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LIMITING DISTRIBUTIONS FOR LIFETIMES IN
ALTERNATING RENEWAL PROCESSES

Kosto V. Mitov, Nikolay M. Yanev!

The spent life time and the residual life time are well investigated character-

istics of an ordinary renewal process. In the present paper a generalization
of these lifetime processes associated with an alternating renewal process is
considered. Limiting distributions are presented in the case of infinite mean
renewal periods.

1. Introduction and definitions

Two important characteristics of renewal processes are the so called ”spent life
time” and ”residual life time”. For the ordinary renewal processes these char-
acteristics are widely studied in the literature (see e.g. [1], [3], [4], [9]). In the
recent papers [7], [8] some processes of this kind were defined and limit theorems
were proved in the more general case of alternating renewal processes. The aim
of the present paper is to represent in a systematic way the main results obtained
up to now in this area.
On the probability space (2,4, P), let

X=A{X;:i=12,...}and T={T;:i=1,2,...}
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be two independent sets of independent, non-negative random variables (r.v.)
with distribution functions (d.f.)

At) =P{X; <t} and F(t) =P{T; <t}

respectively.
Denote by Y; = X;+T;, ¢ =1,2,..., the sequence of independent, identically
distributed, non-negative r.v. with d.f.

Gt)=P{Y; <t} = (Ax F)( /At—u (du).

Define the ordinary renewal process
So=0, Sppr1=5+Y41, n=012,...,
and the corresponding counting process
N(t) = max{n : S, <t}.

The moments S,, are usually interpreted as times when an element in a system
is replaced instantly by another one of the same type. Two well known processes
related to this sequence are the spent life time (t — S N(@)st 2> 0) and the residual
life time (Sy ()41 —t,t > 0). These processes are widely studied in the literature.
(See e.g. (1], [2], 4, [5], [6]. [10]).

In our setting the sequence

{S S/—H}n 0

where
n+1 =Sn+Xpn+1, n=0,1,2,...,

is called alternating renewal process.

In the terms of reliability theory one can interpret X; as the time for the
installation or the repairing time of the ¢—th element in a system and 7} as the
working time of the same element. So, in the sequence {Sy,,S) .} there are
two types of renewal events: S, the beginning of the installation and S},

Sn + Xn41 the beginning of the work of the n—th element.

For the alternating renewal process {Sy, S;, | }52 the following random vari-

ables can be defined:
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i) the spent working time
o(t) =t —Syw1 =t = Svw — Xnwr1, t>0;
ii) the residual working time
7(t) = min{Snu)+1 — 6 Iniy41}, t2>0;
iii) the spent waiting time
w(t) = min{t — Sy, Xn@y+1), t>0.

It is clear from the definitions that the following inequalities hold almost
surely:

—oo<o(t)<t, t>0,
0<7(t) <oo, t=>0,

0<w(t)<t, t>0.

Obviously, one obtains a classical renewal process if all X; are identically
equal to zero. In this case o(t) = t — Sy() > 0 as. is the spent life time,
7(t) = Sn(t)+1 — t a.s. is the residual life time, and w(t) = 0 a.s., i.e. there is no
waiting time.

For the alternating renewal processes, o(t) can take both negative and positive
values:

o(t) =0 (t) — o (1),

where o (t) = max{o(t),0} and o (t) = max{—o(t),0}.

Note that o1 (t) can be interpreted as the spent lifetime and o~ (t)—as the
residual waiting period.

The limiting behaviour of the spent and residual life times in an ordinary
renewal process is well studied in both cases when the interarival times T; have
finite and infinite mathematical expectations. (See e.g. [1], [2], [4], [6], [9], [10]).
In the recent papers [7] and [8] we investigated the limiting behaviour of the life
time processes defined for an alternating renewal process in the case when at least
one of the mathematical expectations £ X; or E'T; is infinite. In the present paper
the results of those papers together with new ones are given without proof. The
rest of the paper is organized as follows. Section 2 contains the basic conditions
and equations for interrarival times. The results and comments are stated in
Section 3.
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2. Basic Conditions and Equations

Further we will suppose some of the following basic conditions:

(1) A(0) = F(0) =0, A(x)and F(z) are non-lattice d.f.;
(2) ma = EX; < oo;

or

(3) EX; =00, A(t) =1— A(t) ~t *Lx(t), t — 00, «a € (0,1),

where L4(.) is a s.v.f., and for each h > 0 fixed A(t) — A(t—h) = O(1/t), t > 0;

(4) mp = ET; < oo;
or
(5) ET; =00, F(t)=1—F(t)~tPLp(t), t—o00, B€(0,1),

where Lp(.) is a s.v.f.
Finally it is assumed that

A(t
(6) limL:c, 0<e¢<oo.
e F ()

Note that a sufficient condition for A(t)— A(t—h) = O(1/t), t >0, is that L 4(¢)
to be non-decreasing in ¢ € [0, 00).

In the papers [7] and [8] the following inequalities are required 1/2 < «, 5 < 1.
It appears that these constrains are not necessary in all the cases. So they will
be explicitly stated only in the theorems where they are needed.

The following notations are needed:
Ut)=> P{S, <t}=> G™(t)
n=0 n=0
and

V()= P{S, . <t} = P{Sp+ Xpp1 <t} = /OtA(t — w)U (du).
n=0 n=0

The first theorem is auxiliary. It provides the functional equations for the
distributions of o (t), 7(t) and w(t), which are the basic tools for the investigation.
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Theorem 1. i). The distribution function of o(t) is
(7) P{o(t) <z}
t
= / A(max(t,t — x) — w)U(du)
0

+ /t F(t —uw)V(du), —oo<uz<t.

min(t—x,t)

ii). The survival function of T(t) is
®) P{r(t) >z}= /t F(t+x—u)V(du) + F(z)P{o(t) < 0}, z>0.
0

iii). The survival function of w(t) is
9)  Plo(t) >}

_ [ Uot Flt—v— u)U(du)] Adv) + OM At —w)U(du), 0<z <.

). The joint distribution of (o(t),7(t)) has the following representation:
(10) P{o(t) <=z, 7(t) >y}

= F(y) /0 A(max(t,t — x) — w)U(du)

~+

+ Ft+y—uwV(du), —co<z<t, y>0.

3. Statement of the limiting results

The limit theorems stated below depends on the limit (6). So, provided that
¢ = 00, the time for installation X; has a heavier tail than the time for work T,
and the condition 0 < ¢ < 0o gives the opposite.

The next theorem establishes proper limiting distributions under appropriate
normalization for o(¢) in the case ¢ = oo. The first assertion improves Theorem
2.1 in [7] which is proved under the restriction «, 3 > 1/2. The assertion iii) is
the result of Theorem 2.2(ii) in [7]. The limiting distribution (11) is new.

Theorem 2. Assume (1), (3), either (4) or (5), and (6) with ¢ = cc.
i) There exist the limits

lim P{o(t) >0} =0, lim P{o(t) <0} =1.
t—o00 t—o00
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ii) For —oo < x < 00,

: 1/ max{1,1—z}
(11) lim P{@ <a}= M/ (1—w) " *u* 'du.
0

t—oo t T

iii) If (5) with 1/2 < 8 < 1 holds then

S P{# <zlo(t) > 0} = B(Oi 3) /Ox w1 —u)Pdu.

The limiting distributions given in the following two theorems are new. They
describe the behavior of 7(¢),w(t), and that of the vector (o(t),7(t)).

Theorem 3. Assume (1), (3), either (4) or (5), and (6) with ¢ = cc.
i) For x > 0,

(12) lim P{r(t) < 2} = F(a).

t—o00

ii) For —oo < x < 00, y >0,

_ ; 1/ max{1,1—z}
(13) tliﬁrgl@P{@ <a,7(t) >y} = F(y>sm7:m /0 (1 —u) " “u®"tdu.

Theorem 4. Assume (1), (3) with a € (1/2,1), and (6) with ¢ = co. For
O<z <,

(14) lim p{Y) < 5y _ sinTe /Om w1 — u)* Ldu.

t—o00 t T

It is evident that in the case when the installation time X; is "longer” then
the time for work 7; the limiting distributions depend on the tail parameter «
of X;. Only the conditional distribution in Theorem 2 depends on both tails. It
turns out that the restriction «, 5 > 1/2 is not necessary for most of the results
in the above theorems. From the first part of Theorem 3 it becomes clear that
o(t) and 7(t) are asymptotically independent. The joint limit distribution in (13)
is the product of the limit distributions of o(¢) and 7(t) given by (11) and (12)
respectively.

The following theorems give the limiting distributions of o(t),7(t) and w(t)
for the case 0 < ¢ < .



Limiting distributions for renewal processes 143

Theorem 5. Assume (1), (5), and (6) with 0 < ¢ < oo.
i) The following limits exist

C
lim P -
Jim P{o(t) <0} oo
(15) X
li P t) > = .
Jim P{o(t) > 0} e

i) If B € (1/2,1) then for co < z < 0o

: 1/ max{1,1-z}
lim P{@ <z} = M/ (1-— u)’ﬁuﬁfldu
0

t—o0 t m(l1+¢)

(16) T / "yt
— —u)’ uPdu,
m(l+c¢) Jo

where

0, =<0,
glx)y=¢ z, 0<z<1,
1, z>1.

_ o(t) c csinmf3 /x _3. B-1
1 Iim P{—= < = 1-— d
an P set =t g ), oW
and
a9 Jim PO <o) 2 0 = T [
—00 T 0

The first assertion of Theorem 5 improves Theorem 2.3 by removing the
condition «, 3 > 1/2. The third assertion is the result of Theorem 2.3(ii) in [7].
The second one is new.

The last three theorems state the limiting behavior of 7(¢),w(t) and the vector
(o(t),7(t)) in the case when the working time T} is ”longer” then the time for
installation X;. All the results are new.

Theorem 6. Assume (1), (5), and (6) with 0 < ¢ < co. Then fory >0

F(y),

lim P{r(t) <y} =
Jim P{7(t) <y} =1
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and

¢ i 1/(1+y)
lim P{Q <y}= 1—M/ (1 —u) PuLdu.
t—o00 t m(1+4+¢) Jo
Note that there are two singular limiting distributions for 7(¢) under different
normalization. The first one has an atom at infinity equal to 1/(1+¢) over which
is the support of the second distribution with an atom at zero equal to ¢/(1 +c¢).

Theorem 7. Assume (1), (5) with 5 € (1/2,1), and (6) with 0 < ¢ < oo.
Then for x € (0,1)

t 1 i r
lim P{& <z}= + mb / uw P (1 — )P Ldu.
t—00 t 1+c 7(1+c¢) Jo

Theorem 8. Assume (1), (5) with § € (1/2,1), and (6) with 0 < ¢ < oo.
Then fory >0,z € R

' U(t) B csinwﬂ 1/ max{1,1-x} 8 51
— < pu— _—_— J—
Jim T < or(1) > ) = P S | (1= )
i g(z)
+7sm 3 / (1-— u)’gilufﬂdu,
m(1+c¢) Jo
and
1
) o(t) 7(t) sinmf3  [T+y B f-1
RATAS AL, =" - .
tliglop{ t =0T >y} (1 +c) /in(w)(l u) Cu du
Yy

The only case which is not considered here is the boundary case when o =1
or 8 = 1 and the corresponding mathematical expectations are infinite. This case
is under consideration and the results will be published later.

REFERENCES

[1] N. H. BingaaM, C. M. GOLDIE, J. L. TEUGELS, Regular Variation, Cam-
bridge University Press, 1987.

[2] E. B. DYNKIN, Some limit theorems for sums of independent random vari-
ables with infinite mathematical expectations, Izv. Acad. Nauk. SSSR Ser.
Mat., 19 (1955), 247-266 (in Russian).



3]

[4]

Limiting distributions for renewal processes 145

W. FELLER, An Introduction to Probability Theory and its Applications,
John Wiley, New York, vol.2, 1nd edn., 1968.

W. FELLER, An Introduction to Probability Theory and its Applications,
John Wiley, New York, vol.2, 2nd edn., 1971.

K. B. ERICKSON, Strong renewal theorems with infinite mean, Trans. Amer.
Math. Soc., 151 (1970), 263-291.

J. LAMPERTI, Some limit theorems for stochastic processes, J. Math. Mech.,
7 (1958), 433-448.

K. V. Mitov, N. M. YANEV, Limit theorems for alternating renewal pro-
cesses in the infinite mean case, Adv. Appl. Prob., 33 (2001), 896-911.

K. V. Mitov, N. M. YANEV, Regenerative processes in the infinite mean
cycle case, J. Appl. Prob., 38 (2001), 165-179.

K. SiaMAN, R. W. WOLFF, A review of regenerative processes, SIAM Rev.,
35 (1993), 269-288.

J. L. TEUGELS, Renewal theorems when the first or the second moment is
infinite, Ann. Math. Statist., 39 (1968), 1210-1219.

Kosto V. Mitov

Faculty of Aviation

National Military University V. Levski’
5856 D. Mitropolia, Pleven, BULGARIA
e-mail: kmitov@af-acad.bg

Nikolay M. Yanev

Department of Probability and Statistics
Institute of Mathematics and Informatics
Bulgarian Academy of Sciences

1113 Sofia, BULGARIA

e-mail: yanev@math.bas.bg



