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DISCRETE TIME OPTIMAL DIVIDEND PROBLEM WITH
CONSTANT PREMIUM AND EXPONENTIALLY
DISTRIBUTED CLAIMS

Abstract. An optimal dividend problem is studied consisting in maximi-
sation of expected discounted dividend payments until ruin time. A solution
of this problem for constant premium d and exponentially distributed claims
is presented. It is shown that an optimal policy is a barrier policy. Moreover,
an analytic way to solve this problem is sketched.

1. Introduction. We consider the surplus of an insurance company in
the form

(11) Xn+1 :Xn_Un+Yn+17

with initial capital Xy = x. In the formula above, X,, denotes the assets
of the insurance company at the beginning of the nth period. The com-
pany collects premiums from customers and has to pay claims. The bal-
ance between premiums and claims may be negative and is modelled by
an i.i.d. sequence Y,11. Denote the probability distribution of Y,11 by v
and by Y a generic random variable with this distribution. We assume that
E|Y| < oo. The insurance company decides about the amount of dividend
payout U, which is viewed as a control variable. This decision is based
on available information. Denote by F,, the filtration generated by X,,, i.e.
Fn = 0(Xy), and let Up_o Fr = Gn. Then we assume that the stochastic
process {U, : n=1,2,...} is adapted to G,, and moreover 0 < U,, < X,, for
all n € N. The procedure is stopped at the time of ruin 7 = inf{n : X,, < 0}.
Denote by D, (X,,) the interval [0, X,,] if X,, > 0, and let D, (X,) = {0} if
X, <0.
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DEFINITION 1.1.

(i) Gp-measurable random variables U,, € D, (X,) are called decisions
at time n. We denote by II,, the set of all decisions at time n.
(ii) A sequence u = (fo, f1,...) of decisions f; € II; is called an admis-
sible strategy.
(iii) We denote by IT the set 11} x IIy x - --.

For a fixed strategy {U,} define the value function to be the expected
value of discounted dividend payments until ruin. For a discount factor v €
(0,1) we have

T—1
V{Un}2) =E[>4"Us
n=0

X():(L‘}.

The problem is to find an admissible strategy U,;; that maximises the above
functional and to characterise the value function defined as

T—1
(1.2) V(z) = sup V{U,},z) = sup E[Z ~'Up | Xo :x}.
n=0

Un€ell Unell
The above model, first proposed by de Finetti [5], was intensively studied
in the 1960s. The most important results were obtained by Miyasawa [10],
Gerber [6], Shubik and Thompson [I4], and Morill [II]. These results es-
sentially use the assumption that the random variables Y, 1 in are
integer-valued. It seems that this discrete model is more complicated than
the similar one in continuous time. The main reason is that in the latter case
we can use Lévy processes to consider an equivalent problem. The problem
of finding an optimal dividend strategy has been studied extensively in the
Brownian motion setting [2, [15] and in the Cramér—Lundberg setting [3] [7].
The main problem consists in showing that optimal strategies are of barrier
form, i.e. there is a unique point a such that below a we do not pay a div-
idend while above a we pay a dividend equal to the difference between the
surplus and a. The problem was solved in the continuous time setting by
Loeffen [9]. A similar problem in which dividend pay-outs are restricted to
random discrete times was solved by Albrecher, Bauerle and Thonhauser [1].
In this paper optimality of barrier strategies in the case of exponential
claims is shown. Also the value function V'(-) is constructed using elementary
methods.

2. Bellman equation. One can show heuristically that the value func-
tion V(+) is a solution to the Bellman equation

(2.1) V(x) zoiup {u—i—’y S V(z—u+vy) V(dy)}.
Suse —(z—u)
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We show that this equation has a unique solution and an optimal strategy
exists. For this purpose we observe that

o0

V(z)=x+ sup {u—x—i—“y S V(m—u—l—y)y(dy)}.

0<u<z (o)
Replacing u by x — u we get
(2.2) V(z) =x+ sup {—u—i—’y S V(u+y) V(dy)}.

0<u<lz “u

Define W (z) = V(x) — x. Then
(23) W)= swp {~uty | Wt y)vidy) +7 | (w+y)v(dy) |
We introduce an operator T' as
(2.4) (TW)(z) = Oiug {—u + S W(u+y)v(dy) + S (u+1vy) V(dy)}.

We will show that T is a contraction:
THEOREM 2.1.

(i) The operator T given by (2.4) is a contraction on C([0,00),R).
(ii) There is a unique continuous bounded solution W (-) to (2.3)).

(iif) W (x) < 25

Proof. To see that T acts on the space of bounded continuous functions,
note that the continuity of v(u) implies the continuity of supg<,<, v(u).
Since

To(@) < sup {—u+Aflol] + vE(Y +u)*}
0<u<lz

< sup {—u(l —7) + 9l +~E[Y|}

0<u<lz
<Allvll +~E[YY,

we see that T : C([0,00)) — C([0,00)). Let f,g € C([0,00)). By we
have

Tf(z)—Tg(x) < Oiggm{'y V (fluty) —glu+y)) V(dy)} <Allf —gll-

Applying the Banach fixed-point theorem we complete the proof of (ii).
For (iii) first observe that by (2.4),
(e.)

TO(z) = sup {—u+~ S (u+1y) V(dy)} =~ EYT.

0<u<z “u
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This implies that
T20(x) < Y*EY T +~AEY T,

Proceeding by induction, we see that

T"0(x) Y <y"EYT.
n=1

Passing to the limit and using the fact that T is a contraction we obtain

YEY +
Wix) < . m
@< 2

Now we prove the existence of a maximiser:

THEOREM 2.2. Let W(-) be the solution to (2.3) and let
oo o0

fw)=—u+~ | Wu+y)v(dy) +7 | (u+y)vdy).

Define
u(z) = inf{s > 0: W(x) = f(s)},
u(x) =sup{0 < s <z:W(x)=f(s)}
Then u(z) is a l.s.c. mazimiser of the RHS in (2.3)) while u(zx) is an u.s.c.

mMmaximiser.

Proof. Fix g > 0 and let x,, be any sequence that converges to xg.
Assume that s,, = u(z,) and a subsequence of s,, converges to s. We have

W(xnk) = f(snk)
Taking into account that W (-) is continuous we can pass to the limit to get

W(z) = likﬂ_l>iﬂfW(fl‘nk) = likrginff(snk) = f(s).

Moreover u(x) < s. Since this holds for any limit of a convergent subsequence
of s, we see that u(z) is 1.s.c. The proof of the upper semicontinuity of u(x)
is similar. =

REMARK 2.3. Assume that u(x) (resp. u(z)) is a L.s.c. (resp. u.s.c.) max-
imiser of (2.3). Then the function @*(z) := z —u(z) (resp. u*(z) := z—u(z))
is an u.s.c. (resp. l.s.c.) maximiser in . Consequently, u* is the largest
and u* is the smallest maximiser in (2.1)).

We show that the solution of the Bellman equation is the value function
of the optimal dividend problem. We start with the following lemma.
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LEMMA 2.4. If V(-) is a solution to the Bellman equation (2.1)) and u*
is a measurable mazimiser in (2.1)) then

(2.5)

min(n,7)—1
V) =E[ Yy uw(Xi)| Xo = o] + 9" O DBV (Xinga ) | Xo = 2]
k=0

Proof. The statement holds for n = 1. Indeed, letting V' (z) = 0 for x < 0
we see that

V(z) = E[u*(Xo) [ Xo = 2] + VE[V (Xmin(1,7)) | Xo = ]
= u"(z) +VE[V (Xnin(1,n)) [ Xo = 2].
Furthermore,
Xonin(1,7) = (Xo + Y1 — v (X0))X{r>13-

Hence

=uw(@)+y | Vie+y- (@) vdy)
—(z—u*(x))
= sup {u—i—’y S V(:U+y—u)y(dy)}.

0<u<z —(o—u)

Assume that the statement holds for some [ = n. We shall now prove it for
Il =n+4 1. We have

min(n,7—1)
E[ > () ‘ Xo = w} + ™ORNV (X pin(ng1,0) | Xo = 2]
k=0

min(n—1,7—1)

—E[ > Mr(X) | Xo=a| + B0 (X r1) | Xo=1]
k=0

+ DRV (X pin(ng1,) | Xo = 2.
Therefore
V() =™ DEV (X in(n,r1)) | Xo = 2]
+E[y™ T D0 (X i o r-1)) | Xo = 2]
+ " FEDEV (Xninnt1,) | Xo = 2]
= V(@) =y T VEV (Xin(n,r—1)) | Xo = 2]
+ T DR (X inn,r—1)) + 7V Xminnr,)) | Xo = 2]
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and

Elv*(Xmintm,r—1)) + 7V (Xminnt1,7)) | Xo = 7]
= E[E[u* (Xmintn,r—1) 7V Kmintnt1,)) | Xmingn,r—1)] | Xo = 7]
= E[E[u*(Xmin(n,r-1))
+ 9V (Xmin(nr-1) = 4 Xin(n.r—1)) + Yor1) | Xomin(nr—1)] | Xo = 2]
= E[V(Xmin(n,r—1)) | Xo = ].
Hence
V(z) =y VEV (X pingn,r—1)) | Xo = 2]
+ AT DE 0 (X ingnr—1)) + 7V Kiinat1,n) | Xo = 2] = V(2),
which completes the proof. m
THEOREM 2.5. Let V() be a solution to (2.1)). Then V (-) coincides with

the value function defined in (1.2]). Furthermore the optimal strategy u € IT
s a stationary strategy, i.e. there exists a measurable u* such that

u= (v (Xp),u (X1),u*"(X2),...),
where u* is a measurable selector for which we have equality in .
Proof. From Theorem there exists a measurable u* that
)
V() =u"+~ S V(e —u* +y)v(dy).
—(z—u*)
By Lemma [2.4 we have

min(n—1,7—1)

V) =E[ > Rt (X) | Xo = o] + 9 EIV (Xingnr-1) | Xo = ]
k=0

Since Unin(n,r—1) < Xmin(n,r—1) and the conditional distribution of X, (n,7—1)
is the same for all n > 1 under the strategy Unin(n,r—1) = Xmin(n,r—1), W€
see by Theorem [2.1f(iii) that

YEY +
L=y
It is easily seen that when the dividend is not paid then

V(Xmin(n,r—l)) S Xmin(nﬂ—_l) + a.s.

Xmin(n,T—l) =Xo+YV1+Yo+---+ Ymin(n,T—l) a.s.
This implies that

n n . + ’)/Ey+
Y"E[V (Xmin(n,r—1)) | Xo = 2] <" 2 + min(n, 7 — HEY™ + T=5 )
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Letting n tend to oo we see that

EY*
o (m + min(n, 7 — 1)EY + 7 ) — 0.

L—n
Therefore
T7—1
= E{Z YrRur (X ’ Xo = x} .
k=0
2.1. Properties of solution. We will prove several basic properties of
the value function V'(-) of problem (|1.2)).
PROPOSITION 2.6.
(i) The value function V (z) is bounded:

EY T~ EY T~
2.6 r+ ——<V(x)<zx+ .
(2:6) I (@) I—n
(ii) If © >y >0 then
(2.7) Viz)=V(y) 2z —y.

(iii) For all z > 0,
V(z) —u*(z) = V(z —u(z))
and furthermore u*(z — u*(x)) = 0.
(iv) For allx >0,
u'(z —u(z)) =0,
u(x —u*(z)) =0,
where w* and w* are respectively the l.s.c. and u.s.c. mazimisers of

(2.1) (see Remark.

Proof. We follow the considerations from [12].

(i) The upper bound in (i) follows directly from Theorem [2.1[i). Using the
strategy Uy = = and U; = Y, until ruin we have P(1 = n+1) = (1 —p4 Dl
Then

T7—1 00 n
V() > xm[sz] =(1=p) > P> AEY|Y >0)
n=1 k=1
=(1-py) ZZ]) AEYY > 0] = Zp AFE[Y Y > 0]
k=1n=k
EY|Y > 0p+y _ EY ']y
L —pyy C1-pyy

(ii) The desired inequality is equivalent to W (z) > W (y), which is obvi-
ous by the definition ([2.3]).
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(iii) Taking into account that 0 < u*(z) < x and setting y = z — u*(x)

in we obtain
V(z) > v (x) + V(z — u*(x)).

To prove the opposite inequality we put x — u*(x) in (2.1) to find that
(2.8)  V(x—u*(z))
= sup {u—i—’y S V(e —u(x) —u+y) l/(dy)}.
)

0<u<Lz—u*(x —(r—u* (2) =)
Hence
Ve—u'(@) >y | Vie—u(@)+y) vidy) =V(z)—u(@).
—(z—u*(z))

Thus we obtain the desired equality, and the smallest u for which the supre-
mum in is attained is 0.

(iv) The fact that u*(x — u*(x)) = 0 follows directly from (iii). Assume
now that w*(z —u*(x)) = k > 0. Then w*(z) = w*(x) + k, which contradicts
the maximality of u*. =

COROLLARY 2.7. If P(Y > 0) = 0 then V(z) = = and the optimal
strategy has the form uf(x) = z, wi(x) = 0 forn > 1 and x > 0. If
P(Y <0) =1 then
YEY
L=y

V(z)=xz+ and un(x)=x forn >0 andzx >0.

2.2. Properties of the optimal strategy

LEMMA 2.8. Consider the l.s.c. maximiser u*(-) of (2.1) and let a =
sup{z > 0: u*(x) =0}. Then a < oo and

u(r)=x—a forx>a.

Proof. Assume that u*(z) = 0. Then using (2.1) and (2.6) we deduce
that

EY ty v
T+ <V(x)=~\ V(z+y) v(dy
1—pin () & ( ) v(dy)
T EY+ EY +~2
§78<x+y+1_l>vuw§7x+ﬂﬂ4+_;1.

—X

Therefore
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Eyty? EYty EYty EY'y
=y 1-pyyv 1-=v 1-pyv
_ —EYT’py + EY 12

(I=psMd—7) ~

z(l—7) < VEY T +

and consequently
e U= p+)E[Y ]y
T (=pen)(d—9)?

Since u* is l.s.c. by the definition of a, we must have u*(a) = 0. =

The derived inequalities mean that if the capital is large enough the

dividend should be paid.

REMARK 2.9. Let Y}, be i.i.d. integer-valued random variables. Suppose
additionally that n,cg,...,cn,d1,...,d, € N are such that dy —cx_1 > 2 for
alk=1,...,nand 0 < g < dy <c1 <do < -+ <dy < c¢,. The strategy

0 if 0 <z <c,
() = x—c if cp <z <dgg,
0 ifdkgxgck,

r—c, ifx>cy,,

which we will call a barrier strategy, is an optimal strategy. The proof can
be found in [4].

The case when the random variable is not integer-valued is much more
subtle. Now we restrict our attention to random variables with an analytic
probability distribution function. This is not very restrictive since a lot of
distributions considered in applications have this regularity (see e.g. [13]).
The most important examples are the normal distribution or Erlang distri-
butions. We have

THEOREM 2.10. Suppose that the Y, are i.i.d. random wvariables with
probability density function g(x) which is analytic in some neighbourhood U
of the real line. Then every optimal strategy is a barrier strategy.

Proof. We use tools from complex analysis. For more details see e.g.
[13]. From Lemma we will deduce that for any probability distribution
with finite first moment there exists the last barrier of the strategy w*. It is
sufficient to show that for x < a we have

0 if z < ¢,
w(x)=Q x—c ifep <x<dpy, k=0,1,...,n.
0 if dk <z< Ck.
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If Y has a probability distribution function g(y) then (2.2)) takes the form

V(z) =x+ sup {—u—l—’y S V(u—i—y)g(y)dy}.

0<u<z “u
Define
(2.9) F(2)= =247\ V(y)gly — 2) dy.
0

Then V(z) = x + supg<,<, f(2). If f is decreasing on R then u(x) = 0 and
the conclusion holds. If f is increasing, then u(z) = z. It is easy to observe
that the conclusion holds when f has finitely many extremes. Now suppose
there is no partition of [0, a] into finitely many intervals in each of which f
is monotone. From the continuity of the derivative we infer the existence of
a sequence ¢, with limit point ¢ such that

(2.10) #(cn) = 0.

Suppose that z € U. Then (2.9) is an analytic function, since the integral is
uniformly convergent. Then its derivative
o0
flz)=-1=v V(g (y-2)dy
0

is also holomorphic. From the uniqueness theorem for analytic functions and
from (2.10) we deduce that for z € U,

1
Vg (y—2)dy=——.
o 8
Differentiating the above with respect to z we obtain
o0
V V(y)g"(y— =) dy =0.
0

We can rewrite this as

V(y)*g"(y) = 0.
From the Titchmarch Theorem (see for example [17] for more details) we
conclude that ¢”(z) = 0 implies g(z) is not a probability distribution. This
contradiction guarantees the existence of finitely many roots of the derivative
and the barrier form of u*(x) as stated in the theorem. =

3. Exponential distribution. Now we consider the case when the
claims are exponentially distributed and fix the premium d paid at the end
of each period. Then Y (1.1)) has probability density function

g(@) = 2Dy ey
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Obviously we have

1
EY =d— —.
A
Of course we should have Ad — 1 > 0. Then equation (2.1]) can be written as
d+u
(3.1) V(z)=x+ sup {—u + S V(y)Ae v dy}.
o<u<z 0
Define
d+u
(3.2) fw) =-u+vy | Vigrrv= gy,
0
We have
LEMMA 3.1. limy 0o f(u) = —o0.
Proof. Under the bounds (2.6) we obtain
d+u

fw) =—uty | Vgt ay
0

d+u
EY+
< —u-4v S <y + ?l/.) )\ek(yidiu) Cly
0 Y
Integrating by parts we have

+ _ A (—(d4u)) A(—=(d+u)) _
f(u)§u+fy<EY 7(11_67 )+)\(d+u)+e>\ 1)

= —u(l — "}/) 4+ Cie " 4+ 0y — —o0.

Passing to the limit is possible since the constants C'y and Cs do not depend
of u. m

LEMMA 3.2. If f is non-increasing in some neighbourhood of 0, then f
has a global mazimum at 0.
Proof. From (3.2), f(u) is differentiable on R, and
d+u
fl(u) = =14~V (d 4 u) — v\ S V(y)e)‘(y_d_“) dy.
0
From our assumption we know that f/(0) < 0. Therefore

d
(3.3) F1(0) = =1+ AV (d) — A2 |V (y)e?=D dy
0
= —1 4+ AV (d) — AV(0) < 0.
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From the property (2.7) we also know that
d<V(d)—V(0).

Consequently,

0> -1+ ARV (d)—V(0) > -1+ A(y(d+ V(0)) — V(0)).
Hence
(3.4) Vm)zz{Jﬁ

Assume now that there exists p > 0 where f has a global maximum. Then
for x in some left neighbourhood of p we get
d+x
Viz) =7 S V (y)AeMV=4=2) gy
0
Differentiating the above with respect to x we obtain
V'(z) + AV (z) = yA\V (z + d).
Making the neighbourhood of p small enough, we have x 4+ d > p and
V() + AV (z) = My(z+d+ V(p) — p).
On the other hand, for x > p,
Vi) =z+V(p) —p.

Taking into account that the function V(x) is differentiable at p we have
V'(p) =1 and

vd - 5
WM—l_W-
By (3.4) we obtain
vd =5 _

which is a contradiction, since V() is strictly increasing. =
LEMMA 3.3. If f/(0) < 0 then the optimal strategy u*(z) = x — u(x) is
trivial, i.e. u*(z) = x.
Proof. From we conclude that
V(z)=x+ sup f(u)=xz+ f(0).

0<u<z
This implies that u(z) = 0 for all x > 0, hence u*(z) = =.
In this way we have proven that f/(0) < 0 implies that f(0) > f(u) for
all u Z 0. =

LEMMA 3.4. If f'(0) > 0 then there exists a point p such that f increases
in [0,p] and has a global mazimum at p.
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Proof. From Lemma we conclude that f is increasing on (0,p) and
has a local maximum at p. Therefore f’(p) = 0. Taking into account (3.1)
we have

d+x
Viz) =7 S V(y))\e’\(y_d_x) dy for x <p.
0
In particular
d+p
Vp) =7 | Vgrerv=4P) dy.
0
Differentiating (3.2]) we get
d+u
fl(u) = =1 +~AAV(d + u) — y\? S V()= qy.
0
From the fact that f'(p) =0 we see that
d+p
Fl(p) =0==1+2\V(d+p) =\ | V(y)e WP dy
0
= —1+~y\V(d+p) — AV (p).

Since V(d +p) > d + V(p) we obtain

vd — 5
3.5 Vip) > —=.
(35 )= 2

Assume that there exists p; > p at which f has a global maximum. For any
x in some left neighbourhood of p; we have, by (3.1)),

d+x
V)=~ S V()2 v=4=2) dy.
0
Differentiating the above, we obtain

V'(z) + AV (z) = MV (z + d).

Since V'(p1) =1 and V(z+d) = V(p1) + x+d—py for x4+ d > p; we obtain
a contradiction, which completes the proof of the theorem. m

COROLLARY 3.5. If f(0) > 0 then the optimal strategy is a barrier strat-
eqy.

Proof. In fact, Theorem implies that f is increasing on [0, p] and has
a global maximum at p. Hence

{x for z € (0, p],
u(z) =
p for xz > p.
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Recalling that u*(z) = = — u(x) we get
0 for z € (0, p|,
() = { (0, p]
x—p forz>p. =
COROLLARY 3.6. If the expected value of Y is mon-positive, then the
trivial strategy is an optimal strategy.

Proof. Suppose that this is not true. Then there exists a point p > 0 at
which

vd = %
Vip) = .
) = 4=
But then .
d—x EY
- <
V(p)<1_’y 1—7_0

This contradicts the fact that V(z) is positive. m

The results we have derived so far involve conditions on f’(0). It is not
clear, however, whether or not the condition f/(0) > 0 is ever fulfilled. We
have

LEmMmA 3.7. If
1

A —1)e M 41
then the optimal strategy is a barrier strategy.

Proof. Tt suffices to show that f/(0) > 0 for sufficiently large v. As in
(3.3]), we have
(3.6) f'(0) = —1+~4AV(d) = AV (0) = =1+ y(V(d) =V (0)) = A(1—~)V(0).

To estimate the above expression from below, we first estimate V(0). From

(3.1) we have

d
(3.7) V(0) = V()™ Ddy <AV (d)(1— e ).
0

’7>(

Applying this inequality to gives
F10) = =1+ 2(V(d) = V(0)) = AL = Yy V(d) (1 — e
= —1+ 2 (V(d) = V(0)) = (1 = Ny (V(d) = V(0))(1 — ™)
—(L=MV(0)(1 = e ).
Iterating (3.7]), we obtain

n

F1(0) = =1+ 7A(V(d) = V(0)) = (1 = NAV(d) = V(0)) Y 7*(1 —e )"
k=1

— (L= V(0)(L — e )"
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Letting n — oo yields

F1(0) = =1+ AV (d) = V(0)) = (1 = AV (d) = V(0)) > 7F(1 — e )
k=1
v(1 — eM)

= ~1+ V() = V(0) = (L= AV = VO 77— =

_ _ e—)\d
= 1+ (V(d) - V(O))w\<1 . (1 - %1 eAd))>

—d
=—1+(V(d) — V(O))’yA1 S ——y
e—)\d

> —l—i-d’y)\l =)

After simple algebraic transformations, we obtain
v > ()\d—l)le_Ad—l-l = f(0) > 0.
Recalling that EY > 0 < Ad — 1 > 0 we obtain
1

Od—neray1 o<t

From this we finally obtain f/(0) > 0. =
Taking into account these results we can state our main theorem.

THEOREM 3.8. The optimal strategy for the optimal dividend problem
with constant premium and exponentially distributed claims is a barrier strat-
eqy, i.e. there exists p > 0 such that for all x > 0 we have

U*(l') = max(w - D O)a
and w*(x) is a mazimiser of (2.1)).

An interesting issue appears when we are dealing with the estimation of
the optimal barrier p. The following result holds:

PROPOSITION 3.9. Let V(z) be a solution to (3.1) and p an optimal
barrier. Then

Ad

v—14~e~ <p<’yd—% B Y(Ad =1+ e~ )

AL =7) 1=y Al—9y(1—e)
Proof. Using the inequality (3.5) we obtain
1

vd— % Y(Ad — 1+ ™)
=Vp)<p+
1—~ ) Al =9)
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This implies that

_ —\d

vy—1+~e <

A1 —=9)
To prove the opposite inequality we use the lower bound in (2.6) to ob-
tain
Y(Ad — 1 + e M)
AL =y(1—e))

vd — 3

et

We finally conclude that
< vd— % B Y(Ad — 14 e=*)

e e R )}

=V(p)>p+

Now we briefly sketch the procedure of finding a solution of the optimal
dividend problem with exponential claims. Without loss of generality, we can
assume that f’(0) > 0 where f(u) is given by . Recalling the proof of
Lemma [3.4] we obtain

Vi(x) + AV (z) = WV (z+d) forx <p.
We can use Proposition [3.9] to determine the value of p.
First assume that p < d. Then
Vi(z)+AV(z) =M (V(p)+z+d—p), z<p.

This is a non-homogeneous linear equation which can be easily solved by
standard methods. As a result, we have
—pA+ AV AN+ Xz —1
Viz) = (oAt (p)}\+ AT | e,
For x > p we obviously have V(z) = V(p) + « — p. Taking into account the
continuity and differentiability of V(z) at p we obtain

_ =t _ -1
Hence
(3.8)
Vi) = !
ydX\ — 1
5t m for x > p.

In order to determine the threshold p, we rewrite (3.1)) for = < p:
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d+x
Vig) =7 | Va2 dy

0
d+x

p
=\ VAP dy + | V(g)rri ay,
0 p

Calculating these integrals and recalling (3.8]) we find that the right hand
side above is equal to

Yy +Ad+ (v —1)p) —2)

z+
! (T =7)A
LMo (= DY =2) g s 2@ F A0 +2) =W = 3))
A (v = DA

The coefficient of e*®~?) in the above formula should be equal to the co-
efficient in the same expression in (3.8)). Continuing these calculations we
finally obtain

=D 470 =D (™) W =2) _ aap)
V(27 + Md+ (v —1)p) —3)
Let us now consider the case when p > d. Then

(3.9) V'(z) + AV (z) = MV (z + d).
For x € (p — d,p) we have
(3.10) V'(z) + AV (z) = MV (x +d) = \y(V(p) + = + d — p).

Finally, for z > p — d we see that

V(z) =V(p) +z—p.
Solving the first equation (3.10) we conclude that for x € (p — d, p),
_A(=PAF AV (p) +dA+ Az — 1)

A

Knowing the solution in this interval, we will focus on ({3.9)). Note that solv-
ing it requires knowledge of the solution V(z) for x € (d,p). Assume for
simplicity that p — d < d. Then (3.9)) reads

(—pA+ AV (p) +dA+ Az +d) — 1)

V(z) + Ce ™,

V'(z) + AV (z) = My 7 iy + CeMatd) |
For z € [0,p — d) we have
2 2
V(z) = —% + Cyze? D) L DA 9420 — 42p + 42V (p) + 4.

In order to find the constants C', D and V(p) we use the differentiability of
V(x) at p and d — p. Then, in order to find p we proceed as in the previous
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case. The procedure of finding p > 2d is as follows. We have
MV (xz+d) for z € (0,p — 2d],
V'(x) + AV (z) = MYV (z +d) for x € (p—2d,p — dJ,
M(x+d+V(p)—p) forxze (p—d,p|.

We solve the equation in (p—d, p|, and then in (p—2d, pd]. Thus the equation
is solved in (0,p — 2d]. In the general case, the procedure is as follows:

MV (z+d) forze (0,p—nd,

V() + AV (2)=S MV (z+d) forxe(p—id,p—(i—1)d], i=n,...,1,
M(z+d+V(p)—p) forxe (p—d,p,

Obviously the procedure terminates since p < oo (Lemma .
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