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Abstract

In this paper, we Introduce a new double distribution,
called double length-biased Weibull distribution. The dis-
tribution is generated using random sign mixture transform
and has support on the whole real line. The main fea-
tures of the distribution which include shape properties of
the density and distribution functions as well as moments
and related measures are presented. Entropy and extropy
measures of the distribution are derived. Parameter esti-
mates are derived using the maximum likelihood estimation
technique and the efficiency of these estimates is assessed
through a simulation study. An application to a standard-
ized car prices data is presented to highlight the usefulness
of the model.
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1 Introduction

The Weibull distribution introduced in [12] has probability density
function (PDF)

fw(z;a,0) = % g e @O g >0,
where «, € > 0 are the shape and scale parameters, respectively. Its
mean is E(W) =T'(1 + 1/«) 6, where I'(+) is the gamma function.
The Weibull distribution may be regarded as a key probability dis-
tribution in statistics due to its extensive use in social sciences,
reliability studies, and survival analysis. On the other hand, the
length-biased Weibull (LBW) distribution has PDF
z fw(z;a,0) oz e~ @/0°
jo,0) = = > 0. 1

fx(; . ) E(W) T(1+1/a) g+t (1)
For more details about LBW distribution, see [11] and [5].

To extended its applications for data on the whole real line, we
follow the procedure presented by [4] to construct a double length-
biased Weibull (DLBW) distribution using the random sign mixture
transform (RSMT) given by

Z=YX —(1-Y)X,, (2)

where Y is a Bernoulli random variable (RV) with parameter 5 €
(0,1), X; and X, are independent LBW RVs independent of Y.

Using the RSMT, several double distributions appeared in the
literature. For example, [3], [1], and [2] introduced double inverse-
Gaussian, double log-normal, and double Chaudhry-Ahmad distri-
butions, respectively.

The contents of this article are arranged as follows. The main
statistical features of the DLBW distribution are covered in Section
2. The maximum likelihood estimates (MLEs) and their asymptotic
distributions are provided in Section 3. A simulation study is con-
ducted in Section 4 to examine the performance of the MLEs. The
proposed DLBW distribution is fitted to a real dataset in Section
5. Lastly, in Section 6, the conclusions and remarks are discussed.
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2 Statistical properties

2.1 Density and distribution functions

The PDF of DLBW distribution is

_ Bsz<‘Z|3042,92), z <0,
2 = {6 Ix, (25 00,07), 2>0,

where 8 =1 — 3 and, for a;,0;, >0, j=1,2,

fx, (2104.0;) = = % @O 0, (4)

D(1+1/ay) 657"

are the PDFs of the LBW distributions.
The DLBW distribution has two modes given by

Mode(Z) = — Mode(X3) and Mode(X7), (5)

where, for j = 1,2,
Mode(X;) = 6, (6)

are the modes of the LBW distributions.

2.2 Cumulative distribution function

The cumulative distribution function (CDF) of DLBW distribution
is given by

_ _ B = Fx(zlianby)], 2 <0,
Fz(z) =P(Z<2) = {3+5 Py (2 00.0,). >0, (7)

where, for j = 1,2,

Fx;(w05,05) = P(X; <x)
P+ 1/ ay; (x/0;)%)
I'(1+1/a;) ’

=1 x>0, (8
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Figure 1: PDF and CDF of DLBW distribution: (5, a1, 601, as,6s) :
(0.3,5,1,2,1)(—), (0.5,5,1,2,1)(—), (0.7,5,1,2,1)(—).

are the CDF's of the LBW distributions and
I'(a;t) =/ y* e Vdy, a,t>0, (9)
t

is the upper incomplete gamma function.

Figure 1 shows the the PDF and CDF of the DLBW distribution
for selected values of the parameters. This figure also shows that
the PDF curve has two modes -1 and 1. The PDF curve on the
negative (positive) side gets lower (higher) as 3 increases. The CDF
curve gets lower as  increases.

2.3 Moments
The rth moment of the DLBW distribution is given by

E(Z") =8 E(X])+(-1)" B BE(X;), r>1,  (10)
where, for j = 1,2,

(r+1DI((r+1)/a;)
I'(1/ay)

are the rth moments of LBW distributions.

BE(X]) =

0%, (11)

Received: August 02, 2025 2311



International Journal of Applied Mathematics

Volume 38 No. 11s 2025,
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

In particular, the first two raw moments of DLBW distribution,
respectively, are

O MRfm) , - 2T(2/aw)
E(Z) = 5m91—5m92,
., 3T(3/m) — 30(3/aw)
E(Z% = (/o) 07 + B T o) 02,
2= 5
0.0 0.2 04 /ﬂ 0.6 08 1.0

A

-100f
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Figure 2: Mean, variance and coefficient of variation of the DLBW
distribution as a function inf: (aq,01,a9,62) : (3,3,2,1)(—),
(3,2,2,1)(—), (2,1,1,1)(—).

Figure 2 shows the mean p = FE(Z), variance 0? = E(Z?) —
[E(Z)]? and coefficient of variation o /u of the DLBW distribution
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as a function in f3 for selected values of the parameters (a1, 01, @z, 6).
This figure also shows that the mean (variance) is a linear (quadratic)
function in 5.

2.4 Entropy and extropy

Entropies are measures of a system’s variation, instability, or un-
certainty.

For a RV V with PDF fy(v), the following are two well known
entropies:

1. Tsallis entropy: (see [10])

1
s—1

T(V)= —{1- B[fi7 ' (V)]}, 0<s#L

2. Shannon entropy: (see [8])
H(V) = Bl~1n fy(V)]} = lim (V)

Tsallis entropy of DLBW distribution is given by

T(Z) =T,(Y) + 8° To(X1) + B Tu(Xy), (12)
where .
T,(Y) = Mf%lﬁ’ (13)

is Tsallis entropy of Bernoulli distribution and, for j =1, 2,

1 [, a0 D(s 4 VYay)
s—1 st/ [D(1/ag))* [

are Tsallis entropies of the LBW distributions.
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Shannon entropy of DLBW distribution is given by
H(Z)=H(Y)+ 8 H(X)) + B H(X,), (15)

where o
H(Y)=—3 In(3) — 5 In(p), (16)
is Shannon entropy of Bernoulli distribution and, for j =1, 2,
Q;
Hj F(l + 1/&j>

H(X;) = 1+1/aj—1n{ } —p(1+1/ay), (17)

are Shannon entropies of the LBW distributions.

Alternative measure of uncertainty, called extropy, is given in
[6]-
For a RV V with PDF fy/(v), the extropy of V' is given by

J(V) = =3 Elfo(V)]} = 51 = To(V)].

The extropy of DLBW distribution is given by
—2
J(Z) =B J(X1)+ B J(Xy), (18)
where, for j =1, 2,

a1+ )
23+1/a]- F(l/OéJ) (93'7

J(X;) = (19)
are extropies of the LBW distributions.

Figure 3 shows that Tsallis and Shannon entropies of DLBW
distribution can be negative/positive but the extropy, by definition,
is always negative.
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Figure 3: Tsallis, Shannon entropies and extropy of DLBW dis-
tribution as a function in f: (ay,01,9,02) : (6,1,5,1)(—),
(5,2,6,1)(—), (5,0.5,5,3)(—).
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3 Maximum likelihood estimation

In this section, we derive the MLEs of the parameters of DLBW

distribution and their asymptotic distributions.

Let z1, 29, . . ., 2, be arandom sample from DLBW (3, a1, 01, az, 65)

distribution.The log-likelihood function is given by

In L(B, a1, by, 0,05) = Zlﬂ[ﬁ Ix, (265 a1, 01)]

2; >0
+ Z (3 fx,(|zl; az, 02)].
z;<0
(i) MLE of 5: N
g =mni/n,

where n; is the number of positive z;’s,
(ii)) MLE of «y: @y is the solution, in ay, of the equation:

04101 1 Ml(al) :| Ll(al)
— Y(1+1 — In|————m———— | — 1
aq v(1+1/on)+ ny +a1 [n1(1+1/a1) (o1t >M1(a1)
where
Zlnzl, Li(ay) Zz‘“ Inz;, M(ay) Zzo‘l
2;>0 2;>0 2; >0

(iii) MLE of 6;:
. { M, (@4) ]l/al
F I+ 1/ay) '

(iv) MLE of ay: as is the solution, in s, of the equation:

— (14+1/az)+ Latoz)

1 azCy 1 Ms(az)
(0%)

where ny = n — ny and

= Inlzl, Lo(oa) =Y |zi*Inlz|, Ma(or) =Y |z (26)

2;<0 2;<0 2;<0
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(v) MLE of 6s:

~ Ms () ]UaQ
Oy = | ———————— : 27
? [ngu +1/a,) (27)
The Fisher information matrix about (8, a1, A1, ae, A2) is given
by
I(3,a1,01, a,0;) = diag (]Y<6)7 B Ix, (a1, 91)73 Ly, (s, 92)) )
(28)
where Iy (8) = ﬁ is the Fisher information about /3,
Ly (a,.0y) = [0 %) Deles ) (20)

| he(ey, 05)  Ina(ay,05)]°

are the Fisher information matrices about (o, 6;),7 = 1,2, and

(1+a) *2+1/a)+ ¢ (2+ 1/a)]

Ill(Oé,0> =

e
2 1 (1
2ol YU/ + 1) 0
1+1+a)Y2+1/a
ab
a(l +
ha(a,0) = 220 3
Moreover, the asymptotic distribution of the MLEs is given by:
As n — oo,
G-
&1 —
Vn 0 — 0, i> MV N (Oarl(ﬁa@l,@l,()@’@z)) (33)
@2 — Q9
_02 - 02 -

where —% denotes convergence in distribution and MV N stands
for multivariate normal distribution.
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4 Simulation study
The generalized gamma (GG) distribution (Stacy, 1962) has PDF

fx(z;a,bk) = W 2Pkt e’(z/“)b, x>0, a,bk>D0.
We understand that the GG(a = 0,b = a,k = 1 + 1/«) distribu-
tion is equivalent to the LBW(«, 6) distribution. This link is quite
beneficial for any calculations related to the LBW distribution, as
the GG distribution is available in the library(ggamma) of the R
programming language [7].

The objective of this section is to conduct a simulation study
to assess the finite-sample behavior of the MLEs of the parameters
of the proposed DLBW distribution. This study was conducted
over 10,000 iterations. In each iteration, a random sample of sizes
n = 50,100,...,500 is drawn from the DLBW distribution with
true parameters (3, aq, 6, a9,02) = (0.4, 0.5, 1, 1, 0.5), (0.5, 1,
0.5, 0.5, 1), (0.6, 2, 1, 1, 2), (0.7, 2, 1, 2, 1), using the following
procedure:

1. Generate Y; ~ Bernoulli(8), i =1,2,...,n;

2. Generate X, ~ GG(01,a1,1+1/ay), i=1,2,....m;

3. Generate Xo; ~ GG(02, 0,1+ 1/aw), i =1,2,....m;

4. Set Zz :}/in,i - (1 —Y;) XQ,i, 1= 1,2,...,71.

The study evaluates the simulation metrics, which include av-
erage bias (AB), mean square error (MSE) of the MLEs, and the
coverage probability (CP) for the 95% confidence intervals of each
parameter.

Figure 4 shows that the average bias of the MLE of g can be
negative/positive while the biases of the remaining MLEs are posi-
tive. All average biases are small. Figure 5 shows that the MSE of
the MLEs of the parameters are small and decrease as n increases.
Figure 6 shows that the coverage probability of 95% confidence
interval of each parameter is close to the nominal level of 95%.

The last remarks about Figures 4 - 6 demonstrate that the MLEs
of the parameters of the DLBW distribution are well behaved for
point estimation and confidence intervals.
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Figure 4: Average bias of the MLEs of the parameters of
DLBW distribution: (8, aq, 61, a9,602) : (0.4,0.5,1,1,0.5)(—),
(0.5,1,0.5,0.5,1)(—), (0.6,2,1,1,2)(—), (0.7,2,1,2,1)(
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Figure 6: CP of the 95% confidence intervals of the parameters
of DLBW distribution: (8, a1, 6, as,6) : (0.4,0.5,1,1,0.5)(—),
(0.5,1,0.5,0.5,1)(—), (0.6,2,1,1,2)(—), (0.7,2,1,2,1)(
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5 Application

Car prices data, 1, s, ..., 2135, in Polish currency (in thousands)
of 135 cars of Toyota Verso produced in 2013-2016 offered for sale
by Polish automotive portals are reported in[9]. We standardized
this data using the transformation z; = (z;—)/s, i = 1,2,...,135,
where = 49.065 and s = 10.235 are the sample mean and standard
deviation of car prices, respectively.

Figure 7 shows the density histogram of the data z1, 29, ..., 2135.
This figure also shows that this data is bimodal with one mode on
each side of the origin.

Histogram

nsity

Del
0.0 0.1 0.2 03 0.4 0.5 0.6

Figure 7: Density histogram of the standardized car prices data.

Table 1: Summary of the fitted DLBW model for the standardized
car prices data.

’ Parameter ‘ MLE ‘ S.E. ‘ InL

B 0.504 | 0.043 | -151.635
o 2.668 | 0.297
01 0.883 | 0.048
Qo 1.600 | 0.205
0o 0.732 | 0.079
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Table 2: Goodness-of-fit tests of the fitted DLBW model.

’ Goodness-of-fit test \ Statistic \ p-value ‘

Kolmogrov-Smirnov | 0.060 0.717
Anderson-Darling 0.358 0.889
Cramer-von Misses 0.048 0.891

Table 1 provides a summary of the fitted DLBW model while
Table 2 shows the suitability of the fitted DLBW model. Figure 8
provides extra diagnostic plots which confirm the suitability of the

fitted DLBW model.

Empirical and theoretical dens. Q—Q plot
o
< K —
g =
z g o
2 =) 1
< i
g8 « g s
= -
o w ? —
I T T T T T T 1 T T T T T T T
-0.4 -0.2 0.0 0.2 -0.3 -0.1 0.1 0.3
Data Theoretical quantiles
Empirical and theoretical CDFs P—P plot
— (%]
K]
=] =
=T 3
553
=}
L 1 =
8 = | =
e 8
] 5
o
> - w
< T T T T T T T T
-0.4 -0.2 0.0 0.2 0.0 02 04 06 08 1.0
Data Theoretical probabilities

Figure 8: Diagnostic plots of the fitted DLBW model.
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6 Conclusion and comments

The double length-biased Weibull model is introduced here through
a random sign mixture transformation procedure. Various statisti-
cal characteristics of the proposed model are discussed. The max-
imum likelihood estimation technique is employed to estimate the
parameters of the model. A simulation study is conducted to evalu-
ate the accuracy of these estimates. The application of the proposed
model to a real dataset consisting of standardized car prices demon-
strates a very good fit. Future research may investigate Bayesian
estimation method or address censored data. We believe that data
analysts will find the model presented here to be beneficial.
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