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Résumé

Cette these concerne les jeux différentiels a somme nulle et a deux joueurs avec information
incomplete. La structure de I'information est liée a un signal que recoivent les joueurs. Cette
information est dite symétrique quand la connaissance du signal est la méme pour les deux
joueurs (il s’agit un signal public), et asymétrique quand les signaux regus par les joueurs
peuvent étre différents (il s’agit de signaux privés). Ces signaux sont révélés au cours du jeu.
Dans plusieurs situations de tels jeux, il est montré dans cette these, I'existence d'une valeur
du jeu et sa caractérisation comme unique solution d'une équation aux dérivées partielles.

Le principal apport de notre travail concerne la prise en compte de signaux et de leur
révélation pour des jeux différentiels a information incomplete étudiés par Cardaliaguet en
2007 dont les travaux généralisaient un modele proposé par Aumann-Maschler en 1968 et,
dans le cas a information des deux cotés, par Mertens-Zamir en 1972.

Précisons la forme générale de structure d’information des jeu de ce mémoire.

1. Avant que le jeu commence, chaque joueur recoit un signal aléatoire qui dépend de
données, inconnues de lui, que sont la dynamique, les données initiales et les cofits.

2. Pendant le jeu, tous les joueurs observent, avec mémoire parfaite, un signal public qui
est fonction de I’état du systeme et des actions jouées.

Un premier type particulier de structure d’information concerne le cas asymétrique ou
les deux joueurs n’observent que des actions jouées pendant le jeu. Nous prouvons que ce
jeu admet une valeur pour les stratégies mixtes non anticipatives avec délai.

Un second type de structure d’information concerne le cas symétrique ou le signal est
réduit a la connaissance par les joueurs de 1’état du systéme au moment ou celui-ci atteint
une cible donnée (les données initiales inconnues sont alors révelées). Pour ce type du jeu,
nous avons introduit des stratégies non anticipatives qui dépendent du signal et nous avons
obtenu l'existence d'une valeur.

Les couts des jeux étudiés sont en général de forme cout intégral (en horizon fini ou
infini) et cout terminal.

Comme les fonctions valeurs sont en général irrégulieres (seulement continues), un des
points clefs de notre approche est de prouver des résultats d’unicité et des principes de
comparaison pour des solutions de viscosité lipschitziennes de nouveaux types d’équation
d’Hamilton-Jacobi-Isaacs associées aux jeux étudiés.
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Summary

In this thesis we investigate two-person zero-sum differential games with incomplete infor-
mation. The information structure is related to a signal communicated to the players during
the game. In such games, the information is symmetric if both players receive the same sig-
nal (namely it is a public signal). Otherwise, if the players could receive different signals
(i.e. they receive private signals), the information is asymmetric. We prove in this thesis
the existence of value and the characterization of the value function by a partial differential
equation for various types of such games.

Our main contribution is to take into account the notion of signals and their revela-
tion for differential games with incomplete information studied by Cardaliaguet in 2007
which generalized the game models proposed by Aumann-Maschler in 1968 (for the case
with incomplete information on one side) and by Mertens-Zamir in 1972 (for the case with
incomplete information on both sides).

The general form of information structure of the games studied here is as follows:

1. Before the game begins, each player receives a signal that depends on the unknown
data which are the dynamical system, the initial data and the cost functions.

2. During the game, all players observe with perfect memory a public signal in function
of the state of the system and the played actions.

A particular situation of such information structure is the case of asymmetric information
where both players only observe the played actions during the game. We prove that the
value exists for such games with random non-anticipative strategies with delay.

Another type of such information structure is the symmetric case in which the players
receive as their signal the current state of the dynamical system at the moment when the
state of the dynamic hits a fixed target set (the unknown initial data are then revealed to
both players). For this type of games, we introduce the notion of signal-depending non-
anticipative strategies with delay and we prove the existence of value with such strategies.

The pay-offs of the games studied here consist of in general a running cost (of finite or
infinite horizon) and a terminal cost.

As the value functions are in general irregular (at most continuous), a crucial step of
our approach is to prove the uniqueness results and the comparison principles for viscosity
solutions of new types of Hamilton-Jacobi-Isaacs equation associated to the games studied
in this thesis.



iii
Remerciements

Je tiens tout d’abord a remercier mon directeur de these Marc Quincampoix pour sa
disponibilité, sa patience et ses conseils. Ce fut un plaisir et un honneur de travailler avec
lui pendant ces trois années.

Je suis tres honoré a remercier de la présence aux membres de mon jury de these. Mes
remerciements vont également a Rainer Buckdahn, Pierre Cardaliaguet, Juan Li, Chloé
Jimenez, Catherine Rainer et Sylvain Sorin pour leurs conseils et leur aide qui me permettent
de mieux comprendre le sujet des jeux différentiels.

J’adresse aussi mes remerciements a tous les collegues du Laboratoire de Mathématiques
de Bretagne Atlantique, et plus particulierement les membres du groupe Analyse, Phénomenes
Stochastiques et Applications, pour 'excellente ambiance de travail.

Enfin, je remercie mes chers parents pour leur soutien indéfectible.



v



Introduction



vi INTRODUCTION

0.1 General Presentation of Differential Games

Differential games consist of a class of continuous time dynamic games. In this manuscript,
we are only interested by two-person zero-sum differential games which two players named
Player 1 and Player 2. In this section, we present basic concepts and results for differential
games of finite horizon. We will comment the infinite horizon case later on.

0.1.1 Game model with complete information

Let us consider some arbitrary finite-dimensional vector space identified as R" and a
following dynamical system:

{ i(t) = f(z(t),u(t),v(t)), for any t € [to, T);

x(tg) = xo, (Pr)

where times ty < T are fixed. The function f: R" x U x V — R is assumed regular enough
(bounded, continuous and Lipschitz continuous on z) and U, V are some compact metric
spaces. The initial state of system (Pr) at ¢, is set to be .

We assume that the above dynamic and the triplet (¢y, T, z() are commonly known by
both players. The players control the evolution of the system by choosing the pair of
controls (u,v): Player 1 chooses the control u : [tg,T] — U while Player 2 chooses the
control v : [ty,T] — V. To assure the existence of a solution of system (Pr), we impose that
admissible controls for the players are Lebesgue measurable controls, namely u belongs to
U(ty) := L ([to, T]; U) and v belongs to V(t) := L'([te, T]; V). We denote by t s X[0%0%"
the unique trajectory of the solution of system (Pr) associated to the pair of controls
(u,v) € U(tg) x V(to).

We suppose that both players observe all played actions with perfect memory during the
game. In other words, for any moment ¢t € [ty,T], both players have knowledge of the
function s — (u,v)[p,4(s). For each pair of admissible controls (u,v), the pay-off of the
players is described by the following cost function:

T
J (to, o, u,v) := / X0 (), () dE 4 g(XPT00).
to

The cost function J consists of a running cost £ : R” x U x V — R and of a terminal cost
g : R"™ — R at the moment ¢t = T". For our two-person zero-sum game, the goal of Player 1
is to minimize the cost J (to, zo, u,v) while Player 2 tries to maximize it.

Observe that in the game described above, both players have access to all information
needed for the optimization of the outcome so we say that it is a differential game with
complete information.
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For game theory, there are two important questions for such game model:
e To determine the guaranteed result for the players while each player plays optimally.
e To determine the strategy of each player achieving the guaranteed outcome.

In this thesis, we are particularly interested by the first question. Let us denote by «a a
strategy for Player 1, namely a process that chooses an action to play for each instant -i.e. a
measurable control v € V() - in function of the action u € U of his opponent. We observe
that « can be viewed as a map from V(ty) into U(ty). Similarly, we call 5 : U(ty) — V(o)
a strategy for Player 2. Let us assume that to each pair of strategies («, ), there exists
a unique pair of admissible controls (u, s, Vs 5) compatible with (o, ) (namely, satisfying
a(Va,3) = Uq,p and [(uap) = va3). Consequently, one can furthermore assign to each pair
of strategies (a, 5) a unique pay-off, denoted by J(to, zo, @, B) := T (to, To, Ua.p, Ve ). We
introduce below the upper- and lower-value functions.

Definition 0.1.1 (Value functions). For any (to,zo) € [0,T) x R, the upper-value of the
differential game is defined by:

V+(t0,ilf0) = lnf sup j(t07$070576)a
@ B

and its lower-value is defined by:

V™~ (to, xo) := supinf J (to, g, @, ).
ﬁ (0%

By the above definition, the upper-value V' (tg, zo) is the best result that Player 1 can
guarantee during the game and the lower-value V= (to, z¢) is the best result that Player 2
can guarantee. When V7 = V'~ the game is said to have a value. This is an important
property for two-person zero-sum differential games since it modelizes the fact that both
players choose their actions simultaneously. Thus, if the game has a value, V (¢, zo) is a
reasonable choice for expected outcome of the game while both players play rationally.

0.1.2 Strategies

Upper- and lower-values for a differential game may depend on the chosen type of strategy
for each player. A first example of strategies for Player 1 in the above game model is that
Player 1 will always play a fixed control u € U(ty) no matter what is played by his adversary.
Thus elements of U(ty) can be considered as “constant” strategies of Player 1. Similarly,
Player 2 can always choose to play a fixed control v while ignoring the opponent’s actions.

There are various definitions of strategies for differential games in the literature. Here
we list several main types of them. We begin with the notion of so-called feedback strategy,
which is widely used in the theory of optimal control.



viii INTRODUCTION

Definition 0.1.2 (Feedback strategy). A feedback strategy for Player 1 is an application
a: [to, T|XR™ — U and a feedback strategy for Player 2 is an application 3 : [ty, T|xR" — V.

With this type of strategy, for each moment ¢ € [ty, T] the players choose their actions
according to their observation of (¢, x(t)) and thus they are able to profit from their knowl-
edge about the current states of the trajectory. But there are also two major problems. The
first one is that such strategies do not depend on the history of the trajectory and thus they
neglect part of the information of the players that may be useful. The second one lies in
the fact that one can not assure the existence of a solution for system (Pr) while a pair of
feedback strategies («, ) are employed by the players, namely a solution of the following
dynamic system may not exist in the used sense [62]:

{ (t) = f(a(t),alt,z(t)), B(t, z(t))), for any t € [to, T];

x(tg) = wo.

The second issue can be overcome by introducing the notion of positional strategies that
we briefly describe now. Let a be a feedback strategy and let A: tg =t <ty < ... <t,, =T
be a finite partition of the interval [ty,T] with 7o > 0 being the diameter of A, namely
Ta = MaXo<p<m(ty — tx—1). We denote by Xa(to, zo, @) the set of all trajectories ¢ — x(t)
satisfying:

e There exists a stage control ua : [tg, 7] — U such that for any 1 < k < m — 1, one
has ua |0, = (b, 2(tr)).

e The differential inclusion: 2'(t) € {f(x(t),ua(t),v) | v € V}.

® Jf(to) = Xy-

Let D(to) be the set of all finite partition of the interval [ty,T]. By the Ascoli’s theorem,
the set Uaep(ty)Xa (to, To, ) is relatively compact. We denote by X (ty, zo, o) the set of all
trajectories ¢ — x(t) such that there exist (Ag)ren C D(to) and (xx(+))reny with:

o limy_,oo 7a, = 0;

o for any k € N, xy(-) € Xa, (to, zo, @) and (xy())ren converge uniformly to z(-).
It is clear that for any feedback strategy «, the set X (o, o, @) is non-empty.

Definition 0.1.3. [Positional Strategy, Krasovskii and Subbotin [{7]] A positional strategy
for Player 1 is an application « : [tg, T] x R* — U. To each positional strategy o the set
X (to, xo, ) is associated.

We suppose here that ¢(-) = 0 and therefore the cost function becomes J(to,zo) =
g(X2""?) The upper-value function under positional strategies is defined by:

VF(to,zo) :=min  sup  g(z(T)).
@ z()EX(to,w0,0)

The corresponding lower-value function can be defined symmetrically.
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Another type of strategies is the following:

Definition 0.1.4 (Non-anticipative strategy, Varaiya [69], Roxin [62], Elliott and Kalton
[32]). A non-anticipative strategy for Player 1 is an application: « : V(tg) — U(to) such
that for any t € [to, T] and vy, va € V(to), if Viljt.) = V2ltoes then a(vi)ig,g = a(v2)]it.-

A non-anticipative strategy for Player 2 can be defined symmetrically. By playing non-
anticipative strategies, the players chooses their action according to the history of observa-
tions. Thus the class of non-anticipative strategies is richer than that of feedback strategies.
But still, it is possible that one can not associate to all pair of non-anticipative strategies
(cv, B) a pair of admissible controls (u,v) such that a(v) = v and f(u) = v. To overcome
this, we restrict ourselves to a smaller class of strategies, i.e. the following:

Definition 0.1.5. [Non-anticipative strategy with delay (NAD Strategy), cf. Cardaliaguet
and Quincampoix [21]] An NAD strategqy for Player 1 is an application o : V(to) — U(ty)
such that there exists T > 0, for any t € [to,T) and vy, vo € V(to), if Vil = Valite a-€-,
then o(v1)|t,t4+) = (v2) |44 a-€-.

NAD strategies for Player 2 are defined similarly. Let us denote the set of NAD strategies
of Player 1 by A,(tp) and that of Player 2 by By(tg). With NAD strategies, the game can
be written into a normal form.

Lemma 0.1.6 (cf. [21]). For any pair of NAD strategies (o, ), there exists a unique pair
of admissible controls (u,v) € U(ty) x V(to) such that a(v) = u and B(u) = v.

For (a, B) € A(to) x B(to), let (u,v) defined as in the above lemma. We denote by
J (to, o, a, B) := T (to, o, u,v). This allows us to treat both players symmetrically while
defining and investigating the two value functions.

V*(to,z9) = inf  sup J(zo,to,,B);
a€Aa(to) BeBy(to)

V™= (to,x9) = sup inf J(xo,to,, ).
BEBy(tg) @EAa(to)

In addition, since all NAD strategies are non-anticipative strategies, they preserve the his-
tory of observation. We will see in the next section that one can also extend naturally the
notion of NAD strategies to define random strategies or mixed strategies.

0.1.3 Methods and Related Works

The theory of differential games is studied since the 40s’ by Isaacs [40] and Pontryagin
[57, 58, 59]. It has a wide range of applications, in particular, for military issues and in
investment theory.
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[saacs has investigated differential games with players employing feedback strategies.
Suppose that the following Isaacs condition holds:

V(z,€) € (R")?, inf sup(, f(z, u,v)) +€(z,u,v) = sup inf (¢, f(z,u, v)) + (2, u,v). (0.1.1)
uel yev vev uel

He proved that, under (0.1.1), if the game has a value and its value function V' (defined by

V :=V* = V") is regular enough (in particular, continuously differentiable), then V' is the

solution of the following PDE (called the Hamilton-Jacobi-Isaacs equation):

9,V (t,x) + inf sup (D, V (¢, z), f(z,u,v)) + {(x,u,v)] = 0. (0.1.2)

u€l ey

Isaacs also provided a verification theorem, i.e. any C' solution of the above PDE is the
value of the game.

Differential games are classified into two groups according to Isaacs. The first type is
called the qualitative games. In such games, we are only interested in determining whether
one of the players can guarantee the victory (by verifying certain conditions). The second
one is called quantitative games in which players aim to optimise some pay-off functions.
In the latter case, we are able to define value functions. Let us take a pursuit-evasion game
as an example with the assumption that Player 1 is the chaser. If we are only interested
in knowing whether Player 1 can catch Player 2, then it is a qualitative game. In contrary,
if we want to further determine the minimal duration needed for Player 1 to guarantee the
capture of Player 2, then it belongs to the quantitative games.

In this manuscript, we only consider quantitative games. For further references on
qualitative games, readers may refer to [47, 15] or the survey paper [23].

There are mainly two methods for establishing the existence of value for the game pre-
sented in this section. The first one lies on introducing a discretization of the game by
choosing controls according to some points of a partition of the time interval [y, T] . This
approach were employed in, for instance, Fleming [34, 35|, Friedman [37], Krasovskii &
Subbotin [47] and Petrosjan [55]. As we have seen previously in the definition of positional
strategies (cf. Definition 0.1.3), in this case, the value functions are defined as the optimal
pay-off that a player can guarantee while the diameter of the time partition tends to zero.

Another approach for studying differential games were proposed by Elliott & Kalton [32],
Roxin [61], and Varaiya & Lin [70]. It considers the cases with non-anticipative strategies.
The principal interest of this method is its relation with the notion of viscosity solutions
of PDEs introduced by Crandall and Lions (cf. [29, 30]). It was established by Evans &
Souganidis [33] in the 80s’. With this approach, we are able to characterize the value function
of a differential game as the unique viscosity solution of a Hamilton-Jacobi equation.

It has been proved that under regularity assumptions on the game, the value functions
introduced in Section 0.1.2 (with different types of strategy) are the same. More precisely,
they all satisfy the same Hamilton-Jacobi equation.
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We present briefly the approach for studying differential games with NAD strategies. It
relies on proving a dynamic programming principle respectively for the upper- and lower-
value functions, namely for any t € (to,T):

t
V*(to,z0) = inf  sup <V+(t,X,f°’w°’a’B)+ / E(Xﬁo’xo’o‘ﬁ,a,ﬁ)ds>
acAq(to) BeBy(to) to

and

t
V= (tp,x0) = sup  inf <V_(t,Xf°’IO’a’ﬂ) +/ K(Xﬁo’xo’a’ﬁ,a,ﬂ)ds)
BEB(to) *EAa(to) to

Here we denote by ¢ — X[ the trajectory of the solution of system (Pr) while the pair
of NAD strategies («a, 3) is played by the players. An interpretation of the above equations
is that to obtain the optimal outcome guaranteed, both players will have to play optimally
during [ty, t] such that the state z(¢) optimizes the optimal outcome guaranteed of the game
at (t,z(t)), namely VT (¢, x(t)) for Player 1 and V'~ (¢, z(t)) for Player 2.

Heuristically, by dividing both sides of each equation above by t — ¢ty and then passing
t — 1§, one obtain that V' is a viscosity sub-solution of:

oW (t,x) + H (W (t,z), D,W(t,x)) =0,
and V™ is a super-viscosity solution of:
oW (t,x)+ H (W(t,z), D,W(t,z)) = 0.
In these PDEs, the hamiltonians are defined by:
H*(2,8) = i%f sgp [(f(x,u, v), &) + (x,u, U)];
H™(z,§) = sg}p i%f [(f(z,u,v),8) + l(z,u,v)].

The next step is to impose that H™ = H~ (Isaacs’ condition) which implies that V't and
V'~ are respectively viscosity sub- and super-solution of a same PDE:

{ oW (t,x) + H(W(t,z), D,W(t,z)) =0,

0.1.3
W(T,z) = g(x), for all z € R". ( )

where H := HT = H~. We notice that, under the Isaacs condition, this is the PDE
introduced by Isaacs (0.1.2). Furthermore, one can prove a comparison principle for this
PDE: a viscosity sub-solution W; of (0.1.3) is always inferior to a viscosity super-solution
Wy. Thus V' =V~ and V := V7 is the unique viscosity solution of the equation (0.1.3).

Since the existence of a value of the game has been established, now we turn to the
determination of optimal strategies for the players if they exist. If V' € C'([ty, T] x R",R),
then the optimal feedbacks can be obtained by using the PDE (0.1.3). Otherwise, one can
find e-optimal strategies as for example, in [47].
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0.2 Differential games with incomplete information

In the previous subsection the presented differential game has complete information. More
precisely, both players know as common knowledge the initial data, the dynamic, the cost
function, and the history of all played actions. But for economic models, participants of
games (negotiations, business competitions etc.) often do not know the cost functions of
their adversary or even that of themselves, and not all actions are monitored and memo-
rized. It is under such background that games of incomplete information are introduced
and studied.

The theory of two-person zero-sum differential games of incomplete information on both
sides was studied by Cardaliaguet [16] (cf. also [10, 5, 6, 11, 12, 17, 19, 21, 25, 24, 26,
27, 43, 54, 55, 56, 67, 66]). It generalizes the notion of two-person zero-sum repeated
games of Aumann and Maschler [2] to the context of differential games of Isaacs [40]. This
section is devoted to a brief introduction of the theory of differential games with incomplete
information and its recent developments.

0.2.1 Game model

For any m € N,, we denote by A(m) the (m — 1)-dimensional simplex, i.e. A(m) :=
{(r)ickem € [0,1)™ | Xichem¥e = 1} Let us recall the game model proposed by
Cardaliaguet [16]. Such a game is defined by:

The dynamic system (Pr) with the initial state xo € R™ at the moment ¢ =ty < 7.

Two finite index sets I := {1,2,...,1} and J := {1,2,...,J}. (Here the notation I
(resp. J) denotes both the index set and its cardinal.)

A probability measure p on I and a probability measure ¢ on J. We assume that p
(resp. ¢) is an element of A(I) (resp. A(J)).

To each pair (i,7) € I x J, we associate a terminal cost ¢g*/ : R” — R which is assumed
to be bounded and Lipschitz continuous.

We recall that the map ¢t — X;>""" denotes the trajectory of the solution of the
dynamic (Pr). The game is played as follows. Before the game begins, a pair of index
(1,7) is chosen randomly according to the probability measure 7 :=p ® ¢ € A(I x J). Its
first coordinate ¢ is communicated to Player 1 but not to Player 2. Conversely, the second
coordinate j is communicated to Player 2 but not to Player 1. As in the differential game
presented in Section 0.1.1, Player 1 chooses the control u € U(ty) in order to minimize the
terminal cost ¢¥(X;0"*"") while Player 2 aims to maximize g (X\>""") by choosing the
control v € V(ty). In addition, we suppose that both players observe all played actions with
perfect memory.
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In this game, both players have their own private a-priori information about the chosen
cost function. Therefore the players will try to optimize the pay-off by choosing their actions
according to their private information and the observation of the played actions. Hence their
choices of actions will reveal in a certain degree their private knowledge to the opponent.
To avoid that too much information is transmitted to their adversary, both players need
to adopt random (or “mixed”) strategies instead of pure strategies (cf. NAD strategies in
Definition 0.1.5). Let us consider the following set of probability spaces:

S = {([0,1]", B([0, 1]™), £([0,1]™) [ m € N.)}

with B([0,1]™) and L£(]0,1]™) being respectively the Borel o-algebra on [0,1]™ and the
corresponding Lebesgue measure on [0, 1]™.

Definition 0.2.1 (Random non-anticipative strategy with delay (RNAD Strategy) - Fi-
nite horizon, cf. [16]). A RNAD strategy for Player 1 is a pair ((Qa,Fa,Pa), ) with
(Q, Fa, Po) €S and the application o : Q, X V(to) — U(to) such that:

e « is Borel measurable with Q, equipped with F, and U(ty) equipped with the L*-
distance.

o There exists T, > 0 such that for any w € Qq, t € [to,T) and vi, va € V(to), V1o =
Vs, @-e. implies that:

&(w7 Ul)‘[to,t-FTa] = a(w, U2>’[t0,t+Ta]7 a.e..

A RNAD strategy for Player 2 can be defined similarly.

Throughout the manuscript, the set of RNAD strategies of Player 1 defined above is
denoted by A, (to) and that of Player 2 is denoted by B, (). As the pure NAD strategies
presented in the previous section, the game can be written into a normal form with RNAD
strategies in view of the following:

Lemma 0.2.2 ([16]). For any (o, B) € A.(to) X B,(ty) and any w := (wq,ws) € Q4 X g,
there ezists a unique pair of controls (uy,v,) € U(ty) x V(to) such that:

A(Was V) = Uy and Bwg, Uy) = V.

In addition, the map w +— (uy,v,) is measurable with U(ty) x V(to) equipped with the Borel
o-algebra induced by the L'-distance.

With the notations in the above lemma, we denote for any («, 5) € A, (tg) X B.(to) the
trajectory (t,w) — X10"0*P () .= Xjo"0u %  Furthermore, we define for any (i, j) € I x J:

E, slg” (Xim08)] = /Q ) gI (X (w))dP, ® dPs(w).
aXilg
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We notice that in order to profit from their private information, Player 1 should choose
a vector of RNAD strategies A := (a;)ier € A, (to)" (an RNAD strategy for each ¢ € I) and
Player 2 should adopt a vector B := (8;)es € B.(to)’. In this case, for a pair of strategies
(A, B), the associated expectation of outcome is defined by:

T(to w000, A, B) = 3 pigiap, [ (X77))

(,7)EIxJ

We suppose the following Isaacs condition: for any (z,¢) € (R™)?,
H*(,€) i= infsup( (2. u,0), §) = supinf(f(z,,0), €) = H(x.). (0.2.1)
v %

The main result in [16] is the following:

Theorem 0.2.3 (Existence of value). Under Isaacs’ condition (0.2.1), the game has a value,
Namely:

V(t07x07p7q) = inf sup j(t(]?xOvaQJAa B)
AeA, (to)! BEB,(to)?

= sup inf 7 (to, 20, D, q, A, B).
BEB, (tg)? A€ A (to)"

In addition, V' 1s bounded, Lipschitz continuous, convex on p, and concave on q.

The major difficulty in obtaining the above result comes from the asymmetry of the
information structure. Cardaliaguet has proved in [16] that, instead of a dynamic program-
ming principle for the value function itself as in Section 0.1.3, one can obtain respectively
a super-dynamic programming principle for the concave conjugate of V' on ¢ and a sub-
dynamic programming principle for the convex conjugate of V on p. Such method was
introduced by De Meyer [31] for dealing with similar information structure in the theory of
repeated games.

Now let us turn to the characterization of the value function V. There are two types of
characterization which are equivalent. Let us denote, for any (x¢,¢) € (R™)%:

('I()ag) = H*(:E(]ug) = _H(I'(), _€>
We remark that V' is convex on p and concave on ¢. Its Fenchel convex and concave
conjugates are defined as follows:

V*(to,]}o’f), Q) ‘= sup {<I§7p> - V(tOMZ'O)pv Q)}v
peEA(I)

V#(t(];w(bpa Q> = qelngj) {<qu Q> - V<t07 Lo, D, Q)}

The first characterization is proposed in [16], it relies on the notion of dual viscosity solutions
of a Hamilton-Jacobi equation:
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Proposition 0.2.4 ([16]). For any (p,q) € R x A(J) fized, the function (to,x¢)
V*(to, xo, P, q) s a viscosity sub-solution of the dual Hamilton-Jacobi equation:

OW + H*(z, D,W) =0. (0.2.2)

For any (p,q) € A(I) x R fized, the function (to,xo) — V#(to,x0,p,q) is a viscosity
super-solution of equation (0.2.2).
In addition, V' satisfies the boundary condition:

V(T,x,p,q Z piq;g” (z), for any x € R™. (0.2.3)
(i,5)eIxJ

V' is said to be the unique dual viscosity solution of equation (0.1.3) with the boundary
condition (0.2.3).

The second characterization is proposed in [17]. Instead of the first-order PDE (0.2.2),
Cardaliaguet demonstrated that V' can be characterized as unique viscosity solution of a
double-obstacle second-order Hamilton-Jacobi-Isaacs equation:

p min{)\min(D;pV,p);maX{)\max( W.q); W + H(z, D W)}} = 0;
max {AW(W V.q); min{xmmw? Wop) oW + H@ DWH =0 (024
W(T,l‘,p, Z pz%gw
(’Lj EIXJ

Proposition 0.2.5 ([17]). The value function V is the unique viscosity solution of (0.2.4)
i the following sense:

o For any ¢ € C*([0,T] x R™® x A(J),R) such that the map (t,z,q) — V(t,z,p,q) —
©o(t,xz,q) has a local mazimum at some point (to, zo,qo) for some p € A(I), one has:

maX{)\max<qu§0(t07 Zo, qO) q0) atgp(t()? Zo, qO) + H(.Z’(), Dm@<t0, Zo, qO))}

o Symmetrically, for any ¢ € C*([0,T] x R™ x A(I),R) such that the map (t,z,p)
V(t,z,p,q) — @(t,z,p) has a local maximum at some point (ty, xo,po) for some q €
A(J), one has:

min{ Awin (D2, (t0, Zo, Do), Po); Oip(to, To, po) + H (0, Dap(to, 20, p0))} < 0.
o Foranyx € R", V(T,2,p,q) = >3 jyerns Pidi97 (7).

0.2.2 Recent developments:

Before we state the results of this PhD thesis, let us present in this subsection some recent
developments in the literature of differential games of incomplete information.
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The previous subsection was only devoted to the case when the private information ¢ € I
and j € J for the players are chosen independently from two finite index sets. It was proved
in [54] that the game has a value even the pair is chosen according to some probability
measure m € A(l x J) (thus not necessarily independently) under the same regularity
assumptions and the [saacs condition as the game model in [16]. This result was generalized

in [74].

For the case where zy € R" is chosen randomly among a compact subset of R™ according
to some probability measure v on R" (not necessarily with finite support) and the choice
is only communicted to Player 1 but not to Player 2, the existence of value under Isaacs’
condition was first proved in [19] and a characterization of the value function was later
proposed in [42].

The proofs of the results cited above all rely on finding the proper Isaacs condition.
The existence of value for differential games with incomplete information without Isaacs’
condition was investigated in [12] and [43]. Results about stochastic differential games of
incomplete information can be found in [25, 24, 26].

0.3 Results of the PhD Thesis

In this section we present the main results of this PhD thesis. Each subsection provides
a brief introduction to the results of the article included in the associated chapter. All
chapters following this introduction are self-contained and they consist of articles that are
published, submitted or that will be submitted.

0.3.1 Differential games with asymmetric information - a general
case (Chapter 1 and [74])

In this subsection, we present our results of the existence of value for a differential game
with asymmetric information that generalizes the game models proposed in in [16] and [54].
The main novelty of our game model is that the private signals communicated to the players
are generated randomly according to the unknown initial data. Let us explain describe this
differential game in details.

Let to € [0,T],n € N,, I € N,, and Xy = (z})ie; € (R")!. (We recall that I also denotes
the set I :={1,2,...,1}.) We consider a family of I two-person zero-sum differential games
(Gilto, ) ,.,- Each differential game G;(to, z}) is defined by:
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e a dynamical system:

{ 2(8) = F(a(t), ult) o(1)), t € [to.T],

x(ty) = i,
e a payoff function:
) 7 . T 7 t07x(i)7uvv ) to,mé,u,v
j (thl‘O)uvv) L LO E (XS ,U(S),'U(S))ds+g (XT )

As in Section 0.2.1, U, V are some compact metric spaces. The functions (f*: R"xUxV —
R™);c; are supposed regular enough (bounded, continuous and Lipschitz continuous on x

uniformly on (u,v)) such that for any ¢ € I, the dynamical system (FP;) admits a unique
to,axé,u,v

solution, the trajectory of which is denoted by ¢ — X, . The set of admissible controls
for Player 1 is U(to) and that of Player 2 is V(ty). The functions (¢ € L'(R" x U x V))iel
and (¢' : R"™ — R);c; are respectively the running costs and the terminal costs. In this

subsection, we assume that for any i € I:

e (' is bounded, continuous, and in addition Lipschitz continuous on = uniformly for all
(u,v) e U x V.

e ¢’ is bounded and Lipschitz continuous.

Let K ={1,2, ... ,K} and L = {1,2, ..., L} be two finite signal sets with K, L € N,. We
consider hy : I — K and hy : I — L two signal generators. For any p € A(T), we define a
differential game G(to, Xo, p) of incomplete information on both sides by:

1. Before the game begins, an element ¢ € [ is chosen randomly according to the proba-
bility p € A(I). The signal k = hy(i) is communicated to Player 1 but not to Player
2, and the signal [ = hy(i) is communicated to Player II but not to Player I.

2. The game G;(to, x{) is played. More precisely, Player 1 chooses the control v and aims
to minimize J'(to, ), u,v). By choosing the control v, Player 2 aims to maximize
T (to, xh, u,v).

In addition, we suppose that the probability p and the family (gz-(tg, xf)))Z ., are commonly
known by the players, and both players observe all played actions with perfect memory in
all sub-games G (tg, z}).

Since both players receive a private signal before the game begins, they should choose
for each possible signal a RNAD strategy. Thus a strategy of Player 1 for game G (to, Xo,p)
is a vector in A, (to)X and that of Player 2 is a vector in B, (ty)~.
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Now let us show that game G (to, Xo,p) consists of a game model with a more general
information structure than that of the games in [16, 54]. On one hand, to obtain the
differential game defined in [54], we only need to set, in game G(to, Xo,p), I = K x L and
for any i = (k,l) € K x L:

hq(i) = k and hs(i) = I.

On the other hand, let us define, in game g(to,Xo,p), the following function p — m, €
A(K x L) with 7, defined as follows:

(k1) = Z pi, for any (k,l) € K x L.
iE(hl,hg)fl(kJ,l)

It is clear that m,(k,[) describes the probability of a pair of private information (k,[) being
communicated to the players before the game begins. But the map p — 7, is in general not
an injection. Consequently, in game G(to, Xo,p), the triplet (p, hi, hy) can not be replaced
by (7, h1, he). In other words, the signal structure of game G(to, Xo,p) is “strictly” richer
than that in [16, 54] and results from these papers can not be applied directly on our game

model.

_To adopt the method of De Meyer [31] for treating the information structure of game
G(to, Xo,p), we will need to consider a larger class of differential games. For any m €
A(I x K x L), we define a two-person zero-sum differential game of incomplete information

G(to, Xo, ) as follows:

1. Before the game begins, an element (i, k, 1) € I x K x L is chosen randomly according
to the probability w. The second component k£ is communicated to Player 1 but not
to Player 2, and the third component [ is communicated to Player II but not to Player
I. Both players do not know the exact choice of i.

2. The game G;(to, z}) is played.

It is clear that by choosing m € A(/ x K x L) such that 7 (i, k,1) = p; for all (i, k,1)
satisfying (hy, ho)(i) = (k, 1), the game G(to, Xo, 7) is equivalent to game G(ty, Xo, p).

Similarly as in Section 0.2.1, we associate any (to, Xo,7) € [0,7] x (R")! x A(I x K x L)
and any pair of strategies (A4, B) € A,(tg)® x B,(to)" a pay-off defined by:

T ; ) i
T (to, Xo, 7, A, B) = 3 (i, b, By [ / O (Xtomben B oy 8)ds + gl(X;?’%’a'“Bl)]

ik, to
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Let us introduce the following Isaacs condition for game G(ty, Xo, 7): for any (X = (2%);c1, & =
(Yier) € RYM xR and 7 € A(I x K x L):

H(X,¢ ) = inf supz {(f’(a:’,u,v),f’) + (i, k, l)fi(xi,u,v)}

uel veV ikl

o | . (0.3.1)
=sup inf {(fz(xl, u,v), &) +m(i, k, )0 (2", u, v)}

Our main result about game G(ty, Xy, 7) is the following:

Theorem 0.3.1. Under Isaacs’ condition (0.3.1), game G(to, Xo, 7) has a value and so does
game G(to, Xo,p). More precisely:

V(ty, Xo,m) := inf sup  J(to, Xo,m, A, B) = sup inf  J(tg, Xo,m, A, B).
A€eA(to)! BeB, (to)” BeB,(to)” AeA, (to)!

The scheme of proof for the above theorem is as follows:

e Prove that the upper- and lower-value functions are viscosity solutions of the same
Hamilton-Jacobi-Isaacs equation under Isaacs’ condition (0.3.1).

e Prove that this Hamilton-Jacobi-Isaacs equation has a unique viscosity solution.
e Thus the upper- and lower-value functions must coincide.

The associated Hamilton-Jacobi-Isaacs equation is a second-order double-obstacle PDE
taking a similar form as (0.2.4). It will be defined properly in Chapter 1 of this manuscript.

For proving that the upper- and lower-value functions verify the same Hamilton-Jacobi-
[saacs equation, we first establish a sub-dynamic programming principle. The Hamilton-
Jacobi-Isaacs equation is obtained by passing to the limit on both sides of the sub-dynamic
programming principle. Due the complexity of the information structure, this requires
to introduce proper notions of convexity and concavity of V' on 7 [31]. However, in the
particular case while I = K x L and n((k,1),k",l') = 0 for all (k,l) # (K',l’), our equation
reduces to PDE (0.2.4).

Once we have determined a suitable Hamilton-Jacobi-Isaacs equation and the notion
of its viscosity solutions, we state and prove a comparison principle for this equation. It
is worth pointing out that the proof of this comparison principle is much more technical
than those of the games without signals (cf. [16, 54]). The comparison principle enables us
to deduce the uniqueness property of the viscosity solution of the Hamilton-Jacobi-Isaacs
equation and consequently we obtain the existence of a value for game G(to, Xo, 7).
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0.3.2 Differential games with incomplete information and signal
revelation - the symmetric case (Chapter 2 and [73])

Now we investigate the case while both players observe a more general signal function
during the game, taking the form for example:

(&, 2(t), u(t), v(t)) = h(t, x(t), u(t), v(t)),

with h : Ry x R*" x U x V — S being some measurable application with S a signal space.
But such extension also brings a few major difficulties:

1. Firstly, we will need to introduce new notions of strategy with which players can
choose their actions in accordance with the observed signals.

2. Secondly, it will be difficult to obtain the continuity of the upper- and lower-value
functions of games with strategies that depend on signals. (cf. [75]).

3. Thirdly, with state-depending signals, the game is often non-markov. In such cases, it
will be difficult to determine the dynamic programming principles and therefore the
associated PDEs.

In view of these above obstacles, we restrict ourselves to the study of differential games
with a particular type of signal functions: signal revelation. Let us describe our game model
in detail.

We consider the differential game with incomplete information G(Xg, rg, p) with dynamic
(F):
() = f(z(t),ut),v(t), t=0;
P(t) = g(r(t), ut),v(t)), t=0; (P)
x(0) = xo; 7(0) = 19.
We assume that both f: R" x U xV — R" and g : R x U x V — R are regular enough

such that (P’) has a unique solution. To any pair of admissible controls (u,v) € U x V), the
following pay-off is associated:

J (zg,70,u,v) ::/ e_’\tﬁ((X, R)fo’m’“’v,u(t),v(t))dt, (0.3.2)
0

where the map ¢t — (X, R);*""" = (X;"", R;>"") denotes the unique solution of dynamic
(P’) and A > 0 is fixed. Let p € A(I) be a probability measure on /. The game is played
in the following way:
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(A) Before the game begins, the first initial state o € R™ is chosen randomly among [
points z}, 23, ..., xl, according to a probability measure p € A(I). The set X, =
{xd, 2% ... x}}, the other initial state ry € R, and p are common knowledge of both

players. However, x( is not communicated to both players.

(B) Player 1 chooses the control u from ¢ in the dynamic and aims to minimize J (xo, ro, u, v).
In contrary, Player 2 tries to maximize J (¢, 79, u,v) by choosing the control v € V.
We assume that during the game both players observe all played actions with perfect
memory (i.e. for any ¢ > 0, the set {(s,u(s),v(s)) | 0 < s < t} is considered as
common knowledge of both players).

(C) During the game, if ¢t — R;>™" reaches a fixed target My > 1o, the current X; """

is announced publicly to both players at the moment ¢ = T (rg,u,v) := inf{t >
0| R™" = My}.

Example 0.3.2. An interesting and simple example of system (P') is the case where g is a
constant equal to 1. In this case, if ro = 0, both players know that they have to play during
a time My before having the unknown current states revealed.

We are interested in the existence of value of the above game and the characterization
of its value function as the unique solution of a PDE (in the sense of viscosity solutions).

In contrast to classic pursuit-evasion games (cf. [4, 22, 32, 40, 47, 63, 69, 77]), players
in the game G(Xy, 79, p) have incomplete information about the initial states and it is with
different types of pay-offs. We point out that this game is different from the state constrained
differential games (cf. [7, 22]) since players in the game G(Xy, 70, p) do not necessarily need
to choose their controls such that the dynamic never hits the target set.

We notice that neither player receive private information before the game begins and thus
in game G(Xo, ro,p), the information structure is symmetric.
Our main interest is to prove that, under Isaacs’ condition, the game has a value which
is the unique bounded continuous viscosity solution of the following Hamilton-Jacobi-Isaacs
equation with boundary condition:

—AV(X,r) + H)(X,r,Dx,V(X,7r)) =0, (X,r)€ (R") x (—o0, My);
V(X, M) = piV(X', M), X € (R, (0.3.3)

iel
Let we assume the following Isaacs condition:

Vp e A(I), V(X,r,q) € R") xR x (R")' xR), Hf(X,r,q) =H, (X,r,q), (0.3.4)
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with the hamiltonians defined by:

H;(X, r,q) := inf sup <q, ((f(Xi,u,v))ig,g(r,u,v))> + Zpiﬁ(Xijr,u,U);

uelU veV icl
H, (X,r,q):= su‘I/) 1r€11fj <q, ((f(Xi7u,v))i6[7g(r,u,v))> + Zpif(Xi,T,u,U)-
vev e i€l

Our result is the following:

Theorem 0.3.3. Under Isaacs’ condition (0.3.4), the game has a value. Moreover for
any p € A(I), the value function (Xg,rg) — V(Xo,r0,p) is the unique bounded continuous
viscosity solution of the Hamilton-Jacobi-Isaacs equation (0.3.3).

In the above equation, the function y — f/(y,MO) is the value function of a classic
differential game of infinite horizon (cf. [3] for a detail description). It can also be obtained
as a particular case of the differential game of incomplete information in Section 0.3.2 (by
setting I = J = 1 and ¢! = / in the value function of the game described in Section 0.3.4).

Such a boundary condition can be interpreted as follows: as g — M, , the value of the
game converges to the value of a complete information game (i.e. the choice of z is revealed
as soon as the game begins).

As mentioned at the beginning of Section 0.3, we are facing two major difficulties: the
first consists in determining proper notions of non-anticipative strategies with delays for
modelling behaviours of the players at the “hitting time”; the second one concerns the
regularity of the value functions.

0.3.3 Differential games with incomplete information and signal
revelation - the general symmetric case (Chapter 3 and [75])

Instead of (P'), we consider again the dynamic system (P) in Section 0.3.2. To each triplet
of (xg,u,v), we associate a following running cost:

+oo
J(xg, u,v) 1= / e MO(XTOMY u(t), u(t)) dt, (0.3.5)
0

where ¢ is a real value function that is bounded, continuous and Lipschitz continuous on x
uniformly with respect of (u,v). For p € A(I), let us consider G(Xy,p) a two-person zero-
sum differential game with incomplete information and signal revelation played as follows:

(A) Before the game begins, an index i € [ is chosen randomly according to p = (p(z))l e €
A(I). The chosen index i is not communicated to any player. The set X, and the

probability measure p are assumed to be common knowledge of both players.
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(B) The game begins with g = z in (P). Player 1 chooses the control w in order
to minimize running cost J(z,u,v) and Player 2 aims to maximize J(z},u,v) by
choosing the control v. During the game both players observe all played actions with
perfect memory.

(C) During the game, both players also observe with perfect memory a signal:
(0,0) € R x R™, if t < T(x,u,v);
xi u U( ) =
0%

(1, X;c’(z;:g:;,v))> if t > T (2}, u,v).

with 7 (2, u,v) :== inf{t >0 | Xfé’u’v € K}.

Now we explain the signal structure. During the game, the signal observed by the players
has two components: the first one takes binary values which is an indicator for whether the
target K has been hit: it is 0 before hitting on K and it turns to 1 after the hitting occurs;
the second one indicates the current state of the system at the moment 7 (z{,u,v) and
it remains constant vector 0 if the system has not reached K. Before the dynamic (P)
hits the target K, both players receive no further information and observe a constant pair

(0,0). As soon as X0 veaches K (at the moment T (x{,u,v)), both players receive the

(
confusion while X;%Z;g,q;u) =0.

We notice that here the public signal remains the same constant (0,0) until the target
set is hit and then it reveals all information about the current state. This consists of the
same type of signal function adopted in [64] and [53] for repeated games.

When the target set is K = R” (the initial state is revealed immediately as the game
begins) or K = () (the initial state is never revealed), our game model reduces to a classic
differential game with complete information. For non-trivial subset K of R", game G(Xy, p)
can be interpreted as a differential game with incomplete information and revelation since
the step (C) in the game procedure above is in fact equivalent to:

pair (1’X§’6;‘;L,v)) where the integer 1 indicates the “target hit”. This avoids the possible

(C’) When X/ 0¥ hits the target K, the current state (i.e X‘;—E’“’v) is announced publicly
to both players.

This furthermore indicates that the game model described in the previous subsection is as
a particular case of game G(Xg,p). During G(Xy,p), for profiting from their information,
both players should choose their actions in function of the triplet (u,v, Sui ww)|og at any

moment ¢ > 0. Let § denote the set of all possible signals during the game:
S ={t— spuu(t), (z,u,v) e R" xU x V}.

We will define in detail a proper metric on S. Here we assume that S is a metric space
equipped with the associated Borel o-algebra. Inspired by the notion of NAD strategies, we
introduce the following;:
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Definition 0.3.4 (Signal-depending non-anticipative strategy (SNAD-Strategy) of Player
1). An SNAD strategy of Player 1 is a Borel-measurable map: o : S X V — U such that:
there exists 7, > 0, for any vy, vo € V, 51, 5o € S and t > 0, if vi]jog = v2|y a.e. and
s1]j0,4 = S2ljo,, then a(s1, v1)|[o,4ra] = (52, 02)|[0,447a] 0-€.. The set of such maps is denoted

by A,.

SNAD strategies of Player 2 can be defined similarly and we denote by By the set of all
such strategies of Player 2.

Remark 0.3.5. [t is clear that any NAD strategy can also be viewed as a signal-depending
one, thus we have Ay C Ay and By C B,.

As NAD strategies, with SNAD strategies, we are able to put game G(Xy,p) into a
normal form: for any pair of SNAD strategies («, 8) € As x Bs and zp € R", there exists a
unique pair of controls (U, a.g; Vzy.a,s) sSuch that:

a(sxﬂvuzo,a,ﬁvvro,a,ﬁ7 vwo,aﬂ) = Ugg,a,5 and /B(Sx():uzo,a,ﬁvvzo,a,67 uwo,aﬁ) = Vzo,0,8-

Thus for all (zg, , 3), there exists a unique solution of system (P) that is compatible with
the triplet and we associated to any (Xo = (x})ser, @, 8) a following cost:

j<X07p7a 5 Zp 9507 zi,o mf),a,ﬁ)'
i€l

Furthermore we define the upper- and lower-value functions of the game by:

V+(X0ap) = inf SU.p j(XOapaaaﬂ);
a€As s BEB

Vi(Xoa >_ sup lnf j(X(]?p? 75)
BEBs @€

Before we state our main result about the existence of the game, let us first describe the
[saacs condition:

for any Xo = (20)ic; € (R™)!, ¢ € (R")! and p € A(I), H (XO,{’) = H,(Xo,§), (IC)
where:

H;F(X()aé) = inf sup { anua U))iebf) + Zp(z)g(xé)?/% U)};

welvev iel
H, (Xo,€) = sup inf {(( {((f (o, 0))ier, € + > (), u,v) }.
vev iel

Theorem 0.3.6. Under Isaacs’ condition (1C), if the function x — min{T (z,u,v),T}
is locally Lipschitz continuous for any T > 0, game G(Xo,p) has a value. Furthermore,

restricted to (R”\K)I, the value function Xy — V (X, p) is the unique bounded continuous
viscosity solution of the Hamilton-Jacobi-Isaacs equation (0.3.6):

—AV(X) + Hy(X, DxV (X)) = 0. (0.3.6)
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There are three main novelties of this new game model. Firstly, we do not require
T (xf, o, ) to be bounded (for example, in [73]), i.e. the players are able to stay outside
of the target set given proper dynamic system. Secondly, we have introduced the notion of
SNAD strategies with delay which allows the players to choose their actions according to
the observation of played actions and the signal. Such strategies are more complicate than
classic NAD strategies and we will see that one can extend it naturally to define the notion of
mixed strategies which plays an important role in the next subsection. Thirdly, the equality
between the upper-value and the lower-value does not automatically hold while X is on the
boundary of the open set (R™\ K)’ (in comparison with Bolza problems in [16, 54, 74] or the
pursuit-evasion games listed in Section 0.3.3), this means that the upper- and lower-value
functions do not automatically verify the boundary condition in the comparison principle for
the Hamilton-Jacobi-Isaacs equation (0.3.6), which brings technical obstacles in the proof
of Theorem 0.3.6.

To establish the main result, we prove that, for any p € A(I) upper-value function V' (-, p)
is a continuous viscosity sub solution of the PDE (0.3.6) on the open set (R™\ K)! while the
lower-value function V= (-, p) is a continuous viscosity super-solution on the same open set
following the classic scheme in [33]. The major difficulty here is to obtain the regularity of
V* and V. This is due to the fact that Xy — J(Xo, p, @, 3) is not necessarily continuous
for all (a, 8). To overcome such obstacle, we prove a two-step programming principle for
obtaining an alternative formula of V* and V'~

T(ho) o
V*(Xo,p) = inf sup g p(z){/ e_)‘tE(XtO’ ’ ,oz,ﬁ)dt+
0

acAd geB, por:

AT (z8,0,8) Y7+ (3 T0:B )
A ) ¢

T (z},a,B) i
V™ (Xo,p) =sup inf » p(i){/ e (X[, B)dt+
, 0

—AT(iz ,Oé,,B) Cr— xi ,OL,,B
e T @haf) (XT(E%M@))}.

In the above equations, T (x}, o, 3) denotes the “hitting time” of the dynamical system on
the target set K while 7 is chosen before the game begins and the pair of strategies (o, 3) is
played by the players. It is not difficult to prove that the right-hand sides of both equations
above are continuous on X, given the regularity assumption on z}) — T (zf, a, 3).

Next, we prove a comparison principle about the PDE (0.3.6) which indicates that
VE<VTif VT =V~ on (O(R™\K)") x A(I). In the end, as an application of the above
two-step programming principles, we are able prove that V* =V~ on (8(R”\K ) ) x A(T)
by recurrence on I, which is the required boundary condition of the comparison principle.
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0.3.4 Games with asymmetric information - the infinite horizon
case (Chapter 4 and [76])

Since in this thesis we will be working on differential games of infinite horizon, we provide
here the results for the existence of a value for infinite horizon differential games with a
information structure of the type of Section 0.2.1. Existence of a value for two-person
zero-sum differential games of complete information is a classic result, for a proof with non-
anticipative strategies, readers may refer to [3]. Further results about other types of infinite
horizon differential games can be found in, for instance, [3] and [14].

Let us consider a two-person zero-sum differential game with incomplete information

G(zo,p, q) defined by:

e The dynamical system (P):

{ i(t) = f(x(t),u(t),v(t), forany t > 0;
z(0) = xo.

A pair of finite index sets I, J defined as in Section 0.2.1.

A pair of probability measures p € A(I) and g € A(J).

A family of running costs: (/7 : R" x U x V — R) i jyerxJ-
o A fixed constant A > 0.

Here we suppose that the application f : R" x U x V — R" is bounded, continuous and in
particular Lipschitz continuous on x uniformly on (u, v). Under such condition, the dynamic
(P) has a unique solution for any pair of Lebesgue measurable controls (u,v) and we denote
it by t — X", Let us denote by U the set of Lebesgue measurable control u : R, — U
and we denote by V the set of Lebesgue measurable control v : R, — V.

The game is played as follows. Before the game begins, a pair of index (i,j) € I x J is
chosen randomly according to the probability measure 7 := p ® ¢. ¢ is communicated to
Player 1 but not to Player 2. j is communicated to Player 2 but not to Player 1. During
the game, Player 1 chooses a control u € U to minimize a following pay-off:

“+o0
o) i= [ MO ), 0(e)i
0

Player 2 chooses a control v € V to maximize J%(xq,u,v). We assume as in the previous
subsections that both players observe all played actions with perfect memory.
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We equip the space U with the following metric and the associated Borel o-algebra.

dy(uq, uz) ::/0 ooe_th(ul(t),m(t))dt.

Similarly, V is considered a metric space with

(01, v5) = /O T et (on (1), v ().

The definition of RNAD strategies for the players extends naturally to the case of infinite
horizon:

Definition 0.3.7 (Random non-anticipative strategy with delay (RNAD Strategy) - Infinite
horizon). A RNAD strategy for Player 1 is a pair ((Qu, Fa,Po), @) with (24, Fo,Py) € S
and the application o : Q, X V — U such that:

e « is Borel measurable with Q. equipped with F, and U equipped with the Borel o-
algebra induced by the distance dy.

o There exists T, > 0 such that for any w € Q,, t > 0 and vy, vo € V, U1|[o,t] = U2|[07t]
a.e. implies that:

CY(W7U1)|[0¢+TQ] = @(W,U2)|[o,t+m], a.c..

A RNAD strategy for Player 2 can be defined similarly. We denote by A, the set of RNAD
strategies (for the case of infinite horizon) of Player 1 and that of Player 2 is denoted by
B, .

As RNAD strategies for the case with finite horizon in Section 0.2.1, we have that for
any (o, ) € A, x B, and any w 1= (w,,wg) € Q4 X g, there exists a unique pair of controls
(uy,vy) €U x V such that:

(W, V) = Uy, and B(ws, uy,) = U,.

In addition, the map w +— (uy, v,) is measurable.

Since both players should choose an RNAD strategy for each possible private signal, a
strategy of Player 1 for the game is thus a vector A € Al and Player 2 chooses a strategy
among B7. We can therefore define similarly the expectation of outcome while a pair of
strategies (A, B) = ((«)ier, (Bj);es) is played by the players:

+oo
J(xo,p,q, A, B) := § PiqiEa; [/ B_AthJ(Xfo’a“'Bj,Ozi,ﬁj)dt .
0

(i,j)elxJ
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The Isaacs condition associated to this model takes the form below: for any (z,£,p,q) €
R™ x R™ x A(I) x A(J):

H(z,&,p.q) = inf sup {(f(a,u,0).8) + 3 pig 0, u,0)}

uelU
vev (i,j)ElxT

=sup inf {(f(z,u,0),§) + > pigil?(x,u,v)}.

uel
veV (i.j)EIX T

(0.3.7)

Our main result of this section is the following:

Theorem 0.3.8 (Existence of value). Under Isaacs’ condition (0.3.7), the game has a value:

V(mOap7Q) = inf sup \7($07p7QaA7B) = Sup inf j<m0ap7Q7A’ B)
A€A] Bepy BeB] A€AL

In addition, V' is bounded, continuous, convex on p, and concave on q and it is the unique

viscosity solution of the following second-order double-obstacle Hamilton-Jacobi-Isaacs equa-

tion:

min {)\min(Df)pV, D); max{)\maX(ngI/V, q); =AW + H (z, DxW)}} =0;
(0.3.8)

max {Amax(pgqv, ¢); min{in (D2 W, p); =AW + H (z, DwW)}} _0.

We will prove in detail the above theorem in Chapter 4. The main difficulty in its proof
is the comparison principle for viscosity solutions of (0.3.8). We will see that as soon as the
hamiltonian H is regular enough, the PDE (0.3.8) has at most one viscosity solution.

0.4 Perspectives:

For differential games with incomplete information on both sides introduced in Section
0.3.1-0.3.4, there are several interesting directions for future investigations.

1. The results about the existence of a value for the differential games studied in this
PhD thesis all rely on a certain Isaacs condition. We have mentioned in Section 0.2.2
that for differential games with an information structure of the type in [16], existence
of a value without Isaacs’ condition has been proved in [12, 43]. For differential games
with incomplete information and signal revelation, the existence and characterization
of the value function for the cases without Isaacs’ condition remain an open problem.

2. For the differential game with asymmetric information presented in Section 0.3.1, we
have assumed that the initial states are chosen among a finite set (taking the form of
a vector Xy € R™). A direction for future research is to investigate the case where
the initial states are chosen in accordance to some probability measure p on R™ which
is not necessarily of finite support.
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. In Chapter 2 and Chapter 3, in order to obtain the existence of value, we have required

that the function of “hitting time” (x,u,v) — T (z,u,v) (defined in Section 0.3.3) is
locally Lipschitz continuous in its domain. This consists of a rather strong condition
on the dynamical system. Thus a direction of generalization is to verify the existence
of value under weakened conditions or even for the case with more general type of
signal functions.

. Differential games presented in Section 0.3.2-0.3.3 are with information structure sim-

ilar to repeated games with incomplete information whose information structures are
symmetric. In the theory of repeated games, the existence of value for games of the
symmetric case was studied in [36, 44, 45, 52, 53]. An open problem here is to de-
termine the relation between such repeated games of incomplete information to our
game models in Section 0.3.2 and 0.3.3.

. Another problem for differential games with signal revelation is to study the case

with asymmetric infomration and to determine their relation with repeated game of
incomplete information (cf. [51, 64, 72]).

. In this thesis, we are focused on studying the existence of value of differential games

with incomplete information. For the games in Section 0.3.1-0.3.4, we have not an-
swered the question of determining a pair of optimal strategies for the players (or
calculating e-optimal strategies).

. A particular challenging but widely open question concerns the study of non-zero-

sum differential games with incomplete information (cf. [8, 9, 20] for the complete
information case).
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Chapter 1

Existence of Value for Differential
Games with Asymmetric Information
and Signals

Abstract:
This article is devoted to the existence of the value for a two-players differential game with
incomplete information and a signal structure on the data (initial positions, dynamics, and
payoffs). Before the game starts, the data are chosen randomly in a finite set, the players
are not informed on the exact data but they receive a signal. The main result of the paper
says that the value of the game does exist for suitably defined nonanticipative random
strategies. To obtain such a result, we introduce and study a new type of second-order
double-obstacle Hamilton-Jacobi-Isaacs equation. We also prove that the value is the
unique viscosity solution of this partial differential equation.

Key words: Differential Games; Incomplete Information; Signal; Hamilton-Jacobi-Isaacs
Equation.
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1.1 Introduction

The theory of differential games with incomplete information was first introduced in [16],
which is a generalization of the two-person zero-sum repeated games with incomplete in-
formation of Aumann and Maschler [2]. For a glimpse of the results in the domain of
differential games with incomplete information, readers may refer to the following articles
(12, 17, 19, 21, 24, 25, 26, 43, 54]. Our work consists in investigating a precise structure of
information with signals.

The notion of signals is commonly studied in the theory of repeated games with in-
complete information, related results for repeated games can be found in, for example,
[38, 49, 65]. Here we investigate the concept of signals for differential games.

Let us now explain our game model in details. Let ¢, € [0,1], n € N,, I € N,, and
Xo = (2)icr € (R")L. (In this paper, we abuse slightly the notation by denoting a finite set
and its cardinal by the same symbol. For example, in this case, we set I = {1,2,3, ... I})
We consider a family of I two-person zero-sum differential games (gi(to,ccg))ie ;- Each
differential game G;(to, z) is defined by:

e a dynamical system:

{ 2/ (t) = f(x(t), ut),v(t)), u(t) € U, v(t) € V, t € [to, 1],

x(to) = mév
e a payoff function:
T (to, xh, u,v) = fti ~ (X;O’xé’u’v, u(s),v(s))ds + gy,

Here, U, V are some compact metric spaces. The functions (f* : R" x U x V' — R");c;
are supposed to satisfy standard regularity assumptions ensuring that for any ¢ € I, the
dynamical system (F;) admits a unique solution, denoted by t +— Xttg’%’u’v. The controls
u : [to,1] = U and v : [to,1] = V are both Lebesgue measurable. The functions (7' €
LYR" x U x V)),_, and (" : R* — R)es are respectively the running costs and the
terminal costs.

Let us consider two finite signal sets K = {1,2, ... K} and L = {1,2, ... , L}, with K,
L eN,. Let hy : I — K and hy : [ — L be two signal generators. Let A(I) denote the
set of all probability measures on I, or equivalently, the /-simplex. For any p € A(I), we
define a differential game G (to, Xo, p) with incomplete information and signals by:

1. Before the game begins, an element ¢ € [ is chosen randomly according to the proba-
bility p € A(I). The signal k = hy(i) is communicated to Player I but not to Player
I1, and the signal [ = hy(i) is communicated to Player IT but not to Player I.
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2. The game G;(to, z}) is played. More precisely, Player I chooses the control ¢ — u(t)
and aims to minimize J*(to, 2}, u,v). By choosing the control ¢ — v(t), Player IT aims
to maximize J*(to, x}, u, v).
In addition, we suppose that the probability p and the family (gi(tg, xé))ie , are commonly
known by the players, and both players observe the actions played by his opponent, i.e., we
suppose perfect monitoring in G;(t, x{), for any i € I.

During the game, each player will try to guess the chosen game G;(to, z})) by observing
their own signal and the actions of his opponent. In the meantime, they will try to hide
their own information from his opponent by playing random strategies.

In this paper we investigate a more general structure of signals which includes in a
particular case the notion of signals described above. We will describe later on this general
structure, which is adapted from the theory of repeated games (cf. [49]).

Differential games with incomplete information without signals investigated in [16, 54]
can be considered as particular cases of the game G (to, Xo,p)-

The goal of this paper is to prove the existence of a value for differential games with
incomplete information and signals. For the case without signals, it has been proved in
[16, 54] that the value of the game exists and this value can be characterized as the unique
viscosity solution of a Hamilton-Jacobi-Isaacs equation. But these results can not apply to
the case with signals. There are two main difficulties: The first one is to find a suitable
notion of nonanticipative random strategies that characterizes the fact that both players
choose their strategies according to their own signals. The second one lays on the definition
of the value functions over an information space which is much bigger than those of [16, 54].

To obtain the wished result, in this paper we will follow the classic scheme of [33]:

e Prove that the upper- and lower-value functions are viscosity solutions of the same
Hamilton-Jacobi-Isaacs equation under the Isaacs condition introduced in Section 2.

e Prove that this Hamilton-Jacobi-Isaacs equation has a unique viscosity solution.
e Thus the upper- and lower-value functions must coincide.

For proving that the upper- and lower-value functions verify the same Hamilton-Jacobi-
Isaacs equation, we first establish a sub-dynamic programming principle. This method
is proposed in [31] for repeated games and it is generalized to the theory of differential
games with incomplete information in [16]. The main difficulty is that, to state such sub-
dynamic programming principle, we will have to prove that the value functions possess
certain convexity property over the information space which is more complicated than that in
[16]. The Hamilton-Jacobi-Isaacs equation is obtained by passing to the limit on both sides
of the sub-dynamic programming principle. Due to the differences between the information
structures, this equation takes a form which is more complicated and it is slightly different
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from the ones in [16, 54]. However, in the particular case without signals, our equation
reduces to the PDE proposed in [17].

Once a suitable notion of viscosity solution is introduced for the Hamilton-Jacobi-Isaacs
equation, we state and prove a comparison principle for this equation. It is worth pointing
out that the proof of this comparison principle is much more technical than those of the
games without signals (cf. [16, 54]). The comparison principle enables us to deduce the
uniqueness property of the viscosity solution of the Hamilton-Jacobi-Isaacs equation and
consequently we obtain the existence of a value for the game, which is our main result.

We finish this introduction by presenting the organization of this paper. Section 2 is
devoted to detailed hypothesis of the game model and formal definitions of random strategies
and value functions. Regularity properties and convexity properties of the value functions
are studied in Section 3. In Section 4, we prove that the Fenchel conjugate of V'~ satisfies
a sub-dynamic programming principle. In Section 5, as a consequence of the sub-dynamic
programming principle, we deduce that the upper- and lower-value functions are respectively
sub-solution and super-solution of the associated Hamilton-Jacobi-Isaacs equation. The
existence of a value for the game G (to, Xo,p) is deduced from a new comparison principle
for viscosity solutions of the Hamilton-Jacobi-Isaacs equation.

1.2 Game Model, Strategies and Value Functions

Before we present the differential games with a general signal structure, let us first introduce
some useful notions and the assumptions imposed on the dynamics (F;),., and the cost
functions.

For any integer m > 0, we denote by A(m) = {(pl,pg, e Pm) | i =1, pi >
0, Vie{l,2, ... m}} the set of probability measures on { 1,2, ... m }.

Let I ={1,2, ..., I}, K={1,2, ... ,K} and L = {1,2, ..., L} be finite signal sets and
n € N,. We assume the following hypothesis throughout this paper:

e U, V are two compact metric spaces endowed respectively with the Borel o-algebra.

(f")ier is a family of maps such that for any i € I, f*: R" x U x V — R" is bounded,
continuous, and Lipschitz continuous uniformly with respect to x.

(7")ier is a family of functions such that for any i € I, 7" : R" x U x V' — R is bounded,
continuous, and Lipschitz continuous with respect to the first variable.

(¢")icr is a family of functions such that for any i € I, ¢ : R® — R is bounded and
Lipschitz continuous.

e Xy = (x})ier is an arbitrary vector in (R")’.
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We suppose the following Isaacs condition: For any (z%);cr, (£9)ier € (R™)! and p € A(I),

inf Supz ('@, u,0), &) + pi)y' (2", u, )

e o , o (1.2.1)
=sup inf ((f’(xl, u,v), &) + p(i)y' (z*, u, U))

Let [0, 1] be endowed with the Lebesgue measure. For ¢y € [0, 1], the set of all admissible
controls for Player I and that for Player II are defined respectively as follows:

U(to) ={u: [ty,1] = U | uis Lebesgue measurable}
V(ty) = {v: [to, 1] = V | v is Lebesgue measurable}

Thanks to the above suppositions, for any 7 € I, given a pair of controls (u,v) € U(to) xV(to),

to,x,u,v

there exists a unique solution t — X, of the dynamical system (P;). Let (G;(to, z}))
be defined as in the introduction. Thus for any ¢ € I the payoff associated to G; is:

el

V(’U,, U) S Z/[(to) X V(t(])? ji(t(]? 236, u, U) = Li) ,yz (X;O@(i),%”’ U(S), U(S))dS + gi(XIO’m(i)’“»v).

Now we generalize the information structure of the game ,C’;(to, Xo, p) by adopting a more
general signal structure.

A two-person zero-sum differential game with incomplete information and signals G(to, Xo, 7)
is characterized by the family (G;(to, acf)))Z ;- the signal sets K and L, and a probability mea-
sure m € A(I x K x L). More precisely, the game G(tq, Xo, ) involves two steps:

1. Before the game starts, an element (i, k,1) € I x K x L is chosen randomly according
to the probability 7 € A(I x K x L). The signal k is communicated to Player I but
not to Player II, and the signal [ is communicated to Player II but not to Player I.

2. The game G, (to, }) is played. Namely the Player T chooses the control u and aims to
minimize the payoff J*(to, =}, u,v), while the Player II chooses the control v and aims
to maximize J*(to, ¥}, u, v).

The probability 7 and the family (gi(to, :176))2.6 ;
for each differential game G;(to, z)), we suppose perfect monitoring of the actions played for
both players.

The game Q(tO,XO,p) presented in the introduction is a particular case of the above
model, and thus the game G(to, Xo,7) is a generalization of the differential games with
incomplete information and without signals in [16, 54]. This can be proved by verifying the
equivalence between the game G(t, X, p) and the game G(to, Xo, 7o) with 7y € A(Ix K x L)
satisfying:

are commonly known by the players, and

7o(i k1) = pli), iF (k1) = h(i); mo(i, k1) = 0, else.
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For future convenience, we define the Hamiltonian Hg associated to the game G(to, Xo, 7):
for any X = (2')icr € (R")!, (§)ier € (R™)',

Hg(X, (&)ier, m) := inf sup Z(fl(x’, u,v), Y + Z (i, k, )y (2", u, v)

iel (il 1) EIX K X L (1.2.2)
=supinf > (fi(a',uv), &)+ Y @ik Dy ue).
veV uel £ .
icl (4,k1)eIXKXL

The last equality is a consequence of the Isaacs condition (1.2.1).

Now we introduce the notions of pure and random strategies for the two players, which
are based on the notion of nonanticipative strategies with delay (NAD strategies). (Readers
may refer to, for instance [16, 32, 62]). Let the sets U(ty) and V(to) be respectively equipped
with the L'-topologies associated.

Definition 1.2.1. A pure strategy for Player I in the game G(ty, Xo, ) is a Borel measurable
map o : V(tg) — U(ty) such that there exist J € N, and tg =10 <71 < ... <7151 <
17 = 1, for any (v,v') € (V(to))z, for all 1 < j < J, if vgr,i] = Vljtoyr;_1) @-€., then
(V)] = (V)|ite,7,) a-e-.

The definition of a pure strategy (3 : U(ty) — V(o) for Player II in the game G (g, Xy, )
is similar (cf. [21]). We denote the set of all pure strategies for Player I and that for Player
IT in the game G(to, Xo, m) respectively by A(ty) and by B(to).

Now we define the notion of random strategies for the players in the game G(to, Xo, 7).
For simplicity, we consider the set of probability spaces: S = { ([0, 1]™, B([0, 1]™), £([0,1]™)),
m € N, }, where B([0,1]™) is the Borel o-algebra and £([0,1]™) denotes the Lebesgue mea-
sure on B([0,1]™). Then S is clearly stable under finite products of its elements.

Definition 1.2.2. A random strategy for Player I in the game G(to, Xo,m) is an ele-
ment of the set (.Ar(to))K. A, (to) is defined as the set of all pairs (U, Fa,Pa), ) with
(Qa, Fa, Po) € S and with the Borel measurable map o : Q, X V(tg) — U(ty) (with Q, en-
dowed with the o-algebra F, ) satisfying: 3J € Ny andto =19 <1 < ... <7151 <757=1,
such that

Vw e Qqy, V1 <5 < J, Yo € V(to), Yoo € V(to), Vilitr_1] = V2lite,r;_1) G-€-
- a(w,vl)\[twj] = Oz(w,vg)htwj] a.e on [ty, 7;].

In the above definition, we have equivalently, for any w € Q,, the map v — a(w,v) is a
pure strategy for Player I in the game G(to, X, 7). Respectively:

Definition 1.2.3. A random strategy for Player II in the game G(to, Xo, ™) is an element
of the set (BT(to))L. B, (to) is the set of all pairs ((Qs, Fg,Ps), 8) with (Qs, Fs,Ps) € S
and with the Borel measurable map B : Qg x U(ty) — V(to) satisfying: 3J € N, and
to=1<1n < .. <7151 <715;=1, such that
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Vw e Qp, V1 < j < J, Vuy € Ulty), Yug € Ulty), urtlig,r,_1) = U2lio,r_1) a-c.
= ﬁ(w,ul)\[twj} = 5(w,u2)][t077j] a.e on [ty, 7;].

If there is no confusion, we often denote shortly the pair ((Qa,]—"a,]P’a),a) e A.(to)
(resp. ((QB,Fg,IP’B), 6) € B,.(tp)) by the symbol of the map, i.e. by a (resp. by (). Clearly,
A(to) C Ar(to) and B(to) C Br<t0)

For a glimpse of random strategies for differential games with incomplete information
without signals, readers may refer to, for instance, [21]. The above notions of random
strategies for the game G(t¢, X, 7) have two important aspects: first, the players will choose
their actions by observing their own signals and the actions of their opponents; second, in
order to hide their own signals from each other, the players will play random strategies. It
is worth pointing out that, for the particular case without signals, the notions of random
strategies of our game reduce to those in [16, 54].

The following two lemmas give the properties of pure and random strategies of the game
G(to, Xo,m) which are crucial for putting the game into a normal form:

Lemma 1.2.4. (c¢f. [21]) For any pair of pure strategies (o, B) € A(to) x B(ty), there exists
a unique pair of controls (u,v) € U(ty) x V(to) such that

a(v) =u, and B(u) = v.

Lemma 1.2.5. (¢f. [16]) For any ((Q, Fa,Po), ) € A(to), ((Qs,Fs,Ps), 8) € By(to),
and w = (Wa,wps) € Q4 X Qp, there exits a unique pair (uy,,v,) € U(ty) x V(to) such that:

(Wa, Vy) = Uy and B(wg, Uy) = U,,.

Moreover, the map w — (uy,v,) is Borel measurable from €, x Qs endowed with the o-
algebra F, @ Fg into U(tg) x V(to) endowed with the o-algebra induced by the L'-topology.

For a detailed proof of the above two lemmas, we refer the readers to [16].

We fix (o, 8) € A,(to) x B,(tg). For any w € Q, x Qg, let (uy,v,) € U(ty) x V(to)
be defined as in Lemma 1.2.5. We denote by 0(«, ) the map w — 6(u,,v,), for any
0 : U(ty) x V(to) — R™. For any i € I, the expectation of payoff of the game G;(to, z})
associated to («, 8) is defined by:

E, 5T (to, z}, o0, B) := anXQ& T (to, Th, U, Uy )dP o (w) ® Pg(w).

When a € A(tg) and 3 € B,.(ty), we write shortly Eg 7" (to, x4, o, §), and we write E, J"(to, 2, v, 5)
for short when o € A, (t) and 8 € B(ty).
Let us introduce a normal form of the game G(ty, Xy, 7) by associating to each pair of

strategies ((ak)keK, (ﬂl)leL) € (Ar(to))K X (Br(to))L the corresponding payment:

j(to’ XO’ , (ak)k€K7 (ﬁl)leL) = Z(i,k,l)GIxKxL ﬂ-(i7 k? Z)Eakﬁlji<t07 l’é, Ak, ﬁl)
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The upper-value function V* and lower-value function V= of the game G(to, Xo, ) are
consequently defined as follows:

V*t(ty, Xo,7) = inf sup T (to, Xo, 7, (v (B ,
(fo, Xo,) (ar)rex (A (t0) X (8))1c . €(Br(to))E ( 020 (were, ( l>l€L)
V_ (t07 X07 7T) = sup 1nf j(t07 X07 T, (ak)kEKa <6l>lEL)'

(B)1eL€(Br(to)) T (@k)ke i €(Ar(t0)) K

If V* =V~ we say that the game admits a value and we denote its value function by
V = VT = V~. One can observe that V™ > V~. To obtain the existence of a value for
G(to, Xo,7), we only need to prove V7 < V™.

Remark 1.2.6. The function —V* can be viewed as the lower-value function of another
differential game with information incomplete and signals. Namely:

_VJFt;X,TI' = — inf su jt,X,Tr,a :
( o ) (on)ne ke €(Ar (o)) (ﬁz)leLG(gr(to))L ( v ( k)kEK (5I>IEL)
" (et inf N w(i kDB (= T (e, h an ).

(an) ke €(Ar(to)) ¥ (BlieL €(Br(to)) (i) ETXK XL

For any i € I, let —G;(to, z}) be the differential game with dynamical system (P;), but with
the roles of the two players exchanged and with payoff —J°.

For —G(to, Xo, ), the differential game with information incomplete and signals associ-
ated to the family of differential games (— Gi(to, xf)))ie[, we have clearly that its lower-value
function is =V, Symmetrically, the function —V = is its upper-value function.

1.3 Regularities of the Values

In this section, we establish the regularity and convexity properties of the two value func-
tions. The following easy result will be used several times.

Lemma 1.3.1. Let A and B be some sets and let f, g: A x B — R be two maps. If there
exists a constant C' > 0 such that

SupaEA, beB |f<a7 b) - g(a, b)| S C.

Then as soon as inf,e 4 supycp f(a,b) and inf,e 4 supycg g(a,b) are both finite, we have:

| infaEA SupbeB f(aa b) - infaEA SuPbEB g(a’v b)| S O

Proposition 1.3.2. The functions V' and V= are both bounded and Lipschitz continuous.



1.3. REGULARITIES OF THE VALUES 9

Proof. In view of Remark 1.2.6, —V~ can be viewed as the upper-value function of the game
—G(to, Xo, ™), we only need to prove the proposition for V.

Observe that the boundedness of V' is a direct consequence of the boundedness of the
functions (J%)ier-

Let us prove the Lipschitz continuity of V.

Due to standard estimations on trajectories of differential equations, for any (u,v) €
U(ty) x V(to), for any i € I, the map (25, s) — X:>"0“" is Lipschitz continuous on R™ x [t, 1.

By the regularity imposed on ¢° and 4*, one has x{ — J(to, x}, u, v) is Lipschitz contin-
uous, for any (u,v) € U(ty) X V(ty). Furthermore, for any ((ax)rex, (B1)icr) € (Ar(to))K X
(BT(to))L, we have the Lipschitz continuity of Xo + 7 (to, Xo, 7, (ak)kex, (Bi)icr), which
implies the Lipschitz continuity of Xy — V7 (ty, Xo, 7) in view of Lemma 1.3.1.

On the other hand, since for any ((ak)keK, (Bl)leL) € (Ar(to))K X (Br(to))L, T
j(to,Xo,’/T, (k) kek s (ﬂl)leL) is linear and bounded on A(I x K x L), thus Lipschitz con-
tinuous. The Lipschitz continuity of 7 — V' (¢g, Xg, ) follows from the Lemma 1.3.1.

It remains to prove the Lipschitz continuity of V™ with respect to t.

We claim that there exists C' € R} independent of Xy and 7 such that, for any 0 < ¢y <
tl S 1:

—C(tl —t()) S V+(t0,X0,7T) —V+(t1,X0,7T), (131)

Let ((Q@k, F@k, ]P)@k, dk))keK
random strategy ((Qak Fos Pay s ak))

€ (Ar(to))K and v € V be fixed. We construct a new
€ (Ar(tl))K by defining:

e For any k € K, (Qa,, Fa,, Pay) = (Qays Far, Pay)-

keK

e Forany k € K, w € Qu, and v(-) € V(t1), ap(w, v(-)) = x(w, 0(-))|ty,1, where:

(t) = {v for t € [to, 1),

v(t), fort e [ty,1].

One can check that ((Qak,]:ak, P, ak))keK
Fix € > 0. Choose a strategy for Player II (5;)c € (Br(tl))L such that:

is an admissible random strategy.

J (ty, Xo, 7, (w)ker, (Bi)ier) > sup I (t1, Xo, 7, (ar)kex, (Biier) — €
(Bier€(Br(t1))E

Z V+(t1, X(), 7T) — €
We construct a random strategy ((Qﬁz’fﬁz’PBﬂBl))leL € (Br(to))L for Player IT by defining:
e Foranyl € L, (Qﬁz’fﬁz’PBz> = (Qg,, Fz,,Pg,).

o Forany l € L, w € Qy and u(.) € U(to),
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. o, for t € [to, 1),
ﬁl (W,U(-))(t> - {ﬁl (w,u|[t171](.))(t), for t € [tla 1]

Then (BZ)IGL is an admissible random strategy. By the boundedness of (7;)ie; and the
Lipschitz continuity of = — J'(t, z, u,v), for any (u,v) € U(ty) x V(ty). There exists
C > 0 depending only on (f");cr, (7")icr and (g")se; such that:

j(t[); X07 , (éék)kEKa (Bl)lEL) = Z 7T(i, ka Z)Edk”@lji<t07 xf)a OA(k? BZ)

(4,k,1)eIx K xL

h i & B ~ ; i &L B
= > 7wk DE,, 4 ( / y(Xlomhanb 4y B)ds + T (ty, X000 0 B)
to

(4,k1)EIXKXL

> > ik DBays (= Ol — to) + T (b, 2, o, 1)

(4,k1)eIXKXL

> — C(ty —to) + T (t1, Xo, 7, (o )ker, (Bier)-
(1.3.2)
Hence, by (1.3.2) and the choice of (5;)ier:

~ sup T (to, Xo, 7, (G)wer, (B)ier) = —C(t1 — to) + VT (t1, Xo, 7) —
(B)ieL€(Br(to)) L

Taking the infimum over (& )rex, we obtain:
VH(tg, Xo,m) > —C(ty — to) + VT (t1, Xo, m) —
Since € is arbitrary, we obtain the wished claim (1.3.1). A similar argument gives that:
C(ty —ty) > VT(to, Xo,m) — VH(ty, Xo,7)

The proof is complete.
O

Now we investigate the convexity property of @ +— V*/7(ty, Xo, 7). This requires a
suitable notion of convexity which relies on two decompositions of 7 € A(L x K x L).
Let us define the following operators:
x (A x L))" = A(I x K x L)
(7", (I ker) = (WK(k)Hé((i’l))(i,k,l)GIxKxL
><(A(]><K) — A(I x K x L)
(7", (I Yier) = (7 (DI G, k))(i,k,l)EIxKxL
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We can therefore obtain two decompositions of 7 into A(K) x (A(I x L))K and A(L) x
(A x K))L by taking, for any (i,k,l) € [ x K x L:

(k)= > wi k1), T =7 ((ik DE),

(i,))eIx L

)= Y wik 1), Tp(ik) == ((i,k D]I).

(i,k)eIX K

By denoting shortly ¥ = (I1¥);cx and TIF = (I1F)er, we have 7 = 78 @ IIF and
7 = nt @, IE1 In fact, the vectors II® and II* characterize respectively the conditional
information of Player I and that of Player II while a pair of signals is given.

Now we can define the K-convexity and L-concavity for a function ¢ : A(I x K x L) — R.
These notions, which date back to the 70s’ (see [39, 50]), are proved to be powerful tools in
the analysis of differential games with incomplete and correlated information in [54].

For a function ¢ : A(I x K x L) — R, we define the following functions:

o AK) x (AT x L) =R

(7", 1) = o(x" @ TTF),
¢r: A(L) x (A(I x K))" =R

(7" 1I7) = ¢(n" @ 1T,

Definition 1.3.3. ¢ : A(Ix K x L) — R is said to be K-convez if for any 1 € (A(IXL))K,
G (7 TIE) s convex with respect to ©%. Similarly, ¢ is said to be L-concave if for any

" € (A(I x K))L, ¢ (mh TIF) is concave with respect to w*.
The following proposition gives the convexity property of the value functions.
Proposition 1.3.4. The functions V" and V'~ are both K-convex and L-concave on .

Proof. Let (tg, Xo) € [0,1] x (R")! be fixed. By Remark 1.2.6, we only need to prove the
proposition for V.
First of all, let us prove that = — V*(¢q, Xo, 7) is L-concave. By definition, we have:

V' (to, Xo, 7" @7 1T")

= inf . sup ZWL(Z) Z T} (i, k) Eay, 5T (to, T, ok, 1)
(o )rerx €A ()™ (8)),c € (B, (to))L 12T, (ik)El X K

= inf k) sup D T E)Ea, 5T (o, 3, o, B).
leL

() ke r €(Ar(to)) X c BEB(to) (el XK

IThus the operators @k and ®p, are in fact bijections.
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Vi (to, Xo, 7, TI¥) being the infimum of a family of linear functions of 7%, this gives the
L-concavity of m — VT (tg, Xo, 7).

Now we turn to the proof of the K-convexity of 7 — V" (to, Xo, 7). Let II* € (A(Ix L))K
be fixed. Without loss of generality, let us consider ¥ € A(K), 7& € A(K) such that
m8(k) + 7K (k) > 0 for any k € K. Indeed, if this is not true, we only need to eliminate
from the set K the elements k € K satisfying 7f* (k) + 7 (k) = 0. For A € (0, 1), we denote:

=M+ (1 - N)rf.

Fix € > 0, let (a)rex be the e-optimal strategy of Player I for V,{ (to, Xo, mi, IT¥) and
respectively let (a?)rex be the e-optimal strategy of Player I for Vi (to, Xo, 75, TIK). We
construct a strategy of Player I (ay)rex by setting:

(Q@mfdkapdk) = ([0’ 1] X ch}e X Qaivlg([()? 1]) ®fa}€ ®‘Faiv£([ov 1]) ®]P)a}€ ®]P)aﬁ);

. A& (K
a,lc(wg, v), ifw €0, é(i})))
V(wl,wg,wg,v) c Qdk X V(to), (Sék(wl,CL)Q,CL)3,U> = ™
2 . /\7T1 (k)
ap(ws,v)  ifwy € [——— ) 1]

One can check that (dy)ger is an admissible random strategy for Player I. Therefore:

sup T (to, Xo, 78 @ I, (Qn)rex (B)ier)
(B)ier€(Br(to))-

Z K Ky, Aﬂf((k) i i 1
- sup SN (k)Hk (Zul)( K(k’) Ea}c,ﬁlj (tOJIO)ak7/BZ)+
(Bi)ier€(Br(to)E (kD EIXK XL A
(1 = N7 (k) : oy
~ 7 < 'K vt 1
’]Tf\((k’) a2’ﬁl\7 ( 07I07Oék'7/81))

<AV (to, Xo, T8 TH) + (1 — NV (o, Xo, mas, TT5) + 2e.

The last inequality above is a result of the choice of (af)rex and (a3 )rex. Thus,
Vi (to, Xo, w5 THE) < AVE (to, Xo, 7 THE) + (1 — M)V (0, Xo, 785, TTE) + 2¢,

Since € is arbitrarily small, V,§ is convex with respect to 7. The proof is complete. O

1.4 Sub-dynamic Programming Principle

In this section, we prove that the Fenchel conjugate of the map 7% — Vi (ty, Xo, 7%, 1K)
satisfies a sub-dynamic programming principle. The technic of taking the convex conjugates
of the value functions was introduced in [31] for repeated games.

We denote R the set: R|J{+00, —oc}. For m € N,, the convex conjugate of p : R™ — R
is defined as:
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©*(§) = sup (§,q) — ¢(q), V€ € R™.

geR™
By applying an extension of the map 7 — Vi (ty, Xo, 7% 11%) to RE\A(K) by +o0, i.e.,
Vie (to, Xo, q, 1) = +o00, for any ¢ € RF\A(K),
we define its convex conjugate by:

v[;*(t()a XO; 57 HK) = KsuAIZK)<£77TK> - VIE(tO’XO»ﬂ—Ka HK)? Vf € ]RK
e

Since the map 7% — Vi (ty, Xo, 7™, IT¥) is bounded, Lipschitz continuous and convex, then
its extended version above is proper, lower semicontinuous (l.s.c) and convex.

For ¥ € (A(I x L))K, a € A(to) and (5))ier, € (Br(to))L, we define, for k € K:

jk<t07X07HK7aa (Bl)lEL) = Z Hg(LZ)Eﬂlji(thx67a7ﬁl)'

(i,))EIXL
The main result of this section is the following:

Proposition 1.4.1. (Sub-dynamic Programming) For any (to, (x})icr, ¢, II¥) € [0,1) x
(R™)" %
RE x A(I x L)X and h € [0,1] such that to + h € [0,1], we have:

V};* (t07 (xf))iela ga HK) S inf sup V[;* (tO + h7 (Xf(?f}é’aﬂ)ieh C(to + h7 «, 6)7 HK) ’
BeB(to) ae A(to)

where ((to + h, o, B) = ¢ — < S IE(, D) fttOJrh yi(Xio’””é’“’ﬁ,a,ﬁ)ds)

(i,))EIXL 0 keK

To prove Proposition 1.4.1, we first introduce a reformulation of V,-* (cf. [65]).
Lemma 1.4.2. For any ¢ € R, t5 € [0,1], Xo = (2})icr € (R)!, and I* € (A(I x L))K:

V¥ (to, Xo, ¢, TIE) = inf su max( — T (to, Xo, II¥ o, (B >
i (fo, Ko, € ITF) (511 (51 (10))" apAtrg) WK G = Jilto, Xo (Bres)

The proof of the previous lemma is standard. We refer the interested readers to [16, 65].
Now, we are ready to prove Proposition 1.4.1.

Proof (of Proposition 1.4.1). Let (to, Xo, ¢, I1%) and h be as in the statement of the proposi-
tion. The proof is divided into two steps. In Step 1, we prove the inequality for a particular
case where (7%);c; are reduced to 0. In Step 2, by applying the result of Step 1, we complete
the proof of the proposition.
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Step 1:
Let us suppose that for any i € I, 4* = 0. The inequality in the proposition becomes:

V (t07 XOv Ca HK) inf sSup V (tO + ha (Xzfofféyaﬁ)ieh C? HK)
BEB(t0) ae A(to) 0

to, :EO uv)

Since " = 0, for any (u,v) € U(tg) x V(ty), we have jz(tg,xo,u v) = g' (X,
Firstly, one can easily obtain that for any (3))er, € (B,(t )) fixed, the map

Xo — sup max <Ck — T (to, Xo, 11X av, (51)1@))
aEA(ty) FEK

is Lipschitz continuous. Using Lemma 1.4.2, we deduce that V- *(to, Xo, ¢, IT¥) is Lipschitz

continuous with respect to Xy. To finish the proof of Step 1, we need to construct a family

of random strategies of Player II, more precisely:

Fix € > 0. Let M be an upper bound of (||f1(R”)||)zeI For any Y € B(Xq; M), let
(BY )ieL be an e-optimal strategy for Vic*(to + h, Y, ¢, II¥). By the Lipschitz continuity of
Vi, there exists dy > 0 such that for any Y' € B(Y;dy), (8} )icr, remains a 2e-optimal
strategy for Vi (to + h,Y", (| I15).

The set A = {(Xfi’zé’u’v)ieﬂ u € U(ty), v € V(ty)} is contained in the compact B(Xq; M),
which implies that there exists a finite set {Y7,Ys, ..., Yy} C B(Xo; M) with N € N, such
that Up—12, . vB(Yin: 6”’”) D) B((a:é)le[; M) D A. By defining Ey = (), let us construct a
Borel partition (E,,)m=1, ... n of B(Xo; M) as follows:

Vm e {1,2, .. N}, B = (B(Xo; M) N B(Yy; 22)) \ (Ey U By U ... U By ).

We define now a random strategy () € (Br(to)) of Player II :

For any [ € L and m € {1,2, ... N}, let (Q! , F. Pl ) = (Q/;lym,f[;lym,PBlYm), and let
to+h=1,<71 < .. <77 =1Dbeacommon partition for all ﬁly’”, 1 <m < N,le€ L (This
is possible since the number of strategies are finite). For any [ € L, we denote (lee, Fpss IP’B;)
the probability space (I,,<n€ , @penFL, @menPl ) € S.

Let By € B(ty) be an e-optimal strategy for inf sup V- (t0+h, (X:Of,é’a’ﬁ)ie[, ¢, HK).
BeB(to) ac A(to) 0

For any w' = (W}, Jm<n € Qgc, u € U(to) and s € [to, 1], we define the following map:

60(“)(8)7 ’Lf S € [to,to—l-h],
Bz m(wfnvuhtoJrh,l})(S)v if s € (to + h,1], and (ngfg,ﬁo,u)id € En,

Bi(w'u)(s) = {

where w = (w;)ier. One can check that (5f)er € (Br(to))L.
Then for any a € A(ty) and (i,1) € I x L,

b ,a, B0 Y,
lowh i . to—l—hXtO ,? a,Bym
Esg'(X0) = 3 Bgmg' (X, ik,

m<N
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where F,, = {(ngfé’a’ﬁo)iel € E,}, for any 1 <m < N. Thus,

max (Ck — T (to, Xo, IT" , a, (ﬁf)zeL)>

t o3 Y,
— ax (Ck Z HK Z l Z Eﬁymg. toJrh Xt0+£ 0 aﬁl )lFm>

keK
(¢,l)eIx L m<N

<Y sup max (ck—Jk(to,<Xf§fg’“’ﬁ°)z-a,nf{,a’,(62’m>leL))1Fm

m< N @ EA(to+h) keK

< Z < “(to + h, (Xf;’ffé’a’ﬁo)iez, ¢ I%) + 26) 1p,

m<N
=Vie™ (to + hy (X2 ier, ¢, 1) + 2,
By Lemma 1.4.2, we deduce:
V[;*(tm X07 Cv HK)

= inf su max( — T (to, X0, 11X a1, )
(B)i1eL €(Br(to))" aeAgo) keK G k( 0,20 (@)leL)

< sup Vi*(to + h, (ngffé’aﬂo)ieb ¢ II5) + 2¢
acAl(to)

< inf  osup Viet(to + by (X100 L T 4 3e,
568(to)aeA(Ft)o) "o (g™ Jier, G 1)

where the last inequality holds by the choice of 3y. Since € is arbitrary, we have finished the

proof of Step 1.

Step 2:

Now we consider the case where the running costs (7%);e; do not necessarily reduce to 0.
For some (pj)ic; € R’ fixed, let us define Xo = (z)ier = ((xf,00)),c;» ([ier =

((fi,yi))iel, and g'(z,p) = g'(x) + p, for any (z,p) € R" x R and any i € I. We in-

troduce I new dynamic systems (P/);c; by setting:

2'(t) = f'(x(t),ut), v(t)), t € [to, 1],
() =" (2(t),u(t), v(t)), t € [to. 1], (7))
(l’(to to)) (3:07 p6)>

We denote (G;(to, ff)))z ., the family of differential games with the dynamical system (F)

1

~—

toxouv

and the payment function: J(to, T, u,v) = g (X" @b, "), where the map s — X
denotes the unique solution of the dynamical system (F}).

Let G(to, Xo,7) denote the differential game with incomplete information and signals
associated to the family of differential games (G, (%o, JE})))z ., and the probability m € A(I x
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K x L). Then the upper-value function of G(to, Xo, 7), denoted by V= (ty, Xo, 7), satisfies:

Vo(to, Xo,m) = > wli,k.D)ph =V (to, Xo,7). (1.4.1)

(4,k,1)eIxKxL

We notice that the right-hand side of (1.4.1) is independent of (p});c;.
Then, we obtain, for any (¢,II¥) € R¥ x (A(I x L))K:

V[;*(thOaC)HK) = V[;* (thXOag_ ( Z Hf(l,l)p%)keK,HK> (142)

(i,)eIxX L

From Step 1 and (1.4.2) we have:

Vi (fo: XorC = (32 TG00 o 1)

(4,l)eIxX L

. r 7 —% 7t afi ,Q,B ) 7’
< inf sup Vi <t0 + h (X0 ier ¢ — ( Z Hf(l’l)po)keK’HK> (1.4.3)
BEB(to) aeA(to) (3,1 )eIX L

= inf sup Vi*(to+h, (ngfﬁ’a’ﬁ)ieb C(to + h, o, 8), Hk)-
BeB(to0) ae Alto)

The last equality holds by choosing pf = foth i (Xﬁo’xé’a"g ,a,B)ds, Vi € I. By combining

to

(1.4.2) and (1.4.3), the proof is complete. O

1.5 Viscosity Solutions and Existence of Value

In this section, we introduce a new Hamilton-Jacobi-Isaacs equation which is associated
to the sub-dynamic programming principle in Section 4, and we prove that the upper-
and lower-value functions are respectively viscosity sub-solution and super-solution of this
equation. The existence of a value for the game G(ty, Xy, 7) comes from a comparison
principle.

Let S(K) denote the set of all K x K symmetric real matrices, and for any (A, %) €
S(K) x A(K), let us set as in [17]:

Amin( A, 75) i= min{ (A2, ) | = € Taguo (%), 12 = 1}
)\max(Avﬂ-K) = maX{<A’Z?Z> ‘ KBS TA(K)(WK)v H'ZH = 1}7

where Ta(r)(7%) is the tangent cone associated to A(K) at 7, i.e.,
Ta)(m*) ={2 € RN | 2, <0 = 7"(k) >0, Vk € K and Y, 2 = 0}.
Similarly, we set, for (B, 7%) € S(L) x A(L):
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/\min(Buﬂ-L) = Hllfl{(BZ,Z) | S TA(L)(WL)’ ”ZH - 1}7
Aoz (B, ") == max{(Bz, z) | 2 € Tamy(7"), ||z]| =1},

Let H : [0,1]x (R")! x A(Ix K x L) — R be a continuous function. We consider the following
double-obstacle second-order Hamilton-Jacobi-Isaacs equation in [0, 1]x (R™)? x A(Ix K x L):

min {/\mz‘n(D?erKWK7 WK); maX{Amam(DiLﬂLWL, 7TL); 8tW + H(t, X, DXVV7 W)}} = 0;

max { Amaz(D2e, e Wi, ©°); min{ A (D2s, Wi, 7%); W + H(t, X, DxW,7)}} =0,
(1.5.1)
where, for any (k,1) € K x L,

(k) = Z(i,l/)eIxL (i, k), 7(1) = Z(i,k/)eIxKW(ia K1)

The equation (1.5.1) is a generalization of the PDE studied in [17]. We now define the
viscosity sub-solution and super-solution for the Hamilton-Jacobi-Isaacs equation (1.5.1).

Definition 1.5.1. A function W : [0,1] x (R")! x A(I x K x L) — R is a viscosity sub-
solution of the equation (1.5.1) if it is Lipschitz continuous, and K-convex and L-concave in
A(I x K x L), and if for any test function ¢ € C*((0,1) x (R™)" x RY) such that the map

(X, 7)o W(t, X, 7 @ TH) — (t, X, 7)

has a local mazimum at some point (t,X,7%) € (0,1) x (R*)! x A(L) for some II* €
(A(I x K))L, one has:

max{Apaz (D2, Lo, T5); Opp + H(t, X, Dxo,at @, I} > 0 at (£, X, 71).

Symmetrically, W is a wviscosity super-solution of the equation (1.5.1) if it is Lipschitz
continuous, and K-convex and L-concave in A(I x K x L), and if for any test function
¢ €C*((0,1) x (R™)! x RX) such that the map

(t, X, 7o) = W(t, X, 7% @k TTF) — o(t, X, 7)

has a local minimum at some point (£, X,75) € (0,1) x (R")! x A(K) for some X €
(A(I x L)¥), one has:

min{ A (D2x ko, T); Owp + H(t, X, Dxop, 7 @ IF)} <0 at (£, X,75).

Finally, if W is both viscosity sub-solution and super-solution of the equation (1.5.1), we
say that it 1s a viscosity solution of the equation.

In the above definition, we only need to consider strict local extrema of the functions
Wi (o, TI®) — () and Wy (s, IT¥) — ¢(.), by the following standard lemma (cf. [3]).
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Lemma 1.5.2. A function W : [0,1] x (R")! x A(I x K X L) — R is a viscosity sub-solution
of the equation (1.5.1) if and only if it is Lipschitz continuous, and K-convexr and L-concave
in A(I x K x L), and for any test function ¢ € C*((0,1) x (R")! x R¥) such that the map

(X, 7)o W(t, X, 7 @ TH) — (t, X, 7)

has a strict local mazimum at some point (t,X,7%) € (0,1) x (R")! x A(L) for some
IT* € (A(I x K))L, one has:
max{)\max(DerﬂLgo,er); O+ H(t, X, Dxp, 7t @, T} > 0 at (£, X, 7F).

Similarly, W is a viscosity super-solution of the equation (1.5.1) if and only if it is Lipschitz
continuous, and K-conver and L-concave in A(I x K x L), and for any test function ¢ €
C*((0,1) x (R™)! x RX) such that the map

(t, X, 7o) = W(t, X, 7% @k TTF) — o(t, X, 7*)

has a strict local minimum at some point (£, X,7%) € (0,1) x (R")" x A(K) for some
IT¥ € (A(I x L)), one has:

min{ A (D¢ ko, T); Op + H(t, X, Dxop, 7" @ ")} <0 at (£, X,75).

Before we prove that VT and V'~ are respectively viscosity sub-solution and viscosity
super-solution of the equation (1.5.1), we recall the definition of convex sub-differential. The
convex sub-differential of ¢ at ¢ € R™ is defined by:

0~ p(q) ={q" € R™ | p(q) + (¢".¢' —q) < ©(¢), for any ¢ € R™}.
Let us first of all prove that:

Proposition 1.5.3. The lower-value function V'~ is a viscosity super-solution of Hamilton-
Jacobi equation (1.5.1) with H(t,.) = Hg(s) for any t € [0,1], where Hg is defined as in
(1.2.2).

Before proving Proposition 1.5.3, we state the following technical lemma:

Lemma 1.5.4. (cf. [17]) Let W (t,x,75) be a continuous function on [0,1] x R™ x A(K)
and conver with respect to 7. Let ¢ € C*((0,1) x R™ x A(K)) be a test function such that
W — ¢ has a local minimum on (0,1) x R™ x A(K) at some point (t,7,7%). If

Amin( D2k _wcp(t, 7, 75), 75) > 0,
then there exist some 6, n > 0 such that
W(t,z,7%) = o(t, 2, 7%) + (Dexp(t, 2, 7%), 7 — 78 + Gx — 782,

for any (t,z) € B(t,z;0), and 7% € A(K).
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Proof of Proposition 1.5.3. Let II* € (A(I x L))K be fixed. Suppose that for some ¢ €
C%([0,1] x (R™)! x RX), the map

(t, X, 75) = Vi (t, X, 7% T1K) — o(t, X, 75)

has a local minimum on (0,1) x (R")" x A(K) at some point (£, X, 7). Without loss of
generality, we suppose in addition that Vi (£, X, 75, TI%) — ¢({, X, 7#%) = 0 and that

Amin (D% _xp(t, X, 7)), 75) > 0.

Then we only need to prove that:
do(t, X, 7%)+ H(t, X, Dxop(t, X, 7%), 7" @ ) <0.

By Lemma 1.5.4, there exist some d, 7 > 0 such that, for any (¢, X) € B(f,X;) and
™ e A(K):

Vig (6, X, % T0%) > (t, X, 7%) + (Dercp(t, X, 7), 7 — %) + gqu —7f* (15.2)

Let ¢ = D,xo(t, X,75). By (1.5.2), for any (t, X, 75, (') € B(f,X;8) x A(K) x RE we
have:

~

<7TK? él> - Vlg(t?Xa WKaﬁK) S - Sp(t>Xa ﬁK) - <D7TK90<Z€7X7 ﬁK) - C/77TK - 7?K> + <5/’7?K>_
i — 75

By taking the supremum with respect to 7% € A(K) in the above inequality, we obtain:
1 N o
Vieh (6., 8L T15) < —p(t, X,7%) + - | Dplt, X, 75) = O + (0 75). (153)
n

In addition, (1.5.2) implies (e O~ Vi (t, X, 75 TI%). Then the Fenchel-duality yields:
(6 A) — Vit (£, X, C ) = Vi (X, 7% 115, (15.4)

Let 0 < h < ¢ be small enough. We apply the sub-dynamic programming (Proposition
1.4.1). By (1.5.3), we have, for X = (z%);¢;,

Vit X, ¢, )

< inf sup V*(t+ h, Xf_’ji’a’ﬁi C(E+ h,a,B),ITK
563(5)%,4%) K ( ( T+h )eI C( B) )
774,08 Ky, | £30,0,8 o (1:59)
< inf —p(E+ h (XP5 ) ier, ) + | Darco(E+ hy (X555 ier, 75) -

< by s ot + h, (X" ier, T )+277” A (b4, (X0 )ier, T°)

CE+ R, B)|)* + (C(E+ hya, B), 7).
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By combining (1.5.4) and (1.5.5), we obtain:

0> sup inf (F+ b, (X" )ier, 7) — ol X, )
BEB(QQEA(QSO( ( t+h Jier ) o( )

1 n RN — e

%HDWK@(Z(: + By (XP5 % )ier, 7)) = {(E+ by, B+ (1.5.6)
B t+h

S Y 0Ean [ e a, 5)s),

keK (i,))eIx L t

We fix € > 0. By (1.5.6), for any v € V(time-independent control), there exists u®" € U(t)
such that (u" and v can be viewed respectively as elements of A(#) and B(t)):

eh (T + h, (XER" )0, 7) — (£, X, 75) -

1 n R RTRY — i v
%“DWKSO(t"i_ h, (XLEte )ie[,ﬂ'K) — C(E+ hyu" )|+

b (1.5.7)
- Fho
SR Y TG [ e (s, v)ds).
keK (i,)eIXL ¢
We have:
_ T =i, v,h _ £+h T —i v,h
(,D(t + h, (X;fhﬂe 71])1'617 ﬁ-K) - gD(t, X7 ﬁK) = at‘p(‘s? (XE’xZ7UE7 )iela ﬁ-K)_’_
. o (1.5.8)
Z Dip(s, (XU7 ), 78) FLXET 0 ul(s), v) ds.
icl

The following estimations are direct consequences of the hypothesis about the regularity of
@, of (f)icr and of (7')ier:

n ARV — ST v
0<h) ZH‘DWKSO(t + h7 (Xé’kh’ )i€I7 7TK) - C(t + h? ue7h7 U)||2‘

T =i, Uh

t+h
o(h) > / Dup(s, (XEE"0) L ) ds — hdyolF, X, 1)
t

i€l

t+h - v . T =i, v
o(h) 2/ ZDxicp(s, (Xz’jz’“e’h’”)ig,er)fl (X;i’“”l’“gh’”,uf’h(s),U)ds—
t

/thDw(ﬂX TV u(s),0)ds (1.5.9)
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Combining (1.5.7), (1.5.8), and (1.5.9) gives:

t+h
eh + o(h) >howp(t, X, 75) +/ ZDMO(E (& ul"(s),v)ds+
o der
h . .
ZﬁK ( Z I (i, 1) / vz(f’,u?h(s),v)ds>
keK (i)eIxL (1.5.10)
>hopp(t, X, 75) + hirel(fj (ZEZI Dyio(t, X, 75) fi(F, u,v)
A Y TG0y ) )
keK (i,))eIx L

Dividing both sides of (1.5.10) by h and letting h — 0, we obtain:
€ 2 Oyp(f, X, 7%)+ inf (; Dyip(F, X, 75 (3 u, UH%E WK(k)(a,l)Ze;xLﬁ? (3, )7 (7, u, v)))
Since € is arbitrary, taking the supremum of v over V' in both sides gives:
0> Oyt X, 75) + H(t_,)_(, Dxo(t, X, 75), 7% @k fIK),
which is our wished result. The proof is complete. O

Symmetrically, in view of Remark 1.2.6, by interchanging Player I and Player 1I, we
obtain:

Proposition 1.5.5. The upper-value function V' is a viscosity sub-solution of Hamilton-
Jacobi-Isaacs equation (1.5.1) with H(t,.) = Hg(s) for any t € [0, 1].

Now we state the main result of this paper:

Theorem 1.5.6. The game G(ty, Xo,m) has a value which is the unique viscosity solution
of the Hamilton-Jacobi-Isaacs equation (1.5.1) with H(t,.) = Hg(s) for any t € [0,1] and
with the boundary condition: for all (X, ) € (R™")! x A(I x K x L),
W(l, X, m) = Z(i,k,l)eIxKxL (i, k,)g(a’).
We deduce this theorem from the following:
Proposition 1.5.7. (Comparison Principle) Let Wy, Wy : [0, 1] x (R")! x A(Ix K x L) — R
be respectively a wviscosity sub-solution and a viscosity super-solution of equation (1.5.1).

Suppose that there exists a constant C > 0 such that for any 7 € A(I x K x L), any
(t1, X1), (ta, Xo) € [0,1] x (R")" and any (1, G € (R"),

[H (t1, X1, G, m) — H(tz, Xo, Gy m)| < Cl(t, X1) — (f2, Xo) |(1+ |G (1.5.11)

|H (t1, X1, G m) — H(t, X1, G, m)| < COllG = G- (1.5.12)
If for any (X, m) € (R")! x A(I x K x L),
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W1(17X77T) < W2<17X77T)
Then Wy < W in [0,1] x (R")! x A(I x K x L).

Proof of Proposition 1.5.7. The following technical lemma allows us to restrict the
state variable in a bounded area.

Lemma 1.5.8. If W is a viscosity sub-solution (resp. super-solution) of (1.5.1) with Hamil-
tonian satisfying (1.5.12) on [0,1] x (R")! x A(I x K x L), then for any (to, Xo,m) €
[0,1) x (R")! x A(I x K x L), W s still a viscosity sub-solution (resp. super-solution) of
(1.5.1) on Cyy x, X A(L x K x L), where:

Cro.xo = {(£, X) € [to, 1] x R")" | [ X = Xo|| < C(t —t0)}.

Proof of Lemma 1.5.8. We only prove the lemma for the super-solutions, since the other
part can be proved by a similar argument.
In view of Lemma 1.5.2, let us suppose that for a test function ¢ € C?([0, 1] x (R™)! x R¥),

and for some IT¥ € (A(I x L))K, the map (¢, X, 7%) — W(t, X, 75 @k 1I¥) — ¢(t, X, 1K)
has a strict local minimum on Cy, x, X A(K) at some point (£, X, 7%), where £ < 1.

It )\mmDinKgb(f, X, 7K) <0, then by definition, the proof is complete. Let us suppose
that ApinD2x k(T X, 75) > 0.

For o > 0, let us consider a minimizer (s,,Y,,7%7) & 0(Cy, x,) x A(K) of the map:
(5, Y, 75) = @(s, Y, 75) = W (s, YV, e @ ITF) = ¢(s, Y, 75) = Z In (C*(s—tg)* — [|Y — Xo|?)

The existence of (s,, Y,,77) for any o > 0 is due to the fact that Cy, x, x A(K) is compact
and that:

O(s, Y, %) = +o0, as (s,Y) = I(Cy, x,)-

One can verify easily that (s,,Y,,759) — (£, X,7%), as 0 — 0%, which leads to, in par-
ticular, that s, < 1 for o small enough?. Since W is a super-solution of (1.5.1) and that
Amin D2 (8, X, 7)) > 0, we have, for o sufficiently small:

aC?(s, — to)

T (s, — 1) — Ve — Xl
(Y, — Xo)

T sy — )2 — Vo = X[

We notice that (1.5.13) is well-defined since that C?(s, —t)* —||Y, — Xo||* > 0. By (1.5.12),
we obtain:

0 >0,p(54, Yy, 757) +

(1.5.13)

H(SmYaaDng(SmYmﬂ—K’U) WK’U QK HK)

oC(C(ss —to) — ||Ys — Xol|)
C? (55 —t0)* — || Yo — 20|

at¢(80'7 YO’a ﬂ—KJ)—i_

2Becauseﬁof the compacity of the set Cy, x, x A(I x K x L), we can in fact suppose that W (£, X, 7% @k
X)) — ¢(t, X, 7K) is a strict global minimum. (cf. [3])

+H (50'7 Yo’7 DX¢(SU7 YU? 7TK7U)7 WK’U@KHK) S O’
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which implies, since C(f — t9) — || X — Xo|| > 0, by letting o — 0F:

Oo(t, X, 7)) + H(t, X, D,o(t, X, 7%), 7% @, IIF) < 0.
The proof is complete. ]

Let us return to the proof of Proposition 1.5.7. By contradiction, let us suppose that

Sup(t,X,rr)e[O,l]X(R”)IXA(IXKXL)(Wl — Way)(t, X, m) > 0.
Then there exists (ty, Xo) € [0,1) x (R™)!, such that for o, § > 0 sufficiently small:
M 1= SUP(; x ey, x, xAUxixL) Wit X, m) = Wa(t, X, m) —o(L—1) +5([|7[* + [[7*]|*) > 0

where C, x, is defined as in Lemma 1.5.8 and %, *

bility of m on K and L.
We apply the double-variable technique: for € > 0, let us define:

are respectively the marginal proba-

P ((t, X), (s,Y),7) =
Wi(t, X, m) = Wa(s, Yom) = 5 [l(5,Y) = (6, X)|* = o(1 = s) + (| [|* + [|"[]?).

By setting:

M = Sup((t,X),(s,Y),w)E(CtO,XO)2><A(I><K><L) ¢E((t, X)7 (Sv Y)? 77)7

we have that M, > M for any € > 0 and there exist ((t., Xc), (se,Ye), me) € (Cap,x0))* X
A(I x K x L) where the maximum in the definition of M, is achieved.

We will use now the following technical result, of which the proof is postposed after the
proof of Proposition 1.5.7:

Lemma 1.5.9. 1. lim o+ M, = M;

2. hme%O"" ! H(tevXe) - (867}/6)“2 = O;'

3. for 0 >0, 0 >0 and € sufficiently small, t. < 1 and s. < 1.

Let us finish the proof of Proposition 1.5.7:
For ¢ > 0, we decompose 7. = 7 @y [IX = 7F @ IIL as in Section 3. For any 7 €
A(I x K x L) such that 7% @5 [I5 = 7L @ [IF = 7, let AX(I1X) be the L x K-real matrix
such that for (I,k) € L x K, AR(II*), ), = 3, , I (i, 1), then 7t = AX(IT¥)7*. Similarly,
let A"(IT") be the K x L-real matrix such that for (k,1) € K x L, A*(I1*)x, = >, IF (4, k),
then 75 = AL(TTY)#E.
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Since the map (t, X,7%) — ¢c((t, X), (sc,Ye), 7% @ IIF) reaches its maximum at the
point (te, Xe,7k) € Cyyx, x A(L), for any (¢, X,7%) € Cyx, x A(L) and any (, €
8+W2L(367 )/E’ ﬂ-eL? H£)7 we have®:

W1L<t,X, WL,HEL)
1
§W1L<te7 Xea 7T5L7 Hf) + W2L<Sea Yé? 7TL7 HeL) - W2L<Sea Yé? 7TeLa HeL) + 2_(||(SE7 }/e) - (tu X)||2_
€
(56, Ye) = (te, X)|IP) = o (AR M) |* + |7*|)* — | AR ()21 — (1= %)
A 1
SWip(te, Xe, wl IE) + (G 8 — 78 + 3¢ (l(se, o) = (t, X7 = [l(se, Yo) = (te, XI*) —
(AR T2 + [l (P — AR 7 ()P — |72 1%).
We denote ¢(t, X, ) the right-hand side of the last inequality. Then ¢ € C2([0,1] x (R")! x
R*) satisfies clearly:
gp(teu X67 7T£) == Wl(t€7 XE; 7'['6).
In addition, (t, X, 7)) — (Wi — ¢)(t, X, 7L) has its local maximum at (¢., X, 7). Let o
and 0 be small enough such that t. < 1. By hypothesis, W is a viscosity sub-solution and
Amaz (D21, 0p(te, Xe,wl), k) = )‘ma$<_25((AL(H£))TAL(H£) +IL),7TEL> < 0, then Lemma

1.5.8 yields:

te—Se Xe_)/E

+ H(t, X, ) > 0. (1.5.14)

€
Symmetrically, by observing that (s, Y, 7%) — ¢, ((te, Xo), (s,Y), 7TK®KH§) has a maximum
at ((s,Ye),n), we obtain:

te e Xe - Y;
 f o+ H(s., Y, 7)) < 0. (1.5.15)
€ €
By combining (1.5.14) and (1.5.15), one has:
Xe - S/; Xe - }/;
—o + H(t, X, ) — H(se, Yz, ,7e) > 0. (1.5.16)
By (1.5.11), the inequality (1.5.16) gives:
Xe - Y;
=0+ Cl(te, Xe) = (s, YOI + [=———I)) 2 0.
By Lemma 1.5.9, let ¢ — 0T in the above inequality, we have:
o <0,
which is a contradiction, since ¢ > 0. The proof is complete. O

3Since ¢ — Wor(se, Ye, %, IIF) is Lipschitz continuous and L-concave, 0% Wor (s, Yo, 7 TIF) # 0, cf.
[60].
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Proof of Lemma 1.5.9. 1t is clear that for any € > 0, M, > M. Let R be an upper bound
for Wy — Wy on Cyy x, X A(I x K x L). Then we have:

0 <M < M,

1
=Wi(te, X, me) = Walse, Yo, me) = o[l (56, Ye) = (te, X = o (1 = se) + 0(|mE 1" + I721%)

1
SR+26 = o |(se, Yo) = (te, X

This implies that o [|(s, Ye) — (tc, X )||* is bounded and that (s, Y;)— (t, X.) — O as e — 0T,
Let (t, X, 7) be a cluster point of the sequences (s, Y., 7.), as € — 0%. Then there exists
(€n)nen such that €, > 0, for any n € N satisfying:

en — 0, (t,, X.,) — (£, X), 7, = ™, as n — oo.
We obtain:

M < lim M., <liminf Wi (t., , X, , 7, ) — Wa(se,, Y, ,7e,) —o(l — s, )+ (5(||7Tfi||2 + ||7T€Ln||2)

n—oo n— oo

S llmsup Wl(t5n7 XEn’ ﬂ-fn) - W2<Sﬁn7 }/€n7 7T€n) - 0-(1 - Sen) + 5(H7T6Ii||2 + ||7TE[;L||2)

n—o0

<Whi(t, X, m) — Way(t, X, 7r) —o(1 —t) + (|| 752 + ||=*]|?) < M.

Thus M., — M as n — oo. Since that Cy x, X A(I x K x L) is compact, we have
lim,_,o+ M, = M. In addition, the above inequalities give:

lim Wi (te,, Xe, 7e,) = WalSe,: Yo me,) = 01 = s,) + 0|y |° + Il |2 (L1517
n—o0 1.5.17
=Wit, X, m) = Wa(t, X, m) — o (1= 1) +6(|7"|* + [|="]*) = M.

This leads to

1
hm _||(S€n7Y€n) - (te'rﬂXEn)HQ

n—00 2€y,

= lim Wi(te,, Xe,, me,) = Walse,, Ye,, me,) — (1 = se,) + 0(|lmg, |I* + |7, |I*) — M,

€n

n—oo
= llm Wl(t5n7 X€n7 7T€n) - W2(S€n7 Y€7L77T57L) - 0-(]‘ - S€7L) + 5(”71-6[7(1”2 + ||7T€[;L||2) - llm Men
n—o0 n—oo
=M — M = 0.

Thus, we have lim._,o+ o ||(sc, X¢) — (tc, X)[|> = 0.
Finally, let us prove that ¢ < 1. Indeed, if this is not true, we can choose (€,)nen such
that t = 1 in the above argument, then by (1.5.17):

M < Wi(1, X, m) = Wa(1, X, m) + o ([[a |2 + [l )1*) < o([l=|I* + [|=*||*) < 20.
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But for ¢ and ¢ sufficiently small:

M > sup (W = Wa)(t, X,7) =:m > 0.

1
2 (t,X,m)€Cy, xo XA(IX K X L)

Then we obtain m < 26 and thus we have m < 0 since § > 0 is arbitrary, which is a
contradiction.
Then, for any € small enough, t. < 1 and s < 1. The proof is complete. O

Finally, let us prove Theorem 1.5.6.

Proof of Theorem 1.5.6. We have first of all, the Hamiltonian Hg satisfies (1.5.11) and
(1.5.12). We know that V'~ is a super-solution (Proposition 1.5.3) and V' is a sub-solution
(Proposition 1.5.5) of the Hamilton-Jacobi-Isaacs equation (1.5.1) with H(t,.) = Hg(.),
vt € [0,1]. Since clearly V*(1, Xo, ) = V7 (1, Xo,7) = > p iyerxaoxr T (0 K, 1) g(5) which
satisfies the boundary condition in the theorem, the comparison principle yields V= > VT,
Because we already knew that V= < VT, the proof is complete. O

1.6 Conclusion

We have proved in this paper that the differential game with incomplete information and a
signal structure has a value. Moreover this value function is the unique viscosity solution of
a Hamilton-Jacobi-Isaacs equation with a boundary condition. For proving this result, we
have obtained a new comparison result for a class of Hamilton-Jacobi-Isaacs equations.

The structure of signals that we have studied in the paper concerns mainly signals on
payoffs and initial positions before the game has started. The case where the players receive
signals during the game is of great interest. This is still widely open for differential games
while it is partially studied for repeated games.
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Existence of Value for Differential
Games with Incomplete Information
and with Signal Revelation

Abstract:
This article is devoted to the existence of value for a zero-sum differential game with
incomplete information on initial state with partial revealing of information and with a
running cost. Before the game begins, an initial state is chosen among several ones and
both players do not know this initial state until the dynamic system reaches a fixed target
during the game. The main result is the existence of value for the game defined with
non-anticipative strategies with delay. Moreover, the value is the unique bounded
continuous viscosity solution of a suitable Hamilton-Jacobi-Isaacs equation.
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Introduction

We consider the differential game with incomplete information G(X, 9, p) whose dynamic
system is given by:
fa(t),ult),v(t)), t=0;

:g( u(t),'u ), t>0; (P)
m(O) = x0; 7(0) = ro.

x(t)

With any pair of controls (u,v), the following pay-off is associated:
J (0, 70,1, ) = / MO, R (t), o(t))dt, (2.0.1)
0

where A > 0 is a constant and the map t — (X, R);>"™"" = (X;*"" R;>"") denotes
the unique solution of dynamic (P). We denote, for all I € N,, the set {(p1,p2,...,pr) €
R, | Zfzo pi = 1} by A(I). The game is played in the following way:

(A) Before the game begins, the first initial state o € R™ is chosen randomly among [
points x}, a3, ..., ¥}, according to a probability measure p € A(I). The set X, =
{x}, 2% ..., xl}, the other initial state 7y € R, and p are common knowledge of Player

1 and Player 2. However, x( is not communicated to any players.

(B) Player 1 chooses the measurable control ¢ — u(t) in the dynamic and wants to min-
imize J(xg, 70, u,v). In contrary, Player 2 aims at the maximization of J(xq, ro,u,v)
by choosing the control ¢ — wv(t). We assume that during the game both play-
ers observe all played actions with perfect memory (i.e. for any t > 0, the set
{(s,u(s),v(s)) | 0 < s <t} is considered as common knowledge of both players).

(C) During the game, if ¢t — R;>™" reaches a fixed target My > rg, the current state
X" is announced publicly to both players at the moment ¢ = T'(rg, u,v) := inf{t >
0| R>™" = My}.

An interesting and simple example of such games is while g in system (P) is a constant
equal to 1. In this case, if ry = 1, both players know that they have to play during a time
My before having full revealing.

Our main motivation is to study games in which players can modify the timing of the
revealing of unknown information by choosing their actions. In particular, let us consider a
differential game with dynamic:
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The Player 1 chooses the control v and he wants to remain close with Player 2 during the
game by minimizing the cost:

/0 () — y(0)

Player 2 chooses the control v and aims to maximize the above cost. We suppose that
the position x( is common knowledge of the players while 1, is chosen randomly before the
pursuit begins and it is not revealed to any players. We assume that they are both connected
to a public localization system (for example, a GPS system) which will publicly provide
all the positional information to both players after it collects an enough quantity of data
My > 0. Here the quantity of collected data at the moment ¢ > 0 is r(t) := fot c+ |lv(s)||ds
with ¢ > 0 a fixed constant. At any moment ¢ > 0 the localization system can work only if
r(t) > Mpy. Namely, in this differential game, the current state of Player 2 will be revealed to
both players before the moment ¢ = % but Player 2 can control the timing of the revealing
by choosing the control v.

This paper concerns the existence of value of the above game and the characterization of
its value function as the unique solution of a PDE (in the sense of viscosity solutions).

The signal structure in our game model is deeply related with that of repeated games
with a symmetric information structure (cf. [36, 45, 52, 53]). In contrast to classic pursuit-
evasion games (cf. [4, 22, 32, 40, 47, 63, 69, 77]), players in game G(Xy, 79, p) have incomplete
information about the initial states and the cost function here is not about the optimization
of the hitting time. We point out that this game is different from the state constrained
differential games (cf. [7, 22]) since players in game G(Xy, 7o, p) do not necessarily need to
choose their controls such that the dynamic never hits the target set.

Differential games with incomplete information was introduced in [16] as a generalization
of the repeated games with incomplete information of Aumann and Maschler in [2] and
the differential games of Isaacs in [40]. Several articles have been dedicated to further
investigation of the game model in [16] (such results can be found in [12, 17, 19, 21, 43])
and the existence of a value of related game models (for example, see [24, 25, 54, 74]). For
such differential games, information about the chosen initial state is communicated to the
players before (and only before) the game begins in the form of private signals. Compared
with these games, in the problem investigated in our paper, players do not receive private
information and they are not informed about the initial state until the dynamic hits the
target (i.e. after the game begins). As a consequence, notions of strategies in these above
papers can not be directly applied to our game model.

As a main result of this manuscript, we prove that, under Isaacs’ condition, the game
has a value which is the unique bounded continuous viscosity solution of the following
Hamilton-Jacobi-Isaacs equation with boundary condition:
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- A\V(X,r)+ H,(X,r,Dx,V(X,r) =0, (X,r)e (R™)! x (—o0, My):;
VI(X, M) = Zpif/(Xi, M), X e (R, (2.0.2)

el

In the above equation, the function y — V(y,Mo) is the value function of a classic
differential game that we will describe later. Such a boundary condition can be interpreted
as follows: as rg — M; , the value of the game converges to the value of a complete
information game (i.e. the choice of x( is revealed as soon as the game begins).

We are facing two major difficulties: the first consists in determining proper notions
of non-anticipative strategies with delays for modelling behaviours of the players at the
“hitting time”; the second one concerns the regularity of the value functions.

In this paper, to prove the main result, we follow the classic scheme in [33]. We first
prove that the upper-value function and the lower-value function of our game model are
respectively bounded sub- and super-viscosity solutions of the same PDE (2.0.2) under the
Isaacs condition (see Section 1). Secondly, we prove that the PDE has a unique bounded
continuous viscosity solution by proving a comparison principle; thus, the upper- and lower-
values of our game must coincide and consequently the game has a value.

Our approach can also be applied to the study of other differential games with a sim-
ilar information structure. We will provide an example of its applicability by proving the
existence of value for a differential game with dynamic:

{ (1) = f(x(t), ut),v(t)), t>0;
z(0) = xo,

where the initial state is chosen randomly among 2 points (I = 2) according to step (A).
The game is played and i € {1,2} is revealed to both players when the state X;*" reaches
a target set C' C R" given in advance. We will show that the information structure of such
games is close to game G(Xy, 19, p).

After the preliminaries section, the article is organized as follows. In Section 2, the upper-
and lower-value functions for the game are defined and we furthermore study their properties
to obtain two corresponding dynamic programming principles. Section 3 is dedicated to
the introduction of viscosity solutions for PDE and the proof of a comparison principle.
Existence and characterization of the value function are established in Section 4. Finally, in
Section 5, to demonstrate the applicability of our method, we prove the existence of value
for another type of differential games with incomplete information and revealing when the
state variable hits a given target set.
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2.1 Statement of Preliminaries

In the finite dimensional space R", we denote by ||z|| the euclidean norm of z € R"™, and
(x,y) the associated scalar product of any points z, y € R™ An open ball with center
z € R™ and radius a is denoted by B(z;a), and its closure by B(x;a). We present in this
section some preliminaries and hypothesis and we also introduce appropriate strategies for
game G(Xo, 19, p) and the associated normal form. Let us consider:

(i) U, V are two compact metric spaces, both endowed with the Borel o-algebra;

(i) f:R"xUxV — R"is a bounded, continuous function which is Lipschitz continuous
with respect to the first variable with a Lipschitz constant Ly > 0;

(iii) g : Rx U xV — (0,400) is a bounded, continuous function which is Lipschitz
continuous with respect to the first variable with a Lipschitz constant L, > 0;

(iv) £:R"xRxU xV — R is bounded, continuous, and Lipschitz continuous with respect
to the first two variables with a Lipschitz constant L, > 0;

(v) U denotes the set of measurable controls u : RT™ — U while V stands for the set of
measurable controls v : Rt — V;

(vi) A >0 and M, € R are fixed constants.

Elements of U (resp. V) are called admissible controls of Player 1 (resp. of Player
2). In addition, we suppose that both ¢/ and V are equipped with the corresponding L!-
topology. Throughout this paper, both players in game G(Xg, ro,p) choose their controls
respectively in ¢ and V. By the regularity hypothesis on f and g, for any (z¢,rg,u,v) €
R"x (—o00, My) xU xV, the system (P) has a unique solution denoted by ¢ — (X" R;*™").
Moreover, when (u,v) is fixed, it is well-known that (¢,xq,79) — (X, R);*"™" is locally
Lipschitz continuous. We recall that the hitting time of the system (P) on the target M is
defined as:

T(ro,u,v) =inf{t > 0| R;>"" = My}

As a result of hypothesis (i) - (vi), we deduce the following:
Lemma 2.1.1. For any pair of admissible controls (u,v) € U x V, the function ro —
T(rg,u,v) is continuous. In addition, for any S < My, T(-,u,v) is Lipschitz continuous on

[S, My) with a Lipschitz constant Cs > 0 independent from u and v, i.e., for any S < ry <
ry < My and any (u,v) €U x V:

|T(T1,U,U> - T(T27u7v)| S C(S|7nl - T2|~ (211)
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Proof. Let S < My be fixed. Consider eg > 0 such that g(r,-,-) > eg for all r € [S, M,).
Since for any (t,r9,u,v) € RY x [S, My) x U x V, R>™" > rq+ tes > S + teg, we have
T(ro,u,v) < (My — S)/es and thus ro — T'(ro,u,v) is a real value function defined on
(—00, Mp). Let us fix S <1y <1y < My. By Gronwall’s inequality, one has:

Yt >0, |RiV™Y — Ry < elotlry — 1y,

Thus for any ¢ € (0, (M, — S)/es], we have:

Lg(Mp—5)

’R?,u,v . R:z,u,v’ <e ¢ ‘7«1 — 7“2‘. (2.1.2)

In particular, since T'(r1,u,v) < (Mo — S)/eg, we take t = T'(r1,u,v) the above inequality

and obtain:
Lg(]VIO—S)

|RT2:,LIUU w) M0| <e €s |T1 — 7”2|. (213)
Since o — RTO;“JM) is increasing, one has R7™"(ry,u,v) < My. With g(r,-,-) bounded

from below by e€g > 0 on [S, My) x U x V, inequality (2.1.3) implies that:

1 LgMp—9)
T(rau,v) = T(riuv)| < —e o fri =,
€s
. 1 Lg(Mg—15) . .
By taking Cs = _-¢ s, we have obtained (2.1.1). The proof is complete. O
Remark 2.1.2. By Grinwall’s inequality, one also has, for x1, x9 € R™ and fized (u,v) €
Uxy:
¥t > 0, X - XE < By — o]

We can thus obtain the following estimation as that in (2.1.2). Let eg > 0 be a lower bound
of g on [S,My) x U x V. For any t € [0,(My — S)/es],

Ly(Mg—S5)

HXI;UI,U,U . thz,u,vH <e s H-Tl — x2H (2.1.4)

The above inequality is useful in the proof of Proposition 2.2.8 in the next section.
Throughout the paper, we suppose the following Isaacs condition:
Vp e A(I), V(X,r,§) € (R") xR x (R")' xR), HN(X,r,§) =H, (X,r¢), (2.1.5)

where the hamiltonians are given by:

H;F(X,r,g) := inf sup <§ ((f(Xi,U,U))iEI, T, U, V) > Zpl T U, V)

uel yey

el
H, (X,r,§) = §25525<5 ((F(X*u,0))ier, g(r, u,0) > ;pl (X", r,u,v).
We denote:
H,(X,r¢) = H*(X r,&) = (X r, ). (2.1.6)

Now we turn to the notion of strategies. Let us recall the definition of:
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Definition 2.1.3 (Non-anticipative Strategies with Delay (in short, NAD Strategies) of
Player 1, [21]). An NAD strateqy of Player 1 is a Borel-measurable map: o« @'V — U
such that: there exists T, > 0, for any vy, va € V, t > 0, if vi]ppg = V2|04 a-e., then
a(v1)jo,t4ra) = (V2)|j0,t474] @-€.. The set of such maps is denoted by Ajg.

We define an NAD strategy of Player 2 similarly and let By denote the set of NAD
strategies of Player 2. There are two main advantages for using NAD strategies. First, by
playing NAD strategies, players can choose their actions in according to their history of
observation. Second, with NAD strategies we are able to define the upper- and lower-value
functions of the game in a symmetric fashion, which follows from the below result.

Lemma 2.1.4 (cf. [21]). For any (a, 5) € Aq X Ba, there exists a unique pair of admissible
controls (uq g, Va,p) Such that:

a(Va,g) = Uap and B(Uuap) = Vas.

But Definition 2.1.3 is not adapted to the game in this paper: Player 1 should be able to
choose his actions according to the information revealed at the hitting time. Accordingly,
we introduce the following;:

Definition 2.1.5 (Pure Strategy of Player 1). A pure strategy of Player 1 is an element of
.Ad X (.Ad)Rn.

The above definition is interpreted as follows: after the game begins, Player 2 plays an
admissible control v and Player 1 chooses his actions with NAD strategy « while observ-
ing the actions of his opponent until the hitting time T'(rg, a(v),v). At the moment ¢t =

T (ro, a(v),v), Player 1 chooses a new strategy oy () € Aqg according to z(T) := Xz?;o(vz:) o)

and plays afterwards o) (v(- + T'(ro, a(v),v))).
Similarly, a pure strategy of Player 2 is defined as an element of By x (B;)®".
Lemma 2.1.4 enables us to write the game into a normal form . Let A = (a, (OCI>I€RTL))
be a strategy of Player 1 and B = (5, (8;)scrn) a strategy of Player 2. For any = € R",
let (Uag,Vas) and (Ua, 3., Vo, 5,) be defined as in Lemma 2.1.4. We denote by ¢ — X;*”
the unique solution of dynamic (P) with (u,v) = (uag, vas). With Z = X707

T(rosua,p:va,6)’
denote by t — (X, R)for4P — (X708 RIo-ABY the unique solution of system (P) with
(u,v) defined by:

we

)

u(t) = § ter® t € [0,T(r0, ta g, va3));
Uay b, (t =T (70, Uap; Vo)), t € [T(ro,Ua,p,Va,p), +00);

);

).

'U(t) _ Uaﬁ(t)7 le [0 T(r07uaﬁuvaﬁ)
Vaz,Bz (t - T(T07 U, B Ua,ﬁ))a te [T(TOa U, 3, 'Ua,[i)
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Let (zo,70,t) — ((X, R)joroAE A B) denotes the map (g, 7o, ) — ((X, R){"""" u(t), v(t))
with (u, v) defined as above. We associate to this pair of strategies (A, B) in game G (X, ro, p)
the pay-off below:

J (Xo,70,p, A, B) sz/ e Me((X, R); A, BYat.

el
With the above cost function, we are able to write game G(Xg, g, p) into a normal form.

Remark 2.1.6. In this paper, we do not need to use the notions of mix strategies (or random
strategies) in [16]. This is because although the game is with incomplete information (lack of
information about the initial state on both sides), neither Player 1 nor Player 2 has private
information during the game and thus there is no need to employ mix or random strategies
(which serve to protect private information from the opponent). The case of partial revealing
when the state hits the target (thus with private signals for the players) and the case with
asymmetric information (both players receive private information before the game begins)
remain open problems.

2.2 Value Functions

In this section, we study the upper- and lower-value functions of game G(Xjy, g, p) which
are defined respectively by:

V+(X0,T0,p) = igfsupj(X(]?rOapa A7 B)7
B

V_(X07T07p) = Supi%fj(X(),TOvpaA?B)'
B

Obviously, we have:
V(Xo,70,p) € (R")" x (=00, M) x A(I), V*(Xo,70,p) = V™ (Xo,70,p). (2.2.1)

When VT = V™, we say that game G(Xo,ro,p) has a value. If this is the case, we define
the value function of the game by V' (X, o, p) := VT (Xo, ro,p) =V~ (Xo,70,D)-

Remark 2.2.1. Since —V~(Xy,19,p) = infgsup, —T(Xo,70,p, A, B), we define a new
game, denoted by —G(Xo, ro,p), by replacing € by —¢ in game G(Xo, 10, p) and by interchang-
ing the roles of Player 1 and Player 2 (Thus Player 1 wants to mazimize —J(Xo,ro,p, A, B)
and Player 2 wants to minimize —7J (Xo, 70,0, A, B)). We can easily prove that =V~ is the
upper-value function of game —G(Xo, 70, D).

In this section, by writing (u, (uz)zern) (resp. (v, (vz)zern)), We refer to a strategy of
Player 1 A = («, ()zern) € Ag x (Ag)®" such that V(z,v) € R" x V, a(v) = u and
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az(v) = u, (resp. a strategy of Player 2 B = (8, (B:)eern) € By x (Bg)®" such that
V(z,u) € R" xU, f(u) = v and B,(u) = v,). Let us point out that:

V+<X07 T(]?p) = 12f sSup j(X07 To, P, A7 (U, (Uz>z€R”))7 (222)
(Uv(vz)zeR")

V= (Xo,70,p) = s%p ( if)lf I (Xo, 70, D, (6, (Us)zern), B). (2.2.3)
U,(Ugx )z cRT

Proof of equalities (2.2.2) and (2.2.3): Thanks to Remark 2.2.1, we only need to prove
(2.2.2). Let us fix A = (o, (@) zern) € Ag x (Ag)®". Since:
sup j(X07 To, D, A7 (U7 (U$>$€R”)) < sup j(X(b To, D, A7 B)7
(Uv(vZ)ZGR") B

we have:

igf( (Sl)lp )j(XoJ’mp,Aa (v, (V) wern)) < VF(Xo,70,p). (2.2.4)
V,(Vg TERM

For any B = (83, (B:)zern) € Bg x (Ba)®", by Lemma 2.1.4, there exists (uq g, (Ua, g, )zern )
and (va,g, (Va, 8, )zern) such that for any x € R™:

{ (Va,p) = Ua,p; and { ¥ (Vay 8,) = Uay,Bes
B(ua,p) = va,p, Be(tas,6,) = Va8, -
This implies:

j(X()? 70, Py A? B) - j(X(J? 70, P, A7 (UQ,B, (Uazmﬁsc)(EER"))?
and since B is arbitrary:

sup j(X07T07p7 A7 (U, (U:B):vGR")) Z S%p j(X07T07p7A7 B)

(’Uv(vﬂﬂ)zER" )

By taking the infimum of A € Ay x (A4)®" on both sides in the above inequality, we obtain:

H}lf( (Sl)lp \7<X07 To, D, Aa (U, (Q’n)azéR”)) = V+(X07 To,p). (225)
V,(Vg TERM
Combining (2.2.4) and (2.2.5), we obtain (2.2.2). The proof is complete. O
In this section, we aim to establish the following:
Proposition 2.2.2 (Dynamic Programming Principles). For any (Xo,79,p) € (R™)! x
(—o00, My) x A(I) and 0 < h < (My —70)/||9]| 0>
h .
V*(Xo,r0.p) = inf supd o p, / e (R o) (1), o)) db
a€Ag yey pr: 0 (226)
4 e Myt ((XZB’Q(U)’U)ieI, R;O’O‘(”)’”,p),
h A
V- (XOa 7”07]9) = sup inf sz/ G_At£(<X7 R)fO7TO7U7B(U)a U(t), B(u)(t))dt
BeBg wel =" Jo (2.2.7)

+ A Ve ((X}T%’Uﬁ(m)iel; R;oﬂlﬁ(“) : p).
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2.2.1 Two-step Programming Principles

Let us begin by the following:

Lemma 2.2.3 (Two-step Programming Principles). For any (Xo,79,p) € (R™)! x (=00, M) x
A(I), we have:

T(roav).v) xb,r0,a(v),v
V+(X07 7nOap) = inf sup Zpl{ / ei/\tg((Xv R)tm " 7 ,Oé('l})(t), U(t))dt
0

a€Ag yey 4

AT (r0,0(v),v) T, ()
e T(ro, V<XT(7‘0 a(v), 7)) MO)}7

(ro,u,B(u))

V™~ (Xo, 70, p) = sup inf sz{/ e MO((X, R)fé’m’u’ﬁ(u),u(t),ﬁ(u)(t))dt

BEB, ueld (229)

—AT'(rg,u v xy 7u76(u)
+e (ro,u,B(u V(XT(ETO,uﬁ(U))’ MO)}

In the above equalities, the function (y, My) — V(y, My) is defined by:

V(y, My) := inf sup / e ME((X, R)PMM a(v)(t), v(t))dt
a€Ag yey

(2.2.10)

+oo
— sup inf / eMO((X, RO (), Bu)(8)) dt.
Begdueu

Remark 2.2.4. V(y, My) is the value function of game G(y, My) with complete information
with dynamic:

#(t) = f(2(t), ut), v(t)), t=0;

r(t) = g(r(t),u(t), v(t), t=0;

2(0) =y; r(0) = Mo;

and pay-off:

J(y, u,v) = J(y, Mo, u,v) :/ e MO((X, R)?’MO’“’v,u(t),v(t))dt.
0

The last equality of (2.2.10) (i.e existence of a value of G(y, My) with NAD strategies under
Isaacs’ condition (2.1.5) is a classic result of differential games, cf. [3, p. 431-470]).
FEquality (2.2.10) will play a crucial role in the proof of our main result (i.e. the existence
of value).

Proof. In view of Remark 2.2.1, we only need to prove (2.2.8). For any (a,v), let 2% (a, v)

denote X;((]rf:(;z;; 0 By definition of upper-value function of game G(X, ro, p), we have from
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one hand:

V+(X0,7"0, )

(ro,a(v),v) i
—inf inf sup { Z P / eMU((X, RO ao)(8), o(t))dt

(az ze€R™ v

—A\T(rg,a(v),v g
te (ro,a(v),v) sup Zpl .ZUT(O[ U) M07 Qi (e, )’Ul’vi"(avv))}

(va)zern o1

—\T'(rg,0(v),v : ]
de (ro,0(v),v) inf sup sz .TT<OC U) Mo,Oé L) v 3«(0477)))}

(@w)aern (v,)pern 5o

(ro,(v),v) i
= inf sup {>n / e M((X, RN av)(1), u(t))dt
el
+e AT (ro,a(v) Zpl 1nf sup J (2l (e, v), Mo, o ('), 0) }
el

which, by the definition of V,

T(ro,a(v),v)
—inf sup sz{ / —)\tE(Xil‘o ,o(v),v RTO a(v), ’U7 Oé(U)(t), 'U(t))dt
v e 0

+G_AT(TO a(v),v V(X a(v)v Y MO) } )

T(ro,a(v),v

So we have proved one inequality in (2.2.8). From the other hand, let us prove that of
the reverse direction. For any z € R™ and € > 0, let af € Ay be a e-optimal strategy for
V(x, My) such that:

V(x, My) < sup J(z, My, o, v)dt < V(x, My) + €.
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Thus one has, for any v € V and o € Ay:

T(ro,a(v),v) ;
ut s { / N B o) ), (1)) di

O‘Z)ZGR” v

fe AT (roa®w) gy Zpij(x%(a, ), Mo, Qg (0,0 Ua:%(am))}

(v2)wern icl

_ | T(ro,a(v),v) —)‘tﬁ D% xh,r0,00(v),v d
<supq Y p; e MU((X, R), sa(v)(t),v(t))dt
v 0

e AT (ro,a(v),0) sup Zpl SUT(Oé v), My, zin () Vain(a, v))}

(UJC)EGR” iel

. | T(ro,a(v),v) —Atf D% xd,r0,00(v),v d
= sup sz € (( aR)t 7a(v)(t)vv(t)) t
0

e (N p V(X ) Mo) + ) |

el

Since € > 0 is arbitrary, by passing ¢ — 07 and then taking the infimum of o € A, on both
sides of the above inequality, we have:

v

T(ro,0(0),0) 1.

V¥ (Xo,7o,p) <infsup Y p; / e MO((X, R a(v)(2), o(t) ) dt

“ ier V0
_i_ef)\T(ro,a(v),v)V(Xxo sa(v)w M, )

T(ro,a(v),v)’

which is the missing inequality of (2.2.8). The proof is complete. O

2.2.2 Regularity of the Values

In this subsection we investigate the regularity properties of the upper- and lower-value
functions of game G(Xo, 79, p). We will need the following easy lemma:

Lemma 2.2.5 ([18]). Let I', A be arbitrary sets and hy : ' x A = R, hy : I'x A — R some
functions on I" x A such that

|1nfsup hy(c, 1) + | 1nfsuph2(c l)| < oo.
c€l’ jeA c€l’ jen

If there exists some k > 0 such that: sup.cr ep [hi(c, 1) — ha(c,1)| <k, then:

<k.
ErE

 Before we investigate the regularity of V™ and V=, we recall the regularity property of
V.
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Lemma 2.2.6 ([3]). The function y — V(y, My) is Holder continuous on R™. More pre-
cisely, there exist C > 0 and 0 < v < 1 such that for any (y1,v2) € (R™)?, one has:

[V (y1, Mo) — V(ya, Mo)| < Cllyn — v2]|”-

Without the above lemma, the regularity of V' and V'~ with respect to (Xo, ro) will be
much more difficult to prove. Let us consider the following:

Example 2.2.7. We consider the case where n = I = 2. We suppose that in game
G(Xo,r0,p): g=1, f=u+v withU =V = B(0;1) C R? and { = ||ul|. Let us con-
sider a strategy of Player 1 (u, (ug)zerz) with u = ug =0 and u, = (0,1) for any x # 0. It
1s clear that for the strategy of Player 2 v =0:

oA
T (Xo0,0,p, (1, (w)aews), v) = 3 pilgoy(wh) 5

i=1,2
Therefore Xq +— j(XO, 0,p, (u, (ug)zer?), U) is discontinuous at Xy = (0,0).

The above example shows that we can not obtain the regularity of V' with respect
to Xo by simply applying Lemma 2.2.5 on (A, B) — J(Xo,70,p, A, B). We conclude this
subsection by giving the following estimations:

Proposition 2.2.8. Both V(Xg,ro,p) and V—(Xg,ro,p) are bounded and continuous.

Moreover, for any S < My, there exists Cs > 0 andy € (0, 1] such that: ¥S < 11 < ry < My,
VX1, Xy € (R and Vp € A(D),

VH(X1,71,) = VT (Xa, 72, p)| <Cs(lry — ol + [r1 — 7o + | X1 — Xa|| + | X1 — Xa|7);
V™ (X1,m1,p) = V7 (Xa, 72, )| <Cs([ry —raf + [ry — ro|” + [ X1 — Xo| + [ X1 — Xa||").
Proof. The boundedness of both V' and V'~ is direct result of the boundedness of /. Their
continuity on p can be deduced from Lemma 2.2.5 (cf. [16]). To finish the proof of the
proposition, we only need to prove the first of the two inequalities above, since the proof of

the second is similar.

Let v > 0 be defined as in Lemma 2.2.6. To obtain the result, we prove respectively
that: there exists C's > 0 such that V.S < r; < ry < My, VX1, Xy € (R")! and Vp € A(]),

|V+(X1,’l”1,p) - V+(X17T2ap)|
’VJr(Xl,Tl,p) - V+(X2,7’17p)’

Step 1: proof of inequality (2.2.11). By Lemma 2.2.6, there exists C' > 0 such that

(|r1 = ro| 4+ [r1 — r2|7); (2.2.11)

Cs
Cs([1 X1 = Xa| + [ X1 = Xa|"). (2.2.12)

VASAY

|V (2, Mo) =V (y, My)| < Cllz =y, (2.2.13)
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Let (u,v) € U x V be a fixed pair of admissible open-loop controls. For X; = (z});c;, on

one hand, we observe that: Vi € I,

T(r2,u,v) i T(r1,u,v) i
’/ e Me((X, R)fl’m’u’v,u,v)dt—/ e Me((X, R)fl’n’u’v,u,v)dt‘
0

T(T27U7U)
< / —)\t

+]/ L N((x, Ry u,v) |
T

(r1,u,v)

O R u,v) = 0((X, R, v) fat

in view of Lemma (2.1.1) and inequality (2.1.2):

My — S Lg(io
06 Lee |7y — o] + Cs][€l o]y — 72|
S
My,— S Lg(Mp—S)
:< 0 Lee s + CSHEHOO)]rl — 7.
€s
On the other hand, by combining (2.2.13), Lemma 2.1.1 and the regularity of the map f,

<

we have:
V(X Mo) — V(leffzy Mo)| <C(2HfHoo\T(7“1>u v) = T(ry,u,v)|)?
<C2[[f[lCs)[r1 — r2)[7.

Thus the above two inequalities together yield:

T(r1,0(v),v) .
p’l{ / e_Atf((X, R)flarl,a(v)w’ Q{(U) (t), U(t)) dt + 6_>\T(T'170l(’v),’u) %
0

el
(2.2.14)

. T(r2,a(v),v) )
( zj,a(v)v - 2t ro,a(v),v
V(X1 (51 a0),0) Mo) —/0 e MO((X, RN av)(t), o(t)) dt—

—AT(r2,a(v)v V(Xm1 o{v) MO)H < O4(|r1 = ra| + [r — 12| ").

T(r2,a(v),0)? =

sup
(a,0)

e

N Lg(Mg—5)
In the last inequality, C% > max { <MS;SLge e 4 CS||€||OO>,C'(2||f||OOCS)'Y} > 0.
With Lemma 2.2.3, Lemma 2.2.5 and (2.2.14), we have proved inequality (2.2.11).
Step 2: proof of inequality (2.2.12). Let us turn to (2.2.12). For Xy = (z});cs, one has:

T(r1,u,v) ; T(r1,u,v) i
)/ e’\tf((X,R)fl’h’u’v,u,v)dt—/ e’)‘té((X,R)fz’m’u’v,u,v)dt‘
0

T(T’1 7“71))
<[
0

_ L (M )
SLE(MO S) 07

€(<X R)zl 15U, ,U) . £((X, R)tfé,m,u,v’ujv)’dt (2215)

€ ||$1 - 352”
€s
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The last inequality is from the regularity of ¢ and (2.1.4). In addition, we have:

a xiuv i xl u,v Lf(MO )
|V(XTE1L1ZU,U)7M) V(X 2r1uv)’M0)| <C(e 7 — a5[1) (2.2.16)
L§(Mg—S) : ; e
=Cle s )7y —asf].
Let us define
- -5)
O 1= max { G, 1= =5 o™ )
By combining (2.2.15) and (2.2.16), we obtain:
T(rie().0) ztr1,a(v),v
sup sz/ e_)‘tﬁ((X, R), v ,a(v)(t),v(t))dt—i—e_’\T(”’a(”)’”)x
(@) et 0
(2.2.17)

i T(r1,a(v),v) ;
v(xgee /0 e (X, R)2UY au)(t), u(t))di—

e NTLe@OT (XA M) < Col1X = Xl + 1% — X7,

r1,0(v),v)

By Lemma 2.2.3 and Lemma 2.2.5, we have proved (2.2.12). The proof of Proposition 2.2.8
is complete. O

Corollary 2.2.9. For any (Xo,p) € (R")! x A(I), one has:

lim V*(Xo,r0,p) = lim V™ (Xo,70,p) = Y piV (), Mo).

7’0—>M0_ 0 —>MO_ iel

Moreover, these above limits are uniform with respect to (Xo, p).

Proof. We only prove the part of VT, since that of V'~ is symmetric. For any 0 < ¢ < 1 and
My — e < r. < My, by taking S = My — 1, Xy = Xo, r1 = 7. and 7y = My in (2.2.14), one
has:

T(re,a(v),v) ;
{ /0 e*’\té((X, R)fl,rg,a(v),v’ Oé(’l))(t), v(t))dt + e~ M (re,a(v),0) o

a,v

‘7()(3:t a(v()vv " Mo)} — Zin(xé, M(])‘ < Clle+€).

iel
In view of Lemma 2.2.3 and Lemma 2.2.5, this yields:
VH(Xo,re,p) = Y iV (@h, Mo)| < Cle +€).
iel

The proof is complete. O
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Let us denote, for all (X, 7, p, a,v) € (R™")! x (—o0, My) x A(I) x Ag x V:

(ro,a(v),v) A xh,ro,a(v),v
..7<X077"0 D, &, U ZPZ{/ e tg((X> R)tw - 7 704(v)(t)>v(t>)dt

el

T(ro,a(v),v)’

+e,)\T(TO,a(v),v) V(Xxé,a(v),v MO) } .

Corollary 2.2.10. For any € > 0 and (Xo,7) € (R")" x (=00, My), there exists 8%, >0
such that, if o € Aq is a e-optimal strategqy for V1 (Xo, 10, p) in the sense of (2.2.8), then
for any (Yo, s0) € B((Xo,70);0%,.0,), < is still a 2e-optimal strategy for V*(Yy, so, p) in the
sense of (2.2.8).

Proof. Since « is a e-optimal strategy of V1 (X, 79, p) in the sense of (2.2.8), one has:

sup j(Xo,T'(),p,Oé,U) S V+(X07T07p) + €. (2218)
Let us take S = rg — 2 in Proposition 2.2.8. Then for any (Yo, sg) € B((Xo,70); Mo — 70)
. . e (1

such that [|(Yp, so) — (Xo, 70)|| < min (2, o (ﬁ)w), we have:

|V+<X0,7"07p) - V+(}/E)7 30»?)‘ S 465'; - E7 (2219)
SCS 2
’SUP J (Xo,r0,p, v, v) — sup J (Yo, 80, p, o, v)| < 4055 = g (2.2.20)
s

The last inequality is a result of (2.2.14) and (2.2.17). Combining (2.2.18) with (2.2.19) and
(2.2.20), we obtain:

_ _ € 3e
sup \7(}/07307]?’047@) S sup j(Xm’I“mp,O!,U) + 5 S V+(X0)T07p) + 5 S V+(§/07807p) + 2e.

Thus « is indeed a 2e-optimal strategy for V+(YO,$0 p) in the sense of (2.2.8) for any
(Yo, s0) € B((Xo, ro); min(2, My—ro, SC’S’(SC )7 )) Set &5

Xo,70

_mln(2 MO TO’SCS7(8CS) )a

and the proof is complete.

2.2.3 Proof of the Dynamic Programming Principles
Now we are ready to prove Proposition 2.2.2.
Proof. In view of Remark 2.2.1, we only prove the proposition for V. Let:

W(Xo,7r0,p) mf sup Zpl/ (X, R)xo o U)v,oz(v)(t),v(t))dt

el
+e )‘hV+ (<X$0 (o) )ZEIJ Rzoja(v)’va p) .
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Step 1: V> W.
For € > 0, let a € A, be a e-optimal strategy of Player 1 such that:

sup j(X07r07p7avv) S V+(X07r07p) +e

For v € V fixed, let us define @ € Ay such that, for any v € V:

a(v)(t) = a(o)(t + h),

5(s) {@@), s € [0, h];

v(s), s > h.

where:

Let us denote by V(v,h) the set {v € V | v|jon = 00,5} Hence:

h . )
sup J(Xo,70,p, 0, D) = sup Zpi/ e MO((X, RPN a(v), 0)dt+
0€V(,h) veV(v,h) icl 0

- h &.ro,a(0),0
_Ahj(( xo a(0), U)ZEI? R;;ma(v),v’p’ d,ﬁ(' + h)) — sz/ 6—/\t£<(X7 R)fo’ 0,a(?), ,a(@), T))dt—l—

0
h ) o

s T (G ) RO ) = Yo [ e ORI (o), o) de+
0

,)\hVJr Xzf-),a(z_)),f) ' Rro,a(f))ﬂ'}

€ (X, Jier, It D)

Since in the above inequality, v is arbitrary, we deduce

V+(X0,T0, )+ € > SUP j(Xo,T(),p,Of U) > sup sup j<X07T0)p7a U)

v 9eV(v,h)
h ) o o N
>sup ) p; / e MO((X, RPN a(v), 0)dt + e V(X ep, RO p)
Y oier Y0
2I/I/v(‘XvU)rOap)'

Thus, since € > 0 is arbitrary, we have proved V* > W.
Step 2: VT <W.
For fixed (X, 7o, p), let @ € A, be a e-optimal strategy for W (X, 79, p):

h -
W (Xo,70,p) + € ZSUPZP@'/ eMO((X, R a(v)(t), o(t) ) di+
0

v er

e—)th-‘r ((X;(i)’a(v)w)iel, RZOaO_‘(U)/U’ p) .
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To all (Y,s) € B(Xo; hl|fllso) X [0, 70+ h|gl|sc], We associate a¥** € Ay, a e-optimal strategy
for V(Y. s, p) in the sense of (2.2.8). By Corollary 2.2.10, there exists 67>* > 0 such that
a¥* remains a 2e-optimal strategy for VT (Y, s, p) for any (Y',s") € B((Y,s);6)*). Thus,
we can construct a finite partition (E;)I, of B(Xo; h||f||oo) (70,70 + h||g|le), such that
there exists, for any 1 < j < K, (Y}, s;) € E; with o/ = o7% being a 2e-optimal strategy
for V(Y. s,p) if (Y,s) € Ej.
Let us construct a strategy o € Ay for Player 1 by defining:

a(v)(t), t € [0, n];
o (v(-+ ) (E—h), ift>hand (X0, RO ¢ B,

One can check easily that « is indeed a pure strategy for Player 1. Thus we have:

Yo eV, a(v)(t) = {

h
V+(XU7T07 ) < Supj(X()?TO:paa U) = sup { sz/ _Atf((X R)xo ot 7( ) )dt+
0

veV

Z —Ahj(( xo a(v), U)’iEI? R;‘Lo,a(v),v’p, aj’,U(_ + h))lEj ((XZ?),&(U),U)ZEI’ RZO@(U)&)}

1<j<K

h
<sup{ Sopi [ (RO a0, o)t

veV icl

S e Msup T (G e, BT p, 0l ) 1, (G0 i, RSO )

1<<K v'ey

h
SSUP{Z]%/ )\tg((X R)xo ,r0,0(v),v _( ) )dt+e )\hv+(<Xﬂc a(v),v)ieszo,a(v),vjp) +2€}.
VeVt T 0

Hence V' < W + 3e. Since € > 0 is arbitrary, we have obtained V™ < W. The proof is
complete. O

Passing to the limit as A — 07 in the dynamic programming principle, we will prove in
Section 4 that the value is a solution of a PDE. In the next section, we investigate properties
of such PDE.

2.3 Hamilton-Jacobi-Isaacs Equations

In this section, we introduce and study the following Hamilton-Jacobi-Isaacs equation with

boundary condition:
H((SL’,T’),W(.T,T),D(z’r)W(I,T‘)) :Oa (l’,T) ERW’L X <_007M>7 (231)
W(x, M) =V (z). -

In (2.3.1), both H : R¥*"*3 — R and V : R™ — R are continuous functions and m > 0 some
fixed natural number.



2.3. HAMILTON-JACOBI-ISAACS EQUATIONS 45

Definition 2.3.1 (Viscosity Solutions). A function W : R™ x (—oo, M] — R is:

e a viscosity super-solution of Hamilton-Jacobi-Isaacs equation (2.3.1) if and only if: it
is lower semi-continuous (l.s.c.), it verifies Yz € R™, W(z, M) = V(x), and for any
function ¢ € CY(R™ x (—o0, M)) such that W — ¢ has a local minimum at some point
(z,7) € R™ x (=00, M), one has:

H((f> f)a W(i'a 77)7 D(:E,T)Sp(i'a 77)) < 0.
e a viscosity sub-solution of Hamilton-Jacobi-Isaacs equation (2.3.1) if and only if: it is
upper semi-continuous (u.s.c.), it verifies Vo € R™, W(x, M) = V(x), and for any

function p € CY(R™ x (—o0, M)) such that W — ¢ has a local mazimum at some point
(z,7) € R™ x (—o0, M), one has:

H(("Z‘7 f)v W(ja f)a D(:):,r)sp(ja ,F)) Z 0.
e a viscosity solution of Hamilton-Jacobi-Isaacs equation (2.3.1) if it is both viscosity
super-solution and viscosity sub-solution of equation (2.3.1).
The following lemma is an immediate consequence of the above definition:

Lemma 2.3.2. Let V' be a wviscosity super-solution of equation (2.3.1). Then —V is a
viscosity sub-solution of:

(2.3.2)

{f[((m,r),W(m,r%D(:E,T)W(x,r)) =0, (z,7) € R™ x (=00, M);
W(x, M) = -V ().

where the hamiltonian H is defined by:

V(z,7,8,q) € R" x Rx Rx R™™ H((z,r),s,q) = —H((z,r),—s,—q).

We assume that the hamiltonian H satisfies the following conditions: there exist con-
stants 7 > 0 and C' > 0 such that for any r, r1, o, s, s1 > s9 € R, x, x1, o € R™ and ¢, q1,
g2 € Rm-ﬁ-l:

H((x,r), sl,q) — H((J: ), sz,q) < —n(sy — s9); (2.3.3)
|H ((z1,71),5,q) — H((22,73),5,9)| < C(L+ [lgl)|(1,71) = (22, 72)|; (2.3.4)
|H ((z,7),8,q1) = H((x,7),s q2)| < Cllg1 — gl|- (2.3.5)

Let us prove the main result of this section:

Theorem 2.3.3 (Comparison Principle). Let Wy and Wy be respectively bounded viscos-
ity sub-solution and bounded viscosity super-solutions of equation (2.3.1) with H verifying
conditions (2.3.3), (2.3.4) and (2.3.5), one has in R™ x (—oo, M|, Wy < Wh.
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Proof. Let us argue by contradiction. We suppose that:

N = sup (W1 — Wa)(x,r) > 0. (2.3.6)

(z,r)ER™ X (—00,M)
Then, for a > 0 small enough,

N, := sup (W, — Wo)(z,r) — al|(z,r)]|* > 0, (2.3.7)

(z,r)ER™ X (—00,M)

and in addition, N = lim,_,g+ IV,.
For € > 0, let us define:

||(ZE,T) _ (y78)||2 a
Waela, 9, 5) 2= Wi, ) — Waly,5) — DD L0080y iy, 12)
We have immediately by (2.3.7):
Nye = sup Wz, y,8) > Ny > 0.

(z,r,y,8)E(R™ X (—00,M))?

Since W, . is upper semi-continuous and coercive, we have that W, (z,r,y, s) achieves its
maximum at some point (Z.e, a.e, Yaes Sa,e)- We state a technical lemma, the proof of which
is postponed after the proof of this theorem.

Lemma 2.3.4. (a) lim o+ Ny = Ng;
(b) For any a > 0 small enough, im0+ (||(Zae, Tare) = (Yare, Sae) I?) = 0;
(¢c) There exists a constant C" > 0 such that a(||(Ta.c, Ta.c)|| + || (Vares Sac)|]) < C'V/a;

(d) For e > 0 sufficiently small, v, < M and s, < M.

Let us return to the proof of Theorem 2.3.3. Since (24, 7q,) is a maximizer of (x,r) —
Wee(®, 7, Yae, Sae), we have, for any (z,7):

1
Wl(x7r> §W1<xa,ea ra,e) + Z(”(x7'r) - (ya,eu 3a,e)|l2 - H(xa,ev'ra,e) - (ya,ev Sa,e>H2)+

5 (1@ M) = | @aes ra ) IP)-

Let us denote by ¢(x,r) the right-hand side of the above inequality, and we have that
(z,7) = ¢(z,7) is an element of C'(R™ X (—oo, M)) and that W; —¢ has a global maximum
at (z,7) = (Tae, o). Since Wi is a viscosity sub-solution of equation (2.3.1), by definition,
we have:

H((Zaes Tae)s Wi (Zase, Tare), Diar)(Zase, Tare)) > 0.
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Thus:

2

H((ZE@G, Ta,e); Wl(xa,ey Ta,e)a E ((xa,w Ta,e) - (ya,ea Sa,e)) + a(xa,ey ra,e)) Z 0 (238)

In the same way, since (Yq.e, Sa.c) is @ maximizer of (y,s) — Wy (Tae, Tae, Y, ), we have, for
any (y,s):

1
WQ(y7 S) 2W2(ya,ey Sa,e) + E(H(xa,e; Ta,e) - (ya7e> Sa,e)||2 - H(xa,ea Ta,e) - (?/, S)H2)+
a
5 (IWacr 50 ) I” = [y, 9)I)-
Let us denote by ¢(y, s) the right-hand side of the above inequality. (y,s) — ¢(y, s) is an

element of C*'(R™ X (—oo, M)) and Wy — ¢ has a global minimum at (y,5) = (Ya.c, Sa.c)-
Because Wj is a viscosity super-solution of equation (2.3.1), we have:

H((ya,e7 Sa,e)a WZ(Qa,e, Sa,e)a D(y,s)¢(ya,ea Sa,e)) S 0.
Thus:

2
H((ya,e, Sae)s WaYa,e, Sare), E((xa,ﬁ,'r’a,e) — (Yase> Sare)) — a(Yae, sa,e)) <0 (2.3.9)
Combining (2.3.8) with (2.3.9), we have:

O SH ((xa,ea Ta,e)a Wl (xa,ea Ta,e)7 ((Ia,ea Ta,e) - (ya,ﬂ Sa,e)) + a(xa,e; Ta,e)) -

((xa,m ra,e) - (ya,e7 Sa,e)) _ a(ya,ea 3a7e)> .

AN |

H ((ya,€> Sa,e)a WZ (ya,ea Sa,e)a

Applying the estimations (2.3.5), (2.3.3) and (2.3.4) to the right-hand side of the above
inequality, we deduce that

(Tares Tae) — (Yares Sare

0<H ((Ia,ea TCL,E)7 Wi (*ra,ea Ta,e)7

(TaesTare) = Waes Sac)) ) + Call[(Zaes Tac)ll + [|(Yaes Sac)l)

))-
)
(Zaser Tase) = (Yases Sase )>
H ((ya,e> Sa,e)a WZ(ya,e; Sa,e)a Z ((xa,ey ra € ya € Sa,e ))
- U(Wl (xa,m Ta,e) - WQ(ya,e> Sa,e))

- 2
SC(l + EH(Ia,ea Ta,e) - (ya,ea 5a,e)||) ||<xa,ea Ta,e) - (ya,ea Sa,e) H+
Ca(”(xa,ea Ta,e)” + H(ya,67 Sa,e)H) - U(Wl(xa,ea ra,e) - W2(ya,67 Sa,e))-

H ((ya,e> Sa,e)a W2 (ya,ea Sa,e)a

—_— T~ —

<H ((Ia,ea TCL,E)7 W, (ya,e; 8(1,6)7

N [N DNA | b

+ Ca (I xaearaﬁ)” + ||(yaea3a5)||)
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Finally, by the very definition of N, :

- 2
O SC(l + g||(xa,ey ra,e) - (ya,67 Sa,e)”) ||(xa,ea Ta,s) - (ya,ea Sa,s)”"’
C_va(||<wa,ev7"a,e)|| + ||<ya,e7 Sa,ﬁ)”) - nNa,e)

Letting € — 01 in the above inequality, we obtain, in view of Lemma 2.3.4:
0 < CC'va—nN,.

Letting a — 07, this yields: nN < 0, which is a contradiction with (2.3.6). Thus W; < W5.
The proof is complete. O

Proof of Lemma 2.3.4. Since we have, for K > max{||W1||oo, ||[W2]|o0 }:

o 2
0< Na S Na,e - Wl(xa,€7 Ta,e) - WQ(ya,Eu Sa,E) - ||($a76’ ra75) (ya’e’ 8a75)|| -
€

|| (xa,ea ra,s) - (ya,ea Sa,e)
€

I
(I@ae; e I* + | (Yo Sae)lI?) < 2K — -

(I@aes ra ) II* + | Yaes e I)-

Nl

This proves that (c¢) holds and that ”(x“’e’“‘);(y“’e’s“")”2 is bounded provided that a is small
enough. Thus [[(Zac,Tac) — (Yae, Sac)|| tends to 0 as € — 0F. Let us fix a > 0 small
enough. By the fact that (24, Ta.c; Yae, Sae) is bounded, let (z,,7,) be a cluster point of
((xw, ra75))6>0 and ((ya@ 3a75))6>0 as € — 07. Let (&,)nen be a sequence such that e, — 0
and lm, o (Zae,, Tae,) = My oo (Yaens Saen) = (Za, o). We have:

N, < lim N,

n—oo

N a
<Hmint (W (@o,: o) = Wallaers Sae) = 5(1@aces Fae) I + | o 50.)17)]

n—o0

. a
<limsup [Wl (xa,em Ta,en) - WQ(ya7env Sa,en) - §(||(xa,en> Ta,en)”Q + H(ymenv 3a,€n)|l2>}

n—oo

<Wi(xa,74) — WolZa,7e) — aH(:z;a,ra)H2 < N,.

The last two inequalities are due to the fact that W; — W, is upper semi-continuous and
Wi(xag, M) = Wy(za, M) (ie. 1, < M, since if this is not true, we would have N, < 0, a
contradiction). Thus, we have lim,,_,o, N, ., = N,. In addition, the above inequalities yield:

lim (W, (xa,em ra,en> - W2(?Ja,en> Sa,en) -

n—oo

:Wl<xaa ra) - W2($a7ra) - a||(xa, rll)Hz

(I a.cns Tae) II* + 1 (Yacn sa,en)HQ)]
N,.

|
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This implies that:

- 2
ti 1w Toe) = Wnenr Suedl” _ iy (1 2y 1) = Wl )~
n—00 €n n—0o0

a
5(”(1'04,5”,7’0"6”)”2 + ||(yayfn7 Sa,en)H2) - Na’ﬁn] = 0

Since this is true for any €, — 0 such that (Za.,,7a.c,s Yaens Sae,) 18 converging, by a com-
pactness argument, we have finally (a), (b) and (d) hold and thus the proof of the lemma
is complete. O

A direct consequence of the above comparison principle is the following:

Corollary 2.3.5. The Hamilton-Jacobi-Isaacs equation (2.3.1) has at most one bounded
continuous viscosity solution.

2.4 Existence and Characterization of Value

In this section, we present the main result of this paper: the existence of value for game
G(Xo,70,p) and its characterization. By Corollary 2.2.9, we can extend V*t and V~ by
continuity to (R™)! x (—oo, My] x A(I) by defining, for any X, € (R™)! and p € A(I):

VH(Xo, Mo, p) =Y piV(xh, My); V™ (Xo, Mo,p) := Y _ piV(xfy, My).

el i€l

Throughout this section, we do not distinguish these value functions from their extended
versions above and thus both V* and V= are bounded continuous functions on (R")! x
(—o0, My] x A(I). Let us state the main result:

Theorem 2.4.1. Under Isaacs’ condition (2.1.5), game G(Xo,70,p) has a value. More-
over for any p € A(I), the value function (Xo,r9) — V(Xo,70,p) is the unique bounded
continuous viscosity solution of the Hamilton-Jacobi-Isaacs equation (2.0.2).

Proof. Since the hamiltonian H, satisfies the assumptions (2.3.3), (2.3.4) and (2.3.5), the
Corollary 2.3.5 implies the uniqueness property of bounded viscosity solution for the equa-
tion (2.0.2). To end the proof we only need to obtain the existence property for the PDE
(2.0.2) which is a consequence of the Proposition 2.4.2 stated below. O

Proposition 2.4.2. For any p € A(I), the value functions V*(-,p) and V~(-,p) are re-
spectively viscosity sub-solution and viscosity super-solution of equation (2.0.2).

Proof. By Remark 2.2.1 and Lemma 2.3.2, we only need to prove the proposition for V1,
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Let ¢ € C*((R")" x (—o0, My)) be a test function such that V*(-,p) — ¢ admits a local
maximum at some point (Xo, rg) € (R")! x (=00, My). Since VT is continuous, to conclude
the proof, we only need to prove that:

_)\V+(X07 TOap) + HP(X07 To, DX,TQD(XOa TO)) 2 O (241)

Since (V7 (-, p) — ¢)(Xo,70) is a local maximum, there exists some ¢ > 0 small enough such
that for any (X ’I") S B((X07TO) 6)7 V+(X7 Tap) < V+(XO7T07P> - 90(X07T0) + 90<X7 T)' Let

_ 6 MO —7g . . . . +
ho = (\/IlfH2 et Nollee ). Thus, by the principle of dynamic programming for V'

(Proposition 2.2.2), for any h € (0, ho):

V*(Xo,70,P) 1nfsup Zpl/ (X, R)IO s v)v,a(v)(t),v(t))dt
eIV (X g, PO )

But we have ((X;fé’a(”)’v)ie[,Rzo’a(v)’”) € B((Xo,70);6) for all (o, v) and all h € (0, hy),
thus:

h )
(1= eV (X0, 70,p) < infsup D p, / eMO((X, R aw)(t), u(t) ) dt
ier 0 (2.4.2)

M () g, RO — (X, ).
Let us make some estimates on (2.4.2). We have first of all:

(]— - 6_>\h)v+(X0,7"0,p) = h)‘v+(X0a To,p) + O(h) (243)

Secondly, let K > 0 be a upper bound of \/I||f[|% + [lg]|% || Dx,n el on B((Xo,70);0). For
any (u,v) € U x V, we have:

e =) (X Nt Bi2™) = 9o ) )| < B = D+ ofh) = o). (2:44)

By (2.4.2), for any fixed constant control ug € U, there exists v € V such that:

h )
(1= e MVF(Xo,r0.p) —€h < pi / (X, R)[TMO g, (1)) dt
ier 70 (2.4.5)
h

xl ug,vfe 70,u0,0"" €
+€_M<80((Xho "0 ier, Ry )—SD(XOJ“O))-

For convenience, let us denote by F(Xy, 79, g, vo) (vg € V') the map:

(Xo, 70, U0, v0) > <(f(x67u07UO))iepg(rOau07U0>)'
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Since D(x )¢ is uniformly continuous on B((Xo,r¢);6) and F, ¢ are Lipschitz continuous
with respect to the state variables, this implies:

(L’ ,U Uh 70 , Ui U
X 0-H0 )ZGI?RO o ) SO(X(LTO)

/ (D (G e, B ) F (O Yier, B g, 0™ (1)) )t

/ (D x,rye(Xo,70), F(Xo, 70, tg, v “(t)))dt + o(h),

(2.4.6)
and that for any ¢ € I,

h ) h )
/ e_)‘té((X, R)foﬂ'o,uo,yh g, v ( ))dt < / f((X’ R)txoﬂ“o,uo,vhv g, vh,e(t))dt
0 0 (2.4.7)

:/0 0, ro, uo, o™(8)) dt + ofh).

Combining (2.4.6) with (2.4.7), we have:

& 10 10,0 xl ug,vfe ro,u0,0" ¢
ZPZ/ e ME((X, R)™N Jug, o™ (1)) dt + o (X ier, BZ™) = 9(Xo,70)

el

h
S/ <-D(X,7‘)QO<XO7TO)7F(X(]?TOauOJ > sz I’O,To,’do, ())dt+0(h)
0

icl
Sh rilea{/}v( {<D(X,T)Q0(X07 TO), F(XO7 To, Uo, U)> + Zplg(x%h To, Uo, U)} + O(h)
iel
Applying the above estimation with (2.4.3) and (2.4.4) to the right-hand side of (2.4.5), we

obtain:

—eh + o(h) gh( — AV (Xo,70,p) + max {<D(X,T)SO(XO> ro), F(Xo, ro, ug, v))+

Zpié(a:f),ro,umv)}>

iel
Dividing both sides of the above inequality by h and letting A tend to 0 gives:
—e < —AVT(Xo,70,p) + max {<D(X,T)SO(X07 r0), F'(Xo, o, U0>"U)> + Zpig(xéar(h UO>U)}~
iel
Since € > 0 is arbitrary, by taking the infimum on wug in the right-hand side of the above
inequality, we have:

0 < AV (Xo,70,p) + H, ((Xo,70), Dix.ye(Xo,70))-

According to Isaacs’ condition (2.1.5), the above inequality reduces to (2.4.1), which is the
wished result. The proof is complete. O
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2.5 Applicability of the Approach

In this section, we demonstrate the applicability of our approach by studying a differential
game with incomplete information (denoted by G (Xo,¢q)). In game G (Xo, q), the initial state
of the dynamic is chosen randomly among only two points 2} and z2 and the information
will be revealed to both players when and only when the dynamic hits the closed unit ball
B(0;1) C R™.

The information structure of game G(Xy,q) is of a different form to that of game
G(Xo,r0,p). However, we will show in this section the similarity between the informa-
tion structures of these two games and we will demonstrate that our approach developed in
previous sections can be applied to game C;(Xo, q) to obtain the existence of a value of the

game. Let us consider a following dynamic:

{ () = f(x(t), u(t), v(t), t=>0; (2.5.1)

z(0) = 2o € RY.

Let t — X" denote the trajectory of the unique solution for system (2.5.1). We
associate to this differential game a pay-oft:

J (a0, 1, 0) = / MUK u(t), o(t))dt. (2.5.2)
0
The game is played as follows:

1. Before the game begins, an initial state xq is picked randomly from the set Xy :=
{x}, 22} according to the probability measure (¢,1 — ¢) € A(2) with ¢ € (0,1). In
addition, we suppose that for any i € {1,2}, i € O C RY with O := RM\B(0;1).
Player 1 and Player 2 both know as common knowledge (¢,1 — ¢) and Xy, but they
are not informed about the chosen .

2. Player 1 chooses the control u to minimize J (29, u,v) while Player 2 choosing the
control v to maximize J(xg,u,v). As usual, both players observe all played actions
with perfect memory.

3. If T(xo, u,v) == inf{t > 0 | X" € O°} < 0o, the current state X=0""
T Z0,

(z0,u,v)

is publicly

announced to all players at the hitting time ¢ = T'(z, u, v).

To guarantee the existence of value of the above game, we suppose in this section that:

(i) f:RYN x U xV — R is a bounded, continuous function which is Lipschitz continuous
with respect to the first variable; in addition, for any (x,u,v) € RM\{0} x U x V,
(f(z,u,v),z) <0
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(ii’) £: RN x U x V — R is bounded, continuous and Lipschitz continuous with respect to
the first variable;

(iii’) Isaac’s condition: for any (z,y) € RN x RN, £ = (&,&) € RV x RY, g € (0,1):

inf sup (&, (f(z,u,0), f(y,u,0))) + al(z,u,0) + (1 = @)y, u,v)

=sup inf (& (fla,u,0), fy,u,v))) + gl u,0) + (1 — )y, u,v).

(2.5.3)

For future convenience, we define:

A~

Hy(X = (z,y),€) := inf sup (¢, (f(x,u,v), fly,u, v))) + gl(z,u,v) + (1 — )0y, u,v).

wel yey

Now let us demonstrate the relation between game Q and game G discussed in the previous
sections. Let us introduce, for any (Xo,u,v) € R?Y x U x V, the following function:

tiy RXOMY = — min | X750,
ie{1,2}

By the assumption (i’) on f, R¥owv ig strictly increasing within [O,j‘(Xo,u, v)] where
T(Xo,u,v) = infieqr o Tz, u,v). Furthermore, it is clear that during game G(X,q),
both players will be informed about the exact choice of xy at 7'(X0, u,v) no matter which

i € {1,2} is chosen before the game begins. Suppose that 1 = argmin,e g o, T(f, u, v), then

T x2,u, . -
either X;i‘lzliv ) is revealed at T'(z},u,v) or nothing (or XT(E’ N )) is revealed at T'(x}, u,v)
T(,U,V $07uAvU
and both players know that ¢ = 2. Hence, step 3 of game G(Xj,q) is equivalent to the
following:

3’ During the game, if ¢ — R;°™" hits a fixed target My, = —1, the current state

~ ~
0,U,V

(X0 1) is publicly announced to all players at the moment ¢ = T (X, u, v).

Although the function R0 ig not differentiable with respect to ¢ (in comparison to RTo-""
for game G(Xy,rp,p)), one can check that:

Lemma 2.5.1. For any T > 0, the function Xy — Rffo’“’” 18 locally Lipschitz continuous
uniformly for any (t,u,v) € [0,T] xU x V. In addition, given (Xo,u,v) € R* xU xV and
0<t<T(Xo,u,v), for any 0 < At < T (Xo,u,v) —t and 0 < < 1:

A

Rt)ff’;t’” — R > — (z, fz,u/,v')) At > 0.

_ max
(B(0s]| X0\ B(0;6)) xUxV
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Therefore, as in game G, a strategy for Player 1 in game Q(XO, q) is defined as an element
A= (o, (a)perny) of Ag x (AR and that for Player 2 is an element B = (3, (8,)zery) of
By x (By)¥". For any X, € R?N and i € {1,2}, we associate to each triplet (z, A, B) the
trajectory:

t Xx0 AP = Afé’ug’B’UiA’B
where with Z; := X;—é;::ij;:ia,a)’
iy (1) = {ua,g@), A t € 0 7Koo )
. Uay, By, (t — T (Xo,Uap,Vap)), t€[T(Xo,Uag, Vap), +00);
iy (1) = {vaﬁu), A t€ 0,7 (Ko g, )
Vg, 52, (t = T(Xo, o vap)), £ € [T(Xo,tta5,v05), +00).

In the above formulas, the controls (ua,p, va,s) and (a5, Vas, 65, ) are defined as in Lemma
2.1.4. We can furthermore write the game into a normal form by associated to each pair of
strategies (A, B) a following pay-off:

J(Xo,q, A, B) :—q/ e M(XToMP A,B)dt+(1—q)/ e MU(XTOM A B)dt.
0 0

We thus define the upper- and lower-value functions of game G (x0, q) as follows:

V+(X07q> = Hj}lfsup j<X07Q7A7 B)7 V_(XOJQ) = Supi%fj<X07Q7A7B)'
B B

Let us present briefly the procedure for proving that game G (X0, ¢) has a value. Thanks
to Lemma 2.5.1, we can prove a following lemma in a similar way as in the proof of Lemma
2.2.3.

Lemma 2.5.2 (Two-step Programming Principles for game G(Xy,q)). For any (Xo,q) €
0? x 0,1], we have:

T (Xo,a,v) .
+ — _)\t :BO a,v —)\T(Xo,a V)Y 550 a,v
VT(Xo,q) —alenjd iIEIEQ{/O O(X[0™ a,v)dt + e V(XT(XOM) Mo)}+

2

T (Xo,a,v) )
(1 —q){/ —Atg( :t:oav )dt+e‘AT (Xo,a,v) V(ngo’a’v M())},
0

T(Xo,a,v)’

T(XQ,’U,,B)
- oM g UB AT (Xo,u,8)7, x§u,B
V™ (Xo, )—ﬁsggiggq{/o O(X[" u, B)dt + e 0By (X2 o ,MO)}+

T(XO’U’B) At xuﬁ AT (Xo,u,B8) {7 ( v-3.uB
o [ e v
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In the above equalities, the function (y) — V(y) is defined by:

~

+oo o
V(y) := inf sup/ e_AtK(Xf’a(v)’v,a(v)(t),v(t))dt
0

a€Aq yey

+o0 . R
= sup inf / e ME((XP™ (), Bu)(t))dt.
,BGBdueu 0

As in Section 2.3, we can deduce from the above lemma the dynamic programming
principles for the value functions of game G(Xj, q).

Proposition 2.5.3 (Dynamic Programming Principles for G(Xo,q)). For any (Xo,q) €
O? x [0,1] (thus, R;*"“" < —1 for any (u,v) € U x V) and h > 0 small enough,

h 1 h ~ A 2
V1 (Xo,q) = inf sup {q/ e*W(XfO’a’”, a,v)dt + (1 - q)/ e*’\tﬁ(XfO’a’U, a,v)dt+
0 0

acAy v

e Myt ((X,fé’a’v)ie{m}, q) }7

(2.5.4)
h 1 h ~ A 2
V= (Xo,q) = sup inf{q/ e”\tﬁ(f(fo’“’ﬂ,u,ﬁ)dt—l— (1-— q)/ e’Até(Xfo’u’B,u,ﬁ)dt—i-
BeBy; “ 0 0
e Myt ((X,fé’u’ﬁ)ie{l,zy CI) }7
(2.5.5)

By repeating the process in Section 3 and Section 4, as a consequence of the above
proposition and Lemma 2.5.1, we can obtain the existence of a value for game G(Xy, q).

Theorem 2.5.4 (Existence of a Value for Game G(Xo, ¢)). Under Isaacs’ condition (2.5.3),
game G(Xo, q) has a value and for any q € [0,1] fized, the value function Xy — V (X, q) :=
VH(Xo,q) =V~ (Xo, q) is the unique bounded continuous viscosity solution of the Hamilton-
Jacobi-Isaacs equation:

— A\W(X) + H, (X, DW (X)) =0, X € 0%
~ ~ . 2.5.6
WX = (a102) = V(o) + (0= )V (a), min o = -1 59

2.6 Conclusion

We have proved in this paper the existence of the value for game G(Xg,ro,p) under an
Isaacs’ condition and we have furthermore characterized its value function as the unique
bounded viscosity solution of a Hamilton-Jacobi-Isaacs equation. We have also shown that
our approach is powerful enough to obtain the existence of a value for several games with
incomplete information and revealing.
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Chapter 3

Existence of Value for Differential
Games with Incomplete Information
and with Signal Revelation - A
General Case

Abstract:
In this paper, we investigate the existence of value for a two-person zero-sum differential
game with incomplete information and with signal revelation. Before the game begins, the
initial state of the dynamic is chosen randomly among a finite number of points in R”
while both players do not know the chosen initial state. During the game, if the system
reaches a fixed closed target set K, the current state of the system at the hitting time is
revealed to both players. We prove in this manuscript that this game has a value and its
value function is characterized as unique bounded continuous viscosity solution of a
suitable Hamilton-Jacobi-Isaacs equation.

Key words: Differential Games; Incomplete Information; Hamilton-Jacobi-Isaacs Equa-

tions; Signals.

AMS Classification: 49N30; 49N70; 91A05; 91A10; 91A23.
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Introduction

We consider the following dynamic system in R™:

#(t) = f(a(t),u(t),v(t), t=>0;
B (P)
z(0) = xo.
In the above system, (u,v) is a pair of controls. We suppose that the map f is regular
enough such that for any pair of admissible (measurable) controls (u,v) and any initial
constants xg, the dynamic (P) has a unique solution denoted by t — X", To each triplet
of (xo,u,v), we associate a following running cost:

+o0
J(xg,u,v) = / e MO(XTY u(t), u(t))dt, (3.0.1)
0

where £ is a real value function that is regular enough. Let I be positive integer and let
Xo = {z{}icr be a subset of R" indexed. Here we apply a slight abuse of notations by
denoting the sets {1,2,...,I} by I. We fix A(I) :== {p € (R*)" | 3L, p(i) = 1} the set of
probability measures on I, and K C R" a closed target set. For p € A(I), let us consider
G(Xo,p) a two-person zero-sum differential game with incomplete information and signals
played as follows:
(A) Before the game begins, an index i € [ is chosen randomly according to p = (p(z))l e €
A(I). The chosen index i is not communicated to any player. The set X, and the
probability measure p are supposed to be common knowledge of both players.

(B) The game begins with zy = z in (P). Player 1 chooses the control u in order to
minimize running cost J(x}, u, v) and Player 2 aims to maximize J(z}, v, v) by choosing
the control v. Both players observe during the game all played actions with perfect
memory.

(C) During the game, both players also observe with perfect memory a signal:

(0,0) eRxR", ift<T;
SinU = xb u,v .
o (1, X500y, ift>T.

with 7 = inf{t > 0 | X7"" € K}.

Here by saying “with perfect memory”, we mean that at any moment ¢t > 0, the player
knows the restriction of the application ¢ — (u(t),v(t)) on the interval [0,].

Now we explain the signal structure. During the game, the signal observed by the players
is composed of two components: the first one takes binary values which is an indicator for
whether the target K has been hit: it is 0 before K is hit and it turns to 1 after the hitting
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occurs; the second one indicates the current state of the system at the moment 7 and it
is the constant vector 0 if the system has not reached K. Before the dynamic (P) hits the
target K, both players receive no further information and observe a constant pair (O, 0).

As soon as X" reaches K (at the moment T), both players receive the pair (1, Xf;‘l)’u’v)
where the integer 1 serves as a sign of “target hit”. This avoids the possible confusion while
Xxé,u,v —0

7— e .

When the target set is K = R” (the initial state is revealed immediately as the game
begins) or K = () (the initial state is never revealed), our game model reduces to a classic
differential game with complete information. For non-trivial subset K of R", game G(Xy, p)
can be interpreted as a differential game with incomplete information and revealing since
the step (C) above is in fact equivalent to:

(C’) When X, ¥ hits the target K, the current state (i.e Xﬁ]’u’v) is announced publicly
to both players.

This furthermore indicates that the game models studied in [73] can be viewed as a particular
cases of game G(Xy,p). During G(Xo, p), for profiting from their information, both players
should choose their actions according to the triplet (u,v, Sai ww)|04 at any moment ¢ > 0.

In this paper, we define the upper- and lower-value functions of the game under suitable
notion of strategies and we investigate the existence of a value (i.e. the upper- and lower-
value functions coincide) and the characterization of its value function.

Differential games with incomplete information was studied in [16] which generalized
the repeated games with incomplete information of Aumann and Maschler in [2] and the
theory of differential games of Isaacs in [40]. In recent years, further investigation of the
game model in [16] brought forward several results for these game models (such results can
be found in [12, 17, 19, 21, 43]). In particular, the existence of value of related game models
are investigated in [24, 25, 54, 74]). In comparison with these above articles, our game
model concerns the case where players receive signals generated by the current states of the
system during the game. Thus suitable notion of strategies for the players is necessary for
the study of the game model.

Compared with pursuit-evasion games (for example, in [4, 22, 32, 40, 47, 55, 63, 69, 77]),
players in our game model do not necessarily aim for optimizing 7 itself. It is not necessary
that they will always try to avoid or reach the target and this requires appropriate hypothesis
on the boundary of the target set.

In this manuscript, we prove that the game has a value and that this value is the unique
continuous viscosity solution of a Hamilton-Jacobi-Isaacs equation on the open set (R™\ K)”.
To obtain the existence of value for our game model, we follow the classic scheme in [33]:
We first prove that the upper- and lower-value functions of game G(Xj, p) are respectively
viscosity sub- and super-solutions of the same Hamilton-Jacobi-Isaacs equation restricted to
(R™\K)!. Then we prove that this equation has a unique bounded viscosity solution with a
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boundary condition. Thus, the upper- and lower-value functions of the game coincide and
there follows the existence of value.

There are three main novelties of this new game model. Firstly, we do not require the
hitting time 7 always finite (for example, in [73]), i.e. the players are able to stay outside
of the target set given proper dynamic system. Secondly, we introduce in this paper the
notion of non-anticipative signal-depending strategies with delay which allows the players
to choose their actions according to the observation of played actions and the signal. Such
strategies are more complicate than classic non-anticipative strategies with delay and we
shall show that under such strategies, the normal form of the game could lack for continuity
which poses one of the main difficulties in this paper. Thirdly, the equality between the
upper-value and the lower-value does not automatically hold while X is on the boundary
of the open set (R™\K)! (in comparison with Bolza problems in [16, 54, 74] or the pursuit-
evasion games listed above), this means that the upper- and lower-value functions do not
automatically verify the boundary condition in the comparison principle for the Hamilton-
Jacobi-Isaacs equation, which brings technical obstacles in the proof of the main results in
this manuscript.

This article is organized as follows. After the preliminary section, we investigate the
notion of non-anticipative signal-depending strategies with delay in Section 2 and we define
the normal form of the game under such strategies. In Section 3, we study the continuity
of the upper- and lower-value functions of the game and we prove furthermore a dynamic
programming principle for its upper-value function. Finally, the last section is devoted to
the proof of the main theorem.

3.1 Preliminaries

In this paper, we denote by ||z|| the euclidean norm of z € R", and (x, y) the associated scalar
product of any points z, y € R”. An open ball with center z € R™ and radius a is denoted by
B(w;a), and its closure by B(z;a). Also we identify probability measures on the finite set I
with elements of A(I). The support of p € A(I) is defined by supp(p) := {i € I | p(i) > 0}.
Let us suppose the following hypothesis:

(i) U, V are two compact metric spaces, both endowed with the Borel o-algebra;

(ii) f:R"xU xV — R"is a bounded, continuous function which is Lipschitz continuous
on the first variable uniformly in (u,v) with a Lipschitz constant Ly > 0;

(iii) ¢ : R" x U x V' — R is bounded, continuous, and Lipschitz continuous on the first
variable with Lipschitz constant L, > 0;

(iv) U denotes the set of measurable maps u : RT — U while V stands for the set of
measurable maps v : Rt — V;
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(v) the constant A > 0 is fixed and K is a closed subset of R".

(vi) the following Isaacs condition holds true:

for any Xo = (2()ics € (R™)!, ¢ € (R")! and p € A(I),H;(Xo,f) = H, (Xo,¢),
(3.1.1)

where:

H;F(XU?g) = inf sup {<<f(x6?u7 U))z‘eh&) + Zp(z’)é(xé,u, U>}§

u€l ey

i€l
Hp_(XO7§) = iglfjsu‘g {<<f(]}6,u, U))iebé) + ZP(@V(%% U)}
ve iel

Elements of U (resp. V) are called admissible open-loop controls of Player 1 (resp. of
Player 2). In addition, we suppose that both ¢ and V are equipped with the corresponding
L*>-topology.

By Hypothesis (ii), for any (xg, u,v) € R™ x U x V, the system (P) has a unique solution
defined on [0, 400). As in the introduction, to each solution of (P), t — X" we associate
the running cost J(zo,u,v) defined by (3.0.1).

Let us recall a useful property of the dynamic (P). For any (u,v) € UV and (t, xo, z() €
R x R™ x R™, we have:

X0 — XU < ety — a. (3.1.2)

To any (zg,u,v) € R" x U x V, we define the corresponding “hitting time” of system (P)
at the closed target set K by T (xg,u,v) := inf{t > 0 | X;""" € K}. Here we allow T to
take its values in R U {+o00}. We suppose in addition the following hypothesis:

(vii) For any 0 < T < 400, Tr(xo,u,v) := min{T (zo,u,v), T} is locally Lipschitz con-
tinuous on o uniformly with respect to (u,v). More precisely, for any xy € R"
and 0 < T" < +o0, there exists an open neighbourhood B,, of zy and a constant
L1(B,,) > 0 such that for any (u,v) € U x V and z, y € B,:

|7}(JZ,U,U) - %(y’u7 U)| < LT(BOCO)HJ: - y”

When K = () or K = R", the above hypothesis holds. For the case K being non-trivial
subset of R™, we have the following:

Corollary 3.1.1 (cf. [71]). Let K = {z € R" | &(x) < 0} with ® € C*(R™;R) such that
Vo(z) #0if &(z) =0. If for any v € OK and any (u,v) € U XV, (f(z,u,v), VO(z)) <0,
then for any T > 0, the function xo — Tr(xo,u,v) is locally Lipschitz continuous uniformly
with respect to (u,v).
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Remark 3.1.2. This lemma shows that Hypothesis (vii) can be fulfilled by setting the bound-
ary of K being “absorbent”. We remark that the condition proposed in the above lemma is
stronger than those for differential games with state constraints (cf. [22]). This is because
i this game model there is not any state constraint.

Now we introduce the signal space. Let S denote the set of all functions st. : RT™ — {0,1}
with 7" € [0, 4+00] such that:

Sh(t) = T oo ().
Let S? denote the set all functions: s, : RY — R” with 2 € R® and T' € [0, +oc] such
that:
szr(t) = 211 100) (1)
We define the signal space S := {(sp,55 ) € S' x 8* | T € [0,400] and z € R"}. Clearly
for any i € I and (u,v) €U XV, 544 4, € S.
Let us define respectively for St and S? a distance by setting :

dsi (sgy, 57,) = [T1 — T

|x1 — 22|, T, # 400 and Ty # +o0;

0 if Ty =15 = +oo;

dd 2 2 = ’ ’
an 82(Sm1,T173m27T2)) + 00, if T, = +00 and T 7é +00;
+ 00, if T} # 400 and Ty, = +00..

In this manuscript, we equipped & with the topology induced by the product topology
on 8! x §?% as product space of the topological metric spaces (S!,ds1) and (82, ds2). An
interpretation of the above distances is that two signal functions are close if and only if the
revealing time and the revealed information are both close.

Remark 3.1.3. As defined above, we allow here the distance between two points to be
infinite. In this case, a subset S of S' is open if and only if for any s' € S*, there exists
§ > 0 such that the open ball B(s';8) C S. The sigleton {0} C S' is an open neighbourhood
of the constant function equals to O and thus both open and closed. For more properties of
such metric topological spaces, readers may refer to [13].

3.2 Strategies and Normal Form

Before we introduce the notion of strategies for game G(Xy, p), we first recall the following:

Definition 3.2.1 (Non-anticipative Strategies with Delay (in short, NAD Strategies) of
Player 1, [21]). An NAD strategy of Player 1 is a Borel-measurable map: o« @V — U
such that: there evists 7, > 0, for any vy, va € V, t > 0, if vi]ppg = V2|04 a-e., then
a(v1)jo,t4ra] = @(V2)|j0,t474] @-€.. The set of such maps is denoted by Ajg.
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We define an NAD strategy of Player 2 similarly and let B; denote the set of NAD
strategies of Player 2. Below is a useful property of NAD strategies:

Lemma 3.2.2 (cf. [21]). For any (a, B) € Aq X Ba, there exists a unique pair of admissible
controls (Ue g, Va,p) such that:

(Va,8) = Ua,p and B(ta,pg) = Vap.

Since NAD strategies do not depend on the observation of signals, to characterize the
signal structure of game G(Xj, p), we need a signal-depending version:

Definition 3.2.3 (Signal-depending NAD Strategies of Player 1). A signal-depending NAD
strategy of Player 1 is a Borel-measurable map: o : S x V — U such that: there exists
To >0, for any vy, va €V, s1, 55 € S and t > 0, if vi|j0q = V2l a-e. and si|pg = S2|0,4;
then o(s1,v1)|j0,4ra] = (82, 02)|[0,447a] @-€.. The set of such maps is denoted by As.

Signal-depending NAD strategies of Player 2 can be defined similarly and we denote by
B the set of all such strategies of Player 2.

Remark 3.2.4. [t is clear that any NAD strategy can also be viewed as a signal-depending
one, thus we have Ay C Ay and By C B,.

We recall that, for any (xg, u,v) € R" xU xV, we denote by Sy, . the signal function ob-
served by the players during game G(Xo, p) while xq is chosen as initial state of dynamic (P)

. . . 1 2
and the pair of controls (u, v) is played. Observe that sy u.e = (57,0 u.0): XIS T o)

S. In this paper, we denote by (0, t) for some ¢ > 0 (resp. V(0,1)) the set of all measurable
controls u : [0,t] — U (resp. v : [0,t] — V). We have the following:

Lemma 3.2.5. For any (zo,a, ) € R" x A x B, there exists a unique pair of controls
(umo,a,ﬂavxo,aﬁ) such that:

O‘(Sxo,uzo,a,ﬁmzo,a,ﬁv Umma,ﬂ) = Uzg,0,8 and B(Smo,uzo,a,awzo,a,m uxma,ﬂ) = VUzg,0,8-

Proof. Let us fix (xg,,3) with 7 > 0 a common delay of o and 5. Without loss of
generality, we suppose that xy ¢ K (for if zp € K, 4,4, is constant) and we prove the
lemma by recurrence.

Since Syu0(0) = 0 for any (u,v) and the pair of strategies (a, ) is non-anticipative
with delay 7, there exists (ug,09) € U(0,7) x V(0,7) such that for any (u,v) € U x V:

Q(Smo,u,v7 U)’[O,T} = U and 5(5:1:0,%1)7 u)’[O,T] = p.

Let us assume that for & € N,, there exists (ug, vx) € U(0, k) x V(0, k7) such that: for any
<U’7 U) €U x V7 if (U, U>|[O,(k:—1)7'] = (Hka 77k)|[0,(k—1)ﬂ a.e., one has:

O‘(Smo,u,m U) [0,kT] — Uy, and B(Saﬁo,u,m u)|[0,kﬂ = V.
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We prove that there exists (U1, 0p1) € U(0, (k + 1)7) x V(0,(k + 1)7) such that if
(u,v) € U x V satisfies (u,v)|j0xr) = (Ur, Tx), then

a(sazo,u,va U)l[O,(kJrl)‘r] = Uk+1 and B(Szo,u,va u)|[0,(k+1)7’] = Uk+1-

Let w € U and v € V be fixed and we denote respectively by u, € U and v, € V the
following controls:

U (t if t < kr: Ur (T if t < kr:
ug(t) ::{uk( )y it <k and vy () ::{Uk( ), i1k

A ~

U, else; 0, else.
If (w,v)|jo,kr) = (Ur, Ug), then we have:

S;ro,u,vl[O,kT] - Sxo,uk,vkho,kr]‘

This implies that:

a(sxo,u,va U)|[0,(k+1)‘r] - a(sxo,uk,vk7 Uk)l[o,(k-i—l)T];

ﬁ(sxg,u,w U,) ‘ [0,(k+1)7] — B(Smo,ukﬂ)k? uk) ’ [0,(k+1)7]»

and therefore, by defining i1 := (Szq,up,v05 Vi) |[0,(k+1)7] A0 Vi1 := B(Sag,up o> Uk) [[0,(k+1)7]
we have proved our claim.

By the hypothesis of recurrence, for any m € N,, there exists a unique pair of controls
(U, Um) € U([0, m7]) x V([0,m7]) such that if (u,v) € U xV satisfies (u, v)|jo,mr] = (Um, Om),
one has:

a(sxo,u,m U)‘[O,mT] = Up, and B(Sxo,u,m u)’[O,mT} = U

Let us define:

(Usg0.8s Vag,a8) (1) = (U, ) (), if t € [0, mT).
By the uniqueness property of (@, U,,), the pair of controls (U, o8, Vuy.as) is well defined.
By definition of (uy,.a.8, Vag.a,p), O0E can easily verify that:

y Oy s Oy

The proof is complete. O

In this manuscript, for any (zg,a, ) € R™ x A x B, we denote by (a(zg), 5(zo)) the
application ¢ > (tig o, Vag.as)(t). For the function ¢ — X7 P o write ¢ — X700
for short.

With Lemma 3.2.5, we are able to put the game in a normal form. For any fixed
(Xo,p) € (R™)! x A(I), we associate to a pair of strategies (o, 3) € A, x B, the following

pay-oft:
j(Xo,p, «, 5) = Zp@)‘](xé’ a($6),ﬁ(l‘6))

el
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As mentioned in the introduction, the above function is not necessarily semi-continuous. In
fact, the continuity of map x¢ — J(xq, a(zg), B(x0)) depends on the pair of strategies («, 3)
as shown in the following:

Counterexample 3.2.6. Let us consider the case wheren =2, K = U =V = B(0;1) C R?
and:

flz,u,0) = —x+ %(u +v);

Uz, u,v) = (u, (1,1)).

Obviously f and ¢ verifies Hypothesis (ii), (iii) and (vii). Let us consider a strateqy of
Player 1 o € Ag with small delay 7 > 0 defined as follows: for any xo = (xo1,%02) € R?,
(57, 82,7) €S and v €V,

,0), ifT>1ort<1l+T;
1), ifT <1, t>1+7 and xps > 0;
1), f T<1, t>147 and zos < 0;
,0), if T <1, t>147and x92 =0

o o oo
|

(
(51, 82.0),0) (t) = E
(

Let us consider two sequences: {e*(cosL sinl)} and {SQ(COS—%,SiD—%)}neN . It s

neN,
clear that both sequences has as limit (¢2,0). For any n € N, let x, = e*(cos =,sin 1) and
Yn = €*(cos —=, —sin+). For v = (0,0) the constant control, we have:

n

+o0 1
J(Ty, 0, v) = / e M(=1)dt = ——e MF7),
1+7 A

+oo 1
S (Yn, @, 0) = / e Mt = A1+,
1+71 A

J((eQ, 0), a,v) =0.
Thus J(-, a,v) is neither upper semi-continuous nor lower semi-continuous at (e%,0).

Before we move on to the next section, we introduce a new signal function which is
an important technical tool in Section 3. Let us fix T" > 0. Suppose that during game
G(Xo,p), the current state of (P) at ¢t = T will be revealed publicly if the target set K
has not been hit before 7. This means that instead of s, .., both players observe, for
(2o, T,u,v) € R™ x (0,400) x U x V, a function s, 74, € S defined as below:

. (0,0), if t < Tr(xo,u,v);
SzO,T,u,v( ) - (LX:EO,U,U )7 else.

Tr(zo,u,v)

As direct consequence of Lemma 3.2.5, we have the following:
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Corollary 3.2.7. For any (xo, T, o, 5) € R™" x (0, +00) X A X B, there exists a unique pair
of controls (Ugy .05, Vg T.ap) Such that:

a(sxo7T7ux0,T,a,[37'U:cO,T,a,B7 Uﬂvo,T,aﬁ) = Uz, T,0,8 and 5(S$07T7U9c0,T,a,ﬁ7vx0,T,a,B’ ume,Oéﬂ) = Uy, T0,8-

In addition, we have gy gl(0,1] = Uzo,T,0,8|(0,7] AN Vg 0,8][0,1] = Vao,10,8][0,7) @-€. on [0,T]
With (Uzy a8, Vag.a,p) defined as in Lemma 3.2.5.

We denote by (a¥(xg), 87 (20)) the application ¢ — (U108, VegT.aps)(t). Similarly,

zo,a” (z0),67 (z0) : zg,a,BT
t— X, is denoted by t — X, for short. The above corollary allows us to
define the following function:

JIr(Xo,p, o, ) : ZP 1507 ) BT( ))

el
The family (Jr)r~o provides an approximation to the cost J. In fact, we have:

Remark 3.2.8. [t is clear that the functions Jp converge uniformly to J as T tends to
+00. More precisely, for any (Xo,p,a, 8) € (R™)! x A(I) x A, x B, one has:

2/ €]l o™

“+o0o
|\7T(X07p7a76) - j<X07pa Oé,ﬁ)| S 2||€||oo/ e_Atdt - \
T

3.3 Value Functions

Since we have put game G(Xj,p) into normal form in the previous section, we can define
the upper-value function and the lower-value function of the game respectively by:

V+(X0ap) = inf sup j(XOapvaaﬁ);

a€As gep,
V_(X07p) = sup inf j(X(JapaOéaﬁ)'
BEB, AEAs

It is clear that V* > V=, We say that game G(Xo, p) has a value if in addition V* = V",
Let the functions V* : R” — R and V~ : R” — R be defined as follows:

V*(xo) := inf sup J(zo, v, f);
acAy BEB,

V= (x0) := sup inf J(zo,a, ).
BEBdO‘EAd

These above functions are respectively the upper- and lower-value functions of a class of
infinite horizon differential games with complete information. We recall that both V* and
V= are locally Holder continuous and under Isaacs’ condition (3.1.1), V* = V= cf. [3, p.
431-470]. The following lemma gives a relation between V+ and V*.
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Lemma 3.3.1. Let Xo € (R™) and I' C I be the set of all j € I such that «), ¢ K. Then:

V*(Xo,p) = inf sup {Zp xo, }+ Z DV () (3.3.1)

acAs BEBs jer ’LEI\I’
V™ (Xo.p) = sup inf {Zp (23, >,ﬁ<x€;))} + ) i)V (xp). (3.3.2)
BeB, *=7% eI\l

From this lemma and the fact that V' = V"~ we deduce that

V+(X07p> = V7<X07p)7 for any <X07p) € KI X A(I) (333)

Proof of Lemma 3.3.1. We only need to prove (3.3.1) since the other equality can be es-
tablished symmetrically. Without loss of generality, let us suppose that =, € K and that
x} # xf for any ¢ € I\{1} (If this is not true, we only need to reindex them).

Let us fix € > 0 small enough. For any z € R", let a, € Ay be a $-optimal strategy
for V(). Thus there exists d, > 0 such that o, € Ay is still a e-optimal strategy for V()
with y € B(x;0,). For any a € As, let us construct a new strategy a., € As for n € N big
enough by setting: for any (s, s2,) € S and v € V:

a((sp, s57),0)(t), ifT'=0andt < %;
ae,n((S%W Si,T)? U) (t) = o1 (’U( +

o

1 1 1

NEt—-=), fT=0andt>— and = = z;;

n))( n), i and t > - and x = xy;
a((sy, S?:,T)> v)(t), else.

$1 u,v
One can check that, for n big enough, this strategy belongs to A, and in addition, X, €

B(xp;0,1) with Xﬁ”u’v ¢ B(x;0,1) for any @ # 1 and (u,v) € U x V. Similarly, we
can construct for gny B € Bs and By € By a new strategy 3,5, € B, such that, for any
(s, 52p) €SY and u € U:

B((s},,sivT),u)(t), ifT=0andt < %;
ﬁ”BO«ST’ iT) u)(t) - ﬁo(u(- + l))(iﬁ — l), ifT=0andt > 1 and = = x};

n n n

6((8;7 Si,T)vu) (t)v else.
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Thus we have, if o = a, with «, being a e-optimal strategy for V' (X, p), namely:

VH(Xo,p) > sup J(Xo,p, e, B) — e = sup Y _ p(i)J (wf, cwe(af), Baf)) — €
s, geB,

> sup sup {30 p(0) (wh, ac(wh). B (2)) + (1) (@, acld), B (55, 55,0),) b — ¢

IBEBS IBOGBd i>1

3=

> sup { Y p(i)J (b, alah). Bah) +p(1) sup ( / MU, 0 (a5), B(xg) b+
0

BEBs o1 Bo€By

6_%J(Xa18(1) OCE(x(l)) B(QCO) Qg1 760))}

; 1
2 sup { 32000 (s ulap). A(a3)) + o1 = ot

e™% inf sup J(XT0(0)00) ,50))} — 2e¢

aOGAdﬁoeBd n
: 4
f { , ! nV+ X“’Oaﬁ}_Q _H 00
_aler}%;éllz > " p(i)J (), alzh), Blxh)) + p(1)e = V( ) €= =

i>1

By passing n — 400 (this is possible by the continuity of V* and that of t — Xxo aﬁ)

obtain:

we
VE(Xop) 2 inf sup { Zp (wh, aah), Bah) + p(1)V* (ab) | — 2e,

and since € > 0 is arbitrary, we have:

VH(Xo,p) > inf sup{zp (b b, Blah) |+ p(1)V* (ah).

a€As gep,
Conversely, for any a € A,, we have:

V¥ (Xo,p) < sup J(Xo,p, af, 3) = sup Zp( )J (G, o (x5), B(ap))

peBs BeBs “
Sﬁsu}; { > p(i)J (xh, alap), Blxp)) +p(1)J(x(1), 0 (), B((0: 55 1) )}
€Bs st
< sup { DZIP(W(%, o(zh), B(x)) +p(1) (%He|yoo+
6_% a;gﬁld Bilelgd J(Xno , ), BO)) } + 2¢
< s { 32000 (e e ) + eV 2 L
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Passing to the infimum of « of both sides and passing n — +o00, € — 0T, we obtain:

V*(Xo,p) < inf sup {Zp (zh, aulzp), B(azg))} +p(1)VF(zd).

a€As gep,

Thus:

V¥ (Xo,p) = inf sup{zp (wh, ), B(ab) } + PV (a3).

a€As g3,

By iterating the above procedure, we obtain the wished result. The proof is complete. [
Now we state several corollaries of Lemma 3.3.1 that are useful in later sections.

Corollary 3.3.2. For any (Xo,p) € (R™)! x A(I), let I' be defined as in Lemma 3.3.1. If
supp(p) N I" # 0, there exists p' € A(I) with supp(p’) C I' N supp(p) such that:

VH(Xo,p) = (1= Y p@)VH(Xo,p) + ) p())V 7 (a (3.3.4)
i€\l iel\I’

Vo (Xo,p) = (1= Y p(@))V™ (Xo,p) + D p(i)V " (xf). (3.3.5)
iel\I' ieI\I’

Proof. Let p' € A(I) with p/(i) = Z  for all i I'. Then (3.3.4) and (3.3.5) follow as
direct consequences of (3.3.1) and (3.3 ) The proof is complete. O

Correspondingly to the upper- and lower-value functions, let us define, for any 7" > 0,
the following two functions:

V;(me) = alenj ;2{5’) jT(XOap> 75)7

VQT(X(]ap) := Sup lnf jT(X07p7 7ﬁ)

BEBs aEAs
By Remark 3.2.8 and Corollary 3.3.1, we have:

Corollary 3.3.3. The functions Vi (Xo,p) converge uniformly to V*(Xo,p) as T tends
to +00. The functions Vi (Xo,p) converge uniformly to V—(Xo,p) as T tends to +oc.
Furthermore, for any T > 0 and (Xo,p) € (R")! x A(I):

Vi (Xo,p) = inf sup { > p()J (wd o (wd), 7 (@) } + D @)V (h);  (33.6)

acA
$BeEBs * e eI\l

Vo (Xo,p) = sup inf {Zp xo, z}), BT (z ))} + Z p(A)V (). (3.3.7)

aEAs
BeBs jer eI\l
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We have seen in Example 3.2.6 that the cost Xy — J(Xo,p,, ) could be neither
upper semi-continuous nor lower semi-continuous given certain pair of strategies («,[3).
This is because with a pair of signal-depending NAD strategies (o, 3) € A, x B, the
application zo — (a(z0), 3(x0)) is not necessarily continuous and thus one can not deduct
the continuity of the value functions from that of the cost function. But to obtain the
dynamic programming principle for these value functions, we need to prove that they are
both continuous on Xy. To achieve this, we will need the following:

3.3.1 Two-step Programming Principle

We set e~(+°) = 0 and for any a > 0, a * (+00) = +oo. While T' = 400, we set Tp = T.

Lemma 3.3.4 (Two-step Programming Principle). For any (Xo,p) € (R*)! x A(I) and
T € [0,+00] one has:

TT(xé)vavﬁ) Ii a ﬁ
VA (Xo,p) = inf sup Zp(z){/ e_’\tf(Xto’ ’ ,a,ﬁ)dt+
0

acAy BEB, por

AT (zh,,8) {7+ ( B .
€ omEV (XTT%,@,B))}’

TT(:L"(LVOQﬁ) Ii a B
Vy (Xo,p) = sup inf Zp(i){/ e (X o B)di+
0

AT (x,0,8) Y7 — z§,0,8
e Ty (XTT@:z,,a,ﬂ))}'

Proof. By (3.3.6) and (3.3.7), we only need to prove the lemma for X, € (R"\K)! and
T > 0. We prove here the first equality and the second one can be obtained similarly. Let
us denote the right-hand side of the first equality by W.' (X, p)

Step 1: V7 < W, for T € (0,4+00). Let us fix T € (0,+00) and let € > 0 be arbitrary.
We choose for any € R", o, € Aq a e-optimal strategy for V*(z). By the continuity of
V', there exists, for any z € R, §, > 0, such that o, € Ay is still a 2e-optimal strategy
of V* at any y € B(z;0,). We can therefore construct a finite Borel partition {F;}i<j<m
of UierB(zf:; T flloe) = Uy E; with m € N, such that for any 1 < j < m, there exists
z; € R" with E; C B(xj; 6%) We denote simply by o/ the strategy a,, for 1 < j < m and
we define E = (U;”ZIE]-)C. For & € Ay, let us construct a strategy a € A, . Without loss of

. , 5z
generality, we can choose 7 < mmlgjgm(m) a small enough common delay of (a;)1<j<m
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and a. We set, for any (sp, s? ) € S and v € V:

(a(v)(t), if # € Ey or R € {0, +00};
1 2
a(v)(t), if R e [ET, s T), t < il kT;
a((sh, sop),v)(t) = 2 2
B e, R 2+k 2+k ko k41 2+k
o, (v(- + 7)) (t — 7), ifRE€ [57, 5 T), t> 5T
\ and x € Fj.

One can check that o« € A,. Let kr € N be such that R € [%RT, kR;lT) in the above
definition of . By definition of Vi, we have:

V;(X07p) S sug jT<X07p7 «, ﬁ)
e S

oo 2t ol BT ) )

—sup S pli) [ e o (). 5 )
peBs el 0

Let us denote, for any 8 € B, the application u ﬁ((0,0),u) by u — [(0,u). One can

check that 5(0,-) € By. Let T%(j3) denote the hitting time T7(«}, @, §) for any § € By and
we have:

Frigso.n*?

Vit (Xo,p) < sup Zp(i){/o e MU(X T o (ah), BT (b)) di+

D

oo At ah,a® BT oG\ AT i
ko . +2 g(Xt y & (xO)vﬁ (%))dt}

T’L(ﬁ(ov)) A 2 a ﬁ(o )

<sw S [ e a0, )t 4k
° el 0
too At zha” g7 .o T (i
/’“ Tia0.) 2 e (@), 8 (IO))dt}
2
The last inequality above holds since (o' (z), 7(2))|j0. 708 = (@, B(0,-))]j0.75 (@08 for
any 3 € B;.
For any 8 € By, let us define, for any ¢ € [ and v € U:

i = k'Ti ﬂ 07, + 2
Bl (u)(t) = B(5y o pr D) (t + —LOL T 7).
2+ krigs0,) -

2 b)
2+ krig(,) -
g

N ~( ) Ug,B(0,)> ift <

where u(t) =
2 4 ki :

B B0,

5 ), ift>

u(t
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xézavﬁ(oz')
X0 1o, WE
T (B(0,")

b} T

One can check that for any ¢ € I, 8° € By. Thus, by denoting Xf’ﬁ =

have:

AL [T s
Vit (o) <rllc+sup S { [ e (0. 6,600, are
0

€8s iel

Friso.) T i 580, [T X a5 ;
ST e T (X O / eMe(x, ,axj,ﬁz)dt}
0

1<j<m

Ti(/B(Or') xi a B(O )
< sup Zp(z){/ e MU(X @, B0, ) di+
PEBs et 0

_kriggo,) T

2 —
eI XN L g + €
(3.3.8)

Since ]w — T%(3(0,-)| < 7. We obtain:

ks, + 2 |
lim 0+ AT — T%(5(0, ).

T—0t 2

Since the above convergence is uniform, passing 7 to the limit as 7 — 0" in inequality
(3.3.8):

Vfl—“i_(X()?p)

TT(xf)»&vﬁ(Ov')) 2t C_M,B(O )
< sup Zp(z){/ e (XY @, B(0, ) di+
PEBs et 0

AT (,@,8(0,)) Y7+ ( v0:88(0,) }
e V(X wan0) f TE

T z} 7daﬁ ;i i

< . T( 0 ) _)\tg X‘T%)vdaﬁ — dt _)‘TT(Z'67C_YNB) ‘7+ X‘ré,d’.ﬁ

< gué) p(z) € ( t y Oy 5) +e ( TT(acg,a,ﬁ)> Te
€Bd ey 0

Since & € Ay and € > 0 are arbitrary, by taking the infimum on & € A, on the right-hand
side of the above inequality and passing ¢ — 0", we obtain:

Vi (Xo,p) < Wi (Xo,p).

Let us prove the reverse direction of the above inequality.
Step 2: VI < W, for T € (0,+00) Let us choose, for ¢ > 0, a, € A, a e-optimal strategy
for V. (Xo,p). One has then:

Vi (Xo,p) > Bsulg) Tr(Xo,p, e, B) — .
€bs
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Let us fix 3 € By. For any B = (5;)1<i<; € B} a family of NAD strategies, we can construct

a strategy 55 € B, by setting, with a small enough 7 > 0: for any (sk, sap) €Sandueld,

( B(u)(t), if R € {0,+o00};
_ k k‘+1 2+ k
_ 1 2
Blu)(t), if R e [k s T), t > +k7-
B3 (s 52 ), ) (1) = 22 ’
B R» x,R? Ioaeﬂ - .
and x # X xaﬁ),VZGI,

2+k 2+k . k- k+1 2+k
. . — _—r >
Bi(u(-+ 5 7)(t 5 7), ifRE€ [27', ) T), t> 5T

_ yThoeB
and & = X770V 5

One can check that 85 € By and thus we have:

VT+<X07p) 2 sup jT(X()?p’ Oéaﬁg) — €
BeB)

We denote Tz (z, a, ) by T; for short. Let us define, for any i € I and v € V:

kTi + 2

a 0% ﬁ’ v 2 7-)7
. 2 + ko
ift < 5 L T;
where 7(
+ r T), ift> i T
We have then, with X7 := x50,
B) T
Vflj_(X()?p) 2 sup j(X()apa aeaﬁg) -
BeBl
2+k n
. 2 — CE e, B85 T > — xi7a€75‘r T
= sup 3" (i) / e AN AT M (S L O AY
B} T

I
BeB, ey
“+00

T .
> sup > p(i){ /0 eMUXT o, B)dt + / s, MU g, B)dt | — e = 7]l

I
BeB, ey
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by a change of variable:

S T g b L T eV O
= Sup p(Z){ f( ae,ﬁ)dt—i—e 2 0 e E(Xt y & aﬂl>dt}_
0

BEBd el

e =7l
o 2t e x0P ac By
=>_ (i) {/ e MUX T o B)dE e T SUP/ e X T Bﬂlﬂ)dt}_
iel pebe o
€ — 7|l
— 2+k l’i ag,_
>3 0] / UK o Byt + P TTIVHXER) | - e 7l
i€l o

Letting 7 — 0" in the right-hand side of the above inequality yields:

Vi (Xo,p) 2 Y pli {/ MU o, Byt + e TV | — e

el

Since the NAD strategy 3 is chosen arbitrarily, by taking the supremum on 8 € By on the
right-hand side of the above inequality, we have:

TT(mo)aeB) o o
ViCop) zsup Sopi{ [ et a gy
5€Bd icl 0

)

AT (3,006, B) T+ (L0503 -
e TrlabecAyt(xhet 1
We notice that for any (st s2 7 € S), a(s,-)|jo,r1 = @((0,0), ) [jo,r) and that «((0,0), -) € Ay
Since € > 0 is also arbitrary, we take the infimum on « € A, on the right-hand side of the
inequality and then letting € — 0% to finally obtain:

V;(X()ap) Z WTT(X())p)

Since we have established both inequalities, we have proved the wished equality VI = Wt
for any T € [0, +00).
Step 3: the case T'= +oo. By Corollary 3.3.3, we have:

VT = lim V.
T—+o0
But we have proved that V; = W, for any T < +oco. Thus the functions W, converge

uniformly to V™ as T'— +oc0. One can check that limy_, o, W, = W and here follows
the wished result. O
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3.3.2 Regularity of the Value Functions
With Lemma 3.3.4, we are able to prove the regularity of V* and V:

Proposition 3.3.5. For any T € [0,400], both Vi and Vi are bounded and continuous.
In addition, they are both Lipschitz continuous on p.

Proof. The boundedness and the Lipschitz continuity on p are clear. By Corollary 3.3.3,
we only need to prove the continuity of V7 and V. for T < +o0o. We claim that for any
T € (0,+00), V7 and V. verify: for any D > 1 there exists constants Cp > 0 and Lp > 0
such that, for any X, Xy € (R™)! with || X;|| < D and | X;|| < D, one has, for any p € A(1):

A

Vit (X1, ) = Vit (X, )| < Ol X1 — Xafl + [ X1 — Xa| 75); (3.3.9)
A

Vi (X1, ) = Vi (X2.p)| < Ol X1 — Xafl + X1 — Xa] 75) (3.3.10)

We only prove (3.3.9) since the other part can be proved similarly. Let us fix X; and Xs
such that | Xi|| < D and || X3|| < D. Since T' > 0 is a upper bound of {7r(z,u,v) | x €
R™ and (u,v) € U x V}. As a result of (3.1.2), we have:

for any i € I, (u,v) €U x V, and t < T, || X" — X2 < o7 X, — Xo|,
and by hypothesis (vii), there exists Cp > 0 such that:
for any i € I, and (u,v) €U x V, |Tp(at, u,v) — Tr(zh,u,v)| < Cp||X; — Xal|.

Since V1 is bounded and locally Holder continuous [3], without loss of generality, let us
suppose that there exists Lp > 0 such that:

_ ~ - _ A
for any 1, 2o € B(0; D), |V (21) — VT (a2)| < Cp|lwy — 20| Fp.
Thus, for any 7 € I and (u,v) € U x V, we have, with M > 0 being an upper bound of V+:

TSI =TT )

§M|€7ATT(mi,u,v) o 6*)\TT($§,U,U)’ + |‘7+ (Xx’i,u,’u ) _ ‘7+ (Xxé,u,v )|

Tr (2} ,uv) Tr(ah,u,v)

_ _ 2 _ 2
<AMCpl| X1 — Xo|| + Cp(e™7T]| X1 — Xo|) %0 + Cp (2| fllCh | X1 — Xa||) 7o
AL T

_ — il — A A
=AMCp|| X1 = Xo|| + Cp(e T + (2| fllowCp) 2P ) | X1 — Xa|Pr.

Similarly, we have, for any i € I and (u,v) € U X V:

Tr(ag,u.) % u,v T (@,u.0) b uv
]/ e MUXMY v)dt—/ e MUX[Y u,v)dt|
0 0

LgeLfT
A

LgeLfT

<Cp||tllool| X1 — Xal + 1% — Xofl = (Coll¢ll + )X — Kol
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Combining these two estimations, for:

ALyT LgeLfT

_ _ AfT - . S
CD = ZmaX{C’D)\M, CDG Ip 4 CD(Q”fHOOCD)LD s CD“gHoo +

)}

we have, for all (u,v) €U x V:

TT(:L"i,u,v) i i ~ i
[ 2P / e NUXT ugv)dt e TV (T )
0

Tr (m’i,u,v
el

TT (xé ,'U,,’U)

TT(xé#w) xhu, i - xh,u,
Zp(z)(/ e_’\tE(XtQ’ ’ ,u,v)dt+e_’\TT(%’“’”)V*(X L )‘
el 0

A
<Cp([| X1 — Xaf| + | X1 — Xa||70)).

By the two-step programming principle (Lemma 3.3.4), this implies (3.3.9). The proof is
complete. O

3.3.3 Dynamic Programming Principle
In this section, we prove a dynamic programming principle for V(- p).

Proposition 3.3.6. For h > 0 small enough and X, € (R"\K)I, one has:

h . .
V*(Xo,p) = inf supr(i){/ e_)‘té(XfO’a’v,oz,v)dt—i—e_’\hVJr((X}fO’a’v)ieI,p)}
0

(3.3.11)

Proof. By (3.1.2), we can choose h > 0 small such that the vector (X}fé’a’v)ig is still inside

(R”\K)I for any (o, v). Let us denote the right-hand side of (3.3.11) by W*(X,,p). We
have, by the two-step programming principle (Lemma 3.3.4):

T (zf,0v) 2w
V*(Xo,p) = inf sup Zp(z){/ e MU(XTOMY a,v) di+
0

e—AT(Ié»a,v) ‘74— (XI67Q7U )) }

T(:pé,a,v

Step 1: VF < WT. For any X = (2);c; € (R"), let ax be a e-optimal strategy for
V*(X,p) in the sense of the above equality, namely:

T(2%ax,v) ;
VHX,p)+e> supr(i){ / e MU(XT O ax,v)di+
veY 0
i€l

e*/\T(l‘i,ax,v)V+ (Xxi,ax,v )}

T(xl YOX 71})
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Since VT is continuous on X, there exists, 0x > 0 such that for any Y € B(X;dx), ax
is still a 2e-optimal strategy for V*H(Y,p). We can therefore construct a Borel partition of
B(Xy;1) C (R™):

B(X0§ 1) = U?’Ll

E

7

_ o,
such that for any 1 < j < m, there exists X; € B(Xy;1) with £; C B(Xj; 5%). For any
a € Ay, let 7 be a common delay of o and (ax;,)1<j<m (Without loss of generality, we set

7 < h) and we construct a new strategy a by setting, for any v € V:

{ a(v)(t), if t < h;

We remark that we can always choose 7 small enough to assure that if (XZS:‘ Nier € Ej,
then (X;fé’a’v)ie[ € B(Xj;0x,). One can check that & € Ay and we have:

T(mg,o’z,v) o
V+(X0,p) < sup Zp(z){/ —Atg( zo,av _ )dt n eiAT 2@, ”)VJF(XIO’Q’”_ )}
0

T("EB,CM,U)
VeV ieT

=sup Y _ p(i C (X G ) dr T eix O 5 p)dt
D) pli)y [ e X a )t + | (X7, @, v)di+

VeV er

AT (x},a,0) 77+ xh o,
e v (X%Exg,a,v))}

xo,a v

by denoting vn = Xy

m T(xi’h,an/U'[h,"roo)) ) 7‘ o0
—swp S p {0 [ [ L P P P P
Jj=1 0

veY icl

) _ i i h
G_XT(mz;,h’O‘Xj’U|[}L,+OO))V+(XzU’h_’OCXj’vl[h’Jroo) ))]1Ej<(X;f0f’v)ief)+/ —)\té( 1’070”’ ,v)dt}

T2y, X 0] [, 4+ 00) 0

But any v € V can be viewed as being formed by “gluing” two controls at t = h in the
following way:

v(t) =

v(t), if t < h;
v(-+h)(t—h), ift>h,
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thus, we have:

U,,a ,v) a
VH(Xo,p <sup2p { ’\thup/ S _Atﬁ( P an,v)dt—l—

UOEV =1 veY

i ~ ! ax.,v b o h xt QL)
G_AT(ml“U’h’an’v)v+(XTv(?c§(;,hXJ sax;, )] e, (X520 )ier) +/0 e (X0 aavo)dt}
) h
< sur;Zp(i){e‘”l‘/*((Xff“’a’%)ief,p) +/ e MU(XTIM q, vo)dt} te
V&V ey 0

But a € A is chosen arbitrarily, thus taking the infimum on « € A, on the right-hand side
of the last inequality above yields:

) h
V*(Xo,p) < inf SupZp(i){e_%v—f—((X;6707v)ielap)+/ eMo(X, ,v)dt}+e
0

a€Ag yey pr:

Since € > 0 is arbitrary, the above inequality implies V" (Xg, p) < W (Xy,p). Let us now
turn to the other direction.

Step 2: VT > W™. We keep h > 0 small enough as in Step 1. Let a. € A, be a e-optimal
strategy for V' (X, p), then:

T(zé,ae,v)
V*(Xo,p) Zsupzp(i){/ eU(XT, o ) di+
0

—)\T CC O, U + xézaﬁ’v
0’ V (XT(:B%’O%U))} — €

Let us fix vy € V and for any v € V, we define a new control:
t), if t < h;
oy =g
o(t —h), ift>h.

We have then:

T (xf,0e,0) x .
V*(Xo,p) Zsupzp(i){/ e MU(X0M g, 0) di+
0

AT (2,0, D) Y7+ Y L6:0tesD .
¢ V(X i) | €

T (zf,0e,0)
:supr(i){[/h —Atg( Sy Thaed . b)dt

VeV et

) h
AT (b e, ®) Y7+ Th,0e,U —)\t xh 00 v
e AT (@h,0e,0) 77 (XTO(%@M))] +/O K(X 0:%e,%0 aeavo)dt} _
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Let us define a new strategy a. € Ay from ag: for any v € V, we set:
a.(v) = a(0)(- + h).

One can check that a. € A;. Thus, we have, from the above inequality by denoting

1670457’00,

i
zy, = X,

T (&, ie.0) o
V*(Xo,p) >sup Zp(i){e_”‘[/ e MU(XN0 a, ) dt
0

VeV et

o - i 5 h f
e TERA (XA ) +/ e—W(XfO’%UO,as7vo)dt} — €
0

T(xfb,o’ce,v
h . )
> ZP(Z){ / 6_/\%()(:67%%7 Qe Uo)dt + 6_/\hv+((X;:O7ae’U0)ieI,p)} — €.
el 0

But since the vy in the above inequalities is arbitrary, we obtain:

h ) )
V+(X0ap) Z sup ZP(Z){ / e_AtE(thé,aE,v’ Qe U) dt + 6_/\hv+ ((X}fé,a67v)i617p)} — €
0

By passing ¢ — 07, the above inequality implies V™ > W. Combining these two steps,
we have established VT = W on (R"\K)!, which is the wished result. The proof is
complete. O

We will show in the next section that, by dividing both sides of the equality (3.3.11) by
h and by passing h — 0, the upper-value function V" is bounded viscosity sub-solution of

a Hamilton-Jacobi-Isaacs equation on (R”\K )I.

3.4 Hamilton-Jacobi-Isaacs Equations and Existence
of a Value

In this section, we introduce a Hamilton-Jacobi-Isaacs equation and we are going to prove
that, on (]R”\K )I, V*(-,p) is a viscosity sub-solution of this equation (thus V~(-,p) a
super-solution). We will also prove a comparison principle, which allows us, under Isaacs’
condition (3.1.1), to obtain the existence of value for game G(Xo, p).

With Isaacs’ condition, we define H, := Hf = H, for any p € A(/) and we consider
the following Hamilton-Jacobi-Isaacs equation:

CAV(X) + Hy(X, Dx V(X)) = 0. (3.4.1)

Let us first recall the notion of viscosity solutions of the above PDE:
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Definition 3.4.1 (Viscosity Solutions). A function V : (R")! — R is:

e a viscosity super-solution of Hamilton-Jacobi-Isaacs equation (3.4.1) on (R™\K)! if
and only if: it is lower semi-continuous (I.s.c.), and for any function ¢ € C*((R")!; R)
such that V- — ¢ has a local minimum at some point X € (R"\K)!, one has:

—A\V(X) + H,y(X, Dxp(X)) <0.

e a viscosily sub-solution of Hamilton-Jacobi-Isaacs equation (3.4.1) if and only if: it
is upper semi-continuous (u.s.c.), and for any function o € C'((R™)!;R) such that
V' — ¢ has a local mazimum at some point X € (R"\K)!, one has:

AV(X) + Hy(X, Dxp(X)) 2 0.
e a viscosity solution of Hamilton-Jacobi-Isaacs equation (3.4.1) if it is both viscosity
super-solution and viscosity sub-solution of equation (3.4.1).
The following lemma is an immediate consequence of the above definition:

Lemma 3.4.2. Let V' be a wviscosity super-solution of equation (3.4.1). Then —V is a
viscosity sub-solution of:

“A\V(X) + H,(X,DxV (X)) =0 (3.4.2)
where the hamiltonian I:Ip is defined by:
V(X q) € (R x (R")!, H,(X,q) = —H,(X, —q).
The main result of this note is the following:

Theorem 3.4.3. Under Isaacs’ condition (3.1.1), game G(Xo, p) has a value. Furthermore,

restricted to (R”\K)I, the value function Xy +— V (X, p) is the unique bounded continuous
viscosity solution of the Hamilton-Jacobi-Isaacs equation (3.4.1).

Let us first prove the following:
Proposition 3.4.4. V(- p) is a viscosity sub-solution of (3.4.1) on (R”\K)I.

Proof. The continuity of V* has been proved in Proposition 3.3.5. Let ¢ € Cl((R")I;R)

be a test function such that V' (-, p) — ¢ has a local maximum at X, € (R”\K)[. By the
dynamic programming principle (Proposition 3.3.6), we have for h > 0 small enough:

h _ .
V¥ (Xo,p) = inf supr(i){/ efMg(Xt%a’U?Oé:U)dt+€7Ahv+((Xif07a’v)ieI>p)}
0

a€Ag yey pr-

h ‘ ‘
< inf supr(i){/ e MUX ayv)dt + e M (X0 )ier) +
0
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The above inequality yields:

h )
(1—e V¥ (Xo,p) < inf supzp(i){/ e MUX o, v)di+
0

o€ Aa vev iel
e (X )ier) — p(Xo)] |-

Let us fix ug € U a constant control and v € V a eh-optimal control against uy for the
right-hand side of the above inequality. This implies:

h )
(1 - eiAh)VJr(XOap) —¢h S Zp(z){ / e*)\tg(Xtmo»UO:U’ Uo, U)dt+
0

iel
e M [90((XZO’UO7U)1'€1) - SO(XO)} }
Let us do some estimations of the terms in the above inequality:
(1 - eiAh)VJr(XOvp) = )\hv+<X07p) + 0<h)1
h _ h
/ e MUXTOMY o) dt S/ 0(zh, uo, v(t))dt + o(h);
0 0
e (X" )ier) — ¢(Xo)] =/ ((f (@b, 10, v(1))) ;. Dxp(Xo))dt + o(h).
0
By applying these estimations, we obtain:
—eh +o(h)

< — MV (X, p) + sup /0 dt[ > " (o, vo) + ((f(xh, o, v0)) ., Dxp(Xo))]

voeV i€l

= — AV (X, p) + h sup [Zf(%a uo, vo) + {(f (4, uo, 0)),;» Dxp(Xo))].

vweV e

But since wug is arbitrary, we take the infimum on uy € U on both sides of the above
inequality, which yields:

—eh + O(h) < —)\hV+(X0,p) + th(Xo, DXgD(Xo))
By dividing both sides by h and letting A — 0", we obtain:

0< _)\V+(X0ap) + HP(X07 DXQD(XO))7

and thus V7 (-, p) is indeed a viscosity sub-solution of EDP (3.4.1) on (R”\K)[. O
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Corollary 3.4.5. V= (-,p) is a viscosity super-solution of (3.4.1) on (R"\K)I.

Proof. Let us define another differential game —G(Xy,p) of the same game procedure as
G(Xo, p) by associating to each solution of dynamic (P) ¢ — X" the pay-off —J(zq, u,v)
and exchanging the roles of the players. One can check that —V = (X, p) is the upper-value
function of this game and this furthermore yields that —V~(Xg, p) is the viscosity sub-
solution of a PDE: —A\V(X) — H,(X, —DxV (X)) = 0, which implies the wished result. [

Let us prove the following property of viscosity solutions of (3.4.1) on (R™\ K)?.

Proposition 3.4.6 (Comparison Principle). Let Wy and Wy be respectively bounded contin-
uous viscosity sub-solution and bounded continuous viscosity super-solution of (3.4.1) such

that W, = Wy on 8(R”\K)I. Then one has W, < Wy on (R”\K)I.

Proof. Let us prove the proposition by contradiction. By denoting O = (R”\K )I, we
suppose that:

N := sup Wy (X) — Wa(X) > 0.
XeO

Then we have, for a > 0 small enough:

N, := sup Wy (X) — Wo(X) — al| X|* > 0,

XeOo
and lim, .o N, = N. We employ the double-variable technique by defining, for any ¢ > 0

X -V

Wad(X,Y) = WL(X) — W(Y) — | X2+ V1P,

a
2
and

Nye:= sup W, .(X,Y).
X,YeO

We have clearly N, > N, > 0 and that W, is upper semi-continuous and coercive. This
implies that there exists D > 0 such that for any (a, €), there exists (X, ., Y, ) € ONB(0; D)
such that:

Na,s = Wa,e(Xa,e7 }/;1,€>'

Before we continue our proof, we state the following technical lemma, the proof of which is
postponed after the proof of this proposition.

Lemma 3.4.7. (a) There exists C' > 0 such that for any X, Y, &, and n € (R™)!:

|Hp(X, &) = Hy(X,n)| < ClI€ —nll;
| H, (X, €) = Hp(Y, )| < C(L+ [EIDIIX =Y.
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(b) lim o+ N, = N,.

(¢) For any a > 0 small enough, lim. o+ %HXG,6 — Y. |*=0.
(d) There exists C" > 0 such that a(|| Xael| + [|[Yael) < C'Va.
(e) Fora >0 and e > 0 small enough, X, € O and Y, € O.

Since X, is a maximizer of X — W, (X, Y, ), we obtain, for any X € O:

+ ”X B Ya,e||2 — HXa,e — Ya,eH2
€

Wl (X) S Wl (Xa,6>

a
+ S UIXIP = 1 Xael)-

We denote by X +— ¢(X) the right-hand side of the above inequality and thus we have
Wi — ¢ has a global maximum at X, .. Since W; is a sub-solution of (3.4.1), we have:

2
AW (Xoe) + Hy(Xae, = (Xae — Yao) +aXae) > 0. (3.4.3)
€

Similarly, we have:

[ Xae = Yall® = [ Xae — VP
€

a
Wa(Y) = Wy(Yae) + + (el = 1YI)-

By denoting the right-hand side by ¢(Y'), we obtain W5 — ¢ has a global minimum at Y, .
Since Wy is a viscosity super-solution of (3.4.1), the above inequality implies:

AW (Xoe) + Hy (Yo, %(XM —Y,.) —aY,.) <O0. (3.4.4)
Combining (3.4.3) with (3.4.4), we have:
0< — AWA(X) — Wa(¥o)) + Hyp (X2 (X = V) 40X )~
Hy (Ve 2K = Vo) — Vi)

< AN 0O Xaell + ¥ael) + CO+ WX = Vel X — Yol

< = ANy + OOV + O+ 2 Xae = Vo) X = Yo
Passing ¢ — 0" and then passing a — 0" in the above inequality yields:

0 < —AN.

But this contradicts AN > 0, thus W; < W5 on O and the proof is complete. O
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Proof of Lemma 3.4.7. (a) is a direct result of the definition of H, and the regularity of f
and /.
Since we have, for K > max{||W1||oc, [|[W2||co }:

Xae - Yae 2
0< Ny < Nge=Wi(Xae) = Wa(Yaoe) — M
€

HXa,e - Ya,eH2 o

a
= S (1Kl + 1Yael?)

a
§2K - _(H)(a,fn2 + ||Ya76||2)'
This proves that (d) holds and that M is bounded independently from a. Thus
| Xae — Yael tends to 0 as e — 0F. By the fact that (X, Yae) is bounded, let X, be a
cluster point of (X, )eso and (Yo c)eso as € — 07, Let (€n)nen be a sequence such that
€n — 07 and lim, 00 Xoe, = limy, 00 Yo, = X4 We have:

N, <liminf N, .,

n—oo

. . a
<lminf (W2 (Xae,) = Wa(Yae,) = 51X |2+ 1Yo, |2)]

n—oo

. a
<limsup [Wl(Xa,en) - W2(Ya,en) - §(||Xa,en||2 + ||Ya,en||2)]

n—0o0

<Wi(Xe) — Wa(X,) — aHXaH2 < N,.

The last two inequalities are due to the fact that W; — W5 is upper semi-continuous. This
yields in addition X, € O, since if this is not true, we would have Wi(X,) = Wy(X,)
and N, < 0, a contradiction. Thus, we have lim,_,. Ny, = N,. In addition, the above
inequalities yield:

: a

lim | W1 (Xae,) = Wa(Yae) = 51 Xal” + Vo)

n—oo

=W1(Xa) — Wa(X,) — af| Xo|* =
This implies that:

Xas _Y;ze 2
lim || = 7n|| = lim Wl(Xa,en) WQ(Yaen)

n—00 €n n—00

(HXa EnHZ + ||Ya 5n|| ) aen =0.

Since this is true for any €, — 0 such that (X,.,,Ya,,) is converging, by a compactness
argument, we have finally (b), (¢) and (e) hold and thus the proof of the lemma is complete.

Now we are ready to prove our main theorem:

Proof of Theorem 3.4.5. Let us prove by recurrence on I that V*(-,p) = V=(-,p) on RY
for any p € A(I). By (3.3.3), we only need to prove that V*(-,p)
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For the case I = 1, one has that, for any (X, p) € R" x A(1):

V¥ (Xo,p) = inf sup J(Xo, a(Xo),v).

a€As yey

For any X, € K, we have that, by Lemma 3.3.1, V*(X,,1) = V*(X,). The comparison
principle (Proposition 3.4.6) yields that V*(Xy,1) = V*(X,) for any X, € R"\K. Hence
we have V*(-,1) = V*(-) on R™.

Similarly, one can easily check that V= (X, 1) = V- (Xo). Since V+ =V~ we have that
VE(,p) =V~(-,p) on RY for any p € A(I) with [ = 1.

Now let us assume that for some k& € N,, the game has a value with any I < k. We prove
that, under such assumption, the game has a value for I =k + 1.
Let us denote O := (R™\K)! and let us prove that V(-,p) = V~(-,p) on O°. Let
XoeOand I'={i € I | 2}, ¢ K} C I. Tt is clear that I’ # (). By Corollary 3.3.2, there
exists p’ € A(I) with supp(p’) C I’ N supp(p) such that:

VH(Xo,p) = (1= Y p)VF (Xo. )+ Y p(i)V7 (h);

i€I\I’ i€I\I’ (3.4.5)
Vo (Xo,p) = (1= Y pi)V™(Xo,p) + D p(i)V " ().
i€\’ i€I\I’

Let us prove now that V*(Xo, p') = V~(Xo, p’). Without loss of generality, we suppose that
I' ={1,2, ..., |I'|} (if this is not true, one can always rearrange the indices of the set I).
Then by definition, we have:

VT (Xo,p') = inf sup Zp’(i)J(xé,a(xé),ﬁ(:cé));

aeAs peb, iel’

V™ (Xo,p) = sup inf > p/(i)J (z), alh), Blp)).

pEB; oA iel!

Then we have W (X, p) = V*(Xo,p') and W~ (Xo,p) = V™~ (Xo,p/). In addition, one can
easily check that W (Xo,p) and W~ (X, p) are respectively the upper- and lower-value of
game G(Xo,p). Since I’ < k, by the recurrence assumption, one has:

V+<X07p/) = W+(X07p) - W_(X07ﬁ) - V_(X07p/)
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Since X € O° is arbitrary, for any p € A(I), V*(-,p) =V~ (-,p) on O° thanks to (3.4.5).
It remains to prove that V*(-,p) = V= (-,p) on O. Because V*(-;p) = V= (-, p) on OF,
it is in particular also valid on 0O. By Proposition 3.4.4 and Corollary 3.4.5, V(- p) and
V= (-,p) are respectively viscosity sub- and super-solution of equation (3.4.1) on (R™\K)! =
O. Thus the comparison principle yields that V*(-,;p) = V~(-,p) on O. The proof is
complete. O
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game begins, an initial state is chosen from a finite set and each players receives a private
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4.1 Introduction

Since the 1950s, many papers have been devoted to the study of differential games with
incomplete information (cf. [28, 41, 46, 47, 48, 55, 68]). In recent years, a particular type
of differential games with asymmetric information was investigated in [16]. Such games
can be considered as an extension of repeated games of incomplete information studied
by Aumann and Maschler [2] to the framework of differential games introduce in [57, 58].
Several further results on differential games with asymmetric information can be found in
[6, 12, 17, 19, 24, 26, 43, 54].

Infinite horizon differential games with exponentially discounted costs consist of an im-
portant class of differential games (cf. [3, 14]). Compared with the finite horizon case, the
subject infinite horizon differential games with incomplete information is less explored in
the literature (cf. [1]). In this paper we investigate the existence of value for a differential
game with asymmetric information. We consider the following dynamic:

{ (t) = f(z(t),ult),v(t)), t>0;

z(0) = . (P)

Here v : Ry — U and v : Ry — V are measurable controls with U and V' being some
compact metric action spaces. We assume that the application f : R* x U x V — R*
is regular enough such that the dynamic has a unique solution associated to the triplet
(2, u,v), denoted by t — X", For A\ > 0 a fixed constant, we associate to each (zg,u,v)
a following running cost:

+oo
J(xg,u,v) := / e MO(XTY u(t), u(t)) dt.
0

Let I, J be positive integers and X, = {xé’j }(m)elx ; be a subset of R™ doubly indexed.
(Here we adopt a slight abuse of notations by denoting the sets {1,2,...,I} and {1,2,..., J}
respectively by I and J.) We fix p e A() ={peRL | Y, ;i =1}, g€ A(J) ={q €
R_{ | > jes 4 = 1}, probability measures respectively on I and on J. Let us consider a
differential game G(Xy, p, q) defined as follows:

(A) Before the game begins, a pair of index (i,7) € [ x J is chosen randomly according
to m = p® q. The chosen index ¢ is communicated to Player 1 but not to Player 2;
the chosen index j is communicated to Player 2 but not to Player 1. The set X, and
the probability measures p and ¢ are supposed to be a common knowledge of both
players.

(B) The game begins with 2o = zj;’ in (P). Player 1 chooses the control u € U in order
to minimize the running cost J(z§’, u, v) while Player 2 aims to maximize .J(z’, u,v)
by choosing the control v € V. Both players observe all played actions with perfect
memory.
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In the above game, both players only have partial information about the initial state
throughout the game. In order to optimize their costs, the players will choose their actions
according to the pair of private information (7, j) and their observation of the played actions.
Since both players could learn about the private information of their adversary by observing
the played actions, they will play mixed strategies to protect their own private information.

The main purpose of this manuscript is to prove that game G(Xy,p, q) has a value and
to provide a characterization for its value function as unique viscosity solution of a suitable
partial differential equation.

Existence of a value for game G(Xy,p,q) has already been proved in [1] and the au-
thor gave a characterization of the value function as dual viscosity solution of a first-order
Hamilton-Jacobi-Isaacs equation. However, in this paper we prove that its value function
can also be characterized as unique bounded continuous viscosity solution of a new second-
order double-obstacle Hamilton-Jacobi-Isaacs equation.

In this paper, to prove the existence of value for the infinite horizon case, we adapt the
approach employed in [16] to our game model. We first treat the information structure with
the method proposed in [31] to obtain respectively a super-dynamic programming principle
and a sub-dynamic programming principle for the value functions. Then we follow the
scheme below (cf. [33]):

1. We prove that under Isaacs’ condition (introduced in Section 5) the upper- and lower-
value functions are respectively viscosity sub- and super-solutions of a Hamilton-
Jacobi-Isaacs equation.

2. We prove that this Hamilton-Jacobi-Isaacs equation has a unique viscosity solution.
3. Conclusion, the upper- and lower-value functions of game G(Xo, p, ¢) coincide.

There are two main difficulties in this approach. The first is to introduce suitable notion
random non-anticipative strategies with delay and thus to define the corresponding normal
form of the game. The second is to determine the Hamilton-Jacobi-Isaacs equation asso-
ciated to the value function of our game model and prove a comparison principle for this
partial differential equation.

We conclude this introduction with a presentation of the organization of this paper.
After the preliminaries section, we introduce in Section 3 the notion of strategies for game
G(Xo,p, q) and we define the value functions of the game with such strategies. Regularity
and convexity of the value functions are also proved in Section 3. In Section 4, we prove
a sub-dynamic programming principle for the lower-value function of game G(Xy, p, q) and
we prove furthermore that each value function satisfies a Hamilton-Jacobi-Isaacs equation
in the viscosity sense. The uniqueness of viscosity solution for the Hamilton-Jacobi-Isaacs
equations is established in the last section and we conclude that under the Isaacs condition,
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the game has a value which is the unique bounded continuous viscosity solution of the partial
differential equation defined in Section 4.

4.2 Preliminaries

In the finite dimensional space R", we denote by ||z|| the euclidean norm of z € R", and
(x,y) the associated scalar product of any points z, y € R™. An open ball with center
xr € R™ and radius a is denoted by B(z;a), and its closure by B(x;a). Let us consider:

(i) U, V be two compact metric spaces, both endowed with the Borel o-algebra;

(i) f:R"xU xV — R" be a bounded, uniformly continuous function which is Lipschitz
continuous on the first variable with a Lipschitz constant L > 0;

(iii) £:R" xR x U xV — R be bounded, uniformly continuous, and Lipschitz continuous
on the first two variables with Lipschitz constant L, > 0;

(iv) U denotes the set of measurable maps u : RT — U while V stands for the set of
measurable maps v : Rt — V;

(v) the constants A > 0 and M, € R be fixed.

Elements of U (resp. V) are called admissible open-loop controls of Player 1 (resp. of
Player 2). In addition, we suppose that both ¢ and V are equipped with the corresponding
L>-topology, namely, for any (u1,us) € U? and (vy, v2)V?, we define:

d(uy, us) == [|ug — usl|so, and d(vy,vq) := ||v1 — V2|c0-

Lemma 4.2.1. For all fived (t,x9) € RT x R"™, the map (u,v) — X" is uniformly
continuous with U x V' endowed with the L -metrics.

Proof. Let us fix (t,x¢) and (ug,v9) € U x V. For all € > 0, since f is both uniformly
continuous, there exists § > 0 such that for u, v’ € U and v, v' € V| if d(u,u') < ¢ and
d(v,v") < 9§, one has ||f(z,u,v) — f(zx,u/,0)] < sz for all z € R™. We prove that, for

any (uq,v1) € B((uo,vo); ef—‘jct), one has:
oo x| < e

By the regularity of f with respect to the state variable, we deduce that:
t
J IRz (), als) = FOE (), v1()) s
0
t

R e

/0 1 (X200 (), v9(5)) — F (XE00 sy (5), v (5)) | ds
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By setting:

plt) 1= | X700 — X7,
b(E) = (X0 ). wn(t)) = F(XE (0. 1 (1)

we obtain: p(t) < f[f (Lyp(s) + b(s))ds + p(0). Gronwall’s inequality yields:

p(t) < /Ot elrt=)p(s)ds. (4.2.1)

Since we have:

[ pteds = [ an(s) ws) = (X0 (), 00(s) [ ds
0 0

t
€ €
< ds <
—/0 teLft — eLff’

we deduce from (4.2.1) that:

t
”th“o,uo,vo o Xfo’ul’mH S eLft/ b(S)dS S .
0

Thus (u,v) — X;**" is uniformly continuous. The proof is complete. ]

By the above lemma and the regularity assumptions on the functions f and ¢, we obtain
the following:

Corollary 4.2.2. For all xy € R" fized, (u,v) — J(xo,u,v) is uniformly continuous with
U x V endowed with the L*°-metrics.

4.3 Strategies and Values

The notion of non-anticipative strategies was introduced into the literature of differential
games in [32, 62, 69]. The main advantage of using non-anticipative strategies with delay is
twofold: it not only models the fact that players should choose their controls according to
the observed played actions but also allows us to define the upper- and lower-value functions
is a symmetric fashion.

In this section, we introduce the notion of random non-anticipative strategies with delay
for game G(Xo,p,q). Such strategies were introduced in [21] for differential with finite
horizon. Here we adapt the definition of random non-anticipative strategies with delay
introduced in [1] to the case where U and V are equipped with the L*-metric. Let us first
give the definition of pure non-anticipative strategies with delay.
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Definition 4.3.1 (Non-anticipative Strategies with Delay (in short, NAD Strategies) of
Player 1, [1, 21]). An NAD strategy of Player 1 is a Borel-measurable map: o« :V — U
such that: there exists 7, > 0, for any vy, va € V, t > 0, if vi]ppg = V2|04 a-e., then
a(v1)jo,t47a) = (V2)|j0,t474] a-€.. The set of such maps is denoted by Ajg.

We define an NAD strategy of Player 2 similarly and let By denote the set of NAD
strategies of Player 2. The main interest of employing such strategies is the following:

Lemma 4.3.2 (cf. [1, 21]). For any («, B) € Agx By, there exists a unique pair of admissible
controls (U g, Va,p) sSuch that:

a(Va,g) = Uap and B(uap) = Vas.

Since both players chooses their actions according to their received private signals, both
players need to play random strategies in order to protect their private information. For
simplicity, we denote S = {([0, 1™, B([0, 1]™), L([0, 1]”)) N E N*} a set of probability spaces,
where B([0,1]") is the Borel o-algebra and L£([0,1]") denotes the Lebesgue measure on
B([0,1]™"). Then S is stable under finite products of its elements. Let us introduce the
following:

Definition 4.3.3 (Random Non-anticipative Strategies with Delay (radom NAD strategies)
of Player 1, cf. [16, 1]). A random NAD strategy for Player 1 is a pair ((Qa,fa,Pa),oz)
with (Qq, Fa,Py) € S and the map a : Q, X V — U is measurable with Q, endowed with
the o-algebra F, and satisfying: there exists T, > 0 such that for all w € Q, and t > 0, if
one has vi|pg = V2ljo,q a.e. forvi, vo €V, then:

a(w, v1)[0,0470) = (W, V2)|[0,t47a]s Q-€.

One can define similarly random NAD strategies of Player 2. We denote the set of
random NAD strategies of Player 1 by A, and that of Player 2 by B,. For simplicity of
notations, we often write o (resp. ) instead of ((Qa,]:a,IP’a),a) (resp. ((Qg,fg,]}”ﬁ),ﬂ))
for short.

Since any admissible control can be viewed as an NAD strategy. We have U € A; C A,
and V € By C B,.

Similarly to Lemma 4.3.2, we have the following

Lemma 4.3.4. [cf. [16]] For all pair of random NAD strategies (o, B) € A, X B,., for any
w = (wWa,ws) € Qu X Qp, there exists a unique pair of controls (U gw, Vapw) €U XV such
that:

a(wa, Ua,ﬁ,w) = Uq,B,w> and ﬁ(wﬁa ua,,@,w) = Va,B,w-

In addition, for all T >0, the map w — (Ua,gw; Va,w)|0,1] 5 measurable.
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By the above lemma, we denote, for « € A, and § € B,, by (a, f,w) (or simply («, 3))
the map w — (Ua.pw, Vo suw)-

Definition 4.3.5 (Strategies for the Game G(Xy, p, q)). A strategy of Player 1 is an element
of AL and that of Player 2 is an element of BY.

Observe that, as in [16], both players in the game chooses their strategies according to the
signals communicated and they play random strategies to protect their private information
from their opponents.

In order to write the game into normal form, let us define for each pair of strategies
(ci)ier € AL, (Bj)jes € B an associated pay-off, namely a following function:

((w)ier, (Bj)jes) = T (Xo,p, 4, (i)icr, (B;)jer)

By Lemma 4.3.4, for any ((c)ier, (8;)jes) and (i,j) € I x J, one has that the map
J(x§, i, B;) is well-defined, but the measurability of the function (ws,, wg,) = J (2§, s, B;)
is not a trivial issue.

For proving that (wa,,ws,) — J (2§, o, B;) is measurable, let us define a new cost func-
tion with a fixed horizon 7™

T
T (0,10, 0) = / MO u(t), o(t))dt.
0
Since Jr(x}’, oy, B;) is bounded and measurable in Q,, x Qs,, the Lebesgue integral
Ea, s, (Jr(zg’, i, B5)) = / Jr(xg’, i, B;)dPq, @ Pg,
QaixQﬂj

is thus well-defined. In addition, we have:

J(:E07 U, U) = Tgr—ir-loo JT($07 u, U)

for all fixed (xg, u,v) and that the above convergence is point-wise and uniform with respect

— AT
to the controls (u,v) (because |Jr(xg, u,v) — J(xg, u,v)| < %)

. Thus for any (i,7) €
I'x J, J(zg’, oq, ;) = imy_jo0 Jn (257, @i, ;) must be measurable on Qq, x Qg .
In view of this, we are able to write the game G(Xj, p, ¢) into a normal form by associating

to all pair of random strategies ((ai)ie 1, (B))je J) the following pay-off:

T (X0, p: ¢, (a)icr, (Bj)jes) = Z pinEai,ﬂj(J<x8j7ai’ﬁj))'

icl,jeJ
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Furthermore, since there exists C, L > 0, for all T > 0, (u,v) € U x V and (z1,22) €
R™ x R™:
[T (21, 1,0) = J(wa,u,0)] < Cllay = 2|7,

we have, by definition:

‘j(X07pa q, (0)ier, (ﬁj)jEJ) — j(lep, ¢, (®i)ier, (5]’)3‘@])’ < C| Xy — XlH%, (4.3.1)

for any Xo, X; € (R")™7 and any (p,q, (a;)ier, (Bj)jes) (ie., the function J is Holder
continuous on Xj). By (4.3.1), we have the following

Lemma 4.3.6. j(Xo,p, q, ()ier, (/Bj)jej) is bounded and continuous with respect to (Xo, p, q).
More precisely, J is Holder continuous with respect to Xy and Lipschitz continuous with

respect to (p,q).

We can now define the following upper- and lower-value functions of the game G( X, p, q).

V+(X07p7 q) = inf sup j(X07p7Q7 (%:)iel;(ﬁj)jeJ)?

(@i)ier (8;);e.
V™ (Xo,p,q) := sup inf T (Xo,p,q, ()ier. (B))ser)-

(Bj)jes (@diet

Observe that clearly V- < V. When V~ = V| the game is said to have a value and we
define its value function V := V'*.

Remark 4.3.7. As usual, —V (X, p,q) can be viewed as the lower-value function of a
differential game denoted by —G(Xo,p,q) which has the same dynamic but which running
cost is —J (o, u,v) where with the roles of the two players are interchanged.

We can obtain, as in [16], the regularity of both V* and V.

Lemma 4.3.8. V't and V~ are both bounded and continuous with respect to (Xo,p,q),
Hoélder continuous with respect to the X wariable and Lipschitz continuous with respect to

(. q)-

Proof. The regularity of both V* and V'~ can be easily obtained from Lemma 4.3.6. O

In order to associate the value functions to a Hamilton-Jacobi-Isaacs equation in the
viscosity sense, we will need to obtain a sub-dynamic programming principle for the convex
conjugate of the lower-value function on p. Let us state the following convexity result for
V*and V™.

Lemma 4.3.9. V't and V'~ are both convex with respect to p and concave with respect to q.
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Proof. We only need to prove the lemma for V*. Since j(Xo,p, q, (i )ier, (ﬂj)jEJ) is linear
with respect to (p, q), we have firstly:

V+(X07p7 Q) = inf sup j(X07p7 q, (az)zela (BJ)JGJ)

(aZ)IEI (B] )]GJ

= Inf qu sup sz i, xdj)@hﬁ))a

(aa)ier 5257 BeBr Y7

and thus V7 is concave on ¢ (because ¢ = > . SUPgep, D _ics Pias s, (J(xf)’j,ai,ﬂj)) is
linear, thus concave, on q).

Secondly, let us prove that p — V*(Xy,p,q) is convex. We fix (Xo,q). Let A > O and
p = Apt + (1 — \)p? with p!, p? € AI. Without loss of generality, we suppose that p} > 0
for any i € I. For any € > 0, let (aS);e; € AL and (a5);er € Al be respectively e-optimal
strategies for V' (Xy, p!, q) and V*(Xg,p q). Let us construct a new strategy (af);cr € AZ
by defining:

Qa«f = [O, 1] X Q@E X ng;Fag = B([O, 1]) ®F&Z€. ®fd§;Pa§ = ‘C([Oa 1]) ®]P)d§ ®]P>5z§7

and
Ap} )

a;(wa,v), if wy € [0, —
i

for any v € V, ag(wl,wg,wg,v) = 1

_ . ADp;
a5 (ws,v), if wy € [i/\l,

i

1].
One can check that (af);c; € AL Thus, we have:

ZQJ sup sz as B x07 176»

jedJ T ael
i ¢ 1—\)p?

_ZQJ sup sz)\{_Ea B -Tojv i )) + #Ea 6( (x() ) mB))}

jeJ Be Br p’L
_Zq] Sup Z {)‘pz af ﬁ .I'd a@§76)) + (1 - )\>p7?E&§,,3(‘](:L‘8J7&57 ))}

jeJ By el
<)\qusup2p J(zf, as, Zq]suprl aea( J(zg’, a5, )

jeJ B il jeJ B, el

§>\V+<X07p 7Q) + (1 - /\)V+(X07p ,Q) + e

Since € > 0 is arbitrary, taking the infimum of both sides in the above inequality of A%, we
obtain:

V+(X07p/\7 Q) S )\V+<X07p17 Q) + (1 - )\)v+(X07p27 Q)

Thus V' is convex on p. The proof is complete. O
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Let us extend p — V= (X, p,q) to R’ by +00 outside of A, i.e. we define:

V(Ko C.a) i { V7 (X0, C0), i ¢ € AD);
+ 00, else.

Similarly, we extend ¢ — V1 (X, p, q) to R! by —oo outside of A(J). We have, by the above
two lemmas, that after such extensions, V'~ is still convex and lower semi-continuous with
respect to p and V7 is still concave and upper semi-continuous with respect to ¢. From now
on, we do not distinguish the value functions from their extended versions.

We recall the definition of the Fenchel convex and concave conjugate of V* and V™'
respectively.

V77*<X0,5,Q) .= sup <p7 ’S) - Vi(Xoapa Q), for any 5 € RI?
peEA(I)

VE#(Xo,p,q) = inf (q4) - V*(Xo,p,q), for any § € R”.
qe

The following technical result provides a reformation of V=* (cf. [65]).

Lemma 4.3.10. We have, for any (Xo,&,q) € (R")7 x RT x A(J):

V_7*<X07 &, Q) = inf(ﬂj)jEJ SUPye 4, MaXier {51 - Zje] qua,ﬁj (‘]<xé’j7 a, ﬁ]))}

Proof. Let z(§) denote the right hand side of the inequality. By definition, z is Lipschitz
continuous (cf. Lemma 4.3.8). Let us prove that z is convex. As in the proof of Lemma
4.3.9, we use a “splitting procedure”. For £} = A1+ (1—-X)€2 with ¢!, €2 € RT and € > 0, let
(51)]6] and (f7) e be respectively e-optimal strategies for z(£') and z(£?). We construct a
new strategy (B )i)jes € B! by defining:

and
Bl(cug,u), if wy € [0, \);

J

for a U, B(wi,ws ws,u) =
r any u 6] (Wl W2, W3 u> { ﬂjz<w3’u), if wy € [)\7 1]

One can check that (37);es € B;. Thus, we have:

sup max{ qu CYBA l'o 705 5/\))}

a€cA, 1€l el
= sup H;eaX{ (51 Y 4Eas (J(ag ﬁ))) —>\)<5i2—Zq]’Eaﬁ;(J(xé’jva’@?))>}

jeJ jeJ

<Az(EN) 4 (1= N)2(€%) +e.
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Since € > 0 is arbitrary, we obtain the convexity of z(£). By definition, we have furthermore:

z*(p) =sup(p, &) — z(¢)

£eR!

= sup {(p, ¢) — inf sup max {fl Z ¢ Ea,p; (J(xé’ja Q, Bj))}}

¢eRT (Bj)jcs acA, i€l

jeJ
— T J(zh ,
=sup sup {(p, — max su {& Zq] o, (I (g ,a,ﬁ]))}}
EERT (Bj)jer el jeJ

= sup sup {(p, — max sup {fz quanﬁj(J(mgj’a’ﬁj))}}

(Bj)jeq EER! €l acA, ey

= sup sz mf qu aﬁ x01j7a75j))

(Bjies el ]EJ
= Sup inf ZPZZQJ aﬁj x07j7a7ﬁj)) :V7<X07p7Q)'
(85)jes (@idier % jed

Thus z*(p) = V~(Xo,p, q). By the Fenchel-Moreau theorem, V=*(Xy, &, q) = 2*(&) = z(§)
and our wished result follows. The proof is complete. O

4.4 Dynamic Programming and Hamilton-Jacobi-Isaacs
Equation
In this section, we prove that V* and V'~ are respectively viscosity sub- and super-solution

of a Hamilton-Jacobi-Isaacs equation. To achieve this goal, let us first prove a sub-dynamic
programming principle for the convex conjugate of V.

Proposition 4.4.1 (Sub-dynamic Programming Principle for V=*). For any h > 0 small
enough, we have:

Vo (X0, €,q) < e inf sup V(X075 €, B), ), (4.4.1)

BeBy acA,

where g(ha O{, B) = ekh(gi - Z]GJ q] fO _Atg IO ,aﬁa 7B>dt)i€]
Proof. Let us point out that:

V=" (Xo,&,q) = inf  sup max {5, — quEaﬂj (J(xé’j, a,ﬂj))}.

(Bj)jes acA, €I e

As in Lemma 4.3.8, one can prove that V~—*(Xg,§,q) is Holder continuous on X, and
Lipschitz continuous on (¢,q). For any (X,p) € (R")!*/ x RI, let (3;7);c; € B be a e
optimal strategy for V~=*(X, p, q). By the regularity of V' =*, there exists dx ; > 0 such that
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for any (Y,p') € B((X,ﬁ);éx,p), (ﬁ]‘x’ﬁ)jg is still a 2e-optimal strategy for V—*(Y, 7/, q).
Let Ui<p<mBr = B((X0,€); || fll + 1) be a finite Borel partition such that for any 1 <

5
k < m, there exists (Y3, &) with Ej, € B((Yk,&F); Y’*g %), For future convenience, for any

1 < k < m, we denote by (/Bk)Jej the strategy (/3 k€ )jes and let 7 > 0 be a common
delay of (ﬁ )jes, for any 1 < k < m. Without loss of generality, we suppose that for any

1<k<m,71< Y’“; Let h > 0 be small enough. For any 5 € By, let us construct a new

strategy (BJ)JEJ € B/ by setting:
Qp; = IGZ Qs Fio, = QL Fpr; Py = QL1 Pgr;
and for any w = (wi)1<p<m € Qg;, u €U, and t > 0:

B(u)(t), it < b
{5]’?(wk,u(. +R)(E—h), it >hand (X0 e(hu,B)) € By

T

Bi(w, u)(t) =

One can easily check that (8;);es € B/. For any a € Ay, we define the strategy @ € A, as
follows. For any v € V, a(v) = a(?)(- + h) with

o vap(t), it o]
U(t>_{v(t—h), if t > h.

Then we have:

sup max{ Zq] aﬁj xo’j,a,ﬁj))}

acAy el jed
_ T f)\tg 1‘0 ,Oéﬁ;j a, dt }
s {6 = S [ )
- (X7 o, B)dt)—
{6~ [ 0. 9))
> aiEs,( / e (XI0 e ,ﬁj)dt)}
jed
= sup max Z { quEﬁk / ”“E(X @,y : —’51@)6#)}11%
agA 1€l 1<k<m jeJ
<e M sup Vo (X500, 5 € (h 0, ), q) + 2e.
acAy

Since € > 0 is arbitrary, letting € — 0" and taking the infimum of 8 € B; on both sides of
the above inequality, we obtain (4.4.1) and the proof is thus complete. O
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Let S(I) and S(J) be respectively the sets of all [ x I symmetric real matrix and that
of all J x J symmetric real matrix. Let us set, for any (A, p) € S(I) x A(I):

Amin(A;p) 1= min{(Az,z) | = € Ta (), |12 = 1};
)\max(A,p) = max{(Az,z) | z € TA(I)(p), ”Z“ = 1}’

where:

Taay(p) ={z € R" | Zzi:()andwe], 2z <0=p; >0}

icl
Similarly, we set, for any (B, q) € S(J) x A(J):

Amin(B, ) := min{(Bz,2) | = € Taw(9), |12l = 1};
Amaz (B, @) := maz{(Bz, 2) | 2 € T (a), |12l = 1}

In this section, we will need the following technical result, of which a detailed proof can
be found in, for instance [74].

Lemma 4.4.2. Let W(z,p) be a continuous function on R™ x A(I) which is convex with
respect to p. Let p € C2(R™ x A(I)) be a test function such that W — ¢ has a local minimum
on R™ x A(I) at some point (xo,po). If:

Amin(szSO(xova)apO) > Oa (442)
then there exists some 6, n > 0 such that:

n
W (z,p) Z ¢(x, po) + W (w0, po) = ¢ (o, o) + (Dpip(, po), p = po) + 5 [Ip — poll?,

for any x € B(xo;d) and p € A(I).

Let us define the Hamiltonians: for any (W, Xg,p,q,¢) € R x (R")*7 x A(I) x A(J) x
(R™)1*7 | we set:

H™ (W, Xo,p,q,C) := =AW + sup inf {(C, (f(xé’j,u, v))iddx]) + Zpiqjé(xé’j,u,v)};

uelU
veV i

H (W, Xo,p,0,€) i= =AW + inf sup {(C, (flaf,0,0)), pp ) + D piagl (i u) }.

uelU veV .
17]

By dividing both sides of the sub-dynamic programming principle of V™* by h and passing
h — 07, we obtain the following:
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Proposition 4.4.3. For any qo € A(J) fized, V= (-, qo) satisfies:
min {Amm(DﬁpV‘(X,p, ®),p), H (V7 (X,p,9), X, p. 0, DxV~ (X, p, QO))} <0

in the viscosity sense with state constraint in (R")*7 x A(I). More precisely, for any test
function ¢ € C2((R™)™7 x A(I)) such that V~(X,p, q) — ¢(X,p) has a local minimum at
(Xo,p0) € (R x A(I), one has:

min {)‘mzn (D;pSD(X()va)va)) H~ (V_(X()apOa q0)a XOapOa qo;, DXQO(XOap0>) } <0.

Proof. Let ¢ € C2((R™)"™*/ x A(I)) be a test function such that V= (X, p,q) — ¢(X,p) has
a local minimum at (Xg, pp). Without loss of generality, let us suppose that:

Amin(DipSO(X07p0)7p0) > 0.
Then by Lemma 4.4.2, we have: there exists 9, n > 0 such that:

Vi(Xapa Q> ZSD(X,]?()) + Vi(X()?pO? Q) - (ID(X():pO) + <Dp()0(X>p0)7p - p0>+

r (4.4.3)

2lip = po
2
for any X € B(Xy;d) and p € A(I). The above inequality yields: for any & € Rf,
(&p) =V (X.p.q) < —9(X,po) = V" (Xo.po, ¢) + ©(Xo, po) — (Dpp(X, po) — &, p — po)
— 2llp = poll* + (€. po).

By taking the supremum of p € A(/) on both sides of the above inequality, we obtain:
VX, € q) < . { = (Dpp(X, po) — &0 — po) — ng —poll*} — (X, po)—

peA(I
V7 (Xo,p0,9) + ©(Xo,po) + (£, po)

_ 1
S - @(XapO) -V (X07p07 Q) + SO(X()apO) + <§7p0> + %HDI)SO(X’pU) - 5”2
By the sub-dynamic principle for V—* we have, for A > 0 small enough:

V_V*(X()a 57 Q) S B_Ah inf sup v_7* ((XZO’ 7CM,IB)’L}j) g(hv «, 6>’ q)a
BEBg acAy

with &(h, o, ) = M (&= S50, 45 fot e (X7 @, B)dt) _,. Combining these above two
inequality, we have that for h > 0 small enough (such that (XZB,]’a’ﬁ)m € B(Xy,0)):

Vo (Xo,€,9) < e inf sup V(X707 6, o, B), q)

BEBa e A,

<e M inf sup { _ 90((X1fd ’a’ﬂ)i,j,po) —V (X0, p0,q) + ©(Xo, po)+ (4.4.4)
BEBd ae Ay

(6(h.0.8).p0) + 31D (X)) = € D).
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In addition, by taking X = X in (4.4.3) and & = D,p(Xo, po), we have £ € 9,V ~=(Xo, po, q),
which implies:

V_7*(X07§7 Q) = <g7p0> - V_(X()?pO’q)'

Combining the above equality with (4.4.4), we obtain:
(1 - eiAh)Vi(XOaPOa q)
> sup inf {e M (o((X05 ), p0) — @Ko p0) + (po. € — €€, 0, 7))~

BEBy acAy
—Ah

3 1D (67 )i ) = &0 )P

(4.4.5)

(&

For € > 0, let ¥ € V be a constant control and a®* € A, be an eh-optimal strategy for the
right-hand side of the above inequality against v. (4.4.5) yields:
xi’j,aEh,'D ey Y ch —
eh ZeiAh (@((Xho )ij7p0) - ¢<X07p0)) + <p07§ —¢€ /\hé(ha @ h7 U)>_
90—k 2 ath g - o w B (4.4.6)
1Dy (X3, )igipo) = (R, @™, D) + (e = 1)V (Xo, po, q)-

n

Let us do some estimations of the terms in the right-hand side of (4.4.6). First of all, we
have:

(e — V™ (Xo,po, q) = —AhV ™ (X0, po. q) + o(h). (4.4.7)
Secondly,

<p0’ g Ah eh = Zpo i / Atg(Xzfé’j,aeh(ﬁ),z’), ofh(i_))(t), @)dt
B+ post; / NY( 0 (0)(t), ) dt (448)
1,J

h ..
W+ [ i o @0, 0
,J

Thirdly,

:co ,ah g = eh 2 xo ah g

I Dp (X, )ij: o) — &(h, @ )H 1Dy (X, )ij> Do) —
eh o E _ _
( pP X07p0 Zq]/ 7>\t€ e’ h(v)<t)7v>dt)i€[H2
je7 (4.4.9)
zg? ah A 2
<Dy ((X,, )ijs Po) — € Dyp(Xo, po) || + o(h)

i,j _eh

<Dy (X" )ijipo) — Dyp(Xo, po)|I* + o(h) = o(h).
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Finally, we have:

eh &

90((X26J’a )ijs o) — ¢(Xo, o)
eh 5

h x’i,j OéEh’ o a;i’j a v h
:/o (Dxp (X )igomo), (FOG,a™(@)(8).9)), o), )t
(4.4.10)

©J eh =

:o(h) —i—/o <DX(P(X07PO)7 (f(de ° vv,aeh(q—))(t)’@))mgw>dt

:O(h) + /0 <Dx<,0(X07p0)a (f(xgja a€h<ﬂ)(t>’@))z’,jel>d>dt

Combining (4.4.6) with the estimations (4.4.7)-(4.4.10), we obtain:
h
¢h +o(h) > =AhV ™ (Xo,p0,q) + ¢ / {(DX<P(X0,]%>7 (f(@g”, ™ (©)(1),9)), )+
0

ZPO,ing(xgja aeh(q_})(t)v 7_)) }dt Z hei)\h ;IGI(f] {<DX§0<X07 p0)7 (f(xgja u, 1_}>)i,j€I><J>+
0,

ZPO,ing(mgja U, /(_]) } — AWV ™ (X07 Po, Q)
Y]

Since v is arbitrary, this implies:

ch + 0<h‘) > — ARV ™ (X07p07 q) + hei)\h Su‘g Hellfj {(DX()O(XOJQO)a (f(xgjv u, U>)ij€[><J>+
veV U ’
Z pO,ZqJE(IE)Ja u, U) }
1,J

Dividing both sides of the above inequality by h and passing h — 07 yields:

e > —A\V~(Xo,po,q) + §l€1€ 525 {(DXgO(XO,pO), (f(xf)’j, u, v))mgxﬂ + Zp(),iqu(xg’jj u, U)}
2y}
But € > 0 is arbitrary, thus we have obtained the wished result. The proof is complete. []
Before we prove a similar result for V', let us first state a technical lemma.
Lemma 4.4.4. For any qy € A(J) fized, if a function (X, p) — W(X,p,qo) satisfies:
min {Amm(DﬁpW(X,n 0),p), H (W(X,p,q), X, p, g0, DxW~ (X, p, qO))} <0

in the viscosity sense with state constraint in (R")*/ x A(I). Then for any qo € A(J) fized,
<X7p) = —W(X,p, qO) Satisﬁes:

max{)\mal‘(nyp(_W)(X7pa qO)ap)vH*_( - W(X>p7 q0)7X7p7 qo, DX(_W)_<X>p7 q0>)} Z 0

in the viscosity sense with state constraint in (R™)™*7 x A(I) and with HZ (W, X,p,q,() :=
_H_(_W7 Xap) q, _C)
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Proof. Let ¢ € C*((R™)"*/ x A(I)) be a test function such that —W (X, p, go) — ¢(X, p) has
a local maximum at (Xo, po) € (R")™*/ x A(I). Then W(X,p, q) — (—¢(X,p)) has a local
minimum at (X, pg). Thus one has:

min {)‘mm(Dip(—@)(Xoypo)ap0)7Hi (W(Xo,poa(Jo)aXo,poa%, DX(—%O)(XO;]OO))} <0.
The above inequality yields:

min{ — Amaz (D2,(0) (X0, o), o), H~ (W (X0, po, 40) Xo, Po, G, _DXSO(XOap()))} <0,
and thus:

max {/\ma:r (Df,p(@)(Xo,po),po), —H~ (W(Xo,po, C]o),Xo,po, qo0, _DX§0<X07PO>)} > 0.

This is exactly our wished inequality. The proof is complete. O

The above lemma, combined with Proposition 4.4.3, allows us to associate the upper-
value function of the game to another Hamilton-Jacobi-Isaacs equation as its viscosity sub-
solution.

Corollary 4.4.5. For any py € A(I) fized, V7 (-, poy) satisfies:
max {)\max (ngv+(X7p07 Q)J q)a H+ <V+(X7p07 Q)J X7p07 q, DXV+(X7 Do, q))} >0
in the viscosity sense with state constraint in (R™)?>7 x A(J). More precisely, for any test

function ¢ € C2((R™)*7 x A(J)) such that V*(X,po,q) — ¢(X,q) has a local mazimum at
(X0, q0) € (R x A(J), one has:

max {)\max<D2q§0(X07 %), qo),H+<v+(Xo,po, %), Xo, Po, g0, Dxp(Xo, qo))} > 0.

Proof. By Remark 4.3.7 and Proposition 4.4.3, we have, for any py € A(I) fixed, =V (-, po)
satisfies:

min {)\mm (ng(_V)Jr(XapOa Q)a Q)a _HJF (V+(X>p0> q)a X:pU: q, _DXV+(X7p07 q))} < 0

in the viscosity sense with state constraint in (R™)*/ x A(.J). By Lemma 4.4.4, this implies:
for any pp € A([I) fixed, (X, q) — —W (X, po, q) satisfies:

maX{/\maz<D§qv+(X7p07q>7p)7H+<V+(XJPO7Q>7X7p07QJ DXV+(X7p07Q))} Z 0

in the viscosity sense with state constraint in (R™)?*7 x A(J). O
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4.5 Existence of a Value

Before we state the main result of this chapter, let us first introduce a second order double-
obstacle Hamilton-Jacobi equation and the corresponding notion of viscosity solutions. Let
us consider a Hamiltonian H € CO(R x R™ x A(I) x A(J) x R™). We define the following
second order double-obstacle Hamilton-Jacobi-Isaacs equation:

min { Apnin (D2, W, p), max { A (D2, W, 0), H(W, 2,p,q, DW) } } = 0 e
max{)\m(w(ngVVa Q)amln{Amzn(szW>p)7H(W7x7paQ7DIW)}} = 0. -

The notion of viscosity solutions of partial differential equations was first introduced by
Crandall and Lions [30, 29]. Let us recall the definition of viscosity super- and sub-solutions
for the above Hamilton-Jacobi-Isaacs equation.

Definition 4.5.1. A function W : R™ x A(I) x A(J) — R is:

e a viscosity super-solution of (4.5.1) if it is lower semi-continuous and convex on A(I),
and if for any fized G € A(J), W(-,q) satisfies, in the viscosity sense:

min {)‘mln(D;pW(xvpa Q),p),H(W(QJ,p, (j)a T, Ps q_7 DIW($7P7 Q))} S Oa

e a viscosity sub-solution of (4.5.1) if it is upper semi-continuous and concave on A(J),
and if for any fized p € A(I), W(-,p) satisfies, in the viscosity sense:

max { Ao (D2,W (2.5, ), ), HW (2, ,0), 2, 5,6, D2V (2,5,0)) } = 0;
e a wviscosity solution of (4.5.1) if it is both a viscosity super-solution and a viscosity

sub-solution of (4.5.1).

Let us state a comparison principle for viscosity solutions of the Hamilton-Jacobi-Isaacs
equation (4.5.1).

Proposition 4.5.2 (Comparison Principle). Let Wy and Wy be respectively a bounded con-
tinuous viscosity sub-solution and a bounded continuous viscosity super-solution of (4.5.1).
Then we have Wy < Wy if they are both Lipschitz continuous with respect to (p,q) and if
there exists C > 0 and v > 0 such that the following conditions are satisfied:

(C1) for any (z,p,q,¢) € R™ x A(I) x A(J) x R™ and s1 > sa:

H(Slax7p7Q7 C) - H(SQ,ZE,]),Q,C) S _7<Sl - 82);



4.5. EXISTENCE OF A VALUE 105

(C2) for any (s,p,q,¢) € R x A(I) x A(J) x R™ and x1, xo € R™:
|H (s,71,p,4,C) — H(s,22,p,4,0)| < C(L+[C])lz1 — 22l];
(C3) for any (s,z,p,q) € R X R™ x A(I) x A(J) and (1, ¢ € R™:

|H(37x>p7Qa Cl) - H(37$7p7qac2)| S CHgl - §2||

Proof. Let us prove the proposition by contradiction. We suppose that:

N := sup Wi(z,p,q) — Wa(x,p,q) > 0.

(z,p,q)

Then for a > 0 small enough, we have:

N = sup Wi(z,p,q) — Wa(z,p, @) — allz]|* + allpl* + allgl* > 0,
x7p7q

and consequently lim,_o+ N, = N. We employ the double-variable technique by defining,
for any € > 0:

lz —yl* (
€

a
Wa,e(xuyapa Q) ::Wl(x7p7 q) - WQ(y7p7 Q) - 5 HxH2 + Hyl|2)+

a(llpll* + llal?).

Since N, = sup, ,, ) Wa.e (@, 2, p, ), by defining: Ny :=sup,,,, o Wac(2,y,p, q), we have:
Nae> N, > 0.

Because W is upper semi-continuous and Ws is lower semi-continuous by the definition of
viscosity sub-solution and viscosity super-solution of (4.5.1), we have that W, . is upper
semi-continuous and coercive. Thus N, = max(, ) Wa.e(x,y,p,q). Let us set, for any
a>0and e > 0:

(Za,e, Yae, Pases Gae) = argmax W, (z,y,p, q).
(z,9,0,9)

Since (Zae, ¢a.c) is a global maximiser of (z,q) = W, (2, Yae, Dae, q), We obtain:

|z — ya,6H2 a

- §(I|x||2 + [Yaell?) + alllpael? + llal*)
. ||$a,5 - ya,eH2 .

€

Wl(x7pa,57 Q) - WQ(ya,eapa,e7 Q) -

SWI (Ia,ey Pa,es Qa,e) - W2 (ya,eu Pae; qa,e)
2+ llgaell?),

a
bl + o)+

a(||pa,e
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which yields:

WI (I7pa,ea Q) S Wl (Ia,ﬁpa,ea Qa,e) - W2<ya,eapa,e, Qa,e) + W2 (ya,eapa,ea Q)+

& = yacll® = llroc = od® | a
wel e Il 1 2l = ) + alllgo® = llal®).

Since W5 is Lipschitz continuous and concave with respect to ¢, 8; Wo(Ya.e, Paes Qae) 7# 0.
Let &oc € OF Wa(Ya,er Pase Gac) and we obtain:

|2 = Yael® = |Ta,e — Yall®
€

Wl (mapa,ea Q) SWl (xa,eapa,ev Qa,e) + <éa,ea q— Qa,€> + +

a
Uzl = llzael) + alllgocl® = llall®).

By denoting by ¢(z, ¢) the right-hand side of the above inequality, we have ¢(x, q) € C*(R™ x
A(J)) and W, — ¢ has a global maximum at (24, ¢..). But Wi is a viscosity sub-solution
of (4.5.1) and D2 ¢(Ta,c, qa,c) = —2ald; is negative-definite, we have:

_ 2
H(Wl (xa,eapa,ea Qa,e): La,es Pa,es a,es E(xa,e - ya,e) + afl:a,e) Z 0. (452)

Similarly, since (Yq.e, Pac) is a global maximiser of (y,p) — Wy (Zae, Y, P, ¢ac), We obtain:

Hxa,e - y”2 a
Wi(Za,e D5 Gase) = Waly, D, ) — ——— — Q(Ilrva,eH2 + lyl*) + alllpll® + 1gacl*)
”xa,e - ya,6||2 a
Swl(xa,ﬂpa,e’ Qa,e) - WQ(ya,eapa,m Qa,e) - f - 5(”17(1,6”2 + Hya,eH2>+
a(|[pa,e 2+ Gac 2)7

which yields:

WQ(y7p> qa,e) 2 Wl (xa,ﬁpa Qa,e) - Wl (xa,ﬁpa,e: Qa,e) + W2 (ya,ea pa,ea Qa,e)+

Hxa,e ya,EHQ Hxa,e yHQ a 2
+ — )
€ 2

L= lyl*) + allpll* = lIpa.

(19a.e

Since W1 is Lipschitz continuous and convex with respect to p, 9, Wi(Za,c; Pac, Qae) 7 0. Let
Cae € Oy Wi(Ta,e, Pases Gac) and we obtain:

1Zae = Yaell* = 7ac —yl®
€

W2 (y,p, sz,e> 2W2<ya,e7pa,e7 Qa,e) + <éa,e;p - pa,e> +

“ =y l*) + adllpl® = Ipa.ll®))-

a
e
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By denoting by ¢(y, p) the right-hand side of the above inequality, we have p(y, p) € C*(R™ x
A(I)) and W5 — ¢ has a global minimum at (y,., pa.). But W is a viscosity super-solution
of (4.5.1) and D2 ©(Ya.e, Pa,c) = 2ald; is positive-definite, we have:

_ 2
H(WQ(ya,epa,ea Qa,e)a ya,eapa,m Qa,eu g(xa,e - ya,e) - a'ya,e) S 0

Combining the above inequality with (4.5.2), one has:

_ 2
O SH(WI (xa,eapa,ea QQ,6)7 xa,sapa,ea Qa,ea E(Ia,e - ya,e) + axa,e) -

_ 2
H(W2 (ya,eapa,eu Qa,6>7 ya,eapa,ea Qa,ey E(xa,e - ya,e> - aya,e) .
Applying condition (C3), this implies:

O SF[(Wl (l'a,eapa,ea Qa,e>7 xa,eapa,ea Qa,ea (l'a,e - ya,e>) -

LN NN

H(Wo(Ya,e, Pases Gase)s Yaes Paser daver —(Tae — Yae)) + Call|Tael + ||[Yarel)-

By condition (C1), the above inequality yields:

_ 2
O SH(WQ (ya,ea pa,ea Qrz,e)’ xa,ea pa,ea Qa,ey E(xa,e - ya,e)) -

_ 2
H(W2(ya,eapa,ea Qa,e): ya,e;pa,ea Qa,m E(xa,e - ya,e)) + Oa(Hxa,eH + Hya,eH)_

’Y(Wl (xa,ea pa,ea Qa,e) - W2<ya767pa,e> qa,e))-
Finally, we apply condition (C2) in the above inequality and obtain:

2
O Sc(l + gHIa,e - ya,e

Mzae = Yol + Calllzaell + [[Yael) = 7(Nae = 2a).  (4.5.3)
To finish the proof, we claim the following technical lemma whose proof is postponed.
Lemma 4.5.3. (o) lim o+ N, = N,;

(b) For any a > 0 small enough, lim_o+ (|20 — Yacl?) = 0;

(¢) There ezists a constant C' > 0 such that a(||Tac| + ||[Vacll) < C'Va.

By the above lemma, passing to the limit ¢ — 07 in (4.5.3) yields:
0 < CC'va—~yN,+ 2va.

Letting a — 0" in the above inequality, we have:
0 < —7N,

which is a contradiction. The proof is complete. O
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Let us prove the technical lemma:

Proof of Lemma 4.5.3. Let K > 0 be a common upper bound of |W;| and |W5|. We have,

by definition:

||xa,6 — ya,e||2 _
€

||ma,e - ya,e 2 i

€

0 <Na S Na,e - Wl (xa,€7pa,e7 Qa,e) - W2(ya,e;pa,ea Qa,e> -

a
S UIzacl® + [19acl®) + alllpacl® + llgacl®) < 2K +2a -

a
3 U1Zacll® + [1gael®)-

This proves that (c) holds for a > 0 small enough and (for any a < 1) M < 2K +2.
In addition, we have that ||z, — ya.|| tends to 0, as € — 07. Since (Zae, Dace; Gac)eso 1S
bounded for a > 0 fixed and small enough, let (z,,pa,q,) be one of its cluster point as
e — 07 and let (e,)nen, be a sequence of positive numbers such that lim,, . €, = 0 and

hmn—H—oo(xa,en y Paen Qa,en) = hmn—)—i—oo (ya,en sy Paen Qa,sn) = (ZEa, Pa, Q(z)- Then we have:

N, <liminf N, .,

n—-+o0o

. . a
<liminf {Wl (wa,enapa,env Qa,en) - WQ(ya,enapa,ena Qa,en) - §(||xaen “2 + ||ya,sn ||2)+

n—-+4o0o

alPac 2+ o %)}

. a
S lim sup {Wl (xa,enapa,env Qa,en) - W2 (ya,enupa,env Qa,en) - §<Hxa,en H2 + Hya,en H2)+

n—-+400

a(Pac, |2+ lac %)}

<W1(Ta; Pa: Ga) = Wa(Ta; Pas @a) — allall® + allpall + llgall*) < No-

These above inequalities yields:

. a
Na = lim {Wl (xa,en7pa,en7 Qa,en> - W2<ya,en7pa,ena Qa,en) - §(||xa,en ||2 + ||ya,en||2)+

n——+o00

a(1Pace * + o | }-

and thus N, < liminf, ., N,., <limsup, ,, . Nac, < Ny, which implies

lim N,., = N,.

n—-+00
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But we have in addition:
0=N,— N,

. a
= lim {Wl (xa,enapa,ena Qa,en> - WQ(ya,enapa,env Qa,en) - §(H$a,enH2 + Hya,enH2)+

n—-+00
AP, + s, |} = lim N,

— lim (Hxa,ﬁn - ya,en||2>
n—-+oo € ’

Because the above calculation is true for any converging (Za.c,, Ya.cn»Pa.cns Qa.en Jnen. With
lim, 00 €, = 0, by a compactness argument, we have (a) and (b) hold. The proof is
complete. O

We suppose the following I[saacs condition:
H =HT. (IC)
Let us set H := H*' and let us consider the Hamilton-Jacobi-Isaacs equation below:

min { Avin (D2, W, p), max { Aae (D2, W, 0), H(W, X, p,q, D.W) } } = 0;
(4.5.4)
max {AW (D2, W, g), min {Amm (D2 W,p), HW, X, p,q, D,W) }} — 0.

The main result of this chapter is the following:

Theorem 4.5.4. Under Isaacs’ condition (1C), the game G(Xo, p, q) has a value. Moreover,
its value function is the unique bounded and Lipschitz continuous viscosity solution of HJ
equation (4.5.4).

Proof. Since we already know that V= < VT, we only need to prove the converse inequality.
Under Isaacs’ condition (IC), with Proposition 4.4.3 and Corollary 4.4.5, we have that
V= and VT are respectively bounded, continuous viscosity super-solution and bounded,
continuous viscosity sub-solution of equation (4.5.4). In addition, one can verify that the
Hamiltonian H satisfies conditions (C1)-(C3) in Proposition 4.5.2, thus the comparison
principle yields that V' < V'~ and the game has a value. The proof is complete. O]

4.6 Conclusion and Perspectives

In this paper, we have proved the existence of value under the Isaacs condition for an
infinite horizon differential game with asymmetric information G(Xj, p, ¢) and we have given
a characterization of its value function as the unique bounded Lipschitz continuous viscosity
solution of a new second-order Hamilton-Jacobi-Isaacs equation (4.5.4).
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There are a few open problems related to this game model. The first one is to prove the
existence of value for the game without Isaacs’ condition. Although finite horizon differential
games with asymmetric information have already been studied in [12], the infinite horizon
case remain a challenging problem. The second one is to determine optimal strategies for
the players in game G(Xo, p,q). The third one is to investigate infinite horizon differential
games with incomplete information in which players observe a signal function during the
game (for example, as in [6], both players observe at each moment part of the coordinates
of the current state of the dynamical system).
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symétrique ou le signal est réduit a la connaissance
par les joueurs de 1'état du systtme au moment ou
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inconnues sont alors révélées). Pour ce type du jeu,
nous avons introduit des stratégies non anticipatives
qui dépendent du signal et nous avons obtenu
l'existence d'une valeur.

Comme les fonctions valeurs sont en général
irrégulieres (seulement continues), un des points clefs
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Abstract : In this thesis we investigate two-person
zero-sum differential games with incomplete
information. The information structure is related to a
signal communicated to the players during the game.
In such games, the information is symmetric if both
players receive the same signal (namely it is a public
signal). Otherwise, if the players could receive
different signals (i.e. they receive private signals), the
information is asymmetric. We prove in this thesis
the existence of value and the characterization of the
value function by a partial differential equation for
various types of such games.

A particular type of such information structure is the
symmetric case in which the players receive as their

signal the current state of the dynamical system at the
moment when the state of the dynamic hits a fixed
target set (the unknown initial data are then revealed
to both players). For this type of games, we introduce
the notion of signal-depending non-anticipative
strategies with delay and we prove the existence of
value with such strategies.

As the value functions are in general irregular (at
most continuous), a crucial step of our approach is to
prove the uniqueness results and the comparison
principles for viscosity solutions of new types of
Hamilton-Jacobi-Isaacs equation associated to the
games studied in this thesis.



