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Abstract: The univariate power-normal distribution is quite useful for modeling many types of real
data. On the other hand, multivariate extensions of this univariate distribution are not common in the
statistic literature, mainly skewed multivariate extensions that can be bimodal, for example. In this
paper, based on the univariate power-normal distribution, we extend the univariate power-normal
distribution to the multivariate setup. Structural properties of the new multivariate distributions
are established. We consider the maximum likelihood method to estimate the unknown parameters,
and the observed and expected Fisher information matrices are also derived. Monte Carlo simulation
results indicate that the maximum likelihood approach is quite effective to estimate the model
parameters. An empirical application of the proposed multivariate distribution to real data is
provided for illustrative purposes.

Keywords: distribution theory; maximum likelihood estimation; multivariate models; parametric
inference; skewed distributions

1. Introduction

Asymmetric univariate distributions that can be used for explaining real data which are not
adequately fitted by the usual normal distribution were studied in Azzalini [1], Fernandez and Steel [2],
Mudholkar and Hutson [3], Durrans [4], Pewsey et al. [5], and Martinez-Flérez et al. [6], among others.
In particular, Azzalini [1] has considered a general structure for asymmetric distributions in the
univariate setting, which is given by

pa(zA) =2f(2)G(Az), z€R, )

where A € R controls the amount of asymmetry in the distribution, f is a symmetric (around zero)
probability density function (PDF), and G is an absolutely continuous cumulative distribution function
(CDF). The special case f = ¢ and G = & corresponds to the well-known skew-normal (SN)
distribution, where ¢ and ® are the PDF and CDF of the standard normal distribution, respectively.
We have that ¢4 (z; A = 0) = f(z). The skew-normal distribution have been extensively studied in the
statistic literature. To mention a few, but not limited to, the reader is referred to Henze [7], Chiogna [8],
Pewsey [9], Gomez et al. [10], and Gémez et al. [11], among many others. Another important reference
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regarding univariate asymmetric distributions is the work of Durrans [4], who introduced the fractional
order statistics distribution with PDF given by

¢gp(z ) = af(2){F(z)}*"!, z€R,

where & > 0 is a shape parameter that controls the amount of asymmetry in the distribution, F is
an absolutely continuous CDF, and f = dF is the corresponding PDF. The special case F = &
corresponds to the well-known power-normal (PN) distribution (Gupta and Gupta [12]). Note also that
¢p(z;a = 1) = f(z). It is worth emphasizing that the fractional order statistics distribution studied
by Durrans [4] is very flexible and, in addition, the corresponding expected Fisher information is not
singular at & = 0. On the other hand, the expected Fisher information matrix for the SN distribution
introduced by Azzalini [1] is singular at A = 0. Therefore, the fractional order statistics distribution
has this interesting advantage in relation to the SN distribution.

The univariate models previously mentioned are only adequate for fitting unimodal data.
A univariate bimodal distribution was introduced in Bolfarine et al. [13], whose PDF is given by

¢p(z 0, B) = 2ucaf(z) {F(2])}* ' G(Bz), z€R,

where o > 0, § € R, F is an absolutely continuous CDF with PDF f = dF symmetric around zero,
G is an absolutely continuous CDF which is symmetric around zero, and ¢, = 2*~1/(2% — 1) is the
normalizing constant. In particular, if F = G = ®, then we have the univariate asymmetric bimodal
power-normal (ABPN) distribution. We use the notation ABPN(S, «) to refer to this univariate
asymmetric bimodal distribution. It follows that the ABPN distribution is bimodal for &« > 1,
and unimodal otherwise. Additionally, B = 0 leads to a symmetric (around zero) bimodal distribution,
and we use the notation BPN(«) to refer to this univariate symmetric bimodal distribution. Note also
that ¢p(z;& = 1, B) = 2f(z)G(Bz) and hence the ABPN distribution reduces to the PDF in (1) when
a=1.Also, pp(z;a =1, =1) = f(2).

In this paper, we generalize the univariate ABPN distribution to the multivariate setting by using
the approach in Arnold et al. [14]. The new multivariate distributions we propose are quite flexible and
therefore can be very useful in analyzing many types of multivariate real data which occurs frequently
in practice. Additionally, maximum likelihood (ML) estimation is implemented, and (observed
and expected) Fisher information matrices are derived. Finally, extensions to multivariate elliptical
scenarios are also discussed. It is worth emphasizing that an important claim to introduce new
multivariate distributions relies on the fact that the practitioners will have new multivariate models
to use in multivariate settings. Additionally, the formulae related with the new multivariate models
are manageable and with the use of modern computer resources and its numerical capabilities,
the proposed multivariate models may prove to be an useful addition to the arsenal of applied
statisticians. We hope that the new multivariate distributions introduced in this paper may serve as
alternative multivariate models to some well-known multivariate models available in the statistical
literature as, for example, the multivariate SN distribution [15], and the conditional multivariate SN
distribution [14], among others. We also hope that the new multivariate models may work better
(at least in terms of model fitting) than some multivariate distributions available in the literature in
certain practical situations, although it cannot always be guaranteed.

The paper is organized as follows. Section 2 presents a short revision of existing asymmetric
multivariate models, which are used to fit unimodal data. In Section 3, we consider the symmetric
multivariate PN extension with possible bimodality. ML estimation is also implemented in this
section. Section 4 is devoted to the study of the asymmetric multivariate PN model with extension
implemented to the location-scale situation. ML estimation is also considered in this section. Real data
application is presented in Section 5. The real data illustration shows that the new multivariate
distribution can be better in terms of model fitting than unimodal alternative multivariate models for
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analyzing multivariate data. Multivariate extension of the univariate PN model in the elliptical context
is considered in Section 6. In Section 7 some concluding remarks are provided.

2. Multivariate Skew Models

In the last two decades, statistical literature has given great emphasis on multivariate extensions
of the SN model. Important extensions are the multivariate SN distributions (Azzalini and Dalla
Valle, [15]), the conditionally specified multivariate SN distribution (Arnold et al. [14]), and the
multivariate alpha-power model (Martinez-Flérez et al. [6]), among others. The multivariate SN
distribution has been studied by several authors, including Azzalini and Capitanio [16], Gupta and
Huang [17], Gupta et al. [18], and Genton [19]. Extensions of this model have been the subject of
study in Arrellano-Valle and Azzalini [20,21], Arellano-Valle and Genton [22], Gupta and Chen [23],
and Gupta and Chang [24]. The d-dimensional SN PDF can be expressed as

204(x - QPN w (x—p)), xR,

where ¢;(x — u; Q) is the joint PDF of a multivariate normal distribution, Q) is a d x d positive
definite variance-covariance matrix, u € R? is the location parameter, A € R¥ is a parameter vector
which controls skewness, and w = diag{w;, ..., w;} is a diagonal matrix composed by the standard
deviations from the variance-covariance matrix Q2. We use the notation SN, (u, Q, A) to refer to this
distribution; see Azzalini and Capitanio [25] for more details about multivariate SN models. Another
useful multivariate model based on conditional SN distributions was studied in Arnold et al. [14],
whose joint PDF takes the form

Lo ()| (1 (57)) =
— DA - , e RY,

where y; € Rand w; > 0 (for j = 1,...,d) are location and scale parameters, respectively, and A
is a shape parameter. We use the notation SNC;(p, w, A) to refer to this distribution. Similarly to
the univariate setting, the expected Fisher information matrix for the multivariate SN distribution

2

is singular at A = 04, where 0; denotes a k-vector of zeros. On the other hand, expected Fisher
information matrix for the conditional multivariate SN distribution is not singular at A = 0.

3. The Symmetric Multivariate PN Distribution

The multivariate SNy (p, Q,A) and SNC; (¢, w, A) models presented in Section 2 are alternative
models to the multivariate normal distribution for fitting multivariate asymmetric data.
However, these multivariate distributions are only adequate for fitting unimodal data. Therefore, it is
interesting to develop new multivariate models (and simple as well) that are able to adequately fit
data with possible bimodality.

3.1. The New Model

Initially, we define the symmetric multivariate PN (MBPN) distribution, whose joint PDF is
given by

d
i) = () [ Toge (@507, xR,
]:
where ¢;(x) := ¢4(x; I;) is the joint PDF of a d-dimensional multivariate normal distribution with
standardized marginals, I; is the identity matrix of order d, &« = (a,...,a4) is the d-vector of shape

parameters, and ¢y, = 2%~1/(2% — 1) is a normalizing constant. We use the notation MBPN (&) to
refer to this new multivariate distribution. We have the following proposition.

Proposition 1. Let X = (Xy,...,X;) ~ MBPN,(«). We have that
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1. Xj~BPN(aj)forj=1,...,d.
The joint PDF of X is symmetric.
3. The product moment of X is

N

0, ifany r; is odd,

AN RLy Hd E( ]’ﬁr) ifall r; are even,

E(X{'X2. X[ =

where E(X]rﬁr) is the moment of the positive part of X; ~ BPN(«;).

4. The joint PDF of X is multimodal if a; > 1forj=1,...,d.

Let d = 2 and hence we have the bivariate BPN model. Thus, differentiating f(x; a) with respect
to x; for j = 1,2 and equating to zero, we obtain

xi|P(]x;
0(]'71:7' ikl ]D, j=1,2. )
¢(x;)
fo<a i <1lin (2), then there is no solution. Moreover, for aj=1 the bivariate normal distribution
has solution x; = 0, and for a; > 1 we obtain two solutions: x; = —(a; — 1)¢(x;) /P(—x;) for x; <0,
and x; = (a; — 1)¢(xj)/P(x;) for x; > 0. For these solutions we have the determinant

azf azf

D— B;c axzzaxl ,
orf ’f
0x10X2 ox3

where f := f(x; «). Evaluating D at the critical points it follows that

2
D >0 and af>0, fora; <1 and ap <1,

92
D >0 and E)f<0' foraq >1 or ap > 1,
x?

and so we conclude that the joint bivariate PDF is bimodal if &1 > 1 or ap > 1.

3.2. Inference

We consider the ML procedure to estimate the parameter vector & € R of the MBPN(«)
distribution. Let x; = (x11,...,%14)", ..., x» = (%41,...,X,4)" be an observed sample of size n from
X = (X1,...,X;)" ~ MBPNy(&). The log-likelihood function takes the form

d n d
O(a) =n) [log(a;) +log(ca)] + ) ) log(p(xj))
j=1 i=1j=1
n d
+3 ) (& — Dlog(P(|xii]).
i=1j=1
The ML estimate @ = (ay,...,%;)" of « = (ay,...,a4) is obtained by maximizing the

log-likelihood function ¢(«) with respect to a. The maximization can be performed, for example,
in the R software (R Core Team [26]) by using the optim(...) function. The partial derivatives of the
log-likelihood function with respect to the model parameters become

) n n log2

n
=— - 1 i=1,...,4d
a[X]' [X]' +Z Og |xl]| ] 7 7
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The ML estimate @ = (@1,..., &)’ can also be obtained by solving simultaneously the nonlinear
system of equations d¢(«)/ daj = 0 forj = 1,...,d, which has no closed-form and, hence, the ML
estimates need to be obtained through a numerical maximization of the log-likelihood function using
nonlinear optimization algorithms.

Since the new MBPN distribution corresponds to a regular ML problem, we have that the
standard asymptotics apply; that is, the ML estimators of the model parameters are asymptotically
normal, asymptotically unbiased and have asymptotic variance-covariance matrix given by the inverse
of the expected Fisher information matrix. Let L(«) be the expected Fisher information matrix.
So, when 7 is large and under some mild regularity conditions (Cox and Hinkley [27]), we have that
V(& — &) ~ Ny(04,Z(x) 1), where ~ means approximately distributed. It can be shown that

% (x) = diag {a;Z —281(2% —1)"2(log2)?,..., a 2 — 2% (2% — 1)*2(1og2)2} .

Therefore, we immediately observe that the parameters «;’s are globally orthogonal (Cox and
Reid [28]). The above asymptotic normal distribution can be used to construct approximate confidence
intervals (CI) for the model parameters. Let 0 < & < 1/2 be the significance level. The asymptotic
Clof aj given by @; + @1 (1 — 8/2) se(;) for j = 1,...,d, with asymptotic coverage of 100(1 — ¢)%.
Here, se(-) is the square root of the d1ag0na1 element of L(a)~! corresponding to each parameter
(i-e., the asymptotic standard error), and ®~!(-) denotes the standard normal quantile function.

3.3. A Short Simulation Study

We conduct Monte Carlo simulation experiments in order to explore the performance of the
ML method in estimating the MBPN;(«) model parameters in finite-samples in the bivariate case
(i.e., d = 2). Parameter values to generate the data are w; = 0.5, 1.5 and 2.5, and ay = 0.25, 2.5 and 4.75.
Sample sizes considered were n = 50, 250, 500 and 1500. In this study, 10,000 random samples were
generated for each sample size. To generate random variates from (X3, X)" ~ MBPN;(a) distribution,
we generate two independent uniform random variables, say U; ~ U(0,1) and U, ~ U(0, 1), such that

Uy <1/2 and Uy < 1/2,
U; <1/2 and Uy > 1/2,
Uy >1/2 and Uy < 1/2,
U; >1/2 and U, > 1/2,

(Ui, Uy) =

fori =1,...,n,leading to the following relation

“1(1—2(1 -2~ U™ , —p-1(1-2(1— 2**z)u2)1/“2> ,

1( —2(1— 27UV, el (27 (22 — 1)(Uy — 27 1) +1) ),

L2-m(22m —1)(Uy —271) + 1)/, —o~1 (1 —2(1 —27%2)Up) /™),
2@ —2

(X1i, Xai) = o
Temeet -y -2 ) ) e (2 eEe - )t -27) +1) ).

(O
o —y

The ML estimates are evaluated by considering the following quantities: the empirical mean,
and squared root of the mean squared error (v MSE), which are computed from 10,000 Monte Carlo
replications. All simulations were performed using the R language with the optimization of the
log-likelihood function obtained by using the optim(. ..) function. From Tables 1 and 2, it is evident
that the performance of the ML estimators of the MBPN model parameters is good; that is, they are very
close to the true parameter values in all cases, and the v/ MSE decreases as the sample size increases,
as expected, since the ML estimators are consistent. In short, the numerical results provide a clear
indication that the ML method can be used quite effectively to estimate the MBPN model parameters.
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Table 1. Empirical mean.

2] (%
®q 1'% n=50 n=250 n=500 n=1500 n=50 n=250 n=>500 n=1500

025 0.5914 0.5416 0.5201 0.5158 0.5286 0.3117 0.2644 0.2462
05 25 05776 0.5501 0.5328 0.5180 2.5586 2.5168 2.4898 2.4932
475 0.5932 0.5571 0.5386 0.5226 4.8880 4.7870 4.7658 4.7476

0.25 1.5205 1.5172 1.5123 1.5048 0.5386 0.3188 0.2675 0.2465
1.5 25 15551 1.5156 1.5083 1.5058 2.5399 2.5151 2.5067 2.5046
475 1.5492 1.5200 1.5131 1.5119 4.8714 4.7635 4.7601 4.7526

025 2.5295 2.5212 2.5108 2.5093 0.5439 0.2921 0.2740 0.2497
25 25 25234 2.5207 2.5174 2.5078 2.5258 2.5071 2.5063 2.5054
475 2.5300 2.4895 2.5027 2.5008 4.7690 4.7672 4.7608 4.7467

Table 2. Squared root of the mean squared error (v MSE).

3] 73
nq 1'% n=50 n=250 n=500 n=1500 n=50 n=250 n=1>500 n=1500

025 0.5875 0.2920 0.1951 0.1212 0.5204 0.2621 0.1967 0.1274
05 25 0.5788 0.2910 0.2010 0.1196 0.8049 0.3493 0.2366 0.1381
475  0.5689 0.2846 0.1874 0.1091 0.8985 0.4181 0.2827 0.1633

025 0.7280 0.3054 0.2272 0.1282 0.5066 0.2632 0.1933 0.1254
1.5 25 0.6811 0.3112 0.2146 0.1244 0.7990 0.3535 0.2453 0.1363
475 0.7376 0.3048 0.2087 0.1220 0.9571 0.4146 0.2867 0.1655

025 0.7814 0.3280 0.2308 0.1291 0.4912 0.2560 0.1994 0.1269
25 25 0.7382 0.3387 0.2322 0.1339 0.7812 0.3373 0.2445 0.1437
475 07911 0.3263 0.2348 0.1340 0.9670 0.4077 0.2900 0.1685

3.4. Location-Scale Extension

The joint PDF of the MBPN model in the location-scale context is simply given by

Béj*l
) } , X€E ]R"l,

where A = diag{n,..., 4} with y; > 0 (for j = 1,...,d) being scale parameters,
and &= (&,...,&) €R? is a d-vector of location parameters. We shall use the notation
MBPNy (&, 7,a), where y = (171, ..., 14)

Xj— G

d
fx8na) = ¢alx—&A) ] Taje {q) (
-1 g

4. The Asymmetric Multivariate PN Model
4.1. The New Model

Although the MBPN model defined in Section 3 can present multimodality, it corresponds to
a symmetric multivariate distribution. An immediate extension for fitting asymmetric (possibly
multimodal) multivariate data is given by the joint PDF

d
f(x;, B) = 2¢4(x) Hocjc,xj {@ (|xj]) }“ffl ®(f'x), xeRY,
=

where B = (B1,...,B4) € R? is a parameter vector which controls skewness. The above joint
PDF corresponds to the multivariate extension of the univariate ABPN model, and we shall use
the notation MABPN,(a, B) to refer to this multivariate distribution. Let d = 2 and hence we have
the bivariate ABPN model with parameter vector («1,ap, 1, B2). Some contour plots of the joint
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bivariate PDF are presented in Figure 1. Note that the joint PDF can take different forms and will
therefore be useful in analyzing bivariate data. Additionally, note that it can be unimodal or bimodal.
According to an anonymous referee, the MABPN distribution has a straightforward utilization within
the errors-in-variables models, especially for an application in calibration; see, for example, [29].

Figure 1. Contour plots for some parameter values («q, a9, 81, B2): (0.75,0.25,—0.85,2.0) (left),
(0.75,3.75,1.85,2.0) (middle), and (1.5,2.25,1.0,2.5) (right).

We have the following proposition.

Proposition 2. Let X = (Xy,...,X;)" ~ MABPN,(«, B). We have that

1. If B =0y, then the MABPN model reduces to the MBPN model.

—X ~ MABPN;(«, —B).

3. Ifa = 1, then the MABPN model reduces to the SN, (0,4, 1;, B) model, where 15 = (1,...,1) isa
d-vector of ones.

4. The product moment of X is given by

N

0, if any r; is odd,
E(XpXp... X0 =" fany1;
]_[j:l E(Yj ), ifall rj are even,

where Y; ~ BPN(a;) forj=1,...,d.

From Proposition 2, note that even moments of X = (Xy,...,X;)’ ~ MABPN,(a, 8) do not
depend on the parameter vector B. It implies that the correlation coefficient between the random
variables X; and X/, where j # j' for j,j/ = 1,...,d, depends basically on the parameter vector f.
Note that the covariance between X; and Xy, say (j, j'), reduces to

7(j,j') = E(X;Xy) — E(X)E(Xy) = —E(X;))E(X;),
where E(X;) and E(Xj) are computed under the marginal PDF of X; and Xj, respectively.
Therefore, the parameter vector f also governs the correlation. To illustrate it, we compute the
correlation in the bivariate case (i.e., d = 2), where « = (1, a2)" and B = (B1, B2)’. The parameter
values we consider are &1 = 0.25,1.75, 3.5, 7.0 and 15, a; = 0.75,2.5 and 5.0, B; = —1.5,0.0 and 1.5,
and By = —2.5,0.0 and 2.5. Table 3 lists the results for the correlation. Note that if 81 or B2 goes to
zero, independently of the values for #; and a5, the correlation tends to zero, illustrating the fact that
the parameter vector B = (B, f2)’ dominates the dependence between the random variables. It is
interesting to note that values of 81 and B, with the same sign lead to a negative correlation and
in situations where their signs are opposite, the correlation is positive.
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Table 3. Correlation for the bivariate ABPN distribution.

p1=—15 B1=0 B1 =15

&1 (1%} ﬁz = —-25 ﬂz =0 ﬁz =25 ﬁz = —-25 ﬁz =0 ﬁz =25 ﬁz = —25 ﬂz =0 ﬁz =25
0.25 —0.348 0.000 0.350 —0.001 2x107* 0.000 0.347 0.000 —0.348
1.75 —0.349 0.001 0.349 0.000 2x 1074 —0.001 0.345 0.001 —0.348
35 075 —0.331 0.000 0.333 —0.002 4x107* 0.002 0.331 0.000 —0.331
7.0 —0.284 0.001 0.285 0.000 0 x 100 0.003 0.280 —0.000 —0.279
15 —0.189 0.002 0.186 —0.000 0 x 100 —0.002 0.183 0.002 —0.186
0.25 —0.384 5x 1074 0.385 —0.000 2x107*  —0.001 0.382 0.001 —0.382
1.75 —0.383 —1x107* 0.383 0.000 0 x 100 —0.002 0.385 —0.001 —0.382
35 25 —0.369 —1x107* 0.367 0.000 3x10% 0.001 0.367 —0.001 —0.368
7.0 —-0.319 —-1x1073 0.321 —0.001 4x107° 0.002 0.316 —0.001 —0.316
15 —0.223 9x 1074 0.220 —0.001 6x107%  —0.002 0.221 0.002 —-0.219
0.25 —0.418 0.001 0.419 —0.000 4x10°4 —0.000 0.414 —0.002 —0.417
1.75 —0.417 —0.001 0.419 —0.000 3x107%  —0.001 0.418 0.001 —0.418
35 50 —0.401 0.000 0.403 —0.001 1x107* —0.001 0.402 0.003 —0.405
7.0 —0.352 0.001 0.354 —0.002 4x10°* —0.001 0.352 —0.001 —0.353
15 —0.255 0.002 0.258 —0.000 6x107%  —0.004 0.257 0.001 —0.253

4.2. Location-Scale Extension

The location-scale version of the MABPN model has joint PDF in the form

) }“f_l P (,B’A*l (x — (f,‘)) , xeRY,

Xj — G
j

d
f&na,B) =204(x—&A) [T ajeq {q’ (
j:l

where the d x d matrix A and the d-vector ¢ were previously defined. We shall use the notation
MABPNy (¢, 5, &, B) to refer to this location-scale MABPN distribution.

4.3. Inference

Let 6 = (&,4/,a/,B') be the parameter vector of interest. The log-likelihood function
for 6, given the observed sample x; = (x11,...,%14), --o, Xn = (Xy1,...,%,q)" of size n from
X = (Xy,..., X)) ~ MABPNy(0), is given by

d n d
£(0) =n X;[lOg(%’) +log(ca;) —log(17;)] + Zi ZilOg(fP(Zij))
j= i=1j=
3)
n d n d
+ Z% Z;(“j — Dlog(®(|z])) + Z;log (‘1’ (21 ﬁj%’j)) ,
i=1j= i= j=

where z;; = (x;; —¢j)/njfori = 1,...,nand j = 1,...,d. The ML estimate 0= (E’,ﬁ’,ﬁ’,ﬁ’)’ of
0= (gl,ﬂ/,lk/,ﬁ/)/, where g = (gl,. . .,(gd)l, ﬁ = (1/7\1, .. .,ﬁd)l, n = (&1,. . .,ﬁd)’ and 'B = (ﬁl/ .. .,ﬁd)/,
is obtained by maximizing the log-likelihood function ¢(0) with respect to 8 by using, for example,
the R function optim(. . .). The first-order partial derivatives of (3) become (j = 1,...,d)

aL(6 sen(z:)w:
a(éj) = 17 = (& = sgn(z))w; — Bior; } /1,
oL(6 ) 1z:lw:
BL-) = n{zjz — 1= (& = 1)|zj|w; — Bizjwrj} /),
Mj
20(6) B . a0(8)
Tkj:n{uj+l/06j—10g2/(2]_1)}' T‘B].:nzjwlj’
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where u;; = log( (\ZZJ|)), wij = §(|zii)/ D(|zij]), wiij = ¢(z157)/ P(z1;7) and zy;; = ?:1 Bjzij for
i=1,...,nandj = 1,...,d. We are using the notation i, = n™ ' Y u;, wy; = n 'YL wyjj,
\z] lwj =n “lyr, |zij|wjj, and so on. The ML estimates can also be obtained by solving simultaneously
the nonlinear system of equations 9£(0)/9g; = 0, 9£(0)/dn; = 0, 9£(0)/da; = 0 and 9(0)/9B; = 0
forj =1,...,d, which has no closed-form and, hence, the ML estimates need to be obtained through a
numerical maximization of the log-likelihood function using nonlinear optimization algorithms.

4.4. Observed Information Matrix

Let H(8) = —0%((0)/0000" be the 4d x 4d observed information matrix, whose elements are
denoted by kg].gj/ forj,j/ =1,...,d. After some algebraic manipulations, we have that

keg = n{1+ (aj — 1)(|zj|w; +w7]2) + B (z1a01; +w7%j)}/77j2/

Keey = nBiby (Zj@j + wi)) /njny,

ke = n{ 22 + (& — 1) (sgn(z))ZZw; + zj0? — sgn(z))w;) — Bar;
+ .B] (ijljw1] +z wlj)}/ﬂj ’
ké/’b n BB (zyz1jwy; + z /wlj)/r]]r]] kg, = nsgn(z;)w;/1;,

keyp, = n{@1j — B (Z7@; + 200}y, kg, = —ni{B(ZEa + zpwd)) /1,

Ky = {32 —1— (a; —1)(2]zjwj — |z;[3w; —z]2w]) 2Bzjwy;

+,B] (z Z1jw1j + wlj)}/ry],

Ky, = 1 BBy (FZy gy + zjzywhy) [y, Kya, = n 1zl /17,
kyp, = n{Z0) — Bj(Zzjwnj + 220}y, Kyp, = —npj(ZZpmw + zjzpwl) /1,
Kajay = n{a; (2 —1)2 = 2%(log2)?}/ (2% = 1)%, kg p, = n{22zyjnj + 22},
kg, = nizjZy o + m} Koy = Fnjay = Kajay = Kuyp; = K, = 0

4.5. Expected Information Matrix

Let Z(6) = E(H(0)) be the 4d x 4d expected information matrix, and o0, = E(kg}.@j,) be the
corresponding elements for j,j/ = 1,...,d. These elements can be computed by using numerical
procedures. When 7 is large and under some mild regularity conditions, we have that /7(8 — 8) ~
Ny4(04,%(0)~1). From this asymptotic normal distribution, approximate Cls for the model parameters
are computed in the usual manner. In particular, for o = 1 and )L]' =0( =1,...,d), the expected
Fisher information matrix can be expressed as

AL 0, SA! (V2/m) A7}
-1 -1
£(6) = 0, 24, 5A 0, ,
SoA! SIA™T [1—-2(log2)?]1, 0,

V2/m AT 0, 0, (2/m) 1
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where Ay = diag{n3,...,73}, 6 = E(sgn(Zj)Z]f¢>(|Zj|)/CI>(|Zj|)) with Z; ~ N(0,1) and r = 0,1,
and sgn(-) denotes the signum function. After some algebraic manipulations, it can be shown that

d
2(0)] = (—1 20 g

Therefore, the expected Fisher information matrix of the MABPN distribution is nonsingular at
the vicinity of symmetry. This is not the case, however, with the multivariate SN distribution (Azzalini
and Dalla-Valle [15]), whose expected Fisher information matrix is singular at the vicinity of symmetry,
ie, A= 0d~

5. Numerical Illustration

In this section, we present an application of the proposed bivariate ABPN distribution to
real data for illustrative purposes. For the sake of comparison, we also consider the bivariate
SN distribution (Azzalini and Dalla Valle [15]), and the conditional bivariate SN distribution
(Arnold et al. [14]). All bivariate distributions were fitted using the location-scale extension.
We shall consider the real data (see, for example, Fisher [30]) corresponding to measurements of
the flowers of fifty plants each of the three species found growing together in the same colony,
namely: Iris-setosa, Iris-versicolor, and Iris-virginica. Two flower measurements are considered: sepal
length, and sepal width. We pooled together, the 50 Iris-setosa data points, the 50 Iris-versicolor
data points and the 50 Iris-virginica data points, to get a total sample size of n = 150; that is,
150 sepal lengths, and 150 sepal widths. The observed value of the Shapiro-Wilk test for multivariate
normality (see Villasenor and Gonzéilez [31]) is 0.9845 (p-value = 0.04). We also compute the
multivariate skewness based on Mardia [32]. The observed value of the multivariate skewness is 0.37
(p-value = 0.055), which clearly suggests the presence of skewness and hence of nonnormality. Hence,
the bivariate normal distribution is not a tenable model for the data under study and an alternative
model that is able to incorporate some degree of asymmetry would probably fit the data better. We now
consider the bivariate SN distribution, the conditional bivariate SN distribution, and the bivariate
ABPN distribution to fit these real data. In order to compare the model fitting of these competing
bivariate distributions, we make use of the Akaike information criterion (AIC). For fitting the bivariate
SN model, we use the R function msn.mle, leading to the following ML estimates (standard errors
in parentheses): ji; = 4.915(0.196), fi, = 3.051(0.196), A; = 2.554(0.972) and A, = 0.220(0.279).
The estimated variance-covariance matrix is

~ | 1543 —0.037
- |—0.037 0.189 |-

For the the bivariate SN model, we obtain AIC = 550.56. The ML estimates of the
conditional bivariate SN model parameters (standard errors in parentheses) are: ji; = 5.867(0.065),
fio = 3.055(0.036), 7, = 0.794(0.043), G, = 0.438(0.026) and A = —0.224(0.110). For the the bivariate
conditional SN model, we obtain AIC = 555.10. Also, the ML estimates of the proposed bivariate
ABPN model parameters (standard errors in parentheses) are: &; = 5.917(0.051), & = 2.372(0.056),
i1 = 0.729(0.050), ij, = 0.644(0.041), &; = 2.378(0.605), &, = 3.718(0.845), p1 = —0.481(0.300)
and B, = 3.414(0.860). For the the proposed bivariate ABPN model, we have that AIC= 546.80,
which indicates that the proposed bivariate ABPN model outperforms the bivariate SN distribution
and the conditional bivariate SN distribution to model the bivariate data. Finally, Figure 2 displays
the scatter plot of real data and contour levels of the fitted bivariate PDFs. Visual inspection reveals a
satisfactory fit of the bivariate ABPN PDF to the real bivariate data.
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Figure 2. Scatter plot of real data and contour level of the fitted PDFs: (left) bivariate SN distribution,
(middle) conditional SN distribution, and (right) bivariate ABPN distribution.

We would like to point out that there is some uncertainty as to what constitutes a “substantial”
difference in AIC values in practical situations. The empirical evidence scale of [33] uses the AIC
difference Y,, = AIC,, — AICyin over all candidate models, where m = 1,...,T, and T denotes the
total number of models considered. The models with values of Y, € [0,2] have substantial support to
be considered as good as the best approximating model. Two additional measures are then introduced
to provide the “strengths” of each model: the evidence ratio (ER;,) and the weight (w;,) of model m.
These measures are defined as

_ exp(_Ymin/z)
exp(=Ym/2)

_ exp(—Ym/2)
Y1 exp(=Yn/2)

ER,, =exp(Yn/2), wm

and Ypin = 0. The values of ER;,; can be interpreted as the greater likelihood of the best approximating
model with respect to model m, whereas the values of w;, can be interpreted as the probability of a
given model being the best approximating model. The values of these measures are given in Table 4.
For example, we conclude from this table that the bivariate ABPN distribution is about 7 and 63 times
more likely to be the best approximating model than the bivariate SN distribution and conditional SN
distribution, respectively. Additionally, the chance of these models with respect to the bivariate ABPN
distribution is also non-existent. The best bivariate ABPN distribution has a weight approximately
0.856; that is, there is (approximately) a 86% chance that it really is the best approximating model
among the current models to describe these data. Notice that, by definition, the strength of evidence in
favor of model i over the model j can be obtained simply by considering w; /w;.

Table 4. Some measures for the fitted models.

Link Model Y. ER, Wi

SN 376 655 0.131
Conditional SN 8.30 63.43 0.013
ABPN 0.00 1.00 0.856

6. Elliptical Family Extension

In the previous sections, the d-dimensional normal distribution played an important role in
deriving the multivariate ABPN distribution. In this section, we extend those results by considering
the elliptical family of distributions. For the case of a random variable (one-dimensional case),
elliptical distributions correspond to all symmetric distributions in R. Specifically, a random variable
X follows an symmetric distribution if its PDF is given by

fx(x)=;8<(x;2§)2)/ xEeR @
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where g(u) (for u > 0) is a nonnegative real function and corresponds to the kernel of the PDF, and ¢
is a normalizing constant such that fx(x) is a PDF. We use the notation EC((, 77; ) according to (4).
In general, { € R is the location parameter and coincides with the mean if the first moment of the
distribution exists, and # > 0 is the scale parameter.

First, we shall introduce a multivariate elliptical PN family of distributions. A random vector
follows a multivariate elliptical PN distribution if its joint PDF is given by

Hacaf] ) {F(Ix)} 7, xeRY, ()

where f] is defined in (4), and F]- corresponds to its CDF for j = 1,...,d. Clearly, since f] belongs to
the elliptical family, then it can be easily shown that ¢r(—x; &) = ¢p(x; &) so that ¢f is a symmetric
(around zero) PDE. We use the notation MESE (&) to refer to this distribution. From Lemma 1 of Gupta
and Chang [24], we have the following generalization.

Proposition 3. Let Y = (Y3,...,Y;) be a random vector with joint PDF ¢p, and Z = (Zy,...,2Z4) be a
random vector with absolutely continuous CDF G. Then

ocr(x;a, B) —ZHzx ca; fi(x) {Fi(Ix; D} G (B'x), x € R,

is a joint PDF of a random vector X = (Xy,...,Xy)' for any B € R4,

Proof. We will use the methodology given in Gupta and Chang [24]. Given that ¢r(x;a«) > 0 and
G (B'x) > 0 for any x € R, it then follows that ¢cr(x; &, B) > 0. Let

© © d d
= /m.../mznajcajfj(xj){lfj(x].|)}txj—1c (ﬁ’x)l—{dxf'
j= j=

Lebesgue’s dominated convergence theorem implies that
oh (w, B) 190G (B'x) 4
26, / / 2Hoc ca; fi(x;) {F(|xj] )} B [ ax

d
= [ T ) (55016 (89 [Ty

j=1
Moreover, given that 2x; ]_[] 1jcq; fi(x7) {Fi(lx;]) N} ~'G’ (B'x) is an odd function, we have

oh (a,B)
Br O

Therefore, it allows us to conclude that & («, B) is a constant and, hence, given that i («,0) =1,
we have that ¢gr(x; &, B) is ajoint PDE.  [J

ji=1,...d.

The new multivariate distribution defined in Proposition 3 will be denoted by MESSgr(«, B).
We have the following proposition.

Proposition 4. Let X = (Xy,...,Xy)" ~ MESSGr(w, B). We have that

1. IfB=04then X = (Xy,...,X;)" ~ MESE(w).
2. -X NMESSGP(DL, —,B)
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3. Ford = 2, regression functions are of linear type

where

Mj(x)) = /_ [ b {BDYT G (i + paxa) i,
/ fi(xj) {Fi(|xj|) )} e (B1x1 + Baxz) dx1dx;.
The product moment of X = (X, ..., X;)" ~ MESSgr(a, B) are provided in the next proposition.
Proposition 5. If X = (Xy,...,Xy)" ~ MESSgr (&, B), then
EX]'X2 ... X =EY]'Y2 ... Y ],

where Y ~ MESp(w).

Proof. Let X = (Xy,...,X;) ~ MESSgr(a,B) and t = (t1,...,t;) € RY. Also, let Yx(t) be the
characteristic function of X. We have that

Px(t) +yx(—t) =29y (t) = 2] Ty, (1)),

where Y; ~ oz]-c,xjfj(yj)(F(|yj|))”‘f71 is independent of 8. Thus,

9"y (t)

— I~ <>
T T T, 4
L ot

form =ry+r+---+rzeven,so that
EX{'X2... X =E[Y]'Y;2 ... Y.
The previous result implies that even moments of X do not depend on g, so that

0, if any rj is odd,

A, ;
RS H7:1 E(Y.)), ifall rj are even,

E(X{' X2 ... X}) = {
J+

where ]E(Yrj

f ) is the moment of the positive part of the variable Y; as defined before. [

6.1. ML Estimation

Let xy = (x11,---,%14)", ..., xn = (Xy1,...,%,4)" be an observed sample of size n from
X = (Xy,...,X4) ~MESSgr(¢,1,«, B). The log-likelihood function takes the form

d n d

0(0) = n)_(log(aj) +log(cs,) —log(n;)) + Y Y log(fi(zij))

j=1 i=1j=1

n d n d
+ Y Y (aj— Dlog(Fi(|z;])) + ) _log (G <21 5121'1')) ’
]:

i=1j=1 i=1
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where z;; = (x;; — ¢j)/njfori=1,...,nandj=1,...,d,and 0 = (&,4,a',B"). The first-order partial
derivatives are given by

a(0) _ 1y fJ{(Zij) - f](|21]| " G/ (z1) }
a1 {;ﬁ(zi) Z: X; G(z1)
9L(6) _ fll(z’/ > fillzij)
o m{ *E O el D Ly ey

G'(z1;
+l3j 2 Zij G(( 111]])) }

() n nlogZ " o0(0) & G'(zy)
=— - —|— log(Fi(|z — =) zj ,
alX/' Dé]‘ — Z g | Z]| aﬁ] lzzl Y G(le‘]‘)
where G’ (1) = dG(u)/du.
6.2. Expected Information Matrix
Let g c0 Ug/.gj/, e OB be the elements of the expected information matrix.

Also, define U; = fj’(Zj)/fj(Zj), U, = fj”(Zj)/fj(Zj), Wi = f;(1Z;)/Fi(1Z;]), Wa = fj/(|Zj|)/Fj(|Zj|),
Ky = G'(Z4j)/G(Zyj) and Ky = G"(Z1j)/G(Zy;), where Zy; = 27:1 BiZj, f'(u) = df(u)/du and
f"(u) = d*f(u)/du®. We have

oze; = {E(UT) —E(Ua) + (a; — 1) [E(W]) — E(Wa)] + BF[E(K]) — E(K2)]} /117,
= {(a02 — a0) + (& — 1) (boz — bo) + B (co2 — c0) } /117,

0z¢, = BjBj(co2 — co) /i,
oy = {E(ZU}) — B(ZjU) — E(Uh) — BE(K:) + BFE(Z;Kr) — E(ZKo)]

+ (& — DIE(Z;W) — E(ZW,) — E(sgn(Z))Wh)]} /177,
= {(a12 — a1 —ag) + (aj = 1) (b2 — b1 — o) — Bjcor + BF(cra — e1)} /117,

gy = BiBj(c12 — c1) /njmy,
gy = {E(sgn(Zj)Wh) } /1 = do/1j,
o6, = {E(K1) — B[E(ZiK]) — E(ZiK2)]} /1 = {eon — Bjena — e1)}/mj,
Tgpy = —BAE(Z;K}) —E(ZyK2)} /),
Ty = { —1-2E(Z;h) + E(Z;U}) — B(Z7Up) — 2BE(Z;Ky) + BTE(ZFKT)
- BB(ZIK) + (0 ~ DIB(ZIWE) ~ B(ZIW,) ~ 28(12, W) |/,
= {(ﬂzz —1—2a1; —ap) + (aj — 1) (b2 — by — 2d7) — 2Bjcny

+ [5]2(022 — Cz)}/iﬁ,
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oy = BiBy [E(Z;ZyKY) — E(Z;ZyKa)] /mjmyr,
oye; = E(1Z;|Wh)/nj = dv /7,

o6 = {E(ZiKy) = Bj[E(ZFKT) — E(Z7K2)]} /1 = {en — Bjlena — 2)} /150

Tyipy = —B[E(Z;Z;K3) — E(Z;Z; K2)] /7,

;= 1/ — (log2)?2% /(2% - 1)?,
op,8; = E(Z7K1) = E(Z}K2) = e — ¢,
Opi, = E(ZiZyK1) — E(Z;ZKs),
Tgjay = Oy = Oy = Oyfy = Oy = 0,

where a,; = ]E(Z;(f]',(zj)/fj(zj))

) = BZINZ)IZ)), b = EZZD/ENZ)),
be = E(ZIfi(1Zi)/FZ]), ers = E(Z](G}(Z1))/Gj(Z1)))), er = E(Z]G](Z1))/Gj(Zyj)) and
y = ]E(sgn(Zj)Z]*fjﬂZj|)/F]-(|Zj\)) forr=0,1,2and s =1,2.

7. Concluding Remarks

The univariate power-normal distribution has been quite useful in the modeling of many
types of real data. On the other hand, extensions of the univariate power-normal distribution
to the multivariate setup have been little explored in the statistic literature. We have proposed
new multivariate power-normal distributions, which are quite simple and can be useful in the
modeling of multivariate data. The new multivariate power-normal distributions are absolutely
continuous distributions. The joint probability density functions of the new multivariate power-normal
distributions do not involve any complicated function and, hence, they can be computed easily.
By employing the frequentist approach, the estimation of the multivariate power-normal distribution
parameters is conducted by the maximum likelihood method. We also provide closed-form
expressions for the observed and expected Fisher information matrices. We illustrate the methodology
developed in this paper by means of an application to real data. We verify through the real data
application that the proposed bivariate power-normal distribution was superior to the well-known
bivariate skew-normal distribution (Azzalini and Dalla Valle [15]), as well as conditional bivariate
skew-normal distribution (Arnold et al. [14]). Finally, it is worth stressing that the formulas related
with the multivariate power-normal distributions are manageable (such as log-likelihood function,
score function, and observed and expected Fisher information matrices, etc), and with the use of
modern computer resources and its numerical capabilities, the proposed multivariate distributions may
prove to be an useful addition to the arsenal of applied statisticians. Finally, we have also introduced
in this paper multivariate PN distributions by considering the elliptical family of distributions, and
discussed some of its properties.
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