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Abstract

In this paper, a new generalization of the exponential distribution is proposed. Different properties,
important reliability measures and special cases of this distribution are investigated. Unknown parameters
are estimated using the maximum likelihood method of estimation. A simulation study is carried out to
assess the accuracy of the maximum likelihood estimates. Two real data sets are successfully modelled
with the proposed distribution.
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1. INTRODUCTION

Recently, researchers are more interested in developing new probability distributions and general-
izations from the existing family of distributions. The aim of more realistic modelling of complex
datasets can be attained through such generalizations. Such newly formed distributions are also
showing better flexibilty and properties than the baseline distribution, becomes more suitable in
reliability studies and other related fields. For instance, see Eugene et al [3], Bourguignon et al. [4],
Cordeiro and Castro [3], Marshall and Olkin[9], Zografos and Balakrishnan [15], Silva et al. [14],
Jayakumar and Mathew [7], Nadarajah and Kotz [10], Nadarajah and Kotz [12], Nadarajah and
Gupta [11]. One important family of distribution, which is the basis of many other well studied
probability distributions is the exponential distribution. One main limitation of this distribution in
using the reliability modelling is it’s constant hazard rate. So we can find different generalizations
of the exponential distribution to overcome this problem. Some important generalizations are
gamma, Weibull, Rayleigh and Generalized exponential distribution of Gupta and Kundu [5].
But, in some of the datasets, we can observe, a sudden drop in the frequency of observations after
some specific data points. But the available generalizations are not appropriate to model that kind
of datasets, which demands a breakage in the flexibility of the probability density function. Here
we introduce a new distribution to model such data sets. The family of distrbution under study
is derived using the exponential distribution and two sided power distribution of René Van Dorp
and Kotz [13]. The probability density function of the two sided power distribution is given by,

a(%)“il, if 0<x<@

x) = -1 a>00<0<1. 1
8) (1) Lif e<x<t @

This paper is organized as follows. In section 2, we propose the new distribution and discuss
it’s basic properties, Reliability properties are studied in Section 3. The estimation of unknown
parameters in the proposed distribution is done using maximum likelihood method and is
discussed in Section 4. A simulation study to check the estimation procedure is conducted in
section 5. In section 6, we successsfully modelled the fatigue failure data and aircraft failure time
dataset using the proposed distribution.
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2. DEFINITION AND PROPERTIES

A random variable X is said to follow a generalized exponential distribution, denoted by G(x, 0),
if it’s probability density function (pdf) is of the form

ne* (%)O‘_l, if 0<x<-In(1-90)
flx) = : @)
we ¥ (f:;)% , if —In(1—-0) <x <o,

where 0 < § <1 and « > 0, « is not necessarily be an integer. When a=1, the above probability
density function is the probability density function of exponential random variable with mean
unity. The above probability denssity function can be derived by mixing the two sided power
distribution and the exponential distribution. The shape of the probability density curves given by
for different values of parameters are shown in Figure (I). Note that for the values « > 1 the
density curve first increases and reach a maximum value corresponding to x = log(«) and then
decreases, there is a cutting point at —/n(1 —0). For 0 < a < 1, the curve is always decreases with
a cutting point at —In(1 — 6). The values taken by the parameter 8 doesnot effect the monotone
behaviour of the curve. Mode of the distribution is log(a). To derive the cumulative distribution
function (CDF) of the proposed distribution, we have to consider two cases.
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Figure 1: Density plot of G(«,0) for different values of 6

Case1: 0 <t < —In(1-6),

Then
t 1—e\*!
_ —X
F(t)f/o we < 9 ) dx

t
= 9;(7*1/0 e ¥ (1—e ) Ldx

by substitution for 1 — e~ by u, we get
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Case2: —In(1—-0) <t < oo

—In(1-06) . 1—e¢ X a—1 t . e X a—=1
F(t) —/0 ne ( 5 ) dx+./_ln(1_9)zxe <1—6) dx

e—at
(1-6)

—1-(1-6)

Thus, the cumulative distribution function is given by

9(1—;")“, if 0<x<—In(1-9)
F(x) = ®)

ax

1—(1—9)(13179)W if —In(1—6)<x<oo.

Similarly, the quantile function can be derived by inverting the distribution function. Thus, we
obtain

Qu)=FYu), 0<u<i @)
_ —ln[l—@(g)i] O<u<é
L@@ -uw)+@-1)m1-0)] oO<u<l.

The simulation of random sample having G(«,0) distribution can be done using the above equation,
where U=u is a realization from a uniform random variable, that is U — U(0, 1).
Moment generating function of a random variable X with G(«,0) distribution, is given by,

~In(1-6) tx  ,—X 1-e™ o « tx ., ,—X et o
MX(t):/O e ( 5 > dx_i_/fln(pe)e we <1_9> dx ®)

o —In(1-9) —x(1-1) o o o o
_ 1 e *)2-1ly / x(a t)d
ga—1 /o ¢ (1=e™) T (1=0)1 J_ma-o ‘ :
o « (1—-0)>t
= 790(_13(6,04,1 t) + =0T (a—p)
where o
B(0,m,n) = / u" (1 —u)" du
0

is the incomplete beta function or the distribution function of beta 1% kind.
The k' order raw moment for G(a,6) distribution can be written as

E(X*) = /Ooo XK f(x)dx (6)

—In(1-6) _,—x\ a1 o0 —x o\ a—1
=/ axke™™ <1 ¢ ) dx+/ axke ( ¢ ) dx.
0 0 —In(1-0) 1-46

But, it is difficult to get a good expression for the above integral. Hence, we have calculated the
moments numerically. Table (1) gives the the mean and variance of G(«,0), for different values
taken by the parameters a and 6.

An entropy is a measure of variation or uncertainty. The Rényi entropy of a random variable
with probability density function f(:) is defined as

1
1—o

Ir(x) = log/ooofV(x)dx,'y >0,v#1L
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Table 1: mean and variance of G(,0), for different values « and 6

9=03 0 =05 0 =08
o EX) V(X) EX) V(X) EX) VX)
05 1.6828 3.8627 1.4467 3.5725 1.0269 2.0617
1 1 1 1 1 1 1
15 0.7772 0.4552 0.8669 0.4825 1.0480 0.6123
2 0.6677 0.2606 0.8068 0.2892 1.0976 0.4406
2.5 0.6029 0.1691 0.7740 0.1946 1.1410 0.3429
3 0.5603 0.1185 0.7539 0.1408 1.1780 0.2794
35 0.5301 0.0879 0.7406 0.1071 1.2096 0.2346
4 0.5076 0.0678 0.7313 0.0844 1.2368 0.2012
45 0.4902 0.0539 0.7245 0.0685 1.2604 0.1755
5 0.4764 0.0439 0.7194 0.0567 1.2812 0.1546

The Shannon entropy of a random variable X is defined by E [—logf(x)].
First derive the Rényi entropy for the corresponding to G(a,0) distribution. We have

[rw=(ats) [ e ey %

Q Y roo
o~ —ayx g
* ((1 — 6)(“—1)> /7111(179) ¢ g

P Y p—In(1-6) ,Xv—l(l —0)7
— —yx(1 _ ,—x\y(a—1)
(9(a—1)> ./0 e (1—e™) dx + 77

But, the above expresson is difficult to be express in an explicit form.
Consider the Shannon entropy, we have

H(X) = E(~logf (x)) ®)
= | —togf () f(x)d

“mm(1-0) .
[ ctegsosto [T —logfn) o
— 2log(a) + (& + E(X) — (a — 1) {9 (log(e) - i) - 210g(9)] .

Order statistics refers the ranking a sample from a distribution. Let X1, X5, .., X be k
independent and identically distributed random variables, each with cumulative distribution
function F(x) given in equation H We denote X(r) as the " order statistic, r=1,2,... k. Then fr(x),
the probability density function of X, for G(«,) distribution is given by

1

fr(x) = ml—"“l(x)(l — F(x))* " f(x) )
ne— X (1—e—X)ar—1 e(a—l)_ 1—p—¥)a k—r
“ et o V0T gy o (- )
B (7’ - 1)'(k - T’)' we—ax(k=r+1) [(1_9)A—l_e—ax]r71

,—In(1-0) < x < oo.

(1_9)(a—1)k
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3. RELIABILITY MEASURES OF THE G(«, #) DISTRIBUTION

From equation (@B), the reliability function is
R(t) =1-F(t) (10)
x\ &
0(%)",  if 0<x<-In(1-06)

1—(1—9)(1‘3:70)(“ if —In(1—-6)<x<oo

[ 1-0EE o<x<—(1-9)
—In(1-0) <x < oco.

=1—-

—ax

e

To identify the applicability of the introduced distribution in reliability studies, we have to
famililarize with the shape characteristics of the reliability and hazard curves with the changes in
parameter values. For the G(«,0) distribution the hazard function is given by

h(x) = ﬁ({;)) (11)

9&—1,(1,e—x)a
« —In(1—-0) <x < oo

The plot of hazard function is given in Figure (2). For any fixed 6, The G(«,) distribution has an
increasing hazard function for « > 1 and it has decreasing hazard function for « < 1. For a=1
the hazard function becomes 1, independent of x. These results are not very difficult to prove, it
simply follows from the fact that the G(«,6) distribution has a log-concave density for « > 1 and
it is log-convex for &« < 1. The hazard function of the G(«,0) distribution behaves exactly the same
way as the hazard functions of the Weibull distribution distribution.

Figure 2: Plot of hazard function for different values of parameters o and 0

Reversed hazard function Reversed hazard has been using for the analysis of right- truncated
and left-censored data and is applicable in such areas as Forensic Science. The formula of reversed
hazard rate of a random life is defined as the ratio between the life probability density to its
distribution function. The reversed hazard function for the G(,0) distribution is given by,

A 0<x<-—In(1-0)

r(x,a,0) = e =17 12)
( ) {em(l(;)é(al)lr —In(1-0) < x < oo.
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It has observed that, for all values of & and 6, the reversed hazard function is a decreasing function
of x. Further, there is no non negative random variable have an increasing reversed hazard rate.
Distributions showing the same behaviour in the reverse hazard function are weibull, lognormal.

Elasticity of a distribution express the change that, the distribution function undergoes when
faced with the variation in the random variable. It is one of the most important concept in
economics theory. In economics, Elasticity measures how sensitive an output variable is to change
in an input variable. This classical concept of elasticity to an economic function can be extended to
the cumulative distribution function of a random variable. The elasticity function e(x) is defined

* _dinF(x)  F'(x)/F(x) _ |x|f(x)
e(x) = dny ~ UK F®) ,F(x) > 0. (13)

In the case of G(a,0) distribution, Elasticity function is given by

e(x) = |x|r(x,a,t) (14)

¥ T 0<x<-—In(1-0)

=|x

m, _ln<1—9) §x<00,

which shows the close relationship that exists between the reversed hazard function and elasticity.
Mean residual life function (MRLF) is the average lifetime remaining for a component or

an individual which had survived at time. For a continuous, non-negative random variable X,

representing lifetime of a component or an individual is the residual life random variable at age t,

denoted by X; = X —t|X > t, is simply the remaining lifetime beyond that age. Then the MRLF

denoted by p(t) is defined as

pt) = E(X =X > 1) (15)

_ b
(£)

7l
/

e \

1
0)

75

Then for G(«,0) distribution we have

ga—1) —In(1-6) (1—e¥)n
HH =g (1= et /t - &
(1 _ 9)(04—1) o0 et

+ T/ 1 _ o\ (a=1)

e ~in(1-6) (1 —0)=1)

substituting for (1 —e™*) by u in first part of the integral we get
_ 1 ¢ -1 1 [a=0)"
1O = g /1,64 u (1= )+ — [ _ ] . (16)

But, the above expression does not have an explicit form and thus we need to calculate it numeri-
cally.

4. ESTIMATION OF PARAMETERS; MAXIMUM LIKELTHOOD ESTIMATION

The proposed derivation of the maximum likelihood estimation procedure of a G(,0) distribution
is quite instructive. Let for a sample X = (Xj, X», .., Xs), the order statistics be X(l) < X(z) <. <
X(S). By definition, the likelihood function for X is

[T, (1— eix(l)) Y Xo1"

S
L(X;0,a) = a [ e %0 = — , 17)
( ) 11;1[ gr(l _ g)sfr
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where, X(,,) < —l?’l(l — 9) < X(,,+1), with X(O) =0
Then, the MLE estimators of the parameters are given by

f=1-—¢*0 (18)
s
P , 19
“ logM(7) (19
where, 7 = arg maxre{llzws}M(r) and
r—1 —X(; s =X
1—e 20 e ()
M(r) = . (20)
To maximize the likelihood (I7), we set
S
L(X;6,a) = sSTTe *onme1|, 21
T LK) = ma [ I1e ey
where, M is given by
X T (1—e X0 e X
N — i=1 i=r+1 , 22
02621 [ o7 (1—6) @2)

and as above X(,) < —In(1—0) < X(,41), with X(o) = 0.

Using the properties of Pitman family, X(;) would be the estimate of o= -In(1-8). Then by inverting
we have,

0=1-¢*0
Now,
S S
log [(xsngx(i)Ma_ll = slog(zx) — Z X(l) + (DC — 1)10g(M) (23)
i=1 i=1
and
S
e s —X(,*) Sroe—1 — E i
alxlog ltx 1:16 M ] . +log(M) (24)
equating to 0 yields,
P
 log(M)

From equation (24), it follows that

S

log(N1)’ =

J s 2 =X vra—1

— (i) M& A _

aalog [oc i|:1| e M >0 a<
Hence, & corresponds to a global maximum of both (23) and (21)). Note that for i < 7, it follows

X . . X 5
that 0 < % < 1 and for i > r, it follows that 0 < 81_;) < 1. Hence 0 < M < 1 and thus
& > 0. Using equation , we may write M = max,¢ (0,5} H(r), where,

(11— XONTT e X0
H(r) = max i=1 . )I;Ii_rrﬂ . (26)
Xy <O<X(p41) 0"(1-9)
We shall discuss three cases: r € {1,2,..,s —1},r=0and r =s.
Case 1: 7 € {1,2,..,s — 1} : Here, X,y < 0 < X(y41). From @),

=1 —Xi s —Xi

1— (i) (i)
H(r) = max ¢ < ¢ < (27)

Pl T 1— e X0 Sy e X0
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Case 2: r=0: Here, 0 < § < X(l). From lb it follows that in this case

ls e—X(z)]
H0)= max |]] (28)

0<6<Xy) [i=1 1-96
Hence,
s e X s e X0
H(0) = = 29
O =TT =115 9
Case 3: r = s : Here, X(S) < 5 < oo. From @) it follows that in this case
1 — X0
H(s) = max l; ] (30)
X(s)g§<w
Hence X ) X
S 1 —e) 51 1 —e")
Hs) =] ——— =[] ——— 31
=) Elfe% gye”‘@ Gh
From , and we obtain that M = max,c 1, sy M(r), where
r—1 =X s .
1 —e 20 e ()
=10 1L o

Note that M attained at 6 = X 7) where # = arg max,c(15.s—1) M(r).

The estimates given in and are quite intuitive. In particular the estimator of the
parameter 6 is in term of a specific order statistic. Note that the approach for determining the
MLE estimate @ for the G(a,) distribution is similar to the approach for determining the MLE
estimate 0 for a triangular distribution and STSP (8, n) distribution (see René Van Dorp and Kotz
[13]). In order to find the estimate, we use a quite different method.

Consider the matrix A = [g;,] where

1
Ajy = (33)

Then A will be a real matrix with unit diagonal entries. Then, we find the product of the matrix
elements in the 7" column which are equal to the values of M(r) given by equation . identify
the maximum value of M(r) and the corresponding r** order statistic X(r) is taken as the estimate

of § and by inverting we get the maximum likelihood estimate of the parameter 6. The maximum
likelihood estimate of second parameter « can be evaluated using the equation (19), where s
denotes the total number of observations.

5. SIMULATION

To verify the estimation procedure, We have considered a simulation study. We generated samples
of different sizes using the quantile function of the proposed distribution and the parameters are
estimated with the above discussed procedure. It is repeated 500 times and the mean of estimates
are taken as the estimate of the parameters. Table (2) gives the estimates of the parameters, the
values in brackets indicates the mean squared error. Note that, as the sample size increases, the
estimate becomes more close to the true value of the parameter.
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Table 2: Estimated values of the parameters and mean squared error.

| | 0 | vc |
Sample size 0.3 0.5 0.9 1.5 2 3
100 0.3107  0.5036 0.8985 15469  2.0444  3.0467
(0.0135)  (0.0031) (0.0003) (0.0229) (0.0416) (0.0873)
150 0.3081  0.5012 0.8980 1.5354  2.0326  3.0422
(0.0085)  (0.0022) (0.0003) (0.0162)  (0.0285) (0.0636)
200 0.3072  0.5007 0.8982 15186  2.0161  3.0323
(0.0056)  (0.0014) (0.0001) (0.0104) (0.0196) (0.0442)
500 0.3018  0.5004 0.8998 15093  2.009  3.0228
(0.0021)  (0.0005) (5.213x107%) | (0.0048) (0.0091) (0.0190)

6. DATA ANALYSIS

In this section, we provide an application of the G(a,0) distribution by modeling two real data
sets.

Data set I: The first data set represents the life of fatigue fracture of Kevlar 373/epoxy that are
subject to constant pressure at the 90 percentage stress level until all had failed, so we have
complete data with the exact times of failure. The same datasets were used in the literature by
Alizadeh et. all [1]. The estimation of the parameters is done using the maximum likelihood
method as discussed in the previous section. Firstly, we identified the matrix A with entries
defined as in (33). Then we find the product of the matrix elements in the rth column which
gives the values of M(r) given by equation (32). The maximum value of M(r) is identified and

the corresponding " order statistic is taken as the maximum likelihood estimate of § and by
inverting we obtained the estimate of the parameter 6. Similarly, the maximum likelihood estimate
& can be obtained using equation . Here, we obtained the estimate of 0 as 0.9998879 and
the estimate of « as 2.4003. To verify, goodness of fit of the proposed distribution, we have
performed Kolmogorov-Smirnov test and the corresponding p-value is 0.07278, which indicates
that the G(«,0) is a suitable model for the data. The histogram of the data together with the fitted
probability density curve is given in Figure (3).

Data set II: The second real data set represent the failure times of 84 aircraft windshield. This
data is taken from Ijaz et all. [6]. The estimation was carried out as done in the previous data set.
The value of M(r) and corresponding order statistic are noted and we obtain the estimte of 8 and
«. The parameters for the data set II are estimated as 8 = 0.9961512, & = 7.827007. The p-value for
Kolmogorov-Smirnov test is 0.1958. The histogram of the data set II with fitted probability curve
is given in Figure ().
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Figure 3: (a) Histogram and fitted G(«,0) probability density function for dataset 1. (b) Theoretical and fitted distribu-

tion function for the dataset I.
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Figure 4: (a) Histogram and fitted G(«,0) probability density function for dataset II.
(b) Theoretical and fitted distribution function for the dataset II.
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