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Abstract: In this paper, we extend the Lomax—Rayleigh distribution to increase its kurtosis. The
construction of this distribution is based on the idea of the Slash distribution, that is, its representation
is based on the quotient of two independent random variables, one being a random variable with a
Lomax—Rayleigh distribution and the other a beta(g, 1). Based on the representation of this family,
we study its basic properties, such as moments, coefficients of skewness, and kurtosis. We perform
statistical inference using the methods of moments and maximum likelihood. To illustrate this
methodology, we apply it to two real data sets.
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1. Introduction

Non-negative data modeling has grown exponentially, as many real data sets follow
this pattern. Distributions with positive support are mainly used in the areas of engineering,
reliability, survival analysis, and failure time. An important distribution found in positive
phenomena, such as life-testing experiments, reliability analysis, communication theory,
physical sciences, engineering, medical imaging science, applied statistics, and clinical
studies, is the Rayleigh distribution, initially introduced by Johnson et al. [1]. Another
important distribution in this type of phenomenon is the Lomax distribution, also known
as the second-order Pareto distribution. Applications of this model include lifetime data,
business failure data, and economic and actuarial modeling. Cordeiro et al. [2] proposed
a family of univariate, positively supported distributions generated by Lomax random
variables, which they defined as generating Lomax-G distributions.

The novelty of this work is to introduce a new model with heavy tails. In actuarial
statistics, distributions of this type have proven to be the best option for heavy-tailed
financial data, which is why they are of great interest to actuaries. Olmos et al. [3] presented
a heavy right-tailed distribution with real data application to the Survey of Consumer
Finances (SCF); Zhao et al. [4] presented a new family of heavy-tailed distributions,
useful for modeling financial data; Riad et al. [5] introduced the new Kayva—Manoharan
Lomax model, with a real data application related to HT insurance loss; and Afify et al. [6]
defined the exponential power-weighted model to model financial data. Other types of
studies based on heavy-tailed models can be found in the literature. In practice, the most
interesting heavy-tailed distributions are those that have a finite mean and a divergent
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variance. Cococcioni et al. [7] provided a LogNormal distribution that has a finite mean and
a variance that converges to a well-defined infinite value. On the other hand, Xu et al. [8]
provided two robust estimators, the ridge log truncated M-estimator and the elastic net
log-truncated M-estimator.

Venegas et al. [9] introduced the Lomax—Rayleigh (LR) heavy-tailed distribution,
considering G as the cumulative distribution function (cdf) of the Rayleigh model.

The probability density function (pdf) of a random variable X with distribution LR,
which is denoted as X ~ LR(6, «), can be expressed as

200%x
( 0+ xZ)OH-l ’
where 6 > 0 and a > 0 are the scale and shape parameters, respectively.
On the other hand, the canonical Slash distribution is stochastically defined as the

ratio of two independent random variables: one standard normal and the other a power of
a uniform (0, 1), that is,

fx(x;0,a) = x>0, 1)

. X
Toy/e’

where X ~ N(0,1) and U ~ U(0,1) are independent and « > 0. This distribution has
heavier tails than the normal distribution, that is, it has greater kurtosis. The properties
of this family are discussed by Rogers and Tukey [10] and Mosteller and Tukey [11]. The
location, scale, and maximum likelihood (ML) estimators are discussed by Kafadar [12].
Wang and Genton [13] provide a multivariate version of the Slash distribution and a multi-
variate skew version. Gémez et al. [14] extend this family using the family of univariate
and multivariate elliptic distributions. Recent works by Olmos et al. [15,16], Actias [17],
Goémez et al. [18], Barrios et al. [19], and Arendarczyk et al. [20] use a methodology similar
to the Slash distribution to extend different models. The objective of this work is to extend
the LR distribution in such a way that this new distribution has greater flexibility in its kur-
tosis using the Slash procedure, using an LR random variable in the numerator and a beta
random variable in the denominator. We call this new model Slash Lomax—Rayleigh (SLR).

The structure of this article is as follows. Section 2 presents the representation of
the family and produces the Slash Lomax-Rayleigh PDF, moments, and coefficients of
asymmetry and kurtosis. In Section 3, inferences are drawn using the moments and ML
estimation methods. Section 4 consists of a simulation study to observe the behavior of
the ML estimates of the parameters. Two applications to real data sets are discussed in
Section 5. Finally, Section 6 summarizes the main conclusions of this study.

Y

2. The Slash Lomax-Rayleigh Model

In this section, we discuss the stochastic representation of the SLR model, including
its PDF, CDF, and some properties of the model.

2.1. Stochastic Representation

Definition 1. A random variable Z has an SLR distribution with parameters 8 > 0 and « > 0 if

it can be represented by the ratio:

X
Z=7v @

where X ~ LR(0,a) and Y ~ Beta(a, 1) are two independent random variables. We denote this as
Z ~ SLR(0,a).

2.2. PDF, CDF, Hazard Function, and Other Properties
Proposition 1. Let Z ~ SLR(0, ). Then, the PDF of Z is given by:

f7(z:60,0) = a®07z~«+p 2 e +1,2 z>0 (3)
Z 7 7 9+22/2 12 7 7
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where @ > 0 and « > 0, and B(w;a,b) = wa w11 — u)®=1du is the incomplete beta function.

Proof. Using the PDF given in (1) and the stochastic representation given in (2), the PDF
associated with Z is given by:

1
fz(z0,«) 2/0 vfxy(zv,v)do,

since X and Y are independent. Then, fx y(zv,v) = fx(zv)fy(v), and given that X ~
LR(6,a) and Y ~ beta(a,1), we obtain:

f2(z;6,a) = 206"z /1 v
0 (0+ (zv)?)att

After making the change of variable u = (23)2, we obtain:

22 [
) _ o 2p% —(a+1) [ F uz
fz(z,0,a) = a®02z" " /0 (1+u)lx+1du.

In this latter integral, we use the change of variable w = H—Lu’ where dw = du /(1 + u)>.

Substituting this, we have

2 3
. = 2%, () [0 U2
fz(z0,a) = a“f2z7\" /0 (1+u)a+1du,
22
— 295 —(oc—',—l)/F u 2 —a4q du
= P2 1 2 ,
L 0 <1+u (1+u) (14 u)?

and the result is obtained. O

Proposition 2. Let Z ~ SLR(0,«). Then, the CDF of Z is given by:
Fz(z:6,a) =1—6%(0 +22) " —abipy(z), z>0,

where § >0, a > 0and pj(z) = z’(”‘”)B(Gfr%,‘ 5+ 1,%),]' cZ.

Proof. Using the definition of the CDF and integration by parts, the result is obtained. [J

Proposition 3. The hazard function of Z is given by:

o*pi(2)
h ;0, = 7 0/
2(z6,0) 0%/2(0 + z2) =% + apo(z) ahe

where 6 > 0and « > 0.

Proof. Using the definition of the hazard function

fz(x;6, )
h ’ 9, = ’
2(z6,a) 1—Fz(x;6,a)
the result follows immediately. [

Figure 1 illustrates the PDF, CDF, and hazard function of the SLR(6, «) model for some
combinations of 6 and a.
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Figure 1. (a) PDF, (b) CDF, and (c) hazard function of the SLR(6, «) distribution with different
combinations of 6 and «.

Proposition 4. If Z|T =t ~ LR(0t2,a) and T ~ beta(a,1), then Z ~ SLR(6, «).

Proof. The marginal distribution of Z can be calculated as:
1 1 Zpatl
fz(z;0,a) = /0 fzir(ylt) fr(t)dt = 2076 /0 W‘it-
Using the change of variables in Proposition 1, we obtain Equation (3). O

Proposition 5. Let Z ~ SLR(0,&). Then, W = aZ ~ SLR(a?6,«) forall a > 0.

Proof. The proof follows directly by using the change of variable method. [

We know that any distribution of probability is specified by its CDF F(t), which is a
heavy right-tailed distribution (see Rolski et al. [21]) if

unwup(_k¥*1‘l*“>)::a

t—o0 t

The following result shows that the SLR distribution is a heavy right-tailed distribution.
Proposition 6. The CDF of the random variable T ~ SLR(6, «) is a heavy right-tailed distribution.

Proof. By applying L'Hopital’s rule to the upper limit and substituting Equation (3),
we obtain:

. log(1—-F()\ .. fr(t6,a) . 2pi (f)
llﬂilp(‘f =P T G0,y ) = TSP BT (D

and by again applying L'Hopital’s rule, we obtain:

#2 I I
2t-1B i+ 1o
« s

= lim sup " 2 =0. O
t—+00 m(ﬁ )_ LA &
02/2( 8 +t +ch(0+t2,2+1,2
2.3. Moments

The following proposition presents the moments of the SLR distribution.
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Proposition 7. Let Z ~ SLR(6,«). Forr =1,2,...and a > r, the r-th moment of Z is given by:

wf’/?
ur=E(Z") = - _er(IX),
T(a — I\T(L +1
where MT = Mr(ﬂ() — (a %)(“)(2 + )

Proof. Using the stochastic representation provided in Equation (2), we directly obtain:

pro = E(Z) =EXY) =EX)EXY™),
02T (v — 5)T(5+1
where E(Y™") = . i >, and E(X") = QG 1"?3() (5+1) is the r-th moment of the

LR(6, «) distribution. [

Corollary 1. If Z ~ SLR(6, ), then,

wg1/2
1. wm=EZ) = My, a>1;
o
o
2. =E(Z?) = 2;
H2 (Z7) “E/%MZI a>2;
- N
3 U3 E(Z)—a_?) 3, o> 3;
4 —E(z%) = o w4
. Ha = - x4 4r ’
1 « 5
5. Var(Z):tw(lszZ— (oc—l)zM1>' o> 2.

Proof. The proof follows directly from Proposition 7. O

Corollary 2. Let Z ~ SLR(6, ). Then, the skewness coefficient (\/B1) and kurtosis coefficient
(B2) are:

VB = Y= 12w~ 2) My — S Myl — 1w~ 3) + 22— D@~ MY}

(0 —1)3(a —2)2A +3(a — 2)(a — 3) (« — 4)a®B

Vala —3){(a — 12M; — a(a ~ 2)ME72 >

B2 =

a(e—3)(a —4){(a — 1)2Mp — a(a —2)M2}2 ’

a >4,

where A = A(a) = (« —1)(a — 3)My — 4a(a —4)M1 Mz y B = B(a) = 2(a — 1)2M3M, —
a(a —2)M7.

Proof. From the definition of the skewness and kurtosis coefficients, we have:

p3 — 3popr + 243 pa — 4ppis + 6uipn — 3pt
VB = and B, = )
(H2 — )32 (p2 — 13)?

By replacing p1, yz, u3, and u4 presented in Corollary 1, the result is obtained. O

Remark 1. The moments of the SLR distribution are primarily influenced by the moments of the
LR(6, «) model, as demonstrated in Proposition 7. The graphs in Figure 2 illustrate the skewness and
kurtosis coefficients of the SLR and LR models, with different values of the parameter a while keeping
the parameter @ = 1 constant. The figure highlights the impact of the parameter «, indicating
the significant influence of the SLR model on its kurtosis and skewness, surpassing the LR model,
which already exhibits heavy tails. Consequently, as « decreases, both models exhibit higher values
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of the skewness and kurtosis coefficients, with the SLR model outperforming the LR model. This
observation is also evident in Table 1.

—ap) ] — B

skewness coefficient
kurtosis coefficient

(a) (b)
Figure 2. (a) Skewness coefficient and (b) kurtosis coefficient for the SLR(6, ) model.

Table 1. Some skewness and kurtosis values for different values of the parameter a.

(14 5 5.5 6 7 10 20
vV B1 2.142 1.826 1.613 1.349 1.018 0.777
B2 19.029 12.727 9.763 7.065 4.796 3.718

2.4. Incomplete Moments
Proposition 8. Let Z ~ SLR(6,«). Then, the k-th incomplete moment is given by
22k k

2
Tk(z):HG“/zp_k(z)Gk/zB(9+Zz;2+1,a2)], 20>k k=0,1,....

Proof. By definition, the k-th incomplete moment of the SLR model is given by:
k "z
To(z) = E(Z¥ | Z < 2) = / R F(16,a)dt,
J0

and using integration by parts, the result is obtained. [

Especially for k = 0,1, we have:

zxz a/2 1/2 Z2 3 1
TO(Z):F(Z>, Tl(Z):m 0 pfl(Z)—g B m,i,a—i .

2.5. The Lorenz Curve and the Gini Index

The standard definition of the Lorenz curve [22] is provided in terms of the first
incomplete moment and the expected value of Z. Specifically, for the SLR model, the
following closed-form expression is obtained

1
L(p) .

:{/O (Dt = 2T, (2)
= ;4(1aizx) {0”‘/2;91(2) — 028 (0_2:22, %,06 — ;)} .
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The Gini index, also known as the Gini coefficient (see [23,24]), is a statistical dispersion
mean associated with the Lorenz curve, intended to represent income inequality, wealth
inequality, or consumption inequality within a nation or social group. The Gini index is
defined as:

1 [
G(6,a) =1~ / [1— F(z6,a)dz.
uJo
Proposition 9. Let Z ~ SLR(0, «). Then, the Gini index is given by:

G(0,u)

I
—_
|
\
S—
3
=
|
s
&
QU
N

I
—_
|

Proof. By definition, the proof is direct. [

Proposition 10. Let Z ~ SLR(6,«). The mode of Z is obtained as the solution to the following
non-linear equation in relation to z:

20%/2(6 +2%) (Y — (a + 1)po(2) = 0.

Proof. The result is obtained by deriving the logarithm of the PDF for the SLR model and
setting it equal to zero. O

Table 2 provides the numerical values of the mode for0 =1anda =1,3,5,7,9, and 12.

Table 2. Numerical values of the mode for 6 = 1 associated with the SLR distribution.

o Mode
1 0.824
3 0.462
5 0.348
7 0.288
9 0.251
12 0.215

2.6. Order Statistics

Order statistics have a wide range of applications in physical and life sciences (see
Balakrishnan and Cohen [25]). From a statistical perspective, they allow the computation
of useful functions such as the sample range and the sample median. The following result
states the PDF of the k-th order statistic from an SLR random sample of size n, which is
arranged in a non-decreasing order.

Proposition 11. Let Zy., < Zy.,
random variables. Then, for k =1,

< - < Zyy be independent and identically SLR-distributed
2,...,n, the PDF of the k-th order statistics Zy.,, is given by:

20u/2 _ n—
fon(2) = F i [ 0(0+22) =0 2 (a)] 0400+ 2) 4 a0 2]

Proof. The above expression is obtained using the following formula (see Casella and
Berger [26])

funl®) = i @ F@ - F@I T, k=12..m

where f(z) and F(z) are the PDF and CDF of Z ~ SLR(6,«). O
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Corollary 3. Let Z1.,, < Zpyy < -+
random variables. Then:

1. The PDF of the first-order statistic Z1., is given by:

< Zy:n be independent and identically SLR-distributed

fun(z) = na0p1 (2) [02(0 + 2 +apo(a)] "

2. The PDF of the n-th order statistic Zy.y, is given by:

n—1
fan(z) = me()“/zpl (z) {1 —0%(6 + zl)*“ — 049“/2;90(2)} .
Proof. The proof follows directly from Proposition 11. [

3. Inference

In this section, the problem of estimating the parameters of the SLR distribution is
addressed. First, we apply the moments method for estimating the parameters, and then
the ML method.

3.1. Moment Estimators
Let Zy,2Z5,...,Z, be arandom sample from Z ~ SLR(6,«). The moment estimators
are obtained as the solution to equations E(Z/) = Z/ for j = 1,2, where Z/ = n~ 1Y, 2]
denotes the j-th sample moment. By solving E(Z) = Z for 6, we obtain:
- Z(m — 1)
9M - /\2 2 o~ 7
wy Ms (@)

(4)

which depends on the solution to &, say @p;. Therefore, by using (4) and replacing the
second population moment, the following equation is obtained

72 ~ ~ ~ ~ ~ -
Z (&M—l)zMz(OCM)—IXM(IXM—l)M%(DCM)ZZ = 0.

This equation can be solved numerically using the R-4.3.1. software [27].

3.2. ML Estimators

For zy,...,z,, a random sample from the SLR(6, #) model, the log-likelihood function
is given by:

nw n n
() = 2na + > log(6) — (a+1) ) _log(zi) + )_log B(z;), 5)
i=1 i=1
2
where B(z;) = B (9 —Zl—lzz;% +1, g) and ¢ = (0, «). The ML equations are given by:
= By(zi) na
= - 6
LB 20 ©)
n " Bu(z) L
2n+ —log(0) + = log(z; (7)
5 log(6) 1; B(z) ,; 8(zi)
9B(z;)

where By(z;) = aBa(GZi) and B, (z;) = "

The ML estimators (MLEs) can be obtained by solving the likelihood Equations (6) and (7).
The solution for these equations can be obtained using numerical methods such as the Newton-
Raphson procedure. Alternative maximization techniques could also be applied, for instance,
the proposal by MacDonald [28]. It is important to note that the computational cost of finding
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the ML estimates can be high in certain cases, as the equations depend on the incomplete
beta function.

3.3. Observed Information Matrix

The asymptotic variance of the MLEs, say t]; = (§,&), can be estimated using the
Fisher information matrix, defined as Z(¢) = —E[92/(¢p)/0ydyp |, where £(3p) is the
log-likelihood function of the SLR model provided in (5). Recall that under the conditions
of regularity,

I(¢)71/2($ — 1./)) 3 Ng(Oz, 12), asn — +oo,
where D represents convergence in the distribution, and N;(0;, I;) denotes the standard

bivariate normal distribution. The elements of the matrix —92/()/d¢dy ' are given by
Ipg = —0%L(p)/96?, I,y = —3%L(p)/0ndb, and I, = —3%((1p)/da>. Explicitly, we have:

o i Bgo(zi)B(z;) — B3(z:)

169 N _ﬁ i=1 B2(Zi) ’
n " Bo,(z;)B(z;) — By(z;)Ba(z;
o = g BB B)ne)
_ 2 Brxzx(zi)B(zi) - Bg (Zi)
Ly = ; BZ(ZZ') ’
_ 9%B(z)) 0°B(z;) _ 9”B(z)

where BGG(Zi) = W, Bmx(Zj) = ﬁ’ and BG/X(Zi) = W

In practice, it is not possible to obtain the expected value of previous expressions in
a closed form. Therefore, the covariance matrix of the MLEs, 7 (t[))’l, can be estimated
consistently by I(¢)~!, where I(¢) denotes the observed information matrix, which is
obtained as
PU(p)

_ ) .
Wy p=9

I(9) =

The asymptotic variances of f and @ are estimated by the diagonal elements of I(¢) !,

and their standard errors by the square root of the asymptotic variances.

4. Simulation Study

Using the stochastic representation provided in (2), it is possible to generate random
numbers from the SLR(6, «) distribution using Algorithm 1.

This scheme was used to perform two simulation studies. The first assessed the
recovery parameters provided by the MLEs. The second evaluated the performance of
different criteria in model selection.

Algorithm 1 Simulating values from the SLR(6, «) distribution

1: Simulate Uy, Uy ~ U(0,1).
2: Calculate X = /0[(1 — Uy) 1/« —1].

3: Calculate Z = %
u2

4: Return Z. Z ~ SLR(6, ).

4.1. Recovery Parameters

We used the following sequence to perform a simulation study to evaluate the behavior
of the MLEs for the SLR model in finite samples. For 6, we fixed two values: 1 and 10.
For «, we fixed three values: 1, 2, and 3. For the sample size, we fixed three values: 100,
200, and 500. For each combination of 6, «, and 1, we simulated 1000 replicas of that size
and calculated the MLEs and their standard errors. Table 3 summarizes the mean bias
of each estimator (bias), the mean of the standard errors (SE), the estimated root mean
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squared error (RMSE), and the coverage percentages at 95% (CP). Note that as the sample
size increased, the bias, SE, and RMSE decreased, suggesting that the MLEs for the SLR
model exhibited acceptable behavior, even in finite samples. Moreover, the SE and RMSE
approached each other as the sample size increased, suggesting that the variance of the
estimators was well estimated. Finally, the CP approached the nominal value as  increased,
suggesting that the asymptotic normality of the MLEs for the SLR model was reasonable,
even in finite samples.

Table 3. Estimated bias, SE, and RMSE of the MLEs for the SLR model in finite samples.

True Value n = 100 n = 200 n = 500
0 o Estim. Bias SE RMSE CP Bias SE RMSE CP Bias SE RMSE CP
1 ) 0.1437 0.4563 0.5292 0.8970 0.0418 0.2929 0.3174 0.9100 0.0175 0.1730 0.1924 0.9240
i 0.0270 0.1287 0.1380 0.9210 0.0083 0.0883 0.0902 0.9250 0.0008 0.0534 0.0566 0.9350
1 5 0 0.1739 0.4910 0.6288 0.9340 0.0793 0.3130 0.3483 0.9450 0.0278 0.1858 0.1968 0.9470
i 0.1136 0.3858 0.4428 0.9500 0.0587 0.2576 0.2832 0.9520 0.0181 0.1561 0.1622 0.9490
3 ) 0.2152 0.5945 0.7354 0.9300 0.1068 0.3532 0.3980 0.9480 0.0399 0.2046 0.2087 0.9590
s 0.2703 0.8385 1.0074 0.9620 0.1357 0.5158 0.5614 0.9560 0.0530 0.3061 0.3159 0.9550
1 ) 1.0928 4.6147 49835 0.9200 0.6209 3.0987 3.1515 0.9430 0.3235 1.9047 1.9843 0.9490
i 0.0215 0.1316 0.1361 0.9560 0.0091 0.0904 0.0908 0.9460 0.0075 0.0569 0.0570 0.9480
10 5 0 1.8062 4.9530 6.2205 0.9420 0.6775 3.0951 3.3442 0.9550 0.3048 1.8784 1.9640 0.9510
i 0.1246 0.3904 0.4693 0.9610 0.0508 0.2559 0.2748 0.9540 0.0200 0.1571 0.1630 0.9480
3 ) 2.3098 6.0022 7.1093 0.9380 1.0098 3.5086 3.6259 0.9560 0.3798 2.0444 2.1095 0.9540
i 0.3110 0.8537 1.0266 0.9570 0.1285 0.5135 0.5295 0.9550 0.0468 0.3054 0.3111 0.9520

4.2. Assessing Model Selection Criteria

In this section, we assess different model selection criteria, such as the Akaike in-
formation criterion (AIC) (see Akaike [29]), Bayesian information criterion (BIC) (see
Schwarz [30]), and Vuong test [31], to decide between the SLR model and competing
models, such as the Lomax—Rayleigh (see Venegas et al. [9]), Weibull (W), inverse Gaussian
(IG), and Slash Half-Normal (SHN) distributions. The data were drawn from the SLR with
the same parameter combinations as in the previous study. Table 4 reports the percentage
of occurrences where the AIC and BIC favored the SLR model over the corresponding
competitor. The Vuong test was used to test the hypothesis

Hy: f(z0,&) = g(z,0",a*) versus Hy: f(z0,8) # g(z 0%,a"),

where f(+; 0, a) denotes the PDF of the SLR model, 0 and @ represent the MLEs for § and
« in the SLR model, ¢(z; 0%, a*) is the PDF of the competing model, and 0* and &* are the
MLEs for that model. The decision is made at a 5% significance level. Table 4 shows the
percentage of cases where the AIC and BIC chose the SLR over the LR, W, IG, and SHN
models. In addition, the row labeled “Vuong” corresponds to the percentage of cases where
the Vuong test rejected the previously stated null hypothesis. In such cases, there would
be evidence that the SLR model was preferable to the competing model (note that if the
null hypothesis was not rejected, this does not mean that there was no preference for the
alternative model, but rather that both models provided an equally good fit). The first
conclusion is that for a greater sample size, the AIC, BIC, and Vuong tests increase the
preference for the SLR. Conversely, the AIC and BIC work well to differentiate between the
SLR and the W, IG, and SHN models. However, a considerable sample size is needed to
differentiate between the SLR and LR models.
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Table 4. Percentage of cases where the AIC and BIC selected the SLR model over the indicated
model. The Vuong test corresponds to the percentage of instances where the null hypothesis that the
log-likelihood of the SLR model was equal to that of the indicated model was rejected.

n = 100 n = 200 n = 500

0 LR W IG SHN LR W IG SHN LR \% IG SHN
AIC 0.64 1.00 0.84 0.92 0.64 1.00 0.95 0.97 0.65 1.00 1.00 1.00

BIC 0.64 1.00 0.84 0.92 0.64 1.00 0.95 0.97 0.65 1.00 1.00 1.00

Vuong  0.33 0.89 0.20 0.45 0.35 1.00 0.43 0.59 0.39 1.00 0.83 0.86

AIC 0.47 0.98 0.84 0.97 0.48 1.00 0.94 1.00 0.50 1.00 1.00 1.00

1 BIC 0.47 0.98 0.84 0.97 0.48 1.00 0.94 1.00 0.50 1.00 1.00 1.00
Vuong  0.38 0.59 0.18 0.60 0.41 0.84 0.30 0.78 0.45 1.00 0.69 0.98

AIC 0.44 091 0.86 0.98 0.49 0.98 0.97 1.00 0.49 1.00 1.00 1.00

BIC 0.44 0.91 0.86 0.98 0.49 0.98 0.97 1.00 0.49 1.00 1.00 1.00

Vuong 0.41 0.32 0.17 0.64 0.44 0.55 0.30 0.88 0.47 0.89 0.73 0.99

AIC 0.62 1.00 0.83 0.94 0.61 1.00 0.96 0.97 0.64 1.00 1.00 1.00

BIC 0.62 1.00 0.83 0.94 0.61 1.00 0.96 0.97 0.64 1.00 1.00 1.00

Vuong 0.31 091 0.21 0.48 0.32 0.99 0.47 0.60 0.37 1.00 0.84 0.89

AIC 0.48 0.97 0.83 0.97 0.52 1.00 0.94 1.00 0.51 1.00 1.00 1.00

10 BIC 0.48 0.97 0.83 0.97 0.52 1.00 0.94 1.00 0.51 1.00 1.00 1.00
Vuong  0.35 0.60 0.19 0.58 0.37 0.85 0.32 0.80 0.38 1.00 0.71 0.99

AIC 0.41 0.92 0.85 0.98 0.45 0.98 0.96 1.00 0.47 1.00 1.00 1.00

BIC 0.41 0.92 0.85 0.98 0.45 0.98 0.96 1.00 0.47 1.00 1.00 1.00

Vuong  0.39 0.30 0.18 0.64 0.42 0.53 0.34 0.85 0.46 0.90 0.72 1.00

5. Applications

In this section, we present two relevant applications to illustrate the superior perfor-
mance of the SLR model in comparison with other proposals in the literature.

5.1. Application 1

The first data set was drawn from a study carried out by the US Department of
Veterans Affairs, which measured survival time (in days). The study included 137 patients
with advanced lung cancer. This data set was presented by Kalbfleisch and Prentice [32]
and is available in the R-4.3.1 software “survival” package [33], labeled as “veteran”.
Table 5 shows the descriptive statistics of the data, where 1/b; and b; are, respectively, the
coefficients of asymmetry and kurtosis of the sample.

The proposed SLR model was compared with some distributions from the literature,
using the AIC and BIC, as well as the Vuong test. One distribution fit the data better than
the other distribution when the values of the AIC and BIC were lower. On the other hand,
if the p-value for the Vuong test was lower than 0.05, this suggests that the corresponding
model produced a different PDF compared to that of the SLR model. The distributions we
used to compare with the model proposed in this work were the IG, LR, and Slash Fréchet
model (SFr) (see Castillo et al. [34]).

The PDF of the SFr distribution is given by:

% X
f(y;@,a):WF(l—g,y 9), y,0,a >0,

o
where § > a, and I'(a,t) = w*le™"dw is the incomplete gamma function.

Table 6 shows the MLEts for the four models and their SEs (standard errors), as well
as their AIC and BIC values, and the results of the Vuong test. Note that the AIC and
BIC values were lower for the SLR distribution, and the results of the Vuong test suggest
that the three models produced a different PDF compared to that of the SLR model for
these data.
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Figure 3 shows a histogram of the lung cancer data fitted to the SLR model and the
empirical CDF. The graphs confirm the results in Table 6. Therefore, the SLR distribution
provides a better fit for the lung cancer data compared to other distributions in the literature.
To illustrate the differences in the possible decisions that can be made based on the four
fitted models, we calculated the probability of a survival time of at least 4 months for
patients of this type. The estimations (and their 95% confidence intervals computed using
the delta method) were 0.343 (0.279-0.408) for the SLR, 0.336 (0.261-0.410) for LR, 0.319
(0.259-0.380) for SFr, and 0.279 (0.232-0.326) for IG models. Note that all the models
underestimated the referred probability in comparison with the SLR model.

Table 5. Descriptive statistics for the data set of patients with lung cancer.

n Y SZ vV bl bz
137 121.628 24,906.12 3.092 15.554

Using tbe results from Section 3.1, the moment estimates were computed and were
as follows: 6y = 12,103.743 and ap; = 2.509. These were used as the initial values for
computing the ML estimates.

0.012 — 1.0
0.010 —
0.8
0.008 —
0.6
'20.006 — =
0.4
0.004 4
0.2
0.002 —
—— empirical
0.000 — 0.0 ——- SLR
[ T T T T 1 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
z z

Figure 3. SLR model adjusted using the ML method for the veteran data.

Table 6. Estimated parameters and their standard errors (in parentheses) for the SLR, LR, SFr, and IG
models for the lung cancer data set. The AIC and BIC values are also presented.

Parameter SLR LR SFr I1G
~ 630.939 1043.268
0 (223.857) (855.508) 0.772 (0.110) 24.443 (2.953)
a 1.029 (0.112) 0.497 (0.142) 0.339 (0.037)  121.829 (23.277)
Log-likelihood —802.71 —804.49 —872.47 —816.67
AIC 1609.43 1612.99 1748.95 1637.35
BIC 1615.27 1618.83 1754.79 1643.19
Vuong test (p-value) — —2.60 (0.009) —13.81 (<0.001) —2.05 (0.040)

5.2. Application 2

In the second application, we included a comparison of the SLR model with the Slash
Half-Normal (SHN) distribution (see Olmos et al. [15]), the PDF of which is given by:

. . 2« « DC+1 7(“+1) 2 06+1 1
f(z,@,zx)-oq/;@ F(z)z G| z7, T z,0,a>0.
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where G is the CDF of the gamma distribution. The data set is available in the R-4.3.1
software “survival” package [33], labeled as “gbsg”, and contains data from a clinical trial
performed between 1984 and 1989 by the German Breast Cancer Study Group (GBSG) on
686 breast cancer patients with positive ganglia. In this study, the variable of interest was
the number of positive lymph ganglia in each patient (see Shumacher et al. [35] for a more
detailed description). Table 7 shows the descriptive statistics of the data, where /b1 and b,
are, respectively, the coefficients of asymmetry and kurtosis of the sample. Table 8 shows
the MLEs for the four models and their SEs (standard errors), as well as their AIC and
BIC values, and the results for the Vuong test. Again, the SLR model exhibited the lowest
AIC and BIC values, and the results of the Vuong test suggest that the three competing
models produced different PDFs compared to that of the SLR distribution. Figure 4 shows
a histogram of the breast cancer data fitted to the SLR model and the empirical CDF.
The graphs confirm the results in Table 8. Therefore, the SLR distribution provides a better
fit for the breast cancer data compared to other distributions in the literature.

Table 7. Descriptive statistics for the breast cancer patients data set.

n X s? Vb1 b,
686 5.0102 29.981 2.878 16.208

Using the results from Section 3.1, the moment estimates were computed and were as
follows: 8 = 25.878 and @ = 2.739. These were used as the initial values for computing
the ML estimates. Again, to illustrate the differences in the decisions obtained using these
models, we show the estimated probability of finding more than 20 positive lymph ganglia
in patients of this kind. The estimations and their 95% confidence intervals were 0.045
(0.033-0.057) for SLR, 0.043 (0.031-0.057) for LR, 0.029 (0.018-0.041) for SHN, and 0.014
(0.009-0.020) for W models. In all the cases, the models underestimated the probability in
comparison with the SLR model.

1.0
0.20

0.8

0.15 —

0.6 1

F(z)

0.4

0.05 —
0.2

—— empirical
— SLR

[ T T T T 1 T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

0.00 - 0.0 —-

z z

Figure 4. SLR model fitted by the ML method for gbsg data.
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Table 8. Estimated parameters and their standard errors (in parentheses) for the SLR, LR, SHN, and
W models for the breast cancer data set. The AIC and BIC are also presented.

Parameter SLR LR SHN W
) 4.715 (0.777) 5.584 (0.789) 3.250 (0.238) 5.156 (0.196)
o 1.493 (0.089) 0.730 (0.052) 1.926 (0.203) 1.067 (0.029)
Log-likelihood —1748.00 —1749.81 —1790.61 —1788.88
AIC 3500.00 3503.61 3585.22 3581.76
BIC 3509.07 3512.68 3594.28 3590.82
Vuong test (p-value) — —4.18 (<0.001) —6.88 (<0.001) —3.78 (<0.001)

6. Final Discussion

This paper presents a study of the SLR distribution with two parameters. Some
properties are shown, and the performance is compared to other known distributions with
two parameters by fitting two data sets using ML estimations. The SLR distribution is a
viable alternative for fitting data with positive asymmetry and atypical observations. Some
other characteristics of the SLR distribution are:

e  The SLR distribution has a closed expression and depends on the incomplete beta
function.
The SLR distribution has a heavy right tail.
The SLR distribution can also be represented as a mixed scale between the LR and
beta distributions.

) The CDF, hazard function, moments, and incomplete moments are explicit and are
represented by known functions.

e  The asymmetry and kurtosis coefficients of the SLR distribution have greater ranges
than the coefficients of the LR distribution.

e  The applications show that the SLR distribution is a good alternative when the data
present positive asymmetry with a heavy right tail; this is confirmed by the AIC and
BIC model selection criteria.
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