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Introduction

An insurance company may occasionally encounter the requirement to merge
or split some of its lines of business. Among other reasons, this may be a result
of change in legislation or an internal business decision. Our interest lies in the
mathematical background of these operations, especially from the perspective of
claim numbers models. We consider counting processes as a general model for the
number of insurance claims, the merging and splitting of the lines of business then
translates to the operations of superposition and thinning. The main goal is to
describe several classes of counting processes which are closed under superposition
and two elementary types of thinning, as some of the properties of the initial
models entering these operations are preserved in the resulting claim numbers
models for the merged or split lines of business.

The concept of a counting process is introduced in the first chapter and the
specific types of counting processes considered in the next parts of the thesis
are described. In particular, a Poisson process is introduced along with two of
its numerous possible generalizations, a nonhomogeneous Poisson process and
a renewal process. Several important properties of these types of processes are
also derived in this chapter.

The second chapter is concerned with the operations of superposition and
thinning. The definitions of superposition and two elementary types of thinning
are stated in the general setting of counting processes and several results about
superposition and thinning of the previously introduced types of counting pro-
cesses are presented. The well-known results that the Poisson processes are closed
under these operations are stated and the necessary conditions for this assertion
to also hold true for renewal processes are explored. The previous work on the
superposition of renewal processes is studied and clarified in further detail, and
an original result for thinning of a renewal process is derived.

The third chapter covers the necessary theory for application of the previously
stated results and the analysis of insurance data provided by the Czech Insurers’
Bureau. Specifically, an approach to estimate the parameters of one particular
type of intensity function is presented and the superposition of nonhomogeneous
Poisson processes is then used to estimate the future number of reported claims in
a model situation when an insurance company merges two of its lines of business.



1. Counting Processes

This chapter is concerned with a particular class of stochastic processes often
used in claim numbers modeling, the so-called counting processes. We formally
define a counting process and introduce some specific types of counting process-
es, namely a Poisson process and two of its generalizations, a non-homogeneous
Poisson process and a renewal process. The definitions throughout this chapter
are inspired by Ross| [2014].

1.1 Preliminaries

Let us begin with definitions of several concepts that will be used throughout
this text. We first introduce the fundamental idea of a stochastic process.

Definition 1.1. A collection of random wvariables {X(t),t € T}, T being an
arbitrary index set, is called a stochastic process.

We will interpret index ¢ as time and call X (¢) the state of the process at
time ¢. Stochastic process {X (t),t € T'} is called a discrete-time stochastic pro-
cess if the set T is at most countable or a continuous-time stochastic process if
T is uncountable. A realization of a stochastic process is called a sample path.

A counting process is a specific type of continuous-time stochastic process
whose state at time ¢ represents the number of certain events occurring in the
time interval (0,¢]. This idea gives several formal conditions for a stochastic
process to be called a counting process.

Definition 1.2. A stochastic process {N(t),t > 0} is said to be a counting
process if the following conditions are satisfied:

(1) N(t) =0,
(2) N(t) is integer valued,
(3) if s < t, then N(s) < N(t).

The sample path of a counting process is always a nondecreasing step func-
tion, the points of discontinuity represent times when the observed events occur.
We will denote nth such time by 7T, and call it the nth arrival time. Another
characterization is possible in terms of waiting times between two consecutive
events. We will denote the elapsed time between the (n — 1)st and the nth event
by X, and call it the nth interarrival time.

The arrival and the interarrival times are naturally interconnected. If we
formally let Ty = 0, the nth interarrival time can be expressed as X,, =T, —T,,_1,
and the converse expression for 7, is obtained as the sum of the first n interarrival
times, T,, = >, X;.

The figure below shows the sample path of a counting process with four events
occurring at times 1, 2, 4 and 7 (denoted by Ti,...,Ty) and the corresponding
interarrival times (denoted by X7, ..., Xy).
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Figure 1.1: The sample path of an arbitrary counting process N(t)

We continue by defining two possible properties of a counting process, the
independent and stationary increments.

Definition 1.3. A counting process {N(t),t > 0} is said to possess independent
increments if N(t;) — N(to), N(t2) — N(t1),..., N(tn) — N(t,—1) are independent
random variables for alln € N and for all 0 <ty <ty < --- <t,. The process is
satd to possess stationary increments if for any t > 0 and s > 0, the probability
distribution of variables N(t + s) — N(t) only depends on s.

To conclude this introductory section, let us define an integral transform that
will be used in various parts of this text, the Laplace-Stieltjes transform.

Definition 1.4. Let g : [0,00) — [0,00) be a non-decreasing function. The
Laplace-Stieltjes transform of g, denoted by g*, is defined as

g0 = [ e dgla)
for every t where the right-hand side integral converges.

Remark. There is a convenient connection between the Laplace-Stieltjes trans-
form and the moment generating functions of random variables. If we let X be
a nonnegative random variable with distribution function F', it is easy to verify
that [*(t) = E[e **], which is just the moment generating function of X eval-
uated in —t. It can be therefore concluded that the Laplace-Stieltjes transform
uniquely determines the probability distribution of X.

1.2 Poisson Process

The first type of counting process that we introduce is a Poisson process. The
process is in its simplest form determined by a single constant parameter called
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rate or intensity. A Poisson process with constant rate is also called homogeneous.

Three different definitions of a homogeneous Poisson process will be given in
this section. The first describes the probability distribution of increments in an
interval of a fixed length. This definition will be referred to as aziomatic.

Definition 1.5. A counting process {N(t),t > 0} is said to be a Poisson process
with rate X > 0 if the following conditions are satisfied:

(A1) N(0) =0,
(A2) the process has independent increments,

A3) forallt,s >0, PIN(t+s)— N(t) =n — eI 1,...
(A3) : : :

n!

Remark. 1t follows from the property (A3) that this process also has station-
ary increments, as for a given constant rate A, the probability distribution of
increments is identical for every interval of a fixed length s.

The name of the process of course also follows from the probability distri-
bution of increments, which is Poisson. Using the well-known properties of this
distribution, the expectation of a Poisson process at time ¢ can be easily derived
as E[N(t)] = At, which also explains why A is called rate.

The second definition is concerned with number of increments in an interval as
its length A tends to zero. This definition will thus be referred to as infinitesimal.

Definition 1.6. A counting process {N(t),t > 0} is said to be a Poisson process
with rate X > 0 if the following conditions are satisfied:

(1) N(0) =0,
(12) the process has independent and stationary increments,
(13) P[N(h) = 1] = Ah + o(h),

(I4) BN(R) > 2] = ofh),

where o(h) denotes any function f: R — R such that limy_,o @ =0.

Remark. Properties (I3) and (I4) also determine the probability of zero events
occurring in an interval of length h as P[N(h) = 0] =1 — Ah + o(h).

The infinitesimal definition states that in a Poisson process, as the length h of
an interval tends to zero, the probability of one event occurring is approximately
proportional to this length, while the probability of more events occurring is neg-
ligible. This property is useful for modeling events which do not occur multiple
times in a quick succession.

We now show that the first two definitions truly describe the same process.

Claim 1.1. The definitions[1.5 and[1.6 of a Poisson process are equivalent.



Proof. The proof of = makes use of the Laplace-Stieltjes transform of
N(t) and the differential equations derived from the definition It can be
found in full in |[Ross [2014, p. 299-300, Theorem 5.1].

We will add the proof of the converse implication [1.5)=-[1.6] The first property
is identical in both definitions, stationary and independent increments follow from
the property (A2) and the remark below the axiomatic definition. We will use
the property (A3) to show that (I3) and (I4) are also satisfied.

(I3) PIN(h) =1] = Mhe™ = Ah(1 — 14 )
= M+ Ah(e™™ — 1) = M\h + o(h),

(I4) P[N(h) >2]=1— (P[N(h) =1] +P[N(h) = 0])
=1— (Ahe™ e
=1— (Mhe™ +1 =M +o(h)) = o(h).

O

The third definition utilizes sequences of arrival and interarrival times de-
scribed in the previous section and can be thus thought of as a more constructive
one. We first notice that the probability distribution of the interarrival times can
be derived directly from the axiomatic definition.

Claim 1.2. The sequence of interarrival times {X,,n € N} of a Poisson process
{N(t),t > 0} with rate A > 0 consists of independent and identically distributed
random variables, he common distribution is exponential with parameter .

Remark. The exponential distribution with parameter A is considered such that
its distribution function is in form F(x) = 1 —e % 2 > 0. The fact that X is
exponentially distributed with parameter A will be denoted by X ~ Exp()).

Proof. We first determine the distribution of waiting time for the first event, Xj.
If N(t) =0 at time t, the first event has not occurred yet, X; must be therefore
greater than ¢. This observation and the axiomatic definition together give

P[X, > t] = P[N(t) = 0] = e,

hence, by the properties of distribution functions, X; ~ Exzp(\). We continue by
conditioning X, on X; and obtaining the distribution

P[Xy > t| X1 =5 =P[N(t+s) — N(s) =0|N(s) = 1]
=P[N(t+s)— N(s) =0]

=e M (by property A3).

(by independent increments)

The conditional distribution does not depend on s, variables X; and X5 are
thus independent. This immediately implies that also P[Xy > t] = e~ hence,
Xy ~ Exzp(\). Repeating this argument gives independence and exponential
distribution for all X,,. O

These properties of interarrival times provide necessary framework for the
third definition of a Poisson process. We will later see that the general idea of
identifying a counting process with its arrival and interarrival times can be also
used to define different types of counting processes.
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Definition 1.7. Let {X,,n € N} be a sequence of independent, identically
distributed random variables having an exponential distribution with parameter
A > 0. Let {T,,,n € N} be a sequence of random variables such that T,, = > | X;.
A counting process {N(t),t > 0} given by the sum

N(t) =3 Log(T,), 120,
n=1

is said to be a Poisson process with rate A, Iy (x) denotes the indicator function
of interval (0,1].

Remark. The independence and exponential distribution of interarrival times X,

along with their relationship to the arrival times 7,, all together imply that the

nth arrival time 7}, has gamma distribution with parameters n and A\, we consider
)\Tl

the gamma distribution with density function in form f(z) = Wxnfle*)‘x, x> 0.

We see that the formal statement of the last definition can be fully derived
from the axiomatic one. The converse is also true, the Poisson process defined
as in has all the properties described in the axiomatic definition, the proof
of this claim can be found in Durrett| [2019, p. 152-153]. All three definitions
of a Poisson process are thus equivalent and can be used interchangeably in the
following parts of this text.

1.3 Nonhomogeneous Poisson Process

The applications of a Poisson process can be sometimes limited by the re-
quirement of a constant arrival rate.

Consider for instance a counting process which tracks the occurrence of car
accidents in time. We have an information that the number of accidents tends to
increase during summer months or weekends and we would like to capture these
trends in our model.

If we let the arrival rate of a Poisson process vary over time, we obtain a
generalization called a nonhomogeneous Poisson process.

Two definitions of a nonhomogeneous Poisson process will be given. Similarly
to the axiomatic definition in the previous section, the first one describes the
distribution of increments in an interval of a fixed length.

Definition 1.8. A counting process {N(t),t > 0} is said to be a nonhomogeneous
Poisson process with intensity function A(t),t > 0 if the following conditions are
satisfied:

(NA1) N(0) =0,
(NA2) the process has independent increments,

(NA3) for all t,s > 0, the number of increments N(t + s) — N(t) is Poisson
distributed with mean [/ \(z)dx.

Remark. In general, a nonhomogeneous Poisson process does not possess station-
ary increments. This property is preserved only if A\(¢) = A for some constant A,
the resulting Poisson process is of course the homogeneous one.
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The lack of stationary increments must be of course also considered in the
second definition, which again describes the behavior of increments in an interval
whose length h tends to zero.

Definition 1.9. A counting process {N(t),t > 0} is said to be a nonhomogeneous
Poisson process with rate function \(t),t > 0 if the following conditions are
satisfied:

(NI1) N(0) =0,

(NI2) the process has independent increments,
(NI3) P[N(t+ h) — N(t) = 1] = A(t)h + o(h),
(NLL) P[N(t+ h) — N(t) > 2] = o(h).

Just like in the homogeneous case, we can show that these two definitions
describe the same process.

Claim 1.3. The definitions and of a nonhomogeneous Poisson process
are equivalent.

Proof. The proof of [1.9 = [L.§] follows in a similar manner to the homogeneous
case and in full can be found in [Ross [2014, p. 322-323, Theorem 5.3].

For the implication [L.8] = [L.9} it must be shown that (NI3) and (NI4) are
satisfied. Fix ¢ > 0 and let m(h) = [/ X\(z)dz. The Taylor expansion of m(h)
at 0 is

m(h) =m(0) +m'(0)h + o(h) = A(t)h + o(h)

Using the Taylor expansions of m(h) and the exponential function, the prop-
erty (NA3) and the fact that

PN(t+h)—N(t)>2]=1—(P[N(t+h)—N(t) =1+ P[N(t+h)— N(t) = 0)),
we obtain

(NI3) P[N(t+h) — N(t) = 1] = e ®m(h) = [1 — m(h) + o(h)|m(h)
= [L =A@+ o(W)]A(t)h + o(h)]
= A(B)h = [MOR] + o(h)

= At)h + o(h),
(NI4) BIN(t 4 h) = N(#) 2 2] = 1 — [~ Drm(h) 4+ e~
= 1= [[L =m(h) + o(h)]m(h) +1 —m(h) + o(h)]
=1—[1 = [mh)]* + o(h)] = [m(h)]* + o(h)
— (D) + o)) + oh) = A(DAI? + o(h)
= o(h).



1.4 Renewal Process

Another generalization of a Poisson process is obtained by allowing for other
than exponentially distributed interarrival times.

Let us recall that in a homogeneous Poisson process with with rate A, the
sequence of interarrival times {X,,n € N} consists of independent, indentically
distributed random variables having an exponential distribution with parameter
A and the nth arrival time 7;, is gamma distributed with parameters n and A.

If we preserve the requirements of independence and identical distribution of
interarrival times but allow for any nonnegative distribution that is not degenerate
at 0, we obtain a new type of counting process, the so-called renewal process.

Definition 1.10. Let {X,,n € N} be a sequence of independent, identically
distributed nonnegative random variables with a common distribution function F,
such that F(0) = P[X,, = 0] < 1. Let {T,,n € N} be a sequence of random
variables where T, = Y% | X;. A counting process {N(t),t > 0} obtained as

N(t)=> Toy(T,), t>0,
n=1

1s said to be a renewal process.

It is well known that the distribution function of the sum of n independent,
identically distributed random variables can be obtained as the n-fold convolution
of their common distribution function F' with itself. We will denote such n-fold
convolution by F,, and additionally define Fj = 1.

It is easy to see that I, determines the distribution of the nth arrival time T,,.
If the distribution of 7}, is known, we can also determine the distribution of the
state of the process at time t.

Claim 1.4. Let {N(t),t > 0} be a renewal process and let F' be the distribution
function of its interarrival times. The distribution of the state of the process N(t)
at time t can be determined as P[N(t) = n] = F,(t) — Fo11(t),n =0,1,...

Proof. We first notice that if N(¢) > n at time ¢, the nth event must have occurred
at the latest at time ¢, hence T,, < t. We then obtain
P[N(t) =n] = P[N(t) > n] = P[N(t) > n + 1]
=P[T, <t]| —P[T41 <t
= F,(t) — Foa(t).
O

The mean function m(t) = E [N (¢)] of a renewal process N(t) is another object
of interest. The function will be also called the renewal function.

It is rather straightforward to demonstrate that the renewal function is unique-
ly determined by the distribution function F' of the interarrival times, the n-fold
convolutions of F' again play an important role.

Claim 1.5. Let {N(t),t > 0} be a renewal process and let F' be the distribution
function of its interarrival times. The renewal function m(t) of the process N(t)
can be expressed as

m(t) = i_o:l F.(t).
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m(t) = E[N(t)] = E [i Loa(T,)] = i Elog(T)] = 3 PIT, < 1] = > Fa(t)

n=1 n=1
0

Perhaps more interesting is the opposite statement which will conclude this
section and chapter.

Theorem 1.6. The renewal function m(t) uniquely determines the distribution
of the interarrival times and thus the whole renewal process {N(t),t > 0}.

Proof. We begin by noticing two particular properties of the Laplace-Stieltjes
transform. First we show that the Laplace-Stieltjes transform translates convo-
lution to multiplication. Let F}, be the distribution function of the sum > 7 ; X;
where the variables X; are independent with a common distribution function F.
It then holds true that

Fi(t) =E[e 2 X = [[E[e™] = [F*(0)]".

i=1

Second, the fact that F' < 1 implies that for a nonnegative random variable
X which is not degenerate at 0, the Laplace-Stieltjes transform F*(¢) < 1 for all
t >0 and F*(0) = 1.

Using these two observation and the claim we obtain for all £ > 0

m*(t) = /OOO e dm(z) = /OOO e "d (2 Fn(x)> = 2 /OOO e "dF, (1)

= EFr(t) = F t)]"= ————. 1
3 E0) = SO = gy 1)
The proof is completed by rearranging the equation as
m*(t)
Ft) = ————— 2
0= @ )

noticing that the fraction on the right-hand side tends to 1 for ¢ — 0, so we
can formally let F*(0) = 1 and by the fact that the Laplace-Stieltjes transform
uniquely determines the probability distribution of a random variable. O]
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2. Superposition and Thinning

Now that the general concept of a counting process has been introduced, we
can describe two particular operations on counting processes, the superposition
and thinning. We begin by stating the general idea of these operations and
continue with several results that emerge when superposing and thinning the
specific types of counting processes defined in the previous chapter.

2.1 General Idea

The superposition of two counting processes results in a new counting process
whose events occur every time that an event has occurred in either of the two
initial processes.

Imagine we have two counting processes tracking the number of claims in two
lines of business of an insurance company, say that these are material damage
claims and bodily injury claims. One way to represent the combined number of
claims in these lines of business, for instance when merging them into one, is to
superpose the two initial processes.

Definition 2.1. Let {Ny(t),t > 0} and {Na(t),t > 0} be two counting processes
with sequences of arrival times R = {R,,n € N} and S = {S,,, n € N} respective-
ly. A counting process {N(t),t > 0} whose sequence of arrival times is the union
T = RUS ordered increasingly, is said to be a superposition of Ni(t) and Ny(t).

Remark. The state of the superposition process N(t) at time ¢ is once again
obtained as N (t) = Y02 Loq(T,), T, € T. It clearly does not make any difference
whether the occurrences of events until time ¢ are counted jointly in the union T’
or separately in the sequences R and S. One can thus write that

N(t) = i Loy (T,) = f: T (Ra) + i To(S.) = Mi(t) + Na),

hence the superposition N(t) can be also obtained as the sum of the two initial
processes at every time t.

Ny(t) Ny(t) N(t) = Ny(t) + No(t)
<t A <t A <t A *—
™ [ar) ™ *—0
Z z P2
— o—-O — o—0 — *—0
o e—O o @e—mmmO o
Ry Rs S1 S Ri Si S Re
072 Th 68 072 h 6§ 072 h 6§

Figure 2.1: The superposition of two arbitrary counting processes
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The aim of thinning is to classify each event of a counting process into one of
different categories based on some given rule.

Consider again a counting process tracking the number of claims in a certain
line of business. If an insurance company wanted to split this line of business in
two or more new ones, the processes resulting from thinning of the initial count-
ing process would provide a good representation of claim numbers for these new
lines of business.

Although various distinct thinning rules can be thought of, we will only con-
sider thinning based on the Bernoulli distribution which splits the initial process
in two processes and thinning based on the multinomial distribution which splits
the process in k different processes.

Definition 2.2. Let {N(t),t > 0} be a counting process with sequence of arrival
times {T,,,n € N} and let {Y,,n € N} be a sequence of independent Bernoulli
random variables where P[Y,, = j| = p/(1 — p)'™7, j € {0,1},p € (0,1). Further-
more, let every Y, be independent of every T,,. The processes

N;t)=> Lip(Ya)loy(T,), t>0,5=0,1
n=1
are said to be thinned counting processes, the thinning rule will be referred to as

Bernoulli thinning.

Definition 2.3. Let {N(t),t > 0} be a counting process with sequence of arrival
times {T,,,n € N}, let {Y,,,n € N} be a sequence of independent random variables
such that P[Y,, = jl =p;, j € {1,2,...,k}, p; € (0,1) for all j and Z?lej =1,
and again let every Y, be independent of every T,,. The processes

N;t)=> LinYu)loy(L,), t>0,5i=12,...k
n=1

are said to be thinned counting processes, the thinning rule will be referred to as
multinomial thinning.

N(t) No(t) Ni(t)
< *— <t 1 <t 1
o o—0 [an) *— [ap)
€N o O 36\1 &——O 3017
z Z z
— —O — —O — > ———
[an) o o———O o o—mmmmmmm ™ O
T, T, T3 Ty T, T, T, T,
0‘2‘%‘6‘8 0‘2‘%‘6‘8 0‘2‘%‘6‘8

Figure 2.2: Bernoulli thinning of an arbitrary counting process
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2.2 Poisson Processes

One of the reasons why Poisson processes are vastly used in applications is
the fact that with the assumption of independence, they are closed under super-
position, Bernoulli and multinomial thinning. The resulting processes are again
Poisson and their intensities can be determined in a rather simple manner.

We start with the theorem about superposition and for generality assume
the initial Poisson processes to be nonhomogeneous. Throughout the proofs,
m(t) = J3 M(z)dz will denote the integral of the intensity function A(#).

Theorem 2.1. Let {Ny(t),t > 0} and {Ns(t),t > 0} be two independent nonho-
mogeneous Poisson processes with intensity functions A1 (t) and \a(t) respectively.
The superposition {N(t),t > 0} of Ni(t) and Ny(t) is again a nonhomogeneous
Poisson process whose intensity function is A\(t) = A\ (t) + Aa(t).

Proof. We will use the fact that the superposition N(t) can be obtained as the
sum N(t) = Ny(t) + Nao(t) at every time t.

As both N;(0) = 0 and N2(0) = 0, also N(0) = 0. The property of indepen-
dent increments of the superposition follows from the independence of the initial
processes and the fact that they themselves possess independent increments.

We now show that the number of increments in a time interval (0, ] is Poisson
distributed. The proof would proceed similarly for an arbitrary interval (¢, ¢+ s.

n

P[N(t) = n] = P[Ny(t) + Ny(t) = n| = ’; P[N,(t) = k, No(t) = n — k]

n

S PN = K PIN(t) =1 — ] = 3 e @ OL g e ()

=0 k! (n—k)!
- ;!%(tﬂ” kz:) @ lml(tgn ﬁzw(t)] k lml(;ﬂ i(%wr_k

We notice that the last sum can be thought of as the sum of probabilities
of the binomial distribution with parameters n and #(:n)z(t)’ hence it must
equal 1. The proof is then finished by the linearity property of integrals, as

my(t) +ma(t) = [3 M () + \o(x)dz. O

Corollary. The theorem naturally holds true also for homogeneous Poisson pro-
cesses, if we let A\i(t) = A and Ay(t) = Ay for some constants A, Ay > 0, the
superposition is a Poisson process with rate A\; + As.

Corollary. The result can be easily generalized for the superposition of any finite
number k of independent Poisson processes. The resulting process is Poisson with
rate Y_F_; A; or intensity function Z?Zl A; (%) if the initial processes are generally
nonhomogeneous.

The theorem about thinning will be again proved for nonhomogeneous Pois-
son process and for the multinomial thinning rule, as Bernoulli thinning and
homogeneous process variations are once more only special cases of this theorem.

Theorem 2.2. Let {N(t),t > 0} be a nonhomogeneous Poisson process with
intensity function \(t). The thinned processes {N;(t),t > 0},7 € {1,2,...,k}

13



resulting from the multinomial thinning of N(t) in the sense of definition are
independent nonhomogeneous Poisson processes with intensity functions pjA(t).

Proof. The properties of the initial process again imply that N;(0) = 0 for every
j and that the thinned processes possess independent increments.

The independence of thinned processes and the Poisson distribution of incre-
ments will be again shown for a time interval (0, ¢].

We first notice that if n; events occurred until time ¢ in the jth thinned
process, then n = Z;‘f’:l n; events must have occurred until time ¢ in the initial
process N(t). The probability that these n events are classified such that there
are n; events in the jth thinned process is given by the multinomial distribution
and since the classification is independent of the initial process, we can write

n!

_ R ——— ()
P[Nl(t)_nlaaNk<t)_nk]_€ n nlan'
Zle nj

k n;
—Z{?: pjm(t) [m(t)] n1,.n92 nE __ —p;m(t) [p]m(t)] ’
j=1%7 —nl!nQ!'“nk!pl DP2” - Dy —][[16 J —_—

1,12 )
..nk!pl by .. Dy

=€

nj!

The proof is once again finished by the linearity property of integrals, as
pym(t) = fy piM(z)dz O

Corollary. The result for Bernoulli thinning is a special case of the theorem if we
choose the number of categories k = 2, if we choose A(t) = A for some constant
A > 0, we obtain the result for homogeneous Poisson processes.

2.3 Renewal Processes

Consider now that the initial processes are renewal. We are once again inter-
ested in conditions that must be satisfied in order for the renewal processes to be
closed under superposition and the two thinning rules mentioned earlier.

Just like in the previous section, we begin with results about superposition.
Let us first divide the renewal processes in two groups based on the distribution
of their interarrival times. We say that the renewal process is ordinary, if its
interarrival times are strictly positive random variables. If there is a positive
probability that any interarrival time is zero, the renewal process is said to have
multiple renewals.

It is shown in [Samuels [1974] that if the superposition of two ordinary renewal
processes is again an ordinary renewal process, all processes must be Poisson. We
will now state an extension of this theorem which also considers processes with
multiple renewals. The statement and the proof of the theorem comes from
Ferreira| [2000], we will provide further clarification of several steps of the proof
and correct some minor mistakes appearing in the original paper.

Theorem 2.3. Let {Ny(t),t > 0} and {Nz(t),t > 0} be two independent renewal
processes with sequences of interarrival times {X,,n € N} and {Y,,n € N}, and
let F' and G be the common distribution functions of these interarrival times. The
superposition {N(t),t > 0} of Ni(t) and Ny(t) is a renewal process if and only if
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(1) all processes are ordinary, in which case F and G are exponential, hence
Ni(t), No(t) and N(t) are all Poisson,

(2) one and only one of the two processes has multiple renewals, in which case
F and G are concentrated on a set {0,0,20,...} for some § > 0 and belong
to one of these families of distributions:

o F(z)=1—-p/H1  2>00<p<l,
G(x) degenerate at d,

o F(z)=1—-pl/H1  2>00<p<l,
Gx)=1-¢* 2>00<q<1,

where [x] denotes the integer part of x. The distributions of F' and G can be
also interchanged.

Proof. The first alternative corresponds to the result proved in [Samuels [1974]
and to the results about Poisson processes proved in the previous section.

Throughout the proof of the second alternative, F = 1 — F will denote the
survival function of any distribution F', supp(F') will denote the support of the
distribution and 2} will denote the right endpoint of the distribution, formally
xf = sup{z : F(z) < 1}. Furthermore, let us denote the sequence of interarrival
times of the superposition N(t) by {Z,,n € N}.

To start with, let us look at the first two interarrival times of the superposition.
A necessary condition for the superposition to be a renewal process is that Z;
and Z, are independent and identically distributed. This already enforces several
conditions for the interarrival distributions of the initial processes.

It is easy to determine that Z; = min{ X, Y1}, Z, then depends on whichever
of X; and Y] is smaller and is either the distance between X; and Y] or the next
interarrival time, so Z, = min{|X; — V1|, Xol(X; < Y1) 4+ Y2I(Y: < X4)}.

Let H be the distribution of Z;. Since the initial processes are independent,

Pmin{Xy,Y1} > u] = P[X; > u]P[Y; > u], hence H is determined by F' and G
as H = F'G. The independence and identical distribution of Z; and 7, is now
satisfied if the following equation holds

P|Zy > u, Zy > v]| = F(u)G(u)F(v)G(v), u,veR.
For v > 0, the left-hand side can be also expressed as

PlZy > u,Zy > 0] =P[Y) >u, X7 — Y] >0,Y; > ]
—|—PX1>UY1 X1>UX2>U]

—/ F(z +v)dG(x +/ G(z +v)dF(z)F(v), u € R,

which is just the split into cases when X; < Y; and when Y; < Xj, the final
equality expresses the probabilities as general Lebesgue-Stieltjes integrals, since
F and G can be arbitrary distribution functions, multiplied by the respective
survival functions, since X, and Y5 are independent of the previous interarrival
times.
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For v < 0, the right-hand side simplifies to F'(u)G(u), v € R and so the formula
for integration by parts of right continuous functions in Lebesgue-Stieltjes integral
must hold. We have thus derived the two following formulas

/u°° F(z +v)dG(x / (& + 0)dF (2)F(v) = F(u)Gu)F(0)G(v)
for u e R,v > 0 and
/u " F(2)dG(x) + / Y Ga)dF (@) + / Y1G(@) — Ge)dF () = F(u)3(u)

for u € R, where x_ denotes the left-hand limit. By the additivity property of
integrals, the formulas can be also rewritten as

[ Fa s vic@ae) + [ G + 0P @ F)

=F( )é( )[F(u —h)G(u — ;LL;— Fu+h)Gu+h)], vweRuv>0h>0
(3)

Q\

/u (@G () + / _;h G(x)dF(z) + / ih[G(x) — G(z_)]dF (x)
u—h)

)
—h
= F(u—h)G( — Flu+h)G(u+h), ueRh>0. (4)

 Let us now assume that one of the initial processes has multiple renewals, say
F(0) = p < 1 and let G(0) = ¢. By putting u = 0 and letting 2\, 0 in (3)), we
obtain

F)G)(1 = q)+ F0)G(v)(1 = p) = F(0)G(v)(1 = pg), v =0,

which only holds if (1 — p)(1 — ¢) = 0 and since p < 1, ¢ must equal 1, meaning
that G(0) = 1. Hence, for the superposition to be a renewal process, at most one
of the initial processes may possess multiple renewals.

We continue with the assumption that F'(0) = p < 1 and thus G(0) = 1. For
v =0, can be simplified as

uth ut+h __ _ _ — —
/ F(2)dG(z)p~* + / C(2)dF(z) = F(u—h)C(u—h) — F(u+h)C(u+h),
u—h u—h
(5)
u € R,h > 0. Now we combine with . Since p~! > 1, the combined
equation holds only if

u+h 1 —p ut+h __
| 6@ - Glaar@) = —2 [ Fa)dG),
u—h P u—h

which can only be true if every u < 2 such that u € supp(G) is also a point of
increase of F. Hence, if u € [0, 2] N supp(G), v must be also in supp(F') and so
the sets [0, 2] N supp(G) and supp(F') N supp(G) must be identical.

Since is a general formula for integration by parts, it must also hold if we
interchange the two distributions. The combined equation of and can be
then simplified to

[ F@acw = 2 [ ) - P

—h —p Ju-h
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letting ~ \, 0, we obtain
F(u) =pF(u_), wu € supp(F)Nsupp(G). (6)

We will now derive several additional properties of F' and G.

(a) The set supp(F) N supp(G) = [0, zF] N supp(G) is not empty.

If [0, z}] N supp(G) was empty, then = € supp(G) would imply x > z}, the
interarrival distribution of the superposition would thus be H = F' and the su-
perposition N(t) would be a copy of the first initial process N;(t). Since the
equation my (t) +msa(t) = m(t) must hold for the renewal functions of the respec-
tive processes and for all ¢ > 0, my(t) would have to equal 0 for all ¢ > 0. This
is only possible if GG is concentrated at oo, an option that we exclude. This point
then implies that inf{supp(F) Nsupp(G)} < oo.

(b) The set supp(F) N supp(G) = [0, 2] N supp(G) is not dense in any right
neighbourhood of 0.

If it was, we could choose 0 < ¢ < x} and an infinite sequence {x,} in the
intersection of the two supports such that 0 < x7 < 9 < --- < x,, < € for every n.
If we repeatedly apply (@, we obtain

F(e) < pF(z,) = pF(2p-) < pF(2p1) < pPF(2p0-) <o <p"F(2) < p"

for all n, hence F(¢) = 1, which is a contradiction with the definition of x}. Tt
follows that inf{supp(F) N supp(G)} = min{supp(#’) Nsupp(G)} > 0. Now let
uy = min{supp(F') Nsupp(G)}. It can be then shown that u; must be the first
support point of G. For if it was not, there would be a u € supp(G), u < u; and
since u < x}, u € supp(F), which contradicts the definition of w;.

(¢) The interval (0,u;) contains no point of supp(F').

If there was a u, 0 < u < u; in supp(F), we could take v = u; — (u — h) for
a sufficiently small h, 0 < h < u and since u; is the first support point of G, (3]
reduces to

/u _Zh G(2)dF(z) = [F(u+h) — F(u— h)].

But G(x +v) = G(z +u; — (u—h)) <1 for every x > u — h, hence

u+h
/ ; G()dF(x) < [F(u+h) — Fu—h)],
which contradicts the previous equation and w; is thus the first positive point of
increase of F. To sum up, we now know that F(0) = p, F(u1) = pF(0) = p* and
G(uy) = q. Let us now set u; = 1 for simplicity, although the next steps would
proceed similarly for any u; = 9§ > 0.

(d) F and G are concentrated on Ny = N U {0}.

If we let © € supp(F') be a non-integer, it can be easily derived that the two
following events have positive probabilites.

PlY, + Yo+ + Yy =[] > [[PYi=1=(1-¢>0
i=1
and
P[X; € (x — h,xz + h)] > 0 for every h > 0.
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For any 0 < h < min{z — [z],1 — z + [z]}, the two events imply that Y] + Y2 +
-~ +Y = [#] < X; and since Y41 > 1, Z)541 = X —[x]. But since all previous
events have positive probabilities, it must also be true that

P Zgj41 € (x =[] — h,x — [x] + h)] > 0
and for the specified choice of h this also means that
P[Z+1 € (0,1)] > P[Zjg41 € (x — [2] — h, o — [z] + h)] > 0,

which is a contradiction, because since F' nor G has a point of increase in (0, 1),
neither can the interarrival distribution H of the superposition. The argument
also holds for F' and G interchanged, which finishes the proof of this point.

The exact distributions of F' and G can now be derived. We start with the
first family of distributions appearing in the statement of this theorem, we let
G be degenerate at u; = 1. Since F'(0) = P[X,, =0] =1 —p,P[Y,, = 1] =1 and
F'is concentrated on Ny, the interarrival distribution H is detemined as

0 x <0,
Hx)=<1—-p 0<x<1,
1 x> 1.

The Laplace-Stieltjes transforms m*(¢) and m3(¢) of the renewal functions m(t)
and my(t) can be derived from if we realize that the distribution function G
increases by 1 in one and H increases by 1 — p in zero and by p in one. It follows
that
G (1) = / eTdG(x) = et mi(t) = ———, >0
0

l—et’” 7

1—p(l—e™)

t>0
p(l—et)y = T 7

H*(1) = / e dH(x) =1 —p+pet, m(t) =
0
the functions are defined by the right-hand limit in ¢ = 0 if necessary. The
Laplace-Stieltjes transform mj(t) of the renewal function m;(t) can now be de-
rived, and using , so can be the Laplace-Stieltjes transform F*(t) of the dis-
tribution function F

1—»p 1—»p
- F'(t)=———, t>0.
p(l—e_t), () Y

1 — pe? .
It can be easily shown that F*(¢) is the Laplace-Stieltjes transform of the distri-
bution function F(z) = 1 — pl*l*1 2 > 0 if we notice that the function increases
by p"(1 — p) in every n € Np.

my(t) = m*(t) —ma(t) =

_ > 1—p
F*t:/ R (x thpn (] — S )
)= Ze ) Z_: L

Now consider that G is not degenerate at u; = 1 and so G(u;) = ¢ > 0. We
also know that F'(0) = p and F(u;) = p?. Tt follows that both distribution must
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have at least one more support point in {2,3,...}. Let us assume that F' and G
are in form

F(k)y=p"" k=0,1,...,n Gk)y=¢" k=1,...,r (7)

The statement obviously holds for » = 1, we will now use the proof by induction.
Suppose the statement holds for an arbitrary r, we want to show that it also
holds for » + 1. The next equations for interarrival times of the superposition
again follow as a split into cases of different possible interarrivals of the initial
processes. We have

P[Z, = 1,75 > 1]

=PX;=1,Xo>r, Y1 >r+1]+PY1=1,Ys > X; >r+1]

= P[X; = 1]P[X, > 1] P[Y; > 7+ 1] + P[Y; = 1]P[Ys > ] P[X; > r + 1]
=p(1—p)p™'G(r+1)+ (1 —q)¢"F(r+1) (8)

and

)

Zy=1,2,=0,7Z5 > 1]
=PX;=1,Y1=1,Z3>7r]+PX;=1,X,=0,Y1 > 1,73 > 1]

=P[X; = 1]P[Y; = 1] P[X3 > r| P[Y; > 7]

+P[X, = 1) P[X, = 0| P[X; > 1] P[Y; > r + 1]

=p(1=p)(1 =" 'q" +p(1 —p)°p'G(r +1) (9)

Since H = F G and by independence of the interrarival times of the superposition,
it must also be true that

]P)[Zl = 17 Zy > 7”] = ]P)[Zl = ].] P[Zg > 7"]
= p*(1 = pg)(pa)" (10)

and

P[Z) =1,%, = 0,23 > 1] = P[Z) = 1| P[Zy > 1| P[Z3 > 7]
= p*(1 — pq)(1 = p)(pq)" (11)

Setting @ and equal yields G(r + 1) = ¢"*1, if we plug this in and set
it equal with we also obtain that F(r + 1) = p"*2. Hence, if (7)) holds for r,
it also holds for r + 1 and the two distributions are precisely the ones presented
in the second family of distributions in the statement of this theorem.

The proof is finally completed if we can show that the superposition of the
initial processes, whose interarrival times have the derived distributions F' and
(3, is in fact a renewal process, in other words that

k+1
]P)[Zl - ila ceey Zk-Jrl - ik+l] - P[Zl - 7,1] o ]P)[Zk-Jrl == /L'k+1] - H ]P[Z == Z]]
j=1
(12)
Without loss of generality, let again 6 = 1 and so the equation must hold for
k= 1,2,... and 41,...,igs1 € Ng. The variable Z in the last expression is
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not indexed in order to show that the interarrival times must be also identically
distributed.
We begin with the second family of distributions and obtain

P[Z) =1, ... Ziy1 = g1

=P[Zy =ioy..., Zpy1 = lpy1, X1 = i1, Y1 > 14

+ P2y =ta, ..., g1 = g1, X1 2> 01, Y1 = 14]

=P[Zy =ig,..., L1 = i1 X1 =01, Y1 > 1] P[X7 = i3] P[Y) > 4]

+P[Zy =i, ..., Zpy1 = ixs1| Xy > i1, Y1 = 01| P[Xy > 0] P[Y] = 44]. (13)
The interarrival times Z;,7 = 2,...,k + 1 in the first conditional probability are
functions of X5, X3,...,Y5, Y5, ... and Y; —4; and thus only depend on the latter
of the two conditioning events. Likewise, the interarrival times in the second

conditional probability only depend on the variable X; through X; —i,. We now
notice that the derived distributions F' and G are memoryless, in other words
PYy > a+iy, Vs >0y] gt

PV =i >y > 0] = P[Y; > i1] g 1

and similarly

pletin+l
AR (1 p)
Hence, if Z; = i;, the next interarrival times Z;,j = 2, ...,k + 1 behave as if the
process was restarted and so

P[Zy =is, ..., Zip1 = i1 | X1 = 11, Y1 > 44]

=P[Zy =iy, ..., Zpy1 = ip1| Xo > 01, Y1 = 01| = P[Z) = da, ..., Zp = gy
The equation can thus be rewritten as

PlZy =iy, Zyr = ipga] = P2y =iy, ..., Z) = i1 | P[Z = 4],

P[Z = i1] of course being P[X; = i1]P[Y1 > 4] + P[X1 > 41| P[Y; = i1]. The
induction on £ would prove that truly holds.

For the first family of distributions, iy, ...,ix41 in (12)) can only be either 0
or 1. For 7; = 0, the equation reads

IP)[Z]_ - O, ceey Zk_;’_]_ - ik+1] - IP)[ZQ - i27 ceey Zk+1 - ik+]_, X]_ - O]
=P[Zy =i9,..., Zkt1 = ix11]| X1 = 0] P[X; = 0]
- P[Zl - ig, ey Zk - ik+1] ]P)[Z - O],

]P)[Xl — il > ZL’|X1 Z 21] = = p[:v]Jrl = ]P[Xl > .T]
p

the last equality follows from the fact that Z;,j = 2,...,k + 1 are determined
by Xo, X3,...,Y], Y5, ... upon conditioning on X; = 0. For 7; = 1, the equation
reads

PlZy=1,..., 21 = k1] = PlZa = da, .., Ziyr = ipgr, Xo > 0]

=P[Zy =is, ..., Zpy1 = i1 | Xy 2> 1] P[X; > 1]

=P[Z) =ia,..., 2 = ix1| P[Z = 1],
memorylessness of F' and the dependence of Z;,5 = 2,...,k +1 on X; only

through X; — 1 are once more used to obtain the final equality, the proof is again
finished by the induction on k. O
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The result for multinomial and Bernoulli thinning of a renewal process is much
simpler to demonstrate. It turns out that the renewal processes are closed under
these two thinning rules and that the interarrival distributions of the thinned pro-
cesses can be determined with the help of moment generating functions. It is again
sufficient to prove the result for the multinomial thinning rule, as the Bernoulli
thinning is a special case for k = 2.

Theorem 2.4. Let {N(t),t > 0} be a renewal process, let {X,,n € N} be a
sequence of its interarrival times and let Mx(s) be the moment generating func-
tion of any X,. Let {N;(t),t > 0},5 € {1,2,...,k} be the counting processes
resulting from multinomial thinning of N(t) in the sense of definition . Then
the following statements are true.

1) Every thinned process N.(t) is a renewal process.
( Y P f p

(2) The probability distribution of interarrival times {ZJ,n € N} of any process
N.

(t) is determined by the moment generating function Mz;(s) of any ZI as

_ piMx(s)
1 —(1—pj)Mx(s)

Mz;(s)

Proof. Fix j € {1,2,...,k} and for a better clarity, let the interarrival times of
N;(t) be denoted by {Z,,n € N}

(1) We notice that the first interarrival time Z; can be expressed as a random
sum, Z; = >.1_, X;, where Y is a geometric random variable with parameter Djs
the distribution is considered such that P[Y =n] =p;(1 —p;)" ',n=1,2,... Tt
follows from the definition of multinomial thinning that Y is also independent of
every X,,.

Let y; denote the index of the first arrival time classified into jth thinned pro-
cess. The second interarrival time Z5 can then be expressed as Zy = ZZ/:J;’;I X;,
where Y again has a geometric distribution with parameter p;.

Since every X, is nonnegative, so are Z; and Z,. Since the sequence of
interarrival times {X,,n € N} consists of independent variables and no X, is
repeated in both random sums determining Z; and Zs, they are also independent,
and since the random sum determining Z; is the same as for Z;, only shifted by a
fixed number y, this together with identical distribution of variables X, implies
that Z; and Z, are also identically distributed.

The same argument can be used to show that these properties hold for all Z,,.
The sequence {Z,,n € N} thus consists of nonnegative, independent and identi-
cally distributed random variables, hence N;(t) is by definition a renewal process.

(2) To determine the probability distribution of any Z,, it is convenient to use
moment generating functions. Let My (s) denote the moment generating function
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of any Z,. It can be then written that

My(s) = Ii [e”] = E[E (e*”]Y)]
= nz:jO]E [e*?]Y = n]P[Y =n]
_ io E ¢ Zim X PlY = n)
=3 [IEE~)PY =n
= 3 BIY = nl[Mx(s)"

(by independence of Y and {X,})
(by independence of {X,})

(by identical distribution of {X,})

which is just the probability generating function of Y evaluated at Mx(s). Since
Y is geometric with parameter p;, the proof is completed by plugging My (s) into
the probability generating function of this distribution, we obtain

piMx(s)

Mz(S)
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3. Application

To demonstrate the practical application of the theoretical results discussed
in the previous chapters, we will consider the following situation. An insurance
company is required to merge two of its lines of business. The company possesses
the data of reported claims until the day of merging and wants to estimate the
number of claims in the merged line of business for the following month.

We will model this situation by superposing the counting processes represent-
ing the numbers of claims in the initial lines of business. Although the necessary
conditions for the renewal processes to be closed under superposition have been
stated, they are a bit limiting due to the requirement of geometric-like distribu-
tions of interarrival times of the initial processes. The distribution of interarrival
times of the superposition process is also not that trivial to determine. However,
if we assume that the claims in the initial lines of business come from nonho-
mogeneous Poisson processes, the superposition will again be a nonhomogeneous
Poisson process whose intensity function can be easily determined as the sum of
the intensity functions of the two initial processes. The number of claims in the
following month will then be Poisson distributed, the parameter being the inte-
gral of the intensity function of the superposition process taken over the desired
month. Thus, from now on, we will only work with this type of counting process.

The chapter covers the necessary theory for parameter estimation of a par-
ticular type of intensity function used as a model for the intensities of the initial
processes and an application to insurance data provided by the Czech Insurers’
Bureau with a short discussion of different possible estimates for the future num-
ber of claims. Version 4.3.0 of the programming language R is used as a software
solution to perform the calculations.

3.1 Parameter estimation

The first step after choosing an appropriate model to represent the data is
to estimate its parameters. In this case, we will utilize the likelihood function
to estimate a particular type of intensity function of a nonhomogeneous Poisson
process. Let us first begin with a more general setting of this approach.

Suppose we have observed the times of events (t1,ts, ..., t,)? in a certain time
period (0,T],T > 0. As stated before, we assume that this observation is a real-
ization of a nonhomogeneous Poisson process. Furthermore, let us assume that
the intensity function of this process can be written as a function of parameter
0 = (00,01, ...,0,)T from a certain set © C R™. We will denote this intensity
function by A\(¢|@). According to [Streit| [2010, p.17, Equation 2.12], the likelihood
function in this setting can be written as

n T
L.(6) = (H A(ti|9>) e @, (1) = [ Aal0)dz,
i=1 0
the log likelihood function is then
n T
0,(8) =3 log(A(1,]0)) — /O A(z|6)dz.
i=1
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The maximum likelihood estimate of the parameter 0 is of course obtained as

0,1 = arg max (,,(0).
6co

Various different types of intensity functions could be thought of, for instance
the polynomial intensities in form 3 7", 6;t7 or intensities containing trigonometric
terms to model the potential seasonality of events.

Despite that, we will only consider one specific type of the intensity function
proposed in Cox and Lewis|[1966], the so-called log linear intensity function which
is in form A(t) = e%*%* The most notable advantage of this type of intensity
function compared to the polynomial models is that the log linear function is
always positive and so is its integral taken over any bounded interval. The latter
is a necessary condition for the Poisson distribution in the definition to always
make sense.

Monotonically increasing or decreasing trends in the number of events can
be modeled with the log linear intensity for the choices of 6; > 0 and #; < 0
respectively, the trend is locally close to linear for the values of #; near zero. If
0, = 0, there is no trend in the number of events, the Poisson process is thus
homogeneous with a constant parameter \ = e%.

The log likelihood function for the log linear intensity is in form

n Oo(, 00T __ 1
0,(0) = nby+ 0, 3t — e =),

14
i=1 01 ( )

Cox and Lewis [1966, p.46] however suggest that since the observations enter
the log likelihood function only through n and " ¢; and for a given 6y, the sufficient
statistic to determine #y is the number of events n, the conditional distribution
of >~ t; given n can be used for inference about ;. The conditional log likelihood
function in form

05 (61) = nlog 6y — nlog(e”™” — 1) + 6, > t; + logn!
i=1
is proposed to be used in order to determine the estimate of 6;. The score and
the Fisher information are then derived as

o # n— ti7 6 O,
oL (6,) 6, T oT T 2o T

= 15
5 1 (15)
—5’[’LT + Z?:l ti, 91 = O

and o
n(%_(l{:—ielli‘)z)7 61#07

nT? _
EPR) 01 =0.

The maximum likelihood estimate @, of §; must of course be the root of (19)). It
can be found numerically, we will use the function uniroot built in the program-
ming langauge R for this purpose. The positivity of I(6;) should also be checked

~

to confirm that the log likelihood function is concave at 6.
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Once the estimate 6, is obtained, it can be used for the estimation of param-
eter 0y. Differentiating with respect to 6y gives

0L, (0) . e (ehT — 1)

06, 01

plugging in the estimate 6, and setting the derivative equal to zero then gives the
maximum likelihood estimate of 8, as

~ n§1
0 og <601T ~ 1)

A formal test for homogeneity of the process is also stated in |Cox and Lewis
[1966, p. 47], in other words, the null hypothesis

HO : 91 =0
is tested against the alternative
H1 : 91 7£ 0.

The test utilizes the fact that in the homogeneous Poisson process, the arrival
times 7; are independent variables with uniform distributon on (0,7’ when con-
ditioned on the total number n of events occuring in (0,7]. With the help of the
central limit theorem, it can be then determined that the variable

n 1
iz1 i — gnT

n
T12

7 —

has an asymptotic standard normal distribution under the null hypothesis. The
test statistic is then .
i1 ti _ lT
=12 (16)

1 Y
Ty
the null hypothesis is rejected at a significance level « if |2| > u1_q/9, the latter
denoting the (1 — o/2)-quantile of the standard normal distribution.

Once the intensity functions of the initial nonhomogeneous Poisson processes
have been estimated, we can also estimate the parameter of the Poisson distri-
bution representing the number of events in the desired following month. The
estimate will be denoted by /i, according to definition [1.§] and theorem [2.1] it can
be obtained as

~ T+d . R
po= /T A (2]601) + A2 (2]62)dz,

where d denotes the length of the month in the corresponding unit of time. Let-
ting 0, = (6p,01)" and 6, = (0,,05)7, for the log linear intesities of the initial
processes, the desired parameter can be determined as

T4d ~ - o 00 (651(T+d) _ eé}T) 0> (653(T+d) _ eé}T)
i :/ ot 4 pbatlsz gy — — + —~ . (17)
T 01 03
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3.2 Application to Insurance Data

The theoretical approach summarized in this chapter can now be applied to
real insurance data. The data set analyzed in this part was provided by the Czech
Insurers’ Bureau, it contains the reported insurance claims from car accidents in
the time span between 1 January 2010 and 31 December 2016. In total, there are
16141 reported insurance claims, 14078 of which are labeled as material damage
claims, the remaining 2063 are labeled as bodily injury claims. The reporting
time is measured in days, 1 January 2010 being day 0 and 31 December 2016
being day 2557. The value itself is a decimal number, specifying also the time of
the day when the claim was reported and as such can be considered continuous.

The model situation is that the material damage and the bodily injury lines
of business are to be merged as of 1 December 2016, we are interested in an esti-
mate for the number of claims in this merged line of business for December 2016.
The estimate will then be compared to the total number of material damage and
bodily injury claims actually reported during this month.

We first analyze the numbers of claims in the initial lines of business separately,
only the claims before 1 December 2016 are considered. To examine the potential
trends in the numbers of claims, the claims are grouped by month and visualized.

The descriptive statistics of the numbers of claims per month are also calculated.

Monthly material damage claims

o -

01/2010  01/2011  01/2012  01/2013  01/2014  01/2015  01/2016 11/2016

150 200 250 300
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Monthly bodily injury claims
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01/2010  01/2011  01/2012  01/2013  01/2014  01/2015  01/2016 11/2016

Figure 3.1: Numbers of claims per month between 01/2010 — 11/2016
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Table 3.1: The descriptive statistics of numbers of claims per month

Claim type Min 25% q. Median Mean 75% q. Max
MD 110.00 148.50 163.00 167.80 182.00 261.00
BI 8.00 19.50 25.00 24.55 28.50  39.00

It is obvious that the bodily injury claims are less frequent than the material
damage claims. When looking at the figure, a certain periodic trend in the num-
ber of claims could be noticed within every calendar year, which indicates that an
intensity function with trigonometric components might be a more appropriate
model for these particular data. But since the parameter estimates have only
been stated for the log linear model, we ignore the periodic trend and only focus
on a long term trend in the numbers of claims. The numbers of claims seem
to be decreasing in the long term in both lines of business, we would thus ex-
pect the trend parameters of the log linear models to be negative, although very
close to zero, because, thanks to the reporting time being measured in days, the
observation period is quite long.

We formally test the hypotheses whether the trend parameters of the initial
processes are zero and the processes are thus homogeneous. The test statistic
stated in is used, the time T" entering the test statistics is T = 2526 which
corresponds to the midnight between 30 Novemeber 2016 and 1 December 2016.
The significance level « is considered v = 0.05.

Table 3.2: The results of tests for homogeneity of the initial processes

Claim type z p-value
MD —13.23 < 0.0001
BI —5.74 < 0.0001

The hypothesis of the trend component equaling zero and the homogeneity of the
process is rejected in both cases, the observation that the trend parameters might
be negative is therefore sensible.

We proceed to the estimation of parameters of the log linear intensity functions
as described in the first section of this chapter. Once again, let 6, = @0, él)T
denote the parameters of the intensity of the first process and 6y = (6, 03)7 the
parameters of the intensity of the second process. The obtained estimates are
summarized in the table below, the values are rounded to five decimal places for
a better readability.

Table 3.3: Estimates of intensity functions parameters of the initial processes

MD BI
6,  1.90093 6, —0.02901
6, —0.00016 0 —0.00015

The estimated intensity functions are thus in form \;(t) = 900937000016t 4 q

Ap(t) = ¢70-02901-0:00015 " The functions are visualized, on the given scale, they
almost seem to be linearly decreasing.

27



—— Material damage
—— Bodily injury

0 500 1000 1500 2000 2500
t (days)

Figure 3.2: Estimated intensities of material damage and bodily injury claims

The estimate for the parameter i of the Poisson distribution representing
the number of claims occurring in the merged line of business in December 2016
is then obtained by plugging the estimated parameters HAO, e ,53 into , the
endpoints of the time interval representing December 2016 are T" = 2526 and
T + 31 = 2557. The value of the estimate is

fi = 159.1184.

Once the distribution of the number of claims in December 2016 is determined
to be Poisson with parameter i, various estimates for the precise number of claims
can be thought of. The insurance company might prefer some more conservative
estimates, such as the 95%-quantile or even the 99.9%-quantile of the distribution.
The estimates obtained in this way are compared with the actual number of
claims reported in December 2016, we see that both estimates are above the
actual number of reported claims.

Table 3.4: The estimates and the actual number of claims in 12/2016

MD + BI
Actual 174
95%-quantile 180
99.9%-quantile 199

As already mentioned, numerous more complex approaches could be used
to model this situation, such as different types of intensity functions containing
for instance the trigonometric terms to model the seasonality of events or even
different than Poisson processes, if the superposition of such processes turns out
to have reasonable properties. Additionally, the insurance company could also be
interested in the precise times when the future claims are likely to be reported.
The approaches for simulating realizations of a nonhomogeneous Poisson process
should be studied in that case.
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Conclusion

The purpose of this thesis was to describe several classes of counting processes
which are closed under the operations of superposition and thinning. Modeling
the number of claims with these types of processes is especially useful when an
insurance company faces the requirement to merge or split some of its lines of
business. The resulting models retain the basic properties of the models entering
the operations and in some cases, the parameters of the resulting models can be
directly determined from the parameters of the initial processes.

The term counting process was introduced in the first chapter and some spe-
cific types of counting processes were presented. Several definitions of a Poisson
and a nonhomogeneous Poisson process were stated and their equivalence was
demonstrated in both cases. A different generalization of a Poisson process, the
renewal process, was also introduced and some of its properties were derived.

The second chapter introduced the general idea of superposition and thinning
of the counting processes, Bernoulli and multinomial thinning rules were consid-
ered in particular. The classic results about the superposition and thinning of the
Poisson processes were proved for the more general, nonhomogeneous version of
this process. An interesting result about the necessary conditions for the renewal
processes to be closed under superposition was studied and explained in further
detail. An original result was derived, stating that the renewal processes are also
closed under the two mentioned thinning rules.

The third chapter covered the necessary theory to apply the previously stated
results to a model situation when an insurance company is required to merge
its lines business. The described approach was then used to estimate the future
number of claims in the merged line of business, real insurance data provided by
the Czech Insurers’ Bureau were used for a practical demonstration. In particular,
the maximum likelihood approach for the estimation of a log linear intensity
function of a nonhomogeneous Poisson process was described, the estimate of a
parameter of the Poisson distribution representing the future number of claims
in the merged line of business was derived and the quantiles of this distribution
were proposed as conservative estimates of the number of reported claims.

The future work related to this topic could examine closure under different
types of thinning, which could be for instance time-dependent. The interaction
of superposition and thinning with a generalized version of the renewal process,
the so-called renewal reward process, could be also investigated, as this process
provides a more complex approach for modeling both the claim numbers and claim
amounts. From the application point of view, different types of intensity functions
could be used to model the trends in number of claims and the algorithms for
simulating the realizations of a nonhomogeneous Poisson process could be studied.
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