J. Indones. Math. Soc. (MIHMI)
Vol. 13, No. 2 (2007), pp. 149-159.

INTEGRATED RENEWAL PROCESS

SUYONO AND J.A.M. VAN DER WEIDE

Abstract. The marginal distribution of integrated renewal process is derived in this
paper. Our approach is based on the theory of point processes, especially Poisson point

processes. The results are presented in the form of Laplace transforms.

1. INTRODUCTION

Consider arrival of passengers at a train station and model this situation as a re-
newal process. It means that the inter-arrival times between consecutive passengers
are assumed to be independent and identically distributed (iid) non-negative ran-
dom variables. Suppose that at a certain time (time 0) a train is just departed from
the station and there are no passengers left. Passengers who come after the time
0 have to wait until the departure of the next train at some time point ¢ > 0. We
are interested in the waiting time of these passengers. The total waiting time of
all passengers in the time interval [0,t] is an example of a stochastic process which
we call an integrated renewal process. The nomenclature becomes clear from the
mathematical definition of the process in Section 2.

An integrated renewal process can be considered as a generalization of a
stochastic process which we call an integrated Poisson process in this paper. The
expected value of the integrated Poisson process has been discussed in Ross [6]. The
integrated renewal process has also a close connection with shot noise processes
discussed by Gubner [4]. For asymptotic properties of this process, see Suyono
and Van der Weide (2007). In this paper we discuss the marginal distribution of
this process which is important for analyzing probabilistic characterizations of the
process at any time point.

This paper is organized as follows. In Section 2 we give a mathematical
definition of an integrated renewal process. In Section 3 we consider an integrated
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Poisson process including the variance and the marginal probability density function
of the process. In Section 4 we consider the marginal distribution of integrated
renewal process and in the last section we give an example.

2. DEFINITIONS

Let (X,,n > 1) be an iid sequence of non-negative random variables having a
common distribution function F. Let S, = > | X;,n > 1, and set Sy = 0. The
process (N(t),t > 0) where

N(t) =sup{n >0:S5, <t}

is known as a renewal process. In the sequel we will interpret the variables X,, as
inter-arrival times of the renewal process.
Define for ¢t > 0

Y(t):/o N(s)ds.

We call the stochastic process (Y (t),t > 0) integrated renewal process. As a special
case, if (N(t),t > 0) is a Poisson process then we call the process (Y (t),t > 0)
integrated Poisson process. Note that we can express Y (t) as

N(¢)
Y(t)=) (t—S;) =tN(t) - Z(t), (1)

i=1

where
(t)
Z(t)=>_ S (2)
i=1

So if we interpret S,,, n = 1,2, 3, ... as arrival times of passengers in a train station
then Y'(¢) represents the total waiting time of all passengers until the departure of
a train at time ¢. In the next sections we will discuss the marginal distributions of
Y (t) and Z(t).

3. INTEGRATED POISSON PROCESS

Firstly, suppose that the process (N(t),t > 0) is an homogeneous Poisson process
with rate A > 0. It is well known that given N(t) = n, the n arrival times Sy, ..., Sp,
have the same distribution as the order statistics corresponding to n independent
random variables uniformly distributed on the time interval [0, ¢], see e.g. Ross [6].
Conditioning on the number of arrivals in the time interval [0, ¢] we obtain

E(e—aY(t)) _ i E |:€_a Z?:1(t_si)|N(t) = ’I’L:| P(N(t) = n)
n=0
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o0
_ Ze—antE [e—a >t Ui} ()‘t)n e—)\t
N n!
n=0
where U;,i = 1,2,...,n are independent and identically uniform random variables
on [0,¢]. Since

1
—alU «
Blem®] = — [e* —1],
it follows that
1— _ ,—oat
E(e *Y®) = exp { ML= at — ) } . (3)
o

From (3) we deduce that E[Y ()] = $\t? and Var[Y (t)] = At3. Using a similar
argument we can prove that Z(t) has the same Laplace transform as Y (t). So by
uniqueness theorem for Laplace transforms we conclude that for each ¢, Y'(¢) and
Z(t) have the same distribution.

The distribution of Y (t) has a mass at zero with P(Y(t) = 0) = e~ *. The
probability density function fy () of the continuous part of Y'(f) can be obtained

by inverting the Laplace transform in (3). Note that we can express (3) as

oo
)\n(l _ e—at)n
E(e—aY(t)) - e—AtE '7
— nla

e—kta

= A s (ZDR (D)
_ At k
= Y
n=0 k=0
Inverting this transform we obtain, for z > 0,
fY(t) ()
oo n
A% | gt n\ (z — k)" 1
=t A K
=Y e @ + 0 () T @)

n=1 k=1
VA
= 75° M1 (2VAZ) 10,00y (2)

e 3 LD o ka1 (2N = R1) L (0)
k=1 ’

where Ij(x) is the Modified Bessel function of the first kind, i.e.,

(o) = (120 3 B

m=0

see Gradshteyn and Ryzhik [2].
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For large t, the distribution of Y'(¢) can be approximated by the normal
distribution having mean %/\t2 and variance %)\t?’. To prove this we will consider
the characteristic function of the normalized Y (¢). Firstly, note that

Y ()= S a2
—ia

Ele \/ 23 — e%iavBAtE (e_i(:/gy(t)> .

Using (3) with « is replaced by Zﬁ/\g where 7 = /—1 and an expansion we obtain

_ioc\/gy(t)> 1 . 1 2 )\t )\t _3/2
E(e ¢t/ = exp{ ——taV3X — —a°+ ——o(t
( b 300+ ol

as t — oo. It follows that
v () - sat?
—o—— =

1343 _ 1,2
Ele Vgt — e 2% as t— 0

which is the characteristic function of the standard normal distribution.

Now consider the case where (N(¢)) is a non-homogeneous Poisson process
with intensity measure v. Given N(t) = n, the arrival times S;,7i = 1,2, ...,n have
the same distribution as the order statistics of n iid random variables having a
common cumulative distribution function

v([0,x
G(z) = { S w<t
1, T > t.

By conditioning on the number of arrivals in the time interval [0,t] we get

E (670[Z(t)) = exp {/Ot [e*a“" - 1] dy([(),:n])} .

From this Laplace transform we deduce that

E[Z(1)] = /0 2dv([0,2]) and Var[Z(t)] = / 22du ([0, 2]).

0

Similarly, we can prove that

E(e=Y(®) = exp { /O feati-o) _ l]du([(),x])} ,

E[Y(t)]:/o (t —x)dv([0,z]), and Var[Y(t)]:/O (t —x)%dv ([0, 2]).

Note that in general the process Y'(t) has different distribution from Z(t) when
(N(t)) is a non-homogeneous Poisson process.
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4. INTEGRATED RENEWAL PROCESS

In this section we will consider the marginal distributions of the processes (Y (¢))
and (Z(t)) defined in (1) and (2) for the case that (N(t)) is a renewal process.
We will assume that the inter-arrival times X,, of the renewal process (N(t)) are
strictly positive. First we consider the process (Z(t)). Obviously we can express
Z(t) as

Z(t) =Y [N(t)+1—i]X,. (4)
i=1
We will use point processes to derive the marginal distribution of Z(¢).

Let (92, F,P) be the probability space on which the iid sequence (X,,) is
defined and also an iid sequence (V,,n > 1) of exponentially distributed random
variables with parameter 1 such that the sequences (X,,) and (V;,) are independent.
Let (T,,,n > 1) be the sequence of partial sums of the variables V,,. Then the map

w3 (T (@), Xa () (5)

where 0(,,) is the Dirac measure in (z,y), defines a Poisson point process on
E = [0,00) x [0, 00) with intensity measure v(dtdz) = dtdF(x), see Resnick [5]. Let
M,(E) be the set of all point measures on E. We will denote the distribution of ®
by P,,ie., P, =Po® !

Define for ¢ > 0 the functional A(t) on M,(E) by

A0 = [ Vo (s)an(dsds). (6)

In the sequel we write A(t, u) = A(t)(1). Suppose that the point measure p has
the support supp(p) = ((tn, 2n))pey With t1 < to < .... It follows that

M = Z 6(tn7ln)
n=1
and A(t, 1) can be expressed as
At p) = Z 0,0 (tn)Zn.
n=1

Note that for every ¢ > 0, A(t, 1) is almost surely finite.
Define also for ¢ > 0 the functional Z(t) on M,(E) by

200 = [ [ Ty (6= Aol 5) x [0.00) ko)l dr ().

The next lemma motivates the definition of Z(t).
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Lemma 4.1. With probability 1,

Proof. Let w € Q2. Then
Z(t)(®(w))

= D 1o, (t — ATh(w), B(w)))
D @) (T(w), Tuw)) x [0,50) Xe()Ljo,1, (0 (T3())

= D BW)([THw), Tty +1(@)) X [0,00) Xi(@) 10Ty s oy () (TH(@))
=1

N (t,w)

= Y INEtw) +1-iXiw). O
i=1

Theorem 4.1. Let (X,,,n > 1) be an iid sequence of strictly positive random
variables with common distribution function F. Let (Sp,n > 0) be the sequence
of partial sums of the variables X,, and (N(t),t > 0) be the corresponding renewal
process: N(t) =sup{n >0:S, <t}. Let

N(t)
Z(t) =Y [N(t)+1—i]X,.
Then for o, >0
/ T B A0 = Sl - )Y [[Flal 1= 48) (1)
n=01=1

(with the usual convention that the empty product equals 1), where F* denotes the
Laplace-Stieltjes transforms of F'.
Proof. By Lemma 4.1.

E(efaZ(t))

= / e ZOWP, (dp)
My (E)

/MP(E) P { - /E /E Ljo,2)(t = Als, 1))

([, 5) x [0,00))ul ) <r>u<drdu>u<dsdx>}m<du>
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/MP(E) [ 1yt = A
exp{ = [ lr:5) % 0,001 (Pt s )P

Applying the Palm formula for Poisson point processes, see Grandell [3], we obtain

E( —aZ(t)

- / / /M(El[oi)t— A(s, 1+ 0(5,2)))

exp { - /Eoz(ﬂ + 0(s,2)) ([, 8) % [0,00))uljg o) (1) (1 + 5(s7x))(drdu)}
J(dp)dF (z)ds

/ / /MP(E Ljo,2) (t — A(s, 1))

exp{ - /Ea,u([r,s) X [O,oo))ul[oys)(T),u(drdu)}Pl,(d,u)dF(x)ds.

Using Fubini’s theorem and a substitution we obtain

o0
/ E(e *Z®)e=ftqt
0

- /OOO/OOO /MP(E) /Oool[o,z)(t—A(SaN))

exp{ - /Eoz,u([r,s) x [0,00))uljg s (T)M(drdu)}e‘ﬁtdth(du)dF(a:)ds

1 . %0
S Gl A
exp{ —/E [au([r, s) x [0,00)) + 6} u1[07s)(r)u(drdu)}Py(du)ds.

The integral with respect to P, can be written as a sum of integrals over the sets
By, = {p € M,(E) : u([0,s) x [0,00)) = n}, n=0,1,2,.... Fix a value of n and
let ;1 € M,(E) be such that u([0,s) x [0,00)) = n and supp(p) = ((t;,2:))52,. So
t, < s < tpy1. For such a measure p the integrand with respect to P, can be
written as

ap([r, s) x [0,00)) + 3| uljo,s)(r) p(drdu)
E

I
.Mg

s
Il
—

[an(ti, ) x [0,50)) + 810, (1)

I

s
Il
-

(a[n+1—1] + B)x;.
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Now the measure P, is the image measure of P under the map ®, see (5). Express-
ing the integral with respect to P, over B,, as an integral with respect to P over
the subset A, :={w € Q: T, (w) < s < Tp11(w)} of ©, and using independence of
(T,) and (X,,), we obtain

/(;@bmmvmmwﬂwmmempA@)
By,
= / exp{ - Z(a[n +1 =]+ ﬂ)Xi(w)}P(dw)
An i=1

- E [exp { - Zn}a[n F1od)+ ﬁ)XiH P(A,)

i=1
— 11E[mp{—(ﬂn+l—ﬂ+ﬁﬁX*}igs
= il;[lF*(oz[n +1—4]+ ﬂ)geﬂ.
Hence

/ e S lap([r,s)x [O,OO))JFB]U:L[O,S)(T)u’(drdu)PV(dM)
My(E)

Since for each n, [;° ‘%e‘sds =1, the theorem follows. [

We can take derivatives with respect to o in (7) to find Laplace transforms of
the moments of Z(t). For example the Laplace transforms of the first and second
moments of Z(t) are given in the following proposition.

Proposition 4.1. Under the same assumptions as in Theorem 4.1.,
(a) IfE [Xle_ﬁxl] < oo for some B > 0, then

E [X;e0%1]

/o BlZ@ledt = on —m e

(b) If E [Xfe %] < oo for some 3> 0, then

/wEwmﬂ(mm
0

L+ P (@B [XFe 0] | 22+ FY(B)] [B (Xie "))
plL = F(B)]° Bl — F*(B)]1




Integrated Renewal Process 157

Now we will consider the distribution of Y (¢) when (N (¢)) is a renewal process.
It is easy to see that

Y(t)=> (i— DX+ N[t - Sy

i=1

Define for t > 0 the functional Y(¢) on M,(E) by

Y(t) () = /E /E 0.0y (t — A(s, 1)) {([0,7) x [0, 00))ul .0 ()
([0, 5) x [0, 00))(t — A(s, 1))} pe(drdue)u(dsd),

where A(t,p) is defined as in (6). Then as in Lemma 4.1., with probability 1,
Y (t) = Y(¢t)(®). The following theorem can be proved using arguments as for Z(t),
and therefore we omit the proof.

Theorem 4.2. Let (X,,n > 1) be an iid sequence of strictly positive random
variables with common distribution function F. Let (Sp,n > 0) be the sequence
of partial sums of the variables X, and (N(t),t > 0) be the corresponding renewal
process: N(t) =sup{n >0:5, <t}. Let
N(t)
Y(t)=> (i— )X+ N)[t - Sy

i=1

Then

(a) [77E(e Y O)ePtdt = 320 D [T | P (ali — 1] + )

(b) [ B (D] Pt = g2

(¢) If E [Xle_ﬁxl] < oo for some (3 > 0, then

2F*(B) [1 = F*(8)> + BE (X1e~7%1)]
Bl = F*(B)]?

/OO E[Y (t)?)e Pldt =
0

5. AN EXAMPLE

Suppose that the inter-arrival times X, of the renewal process have a common
Gamma(m,2) distribution having the probability density function

mx

f(z;m,2) =m?ze™™*, m >0, z>0.
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Note that if m = 2 then X; has the same mean as the exponential random variable
with parameter A (exp(A)). For m = 1, using Theorem 4.2. we obtain

9] efﬁt _ 1
[;mwm "= Gy

and

> 21—t 2(5° +48° +83+6)
|| B e - FF127

Inverting these transforms we obtain

1 1 1 1 _

and
1 1 1 1 1 1 1 1

EY(t)?] = —=tt— =34+ -t — —t 4+ — + (=t — —t — —)e 2.
Y@OT=16" 51" 5t ~ gt TGt Tt R

Hence the variance of Y (¢) is given by
1 1 1 ot 1 4
Var[Y (t)] = 1275 Gt ol + 8t 8t
The double Laplace transform of Y'(t) is given by

n

R + 64 m)?
E aY(t) —pt (an
/0 (e dt = Z (an+ B+ m)? an—i—ﬂ H ali—1) +ﬁ+m]

1=1

The pdf of Y (¢) can be approximated by first truncating the infinite sum in this
transform and then by inverting the truncated transform. The graph of the pdf of
Y (3) for m =1 can be seen in Figure 1 (dashed line).

Figure 1: Graphs of the pdf of Y(3) when the (X,) are iid exp(0.5) and
Gamma(1,2).

In this Figure we also display the graph for the pdf of Y'(3) when (X,,) are iid
exponential random variables with parameter 0.5 (solid line). Both Gamma(1,2)
and exp(0.5) distributions have the same mean equal to 2.
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