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Abstract: This paper investigates the generalized multi-period mean-variance investment-reinsurance
optimization model in a discrete-time framework for a general insurance company that contains a
reinsurer and an insurer. The intertemporal restrictions and the common interests of the reinsurer
and the insurer are considered. The common goal of the reinsurer and the insurer is to maximize the
expectation of the weighted sum of their wealth processes and minimize the corresponding variance.
Based on the game method, we obtain the Nash equilibrium investment-reinsurance strategies for the
above-proposed model and find out the equilibrium strategies when unilateral interest is considered.
In addition, the Nash equilibrium investment-reinsurance strategies are deduced under two special
premium calculated principles (i.e., the expected value premium principle and the variance value
premium principle). We theoretically study the effect of the intertemporal restrictions on Nash
equilibrium investment-reinsurance strategies and find the effect depends on the value of some
parameters, which differs from the previous researches that generally believed that intertemporal
restrictions would make investors avoid risks. Finally, we perform corresponding numerical analyses
to verify our theoretical results.

Keywords: investment and reinsurance; insurer and reinsurer; generalized mean-variance criterion;
Nash equilibrium strategies; intertemporal restrictions

1. Introduction

In recent decades, investment-reinsurance optimization problem, as a hot research topic in the
field of actuarial insurance, has been widely studied by many experts and scholars (e.g., Browne [1],
Schmidli et al. [2], Zeng and Li [3], Zhu et al. [4], Hu and Wang [5], Deng et al. [6], and so on).
With the rapid development of society, the relationship between companies is getting closer. At present,
the research on the relationship between companies in the insurance market is mainly divided into
two aspects. On the one hand, the optimal investment-reinsurance between two insurance companies
is studied in the framework of zero-sum game or non-zero-sum game (e.g., Zeng [7], Li et al. [8],
Bensoussan et al. [9], Pun and Wong [10], Pun et al. [11], Pun [12], Deng et al. [13], Wang et al. [14],
and so on). On the other hand, the interests of both insurance companies and reinsurance companies
have gradually been studied since any reinsurance contract is obviously a mutual agreement
between the insurer and reinsurer, strategies that consider only the unilateral interest of the insurer
are likely to be unacceptable to the reinsurer. When the reinsurance company and insurance
company are independent individuals, some literature regarded them as the leader and follower
of the Stackelberg game, and studied the optimal reinsurance problem (e.g., Chen and Shen [15] and
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Chen and Shen [16], etc.). When the reinsurer and insurer belong to two different divisions of the
same large insurance company, some scholars studied the optimal investment-reinsurance problem by
targeting the common interests of the two divisions (e.g., Wang et al. [17], Chen et al. [18], Li et al. [19],
Zhou et al. [20], etc.).

Nowadays, many large financial companies, in addition to insurance departments, also have
reinsurance departments, such as the American International Group, Starr Insurance and Reinsurance
Limited, China Reinsurance (Group) Company, Zurich Financial Services and so on. Therefore, it is
of great practical significance to study the investment-reinsurance optimization problem for a large
insurance company with both insurer and reinsurer sectors. Li et al. [19] studied the management of
an insurance company that includes both insurer and reinsurer sectors, with the aim of maximizing
the expected utility of the weighted sum of the terminal wealth of the two sectors. Zhou et al. [20]
and Huang et al. [21] researched robust optimal reinsurance and investment problems under different
objective functions for an ambiguity-averse manager (AAM) who holds shares of an insurance company
and a reinsurance company. Zhao et al. [22] studied time-consistent investment-reinsurance strategies
towards the joint interests of the insurer and the reinsurer.

However, most of the research on investment-reinsurance optimization is studied under the
continuous-time framework, the research in discrete-time is rare. Actually, the discrete-time setting
is more reasonable for decision makers because they will not trade continuously, otherwise it will
cause plenty of transaction costs. Brandt [23] also pointed out that the continuous-time strategies
are often inadmissible in discrete time because they may generate a negative wealth. Especially for
special institutional investors, such as insurers and reinsurers, their wealth values are more likely to
be negative, because in addition to investment risks, they also need to face random claim risk in the
future (see Zhou et al. [24]).

Therefore, compared with the optimal investment-reinsurance research in continuous time,
it is more appropriate and practical to study the optimal investment-reinsurance strategy under
the framework of discrete-time. Xiao et al. [25] first studied a generalized multi-period
investment-reinsurance optimization problem in discrete time, in which the insurer and reinsurer
were studied as two independent individuals. In view of the fact that many large financial institutions
include both insurance and reinsurance sectors, we investigate the optimal investment-reinsurance
optimization problem under the discrete-time framework when the reinsurer and insurer have common
interest objectives.

As we all know, mean-variance and expected utility preference are the most commonly used
optimization objectives in the research of investment-reinsurance optimization. The classical
mean-variance model was proposed by Markowitz [26], which measures the return and risk by
expectation and variance respectively. However, in the traditional expected utility theory, investment
risk cannot be directly quantified separately from returns. The strategies obtained under the
mean-variance model may be more popular with investors who prefer to quantify the investment
risk and return. But the classical mean-variance model only considers the terminal performance
and ignores the intermediate performance, which leads to a high probability of bankruptcy in the
early stage of investment (refer to Zhu et al. [27], Zhou et al. [28]). For more literature of portfolio
optimization considering intertemporal restrictions can be referred to Costa and Nabholz [29], Costa
and Araujo [30], Costa and de Oliveira [31], Cui et al. [32], Zhou et al. [28] and Xiao et al. [25], and so
on. Most of the above literature that considers the intertemporal restrictions generally directly believes
that the intertemporal restrictions will lead investors to avoid risks and adopt more conservative
investment strategies, but does not give the corresponding results in theory. In this paper, we
will theoretically study the effect of intertemporal restrictions on investment-reinsurance strategies.
Consider whether the intertemporal restrictions will make the decisions more aggressive or more
conservative? Under the discrete-time framework, we will construct the generalized multi-period
mean-variance investment-reinsurance optimization model with intertemporal restrictions and the
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common interests of the reinsurer and insurer, which can be regarded as two different departments of
a large financial company.

Note that the dynamic programming approach cannot be directly used to solve the multi-period
mean-variance optimization problems because the dynamic variance measure violates the time
consistency. Usually, there exist two approaches to this problem. The first approach (called the
embedding method) is proposed by Li and Ng [33], and the corresponding optimal strategy is called the
pre-commitment strategy (or time-inconsistent strategy) due to the future changes are not considered.
To overcome the time-inconsistency, Basak and Chabakauri [34] and Bjork and Murgoci [35] proposed
the second method, called as the game method, by which the time-consistent strategy can be obtained
for decision-makers. More precisely, the game method is to treat the mean-variance optimization
problem as a non-cooperative game, in which there is a separate player at every discrete time point.
The Nash equilibrium strategy obtained by this method satisfies the time consistency. Since then, based
on the game method, various multi-period mean-variance optimization problems have been studied,
such as Zhou et al. [28], Bjork and Murgoci [36] and Zhou et al. [37] and so on. In the paper, we will
apply the game method to deduce the Nash equilibrium investment-reinsurance strategies under the
generalized multi-period mean-variance investment-reinsurance optimization model.

Inspired by the above literature, in a discrete-time setting, we build a generalized multi-period
mean-variance investment-reinsurance optimization model with consideration of intertemporal
restrictions and the common interests of the reinsurer and insurer. Both the reinsurer and insurer
can invest their idle assets in a risky asset and a riskless asset. The insurer can transfer claim risk by
purchasing a proportional reinsurance contract from the reinsurer. The common goal of the insurer
and the reinsurer is to maximize the expectation of the weighted sum of their wealth processes
and minimize the corresponding variance by finding the Nash equilibrium investment-reinsurance
strategies. We use the game method provided by Bjork and Murgoci [35] to obtain the Nash equilibrium
investment-reinsurance strategies for the above optimization model, and deduce Nash equilibrium
strategies under the expected premium principle and variance premium principle, respectively.
In addition, we find out the Nash equilibrium investment-reinsurance strategies when unilateral
interest is considered. Furthermore, we study the effect of the intertemporal restrictions on the Nash
equilibrium strategies and perform corresponding numerical analyses to verify our theoretical results
and give some economic explanations.

Our paper differs from previous research in at least three respects. (i) We first build the
generalized multi-period mean-variance investment-reinsurance optimization model in discrete-time
framework for a large insurance company with both reinsurer and insurer sectors. We take the
weighted sum of the wealth processes of the insurer and reinsurer as their common optimization
objective. (ii) Under the framework of generalized multi-period mean-variance, we first deduce
Nash equilibrium investment-reinsurance strategies (which satisfy time consistency) rather than
the traditional pre-commitment strategy and obtain the equilibrium value function. (iii) We first
theoretically analyze the effect of intertemporal restrictions on Nash equilibrium strategies, and find
that it depends on the value of model parameters, which is different from the existing literature that
directly believes that the intertemporal restrictions can make investors avoid risks (e.g., [25,28], etc.).
In particular, we find that the effect of intertemporal restrictions on Nash equilibrium investment
strategies depends on the reduction speed of risk aversion parameters and the value of risk-free
benefits. When computing the reinsurance premium under the expected value premium principle, the
effect of intertemporal restrictions on Nash equilibrium reinsurance strategy depends not only on the
reduction speed of risk aversion parameters and the value of risk-free benefits but also on the weight
parameter. When computing the reinsurance premium under the variance value premium principle,
the effect of intertemporal restrictions on Nash equilibrium reinsurance strategy is related to a number
of other factors, in addition to those mentioned above.

The rest of the paper is constructed as follows. Section 2 formulates a generalized multi-period
mean-variance investment-reinsurance optimization model with consideration of intertemporal
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restrictions and the common objective. In Section 3, we obtain the Nash equilibrium strategies and
equilibrium value function by using the game method. Moreover, we deduce the Nash equilibrium
strategies in some special settings and discuss some properties of equilibrium strategies. Section 4
conducts some numerical examples to illustrate the effects of intertemporal restrictions on Nash
equilibrium strategies. Finally, Section 5 concludes the paper.

2. Model Setup

In this section, we consider a general insurance company with both insurer and reinsurer sectors.
Both the reinsurer and the insurer can invest their idle assets in the financial market. Meanwhile,
the insurer can purchase the reinsurance contract from the reinsurer to diversify its claim risk.

2.1. Financial Market and Wealth Processes Dynamics

Suppose that both the insurer and the reinsurer will join into the financial market at time 0 with
initial capital wtl) and w%, respectively. They can engage in investment activities and reinsurance
business during the time horizon [0, T], where T > 0 is a constant. Both the insurer and the reinsurer
can invest their idle assets in a risk-free asset and a risky asset, where the risk-free asset has determinate
return s; > 1. Note that we assume that the insurer and reinsurer focus on two different risk assets in
their investment, while the two risk assets with random return e} and e?, respectively. The amount
invested in the above two risk assets at the beginning of the t-th time period is denoted by u} and
u?, respectively. The remaining wealth (i.e.,, w} — u} and w? — u?) is invested in the risk-free asset.
In addition to investment activities, the insurer can also buy a proportional reinsurance contract from
the reinsurer to diversify its claim risk. The proportion of claims borne by the insurer at time £ is
recorded as q¢, and q¢ € [0,1],t =0,1,--- , T — 1. The reinsurer will cover the remaining (i.e., 1 — g¢)
at time f. For example, when facing policy-holder insurance claims z;, the insurer is only liable for
claim amount g;z;, and the rest of claim amount (1 — g;)z; is undertaken by the reinsurer. In the
meantime, the reinsurance contract stipulates that the insurer has to pay the given premium & (g;)
to the reinsurer from his/her own premium income c;, where c; is assumed to be a certain value.
Then, fort =0,1,--- ,T — 1, the dynamics of wealth for the insurer and the reinsurer are respectively
expressed as

wiyq = siwf + Pluf + ¢ — 8(qr) — qiz, )
and
Wiy = siwp + Pruf 4 61(q) — (1 — 1)z, )

where P! = e} —s;, P? =e¢

Analogue to the existing research, we give the following assumptions:

2
¥ — St

e Assumption 1. zg,z1, - - - , 27— are statistically independent.

e Assumption2. Fort =0,1,---,T—1,¢ = [e},ef]’, yi = E(Pti), (Tti = Var(Pti), 0; = Cov(P},Ptz),
jit = E(z¢), ¥ = E[(2¢)?] and &; = Var(z;), where i = 1,2.

e Assumption3.Y!_,(-) =0and Hi:k(') =1fork > 1l

2.2. Generalized Mean-Variance Model with Common Objective and Intertemporal Restrictions

Considering that both the insurer and the reinsurer belong to the same large insurance company,
they have a common interest goal, which is to achieve the maximum expectation of the weighted
sum of their wealth processes and minimum corresponding variance. Therefore, the interests of
both the insurer and the reinsurer should be considered when formulating investment-reinsurance
strategies. Supposing that the insurer and the reinsurer have the common optimization objective.
Based on the dynamic wealth processes (1) and (2), under the generalized mean-variance formulation,
the classical multi-period investment-reinsurance optimization problem with intertemporal restrictions
and common interests can be posed as follows
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max; i §t{E[¢xw} +(1- tx)w%] - ntVar[txw} +(1- oc)w%]}
=1

3)
s.t {wgﬂ = sywy + ¢t + Pluf —6i(q1) —quze, t=0,1,---,T—1;

w?,y = sywi + Pruf +6(q1) — (1 —qi)z, t=0,1,---,T—1

Note that w = (7o, 711, -+, r_1) and 71, = (ui,u%, gx),k = 0,1,---, T — 1. In addition, the
a is the weighting efficient which satisfies « € [0,1]. The optimal solution of the multi-period
mean-variance model (henceforth, the pre-commitment strategy) is time-inconsistent. In other words,
the pre-commitment strategy is not updated with the information accumulated over time. However,
the objective in a pragmatic decision changes over time. Refer to Bjork and Murgoci [35] and Basak

and Chabakauri [34], the time-varying mean-variance optimization objective function is given by

T
Je(wi wi, ) = ), E{Exlawy + (1 — a)wf] — i Vare[awy + (1 — a)wi]}. @
t=k+1

Definition 1. Given a fixed control law 7t = (fty, 711, -+ , fty—1). Fork =0,1,--- ,T — 1, denote
7T(k) = (T[kl ﬁk-‘rlr Tty ﬁT—l)l ﬁ(k) - (ﬁkl ﬁk-‘,—l/ Tty ﬁT—l)/

where iy = (u},u?,qy) is arbitrarily control variable. If for all k = 0,1,---,T — 1, the following
conditions hold

max Ji (wy, wi, 70(k)) = Ji(wy, wf, 7(K)).
Then, 7t is called the Nash equilibrium strategy for model (3) and the equilibrium value function is given by

Vk(w,%, w%) = ]k(w,i, w%, 7(k)).

According to Definition 1, we know that the Nash equilibrium strategy is time-consistent. Thus,
the Nash equilibrium strategy and the equilibrium value function can be called as the time-consistent
reinsurance-investment strategy and the optimal value function.

3. Nash Equilibrium Strategies and Equilibrium Value Function

Based on the definition of the Nash equilibrium strategies for k = 0,1, -- ,T — 1, we can find the
equilibrium value function Vk(wi, w%) satisfies the following proposition.

Proposition 1. The equilibrium value function Vi(w}, w?) satisfies the following recursive formula.

Vk(w}(,wi)
T
E.[V, 1 , 2 _ V. 1 , 2
— maxg, k[ k+1(wk+1 wk+1)] m:Zlirzgm’?m ark[fk+1,m(wk+1 wk+1)] ) ®)

81 Exlawogq + (1 — a)wp 4] = epama Vargawg o + (1 — a)wg ]
k=01,---,T—2,

and

Vo (wr_y,w_y) = max {CTET—l [} + (1= a)w] — EryrVarr_faw} + (1 - a)wf] } ;6
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where
1wl o, w? ), T >kTtk=01,---,T—1;
ol wp) = e ks e @)
awl + (1 —a)w?, T=kk=0,1,--- , T—1.
Proof. Please refer to Appendix A for the specific proof process. [
Based on Definition 1 and Proposition 1, we have the following theorem.
Theorem 1. If « € (0,1), Nash equilibrium investment-reinsurance strategies 7; = (ﬁ},ﬁ%, 4t),
t=0,1,---,T —1, for model (3) are shown as follows.
1,2 2 ! md
(niof — i) Zt; 1§m < It—llsl)
. =t+ =
u} = n T d -;171 s (8)
2ot~ @) &t (T )
m=t+1 i=t+1
2 1 1 T m—1
(Hioy — pi6h) —Zt;+1 Cm <‘It—[15i>
? = = )
201-a)(cto? ~ 002) % o (1 )
m=t+1 i=t+1
T m—1 _
© o (T 5) (0= 2001000 = o + (1= )1 = 1))
th _ argoinai(l m7t+]1“ i=t+1 o , (10)
T - 2t (T ) k- w0 07
m=t+1 i=t+1
and the equilibrium value function V;(w}, w?) and the function fi +(w},w?) are given by
Vi(w}, w?) 2 En (H sl> awt 4 (1 — a)w?] + xy, (11)
m=t+1
ff’[’(w}/ wt H Si “wt +(1- N)wt] + Yt (12)
i=t
where x; and <y ¢ satisfy the following equations.
T-1p T m—1 o . .
= XL { L nl( T1 si){ack — ficlads + (1= ) (1= 4] + (1 — 20)8(0)}
k=t “m=k+1 = i=k+1
m—1
+ 2 Hkﬂk9k+(ﬂk)20k] m ZkJrlcm(i*ll}HSi)
4[0kf7k (6:)?] a mt
Z Cmﬂm( H S)
m=k+ i=k+1
T-1p T . s
~Z [ & awmn(T1 )0 -0~ ) +adi], (13)
k=t “m=k+1 i=k+1
71 1
me= T [ T si)aci+ (1= 2003(@) = felodie+ (1= ) (1= 4]}
T m 1 -1
-I-Ti 22l 120+ (1220} m:)%Jrlgm(z k41 )( Izl Sl)
Z[Uk‘Tk (6¢)?] I m=1 ’
m:zk: 1grrﬂ]nz( H )

Proof. Please refer to Appendix B for the specific proof process. U
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From Theorem 1, we can find that the equilibrium investment strategies of the reinsurer and the
insurer are both dependent on the weight coefficient a. In addition, we can find that |1} | is a decrease
function of a, while |#?| is an increase function of a. That is, with the increase of the weight coefficient a,
the insurer will shrink the investment position, and the reinsurer will expand the investment position
at each period time t. The larger weight coefficient « means that the common optimization objective
function is more sensitive to the insurer’s decision. In this case, the insurer and reinsurer will reach
a consensus, that is, shrinking the investment position of risk asset 1 and expanding the investment
position of risk asset 2 simultaneously.

From Theorem 1, we can find that the insurer and the reinsurer not only concern the terminal
performance but also concern the intermediate performance of their portfolio. However, when they
only concern the performance of terminal wealth, we only need tolet {; =0fort =1,2,--- ,T —1and
¢t = 1. In this situation, the Nash equilibrium investment strategies are given in the following remark.

Remark 1. Ifa € (0,1),& =0fort =1,2,--- ,T —1, & = 1, the Nash equilibrium investment strategies
i} and 42 for model (3) are given by

HiOF — i

MA} — T—1 Vi (14)
2unrlofof — (6:)%] I si
i=t+1
) 2,1 _ 41
2 = He0y — Wbt — (15)
2(1 - a)yrlofof — ()] TI si
i=t+1

At present, most of the literature considering intertemporal restrictions directly believe that
intertemporal restrictions will lead investors to avoid risks and adopt more conservative investment
strategies (for example, Zhou et al. [28], Xiao et al. [25], etc.), but they do not give corresponding
theoretical results. Next, we theoretically analyze the impact of intertemporal restrictions on the Nash
equilibrium investment strategies. Consider whether the intertemporal restrictions will make the
investment strategy more aggressive to obtain more wealth or make the investment strategy more
conservative to avoid investment risk?

Refer to Zhu et al. [27], the number of investment bankruptcies in the early stage is larger than
that in the later stage. Therefore, a larger penalty should be set for the earlier intertemporal restrictions
in the mathematical formulation. In other words, the investors have a higher risk aversion coefficient
in the initial stage of investment. Thus, the risk aversion coefficient is set to be in exponential form in
this paper. That is, 7; = UTX(T_t), t=0,1,---,T —1,where x > 1 and #7 is a positive constant given
arbitrarily. Then, we can draw the following conclusions.

Corollary 1. Suppose that « € (0,1), st = s > land 5 = nTx(T’t), where x > 1, x # s2, t =
0,1,---,T —1, 5t is a positive constant. We have the following conclusions.

—s2 1—
o  When xT—tx_sSZ(Tff) > ST,,,l(ls_ST,t),for t=0,1,---,T —1, we have

A1 a1
|ut |with intertemporal restrictions > |ut |without intertemporal restrictionss (16)
~D n2
|ut |with intertemporal restrictions = |ut |without intertemporal restrictions- (17)
2
x—s — 1—s —
o  When po ey ST—z—1(1,ST—t)rf0” t=0,1,---,T —1, we have
i ctions = |0 aitout i (18)
t lwith intertemporal restrictions — |%¢ |without intertemporal restrictionss

~D n2
|ut |with intertemporal restrictions — |ut |without intertemporal restrictions: 19)
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2
x—s 1-s
o When == < g T(1o fort =0,1,---,T —1, we have
8 i ctions < |1 without i - 20)
t lwith intertemporal restrictions t lwithout intertemporal restrictionss
n2 n2
|ut |with intertemporal restrictions < |ut |without intertemporal restrictions: (21)

Proof. Please refer to Appendix C. [

From Corollary 1, we note that the Nash equilibrium investment strategies are not influenced
by the intertemporal restrictions when the reduction speed of risk aversion parameters and the

. . . _&2 2
return rate of the riskless asset meet the relationship ———% When ———57— >

_ 1—
T—t) — gI—t- 1(1 sT-6)
1-s

T AT Ty the intertemporal restrictions will stimulate investment. The insurer and the reinsurer

tend to take more investment risk in order to gain more wealth when the intertemporal restrictions

2 _ . - a1
are considered. When —— T sy < ST,t,ll(ls_sT,f), the intertemporal restrictions will discourage

investment. Investment strategles that consider the intertemporal restrictions are more conservative
than that without considering the intertemporal restrictions. In conclusion, when the risk aversion
coefficient is in exponential form, whether the intertemporal restrictions will make the investment
strategy more radical or more conservative depends on the reduction speed of risk aversion parameters
and the value of risk-free benefits.

Furthermore, we study some special cases of model (3). When we only consider the interest of the
insurer/reinsurer, that is, « = 1/a = 0, the Nash equilibrium investment-reinsurance strategies can be
deduced in a similar way.

Remark 2. If « = 1, ie., only the insurer’s interest is considered, model (3) degenerates into the
classical investment-reinsurance optimization problem. In this case, the Nash equilibrium strategies (11}, 4t),
t=0,1,---,T —1, are given by

m—1
RN
= —= = (22)
20} Z gmﬂm(n 5;2)
m=t+1 i=t+1

m 1 m 1
4¢ = arg max { - Z S ( TT si)lfuege + 6¢(qe)] — Z St ( TT s7)(q:)?0 } (23)

0=<g:<1 m=t+1 i=t+1 m=t+1 i=t+1
The equilibrium value function becomes
T m—1
Z (:m H S wt + K¢, (24)
m=t+1 i=t
and the function f; - (w}) is given by

fox(w}) stt+7t'ﬁ (25)
i=t
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where
T—1 T m—1 . .
Ke= ¥ [ Y Cm( II Si)(ck_‘sk(Qk)_Vka)}
k=t Ym=k+1 i=k+1
£ g (”ﬁl 1) T-1 T 1
T-1 (,1\2 " i — m—
+x U Y (0% 2 w11 $2),
k=t "% Gunu( I $2) k=t m=k+1 i=k+1 (26)
= i=k
“ ¢ o1) )
1 7-1 =1 (12 ¢ mi Si i Si
’)’t,T: Z |: ].—I Si(ck_ék(qk)_ﬂkq«k)} _|_ Z (Vk) 7k+1T =k+1 L k+1 )
k=t “i=k+1

207}
k=t k Z §m7]m< I1 5,2>
i—k+

Remark 3. Ifa = 0, i.e., only the reinsurer’s interest is considered, the Nash equilibrium strategies (112, §y),
t=0,1,---,T —1, are given by

T m—1
2 Z Cm( H Si)
2 ME o m=t+1 i=ttl 27)
=52 T m-1 7 (
X Cum( T s7)
m=t+1 i=t+1

—1

é]\t :arg maXx { Z ‘:m H [5t(qt) ,ut 1—qt 2 gmr/m H S U't 1_qt } (28)

=t+1 i=t+1 m=t+1 i=t+1

The equilibrium value function becomes

T m—1
Yo &w [ siwi+xe (29)
m=t+1 i=t
and the function f; - (w?) is given by
foo(w}) H SiwF + Vi1, (30)
i=t
where
T m—1
T—1 T m—1 o T-1 m72k+1§rni7121+19f
K= X ( Y Sm( IT si) [0 — (1 - )])+ y ! 4(, . o1
k=t “m=k+1 i=k+1 k=t k Y Cmym I1 S
m=k+1 i=k+1
T-1 T m—1
- (T Gum I1 s%frk<1—4k>2), (31)
k=t “m=k+1 i=k+1
E é (ml:lls)<'rl:lls>
-1 7—1 —1 = " i= i i i
Te= L I1 silde(@) — (1 —go) + x Ghp oo i/
k=t i=k+1 k=t k Y Cmtim H 5
m=k+1 i=k+1

As shown in Remarks 2 and 3, we can find that Vt(w}) and ftT(w}) only depend on w}, ie., the
insurer’s wealth at time ¢; the function V; (w%) and ftT(w%) only depend on w%, i.e., the reinsurer’s
wealth at time . This is because in both cases only unilateral interests are targeted.

Note that model (3) is an investment-reinsurance optimization problem with a generalized
premium calculated principle. Next, we will find the corresponding Nash equilibrium strategies under
two classical premium calculation criteria principle (i.e., the expected value premium principle and

variance value premium principle). The results are presented in Sections 3.1 and 3.2.
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3.1. Nash Equilibrium Investment-Reinsurance Strategies under the Expected Value Premium Principle

In this subsection, we assume that the reinsurance premium is computed under the following
expected value premium principle, i.e., fort =0,1,--- ,T -1,

or(qe) = (1 + Be) (1 — qe)fie, (32)

where B; > 0 is the reinsurer’s safety loading. Fort =0,1,--- ,T —1, let

£ (T s)
s
b 1—a n Bttt ey TR R i (33)
T 21 22— 1)& I 1
x gmﬂm( I1 Si)
m=t+1 i=t+1

Then, Nash equilibrium investment-reinsurance strategies shown in Theorem 1 can be reduced
as follows.

Corollary 2. Suppose that « € (0,1) and compute the reinsurance premium under the expected value premium
principle, the Nash equilibrium strategies {(4},4?,4;),t = 0,1,--- , T — 1} can be derived for model (3),
where ﬁ} and ﬁ% are consistent with (8) and (9) in Theorem 1, respectively; §; can be shown as follows:

0, lf ar < 0;

. a,, if 0<a;<71; 3, fora};

G = t f 2 (34)
1, if ar>1.

Vg € [0,1], for a = %

As shown in Corollary 2, the Nash equilibrium reinsurance strategy depends on the weight
coefficient « when computing the reinsurance premium under the expected value premium principle.
In addition, we can find that the reinsurance strategy can be taken as any value within [0, 1] when
a = 0.5. This cause is that the common wealth aw] + (1 — a)w? is independent with the weight
coefficient w if & = 0.5.

When the reinsurer and the insurer only concern the performance of terminal wealth, i.e., ; = 0,

t=1,2,---,T—1and ¢ = 1, a; can be reduce as

7170{ ,Bt,ﬂt 1

20 —1  2(2a —1)ypoy T-1
( )1T0 T s

i=t+1

ay = (35)

i

where t = 0,1,---,T — 1, and then the detailed Nash equilibrium strategies are given by the
following remark.

Remark 4. Ifa € (0,1),§ =0fort =1,2,--- , T —1,{r = 1, and compute the reinsurance premium under
the expected value premium principle, then the Nash equilibrium investment strategies it} and 017 for model (3)
are consistent with (14) and (15), respectively; the Nash equilibrium reinsurance strategy §; for model (3) can be
shown as follows.

0, lf ar < 0;

. a;, if 0<a;<71; 3, fora+3;

G = t f 2 (36)
1, if a>1

Vg € [0,1], for a = %
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Remark 4 shows that the insurer and the reinsurer only concern the performance of terminal
wealth, ignoring the intertemporal expectations and variances. Compared with Corollary 2 and
Remark 4, we note that the former strategy is related to the risk aversion coefficient in each period,
while the latter strategy only depends on the risk aversion coefficient at the terminal moment.

Furthermore, similar to Corollary 1, we want to study the effect of intertemporal restrictions
on equilibrium reinsurance strategy in the intermediate case when the risk aversion coefficient is
exponential and the reinsurance premium is computed under the expected value premium principle.

Corollary 3. Suppose that « € (0,1), sy = s > 1and 5y = npxT=1), where x > 1 and x # 2,
t =0,1,---,T =1, yr is a positive constant; the reinsurance premium is computed under the expected
value premium principle.

Ifa > 0.5and 0 < a; <1, we have the following conclusions.

—s2 1—
o  When fotx_:2<T—t) > = (1iST,t),for t=0,1,---,T — 1, we have

gt |with intertemporal restrictions = gt ‘without intertemporal restrictions. (37)
o  When xT—tx__sSZZ(T—t) = 7 11( - oL Jfort =0,1,---,T —1, we have

th |with intertemporal restrictions — qt ‘without intertemporal restrictions - (38)
o  When fo__sszint) < == 11( -~ ok Jfort =0,1,---,T —1, we have

[71‘ |wz’th intertemporal restrictions << qt ‘without intertemporal restrictions - (39)

Ifa < 0.5and 0 < a; <1, we have the following conclusions.

o  When fo::zZ;T#) > = 11( e ok Jfort =0,1,---,T —1, we have

[71‘ |with intertemporal restrictions << qt ‘without intertemporal restrictions - (40)
o  When T,"*Z(T t):sTtl(l STy ,fort=0,1,---,T —1, we have

Gt |with intertemporal restrictions — Gt ‘without intertemporal restrictions - (41)
o  When xT—tx;SZZ(T—t) < == 11( . fort =0,1,---,T —1, we have

Gt |with intertemporal restrictions > qt ‘without intertemporal restrictions * (42)

Corollary 3 indicates that when computing the reinsurance premium under the expected value
premium principle, the influence of intertemporal restrictions on the Nash equilibrium reinsurance
strategy is not only related to the reduction speed of risk aversion parameters (i.e., x) and the value of
risk-free benefits (i.e., s), but also related to the weight parameter (i.e., «).

Remark 5. Assume that the reinsurance premium is computed under the expected value premium principle.
When o takes the boundary point, model (3) degenerates into investment-reinsurance optimization problems
considering unilateral interest, i.e., the insurer’s interest is considered when o = 1; the reinsurer’s interest is
considered when o = 0. The optimal investment-reinsurance strategies in both cases are given by Table 1.
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Table 1. Optimal strategy when the expected value premium principle and unilateral interests are considered.

Cases Optimal Investment Strategy Optimal Reinsurance Strategy
1 T m—1 T m—1
. ul z{lgm(nlsi) puie i S LS
_ Al m=t+ i=t+ A tHt  m=t+ i=t+
a=1 up = Lz i 4t = 25, ~ 1 m—1 2/\1
200 L Eunn( 11 ) Y Gt 11 6
m=t+1 i=t41 m=t+1 i=t+1
m—1 T m—1
2 2 Zzlgm('lt_llsi) Bift ):r'lém'lz_llsi
ey m=t+ i=t+ A tht  m=t+ i=t+
a=0 ut = ﬁ T m—1 > qt =0V 1- 20} T m—1 ) A1
Y Cmnm( T1 si) Y Cwttm I1 s
m=t+1 i=t+1 m=t+1 i=t+1

From Remark 5, we can find that i1} and #? are consistent with (22) in Remark 2 and (27) in
Remark 3, respectively.

3.2. Nash Equilibrium Investment-Reinsurance Strategies under the Variance Value Premium Principle
In this subsection, we assume that the reinsurance premium is computed under the following

variance value premium principle, i.e., fort =0,1,--- ,T —1,

St(qr) = (1= qo)fie + B (1 — q¢) . (43)

Let

T m—=1
ady L Cmim ( I1 5,2)
m=t+1 i=t+1 (44)

{ Cm( mﬁl Si) '

T m—1 2
(20(71)5} > §n17]m< I1 S;‘)+/Sf17f
i=t+1 m=t+1 i=t+1

m=t+1

Corollary 4. Suppose that « € (0,1) and the reinsurance premium is computed under the variance value
premium principle, we can obtain the Nash equilibrium strategies (4},42,4;),t = 0,--- , T — 1, for model (3),
where i} and 017 are consistent with (8) and (9) in Theorem 1, respectively; §; can be shown as follows:

0, if ar<O0;
a, if 0<a;<1; ,foroc#-%;
1, if a>1.

Vg € [0,1], for a = %

(45)

=
—
Il

Comparing Corollary 2 and Corollary 4, we can find that the premium calculation principle does
not change the investment strategies, but only affects the reinsurance strategy.

Similarly, when they only concern the terminal wealth’s performance, that is, {; = 0 for
t=1,2,---,T—1and ¢r = 1, the results are as follows.

Remark 6. Ifa € (0,1),8 =0fort=1,2,--- ,T —1, {r = 1, and the reinsurance premium is computed
under the variance value premium principle, we can obtain the Nash equilibrium strategies {(ii},142,4;),
t=0,---,T — 1} for model (3), where ﬁ} and ﬁ% are consistent with (14) and (15) in Remark 1, respectively;
g can be shown as follows:

0, lf ar < 0;

. 4, if 0<a;<1; p,fora#3;

4i = ,f ) 2 (46)
1, if a>1

Vg € [0,1], for a = %
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-1
Betr—(1—a)yror T1 s
i=t+1

T-1
/5[17[‘%(20671)7’]'1"(7,5 H Si
i=t+1

Here, the parameter 4y is defined as i; = ,t=01,---,T—1.

Comparing with Corollary 4 and Remark 6, we note that the strategy considering intertemporal
restrictions is related to the risk aversion factors in the intermediate stage, while the strategy
only considering the terminal wealth performance is only related to the risk aversion factor at the
terminal stage.

Similar to Corollary 1 and Corollary 3, we want to study the effect of intertemporal restrictions
on equilibrium reinsurance strategy in the intermediate case when the risk aversion coefficient is
exponential and the reinsurance premium is computed under the variance value premium principle.

Corollary 5. Suppose « € (0,1), sy =s > land n; = nTx(T*t), where x > 1and x #s2,t=0,1,---,T —
1, yr is a positive constant; the reinsurance premium is computed under the variance value premium principle.
Fort=0,1,---,T—1,if0 < 4; <1, we have the following conclusions.

T—t-1 (1_5)[XT—t_52(T—t)]
s
.
When (2a—1)apyrsT =144 = (Zafl)&t;yT(lfs)[xT*tfsz(T*t)]Jr‘Bﬂ?t(1fsT*t)(xfsz)'we have
th |with intertemporal restrictions > qt ‘without intertemporal restrictions * (47)
T—t-1 (175)[XT—t752(T—t)]
o  When > — = we have
(2a—1)dmrsT -1+ B4 (2a—1)anr(1—s) [xT—t —s2(T-D]4Bs73 (1—sT 1) (x—s2)”
qt |with intertemporal restrictions — Gt ‘without intertemporal restrictions * (48)
T—t-1 (1_5)[XT—t_SZ(T—t)]
s
°
When Qa—1)apyrsT— 144y < (2:x71)[7t;7T(175)[xT*f752(T*t)]+,8t17t(175T*f)(xfsz)’we have
qu‘ |with intertemporal restrictions << qu‘ ‘without intertemporal restrictions - (49)

Remark 7. Assume the reinsurance premium is computed under the variance value premium principle. When «
takes the boundary point, model (3) degenerates into investment-reinsurance optimization problems considering
unilateral interest, i.e., the insurer’s interest is considered when o = 1; the reinsurer’s interest is considered
when « = 0. The optimal investment-reinsurance strategies in both cases are given by Table 2.

Table 2. Optimal strategy when the variance value premium principle and unilateral interests are considered.

Cases Optimal Investment Strategy Optimal Reinsurance Strategy
1 T m—1 T m—1 N
Wy e ) ( Y & TI Si)ﬂm
— 1 ﬁl — m=t+1 i=t+1 A, — m=t+1 i=t+1
& t T m—1 qt T m—1 T m—1
200 % (T 52) ( Y Gt TI sf)m( r & T si>ﬁm
m=t+1 i=t+1 m=t+1 i=t+1 m=t+1 i=t+1
T m—1
2 _ 1 ;Mém(;flllsl)
tx = 0 Mt = ﬁ . 17]);*;1 qt = 1
Z Cm’//m(;l:I Sz)

From Remark 7, we can find that i} and #? are consistent with (22) in Remark 2 and (27) in
Remark 3, respectively. That is, the way premiums are calculated does not affect the form of the
optimal investment strategy. Furthermore, it is worth noting that the optimal reinsurance strategy
must be between 0 and 1 if « = 1 and the optimal reinsurance strategy is always 1 if &« = 0. In other
words, when only the interest of the insurer is considered, the claim proportion borne by the insurer is
between 0 and 1; when only the interest of the reinsurer is considered, the reinsurer bears no claim risk
at all.
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4. Numerical Analysis

In this section, some numerical simulations are conducted to show the results presented in
Section 3. Given T = 100, w} = w3 = 1. Referring to the parameter setting in Li and Ng [33] and
Xiaoetal. [25], fort =0,1,---,T — 1, the model parameter values in this paper are given by Table 3.

Table 3. The model parameter values.

i e ot o? 0 Bt st
1.162 1.228 0.0146 0.0289 0.0145 0.8 1.09

The risk aversion coefficient is set to be in exponential form, #; = 57 * (T8 t+=0,1,---,T—1,
where x > 1 and #r = 1. Next, we will show the evolutions process of the Nash equilibrium strategies
under different settings, and we assume that &1, >, - - - , 1 have the following situations.

Case I in Table 4 indicates that decisions made by the reinsurer and the insurer will take all the
intertemporal restrictions into account. Case II in Table 4 means that the reinsurer and the insurer
only concern their terminal wealth’s performance. According to the parameter settings, we will
analyze the effect of the intertemporal restrictions on the Nash equilibrium strategies. Since the
premium principle does not affect the investment strategies, we will not repeatedly demonstrate the
influence of model parameters on the Nash equilibrium investment strategies under different premium
principles. However, the selection of premium principles will affect the formulation of a reinsurance
strategy, therefore it is necessary to discuss the effect of the premium principle on the Nash equilibrium
reinsurance strategies. The detailed simulations are shown in Sections 4.1 and 4.2.

Table 4. Parameter setting in two cases.

Case I &G=1t=1,2,---,T
Casell ¢;=0fort=1,2,---, T—1landir=1

4.1. Simulations of the Nash Equilibrium Investment Strategies

The evolution of the Nash equilibrium investment strategies will be discussed when the insurer
and the reinsurer have the common optimization objective. Using the parameter settings shown above,
we can deduce the Nash equilibrium investment strategies’ path. For details, see Figures 1-4.

[N

e The reinsurer’s investment strategy under Case |
The reinsurer’s investment strategy under Case I

e The insurer’s investment strategy under Case |
The insurer's investment strategy under Case Il

o
©

n
o

)
@
.

o
~
n

o
>

S o 9
@ x @
- »

o

o
S
o

o

The insurer’s time—consistent investment strategy
The reinsurer’s time-consistent investment strategy

o
o

o
N
S

20 40 60 80 100

(a) (b)

40

o

Figure 1. Nash equilibrium investment strategies for (a) the insurer and (b) the reinsurer (x = 0.2 and
x =12).

Figure 1 presents the evolution paths of the Nash equilibrium investment strategies when
x = 1.2 and the weight coefficient is « = 0.2. Figure 1a,b consider the effect of the intertemporal
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restrictions on the Nash equilibrium investment strategies (i.e., case I vs. case II). When x = 1.2,
s _$2 _ . . o . .
the condition xrf,jz(m) < ST,Hl(li sy In Corollary 1 is satisfied. By comparing the investment

strategies with and without intertemporal restrictions in Figure 1a,b, we can find that when the
investment decision-making process considers intertemporal restrictions, the investors will reduce
his/her investment position invested in the risk assessment (i.e., 1} and 7? will decrease) compared to
the investment strategy without intertemporal restrictions. This phenomenon is consistent with the
conclusions shown in Corollary 1. This means that intertemporal restrictions considerations will lead
to an increase in the amount of investment in the riskless asset (w} — 7} and w? — #1?), indicating that
investors will adopt conservative strategies to reduce the investment risk.

The reinsurer’s investment strategy under Case |
The reinsurer’s investment strategy under Case Il

m—— The insurer’s investment strategy under Case |
The insurer’s investment strategy under Case Il

4
©

o

)
n
o

o 9o
o N
N}

e o o
w s @
- o

o

»
o
o

The insurer’s time—consistent investment strategy
The reinsurer's time-consistent investment strategy

o

o

0 20 40

(a) (b)

o

20

Figure 2. Nash equilibrium investment strategies for (a) the insurer and (b) the reinsurer (x = 0.2 and
x = 1.01).

Figure 2 depicts the evolution paths of the Nash equilibrium investment strategies when
x = 1.01 and the weight coefficient is « = 0.2. The effect of intertemporal restrictions on the Nash
equilibrium investment strategies is considered in this simulation (i.e., cases I and II). When x = 1.01,
the condition ;‘:SSZZ(T_ 72 sT—f—ll(;i m in Corollary 1 is satisfied. As shown in Figure 2, when the

investment decision-making process considers intertemporal restrictions, investors will increase their
exposure to risky assets compared to the investment strategy without intertemporal restrictions,
which is consistent with the conclusions shown in Corollary 1. This means that the intertemporal
restrictions will encourage investors to adopt radical strategies to increase their wealth. Compared with
Figures 1 and 2, we note that the effect of intertemporal restrictions on the Nash equilibrium investment
strategies is related to the reduction speed of risk aversion parameters and the value of risk-free benefits.

0.25 12 T T T T ]
B The insurer’s investment strategy under Case | ‘ > = The re?nsurer:s ?nvestmem strategy under Case | '
% The insurer's investment strategy under Case Il 1 % The reinsurer’s investment strategy under Case Il
g = 10}
3 02f I Z
§ g
H @
£ 015 q =
€ 5]
2 % 6f
] 2
2 ]
s 3
° 1
T 0.1 1 @
2 E
£ = 4t
= »
o 5
® o
E 3
@ 0.05 4 2
£ § 2
o
:
0 Q Shloeoooooaoiaaeoomomoionoonl
0 20 40 60 80 100 0 20 40
t t
(a) (b)

Figure 3. Nash equilibrium investment strategies for (a) the insurer and (b) the reinsurer (x = 0.8 and
x =1.2).
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In Figures 1 and 2, we assume that the weight coefficient satisfies « < 0.5 (i.e., a = 0.2),
which means that the interest of the reinsurer is relatively important in consideration of the common
goal. Next, we want to test whether the above conclusions hold when the weight coefficient & > 0.5
(for example, & = 0.8 in Figures 3 and 4).

Comparing Figure 1 with Figure 3, Figure 2 with Figure 4, we find that the weight coefficient & can
not change the effect of intertemporal constraints on investment strategies. In other words, whether
the intertemporal restrictions will make the investment strategy more radical or more conservative
depends only on the reduction speed of risk aversion parameters and the value of risk-free benefits,
but not on the size of the weight parameter.

0.25 - - 12 - - -
- = The insurer’s investment strategy under Case | > e The reinsurer’s investment strategy under Case |
g The insurer’s investment strategy under Case Il 2 The reinsurer’s investment strategy under Case I
g = L
£ ool s 10
g i o
£ 015 =
5 g
2 % 6f
s -
3 0.051 2
£ s 2f
2 °
= S
0 o 0
0 20 0 20 40
t t
(a) (b)
Figure 4. Nash equilibrium investment strategies for (a) the insurer and (b) the reinsurer (x = 0.8 and
x = 1.01).

Moreover, in Figures 1-4, we note that the Nash equilibrium investment strategies are increasing
with respect to t. In other words, at the beginning of investment range, the insurer and the reinsurer
are relatively conservative in order to avoid bankruptcy; the later, the more money they invest in
risk assets. This phenomenon is because as time goes on, the insurer’s and reinsurer’s wealth keeps
accumulating and their risk aversion coefficient gradually decreases, so they have enough ability and
confidence to invest more funds in risky assets.

4.2. Simulations of the Nash Equilibrium Reinsurance Strategy

Next, we proceed to illustrate the evolution of the Nash equilibrium reinsurance strategy. On the
basis of the parameters given above, we deduce the corresponding path of the Nash equilibrium
reinsurance strategy. For details, see Figures 5-8.

121 The reinsurance strategy under Case | 1 121 The reinsurance strategy under Case |
The reinsurance strategy under Case Il The reinsurance strategy under Case Il
> >
F L e 4 8
s I
@ k]
@ «
8 o8l 1 8 o8t
g g
z 2
3 06 1 3 0.6
k=3 k=3
g 2
@ °
2 0.4f g 2 0.4}
S ]
3 3
o ¢
E B E
E 0.2 E 0.2
0 - 0 -
0 20 40 60 80 100 0 20 40 60 80 100
t t
(a)x=12 (b)x =1.01

Figure 5. Nash equilibrium reinsurance strategy under the expected value premium principle (« = 0.2).
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Under the expected value premium principle, Figure 5 shows the evolution of the Nash
equilibrium reinsurance strategy when o« < 0.5 (e.g., « = 0.2). As two different departments of
the same large insurance company, the insurer and the reinsurer have a common interest goal, but their
positions in the head office are different. « < 0.5 means that the interest of the reinsurer may be more
concerned than that of the insurer. Therefore, the reinsurer may not be willing to bear the risk of
claim, especially at the early stage. From Figure 5a, we can find that the reinsurer will not assume
any claim risk in the previous investment periods (i.e., g = 1 when t < 76 in case I and t < 65 in
case II), and the reinsurer will only undertake the part or all of claim risk with the approach of the
end of period (Note that (1 — g;) denotes the proportion of claim undertaken by reinsurer at time ¢,
wheret =0,1,---,T — 1). A similar analysis can be obtained from Figure 5b.

In addition, in the case of @ < 0.5, Figure 5a,b respectively describe the impacts of intertemporal
restrictions on the Nash equilibrium reinsurance strategy when the reduction speed of risk aversion
parameters takes different values. As shown in Figure 5a, we can find that the intertemporal restrictions
can cause the reinsurer to be more concerned about its performance in the various intermediate periods,
which will lead to longer time for the reinsurer not to bear the risk of claim (e.g., the reinsurance
strategy of case Iis g; = 1 when t < 76, while that of case Il is g; = 1 when t < 65, this indicates that the
reinsurer in the case I is less willing to take on the risk of claim compared to the reinsurer in the case II).

When x = 1.2, the condition o f‘::zzm 7 < ST_,_llai T in Corollary 3 is satisfied. That is, when the
reinsurance strategy is between 0 and 1, the intertemporal restrictions reduce the underwriting ratio of
the reinsurer, i.e., (1 — q¢) decreases. That is to say, intertemporal restrictions restrain the reinsurer’s
enthusiasm to bear claim risk in this case.

From Figure 5b, we can find that intertemporal restrictions have a completely opposite effect on
the Nash equilibrium reinsurance strategy. Intertemporal restrictions will make the reinsurer more
confident about its own wealth level in this case and therefore more willing to take on claim risk as
early as possible (e.g., the reinsurance strategy of case I is g; = 1 when t < 58, while that of case Il is
g =1 when t < 65, this indicates that the reinsurer in the case I is more willing to bear the claim risks

compared to the reinsurer in the case II). When x = 1.01, the condition xT*fx—_sﬁT*” > ST,Hl(;S_ T in
Corollary 3 is satisfied. That is, when the reinsurance strategy is between 0 and 1, the intertemporal
restrictions increase the underwriting ratio of the reinsurer, i.e., (1 — g;) increases. In other words,
intertemporal restrictions stimulate the reinsurer to bear the claim risk when x = 1.01 and & < 0.5.
In summary, when the reinsurer’s interest is more valued, the impact of intertemporal restrictions
on Nash equilibrium reinsurance strategy is related to the values of reduction speed of risk aversion
parameters and the value of risk-free benefits.

o
v

The reinsurance strategy under Case |
The reinsurance strategy under Case Il

The reinsurance strategy under Case |
The reinsurance strategy under Case Il p———

4
@
o
@

o
IS
o
>

o
o
S
N

Time—-consistent reinsurance strategy
o
>
Time-consistent reinsurance strategy
o
>

=)

=)

(@)x=12 (b)x =1.01
Figure 6. Nash equilibrium reinsurance strategy under the expected value premium principle (« = 0.8).

Figure 6 depicts the Nash equilibrium reinsurance strategy changes over time under expected
value premium principle when the insurer’s interest is more valued (i.e., « > 0.5. As an example,
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we take « = 0.8 here). Similar to the analysis in Figure 5, from Figure 6, we find the insurer might want
the reinsurer to assume more claim risks since the bankruptcy probability is higher in early stages of
investment. With the insurer’s wealth accumulating, the insurer gradually improves the retention
level g; of claim risk until it fully assumes all claim risk.

In addition, as shown in Figure 6a, we can find that, when the decision-making process does
not consider intertemporal restrictions, the insurer will increase the retention level g; after t = 65.
When the decision-making process considers intertemporal restrictions, the insurer will increase the
retention level g; after t = 76. When the reinsurance strategy falls between 0 and 1, the intertemporal
restrictions will reduce the insurer’s reservation level. In other words, the intertemporal restrictions
will aggravate the insurer’s degree of risk aversion and make the insurer more reluctant to bear
the claim risk prematurely when x = 1.2 and &« > 0.5. This is the opposite of the effect shown in
Figure 6a. From Figure 6b, we can find that, when the decision-making process considers intertemporal
restrictions, the insurer is more willing to assume a certain percentage or all of the claim risk as early
as possible. Furthermore, the intertemporal restrictions will increase the insurer’s reservation level
when the reinsurance strategy falls between 0 and 1. That is to say, intertemporal restrictions make
the insurer more willing to take the claim risk when x = 1.01 and & > 0.5. Combining Figure 6a,b,
we find when the reinsurance premium is computed under the expected value premium principle,
the effect of intertemporal restrictions on the Nash equilibrium reinsurance strategies depends not
only on the reduction speed of risk aversion parameters and the value of risk-free benefits, but also on
the weight parameter.

The reinsurance strategy under Case | The reinsurance strategy under Case |
The reinsurance strategy under Case Il The reinsurance strategy under Case Il
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o
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o
)
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=)
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=)

L L L L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
t t

(@x=12 (b)x =101
Figure 7. Nash equilibrium reinsurance strategy under the variance value premium principle (« = 0.2).

Figure 7 shows the Nash equilibrium reinsurance strategy changes over time under the variance
value premium principle in the case of reinsurer’s interest is more valued (i.e., « < 0.5. For example,
« = 0.2). From Figure 7, we can find that at the initial period, the reinsurer doesn’t want to take any the
claim risk (i.e.,, 1 — q; = 0), and with the reinsurer accumulated to a certain degree of wealth, he/she
has enough ability to take on all claim risks (i.e., 1 — g; = 1). As close to the end of investment, the
insurer also has some ability to take the claim risk, then the retention level of the insurer (i.e., ;) will
be increased from 0 to a higher level.

Figure 7a,b depict the impacts of intertemporal restrictions on Nash equilibrium reinsurance
strategy when x takes different values. As shown in Figure 7a, at the beginning of the period,
the intertemporal restrictions will cause the reinsurer to pay more attention to his/her performance,
which also lead to a longer time for the reinsurer to be unwilling to assume claim risk. At the end of
the investment, the reinsurance strategy is between 0 and 1, and the intertemporal restrictions will
increase the underwriting ratio of the reinsurer. From Figure 7b, at the beginning of the investment,
the intertemporal restrictions make the reinsurer more confident about its level of wealth and
therefore more willing to take on claim risk earlier. At the end of the investment, the reinsurance
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strategy is between 0 and 1, and the intertemporal restrictions will make the reinsurer reduce its
underwriting proportion.

0.8

The reinsurance strategy under Case |
0.6 The reinsurance strategy under Case Il

The reinsurance strategy under Case |

0.7
The reinsurance strategy under Case Il

0.6
0.5F

0.5
0.4
0.4
0.3
0.3
0.2
0.2

0.1 01l

Time—-consistent reinsurance strategy
Time—-consistent reinsurance strategy

L L L L L L L L
20 40 60 80 100 ‘o 20 40 60 80 100
t t

(@x=12 (b)x =101
Figure 8. Nash equilibrium reinsurance strategy under the variance value premium principle (« = 0.8).

Figure 8 depicts the Nash equilibrium reinsurance strategies change over time under the variance
value premium principle in the case of the insurer’s interest is more valued (i.e., « > 0.5. For example,
« = 0.8). From Figure 8, we can find that the insurer will pass all claim risk to the reinsurer since
the bankruptcy probability is higher in the early stages of investment. With the insurer’s wealth
accumulating, the insurer has enough ability to bear claim risk; therefore, the insurer will gradually
increase the retention level g;. As shown in Figure 8a, the reinsurance strategy in case I will be shifted
to the right by some units compared to that in case II. This illustrates the intertemporal restrictions
will cause the insurer to pay more attention to its performance, which will lead to a longer time for
the insurer to be unwilling to assume claim risk. When the reinsurance strategy is between 0 and 1,
the intertemporal restrictions would encourage the insurer to reduce its reservation proportion. That is
to say, the intertemporal restrictions can make the insurer more cautious about claim risk when « = 0.8
and x = 1.2. From Figure 8b, we can find that the intertemporal restrictions make the insurer more
confident about its level of wealth and more willing to take claims early (e.g., as shown in Figure 8a,
the reinsurance strategy in case I will be shifted to the left by some units compared to that in case II).
When the reinsurance strategy is between 0 and 1, the intertemporal restrictions would encourage the
insurer to increase its reservation proportion. In other words, the intertemporal restrictions will make
the insurer more willing to bear claim risks in this case.

5. Conclusions

In the paper, under the discrete-time framework, we construct a generalized multi-period
mean-variance model to study the investment-reinsurance optimization problem of the reinsurer
and the insurer, which can be regarded as two different departments of a general insurance company.
The reinsurer and the insurer have a common interest goal to maximize the expectation of the weighted
sum of their wealth processes and minimize corresponding variance. In addition, the intertemporal
restrictions are considered in our model. By using the game method, we deduce the Nash equilibrium
investment-reinsurance strategies for the generalized premium calculated principle, and derive the
Nash equilibrium investment-reinsurance strategies under two special premium calculated principles
(i.e., the expected value premium principle and the variance value premium principle). Furthermore,
we theoretically analyze the effect of the intertemporal restrictions on Nash equilibrium strategies and
perform corresponding numerical analyses to verify our theoretical results.

We find that the effect of the intertemporal restrictions on Nash equilibrium strategies is related
to the setting of model parameters. (i) The effect of intertemporal restrictions on Nash equilibrium
investment strategies depends on the reduction speed of risk aversion parameters and the value of
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risk-free benefits. (ii) When computing the reinsurance premium under the expected value premium
principle, the effect of intertemporal restrictions on the Nash equilibrium reinsurance strategy depends
not only on the reduction speed of risk aversion parameters and the value of risk-free benefits but
also on the weight parameter. (iii) When computing the reinsurance premium under the variance
value premium principle, the effect of intertemporal restrictions on the Nash equilibrium reinsurance
strategy depends on a number of other factors, in addition to those mentioned above.

However, the research in this paper has some limitations. For example, this article studies
equilibrium investment-reinsurance strategies under general or special reinsurance premium
calculation rules but does not involve the pricing of reinsurance premiums. With the method in
Chen and Shen [15], Chen and Shen [16] and Anthropelos and Boonen [38], how to find a reasonable
reinsurance premium calculation formula to maximize the benefits of both the insurer and reinsurer in
the discrete-time framework is an urgent problem to be studied. Furthermore, with reference to the
methods of Bensoussan et al. [9], Pun and Wong [10], Pun et al. [11], and so on, the study of the game
problem between two insurance companies in discrete-time framework is also a good expandable
study direction of this paper in the future.
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Appendix A. The Proof of Proposition 1

When k = T — 1, from the definition of ]k(wi, w%, 1), we have

Vioa(whog, w5 ) = max{&r[Er— (awh + (1 - a)wd) —yrVarr (aw} + (1 - 0)wh)]}

Therefore, Proposition 1 holds for k = T —1. Fork = 0,1,---,T -2, ]k(wllc/ w,%, 71) can be
expressed as

T
Je(wy, wi, ) = ; &l Ex(awf + (1 — a)wp) — niVarg(awy + (1 — a)wp)]
t=k+1
T
= Y &lE(aw; + (1 —&)wf) — g Varg(aw; + (1 — a)w})] (A1)
t=k+2

+Ckt1 [Ek("‘wllﬂ +(1- a)W%H) - ’7k+1Vﬂ7’k(“w11+1 +(1- D‘)wi—&-l)]‘
Based on the law of iterated expectations and the law of total variance, we obtain

Ex(awf + (1 — a)w}) = Ex[Egs (awy + (1 - a)wf)], (A2)

Vari(aw} + (1 — a)w?) = Ex[Varg, 1 (aw} + (1 — «)w?)] + Varg[Exq (aw; + (1 — a)w?)]. (A3)
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Then, ]| k(wi, w%, 7T) can be rewritten as

T
Jelwg, wi, ) = Eg { Y. GilExia(awy + (1= a)wf) — neVargy (awf + (1 - a)w%)]}
=k 2
d 1 2
- Z S Varg[Egiq (awy + (1 — a)wy)]
=k +2
+ 81 [Ex(awp g + (1 — @)wi, 1) — e Varg(awp 4 + (1 — a)wi, )], (A4)
T
= ExlJer1(wi, i, m)) — Y &mVarg[Exr (awp + (1 — a)wi)]
=k +2

+Ckit [Ex(awiq + (1= a)wi ) — i Varg(awg g + (1 - 0)wg ).

Let fkt(wk,wk) = Eylaw] + (1 — ) wi] |4 = Exlfisri (W), wi )] Addltlonally, due to the
fact that Vi (w}, w?) = max Ji(wh, w2, (k) = Jy(w}, w?, 7 (k)), then, fork =0,1,--- , T — 2, we have
k

Vi(w}, w?)
T
ExVir(wi, wi )] — L CemeVare[fipr s (wiy w7y )]
- H}Tix{ IV h+17 k41 s n fet1t k+17 Yk+1 (A5)
vt [Ex(awp g + (1= a)wi ) = e Varg(awg g + (1 - 0)wg )]
Hence, Proposition 1 is proved.

Appendix B. The Proof of Theorem 1
When t = T — 1, we obtain

Vi1 (wr_q, wF_q)

= max {gTET—l [aw} + (1 — a)w}] — EryrVarr_q [awh + (1 — “)w%]}

afrlstoawk_y +pk_qul 4+ v = 6r-1(9r-1) — gr-1fiT-1]
—  max +(1 = a)&rlstawd_y + ud_qud_y +6r-1(q7—1) — (1 — qr_1)fir—1]
T —Ernpriadol  (uh_ )2+ (1 —w)?02_ (u%_,)?

T-1 THT T-1\UT_1 T—1\¥11

+2a(1 — a)0r_qub_qud_; + [agr—1 + (1 —a) (1 —qr-1)]?07-1}

Then, we have

121 _ H%ﬂflo-%fl - V%*leT*l (A6)
T-17 5 1 2 _(p 21’
ﬂT“[UTq‘TTfl (07-1)?]
N V o7 Pl
”%—1* T—1"T-1 T1 (A7)

C2pr(1—a)[oh 02, — (GT—l)Z],

and

dr-1 =arg oA {(1 —2a)67-1(q7-1) — nrlagr_1 + (1 — a)(1 — gr_1)]%67_1
T-1

—firalagr-1+ (1 —a)(1—qr-1)] } (A8)
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Thus, the equilibrium value function Vr_4 (wlel, sz—l) can be rewritten as
Vr_q(wh_j,wk )
§TST711[M;%*271 + (21 _2"‘3“’%*11 + ‘;‘gTCTfl +¢r(1 —2a)6r-1(47-1)
éT[(P‘T71) ‘7T71+(F‘T71) ‘7T71*2VT711‘T719T71]
+ yrlor_q07_—(0r-1)?] (A9)
—&rfir—1(agr—1+ (1 —a)(1 — gr-1)] — Eryrlagr1 + (1 — a) (1 — dr_1)]*071
= Zrsofawl_y + (1—a)wd ;] +xr_q,
and
froir(wh_y,wg_q)
= S7_1 [txw%«_l + (1 — oc)sz_l] +act_1 + (1 — 20()5]“_1(!?7"_1) (A10)
(r_1)’0F 1+ (7 _1)0r =207 4454011 A _ o
+ 27]7"[‘7]1‘_1‘7%_17(91"—1)2] VT—l[D‘qT—l + (1 “)(1 qT—l)]/
= srqfawk [+ (1 —a)wd ||+ yr-171.
where
kr—1 = alrer—1 + (1 —2a)¢rér—1(47—1) — fir—18r[0dr—1 + (1 — a)(1 — 47-1)]
_|_CT[(P‘qu)2‘7%_1*‘(1421_1)2‘7%_1_ZP%'_11421_19T—1]
dyrlot_q05_;—(07-1)]
—&ryrladr_1 + (1 —a)(1 — dr_1))%07—_1, (A11)

xer 1+ (1 . 20()(5T—1(QAT71) + (V%"—l)2(772'—1+(”%—1)2‘771"—1_2V1F—1”%"—19T*1

YT-1,T = 2nyrlol 02 —(07-1)]

—fir—1[edr—1 + (1 —a)(1 —4r-1)]-

Then, Theorem 1 holds for t = T — 1. Suppose Theorem 1 holds for t = j+1,---,T — 2, then
when t = j, from the conclusion in Proposition 1, we have

EilVini(w],q, w? )] =

[
=
2

T
)y ) (:mﬂmvarj [fjJrl,m (wjl'+1r w]z+1)]
]

max
T

m=j+
+GjnEjlaw] g + (1= a)w? ] = Gy Varjlawy + (1 - a)w? ]

T m—1
m:Z];-l-Z o 1:1]11 si) Ej ["‘wjl'ﬂ +(1- “)wfzﬂ] K
T m—
- ¥ (fmﬂm( I1
m=j+2 i=j+
+EjrEjlawi + (1= a)w? ] = Gamja Varjlaw] y + (1 - a)w? ]

1
1512) Varjlaw] ; + (1 - a)w? ]

T m—1
o ¥ Cm( T1 si)[sjwj +pjuj +c;—6;(q)) — fijq)
m=j+1 i=j+1
T m—1
+(1—a) ¥ Gm( I1 si)lsjwr +piuz +06;(q;) — (1—g;)fi;]
m=j+1 i=j+1
T -1
— 8 G T D) {020 (1) + (1 — a)202(u2)?
m=j+1 i=j+1 7o I

+20(1 — a)fjuju? + ag; + (1 — ) (1= q;) 1257} + K141

(A12)
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Then, we have
1.0 ) T m—1
(njo? —ui0) L Sm( II si)

ui = Lo o I m-1 (A13)
2a(cjo? —07) % Emitm ( T1 s7)
m:]+] 1:]+1
T m—1
(o} —j) % En( T s)
"2 _ "= =
ek 12 g2y v ml o) o
21— a)(}o? = 02) L Guim( T1 ?)
m=j+1 i=j+1

Y TT s —20)5,(a5) — fylag; + (1 — )(1 — )]}

g; = arg Or<n:712<l m:j+% i=jtl 1 . (A15)
== L Cuttm( I1 s7)laq;+ (1—a)(1—q)]%5
m=j+1 i=j+1

Thus, the equilibrium value function V](w]l, wjz) can be rewritten as

T m—1 T -
iwha?) = ¥ an(TEs)lew! + (1wl + ¥ el T s+ (1—20)5,(9))}
m=j+1 i=j m=j+1 i=j+1
T -1
m:)%rlém(i:IjIA 51’)[(V})20}'2+(f‘]2)20}'1_2}‘]1}‘]2'9f] T m—1 .
+ T 1 +Kip1— L Cm( I si) (g
4)”:%“ i ( i:l]lls’z) o102~ (6;)?] m=j+1"  i=j+1 (A16)
T m—1
(=) =) — X Gmnm( TT s7)[ad;+ (1 —a)(1—§))]%0;
m=j+1 i=j+1
T m—1 1 5
= ¥ u(II s,-)[zij +(1- Dc)wj],
m=j+1 i=j
and
f]-,T(w},w]z) = Ej[fj+1,1'(w}+1/ wjz-i-l)}
-1 -1
= [aw} +(1- IX)ZUJZ] IT si + [acj + (1 —2a)6;(4;)] T1 1si
1=] =]+
T m—1 =1
+m:§+1 é"’(z‘:lgrls") (,-:11'11 si) [(V})ZUJ'2+(”/Z)2UJ'1 72”/1”]2%
T

2 % Gunn( TI 2) 0102~ (6] (A17)
m=j+1 i=j+1 1

-1
—lagi+ (1 —a) (1 —4))lit; HHSi +Yj41e
i=j

-1
= [(xw]l + (1 — oc)wjz] H S; + Vi
i=j
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where

Kji= K1t Z Cm(nH si) {oej + (1 =20);(d)) }

m=j+1 i=j+1
m;+1gm(i—'+1 i)[(}l})ZUJZHV]Z) o} =20} 1476;] T m—1
+ = T = 1 - Z Cm( H Sl‘)[DCq]' + (1 - D‘)(l - q})}ﬂ]
4 L G ( 1 s7)lo}o?~(6)?) m=j+1" =+l
m=j+1 i=j+1
T m—1
— L Zuttm( T1 sP)[agi+ (1—a)(1—4))]%, (A18)
m=j+1 i=j+1
Vit = Vit [KC]' + (1 - 20() (q])] H S; — [,u?] (1 _ “)(1 _ %)]V] H 5;
i=j+1 i=j+1
T m—1 —1
L on (1 ) (I ) )27+ 0) 20

m=j+1 i= ]+l

m—1
2 Z ém’?m( rglszz)[o}lo}zf(g])Z]

m=j+1 i=j

It also shows that

T-1; T m—1
= E| % on( TL sfecct (120000 - fladic+ (1= )1 = g0))]
=j m= i=
m—1
I e a2l oI %)
T m—1
k=j 4[Uk —(6)7] X ém”m( IT 512)
T T m=k+1 =k+1
-z { zkﬂsmnm( D+ (1-a)(1 — 301, (A19)
=j “m= i=k
T—1
Vjr = kZ'{Mk + (1 —2a)6 (qx) — fixlagr + (1 —a) (1 —gi)] } 1}1151
— i
T m—1 T—1
+ Z (P’k) (Vk) 9 zzﬂkﬂkek m Zk+l§m(i:11}+15i)(z‘:g+lsi)
m—1
k:] 2[0 (Qk)] 2 Z ém”m(.n 512)
m=k+1 i=k+1

Combining the above proofs, we have Theorem 1 holds for t = j. Based on mathematical
induction, Theorem 1 is proved.

Appendix C. The Proof of Corollary 1

When the riskless rate of return is constant and the risk aversion coefficient is in exponential form,
the Nash equilibrium investment strategies in Theorem 1 become

T
[uto? — 126y Eﬂgmsm*f*l
U = Salojo? - (te B ’ (A20
tYt t Y gmUTfomSZ(m—t—l)
m=t+1
T

0, Z é'msm—t—l
2 Vt t P‘t m=t+1
22 = : (A21)

2(1 —&)[Ut (Tt (9t) ] i 1§m17TxT—m52(m7t71)
m=t+

When considering the intertemporal restrictions, i.e., {; =1, =1,2,--- , T, from Equations (A20)
and (A21), we can get that

1(a-sH1 x — 2
20 (1 — s) nr [xT—t _ Sz(T—t)]’

ﬂ%vf — U6
‘7t ‘7t (6:)?

(A22)

A1 o
|ut |with intertemporal restrictions —
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1 (1-s"hH1 x —s?
21—a) (1—s) nr [xT—t — SZ(T*f)]'

piol — ui6:
opof — (6:)?

(A23)

~2 -
‘ut ‘with intertemporal restrictions —

When the intertemporal restrictions are not considered, ie., §; =0,t =1,2,--- , T —1,¢7 =1,

from Equations (A20) and (A21), we can get that

sT-1(1—sT-1)

1,2 2
|ﬁ}| ithout intert [ restrictions = Hi0i 10 L ! (A24)
without intertemporal restrictions — -1
P olo? — (6¢)2 | 20 npsT—t-1
2.1 .1
|ﬁ%|without intertemporal restrictions — ‘ult 0-5 ud O ! Tl 1 (A25)
ojof — (6r) ] 2(1 — &) yps™=1=
Then,
Al o TSNS I3 4 I . -
|th |w1th intertemporal restrictions |ut |wzthout intertemporal restrictions
_ | moi-pie | 1 {(1*ST_t) x—s2 | } (A26)
olo?—(0¢)2 | 20T (I=s) T i—s20-H]  sT-1 7
|ﬁ2| o L _|ﬁ2| ; ) -
t lwith intertemporal restrictions t lwithout intertemporal restrictions
_ | miot —pi6 1 (1—sT7H) x—g2 1 (A27)
U}”E—(Gf)z 2(1-a)yr (1-s) [xT—t—s2(T-1)) sT—t=1 [+
The condition (1" 1) x—s? — -1 > 0 is equivalent to the condition _x=s?_ >
(1=s) [xT-t—s2(T-0)]  sT—t-1 q YT—t _g2(T—)

e . Then, three cases in Corollary (1) are proved.

References

1.  Browne, S. Optimal Investment Policies for a Firm with a Random Risk Process: Exponential Utility and
Minimizing the Probability of Ruin. Math. Oper. Res. 1995, 20, 937-958. [CrossRef]

2. Schmidli, H. On minimizing the ruin probability by investment and reinsurance. Ann. Appl. Probab. 2002,
12, 890-907. [CrossRef]

3. Zeng, Y.; Li, Z. Optimal time-consistent investment and reinsurance policies for mean-variance insurers.
Insur. Math. Econ. 2011, 49, 145-154. [CrossRef]

4. Zhu, H.; Deng, C.; Yue, S.; Deng, Y. Optimal reinsurance and investment problem for an insurer with
counterparty risk. Insur. Math. Econ. 2015, 61, 242-254. [CrossRef]

5. Hu, D.; Wang, H. Time-consistent investment and reinsurance under relative performance concerns.
Commun. Stat. Theory Methods 2018, 47, 1693-1717. [CrossRef]

6. Deng, C; Bian, W.; Wu, B. Optimal reinsurance and investment problem with default risk and bounded
memory. Int. |. Control. 2019, 1-13. [CrossRef]

7.  Zeng, X. A stochastic differential reinsurance game. J. Appl. Probab. 2010, 47, 335-349. [CrossRef]

8. Li, D; Rong, X.; Zhao, H. Stochastic differential game formulation on the reinsurance and investment
problem. Int. ]. Control. 2015, 88, 1861-1877. [CrossRef]

9.  Bensoussan, A.; Siu, C.C.; Yam, S.C.P; Yang, H. A class of non-zero-sum stochastic differential investment
and reinsurance games. Automatica 2014, 50, 2025-2037. [CrossRef]

10. Pun, C.S.; Wong, H.Y. Robust non-zero-sum stochastic differential reinsurance game. Insur. Math. Econ.
2016, 68, 169-177. [CrossRef]

11.  Pun, C.S,; Siu, C.C.; Wong, H.Y. Non-zero-sum reinsurance games subject to ambiguous correlations.
Oper. Res. Lett. 2016, 44, 578-586. [CrossRef]

12. Pun, C.S. Robust Stochastic Control and High-Dimensional Statistics with Applications in Finance.
Ph.D. Thesis, The Chinese University of Hong Kong, Hong Kong, China, 2016.

13. Deng, C.; Zeng, X.; Zhu, H. Non-zero-sum stochastic differential reinsurance and investment games with
default risk. Eur. J. Oper. Res. 2018, 264, 1144-1158. [CrossRef]

14. Wang, N.; Zhang, N.; Jin, Z.; Qian, L. Robust non-zero-sum investment and reinsurance game with default

risk. Insur. Math. Econ. 2019, 84, 115-132. [CrossRef]


http://dx.doi.org/10.1287/moor.20.4.937
http://dx.doi.org/10.1214/aoap/1031863173
http://dx.doi.org/10.1016/j.insmatheco.2011.01.001
http://dx.doi.org/10.1016/j.insmatheco.2015.01.013
http://dx.doi.org/10.1080/03610926.2017.1324987
http://dx.doi.org/10.1080/00207179.2019.1573320
http://dx.doi.org/10.1239/jap/1276784895
http://dx.doi.org/10.1080/00207179.2015.1022797
http://dx.doi.org/10.1016/j.automatica.2014.05.033
http://dx.doi.org/10.1016/j.insmatheco.2016.02.007
http://dx.doi.org/10.1016/j.orl.2016.06.004
http://dx.doi.org/10.1016/j.ejor.2017.06.065
http://dx.doi.org/10.1016/j.insmatheco.2018.09.009

Mathematics 2020, 8, 139 26 of 26

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen, L.; Shen, Y. On a New Paradigm of Optimal Reinsurance: A Stochastic Stackelberg Differential Game
between an Insurer and a Reinsurer. ASTIN Bull. 2018, 48, 905-960. [CrossRef]

Chen, L.; Shen, Y. Stochastic Stackelberg differential reinsurance games under time-inconsistent
mean-variance framework. Insur. Math. Econ. 2019, 88, 120-137. [CrossRef]

Wang, Y.; Rong, X.; Zhao, H. Optimal investment strategies for an insurer and a reinsurer with a jump
diffusion risk process under the CEV model. J. Comput. Appl. Math. 2018, 328, 414-431. [CrossRef]

Chen, S.; Liu, Y.; Weng, C. Dynamic risk-sharing game and reinsurance contract design. Insur. Math. Econ.
2019, 86, 216-231. [CrossRef]

Li, D.; Rong, X.; Zhao, H. The optimal investment problem for an insurer and a reinsurer under the constant
elasticity of variance model. IMA |. Manag. Math. 2016, 27, 255-280. [CrossRef]

Zhou, J; Yang, X.; Huang, Y. Robust optimal investment and proportional reinsurance toward joint interests
of the insurer and the reinsurer. Commun. Stat. Theory Methods 2017, 46, 10733-10757. [CrossRef]

Huang, Y.; Ouyang Y.; Tang L.; Zhou, J. Robust optimal investment and reinsurance problem for the product
of the insurer’s and the reinsurer’s utilities. J. Comput. Appl. Math. 2018, 344, 532-552. [CrossRef]

Zhao, H.; Weng, C.; Shen, Y.; Zeng, Y. Time-consistent investment-reinsurance strategies towards joint
interests of the insurer and the reinsurer under CEV models. Sci. China Math. 2017, 60, 317-344. [CrossRef]
Brandt, M.W. Portfolio choice problems. In Handbook of Financial Econometrics: Tools and Techniques; Elsevier:
Amsterdam, The Netherlands, 2010; pp. 269-336.

Zhou, Z.; Ren, T,; Xiao, H.; Liu, W. Time-consistent investment and reinsurance strategies for insurers
under multi-period mean-variance formulation with generalized correlated returns. J. Manag. Sci. Eng.
2019, 4, 142-157. [CrossRef]

Xiao, H.; Ren, T.; Bai, Y.; Zhou, Z. Time-Consistent Investment-Reinsurance Strategies for the Insurer and
the Reinsurer under the Generalized Mean-Variance Criteria. Mathematics 2019, 7, 857. [CrossRef]
Markowitz, H. Portfolio selection. J. Financ. 1952, 7, 77-91.

Zhu, S.S.; Li, D.; Wang, S.Y. Risk control over bankruptcy in dynamic portfolio selection: A generalized
mean-variance formulation. IEEE Trans. Autom. Control 2004, 49, 447-457. [CrossRef]

Zhou, Z.; Xiao, H.; Yin, J.; Zeng, X.; Lin., L. Pre-commitment vs. time-consistent strategies for the generalized
multi-period portfolio optimization with stochastic cash flows. Insur. Math. Econ. 2016, 68, 187-202.
[CrossRef]

Costa, O.; Nabholz, R.D.B. Multiperiod mean-variance optimization with intertemporal restrictions. ]J.
Optim. Theory Appl. 2007, 134, 257. [CrossRef]

Costa, O.L.; Araujo, M.V. A generalized multi-period mean-variance portfolio optimization with Markov
switching parameters. Automatica 2008, 44, 2487-2497. [CrossRef]

Costa, O.L.; de Oliveira, A. Optimal mean-variance control for discrete-time linear systems with Markovian
jumps and multiplicative noises. Automatica 2012, 48, 304-315. [CrossRef]

Cui, X,; Li, X,; Li, D. Unified framework of mean-field formulations for optimal multi-period mean-variance
portfolio selection. IEEE Trans. Autom. Control 2014, 59, 1833-1844. [CrossRef]

Li, D.; Ng, W.L. Optimal dynamic portfolio selection: Multiperiod mean-variance formulation. Math. Financ.
2000, 10, 387-406. [CrossRef]

Basak, S.; Chabakauri, G. Dynamic mean-variance asset allocation. Rev. Financ. Stud. 2010, 23, 2970-3016.
[CrossRef]

Bjork, T.; Murgoci, A. A General Theory of Markovian Time Inconsistent Stochastic Control Problems.
Available online: http:/ /ssrn.com/abstract=1694759 (accessed on 10 December 2019).

Bjork, T.; Murgoci, A. A theory of Markovian time-inconsistent stochastic control in discrete time.
Financ. Stoch. 2014, 18, 545-592. [CrossRef]

Zhou, Z.; Zeng, X.; Xiao, H.; Ren, T.; Liu, W. Multiperiod portfolio optimization for asset-liability
management with quadratic transaction costs. J. Ind. Manag. Optim. 2019, 15, 1493-1515. [CrossRef]
Anthropelos, M.; Boonen, T.J. Nash Equilibria in Optimal Reinsurance Bargaining. Available online:
https:/ /arxiv.org/abs/1909.01739 (accessed on 9 December 2019).

® (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1017/asb.2018.3
http://dx.doi.org/10.1016/j.insmatheco.2019.06.006
http://dx.doi.org/10.1016/j.cam.2017.08.001
http://dx.doi.org/10.1016/j.insmatheco.2019.03.004
http://dx.doi.org/10.1093/imaman/dpu021
http://dx.doi.org/10.1080/03610926.2016.1242734
http://dx.doi.org/10.1016/j.cam.2018.05.060
http://dx.doi.org/10.1007/s11425-015-0542-7
http://dx.doi.org/10.1016/j.jmse.2019.05.003
http://dx.doi.org/10.3390/math7090857
http://dx.doi.org/10.1109/TAC.2004.824474
http://dx.doi.org/10.1016/j.insmatheco.2016.03.002
http://dx.doi.org/10.1007/s10957-007-9233-x
http://dx.doi.org/10.1016/j.automatica.2008.02.014
http://dx.doi.org/10.1016/j.automatica.2011.11.009
http://dx.doi.org/10.1109/TAC.2014.2311875
http://dx.doi.org/10.1111/1467-9965.00100
http://dx.doi.org/10.1093/rfs/hhq028
http://ssrn.com/abstract=1694759
http://dx.doi.org/10.1007/s00780-014-0234-y
http://dx.doi.org/10.3934/jimo.2018106
https://arxiv.org/abs/1909.01739
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Model Setup
	Financial Market and Wealth Processes Dynamics
	Generalized Mean-Variance Model with Common Objective and Intertemporal Restrictions

	Nash Equilibrium Strategies and Equilibrium Value Function
	Nash Equilibrium Investment-Reinsurance Strategies under the Expected Value Premium Principle
	Nash Equilibrium Investment-Reinsurance Strategies under the Variance Value Premium Principle

	Numerical Analysis
	Simulations of the Nash Equilibrium Investment Strategies
	Simulations of the Nash Equilibrium Reinsurance Strategy

	Conclusions
	The Proof of Proposition 1
	The Proof of Theorem 1
	The Proof of Corollary 1
	References

