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Abstract In this paper, we study a zero-sum stochastic differential game with the following salient features:
(i) the system state is dictated by a hybrid diffusion, (ii) both players use impulse controls, and (iii) the game
takes place on an infinite time horizon. First, the dynamic programming principle for the problem is proven.
Then, the lower and upper value functions of the game are characterized as the unique viscosity solution of
the associated Hamilton-Jacobi-Bellman-Isaacs (HJBI) equation, which turns out to be a coupled system of
variational inequalities with bilateral obstacles. Moreover, a verification theorem as a sufficient condition to
identify a Nash equilibrium is established. The Nash equilibrium strategies for the two players, indicating
when and how it is optimal to intervene, are given in terms of the obstacle part of the HJBI equation.

Keywords stochastic differential game, Markov chain, impulse control, HJBI equation, viscosity solution,
verification theorem

1 Introduction

A zero-sum differential game is the problem where there are two players to control and influence the
continuous-time dynamic system by making decisions non-cooperatively to achieve a Nash equilibrium.
Research on the zero-sum deterministic differential game can be traced back to the Isaacs’s pioneering
work [1]. Later, Elliott and Kalton [2] introduced the concept of strategies for the two players and the
definitions of lower and upper value functions for the game, based on which, Evans and Souganidis [3]
proved that the two value functions are unique viscosity solutions to the associated Hamilton-Jacobi-
Isaacs equations. Extension to the stochastic case was first carried out by Fleming and Souganidis [4]
also by the viscosity solution theory. Then, with the joint effort of many researchers, now there have
been enormously rich results on stochastic differential games; see, Tang and Hou [5] (switching control
problem), Buckdahn and Li [6] (with recursive functional), Biswas [7] (driven by jump diffusion), Yu [8]
(linear quadratic problem), and Tian et al. [9] (mean-field case).

A conventional assumption in the standard stochastic control theory is that control variables can be
exerted with no direct costs, and thereby the controller can apply a control policy freely and continuously.
However, it is frequently encountered in practical scenes that the control action causes a notable direct
cost. Impulse control theory, instead, takes the non-negligible action costs into consideration and provides
a natural formulation when the control and state processes are discontinuous. Typically, an impulse
control is a sequence of pairs of action times and action magnitudes, and an optimal impulse control
problem was often studied by the method of variational inequality, e.g., [10-22]. On the other hand,
impulse control is commonly used in problems such as inventory and cash management (Constantinides
and Richard [23]), exchange rate adjustment (Cadenillas and Zapatero [24]), dividend and reinsurance
optimization (Wei et al. [25]), consumption utility maximization (Wu and Zhang [26]), and investment
fund operation (Chang and Wu [27]).
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The hybrid diffusion, stemming from the need of more realistic models that better reflect a random
environment, is a two-component process (X (t), 6(¢)) in which the first component X (¢) evolves according
to a continuous diffusion process whose drift and diffusion coefficients depend on the regime of 6(t),
where 0(t) is generally assumed to be a finite-state Markov chain. In recent years, the hybrid diffusion
has received growing interest from the stochastic control community; see, Donnelly [28] and Lv and
Wu [29] (maximum principle), Zhang et al. [30,31] (dynamic programming), and Li and Zhou [32] and
Li et al. [33] (linear quadratic problem). However, the study of game problems is relatively rare in the
literature, especially for the case with impulse controls. In addition, the hybrid diffusion also has been
employed extensively in various practical fields; we refer the readers to Zhou and Yin [34] for portfolio
selection, Yao et al. [35] and Guo and Zhang [36] for European and American option pricing, respectively,
Zhang and Zhou [37] for valuation of stock loans, Song et al. [38] for optimal harvesting, Zhu [39] for risk
control, and the monographs by Yin and Zhu [40] and Yin and Zhang [41].

In this paper, we consider a zero-sum stochastic differential game with impulse controls under a hybrid
diffusion model. Such kind of game problem, as described above, enjoys a wide applications in operations
research and financial mathematics. We will follow the method of variational inequality and adopt the
concept of strategies to study our zero-sum hybrid stochastic differential game with impulse controls.
First, we state the corresponding dynamic programming principle (DPP) for the problem and provide a
detailed proof, which is non-trivial with some technical issues to be overcome. In particular, a certain
strategy (see (13)) is delicately designed to link the actions before and after the stopping time v in the
DPP via a time shifting approach (see (16)). Moreover, in contrast to Tang and Yong [11, Theorem 4.1]
and Cosso [15, Lemma 4.3], where the stopping time v in the DPP is restricted to taking at most countably
many values, we further use an approximation approach to generalize the result to the situation where v
can take uncountably many values.

Then, based on the DPP, the lower and upper value functions of the game are proven to be the unique
viscosity solution of the associated Hamilton-Jacobi-Bellman-Isaacs (HJBI) equation (21). Note that the
regime switching of the Markov chain leads to a coupling term QW (z,-)(i) (defined by (18)) in (21), so
the current HJBI equation no longer satisfies the fundamental monotonicity condition in the user’s guide
by Crandall et al. [42]. This adds many mathematical challenges to the viscosity solution arguments.
For example, in the proof of existence, a crucial auxiliary function 9 (x,j) (defined by (28)) needs to
be introduced, which serves as an augment of the test function ¢(z) by taking the Markov chain into
account. Besides, the first jump time of the Markov chain and the first exit time of the state process
from a neighborhood should be carefully discussed. On the other hand, in the proof of uniqueness, we
also have to take efforts to deal with the coupling term QW (x,-)(i).

For a complete treatment of the problem, a verification theorem as a sufficient condition for Nash
equilibriums is established. In this paper, the verification theorem is proven in a segment-by-segment
way along the sequence of entire action times of the two players, where a segment means a period between
two successive action times. Within each segment, we can apply It0’s formula and the continuation part
of the HJBI equation works. If the intervention occurs, then the obstacle part of the HJBI equation takes
over the game. Based on the obstacle part of the HJBI equation, we construct a pair of impulse controls
for the two players, which is shown to be a Nash equilibrium. In the meantime, the solution of the HJBI
equation turns out to be the value of the game.

The rest of this paper is organized as follows. Section 2 formulates the problem and gives some
preliminary results. Section 3 states and proves the DPP. Section 4 is devoted to the viscosity solution
characterization of the HJBI equation. Section 5 establishes a verification theorem for Nash equilibriums.
Finally, Section 6 concludes the paper with some further remarks.

2 Problem formulation and preliminaries

Let (2, F, P) be a probability space on which a one-dimensional Brownian motion B(t), t > 0, and a
Markov chain 6(t), t > 0, are defined. Assume that B(-) and 6(-) are independent. The Markov chain
takes values in a finite state space M = {1,...,M}. Let Q = (gi;)i jem denote the generator (i.e., the
matrix of transition rates) of 6(-) with g;; > 0 for i # j and >, \(qi; = 0 for each i € M. Let {F;}1>0
be the natural filtration of B(-) and 0(-) augmented by all the null sets.

Let players I and II denote the two players in the game. In the following, we first present the definitions
of admissible impulse controls for the two players.
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Definition 1. An admissible impulse control for player I is a sequence of pairs (Tm,&m)m>1, where
(Tm)m>1 1s an increasing sequence of stopping times with 7,,, — oo as m — oo, representing the decisions
on “when to intervene,” and (&, )m>1 is a sequence of F, -measurable random variables taking values
in R, representing the decisions on “how to intervene.” Let a process u(t) = Zm>1 Emlir, 00)(t), t =0
denote an admissible impulse control (7y,, {m)m>1, where 14 is the indicator function of a set A. The
collection of all admissible impulse control processes u(-) for player I is defined as U.

An admissible impulse control (pp,7,)n>1 for player IT is defined similarly as a process v(t) =
Zn>1 Nnlip,.00)(t), t = 0. The collection of all admissible impulse control processes v(-) for player II
is defined as V.

In our problem, the state equation is described by a hybrid diffusion (X®(-), #*(-)) with initial condition
(X%H0-),010)) = (x,i) € R x M:

Xi(t) =z + / b(X™(s), 07 (s))ds + / o(X™(s), 6 (s))dB(s)
0 0 (1)
+ gml['rm,OO)(t) H 1{Tm;£ﬂn} + Z nn1[ﬂ71.100)(t)7 t=0,

m=>1 n>1 n>1

where b, : R x M = R, and u(t) = 32, 5 &l .00)(t) and v(t) = 3 1 mal(,, ) (t) are admissible
impulse control processes for players I and II, respectively. Note that (i) the sample paths of X®(-) are
right-continuous, and (ii) the infinite product in (1) means we take the convention that if both players
want to intervene at the same time, only the action of player II will be taken into account.

Remark 1. We can also take the other convention that when the two players want to intervene at
the same time, only the action of player I will be taken into account. In this case, the arguments are
analogous to those presented in this paper; see Cosso [15] and Aid et al. [18] for related discussion.

In a zero-sum game, besides the admissible impulse controls, we still need to define the following
admissible impulse strategies for the two players; see also Cosso [15, Definition 2.7].

Definition 2. An admissible impulse strategy for player I is a mapping af-] : V +— U such that for
any stopping time 7 and any v1,ve € V with v1(t) = va(t) on [0, 7], it holds that afv1](t) = alvs](t) on
[0,7]. An admissible impulse strategy S[-] : U + V for player II is defined similarly. The collections of
all admissible impulse strategies for players I and II are defined as A and B, respectively.
Remark 2. The most salient difference between the zero-sum game involving strategies with the so-
called leader-follower game (see [43-45]) is that: the two players make decisions simultaneously in the
zero-sum game, but hierarchically in the leader-follower game.

In the game, between players I and II there is an objective functional given as below, which is a reward
for player I to maximize and a cost for player II to minimize:

oo
J(x, i u,v) = E|:/ efrtf(Xz,z(t)v 0’ (t))dt — Z e T g(Em) H 1{7_m¢pn} + Z erp"h(ﬂn):| (2
0 m>1 n>1 n>1
where f : R X M +— R is the running reward or cost, g : R — R is the intervention cost for player I,
h: R+ R is the intervention cost for player II, and r > 0 is the discount factor.
The lower value function U and upper value function V' of the game are defined as

U . — . f J -
(2,9) = inf sup (@, u, Blu]), (3)

and . . .
V(z,i) = 2161351615 J(z,i; afv], v). (4)

In the case U =V, we say the game admits a value.
Throughout the paper, we make the following assumptions.
(A1) For any x,y € R and i € M, there exist two positive constants C; and C5 such that (¢ =b,0, f)

|¢(£L’,Z)| < Cla |(Z5(£L',Z)*¢)(y,l)| §02|:L'7y|

(A2) infeep g(€) > 0 and inf,cg h(n) > 0. For any &,&2, 71,72 € R, the following triangular inequali-
ties hold:

9(&1) +9(&) > g(&1 + &), h(m) + h(nz) > h(m +n2).
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(A3) The discount factor r > Cy 4+ 1C3.

Under Assumption (A1), for any (x,i) € Rx M and (u,v) € U XV, the state equation (1) has a unique
strong solution X% (see Yin and Zhu [40]). In the rest of this paper, let X*%%? denote the solution if
the dependence on the impulse controls needs to be emphasized.

Remark 3. In this paper, we have assumed that the state process, impulse control processes, and
Brownian motion to be one-dimensional only for convenience of presentation. There is no essential
difficulty to extend the results to the multi-dimensional case but with more complex notation.

Remark 4. Tang and Yong [11] and Cosso [15] first established the dynamic programming approach and
viscosity solution characterization for impulse control and game problems (with no regime switching),
respectively. In this sense, our paper can be regarded as a continuation and development of [11,15].
On the one hand, involving the Markov chain in the problem adds much mathematical difficulty to the
analysis, which has been mentioned in Section 1. On the other hand, in our paper a verification theorem
as a sufficient condition for Nash equilibriums is also proven, which is absent in [11,15].

Now let us give some preliminary results. First, one can readily obtain the following basic estimate of
the state process with respect to its initial condition by It6’s formula and Gronwall’s inequality.

Lemma 1. Under Assumption (Al), for any x,y € R, i € M, and u € U, v € V, we have
BIIX™i(t) = XV (#)]] < o — yle( @2 2C2)",

The following two propositions, which are concerned with the Lipschitz property of J, U, V and the
boundedness of U, V', will play a key role in the subsequent analysis, whose proofs are similar to those
of Propositions 3.2 and 3.6 of Cosso [15], respectively.

Proposition 1. Under Assumptions (A1)-(A3), the objective functional J defined by (2) as well as
the lower value function U defined by (3) and the upper value function V' defined by (4) are Lipschitz
continuous with respect to .

Proposition 2. Under Assumptions (A1)-(A3), the lower value function U defined by (3) and the
upper value function V' defined by (4) are bounded.

3 Dynamic programming principle

In this section, we state and prove the DPP for our zero-sum hybrid impulse game problem. At first, we
present a lemma which is concerned with the path property of a Markov chain.

Lemma 2. A Markov chain is a right-continuous stochastic process with piecewise-constant sample
paths.

Theorem 1. Under Assumptions (A1)—(A3), for any = € R, i € M, and any stopping time v, we have

U(x7 Z) = Blnfl'g sup E |:/ e—rtf(X:c,i;u,ﬂ[u] (t), 9 (t))dt + e—ruU(Xx,i;u,B[u] (l/), 9t (l/))
€L yeu 0
(5)
_ Z e_Tng(f'nL) H 1{Tm?5pn} + Z e_7'Pwh(77n):|,

Tm SV n>1 P <V

and
V(x,i) = sup m\f} E { / et (X Bkl (1) 08 (1)) dt 4 eV (X El (1) 67 (1))
acAVE 0
(6)
_ Z e—Tng(fm) H ]_{Tm?gpn} + Z e_"'/’wh('r]n):| .

T <V n>1 pn<v

Proof.  'We only prove (5) for the lower value function U; the other case (6) for the upper value function
V' is analogous. In the following, the proof is divided into two steps.

Step 1. In this step, we consider the case when v takes at most countably many values {¢1,¢o,...}
with tgy1 > tr and t — 0o as k — oo. This step will be further divided into three sub-steps.
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Sub-step 1. For convenience, let

G(u, plu],v) E[/OV e FX IRl (), 61 (1))t + e U (X TP (1), 6 (1))

(7)
- Z e " g(€m) H Lir#ony + Z e”’"h(nn)]-

Tm SV nz1 pn <V

Given an € > 0, for any u € U with (7, &n)m>1, there exists a strategy 8 € B with (p,,,7,,)n>1 such
that _ .
G(u, Blul,v) — 5 < 522’325 G(u, Blul,v). (8)

For each fixed tj, let Uy, (respectively, V) denote the set of admissible impulse controls for player I
(respectively, player IT) that start from ¢;, and are adapted to {F;* };>0, where F/* = F; 1y, . Also, let Ay,
(respectively, By, ) denote the corresponding set of admissible impulse strategies for player I (respectively,
player II). Define u(t) = u(t+tx) for t > 0, then uy € Uy, . Let (75, €5 ),u>1 denote the decision sequence
associated with u.

From the Lipschitz property of J and U, we can partition R into intervals {I4}4>1 such that, given an
xq € Iy, for any y € Iy, j € M, and B, € By,

. N
U(y7.7) > U($d,j) - 67 (9)
and -
J(@a, i wi, Be[ur]) > J(y, Js wk, Brlur]) — 6 (10)
In addition, for x4 € I; and j € M, there exists a strategy Bk € By, with (pF,7F),,>1 such that
) , = €
Ulza,j) > J(xa,J; uk, Brlur]) — 5 (11)

From (9)—(11), for any y € Iy and j € M, we have the following inequality:
U(yaj) > J(ya.],ukaﬁk[uk]) o 5

Let Ag,q; = {v = tx, X @isuBlu] (tr) € 14,0 (ty) = j}. Define a strategy B with (Prs T )n>1 as follows: for
uelU,

(12)

- Blu()](), 0<t<y,
POIO =1 3 tag, Belul + 1l —t), > (13)
k,d,j

Then, 5 € B. Note that on {v = t;}, for any p,, > t), we have
ﬁn:ﬁfz+tk7 ﬁn:ﬁkn
Sub-step 2. On the one hand, it follows from (12) that
E[e—ruU(X:c,i;u,E[u] (l/), el(y))] — Z E[lAk,d,j e—rtk U(Xx,i;u,g[u] (tk);j)]

= . " ST
> 37 Blla,, e " JOCE (1), g, Bylua])] - 5.
k,d.j
On the other hand,
E[ [ et @), 6t o)
— Z e—"'ng(é'm) H 1{7_7";55"} + Z e_Tﬁnh(ﬁn)]
T >V n>1 Pn>v
~ I (15)
_ Z E |:1Ak,d,jE (/ e—rtf(X:c,z;u,ﬂ[u] (t), 9t (t))dt
k.d,j tk

= > e gn) [ Lirmrsy + D e P h(in)

Tm >tk n=1 P>ty
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By changing t — t + t5, we get

E < | e, ot @)

123

= Y e g&n) [ Lrmrpy + D e hliin)

]-"tk)
Tm >t n=1 P>t

:e_mE(/ et (X P (¢ 4 1y), 00 (¢ + 1))t 1o
0

-y e "Tmg(ek) Ity + D0 e "7 h(;) ftk)

530 n>1 pr>0
— ot J(X3«'7i;uag[u] (tr), J; Uk, B\k[uk])
From (14)-(16), we have

oo

E[e_TVU(Xx’i;u’E[u] (l/), ez(y))] >E |:/ e—rtf(Xl‘,i;u,E[u] (t), g (t))dt

—TTm —TPnp (7 €
= 3 et [T o + X 70| - 5
Tm >V n=1 P>V
Sub-step 3. Then, recalling the definition (7) of G, we obtain
J(x, i, Blu]) — = < G(u, Blu], v). (17)

2
Combining (8) and (17) gives

J(x,i;u, Blu]) — e < inf sup G(u, Blul, v).
BEB yeu
As w is arbitrary in U, we arrive at

U(z,i) < inf sup G(u, fu], v).
BEB ueu

Similarly, we can prove the reverse inequality, and thus the desired result follows.
Step 2. In this step, we consider a general stopping time v. For p =1,2,..., let

oo
l
=2 2 Ut <v< )
=1

Then, v, is an Fy-stopping time because {v, < t} = {v < &} € Fi, C F, where |y = sup{l : & < t}.
2P
Further, for each p, v < v, <v + 2% Note that

inf sup G(u, Blu],v) — inf sup G(u, Blul, v
inf sup Gu, Blul.v)  inf sup Gi(u, Bfu ;)

< sup sup |G(u, Bu],v) — G(u, Blu], vp)|.
BeBucU

So the whole task is to show that the right-hand side of the above inequality converges to 0 as p — oco.
In fact, it follows from the right-continuity of X#%%Aul(.) and #%(-), the Lipschitz continuity of U (see
Proposition 1), and the dominated convergence theorem that

Vp

|G (u, Blul, v) = G(u, Blu], )| <E[/ e A1), 67(2)) |t

e U(X A W), 0 (1)) — e U (X (1), (1))

+ Z e_”mg(gm)H1{Tm;£pn}+ Z e_m”h(nn)]

v<Tm<Vp n=1 v<pnSVp

converges to 0 uniformly in u € & and 8 € B as p — oo. We complete the proof.

Remark 5. It is worth mentioning that the key ingredients of the proof of Theorem 1 include the
construction of the specially designed strategy (13), the time shift transformation (16), and the stopping
time approximation scheme in Step 2, which are also the innovations and contributions of this paper.



Lv SY, et al. Sci China Inf Sci  November 2024, Vol. 67, Iss. 11, 212209:7

4 Hamilton-Jacobi-Bellman-Isaacs equation

Let
1
LW (x,4) = b(x, i)W (z,1) + 502(x,i)W”(x,i),

where W'(z,i) and W (z,4) are the first-order and second-order derivatives of W (z,4) with respect to
x, respectively. Let

QW (w,)(3) = 3 4 [W (. 5) = W(a, ), 18)
i
which is the infinitesimal operator of the Markov chain. We also introduce the following two operators G
and H:
EER
and ' ) ‘
HW (x,i) = inf {W(z +n,i) + h(n)}. (20)
neR

Remark 6. The definitions of GW (z, i) and HW (x, i) have an immediate and intuitive interpretation.
If player I (respectively, player IT) makes an impulse from z to x + £ (respectively, x to « + 7)), then the
present Nash equilibrium payoff can be written as W(z+¢,7) — g(&) (respectively, W(x+n,7)+h(n)). We
have considered the payoff in the present position and the intervention cost. Hence, GW (x,7) (respectively,
HW (x,1)) is actually the optimal impulse magnitude that player I (respectively, player IT) would choose
in case it wants to intervene.

In this section, based on the DPP, we show that the lower value function U and the upper value
function V are the unique viscosity solution of the following HJBI equation, which consists of a coupled
system of variational inequalities with bilateral obstacles:

max{min{rW(z,i) — LW (z,i) — f(x,i) — QW (x,-)(4),

Wi(x,i) — GW (x,i)}, W(z,i) — HW (z,i)} = 0. 1)

First, we give the definition of viscosity solution of (21), which is a natural generalization of the classical
viscosity solution notion in Crandall et al. [42].

Definition 3. A continuous function W (z,i), z € R, and i € M, is said to be a viscosity subsolution
(respectively, supersolution) of the HIBI equation (21) if, for any i € M,

max{min{rW(z, i) — Lo(T) — f(T,1) — QW (T, ) (i),
W(Z,i) — GW(Z,4)}, W(Z,i) — HW(T,i)} <0 (respectively, > 0)

holds whenever p(z) € C? (i.e., twice continuously differentiable) and W (x, i) —¢(z) has a local maximum
(respectively, minimum) at x = Z. W(x,1) is said to be a viscosity solution if it is both a viscosity
subsolution and a viscosity supersolution.

In what follows, we only prove the viscosity sub and supersolution properties for U, and those for V'
can be treated in a like manner. We begin with the following proposition of the operators G and H,
whose proof is similar to that of Cosso [15, Lemma 5.3].

Proposition 3. Under (A1)—(A3), the lower value function U(x, ) defined by (3) satisfies
max{min{0, U(z,i) — GU(x,1)},U(x,i) — HU(z,i)} = 0.

Theorem 2. Under Assumptions (A1)—(A3), the lower value function U (x, ) defined by (3) is a viscosity
solution of the HIBI equation (21).
Proof.  We first consider the viscosity supersolution property, and the proof is divided into three steps.
Step 1. For any fixed i € M, let p(x) € C? be such that U(z,i) — p(z) attains its minimum at x = T
in a neighbourhood Bs, (T) = (T — 01, T + 1) for some 6, > 0. If U(T,i) = HU(T, i), then the proof is
finished. Otherwise, from Proposition 3, we have U(Z, 1) < HU(ZT, 1), or further U(Z, i) — HU (T, i) < —27
for some v > 0. Then,
U(l‘, Z) - HU(JJ, Z) S (22)

in By, (Z) for some d2 > 0 (noting the continuity of U(-,7) and HU(-,17)).
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Step 2. Now, let § = §; A da. Let 7y be the first jump time of the Markov chain #%(-) and 75 be the
first exit time of X@ 54”8 [u’] from Bs(T), where u” and 3° represent the no-impulse control for player I
and no-impulse strategy for player II, respectively. Let v = 19 A 75 A ¢ for some constant ¢ > 0. From the
DPP (5), for any ¢ > 0 and the no-impulse control u°, there exists a 5 € B with (5,75 )n>1 such that

U(z, 1) >E[ / e (XTI () ydt+ Y e A
0

A
ey (XT B (), 9"@))] o

From the boundness of f and v < ¢, we have

E|:/V —rt
0
It follows that

E[/ ertf(Xz,i;uO,ﬁa[uo](t%Z‘)dt} > E[/ ertf(Xz,i;uO,ﬁo[uO](t%Z‘)dt} — Kje.
0 0

By the Lipschitz property of U, we have

E|: e—'r‘uU(Xf,i;uO,Ba[uO] (l/), 91(1/)) e~V <X1 Jisu®, 80 Z nna 91 ) H

PRV

o

f(Xx'Lu 0 ° [ ](t),l) o f(Xf,ﬁuO,BO[uO](t),i)

dt:| < ch.

< KE HXE,i;uO,ﬁi[uO] (v) — <Xf,i;u0,5°[u°] V) +

PRV
Note that v
XTSI () = o 4 / b (5), 07 (5)) ds
0
b [ o s, 6 (s)ABGs) + Y i
0 pE v
and
X:vzu ,B8%[u’] Z nn _ l‘+/ b(Xf,i;uU’ﬂo[uO](S),Qi(s))ds
AN

+ / o(XTi" 01 (5) 6i(s))dB(s) + 3 .
0

PRV

(X7 1 (5), () — (X7 ] (5), ()

So we obtain

o[
‘/ ( P ONIE)) —a(X”’i?uoaBO[u"](s),9"(5))) dB(s)

Recall that v < ¢. By the boundedness of b, we have

g

dt] < Ke.
By the BDG inequality and the boundedness of o, we have

H/ ( (x™H L (5), 67 (s)) — o (X700 (S),ms»)dB(S) }

<r|(f )

> ni)

p5 SV

ds

|

BB (1), 61 (s)) — BT 1), 6 (s))

N

o(XPECIN (5), 01(5) = (XTI s), 07(5))

%
}ch.

(23)
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It follows that

Bl W] > Bl () - 3 00w - g

PRV

Moreover,

|: —7uU(Xa, Jisu®, 80’ Z nn’ez ) + Z e—Tprh(nfl) o e—'r‘uU(Xf,i;uO,BU[uO](y)’Hi(l/)):|

pE <V pE <V

> E[e_ {U(X“” P+ 3 05 0w ) +h( 3 ni) - U(va*““ﬁ”[u‘)](y),oi(y))}]

PrSV PLSV

> E[e"‘”l{mmc)}{U(Xf’““”’ﬂ“[“"]@) + i) e X k) - om0
pLSV PrSV
> e "P(1o > (15 N ©)),

(26)
where, in the above, the first inequality follows from the assumption (A2), the second inequality is owing
to Proposition 3, and the third inequality is the result of (22).

In view of (24)-(26), Eq. (23) reduces to

U(z.i) >EV e F(XTEEALC () dydt + e U (XTI (1), 07 (1) (27)
0

+ e "P(1o, > (15 N¢)) — K1c— Kgc% —
For fixed v and 9§, since P(1, > (75 A¢)) T 1 as ¢ | 0, we can select ¢ and & small enough such that the

second line of (27) is greater than 0.
Step 3. Define a function v : R x M — R as follows:

. ple) + U@ i) — (@), j=1i
Y(z,j) = . . (28)
Uz, j), J# i
Applying Ito’s formula to e~ tp(X@iu" B’ (¢) 9i(t)) between 0 and v, we have
Ele (X5 (1), 0'(0))] - v(3, 1)
—E / e — rp(XTECEICN (1) ) + Lo(XTEE 1 (1))
0 (29)
+ 3 g (w(xTEP1E 1), g) — (xS ), ) }dt}
J#i
Note that U(z, ) — ¢(z) attains its minimum at =7 in Bs(T), hence
U, i) — p(@) < DX, 6) — (X720 1)),
ie.,
e S O RS 76 G R}
It follows from (28) that
P(XTE Bl () ) = U(xXTE B0 () ).
In particular,
z,i;u, 8% [u’ - z,5;u’, 8% [u’ .
> i (wm 0 ), ) — (XA 1)) )
J#i (30)

z,3:u?, 30 [u® . z,i:u, 30 [u’ .
>3 a (VT B0 ), gy — U (xS )G ),

J#i
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By (28)—(30), we obtain

Ble~u(x™* 20 0), 0'(w))] - U, i)

> E|:/ e—rt{ o TU(XT,i;uO,BO[uO] (t),i) + ﬁ(p(XT,i;uO7ﬂO[uO] (t)) (31)
0

+ 30 (Um0 ), ) - U (xS ), 6)) }dt} .
j#i
It follows from (27) and (31) that
EU e_”{TUOW‘W“W] (1),7) = Lo(XTH S )
0
— FXFENTI ), i) - QUXTE T ), ~><i>}dt]
> ye "P(1o > (15 Ne)) — Kic — Kac? —e > 0.

Dividing both sides of the above inequality by ¢ and sending ¢ — 0, we have

This gives the viscosity supersolution property.

The proof of subsolution property is parallel to that of supersolution property. Hence, we deduce that
U(x,1) is a viscosity solution of the HIBI equation (21).

In the next, we show the uniqueness of viscosity solution of the HJBI equation (21). This also indicates
that the stochastic differential game admits a value. At first, we recall the definition of second order
superdifferential of a function W at x:

_ — (g — _ L —
J5TW (2) = {(Q,A) € R x R : limsup Wiy) — Wiz) |3§y :ETQ)C 2 2)°A < 0},
Yy—x -

and the second order subdifferential of W at z is defined as J?~ W (z) = —J>F(=W)(x). Let 72’+W(:c)

and 72’_W(:c) denote the closures of J>*W (x) and J%~ W (z), respectively.
Now we introduce the following alternative definition of viscosity solution via the super- and subdif-
ferentials, which is equivalent to Definition 3; see Crandall et al. [42, Section 2.

Definition 4. A continuous function W(x,i), x € R and i € M, is said to be a viscosity subsolution
(respectively, supersolution) of the HIBI equation (21) if, for any « € R, i € M, and any ((,A) €
JETW (z,1) (respectively, J2~W (z,1)), we have

max { min {TW(I, i) —b(x,i)¢ — %UQ(I, DA — f(z,7) — QW (z,-)(4),
W(x,i) — GW (x, z)}, W(z,i) — HW(x,i)} < 0 (respectively, > 0),

where W(x,7) is said to be a viscosity solution if it is both a viscosity subsolution and a viscosity
supersolution.

Remark 7. In view of the continuity, if W (z,4) is a viscosity solution of the HJBI equation (21), then
for any (¢, A) € 72’+W(ac, i) (respectively, 72’7W(x, i)), the inequality in Definition 4 remains true; see
Crandall et al. [42, Remark 2.4].

To proceed, we have to strengthen the assumption (A2) to the assumption (A4) as follows (see also
Assumption (H, ) in Cosso [15]):

(A4) infeer g(&) > 0 and inf,cr h(n) > 0. For any &1, &2, 1,71, 12 € R, there exists a positive constant
c such that the following triangular inequalities hold:

9(&1 +n+&2) < g(&) —h(n) +9(&2) —c
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and
h(n +n2) < h(m) + h(n2) — c

Then we have the following technical lemma that was borrowed from Cosso [15, Lemma 6.1] to handle
the bilateral obstacles of the HJBI equation (21).

Lemma 3. Let assumptions (A1), (A3), and (A4) hold. Let U(z,4) and V (x, i) be a viscosity subsolution
and a viscosity supersolution of the HIBI equation (21), respectively. Let x; be a point such that

V(x1,1) = HV (21,1),

or

V(I’l, Z) < "HV(xl,i), U(I’l,l) < QU(:cl,z)
Then, for any n > 0, there exists an x5 such that
U(:L'Qa Z) - V(l‘g,i) +n = U(:L'la Z) - V(xlvi)a

and
V(IQ, ’L) < HV(xg,i), U(Ig,i) > gU($2,Z)

Theorem 3. Let assumptions (A1), (A3), and (A4) hold. Let U(x,i) and V(z,4) be a viscosity sub-
solution and a viscosity supersolution of the HIBI equation (21), respectively. Suppose that U(z, ) and
V(z,4) are bounded and Lipschitz continuous with respect to . Then we have U(x,i) < V(z,14) for any
(x,i) € R x M.

Proof.  Step 1. It suffices to show that

o 1 <o,
%%222{[](“) Vi(z,1)} <0

We argue by contradiction. If it was not, in other words, if we have

d = max sup{U(z,4) — V(x,i)} > 0,
€M zeR

then there should exist 1 and 79 such that
U(xlaio) - V(x17i0) =d-— Cl > 07

for some (7 > 0 small enough.
From Lemma 3, for any ¢ > 0, we can find an x5 such that

U(xa,io) = V(z2,i0) =d = (> d—( =,
for some (> € [0, (1 + (], and
V(xa,io) < HV (z2,i0), Ul(xa,i9) > GU(x2,1p).
Let 2o € Bs(x2), for some 6 > 0, be a point such that

Ulxo,io) = V(wo,io) = sup {U(x,i0) = V(z,i0)} = d — (o = do, (32)
z€Bs(x2)

for some (o € [0, C2].
Step 2. For any € > 0, consider the following function:

. . 1
q)E(xay) - U(Za 7’0) - V(ya ZO) - 2—€|LL‘ o y|2
in Bs(x2). By Lemma 3.1 in [42], ®.(z,y) attains its maximum d. in Bs(z2) at some (xc,y.) such that
d. — dp and (z.,y:) — (x0,x0), as € — 0. Moreover,
2

: |ﬂ?5 — Ye
lim ——————
e—0 e

0.
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In particular, it follows from the continuity of U(,4p), GU(-,40), V(,i0), HV (-, i0) that, for e sufficiently
small,

V(ya,io) < HV(ya,io), U(xa7i0) > QU(acE, io). (33)

Further, by Theorem 3.2 in [42], there exist (pe, P-) € 72’+U(:c5,i0) and (¢-,Q:) € 72’7V(y5,i0) such

that p. = ¢. = *=*= and
2
P. 0 1 1 -1 1] 1 —1
< - + -
0 -Q.| e]-11 el-1 1

The last inequality implies that o2 (z¢,i0)P- — 02 (ye,i0)Qe < g|0(xa, i0) — o(ye,i0)|?.
Step 3. From the viscosity subsolution property of U and the viscosity supersolution property of V'
and noting (33) and Remark 7, we have

Te — Ye

U (1 i) = D=y io) =Y — 207, i0) P — f(r2yi0) — QU (=, i) <0,

and
T —

(i) Qe — Fles i) — QV (e, (i) > 0.

TV(yE7i0) - b(yEaiO) 2

Combining the above two inequalities, we obtain

—Ye

T[U(xa,io) - V(yfvio)] - [b(xa,io) - b(ye,io)] - %[ 2(x67i0)P6 - UQ(Q&JO)Q&]
— [f(@e,i0) = f(yerio)] = D @0 iU (e, §) — Ulae, io)]
Jj#io
Z ng,j ysa V(ye,io)]-
J#io0

A re-arrangement of the coupling terms yields

T[U(xsaio) - V(y€7ZO)] - [b(l’g,io) - b(y€7i0)]xe — e - %[UQ(xsaiO)PE - UQ(ysaiO)QE]

- [f(IE)iO) y8720 + Z qlg,] x8720 V(y€720)]
J#io

Z qm,] xe; V(yavj)]-

Jj#io

By sending ¢ to 0, we have

rdo+ Y i 3do <Y io 3 [U(0,5) = V(20,1 < D iojd =Y tiy.j(do + o),

J#io J#io Jj#io Jj#io

ie.,

1
So Z Gio.5G0-
J#io
This leads to a contraction to (32) for some (p sufficiently small.

Theorem 3 means that a viscosity subsolution will always be less than a viscosity supersolution. This
leads to the uniqueness of the viscosity solution, since a viscosity solution is both a viscosity subsolution
and a viscosity supersolution.

Proposition 4. Let assumptions (A1), (A3), and (A4) hold. Then, the viscosity solution of the HJBI
equation (21) is unique in the space of bounded and Lipschitz continuous functions.
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5 Verification theorem

This section establishes a verification theorem which can be used as a sufficient condition to find a Nash
equilibrium and the value function.
For i € M, let
Dl,i = {¢($72) - g¢($72) > 0}7
and
Dai = {d(x,i) — Ho(z, 1) < 0}
Let 0Dy, ; denote the boundary of Dy, ;, 1 € M, k =1,2.
Remark 8. Actually, Dy ; (respectively, Ds ;) is the so-called continuation region for player I (respec-
tively, player II) in which it is better for player I (respectively, player II) to do nothing and let the state
process continue than make an intervention and shift the state process to another position.
Theorem 4. Let ¢(x,7), x € R and i € M, be a real-valued function satisfying:
(i) For i € M, ¢(-,7) belongs to class C%(R\(Ujepm,k=1,20Dx ;)) N CH(R).
(ii) For i € M and « € R, Gp(x,i) < o(x,i) < Ho(z, 7).
(iii) For i € M and x € Dy ;, max{r¢(z,i) — Lo(x, i) — f(z,i) — Qp(z, ) (2), p(z,7) — He(z,i)} = 0.
(iv) For i € M and x € Ds, min{r¢(z,i) — Lo(x, i) — f(z,i) — Qé(x, ) (i), p(x,i) — Go(x,i)} = 0.
Define u* with (7%, &5 )m>1 and v* with (pf, n})n>1 inductively as follows: 75 = 0, p§ = 0, and for
m=21,n2>1,

Ty, = _inf {fb(X*(t),@i(t))Sup{sb(X*(t)JrE,@i(t))9(5)}},

t>70 4 EER (34)
& = argmax {o(X* () +£,6°(t) —9(9)}
and
= int {S0X(0.010) = inf (6000 + 0.0 + i} ).
>Pp—1 ne (35)

" = arg min {d(X*(t) +n,0°(t)) + h(n)}

where X*(t) = X®%u V" (¢), Then, (u*,v*) is a Nash equilibrium for players I and IT and ¢(z, ) is the
value of the game.

Proof. It should be noticed that along the boundaries of the continuation regions D;; and Ds ;, the
function ¢(-, ), i € M, only belongs to C'! but does not necessarily belong to C2. In this situation, we can
apply the smooth approximation argument introduced by @ksendal [46, Theorem 10.4.1 and Appendix D]
to complement the smoothness needed for It6’s formula. Here in this proof, for convenience, we simply
consider ¢(-,7), i € M, to be C? on the whole space; see also Guo and Zhang [36, Theorem 3.1] and Aid
et al. [18, Theorem 1].

First, we show that ¢(z,4) > J(x,9;u,v*), where u with (7y,&m)m>1 is arbitrary in U and v* with
(p%. 2 )n>1 is given by (35) in which we use w instead of u*. Let (vg)r>1 be the entire intervention times
of the two players no matter who intervenes. That is, if player I makes the intervention, then vy = 7,
for some m otherwise if player II makes the intervention, then v}, = p; for some n. Using the sequence
(Vk)k>1, the objective functional (2) becomes

J(z, 5 u,v*) = E{/ e (X (1), 0%(t))dt + Z e " {=g(&m) vp=rny T h(nii)l{uk_p;}}} ) (36)
0 k=1
where X (t) = X®H%Y" (1),
Note that no impulse occurs between vy_1 and vy, k > 1 (here, let vy = 0). Applying Itd’s formula to
e (X (t),01(t)) from vg_1 to vk, we have

Ble—™ (X (=), 0(1)) — e~ (X (v 1), 6 (v 1))
_ —E[ [ et - oot @.0'0) - Qox o), -><9i<t>>}dt}

k—1

< E[ / "), 0

k—1
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where the last inequality follows from X (t) € Dy gi(;y when t € (vg—1, V).
Summing the indices k£ > 1, we obtain

S Bl {0(X (), 0 () — S(X (), 0 ()}] < () E[ | oo @
k=1
Combining (36) and (37) yields
J(:L'a u, U*) < (15(1', Z) + Z E[e_rl/k{*g(gm)l{ukznn} + h(n:z)]-{l/k=pﬁ}
k>1 (38)
+ O(X (1), 0" (i) — S(X (=), 0" (i) }].

In the following, the analysis is divided into two cases:
(a) If vy, = 7, for some m, it follows from condition (ii) that

(X (vk—), 0" (i) 2GH(X (vk—), 0" (vr))
:fgﬁdX@wﬁ+€ﬁ%Wng@H

_ (39)
2H(X (V=) +&m, 0" (vk)) — 9(Em)
=(X (1), 0" (Vi) — g(Em)-
(b) If v, = p}, for some n, it follows from the definition (35) of (p%, 7} )n>1 that
O(X (=), 0" () =HO(X (vii—), 0" (i)
= inf {$(X (=) +n,0" (x)) + h(n)}
e (40)

=¢(X (vi—) + . 0" (vk)) + h(n;,)
=(X (vk), 0" (i) + h(n},)-

From (38)—(40), we have ¢(x,i) > J(x,i;u,v*) for any u € Y.

On the other hand, the proof of ¢(x,i) < J(z,i;u*,v) for any v € V is symmetric, and the proof of
d(x,1) = J(x,i;u*,v*) is the same as above but with all inequalities becoming equalities. Hence, (u*,v*)
defined by (34) and (35) is a Nash equilibrium for players I and II and ¢(z,) turns out to be the value
of the game.

6 Concluding remarks

In the future, there are many interesting questions that deserve further investigation. In particular, to
take into consideration that the Markov chain may have a large state space and exhibit a two-time-scale
structure, solving the HIBI equation (21), either analytically or numerically, becomes a difficult task. In
this case, an interesting and useful problem is to reduce the complexity and computational burden via a
singular perturbation approach; in this connection, see Yin and Zhang [41] for more details.
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