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Abstract

A new family of distributions called Gamma Odd Burr X-G (GOBX-G) distribution is introduced in this paper. Its
structural properties such as the survival function, hazard function, density expansion, quantile function, moments
and generating functions, incomplete moments, probability weighted moments, Rényi entropy and order statistics
were derived. Maximum likelihood technique is used to estimate the parameters of this model. The flexibility and
applicability of this model is demonstrated using real life datasets.
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1. Introduction

Lifetime models are very useful for describing and predicting real world phenomena found in medicine, sciences,
economics and many other areas. The usefulness of these models is usually seen in products lifetime evaluations such
as in reliability and survival analysis. Numerous studies have been conducted to find suitable lifetime models that
best describes the real world phenomena. For the past decade, researches mainly focused in developing new family of
distributions through addition of extra parameter/s in the traditional and common families of continuous distributions.
These added parameters have shown to be producing much flexible models that fits real world datasets better than
traditional models (Barreto-Souza et al., 2013).

Some of these families of distributions includes the Exponentiated Generalized Power Series (Oluyede et al., 2020),
Exponentiated Half Logistic-Log-Logistic Weibull (Chamunorwa et al., 2021), Exponentiated Half-logistic Odd Lindley-
G (Sengweni et al., 2021), Weibull odd Burr III-G (Peter et al., 2021b) and Gamma Kumaraswamy-G (Arshad et al.,
2020). Peter et al. (2021a) studied Gamma Odd Burr III-G distribution, Al-Babtain et al. (2021a) studied transmuted
Burr X-G (TBX-G), Arshad et al. (2020) studied Gamma Kumaraswamy-G and Lahcene (2021) also developed an
extended-Gamma family of distributions. Additionally, Burr X distribution was also extended to Exponentiated Gen-
eralized Burr X distribution (Khaleel et al., 2018), Weibull Burr X distribution (Ibrahim et al., 2017), Exponentiated
Burr X distribution (Ahmed et al., 2021), Beta Burr X distribution (Merovci et al., 2016), Power Burr Type X distribu-
tion (Usman and Ilyas, 2020) and Type I Half-Logistic Burr X distribution (Shrahili et al., 2019). Khaleel et al. (2016)
also developed a Gamma Burr type X distribution via the Gamma generator and a two parameter Burr X distribution
introduced by Surles and Padgett (2001). Other recently developed models includes the discrete Poisson-Lindley and
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discrete Lindley distributions by Al-Babtain et al. (2021b), the Extended Power-Lindley distribution by Al-Babtain
et al. (2021c) and a two parameter Burr-Hatke distribution by Afify et al. (2021).

The motivation behind developing this family of distributions is to improve the general performance of classical
distributions, specifically the Gamma and the Odd Burr X distributions. We aim to provide models which can handle
skewed and heavy tailed data sets compared to other competitive models. Thus, the generalization of the Gamma
distribution and Odd Burr X distribution provided a very flexible family of distributions which has a density function
with different shapes such as the left-skewed, almost symmetric, reversed-J shape and right-skewed. The hazard rate
function of this new family of distribution can capture increasing, decreasing, bathtub and upside-down shapes. For
this reason, we developed a generalized lifetime family of distributions called the Gamma Odd Burr X-G (GOBX-G)
distribution made up of the combination of the Gamma generator proposed by Risti¢ and Balakrishnan (2012) and the
0Odd Burr X-G family of distributions proposed by Yousof et al. (2017).

The rest of the paper is organized as follows; the new family of distributions is introduced in Section 2 together with
its survival function, hazard function, cuamulative hazard function, series expansion, and quantile function. Section 3
covers special cases for selected baseline distributions. Section 4 covers derivation of some mathematical properties
such as moments, generating functions, incomplete moments, Rényi entropy, order statistics and probability weighted
moments. Section 5 covers maximum likelihood estimation. In Section 6, simulation study is conducted to evaluate
the performance of the proposed maximum likelihood estimators. Real life applications are considered in Section 7 to
evaluate the flexibility of our model followed by some concluding remarks in Section 8.

2. The New Model

Yousof et al. (2017) developed a one parameter Odd Burr X-G family of distributions by using a one parameter Burr
type X distribution introduced by Burr (1942). The cumulative distribution function (cdf) and probability density
function (pdf) of Odd Burr X-G distribution is given by

F(x;0,¢) = 20

O\C}\

texp(—t?) [1 — exp(ﬂfQ)]a_1 dt = {1 —exp |—

and

01
26g(2:£)G(;€) <G<x;§>>2 (G(x;§>>2
— exp |— | = l—exp|—|= ,
G (;€) G(z;¢) G(z;¢)
respectively, where G(x;€) = 1 — G(x;€); G(w;€) and g(z; €) are the cdf and pdf of any baseline distribution. Risti¢
and Balakrishnan (2012) developed the Gamma-G family of distributions with cdf and pdf given by

f(z;0,€) =

) —log(G(x))
F(l‘,(s) =1- m / t(sileitdt7 6>0 (1)
and
1 _
f(x:6) = 755 [ los (G(2)) " g(x) ,z € R. )

In equation (1) and (2), if we let G(x) = F(x;0,¢) and g(z) = f(z; 0, ), we get a new family of distributions called
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the Gamma Odd Burr X-G (GOBX-G) family of distributions with the cdf and pdf given as

F(2:6,0,6) = 1 — —— /_l"g({l‘e"f’ [‘(252223)2] }9> 1ty

I'(8) Jo

3)
v (6, —6log (1 — exp [_ (ggg)j))

I'(9)

=1

and

6—1
20g(x:0)G@:8) | (G@O\| [, | (G@8))
I'(0) G (2:€) b (G(x;§)> 1 {1 ) pl (G(x;§)> H

G 9 51
X |—6log|1—exp|— ((m,f)) ,
G(;€)
respectively, for x,6,0 > 0 and £ being a vector of parameters from the baseline distribution, where ~ (d,2) =
foz t9~Le~tdt is the lower incomplete gamma function. The survival function of the GOBX-G family of distributions

is given as
6(:6) )
B v (d,—0flog (1 —exp|— (m)

f(x;0,0,¢) =

€X

“4)

The hazard rate function (hrf) and the cumulative hazard function (chf) of GOBX-G family of distributions are respec-
tively given by

20g(2;€)G(w;€)
G’(x;¢)

9 51
X [—Glog (l—eXP —<gg’£§ ] ]

£
X {7 (5,—910g (1 —exp |— (gg:g)j)) }_1

N2
ol (5, —0log (1 — exp [ (g—gg) }))
H(x;6,0,€) = —In

T(3)

h(:c,§,9,§) = eXp | —

and

2.1. Series Expansion of the GOBX-G Density Function

2
A series expansion of the GOBX-G density follows in this section. If we let y = exp [— (%) } , then we can

write equation (4) as
20°g(x; §)G(x; €)
I(6) G'(w:¢)

f(x;0,0,¢) = y(1—y" " [~log(1—y)’ " .

The Gamma Odd Burr X-G Family of Distributions with Applications 723



Pak j.stat.oper.res. Vol.18 No. 3 2022 pp 721-746 DOI: http://dx.doi.org/10.18187/pjsor.v18i3.4045

Using series representation —log(1 — ) = 3. Y fory € (0,1), we have

=0

[~log(1 — )" =y [Z (6;Ll>ym <Z ;ﬁé) 1 .

m=0 s=0

z+1 ’

Thus, we can write the GOBX-G density as

8ol - L& _ <y \
f(x;5,0,£)=wy5(l—y)e ' [Z <§ml)ym <2312> 1 '
s=0

') G (x;¢) m=0

Next, let as = (s + 2)~! and considering the result of a power series raised to a positive integer we get

0 m 50
<Z asys> = Z bs,mys y )
s=0 s=0

where by.m = (sag) ' D12 [m(l + 1) — s]ajbs_i,, and by, = af* (see Grandshteyn and Ryzhik (1980)). The
GOBX-G density function then simplifies to

f(x;6,0,¢) = 296g(x§(}($;5) v (1-y)’ [ i <6m1) ymbs,myS]
=0

I(0) G (x:6) P
_ 26° (J,‘ 5) (.%‘ f) -1 [ = 6—1 m+s+dp ] )
rocwe Y mZ( m )y o

oo

Applying the generalized binomial series representation (1 — z)™ = Y7/ (—1)*(") z* which is valid for |z| < 1, we
can express the GOBX-G density as

f(o:6,6,6) = 22 0@ l 5 () <5;1)ym+3+5+rbs,m]

F(é) G (J); f) m,r,s=0

_ 295g(m§3)c;(x;g) i (1) Do (9 ; 1) <5T—n1>

P((S) G (fE,g) m,r,s=0
Lo 2
X exp l—(m—i—s—i—d—i—r) <G(m,§)> ] .

G(z;¢)

Applying the exponential series representation exp(—z) = >_ o, = 1), , the density further expand to

2:6,0.€) = 295g(x:§3)G(x;f) i 1) b (9 - 1) <5;L1>
:

F(é) G (3U§ f) m,r,5=0

2k
XZ m+s+5—|—r)kG2kZ
_ E i (1) s m(m + s+ 06 + 1) (9—1) (6 ) gz )G (w:6)
L) ), o k! r )\ m ) G e
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Applying the generalized binomial series representation in G** ! (x; &) = [1—G(z;)] 2kt , we get
26° = (1) H3+kp, o (m 4 s +6 + 1)k
f(2;6,0,8) = =— :
((E, ) 75) F((S) .kz . ]{3'
jik,m,r,s=

o | G | G P et

260 f: (=1)Hithtep (m+s+0+r)F (0—1
“TO) !
J.k,m,p,r,s=0

y (5;11) (% ! 1) (j R FEGEIERY

The GOBX-G density function can finally be expressed as an infinite linear combination of Exponentiated G (Exp-G)
density functions as

r

f(x76797§) = pr+1hp+l(m;§) ) (6)

p=0
where

w2 i (=)™ b o (m 4 s 46 + 1)
a T6) =~ (p+ 1)k!

0

and hy, 1 (73 ) = (p + 1)g(2; )G’ 1 (2;¢) is the Exponentiated-G pdf with power parameter p + 1. Thus, mathe-
matical properties of GOBX-G family of distributions are evident from those of the Exp- G distributions.

)

2.2. Quantile Function

This section present the quantile function for the GOBX-G distribution. The quantile function can be derived from the
cdf of GOBX-G distribution in equation (3) by solving the non-linear equation

N2
ol (5, —0log (1 —exp [— (ggzg) }))
1—

u =

y <5, —0Olog (1 — exp

—0Olog (1 —exp |—

for 0 < u < 1. Thus,

-(65)])) -0-ore

which follows that

This simplifies to

(G28) - wl-em(pm)]
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Replacing G(x; &) with 1 — G(x; &), we get

% = [—ln [1 —exp (7_1 (4, (1_; u)F(é)))”l/Q

which finally gives the quantile function of the GOBX-G family of distributions as

[—ln {1 —exp (L—gu)r(é)))ﬂlm

L+ [ 1 exp (*-teLpurion) |17

Q(u) =G~ ©)

3. Special Cases

In this section, GOBX-G family of distributions takes on some selected baseline distributions even though any baseline
distribution can be considered. For our study, we consider Weibull distribution, fog-fogistic distribution and Uniform
distribution.

3.1. Gamma Odd Burr X-Weibull (GOBX-W) Distribution

Considering the baseline distribution of the GOBX-G family as Weibull distribution with pdf g(z; o) = az®te=*"
and cdf G(z; ) = 1 — e~*", we respectively obtain the pdf, cdf and hrf of the GOBX-W distribution as

f(2: 0,0, a) = Zemaleli?;)(l — 6ﬂEOK)eXp {— (e””a - 1)1 {1 — eXp [_ <€ma B 1>2]}

X {—elog (1 —exp {— (e“ - 1)1)}64 :

v (57 —blog (1 — exp [_ (e - 1)2D)

I'(9) ’

6—1

(10)

F(z;6,0,a) =1 —

and

i) - 2= e [ (¢ ) {1-em [ ()}

N N

Y (5, —flog (1 — exp [_ (e = 1)2]))

I'(9)

-1

X |1—

for 6,60, a > 0. Plots of the pdf and hrf of GOBX-W distribution are given in Figure 1.
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Figure 1: Plots of the pdf and hrf for the GOBX-W distribution

Figure 1 demonstrate different shapes of GOBX-W distribution for the pdf and hrf at different parameter values. The
pdf takes various shapes which includes the reverse-J, left-skew, right-skew and unimodal shapes. The hrf also takes
different shapes such as the increasing, decreasing, bathtub and upside down bathtub shapes.

3.2. Gamma Odd Burr X-Log-Logistic (GOBX-L) Distribution

Next, considering baseline distribution of the GOBX-G family as fog-£ogistic distribution with pdf g(z; 8) = Bz#~1(1 4 2#)~2
and cdf G(z; 3) = 1 — (1 + %)™, we respectively obtain the pdf, cdf and hrf of the GOBX-L distribution as

s ) = 2 o ) L (=)

F(2:6.0,8) = 1 ol ((5, —0log (1 _ e—x%))

and

2082711+ 27) [1 — (1 +27) 7] e [1 B e_lzﬁr—l

X {—QIOg (1 _ e—x”)} d-1 1 Y (5, —HIOgFE;)_ =% ))

for 9,0, 8 > 0. Plots of the pdf and hrf of GOBX-L distribution are given in Figure 2.
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Figure 2: Plots of the pdf and hrf for the GOBX-L distribution

Figure 2 also shows flexible nature of the GOBX-L pdf and hrf for different underlying parameter values. The pdfs of
GOBX-L distribution follow different shapes including unimodal, almost symmetric, reverse-J, left-skewed and right
skewed. The hrf also exhibit decreasing, increasing, bathtub and upside down bathtub.

3.3. Gamma Odd Burr X-Uniform (GOBX-U) Distribution

For a uniform baseline distribution with pdf g(z; ) = 1/p and cdf G(z;u) = =/, 0 < = < p, we respectively
obtain the pdf, cdf and hrf of the GOBX-U distribution as

f(x; 6,0 )—%ex —( z )2 1—ex —( e >2 -
OTTE) e | e N RVEF:
(12
s \2
X l—@log (1 —exp [— < ) 1)1 ,
-
2
~y (5, —0Olog (1 — exp { (fo> }))
F($;679,M) =1- F(6)
and
0—1
20ux ( z >2 ( x )2
h(x;0,0,u) = exp |— 1—exp|—
(5001 = 55) (= p[ PEr I s
- N2 51
x | —0Blog (1 — exp l— ( ) ]>‘|
b=
_ 5 -1
¥ <6, —0Olog (1 — exp [ ﬁ) ]))

X |1- (%)
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for 9,0, p > 0. Plots of the pdf and hrf of GOBX-U distribution are given in Figure 3
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Figure 3 shows the GOBX-U distribution pdf and hrf. The pdf takes on different shapes which includes left-skew, right-
skew, almost symmetric and reverse-J. Additionally, the hrf also show increasing, decreasing and bathtub shapes.
Table 1 presents some values generated from the GOBX-W distribution for different values of the parameters §, 6 and
Q.

Table 1: Table of quantiles for selected parameter values of the GOBX-W distribution
(5,0, )

Py (1.5,0.9,1.01) (2.0.2.5,09) (1.5,5.1.5) (0.9,5.0,1.8) (1.2,4.5,1.2)
0.1 0.1664 0.3579 0.1227 0.8253 0.6916
0.2 0.251 0.4318 0.2066 0.8683 0.751
0.3 0.3214 0.4871 0.2815 0.8986 0.7935
0.4 0.3857 0.5352 0.3521 0.9241 0.8295
0.5 0.4478 0.5805 0.4209 0.9475 0.863
0.6 0.5109 0.626 0.4901 0.9706 0.8961
0.7 0.5782 0.6747 0.5626 0.995 0.9314
0.8 0.6558 0.7314 0.6432 1.0232 0.9722

0.9 0.7594 0.8092 0.7453 1.0614 1.0282

4. Other Statistical and Mathematical Properties

In this section, some structural properties of GOBX-G family of distributions are presented. These includes moments
and generating functions, conditional moments, entropy, distribution of order statistics and probability weighted mo-
ments.

4.1.

The rth

Ly,

Moments and Generating functions

ordinary moment of GOBX-G family of distributions can be derived from equation (6) as

prﬂE pt1) pr+1 p+1) /uP+171QE(U%§)dU7

13)

where Y,11 is the Exp-G random variable with power parameter p + 1 and Qg (u; &) is the quantile function of the
baseline distribution with the cdf G(x; £). To obtain the skewness and the kurtosis of GOBX-G family of distributions
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we use the nt" central moment, say M, given as
n - n n—r T
My =B = ) = 3 (1) (B

-y f_oj (”) (=)™ "Wy 1 E (Yp 1)

The moment generating function of the GOBX-G family of distributions can be obtained as

M (£) = E(™) = 3" wpeaMy i (1)
p=0

where M,,11(¢) is the moment generating function of the Exp-G random variable Y. Figure 4 and 5 shows 3D
plots of skewness and kurtosis for the GOBX-W distribution for some selected parameter values. Figure 4 shows that,
when 0 is fixed, skewness increases as « increases whereas kurtosis decrease with a decrease in . An increase in 6
leads to increase in skewness and kurtosis when « is held constant as shown in figure 5. This shows that all the three
parameters play a role in the variation of skewness an kurtosis.

GOBXW(3, 2.5, «) GOBXW(3, 0.99, o)

SsoUNIS

(a) (b)

Figure 4: 3D plots of skewness and kurtosis for the GOBX-W distribution for some selected parameter values

4.2. Incomplete Moments

The st* (s > 0) incomplete moments for the GOBX-G family of distributions follow from equation (6) as

t t

palt) = / 2 f@)dr = Wy / s (2 €)de
p=0

— o0 - —0o0

t
where [ 2°hy,41(2;€)dz is the s incomplete moment of the Exp-G random variable Y, 1. The incomplete mo-
ments are critical as they can be used to derive the mean deviations, Bonferroni, Lorenz and Zenga curves which
are usually used in many fields such as demography, engineering and medicine. The mean deviation about the mean
@ = E(X) and median M = Median(X) can respectively be derived as E|X — p)| = 2u)F(1})) — 21 (1)) and
E|X — M| = p} — 2¢1 (M), where 11} can be evaluated from equation (13), M= Q(0.5) from equation (9) and F(y})
from equation (3).
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GOBXW(5, 6, 0.97) GOBXW(5, 6, 2.2)

(a) (b)
Figure 5: 3D plots of skewness and kurtosis for the GOBX-W distribution for some selected parameter values

4.3. Rényi Entropy

This subsection presents the Rényi entropy as a measures of the variation of uncertainty. Rényi entropy is an extension
of Shannon entropy and it is defined as

1
1—w

In(v) = ——log / o (@;6,0,€)da |
0

2
forv > 0, v # 1. If we let y = exp {— ( %) } in the GOBX-G density given in equation (4), then we have

£(2:0,0,€) = (205)Ug”(177;§1))G”($;5) Y (1 — y)v(G—l) (—log (1 — y)]v((s_l) .

L))" G (7€)

Using series representation —log(l — y) = > 3;%1, fory € (0,1), we have
i=0
_ _ = d—1) =P "
“log(1 — )P0 — uE-1) o m
[~log(1 —y)] y 2 ) s |
m=0 s=0

so that fV(z; 9, 0, ) can be written as

£ (2:6.0.€) = (205)vgv(ﬂi§)Gv($;§) YPO=DHL (1 _ g yu(@=1) li (v(cS— 1)>ym (i Y ) ] |

L))" G (2;€) m st2

m=0

If we let ¢, = (s + 2)~! and considering the result of a power series raised to a positive integer (Grandshteyn and
Ryzhik, 1980), we get

e’} m 0o
(Z Csys> =Y dun’
s=0 s=0
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where ds ., = (sco) 1 >0 Im(l+ 1) — s]eids—y,m and o, = ¢, so that
209 £)GY o(f— = (v(6—1)\
Pz 0,6 = 2V 3, W8 4y ”[Z ((m >>y *ds,m] :
[CO)” G (:6)
where w, =m + s+ v(d — 1) + 1. Applying the generalized binomial series representation, we get

(260°)"g" (2:§)G" (w;€) ZOO v(f —1)\ (v(6—1)
fU €, = -1)" s,m
T e O e i ( >< m )

conf o0 (329

Applying the exponential series representation, we have

200)" = (—1)"Fdg (we +7)F (0(0 = 1) [0(6 —1
f“(m;&(},f):((r(é)))v Z = k;!( )<(r )><(m ))

g(2: )G (w; )
—2k+3v

G (z3;€)

m,s=0

k,m,r,s=0

Applying the generalized binomial series representation in G**(xz; £) = [1-G(z;¢)] 2k+v, we obtain

O TS
k!

" (U(GT_ 1)) (U(i; 1)) <2kj+ v) g”(m;{)@jf@kﬂv)(x;g)

@00 X ()RR L (w - r)F (0(0 - 1)
(@) j}k’m%:m_o k! ( r >

. (v(i; 1)) <2kj+ v) (j - (2§ + 3v)>gv(x; A

Finally, the Rényi entropy for the GOBX-G family of distributions is given as

(x;0,0,8) =

Pre o0 —1)rHItRRd (w4 )F (0(6 — v(d —
Ir(v) = 1ivlog [((13(5)))” j7k7m%:m_0( 1) {ﬁﬂj_g]gk! + ) ( ( : 1))( ( . 1))

x(%;ﬂ))(j_(2i+3v)>Z([‘:})Jrl]g(w;f)[( 01%) d ]

1 oo
=1 vlog [2} We qexp[(1 — U)IREc;]‘| ,
p:
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where Irpe = (1 — v) " tlog [f ([ 1] g(x;€) [G(a; E)]%) dx} is the Rényi entropy for the Exp-G family with
0

P
power parameter £ + 1 and

(20%)® f: (1) Fi+h+eg, | (w, + )
J,k,m,r,s=0 [%—’_l]vk'

. (U(ar_ 1)) <v(5ﬂ; 1)) <2k]+ v) (j - (21124— 30)) |

W%ﬂ =

4.4. Order Statistics

In this subsection, the distribution of the i** order statistics for the GOBX-G family of distributions is provided. Let
X1, X5, X3, ..., X,, be independent and identically distributed GOBX-G random variables. The pdf of the i order
statistic, say X.,, is given as

nlf(x;6,0,¢) =

fi:n(x;évgag) (171 nfz '

( )Ft“ Yz;0,0,¢)

t=

o)) t4i—1
nlf(z;4,0,€) (n - z) 1 K <5’ —0log <1 e { (G(I;E)) ]))

(i —D(n—d) (n—1)! 4 INE)!

Using the binomial theorem, we obtain

i (230,0,€) = (”fxéag 3 ("_Z> (HE_l)
7j=0t=

el —<2§zz3ﬂ>)1‘

Applying the power series y(d,z) = > -, (-1*s (see Abramowitz and Stegun (1972)), we obtain

k+5 k!
fyon (56,0, ) = m 22 [(F—(;))]g (n - z) (t +;‘_— 1>
; k+577
] i (—1)* <_910g (1 ;:Lpi;! (g&cgﬂ)) '

k=0

Next, let ¢, = (( Dl 71 and use the result on a power series raised to a positive integer (Grandshteyn and Ryzhik, 1980),

k+3)
then we have
oo 9 k4677
ch<—¢910g (1—exp — ) 1))
k=0
k46
o~ [ o (G@9)
= 2 d.; ( flog <1 exp <G(x,§)) ])) ,
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where do j = ¢} and dy j = (ko)™ 202, (51 4+ 1) — k]eydi 1 ;. Replacing f(x; 6,0, €) in the above expression for
fin (2;0,0,€), we get

o0 X0 N7l pk+25 t . -
fi:n(216,6,8) = 2n'g(w;£)G ZZZ (J-i-ll) di,; (nt Z) (t—i_z' 1>

(Z_l) (n_l 75) k=0 7=0 t= J
0—1
H EzéN}
k+25—1
G9)])

—_

X exp

X <log (1 — exp

G
. . . . X it . G(z:€) 2 .
Using the previously stated series expansion of —log(1—y) = 1 = — (G (wf ) ) , we obtain
i=0 :
~ & k25— <y )
log(] — ¢ )]FT26-1 —  k+20-1 ™ 16
[~log(1 — y)] y g::o v ; e (16)

which when we consider the previous definition of by ,,, in equation (5), we get

o 2ol )G xR i (i
fin(250,0,8) = (= )l(n — )G (2:€) J;(); [T(6))+ dlm( t >< J )

1= (k+25-1
x M 1yt Y < - )y’"bs,mys
m

m,s=0

_ 2nlg(x;¢)G (36'5) i 'S lwclkjbsm

(i = D)0 — )G (2:€) ;  omemo 1=g. L (OFF!

" <n - z) (t—l—z’— 1) (k+ 26 — )yk+25+m+s (1—y)L.
t i m

Further expansion of the last part conducted using binomial theorem gives

SILGLCLI S I o e 51 A
(i-1)! (n—z)'G (@:8) ji, n;s oz [P B 0s,m

AT

2
where v, = k + 26 + m + s + r. Expanding y"* = exp [—v* <9(x?5)) ] based on exponential series representation

fi:n (QIJ; 67 97 5)

G(x;€)
gives

fi:n ($, 67 9, g) =

2n) i R G D L VT M Y
i — D)l(n —1)! j+1q4)
(i — Dl(n—1)! P O [T(&))F+1u!

T

The Gamma Odd Burr X-G Family of Distributions with Applications 734



Pak j.stat.oper.res. Vol.18 No. 3 2022 pp 721-746 DOI: http://dx.doi.org/10.18187/pjsor.v18i3.4045

Expansion of the series G**“"(2;¢) = [1 — G(x;¢)] 2 gives

| e n—i k426§ _1\t+r+u+tp, u . 4
Fin (136,0,6) = ——— DI AR S IR L <” Z)

(’L ) (Tl - Z) J,k,m,p,r,s,u=0 t=0 [F(é)}]-’_lu' ¢

this 1) (’“ T2 1) ("; 1) (2“; 1>g<x;5>6p(2“*3>(m;s>

o 271' i nii 9k+26(—1)t+r+u+p+q'[}gdk,jbs,'m <n - ’L>
(i — | —7)\! j+1q,1
(=1 (n —1)! S s a0 10 [T(8)]7+ ! t

t+i—1\(k+20-1\(0-1) (2u+1) p—Qu+3)\ . o
(PR e

Alternatively, the GOBX-G order statistic can be expressed as

fi;n(.’lf;(s,97£) = qu+1h2+1(x;§) ) (17)

q=0
where h (z;€) = (¢ + 1)g(z; €)GT 1 (2;€) is the Exp-G distribution of power parameter ¢ + 1 and

2n! 0k+25 1)t tutptaylidy ibg m (n—1
Mt = G — ) Z Z (q+ D[S+ u! < t )

7,k,m,p,r,s,u=0 t=0

)

4.5. Probability Weighted Moments

This section present the probability weighted moments with most of the derivations given under the order statistics
section. The (r, s)"* probability weighted moments for the GOBX-G family of distributions is given as

oo

W(r,s) = B[X"F*(X)] = / 2" f(z)F*(z)dx

— 00

With the help of derivations from equation (14) under order statistics section, we get

fF () = 1) 001 (3) b 6. ~olog 1 - )]

7=0

> (s
0 @ (3)dsal-srog 1 - )
oo J
J,
66\’ : : : :
where y = exp |— (m) and d; , is defined in equation (15). Plugging f(z), we get
2 . 0 .
o) () = LI g ot 37 o)) () oo 1 - )45
G (z;¢) 5,k=0 J
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Further expansion based on equation (16) yields

f(x)FS(z):w i [F(é)}*(”1)9’”25@7,@1)5%

—3
G (z;¢) j.kym,s=0

<S> (k +26 — 1) yk+26+m+s(1 _ y)9—1
J m

o0

_ OO S ()]0 (—1) 0420 4y

—=3

G (LL'; 5) 7,k,m,r,s=0

s\ (k+25—1\[0-1\ .
j m )Y

2
where b; ,, is defined in equation (5) and v, = k 4 26 + m + s + r. Series expansion of y** = exp {v* (ggig) ]

gives

s - 0520 (1) vid;rbsm (8 (k420 — 1
f@F (@) =2 ) [T(8)]G+D u! ) (J)( m )

7,k,m,r,s,u=0
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r 2u+3

G (%;6)

5 i Pr+26 (_1)r+u+pv>1: j,kbs,m s k+25—1
B [[(8)]G+1) u j m

Jiksmip,r,s,u=0

0—1\/2u+1 oA (2ut3)
X( . )( » )g(m,ﬁ)G (;€)

, i gk+28 (—1)rTutPraytid; b (8 (k+25 —1
- [T(8)]G+D ul I\ m

J:k,m,p,q,7,8,u=0
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Z 77(1+1hq+1 T 6)
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where hy, ; (z;§) is defined under equation (17) and

oo 9k+26 (71)r+u+p+qu
M1 =2 Y [T(3)]G+D ul

Jsk,m,p,r,s,u=0

HETOEIeET)

Consequently, we obtain the probability weighted moments for the GOBX-G family of distributions reduces to

j,k’bs,nz

o

oo
W) = Y Mgl /xrhzﬂ(l‘;f)dl‘
q=0

— 00

5. Maximum Likelihood Estimation

This section present the maximum likelihood technique for estimating the parameters of the GOBX-G family of
distributions. Maximum likelihood is one of the most reliable estimation technique as it mostly produce accurate and
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consistent estimators (Zanakis and Kyparisis, 1986). Let X1, X5, X3,...,X,, be a random sample of size n from the
GOBX-G family of distributions and © = (4,0, &) be a vector of model parameters, then the log-likelihood function
can be expressed as

0,(©) =nn(2) + nln(0) — nIn(L(#) + > Infgl@; €] + Y Gz €)] — 3 WGz — > 42
=1 =1 i=1 :

+(91)iln (1767.%2) +(§1)iln [—log (1—6*91-2)} ;

_ T
where y; = G(x;;§)/G(z;; ). The components of the score function U, (©) = (M?dg@) , aegée) , aegg(f))) are given

in the appendix and R software is used to derive the solution to U,(©) =0 under a specified baseline distribution.
The multivariate normal distribution N, (0, J(©)~1), where 0 = (0,0,0)7 and J(©)~! are the mean vector and the

observed information matrix evaluated at é), can be used to construct the confidence intervals and regions for model

parameters. The 100(1 — )% two sided confidence intervals for &, 6 and &, are § + Zg If%l((:)), 0+ Zg Ig_gl(@)
and &, = Zg/ 5,1, (©), respectively, where I5;'(0), I, (©) and I (©) are the diagonal elements of I, () =

€kEE

(nI(©))~" and Zg is the standard normal (%)th percentile.

6. Simulation Study

In this section, simulation results are presented for different sample sizes of n = 100, 200, 400,600 and 800 to
examine the accuracy and consistency of the maximum likelihood estimators (MLEs) for each of the parameter of the
GOBX-W distribution. The simulation was repeated N = 1000 times and the mean estimates, average bias (Abias)
and the root mean square errors (RMSEs) were evaluated. For consistent MLEzs, it is expected that as the sample size
n increases, the mean estimates gets closer to the true parameters and, the RSMEs and Abias also decay to zero. Table
2 and 3 show the mean estimates together with their respective RSMEs and Abias. The Abias and RMSEs for the
estimated parameter, say, é, are respectively given as:

N A
. N0, .
Abias(§) = Z% —0, and RMSE(d) =

Table 2: Monte Carlo simulation results for GOBX-W distribution

(2.1,1.8,0.5) (1.2,1.2,0.5)

Parameter Sample Size = Mean RMSE Abias Mean RMSE Abias
9 100 2.3447 0.5550 0.2447 | 1.2704 0.2154 0.0704
200 2.2161 0.3079 0.1161 | 1.2372 0.1361 0.0372

400 2.1435 0.1569 0.0435 | 1.2143 0.0862 0.0143

600 2.1268 0.1225 0.0268 | 1.2112 0.0700 0.0112

800 2.1151 0.1039 0.0151 | 1.2050 0.0599 0.0050

0 100 2.2127 2.7293 0.4127 | 1.3616 0.8506 0.1616
200 1.9436 0.9222 0.1436 | 1.2683 0.4627 0.0683

400 1.8576 0.5194 0.0576 | 1.2263 0.2836 0.0263

600 1.8244 0.3971 0.0244 | 1.2076 0.2159 0.0076

800 1.8146 0.3264 0.0146 | 1.2007 0.1812 0.0007

o 100 0.6907 0.6368 0.1907 | 0.5531 0.2351 0.0531
200 0.5917 0.4098 0.0917 | 0.5268 0.1507 0.0268

400 0.5261 0.1627 0.0261 | 0.5111 0.0761 0.0111

600 0.5151 0.0885 0.0151 | 0.5082 0.0594 0.0082

800 0.5109 0.0732 0.0109 | 0.5062 0.0499 0.0062
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Table 3: Monte Carlo simulation results for GOBX-W distribution

(1.8,1.4,1.1) (1.8,1.2,1.1)
Parameter Sample Size  Mean RMSE Abias Mean RMSE Abias
0 100 1.9797 0.4030 0.1797 | 1.9782 0.3947 0.1782
200 1.8869 0.2474 0.0869 | 1.9002 0.2764 0.1002
400 1.8329 0.1282 0.0329 | 1.8356 0.1331 0.0356
600 1.8206 0.1029 0.0206 | 1.8232 0.1073 0.0232
800 1.8110 0.0883 0.0110 | 1.8130 0.0913 0.0130
0 100 1.6186 1.2441 0.2186 | 1.3523 0.9380 0.1523
200 1.4809 0.6234 0.0809 | 1.2483 0.5204 0.0483
400 1.4305 0.3696 0.0305 | 1.2216 0.3128 0.0216
600 1.4088 0.2824 0.0088 | 1.2024 0.2394 0.0024
800 1.4051 0.2369 0.0051 | 1.1997 0.2013 -0.0003
« 100 1.4724 1.2224 0.3724 | 1.4926 1.1828 0.3926
200 1.2634 0.6989 0.1634 | 1.3357 0.8756 0.2357
400 1.1553 0.2988 0.0553 | 1.1660 0.3271 0.0660
600 1.1348 0.1869 0.0348 | 1.1435 0.2090 0.0435
800 1.1247 0.1521 0.0247 | 1.1315 0.1686 0.0315

From the results in Table 2 and 3, it is clear that as the sample size increases, the mean estimates gets closer to true
parameters whereas the respective RSMEs and Abias decay to zero indicating consistent MLEs.

7. Applications

This section presents two real data applications to show the flexibility of GOBX-W distribution compared with other
existing distributions. The first data consists of 7 = 59 monthly the actual taxes revenue (in 1000 million Egyptian
pounds) in Egypt between January 2006 and November 2010 extracted from Nassar and Nada (2011) and given as:
59,204, 149, 16.2,17.2,7.8, 6.1, 9.2, 10.2, 9.6, 13.3, 8.5, 21.6, 18.5, 5.1,6.7, 17.0, 8.6, 9.7, 39.2, 35.7, 15.7, 9.7,
10.0, 4.1, 36.0, 8.5, 8.0, 9.2, 26.2, 21.9, 16.7, 21.3, 35.4, 14.3, 8.5, 10.6, 19.1, 20.5, 7.1, 7.7, 18.1, 16.5, 11.9, 7.0,
8.6, 12.5,10.3,11.2, 6.1, 84, 11.0, 11.6, 11.9, 5.2, 6.8, 8.9, 7.1, 10.8. This data have mean, median, minimum and
maximum values of 13.49, 10.60, 4.10 and 39.20, respectively. The second data consists of n = 46 active repair times
(hours) for an airborne communication transceiver referenced by Sultan and Al-Moisheer (2015) and are given as:
0.2, 0.3, 0.5, 0.5, 0.5, 0.5, 0.6, 0.6, 0.7, 0.7, 0.7, 0.8, 0.8, 1.0, 1.0, 1.0, 1.0, 1.1, 1.3, 1.5, 1.5, 1.5, 1.5, 2.0, 2.0, 2.2,
2.5,2.7,3.0,3.0,33, 3.3,4.0, 4.0, 45, 4.7, 5.0, 54,54, 7.0, 7.5, 8.8, 9.0, 10.3, 22.0, 24.5. This data have mean,
median, minimum and maximum values of 3.61, 1.75, 0.2 and 24.5, respectively. The GOBX-W distribution was
compared with other existing models with the use of R-software to run model parameter estimates and goodness-of-fit
measures. The goodness-of-fit measures used for model performance comparison are; —2 log-likelihood (—2In(L)),
Akaike Information Criterion (AIC' = 2p — 2In(L)), Bayesian Information Criterion (BIC = pln(n) — 2In(L)),

Consistent Akaike Information Criterion (AICC = AIC + 22(_”7;'_10 , where L = L(©) is the value of the likelihood
function at the parameter estimates, n is the number of observations and p is the number of estimated parameters for a
given function. Model fit was also investigated using graphical plots such as the fitted densities, empirical cdfs, plots of

A oA —0.375
hrfs, Kaplan-Meier, TTT plots and probability plots with F'((;);d, 0, &) plotted against ]—i—W’ j=12
n+ 0.

where x(;) are the ordered values of the observed data. The measure of closeness termed as Sum of Squares (SS),
(Chambers et al., 1983), was computed as

" . j—0.375\1>
i=1 '

In addition, the Cramér-von Mises (WW*) and Andersen-Darling (A*) as described by Chen and Balakrishnan (1995)
were obtained together with the Kolmogorov-Smirnov (K-S) statistics and their p-values. For all these goodness-of-fit
statistics, smaller values suggests a very good fit of the model to the data. Additionally, large p-values also represent
a good fit for the model. The new GOBX-W distribution was compared to Weibull (W) distribution, Weibull Lomax
(WL) distribution (Jamal et al., 2019), Gamma Weibull (GW) distribution (Pogany and Saxena, 2010), Gamma Burr
X (GBX) distribution (Khaleel et al., 2016), Exponentiated Half Logistic (EHL) distribution (Cordeiro et al., 2017)

7...7n7
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and Burr X (BX) distribution (Khaleel et al., 2016) with pdfs

o () = aab(1 + bz)™ (1 — (14 bz)~")* L exp (— (“““’”U)_D ,

(1+bx)—@
fora,b, a0 > 0,
k)\fkfﬁxBJrkflef)\_kwk
fGW x)= y
@) r(1+ 2y
for k,B,A > 0,
202 6—-1 s—1
gBx(x) = xre ’ —e ’ —bOlog (1 —e" ’ ,
for 6, \,6 > 0,
f (@) 2ahe M |1 —e M ‘
EHL 1— 6—2)\m 1 + 6—)\1 )

for a, A > 0, and
6—1
fex(x) = 200 ze () (1 - ef(a"”)(z) ,

for 6, > 0 and = > 0, respectively.

7.1. Taxes Revenue Data

This subsection contain parameter estimates (standard error in parenthesis), goodness-of-fit statistics, plots of the fitted
densities, empirical cdf, Kaplan-Meier and TTT, hrf plots and probability plots for the taxes revenue data.
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Figure 6: Fitted densities and empirical cdf plots for monthly actual taxes revenue data
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Figure 7: Probability plot and hrf plot for monthly actual taxes revenue data
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Figure 8: Kaplan-Meier and TTT plots for monthly actual taxes revenue data

Figures 6(a), 6(b), 7(a), 7(b), 8(a) and 8(b) illustrates how best the GOBX-W distribution fits the monthly actual
taxes revenue data. The fitted density shows that GOBX-W distribution can accommodate skewed data. The fitted hrf
exhibits decreasing shape. The estimated variance-covariance matrix for GOBX-W model in revenue data is given by

1.49 x 102 452x107% —1.18 x 1073
4.52 x 10~ 138 x 1072 —3.58 x 1077
—1.18 x 1072 —-358x 1077 1.07x10~*

and the 95% confidence intervals for the model parameters are given by § € [3.59 x 107! 4+ 2.39 x 1071],0 €
[1.02 x 10% £ 7.27 x 107°] and v € [1.38 x 1071 £ 2.03 x 1072].
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Figure 9: Profile plots of J, # and « for monthly actual taxes revenue data
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Figure 9(a), 9(b) and 9(c) shows profile plots of the MLEs of 4, 6 and «a. It can be seen that the parameters attained
the absolute maximum for monthly actual taxes revenue data.

Table 4: Parameter estimation and goodness-of-fit statistics of the GOBX-W model and various models for the
revenue data set

Distribution Estimates -2Logl.  AIC AICC BIC w* A* K-S P-value SS
0 0 @
GOBX-W 3.588x107! 1.018x10% 1.377x107} 3759 3819 3824 388.2 0.03356 0.2240 0.0587  0.9871 0.0320
(12201071 (3.710x107°)  (1.034x1072)
a b «
WL 0.2558 0.9385 3.9034 389.1 3951 3955 4013 0.2259 14233 0.1332  0.2463 0.2121
(0.1315) (1.3999) (1.6510)
k B A
GW 3.548 x10~! 9.9433 9.201 x10~4 381.5 387.5 3879 393.7 0.1326 0.7959 0.1060  0.5211 0.1224
(2.874 x1072)  (2.871 x107%)  (9.126 x10~%)
0 A 0
GBX 1.0741 0.1412 0.2269 3942 400.2 400.6 406.4 0.2737 1.7546 0.1943  0.0232 0.5174
(0.4418) (0.0562) (0.1836)
a A
EHL 3.4904 0.1917 - 384.8 388.8 389.0 3929 0.1720 1.0405 0.1215 0.3486  0.18418
(0.8301) (0.0227)
0 @
BX 1.0309 0.0644 - 3953 3993 399.6 4035 03112 19904 0.1763  0.0510 0.3925
(0.1844) (0.0056)
A
w 0.3163 - - 5947  596.7 596.8 598.8 0.1329 0.7973 0.7956 < 0.0001 12.3219
(0.0261)

7.2. Repair Time Data

This subsection contain parameter estimates (standard error in parenthesis), goodness-of-fit statistics, plots of the fitted
densities, empirical cdf, Kaplan-Meier and TTT, hrf plots and probability plots for the repair time data.
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Figure 10: Fitted densities and empirical cdf plots for repair time data
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Figure 11: Probability plot and hrf plot for repair time data
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Figure 12: Kaplan-Meier and TTT plots for repair time data

Figures 10(a), 10(b), 11(a), 11(b), 12(a) and 12(b) also shows GOBX-W distribution providing a better fit to the repair
time data. The fitted density further illustrates the flexibility of GOBX-W distribution with fitting skewed data. The
estimated variance-covariance matrix for GOBX-W model in repair time data is given by

2.09%x 1071 —1.01x1072 —7.36x 10~
—1.01 x 1072 491 x10~* 3.56 x 10~°
—736x10~* 3.56 x 107 1.18 x 10~°

and the 95% confidence intervals for the model parameters are given by § € [8.06+0.89], 6 € [1.77x10%44.34x1072]
and o € [3.16 x 1072 £6.75 x 1073].
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Profile plots of d, 6 and « for the repair time data
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Figure 13(a), 13(b) and 13(c) shows profile plots of the MLEs of ¢, 8 and «. It can be seen that the parameters attained
the absolute maximum for the repair time data.
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Table 5: Parameter estimation and goodness-of-fit statistics of the GOBX-W model and various models for the
repair time data set

Distribution Estimates -2Logl.  AIC AICC BIC w* A* K-S P-value SS
0 0 el
GOBX-W 8.057 1.773x102 3.165x1072 200.1  206.1 206.6 211.5 0.0523 0.3315 0.0949 0.8017  0.0547
45771071  (2.216x1072) (3.444x1073)
a b el
WL 0.2222 7.0310 2.12279 202.3  208.3 208.8 213.8 0.0697 0.4745 0.1059  0.6802  0.0637
(0.1094) (11.2110) (0.91009)
k Jé] A
GW 0.2648 2.7865 0.0002 201.7 2077 2082 213.1 0.0661 0.4379 0.0987 0.7619  0.0573
(0.0226) 0.0001) (0.0002)
0 A )
GBX 3.5237 7.250 x10~° 62.530 201.3 2073 2079 212.8 0.0631 0.4181 0.1048 0.6923  0.0647
(2.086 x107%)  (1.180 x107°) (1.195 x10710)
a A
EHL 0.744 0311 - 2153 2193 219.6 223.0 0.2072 1.3926 0.1660 0.1584  0.2755
(0.1378) (0.0572)
0 e
BX 0.2906 0.0991 - 2234 2274 2277 231.1 0.2782 19018 0.1813  0.0973  0.5397
(0.0482) (0.0145)
A
w 0.565 - - 2419 2439 2439 2457 0.0977 0.6718 04478 < 0.0001 3.1535
(0.0500)

From the results in Table 4 and 5, GOBX-W distribution outperformed all the competing non-nested models. It had
the lowest values of -2LogL, AIC, AICC, BIC, W*, A*, K-S and SS together with largest p-value when compared to
competing models in all data sets.

8. Concluding Remarks

We developed a new family of distributions termed as the Gamma Odd Burr X-G (GOBX-G) distribution. Mathe-
matical and statistical properties of this new family were studied. In addition, different baseline distributions were
considered to show the flexibility of this family of distributions on real life applications. Simulation study was also
carried out using Weibull distribution as the baseline and it showed that its maximum likelihood estimators are accu-
rate and consistent. Based on two real data sets, Gamma Odd Burr X-Weibull (GOBX-W) distribution outperformed
models it was competing with based on -2LogL, AIC, AICC, BIC, W*, A*, K-S and SS statistics which were very
low compared to those of the non-nested models. Graphical plots were also added to show how best GOBX-W distri-
bution fits real life datasets. Moreover, the hrf can be decreasing, increasing, upside down bathtub and bathtub shaped
depending on the selected parameter values. Future work may focus on the application of the developed models in
regression analysis, use of Bayesian inference, as well as estimation of the model parameters under various censoring
schemes. One may also consider different parameter estimation techniques for the proposed family of distributions.
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A. Components of the Score Vector

The components of the score vector for the GOBX-G family of distributions are

‘%gg@):nln( ) — (8 +Zln[ log (1= )]

90,,(©

):n;—i-iln(l—e_y?)

and

9,(0)  ~g(1:8) G216 =G (118 .~ Oy

O _Z (%E)Jr; G(;¢) 34;1 G(x;¢) 22 "08k
n 2y;e —v3 Ay; n 2y¢efyi y;
(9_1);71_6 " aéhk+(6—1);(1_6 ) log (1= 77 06,

2

where ¢(d) = 0I'(d)/09, &'(w;§) = 9g(x;€)/0&k, G'(x;€) = 0G(x;
k" element of the vector of parameters ¢ and 3; = G(x;; €)/G(;; €).

€)/06,, G (2:€) = 0G(x;€)/ 0, & is the
B. R code for Applications

All codes for applications, simulations and plots can be found athttps://drive.google.com/drive/folders/
17XgzV07QZUDCOLYjysYT9qulQWpagYMK?usp=sharing
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