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1 Introduction

Many interesting problems of stochastic finance, mathematical biology, reliability, queu-
ing, stochastic inventory and mathematical insurance can be expressed by means of ran-
dom walk processes. Some important studies on this topic exist in literature (see, for ex-
ample, Aliyev et al. [1-3]; Alsmeyer [4]; Borovkov [5]; Khaniyev et al. [8, 9]; Lotov [10];
Rogozin [11]; Skorohod and Slobodenyuk [12]; Spitzer [13] etc.).

Note that in the studies of Khaniyev et al. [9] and Aliyev et al. [1, 2], the random variables
¢n, n=1,2,3,..., which describe the discrete interference of chance, have exponential,
gamma and triangular distribution, respectively, and stationary moments of the ergodic
distribution of a semi-Markovian random walk process have been investigated. Moreover,
Aliyev et al. [3] and Khaniyev and Atalay [8] investigated a weak convergence theorem
for the ergodic distribution of the renewal-reward process when the random variables
¢, m=1,2,3,..., have gamma and triangular distribution, respectively. In this study, un-
like Aliyev et al. [1-3] and Khaniyev et al. [8, 9], we assume that the random variables
¢, n=1,2,3,..., which describe the discrete interference of chance, are independent and
identically distributed random variables with the Weibull distribution, and the weak con-
vergence theorem is proved for the ergodic distribution of a semi-Markovian random walk
process, and the limit distribution is derived for the ergodic distribution of the considered
process.

This process might be useful in the following situation.
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The model
Consider a stochastic model, which can be used in the field of insurance. This model can
be described as follows.

Suppose that the amount of initial capital of an insurance company is equal to z € (0, 00).
Assume that the premiums and claims arrive at the insurance company randomly at the
times T, = Z;’zl &,n>1,here&;, i > 1, are the random time intervals between two succes-
sive claims and premiums. Level of total capital of the company fluctuates in accordance
with {-7,}, n > 1. The random variable 7, expresses difference of claims and premiums,
which can take both positive and negative values. The amount of the total capital of the in-
surance company continues its variation until a random time 7; which is the time at which
the capital level first falls below zero. When the above conditions take place, the amount
of the company’s capital increases immediately to the level ¢;, which is a random variable
having a certain distribution in the interval (0,00). Thus, the first period is completed.
Then the insurance company keeps working in a way similar to the previous period with
a new initial capital ¢; and so on.

Denote the stochastic process expressed this model mathematically by X(¢). Thus, the
amount of capital of the insurance company at each time t is represented by the process
X(t). The process X(t) is known to be as a semi-Markovian random walk process with a
discrete interference of chance.

We now proceed to a mathematical construction of the process X(¢).

2 Mathematical construction of the process X(t)

Let (£, 14, ¢n), n > 1 be a sequence of independent and identically distributed vector of
random variables, defined on any probability space (2,3, P), such that &, takes only posi-
tive values, n, takes positive and negative values as well as positive ones, ¢, has the Weibull
distribution with parameters (o, 1), « > 1, A > 0. Suppose that &, 11, {; are mutually inde-

pendent random variables and the distribution functions of them are known, i.e.,

O(t) =Pl& <t}, t=0; F(x)=P{m <x}, xe(-00,00);

m(z) =Pl <z}=1 —CXp(—()»z)D‘), z>0,a>1,1>0.

Define the renewal sequence {T},} and the random walk {S,} as follows:
n n
T,=Y &  Si=y.m  To=50=0, n=12,.,
i=1 i=1

and define a sequence of integer-valued random variables {N,} as follows:

Ny =0, Ni=N()=infln>1:2-5,<0}, z>0;
Nn+1 = 1nf{k > 1: gn - (SN1+N2+---+N,,,+I< - SN1+N2+~-+N,4) < 0}’ n= 1’2; e
and inf{}} = +oo0 is stipulated.

Let 70 =0, 11 = 1(2) = Ty = ZZ(IZ) &, 2> 0; 1y = Tny+un,, 1 = 2, and define v(£) as

v(t)=max{n>0:T, <t}.


http://www.journalofinequalitiesandapplications.com/content/2013/1/134

Kesemen et al. Journal of Inequalities and Applications 2013, 2013:134 Page3of 8
http://www.journalofinequalitiesandapplications.com/content/2013/1/134

A
X(®)
—_—
— I 1
Q : ! : :
1 ¢——» . : Q I 1
A and
1
| ! |
o L —
26— ] —
: —>!
1 |
) l I
1 |
1 | I
1 |
Sy & 4 4
—? ¢ L L . >
0 I L TM =17 TN,+N, =T t
Figure 1 Trajectory of the process X(t).

We can now construct the desired stochastic process X(¢) as follows:

v(t)

X(t) =8ln— ( Z 7]i> = — (Sv(t) - SN0+N1+»~+N,,)

i=N71+Np+-+Ny+1

ift, <t<71,1,n=0,1,2,...; {o =z € (0,00).

Note that the process X(£) describes the amount of the total capital of an insurance
company at any time £ > 0.

Figure 1 gives a trajectory of the process X(z).

The main purpose of this study is to prove the weak convergence theorem for the ergodic
distribution of the process X(t), as . — 0. For this aim, we first discuss the ergodicity of
the process X(z).

3 The ergodicity of the process X(t)
State the following proposition on the ergodicity of the process X(z).

Proposition 3.1 (Ergodic theorem [1]) Let the initial sequences of the random variables

(&}, {nn} and {¢,}, n > 1, satisfy the following supplementary conditions:

(1) E&i<oo;  (2) Em>0;  (3) E(nf)<oc;

(4) ny is non-arithmetic random variable.

Then the process X(t) is ergodic, and for any bounded measurable function f(x); (f :
[0,00) = R), the following relation holds with probability one:

R Y 1 o
thOE/Of(X(M))dM_E(T(())/O f#x) de(E(A(x,2))). 1)
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Here, ¢ is a random variable with a distribution function 7 (z) and
E(N@)) = f E(N(2)) dn (2); E(A(x,0)) = / A(x,z) dn (2);
0 0

o0
A(x,2) = Za,,(x,z); an(%,z2)=P{z-8;>0,i=1,m;z-S, <xh,x>0;z> 0.
n=0

Proof The process X(t) belongs to a wide class of processes which is called ‘The class
of semi-Markov processes with a discrete interference of chance’ in literature. General
ergodic theorem of type ‘Smith’s key renewal theorem’ exists in literature for this class (see,
Gihman and Skorohod [7], p.243). It is not difficult to show that the assumptions of the
general ergodic theorem are satisfied under the conditions of Proposition 3.1. Therefore,
the ergodicity of the process X(t) is derived by using this general ergodic theorem. O

Corollary 3.1 The ergodic distribution function (Qx(x)) of the process X (t) can be written
as follows:

| EAw)

Qx(x) = lim P{X(t) <x} = ENG) > 0. (2)

t—00 -

Proof Substituting the indicator function instead of the f(x) in Eq. (1), we can obtain
Eq. (2). O

Now we define the characteristic function of the ergodic distribution of the process X (&)
as follows: gy (1) = lim,_, o, E{exp(iuX(¢))}, u € R.

Corollary 3.2 The characteristic function (px(u)) of the ergodic distribution of the process
X(t) can be represented as follows:

1 o
= lim E uX(t))) = ——— A E(A(x, 2)), R. 3
ox(u) Jlim (exp(iuX(t))) ENG) /0 " dE(Ax, 7)), wue (3)

Using the basic identity for the random walks (see, Feller [6], p.514), from Eq. (3) we
obtain the following lemma.

Lemma 3.1 Let the conditions of Proposition 3.1 be satisfied. Then, for each u € R/{0}, the
characteristic function px(u) of the ergodic distribution of the process X (t) can be expressed
by means of the characteristics of the pair (N(z), Sn(,)) and the random variable 1, as fol-
lows:

ar® *° o o PS 7 (—M) -1
</7X(M) — / Za—le—(kz) emzL dz, (4)
0

EN() oy(-u) -1

where EN({) = a)” fooo 22 1e" %" EN(2) dz; Psy (—#) = Eexp(-iuSn()); ¢y(-u) = E x
exp(—iuum).

4 Weak convergence theorem for the ergodic distribution of the process X(t)
In this section, we use the ladder variables of the random walk S, = "7, n;, n > 1, with
the initial state Sp = 0. Let v =min{n > 1:5, >0}, ;" = S;s = S
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Note that the random variables v{ and x;" are called the first ascending ladder epoch and
ladder height of the random walk {S,}, n > 0, respectively (see, Feller [6], p.391). Define
{x,;},n > 2,as the sequence of independent random variables having the same distribution
with x;". Denote by H(x) a renewal process generated by the sequence of random variables
{x;h,n>1,ie,

n
H(x) :min[n EI:ZX; >x}, x> 0.
i=1

For shortness, put E(H(x)) = U, (x). It is known that
o0
U,(x) =1+ ZFi"(x), x>0,
n=1

where F,"(x) is n-fold convolution of the distribution function F, (x) = P{x;" < x}.

Our aim is to prove the weak convergence theorem for the ergodic distribution as
E(¢) — oo. For the Weibull distribution, it is known that E(¢) = L+ 1/ PA+We)) 1n this study, o
will be fixed. Therefore while E(¢) — 0o, the parameter A should converge to zero. Hence,
we need to give the following lemma first.

Lemma 4.1 Let g(x) (g : R* — R) be a measurable and bounded function, and let
limy_, 50 g(x) = 0. Then, for each a > 1, the following asymptotic relationship holds:

e tl/a
lim e_tg<—> dt=0.
A—=0 Jo A

Proof Under the conditions of Lemma 4.1, for any ¢ > 0, there exists m(e) > 0 such that
for any x > m(e), the inequality |g(x)| < € holds. Choose b > 0, such that fob etdt<e. The
function g(x) is bounded. Therefore, for any A < 8) , we have

00 tl/a b tl/a =3} tl/a
[ el o= (5 e [ ee(5)
0 A 0 A b A

b 00 oo
§M/ e’tdt+8/ e_tdt§8M+8/ eldt=eM+1),
0 b 0

where M = max,> |g(x)].
Since M is finite and ¢ > 0 is an arbitrary positive number, the proof of Lemma 4.1 is
completed. g

We can give the following lemma, which has a similar proof to that of Lemma 4.1.

Lemma 4.2 Let g(x) be defined as in Lemma 4.1 and the function R,(x) be defined as
R,(x) = x"g(x), n = -1,0,1,2,.... Then, for each o > 1, the following asymptotic relation-
ship is true, as .. — 0:

o0 tl/a 1
/ e'R, < > dt = 0( )
0 AT
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For the investigation of the asymptotic behavior of the ergodic distribution of the pro-
cess X(£) as A — 0, we define the auxiliary process W, (¢) as W, (£) = AX(£) and investigate
the asymptotic behavior of its ergodic distribution function. It is easily seen that the pro-
cess Wi (2) is a linear transform of X(t). Therefore, from Proposition 3.1, it is immediately
follows that the process W, (¢) is also ergodic under the conditions of Proposition 3.1. Let
us denote the characteristic function of the ergodic distribution of W, (¢) by ¢y, (1) and
formulate the following statement.

Theorem 4.1 Let the conditions of Proposition 3.1 be satisfied. Then, for each x > 0 and
for all a > 1, the family of ergodic distribution functions Qy, (x) = lim,_, . P{W,.(£) < x} of
the process W, (t) weakly converges to a limit distribution function G(x) as follows, when
A —0:

Qu, (1) > Gw) = m /0 exp(—u) du,

where T'(at) = [~ t* ‘e~ dt is Euler’s gamma function.
Note that G(x) is the limit distribution of a ‘residual waiting time’ (see, Feller [6], p.368).

Proof From Eq. (4) it is easily seen that the characteristic function of the process W (¢)
can be written as follows:

Pw;, (M) = [12(a7)") _13(0[1)”)]' (5)

11(0(,)\)
where I (a, 1) = EN(¢)[1 - @, (-Aw)], I (e, 1) = aA® [;° x4 e [ — 1] dlx,

)
Lo, A) = a)” / xa_l6_(Ax)aE[eXp(—iuK§N(x)) - 1] dx, SN(x) =SnE) —%x>0.
0

From the sharper form of the renewal theorem (see, Feller [6], p.366) we get, when

A— 0
EN(e) = = T e, ©)
m A 2mj

where J(o,A) = oA® fooo 1 Le" 0 o(x) dix.
From Lemma 4.1, as A — 0, for all « > 1, we have

J(a,A) = o(1).

Substituting /(«, A) in Eq. (6), we get, as 1 — O:

1 ra+ 1/a)) . my

EN(¢) =
€ m A 2mj}

+o(1). (7)
On the other hand, as . — 0,

1— @, (—Au) = ilum; [1 + 0(1)].
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Thus,

Lo, 4) = iul (1 + 1/a)[1+ 0(1)]. (8)
It can be seen that

I(e,4) = o (u) - 1, ©)

where ¢, 1(u) is the characteristic function of the Weibull distribution with parameter
(o, 1).

Now we can investigate the asymptotic behavior of I3(x, A) as A — 0.

The conditions En; > 0 and En? < oo ensure that p1, = E(x;")? is finite.

By a sharper form of the renewal theorem (see, Feller [6], p.366), as x — oo,

g K
E(Sne) = 5 +0(1), (10)
211

where §N(x) = SN(x) — %> Uk = E(x)5 k=1,2.
By using Eq. (10) and Lemma 4.1, we get, as A — O:

e / 2 e ESy ) dx = 22 + o(1). (1)
0 27
On the other hand,
|E(exp(—itrSn)) — 1| < [Au|E(Snw)- (12)

By using Eq. (11) and Eq. (12), we get, as . — 0:

|13(oz,k)| =al”

o0
/ Kl W | [exp(—iu)EN(x)) - 1] dx
0

< Aly| [zﬂ_;jz + 0(1)].
1

Thus, we obtain, as A — 0:
I3(cr, A) = O(M). (13)

From Eq. (8), Eq. (9) and Eq. (13) for all « > 1, we get, as . — O:

Pa 1 (u) -1

il (L+ (1a)) [1+o)]. (14)

Pw, (M) =
It means that the family of characteristic functions {¢w, ()} converges to a limit char-
w"'l(")_l). Here ¢, () is the characteristic function of the Weibull dis-

wul (1+1/a
tribution with parameter («, 1).

acteristic function
Therefore, by the continuity theorem for characteristic functions (see, Feller [6], p.508),

the ergodic distribution function of the process W, (¢) weakly converges to the limit dis-
tribution function G(x) = m f: exp(—u*) du as A — 0 uniformly for x > 0, i.e.,

: 1 * 3
%er(l) Qw, (v) = G(x) = m /0 exp(—u )du.

This completes the proof of Theorem 4.1. d

Page 7 of 8
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Note that G(x) is the limit distribution for the ‘residual waiting time’ generating by the
sequence {¢,} (see, Feller [6], p.386).

5 Conclusion

In this paper, a semi-Markovian random walk with a discrete interference of chance (X(t))
is considered and the ergodic theorem for this process is discussed under some conditions.
Finally, the weak convergence theorem is proved for the ergodic distribution of the process
Wi (t) = 1X(¢), and the limit form of the ergodic distribution G(x) is established. Note that
G(x) is a limit distribution of a residual waiting time of a renewal process generated by the
random variables having the Weibull distribution with parameters («,1). In the terms of
insurance, here we derived the explicit form of the limit distribution of the amount of the
capital of an insurance company which is working for a long time as E({) — oo.
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