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Abstract

It is known that normal distribution plays an important role in analysing symmet-
ric data. However, this symmetric assumption may not hold in many real word and in
such cases, asymmetric distribution, including skew normal distribution, are known as
the best alternative. Constructing asymmetric distributions is carried out using the con-
ditional/selection approach of several independent variable conditioning on other set of
variables and this approach does not work well when the independence between variables
violated. In this work we construct an asymmetric distribution when variables are depen-
dent using a copula. Specifically, we consider the random vectors X and Y are connected

using a copula function C'x y and we study the selection distribution Z 4 (XY €T).
We present some special cases of our proposed distribution, among them, multivariate
skew-normal distribution. Some properties such as moments and moment generating
function are investigated. Also, numerical analysis including simulation study as well as
a real data set analysis are presented for illustration.

Keywords: copula, selection distribution, skew-normal, Gaussian copula.

1. Introduction and preliminaries

Although many of symmetric distribution such as normal, ¢, logistic, etc., are common dis-
tributions to analyze research data, still data from many applied fields exhibit asymmetric
behavior and thus there has been a sustained interest in the literature in constructing asym-
metric distributions to analyze data which are far from being symmetric. Most of the existing
asymmetric distributions for modeling non-symmetric data, consists of modifying a symmetric
probability density function by introducing skewness, among them skew-normal distribution,
which has been introduced independently by Roberts (1966), Aigner, Lovell, and Schmidt
(1977), Andél, Netuka, and Zvara (1984) and Azzalini (1985).

It has been said that the variable Z follows a skew normal distribution with parameter A, is
denoted by Zg, ~ SN (M), if its density can be written as

f(z) =2p(2)®(A2), =z€R, (1)

where ¢(.) is the standard normal density function, ®(.) denotes the standard normal dis-
tribution function and A is the skewness parameter. A general univariate form of these
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distributions, which is called skew-symmetric family, can be represented as a product of a
cumulative distribution function and a density distribution function.

Including the location and scale parameters p and o respectively, it is said that the univari-
ate random variable Z,, has a skew-normal distribution with mean p, variance o2 and the
skewness parameter A, if its density can be written as

ir(z) = 2¢(z; p, a%@(k%), zeR (2)

where o(.; u,0?) is the normal density function with mean p and variance o2, ®(.) and A
are as in (1). We adopt the notation Zs, ~ SN(u,0?;\) and it reduces to Zs, ~ SN())
if 4 = 0,0 = 1. Also it yields normal distribution N(u,0?) if A = 0. One approach for
constructing skew distribution functions is based on conditioning random variables. Arnold
(2002) Arnold, Beaver, Azzalini, Balakrishnan, Bhaumik, Dey, Cuadras, and Sarabia (2002)
has used this approach to obtain a skew normal distribution. Suppose that (X,Y") has a bivari-
ate normal distribution with standardized marginals and correlation p, where p € (—1,1). The
conditional density of X given Y > 0 follows a skew-normal SN () with A = p/+/(1 — p?). See
Arnold et al. (2002) and references therein for more details and the other scenarios. Moreover
substituiting Y € T instead of Y > 0 in the Arnold’s proposal, where T is a Borel measur-
able subset of R, the selection distributions has been introduced Arellano-Valle, Branco, and
Genton (2006). More specific, for two random variables X,Y € R the selection distribution
is defined as the conditional distribution of X given Y € T i.e., it is said that a random
variable Z € R has a selection distribution if Z < (XY € T), denoted by Z ~ SLCT(0)
with parameter(s) 6 depending on the characteristics of X, Y, and T'. Evidently, a well known
special case of these distributions is the skew-normal distribution.

In this context, a multivariate form of these distribution has been investigated in the literature.
Due to Arellano-Valle and Azzalini (2006), we say that a d-dimensional random vector Y has
a unified multivariate skew-normal distribution, (Y ~ SUNy, (§, 6, ©, I', A)), if it has a
density function of the form

D (6+ATQ ! (y—€); T —ATQ'A)

B, (3 T) yerR, @)

fY (y) = ¢d <y7 E; Q)

where pg4(., &, ) is the density function of a multivariate normal and ®,,(.; ¥) is the mul-
tivariate normal cumulative function with the covariance matrix 3. Based on the definition
(1) of Arellano -Valle et al. (2006), let V' € RP and U € R? be two random vectors, and
denote by T a measurable subset of R?. The selection distribution is defined as the conditional
distribution of V' given U € T, i.e., it is said that a random variable Z € RP has a selection
distribution if Z < (V|U €T), denoted by Z ~ SLCT, 4(0) with parameter(s) 8 depending
on the characteristics of U,V and T with its joint distribution as

2) — foU,V(u7v)du
FZ( )_ foU(u)du )

For more information about univariate and multivariate skew-normal distributions and their
updates, we refer to Azzalini and Valle (1996), Teimouri (2021), and Wei, Conlon, and Wang
(2021) as well as the books edited by Genton (2004) and Azzalini (2013).

The aim of this work is the study of selection distribution of copula related random vectors.
Based on Sklar’s theorem Sklar (1959), for a random vector X = (X1, Xo, ..., Xg), the related
multivariate cumulative distribution function Fix(x) : R? — [0, 1] can be expressed in terms
of its marginals Fx,(z;), ¢ = 1,2,...,d, and some d-dimensional copula function C' (shortly,
d—copula) such that

z € RP, (4)

Fx(z) = C(Fx, (1), Fx,(v2), ..., Fix,(%a)), (5)

where C : [0,1]% — [0, 1] satisfies the following three properties:
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1. grounded: C(uy,ug,...,uq) = 0 if, for some k < d, ug, = 0.
2. uniformly marginal: C(1,...,1,uk, 1,...,1) = uy for any k < d and all ux € [0, 1].

3. d—increasing: For all 0 <wuj <wup<landi=1,...,d

2 2
VK = Z . Z(—1)21+"'+id0 (uul, N ,udid) > 0.
tq=1

i1=1

We assume that all components of X are continuous random variables which guaranties that
copula C' is unique and hence its density, if exists, is just function ¢(.) such that

fX(w) = C(FXI (ml)v Fx, (xQ)v ) FXd(xd))H;'izlei(xi)v (6)

where fx(.) : R — R* is the joint density function of X and fy, : R — Rt i=1,2,....d
are respectively density functions of X;, i = 1,2, ...,d. For more details, refer to Durante and
Sempi (2015); Joe (1997); Nelsen (2006); Mesiar, Sheikhi, and Komornikova (2019).

Denoting the copula coupling random vectors X and Y as Cx y, we study the distribution

of Z 4 (XY € T). We consider the Gaussian copula. Denoting ® the standard normal
cumulative distribution and ®4(., R) the bivariate standard multivariate normal distribu-
tion function with correlation matrix R, it is said that random vector X is associated to a
Gaussian copula with correlation matrix R if

CO(uy, ug, ..., uq) = ®d(® (ul), @ (uz), ..., @ (ug), R) (7)

where ®~1(.) is the inverse function of the standard normal distribution function and R €
[—1,1]%%4 is a correlation matrix R In the sequel, we assume that the correlation matrix R
is invertible and all random variables are continues, so, the derivatives of their distribution
functions are exist. We assume this copula as a connection function of our variables in this
work. The rest of this paper is organized as follows. The main results are given in the next
section. In Section 3, we apply our results to do a simulation analysis. Also an application
of our theoretical results in a real dataset is given. Finally, some concluding remarks are
presented in section 4.

2. The main results

Let X = (X1, Xs,...,Xg) and Y = (Y7, Y5, ..., Y;) and the random vector (X,Y") is associated
with a (d + s)— copula function Cx y, then from the classical probability, we have the

distribution of Z £ X Y > p, as

f_zoo fAy XY (z,y)dydx
f}gAy fY(y)dy

= myj{ 7{ C(FXl(xl)v"‘7FXd(xd)’FY1(yl)v"‘7FYS(yS))nglez‘(aji)Hlein(yi)dydm
—o0 J Ay

Fz(z)

where Ay = {y € R¥|y > py} and py is the mean vector of Y, § denotes a corresponding
multi-integral and my = § Ay fY (y)dy. Differentiating with respect to z we readily obtain
the density of Z as

fz(z) = my?i (FX1(21); s Fx, (2p), Fyy (Y1) -5 By, (o)) fx; (20) 0 fy; (yi)dy - (8)
Yy

where ¢(.) is the density copula of (X,Y’). The following theorem states a more specific
version of (8) in which s = 1 and the selection is made on positive values of ¥ — p,,.
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Theorem 1. Assume that Cx y is the copula function of random vector X and the random
variable Y with marginal distribution functions Fx,, Fx,, ..., Fx, and Fy, then the distribution

of Z 4 XY > py is given by
fz(z) = my|fx(z) — O, fx,(2:)D12.4Cxy], z€R% 9)

0Cx vy
OFx, (21)0Fx,(22),...Fx ; (24

where Do, 4Cxy = ) if exist, otherwise 0.

Proof. We have
Fz(z) = myP(X1<2z1,Xo0< 29,..., Xqg< 24, Y > 1))
= my[P(X1 <21, X0 < 20,., X3 < 2g) = P(X1 < 21, X0 < 29,.., X < 20, Y < py)]
= my[Fx(2) = Cx v (Fx, (1), Fx,(22), - Fx,(2a), Fy (11y))]
using some chain rules we readily obtain
2Cx y OFx, (#z1) 0Fx,(22) 0Fx,(%4)
fa(z) = mylfx(z) - OFx,(21)0Fx,(22)...0Fx,(z5) 0z D9 D24 )
= my[fx(z) = I, fx,(2i)D12..aCx v]

which proves the assertion. O

Corollary 1. Let X be a vector of random variables that have multivariate standard nor-
mal and Y has a standard normal so that they are connected via the Gaussian copula with

correlation matrix R, then the distribution of Z 4 XY > py is

Fz(2) = 20(2, Q) ( o 2 ), zeR (10)
VA = 2P\ %, A )

VIQR|
where Q is the correlation matriz of X and of = (—|R|aia .... — |R|aiq) where ay;, i =

2,3, ...,d, are the elements of the first row of matrizc R™1.

Proof. Since m,, = 2, similar to the proof of Theorem 1 we have

Fz(z) = 2[(13(,2) - CX7y<(I)(Zl), ceuy (I)(Zd),(p(()))]

and again using some chain rules we have

fz(z) = 2[p(z,Q) -1 px,(2:) D12, aCK")
»(z,9) al'z
= 2[p(2,9Q) - T px, (=) (- )]
[ I ex () /IQIR]
— 2p(z n)¢(i) zeRY
7 VIQIR[” 7
which is 10. ]
Remark 1. Putting d = 2 in (10), after some algebras, the density function (Z1,Z)T" 4
(X1, X2)T|Y > 0 will be
[21,2,(21, 22) = 2pp(21, 22, Q)P (121 + @222), 21, 22 €R, (11)
where
o = P1 — P12pP2
V=)A= ply = pf = p3+ 2p12102)
ay = P2 — P12pP1

V= p2,) (1= ply — p2 — p3 + 2p12p1p2)
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I pi2

) 1 ), which has been presented
12

with p12 = px, x, and p1 = px, )y, p2 = px,,y and ) = (
by Azzalini and Valle (1996).

We can generalize or simplify this distribution by considering any related copula or marginals.
For example, if the marginal distributions of the random variable X are standard normal,
while Y follows an arbitrary distribution, say Fy (y), with mean p,,, then we may present the
following results.

Corollary 2. let X be a vector of random variables that have multivariate standard normal.
If Y has a distribution function Fy(y) and X andY are associated with a Gaussian copula

with correlation matriz R, then the distribution of Z 4 XY > py is

o7z o7 (Fy ()

fz(z) = myp(z, Q)( - ), z€eR? (12)
VIQ[R]| VIR
Proof. The proof is similar to the proof of Corollary 1 and is omitted. O

0) and cor-

Corollary 3. let X| and Xo have a normal bivariate distribution with mean (0

relation matriz @ = (pl ’Oi2>. If Y has a distribution function Fy(y) and X and Y
12

are associated with a Gaussian copula with correlation matriz R, then the distribution of
d .
Z =X|Y > py is

F2(2) = myo(z, D (p1 — p12p2)21 + (p2 — p12p1)22 TN By ()1 - ply
= myp(z,
V(= ph) (A= ply = p1 = P3 +20120102) /1 —pTy—pT —p + 2(/)12);)1/)2
13
Proof. The proof is similar to the proof of Corollary 1 and is omitted. O

Corollary 4. Under the assumptions of corollary 2 the moment generating function (mgf)
of the random variable Z is

tTQt. _aTQt — o (Fy(uy)) Q|
Mz(t) =m, ex P Y
(t) = my cap(5) YT e

). 1
Proof. From the definition of the mgf function we have

Mz(t) = /R k etz f5(2)dz

-1 T o IR VIQ
/nlz’y - / €$p(7(ZT|Q‘71Z . 2tTZ)(I)( a”z _ ( Y(My)) ‘ |)dz
(2m)2 |2z JRE 2 VIR |R|
trat. a7t — oY (Fy(uy))|Q
= my exp( ) ( = Y )
2 \/]Q|]R| + ot Qo

7Ot O (Fy (1y))192]
®(pit1 + pata + -+ + pata — 4 .
9 ) (P1 1T P22 Pdtd \/| s a)

= my exp(

where p; = px, vy, t =1,2,...,d, which is 14. O

As a quick result of the previous corollary, derivation of mgf and getting the torques, we have
can obtain mean, variance and covariances of these random variables, respectively as

pi = myp; ¢(—hy,), i=1,2,...d

o7 = my®( — hy,) +mypihu, d(—hy,) — (mypi d(—hy,))?, i=1,2,...d
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oij = Mypij®(—hy,) +mypipjhyu, d(—hy,) — mz PiP; qb(—huy)z, i#j=12..d
where PX;,Y = Pi, PXJ-,Y = Py, "'7pXi,Xj = Pij i,j = 1,2, ,d
The following remark brings a special case of the above results when the components of

random vector X are independent and generalizes the results of Arnold et al. (2002) and
those obtained by Azzalini and Valle (1996).

Remark 2. Let X be a standard normal random vector and let Y has a distribution func-
tion Fy (y) and they are associated with the Gaussian copula with correlation matriz R with

px;x; =0, i#j=12,..d, then the distribution of Z 4 XY > py is

E?:lpiZi — q)_l(FY(My)))
1 -8, 7

fz(z) = myﬂlego(zi)@( , Z € R, (15)

Pi

\/ 1- 2?:197,2

fz(2) = myliL p(2) @ (S N (Fx, (21) — /1 + S 0207 (Fy (1y)), =z € R,

if Y follows the normal distribution as well.

Also, denoting with \; = i =1,...,d, the distribution (15) simplifies to

It is known that, besides of the aforementioned “conditional method”, there is another “trans-
formation method” that can be employed to construct an asymmetric distribution, see e.g.,
Azzalini and Capitanio (2003). In this regards, under the assumptions of corollary 2 and if
pi =px,y € (—1,1), i =1,2,...,d we may define

where H(.) is a measurable function, then the distribution function Z = (71, Zs, ..., Z4)" will
be

Fz(z) = /DdHC’G“(ul,uQ,...,ud,v) dFy,(y), (17)
i — pih .
where Dgy10%(uy, us, ..., ug, v) = ;CGG(Ul,UQ,...,Ud,’U), and u; = @(w),z =
v 2
(1—p7)

1,2,...,d and hence, the density function fz(z) will be obtained accordingly.

As a special case, If Y has a standard normal distribution and H(.) = |.|, we will reach to the
results of Azzalini and Dalla Valle Azzalini and Valle (1996). In this case, the joint PDF of
Z = (Zl,ZQ, ...,Zd) is as

fz(z) = ngd(z,ﬂ)@)(aTz), z e RY, (18)
where

Ty-1A-1
OZT: AYTA 1
(14 ATw—1))2
. 1 !
A = diag((1 — p})2, ..., (1 — p?2)2),
A= (2 )
V(1=p?) V(1-p3)
Q=AT+ 1A,

9

where pg(z, Q) denotes the density function of the d-dimensional multivariate normal distri-
bution with standardized marginals and correlation matrix €2.
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3. Parameter estimation

In order to estimate the parameters of the proposed distribution, we apply the maximum
likelihood (ML) method. First, focusing on the distribution (15) we find ML estimation of
its parameters. Taking in mind that the ®~1(Fy (u,)) part in this distribution may include
parameter(s), in order to find a closed form of estimators we assume that the distribution
of Y dose not contain any parameters and so, ®~(Fy(p,)) will be constant. Let z; =
(215,225, y24)T, § = 1,2,...,n, and 21,22, ..., zn be a sample of size n from distribution
(15) in which ®~1(FY (1)) is free of parameter, then likelihood function is

Lo(A, A2+, 0d) = falZ1, 0 203 A1, A, -+, Ag)

=m0 (2 I B(SE Nz — /1 + 2402071 (Fy (1))

and its log-likelihood will be

01, Ag; 21, 22) = nlnmy, + E?Zlﬂfl:llngo(zi]) + 37, Ind(% 4 Nizij — 1+ 2L N0 (Fy (1))

Then, derivatives with respect to A1 and Ao, - - - , Ay yield the following simultaneous equations:

( MP1I(F, .
Ao ®1(F, .
:# or BT Ny W (Frlm) =0, 5=1,n

— Ma® () H(EL Nizij — /1 + 2L YFy(uy) =0, j=1,..,n

o
[ 4 N4ESTEDY:

So, from the first equation we have

. 14 .
Al = £J , 7=1,2,...,n, or A = *+oo.

VO E ) - B2

In order to assess the local concavity of E()\l, Ao, - )\d, z1,22," , Zn) we observe that it’s
Hessian matrix is negative semi-definite at A and A2,--- , Ag. Hence, we have

. z1lj , R

pl = 7=12,...no0r p ==1

O (Fy(py))’
but, p1 = £1 is unacceptable because pl € (—1,1). So

N z1y .
pl:_iv .7:1727"'7n
¢ 1(Fy(ﬂy))

Using a similar manner it can be obtained:

. z2j . zdj )
p2: — i’...7pd:77 s j:172,...7n.
¢ 1(Fy(:uy)) ¢ I(Fy(/‘y))
As another and a general case, consider z; = (215, 22;, - - ,zdj)T, 7=12...,n,let z1,22,...,zn

be a sample of size n from distribution (12) in which ®~1(FY (y,)) is free of parameter, then
likelihood function is

Ln(pispt) = fu(21, s 20} pis pi1)
Tzj @ NFY Q
= Ml (2, QI = 1D (—t ( (uy))m)

VIR VIR
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Sothat i =1,2,--- ,dand k=1,2,--- ,d—1,1=2,--- ,d and its log-likelihood will be

alzj  @NFY (1) 19
VIR VIR|

Upi, pri) = ninmy + X5 Inp(z), Q) + Xj = 1"Ind( )-

By deriving with respect to p;, ¢ = 1,2,...,d we have

D o) = CFIVIRIQ| - MiaT 2 + 1| Q2 & (Fy (1))
pi " |R[|€2]
(o= _ <I>’1(FY(uy))\/@)
VI2IIR] VIR|
(ol _<I>*1(FY(uy))\/ﬁ)’
VIQIIR] VIR|

where o = aa T, M = ap |R||©2| and r; = ap VIR

and the derlvatlon Wlth respect to pp;, k= 1 2, ,d—=1,1=2,--- ,d yields:

¢'(24, Q)
——(pi, = ——av
8Pkl (p Pkl) QD(Z‘],Q)
. . L
b, zi /IR — MEUaTzj — (\/|Q)'VIR||QUSH(EY (1y)) + 1|22 @71 (Fy (1))

|R[|€2]

¢( ol'zj _ O—H(FY (uy)) V ‘Q|)
VIQIR] R
(ofzi _ @fl(mﬂy))\/\m)’
VIQIR] VIR

where ¢'(z7,Q) = %g@(zj, Q) and okl = %O&T and M}, = apkl\/\RHQ| and 7, =

8,% \/|R|. Hence, the numerical solution of the simultaneous equations 3 —(pi, pr1) = 0 and
Pi

0
%E(pi, pri) = 0 will give the estimated values of the parameters, see the next section for

illustration.

4. Numerical analysis

In order to assess the performance of our proposed distribution and compare its goodness of
fit with the traditional skew-normal distribution, we used a simulation study.

4.1. Simulation study

Applying a Monte Carlo simulation study, we consider the following three cases.

Case 1. We generated n = 1000 sample from a four dimensional distribution of random
variables X1, X2, X3 and Y which are connected using a Gaussian copula with px, y = 0.5,
Px.,y = 0.6, px,y = 0.7 and px;x; =0,1<i<j<3. Also, we assumed that X7, X, X3

0
come from trivariate standard normal distribution with mean | 0 | and correlation matrix
0
1 00
Q=10 1 0] and Y follows an exponential distribution with A = 10. Table 1 summarizes
0 01

AIC and BIC and HQC values for the goodness of fit for our proposed copula-normal distri-
bution and skew-normal one. As seen from this table, the copula-skew distribution behave
superior to skew-normal.
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Table 1: AIC, BIC and HQC of copula-skew and skew-normal for Case 1. of simulation

Estimation skew-normal copula-skew

AIC 1148 1101
BIC 1192 1145
HQC 1162 1116

Case 2. We generated n = 1000 sample from a three dimensional distribution of random
variables X1, X2 and Y which are connected using a Gaussian copula with px, y = 0.8,
Px,y = 0.5, px, x, = 0.6. Also, we assumed that X1, X2, a normal bivariate distribution with
1 0.6
0.6 1
with 5 degrees of freedom. Table 2 summarizes AIC, BIC and HQC values for the goodness
of fit for our proposed copula-normal distribution and skew-normal one. As seen from this
table, the copula-skew distribution behave superior to the skew-normal.

mean (8) and correlation matrix 2 = and Y follows an chi-squared distribution

Table 2: AIC, BIC and HQC of copula-skew and skew-normal for Case 2. of simulation

Estimation skew-normal copula-skew

AIC 1920 1917
BIC 1947 1945
HQC 1931 1928

Case 3. We generated 1000 random samples for X;, X5 similar to the case 1 and using
Y =0.1X; 4+ 0.3X3 + v where v ~ Beta(2,3), we generated 1000 cases for Y. We found that
1 0.6 0.84
they are related with the correlation matrix R = | 0.6 1 0.5 | through the Gaussian
0.84 0.5 1
copula. Table 3 summarizes AIC, BIC and HQC values for the goodness of fit for our proposed
copula-normal distribution and skew-normal one. As seen from this table, the copula-skew
distribution behaves superior to skew-normal.

Table 3: AIC, BIC and HQC of copula-skew and skew-normal for Case 3 of simulation

Estimation skew-normal copula-skew

AIC 2287 2285
BIC 2315 2313
HQC 2398 2397

4.2. Real data

Regarding to apply our previous material in a real data set analysis, we considered the well
known data set collected by Australian Institute of sports (AIC)Cook and Weisberg (2009).
This date set is compressing of biological characteristics of 202 Australian athletes in both
sexes (102 males and 100 females) and was studied as an example of skew-normal data in
the literature Azzalini and Valle (1996); Azzalini and Capitanio (1999). We examined the
variables height (Ht) and body weight (Wt) and hematocrit (HCT) and observed that Ht and
Wt followed normal distribution with mean 180 and variance 95 and mean 75 and variance
194, respectively. HCT followed exponential distribution with mean 43.

Moreover we found that these three variables were connected via a Gaussian-copula with
values of correlations p1, = 0.37 and pg, = 0.42 and p12 = 0.78. By conditioning the
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distribution of (‘I/{/tt) given HCT greater than 43, from (15), the distribution of

. Zl d Ht
2= (2) % (1) wer -

was fitted as

1 0.042 0.131 &~ 1(Fy(43))4/0.39
fZ(Z) = M@(«Zl?«zQ,Q)@( 1 * ~2 — ( Y( )> ), VA R

P(y > 43) v/0.12 0.32
1 0.78
where 2 = <O.78 1 )

In order to compare the goodness of fit of this distribution, we compare its AIC, BIC and
Hannan-Quinn criterion (HQC) with those of skew-normal’s one. A graphical representation
of these criterions for these two distributions is presented in figure 1 and their AIC, BIC
and HQC are calculated in table 4. Comparing the AIC, BIC and HQC values of this table
and seeing figure 1, we conclude that implementing the dependence between variables Ht and
Wt and HCT and constructing the copula-skew distribution yields an improvement to the

fitting the distribution of Z = (§1> 4 (g/i) |[HCT > 43, in contrast to the traditional
2

skew-normal distribution.

Table 4: AIC, BIC and HQC of copula-skew and skew-normal for (Ht, Wt)|HCT > 43

Estimation skew-normal copula-skew

AIC 490 489
BIC 509 508
HQC 498 497
copula-skew copula—-skew
A
skew-normal skew-normal

7

Figure 1: Performance of skew-normal and copula-skew (Ht, Wt)|HCT > 43

Moreover, we examined the variables height (Ht) and white blood cell (WBC) and Protocol-
buffer Binary Format (PBF) observed that they are associated to a Gaussian-copula with
values of correlations p1, = 0.11 and p2, = —0.19 and p12 = 0. Ht followed normal distri-
bution with mean 180 and variance 95 and WBC followed a normal distribution with mean
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7.1 and variance 3.2, respectively. Also, PBF followed generalized Pareto distributions with
location parameter 5.38 and scale parameter 11.01 and shape parameter -0.35. By calculat-

ing the mean of PBF and conditioning the distribution of < given PBF greater than

Ht
WBC
uppr = 14, from (15), the distribution of

o Z1 i Ht
2= (2) 4 () psr s

was fitted as

21 —0.1929 — &1
fz(z):fww(zl)sﬂ(@)q’(o.n : 01% (FY(M)))a z€eR.

A graphical representation of these two distributions is presented in figure 1 and their AIC

and BIC and HQC are calculated in table 5. Comparing the AIC and BIC and HQC val-

ues of the table 5, we conclude that implementing the correlation between two variables Ht

and WBC and PBF yields an improvement to the fitting the distribution of Z = <§1> 4
2

WBC

1 and 2 for more details.

Ht
< ) |PBF > 14, in contrast to the traditional skew-normal distribution. See also figures

Table 5: AIC, BIC and HQC of copula-skew and skew-normal for (Ht, WBC)|PBF > 14

Estimation skew-normal copula-skew

AIC 439 439
BIC 458 457
HQC 447 446
copula-skew copula-skew
skew—normal skew-normal

z1

ﬁ ] &y//

Figure 2: Performance of skew-normal and copula-skew for (Ht, WBC')|PBF > 14

5. Conclusion

Assuming that random vectors are connected using a Gaussian copula, we used a selection
method to construct a copula based asymmetric distribution. Our proposed distribution in-
cludes some well-known multivariate and bivariate skew normal distributions which have been
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introduced in the literature. We carried out a simulation analysis and observed that taking
into account the relationship between variables will improve goodness of fit of constructed
distribution. Also, we have applied this distribution to analyze a real data sets of athletic
sport data.

The subject of this work may be extended in many scenarios. Although we have considered
the Gaussian copula as coupling function, one may assume some other type of copulas. As a
generalization of this work, we address the family of elliptical copulas in our next work. Since
the copula functions have flexibility to reflect the non-linear relationships between variables,
so constructing an asymmetric distribution from nonlinear dependent variable would be of
interest. Moreover, the approach of this work can be extended for modeling high-dimensional
asymmetric dependence patterns, see, e.g., Wei, Kim, Choi, and Kim (2019); Kurowicka and
Cooke (2006). Finally, it is well known that the asymetric distributions are frequently used as
an approach to model the behavior of order statistics, see e.g., Loperfido (2008) and Sheikhi
and Tata (2013). Our copula skew distribution will be used in this subject as well as in
concomitants of order statistics.
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