CHAPTER 3

Renewal processes and Poisson process

3.1. Definition of renewal processes and limit theorems

Let &, &, ... be independent and identically distributed random variables with P[¢, > 0] = 1.
Define their partial sums

S, =& 4...4+&, neN, S,=0.

Note that the sequence Si,Ss, ... is increasing. We call S1,5,,... the renewal times (or
simply renewals) and &, &, . .. the interrenewal times.

DEFINITION 3.1.1. The process {N; : t > 0} given by

Ni=) lis,<n
n=1

is called the renewal process.

THEOREM 3.1.2 (Law of large numbers for renewal processes). Let m :=E& € (0,00), then
Nt a.s.

1
t m
IDEA OF PROOF. By the definition of N; we have the inequality

Sn, <t < Snpqa-

, ast— oo.

Dividing this by NV; we obtain
SN, < t < SN+l Nt+1'

N, =N, - N+1 N,
We have N; — oo as t — oo since there are infinitely many renewals and thus, the function
N, (which is non-decreasing by definition) cannot stay bounded. By the law of large numbers,

both sides of (3.1.1) a.s. converge to m as t — co. By the sandwich lemma, we have
t a.s.

— —m, astl— o0.

N, ’

This proves the claim. 0

(3.1.1)

THEOREM 3.1.3 (Central limit theorem for renewal processes). Let m := E& € (0,00) and
02 :=Var¢; € (0,00). Then,




IDEA OF PROOF. The usual central limit theorem for S,, = & + ... + &, states that

S, —nm
Suznm vy
J\/ﬁ n—00
Denoting by N a standard normal random variable we can write this as follows: For large
n, we have an approximate equality of distributions

S, ~nm + oy/nN.

This means that the interval [0,nm + o/nN] contains approximately n renewals. By the
law of large numbers for renewal processes, see Theorem 3.1.2, it seems plausible that the
interval [nm,nm + oy/nN] contains approximately o+/nN/m renewals. It follows that the
interval [0, nm] contains approximately n — oy/nN/m renewals. Let us now introduce the
variable t = nm. Then, n — oo is equivalent to ¢ — oo. Consequently, for large ¢ in the
interval [0, t] we have approximately

t oVt
m m3/2
renewals. By definition, this number of renewals is N;. This means that
No-E
TG
for large t. 0

DEFINITION 3.1.4. The renewal function H(t) is the expected number of renewals in the
interval [0, ¢]:
H(t)=EN, t>0.

REMARK 3.1.5. Denoting by F**(t) = P[S}, < t] the distribution function of Si, we have the
formula

H(t)=EN,=E» I =) Elgo=)» PS,<t]=> F*@t).
k=1 k=1 k=1

k=1
THEOREM 3.1.6 (Weak renewal theorem). Let m :=E& € (0,00). It holds that
| H(t) 1
t—soo ¢ o m’

a.s. 1

IDEA OF PROOF. By Theorem 3.1.2, % — —-ast — oo. In order to obtain Theorem 3.1.6,
we have to take expectation of both sides and interchange the limit and the expectation.
The rigorous justification will be omitted. U

DEFINITION 3.1.7. The random variables &, are called lattice if there are a > 0,b € R so
that & with probability 1 takes values in the set aZ + b, that is
Pl¢p € {an+b:n € Z}] = 1.

THEOREM 3.1.8 (Blackwell renewal theorem). Assume that & is non-lattice and let m :=
E& € (0,00). Then, for all s > 0,
: s
tlgglo(H(t +s)— H(t)) = p
PROOF. Omitted O



3.2. Stationary processes and processes with stationary increments

Consider a stochastic process {X;,t > 0}. For concreteness, we have chosen the index
set T to be [0,00), but similar definitions apply to stochastic processes with index sets
T =R,N,Ny, Z.
DEFINITION 3.2.1. The process {X; : t > 0} is called stationary if for all n € N, 0 < ¢; <
...<t,andall h >0,
d
(Xt17 s 7th) - (Xt1+h7 s 7th+h)~
ExamMpLE 3.2.2. Let {X; : t € Ny} be independent and identically distributed random
variables. We claim that the process X is stationary. Let p be the probability distribution
of Xy, that is u(A) = P[X; € A], for all Borel sets A C R. Then, for all Borel sets
Ay, . A, CR,
P[thJrh € Al, R ,th+h € An] = M(Al) ot /L(An) = P[th € Al; ce ,th € An]
This proves that X is stationary.

EXAMPLE 3.2.3. Let {X; : t € Ng} be a Markov chain starting with an invariant probability
distribution A. Then, X, is stationary.

PROOF. Let us first compute the joint distribution of (X, Xp11, ..., Xpim). For any states
19, - .-, 1m € E we have
P[Xh = ’io, Xthl = ’il, e ;Xthm = Zm] = P[Xh = Zo] *Digiv * -+ Pimp—1im -

Since the initial measure A of the Markov chain is invariant, we have P[X},, = io] = \;,. We
therefore obtain that

]P)[Xh = 7:0, Xh+1 = ’il, e aXh-‘,-m = ’Lm] = /\iopioil L pimflim'
This expression does not depend on h thus showing that
d
(Xns Xng1, - s Xngm) = (Xo, X1, -0, X))

If we drop some components in the first vector and the corresponding components in the
second vector, the vectors formed by the remaining components still have the same distri-
bution. In this way we can prove that (X, 1n, Xi,an,-- -, Xy, +n) has the same distribution
as (Xgy, Xigy o oo, X4,)- O

DEFINITION 3.2.4. The process {X; : t > 0} has stationary increments if for all n € N,
h>0and 0 <ty <t; <...<t,, we have the following equality in distribution:

d
(Xt1+h _Xto+h7 Xt2+h_Xt1+h7 s 7th+h _th—1+h) = (th _Xtm th _Xt17 SRR th _th—l)'

DEFINITION 3.2.5. The process {X; : t > 0} has independent increments if for all n € N and
0<ty<t; <...<t,, the random variables

Xt()7 th - Xt()7 th - Xt17 s 7th - th,1
are independent.

Later we will consider two examples of processes which have both stationary and independent
increments: the Poisson Process and the Brownian Motion.

3



3.3. Poisson process

The Poisson process is a special case of renewal process in which the interrenewal times
are exponentially distributed. Namely, let &;,&5, ... be independent identically distributed
random variables having exponential distribution with parameter A > 0, that is

P <z]=1—e, 1>0.
Define the renewal times S,, by
Sn:£1++fn> nEN, S():O

It’s an exercise to show (for example, by induction) that the density of .S, is given by

)\ngjn—l N
r)=——"—e " x>0.
The distribution of S, is called the Erlang distribution with parameters n and . It is a
particular case of the Gamma distribution.

DEFINITION 3.3.1. The Poisson process with intensity A > 0 is a process {/V, : t > 0} defined
by

Nt - Z ]l{SkSt}'
k=1

Note that N; counts the number of renewals in the interval [0,¢]. The next theorem explains
why the Poisson process was named after Poisson.

THEOREM 3.3.2. For all t > 0 it holds that Ny ~ Poi(\t).

Proor. We need to prove that for all n € Ny,

P[N; =n] = ()Z') e M,

STEP 1. Let first n = 0. Then,
P[N; = 0] =P[¢, > t] = e,
thus establishing the required formula for n = 0.
STEP 2. Let n € N. We compute the probability P[V; = n|. By definition of NV, we have
P[N; = n] = P[N; > n| —P[N; > n + 1] = P[S,, <t] = P[S,41 < 1.
Using the formula for the density of .S,, we obtain that

t t t / yn,n—1 n+l,.n
PN, =n] = /0 fs, (x)dx — /0 fspii(x)de = /0 (ﬁe‘m — )\Txe_)‘z> dz.
The expression under the sign of the integral is equal to
d ()" 5\,
dx ( nl ¢ ) '

Thus, we can compute the integral as follows:

P[N, = n] = <u>

n!

r=t
At)"
( ) efAt

n!

=0
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where the last step holds since we assumed that n # 0. U

REMARK 3.3.3. From the above theorem it follows that the renewal function of the Poisson
process is given by H(t) = EN;, = At.

For the next theorem let Uy, . .., U, be independent random variables which are uniformly dis-
tributed on the interval [0,¢]. Denote by Uy < ... < Uy, the order statistics of Uy, ..., U,.

THEOREM 3.3.4. The conditional distribution of the random vector (Si,...,S,) given that
{Ny = n} coincides with the distribution of (Uny,...,Uw)):

d
(Sl, ey Sn)’{Nt = n} = (U(l), ceey U(n)).
Proor. We will compute the densities of both vectors and show these densities are equal.

STEP 1. The joint density of the random variables (&, ..., &,11) has (by independence) the
product form
n+1

—Au
f§17---7£n+1(u17‘“7un+1) - HA@ k, u1,...7un+1 > 0
k=1

STEP 2. We compute the joint density of (Si,...,S,41). Consider a linear transformation
A defined by

A(Ul,UQ, c. ,un+1) = (ul,ul +Ug, ..., U+ ...+ Un+1).
The random variables (51, ..., S,4+1) can be obtained by applying the linear transformation

A to the variables (&1, ..., &41):
(517 ey Sn+1> — A(fl; N ’5n+1).

The determinant of the transformation A is 1 since the matrix of this transformation is
triangular with 1’s on the diagonal. By the density transformation theorem, the density of
(S1,...,Sn41) is given by

n+1

_ —Ate—tr_1) _ \n+1_—At,
fS1,...,Sn+l (t17 LI 7t7’L+1) - H >\e ( k™ 1) = )\ € +1,
k=1

where 0 = tg < t; < ... < ty11. Otherwise, the density vanishes. Note that the formula for
the density depends only on ¢,,,; and does not depend on ¢4, ... t,.

STEP 3. We compute the conditional density of (Si,...,S,) given that N, = n. Let
0<t; <...<t,<t. Intuitively, the conditional density of (S1,...,S,) given that N; = n
is given by

Pty <S1<ti+e,....tn, <S1 <tp,+e|N,=n]

fSl:--an<t1’ e 7tn|Nt - n) - hm

€l0 en

:hmP[t1<51 <ti+e,...,t, <S, <t,+e Ny =n)]
el0 e"P[N; = n]

:hmIP’[tl <Si<ti+e, ... t, <S8, <t,+¢e Sni1 >t]‘
£l0 e"P[N; = n]



Using the formula for the joint density of (Si,...,S,+1) and noting that this density does
not depend on tq,...,t,, we obtain that
Pty < Sp <tide,... ty<Sy<tpt+e S>>t [TA e Mrdt, ol
e"P[N, = n] - P[N, = n] tn’
where in the last step we used that N; has Poisson distribution with parameter At. So, we
have

noofor0<ty <...<t,<t,

Fonsa (bl Ny = ) = {

0, otherwise.

STEP 4. The joint density of the order statistics (Upy,. .., Up)) is known (Stochastik I) to
be given by
!
n forO<t; <...<t, <t
ti, .o ty) =R ’
Joay iy (1 ) {O, otherwise.

This coincides with the conditional density of (Si,...,S,) given that N; = n, thus proving
the theorem. 0

THEOREM 3.3.5. The Poisson process {N; : t > 0} has independent increments and these
increments have Poisson distribution, namely for all t,s > 0 we have

Nt+s — Nt ~ PO](/\S)

Proor. Take some points 0 =t < t; < ... < t,. We determine the distribution of the
random vector

(Ney, Nty — Niyy oo oy Ny, — Ny ).
Take some z1,...,x, € Ny. We compute the probability
P:=P[Ny =21, Nty — Nyy =29, ..., Ny, — Ny, = ).
Let x = 21 + ... 4+ x,. By definition of conditional probability,
P =P[N, =21, Ny, — Ny, = 29,..., Ny, — Ny, _, = 23| Ny, = x] - P[N;, = x].

Given that V;, = z, the Poisson process has = renewals in the interval [0,¢,] and by The-
orem 3.3.4 these renewals have the same distribution as z independent random variables
which have uniform distribution on the interval [0, ¢,], after arranging them in an increasing
order. Hence, in order to compute the conditional probability we can use the multinomial

distribution:
(tr — tk 1) (AMtn)® i,
b= (x xn'H > o O

After making transformations we arrive at

b H ( tk — tk 1)) ke)\(tktkl)) )

From this formula we see that the random variables N;, Ny, — Ny,..., Ny, — N, , are
independent and that they are Poisson distributed, namely

Ntk — Ntk—l ~ POl()\(tk — tk_l)).
This proves the theorem. 0



THEOREM 3.3.6. The Poisson process has stationary increments.

ProoF. Take some h > 0, and some 0 < t; <ty < ... < t,. We have to show that the
distribution of the random vector

(Nt1+h - Nt0+h7 Ntz-i-h - Nt1+h7 BRI Ntn-l-h - Ntnfl'i‘h)

does not depend on h. However, we know from Theorem 3.3.5 that the components of this
vector are independent and that

Nthrh - Ntk71+h ~ POi()‘(tk - tkfl)%
which does not depend on h. 0

3.4. Lattice renewal processes

In this section we show how the theory of Markov chains can be used to obtain some proper-
ties of renewal processes whose interrenewal times are integer. Let &, &, ... be independent
and identically distributed random variables with values in N = {1,2,...}. Let us write

rn:=Pl& =n], neN.
We will make the aperiodicity assumption:
(3.4.1) ged{fn e N:r, A0} = 1.

For example, this condition excludes renewal processes for which the &.’s take only even
values. Define the renewal times S,, =& + ... +&,, n € N.

THEOREM 3.4.1. Let m := E&; be finite. Then,

1
lim P[3k e N: Sy =n]=—.

n—o00 m

So, the probability that there is a renewal at time n converges, as n — o0, to %

Proor. STEP 1. Consider a Markov chain defined as follows: Let

X, = inf{t > n : ¢ is renewal time} — n.

The random variable X, (which is called the forward renewal time) represents the length of
the time interval between n and the first renewal following n. (Please think why X, has the
Markov property). Note that at renewal times we have X,, = 0.

The state space of this chain is

E={0,1,...,.M — 1},if M < o0,
E=1{0,1,2,...},if M = o0,
where M is the maximal value which the &’s can attain:
M =sup{i e N:r; >0} € NU {o0}.
The transition probabilities of this Markov chain are given by
pii—1=1fori=1,2...,M—1,
Poi =Tip1 fori=1,..., M —1.
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STEP 2. We prove that the chain is irreducible. Starting at any state ¢ € E we can reach
state 0 by following the path

1 —=1—1—>1—-—2—...—=0.

So, every state leads to state 0. Let us prove that conversely, state 0 leads to every state. Let
first M be finite. Starting in state 0 we can reach any state i € E with positive probability
by following the path

O—-M-1—-M-2—...—1

If M is infinite, then for every ¢ € E we can find some K > i such that rx > 0. Starting at
state 0 we can reach state ¢ by following the path

0O K-1—-K-2—...—1.

We have shown that every state leads to 0 and 0 leads to every state, so the chain is
irreducible.

STEP 3. We prove that the chain is aperiodic. By irreducibility, we need to show that state
0 is aperiodic. For every ¢ such that r; # 0 we can go from 0 to 0 in i steps by following the
path

0—=i—-1—=i—-2—...=0.

By (3.4.1) the greatest common divisor of all such i’s is 1, so the period of state 0 is 1 and
it is aperiodic.

STEP 4. We claim that the unique invariant probability measure of this Markov chain is
given by
T T ce .
)\i = +1 1 i + , 1€ E.
m
Indeed, the equations for the invariant probability measure look as follows:

M-1
Aj = Z PijAi = Pojro + Pit1Air1 = Ti1do + A
=0

It follows that
/\j — )‘j—i—l = Tj+1)\0.

We obtain the following equations:

Ao— A = 7’1)\07
Al — A2 = T2,
A2 — Az = 130,

By adding all these equations starting with the (j + 1)-st one, we obtain that
>‘j = (Tj+1 + Tj+2 + .. ))\0

It remains to compute \y. By adding the equations for all j = 0,1,..., M — 1 we obtain
that
1:)\0+>\1+: (7’1—|—27"2+37"3+...))\0:m)\0.
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It follows that
)\0 = —.

m
This proves the formula for the invariant probability distribution.

STEP 5. Our chain is thus irreducible, aperiodic, and positive recurrent. By the theorem on
the convergence to the invariant probability distribution we have

1
lim P[X, =0] =X = —.
n—oo m
Recalling that we have X,, = 0 if and only if n is a renewal time, we obtain that
1
lim P[3k e N: S, = k] = lim P[X,, =0] = —,
n—oo n—oo m
thus proving the claim of the theorem. O



