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Generalized Gompertz-power series distributions

Saced Tahmasebi* and Ali Akbar Jafari

Abstract

In this paper, we introduce the generalized Gompertz-power series class
of distributions which is obtained by compounding generalized Gom-
pertz and power series distributions. This compounding procedure fol-
lows same way that was previously carried out by [25] and [3] in intro-
ducing the compound class of extended Weibull-power series distribu-
tion and the Weibull-geometric distribution, respectively. This distri-
bution contains several lifetime models such as generalized Gompertz,
generalized Gompertz-geometric, generalized Gompertz-poisson, gen-
eralized Gompertz-binomial distribution, and generalized Gompertz-
logarithmic distribution as special cases. The hazard rate function
of the new class of distributions can be increasing, decreasing and
bathtub-shaped. We obtain several properties of this distribution such
as its probability density function, Shannon entropy, its mean residual
life and failure rate functions, quantiles and moments. The maximum
likelihood estimation procedure via a EM-algorithm is presented, and
sub-models of the distribution are studied in details.
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1. Introduction

The exponential distribution is commonly used in many applied problems, particularly
in lifetime data analysis [15]. A generalization of this distribution is the Gompertz
distribution. It is a lifetime distribution and is often applied to describe the distribution of
adult life spans by actuaries and demographers. The Gompertz distribution is considered
for the analysis of survival in some sciences such as biology, gerontology, computer, and
marketing science. Recently, [13] defined the generalized exponential distribution and in
similar manner, [9] introduced the generalized Gompertz (GG) distribution. A random
variable X is said to have a GG distribution denoted by GG(a, 8,7), if its cumulative
distribution function (cdf) is

B (oo
. 2)=[l—e 7"V a,8>0, v>0;, z>0.
1.1 G 1 ( v
and the probability density function (pdf) is
8 x -8B x
(1.2) g(z) = aBe™e 7TV — e (DL

The GG distribution is a flexible distribution that can be skewed to the right and
to the left, and the well-known distributions are special cases of this distribution: the
generalized exponential proposed by [13] when v — 0, the Gompertz distribution when
a = 1, and the exponential distribution when o =1 and v — 0.

In this paper, we compound the generalized Gompertz and power series distribu-
tions, and introduce a new class of distribution. This procedure follows similar way that
was previously carried out by some authors: The exponential-power series distribution
is introduced by [7] which is concluded the exponential- geometric [1, 2], exponential-
Poisson [14], and exponential- logarithmic [27] distributions; the Weibull- power series
distributions is introduced by [22] and is a generalization of the exponential-power series
distribution; the generalized exponential-power series distribution is introduced by [19]
which is concluded the Poisson-exponential [5, 18] complementary exponential-geometric
[17], and the complementary exponential-power series [10] distributions; linear failure
rate-power series distributions [20].

The remainder of our paper is organized as follows: In Section 2, we give the proba-
bility density and failure rate functions of the new distribution. Some properties such as
quantiles, moments, order statistics, Shannon entropy and mean residual life are given
in Section 3. In Section 4, we consider four special cases of this new distribution. We
discuss estimation by maximum likelihood and provide an expression for Fisher’s infor-
mation matrix in Section 5. A simulation study is performed in Section 6. An application
is given in the Section 7.

2. The generalized Gompertz-power series model

A discrete random variable, N is a member of power series distributions (truncated
at zero) if its probability mass function is given by

an,0"

c(o)’

where a, > 0 depends only on n, C() = > 77, a,0", and 6 € (0,s) (s can be 00) is
such that C'(0) is finite. Table 1 summarizes some particular cases of the truncated (at
zero) power series distributions (geometric, Poisson, logarithmic and binomial). Detailed
properties of power series distribution can be found in [23|. Here, C'(9), C"'(#) and C""(6)
denote the first, second and third derivatives of C'(0) with respect to 6, respectively.

(21)  p,=P(N=n)=

n=12,...,
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Table 1. Useful quantities for some power series distributions.

Distribution| an, C(0) C'(0) c"(6) C"(0) s
Geometric | 1 0(1—60)"" (1-60)221—-6)"2 6(1—-6)"" 1
Poisson nl™! ef -1 el el el 00
Logarithmic|n™' —log(1—6) (1—-6)"" (1—-0)"2 2(1-6)"% 1
: : m m m m(m—1 m(m—1)(k—2
Binomial (™ Q+6)m -1 e (0+(1)277)n EG+1)?3(*M ) 50

We define generalized Gompertz-Power Series (GGPS) class of distributions denoted
as GGPS(«, 8,7, 0) with cdf

= an(0G(x))"  C(6G(z))  C(6t*
D) P =2, o - (c(e())): c((é))

, >0,

—g(e'””—l)

wheret=1—¢ . The pdf of this distribution is given by

0045 ’YT a 1

(23)  fla) = grye (1 - 07 0

This class of distribution is obtained by compounding the Gompertz distribution and
power series class of distributions as follows. Let N be a random variable denoting the
number of failure causes which it is a member of power series distributions (truncated
at zero). For given N, let X1, Xs2,..., Xn be a independent random sample of size N
from a GG(«, §,7) distribution. Let X(yy = max;<;<ny X;. Then, the conditional cdf of
Xy | N =nis given by

TR

GX(N)|N:n(-T) = [1 — €

which has GG(na, 3,~) distribution. Hence, we obtain

P(X(ny<a,N=n)= an(ﬁcc(lég)c))” _ C( )[1 (pw_l)]na

Therefore, the marginal cdf of X5y has GGPS distribution. This class of distributions
can be applied to reliability problems. Therefore, some of its properties are investigated
in the following.

2.1. Proposition. The pdf of GGPS class can be expressed as infinite linear combination
of pdf of order distribution, i.e. it can be written as

(2'4) f(l’) = an g(n)(m;na,,@,'y),

n=1

where gy (z;na, B,7) is the pdf of GG(na, 3,7).

_B (v
Proof. Consider t =1—¢ S g,

f@) = gf(’f) L0 ) = S 1 - e LS (007

n=1

) Y@ yno— 1 ang(n) .CL‘ no ﬂ "Y)

oo

- T
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2.2. Proposition. The limiting distribution of GGPS(a, 8,7, 0) when 6 — 07 s

B x
lim F(z)=[1—e ~ ~He
0—0t

I

which is a GG distribution with parameters ca, 8, and v, where ¢ = min{n € N : a, > 0}.

_B e _
Proof. Consider t =1 — ¢~ 7" "1, So
C(At®) 2 anf"t"
lim F(z) = lim = lim nz;i
6—0+ 0—0t 0(9) A—0t Z anfm
n=1
OO
a tCDC + Z ananfctna
. n=c+1 ca
= hm+ o~ =t
6_>0 C + Z an6n7C
n=c+1

2.3. Proposition. The limiting distribution of GGPS(c, 8,7, 6) when v — 07 is
) C(0(1 — e=P=))
lim F(z) = ———+~%
Jim, F(z) 0] :
i.e. the cdf of the generalized exponential-power series class of distribution introduced by
[19].
Proof. When v — 0%, the generalized Gompertz distribution becomes to generalized
exponential distribution. Therefore, proof is obvious. O
2.4. Proposition. The hazard rate function of the GGPS class of distributions is
faBe™ (1 — t)t*~LC'(0t™)
2.5 h = )
(2:5) () C(0) — C(ot)

=8 x
wheret=1—e~ 771,

Proof. Using (2.2), (2.3) and definition of hazard rate function as h(z) = f(z)/(1—F(z)),
the proof is obvious. O

2.5. Proposition. For the pdf in (2.3), we have

o0 O0<axl
; — C’(0)08 _ : —
;cl—lgl+ flz) = coy. a=1 ZILH;O f(x)=0.
0 a>1,

Proof. The proof is a forward calculation using the following limits

o O<ax<l

lim t*'=¢{{ 1 a=1 lim t* =0, lim t = 1.
r—0t 0 a>1 z—0t T—>00

2.6. Proposition. For the hazard rate function in (2.5), we have

00 0<ax<l1
lim h(z) = CO05 o= lim h(z) = {

z—0T () —
- 0 a>1, e

oo v>0
B =0
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Figure 1. Plots of pdf and hazard rate functions of GGPS with
C () =0+6%.

Proof. Since lim, o+ (1 — F(z)) = 1, we have lim,_, 5+ h(z) = lim,_,o+ f(x).
For lim;—, o h(z), the proof is satisfied using the limits

m t* =1,

lim C'(6t%) = C'(9), li
€Tr—r 00 €Tr—r 00
. e’ (1 —t) . (1 =t)[Be’ — ] 00 >0
lim —— ) =] =
o0 C(0) — C(0t2) o300 8Bal"(9)ere(1 —t) gac@ 0.

O

As a example, we consider C (0) = 6 4 6%°. The plots of pdf and hazard rate function
of GGPS for parameters f = 1,7 = .01,0 = 1.0, and a = 0.1,0.5,1.0,2.0 are given in
Figure 1. This pdf is bimodal when o = 2.0, and the values of modes are 0.7 and 3.51.

3. Statistical properties

In this section, some properties of GGPS distribution such as quantiles, moments,
order statistics, Shannon entropy and mean residual life are obtained.

3.1. Quantiles and Moments. The quantile g of GGPS is given by

C~'(4C(0))

Lq :Gil( 9 )7

0<qg<1l,

1
where G (y) = %log[l — %] and C~!(.) is the inverse function of C(.). This
result helps in simulating data from the GGPS distribution with generating uniform
distribution data.

For checking the consistency of the simulating data set form GGPS distribution, the
histogram for a generated data set with size 100 and the exact pdf of GGPS with C (0) =
0 4 0°°, and parameters a = 2, =1, v = 0.01, § = 1.0, are displayed in Figure 2 (left).
Also, the empirical cdf and the exact cdf are given in Figure 2 (right).

Consider X ~ GGPS(«, 3,7, 60). Then the Laplace transform of the GGPS class can
be expressed as

(3.1) L(s) = E(e**) =Y P(N =n)Ln(s),
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Figure 2. The histogram of a generated data set with the pdf (left)
and the empirical cdf with cdf (right) of GGPS distribution.

where L,(s) is the Laplace transform of GG(na, 3,~) distribution given as

+oo B (v —B (v
Ln.(s) = / e TnaBe e 7 T TN — e (T D ety

0

+oo 8 =
= nap [ 2@

0

> -1 L =B e

£ (7 eyt e

=\ 7

> noa — 1 ; E(-+1)
= naﬁZ( . )(1)%7]
j=0 J
/+°° (19T D" g
0
> na —1 i B+1)
= naf ) (=1)7er"V

y /*“’ emfs)xi D EGH e
0 a T(k+1)

o s o (_1)j+k65<]‘+1>[§(j + 1))
(3.2) = naﬁzz< ) Tk+1)(s—vy—~k)

5> 7.

Mx(t) = E(™)=> P(N=n)Ln(-t)

n(") ()T (2 1))

L anl" = j il
— 0‘520(9)22 C(k+1)(t + 7 + k)

0 N(No;—l)(71)j+k+16€(j+1)(g(]’+1))k
aBENDY_ D T(k+ 1)t +7 + k) :

k=0 ;=0

(3.3)

where N is a random variable from the power series family with the probability mass
function in (2.1) and En[U] is expectation of U with respect to random variable N.
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We can use Mx (t) to obtain the non-central moments, u, = E[X"]. But from the
direct calculation, we have

= 07 S maB(M ) (<1 S O (8 4 )T + 1)
fr = ZC(a)z_Z NSV CEE

= & N (V) UG 4 1) T+ 1)
G4y = B3 D(k+ D+ k) '

3.1. Proposition. For non-central moment function in 3.4, we have

li »=E[Y"],
o r = B

where Y has GG(ca, 8,7) and ¢ = min{n € N: a,, > 0}.

Proof. If Y has GG(ca, 3,7), then

) S () FUEG )T+ 1)
'r+1 :
== L(k+1)(y + k)
Therefore,
> ant"E[Y]
lim g, = lim nZIOo
0—0t 0—0t Z an 0"
n=1
acElY"]+ Y. an0" °E[Y"]
= lim n:;+1
6—0t Qe + Z anfn—c
n=c+1
= E[Y"].

O
3.2. Order statistic. Let X1, X>,..., X, be an independent random sample of size n
from GGPS(a, 8,7, 0). Then, the pdf of the ith order statistic, say Xi.n, is given by

_ n! C0t*) ;1 C(Ot*) 1y
flin(x) - (Z _ 1) (’I’L _ Z)'f(x)[ 0(9) ] [ C’(G) ] )
B x
where f is the pdf given in (2.3) and t = 1 — e 7D, Also, the cdf of X;.,, is given
by
n n—i (_l)k n—i O (+* ;

(- Difn—i! & k+i+t1 ' C0)

An analytical expression for rth non-central moment of order statistics X;.,, is obtained
as

r - kenti—1[k—1 n Foo r—1 k
EXin] = r Z (=1)F "t (n—z) <k>/o " S(x) dx

k=n—it+1
= 9 M k—1)[n oo 2! B VF g
- Tk:;m [Co)* (n—z> (k)/o [C(6) — C(6t%)]" da,

where S(z) =1 — F(z) is the survival function of GGPS distribution.
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3.3. Shannon entropy and mean residual life. If X is a none-negative continuous
random variable with pdf f, then Shannon’s entropy of X is defined by [24] as

+oo
H(f) = B[~ log f(X)] = - / f(x) log(f (x))da,

and this is usually referred to as the continuous entropy (or differential entropy). An
explicit expression of Shannon entropy for GGPS distribution is obtained as

H(f) = E{- log[g(zéeﬁ) e«,x(e—g(ewxfl))(l _ e—%(e"fxfl))afl
xC’ (9(1 - e_%(ewx_l))a)}}
= —loalg] — B0 + L) - 2

—(a—1)E[log(1 - efé(fﬂx*l))]
—E[log(C’ (9(1 — 67%(67)(71))&))]

_ 0B B B
= —10g[%} —p ;MX(’Y) Ty
—(a—1) Z P(N = n)/0 nat™* " log(t)dt
- Z P(N = n)/o nu” " log(C’ (Ou))du
_ 0B B B
= *log[m} -+ ;Mx(v) -3
(3.5) +%EN[%] — Ex[A(N,0)],

where A(N,0) = fol NuM"1log(C’(fu))du, N is a random variable from the power series
family with the probability mass function in (2.1), and En[U] is expectation of U with
respect to random variable V. In reliability theory and survival analysis, X usually
denotes a duration such as the lifetime. The residual lifetime of the system when it is

still operating at time s, is Xs = X — s | X > s which has pdf
oo _Jf@  _ 0g(x)C'(0G(z))

flays) = =

1-F(s) C(0)—C(6G(s))

Also, the mean residual lifetime of X is given by

f:m(x — 8)f(z)dx
1—F(s)
f:oo zf(x)dx .
1—F(s)
_ 0@BZeN]

C0) — C(O]1 — e 5" D]ay
where Z(s,n) = f:m g (z; na, B, v)dx, and g, (z; na, B, ) is the pdf of GG (na, 8, 7).

, x >8>0

m(s) = E[X — s|X > 5]

4. Special cases of GGPS distribution

In this Section, we consider four special cases of the GGPS distribution. To simplify,

B (e
we consider t =1—¢ 7"V 20, and A; = ("“j’l).
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4.1. Generalized Gompertz-geometric distribution. The geometric distribution
(truncated at zero) is a special case of power series distributions with a, = 1 and C(0) =
ig (0 < 6 < 1). The pdf and hazard rate function of generalized Gompertz-geometric
(GGG) distribution is given respectively by

1— YT 1— a—1
(a.1) fa) = UEDRITUSIE s

(1—0)aBe™™(1 — t)t>*

(4.2) hz) = g ©7O

4.1. Remark. Consider
0*aBe™ (1 —t)t* !
(=) -2

where 0" =1 —6. Then fu () is pdf for all 6* > 0 (see [21]). Note that when o = 1 and
v — 07, the pdf of extended exponential geometric (EEG) distribution [1] is concluded
from (4.3). The EEG hazard function is monotonically increasing for 6* > 1; decreasing
for 0 < 0" < 1 and constant for 6" = 1.

(4.3) Far(z) = x>0,

4.2. Remark. If @« = #* = 1, then the pdf in (4.3) becomes the pdf of Gompertz
distribution. Note that the hazard rate function of Gompertz distribution is h(z) = Be’
which is increasing.

The plots of pdf and hazard rate function of GGG for different values of «, 3, v and
0" are given in Figure 3.

4.3. Theorem. Consider the GGG hazard function in (4.2). Then, for o > 1, the
hazard function is increasing and for 0 < a < 1, is decreasing and bathtub shaped.

Proof. See Appendix A.1. O

The first and second non-central moments of GGG are given by

0 A )J-Hc (J+1)( (]_,’_1))
Z k+1)(7+7k) ’

04=0

E(X) = }:mnl

e
k=

] - 0o oo A )+k+3 B(J+1)( (]+1))
E(X®) =2aB(1-9) Zne ngZ T(k+1)(y +~k)3

n=1 j=0

4.2. Generalized Gompertz-Poisson distribution. The Poisson distribution (trun-
cated at zero) is a special case of power series distributions with a, = % and C() = e’ -1
(0 > 0). The pdf and hazard rate function of generalized Gompertz- Po1sson (GGP) dis-
tribution are given respectively by

(4.4) fl@) = 0aBe™ (1 —t)t* e, 23>0
faBe™ (1 — t)t*teft”
(4.5) h(z) = 6(9 — 6‘3’5“ , x>0

4.4. Theorem. Consider the GGP hazard function in (4.5). Then, for a > 1, the hazard
function is increasing and for 0 < a < 1, is decreasing and bathtub shaped.

Proof. See Appendix A.2. O
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Figure 3. Plots df pdf and hazard rate function of GGG for different
values «, 3, v and 6.

The first and second non-central moments of GGP can be computed as

—1)7tres D (E(j 4 1))k

k+1)(v+vk) ’

o oo 4. +h+3, 5 G+ (B k
A5(-1 (2(j+1))

D(k+1)(y + k)3
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Figure 4. Plots bf pdf and hazard rate function of GGP for different
values «, 3, v and 6.

The plots of pdf and hazard rate function of GGP for different values of «, 3, v and 0
are given in Figure 4.

4.3. Generalized Gompertz-binomial distribution. The binomial distribution (trun-
cated at zero) is a special case of power series distributions with a, = (') and C(0) =
(0+1)™—1 (6 > 0), where m (n < m) is the number of replicas. The pdf and hazard rate
function of generalized Gompertz-binomial (GGB) distribution are given respectively by

o (Gto‘ + l)m—l

@10 -1’ x>0,

(4.6) flz) = mbaBe’™ (1 —t)t
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mbaBe” (1 — t)t*~H(Ot> +1)™ !
4. h = .
(4.7) (@) Gr0m —@e+ym 0 v>0
The plots of pdf and hazard rate function of GGB for m = 4, and different values
of , B, v and 0 are given in Figure 5. We can find that the GGP distribution can be

obtained as limiting of GGB distribution if mf — A > 0, when m — oc.

4.5. Theorem. Consider the GGB hazard function in (4.7). Then, for a > 1, the hazard
function is increasing and for 0 < o < 1, is decreasing and bathtub shaped.

Proof. The proof is omitted, since § > 0 and therefore the proof is similar to the proof
of Theorem 4.4. O

The first and second non-central moments of GGB are given by

)J-Hc (J+1)( (]—‘,—1))

o o Ay
B(X) = 9+1 29 <>ZZ RSV CEETA R

k=0 j=0
2y _ 208 $m g (m) §agn AT TG + 1)
E(X)im;tg n( >kZOJ§:0 L(k+1)(y +~k)? '

4.4. Generalized Gompertz-logarithmic distribution. The logarithmic distribu-

tion (truncated at zero) is also a special case of power series distributions with a, =

and C(0) = —log(1 —0) (0 < 6 < 1). The pdf and hazard rate function of generalized
Gompertz-logarithmic (GGL) distribution are given respectively by

OaBe’® (1 — )t 1!
(4.8) @) 0t — 1() log(i ~0)
Oafe™ (1 t)to‘*1
(6t> — 1) log(
The plots of pdf and hazard rate function of GGL for different values of «, 3, v and
0 are given in Figure 6.

z >0,

(4.9) h(z)

, x>0.
1— Gt”‘)

4.6. Theorem. Consider the GGL hazard function in (4.9). Then, for o > 1, the hazard
function is increasing and for 0 < o < 1, is decreasing and bathtub shaped.

Proof. The proof is omitted, since 0 < # < 1 and therefore the proof is similar to the
proof of Theorem 1. O

The first and second non-central moments of GGL are

oo oo oo A )]+k (]+1)( (]+1))k

(T PIUD I D sy e O

=1  k=0;=0

b 205 R Aj(—l)”k*?’eg(j“)(%(j+1))’“
BX*) = g 2022 T(k+ 1)(y + 7k)?

5. Estimation and inference

In this section, we will derive the maximum likelihood estimators (MLE) of the un-
known parameters © = (a, 3,7,0)" of the GGPS(e, 3,7, 0). Also, asymptotic confidence
intervals of these parameters will be derived based on the Fisher information. At the
end, we proposed an Expectation-Maximization (EM) algorithm for estimating the pa-
rameters.
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Figure 5. Plots’of pdf and hazard rate function of GGB for m = 5,
and different values «, 3, v and 6.

5.1. MLE for parameters. Let X;i,..., X, be an independent random sample, with
observed values x1,...,z, from GGPS(a, 8,7,0) and ® = (a,3,7,0)” be a parameter
vector. The log-likelihood function is given by

nlog(0) + nlog(aB) + nyx

+ Zlog(l —ti)+ (a=1) Zlog(ti)

ln=1,(0;z) =
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Figure 6. Plots df pdf and hazard rate function of GGL for different
values «, 3, v and 6.

_Bevmi_q . . .
where t; = 1 — e (¢ ). Therefore, the score function is given by U(®;x) =
Ay Olp Oln Olp\T
(Bas 58 5+ B8 ) » where

(5.1)

oln 0t log(t;)C" (6t5)
Ba ’J’Zlog Z ooy
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n n Ot; n ea(t )C//(eta)
Yin YEq _ 35
o8 (;e n) + (a 1); :, Z C’ TN

%—lf’; = Ze“’zl —n) — E(Z z;e77)

n Ot n 3(’5) 11y
: 0252 " (017)
(5.3) +(oz—1)2 . Z C, T

M n "(0ty)  nC'()
G4 Fg = +Z o) C)

=3
==

The MLE of ©, say ©, is obtained by solving the nonlinear system U(©;z) = 0. We can-
not get an explicit form for this nonlinear system of equations and they can be calculated
by using a numerical method, like the Newton method or the bisection method.

For each element of the power series distributions (geometric, Poisson, logarithmic
and binomial), we have the following theorems for the MLE of parameters:

5.1. Theorem. Let gi1(a;f3,7,0,x) denote the function on RHS of the expression in
(5.1), where B8, v and 0 are the true values of the parameters. Then, for a given B > 0,
v >0 and 0 > 0, the roots of g1(«, B;v,0,x) = 0, lies in the interval

<W;§‘+1<Zlog<ti>>l, _”(; 1og(ti>>1>> 7

7 (0) i=1

Proof. See Appendix B.1. O

5.2. Theorem. Let g2(53;a,7,0,2) denote the function on RHS of the expression in
(5.3), where o, v and 0 are the true values of the parameters. Then, the equation
g2(B; a,y,0,x) =0 has at least one root.

Proof. See Appendix B.2. O

5.3. Theorem. Let g3(0;a,3,v,x) denote the function on RHS of the expression in
(5.4) and T =n""' 31" | x;, where a, B and 7y are the true values of the parameters.

a) The equation gs(0;a,B,v,x) = 0 has at least one root for all GGG, GGP and GGL
distributions if Y . t& > %.

b) If gs(p; o, B, v, ) = aal—;, where p = m andp € (0,1) then the equatwn gg(p, By, ) =
0 has at least one root for GGB distribution if Y ;- t& > 2 and > | t; nm_

2 m—1

Proof. See Appendix B.3. ]

Now, we derive asymptotic confidence intervals for the parameters of GGPS distribu-
tion. It is well-known that under regularity conditions (see [6], Section 10), the asymptotic
distribution of \/ﬁ((:) — ©) is multivariate normal with mean 0 and variance-covariance
matrix J, ' (@), where J,(©) = lim,, 00 [,(®), and I,,(®) is the 4 x 4 observed infor-
mation matrix, i.e.

[aa IaB Ia'y Ia@

_ Isa  Igp Ipy Ipe

L. (€)= Lo Lip Iy Iy
Toa  log  Ioy oo
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whose elements are given in Appendix C. Therefore, an 100(1 — n) asymptotic confidence
interval for each parameter, ®,, is given by

ACIT = (ér - Z’r]/? j’r'r, é'r + Z% \/ frr),

where I, is the (r,r) diagonal element of I,;* ((-:)) for r = 1,2,3,4 and Z,, is the quantile

7 of the standard normal distribution.
5.2. EM-algorithm. The traditional methods to obtain the MLE of parameters are
numerical methods by solving the equations (5.1)-(5.4), and sensitive to the initial values.
Therefore, we develop an Expectation-Maximization (EM) algorithm to obtain the MLE
of parameters. It is an iterative method, and is a very powerful tool in handling the
incomplete data problem [8].

We define a hypothetical complete-data distribution with a joint pdf in the form

z

=0 zafe’* (1 — )" !,

9(z,2;,0) = g(a)

=B (gve
where t = 1 — e 1>, and a,f8, 7, 0 > 0, z > 0 and z € N. Suppose o =

(oz“), B~ 0(”) is the current estimate (in the rth iteration) of ®. Then, the E-step
of an EM cycle requires the expectation of (Z]X; G(T)). The pdf of Z given X = z is
given by
g(z|x) _ a202712t2a7“
eUCI

and since
C'(0) +6C" (0 Zaz ezl+ozaz Z2—1)0°"" = Zza9Z1

the expected value of Z|X = z is obtained as
0t>C" (6t*)
C'(0te)
By using the MLE over ®, with the missing Z’s replaced by their conditional expec-

tations given above, the M-step of EM cycle is completed. Therefore, the log-likelihood
for the complete-data is

(5.5) E(ZIX =2)=1+

L(y,©) o Y zlog(f) + nlog(aB) + nyz + » log(l —t)

=1
(5.6) + Z(zia — 1) log(t;) — nlog(C(6)),
i=1
where y = (x; 2), « = (1,...,%,) and 2 = (21,..., 2,). On differentiation of (5.6) with

respect to parameters «, 3, v and 6, we obtain the components of the score function,
. _ (9L, 9y, ol dlnNT
U(yae)_(a&>ﬁy 3,\/7@9) y as

(Zl; = *+Z%10g1*e"'(ew””},

%(e’wi —1)

ol n 1 . n
= f—fEe 1—n+§ ziae—1)————
op B 7(1:1 : i:1( : [e%(ewi_l) —1]

ol B B~ _
T = nz+ 5 e’ —n)- 2 ;e
oy e (; -3 (; )
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From a nonlinear system of equations U(y; ®) = 0, we obtain the iterative procedure of
the EM-algorithm as
A(G+1) _ -n
a = “50)  ~Da
5 (5) Gy (€7D
D12 log[l —e 7Y

1 n
gu+n _ 9(” ) Z 0 _ ¢
nC/ J+1)

)

n

1 (efy(j)wi o 1)

— _ 5. 40) _ 1 %(3) -0
5(y+1) & - Ze ;(zza ) g(]jl)( 3Dy )
e o —1]
- By LG+ pu) & S
T RER Ze T 3G Zx
,,3(.7) 3G+ 4, B, 5@+ 4,
Sy B 0 B
éi}‘(j))(ery(j+1)mi71) =0,
[exV ! —1]
where 00D BUHD and 4U+1) are found numerically. Here, for i = 1,2,...,n, we have

that . ]
2(].) g o* (9*(1))
i [ACH

2@ "D

where 6*U) — 9(1)[1 —e 4D

We can use the results of [16] to obtain the standard errors of the estimators from the
EM-algorithm. Consider I.(®;x) = E(I.(O;y)|x), where I.(0®;y) = [%] is the
4 x 4 observed information matrix.If I, (®;x) = Var[U(y; ®)|z], then, we obtain the
observed information as

1(©;2) = 1.(0; ) — 1, (O; x).

The standard errors of the MLEs of the EM-algorithm are the square root of the diagonal
elements of the I((:); ). The computation of these matrices are too long and tedious.
Therefore, we did not present the details. Reader can see [19] how to calculate these
values.

6. Simulation study

We performed a simulation in order to investigate the proposed estimator of «, 3, v
and 0 of the proposed EM-scheme. We generated 1000 samples of size n from the GGG
distribution with 8 = 1 and v = 0.1. Then, the averages of estimators (AE), standard
error of estimators (SEE), and averages of standard errors (ASE) of MLEs of the EM-
algorithm determined though the Fisher information matrix are calculated. The results
are given in Table 2. We can find that
(i) convergence has been achieved in all cases and this emphasizes the numerical stability
of the EM-algorithm,

(ii) the differences between the average estimates and the true values are almost small,
(iii) the standard errors of the MLEs decrease when the sample size increases.
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Table 2. The average MLEs, standard error of estimators and aver-
ages of standard errors for the GGG distribution.

parameter

AE

SEE

ASE

«

0

[0}

B

4

0

a B

v

0

B

07 0

50

0.5

0.5
0.5
1.0
1.0
1.0
2.0
2.0
2.0

0.2
0.5
0.8
0.2
0.5
0.8
0.2
0.5
0.8

0.491
0.540
0.652
0.988
1.027
1.210
1.969
1.957
2.024

0.961
0.831
0.735
0.972
0.852
0.711
0.990
0.842
0.713

0.149
0.182
0.154
0.129
0.147
0.178
0.084
0.113
0.161

0.204
0.389
0.684
0.206
0.402
0.745
0.216
0.487
0.756

0.114 0.338

0.160

0.337

0.304 0.377

0.275
0.345
0.553
0.545
0.608
0.715

0.319
0.352
0.365
0.305
0.334
0.396

0.265
0.260
0.273
0.191
0.226
0.230
0.151
0.192
0.202

0.195
0.263
0.335
0.209
0.283
0.342
0.228
0.277
0.353

0.173
0.210
0.309
0.356
0.408
0.568
0.766
0.820
1.143

0.731
0.689
0.671
0.925
0.873
0.799
1.135
1.061
0.873

0.437 0.782
0.421 0.817

0.422
0.436
0.430
0.433
0.422
0.431
0.402

0.896
0.939
0.902
0.898
0.902
0.963
0.973

100

0.5

0.5
0.5
1.0
1.0
1.0
2.0
2.0
2.0

0.2
0.5
0.8
0.2
0.5
0.8
0.2
0.5
0.8

0.491
0.528
0.602
0.974
1.030
1.113
1.952
2.004
2.028

0.977 0.081

0.883
0.793
0.997
0.875
0.899
0.995
0.885
0.981

0.109
0.136
0.102
0.113
0.117
0.138
0.110
0.104

0.212
0.549
0.769
0.226
0.517
0.846
0.221
0.518
0.819

0.084 0.252
0.124 0.275

0.215
0.195
0.262
0.412

0.323
0.242
0.291
0.342

0.171
0.178
0.194
0.129
0.155

0.179
0.247
0.299
0.206
0.270

0.424 0.237

0.177 0.331
0.117 0.209

0.493
0.605

0.283
0.350

0.131
0.155

0.274
0.339

0.125
0.155
0.220
0.251
0.298
0.400
0.524
0.601
0.816

0.514
0.504
0.466
0.645
0.651
0.600
0.922
0.873
0.717

0.283
0.275
0.259
0.280
0.295

0.561
0.567
0.522
0.767
0.843

0.287 0.781

0.321
0.321
0.289

0.992
0.966
0.946

7. Real examples

In this Section, we consider two real data sets and fit the Gompertz, GGG, GGP,
GGB (with m = 5), and GGL distributions. The first data set is negatively skewed, and
the second data set is positively skewed, and we show that the proposed distributions
fit both positively skewed and negatively skewed data well. For each data, the MLE
of parameters (with standard deviations) for the distributions are obtained. To test
the goodness-of-fit of the distributions, we calculated the maximized log-likelihood, the
Kolmogorov-Smirnov (K-S) statistic with its respective p-value, the AIC (Akaike Infor-
mation Criterion), AICC (AIC with correction), BIC (Bayesian Information Criterion),
CM (Cramer-von Mises statistic) and AD (Anderson-Darling statistic) for the six distri-
butions. Here, the significance level is 0.10. To show that the likelihood equations have
a unique solution in the parameters, we plot the profile log-likelihood functions of 3, ~,
a and 6 for the six distributions.

First, we consider the data consisting of the strengths of 1.5 cm glass fibers given
in [26] and measured at the National Physical Laboratory, England. This data is also
studied by [4] and is given in Table 3.

The results are given in Table 5 and show that the GGG distribution yields the best
fit among the GGP, GGB, GGL, GG and Gompertz distributions. Also, the GGG, GGP,
and GGB distribution are better than GG distribution. The plots of the pdfs (together
with the data histogram) and cdfs in Figure 7 confirm this conclusion. Figures 9 show
the profile log-likelihood functions of 3, v, o and 6 for the six distributions.

As a second example, we consider a data set from [11], who studied the soil fertility
influence and the characterization of the biologic fixation of Ny for the Dimorphandra
wilsonii rizz growth. For 128 plants, they made measures of the phosphorus concentration
in the leaves. This data is also studied by [25] and is given in Table 4. Figures 10 show
the profile log-likelihood functions of 3, v, o and 6 for the six distributions.
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Table 3. The strengths of glass fibers.

0.55, 0.93, 1.25, 1.36, 1.49, 1.52, 1.58, 1.61, 1.64, 1.68, 1.73, 1.81, 2.00, 0.74,
1.04, 1.27, 1.39, 1.49, 1.53, 1.59, 1.61, 1.66, 1.68, 1.76, 1.82, 2.01, 0.77, 1.11,
1.28, 1.42, 1.50, 1.54, 1.60, 1.62, 1.66, 1.69, 1.76, 1.84, 2.24, 0.81, 1.13, 1.29,
1.48, 1.50, 1.55, 1.61, 1.62, 1.66, 1.70, 1.77, 1.84, 0.84, 1.24, 1.30, 1.48, 1.51,
1.55, 1.61, 1.63, 1.67, 1.70, 1.78, 1.89

Table 4. The phosphorus concentration in the leaves.

0.22, 0.17, 0.11, 0.10, 0.15, 0.06, 0.05, 0.07, 0.12, 0.09, 0.23, 0.25, 0.23, 0.24,
0.20, 0.08, 0.11, 0.12, 0.10, 0.06, 0.20, 0.17, 0.20, 0.11, 0.16, 0.09, 0.10, 0.12,
0.12, 0.10, 0.09, 0.17, 0.19, 0.21, 0.18, 0.26, 0.19, 0.17, 0.18, 0.20, 0.24, 0.19,
0.21, 0.22, 0.17, 0.08, 0.08, 0.06, 0.09, 0.22, 0.23, 0.22, 0.19, 0.27, 0.16, 0.28,
0.11, 0.10, 0.20, 0.12, 0.15, 0.08, 0.12, 0.09, 0.14, 0.07, 0.09, 0.05, 0.06, 0.11,
0.16, 0.20, 0.25, 0.16, 0.13, 0.11, 0.11, 0.11, 0.08, 0.22, 0.11, 0.13, 0.12, 0.15,
0.12, 0.11, 0.11, 0.15, 0.10, 0.15, 0.17, 0.14, 0.12, 0.18, 0.14, 0.18, 0.13, 0.12,
0.14, 0.09, 0.10, 0.13, 0.09, 0.11, 0.11, 0.14, 0.07, 0.07, 0.19, 0.17, 0.18, 0.16,
0.19, 0.15, 0.07, 0.09, 0.17, 0.10, 0.08, 0.15, 0.21, 0.16, 0.08, 0.10, 0.06, 0.08,
0.12, 0.13

The results are given in Table 6. Since the estimation of parameter 6 for GGP, GGB,
and GGL is close to zero, the estimations of parameters for these distributions are equal
to the estimations of parameters for GG distribution. In fact, The limiting distribution
of GGPS when § — 0% is a GG distribution (see Proposition 2.2). Therefore, the
value of maximized log-likelihood, log(L), are equal for these four distributions. The
plots of the pdfs (together with the data histogram) and cdfs in Figure 8 confirm these
conclusions. Note that the estimations of parameters for GGG distribution are not equal
to the estimations of parameters for GG distribution. But the log(L)’s are equal for these
distributions. However, from Table 6 also we can conclude that the GG distribution is
simpler than other distribution because it has three parameter but GGG, GGP, GGB,
and GGL have four parameter. Note that GG is a special case of GGPS family.

Histogram Empirical Distribution
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Figure 7. Plots (pdf and cdf) of fitted Gompertz, generalized Gom-
pertz, GGG, GGP, GGB and GGL distributions for the first data set.
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Table 5. Parameter estimates (with std.), K-S statistic, p-value, AIC,
AICC and BIC for the first data set.

Distribution

Gompertz GG GGG GGP GGB GGL
3 0.0088 0.0356 0.7320 0.1404 0.1032 0.1705
s.e.(B) 0.0043  0.0402 0.2484 0.1368 0.1039 0.2571
01 3.6474 2.8834 1.3499 2.1928 2.3489 2.1502
s.e.(%) 0.2992 0.6346 0.3290 0.5867 0.6010 0.7667
& — 1.6059 2.1853 1.6205 1.5999 2.2177
s.e.(@) — 0.6540 1.2470 0.9998 0.9081 1.3905
0 — — 0.9546 2.6078 0.6558 0.8890
s.e.(é) — — 0.0556 1.6313 0.5689 0.2467
—log(L) | 14.8081 14.1452 12.0529 13.0486 13.2670 13.6398
K-S 0.1268 0.1318 0.0993 0.1131 0.1167 0.1353
p-value 0.2636  0.2239 0.5629 0.3961 0.3570 0.1992
AIC 33.6162 34.2904 32.1059 34.0971 34.5340 35.2796
AICC 33.8162 34.6972 32.7956 34.78678 35.2236 35.9692
BIC 37.9025 40.7198 40.6784 42.6696 43.1065 43.8521
CM 0.1616 0.1564 0.0792 0.1088 0.1172 0.1542
AD 0.9062 0.8864 0.5103 0.6605 0.7012 0.8331

Table 6. Parameter estimates (with std.), K-S statistic, p-value, AIC,
AICC and BIC for the second data set.

Distribution

Gompertz GG GGG GGP GGB GGL
B 1.3231 13.3618 10.8956 13.3618  13.3618  13.3618
s.e.(B) 0.2797 4.5733  8.4255 5.8585 6.3389 7.3125
4 15.3586 3.1500 4.0158 3.1500 3.1500 3.1500
s.e.(%) 1.3642  2.1865  3.6448 2.4884 2.6095 2.5024
& — 6.0906 5.4236 6.0906 6.0906 6.0905
s.e.(@) — 2.4312  2.8804 2.6246 2.7055 2.8251
0 — — -0.3429 1.0x107% 1.0x107® 1.0 x 1078
s.e.(0) — — 1.2797  0.8151 0.2441 0.6333
—log(L) | -184.597 -197.133 -197.181 -197.133 -197.133 -197.133
K-S 0.1169  0.0923  0.0898 0.0923 0.0923 0.0923
p-value 0.0602  0.2259  0.2523 0.2259 0.2259 0.2259
AIC -365.194 -388.265 -386.362 -386.265 -386.265 -386.265
AICC -365.098 -388.072 -386.0371 -385.940 -385.940  -385.940
BIC -359.490 -379.709 -374.954 -374.857 -374.857 -374.857
CM 0.3343  0.1379  0.1356 0.1379 0.1379 0.1379
AD 2.3291  0.7730  0.7646 0.7730 0.7730 0.7730

Appendix

A. We demonstrate those parameter intervals for which the hazard function is decreasing,
increasing and bathtub shaped, and in order to do so, we follow closely a theorem given



Histogram Empirical Distribution
w s
o |
3
© 4
< |
2z S
2 < =2
& S
e — eCDF
—— Gompertz
~ ---- GG
GGG
- GGP
GGB
-- GGL
o
T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.05 0.10 0.15 0.20 0.25 0.30
Figure 8. Plots (pdf and cdf) of fitted Gompertz, generalized Gom-
pertz, GGG, GGP, GGB and GGL distributions for the second data
set.
— Gompertz
p ---- GG
< < GGG
I ! GGP
GGB
! - GGL
= 2
k=3 T k=] ! i
2 3 i
2 2 i
I} 2 i
3 g = g |
> ¢ > ¢ i
S S i
8 — Gompertz 8 4 /
i ---- GG !
GGG I3
GGP 1
o GGB = i
=1 —— GGL S 4 i
' T T T ] T T T T T T
0.6 0.8 1.0 o 1 2 3 4 5
B v
=
GG T‘ - GGG
GGG GGP
< GGP GGB
) GGB . - GGL
- GGL v i
T /
2 :'
3 E %4
= £ I
E s |
E < |
3 ¥ Er ‘
g ; ERE 1
R g i
: T i
| i
g - 8 1
! T T T i — T ! T T T T T T T
o 2 4 6 8 10 o 1 2 3 4 5 6

Figure 9. The profile log-likelihood functions for Gompértz, general-
ized Gompertz, GGG, GGP, GGB and GGL distributions for the first

data set.

by [12]. Define the function 7(x) =

—f'(@)
f(z)
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where f'(x) denotes the first derivative of

f(z) in (2.3). To simplify, we consider u =1 — exp(%g

(€ —1)).
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A.1. Consider the GGG hazard function in (4.2), then we define
 —f(w)  1—a  2a0u*!

7(w) flw) = w 1—0u>’
If « > 1, then 7/(u) > 0, and h(.) is an increasing function. If 0 < o < 1, then
. ’ _ . ’ _ 20492 1
i%T(u)f—oo, 1Elﬂran(u)—m—&-(a—l)(l—m) > 0.

Since the limits have different signs, the equation 7'(u) = 0 has at least one root. Also,
we can show that 7'/(u) > 0. Therefore, the equation 7'(u) = 0 has one root. Thus the
hazard function is decreasing and bathtub shaped in this case.

A.2. The GGP hazard rate is given by h(u) = fafBu® 1e’" /(f — ?*"). We define
n(u) = log[h(u)]. Then, its first derivative is

a—1 a—1

7' (u) = + afe’ eeu

— efu’
It is clearly for a > 1, n’(u) > 0 and h(u) is increasing function. If 0 < a < 1, then

lim ' (u) = —oco, lim n'(u) =0,

u—0 u—1
So the equation 7'(u) = 0 has at least one root. Also, we can show that 7"/(u) > 0. It
implies that equation 7'(u) = 0 has a one root and the hazard rate increase and bathtub
shaped.
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B.
B.1. Let wi(a) = >0 | %W =2 ?:1 log(C’(0t5")). For GGG,

- t logt; 8w logt;
a) =203 10, 1 292t 5 9ta2
i=1 i
For GGP,
a):@Zt?logti, Bwl ta [logt:]*> > 0
For GGL,
ty logt; 3w1 logt; 2
_92 —o —QZt (1 eta
For GGB,
*logt; w1 () IOgt 2
— (1 — =(m-1)0)» t
wi(@) 19214—1%?’ Do Z T+oee 0

Therefore, w1 () is strictly increasing in « and
n
lim gi(a;B,7,0,7) =co,  lim gi(a;B,7,0,2) =Y _ log(t:)
a—0t Q=00 P

Also,

n ~ n C//
:B,7,0 n log(t:), B, 0,z) > 2 DS 1
g1 (0 8,7, ,m)<a+; og(t:), g1 f,7,0,2) >~ + (5 ) | Zog

Hence, gi1(a;8,7,0,z) < 0 when 2 4+ 377 | log(t;) < 0, and gl(a;ﬂ,'y, 0,z) > 0 when

24 (eg,/z((f;) +1) > log(t;) > 0. The proof is completed.

B.2. Tt can be easily shown that
. _ ; . _ 1 VT _
5l£€+ gQ(/B,CM,’Y,H,.’L') - OO, 511_>H010g2(/87a777 671‘) - ’Y Z(e 1)

Since the limits have different signs, the equation g2(3;a,~,6,2) = 0 has at least one
root with respect to 8 for fixed values «, v and 6. The proof is completed.

B.3. a) For GGP, it is clear that
. - a n : . - _
gl_r)r(l)g3(97a75777x)_ztl 757 ell?gog3(07a7ﬂ777x)_ 0.

Therefore, the equation g3(6; a, 8,v,x) = 0 has at least one root for > 0, if "7 | t& —
Z>00r 30 8> 2.
b) For GGG, it is clear that

Oli)ngo g3(9;a7ﬁ7’77x) = —00, 91_1>H01+ g3(6;aaﬁ7’77 .CE) =-n-+ 2th .

Therefore, the equation gz(0,3,~v,r) = 0 has at least one root for 0 < 6 < 1, if —n +
2300 t8 >00r Y3 > 5
For GGL, it is clear that

n
n

. . o a_ N . . _
;%g3(97a>ﬂ7’77$) - thz PR é%g3<07a7ﬁ>77~r) 0.



1602

Therefore, the equation g3(0;a, 3,7,2) = 0 has at least one root for 0 < 6 < 1, if

Dty =5 >00r 30 67> 5
For GGB, it is clear that

. . _ - a n(m_l)
Zl;li)rtl)g3(p7a7ﬁv’yvm) - Z;tz (m_ 1) - Ta

iferlert?

lim gs3(p; o, B, 7, ) =
p—0 ti

9
i=1

Therefore, the equation gs(p;a, 8,7,2) = 0 has at least one root for 0 < p < 1 if
St (m—1) = ) > 0 and YL, T < 0or YL 48 > 5 and YL 4

nm

1-m"*

_Bevmi
C. Consider t; =1 —e¢ ~ (%1

matrix I,,(©) are given by

. Then, the elements of 4 X 4 observed information

R
o C'"wt?)c( ((;eie 25)20”(“”)21,

L = 8a8/3 i e 71]+ it 7% — 1][(clog(t )+1)g,l((gf§))
oo CLOEICUE) 0P

L - 52%2—@”“”;5 =
bgmC'"W>ﬁg€gggq;)g0“<9t?>>2},

Ipp = gﬁz; = —+0a Zt ew -1 %[ gl,/((gf;))
oy C10)C éggzia;)gc%ot?» |

R R S GEE I

n ti . o C’”(Qtf‘)
+a0; ,YQ (6 (’YiEz 1) + 1)[ C’(Ot?)

B o _ 1) C02)C"012) (C”(Gt?)>2]
v (Cr(0t7)))?

+
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_ Pl N e C1(08)C(087) — (C(08))°
Lo = H5ag =2t (C'(0t9))2 b
&l

_2 x
I, = o2 ﬁz e’ (yx; — 1) + 1]

n 2@'7'”%'

-2 .
S (= 1)+ 1)+

2, W CIO17) | tlale™ CM(0L7)
rasd s o) Ty o)
APt i 2 C7(017)
Cr(6t7)
L (s — 2 C(087)C" (017) — (C” (07))*
'FT(@AY (yzi — 1)+ 1) (C(0t)))2
O// 0 «
Iy = 8937 BZ oy = )+1HC’(9;°‘))
O/”(é)t?)C (0t7) — (C"(017))° ]
(C"(6t7)) ’
Pl —n Z": p2a C(O17)C" (017) — (C7(017))*

foo = g2 = (o) ]

7n[0"(9)0'(9) - (C'(Q))Q]
(C7(0))? ’

B

+0t7
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