© The Journal of Risk and Insurance, 2004, Vol. 71, No. 2, 201-211

MARTINGALE APPROACH FOR MOMENTS
OF DISCOUNTED AGGREGATE CLAIMS

Ji-Wook Jang

ABSTRACT

We examine the Laplace transform of the distribution of the shot noise pro-
cess using the martingale. Applying the piecewise deterministic Markov pro-
cesses theory and using the relationship between the shot noise process and
the accumulated/discounted aggregate claims process, the Laplace trans-
form of the distribution of the accumulated aggregate claims is obtained.
Assuming that the claim arrival process follows the Poisson process and
claim sizes are assumed to be exponential and mixture of exponential, we
derive the explicit expressions of the actuarial net premiums and variances of
the discounted aggregate claims, which are the annuities paid continuously.
Numerical examples are also provided based on them.

INTRODUCTION

Let X;,i =1,2,..., be the claim amount, which are assumed to be independent and
identically distributed with distribution function H(x) (x > 0). The accumulated value
of aggregate claims up to time £, L, is given by

L, = Xlea(t—sﬂ + Xzea(t—sz) 4ot XNlileﬁ(t—SN,—l) + XNlea(t—SN[), (1)

where § is the instantaneous rate of net interest, s;’s are time points at which claims
oceur (s; < t < 00) and Ny is the number of claims up to time t. If we multiply e~
both sides in Equation (1), the discounted value of aggregate claims up to time f, L)
is given by

LY = Xqe ™ 4 Xpe 7% 4+ 4 Xy N Xye N, )

where L) = e™L,.

If we ignore the effect of the rate of net interest §, considering the claim inflation
experienced cancels out interest earned, Equations (1) and (2) are equivalent to the
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classical risk model (Biithlmann, 1970; Gerber, 1979; Beard et al., 1984). However, in
practice, the instantaneous rate of interest might be more variable than the claims
themselves, and inflation does not merely cancel the interest earned. Hence, it is
of interest to obtain the distribution of the accumulated aggregate claims up to
time t, Lt~

Unfortunately, it is known that it is not possible for us to obtain the distribution of the
accumulated /discounted aggregate claims explicitly. Dufresne (1990) and Milevsky
(1997) proved that the continuous temporary annuity has an inverted Gamma distri-
bution when the time horizon goes to infinity using a stochastic Weiner rate of interest.
Goovaerts etal. (2000) also presented a computable approximation for the distribution
function of the present value of a sequence of cash flows that are discounted using
a stochastic return process. Therefore in this article, applying the piecewise deter-
ministic Markov processes theory and using the relationship between the shot noise
process and accumulated /discounted aggregate claims process, we find the Laplace
transform of the distribution of the accumulated aggregate claims.

Assuming that the claim arrival process follows the Poisson process and claim sizes
are assumed to be exponential and mixture of exponential, we also obtain the ex-
plicit expressions of the mean (i.e., the actuarial net premium) and variance of the
discounted aggregate claims, i.e., E(LY) and Var(LY). Interestingly, we witness that
they can be expressed in terms of an annuity paid continuously. Numerical examples
are also provided based on the explicit expressions of the actuarial net premiums and
variances of the discounted aggregate claims.

SHoOT NoIise PROCESS AND ITsS GENERATOR

The shot noise process can be used in many diverse fields. In particular, it attracts us as
it can be applied in financial and insurance field. The shot noise process is particularly
useful as it measures the frequency, magnitude, and time period needed to determine
the effect of primary events. As time passes, the shot noise process decreases until
another event occurs which will result in a positive jump in the shot noise process.
We will adopt the shot noise process used by Cox and Isham (1980):

At = hoe O Z yie 0=, 3)

alli
si<t

where, A is the initial value of A, y; is the jump size of primary event i, where E(y;) <
00, 5 is the time at which primary event i occurs, where s; < t < 0o, § is the exponential
decay, and p is the rate of primary event arrival. This is illustrated in Figure 1.

Some works of insurance application using shot noise process can be found in Dassios
(1987), Kliippelberg and Mikosch (1995), Jang (1998), and Dassios and Jang (2003).

The piecewise deterministic Markov processes theory developed by Davis (1984) is
a powerful mathematical tool for examining nondiffusion models. The shot noise
process is an example of piecewise deterministic Markov process. Therefore we
can present definitions and important properties of the shot noise process with
the aid of this theory (Dassios, 1987; Dassios and Embrechts, 1989; Rolski et al.,
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FIGURE 1
Graph lllustrating a Shot Noise Process

A

t

1998). It is used to derive the Laplace transform of the distribution of the shot noise
process.

The three parameters of the shot noise process described are homogeneous in time.
The decay is exponential §, which is a constant, can never reach 0 and the frequency of
jump arrivals follows a Poisson distribution with p. We will have generally distributed
jump sizes with density function g(y) and distribution function G(y)(y > 0). We can
also generalize the shot noise process by allowing three parameters to depend on time
(Dassios, 1987; Jang, 1998; Dassios and Jang, 2003). However, throughout the article,
for simplicity, we assume the parameters to be homogeneous in time.

The generator of the process (1, ) acting on a function f (1, t) belonging to its domain
is given by

o

AfG 1) = 5p =53

+p{/o f()»+y,t)dG(y)—f(z\,t)}, 4)

where f:(0, o0) x Rt — (0, 00). It is sufficient that f(, t) is differentiable w.r.t. 2,
t for all A, t and that |f0°O fr+y t)dG(y) — f(r,t)] < oo for f(, t) to belong to the
domain of the generator A.

Now let us find a suitable martingale in order to derive the Laplace transform of the
distribution of A; at time f, considering a constant such that v > 0. From Equation (4),
f (%, t) has to satisfy Af = 0 for it to be a martingale. Setting f (1, t) = e~ 4*eB®, we
get the equation

CAA() + B'(E) + 52 AW + pIQIA()) — 1] = 0 )
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and solving it we obtain

At) = ve® and  B(t) = |:p / t n —§(ve55)}ds] .
0

Hence,
t A
exp (—vie®) exp [,0 / {1 —8(ve®)} ds] (6)
0

is a martingale where §(v) = fooo e " dG(y).

THE LAPLACE TRANSFORM OF THE DISTRIBUTION OF THE SHOT NOISE PROCESS

We can easily obtain the Laplace transform of the distribution of ; at time f using the
martingale found above. From Equation (6), for a fixed time * and a fixed constant
v* > 0, we have

*

El[exp{—v*ire} | 1] = exp (—v*Ao) exp |:—,o {1- §(v*eas)} ds]
0

St

and setting v* = ve %" we also have

=

E {e*‘))tt*

Ao} = exp{—vige ™ }exp |:—,o {1- §(ve’5t*e‘ss)} dsi| . )
0

Since Equation (7) holds for an arbitrary fixed t*, it holds for all ¢ > 0 and the Laplace
transform of the distribution of A; at time ¢ is given by

t N
Efe™™ |10} = exp(—vioe™") exp [—,0/0 {1-8(ve ™)) ds:| / (8)

where v > 0.1ft — oo, the Laplace transform of the asymptotic (stationary) distribution
of A is given by exp[—p [;~ {1 — §(l)€_85)} ds].

Now let us examine the Laplace transforms of the distribution of shot noise process
with specific jump size distributions of G(y)(y > 0).

Firstly, let us obtain the Laplace transform of the distribution of A; if the jump size
distribution is the mixture of two exponential, i.e., g(y) = Bra1e ™Y + Booze ™Y, y > 0,
a1 > ap > 0,and B1 + B> = 1. The Laplace transform of mixture of two exponential is

given by
(041 (0%)
ﬂ1<a1+v) +ﬁ2(a2+v>'
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Hence, from Equation (8), the Laplace transform of mixture of two exponential with

A
parameter ve %, g(ve %) is given by

o (2%
hr <a1 + ve“) + P2 ((Xz + ve“) ’
t t
Do ss _ . . T >
/{; {1—8(ve )}ds_/O {1 ,31<a1+ve_55) ﬂz(a2+ve—5s)}ds

B1 ared + v B2 e’ + v
o Prp et P (e Y
) o] +v ) oy + v

and
Bip
s

t A are’ +v aze’ + v
. B —3s _ ot 1 2
exp[ ,o/o {1—8(ve )}ds] e < P > < P >

Therefore, the Laplace transform of the distribution of ; with the mixture of two
exponential is given by

Bap
)

Bip
11 5 Pap

—§ t Ay
s | are (51 ) +ve A ae’ + v\ 3
ol +v ay +v

E{e—l})\[ ’)\-O} — e—\))\oﬁ

and its asymptotic (stationary) distribution is given by

Bip Bp

@) @5
o1+ v oy +v

Secondly, if we set 8, =0 (i.e., 81 = 1) in Equation (9), we can easily obtain the Laplace
transform of the distribution of A; when the jump size distribution is exponential, i.e.,
8(y) =ere™, y>0,a1 >0,

where v > 0.

L
8

(11)

E{e"’k’ | )\0} _ v (ot1 + Ue5t)

a1 +v

and its asymptotic (stationary) distribution is given by

o
<Ol1 + V) ’ (12)

>
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where v > 0. From Equation (12), we can easily find that shot noise process at a fixed
time follows a gamma distribution, i.e.,

Jo
— d —-. 13
10 an a%8 (13)

Finally, other distributions such as gamma, log-normal, and Pareto, etc., can also be

applied for jump size distribution of G(y)(y > 0) in Equation (8). As an example, if the
. . e . . aﬁ -1,
jump size distribution is gamma, i.e., g(y) = ,¥> 0,0 >0,8 >0, the Laplace

transform of the distribution of 1; is given by

t B
vy _ —vige ¥ _ Y
E{e ’AO} =e eXp|: ,0/(; {1 <a+ve55> }dsj|, (14)

where v > 0.

THE LAPLACE TRANSFORM OF THE DISTRIBUTION OF ACCUMULATED
AGGREGATE CLAIMS AND ITS APPLICATION TO PREMIUM CALCULATION

Let us examine how the results we have obtained in the previous section can be
applied in deriving the Laplace transform of distribution of accumulated aggregate
claims covered by an insurance contract.

y

alli
si<t

Interestingly, we can see that it is equivalent to Equation (1) if we substitute £ with L
and y with X in Equation (15), assuming that &, that can be considered as the total
claims up to present time 0, is 0. Therefore the decay rate é in Equation (3) is the rate
of interest in Equation (15).

Similar to the previous section, based on

afen="2 +as— Tp {/ & +x, 0 dHE) — F&, t)}

we can easily derive the Laplace transform of the distribution of &; at time ¢, i.e.,

Efe™" &} = exp(—véoe” eXp[ / (1 — h(ve™ }ds} (16)
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Assuming that £y = 0, the Laplace transform of the distribution of the accumulated
aggregate claims is given by

t AN
exp[—pfo 1 —h(ve‘ss)}ds:| . (17)

If the claim size distribution is exponential, i.e., i(x) = ¢1e~**, x > 0, 21 > 0, we have

a1 + velt _g
(7) . (18)

o1 +v

If we differentiate Equation (18) with respect to v and put v = 0, we can obtain the
mean of the accumulated aggregate claims, i.e.,

&t 1
EL)= 2@ -1="2(¢ = L5 (9 (19)
16 o1 1) aq

and the higher moments can be obtained by differentiating it further, i.e.,

2p 2p (¥t —1 20
Var(Lt) = m(@zat — 1) = ; ( s = ;Sﬂ (at 28) (20)
1 1 1

If we multiply e =% both sides in Equation (19) and e =% in Equation (20), we can easily
obtain the mean of the discounted aggregate claims (i.e., the actuarial net premium),

E(LY) =2a, (to) (21)
and the variance of the discounted aggregate claims, i.e.,

2
var(L?) = a—‘;aﬂ (at 29). 22)
1

From Equation (21), we can find that the actuarial net premium at time 0, E(L?) is
equivalent to an annuity paid continuously (Léveillé and Garrido, 2001). If ¢+ — oo,
the mean and variance of the discounted aggregate claims are given by

+ and 5
a18 a16

which are equivalent to Equation (13).

If the claim size distribution is the mixture of two exponential, i.e., h(x) = fraje " +
Boaze™ %, x > 0,1 > ap > 0and B1 + B, =1, the Laplace transform of the distribution
of the accumulated aggregate claims is given by
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B
1__1 8

L) Bap
alga(ﬁl )t + veﬁlt <aze—t§t + V)_ 5

(23)
o1+ v oy + v

If we differentiate Equation (23) with respect to v and put v = 0, we can obtain the
mean of the accumulated aggregate claims, i.e.,

E(Ly) = (ﬂli + ﬂzaL;) 5 (atd) (24)

and the higher moments can be obtained by differentiating it further, i.e.,

2 2
varL) = (128 + 22 )y (at2s). 25)
@ o

If we multiply e =% both sides in Equation (24) and e~ in Equation (25), we have

EW) = (h2 + sl )ar (at) 26)
and

2p 2p
var(L)) = (,31—2 + ﬂ2?
1 2

) a, (at29). (27)
From Equation (26), we can find that the actuarial net premium at time 0, E(L?) is

equivalent to the mixture of an annuity paid continuously with weights 81 and 8,. If
t — oo, the mean and variance of the discounted aggregate claims are given by

o p\1 o p\1
(ﬂla—l‘f‘ﬂza—z)g and <'81a12+ﬂ2a§>8.

Similar to Equations (26) and (27), we can easily extend to the mixture of three ex-
ponential claim size distribution, i.e., h(x) = Bro1e ™" + Boane ™" + Bzaze™*%, x > 0,
a1 > ap > a3z > 0and 81 + B2 + B3 = 1, then we have

E(L{) = (ﬁlﬁ + 82+ ,33£> a; (atd) (28)
o1 2% a3
and

2p 20 2p
Var(L?) = <,31¥ + ,32; + ,33?
1 2 3

) a; (at2s). (29)
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If t — oo, the mean and variance of the discounted aggregate claims are given by

1 1
(,31£+ﬂ2£+ﬁ3£>— and <ﬂ1% +ﬂ2% +/33%) =
o ay az) 8 aj a;y a;) 8

abxP1le—ax

X > 0, >0,and 8 > 0,
the Laplace transform of the distribution of the accumulated aggregate claims is given

by
t B
exp |:—p/(; {1 — (ﬁ) }ds:| . (30)

However, it is not possible to obtain the explicit expression of the above Laplace
transform to derive its mean and variance.

If the claim size distribution is gamma, i.e., h(x) =

Now let us illustrate the calculation of premiums and variances using the formulae
derived above, assuming that the claim size distributions are exponential, mixture of
two exponential and mixture of three exponential.

Example 1: The parameter values used to calculate Equations (21), (22), (26)—(29) are
a1 = 0.01, ap = 0.009, a3 = 0.008, § = 0.05, p = 50, and ¢ = 1. The calculations of the
actuarial net premiums and variances of the discounted aggregate claims are shown in
Table 1.

TABLE 1
The Actuarial Net Premiums and Variances of the Discounted Aggregate Claims

Mean Standard Deviation Variance

Exponential 48771 975.51 951,630

Mixture of two exponential 5,039.6 1,009.3 1,018,600
(81 =0.7 and B, = 0.3)

Mixture of three exponential 5,107.4 1,024.6 1,049,800

(81 =0.7, B2 =0.2,and B3 = 0.1)

TABLE 2
The Actuarial Net Premiums at Each Value of the Instananeous Rate of Interest

Mixture of Two Exponential Mixture of Three Exponential
1) Exponential (81 =0.7and B, =0.3) (81 =0.7, 8, =02, and 83 = 0.1)
0.05 4,877.1 5,039.6 5,107 .4
0.06 4,853.0 5,014.7 5,082.1
0.07 4,829.0 4,990.0 5,057.0
0.08 4,805.2 4,965.4 5,032.1
0.09 4,781.6 4,941.0 5,007.4

0.10 4,758.1 4,916.7 4,982.8
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TABLE 3
The Standard Deviations of the Discounted Aggregate Claims at Each Value of the
Instantaneous Rate of Interest

Mixture of Two Exponential Mixture of Three Exponential
) Exponential (81 =0.7 and B, = 0.3) (B1=0.7,8,=0.2,and B3 =0.1)
0.05 975.51 1,009.3 1,024.6
0.06 970.74 1,004.3 1,019.6
0.07 966.00 999.4 1,014.6
0.08 961.30 994.6 1,009.7
0.09 956.64 989.7 1,004.8
0.10 952.02 985.0 999.9

TABLE 4
The Actuarial Net Premiums and Variances of the Discounted Aggregate Claims
With Infinite Time Horizon

Mean Standard Deviation Variance
Exponential 100,000 3,162.3 10,000,000
Mixture of two exponential 103,330 3,271.7 10,704,000
(B1 =0.7 and B, = 0.3)
Mixture of three exponential 104,720 33214 11,032,000

(81 =0.7, 8, =0.2,and B3 =0.1)

Example 2: We will now examine the effect on actuarial net premiums and variances
of the discounted aggregate claims caused by changes in the value of the instantaneous
rate of interest 8. The calculations of the actuarial net premiums at each value of § are
shown in Table 2 and the calculations of the standard deviations of the discounted
aggregate claims at each value of § are shown in Table 3.

Example 3: The calculations of the actuarial net premiums and variances of the dis-
counted aggregate claims when the time horizon goes to infinity are shown in Table 4.

CONCLUSION

We derived the Laplace transform of the distribution of the shot noise process applying
the piecewise deterministic Markov processes theory and the martingale. Using the
relationship between the shot noise process and accumulated/discounted aggregate
claims process, the Laplace transform of the distribution of the accumulated aggregate
claims was obtained.

Assuming that the claim arrival process follows the Poisson process and claim sizes
are assumed to be exponential and mixture of exponential, we derived the explicit
formulae of the means (i.e., actuarial net premiums) and variances of the discounted
aggregate claims, which are expressed in terms of the annuities paid continuously.
The numerical values of the actuarial net premiums and variances of the discounted
aggregate claims were also given with examples.
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As other heavy-tail distributions such as gamma, log-normal, and Pareto, etc., can also
be applied for claim size distribution to more realistic cases in practice, we presented
the Laplace transform of the distribution of the accumulated aggregate claims with
gamma claim size distribution. As it was not possible for us to obtain the explicit
expression of the Laplace transform to derive the actuarial net premium and variance
of the discounted aggregate claims, a numerical method needs to be employed to
calculate them if the claim size follows gamma distribution. Also as the rate of interests
are stochastic in the real world, it is of interest to obtain the Laplace transform of the
distribution of the accumulated /discounted aggregate claims using a stochastic rate
of interest.

REFERENCES

Beard, R. E., T. Pentikainen, and E. Pesonen, 1984, Risk Theory, 3rd edition (London:
Chapman & Hall).

Biihlmann, H., 1970, Mathematical Methods in Risk Theory (Berlin, Heidelberg: Springer-
Verlag).

Cox, D. R., and V. Isham, 1980, Point Processes (London: Chapman & Hall).

Dassios, A., 1987, Insurance, Storage and Point Process: An Approach via Piecewise
Deterministic Markov Processes, Ph.D. thesis, Imperial College, London.

Dassios, A., and P. Embrechts, 1989, Martingales and Insurance Risk, Communications
in Statistics—Stochastic Models, 5(2): 181-217.

Dassios, A., and J. Jang, 2003, Pricing of Catastrophe Reinsurance and Derivatives
Using the Cox Process With Shot Noise Intensity, Finance & Stochastics, 7(1): 73-95.

Davis, M. H. A., 1984, Piecewise Deterministic Markov Processes: A General Class of
Nondiffusion Stochastic Models, Journal of the Royal Statistical Society B, 46: 353-388.

Dufresne, D., 1990, The Distribution of a Perpetuity with Applications to Risk Theory
and Pension Funding, Scandinavian Actuarial Journal, 9: 39-79.

Gerber, H. U., 1979, An Introduction to Mathematical Risk Theory (Philadelphia: S. S.
Huebner Foundation for Insurance Education).

Goovaerts, M. J., ]. Dhaene, and A. De Schepper, 2000, Stochastic Upper Bounds for
Present Value Functions, Journal of Risk and Insurance, 67(1): 1-14.

Jang, J., 1998, Doubly Stochastic Point Processes in Reinsurance and the Pricing of
Catastrophe Insurance Derivatives, Ph.D. thesis, The London School of Economics
and Political Science.

Klippelberg, C., and T. Mikosch, 1995, Explosive Poisson Shot Noise Processes With
Applications to Risk Reserves, Bernoulli, 1: 125-147.

Léveillé, G., and J. Garrido, 2001, Moments of Compound Renewal Sums With Dis-
counted Claims, Insurance: Mathematics and Economics, 28: 217-231.

Milevsky, M. A., 1997, The Present Value of a Stochastic Perpetuity and the Gamma
Distribution, Insurance: Mathematics & Economics, 20(3): 243-250.

Rolski, T., H. Schmidli, V. Schmidt, and J. L. Teugels, 1998, Stochastic Processes for
insurance and Finance (UK: John Wiley & Sons).



Copyright of Journal of Risk & Insurance is the property of Blackwell Publishing
Limited and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



