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Abstract

An optimal insurance risk control problem is discussed in a general situation where
several reinsurance companies enter into a reinsurance treaty with an insurance com-
pany. These reinsurance companies adopt variance premium principles with different
parameters. Dividends with fixed costs and taxes are paid to shareholders of the in-
surance company. Under certain conditions, a combined proportional reinsurance
treaty is shown to be optimal in a class of plausible reinsurance treaties. Within the
class of combined proportional reinsurance strategy, analytical expressions for the
value function and the optimal strategies are obtained.
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1 Introduction

Reinsurance is one of the practical means adopted by insurance companies to transfer
insurance risk. It provides a way to control risk, and so, enhance the financial stability
of an insurance company. From both the theoretical and practical perspectives, it may
be interesting to discuss what is an optimal level of reinsurance that an insurance com-
pany should acquire. This problem is widely known as an optimal reinsurance problem.
This problem has also captured the attention of many academic researchers in actuar-
ial science and insurance. This might be partly attributed to the intellectual challenge
of the problem. A popular approach to study an optimal reinsurance problem is to use
stochastic optimal control theory in continuous-time to discuss the optimization problem.
Some works in this direction are, for example, Asmussen et al. [2], Bai et al. [4], Meng and
Zhang [13], Hipp and Taksar [12], Meng and Siu [14], [15], [16], Cadenillas et al. [6], Meng
et al. [18], Meng et al. [19], [20] and Schmidli [22], amongst others. Two major types of
reinsurance strategies such as the excess of loss reinsurance strategy and the proportional
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reinsurance strategy have been the main focuses of these works. Furthermore, for the
sake of mathematical convenience, the expected value premium principle is widely used
for calculating premiums in the literature on optimal reinsurance. However, the use of
expected value premium principle may be questioned on both theoretical and practical
grounds. From the theoretical point of view, the expected value premium principle can-
not incorporate the volatility of claims losses which describes fluctuations in claims losses
and can be measured by the standard deviation or variance of the claims losses. From
the practical perspective, it has been noted in Wang [23] that “In insurance practice, the
most widely used method is to base calculation on the first two moments.” The variance
premium principle can capture the first two moments in premium calculations. It has
been used by some authors to investigate an optimal insurance risk control problem, see,
for example, Chi [7], Guerra and Centeno [10], Hipp and Taksar [12], Zhou and Yuen [24],
Meng [17] and Meng et al. [19], [20].

Much attention has been paid to the situation where an insurer transfer the risk
exposure to only one reinsurer. Relatively little attention has been given to a general
situation that multiple reinsurers participate in a reinsurance treaty. Under the criterion
of minimizing value at risk (VaR) or conditional value at risk (CVaR) of an insurer’s
total risk exposure, Chi and Meng [8] studied an optimal reinsurance arrangement in
the presence of two reinsurers, where the first reinsurer adopts the expected value pre-
mium principle while the second reinsurer uses the premium principle satisfying threes
axioms: distributional invariance, risk loading and preserving stop-loss order. Asimit et
al. [1] also supposed that an insurance company may be able to share the risk with two
reinsurers, where the first reinsurer uses the expected value premium principle and the
second reinsurer adopts a distorted premium principle. The two papers refer to a static,
single-period, insurance risk model. In a continuous-time set up, Meng [17] studied an
optimal risk control problem with two reinsurers who calculate premiums by the vari-
ance premium principle with different parameters. Meng et al. [19] also considered an
optimal reinsurance problem with two reinsurers in a continuous-time set up, where the
two reinsurers adopted an expected value premium principle and a variance premium
principle, and the optimization criterion was the probability of ruin. It seems that little
attention has been given to studying an optimal reinsurance problem with more than two
reinsurers in a continuous-time set up. For the sake of generality, it may be of interest
to consider the situation where more than two reinsurers participate in the reinsurance
treaty. In a continuous-time set up, an optimal reinsurance problem with more than two
reinsurers is of theoretical interest and intellectual challenge since it is a high-dimensional
stochastic optimal control problem.

In this paper, an optimal insurance risk control problem is studied in a general situa-
tion where several reinsurance companies enter into a reinsurance treaty with an insurance
company. These reinsurance companies adopt variance premium principles with different
parameters. In addition to determining an optimal reinsurance level, another key prob-
lem for an insurance company is to determine an optimal level of dividend payments to
its shareholders. This is known as an optimal dividend problem. De Finetti [9] pioneered
a formal study of an optimal dividend problem, where the expected present value of all
dividends before possible ruin was maximized. The seminal work of De Finetti [9] has
stimulated a lot of interest among researchers in actuarial science. A combination of an



optimal reinsurance problem with multiple reinsurers and an optimal dividend problem
is discussed, where dividends with fixed costs and taxes are paid to shareholders of the
insurance company. Mathematically, the optimal dividend problem is related to an im-
pulse control problem and has been studied in the literature, see for example, Bai and
Guo [3], Cadenillas et al. [6], Meng and Siu [14], [15], [16], Meng [17], Meng et al. [18],
Sotomayor and Cadenillas et al. [21] and Meng et al. [20]. Under certain conditions, a
combined proportional reinsurance treaty is shown to be optimal in the class of plausi-
ble reinsurance treaties. Within the class of combined proportional reinsurance strategy,
analytical expressions for the value function and the optimal strategies are provided.

The rest of the paper is organized as follows. In the next section, the dynamic risk
control problem with m reinsurers with the variance premium principles is formulated.
The corresponding optimization problem is presented. In Section 3, the optimality of a
combined proportional reinsurance strategy is discussed. In Section 4, analytical expres-
sions for the value function, the optimal reinsurance and dividend strategy are derived.
The final section summarizes the paper.

2 Model formulation

Uncertainty is resolved over time according to a complete, filtered probability space
(Q, F,{Fi}t>0,P), where the filtration {F; };> satisfies the usual conditions (i.e., the right
continuity and P-completeness) and PP is a real-world probability measure. According to
the Cramér-Lundberg model, the surplus of an insurance company is given by:

N(t)
P(t) =x +pt — ZZ,- ,
i=1

where x > 0 is the initial surplus; {N;, ¢ > 0} is a Poisson process with constant intensity
parameter A > 0; The claims Z;,7 = 1,2,--- are independent and identically distributed
(i.7.d.) random variables, and are independent of {N;,t > 0}. Assume, for each i =
1,2,---, Z; has a finite mean p and a finite second moment ¢?; p adopts the variance
premium principle with the parameter 8y > 0, i.e.,

N () N ()
pt=E > Zi| +6D | > Zi| = Mu+ 6o,
=1 =1

where E[-] and D[] are the expectation and variance operators, respectively. To control its
risk exposures, the insurance company can cede part of the loss for each claim by acquiring
reinsurance. We assume that m reinsurance companies participate in a reinsurance treaty
and these reinsurance companies adopt the variance premium principle with different
parameters, say ¢;, j = 1,2,--- ,m. Without loss of generality, we assume that ¢; >

1

0j, 1 < j. For each claim Z;, the 4§ reinsurance company undertakes 9j(Z;). Then
90(Zi) == Zi — 3711, 9j(Z;) is the remaining part of the claim Z;, which is retained by

the insurance company. The aggregate premium that is received by these m reinsurance



companies from the insurance company is given by:

m N(t) N(t) m
S SEND 0i(Z)| +6,D | > gi(Z)| ¢ = Y _{Elg;(Z)] + 0;Eg;(Z)]*}.
j=1 i=1 i=1 j=1

Then the surplus process of the insurance company with reinsurance arrangement and
dividend payments can be written as:

N(t) 00
Plt)=z+p't—> 90(Z) = Ifr<nén. (2.1)
=1 n=1
where
1 _ 2 S (7. ) (7112
P'o= A ptboo” =D {Elg(2) +0;Elg; ()} |
j=1
and for each i = 1,2,---, 7; and & are the time and amount of the i*" dividend payment,

respectively, which will be defined precisely later.

It seems uneasy to obtain explicit results for the combined optimal reinsurance and
dividend problem in the above compound Poisson process. With a view to deriving
explicit results for the combined optimal reinsurance and dividend problem, we adopt here
a pure diffusion approximation in Grandell [11] or Béuerle [5] to approximate the surplus
process (2.1). Using the notation defined as above, the pure diffusion approximation to
the surplus process without dividend payments can be represented as:

dX(t) = v(90(2),91(Z), -, gm(Z))dt + 0(g0(Z))dB(t),

where {B(t),t > 0} is a standard Brownian motion on (2, F, {F;}¢>0,P),

v(90(2),91(Z), -+ gm(Z)) = X|600® = 0;R[g;(Z)] |, (2:2)
j=1
and
o(90(Z2)) = VAE[go(2)]*. (2.3)

Furthermore if dividends are paid to shareholders, the diffusion surplus process of the
insurance company with dividend payments is governed by:

R(t) = X(t) =) &nliru<sy (2.4)
n=1

where {7;;¢ =1,2,---} is an increasing sequence of stopping times and {&;;i =1,2,---}
is a sequence of non-negative random variables associated with the amounts of dividends
paid to shareholders.

Assume that the insurer dynamically adjusts it’s risk position. Then (2.4) becomes:

dRﬂ(t) = U(QO(t> Z)).gl(ta Z)> e 7gm(t7 Z))dt + U(QO(ta Z))dB(t)

—d (Z I{Tngt}fn> , (2.5)
n=1
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where the two functions v and ¢ are defined by (2.2) and (2.3) respectively; the condi-
tional expectation E[-|F;_] is used, and Z is independent of F;_. In what follows, the
superscript 7 is suppressed in R"(¢) and we write R(t) for R™(t).

Definition 2.1. A
™={90,91, s gmi St = {90, 91, gmi T, T2 Ty 58182, ns e )
1s called an admissible policy if it satisfies the following conditions:
(I1) for each z € RY, {g;(t,2);t > 0} are {Fi }1>0-predictable;
(I2) for each (t,w) € [0,00) x 2, g;(t, z,w) is Borel-measurable in z;
(13) g;(t,z) >0, X7, g;(t,2) = 2;

(14) {Tn}n>1 is an increasing sequence, and for each i =1,2,---, eacht >0, {1; <t} €
Frand & € Fyr,, 0 < & < R(13—);

2
(15) There is at least a pair (k,1) such that\/IE {Ziza#k gi(t, Z)] = is0.i2k0 VEGi(E, Z)]? >
0,where 1 < k,l<m , k+#I;

(16) the stochastic differential equation (2.5) has a unique strong solution.
We write A for the space of all admissible policies.

Remark 2.1. The condition (15) is purely technical, and it will be used in Lemma 3.1.
Clearly when m =1 or m = 2, the condition (I5) holds true, i.e.,

o form =2,

\/E(QO(tv Z) + gl(ta Z))2 > \/E(g()(ta Z))2

and

\/E(QO(tv Z) + gQ(tv Z))2 > \/E(QO(tv Z))2

However,

e for m > 3, the condition (I5) may hold true or may not hold true. If {g;(Z),i =
0,1,---,m} adopt proportional reinsurance strategies, it can be verified that the
condition (I5) must hold true.

The following example presents some no-proportional reinsurance strategies satisfying
the condition (I5).

Example 1: Suppose the claims {Z;} satisfy P(Z; = 2) = 0.9,P(Z; = 3) = 0.1 and
91(Z;) = 92(Z;) =0, g3(Z;) = 1, P(go(Z;) = 1) = 0.9,P(go(Z;) = 2) = 0.1. Thus

VE@o(Z:) + 91(Z) + 95(Z)? = 114 > 1 = \[EG3(Z)) + /Eg}(Z,).

However, Example 2 below gives some reinsurance strategies which don’t satisfy the
condition (I5).



Example 2: Suppose the claims {Z;} satisfy P(Z; = 4) = 0.9,P(Z; = 1003) = 0.1
and g1(Z;) = 92(Z;) = g3(Z;) = 1, P(g0(Z;) = 1) = 0.9,P(go(Z;) = 1000) = 0.1. Then

VEo(Z) + 01(Z:) + 95(Z0))% = 316.87 < 317.23 = \/Eg?

VE(90(Z:) + 91(Zi) + 92(Z;))? = 316.87 < 317.23 = \/Egg Z) + \/ng Z;

( (Zs)
( (Z:)
VE@0(Z) + 2(Z) + 95(Z:))? = 316,87 < 31723 = \/EgA(Zi) + \/Eg3(Z)
( (Zi)
( (Zs)
( (Zi)

That is, there doesn’t exist a pair (k,[) satisfying (I5).

Suppose that there is a fixed amount of transaction cost attributed to the advisory and
consulting fees, say K (K > 0), and proportional tax, say 1 — k(0 < k < 1), associated
with each dividend payment. Then as it is typical in the literature the optimization
problem of the insurance company is to select m € II(x) so as to maximize the following
performance function:

J(x,7m):=E Zeiém(—K + k&) <y | 5

n=1

where § > 0 is a continuously compounded valuation interest rate and the ruin time 77
corresponding to policy 7 is

7" =inf{t : R} < 0}.

Our goal is to find an optimal strategy m € A so as to maximize the expected present
value of dividends before bankruptcy. That is, to determine the value function

V(z) :=sup{J(z,7);m € A}, (2.6)
and an optimal strategy 7* such that V(x) = J(z,7*).

Remark 2.2. The continuous-time insurance risk model with multiple reinsurers con-
sidered here may be thought of as a generalization to those models with two resinurers in,
for example, Meng [17] and Meng et al. [19].

3 Optimal reinsurance form

In this section, the combined proportional reinsurance treaty is shown to be an optimal
form among the class of plausible reinsurance treaties. There are a number of papers
discussing optimal forms of reinsurance in various continuous-time insurance risk models.
Some examples are Meng and Zhang [13], Meng and Siu [14], [15], [16], Meng [17], and
Meng et al. [19], [20], amongst others. The mathematical techniques used here to prove
the optimality results are in line with those used in the literature, see, for example,



Meng and Zhang [13], Meng and Siu [16], Meng [17], Meng et al. [19], Without loss of
generality, we assume that (k,[) = (1,m), i.e.,

m 2 m—1
El > at2)| - Y. VEut2)P] >0,
i=0,i#1 i=0,i#£1

Then

dRﬂ(t) = /’L(g(](ta Z)a gQ(tv Z)? e 7gm(t7 Z))dt + U(QO(tv Z))dB(t> —d (Z I{‘rn<t}§n> )
n=1

where
m 2 m
wlgo(2),92(2), -+ ,gm(2)] = M| boo® —iE |Z— > gi(2)| = 0;Elg;(2))
j=0,j#1 j=2

For convenience, the following functions are defined. Let

g(()ao’b)(z) = agpbz,
b

a(2) = (1-b)z

(ajﬂb) _ b
9; (2) = ajbz,

m—1
ghierama Dz = (1= 37 ai ) be,
i=0,i#1
where 0 < ag, a2, -+ ,am-1,b < l,ap+az+---+ap-1 <land j=2,3,--- ,m—1.

Lemma 3.1. For any firxed 7 = (90,91 ,9m) € A, there are two sets of {Fi}i>o0-
predictable processes {aot, G2t, -+, Am—1)¢y and {bs} such that

a b a b a 1~ 7"'7~m— 75
| g% (2), g{72 ) () gt St (| s (8 Z), ga(t, Z), L gm(E, Z)],

olg™ ™ (2)] = olgo(t, 2)].

Proof: Let {b;t > 0} and {aj;t > 0} be two {F;}io-predictable processes taking

values in [0, 1] such that

2
BEZ® = EbZ)?=E| Y gilt.2)]| , (3.1)
i=0,i#1
aybiEZ® = E(ajbZ)® =Elg(t, 2))%, (3.2)

where j =0,2,3,--- ,m — 1.



Using the Cauchy-Schwarz inequality,

. 2
E|Z- ) ult2)
i=0,i#1
2
m
= EZ2-2E |Z| Y at2)||+E| ) a(t2)
i=0,i#1 i=0,i#1
2 2
m m
> EZ2°-2VEZ2 |E| > g(t.Z2)| +E| > gt 2)
i=0,i#1 i=0,i#1
= EZ%-20,EZ* +E(b,Z)?
= E[Z-b2]%
2
IEE D70 i1 9i(ts Z)] # 0, from (3.1) and (3.2), we have
Elg;(t, Z2)]?
. 502 g et
E [Z?;O,i;él gi(t, Z)]
2
m—1 ~
1— Y a | HEZ?
J=0,j#1
2 2
m—1 m
- [1- mJ s E] DY a2
j=0,j#1 \| E [Zi:()#l gi(t, Z)] i=0,i#1
2
2
m m—1
= [ \JE| X atD)] = > \Elgt2)P
i=0,i#1 §=0,j#1
2
< (VEn(t.2)P)
= E[gm(t7Z)]2'
2 .
IfE {2207#1 9i(t, Z)} = 0, then b = 0. In this case we select aj; € [0,1] to be any
constant for j =0,2,--- ,m — 1. This completes the proof. ([l
Remark 3.1. From (5.1) and (3.2), we can assure a3, +a3,+ - -—i—d%m_l)t € [0,1]; however

the case ao¢ + Gg¢ + ++ + A(m-1) > 1 may occur. Nevertheless under the condition (15),
aot + gt + -+ -1yt € [0, 1] holds true.

Theorem 3.1. For any fixed

77:(907917"' yImy T1, T2, 3Ty =" ° ;£1a£27"' 75717"') 6-'47

there exists
(agy(t),b7) (b}) (ady:by) (@540 0 —1)0:01) 11
= 90 (2)791 (Z)ng (Z),-~-,gm (Z)ﬂTlﬂ7—27

1 1 ¢1 1
"'7Tn7"'3517517"'7§n7"')€v4



such that V™ (x) > V™ (z).

Proof. Let 7 = (907913"' yGms T1, T2, 5Tyt " ;£1a€25"' 75”7"') € A. Take

1 1 1 1 ~ ~ ~ T
(a0t7 Qogy 7a(m—1)t? bt) = (aOt’ azg; - 5 Q(m—1)t» bt)a

1_
T, = Tn and

€ = bt / {u {95&0“5%2),géa“’”(@, o gl B )
Tn—1
—plgo(t, 2), g2(t, Z), -+, gm(t, Z)|} dt, n=1,2,- -
Let
mo= (A0 @) @) g )
. 7771“... ;51175%7... 757{“...) cA
Then

a “ at ab el t’bl
dRm(t) = pu |:g(() ét’b%)(Z),gé %t’b%)(z)vﬂ‘ ’gant 2t (m—1) t)(Z):| dt

al , 1 e
+o g\ (Z))dB(t) — d (Z I{ngt}&)
n=1

= dR™(t).
Since &, > &n, Y0l Iiianbh > Y02 Ity <p6n. Therefore, V™ (z) > V7™ (x). O

4 Explicit solution

In this section, an explicit solution to the optimal dividend problem (2.6) will be derived
within the class of combined proportional reinsurance treaties given in Section 3. The
Lagrange multipler approach is adopted to solve the Hamiltonian-Jacobi-Bellman (HJB)
equation arising from the control problem. The mathematical techniques used in the
derivations here are similar to those used in Cadenillas et al. [6], Meng and Siu [14], [16],
Meng [17], and Meng et al. [20], for example.

For simplification, let

m—1

co=agb,c1 =1—0b,cj=ab,cp,=|1~- Z a; | b,
i=0,i#1

where ¢; > 0 and ) /" ¢; = 1.
Under the combined proportional reinsurance strategy, the controlled surplus process
{R™(t)} satisfies the following stochastic differential equation:

dR™(t) = p1(cie, caty - -+ Cmt)dt + o1(cor)dB(t (Z I{rn<t}§n> , (4.1)



where

pier, ca,e e em) = Ao [90 - Z@'C?] :
=1
01(60) = \&O'C().

To be precise, the set of admissible strategies, denoted by O, is re-defined. For each
™ = (607617'” 7CTI’L7S) S Oa

I11) ¢; = {cit,t > 0} are {F:}+>o-predictable processes;

(

(I12) ¢ € [0,1] and Y " cip = 1.

(I13) for each i =1,2,--- and each t > 0, {r; <t} € Fy and & € Fr; 0 < & < R(1—);
(

I14) the stochastic differential equation (4.1) has a unique strong solution.

When the volatility of the controlled surplus process is zero, i.e., cos = 0,

1 1 1
016[0:1]710111-%?'(~+6m=1 Iul(Ch o 7cm) - (91Am7 02Am o 6)mAm>
B Ao?(0pA,, — 1)
= A ,
where
1
=1
If 6pA,,, — 1 > 0, we can choose cg; = 0, ¢;; = ﬁ, i1 =1,---,m. This implies that the

market may have arbitrage opportunities. To avoid this situation, we assume that
1—6pA,, > 0. (43)

Let H be the space of real-valued, twice continuously differentiable functions on R7.
For each ¢; € [0,1], the following differential operator L% :“m acting on ¢ € H
corresponding to the controlled surplus process is defined:

= 1
Loaing(z) = Ao® [90 - eic?] ¢'(2) + Ao e (@),
i=1
In addition, the following operator is defined:

Mo(z) = sup {¢(z — &) +k§ — K}

0<é<z

Using arguments similar to Cadenillas et al. [6], the value function V(x) satisfies the
following HJB equation:

max { el max (Lot emp(x) — dp(x)], Mp(x) — qb(x)} =0, >0, (4.4)

0,1],co++em=1

10



In what follows, the use of the Lagrange multiplier approach to solve the HJB equation
will be discussed.
Let

1 =inf{x > 0: ¢(x) = Mo(x)}.
Then

max [Loctmp(x) —dp(x)] =0, 0 <z < 7. (4.5)
ci€[0,1],co++em=1

For each scalar > 0, (i.e., § is the Lagrange mutlipler), the following Lagrangian

function is defined.

AcoserrmsemsB () 1= L1 Cm (1) — () 4 Blco 41+ -+ e — 1). (4.6)

From
8861’ <A007017...7cm7ﬁ¢(1‘)) = 0? i = 17 s, M,
we have
/ p
¢(z) = 20020;c;(x)’ (47)
which results in
ci(z) = 91691,(:”), =1, ,m. (4.8)
From
9 €05C1, ,Cm., B —
55 (4 é(x)) = 0.
with (4.8), we have
1—
cr(r) = 1o (49)
Combining (4.7) and (4.9) yields
201 _ /
From
9 C05C15+ ,Cm,B —
e (A é(x)) =0,
with (4.10), we have
co(2)6" () + L= COA(”))¢ @) . (4.11)
Putting (4.8), (4.9) and (4.11) into (4.5) yields
o2 [00An — 14 co(2)] &' (z) — SAmb(z) = 0. (4.12)

11



Suppose that ¢'(z) > 0. From (4.12) with ¢(0) = 0 we have ¢¢(0) = 1 — A, 0.
Taking derivative with respect to x on both sides of (4.12)

(Ao2ch(z) — 6AW) P (z) + Ao? [BoAp — 1+ co(z)] ¢ (z) = 0. (4.13)
Substituting (4.11) into (4.13) gives:
{2y (x) — 6Am) Amco(x) — 2002 (1 — co(z)) [foAm — 1 + co(z)]}' (z) = 0.
Then
co(x) = I(co(@)), (4.14)

where

~ 2002(1 = ) [BoAm — 1+ 8] + 6AZ s
N MoZA,,s '

It can be easily shown that for s € [1 — A,,00, 1], T'(s) > 0. Let

v 1
Gl = / T(s) %

Obviously, G(y) is a strictly increasing function. Thus, the inverse function of G(y)
exists, say G~!(y). Then, from the equation (4.14) with cy(0) =1 — A0

I'(s)

co(r) = éo(z) == G (). (4.15)
Thus, from (4.7) and (4.9)
— G Y
ci(z) =¢i(x) := 103%(),1' =1,2,---,m. (4.16)
Putting (4.15) into (4.11) and solving (4.11) with ¢(0) = 0 give:
o(z)=aq /33 H(z)dz, 0 <z < G(1), (4.17)
0
where
G() o1 _ -1
H(z) =exp {/ Wdy} . (4.18)

For G(1) < « < x1,we guess co(z) = 1 and ¢j(x) =0 for i = 1,--- ,m. Thus (4.5)
becomes

%Aa%”(x) + X020 (x) — 6p(z) = 0,
and the solution is
() = g’ 7D g gger- W) Q1) <& <y, (4.19)

where

_ —Aoby + N2020% + 206

T+

12



and

i —Xoly — \/A2020% + 206

Ao

For x > G(1), we guess that
¢(x) = d(1) + k(z — 21).
First, by the continuity of ¢/(x) and ¢"(z) at = = G(1),

@r++qr— = qi,
qgri—i—qyﬂz = 0.

Solving then gives:

q2 = q1b1, q3 = q1bo,

where
T_ T+
bp=———, bg=———.
ri(r— —ry4) r—(ry —7r-)

Then the suggested solution is given by:

@ fy H(z)dz, 0<z<G(),
¢(x) = ¢ qubrem+==CW) 4 poer-=CM)) - G(1) <z <y,
(b(xl)"’_k(:r_xl), x> x.

The unknown constants ¢; and z; are determined in the sequel.
Define

(2) = byryper+@=GM) 4 por_er-(=CGM) 2 > G(1).

Obviously,
o(z) = ql/ U(s)ds, 0 <z < uz.
0

It is not difficult to show that U(x) is a convex function.
Let

*

) = [ aU@dy 0 € GH,
Lig): = /j“(k—qlwy))dy, a1 € (0,3,
where
ok
Q—ma

and xy and I, satisfy:
qu(x;) =qU(Zq) = k.
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(4.20)

(4.21)

(4.22)



Similarly to, for example, Meng [17], it can be shown that there exist a ¢; such that

Ii(G1) = K or I(¢1) = K. Thus in (4.21) letting x1 = xgl and g1 = ¢1 give:

¢'(Zq,) = ¢'(a3,) =k, ¢(a3,) = &(3q,) + k(2f, — 3q,) — K,

or
gb'(a::;l) =k, cb(le) = kw:;l - K.
Let
T(x) = { WU(@), 0w <o,
k, T >xh,
q1
and

o) = [ T (123
Theorem 4.1. Suppose the function p(x) is defined by (4.23). Then

1. p(x) is continuously differentiable for v € Rt and twice continuously differentiable
for x € R\ ;
2. o(x) is a solution of the HJB equation (4.4).

Proof. The differentiability of ¢(x) follows directly from its construction in (4.23). It
remains to show that ¢(z) is a solution of the HJB equation (4.4).
Similar to Theorem 5.1 of Cadenillas et al. [6], we can easily show

Mop(x) —p(z) <0, 0<a<af,
Mep(@) = p(x) =0, = > a7

In what follows, we will verify

{ maxci€[071}’60+,,,+cm:1[£607c1,-..,cm(p(aj) — 590(:1;)] — 07 O S x S (L‘;;l’

MAX,(0,1],c0++em=1 L0V p(x) = dp(x)] <0, = >a7 .

(I) For 0 <z < G(1)
Taking the Lagrangian multiplier to be

200%(1 — G~ (a))H(z
ey = 20—

and substituting (4.23) into L0 Cmp(x) — dp(z) + S(z)(co+c1 + - -+ + e — 1) give:

Leoermemp(z) — dp(z) + B(z)(co +e1+ -+ em — 1)
VT (1 -G Y (2))H(z) 2(1 -G Y 2))(co+ 1+ +em—1)
VA G (2) A

+6p — Z 0;c?| H(z) — o / H(s)ds
i=1 0

_ 1 x X .
(1 A(fnG(_l)()xH( ) (co — @o(x))? = Ao?G16; ; (ci — &i(x))?

)
(1-G ) (G H=x) —2) H(z) + 6oA

m

+ Agqu |:

= —Ad’Qn

+Aa?q ™54 / H(s)ds,
0
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where ¢y(x) and ¢ (x) are given by (4.15) and (4.16), respectively.
Thus for any ¢; € (—o0,400), i =0,1,--- ,m,

Lo mg(a) — Sipe) + B e + e+t e = 1)
< LODA@ I 1)  Spe) 4+ Hlr) (E(x) + e1(x) + -+ () — 1)

@),
‘CEO(m)aEl(m)v"Wam(m)QP 6()0(1:)

(z
This shows

arg max {Leocrmimp(x) — dp(x)} = (Co(z),e1(z), -+, Em()).
¢;€[0,1],co+c1+-+em=1

In what follows, we will show
EEO(J:):EI(I)V" 7Em(x)(p($) — 590(:1;) = 0
By its construction, p(x) satisfies (4.13), that is,

d[£o@)e1 (@), em (@) o (1) — fip()]
dx

=0,

This shows L£0@):c1(2),em(@) (1) — §p(z) = C(constant). In what follows, we will
show C' = 0.

Obviously
1- G Yx)

m

EEO(I)vEl(x),"',ém(w)gp(x) — 5()0(1‘) = )\0'2qu 90 — — (530(.%') — OaS.CI} — O,

which shows that C' = 0.
(II) For G(1) < @ <z,
Substituting (4.23) into L1 Cmp(x) — dp(x) gives

Lo anp(r) = dp(z)

= %)\0263(‘?1 (blrieTJr(w_G(l)) + bz,,aQ_eTf(z—G(l)))

+Ao%q [90 - Z«%c?] (blr Lerr(@=G) 4 bzr_er,u_c(l)))
i=1
_551(1)1674(%0(1)) +bge’"—($*G(1)))_
Noting that
blr}rem(%G(l)) F byr2er-@=G) 5
and
by e+ @G 4 pop_er-@=GM) 5

we have

argc-E[O 1] Cng}j-..~+c -1 {Ecmq’m,cm@(x) - 5@(1‘)} = (]-7 Oa o 70’ 0)’
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that is

max {reocttmp(z) — Sp(x)} = LY 00 (z) — dp(z) = 0,G(1) <z <
c;€[0,1],cotc1+Fem=1

(III) For « > a7

Since ¢" (23 —) > 0, then
Ao [90 - Zﬁic?] k—dp(xg,)
i=1

u 1
< Ao [90 - Z%c?] k= 0p(ag,) + 5Ao*coe (x5, -)

T~
=1
< 0.

Consequently, for z > 1721,

1
5)\0263§0,/(IL‘) + Ao

bo — Z‘%C?] ¢'(z) — dp()

=1

= Ao? [90 - Z«%c?] k—dp(x)

i=1

< Ao? [90 — Zﬁic?] k—dp(zz) <0,

i=1
that is,

max {Leoeremp(x) = dp(x)} < 0,2 > a7, . (4.24)
ci€[0,1],cote1+Aem=1
This completes the proof.

Theorem 4.2. Let

where j =1,--- ,m.

Then the value function V(z) is V(z) = ¢(x), (i.e., p(zx) is defined by (4.23)), and
the optimal strategy

T = (Cgt’d{t"” 7C:nt7Tf7T§7"' 57—;7"' afiagga ’fz,a) €O
is given as follows:
(1) If I (q) > K, then
(1-1) for 0 < = < z%, ¢ = c;‘»(R”*

a’ Gt (t=)), 75 = 0,7 = inf{t > 77, : R™ (t—)
9621}, 55* :=:cj§1 —%4,7=0,2,--- ,m—1landi=1,2---.
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(1-2) forx >a} , ¢ = c;(R”* (t—)), 75 :=0,7 :=inf{t > 7 | : R™ (t—) = zz b, & =

N T L %
x—Tg,§ =

5= T30 =02,- m—1 andi =2, .

(2) If I (q) < K, then

(2-1) for 0 <z < x}, ¢} = c}'f(R”*(t—)),Tf = inf{t > 0: R" (t—) = zz b, & =

le’ Ti* :+OO7Z > 27 ]:0727 7m_1-
(2-2) for x > a}, ¢ = c;f(R”*(t—)),Tl* =0, & =3, F = 4o0,i > 2, j =
0,2, ,m—1.

Proof. The proof is standard, so we omit it. O

5 Conclusion

A combined optimal reinsurance and dividend problem of an insurer was considered,
where multiple reinsurers participate in a reinsurance treaty. These reinsurers adopted
the variance premium principle with different parameters. The insurer paid dividends
to its shareholders, and each dividend incurred a fixed amount of transaction costs and
taxes. Using a pure diffusion approximation to the surplus process, under certain assump-
tions, the combined proportional reinsurance treaty was shown to be optimal among the
class of plausible reinsurance treaties. Furthermore using the HJB dynamic programming
approach, explicit characterizations for the value function and optimal reinsurance and
impulse dividend strategies were obtained. However, if the condition (I5) is not satisfied,
what is an optimal form of optimal reinsurance strategy? This may represent an inter-
esting topic for further research.
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