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Abstract

The exponentiated Weibull distribution can be used for modeling
lifetime data from reliability, survival and population studies. On the
other hand, Pareto distributions and their generalizations provide very
flexible families of heavy-tailed distributions that may be used to model
a wide variety of social and economic distributions. In this paper, we
combine the above two heavy-tailed distributions, using the technique
for constructing T-X family of distributions. Various structural proper-
ties have been investigated including limiting behavior, quantile, mode
and kth order moment. Finally, the proposed distribution has been
fitted to a real life data and the fit has been found to be good.
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1 Introduction

The exponentiated Weibull (hereafter EW in short) family, a Weibull extension
obtained by adding a second shape parameter, consists of regular distributions
with bathtub shaped, unimodal and a broad variety of monotone hazard rates.
The EW distribution was first suggested by Mudholkar and Srivastava [1] and
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it has several satisfactory properties and good physical explanations, see [2]
and the references therein for more details. Similarly, the Pareto distribution
is well known in the literature for its capability in modeling the heavy-tailed
distributions. It has been widely applied to several areas including reliability,
finance and actuarial sciences.

Recently, statisticians and applied researchers are interested in construct-
ing flexible family of distributions to model the data arising in the real world
better. For example, Alzaatreh et al. [3] proposed a new method for generat-
ing family of continuous distributions. The resulting family has a connection
with the hazard functions and each generated distribution is considered as a
weighted hazard function of the random variable. They give several exam-
ples of the generalized family of distributions. Using the technique given in
[3], Kong and Lee et al. [4] proposed the Beta-Gamma distribution and ex-
amined its related properties. Akinsete et al. [5] studied a four-parameter
Beta-Pareto distribution, which has either a unimodal or a decreasing hazard
rate. Explicit expressions for the mean, mean deviation, variance, skewness,
kurtosis and entropies are discussed. Alzaatreh et al. [6] defined Weibull-
Pareto distribution and results for moments, limiting behavior, and Shannon’s
entropy are provided. Alzaatreh et al. [7] further studied Gamma-Pareto (IV)
distribution, various properties and some characterizations of the distribution
are investigated.

Motivated by the above literature, in this article we study exponentiated
Weibull-Pareto (hereafter EW-P in short) random variable. In Section 2, the
EW-P distribution is defined. In Section 3, we study the distributional prop-
erties including the limiting behavior, unimodality and moments. In Section
4, we estimate the model parameters and provide the application of the EW-P
distribution to real data sets in Section 5.

2 The EW-P Distribution

Let F(x) be the cumulative distribution function (cdf) of any random variable
X and r(t) be the probability density function (pdf) of a random variable T’
defined on [0, +00). The cdf of the generalized family of distributions defined
by Alzaatreh et al. [3] is given by

~log(1-F(=))
G(x) :/0 r(t)dt, (1)

The family of distributions defined in (1) is called ‘Transformed-Transformer’ (or
T-X family). If a random variable T follows the EW distribution, the density
function is
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where t > 0,¢ > 0,7 > 0, > 0, then the definition in (1) leads to the
exponentiated Weibull-X family with the pdf

o) =26 @ e~ R exp {— [_ log(1 — F(’”))] }

vl —F(x) 7y

[ { - [P0 =FE] N 0

If the random variable X follows the Pareto distribution with the pdf

flx) = k0% /2" 2> 0,0 >0,k >0,

then (2) reduces to

=t [ (O] - [ O
ol ()]}

Let § = s, the distribution in (2) can be rewritten as

ot =22 (o1 (5))”" [t oo = s ()]}

*exp{—[ﬁlog(%)}c},x>9,¢9>0,,@>O,c>0,a>0. (3)

In what follows, a random variable with the pdf in (3) is said to follow
the EW-P(c, 5,0, a) distribution. After some algebras, the cdf of the EW-P
distribution can be expressed as

o= 1o s ()Y
3 Properties of the EW-P distribution

In this section, we will discuss some properties of the EW-P distribution. The
following Lemma gives the relations between EW-P distribution, exponenti-
ated Weibull distribution and exponentiated exponential distributions.

Lemma 3.1. (a) If a random variable Y follows the exponentiated Weibull
distribution with parameters ¢, and 1/, then the random variable X = 0e¥
follows EW-P(c, 3,0, ).

(b) If a random variable Y follows the exponentiated exponential distribution
with parameters 1 and o, then the random variable X = Qexp{%Yl/c} follows

EW-P(c, 5,0, «).
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Proof. The results can be proved by adopting the transformation technique
directly. For part (a), since since the exponentiated Weibull distribution with
parameters ¢, and 1/ has the pdf

aBe(By) ™ [1 — exp {—(By)H* " exp {—(By)°},

then we have

P(X<z)=P (Y < log (g))

(%)
_ / aBe(By)* 1 — exp {—(By)° )] exp {~(By)} dy

= [t {= [ (3)] }]

which coincides with the cdf of EW-P(c, 3,0, «).
Similarly, for part (b), since the exponentiated exponential distribution
with parameters 1 and « has the pdf

a(l—exp(—y))* exp(—y),

we obtain
pox <= (v < o ()]
[810g(5)]° -
:/0 a(l—exp(-y))" exp(-y)dy
=[i-ew{-[s1e ()]}
again, it is the cdf of random variable EW-P(c, 3,6, a). O

For x > 0, the hazard function associated with EW-P distribution can be
easily calculated as

e (Blog (5))"" [1 —exp {— [Blog ()]} exp {— [log (5)]°}
1= [1—exp{=[Blog (5)]"}]"

The limiting behavior for the EW-P hazard function and the pdf are given in
the following theorem.

hy(z) =

Theorem 3.2. The limit of the EW-P hazard functionand the pdf as x —
+00 is 0, and the limit as x — 0 is given by

0, c>1
lim hy(z) =limg(x) =< af/f, c=1 (4)
x—0 z—0

400, c¢<1
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Proof. We only give the proofs for the hazard function, the statements for the
pdf can be verified similarly. According to the L’Hopital’s rule, we have

lim hy(z) = — lim ﬁ(logg(x)),

T—+00 x——+o00 O

which ultimately leads to lim,_, . hy(z) = 0.
The formula (4) can be proved by the definition (3) and the relationship
9(x) = he(z)(1 = G(x)). O

The mode of the EW-P can be obtained by solving ¢'(x) = 0. More pre-
cisely,

g'(z) a;§2 (6 log (%))C_Q [1 — e[m‘)g(z)]c]a_Q e BB k() (5)

where

= (o (2) 1) - s ()]}
e fpn ()] oo [ (2)]) 1]
The following theorem shows that the EW-P distribution is unimodal.

Theorem 3.3. The EW-P distribution has a unique mode at x = xq. When
c <1, the mode is x = 0; when 1 < ¢ < IJ%&, the mode xq is the solution of
equation k(z) = 0.

Proof. Firstly, from (5) we know that the critical points of g(z) are x = 6 and
x = xo with k(z) = 0.

For ¢ < 1, the inequality 0 < exp {— [B log (%)}c} < 1 means that g(x) is
strictly decreasing. When ¢ = 1, we have lim,_,4 g(z) = 0‘75; when ¢ < 1, we
have lim, 4 g(z) = +00. Thus, g(z) has a unique mode at = = 6.

When ¢ > 1, we have lim,_g g(x) = 0, let k' (z) = K, + K, with

X :é 1 el - %log () s [510g (5]

B aic <5 log (%))201 e—[ﬁlog(%)]c — B?C (ﬁ log <§)>01,

o (- [ste ()]} e ()] -1+

When ¢ > 1,K; < 0, if c — 1+ ca < 0, we have k'(z) < 0, so k(z) is
strictly decreasing, Thus g(x) has a unique mode at x = xg, according to the
formula lim, . g(z) = 0 and lim,_,y g(x) = 0, it follows that g(z) has only
one mode. O
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Some other related distributional propertied can also be given. For ex-
ample, the quantile function of EW-P distribution is obtained by inverting
G (Q(N)) = A directly as

Q) :9exp{% [—1og(1—A1/a)}”c}. (6)

On the other hand, if X follows the EW-P distribution, the kth order

moment can be calculated as

Z-‘,—oo

ZZ;@Z a@kn+1) ife=1p <1+£>.

Where(a—l)n:(a—l)-..(a—n+1),r( ) 0+00xa le*dx.

The mean, variance, skewness, and kurtosis can be calculated from the
ordinary moments using the well known relationships.

4 Parameter estimation
In this section, we will discuss the parameter estimation of the EW-P distribu-

tion. Let X1, Xs,..., X,, be a random sample of size n drawn from the density
n (3). The likelihood function is given by

L(c, 3,6, ) :11 ach [mo <X )}1 [1 _exp{_ [mog (X?)Hrl
- (3]}

then the log-likelihood function satisfies

logL(c, 8,0, a) = nloga +nlogc+ nelog f + (¢ — 1) log (log (7»

i=1
n

—ZlogX +(a—1) Zlog[ ﬂlog(%)]c] -3 [ﬁlog (%)]

=1

Taking the derivatives of log L(c, 3, 6, o) with respect to ¢, 3,0, v, one has

0, _ (a— 1) [Blog (3)] PN 1og (810g (31))
it =l Y ey

S (3))- 5 oo (3 (e ()
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Z cB=H(a — 1) [log ()] exp {— [Blog ()]}
L—exp {— [Blog ()]}
Zﬁ ()] ®

0 et 1) [lor ()] exp = [Floe (5]}
T (e~ [Ple G

l—c< XA\ e &
1 — 1
Y h(eﬂ *92_ {Og

1=

<
S (R I -

Setting (7)-(10) to zero and solving them simultaneously yields the ML esti-
¢,

—lL
o

mators ¢, 3,0, a.
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fatigue life of 6061-T6 aluminum

Figure 1: CDF for fitted distributions of the fatigue life of 6061-T6 Aluminium
data.

5 The empirical analysis

In this section, we use the fatigue life of 6061-T6 aluminum data to present em-
pirical analysis. The data is borrowed from the literature [7], it represents the
fatigue life of 6061-T6 aluminum which is parallel with the direction of rolling
and oscillated at 18 cycles per second. The maximum likelihood estimates, the
log-likelihood value, the Akaike information criterion (AIC), the Kolmogorov-
Smirnov (K-S) test statistic, and the p-value for the K-S statistics for five
fitted distributions are reported in Table (1). The distributions are Pareto
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(IV) distribution, Beta-Pareto distribution, Beta-generalized Pareto distribu-
tion, Gamma-Pareto (IV) distribution and EW-P distribution. The empirical
results presented in Table (1) indicate that the T-X family of distributions
provide equally adequate fit to the data, and the EW-P distribution is the
most appropriated one. Figure (1) displays the empirical distribution and the
fitted EW-P distribution.

Table 1: Parameter estimates for different models.

Distribution Parameter NLL AIC K-S K-S
estimates p-value
Pareto(IV) 5 =0.0253  754.19 1512.38  0.5827  0.000
4 =0.1234
Beta-Pareto & = 485.470 458.65 925.30 0.091 0.376
= 162.060
= 0.3943
=3.910
Beta-generalized a=12.112  457.85 925.70 0.070 0.700
Pareto B = 1.702
i = 40.564
k=0.273
0 = 54.837
Gamma-Pareto(IV) & =819.030 457.67 921.34 0.077 0.581
4 = 0.0637
¢ =0.0935
Weibull-Pareto 0 =54.4686 415.7771 837.5543 0.08553 0.2497

> FTH @D

EW-P & = 3.64483 414.7583 837.5166 0.0704  0.7266

6 = 9.35514
¢ = 8.96530

ACKNOWLEDGEMENTS. This research was supported by the Min-
istry of Education of Humanities and Social Science Project (15YJC910001);

Science Research Foundation of Educational Department of Liaoning Province
of China (NO. W201783664).

References

[1] Mudholkar G S, Srivastava D K. Exponentiated Weibull family for ana-
lyzing bathtub failure rate data, IEEE Transactions on Reliability, 1993,
42, 299-302.



On the exponentiated Weibull-Pareto distribution and properties 215

2]

Pal M, Ali M M, Woo J. Exponentiated Weibull distribution, Statistica,
2006, 2(2), 139-147.

Alzaatreh A, Lee C, Famoye F. A new method for generating families of
continuous distributions, Metron: Int. J. Stat, 2013, 71(1), 63-79.

Kong L, Lee C, Sepanski J H. On the Properties of Beta-Gamma Dis-
tribution, Journal of Modern Applied Statistical Methods, 2007, 6(1),
187-211.

Akinsete A, Famoye F, Lee C. The beta-Pareto distribution, Statistics,
2008, 42, 547-563.

Alzaatreh A, Famoye F, Lee C. Weibull-Pareto Distribution and Its Ap-
plications, Communication in Statistics-Theory and Methods, 2013, 42,
1673-1691.

Alzaatreh A, Ghosh I. A study of the Gamma-Pareto(IV) distribution
and its applications, Communications in Statistics-theory and Methods,
2016, 45(3), 636-654.

Received: June 09, 2018



