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We introduce a new generalization of Weibull distribution by making use of a transformation of the standard
two- sided power distributed random variable. Weibull and the exponentiated Weibull distributions are sub-
models of this new distribution. We show that this newly defined distribution is in fact a mixture of the truncated
forms of Weibull and the exponentiated Weibull distributions. The new distribution has two shape parameters
that make it more flexible for modeling data than Weibull and exponentiated Weibull distributions. We study
its properties, consider the maximum likelihood estimation procedure and apply it on some real data sets from
reliability.
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1. Introduction

The standard two-sided power distribution, denoted by TSP, is introduced by [31] and defined by
the following probability density function (pdf)

a(g)al, 0<x<p

1—x a—1
<x<l
«(15) - s

where 0 < 8 < 1 and o > 0. The distribution is denoted by T'SP(c,3). The parameter f3 is the
reflection parameter and « is the shape parameter. The TSP distribution is one of the beta-like
distributions. It is defined on a bounded support. The parameters in the distribution determine the
shapes of the distribution and they are similar to those of the beta distribution. For example, for
0 < B <1 and o > 1, the distribution is unimodal; for 0 < f < 1 and 0 < & < 1, the distribution

frsp(x;a,B) =
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is U-shaped with mode O or 1; for a = 1, the distribution is uniform on (0,1); for a = 2, the
distribution is triangular. The TSP distribution is clearly more flexible than the power function
distribution which is obtained for the case 8 = 1. Compared to the beta distribution the 7'SP has the
advantage of having its cumulative distribution function (cdf) explicitly:

B(E)a, 0<x<p

1--p)

Frsp(x;o,B) = -

iy

The TSP distribution is useful for modeling financial data where peaked cases are more fre-
quently observed (see [31], [32], [8], [27]). Kurtosis properties of the distribution were studied
by [9]. It can be easily seen that the TSP distribution is an open distribution to generalizations and
some of them were defined and studied by several authors e. g. [33], [19], [26], [3], [30]. Similar
to the way of the definition of the TSP, [34] defined and studied the two-sided generalized Topp
and Leone distribution. Recently, [7] considered the log transform of the distribution to obtain a
generalized exponential distribution, and studied the new distribution in detail.

On the other hand, the ordinary Weibull distribution with two parameters, denoted by W(7v, 0),
has the pdf

o
) , B<x<l

fw(x:7,0) = %xy*le*("/”y, x>0,

where ¥ > 0 and 6 > 0 are the shape and scale parameters, respectively. For y < 1, the distribution
becomes J-shaped; for y = 1, the distribution is reduced to exponential distribution and for y > 1,
the distribution becomes bell-shaped. Weibull distribution is known to be one of the most commonly
used distributions in reliability and in life testing studies (see e.g. [4], [17]). It is flexible in the sense
that it has an increasing, decreasing or constant failure rate according to its shape parameter.

However, other hazard rate shapes, that is, non-monotone hazard rates are also common in
practice and Weibull distribution is insufficient at this point. To a remedy, several generalizations of
the ordinary Weibull distribution have been introduced in the literature. One approach to increase the
flexibility and allow for also non-monotone hazard rate modeling is made by adding an additional
shape parameter appropriately to the survival function. For example, the extended Weibull ( [13])
and the exponentiated Weibull ( [16]). Another approach can use transformed variates and this
procedure is usually resulted in models that can have different shapes from the untransformed one.
For example, logarithmic distributions obtained from log-transformations are useful in statistics (see
e.g. Chap. 12 in [14] and [25]). As another example, power transforms of random variables can be
given (see p. 148 in [6] and p. 228 in [14]). A good review on Weibull and its extensions is given
in [10].

The exponentiated Weibull distribution, denoted by EW (., v, 6), which was introduced by [16]
and has the pdf

i) = T o[- () (1o [- ()]} w0

where o > 0 and y > 0 are the shape parameters and 6 > 0 is the scale parameter. The authors
discussed some properties of this distribution and derived maximum likelihood estimators. [22]
discussed some statistical properties such as mode, moments, failure rate and mean residual life
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of the EW distribution. Recently, Bayesian estimation this distribution under type II progressive
censoring was considered by [5]. A survey paper on this distribution was given by [21].

Since the T'SP distribution is well-known for its usefulness in modeling data with high kurtosis,
the aim of this paper is to propose a useful extension of Weibull distribution like the 7'SP in addition
to those existing ones. In order to obtain the new extension, we make the log power transformation
of the TSP. The new distribution has four parameters and it generalizes the exponential, Weibull,
generalized exponential introduced by [2], EW, Burr type X and two-sided generalized exponential
distribution (T SGE) introduced by [7].

The rest of the paper is organized as follows. In Section 2, we define the new distribution and
study its density shapes in detail. We derive the moments, hazard function and Rnyi entropy of
the distribution in Sections 3, 4 and 5 respectively. Section 6 is devoted to maximum likelihood
estimation procedure and a simulation study conducted to see the performance of the proposed
estimators. The two real data sets are analyzed in Section 7. Finally we end the paper with some
concluding remarks.

2. Definition of the New Generalized Weibull Distribution
2.1. Definition

Since the TSP distribution generalizes the uniform distribution we naturally use this generalization
in the derivation of the extension of the ordinary Weibull distribution. Consequently, we consider
making the transformation X = 6(—logY)"/?, where Y ~ T'SP(ct, ). We then obtain the cdf of X
as

a-py{1-ep[- (5)]}", 0<xsn

D gl a()]. meeem

and the pdf is given by

e[ 1o ()]
fxa,v,0,B)= 0<x<n 2.1)

l-a
Tt af3)] neeee
where n = 6(—logB)"/?, a,7,6 >0 and 0 < B < 1. When a = 1, the pdf in (2.1) is reduced to
the ordinary Weibull distribution. Therefore, the distribution of X is a generalization of Weibull dis-
tribution. We call it two-sided generalized Weibull distribution and denote it by TSGW (¢, 7, 0,).
The parameters o and y are the shape parameters, 3 is the reflection parameter and 0 is the scale
parameter of the distribution. While the contribution of the first piece of the pdf is 1 — 3, the con-
tribution of the other part is . Further, the TSGW distribution is in fact a mixture of the EW
distribution truncated above at 6(—log8)'/* and the W (0 ~'/7, y) distribution truncated below at
the same point, with the mixing parameter 3, that is,

TSGW(O"’}/’ 97B) = (1 —B)EW@W)((Z,’Y,G) +ﬁW(n,M)(9a_]/ya ’)/)7 (2.2)

where W, ) denotes the doubly truncated Weibull distribution with truncation points a and b, and
similarly for EW(, ;).
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2.2. Density Shape

The TSGW distribution becomes very different forms by varying the two shape parameters. The
density shape analysis of the distribution is given below. When x > 1, (dlog f)/dx = (y—1)/x—
ay6~"xy— 1. Clearly, for y < 1, the pdf is the decreasing function on this part. For v > 1, the root
of this derivative is x* = 8((y— 1)/ay)"/” and at this point the value of the second derivative is
(d*logf)/dx* = —(y—1)/(x*)? —ay(y—1)077(x*)""2 < 0. So, the function is unimodal (log-
concave) and x* is the mode of the pdf on this part. But, when x* < 1 for y > 1, the pdf is again
decreasing (See Figure 1). On the second part of the support of the distribution, that is when x < 1,
(dlogf)/dx = (y—1)/x— (1 — o) yx? e~ /€)' 9=7(1 — ¢=(/0)")=1 _ yx7=19=7. Thus, the pdf is
decreasing for y < 1 and o < 1. Otherwise, the mode is the solution of the following nonlinear
equation

on’(f)er 70" [1 - (i)y] —y—e" L1 =0.
0 0

Since the TSGW distribution is the mixture of the truncated EW and the truncated W distri-
butions, some shape properties of the distribution inherit from the known results in the literature.
According to [15], the EW distribution is the decreasing one for oy < 1, and increasing one for
otherwise. Hence, the TSGW distribution is bimodal for ay > 1 provided that y > 1. Also, it is
unimodal for ay < 1 provided that ¥ < 1 (on the first part) and oy < 1 provided that ¥ > 1 (on the
second part). The shapes of the pdf for selected parameter values are sketched in Figure 1.

Also, it can easily be seen that the right and left hand limits of the derivative of f at x =1
are equal to each other only when @ = y = 1, which is the case of the exponential distribution.
Otherwise, they are different and f/(n) does not exist. So the pdf has a corner point at 17. On
the other hand, since these limits will be equal for ¥ < 1 and when o — 0, this corner point will
disappear. Similarly, the same will also be true when ¥ — 0, for @y < 1 (See Figure 1 (a) and (b)).

Finally, we have the following limit cases from [22]. So the behavior of the pdf at the end points
of the support is given by lim,_,.. f(x) = 0 and

0, ay>1,
limf(x)=< 677, ay=I,
x—0

oo, oy <l.

The scale parameter 0 effects the tails of the distribution. So larger values of 6 are associated
with the thicker tails of the distribution.

2.3. Special and Limiting Cases

The TSGW distribution contains many well-known distributions for special or limiting cases of the
parameters. They are given in the following.

e For o = 1, TSGW is the ordinary Weibull distribution W (7, 0),

e For oo = y=1, TSGW becomes the ordinary exponential distribution with scale parameter
0,

e For oo =1 and ¥ = 2, TSGW becomes the Rayleigh distribution with scale parameter 6,

e For y=1, TSGW is reduced to the two-sided generalized exponential distribution intro-
duced by [7],
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Fig. 1. The graphs of the pdf of the TSGW with (a) y=8=6=0.5,b)a==60=0.5,(c) x =0.1, =6 =0.5, (d)
Y=B=6=05@a=B=6=0507y=150=6B=0.1()a=y=2B=05(h)y=3 0=80=0.5

e For y=2, TSGW is reduced to a distribution which we may call it the two-sided generalized
Rayleigh distribution,

e When 8 — 0, EW(a, 7, 0) is obtained. It is also a special case of the beta modified Weibull
distribution introduced by [29].

e When 3 — 0 and y = 1, the generalized exponential distribution of [2] is obtained.

e When 8 — 0 and y = 2, Burr type X distribution, also called the generalized Rayleigh
distribution, is obtained.

e When B — 1, we have W (0o~ '/7, ).

2.4. Percentiles and Random Variate Generation

The 100gth percentile x,, of the distribution is defined by F (x,; @, 7, 8,0) = ¢q and is obtained as

1/y

0 {-tog[1—(q1-B)* )|}, o0<g<1-p
0 {—a og[(1—q)B* '}, 1-B<g<l1.
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A simple way of generating random variates from the distribution is performed by using the
inverse transformation method. Accordingly, if U is a uniform random variate on (0,1), then

9{—1og [1 ~(UQ —/3)“—1)1/“} }W, 0<U<1-P

0 {—a 'og[(1-U)B= 17, 1-B<U<1

has the TSGW distribution through the probability integral transform. Also, the mixture form in Eq.
(2.2) can be used to generate random variates from the distribution. This will be a two-stage process.
We first select either truncated EW or truncated W, with proportions (1 — ) and f3, respectively.
Then a random number is generated from the selected distribution.

3. Moments

The moment generating function is the expectation E[exp(67(—log¥)'/7)] which is obtained by a
straightforward calculation, and is given by

(0T (k/y+1,—alogB)

Bl az’ o/ k)
a & CDI(EGN Oy (k/y+1,-(j+ 1) logB)
- (1-p)* "= k1(j+ D/ ;

where I'(+,-) is the incomplete gamma function (see formula 3.381.3 in [1]) and

Y (v,u) = / P’ e Pdp,v>0
0

is another incomplete gamma function (see formula 3.381.1 in [1]).
The rth moment of the TSGW is given by

Y {7+ 1L—-(+1)logp
E(Xr)Eﬂr_ )a- IZ ( j 1) <Y+(j+1)1r77_/+1 - )

o’
+Wr<y+1,—a10gﬁ>. 3.1

If /7y is a positive integer, say n, then (3.1) is reduced to

AN 1y (2D + 1) log B
= 1): ( : )Wll—ﬁ”‘z ]

0 m!
rﬁan! o (—alog )"
onfoa-l . m!

; (3.2)

using the formulas 8.352.1 and 8.352.2 in [1].

For simplicity we may assume that the scale parameter 6 = 1 since if X ~ TSGW (a,,7)
then 6X ~ TSGW (o, 3,7,0). In Table (1), we calculated the mean, variance, median, coefficient
of variation CV =(pp — u?)'/?/u11, measure of skewness 8;=(u3 — 3 o +243) /(2 — u?)3/? and
measure of kurtosis &=(ply — 41 U3 +6pop? —3ut) /(1o — uf)? for selected parameters using (3.1).
For 8 = 0.5 the median of the TSGW is equal to that of Weibull distribution, regardless of the values
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Table 1. The mean, variance, median (m), coefficient of variation (CV), skewness (8;) and kurtosis (J,) of TSGW for
some selected parameter values.

B o vy EX) V(X) m Ccv ) 1)

0.1 05 05 27073 1143693 0.1058 3.9501 11.1385 237.8726
0.1 05 2 07109 03468 0.5704 0.8283 1.3524 5.1089
01 05 5 0796 05704 0.7988 0.3904 -0.1889  3.1111

0.1 2 05 21433  6.7598  1.2346 1.2130 2.9256  19.8121
0.1 2 2 1.0584  0.1237 1.0541 0.3323  0.0865 2.6206
0.1 2 5 1.0079  0.0206  1.0213 0.1426 -0.4799 3.0868
0.1 4 05 260602 3.7038  2.2518 0.7234 1.0812 4.8599
0.1 4 2 12052  0.0647 1.2250 0.2111 -0.3269  2.6685
0.1 4 5 1.0712  0.0091 1.0845 0.0891 -06857 3.3320

025 05 0.5 4.0544 1755937 0.1644 3.2683 8.9553  155.8528
025 05 2 08129 04443 0.6367 0.8199 1.1163 3.9541
025 05 5 08332 0.1072 0.8348 0.3920 -0.1912  2.8550

0.25 0.5 14731 3.5233  0.8981 1.2742 3.9256  34.3274
0.25 2 09705 0.0958 0.9735 0.3190 0.1401 3.0049
0.25 5 09448 0.0176  0.9893 0.1362 -0.4894  3.3586

0.25 2 1.0436 0.0387 1.0640 0.1886 -0.3048 3.2535
0.25 5 1.0125 0.0064 1.0251 0.0791 -0.7207 3.9028
05 05 05 56655 2394315 04804 27311 7.6472 115.2935
05 05 2 09652 0.5149 0.8325 0.7345 0.7687 3.0891
05 05 5 0.9016 0.1123 0.9293 0.3717 -0.3879 2.7903
0.5 2 05 09401 2.1061 0.4804 1.5436 5.1455 54.9894
0.5 2 2 0.8520 0.0808 0.8325 0.3337 0.4798 3.5543
0.5 2 5  0.9248 0.0164 0.9293 0.1387 -0.2321 3.4170
0.5 4 0.5 06192 0.3040 0.4804 0.8903 3.5141 28.2507

4

4

2
2
2
0.25 4 05 14351 0.9918 1.2820 0.6939 1.7795 10.6898
4
4

0.5 2 0.8390 0.0273  0.8325 0.1971 0.3402 4.0107
0.5 5 09277  0.0055 0.9293 0.0799 -0.1786  3.9664
075 05 0.5 69289 284.5438 1.2069 2.4344 7.0125  97.8431
075 05 2 1.1087 05090 1.0481 0.6434 0.5563 2.9601
075 05 5 09719 0.1004 1.0189 0.3261 -0.6491 3.2841

075 2 0.5 0.6625 1.5608  0.2405 1.8855 5.9519  71.8038
075 2 2 0.7440 0.0833 0.7002 0.3879 0.7517 3.6752
075 2 5 08724 0.0188  0.8671 0.1575 0.0642 3.0317
075 4 05 02769 0.1448  0.1513 13745 49878  51.4105
075 4 2 06555 0.0295 0.6237 0.2622 0.9161 4.2610
075 4 5 08379 0.0074  0.8279 0.1026 0.4141 3.3878

of o and y. The mean and median values decrease for fixed large o and fixed y for increasing . On
the other hand, for fixed o and fixed f3 (y), skewness is negative for increasing y (). The distribution
has large kurtosis for small values of o and ¥, while it has small kurtosis for increasing ¢ and 7.
When y =2 and 8 = 0.5, the kurtosis of distribution is first decreasing and then increasing. When
Y increases for its large values, the mean increases for fixed o and 3, however the variance and CV
decrease. For small values of o and fixed 7, the mean and the median increase for increasing 3. For
large a and 7, the variance gets smaller. Also, the variance increases for fixed and small o and y
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for increasing 3. In addition, for small 8 and fixed ¥, we obtain negatively skewed distributions for
increasing « (see Figure 2).

0.5 1.0
45 5.0

4.0
1

skewness
kurtosis

0.0

-0.5
|
3.0

25

2 4 6 8 10 2 4 6 8 10

Fig. 2. Plots of the skewness and kurtosis values of the TSGW for y =2 and 8 = 0.1

4. Hazard Rate Function

The hazard function r(¢) is very important in lifetime studies owing to the diversity of the given
data. Since the distribution is two-sided, it can be more useful to model hazard shapes with different
characteristics. The hazard function of the distribution is given by

oy -1
ay(1=B) " [1—exp (—=(5)")]" exp (=(§)7)

o )

) = o7 {1 (1-p)' [1-exp(~(5))]"}
ay’’!
oY

The shape of the hazard function becomes different on the parts of the support. We see that on
(1,00) the hazard rate of distribution is the same with that of Weibull distribution. In that case, the
hazard function can be constant, decreasing or increasing for Yy =1, ¥ > 1 and y > 1, respectively.
On the other part, the hazard function has the same shapes as that of the EW distribution which can

be found in [15]. Therefore, we may state the overall shape properties of the hazard function of the
TSGW distribution in the following theorem.

t>.

Theorem 4.1. r(t) of the TSGW distribution is

o monotone IHR (increasing hazard rate) function throughout its support if y > 1 and oy > 1,

o monotone DHR (decreasing hazard rate) function throughout its supportif y < 1 and oy <
1)

o firstly IHR (DHR) then constant if y=1and ay> 1 (ay<1),

o firstly BHR (bathtube hazard rate) then IHR function if y > 1 and oy < 1,

o UHR (unimodal hazard rate) then DHR function, if y < 1 and oy > 1,
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e constant hazard rate function when o =y = 1.

We note that the shapes of the hazard function depend on & and 7y on the first part, but it only
depends on 7 on the second part. Also, we have the following limiting cases of r(z).

0, a>1y>1,
li = -1 = =
tg‘%r(t) 0, oa=1,y=1,
oo, a<l,y<l.
0, y<l,
. _ _1 _ _
tlglolcr(t)— 0, a=1,y=1,
oo, y>1.

Thus, while ¥ > 1 and « > 1 the hazard function increases from O to infinity. On the other hand,
for y < 1 and ay < 1, the hazard function is non-increasing (See Figure 3).

r(t)

r®

r(t)

— a=08

- a=25 .

r(t)

0.8

X
(b)

r(t)

0.6

X
(c)

r(t)
00 05 10 15 20 25 30 35

X
(e)

Fig. 3. The graphs of the hazard rate of the TSGW with (a) y=2,=6=0.5,(b) y=0.25,=0=0.5,(c) y=1,
B=06=05(d)y=1,B8=0=05,()p=0250=057y=350y=0.6,0=0.58=0.1
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5. Rényi Entropy

The entropy of a random variable X is a measure of variation of the uncertainty. The Rényi entropy
of the distribution with pdf f(.) is given by the following integral

cylog/_:f"(x)a.’x

for 0 > 0 and o # 1. [18] derived the entropies for several univariate distributions including the
TSP. Using Eq. (2.1), we obtain the Rényi entropy for the TSGW distribution as

{Glog @rlo loey/o) +loe [F[(GB;(?—(K (_oloz)/ (7:: i’ﬁﬁﬁl?gm

1 -y O@—D\ (e -D)(y=1)/y+1,—(5+))logB)
+(1_ﬁ)o<a1>2(_1)( j > (04 )@ D1/ ”

JR(G) =

JR(G) 1_

provided that (c — 1)(y—1) > 0.

6. Estimation
6.1. Maximum Likelihood Estimation and an Algorithm

Let x1, X2, ..., X, be a random sample of size n from the TSGW («, 7,0, ) and let x(;) < x(3) <
-+ < x(y) denote the corresponding order statistics. Then the log-likelihood functions is given by

I(e,7.0,B) = nloga +nlogy—ynlog 6 + ( *IZIng, Z(g)y

i=1

T l[1—exp< (xg))yﬂ ?:mexp(— (%)Y)

(1=B) B ’

6.1)

+(ax—1)log

where x(,) <N <x(yq) forr=1,2,...,nand xg) =0, x(,, 1) = o0

The maximum likelihood estimates of the parameters maximize (6.1) globally. Note that we
must also estimate r which is implicitly defined above. We will first consider the estimates of @ and
B. Taking the partial derivatives of (6.1) with respect to & and 3, and then equating them to 0, we
get

~ n
o=——"-
logM(#,7,0)’

el (2)]

where 7 = argmax M (r, 7y, 0) with

re{l,.2,....n}
o[ 1mew (- () ) | o [ee(- (%))
M R o) P Lon )
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We will need an iterative procedure to find the estimates. The associated likelihood estimating equa-
tions for the other parameters are given by

g;: ’;—nloge—l—ilogxi—i (%)ylog (%) +(a—1)

i=1

()l ) s
Ly B ) e
aaé io?’”l_i_m?;lixly_?/(gy:ll) - X(Yi)exp [_(je’))y] . Xn: lei) —0. 6.3)

To compute the estimates iteratively we may give the following algorithm.
Step 1: Set k = 0 and put initial estimates 7% and %) for y and 6 in the log likelihood L.
Step 2: Compute estimates

&(k-ﬁ-l) _ n

A

where 7 = argmax M(r,7*),0®)) with

re{l1,2,....n}
oK)
\7Y .
X(i) X(i)
1| I—exp <_ (é(k)) > n | XP (_ (é(k)

r

®)) = H 7 H — 0 (6.4)
=1 —exp ( (32) ) =41 | exp <_ () >
Step 3: Update ¥ and 6 by using (6.2) and (6 3) to find )7("“ and fUk+1),
Step 4: If [1(a*+D k1) gktl) Bty _j(gk+1) §8) §*) BE+D)| jg Jess than a tolerance level,
say 1072,
Stop

Else k = k+ 1 and Goto Step 2.

The expressions given in (6.2) and (6.3) can be easily differentiated, and hence the fixed point
solutions of ¥ and 8 in (6.2) and (6.3) can also be considered with the Newton method. With a good
starting point of y and 0, the convergence will hold. One should use a computer package such as
MATLAB to write the codes of the algorithm.

It is well known that the maximum likelihood estimators are asymptotically unbiased and have
an asymptotic normal distribution under some regularity conditions. The related information is con-
tained in the Fisher information matrix which is the matrix whose elements are negative of expected
values of the second partial derivatives of the log-likelihood function with respect to the parameters.
Since these cannot be derived in a regular way due to the » which is implicitly defined, we investi-
gate the bias properties empirically. So we perform a simulation study generating 10,000 samples
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A Lifetime Distribution

of sizes 20 and 100 from the distribution. The results of the simulation are reported in Table (2). We
observe that the estimates approaches to true values as the sample sizes increase.

7. Data Analysis

In this section, we demonstrate to use of the 7SGW and compare it with some generalized Weibull
distributions on two real data sets. The first data set is from [23] and it consists of 100 observations
on breaking stress of carbon fibres (in GPa). The data are: 0.39, 0.81, 0.85, 0.98, 1.08, 1.12, 1.17,
1.18, 1.22, 1.25, 1.36, 1.41, 1.47, 1.57, 1.57, 1.59, 1.59, 1.61, 1.61, 1.69, 1.69, 1.71, 1.73, 1.80,
1.84, 1.84, 1.87, 1.89, 1.92, 2.00, 2.03, 2.03, 2.05, 2.12, 2.17, 2.17, 2.17, 2.35, 2.38, 2.41, 2.43,
2.48, 2.48, 2.50, 2.53, 2.55, 2.55, 2.56, 2.59, 2.67, 2.73, 2.74, 2.76, 2.77, 2.79, 2.81, 2.81, 2.82,
2.83,2.85,2.87,2.88,2.93,2.95,2.96,2.97,2.97,3.09, 3.11, 3.11, 3.15, 3.15, 3.19, 3.19, 3.22, 3.22,
3.27,3.28,3.31,3.31, 3.33, 3.39, 3.39, 3.51, 3.56, 3.60, 3.65, 3.68, 3.68, 3.68, 3.70, 3.75, 4.20, 4.38,
4.42,4.70, 4.90, 491, 5.08, 5.56. [12] introduced the exponentiated generalized inverse Gaussian
distribution, fitted it to this data set and compared the result to the fits of several models. [28] derived
Fisher information matrix for the EW distribution under type II censoring and used this data set as
an application.
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Fig. 4. (a) Histogram of the carbon data set and the superimposed fits (b) Empirical and fitted cdf’s.

The second data are from the New York State Department of Conservation correspond to the
daily ozone level measurements in New York in May-September, 1973. The data are: 41, 36, 12,
18, 28, 23, 19, 8, 7, 16, 11, 14, 18, 14, 34, 6, 30, 11, 1, 11, 4, 32, 23, 45, 115, 37, 29, 71, 39, 23,
21, 37, 20, 12, 13, 135, 49, 32, 64, 40, 77, 97, 97, 85, 10, 27, 7, 48, 35, 61, 79, 63, 16, 80, 108,
20, 52, 82, 50, 64, 59, 39, 9, 16, 78, 35, 66, 122, 89, 110, 44, 28, 65, 22, 59, 23, 31, 44, 21, 9, 45,
168, 73, 76, 118, 84, 85, 96, 78, 73, 91, 47, 32, 20, 23, 21, 24, 44, 21, 28, 9, 13, 46, 18, 13, 24,
16, 13, 23, 36, 7, 14, 30, 14, 18, 20. This data set is apparently more skewed than the carbon data
set. Recently, [20] and [11] analyzed these data using a truncated version of inverted beta and an
extended Birnbaum-Saunders distributions, respectively.

To see the performance of the TSGW, we fit it to both of these data sets. We also fit two Weibull
extensions: the exponentiated Weibull (EW) whose pdf is given in Introduction Section and the
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Fig. 5. (a) Histogram of the ozone data set and the superimposed fits (b) Empirical and fitted cdf’s.

Table 3. Maximum likelihood parameter estimates, log-likelihood, AIC and K — S values of the 7SGW and some other
existing methods for the Carbon data set. (The standard errors for the estimates and p-values of the K — § are given in
parentheses).

A

Model a 7 0 B l AIC K-S
EW 68091 09628  1.0702 -148.0784 302.157  0.1370
(2.1364)  (0.0193)  (0.0224) (0.0426)
GPW 13212 3.0689  2.5561 “141.3300 288.660  0.0644
(0.5369) (0.5110) (0.5149) (0.8006)
TSGW 63043  0.6224 02615 19935 -139.9130 287.826 0.0444
(0.1823)  (0.0014) (0.0071) (0.0051) (0.9875)

generalized power Weibull (GPW) ( [24]) with pdf

pomtsacr =g 11 (3)]" e - [3)]"}

where x, o, 7,0 > 0. They have both two shape parameters and one scale parameter and thus they
are two natural competitors for the TSGW.

We apply the MLE procedure and use the algorithm given above for computations of the esti-
mates obtained from the TSGW model. Tables (3) and (4) report the MLEs (and the correspond-
ing standard errors) of the model parameters of our model and its competitors with corresponding
log-likelihood values, AIC (Akaike Information Criterion) and K — §' (Kolmogorov-Smirnov) test
statistic values for the data sets. We observe from Tables (3) and (4) that the TSGW distribution
has the smallest AIC values. So it could be chosen as the best model among the other models under
this criteria. The Figures 4 and 5 of the fitted densities and their empirical cdf’s also support this
observation. The TSGW fit successfully and nicely captures the peak. Also, our proposed model
performs better for the second data set than the other two distributions.
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Table 4. Maximum likelihood parameter estimates, log-likelihood, AIC and K — S values of the TSGW and some other
existing methods for the Ozone data set. (The standard errors for the estimates and p-values of the K — S are given in

parentheses).
Model & ¥y 2 B I AIC K-S
EW 2.5805 0.8350 21.1821 -541.203 1088.405  0.0750
(1.6124) (0.2429) (13.1193) (0.5310)
GPW 2.3997 1.9158 19.849 -541.118 1088.236  0.0698
(0.9753) (0.4256)  (6.5940) (0.6246)
TSGW 22314 0.8471 0.0219 25.1020 -536.5 1081.0 0.0797
(0.0785) (0.0182) (0.0306) (0.2862) (0.4519)

8. Conclusions

We introduce a new generalization of Weibull distribution. Our methodology is based on a trans-
formation of the standard two-sided power distributed random variate. We study its properties and
use it to model some real data sets. The proposed model contains not only the ordinary Weibull
distribution but also other some well-known generalized distributions, and it is proven that it is also
useful for modeling lifetime data.

References

[10]
(11]
[12]
[13]
[14]

[15]

L.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series, and Products, 7th ed. (Academic Press, San
Diego, 2007).

R.D. Gupta and D. Kundu, Generalized exponential distributions, Aust. N. Z. J. Stat. 41 (1999) 173-188.
J.M. Herrerias-Velasco, R. Herrerias-Pleguezulo and J.R. Van Dorp, The generalized two-sided power
distribution, J. Appl. Statist. 36 (2009) 573-587.

N.L. Johnson, S. Kotz and N. Balakrishnan, Continuous Univariate Distributions, Vol. 2. (Wiley, New
York, 1995).

C. Kim, J. Jung and Y. Chung, Bayesian estimation for the exponentiated Weibull model under type II
progressive censoring, Statist. Papers 52 (2011) 53-70.

C. Kleiber,and S. Kotz, Statistical Size Distributions in Economics and Actuarial Sciences, (Wiley,
Hoboken, New Jersey, 2003).

M.C. Korkmaz and A.I. Geng, Two-sided generalized exponential distribution, Comm. Statist. Theory
Methods, DOI: 10.1080/03610926.2013.813041. (in press)

S. Kotz and J.R. Van Dorp, Uneven two-sided power distributions with applications in econometric
models, Stat. Meth. and App. 13 (2004) 285-313.

S. Kotz and E. Seier, Kurtosis orderings for two-sided power distributions, Braz. J. Probab. Stat. 22
(2008) 61-68.

C.D. Lai, D.N.P. Murthy and M. Xie, Weibull distributions, Wiley interdisciplinary Reviews: Comput.
Stat. 3 (2011) 282-287.

V. Leiva, F. Vilca, N. Balakrishnan and A. Sanhueza, A skewed sinh-normal distribution and its prop-
erties and application to air pollution, Comm. Statist. Theory Methods 39 (2010) 426-443.

A.J. Lemonte and G.M. Cordeiro, The exponentiated generalized inverse Gaussian distribution, Statist.
Probab. Lett. 81 (2011) 506-517.

A.W. Marshall and I.A. Olkin, A new method of adding a parameter to a family of distributions with
application to the exponential and Weibull families, Biometrika 84 (1997) 641-652.

A.W. Marshall and I.A. Olkin , Life Distributions: Structure of Nonparametric, Semiparametric, and
Parametric Families, (Springer, New York, 2007).

G.S. Mudholkar and A.D. Hutson, The exponentiated Weibull family: some properties and a flood data
application, Comm. Statist. Theory Methods 25 (1996) 3059-3083.

Published by Atlantis Press
Copyright: the authors
279



Korkmaz and Geng

G.S. Mudholkar and D.K. Srivastava, Exponentiated Weibull family for analyzing bathtub failure-rate
data, IEEE Trans. on Reliab. 42 (1993) 299-302.

D.N.P. Murthy, M. Xie and R. Jiang, Weibull Models, (Wiley, New York, 2004).

S. Nadarajah and K. Zografos, Formulas for Renyi information and related measures for univariate
distributions, Inform. Scien. 155 (2003) 119-138.

S. Nadarajah, On the two-sided power distribution, Metrika 61 (2005) 309-321.

S. Nadarajah, A truncated inverted beta distribution with application to air pollution data, Stoch. Envi-
ron. Res. Risk Assess. 22 (2008) 285-289.

S. Nadarajah, G.M. Cordeiro and E.M.M. Ortega, The exponentiated Weibull distribution: a survey,
Statist. Papers 54 (2013) 839-877.

M.M. Nassar and F.H. Eissa, On the exponentiated Weibull distribution, Comm. Statist. Theory Meth-
ods, 32 (2003) 1317-1336.

M.D. Nicholas and W.J. Padgett, A bootstrap control chart for Weibull percentiles, Quality and Reliab.
Engin. Inter. 22 (2006) 141-151.

M. Nikulin and F. Haghighi, A chi-squared test for the generalized power Weibull family for the head-
and-neck cancer censored data, Journal of Mathematical Sciences 133 (2006) 1333-1341.

E.M.M. Ortega and G.M. Cordeiro, The log-beta Weibull regression model with application to predict
recurrence of prostate cancer, Statist. Papers 54 (2013) 113-132.

O.E. Orug and 1. Bairamov, On the general class of two-sided power distribution, Comm. Statist. Theory
Methods 34 (2005) 1009-1017.

J.G. Perez, S.C. Rambaud and L.B.G. Garcia, The two-sided power distribution for the treatment of the
uncertainty in PERT, Stat. Meth. and App. 14 (2005) 209-222.

L. Qian, 2011. Fisher information matrix for three-parameter exponentiated-Weibull distribution under
type II censoring, ArXiv e-prints, StatisticsMethodology, arXiv:1102.0299v1 [stat. ME].

G.O. Silva, EM.M. Ortega and G.M. Cordeiro, The beta modified Weibull distribution, Lifetime Data
Anal. 16 (2010) 409—-430.

A.R. Soltani and H. Homei, A generalization for two-sided power distributions and adjusted method of
moments, Statistics 43 (2009) 611-620.

J.R. Van Dorp and S. Kotz, The standard two-sided power distribution and its properties: With applica-
tions in financial engineering, The Amer. Stat.56 (2002a) 90-99.

J.R. Van Dorp and S. Kotz, A novel extension of the triangular distribution and its parameter estimation,
The Statistician 51 (2002b) 63-79.

J.R. Van Dorp and S. Kotz, Generalizations of two-sided power distributions and their convolution,
Comm. Statist. Theory Methods 32 (2003) 1703-1723.

D. Vicari, J.R. Van Dorp and S. Kotz, Two-sided generalized Topp and Leone (TS-GTL) distributions,
J. Appl. Statist. 35 (2008) 1115-1129.

Published by Atlantis Press
Copyright: the authors
280



