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STOCHASTIC BROWNIAN GAME
OF ABSOLUTE DOMINANCE
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Abstract

In this paper we study a reinsurance game between two insurers whose surplus processes
are modeled by arithmetic Brownian motions. We assume a minimax criterion in the
game. One insurer tries to maximize the probability of absolute dominance while the
other tries to minimize it through reinsurance control. Here absolute dominance is defined
as the event that liminf of the difference of the surplus levels tends to —oco. Under suitable
parameter conditions, the game is solved with the value function and the Nash equilibrium
strategy given in explicit form.
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1. Introduction

Game theory is used to model and analyze interactive situations in various environments.
It has been widely applied in economics and insurance. In [3], a finite-horizon stochastic
differential game is considered. It was proved that the sup-value and sub-value functions of the
game are the unique viscosity solutions of the Bellman—Isaacs partial differential equations.
In [1], portfolio games between two investors were considered. Conditions under which a
game, with a general payoff function, has an achievable value were provided, and explicit
representations of the value function and the equilibrium portfolio strategy were given. In [5], a
two-player stochastic differential game was studied in a Lévy market, where Hamilton—Jacobi—
Bellman—Isaacs (HJBI) conditions were proved and the results applied to risk minimization
problems. In [9], a proportional reinsurance game was formulated by maximizing or minimizing
the exit probability of an interval. The value function and Nash equilibrium strategy were
obtained explicitly. In [8], a similar game was studied with consideration of nonproportional
reinsurance.

In this paper we study a game between two insurers with reinsurance control. We apply the
modeling features of [1], [4], and [9], and formulate a competition between the two insurers
using a two-player noncooperative differential game. The surplus processes are modeled by
arithmetic Brownian motions with risk-free investment and Brownian perturbation. In this
game, the insurers can purchase proportional reinsurance to control their risk exposure levels.
That is, the drift and diffusion terms of the arithmetic Brownian motions can be reduced
proportionally at the same time. We consider absolute dominance as the win scenario of the
game. Here absolute dominance is defined as the event that one insurer eventually outperforms
the other in surplus level, i.e. the liminf of the difference of the surplus levels tends to —oo.
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This scenario is motivated by the idea of absolute ruin (see [8]) or infinite time ruin (see [6]). To
define the value function of the game, we use a minimax criterion: one insurer tries to maximize
the probability of its absolute dominance while the other tries to minimize the probability (of
being absolutely dominated) using reinsurance control. The value function is defined as the
probability of absolute dominance under the optimal reinsurance control or play (if it exists for
both players). If the value function is well defined and has proper smoothness conditions, it
can be characterized by Fleming—Bellman—Isaacs (FBI) equations that involve supremum and
infimum operations of a differential operator. Solvability of the game, in the case where the
surplus processes are positively correlated, is studied in detail. We find that, under suitable
parameter conditions, the FBI equations can be solved explicitly. By a verification result, the
solution is shown to coincide with the value function. The saddle-point control strategy (or the
Nash equilibrium strategy) is also found explicitly in these cases.

The rest of the paper is organized as follows. In Section 2 we formulate the problem. In
Section 3 we state the FBI equations and prove the verification theorem. In Section 4 we solve
the FBI equations. We give concluding remarks in Section 5.

2. A noncooperative game and the value function

In this section we formulate the game and define the value function. We begin with the
diffusion approximation model under which the surplus processes are approximated by the
following drifted Brownian motions (see, e.g. [2] and [7]):

dS1 = p1(a) dt + o1(a) dwy, dSy = pa(b) dt + o2 (b) dwy,

where {w;};>0, i = 1, 2, are standard Brownian motions adapted to the information filtration
{F:}i>0 in a probability space (2, ¥, P) with E(dw;dw;) = pdt for some correlation
coefficient p, and the drift and diffusion terms are given by

ni(@) = pia — Al —a) = (u1 +A)a — Aq, oi(a) = o1a,
p2(b) = p2b — Ao (1 = b) = (u2 + A2)b — A2, 02(b) = o2b,

which are based on proportional reinsurance (see [4] and [7]), where, fori = 1,2, u; (> 0),
are insurance premium rates, A; (> 0) are levels of reinsurance safety loading, o; (> 0) are
volatilities of the Brownian motions which represent the risk levels, and 0 < a < 1 and
0 < b < 1 are levels of risk exposure. Write y; = u; + Aj, i = 1,2, which represent the
reinsurance premium rates.

Now we include risk-free investment and Brownian perturbation in the model. That is, the
insurers earn or pay interest at a constant rate when the surplus levels are positive or negative,
respectively, and the surplus levels are perturbed by Brownian noise. Hence, the surplus
processes are governed by the 1t6 dynamics

dS; = [rS1 + pni1(a)]dt + oy(a) dw; +dZy,
dS; = [rS2 4+ ua(b)]1dt + o2(b) dwy + dZs,

where Z;, i = 1, 2, are zero-mean Brownian motions that model the perturbing terms, and r
is the constant interest rate.

Next we consider stochastic reinsurance control, with which the risk exposure levels can be
changed dynamically over time. We denote by S lA the controlled surplus process of the first
insurer under the dynamic reinsurance control with risk exposure process A := {a;};>0, and
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by Sf the controlled surplus process of the second insurer under the control with risk exposure
process B := {b;};>0. The difference in the surplus processes, XAB = Sf — Sf, is governed
by the stochastic differential equation

dxA8 =[P X2 + y1a, — yaby — (M — M)1dt + 010 dwy — oob; dwy + 0 dZ (2.1)

with Xo = x, where x is the initial difference, Z is a standard Brownian motion independent
of wi and w», and o (> 0) is the volatility of the perturbing Brownian motion.
A control policy with risk exposure process A is said to be admissible if

H0<a =<1
(i) a; € F; forall t > 0; and
(iii) ay is square integrable over [0, T'] for all T > 0 almost surely ( fOT at2 dr exists).

We denote by 7 the set of admissible controls.
Now we define the performance function of the game under a paired admissible policy
(A, B) as
VAB(x) .= P, (lim inf X8 = — )
—00

where P, () = P(- | Xg = x). The performance function is the probability that insurer two
attains absolute dominance, or, in other words, that liminf of the difference in the surplus levels
tends to —oo. We note that policies A and B are adapted to the same information filtration ¥ .
This implies that there is complete observation in the game. That is, insurer one’s strategy is
instantaneously observed by insurer two, and vice versa.

In the following we apply a minimax criterion to define the value function. We first need to
define sub-value and sup-value functions of the game:

V(x) := sup inf VA’B(x), V(x) := inf sup VA’B(x).

Bex A€m A€T Bex

The sub-value function is obtained in a way such that insurer one plays first to minimize the
probability of absolute dominance of insurer two and insurer two plays second to maximize it.
The sup-value function is obtained in the opposite way. Obviously, it holds that V (x) < V (x)
for all x € (—00, 00). In the case V(x) = V(x) for all x € (—o0, 00), we define the value
function as

V() =V =V,

Note that V and V are decreasing functions and V is a decreasing function when it exists.

3. FBI equations and the verification theorem

In this section we give the FBI equations and prove the verification theorem. Suppose that
the value function of the game exists and is a C*(—o0, oo) function. Furthermore, suppose
that there exists a so-called admissible Nash equilibrium or saddle-point strategy, denoted by
(A*, B*), that satisfies

VA ) s VAP @) < VA ()

for any x € (—o00, 00) and admissible controls A and B. With Markov decision making, the
saddle-point strategy (A*, B*) is a feedback strategy determined by a pair of risk exposure
functions (a*(x), b*(x)). That is, the reinsurance controls at any time are given by a*(x)
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and b*(x) which depend only on the then-current surplus difference x. By a rather standard
procedure, we can show that the value function V solves the FBI equations

sup LT Py (x) =0, inf LYy (x) =0, (3.1)
bel0,1] ael0,1]

where the differential operator L is defined by
LV (x) = [rx + y1a — y2b — (k1 = A)IV'(x) + L (0fa* + 03b* — 2po102ab + 0P V" (x),
and the functions a*(x) and b*(x) satisfy

a*(x) =arg inf LYV (x),  b*(x)=arg sup LY Dy (x). (3.2)
a€l0,1] bel0,1]

Note that the pair (a*(x), b*(x)) is a saddle point of L%?V (x) and it holds that
L@ 0y () = .

We skip the derivation of the FBI equations. In the following we prove the verification
theorem, which shows that if a decreasing C? solution to (3.1) with boundary conditions

V(o) =0 and V(—00) =1 (3.3)

exists, then the value function exists and coincides with the solution.

First we give the result that the controlled process exits any finite interval with probability 1.
For any M, N with —co < M < x < N < oo and any admissible controls A and B, define
the first hitting times

1:/3’3 =inf{t > 0: X*B@1) = M}, 12’3 =inf{t > 0: X*B@) = N},

and
AB _ _AB A A,B
TN =Ty .

Lemma 3.1. For any —o00 < M < x < N < 00 and any admissible controls A and B, it
holds that Py (ty; Y, < 00) = .

Proof. For convenience, write T = r]é[’!g and
A.B
& =rX,"" +yia; — y2b; — (A1 — A2), n? = ota? — 2poroaab; + o3b? + 0.
. A KXA'B .
Applying Itd’s formula to e® %+, we obtain
ALB AT AB /1 AT AB
eKXear — eKx :/ KeKXi <§K77,2+$t) dt+0’1/ KeKXi a; dw
0 0
AT AB AT AB
—62/ KeKX: b,dwz—i—a/ KeKXi dz;.
0 0

Taking the expectation of both sides, we have

]Ex[eKX?K?] — ek =, [f
0

AT

AB (1
KeKXi (an,2+§t>dr]. (3.4)
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Since &, is bounded for ¢ € (0, 7) and 2012 + 2022 +o%> ntz > o2, we can choose a negative

K with large | K| such that %Knl2 +& < —1forallt € (0, ). From (3.4), it holds that

A,B
eKM > ]EX[CKXTAT]

AT AB /1
KIEXI:f CKX’ (EKT]%'FEI) dli|
0
AT
—KE, |:/ eKX’A’B dt].
0

T
KM > _KE, (1{,>T}/ KXI° dt> > _KeKNTP (r > T).
0

v

%

Thus,

Letting T — o0, we obtain Py (t = c0) = 0.

Below we show that certain events (e.g. the controlled process never hits y given it starts
at x) occur with positive probability.

Lemma 3.2. For any —00 < M < x < N < oo and any admissible controls A and B, it

holds that
() 0 <Pu(X’ 4B —M) < 1and0 <P (X A"; N) < 1;
M,N MN
,B

(i) 0 < PX(TM’ <o00) < land0 < Px(‘L’N <o0) < 1.

Proof. We drop superscripts of the hitting times. We first prove (i). Note that it holds that
K(I/ZKnt2 + &) > Ofort € (0, Ty, n) for both positive and negative values of K when |K|
is large. From (3.4), we have Ex(exp{KXfAﬁMT}) —eX¥ > (. Since Pty ny < o0) =1
(Lemma 3.1), letting T — oo, we have

1< EfexplK (X458 — 0} =K MIP (X A8 = w) + e“N—”Px(X?Aﬁv =N).

TMN

Setting K > 0 in the above inequality, we conclude that P, (X4 ,M v = N) > 0, while setting
K < O we have IP’X(XfMIfV M) > 0. From Lemma 3.1 we have P, (X;L‘M]?v M) +
P (XA rM » = N) = 1; hence, the results in (i) hold.
Now we prove (ii). Note that P, (ty < o0) > P (X? 4, lfv = N) > 0 (i.e. the probability
of hitting N is greater than the probability of hitting N without hitting M). To show that
P.(ty < o0) < 1, we first consider the case when N is negative and |N| is large such that,
for a fixed K > 0, we have K(l/ZKr]t + &) < Ofort € (0, ty,n). From (3.4) we have
x(exp{KXTMNAT}) eX* < 0. Hence,

1> Eelexp{K (X055 — 0] = XM OP (X5 = M) + XV IP (X005 = N).

T™,N

By letting M — —oo we obtain 1 > eKW-2P (7y < 00), which yields P, (ty < 00) < 1
or P (ty = 00) > 0. Now we prove the general case for any x and N with x < N. Take
x0 < No < x < N with Ng < 0 and large |Ny| such that P, (tn, = o0) > 0. Then

1 =P (ty < 00) =P, (ty = 00) > Px(xg;fN = x0)Py, (T, = 00) > 0.

The above inequality is due to the fact that the probability of the process never hitting N is
larger than the probability of the process first hitting xo without hitting N and then never hitting
Ny afterwards. So we have shown that 0 < P, (ty < o0) < 1. Likewise, we can show that
0<Py(tyy <o0) < 1.
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We now show an ergodicity result of the controlled process.

Lemma 3.3. The controlled process X*B governed by (2.1) under any admissible controls A
and B diverges to oo or —oo almost surely.

Proof. In this proof we do not distinguish between sets that differ by a set having probabil-
ity 0. First we note that, forany —oo < M < N < o0,

P, <1itminf X8 < MO limsup xF > N) —0. 3.5)
—00

—0o0

In fact, the event liminf,_, o X;4 B < M N limsup,_, o, X,A B > N implies that there are

infinitely many crossing times of the interval [M +¢&, N — ¢] for some ¢ > 0. From Lemma 3.2,
each time the process hits M 4 ¢, there is a positive probability that the process never hits N —e¢.
Thus, the probability of having infinitely many crossing times is 0 and (3.5) holds. Letting
N — M in (3.5), we obtain

P, (lim inf X% < M Nlimsup X2 > M) —0.
—00

=00

This implies that

P, (litm inf X8 < M N limsup X2 < M) —P, (n[m inf X8 < M). (3.6)
—00 —>0

—>00

Thus, the events lim inf;_, 5, X;‘\’B < M and lim sup,_, , X,A’B < M are the same. Similarly,
we can show that the events lim inf; , o X tA B > M and limsup,_, o, X f‘ B > M are the same.

‘We now show that
P,(M < liminf X% < N) =0 (3.7)

for any —co < M < N < oo. Note that the event M < liminf X;“’B < N is the same
as M < lim sup X,A’B < N. For any w € {M < liminf X,A’B < N}, we construct a sequence
of hitting times as follows. If x € [M — ¢/2, N 4 ¢/2] for a fixed ¢ > O then let h; = O;
otherwise, let 1 be the first hitting time of the interval [M — ¢/2, N + ¢/2] and note that we
have h; < oo by the definition of the event. Now let i, > h; be the smallest time that the
process exits [M — &, N + ¢]. From Lemma 3.1 we have h; < co. Now we can define i3 > hy
as the smallest hitting time of the interval [M — ¢/2, N + ¢ /2] after h,, and note that 13 < oo.
Repeating the procedure, we obtain a sequence of hitting times with infinitely many times at
M — ¢ or N + ¢ and also infinitely many times at M —&/2 or N + ¢/2. From Lemma 3.2, this
happens with probability 0 and so (3.7) is proved.

Letting M — —ooc and N — oo in (3.7), we have P, (—oco < liminf X;L\’B < o0) =0.
Thus,

P, (liminf X% = —00) + P, (liminf X% = 00) = 1.

Note that the events lim inf X ;A’B = 0o and lim X ;4’3 = oo are the same. In addition, letting
M — —oo in (3.6), we see that the events lim inf X;"B = —oo and lim X;‘\’B = —oo0 are the
same. This completes the proof.

In the following, we prove the verification theorem.

Theorem 3.1. Suppose that W is a decreasing C*(—00, o0) solution to FBI equations (3.1)
subject to boundary conditions (3.3) and that W’ is bounded. Then the function W coincides
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with the value functlon V. Furthermore, the *feedback control strategy (A*, B*), determined
by A* = {a*(X )}z>0 and B* = {b*(X V=0 with a*(x) and b*(x) given in (3.2), is
the Nash equilibrium control such that VALBY (x) = V(x).

Proof. Forany —oo < M < x < N < oo, admissible controls A* and B, and time T > O,
by applying It6’s formula to W(Xf‘ ‘B we obtain

W(X A*B T)_W(x)
MN
A* B

N AT axp " Ty AT * ¥
:/ LK Dby (x A ’B)dt+01f W/ x}Bya* x 8y dw,
0 0

A*B
Ty N AT

AT A* B ; /v A* B
— 0oy Wi(X; ")bjdwy+o Wi(X; '7)dZ,
0 0

A* B
Ty N AT

< AT A* B\ s, vA* B ; /v A* B
< o1 W(X; )a™ (X; ydwi — oo Wi(X; )by dwy
0 0
A* B

o AT *
+0f w/(x*8)dz, (3.8)
0

where the second line follows because W solves the first equation in (3.1). Taking the
expectation of both sides we obtain

W(x) > B [W (X4, A* )]

MNAT

=P, (XAAJ; =M, 1y 3 < T)W(M) + P (X% A*B =N, 1 x < HWN)

T™M.N MN

+EW X7 )1 aen_p].

Letting 7 — o0, and noting that limr_, P(r{{}f > T) = 0 by Lemma 3.1, we have

W(x) > PX(XAAJ; = M)W (M) + P, (XAAJZ = N)W(N).

M N M N
Letting N — oo, from the boundary conditions, we have

A*B

W(x) > Po(xX? o B =M o F <oco)WM) =P, (zfy 2 <co)W(M).  (3.9)

Note that

VA = By (lim X/ = —c0) = lim Pu(ry” < o0).

Letting M — —oo in (3.9), we obtain
Wx) > VA B (x).

Similarly, we can show that
W(x) < VAE (x).
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Thus, _
V(x) > inf VA (x) > W(x) > sup VA B (x) > V(x).
B

From V (x) < V(x), we conclude that V (x) = W(x) = V(x) = V(x).
Furthermore, if we replace B by B* in (3.8), noting that

A* B*

A R I R

t
the first integrand on the right-hand side of (3.8) vanishes and the inequality becomes an equality.
Consequently, inequality (3.9) becomes an equality. We then obtain

W(x) = VASB (x).

Thus, the value function equals the performance function under the Nash equilibrium strategy
(A*, B*). This completes the proof.

Owing to the verification theorem, we call the game solvable if there exists a decreas-
ing C? solution to (3.1) subject to boundary conditions (3.3) and the saddle-point strategy
(a*(x), b*(x)) given in (3.2).

Remark 3.1. From Lemma 3.3 we see that the definition of absolute dominance can be restated
as the event that the difference in surplus levels tends to —oo. Given any surplus difference x
and any paired admissible strategy (A, B), VA 8 (x) is the probability of absolute dominance
of insurer two and 1 — V4B (x) is the probability of absolute dominance of insurer one.

Remark 3.2. From Lemmas 3.2 and 3.3, for any insurer at an arbitrary surplus difference level,
there is always a positive probability of absolute dominance.

Remark 3.3. The performance function V42 is a strictly decreasing function for any admis-
sible controls A and B. In fact, for any x < y, there is a positive probability, denoted by p
(0 < p < 1), that the process X4 B, starting at initial difference x, diverges to —oo without
hitting y. Thus,

VAB) = p+ 1 = p)VAB(y) = VvABG) + pll — VAB()] > vAB(y).

When the game is solvable, the value function V is a strictly decreasing function.

4. Solution to the FBI equations

In this section we solve (3.1) and find the value function explicitly for the cases when the
game is solvable. We characterize the solution via different regions where optimal reinsurance
controls vary and the Nash equilibrium strategy takes different forms.

For any C? function W with W’ (x) # 0, write

y Wx) 02 y2 W) ol

——=——+p—=b, b = —a,
o2 W) s W.a(x) +p—a

a X) = [
W,b( ) 0_22 W,,(x) o

which satisfy

dL4PW (x) dL4PW (x)
- =0, - = =0.
da db b:bW.a(x)

a=aw,p(x)

These expressions are used to determine the minimizer and maximizer in (3.1) upon which
the saddle point can be found. Note that L%”V (x) is a quadratic function of a and b, and the
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second-degree terms (@2 and b?) in the function have the same sign. Thus, the saddle points
of L% V(x) @f it exists) must occur on the boundary of the control region [0, 1] x [0, 1]. To
characterize the solution of the FBI equations, we first find all possible saddle-point strategies
and identify the corresponding regions (of x values) where these strategies apply. Then a
simplified differential equation is derived in each region for the solution. Finally, a complete
solution is constructed by smooth-fit techniques at the endpoints of the regions.

In this section we study the parameter case of nonnegative correlation. Note that in the case
of negative correlation the game is solvable. The solution can be found by a similar method
to that used in [9] and so we omit it. Now we assume that p > 0 and that V solves the FBI
equations. In the following we proceed to find the solution in explicit form.

Note that if V" (x) > 0, ay ,(x) > 0forany 0 < b < 1. So the minimizer in a of L“?V (x)
is ay p(x) or 1. Obviously, the maximizer in b is O or 1. Define the following regions:

Ri={x|V'(x)>0,0<ay1(x) <1, bya ) <1}, (4.1a)
Ro={x | V'(x) >0, ay1(x) = 1, by 1(x) < 3}, (4.1b)
Rz ={x | V'(x) > 0,0 <ayo@x) <1, byay &) =1}, (4.1¢)
Ry ={x | V'(x) >0, ayo(x) > 1, by 1(x) > 1}. (4.1d)

Thus, the pair (ay 1(x), 1) is a saddle point of the function L(@b) V(x)on [0, 1] x [0, 1] for all
x € R and it holds that
LWy () = 0. 4.2)

Similarly, we have
L"'Vv(x) =0, (4.3)

and the pair (1, 1) is a saddle point of L@D V(%) for x € Ry. Furthermore, V solves
L0y (x) =0, 4.4
and the pair (ay o(x), 0) is a saddle point of L@y (x) for x € Rs. Similarly, V solves
LYV (x) =0, 4.5)

and the pair (1, 0) is a saddle point of L@V (x) for x € Ry.
For V"(x) < 0, we have by ,(x) > 0. The minimizer of L?V (x) in a is 0 or 1 and the
maximizer in b is by 4 or 1. Define

Rs={x | V'(x) <0, ayp, o)) < 3, 0 < by1(x) < 1}, (4.6a)
JR(, ={x|V'(x) <0, ay,1(x) < 5, by,1(x) = 1}, (4.6b)
={x | V'(x) <0, avpy o) (x) = 3, 0 < byox) < 1}, (4.6¢)
Ry ={x | V'(x) <0, ay1(x) = 1, byo(x) > 1}. (4.6d)
Then it holds that
LMy (x) =0, (4.7)

and the pair (1, by, 1(x)) is a saddle point of the function L@DVy (x) for x € Rs. Furthermore,
V solves (4.3) and (1, 1) is a saddle point of the function L(@b) V(x) for x € Rg. It holds that

LObvo™y (x) = 0, (4.8)

https://doi.org/10.1239/jap/1402578635 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1402578635

Brownian game of absolute dominance

and the pair (1, by, 1(x)) is a saddle point of L@V (x) on Ry. Finally, V solves
LO'v(x) =0,

and (0, 1) is a saddle point of L")V (x) on Rg.
Now we identify the sets Ry, ..., Rg. To find R, we simplify (4.2) to
(VW
2012 V7’ (x)

2 o
— |-t i) e

1

V'(x) _l 22 21
V) 2[(1 p)oy +0°]1=0,

from which V solves

V'(x)
V" (x)

= filx)

02
=arx = (p2+ )+ ne

o, vi N i
=X =2+ r)+yvip— | + 50— p>oy +07] =
o] U] o

1

for x € R;. Note that f] is a negative increasing function. Also, note that

Y1 (o))
av.1(x) = == fi() + P by.ay ) = K1 f1(X) + 07,
1

where k| = y2/03 — py1/0102. Fromay,1(x) < 1and by 4, ,(x)(x) < %, we have

2 _ 2
_(1 _p2>a_1 < filx) < WT’O}

JR] = {x
o1/ "

if k&1 > 0 (or p < yro1/y102), and

2 9
max{—(l—po—2>0—l,1/2—p}<fl(x)}
o) v K1

if k1 < 0. The set R is degenerate (R = &) when p > o1 /07.
To determine >, we note that (4.3) gives

{Rlz{x

V/(x) ) of +05 —2poioy + o
—_— X) i= — .
Vi) 2(rx + p1 — 112)

Thus, the conditions V" (x) > 0, ay 1(x) > 1, and by ;(x) < % yield

Ry = {x (rx + pu1 — p2) > 0;
2 2 2
o) vi(of + 05 —2pojo2 +0°)
(1—p—)(rx+,u1 —pu2) < ! 2 3 )

o] 20}
1 o1 y2(c712 + 622 —2poios +02)
5= 0o— x4+ @ —p2) > — 5 .
2 o) 205
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For x € R3, from (4.4), V solves

2 /
V_12<V(x)> _[x_()‘l—)nz)]v(x) l02=0
201

V' (x) Vi(x) 2
This gives
V/(x) rx = (i = hg) = \Jlrx — Ou = i)P + yio?/o}
i = 3 = — ,
Vi@ vi/oj

where f3 is a negative increasing function. The conditions ay o(x) < 1 and by 4, ,(x) > %
02 1
—— < falx) = 57—
Vi

give
R3 =
1= =

ifk; < 0(or p > yr01/y102). We can show that R3 is anonempty interval if p > y201/y102+
%02 /o1 and degenerate otherwise.
For x € R4, from (4.5), V solves

Vix) ___ oi+o?
I A Ty

Then the conditions V" (x) > 0,ay o > 1, and by 1 (x) > % give

!

o2
O<rx+,u1—|—)»2<?(1+ )

of
1 vy 0t +0?
——p (rx+pi+4) < —=———1
2 2 o3

which is a nonempty interval if p > y»01/y102 + %02 /o1 and degenerate otherwise.
To identify R5, from (4.7), V solves

2 /
%(V(x)) <rx+ﬂ1+)»2—yzp )V(x) 1[(1—,02)0124—02]:0.
2

V7’ (x) V7’ (x) 2
Thus,
Vi(x)
Vit f5(x)

01
=grxtpur+i—ypp—
02

o] 2 y22 1N 2 2 V22
i —yo— ) + S0 = pHoj +07] =,
(o)) 02

)
which is a positive and increasing function. The conditions ay p, | (x)(x) < % and by 1(x) < 1

give
1/2 — p? o1\ 0?7
T < f5(x) < <1 - ,0—)—2

Rs = {x
02/ 72
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if ko < 0 (or p < y102/y201), where k3 = —)/1/012 + py2/0o102, and

_ 2 2
fs(x) < min{l/z—p’ (1 — pﬂ>6_2}}
K2 02/ 72

if ko > 0. Note that s is degenerate if p > o2/07.

For x € Rg, V solves (4.3) and it holds that V'(x)/ V" (x) = f>(x). Thus, the conditions

V/(x) < 0,ay,1(x) < 3,and by 1 (x) > 1 give

ﬂsz{x

R = {x rx +pup —up < 0;

1 o) Y1 (02 +o02— 2po100 + 02)
( )(rx+,u1—,u2)< L 2 ;

2 2072 ’

2 2 2
o1 n(o{ + 05 —2po102 +07)
(1—,0—>(VX+/L1—M2)Z— L= = .
log) 205
For x € R7, from (4.8), V solves
V) (M — A2) + \/[rx — (0 — ) + yRo?/o?
—— = f1(x) = .
V//(x) J/22/0‘22

The conditions ay py o) (¥) > % and by o(x) < 1 give

1 022
— =< filx) < —}
V2

R7 =
! {x 2k7

if ko > 0 (or p > y102/y201). Note that R7 is a nonempty interval if p > %01 /o2 +y102/y201
and degenerate otherwise.
For x € Rg, from (4.9), V solves

Vi(x) L 05 +o?
e Y S T s m

Thus, the conditions V" (x) < 0, ay, 1 (x) > %, and by o(x) > 1 give

2 2 2 2 2
+ +
e ron 3 2 k= (a4 1y < BTN }

rx — + A1) <0; —
(2 2 20; 1 —2poy /oy

Rgz{x

when p > %01 /o2. Note that Rg is a nonempty interval if p > %01 /o2 + y102/y201 and
degenerate otherwise.
We define the threshold points

yi(o? +0f —2po102 + 02) “1— H2
2 5 Xp=—,
2r02(1 = paafon) z

X1 =x2+

 pao? + 02 = 200100 +0?)

and x3 =xp
2ra2(1 — poy /o2)
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and write

1 pof Y201 | Ol 1 yo} Yoo 02
;lz(—+——12 Z—+—), =+ —=42).
2 yio yio2 02 2 yo 201 01

We obtain the following properties.
Lemma 4.1. The region R defined in (4.1a) is such that R1 = {x | x1 < x < oo} if and only
ifp < min{l/ﬂ, 01/02, Y201/v102} or y»01/y102 < p < min{o1/02, {1}
Lemma 4.2. The region Ry defined in (4.1b) is such that Ry = {x | xo < x < x1} if and only
if p < min{o1 /02, 302/01} or $02/01 < p < min{o1 /02, {1}.
Lemma 4.3. The region Rs defined in (4.6a) is such that Rs = {x | — o0 < x < x3} if and
only if p < min{l/ﬁ, 02/01, Y102/ v201} or y102/y201 < p < min{oz /o1, £2}.
Lemma 4.4. The region Rg defined in (4.6b) is such that Re¢ = {x | x3 < x < x2} if and only
if p < min{o2/01, Yo1/02} or J01/02 < p < min{or /01, L2}

Define

Ro={x | V'(x)=0}.

Remark 4.1. If V”(x) = 0 and V'(x) < 0, the saddle point of L*?V (x) is (1, 1). Thus, V
solves L1 V(x) = 0 and it gives x = x». Hence,

Ro={x | V'(x) =0, V'(x) = 0} U {x2},

from which we see that Ry never contains an interval because V is a strictly decreasing function
(see Remark 3.3).

Next we consider the case with small correlation p under which the sets R, R, Rs, and Rg
form a partition of the real line, excluding x;, and an explicit solution of V can be constructed.
Suppose that p < min{%al/az, %0’2/0'1, 1201/y102, V102/y201}. Note that p < % under the
assumption. From Lemmas 4.1-4.4 we have

R3=R4=R7=Rg =, (4.10a)
R ={x| x1 <x <00}, Ry ={x|x <x<x}, (4.10b)
Re={x | x3 <x < x2}, Rs={x| —o0 <x < x3}. (4.10¢)

Thus, V solves

i), {x1 <x < o0} =Ry,

Vo) <x <x1)=RURgU
Vi fx), (<x=xi}=%R 6 U {x2},

J5(x), {00 <x <x3} = Rs.

By applying the boundary conditions (3.3) and smooth-fit conditions at the threshold points x;
and x3,

V(x1—) = V(xi+), Vixi—) = V'(x14),
Vxs—) = V(x3+), V'(x3—) = V'(x3+),
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we can obtain the explicit representation of V. Write

o0 u 1 X u 1
Gl(y,x)=/x exp{  h® dv}du, Fz(y,x)z‘/y exp{/y 50 dv}du,

X u 1
Hs(y,x) = dv ¢ du.
30 ) /_NCXP{/y ) ”} !

We obtain the following theorem.

Theorem 4.1. [0 < p < min{%al /02, %02/01, 201/Y102, Y102/ 201}, the value function of
the game is a decreasing C? function given by

C2G(x1, x)
e X1 <X <00,
Ci
H 5 F ’
vy =11- 5(03,x3)  Fa(x3 X)’ -
Ci Ci
H 9
1_M’ _Oo<x5x3’
Cy

where C1 = C2G1(x1,x1) + F2(x3, x1) + Hs(x3, x3), Ca = exp{f;;(l/fz(u)) du}, and the
Nash equilibrium strategy is the feedback control associated with the risk exposure functions

(—Z—lzfl(X) +pj—?, 1>, Xp <Xx <00,
1
(@*(x),b*(x)) = { (1, 1), x3 <x <xp, 4.11)

(1, y_szS(x) +p0—1>, —00 < X < X3.
0'2 o)

Proof. From the construction of V we can check that V is a decreasing C? function and it
solves the FBI equations (3.1) subject to boundary conditions (3.3). The saddle-point strategy
given in (4.11) satisfies (3.2) and V' is bounded. Thus, the results follow from the verification
theorem, Theorem 3.1.

Remark 4.2. In Theorem 4.1 the risk exposure functions a*(x) and b*(x) are continuous and
monotone. The function a*(x) is decreasing and lim,_, o, a*(x) = po»/o1. The function b*(x)
is increasing and limy_, _oc b*(x) = poy/on. This implies that the Nash equilibrium strategy
has the following property. When the surplus difference increases (insurer one is into a better
position), insurer one takes less risk and buys more reinsurance while insurer two takes more
risk and buys less reinsurance.

Remark 4.3. Under the parameter assumption
minf 2202 < minf 22 g
Y102 y2 01 V2 oo ’
(4.10) holds. In fact, we can identify all of the parameter cases under which (4.10) holds by
Lemmas 4.1-4.4. Consequently, the results in Theorem 4.1 also hold in the following cases.

Lemma 4.5. The region R defined in (4.1b) is such that Ry = {x | xo < x < oo} if and only
ifo1/or < p < %0'2/01.

Lemma 4.6. The region R¢ defined in (4.6b) is such that R = {x | — o0 < x < x3} if and
onlyifoy/o1 < p < %0‘1/0’2.
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Now consider the parameter condition o1/02 < p < min{l/ \/— 502/01, Y102/ 7201, {2},
under which we see that

RI=R3=R4=R7=Rg =0, (4.12a)
Ry ={x | x2 <x <00}, Re ={x | x3 < x < x2}, (4.12b)
Rs={x| —o0 <x < x3}. (4.12¢)

Thus, V solves

Vi(x) ] E), frx3<x<oo}=RUReU{xa},
Vi(x) | fs(x), {—o00 <x <x3}=Rs.

Define G (y, x) = fxoo exp{fy“(l/fz(v)) dv} du. It holds that

ot oo ) -o( e 2]

where @ is the standard normal distribution function and

K — 2r Ky — 2(p1 — p2)
o +03 —2poior + 02’ of +03 —2poior + 02

We obtain the following theorem.

Theorem 4.2. If 0} /02 <p< m1n{1/\/_ 202/0’1, Y102/v201, {2}, the value function of the
game is a decreasing C? function given by

Ga(x3, %) < x < o0
V(x) . C3 9 3 9
B Hs(x3, x)
l— ——, —00 < x < x3,
C3

where C3 = Go(x3, x3) + Hs(x3, x3), and the Nash equilibrium strategy is the feedback control
associated with the risk exposure functions

(lv 1)7 X3 < X <00,

a*(x), b*(x)) =
(@00, b700) (Ly—ifs(xwrpg—l), —00 < x < x3.
o, op)

Remark 4.4. The results in (4.12) and Theorem 4.2 also hold under parameter condition
max{oy /o2, y102/1201} < p < min{%az /o1, &2}. The parameter conditions under which the
results in Theorem 4.2 hold can be found by Lemmas 4.3, 4.4, and 4.5.

In the sequel we solve the game under the parameter conditions that mirror those in Theo-
rem 4.2 and Remark 4.4. If 0 /01 < p < mln{l/«/_ 01/02 y201/y102, {1} then

R3=R4=R5=R7=Rg =0, (4.13a)
R ={x | x1 <x < o0}, Ry ={x|x <x<x}, (4.13b)
Re={x| —00 <x <x}. (4.13¢)
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Thus, V solves

V'(x) _ fix), {x1 <x <00} =Ry,
V7 (x) f2(x), {x3<x<x1} =RyURsU {x2}.

X u 1
H>(y, x) =/ ex {/ dv}du,
Y —0o0 P y S2(v)
and note that

Hz(y,m:/;exp{ (vED ) Jo(vrres ),

We have obtained the following theorem.

Write

Theorem 4.3. Ifoy/01 < p < mln{l/\/_ 501/02, Y201/v102, {1}, the value function of the
game is a decreasing C? function given by

Voo T 1 ,
Hy(xy, x)
]——=, —oc0<x<uxi,
Cy

where C4 = Hp(x1, x1)+ G1(x1, X1), and the Nash equilibrium strategy is the feedback control
associated with the risk exposure functions

O
(—y—gfl(X) +p=2, 1), X] <X < 00,
O'l o1

(1, 1), —00 < X < Xj.

(@*(x),b*(x)) =

Remark 4.5. Theresultsin (4.13) and Theorem 4.3 also holdif max{o> /o1, y201/y102} < p <
min{%m /02, £1}. We note that the parameter conditions under which the results in Theorem 4.3
hold can be found by Lemmas 4.1, 4.2, and 4.6.

We have discussed several parameter cases under which the game is solvable with the value
function and Nash equilibrium reinsurance strategy given explicitly. For other parameter cases
with p > 0, we observe that the sets R1, . .., Rg have endpoints that are not commonly shared.
The sets Ro, R1, ..., Rg do not connect to form a partition of the real line. Thus, in these
cases, the game is not solvable and the value function may not exist.

5. Conclusion

From the explicit results, we observed that the value function V is z-shaped and has a unique
reflection point at x, (concave below x» and convex above) in all of the solvable cases. The risk
exposure functions of the Nash equilibrium strategy are continuous and monotone. From the
optimal play, we showed that insurer one never buys reinsurance when the surplus difference is
below x» and insurer two never buys reinsurance when the difference is above x;. Also, as the
surplus difference increases, the optimal risk exposure decreases for insurer one and increases
for insurer two. This implies that, when any insurer finds themselves in a better position, the
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insurer takes less risk and buys more reinsurance; if an insurer finds themselves in a more
disadvantaged position, the insurer holds a bolder strategy by taking more risk and buying less
reinsurance. This feature of the optimal reinsurance control has been seen in ruin and absolute
ruin minimization problems (see, e.g. [4] and [7]) and also in the exit probability game of [9].
The relationship between an insurer’s position and their willingness of risk-taking is consistent
with that in the investment game of [1].

We showed that the reinsurance game is solvable when certain parameter conditions are
satisfied (negative correlation, small positive correlation, and some other special cases). The
value function and the Nash equilibrium reinsurance strategy were found by solving the FBI
equations explicitly in these cases. We note that, for the other parameter cases, the game is
not solvable and the value function may not exist. Future studies on sup-value and sub-value
functions might be suited to proving the nonexistence of the value function when the game is
not solvable. However, in this research we focused on only the solvable cases. We also note
that in this paper absolute dominance was introduced for the first time as a win scenario in
insurance game theory. The performance function was defined as the probability of absolute
dominance and only proportional reinsurance control was considered. In future research, one
may apply other scenarios to define the performance function and include investment, dividend,
or nonproportional reinsurance in the game.
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