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Abstract

We propose a new extension of the Weibull-exponentiated half logistic-G
(WEHL-G) distribution, called the Marshall-Olkin-Weibull-exponentiated half
logistic-G (MO-WEHL-G) family of distributions. The properties of this family
of distributions including quantile function, distribution of the order statistics,
hazard rate function, Rényi entropy and moments of residual life are presented.
To estimate the parameters of the MO-WEHL-G family of distributions,
six different estimation approaches are used, namely, maximum likelihood,
Anderson-Darling, Ordinary Least Squares, Weighted Least Squares, Cramér-
von Mises and Maximum Product of Spacing. The consistency properties of
the six estimation methods were assessed using Monte Carlo simulations for a
special case of the MO-WEHL-G family of distributions. The flexibility and
importance of the proposed model was assessed using numerous goodness-of-fit
statistics on three different data sets.
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1 Introduction

Several standard distributions such as Weibull, Rayleigh, log-logistic and many others
have been used in the past decades to characterize available data sets. However,
these traditional distributions are often not adequate in characterizing modern data
sets (Jamal et al. 2019). Thus, the need for generalizing traditional distributions by
means of compounding or using various generating techniques is apparent. Cordeiro
and Lemonte (2011) stated that one of the well-established methods for getting a
more flexible distribution is by adding parameter(s) to a baseline distribution. These
methods and generators have been detailed in literature, including methods such as
Lomax generator by Cordeiro et al. (2014), Weibull-G by Bourguignon et al. (2014),
transformed-transformer (T-X) by Alzaghal et al. (2013), Kumaraswamy-G family of
distributions by Cordeiro and Lemonte (2011), McDonald-G family of distributions
by Alexander et al. (2012), among others. Some recent distributions generated using
these methods include: Exponentiated Weibull-exponential distribution by Elgarhy
et al. (2017), Harris-Topp-Leone-G family of distributions by Oluyede and Moakofi
(2022), generalized Gamma-Weibull distribution by Dauda et al. (2023), half logistic
log-logistic Weibull distribution by Moakofi et al. (2022), half-Cauchy generalized
exponential distribution by Chaudhary et al. (2022), generalized exponential
extended exponentiated family of distributions by Hussain et al. (2022), gamma odd
power generalized Weibull-G family of distributions by Gabanakgosi et al. (2022),
gamma power half logistic distribution by Arshad et al. (2022) and Topp-Leone
Weibull-Lomax distribution by Jamal et al. (2019).

Marshall and Olkin (1997) proposed a way to add a shape parameter to a baseline
distribution in order to improve its flexibility. According to Santos-Nero et al.
(2014), the Marshall-Olkin transformation offers a variety of behaviors subject to
the choice of baseline distribution. This transformation provides a wide range of
advantages as the addition of a shape parameter is a well established technique of
coming up with more flexible distributions. Well-known generalized distributions
via Marshall-Olkin technique include Marshall-Olkin log-logistic extended Weibull
distribution by Lepetu et al. (2017), Marshall-Olkin exponential Weibull distribution
by Pogany et al. (2017), Marshall-Olkin additive Weibull distribution by Afify et al.
(2018), generalized Marshall-Olkin Kumaraswamy-G distribution by Chakraborty and
Handique (2017), generalized Marshall-Olkin exponentiated exponential distribution
by Ozkan et al. (2023), Marshall-Olkin Fréchet distribution by Krishna et al.
(2013) and unit generalized Marshall-Olkin Weibull distribution by Karakaya (2022).
Barreto et al. (2013) provided general results for the Marshall-Olkin-G distribution.
The Marshall-Olkin extended Weibull family of distributions by Santos-Nero et al.
(2014), Korkmaz et al. (2019) focuses on the regression modelling and application of
censored data for the Weibull Marshall-Olkin family of distributions. Other papers
worth noting are Kumaraswamy Marshall-Olkin-G family of distributions by Alizadeh
et al. (2015), Marshall-Olkin generalized gamma distribution by Barriga et al. (2018),
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and Marshall-Olkin generalized exponential distribution by Risti¢ and Kundu (2015).
The cumulative distribution function (cdf) and probability density function (pdf) of
the Marshall-Olkin-G (MO-G) family of distributions by Marshall and Olkin (1997)
are given by

3G (a3€)

Fryo-c(w;6,§) =1— 1-3Ge)

(1)
and

dg(;€)
(1-6G(z;6))
respectively, where § > 0 is the tilt paramater, 6 = 1 — . G(x:¢) = 1 — G(2;¢),
G(z;€) and g(zx; &) are the survival function, cdf and pdf of the baseline distribution,
respectively, with the parameter vector &.

The Weibull-exponentiated half logistic-G (WEHL-G) family of distributions was
introduced by Peter et al. (2022). The cdf and pdf are given by

Fuwbi—a(@;0,6,6) = 1 - exp (— [— log <1 - <1f(cj“’(§)€))>r> NG

and
fwenL—c(z;a, 8,8) = 2af exp ( [ log <1 — <lf(géi)§))a)}ﬁ> X
(- (F2) )] ’
x; o\ x; ot
<(-(Hene) ) (eng)

g(x;§)
(1+G(x6))?’

fro-a(w:6,8) = (2)

respectively, where «, 3 > 0 are shape parameters and £ is a vector of parameters.
The proposed distribution offer intriguing qualities and produce improved fits to
many types of real-world data than the baseline and several extended distributions
in the literature. Also, the additional shape parameter will improve the flexibility
of skewness, kurtosis and also modulate the weight of the tails of any baseline
distribution, thus allowing our model to capture characteristics of various types of
data including heavy-tailed data.

The main objective of this work is to introduce a new flexible family of distributions
that can characterize several available or emerging data sets. The distribution is
named MO-WEHL-G family of distributions.

This paper is organized as follows. In Sections we present the Marshall-Olkin
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Weibull-exponentiated half logistic-G family of distributions, hazard rate function,
and quantile function. Section [3] focuses on the special cases of three different
kinds of baseline distributions namely log-logistic, Weibull and standard half logistic
distributions. In Section [ properties such as order statistics, Rényi entropy,
moments and generating functions are discussed. Section [5]is dedicated to obtaining
the maximum likelihood estimates (MLEs), as well as using different estimation
techniques. Sections [6] and [7] are dedicated to Monte Carlo simulations study and
some applications, followed by concluding remarks in Section

2 Marshall-Olkin-Weibull-Exponentiated Half
Logistic-G distribution

In this section, we present the cdf and pdf of the new MO-WEHL-G family of
distributions. We insert the WEHL-G distribution into equations and to
obtain the new family of distributions. The cdf and pdf of the MO-WEHL-G family

of distributions are given by
a\ 18
G(x;€)
" (‘ e (- (Fees) ) )

a\ 18
- G(x;
1—5exp<_ [_log<1_(1+(6‘(ff')f)> >] >
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b
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respectively, for 8, a, 8 > 0, being shape parameters, 6 = 1 — § and baseline vector of
parameters £. The hazard rate function (hrf) is given by

ot = 1o (1 (-29)Y|

(- (Fa)) () -

(s el () )
9(@;€)
(1+G(z;6))*

for §,a, > 0,0 =1— 6 and ¢ as a baseline vector of parameters.

2.1 Quantile function

The quantile function plays an important role in statistics when it comes to generating
random numbers from a probability distribution. Suppose the random variable U
follows the uniform distribution. Then the quantile function of the MO-WEHL-G
family of distributions is obtained by solving the non-linear equation:

a 18
G(z;
o ([ (- (2225) )] )
i} Gz;e) ’
1—dexp|— [—bg (1_ (1+G(a:§)> )]

for 0 < u < 1, that is,

)

-1

Clon) — 2 [( [(w)])] R

Consequently, the quantile function of the MO-WEHL-G family of distributions is
given by

Q. (u)=G1|2 [1 — exp (— [— log (M)]UB)] o 41
(7)

Thus, variates from the MO-WEHL-G family of distributions can be obtained using
equation , for specified cdf G.
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2.2 Expansion of density function

In this sub-section, we use the general results for Marshall and Olkin’s family of
distributions to express the pdf of the MO-WEHL-G family of distributions as an
infinite linear combination of the pdf of exponentiated-G (Exp-G) distribution. Note
that the pdf of the MO-WEHL-G family of distributions can be written as

6fWEHL7G(x§aaBa€)
(1- SFWEHLfG(-'E;aaBaf))2’

fvmo-wenL-c(z;6,a,3,8) =

(8)

where Fiwenr—g(z;a,8,€) and fwerr—c(z; o, (,€) are given in equations and
, respectively. We apply the series expansion

=y (M) )

t=0
which is valid for |z|] < 1 and k& > 0 (Gradshteyn et al. 2014). If § € (0,1), we can
obtain
fro-wenn—o (@00, 8,8) =
t—k
= fWEHL—G (1‘; a, B, 5) Z:io ZZ:O ¢t7k (FWEHL—G (x§ a, 3, f)) (10)

where ¢ 1, = ¢11(0) = (¢t +1)(1 — §) (—1)!*(}). For § > 1, we have

oo

f]\lO—WEHL—G(x; 9, Oé,ﬂ,g) = fWEHL—G(x; Oé,ﬁ,f) ZﬁtF‘fVEHL,G (-73; a767£)7 (11)

t=0

where ¥ = () = W (Barreto et al. 2013). (See details in the appendix).
Consequently, for 6 € (0,1), equation @ becomes

fro-wenr-c(@;0,0,,8) = Z‘pr+1gr+l(m§£)’ (12)

r=0
where

0 t
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and gr+1(z;€) = (r + 1)G"(x;€)g(x; &) is the Exp-G distribution with the power
parameter (r + 1). Also, for § > 1, equation (6] can be written as

fuo-wemr_c(@;6,0,B,§) = Z Qrﬂgﬂ_l(x; §), (14)
r=0
where
Orpr = ZOLﬂ Z ﬁtb&m (6(p “:/;) - 1> <;> (71)Q+P+j+r %

t,q,p,m,s,l,w,j=0

(¢+ 1T+ 1)(r +1) <a<m+s+/s<p+1>+l>+w) y

] T w
(a(m+8+6(f+1)+l)_1>(w:j)’ (15)

and gry1(x;€) = (r + 1)G™(x;€)g(x;€) is the Exp-G distribution with the power
parameter (r + 1). Therefore, for both cases, the pdf of MO-WEHL-G family of
distributions can be expressed as a linear combination of the Exp-G distribution with
power parameter (r + 1).

3 Special cases

This section provided some special cases of the MO-WEHL-G family of distributions
when the baseline distribution is specified. We consider the cases when the baseline
distributions are log-logistic, Weibull and standard half logistic distributions.

3.1 Marshall-Olkin Weibull-Exponentiated Half Logistic-Log-
Logistic (MO-WEHL-LLoG) distribution

Consider the log-logistic distribution as the baseline distribution with parameter ¢ > 0
having cdf and pdf G(z;¢) = 1—(1+2°) ! and g(x;¢) = cx® 1 (1+2°) 2, respectively.
Then, the cdf and pdf of MO-WEHL-LLoG distribution are given by

a\ 18
1— (142971
dexp (— {— log <1 — <1+(1+zc)_1> ﬂ )
_inon 18
- 1— (142!
1—dexp <— {—log (1—<1+(1+Ic)_1> )} )
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respectively for 6, a, 3, ¢ > 0, being shape parameters, x > 0, and 6 = 1 — ¢. The hrf

is given by -
pesane) = 208 [ (1- (U222
« <1—5exp< [ g(l ( Hi; 1)") f’>>1x
< (-(EEER)) (EER)

cxt (1 +2¢)72
(1+ (1 +a)~1)*

for §,a,5,¢>0,2>0,and 6 =1— 6.

Figure [1] illustrates the flexibility of the MO-WEHL-LLoG distribution for selected
parameter values. The pdf of the MO-WEHL-LLoG distribution can take various
shapes that include J, reverse-J, uni-modal, left-skewed or right-skewed shapes. The
hrf of the MO-WEHL-LLoG distribution exhibit decreasing, increasing, bathtub,
upside down bathtub and bathtub followed by upside down bathtub shapes.

As shown by Figure [2] for § = 1.9 and g = 1.6, the MO-WEHL-LLoG exhibits higher
levels of skewness for larger values of the parameter c across varying levels of a. We
can also see high values of skewness also for large values of o and ¢, when § = 4.0 and
B =1.1.

MO-WEHL-LLoG has the highest values of kurtosis for larger values of the parameter
¢ and smaller values a for § = 1.9 and § = 1.6. We can see high values of kurtosis
for lower values of both a and ¢, also for higher values of ¢ and smaller values of «,
when we set § = 4.0 and = 1.1.
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Figure 1: Plots of the pdf and hrf for MO-WEHL-LLoG distribution
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Figure 2: 3D-Plots of the skewness for MO-WEHL-LLoG distribution

MO -WEHL - LLoG(1.9, a, 1.6, c) MO - WEHL - LLoG(4, a, 1.1, ¢)

40 1.0 40 10

3.2 Marshall-Olkin-Weibull-Exponentiated Half Logistic-
Weibull (MO-WEHL-W) distribution

Let the one parameter Weibull distribution be the baseline distribution with pdf and
cdf given by g(z;\) = Az ~lexp(—2?) and G(z;)\) = 1 — exp(—z?), for A > 0,
respectively. Then, the cdf and pdf of MO-WEHL-W distribution are given by

1 exp(—2M)\ "\ 1”
T
B} 1—exp(—a) )\ 1”
1—dexp <— [—log (1 B <m> H )

; (17)

F(w,5,a,6,)\) =1-

and

f@;0,0,8,0) =
~zapsesn - [ (1- (1222) )] ) »
Fo(-(3E3) )

(- () ()
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(it G )

respectively for &, «, 8, A\ > 0, being shape parameters, > 0 and 6 = 1 — 8. The hrf
is given by

b ) = 208 -tos (1- (l—ex_m—w)“)]“ y

1+ exp(—z*)

At exp(—a)

1+ exp(—:ﬁ‘))2

(s o (52

for §,a,,A >0,z >0and § =1—4.

X

Figure 3: 3D-Plots of the kurtosis for MO-WEHL-LLoG distribution
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Figure [] demonstrates the flexible nature of the MO-WEHL-W distribution for
selected parameter values. The pdf of the MO-WEHL-W distribution exhibits various
shapes that include reverse-J, uni-modal, left-skewed or right-skewed shapes. Also,
the hrf of the MO-WEHL-W distribution gives increasing, decreasing, bathtub, upside
down bathtub and upside down bathtub followed by bathtub shapes.
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Figure 4: Plots of the pdf and hrf for MO-WEHL-W distribution
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3.3 Marshall-Olkin-Weibull-Exponentiated Half Logistic-
Standard Half Logistic (MO-WEHL-SHL) distribution

Let the baseline distribution be standard half logistic distribution with pdf and cdf

. 2exp(—x 1—exp(—=
given by g(z) = m and G(z) = HTI;E_I;

the cdf and pdf of MO-WEHL-SHL distribution are given by
ay 18
_ - _( L=exp(=2)
6exp< [ log <1 <1+3exp(x)> )} )
a\ 18
< 1 — exp(—x)

, for = > 0, respectively. Then,

; (18)

F(z;0,a,8) =1—

and

f(x;0,a,8) =

~ o~ [ v (1- (Lr2en Y] ) o

[ (- () )]
(o)) Grem) i
X <1 — Jexp (— {—log (1 _ (m>a)r>>2,

respectively for 8, a, 8 > 0, being shape parameters, > 0 and and 6 = 1 — 8. The hrf
is given by

1 —exp(—x)

st = to3 -t (1- (F) )]

(1 +e;<epi;(x_)x))2

R IR

for 6,0, >0,z >0and 6 =1—4.
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Figure 5: Plots of the pdf and hrf for MO-WEHL-SHL distribution
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Figure [5] demonstrates the flexible nature of the MO-WEHL-SHL distribution for
selected parameter values. The pdf of the MO-WEHL-SHL distribution exhibits
various shapes that include J, reverse-J, uni-modal, left-skewed or right-skewed
shapes. Also, the hrf of the MO-WEHL-SHL distribution gives increasing, decreasing,
bathtub, upside down bathtub and upside down bathtub followed by bathtub shapes.

4 Statistical properties

Some of the useful statistical properties for the MO-WEHL-G family of distributions
including the distribution of order statistics, Rényi entropy, moments and generating
function, incomplete moments and moments of residual life are presented in this
section.

4.1 Distribution of order statistics

Let X1, X3, ..., X, be independent and identically distributed (i.i.d) random variables
distributed according to equation @ Then, the pdf of the p** order statistic is given
by

fon(z30,0,8,8) = onlfypnr o(@a,B,€) x
< (=1) Frint (za,3,6)

WEHL-G ( )

;J (p=Dln = p)' [1 = 0Fyy prrr— G(x§aaﬂ7f)}z+p_1'

If 6 € (0,1), we have

oo n—p t

fpin(z;évavﬁag) fWEHL G ‘T « Bg Z Ut 2,k 5V+EZHL]€+GP 1(x O‘vﬂ f) ( )

t=0 2=0 k=0

onl(=1)*(1 =0 (=1)tF (t\ [z +p+t
Uios = Uues(®) = PR E eV () (7)o

where

For 6 > 1, we write

(1 - 5FWEHL G(z;a7/87§)) =9 {1 - (5 - l)FWEHL—G(x;aHB?f)/(S} )

such that

Fon(@30,0,8,6) = frywms_o (@0, 5,6) ZZc SR 0, 8,6),  (22)

t=0 z=0
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where

(=D — 1)tn! (z +p+ t).

T 5 ttte(p— Dl(n— p)! t (23)

Ct,z = Ct7z(5)
(See details in the appendix).
For 6 € (0,1), we have the pdf of the p!* order statistic expressed as

co n—p t

Fon(@;6,0,8,8) = Y > Uiz xa, 19, (:€), (24)

t,r=0 2=0 k=0

where

_ . Blp+1) =1\ [t+z—k+p—1
N (o [P

q,p=0m,s,l,w,j=0 q
grprjer @ TP TU+1)  fa(mts+pp+1)+1)+w)
p! T(M)(r+1) w
am+s+pp+1)+1) -1\ w+y
J )
and gr+1(x;€) = (r + 1)G"(z;8)g(x;€) is the Exp-G distribution with the power

parameter (r + 1).
Similarly, for § > 1, then equation can be written as

x (=1

oo n—p

fon(@;6,0,8,8) =Y > erzar, g, (2:6), (25)

t=0 z=0

where

w,o= Y Y bs,m<ﬁ<p“)‘1><””‘"1)<1)W“‘+’“x

m
q,p=0m,s,l,w,j=0 q

X

@+ 1P T(+1) (fa(m+s+Bp+1)+)+w)
p! D()i(r+1) w
a(m+s+Bp+1)+1) -1\ [w+j
J r )’
and gry1(x;8) = (r + 1)G"(x;8)g(x;€) is the Exp-G distribution with the power
parameter (r + 1).

4.2 Rényi entropy

Rényi entropy is defined to be the measure of variation or uncertainty for a random
variable X with pdf f(z). Rényi entropy is defined as

In(v) = (1 - v)~log [ /- f”(x)dx} |
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where v > 0 and v #1. Using the expansion from Barreto et al. (2013), for § € (0,1)

61/ v I,OZ, , oo ’L )
f]\l:IO—WEHLfc(x;(S,OéH87£) = fWEH}(CéI(/) B g) Z (t) (—1)t(1 — 5)1 X

it=0

[FWEHLfG (x; a? /87 6)]t

i

x T(2v+1)

and for § > 1,

IV oo (@50, B, &) y
v+ (20)

[e’e} t .
(6 = 1)T (2w + ) pm=c B0 50
=0

fJ\VJO—WEHL—G ((E; 57 @, ﬂ’ g) =

X

t!
t

Thus, Rényi entropy for § € (0,1) and § > 1 are given by

Ir(v) = (1 —v) 'log (Z ei/o fV”VEHLG(w;a,,@,f)(FWEHLG(w;a,ﬁ,f))tdw>
=0

(26)
and

In(v) = (1-v)""log (Z b / f;;mG(x;a,ﬁ,@FsVEHLG(x;a,ﬁ,adx) , (27)
t=0

where
B 228 =6 +i) () (1)
e =eild) = =55 T(2v)i!
and
he = ha(8) = (6 —1)'T(2v + 1)

SvHT (20)t]

(See details in the appendix).
Now, for § € (0,1) and from equation , we have

Ir(v) = (1-v)"'tlog |:ZTT exp (1 — v)IgEq) |, (28)
r=0
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where

Tr

(208)" Z Z cibom (ﬁ(p +T:) - V) (t) (— 1)+

4,q,p=0m,s,l,w,j=0 q

(q—i—u)pl"(l—i—u)(a(m—i—s—i—ﬁ(p—i—l/)—i—l)—i—u—i—w—l) y

p! () w
<a(m+s+ﬁ(p+u)+l)—u)<w+j> 1 (20)
j )
and Ippg = (1 —v) llog [fooo ((; +1)g(z; )G (= 5)]5) ] is the Rényi entropy
of the Exp-G distribution with power parameter (Z +1).
Similarly, for § > 1, we have
Ir(v) = (1—-v)'log [ZT: exp ((1— V)IRE(;)], (30)

r=0

= (208)” Z Z htbs,m@(” +,,:)V> (2)(1)q+p+j+rx

t,q,p=0m,s,l,w,j=0

(g+v)PT(l+v) (oz(m—i—s—l—ﬁ(p—i—u)—i—l)—i—u—l—w—l) "

Tl T w
[

v
Nk

and Irpg = (1 —v) !log [IOOO ((; +1)g(x; €)[G(x; )V ] is the Rényi entropy

of the Exp-G distribution with power parameter (~ + 1)

4.3 Moments and generating function

Let X be from the MO-WEHL-G family of distributions and Y;.;; denote the Exp-G
random variable with power parameter (r 4+ 1). Then the n!* raw moment of MO-
WEHL-G family of distributions, say u,, can be obtained from and . For
0 €(0,1),

:U/{n = Z (p7+1 r+1 (32)
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where ¢, is as given in equation and E(Y," ) is the nt" raw moment of Y, 4.
For 6 > 1,

o =E(X") = Y 0., By, (33)
r=0

where o, is as given in and E(Y," ) is the n'" raw moment of ¥, .
The moment generating function (mgf) of X, denoted Mx (t) = E(e'X) can be derived
as follows. For ¢ € (0, 1),

MX(t) = Z QOT-HMT(t)'
r=0

For 6 > 1, the mgf of X is
MX(t) = Z Qr+1MT(t)7
r=0

where M,.(t) is the mgf of Y, 1, ¢ ., and g ,, are obtained from equations
and . Hence, Mx(t) can be determined from the Exp-G generating function.
Furthermore, the characteristic function can be obtained by ¢(t) = E(e®X), where
i =+/—1. For 6 € (0,1), we have

(b(t) = Z Prs1 (DTJrl (t)7
r=0

and for § > 1,
¢<t) = Z Qr+1q)7‘+1(t)’
r=0

where ®,,1(¢t) is the characteristic function of Exp-G distribution with power
parameter (r + 1).

4.4 Incomplete moments

Incomplete moments are useful when it comes to obtaining inequality measures
(Bonferroni and Lorenz curves). The n'" incomplete moment of the MO-WEHL-G
family of distributions is obtained as follows:

For § € (0,1),

t

t o)
my(t) = / m"f(w;é,a,ﬂ,f)dx:ZgoTH/ 2" gri1(x; €)da. (34)
r=0

— 00 — 00
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For 6 > 1,

t

t e}
) = [ e f@sas Ot =30 [ aealmodn @)

- r=0 -
Note that m4(¢) and ms(t) can be used in the construction of Bonferroni and Lorenz
curves. These curves are of great importance in insurance, demography, reliability,
medicine and economics. Clearly, for § € (0,1)

ml(t) = Z¢T+1Jr+1(t)7
r=0
(36)
and
mQ(t) = Z Q,.+1 Jr+1(t)a
r=0

for 6 > 1, where J,41(t) = ffoc xgry1(x; €)dx is the first incomplete moment of the
Exp-G distribution.

4.5 Moment of residual and reversed residual life

To calculate the mean, variance and coefficient of variation of residual life in reliability
and survival analysis, one needs the moment of residual and reversed residual life. The
n* moment of the residual life, say b,,(u) of a random variable X is given by

mw>=EKX—uW|X>w4=FéO/WYm—mnﬂaamﬁ<Mx

Consequently, b, (u) for the MO-WEHL-G family of distributions is given as follows:
For ¢ € (0,1),

o) = Fj;)7§§;)(?><u)”i¢r+1/£ajxigr+l<x;£>dx, (1)

where ¢, ., is as defined in equation and g, 1(; €) denotes the Exp-G distribution
with power parameter (r + 1). Also, For § > 1,

i Orta (?) (=)™~ /:O ' gry1 (5 €)da, (38)

7r,9=0

bl = 505
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where g, is as defined in equation and g,11(z; &) denotes the Exp-G distribution
with power parameter (r+ 1) > 0.
The nt" moment of the reversed residual life, say e, (u) of a random variable X is

en(u) = E[(u—X)" | X <u] = ﬁ / (u— )" F (w36, B, €)do.

Subsequently, e, (u) for the MO-WEHL-G family of distributions is given as follows:
For ¢ € (0,1),

oo

) =g X (7)o [ aatagan,

r,1=0

where ¢, is as defined in equation and g,41(z; &) denotes the Exp-G distribution
with power parameter (r + 1). Also, For § > 1,

en(u) = ﬁ 3 (’Z)(—uw—i@M /0 " iy (23 €)de,

7r,9=0

where g, , is as defined in equation and g,11(z; &) denotes the Exp-G distribution
with power parameter (r + 1).

5 Estimation methods

In this section, we use different estimation methods to estimate the unknown
parameters of the MO-WEHL-G family of distributions. The estimation methods
include Maximum Likelihood (ML), Anderson-Darling (AD), Ordinary Least Squares
(OLS), Weighted Least Squares (WLS), Cramér-von Mises (CVM) and Maximum
Product of Spacing (MPS). For these estimation methods, a simple random sample
is employed.

We maximize the objective functions using the nlm function in R (R Development
Core Team (2011)), which optimizes the objective function from each estimation
method, finds local estimates that are convergent. These functions were applied
and executed across a wide range of initial values, incorporating both maximizing
and minimizing techniques depending on the estimation method employed. This
process often results in multiple maxima or minima. In such cases, we select the
estimates corresponding to the largest observed maximum value or the smallest
observed minimum value of the objective function, which are considered our best
estimates. Occasionally, no maximum or minimum is identified for the chosen initial
values. In these instances, new initial values are tried until a maximum or minimum
is obtained.

The issues of existence and uniqueness of the estimates are of theoretical interest and
have been explored by various authors for different distributions, including Seregin
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(2010), Santos Silva and Tenreyro (2010) and Zhou (2009). At this point we are not
able to address the theoretical aspects (existence, uniqueness) of the estimates of the
parameters of the MO-WEHL-G family of distributions.

5.1 Maximum likelihood estimation

Let X ~ MO -~ WEHL — G(d,a,3,¢) and A = (6,a, 3,€)T be the vector of model
parameters, then the log-likelihood function ¢,, = £,,(A) based on a random sample
of size n from the MO-WEHL-G family of distributions is given by

a5 P o (2505) )

: “”Em[m(l(%)aﬂ

- 2n(-(Feet) ) oo i (Feiig)
+ éln (9(z:5€)) — Qiln (1+G(x:€)) -

— Qiln <15exp ( [m (1 <1+G(é(;)£)>a>r>>

In order to obtain the estimates of the unknown parameters from the MO-WEHL-G
family of distributions, we solve U = (88%, %ZO’; , %%7 %)T = 0, using a numerical
method such as Newton-Raphson procedure. The elements of the score vector U are

given in the appendix.

((A)

5.2 Anderson-Darling estimation

Suppose Z(1), Z(2), ---» T(n) are the order statistics of a random sample of size n from the
MO-WEHL-G family of distributions. Then, the Anderson-Darling estimates (ADEs)
of the MO-WEHL-G family of distributions are obtained by minimizing the following
function

n

A(éua7ﬁ7§) =-n- %Z (22 - 1) [log (F(.’L’(”,&,O{,B,&)) +10g (S(x(l)vé.achﬂﬂg))} )

i=1

where F(x(;);0,a,3,&) and S(x(;);d,a, 3,&) be the cdf and survival function of the
it" order statistic from the MO-WEHL-G family of distributions.
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The ADESs can also be derived by solving the non-linear equations:

Z (22 _ 1) 19,2 (1‘(”,(5,0{,675) _ 79z (x(n+1fi);57a757§) _ 072: _ 1,273’4’ (39)

F(x(i);53a7ﬂ’§) S(x(nJrlfi);&avﬁag)

i=1
where
OF (z(): 0,0, 3,
0 (i) = SE@00R
OF (z¢;); 6, a, 3,
2 (x(i); &oz,ﬁ,g) — ( ( )aa 5)’
8F xr i ;5’6(’ R
V3 (zy; 0,00, B,€) = ( ()35 g 5)’
and
8F ZT(; ,(5, 0[7ﬁ7
Vg (230,00, B,€) = (= )3€k 3) . w0

5.3 Ordinary Least Squares estimation

The Ordinary Least Squares estimates (OLSEs) of the parameters of the
MO-WEHL-G family of distributions are obtained by minimizing the function

n . 2
1
V 6a s M = F 7 75a s M -
(8,0, 8,€) ;[ (230 0,8,€) = -

The OLSEs can be obtained by solving the non-linear equations:
n .
i

F 7,767 s My - 192 7,76a s My :07 :17273a4a
;{(m @, f,¢) n+1} (@i 0, 8,€) = 0,2

where 9, (ﬂc(i); o, a, 3, 5) are defined in equation .

5.4 Weighted Least Squares estimation

The Weighted Least Squares estimates (WLSEs) of the parameters of the

MO-WEHL-G family of distributions are obtained by minimizing the function

(n+1)2%(n+2)
iln—141)

n

W (00,88 =>

i=1

. 2
7

n+1

|:F (‘T(i);éaa,ﬂvf) - )
with respect to 6, a, 8 and parameter vector £&. The WLSESs can be obtained by solving
the non-linear equations:

n

(n+1)2%(n+2)
Z iln—141)

)
n+1

|:F (x(i);55a757£) - :| v, (I(i);55a767£) =0,2=1,2,3,4,

i=1
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where 9, (:c(i); 0, ,6’,5) are defined in equation .

5.5 Cramér-von Mises estimation

The Cramér-von Mises estimates (CVMESs) of the parameters of the MO-WEHL-G
family of distributions parameters are obtained through the minimization of the

function ,
21 —1

2n ’

1 n
O(5,0¢,ﬂ,§) = m_FZ |:F (x(i);67a767£) -
i=1

with respect to 4, «, § and parameter vector £&. The CVMESs can also be obtained by
solving the non-linear equations

21 —1

|:F (x(z)75aaaﬁa§) - :l ’02 ('r(i);6aaaﬁ7€) = O,Z = 172a3a4a

n
1=

1

where 9, (.Z‘(Z-); é, a, 6,5) are defined in equation .

5.6 Maximum Product of Spacing estimation

The Maximum Product of Spacing method is used to estimate the parameters
of a distribution as an alternative to the maximum likelihood method. Let
D; (ac(,;);d,mﬂ,f) = F(x(i);d,mﬁ,f) — F(:v(i_l);&a,ﬁ,f), for i+ = 1,2,..,n +
1, be the uniform spacing of a random sample from the MO-WEHL-G family
of distributions, where F(x(O);é,a,ﬁ,g) = 0, F(x(nﬂ);é,a,ﬁ,f) = 1 and
Z;fll D; (x(i); 0, a, 3, 5) = 1. The Maximum Product of Spacing estimates (MPSEs)
for 9, a, B and parameter vector £ can be obtained by maximizing

n+1

1
H(5,a,ﬂ,§) = m Zlog (Dl (1’(1‘);6,04,675)) .
=1

The MPSEs of the MO-WEHL-G family of distributions can be obtained by solving
the non-linear equations:

n+1

1 1
n+l ; D; (z(iy; 0,0, B,€) [92 (203 6 0. 8,€) = V= (wi-1)3 6,0, 8,€)] =0,

z=1,2,3,4, where 9, (:v(i); é, a,ﬂ,{) are defined in equation .
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6 Monte Carlo simulation study

With the six estimation methods discussed in Section [f] the performance of the MO-
WEHL-LLoG distribution is examined by conducting various simulations for different
sizes (n=25, 50, 100, 200, 400, 800) via the R package. We simulate N = 1000 samples
for the true parameters values of («,d, §, ¢) given in Table[l|and Table[2} The tables
list the average bias (ABIAS) and root mean squared errors (RMSEs) for the six
estimation methods: ML, LS, WLS, MPS, CVM, and AD, with different sample
sizes. The ABTAS and RMSE for the estimated parameter, say, é, say, are given by:

N B N (h. 2
ABIAS() = Ziz1bi 0, and RMSE()) = M,
N N

respectively. In Tables |1| and the row indicating >  Ranks corresponds to the
partial sum of the ranks. Among all the estimators for a given metric, the superscript
indicates their rank. Table [2] presents, for example, the ABIAS of & obtained via
MLE method as 0.0091{1!} for n = 25. This indicates that the ABIAS of & obtained
using the MLE method ranks first among all other estimators. So, when n = 25, in
comparison with all other estimators, MLE provides the best ABIAS of a.

Table [3] shows the partial and overall ranks of all the estimation methods of MO-
WEHL-LLoG distribution by various model parameter values. Based on the results
in Tables [I] and P| the MO-WEHL-LLoG distribution is stable, as the ABIAS and
RMSE values for its four parameters are modest. It can be observed that the bias
occasionally decreases with increasing sample size, while RMSE decreases as sample
size increases for all estimations. Figures [f] and [7] demonstrate how the RMSEs of
parameters decreased with increasing sample size for each estimation method. It
appears that, for large sample sizes, all estimation methods provide accurate bias and
mean squared error estimates. Table [3| shows that MLE method allows us to obtain
better estimates of MO-WEHL-LLoG parameters, followed by AD and then MPS
methods. According to the rankings, the LS method performs the least well.

7 Applications

This section applies the MO-WEHL-LLoG distribution to three data sets in order
to highlight the significance and applicability of the new distribution. The fit
of the MO-WEHL-LLoG distribution is compared to those of the Marshall-Olkin
log-logistic Weibull (MOLLW) distribution (Lepetu et al. 2017), Marshall-Olkin
exponential-Gompertz (MOEGo) distribution by Khaleel et al. (2020), Marshall-
Olkin generalized-log-logistic (MOG-LL) distribution by Yousof et al. (2018),
Marshall-Olkin modified Weibull (MOMW) distribution by Santos-Nero et al. (2014),
Weibull exponentiated half logistic log-logistic distribution (Peter et al. 2022), odd
log-logistic exponentiated Weibull (OLLEW) by Afify et al. (2018), Weibull Lomax
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Figure 7: Plots of RMSEs of parameters in Table
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(WL) distribution by Tahir et al. (2015) and the exponentiated half logistic odd
Lindley-Weibull (EHLOL-W) distribution by Sengweni et al. (2021). The pdf’s of
these distributions are given in the appendix.

Table 3: Partial and overall ranks of all estimation methods of MO-WEHL-LLoG
distribution by various model parameter values

Parameters n MLE LS WLS MPS CVM AD
25 4 6 2.5 1 5 2.5
50 1 5.5 2 3.5 5.5 3.5
a=02,6=02,=09,¢c=23 100 2 6 4 3 5 1
200 3 5.5 4 1 5.5 2
400 3 6 4 2 5 1
800 3 6 4 1 5 2
25 1 6 3.5 2 5 3.5
50 1 6 4 3 5 2
a=04,0=09,8=17,¢c=12 100 1 5 4 2 6 3
200 1 6 3 4 5 2
400 1 4 6 3 5 2
800 1 4 6 5 2 3
> ranks 22 66 47 30.5 59 27.5
Overall rank 1 6 4 3 5 2

The goodness-of-fit is assessed using the following statistics: -2log-likelihood
(—2In(L)), Akaike Information Criterion (AIC = 2p — 21In(L)), Consistent Akaike
Information Criterion (CAIC = AIC + 22(_”7;3), Bayesian Information Criterion
(BIC = pln(n) — 2In(L)), (n is the number of observations, and p is the number
of estimated parameters), Cramér-von Mises statistic (W*), Anderson-Darling
statistic (A*) (Cheng and Balakrishnann 1995), Kolmogorov-Smirnov (K-S) statistic,
and its p — value. The values of these statistics are given in Tables and [6]
The model with the smallest values of the goodness-of-fit statistics and a bigger
p-value for the K-S statistic is regarded as the best model. The p-value from the
Kolmogorov-Smirnov (K-S) test, is used to assess how well the proposed distribution
fits the data. Specifically, the p-value represents the probability of obtaining a test
statistic that is as extreme or more extreme than the observed value, assuming the
null hypothesis is true (Wasserstein and Lazar 2016). In the K-S test, the null
hypothesis states that the data follows the proposed distribution.

T. Moakofi et al. 154
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7.1 Kevlar 49/Epoxy Strands Failure at 90% Stress Level

The first data set relates to the stress-rupture life of Kevlar 49/epoxy strands that
were continuously compressed at a 90% stress level until they all failed (Andrews and
Herzberg 2012, Barlow et al. 1984). (See the data in the appendix.) Table 4| gives
the maximum likelihood estimates (MLEs) of the fitted distributions together with
the standard errors (in parenthesis) and all the values of goodness-of-fit statistics.The
MO-WEHL-LLoG distribution suited the epoxy strands failure data set better than
the competing models taken into consideration, according to the results above (see
Table . The goodness-of-fit statistics: AIC, AICC, BIC, W*, A* and KS have
small values under the MO-WEHL-LLoG distribution. Furthermore, the p-value for
the MO-WEHL-LLoG distribution is the largest compared to other fitted models.
Figure[§]of fitted density plots and probability plots show that the MO-WEHL-LLoG
model performed better than other models in terms of fitting the data.

The fitted and empirical cumulative distribution (ECDF), observed and fitted Kaplan-
Meier (K-M) survival curves, hazard rate function (hrf) plot and total test on time
(TTT) scaled plot are displayed in Figure @ We can observe that the empirical
cdf and Kaplan-Meier survival curves are closely followed by the MO-WEHL-LLoG
distribution. The hrf is decreasing-increasing-decreasing in the TTT scaled plot. The
estimated hrf of the MO-WEHL-LLoG distribution is non-monotonic.

7.2 Annual Maximum Antecedent Rainfall Measurements

The second data set (Chen et al. 2010) corresponds to 52 ordered annual maximum
antecedent rainfall measurements in mm from Maple Ridge in British Columbia,
Canada. (See the data in the appendix.)

From the results in Table [5] it is quite clear that the MO-WEHL-LLoG distribution
provides the best fit among the competitors since it has the lowest value of —21n(L),
AIC, CAIC, BIC, W*, A* and K-S statistic. Furthermore, the p-value of the
K — S statistic is largest for the MO-WEHL-LLoG distribution, suggesting that the
proposed MO-WEHL-LLoG distribution provides the best fit for the annual maximum
antecedent rainfall measurement data.

From Figure [11]above, we see that the fitted cdf is closely following the empirical cdf
and also the fitted survival function is estimating the survival probabilities quite well
since it is very close to the empirical survival plot. It can be inferred that the MO-
WEHL-LLoG distribution is suitable for modeling the annual maximum antecedent
rainfall measurement data as both the TTT scaled and hrf plots estimate the hrf of
the data to be increasing.
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Figure 8: Fitted densities and probability plots for Kevlar 49/Epoxy strands failure
data
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Figure 9: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and Scaled
TTT-Transform plots for the MO-WEHL-LLoG distribution for epoxy strands failure
data
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Figure 9: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and Scaled
TTT-Transform plots for the MO-WEHL-LLoG distribution for epoxy strands failure
data, cont.
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Figure 10: Fitted densities and PP plots for annual maximum antecedent rainfall
measurement data
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Figure 11: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and
Scaled TTT-Transform plots for the MO-WEHL-LLoG distribution for annual
maximum antecedent rainfall measurement data
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Figure 11: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and
Scaled TTT-Transform plots for the MO-WEHL-LLoG distribution for annual
maximum antecedent rainfall measurement data, cont.
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7.3 Fatigue time of 101 6061-T6 aluminium coupons

This data set represent the fatigue time of 101 6061-T6 aluminum coupons cut parallel
to the direction of rolling and oscillated at 18 cycles per second (Birnbaum et al. 1969).
(See the data in the appendix).

From the results in Table [f] we see that the values of the goodness-of-fit statistics:
—21In(L), AIC, AICC,BIC, W*, A* and K-S are the smallest for the MO-WEHL-
LLoG distribution. This indicates that the MO-WEHL-LLoG distribution is a better
fit for the aluminium coupons data as compared to other fitted distributions. The
p-value of the K-S statistic is also the largest for MO-WEHL-LLoG distribution.
Figure [I3] shows that the fitted cdf is closely following the empirical cdf and also the
fitted survival function is estimating the survival probabilities quite well since it is
very close to the Kaplan-Meier survival plot. The hrf is estimated to be an increasing
shape on both the TTT and hrf plots.

8 Conclusions

We have proposed and studied a new generalized family of distributions called the
Marshall-Olkin-Weibull-exponentiated half logistic-G (MO-WEHL-G) distribution.
Several mathematical and statistical properties of the new family of distributions
were derived. To estimate parameters of the MO-WEHL-LLoG distribution, which
is a special case of the MO-WEHL-G family, a variety of estimation techniques are
employed. These include maximum likelihood estimation, least-squares estimation,
weighted least-squares estimation, maximum product spacing estimation, Cramér-von
Mises estimation, and Anderson-Darling estimation. Monte Carlo simulations were
used to evaluate the consistency properties of the six estimation methods for the MO-
WEHL-LLoG distribution. The results show that MLE method better estimated the
MO-WEHL-LLoG parameters as compared to other methods. Finally, to demonstrate
the relevance and applicability of the MO-WEHL-G distribution, its special case of
MO-WEHL-LLoG distribution was fitted to three data sets.
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Figure 12: Fitted densities and expected probability plot for aluminium coupons data

Fitted Densities

MO-WEHL-LLoG
EHLOL-W
WEHL-LLoG
MOLLW

MOGLL

MOMW

OLLEW

WL

REERRT |

o
o~
-
o
T}
=
g
o
o

- 2

2 o 7

= ]
o
[T}
o
8 -
o
o
o
s -
< \

0 50

a
2 4
m_
o

=

o W

o _

8 o

]

2

&

o

z

g

2 o

=

L
N_
o
D_
o

— WMO-WEHL-LLoG(S5=0.0259)
=== EHLOL-W{S5=0.0512)
WEHL-LLoG(S5=0.0738)
-—-= MOLLW{S5=0.0841)

— MONW({SS=0.0565)

— OLLEW(55=0.0482)

—=— WL(S5=0.1440)

T. Moakofi et al.
CEJEME 16: 125-189 (2024)

T T T T
0.4 06 0.8 1.0

Observed probability

166




www.czasopisma.pan.pl P N www.journals.pan.pl
TN

A New Generalized Family ...

Figure 13: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and
scaled TTT-transform plots for the MO-WEHL-LLoG distribution for aluminium
coupons data
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Figure 13: Estimated cdf, Kaplan-Meier survival, fitted hazard rate function and
scaled TTT-transform plots for the MO-WEHL-LLoG distribution for aluminium
coupons data, cont.
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and using the results on power series raised to a positive integer, by setting as = 84%2,

that is (300 asy®)™ = > o0 bs,my®, We have

L

= Pl 1{2 y ZS+2 =

m=0

= yf+D)-1 li erl )ymibgmy] =

0

_ [ Z <ﬁ 1>bs, YA - 11’
m
m,s=0
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(Gradshteyn et al. 2014), where by ,,, = (sao) ™' -1, [m(I4+1)—s]arbs—i,m, bo.m = a’,
and obtain

flasa, B, 5>< (w'a,ﬁ €)' F =

IS ( (p+1) 1>bs7m<tqk)(1)q+p(q+l)p

|
q,p=0m,s=0 p:

Applying the generalized binomial series expansions

(-(F29)) -Shar (Feds)”

(14 G(a; £))~(@lms+8(p+D+I+1) _ Z (a (m+s+B(p+1)+1)+ w) G (2:6),

w
w=0

e AL T Y (R A R [T
&
and -
o =3 (" 1) vese.
r=0

Thus, we can reduce equation (41) to
fla;a, 8.€) (Flx;a,8,6) " =

= 2083 i i bs.m (mp +ﬂi) - 1) (t _q k) (—1)tPHitr

q,p=0m,s,l,w,j,r=0

(q+1)PT(I+1) fa(m+s+BE+1)+1)+w
Pl T ( w )X

) (a (m+s+ 5(;9 1)+ D) - 1) (w;”') G (23 g (s €). (42)

Consequently, for § € (0,1), we write

fMO—WEHL—G ('m 67 Q, B, 6) = Z (pr+1gT+1<m; 6)? (43)

r=0

175 T. Moakofi et al.
CEJEME 16: 125-189 (2024)



www.czasopisma.pan.pl P N www.journals.pan.pl
I/—\

T. Moakofi, B. Oluyede, A. Puoetsile, G. Warahena-Liyanage

where

SDT-H — 2(15 i Z (ybt,kbs,m <ﬁ(p ";T:;) - 1) <t —q k> (71>q+p+j+r «

t,q,p,m,s,l,w,j=0 k=0

(q+1)P T(@I+1) (a(m+s+ﬁ(p+1)+1)+w) "

0 TN +1) w
(a<m+s+ﬂ<§a+1>+l>—1>(w:i), (44)

and gry1(x;8) = (r + 1)G"(x;8)g(x;€) is the Exp-G distribution with the power
parameter (r + 1). Also, for § > 1, we write

fMO—WEHL—G(x;63Q)57£) = ZQT+1QT+1(m§€)v (45)

r=0

where

Qr+1 = 2045 i 19tbs,m (B(p + 1) - 1> <t> (_1)q+17+j+r %

. m q
t,q,p,m,s,l,w,j=0

(g+1)PT{I+1)(r+1) <a(m+s+ﬂ(p+1)+l)+w> "

) T w
(a(m+s+ﬁ(;v+1)+l>—1>(w;fj), (46)

and gr+1(x;€) = (r + 1)G"(z;€)g(x; €) is the Exp-G distribution with the power
parameter (r + 1). Therefore, for both cases, the pdf of MO-WEHL-G family of
distributions can be expressed as a linear combination of the Exp-G distribution with
power parameter (7 + 1).

B Distribution of order statistics

The pdf of the p"* order statistic from the MO-WEHL-G family of distributions is
given by

fp:n(x;55a767£) = 6n!fWEHL—G(‘T;a7/87§)X
Fztool (w0, 8,6)

WEHL-G

S
) ;} (,0 B 1)'(71 o P)' [1 - SFWEHL—G(J:; a?IB?S)]Z+p71. (47)
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If 6 € (0,1), we have
fpm(x;é,a,ﬂ,f) = (48)
oo n—p t
fWE‘HL e} x a, 3, f ZZZUtsz‘fVEZHthf 1(33 a, 3, f)
t=0 2=0 k=0

where

Snl(—=1)* (1= &) (=) F (t\ (24 p+t
e = Urasl®) = PG ( (1)

For 6 > 1, we write

(1 - 5FWEHL G((E;Chﬁ,f)) =9 {1 - (5 - 1)FWEHL—G(x;a)57£)/5} ’

such that
—p
Fon(@56,0,8,€) = frywms_o(@i 0, 8,6) ZZcmFsg;f o(maeB,€),  (50)
t=0 z=0
where
B (DY -1)'n! z+p+t
e =20 = S, i\ ¢ ) (51)
Note that

flaso, B,6) (Fla;a, B,€)) 2Rt = ﬁ

oL (252 )
- ay 76-1

el-(:25))
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g(z;€)
(1+G(x;9))?
t+z—k+p—1

(-GN
ﬂ§<t+z y 1) ( <1+(Gx<f)5>)a> s
- (255 )
z; o x; “
- (Fema) | (Fea)
98
(1+G(x;6))?

Now, applying the following Taylor series expansion

(oo [ (252 )] )) -

(1 + 17 [1og (1 (r22)")] "

p!

)

and using the results on power series raised to a positive integer, by setting as =
that is (Yoo asy®)” = 300y bs.my®, we obtain

R LA
e[S e (G-
yﬁ(P+1)1l <p+1 )ymibgmy]
_li(ﬁ 1) -

) ym+s+ﬁ(p+1) 11
)
m,s=0

1
s+27

v ng

=0

3

)
_|_
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(Gradshteyn et al. 2014), where by ,,, = (sao) ™' -1, [m(I4+1)—s]arbs—i,m, bo.m = a’,
and we can write

f(ma,/s £) (F (w'a,ﬁ €)=

*QOéﬂZ Z < (p+1)— 1>bs)m<t+z_];+p_l>><

q,p=0m,s=0

y ( G(x:¢) )a[m“w(”“”_l g(;€)
1+ G(z:6) (14 G(x;9))?

Applying the generalized binomial series expansions

(-(2a)) - (468s)

(1 + G(J? 5)) (a[m+s+B(p+1)+1]+1) _ i <a (m +s+ ﬂ(p + 1) + l) + w> G«w(x; )’

w
w=0

2 £))em+s+B(p+)+) -1 - m+s+pBp+1)+1)—1 G (2

G(:6)) g( ! )06 @)

and - .
GUH ()= (w:3> (=1)"G"(x;€),

r=0

equation reduces to
flas e, B,€) (F s a, 8,)) 777" =

= 2af3 i i bs,m(ﬂ(pti)—1>(t+z—1;+p—1) y

q,p=0m,s,l,w,j,r=0

giptitr @ DPLI+1) fa(m+s+B(p+1) +1) +w
><(—1)+++‘1T i ( i )X

am+s+Bp+1)+1) -1\ /w+75\
><< ( (j )+ .G @ g (). (53)
For ¢ € (0, 1), If we substitute into (48], we have the pdf of the p'" order statistic
expressed as

oco n—p t

Fom(@; 6,0, 8,€) = Z Z > Uizna, g, (:6), (54)
r=0 2=0 k=0
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where
o oo fo%e) +1)—1\ (t+z—k+p—1 7
Ayy = QQB Zq,p:O Zm,s,l,w,jzo bs,m (B(pm) )( q P )(_1)q+p+]+ X
(g+1)P r'(+1) a(m+s+8(p+1)+1)+w
X = F(l)l!(r+1)( ( BHOHOFY)
a(m+s+B(p+1)+1)—1\ (w+j
x (GBI (1),

and gry1(x;8) = (r + 1)G"(x;€)g(x;€) is the Exp-G distribution with the power
parameter (r + 1).
Similarly, for § > 1, then equation can be written as

0o n—p
fp:n(w;éaaaﬁaf) :cht7za’j+lgr+1(l‘;€)’ (55)
t=0 z=0
where

LSS S (A IS

m
G,p=0 m,5,Lw,j =0 q

S
Il

X

(g+1)» T({U+1) am+s+pp+1)+1)+w
p) r(l)l!(r+1)< w > .
(a(m—!—s-ﬁ-ﬁ(}?—i—l)—&—l}—l) (w—|—j)7

] r

and gry1(x;8) = (r + 1)G"(x;8)g(x;€) is the Exp-G distribution with the power
parameter (r + 1).
C Rényi entropy

Rényi entropy is defined to be the measure of variation or uncertainty for a random
variable X with pdf f(x). Rényi entropy is defined as

In(v) = (1 - v)"og [ /- f”(z)dx} |

where v > 0 and v #1. Using the following expansion from Barreto et al. (2013), for
d€(0,1)

fI\DJO—WEHL—G (‘T; 67 «, 67 5) =

0 formr_c (T30, B,8) S
- T (2v) 2.

[FWEHLfG’ (‘T"; a’ ﬁ’ 5)]t

7!

C) (—1)!(1 = §)'T(2v + i)

i,t=0
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and for § > 1
fllV/IO—WEHL—G (:E; 57 a, /67 f) =
féEHL*G(x;a?B’g) S t F\f‘/EHL—G(x;a757§)
5+ () > (-T2 +1) t! ,

t=0

Thus, Rényi entropy for 6 € (0,1) and 6 > 1 are given by

IR(V) = (1 - V)il log (Z ei/o f‘IjVEHL_G(x;Oz,5,5)(FWEHL_G($;a,ﬂ,g))td$>
=0

(56)
and

I ( ) (171/ 1log (th/ f\l/\//EHL G(x Oé,ﬂ 5) WEHL— G(l‘;a,ﬂ,f)d:c), (57)

where
o= ey(o) = 201 = ?@r()z' +9)() (=1’
and
= (o) = O )
Note that

f@;a,8,8)" (F(a; 0, B, €)

) =
:(zam”exp( [1°g< (1+Gﬂc€>)a>r>><
vB—v
[—log( <1+(C:C(§)£)V) ﬂ " s
et ()
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(e (- (55 )) -
5 () (o <HM>Q>"X

xexp( (a+v) { 10%( (1+Ga:§>a>r>x

(- (525 ) ()

Now, applying the following Taylor series expansion

(exp (—(q+V) {— log (1 - <m>a>r>> B
—1)P(q+v)? [ log(l—(%{i))aﬂﬁp

3 7

p=0

and using the results on power series raised to a positive integer, by setting as = SJ%z,
that is (3 oryasy®)™ = Y oc bs,my®, we obtain

_ o [ (Bo+r) =\ (& oy )
y ) LZ_:O m > <§s+2> ]_
_ yﬁ(pﬂ/)*v [i

— i Blp+v)—v by g™
m s,m )

m,s=0
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(Gradshteyn et al. 2014), where by ,,, = (sao) ™' -1, [m(I4+1)—s]arbs—i,m, bo.m = a’,
and we have

(B(p +v)— V) be.m (t> (—1)at? (¢ +'V)p %
q,p=0m,s=0 m q p:
y (1 - ( G(z;€) )a) —v ( G(z;€) >04[Tn+s+/3(p+V)]—V y
1+ G(x;€) 1+ G(x;6)
9" (x;§)
T+ Gl o)
Applying the generalized binomial series expansions
( (1 G ) > -
T(+v (z;€) ol
; v)l! (1+G(m g)) ’
(1+ ‘( €))7 (a(m+s+B(p+v)+)+v)
> (m+s+Bp+v)+)+v+w—-1\ 5,
Z_j( w >G (2:6),
G(x;g))a(m+s+ﬂ(p+u)+l)7u _ i (Oé (m + s+ ﬂ(p + 1/) + l) - I/> (fl)jéj(x;é‘%
i=0 J
and -
i =3 (") e @,
r=0
equation reduces to
Flaa, B,6) (F(z;a,8,€))" =
— (2a8)" Z Z b (ﬁ(P'f‘ v) — V) <t> (—1)atPHitr
q,p=0m,s,l,w,j,r=0 m q
(g+v)PT(+v) (a(m+s+ﬂ(p+y)+l)+y+w1> "
p! ()l w
v)+1)—v ]
(RO =) (0N,
(59)
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Now, for § € (0,1) and from equation , we have

Ir(v) =

=(1—-v)tlog { 2a3)" Z Z eibs.m <6(p +ﬂ:) a V> (t> (—1)T+PHI+T

i,q,p=0m,s,l,w,j,r=0 q

X(Q+V)PF(Z+1/)(a(m+s+5(p+y)+l)+y+w1>(w+j) )

pl T w ,
x(a(m+s+ﬁ(§+u)+l)—u)(;+11)y/om ((Z—&-Ug(x;f)[ o 5)];>V } )
=(1-v)'log {2%6)@((11/)13136;)} (60)

where

7 o= (208)" Z Z eibs,m<5 w +7:>_”) <t>(—1)q+P+J‘+T><

1,¢,p=0 m,s,l,w,j=0 q
(q+y)pF(l+u)(a(m+s+ﬂ(p+y)+l)+y+w1> "

Tl w
e [

and Ippe = (1 —v)"log [f;" ((T + 1) g(z; [G(z; )]3) ] is the Rényi entropy

of the Exp-G distribution with power parameter (Z +1). Similarly, for 6 > 1, we have

IR(V) =

=(1-v) "log { 2a3)" Z Z hibs,m <B(p Jrﬂ:) - V) (t)(1)q+p+j+r x

t,q,p=0m,s,l,w,j,r=0 q

(q+y>pr<z+u)(a(m+s+6(p+y>+”+”+w_1>(wH) "

p! T)l! w r
X<a<m+s+ﬁ<§+ﬂ+l>—y)(;il)y/ow (C+Dawoicmel? ) i) -
=(1-v)"'log {iT:exp((l—y)IREg)}, (62)

r=0
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where

o= (2a8) Z Z htbs,m<ﬁ(p+n:)_”> (t>(—1)q+P+J’+T><

t,q,p=0m,s,l,w,j=0 q
(g+v)PT(l+v) <a(m+s+ﬂ(p+l/)+l)+l/+w1> "

p Tl w
(a<m+s+ﬂ<§+v>+l>—v><w:3>(Hll)u, (63)

and Igpg = (1 —v) llog [fooo ((; + 1)g(m;§)[G(m;£)]:) dm] is the Rényi entropy

r

of the Exp-G distribution with power parameter (£ + 1).

D Elements of score vector

The partial derivatives of the log-likelihood function with respect to each component

of the parameter vector are:
G \*\1°
ol n "~ xp 7{7111 (17(1+é(11‘;5)> )]
25 3_22 - G(zi:€) \*\1° ’
= (a-der (- (- (Fete) )]

G(wi;€) O‘l G(z:;€)
ol n = (1+@(wi;§)) n(1+é(wi;5)>
22y .

Oa «@ G(zi;6) \¢
= - (/=
! ( (1+G(37i;§)) )
_ Z 1+ G(zi;€) 1+ G(z;8)
: Gl@iie) \° ~ [ _Gid \°
= (- Graes) ) - Gaes) )
G(zi;6) \¢ (%45 €)
n — ) 1
(1+G(xi;£>) n(1+G(9cz,E)) +Zl ( G(zi;€) n
: _(_GE@s9 14 Gz €)
=t (1 (1+G(xu£)) )
e (= [ (1= (F5225) ) ) [ (- (H225) )]
n p 14+ G(xi3€) 1+ G(wi;€)
- . G0 \*"\1°
- (150w (- [ (- (2552250 ))
( G(z4;€) )"1 ( G(2:;€) )
- = __ n - = __
14 G(zi;8) 1+ G(zi58)
(17< G ©) )a) ’
1+ G(zi5€)
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5o (- (k) )]

- Sl (%) )]
oo (om0 et ) m(n 0 (25s) )
T (e (e GE)

X

and
G(i; L 10G (s aG(x 0
ot _ (1+G ) [ (1+G(i;6)) + G 5)}
e O[BZ (1 (1+G(x ) ) 1+G( f))Q "
L oa(- 1}3{(1fg @Z VG@ (14 G@i©) + 250G ais )| .

( {( ta) )| (- (F6ls) ) 0+ Guso)’

- (1+G(cg§(a: ) (1+G(= _’_BG(;?;E)G(%;@}
& (- (Héz;%))(w @)f '

+ (a—l)z G
‘ (1+G< s))
L 0g(zi6) L 90+ G 6)

- ; g(ff?f) _2_21 (1+g€(xi;£) -

) 25a6i exp (— [— In (1 - (1fgg;f;)§))a)1ﬂ)ﬁ 5
T (1-dew (- [ (1- (+22225) )] )

(feis) [ (- ()]

+

(1+G
)

% G(xi;€) * %
(1_ (1+G<x s)) )
25059 (14 Gl ) + 2520 G )|
X .
(1+G(zi:6))”
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E Competing models

The pdf of Marshall-Olkin log-logistic Weibull (MOLLW) distribution is given by

6(1+ :Uc)flefo‘g”[j {afzP ' +ca* (1 + 21}
TR p—

Froriw (x5¢,a,8,0)

I

for x > 0,¢,c,3,0 > 0. The pdf of Marshall-Olkin exponential-Gompertz (MOEGo)

distribution is given by

9 (P 1)
aA(l — e_’\)eeﬁgce_%(em_l)eﬂ\(1 7 )

)

fMOEGo(':E;a’ )‘7679) =

PR
all—eM+all- 6_)\(1

for x > 0,a, A\, 3,60 > 0.
The pdf of Marshall-Olkin generalized-log-logistic (MOG-LL) distribution is given by

afaPal =11 + (2)P]-a-1
(1 =81+ (£)8]-2)2

«

fMOG—LL (1‘; J, a,a76) =

)

for x > 0,4,a,c,5 > 0.
The pdf of Marshall-Olkin modified Weibull (MOMW) distribution is given by

Sa(y + Az)aY~lere—aae’”

(1 _ Se—aw’ye’\I)Q

fM()MW (:17; Q, 57 A, 7) =

)

for x > 0,a,8, A,y > 0.
The pdf of Weibull exponentiated half logistic log-logistic (WEHL-LLoG) distribution
is given by

Fuersin (@0 5,0) = wexp( - log(l (ris 1>a)r>x
(- (265) )] -

)

)
(1_<1+ 1+:c9 1 ) <1+ 1123 )a_ %
0201 (1 + 2%)~2

(1+ 1+

X

X
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for o, 8,0 > 0 and « > 0. The pdf of odd log-logistic exponentiated Weibull (OLLEW)
distribution is given by

0ByaP—le= @/ [] — e=(@/@)’|0-1(] _[1 — ¢=(®/a)"]7)6-1
forrew (T30, 8,7,0) = Ozﬂ([l—e_(x/o‘)ﬁ]g'y—F 1-[ _6_(95/&)5],09)2 )

for o, 3, A, 7,0 > 0.
The pdf of Weibull Lomax (WL) distribution is given by

fWL(I;aabaO‘aﬂ) =

() (o (03) ) ) )

for a,b,a, 8 >0, z > 0.
The pdf of exponentiated half logistic odd Lindley-Weibull (EHLOL-W) distribution
is given by

ferror—w(z) = 2aX2ab %20 e~ @/
*)\(1 76—(z/b)‘1) )\Jre—(z/b)” 7)\(176—(z/b)a) a—1
exp [W] { — T+ Ne-G@/D" exp [ e }}
X
A+e @/ A1 — e @/ att
— b a\3
(1+ A)(e=(@/b)e) {1+ 3T exp{ e ”

for x > 0,v,a,a,b > 0.

F Datasets used

F.1 Kevlar 49/epoxy strands failure at 90% stress level

The observations are given as:

0.01, 0.01, 0.02, 0.02,0.02, 0.03, 0.03, 0.04, 0.05,0.06, 0.07, 0.07, 0.08, 0.09, 0.09, 0.10,
0.10, 0.11, 0.11, 0.12, 0.13, 0.18, 0.19, 0.20, 0.23, 0.24, 0.24, 0.29, 0.34, 0.35, 0.36,
0.38, 0.40, 0.42, 0.43, 0.52, 0.54, 0.56, 0.60, 0.60, 0.63, 0.65, 0.67, 0.68, 0.72, 0.72,
0.72, 0.73, 0.79, 0.79, 0.80, 0.80, 0.83, 0.85, 0.90, 0.92, 0.95, 0.99, 1.00, 1.01, 1.02,
1.03, 1.05, 1.10, 1.10, 1.11, 1.15, 1.18, 1.20, 1.29, 1.31, 1.33, 1.34, 1.40, 1.43, 1.45,
1.50, 1.51, 1.52, 1.53, 1.54, 1.54, 1.55, 1.58, 1.60, 1.63, 1.64, 1.80, 1.80, 1.81, 2.02,
2.05, 2.14, 2.17, 2.33, 3.03, 3.03, 3.34, 4.20, 4.69, 7.89.

F.2 Annual maximum antecedent rainfall measurements

The data are:

264.9, 314.1, 364.6, 379.8, 419.3, 457.4, 459.4, 460, 490.3, 490.6, 502.2, 525.2, 526.8,
528.6, 528.6, 537.7, 539.6, 540.8, 551.0, 573.5, 579.2, 588.2, 588.7, 589.7, 592.1, 592.8,
600.8, 604.4, 608.4, 609.8, 619.2, 626.4, 629.4, 636.4, 645.2, 657.6, 663.5, 664.9, 671.7,
673.0, 682.6, 689.8, 698, 698.6, 698.8, 703.2, 755.9, 786, 787.2, 798.6, 850.4, 895.1.
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F.3 Fatigue time of 101 6061-T6 aluminium coupons

The data are:

70, 90, 96, 97, 99, 100, 103, 104, 104, 105, 107, 108, 108, 108, 109, 109, 112, 112, 113,
114, 114, 114, 116, 119, 120, 120, 120, 121, 121, 123, 124, 124, 124, 124, 124, 128,
128, 129, 129, 130, 130, 130, 131, 131, 131, 131, 131, 132, 132, 132, 133, 134, 134,
134, 134, 134, 136, 136, 137, 138, 138, 138, 139, 139, 141, 141, 142, 142, 142, 142,
142, 142, 144, 144, 145, 146, 148, 148, 149, 151, 151, 152, 155, 156, 157, 157, 157,
157, 158, 159, 162, 163, 163, 164, 166, 166, 168, 170, 174, 196, 212.
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