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Abstract

In this article, we introduce a class of distributions that have heavy tails as compared to Pareto
distribution of third kind, which we termed as Heavy Tailed Pareto (HP) distribution. Various
structural properties of the new distribution are derived. It is shown that HP distribution is in
the domain of attraction of minimum of Weibull distribution. A representation of HP distribution
in terms of Weibull random variable is obtained. Two characterizations of HP distribution are
obtained. The method of maximum likelihood is used for estimation of model parameters and
simulation results are presented to assess the performance of new model. Marshall-Olkin Heavy
Tailed Pareto (MOHP) distribution is also introduced and some of its properties are studied.
It is shown that MOHP distribution is geometric extreme stable. An autoregressive time series
model with the new model as marginal distribution is developed and its properties are studied.

Keywords autoregressive model; geometric extreme stability; Marshall-Olkin distribution

1 Introduction

Data with heavy tails have been studied by various researchers in different areas such as eco-
nomics, finance, reliability, telecommunications, high speed network traffic, hydrology, insurance,
linguistics, physics, biology, etc. The emergence of the Internet and World Wide Web gave a
new incentive to the study of heavy-tailed distributions, in literature, due to their omnipresence
in internet packet and flow data, the topological sector of the Web, size of computer files, etc.
The tail dependent nature in the modelling and analysis of heavy-tailed phenomena sheds a new
light in the literature. The shape of tail of heavy-tailed distributions resembles the hyperbolic
shape of the Pareto distribution as a first approximation, which is characterized by the so-called
tail index. The tail parameter plays a major role in modelling as it governs the thickness of tail
of the distribution.

The Pareto distribution, also known as distribution of income, is a very popular heavy
tailed distribution that has wider applications in different contexts. The distribution arises as
tractable model in actuarial science, economics, finance, life testing, reliability, survival analysis
and engineering. The family of Pareto distributions is very prominent in the literature for its
competence in modelling heavy-tailed distributions. Arnold (2015) discussed various properties
and applications of Pareto distribution and its extensions.

The survival function of classical Pareto distribution, denoted by Pr(«, ) and the Pareto
distribution of third kind, denoted by Prr(\), are respectively given by

Giap)= (2)' azpa0>0 0
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and

G(z;\) = x> 0,\>0. (2)

1+ 2N
The Pareto distribution was first proposed in literature as a model to explain the allocation of
income among individuals. Later, various forms of the Pareto distribution have been formulated
for modelling and analysis of data from engineering, environment, geology, hydrology, actuarial
science, telecommunications, reliability, risk modelling, etc. These diverse applications of Pareto
distribution lead researchers to develop different generalizations of Pareto distribution.

Even though various forms of Pareto distribution such as generalized Pareto distribution
by Pickands III (1975), Marshall-Olkin Pareto distribution by Thomas and Jose (2003), Pareto
positive-stable by Sarabia and Prieto (2009), Kumaraswamy Pareto distribution by Bourguignon
et al. (2013), transmuted Pareto (TP) distribution by Merovci and Puka (2014), Pareto ArcTan
distribution by Gomez-Déniz and Calderin-Ojeda (2015), New Generalized Pareto distribution
by Jayakumar et al. (2020) and so on, appeared in the literature for modelling heavy tailed data,
there may arise lack of distributions for exact data fitting in many cases.

Despite the importance of Pareto distribution in data modelling, a comprehensive study on
distributions heavier than Pareto distribution in the context of heavy-tailed distributions has not
been considered so far. Motivated by this fact, we introduce here, a new distribution whose tail
is heavier than that of Pareto distribution. The introduced distribution is a new heavy-tailed
distribution that compete with Pareto distribution of third kind. Our study reveals that the new
distribution is a good model to model data sets where extreme observations are significant and
to model lifetime data sets.

With regard to the application for modelling time series data with Pareto marginals,Yeh
et al. (1988) defined Pareto processes and discussed the applications of their model in income
analysis. Pillai (1991) and Pillai et al. (1995) generalized this process in terms of semi-Pareto
random variables. Balakrishna and Jayakumar (1997) introduced a bivariate minification process
of the first order with semi-Pareto distribution. As the moment generating function of Pareto
distribution is not in closed form, we developed here, minification time series models with our
new distributions as marginal.

The paper is organized as follows. In Section 2, we introduce the Heavy Tailed Pareto
distribution and discuss the shapes of density function and distribution function. Reliability
properties and structural properties of the new distribution are also investigated. In Section 3,
the maximum likelihood estimation of the model parameters are discussed and simulation is
carried out to assess the performance of the proposed maximum likelihood estimation method.
In Section 4, Marshall-Olkin Heavy Tailed Pareto (MOHP) distribution is introduced and some
properties are studied. Some representations and characterizations are obtained in Section 5. A
first order autoregressive minification process with MOHP distribution as marginal is developed
and studied in Section 6. We conclude the article in Section 7 with some remarks on the main
results and their significance.

2 Heavy Tailed Pareto Distribution

In this section, we introduce a new distribution with survival function

_ 1
F(z:)\) = .
(z:2) 1+ log(1+ z*)’

x>0,A>0, (3)

where log is the natural logarithm.
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Figure 1: Pdf of HP and Pareto(III) for A =1 (left) and A = 3 (right).
It is obvious that lim; . e 0, for any € > 0 and so the function (3) represents the

F(x;A
survival function of a heavy tailed( di;tribution. Also, it can be easily verified that (3) has heavier
tail than the Pareto distribution of third kind. Hence we refer to the distribution with survival
function (3) as the Heavy Tailed Pareto distribution with parameter A, denoted by HP(\).
The cumulative distribution function (cdf) of HP(\) is given by

1

F(z;\)=1- ; >0, >0. 4
(232) 1+ log(1+ 22)’ z20,4>0 )
The probability density function (pdf) of HP()) is
A A—1
Flzs)) = < x> 0,\> 0. (5)

(1+22)(1 +log(1 + 2* )2;

From equations (2) and (3), we can see that F(z;\) > G(z;)\) and hence if X ~ HP()) and
Y ~ Prrr(XA), then X is stochastically larger than Y.

Jayakumar and Ajitha (2003) showed that ¢(\) = m is the Laplace transform of
the probability distribution having the cumulative distribution function

B 0o (_1)k oo F(k+t)xa(k+t)67t
H(x) _kZ:O k /0 F(t)r(1+a(k+t))dt

Hence,
1
Flx)=1- =1-
(@) =1-0@) =1~ oo

is a distribution with complete monotone derivative (c.m.d.), since ¢(z) is completely monotone
with ¢(0) = 1 and ¢(oo) = 0. Therefore, by Pillai and Sandhya (1990), F'(x) is a mixture of
exponentials. Also F(x) is geometrically infinitely divisible (g.i.d.) and hence infinitely divisible
(i.d.). Thus the HP distribution we have introduced is a distribution with c.m.d. and hence is a
mixture of exponentials and is g.i.d. For the applications of g.i.d. distribution and distribution
with c.m.d., see Klebanov et al. (1985)and Aly and Bouzar (2000).

Figure 1 gives a comparison between pdf of HP distribution and pdf of Pareto distribution
of third kind for different values of A. From the graphs of Figure 1, it is very clear that the
distribution with pdf (5) is heavy tailed than Pareto distribution.

z>0, a>0,
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Figure 2: Pdf of HP()) for various values of \.

2.1 Shapes of pdf and cdf

Graphs of pdf and cdf for various values of parameter A are presented in Figure 2 and Figure 3
respectively.

2.2 Reliability Properties

2.2.1 Hazard Rate Function

The hazard rate function of HP(A) is

PV
(1+ 22 (1 +1log(1 +2M))’

h(w; A) = (6)
Graph of hazard rate function for various values of A is presented in Figure 4.

From Figure 4, it is very clear that the hazard rate function of HP is decreasing when A <1
and hence HP distribution belongs to the class of DFR distributions, if A < 1.

When A > 1, the hazard rate function behaves differently in two regions:
1. For & < xq, the hazard rate function is increasing.

>l=

ALy } and y =

2. For x > =z, the hazard rate function is decreasing, where xy = [m

1+log(1+z*)
2+log(1+z?) "
Now,we have, for X ~ Prrr()),

)\fo1

(1+az*) (7)

hPIII (93; )‘) =

From the hazard rate functions given by (6) and (7), we obtain hgp(xz;A) < hp,,, (z; )
and it is shown in Figure 5. Hence , at the same age, the unit whose life distribution is HP
distribution is less likely to instantaneously perish than the one whose life distribution is Pareto

of third kind.
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Figure 4: Hazard rate function of HP(A) for various values of A.
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Figure 5: Hazard rate function of HP and Pareto(III) for A = 0.6 (left) and A = 2 (right).

2.2.2 Reverse Hazard Rate Function

Here we consider the reverse hazard rate which is useful in constructing the information matrix
and in estimating the survival function for censored data.
The reverse hazard rate function of HP()) is given by

AxA—l

r(#A) = [+ 2*[log(1 + aM)][L + log(1 + z)]

2.2.3 Mean Residual Life Function

An important ageing property in reliability theory is the mean residual life (MRL) function which
is defined simply as the expected value of the remaining lifetime beyond an age x.
The MRL function of X ~ HP()) is given by

_ Jo Fw)du

(o ¢]
m(x) = (1+log(1+ ac)‘))/ (1 +log(1 4 ut))du.
F(z) z
An estimate of MRL function can be obtained using the ordered data. Let X(l) < X(Q) <. <
X(n) be the ordered HP data, then the MRL function is easily estimated at x = X(,,_y,), for some
k=1,2,..,n—1 by the empirical average excess of the k data points higher than X, ) and is

given by

k
.1
m(z) = % > " Xn—jr1) = X(nk)-
i=1

2.2.4 Log-Odds Rate

Wang et al. (2003) discussed a model to time to failure based on the log-odds rate and some
characterizations of distributions of failure time by log-odds rate are obtained. By modelling
the failure process in terms of the log-odds rate, the practioner can use the model to assess the
distribution of time to failure.



834 Jayakumar, J. et al.

Table 1: Mean, Variance, Skewness and Kurtosis of HP () for different values of A.
A 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Mean 0.2455 0.2662 0.2997 0.3268 0.3481 0.3649 0.3785 0.3896 0.3989 0.4068
Variance 0.3007 0.1746 0.1600 0.1594 0.1625 0.1666 0.1709 0.1750 0.1789 0.1826
Skewness 2.8293 1.6909 1.1668 0.8584 0.6580 0.5199 0.4209 0.3474 0.2916 0.2481
Kurtosis 10.7752 4.9276 3.1649 2.3799 1.9616 1.1722 1.5514 1.4414 1.3625 1.3038

They defined log-odds function as

LO(z) = log ﬂ;f()x) = log(log(1 + z)).

Hence a distribution is HP distribution if and only if LO(z) = log(log(1 + z*)). The log-odds
rate (LOR) is defined as

_h(t) AL
LOR(t) = F(t)  (1+t})log(l+t)’

where h(.) is the hazard rate function.

2.3 Structural Properties

The statistical properties of the HP distribution including moments, random number generation,
median, quantile function, entropies and distribution of order statistics are presented in this
section.

2.3.1 Moments
The 7" moment of X ~ HP()) is given by

!

L o : )\x)\fl
py = E[X"] —/0 T+ 2N+ log(L +a))

2dm

_ [ tx dt
_/0 1441 +1og(1+1)]

by substituting z* = t.
Again, by letting log(1 + t) = u, the above integral becomes

;o % (e* —1)% "

As the above integral is not easy to evaluate, we present in Table 1, the behavior of mean,
variance, skewness and kurtosis for selected values of parameter A, using R software, when the
upper limit of the integral is finite. From Table 1, we can see that when A increases, then the
mean also increases but the skewness and kurtosis decreases. The value of variance appears to
decrease first and then increases when A > 2.
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2.3.2 Random Number Generation

A random sample X from HP()) distribution can be simulated as

Y

X =[eTy —1]3; Y ~U(0,1).

2.3.3 Quantile Function
The ¢*" quantile of the HP distribution is given by
L 1
X, = leT—a —1]x.
In particular, the median is
1

M= (e—1)x.

2.3.4 Rényi Entropy and Shannon Entropy

Entropy is the measure of variation or the uncertainty of a random variable X for the probability
density function from the lifetime distribution.
The Rényi entropy of a random variable X with pdf f(.) is defined as

1
I—n

Ir(n) = log /OOO fN(x)dz;n > 0,n # 1.

The Reényi Entropy of HP()) is
1 o AT pn(A=1)
I = — 1 d
= (1) 1-1 Og/o (1+ 22 7(1 + log(1 + )21 "

1 o0 A1 (=3 (0-1)
= _— 10g/ dt,
1-n o (T+6)7(1+log(1l+t))2n

by letting 2 = t.
The Shannon entropy of X ~ HP()\) is given by

El-log f(X)] = E [_ log ((1 + :r’\)(l)\f?c_);(l - :cA))Z)}

= —logA— (A —1)E[log X] + E[log(1 4+ XM)] 4+ 2E[log(1 + log(1 + X*))].

2.3.5 Order Statistics

Let X1, Xo, ..., X;, be a random sample of size n from HP(A) and let X1y, X(2); -+ X(n) denote
the corresponding order statistics. Then, the pdf of i*" order statistic is

fxeo (@A) = (Zl)r,bgnz),f(% N FH A F 7 (a3 A)
n! Azl
T (= D)l(n—i) (1+aN)(1 +log(1 + 21))2
. 1 :|z—1 |: 1 :|n—z
1+ log(1 + z*) 1+ log(1 + z?)
n! Az log(1 + )]t

(i — 1)!(n —i)! [L+log(1 + z*)|n+1
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Hence the pdf of the largest order statistic, X, is

nAx?Hlog(1 + M)t
[1+ log(1 + zM)]nt!

fX(n) (l’, )‘) =

i

and the pdf of the smallest order statistic, X(q), is

nAz 1
(14 log(1 4 x|+

fX(l) (‘T; A)

3 Estimation of Parameters

In this section, we consider the method of maximum likelihood for the estimation of parameter
of HP distribution.

Let x1, xo, ..., x,, be a random sample of size n from this distribution with unknown parameter
A. Then, the likelihood function is

Ui n) = JIf@:

_ ATy ] o)
T2y (1 + ) [Ty (1 + log(1 +a))] >

so that the log-likelihood function becomes
n n n
logl =nlogA+ (A—1) Zlog:ci — Zlog(l +2)) — QZlog(l +log(1 + ).
i=1 i=1 i=1

The first order derivative of log-likelihood function with respect to the parameter A is given by

d(logé n + Zl x) log x; 5 En: z) log z; (10)

N ogr; — +——— — .

ST T T T a1t log(1+a)))
The maximum likelihood estimator of the parameter )\ is obtained by solving the equation,
dl;f £ — 0. The above equation (10) cannot be solved analytically and hence statistical software

can be used to solve them numerically by means of iterative techniques such as the Newton-
Raphson algorithm.

Let \ be the estimate of parameter. The asymptotic confidence interval for the parameter
A is obtained by considering the Fisher information matrix.

The Fisher information matrix corresponding to HP()\) distribution is given by

I\ =-E (W)

where

d*(logl)  n - log x; (1 — 2} +log(1 + 2})) (log ;)
A2 __F_sz{\ (1_,_%)\) z}< 1+:U )(1+log(1+x ))]? > (11)

i=1
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Table 2: MLEs and MSEs (in parentheses) for various parameter values.

A= 0.2 0.5 0.8 1.0 1.2 1.5 1.8 2.0
nl
50 02113  0.5294  0.8186  1.0205  1.2457  1.5457  1.8541  2.0976
(0.0004)  (0.0039)  (0.0158)  (0.0189)  (0.0338)  (0.0506)  (0.0752)  (0.1417)
100 0.2102  0.5289  0.8087  0.9948  1.2269  1.5254  1.8426  2.0261
(0.0003)  (0.0027)  (0.0060)  (0.0098)  (0.0189)  (0.0237)  (0.0340)  (0.0365)
200 0.2051 05175  0.7966 10114  1.2125  1.5351 17936  2.0275
(0.0001)  (0.0010)  (0.0028)  (0.0051)  (0.0088) (0.0140)  (0.0170)  (0.0193)
500 0.2035  0.5105  0.7987  1.0089  1.2092  1.5089  1.8120  2.0205
(0.0000)  (0.0003)  (0.0013)  (0.0024)  (0.0032)  (0.0042)  (0.0075)  (0.0084)
1000 0.2029  0.5075  0.8027  1.0009  1.2039  1.4985  1.8176  2.0142
(0.0000)  (0.0002)  (0.0007)  (0.0007)  (0.0013)  (0.0017)  (0.0043)  (0.0053)

Using asymptotic normality results, the asymptotic confidence interval can be obtained as \/ﬁ(j\—
A) — N(0,17%(\)). We can easily show that the HP family satisfies all the regularity conditions
for A > 0 and hence the above equation (11) holds, where I()) can be estimated by 171(}). Also,
the 95% confidence interval for the parameter X is given by

: 1
A+1.96 ( \/ﬁ ) .

3.1 Simulation

We conduct Monte Carlo simulation study to assess the performance of maximum likelihood
estimation procedure for estimating the HP parameter. Samples of sizes n = 50, 100, 200, 500
and 1000 are generated from the HP model, for different values of parameter \. We repeated
the simulation 1000 times and calculated the MLEs and mean squared errors (MSEs) of the
parameter estimate. The empirical results are listed in Table 2. We note that the MSE of the
parameter A decrease as the sample size increases. The mean estimates of the parameter tend
to be closer to the true parameter values.

4 Marshall-Olkin Heavy Tailed Pareto Distribution

Marshall and Olkin (1997) introduced a general method to incorporate a shape parameter in the
base random variable X and have shown the flexibility of transformed model by the introduction
of the shape parameter.

If G(z) is the survival function of a continuous random variable X, then

_ aG(z)

P& =0 a)cw

is a proper survival function. The introduction of new parameter o will make the distribution
with survival function F'(z) more flexible than the base distribution having survival function
G(x), especially in data modelling.
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Figure 6: Pdf of MOHP(«, A) for A = 0.1 (left) and for A = 3 (right).

Sankaran and Jayakumar (2008) discussed the physical interpretation of Marshall-Olkin
family of distributions using proportional odds model. The Marshall and Olkin (1997) extended

class of distributions offer a wide range of behaviour than the basic distributions from which
they are derived.

If X is a random variable defined on [0,00) with survival function (3), then, using the
survival function defined by Marshall and Olkin (1997), we obtain a new family of distributions

with survival function

F(z;a,\) = ! ;

1+ Llog(1+2*)’

2>0,a>0,\>0. (12)

We refer this distribution as Marshall-Olkin Heavy Tailed Pareto distribution, denoted by MOHP (a, A).
The corresponding probability density function is defined as

Amk—l
L, \) = ;x> 0,a>0,\> 0. 13
UG oL+ 2N+ Llog(T a2~ ¢ (13)

Note that the MOHP distribution is a class of distributions that contains HP distribution and is

a viable competitor of the heavy-tailed Pareto distribution. Plots of pdf of MOHP distribution
for different values of parameters o and A are presented in Figure 6.

4.1 Properties

The hazard rate function of MOHP (v, ) distribution is given by

AmAfl
h(x;a’)\):a(l—i—aj)‘)(l—i—élog(l—i—x)‘)) (14)
From the hazard rate of HP distribution and MOHP distribution, it follows that
hyorp(x; o, N) = ey Q;FHP(QJ; 5 hip(z;\)
and hence
lim _hyonp(r) = lim hiip(2)

T——00 o
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Figure 7: Hazard rate function of MOHP(«, \) for various values of parameters.

and
lim hMOHP(x> = lim th(.%')
Also, it can be easily verified that }”’%ﬂ) < hyoup(x) < hgp(x) for 0 < x < oo, > 1 and

hgp(z) < hyopp(r) < hH%%x) for0 <z <o0,0<a<l.
Plot of hazard rate function of MOHP(«, \) for various values of @ and A is presented in
Figure 7.
The quantile function of X, where X ~ MOHP(a, \) is obtained by inverting the cdf of

MOHP(a, \) to obtain x,, = F~1(y) as

Simulating the MOHP random variable is straightforward.
In particular, the median is given by

M = [e® — 1]x.

The maximum likelihood estimates of the parameters o and A of MOHP distribution are obtained
by solving the equations,

n 2 log x; z) log z;
Y logmi — = =2 N ol =0
A= 1+a; —a(l+a2})(1+ ;log(l+ )
and . \
—n log(1 + x7)
T2Y
(1 + - log(1 4 7))

=1
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5 Transformations and Characterizations

The relation between HP distribution and Pareto(III) distribution is established in the following
theorem.

Theorem 1. If X follows Heavy Tailed Pareto distribution with parameter X , then Y = (log(1+
1
X3 follows Pareto distribution of third kind with parameter 3.

Proof. If X ~ HP(A) and Y = (log(1 + X/\))%7 then by using (5) , the pdf of Y is given by

d
fy:8) = f<:c;A>|d§|

B A1 B(1 + 2t)

a (1+1")\)(1+10g(1+$/\))2 Axr—1 ]og(l—kx)‘))é_l
By’

TR

O

If we define W,, = min(Xy, Xo, ..., X)) where X;’s are independent and identically dis-
tributed (i.i.d) random variables with distribution function F'(x), then the distribution function
of W, is given by

Hy(z) =1 (F(x))" (15)
The distribution F(x) is said to belong to the domain of attraction for minimum of a given
cumulative distribution function H(z), if there exist sequences {a,} and {b,} where ay, b, > 0
are constants depending on n such that the limiting distribution

lim Hy,(a, + bpz) = H(x), for every z. (16)

n—oo

The next theorem proves the result related to HP and Weibull distributions with regard to the
domain of attraction for minimum.

Theorem 2. The Heavy tailed Pareto distribution is in the domain of attraction of minimum of
the Weibull distribution.

Proof. 1f a, = 0,b, = nTx > 0, then from equations (15) and (16), we have,

lim Hy(ap +bpz) = lim [1— (F(n >2))"]
n—00 n—0o0
n
1
= Ilim <{1-— 5
n—00 1 +log(1+ %)
= 1-e®
which is the cdf of Weibull distribution. O

Now we establish the relationship between Weibull and Heavy Tailed Pareto distribution in
the following theorem.
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Theorem 3. If X and Y are independent random variables such that X has pdf

e [T 1 o1
ga::ex/ ——x" e "du
W=t tw

and Y follows Weibull distribution with survival function e_yA;y > 0,A >0, then XY follows
Heavy Tailed Pareto distribution.

Proof. fU =X _§Y, then its survival function is given by
F(z) = P[U > 1]
= P[X3Y > 1]
oo 1
= / PIX™XY > x/X = z]g(2)dz
0

= / efmkg(z)dz.
0

Since the Laplace transform of X with pdf g(z) is L(t) = see Pillai (1991), we have,

1
T+log(1+t)

_ 1
F(x) = .
(z) 1 +log(1+ z?)

O

The following theorem gives a characterization property of HP distribution which is similar
to the characterization property satisfied by Pareto (III) distribution.

Theorem 4. A random variable X ~ HP(X) if and only if it satisfies the functional equation

_ Flu(zy))  F(u(ay)
Flu(z)F(u(y))  F(u(2)F(u(y))

where u(z) = (e* — 1)§

Proof. The proof is straightforward and hence is omitted. O
Now we give some results related to MOHP distribution.

Theorem 5. Marshall-Olkin Heavy tailed Pareto distribution is geometric extreme stable.

Proof. Let Xj, Xo, ... be a sequence of independent and identically distributed MOHP(«, \) ran-
dom variables with survival function (12) and let N be a geometric random variable, independent
of X;’s with probability mass function (pmf)

PIN=n]=p" H0<p<lp+q=1,n=1,2,.. (17)

Define
UN = min(Xl,Xg, ...,XN),

VN = HlaX(Xl,XQ, ceey XN).
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Then the survival function of Uy is given by

. pFyonp(z) 1
F(z) = PlUx > 2] = i _ ,
() Uy > 2] 1— (1 —-pFyorp(z) 1+ —alp log(1 + a?)

That is, Uy ~ MOH P(ap, ). Hence MOHP distribution is geometric minimum stable.
Similarly, we can establish that MOHP distribution is geometric maximum stable. So we
conclude that the MOHP distribution is geometric extreme stable. O

The next theorem provides a characterization result of the MOHP distribution.

Theorem 6. Let {X;,i > 1} be a sequence of i.i.d random variables with common survival
function H and N be a geometric random variable with pmf (17), which is independent of X;’s.
Let Uy = min(Xy, Xo, ..., Xn). Then {Un} is distributed as MOHP (p, \) if and only if {X;} is
distributed as HP ().

Proof. Let F(z) be the survival function of Uy. Then

F(w) = PlUx > a] = — (’; fng(x).

[ _ 1
Let H(.CE) = m Then,

_ 1
F(x) = ,
(@) 1+ %log(l + a)

which is the survival function of MOHP (p, \).
This proves the sufficiency part of the theorem and converse of the theorem is straightfor-

ward. O

6 Autoregressive Minification Process

In this section, we develop a first order autoregressive (AR(1)) minification process with MOHP
distribution as marginal distribution.
Consider an AR(1) minification process with structure

p. 0

X, =" Wb 0<d<lin>1 (18)
min(X,_1,e,) w.p. 1-—96

where {e,} is a sequence of i.i.d random variables.

Theorem 7. Consider an AR(1) model defined by (18), where {e,} is a sequence of i.i.d random
variables independent of X,,. Then {X,} is stationary Markovian AR(1) process with MOHP

marginal if and only if {e,} is a sequence of HP random variables and Xy 4 MOHP(6,\).

Proof. The model (18) can be written in terms of survival function as

P(X,, >z)=0P(ep, >x)+ (1 —0)P(Xp_1 > x)P(ep > ).
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That is,

Assuming stationarity,

= OF:(x)
= TR
If ) )
Fe(z) = 1+log(1+2*)’
then )
Fx ()

1+ +log(1 + 2?)
which is the survival function of MOHP (4, A) random variable.
Conversely, if X,, < MOHP(4, \), then,
_ 1
F, = .
) = T o+ 2Y)

To prove the stationarity, we use inductive argument.
Let Xo < MOHP(4, A) and &, 4 HP()), then using (19), we have,
_ 1
Fx, (z) = .
(@) 1+ §log(1+ a?)

That is, X1 < MOHP(S, \).
If X,_1 < MOHP(S,)\) and &, < HP()), then we get,
_ 1
Fx (z) = .

That is, X, < MOHP(5, \).
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(19)

Hence {X,} is a stationary AR(1) process with MOHP marginal if X 4 MOHP(4, A) and

en’s are i.i.d HP(A) random variables.

6.1 Properties

O

In order to study the behaviour of the process, we simulate the sample paths of MOHP AR(1)

for various values of A and §. The sample path of the process for
iA=05,6=0.3;
ii A=150=0.3;
iii A =3.0,6 =0.3;
iv A=0.5,0=0.38;
v A=150=08;
vi A=3.0,6 =0.8.
are given in Figures 8.
The joint survival function of (X, X,,+1) is given by

FXTL»Xn«l»l ($7y) = P[Xn > x7Xn+1 > y]

= [0Fx,(z) + (1 - 0)Fx, (max(z,y))] Fz, (y)
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Figure 8: Sample paths of MOHP Process.

On simplification, we get,

1
1+ %log(l + 2)][1 + log(1 + alcf‘L_H)]7

FXn7Xn+1 (:L"nd xn+1) =

if 0 < xpy1 < xp < 00, and

log(1+ z),1) + $log(1 + ) —log(1+2}) + 1
[1+ 5 log(1+a)][L + 5log(L + a1+ log(1+ap,,)]

FXn,XnJrl (xn) anrl) —

if 0 < z, < Tp41 < oo, which is not symmetric in (2, x,+1). Hence, the process is not time-
reversible.

7 Conclusion

We have presented a new heavy tailed distribution called Heavy Tailed Pareto distribution that is
suitable for applications in various areas such as finance, economics, reliability, survival analysis,
actuarial science etc. We have derived explicit expressions for the ordinary moments, median,
quantile function, Rényi entropy and Shannon entropy, and the distribution of order statistics.
The model parameters are estimated by method of maximum likelihood and conducted Monte
Carlo simulations to study the performance of the maximum likelihood estimates of the param-
eters. The estimates obtained from this method are close to the true parameter values. The
Marshall-Olkin Heavy Tailed Pareto distribution was also introduced and studied some of its
properties. The role of new distributions in the study of autoregressive minification process was
also established and studied some of its properties.
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