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Abstract

In this paper we de�ned a new liftime model called the the Exponenti-
ated additive Weibull (EAW) distribution . The proposed distribution has a
number of well-known lifetime distributions as special submodels, such as the
additive Weibull , exponentiated modi�ed Weibull, exponentiated Weibull, and
generalized linear failure rate distributions among others.We obtain quantile
, moments , moment generating functions, incomplete moment Residual life
and Reversed Failure Rate Function , mean deviations, Bonferroni and Lorenz
curves .The method of maximum likelihood is used for estimating the model
parameters . Applications illustrate the potentiality of the proposed distribu-
tion
Keywords: Exponentiated additive Weibull, Moments, Modi�ed Weibull

Distribution, Maximum likelihood estimation.

1 Introduction

In reliability engineering and lifetime analysis many applications require a bathtub
shaped hazard rate function. Weibull distribution is one of the most commonly used
lifetime distributions in reliability and lifetime data analysis. It is �exible in modeling
failure time data,as the corresponding hazard rate function can be increasing,constant
or decreasing. But in many applications in reliability , mechanical and electronic
components and survival analysis, the hazard rate function can be of bathtub shape.
It is well known that, because of design and manufacturing problems, the hazard
rate is high at the beginning of a product life cycle and decreases toward a constant
level. After reaching a certain age, the product enters wear-out phase and hazard
rate starts to increase. Despite the fact that this phenomenon has been presented in
many reliability engineering texts few practical models possessing this property have
appeared in the literatures two-parameter �exible Weibull extension of Bebbington et
al. (2007) has a hazard function that can be increasing, decreasing or bathtub shaped.
Zhang and Xie (2011) studied the characteristics and application of the truncated
Weibull distribution which has a bathtub shaped hazard function. A three parameter
model, called exponentiated Weibull distribution, was introduced by Mudholkar and
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Srivastave (1993). Xie and Lai (1995) introduced a four-parameter distribution called
the additive Weibull distribution based on the simple idea of combining the hazard
rates of two Weibull distributions: one has a decreasing hazard rate and the other one
has an increasing hazard rate. It has the cumulative distribution function is given by

F (x; �; �; �; �) = 1� e�(�x�+�x�); x > 0; (1.1)

where � > 0; � > 0 and � > � > 0;or � > � > 0 which gives identi�ability to the
model. When � > 0 the hazard rate is increasing and when 0 < � < 1 hazard rate
is decreasing. The corresponding probability density function is

f(x; �; �; �; �) = (��x��1 + ��x��1)e�(�x
�+�x�); (1.2)

where � > 0 and � > 0 are scale parameters, and � > � > 0;or ( � > � > 0) are
shape parameters. The interpretation of model (1.2) is evident. Suppose a system
composed of two interconnected independent series sub-systems that a¤ect the system
in a di¤erent way, each one having a Weibull distribution with proper parameters.
The hazard time of the system follows (1.2), since it occurs when the �rst of the two
sub-systems fails.

Since 1995,exponentiated distributions have been widely studied in statistics and
numerous authors have developed various classes of these distributions. A good review
of some of these models is presented by Pham and Lai (2007). The exponentiation
of distributions is a mechanism that makes the model more �exible, Nadarajah and
Kotz (2006) introduce four more exponentiated type distributions: the Exponenti-
ated Gamma, Exponentiated Weibull, exponentiated Gumbel and the Exponentiated
Fréchet distribution. We also, several authors presented exponentiated distributions,
such as Barriga, Louzada and Cancho (2011) with the Complementary Exponential
Power distribution which is the exponentiation of the Exponential Power distribution
proposed by Smith and Bain (1975) denoted as Complementary Exponential Power
distribution, Bakouch, Al-Zahrani, Al-Shomrani, Marchi and Louzada (2011) with
the extension of the Lindley (EL) distribution and the Complementary Exponential
Power distribution (CEP) introduced by Barriga, Louzada and Cancho (2011).

In this paper , the so- called exponentiated additive Weibull (EAW) distribution with
�ve parameters is proposed. The new distribution due to its �exibility in accommo-
dating all the forms of the hazard rate function can be used in a variety of problems for
modeling lifetime data. Another important characteristic of the distribution is that it
contains, as special sub-models, the Weibull, exponentiated exponential (Gupta and
Kundu, 1999, 2001), exponentiated modi�ed Weibull distribution (Elbatal ,(2009)),
exponentiated Weibull distribution (Mudholkar et al., 1995, 1996), generalized linear
failure rate distribution, (Sarhan and Kundu ( 2009)) , Modi�ed Weibull distribu-
tion (Lai et al, 2003) , among some other distributions. The exponentiated additive
Weibull distribution is not only convenient for modeling comfortable bathtub-shaped
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failure rates data but is also suitable for testing goodness-of-�t of some special sub-
models such as the exponentiated Weibull and modi�ed Weibull distributions.

The rest of the article can be organized as follows. In section 2 we present the
expression of the pdf and cdf of the subject distribution and some special sub-models.
In section 3 we study the statistical properties including moments, moment generating
function and incomplete moments . Residual life and reversed residual functions of the
EAW distribution, Bonferroni and Lorenz Curves and mean deviations are discussed
in Section 4. In section 5. we demonstrate the maximum likelihood estimates of the
unknown parameters. Finally, In section 6 we present a data analysis to illustrate
the usefulness of the proposed distribution

2 Exponentiated Additive Weibull Distribution

A random variableX has theEAW distribution with parameter vector � = (�; �; �; �; �)
say EAW (�) or EAW (�; �; �; �; �) if its cumulative distribution function is

F (x; �) =
h
1� e�(�x�+�x�)

i�
; x > 0; (2.1)

and the probability density function is given by

f(x; �) = �(��x��1 + ��x��1)e�(�x
�+�x�)

h
1� e�(�x�+�x�)

i��1
: (2.2)

The survival function, also known as the reliability function (rf) in engineering, is the
characteristic of an explanatory variable that maps a set of events, usually associated
with mortality or failure of some system onto time. The corresponding survival
function of random variable X is

F (x; �) = 1�
h
1� e�(�x�+�x�)

i�
; (2.3)

and the failure (hazard) rate function which is an important quantity characterizing
life phenomenon functions takes the following form

h(x) =
f(x; �)

F (x; �)
=
�(��x��1 + ��x��1)e�(�x

�+�x�)
h
1� e�(�x�+�x�)

i��1
1�

�
1� e�(�x�+�x�)

�� : (2.4)

whereas its reversed failure (hazard) rate function is given by

�(x) =
f(x; �)

F (x; �)
=
�(��x��1 + ��x��1)e�(�x

�+�x�)�
1� e�(�x�+�x�)

� : (2.5)
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Figure 1 provide some plots of the density curves for di¤erent values of the para-
meters �; �; �; � and � .

Figure 1. Plots of the EAWdensity function for some parameter values:

Figure 2 does the same for the associated hazard rate function, showing that it is
quite �exible for modelling survival data.

Figure 2. provide some plots of the hazard rate function for some parameter values:
It is known, not many lifetime distributions exhibit bathtub hazard rates. The

EAW model shows �exibility in accommodating all forms of the hazard rate function
as seen from Figure (2) (by changing its parameter values) seems to be an important
distribution that can be used.
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2.1 Special Cases of the EAW Distribution

The exponentiated additive Weibull distribution is a very �exible model that ap-
proaches to di¤erent distributions when its parameters vary. The �exibility of the
exponentiated additive Weibull distribution is explained in Table (1). Note that in
the table we have used the following abbreviations:
A = Additive; M = Modi�ed, W =Weibull, EX = Exponential, E = Exponen-

tiated, GLFR = Generalized Linear Failure Rate, R = Rayleigh. If X is a random
variable with cdf (2.1), then we have the following cases.

Model � � � � � CDF References
AW � � � � 1 1� e�(�x�+�x�) Xie and Lai (1995)

EMW � 1 � � �
h
1� e�(�x+�x�)

i�
Elbatal (2011)

MW � 1 � � 1 1� e�(�x+�x�) Sarhan and Zaindin (2009)

EW 0 � � � �
h
1� e��x�

i�
Mudholkar and Srivastava (1993)

GEx � � 0 � � [1� e��x]� Gupta and Kundu (1999)

GR 0 � � 2 �
h
1� e��x2)

i�
Kundu and Raqab ( 2005)

GLFR � 1 � 2 �
h
1� e�(�x+�x2)

i�
Sarhan and Kundu ( 2009)

LFR � 1 � 2 1 1� e�(�x+�x2) Bain (1974)
W 0 � � � 1 1� e��x� Weibull (1951)
Ex � 1 0 � 1 1� e��x Bain (1974)
R 0 � � 2 1 1� e��x2 Bain (1974)

Table 1 The sub-models of the EAW distribution

3 Statistical Properties

In this section we studied the statistical properties of the (EAW ) distribution, specif-
ically moments, incomplete moment , and moment generating function.

3.1 Moments

In this section, the di¤erent moments of the exponentiated additive Weibull distribu-
tion can be obtained using the rth moment �0r = E(X

r) and the moment generating
function, M(t) = etX :

Theorem 3.1.
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The rth moment of (EAW ) distribution, r = 1; 2; :::. is given by

�0r = �
X1

j;k=0

�
��1
j

�
(�1)j+k [�(j + 1)]

k

k!

"
��( r+�k

�
+ 1)

[�(j + 1)]
r+�k
�

+1
+

���( r+�(k+1)
�

)

� [�(j + 1)]
r+�(k+1)

�

#
:

(3.1)
Proof.
We start with the well known de�nition of the rth moment of the random variable

X with probability density function f(x) given by

�0r =

Z 1

0

xrf(x; �; �; �; �)dx:

Substituting from (2.2) into the above relation, we get

�0r = �

Z 1

0

xr(��x��1 + ��x��1)e�(�x
�+�x�)

h
1� e�(�x�+�x�)

i��1
dx; (3.2)

since 0 < e�(�x
�+�x�) < 1 for x > 0, then by using the binomial series expansion ofh

1� e�(�x�+�x�)
i��1

is given by

h
1� e�(�x�+�x�)

i��1
=
X1

j=0

�
��1
j

�
(�1)j e�j (�x�+�x�); (3.3)

we get

�0r = �
X1

j=0

�
��1
j

�
(�1)j

Z 1

0

(��xr+��1 + ��xr+��1)e�(j+1)(�x
�+�x�)dx; (3.4)

but the series expansion of e�(j+1)�x
�
is given by

e�(j+1)�x
�

=
X1

k=0

�
��(j + 1)x�

�k
k!

; (3.5)

substituting from (3:5) into (3:4), we get

�0r = Cj;k

Z 1

0

(��xr+�k+��1 + ��xr+�(k+1)�1)e�(j+1)�x
�

dx; (3.6)

where

Cj;k = �
X1

j;k=0

�
��1
j

�
(�1)j+k [�(j + 1)]

k

k!

setting t = (j + 1)�x�, after some algebra , the integral in (3:6) can be computed as
follows

�0r = Cj;k

"
��( r+�k

�
+ 1)

[�(j + 1)]
r+�k
�

+1
+

���( r+�(k+1)
�

)

� [�(j + 1)]
r+�(k+1)

�

#
: (3.7)
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which completes the proof.

The central moments �r and cumulants �r of the EAW distribution can be

determined from expression (3.1) as �r =
rX

m=0

�
r
m

�
(�1)m�=m1 �

=

r�m and �r = �
=

r �

r�1X
m=1

�
r�1
m�1

�
�m �

=

r�m, respectively, where �1 = �
=

1, �2 = �
=

2� �
=2
1 , �3 = �

=

3�3�
=

2 �
=

1+2�
=3
1

, and �4 = �
=

4 � 4�
=

1�
=

3 � 3�
=2
2 + 12�

=

2�
=2
1 � 6�

=4
1 , etc. Additionally, the skewness and

kurtosis can be calculated from the third and fourth standardized cumulants in the
forms SK = �3p

�32
and KU = �4

�22
, respectively.

Theorem 3.2.
The moment generating function of EAW distribution is given by

MX(t) =
X1

j;k;r=0

tr

r!
�
�
��1
j

�
(�1)j+k [�(j + 1)]

k

k!

"
��( r+�k

�
+ 1)

[�(j + 1)]
r+�k
�

+1
+

���( r+�(k+1)
�

)

� [�(j + 1)]
r+�(k+1)

�

#
:

(3.8)
Proof.

We start with the well known de�nition of the moment generating function given

by M
X
(t) = E(etX) =

Z 1

0

etxfEAW (x; �)dx; since
1X
r=0

tr

r!
xrf(x) converges and each

term is integrable for all t close to 0, then we can rewrite the moment generating

function as M
X
(t) =

1X
r=0

tr

r!
E(Xr) by replacing E(Xr). Hence using (3.1) the MGF

of EAW distribution is given by

M
X
(t) =

X1

j;k;r=0

tr

r!
�
�
��1
j

�
(�1)j+k [�(j + 1)]

k

k!

"
��( r+�k

�
+ 1)

[�(j + 1)]
r+�k
�

+1
+

���( r+�(k+1)
�

)

� [�(j + 1)]
r+�(k+1)

�

#
:

which completes the proof .

Similarly, the characteristic function of the EAW distribution becomes '
X
(t) =

M
X
(it) where i =

p
�1 is the unit imaginary number.

3.2 Conditional Moments

The main application of the �rst incomplete moment refers to the Bonferroni and
Lorenz curves. These curves are very useful in economics, reliability, demography,
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insurance and medicine. The answers to many important questions in economics
require more than just knowing the mean of the distribution, but its shape as well.
This is obvious not only in the study of econometrics but in other areas as well. For
lifetime models, it is also of interest to �nd the conditional moments and the mean
residual lifetime function. The conditional moments for EAW distribution is given
by

�s = E(Xs j X > t) =

Z 1

t

xsfEAW (x; �)dx

= Cj;k

Z 1

t

(��xs+�k+��1 + ��xs+�(k+1)�1)e�(j+1)�x
�

dx

= Cj;k

"
��( s+�k

�
+ 1; (j + 1)�t�)

[�(j + 1)]
s+�k
�
+1

+
���( s+�(k+1)

�
; (j + 1)�t�)

� [�(j + 1)]
s+�(k+1)

�

#
: (3.9)

Where �(s; t) =
R1
t
xs�1e�xdx is the upper incomplete gamma function. The mean

residual lifetime function is given by

�(t) = E(X j X > t)�t = Cj;k

"
��(�k+1

�
+ 1; (j + 1)�t�)

[�(j + 1)]
s+�k
�
+1

+
���(�(k+1)+1

�
; (j + 1)�t�)

� [�(j + 1)]
s+�(k+1)

�

#
�t:

(3.10)

4 Residual life and Reversed Failure Rate Func-
tion

Given that a component survives up to time t � 0, the residual life is the period
beyond t until the time of failure and de�ned by the conditional random variable
X � tjX > t. In reliability, it is well known that the mean residual life function and
ratio of two consecutive moments of residual life determine the distribution uniquely
(Gupta and Gupta, 1983). Therefore, we obtain the rth-order moment of the residual
lifetime can be obtained via the general formula

�r(t) = E((X � t)r j X > t) =
1

F (t)

R1
t
(x� t)rf(x; ')dx; r � 1:

Applying the binomial expansion of (x� t)r into the above formula , we get

�r(t) =
1

F (t)

rX
d=0

(�t)d
�
r
d

�R1
t
xr�df(x)dx

=
Cj;k

F (t)

rX
d=0

(�t)d
�
r
d

�R1
t
(��xr+�k+��d�1 + ��xr+�(k+1)�d�1)e�(j+1)�x

�

dx

=
Cj;k

F (t)

rX
d=0

(�t)d
�
r
d

� "��( r+�k�d
�

+ 1; (j + 1)�t�)

[�(j + 1)]
r+�k�d

�
+1

+
���( r+�(k+1)�d

�
; (j + 1)�t�)

� [�(j + 1)]
r+�(k+1)�d

�

#
:(4.1)
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The mean residual life (MRL) of the EAW distribution is given by

�(t) =
Cj;k

F (t)

"
��(�k+1

�
+ 1; (j + 1)�t�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)�t�)

� [�(j + 1)]
�(k+1)+1

�

#
� t

The variance of the residual life of the EAW distribution can be obtained easily by
using �2(t) and �(t).

On the other hand, we analogously discuss the reversed residual life and some of
its properties. The reversed residual life can be de�ned as the conditional random
variable t�XjX � t which denotes the time elapsed from the failure of a component
given that its life is less than or equal to t. This random variable may also be called
the inactivity time (or time since failure); for more details you may ( see , Kundu and
Nanda,( 2010). Also, in reliability, the mean reversed residual life and ratio of two
consecutive moments of reversed residual life characterize the distribution uniquely.
the reversed failure (or reversed hazard) rate function is given by Equation (2.5). The
r th-order moment of the reversed residual life can be obtained by the well known
formula

mr(t) = E((t�X)r j X � t) = 1

F (t)

R t
0
(t� x)rf(x; ')dx; r � 1:

Applying the binomial expansion of (t� x)r into the above formula gives

mr(t) =
wi;j;k
F (t)

rX
d=0

(�t)d
�
r
d

�R t
0
(��xr+�k+��d�1 + ��xr+�(k+1)�d�1)e�(j+1)�x

�

dx

=
Cj;k
F (t)

rX
d=0

(�t)d
�
r
d

� "��( r+�k�d
�

+ 1; (j + 1)�t�)

[�(j + 1)]
r+�k�d

�
+1

+
���( r+�(k+1)�d

�
; (j + 1)�t�)

� [�(j + 1)]
r+�(k+1)�d

�

#
(4.2)

where �(s; t) =
R t
0
xs�1e�xdx is the lower incomplete gamma function. Thus, the mean

of the reversed residual life of the EAW distribution is given by

m(t) = t� Cj;k
F (t)

"
��(�k+1

�
+ 1; (j + 1)�t�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)�t�)

� [�(j + 1)]
�(k+1)+1

�

#
: (4.3)

Using m(t) and m2(t) one can obtain the variance and the coe¢ cient of variation of
the reversed residual life of the EAW distribution.

4.1 Bonferroni and Lorenz Curves

In this subsection we proposed the Bonferroni and Lorenz Curves. The Bonferroni and
Lorenz curves (Bonferroni 1930) and the Bonferroni and Gini indices have applications
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not only in economics to study income and poverty, but also in other �elds like
reliability, demography, insurance and medicine. The Bonferroni and Lorenz curves
are de�ned by

B(p) =
1

p�

Z q

0

xf(x)dx

=
Cj;k
p�

"
��(�k+1

�
+ 1; (j + 1)qt�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)qt�)

� [�(j + 1)]
�(k+1)+1

�

#
(4.4)

and

L(p) =
1

�

Z q

0

xf(x)dx

=
Cj;k
�

"
��(�k+1

�
+ 1; (j + 1)qt�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)qt�)

� [�(j + 1)]
�(k+1)+1

�

#
: (4.5)

4.2 Mean deviation

In statistics, mean deviation about the mean and mean deviation about the median
measure the a mmount of scatter in a population. For random variable X with pdf
f(x) , distribution function F (x) , mean � = E(X) and M = Median (X), the mean
deviation about the mean and mean deviation about the median, are de�ned by

�1(x) =

Z 1

0

j x� � j f(x)dx

= 2�F (�)� 2�+ 2
Z 1

�

xf(x)dx:

and

�2(x) =

Z 1

0

j x�M j f(x)dx

= 2MF (M)�M � �+ 2
Z 1

M

xf(x)dx:

respectively, if X is EAW random variable thenZ 1

�

xf(x)dx = Cj;k

"
��(�k+1

�
+ 1; (j + 1)�t�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)�t�)

� [�(j + 1)]
�(k+1)+1

�

#
: (4.6)

andZ 1

M

xf(x)dx = Cj;k

"
��(�k+1

�
+ 1; (j + 1)Mt�)

[�(j + 1)]
�k+1
�
+1

+
���(�(k+1)+1

�
; (j + 1)Mt�)

� [�(j + 1)]
�(k+1)+1

�

#
(4.7)
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so that

�1(x) = 2�F (�)�2�+2Cj;k

"
��(�k+1

�
+ 1; (j + 1)�t�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)�t�)

� [�(j + 1)]
�(k+1)+1

�

#
:

and

�2(x) = ��+ 2Cj;k

"
��(�k+1

�
+ 1; (j + 1)Mt�)

[�(j + 1)]
�k+1
�

+1
+
���(�(k+1)+1

�
; (j + 1)Mt�)

� [�(j + 1)]
�(k+1)+1

�

#
:

5 Maximum Likelihood Estimation

Statistical inference can be carried out in three di¤erent ways: point estimation,
interval estimation and hypothesis testing. Several approaches for parameter point
estimation were proposed in the literature but the maximum likelihood method is
the most commonly employed. The MLEs enjoy desirable properties and can be used
when constructing con�dence intervals and regions and also in test statistics. Here,
we determine the maximum likelihood estimates (MLEs) of the parameters of the
EAW distribution from complete samples only. Let x1; :::; xn be a random sample of
size n from the EAW distribution given by (2.2). Let � = (�; �; �; �; �)T be p � 1
vector of parameters . The total log-likelihood function for � is given by

Ln = Ln(�) = n log �+
Xn

i=1
log
�
��x��1i + ��x��1i

�
� �

Xn

i=1
x�i � �

Xn

i=1
x�i

+(�� 1)
Xn

i=1
log
h
1� e��x�i��x

�
i

i
: (5.1)

The log-likelihood can be maximized either directly by using the SAS program or R-
language (2012) or by solving the nonlinear likelihood equations obtained by di¤eren-

tiating (5.1). The associated components of the score function Un(�) =
h
@Ln
@�
; @Ln
@�
; @Ln
@�
; @Ln
@�
; @Ln
@�

iT
are

@Ln
@�

=
Xn

i=1

�x��1i

��x��1i + ��x��1i

�
Xn

i=1
x�i + (�� 1)

Xn

i=1

x�i e
��x���x�

1� e��x���x�
(5.2)

@Ln
@�

=
Xn

i=1

x��1i (� ln(xi) + 1)

��x��1i + ��x��1i

��
Xn

i=1
x�i ln(xi)+(��1)

Xn

i=1

�(x�i ) ln(xi)e
��x�i��x

�
i

1� e��x�i��x�i
(5.3)

@Ln
@�

=
Xn

i=1

�x��1i

��x��1i + ��x��1i

�
Xn

i=1
x�i + (�� 1)

Xn

i=1

(x�i )e
��x�i��x

�
i

1� e��x�i��x�i
(5.4)

@Ln
@�

=
Xn

i=1

x��1i (� ln(xi) + 1)

��x��1i + ��x��1i

��
Xn

i=1
x�i ln(xi)+(��1)

Xn

i=1

�(x�i ) ln(xi)e
��x�i��x

�
i

1� e��x�i��x�i
(5.5)
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and
@Ln
@�

=
n

�
+
Xn

i=1
log
h
1� e��x�i��x

�
i

i
(5.6)

and The maximum likelihood estimation (MLE) of ', say b' , is obtained by solving
the nonlinear system Un(') = 0. These equations cannot be solved analytically, and
statistical software can be used to solve them numerically via iterative methods. We
can use iterative techniques such as a Newton�Raphson type algorithm to obtain the
estimate b'. For interval estimation and hypothesis tests on the model parameters,
we require the information matrix. The 5 � 5 observed information matrix is given
by

In(') = �

0BBBB@
I�� I�� I�� I�� I��
I�� I�� I�� I�� I��
I�� I�� I�� I�� I��
I�� I�� I�� I�� I��
I�� I�� I�� I�� I��

1CCCCA
whose elements are given in Appendix. Applying the usual large sample approxima-
tion, MLE of ', i.e b' can be treated as being approximately N5('; Jn(')�1), where
Jn(') = E [In(')]. Under conditions that are ful�lled for parameters in the inte-
rior of the parameter space but not on the boundary, the asymptotic distribution ofp
n(b'� ') is N5(0; J(')�1) , where J(') = limn!1n

�1In(') is the unit information
matrix. This asymptotic behavior remains valid if J(') is replaced by the average
sample information matrix evaluated at b', say n�1In(b') . The estimated asymptotic
multivariate normal N5('; In(b')�1) distribution of b' can be used to construct approx-
imate con�dence intervals for the parameters and for the hazard rate and survival
functions. An 100(1 � 
) asymptotic con�dence interval for each parameter 'r is
given by

ACIr =

�b'r � z 
2qcIrr; b'r + z 
2qcIrr�
where z
 is the upper 100
the percentile of the standard normal distribution.

6 Application

In this section we illustrate the superiority of the new distribution as compared to
some of its submodels and also to the alternative distributions. For each data set, the
estimates of the parameters of the distributions and information criterion statistics
are calculated . Here, we provide application to real data in order to illustrate the
potentiality of the EAW model. The measures of goodness-of-�t including the log-
likelihood function evaluated at the MLEs , Akaike Information Criterion (AIC), Con-
sistent Akaike Information Criterion (AICC), Bayesian Information Criterion (BIC),
Kolmogorov- Smirnov (K-S) statistic , Anderson-Darling (A�),Cram´er�von Mises
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(W�) and its p-value are calculated to compare the �tted models. In general, the
smaller the values of these statistics, the better the �t to the data. The required
computations are carried out using the R software. The data set represents failure
time of 50 items reported in Aarset (1987).

0.1, 0.2, 1.0, 1.0, 1.0, 1.0, 1.0, 2.0, 3.0, 6.0, 7.0, 11.0, 12.0, 18.0, 18.0, 18.0, 18.0,
18.0, 21.0, 32.0, 36.0,40.0, 45.0, 45.0, 47.0, 50.0, 55.0, 60.0, 63.0, 63.0,67.0, 67.0, 67.0,
67.0, 72.0, 75.0, 79.0, 82.0, 82.0, 83.0, 84.0, 84.0, 84.0, 85.0, 85.0, 85.0, 85.0, 85.0,
86.0, 86.0.

.

Table 4.The statistics � 2l̂; AIC;CAIC;HQIC;BIC;W �and A� for
the failure time data.

Model �2L AIC AICC BIC HQIC W � A� K-S p-value
EAW 230.91 471.82 473.18 481.38 475.46 0.29 1.91 0.15 0.16
Kw �MW 237.54 485.09 486.45 494.65 488.73 0.41 1.55 0.18 0.05
AW 234.62 477.25 478.14 484.90 480.16 0.35 2.23 0.18 0.07
MW 239.46 484.92 485.44 490.66 487.11 0.45 2.79 0.19 0.04
W 240.97 485.95 486.21 489.78 487.41 0.49 3 0.19 0.04
EE 239.97 483.94 484.20 487.77 485.40 0.48 2.9 0.20 0.03
L 251.40 504.81 504.90 506.72 505.54 0.45 2.82 0.19 0.03
E 241.06 484.13 484.21 486.04 484.86 0.48 2.95 0.19 0.05

Table 5. MLEs and their corresponding standard errors (inparentheses) for
the failure time data:

Model Estimates

EAW �̂ =12.896 �̂ =0.00271 �̂ =1.4880 �̂ =1.674 �̂ =0.0851
(0.014) (0.00) (0.007) (1.033) (0.004)

Kw �MW â =3.13 b̂ =0.994 �̂ =0.0204 �̂ =0.1803 �̂ =0.4453
(2.472) (0.214) (0.006) (0.306) (0.293)

AW �̂ =0.0024 �̂ = 1.454 �̂ =0.0760 �̂ =0.3608
(0.00066) ( 0.0716) (0.0349) (0.1169)

MW �̂ =0.0186 �̂ =0.0404 �̂ =0.3731
(0.0037) ( 0.0310) ( 0.18857)

W �̂ =0.9491 �̂ =0.0222
(0.1195) (0.0034)

EE �̂ =0.018 �̂ =0.780
(0.00361) (0.135)

L �̂ =0.0428
(0:004)

E �̂ =0.0219
(0.003)
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(a) (b)
Figure 4. (a) Estimated densities of the EAW;Kw�MW;AW;MW;EE;W;Land

E distributions for the data. (b) Estimated cdf function from the �tted theEAW;Kw�
MW;AW;MW;EE;W;L and E distributions and the empirical cdf of the data set .
These results indicate that the EAW model has the lowest values for these statistics
among the �tted models, and therefore it could be chosen as the best model.

REFERENCES

[1] Bain LJ. (1974) Analysis for the linear failure -rate life- testing distribution. Tech-
nometrics ;16 (4) : 551�9.

[2] Bakouch, H. S., Al-Zahrani, B. M., Al-Shomrani, A , Marchi, V. A and Louzada,
F. (2011) An extended lindley distribution. Journal of the Korean Statistical Society,
41(1):75-85.

[3] Barriga, G. D. C., Louzada, F. and Cancho, V. G. (2011) The Complementary Ex-
ponential Power lifetime model. Computational Statistics and Data Analysis, 54(5):
1250 �1259.

[4] Bebbington MS, Lai CD, Zitikis R. (2007) A�exible Weibull extension. Reliability
Engineering and System Safety ;92 (6): 719 �26.

[5] Bonferroni C.E. (1930). Elmenti di statistica generale. Libreria Seber, Firenze.

[6] Development Core Team, R. A (2012) Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Austria.

[7] Elbatal. I (2011) Exponentiated modi�ed Weibull distribution. Economic Quality
Control. 26, 189�200.

[8] Gupta, P.L. and Gupta,R.C (1983). On the moments of residual life in reliability
and some characterization results, Communications in Statistics-Theory and Meth-
ods, 12, 449 - 461.

14



[9] Gupta, R.D, Kundu, D.(2001). Exponentiated exponential distribution. An al-
ternative to gamma and Weibull distributions. Biometrical Journal 43, 117 -130.

[10] Kundu, C., Nanda, A. K. (2010). Some reliability properties of the inactivity
time. Communications in StatisticsTheory and Methods, 39, 899 - 911.

[11] Lai, C.D, Xie, M, Murthy, D.N.P.(2003). A modi�ed Weibull distribution. IEEE
Transactions on Reliability 52, 33 37.

[12] Miller,J.R.G,(1981). Survival Analysis,Wiley,New York.

[13] Mudholkar GS, Srivastava D K. (1993) Exponentiated Weibull family for analyz-
ing bathtub failure- rate data. IEEETransactions on Reliability. 42(2): 299 �302.

[14] Mudholkar G, Srivastava D, Kollia G (1996) A Generalization of the Weibull Dis-
tribution with Application to the Analysis of Survival Data.�Journal of the American
Statistical Association, 91, 1575�1583.

[15] Nadarajah, S. and Kotz, S. (2006). The exponentiated type distributions. Acta
Applicandae Mathematicae 92, 97-111.

[16]Pham, H., Lai, C.D.(2007). On recent generalizations of the Weibull distribution.
IEEE Transactions on Reliability 56, 454 - 458.

[17] Sarhan, A and Kundu, D (2009) Generalized linear failure rate distribution,
Commun. Statist. Theory Methods 38 (5), 642�660.

[18] Sarhan AM, and ZaindinM . (2009) Modi�edWeibulldistribution.AppliedSciences
.11, 123 �36.

[19] Smith, R. M. & Bain, L. J. (1975). An exponential power life-testing distribution.
Communications in Statistics - Theory and Methods, 4, 469 �481.

[20] Weibull W. A. (1951) Statistical distribution function of wide applicability.Journal
of Applied Mechanics. 18, 293 �297.

[21] Xie, M. and Lai, C. D. (1995). Reliability analysis using an additive Weibull
model with bathtub-shaped failure rate function. Reliability Engineering and System
Safety, 52, 87- 93.

[22] Zhang T,Xie M. (2011) On the upper truncated Weibull distribution and its re-
liability implications. Reliability Engineering and System Safety, 96 (1), 194 �200.

15


