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We deduce the limit distribution for sums of independent non-
negative integer random variables, such that the sequence of sum ex-
pectations converges to a positive number and such that in the limit
each summand is infinitesimally small and at most 1, in a certain
sense. This limit distribution is Poisson. The well-known rare events
theorem is a special case. Our results are compared to the Poisson
process limit result of Grigelionis (1963). Applications to mixed Pois-
son distributions and to renewal processes are given. Implications for
insurance claim number distributions are stated. *

1. Introduction. We consider here a triangular array in the sense of
Feller (1971), VI.3, Definition 2, i.e. a double sequence of random variables
Ngi (i=1,...,K; K =1,2,...) such that the Ng1,..., Nxx of the Kth
row are independent. The variables need not be defined on the same proba-
bility space for different K. When we write P, F and Var it is implicit that
these functionals are defined on the probability space where N, is defined.
This is unambiguous since in any formula below only one K is present. We
assume Ng; to be non-negative and integer-valued. We study weak conver-
gence of the row sums to the Poisson distribution as K — oo.

Here Ng; can be thought of as counting some kind of events, e.g. claim
occurrences on an insurance policy, in a certain time interval, whose length
will be fixed initially. Later we will discuss increasing time lengths with
special reference to insurance claims.

In section 5 implications are stated for applications, especially insurance
claim number distributions. The point is — for many sources, each contribut-
ing little to the total — that the mixed Poisson distribution (customarily with
a gamma claim frequency giving a negative binomial claim number) is an
unnecessary complication and that the simple Poisson distribution suffices.

In Theorem 2.1 of section 2 we give a rather short self-contained proof of
the limiting Poisson distribution of a sum with expectation converging to a
positive number, under two simple conditions implying infinitesimally small
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independent summands each being, in the limit, at most 1. Theorem 2.1 is a
generalization of the 'rare events’ result for independent 0/1 Bernouilli vari-
ables with possibly unequal probabilities for the value 1. See the comment
after the proof. Koopman (1950) gave necessary and sufficient conditions
for the result. The subject is classical and the 'rare events’ result has been
generalized in different directions. See e.g. Meyer (1973), where further ref-
erences can be found. The present result, where the variables can take any
non-negative values, is new. It is simple, strong and useful. In Theorem 3.1
of section 3.2 the two conditions are verified to hold for mixed Poisson dis-
tributions of Ng; under boundedness conditions. A result with the weaker
condition that variance/mean converges to 1, using the properties of mixed
Poisson, is also given as Theorem 3.2 of section 3.3. In Theorem 4.1 we use
Theorem 2.1 to give conditions for superpositions of renewal point processes
to give a Poisson distribution in the limit for a fixed time interval.

Grigelionis (1963) showed weak convergence of superpositions of counting
processes to a Poisson process under various conditions, which imply that
in the limit each process contributes infinitesimally little to the total and
at most one point, if at all, in any finite time interval. The scopes of these
results are broader than ours in that we do not consider a whole process.
On the other hand we can make do with weaker conditions. Take processes
over a fixed time interval, e.g. a year, where our conditions and results hold,
but where the bulk (e.g. 80 percent) of the total number of points occur
alternatingly in the first half and the second half of the interval as the
number K of processes increases. Then the finite-dimensional distributions
of the sum process for collections of time points do not all converge.

2. Poisson limit of a sum of small summands. Define a triangular
array of independent variables, for example claim numbers on policies,
Nk i = non-negative integer-valued random variable for i € {1,..., K}

The sum of these and its mean, assumed to converge, are
K

Nk =Y Nkgi
i=1
E[Nkg] — X (K — o0) for a fixed number A > 0.

THEOREM 2.1. Assume that uniformly ini € {1,..., K}
K—oo

(i1) Klim P(Ng; =1)/E[Ng;] = 1 (define the ratio to be 1 if E[Ng;] = 0)
—00

Then the distribution of Nx — Poisson(\) as K — oo.
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PrOOF. We will show that for s > 0 the Laplace transform E[e™sVx] —

exp{A\(e™® — 1)}. See Feller (1971), XIII.1 Theorem 2, for the continuity

theorem for Laplace transforms. Let e% be numbers that — 0 and 5%) be

(2
numbers that — 1, uniformly in ¢. The assumptions
P(Ng; =0) =6 and P(Ng; =1) = E[Ng;|6')

2

imply
E[Ngi] = P(Ngi = 1)/6%) < P(Ni; > 1)/85)
= (1 - 6468 =)

r=2

— B[Ngi)(1 - 62)) = E[Nii)el)

P(Ng;i=0) =1—P(Ng;=1)— P(Ng; > 2)
=1 - E[Ngi|6t2) — E[Nkiled) =1 — B[Nii)61)
and thus
Ele=sNki] = P(Ng; =0) + P(Ng; = 1)e™* + Ze S"P(Ngi =)

r=2
=1- E[NKz](SgZ + E[NKi](ngefs + E[NKZ]E(I?Z —1
uniformly in ¢

which means
log Ele*Nxi] = E[Nki]og) (—050) + djele ™ + ¢}

since log(l+z)/zr - 1lasz — 0

so for the sum

K K
log E[e *"K]  =log E [GXP{—SZNKZ}] =logE [He‘SNKi]
i=1 i=1

K
:logH _SNKZ ZlogE SNKZ
i=1

- ZE 0 (0% + e + ) = Ae™ 1) O
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The uniform convergence in (i) and (ii) is crucial. As a counter-example
for (i), consider the case P(Nkx = 1) = 1 — P(Ngxg = 0) = 0.5 and
P(NKz = 1) = 1_P(NKZ = 0) = 05/(K—1) for i < K, so that E[NK] =1.
Then P(Ng; = 0) — 1 for any 4, but Poisson convergence does not hold.

For the special case P(Ng; > 2) = 0, where (ii) holds automatically,
Theorem 2.1 is the 'rare events’ Poisson convergence result for 0/1 variables.

In the following we will simplify the setting by letting the sum have a
fixed expectation E[Ng| = A. All results below will hold for E[Ng] — A
with obvious modifications, such as replacing A with A\(1+¢x ) where ex — 0.

3. Independent mixed Poisson variables. Conditional on indepen-
dent variables ¢1,...,&k with E[¢] = p; and Var[¢;] = o2, let Ng; be
independent Poisson variables with E[Ng;] = hi&;. Let Ng be defined as
before and let its mean be fixed to \. We have

K K
A\=E[Ng|=F [Z NKZ-] =hg Y
=1 =1

-1

K
(3.1) hi = A(Zm)

We compute the variance of Ng and hence its dispersion parameter. Then
we give two derivations of the Poisson limit as K — oo. First we derive The-
orem 3.1 using Theorem 2.1 under two boundedness conditions. Then we
give Theorem 3.2, using the special properties of the mixed Poisson distri-
bution under a weaker condition. Theorem 3.1 thus follows from Theorem
3.2, but is justified since its proof illustrates the use of Theorem 2.1.

3.1. Dispersion parameter. Define the dispersion parameter ¢x as the
ratio Var[Ng|/E[Nk]. Its excess over 1 measures the degree of overdispersion
compared to the pure Poisson distribution, which has ¢ = 1. It holds

(3.2) Var[Ng;| = E[Var[Ng;|&]] + Var[E[Ng;|&]]

= E[&hi] + Var[&hg| = pihx + o2h%

Var[N 1 &E 1 &E
(33)  ox = % = 3 2o VarlNi] = § D + o2
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h%(K ) K ) K
S S ore o (1) (3m)

Example. Take K = 100,000 insurance policies in one year with claim
frequency (mean claim number per policy and year) 0.07, so that A = 7,000.
Take all y; = 10 and all 07 = 50. Then ¢ is close to 1, although o? is large.

¢x =1+ 7000 x 100000 x 50/(100000 x 10)% = 1.035

-2

3.2. Poisson limit result using Theorem 2.1. We shall prove that the con-
ditions for Theorem 2.1 are true if the §;s’ means are bounded away from 0
and oo and their variances are bounded away from co. These assumptions are

3-Al. 0<a; <p;<ag <oo
3-A2. 0<b; <02 <by <0

and imply
A A
3.4 — < hg < —
( ) Kay — K= Kaq
For the dispersion parameter 3-A1 and 3-A2 imply
Aby Abo
3.5 1+—< <l+-—=
(3:5) +Ka%_¢K_ +Ka%

where the inequalities are equalities if all y; = a; = a2 and all O'Z-Q = by = by.

THEOREM 3.1. If3-A1l and 3-A2 hold, the distribution of N — Poisson(\)
as K — oo.

ProoOF. Condition (i) that P(Ng; = 0) — 1 uniformly in ¢ is verified by

A
a1

For condition (ii) that P(Ng; = 1)/FE[Ng;] — 1 uniformly in ¢, observe that
e *>1—x. Thus
P(Ng;=1)  Elhg&e =5
1> = > El&(1 — h i
> T > i BlE — )

= p; "(El&] — hi BE])) = p; (s — huc g + 7))

2
- A b
:1—m<m+ﬂ>zu~—(@+l) 0
J27 Ka1 ai
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3.3. Poisson limit result using mized Poisson properties. The conditions
for Theorem 3.1 are unnecessarily retrictive. Take the case 1 = A, 0% = 0
and p; = 0 for ¢ > 1. For §; that are not stochastic Ng; will be Poisson, so
those p; can be large without decreasing the degree of Poisson approxima-
tion.

We derive the Poisson limit under the weaker condition that the dispersion
parameter converges to 1. By (3.5) the conditions 3-A1 and 3-A2 together
imply this condition, so Theorem 3.2 is stronger than Theorem 3.1.

THEOREM 3.2. If ¢ in (3.3) = 1 as K — oo, the distribution of N —
Poisson(\) as K — oo.

K

PROOF. Set ng = h KZ& = the sum of all random Poisson means. Then
i=1
Ng|ng ~ Poisson(nK) Now

Enk] —hKZuZ—)\and Var[ng] = h? ZO‘ = XNor—1) > 0=ng >\
i=1 i=1
Hence

Ele™*Nr] = E[E[e V¥ |nk]] = Elexp{nk (e *—1)}] = exp{A(e *—1)} O

3.4. Insurance claim number distribution for long time length. Consider
the insurance claim number application. Assuming the uniform boundedness
conditions 3-A1 and 3-A2, ¢ —1 is essentially proportional to the expected
number of claims per policy, i.e. \/K, as is seen from (3.5). Consider a time
interval (0,¢) and let A = vt, where ¢ increases while K is kept fixed. Here
we drop the condition that A is fixed. Let us preserve the construction of
variables §; with fixed means and variances and assume that exposure of
every policy increases linearly with time. E. g. a customer insured for half the
year will continue so. Then hx = vt/ Zfil w; where the p; do not change.
If b > 0 then lim;_, ¢ = 00, so that the distribution of Ng deviates
increasingly from Poisson. The more the expected number of claims per
policy increases, the more violated both conditions (i) and (ii) for Theorem
2.1 will be.

How should the mixed Poisson model be applied to forecast the future
when statistics collected in a long time period are used?

In e. g. automobile insurance consumers mostly change insurer within
a couple of years. The number K in our model is the number of distinct
customers, which thus would tend to increase approximately proportionally
to t, even if the total portfolio at any given time point stays the same.
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On the other hand, consider a faithful customer. We can model its claims
to follow mixed Poisson distributions based on a sequence of random intensi-
ties for time periods (years) € {1,2,...}, with non-negative autocorrelation.
Or we can assume a single random intensity. Either way, whether a faithful
customer included in the statistics increases or decreases the Poisson close-
ness of the claim number distribution, for practical purposes, depends on
whether the customer will or will not be part of the portfolio in the future
that we forecast. A single random intensity for a customer that stays in the
future would obviously best be considered to be a non-stochastic unknown
claim frequency, making its claims follow a pure Poisson distribution. In
our model we can set its 02 = 0 and hence it contributes 0 to (¢x — 1) in
Theorem 3.2. Bonus/malus calculation for an individual customer is another
matter and requires the mixed Poisson model.

The worst case for the Poisson approximation is a customer that was
faithful in the past but will not be part of the future portfolio. For instance,
if the claim statistics for one insurer is used to forecast the future or set the
prices for another insurer.

4. Superpositions of renewal processes. Feller (1971), XI.4 Exam-
ple (a), treats the waiting time for the first renewal following epoch 0, in a
sum of many independent renewal processes, and shows that it is approxi-
mately exponentially distributed. There are also results showing asymptot-
ically exponential distributions for waiting times between points in renewal
processes under thinning mechanisms, such that the expected number of
points in any finite interval tends to zero. See Rosenlund and Rade (1974),
Theorems 1 and 2.

We will now use Theorem 2.1 to show a Poisson approximation for the
number of points in a finite time interval.

Define random variables X with distribution function G and X with
distribution function F. For process i € {1,..., K}, let the waiting time to
the first point be distributed as Xo/(hx ;) and the following waiting times
as X/(hx i), where all waiting times are independent. That is, the points
come in K independent delayed renewal processes as defined in Feller (1971),
V1.6 Definition 3. We shall let Ay — 0 and K — oo, i.e. we add successively
more processes each of which has successively fewer points per time interval.

If we let G be the limiting residual waiting time distribution function for
a renewal process with inter-arrival distribution function F

Glz) = E[X]l/oz[l _ F(r)]dr

the expected number of points in the time interval (0, ¢) will be linear in ¢ for
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every i, if F' is non-arithmetic. See Feller (1971), XI.4. But we will consider
arbitrary G, such as G = F.

Let Ng; and their sum Nk be defined as before and pertain to the number
of points in the interval [0,t] for some ¢ > 0. We assume the following for
our limit result, meaning that we could as well write (0, ¢].
4-A1. F(0)=0
4-A2. G(x) ~ caP as x| 0 for some ¢ >0 and p >0
4-A3. i < a9 < 00

o
4-A4. Z,uf =00
i=1

THEOREM 4.1. Assume 4-A1, 4-A2, 4-A3 and 4-A4. Set hy if possible
so that E[Ni]| = A\, with X\ fized, for a time interval [0,t]. It is possible for
large enough K. Then as K — oo the distribution of N — Poisson(\) and

—1

hic ~ 20 /0) <Z:uf> ,,

PROOF. Let * denote convolution. We denote by F"* the r-fold convolu-
tion of F, i.e. the distribution function of r independent random variables

distributed as X. By G*F(x) we mean H(x) where H = G*F, etc. By
Feller (1971), XI.4 (4.2), and from the definitions

E[Ngi] =Y GxF"™(hgpit)
r=0

P(Ngi>r1r) =GxF™(hgpt)
P(Ng;=r1r) =P(Ng;>r—1)— P(Ng;>r)
= G FU D% (hepit) — GxF™ (hepst), v > 1
P(Ng; =0) =1-G(hgu;t)
P(Ng;=1) = G(hgpit) — GxF(hgpit)
For K large enough we can set hx so that E[Ng] = X for any A > 0.

K oo
Namely, Vi (h) = E[Ng| = ZZG*FT*(hMit) is a non-decreasing and
i=17r=0
right-continuous function of h with Vi (0) = 0 and Vi (o0) = oco. If there
exists h such that Vi (h) = A, then set hx = h. If not, i.e. if Vi(-) jumps
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from below to above A at some point h, which then must be positive, then
set hg = 0.9h. Hence hg is well defined and E[Ng| < A. We shall show
that hx — 0. Then for large enough K the continuity of GxF"* at 0 implies
E[Ng] = A.

Assumption 4-A2 implies that G(z) > 0.9cz? for x < xo where z¢ > 0,
hence G(x) > 0.9¢[min(z, z¢)]P. We proceed by contradiction. Assume that
hx > h > 0 for infinitely many K. Now for those K we have E[Ng;|] >
G(hgpit) > G(huit) > 0.9¢[min(hp;t, xo)]P = 0.9¢(ht )P [min(p;, %%)]p. With
T = %% > 0 we have for those K

K
AzZE[Nmzo.e)c(ht)p( ol o+ Y )

i=1 (#1<I<K, pi<e}  {#1<i<K, pi>ar)}

Either p; > x1 for infinitely many 4, in which case the right sum — oo for
the K in question. Or there is K such that u; < 1 for ¢ > Ky, in which case
the left sum — oo by assumption 4-A4. Hence by contradiction hyx — 0.

By 4-A3 we have P(Ng; = 0) > 1 — G(hgast) — 1, hence condition (i)
for Theorem 2.1 that P(Ng; = 0) — 1 uniformly in ¢ is satisfied.

Now we have to assert condition (ii) that P(Ng; = 1)/E[Ng;] — 1 uni-
formly in 7. It holds {X +Y <z} C {X <2} N{Y <z} for non-negative
random variables, so if they are independent we have P(X +Y < z) <
P(X <z)P(Y < x). Thus GxF(x) < G(x)F(z) and F™(z) < F(x)", for
example.

Let K be so large that F(hgagt) < 1. Using 4-A1 and 4-A3 we obtain

| | o o — _Glhxpit)
Glhucpit) < BINial < Glhicuat)_Fhacwit) = 1 =
P(Ngi=1) Glhcrt) ™

1> —ENT > [G(hpit) — G(hgpit)F (hgcpit)] (m)

= [1 = F(hgpt)]* > [1 = F(hgast)]> — 1

which proves that condition (ii) holds.
As before, let 5%2 be numbers that — 1, uniformly in 7. By 4-A2 we get
the following, from which the asymptotic expression for hx is deduced.

K K K K
> E[Nki ZZG(hK,uit)(ng = c(hgpt)? (5&2 =chi AP "yl (5&2 =\ 0O
i=1 i=1 i=1 i=1

If in 4- A3 we make the stronger assumption that 0 < a1 < p; < as < o0,
as in 3-A1, then 4-A4 is implied.
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With F' non-arithmetic and G the limiting residual waiting time distri-
bution we have ¢ = E[X]™! and p = 1. Then E[Ng;] = hxpE[X] 't
The asymptotic expression for hx in Theorem 4.1 will then be exact. If we
scale X so that E[X] = ¢, then the numbers hx and p; will have the same
meaning for E[Ng;] as in section 3.

5. Conclusions for applications. Much actuarial literature concerns
generalizations of the simple Poisson model for claim number distributions.
It has been thought that independent random Poisson intensities generate
the so called Overdispersed Poisson model, where ¢ = Var[N]/E[N] > 1
for a claim number N and ¢ is the same number for all claim numbers
regardless of time length and background variables. See Renshaw (1994).
This misconception was laid to rest in Rosenlund (2010).

A more general notion is that the mixed Poisson model has to be used
in order to allow for overdispersion. See e.g. Ohlsson and Johansson (2010),
Remark 2.2 and section 3.4. However, our results here show that this is
an unnecessary complication for an insurance line with moderately many
policies and a small claim frequency. The simple Poisson model will suffice
here. Estimating overdispersion in the mixed Poisson model, assuming in-
dependent policies and using Pearson’s x?, may be misleading. What will
be estimated will, for these insurance lines, likely be a measure of fluctua-
tions affecting many policies in the same way. It can be seasonal variations,
in which case the variability of the claim numbers between calendar years
tends to be overestimated. And/or it can be a measure of other macroscopic
influences such as business cycles and crime waves, which should be analyzed
by other methods.

These conclusions can be applied to other models for occurrences of
events, where many sources contribute to the total and each source con-
tributes little and almost at most one event, in the sense of this paper. For
instance customer arrivals at queueing systems such as telephone exchanges.
Letting each source have a random Poisson intensity, independently of other
sources, will still result in an approximative Poisson distribution for the to-
tal. Either mixed Poisson with a mixing variable common to all sources,
or else pure Poisson — possibly after conditioning with respect to a mixing
variable — should be used.

Finally, consider GLM log link analysis of claim numbers for an insurance
multiplicative tariff. See Ohlsson and Johansson (2010), section 2.3. With
many tariff cells most will contain at most one policy, to which our results
are not applicable. But the GLM Poisson log link claim frequency parameter
point estimates are computed only from the marginal numbers of claims in
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the different arguments. They are the same as the marginal totals method
estimates, which depend only on claim statistics summed to the marginals.
So in order to justify the pure Poisson model, it suffices that the marginals
contain claims from sufficiently many independent policies, of which each one
contributes little to the distribution of the marginal number of claims and
has at most one claim in the sense of Theorem 2.1 . It is not neccessary that
all marginals satisfy this condition. A marginal with only a few policies will
have a small effect on the parameter estimates of those with many policies.
In a typical mass consumer application there will be many arguments and
tariff cells, but most marginals will have many policies.
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