finally, combining (5.42), (5.43) and (5.44) we conclude that S is a proper

scoring rule. The proof is complete. O

We remind that Hendrickson and Buehler (1971) [13] and Gneiting and
Raftery (2007) [10] give extensions of McCarthy’s theorem in the continuous

case.

5.4.2 Finite sample space

Using convex analysis tools, we provide an extension of McCarthy’s the-
orem for unbounded scoring rules.
We denote by &2 the set of all probability distributions over a set 2.
Throughout this subsection we shall consider statistical decision problems
such that: the state space 2 has finite cardinality, the action space is the

space &, which is in one-to-one correspondence with the unit simplex in R”,
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and the score function S on 2" x & can take values in (—eo,e0) or (—oo,00].
We first treat the important special case that the score function S(x,Q) is
bounded for each Q € &.

For any Q € &, the affine function P — S(P,Q) is a bounded closed concave
function on Z. Following Griinwald and Dawid (2004) [12], we call

A7 (P) = Qigg S(P,Q), (5.45)

the generalized entropy associated with the score S; if S is a proper scoring

rule then 9 (P) := S(P,P).

Theorem 57. A function H: & — R is the generalized entropy function
HY arising from a decision problem 4 = (2, 2,8) with everywhere finite

proper score if and only if H is a closed concave function on &.

Proof. The proof follows along the same lines as that of theorem 53.

It follows directly from theorem 53 that if H is the generalized entropy func-
tion of some game ¢ = (27, Z,S) then H is an upper-bounded, closed and
concave function. Conversely, suppose that H is a closed concave function on
Z. Then from theorem 45, we conclude that H(P) is the pointwise infimum
of the collection .ZH of all affine functions majorizing H.

Let & = %" be the action space and S(x,Q) := [(x) — H*(I) be the score
function, where [ and Q are conjugate (since & is bounded for all [ € &
there exists a conjugate P € & (see section 5.3)). From equation (5.19) we
have that infoc »S(P,Q) > H(P), for P, Q € &. Since [ and Q are conjugate
we can rewrite S(P,Q) as S(P,Q) =1(P)+ H(Q) —1(Q) and when Q = P we
have S(P,P) = H(P). This implies that H is the generalized entropy function
A7 of the statistical decision problem ¢ = (2, 2,8), whose score function

S is proper and everywhere finite. O
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We use the preceding theorem to obtain the following result.
We shall denote by Supp(P) the support of P, i.e., Supp(P) ={x € Z|p(x) > 0},
and by Supp(Sg) the support of S, i.e., Supp(Sp) = {x € Z'|S(x,0) < oo} .

Theorem 58. A function H: P — R is the generalized entropy function
from a decision problem ¢ = (2, P,S) with score S in R if and only if H is

concave and internally closed.

Proof. The proof proceeds along the same lines as the proof of theorem 54.
It follows directly from theorem 54 that if H : &2 — R is the generalized
entropy function from a decision problem ¥ = (27, 22,S) then H is concave
and internally closed. Conversely, let H : &7 — [—o0, 00| be an internally closed
concave function. For any % C 27, let Hy be the closure of H when its full

domain is restricted to Py, i.e.,
H(P) < Hy(P), if Supp(P)C % (or equivalently P € Py ). (5.46)
Further, if Supp(P) =% then
H(P)=Hgy (P). (5.47)

According to theorem 57, there exist an action space 24, and a proper score
function Sy : % x Qg — (—o0,00) such that, for all P € Py,

Hay (P) = o {S(P.Q)} (5.48)

Now we shall consider the decision problem (2", #2,S) where Z is the disjoint
union J{Qy : % C X'}, and § is given by:

S(x,0) = { Sy (x,0) if xe?p (5.49)

oo otherwise,
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where % is the unique subset of 2" such that Q € 24, and Supp(Sp) = %p.
Then we have

inf S(P,Q) = inf S(hQ) =
Qe ( Q) Qe Z:Supp(P)CSupp(Sp) ( Q)

= min { inf S(P, Q)} -

YA Supp(P)C¥ | Qe P Supp(Sp)=¥

= min Hy (P). 5.50
Y CE Supp(P)C¥ @( ) ( )

The last term is H(P), and the scoring rule above defined is proper. The

proof is complete. n



Bibliography

[1] Brier, G. W. (1950). Verification of Forecasts Expressed in Terms of
Probability. Monthly Weather Review, 78, 1-3.

[2] Dawid, A. P. (1998). Coherent measures of discrepancy, uncertainty
and dependence, with applications to Bayesian predictive experimen-
tal design. Technical Report 139, Department of Statistical Science,
University College London.

[3] Dawid, A. P. (2007). The Geometry of Proper Scoring Rules. Annals
of the Institute of Statistical Mathematics, 59, 77-93.

[4] Dawid, A. P., Lauritzen, S., Parry, M. (2011). Proper local scoring rules

on discrete sample spaces. Submitted to The Annals of Statistics.

[5] Dawid, A. P., Sebastiani, P. (1999). Coherent dispersion criteria for

optimal experimental design. Annals of Statistics, 27, 65-81.

[6] Eidelman, Y., Milman, V., Tsolomitis, A. (2004). Functional Analysis:
An Introduction. Graduate Studies in Mathematics (66). Providence,

Rhode Island: American Mathematical Society.

[7] Fang, F., Stinchcombe, M. B., Andrew B. Whinstonc, A. B. (2010).
Proper scoring rules with arbitrary value functions. Journal of Mathe-

matical Economics, 46, 1200-1210.

159



160

BIBLIOGRAPHY

8]

[15]

[16]

[17]

Good, I. J. (1952). Rational decisions. J. Roy. Statist. Soc. Ser. B., 14,
107-114.

Good, I. J. (1971). Comment on “Measuring information and uncer-
tainty” by Robert J. Buehler. In V.P. Godambe, D. A. Sprott (Eds.)
Foundations of Statistical Inference, (337-339) Toronto: Holt, Rinehart

and Winston.

Gueiting, T., Raftery, A. E. (2007). Strictly proper scoring rules, pre-
diction, and estimation. J. Am. Stat. Assoc., 102(477), 359-378.

Griinwald, P. D., Dawid, A. P. (2003). Generalized entropy functions

and Bregman divergence. Manuscript.

Griinwald, P. D., Dawid, A. P. (2004). Game theory, maximum en-
tropy, minimum discrepancy and robust bayesian decision theory. Ann.

Statist., 32(4), 1367-1433.

Hendrickson, A. D., Buehler, R. J. (1971). Proper Scores for Probability
Forecasts. Annals of Mathematical Statistics, 42, 1916-1921.

Joshi, K. D. (1983). Introduction to general topology. New Delhi: New

Age International.

Mazur, S. (1933). Uber konvexe Menge in lineare normierte Réumen.

Studia Math , 4, 70-84.

McCarthy, J. (1956). Measures of the Value of Information. Proc. Nat.
Acad. Sci., 42, 654-655.

Rockafellar, R. T. (1970). Convex Analysis. Princeton: Princeton Uni-

versity Press.



161






Chapter 6

Conclusions

In chapter 1 we have presented some results concerning the skew-normal
distribution and its generalizations. Furthermore, we have introduced Jones’
family of distributions, the generalized Kumaraswamy and the generalized
Beta-generated distributions.

In the second chapter we have shown that, in the specific case described, the
problem of finding the maximum likelihood estimate of the skewness parame-
ter, which in general is not an easy task, can be solved easily using the Fisher
transformation if the parameters of the bivariate normal are supposed to be
all unknown and we fix both means and standard deviations equal to their
MLESs. It is well known that the Fisher transformation is adequate for n > 50
and that this approximation is more accurate, for small n, when p is close
to zero [37]. This begs the question as to how well the ACI method perform
when |p] is close to 1 and the sample size n is small or moderate. To investi-
gate this dependence we have conducted a simulation study to compare the
ACIT with another procedure to construct confidence intervals, the percentile
parametric bootstrap method (BCI). Comparison of the performance of the

confidence intervals is conducted in terms of their: (1) coverage probability,
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(2) length. The simulation study has revealed that ACI performs better in
terms of coverage probability. We see that, for the most part, actual coverage
levels vary but the ACI coverage is little larger and closer to the nominal cov-
erage. The differences between the two methods are particularly important
for small and moderate sample size. For example, for n =15 and p = —0.2
the 95% confidence intervals cover the true value only the 91% of times if we
use the BCI and the 94.2% using the ACI. The two methods are comparable
in terms of expected length. Results provided allow us to adopt the ACI
procedure to compute confidence intervals for A. The approximation used is
good enough to lead us always to prefer the ACI method. Results are not
satisfactory in terms of expected width when n is small and p is closed to
—1.

The main advantages of the ACI method are that it is based on a theoretical
approximation, and it give rapid solutions, even for very large sample sizes
n, whereas the percentile bootstrap can take hours.

Results of both examples are in agreement with the findings of the simulation
study.

The approximate method proposed here could also be applied to other types
of data, for instance to data coming from double measurements with the
same instrument, such as spirometry. Another potential application is epi-
demiological studies on twins (see Roberts (1966) [53]).

The results presented in this chapter has led to the writing of the article [48].
In chapter 3 we have worked with the class of Beta-generated distributions,
introduced recently in the literature.

We have introduced a new class of distributions, referred to as the Beta
skew-normal (BSN), which extends the skew-normal and the Beta-normal

distributions. For special values of the parameters this distribution also in-
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cludes the Balakrishnan skew-normal (SNB), the generalized Balakrishnan
skew-normal (GBSN) and a two-parameter generalization of the Balakrish-
nan skew-normal (TBSN). We have provide a mathematical treatment of the
new distribution. We have derived various properties of the BSN, including
the moment generating function, recurrence relations for moments and two
methods for simulating. Some results presented, for example theorems from
7 to 9, bounds for the moments and for the variance, can be adapted for other
distributions belonging to the family of Beta-generated distribution, such as
the Beta-normal.

The results obtained in this chapter are presented in the article [45] and in
the manuscript [47].

In chapter 4 we have introduced a new distribution which is defined by
means of a Kumaraswamy distribution. This new distribution is called Ku-
maraswamy skew-normal and is an important alternative model to the Beta
skew-normal. The KwSN represents a generalization of several distributions
previously considered in literature such as the Kumaraswamy-normal, the
skew-normal and the normal distributions. Some properties of the proposed
distribution are discussed. These properties include explicit expansions for
the density and the distribution functions, moment generating functions and
relation-ship with other distributions. The estimation of parameters is ap-
proached by the method of maximum likelihood and the elements of the
observed information matrix are derived.

The study of the KwSN distribution has led to the writing of the manuscript
[46].

However, much more work is in order, related to the investigation of the use-
fulness of the proposed models (BSN and KwSN) to analyse real data.

In the last chapter we have reviewed the theory of convex analysis and the
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theory of scoring rules.

A scoring rule is a special kind of loss function that measures the quality
of probabilistic forecasts based on the predictive distribution Q and on the
event that materializes x: S(x, Q).

Any proper scoring rule S has an associated generalized entropy function H.
In 1956 McCarthy ([16] of part 2) characterized scoring rules and their en-
tropy functions when the sample space is finite or the scoring rule takes finite
values. McCarthy’s theorem states that a scoring rule is proper if and only
if it can be expressed as the super-gradient of a concave function.
Subsequently, in 1971 Hendrickson and Buehler ([13] of part 2) proved this
theorem and gave a generalization in the continuous case.

In the this chapter we use convex analysis tools to generalize McCarthy’s
characterization. We have given generalizations of McCarthy’s theorem for
countable infinite sample spaces but with bounded score and for finite sample

spaces but with unbounded scoring rules.



Appendix A

The Lambert W function

In this appendix a brief description of the Lambert W function is pro-
vided. A detailed definition of W as a complex variable function, as well
as some historical background and various applications of it in Mathematics
and Physics, can be found in [20] of part 1, to which we refer.

The Lambert W function is defined to be the multivalued inverse of the func-

tion f(x) =xe*, i.e. the function satisfying
W(x)e" ™ =x. (A1)

This function has two real branches, which are represented in figure A.1. The
branch satisfying W(x) > —1 is denoted by Wy(x) and it is referred to as the
principal real branch of the W function. The other one, satisfying W(x) < —1
is known as the secondary real branch and is denoted by W_;(x).

As we can see from figure A.1, if x is real in the interval —é < x <0, there
are two real values for W(x): Wy(x) and W_;(x). If x > 0 there is a single real
value for W (x) which belongs to the principal branch. If x=—1 then there is

only one negative real value, Wy (—%) =W_ (—%) = —1. Finally, if x < —é

then there are no real values.

167



168

A. The Lambert W function

Figure A.1: The solid line shows Wy and the dashed line W_,

In the following theorem we intend to remind the general solutions of the

equations x*b* = ¢, which are expressed in terms of the Lambert W function

(see [34] of part 1).

Theorem 59. Let b, ce R, b>1 and n € Z. The solutions x € R of the
equations x"b* = ¢ are as follows.

e [fnis odd and c > — (#@)n or if n is even and ¢ >0,

e [fnisodd (md0>c>—<

X =

n

In(b)

=t (),

%y}

exln

Wi (lnib)ci) .
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o [fniseven and 0 <c < (e*lZ(b)) ’

v= o (_l"lff%z) or = W (_lnjf>cz) |
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