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tential applications of the new transmuted Birnbaum—Saunders distribution by means
of three real-world data sets from different areas.
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1. INTRODUCTION

The Birnbaum-Saunders (BS) distribution has been widely studied and
applied due to its interesting properties. Some of its more relevant characteristics
are the following:

(i) it is a transformation of the normal distribution, inheriting several of
its properties;

(ii) it has two parameters, modifying its shape and scale;

(iii) it has positive skewness, doing its probability density function (PDF)
to be asymmetrical to the right, but due to its flexibility, symmetric
data can also be modeled by the BS distribution;

(iv) its PDF and failure rate (FR) are unimodal, but also other shapes
for its FR may be modeled;

(v) it belongs to the scale and closed under reciprocation families of dis-
tributions; and

(vi) its scale parameter is also its median, so that the BS distribution can
be seen as an analogue, but in an asymmetrical setting, of the normal
distribution, which has the mean as one of its parameters.

For more details of the BS distribution, see Birnbaum and Saunders (1969b),
Johnson et al. (1995, pp.651-663), or the recent book by Leiva (2016). The
BS distribution is a direct competitor of the gamma, inverse Gaussian (IG),
lognormal and Weibull distributions; see details of these last distributions in
Johnson et al. (1994).

The BS distribution has its genesis from fatigue of materials. Then, its
natural applications have been mainly focussed on engineering and reliability.
However, today they range diverse fields including business, environment and
medicine. For some of its more recent applications, see Villegas et al. (2011),
Marchant et al. (2013, 2016a,b), Saulo et al. (2013, 2017), Leiva et al. (2014a,d,
2015a, 2016¢, 2015b, 2017), Rojas et al. (2015), Wanke and Leiva (2015), Desousa
et al. (2017), Garcia-Papani et al. (2017), Leao et al. (2017a,b), Lillo et al. (2016)
and Mohammadi et al. (2017). These and other applications, as well as several
extensions and generalizations of the BS distribution, have been conducted by an
international, transdisciplinary group of researchers. The first extension of the BS
distribution is attributed to Volodin and Dzhungurova (2000), which established
that the BS distribution is the mixture equally weighted of an IG distribution
and its convolution with the chi-squared distribution with one degree of freedom.
The authors provided a physical interpretation in terms of fatigue-life models
and introduced a general family of distributions, with members such as the IG,
normal and BS distributions, as well as others used in reliability applications.
Then, Diaz-Garcia and Leiva (2005) introduced the generalized BS (GBS) distri-
bution; see also Azevedo et al. (2012). Owen (2006) proposed a three-parameter
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extension of the BS distribution. Vilca and Leiva (2006) derived a BS distribution
based on skew-normal models (skew-BS). Gémez et al. (2009) extended the BS
distribution from the slash-elliptic model. Guiraud et al. (2009) deducted a non-
central version of the BS distribution. Leiva et al. (2009) provided a length-biased
version of the BS distribution. Ahmed et al. (2010) analyzed a truncated version
of the BS distribution. Kotz et al. (2010) performed mixture models related to
the BS distribution. Vilca et al. (2010) and Castillo et al. (2011) developed the
epsilon-skew BS distribution. Balakrishnan et al. (2011) considered mixture BS
distributions. Cordeiro and Lemonte (2011) defined the beta-BS distribution.
Leiva et al. (2011) modeled wind energy flux using a shifted BS distribution.
Athayde et al. (2012) viewed the BS distributions as part of the Johnson system,
allowing location-scale BS distributions to be obtained. Ferreira et al. (2012) and
Leiva et al. (2016a) proposed an extreme value version of the BS distribution
and its modeling. Santos-Neto et al. (2012, 2014, 2016) and Leiva et al. (2014c)
reparameterized the BS distribution obtaining interesting properties and mod-
eling. Saulo et al. (2012) presented the Kumaraswamy-BS distribution. Fierro
et al. (2013) generated the BS distribution from a non-homogeneous Poisson
process. Lemonte (2013) studied the Marshall-Olkin-BS (MOBS) distribution.
Bourguignon et al. (2014) derived the power-series BS class of distributions. Mar-
tinez et al. (2014) introduced an alpha-power extension of the BS distribution.
Leiva et al. (2016¢) derived a zero-adjusted BS distribution.

The above mentioned review about extensions and generalizations of the
BS distribution is in agreement with the important growing that the distribution
theory has had in the last decades. This is because, although the Gaussian (or
normal) distribution has dominated this theory during more than 100 years, many
real-world applications cannot be well modeled by this distribution. Then, non-
normal distributions which must be flexible in skewness and kurtosis are needed.
The interested reader can find a good collection of non-normal distributions in
Johnson et al. (1994, 1995). Several of these distributions were constructed us-
ing methods early proposed by Pearson (1895), Edgeworth (1917), Cornish and
Fisher (1937) and Johnson (1949), based on differential equations, mathematical
approximations and translation techniques; see more details in Johnson et al.
(1994, pp.15-62). A more recent proposal on non-normal distributions is at-
tributed to Azzalini (1985). In the line of these works and motivated from fi-
nancial mathematics, where applications in the calculation of value at risk and
corrections to the Black—Scholes options need flexibility in skewness and kurto-
sis, Shaw and Buckley (2009) introduced new parametric families of distributions
based on the transmutation method. This method modifies the skewness and/or
kurtosis into symmetric and asymmetric distributions and generates a new dis-
tributional family known as transmuted (or changed in its shape) distributions.
The transmutation method proposed by Shaw and Buckley (2009) carries out a
function composition between the cumulative distribution function (CDF) of a
distribution and the quantile function (QF) of another. Aryal and Tsokos (2009)



The Transmuted Birnbaum—Saunders Distribution 605

defined the transmuted extreme value distribution. Aryal and Tsokos (2011) and
Khan and King (2013) presented transmuted Weibull distributions. Aryal (2013)
proposed the transmuted log-logistic distribution. Ashour and Eltehiwy (2013)
analyzed the transmuted Lomax distribution. Mroz (2013a,b) studied the trans-
muted Lindley and Rayleigh distributions, whereas Sharma et al. (2014) derived
a transmuted inverse Rayleigh distribution. Khan and King (2014) considered
the transmuted inverse Weibull distribution. Merovci and Puka (2014) deduced
the transmuted Pareto distribution. Tiana et al. (2014) developed the trans-
muted linear exponential distribution. Saboor et al. (2015) created a transmuted
exponential-Weibull distribution. Louzada and Granzotto (2016) introduced the
transmuted log-logistic regression model. To our best knowledge, no transmuted
versions of the BS distribution exist. Therefore, the main objective of this pa-
per is to propose and derive the transmuted BS (TBS) distribution, as well as a
comprehensive treatment of its mathematical and statistical properties.

Section 2 presents the TBS distribution and derives some of its characteris-
tics including its PDF, CDF and QF, as well as its FR, moments and a generator
of random numbers. Section 3 provides the estimation of the TBS parameters
using the maximum likelihood (ML) method, including the corresponding score
vector and Hessian matrix for inferential and diagnostic purposes. In this sec-
tion, the performance of the ML estimators is evaluated by means of Monte Carlo
(MC) simulations. In addition, diagnostic tools are derived to detect influential
data in the ML estimation. Section 4 illustrates the potential applications of the
TBS distribution with three real-world data sets from different areas. Section 5
discusses the conclusions of this work and future research about the topic.

2. FORMULATION AND CHARACTERISTICS

In this section, we provide a background of the BS distribution, formulate
the new distribution and obtain some of its more relevant characteristics.

2.1. The BS distribution

A random variable T} has a BS distribution with shape (a > 0) and scale
(8 > 0) parameters if it can be represented by

2
T, = 3 (aZ/2 + ((z/2)% + 1)1/2) ,
where Z~N(0,1). In this case, the notation 77 ~BS(«, ) is used. The CDF of T7 is

Fps(t;a, 8) = ®((1/a) p(t/B)),  t>0,

where p(y) = y*/? —y~1/2, for y > 0, and ® denotes the standard normal CDF.
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The PDF of T} is
fes(tia, B) = ke, B)t732(t + B) exp(—7(t/B)/(20%)),  t>0,

where k(a, 3) = exp(1/a?)/(2av/273) and 7(y) = y + 1/y, for y > 0. Note that
the inverse function of the CDF of a random variable, also known as QF, is defined
by F~Y(y) = infyer{F(z) > y}, for y € [0,1]. Then, the QF of T} is

higa0) = Fdgo.0) = 8 (az(@)/2+ ((az@/27 + 1)), 0<q<1,

where z = ®~! is the inverse function of the standard normal CDF (or QF), and
FB_S1 is the inverse function of Fpg. As mentioned, the BS distribution holds the
following scale and reciprocation properties:

(i) bTy ~BS(«a,bp), for b > 0, and

(ii) 1/T7y ~ BS(«,1/3), respectively.

The rth moment of T} is

o B (Keprp(1/0?) + Ko _yya(1/0?))
BT = : 2K, 5(1/a?) 7

with K, (u) denoting the modified Bessel function of the third kind of order v
and argument u given by

1 su\v ’lL2
Kl/ - = - v—1 — —_—— .

see Gradshteyn and Randzhik (2000, p.907).

2.2. The TBS distribution

The TBS distribution that we propose is motivated by the work of Shaw
and Buckley (2009). As mentioned, they introduced a class of generalized dis-
tributions based on the transmutation method, which is described next. Let I}
and F5 be the CDFs of two distributions with a common sample space and F1_1
and F2_1 be their inverse functions, that is, their QFs, respectively. The gen-
eral rank transmutation map as given in Shaw and Buckley (2009) is defined
by Glg(u) == FQ(Ffl(U)) and G21 (u) == Fl (F{l(u)) The functions G12 and G21
both map the unit interval [0, 1] into itself. Under suitable assumptions, G12 and
G satisfy Gy(0) = 0 and G;5(1) =1, for 4,5 = 1,2, with ¢ # j. A quadratic rank
transmutation map is defined as Gia(u) = v+ Au(l —u), for [A\| < 1, from which
follows that the CDF satisfies the relationship Fa(z) = (1 + \) Fy(x) — A\(F1())2.
Then, by differentiation, it yields fa(z) = fi(x) (1 + X — 2\ Fi(z)), where f; and
fo are the corresponding PDF's associated with the CDFs F and F5, respectively.
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For more details about the quadratic rank transmutation map, see Shaw and

Buckley (2009). By using the BS CDF and PDF, we have the TBS CDF and
PDF, with parameters «, # and A, given respectively by

2

Pras(ta,8,0) = (1+X) @((1/a) p(t/8)) = A(@((1/a) p(t/8)) ) -

(2.1)
fTBS(t;a7ﬁ7)‘) = <1 +A— QA‘I)((I/@) p(t/ﬁ)))fBS(taa7ﬁ)7 > 07

where || <1 is an additional skewness parameter, whose role is to introduce
skewness and to vary the corresponding tail weights. Hereafter, a random variable
T with CDF or PDF given as in (2.1) is denoted by 7" ~ TBS(«, 5, A). Note that,
at A = 0, we have the BS distribution. It can also be shown that

%ij}%fTBs(t;a,ﬁ,A) = tliglofTBS(t;aaﬂa )‘) = 0.

Observe that the PDF of T can be expressed as a finite linear combination of
BS(a, #) and skew-BS(«, 3,1) PDFs; see Vilca and Leiva (2006) for details on
the skew-BS distribution and its features. Thus,

fTBS(t;aaﬁa )‘) = (1+)‘) fBS(t;O‘76) _Afskew-BS(t;a7ﬁ7 1)7

where fyew-Bs(t; o, 5,1) = 2<I>((77/a) p(t/ﬂ)) fes(t; a, B), for n € R. In addition,
if A= —1, then T' ~ skew-BS(«, 3,1). Figure 1 (first panel/row) displays several
shapes of the PDF given in (2.1) for some parameter values. These shapes re-
veal that the TBS distribution is very versatile and that the additional skewness
parameter A has substantial effects on its skewness. Note that the shapes of the
TBS distribution are much more flexible than those of the BS distribution.

2.3. Characteristics of the TBS distribution

Several of the mathematical properties of the TBS distribution can be ob-
tained directly from the BS and skew-BS distributions. For example, the ordinary
moments and moment generating function of the TBS distribution follow imme-
diately from the moments of BS and skew-BS distributions. For more details
of the skew-BS distribution, see Vilca and Leiva (2006) and Saulo et al. (2013).
Some properties of the TBS distribution are as follow. If '~ TBS(«, 3, A), then:

(i) bT ~TBS(«, b3, ), for b > 0, that is, the TBS distribution is closed

under scale transformations;

(ii) 1/T ~ TBS(«,1/8,—)), that is, the TBS distribution is closed under
reciprocation;

(iii) Y = (a?/B)T ~ TBS(a,a?,)\), that is, Y follows a two-parameter
TBS distribution.
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The FR of T ~ TBS(a, 8, A) is

(142 =220((1/a) p(t/8)) ) hs(t; @, 5)
L= \®((1/a) p(t/B)) ’

where hps(t) = fBs(t)/(1—Fps(t)) is the FR of the BS distribution. Figure 1 (sec-
ond panel/row) shows the FR of the TBS distribution for some parameter values.

(2.2)  hres(ta,B,)) =

t>0,

0
o a=0.2 e
a=0.3
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Figure 1: Plots of the TBS PDF (first panel/row) and FR (second panel/row)
for the indicated value of its parameters.

We can verify that the TBS FR is upside-down. From (2.2), note that:

(i) hres(t;, B, A)/hss(t; a, B) is decreasing in t for A > 0;

(ii) hres(t;a, B, N)/hps(t; «, () is increasing in ¢ for A < 0;

(iii) hps(t; o, B) < hres(t; o, B, ) < (1 + A) hrps(t; a, 5, A) for A > 0;
) (14 X) hps(t;a, 8) < hres(t; o, B, \) < hps(t; a, 3) for A < 0; and

(iv
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(V) limtﬂo hTBS (ta «, ﬁv )‘) =0 and hmtﬂoo hTBS (ta «, ﬁ? )\) = 1/(20&2,8),
that is, the limiting behaviors of the FRs of the TBS and BS dis-
tributions are the same.

Observe that the expression given in (2.2) may also be written as
hrs(t; o, B,X) = p(t) hss(t; o, B) + (1 — p(t)) hskew-s (£ @, 8, 1),

where  p(t) = (1 +A) (1 = 2((1/a) p(t/8))))/(1 = (L + M) @((1/a) p(t/B)) +
A@((1/w) p(t/ﬂ)))z), whereas hps and hgew-s are the FRs of the BS and
skew-BS distributions, respectively.

Many important features of a distribution can be obtained through its moments.
Let Th ~ BS(a, #) and T ~ skew-BS(«, 3,1). Then, their rth moments are

o w- ZEEE ()0 (5

k=0 =0

24)  E(I3) =5 ZZ( )( > (2>k+1wk+1;k,i, r=1,2, ..,

=0 =0

where w, ,=E(Z%(Va2Z%+4)") and Z ~ skew-normal(0, 1, 1); see Azzalini (1985).
The rth moment of T' ~ TBS(«, 5, \) can be written as E(T") = (1+ X\) E(T]) —
AE(T3). Then, using the results presented in (2.3) and (2.4), we obtain

- - k a2(7'_k+.])
= (£ (10 ()0 255

k=0 5=0

() )

Therefore, the first four moments of T' ~ TBS(«, 3, \) are

E(T) :M:ﬁ<1+05> (1+/\—/\(1+(2af212)>),

3 2w 1 4+ adws
E(T?) = (1422 + 2t ) [1+2-X (1 ’ ’
(%) =5 tea +2a * + 2+402 +3at ’

3aw1,1 + 4053’11)3’1 + a5w5,1
24+9a2+18a%+15af ’

105 s
2

o <1+)\_)\ (1+ 4wy +10a3w371+6a5w5,1 +a7w771>> '

24+ 16a2 +60a +120ab + 105 a8
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Thus, the rth moment of 7' ~ TBS(«, 3, A) about its mean is

BT — 1)) = (1+A) (j) (1 — 1y B(T1 — )

Ajﬁ;() (2 — )" B((T2 — p2)?),

where 11 = 8 (14 a*/2) and pg = 8 (1 4+ a w11 + ?/2). Hence, the correspond-
ing second, third and fourth moments about the mean are

B((T - p)?) = Var(T) = (1+A) (1 — ) +02) = A((z — )% + 3).,

E((T—p)?) = (1+A) ( +3al+u§)) /\((ug—u)3+3a§+u§3)),

BT =) = (14 2) (=)' + 6 — p)? 0 +6(ur — ) pf” + ")
—A((uz— ) +6(uz—u) 02+6(m—u)u§)+u§)),

o} = Var(Ty) = (1 + (5/4)a?),

o3 = Var(Ty) = (52/4) (4 o —a? wil +2atwg1 — 203wy + 5044),
u? = Bt (3+ (11/2)a?),
uY = 810t (34 (45/2) 0% + (633/16)a?)
py ' = #(13) + (®3%/4) (2 @?wsy +2ws 1 — 3’ ws; — 3aw; 1w,

3 2 2
+wi; +3awi; —6a w1 — 6w171) ,

M§4) — ,u§4) + (a4ﬁ4/16) (24 a2w171w271 + 12 w171w§71 —16a? w11 Ws,1

+ 182 wil —9%%aw; 1 +16aws; — 120410%1 +8a? w71

— 3wi1 + 24 wil — 16 a3w571 + 12 oz3w3,1 — 180 a3w171
+ 160&’11)3’1 — 16 w11 ’11)3’1) .

Figure 2 presents graphical plots of the mean (first panel/row) and variance
(second panel/row) of the TBS distribution for different values of a, 3 and A.
Note that the mean and variance decrease as A increases, but the mean and
variance, generally, increases as « and [ increase. The QF of T'~ TBS(a, 3, \)
is
a d—1(.* a? §-1 *21/22 .
s(se@)+ (e o)) azo
tres(q; o, B, A) = 2
a -1 o? g—1( 2\ -0-
ﬁ<2¢> @)+ (1+ % 071 (0)?) ) LA=0;
where ¢* = (1+ X — /(1 +X)2—4Xq)/2X, for g € [0,1]. Random numbers for

the TBS distribution can be generated from the TBS QF, which is detailed by
Algorithm 1.
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Figure 2: Plots of the mean (first panel/row) and variance (second panel/row)
of the TBS distribution for the indicated value of its parameters.

Algorithm 1 - Random number generator from the TBS distribution

1: Generate a random number « from U ~ U(0, 1);
2: Set values for a, 5 and X\ of T ~ TBS(a, 8, \);
3: If A # 0, then compute a random number

o o2 1/2\2
t = ﬂ<2 O (u*) + <1+ 4‘1>1(u*)2) )

from T ~ TBS(a, 3,\), with u* = (1+ X — /(1 + A)2 —4Au)/(2A); otherwise

t =3 (;‘ o (u) + (1 + O‘; q>—1(u)2)1/2 )2 ;

4: Repeat steps 1 to 3 until the required amount of random numbers to be completed.
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From Figure 3, note that the generator of random numbers proposed in
Algorithm 1 seems to be appropriate for simulating data from a TBS distribution.
We implement this algorithm in the R statistical software (R Core Team, 2016)
and generate 10000 random numbers, considering the following values of the
parameters: « = 0.1, = 1.0 and A € {—0.9,0.9}. The empirical PDF (EPDF),
the empirical CDF (ECDF) and the kernel density estimate (KDE) are obtained
using these random numbers. Figure 3 (a) shows that the midpoints are consistent
with the values obtained through the TBS PDF. Figure 3 (b) allows us to compare
the ECDF and TBS CDF, which are detected to be similar.

o g e ]

Ja=-00

PDF
CDF

1.4

Figure 3: EPDF and TBS PDF with its KDE in solid and
dashed lines (a) and ECDF and TBS CDF (b)
for simulated data.

3. PARAMETER ESTIMATION, ITS PERFORMANCE AND
DIAGNOSTICS

In this section, we use the ML method to estimate the TBS distribution pa-
rameters. In addition, by means of MC simulations, we study the performance of
the ML estimators. Furthermore, we provide diagnostic tools to detect influential
data.

3.1. ML estimation

Let T1,...,T,, be a random sample from the TBS distribution with vector
of parameters 6 = (a, 8,\)" and t1, ..., t, be their observations (data). The log-
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likelihood function for @ is

(3.1) 0(8) = nlog(x Zlog +Zlog (ti + )

=1

_ ;QQZT(t’/ﬁ) + Zlog(l +A(1 - 2<I>(Ui))>a

=1

where v; = (1/a) p(t;/3). The ML estimate 8 = (@, 3, )T is obtained by solving
the likelihood equations U, = Ug = Uy = 0 simultaneously, where U,, Ug and U\
are the components of the score vector U(8) = (U,,Us, Uy)" given by

(i 2 LAt BY 2N uid(w)
Ua__a<1+a2)+a3;<ﬂ+ti)+a;1+)\—2)\@(vi)’

__ns L1 (B ) 6(v:)
Uﬂ“zfgmﬂ*zaw;(ﬁ*u) Z(HA 2A(v >)

n

- 1—2‘13(2)7,)
U= ;1+A(1—2q>(vi))’

with ¢ being the standard normal PDF. The equations U, = Ug = Uy = 0 cannot
be solved analytically, so that iterative techniques, such as bisection, Newton—
Raphson and secant methods, may be used; see Lange (2001) and McNamee and
Pa (2013). To obtain the ML estimates of the model parameters, we employ the
subroutine MaxBFGS of the 0x software; see Doornik (2006). This subroutine uses
the analytical derivatives to maximize £(0); see Nocedal and Wright (1999) and
Press et al. (2007). As starting values for the numerical procedure, we suggest to
consider

a=(s/B+B/r—2)"7  B=(sn"?  X=o0,

where s = (1/n) 31 t; and r = 1/((1/n) 31 (1/t;)); see Birnbaum and Saun-
ders (1969a) and Leiva (2016, pp. 40-42).

To construct approximate confidence intervals and hypothesis tests for the
parameters, we use the normal approximation of the distribution of the ML es-
timator of @ = (a, 3, \)". Specifically, assume that regularity conditions are ful-
filled in the interior of the parameter space but not on the boundary; see Cox
and Hinkley (1974). Then, the asymptotic distribution of \/ﬁ(é— 0) is N3(0, Xp),
where Xg is the asymptotic variance—covariance matrix of 5, which can be ap-
proximated from the observed information matrix K(0) = —J(0), where J(0) is
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the Hessian matrix J(8) = 9%(0)/0008 ", whose elements are

o 6n 'Ui(z)(vi)
Joo = - ;:14—/\ 2)\<I>(v1) (U?+1+>\—2>\<I>(Uz')2>
3
n ¢(Uz) 2 v; ¢(v;) 2 )
Jog = + (vi)" =1
s z; 1—2<I>( 1)) <1+>\(1—2(I)(Ui))

+
HEG-2)
<1+A—2Aq>(v,)) )
(vi)
+)\—2)\Q>( )’ )
A

Jan =
B = ap? Z} 1—|—)\—2)\<I>(v1)

(\/7 \/» t/ﬂ (Uz 1+i/\_¢2(§i<)1>(vi)>>

+2/82_Z(t +ﬁ a253zt“

2

J =
BA af

=1

n

- 1—20(u) )
S = _Z<1+)\ (1-29(v ))> '

Thus, this trivariate normal distribution can be used to construct approximate
confidence intervals and regions for the model parameters. Note that asymptotic
100(1 — v/2)% confidence intervals for o,  and A are, respectively, established
as

o+ Z1—v/2 (\//a\f(a))lﬂa B + 212 (\78}(5))1/2’ e Z1—v/2 (\//E%\T(X))I/Q,

where Var(&-) is the jth diagonal element of K~ (§) related to each parameter
0;, for j =1,2,3, with 61 = a, 62 = 3, 03 = A, and 2,/ is the 100(1 — ~/2)th
quantile of the standard normal distribution. Note that the estimated asymptotic
standard errors (SEs) of the each estimator can be obtained from the square root
of the diagonal element of K _1(5).
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3.2. Simulation study

We present a numerical experiment to evaluate the performance of the ML
estimators @, B and X\. The simulation was performed using the Ox software.
A number of 10000 MC replications were considered, sample sizes n € {25, 50,
75,100, 200, 400,800}, the combination of the parameters («, 3) € {(0.10,1.00),
(0.50,1.00), (1.50,1.00), (2.00,1.00)} and A€ {—0.80,—0.50,—0.20,0.20,0.50,0.80}.
Without loss of generality, we fix 8 at 1.00 in all experiments, because this is a
scale parameter. Table 1 presents the empirical bias and square root of mean
squared error of the estimators of the TBS distribution parameters. From this
table, note that, generally, the bias decreases as n increases, evidencing that the
ML estimators & and E are asymptotically unbiased. Observe that, when varying
the values of A, the distributions of the estimators of a and 8 show, in general,
symmetrical behaviors. In addition, when the parameter « increases, the bias of B
increases. Note also that the estimator \ is more biased than @ and B, considering
all scenarios. Also in all of the cases, the square root of the mean square error
decreases as n increases, proving that the ML estimators of the TBS distribution
parameters have good precision, as known. It is important to mention that some
iterations did not converge during the simulations, due possibly to the complexity
of the function to be maximized or because of the difficulty to provide a good
initial value from A.

3.3. Influence diagnostics

Local influence is based on the curvature of the plane of the log-likelihood
function; see Leiva et al. (2014b, 2016b). In the case of the TBS model given in
(2.1),let @ = (a, B, \) T and £(8|w) be the parameter vector and the log-likelihood
function related to this model perturbed by w, respectively. The perturbation
vector w belongs to a subset 2 € R™ and wy is an n X 1 non-perturbation vector,
such that £(8|wy) = ¢(0), for all 8. The corresponding likelihood distance (LD)
is

(3.2) LD(w) = 2(£(6) — £(8.,)),

where 02, denotes the ML estimate of @ upon the perturbed TBS model used
to assess the influence of the perturbation on the ML estimate, whereas f(é)
is the usual likelihood function given in (3.1). Cook (1987) showed that the
normal curvature for € in the direction of the vector d, with ||d|| = 1, is expressed
as Cy(0) =2|d"ATJ(0)"'Ad|, where A is a 3xn perturbation matrix with
elements Aj; = 02((0|w)/00; Ow; evaluated at 6 = 6 and w = wy, for j = 1,2,3,
i=1,...,n, and J(0) is the corresponding Hessian matrix.
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A local influence diagnostic is generally based on index plots. For example,
the index graph of the eigenvector dp.x related to the maximum eigenvalue of
B(0)=-ATJ(0) A, Cy,,..(0) say, evaluated at 6 = 6, can detect those cases
that, under small perturbations, exercise a high influence on LD(w) given in
(3.2). In addition to the direction vector of maximum normal curvature, dpyax
say, another direction of interest is d; = e;;,, which corresponds to the direction of
the case i, where e;,, is an n x 1 vector of zeros with a value equal to one at the ith
position, that is, {e;,,1 <1 < n} is the canonical basis of R”. Thus, the normal
curvature is C;(0) = 2|b;;|, where b;; is the ¢th diagonal element of B(8), for
1 =1,...,n, evaluated at 8 = 6. The case i is considered as potentially influential
if Cz(é\) > 26(67), where 6(5) =3, Cz(é\)/n This procedure is called total
local influence of the case i; see Liu et al. (2016).

Consider the log-likelihood function given in (3.1). We obtain the respec-
tive perturbation matrix A, which is already evaluated at the non-perturbation
vector wyp, under the scheme of case-weight perturbation. Then, we want to eval-
uate whether cases with different weights in the log-likelihood function affect the
ML estimate of 8. This scheme is the most used to assess local influence in a
model. The log-likelihood function of the TBS model perturbed by the case-
weight scheme is

i=1 =1

Then, taking its derivative with respect to w ', we obtain A = (Ag, Aqg, AT,
After evaluating at 6 = 0 and w = wy, the elements of A,, Ag and A are

) 1 2 1 /¢t I} 2)\1]2'@5(1)@') .
AD — _— (142 (24 =1,..
@ a< +a2>+a3 (ﬁ+ti>+a(1+/\—2/\¢)(vi))’ T et

o 1-20(y)
LA —20(w))]

@ _ 1 1 1 [t B\ 2x [ 7(Vt/B) d(vi)
Ay = 2ﬁ+ti+ﬁ+2a2ﬁ<ﬂ+ti) aﬁ<1+)\—2>\<1>(vi) '

4. APPLICATIONS TO REAL-WORLD DATA

In this section, we apply the obtained results for the new model to three
data sets, illustrating its potential applications. The results are compared to
other competing BS distributions. All the computations were done using the
0x software. For each data set, we estimate the unknown parameters of the
associated distribution by the ML method and evaluate its goodness of fit with
suitable methods.
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4.1. Exploratory analysis

The first data set (S1) corresponds to the number of successive failures
for the air conditioning system of each member in a fleet of 13 Boeing 720 jet
airplanes (n = 188); S1 can be obtained from Proschan (1963). The second data
set (S2) is related to vinyl chloride concentration (in mg/L) obtained from clean
upgradient monitoring wells (n = 34); S2 can be obtained from Bhaumik et al.
(2009). The third data set (S3) corresponds to protein amount (in g) in the
restricted diet for adult patients in a Chilean hospital (n = 61); S3 and more
details about these data can be obtained from Leiva et al. (2014a). Table 2
provides some descriptive measures for the three data sets, which include central
tendency statistics, the standard deviation (SD) and the coefficients of variation
(CV), skewness (CS) and kurtosis (CK), among others. From these exploratory
analyses, we detect asymmetrical distributions with positive skewness in all of
the cases and different kurtosis levels. Figure 5 (first panel/row) shows the his-
tograms of S1, S2 and S3, from which it is possible to observe these features.

Table 2:  Descriptives statistics for the indicated data set.

Data set
Statistic
S1 S2 S3
n 188 34 61
Minimum 1.0 0.10 17.8
Median 54.0 1.15 68.2
Mean 92.7 1.88 80.4
Maximum | 603.0 8.00 210.3
SD 107.9 1.95 42.3
CS 2.1 1.53 1.2
CK 4.9 1.72 4.0
usual box-plot adjusted box-plot usual box-plot adjusted box-plot usual box-plot adjusted box-plot
g g+ = 1 7 2 gl T
gl . 2 " B
gi H L‘;f “1 “1 | 3 T B4 |
gl | g | el 4 | 8 _ o
o il doldol 45848
(a) S1 (b) S2 (c) S3

Figure 4: Box-plots for the indicated data set.
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Figure 4 displays the usual and adjusted box-plots, where the latter is useful
in cases when the data follow a skew distribution; see Rousseeuw et al. (2016).
From Figure 4, note that potential outliers considered by the usual box-plot
are not outliers in the adjusted box-plot. This is an indication that no outliers
are present at the right tail in all of the studied data sets. Figure 5 (second
panel /row) confirms these facts by means of the influence index plots, which do
not detect atypical cases. Therefore, the TBS distribution can be a good can-
didate for modeling these data sets. We compare the TBS distribution to other
generalizations of the BS distribution, such as the three-parameter MOBS, expo-
nentiated BS (EBS) and two-parameter BS distributions with the EBS and MOBS
PDFs being: feps(x; «, 8,a) = afps(z; a, B) Fes(x; o, )%, for >0, a >0, and
faoss (@ n, @, B) =1 fs(z; a, B)/ (1- (1—n)(1— Fes(z; 0, 8)))°, for 2> 0, >0,

© 8
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S 0
© =
o S e
= S
o3 = o
g° a3 28
[V a0 SO
=} 0
5] &] =]
S S g
1=} =)
g 2 g
2 IS a
0 100 200 300 400 500 600 0 2 4 6 8 0 50 100 150 200
data data data
(a) S1 (b) S2 (c) S3

catabaln i

dmax

0.0 0.2 04 0.6 0.8 1.0
dmax

0.0 0.2 0.4 0.6 0.8 1.0
dmax

0.0 0.2 0.4 0.6 0.8 1.0

0 50 100 150 0 5 10 15 20 25 30 35 0 10 20 30 40 50 60

index index index

(d) S1 (e) S2 (f) S3
3
= o
27 2 e g
s g e} 3
EIR ] < 2
5} @ S o
5 g 3 z g
T 9 o T g
—_— © —_— —_
i g i
R " E g
- : : :
g 9 o s 3

=
0 100 200 300 400 500 600 700 0 2 4 6 8 50 100 150 200
theoretical quantile theoretical quantile theoretical quantile
(g) S1 (h) S2 (i) S3

Figure 5: Histograms with estimated PDF (first panel/row), influence index
(second panel/row) and plots QQ plots with envelope (third panel/row)
for the TBS distribution based on the indicated data set.
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4.2. Confirmatory analysis

Table 3 lists the ML estimates of the parameters and the estimated asymp-
totic SEs in parentheses of the corresponding estimators for the four distributions
fitted to S1, S2 and S3. From this table and using the asymptotic distributions
of the ML estimators proved by the simulation study of Section 3.2, we eval-
uate whether the additional parameters of the EBS, MOBS and TBS distribu-
tions are significatively different from zero or not for each data set. Note that,
for S1, the additional parameter is always significatively different from zero at
5% for all EBS, MOBS and TBS distributions, indicating that the BS distri-
bution should model S1 poorly. This is not the case of S2 and S3, where only
the MOBS parameter is significatively different from zero at 5% in both cases.

Table 3: ML estimates (with estimated SE in parenthesis)
for the indicated parameter, distribution and data set.

S1 S2 S3

Distribution — — — — — — — — —

91 92 93 91 92 93 91 92 93
TBS(a, 6, \) 1.7432 23.407 —0.8649 1.3435 0.7525 —0.5496 0.5207 73.138 0.1133
0 (0.1347) (3.4801) (0.1179) |(0.2526) (0.3250) (0.5869) |(0.0495) (17.662) (0.8308)
MOBS(, o, 8) 2.1975 1.5556  26.2253 | 1.8193 0.7451 1.2899 0.9127 0.5197 72.6927
s & (0.5016) (0.0923) (4.3453) |(1.0968) (0.1691) (0.2793) |(0.7345) (0.0471) (17.025)
EBS(a, 4, a) 2.1790 13.5871  2.5381 1.6597 0.4705 2.0973 0.4290 92.414 0.5295
' (0.2755) (4.4206) (0.5224) |(0.5221) (0.3889) (1.3836) |(0.7842) (209.16) (3.1384)

BS(a, 8) 1.5147 41.3240 — 1.2745 1.0203 — 0.5199  70.857 —

’ (0.0783) (3.4959)  —  [(0.1546) (0.1826)  —  |(0.0471) (4.5565) —

To confirm these facts, we apply goodness-of-fit tests detecting what distribution
adjusts better each data set. We consider the Anderson-Darling (AD), Cramér—
von Mises (CM) and Kolmogorov—Smirnov (KS) statistics; see Barros et al.
(2014). Table 4 provides the p-values of the corresponding tests for S1, S2 and S3.

Table 4:  p-value of the indicated statistic, model and data set.

S1 S2 S3
Distribution
KS CM AD KS CM AD KS CM AD
TBS 0.7919 0.5819 0.4715 | 0.9820 0.9332 0.9215 | 0.9996 0.9459 0.9202
MOBS 0.4789 0.1337 0.0903 | 0.9765 0.9167 0.9126 | 0.9995 0.9409 0.9160
EBS 0.7369 0.2015 0.1568 | 0.9828 0.9257 0.9212 | 0.9967 0.8925 0.8810
BS 0.1064 0.0501 0.0166 | 0.8441 0.8253 0.7129 | 0.9985 0.9409 0.9001
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Thus, according to these tests, the TBS distribution fits the three data sets better
than the other distributions, that is, such p-values indicate that all of the null hy-
potheses are strongly not rejected for the TBS distribution. Also, we compare the
four distributions using the Akaike (AIC) and Bayesian (BIC) information crite-
ria, as well as the Bayes factor (BF) to evaluate the magnitude of the difference
between two BIC values; see Kass and Raftery (1995). Note that the BF coincides
with the likelihood ratio test for nested models. We compute the AIC and BIC
for the four distributions, whereas the BF is obtained to compare the distribution
having a smaller BIC to the others. Decision about the best fit is made according
to the interpretation of the BF presented in Table 6 of Leiva et al. (2015b). Table 5
provides the values of AIC, BIC and BF, indicating that the TBS distribution
provides the best fit for S1 and a very competitive performance for S2 and S3.

Table 5: Value of the information criteria and BF
for indicated model and data set.

S1 S2 S3
Distribution
AIC BIC BF AIC BIC BF AIC BIC BF
TBS 1467.1000 1476.8000 — 5.0275 9.6065 2.5891[418.7600 425.1000 4.0939
MOBS 1471.6000 1481.3000 4.4000(4.9694 9.5485 2.5311[418.7700 425.1000 4.1100
EBS 1469.0000 1478.7000 1.8000|5.0111 9.5902 2.5728[418.7800 425.1100 4.1000
BS 1481.5000 1488.0000 11.2000 |3.9647 7.0174 — [416.7800 421.0000 —

These good results of the TBS distribution can be supported graphically in
Figure 5, which displays the histograms with the estimated TBS PDFs (first
panel/row) and the quantile versus quantile (QQ) plot with envelope (third
panel/row). The QQ plot allows us to compare the empirical CDF and the
estimated TBS CDF. All of these results of goodness of fit allow us to con-
clude the superiority of the TBS distribution in relation to the BS, EBS and
MOBS distributions to model S1, S2 and S3. This shows the potential of the
TBS distribution and the importance of the additional parameter. In addition,
because the TBS distribution presents the best fit to the studied data sets, we an-
alyze the influence of small perturbations in the ML estimates of its parameters.
We use the scheme of case-weight perturbation. Figure 5 (second panel/row)
sketches the influence index plot based on the TBS distribution for each data set.
An inspection of these plots reveals that, as mentioned, none case appears with
outstanding influence on the ML estimates of the TBS distribution parameters.
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5. CONCLUSIONS AND FUTURE RESEARCH

We have used the transmutation method to define a new distribution that
generalizes the Birnbaum—Saunders model, named the transmuted Birnbaum-
Saunders distribution. Some relevant characteristics of the new distribution have
been derived, such as the probabilistic functions, as well moments and a gen-
erator of random numbers. We have estimated the model parameters with the
maximum likelihood method and its good performance has been evaluated by
means of Monte Carlo simulations. Score vector and Hessian matrix were de-
rived to infer about the model parameters. Diagnostic tools have been obtained
to detect locally influential data in the maximum likelihood estimates. Poten-
tial applications of the new distribution have been considered by using three
real-world data sets. Goodness-of-fit methods have demonstrated the suitable
performance of the transmuted Birnbaum—Saunders distribution to these data in
comparison to other versions of the Birnbaum—Saunders distribution. We hope
that the new proposed distribution may attract wider applications in statistics.
Modeling based on fixed, random and mixed effects, including semi-parametric
formulations and non-parametric estimation of kernel, can be conducted with this
new distribution. Multivariate versions, as well as copula methods, could also be
addressed by the new transmuted Birnbaum—-Saunders distribution.
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