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best kernel function. Finally, a data analysis is presented for illustrative purposes.
© 2013 Published by Elsevier Inc.

1. Introduction

The univariate Birnbaum-Saunders (BS) distribution was originally introduced by Birnbaum and Saunders [5,6] as a
failure time distribution for fatigue failure of a unit caused under cyclic loading. The BS distribution can be defined in terms
of a monotone transformation of the normal distribution. The cumulative distribution function (CDF) of a two-parameter BS
random variable T is of the form

G-y
Frt;a,8) =@ | — — —| - , t>0,a>0,8>0, (1)
o B t

where @(-) is the standard normal cumulative distribution function. The corresponding probability density function
(PDF) is

a1 BN L (B)
= [0 +(2)

* Corresponding author.
E-mail address: kundu@iitk.ac.in (D. Kundu).

(2)

]
o

|
3
Q| m
)
RS
=| -~
_|._
=~ |

|

N
N————"
| I
—

\%
o

0047-259X/$ - see front matter © 2013 Published by Elsevier Inc.
doi:10.1016/j.jmva.2012.10.017


http://dx.doi.org/10.1016/j.jmva.2012.10.017
http://www.elsevier.com/locate/jmva
http://www.elsevier.com/locate/jmva
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jmva.2012.10.017&domain=pdf
mailto:kundu@iitk.ac.in
http://dx.doi.org/10.1016/j.jmva.2012.10.017

D. Kundu et al. / Journal of Multivariate Analysis 116 (2013) 230-244 231

Hereafter, we will denote this distribution by BS(«, §). The parameters & and S are the shape and scale parameters,
respectively. Moreover, § is the median of the BS distribution. For various developments on the BS distribution, one may
refer to Xiao et al. [22], Vilca et al. [21], and the references cited therein.

Diaz-Garcia and Leiva-Sanchez [8] introduced a generalized Birnbaum-Saunders (GBS) distribution by replacing the
standard normal distribution function @ (-) in (1) by an elliptically symmetric distribution. Recall that a random variable
X follows an elliptically symmetric distribution if it has the probability density function (PDF)

2
c X —
fee®; p, 0%, WYy = —hV I:(zﬂ)] XER, 3)
o o
where hV (1) > 0, withu > 0, is a real-valued function. It corresponds to the kernel of the PDF of X, and c is the normalizing
constant. From now on, we will denote this by EC(it, o2, h'"). Thus, a random variable T is said to have the GBS distribution,

with parameters o, 8 and kernel k", if its CDF is
%
-(%) };hm}, @)

1 t
Fr(t;a, B,h'Y) = P(T < t) = Fec [ [()

a |\B
where Fgc (-; hV) denotes the CDF of EC(0, 1, h"). These authors then discussed different properties of the GBS, and noted
that the GBS can be more flexible than the BS distribution as it has a broader range for coefficients of skewness and kurtosis.
It will, therefore, be more useful for data analytic purposes; see, for example, Leiva et al. [15].

Recently, Kundu et al. [13] introduced a five-parameter bivariate Birnbaum-Saunders distribution by using the same

monotone transformation on two variables possessing jointly a bivariate normal distribution. The cumulative distribution
function of the bivariate BS random vector (T;, T>)" is of the form

P(T1§t1,T2§f2)=¢2|:031(/E—\/E),Ol<\/g—\/§>§ﬁi| (5)

fort; > 0, t; > 0, wherea; > 0,81 > 0, > 0,8, > 0,—1 < p < 1,and &,(u, v; p) is the joint cumulative
distribution function of a standard bivariate normal vector (Z;, Z,)T with correlation coefficient p. When (T;, T>)" has the
bivariate BS distribution as in (5), then evidently T; and T, have univariate BS distributions as marginals. These authors then
discussed several properties of this bivariate BS distribution and associated inferential issues.

The main purpose of this paper is to introduce a generalized multivariate Birnbaum-Saunders (GMBS) distribution by
using the multivariate elliptically symmetric distribution in place of the multivariate normal distribution. We then discuss
different properties of the proposed GMBS distribution in the general case. For statistical inference, we consider two special
cases in detail, namely, when the kernel function is (i) a multivariate normal distribution and (ii) a multivariate t-distribution
with specified degrees of freedom. The problem of choosing a proper kernel is an important problem in data analysis. Here,
we use the maximized log-likelihood values for choosing the best kernel function. Finally, we present a numerical example
for the purpose of illustrating the model as well as the inferential methods developed here, in which it is shown that the
GMBS distribution with multivariate t kernel fits better than the model based on the multivariate normal kernel.

The rest of this paper is organized as follows. In Section 2, we present all pertinent preliminary details. In Section 3, we
introduce the GMBS distribution and discuss different properties. Maximum likelihood estimates of the model parameters
and associated inference for two specific kernels of multivariate normal and multivariate t are described in Section 4. A
numerical example is presented in Section 5 for illustrative purposes, and finally some concluding remarks are made in
Section 6.

[N

2. Preliminaries

2.1. Elliptically symmetric distribution

Definition 1. A p-dimensional random vector X is said to have an elliptically symmetric distribution with p-dimensional
location vector g, a p x p positive definite dispersion matrix ¥, and the density generator h® (.), if the PDF of X is of the
form (see Fang et al. [9] and Anderson and Fang [2])

fey @ 1, B, hP) = 6,217 2RP (w (), x € R, (6)
where w(x) : R? — Ry withw(®) = (x — p)'27'(x — ), h?) : Ry — R, ¢, > 0,and
/ fec, ®; p, T, hP)dx = 1.
RP

In what follows, we shall denote fic,(x; 0, £, h®) simply by fzc, (*; X, h%) and the corresponding random vector by
EC, (%, h®). It should be mentioned here that a more general definition of an elliptically symmetric distribution in terms
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of the characteristic function also exists; see, for example, Cambanis et al. [7], but we shall restrict our attention to the one
based on (6). It is well known that this family of distributions is closed under linear transformation, marginalization and
conditioning. In particular, if X ~ EC,(u, X, h®), then Z7V2(X — ) ~ EC,(0, I,, i), where I, is the p x p identity
matrix.

We now present different examples of the elliptically symmetric distribution, which are obtained with different choices
of h® ).

Example 1. Multivariate (p-variate) Normal Distribution
h?(x) =e™? and c, = (2m) P2 (7)
This is undoubtedly the most popular elliptically symmetric distribution.

Example 2. Symmetric Kotz type distribution

3 (p/2) 5, 2B+p=2)/2
PR ((2B +p — 2)/26)

whereé > 0,1 > 0,28 +p > 2.When f§ = § = 1and A = 1/2, it reduces to the p-variate normal distribution. When
B = 1and A = 1/2, it is known as the multivariate power normal distribution.

3
hP(x) =xf~Te™ and ¢, =

; (8)

Example 3. Multivariate t-distribution (with v > 0 degrees of freedom)
vip

O — (12 %) __r5h)
o) (x) = (1 n v) and = - A 9)

Example 4. Symmetric multivariate Pearson Type VII distribution

Oy — (12 %) _ re
h (x)_(1+9) N 6= f

where £ > p/2and 6 > 0. When & = (v + p)/2 and 6 = v, it becomes the multivariate t-distribution. For & = 1 and
& = (p+ 1)/2, it becomes the multivariate Cauchy distribution.

(10)

We need the following notation for further developments. The p-dimensional vectors X and p and the p x p matrix X
are partitioned as follows:

X my I X
X = , = , Y= , 11
(Xz) s (ﬂz X Xy (1

where X; and p; are ¢ x 1 vectors and X4 is a ¢ x q matrix, and all the remaining partitioned elements are defined so
that the corresponding orders match. Then, we have the following lemma, proof of which can be found in Fang et al. [9], for
example.

Lemma 1. If X ~ EC,(n, T, h'P), then:

(@) X ~ ECq(py, 211, h?) and Xy ~ ECp_q(p, Top, hP~D);
(b) X1 | (Xy = %) ~ ECq(iy + 21255, (R2 — #3), Ti1 — Z1255,' Zor, b ),

v(x2)
where v(x;) = (X3 — jt,)" 5,/ (%, — i), and h@ and hi® can be expressed in terms of h®, as
7 (0-0/2

o)y = — oox¥_1h(”)(u +x)dx and h9(u) =
C(p—/2) Jo

h® (u + a)
h®=9(aq)

3. Generalized multivariate BS distribution
3.1. Definition

Definition 2. Let &, B € RP, where @ = (ay,...,0p)" and B = (B1,...,Bp) , witha; > 0,8 > Ofori = 1,...,p.
Let I be a p x p positive-definite correlation matrix. Then, the random vector T = (T4,..., TP)T is said to have a



D. Kundu et al. / Journal of Multivariate Analysis 116 (2013) 230-244 233

generalized multivariate Birnbaum-Saunders distribution with parameters (e, 8, ') and the density generator h®, denoted
by T ~ GBS,(a, B, T, h®), if the CDF of T, i.e., P(T < t) =P(T; < ty,..., T, <'tp),is given by

_ 1(/a_ |A (] _ B ¢ o0
wrzomrn [ (5B ([ B) ] .

for t > 0, where Fgc,(-; T, h®’) denotes the CDF of EC,(T, h?). The corresponding joint PDF of T = (Ty, ..., Tp)" is, for
t>0,

: e (L[ B e _ [B). r o
fT(t,ot,ﬂ,F)—fEc,,(a](\/; \/:>,...7ap<\/,3>p \/:),I‘,hp>
LB (B
ngaiﬁi{<ti> +(T,> }7 (1)

where fgc, (+) is as given in (6).

3.2, Marginal and conditional distributions
The following theorem provides the marginal and conditional distributions of GBS, (e, 8, T, h®).

Theorem 1. Let T ~ GBS, (e, B, T, h'?), and further T, &, B, T be partitioned as follows:

_ T1 (o _ ﬂ _ r]] 1-12
@) o) s (2 )

where Ty, a1, B, are all ¢ x 1 vectors and T'11 is a q¢ x q matrix, with the remaining elements all defined suitably so that the
corresponding orders match. Then, we have:

(a) Ty ~ GBSy(a1, By, T11, h'P) and T, ~ GBS,_q(ata, By, T2z, h?~?), where h'¥ and h'?~9 can be obtained in terms of h®;
(b) The conditional CDF of Ty, given T, = t», is

P[Ty < t1|T> = 5] = Fge, (W; T11.2, hE,RZ)),

where

w=vy— rlzr_1V2 V= (U] v )T Vi = l i — é fOT'i= 1 p
2 V2, s -5 Up) i a; ‘,,3,‘ t s Py

-1 Vi Tr—1
I =T11 — T2l T, V= (v2> , and a(vy) =v, I, v,

where v and v, are vectors of dimensions q and (p — q), respectively;
(c) The conditional PDF of Ty, given T, = t,, is

1 3
q 1 Bi\?2 Bi\?
—e)(t1) = fec, (W; Trp, 9 = 2yt 15
Jri1my=t) (1) = frc, ( 125 Rogyy) ,11 2aif L + L (15)
Proof. Part (a) follows readily from (12) by letting t;1;1 — oo, ..., t, — oo.
For the proof of Part (b), if V; = ai, (g — %’ , then we have V = (5;) ~ EC, (0, [ll:; 11:;] , h@)), where V; =

Vi, ..., Vq)T andVy = (Vgq1, ..., Vp)T areq x 1and (p — q) x 1vectors, respectively, and I';; (fori, j = 1, 2) are as defined
before. So,

Pr(Ty = 1]z = ] = Pr{V; < vi|V, = v,] = Fic, (W; T2, hf,‘élz)) .

Part (c) follows immediately from Lemma 1. O

3.3. Distributions of reciprocals

In this section, we establish some properties of Tfl. In addition to the notation used in Theorem 1, we further denote by

T
1_ (1 1 — T +k
a_(al,...,ak> foravectora = (ay,...,q,) € R .
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Theorem 2. Let T ~ GBS,(e, B, T, h'?). Then:

(a)
T B
11 ~ GBS, o1y 1 , i —Tp h®
— o — -T2y TI»
T, B>
(b)
(1 1 I I
- o re 11 —1I'12 ()
- () (3) (2 )
T 2 8, 21 2
(©)
1 1
T, ~ o1 B Iy T ®
1 GBS, (“2)’ 1 ’<F21 I h
T, B,

Proof. (a) Let us denote

= 'n -TIn 1 Ay Ap
I = and T = .
(—l"21 r22 ) A21 A22

Then, we have from Rao [19] that

= =-1 A —Ap
=TI d T = . 16
T/ =F| an (_Azl Ay (16)
Now, let us define the random variables Sq;q,...,Sp as §; = T,-_1 (i = q+ 1,...,p). Then, the joint PDF of (Ty,...,
Ty, S¢+1, - - -, Sp) can be obtained from (13) by performing the necessary transformation. Since, from (16), we have
fec, W1, oy Ugy —Ugirs -y —Up; T) = fee, (U1, - -, Ug, Ugg, - - Ups D),

the result in Part (a) follows readily. The proofs of Parts (b) and (c) follow along the same lines. O

3.4. MTP, property

Now, we will discuss the multivariate total positivity of order two (MTP, ) property, in the sense of Karlin and Rinott [11],
of the joint PDF of the GMBS distribution in (13). We shall use the following standard notation here. For any two real
numbers a and b, let a vV b = min{a, b} and a A b = max{a, b}. For x = (xy,.. .,xp)T andy = (y1,... ,yp)T, let
XVY =1 VY1, ..., %Vy)landx Ay = (x; Ay1, ..., %, AYy,)T.Then, a function g : R” — R is said to be MTP,, in the
sense of Karlin and Rinott [11],if g(x)g(y) < g(*x Ay)g(x VvV y). We then have the following result for the MBS distribution.

Theorem 3. Let T be a p variate Birnbaum-Saunders distribution with parameters (e, B, T).If a1 = -+ - =ap, f1 = -+ = Bp,
and all the off-diagonal elements of T~ are less than or equal to zero, then the PDF of T has MTP, property.

Proof. Suppose oy = ---ap = @, f1 = --- = B, = B,and we take t; = (t11,...,t1p)" and &, = (to1, ..., tp)" to be any
two p-dimensional vectors. Then, to prove that the PDF of T has MTP, property, it is sufficient to show that

MU + 2T % > (0 V&) T (% Vay) + (%1 A %) T (%) ARp), (17)

where % = (X1, ..., Xp)", fori = 1,2, and

xj=—|./=2 - B , i=1,2,j=1,...,p.
o ,3 l’ij

If the elements of I~ are denoted by ((%)), fork,j =1, ..., p, then proving (17) is equivalent to showing

p p
Z (XuXaj + XX yH > Z ((X1k A Xor) (Xj A Xo) + (ke V Xa) (X3 V %2)) ¥ Y. (18)
k,}j:jl kl,g:jl
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Forallk,j=1,...,p,
X1kX1j + XaXoj < (X1 A Xor) (Xqj A Xoj) + (Xak V Xo) (X4 V X),
which can be easily shown by taking any ordering of X1, X1j, Xok, X;. Now, the result follows since Yy <0 O

It may be mentioned that the same result may not be true for other forms of generalized multivariate Birnbaum-Saunders
distributions; see, for example, Sampson [20] in this regard. Moreover, it is immediate that Theorem 3.3 of Kundu et al. [ 13]
follows from Theorem 3 above.

3.5. Shannon entropy for GBS, distribution

In this section, we present the Shannon entropy for the GBS, distribution. We first need the following results for the
required developments; see Arellano-Valle et al. 3] for proofs.

Lemma 2. Let X ~ ECp(u, X, h®). Then, the Shannon entropy of X, denoted by HEC”, is given by
ECp ECp

1
Hy ! =5 In|Z]+Hy,

where H;Ep is the Shannon entropy of Xy ~ EC,(0p, I, h®) given by

+o0
Hy = —/0 [In {h® (s)}] g (s)ds

withg(s) = r’gfz)ss/zqh(”) (s), s> 0.

By using Lemma 2, for the multivariate normal case, when X ~ N,(x, X), we have

1
HAP :§1n|>:|+§{1+1n(2n)}. (19)
Similarly, for the multivariate-t case, when X ~ t,(u, X, v), we have
p 1 I (42) v+p v+p v
H? = —In|Z| —In 2 + " —1//(*) , (20)
o2 { r(3) ooy " 2 2 2
where ¢ (x) = d{in dz(")} = Fr/(()’:)) is the digamma function. Now, we present our main result concerning the Shannon entropy

for the GBS, distribution.

Theorem 4. Let T ~ GBS, (e, 8, T, h®). Then, the Shannon entropy of T, denoted by H?BSP, is given by
GBS EC z z 3¢ 2
Hy P =Hy " +pIn2)+ ) In(e)+ ) In(B)+ = ) El[ln(M)]— > Elln(T;+ D], (21)

where enotes the Shannon entropy of X ~ T, and T; ~ o, 1, Jfori=1,2,...,p.
here Hy, " d he Sh f X ~ EC,(0, T, h®) and T, ~ GBS (e, 1, kM), for i = 1, 2

Proof. It is easy to obtain the expression in (21) using the PDF of the generalized multivariate BS distribution as obtained
in(13). O

Another equivalent form can be obtained as

P p £
Hp'? = Hy? +pin@+ Y In(e) + Y () +3) E [1“ ({Vf + m})]
i=1 i=1 =1
p 2
—ZE|:IH({VI'+W} +1>}’ .
i=1

where V; ~ EC (0, a7, h'V), fori = 1,2, ..., p. Upon substituting the expressions in (19) and (20) into (21) (or (22)), we
can obtain the Shannon entropy for T, in the case of multivariate normal and t kernels, respectively.
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3.6. Generation

In this section, we consider some of the important special cases, and describe how the corresponding random vectors
can be simulated.

Case 1: Multivariate Birnbaum-Saunders distribution.

The random vector T = (T4, ..., Tp)T is said to have a p-variate Birnbaum-Saunders distribution if it has the joint PDF
[t /3 ﬂ 1 [ (BN (B2

1 Pp i i

: B ,Bp 205 iBi t; &
fort; > 0,...,t, > 0; here, foru_(ul,...,up),
1
dp(ur, ..., upy T) = ﬁ‘fiu - (24)
(2m)2 T2

is the PDF of the standard normal vector with correlation matrix I'. Hereafter, the p-variate BS distribution, with joint PDF in
(23), will be denoted by BS, (e, B, I'). For p = 2, the bivariate Birnbaum-Saunders distribution has been discussed in detail
by Kundu et al. [13]. The following algorithm can be adopted to generate T = (Ty, ..., Tp)T from BSy (e, B, T') in (23).

Algorithm 1. Step 1: Make a Cholesky decomposition of I' = AAT (say);
Step 2: Generate p independent standard normal random numbers, say, Uy, ..., Up;
Step 3: Compute Z = (Z,...,Z,)" =AUy, ..., Uy)";
Step 4: Perform the transformation
2

1 1 2
Ti=pi Eaizi‘F (zot,-Zi) +1 fori=1,...,p.

Then, T = (Ty, ..., Tp)T has the required BS, (e, 8, ') density as in (23).

Case 2: GMBS distribution induced by a multivariate-t kernel.
The random vector T is said to have a p-variate generalized multivariate BS distribution induced by the multivariate-t
kernel with v degrees of freedom (will be denoted by T ~ BSt, (e, B, T, v)) if the joint PDF of T is

. _ R AN N A
pwenn-a (3 (5 5) 2 (f2-E) )
R VA A
Zﬁ{(t) +(5) | 2)

fort; > 0,...,t > 0, where g, (-; I', v) is the PDF of t, (0, T, v), the p-variate Student’s t distribution with location
parameter 0, scale parameter I, and v degrees of freedom, given by

F(M) o' T 1u P2
g y=——¢-2" (1 + 7) (26)
1"(%) (wm)P? 1|2 v
foru= (ug, up, ..., up)T € RP.

Note that there are several ways to generate p variate Student’s t distribution; see, for example, Kotz and Nadarajah [12].
Suppose Z = (Zy, ..., Z,)" has been generated from a t,(0, T, v) distribution. Then, by using Step 4 of Algorithm 1, the
required T having BSt,(«, 8, T', v) can be obtained.

Case 3: GMBS distribution induced by the multivariate power normal kernel.
The random vector T is said to have a p-variate generalized multivariate BS distribution induced by the multivariate
power normal kernel (will be denoted by T ~ BSPN,, (&, 8, T, §)) if the joint PDF of T is

. _ 1T /a [A T/t [B).
s (E((2-E) (e [2)rs)
p
A {3+ (8]
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forty > 0,...,t, > 0,where h, (- ; T, §) is the PDF of the multivariate power normal distribution with location parameter

0, scale parameter T, and shape parameter § given by

r(2 1 (yTr=1y)°
hp(u; F,8)= ; (2)p 13 2(“ r u) (28)

25T (&) 72 1|2
foru= (uy, ua, ..., up)T € RP.

Naik and Plungpongpun [17] proposed an efficient method for generating from a multivariate power normal distribution.
OnceZ = (Zy, ..., Z,)" has been generated from a multivariate power normal distribution with location vector 0 and scale

matrix X, using their method, then by using Step 4 of Algorithm 1, the required T from BSPN, (e, 8, I, §) can be obtained.

4. Inference

In this section, we discuss the maximum likelihood estimates (MLEs) of the model parameters and the associated
inference, based on the observed data {(t;, ..., tip)T; i=1,...,n}. We shall assume that the data are from a generalized
Birnbaum-Saunders distribution with the kernel function being specified. We then consider two different kernel functions
in detail, viz., (i) multivariate normal kernel and (ii) multivariate-t kernel with a specified degrees of freedom. It is worth
mentioning that the multivariate-t kernel with one degree of freedom corresponds to the multivariate Cauchy kernel.

4.1. Multivariate normal kernel

4.1.1. Maximum likelihood estimation
The log-likelihood function, without the additive constant, is given by

n 1 P P n_ P Bi\? [Bi\?
I, }3,1"|data)=—Eln|l"|—EZviTF_]vi—nZlnaj—nZln,Bj—i-ZZln (t—”) +<TU) . (29)
i=1 j=1 j=1 ij ij

i=1 j=1

where

g |1 \/E_ B 1 |tw_ |B (30)
L oq B1 ti1 ’”'70513 ﬂp tip )

Then, the MLEs of the unknown parameters can be obtained by maximizing (29) with respect to the parameters &, 8 and
I, which would require a 2p + (g) dimensional optimization process. For this reason, we adopt the following procedure in
order to reduce the computational effort significantly. Observe that

T
L A B\ ~ T
(2 (2] e

where D is a diagonal matrix given by D = diag{«;, ..., o, }. Therefore, for given g, the MLEs of & and T become
1
1< ([t //6-2j 11 1¢n1 :
B = |- = /4 =-1=-) ti+B1{=-) —t-2] . j=1.....p (32)
J n;< ﬂj tij ,3]' n;U J Tl;fij
and
T(B) =P(BQBP (B): (33)

here, P(B) is a diagonal matrix given by P(8) = diag{1/a:(B), ..., 1/&,(B)}, and the elements gj(B) of the matrix Q (8)
are given by

oy I B e [P —_—
%k(ﬂ)—n;<\/;j \/;)(/; \/;) forj,k=1,...,p. (34)

Thus, we obtain the p-dimensional profile log-likelihood function I(at(B), B, f(ﬂ) |data). The MLE of [}\ can then be obtained
by maximizing the p-dimensional proﬁlg log-likelihood function, and once we get the MLE of 8, say 8, the MLEs of « and T

can be obtained readily by substituting 8 in place of 8 in (32) and (33), respectively.
However, for computing the MLEs of the unknown parameters, we need to maximize the profile log-likelihood function
of B and we may use the Newton-Raphson iterative process for this purpose. Finding a proper p-dimensional initial guess
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value of  becomes quite important in this case. Modified moment estimators, similar to those proposed by Ng et al. [18],
can be used effectively for this purpose, and they are as follows:

1< 1 1 :

. .

ﬂPz(Zﬁtu/Z) . i=1....p. 3)
n n < tij

i=1

Note that if 8 is known, then the MLEs of & and T can be obtained explicitly.
Now, we discuss the asymptotic properties of the MLEs when all the parameters are unknown, and also when some
parameters are known. First, we shall consider the case when all the parameters are unknown.

Theorem 5. If 0§ = («, 8, T) is the parameter vector and 0 denotes the corresponding MLE, then

Vi@ - 0) -5 Np©.J7), (36)

withm=p+ ( ) being the dimension of the vector 6. Here, LN denotes convergence in distribution while N,, (0, J~") denotes

the m-variate normal distribution with mean vector 0 and covariance matrix J~!, with J being the Fisher information matrix.
Expressions of all the elements of the Fisher information matrix J are presented in the Appendix.

Proof. Since the multivariate BS distribution satisfies all the regularity conditions for the MLEs to be consistent and
asymptotically normally distributed, the result follows from the standard asymptotic properties of MLEs. O

If and B are known, then the MLE of T is T=D"1 Q(B)D~!, where the elements of the matrix Q (B) are asin(34) and the
matrix D is as defined earlier. From (31), it immediately follows in this case that I' has a Wishart distribution with parameters
p and I. Furthermore, if only B is known, it is clear that 012(,3) defined in (32), is distributed as x; 2forj=1,...,p.

4.1.2. Modified moment estimators

Since the MLEs do not have explicit form and need to be obtained by solving p non-linear equations, we propose the
following modified moment estimators for the unknown parameters, along the lines of Kundu et al. [13]. The modified
moment estimators can be obtained by equating the moments and inverse moments with the corresponding sample
quantities. If we denote

1 n
s,=;2tij and rj=|: Zt_1:| =1...,p,
i=1

then the modified moment estimators of «;;, B and pj, forj, k=1, ..., p, are

S\ 172 1/2
&:H@ _l” L B=en' (37)

and

’)5jk = . (38)

4.2. Multivariate-t kernel

For a given v, the log-likelihood function, without the additive constant, is given by

n n v Ty P P
I, B, Tldata, v) = =2 In|T| - ”erp Y in <1 +i= ‘) —n) Ingg—nd g,
i=1 = =

cel() < (2)) )
i=1 j=
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Table 1
The sample mean, variance and coefficient of skewness of T; and Ti_1 fori=1,...,4.

Statistics Variables

T ;! T T, T3 ;! Ty T,
Mean 0.844 1211 0818 1.245 0704 1452  0.694 1474
Variance 0.012 0.041 0.011 0034 0011 0050 0010 0.052

Skewness  —0.793 2468 —0543 1679 —0.022 0381 —0.133 0.755

where v;, fori = 1, ..., n, are as defined earlier in (30). Here also, the MLEs of the unknown parameters can be obtained by
maximizing (39), but it involves a 2p + (‘2’ ) optimization process. Hence, as done in the case of multivariate normal kernel,
we adopt the following procedure to reduce the computational burden. In this case, we have

where the matrix D is the same diagonal matrix as defined earlier. If we define R = DI'D", then the MLE of R can be obtained
as the solution of the equation

1M
R=- E w,-uiu,.T, (41)
n“
i=1

where w; = (v +p)/(v + s), si = u/ R 'u;, and

[0 (5-8)
! B1 ti1 By tip

see, for example, Nadarajah and Kotz [16]. The following simple iterative process

-l n
R™D = =3 w™uu], (43)
n«
i=1

where
w™ = (v +p)/{v+u R™) "u;}

can be used to find the solution of (41); see Nadarajah and Kotz [16]. Then, ifﬁ(ﬂ) = ((rjk(B))) is the solution of (41), the
MLEs of & and T are given by

B =, i=1,....p, (44)
and
T(8) = P(BR(BP" (B); (45)

here, the diagonal matrix P(8) = diag{1/a1(B), ..., 1/a&,(B)} is same as defined earlier. Therefore, the MLE of § can be
obtained by maximizing the profile log-likelihood function of B. Once we get the MLE of 8, the MLEs of « and T can be
obtained, as given above, in Egs. (44) and (45) respectively.

5. Illustrative example

5.1. Multivariate normal kernel

In this section, we analyze a multivariate data by using the proposed generalized multivariate BS distribution with
multivariate normal kernel, for the purpose of illustration. These data, taken from Johnson and Wichern [10, p. 34], represent
the mineral contents of four major bones of 25 new born babies. Here, Ty, T,, T3 and T4 represent dominant radius, radius,
dominant ulna and ulna, respectively. The data are not presented here, but the summary statistics of the sample mean,
variance and skewness of the individual T;’s and their reciprocals are all presented in Table 1.

It is clear from Table 1 that all T; and T,-’1 (fori =1, ..., 4)are quite skewed. To get an idea about the hazard functions
of T;’s and Ti_l's, we have plotted in Figs. 1 and 2 the marginal scaled TTT transforms of T;’s and Ti_l‘s, respectively, as
suggested by Aarset [1]; see Kundu et al. [14] and Azevedo et al. [4] for a detailed analysis of hazard functions of univariate
BS distributions based on normal and ¢ kernels.
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Since all of them are concave first and then convex, the plots do seem to suggest that the hazard functions are all unimodal.
For checking whether the Birnbaum-Saunders distribution can be used for fitting the marginal distributions, the modified
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Table 2

The modified moment estimates of «; and g;, the KS distance
between the empirical distribution function and the fitted
distribution function, and the corresponding p values.

o B KS distance  p
T: 0.1473 0.8347 0.161 0.537
T, 0.1372 0.8107 0.145 0.671
T3 0.1525 0.6963 0.109 0.929
Ty 0.1503 0.6861 0.094 0.979
Table 3
The maximized log-likelihood value vs. degrees of freedom v = 1(1)20.
v Maximized log-likelihood v Maximized log-likelihood v Maximized log-likelihood v Maximized log-likelihood
1 181.510422 2 187.544418 3 189.382248 4 189.978531
5 190.111679 6 190.048141 7 189.984222 8 189.889908
9 189.769516 10 189.638428 11 189.505157 12 189.374313
13 189.266373 14 189.175812 15 189.088974 16 189.006287
17 188.927994 18 188.854111 19 188.784485 20 188.718903
moment estimates of ¢; and S; (fori = 1, ..., 4), as proposed by Ng et al. [18], were computed. Using these values, the

Kolmogorov-Smirnov (KS) distances between the empirical distribution function and the fitted distribution function and
the corresponding p-values (determined by Monte Carlo simulations) were computed, and these results are presented in
Table 2. The obtained results suggest that the Birnbaum-Saunders distribution fits all the marginals very well.

All these suggest that we could fit 4-variate Birnbaum-Saunders distribution to the considered data. Using modified
moment estimates as initial guess, we found the MLEs of 1, B2, B3 and B4 to be 0.8547, 0.7907, 0.7363 and 0.8161,
respectively. Finally, the corresponding maximum likelihood estimates of o1, o3, @3 and a4 were obtained to be 0.1491,
0.1393, 0.1625 and 0.2304, respectively, and the corresponding maximized log-likelihood value to be 182.561896. The 95%
non-parametric bootstrap confidence intervals of 81, 8, 83 and 84 were then obtained as (0.8069, 0.9025), (0.7475, 0.8339),
(0.6950, 0.7776) and (0.7760, 0.8562), respectively. Similarly, the 95% non-parametric bootstrap confidence intervals of
o1, oy, az and a4 were obtained as (0.1085, 0.1897), (0.1015, 0.1771), (0.1204, 0.2046) and (0.1890, 0.2718), respectively.
The maximum likelihood estimate of T is obtained as

1.000 0.767 0.715 0.515
0.767 1.000 0.612 0.381
0.715 0.612 1.000 0.693
0.515 0.381 0.693 1.000

T= (46)

Now, suppose we are interested in testing the hypotheses
Hp : B1 = B2 = B3 = Ba(= B,say) vs. Hj:theyare not all equal.

In this case, we find the maximum likelihood estimate of the common g as 0.7689, and the constrained maximum likelihood
estimates of a1, @y, @3 and oy to be 0.1689, 0.1471, 0.1823 and 0.1890, respectively. The corresponding constrained
maximum likelihood estimate of I is obtained as

1.000 0.841 0.253 0.131
0.841 1.000 0.372 0.378
0.252 0.372 1.000 0.800 |~
0.131 0.378 0.800 1.000

T= (47)

with the corresponding maximized log-likelihood value as 124.81564. So, by using the likelihood ratio test, we conclude
that there is no evidence to support Hy since we have p < 1078 in this case.

5.2. Multivariate-t kernel

In this section, we re-analyze the same data considered in the preceding subsection by using the generalized 4-variate
Birnbaum-Saunders distribution with multivariate-t kernel. We varied the degrees of freedom v from 1 to 20 for profile
analysis with respect to v. We computed the MLEs of all the parameters and the corresponding maximized log-likelihood
values for different choices of v. We observed that the maximized log-likelihood values increase first and then decrease. The
maximized log-likelihood values, computed as a function of the degrees of freedom v, through this discrete profile search,
are presented in Table 3, and these values have also been plotted in Fig. 3.

We observe that the maximum occurs at v = 5, with the associated log-likelihood value (without the additive constant)
being 190.112. It is important to mention here that the selection of the best t-kernel function through the maximized
log-likelihood value is equivalent to selecting by the Akaike Information Criterion since the number of model parameters
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Fig. 3. The maximized log-likelihood value as a profile function of v = 1(1)20.

remains the same when v varies. Furthermore, this maximized log-likelihood value of 190.112 for the multivariate-t
kernel with v = 5 degrees of freedom is significantly larger than the corresponding value of 182.562 for the multivariate
normal kernel, which does provide evidence to the fact that the multivariate-t kernel provides a much better fit for these
data.

Now, we provide detailed results for the case v = 5. In this case, the MLEs of B4, 8, B3 and B4 are found to be
0.8686, 0.8469, 0.7349, 0.7156, respectively. The corresponding 95% confidence intervals, obtained by the use of non-
parametric bootstrap method, are (0.7975, 0.9423), (0.7991, 0.9147), (0.6614, 0.7967), and (0.6357, 0.7855), respectively.
The MLEs of a1, ay, a3 and a4 are 0.1057, 0.1357, 0.1413 and 0.1372 and the associated 95% non-parametric bootstrap
confidence intervals are (0.0745, 0.1387), (0.0975, 0.1689), (0.1115, 0.1712), and (0.1015, 0.1655), respectively. The
maximum likelihood estimate of T is obtained as

1.000 0.812 0.699 0.493
0.812 1.000 0.598 0.412
0.699 0.598 1.000 0.711
0.493 0.412 0.711 1.000

T= (48)

6. Concluding remarks

In this paper, we have introduced a p-variate generalized Birnbaum-Saunders distribution, and derived many of its
properties. The maximum likelihood estimates of the model parameters for two special cases have been discussed in
detail. It has been observed that in both these cases, the maximum likelihood estimates can be obtained numerically by an
optimization process in conjunction with the profile likelihood method. Explicit expressions for the elements of the Fisher
information matrix in the case of multivariate normal kernel have been provided. For illustrative purposes, one data set has
been analyzed in which case it has been shown that the generalized Birnbaum-Saunders distribution with the multivariate-t
kernel provides a better fit than the one with the multivariate normal kernel.

The estimation of the parameters of the generalized multivariate Birnbaum-Saunders distribution, for an arbitrary kernel
function, as well as model selection and model discrimination within this general family still remain as challenging open
problems. Work is currently under progress on these problems and we hope to report these findings in a future paper.
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Appendix. Fisher information matrix

For deriving the elements of the expected Fisher information matrix, the following expressions and results are useful.
LetT ~ BS,(ee, B, T) and I' = ((yi)). Then:

(a)
[T |Bi [Te (BN o .
E{( E— Tz)( E— T}()}_alakylka iZk=1,...,p; (49)
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2
T,

If we denote

TiTk .
E =Yi(a, ap, yi), i#Fk=1,...,p, (51)
lgiﬂk
then we immediately have, fori #k=1,...,p,
/3'/3’ ,B‘Tk
E ( Tsz( = Yi(ai, g, y) and E T;ﬂk = Y1(ai, ok, —Vik)-
An explicit expression for v (-) has been given by Kundu et al. [13]. Moreover,
9 -1 -1 0 1 ik __ ik . )
Vi () =-r v )T T =B" = ((b;;,)) (ay), i,k ji,ja=1,....p,
ki (r'y=ar! i1‘ r-! i1‘ r'=2a%=2(@d*.)) (say)
Vi dVik dVik T2 '
fori, k,ji,j» = 1, ..., p. Furthermore,

92 9 9 9 9
(r)y=-r <—r> r! <—r> r!l-r! ( r) r! ( r) r!
0Yik0 Vst 0Yik st Vst 0Yik
= —C*" = ((g5,)). (ay).

for (i, k) # (s, t) or (i, k) # (t,s), i, k, s, t,j1,jo = 1, ..., p. Let us denote I ' = ((y*)), and

f(a, B I‘):—lln|l“|—EVTF‘1V—ilnal—Xp:lnﬂ-+iln (’%‘>%+(ﬂj>g (52)
i 2 2 = R T L) )’

where

<
[
—
=
P
N
I
eSS
S~
_GQ‘,_‘
—
>
I
<
S~
[

Then
92 1 ) P 0 1 i
—E (%) =—|3r"+2 Z Y vie—11. —E ( f ) =- Yiey'™,
oa; o Myt dai0a o0l
(24 L e+ (1404
_E(ZL) = = " i
p? ,3,2 2 Y a? 2
V. L 1 ik
+ 7 *(5 +of) + Z Y™ (e, o, vi) — Y, o, —Vie))
B; KT i 2
where

](oz):/ (1 + g(au))2dd W) and g(u)=1+%u2+u<1+”2> ,

—E( o )— P gt 70 + 72 s — )]
99 B = 20008 B Y (i, ok, Yik yi(ai, ok, —¥ie) ],

B (a)/lk> ZZ 11J2y1112+ Clka

j1=1j2=1
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where

| —v2

W=ri i,
T2

21| — 4y
T2

For (i, k) # (s, t) or (i, k) # (t, s),and fori # k, s # t, we have

Y (B L o) o )
ayikayst 2] R

j1=1j,=1

Cik
ifi £ k.

where d(i, k, s, t) is given by

2vayse  fiFks#t

i ifi #k,s=t,
d(@i, k,s, t) = VikVss ifi#k,s

T2
Tl Eyiiyss ifi=ks=t
—E <82f> = 2 ib{ﬁyim and —E (82f) -0
ayjkaai o 3]/jk3ﬂi
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