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Abstract. In this paper, we introducte a family of univariate Birnbaum-
Saunders distributions arising from the skew-normal-¢ distribution. We ob-
tain several properties of this distribution such as its moments, the maxi-
mum likelihood estimation procedure via an EM-algorithm and a method to
evaluate standard errors using the EM-algorithm. Finally, we apply these
methods to a real data set to demonstrate its flexibility and conduct a simula-
tion study to demonstrate the usefulness of this distribution when compared
to the ordinary Birnbaum-Saunders and skew-normal Birnbaum-Saunders
distributions.
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1 Introduction

The Birnbaum-Saunders (BS) distribution was originally introduced by Birn-
baum and Saunders (1969) as a model for the distribution of a unit under
cyclic loading. This distribution is obtained on the basis of the standard
normal distribution by means of a random variable (r.v.) T which admits
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2 An Extension of the Birnbaum-Saunders Distribution Based on ...

the stochastic representation

i—[aZ—l—\/T] (1)

where Z ~ N(0,1). The probability density function (pdf) of T" is given by
9(t; o, B) = ¢ (alt; o, B)) Alt; e, B), ¢, 8> 0,

where
da(t;a, )  t+f

alfi e ) = [\[ \f At 20 BVE

and ¢(-) is the pdf of the standard normal distribution. We say that T follows
the BS distribution with shape parameter « > 0 and scale parameter g > 0.

The BS distribution is a popular model, commonly used in different areas
of sciences and engineering; for example, Desmond (1985) considered the BS
distribution as a model in biology, Leiva et al. (2007), Barros et al. (2008)
presented some applications in the medical field, and Podlaski (2008), Leiva
et al. (2010) and Vilca et al. (2010) used it to model data related to the
forestry and environmental sciences.

Recently researchers have suggested replacing the standard normal vari-
able Z in (1) by other random variables. For instance, Diaz-Garcia and
Leiva-Sanchez (2005) introduced the generalized Birnbaum-Saunders (GBS)
distribution which replaces the normal distribution by the elliptical family
of distributions. The main motivation for the use of the GBS distribution
is to make it more flexible. Sanhueza et al. (2008) have presented a detailed
review of the results of the GBS distribution and Gémez et al. (2009) have
proposed an extension using the slash-elliptical distribution. Other exten-
sions include the g-Birnbaum-Saunders distribution in Cordeiro and Lemonte
(2011), the Marshall-Olkin extended BS distribution in Lemonte (2013) and
the non-central version of the BS distribution in Guiraud et al. (2009).

Recently, skewed distributions have received a great deal of attention in
the literature and include the family of skew-normal distributions discussed
formally and popularized by Azzalini (1985, 1986), as a special case. Let
® (-) denote the standard normal (N (0,1)) cumulative distribution function
(cdf). Then, a random variable Z is said to follow a standard skew-normal
(SN) distribution with shape parameter A € R (Z ~ SN ())) , if its pdf is
given by

A(t; e, B) =

fsn(z;0) =20 (2) P (Nz2), z € R. (2)
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Vilca and Leiva (2006) replaced the r.v. Z in (1) by a SN variable
having pdf (2) and obtained the skew-normal Birnbaum-Saunders (SN —BS)
distribution with the pdf

o(t;a, B, N) = 2¢(a(t; o, B))@(Aa(t; o, B))At; 0, B),  t,a,3>0, AeR.
(3)
Vilca et al. (2011) showed that the SN — BS distribution model is able to
predict extreme percentiles. Furthermore, these authors used an EM-type
algorithm to obtain the maximum likelihood (ML) estimation of the SN-BS
distribution parameters.

Various extensions of the SN distribution, which provide greater flexi-
bility have been suggested in the literature. For example, Nadarajah and
Kotz (2003) proposed the skew-normal-t (SNT) distribution . In this pa-
per, replacing the variable Z in (1) by a SNT variable, we introduce a
new extension of the BS distribution based on the SNT', which we call the
skew-normal-t Birnbaum-Saunders (SNT — BS) distribution. We then use
a stochastic representation for SNT variable to obtain the ML estimation of
the SNT — BS distribution parameters using an EM-type algorithm.

The rest of this paper is organised as follows. In Section 2, a new family
of distributions is defined and its properties are studied in details. Section
3 discusses an EM-type algorithm to obtain the parameter estimates of the
SNT — BS model. A method to evaluate the standard errors from the EM-
type algorithm is also presented. In Section 4, a real data set is used an
illustrate an application of the SNT — B.S model. In Section 5, a simulation
study is conducted to compare the BS, SN —BS and SNT — BS models, and
Monte Carlo simulations are used to evaluate the finite-sample performance
of the ML estimates of the SNT — BS distribution parameters.

2 The Birnbaum-Saunders Distribution Based on
Skew-Normal-t Distribution

We begin this section by defining the SNT distribution and give a stochastic
representation of the BS distribution based on a SNT variable. We then
derive some properties of the latter distribution as well as its hierarchical
formulation.

The random variable Z follows a skew-normal-¢ distribution with skew-
ness parameter A € R and degrees of freedom parameter v € RT (SNT(\, v)),

J. Statist. Res. Iran 12 (2015): 1-37



4 An Extension of the Birnbaum-Saunders Distribution Based on ...

if its pdf is given by (Nadarajah and Kotz, 2003)
fsnr (z3 N\ v) =20(2)T(Az;v), z€R, (4)

where T'(+; v) is the cdf of the Student’s ¢ distribution with degrees of freedom
v. Density (4) includes the normal distribution (A = 0), and the half normal
distribution (A — 00) as special cases. In addition, as v — oo, (4) becomes
the Azzalini’s skew normal density.

The following result, due to Azzalini and Capitanio (2003), is useful for
evaluating underlying integrals in the rest of the paper:

Propoition 1. If 7 follows gamma distribution with shape parameter w; > 0
and scale parameter wy > 0 (I'(w1,w2)), then for all a € R,

E(®(a/7)) =T <a\/g; 2w1> : (5)

In the following proposition we present a stochastic representation for
the random variable Z with pdf (4).

Proposition 2. We have

d 1 T
4 = —=Y1+ N/ —|Yo| ~ SNT(A 6

where Yy and Y; are two independent N(0,1) random variables and 7 ~
I'(v/2,v/2) is independent of Y and Y;.

Proof. See Appendix A. O

Definition 1. If Z ~ SNT(\,v) in (1), we say that the r.v. T follows the
SNT — BS distribution. In this case, the pdf of T is

fr(t;a, B, A\ v) = 2¢(a(t; o, B))T (Aa(t; o, B); v)
x A(t; a, B), t,a,B,v >0, AeR. (7)

Figure 1 displays the graphs of BS, SN — BS and SNT — BS densi-
ties, for selected values of parameters. Note that the figure shows better fit
of lower percentiles for the SNT — BS distribution related to the B.S and
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Figure 1. Plots of the BS, SN — BS and SNT — BS densities for selected values of parameters.

SN — BS distributions.

Some properties of the SNT — BS(a, 8, A, v) distribution are as follows:

(i) For A = 0, the SNT — BS distribution coincides with the BS(«, f5)
distribution.

(ii) When v — oo, the pdf (7) approaches the pdf in equation (3).
(iii) The pdf (7) tends to 2¢(t; ¢, 5), as A — oo.

(iv) If T ~ SNT — BS(a, 3, \,v) then T~! ~ SNT — BS(a, 371, M\, v).

J. Statist. Res. Iran 12 (2015): 1-37



6 An Extension of the Birnbaum-Saunders Distribution Based on ...

The moments of the SNT — BS distribution depend on the moments
of the SNT distribution, but they can also be expressed in terms of the
moments of the BS distribution. In the following proposition, we present
a relationship between the means, variances, coefficients of variation (CV'),
skewness (C'S) and kurtosis (CK) of the SNT — BS and BS distributions.

Proposition 3. Let Tsyr ~ SNT — BS(a, 8, \,v) and Ty ~ BS(«, ).
Then the mean, variance, CV(y[T]), CS(a3[T]), and CK(a4[T]) of these two
random variables satisfy the following:

() BlTswr] = B(Ty) + Do,
(1)  Var[Tsnt) = Var(Tn) + [Of} Qg,

V1+ [aBay,/Var[2Ty]
1+ afwi/E2TN]
4 + 502 : 2[ag + ara + aza?
4+ 5a? +04J " [4 4502 + ay)?
bo + bro + boa® + b3043:| [4 4 5a?]?
[

(ii1)  y[Tsnt] = v[TN]

()  a3[Tsnt] = a3[Ty] [

(v)  ulTsnr] = [a4[TN] i

[4 + 5a?)? 44502+ ay)?’

where

= 20wz —w] —wi

ay = 2ws— 6wy + wi)’,

a; = 3w% — 3wiws,

as = 2W5 — 60)1 — 3W3,

bo = 24w? — 3w] — 16wiws,

by = 16ws + 12wiws — 96w, — 12w3 — 16ws,

by = 18w? + 24wiwsg — 16wiws,

bs = 8wy — 168w; — 16ws,

and wy = E[ZFVa2Z2 4+ 4], Z ~ SNT(\,v) and k = 1,3,5,7. In order to
calculate values for wy, the integrals involved must be solved using numerical
methods.
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From (1) and (6), we readily obtain the stochastic representation

a B Y T
T=— A Yo
1 [O[{ ,71—}_)\27_ + 1+)\27| 0’}

2
Y1 T 2
—— 4+ N/ ———|Y] 4 8
w{“(m* )f e
where now T'~ SNT — BS(«, 8, \,v). Thus,
1 [T B
2 _ L (LB 5 .2
540 ~ew 0
and hence
d 1 T I3

Putting v = 4/ %WOL a further hierarchical representation of the SNT —
BS distribution can be written as

« AYT
Ty, 7 ~EBS| —,06,2, ——r—— |,
" (mﬁ m)
1+ )2
VITNTN(O, - T;<o,oo>),

7 ~T(w/2,0/2), (11)

where EBS(a, 3,0, ) denotes the extended BS distribution introducted by
Leiva et al. (2010) and T'N(u,0?; (a,b)) denotes the truncated normal dis-
tribution for N(u,0?) lying within the interval (a, b).

From (11), the joint pdf of T', v and 7 is given by

Fltm )= ﬁ()) exp { -} 1(7>0)
2

X exp {—;aQ(t; a,f) — %7’ (v — Aa(t; a, B))Q} A(t;a, 8).  (12)
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8 An Extension of the Birnbaum-Saunders Distribution Based on ...

Integrating out «y in (12), we get

s, a’(t; o vT
flt, )= i%(?é)rzlexp{— (t ’f)—'_ }
x O ()\ﬁa(t; a, B)) A(t; o, B). (13)

Dividing (12) by (13) gives

Pl = 5o\ o * e {37 —datasn . a9

It follows from (14) that the conditional distribution of v given 7 and T is

vy, t ~ TN ()\a(t; o, B), 771 (0, oo)) ) (15)

Moreover, dividing (13) by (7) yields

= =1 — ,
Iz’ exp{ T (Aa(t; o, B);v)
It follows from (16) that the conditional distribution of 7 given T' = ¢ is

gamma-weighted.

Proposition 4. Given the hierarchical representation (11), the following
hold:

(a) The conditional expectation of 7 given T' =t is

B(rlT = 1) = ()\a(t o, B)y/2 +1; V+2>.

T (Na(t; o, B); v)

(\f)\a (t;00,8) )
(an(t a,B) )

¢ (VTAa(t; a, B)) AN
b <<1> Wrata,B) Y = t)

(b) The conditional expectation of VT given T =t is

(SN

L) (3)

U1
V2RT(5)T (Aa(ts a, B);v) (200l 2

[N
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(c) The conditional expectation of y7 given T' =t is
E(y7/T = 1) = Aa(t; a, B)E(r|T = 1)

¢ (V/TAa(t; a, B)) _
r (‘D (VTAa(t; a, B)) Vi = t) '

(d) The conditional expectation of v27 given T =t is
E(*71|T =t) = X2a*(t; 0, B)E(T|T =) + 1

| o (Vira(tio,B)
T halti e 5)B <<I> Wiralta,g) VT = t) |

(e) The conditional expectation of log(7) given T' =t is

v+1
2

E(log(r)|T = t) = DG( > —log% 1+ E(rT=t) - %

1 a(t;o,B)
" T (alta, B); ) /_ _ gty

where
(v +1)2? v
V(@) = —og (142 ),
9:@) = ey e+ 3
t(.;v) the pdf of Student’s t distribution and DG(z) = ?/((f)) is the
digamma function.
Proof. See Appendix B. O

3 Maximum Likelihood Estimation

The EM algorithm is a widely applicable approach for iterative computation
of the ML estimates, and is useful in a variety of incomplete data problems.
Each iteration of the EM-algorithm, consists of two steps: the Expectation
step or the E-step and the Maximization step or the M-step. In this section,
we discuss the ML estimation of the SNT — BS using the ECM algorithm,
which is a modification of the usual EM algorithm. For more details about
the EM and ECM algorithms, we refer to Dempster et al. (1977) and Meng
and Rubin (1993), respectively.

J. Statist. Res. Iran 12 (2015): 1-37
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3.1 Estimation Via the ECM Algorithm

From the representation (11), n independent observations, each following
SNT — BS(a, 8, A\, ), can be expressed as

T; -,r-%dEBS<O‘ B,2, ———NT >
z|’7@ i /714‘)\273’ B /714_)\2”
14+ M7
vilr P TN <0 LA (o, oo)>,
T;
%dr(’; g) i=1,...n.

Letting t = (t1,...,tn), v = (71,--, ) and T = (71, ..., 7,), the complete
data log-likelihood function of 8 = («, 5, A\, v) given v = (¢,~, T), aside from
additive constants, is

nv v —1g 1
0.(0;v) = 5 log (§> —nlogT (g) —nloga + VTZlogn ~5 Zn’yf
i=1 i=1

+ Zlog <ti\;%ﬁ> — gZTl — ﬁ Z[l + A273)€%(ti; B)
i=1

i=1 =1

+ 2;71%5(&;5)
where £(t;; 8 \/E \f

Suppose 0( ) = (a®) k) X*K) 5(#)) is the current estimate (in the kth
iteration) of . Based on the EM algorithm principle, in the E-step, we need

to calculate the conditional expectation Q(9|0(k)) E (.(0;v)|t). After
some algebra we obtain

Q(9|é(k)) nv log (2) —nlogD <%) —nloga + V2_12§51’z) _ % g’;)

2 .
=1 =1
- AN e PO 9 5(K)1 02
—|—Zlog< )—Zsli — Y [1+ 251183t B)
=1 \/B 2 =1 204 =1
A o)
+a;322 g(tluﬁ):
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where

5(k)

T (A®a(t; a®), g0, /-2 41,00 4 2
o SR

80 = E(nilt; 0 ; Z o oan
T (MWa(t; a9, 50); 50
& = Blrilt;,0) = Aa(t; M, 30)3) + &), 18)
5:(25) = E(Ti7i2|ti7é(k)) A2 a2t a®, gk ) Ko
+A®a(t;a®), 50, (19)
and

5y, = E(log7i|ts, é(k))

k) 11 (k) 1

OMOIORION

1 / )
+ — Goom (@)t (x; 0 F))dx,
T(w) (t:; a0, f0)): >> 0
(20)
with
’L)\ tl7 ) A
® (yrida(ti; o, §))
(k) p(k) | 25
_ D)) =
- (k)41 ”
R . 5 13200 g2 (06 (F) 3
VERT(E)T (ARa(t; a4, 500); 904 <u<k>+v a;<t,a<k>,ﬁ<k>)> :
(21)

We then have the following ECM algorithm:

E-step: Given 0 = 9( ) , compute sg}f), sg:), §§.n), §§f? and §é]:) from Equations
(17)-(21) for j =1,...,n

J. Statist. Res. Iran 12 (2015): 1-37



12 An Extension of the Birnbaum-Saunders Distribution Based on ...

CM-step 1: Update a2 by maximizing (17) over o which leads to
1 n
&2(k+1) _ = 252(%;3(@)‘
n
i=1

CM-step 2: Fix a = a*+1) update A®) by maximizing (17) over A\, which
gives

n Ak 5
GO+ _ gD iz sWe(t B®) '
S aex(t; p0)

CM-step 3: Fix a = & tD_ X = A5+ ohtain 5D as the solution of

5 (s (5) +1) - 300 (5) - g 2l + 520 =0

CM-step 4: Fix a = ¢*+1) X\ = \*+D) and v = p*+D | obtain A*+1) using

Ble+1) arg max Q (d(k—i-l)”& A+, ﬁ(kﬂ)’é(kﬂ)) .
B

Note that the CM-Steps 3 and 4 respectively require an one-dimensional
search for the root of v and optimization with respect to 5, and can be easily
carried out using the uniroot and optimize function built in the statistical
software R.

Remark 1.

(i) The ECM algorithm has several appealing features, such as stability of
monotone convergence with each iteration and increase in the likelihood
at each iteration. It is also not sensitivity to initial values. However, the
convergence rate may be too slow for practical use. To accelerate the
convergence, we combine the ECM and Newton-Raphson (Numerical)
methods using estimates obtained from the Newton-Raphson method
as the initial point of ECM method. The key feature of the hybrid
procedure is that it combines the stability of the ECM algorithm with
the rapid convergence of the Newton-Raphson method, yielding a sub-
stantial improvement in computational efficiency.
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(ii) Useful starting values for implementing the ECM algorithm can be eas-
ily obtained from an R package called bs, on CRAN.R-project.org; see
Leiva et al. (2006). This procedure is based on the modified moment
estimators given by g = (2(s/r)/2 — 1)1/2 and fy = (sr)!/2, where

n
1 1
S = g E ti, and T = lzﬁ
=1 n i=1 ti

We now use (10) to obtain a sample of n observations from a SNT
distribution

1 t; 3
S N L) (22)
@0 Bo ti

The initial estimates 5\0 and 7y are obtained from moments using nu-
merical methods such as, the procedure DFEoptim in the statistical soft-
ware R for maximizing the corresponding likelihood function.

(iii) To ensure that true ML estimates are obtained, we recommend run-
ning the ECM algorithm using a range of different starting values and
checking whether all of them result in the same estimates.

3.2 Evaluation of the Standard Errors from the EM-Algorithm

In this section, we use the results of Louis (1982) to obtain the standard errors
of estimators by the EM-algorithm. Let v = (¢,7,7), then the elements of

J. Statist. Res. Iran 12 (2015): 1-37
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the 4 x 4 observed information matrix I (8;v) = — [%} are given by
PUED 5 S ety + B3 mnetton - 2 3oneit
i=1

%{%V) = Zg ti: B)E (ti; B) — = meﬁ'(ti;ﬁ)
325‘533” i ZW ii8) + *32”52 i
82%(;;5") == Zﬁ'Q(ti; 8) — @ Zf“(ti; B)E(ti; B) + 2 iﬂ%ﬁ”(ti;ﬁ)

i=1 j i=1

where ¢/(t;; ) =

N e
— ? tz, Z t7,7 tl7 B)
i=1 =1
_ Z 1 .n
i=1 (ti + )2 252
0%0.(0;v) 1 "
aﬁa)\_aizl z'yz z, ZT’L ’Lv tlaﬁ)
020.(0;v) 2(
T = Zﬂ{ tla
020.(0;v) _2 EaDG (%)
o2 2w 2 v
020,(0;v) _a%(e;v) B 020,(0;v) _o
dadv — 0BOv  ONOv
EtisB) Bt miyp. py — O%6(tiB) _ _ B+3t
OB = 2\/{\/@ andf (tzvﬁ) - 032 - 4\/5\/5?

Taking the conditional expectation of I (8;V) given t, we obtain the 4 x 4

matrix

(:(6;1)

— E(I(6:V)[t) = [ey]. (23)
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where
3 & 3N & n
1 == Zl (ti; B8 -I- — 28215 ti; 8) — or Zsli£2(ti§ﬁ) + -
1=
2 n
c12 =c21 = —3 2D &t BE Z%ﬁ i; B
=1
1 n
c13 =c31 = ——5 ) s2:¢(ti Z s1:€2(ti; B),
i=1
¢ =iznj£’2(t-- an (ti; BE(t:; B)+st & (t3; 8)
22 062 : Za 7» 1y a 21 ()
=1 i=1 =1
)\2 - 12 ti (¢ ti
=D sut(ti B) @Zsu& (ti; B)E (L B)
i=1 i=1
Sy
Co3 =cC :lisf'(t Zs E(ts; B)E (ti; B)
23 32 a - 21 la 13 I3 I3 )
1=
1 <& 5
- o2 Z 52i§ (tiQ 5)7
2 n 3DG’ (%)
et —— — 272
U7 2 o
C14 =C41 = Cg4 = C42 = C34 = ¢43 = 0,
with
T ()\a(t;a,ﬁ)\/%—k 1;V+2)
o — \alt: . .
S1i T Oalts a, B):0) , s2i = Aa(t;a, B)s1i + Ssi,
and .
T4 %)2
S5 — PESEE
V21T (Aa(t; a, B); (VJ”\QGZ GE) ) ’
Moving now to the computation of £} (0 t) we have
0. (0:t) =Var < \t) [vi] , (24)
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where
"I, 2\, PLI
V11 :Z |:046€ (ti;ﬁ)cu + gf (ti;ﬁ)CQi — 255 (tz,,B)C31:| ,
=1
N D A2 ,
Vi =vz1 = ; [—a5£ (15 B)€/ (133 B)Cri — ~5€(tis B)E' (85 B)Cai
)‘3 2 /
+25¢ (ti; 8)§ (ti;ﬂ)cm} :
A Ao N
vig =vg = Y [—Oﬁf (ti; B)Cri — 55 (ti; B)Cai + Jﬁ (ti;/B)CSi:| ;
i=1

n A ) )\2 ) )\2 9
V14 =g = Z [W‘f (ti; B)Cai + @5 (ti; B)Csi — ngf (tiSB)Cli] ;

=1

. )\4 2 12 )\2 12 >\3 12
g2 =Y [0445 (tis B)E7 (833 B)Cri — —5 €7 (ti B)Cai — 2 5€(ti3 B)E (ti;ﬁ)c?n] ;

=1

n o3
V3 =Usy = » [2453(751'; B)E' (ti; B)Cri + %5(751'5 B)E (ti; B)Cai

i=1
2)\2 2 . ! .
— [ A2 / A
Vg =vgp = [Mf(ti; BYE (ti; B)Cri — 5 & (ti; B)Csi

. 2cv
=1

L et )€ (1 B)Coi + 21 B)Con
20[2 79 73 51 20 73 67| »

A, A, A
v33 :; [azé“ (ti; 8)Cri + —5€(ti: B)Cai — 25€ (ti;ﬁ)c&-] :
i=1 a?> ' ’ 20> " t S
1 n
Vaa =7 ; [C1i + Cai — 2C5i]
in which

Cii = Var (ri]t), Coi = Var (tivilt), C3; = Cov (13, Tivilt)
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Cyi = Var (log7i|t) , Csi = Cov (14,1log 74|t) , C¢i = Cov (137, log 7i|t)

whose values are given in Appendix C.
Applying (23) and (24), we obtain the observed information as

I (é;t) = 02(0;t) — 1%, (B; 1)

The standard errors of the MLEs of the EM-algorithm are the square root
of the diagonal elements of the I*~* (9, t).

4 An Illustrative Example

To illustrate the model proposed in this paper, we use the daily ozone con-
centrations data used by Vilca et al. (2011) (Nadarajah, 2008), provided by
the New York State Department of Conservation. We assume that the data
are uncorrelated and, therefore, a diurnal or cyclic trend analysis is not nec-
essary. This assumption has been supported by several authors for different
reasons, for example, environmental data are sometimes reported as aver-
ages and so there is no spatial-time dependence (Gokhale and Khare, 2007,
and Vilca et al., 2011). A descriptive summary of this data set including the
mean, median, standard deviation (SD), CV, CS and CK is given in Table
1.

Table 1. Descriptive statistics for the ozone data.

Median  Mean SD (2% CS CK Range Min. Max. n

31.50 4213 3299 7830 1.21 3.11 167.00 1.00 168.00 116

An exploratory data analysis based on this table indicate a positively skewed
distribution with a kurtosis greater than three. Vilca et al. (2011) show that
the SN — BS distribution gives a better fit than the ordinary BS distribution.
We fit the SNT — BS distribution to this data set and obtain the ML esti-
mates (MLESs) of the parameters. To compare the fitted results, we compute
the maximized log-likelihood (/), the Akaike information criterion (AIC) and
the Bayesian information criterion (BIC). Results along with standard errors

(SE) of the MLEs are displayed in Table 2.
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Figure 2. The pp-plot for the BS, SN — BS and SNT — BS models.
Table 2. Fitted various models on the ozone data set.
BS SN — BS SNT — BS
parameter MLE SE MLE SE MLE SE
« 0.98201 0.06447 1.27025 0.23613 1.52074 0.21616
B8 28.0231 2.26357 14.8352 4.02982 11.3178 2.10716
A - - 1.06675 0.53475 4.37207 2.78484
v - - - - 1.54281 0.94345
£(0) -549.0971 -545.6057 -541.1762
AIC 1102.194 1097.211 1090.352
BIC 1107.701 1105.472 1101.367

According to the AIC and the BIC, we see that the SNT —BS distribution

is the best among the fitted models. The PP-plots are presented in Figure

2.

To study the validity of the three hypothetical models, we obtain the

Kolmogorov-Smirnov (K-S) goodness of fit test. The procedure for calcu-
lating the K-S test statistic D,,, which is defined as the maximum value

of

the absolute difference between the empirical and estimated cumulative

distributions, and the corresponding p-values are described below:

Step 1: Order the n data values and called them &1y, %(2), ..-; t(n)-
Step 2: Compute the K-S test statistic

i it ) — Lt
D,, = max {n—F(t(j))7F(t(j))_}’

j:lz"’7n n

where F'(-) is the fitted cdf of a hypothetical distribution.
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Step 3: For ¢ = 1,2,..., N, generate n random numbers from U (0, 1) and

order them to obtain ugil)) < UE;)) < ... < ug;))

Step 4: Compute

d = max l - u(i.) u(i.) — E .
] 7)) n

Step 5: Let I; = 1 if d® > D,, and 0 otherwise. The p-value is estimated
1 N
by % >iz1 Li-

Results are listed in Table 3.

Table 3. The K-S test results for the fitted models.

Model

BS SN — BS SNT — BS

D, 0.398411  0.066425 0.063735
p-value  0.000001  0.650123 0.712314

The reported p-values can be used as a similarity assessment of the exper-
imental data against the fitted distribution. Of the three models, the best
fit is SNT — BS with a p-value of 0.712314. This strongly suggests that the
ozone data follow a SNT — BS distribution.

In Figure 3, we plot the profile log-likelihood of the degrees of freedom
v for the SNT — BS model. It is obvious that the SN — BS model is not
suitable for this data set since the profile log-likelihood has a significant drop
at the peak value of v = 1.54281.

5 Simulation Study

First, we conduct a simulation study to compare the fitting performance of
the existing ordinary B.S and SN — BS models with the proposed SNT — BS
model. Vilca et al. (2011) have developed an efficient ECM algorithm for
the ML fitting of SN — BS distribution. They showed that, the SN — BS

distribution has a convenient hierarchical representation:

T|(H = h) ~ EBS(as, 8,0 = 2,\p),  H~TN (0,1;(0,0)),
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Figure 3. Plot of the profile log-likelihood for v.

where a5 = a1 — 02, \), = —\/% and § = \/117 We note that if A = 0,
then both SNT — BS and SN — BS models reduce to the B.S model.

As in Ho et al. (2011), for n = 250, 500, 1000, 5000 we generated synthetic
data from the BS distribution, when the parameters were set to o = 1 and
6 =1 to produce highly skewed distributions.

Then, to create heavy tails, we increased the size of each sample by 2%
adding data generated by a uniform distribution over the interval [10, 20] to
each simulated data set. So the simulation sample sizes become 255, 510,
1020 and 5100. Simulations were run with a total of 500 replications for each
sample size.

The BS, SN —BS and SNT — BS distributions were fitted to each simu-
lated data set using the ECM algorithm. The initial values for the parameters
of the various models in each sample were obtained by the procedure DE-
optim in the statistical software R. In each trail, we recorded log-likelihoods
(£(6)), AIC and BIC values. All computations were carried out using the sta-
tistical software R version 3.0.2. Table 4 presents the average log-likelihood,
AIC and BIC values the amount of iterations for various sample sizes. We
see that the SNT — B.S model has significantly better performance when the

sample size becomes large (n > 500).
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Table 4. Comparison of average log-likelihood, AIC and BIC for
BS, SN — BS and SNT — BS models under various sample sizes.

Model
n Criterion BS SN - BS SNT — BS
255 —(9) 370.2174 366.5192 363.5563
AIC 744.4349 739.0385 735.1126
BIC 751.5174 749.6623 749.2777
510 —((6) 745.5182 738.6540 733.8512
AIC 1495.036 1483.308 1475.702
BIC 1503.505 1496.011 1492.640
1020 —(9) 1489.656 1476.135 1468.165
AIC 2983.312 2958.270 2944.331
BIC 2993.167 2973.053 2964.041
5100 —((6) 7476.361 7407.631 7370.001
AIC 14956.72 14821.26 14748.01
BIC 14969.80 14840.87 14774.15

Next, we use Monte Carlo simulations to evaluate the finite-sample per-
formance of the ML estimates of the SNT — BS distribution parameters
determined from the ECM algorithm described in Section 3. The sample
sizes and true values of the parameters considered were n = 10, 20, 40, 60,
a = 0.25,0.5,0.75,1.0,1.25, A = 0.2,1,1.5 and v = 2,3, while the scale
parameter was fixed without loss of generality at § = 1. The number of
Monte Carlo replications was taken once again as M = 3000. In order to
examine the performance of the ML estimates, we compute for each sample
size and for each estimate, denoted by éj, the mean, denoted by E[éj], the
relative bias (RB) in absolute value, defined as RB; = ]{E[é]] —0;}/0;], and
the root mean square error (M SE), defined by MSE; = E[{é] —0;}?], for
j=1,2,3,4 where 61 = «, 6o = 3, 03 = A and 04 = v. Here the M SFE is the
mean square error computed from the 3000 Monte Carlo replications. Tables
5—10 present the mean, RB and MSE of the ML estimates of the param-
eters a, B, A and v . It can be observed that the RB and MSFE become
smaller as the sample size n increases, as one would expect.
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6 Concluding Remarks

We introduced an extension of the B.S model based on the SNT distribution,
called the SNT — B.S distribution and obtained several properties of this
distribution such as moments, maximum likelihood estimation procedure via
an EM-algorithm and a method to evaluate standard errors using the EM-
algorithm. A real data set was used to show flexibility of the proposed model.
Two simulation studies are used to illustrate the performance of the proposed
distribution.

Several extensions of the BS model can be considered, and we hope to
study these in the near future.
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Appendix A

To prove (6) we use the following stochastic representation for the SN model
(see for example Henze, 1986)

1 A
Y1+ Yol ~ SN (N).
VIitaz ! \/1+)\2‘O| )

Using this representation, it is clear that Z |7 ~ SN (Ay/7). By the law
of total probability and using Proposition 1, the pdf of the r.v. Z is readily
obtained as

fsnr(zAv) = /0 20002y (7 2. Y) dr = 20()T (A1),

where v(+; , 3) is the pdf of the gamma distribution with shape parameter
« and scale parameter [3.
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Appendix B

(a) Standard calculation yields

BT = 1) = /OOO f(rt)dr

- v ® (\Ta(t;a, B))
T 1‘3Xp{_7} T Oalt; o, B); v)

|

S—
8

|~

~—| IR
N
+
N

> v+2 v
X /0 ol (7‘; — 2> ® (\Ta(t; o, B)) dr,

a, B) denotes the density of I'(«, 5). By Proposition 1, it

T()\a(t;a,ﬁ)\/%—i-l;y—i—Q)

E(r|T =1) = T (a(t;a, B);v)

where 7(+;
suffices to show that

(b) Similarly, standard calculation yields
¢ (VTAa(t; a, B))
At i)
[ 8)° en v7\ ¢ (Wralt;a, )
_/0 Tz(%)T fer{-5) T Oattio, Byiv)

414 {_()\QGQ(t§O"B)+V)T}dT

2

2

(9 res
T
V2D (5)T (Aa(t; o, B);v) <w> 2

(¢) From (14), the expectation of a truncated normal distribution is given

by

— alt 1 ¢(VTa(t; o, B))
E(y|r,t) = Aa(t; ’ﬁHﬁ@(ﬁ/\a(t;a,ﬁ))' (25)
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Applying the law of iterated expectation and using Part (b) and (25)
we get

E(yr[t) = E(rE(y|7, 1)[t)

=t D0 8 (Gt )

(d) Similarly, it is easy to verify that

1 Aa(tia, B) ¢ (VTAa(t;e, f))
E(y?|r,t) = Na*(t; = L (26
Using Part (b) and (26), together with the law of iterated expectation
gives
E(y*7|t) =E(rE(y*|r,1)]t)
=22d?(t;a, B)E(T|t) + 1

| 6 (VP Aalt; 0, 8))
#dattse )P (GO

(e) From (16), we have

/ fT\th*— 00@ rv/2-1

[V

ris)’
VT (M/Ta(t; o, B))
xexp{ 7} T (Ma(t; o, B);v) =0
By Leibnitz’s rule, we get
v v+1 v+1 1
log (£ -D -
0g(2)+ v G< 2 ) T (Aa(t; o, B);v)
Aa(t;e,B)
« / go(@)t(: v)dz + B(log 7[t) — B(r|t) =
Hence
E(log(r)|T = t) =DG <” : 1) —log? — 1+ B(r|T = 1) - L
v
1 Aa(t;a,B) J
()t (x; .
e |

© 2015, SRTC Iran



F. Hashemi, V. Amirzadeh and A. Jamalizadeh 33

Appendix C

All proofs of this Appendix are similar to those of Appendix B. We first show
the following:

_ /0 (E) ’ v exp {—E} ?(();\\:;?S:g)’,ﬁu)))

)
X Oofy (7’; v+4 V) ()\fa(t a,ﬁ))
_F( HT ()\a(taﬁ)\/f+1 u+4)
- (5)*T(5)T (Aalt;a, B)iv)
where 7(+; «, 8) denote the density of I'(«, #). Therefore
Var (t|t) = E(r2|t) — E*(7|t).

By (26),
E(*7%[t) =E(r*E(y*|7, t)|t)
=\ (t; o, B)E(T2|t) + E(r|t)

. o (VTAa(t; o, B))
+ Aa(t; o, B)E (@(ﬁ)\a(t;a,ﬂ))\/ﬁ“) ’

where

¢ (VTAa(t; o, B))
PGtV

o (1)2 vt3 vt VTa(t;a, 8
:/0 I(’Q) leXp{_i} ?(aa(t;g,ﬁ);Z;dT

— )2F<V+3) rrEC ex _()\2a2(t;0475)+1/)7_ T
 V2rl(5)T Qa(t; o B); >/ (4% p{ ? }d

- (5)° 0452 |
VERD(5)T (halt; 0, B); ) (Lot ) =
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So
Var (my[t) = E(r?y°[t) — E*(T]t).
Also, we have

Cov (1, m|t) = E(r?y]t) — E(r|t)E(T7]t)
= BE(T*E(y|r, )|t) — E(7[t)E(T7t)

¢ (vTAa(t; o, B))
o <ma<t;a,ﬁ>>ﬁ3't>

= Xa(t; o, B)E(T?t) + E <

— E(7[t) E(T7]1),

where all conditional expectations have been obtained earlier.
To compute Cov (7,log 7|t) and Cov (77,log 7|t), we first note that,

E(rlogT|t) :/ Tlog T f(T|t)dT
0

:/00 log T (5)® Pl exp{ Z/T} ® (ATalt; a,ﬁ))dT
0

r(3) 2 J T (ha(t; o, B);v)
F(VTH)T /\a(t;a,ﬁ)\/%—l-l;y—l-Q)
T ST(T Qalt e, B)iv)
X/o logTﬁzzz)rug21

dr.

2
g} ® (AVTa(t; a, B))
2

T()\a(t;a,ﬁ)\/%+1;u+2)

As in Appendix B item (e), it is easy to verify that
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L(“2)T ()\a(t; o, B)\/2+ v+ 2)

E(rlogT|t) = e
(rlog7}t) ET(EVT (alts o, )5 )
v+2 v v+2
“og = —
x[DG( 5 ) 085 »

. NGV ()\a(t; o, B/ 2+ 1v+ 4)
YD (L2)T ()\a(t; @, B)\/2 + v+ 2)

M t(M;v+2)
V2420 T(M;v +2)

1 M
Ty 12 /_Oo gy + 2)64 ’

where

v+3 v+ 2 z2
g,,(:z)-DG( 5 >—DG< 5 >—1—log(1+y+2>

(v + 3)z?
(v+2)(v+2+22)

and M = /2 + 1)a(t; o, B).

Also, by using the conditional expectation rule we have

E(ytlogT|t) =E(1log TE(~|T,t)|t)
=Xa(t; o, B)E(Tlog T|t)

, ¢ (VTAa(t; o, B))
+ Xa(t; o, B)E <<I> (ﬁ)\a(t;a,ﬁ))ﬁbgﬂt) .

The first conditional expectation has just been computed. The second con-
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ditional expectation is

6 (VThalt:a, B))
E<@(V?m@uxﬁﬂv;bgﬂg

8 e vy eOWFaltia,B)
_/0 F(%)T p{ } T (Aa(t; o, B); V)

log 7dt

_ (3)* T(45h)
VIRT (§)T (Naft; o, ) K&@¥%QQ
“ (ﬁj&ﬂ*) e (Va®(t; 0, B) +v)
></O log 7 (% exp{— 5 T}
()% 0t

)
)
A2q

F(g) (Aa(t; o, B); )( “tat )ugl
[D (z/+1) A2a2(t;§7ﬁ)+y_AQQQ(Z;;HV

V+3
s |
Using Proposition 2, we get
Cov (1,log7|t) = E(Tlog|t) — E(7|t)E(log T|t).
and
Cov (17,log T|t) = E(tylogT|t) — E(mv|t)E(logT|t),
Also,
Var (log7|t) = E(log 7|t)* — E*(log 7t).

E(log 7|t)? must be computed by the numerical methods.
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