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Abstract: In this paper, we shall attempt to extend the generalized exponential geometric distribution of Silva et al.
[1]. The new four-parameter distribution also generalizes the Weibull-geometric distribution of Barreto-Souza et al. [2],
exponentiated Weibull, and several other lifetime distributions as special cases. A useful characteristic of the new distribution
is that its failure rate function can have different shapes. We first study certain basic distributional properties of the new
distribution and provide closed form expressions for its moment generating function and moments. General expressions are
also obtained for the order statistics densities and stress-strength parameter. Our findings happen to enfold several known
results as special cases. The model parameters are estimated by the maximum likelihood method and the Fisher information
matrix is discussed. Finally, the model is applied to a real data set and its advantage over some rival models is illustrated.
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I. INTRODUCTION

For many years, authors have been interested in develop-
ing methods for generating distributions with more flexibility
for applications to data modeling. One of the remarkable
methods, which has received much attention in the literature,
is elevating the cumulative distribution function (cdf) of a
random variable, say F', with a power parameter, say v > 0.
The parameter v > 0 is called a resilience parameter and
{F(.]v) = F7(.), v > 0} is a resilience parameter family
or, alternatively, a proportional reverse hazards family, with
underlying cdf F' (see [3]). Clearly, F'(.|]1) = F(.).

In recent years, several distributions belonging to the re-
silience parameter family have been proposed in the literature.
The exponentiated Weibull (EW) distribution which is a gen-
eralization of the Weibull distribution has been proposed by
Mudholkar et al. [4], [5], and [6]. The generalized exponential
(GE) distribution proposed by Gupta and Kundu [7], which
extends the exponential distribution, is another remarkable
distribution in the resilience parameter family. Nadarajah and

Kotz [8] presented four exponentiated type distributions that
extend the standard gamma, standard Weibull, standard Gum-
bel, and standard Fréchet distributions. In addition, as some
recent works, we can address the generalized exponential-
Poisson (GEP) distribution proposed by Barreto-Souza and
Cribari-Neto [9], the generalized modified Weibull (GMW)
distribution proposed by Carrasco et al. [10], and the general-
ized exponential geometric (GEG) distribution given by Silva
et al. [1] which extend the exponential-Poisson distribution of
Kus [11], the modified Weibull distribution of Lai et al. [12],
and the exponential-geometric (EG) distribution of Adamidis
and Loukas [13], respectively. An alternative version of the
GEQG distribution is also given in [14].

In this paper, we attempt to extend the GEG distribution
by raising the cdf of the Weibull-geometric (WG) distribu-
tion [2] to the power of a resilience parameter, say v > 0,
whereas, the GEG distribution is obtained by elevating the cdf
of an EG distribution to the power of v > 0. (For a compari-
son, see also Equations (1) and (13)). The main motivations
for providing this paper include generalizing the GEG dis-
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tribution, providing failure rate function shapes, two general
forms for order statistics densities and stress-strength param-
eter for distributions generated by the resilience parameter
family, and also illustrating the advantage of the new distri-
bution over some competitive models by applying it to a real
data set.

In Section 2, the new distribution is proposed and its basic
distributional properties such as the cumulative distribution,
density, survival, failure rate, and moment generating func-
tions as well as the moments and order statistics distributions
are studied. The maximum likelihood method and Fisher in-
formation matrix are discussed in Section 3. Estimation of
the stress-strength parameter with a general form is given in
Section 4. Section 5 is devoted to the capacity of the new
distribution in data modeling using a real data set. Some
concluding remarks are given in Section 6.

II. PROPOSED DISTRIBUTION AND ITS BASIC
DISTRIBUTIONAL PROPERTIES

Barreto-Souza et al. [2] proposed the WG distribution
with the cdf

]_ - ef(ﬁw)a

G(z;p, B,a) = T peGort © >0,
where p € (0,1), 8 > 0, and o > 0 are constants. Now, we

consider the following new cdf

1 — e~ (B2)*

3
1_pe_(6x)a> x>0, (D)

F(x;p, B,a,7) = (
where v > 0 is a resilience parameter. A random vari-
able as X with the cdf given in (1) is said to have the
extended generalized exponential geometric (EGEG) (or
exponentiated Weibull-geometric) distribution with the no-
tation FGEG(p,3,a,7). As two characteristics of the
EGEG(p, B, a,y) distribution, when v > 0 is an integer,
we may note that the cdf of max(Y7,Y5,...,Y,) coincides
with the cdf given in (1), where Y;’s are « independent and
identically distributed (iid) WG random variables. In addi-
tion, in the case of integer v > 0, cdf (1) can be considered
as the cdf of the ~th order statistic of N iid Weibull ran-
dom variables, where IV is a geometric random variable with
the success probability 1 — p, denoted by N ~ Ge(1l — p),
and is independent of X;’s. That is, we have the following
observations:

Lemma IL.1 Let X1, X5, ... Xy beiid random variables hav-
ing an absolutely continuous distribution function F' with
a density function f, where N has a geometric distribution
with probability mass function P(N = n) = (1 — p)p"~L;
n=1,2,..., denoted by N ~ Ge(l — p), and is independent
of X;’s. Then, the density, cumulative distribution, and sur-
vival functions of U = min(X1, X, ...X ) are, respectively,
given by

(1—p)f(z)
e R
_ P
R = o @
and
= _ (1-p)F(z)

forallz € R = (—o0, +00), where F =1 — F.
Proof. Using a conditional argument, the assertion follows. []

Since the distribution of U belongs to the Marshall and Olkin
family [15], Lemma II.1 can also be followed from [15].

Theorem II.1 Under conditions given in Lemma II.1, the
density and cumulative distribution functions of the rth order
statistic of a random sample X1, X5, ...Xn are given by

fr(z) = r(1 —p)f(x)F<m),._1;

0 pFay o "% @

and

Fo(z) = [Fu ()]s = €R, Q)

respectively, where Fyy(x) is as given in (2).

Proof. The density function of the rth order statistic, when
N has a general discrete distribution 7 (n); n =1,2,...,1s
given by

1

o/ @F@TIEF@): aeR G

fr(@) =

where 1, = P(N >r) =Y 7wn(n) and Gn(.) denotes
the probability generating function (pgf) of N defined by

Gn(z)=E (ZV) = i 2" (n) (6)

and Gg{,') (z) is its rth derivative (see [16]). Since here N has
a geometric distribution, (6) reduces to

(1-p)z.

G (z) = 1—pz’

|z] <1

and, thus, its rth derivative is given by

m, _ Q=—prlpr—t
Gy (Z)_i(l—pz)”rl cor=1,2,.... @)
In addition, in this case,
me=> (L—pp" ' =p " ®)

n=r
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and, therefore, by inserting (7) and (8) into (5), the density
function given in (3) is immediately achieved. Equation (4)
is then obtained by integrating from (3) and the proof is com-
pleted. [

As another example in this connection, we can address
the GEG distribution of Silva et al. [1]. In fact, using another
motivation different to that of Silva et al. [1], we can say that
if X7, Xs,...X v is arandom sample from an exponential dis-
tribution, where N ~ Ge(1 — p) is independent of X;’s, then
the distribution of the rth order statistic of X;’s agrees with
the GEG distribution, when its resilience parameter is an inte-
ger (see the cdf and density function of the GEG distribution
given in (13) and (14), respectively).

I1. 1. Density, survival, and failure rate functions

Let X be a random variable following the
EGEG(p, 8, «, ) distribution. Clearly, the corresponding
probability density function (pdf) associated with the cdf (1)
is given by

f(m;p7ﬁaa77) =
0B (L —pjrelen (0" (1 - om0
(1= pe-(om)"H

;o x>0,

®

where o > 0 and v > 0 are shape parameters, 8 > 0 is
a scale parameter, and parameter p € (0, 1) is called a tilt
parameter (see [3]).

Theorem IL.2 The density function of an EGEG(p, 3, o, )
distribution is logconcave ifa« > 1, v > 1, and p < 3;1 and,
thus, it is strongly unimodal. It is logconvex if 0 < a < 1 and

0 < v < 1 and, thus, it is unimodal with mode at the origin.

Proof. Define n(z) = —f'(z)/f(x) = —(log f(x))’, where
f is the first derivative of f. Therefore,

1) =~ {a—1- a(sa)°

(DB e B (o4 p(Ba)ae Oy

1— e—(,@w)“ 1— pe‘(ﬁf)a
whose first derivative is given by
’ _a—1 a(Bx)*
m (@) = x2 * z2 {a—l

(y — 1)~ [(a — 1)(1 — e=59") — a(B2)"]
(1 _ e—(ﬂﬂﬂ)“)?
w+JWKWﬂwa—Uu—paWﬂ%—awmﬂ}
(1= pe G2 '

+

(10)

It can be shown that
(v + Dp[(a—1) (1 = pe= ") — a(Bx)?]
(1 —pe_(ﬁm)a)z
_G=Dl@= (1 - — a(ge)7]
(1- e—(ﬁw)“)2

>
Y

)

forallz > 0,8 > 0,p € (0,1), « > 0,y > 1, and
p < Yy—: A proof of (11) is provided in the appendix. There-
fore, if > 1, then (10) implies that »’(z) > 0 and, thus,
the logconcavity of f is proved in this case. In addition,
since both functions (o — 1)(1 — e~ ®)") — o(Bz)* and
(= 1)(1 — pe=B2)") — o(Bx)* are negative for all z > 0,
0<a<1,8>0andp € (0, 1), (10) implies that
7' (z) < 0, when 0 < ~ < 1. Thus, the logconvexity of f
is immediately explored in this case. Since it is known that
logconcave densities are strongly unimodal and logconvex
densities are decreasing with mode at the infimum of their
support, i.e., here the origin (see, e.g., [17]), the proof is
completed. [

Fig. 1 plots the density function of an EGEG(p, 83, o, )
distribution for different parameter values. It is easily
seen that the survival and failure rate functions of an
EGEG(p, B, a,~y) distribution are given by

F 1 — (B \7
Flosp o) =1 (1_pe—(ﬁx)a) x>0,
and
h(x;p, B, a,y) =
_yaB(l - p)ze—te= (B (1 - ef(ﬁz)a)v—l

(L—pe B[ (1 —pe BI)T
—(1—e )}

x>0,

respectively.

Corollary IL.1 The failure rate function of an EGEG(p, B3,
v, ) distribution is increasing ifa > 1,y > 1, and p < z;i
and it is decreasing if 0 < o« < land 0 < v < 1.

Proof. According to the proof of Theorem II.2, we have
n'(x) >0fora>1,v> l,and p < % Thus, Glaser’s
[18] Theorem implies that the failure rate is increasing in this
case. In addition, we have n’(z) < 0, for 0 < o < 1 and
0 < v < 1. Therefore, Glaser’s [18] Theorem again implies
that the failure rate is decreasing in this case. [

Fig. 2 plots the failure rate function of an
EGEG(p, B, a,) distribution for different selected pa-
rameter values which contains the failure rate shapes of some
previously known distributions. As we see from Fig. 2, the
failure rate function can also take bathtub and upside-down
bathtub shapes for other values of the parameters.

As an important property of the resilience parameter
family, we see that the reversed failure rate function of an
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Fig. 1. Plots of an EGEG (p, 3, ., ) density function for different parameter values
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Fig. 2. Plots of an EGEG failure rate function for some selected parameter values
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EGEG(0, ) distribution, where 8 = (p, 8, ), i.e.,

frope(®:6,7)
Tpone (T:6,7) = % Y Twe

EGEG

(;0),

is proportional to the reversed failure rate function of the
W@G(0) distribution.
A simulation of the EGEG(p, 8, a,y) random variable
1
can be obtained by the relationship X = {log 1=pU7 il }
1-U7
The gth quantile z, of an EGEG(p, 3, o, ~y) distribution is
1

1 Y
given by z, = {log } , and, consequently, its me-

1— q‘Y
1—p(0.5)

g — 1 }
1—-(0.5)~

I1. 2. Some known special cases

[
2=

dian equals m = 5 {10

Below, we observe that the family of EGEG(p, 83, «, )
distributions contains several previously known distributions
as special cases.

1. When v = 1, the EGEG(p, 8, o, ) distribution reduces
to the WG(p, 8, o) distribution of Barreto-Souza et al. [2]
with pdf

fWG(x;p767a> =

=aB%(1 —p)a® e B2 (1 — pe=B2)") =2, 4 > 0.

12)

2. When v = « = 1, we obtain the EG(p
Adamidis and Loukas [13] with pdf

fec(z;p, B) = B(1 — p)e " (1 — pe#") 72,

which reduces to an exponential distribution with parameter
B>0,whenp — 0T,
3. When a = 1, the EGEG(p, 8, a, ) distribution gives the

, 3) distribution of

x>0,

GEG(p, B,~) distribution of Silva et al. [1] with the cdf and
pdf
Fepa(@;p, B,7) = {1—peﬁf} ;>0 (13)
and
fapa(x:ip, 7)) =vB(1 = p)e P (1 — e~ P17t
(14)
x (1 fpefﬁ””)*(VH); x>0,

respectively, which reduces to a GE distribution with parame-
ters v > 0 and 8 > 0, when p — 0.

4. When p — 0%, the EGEG(p, 8, ,y) distribution con-
verges to the EW (3, o, y) distribution (see, e.g., [4]) with
pdf

few(x; B, 0, 7) = yafze e (B0)% (1 — ¢~ (B2)")r—1,
x>0,

s)

which reduces to a Weibull distribution with parameters
a>0and S > 0, wheny = 1.

5. The EGEG(p, 8, a, ) distribution reduces to a degener-
ated distribution at the origin, when p — 17

I1. 3. Moment generating function and moments

It seems that mgf of an EGEG(p, 8, a, ) distribution is
not easily found directly from the density function given in
(9). Hence, we first obtain an alternative expression for the
density function of the EGEG(p, 8, o, y) distribution using
the series representation

(1—2z)7F= Z F(]ZJF'Z)ZZ, |zl <1, k>0. (16)

Then, we obtain a closed form for the mgf of the
EGEG(p, 8, a,~y) distribution and show that our result con-
tains certain known results in this connection. Using (16), pdf
(9) can be represented by

[e%e] ] Oéﬁa ) o
2) =3 (1 - p)p’ ot e (D)
f(x) z‘=0( p)p Bt 1)
x (1—e B0)%)7=1 = (17)

=(1-p)Y p'few(z;y,i+1,8,0),

=0

where

¢ e
few(z;a,b,\,c) = me—le—b(A:ﬁ

cya—1
x{l—e_(’\m)} ;x> 0,

is the density function of the beta Weibull (BW) distribution
proposed by Cordeiro et al. [19] with parameters a > 0, b >
0, A > 0,and ¢ > 0, where B(a,b) = [; t*~ (1 — )" 'dt
is the beta function. The beta Weibull distribution has also
been studied by Famoye et al. [20] and Lee et al. [21]. As
we see from (17), the EGEG(p, 3, «, 7y) density function is
an infinite weighted sum of BW densities with a geometric
weight. Hence, we can obtain some of its properties, such as
the mgf and moments, directly from those of the BW distri-
bution.

For a random variable Y following the BW (a, b, A, ¢)
distribution, Cordeiro et al. [19] showed that the mgf of Y,
for real non-integer a > 0, is given by

(a) A t"T( r/c—|— 1)(—1)
My (t ZZ i (8
e AT (a = )b+ g)r /el
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and, when a > 0 is integer, it is given by

My (t) =
1 &t T(rfe+1) Ef(a > (—1)
Ban & ot =\ JEr
(19)

Now, combining Egs. (17) and (18), for real non-integer
v > 0, yields

Mx(t) =(1-p)

S ’y+z+1)t’T(r/a+1)( 1)
ST s N1

=0 r=0 =0

and, when v > 0 is integer, by combining Eqgs. (17) and (19),

we have

Mx(t) = (1-p)

oo oo y—1

)3}

(y+ )T (r/a+1)(—=1)
— 1= )G+ 1+ j)r/otrilrlt

i=0 r=0 j=0
(20)
In particular, for v = 1, Equation (20) reduces to
= ; t'T(r/a+1)
My(t)=(1— J 21
2(t) = ( p);;pﬂrrlerlr/a @1)

where Z is a WG random variable with parameters p € (0, 1),
B >0, and a > 0 (see also [22]).

Cordeiro et al. [19] showed that the mth moment of the
BW distribution, for real non-integer and integer values of
a > 0, respectively, are as given below:

T(a)l(m/c+ 1)

BT = A" B(a, b)
= j
ijzjor b)—f—])m/c-i-l’ m=12 .,
and
PO = iyﬁéC%_l)a_l(a_fl>(f1)j;
mB(a,b) =\ b+ j)mleit
m=1,2,....

Thus, by (17), it readily follows that the mth moment of the
EGEG(p, B, a,~y) distribution, for a non-integer v > 0, is
given by

L'(m/a+1)

Bm

7 +i+1)(=1)
(i+1 —&-])m/‘”‘lz'j"

E(Xm) _ (1 _p)

XZZ

zO]O

m=1,2

g Ly eeey

which reduces to

ﬁm
f)Z Py + D=1 1.2
el ST D L g b
(22)

when v > 0 is an integer value. In particular, when v = 1,
Equation (22) becomes

(1-pl(m/a+1)

E(Z") = Bm Zp’(i—kl)‘mm =
=0

where L(p,a) = Zjoil p’j @ is Euler’s polylogarithm func-
tion (Erdelyi et al. [23]) and Z is as in (21).

II. 4. Order statistics

Let Xi,Xs,...,X, be a random sample from an
EGEG(0,~) distribution, where @ = (p, 8, «). Then, the
density function of the ¢th order statistic is given by

fi:n(l';avv) =

B 1

 B(i,n—i+1)

x f(a;0,7)[F(2;0,7)] 'L — F(z;:0,7)]""

B 1

 B(i,n—i+1)

= n—i k+i—1

(" )0 0 i 0,7)]

R (23)

- B(i,n—i+1)

S (") 1) gl )G e

k
k=0

B 1

7B(2' n—i+ )

z+k ——=2 frapa(z;0,v(i + k),

where g(z;0) and G(x; 0) are the density function and cdf
of the WG(0) distribution, respectively. Note that (23) is
a general form, i.e., it holds for any distribution belong-
ing to the resilience parameter family. For example, the
corresponding expression given by Silva et al. [1] for the
GEG(p, 8,7) distribution agrees with this general form.
As we see, the density function of the ¢th order statis-
tic of an EGEG(p, 8, «,~y) distribution is a finite linear
combination of EGEG(p, 8,c,v(i + k)) densities.Thus,

b
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we may obtain certain properties of the ¢th order statis-
tic of the EGEG(p, 8, a,7) distribution, such as its mo-
ments, directly from the corresponding properties of the
EGEG(p, B, o, (i + k)) distribution.

III. ESTIMATION AND FISHER INFORMATION
MATRIX

Let z1, 29, ..., x,, be n observations from a random sam-
ple drawn from the EGEG distribution and 8 = (p, 3, a, 7)™
be the parameter vector. The log-likelihood function is given
by

¢ =nloglyaB*(1 —p
Z(ﬂxl
=1

—(v+1) Z log(1 — pe~(F2)™),

i=1

+ (a— I)Zloga@i

v—1) Zlogl—e (Bzi)™y

T
_ (ot ot oL o¢
The components of the score vector U = (0[)’ 55 Do (%)

are given by

ol —n - e~ (Bz)”
=" 1 -
Op 17p+(7+ )le—pe*(ﬁzi)“’

i=

o _na_«a zn:(ﬂfi)a

98B B
(v = Da g~ (Bzi) e )"
T3 ; 1 o-(a®
1+ pa g~ (Bze "
B = 1-peBrd
ol n
%0 "o +nlogﬁ+;10gxi
— > (Bx:)*log(Bz;)
i=1
V1) Z (Bai)*e~ P log(Ba;)
—1 1 — e~ (Bzi)=
" (Bi)7e(P0)" log(B)
’7+ 1 plzzl 1 —pef(ﬁzi)a
and
6£ - 1 — e~ (Bz)”
= = ;—}—Zlog — G

Using a numerical method such as the Newton-Raphson
procedure, the maximum likelihood estimates (MLEs) of the

parameters are obtained by solving the nonlinear equations
U(0) = 0. The total Fisher information matrix is given by
I1,(0)=nI(0), where

ﬁpp fpﬁ fpa fp’y

_ Bp BB Ba By

I(a) B Iap ]a[? Iaa Ia’y ’
Ly Iy Iya Iy

whose components can be calculated by

2
p—

11,7 =1,2,3,4.
897j0j>’l,j It

The above expectations can be obtained numerically by
mathematical softwares such as MATLAB or MAPLE. How-
ever, the total Fisher information matrix can be approximated

e| P 9%¢ P 9%¢ F
127 o Bpaﬁ o Opoa 16 Opovy 16
F 82€| 9%¢ F 9%¢ F
I (é) ~ _ d,de [Z] 0,82 0 dﬁda ] dﬁd'y 7]
T F o 5le 2mle |
[‘)aap 7] 60435 0 0a2 16 dadvy 16
93¢ | 4 | 9%¢ | 82Z‘
0yOpl6  0y0B160  OvyOa 1O 0v2 16

where 6 is MLE of 6. Under conditions given in Fergu-
son ( [24], pp:121), 0 has an asymptotic distribution as
N4(0,1,(0)7Y), or equivalently, I,,(0)/2(6 — 6)T has
a multivariate standard normal distribution. The asymp-
totic normal distributions are usually used for constructing
approximate confidence intervals, confidence regions, and
testing of hypotheses of the parameters. For example, an
asymptotic confidence interval with confidence coefficient
1 — v for parameters 0;; j = 1,2,3,4, is computed by

(9} F 21-v/2 /Ie},e}) where 19]-,0} is the jth diagonal ele-

ment of I,,(6)~" and 21—~ /2 is the (1 — /2)th quantile of
the standard normal distribution (see Section 5).

IV. ESTIMATION OF THE STRESS-STRENGTH
PARAMETER

In the context of reliability, the stress-strength parameter
R = P(X >Y) is a measure of component reliability and
its estimation problem, when X and Y are independent and
follow a specified distribution, has been discussed widely
in the literature. Suppose that the random variable X is the
strength of a component which is subjected to a random stress
Y. The component fails whenever X < Y and there is no
failure when X > Y. In this section, the R parameter is esti-
mated for the EGEG(6, v) distribution, where 8 = (p, 3, ).
We shall discuss the matter for different cases as below:

IV. 1. The case y; # 2

Let X and Y be independent random variables with
respective distributions EGEG(0,~1) and EGEG(6,~2),
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where 6 =
is given by

(p, B, ).

The stress-strength parameter
(oo}

R=P(X >Y) = [ fx(a16,90)Fy (@:0.72)d
0

(24)

= / y19(z; 0)G(2;0) T2 dw
0

M+

where g(z;0) and G(x; ) are the density function and cdf
of the WG(0) distribution, respectively. As we see, (24) can
be considered as a general form. For example, see the corre-
sponding expression for the GEG(p, (3, ) distribution given
by Silva et al. [1].

Now, assume that z1,xs, ..., x, and y1,¥y2, ..., Yy, are
independent observations of X ~ EGEG(p,f,«a,v1)
and Y ~ EGEG(p, 3, «,72), respectively. The total log-
likelihood function £ (0*), where 8* = (p, 3, ,71,72)%,
is given by

(r(0%) = nlogy +mlogy,
+(n+m) log[aﬂa(l - p)]

The MLE of 6*, say é*, can be calculated numeri-

cally from the system of nonlinear equation Ug (0;) =
(% Op 9l Oln ‘%R)T = 0. Hence, the parameter R

0p’ 9B’ 06&’ Ov1’ Ov2

can be estimated by R = = JﬂQ

IV. 2. The cases y; # 2 and p; # p

Assume that X ~ EGEG(p1,fS,a,7) and Y ~
EGEG(p2, 8,c,7v2) are independent random variables.

In this case, the parameter R can be written as

,y aﬁa(] p> a—1 —(Bac)
/
0

x (1 — e~ (B)")m—1
1 — = (B2) \?
X 6706 d:E-
1— p2€*(ﬁm)

(1 —ple_(ﬂw)o‘)"/l-i-l
Expanding the binomial terms (1 — ple_(fgﬂﬂ)a)“Jr1 and
(1 — poe=(B0)7)

, according to Equation (16), we obtain

_ I—m
B(%Wz)(% +72)
. (25)
S win( ) B i 1)
i=0 j=0
Let 21, 9, ..., 2, and y1, yo, ..., Y be independent ob-

servations from X ~ EGEG(p1,B,a,71) and ¥ ~
EGEG(p2, B, a,7y2), respectively. The total log-likelihood
function £ (0*), where 0* = (p1, p2, B, @, 71, 7v2) T, reduces
to

(r(6%) = nlog + mlogas + (n -+ m) log(af®)
+nlog(l — p1) +mlog(l — p2)

Z log z; + Z log y;

(a—1)

+(n—1)) log (1 ~(Ba:) )
=1
+( -1 ilog (1-e )
j=1
—(n+1 Zn:log (1 —(Bai)” )
=1
— (2 +1 ilog (1 poe—(B%) ) .

Solving the system of nonlinear equation U R(B:") =

Otp Olr Olr Olp Olp OLR\T _ ;
(58 a8 5 FRRZRRGIR 875) = 0 numerically, the MLE

of %, say 6*, is obtained. The parameter R can be estimated
in this case with inserting 8* in Equation (25).

V. APPLICATION

In this section, we use a real data set to illustrate an ap-
plication of the EGEG distribution in data modeling. The
following skewed data are given by Smith and Naylor [25]
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Fig. 3. Densities plots of the fitted models

and discussed further by Barreto-Souza et al. [26] which rep-
resent the strengths of 1.5 cm glass fibres, measured at the
National Physical Laboratory, England. The data are:
0.55,0.93, 1.25, 1.36, 1.49, 1.52, 1.58, 1.61, 1.64, 1.68, 1.73,
1.81,2.00, 0.74, 1.04, 1.27, 1.39, 1.49, 1.53, 1.59, 1.61, 1.66,
1.68, 1.76, 1.82,2.01, 0.77, 1.11, 1.28, 1.42, 1.50, 1.54, 1.60,
1.62, 1.66, 1.69, 1.76, 1.84,2.24,0.81, 1.13, 1.29, 1.48, 1.50,
1.55, 1.61, 1.62, 1.66, 1.70, 1.77, 1.84, 0.84, 1.24, 1.30, 1.48,
1.51, 1.55, 1.61, 1.63, 1.67, 1.70, 1.78, 1.89.

We fit the data to the EGEG(p, 8, «,~) model and
some sub-models such as the WG(p, 3, «) model given in
(12), EW (8, v, v) model given in (15), GEG(p, 3, ) model

given in (14), and GE(8, ) model given in (15) when v = 1.
As a competitive model, we fit the four-parameter beta gen-
eralized exponential (BGE) distribution of Barreto-Souza
et al. [26] with pdf

a
B(a,b)
b—1

x{l (- e—“)a} :

fora > 0,b > 0, A > 0, and o > 0 to these data. It is
worth mentioning here that cdf (1) is still a cumulative dis-

f(33'7 a, b, )\7Oz) = e—>\l (1 _ e_kx)oca—l

x>0,

Tab. 1. MLE, maximized log-likelihood, AIC, and BIC of the fitted models

Model Parameters estimation £(0) AIC BIC

EGEG p=-50.1217, 4=0.9628, 4=3.0691, 4 = 0.7314 -11.5146  31.0292  39.6017
BGE a = 0.4125, b = 93.4655, A = 0.92271, & = 22.6124  -15.5995 39.1989  47.7715
WG p=-14.8952, 3=0.8594, 4=3.1952 -13.6131  33.2262 35.5124
EW 3=0.5820, 4=7.2846, 4=0.6712 -14.6755 35.3511  41.7805
GEG p = —111.2561, =0.61421, 4=5.7807 -15.2068 34.4137  38.7000
GE (=2.6105, 4=31.3032 -31.3835 66.7670  71.0532
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tribution function even for p < 0. Hence, we can consider
the EGEG distribution defined by cdf (1) for any p < 1 and
also for the WG distribution as a sub-model. Therefore, our
expressions for the moments, mgf, and order statistics are
also valid for —1 < p < 1. For p < —1, numerical computa-
tion should be investigated. (For a similar explanation in this
connection, see [1]). To find the MLEs of the EW (8, «, )
model, the initial values are the MLEs of the GE(3, ) model
and o = 1. Subsequently, the initial values for finding the
MLEs of the EGEG(p, 3, o, v) model can be MLEs of the
EW (S, a,~) model and a value near zero for p. As men-
tioned above, we see from Tab. 1 that the estimation of p is
not range-preserving.

Table 1 contains MLEs of the parameters, maximized
log-likelihood function (¢(8)), Akaike information criterion
(AIC), and Bayesian information criterion (BIC) as known
criterions for comparing the fitted models.

According to AIC and BIC values in Table 1 and also
Figures 3 and 4, it seems that the EGEG distribution gives
a better fit than the BGE, EW, WG, GEG, and GE models.
We have also performed Kolmogorov-Smirnov tests whose
values (p-values) for the EGEG, BGE, WG, EW, GEG, and
GE are 0.0925 (0.6209), 0.1673 (0.0520), 0.1575 (0.0786),
0.1461 (0.1226), 0.1522 (0.0969), and 0.2290 (0.0022), re-
spectively. These results also confirm a good fit for the EGEG
model.

EGEG distribution

0.5f

Expected cdf

0 0.5 1 1.5 2 25 3
o Observed cdf

WG distribution

1 : ‘

0.5f

Expected cdf

0 0.5 1 15 2 25 3
.. Observed cdf
GEG distribution

0.5

Expected cdf

0 0.5 1 1.5 2 2.5 3
Observed cdf

The asymptotic variance-covariance matrix of the MLEs
for the EGEG model parameters, which is the inverse of the
observed Fisher information matrix, is given by

I, '=10°

0.000151 —0.000040  0.013441 0.000010
—0.000040  0.000010 —0.003910 —0.000003
0.013441 —0.003913  0.000526 0.001954
0.000010 —0.000003  0.001954  0.000005

Thus, 95% confidence intervals for the parameters are given
by p € (—50.1217 F 0.7616), 8 € (0.9628 F 0.1960),
« € (3.0691 F 1.4215), and 8 € (0.7314 F 0.1386).

In testing the null hypothesis Hy : GEG versus the alter-
native hypothesis H; : EGEG, or equivalently, Hy : o = 1
versus Hy : a # 1, the likelihood ratio (LR) test statistic
value is 7.5068 (p-value=0.0061) which is significant at 1%
level. In addition, in testing the null hypothesis Hy : WG
versus the alternative hypothesis H; : EGEG, or equivalently,
Hy : v = 1versus Hy : v # 1, the LR test statistic value is
4.1970 (p-value=0.0405) which is significant at 5% level.

VI. CONCLUDING REMARKS

A new four-parameter lifetime distribution called the
extended generalized exponential geometric (EGEG) dis-

. BGE distribution

0.5f

Expected cdf

0 0.5 1 1.5 2 25 3
o Observed cdf
] EW distribution

0.5f

Expected cdf

0 0.5 1 15 2 2.5 3
Observed cdf
GE distribution
1 T :

0.5

Expected cdf

0 0.5 1 1.5 2 25 3
Observed cdf

Fig. 4. Empirical cdf plots of the fitted models
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tribution is proposed by adding a resilience parameter to
the Weibull-geometric (WG) distribution of Barreto-Souza
et al. [2]. The new distribution also extends the generalized ex-
ponential geometric (GEG) distribution of Silva et al. [1] and
includes some previously well-known distributions, such as
the exponentiated Weibull (EW), Weibull, generalized expo-
nential (GE), and the exponential-geometric (EG) distribution
of Adamidis and Loukas [13] as sub-models. A characteristic
of the EGEG distribution is that its failure rate function can
be decreasing, increasing, bathtub, and upside-down bathtub
depending on its parameters. We studied the basic distribu-
tional properties of the new distribution. Two general forms
are given for the order statistics densities and stress-strength
parameter. The maximum likelihood method is used to esti-
mate the model parameters. We fitted the EGEG model to a
real data set and found that the EGEG distribution yields a
more satisfactory fit to the data than its rival models.
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Appendix

Here, we intend to support the validity of inequality
(11), used in the proof of Theorem II.2. For this purpose,
let0 <t =e B < 1, forallz >0, a > 0,and 8 > 0.
Then, (11) reduces to

alogt[(y = 1)(1 —pt)*> = (y+ Dp(1 — )*] <
<(a=1)(1-1t)(1—pt)
X[(v+Dp(1 —t) = (v — (1 = pt)].

To prove (26), we make use of the following three Lemmas.

(26)

Lemma A.1Ify > landp < 3—;1 then (y —1)(1 —pt)? —
(v+ p(1 —1)* > 0.

Proof. From the inequality (1 — pt)? > (1 — t)? for all
t,pe (0,1)and p < 1—:, the assertion follows. (]

Lemma A2 If vy > 1 and p < % then log ¢t[(y — 1)(1 —

pt)? = (v + p(1=1)?] < (t = )[(v = 1)1 —pt)* = (v +
Dp(1 —1)?].

Proof. Using the simple inequality logt <t¢—1forallt > 0
and Lemma A.1, we have the proof. [J

Lemma A3 If v > 1, p < %’ and o > 0, then

alt = D[y = DA = pt)* = (v + Dp(1 — )] <
(=11 =t)(1=pt)[(v+ Vp(l =) = (v = 1)(1 = pt)].

Proof. It is sufficient to prove that

al(y + D)p(1 = 8)* = (y = 1)(1 - pt)’]

—(a =D =pt)[(y + Dp(1 =) = (v = 1)(1 = pt)] <0.
27

For this, we consider the L.H.S of (27) as a function of a.
Thus, the L.H.S of (27) reduces to

h@) = =[(y + Dp(1 = p)t(1 — )] + (1),

where ¢(t) = (1—pt)[(v+1)p(1—t)—(y—1)(1—pt)] is aneg-
ative function, if p < % It is clear that h(«) is a linear and
decreasing function of «. Further, lim,_,¢ A(c) = ¢(t) < 0
and, thus, (27) is proved. [J

Therefore, using Lemmas A.2 and A.3, the proof of (26)
is evident.

References

[1] R.B. Silva, W. Barreto-Souza, and G.M. Cordeiro, A new
distribution with decreasing, increasing, and upside-down
bathtub failure rate, Comput. Statist. Data Anal. 54, 935-944
(2010).

[2] W. Barreto-Souza, A.L. de Morais, and G.M. Cordeiro, The
Weibull-geometric distribution, J. Stat. Comput. Simul. 81,
645-657 (2011).

[3] A.W. Marshall and 1. Olkin, Life distributions: Structure
of nonparametric, semiparametric, and parametric families,
Springer Science+Business Media, LLC, New York, 2007.

[4] G.S. Mudholkar and D.K. Srivastava, Exponentiated Weibull
family for analyzing bathtub failure -rate data, Trans. Reliab.
42, 299-302 (1993).

[5]1 G.S. Mudholkar, D.K. Srivastava, and M. Freimer, The expo-
nentiated Weibull family: A reanalysis of the bus-motor-failure
data, Technometrics 37, 436-445 (1995).

[6] G.S.Mudholkar and A.D. Hutson, The exponentiated Weibull
Sfamily: Some properties and a flood data application, Comm.
Statist. Theory Methods 25, 3059-3083 (1996).

[7]1 R.D. Gupta and D. Kundu, Generalized exponential distribu-
tions, Aust. N. Z. J. Stat. 41, 173-188 (1999).

[8] S. Nadarajah and S. Kotz, The exponentiated type distribu-
tions, Acta Appl. Math. 92, 97-111 (2006).

[9] W. Barreto-Souza and F. Cribari-Neto, A generalization of
the exponential-Poisson distribution, Statist. Probab. Lett. 79,
2493-2500 (2009).

[10] J.M.F. Carrasco, E.M.M. Ortega, and G.M. Cordeiro, A gen-
eralized modified Weibull distribution for lifetime modeling,
Comput. Statist. Data Anal. 53, 450-462 (2008).

[11] C. Kus, A new lifetime distribution, Comput. Statist. Data
Anal. 51, 4497-4509 (2007).

[12] C.D. Lai, M. Xie, and D.N.P. Murthy, A modified Weibull
distribution, Trans. Reliab. 52, 33-37 (2003).

[13] K. Adamidis and S. Loukas, A lifetime distribution with de-
creasing failure rate, Statist. Probab. Lett. 39, 35-42 (1998).

[14] H. Bidram, J. Behboodian, and M. Towhidi, A new general-
ized exponential geometric distribution, Comm. Statist. The-
ory Methods. 42, 528-542 (2013).

[15] A. W. Marshall and 1. Olkin, A new method for adding a pa-
rameter to a family of distributions with application to the
exponential and Weibull families, Biometrika 84, 641-652
(1997).



228 Hamid Bidram

[16] V.K. Rohatgi, Distribution of order statistics with random
sample size. Comm. Statist. Theory Methods 16, 3739-3743
(1987).

[17] S. Dharmadhikary and K. Joag-dev, Unimodality, convexity,
and applications, Academic Press, Boston, 1998.

[18] R.E. Glaser, R.E., Bathtub and related failure rate character-
izations, J. Am. Stat. Assoc. 75, 667-672 (1980).

[19] G.M. Cordeiro, A.B. Simas, and B.D. Stosic, Closed form ex-
pressions for moments of the beta Weibull distribution. Annals
of the Brazilian Academy of Sciences. 83, 357-373 (2011).

[20] F. Famoye, C. Lee, and O. Olumolade, The beta-Weibull
distribution, J. Statist. Theory Appl. 4, 121-136 (2005).

[21] C. Lee, F. Famoye, and O. Olumolade, Beta-Weibull distri-
bution: Some properties and applications to censored data, J.
Mod. Appl. Statist. Methods 6, 173-186 (2007).

more than 15 scientific articles.

CMST 19(4) 217-228 (2013)

[22] H. Bidram, J. Behboodian, and M. Towhidi, The beta Weibull-
geometric distribution, J. Statist. Comput. Simul. 83, 52-67
(2013).

[23] A. Erdelyi, W. Magnus, F. Oberhettinger, and F.G. Tricomi,
Higher Transcendental Functions, McGraw-Hill, New York,
1953.

[24] T. S. Ferguson, A course in large sample theory, Chapman
and Hall, London, 1996.

[25] R.L. Smith and J.C. Naylor, A comparison of maximum likeli-
hood and Bayesian estimators for the three-parameter Weibull
distribution, J. Appl. Stat. 36, 358-369 (1987).

[26] W. Barreto-Souza, A.H. S. Santos, and G.M. Cordeiro,
The beta generalized exponential distribution, J. Statist. Com-
put. Simul. 80, 159-172 (2010).

Hamid Bidram was born in Isfahan (Iran) in 1974. He received his MSc in Statistical Mathematics from
Isfahan University of Technology (IUT-Iran) in 2000. He started his job as a lecturer at the University of
Isfahan since 2000 and received his PhD degree in Distribution Theory from Shiraz University (Iran) in 2011.
He is now an Assistant Professor of Statistics in Department of Statistics, Faculty of Sciences, University
of Isfahan. He has the experience of being Head of Computer and Mathematics Faculty in Khansar Unit of
University of Isfahan, during 2001 and 2002 and Head of Supervision and Evaluation Office in University of
Isfahan from 2002 to 2006. His research interests include Statistical Computations, Distribution Theory, Data
Modeling, Regression, and Applied Probability. In these fields he has written a book in Persian language and

DOI:10.12921/cmst.2013.19.04.217-228



