View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Georgia Southern University: Digital Commons@Georgia Southern

Georgia Southern University

Digital Commons@Georgia Southern

Mathematical Sciences Faculty Publications Mathematical Sciences, Department of

2016

A New Class of Generalized Power Lindley
Distribution with Applications to Lifetime Data

Broderick O. Oluyede
Georgia Southern University, boluyede@georgiasouthern.edu

Tiantian Yang

Clemson University

Boikanyo Makubate

Botswana International University of Science and Technology

Follow this and additional works at: https://digitalcommons.georgiasouthern.edu/math-sci-facpubs

b Part of the Mathematics Commons

Recommended Citation
Oluyede, Broderick O., Tiantian Yang, Boikanyo Makubate. 2016. "A New Class of Generalized Power Lindley Distribution with

Applications to Lifetime Data.” Asian Journal of Mathematics and Applications, 2016: 1-34.
https://digitalcommons.georgiasouthern.edu/math-sci-facpubs/626

This article is brought to you for free and open access by the Mathematical Sciences, Department of at Digital Commons@Georgia Southern. It has
been accepted for inclusion in Mathematical Sciences Faculty Publications by an authorized administrator of Digital Commons@Georgia Southern.

For more information, please contact digitalcommons@georgiasouthern.edu.


https://core.ac.uk/display/229105835?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.georgiasouthern.edu?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.georgiasouthern.edu/math-sci-facpubs?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.georgiasouthern.edu/math-sci?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.georgiasouthern.edu/math-sci-facpubs?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/174?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.georgiasouthern.edu/math-sci-facpubs/626?utm_source=digitalcommons.georgiasouthern.edu%2Fmath-sci-facpubs%2F626&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@georgiasouthern.edu

ASTAN JOURNAL OF MATHEMATICS AND APPLICATIONS
Volume 2016, Article ID ama0279, 34 pages

ISSN 2307-7743

http://scienceasia.asia

A NEW CLASS OF GENERALIZED POWER LINDLEY DISTRIBUTION
WITH APPLICATION TO LIFETIME DATA

BRODERICK O. OLUYEDE, TTANTIAN YANG AND BOIKANYO MAKUBATE

ABSTRACT. In this paper, a new class of generalized distribution called the Kumaraswamy
Power Lindley (KPL) distribution is proposed and studied. This class of distributions con-
tains the Kumaraswamy Lindley (KL), exponentiated power Lindley (EPL), power Lindley
(PL), generalized or exponentiated Lindley (GL), and Lindley (L) distributions as special
cases. Series expansion of the density is obtained. Statistical properties of this class of
distributions, including hazard function, reverse hazard function, monotonicity property,
shapes, moments, reliability, quantile function, mean deviations, Bonferroni and Lorenz
curves, entropy and Fisher information are derived. Method of maximum likelihood is used
to estimate the parameters of this new class of distributions. Finally, a real data example

is discussed to illustrate the applicability of this class of distribution.

1. INTRODUCTION

Lindley [11] used a mixture of exponential and length-biased exponential distributions to
illustrate the difference between fiducial and posterior distributions. This mixture is called
the Lindley (L) distribution. Ghitany et al. [7] studied the statistical properties of the
Lindley distribution. Sankaran [14] obtained and studied the Poisson-Lindley distribution.
Jones [9] explored the background and genesis of the Kumaraswamy (Kum) distribution
(Kumaraswamy [10]) and, more importantly, made clear some similarities and differences
between the beta and Kum distributions. Among the advantages are: simple normalizing
constant; the distribution and quantile functions have simple explicit formula which do not
involve special functions; explicit formula for moments of order statistics and L-moments.
However, compared to Kum distribution, the beta distribution has the following advantages:
simpler formula for moments and moment generating function (mgf); a one-parameter sub-
family of symmetric distributions; simpler moment estimation and more ways of generating
the distribution via physical processes. Gupta and Kundu [8] provided a review and recent
developments on the exponentiated exponential distribution. Cordeiro et al. [4] studied the
Kumaraswamy Weibull (KW) distribution and applied it to failure time data.

Motivated by the advantages of the generalized or exponentiated Lindley distribution with

respect to having a hazard function that exhibits increasing, decreasing and bathtub shapes,

Key words and phrases. Generalized Distribution; Lindley Distribution; Kumaraswamy Distribution;

Power Lindley Distribution.
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as well as the versatility and flexibility of the Kum distribution in modeling lifetime data,
we propose and study a new class of distributions that inherit these very important and
desirable properties, and also contains several sub-models with quite a number of shapes.

In this article, we propose a new distribution, called Kumaraswamy Power Lindley (KPL)
distribution. We discuss some structural properties of this distribution, derive the Fisher
information matrix and estimate the parameters via the method of maximum likelihood. In
section 2, we present some generalized Lindley distributions including the power Lindley dis-
tribution, Kum distribution, Kum-G distribution, and the corresponding probability density
functions (pdf). Section 3 contains results on the generalized and KPL distributions, includ-
ing the hazard and reverse hazard functions, monotonicity property, and the sub-models. In
section 4, we present the moment of the KPL distribution. Reliability and quantile func-
tion are given in sections 5 and 6, respectively. Mean deviations are presented in section
7. Section 8 contains results on Bonferroni and Lorenz curves. Measures of uncertainty,
Fisher information and distribution of order statistics are presented in section 9. Maximum
likelihood estimates of the model parameters and asymptotic confidence intervals are given
in section 10. Section 11 contains an application of the proposed model to real data, followed
by concluding remarks in section 12.

2. SOME GENERALIZED LINDLEY DISTRIBUTIONS

In this section, some recent generalizations of the Lindley distribution are given. The
Kumaraswamy-G distribution is also presented. A useful series representation is given below.
For |w| < 1 and b > 0 a real non-integer, we have the series representation

> h—1\ .
(1—w)t= Z(—l)]< . )w].
Jj=0 J
The one parameter cdf of the Lindley distribution [11] is given by
I1+A+A
(1) Gr(x;\) =1— ue_’\g”, for z > 0, and A > 0.
14+ A
The corresponding Lindley pdf is given by

)‘2(1 —I—LU) —\z
(2) 9L($7 >\) = H—)\e )

Lindley distribution is a mixture of exponential and gamma distributions, that is f(z;\) =
(1 —p)falx;N) + pfe(z; \) with p = HL/\, where fg(x;\) = GAM (2, ), and fg(z;\) =
EXP(X). Now, let Y7 and Y3 be two independently gamma distributed random variables

for x > 0, and A > 0.

with parameters (a, \) and («a + 1, \), respectively. For v > 0, let X = Y; with probability

/\—;\_7 and X =Y, with probability 57, then the pdf of X' (see Zakerzadeh and Dolati [16])

is given b
i ’ N(Az)* Ha+yx)e
D+ T (at1)

fGL(%Of, )\77) =
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forz >0, A >0, a>0,v>0. Note that when o =~ = 1, we obtain the Lindley pdf given
in equation (2). When v = 0 we have the gamma pdf with parameters a and . If « = 1
and v = 0 the resulting pdf is the exponential pdf with parameter \.

2.1. Generalized Lindley Distributions. Nadarajah et al. [12] studied the mathematical
and statistical properties of the generalized Lindley (GL) distribution. The cumulative
distribution function (cdf) of the GL distribution is given by

1+ A+ Az

(3) Gor(z;a,\) = {1 ~ 1

exp(—)\x)] )
and the corresponding GL probability density function (pdf) is given by

a\’ L+ A+ Ax
1+ A 1+

for x > 0, A > 0, « > 0. This distribution is essentially the exponentiated Lindley dis-

(4) gor(z;a, \) =

(1+2) {1 - eXp(—/\x)]al exp(—Az),

tribution. Zakerzadeh and Dolati [16] presented and studied another generalization of the
Lindley distribution. These generalizations of the Lindley distribution are considered to be
useful life distributions and are suitable for modeling data with different types of hazard rate
functions: increasing, decreasing, bathtub and unimodal. These models constitute flexible

family of distributions in terms of the varieties of shapes and hazard functions.

2.2. Power Lindley Distribution. Ghitany et al. [6] presented results on a two-parameter
Lindley distribution and referred to model as the power Lindley distribution. Considering
the power transformation X = 7/¢, the cdf and pdf of the power Lindley (PL) distribution
are given by

T+A+ Az

(5) Gpr(r;a,\)=1— T e ,
and

\? a
(6) gpr(zia,\) = 1‘1 (L a)at e

for x > 0, a > 0, A > 0, respectively.

2.3. Kumaraswamy-Generalized Distribution. Kumaraswamy [10] in his paper pro-
posed a two-parameter distribution (Kum distribution) defined in (0, 1). Its cdf and pdf are
given by:

Flzia,b)=1—(1—2%", and f(z;a,b) = abz® (1 — 22>,

respectively, for z € (0,1), a > 0, b > 0. The parameters a and b are the shape parameters.
Let G(x), be an arbitrary baseline cdf in the interval (0,1). The Kum-G cdf F(z;a,b) and
pdf f(z;a,b) are defined by

(7) F(zia,b) =1~ (1 [G(2)]")",
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and
(8) flaya,b) = abg(2)[G(x)]" (1 = [G(2)]*)*™" for a > 0,0 >0,
respectively, where g(x) = dcjlf) is the pdf corresponding to the baseline cdf G(x).

3. KUMARASWAMY POWER LINDLEY DISTRIBUTION

Now, with the choice of G(x) in the Kumaraswamy generalized distribution as the power
Lindley distribution, we obtain the Kumaraswamy Power Lindley (KPL) distribution. The
four-parameter KPL cdf and pdf are given by

1 o ay b

) Fipp(rio da,b) = 1 {1 - {1 - %exm—w] } |
and
(10) fapo(z;oa, N a,b) = ab[Gpp()]* M1 = [Gpo(x)])]" ' gpL(z)

ba\?

= Ci ji ;) (14 2%)2* ! exp(—Az?)
1+ A+ Az N
1 — H—)\exp(—)\w ):|

X

1T+ A+ Az ay bt
1—|1— "2 oxp(—Az®
{ { T exp( Am)}} :

forx>0,a>0,A>0,a>0,b>0, respectively. Figure 1 illustrates some possible shapes
of the pdf of the KPL distribution.

(11)

3.1. Expansion of Density. In this section, the series expansion of the KPL pdf is pre-
sented. When b > 0 is real non-integer, we use the series representation

1= Grall ! = S0 (") Gt

1=0

where Gpr(z;\) = 1 — We‘“a. If @ is an integer, from the above expansion and
equation (10), we can write the KPL density as

(12) frpr(z;a, X\ a,b) = abgpL({L')Z(—l)i<b_1)[GPL(x)]a(1+i)—1

, 1
=0



o hd )

FIGURE 1.

(13)
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Plots of the pdf of KPL distribution for selected values of the parameters

- lafA(l + )2 exp(—Az?)

" g(_l)i(b; 1) [1 B % GXP(—)\:UQ)} R
- 1031(1 + )z exp(—Az?)

" gdi {1 B % exp(—/\x“)} a(1+i)_17

where the coeflicients d; are

]

d; = di(a,b) = (—1)iab(b . 1),

and ) 2 d;=1,forx >0, a>0,A>0,a>0,b>0.

If a is real non-integer, we can expand [Gpr(z)]

with

L+)-1 a9 follows

[GPL<$)]G(1+i)_1 {1 . [1 . GPL(x)]}a(l-H‘)—l

_ 2(—1)j (“(1 - 1) 1= Gpala)]),
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so that

(14) [Gpp ()]~ i j J+T< all+4) - 1) <T> [Gpr(z)]".

7=0 r= ‘]

From equations (12) and (14), the KPL density can be rearranged in the form

(15) frp(z;a, X a,0) = gpr(z szwerL
4,7=0 r=0
a\? 1 o
= T /\(1 + %)z " exp(—Azx®) Z Zdi,jw
i,j=0 r=0
14+ A+ Ax® "
(16) X {1— +1 ++/\ ’ exp(—)\xo‘)] :

where the coefficient d; ;, is

dijr = dijr(a,b) = (_1>i+j+rab(a(1 +ji) . 1) (b; 1) (Dj

and Z?E‘:o Zi:o dijr =1 forx >0, aa >0, A>0,a>0,b> 0. Hence, for any real
non-integer a, the KPL density is given by three (two infinite and one finite) weighted power
series sums of the baseline cdf G'pr(z). By changing > 77, S to 3%, >, in equation
(16), we obtain

e}

frpr(z;a, A a,0) = gPL($)ZCi[GPL<5U)]T
2,r=0
a\?

= S exp(-Aa)

= 14+ A+ e ]’
(17) X Z Ci |:1 — 1—|——)\ exp(—)\w ) s

3,r=0
where the coefficient ¢; is

¢; = ci(a,b) = (—1)iab<b - 1)@(@(1 +i)—1),

1

with
. - o fa(l44) =1\ (4
er =ep(a(l+1i)—1) = —1)7t" . ;
(19 =)= 3 (" Eh(
forxz >0, a >0, A>0,a>0,b> 0, respectively. Note that the KPL density is given
by three infinite weighted power series sums of the baseline distribution function Gpr(x).
When b > 0 is an integer, the index ¢ in the previous series representation stops at b — 1.
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3.2. Some Sub-models of KPL Distribution. In this section, we present the sub-models
of KPL distribution for selected values of the parameters «, a, and b.
(H)b=1
If b = 1, this is the exponentiated power Lindley (EPL) distribution with cdf and
pdf given by

14+ X+ Az ¢
F : = 1 _—_— — @
gpL(T;a, A, a) { T exp(—Ax )1 ,
and
)\2
Jepi(aioha) = TS (14 exp(-Aa)
L+ A+ Az® ot
1 - _ o
X [ T exp(—Az )} )
forx >0, a >0, A >0, a> 0, respectively.
(2)a=1

If a = 1, the KPL cdf and pdf reduce to:

1 o ’
FKPL<x; «, Av b) =1- [% eXp(—)\ZL’a):| ’
and
ba\?
frpr(zyo, A b) = 1(1)\(1 +2%)2* " exp(—Az®)
1+ A+ Aa® N
Lo ]
forx >0, a >0, A >0, b> 0, respectively.
B)a=b=1

If a = b =1, this is the power Lindley (PL) distribution given by equation (7).
4) a=1
If o =1, this is the Kum Lindley (KL) distribution with cdf and pdf given by

14+ A+ Az ay?
Frr(z; N\ a,b) =1— {1 — [1 — H_—/\exp(—)\x)] } ,
and
2
fro(x; A\ a,b) = ab (1 + x)exp(—Az)

T+ A+ v ay bt
1—|1— =222 o (—
X { [ T exp( )\x)} } ,

forx >0, A >0,a>0,b>0, respectively.
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B)a=a=1
If « = a =1, then the KL cdf and pdf are given by

14+ A+ Az

b
2 o]

FKL(ZL’;)\,b) =1- |:

and

DA

I+ A
for x > 0, A > 0, b > 0, respectively.

6)a=b=1
If « = b = 1, this is the generalized Lindley (GL) or exponentiated Lindley (EL)
distribution (Nadarajah et al. [12]) given by equation (1).

(MMa=a=b=1
If « =a=b=1, this is the Lindley (L) distribution (Lindley [11]). The Lindley cdf
and pdf are given by

14+ A+ Az

fKL(x;)Hb) = T+ A

(1+ ) exp(—\z) { exp(—)\x)} H,

1+ XA+ Az
FL<ZL‘, /\) =1- H—)\exp(—)\:l:),
and
)\2
fo(x \) = T /\(1 + x) exp(—Az),

for z > 0, A > 0, respectively.
B)a=b=1l,a=2

Ifa=b=1,a =2, then the KPL cdf and pdf reduce to:

L+ A+ A% 0

T

F A) =1
PL(xv ) 1+)\ € )

and
2)\2

1+ A

fri(z;A) = (1 +2%)we ™,

for x > 0, A > 0, respectively.
Q) a=1a=2
If a =1, a =2, then the KPL cdf and pdf reduces to:

1 2 b
Fipafaid ) =1- | axpoast)|
and
2b)\2
frpr(z; \,b) = 1+)\(1+x2)mexp(—)\x2)
1+ A+ Az? N
e

for x > 0, A > 0, b > 0, respectively.
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(10)b=1,aa=2
If b=1,a = 2, then the EPL cdf and pdf are given by

14+ X+ 22 “
Fepr(z; A a) = {1 - % exp(—Aa:Q)} :
and
2a)\?
fepr(z;Aa) = 11)\(1+x2)xexp(—)\x2)
1+ A+ A2 ol
1 e - 2
[ Ty P ﬂ :

for x > 0, A > 0, a > 0, respectively.

3.3. Hazard and Reverse Hazard Functions. In this section, the hazard and reverse
hazard functions of the KPL distribution are presented. Graphs of these functions for selected
values of the parameters «a, A, a, and b are also presented. The hazard and reverse hazard

functions of the KPL distribution are given by

fKPL(':E;Oéa Aaavb)

h ca, N\ a,b) = =
KPL(Z‘,O[’ @ ) FKPL(:L';Oév)\aa’ab)
ba\?
= Ty (et exp(—Aa)
1+ A+ Az® ot
X 1—%@@(—)@”)]
1 a ay —1
X {1—{1—%—{_}\)\%6}(1)(—)\1‘06)] } ,
and
frpr(z;a, ), a,b)
TKPL('I;OévAva?b) = FKPL(x'Oé \.a b)
aba\?
— 1 a\ .a—1 _ «
1+}\( + %) exp(—Az®)
1+ A+ Az® ot
1_ _ (0%
X T exp(—A\x )}
14\ + \z® ay bt
X {1— {1— +1 +—|—/\x exp(—)\:co‘)] }

X
—
—_
|
—N
—_
|
1
—_
—_
»—~+
>
T+
>l
8
Q
@D
o]
|
>~
S
Q
S~—
| I
Q
—
o
——

forx >0, aa>0,A>0,a>0,b> 0, respectively. The graphs of hazard function of KPL
distribution are shown in Figure 2. These graphs show the variety of shapes for the KPL
hazard function including bathtub, upside down bathtub, deceasing, and increasing hazard
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rate functions. This attractive flexibility makes the KPL hazard rate function useful and de-
sirable for non-monotonic empirical hazard behaviors that are more likely to be encountered
in real life or practice.

T T T T T T
———5=1 05 =02 25 ———a05b=050=143=13

——-a= b=l = 201 — =gl 5 b=t u=1 4 4513
=2 b=1 01 5 422 a=3b=1 =08 4225

o= b1 0e1 5 9508 || | #=3b=12 071 4225

=313 0202055 )

#3521 6 =1 5 4205 ||

woha k)

hix
hix

FIGURE 2. Plots of the hazard function of KPL distribution for selected values
of the parameters

3.4. Monotonicity Property. In this section, we discuss the monotonicity properties of
the KPL distribution. Let

L+ X+ Ax®

(18) W(z) = Gpr(z;a,\) =1 — 1+

exp(—)\l’a),

then from equation (11), we can rewrite KPL pdf as

aba\?
frpr(z;a, A\ a,b) = T (1+ 2%z exp(—Az®)

< W) L= W (@)

forx >0, a>0,A>0,a>0,0>0.It follows that

aba)\?
log prL(ZL’) = log (1+)\

(19) + (a—1)log W(z) + (b—1)log[1 — [W(x)]],

)+log(1+xa)—|—(a—1)logx—)\xa
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and
dlog fxpr(z)  ax*'  a—1 -
T 4z 11z + e Aox
R
o (I=XNaz* ' = daz*t a—1
B 1+ a2« T
(20) + (a- 1>VV‘; (<I)> Ca(l-b) ”‘?i”[wg‘;ix*

where W'(z) = dvg—l@ = {\i—‘j‘\(l + 2*)z* L exp(—Az®).

Analysis: We know that © >0, « >0, A >0, a > 0, and b > 0, so that

dW(z) Na _
! — — 1 a\,.a—1 B e )
W'(z) e 1+)\( + %) exp(—Az®) > 0,Va >0
If x — 0,
14+ A+ Az®
Wi(x)=1- % exp(—Az®) — 0.
If x — oo,
14+ X+ Az® N
W(I') =1- H—)\exp(—)\x ) — ]_,
since
o a—1
lim AT Aot —0.

z—oo (14 N)exp(Az®) 200 (1 + \) exp(Az®)(Aaxo1)

Thus, W (x) is monotonically increasing from 0 to 1. Now, since 0 < W(z) < 1, 0 <
W (z)]* < 1,Va >0, [W(x)]*?>0,Va>0,0<1—[W(x)]*<1,Va>0,and W (z) > 0.
Then we have I;VV/((;)) > 0, and % > (. Also, from = > 0, we have 2! > 0 and
2t > 0.

IfA>1,a<1l,a<1 andb> 1, we get %ﬁ”@) < 0, since (1—\)az® = Aax?*~! < 0.
In this case, fxpr(z;a, A, a,b) is monotonically decreasing for all z.

If A\ <1, fgpr(x;a, A, a,b) could attain a maximum, a minimum or a point of inflection

according to whether

d? log fKPL(ﬂC)
da?

d? log fKPL(-l")
dz?

d? log fKPL(-l")
daz?

< 0, > 0, or =0,

respectively.
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3.5. Shape of Hazard Function. Note that if + — oo, then 1Jri\Jr#exp(—/\acO‘) — 0.
Also,

L+ A+ Az® N > fa—1
i — exp(—Ax )} = ;( . )
L4+ X+ Az N
X {— T exp(—Ax )}
14+ X+ Az® o
~ 1—(a—1) T exp(—Az®)
Consequently,
by, \b+1
(21) frpr(x;a, A a,b) ~ %x(bﬂ)a—l exp(—A\bz®).
If z — 0, then
2a
(22) frpr(x;a, A a,b) abar™  (ati)a—1

The cdf of KPL distribution is
14+ A+ Az “°
Frpr(z;a, X a,b) =1 — {1 — [1 — uexp(—)\gr;o‘)] } ,

forx >0, a>0,A>0,a>0,b>0.
If + — oo, then 1F2H22% exp(—\2®) — 0. Also,

T+A
L+ A+ Aa® ¢ > /a 1+ A+ Az® '
1= o o _ AT AY . o
T exp(—Az )1 ; (2) [ T exp(—Az )}
14+ A+ A\x® o
~ 1-— al_‘r——)\ eXp(—/\x ),
so that
14+ A4 Aa® ’
Frpr(z;a N\ a,b) ~ 1-— {a% exp(—)\:co‘)] )
Also,
1+ A+ Az® ’
1 — Frpr(z; o, N\ a,b) =~ {a% exp(—)\xo‘)}
ab
= o )\)b(l + A+ Az®)? exp(—Abz®)
a’\ o o
If z — 0, then Hﬁ# exp(—Azx®) — 1, and 1 — W exp(—Az®) — 0, so that
LA e ¢

T exp(—Az)| — 0.
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Thus,
1+ XA+ Ax? “
Frpr(z;a, N\ a,b) ~ 1— {1 —b {1 — %exp(—)\xa)] }

_ 1_1+)\+)\x
1+ A

b[ 1+ XN+ \x

B b >\2xa+)\2x2a a
N 1+
b/\2a
24 ~ aq,
(24) TS

The hazard functions of KPL is given by

exp(-xa)|

Q

fKPL(x;aa )‘7a7b> fKPL(x; a,)\,a,b)
25 h s N a,b) = = =
( ) KPL(I” A ) FKPL(x;Oéa)\aaa b) 1 _FKPL(x;Oéa)\a a, b)’

forz >0,a>0,A>0,a>0,b>0.If x - oo, with equations (21) and (23) in equation
(25), we get

abba o xO+He=l oxp(—Abz®) /(1 + \)®
abXbxbe exp(—Abx®) /(1 4+ \)b

= balz® L.

hxpr(z; 0, X a,b) ~

If  — 0, with equations (22) and (24) in equation (25), we get
aba)?eplata=l /(1 4 \)a
1 — bA2egea /(1 + N\)@

aba\** (a+1)a—1

(1+X)e ’

thPL(x; a, A, a, b)

~Y

b)\Qa
(14+XN)e

since % — 0, as x — 0.

4. MoMENTS OF KPL DISTRIBUTION

In this section, moments of the KPL distribution are presented. The following lemma is
proved by using the result given by Nadarajah et al. [12].
Lemma 1
Let

1+n+nz

m—1
T+n exp(—na:)] exp(—qx) dx.

K(m,n,p,q) = /Oooxp(1+x) [1 -

1. If m 1s non-integer, we have

Kinnpa) = S35 (770 () (F ) ST e
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2. If m is an integer, we have

K = 38 () (1) () SR )

Proof. (1) If m is non-integer, then

and
B = (m—1\ (1)
K(m,n,p,q) = ZE;( I )m

X /OOO 2P(1 4 ) (1 + n + nx) exp[—(nl + q)z] dz.

Furthermore, [ is an integer, so that

(1+n+nz) = i (2) (n +nx)k = i (li)nk(l + )k,

k=0

and

X / 2P (1 + 2)* exp[—(nl + ¢)z] da.
0

Now, k is an integer, so that

k+1
(1+ z)F+! = Z (k‘ + 1) v,
” w

and
K(m,n,p,q) = g (m g_ 1) (1(;17);)1 ; (lls)nkzi; (k;; 1)

(z> (k: + 1) (—=1)!n*T(p + w + 1)

(1 +n)i(nl 4 q)pre+t’
(26)
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(2) If m is an integer, the index [ in equation (26) stops at m — 1, so that

K = S8 (T (0) () T e

=0 k=0 w=0

The s moment of the KPL distribution, say u, is given by

:u; = / xSfKPL(x;Oév/\7a7 b) dx.
0

Let b > 0 and a > 0 be real non-integer, then from equation (16), we obtain

v ?ifiiil_wﬂw(drvf—v(”;5<g

X / (14 z*) 2" Lexp(—Az®) [1 _LEAw A exp(—)\xa)] dz
0 I+ A
ab)2 A o fa(l4i) =1\ (b—1\ (]

— _1\ttg+r
1+AZZ( g ( J >( U )(T)

4,j=0 r=0
(27) X / (1 4+ 2%)z® exp(—Ax®) [1 _LEAr A exp(—)\xa)] dz®.

0 L+ A

Let y = 2, then equation (27) changes to

b\ S N (L+4) =1\ (b—1\ (]
A 2]-1—7"
f s s 2 ()0

4,j=0 r=0

o0 . T4+ A+ A "
X / (1+y)ye exp(—=Ay) {1 - T)\y eXP(—Ay)} dy.
0

Applying Lemma 1, with m =r+1,n =X p= 2, g = A, we have

o EERe (00

(28) x K<r+1)\;)\).

As r is integer, then 7 + 1 is integer, then the s moment of the KPL is given by

SEEEEE (0000

( 1)z+]+r+l1"( +w+1)
(1+)\)l+1)\ +w—k— 1(1+l) +w+1"

Note here that we have considered the case when b > 0 and a > 0 are non-integer, however

(29)

the other cases can be similarly derived.
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5. RELIABILITY

In reliability and related areas, the stress-strength model describes the life of a component
with random strength X, that is subjected to a random stress Y. The component will fail at
the instant that the applied stress exceeds the strength, and the component will function sat-
isfactorily whenever X > Y. We derive R = P(X > Y'), a measure of component reliability,
when X and Y have independent K PL(ay, A1, a1,b1) and K PL(ag, Ag, ag, by) distributions,
respectively. Note from equations (9) and (11) that

R = P(X>Y)

= / fx(l‘; g, Ai, an, bl)Fy(ﬂf; (2, A2, g, 52) dx
0

00 b )\2
- / M Ay L1+ 22 Lexp(—Mz™)
0

1+ X\
< {1 R exp(_Alxm)} o
X {1 — [1 I+ /Il—i_—ir;l\w“l eXp(_)\lxm)} al}bl_l N
- /00O %a)l\i\%(l + )z exp(—Ajz™)
X {1 14+ >1\1++)\)1\1x“1 exp(—Alxal)l ai—1

1+ A 4 Az N
e ph e )

1+ A + o™ =\ "
(30) X {1 - [1 - 12+ /\22 exp(—)\ﬂ‘”)] } dz.

Applying the series expansions

1+ )\1 -+ )\ll’al a1 e b a, — 1 k
1— eXp(—)\lxo‘l)] = Z
|i 1+ )\1 =0 m—0 k m
(_

)P AT a™ exp(— A ka™)
(14 )™ ’

X

i- [ e 1 28 () (0)

1,p=0 n=0
(=1)HP AR exp(— A pr®t)

(32) % (14 X)n ’
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1+ Ay + Apz® mEak
{ {1 12+ )\22 exp(—)\gx 2)} }

(33) i zt% ( ) (“2‘1) (2) (—1)q+t)\3(961h:“: /e\:)]i(—)\thOQ)’

q,t=0

and substituting equations (31), (32), and (33) into equation (30), we get

s > » ol b T CrR TG TCH

(_ 1 ) k+I+p /\7171+n+2

X

T+ Jy

e S EEEC)OC 0

asq t (_1)k+l+p+q+t)\71ﬂ+n+2/\l21
( t ) (h> (1 + A)m™ (1 + Ag)h

by
q

/ (1 + a9 gmErta—texp(— A (k4 p + 1)z*) dz

)

X
(34) X / (1 + gon)gimtntbarthar=l o (X (k + p 4 1)z — Aotz®?) dz.
0
Note that

/ (1+ 2°)a Do exp(= Ay (k 4 p + 1)) do
0

1 oo
= — M exp (= Ay (k4 p + 1)z dz™

1 o
+ = x(m+n+l)a1 exp(—)\l(k +p+ 1)xa1) dzr™
Oél 0
1 o0
= — [ y"Mexp(=M(k+p+1)y)dy
1 oo
+ — |y ep(=M(k +p+ y)dy
1Jo
B Fm+n+1) L(m+n+2)
N OZ1[>\1(1 + k + p)]er"H Oél[)q(l + k + p)]m+”+2

(m+n)! N m+n+1
061[)\1<1 + k +p)]m+”+1 )\1(1 +k —i—p)

17
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where we let y = 1. Also, by using exp(—Xotx®?) => 7~ = , we get

o0

(1 + g gmrntbarthar=t oy (X (k + p 4 1)z — Aotz®?) dz

x(m+n+1)a1+ha271 eXp(—)\l(k _|_p 4 1)1,041 _ )\thaz) dx

8

gmtnt2)onthas—1 exp(—A1(k +p+ 1)z — \otz®?) dx

I
C\o\gc\

= > ( 3, ) / glrtnteathtosLexp(— Ay (k + p + 1)z™) dz
i=0 : 0
2 (—1)gt [ .

b 50 EURE [ gt o b 4+ 1)) do
i=0 ) 0
~ L

WIS .

= Z DA i')a 2 / glmAmeathtoaz oxn (A (k4 p + 1)z*) dz™
i=0 o 0
< (C1)gt [ |

+ Z (i z")al 2 / glmAntDart(htdo oyn (N (k + p+ 1)a®) dz™
i=0 : 0
(=L)AL [0 a2

= S AL [T e 0 (A 4+ 1))
i=0 ) 0
P

2 %/ YO exp (<A (k +p + 1)y) dy
i=0 ) 0

Y
i—0 7:!061

(36) Fm+n+1+h+1i)52) F(m+n+2+4(h+1i)52)
X NG AN 3

where we let y = z®'. Substituting equations (35) and (36) into equation (34) to get

@ 2SO

(—=1)* PN (m + n)! m+n+1 }
(1+>\1)m+n+1(1+k+p)m+n+1 >\1<1_|_k_|_p)
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£ EEECOEO0

=
h+1) o )\h+iti
2

<a2q> <t) (_1)k+l+p+q+t+z‘>\1*(

t h (1+)\1)m+n+1(1+)\2)h(1+k+p)m+n+1+(h+i)a—fi!

%) N F(m+n+2+(h+i)g—j)}.
1+k+p

X {r <m+n+1+(h+i)

o

6. QUANTILE FUNCTION

The quantile function, say Q(p), is defined by F(Q(p)) = p. Now, from the cdf of the KPL
distribution, we have

b

LA AR exp(—A[@(pna)]a} )

I+ A

Frp(Q(p) =1- {1 - {1

and we can obtain (p) as the root of the following equation

Q=

LA+ AQ(p)”
1+ A

o=

(37)

exp(-AQ(p))") = |1 - (1 - p)

o

for 0 < p < 1. Substituting Z(p) = —(1 + X + A[Q(p)]¥), we can rewrite equation (37) as

Z(p)
1+ A

Q=

exp(1+ A+ 2(p) = [1- (1 =p)t]" —1,
so that
2 esw(20) = @+ Nesa(-1 -0 { [1- 0 -] -1},

for 0 < p < 1. As the defining equation for Lambert W function W (x) is x = W (x) exp(W (z)),

we get
1
)

o=

Zp) =W ((1 A exp(—1— ) { 1-(1-p)

for 0 < p < 1. Then, we obtain

—1—)\—W((1+/\)exp(—1—/\){[1—(1—p)11>}‘11—1}) '

Qp) = 3 ,

for 0 <p< 1.
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7. MEAN DEVIATIONS

The mean deviation about the mean and the mean deviation about the median are defined
by

51(X):/Ooo]ac—u]f(x)dx, and (52(X):/000\x—M\f(x)dx,

respectively, where yp = FE(X), and M = Median(X) denotes the median. The measures
91(X) and 62(X) can be calculated as follows:

(38) 5U(X) = 2uF(u) — 2+ 2 / " ef(2) de.
and
(39) 5(X) = —p+2 /M " e f()da,

respectively. By using the moments for KPL distribution and the results in Lemma 2
(Nadarajah et al. [12]), we can calculate equations (38) and (39). Note that

14+n+nx

m—1
Ton exp(—nx)} exp(—qx) dz,

K(m,n,p,q) = /Ooox”(l—l—x) [1 -

and

L(m,n,p,q,t) = / 2P(1+x) {1 - # exp(—nx)] exp(—qz)dz.
¢ n

We consider the case when b is real non-integer and a is non-integer. From equation (28)
and Lemma 2 (Nadarajah et al. [12]), we know that

- B EE ()0

4,j=0 r=0
1
(40) x K r—+ ]_,)\, a,)\) s
%0 abA? = & o fa(l4d) =1\ (b—1\ (]
o~ B (1))
/u (z) 1+)\i’j:0§( ) J i r
1
(41) x L (r + 1, ), a,)\,u) ,

and

/OO vf(z)dr = fWA i Xj:(—l)”j” (a(l R 1) (b; 1) (i)

J
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so that

0(X) = 2uF(pu) —2p+ iajkj i i<—1>’“” (a(l +'i) . 1) (bZ 1) (i‘)

i,j=0 r=0 J

1
X L(T+1,)\,—,)\,N),
(07

and

B(X) = et 2N Sy ”"”( Hf)_l) (bf) <])

4,j=0 r=0

1
X L<r—|—1,/\,—,)\,M).
Q

Note here that we have considered the case when a and b are non-integer, however the
other cases can be similarly derived.

8. BONFERRONI AND LORENZ CURVES

Bonferroni and Lorenz curves are defined by

B(p):—/oqxf(x)dx, and L(p):l/qazf(a:)dx

PH K Jo

respectively, where p = F(X), and ¢ = F~!(p). Now, we obtain Bonferroni and Lorenz
curves for KPL distribution as follows: If b is real non-integer and a is non-integer, then
from equations (40) and (41), we have

[ = S (10070

1,J=V r=

X L(r+1,)\,—,)\,q),
«Q

so that Bonferroni and Lorenz curves are

Bw) = | [Cerea- [ ]

- e ()0

4,j=0 r=0

X L(T+17)‘7_7)\7Q>7
«
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and

respectively.
Note here that we have considered the case when a and b are non-integer, however the

other cases can be similarly derived.

9. ORDER STATISTICS, MEASURES OF UNCERTAINTY, AND INFORMATION

In this section, the distribution of the k" order statistic, measures of uncertainty, and
information for the KPL distribution are presented. The concept of entropy plays a vital role
in information theory. The entropy of a random variable is defined in terms of its probability

distribution and can be shown to be a good measure of randomness or uncertainty.

9.1. Distribution of Order Statistics. Suppose that Xi,---, X, is a random sample of
size n from a continuous pdf, f(x). Let X1, < Xa,, < -+ < X,,.,, denote the corresponding
order statistics. If Xy, ---, X, is a random sample from KPL distribution, it follows from
the equations (9) and (11) that the pdf of the k' order statistic, say Y; = Xj.n, is given by

frlye) = (k;—l — 'Z(n_ ) )V [Frpr(ye)l* ™ frpn(ur)

n—k k—1+l oo i

abaX*n!(1 + y)yy exp )\yk
(1+A)(k = 1)!(n - 20 2

=0 p:0 q,4,7=0 r=0

(G )( 00

% ( 1)l+p+q+z+j+r y aq+r

X

where W (yx) = Gpr(yg; o, ) =1 — Hﬁ;y’? exp(—Ayg). The corresponding cdf of Y} is

S0 )

q

+

n n—j j

F —

M

I
o

j=k 1=0 p
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The s** moment of the k" order statistic Y; from KPL distribution is obtained as follows:

If b is real non-integer and a is non-integer, then

E(Y?) =

X

X

X

/OOO i fr(y; a, A, a, b) dyy,

czliaj\z)\r;!((k—i)l;p+q+z+g+r nZ:kle;quio ; (n - ) < _; N l)
0

/000(1 )yt exp(— Ay W ()"0 dys,

e 2 2 2 () ()

=0 p=0 gq,i,j=0 r=0

)0

1

L+ A+ Ay
o

abA2nl(—1)pratititr & kk—1+l

e & (7))

=0 ,t,7=0 r=0

0

q T

/Ooo(l—l—ttaexp {1 EAA exp(— At)rw dt
e o 25 ()

=0 p=0 gq,i,7=0

() (" ‘1>(” )0

K(aq+r+1 A, i,/\>
o

where we let t = y.
Note here that we have considered the case when a and b are non-integer, however the

other cases can be similarly derived.

19 aqg+r
—/0 (1 4y )y exp(—Ayy) [1 - H—Aexp(—Ay?)} dyy

9.2. Renyi Entropy. Renyi entropy [13] is an extension of Shannon entropy. Renyi entropy

is defined to be H,(fxpr(z)) = Hy(frpr(z; o, A, a, b)) =

log(f0 T pr(@a,X,a,b) dx)
1=y

, where v > 0,
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and v # 1. Renyi entropy tends to Shannon entropy as v — 1. Now,

< B aba?\”
/0 fKPL(x)dx = (1+)\

X / (1 + z%) 727D exp(—Ayz®)
0

X W ()71 = W) d.

(42)
Note that
Wi = 1= EEEE )

> ey —7y Z?:o (?))‘j(l"i_xa)j o
(43) - ;(_”( ) (o),
and

- = (7))
S (N4 .

(44) X ENE exp(—Anz?).

Substituting equations (43) and (44) into equation (42), we get
> abaX?)” A -
[ rm@ar = (20) ¥ %
0 k,m,;n=0 j=0 t=0
ay =\ (kN (by — 7\ [am) [n) (=1)kFmin)itt
k J m n t (14 N\)ktn

/ (1 + %)+ exp(—A(y + k 4+ n)z®) dz.
0

X

X

(45)

By using (1 + )+t = 3% ("H) 27 in equation (45), we get

/ (14 )77 @ exp(—\(y + k 4+ n)z®) da
0

Ly o
Y +] + ) / x(2+'yfl)a7'y+1 eXp(—)\(’Y 4 k+ n)xa) dz®
0

1

1 (9] bt o .
_ 1 (’V J ) | exp(-A + o+ ) dy
0

7+j+3 L(i+v+£2)
Ay + k + )t
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where we let y = 2. Now, equation (45) simplifies to

[ im@ar = @re S 23 (7 00)(%)

k,m,n,i=0 j=0 t=0

(G0
m n t 1
(_1)k+m+nr(i + v+ ITT'V)
(14 A)rhtn\i=Y=d =25 (y o | o )it et

X

(46) X

Consequently, Renyi entropy for KPL distribution reduces to :

H, (fxpp(e) = — ~ log((ab) 0™

1 ,

< ()0
m n t

(=)™ 4 + 277

(1 \)rHtn \i—v=d =t () 4 | 4 )i+ 5 }’

for v > 0, and ~y # 1.

Note here that we have considered the case when a and b are non-integer, however the
other cases can be similarly derived.

9.3. s-Entropy. The s-entropy for KPL distribution is defined by

ﬁ[l - fooo fepr(xyo X a,b)dz] ifs#1,s>0,

Holdicrewiad @D =3 b e 10) if s = 1

Consequently, if s # 1,s > 0, then from equation (46), we have

1

Hfarlmanab) = —— -7 3 Ek:z(k_ ) ()

keym,n,i=0 j=0 t=0
bs — s\ fam)\ (n\ (s+j+1
SDIEHIO]NY
(=MD (i + s + 1=2)

(1+ )\)s+k+n)\ifsfj*t+lgs (s+k+ n)i+s+1;5 )

X

If s =1, then s-entropy is Shannon entropy.
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9.4. Fisher Information Matrix. This section presents a measure for the amount of in-
formation. This information measure can be used to obtain bounds on the variance of
estimators, and as well as approximate the sampling distribution of an estimator obtained
from a large sample. Furthermore, it can used to obtain an approximate confidence interval
in case of large sample.

Let X be arandom variable (rv) with the KPL pdf fxpr(.; ©), where ® = (0y,0,,03,0,)T =
(a, A\, a,b)T. Then Fisher information matrix (FIM) is the 4 x 4 symmetric matrix with ele-

ments:

1,(©) = Fe |:810g(fKPL(X; ©)) dlog(frpL(X; @))]

00; 06,
If the density fxpr(.; ©) has second derivative for all i and j, then an alternative expression
for IU(G) is

(47) 1,;(©) = —Ee lOQ log(frpL(X; 6))}

00,00,

For the KPL distribution, all second derivatives exist, therefore the formula above is appro-
priate and, most importantly significantly simplifies the computations. The elements of the
observed information matrix of the KPL distribution are given in Appendix A.

10. MAXIMUM LIKELIHOOD ESTIMATORS

In this section, the maximum likelihood estimates (MLEs) of the parameters «, A, a,
and b of the KPL distribution are presented. If x{,---  z, is a random sample from KPL
distribution, then the log-likelihood function is given by

aba\? & N &
log(L(a, \,a,b)) = nlog ( T /\> + ZZ;log(l + )+ (a—1) ;ngi

= A af (= 1) Y log(W(x:))

(48) + (-1 Zlog[l = W ()",

where W(z;) =1— 1+i¢i‘$? exp(—Az?).

The partial derivatives of log L(a, A, a,b) with respect to the parameters «, A, a, and b

are:

B AR ML) e e

i=1

dlog L(a, A\ a,b)  n - \1a
G = Y leald— VT
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log L(a, A, a,b !
Olog L(a, A, a,b) ﬁ"‘zm Oga?erZlngz_)\Zx log x;

o a = 1+ z¢
+ (a—l) 2 W,
DLW ()] H(OW (x;) /O
N L
and
dlog L(a, N a,b)  n(2+)) = . "L OW () /O
B)) B A(1+A)_;x" tla=1) —~  W(z;)
- ;) /O
Feey Z <:cz~<>]a)/ :
where
oW (x;) _ N (1 + 2828 log ; exp(—Ax?)
oo 14+ A ’
and
oW (z;) 14+ + Aaf 1 N N
an { 1+x (1+)\)2] 7 exp(=Aa).

When all the parameters are unknown, numerical methods must be used to obtain es-
timates of the model parameters since the system does not admit any explicit solution,
therefore the MLE (&, \ @, l;) of (a, A, a,b) can be obtained only by means of numerical pro-
cedures. The MLEs of the parameters, denoted by © is obtained by solving the nonlinear e-

: OlogL OlogL 0dlogL OlogL\T __ : :
quation (F52=, S5~ 2=, “38=)" = 0, using a numerical method such as Newton—Ranhson
. . . . . _ _ 0 log L
procedure. The Fisher information matrix given by I(®) = [Ipg,Jaxa = E(— 56:00; )

1,7 = 1,2,3,4, can be numerically obtained by MATLAB or MAPLE software. The to-
tal Fisher information matrix I,(®) = nI(®) can be approximated by

A 0?log L
(49) Jn(©) ~ [— 06,00,

] , 1,0 =1,2,3,4.
o1 4x4

For real data, the matrix given in equation (49) is obtained after the convergence of the
Newton-Raphson procedure in MATLAB or R software.

10.1. Asymptotic Confidence Intervals. In this section, we present the asymptotic con-
fidence intervals for the parameters of the KPL distribution. The expectations in the FIM
can be obtained numerically. Let © = (&, \,a, B)T be the MLE of ® = (a, A, a,b)T. Under
the conditions that the parameters are in the interior of the parameter space, but not on the
boundary, the asymptotic distribution of v/n(© — @) is N,(0,1-1(©)).

The multivariate normal distribution with mean vector (0,0,0,0)” and covariance matrix
I7'(®) can be used to construct confidence intervals for the model parameters. That is, the
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approximate 100(1 — 7)% two-sided confidence intervals for «, A, a and b are given by:

G+ Zp\JI;NO), AN+ Z\/L(O), a+Zy\/I;(©), and b+ Zy\/I,}(O),

respectively, where I;é(@), I\ (@) Ifl(@), and I;}! ((:)) are the diagonal elements of I71(©) =

) aa

(nI(®))~!, and Zu is the upper gth percentile of a standard normal distribution.

11. APPLICATION

In this section, application of the KPL distribution including the estimation of the param-
eters via the method of maximum likelihood and likelihood ratio (LR) test for comparison of
the KPL distribution with its sub-models for given sets of data are presented. The examples
illustrate the flexibility of the KPL distribution in contrast to other models including the
Kumaraswamy Lindley (KL), power Lindley (PL), GL, L, Kumaraswamy Weibull (KW),
Weibull (W), and gamma (GAM) distributions for data modeling.

The MLEs of the KPL parameters «, A, a, and b are computed by maximizing the ob-
jective function via the subroutine NLMIXED in SAS. The estimated values of the parame-
ters (standard error in parenthesis), -2log-likelihood statistic, Akaike Information Criterion,
AIC = 2p —2log(L), Bayesian Information Criterion, BIC' = plog(n) — 2log(L), and Con-
sistent Akaike Information Criterion, AICC = AIC + 22(;”—;3, where L = L(©) is the value
of the likelihood function evaluated at the parameter estimates, n is the number of obser-
vations, and p is the number of estimated parameters are presented in Table 3. The KPL
distribution is fitted to the data sets and these fits are compared to the fits using the KL,
PL, GL, L, W, and GAM distributions.

We can use the LR test to compare the fit of the KPL distribution with its sub-models for
a given data set. For example, to test a = b = 1, the LR statistic is w = 2[In(L(&, \,a, l;)) —
In(L(a, M1, 1))], where &, \, G, and b, are the unrestricted estimates, and &, and \ are the
restricted estimates. The LR test rejects the null hypothesis if w > Xi, where Xi denote the
upper 100d% point of the x? distribution with 2 degrees of freedom.

Specifically, we consider a maintainance data set. The set of data is the maintenance data
with 46 observations reported on active repair times (hours) for an airborne communication
transceiver discussed by Alven [1], Chhikara and Folks [3], and Dimitrakopoulou et al. [5].
The data set is given in Table 1. The MLEs of the parameters with standard errors in
parenthesis and the values of the statistics (-2In(L), AIC, AICC and BIC) are given in Table
3. The starting points of the iterative processes for the data sets for the K PL(«, A, a,b)
distribution are (1, 0.115, 0.026, 0.1).

Probability plots (Chambers et al [2]) consists of plots of the observed probabilities against
the probabilities predicted by the fitted model are also presented in Figures 3 and 4. For
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02 03 05 05 05 05 06 06 07 07 0.7
08 08 10 1.0 1.0 1.0 1.1 13 1.5 15 15
1.5 20 20 22 25 27 3.0 3.0 33 33 4.0
40 45 47 50 54 54 70 75 88 9.0 103
220 245 - - - - - - - - -
TABLE 1. Maintenance Data [1], [3], [5]

Data set Model a A a b -2In(L) AIC AICC BIC SS
I (n=46) KPL(a, M a,b) 0.6679 44222 5.6016  0.1488 200.6  208.6 209.6 215.9 0.06484707
(0.05909) (0.8266) (2.7768) (0.02612)

KL(1, ), a,b) 1 16091 10576 02020 2127 2187 219.2 2242 04270972
(0.03375) (0.3385) (0.03180)
PL(a,\1,1) 07381 06757 1 1 2100 2140 2143 217.7 0.1185674
(0.07424)  (0.1016)
GL(1, ) a,1) 1 0.3677 06643 1 2157 2197 220.0 2234 0.2635925
(0.06442) (0.1352)
L(1,A1,1) 1 0.4664 1 1 2200 2220 2221 2238 05676042
(0.04990)
W(a,\1,1)  0.8986  0.2049 1 1 2089 2129 2132 2166 0.1156807
(0.09576) (0.05138)
GAM(a,)) 09323 02385 - - 2009 2139 2141 2175 0.1716121

(0.1701)  (0.06150)
TABLE 2. Parameters Estimates, Log-likelihood, AIC, AICC, BIC, and SS

the KPL distribution, we plotted for example,

P 1+ A+ Ay <
(50) Frpr(yr; &, A a,b) =1—<¢1— |1 — —Aykexp(—)\yk) ,
14+ A
against ]j;fd?;;, k =1,2,--- n, where y; are the ordered values of the observed data. A

measure of closeness of the plot to the diagonal line given by the sum of squares

n 2
SS = kzz; [FKPL(yk;@,;\7da b) — (%)} ;
was calculated for each plot. The plot with the smallest SS corresponds to the model with
points that are closer to the diagonal line. The KPL model performs very well in this regard.
For the maintenance data, the LR statistics for the test of the hypotheses Hy : K L(1, A, a, b)
against H, : KPL(a, A\, a,b), Hy : PL(a, A\, 1,1) against H, : KPL(«, A\, a,b), Hy : GL(1, A\, a, 1)
against H, : KPL(c, A\ a,b), and Hy : L(1,\,1,1) against H, : KPL(«, A, a,b) are 12.1
(p — value = 5.04 x 107* < 0.001), 9.4 (p — value = 9.095 x 1072 < 0.01), 15.1 (p — value =
5.2611 x 107* < 0.001), and 19.4 (p — value = 2.2597 x 10~* < 0.001), respectively. Con-
sequently, we reject the null hypothesis in favor of the KPL distribution and conclude that
the KPL distribution is significantly better than the KL, PL, GL, and L distributions based



30 OLUYEDE, YANG AND MAKUBATE

on the LR statistic. The KPL distribution is also better than the Weibull and Gamma dis-
tributions based on the values of the statistics AIC, AICC and BIC. The plots of the fitted
KPL distribution and sub-models are shown in Figure 3.

Density Fit Probability Plot

047 — KPL -
— K
PL
GL i

— GAM

fix)

Observed Probability

0 5 10 15 20 25 00 02 04 06 08 1.0

X Predicted Prabability

Fi1GURE 3. Fitted densities and probability plots of KPL distribution and
sub-models for maintenance data

Based on the values of these statistics, we conclude that the KPL distribution provides
a better fit than the KL, PL, GL, L, and GAM distributions. For the maintenance data,
KPL distribution is far better than its sub-models, and a pretty good competitor to the KW
distribution. The KPL model can provide better fits than other common multi parameter
lifetime models.

12. CONCLUDING REMARKS

A new class of generalized Lindley distribution referred to as Kumaraswamy power Lindley
(KPL) distribution with flexible and desirable properties is proposed. Properties of the
KPL distribution and sub-distributions were presented. The pdf, cdf, moments, hazard
function, reverse hazard function, reliability, quantile function, mean deviations, Bonferroni
and Lorenz curves were presented. Entropy measures including Renyi entropy, s- entropy
as well as Fisher information matrix for KPL distribution were also derived. Estimate of
the model parameters via the method of maximum likelihood obtained and application to
illustrate the usefulness of the model to real data given.
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APPENDIX APPENDIX A FIM ror KPL DISTRIBUTION

Let £ = L(a, A\, a,b), and W(z) = Gpp(x; o, \) = 1 — % exp(—Az®). Elements of the

observed information matrix of the KPL distribution are given by

P _ 1y gy Wl los(W @)

0a? a?

- W ()] log(W ()
dadb -2 )]

9%
Oalo

e A1+ 29)af log z; exp(—Axd)
S LT i

"A2(1 4 28)xd log s exp(—Ax?)
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x [W(i))* Halog W (xs) + 1 — [W(a)]],
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0%l n " 2% (log x;)?
_— —_= —_— - )\ 1 )
da? a2+izl (1+z%)? ZI 08 2:)

N (log x;)? exp(—Azg)
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i=1
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and
> _nAQ +4X+2
ON2 A2(1+ \)2
"L adexp(—Azd) [ 228 2 (14 X4 Azd)as
-1 —
T ola=D) s [(1+A)2+(1+)\)3 T+ A

i=1
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=92 =
2z 2 (1 + X+ Az
{(1+A)2+(1+A)3_ 1+ A ]

Note here that we have considered the case when b > 0 and a > 0 are non-integer, however

the other cases can be similarly derived.
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