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Abstract

We consider a robust optimal investment—reinsurance problem to minimize the goal-
reaching probability that the value of the wealth process reaches a low barrier before
a high goal for an ambiguity-averse insurer. The insurer invests its surplus in a con-
strained financial market, where the proportion of borrowed amount to the current wealth
level is no more than a given constant, and short-selling is prohibited. We assume that
the insurer purchases per-claim reinsurance to transfer its risk exposure to a reinsurer
whose premium is computed according to the mean—variance premium principle. Using
the stochastic control approach based on the Hamilton—-Jacobi—Bellman equation, we
derive robust optimal investment-reinsurance strategies and the corresponding value
functions. We conclude that the behavior of borrowing typically occurs with a lower
wealth level. Finally, numerical examples are given to illustrate our results.
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1. Introduction

As crucial components of the insurance business chain, investment and reinsurance play
indispensable roles in fostering the high-quality development of the insurance sector and ensur-
ing the security and stability of the national economy. In recent years, optimization problems
with various objectives subject to investment and/or reinsurance control have garnered sig-
nificant attention and emerged as a prominent topic in actuarial literature. Common objective
functions include ruin probability minimization, goal-reaching optimization, and expected util-
ity maximization, as well as the mean—variance criterion (see, e.g., [4, 5, 7, 8, 10, 15, 21, 22,
27] and references therein). In this paper, we study the optimal investment—reinsurance strategy
on a goal-reaching problem of an insurer in a dynamic setting.

Most of the existing literature on investment has not taken into account or incorporated
natural constraints. In the financial market, short-selling and borrowing constraints are two of
the main factors which make models more realistic. On one hand, countries such as China
impose restrictions on short-selling. If short-selling is allowed, investors may adopt high-risk
investment strategies to gain substantial profits, such as maliciously shorting stocks or other
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2 Y. HUANG AND J. PENG

assets, which could undermine market fairness and harm the interests of investors. On the other
hand, investors are not allowed to freely borrow without any limitations. If investors borrow
freely, they may take on excessive debt for investment, leading to an unsustainable debt burden.
Therefore, it is important to study the associated optimal control problems without short-selling
opportunities and different borrowing constraints. The problem of optimal investment and
reinsurance to minimize the probability of ruin under a limited leverage rate constraint was
discussed in [18]. Under a short-selling constraint, [3] studied the optimal excess-of-loss rein-
surance and investment problem with multiple risky assets. Three investment problems related
to survival, growth, and goal-reaching maximization were considered in [23] under borrowing
prohibition. More research on investment constraints can be found in [2, 24, 26] and references
therein.

Ambiguity was introduced as a form of uncertainty in [16]. It has been adopted and devel-
oped as a way of addressing model uncertainty in stochastic models of financial and insurance
markets for the investment—reinsurance problem. In reality, a decision-maker would construct
a reference model for probability measures based on data obtained from financial and insur-
ance markets. However, this reference model only approximates the true model and leads
to some inevitable biases. Therefore, in recent years some scholars have considered optimal
investment-reinsurance strategies under the framework of model uncertainty. For example, [1]
studied asset pricing problems in a stochastic continuous-time model setup by incorporating
the investor’s concerns about model misspecification; [20] investigated an optimal asset allo-
cation problem with ambiguity, and derived closed-form expressions of the optimal strategies
under so-called homothetic robustness; and [29] considered a reinsurance—investment opti-
mization problem with model uncertainty under the expected utility criterion and the survival
probability criterion. For further relevant studies, see [6, 9, 11, 19, 25] and so on.

In view of this situation, we consider ambiguity aversion in a two-sided exit objective of
minimizing the goal-reaching probability of the insurer’s wealth reaching a low level before
a high goal, which covers minimizing the ruin probability as a special case. In our model
set-up, the insurer can purchase per-loss reinsurance whose premium is computed according
to the mean—variance premium principle. We incorporate two investment constraints into the
insurance model: (i) short-selling is prohibited; (ii) the proportion of the borrowed amount to
the current wealth level cannot exceed a non-negative constant k > 0. By using the stochastic
dynamic programming approach and solving the associated Hamilton—Jacobi—-Bellman (HJB)
equation, we obtain a robust optimal investment-reinsurance strategy and the value functions
in explicit forms. Finally, we provide numerical examples to illustrate our results.

The rest of this paper is organized as follows. In Section 2, we describe the model and
problem formulation. In Section 3, we derive closed-form expressions for the robust optimal
strategies and the corresponding value functions. In Section 4, we present the optimal con-
trol strategies and value functions under two extreme cases. In Section 5, we show numerical
illustrations to analyze our results. In Section 6, we conclude this paper.

2. Model and problem formulation

In this section, we introduce the models and some basic assumptions. We assume that trad-
ing in the reinsurance and financial markets is continuous, without taxes or transaction costs,
and that all assets are infinitely divisible. Let (2, F, F = {F;};>0, P) be a filtered complete
probability space satisfying the usual conditions of completeness and right continuity, where
P is the real-world probability measure and JF; represents the information available until time
t. All stochastic processes given in the following are assumed to be adapted on this space.
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On penalized goal-reaching probability minimization 3

According to the classical Cramér—Lundberg model, the surplus process of the insurer U =
{U;}+>0 adapted to the filtration F can be described as dU; = cdt — d Zf\i 1 Yi, where ¢ > 0 is
the premium rate. {N;};>¢ is a homogeneous Poisson process with intensity A > 0 and, for each
t > 0, N; represents the total claims number at interval [0, 7]. The claim sizes {Y;,i=1, 2, ...}
are independent and identically distributed positive random variables following a common
distribution Fy(y) with finite first- and second-order moments.

Consider now an insurer using reinsurance to manage its risk exposure. Without reinsur-
ance, the insurer is fully responsible for all losses arising, Y;, i=1, 2, ... In the presence of
reinsurance, a portion of each arising loss ¥; will be ceded to the reinsurer. The precise cover-
age is dictated by the reinsurance policy /;(y) at time ¢ > 0 as a function of the (possible) claim
Y =y at that time. Thus, the reinsurer pays the insurer the amount y — /;(y) if there is a claim
of size y at time ¢ > 0. The reinsurance premium is computed according to the mean—variance
premium principle, i.e.

(I+OAEY — 1(Y)) + gAE((Y — L)), 2.1)

in which 6 and 7 are the non-negative risk-loading parameters. If & =0 then (2.1) reduces to
the variance premium principle; similarly, if = O then (2.1) reduces to the expected-value pre-
mium principle. Thus, the insurer’s surplus process Utl in the presence of reinsurance becomes

N,
du! = |:c — (1 +OAEY — I(Y)) — ng((Y - 1,(Y))2)} dr—d (Y.
=1

By [13], Utl can be approximated by the following diffusion processes IA]f
dU! = [QME(I,(Y)) + nAE(YI(Y)) — g)\]E(z,Z(Y)) — 5] dr+,/AE(2(Y)) dW,,

in which § = (1 + 0)AE(Y) + %nAE(Yz) — c and {W;}>0 is a standard Brownian motion.

Assumption 2.1. The insurer’s premium income rate is greater than the expected value of the
claims but less than the premium for full reinsurance, i.e.

AE(Y) < ¢ < (1 + O)AE(Y) + ng(YZ).

Apart from reinsurance, we impose investment and assume that the price process of the risky
asset satisfies a standard geometric Brownian motion, dPt1 = le [ df + o dB;], where u(>0)
is the appreciation rate, o (>0) is the volatility rate, and {B;};>0 is a standard Brownian motion,
independent of {W;};>0.

In this paper, we suppose that the insurer can invest a non-negative amount in a risk-free
asset that earns interest at the constant rate r. If the insurer borrows the money then it pays
interest at a higher rate 8 > r. Then, a risk-free asset has the dynamics dP? = f(P?) dt, in which
the Lipschitz continuous function f is expressed as

rP? if PO >0,

PY)=
D BPY if PO <0.

Here, we assume that 4 > 8 > r > 0. The case of 8 > > r > 0 can be reduced to the special
case with no-borrowing.
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Denote by 7; the fraction of the wealth invested in the risky asset by the insurer. We can see
that 0 < 7r; < 1 means investment without short-selling and borrowing; if 7r; > 1 then it means
that the insurer has to borrow money from the market and invests all the wealth in the risky
asset. We define the control strategy of the insurer as u; = (11, l;). Thus, the wealth process X}’
of the insurer is described as

1
dX;' = {f((1 = m)X}') — 8 + m X' i + OAE(Y)) + nAE(YI(Y)) — EnME(lf(Y))} dt

+oX!'mdB, + /AE(Z(Y)) dW,, (2.2)

Xy =x,

in which
r(]—ﬂ[)xu ]fT[tZl,
(1 =m)x) = o
Bl —m)X! ifm <1,

and x (>0) is the initial wealth of the insurer.

Definition 2.1. (Admissible strategy.) A control policy u; = (14, I;) is said to be admissible if:

(i) forall r> 0, 7r; and /; are F-progressively measurable;

@ii) for all >0, m; € (0, 1 +m] and I;(y) € [0, y] is a non-decreasing function with respect
toy;

(iii) for all (¢, x) € [0, +00) x R, (2.2) has a pathwise unique solution X}'.
Let U denote the set of all admissible strategies.

Let 7y :=inf{z|7>0, X <M} and ty:= inf{r|1>0, X} > N} be the first times the
insurer’s wealth respectively hits a specified ruin level M and a high goal N under the con-
trol policy u. The insurer aims at minimizing the probability that ruin happens before the high
goal N, i.e. Ty < Ty, in a robust sense. More precisely, they suspect that the drifts of the risky
asset and the surplus may be misspecified. Define 7% = 7y, A Ty as the first exit time of the
interval (M, N), and note that % = oo if 73 = Ty = 00. So instead of optimizing under the
reference measure PP, they consider a set 2 of candidate measures that are locally equivalent to
P, ie. 2:= {Q|Q ~ P}, and penalizes their deviation from P. To give the precise definition
of the set 2 of candidate measures, we first define ¢; = (¢1;, ¢2;), t > 0, as a so-called proba-
bility distortion process and let & denote the collection of ¢ satisfying the Novikov condition
EP[ exp { Ot %(qﬁ]zs + ¢§S) ds}] < 00. So, for each ¢, € ¥, a probability measure Q € 2 if

t t 1 1!
=eXp { / (bls st + f ¢2s dWs - 5 / (¢]23 + ¢%Y) ds}
7 0 0 0

By Girsanov’s theorem, the Brownian motions under Q € 2 are presented as

dQ

dP

dB? =dB, — ¢\, dr,
AW = AW, — ¢, dt,
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where {B(t@}[zo and {W,@},Zo are two QQ-Brownian motions and are mutually independent.
Therefore, we rewrite the wealth process X;* under the probability measure Q as follows:

dX¥ = {f((1 — 7)XY) — 8 + 7 X1 + OAEI(Y)) + nAE(YI(Y)) — AnAE(12(Y))

O X1+ JAE(Z (D)) por} di + o X dBP + (JAE(Z(Y)) AW, (2.3)

u __
Xo_x.

The relative entropy between Q and P up to time 7 is given by

dQ;
]E@( d(gt) EQ< /(¢15+¢2S) ) t < o0,

where Q; is the probability measure Q restricted to F; and P; is the probability measure P
restricted to F;. We define a performance function for any u € I/ and ¢ € ® as

u

J40(x) = (@x(r <y, i < oo) — é]EQ(% / (‘75%3 +¢%s) ds),
0

where Q*(-)=Q(- | Xjj =x) and € is the ambiguity-aversion coefficient for the insurer. The
robust value function is then defined as

V(x):= inf sup J“?(x). (2.4)
ueld ped

Note that if the value of the wealth is greater than or equal to x* = §/8, then the insurer can
buy full reinsurance via income from the risk-free asset, and therefore the wealth will never
drop below its current value. For this reason, we call x* the safe level. We generalize from this
case in the following remark.

Remark 2.1. As the wealth increases towards §/8, the optimal investment-reinsurance strat-
egy approaches up = (0, 0). It makes sense because when the value of the wealth increases, the
insurer invests only in the risk-free asset and transfers all the risk to the reinsurer; from (2.3),
the wealth process becomes an ordinary differential equation dX;° (rX"O — 8) dt, and thus
the wealth will never decrease, so ruin cannot happen. Indeed, on one hand, we have

“o

V(o= inf sup J"?(x) < sup J*(x) = sup {0 - 5 (z f r (#1, +93,) ds) } =0
0

uel ped ped ped
On the other hand, note that P € 2 with ¢g = (0, 0), so

V(x) = inf sup J*?(x) > 1nf J“%(x) = inf P*(t}) < 4, T < 00) > 0.
ueld ped ueld

Thus, we have V(x)=0 for any x>3§/8. As a consequence, we make the following
assumption.

Assumption 2.2. 0 <M <N <§/8.

Remark 2.2. There are two extreme cases. One case with € — 0 corresponds to the classical
non-robust model, also known as the reference model. As a result, the insurer is extremely
convinced that the reference model under the measure P is exactly the true model, i.e. the
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insurer is ambiguity neutral, and any deviation from the reference model will be penalized
infinitely heavily. The larger € is, the more confidence the insurer has on the alternative
measure Q. While in the case of € — 00, the insurer has no information about the true model
and all the alternative models are on an equal footing. The value functions and associated
optimal investment and retention strategies for the two extreme cases € — 0 and € — oo are
derived explicitly in Section 4.

Let C2[M, N] be the space of any function F(x) such that F' and its derivatives F), Fy, are
continuous on [M, N]. To solve the above robust problem, we use the dynamic programming
approach described in [12]. From standard arguments, we see that if V € C? then V satisfies
the following HJB equation for x € [M, N]:

inf sup{A“?V(x)} =0, (2.5)
ueld e

in which

ALV (x) = Vi(x) [f((l —m)x) — 8 + wxp + OAE(Y)) + nAEYI(Y)) — gAE(lz(Y))

1 1
+oxmd + ,/AE(IZ(Y))¢2:| + EVxx(x)[02x27t2 +AE(A()] - Z(qb% +¢3),
with the boundary conditions
VM) =1, V(N)=0. (2.6)
Obviously, the optimal control strategy u obtained through the dynamic programming

approach is time-independent.

Lemma 2.1. For an admissible control u; = (7;, I;) with a given constant € > 0 satisfying
azxzn,z + kE(ltz(Y)) >¢ for all t >0, we have Q*(t" <o0)=1 for Q € 2 and x € (M, N),
where T =Ty A Ty

Proof. Similar to the proof of [19, Lemma 3.1], so we omit it here. O

Theorem 2.1. (Verification theorem.) Suppose that the function F: [M,N]— [0, 1] is
bounded and continuous such that:

(i) FeC?isa non-increasing function and Fy(x) is bounded on (M, N);
(ii) F(x) solves the HIB equation (2.5) under the boundary conditions (2.6) and, with u* =
(t*, I*) and ¢p* = (q&]" ¢§‘), satisfies

AP F(x) = inf sup A“?F(x) = inf A“? F(x) = sup A" ?F(x);
ueld ped ueld ped

(iii) there exists ¢ >0 such that o>x>7*?(x) + AE(I*?(x, y)) > € for x € [M, N1, in which
parameter X is incorporated into the investment and reinsurance strategies to highlight
its dependency on this parameter;

(iv) ¢1(x) and ¢o2(x) are bounded for x € [M, N].
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Then F(x)=V(x) for x € [M, N], which means that F(x) is the robust value function
of the problem (2.4), u*(x)= (w*(x), I*(x, y)) is the robust optimal strategy, and ¢*(x)=
(@7 (x), ¢5(x)) is the optimal drift distortion.

Proof. Similar to the proof of [19, Theorem 3.1], so we omit it here. O

3. Explicit solution for the problem

In this section, we aim to derive the robust optimal reinsurance—investment strategy for the
problem in (2.4). The HJB equation in (2.5) becomes

inf sup { [f((l —70)x) — 8 + mxp + OAE(Y)) + nAR(YI(Y)) — gAE(lz(Y)) + oxm

uel ped
1 1
+ ,/AIE(IZ(Y))¢2] V@) + 3 [02x% 7% + AE(P(Y)) | Vir(x) — 7 (o7 + ¢§)} =0.
3.1)

The first-order conditions of ¢; and ¢, yield

d1(x, ) = eoxm Vy(x),
. (3.2)
P2(x, ) = €, /AE(P(Y)) Vi(x).

Plugging cﬁl and qAbg into (3.1), we have
ian{ {[f((l —1)x) — § + wxp + OAEWUY)) + nAEYI(Y))]Vi(x)
Uue
1 1
+ 5ozx%rz[vm(x) +eVim]+ EAE(IZ(Y))[VXX(JC) +eVi) — r]Vx(x)]} =0. (3.3)
By using the cumulative distribution function of Y, we define g(x, [, ) as
1 222 2
806 1, ) = [f((1 = 7)x) = & + wxplVao) + o x'm [Vic(x) + € Vi ()]

0 1
+ /0 {OA) + nayl(y)Vi(x) + Exlz(w[vxx(x) +eVE) — nVi)]} dFy ).
(3.4

According to the first-order optimality conditions, the minimizers of the function g(x, /, )
are obtained at

N _O+ny

l(-xvy)_ é;_(x) /\yv

Apen M 1

V4 ()C)— O_zx n_%_(x)v (35)
N el S

i ey

where £(x) = n — e Vi(x) — (Vir(x)/ Vi (x)). Equation (3.5) holds if &£(x) # n, and &(x) is well-
defined if V,(x) # 0. These will be proved in the following lemma.
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Lemma 3.1. The robust value function V(-)e C2[M, N] satisfies Vy(x) <0 and er(x) +
Vix(x) > 0 for x € [M, N].

Proof. Similar to the proof in [6], so we omit it here. O

From Lemma 3.1, it immediately follows that 77 (x) > 7##(x) > 0. Due to the constraint on
the investment strategy, we define the following regions:

I :={xe[M,N]|a"(x) <1},

Iyi= {xe[M,N]|#P(x)>1+m},

[3:= {xe[M,N]|1 <P <1+m},

[y:= {xe[M,N]|7Px) <1<a"(x).
Based on the above analysis, we have the following cases to deal with. To simplify our analysis,
we define the functions

o]

. 0/ _ 0 _
Fi&) =E@(¥) = / Fro)dy+ ! f Fr()dy. (3.6)
0 & Joje—n)

. 0/G—n) _ 1 [ _
HLE =EYIY)=2 / yFy(y)dy + — / 0 + 2ny)Fy(y) dy, (3.7
0 & Joje—n

. o/E—m 2y [0 .
£E=EC¥)=2 f yEy () dy + 1 / @ +mFyp)dy.  (3.8)
0 & Joye—n

where Fy(y) =1 — Fy(y).
In order to derive robust optimal reinsurance and investment strategies, we first prove the
following four lemmas, which are in one-to-one correspondence with the above four regions.

Lemma 3.2. For region Iy, let £ > n be the unique solution of

0/—n) B +00 £—p B
fo [1+E —nylFy(y)dy + / [1 + T(G + ny)}Fy(y) dy

0/(E—n)
! (u—r)
=— -0 39
A{”+C 202(77—5)} G2
Then the optimal investment strategy and retention level are
p—r 1 0 +ny
(T (), I (x, y)) = (— , A )
o2x n—&fx)" &)
and the optimal drift distortion is
n—r €Vix) 0+nY :
$700, 300) =  ~H=L e\/ME<<— A y) V).
(01, 93) o n—§@ 5@ )
The robust value function is equivalent to
1 y — [y Ef@ —ndz}d
V)=~ In |:e€ +a —ef)f"; exp | f’g{ ¢ @ —mdz} y}. (3.10)
€ o exp {= [ (@) —m dz} dy
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Moreover, we deduce that T'| = (xq, +oo) N[M, N], where x| satisfies

o =n+ . G.11)
XO

Proof. Note that in this case

Vi)

§R=n—eValr)— »

For x € I'1, the minimum point of the left-hand side of (3.3) is attained at (T*(x), I*(x,y)) =
(" (x), I(x, ¥)), in which 7"(x) and I(x, y) are defined in (3.5). Plugging these into (3.2) and
(3.4), we have

N N . w—r €Vix) 0+nY 2
(¢1(x)’¢2(x))‘(_ o n—é(x)’e\/m(( £ AY) )VX(X)>’

and g(x, &) = Vi(x)h1(x, &), where

_ 3 (e—r? 1
B §) = e =8+ OM1(§) + nfa(§) = A -

202 n—-¢&’
and we slightly abuse the notation of g by replacing its arguments (77, /) with &£. Obviously,

g(x, &) =0 is equal to hi(x, £) =0. Next, we wish to show that A;(x, £) =0 has a unique
solution at £ > n. To this end, we can obtain the following result from (3.6)—(3.8):

Jim =8+ 036) + mfa(6) - %Afa@ — rx+ ¢ — LE(Y),

Note that

2
— 1
m _M JE— +OO.
g—nt 202 n—¢§
Thus, based on the above two conditions, we obtain limg_”ﬁ hi(x, &) = 4+00. Also, we have
limg o0 1 (x, &) = rx — § < 0. By differentiating /1 (x, §) with respect to &, we obtain

dhi(x, &) 1 nw—r?* 1
TS - M) — e ——— <0,

3 2 200 (E—m)
and then A (x, £) is a strictly decreasing function in &. Thus, according to the analysis above,
it follows that 41 (x, £) has a unique zero at & > n, i.e. h(x, &) =0. Since &} is a function
of x, we take derivatives with respect to x and, simplifying the expression, we obtain

LA PPy TR il S SN
Gy 2 PG 207 G-

therefore, (¢ f (x)) > 0. There is no doubt that & 1* (x) is strictly increasing with respect to x.
7"(x) < 1 implies x > x|, where x| satisfies &(x) =7+ ((u — r)/xc?). Therefore, we have
't =[x}, +00) N [M, N].
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Under the optimal strategy (7 *(x), I*(x, y), ¢ (x), ¢5(x)), the corresponding HIB equation

becomes
(EF () — MVa(x) + €VE(X) + Via(x) = 0. (3.12)
To find the solution of the above equation, we make the transformation G(x) = e€ V™ Thus, we
have
In G(x) G(x) Gu(0)G(x) — (Gy(x))?
Vix)= , Vix) = , \% =
() c v (X) G () G2 )
Substituting the above equations into (3.12) and applying the boundary conditions in (2.6),
we have )
xx(X
=—(E) —n), (3.13)
G(v) ‘
G(M)=¢f, G(N)=1. (3.14)

Notice that Gy (x) = € V,(x)G(x) < 0, and (3.13) implies Gy(x) > 0. Solving (3.13) under the
boundary conditions (3.14), we obtain

Juexp {= [y 1@ —m dz} dy
Sy exp (= [y (65@ — m dz} dy

Consequently, we can obtain the expression for V(x) in (3.10). O

G(x)=e+ (1 —¢€°)

Lemma 3.3. For x € 'y, which is characterized in Remark 3.1, 5; (x) uniquely solves

6/(—n) _ +o0 £E—n _

/ [1+E—nylFy(y) dy + / [1 +—0+ ny)}Fy(y) dy
0 8/E—n) 3

o2 (1 +m)*(n — s>}

5 (3.15)

:%{c—%—ﬁx—i—(,u—ﬁ)x(l—}-m)vL

The corresponding optimal investment strategy and retention level are given by

(T (), P (x, y) = (1 +m, 9;7”; Ay>,

and the optimal drift distortion is

2
(qu(x), ¢)§(x)) = eox(1 +m)Vi(x), 6\/)»E<<0 —i_ n¥ A Y> )Vx(x) )
%_2 ()

Moreover, the robust value function V(x) is given in (3.10) with & (x) replaced by &3 (x).

Proof. For x € T, we have (7*(x), I*(x, y)) =1 +m, ?(x, y)) and

2
P (x), p5(x)) = | eox(1 + m)Vy(x), €,/ AE 0+n¥ AY ) JVix)].
( 1 2 ) é(x)

Following the same steps as in the proof of Lemma 3.2, we can obtain the results. t
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Lemma 3.4. For region I3, &5 > n is the unique solution of

+00 |: g_n

0/€—n) _ _
/O [1+E —nylFy(y)dy + [ 1+ T(O + ny)}Fy(y) dy

0/(E—n)
(u— By }
20%(n — &)
Then, the optimal investment strategy and retention level are
n—p 1 6 +ny
) wroN gk AY )
o°x =& &X

:%{ﬁx+c— (3.16)

(" (x), I"(x, y) = (

the optimal drift distortion is

o oy =B Vi) O+nr \?
(¢1(x),¢2(x))—< - UT?(X)’G\/ME((%AO )Vx(X)>,

and the robust value function V(x) is given in (3.10) with &3 (x) replaced by & (x). Moreover,

we deduce that I's = (xg , xg ) N [M, N], where xz’s and xg satisfy the following equations
respectively:
ooy n—pB
S3(x)_ T] + )CO'Z(l +m)’
(3.17)
n—p
& =n+ o2
Proof. For x € '3, we have (*(x), I*(x, y)) = (7 (x), 2(x, y)) and
u—pB eV(x) 0 +nY z
P, P3(0) = | —————, ¢/ AE AY) Vi) ).
(910, ¢309) o n—E® 5(0) )
Again, the results can be derived in the same way as in the proof of Lemma 3.2. 0

Lemma 3.5. For x € I's, which is characterized in Remark 3.1, £} (x) > n uniquely solves

6/(5—n) . +o0 E—p )

f [1+E —nylFy(y)dy + / [1 +—0+ ny)}Fy(y) dy
0 0/E—n) §

o2x*(n — &) }

> (3.18)

1
—X{,ux—i—c—i—

The corresponding optimal investment strategy and retention level are given by

- o, Oty
(7T (-x)vl (xay))_<17 ij(x) /\)7)»

and the optimal drift distortion is

2
(q&f(x), ¢;(x)) = | eoxVy(x), e\/AIE<<6 1— n¥ A Y) )Vx(x) .
%-4 (x)

Moreover, the robust value function V(x) is given in (3.10) with &} (x) replaced by &] (x).
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Proof. For x € 'y, we have [*(x, y) = 2(x, y) and ¢*(x) = qg(x) = (<]31(x), (]32(x)). Substituting
these into the HIB equation (2.5), we have infr ¢, 1-4m] A" Loy(x)=0. Referring to the idea
in [18, Lemma 3.5], we can prove that 7*(x) = 1 by contradiction. Suppose that the minimum
on the left-hand side of the HIB equation is attained at the minimizer 7 *(x) > 1. Thus, by
differentiation we have

dATLOV (x)

= 07
o

T=m*

and 7*(x) = 7P (x), so ##(x) > 1, which contradicts the definition of I'y. We can prove that
m*(x) < 1 is impossible by using the same method. Hence, the optimal investment strategy
is obtained at the point of 1. Then, the results can be derived by the same analysis as in
Lemma 3.2. t

Remark 3.1. Because &; (x) is strictly increasing with respect to x, and the equalities &5 (x’;} ) =
&y (xé3 ) and &;(x]) =&/ (x]) hold, we have x‘;} <xj. As a consequence, we find that I'; =

(0, xg ]N[M,N] and Ty = [xf ,x]]N[M, N]. Note that if the wealth level is above x|, the
insurer chooses to invest in the risk-free asset. The insurer chooses to borrow money when the
wealth level is no more than xg and the leverage ratio has the maximum value 1 + m. Once
the wealth level falls below xg , the leverage ratio maintains the high level 1 + m. Thus, we call

x1, xg and xg the saving level, the high leverage level, and the borrowing level, respectively.

Based on the results in Lemmas 3.2-3.5, we summarize the optimal strategies in
Theorem 3.1.

Theorem 3.1. Let £ (x), x], 5 (x), £ (), xg, x3ﬂ, and £} (x) be as defined in (3.9), (3.11), (3.15),
(3.16), (3.17), and (3.18). The robust value function solution V(x) is

Srexp {— fiy €*@ —n) dz) dy:|
N exp (= [ =@ —mdz}dy |

V(x) = é In |:ee 4+ (1 —¢)

where £*(x) is defined in following form:
g, xe(0,5]n[m, N,
g, xe(d, £)nm, Ny,

£ (0= (3.19)
g1, xe[d, ]nM, N,
EF(x), xe(x}, +o0)N[M,N].

The corresponding optimal investment strategy and retention levels are given by
0 +ny ) 8
14+ m, AY ], xe(0,x5 |N[M, N]
(1+m (0]
— 1 0
_ N«ozxﬁ . gj(;?)y A y), ve ()N N,
TS (3.20)

(T (), I (x, y) =
<1’9+nyAy ,
&5 (x) | ,
n—r +ny .
<_ o -5 H® ”)’ x€ (3], +00) N M. N]
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The optimal drift distortions are as follows:

6”(1+m>Vx(x%6J (( . )>V(x)), xe (0.4 ]nm Ny
2
B Vi) war\
M — €Vx(x n
- T]—E;(X)’GJA (( /\Y) )Vx(x)), xe(xg xf)ﬂ[M,N],
coxVa(x), eJ AE((QE;”) ) xe [ ] nm N,
Vi(@) o1y \
m—r €Vy(x n .
I (T O R o

Remark 3.2. From (3.20), we observe that the optimal investment strategy depends only on
the value of the wealth x. Furthermore, it is shown that the borrowing constraint is violated
when the wealth process decreases to the lower level. In fact, only when the wealth condition
keeps deteriorating does the investor choose to gamble on the risky asset in order to avoid
the appearance of ruin. When the value of the wealth is close to the upper level, the investor
becomes cautious and invests less in the risky asset.

(#7000, #300) =

Remark 3.3. All the results in Theorem 3.1 are based on the assumption of i > 8 > r > 0. If
B > > r> 0, we can see that 77 will never be the optimal investment strategy since 7% < 0.
Under this assumption, the optimal investment strategy 7" is either less than or equal to 1,
which means that there is no need to borrow money, and thus the optimal results are identical
to that in the case without borrowing costs.

Corollary 3.1. Because £f >n, i=1,2,3,4, I*(x,y) in (3.20) and y —1I"(x,y) are non-
decreasing functions of y.

Remark 3.4. Corollary 3.1 implies that [*(x, Y) and Y — [*(x, Y) are comonotonic random
variables. The fact that both [*(x, y) and y — I*(x, y) are non-decreasing with respect to y helps
prevent moral hazard. Indeed, if I*(x, y) were decreasing with respect to y, then the insurer
would have an incentive to create additional loss to thereby reduce its retention. Similarly, if
y — I*(x, y) were decreasing with respect to y, then the insurer would have an incentive to hide
a portion of its loss to thereby increase its reimbursement or indemnity. A similar conclusion
was also reached in [14, 17].

Remark 3.5. Note that ¢} (x) and @5 (x) are finite. Taking x| < M in Theorem 3.1 as an exam-
ple, indeed, the integrand in the expression for |, A); exp {— /i /& Ef@—mn dz} dy is bounded
above by 1 since &{(x) > n; thus,

N y
/ ew{—/ (él*(z)—n)dz}dygN—M<oo.
M

M
Since & f (x) is an increasing function with respect to x, it is not difficult to obtain that & 1*(M )<
&' (x) <& (N) for x € [M, N]. According to the analysis above, it follows that
w—r 1—e€ 1—ef
x < L W) = AB(Y) o
o (M) —n) (1 +e )N —M) (I +e )N -M)

P <
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for 0 < € < 00. So, we set

__ - {j‘;’ AE(Yz)},
(I+e )N -M) o(§; (M) —n)

and then ¢} (x) < C and ¢ (x) < C. The other cases are obtained similarly

Corollary 3.2. If 6 =0, the robust optimal reinsurance strategy of (3.20) reduces to pro-
portional reinsurance and falls into the interval [0, 1], and then the robust optimal control
strategies take the following forms:

(1+m ) xe (0, #]nM, N,
52(35)
w—p 1 U ) B B
(— 3 ~ xe(xz,x3) M, N],
(7_[>I<(x)7 l*(x, y)) — an '%-3 (-x) §3 (-x) IB
l,A—y>, xe[f, ¥ ]nm, N,
("5t %, %]
w—r 1 n ) .
- = , = v)], xe(x},+o0)N[M, N],
( o2x n—Ef@) £ (8. o)

where él*, 52*, é,%*, and éjf are given by

(@ — rom + APPE(Y?) + (1 = 1*/207) + =y

ST = 28 — rx)
. Bx—8+ (u— ﬁ)x(1+m)+2n02x2(1+m)2+f
éz(x)— o2 2(1+m)2
Brr) = (6 — Bom + SAPE(Y?) + (u — B)*/20%) + J_
3 2(8 — Bx)
o -5 +xpu+ 5 azxzn—i-\/_
§ )= "

and 7, 5(2’3, and )?/33 are the same forms as in (3.11) and (3.17), in which

2 o2
— (8 - rx)ni| + 2(8 — ) (M ) ,

A [FPEX?) +w—r)z
1= 2 202

Dy =[Bx—8+ (1 — B)x(1 +m) + Ino2x(1 +m)2] + 0233 (1 + m)?An*E(Y?),

2 2 2
=[ (“2 b —(3—/3x)n] +26 - pon =L
Ay = (=8 +xp+L1o? n)2+02x2kn2]E(Y2),

and § = \E(Y) + 1naE(¥?) —
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Corollary 3.3. If n =0, the optimal reinsurance strategy of (3.20) reduces to excess-of-loss
reinsurance. Hence, the robust optimal investment—reinsurance strategy is

(1+m 55 ) g
14+m, = Ay, xe(O,xZ]ﬁ[M,N],
&5 (x)

T & nm, N
<"2x §§“(x)’§3*(x)Ay>’ x€ (¥, 33) N M, N],

0 B ~
1, = /\y), xel|x;, x| N[M, N]
(" 56 [%.5%]

(“;r~1 2 /\y), xe (¥, +00) N [M, NI,
o°x Ef () ()

(T (x), I*(x, y) =

where 5;"()6), éz*(x), 53*()6), and éj‘(x) satisfy

" ; s w=rp?
Y e
9/0 (1—%>Fy(y)dy—k S }
o/ ) {f. Y.
9/0 <1——92>Fy(y)dy=X S—ﬂx—(u—ﬂ)x(lq_m).kwy
" ; s o (w=p?
Y e
A G e |
o Y \z 1= o2x32¢
9/0 <1—%>FY@)®=X 8§ —px+ 5 },

and X1, )?2’3 andfcg3 take the same forms as in (3.11) and (3.17), in which §=M1+EWY) —c.

4. Two extreme cases

In this section, we compute V(x) in the two extreme cases € — 0 and € — oo. In the first
case, we know that the corresponding results reduce to those in the benchmark case without
model ambiguity. In the second case, the insurer has less faith in the reference model and a
sequence of alternative measures can be selected.

Let Vj(x) denote the non-robust (¢ — 0) value function. In the benchmark case, the wealth
process evolves by (2.2) and the value function is described by

Vo(x) := 125[?”‘(1,"2 <ty, T < oo) 4.1)
u

Letting € — 0 in Theorem 3.1, we have the following theorem.

Theorem 4.1. Let £*(x) be as given in (3.19). For x € [M, N], the ambiguity-neutral value
function is expressed as follows:

Sexp = Jy 6" @ —n)dz} dy

Vox)=1— )
Sy exp {= [y (%) — m)de} dy
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The corresponding optimal investment strategy and retention level are given by

6 +ny
<1+m, 50 /\y), xe (0,4]nm, NI,

_N_Ig 1 0+ ny 5 B
< o2x n—&® X Ay)’ x € (xy, x3) N M, NI,

0 +ny )
<1’ 5 (%) ”)’ xe [ ] nm, N,

(T (x), I*(x, ) =

< nw—r 1 0 +ny )
) x| £ AY )
o°x n—§W &

Remark 4.1. From Theorems 3.1 and 4.1, we obtain that the robust optimal control strategies
are independent of the parameter €, and coincide with that in the benchmark case without
model ambiguity. Such independence is totally different from the results in the utility and
mean—variance frameworks. A similar conclusion was also reached in [6, 19]. One explanation
of this is that the parameter € gets cancelled by the exponential transformation method, which
is an unexpected coincidence. However, the value functions and the selection of the optimal
equivalent probability measure QQ indeed have a bearing under model ambiguity.

x € (x], +00) N [M, N].

Remark 4.2. If M =0 and N — 400, the goal-reaching probability minimization problem
degenerates to minimize the ruin probability for the fix level 0, and the corresponding opti-
mal results can be derived directly. In addition, we conclude that the optimal control strategy is
identical to that when minimizing the probability of ruin. For example, the optimal reinsurance
policy is the same as the one obtained in [17] when the insurer does not invest in the financial
market. Besides controlling for reinsurance, [28] also controlled investment in a risky financial
market, and the same conclusion can be reached. It follows from the results of [10, Remark
3.4] that the insurer can minimize the probability in (4.1) with € — 0 by choosing the control
policy that pointwise minimizes the ratio of the drift of the value process in (2.2) to its volatil-
ity squared. The same control strategy will minimize the expectation of any function that is
non-increasing with respect to the minimum portfolio value. Indeed, the differential equation
would remain the same; the only change would come in the various boundary conditions.

Let Voo(x) denote the value function in the case € — oco. Under this case, the insurer
becomes most ambiguity averse towards the model uncertainty. Then, the value function can
be given as follows:

Voo(x) :=inf sup Q*(rj; < 7y, T" < 00).
uel ped
It follows that the penalty term completely disappears. Letting € — oo in (2.4), we have the
following proposition.

Proposition 4.1. For any x € [M, N], the value function in the most robust case is given by
Voo(®) = lime 50 V(x) = 1.

Proof. The disappearance of the penalty term will result in the drift coefficients ¢ and ¢, in
(2.3) derived from Girsanov’s theorem being positive or negative, and the previous constraints
on ¢ and ¢ become meaningless. It makes sense that if ¢ is negative, the investment term
coefficient is negative in (2.3), i.e. the investment does not reach the income target but makes
the wealth value less. Similarly, when ¢ is negative, improper reinsurance strategies can also
cause wealth losses. Therefore, the optimal investment strategy is not to invest at all, while
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the optimal reinsurance retention level is 0, which means transferring all risks, i.e. ug = (0, 0).
Furthermore, the wealth process becomes dX“0(¢) = (rX“0 () — §) dt. It is not difficult to derive
through simple calculation that

"o w 1 rN —§

T, = — In Ty = —In
M r =38 N r rx—294

for x € [M, N]. Then, for all Q € 2, we have QX(TM < 'L’N , T"0 < 00) = 1. Thus, for all x €
[M, N1, Voo(x) = 1. O

Remark 4.3. Note that P € 2 with ¢9 = (0, 0). From (2.4), we have

Vo(x) = 1nf J490(x) < 1nf sup J“P(x) = V(x) < 1 = Voo (x).
ueld ped

This relation is naturally expected since V' is non-decreasing with respect to €. And the robust
goal-reaching probability V(x) is always a conservative estimate for the non-robust value
function Vj(x).

Remark 4.4. Let ¢} (x, €) = ¢} (x) and ¢ (x, €) = ¢5(x). Taking x] <M in Theorem 3.1 as an
example, when € — oo we can obtain the following results:
p—r  exp{- i 7@ —mdz}
(g (x)—n) foexp {— [i EF@ —n)dz} dy’
2 (Y e
lim ¢3(x, €)= _\/ME[(G v, y) ] S = Ju Gi@—mds}
€—>00 () [ exp{— [i; (EF () — m)dz} dy

Itis easy to derive that the optimal drift distortions d:i‘(x) and ¢§ (x) are all negative and decrease
to finite limits for any x € [M, N] as € — oo.

lim ¢(x, €)= —
€—> 00

5. Numerical analysis

In this section, we investigate the effect of higher borrowing rate and risk loading parame-
ters on the optimal control strategies. In the following context, we assume that the claim size
random variable Y is uniformly distributed in the interval [0, 2], and so we have E(Y) =1 and
E (Y 2) = 3 And unless otherwise stated, we set the basic parameters as A = 3 and u = 0.5. The
notations ¥ and [0 respectively represent the optimal investment and reinsurance strategies
without a higher borrowing rate.

Example 5.1. In this example, we set (6, n) = (0.6, 0) for the expected value principle. Also,
we set r =0.02, 8 =0.08, c=3.6, 0 =1, and m = 1. The results are shown in Figure 1.

Figure 1 shows how the higher borrowing rate affects the optimal investment strategy. It
is evident from the figure that the optimal investment strategy with a higher borrowing rate is
lower than the unconstrained strategy in both the borrowing and full-investment regions. This
is to be expected: because of the higher borrowing rate, the insurer becomes more conservative
and hesitates to borrow money. Moreover, the optimal investment strategy is a decreasing and
continuous function with respect to x. Only if the wealth level falls below the borrowing level
will borrowing occur. These results are natural consequences of Remark 3.2.

Example 5.2. In this example, we set 6 =0, n =0.3, r=0.02, 8 =0.08, c=3.6, 0 =1, and
m = 1. The results are shown in Figure 2.
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FIGURE 1. The influence of higher borrowing rate on the optimal investment strategies.
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FIGURE 2. The influence of higher borrowing rate on the optimal reinsurance strategies.
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FIGURE 3. The influence of 6 on the optimal control strategies.

Figure 2 investigates the impact of the higher borrowing rate on the optimal reinsurance
strategy according to the variance premium principle. It can be seen that the increase in the
wealth of the insurer leads directly to a decrease of the optimal reinsurance strategy. We can
also observe that * > [% in the full-investment and borrowing regions, which means that with
the higher borrowing rate the insurer is willing to keep more insurance business. Furthermore,
it follows from the figure that the optimal reinsurance strategy is the proportional reinsurance
and falls into the interval [0, 1], which is also a natural consequence of Corollary 3.2.

Example 5.3. In this example, we set n =0, r =0.05, c =2.4, 0 = 0.7, and m = 1. The results
are shown in Figure 3.

Figure 3 illustrates that a higher value of 6 yields greater values of the optimal investment
and reinsurance strategies. An explanation for this phenomenon is that as 6 increases, the
reinsurance premium becomes more expensive, and hence the insurer would rather retain a
larger share of each claim. However, if the reinsurance premium keeps increasing, to avoid
ruin the insurer might optimally increase the investment in the risky asset to increase its profit.

Example 5.4. In this example, we set n =0, »r =0.03, c=3.2, 0 =1, and m = 1. The results
are shown in Figure 4.

Figure 4 presents the effects of the parameter 1 on the optimal control strategies. We can see
that with the increase of the risk loading parameter 7, the corresponding investment propor-
tion and retention level increase. The explanation for this result is similar to that in Figure 3.
Since the reinsurance premium and the ruin probability of the insurer would increase with the
increase of 7, so its investment proportion and retention level will improve naturally to increase
its profit.
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FIGURE 4. The influence of 1 on the optimal control strategies.

6. Conclusion

We have studied the robust optimal investment—reinsurance problem of an ambiguity-averse
insurer with borrowing and short-selling constraints on the investment control variable, which
make the model more realistic. The insurer seeks to minimize the probability of the value of
the wealth process reaching a low barrier before a high goal. We assume that the insurer trans-
fers risks by purchasing per-loss reinsurance, and that the reinsurance premium is computed
according to the mean—variance premium principle. By using stochastic control, we character-
ize the value function as the unique classical solution to the HIB equation, and obtain feedback
forms for the robust optimal strategy and the optimal drift distortion. We conclude that when
the wealth is lower than the borrowing level, it is optimal to borrow money to invest in the risky
asset; when the wealth is higher than the saving level, it is optimal to save more money; while
between them, the insurer is willing to invest all the wealth in the risky asset. Finally, through
some numerical analysis, the influence of some parameters on the investment—reinsurance
strategy was explained. For further research, it would be worthwhile to add transaction cost
constraints for investment in the model. Meanwhile, we can focus on other objective functions,
such as utility maximization or mean—variance criteria. Moreover, we may consider the opti-
mal reinsurance problem under a more generalized premium principle, such as the exponential
premium principle, the mean range value at risk premium principle, or the mean conditional
value at risk premium principle. We think these are very challenging problems and the research
directions of our future work.
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