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Abstract

We consider a dual risk model with constant expense rate and i.i.d. exponentially dis-
tributed gains C; (i=1, 2, .. .) that arrive according to a renewal process with general
interarrival times. We add to this classical dual risk model the proportional gain feature;
that is, if the surplus process just before the ith arrival is at level u, then for a > 0 the
capital jumps up to the level (1 4+ a)u + C;. The ruin probability and the distribution of
the time to ruin are determined. We furthermore identify the value of discounted cumu-
lative dividend payments, for the case of a Poisson arrival process of proportional gains.
In the dividend calculations, we also consider a random perturbation of our basic risk
process modeled by an independent Brownian motion with drift.
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1. Introduction

We consider a dual risk model with constant expense rate normalized to 1. Gains arrive
according to a renewal process {N(?), t > 0} with independent and identically distributed (i.i.d.)
interarrival times 7;41 — 7; having distribution F(-), density f(-), and Laplace—Stieltjes trans-
form (LST) ¢(-). If the surplus process just before the ith arrival is at level u, then the capital
jumps up to the level (1 +a)u+ C;,i=1,2, ..., where a >0 and Cy, C», ... arei.i.d. expo-
nentially distributed random variables with mean 1/u. Let U(¢) be the surplus process, with
U(0) = x > 0; then we can write

N(t)
Uy=x—t+» (Ci+aU(T;-)), t>0. (1.1)

i=1

Taking a =0 yields a classical dual risk model, while C; =0 yields a dual risk model with
proportional gains. U(#) can also represent the workload in an M/G/1 queue or the inventory
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level in a storage model or dam model with a constant demand rate and occasional inflow that
depends proportionally (apart from independent upward jumps) on the current amount of work
in the system. We also give some results on a generalization of the model of (1.1) where at the
ith jump epoch the jump has size au + C; with probability p, and has size D; with probability
1 — p, where D1, D, ... are independent, exp(§)-distributed random variables, independent
Ofcl, CQ, e

In this paper we are interested (i) in exactly identifying the Laplace transforms of the ruin
probability and the ruin time, and (ii) in approximating the value function, which is the cumu-
lative discounted amount of dividends paid up to the ruin time under a fixed barrier strategy.
To find this value function we solve a two-sided exit problem for the risk process (1.1), which
seems to be interesting in itself. In the discounted dividend case we also add to the risk pro-
cess (1.1) a perturbation modeled by a Brownian motion X(¢) with drift; that is, we replace the
negative drift —¢ by the process X(¢).

More formally, we start from the analysis of the ruin probability

R(x) := Py (1, < 00), (1.2)

where P, () := P(- |U(0) = x) and the ruin time is defined as the first time the surplus process
equals zero:
T, =inf{t > 0: U(r) = 0}. (1.3)

Our method of analyzing R(x) is based on a one-step analysis where the process under con-
sideration is viewed at successive claim times. We obtain the Laplace transform (with respect
to initial capital) of the ruin probability for the risk process (1.1). We also analyze the double
Laplace transform of the ruin time (with respect to initial capital and time).

Another quantity of interest for companies is the expected cumulative and discounted
amount of dividend payments calculated under a barrier strategy. To approach the dividend
problem for the barrier strategy with barrier b, we consider the controlled surplus process U”
satisfying

N()
Urth=x—t+ Y (Ci+alU’(T-)) — L°(), (1.4)
i=1

where the cumulative amount of dividends L?(¢) paid up to time 7 comes from paying all the
overflow above a fixed level b as dividends to shareholders. The object of interest is the average
value of the cumulative discounted dividends paid up to the ruin time:

<t
v(x) = Ex[ / ‘ e—fﬂdL”(t)], (1.5)
0

where r;’ = inf{t >0: U@ = 0} is the ruin time and ¢ > 0 is a given discount rate. Here we
adopt the convention that E, is the expectation with respect to P,.. We derive a differential-delay
equation for v(x). However, such differential-delay equations are notoriously difficult to solve,
and we have not been able to solve our equation. Hence we have developed the following
approach. Under the additional assumption that {N(¢), t > 0} is a Poisson process and all C;
equal zero, we find the expected cumulative discounted dividends

(V)
() = E, [ / eqtdLb(t):| , (1.6)
0
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paid under the barrier strategy until the process reaches that is, up to rf (N):= inf {t >

0:Ub(1) = ﬁ} By taking N sufficiently large we can approximate the value function v(x)
closely by vy(x). To find vy (x) we first develop a method for solving a two-sided exit problem.
Defining d,, as the first time that U’ b reaches (down-crosses) ﬁ and uy, as the first time U?

up-crosses ﬁ, we determine (with 1. denoting an indicator function)

o) = Bt 1y, 7

which seems to be of interest in its own right. We then use a very similar method to find vy(x),
and to also solve a second two-sided exit problem, determining

un(x) = Ex[eiqu01u0<d]v]- (1.8)

This method of approximating a function v(-) by a sequence of functions vy(-) with a certain
recursive structure may be applicable in quite a few other settings, in particular in dam and
storage models. In Section 5 we perform a similar analysis for the risk process (1.1) perturbed
by an independent Brownian motion. There we also use the fluctuation theory of spectrally
negative Lévy processes, expressing the exit identities in terms of so-called scale functions, as
presented for example in Kyprianou [17].

As Avanzi et al. in [5] point out, “Whereas [a classical model] is appropriate for an insur-
ance company, [a dual model] seems to be natural for companies that have occasional gains.
For companies such as pharmaceutical or petroleum companies, the jump should be interpreted
as the net present value of future income from an invention or discovery. Other examples are
commission-based businesses, such as real estate agent offices or brokerage firms that sell
mutual funds or insurance products with a front-end load.” Avanzi et al. [5] also suggest pos-
sible applications in modeling an annuity or pension fund, where the risk consists of survival
and the event of death leads to gains. More precisely, in the model (1.1), a company which con-
tinuously pays expenses relevant to research or labor and operational costs occasionally gains
some random income from selling a product, invention, or discovery; see e.g. [4, 3, 8, 19,
24, 25]. Lately, the budgets of many start-ups or e-companies have shown a different feature.
Namely, their gains are not additive but depend strongly on the amount of investments, which
usually are so huge that they are proportional to the value of the company. Then the arrival
gain is proportional not only to the investments but also to the value of the company. Perhaps
the most transparent case is the example of CD Projekt, one of the biggest Polish companies
producing computer games. The issuance of new editions of its most famous game, Witcher,
produces jumps in the value of the company (which are translated into jumps of asset value),
and these jumps are proportional to the prior jump position of the value process; see Figure 1.

Related literature. Not many papers consider the ruin probability for the classical dual risk
process (without proportional gain mechanism), but it corresponds to the first busy period in a
single-server queue with initial workload x, and consequently we can refer to [14, 21]. If the
interarrival time has an exponential distribution, then one can apply fluctuation theory of Lévy
processes to identify the Laplace transform of the ruin time as well; see e.g. Kyprianou [17].
Albrecher et al. [2] study the ruin probability in the dual risk model under a loss-carryforward
tax system and assuming exponentially distributed jump sizes. Palmowski et al. [20] focus on
a discrete-time set-up and study the finite-time ruin probability. In terms of analysis technique,
the approach in Sections 2 and 3 bears similarities to the approach used in [12, 10, 11, 23] to
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FIGURE 1. CD Projekt asset value; see https://businessinsider.com.pl.
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study Lindley-type recursions W11 = max(0, aW, + X,,), where a = 1 in the classical setting
of a single-server queue with W,, the waiting time of the nth customer.

There is a good deal of work on dividend barriers in the dual model. All of those papers
assume that the cost function is constant, and gains are modeled by a compound Poisson pro-
cess. Avanzi et al. [5] consider cases where profits or gains follow an exponential distribution
or a mixture of exponential distributions, and they derive explicit formulas for the expected
discounted dividend value; see also Afonso et al. [1]. Avanzi and Gerber [4] use the Laplace
transform method to study a dual model perturbed by a diffusion. Bayraktar et al. [8] and
Avanzi et al. [6] employ fluctuation theory to prove the optimality of a barrier strategy for all
spectrally positive Lévy processes and express the value function in terms of scale functions.
Yin et al. [24, 25] consider terminal costs and dividends that are paid continuously at a constant
rate (that might be bounded from above) when the surplus is above that barrier; see also Ng
[19] for similar considerations. Albrecher et al. [2] examine a dual risk model in the presence
of tax payments. Marciniak and Palmowski [18] consider a more general dual risk process
where the rate of the costs depends on the present amount of reserves. Boxma and Frostig [9]
consider the time to ruin and the expected discounted dividends for a different dividend policy,
where a certain part of the gain is paid as dividends if upon arrival the gain finds the surplus
above a barrier b or if it would bring the surplus above that level.

Organization of the paper. Section 2 is devoted to the determination of the ruin probability,
while Section 3 considers the law of the ruin time. Section 4 considers two-sided exit problems
that allow one to find the ruin probability and the total discounted dividend payments for the
special case that the only capital growth is proportional growth. In Section 5 we handle the
Brownian perturbation of the risk process (1.1). Section 6 contains suggestions for further
research.

2. The ruin probability

In this section we determine the Laplace transform of the ruin probability R(x) when starting
in x, as defined in (1.2). By distinguishing the two cases in which no jump up occurs before
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x (hence ruin occurs at time x) and in which a jump up occurs at some time ¢ € (0, x), we can
write

Rx)=1—-F(x)+ / / R((1 4+ a)(x — 1) + y)ue " dydF(z). 2.1)
=0 Jy=0

Letting the Laplace transform

o(s) = / - e "R(x)dx,

=0

we have

1 —
ploy= 20 4

X o0
e / / R(xue et H+00=Dqdp@ndy.  (2.2)
t=0 Jz=(14a)(x—1)
The triple integral in the right-hand side of (2.2), I(s), can be rewritten as follows:
o0 o0 o0
I(s) = / e ! [ e S Deull+a)x—1) / ue M R(z)dzdxdF(t)
z=(1+a)(x—1)

= ¢(s) / 7sv+,u(l+a)v / MCiMZR(Z)dZdV
z=(14a)v

w(+a-9)15 _ 1

=¢(s) / S pe "R(z)

u(l+a)—s
Hence
¢(S) " s
p(s) = + ¢(s) A ta)—s [p<1 +a> - P(M):| . (2.3)
Introducing
_1=906) 1z _
H(s) = P d)(s)u(l )= p(u) J(s):= d)(S)—(1 T a) (2.4)
we rewrite (2.3) as
pls) = J(s)p( T ) + H(s). 2.5)

Thus p(s) is expressed in terms of p (H%a), and after N — 1 iterations this results in

N—1k—1 N—-1
S S A
pe= Z%HO (<1+a>/) <<1+a>k>+p<<1+a>N>/QJ((Hay)’ 20

with an empty product being equal to 1. Observe that, for large k, H (

Tha )k> approaches some

constant and J ( ra )k) approaches

$0) 1

= < 1.
l+a 1+4a
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Hence the iv 01 ]_[ ! term in (2.6) converges geometrically fast, and we obtain

oo k—1
S
o= 11 ((1+a)J> <<1+a)k)' @7

k=0 j=0

Note that p(u), featuring in the expression for H(s), is still unknown. Taking s = p in (2.7)

gives
k—1 1 —(l)(ﬁ) nw 2
= J 0 - ’
p(w) = ; ]:1—([) ((l—i—a)l) . ¢((l+a)k> M(1+a)—(lfa)kp(u)
and hence

i 1_¢((1+ﬂa>k>
Zk =0 (H J<(1+u)/)> I
(1+a)k
k—1 © © (I4a¥ (2.8)
2k (H J<<1+ay'))¢((1+a)k)<1+a>k+14

We can sum up our analysis in the following first main result.

p(p) =

Theorem 2.1. The Laplace transform of the ruin probability, p(s) = fooo e Py(ty < 00)dx, is
given in (2.7) with H and J given in (2.4), where p(w) is identified in (2.8).

Remark 2.1. It should be noticed that R(x) = 1 satisfies Equation (2.1), but this trivial solution
is not always the ruin probability. In fact, defining X, := U(T,,—), the surplus just before the
nth jump epoch, the discrete Markov chain {X,,, n > 1} satisfies the affine recursion

Xp=(a+DX,—1 +(C, — (T}, — Ty—1)).

If a > 0, then from [13, Theorem 2.1.3, p. 13] we have that with a strictly positive probability
X, tends to 400. Thus R(x) < 1 if a > 0. If a =0 then we are facing a G/M/1 queue, whose
busy period ends with probability one if and only if —¢’(0) > i

Remark 2.2. Both H(s) and J(s) have a singularity at s = (1 4+ a), which suggests that the
expression for p(s) in (2.7) has a singularity for every s = p(1 + ay*t!,j=0,1,.... However,
s = (1l 4+ a) is a removable singularity, as is already suggested by the form of (2.3), where
s = u(l + a) also is a removable singularity. To verify formally that s = (1 + @) is not a sin-
gularity of (2.7), we proceed as follows (the same procedure can be applied for s = p(1 + ay*!,

j=1,2,...). Isolate the coefficients of the factor m in (2.7). Their sum C(s) equals

oo k—1
Cs) = —p()p(w) + G J ( > ( : ) '
Z l_! (1+ay 14 a)

k=1 j=

Introducing k1 := k — 1 and j; := j — 1, and using (2.7), we readily see that C(u(1 + a)) =0.

Remark 2.3. For the case of Poisson arrivals, taking F(x) =1 —e ™

for p(s), indicating that R(x) is a Weighted sum of exponential terms.

, one gets a specific form

More precisely, in this case ¢(s) = 15 and then
1 A 1 1 A 1
J(s) = pu(l+ a) ’ Hs) = _ uld+a) p(p) _
l+ar+su(l+a)—s A+s At+su(l+a)—sl—+a
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From (2.5) it follows that

N
p(s)_H(s)+J(s)H<1+ >+J( )J<1+ >H<(1+a)2)

S
+/]_[OJ((1+ )/) ((1+a)k)+"“ (2.9)

Observe that for k e N,
k—1 k—1 i i
A1 1 +1
M(aa) = avar i oy P AR
i (1+ay (1+a) i O)»(l—i—a)f—i—s w1 +ay+l —

Note the following:
o the first term m on the right-hand side of (2.10) gives a geometric decay in (2.9);

o the first product on the right-hand side of (2.10) is the LST of the sum E; + E> + ...+
E} of independent randqm variables E; (j=1, 2, ..., k) with exponential distributions
with parameter A(1 4+ a); that is, it is the LST of a hyper-exponential distribution;

e the second product represents the LST of —(F|+ F+ ...+ Fy), where Fj, j=
1,2,...,k, are independent random variables with exponential distributions with
parameter p(1 + ay*!;

e hence ]_[jl.‘:_o1 ( ha )/) describes the LST of the sum of the above random variables
weighted by the geometric term.

Moreover, the term H ( (it )k> appearing in (2.9) is the LST of

(1 +a)fPE > 1) — Mf(t)

where f(t) is the density of Ex — Fy, with Ej and Fj being independent.
In fact, this can be further generalized to general interarrival times using the representation

(2.9) of p(s). Indeed, let T be a generic interarrival time between jumps. Then J ( ) is the

(1+ y
LST of the density of —— — F; multiplied by m, where T and F; are independent. Similarly,

(1+ y
H(m> is the LST of

T
(1 +a)kp<m > ) - Mf(t)

where f (¢) is the density of the residual of ——— Tk minus Fy:

(1+

F©) = (1 + a)pu(l + afHer+a iy o4 / " 1+ @e POy 1 1/(1 + @yl o,
0
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To get this observation we use the identity

s pd+aftt (1 + )t
¢<(1 +a>k> WLy s P e T

o () — dul +a)
u(l+a)—s/(1+ a)

+n(l+a)

and note that taking the LST of ¢(u(1 + a))u(l + ayftlend+altloy, o gives the first incre-
ment on the right-hand side of the above equality, while taking the LST of fooo w(l+

a)e”MI+ayg (y +t/(1+ a)k)dyl +~0 produces the second increment there.

Remark 2.4. We now make a few comments about possible generalizations. We could allow a
hyper-exponential-K distribution for C, leading to K unknowns p(u1), ..., p(ug) which can
be found by taking s = w1y, ..., s = ug.

We could also consider the following generalization of the model (1.1): when the ith jump
upwards occurs while U(T;—) = u, that jump has size au 4 C; with probability p, and has
size D; with probability 1 — p, where Dy, Dy, ... are independent, exp(d)-distributed random

variables, independent of Cp, Ca, . ... By taking p=1 we get the old model, while a =0,
=24 gives a classical dual risk model. It is readily verified that, for this generalized model,
(2.3) becomes

1 =) W s\
p(s) = " +p¢(s)M(1+a)_s[p(l+a) p(/t)}

1)
+ (1= p)p(s) 5=

s[p(s) — p(3)]. (2.11)
Introducing

- 20— p(s) g (1) — (1 = P)p(s) 525 p(6)
$) = s
1 1= (1= p)26(s)

P¢(S)m
1= (1=p)sg@s)’

Ji(s) :=

we rewrite (2.11) as

/O(S)—Jl(S)p( >+H1(S)

s
l1+a

resulting in

— s
”(S)_ZHO (<1+ay)H1<<1+a>k)' 212

Finally, p(t) and p(8) have to be determined. One equation is supplied by substituting s = u
in (2.12) (just as was done below (2.7)). For a second equation we invoke Rouché’s theorem,
which implies that, for any p € (0, 1), the equation § — s — (1 — p)d¢(s) = 0 has exactly one
7ero, say 1, in the right half s-plane. Observing that p(s) is analytic in that half-plane, so that
p(s1) is finite, it follows from (2.11) that

1—¢(s1) w 51 8 B
T po(s1) P [p<l+a)—p(u)}—(l—p)m¢(sop(8)—0.
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While this provides a second equation, it also introduces a third unknown, viz., ,0(1%)
However, substituting s = 17— + - in (2.12) expresses p( 5

) using p(se) and p(8), thus providing
a third equation.
3. The time to ruin

In this section we study the distribution of t,, the time to ruin when starting at level x, as
defined in (1.3). Following a similar approach as in the previous section, again distinguishing
between the first upward jump occurring before or after x, we can write

x )
Ele™™] = e (1 — F(x)) + / / e WV E[e T a0ty ] e M dyd F (7).
=0 Jy=0

Remark 3.1. Taking o = 0 yields the ruin probability R(x). In that respect, it would not have
been necessary to present a separate analysis of R(x); however, to improve the readability of
the paper, we have chosen to demonstrate the analysis technique first for the easier case of
R(x).

Introducing the Laplace transform

o0
(s, o) :=f e E[e™ "] dx,
X:

=0

and using calculations very similar to those leading to (2.3), we obtain

tsa)= D |y M [r( ul ,a)—r(,u,oz)] 3.1)

s+ o u(l+a)—s 1+a
Introducing
1=+ S = —
Hi(s, ) = ta ¢(s + o) (1+ Py (M,Ol), Ji(s, a) = ¢(S+a)u(l+a)(3—2s)’

we rewrite (3.1) as

(s, o) = J1 (s, a)t(ﬁ, a) + Hi(s, o),

which after N — 1 iterations yields the following (an empty product being equal to 1):

N—-1k-1 N—1

N N N N

(3.3)
Observe that, for large k, H; (m, a) approaches some function of « and J; (ﬁ,
approaches § ¢(“)
we obtain

< 1. Hence the kN;O] H/ _p term in (3.3) converges geometrically fast, and

oo k—1 s
(s, o) = 28]‘! <(1+ it >H1<m,a). (3.4)
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Now, t(u, o), featuring in the expression for H{(s, ), is still unknown. Taking s = w in (3.4)

gives
o0 k—1
T a)=y ]"[Jl( , )
i=o \j=o (1+ay
_ 22
: ¢((1+a)k+a —¢< o +a> ad (i, )
(H’fa)k—i—(x (1 + a)¥ M(1+a)—(1f;)k ) )
and hence
17¢(Lk+oz>
k—1 (+a)
2% (1 (o))
(1, o) = L (3.5)

o0 k—1 w w A+a)f
I+2 %0 ( [Ti=o /1 (m))d’(m + 0‘) e
Thus we have proved the following, which is the second main result of this paper.

Theorem 3.1. The double Laplace transform (with respect to time and initial conditions)
(s, @) = fxoio e_st[e_Mx] dx is given in (3.4) with Hy and Jy given in (3.2), with t(u, )
identified in (3.5).

4. Exit problems, ruin, and barrier dividend value function

In this section we consider the same model as in the previous sections, but with the restric-
tion that the only growth is a proportional growth occurring according to a Poisson process at
rate A; throughout this section we further assume that C; = 0. In other words,

N(t)
Uy=x—t+ay UTi-), t=0,

i=1

and N(¢) is a Poisson process with intensity A > 0. In Subsection 4.1 we solve the two-sided
downward exit problem for this model. In Subsection 4.2 we use a similar method to deter-
mine the discounted cumulative dividend payments paid up to the ruin time under the barrier
strategy with barrier b and with a discount rate g. But first we briefly discuss an alternative,
more straightforward, approach to determining the discounted cumulative dividend payments,
pointing out why this approach does not work. We start from the observation that for x > b we
have

v(x) =v(b) +x—b. 4.1)

We now focus on x < b. One-step analysis based on the first arrival epoch gives

X
v(x) = / re” TNy ((x — 1)(1 + a)dt, 0<x <b, (4.2)
0
and by taking z:= x —¢ and taking the derivative with respect to x we end up with the
equation
b
V(X) + (A + @v(x) = w(x(1 + a)), XS (4.3)
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Moreover, from (4.1) we have
, b
V(@) + A+ @v(x) = Ax(1 +a) — b+ v(b)), T7a <x=b,

which can easily be solved. Unfortunately, differential-delay equations like (4.3) seem hard to
solve explicitly; cf. [15]. As an alternative, one could try to solve the equation numerically.
Instead, we adopt a different approach, in which we distinguish levels L, := ﬁ and

assume that ruin occurs when the level ﬁ is reached for some value of N. When N
is large, the expected amount of discounted cumulative dividends closely approximates the
expected amount until ruin at zero occurs. The above choice of levels is suitable because each

proportional jump upward brings the process from a value in (L, 1, L,) to a value in (L,,, L,—1).

4.1. Two-sided downward exit problem and ruin time
Recall that d,, is the first time that U reaches (down-crosses) ﬁ, and u,, is the first time

the risk process up-crosses ﬁ. Hence u is the time until level b is first up-crossed, i.e.,
a dividend is being paid. For an integer N we aim to obtain the Laplace transform py(x) =
E, [e‘qu 1 dzv<uo] defined in (1.7). For large N, pn(x) approximates the LST of the time until
ruin in the event that no dividend is ever paid. If ¢ = 0, then py(x) approximates the probability
that ruin occurs before dividends are paid, that is, before reaching b. If g =0 and N and b are

both tending to infinity, then py(x) approximates the ruin probability R(x) defined in (1.2). For

1<n<Nlet
. b
Pn,N ‘= PN @t )

To simplify notation we define p, := p, n. Clearly, py = 1. As mentioned above, we consider

levels
b

n = (a—l—])”’

let
N:={Ly,...,Ly}.

To determine py(x) when x € ( ] = (Ly, L,—1], note that, because d,, < ug, there

b _ b
@H" fat iy
must be a down-crossing of level L, before level b is up-crossed. We can now distinguish n
different possibilities: when starting at x, the surplus process first decreases through L, or it
first increases via jumps above level L,_; before there is a first down-crossing through that

same level L, j,j=1, ..., n— 1. Denoting the time for the former event by
Tno0:= dnla,<u, ;>
and the times for the latter n — 1 events by
Tnj= un—1lu, <d, +un—2lu, y<d, , +- - Fttn—jlu, ;j<a, ;;, +dn—jld, j<u, ; |

forj=1,...,n— 1, we can derive the following representation of py. It will turn out to be
useful to introduce

(_;c(l‘) = g_()»"rq)Cl‘ and gc(t) — Ace—(k-‘rq)ct'
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b b
Theorem 4.1. For 75 <x < @

- b
=G||x— —
PN () 1<x 7 1),,) Pn
+Glag) ® _b
X — _
(a+1) ® &1 (a+1)n Pn—1

= b
+ G(a+1)2 ® &a+1) ® &1 (x - m) Pn—2
+...

- b
+ Gyt ®gar1y—2® ... ® g (X - m) 01, 4.4)

where ® denotes convolution.

PVOOf Let —2 (a+1),, = W
disjoint possibilities where d,, < ug. Notice that T, ; is the first time that the process U reaches
alevel in V via a down-crossing, by reaching (Jr}ljﬁ Furthermore, p,; is the Laplace trans-

<x< The n terms in the right-hand side of (4.4) represent the n

form of the time to reach @ +1)N starting at

e Joee a2

@ +ll’)n,j. Now first considering 75,0, we have

(a+ 1D

By the strong Markov property, considering T}, j, we derive

]Ex I:eq(unl +"‘+un—j+dn—j) 1

n,0 3 An,jfl _
[ [ atmn@ntn. s an,
1= = ;=0

where
A b
n,0 (a T 1)” s
andfork=1,2,...,n
= (a+ D@An k-1 — 1), 4.5)

with #; an integration variable. By the change of variables y; = t;/(a + 1Y~!, we obtain that

E, |:e—q (a1t i) |

Uy—1<dp,..., unj<dnj+1ﬂdnj<unj]:| =
_ . b
=Gr1y ®Eat1y-1 ®...® g1 X—m ,

and the theorem follows. U
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From Theorem 4.1 it follows that to obtain p, we need to solve the following N — 1

equations forn=1,2,...,N — 1:
- b b
,0n=G1<(a+ 0 @x 1)n+1>/0n+1

- b b

+G<a+1>®g1<(a+1)n - (a+l)n+1>:0n

e b B b
<a+1)2®g<a+1>®81<(a+1),, (a+1)"+1) Pn—1

+ ...

+G, n® U®...® b _ b
(a+1)" B E@yy-1 @ ... B ] @t (at+ Dyt P1.

Defining
W) = Gi(x),
and forn>1,
Y@ = Gatpiy ® Bty ® ... ®g1(x),

by the formula for convolution of exponentials given in [22, Chapter 5] we have for n > 1

e~ at+l)x

L\
Yn(x) = (m) ; [Tz @+ 1y = (a+ D)’

Thus we have the following set of linear equations forn=1,2,...,N — 1:

- b 1
= Y I .
P ;”(MH)"( a+1>)p’”l 4

Notice that py = 1. The above formula can be rewritten as follows:

n n+1
Pn = Z YinPnt+1—j = Z VYn+1—j,nPj, (4.6)
j=0 =1

ol -54)
NPT at+1))

Introducing the (N —1)x (N —1) matrix I, with as its nth row (Vun, Ya—1n---»

where

Yo.n, 0. .., 0), and the column vector p := (p1, ..., ,oN_l)T, we can write the set of equations
(4.6) as

p=TIp+2Z,
where Z=(0, ..., 0, yo)N,l)T. Hence, with I the (N — 1) x (N — 1) matrix with ones on the

diagonal and zeroes at all other positions,

p=I-T)"'Z.
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4.2. Expected discounted dividends

Recall that vy(x) defined in (1.6) is the expected discounted dividends under the barrier
strategy until reaching ﬁ that is up to rf (N) for the regulated process U”(r) defined in

(1.4). Note that
v(x)= lim wvy(x)
N—+o0

for v(x) defined in (1.5). Let

b
V= VN(W) forn=0,1,...,N—1. 4.7

The next theorem identifies vy (x).

b b
Theorem 4.2. For 75 <x < @

- b
vy (x) =Gy <X - m) Vn
- b
+ G+ ®g1| x— @t Vn—1

- b
G(a+1)2 ® ga+1) ® &1 (x— m) V2

+
_I_
+

- b
G(a+l)rz—l @g(a_,’_l)n—Z ®... @gl <x_ (a n ])”) Vi

b
+1®g(a+])n71 @@gl(x— (a+1)n)v(b)

b
+ (Cl+1)n Q@g(a-}-])”*l @@gl <x_ (a+l)") ) (48)

where Q(x) = x and ® again denotes convolution.

Proof. The proof follows exactly the same reasoning as the proof of Theorem 4.1: we con-
sider again the disjoint events in which the first down-crossing of a level from A occurs at
L,—j,j=0,...,n— 1. However, we now do not exclude the possibility that Lo = b is up-
crossed before level Ly is reached. This gives rise to the last two lines of (4.8). More precisely,
let L, <x <L, and let A, be the event that level Ly = b is up-crossed before one of the
levels Lj,j=1, ..., N, is downcrossed. This occurs when each of the subsequent n jumps
occurs before down-crossing L,—jy1,j=0,...,n,ie. when u,_j <dyy1—j,j=1,...,n. For
L, <x <L,_1, the time to this event is

Tn(X) := up—1 lu,,_1<d,, + un—Zlu,1_2<d,,_1 +...+u 1u1<d2 + u01u0<d1 .

The Laplace transform of Y, (or the discounted time until 4,, occurs), starting at x with L, <
x <L,_1, can be obtained by arguments similar to those leading to (4.6); that is,

b
:1®g(a+1)n—l ®®g1<x— (a+l)n>
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Once the process up-crosses b, a dividend is paid and the process restarts at level b. Thus
the second-to-last line of (4.8) is the expected discounted dividends paid until ruin starting at
time ug at level b (not including the dividends paid at this time). The amount of the expected
discounted dividends paid at u,—1 + - - - + ug is

An,O An.l An.n—l
[ [ A i
t1=0 J1n=0 t,=0

b
:(a—i—l)”Q@g(aH)n_l@...@gl(x— )

(a+ 1)
where A, , is defined in (4.5) and the last equality is obtained by change of variables y; =
(H_l‘#,j=l,2,...,n. O
It remains to determine vy =v(b), vi, ..., vy—1, since then from Theorem 4.2 we have

vy(x) for all x € (0, b]. Notice that vy = 0. We first derive an equation for v(b). Let

) n b 1
(Sn.: (Cl+1) Q@g(a+1);z—|®...®g1 (a+1)n l_a+1 ,

and let

b 1
wp = 1® gaqpy- @,..®g1<(a+ 1n—1 (1 B a+1>>'

We distinguish between the following cases, when starting from b: (i) level L; = # is reached
before b is up-crossed again; this gives rise to the first term in the right-hand side of (4.9) below;
(ii) b is up-crossed before level L is reached. Thus

b)y=G (b b b A 1—-Gi|b b b
V= 1< _a+1>v<a+1)+k+q< - 1< _a+1>)v()

b
+(a+1)Q®g1<b——). (4.9)
a+1
Notice that
A (1 G(b b )) 1o (b— -2
— — = — =w].
rtq A S !
Hence b
vO:yo(b— p 1)\/1 + wivo +91.
By taking x = # in Theorem 4.2, we getforn=1,...,N — 1,
2”: b 1 ! + +4 4.10)
V= i - Vit l—j + Oprv . .
n ror Vi (@t 1)n71 at1 n+1—j n+1v0 n+1
Introducing the column vector V := (vy, .. ., vN_l)T, we can write the equation for vy and the
set of equations (4.10) together as
V=UV+A,
where W is an N x N matrix with row n, n=0,--- ,N—1, equal to (wu+1, Ynn, - »
Yo.n, 0, - - -, 0). Notice that row N — 1 is (wn, YN—1.N—1., -+ » V1,N—1). Hence
V=(I—-W)"'A.
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Remark 4.1. Our analysis can be used to solve the two-sided upward exit problem for our risk

process as well. We recall that u, = MN(WLW) and it is defined in (1.8). Then by the same

arguments as those leading to (4.8) and (4.10), for b —x< we obtain that

b
(a+1)" = (a+1y-1°
W= G b
X) = G —
HN 1 at1y Mn

- b
G _— _
+ Ga+1) ® 81 <x @+ 1)n) Mn—1

- b
+ Gur1y2 ® &a+1) ® g1 <x a7 1)") n—2
_l’_

i b
T Glariy-1 ®8as1y2®...® 8 <x @+ 1)”> "

b
+1®g(a+1)n1®...®g1<x—m>.

Similarly to the equation for vy and Equation (4.10), we then obtain barriers that can inform
plans that

b
- b__) , 4.11
Mo Vo( a1 e (4.11)
n b 1
M":]Zo”(m (1= 557) ) s omsr =1 N =1,

Moreover, observe that wg = un(b) = 1.

5. Exit times and barrier dividends value function with Brownian perturbation

In this section we extend the model of Section 4 by allowing small perturbations between
jumps. These perturbations are modeled by a Brownian motion X(¢#) with drift n and variance
02; that is,

X)) =nt+oB(1), (5.1)

for a standard Brownian motion B(f). Hence our risk process is formally defined as

N(@)
UM =x+X®)+ Y _aU(Ti-), t=0,

i=1

where N(¢) is a Poisson process with intensity A > 0. We apply the fluctuation theory of one-
sided Lévy processes to solve the two-sided exit problem (Subsection 5.1) and to obtain the
expected discounted barrier dividends (Subsection 5.2). The key functions for this fluctuation
theory are the scale functions; see [17]. To introduce these functions let us first define the
Laplace exponent of X(?):

1 0X o’ 2
V()= ;logIEx[e f]=n9+79 .
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This function is strictly convex, is differentiable, equals zero at zero, and tends to infinity
at infinity. Hence its right inverse ®(g) exists for ¢ > 0. The first scale function W@ (x) is
the unique right-continuous function disappearing on the negative half-line whose Laplace
transform is

/00 e WD (ydx = ——,
0 Y(®)—q

for 6 > ®(g). With the first scale function we can associate a second scale function via
Z@(x):=1—g¢q fg W@ (y)dy. In the case of linear Brownian motion as defined in (5.1), the
(first) scale function for a Brownian motion with drift  and variance o? equals (cf. [16])

@ 1 («/ r)2+2qz72717) = («/ 172+2q<72+17) =
W) = —| e 4 oo .

— 87
/nZ +2qo—2
Leta <x < B and
dy =min{t: X() =} and u}y=min{r:X(1)=B}.

Throughout this section we use the following three facts given in Theorem 8.1 and Theorem
8.7 of Kyprianou [17]:

1.
@D (y —
,qu;{ :W x—a)
Ex[e 1u§<d§] WG —a) (5.2)
2.
@Dy —
—qdX Dy gy VTE—D) gy
Ex[e 1d§<u§]_z @) = B - (5.3)

3. Let &, be an exponentially distributed random variable with parameter g independent of
the process X. Then for o <x < 8,

P(XE ey +d. & <uf nd)

qdy = g X, Y)
WD(x — a)

=~ WD —y) - WD(x—y). 5.4
W@ —a) B=y (x=y) G4

5.1. Downward exit problem and ruin time

In this subsection we obtain

PN ) =Ex[e™ N 1y i ]- (5.5)
This is done in three steps. In Step 1 we determine the LST of the time needed, starting from
some x € (L,, L,—1), to reach a level in N by down-crossing L,_, k=0,1,...,n—1. In
Step 2 we determine the LST of the time needed, starting from some x € (L,, L,—1), to reach
a level in A by up-crossing L, _, k=1, 2, ..., n. In Step 3 we express py(x) in o1, ..., ON,

with p,, the LST of the time needed to down-cross Ly, starting from L,,, and before up-crossing
Ly. We construct a system of linear equations in these p,, with the LSTs of Steps 1 and 2
featuring as coefficients in the equations.
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Step 1: The time until the first down-crossing of L,_
LetL, <x<L,_q,and let dff and uiffl respectively denote the times at which the X process
first down-crosses L, and first up-crosses L,_1, when starting from x. By (5.3) we have

X
&nlx — Ly) = Ex[e 44 1dff<uf_l/\5;:|

W@t (x — L)

(g+2) —
W(q'H‘)(Ln_l —Ln)Z (Ln—l Ln)-

— Z(‘H—)‘)(x —L,)—

Denoting by 7;  the first time that U hits a level in N and that this is done by down-crossing
Ly, we derive

TLn_k = gl’A 151)‘<u§71Aa’nX + gzs}‘ 152’A<u§72Ad’)1(71
oo+l X d* 1 x x o,
+ T ko gk-A<”iz(kadn+1fk Tk dy_ <Ekq1a Ny

where &, k=1, ..., Narei.i.d. distributed as &,. Let

Vn,n—k(x) =E, |:e_th"_ki|

k X
_ —4(Ximy Eintdyy)
- Ex[e =1 n—k 151,k<d1}1(/\”£,(,1 1521;L<d§71/\ui(72

| X x 1 x X ] .
Exn<dy_j Nty dy_ <Eia ity

Observe that r,, ,—x(x) is the partial LST of the time needed to reach L, from above before
reaching any other level in NV Clearly,

rn,n(x) =&,(x —Ly). (5.6)

Applying (5.4) and (5.6) yields

Ly
A
Fnn—1(X) = A / (Yot (@ + Dy)dy
Ly

WatN(x — L) Ln—1
— (g+2) _ —
_}LW(‘H_)")(Ln_l —Ln) L w (Ln,] }’)Enfl((a-i- l)y Ln—])dy
X
[ WO g (@t Dy = L) (57
La

Note that

/ WO (x — g, 1 ((a+ 1)y — Ly—1)dy

Ly

x—Lp
= / WUrP (g, 1 ((a+ 1)(x — 2 — Ly))dz
0

=W @&, 401(x— L),
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where ® again denotes convolution and &, (11 (x) := &, ((a + l)kx), k € N. Thus,

W@t (x — L)

_ (g+2) _
rn,n_l(x)—)»W(quk)(Ln_l —Ln)W @g‘_n—l,a—i-l(Ln—l Ln)
AW @ £, 41— Ly). (5.8)
Define
A o )\‘W(q_H\) ®En—l,a—i—l(Ln—l _Ln) and A — 2
0,n,n—1 -=— W(‘H’}‘)(Ln_l _Ln) 1,n,n—1 .= A.
Then

Fn,n—1 (x)= AO,n,nfl W(q-‘rk)(x —Ly)— Al,n,nfl W(Q—H) ®&p1 ,a+1 (x —Ly).

We next obtain ry, ,—2(x). Applying (5.4) and (5.8), we have

Ly—1
A
rn,n—2(x) =A f u(anTLn)—l (x, y)rn—l,n—Z((a + Dy)dy
Ly

W (x — L)

Lnfl
_ (g+2) ).
= W, = Ly) /L W 1=

(A(),n—l,n—2 W(qu)L) ((a + 1))’ - Ln—l)

— AL a2 WY @ £, 5 o1 (@ + Dy — Ly ))dy
X

_ ,\f WD — ).
Ly

(AO,n—l,n—Z W (@ + 1)y — Ly—1)

— AL a2 WY ® £, 5 g1 ((@+ Dy — Ly ))dY-

Similarly as before, observe that

X
W e = YWD (@ + Dy = Ly-1)dy = W @ Wil Ve - Ly),
Ly

(5.9)

where W((gii\))k (x) := WYtD((a + 1)*x), k e N, and

X
/ WatH (x — )W @ &, 5 441 ((a+ 1y — Ly—1)dy
Ly

A
=@+ DWW @ WA ® 6, 5 (@120 = Lo).

https://doi.org/10.1017/apr.2022.36 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2022.36

568 O. BOXMA ET AL.

Define
A
W(q+)h)(Ln71 - Ln)
— Al p—1n—2(a+ 1)W(q+)”) ® Wc(f:ik) ® gnfzy(a+1)2(Ln—l - Ln))
_ 1
© WL,y — L)
(Al,n,n—ZW(q-H\) ® W(q—HL)(Ln—l - Ln)

A
Ao = (Ao 102 W™ @ WD Loy — L)

— A ppaWItH @ W(qﬂ) ®E, 2 @r12Ln—1 — n)) ,
Al pn—2= Mon-1n-2, Az pn—2 = Ma+ DA n—1,n-2-
Then
Fun—2(0) = A s WP (x — L) — Ay ya WO @ WP (x - L)
+ A2 a2 W @ WY @8, 5 (01— L.
The general case for k=2, ..., n — 11is given in the following proposition.

Proposition 5.1. For L, <x <L,y andk=2,...,n—1,

k—1
i A
Fan k()= 3 (— 1V Ayt @y W (= Ly)
j=0
A
+ (=D Ak B2 WTH ® 8, (e — L), (5.10)
where Aj i, j=0, ..., k, are coefficients which are obtained recursively.

Proof. The proof is by induction on k. Clearly, (5.10) holds for kK =2. Assume it holds for
k — 1 > 2. By the induction hypothesis we have

k=2
A
Fan—k- ) = Y (=1 Aj ety By W (= L) (5.11)
j=0

A
+( l)k lAk 1,n,n—(k—1) @k 2 W((Z—tl))’ ® En—(k—l),(a+l)k*1(x — Ln).

Using (5.4) and (5.11), we have

L,
Fan k() = A / WD e ella+ Dy)dy

W@ (x — L)

— (g+2) —
= W - n>f v

k=2
(Z( DAyt @g W (a4 Dy — Lyo1)

j=0

A
+ (D A 1k B W((ZL)), ® &g @yt ((@+ Dy _Lnl))dy
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X
—A W(q-H‘)(x — )
Ly

k—2
( > (1 Ajn—t ek &g W (@ + Dy — Ly—1)

(a+1)
J=0

2
+ (=D Ay 1k ®k 3 W((Zj:l))' ® &k (a1 ((a+ 1Dy _Ln—1)>dy'

Note that (5.9) holds, and for j > 1,

X
j A
/ W — y) @l W) ((@+ Dy — Lo-1)dy

1
=(a+ 1) &L W - L.

If we choose
Al,n,n—k = )\AO,n—l,n—k»
Aj—i—],n,n—k = Aa+ 1)Aj,n—1,n—k» 1 <Jj= k—1,

1
Wia+2) (Lp—1 —

AO,n,n—k = (a+1)

—1
T Ak @y WD Ly — L)
Ly \ 5

A
+ (= l)k 1Akn n—k @k ! W((Z_—:__l))l ® %_nfk,(a+l)/‘(Ln—l -Ly |,

then (5.10) holds true, which completes the proof. U

Step 2: The time until the first up-crossing of L,
Letl, <x<L,_1,and let IL‘: » be the first time that U reaches a level in A and that this is
done by up-crossing L,_; by the Brownian motion. Note that

TL,, =& )tlf,'] A<u (AdX +& Algz ;L<u 2/\dX

+"'+gk—1,)~15k_1,;t<u§7k+l/\d +M kluX k<SkAAd

n+2—k k+1
Fork=1, ..., nwedefine
wn,n—k(x) = Ex[ o L” k]
o i)
=L, |:e "~ 18| ;L<u lAdX o 1Sk—|=1<”iz(—k+lAd§+2—kl”§—k<d§—k+l/\&<«l .
Applying (5.2) we have
W(qH»)(x —Ly)
Qo1 (¥ — L) i= @1 (0) = By ( —T, 1 <6 ): T — G
n— n
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Further, using (5.4) and (5.12), observe that

Ly

A

Wn,n—2(x) =4 / M(LWL)_I (x, Y)wp—1,n—2((a + Dy)dy
W (x — L,

) Ly
=ryama, 1 ), W e =@ Dy = Li-t)dy
n— n n

X
=1 [ WOPG - y)Qua((@+ 1y — Ly—1)dy
Ly
W@HH (x — L)

=4 W(q+)h)(L 1 L ) W(qu)») ® Qn—Z,a—H (Ln—l - Ln)
n—1 = Ln

— )»W(q+)h) ® Qn—Z,a+l(x —Ly),

where Q,, ;1 1%(x) = Qu((a + 1)*x), k € N. Let

W(q-HL) ® Qn72,a+l(Lnfl - Ln)
W(q-"—k)(Lnfl - Ln)

Bipn—2:=XA and Bypp,—2:= A

Then
(Un,an(x) = BO,n,n72W(q+)L)(x —L,)— Bl,n,n72W(q+A) ® Qan,aJrl (x—Ly).

The next proposition gives a general expression for wy, ,—(x).

Proposition 5.2. Fork=2, ..., n we have
k=2
j j +1
Onn k)= Y (—1YBj ke &g W (x— L)
j=0
- - A
+ (—l)k 1kal,n,nfk @f:()z W((Z—tl))’ ® Q)z—k,(a—&-l)k*l ()C — Ln),
where Bj p n—k, =0, ..., k— 1, are coefficients which are obtained recursively.

Proof. The proof is similar to the proof of Proposition 5.1. The proposition clearly holds
for k =2. Assume it holds for k — 1 > 2. Applying (5.4) we obtain that

Ly
A
O nk(X) = A f w7 (e Y)ont a—r((@+ 1y)dy

W(q+>»)(x L,

) Lnfl (qu)»)
_)LW(qH)(Ln,l —Ly Ji, W a1 =)

k=3
j i (g+»)
( Y Btk @ W1 (@ + Dy = Lu-1)

J=0

— — s
+ (=D Bia ok ®1 W((ZL)),- ®Q, 4 @rnp-2(@+ Dy — Lnl)) dy
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X
—A W (x — y).
Ly

k-3
i j A
(Z (1 Bjn—tn—k B W (a4 Dy = Ly )

j=0

_ _ A
+ (=D 2By otk ®f=03 W((gj:l)),- ® Qg (a+1)k2 ((a+ Dy — Ln—l))dy-

Taking

Bl nn—k = ABon-1n—k» Bjxinnik:=@+DABjy1pk Jj=1,..., k=2,
1
W(lﬁ_k)(l’n—l - Ln)

k—1
i j A
< Z (— l)]Bj,n,n—k @i':() W((ZII))i(L"_l - Ln)

j=1

BO,n,n—k =

+ (=D Bre ok ®20 W © Qg oy Lot — L,,))

completes the proof of this proposition. O

Step 3: Determination of the exit/ruin time transform py(x)
To find py(x) we start from the key observation that for L, < x < L,_1 we have

n—1

PN(X) = T (X) on + Z (rn,nfj(x) + wn,nfj(x))pnfj, (5.13)
j=1

where
on:= EL, [e_qu 1dN<M0] .

In the next step we construct a system of linear equations to find p,, n=1, 2, ..., N. Clearly,
po =0 and py = 1. Moreover,

WLy — Ly)

=zt - 1)) — — =
p1 ( (L1 — L) W@ Ly — Lo)

29y — Lz)) 02

Ly
+ (x / (SR ARI(CE 1)y>dy> pi-
L

The term in the first set of parentheses is the Laplace transform of the time to down-cross L,
before &, and before Ly is reached; cf. (5.3). The second term is the Laplace transform of &y,
where the exponential time expires when U € (y, y + dy) is between L, and L; before reaching
Ly or Ly, and then the time to reach L; from above. Similarly, note that

WL, — L3)

—(z@M(, — ) — — 2 7
2 ( (L2 — L3) W (L, — Ly)

Za(L, — L3)> 03 (5.14)

WL, — Ls)

e 5.15
WL, —L3)"" 613
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Ly
A / (Lo, y) (r2a@+ Dy)pz + (i@ + Dy) + oz.1((a+ Dy)pr) dy — (5.16)
L3 L
+ <)»/L u(Lq;Ll)(Lz, nrii((a+ 1)y)dy> Pl (5.17)

The term in the parentheses in (5.14) is the expected discounted time to reach L3 before a
jump and before up-crossing L. The factor in (5.15) is the expected discounted time to reach
L before a jump and before down-crossing L3 (cf. (5.2)). The expressions (5.16) and (5.17)
describe the expected discounted time until a jump when a jump occurs before reaching L1
or L3, and then the expected discounted time until the process reaches one of the levels L
for j < 2. The expression (5.16) describes the case where just before a jump U is between L3
and L, and (5.17) describes the case where just before a jump U is between L, and L;. By
rearranging (5.14)—(5.17), we get

WL, — L3)

—(zet™, — ) — — = 7
02 < (L2 - L3) W@ (L, — Ly

7L, — L3)> 03

+ (x /L w7 L yyraa(a+ 1>y>dy> P2
3

WLy — Ls) )
(m + A / up, 1, L2, yY)(r2,1((a + Dy) + w2,1((a + 1)y)dy

+ A/ u(Lq3+Ll (Lo, y)ri,1((a+ 1))’)(1)’) p1
Ly

Using similar arguments, we can show that generally, for 1 <n <N —1,

WL, — Ly 1)
WL, | — Ly )

pn= <Z<q+”(Ln = Lnt1) =

WU (L, — Lyy1)
W@ Ly — L)'

Za (L, — Ln+1)> Pnt1

Ly
A
+ A / MEZ:I )Ln 1(Lm y) (rn,n((a + Dy)pon
Ln+1

n—1

+ Z (rn,n—k((a + Dy) + wn,n—k((a + 1))’)) pn—k) dy
k=1

n+1 Ly

Ly
+ A/ u(L"H) (Ln, y) (Vn—l,n—l((a + Dy)pon-1
Ly

n—2
+ Y Cntnc k(@ + DY) + o1 a1 4@+ l)y)pn—l—k> dy,
k=1

which is equivalent to

WYL, — Lyty)
WAL,y — Lyy1)

on = (zW“)(Ln —Lyy1) — 29I,y — Ln+1)) Prt1

Ly
A
+ <A /L u(L‘{L,)Ln_I(Ln, Wran((a+ l)y)dy> Pn
n+1
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Ly
+ (A / ) Ly )1 (@ + 1))+ 0n a1 (@@ + Dy))dy
Ln+1

WL, — Lyy) It (ga
W@rh(L, n1 Z D + A f M(Lq,:h)L,,,l(L"’ Wrn—1n—-1((a + 1)}’)dy) Pn—1
n—1 — Ln+ n

n—1 Ly
A
+Ay ( f ™ (L Y)Y nn—i(@+ 1))+ On i@+ 1y)dy
k=2 Ln+l
Ln—l ( +)»)
+/ up Ly 1 p—1—ge—1y((@+ 1)y)
Ly

+ wn—t,n—1-—1((a+ 1)y))dy> Pn—k- (5.18)

Thus we have proved the following main result.

Theorem 5.1. The two-sided downward exit time transform py(x) defined in (5.5) is given in
(5.13) with ry p—i identified in (5.6), (5.7), and Proposition 5.1; w, n— identified in (5.12) and
Proposition 5.2; and py given via the system of equations (5.18).

5.2. Expected discounted dividends until ruin

In this section we obtain vy(x)—the expected discounted dividends obtained up to the time
when the process reaches Ly, starting at x. Let L, <x < L,_1 and

o —qS,
Tn,0(x) 1= Ex [e Loy <X na¥ ey, <t ndX 1sm<ugmf]’
where

n
Sn = Z 5,',)“
i=1

Thus 7,,0(x) is the expected discounted time until up-crossing Lo by a jump when this occurs
before reaching any level in N. Also for L, < x < L,_1 let

0= e g e i nat o g na @+ DUS) = Lo)] (5.19)

Note that vﬁ(x) is the expected discounted overflow above Ly = b when this occurs before
reaching any level in AV. First consider v{ (x), so take L1 < x < Ly. Applying (5.4) we get

Lo
V() =21 / w1 0x, y) (@ + 1)y — Lo)dy (5.20)
Ly

( WD (x—1,) H

0
= WLy — )y — Ly)d
WL, —L) )i, (Lo — y)((a+ 1)y — Lo)dy

WP (x —y)((a+ 1)y — Lo)dy> :
Ly

Thus,
Vi) = Ay oWIT™(x — L)) — Ay p i W @ Q1 (x — Ly),
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where Q4 (x) = Q((a + D¥x) = (a + D¥x, ke N, and
Wt @ Qu1(Lo — L)
W@+ (Lo — Ly)

Similarly, replacing (a + 1)y — Ly by 1 in (5.20), we obtain that the expected discounted time
until a jump above Ly =b is

Ajfo0:= A and Ajyfq:= A

T+
TroG) = Ay 7 oWaHD (x — L) — Ay 7 W — Ly),

where g
WLy~ L)

‘e, =Ly M4 ALTa=h (5.21)

ALT0=

and W9 (x) = [ W@ (y)dy.
Next consider vé(x), so take Ip < x < L. Then

7 b g 7
V5 (x) = A / ”qu.Ll (x, yvi((a+ Dy)dy
L

W(q"')‘)(x —Ly)) b
=hparna iy J. W= (A oW Pt by - Ly
— ),

— AL WY ® Qu (@ + 1y —L1>) dy

X
= [ WG = y) (A1 oW (@ 1y = L)
Ly

— AL a WO @ Qe ((a+ Dy — L)) dy.

Thus,
V(0 = Agp oW (x — Ly) — Ap W @ WP (x — L)
F AL WO @ WD QL n(x — L),
where

Asg1:= My, Azgoi= Ma+ DAy,
AL oW @ Wfﬁk)(Ll — L)
W@HM(Ly — L)
A
C Migiat DWH @ WY @ Q (L — L)
W@HI(L) — L)
Ao p WD @ WMLy — L)) — Ap r, WD) @ WM Li—L

Az @W, (L —Ly) —Agp @W,. " ® Qi — L)
a WEI(Ly — Lo) '

Arf o=

Similarly,

A
To0®) = A oW (x — Ly) — Ay 7 W @ WP (x — 1)
+ Ay ToWYIH @ Wiy (x — Ly),
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where

Ay 1:=Mi70 and Ay 72:= AT, (5.22)

A —(g+X1
Ay A WD @ WS (L — 1) — Ay 7 , WD @ WLy — Ly)
WLy — L)

Using arguments similar to those in the proof of Proposition 5.2, one can derive the following
result.

A2,’T,0 = (523)

Proposition 5.3. For L, < x < L,,_ 1 we have

Vi) = Z( W Ansj ®_g WITH (e — Ly)

(a+1)
Jj=0
+ (=) A0 @y WITH ® Qapiy(x — L),
where the A, s j are obtained recursively as follows:
An,f,l = )\An—lj,o,
An’f’jiz Ma—+ DA, — 1fj—1s 2<j<n

S (1 Ay @ W (L — L)

Anf01= W@ (L, 1 — L)
A
Angn &0 WY ® Qasiy (L1 — Ln)

+ (_l)n 1

W(q+)h)(Ln—1 —Ly)
Similarly, for L, <x < L,—1,

n—1
A
Tao@ =D (=1VA, 7 &y W1 (= L)
j=0
8 ( +1)
+ (=1 Ay 0 ®] Wfffil)), Wi i@ — L),

where A, 75, n=1,2,j=0, 1,2, are as in (5.21) and (5.22)~(5.23). For n > 3, the A, T ; are
obtained recursively as follows:

AT 1= AMy_1,7,0
An,T,j = Ma—+ I)Anfl"]"jfl , 2 <j <n,
-1 i +A
S (1T ATy @ Wl (Lt — L)
W(q—H‘)(Ln 1= n)
1yt o y7g+h)
An T.n ®n W(3+1)' ® W(a+1)" (Lp—1—Ly)
W(q_HL)(Ln—l - Ln)
Recall that vy(x) gives the expected discounted dividends upon reaching Ly, having started
at state x, and (cf. (4.7)) v, = vy (Ly). Observe that for L,, < x < L,_1 we have

AnT0:=

+ (_l)n—l

n—1 n—1
vv(x) = Z rn,nfk(x)vnfk + Z wn,nfk(x)vnfk
k=0 k=1
+ (@n,0(%) + T.0)v0 + v (0)- (5.24)
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The first two terms in the right-hand side of (5.24) correspond to cases in which a level from A
is reached before Lo = b is reached or up-crossed. The vg term covers the two cases in which
level Ly is reached (w,,0(x) is the expected discounted time to reach level Ly before reaching
any other level in A) and level Ly is up-crossed by a jump (7, 0(x) is the expected discounted
time until up-crossing Ly before reaching any other level in A/). Finally vﬁ(x) is the expected
discounted overflow above Ly by a jump, when it occurs before reaching any level in V.

We now derive a system of equations identifying all v,. Clearly vy = 0. Let us set an equa-
tion for vo. Assume that U(0) = b = Ly. Let X(#) := sup,,{X(s)}, V(#) := (X(¢) — b)+, and
let R(t) = X(¢t) — V(¢), where y, = max(y, 0). Observe that V() is the cumulative amount of
dividends obtained up to time ¢ only via the process X(¢). From Theorem 8.11 in Kyprianou
[17] we have, with d§ =min{z: R(t) = a},

P.(R , dy), aR @Dy —
REY Gy +d & <dd) _ i, ) WO—0)

T WO (h— ) — WD — ),
7dy Wb —a) b =) =)

where W@’ (x) is the derivative of W@ (x) with respect to x. Moreover, from [7] we know that
the expected discounted dividends paid until dfl A &) starting at b equal

b © W (b - )
b,—— ) :=E e dvin | = )
n( a+1) b[/o 1<df AE ()] W<’1+”( _a%)

Additionally, from Theorem 8.10(i) in Kyprianou [17] with 8 = 0 we have

W(tﬁ-k)(b — )

(G+2)
Wa (b —a) w (x— ). (5.25)

E e 1, | =20 - ) = (g +2)
Therefore,

b Ly
vo=nlb, — ) +1 [ 19D, y)(a+ 1y — b+ vo)dy
a+1 L

WLy — Ly)

79y — L) — (g + V) ——
+( (Lo—L)—(g+ )W(q“)’(Lo—Ll)

WA, — L1)> vi.  (5.26)

The second term is the expected discounted dividends due to a jump that occurs at time £
before down-crossing L. The last term equals

—qdf
ELO[e lldzLel <& |7

and hence is the expected discounted dividends when L is down-crossed before the exponen-
tial time &, has expired. Further, we have

WLy — Ly)
_ (g+A) _ _ (g+2) _
vl—(z Li-L) - g2 @ Lz)) V2 (5.27)
Ly
+<A / u;‘;TLﬁf<L1,y>r1,1<<a+1>y>dy)vl (5.28)
L

(W(‘H')‘)(L] — L) (5.29)

W@t (Lo — L)
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Ly
+ / uf (L1, y) (Tiol@+ Dy) +w10((@+ 1)) dy) vo (5.30)
L,
oy
+/\/L ' (Ly, y)((a + 1)y — b)dy (5.31)
1
b (g+2)
+A / WL, vl (G + 1y)dy. (5.32)
L

The term in the parentheses in (5.27) is the expected discounted time to reach L, before a jump
and before reaching Lg. The term that multiplies v; in (5.28) is the expected discounted time
to reach Ly before any other level in V is reached. The term (5.29) is the expected discounted
time to reach Ly by the Brownian motion before down-crossing L, and before the exponential
time has expired. The first term in (5.30) is the expected discounted time to jump above b when
this jump occurs before the exponential time has expired, and the second term is the expected
discounted time to reach b by the Brownian motion. The term (5.31) is the expected discounted
dividends due to a jump when the exponential time has expired while the process is in (L1, Lo),
and (5.32) is the expected discounted dividends due to a jump when the exponential time has
expired while the process is in (L, L1). Similarly, we can observe that

W(‘HX)(LQ — L)

—(7z49tM, —[)— — = 7
V2 ( (L2 — L3) W@, — L)

Zath g, — L3)) V3 (5.33)

L
+ (x f uf (Lo, v a((a+ 1)y)dy) v (5.34)
L3

W(q"")‘)(L —L3) L,
(WT_L; +1 / Ut (Lo, 2@+ DY)+ or i@+ Dyddy  (5.39)
3

L
+ 5 /L w7 (Lo, yyr (@ + 1)y)dy> Vi (5.36)
2
L (g+2)
+ (x /L (Lo, y)(T3.0((@ + 1)y) + wa0((a + Dy))dy (5.37)
3
M
+ A /L Ly, Y)(T1o((a+ 1)y) + w1.0(a+ 1>y>)dy> vo (5.38)
2
L oy
+ x( /L (Lo, yvi((a+ Dy)dy + /L (Lo, yvi((a+ 1)y>dy> . (539)
3 2

Indeed, (5.33) is the expected discounted dividends when level L3 is reached before any other
level in A/ and before a jump. The term (5.34) is the expected discounted dividends when
a jump occurs before reaching L or L3, and just before the jump U is between L, and L3.
Similarly, (5.35) and (5.36) are the expected discounted dividends when a jump occurs before
reaching Lj or L3 and after this jump the first level that is reached is L;. Additionally, (5.37)
and (5.38) are the expected discounted dividends when a jump occurs before reaching L; or
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L3 and after this jump the first level that is reached is Ly. Moreover, (5.39) is the expected
discounted dividends due to overflow above b when a jump occurs before reaching L; or L3
and after this jump the first level that is reached is Ly = b due to a dividend payment after
up-crossing b by a jump. Using similar arguments we can conclude that for2 <n <N — 1 we

have
WL, — Ly 1)
— (7t _ _ n i) S(g+a) _
v = (Z Un = Lns) = g g2 e an) Vit (5.40)
b g
+ <)L / “Li+1,Ln71(Ln» Wran((a+ I)Y)dy> Vn (5.41)
Lyt
b
+ (k / uL(fH—IsLn—l (L, Y)(rnn—1((a@ + 1)y) + wnn—1((a + 1)y)dy (5.42)
Lyt

Wt (L, — Lyt 1) Loy
+ W(q'H‘)(L n] ]nJ D )\/I: uitfl+l’)Ln71(Ln’ y)rn—l,n—l((a+ 1))’)d)’> Vn—1
n—1 — Lbn+ n

(5.43)
n—1 L,
+Ay ( / uf? ™) Ly ) i@+ Dy) + on (@ + Dy))dy (5.44)
k=2 \“Lnt1
bt g
‘*‘_/L ML(iH,LH(Ln, NFn—1,n-1--1(a + 1)y) (5.45)
+ wn—1,n—1-G—1)((a + 1)y))dy) Vn—k
b g
+4 / uL[i,H iy (Ln, y)wn o((a+ 1)y)dy (5.46)
Ln+1
bt i)
+ f MLZH’L”?I(L,,, Yop—1,0((a+ Dy)dy
L, "
+ /L WP (Lo ) Trola+ Dy)dy (5.47)
n+1
bt g
+ f g L N Ta1,0((@+ Dy)dy Jvo
b g
+ 2 / up o, s yWi((a+ Dy)dy (5.48)
Lpty

Ly
A
[T, oG 1>y>dy).
L,

The terms (5.40)—(5.45) are obtained by the same arguments as those leading to (5.18). The
terms (5.46)—(5.47) describe the expected discounted time to reach Ly by the Brownian motion
when it is the first level reached in AV In (5.46), level Ly is reached by the Brownian motion,
and in (5.47) it is reached immediately after a jump above Ly. Finally, (5.48) describes the
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expected discounted dividends paid due to up-crossing of Ly when it occurs before any other
level in N has been reached. Finally, notice that

vy =0. (5.49)

To sum up, we have the following main result.

Theorem 5.2. The value function vy(x), defined formally in (1.6), is given by (5.24),
With Ty p—k, Wnn—k identified in Propositions 5.1 and 5.2; with vi(x), Tn.o(x) identified in
Proposition 5.3; and with v, solving the system of linear equations (5.26)—(5.49).

6. Suggestions for further research

The present study could serve as a first step towards the analysis of more general classes of
dual risk processes with proportional gains. Below we suggest a few topics for further research:

(i) One could consider more general jumps up from level u, possibly of the form u + ¢ (u) +
C;, where ¢ (u) is a subordinator.

(ii) In Sections 4 and 5 we have considered proportional growth at jump epochs, assuming
that C; = 0. It would be interesting to remove the latter assumption.

(iii) Another interesting research topic is an exact analysis of the value function v(x) defined
in (1.5), without recourse to the approximation approach with levels Ly, ..., Ly. One
would then have to solve the differential-delay equation (4.2).
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