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Abstract

In this paper, we introduce a class of Lindley and Weibull distributions (LW) that are useful for
modeling lifetime data with a comprehensive mathematical treatment. The new class of generated
distributions includes some well-known distributions, such as exponential, gamma, Weibull, Lindley,
inverse gamma, inverse Weibull, inverse Lindley, and others. We provide closed-form expressions
for the density, cumulative distribution, survival function, hazard rate function, moments, mo-
ments generating function, quantile, and stochastic orderings. Moreover, we discuss maximum li-
kelihood estimation and the algorithm for computing the parameters estimates. Some sub models
are discussed as an illustration with real data sets to show the flexibility of this class.
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1. Introduction

The survival analysis is imperative aspect for statisticians, engineers, and personnel in other scientific fields,
such as public health, actuarial science, biomedical studies, demography, and industrial reliability. Several life-
time distributions have been suggested in statistics literature for modeling survival data. Of these distributions
two types grabbed the attention of the researchers for fitting lifetime data: Weibull distributions and Lindley dis-
tributions. The choice between the two types is due to the nature of hazard rate. Extensive research, Bagheri et
al. [1], exists on Weibull and its modifications. On the other hand, many types of Lindley distributions and
modifications have been developed as alternatives to Weibull distributions. For references, see Ghitany et al. [2]
and Alkarni [3].

The remainder of this paper is organized as follows: In Section 2, we define the class of Lindley and Weibull
(LW) distributions and show that many existing distributions belong to this class. The LW properties, such as
survival function, hazard rate function, moments, moment generating function, quantile, and stochastic orderings,
are discussed in Section 3. In Section 4, some special cases of the LW class are introduced to show the flexibili-
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ty of this class in generating existing distributions. Section 5 contains the maximum likelihood estimates of the
LW class and the relevant asymptotic confidence interval. Two real data sets are introduced in Section 6 to show
the applicability of the LW class. In Section 7, we introduce a conclusion to summarize the contribution of this
paper.

2. The Class of Lindley and Weibull Distributions

In this section, we introduce simple forms of cumulative distribution function (cdf) and probability distribution
function (pdf) for the LW class.
Definition. Let H (x;n) be a non-negative monotonically increasing function that depends on a
nonnegative parameter vector » >0, we define the cdf for any random variable of the LW class to be

Fy (x,6,8.17) =1—[1+ po H (x;n)Je‘gH(x”’);H,n,x >0,820. @))
o0+ p
The corresponding pdf becomes
0° —OH(x;
f (%6,8.n)= 9+ﬂ(l+ﬂH (x;17))h(x;7)e .9 n,x >0, 8= 0. (2)

Andfor Y =H™ (x;77), the cdf and pdf of LW become

R (y)=1-F (H‘l(y))=(1+%wl(y;n)je9“1<y:">;a,n, y>0,420, ?)
fy (v)=~1y (H_l(y))h_l(y)F—(aiﬁJ(l+ﬂH‘l(y))h‘l(y)e‘eH1(”;0,77, y>0,420. (4

Many Lindley types and Weibull types of distributions are members of the LW class, depending on the choice
of the function H (x;n),e and B .Some examples are listed in Table 1.
The pdf(2) can be shown as a mixture of two distributions, as follows:

f(x;8.n7)=pf (x)+(1-p) f,(x)
where
p= ﬁ f,(x)=6h(x)e ™™ and f,(x)=6h(x)H (x)e""*). The shape and the mode location of f (x)
+
depend on the type of H(x).
3. General Properties

3.1. Survival and Hazard Functions

For any non-decreasing function H (x) , the survival function (sf) is given by

S (x)=1- F, (x) = [1+ eﬁgﬁ H (x;n)]e“’“”’”; x>0, (5)

and the associate hazard rate function is given by

_ (¥ _ 6°h(x)(1+ pH (X));x o

= 6
o )= 00 " ax g poR () ©
For Y=H" (x) the survival and hazard rate functions are given, respectively, by
BO i ~6H ().
=1-|1+-2"H ; 7y >0,
s (1) =110 L0 () Je 2 0y -

and
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Table 1. Some existing distributions as examples of the LW class.

Distribution H (x) yij (2] n References
Exponential X 0 0 - Johnson et al. [4]
Rayleigh (x>0) X2 0 0 - Rayleigh [5]
Weibull (x> 0) X* 0 0 a Johnson et al. [4]
Modified Weibull (x>0) X exp(Ax) 0 0 [a, ] Lai et al. [6]
Weibull extension (x> 0) ﬂ[exp(x/ﬂ)“ —1} 0 0 [4.a] Xieetal. [7]
Gompertz (x>0) a[exp(ax)-1] 0 0 a Gompertz [8]
Exponential power (x > 0) exp [(/Ix)” } -1 0 1 [4.a] Smith & Bain [9]
Chen (x>0) exp(x")-1 0 0 b Chen [10]
Pham (x>0) (a)' -1 0 1 [a.a] Pham [11]
Lindley (x>0) X 1 0 - Lindley [12]
Inverse Lindley 1 1 0 - Sharma et al. [13]
X
Power Lindley X“ 1 17 a Ghitany et al. [14]
Generalized inverse Lindley iﬂ 1 0 a Sharma et al. [15]
X
Two parameters Lindley X B 0 - Shanker et al. [16]
Extended power Lindley X“ B 17 a Alkarni [3]
Extended inverse Lindley % s 7 a Alkarni [17]
-1 -1
—o*  (L+pH (V) (y)
7, (y)= ;y>0. (8)

OB B gy
0+ p

3.2. Moments and Moment Generating Function

The r™ moments and the moments generating function (mgf) for an LW class can be obtained by direct inte-

gration as follows:

1o 25 o g e o 5

0

©

My (t)=E(e%)=[e"f (x)dx.

0

. . . = t"x" _
Using the series expansion e* = Z—| the above expression is reduced to
n=0 ni

M, (t)= g;—n{gfﬂ I[H - (%ﬂn}e“du +$I[H - (%ﬂnue“du.

As a special case, if we let H (x;7)=x",a >1, then
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,_F((r+a)/a)(a(6’+,8)+r)
= a(0+B)07 ! ©
0 n 9

Mx(t)zz(nt_l),[a( :ﬁ)+nﬁ]rﬂ (10)

" 2’0 (0+p)

and, hence, the mean and the variance are
:[a(0+ﬂ)+ﬂ]rl (1)
a’0° (0+ p)
o’ =2;{2a2(49+ﬁ)[a(9+ﬁ)+2,[3]F£—[a(¢9+/3)+,8]2 r? 1}. (12)
0« 0+ﬂ) “ “
For Y =H(x;7)=x", then

,_T((a-r)/a)(a(0+p)-r)
H = a(¢9+,8)6"r/" ,a>r, (13)

© N n 2] -n _
My () =200 a(a(;{)ﬁ) ﬂr“a Nasn, (14)

The mean and the variance, then, are
0 (a(045)-) (a-1
n= a(9 ) [ " ),a>1, (15)
o = [ P ] ; /3+¢9 2 (5+0)- ﬂ) [a Zj

(5+6) @/ (16)

~(a(B+0)-B)'T (“alﬂ,wz

3.3. Quantile and Stochastic Orderings
Theorem 1. Let X be a random variable with pdf as in (2), the quantile function, say Q( p) is
_ 1 1 1 p+0)(1-p
B e e
where 6,8>0,pe(0,1), and W_, (.) is the negative Lambert W function.
Proof: We have Q(p)=F*(p), p<(0,1), which implies F (Q( p)) = p, so, by substitution, we get
[9+ﬁ+ﬂ0H (Q( p))}e H(QLP)) - =(6+ B)(1- p), raising both sidesto g and multiplying by
e we have the negative Lambert equation,
[0+ 8+ BOH (Q( p))]ﬁ e "M _ (94 Y (1- p) €. Solving this equation for Q(P), the proof

is complete.
Note that one can use the same proof above to obtain

e(

Stochastic ordering of positive continuous random variables is an important tool for judging the comparative
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behavior. A random variable X is said to be smaller than a random variable Y in the following contests:
1) Stochastic order (X <, Y) if F, (x)<F () Vx;
2) Hazard rate order (X <, Y) if h, (x)>h, (x) vx;
3) Mean residual life order (X <, Y) if m, (x)<m, (x)Vx;
4) Likelihood ratio order (X <, Y) if f, (x)/f, (x) decreases in x.

The following implications (Shaked & Shanthikumar, [18]) are well known in that
X, Y2 X, Y=2X,Y
U
X<, Y.

—st
The following theorem shows that all members of the LW class are ordered with respect to “likelihood ratio”

ordering.
Theorem 2. Suppose X ~LW (6, ,) andY ~LW(6,,4,), then
DIf H(x7)=0,8=p8,and 6,>6, (orif 6, =6, and B, > f3,),then X <, /Y and, hence,

X<, Y, X<, YandX<,Y.

2)If H(x;7)<0,8 =8, and 6,>6, (orif 6 =6, and 8, > 3),then X >,/ Y and, hence,

X2, Y, X2, Yad X >, Y.
Proof. We have

f, (%) :(ﬁﬂ@ +ﬂ2j£1+ﬂ1H (X)je-(el-ezw(x); H (x)20,

f,(x) (6,) 6+ )\1+B,H(X)
and
fy (X) 0 0, + B
log = :2Iog[—1]+log(¥J+log 1+ BH(x
fy (x) 0, 0+ p ( iH( ))
—log(1+ B,H (x)) (6, - 6,)H ().
Thus,
dilog fx (X): Bh(x)  Bh(x) —(6,-6,)h(x)
x  fy(x) 1+BH(X) 1+B,H(x)
,Bz_ﬁl +
= 6,-6) |h(x).
(AR
Case 1) If H(x;7)>0,4=4,and 6, >0, (orif 6, =6, and B, > 3,),
then iIogfx—(x)<0. Thismeansthat X <, Y and, hence, X <, Y, X<, YandX <, Y.
dx ~ f,(X)
Case 2) If H(x;n7)<0,4,=p,and 6,>6, (orif 6, =6, and B, > 3,),, then
iIogfx—(x)>0. This means that X >, Y and, hence,
dx ~ f,(x)
X2 Y, X>_ YandX=>,V.

4. Special Cases
4.1. Lindley Distribution

The original Lindley distribution (L), proposed by Lindley [12], is a special case of LW class, with H (x;7)=x
and pB=1.Using (1), the cdf of the Lindley distribution is given by
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FL(x;e):l—(l+%xje‘”;9,x >0.
+

The associated pdf using (2) is given by

2

0
fL(X;g): 0+1

(1+x)e™;0,x>0.

It can be seen that this distribution is a mixture of exponential (¢) and gamma (2,6) distributions. Ac-
cording to forms (5) and (6), the corresponding sf and hrf are given respectively by

sL(x;G):(l+%x)e‘”*;9,x >0,

and
0% (1+x
mw#ﬂ;a,wo.
+60+
A direct substitution in (9) and (10), with « =1, 8 =1, gives us the r"™ moments and mgf for the Lindley
distribution:
, T(r+1)(0+r+1)
T e

t" O+n+1

M, (t)= 3 -
=2 ey "
The mean and the variance from (11) and (12) are

0+2 oL o o o o]
~50:1 © _92(9+1)2[2(e 1)(6+3)-(0+2) ]

Figure 1 displays the plots of density and hazard rate function of the Lindley distribution.

U

4.2. Power Lindley Distribution

Power Lindley distribution (PL), introduced by Ghitany et al.

[14], is a special case of LW class with

; <
) N
0= "
32?4 O — =04
= 0= '---g:(l).75
| - <] 0=15
ey \ ]
= o | . o
\ 1
= — 7-_-_-‘>m7._~_w
; [ve) P
.|
= \ Rt e - |
) =)
T T T T T T T . : I
0 1 2 3 0 2 4 6 8 10
X X

Figure 1. Plots of the pdf and hrf of the Lindley distribution for different values of 4.
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H(x;7)=x“ and p=1.Using the cdf form in (1), the cdf of PL distribution is given by
FPL(x;b?,a):l—(H%x“Je9*“;0,a,x>0.

The associated pdf using (2) is given by

. aaz a)ya-1-0x%.
fPL(x,e,a):m(Hx )x e ™ ;0,a,x>0.

The PL distribution is a mixture distribution of the Weibull distribution (with shape parameters « and scale
@) and a generalized gamma distribution (with shape parameters 2« and scale &), with mixing proportion
p= 49/(6) +1).

The sf and hrf of the PL distribution are obtained from (5) and (6),

S (X:0,) :(1+%x“je‘”*a;6,a, x>0,
af*x** (1+x”)
1+6+6x”

Figure 2 shows the pdf and hrf of the PL distribution of some selected choices of « and 4.
The r™ row moment and the mgf of the PL distribution, using (9) and (10), are given, respectively, by

o (X 0,0) = ;0,a,%x>0.

':F((r+a)/a)(a(0+1)+r)
' a(0+1)0" ’
Mx(t):i " |[a(9n+l)+n]rﬂ.
HDY g (941)

Therefore, the mean and the variance of PL distribution are obtained by direct substitution in (11) and (12),

_T(a)[a(9+1)+1] S 2r (2/a)[a(0+1)+2]a? (0+1) -T2 (Ya)[a (0 +1)+1] _

0(2(0+1)61/a ) a4(9+1)292/a
S _
ST -
S =08 o a=15
A i —0=07 2z wsls
4 S : 9]
@) — 0=4 a _;r-: .\t; =2
S - S A e e =) | =04
(e T T T T T j=) T | : l I
0o 1 2 3 4 e
i X
o <t -
2 0 ° A _8:8‘2‘
ﬁ == =
N o § I 9=02
- = - L IR
S , o dgmmmm——
0O 2 4 6 8 10 0 2 4 6 ¢ 10
) X

Figure 2. The pdf and hrf of the PL distribution for some selected choices of «

and 4.
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4.3. Extended Power Lindley Distribution

Extended power Lindley distribution (EPL), introduced by Alkarni [3], is a special case of LW class with
H (x;7) = x“. Using the cdf form in (1), the cdf of the EPL distribution is given by

0 a | 40"
FEPL(X;H,ﬂ,a)zl—(1+9’B+IBx Je‘g :0, B,a, x> 0.

The associated pdf using (2) is given by

2
fep (X0, 8,0) = :fﬂ (1+ Bx)x“ e ™;0, 8,a,x>0.

We see that the EPL is a two-component mixture of the Weibull distribution (with shape « and scale ) and
a generalized gamma distribution (with shape parameters 2,a and scale &), with mixing proportion
p=6/(6+p).

The sf and hrf of the EPL distribution are obtained as a direct substitution in (5) and (6),

Sep (X) = (1+ﬂx“]e“”a x>0,
0+p

af*x“?! (l+ ,Bx“)

0+ p+ pox”

Figure 3 shows the pdf and hrf of the EPL distribution for some choices of 4, 4,and « .
The r™ row moment and the mgf of the EPL distribution, using (9) and (10), are given, respectively, by

,:a(0+,8)+,8r L

r

Tep (X) = 0, B,a,x>0.

a20£(0+ﬂ)
L&t [a(6+p)+np] n
I o0 (0 ) "

Using (11) and (12), the mean and the variance of the EPL distribution are given, respectively, by

N \n
< | —
e S
~ N Q —
= 24 = w
— o
S | (=
S T T T T T S
0 2 4 6 8 0005101520 25 3.0
X X
< <
i B=2,0=07 7 p=050=12
¢ —06=03 = < ] —0=0.3
Rl “T9=0.6 g o 0=06 ..
8§ — 7 o= S o | T e=1T
T 6 T 24
e [ s o
S T T T T T = T T T T T
0 2 4 6 8 0 2 4 6 8
X X

Figure 3. The pdf and hrf of the EPL distribution for some choices of 6,4,and « .
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ﬂ:[“(‘gf—ﬁ)*ﬂ]rl, o’ :2;{20:2(9+ﬁ)[a(0+ﬂ)+2,3]F§—[a(0+,3)+,3]2 r? ﬂ

a0 (0+p) @' (0+ B
4.4. Inverse Lindley Distribution

Inverse Lindley (IL) distribution, proposed by Sharma et al. [13], is a special case of the LW class with
H(x;7)=xY =H"(x7), and g=1.Using the cdf form in (3), the cdf of the IL distribution is given by

0 1)~
F,L(y;H):[1+myje .0,y >0.

The associated pdf using (4) is given by

0 (1+y)
fi (v;0)= 9+1(y_3yje Y:0,y>0.

We see that the IL is a two-component mixture of the Weibull distribution (with shape « and scale 6) and a gen-
eralized gamma distribution (with shape parameters 2, and scale &), with mixing proportion p = 49/(6' +p).
The sf and hrf of the IL distribution are obtained as a direct substitution in (7) and (8),

(4
0 1) -,
S”_(y):l—[l"rm;je y;y>0,

% (1+y)

y? {(9+1)y[ei —1J—6}

Figure 4 shows the pdf and hrf of the IL distribution for some choices of 6.

;6,y>0.

o (y)=

4.5. The Generalized Inverse Lindley Distribution

The generalized inverse Lindley (GIL) distribution, proposed by Sharma et al. [15], is a special case of LW class
with H(x;7)=x“Y =H"(x7) and p=1. Using the cdf form in (3), the cdf of the GIL is given by

9 l _py @
FGIL(y;eva): 1+——a e ;60,a,y>0.
f+1y
w
o | P
o —0=05 —g=(1).5
0=1 0=
...... 9=2 < - ._._..9:2
M 0=3 0=3
2 = v |
2 § -
22 -
wy
= v
(=)
2 S
< T T T T T T e T T T T T
0 1 2 3 4 5 0 2 4 6 8
X X

Figure 4. The pdf and hrf of the IL distribution for some selected choices

of 6.
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The associate pdf, using (4), is given by

ab’
fGIL (X’g’a) = 0+1

(l+ X ) X e ™" 0,a,x>0.

The associate hrf, using (8), is given by
ab? (1+ y“)

o (X 0,a)= n
y“t [(9 +1)y“ (eya —1} - 9]

Figure 5 shows the pdf and hrf of the GIL distribution of some selected choices of o« and 4.
The r™ row moment of the generalized inverse Lindley distribution, using (10), is given by

. 9"« [a(¢9+1)—r]r((a—r)/a)

= a(0+1)

160, a,x>0.

ya>Tr.

The mean and the variance of the generalized inverse Lindley distribution are given, respectively, by

_ oY [Z((::$)_l]r(a;1)’a o1

7,

PN o)

4.6. Extended Inverse Lindley Distribution

The extended inverse Lindley (EIL) distribution, proposed by Alkarni [17], is a special case of the LW class with
H (x; 77) = x“. Using the cdf form in (3), the cdf of the EIL distribution is given by

02:{ P } (a(0+1)(a(0+1)2)1r2(a1j 2

F(X;H,ﬁ,a):{lJri—’Bxi}eX“;H,ﬂ,a,x >0.

> >
= =
2] v
| <
Q 5
A A
X X
<
o
2 - <
IS s o
s S -]
s T <
—
<
o
X X

Figure 5. The pdf and hrf of the GIL distribution for some selected choices of

a and 6.
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The associated pdf, using (4), is given by

2 a _6
f(x;a,ﬁ,a)zgafﬂ[ﬂx;ﬁ }e “0,B,a,x>0.

We see that the EIL is a two-component mixture of the inverse Weibull distribution (with shape « and scale
#) and a generalized inverse gamma distribution (with shape parameters 2, and scale @), with the mixing

proportion p=6/(6+ ).
The hrf of the EIL distribution is given by

TEIL(y): 0‘92 ('B+Z,a)
yet {(m B)y” {eY“ —1} - ﬂe}

Figure 6 shows the pdf and hrf of the EIL distribution for some choices of 9, 5, and « .
The r™ row moment of the EIL distribution, using (9), is given by

0, 8,a,y>0.

. 93[a(9+ﬂ)-rﬁ]ra_n
Hr a(0+pB) a
Therefore, the mean and the variance of the EIL distribution are given, respectively, by

:Hﬂ/a(a(9+ﬁ)—ﬂ)r(a_1j' wsl

a>r,

a(0+p) o
o’ =[#ﬁg)z}[a(ﬂ+9)(a(ﬁ+9)—Zﬁ)F(aT_Z)—(a(ﬂ+0)—ﬂ)2 r’ [“T_ﬂa > 2.

5. Estimation and Inference

Let X,,---,X, be a random sample, with observed values x,---,x, from the LW class with parameters
6,fand n.Let ® :(9, B.n) bethe px1 parameter vector. The log likelihood function is given by

o -
- o
22 2 o
& &
D ©n 5 <
o o a
S S
o = T
6
X X
-] ﬂ-_
o
s 2 7
IS - IS
o~
5 < 4 3
o — T -
— —
o
S o
0 2 4 6 8 0 2 4 6 8
X X

Figure 6. The pdf and hrf of the EIL distribution for some choices of 6,4, and « .
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2

iﬂ]+iznl"log(1+ﬂH(xi))+2logh(xi)—0iH(xi),

In=nlo
g (0 i=1
then the score function is given by

U, (®)=(aIn/a8,éIn/o,dlnfon)", where

ain _ n(@+2p)
o0  0(0+p) ’
on__-n +Zn: H (x:7) ,
o 0+ T1+pH(x:n)
on & yis oH (X:;17) 1 oh(x;n noH (X7
an g g M) g 1) oM (i)
on, T1l+pH (Xi177) ony i=1 (Xi,fl) on, iz on,
The maximum likelihood estimation (MLE) of ® says ® s obtained by solving the nonlinear system

U, (x;@) =0. This nonlinear system of equations does not have a closed form. For interval estimation and hy-
pothesis tests on the model parameters, we require the observed information matrix

T
oo o |

on
Lo Ny - '/Tfn

In(®):_ . . .. : )
|077 Iﬁ'] Ifm

where the elements of | (©) are the second partial derivatives of U, (®).Under standard regular conditions
for large sample approximation (Cox and Hinkley, [19]) that fulfilled for the proposed model, the distribution of
© approximately N (@,Jn (@)_1), with J,(©)= E[In (@)] Whenever the parameters are in the interior

of the parameter space but not on the boundary, the asymptotic distribution of «/ﬁ((:) - G)) is N, (0, J (@)’l),

where J (@)_1 =limn™l, (®) is the unit information matrix and p is the number of parameters of the distribu-

n—o

An-1 ~
tion. The asymptotic multivariate normal N, (@, I, (@) ) distribution of ©® can be used to approximate con-

fidence interval for the parameters and for the hazard rate and survival functions. An 100(1-y) asymptotic-
confidence interval for parameter @®, is given by

[(:)i —Zyﬁ,@i +Z, ﬁJ
2 2

where ﬁ is the (i,i) diagonal element of In((:)>_1 for i=1,---,p and z, is the quantile 1-y/2 of the
2
standard normal distribution.

6. Applications

In this section, we introduce two data sets as applications of the LW class. For the first data set, we fit L, PL, and
EPL models as well as the Two-parameter Lindley (TL) and the standard Weibull (W).

The first data set was introduced by Bader and Priest [20] as the tensile strength measurements on 1000 carbon
fiber-impregnated tows at four different gauge lengths. The data is listed in Table 2.

The MLEs of the parameters were obtained using the expectation-maximization (EM) algorithm. The MLEs,
Kolmogorov-Smirnov statistic (K-S) with its respective p-value, the maximized log likelihood for the above dis-
tributions are listed in Table 3. The distributions are ordered in the table according to their performance. The fitted
densities and the empirical distribution versus the fitted cumulative distributions of all models for this data are

shown in Figure 7 and Figure 8, respectively.
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Table 2. Carbon fiber tensile strength.

1.312 1.314 1.479 1.552 1.700 1.803 1.861 1.865 1.944 1.958 1.966
1.997 2.006 2.021 2.027 2.055 2.063 2.098 2.140 2.179 2.224 2.240
2.253 2.270 2.272 2.274 2.301 2.301 2.359 2.382 2.382 2.426 2.434
2.435 2.478 2.490 2511 2514 2.535 2.554 2.566 2.570 2.586 2.629
2.633 2.642 2.648 2.684 2.697 2.726 2.770 2.773 2.800 2.809 2.818
2.821 2.848 2.880 2.954 3.012 3.067 3.084 3.090 3.096 3.128 3.233

3.433 3.585 3.585

Table 3. Parameter estimates, K-S statistic, p-value, and logL of carbon fiber tensile strength.

Distribution 0 B a K-S p-value logL
EPL 0.0584 98.9 3.7313 0.0429 0.9996 —-48.9
PL 0.0450 - 3.8678 0.0442 0.9993 —49.06
w 0.0100 - 4.8175 0.1021 0.4685 -50.65
TL 0.8158 4504.4 - 0.3614 0.000 -105.7
L 0.6545 - - 0.4011 0.000 -119.2
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g = | 3
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The carbon fibers tensile strength

Figure 7. Plot showing the fitted densities of the models listed in Table 3.

For the second data set, we demonstrate the applicability of the IL, GIL, and EIL, as well as the inverse Weibull
(IW) and the generalized inverse Weibull (GIW) models. Table 4 represents the flood levels for the Susquehanna
River at Harrisburg, Pennsylvania, over 20 four-year periods from 1890 to 1969. This data has been used by
several authors and was initially reported by Dumonceaux & Antle [21].

The MLEs of the parameters, the Kolmogorov-Smirnov statistic (K-S) with its respective p-value, and the
maximized log likelihood (logL) for the above distributions are given in Table 5 according to their performance.
The fitted densities and the empirical distribution versus the fitted cumulative distributions of all models for this
data are shown in Figure 9 and Figure 10, respectively.

7. Concluding Remarks

We define a new family of lifetime distributions, called the LW family of distributions, that generates Lindley
and Weibull distributions. The LW class contains many lifetime subclasses and distributions. Various standard
mathematical properties were derived, such as density and survival hazard functions, moments, moment gene-
rating function, and quantile function, and were introduced in flexible and useful forms. The maximum likelihood



S. H. Alkarni

<
o0
st gy -
o
(=) —
g e
8 - 6, B
---EPL(8, B, o
T4 7 A e PL(6, a)
- W(0. )
——TL(6, B)
L(6)
(o
(=
Q -
e T T T T T
1.5 2.0 2.5 3.0 35

The carbon fibers tensile strength

Figure 8. Plot showing the fitted cdfs of the models listed in Table 3.
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Figure 9. Plot showing the fitted densities of the models listed in Table 5.
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Figure 10. Plot showing the fitted cdfs of the models listed in Table 5.
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Table 4. Flood level data for the Susquehanna River.

0.654 0.613 0.315 0.449 0.297
0.402 0.379 0.423 0.379 0.324
0.269 0.740 0.418 0.412 0.494
0.416 0.338 0.392 0.484 0.265

Table 5. Parameter estimates, KS statistic, P-Value, and logL of flood level data.

Distribution 0 yij a K-S p-value logL
EIL 0.1052 4.0439 2.9573 0.1395 0.8311 16.1475
GIL 0.0899 - 3.0763 0.1445 0.7977 16.1475
1\ 0.0123 - 4.2873 0.1545 0.7263 16.096
GIw 0.0302 43127 0.8071 0.1560 0.7150 16.097
1L 0.6345 - - 0.3556 0.0127 —0.5854

method was used for parameter estimation using the EM algorithm. Finally, some special models were intro-
duced and fitted to real datasets to show the flexibility and the benefits of the proposed class.
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