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Abstract: An uncertain random variable is a tool used to research indeterminacy quantities involving
randomness and uncertainty. The concepts of an "uncertain random process’ and an "uncertain
random renewal process’ have been proposed in order to model the evolution of an uncertain
random phenomena. This paper designs a new uncertain random process, called the uncertain
random delayed renewal process. It is a special type of uncertain random renewal process, in which
the first arrival interval is different from the subsequent arrival interval. We discuss the chance
distribution of the uncertain random delayed renewal process. Furthermore, an uncertain random
delay renewal theorem is derived, and the chance distribution limit of long-term expected renewal
rate of the uncertain random delay renewal system is proved. Then its average uncertain random
delay renewal rate is obtained, and it is proved that it is convergent in the chance distribution. Finally,
we provide several examples to illustrate the consistency with the existing conclusions.

Keywords: delayed renewal process; uncertain random process; chance theory

1. Introduction

The delayed renewal process is a variation of the normal renewal process, which
allows the first arrival time to be different from other processes. Traditionally, the arrival
interval is regarded as a random variable, so the classical renewal process is also called a
random renewal process. In practice, the probability theory can be applied—the estimated
probability distribution is close to the cumulative frequency. However, sometimes we
cannot get the real frequency. In this case, we have to invite some domain experts to give
“possibility” in every event. Because this “possibility” is usually much larger than the
range of probability distribution, it can not deal with probability theory [1]. To solve these
problems, Liu [2] founded the uncertainty theory in 2007 and refined in 2009 [3]. Under
the uncertainty theory framework, Liu [4] proposed a definition of uncertain process, and
then an uncertain renewal process was proposed to simulate the sudden jump in uncertain
systems. Then, Liu [5] further discusses this process and applies it to insurance models.
In addition, Yao and Li [6] proposed an uncertain alternating renewal process, in which
the closing time and opening time are regarded as uncertain variables. Zhang et al. [7]
proposed an uncertain delayed renewal process.

In many practical problems, there are both uncertainty and randomness in complex
systems. To describe such a system, Liu [8] founded the chance theory and proposed chance
measure, defined uncertain random variables, gave their chance distribution, and defined
the expected value and variance of uncertain random variables. Then, Liu [9] proposed
the operation law of uncertain random variables. Following that, Yao and Gao [10], Gao
and Sheng [11], and Sheng et al. [12] verified some laws of large numbers of uncertain
random variable sequences based on different assumptions. Gao and Yao [13] researched
an uncertain random process and an uncertain random renewal process. Yao and Zhou [14]
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further studied an uncertain random renewal reward process and applied it to the block
replacement policy.

In this paper, we mainly study a delayed renewal process in a hybrid environment.
In fact, all uncertain variables and uncertain random variables given in both uncertainty
theory and chance theory are symmetrical. Therefore, this paper studies the uncertain
random delayed renewal process under the framework of symmetry, and gives some
properties of the uncertain random delayed renewal process, some renewal theorems, and
delayed renewal rates. The contributions of this paper have three aspects. Firstly, the
concept of the uncertain random delay renewal process is proposed, regarding the arrival
interval as uncertain random variables, and allowing the chance distribution of the first
arrival interval to be different from other times. Secondly, we prove a basic delay renewal
theorem for the uncertain random delay renewal process, we discuss this uncertain random
delay renewal process and average delay renewal rate. Thirdly, we study some properties
of this process. Meanwhile, we prove that the average delayed renewal rate converges
under the chance distribution. The rest of the paper is structured as follows. In Section 2,
this paper introduces the preliminary knowledge of uncertain variables and uncertain
random variables. In Section 3, we discuss the concept of the uncertain random delayed
renewal process. In Section 4, we discuss the chance distribution of the uncertain random
delayed renewal processes and some theorems about the average delayed renewal rate.
Finally, in Section 5, conclusions are given.

2. Preliminaries
2.1. Uncertain Variable

Let £ be a o-algebra on a nonempty set I'. A set function M : £ — [0,1] is called an
uncertain measure [2] if it satisfies the following axioms: (1) Normality Axiom: M{I'} =1
for the universal set I'. (2) Duality axiom: M{A} +M{A°} =1 for any event A. (3) Subad-
ditivity axiom: For every countable sequence of events A1, Ay, - - - , we have M{U;Z; A;} <
Yo M{A;}. Besides, let (I'y, £, M) be uncertainty spaces for k = 1,2, - - - . Then the prod-
uct uncertain measure M is an uncertain measure satisfying M{TT;~; Ax} = Apeq Mi{ Ak}
where Ay are arbitrarily chosen events from Ly fork = 1,2, - - -, respectively, so the product
uncertain measure on the product o-algebra £ is defined by Liu [15].

Definition 1 (Liu [2]). Let ¢ be an uncertain variable. Then its uncertainty distribution is
P(x) = M{¢ < x}
for any real number x.

Definition 2 (Liu [15]). The uncertain variables ¢1,Ca,- - - , G are independent if
m m
M{ﬂ(éi € Bi)} = \ M{g € B;}
i=1 k=1

for any Borel sets By, By, - - - , By, of real numbers.

Lemma 1 (Liu [5]). Let &1, Dy, - - - , Py, be uncertainty distributions of independent uncertain
variables &1, 8y, - - -, &n, respectively. If f is a strictly increasing function, then & = f(&1,82,- -+ ,Cn)
is an uncertain variable with uncertainty distribution

P(x) = sup min @;(x;).
f(XI/XZI"‘/xn):xlglgn o

Definition 3 (Liu [2]). The expected value of an uncertain variable ¢ is

Blg) = [ ig 2 v [ (e < ),
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where at least one of the two integrals is finite.

Let ® be uncertainty distribution of an uncertain variable ¢. Then

0

E[g] :/'+°°(1—q>(x))dx—/ ®(x)dx.

0 —0o0

Lemma 2 (Liu and Ha [16]). Let &1, Dy, - - - , Py, be reqular uncertainty distributions of inde-
pendent uncertain variables &1, &, - - -, &n, respectively. If f(&1, &, -+, &n) is strictly increasing
with respect to ¢1,8a, -+, Cm and strictly decreasing with respect to 1, Cmy2, -+ + , Cn, then
&= f(&1,8, -+ ,Cn) has an expected value

E[C] = /Olf(cpl_l(tx),. .. lcl)al(oc),q)%}rl(l —1x),... ,q>;1(1 —a))da.

2.2. Uncertain Random Variable

Let (I, £, M) be an uncertainty space, let (), A,Pr) be a probability space, then
(T,£,M) x (Q,A,Pr) is defined a chance space.

Definition 4 (Liu [8]). Let ©® € £ x A be an uncertain random event on (I, £, M) x (Q, A, Pr).
Then the chance measure of © is

Ch{®} = /01 Pr{w € Q| M{y € T|(y,w) € O} > r}dr.

The chance measure satisfies the following four properties [8,17]: (1) normality, i.e.,
Ch{T x O} = 1. (2) Duality, i.e., Ch{®} + Ch{©°} = 1 for and event ©. (3) Monotonic-
ity, i.e., Ch{©;} < Ch{®;} for any real number set ©®; C ©;.. (4) Subadditivity, i.e.,
Ch{U2; 0;} < Y2, Ch{O;} for a sequence of events @1, 0, - - -.

Definition 5 (Liu [8]). An uncertain random variable is a measurable function ¢ from a chance

space (I', £, M) x (Q), A,Pr) to the set of real numbers, i.e., {G € B} is an event for any Borel

set B.

Definition 6 (Liu [9]). Let ¢ be an uncertain random variable. Then its chance distribution is
®(x) = Ch{¢ < x}

forany x € R.

Lemma 3 (Liu [9]). Let 71,12, - - , Ty be uncertain variables, and let 41,42, - - - , #m be indepen-

dent random variables with probability distributions Y1, Y5, - - - , ¥, respectively. Then chance
distribution of the uncertain random variable & = (111,42, , m, T, T2, - =+ , Tn) 1S

O(x) = [ Foyn e ym)d¥i(n) - d¥nlyn),

where F(x,y1,- -+ ,Ym) is the uncertainty distribution of f(y1,y2, - ,Ym, T, T2, - - - , Tu) fOr any
real numbers y1,Y2, - -+ , Ym-

Furthermore, the expected value operator of an uncertain random variable and a mean
chance of an uncertain random event in [9] were given.

Definition 7 (Liu [16]). Let ¢ be an uncertain random variable. Then its expected value is

Eld] = ./0+°° Ch{E > r}dr — '/Ooo Ch{¢ < r}dr
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provided that at least one of the two integrals is finite.

Let @ denote the chance distribution of ¢, Liu [9] proved a formula to calculate the
expected value of the uncertain random variable with chance distribution if E[¢] exists, then

+oc0 0
E[e] = / (1— ®(x))dx — / ®(x)dx.
0 —00
Lemma 4 (Liu [9]). Let ¥1, Y2, - , ¥ be probability distributions of independent random vari-
ables §1,12, - - - , m, respectively, and let 71, T, - - - , Ty be uncertain variables, then the expected
value of the uncertain random variable & = f(n1,12, -+ , m, T, T2, -+ , Tn) 1S

Bl = [ By e 5)ld¥a () - d¥ym),

where E[f (Y1,Y2,-** ,Ym, T, T2, - =+ , Tn)] is the expected value of f (y1, Y2, , Ym, T1, T2, "+ , Tn)
for any real numbers y1,y2,- -+, Ym.

Definition 8 (Yao and Gao [10]). Let @, Dy, Dy, - - - be chance distributions of uncertain random
variables ¢, C1,Co, - - -, respectively. Then the sequence ¢1,Gp, - - - is converged in distribution to
¢ if

lim ®;(x) = ®(x)

1—00

for every number x € R at which ® is continuous, which is denoted as ¢; 4 C.

3. Uncertain Random Delayed Renewal Process

Gao and Yao [13] researched an uncertain random process to describe the evolution of
the indeterminacy phenomena with time or space in 2015. Then, they further defined the
uncertain random renewal process, and the chance distribution of the average renewal rate
is given. On this basis, the definition of the uncertain random delay renewal process was
proposed, and its average delay renewal rate was discussed.

Let 71,1772, - - - be random variables with probability distributions ®1(x), Pp(x), - - - re-
spectively and 19, Ty, - - - be uncertain variables with uncertainty distributions Y1 (v), Y2(y), - - -,
respectively. Denote by f (-, -) a measurable function of two variables. Define Sy = 0 and

Su=fOn,m)+flw)+ -+ fimtw), n=12---. 1)

Definition 9 (Gao and Yao [13]). Assume that 11,12, - - are independently and identically
distributed random variables, and Ty, Tp, - - - are iid uncertain variables. If the function f > 0,
then Ny = max,>o{n|S, < t} is called an uncertain random renewal process.

Following, we propose a concept of the uncertain random delay renewal process to
describe a both uncertain and random system with delay.

Definition 10. Let 11,1, - - - be independent random variables, and Ty, T, - - - be independent
uncertain variables. Assume that 1,13, - - - are identically distributed with common probability
distribution ®(x), which is different from ®1(x), and 1, 13, - - - are identically distributed with
common uncertainty distribution Y (y), which is different from Y1(y). If the function f is positive
and strictly monotone, then Dy = max,>o{n|S, < t} is called an uncertain random renewal
process with inter-arrival times f(n1,11), f (12, T2), - - -

It follows from Definition 10 that an uncertain random delayed renewal process is just
like an uncertain random ordinary one, except that the first arrival time is different from
the other inter-arrival times. It is clear that Dy is an uncertain random variable, and we call
D; the uncertain random delayed renewal variable.
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Remark 1. An uncertain random delayed renewal process Dy degenerates to an uncertain random
renewal process Ny if 71 has the common uncertainty distribution as ©, T3, - - -, and 11 has the
common probability distribution as 115, 113, - - -.

Remark 2. If each of the uncertain sequence Ty, To, - - - degenerates into a crisp number, then the
associated uncertain random delayed renewal process becomes a stochastic delayed renewal process
since the uncertain random sequence f(n1,11), f (2, T2), - - - degenerates into a random sequence.

Remark 3. If each of the random sequence 11,12, - - - degenerates into a crisp number, then
the associated uncertain random delayed renewal process becomes an uncertain delayed renewal
process since the uncertain random sequence f(n1,71), f(112, T2), - - - degenerates into an uncertain
sequence.

Theorem 1. Let D; be a delayed renewal process with uncertain random inter-arrival times.
T1, Ty, - - - be independent uncertain variables. Assume that 12,13, - - - are identically distributed
with common probability distribution ®, which is different from ®1, and 1y, T3, - - - are identically
distributed with common uncertainty distribution Y, which is different from Y1, the function f is
positive and strictly monotone. Then the chance distribution of Dy is

¥, (x) :1—/ - (Yl(xl)/\Y(tL_xjcl

R frx0)+ T Flyoxi)=t

) )1 (y1)dD(y2)dD(ys) - , x € [0, +c0),
where |x| is the maximal integer less than or equal to x, we set (t — x1)/|x| = +oo and
Y((t—x1)/|x]) =1when x| =0.
Proof. By Definition 4 and Definition 6, we have

¥i(k) = Ch{D; < k} = Ch{Sks1 <t} =1—Ch{S, <t}

=1 —Ch{f(m,rl) +f(n, )+ + f(Me1, 1) < l‘}
k+1

=1- Ch{f(’thl) + gf(l?i,'l'i) S t}
k+1
_q_ /01 Pr{w e 0| M{f(n(w) )+ ;f(m(w),ri) <t} = rlar
k+1 -
-1— - M{f(yl,n) + ;f(yi,ri) < t}dq>1(y1)dq>(y2) o dD(yesr)

for any integer k > 2. Using Lemma 1, we have

k+1

M{f(ylle) + ;f(yzvfi) < t}

k1
= sup (Yl (x1) /\HLI?Y(MD
Foyr ) +E53 f (i) =t =

_ sup (Yl(xl)/\Y<t_kxl)>.

f(y1,x])+2i~j21 (yixi)=t

So we can obtain

. .
Hl) =1- [ sup <Y1<x1> AY( k’”))dcbl (11)dD(y2) -+ - dD (Y1),
Flrx)+T) Flyix)=t
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We know that an uncertain random delay renewal process take integer values. So

Fi(x) = ¥e(lx))

t—
—1- /m sup (Yl(xl) AY( ij“))dq>1(y1)dq>(y2)dq>(y3) -, x € [0, +o00).
IR )+ T f )=t

Thus the theorem is completed. O

4. Elementary Uncertain Random Delayed Renewal Theorem

In the following, we prove an elementary uncertain random delayed renewal theorem.
Note that this process Dy is the total renewal time before ¢. Therefore, D;/t represents the
average delayed renewal rate in the time interval [0, |. Similar to the classical delayed
renewal process, an important problem is to discuss the chance distribution of the average
delayed renewal rate. In order to prove the main results, we first need two lemmaes.

Lemma 5 (Sheng et al. [12]). Let 1,12, - - and Ty, Tp, - - - be independent random variables and
independent uncertain variables, respectively. Assume that the function f is strictly monotone

with the first argument. If for any y € R, Y574 W < o0 and meanwhile limy e = Y1

/ _Jr;o f(x, 7;)dD;(x) exists in probability distribution. Then {S, /n} converges in chance distribu-
tion to

1L [+

lim — 2/ f(x,7)d®;(x) as n— +oo.

n— .
on i=1

Lemma 6 (Kolmogorov’s Large Number Law [18]). Assume that 1 has a different probabil-
ity distribution from 1,13, - - - which are identically distributed, and E|n1|, E|nz| are finite. If

Yo V”;[ZW”] < oo, then the sequence % "1 11; converges almost sure to E[n], which is indi-

cated by

™=

ni — E172 (LI.S.).

1

niz
Theorem 2. Let 171,42, -+ and Ty, T, - - - be independent random variables and independent
uncertain variables, respectively. Assume that 112,13, - - - are identically distributed with com-
mon probability distribution ®(x), which is different from ®1(x), and 1, 13, - - - are identically
distributed with common uncertainty distribution Y (y), which is different from Y1(y). Let the
function g be strictly monotone. If, for any y € R, E|g(y1,v)|, E|g(12,y)| are finite, and

Var[f

Yo % < 0o, then we have

Sn i> /joo g(x, 72)dd(x)

n oo

in the sense of convergence in chance distribution as t — 4-co.

Proof. For any given y € R, ¢(111,y),8(12,y), - - - are obviously independent random
variables. It follows from Lemma 6 that, for any y € R,
1 +o0
S sy~ [ gey)de) (as).
i=1 -

In addition, for each x € &, we have

Mg(x, 1) <glxy)} =Yi(y)

and
Mg(x, ) <glx,y)} =Y(y), i=23--,
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as a result of which, we have

wf [ strmdewm < [ nydowm | = vo)

Further, it follows from Lemma 5 that
lim chd ot < [T dd
lim Che = < [ g(x,)d(x)
“+00

:Ch{ lim Sn < g(x,y)d@(x)}

n—sco 1N o

o0

:Ch{/_:og(x, 7)dd(x) < ./_oo g(x,y)dCD(x)}

e [T stxmart < [ gyaom )

That is, the sequence {S,,/n} converges in distribution to [ j»ot;o g(x, )d®(x). O

Theorem 3 (Uncertain Random Elementary Delayed Renewal Theorem). Assume D is an
uncertain random delayed renewal process with inter-arrival times ¢(171, 1), 82, ), - - - . If for

anyy € R, E|g(m,y)|, EIg(72,y)| are finite, and T2, Y2Ist

%’y)] < oo, then we have
Di a Foo -1
- (/ g(x,Tz)dCD(x))

—00

in the sense of convergence in chance distribution as t — +-oo.

Proof. Since y is a continuous point of

+o0 -1
(/[ strmaowm)
so we can obtain that 1/y is a continuous point of
+oo
l g(x, )dd(x).

By Definition 10 that

Dy _ _ _ _ Sty +1 t
Ch{T gy} = Ch{D; < ty} = Ch{D; < [ty]} = Ch{S sy .1 > t] 7Ch{ 1 ) +1}
where |ty | represents the maximal integer less than or equal to fy. Note that, [ty | < ty <

|ty| + 1 and for each y > 0, |ty| — 400 as t — +oo. Therefore, we have

Lty ]

1 t 1
lty] +1y

< <=
[ty] +1 "y

and

S 1 S t S t 1
Lty)+1 } { Lty +1 } { Lty)+1 Lty ] }
Ch > -l <Cnh > < Ch > .
{ lty] +1 " y) — lty] +1 7 [ty|+1] — lty] +1 7 [ty +1y

Further, by Theorem 2 that

S oo
Lty]+1 i>/ g(x, )d®(x), t— oo.

lty] +1

—00
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Since
Siyit1 _ Syl [ty] +1

vl lty]+1 Lty

and
[ty| +1

[ty ]

—1 as t— +oo,

it is obtained that

S +o0
Lfty;jl i)/ ¢(x,)d®(x), as t— +oo.

Thus we can obtain

S S
lim Ch{ Lti”rl > }1/} —1— lim Ch{ Lyl +1 1}

- —M{/;mg(x,rz)d¢(x) < ;} =1 _M{ (/_jg(x'TZ)dq)(x)>1 - }

Y
- {( [stmmdewm) < y} - M{ (/7 stwmpar) < y}

and

S S
lim Ch{ et Lty 1} — lim Ch{ Lyl +1 1}
t+oo lty] +1 lty] +1y t+o0 |ty ] y

S 1 +o0 1
PR byl +1 1) / < }
1 throoCh{ ] S y} 1 M{ . (%, 7)dd(x) < y

=1- Jv[{ (/J:og(x, Tz)ddD(x))_l > y} = M{ (/:O g(x,rz)ddD(x)) o < y}
—Jv[{ (/:og(x, Tz)qu(x)) o < y}.

-1
For any continuous point y of ( [y, Tz)dq)(x)) , we have

. Dy o S|ty)+1 t _ +oo -
tgrwah{T < y} = tgrwah{ ] +1 > eSS M '/_w g(x, 1)dd(x) <yy.

So, we can obtain that the average delayed renewal rate is

Dt 4, (/Jroog(x, Tz)dCD(x))1

£ —o0

in the sense of convergence in chance distribution as t — +oc0. O

Remark 4. Assume that 11,1, - - - are positive and independent random variables and 11 has a
different probability distribution from 1,143, - - -, which are identically distributed. Let D; be a

delayed renewal process with inter-arrival times 11,1, - - - . Then we have
Dt d 1
—_— = as t — +oo.

t E[p]’
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Remark 5. Assume that Ty, T, - - - are positive and independent uncertain variables and Ty has
a different uncertainty distribution from t, T3, - - -, which are identically distributed. Let Dy be a

delayed renewal process with inter-arrival times Ty, Tp, - - - . Then we have
Dt d 1
— — —, as t — +oo.
t T

Remark 6. When an uncertain random delayed renewal process D; degenerates to an uncertain
random renewal process, then the average delayed renewal rate degenerates to the average renewal
rate, i.e.,

% 4 </—::of(x,71)d<b(x)>1, as t — +oo

which is consistent with the result of Gao and Yao [13].

Example 1. Let#yy, 12, - - bepositive and independent random variables and Ty, 1o, - - - be positive
and independent uncertain variables, respectively. Let Dy be an uncertain random delayed renewal
process with uncertain random inter-arrival times #1 + 11,12 + T2, - - - . Then we have

Dtd 1
— —

-, as t = +oo.
t Eln] + o

In fact, by Theorem 3, we have

Di 4, </+°°(x + Tz)dCD(x)) o

t —o0

= </-:O xd®(x) + /7-;00 TzddD(x))
= (el 4 [ o)

-1

—00

_ -1___ 1
=(Em]l+mn) = El o’ ast — +oo.

Further, by Remark 6, if random variables 71, 72, - - - are also identically distributed
and uncertain variables 71, Tp, - - - are also identically distributed, then we have

Dt 4
T_> , as t — 4o,

Elmln

Example 2. Let 11,1, - - - be positive and independent random variables and Ty, T, - - - be positive
and independent uncertain variables, respectively. Let Dy be an uncertain random delayed renewal

process with uncertain random inter-arrival times §171, 272, - - - . Then we have
Dt d 1
— = , as t — 4oo.
t E[l’]zh’z

In fact, by Theorem 3, we have
1

% = </J:°(x1,2)dq)(x)) = <Tz /::o xdcp(x))l

_ 1
_ 1_
= (E[m]m)” = il ast — +oo.
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By Remark 6, further, if random variables 71, 772, - - - are also identically distributed
and uncertain variables 7y, 7o, - - - are also identically distributed, then we have

Dia 1

— ———, as t — +oo.
t E[m]l+7

Example 3. Let 11,12, - - - be positive and independent random variables and Ty, T, - - - be positive
and independent uncertain variables, respectively. Let Dy be an uncertain random delayed renewal

process with uncertain random inter-arrival times y1/1, 42/ T2, - - - . Then we have
D T
—t i> 2 , as t — oo,
t Elp]

In fact, by Theorem 3, we have

D g, (/f ;_CdeD(x)> ol <T12 /::O xd<I>(x)> o

1 -1 T
= (TzE[qz]> = Efnal’ ast — +oo.

Further, by Remark 6, if random variables 71, 72, - - - are also identically distributed
and uncertain variables 71, Tp, - - - are also identically distributed, then we have

as t — +oo.

Example 4. Let 71,12, - - - be positive and independent random variables and 11, 12, - - - be positive
and independent uncertain variables, respectively. Let Dy be an uncertain random delayed renewal

process with uncertain random inter-arrival times T /11, T2/ 12, - - - . Then we have
Dt d 1
- 5 ———, as t — +oo.
t 1
E [7:| T
2

In fact, by Theorem 3, we have
+o0 -1 +o0 -1
D 4 (/ Tzd@(x)) = (Tz/ 1d<I>(x)>
t —00 X —00 X

1
Further, by Remark 6, if random variables 11,1, - - - are also identically distributed and
uncertain variables T, T2, - - - are also identically distributed, then we have

Dtd 1
_>

L

as t — +oo.

5. Conclusions

In this paper, to describe an uncertain random process with a delayed—by employing
uncertain random variables to describe the inter-arrival times—the uncertain random
delayed renewal process was proposed and the chance distribution of the delay renewal
process was obtained. Furthermore, we studied the average renewal rate of the special
process and a useful theorem named the uncertain random elementary delay renewal
theorem was established. We found that the average delayed renewal rate is convergent in
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chance distribution. Finally, we provided some examples to illustrate the uncertain random
delayed renewal theorem.
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