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Abstract

Stochastic modelling of fatigue (and other material’s deterioration), as well as of
cumulative damage in risk theory, are often based on compound sums of independent
random variables, where the number of addends is represented by an independent count-
ing process. We consider here a cumulative model where, instead of a renewal process
(as in the Poisson case), a linear birth (or Yule) process is used. This corresponds to
the assumption that the frequency of “damage” increments accelerates according to the
increasing number of “damages”. We start from the partial differential equation satisfied
by its transition density, in the case of exponentially distributed addends, and then we
generalize it by introducing a space-derivative of convolution type (i.e. defined in terms
of the Laplace exponent of a subordinator). Correspondingly, we analyze the related cu-
mulative jump processes under a general infinitely divisible distribution of the (positive)
jumps. Some special cases (such as the stable, tempered stable, gamma and Poisson) are
presented.

Keywords: Integro-differential equations, Convolution-type derivatives, Cumulative
damage models, First-passage time, Infinitely divisible laws.
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1 Introduction

Compound counting processes, especially in the Poisson case, are widely studied and applied
in many different fields: in reliability theory (for studying the development of fatigue in
materials) and in collective risk theory, where many cumulative damage models are defined
in terms of the following sum

N(b)
Y(t):=)_ X;. (1.1)
j=0

The addends X; are assumed to be ii.d. random variables, for j = 1,2,..., and N :=
{N(t),t > 0} is an independent counting (i.e. a non-negative, integer valued and non-
decreasing) stochastic process. In the special case where N is a homogeneous Poisson process,
with rate A, the well-known compound Poisson process is obtained.
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Under the assumption that the counting process N is Poisson with parameter A > 0, and
the jumps are exponentially distributed with parameter &, it has been proved in [2] that the
distribution of the compound Poisson process defined in (1.1), can be written in terms of a
Wright function. Moreover the density of its absolutely continuous component fy (y,t), for
y,t > 0 satisfy the following differential equation

9 o1 o
il = o) (12
with conditions f0
Y, 0 == 0
{ ()JroO fly,t)dy =1— e~ (1.3)

This process has been generalized in [2] to the fractional case and in [3] the assumption of
Gamma distributed jumps has been considered.

We consider here the cumulative process (1.1), when the number of addends, instead of
being represented by a renewal counting process (as in the Poisson case), is assumed to be a
linear birth (or Yule) process B := {B(t),t > 0}, with one progenitor and with rate A\, = kA,
for k=1,2,..., ie.

B(®)

Y(t)=> X;  t=0, (1.4)
j=1

under the assumption that X; are ii.d. positive random variables, independent from B.
This model can be also described by assuming that each member of a population gives birth
independently to one offspring at an exponential time with rate A. Moreover each member
of the population produces a random (positive) “damage” that contribute individually to
the “total damage” of the population. Alternatively, we can assume that X;’s represent the
claim size of the j-th policy holder and that the number of claims for the insurance company
evolves in time according to a birth process B(t), i.e. when, for example, the arrival rate of
the new claims is proportional to the number of the claims previously arrived. In this case a
crucial random variable is represented by the time to ruin of the company, i.e.

T:=1inf{t: Y (t) > ct + u}, u,c > 0,

where u is the initial capital and c is constant risk premium rate. For applications to the risk
theory of compound birth processes, see the very recent paper [22].

This kind of process has been introduced by [23] for modelling crack growth with accel-
erating frequency of increments as the crack grows. Also in the cumulative models applied
to reliability theory, the study of the first-passage time through a certain critical value, i.e.
Tg = inf{t > 0 : Y(t) > B}, is crucial. In particular, T is the fatigue failure time, in the
cumulative fatigue model. Since, in case of non-negative addends, Y'(¢) is non-decreasing for
any t, we get

P{Tp >t} = P{Y (t) < B} = Fy(B,1). (1.5)

We recall that the birth process B is a continuous-time Markov process and, in the linear
case, its probability mass function is given by



pu(t) := P{B(t) = n| B0) = 1} = ¢~ (1 - e—”)nfl . t>0,n=1,2,..

In the fractional case, the birth processes have been studied in [19], [20] and [4]. In [14] a
non-markovian generalization of the Yule process has been introduced.

We start by deriving the partial differential equation satisfied by the transition density of
(1.4) in the case of exponentially distributed addends; then we generalize it by introducing
a space-derivative Dj of convolution-type (defined by means of the Laplace exponent g(6) of
a subordinator). More precisely, we will be concerned with the the solution to the integro-
differential equation

o e)\t
7f(y7 t) = _Aing [f * f] (ya t)v (s )‘75 >0, (16)

ot 13
under certain initial conditions, where we denote by f; * fo the convolution of the functions
f1 and fo. For the (integral) definition of Dj see (1.8) below.

We will prove that the solution of (1.6) coincides with the density fy, of (1.4) when
the distribution of the addends is extended (from the exponential case) inside the class of
infinitely divisible laws. Note that, for g(f) = 6% and « € (0, 1), the derivative Dj reduces to
a Caputo fractional derivative of order « (see (1.8) below) and then equation (1.6) becomes
a fractional differential equation. Some special cases (such as the stable, tempered stable,
gamma and Poisson cases) will be illustrated. Finally, in order to compare the behavior of the
different processes introduced and to draw some conclusions on their possible applicability,
we present some plots of simulated trajectories, under various assumptions on the addends’
distribution. As we will see, our model will prove to be more flexible and adaptable to the
real data provided that the appropriate distributions of the addends and the corresponding
parameters’ values are chosen.

Let g : (0,+00) — R be a Bernstein function, i.e. let g be non-negative, infinitely
differentiable and such that, for any z € (0, +00),

dn
(—1)"@9(,@) <0, for any n € N,

A function ¢ is a Bernstein function if and only if it admits the following representation

+oo
o() = a+ bz + /0 (1 - e=*)p(ds),

for a,b € R, where 7 is the corresponding Lévy measure and (a,b,7) is called the Lévy
triplet of g. Then a subordinator is the stochastic process with non-decreasing paths Ay :=
{A4(t),t > 0}, such that

Ee~0As(t) — ¢=900)t, (1.7)

i.e. g(0) is the Laplace exponent of A,. Let moreover L4(t), t > 0, be its inverse, i.e.

Ly(t) =inf{s > 0: Ay(s) > t}, t>0



and lg(z,t) = Pr{Ly(t) € dx} /dx be its transition density.
We recall the definition of the convolution-type derivative on the positive half-axes, in the
sense of Caputo (see [24], Def.2.4, for b = 0) :

Diu(t) := /0 diu(t — s)v(s)ds, t>0, (1.8)

S

where v is the tail of the Lévy measure 7, i.e. v(s) = f;roo 7(dz). Convolution-type derivatives
(or derivatives defined as integrals with memory kernels) have been treated recently by many
authors: see, among the others, [13], [8], [21].

The Laplace transform of DY is given by

/+OO e '"DIu(t)dt = g(0)u(f) — g(:)u(()), R(8) > b, (1.9)
0

(see [24], Lemma 2.5). It is easy to check that, in the trivial case where g(f) = 6, the
convolution-type derivative coincides with the first-order derivative, while, for ¢g(#) = 0%, for
a € (0,1), it coincides with the Caputo fractional derivative (see e.g. [12], p.90) of order «.

2 The exponential case

As a preliminary result, we consider the case of the compound birth process Y with expo-
nentially distributed addends: see [6] and [23] for possible applications, in survival analysis
and reliability theory, respectively.

Lemma 2.1 Let X; be i.i.d. Exp(§), for j = 1,2, ..., then the density of Y, defined in (1.4),
i.e.

fY(y7 t) = éexp {7)‘75 - ge—Aty} ) Y, t 2 07 (21)

satisfies the equation
0

0
5 = —Aafy (wf), y,t >0, (2.2)

with f(y,0) = fx(y) = eV,

Proof. By a conditioning argument, we can write

fr,t) = pa®) 3 W),
n=1

which, under Laplace transform, gives

Rty = SR 0) = pat) [Fx )] (2.3)
n=1 n=1
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It can be easily checked that (2.1) satisfies equation (2.2) and the initial condition. m

In Fig.1 we plot the probability density function (hereafter pdf) of the process Y, defined
in (1.4) (in the case of exponentially distributed addends), estimated directly from the re-
alizations of the process. Moreover we compare it with the theoretical pdf given in (2.1),
for different values of t. One can notice the perfect agreement between the theoretical and
empirical pdf’s.

cal density for t= 0.5
| density for t= 0.5

0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
y

Figure 1: Compound birth process Y, with exponential distributed addends: theoretical and
empirical pdf’s for different values of ¢t and for A =& = 1.

Remark 2.1 Equation (2.2) can be considered as special case of the Fokker-Planck equation
with null diffusion coefficient. Moreover, it can be alternatively written as

a e)\t a
5 :_)\?a—y(f*f), y,t > 0. (2.4)

Indeed, we have that
At o At o Yy
DO i) = DD [N (o {6 ) i
0 0
-9 At _ 9
= e By (yexp{ e y}) 9y (yfy)-

In the next section, we will generalize the governing equation of our model in the form given

in (2.4).

The distribution of the first-passage time of Y through the level 5 > 1 can be written as

follows:
0, t<0
P{Tﬁ < t} - { exp {_ge—ktﬁ} ’ t>0 (2'5)

by considering (1.5). The jump in zero of (2.5) is equal to P{T = 0} = P{X > 3} = %%,
The absolutely continuous component thus displays a Gumbel-type distribution. Its mean



value can be obtained as follows:

ET; = /O+Oo [1 —exp {—ge_AtBH dt = — i (=¢5) /;Oo e Mgy (2.6)

o0

1o~ (=€8) _§B§:(—£B)IF

2011 A
)\jzlj(j ntoooa

= 72‘1’2 =& E

where

(ah 061)1 P | .
U, |z S z,a;,b; €C, o, 8. €eR, I=1,...,p, j=1,...,
P { ‘ (blez)l,q _ b : ﬁ] b !
for p, ¢ € N, is the Fox-Wright function (see [12], p.56). The asymptotic behavior of ETp can
be studied by considering formula (1.12.68), p.67 in [12], so that we can write

£6 (0,1) (0,1)

1,2 )
Bl =73 s [am 0.1) (-L1) (-L1) ]

where

m,n (a[MAp) . . + 5 _ M
H) [w\ (by. By) ] , z,a;,b; €C, A, B; e RT, i=1,...,p, j=1,...,q
for p,q,m,n € N, with 0 <n <p, 1 <m < q, is the H-function (see e.g. [17], p.2). Then, by
applying Theorem 1.2, p.19 in [17], for y = a =1 >0 and d = min{—1,-1} = —1 we get,
for 8 — +oo,

£ £

ETj ~ Tﬂow—l) = XO(U‘

3 The infinitely divisible cases

We now extend the previous results, by considering the relaxation equation with the convolution-
type derivative defined in (1.8). Indeed, it is well-known that the survival (or reliability)
function ®x(x) = f;oo fx(u)du of the r.v. X ~ FExp(§) satisfies the so-called relaxation

equation
d
Lou(z) = - , > 0, 3.1
3 e = —ule), w2 (31)
with initial condition u(0) = 1. As we will see later, replacing the space-derivative with Df

corresponds to generalize the distribution of X, inside the class of infinitely divisible r.v.’s.

Lemma 3.1 Let A, denote the subordinator defined by (1.7), then the initial-value problem

Ddu(z) = —€u(z)
{ u(0) = 1, (3.2)
with x > 0, € > 0, is satisfied by
u(z) = 5/+OO e P {A,(t) >z} dt. (3.3)
0



Proof. We take the Laplace transform of (3.2), by considering (1.9), and get, for R(0) > 6y,

9@)i(0) — 2 u(0) = ~€i6),
so that ®) )
a0 = 1
u(f) = O (3.4)

On the other hand, from (3.3) we get

“+o00 “+o00 “+oo —+00 “+o00 Yy
u(d) = §/ e_exd:r/ e_Etdt/ hg(y,t)dy—f/ e_gtdt/ hg(y,t)dy/ e 9 dy
0 0 P 0 0 0

- s [ - ma= S ]
— 9/0 e dt/o he(y,t)(1 —e y)dy_g £ E+90)]

which is equal to (3.4). The initial condition is clearly satisfied by (3.3). =

In the trivial case g(f) = 6, the differential equation in (3.2) reduces to (3.1), which is
satisfied by ®x(z) = e~¢%. For g(f) = 0%, a € (0, 1), equation (3.2) coincides with the well-
known fractional relaxation equation (see e.g. [9], [16] and [1]). In all the other cases, the
solution corresponds to the survival function of a subordinator stopped at an independent
exponential time, i.e. Ay(X).

Alternatively, (3.3) gives the probability that the subordinator A, hits (or crosses) a
certain level in a random time smaller than an exponentially distributed one. Indeed, by
considering that

P{A(1) > o} = P{L,(x) <1},

we can write the solution of (3.2) as
+oo
u(w) = € / e P {Ly(x) < thdt = P{Ly(z) < X}, (3.5)
0

with X ~ FExp(€). In the special case where g(f) = v/, the inverse stable subordinator £,
is equal in distribution to a Brownian motion reflecting in the origin and thus (3.5) reduces
to the probability that the Brownian motion is under an exponentially distributed barrier at
time z, i,e, P{|B(x)| < X} (see [1]).

Let us now consider the r.v.’s XJ‘.], for j = 1,2,..., with survival function ®y(,) coincid-
ing with (3.3). They are thus non-negative, infinitely divisible, with the following Laplace
exponent

9(0)

Yy (0) == —log Ee0X — log <1 + §> , £,0>0. (3.6)

Clearly, in the special case g(f) = 6, formula (3.6) reduces to the Laplace exponent of the
exponential law. Thus we assume here that the density of the addends in (1.1) is given by

+o0o
Frim(@) = € /O e hy (e, t)dt, €y >0, (3.7)

(where hg(:,t) is the density of the subordinator A,), or, alternatively, that the following
equality in law holds : X(9) 4 Ag(X).



Theorem 3.2 The solution to equation

o At

e
af(yﬂf) = _A?Dg [f * f] (yat)7 y,t > 07 (38)
under the initial condition f(y,0) = fxw (y), is given by the density function of the process
B(t)
v,m=> x>0 (3.9)
j=1

Proof. We take the Laplace transform of (3.8), w.r.t. y, so that we get, by considering (1.9):

0 ~ eM ~ 2
ol (6.0 = 2" 9(0) [7(6.0] (3.10)

with f(Q,O) = §+§(9). We can check, by differentiating, that the solution to (3.10) is equal to

. 56—)\15
0.0 = ey (3.11)

On the other hand we can start from the distribution function of (3.9) which can be written
as

Fy,(y,1) == P{Y,(t) <y} = Y P(B(t) = n)Fy" (y), (3.12)

g9

where F;((gn) denotes the n-th convolution of Fx () () := P{X) < z}. Under the assumption

of absolutely continuous and positive random addends Xj(g), for 5 = 1,2,.., with density
fxw(x) = P{X(g) € dx}/dz, we can write

)y +°°F*(n_1) B p
X, (x)— ) X, (x Z)fX(Z) Z.

By denoting g(0) := O+°O e 9% g(x)dx the Laplace transform of g : RT — R, we get

Foo] 0]

F(0) = |Fx, (0)| = . (3.13)
Therefore we have that
~ B > ) _\ n—1 § n
ng (0, t) = ; (& t (1 — € t) |:£—|—g(6):| (314)
fe_)‘t
T e M tg(o)

which coincides with (3.11). ®



As far as the first-passage time T of the process Y, through the level 8 > 1 is concerned,
we can derive the general formula of the Laplace transform of its distribution function, by
considering (1.5) and by taking into account (3.12) and (3.13), as follows:

LIP(Ty <1h6] = LIPIY() > B):61= 45— o7, (0,1) (3.15)
9(9)
Ol e+ g(O)]

Remark 3.1 The following time-changed representation of the process Y, can be checked, by
proving the equality of the one-dimensional distributions:

Yy (t) £ Ay(Y (1)), (3.16)

foranyt > 0, where Y is the compound birth process (with exponential jumps) defined in (1.4)
and supposed independent of the subordinator Ay. Indeed, the Laplace transform of Ay(Y (t))
can be written, for any t > 0, as

“+oo
Fe0A(Y (1) _ / Ee~4C) fy (2, )dz
0

+oo
_ / =902 fy (2, 1)dz
0

[by (2.3)]
é‘ef)\t
9(0) + &e

which coincides with (3.14). Thus (3.16) follows from the unicity of the Laplace transform.

3.1 Some special cases

(i) The Mittag-Leffler case

Let g(0) = 6%, for a € (0, 1], then the law of the addends is Mittag-Leffler of parameters
a, & and, in this special case, we can obtain an explicit and simple formula for the density of
Y, :=Y,. Recall that the Mittag-Leffler function, with two parameters, is defined as

B
E = — , B, C, R s Rs 0. 3.17
5.4(2) ]Zowjﬂ) z,8,7 € C, Re(8),Re(y) > (3.17)

Then the density of X9 can be obtained by applying the well-known formula of the Laplace
transform of the Mittag-Leffler function (see [12], formula (1.9.13), for p = 1), i.e.

B—
-1 By. sl = %
£{m Es(Ax ),8} =5 (3.18)
with Re (8),Re(y) > 0, A € R and s > |A|'/ R, Indeed we have

9



which is the density of A, (X), where A, is the a-stable subordinator and X an independent
exponential r.v. The equation (3.8), in this case, reduces to the following space-fractional
differential equation of order «,

;fYa (y7t) = _)‘aa;; [fYa * fYa} (yat)7 y7t > 07 (320)

with initial condition fy, (y,0) = £x® L1 E, o(—Ey®).

The derivative appearing in (3.20) is the Caputo fractional derivative defined as follows:
let @ > 0, m = |a] + 1 and assume that u : [a,b] — R, b > a, is an absolutely continuous
function, with absolutely continuous derivatives up to order m on |[a, b], then, for x € [a, b],

m

(0% €T d
d u(z) — { F(ml—a) fa (x_s)olﬁqu WU(S)dS, o gé Ny

m 21
d.:Ua d (3 )

a=m € Ny

dx™

is the Caputo fractional derivative of order « (see [12], p.92). Indeed, for g(f) = 6, we have
that o

DI = et (3.22)
as it can be checked by considering (1.8) with the Lévy measure 7(ds) = as™* 1ds/T'(1 — )
and the tail Lévy measure v(ds) = s~ “ds/I'(1 — a) (see Remark 2.6 in [24] for details).

The density of the process (3.9), which we denote now as Y, is given by

fyv., (y,t) = fe*)‘tyaflEa,a(—ge*/\tya), y,t >0, a € (0,1], (3.23)

as can be obtained by inverting the Laplace transform (3.14), by means of (3.18), with
g(0) =0%and B =~ = «.

The Mittag-LefHler r.v. has infinite moments and thus the same holds for the process Y.
This is confirmed by the representation A, (Z) of the random addends, since it is well-known
that the stable law has infinite moments of order greater than «.

The distribution of the first-passage time through the level 8 > 1 in this case can be
obtained, by considering (3.15), which reduces to

aa—l
By inverting (3.24) we get
0, t<0
P{Ty <t} = { (e Mg, 150 (3.25)

which coincides with (2.5) for & = 1. The jump in the origin of (3.25) coincides with P{Ts =
0} = B (—£8%) = P(X > B).

Moreover, the previous probability converges to zero, as 8 tends to infinity, but with a
power law (instead of exponentially), as can be checked by recalling the well-known asymp-
totic behavior of the Mittag-Leffler function (see [12], formula (1.8.11)), for |z| — +o0, i.e.

n Z_k

_ anfl n ]
Epn(2) = kzlf(v—ﬁk) +0(z"Y), neN, (3.26)

10



where 0 < 8 < 2, p < arg(z) < m, 76/2 < p < min{m,78}. Thus, for § — +oo, we get
P{Tg <t} ~0O(B™%).

The density of the absolutely continuous component is easily obtained by taking the first
derivative of (3.25) and reads

Agef)\tﬁa

- Eoo(—Ee7NB%), t>0.

fTﬂ (t) =

We thus obtain the definition of the following fractional extension of the reflected Gumbel
density

—T

aEa,a—i—l (_ﬁa)

where the normalizing constant is obtained as follows

fz) = Eoo(—e75%), x>0, (3.27)
+o00 1
/ e "Eyo(—e 7% dx = / Eoo(—28%)dz = aEq q+1(—5%).
0 0

The expected first-passage time through /3 can be obtained from (3.25), as follows:

_ 400 ( § )\tﬁa gﬁa ( (l+1))2
BTy = _/0 D(aj+1) )\ Z'Fal+a—|—1) (1+2)

_ " o (L) (1,1)
= 32 e @)
which reduces to (2.6) for « = 1. Its asymptotic behavior can be obtained by applying

Theorem 1.2, p.19 in [17], for y = a > 0 and d = min{—1, -1} = —1 and a > 0, we get, for
8 — +o0,

. éﬁa ,2 a (Oa 1) (07 1)
ETg = TH21,3 [éﬂ | 0,1) (—a,q) (—171)]
8" 3

12

057 = 5 001),

Thus the expected first-passage time through the level 3 converges to the same limit of the
exponential case, for any «, even though the expected value of Y, is infinite, while it is finite
for = 1.

(ii) The tempered case

We consider now the case g(6) = (u+6)® — u®, for > 0, which is the Bernstein function
of the tempered a-stable subordinator A, ,, for a € (0,1]. The law of the addends can be
written explicitly, by the well-known relationship between the density of the tempered stable
hau(x,t) and that of the stable itself, i.e.

hohlt(xa t) = exp{_ux - ,U,at}ha($, t)7 Zz, 3 Z 0.

Since, in this case,



where X is again exponentially distributed with parameter £ and independent of A, ,, we
have that

o) = €674 /Om e g, )t = €00 Bga(—(€ — n®)2%),  (3.28)

which generalizes (3.19), for © # 1. Analogously to the previous case, we can write the
transition density of the process Y, := Y, , as

Fran@,t) = &My B, ((— (e — u®)y®), ¥t >0, ae (0,1]. (3.29)

Moreover, from Theorem 3.2, we get that (3.29) satisfies equation (3.20), where the fractional
a-order Caputo derivative must be replaced by the following Caputo-type tempered derivative

d®H ap® r d
= I'(—aoy — 1
fraule) = s [T a fueds, ae 0.1, 5> o0

(where I'(n, z) := f;oo e~tt"~1dt is the upper incomplete Gamma function). Indeed the tail
Lévy measure reads v(ds) = W (see [24]). In this case, the Laplace transform of

the first-passage time distribution (3.15) reduces to

(n+0)" —
e+ (4 0) — po]

LIP(Ts <t}:6) =5 (3.30)

By inverting (3.30) and denoting by y(a;z) := [ e 't dt the lower incomplete Gamma
function, we can write that, for ¢t > 0,

PT, < o1 8 i (_fe” - MO‘)j (e + o; ub)

pe = e I(aj + )
a,—At X e’ e J
= 1= 55}; Z <_6 (e e . )> B ajrar1 ().
§=0

where we have considered formula (3.7) p.316 in [18] together with formula (4.2.8) in [10].
We now compare (in Fig.2) the pdf’s of the compound birth process in the two special cases
of Mittag-Leffler and tempered stable addends (given in (3.23) and (3.29), respectively) with
that of the exponential case: with respect to the latter, the pdf’s fall generally quicker while
they have longer tails. Moreover the presence of the tempering parameter in the tempered
stable case causes both an initial slower fall of the density compared to the pure a-stable
case and faster fall for large values of y.

In Fig.3 we explore the influence of the tempering parameter p for the pdf given in (3.29),
in the tempered case: as expected, the greater the value of i the faster the fall of the tails.
Finally, we compare the first crossing time probability of Y through the level 5, in the usual
three cases, i.e. exponential, stable and tempered stable, by plotting it with respect to time
(in Fig.4) and to 8 (in Fig.5).

12
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Figure 2: The pdf’s of the compound birth process Y, with exponential, Mittag-Leffler and
tempered stable addends: for t =1,\ =1, = 0.5, = 0.2(a), 0.5(), 0.8(c), u = 10.

Figure 3: The pdf’s of the compound birth process Y, with tempered stable addends, for
different values of 4 and for § = A =1, =0.8,t = 1.

1.0

= Exponential case
. = Stable case
0.0{ ===*" +++ Tempered stable case

o 2 4 6 8 10

Figure 4: The first crossing probability of the level g, for p =5, =A=1,a=0.5,t = 1.
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~ = Exponential case

0.6 ~ = Stable case
. +++ Tempered stable case

Figure 5: The first crossing probability of the level 5=2, for p =5, =X =1,a = 0.5.

(iii) The gamma case
For g(0) = log (1 + %), for b > 0, which is the Bernstein function associated to the gamma
distribution, the law of the addends Xt can be written as follows:

+o0 bt

fxp(z) = febx/ %xhle*étdt
0

with mean value EXt = 1/£b and Laplace transform

. +o0 +o0 bt
fxp(0) = 5/ e_bx_em/ —zt e~ dtdx (3.31)
0 o I

oo/ pe=E\ ! 13
B 5/0 <b+0) "= fog(b+ 0) — log (b€

In this case, by considering that

Q _ e _ —bx\ —1 _—bx
log [ 1+ )= (I —e ")z e du,
0

we can write the tail Lévy measure as

—+o00 “+o0
v(ds) = ds/ 2 le %z = ds/ wle™dw = Ey(bs)ds,
s b

S

where F1(z) = —Ei(—x) and Ei(z) denotes the exponential integral. Thus the differential
equation governing the process (1.4) coincides with (2.2) with convolution-type derivative
defined as follows:

Dmuy:%;iu@—@Eumm&

In this case the Laplace transform of the first-passage time distribution (3.15) reduces to

log(6 4+ b) —logb
[e=ME + log(6 + b) — log b]’

LIPAT, < 130 =
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which can be inverted by considering (3.31), as follows, for ¢ > 0:

PI{T _ —At oo —by oo b z—1 —At
{Ts < t}=¢e e y* exp{—&e " z}dzdy
8 o TI'(z)

= e M /0+0<> F(;(’f)b) exp{—te Mz}dz.

The expected first-passage time through S can be written as follows:

— (2 Bb) [T Y
ETy = 5/0 T(2) /0 e Mexp{—&e Vz}dtdz

_ £ +°°7(Z;Bb) '
-3 :

+00 e
= )\/ z+1 —e ¥)dz.

By applying the monotone convergence theorem and considering that
it is easy to check that E7}p is infinite in the limit.

(iv) The Poisson case

Let g(0) = A(1—e~%), for A > 0, which is the Bernstein function associated to the Poisson
distribution and with Lévy measure v(s) = Ad(s—1), where §(+) is the Dirac’s delta function.
In this case, since the distribution of the addends X is discrete and integer valued, we must

exp{—¢&uz}dudz

7(2;8b)
I'(z+1)

1
— 2,as § — oo,

adapt the notation of the previous sections: let pg;’\) = P{X () = x} denote the addends’
probability mass function and let f){)?) 0) =320 e“%pg(c)‘), then (3.13) must be replaced by

=0 o]
F gy — B 9(9)]

Moreover, formula (3.7) is substituted by
+o0
=¢ / e S P{N(t) = x}dt
0

Correspondingly, we have, for Y)(t) = Zf(tl) xW , that qé )( t) := P{Y,(t) = x} with Laplace
transform

0 gN) ge Lem M
jg:e R R R i) (3:32)

It is easy to see that, in this special case, the addends follow a geometric distribution of

parameter p = £/(€ + \): indeed, here XV 4 N(X), with X ~ Ezp(§) independent of N,
so that the probability mass function of X can be written as

A xX
e EPIN(E) = a}dt = —— () =0,1,.. 3.33
Wee[Tetr=na= () emoL (333)
The distribution of the process Y) can be written, for y = 0,1, ... and for any ¢t > 0, as
—At\y pFoo B —At\Y
q?(J)‘)(t) _ 56)‘/ e (e Nz y g fe—)\ﬂ’ (3.34)
vt Jo (e +N)?
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which coincides with a geometric probability mass function with parameter p = e~ /(£e= M+
A). This can be checked by evaluating the Laplace transform of (3.34), which coincides with
(3.32).

The distribution function of the first-passage time through the level 3 is given by

0, t<0

(wée)  t>0

which converges to zero, for f — +o0.
As far as the differential equation satisfied by the survival function of N (X)), we can spe-
cialize the definition (1.10), by considering that v(ds) = Ads f;roo §(x —1)dr = Adsl(_s1)(5)

and thus .
d u(t) — u(0) t<1
g — —u(t — = ’
Dtu(t)—)\/o dsu(t s)ds )\{ u(t) — u(t — 1), £>1

Its Laplace transform reads
+o0o
/ PN [u(t) — u ((t — 1) v 0)]dt (3.35)
0

1 +o0o
— () — A / e~ (0)dt — A / et — 1)dt
0 1
A1 —e9)
7

which coincides with (1.9), for this choice of g. As a consequence, by taking into account
Lemma 3.1, we obtain that the survival function of the addends P{X") > z} satisfies the
following equation (for x = 1,2, ..)

A+ Qu(x) = Au(z — 1)

= A1-e")u) - u(0),

with 4(0) = 1, as can be checked also directly by considering that P{XW > z} = (A%r& x,
in this case. Theorem 3.2 can be formulated as follows, with the convention that ¢g_;(t) = 0:

the solution to the initial value problem

e)\t
gtqy(t) = —Az? [(gy (8) * ¢y (1)) = (gy—1(t) * gy—1(¢))] (3.36)
e)\t
= —V?[I — AJ(gy(t) * gy (1))

(with ¢ > 0, y = 0,1,..., and ¢,(0) = ENY/(€ + X\)¥T1), coincides with (3.34). This can be
checked either directly, by considering that ql(/)‘) (t) * Qz(/)\) (t) = E2e M \Yy /(Ee™ + A)¥H2 or
by taking the Laplace transform and verifying that the discrete analogue of (3.10) holds in

this case, i.e.

e)\t
B (0) = X (1) @O, (3.37)

for any ¢ > 0.
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4 Simulations and conclusions

In this section, we present simulated sample paths of the pure birth process and the com-
pound birth process defined in (1.4), under the distributions of the addends discussed above
and for certain chosen values of the parameters. They are implemented in R by means of the
following algorithms.

Algorithm 1: Simulation of the pure birth process

This algorithm gives the number of births B(t) with rate Ay = kX of the Yule process up
to a fixed time T

L. [(a)]
2. Fix the parameters A\ > 0 for the Yule process.

3. Set the initial population size init_pop <— 1 , birth process b < init_pop as initial
population, n < 0,7 <+ 1 and ¢t < 0.

4. Repeat while t <T'

e Generate exponential random variable £ ~ FExponential (W)

o t+—t+ F
eb+—b+landi<«i+1.

5. Next ¢.

Then b denotes the number of births B(t) occurred up to time 7.

Algorithm 2: Simulation of the compound birth process

B(t)

This algorithm gives the values of the compound birth process Y (t) = > =1 X; with iid

X, addends up to a fixed time T'.

L [(a)]
2. Choose n + 1 time points 0 = tg,t1,...,t, = T.
3. Simulate pure birth events 1 = B(ty), B(t1),. .., B(t,) using Algorithm 1

4. For each B(t;),i = 1,...,n computed in Step (b), simulate X; random variable B(t;)
times.

5. For each i = 1,...,n, sum the B(t;) number of random variables X; simulated in Step
(c) and store them as Y (¢;).

6. The simulated values of the compound birth process up to time 7" is X1 = Y (¢0), Y (t1),..., Y (¢n)
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Note that in the above algorithm we consider the following distributions for the addends,
in order to simulate the compound birth process.

1. Exponential distribution with rate &.
2. Gamma distribution with shape parameter £ and scale parameter b.
3. Mittag-Leffler distribution with parameters « and £ (see [5], for v = 1)

4. Tempered stable distribution with parameters «, £ and p (see [7], Algorithm 3.2 in [11]
and Algorithm 3 in [15]).

5. Poisson distribution with rate &.

Pure birth process

Compound birth process with exponential addends
I
|

Figure 6: Sample paths of (a) the pure birth process (with A = 2) (b) the compound birth
process with exponential addends (with A = 2 and & = 2)

We notice that, in the case of exponential addends, the simulated trajectories of the
compound birth process display a much slower growth with respect to the pure birth model:
indeed all the sample paths of the first process are under level 5 at time ¢t = 30 (see Fig.6
(b)), while, in the second case, they are all over the same level (see Fig.6 (a)). The reason
can be essentially explained by noting that the jumps can be of length smaller that one, only
in the compound case. In the following figures we compare the gamma and the Mittag-Leffler
cases, where we observe a behavior which is intermediate between the previous ones.

Under the tempered stable distribution of the addends, the growth of the sample paths is
similar to the exponential case (for the same choice of the parameters A and £): all of them
are under level 5 at time ¢ = 30, as shown in Fig.8 (a). Finally, in the Poisson case, a growth
even faster than the pure birth model is recovered, since again the jumps are integer valued.

We can draw the conclusion that the compound birth process with infinitely divisible
(positive) addends is a more flexible model with respect to the pure birth one and permits
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Figure 7: Sample paths of the compound birth process with (a) Gamma addends (with A = 2,
& =3, b=23) (b) Mittag-Leffler addends (with A =2, £ =2, a =0.7)
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Figure 8: Sample paths of the compound birth process with (a) tempered stable addends
(with A =2, =2, a=0.7, u = 2) (b) Poisson addends (with A =2, £ = 3)
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a better fit of the real data, by choosing proper distributions of the addends together with
their parameters’ value.
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