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Abstract

This paper considers a new class of deterministic finite-time horizon, two-player, zero-sum dif-
ferential games (DGs) in which the maximizing player is allowed to take continuous and impulse
controls whereas the minimizing player is allowed to take impulse control only. We seek to approx-
imate the value function, and to provide a verification theorem for this class of DGs. By means
of dynamic programming principle (DPP) in viscosity solution (VS) framework, we first charac-
terize the value function as the unique VS to the related Hamilton-Jacobi-Bellman-Isaacs (HJBI)
double-obstacle equation. Next, we prove that an approximate value function exists, that it is the
unique solution to an approximate HJBI double-obstacle equation, and converges locally uniformly
towards the value function of each player when the time discretization step goes to zero. Moreover,
we provide a verification theorem which characterizes a Nash-equilibrium (NE) for the DG control
problem considered. Finally, by applying our results, we derive a new continuous-time portfolio
optimization model, and we provide related computational algorithms.
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1 INTRODUCTION

1 Introduction

Optimal control (OC) theory is an important field of research due to its connections with partial differential
equations (PDEs) and many fields of engineering such as mathematical finance. As a consequence, OC problems
can be used for designing numerical algorithms to nonlinear PDEs arising from many optimization problems, we
refer for the instant to Bensoussan and Lions [1], Fleming and Rishel [2], Fleming and Soner [3] and Pham [4]
(see also [5-7]). Impulse control and differential game (DG) problems appear in many practical situations, for
example in mathematical finance one can consider the option pricing and the control of exchange rate problems
by Bernhard [8], Bernhard & al. [9] and Bertola & al. [10] (see also Barles [11], Shaiju and Dharmatti [12],
Dharmatti and Ramaswamy [13], Yong [14], Zhang [15] and [1] for more information). The rigorous mathe-
matical study of OC problems and DGs gives rise to some non-linear partial differential equation (PDE), usually
called Hamilton-Jacobi-Bellman (HJB) equation for classic OC problems and Hamilton-Jacobi-Bellman-Isaacs
(HJBI) equation for DGes, satisfied by the value function related to the control problem or DG. That is the value
is the unique solution to the corresponding HJB or HIBI equation. In most cases, even in very simple, these
value functions are not sufficiently smooth, then the related PDE needs to be studied in viscosity solution (VS)
framework. Introduced in 1980s by Crandall and Lions [16] (see also Crandall & al. [17, 18]) to circumvent the
fact that the value function of control problems or DGs is not smooth enough, the notion of VS provides very
powerful means to study in great generality and gives a rigorous formulation of the related PDEs to these control
problems or DGs. The notion of value function has then a key role in the theory of OC problems and DGs, and
the related PDEs should be considered in the viscosity sense.

1.1 Continuous and Impulse Controls Differential Game

In a previous work El Asri and Lalioui [19], a two-player, zero-sum, deterministic DG where each player uses
both continuous and impulse controls in infinite-time horizon was studied (see also El Asri & al. [20]). In [19],
we proved under Isaac’s condition that the lower and upper value functions coincide. In [20], the zero-sum
deterministic impulse controls game problem we have considered involves only impulse controls in infinite-
time horizon, where a new HIBI quasi-variational inequality (QVI) was defined to prove, under a proportional
property assumption on the maximizing player cost, that the value functions coincide and turn out to be the
unique VS to the new HIBI QVI. The problem considered in this paper and the obtained results extend those
in [19,20], and provides an application to continuous-time portfolio optimization problem.

This paper studies a new class of deterministic finite-time horizon, two-player, zero-sum, continuous and
impulse controls DG, defined by the R" —valued state vector y; ,(s) solution of the dynamical equation (E1)
below:

(ED yra(s) =+ /t b(r, yew (r); 0r))dr + > ge (Tons .0 (73):em) Ui 71 (5) | L ron)

m>1 E>1

+ Z 9n (Pk, yt,x(P/;); TIk) ]l[pk,T](s)7
k>1

for time variables T € (0,400), t € [0,7] and s € [t,T], with initial state y; ,(t~) = x € R", where
Y,z (t7) = limy4; yr (). In the differential form, for s # 7,,,, s # pj, and the initial state x, the dynamical
equation (E1) is governed by the following controlled ordinary differential equation (ODE):

yt,r(s) = b(syyt,:v(s); 9(8))7 and yt,x(t_) =7z,
where D ()
yt,x(s) = %77

0(.) € ©(t,T) being the continuous control in O(t,T'), the space of measurable functions from [t, 7] C Ry into
R, and b is a function that satisfies the following assumption:
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[H,] (Dynamic) The function b : (s,y,6) € [0,+00) x R” x Rl — b(s,y;0) € R™ is continuous w.r.t. s
uniformly in y and €, Lipschitz-continuous w.r.t. y uniformly in s and 6 with constant C;, > 0, and
continuous w.r.t. #. Moreover, b satisfies Hb(s,y; G)HOO < M for any (s,v,60) € [0, +00) x R" x R! and
some positive constant M .

The state vector y; (s), in addition to the continuous evolution due to the ODE above, undergoes impulses
(jumps) &, and 7, at certain impulse stopping times 7, and py, respectively, that is:

yt,l‘(T;) = ym(ﬂﬁ) + ge (Tmyyt,x(Trz); gm) H H{Tm;épk}7 t <7y < T7 Sm 7é 0;
E>1

Y (p)) = Yea(pr) + 90 (Prs e (pf )imw), t < pie < T, mi # 0,

where y; 5 (s7) = limgps ye,2(s") and y¢ 5(sT) = limg s y4 2 (s’), under the following assumption on the two
functions g¢ and g,,:

[Hy] (Impulses Form) The function g¢ : (s,y,£) € [0,+00) x R™ x RP — ge(s,y;§) € R” (resp. gy -
(s,y,m) € [0,+00) x R™ x RY — g, (s,y;n) € R") is Lipschitz-continuous w.r.t. s, uniformly in y and
& (resp. 1), with constant égg > 0 (resp. égn > 0), and Lipschitz-continuous w.r.t. y, uniformly in s and
§ (resp. 1), with constant Cy, > 0 (resp. Cy, > 0).

1.2 HJBI Equation and Approximate Equation

Initiated in the 1950s by Bellman [21], the dynamic programming principle (DPP) leads, for our deterministic
finite-time horizon, two-player, zero-sum, DG control problem, to a non-linear PDE satisfied by the Elliott-
Kalton [22, 23] value function of the game, and given by the following system:

N .
max{mm[ - %U(Sv y) + )\’U(S, y) + H(Sv Y, Dyv(sv y)),U(S, y) - HsupU(S, y)] ;

(HIBI) u(s,y) — /Hz)‘(nfv(s’y)} =0, on [t,T) x R";

v(T,y) = G(y) forall y € R",

where the Hamiltonian (H) and the two non-local cost operators (Hg,,), (an f) are classic expressions given
in Section 2.3 below. The above system (HJBI) called Hamilton-Jacobi-Bellman-Isaacs (HJBI) equation, or
dynamic programming equation (DPE), and we will refer to it as HJ/BI equation. By combining the notion of VS
for the HIBI equation, with comparison principle for these solutions, we characterize the value function of the
zero-sum DG control problem studied as the unique VS of the HIBI equation, and this can then be used to obtain
further results. Indeed, our paper will provide a discrete-time approximation for the HIBI equation. Let A > 0
be the time discretization step, hg be a positive number, and ®(h) be a continuous function such that ¢(0) = 1
and 0 < ®(h) < 1for 0 < h < hy, the approximate equation (HIBI},) of the HIBI equation will be given by the

following system:

max{min [Hh(s,y,vh(s,y)),vh(s,y) — @(h)Hﬁupvh(s,y)];vh(s,y) — @(h)anfvh(s,y)} =0,

on [t,T) x R";
(T, y) = G(y) forall y € R™,

where the approximate Hamiltonian (H},) is defined in Section 2.3 below. We may use this approximate equation
(HJBI}) to give some computational aspects for our zero-sum DG control problem. Indeed, the convergence of
the approximate value function, unique solution of the approximate equation (HJBIj), to the unique bounded
uniformly continuous (BUC) VS of the HIBI equation, leads to a numerical approach for the considered DG
control problem. The Nash-equilibrium (NE) of Section 5 and the computational algorithms of Section 7 will
give an illustration of this approach.

(HJBIy)
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1.3 Impulse Control Problems and Differential Games with Impulses

Regarding the literature on optimal impulse control problems and DGs with impulse controls, one might find
numerous variants of OC problems with impulse, for example Liu & al. [24] have considered the case where
the number of jump instants is fixed, and Reddy & al. [25] have studied a problem when the impulse instants
are known a priori. The literature on DGs with impulse controls is sparse, zero-sum games with one player
using piece-wise continuous controls and the other using impulses were studied in a deterministic setting in [14],
and in a stochastic setting in [15] and Azimzadeh [26] (see also Issacs [27]). In [11] and El Farouq & al. [28]
the authors studied a deterministic impulse control problem in infinite-time horizon and a finite-time horizon
DG, respectively (see also El Asri [29]). Bernhard & al. [8, 9] introduced impulse control in zero-sum DGs to
study an option pricing problem. Impulse control problems are typically solved using two main approaches, one
based on Bellman’s DPP [21], and another using Pontryagin’s maximum principle [30] to compute the value
function (see e.g. [10] and Blaquiere & al. [31]). Recent papers by Cosso [32] and El Asri and Mazid [33]
consider dynamic programming approach for zero-sum stochastic DGs where both players use only impulse
control (see also El Asri and Mazid [34] where a state and time dependent cost functions stochastic impulse
control problem was considered). Works by Aid & al. [35], Basei & al. [36], Campi and De Santis [37] and
Sadana & al. [38, 39] study some nonzero-sum DGs with impulse controls. We mention that in [35] authors
studied a DG between two nations that have different targets for the currency exchange rate, and provided a
system of QVIs that needs to be solved in order to compute the NE. In [38] the necessary and sufficient conditions
for the existence of an open-loop NE for a class of DGs with impulse control were formulated. In their recent
work, Gammoudi and Zidani [40] have studied a two-player zero-sum DG with state constraints. Regarding
discrete-time approximation of HJB equation of deterministic control theory, we cite the works by Falcone [41],
Gonzalez and Rofman [42, 43], Capuzzo-Dolcetta [44], Capuzzo-Dolcetta and Ishii [45], and recent works by
El Farouq [46, 47] related to deterministic impulse control problems (see also [48-52]). Another method for
obtaining an approximate solution of the HIB equation is the adaptive dynamic programming (see for example
Mu & al. [53,54)).

1.4 Financial Market Modeling, Contributions and Outline

The use of OC methods to analyze financial market models has expanded at a remarkable rate after the
revolutionary works by Markowitz [55] and Merton [56-58]. Many researches have dealt with the role of OC
in portfolio optimization, including Eastham and Hastings [59], Hastings [60] and Korn [61]. In Section 6,
a deterministic finite-time horizon, two-player, zero-sum, impulse controls DG approach for continuous-time
portfolio optimization will be given. We first adjust the functions b, g¢ and g,, of the dynamical equation (E1) to
our portfolio optimization problem, then, for time variable s € [¢t,T] and a fixed positive real discount factor A,
we consider the following discounted terms:

1. A running gain/cost of integral type ftT f”(s,yf;vv(s); 9(3))exp(—)\(s — t))ds, giving by the running
gain/cost function f7 := L™ — U™, where L™ and U™ denote, respectively, the investor’s stocks holding
cost and his instantaneous utility function;

2. The total jump costs

= (T b (1) &m) D (= AT = ) Ui <ty [ [ Lrmons

m>1 k>1

and ZkZI X" (pk,yz@’cv(p,;); TIk) exp(—)\(pk — t))]l{kaT} for the maximizing player—& (market) and
the minimizing player—n (investor), respectively, with impulse stopping times 7,,,, pr. and impulse values

gma Nk
3. A terminal gain/cost G™ (yf) 2(T)) exp(—A(T — t)) giving by the function G™,
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with the assumption that the flow of funds is between the market and the investor who reacts immediately to the
market whereas the market is not so quick in reacting to the investor’s moves. We note that ¢ := (9(.), U =
(Tm,gm)meN*) represents the admissible continuous-impulse control for maximizing player—¢ (market) and
v = (pk, Nk )ken+ is the admissible impulse control for minimizing player—» (investor). Thus we make our
deterministic finite-time horizon, DG framework for the continuous-time portfolio optimization problem. Using
the three discounted terms in the above, we can define an Elliott-Kalton [22, 23] value function v(¢,w) for our
portfolio optimization problem which represents the investor’s lost in the worst-case scenario, we then apply our
results to derive a new continuous-time portfolio optimization model. Following [41-43,45], we derive some
computational aspects for v (¢, w) from the approximate equation (HIBI}).

By establishing existence and uniqueness results for the considered class of DGs in viscosity sense, provid-
ing discrete-time approximation method of their HIBI equation which leads to a NE, applying to mathematical
finance, and providing computational algorithms, our paper contributes to both the theory and applications of
DGs with impulse controls. This paper also leads to a new continuous-time portfolio optimization model where
the investor tries to counteract to dangerous scenarios that can happen because of market price fluctuations. To
the best of our knowledge the literature on deterministic DGs does not provide any theoretical or computational
means to study the class of DGs we have considered in this paper.

The outline of the paper is the following: in Section 2, we formulate the zero-sum DG control problem studied
and we define its value function, then we give the DPP and regularity results. In Section 3, by means of the VS
framework, we investigate the HIBI equation that characterizes the value function of the game studied. Section 4
deals with the approximate equation (HJBI},) and discusses the convergence of the approximation scheme. More
precisely, we prove that the approximate value function converges, as the discretization step goes to zero, locally
uniformly towards the value function of the considered game. In Section 5, we expose a verification theorem for
identifying a NE strategy derived from the convergence result of Section 4. In Section 6, we apply the theory
we have developed to derive a new continuous-time portfolio optimization model where the market is playing
against the investor and wishes to maximize his discounted terminal cost, we give a portfolio strategy. Finally, in
Section 7, we provide related value and policy iteration algorithms for our zero-sum DG control problem.

2 Game Problem Formulation and Preliminary Results

2.1 Zero-Sum Deterministic Differential Game Control Problem

We will be given the precise statement of our two-player, zero-sum, deterministic DG control problem, the
definition of its related value functions and some preliminary results. The state vector y; (s) of the two-player,
zero-sum, deterministic continuous and impulse controls DG considered is given, for finite-time horizon with
time variables 7" € (0, +00), t € [0, T, by the solution of the following dynamical system:

Ut (s) = (8, Yra(5);0(5)), 8 # Ty 5 piy 5 € [1,T];

yt,gc(Tnt) = yt,gc(Tn_l) + ge (Tmy yt,ac(ﬂ?z)? ém) H H{Tm;épk}v Tm € [t, T], Em 7£ 0;
S) k>1

Yoo (P1) = Y (pr) + 90 (Prs e (0% )i ) i € [t T, i # 05
Yt.z(t7) = z € R" (initial state),

the evolution of the state system (S), described by the mapping v . : [t,T] — R", is controlled by two players:
i. A maximizing player—& who uses both continuous control 0(.) and impulse control u := (T, §m)men=s
ii. A minimizing player—n who adopts only impulse control v := (pk, M) ken+

where N* := N\{0}. The mapping y; , : [t,1] — R" is called the response or the state corresponding to controls
6(.),u and v. These controls are defined, for our zero-sum DG control problem, as follows:
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Definition 2.1 (Continuous and Impulse Controls) We let the continuous control 0(.) and the impulse controls u
and v, related to the zero-sum DG control problem studied, be defined by:

i. A continuous control 0(.) € ©(t,T) is giving by amap 0 : [t, T] — R', where ©(t, T denotes the set of all
measurable functions of [t,T] C R, to R!;

ii. An impulse control u := (T, {m)men+ € UL, T) for player—¢ (resp. v = (pr, Mk )ken+ € V(t,T) for
player—n) is defined by the non-decreasing impulse time sequence {7, }men- (resp. {pk}keN*) of [t,T),
and by the impulse value (or, size) sequence {& bmen+ (resp. {Uk}keN*) of elements of U C RP (resp. VvV C
R?), where U(t,T) (resp. V(t,T)) is the space of all impulse controls u (resp. v). O

We denote, for notational brevity, © = O(¢,T), U = U(t,T),V = V(t,T) and ¥ = O x Y. In the system
(S), the product [ | k>1 L{r,,#p,} signifies that when the two players act together on the system at the same time,
only the action of minimizing player—7 is tacking into account. Assumptions on the data, related to system (S),
were given in Section 1.

Remark 2.1 By assumption Hy, the existence of a unique global solution of the above dynamical system (S) is
guaranteed and will be denoted by yfjf(s) at time s, for 1 := (9(.), u) cVandv e V. O

The gain (resp. cost) functional J for maximizing player—¢ (resp. minimizing player—n») is defined, for
Y= (9(.), u) € ¥ and v €V being the admissible controls for the two players, as follows:

T
Haivoo) = [ 1 (61:005) exp(-A(s — ) ds
=D (T vy (1) 6m) exp (AT = ) Lr <y [ ] Lo

m>1 k>1

+ > X (o ()i mk) exp (= Alpx — 1)) L <1y
k>1

+G(ypy (T)) exp(=NT — 1)),

where yw *"(s) is the response to controls 1 and v at time s. The functional J will be considered under the
followmg classical assumptions on the given running gain/cost function f, impulse cost functions ¢, y, and
terminal gain GG, where ) is a fixed positive real that represents the discount factor:

[Hy] (Running Gain) We assume that the function f : [0, +00) x R™ x R! — R is continuous w.r.t. § uniformly
in  and 6, Lipschitz-continuous w.r.t.  uniformly in s and ¢ with constant C'y > 0, and continuous w.r.t.
f. Moreover, [ satisfies Hf(s,y; G)HOO < M for any (s,y,0) € [0,4+00) x R” x R and some positive
constant M ;

[H.,] (Impulses Cost) The impulse cost functions ¢ : [0,4+00) x R" x U C R? — R* and x : [0,+00) X
R" x V C R? — R? are from [0,4+00) x R™ and two convex cones U and V, respectively, into R?%, non
negative, and satisfy

inf c(s,y;€) >0, and inf s,y;m) > 0.
(5,4,£)€[0,400) xR xU ( Y f) (s,y7n)6[07+oo)><R”><VX( Y 77)

The function ¢ (resp. ) is Lipschitz-continuous w.r.t. y, uniformly in s and £ (resp. 7)), with constant
Cc > 0 (resp. C,, > 0) and continuous w.r.t. s and & (resp. 7). Moreover, for all (s,y) € [0, +00) x R",
&1, € U and i1, m2 € V, we let the impulse cost functions satisfy the following:

c(s,y; &1 + &) < c(s,y561) +c(s,y;62);
X(s,y5m +m2) < x(s,93m) + x(s,y;57m2),

that is multiple impulses occurring at the same time are sub-optimal;
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[H;] (Terminal Gain) We let the function G : R” — R be bounded, Lipschitz-continuous with constant
Ce > 0 and satisfies, for all y € R™ at time 7', the following no terminal impulse condition:

Egg{G(ergg(T,y;f)) - C(T,y;f)} <G(y) < ggé{G(ergn(T’y; n) + x(T,y; n)}-

Note that the functional .J represents a gain for the maximizing player and a cost for the minimizing, it is the
criterion which player—¢ wants to maximize and player—» wants to minimize. In the other words, —.J is the cost
player—n has to pay, so the sum of the costs of the two players is null, which explains the name zero-sum.

Remark 2.2 Assumptions Hy, Hy, H,. , and Hc provide the classical framework for the study, in the VS frame-
work, of the zero-sum DG control problem considered in this paper. In the rest of the paper:

1. Welet n, p, q and | be some fixed positive integers, k,m € N*, T' € (0,4+00), t € [0,T] and s € [t,T];

2. We denote by |.| and ||.|| the Euclidean vector norm in R and R™, respectively, and by ||.|| the infinite
norm in the space of bounded continuous functions. [

Before moving to the notions of non-anticipative strategy and value function, we first give the following
Proposition 2.1:

Proposition 2.1 (Estimates on the Trajectories) Assume Hy, and H . Then we have, for all x,x’' € R™, t € [0,T]
and t' € [t,T), the following estimates on the trajectories:

i Hyf’;’(s) — :EHS M (s —t) for any s € [t,T];
ii. Hw”i,(s) - yfjf(s)HS exp(C(T — ) ([|a" — z|| + M (' —t)) for any s € [t', T,
Sforall ¢ := (0(.), u) € Wandv €V, where C and M are two real positive constants.

Proof. The proof of this result is classic. O

We now assume that one player knows just the current and past choices of the control made by his opponent.
Thus, following Elliott and Kalton [22,23], we are given an information pattern for the two players by introducing
the notion of non-anticipative strategy for our zero-sum DG control problem (see also Evans and Souganidis [62])
as follows:

Definition 2.2 (Non-Anticipative Strategy) A strategy for player—& is a map « : YV — V; it is non-anticipative,
if, for any vi,vo € V, T > 0 and t € [0,T], vi = vg on [t,T] implies a(vy) = a(va) on [t,T], ie., if
a(vr) == (01(.),u1) € ¥ and a(va) := (02(.),u2) € U with vy = vy then §1(s) = 02(s) and uy = s for any
t < s <T. We denote by A the set of all non-anticipative strategies « for player—¢&.
Similarly, the set of all non-anticipative strategies [ for player—n is denoted by B as

B = {5 U=V ‘ 01(s) = 02(s) and uy = ug on [t,T) for all 01(.),02(.) € ©, ui,us € U,
T >0, t € [0,T] implies vi := B(61(s),u1) = vy := B(0a(s),u2) on [t,T] forall t < s < T}.
O

We then give the definitions of the lower and the upper value functions related to our problem.
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Definition 2.3 (Value Functions) The definitions of the lower value function (V ~) and the upper value function
(V1) of the zero-sum DG control problem with the gain/cost functional J : [0,T] x R" x ¥ x V — R, related
to system (S), are given by the following expressions:

Vo (t,x) = igg sup J(t, 230, B(¥));

VTt z) = fJ(t .
(t,x) := zlelgégvj( z;o(v),v)

If V™~ (t,z) = VT (t,x) we say that the game, with initial point x € R™ at initial time t € [0, T), has a value. We
denote the value function of the zero-sum DG control problem by:

V(t,z) =V (t,z) =VT(t,).

Next, we give some properties concerning the value functions.

Proposition 2.2 (Boundedness) Assume Hy, Hy, Hy, H,. , and Hg. Then the lower value and the upper value
are bounded in [0,T] x R™

Proof. The proof of this result is classic, see e.g. [28]. U

Proposition 2.3 (Time-Continuity) Assume Hy, H,, Hy, H.. \ and H¢. Then the lower value and the upper value
are continuous with respect to time variable.

Proof. The proof of this result is classic, see e.g. [28]. O

The next section is devoted to announcing some regularity results for the value functions with respect to the
state variable.

2.2 Dynamic Programming Principle and Regularity Results

We first give the Bellman’s [21] DPP for the two-player zero-sum DG control problem considered:

Theorem 2.1 (Dynamic Programming Principle) Assume Hy,, H,, H¢, H., and Hg. For all x € R" and
t' € [t,T), the lower value and the upper value satisfy, respectively,

!

V™ (t,x) = inf sup{/ f(s y;pf(w)( ),9(3)) exp(—/\(s —t))ds

BEB yew
o Z Tm’y}tpxﬁ(w m)i ém) eXp( AT ))H{Tm<t’} H Lir o1}
m>1 k>1 (2 1)
$.500) (). e — '
+ ) x(oesvin " (0 )i mi) exp(=Alpk — 1) Ui, <rry
k>1

SV ) exp (- - 0) ]

and
t/
VT (t,z) = sup inf {/ f(s, yfg(cv) “(5);6(s)) exp(—A(s — t))ds

acAVEY [ Jt

- Z Tmayt:c ) gm) exp( )‘( ))]1{7' <t'} H H{Tmsﬁpk}
m>1 k>1

3 (o v (0 )i e) exp (= Apr — ) Ly
k>1

+ V(' ya(v)v( t) eXp(—/\(t’—t))}.
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Proof. This proof is inspired by the results in chapter VIII of reference [5] (see also [19]). We give only the
proof for the lower value V~, similarly for the upper value V. Let T > 0, ¢ € [0,T] and ¢’ € [¢,T], fixe > 0
and denote by Wy (¢, x) the right-hand side of equation (2.1). We first prove that V= (¢, z) < Wy (¢, z). For any
(s,z) € [t, T] x R™ we pick a non-anticipative strategy /3, € B for player—7 such that

V= (s,2) > sup J(s, 20, 8. (1)) — e, (2.2)
Ppew

where 1) := (9(-), u) € W. Then we choose 3 € B a non-anticipative strategy for player— that satisfies, for
w := (T, &m ) mene» the following inequality:

/

Wy (t,x) > sup{/t f(s, y;ﬂxﬁ(w)( );0(s)) exp(—A(s — t))ds

Ppew
N ety (1) 6m) ex0 (AT — ) gy [T Loy

m>1 E>1 2.3)
+ 3 x(ors w7 (05 )i ) exp (= ABE — 1) Ly

k>1

VT (Ey (1)) exp (A — t))} _
where _
B() == (Pk, k) ken+-
Next, we define 5 € B, a non-anticipative strategy for player—n, as follows:

B(0(s),u), s <t
5(6(3)’11’) = ( (z) ) ! z /
52(0 (s—1t),u ), t'<s<T,
where z := yw B(w)( t'), 6%(.) = 6(. + t') and v® := (77,&7, ) men+ with 77, € [/, T]. Since we have for all
t €10,77,

where 1, := (92(.), uz), then by the change of variable s = ¢ + ¢’ we get

T
Tt 2., B-()) = / (s, W”(s)ﬁ( )) exp(—A(s — ') ds

> Tm,yt/ o )i6m) XD (= AT — ) Ly <r <1y [ Lirn o)
m>1 k>1

+> " x(owyp PO )i me) exp (= Ao — ) Lpy<py<1y s
k>1

where

B(b) = (prs k) kens-
Then by (2.2) and (2.3) we deduce

Wy(t,z) > sup{ (s yt i )(S); 0(s)) exp(—A(s —t))ds
pew
(Tm7 y;ﬁmﬁ(w)( m)i ém) eXp H H{Trrﬁépk}
m>1 k>1

+ 5 X (0w 8P (0)s ) exp (= Aoy — t))} — 2

?'iMl

> (t,z) — 2e,
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thus, since ¢ is arbitrary, we get the desired inequality. We next prove that Wy (t,z) < V~(¢,x). For any
(s,z) € [t,T] x R™ we pick the non-anticipative strategy /3, € B for player—n which satisfies the inequality
(2.2). We then pick ¢ := (0(.), 7 := (T, &m)men+) € W, the control for player—¢ that satisfies the following:

Wy (t,x) < / (s, y;bfz( )(s),g(s)) exp(—A(s —t))ds

=3 el &) exp (AT = ) Loy [] Lmoy
m>1 k>1 (2.4)

+) x( pk,yipfz (i )3 i) exp(=A(pf — 1) Ly <y
k>1

+V(ty Wz( (1)) exp(=A(t — 1)) +¢,

where
( ) = (pkv nk)keN*-

For any v := (6(.),u) € ¥, we define the control 1 := (9( ), @) € ¥ for player—¢ as follows:

~ o (g(s)ﬂ), s <t
(9(3),u) T {(9(8 — t'),u), t'<s<T, @5

where u := (T, Em)mens € U with 7, € [t', T]. Moreover, we define 8 € B a non-anticipative strategy for
player—n as follows:

5(9(8), u) =0, (é(s +t), 71) (2.6)
Next, set
2=yl W), 2.7)
and choose ¢ € U such that
V(' 21) < J(t, 2130, BW)) +e. (2.8)

Observe that, by (2.5) and (2.6), we have

¥,B8:(¥) )
.82 (¢ )(s) _ Yo (s), s <t;

Yy
” yf,}fl( )(s—t’), t'<s<T,

so by the change of variable s = t + ¢’ we deduce for u := (7, &m ) men+ that

T
I 239, 6()) = / £ (5,952 (),0(s)) exp(—A(s — #))ds

= ey O )i 6m) exp (A — ) Lgpzmery [] Lirmson) (2.9)
m>1 k>1

+> X (P ff (5, )371k) exp(=A(px — ) L <<y
k>1

where .
B2 (0(.), @) == (Pk, Tk ) kene
Now we use (2.4), (2.5), (2.7), (2.8) and (2.9) to get
Wy (t,x) < J (2390, B-(1)) + 2,

thus, from inequality (2.2), we deduce that Wy (¢t,z) < V~(t,x) + 3¢. Then, since ¢ is arbitrary, we obtain the
desired inequality. O

10



2  GAME PROBLEM FORMULATION AND PRELIMINARY RESULTS

Proposition 2.4 (State-Continuity) Assume Hy, H,y, Hy, H. , and Hc. Then there exists a real positive constant
M such that for all z,2' € R", and t € [0,T), the lower value and the upper value satisfy

|v(t,3:) - v(t,az/)‘ < M|z — 2.

Proof. We give only the proof for the lower value V™, similarly for the upper value V*. Let t € [0,7], fix
x,2’ € R™ and an arbitrary € > 0, and first pick a non-anticipative strategy 5° € B for minimizing player—n
such that the following inequality holds true:

V= (ta!) 2 sup J (b as, 5 (1)) — 5,
pew 2
then we choose 9° := (95 (), u® = (75, 5fn)meN*) € VU, an admissible continuous-impulse control for maxi-

mizing player—¢&, such that

V() < sup J (s, (1))

Yew
< (bt B W) + 2.
Thus we get

V_(t7 .Z') - V_(ta IIZ'/) S J(ta X, 1/167 /86(1/16)) - J(ta I’l; ¢€7 5€(¢€)) +e
It follows, for 3°(¢°) := (p}., n} )ken+ € V, that

T £ £ Q€ £
Vo(ta) - V(1) < / £ (5w ():0%(9) = £ (s, 0 )():0°(9)) | exp(=A(s = 1)) ds

= > el 6 e (AT = D) s <y [T W)

m>1 k>1

3 x0TV (05 7)s ) exp(— APk — ) Lgpp <y
k>1

+ Z %,yf;’ﬁg(wg)( T); &) exp(=A(rs, — 1) Lire <y H Lire £p7y
m>1 k>1

= x(oh w057 )iE) exp(=Mof — ) Lgpe <y
k>1

+ G @) - el W) exp(-AT - 1) +=.

Then, from the DPP property (2.1) for ¢’ > ¢, we get

/

V= (t,e) — V- (t.a)) < / (5w ™ 000 07(5)) = (s, () 0°(5) | exp (= s — 1)) ds

N Z fn’yﬁﬁs ws)( m)i6m) exp(=A(r, ))]1{76 <t'} H Wire 2p2)

m>1 k>1

3 X (05w (057 )sm) exp (= A(of — ) L <oy
k>1

+ Z m,yt x,ﬁf wf)( m ) ém) eXp( AT — Tfn<t' H ﬂ{ FEPT Y

m>1 k>1

=S x(ohy” W (057 )5 exp(— (5 — ) Lpe <y
k>1

+ [V (' y @) — v (e yt;’ﬁws)(t’))]exp(—A(t’—t))+s.

11



2  GAME PROBLEM FORMULATION AND PRELIMINARY RESULTS

Thus, by assumptions on functions f, c and x, we get
t/
Vo (ta)-V (k') < / Cyllyin ™7 (s) =y ) (5)] | exp (= A(s — 1)) ds

Nt @) =yl ) exp (<A = ) Ugre <oy T L, 0y
m>1 k>1

3Ol 07y = w05 exp (<A — 1) Lps <y
k>1

+ ‘V_ (t,7y;€;’ﬁs(ws)(t')) |7 (t Y, x’ﬁs(ws)(t )) ‘ exp(—)\(t' — t)) +e.
By Propositions 2.1 and 2.2, we deduce that there exist some constants C' > 0 and C,, > 0 such that
t/
Vo (t,x) -V (t,2)) < C’fo - :E/H / exp((C — \)(s —t))ds

t

_ CCHI' — x,H Z eXp((C — )\)(Tﬁl — t))]l{ﬂ%<t/} H ]l{'rfn?épi}
m>1 k>1 (2.10)

+ C'XHw — x'” Zexp((C — N (pf. — t))]l{pzq/}

k>1
+2C, exp(—=A(t' —t)) +e.

Now, if C' < A the sums in the right-hand side of (2.10) are finite, then there exists a positive constant / such
that we have

CCE/\ Hﬂ: — ;E’H [GXP((C _ )\)(t/ . t)) B 1}
" KHQ: B lJH + 2CU eXp(_A(t/ - t)) + e,

V7o (t,z) =V~ (t,2') < (2.11)

tacking into account the boundedness of exp((C' — A)(¥' — t)) and letting ¢’ be such that exp(—A(t' — t))
H:L' —a H with Ha: —a H < 1 for any ¢t € [0,T], then using the arbitrariness of ¢ and the fact that x and =
play symmetrical roles in the left hand side of the above inequality one might deduce the existence of a positive
constant M which satisfies

~

V= (t,z) =V~ (t,2")| < M|z — 2| forall t € [0,T].
In the case where A < C, we choose ¢’ such that exp (—C/(t' — 1)) = ||z — :E’Hl/2
the right-hand side of (2.11), the first term equals to

C
& 5lle =1 (e (A = 0) — [|le —2|]""%),

with Ha: — :E’H < 1. Hence, in

where the term exp (—A(t' — t)) is bounded for any ¢ € [0,77]. We then deduce from the fact that exp(—\(t' —

t) = ||z — || 1/2 exp((C' — A)(t' —t)) and the arbitrariness of ¢ that there exists a positive constant M; which
satisfies
Vo (t,x) =V (t,2') < My|x — 2| forall t € [0,T],

again the roles of x and 2’ being symmetrical, we then conclude. Finally, in the case where C' = ), it suffice to
let some constant A < A = C, so we go back to the above inequality (2.10) and we proceed, since

exp((C = ANt —t)) < exp((C — Nt — t)) and exp(—A(t' —1)) < exp(—j\(t' —1)),

as above with the case \ # C. Thus the lower value function is Lipschitz-continuous w.r.t. state variable, which
completes the proof. O
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2  GAME PROBLEM FORMULATION AND PRELIMINARY RESULTS

Next, we give the uniform continuity of the functions z — ’Hi(n fv(t, x) and x — HE

Supv(t, ) for t € [0, T7,
the proof in obvious.

Proposition 2.5 Lett € [0,T] and x — v(t, x) be a uniformly continuous function in R". Then the two functions

T — ’H;‘nffu(t, x) and ¥ — H,,,v(t, ) are uniformly continuous in R".

2.3 Hamilton-Jacobi-Bellman-Isaacs Equation and Approximate Equation

Since in the definition of the lower value the inf is taken over non-anticipative strategies whereas in the
definition of the upper value it is taken over admissible controls, and similarly the sup is taken over different
sets in the definitions of the lower and the upper value functions, then the inequality V't (¢,z) < V (¢, z) for all
(t,x) € [0, T] x R™ is false in general. In addition the inequality V'~ (¢,z) < V1 (¢, z) forall (¢t,z) € [0,T] x R"
is not obvious at first glance. We then prove, in a rather indirect way by using the associated HIBI equation, that
the zero-sum DG control problem studied has a value. The dynamic programming equation (DPE) associated to
our deterministic finite-time horizon, two-player, zero-sum DG control problem, which turns out to be the same
for the two value functions because the two players cannot act simultaneously on the system, is derived from
DPP and is given by the following expression:

0 .
max{mm[ - &U(Sv y) + )\’U(S, y) + H(Sv Y, Dyv(sv y)),U(S, y) - HsupU(S, y)] ;

(HIBI)

7

v(s,y) — H?‘nfv(S,y)} — 0, on [t,T) x R™;
v(T,y) = G(y) forall y € R™,

where %v(s, y) denotes the time derivative, and Dyv(s, y) the spatial gradient of the function v(s,y) : [t,T] x

R"™ — R, with D, := (8%17 e %)T. The associated first-order Hamiltonian (H) and the two obstacles,
defined through the use of the maximum and minimum non-local cost operators (H

are given by the following:

c
sup

) and (’HZX” f), respectively,

Definition 2.4 (Hamiltonian and Cost Operators) For any function v : [t,T] x R™ — R, we define the first-order
Hamiltonian (H) by:

H(s,y, Dyv(s,y)) := eigﬂgl{—Dyv(s,y)-b(S,y; 0) — f(s,y:0)},

where ”.” denotes the inner product in R", and the two non-local cost operators ( ’ngp ) and ( ’Hz(n 7 ) by:

Houpv(s,y) == ggg{v(s, Y+ ge(s,15€)) — (s, y; é’)};

Hipv(s,y) o= gg{v(s, Y+ gn(s,43m)) + X(5,; 77)}-

O

We propose in this paper, for all (s,y) € [t,T] x R™, the approximate equation (HIBI}) an approximation of
the classic HIBI equation. Let h be the time discretization step for the approximation we will be given, hg be a
positive number, and ®(h) be a continuous function such that ®(0) = 1and 0 < ®(h) < 1for 0 < h < hg:

max{min [Hh(&’, Y, Uh(s7 y)) ) Uh(sv y) - q>(h)H§upUh(Sv y)] ; Uh(sv y) - q>(h),H2<nf’Uh(s7 y)} =0,

on [t,T) x R";
(T, y) = G(y) forall y € R",

(HJBI)

where the approximate Hamiltonian (H},) is defined as follows:

13



3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

Definition 2.5 (Approximate Hamiltonian) For any function vy, : [t,T] x R™ — R, we define the approximate
Hamiltonian (Hy,) by:

Hy (s, 0(5,9)) = 1nf {on(s.9) = (1= A)on (s + hoy + hb(s,y:0)) = hf (s,4:6) }.

O
Remark 2.3 The contribution of the paper is four-fold:

1. First, we prove that the lower value V'~ and the upper value V' are viscosity solutions to the HJBI
equation. Then we show, by proving a comparison principle, that the HJBI equation has a unique solution
in viscosity sense, i.e., the zero-sum DG control problem studied admits the value V';

2. Second, we prove that an approximate value function vy, exists, that it is the unique solution of the approx-
imate equation (HJBIy). Then we show that vy, converges, as the time discretization step h goes to zero,
locally uniformly towards the value function of the zero-sum DG control problem;

3. Third, we prove a verification theorem for the zero-sum DG control problem considered, that is, the game
has a NE strategies. This result will lead to some computational algorithms for the zero-sum DG studied;

4. Fourth, we apply our theory to continuous-time portfolio optimization problem to derive a new optimiza-
tion model and to give a new portfolio strategy. [

3 Viscosity Characterization of the Value Functions

The value function of an OC problem is a solution to the corresponding HJB (or, H/BI) equation whenever it
has sufficient regularity (see e.g. [3]). In other word, it requires that the HIB (or, HIBI) equation admits classical
solutions, meaning that the solutions be smooth enough. Unfortunately, this is not necessarily the case even in
very simple cases. To overcome this difficulty, the so-called viscosity solution (VS) was introduced in the early
80’s [16—18]. This new notion is a kind of non-smooth solutions, where if the value function is continuous, then,
it is a solution to the HIB (or, HIBI) equation in the VS sense, whose key feature is to replace the conventional
derivatives while maintaining the uniqueness of solutions under very mild conditions. These make the theory of
VS a powerful tool in tackling OC problems and DGs [3-5,49, 50, 62]. We recall here the definition of a VS of
the HJBI equation following [16—18]:

Definition 3.1 (Viscosity Solution) Let v : [t,T] x R™ — R be a continuous function such that v(T,y) = G(y)
forany y € R™. v is called:

i. Aviscosity sub-solution of the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI) if for any (5,7) € [t,T) X
R"™ and any function ¢ € C1! ([t, T) x R”) such that v(3,5) = ¢(3,7) and (3,7) is a local maximum point
of v — ¢, we have

max{min[—%(E@HM(E@HH(E,% Dy¢(3,7)), (5, 7) — Hg,po (5, ?)];

oET) - Mol | <0

ii. Aviscosity super-solution of the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI) if for any (s, y) € [t,T)x
R™ and any function ¢ € CH1([t,T) x R™) such that v(s, y) = ¢(s, y) and (s,y) is a local minimum point
of v — ¢, we have

max{min[ — %(& y) + (s, y) + H(§,y, Dy (s, y)) v(s,y) — %gup”(ﬁﬂg)]3

v(s,y) — H ol )}20;

14
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iii. A viscosity solution of the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI) if it is both a viscosity sub-
solution and super-solution of the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI). [

The remainder of this section deals with the first contribution of the paper, as it is mentioned in Remark 2.3.

3.1 Existence of Viscosity Solutions for the HJBI Equation

The main result of this section, Theorem 3.1, shows that the value functions of the zero-sum DG control
problem studied satisty the HIBI equation in VS sense. The proof of this theorem requires the following technical
Lemmas 3.1 and 3.2:

Lemma 3.1 Let assumptions Hy, Hy, Hy, H. \ and Hg hold. Given any (s,y) € [t,T) x R™, the lower value
and the upper value satisfy the following equation:

max{min [07 U(S, y) - ngpv(37 y)] ; U(S, y) - %anf’l)(s, y)} =0.

Proof. We give only the proof for the lower value V —, similarly for the upper value V. Let (s,y) € [t,T) x R",
P = (9(.), u = (Ti, fm)meN*) € U, then consider the non-anticipative strategy 5 € B for player—n where

B(p) =v = (p, Mk)ken+ € V. Now choose 3 € B such that 8'(6(.),u) = (s,7; p2, 725 p3, 735 - - . ), we then
obtain

V= (s,y) < sup J(s,y;, B (¥)),
Pew

thus

V(s,y) = sup J(s,y+ gy(s,y3m); 0, B(Y)) + x(s,y;m),

from which we get
V=(s,9) SV (8,5 +gn(s,y3m) + x(s,93m).
Then from the arbitrariness of 77 we get

V7 (s,y) < Hy / V7 (5,9)-

Next, we assume that V= (s,y) < ’HZanV_(s,y) for some (s,y) € [t,T) x R™. The dynamic programming
property (2.1) for the lower value, when 1" = 0, yields

V7 (s,y) = inf su [—c S, Y; Ny v + x(s,y;m) g, —g
(s,9) R - 9(_)€p® (8,9 ) W iro=si Lipo=11 + X (5,45 Ui po—s)
T0€{s, T}, E€U

+ V7 (5,9 + 9e(s, 43 ) Uiro—st Lpo=ry + 90 (5,45 77)11{,)0:3})} ,

therefore

V- = inf |inf ; V- ) |1y, —
(s5,9) p()el?87T}[ggV[x(s,y,n)+ (8,y+gn(8,y7n))} {po=s}

+  sup [—C(S,y;ﬁ)ﬂ{m:s}+V‘(S,y+gg(8,y;€)ﬂ{mzo})]ﬂ{po:T}]-
0(.)e®
T0€{s, T}, £€U

From the fact that V'~ (s, y) < %}nfv—(s, y), we get

V_(37y) = sSup {_C(Say;f)n{m:s} +V- (37y+95(37y; 6)]1{7'0:8}):|'
T0€{s, T}, E€U
Hence
V7= (s,y) > sup [V‘ (s,y+ ge(s,:€)) — cls,y; é)} ,
Eeu
which completes the proof. O
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Remark 3.1 From the above Lemma 3.1 one may deduce, for any (s,y) € [t,T) x R", that the lower value and
the upper value satisfy the following:

i' 1)(37 y) < ,Hznf ( )
ii. Ifv(s,y) < ’Hmf v(s,y) then v(s,y) = H,,v(s,y).
So we may regard Hg,,,v(s,y) as a lower obstacle and HY, fv(s, y) as an upper obstacle. O

Lemma 3.2 Let assumptions Hy,, Hy, Hy, H., and Hg hold. Given any function ¢ € C 1,1 ([t, T) x R”) such
that for all (s,y) € [t,T) x R"™ we have

d
—550(5,9) + Ad(s,9) + H(s,y, Dyé(s,y)) = v >0,

then there exists a non-anticipative strategy 37 € B for minimizing player—n such that, for any 1) := (0(.), u) €
U and s tends to t, we have that

| ot V) =20tV 0) + Dol V) bl :00)
£ w3 00) fexp (A= 1) dr < = 2(s 1),
where 57 () € V.
Proof. Let (s,y) € [t,T) x R" and ¢ € CT([t, T) x R") be such that
- %aﬁ(s,y) +Ad(s,y) + H(s,y, Dyd(s,y)) =7 > 0. 3.1)

Following [5], we define for s > 0, z € R™, §(.) € O,

D, 2005)) = -0l 2) + Ao(s', 2) — Dyols',2) b(s', 210() — (', 210()).
By (3.1) and the definition of the Hamiltonian (H) we get

eigﬂgl [(s,y;0) =,

then for any 6(.) € © we have I'(s, y;0(t)) > 7. Since § — I'(s,y;6) is UC in R!, we have in fact

F(s,y; C()) > ?% forall ((.) € By, (9()) neo,

where B, (6(.)) denotes the open ball of radius 7(.) := 7(6(.)) > 0 centered at #(.). Without loss of generality,

for  a compact subset of R’ and © being x—valued, there exist finitely many points (61(.), 62(.),...,0x,(.)) and
(r1(.);r2(.), -, r(.)) such that 6;(.) C &, 73(.) > 0 fori =1,2,...,nand

O C Un 1B ()(9()),
where 7;(.) := r;(6;(.)) > 0, and
3y
F(s,y;((.)) > 1 forall {(.) € BTZ.(,)(HZ-(.)) N e.
By the continuity of I" and Proposition 2.1 there exists ¢ > 0 such that
F(s,ym(s);ﬂ(s)) > % forallt < s <t andall (.) € ©.

Finally we multiply both sides of the last inequality by exp(—A\s) and integrate from ¢ to ¢’ to obtain the result
for t' — t small enough. O
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We are now in a position to prove the following Theorem 3.1:

Theorem 3.1 Assume Hy, Hy, Hy H,. , and H¢. The lower value and the upper value are viscosity solutions to
the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI).

Proof. We give the proof for the lower value V ~, similarly for the upper value V*. The proof is inspired from
[5,11] and based on DPP. We start by proving the sub-solution property. Let ¢ be a function in C'1+! ([t, T) x R”)
and (¢,7) € [t,T) x R™ be such that V~ — ¢ achieves a local maximum at (¢,Z) and V~ (¢,Z) = ¢({,T).
If V7(,7) — Hg,,V ™ (6,7) < 0 the prove is finished, since from Remark 3.1 V= (¢,7) < H} V(7).
Otherwise, for ¢ > 0 and without loss of generality, we assume that V'~ (¢,7) — H,,V ™ (#,7) > € > 0, then
we proceed by contradiction. Since, from Remark 3.1, we have V™ (¢,7) < H, fV_(f, T), we now explore the
result of Lemma 3.2 by assuming first that
9 — _ - o o
—g(t T) + Ao(4,T) + H (1,Z, Dyo(t, 7)) =~ > 0,

then one can find a non-anticipative strategy 57 € B for minimizing player—n such that, for any ) := (0(.), u) €
U and s tends to ¢, we have that

/ts{grﬁb( yszﬁ (¥ )(r)) _ )\qS(r y;lfiﬁ (w>( )) +Dy¢(r yf,ﬁ (¥ )(r)).b(r, y%z%m(w)(r);@(r))
+ f(r, yt . (%) (r): e(r))}exp(—A(r —1))dr < _%(3 — 1),

where 57(1) € V. Thus,

/ f(r, y%p’fm(w)(r);ﬁ(r)) eXp(—)\(r—t))dr—l—exp(—/\(s—t))qb(s yf_ﬁ (w)(s)) —o(t,T) < —%(S—t). (3.2)
t k)
Since V'~ — ¢ has a local maximum at (¢, %) and V'~ (¢,%) = ¢(¢,T) we have, for t = ¢ and s — ¢ small enough,
that

1427 s) ~3] .
which yields

eXp(—)\(S — t))qb(s yfxﬁ (1/1)( )) —o(t,T) > exp(—)\(s — t))V (S,y%{)’,m(w)(s)) -V~ (t,T).

By plugging this into the inequality (3.2) we obtain, for s = ¢ and ¢’ — ¢ small enough,

/

inf sup{/ f(r y;ﬂf(w)( );0(r)) exp(—A(r —t))dr

BEB yew

+V (Y, wﬁ(w)( ))exp(_)\(t’_t))}—v_(f,f) (t'—1t) <0,

me

which, without loss of generality when ¢ = ¢ and ¢’ — ¢ < 79 A pg and taking into account the DPP (2.1), yields a
contradiction. Hence the lower value V'~ is a viscosity sub-solution to the HIBI equation.

Next, we show the super-solution property. Let ¢ be a function in O ([t, T) x R”) and (t,z) € [t,T) x R"
be such that V'~ — ¢ achieves a local minimum at (¢, z) in I X Bs(z), where Bs(z) is the open ball of radius
0 > Ocentered at z and [ := [t—0,t+ 0], and V™~ (¢, ) = ¢(t,x). Now, for £ > 0 and without loss of generality,
we assume that V= (¢, 2) — Hy V™ (t,z) < e < 0on I x B;(z), otherwise, i.e., V™ (t,2) = H} V™ (¢, 2), the
proof is finished. Therefore Remark 3.1 leads us to V= (¢, z) > HS,,,V ™ (¢, z). We define

= inf{s >t:s¢Iandy (s) ¢ Bé(&)}a

17



3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

then we let ¢ < s < ', and we proceed by contradiction. Assume that

_?(t ) + M\o(t, z) + H (L, z, Dyd(t, ) = —7 < 0.

By the definition of the first-order Hamiltonian (), one can find an element 6 of R’ such that

20 42) 4 Xo(t.x) ~ Dyt ) (e, 2:6) — F(t,2:6) < .

Thus, there exists a non-anticipative strategy o” € A for maximizing player—¢ such that for any v € V, o7 (v) =
P = (0(.), u) and for s — ¢ small enough and any 5 € BB, we have that

(2" ) + 00 (a7 9)) = Dy s, () st 51 006)

— Flsyta ™V 6)0() < 5.

Now we multiply both sides of the last inequality by exp(—/\(s — t)) and integrate from ¢ to ¢’ to obtain

ot.2) - exp(-ME = D)oft' ") - [ (a2 $):005)) exp(—Als — 0)ds < ~ 20/~ 1),
' (3.3)
Since V'~ — ¢ has a local minimum at (¢, z) and V'~ (¢, z) = ¢(t, z) we have, for t = t and s — ¢ small enough,
that
lyfe™"s) = 2] = 0.

which gives

exp(—A(s — 1) o (s, 12" (s)) = d(t,2) < exp(=A(s — )V (52 PV (9)) =V (1, 2),

thus

exp (=t —0) V™ (¢, yl, "V (@)) + / F(s,uta™) (8):0(5) exp(=Ms—1))ds > 2(t' =)+ V" (¢ 2).

By plugging this into (3.3), for ¢’ — ¢ small enough, we obtain

inf sup{/ f(s ylﬁf(w)(s),ﬁ(s)) exp(—)\(s - t))ds

BEB yew

V(g () exp (A —t))} _V-(to) >0,

which, without loss of generality when ¢t = t and ¢’ — ¢ < 79 A pp and taking into account the DPP (2.1), yields
a contradiction, then the lower value V ~ is a viscosity super-solution to the HIBI equation. Hence deducing the
thesis. O

3.2 Uniqueness of Viscosity Solutions for the HJBI Equation

This section proves the comparison principle of viscosity solutions to the HIBI equation, and shows that this
equation has a unique BUC VS. As a consequence, the value functions coincide, since they are viscosity solutions
to the HIBI equation. Thus the zero-sum DG considered has a value. We start by proving the useful Proposition
3.1, which is inspired from [46,47].

18



3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

Proposition 3.1 The Hamilton-Jacobi-Bellman-Isaacs equation (HJBI) is equivalent to the following equation:

No(s.y) = z-é?éﬂ}{“ — ) max [(1 =) (5 0(s) + 5up {Dy0(s, ) b(s,536) + £ (5,3:0)}

—l—j)\’}-lgupv(s,y)} —H)\Hmf (s,y)}, on [t,T) x R™.
v(T,y) = G(y) forall y € R".

Proof. For any positive numbers a, b, a’ and ', solving an equation of the form max{min[A, B];C } =0is
equivalent to solve the equation

1—i)a min [(1—j)a’A+ j¥'B] +ibC} = 34
é??,’f}{( Z)ajg{lég}[( J)a'A+j ]+zc} 0, (3.4)

the same for the inequalities
max{min[A, B];C} <0, and max{min[A, B];C} > 0.

We use (3.4), fora = a’ = 1and b = I/ = ), to rewrite the HIBI equation as follows

eeﬂgl{—— $,y) + Mo(s,y) — Dyv(s,y).b(s,y;0) — f(s,;6) }

_|-j/\(U(S,y) - 'ngpU(S,y))} + Z.A(,U(s’y) o ’HZanU(S,y))} =0,

max {(1 —4) min [
1€{0,1} j€{0,1}

where v being a continuous function in [¢, 7] x R™. We then get

Zg-{lg")f}{(l _Z)]g{l(l]fll} |:)‘U(S7y) —j)\U(S,y) (1 _j glélﬂgl{_gv S y) Dyv(say)-b(37y§ 9) - f(37y; 0)}

+ i (v(s,y) — Heypv(s, y))} +iA(v(s, y) = M3, pu(s, y))} =0
thus

ien}ﬁ}f}{(l_i)jgféﬂ} {Av(s,y) (1—-14) :;15{ s (s,y) + Dyv(s,y).b(s,y;0) + f(s,y;0)}

- j)‘Hsup ( 7y)] + Z‘)‘(1)(37 y) - ,Hz)'(nfv(sv y))} =0.
Then it follows

ig{lég}{(l—Z)jggﬁ}[—m(s,y) ) 68;}5{ 55V (5:9) + Dyv(s,).b(s,y;0) + f(5,4:0) }

()] = N(ols) — o)} =0,
from which we deduce

anin {200 + (0= ) e (1= ) sup {00600 + D005 6o:0) + £5.3:6))

+ JAHE (s, )] AN, o, )} —0.
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3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

Finally we deduce the desired expression for the HIBI equation

0
o(s,y) = ié“{%ﬂ}{(l - i)jggﬁ} [(1 —3)(8 v(s,y) + sélﬂg{Dyv 5,9).b(s,y;0) + f(s,y;G)})

T INHE (5, y) | + X o s, )},

which completes the proof. O

Remark 3.2 By using Proposition 3.1, the Definition 3.1 of the viscosity solution of the Hamilton-Jacobi-
Bellman-Isaacs equation (HJBI) could be rewritten as the following:

A continuous function v in [t,T] x R™ which satisfies v(T,y) = G(y) for any y € R", is a viscosity sub-
solution (resp. super-solution) of the equation if and only if for any function ¢ € CH! ([t, T) % ]R”) and (3,7)
(resp. (s,y)) € [t,T) x R™ a local maximum (resp. minimum) point of v — ¢ such that v(3,7) = ¢(3,7)
(resp. v(s,y) = ¢(s,y)), we have

_ . . 09 = — _
Mo(3,9) < min {(1 —i) max [(1= ) (526.9) + sup{ Dyo(5,9):b(5.7:0) + £5,7:) })

ic{0,1} je{0,1} Js 9cR!
iU (5T)] + N )
(resp. Av(s,y) > min {(1 — 1) max [(1 —j)(&b( y) + sup{D o(s,9).b(s,y;0) + f(s,y; 9)})
=20 = 0,1} je{0.1} 9s Y peri L 0T =

o iNHE (5 )| + X, (s g)})

Lemma 3.3 below, for which the proof is obvious, will be useful later for deducing the thesis.

Lemma 3.3 If a continuous function v is a viscosity solution to the Hamilton-Jacobi-Bellman-Isaacs equation
(HJBI) such that v(T,y) = G(y) for any y € R", then for any 0 < p < 1 the function pv is a viscosity solution
to the following equation (HJBI,,):
: 0 e
max4 min |: - %U(S, y) + )‘U(S7 y) + HM (37 Y, DyU(S, y)) ) U(S7 y) - 7-[5;1171)(37 y) )

(HJBI“) ( ) 'Hiénl; ( )} = 07 on [t,T) X Rn;

o(T,y) = pG(y) forall y € R,

where
Hetyo(s,y) = sup{v(s,y + ge(s5,:€)) — (s, 39) |
EelU
Hilhv(s,y) = ggg{v(s,y + gn(s,43m) + px(s,y; n)},
and

H,(s,y, Dyv(s,y)) := eigﬂgl{—l?yv(s, Y)-b(s,y;0) — puf(s,v; 9)}-

Now we are in a position to give the proof of the comparison theorem stated as follows:
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3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

Theorem 3.2 (Comparison Theorem) Assume Hy, Hy, Hy, H. \ and Hg. If uw and v are, respectively, a bounded
uniformly continuous viscosity sub-solution and super-solution to the Hamilton-Jacobi-Bellman-Isaacs equation
(HJBI), satisfying uw(T,.) < v(T,.), then we have

V(t,x) € [0,T] x R" : u(t,z) < wv(t, ).

Proof. The proof is inspired from [28,47]. Let u and v be, respectively, a BUC viscosity sub-solution and super-
solution to the HIBI equation. Recalling, for all 0 < p < 1, Proposition 3.1 and Lemma 3.3, to get that pu is a
viscosity sub-solution to the following equation:

0
Au(s,y) = i&%ﬂ}{(l — 1) e, [(1 =) (a u(s,y) + g;lﬂg{Dyu(s, y).b(s,y;0) + pnf(s,y; 9)})

. 35

+j)\7-l§%U(s,y)} —i—z)\?-me u(s ,y)}, on [t,T) x R™; (3.5)
u(T,y) = pG(y) for all y € R™.

where the operators HX # and Hsgyp are defined as in Lemma 3.3 and the function w is from [¢,7] x R™ into R.

First, we assume that M = SUD (¢ 2)€[0,T) xR™ (u(t, x) —v(t, ac)) > 0, if it is not the case, i.e., M < 0, the proof
is then finished. If ||u|loc = O we have

M, = sup (pu(t, z) — v(t,z)) >0,
(t,x)€[0,T)xR™

otherwise, by letting 1 — M/(2[|u||«) < p < 1 we also get that M,, > 0. Next, we divide the proof into the
following three steps:

Step 1. Let ¢ > 0, 8 > 0 and consider for all ¢ € [0,7) and z,y € R" the following test function:

[z —y]?
Pu,e,ﬁ(taway) = ,Ltu(t,l') - U(t,y) - T - B(H‘T”2 + Hy”2)

Since I';, . 5 is a continuous function going to infinity when x or y does, then it admits a maximum point
(tm, Tm, Ym) satisfying Mr, _ , = Tyc s(tm, Tm, Yim ). We have for all ¢ € [0,7) and 2,y € R",

" —olt _me—ym”2_ 2 2) > fo)—u(t _\\95—?4”2_ 2 2
sty @m) =0(tms Ym) = =5 = B(lem|*+llym|) = pult, ) =v(t,y) = ——=—=B (" +lyI)-
(3.6)

* Firstly, using inequality (3.6) with (¢,y) = (t, Ym), we get that (¢,,, z,,,) is @ maximal point of pu(t, x)—
¢u(t, ), where

bult, ) = M T Bllel?,

then, since pu is viscosity sub-solution of (3.5), we get

. . 2||l'm_ymH
)\ my4tm S 1— 1— 2 mab tma m;g
p(tm, T Zél{lérh{( Z)jé%%ff} [( j)§§§{< o + 2B%m, b(tm, )>

+ pf (tms T 9)} + JAH G (tm, xm)} + Z)‘/Hmf:“u(tm’ xm)}
3.7)

* Secondly, using inequality (3.6) with (¢, z) = (t,, 2,), we get that (¢,,, ¥, ) is @ minimal point of v (¢, y)—
o (t,y), where

utty) = Lm0 gy
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3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

then, since v is viscosity super-solution of the HIBI equation, by applying Proposition 3.1 we get

. . . 2[[xm — ym|
A tmy m 2 1- 1- —— — 2 mybtm7 m;e
V(tm, Ym) 2 Sﬁéﬁ}{( i) max, [( J):E@K = BYm: bltm. y )>

F F i)} + IXHE 0 b ym>] N, (b, ym>}.

(3.8)
Hence, using above inequalities (3.7) and (3.8), we get
. . : 2||zm — ym|
A tm, —v(tm, < 1-— 1-— {<7 +2 ,
(s ) =0 (b Ym)) < ié?éﬁ}{( i) max, [( ) sup = Bam

b(tmy Tm; 9)> + /Lf(tm, Tm; 9)} + ]XHg’ul;):uu(tma $m):| + ZXH?J;IUU(tma $m)}

. . N QHJL'm—ymH
b= 1= f == = 28Ym, 0(tm, ym; 0
e {00 i [0 g (I 0o 600

= Fltn 80} = Ny )| = NP0t}
then we get

L . 2[|lzm — yml
Ao on) =) < g1 =) i (1) { (o2l
b(tmy$m§ 9) - b(tmaym; 9)> + 2B<$ma b(tma$m§ 9)> + 25<ym7 b(tmaym§ 9)>
+ 11 f (s m3 0) — f(tms Yims 9)} +j/\(IH§;ZJ/‘U(tm,33m) - ,ngpv(tm,ym))}

+ ZA(Hz(ﬁl;Nu(tmy xm) - /Hz'cnfv(tmy ym)) }
Thus from standing assumptions

) o e = yml?
/\(:uu(tmal'm) U(tmaym)) <max<{ min |2C} D)

+ 281Blloc (lzm | + gl ) + (1 = )1l
)‘(Hg’uﬁpﬂu(tM7 xm) - th%uu(tma ym) + H (Hg’uléyuu - ngpv)+|’oo):| )

A(H s )~ St ) + (0280 =) )

(3.9)
The following two steps investigate the right-hand side of inequality (3.9):
Step 2. We prove hereafter that
2
l" —_—
Vn >0, Jeg >0, By >0, Ve <eg, B< 6o ||mTym|| + B(llzm|* + lyml?) < n. (3.10)

We use inequality (3.6) for z = y in the right-hand side, then we get Mr, _, > pu(t,z) — v(t,z) — 20|z|2.
Further, we let sup, ;)e[0,7)xr» (pu(t,z) — v(t,z)) be reached in a point (¢*, z*), within 6 > 0 arbitrary small,
thus pu(t*, z*) — v(t*,2*) > M, — 5. Now we choose § and 3 such that M, — § — 2||z*||?> > 0, which is
possible since (t*, x*) depends only on . Thus we deduce
MFH@,@ > ,uu(t*, l’*) - U(t*v :E*) - 25H$*H2
> M, — 6 — 26|jz*|? (.11
> 0.
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3 VISCOSITY CHARACTERIZATION OF THE VALUE FUNCTIONS

By letting 72 = puf|u]|so + [|v]| 0> We get

| — Yl
lulloo < Mr, 5 < 7% = == = B(llzml® + llyml),

then
lzm — yml| < re. (3.12)

Therefore, we introduce the following increasing function:

m(w) = Sup ‘U(tv :L') - U(tv y)‘)
tE[O,T),Hm—yHSw

then, combining with (3.12), we obtain
Pty ) — V(tms Ym) = pu(tm, Tm) — V(tm, Tm) + V(tm, Tm) — V(tm, Ym) < My + m(re).

Thus, from (3.11) using the definition of Mt we get

H,E,B°

[ = yml®

M, — 6 —28|a*||* < Mr =

< My, +m(re) — Bllzml® + llyml*).

,e,8

then

2
xr -y .
HmeH + B(Izml? + llyml?) < 8+ 28[z*||* + m(re).

Now, we choose 17 < 4M,,/3 and we take § = n/4 and By = 1if ||2*|| = 0, Bo = &/(4|z*|]?) if ||z*|| # 0, to
get the desired inequality (3.10). The proof is then complete. We also get for any 5 < [,

3n

0<M,— e <M, —0- 25”33*”2 < Mr < putm, Tm) — V(tm, Ym)- (3.13)

Hye,B

Step 3. To complete the proof it remains to show contradiction. By (3.10), for ¢ < gp and 5 < By we have

2Cs|lwm — ym?/* < 2Cn, Bllem| < /B, and Bllym|l < v/Bn.

Then, for all 8 < 81 = min{ S, n/[|b]|2, }. we get 28]|blloo (||m | + [|yml]) < 4n. Moreover, forall e < g =
min{eg, /77/Cy}, we have C (||&m — ym||) < n. By Proposition 2.5, the two functions z — H X/} mu(t, ) and
x — Hsipuu(t, ) are UC for any ¢ € [0,7T'), then, tacking into account (3.12), we can find e5 < &1 such that for
€ < 2,

’Hmf,uu(tm,:nm) ’Hmf,uu(tm,ym) <7, and H?%uu(tm,ajm) — ’Hﬁ%,uu(tm,ym) <.

Thus, from (3.9) for all £ < 5 and 8 < 81, we get
Aprtt(ton, ) — (tms ym)) < max{min[u = ) lloos Al (St = Hey) ¥ o]
M| (H u — HY, o) HOO} + (54 2C, + \)n,
from (3.13) and the fact that 7 is arbitrary we deduce
A = . < mc{ i 1 = )l o A (Pt = H2y0)
A (43, 0)
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4 DISCRETE APPROXIMATION OF THE HIBI EQUATION

thus
Al (pu =)t < max[(l — ) flloos || (HX 1 — H}nfv)woo}. (3.14)

Since for all (s,y) € [t,T) x R",

Hylinu(s,y) — My, o(s,y) < sup (uu(s, Y+ gn(s,y5m) —v(s,y + gn(s,9; 77))) + Sgg((u — Dx(s,45m)),
1 U
(3.15)
and, from standing assumptions for all (s,y) € [t,T) x R™ and n € V\{0}, we have x(s,y;n) > 0. We then
deduce, from (3.15) for 0 < p < 1, that

m

, +
| et =35 p0) || < =) (3.16)
Therefore, combining the two inequalities (3.14) and (3.16) yield that

Al = v) oo < (1= 1) ]| flloc-

Hence, by letting 1 — 1 and using the fact that f is bounded, we get ||(u — v)||ooc < 0, which leads us to a
contradiction and gives the desired comparison result, for any (¢,z) € [0,7] x R™, u(t, z) < v(t, x). O

Theorem 3.3 Assume Hy, Hy, Hy, H,. , and Hg. The Hamilton-Jacobi-Bellman-Isaacs equation (HJBI) has a
unique bounded uniformly continuous viscosity solution.

Proof. Assume that « and v are two viscosity solutions to the HIBI equation. We first use u as a BUC viscosity
sub-solution and v as a BUC viscosity super-solution and we recall the comparison principle. Then we change
the role of v and v to get u(t,z) = v(t, x) for all (¢,x) € [0,7] x R™. O

Let us now give the Corollary 3.1 to summarize the principal results of this section, thus it gives the first
contribution of the paper as mentioned in Remark 2.3.

Corollary 3.1 Assuming Hy, Hy, Hy, H.  and Hg, the lower value and the upper value coincide, and the value
Jfunction of the deterministic finite-time horizon, two-player, zero-sum DG control problem is the unique bounded
uniformly continuous viscosity solution to the Hamilton-Jacobi-Bellman-Isaacs equation (HJBI). [

Next, we focus on the second contribution of the paper as mentioned in Remark 2.3. Using the fact that the
value function is the unique VS to the HIBI equation and studying the approximate equation (HJBI}), a family
of value functions converging to the value function of each player is introduced. The limit for this family, when
the time discretization step h goes to zero, is characterized either as the unique VS to the HIBI equation, or as
the limit, when & goes to zero, of the unique solution of the approximate equation (HIBI},).

4 Discrete Approximation of the HJBI Equation

This section discusses an approximation scheme to the solution of the HIBI equation. In the other words, it
gives an approximation scheme to the value function of the zero-sum DG control problem studied. We mainly
prove that the approximate equation (HJBI},) has, for any time discretization step 0 < h < 1/, a unique bounded
continuous solution vy, which converges locally uniformly towards the value function when h goes to zero. Such
a result will be useful to characterize, by means of a verification theorem, a NE strategy for both players. This
will be the subject of Section 5. These results leads then to some numerical aspects for computing the value
function and the related optimal controls of NE and the optimal evolution of the state.
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4 DISCRETE APPROXIMATION OF THE HIBI EQUATION

4.1 Uniqueness of the Approximate Value Function

We begin by giving the useful Proposition 4.1 below, then we prove that the approximate equation (HJBI)
has a unique bounded continuous solution for any time discretization step 0 < h < 1/A.

Proposition 4.1 Solving the approximate Hamilton-Jacobi-Bellman-Isaacs equation (HJBI}) is equivalent to
solve the following equation:

(s, y) = iéa{lég}{(l —4) max, [(1 —J) 9855{(1 — Mh)op (s + b,y + hb(s,y;0)) + hf(s,y; 9)}

# FVR My (5:9)] TR HY 0 (50) . on 0.T) X R
up(T,y) = G(y) forall y € R™.
Proof. Similar to the proof of Proposition 3.1. O
Now we give the proof of the following Theorem 4.1:

Theorem 4.1 For any time discretization step 0 < h < 1/, there exists a unique bounded continuous function
vy, solution to the approximate Hamilton-Jacobi-Bellman-Isaacs equation (HJBI},).

Proof. We first rewrite the approximate equation (HJBI;) as a fixed-point problem. Let (s,y) € [¢,T] x R"
and vy (T,y) = G(y), from Proposition 4.1 we get that the approximate equation (HJBI) is equivalent to
Fuy(s,y) = vp(s,y), where F is a function from the space of bounded continuous (BC) functions on [t, 7] x R™
into the same space defined as follows:

Fu(s,y) = iéa{lég}{(l —4) max, [(1 —J) 98;1[5{(1 — M)v(s + h,y + hb(s,y;0)) + hf(s,y; 9)}

+ O (R HE 0 (5,y)] + i@(h)%izfv(s,y)}, on [1,7) x B"; @b
Fu(T,y) = G(y) forall y € R™.

Next, we let v1 and vy be two functions in BC ([t, T x R™), then for any (s,y) € [¢,T) x R™ we have that

Fur(s,y)—Fus(s,y) < ig'{lgﬁ}{(l — i) min [(1— ) inf {(1 =€) (v1 (s + hoy + hb(s, ;)

—va (s + h,y + hb(s, y; 9)))} + j®(h) gg{f}(vl (s, + ge(s,5;€)) —va(s,y +g§(say;§))>}

+i®(h) sup (m (s, + gn(s.yim)) —v2(s,y + gn(s, v 77))) }

thus
Fui(s,y) — Fua(s,y) < max{1 — A, ®(h) }lv1 — v2|co-

We proceed similarly to get
| Fva(s,y) — Foi(s,y)| ., < max{1— X, ®(h)}|vi — valloo-

Finally, by the contraction mapping principle for any 0 < h < 1/, there exists a unique BC function vy, solution
of the approximate equation (HJBI}). O

Remark 4.1 The function vy, unique bounded continuous solution of the approximate Hamilton-Jacobi-Bellman-
Isaacs equation (HJBIy, ), will be called the approximate value function. [
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4.2 Convergence of the Approximate Value Function

In this section, we prove the convergence result for the approximate value function v;,. We mainly prove that
the limit, when & tends to zero, of vy, is a VS to the HIBI equation. We prove first the following Lemma 4.1:

Lemma 4.1 Let vy, be the approximate value function, the family {vy,} is uniformly equicontinuous with respect
to state variable and uniformly bounded in [t, T] X R"™ by || f|oo /A

Proof. First, let a function v” be non-negative and BUC with respect to y € R™. We have, for any s € [t, T), that
Ve > 0,309 > 0 such that Vyq,y2 € R", [|y1 — y2|| < do, implies ‘vo(s,yl) - vo(s,yg)‘ < e/2.

Define now, for 0 < h < 1/, (s,y) € [t,T) x R™ and F' defined as in (4.1), a family of functions v} (s,y) =
F™Y(s, y) which converges uniformly towards the unique solution vy, to the approximate equation (HJBI;,). We
have, for any s € [t,T’), that

[uh(s,51) — vi(s,y2)| < iér{lgéli}{(l — i)jél{l(i)nl} [(1 —J) eigﬂgl{u - )\h)"uo(s + h,y1 + hb(s,y150))

— 0 (s+hy2 + hb(s,yz;ﬁ))( +h|f(s,91;0) — f(s,yz;9)|}
+ j®(h) ggg(‘vo(s,yl + ge(8,51:€)) — 0° (5,92 + ge(s, 2 é))‘ + (s, y15€) — C(s,yz;E)D]

+1®(h) Sulv><(v°(s, Y1+ gn(s,91:m)) — 07 (5,92 + 9y (5, y2:)) ( + (s, i) = x(s,92im)] ) }
ne

By letting 6; = min{do/(1 + Cy/A), Ae/2Cy, 80/ Cye , 00/ Cy,),€/2Cc,€/2C, }, we get for all 0 < h < 1/, for

all s € [t,T) and for all |ly; — ya|| < &1, that |v}(s,y1) — vj,(s,y2)| < e. The family {v}} is then uniformly

equicontinuous with respect to state variable and by induction for all n > 1, the family {v}'} is uniformly

equicontinuous. Now we prove that the family {v, } is also uniformly equicontinuous. Let s € [t,T"), since we

have that

Ve > 07 36 > 07 vy17y2 € an Hyl - y2|| < 57 ll'IlphCS H’U;LL(S7Z/1) - UZ(&ZB)H < 5/37

and Ve > 0, AN > 0, Vn > N, |jy1 — y2|| < ¢, implies Hvﬁ(s,yl) - vh(s,yl)H < ¢/3, and Hvﬁ(s,yg) -
vn(s,y2)|| < €/3. It follows that the family {v),} is uniformly equicontinuous.

Since vy = F "0 tends to the approximate value function vy, and f is non-negative, we get that v, is non-
negative, we then use the fact that F'v;, = vy, to deduce that

[onlloc < (1= AR)[[vnlloc + Al flloo;
thus vy, results to be uniformly bounded by || f||oc/A. O

Theorem 4.2 The approximate value function vy, as the time discretization step h goes to zero, converges locally
uniformly towards the value function of the zero-sum DG control problem.

Proof. Let vy, be the approximate value function. From Lemma 4.1, the family {vy, } is uniformly equicontinuous
and uniformly bounded, we then get, using the Ascoli-Arzela theorem (see e.g. [5]), that from any sequence A,
converging towards 0, there exists a sub-sequence hg of h, and a BUC function v such that vy, converges locally
uniformly in [¢t,7T] x R™ towards v. Now, we only need to prove that v is a VS to the HIBI equation. Let
¢ € CH([t,T) x R™) and (Z, ) be a strict local maximum point of v — ¢. Then there exists B;(Z) a closed ball
in R” of radius § > 0 centered at T such that

(v—9)(t,T) > (v— ¢)(t, ), forall (t,z) € I\{t} x Bs(T)\{Z},
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4 DISCRETE APPROXIMATION OF THE HIBI EQUATION

where I := [t — 6,1+ 0] C [0, T). Let (£,,,Tx,) be a maximum point of v, — ¢ over I X Bs(T), let {y and Ty be
clusters point of the sequences {#;,} and {Zy,}, respectively, and denote {?p, } and {Z), } two sub-sequences
converging to £y and Ty, respectively. By definition we have

(Vhy, = @)(thy,>Th,,) = (Vn,, — @)(t, x), forall (t,z) € I x B; ().
Using the continuity of U, and ¢, and the fact that vy, converges locally uniformly towards v, we get
(v — ¢)(to,To) > (v — ¢)(t, ), forall (t,x) € I x Bs(T).

Thus, by the uniqueness of the maximum, (¢y,Zp) = (¢,Z) which means that the clusters point ¢y and T are
unique, we then get that the whole sequences 5, and T}, converge toward ¢ and T, respectively. Since h; is a
small number and b is assumed to be bounded, we get that the points ¢, + hs and Tj,, + hsb(ty,, Tp,; 0) remain
in I and B (T), respectively, for all 6 € R!. Then it follows

Ohy (Thy s Thy) — O(Thy, Thy) = v, (Thy + Bss Tn, + hsb(h,, Thy;0)) — ¢ (Th, + hs, Tn, + hsb(th,, T, ; 0)).

Since vy, is a solution to the approximate equation (HJBI},), the last inequality combined to the expression of the
approximate equation (HJBI},) in the proof of Proposition 4.1 gives

200 i, 109 {00700 o0 e 50
o A, (B, + o, T, + Bb(h, T, 0) = hof (Bn T, 6) |
+ 5 (0n, Fnys F,) = D Houpon, (B, Tn,) |
+ i(vhs (fhs,fhs) — <I>(hs)H;(nfUh5 (fhs,fhs))} <0.

Since ¢ € C11([t, T) x R™), then for some points s and y satisfying
§ € [thy,th, + hs and y € [Tn,, Tn, + hsb(tn,, Tn,; 0)],

we get that
S {(1 — 1) min [(1 —Jj) inf {—hs%(s,y) + Mhgon, (B, + s, Tn, + hsb(En,, Tn,30))
i€{0,1} je{o,1} OER! 0s s\t s 51 Ths

= s Dyd(5,9)-b(5,53 0) = B f(Bns T3 0) | + 5 (0, (s ) = @ HEuptn, (En 7))
+ i (v, (g Tn,) — ®(hs)Hy, fon, (Zhs,fhs))} <0.
Then the result in Proposition 4.1 yields to the following inequality
ig%gﬁ(}{ﬂ —1) jé?éﬁ} [(1 —7) eiélﬂgl{—g—f(& Y) + Avn, (T, + hs, Tn, + hsb(Th,, Tn,; 0))
= Dy(s,9)-b(5,9:0) = F@nsTn,30) } + 5 (vn, (ns Tn,) = @l Heuon, (n, Tn,)|
(o (B T, — D) Y, o, <fh5,fhs>)} <o,

we then let hs goes to zero and use Proposition 2.5 to get the convergence of the terms HS,, v, (th,, Tn,) and
HY, £Uh, (En,, Th,) toward HS,,v(t, 7) and HY, 70(t,T), respectively, to finally deduce that

. . N 0¢ - _ - _ - _
ig%gf}{(l —i) min [(1-3) inf, {250 7) + 20(i.7) ~ Dyold, )00 7:6) — F(1.7:0)}

+j (vt @) — Hﬁupv(ﬂf))] +i(v(t,T) — H}nfv(%,f))} <.
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The last inequality shows, using the expression of HJBI equation given in the proof of Proposition 3.1, that
the function v is a viscosity sub-solution to the HIBI equation. Similarly we prove the viscosity super-solution
property. The proof of Theorem 4.2 is then finished. O

Corollary 4.1 Assuming Hy, Hy, Hy, H. \ and H, the value function of the zero-sum DG control problem is the
limit, when h goes to zero, of the approximate value function vy, i.e., the limit of the unique bounded continuous
solution of the approximate Hamilton-Jacobi-Bellman-Isaacs equation (HJBI},). [

Now we move to the third contribution of the paper as mentioned in Remark 2.3.

5 Verification Theorem

This section uses the fact that the approximate value function converges to the value function of the consid-
ered DG control problem to provide a NE strategy for this game, whose definition is given by the following:

Definition 5.1 (Nash-Equilibrium) Given (t,x) € [0,T] x R", we say that the zero-sum DG control problem
studied admits (V*,v*) € ¥ x V as a NE if the two strategies 1* and v* satisfies:

J(t, 50, 0%) > J(t 230, 07) for all 1 € s
J(t,z;* 0" < J(t,z;¢",v) forallv € V.

In view of the above definition, the value function of the NE (¢*,v*) € ¥ x V is defined for all (¢,z) €

[0,T] x R™ by
V(t,x) = J(t,x;w*,v*).

We will be concerned here with the optimal strategies for our two-player, zero-sum, deterministic DG contin-
uous and impulse controls problem. We first suppose, for (¢, z) € [0,7] x R™, that a classical solution v(¢, ) of
the HIBI equation and an approximate value function vy, (¢, z) exist and satisfy, for all y € R", v(T,y) = G(y)
and v (T,y) = G(y), respectively. Next, let h be a constant which tends to zero and ® be defined as in Sec-
tion 2.3. Then we construct the optimal strategies of each player ¢* := (9*(.),u* = (7;1,5;)7,161\1*) and
v* = (p}, M} )ken+ in an inductive way as follows:

0*(t7) =: 63 € R! initial value of the optimal continuous control;
0*(s) = {9* eR': vh(s,yfj;’v*(s)) — (1= A\h)v, (s + h,yfj;’v* (s)+ hb(s,yfj;’v*(s); 9*))

07() = — hf(s,yg;’v*(s);ﬁ*) = 0}, where s € (t,T] and s # 7, pj, forall m, k > 1,

with 6% = arg sup{(l — Ah)vp (s + h, yzp;v(s) + hb(s, y;’{);’v*(s); 0)) + hf(s, yz/j;’v*(s); 9)};
HeR!

M=t and & =0€ U C R?;
and for any m > 2,
. f * . ¢*,U* — w*yv* - TZ)*,U* ).
infqs > g on(s,y," (s7)) — @(h) S o (5 Vi (s7) +ge(s: 900" (57)5€)
€
* 7_:;1 = Pt — * *
u* = — c(s,ym’ (s7);€) ¢ >0, where s < T and 7,5, # pj, forall k > 1 ¢;
T if the above set is empty;
o arg?élg{vh (T;;,yzfx’v (r0,7) + gg(T;;b,yzfx’U (7';,‘1_);5)> - c(T;b,yzfx’U (7';;_);5)} if 7y <T;
* =
{ ¢ solution of gg (T, yf}mv* (T7);€)=0if 7;;, = T (no intervention),
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5 VERIFICATION THEOREM

and
(pf=tand n] =m € V C RY;
and for any k£ > 2,
3 * . 1/1*#1* - 3 1/1*#1* - 1/1*71’* —\.
infs s > pp_y s op(s,y," (s7)) — @(h) inf oS, Yi (s7)+an(s,ut," (s )im)
c_ )= Wt
v* = +X(s,ym’ (s7)im) ¢ <0, where s < T »;
T if the above set is empty;
. argggé{vh@}i,yif;’” (or7) + g0 (P " (pZ_);n)) +x(op i (pz_);n)} if p < T;
e =
{ 1 solution of gy, (7T, yt;’v* (T );n)=0if p;, = T (no intervention).

Next, we show that the above strategies are optimal and form a NE for the value function when the time dis-
cretization step h goes to zero.

The following Theorem 5.1 announces a NE for the DG control problem we have considered in this paper, it
gives a verification result and confirms that (¢)*, v*) defined in the above are optimal strategies for both players:

Theorem 5.1 (Verification Theorem) Assuming that (v*,v*) € ¥ x V and letting h goes to zero, if the value
function of the zero-sum DG control problem is in C1! ([0, T] x R”), then it satisfies

V(t,x) = J(t, z;¢*,0") forany (t,z) € [0,T] x R".

Proof. We begin the proof by assuming that both HJBI equation and the approximate equation (HJBI;) have
solutions denoted, respectively, by V (¢, z) and v, (¢, x) for (t,z) € [0,T] x R™. Next, we consider the following
related discrete-time DG control problems involving continuous and impulse controls:

Vi (t,x) = inf sup Ju(t,z;9, B(¢));

BEBL e,
Vi (t,x) := sup inf J,(t,z;a(v),v),
i (62) 1= swp inf (173 0(0),v)
where, for the time discretization step h and d € D = {O, 1,2,..., % — 1}, the discrete-time mapping

yfz : D — R”™ depends on controls v and v, and determines the discrete-time state of the DG control problems
(V) and (Vh+) by the following recursion:

h (d+1) =yl (d) + hb(t + dh,y? (d); 0(t + dh 1
Y, ( ) Y, ( ) ( Y, ( )i 6( ))Wl;ll {Tm¢[t+dh,t+(d+1)h[} k>1 {pké[t+dh,t+(d+1)h[}

+> g (Tm,yﬁm(d);é’m)ﬂ[ﬂdhﬂ(dﬂ)h[(%) | [LIE
m>1 k31

+ ) gn(prs vl (d); nk)ﬂ[t+dh,t+(d+1)h[(pk)’
k>1
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5 VERIFICATION THEOREM

the discrete-time gain/cost functional .J, is given by

Tn(t,xs9p,0) o= by f(t+dh, g, (d); 0(t + dh)) (1 — Ah)?

debD
- Z Z C(Tm7 yﬁx(d% ém) (1 - Ah‘)dII‘ [t—l—dh,t-{-(d-ﬁ-l)h [(Tm) H II‘{Tm?épk}
m>1deD k>1
22 X wta @i ) (L= ML (o)
k>1deD

+G<y2m($))<1—m>%

Uy = {Subset of W consisting of all controls with constant values on each interval [t +dh,t+ (d+1)h [}7
By = {Subset of B consisting of all non-anticipative strategies of Wy, to Vy,, where V}, is the set of impulse
controls with constant impulse values on each interval [t +dh,t+ (d+1)h [},

similarly we define the set .Aj. Following [44] one might deduce, for any ¢ € [0,7] and x € R", the represen-
tation formula vy, (¢, z) = V; (¢t,2) = V;(¢,x). Hence by focusing only on the discrete-time control problem
(V},") we can deduce the optimal strategies. In other words, we use the fact that vy, is the unique bounded con-
tinuous solution to the approximate equation (HJBI}), the formula v, = V,~ and the convergence vy, hjo V to

define some discrete-time optimal controls
L L h * h * L h* h*
¢7L — (0;:()7’“2 = (Tm 7£m )mEN*) € \Ijh X Z/[hv and U;kz T (pk s Mk )kEN* € th

for both discrete-time DG control problems (V") and (Vh+). Since the function vy, separate the domain [t, '] x R™
into many regions including the following region:

R = {(s,y) €[t,T] x R": Hh(s,y,vh(S,y)) =0, vp(s,y) — (I)(h)ngpvh(shy) >0

and vn (s, ) — D(AYH, pon(s,y) < 0},

then the expressions of the optimal impulse stopping times Tf,ib*, pZ* and values fﬁl*, nZ* follow immediately and
were given, respectively, by the aforementioned expressions v* and v* for h tends to zero. We now focus on
the optimal continuous control 8} (.) by assuming, without loss of generality, that there are no impulse controls
for both players, i.e. 7, = p; = T, and proceeding as in [45]. It will be useful in what follows to consider the
piece-wise constant extension gfx() to [t, T'] of the mapping s — yfx(s /h) defined, for k € {0,1,2,..., %},
on {t + kh} by §',(s) = yl',([s/h]), where [s/h] denotes the largest integer which is less than or equal to
s/h. From the definition of the region R, we deduce that there exists a function oy - R" — R!, such that for all
(s,y) € [t,T] x R™ we have

on(s,y) — (1 — Ah)uy, (8 + hyy + hb(s,y; 92(3/))) — hf(s,y;05(y)) =0, (5.1)
where

05 (y) = arg sup{(l — M) (s + h,y + hb(s,y;0)) + hf(s,y; 9)},
PER!

define then a discrete-time state mapping yﬁx* : D — R"” by

yl " (0) =, and ', (d+ 1) = ylt,"(d) + b (t + dh, ylt, (@) 67 (vl (@) ),

30



6 APPLICATION TO CONTINUOUS-TIME PORTFOLIO OPTIMIZATION

and a function 0% : [t,T] — R! by

05 (s) = 6; (y{‘f([s/h])), forall s € [¢,T].

Equation (5.1) leads, for d € D, to
d—1 4
on(sy) = (1= A)Ton (s + dh, ylt, " (@) + R DO(1= M) f (5,90, (0); 05 (vl () )
i=1

The fact that the control é;() has constant values on each interval [t+dh, t+(d+1)h [ and the boundedness of vy,
confirm that é;;() in the optimal continuous control for the problem with no impulses, for which the expression
was giving by 6%(.). Therefore, using the representation formula v, = V,~ we get vy, (t,z) = Ju(t, z;5, v).
Now, following [45], we write

lim J, (, 255, vp,) = lim J(t, z; 95, v3,),
h—0 h—0

we then get, from the convergence vy h—> V, that limy_ é;() represents the optimal continuous control for
—0

the value V. Thus V (¢,x) = J(t,x;¢*,v*) for optimal controls given by 6*(.), u* and v*. Hence we obtain the
thesis. g

Hence, the third contribution of the paper as mentioned in Remark 2.3. The obtained results make us ready
to introduce a new continuous-time portfolio optimization model as an application, and this is the subject of the
next Section 6.

6 Application to Continuous-Time Portfolio Optimization

An interesting framework of the theory of deterministic finite-time horizon, two-player, zero-sum, DGs in-
volving continuous and impulse controls, developed in the present paper, is provided by the continuous-time
portfolio optimization problem. In this section we address an application of our results to the analysis of a new
continuous-time portfolio optimization model, in which the investor plays against the market and wishes to max-
imize his discounted terminal payoff, or to minimize a given cost. In Section 6.1 below the dynamical system
(S™) describes the investor’s wealth at time s € [t, T'], while the functional J™ represents his discounted terminal
gain/cost. On one hand, the market (maximizing player—¢&) wishes to minimize the investor’s discounted termi-
nal payoff (i.e., maximize the gain functional J”, where, on the other hand, the investor (minimizing player—n)
uses an impulse control to re-balance his portfolio in order to minimize the given cost functional J”. Thus, the
value function represents the investor’s lost in the worst-case scenario. Hence, our results can be used to derive
a new continuous-time portfolio optimization model.

6.1 Formulation of a New Continuous-Time Portfolio Optimization Model

We describe hereafter our two-player, zero-sum, deterministic DG approach for continuous-time portfolio
optimization problem in finite-time horizon. We first adjust the expressions of the dynamics b, g¢ and g, in
the standing dynamical system (S) to get a new one (S™), which characterizes the investor’s wealth at each
instant s between the initial time ¢ and the horizon 7'. Next, we approach the resulted continuous-time portfolio
optimization problem by the non-linear HIBI equation and its approximate equation (HIBI).
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APPLICATION TO CONTINUOUS-TIME PORTFOLIO OPTIMIZATION

6.1.1 Dynamic of the Portfolio’s State

Our finite-time horizon deterministic DG approach leads to a new continuous-time portfolio optimization

model in which the investor’s wealth is described by the following dynamical system (S™):

( N
Wtw = Wiw(s Z Ri(s), s # Tm, S # pk, s € [t,T], where t > 0 and T € (0, +00);
W, W, 1 € ARy 1 ¢ & 1T o0
(Sﬂ) t w( ) tw + Zw Tm H {Tm#pr} | [ ] [wLmv s 7wN,m] 7£ 3
k>1

T
Wt,w(pk ) Wt w(pk <1 + Zkade(pk)>7 Pk € [t7 T]7 [W?Jg? s 7W?V7k] 7é 07
i=1

Wi (t7) = w (investor’s initial wealth).

Here N = [ = p = q is the number of stocks in the market, T denotes transpose, and R;(s) is the function

that describes the cumulative return of i—th stock up to time s starting from ¢, where dR;(s) = P for P;(s)

P;(s)

being the price of i—th stock at time s. The mapping W, ,, : [t,T] — R represents the investor’s wealth at time
s € [t,T] with initial value w > 0 at time ¢t~. The wealth T, ,,(s) gives the state of the investor’s portfolio 7 at
time s which is controlled by:

. , T . . .
i. A continuous control W™(.) := [wf(), .. ,w}{,()] which represents the investor’s instantaneous portfo-

ii.

lio composition, i.e., the portfolio’s weights vector resulted from the market fluctuations. Thus, the vec-

. . . T . . ,
tor w™ (), combined with the cumulative returns vector [Rl(s), R N(s)] , characterizes the investor’s
wealth at any time s € [t,T;

Two Impulse controls

U= (Tmawfn = [wim, T ’wl&va]T)

which describe new investor’s portfolio compositions at some jump instants 7,,, and py, respectively. That is
whenever the continuous control w™(.) doesn’t perform, the market (player—¢) uses a new optimal portfolio
composition determined at each impulse instant 7,,, by the impulse value w$,, while the investor (player—n)

adjusts his portfolio at each impulse instant pj using the impulse value wZ to outperform the market.

n n n 1T
andv::(kw =Wy gy, W >
el Pk> Wy, [ Tk N,k] kN’

Remark 6 1 (Another Formulation) Ifr;(s) := Ry(s) = dR—() denotes the instantaneous return of i—th stock,

ie.,

Ri(s) := [ ri(7)dT is the cumulative return of i—th stock on [t, s] satisfying R;(t) = 0, then our dynamical

system ( S7r ) can be rewritten as follows:

)
Wtw = Wiw(s Zw $)ri(8), 8 # Tm, S # pr, s € [t,T], wheret > 0and T € (0,400);

Wt7w(7’m Wi (T szm Tm) H]l{Tmygpk}, Tm € [t,T1, [w§7m,...,w§\77m]T £ 0;
k>1

- _ T
Wt,w(pk) = Wt,w(pk ) ZkaTi(pk)7 Pr € [tv T]7 [wilw cee 7(“)7\[7]@] # 07
i=1

Wi w(t™) = w (investor’s initial wealth).
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6 APPLICATION TO CONTINUOUS-TIME PORTFOLIO OPTIMIZATION

Since w™(.), w$, and wy! are three weights vectors, then the following constraint has to be satisfied:
N N N
©) wa(s) = wam = sznk =1, forany s € [t,7] and m, k € N*.
= i=1 i=1

6.1.2 Continuous-Time Portfolio Optimization Problem

Our zero-sum deterministic DG approach consists then in defining the investor’s wealth W, ,,(s) at time
s € [t,T] by the solution of the following dynamical equation:

N N
s dPZ
(EZ) Wt,w(S) =w +/ Wtyw(T) Z + Z Wt w Z m p. (( Tm,T] H H{Tm?épk}
t i=1 m>1 i=1 ¢ E>1
o dPi(pr)
+ Wiw w!! QPR g s).
> W Pk); KB or) [, (5)

k>1

We denote by ¢ := <w”(.),u = (Tm,w%)meN*) € Uand v := (pk,wZ)keN* € V the continuous-
impulse control for the market (player—¢) and the impulse control for the investor (player—n), respectively, and
we assume that the investor reacts immediately to the market whereas the market is not so quick in reacting to the
investor’s moves, i.e., the investor’s impulse action comes first whenever the impulse times for the two players
coincide. Moreover, we assume that the investor does not consume wealth in the process of investing but is only
interested to maximize his discounted terminal payoff, that is minimizing the following gain/cost functional:

T
J™(t,w; ), v) ::/ I (8, W;’/}j(s);w”(s)) eXp(—/\(s — t))ds

- Z Tm7 Ww ; (Ton); W ) exp( AMTm — t))ﬂ{TmST} H ]1{7—7715’épk}
m>1 k>1

+ Z X" (o0 W (0 s w])) exp(=X(pr — £)) Ly <1y
1

+ G (W2 (T)) exp(—MT — 1)),
where the functional J™ represents the investor’s discounted terminal cost, with the following components:

i. The running gain/cost of integral type giving, for example, by the investor’s stokes holding cost ™ minus his
instantaneous utility function »™, that is f™(.,.;.) := (I —u™)(.,.;.);

ii. The maximizing player’s (market) (resp. minimizing player’s (investor)) cost function c”™ (resp. X“) which
corresponds to the cost of selling or buying stokes at impulse instant 7,,, (resp. px);

iii. The terminal gain/cost giving by the function G™.

Our portfolio model is then related to either one of the following optimization problems:

inf sup J" (t,w;v, , or sup inf J"(t,w;a(v),v);
(P) ﬁGBwe\p ( (1/})) OCE.AUEV ( ( ) )

Subject to Equation (E2) and Constraint (C).
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7 COMPUTATIONAL ALGORITHMS

6.2 Main Results and Portfolio Strategy

We assume that the market moves according to the continuous control w™(.), creates jumps at impulse instants
Tm and tries to maximize the gain/cost functional J™, and that the investor creates jumps at impulse instants py,
obviously, trying to minimize J™. We also make the assumption that the flow of funds is between the investor
and the market which makes our zero-sum DG framework. Tacking into account the fact that the dynamical
function (s,w,w) € [t,T] x Ry x RY — ww.P(s) € R, satisfies, for a bounded R" — valued function
P(s), the assumptions Hy, and H, and assuming that Hy, H. , and H¢ hold for the functions f™, ¢™, x™ and
GT, respectively. We might then use our results to solve the problem (P) and to conclude that the investor’s
maximal discounted terminal cost (i.e., the value function of the zero-sum deterministic DG control problem)
can be characterized:

i. As the unique VS to the HIBI equation;

ii. Or, as the limit of the approximate value function, i.e., the limit of the unique solution of the approximate
equation (HJBI});

iii. Or, by the optimal strategies of the NE of the zero-sum deterministic DG control problem.

The following Corollary 6.1 summarizes the discussion in the above by giving the portfolio strategy for the
investor and the related maximal lost provided by the model we have developed:

Corollary 6.1 A portfolio strategy 11(s) for the investor is given, at time s € [t, T for finite-time horizon T' and
initial time t in a market with N stocks, by:

(s) i= { w(s) i= (07(5) ey s 95() = D0 Wil ()5 w7(s) 1= DT my(s)

m>1 k>1
Instantaneous Market Compositions
Impulse Control of the Market Impulse Control of the Investor
where -
™ ,_ T T ™ .
w™(s) == [w](s),w5(s),...,wh(s)] ;
E . [.¢ 3 3 T,
Wy, = [wl,m7w2,m7""wN,m] ’
N [ 0 n 1"
wy, 1= [ka,ka, .. ,ka] .

The optimal portfolio strategy 11*(s) is then described, for s € [t,T] and Tp,, pr, < s, by the optimal sequences

* *

wﬂ*(8)> wf = (T:;vafn )le and w"* 1= (plt>w2*)k217

of elements of RN | [t,s] x RN and [t,s] x RY, respectively. The expressions of these optimal sequences are
given by the verification theorem of Section 5. The investor’s maximal lost is given by the value function v(t,w)
of the game for w being the initial wealth at initial time t, that is by the solution of the problem (P) generated by
the optimal portfolio strategy I1*(s). O

Thus, the fourth contribution of the paper as mentioned in Remark 2.3. We now provide computational
algorithms for our zero-sum DG control problem.

7 Computational Algorithms

Here, we give numerical aspects describing the value functions for both players, and their NE strategy and
state. More precisely, we propose two computational algorithms, Algorithm 1 and 2, to find the approximate
value function, i.e., the value function for a time discretization step tending to zero. Using these algorithms,
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the NE strategy will be deduced as well as the optimal evolution of the state for our DG control problem. Our
algorithms are based on the Value Iteration and Policy Iteration techniques (see for example Alla & al. [63] and
Bokanowski & al. [64]) and the Explicit Euler Scheme. The Remark 7.1 below gives a brief discussion of the
implementation procedure.

Remark 7.1 Two algorithms will be given to compute the approximate value function vy, the related NE strategy
{1/1* = (0*(.), u*) ; v*} and the optimal state evolution yfx() Algorithm 1 describes the implementation of the
NE strategy to perform the desired computations and it is divided into two phases:

Phase 1. Computes the three possible values in the whole time-space grid. This phase is divided into three
steps:

Step 1 Recursive Computation for Continuous Control. From the Definition 2.5 of the approximate Hamilto-
nian (Hp,), the expression of the optimal continuous control 6*(.) of Section 5 and the terminal value
vp(T,y;) = G(yj), one might recursively compute vp,(s;,y;) for (si,y;) in a given time-space grid when
only continuous control intervene by taking:

0, ; = arg sup{(l — )\h)vh(s,- + h,y; + hb(s;, y;; 9)) + hf(si,y;; 9)};
OcR!

’Uh(Si, yj) = (1 — )\h)?}h (Si + h, yj + hb(s,-, yj; Qi,j)) + hf(Si, yj; 9i7]’).

The numerical computations require that for any time-space grid point (s;,y;) the quantity y;+hb(s;, y;;0)
remains in the space domain, all our numerical tests are such that this condition holds true. We use a
linear interpolation operator I, I[V] : [t,T] x R™ — R (see [63] and the Appendix of [5]), to compute
vy, at any space point y; + hb(s;,y;;0), that is for a given vector V; = [V (si,y1), ...,V (si,yj), - - Il
we have

I[‘/Z] (Si, Yj + hb(si, Yj; 9)) = V(Si, Yj + hb(s,-, Yjs 9)) . (71)

We mention that 0; j refers to 6(s;), the value of the continuous control at time s; when the value of the
state is yj, and it is denoted by 0y, (8;) in the Algorithm 1 and in the graphical representation.

Step 2 If the Minimizing Player-n Intervene. From the verification theorem, Theorem 5.1, one might conclude
that the minimizing player-n intervene at time s; only when

vy, (s,-,y;x(s,-)) — ‘I’(h)HZanUh (sl,yfx(sz)) >0,

where y; .(s;) denotes the optimal state which is progressively computed in Phase 2 of Algorithm 1, and
then a new approximate value has to be computed by solving the equation

vn(si,y;) = ©(h) nieanq{Uh(Sz’,yj + gn(siy53m) + X (86, Y55 77)}- (7.2)
A Value Iteration Algorithm is used to solve the equation (7.2) for which the right hand side is computed
by means of the linear interpolation operator I of equation (7.1) where the quantity y; + gn(si,yj;m)
remains in the space domain. Algorithm 2 describes the value iteration for solving the equation (7.2) and
gives the value for the minimizing player—n in the whole space grid for a given time point s;. The policy
iteration of Algorithm 1 will give the optimal size of the impulses.

Step 3 If the Maximizing Player-¢ Intervene. When the minimizing player-n does not intervene at time s;, the
maximizing player-& might intervene when vy (i, yi ,(5:)) — ®(R)HS,vn (i, Y74 (i) < 0. Similarly a
new approximate value for player-§ has to be computed using the value iteration method of Algorithm 2,
the policy iteration of Algorithm 1 will give the optimal size of the impulses.
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Phase 2. Generates successively the optimal controls {w* = (0*(si), u*);v*}, the optimal state evolution
(- (s;) using the Explicit Euler Scheme and the approximate value function vh(si, Ys1.ue (sl)) for our zero-

sum DG control problem. These outputs are denoted {¢* = (Gj,u* = (T;;,f;fn)meN*); vt o= (pZ,UZ)keN*},
y; and V", respectively. O
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Algorithm 1 POLICY ITERATION FOR THE ZERO-SUM GAME PROBLEM USING THE NE STRATEGY

Require:

1:

Time-space grid (s;,y;), where s; € {sy =1t,s9,..., sy =T}and y; € {y1,y2, -, Yks - - -, Ys 15

2: Initial state x := y;, € R" for a carefully chosen £;

3: Initial continuous control & € R at 515

4: Initial impulse values: £ € RP at 77 := 57, and ] € R? at p] = sq;

5. Initial policies & = [¢F, ... €57 € RP and n* := [nF ... nk]T € R/ at time s; and s,

respectively;

6: Functions b, g¢, gy, f, ¢, X, G and @, discount factor ), discretization step h and tolerance e.
Ensure:

7. NE strategy {0; := 0 (s;); u* := {77, & bmen; v* 1= {p}, 0} een- | for any i, where 75, pi < s

8: Optimal state evolution in time grid given by y; := y*(s;) = y (yiuv (s;) for any i;

9: Optimal value in time grid given by V;* := vy, (s;, y}) for any 7.

10: Vi« G(y;) forall j=1,...,J; > Terminal value V; ; := V(s7, ;).
11: Phase 1: Backward Computation of the Values in Time-Space Grid.

12: foriequals / — 1to 1do

13: Step 1: Recursive Computation. > Computes 0; ; := 0, (s;) and V; ; := V (s, 5;) for any 1, j.
14: for j equals 1 to J do > Viy1 denotes [Vipr g, ..., Vier ]
15: 92"]‘ <— arg supeeRz{(l — )\h)I[‘/z—H] (82‘4_1, yj + hb(Si, y], 0)) -+ hf(SZ‘, y]7 9)},

16: Vz‘,j — (1 - )\h)I[V}H] (8i+1, Yj + hb(Sz’, Y 9i,j)) + hf(siu Y ei,j)-

17: end for

18: Step 2: The Value if the Minimizing Player-n) Intervene at Time s;.

19:  nF*t« 9F 4+ 1 an initial guess; > Ensures the first iteration of while loop.
20: while || — || > ¢ do (or max iteration count reached)
21: nF ot > Sets a new loop to Evaluate and Improve the policy 7.
22: Policy Evaluation Step:
23: for j equals 1 to J do > V¥ denotes [VF,,... . VE]T.
24: Compute, using the Value Iteration of the Algorithm 2, Kf’ ; solution of the equation

Vi =o(h) <I[K§“] (5095 + gn (50, y537115)) + X (56, 33 nﬁfj)>; (7.3)
25: end for
26: Policy Improvement Step:
27: for j equals 1to J do
28:
iyt arg int {@(8) (2041 (si, 5+ gn (50 955m) + X35 ) s
Kﬁjl — ®(h) <I[Kﬂ (Siayj + gn(Sz‘, Yjs nfjl)) + x84, Y5 775,;5)%

29: end for

30: end while

31 [ni,lu"-uni,J]T A [7]5—1‘_17"'7772}_1]—'—;

320 (Vg Vi )T VBT VYT
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33:
34:
35:
36:
37:

38:
39:

40:
41:
42:
43:

44
45:
46:

47:
48:
49:
50:
51:

52:

53:
54
55:
56:

57:

58:
59:
60:
61:
62:
63:
64:
65:
66:
67:

Step 3: The Value if the Maximizing Player-¢ Intervene at Time s;.

¢« ¢k 4 1 an initial guess; > Ensures the first iteration of while loop.
while |51 — ¢F|| > e do (or max iteration count reached)
£k bt > Sets a new loop to Evaluate and Improve the policy £F1.
Policy Evaluation Step:
for j equals 1 to J do >V denotes [Vil, o ,VZ,]T.

Compute, using the Value Iteration of the Algorithm 2, VZ ; solution of the equation

iy = () (10V3] (51,5 + gelsi, 33 €5,)) — el 033 65))): (7.4)

end for
Policy Improvement Step:
for j equals 1to J do

et ang sup {@(h) (11771 (s0,55 + 9e(s1,5:€)) — (o0, 35€) ) }:

£€RP
—k+1 —k
Vi @) (17 (519 + 0els0, 55 €57) — e w55 €571));

end for
end while

[Einy s Gaa] T = (65 €T
Vit Vil = Vit .,vfjlr
end for
Phase 2: Forward Deduction of the Optimal Controls (NE), State and Value in Time Grid.
yr,my k< x,2,2;
for i equals 1 to  — 1 do > Here, j is such that y; =~ y/,i.e., V;; = V(s;,y}).
it V;; > ®(h) infneRq{][V,-] (si, 97 + gn(si,yism)) + x(si, yfs n)} then > Miminizing
Player—n intervene.
Prs M 5= Sis i g
Yl < U5+ gn(prs uis M)
ViV, i
k<« Fk+1;
elseif V; ; < ®(h) supgeRp{l[Vi] (i, y7 + ge(si,y5 €)) — c(si, s f)} then > Maximizing
Player—¢ intervene.
T &m < i &g
Vi Y+ 9¢ (7o, U 655
ViV,
m<+— m+1;
else > Optimal Continuous Control Intervene.
05 0, ; > 07 gets O+ (s;).
Yl ys 4+ hb(ss, vy 07)
V¥V,
end if
end for
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Algorithm 2 VALUE ITERATION TO COMPUTE THE PLAYER’S VALUE FUNCTION
Require:
1: Time s; and space grid {y1,....Y;,...,ys};
2: Functions g, x (or, g¢, ¢) and @, impulse value 7 (or, &), time discretization step A and tolerance e;
3: Initial value V;* := [V&, ... V& ]T.
Ensure:
4: The value V; ; := V/(s;, y;) solution of the equation (7.3) (or, (7.4)) for any j.

. VFT V¥ 41 an initial guess; > Ensures the first iteration of while loop.
while ||V;*™ — V/*|| > ¢ do (or max iteration count reached)
Vik - vETL > Sets a new loop to Improve the value V12,
for j equals 1 to J do

® W

Vi e @ (h) (IW] (si 45 + gn(si,y53m) + X(56, 955 ?7));

<0r, VI @ (h) <I[Vf] (56,55 + 9e(s, 53 €)) — 51,5 5)));

9: end for
10: end while
k k
11: [‘/i,ly e VLJ]T — [‘/i,1+17 R ‘/i’j_l]—r.
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8 Conclusion

In this paper, we have considered a new class of deterministic finite-time horizon, two-player, zero-sum
DGs, where the maximizing player takes continuous and impulse controls, while the minimizing player uses
impulse control only. The aims were to optimize a discounted terminal gain/cost functional, approximate the
value function, and describe an optimal strategy for the two players. After studying the related HJBI double-
obstacle equation in the VS framework, we have proposed a discrete-time approximation scheme for this class of
DGs given by the approximate equation (HIBI;,). We have further derived a verification result which analytically
characterizes the equilibrium timing and level of impulses, and describes the optimal continuous actions. Our
major contributions are the comparison principle, the convergence result for the approximate value function,
and the verification theorem. Moreover, we have given some meaningful dynamics b, g¢ and g, to apply our
results to continuous-time portfolio optimization problem, where the investor takes priority actions (impulses)
only occasionally, while the market makes decisions both continuously and in specific impulse times, in such
situation our results have been successfully implemented to derive a new continuous-time portfolio optimization
model. Moreover, we have provided some computational algorithms to numerically determine the value function
and the corresponding NE strategies and state evolution.

We intend to develop this work in two main directions in the future:

1. It would be interesting to consider a problem with feedback continuous control (i.e., 6 depends on y; ; (s)) ,
thus the instantaneous evolution of the state and the running gain/cost function at time s become, respec-
tively,

b(s,ym(s);G(S,yt,w(s))> and f(s,ym(s);H(S,ym(s)));

2. Another extension of our work would be to adopt a machine learning approach based on the generative
adversarial networks (GANs) [65] to deep generate the value function and the corresponding NE and state
evolution in the mini-max game framework of GANs (see also Wiese & al. [60]).
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